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Series Introduction

The correlation between the toxicity of molecules and their physicochemical
properties can be traced to the nineteenth century. Indeed, in a French thesis
entitled Action de l'alcool amylique sur I'organisme (Action of amyl alcohol on
the body), which was presented by A. Cros before the Faculty of Medicine at the
University of Strasbourg in 1863, an empirical relationship was made between the
toxicity of alcohols and their number of carbon atoms, as well as their solubility.
In 1875, Dujardin-Beaumetz and Audigé were the first to stress the mathematical
character of the relationship between the toxicity of alcohols and their chain length
and molecular weight. In 1899, Hans Horst Meyer and Fritz Baum, at the University
of Marburg, showed that narcosis or hypnotic activity was in fact linked to the
affinity of substances to water and lipid sites within the organism. At the same time
at the University of Zurich, Ernest Overton came to the same conclusion providing
the foundation of the lipoid theory of narcosis. The next important step was made
in the 1930s by Lazarev in St. Petersburg, who first demonstrated that different
physiological and toxicological effects of molecules were correlated with their oil—
water partition coefficient through formal mathematical equations in the following
form: log C=alog P ..+ b Thus, the quantitative structure—activity relationship
(QSAR) discipline was born. Its foundations were definitively fixed in the early
1960s by the seminal works contributed by C. Hansch and T. Fujita. Since that
period, the discipline has gained tremendous interest, and now the QSAR models
represent key tools in the development of drugs as well as in the hazard assessment
of chemicals. The new REACH (Registration, Evaluation, Authorization, and
Restriction of Chemicals) legislation on substances, which recommends the use of
QSARs and other alternative approaches instead of laboratory tests on vertebrates,
clearly reveals that this discipline is now well established and is an accepted practice
in regulatory systems.

In 1993, the journal SAR and QSAR in Environmental Research was launched by
Gordon & Breach to focus on all the important works published in the field and to
provide an international forum for the rapid publication of SAR (structure—activity
relationship) and QSAR models in (eco)toxicology, agrochemistry, and pharmacology.
Today, the journal, which is now owned by the Taylor & Francis Group and publishes
three times more issues per year, continues to promote research in the QSAR field
by favoring the publication of new molecular descriptors, statistical techniques, and
original SAR and QSAR models. This field continues to grow very rapidly, and
many subject areas that require larger developments are unsuitable for publication in
a journal due to space limitation.

This prompted us to develop a series of books entitled QSAR in Environmental
and Health Sciences to act in synergy with the journal. I am extremely grateful
to Colin Bulpitt and Fiona Macdonald for their enthusiasm and invaluable help in
making the project become a reality.

vii



viii Series Introduction

This book is the third of the series but the very first dedicated to the use of QSAR
and other in silico techniques to provide insights into the mechanisms of action of
juvenile hormones and their analogues as well as to estimate their environmental
fate and potential adverse effects.

At the time of going to press, three books are in the pipeline—one dealing with
reproductive and developmental toxicology, another focusing on the computational
approaches to predict pKa values, and the last one discussing the topological
descriptions of molecules.

I gratefully acknowledge Hilary Rowe for her willingness to assist me in the
development of this series.

James Devillers



Acknowledgments

I am extremely grateful to the authors of the chapters for their acceptance to
participate in this book and for preparing valuable contributions. To ensure the
scientific quality and clarity of the book, each chapter was sent to two referees for
review. I would like to thank all the referees for their useful comments. Finally,
I would like to thank the publication team at CRC Press for making the publication
of this book possible.



This page intentionally left blank



Contributors

William G. Bendena
Department of Biology
Queen’s University
Kingston, Ontario, Canada

Apurba K. Bhattacharjee

Division of Experimental Therapeutics
Department of Medicinal Chemistry
Walter Reed Army Institute of Research
Silver Spring, Maryland

Grzegorz Bujacz

Center for Biocrystallographic Research
Institute of Bioorganic Chemistry
Polish Academy of Sciences

Poznan, Poland

and

Faculty of Biotechnology and Food
Sciences

Institute of Technical Biochemistry

Technical University of Lodz

Lodz, Poland

Julio Caballero

Facultad de Ingenieria en
Bioinformatica

Centro de Bioinformatica y Simulacién
Molecular

Universidad de Talca

Talca, Chile

Yves Carriére
Department of Entomology
University of Arizona
Tucson, Arizona

David W. Crowder
Department of Entomology
Washington State University
Pullman, Washington

Frédéric Darriet

Laboratoire de Lutte Contre les Insectes
Nuisibles (IRD)

Montpellier, France

Robert Delorme
Consultant
Villiers-Saint-Frédéric, France

Xavier Deparis

Centre d’Epidémiologie et de Santé
Publique des Armées

Marseille, France

Hugo Devillers

Centre de Traitement de 1’Information
Scientifique (CTIS)

Rillieux-La-Pape, France

James Devillers

Centre de Traitement de 1’Information
Scientifique

Rillieux-La-Pape, France

Jean-Pierre Doucet
ITODYS Laboratory
University Paris 7
Paris, France

Annick Doucet-Panaye
ITODYS Laboratory
University Paris 7

Paris, France

Peter C. Ellsworth
Department of Entomology
University of Arizona
Tucson, Arizona

xi



xii

Robert Farkas

Laboratory of Developmental Genetics

Institute of Experimental
Endocrinology

Slovak Academy of Sciences

Bratislava, Slovakia

Jerome H.L. Hui
Department of Zoology
University of Oxford
Oxford, United Kingdom

Jean-Philippe Jaeg

Department of Pharmacology and
Toxicology

National Veterinary School of Toulouse

University of Toulouse

Toulouse, France

Mariusz Jaskolski

Center for Biocrystallographic Research
Institute of Bioorganic Chemistry
Polish Academy of Sciences

and

Faculty of Chemistry

Department of Crystallography

A. Mickiewicz University

Poznan, Poland

Laurent Lagadic

Institut National de la Recherche
Agronomique

Equipe Ecotoxicologie et Qualité des
Milieux Aquatiques

Rennes, France

Christophe Lagneau
E.I.D. Méditerranée
Montpellier, France

Bruno Lapied

Laboratory of Receptors and Membrane
Ion Channels

University of Angers

Angers, France

Contributors

Kiyoto Maekawa

Graduate School of Science and
Engineering

University of Toyama

Toyama, Japan

Steven E. Naranjo

Arid Lands Research Center

United States Department of
Agriculture

Maricopa, Arizona

Agnieszka J. Pietrzyk

Center for Biocrystallographic Research
Institute of Bioorganic Chemistry
Polish Academy of Sciences

Poznan, Poland

Maja Polakovicova

Department of Drug Chemical Theory
School of Pharmacy

Comenius University

Bratislava, Slovakia

Francoise Quiniou
Consultant
Bohars, France

Bruce E. Tabashnik
Department of Entomology
University of Arizona
Tucson, Arizona

Stephen S. Tobe

Department of Cell and System Biology
University of Toronto

Toronto, Ontario, Canada

Kouhei Toga

Graduate School of Science and
Engineering

University of Toyama

Toyama, Japan



Contributors

Ohri Yamada

Department of Vector Control

French Agency for Food,
Environmental and Occupational
Health & Safety (ANSES)

Maisons-Alfort, France

André Yébakima

Centre de Démoustication/Lutte
Antivectorielle (CG/ARS)

Martinique, France

xiii

Anthony J. Zera

School of Biological Sciences
University of Nebraska
Lincoln, Nebraska

Xiao-Fan Zhao

School of Life Sciences

Shandong University

Jinan, Shandong, People’s Republic of
China



This page intentionally left blank



’I Juvenile Hormones
and Juvenoids
A Historical Survey
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ABSTRACT

The juvenile hormones of insects are sesquiterpenoid molecules secreted by
the corpora allata. They prevent metamorphosis of larvae and play numerous
other functions during the whole insect life. Juvenile hormones have proto-
typed the design of insecticides mimicking their activity for use in insect vec-
tor and pest control. These man-made chemicals are called juvenile hormone
analogues or juvenoids. In this chapter, the conditions in which the juvenile
hormones were discovered are described. The brief history of juvenoid syn-
thesis is also recalled.

KEYWORDS

Juvenile hormone, Juvenoid, Corpora allata, Insect

1.1  INTRODUCTION

Recent estimates place the number of insect species to about 5 million, but the number
of species currently catalogued is five times less important. Indeed, there are about
400,000 Coleoptera, 153,000 Diptera, 90,000 Hemiptera, 115,000 Hymenoptera,
and 174,000 Lepidoptera [1] that have been described. These Arthropoda affect the
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living organisms including humans in a variety of ways. Insects play a crucial role
in the functioning of natural and agricultural ecosystems through diverse activi-
ties ranging from decomposition of organic matter to provision of food for fishes,
reptiles, birds, and so on. In fact, they act as predators, preys, parasites, hosts, para-
sitoids, herbivores, saprophages, and pollinators, among other things, which indi-
cate the pervasive ecological and economic importance of these Hexapoda in both
aquatic and terrestrial ecosystems [2]. For example, the annual value of the main
ecological services provided by the insect in the United States has been estimated
to be at least $57 billion [3]. Unfortunately, numerous insect species also impact
negatively humans and the environment. Crop losses due to insect pests reduce
available production of food and cash crops worldwide. Thus, one estimate indicates
that about 13% of total crop production is lost annually due to insect pests in the
United States [4,5]. This can be much more in developing countries [6,7]. Insects can
also serve as vectors for plant, animal, and human diseases. Thus, for example, the
incidence of dengue, which is a mosquito-borne infection, has grown dramatically
around the world in recent decades. More than 2.5 billion people (over 40% of the
world’s population) are now at risk from dengue and 1.8 billion (>70%) live in Asia
Pacific countries [8]. The total economic burden of the 2006 Indian dengue epidemic
was approximately U.S. $27.4 million [9]. In the same way, the direct and indirect
cost of recent dengue cases in Brazil, El Salvador, Guatemala, Panama, Venezuela,
Cambodia, Malaysia, and Thailand was estimated to $1.8 billion, and incorporating
costs of dengue surveillance and vector control would raise the amount further [10].

For all the aforementioned reasons, the insects have become organisms of choice
for a variety of research endeavors to better understand their ecology, biology, physi-
ology, and so forth.

Because the insects are encased in a cuticle, they must shed this semirigid exo-
skeleton periodically in order to grow. There are three major patterns of insect
development. About 1% of the insects do not present a larval stage and undergo
direct development. These are the ametabolous insects. They show a pronymph
stage immediately after hatching, bearing the structures that have enabled it to get
out of the egg. After this transitory stage, the insects begin to look like small adults;
after each molt, they are bigger but unchanged in form. The springtail (Collembola)
and the silverfish or fishmoth (Thysanura) are representatives of this primitive
group. In the hemimetabolous insects (about 9%), the young form looks like an
immature adult. At the last molt, the insect is winged and sexually mature. This
group includes the grasshopper (Orthoptera), the true bug (Hemiptera), the dragon-
fly (Odonata), and the cockroach (Blattodea). Lastly, in the holometabolous insects
(about 90%), the juvenile form undergoes a series of molts as it becomes larger.
Each stage is called instar. After the last instar, the larva undergoes metamorphic
molt to become a pupa and then an imago [11,12]. This evolved type of development
allows to reduce larval-adult competition, but the vulnerability of the larval and
pupal stages is high.

Although insect molting and metamorphosis have been scrutinized since the
Greek antiquity with Aristotle through his book on the Generation of Animals, their
physiological mechanisms have remained mysterious for a long time, even after the
importance of hormones had been recognized in the vertebrates.
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The purpose of this chapter is not to go into the details and intricacies of juve-
nile hormone (JH) and 20-hydroxyecdysone functions. Excellent recent reviews have
covered these subjects [13—17]. Our goal is only to show how the JH was discovered
and how this discovery was exploited by biologists and chemists to produce a new
class of insecticides called JH analogues or juvenoids.

1.2 A BRIEF HISTORY OF THE DISCOVERY
OF JUVENILE HORMONE

The discovery of JH has benefited undoubtedly from thoughtful and ingenious labo-
ratory experiments. However, interpretation of the results was sometimes a notch
below and even false in the early studies. Thus, for example, Conte and Vaney [18]
tried to see whether acephalous caterpillars of three species of Lepidoptera were able
to have a full and normal metamorphosis when they were ligatured at the junction of
the head and thorax. With Bombyx mori, the pupae were easily obtained, but they did
not give an adult, all died within one week. On dissection, they showed an advanced
pupation, the silk glands were almost totally resorbed, and there was abundant adi-
pose tissue but a limited histogenesis. The results obtained on the other species
showed that generally decapitation did not have a strong effect on metamorphosis.
This led the authors to claim that the integrity of animal body, including the head,
was not necessary to secure the lepidopteran metamorphosis. Kope¢ [19] confirmed
these results, stating that the nervous system was unimportant up to the time of pupa-
tion. However, ten years later, from a rational experimental study, also performed on
Lepidoptera, Kope¢ [20] demonstrated the converse. More specifically, he showed
that the brain (ganglion supraesophageal) of the caterpillar of Lymantria dispar L.
was important in the general processes of metamorphosis. The presence of the brain
was crucial, at least up to a certain period, for the inception of histolytical processes.
Kope¢é postulated that the influence of the brain in this direction was probably chem-
ical; hence, the brain had to be considered as a gland of internal secretion. At some
well-defined time before pupation, the quantity of the substance(s) secreted by the
brain was already sufficient for the complete pupation of the caterpillar. Tissues of
the caterpillar influenced by the brain underwent further metamorphosis indepen-
dently. Other parts of the nervous system did not influence the general process of
metamorphosis [20]. Koller [21] accelerated the onset of molting in normal larvae
of moths by injecting the blood from other larvae in which molting had begun. Von
Buddenbrock [22] repeated these experiments on a larger scale but he failed to obtain
a definite acceleration of molting, but the process was not delayed. Conversely, if the
blood of normal larvae was injected, molting was delayed. From this, he deducted
the role of blood of the molting larvae in the acceleration process. Bodenstein [23]
showed that limbs transplanted from one caterpillar to another molted at the same
time as their new host. In the 1930s, Wigglesworth [24-27] brought together these
findings and his own brilliant experiments on the bug Rhodnius prolixus to present
the first synthesis that finally gave a mechanistic answer to the insect metamorpho-
sis. R. prolixus, a blood-sucking triatomine, vector of the trypanosomes that causes
Chagas’ disease in Central America, was particularly suited to perform studies on
the development of insects. An immature insect takes a large blood meal and then
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molts a precise number of days later. It has cuticular markers that distinguish an
immature from an adult. The insect can be joined in parabiosis to others, even of
very different stages [28]. In 1934, Wigglesworth wrote [25]:

There is a ‘critical period’ in the molting cycle (about 7 days after feeding in the fifth
nymph, about 4 days in the earlier nymphs) and removal of the head of the insect before
this period prevents molting.... The blood of insects that have passed the critical period
contains a factor or hormone which will induce molting in insects decapitated soon
after feeding. It is suggested that this molting hormone may be secreted by the corpus
allatum, since the cells of this gland show signs of greatest secretory activity during
the critical period.

It is noteworthy that the corpora allata [29], first termed corpora inserta [30], and
ganglia allata [31] were described in 1913 by Nabert [32] as glands of internal secre-
tion of unknown function. In the same way, after a rather skeptical appraisal of the
Wigglesworth’s work [33], Bounhiol [34], through experiments on the effects of cor-
pora allata extirpation in the silkworm (B. mori), confirmed the key role of the cor-
pora allata in the insect development via the secretion of a metamorphosis-inhibiting
factor. In the following years, the endocrine activity of corpora allata was verified in
numerous insects belonging to different taxa [35-38].

For characterization of the corpus allatum hormone and the study of its actions, it
was necessary to obtain enough active soluble extracts. Unfortunately, all early attempts
to extract significant quantities from corpora allata were unsuccessful. However, a
rich source of soluble JH was fortuitously discovered by Williams [39,40] in adults of
Hyalophora cecropia moths opening the way for purification of JH. The first struc-
tural identification was made by Roller [41] and Dahm et al. [42] in H. cercopia, and
the molecule was first named cecropia JH and then JH I (Figure 1.1). Meyer et al. [43]
identified another sesquiterpenoid homologue in H. cercopia differing from JH I by
the presence of a methyl group at C7. This new analogue was termed JH II (Figure 1.1).
A third JH homologue, JH III (Figure 1.1), was identified in the tobacco hornworm,
Manduca sexta [44]. JH 111 is the most commonly found homologue [45]. In the eggs of
M. sexta, Bergot et al. [46] identified JH 0 and 4-methyl JH I, which is termed iso-JH I
(Figure 1.1). A JH III with a second epoxide substitution at C6, C7 was identified from
in vitro cultures of ring glands of Drosophila melanogaster larvae [47] and termed JH
III bisepoxide or JHB; (Figure 1.1). A skipped bisepoxide (JHSB;) was also recently
identified by Kotaki et al. [48] in Plautia stali, a member of the family Pentatomidae
(Heteroptera) (Figure 1.1). Almost simultaneously with efforts to elucidate the struc-
ture and functions of the first JHs, attempts were made to exploit them to control the
development of insects. The history of this research is summarized in the next section.

1.3 DIFFERENT STEPS OF THE DISCOVERY OF THE
JUVENILE HORMONE ANALOGUES

Initiation of research on juvenoids started in 1956 when Williams [39] prepared the
first JH-active lipid extracts from the abdomens of male adult cecropia moths. He
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FIGURE 1.1  Structures of JHs.

pointed out that these extracts could be used as nontoxic and selectively acting insec-
ticides. Indeed, he forewarning wrote: “It seems likely that the (juvenile) hormone,
when identified and synthesized, will prove to be an effective insecticide. This pros-
pect is worthy of attention because insects can scarcely evolve a resistance to their
own hormone.” Further investigations revealed the presence of extracts with positive
JH responses in other invertebrates [49] as well as in microorganisms and plants
[50]. This opened the door to the research of active substances in all the phyla. In
the early 1960s, chemists tried to synthesize terpenoids and related structures for
estimating their JH activity. Thus, for example, various terpenoid and straight-chain
alcohols as well as their derivatives were synthesized, purified, and tested for their
potential JH activity by Schneiderman et al. [51]. They showed that a critical size
of the molecules was necessary for higher activity. It is noteworthy that at that time
numerous results were controversially discussed due to the difficulty to interpret the
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results. Fortunately, a fortuitous event contributed to definitively install the research
on juvenoids. Early in the 1960s, Dr. K. Sldma, an entomologist from Prague (former
Czechoslovakia), visited the University of Harvard in order to work in Dr. Williams’
laboratory. He brought with him fertile eggs from the bug Pyrrhocoris apterus that
he had been rearing in Petri dishes without difficulty in his laboratory for 10 years.
To his surprise, the bugs did not develop normally under the conditions at Harvard.
Instead of metamorphosing into normal adults, at the end of the 5th larval instar, all
molted into 6th instar larvae or into adultoids preserving a lot of larval characters.
Some continued to grow and molted into still-larger seventh instar larvae. At the end,
all insects died without completing metamorphosis or attaining sexual maturity. An
audit of the culture conditions at Harvard versus Prague suggested 15 differences.
Fourteen were eliminated from rational investigations. The source of JH activity was
finally tracked down to exposure of the bugs to a certain paper towel that had been
placed in the rearing cages. Pieces of American newspapers and journals (New York
Times, Wall Street Journal, Boston Globe Science, and Scientific American) showed
extremely high JH activity when placed in contact with Pyrrhocoris. The London
Times and Nature were inactive, and so were other paper materials of European or
Japanese manufacture. These findings pointed out the botanical origin of the papers.
American paper products were mainly derived from the balsam fir (Abies balsamea).
The negative tests recorded for paper samples of European and Japanese manufac-
tures suggested that their pulp trees did not contain the active principle [52]. The
active extract found in the balsam fir was called “paper factor.” Slama and Williams
[52-54] and Williams and Slama [55] were very surprised to discover that the most
active extracts were without any detectable effects when injected or topically applied
to previously chilled pupae of the cecropia or polyphemus silkworms. The same
negative results were obtained on all the other silkworm pupae of H. cecropia,
H. gloveri, Antheraea mylitta, and Samia cynthia. The extracts were without any
effects on two other species of Heteroptera, R. prolixus and Oncopeltus fasciatus.
These authors deducted that molecules with JH activity for one species of insect are
not necessarily active on other species. They also speculated that certain plants might
perhaps develop resistance against insect herbivores by evolutionary adaptations
leading to synthesis of compounds with insect JH activity.

The “paper factor” found in the balsam fir was identified by Bowers et al. [56]
as a methyl ester of an alicyclic sesquiterpenoid acid, called juvabione (methyl
(4R)-4-[(2R)-6-methyl-4-oxoheptan-2-yl]cyclohexene-1-carboxylate, =~ CAS RN
17904-27-7) (Figure 1.2). A structurally related chemical called dehydrojuvabione

H,C
o H,C o 3
\ AN
(0]
(0] ~
\CH3 AN CH,
H,C CH, (e} H,C CH; o

(a) (b)
FIGURE 1.2  Structures of juvabione (a) and dehydrojuvabione (b).
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((4R)-4-[(1R)-1,5-dimethyl-3-0x0-4-hexenyl]-1-cyclohexene-1-carboxylic acid methyl
ester, CAS RN 16060-78-9) (Figure 1.2) was found in a balsam fir growing in Europe
[57], but the common European evergreen trees did not contain JH activity at all [58].
These discoveries led to searches for both natural and synthetic substances with JH
activity. At the end of the 1960s, the number of synthetic juvenoids was estimated
to about 500 including acyclic terpenoids, juvabione derivatives, aromatic terpenoid
ethers, thioethers, and amines [59-62].

At the end of the 1960s, Zoecon Corporation was set up by Syntex Corporation
to develop the new concept that insect pests could be selectively controlled, without
environmental problems, by using analogues of their natural JH. Hydroprene (ethyl
(2EAE)-3,7,11-trimethyl-2,4-dodecadienoate, CAS RN 41096-46-2) (Figure 1.3)
was prepared in October 1970 and showed high activity against many insect spe-
cies. Kinoprene ((E,E)-2-propynyl 3,7,11-trimethyl-2,4-dodecadienoate, CAS RN
42588-37-4) (Figure 1.3) also showed an interesting activity, but the most interesting
juvenoid was the methoprene (1-methylethyl (2E,4E)-11-methoxy-3,7,11-trimethyl-2,
4-dodecadienoate, CAS RN 40596-69-8) (Figure 1.3) synthesized in March 1971 at
Zoecon. Methoprene was the first registered juvenoid for use in the control of flood-
water mosquitoes [63—65].

Concomitantly with the registration of methoprene, epofenonane (2-ethyl-3-
[3-ethyl-5-(4-ethylphenoxy)pentyl]-2-methyloxirane, CAS RN 57342-02-6), a ter-
penoid aromatic juvenoid (Figure 1.3), was also registered for practical use [66] by
Hoffmann-La Roche AG (Basel, Switzerland). Epofenonane showed better effects
than methoprene in certain field applications, but basically, its range of JH activity
was more or less similar to methoprene [58].

In the early 1980s, a highly effective, nonisoprenoid type of juvenoid was discovered
and developed by Dr. Maag Ltd. Dielsdorf (Switzerland) and MAAG Agrochemicals,
HLR Sciences, Inc. The decisive structural innovation was the inclusion of the bicy-
clic, 4-phenoxyphenyl group into a classical juvenoid structure. The most active mol-
ecule in this series was fenoxycarb (ethyl [2-(p-phenoxyphenoxy)ethyl]carbamate,
CAS RN 79127-80-3) (Figure 1.3), which was primarily registered for use in stored
product insect control [67,68]. It is useful for control of fire ants, fleas, mosquitoes,
cockroaches, moths, scale insects, and insects attacking vines, olives, cotton, and
fruit [69]. Although fenoxycarb includes a carbamate moiety, unlike certain N-methyl
or N-ethyl carbamates, it does not inhibit cholinesterase.

In the 1980s, Japanese chemists were very active in the search for new juvenoids
(see Chapter 8). The most successful candidate was proposed by Sumitomo and
known under the name of pyriproxyfen (2-(1-methyl-2-(4-phenoxyphenoxy)ethoxy)
pyridine, CAS RN 95737-68-1) (Figure 1.3) [70]. It is a fenoxycarb derivative in
which a part of the aliphatic chain has been replaced by pyridyl oxyethylene. It
was shown to be a potent JH mimic affecting the hormonal balance in insects,
resulting in strong suppression of embryogenesis, metamorphosis, and adult
formation [71-74].

Attempts were also made at Ciba Geigy to propose new juvenoids. They pre-
pared and tested various non-terpenoid structures, and among them, diofenolan
(mixture of (2RS,4SR)-4-(2-ethyl-1,3-dioxolan-4-ylmethoxy)phenyl phenyl ether
and (2RS,4RS)-4-(2-ethyl-1,3-dioxolan-4-ylmethoxy)phenyl phenyl ether, CAS RN
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o) CH,
H5C _/ — CH,
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Epofenonane

0]
.CH;
HC=
CH,
Kinoprene @
0
H5C O\CH3
Fenoxycarb
0 CH,
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: )
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H3C Dlofenolanj/

H5C-

FIGURE 1.3 Structures of JH analogues.

63837-33-2) (Figure 1.3), commercialized under the name Aware, was found to be
effective against lepidopteran pests in deciduous fruit, citrus, grapes, and olives and
scale insects in pome fruit and citrus [75-78].

1.4 ANTI-JUVENILE HORMONE AGENTS

The discovery and subsequent development of juvenoids inspired thoughts that the
reverse principle, aiming at discovering chemicals showing an anti-juvenile activity,
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could be also a potential strategy to find new insecticides. In the 1970s, Bowers
et al. [79] isolated two simple chromenes in the plant Ageratum houstonianum.
They induced precocious metamorphosis and sterilization in several hemipterous
species. Some holometabolous species were sterilized, forced into diapause, or both.
These chemicals were called antihormonal compounds precocene I (7-methoxy-
2,2-dimethylchromene) and precocene II (6,7-dimethoxy-2,2-dimethylchromene).
Precocene III was also identified as 7-ethoxy-6-methoxy-2,2-dimethylchoromene
[80]. From studies of metabolism [81], pharmacokinetics [82], reaction with model
substrates [83], and cytological investigations [84], it was shown that the precocenes
were activated by oxidation to form highly reactive epoxides that destroy the paren-
chymal cells of corpus allatum by nucleophilic alkylation [85,86].

In 1989, a peptide causing a strong and rapid inhibitory effect against biosynthesis
of JH (allatostatic effect) was found in cockroach Diploptera punctata. Its sequence
was determined and named allatostatin (A type) [87]. Other types were identified in
different insect taxa [88—90].

1.5 CONCLUSION

The insect corpus allatum hormones, known as JHs, were discovered through their
role in regulating the onset of metamorphosis by stopping the expression of the adult
state, and they were named accordingly. It has been also experimentally demon-
strated that the JHs induced multifaceted effects during the whole insect life. As a
result, it is not surprising that attempts were made to use the JHs as targets in the
design of insecticides for the control of insect pests.

Since Aristotle, research in biology is rooted on the triad observations—
hypotheses—experimentations and this brief history of the discovery of the JHs and
juvenoids does not contradict this fact. However, over the past several decades, what
has changed is our perception of the components of the biological observations and/
or experiments and their corresponding outcomes that are both seen as mathematical
entities with their proper characteristics that we manipulate consciously to isolate
influential factors, to better interpret the results, to gain insight into a mechanism of
action, and so on. The main reason for this change is that now the computer belongs
to the working kit of any researcher. From the room-sized Electronic Numerical
Integrator Analyzer and Computer (ENTAC) in the 1940s weighing 30 tons to the big
Cray-1 system installed at Los Alamos National Laboratory in 1976 for $8.8 million
to today’s laptops, processing speed has increased over a millionfold and cost has
dropped dramatically, allowing scientists to analyze their data and run models on
their own computers rather than booking time on one of only a few “supercomputers”
in the world, like in the past.

Invertebrate endocrinology has widely benefited from these changes to mine and
analyze genomic data, to better understand the mechanism of action of JHs and their
analogues, to model the environmental fate and effects of juvenoids, or to predict
the potential JH activity of molecules from their chemical structure. Case studies
related to these different modeling approaches can be found in the different chapters
of this book.
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ABSTRACT

After the separation of arthropods and vertebrates from the last common ances-
tor of bilaterians about 550 million years ago, extant arthropods continue to
share multiple conserved pathway components in the biosynthesis of peptide,
steroid, and terpenoid (unsaturated hydrocarbon) hormones with those in the
vertebrates. In the hope of achieving different potential applications, such as
drug design or manipulation of the organisms, the regulation of the production
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of arthropod-specific hormones is a concern. Tremendous efforts have been
invested in the last several decades to discover the actions of different hor-
mones, with the sesquiterpenoids methyl farnesoate (MF) and juvenile hor-
mones (JH) now well known to regulate many developmental and reproductive
processes in crustaceans and insects, respectively. To date, most research on
the regulation by MF and JH production has focused on the study of their
interactions with other hormones. In this chapter, we highlight and summarize
the latest findings on the potential rate-determining enzymes in the synthe-
sis of MF and JH, farnesoic acid O-methyltransferase and juvenile hormone
O-methyltransferase, and other key candidates to investigate and manipulate
sesquiterpenoid hormone regulation in arthropods. With the recent sequencing
of the first crustacean (Daphnia) genome, the potential of comparative genom-
ics and microRNAs to shed light on arthropod endocrinology and ecotoxicol-
ogy are also discussed.

KEYWORDS

Sesquiterpenoid, Juvenile hormone, Methyl transferase, Methyl farnesoate,
Biosynthesis, Toxicology

2.1 SESQUITERPENOIDS METHYL FARNESOATE
AND JUVENILE HORMONES

Hormones act as chemical signals released by programmed cells to target specific
cells for responses. Such a mechanism needs to be precisely controlled in organ-
isms, and an imbalance in the control of an established hormonal system will result
in changes in responsive targets and thus alter the biological functions. The phylum
Arthropoda (Greek, “jointed feet””) comprises members of chelicerates (mites, scor-
pions, spiders), crustaceans (barnacles, crabs, lobsters, shrimps), hexapods (insects),
and myriapods (centipedes, millipedes) and accounts for the majority of described
living animal species in the world. The diverse body plans, behaviors, developmen-
tal modes, and reproductive and endocrine systems that have evolved in the arthro-
pods have contributed to the habitats they have successfully populated. The reasons
for studying the endocrine systems of these fascinating organisms range from con-
serving biodiversity, scientific curiosity, improving human health, and increasing
aquaculture production to combating arthropod pests. The knowledge acquired
from the study of arthropod hormonal systems is clearly beneficial to different fields
of biology.

An obvious morphological characteristic differentiating the vertebrates and
arthropods is the development of rigid chitinous exoskeletons in the latter. Periodic
exuviation or ecdysis (shedding of the old exoskeleton) is thus required to allow the
incremental increase in body size throughout arthropod life. The innovation of such
developmental processes has coevolved with distinctive hormonal systems, which
involve the precisely controlled biosynthesis or release of peptides, steroids, and ter-
penoids (unsaturated hydrocarbons, class of terpenes, e.g., sesquiterpenoid C,sH,,).
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Actions of different families of arthropod hormones have been extensively
reviewed elsewhere and will not be repeated here (e.g., arthropod neuropeptides [1-3],
insect juvenile hormones (JHs) [4,5]). In brief, sesquiterpenoids (terpenoids compris-
ing three isoprene units) including methyl farnesoate (MF) and JH are well known
to control development and reproduction in many crustaceans and insects, respec-
tively. In the last decade, to precisely monitor or manipulate the biosynthesis of these
sesquiterpenoid hormones in arthropods, numerous studies have focused on their
interactions with other hormones. As noted earlier, the possible rate-determining
enzymes in these biosynthetic pathways include farnesoic acid O-methyltransferase
(FAMET) and juvenile hormone acid O-methyltransferase (JHAMT). In this chapter,
we summarize the latest knowledge on these enzymes, discuss how comparative
genomics will bring new insights to the field, and speculate regarding microRNAs as
future candidates and targets to investigate the dynamics of hormonal controls and
ecotoxicology. Initially, we will discuss the biosynthetic pathways for the unique
arthropod sesquiterpenoids, farnesoic acid (FA), MF, and JHs.

The biosynthetic pathway from conversion of acetate (C2) to farnesyl pyrophos-
phate (C15) has been conserved between vertebrates and arthropods, after their
separation at around the Cambrian period (~550 MYA) [4—6] (Figure 2.1). In brief,
the farnesyl (C15) units result from the condensation of three isoprene (C5) units
originating from acetate (C2). Unlike arthropods that do not produce cholesterol
de novo, farnesyl units are converted to squalene (C30) by farnesyl diphosphate
synthase and further processed to cholesterol in vertebrates (for details of this bio-
synthetic pathway, see [7,8]). In arthropods, farnesyl pyrophosphate is converted
to FA via the actions of FPP phosphatase, farnesol dehydrogenase, and farnesal
dehydrogenase [9].

Bilaterians

Mevalonate pathway @ — Sqéalene —p Cholesterol Vertebrates
2 x Acetyl CoA-p Farnesyl diphosphate < (C30)
(C2) (C15) (b)® —p Farnesoic acid (FA) Arthropods
Arthropods
o JHAMT/EAMeT
Farnesoic acid (FA) » Methyl farnesoate (MF) Crustaceans

Epoxidase JHAMT
@) —»Juvenile hormone III acid —————]Juvenile hormone (JH)  Inusects
FA <
i) SAM-MeT Epoxid: .
(i) ————» Methyl farnesoate (MF) —POXTIE, Juvenile hormone (JH)

FIGURE 2.1 Biosynthetic pathway of sesquiterpenoids in insects and crustaceans. For
details, see main text. (Adapted from Tobe, S.S. and Bendena, W.G., Ann. N. Y. Acad. Sci.,
897, 300, 1999; Hui, J.H.L. et al., Peptides, 31, 451, 2010.)
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The end products of the biosynthetic pathway in crustaceans and insects are,
however, different. In crustaceans, FA is thought to be converted to the final prod-
uct MF in the presence of the cofactor S-adenosyl-methionine (SAM) and FAMeT
(Figure 2.1). On the other hand, FA in insects can be converted by two different
biosynthetic pathways: (1) FA is converted to juvenile hormone III acid (JHA) and
then juvenile hormone III (JH-III) by an epoxidase and a SAM-dependent methyl-
transferase or (2) a similar pathway to the crustaceans whereby FA is first converted
to MF and then to JH-III by the action of an epoxidase [4,5] (Figure 2.1). It should
be stressed that insects in different orders use either one pathway or the other. For
example, dictyopterans such as cockroaches use pathway 2, whereas the lepidop-
terans such as moths and butterflies use pathway 1. The organs that produce these
hormones differ between crustaceans and insects, although the organs appear to
have a common embryological origin. For example, FA and MF are produced by
the mandibular organ (MO) in crustaceans [10,11], and all forms of JH and related
sesquiterpenoids are synthesized by the corpora allata (CA) of insects [12,13]. The
major functions of JH, FA, and MF are the regulation of gametogenesis/reproduc-
tion, metamorphosis, metabolic activities, and ecdysteroid secretion for molting in
insects and crustaceans, respectively (for details, see [2—4]).

An outstanding perplexing issue for arthropod endocrinologists is the ques-
tion of the nature of the active hormones that are capable of eliciting physiological
responses in target tissues. For some groups, for example, the Hemimetabola, the
ubiquitous sesquiterpenoid appears to be JH-III, with some notable exceptions, such
as Hemiptera. The situation appears to be more complex for the higher insects and
decapod crustaceans. In insects within the Lepidoptera, there may be up to five dif-
ferent but closely related JHs produced by the CA, as well as JHA. Although the
activities of these sesquiterpenoids have been assessed in bioassays [13], the in vivo
physiological actions remain to be adequately defined. The question of blends or
mixtures of the various sesquiterpenoids being required to realize a physiological
action has not been adequately explored. This issue may be further complicated by
the possibility of synergism between the sesquiterpenoids. An equally complex situ-
ation appears to exist in the higher Diptera, in which MF, JH-III, and JH-III bisepox-
ide occur. Some authors have suggested that the principal hormone is MF as JH-III
binds to the potential functional retinoic acid retinoid X receptor (RXR) receptor
(ultraspiracle receptor (USP)) in Drosophila [14,15]. The possibility that one or more
of these sesquiterpenoids may be active in one stage, such as the larval stage, but
are not active (or less active) in another (adult) has been suggested [16]. As well,
do specific sesquiterpenoids regulate specific developmental and reproductive pro-
cesses? Resolution of these issues must await the definitive identification, cloning,
and expression of the JH receptor. Expression of the receptor would permit stage-
specific and tissue-specific assays with different sesquiterpenoid ligands. In addition,
because of the occurrence of multiple forms of the sesquiterpenoids in a range of
insects, it is possible that there are multiple forms of the receptor.

The situation in decapod crustaceans is equally complex and confusing. Both
MF and FA exert clear physiological effects but which combination of sesquiter-
penoid regulates the physiological responses is unknown (for details, see [3]). Both
FA and MF are released from the MO in vitro although FA has not been definitively
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identified in hemolymph ir vivo [11,17-20]. However, in physiological assays and
in vitro monitoring of the production of the apolipoprotein gene product (previously
incorrectly identified as the “vitellogenin” homologue in crustaceans) by the ovary
and hepatopancreas, FA is considerably more active than MF [21-27]. Interestingly,
ecdysteroids secreted from the Y organ can also enhance this effect. Although these
studies suggest that FA is an active hormone in decapods, the major question remains
as to whether FA could be rapidly degraded or converted to MF in other tissues.
Since MF is also released from the MO, albeit at lower rates, it is possible that MF
represents a storage form for the active hormone and that it may be converted into
a related sesquiterpenoid by lipases at target tissues. At present, this is not clear,
as the hydrolysis of MF to FA has not been described. Although there appears to
be an MF-binding protein in decapod hemolymph [28-32], it remains unknown if
hemolymph contains an FA-binding protein to aid in transport and protection of the
compound. Alternatively, the receptor for FA and/or MF in crustaceans may differ
from that in insects because of the differences in physiochemical properties of the
sesquiterpenoids. As well, there may be contributions of ecdysone receptors and
RXRs in relation to the FA and MF actions in crustaceans, given that JH-III can
potentially interact with the retinoic acid RXR in insects [15,33].

Is there any evidence suggesting that knowledge of arthropod endocrinology
could benefit the field of ecotoxicology and vice versa? In reality, evidence supports
this notion already! For instance, in the presence of stressors such as elevated tem-
perature, anoxia, or changes in salinity of seawater, studies have shown that the titer
of MF in hemolymph increases in response [34—36]. These studies suggest that the
hormonal system of arthropods is responsive to environmental stress. Furthermore,
by treating gravid water fleas Daphnia magna with JH agonists and other contami-
nants that occur in the environment, the production of male offspring was promoted
[37-40]. Given the interactive relationships between environmental toxicity and
endocrine systems, the possibility of knowledge transfer from one field to another
could be useful in the future (see further discussion as follows).

2.2 SESQUITERPENOID HORMONE CATALYTIC
ENZYMES (FAMET AND JHAMT)

In light of the importance of the regulation of the hormonal systems and thus differ-
ent developmental processes of arthropods, regulation of FA, JH, and MF produc-
tion is another focus in the field. To date, most studies have focused on neuropeptide
regulators, the allatostatins and allatotropins, on the biosynthesis of JH in insects
[1,41-43] and the neuropeptides crustacean hyperglycemic hormone, MO-inhibiting
hormone, pigment-dispersing hormone, and red pigment—concentrating hormone on
MF production in crustaceans [44—48]. Although this line of research is unequivo-
cally important, it should be realized that the study of rate-determining enzymes that
catalyze the biosynthesis of JH, FA, and MF (i.e., JHAMT and possibly FAMEeT) has
been largely neglected.

Depending on the species, the final step in the sesquiterpenoid biosynthetic path-
way is the conversion of either FA to MF or MF to JH, with few exceptions (e.g.,
higher Diptera and some Lepidoptera) (see previous section; Figure 2.1). In both cases,
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these SAM-dependent methylation steps could also be one of the rate-determining
regulatory points in each of these pathways. Although the study of these enzymes
is clearly important to our understanding and ability to manipulate the regulation
of arthropod hormone production and potential applicability to other fields such as
ecotoxicology (see next section), most of the research done previously has focused
on either characterizing their biochemical properties or using them as rate quanti-
fiers for FA/MF/JH production. Molecular characterization of putative FAMeTs and
JHAMTs has only begun to attract attention in the last decade.

FAMEeTs have been investigated in both insects and crustaceans, although they
seem to play different biochemical roles. In crustaceans, FAM¢eTs may catalyze the
conversion of FA to MF in lobster Homarus americanus and shrimp Metapenaeus
ensis [49,50], although evidence for enzymatic activity is limited. Nonetheless, it
appears to be a rate-determining step in this sesquiterpenoid biosynthetic pathway
[48] (Table 2.1). Knockdown of FAMET expression has also been shown to affect
molting and cause lethality in shrimp Litopenaeus vannamei [51]. In insects, how-
ever, knockdown of FAMET activity in the fly Drosophila melanogaster does not
decrease sesquiterpenoid hormone production significantly [52]. Since it is now
known that there are different mechanisms generating the FAMeT isoforms in insects
and crustaceans (in insects, ancestral duplication followed by a loss of genes in dif-
ferent insect species versus multiple independent lineage-specific duplications in
crustaceans) [53], whether the effect seen in D. melanogaster is a consequence of

TABLE 2.1
Summary of Animal Lineages Containing FAMeT/JHAMT
Homologues and Their Putative Functions

Animal Lineages Functions
FAMeT
Crustaceans (except Daphnia) FA conversion to MF?
Insects (see DrosI;;)Ifti?ﬁlzedafscussion)
Polychaetes Unknown
Cephalochordates Unknown
Vertebrates No homologue
JHAMT
Insects JHIIIA conversion to JH
Polychaetes No homologue
Cephalochordates No homologue

Vertebrates No homologue
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a secondary derived pathway in the drosophilid lineage or is representative of the
whole order Insecta remains to be investigated.

JHAMT, on the other hand, has been demonstrated to be the enzyme responsible
for the conversion of JHA or FA to JH (through MF) in a range of insects, includ-
ing the silkworm Bombyx mori, the fly D. melanogaster, and the beetle Tribolium
castaneum [54-56] (Table 2.1). Functional (knockdown/overexpression) experi-
ments on JHAMT have suggested its essential role in maintaining the normal
development of insects [54-57]. A recent study by [58] in the hemimetabolous
locust Schistocerca gregaria has clearly demonstrated that the JHAMT is respon-
sible for conversion of FA to MF and then JH-III, based on RNAI injection experi-
ments, whereas knockdown of the FAMeT had no effect on MF or JH production.

2.3 LET’S RETHINK THE DISCOVERY OF JHAMT IN THE
FIRST CRUSTACEAN GENOME: CAN DAPHNIA BE A
PANCRUSTACEAN “LIVING FOSSIL” FOR ARTHROPOD
ENDOCRINOLOGY AND ECOTOXICOLOGY?

With the advancement of sequencing technologies and reduction in its costs, sequenc-
ing varieties of animal genomes has become a reality. The feasibility and accessibil-
ity of next-generation sequencing has also facilitated the use of comparative genomic
methods in arthropod endocrinology and ecotoxicology. Here we ask the question
how has comparative genomics changed our views on FAMeT and JHAMT?
Animal lineages containing FAMeTs and/or JHAMTSs have proven to be ambigu-
ous. For example, it has long been suggested in the field that the vertebrates contain
a FAMEeT orthologue (e.g., [50,59]), despite the knowledge that the final steps in
sterol biosynthesis are quite different from those of the sesquiterpenoid/JH pathway
of the Arthropoda. The pathways diverge at farnesyl pyrophosphate that is the final
common intermediate between the two groups. Arthropods do not synthesize cho-
lesterol, whereas vertebrates do. However, vertebrates do possess farnesyl-related
compounds that are covalently bound to a cysteine residue in the C-terminal regions
of proteins, a process termed protein prenylation. Prenylation is believed to aid in
binding of proteins to lipophilic substrates, including cell membranes. The reac-
tion is catalyzed by at least three different enzymes, including a methyltransferase
(Figure 2.1). In the first systematic phylogenetic analyses of these enzymes, it has
been demonstrated that vertebrates do not contain either FAMeT or JHAMT, and
the previously described “FAMeT” homologue indeed belongs to another family of
largely ignored genes in the echinoderms [53] (Table 2.1 and Figure 2.2). By com-
parison of the FAMeT orthologues in different genomes, it is now also clear that
lineages other than arthropods such as the annelids and cephalochordates contain
“FAMETs” [53] (Table 2.1). Since some species of annelids are known to produce
sterols de novo, elucidating the precise roles and functions of these newly discovered
“FAMETs” in respective hormonal pathways will be of importance to the fundamen-
tal understanding of hormone biosynthesis. Moreover, could there be any possibility
that these “FAMEeTs” are not enzymes themselves, catalyzing methylation of FA,
but rather, cofactors affecting or enhancing the action of JH, which in turn suggest
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FIGURE 2.2 Neighbor-joining tree illustrating the phylogenetic relationships of JHAMT,
FAMeT, and CPAMDS. In addition to the selected sequences from a previous study [53],
twelve JHAMT sequences retrieved from GenBank with accession numbers ADV17350,
XP_001356909, XP_002015317, EHJ73944, XP_001965404, ABE98256, XP_001976217,
XP_002038170, XP_001996441, XP_002002213, XP_002052259, and XP_002066866 were
included in the analysis. The asterisk depicts the position of the putative crustacean JHAMT/
FAMeT sequence from the crustacean D. pulex. For taxon abbreviations, please refer to [53].
Bold lines indicate clades supported by bootstrap values above 950.
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other phyla could contain JH-related hormones yet to be discovered? These are some
examples of the value of comparative genomics in modifying and expanding existing
knowledge of arthropod endocrinology.

Before such comparative genomic analyses, most JHAMT sequences were
identified by the conventional method of PCR amplification with degenerate primers
designed on the basis of reported sequences. Given the limitation of this labor-
intensive and cost-ineffective method, JHAMTs had only been identified in the
insects. Confinement of JHAMTs to the Insecta was the common thought in the
field, indicating this gene could possibly have arisen after the separation of insects
and crustaceans from the Pancrustacea. With the sequencing of the first crustacean
genome, Daphnia pulex [60], a JHAMT homologue has been unexpectedly also
discovered in this animal [53] (Table 2.1 and Figure 2.2). This finding is important
to both arthropod endocrinology and ecotoxicology in many respects, and its
implications are discussed in the succeeding text.

To arthropod endocrinology, could the identification of the first bona fide crus-
tacean JHAMT indicate that other classes of arthropods or subclasses of crusta-
ceans contain JHAMTs in their genomes? The determination of JHAMT expression
and abundance in other crustaceans and its roles in hormone biosynthesis are of
immense importance to our existing knowledge of how arthropods produce their
hormones. Regardless of the limited amount of existing data, this exciting find-
ing has already suggested that the Pancrustacea possessed the JHAMT before the
splitting of Arthropoda into crustaceans and insects.

On the other hand, could this simply mean that the lineage Daphnia has devel-
oped a different or derived hormonal system from other crustaceans? According to
the analysis of Daphnia EST and draft genome databases, FAMeT was not identi-
fied and only a JHAMT homologue was recovered [53] (Table 2.1 and Figure 2.2).
If all the other crustaceans from the Pancrustacea have lost JHAMT, Daphnia will
then become a “living fossil” for the linking of crustacean and insect endocrinology.
Since MF also has been shown to play a role in determining the sex of D. magna
[37,38,61], perhaps revealing the relationship between JHAMT and sesquiterpenoid
biosynthesis in Daphnia is another way to go forward. However, the MO that is
responsible for producing MF in this organism is physically too small for manual
dissection, and this has hindered the conventional physiological approaches to this
question. Other clever experimental designs need to be developed in the future to
carry out the task. It is also important to recognize that MF is a product of release
from CA in many insect species, for example, Drosophila and other higher flies
[16], again suggesting an endocrine function for this compound. Although little MF
appears to be released in vitro from CA, with the majority of the release product
being JH-III or in the case of flies, JHB;, MF does show biological activity in insects
and in fact, has been suggested to be the “authentic” JH in at least some insect spe-
cies [14]. MF is also made by the CA of embryos of cockroaches early in develop-
ment and precedes the ability to produce JH-III [62]. The methyltransferase is clearly
present in excess at this stage since stimulation of biosynthesis by FA results in the
production of large amounts of MF.

The water flea Daphnia is also well known as one of the most sensitive
animal models for the assessment of ecotoxicity [39,40,63]. With D. pulex being
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FIGURE 2.3 Possible future research directions on arthropod FAMeT, JHAMT,
sesquiterpenoids, and microRNAs in response to environmental challenges. The question
marks denote the current major research gaps.

the first crustacean genome sequenced, comparisons with other genomes have
revealed more than one-third of its genes have no identifiable homologues [60,64].
Interestingly, D. pulex—specific duplicated genes are differentially expressed
following environmental challenges [60]. Switching of reproductive modes between
parthenogenetic and sexual reproduction has been suggested to facilitate such
adaptation [65]. Irrespective of the interesting evolutionary reasons that account
for such phenotypes, Daphnia is clearly a new genetic model for ecotoxicology.
However, can the combination of understanding how JHAMT and the biosynthesis
of sesquiterpenoids in response to different environmental changes make a contri-
bution to our understanding of ecotoxicology (Figure 2.3)? Recent findings support
this view. In the presence of kairomones, it has been shown that JHAMT is one
of the most upregulated candidate genes in Daphnia [66]. Hence, we suggest that
the study of the interactions of JHAMT and biosynthesis of sesquiterpenoids in
different arthropods under different environmental conditions will provide useful
information on ecotoxicology.

2.4 MicroRNA AS NEW TARGETS FOR REGULATION OF
SESQUITERPENOID PRODUCTION AND ACTION

In recent years, it has become clear that many of the RNA transcripts from the genome
do not code for “functional” proteins. These regions, which were originally called
“noncoding RNAs,” are now known to play important roles in many biological pro-
cesses. Among the different types of noncoding RNAs, the microRNAs (miRNAs)
are highly conserved in sequence and functions across animal species. Although the
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first animal miRNA, lin-14, was discovered in the nematode Caenorhabditis elegans
almost two decades ago [67], the miRNA field did not garner much attention until the
discovery of a second miRNA, let-7, which is highly conserved across animal species
[68,69]. miRNAs are now known to be ~21 to 23 nucleotides in length that act post-
transcriptionally to regulate RNA transcripts. Although the double-stranded RNAs
or small-interfering RNAs (dsRNAs/siRNAs) can also change the expression of RNA
transcripts and share many conserved biosynthetic pathway components with the
miRNAs, there are some fundamental differences between the two. In animals, sSiRNAs
bind with perfect complementary to the targeted mRNA, resulting in the cleavage of
mRNA targets, whereas miRNAs bind with either partial or perfect complementarity
to the 3’UTRs of the targeted mRNAs, resulting in posttranscriptional/translational
repression [70-72]. Moreover, endogenous dsSRNAs/siRNAs are relatively very rare
in animals, whereas miRNAs are common and highly conserved across the major-
ity of animals. Given these different regulatory properties, most research done on
dsRNA/siRNA have utilized them exogenously, to destroy the activity of the target
gene through RNA interference, whereas miRNAs seem to be ideal for the purpose
of revealing and modulating the intrinsic regulation of different biological processes.
Therefore, it is not surprising that the study of miRNAs has become one of the hottest
research fields in the past few years.

In the last decade, although miRNAs have been found to control many different
aspects of cellular function—from cancer, development, physiology, and reproduc-
tion to varieties of diseases—no study on their role in arthropod sesquiterpenoid bio-
synthesis has been forthcoming to our knowledge (Figure 2.3). This is likely because
(D) the study of miRNAs is still relatively new and its current major focus has been
biased toward the understanding of their biogenesis and regulatory functions and (2)
hormonal regulation in arthropods has also focused on the study of hormonal inter-
actions rather than other possible individual components (see earlier section). In an
earlier study [73], knockdown of Dicer-1 in the hemimetabolous insect Blattella ger-
manica depleted the miRNAs in the last larval instars and inhibited metamorphosis.
Although no specific miRNA candidate has been identified in regulating the compo-
nents of ecdysteroid and/or JH signaling, this study suggested that miRNAs do play
a role in the regulation of insect metamorphosis. In our preliminary bioinformatic
searches, some miRNA candidates can be identified as potential regulators of the
sesquiterpenoid pathway components including the JHAMT (Hui and Tobe, unpub-
lished data). Despite such potential miRNAs—sesquiterpenoid gene interactions, fur-
ther validation is required to reveal how these miRNAs can regulate the biosynthetic
pathway of sesquiterpenoids. It is very likely that miRNAs will be useful candidates
to provide another dimension to our understanding of arthropod endocrinology that
is largely ignored at present (Figure 2.3).

Studying miRNAs will also be of benefit to the field of ecotoxicology (Figure 2.3).
The regulation of hormone biosynthesis genes following environmental challenges is
very likely to be under the control of miRNAsS; in other words, miRNAs can potentially
be sensitive ecotoxicological markers. Furthermore, depending on the purposes of
study, targeting miRNAs for manipulation of organisms following different environ-
mental/physiological challenges is clearly another way to go forward. In summary, the
combinatorial study of dynamics and relationships between environmental changes,
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arthropod sesquiterpenoid hormones, and miRNAs could and should become a new
trend and another major line of research in the coming decade.
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ABSTRACT

A long-standing topic in insect endocrinology and evolution is the nature of
adaptive variation in hormonal regulation in ecologically important polymor-
phisms. Studies in Gryllus crickets during the past two decades have been
especially important in identifying genetic alterations in the hemolymph juve-
nile hormone titer and the regulatory mechanisms controlling these alterations
in morphs (discontinuous phenotypes) adapted for flight versus reproduction.
Detailed in vitro and in vivo studies in G. rubens and G. assimilis have demon-
strated elevated activity of hemolymph juvenile hormone esterase (JHE) that
is associated with elevated in vivo JH degradation and reduced JH titer during
the last juvenile instar. Direct artificial selection on hemolymph JHE activity
has provided a quantitative estimate of the degree to which JHE activity must
evolve to produce a measurable alteration in in vivo JH degradation. These
studies constitute the most intensive investigation of the relationship between
altered JHE activity and altered in vivo JH degradation in morphs of any case
of complex (wing, phase, caste) polymorphism in insects to date. More recent
studies have identified a dramatic and unexpected morph-specific circadian
rhythm for the JH titer, and JH titer regulators (e.g., biosynthetic rate) in adults
of various Gryllus species in the laboratory and field. These data have allowed
quantitative assessment of the extent to which temporal alterations in JH titer
regulators account for temporal change in the JH titer. The morph-specific JH
titer circadian rhythm, which occurs in the field as well as laboratory, provides
a powerful experimental model for integrating endocrinology, chronobiology,
ecology, and life history evolution.

KEYWORDS

Juvenile hormone (JH), Juvenile hormone esterase (JHE), Genetic variation
in JH titer regulation, Wing polymorphism, Circadian rhythm, Mathematical
model of JH titer regulation

3.1 INTRODUCTION AND OVERVIEW

A long-standing topic in insect physiology and evolutionary biology has been the
endocrine mechanisms regulating ecologically important, complex polymorphisms,
such as dispersal polymorphism, phase polymorphism in locusts, and caste poly-
morphism in social insects [1-6]. The word “complex” is used here to highlight the
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FIGURE 3.1 (See color insert.) (A) Flight-capable, LW and flightless, SW female morphs
of G. firmus of the same age (day 5 of adulthood). In the panel (a), the forewings have been
removed to show variation in the hind wings. The panels (b and c) illustrate dissections of
the same-aged morphs showing much larger, functional flight muscles but much smaller
ovaries in the LW females relative to SW females. (B) The “classic model” of JH-regulated
complex polymorphism. The panel illustrates hypothetical variation in the JH titer during
restricted periods (denoted by solid bars) of the juvenile and adult stages that regulates
morph-specific development and reproduction. Note: “LW” is the same as “LW(f)” in some
figures as follows. (From Zera, A.l., Evol. Dev., 9, 499, 2007; Zera, A.l., Integr. Comp.
Biol., 45, 511, 2005, by permission of Oxford University Press.)

integrated multitrait basis of this type of discontinuous variation and to distinguish
it from simpler single-locus cases (e.g., allozymes) [5,7]. Complex polymorphism
consists of morphs (distinct phenotypes) that differ dramatically in a wide variety of
anatomical, physiological, behavioral, biochemical, molecular, and life history traits,
thus causing them to specialize in key roles important to the life cycle of the species
(dispersers, reproductives, workers) (e.g., Figure 3.1).

The wide diversity of traits that differ between morphs, together with the known
role of hormones in coordinating the expression of multiple traits, has led to the
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idea that modulation of endocrine regulation plays a cardinal role regulating com-
plex polymorphism. Over the past several decades, these polymorphisms have been
intensively studied, originally to identify the mechanisms by which environmental
factors modulate endocrine regulatory mechanisms to produce morphs adapted for
different functions [2,3]. More recently, studies of complex polymorphism have been
investigated in an explicit evolutionary context to identify the proximate mecha-
nisms underlying the evolution of development, life histories, and dispersal [5,6,8].

Juvenile hormone (JH) is a key insect hormone that regulates numerous aspects
of development, reproduction, behavior, and metabolism [3,9-11]. Although other
hormones have been investigated with respect to the endocrine control of insect
polymorphism (e.g., ecdysteroids (EDCs), various biogenic amines [2,12,13]),
most attention has centered on the role of JH. Endocrine regulation comprises
numerous physiological, biochemical, and molecular aspects, such as systemic
hormone titer regulation, receptor expression and hormone-receptor binding,
hormone-modulated gene expression, and intracellular signaling and regulation
of downstream effectors [14]. The first of these issues, the systemic JH titer and
its morph-specific modulation, has been, and continues to be, a central focus of
the endocrine study of complex polymorphism [3,5,6,8]. This topic has been espe-
cially well studied in dispersing and flightless morphs of Gryllus crickets [5-7].
Polymorphism can arise from differences in genotype (genetic polymorphism),
environmental factors (environmental polyphenism), or both [8,12]. Most studies
of insect polymorphism have focused on environmental polyphenism [3,6], and
the Gryllus work is unique in its focus on genetic polymorphism for dispersal
capability and its negative genetic association with reproduction. Thus, Gryllus
studies of JH titer regulation are particularly relevant to issues pertaining to
genetic variation and adaptive evolution of JH regulation, as well as to general
aspects of morph-specific endocrine regulation.

Most of the Gryllus work has been undertaken in the author’s laboratory over the
past 25 years. Three separate but interrelated aspects of this research will be dealt
with in the present chapter: (1) JH titer regulation in developing morphs, (2) JH titer
regulation in adult morphs, and (3) experimental evolution of JH degradation by
artificial selection. A particular focus of this chapter is the in vivo mechanisms that
regulate morph-specific differences in the JH titer and the adaptive basis of these
morph-specific mechanisms.

3.2 BACKGROUND

What follows is a very brief thumbnail sketch of JH endocrinology, mainly focus-
ing on the systemic hemolymph JH titer and its regulation, to provide some back-
ground to understand the endocrine studies discussed later in this chapter. For
additional details on this extensive topic, see reviews by Hardie and Lees [2], Gupta
[15], Nijhout [3], Klowden [16], and, especially, Goodman and Granger [10] and
Goodman and Cusson [11]. The JHs are a group of about a half-dozen structurally
related (16—19 carbon) stereospecific sesquiterpenoids, essentially acyclic hydrocar-
bons with important epoxide and ester functional groups, which are primarily lim-
ited to insects [10,11,16,17]. JH-III is the primary JH in insects and is the sole JH in
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many insect groups (beetles, bees, crickets, grasshoppers, termites, and wasps). By
contrast, the Lepidoptera (moths and butterflies) and “higher” Diptera (flies) con-
tain, in addition to JH-III, other JHs, which may be the predominant JH during
specific developmental stages. A unique JH has also been identified in hemipterans
(true bugs [18]), and an increasing number of other JH-related compounds, such as
JH metabolites (e.g., hydroxylated JHs) or precursors (e.g., methyl-farnesoate), have
been identified and may have important endocrine functions [11,19].

JH, in concert with a variety of other hormones (e.g., ECDs), regulates a number
of central developmental (e.g., aspects of molting and metamorphosis) and reproduc-
tive (e.g., biosynthesis and ovarian uptake of vitellogenin) aspects of the life cycle
of insects in general, in addition to controlling numerous features unique to spe-
cific insect groups [3,10,11,16,20,21]. A long-standing focus in insect endocrinology
has been the regulation of the systemic (hemolymph) JH titer, specifically, tempo-
ral alterations of the titer during development and adulthood, factors regulating the
titer changes, and functional aspects of these titer changes [3,10,11]. While the field
of insect endocrinology has certainly expanded beyond these issues to investigate
such topics such as JH receptors, mechanisms of JH-regulated gene expression, and
intracellular signaling [10,11,14], many fundamental aspects of the systemic JH titer
and its regulation remain poorly understood (e.g., extent of rapid, large-amplitude
titer change [11]). Moreover, quantifying JH titer profiles and their regulation is an
especially important task in endocrine studies of complex polymorphism, due to
the surprising paucity of reliable data on this topic despite decades of study [5,8].
The other important aspect of systemic JH signaling, tissue sensitivity to JH, has
been substantially hampered, because the identity of the JH receptor remains elusive
(reviewed in Goodman and Cusson [11]). This situation contrasts with other impor-
tant insect hormones, such as ECD, where receptor expression and its relationship to
systemic hormone titer have been studied in much more detail [22]. Lack of informa-
tion on the JH receptor has hampered assessment of the functional significance of
JH titer fluctuations.

Starting with Wigglesworth [1], the conceptual basis for hypotheses about JH
control of complex polymorphism has been derived from results of basic studies of
JH titer regulation [3,5,12,23]. The classic model of JH-regulated molting and meta-
morphosis postulates that an increase in the blood ECD titer induces a molt, whereas
the JH titer during that time determines the type of molt (Figure 3.1). Before the last
juvenile instar, the JH titer remains relative high (with fluctuations) and an ECD titer
peak during this period induces a juvenile-to-juvenile molt. During the last juvenile
instar, the JH titer declines to a low level, due to reduction in the rate of JH biosyn-
thesis and increase in the rate of enzymatic degradation. An increase in the ECD
titer during this time induces a metamorphic molt (i.e., causes expression of pupal
or adult traits), in which the subsequent stage differs substantially in morphology,
physiology, etc., from the preceding stage: a nymphal-to-adult molt in hemimetabo-
lous insects (i.e., species that do not have a pupal stage: aphids, crickets, locusts, true
bugs) or a juvenile-to-pupal molt in holometabolous insects (e.g., beetles, butterflies,
bees). In the adult stage, JH and/or ECDs take on new functions where they regulate
many aspects of reproduction, such as yolk protein biosynthesis and uptake into the
developing eggs, intermediary metabolism, behavior, and flight [3,10,11].
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Based on results of these studies, the classic model of JH regulation of complex
polymorphism postulates that modulation of the JH titer during important periods
in development and adulthood underlies development of alternate morphs that dif-
fer discontinuously in morphology and physiology (Figure 3.1). In the adult stage,
differences in the JH titer are thought to regulate morph-specific ovarian growth
and egg development and aspects of flight (e.g., propensity to fly) and flight capa-
bility (e.g., biosynthesis of flight fuels). Again, it should be emphasized that JH is
not the only, and sometimes is not the most important, regulator of various morph
differences (e.g., [24,25]). Also, the extent to which modulation of JH receptors
regulates morph-specific development and adult function has largely remained an
unstudied topic.

The main regulators of the hemolymph JH titer are thought to be the rate of JH bio-
synthesis and the rate of hormone degradation by hemolymph and non-hemolymph
(e.g., fat body) juvenile hormone esterase (JHE) and JH epoxide hydrolase (JHEH)
[3,10,26,27] (Figure 3.2). Dramatic changes in the JH titer during the juvenile or
adult stages are often strongly associated with changes in the rates of JH biosynthe-
sis and activity of hemolymph JHE. The relative importance of these two regulators
varies from species to species and from one developmental stage to another, with
modulation of the rate of JH biosynthesis appearing to play a more important or at
least equivalent role in the majority of cases. Thus, studies of JH titer modulation
in wing-polymorphic Gryllus, and most other complex polymorphisms in insects,
have focused primarily on modulation of rates of JH biosynthesis and degradation
(especially by hemolymph JHE) [3,5,6,8,23].

JH is biosynthesized in the corpora allata (CA), paired glands that occur behind
the brain in most insects [3,10,27]. Hormone biosynthesis is regulated by direct
neural input as well as by various neurohormones (e.g., allatostatins, allatotropins),
other hormones (JH itself, ECDs), neurotransmitters (octopamine, dopamine), and

Corpus allatum Hemolymph Tissue

JH

Precursors
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FIGURE 3.2 Major regulators of the hemolymph JH titer: (1) biosynthesis in the CA, (2)
binding to JH-carrier protein, (3) hemolymph degradation by JHE, (4) intracellular receptor
binding, and intracellular degradation by (5) JHE and (6) JHEH. Intracellular JH acid and JH
diol are subsequently acted on by JHE and JHEH, respectively, producing JH acid—diol. See
text for additional discussion.
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ions (Ca*, K*) [10,11,27]. A relatively simple in vitro radiochemical assay for JH
biosynthetic rate, developed by Pratt and Tobe [28], has allowed this important
aspect of JH regulation to be measured in numerous insect species [10,11,27]. In
many cases, in vitro rate of JH biosynthesis is strongly correlated with hemolymph
JH titer and various developmental and reproductive traits (e.g., egg development
in adult Diploptera [6,10,27,29]) and thus appears to regulate the JH titer in many
cases. However, very little is known about the in vivo rate of JH biosynthesis, and
several reports indicate that severing of nerve connections between the CA and the
brain, required to remove the CAs from the insect for the in vitro assay, can alter the
rate of JH biosynthesis [27,30].

JH is not stored in the CA but is directly released into the hemolymph upon bio-
synthesis where it is bound to a carrier protein. The carrier protein serves to prevent
nonspecific binding of the lipophilic JH, to transport this hormone to its target tis-
sues and, likely, in hormone degradation [10]. Where studied, the total number of
binding sites of the carrier protein in the hemolymph compartment is greater than
the concentration of hemolymph JH during all stages of the life cycle, and genetic
reduction in the degree of JH binding does not appear to result in a change in the JH
titer [10,11,31,32]. Thus, JH titer changes do not appear to be regulated by changes
in the concentration of JH-binding protein, in contrast to the situation for some
hormone carrier proteins in vertebrates [33]. On the other hand, a recent study of
termites indicates that JH sequestration by hexamerin, a JH transport protein in
some insects, may play a role in regulation of caste development [34].

The major JH-degrading enzyme in the hemolymph is JHE [10,26]. JHE has a very
low Michaelis constant and high k_,/K,, for JH, which makes this enzyme effective
in scavenging JH in the hemolymph, especially during the juvenile stage when the
titer is required to be very low (low or sub-nM range). JHE can hydrolyze JH even
in the presence of the JH-carrier protein (JHE hydrolyzes unbound hormone that
dissociates from the carrier protein) [35]. A simple radiochemical assay developed
by Hammock and Sparks [36] has allowed hemolymph JHE to be quantified and
correlated with the JH titer and various biological traits in numerous insects [26,37].
The JH-carrier protein has also been proposed to function in JH degradation, by
removing JH from lipophilic sites that are inaccessible to JH-degrading enzymes
and delivering JH to the hemolymph where it can be hydrolyzed by JHE [32,38]. In
addition to hemolymph JHE, JHE and JHEHS occur in a variety of non-hemolymph
tissues, such as fat body [10]. Quantifying non-hemolymph JHE and JHEH requires
a more laborious thin-layer chromatographic assay and thus has not been investi-
gated as widely in polymorphic species or species in general (reviewed in Goodman
and Granger [10]).

3.2.1 ENDOCRINE REGULATION OF WING AND
RELATED DiSPERSAL POLYMORPHISMS

JH titer differences among morphs have been extensively studied in social insects,
where reliable data on caste differences in the JH titer and rates of JH biosynthe-
sis have been reported for a number of species (reviewed in Hardie and Lees [2],
Hartfelder and Engles [39], and Hartfelder and Emlen [6,40]). However, in most
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other cases of complex polymorphism, such as wing and phase polymorphisms,
there is a surprising paucity of data of JH titer and its regulation, even for insects
that have been experimental models of complex polymorphism for decades. For
example, although aphids have been an important experimental model in JH stud-
ies of wing polymorphism since the 1960s, JH titers in morphs have been measured
using appropriate analytical techniques (e.g., gas or liquid chromatography coupled
with mass spectrometry) in only a very few species and, with one notable exception
[41], only very recently [42,43]. Most early studies of polymorphism in aphids used
gross-level techniques such as hormone application, which often resulted in confus-
ing and contradictory data (extensively reviewed in Rankin and Singer [44], Zera
and Denno [12], and Zera [45]). In addition, because of their very small size, studies
of titer regulation are very rare in aphids. Similarly, although JH-mediated phase
polymorphism in locusts has been the focus of study since the 1960s [13,46,47],
adequate, in-depth quantification of the hemolymph JH titer (i.e., titers measured
at more than a few time points) has only been available to a limited degree during
the past decade [48,49]. Excluding Gryllus, only a very few well validated studies
of JH titer differences between the morphs of other wing-polymorphic species have
been reported [50]. Finally, relatively recently, a number of ecologically important
polymorphisms have been studied with regard to JH regulation [6]. However, many
of these studies (e.g., [51,52]) used JH application (typical of the aphid studies in
the 1960s—1970s) as the sole or predominant experimental technique. Thus, most
inferences derived from these studies regarding JH titer differences between morphs
have been criticized [45] and should be considered unsubstantiated until validated
by appropriate techniques.

JH titer and titer regulation in a complex polymorphism have been most com-
prehensively studied in species of Gryllus, especially during adulthood (reviewed
in Zera [5,7,53]). These studies currently comprise (1) the most detailed temporal
sampling of the JH titer and its regulators in any adult insect, whether polymor-
phic or not; (2) the most detailed investigations of the relationship between in vitro
and in vivo JH degradation for any insect; (3) investigations of JH titer regulation
in both adult and juvenile stages of the same species, allowing the diversity of
mechanisms of JH titer regulation to be determined for different stages of the same
species; (4) parallel studies of polymorphism (end products of evolution) with the
process of evolution that generates these patterns (artificial selection on hemolymph
JHE activity); and (5) the only detailed investigation of JH titer circadian rhythm.
Before discussing these studies, background information on wing polymorphism,
focusing on Gryllus, will be given.

3.2.2  WING PoLyMORPHISM, FOCUSING ON GRyLLUS

Wing polymorphism is the most dramatic example of the fundamental trade-off
between dispersal and reproduction, a common feature of species [12,54-56].
The polymorphism is found in most insect groups and is especially common in
the Hemiptera/Homoptera (aphids and plant hoppers), Coleoptera (beetles), and
Orthoptera (crickets and grasshoppers). While referred to as “wing polymor-
phism,” the polymorphism actually consists of morphs that differ dramatically
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and discontinuously in numerous key aspects of flight capability (morphology
of the wings and flight muscles, biosynthesis and allocation of flight fuel) and
reproduction (ovarian growth, fecundity, protein biosynthesis, mating behavior)
(Figure 3.1). Species often exhibit dramatic spatial or seasonal variation in morph
frequencies, a phenomenon that has been especially well studied in water strid-
ers and plant hoppers [12,56-58]. Morphs of wing-polymorphic Gryllus species
are typical of wing-polymorphic insects [5,7] (Figure 3.1): Relative to the flight-
capable morph with fully developed wings and flight muscles (long-winged with
functional muscle, LW(f)), the obligately flightless (short-winged, SW) morph (1)
cannot fly because it never fully develops wings or flight muscles, (2) exhibits
substantially faster ovarian growth (400% higher egg production by the end of
the first week in adulthood), (3) exhibits substantially reduced accumulation of
triglyceride (flight fuel), and (4) shows numerous changes in intermediary metabo-
lism related to the production, oxidation, and transformation of lipid and protein.
Thus, the flight-capable morph is adapted for flight at the expense of reproduction,
while the opposite is the case for the flightless morph. Morph differences in wings,
flight muscles, and ovaries are seen to a similar degree in the field as well as the
laboratory in Gryllus firmus [59]. In addition to the obligately flightless morph
described in the aforementioned text (SW), another flightless morph (LW(h)) is
produced from the flight-capable morph during adulthood, by histolysis (degenera-
tion) of flight muscles, a common phenomenon in insects [12]. When this occurs,
the flightless LW(h) morph takes on many of the characteristics of the SW morph
(e.g., increase in ovarian growth, decrease in lipid accumulation and biosynthesis;
JH titer [7,12,60]).

Numerous ecological studies, most notably of semiaquatic water striders and salt-
marsh plant hoppers, have shown that the flightless morph occurs more commonly
in longer-duration habitats in which flight is not necessary for feeding or mating
[12,57,58]. By contrast, the flight-capable morph is found in temporally unstable
habitats, where dispersal to new habitats is important. Polymorphic species occur in
heterogeneous habitats that are a mixture of stable and unstable patches, thus result-
ing in temporally and spatially varying selection favoring one morph or the other in
different localities or seasons. The most important driving force for the evolution of
flightlessness appears to be the increased fecundity that results when nutrients that
are not required to construct and maintain the flight apparatus can be redirected to
egg production. Extensive field information on the polymorphism provides impor-
tant ecological context for interpreting the adaptive basis of variation in proximate
mechanisms underlying the expression of morph traits.

3.3 ENDOCRINE REGULATION OF WING
POLYMORPHISM IN GRYLLUS

3.3.1 JH Titer MODULATION AND REGULATION OF MORPH DEVELOPMENT

Before discussing specific endocrine studies, it is useful to first consider features
of Gryllus that make crickets of this group useful for investigating the endocrine
regulation of the JH titer and complex polymorphism. Individuals are relatively
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large (adults weigh 0.7-1 g), thus allowing measurement of many traits, such as the
hemolymph JH titer and JHE activities, in vitro measures of JH biosynthesis on
excised CAs, in vivo JH degradation, hemolymph volume, and organ-specific activi-
ties of JH-degrading enzymes. All of these are much more difficult or are not pos-
sible to measure in other smaller polymorphic species (e.g., aphids, plant hoppers).
Individuals can be easily reared and bred in the lab, thus allowing the construction of
genetic stocks, which is especially useful in evolutionary genetic studies [7,60—62].
Genetically specified phenotypes can be altered by environmental variables (den-
sity) and by hormone application, thus providing additional tools for experimental
analysis of endocrine regulation, such as identifying JH-sensitive stages [63]. Finally,
Gryllus and related genera exhibit considerable diversity with respect to degree of
flightlessness [64,65]. Many species are polymorphic or monomorphic LW or SW,
which provide ample opportunity for comparative studies of the endocrine regula-
tion of flight capability/flightlessness in the laboratory or field.

Initial studies of the endocrine control of wing polymorphism in Gryllus primar-
ily focused on JH regulation of genetically specified development of LW(f) versus
SW morphs of Gryllus rubens and G. firmus, both of which are polymorphic in
the field. Although these initial studies were reported some time ago ([63,66,67];
reviewed in Zera [8,53]), they warrant discussion here for the following reasons: (1)
They still remain the most detailed investigations of JH titer modulation via JH deg-
radation in any complex polymorphism, (2) they constitute the only case (together
with studies of adult Gryllus; see in succeeding text) in which JH titer modulation
has been extensively studied in genetic stocks differing in wing morph, and most
importantly, (3) previous reviews did not focus in detail on in vivo titer regulation
and the relationship between in vitro JHE activity and in vivo JH degradation, which
is a central focus of this chapter.

These studies were undertaken in genetic stocks nearly purebreeding for the
LW(f) or SW morphs that were derived by artificial selection from individuals
collected from natural populations (Florida). The focus was on LW(f) and SW
genetic stocks for two reasons: First, as mentioned earlier, the Gryllus studies
were undertaken in an evolutionary context, where genetically specified differ-
ences in phenotypes are especially relevant. Second, presumptive LW(f) versus SW
individuals cannot be distinguished morphologically until after adult emergence.
Thus, genetic stocks producing known morphs, allowed comparison of endocrine
events in LW(f) versus SW morphs during the juvenile stage.

Background studies demonstrated that the development of the genetically speci-
fied LW(f) morph of G. rubens could be redirected to the SW morph by topical
application of JH or JH analogues during the penultimate or last stadium or by
changing the rearing density during these same periods in development [68]. This
finding implicated these last two juvenile instars as JH-sensitive periods in morph
induction, that is, periods during which variation in the JH titer or tissue sensitivity
differ between morphs and influence morph expression.

A major finding was the substantially (threefold) higher activity of hemolymph
JHE, in the LW(f) compared with the SW morph of G. rubens during the last
nymphal stadium (only minimal differences between morphs were found during
the penultimate stadium) [63] (Figure 3.3). More detailed studies in the congener



Morph-Specific JH Titer Regulation in Wing-Polymorphic Gryllus Crickets |

10.0
40 ]
] 751
& 301 )
R 8
g £ 5.0
[+ 4 z 4
48] - —_
2 20
1 2.5
10j 1
o+ 0.0
0 2 4 6 8 10 0 2 4 6 8 10

(a) Age of last juvenile instar (days) (b) Age of last juvenile instar (days)

[\
(92}
i

[\
(=}
=

—
21
P, S

Ecdysteroid titer

—_
o
PR, Sy

0 2 4 6 8 10
(c) Age of last juvenile instar (days)

FIGURE 3.3 Differences between LW and SW female morphs of G. rubens in the
developmental profiles of the hemolymph juvenile esterase activity ((@) nmol™! min~' mL
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pmol~' uL hemolymph'), measured during the last juvenile instar of females. (Data from
Zera, A.J., Comp. Biochem. Physiol. A, 144, 365, 2006.)

G. firmus confirmed and extended this finding [7,53,62]: hemolymph JHE activity
was substantially (sixfold) higher in each of three LW(f) compared with each of three
SW genetic stocks (Figure 3.4). The elevated JHE activity in the hemolymph of the
LW(f) morph was due to both greater whole-body JHE activity and greater (3.8-fold
higher) proportion of whole-body enzyme allocated to the hemolymph. In G. rubens,
high JHE activity strongly co-segregated with the LW(f) phenotype when the LW(f)
and SW lines were crossed and backcrossed. When development of the LW(f) morph
was redirected to the SW morph by changing rearing density, hemolymph JHE
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FIGURE 3.4 Hemolymph JHE activities (nmol~' min~' mL-" hemolymph) in three species of
Gryllus during the last female juvenile instar and first week of adulthood. (a) For G. assimilis,
“high” and “low” refer to lines selected for high or low hemolymph JHE activity. (c) For
G. rubens and (b) G. firmus, “LW” and “SW” refer, respectively, to long-wing or short-wing
selected lines. (Data from Zera, A.J., Comp. Biochem. Physiol. A, 144, 365, 2006; Zera, A.J.
and Tiebel, K.C., J. Insect Physiol., 35, 7, 1989.)

activity was also reduced to values seen in the SW morph reared under standard
densities. Thus, there is a very strong correlation between high hemolymph JHE
activity and expression of the LW(f) phenotype. In contrast to the morph differences
in hemolymph and whole-body JHE activity, no differences in whole-body JHEH
activity were observed between the morphs. Nor did the rate of JH biosynthesis
differ between morphs during the last stadium [69]. The JH titer was lower, albeit
slightly, in the LW(f) compared with the SW morph [70]. More recently, a similar
elevated JH titer was found in the SW versus LW(f) morph of a plant hopper species
[50]. In addition to these differences in the hemolymph JH titer between G. rubens
morphs, the LW(f) morph also exhibited a substantially elevated ECD titer during
the last stadium [70] (Figure 3.3).

To summarize, there are dramatic morph-specific differences in hemolymph JHE
activity that are negatively associated with the JH titer between nascent morphs of
G. rubens and G. firmus. These data suggest a simple mechanism regulating JH titer
differences between nascent morphs, namely, modulation via change in JHE activity,
with no observed input by other potential JH titer regulators studied, such as JHEH
activity or rate of JH biosynthesis (or JH-binding protein; see as follows). The very
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low JH titer, and thus large experimental error involved in its measurement (single
titer points were based on pooled hemolymph from 50 or more individuals), likely
precludes identifying anything other than a broad negative association between
hemolymph JHE activity and JH titer. Much more detailed analyses of the functional
relationship between the JH titer and JH titer regulators are discussed later in adult
morphs where the JH titer is an order of magnitude higher than in juveniles. Because
of space limitations, the important issue regarding the functional significance of
only slight differences in the JH titer between the morphs will not be dealt with here.
For extensive discussions of this topic, see [5,7,8,70].

3.3.2 IN Vivo-IN ViTRO JH DEGRADATION IN GRYLLUS MORPHS

If morph differences in in vitro JHE activity are functionally significant with regard
to regulating differential morph expression by modulating the JH titer, this must
occur by causing morph differences in JH degradation in vivo. However, various
factors complicate extrapolation of morph differences in in vitro JHE activity to
in vivo differences in whole-organism JH degradation: JHE activities were mea-
sured in highly diluted hemolymph, at very high substrate concentration, in the
absence of potential inhibitors or activators, and under conditions that could mask
important kinetic differences (e.g., substrate K,,) between the enzymes in different
morphs, if present. In many cases of enzymes of intermediary metabolism, in vitro
differences in enzyme activity are not linearly related to higher-level physiologi-
cal processes, such as flux through the pathway in which the enzymes participate
[71,72]. In vitro JHE studies also do not take into account the influence of other
JH-degrading enzymes that could contribute more significantly to overall in vivo JH
degradation, thus diminishing the physiological significance of morph differences
in hemolymph JHE activity. Also JHE and JHEH assays were conducted using
commercially purchased racemic hormone (mixture of 10-R and 10-S enantio-
mers), while the natural JH-III is the 10-R enantiomer. In some cases, the affinity of
JH-binding protein differs toward the enantiomers [31,32,73], which can affect their
relative rates of hydrolysis. Finally, other potential factors such as morph-specific
differences in hormone excretion could augment or obviate morph differences in
JHE activity.

Because of these complications, in vivo studies of JH degradation were under-
taken: Racemic or 10R-JH-III, the naturally occurring JH enantiomer, were injected
(ca. 8 pmol, 200,000 DPM in about 5 UL solvent) into the hemocoel of whole LW(f)
or SW morphs during the last juvenile instar, and the rate of JH degradation was
measured [66]. Prior to injection of JH, a small hemolymph sample was taken to
measure JHE activity, and excretion of radiolabeled JH was also measured during
the incubation period. Depending upon the method of injection (JH dissolved in
oil, ethanol, or aqueous solution with BSA), the half-life of JH ranged from 24 min
(injected in aqueous solution + BSA or in ethanol) to 35 min (oil). In vivo half-life
was substantially lower in undiluted plasma (5 min). These values compare well
with JH half-lives reported in other insects (10-30 min; see [66]) and JH degrada-
tion in SW female G. rubens exhibited first-order kinetics during the time period
investigated (ca. up to 80% degradation; linear regression, P < 0.001). Thin-layer
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chromatographic analysis indicated a significant amount of JH acid—diol as well as
JH acid indicating the important contribution of cellular JHEH to in vivo JH degra-
dation in the hemolymph.

Two important findings resulted from these studies. First, the rate of in vivo
JH degradation was positively associated with in vitro hemolymph JHE activity
(Figure 3.5). Thus, the in vitro differences in JHE activity between morphs appear
to have significant physiological consequences with respect to morph-specific
in vivo JH degradation. For example, both in vivo degradation and in vitro JHE
activity did not differ between the morphs early in the last stadium (day 2), while
both were significantly higher in LW(f) versus SW morphs during the middle of
the stadium (Figure 3.5). The same rank-order difference in in vivo degradation
was found whether racemic or 10-R JH was injected, although the absolute rate of
degradation was significantly higher for racemic JH (Figure 3.5). Furthermore, when
in vivo JHE was inhibited by a trifluoroketone inhibitor, there was a correspondingly
significant decrease in the in vivo rate of JH degradation, consistent with hemolymph
JHE significantly contributing to in vivo JH degradation (Figure 3.5).

90 . LW (f) P < 0.005 3 P < 0.001
- e SW _‘E
< 807 9
5 P <0.01 g
: :
= g
= >
5 2
2 2
& ]
48}
Day 2 Day 5 Day 5 = Day 2 Day 5
10-R JH-III Racemic
(a) Age (last stadium) (b) Age (last stadium)
90 T
= £Q) -
£ 50
g 80 4 TE 404
=1 g
g 707 = 307
g £
& 604 £ 201
o >~
o) =
= 50+ Z 101
&
40 S od
LW SW  LW-Inhib E Lw SW LW-Inhib
(c) Age (last stadium) (d) Age (last stadium)

FIGURE 3.5 In vivo JH-III degradation (40 min after injection) and in vitro JHE activity
in female last juvenile instar LW and SW morphs of G. rubens. (a) In vivo degradation of
10-R JH-III (natural enantiomer) or commercially available racemic JH-III in the morphs;
(b) hemolymph JHE activity in the same individuals. (c) In vivo racemic JH-III degradation in
LW, SW, and LW females that had been injected with a JHE-specific inhibitor (trifluoroketone)
prior to injection of JH-III; (d) JHE activities measured in the same individuals. (Reanalyzed
data of Zera, A.J. and Holtmeier, C.L., J. Insect Physiol., 38, 61, 1992.)
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The second important finding was the relationship between morph difference in
in vitro JHE activity and in vivo rate of JH degradation: the magnitude of the differ-
ence between morphs was much greater with respect to in vitro JHE activity than
total in vivo JH degradation (Figure 3.5). For example, on day 5 of the last juvenile
instar of G. rubens, there was a two- to threefold higher in vitro hemolymph JHE
activity in LW(f) compared to SW females but only a 1.2-fold higher rate of in vivo
JH degradation in the LW(f) compared with the SW females [66]. The dampening of
the morph difference in in vitro JHE activity on in vivo JH degradation may be due
to the equivalent JHEH activity in morphs. This may have reduced the contribution
of the morph difference in JHE to the overall morph difference in JH degradation
in vivo. Morphs did not differ in the degree of JH binding to hemolymph protein dur-
ing the mid-last stadium. Nor did the morphs differ with respect to the amount of JH
and JH metabolites excreted, which comprised less than 2% of radiolabel injected.
Thus, the reduced difference between the morphs in in vivo JH degradation relative
to difference in in vitro JHE activity did not appear to arise from morph differences
in hemolymph binders or JH excretion. These studies illustrate the key importance
of in vivo studies of JH degradation to assess results obtained in vitro. These stud-
ies were conducted before a dramatic morph-specific JH titer circadian rhythm was
identified in adults [29,74] (see as follows). However, subsequent studies indicated
no significant morph-specific change in hemolymph JHE activity during the early
to mid-period in the photophase (last-stadium) when the JHE activities had been
measured previously (A. J. Zera, unpublished data).

In vitro and in vivo JH degradation were also compared between the adult female
morphs, which differ dramatically in ovarian growth [67]. Hemolymph JHE activity
was about 10-fold lower in adult versus last stadium G. rubens, G. firmus, or Gryllus
assimilis, and no or only minor differences were observed between adult morphs
[62,67]. Similarly, the half-life of JH in SW adult G. rubens (70 min; 8 pmol racemic
hormone injected in 5-6 UL olive oil into day 5-7 individuals) was about 2.5-fold
higher than in last stadium (P<0.01), consistent with the lower hemolymph JHE
activity. Half-life of JH in adult G. rubens (and G. firmus [62]) was similar to that
reported in other insects such as Diploptera punctata [27,75], Locusta migratoria
[76], and Manduca sexta [77)]. Degradation of 10-R JH was significantly less than
racemic JH in adult G. rubens, similar to the situation in juveniles. However, the
relative difference between morphs was the same whether 10-R or racemic JH was
used, as was the case in the last nymphal stadium of G. rubens. The main finding
was that neither in vitro JHE activity nor the in vivo rate of JH degradation dif-
fered substantially between adult morphs of the same age in G. rubens or G. firmus,
irrespective of whether rates were measured using racemic or 10-R JH-IIL. Nor was
there any difference between the morphs in the rate of JH excretion, which was
very low (typically 1%—3% of injected radiolabel). On the other hand, there was a
highly significant linear regression of in vitro JHE activity on in vivo JH degradation
(12=0.4; P<0.0001) in day 5-7 adults but not day 2-3 adults independent of wing
morph [67]. These data indicate that even though mean in vitro JHE activity and
mean in vivo JH degradation do not differ between morphs, individual differences in
hemolymph JHE activity appear to give rise to individual differences in in vivo JH
degradation. These studies constitute the first and most comprehensive information
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on genetic or morph-specific differences in in vitro/in vivo JH degradation. These
studies are especially useful for establishing the relationship between in vitro and
in vivo JH degradation. However, they, unfortunately, only allow weak inferences
to be made between JH degradation and the JH titer during the last juvenile instar,
because of the very low hemolymph JH titer during this developmental stage.

3.3.3 ArTiFicIAL SELECTION ON JHE AcTmivity IN G. ASSIMILIS:
OBSERVED EvOLUTIONARY CHANGE IN JH DEGRADATION

Studies described in the aforementioned text investigated morph differences in,
and the interrelationships among, in vitro JHE activity, in vivo JH degradation, and
in vivo JH titer in an evolved polymorphism found in natural populations. Those
studies led to the hypothesis that genetic variation for hemolymph JHE activity was
present in ancestral field populations and was a target of natural selection during the
evolution of wing polymorphism. Selection on alleles encoding reduced JHE activity
resulted in reduced in vivo JH degradation, elevated JH titer, and altered expression
of traits involved in flight capability leading to the evolution of the flightless morph.
To directly test aspects of this hypothesis, hemolymph JHE activity was subjected
to direct artificial selection in G. assimilis, a wing-monomorphic species (i.e., all
individuals winged).

Artificial selection is a powerful tool in evolutionary studies because it provides
information on the extent to which phenotypic differences are due to variation in
genes, as opposed to environmental factors, and the extent to which a target trait
and other genetically correlated traits can respond to selection [78—80]. In addition,
genetic stocks that are produced by artificial selection are very useful for subsequent
identification of the variable genes that were the targets of selection that produced
divergence in the selected lines. A full discussion of the JHE artificial selection
project is beyond the scope of this chapter and is reviewed in detail in Zera [53].
Here I summarize basic and more recent findings of this study and focus on a central
question addressed previously: what is the relationship between hemolymph JHE
activity, measured in vitro, and in vivo JH degradation? Stated differently, what is
the magnitude of evolutionary change in hemolymph JHE activity that is required to
produce a measurable change in the in vivo rate of JH degradation?

G. assimilis was subjected to bidirectional selection for hemolymph JHE activity
on day 3 of the last juvenile instar by selective breeding as follows [61] (Figure 3.6):
In a particular population, hemolymph JHE activity was measured in a large number
of individuals (n = 240), and males and females exhibiting the highest 25% of activity
were bred. This was repeated over several generations to produce a high-JHE-activity
line. Similarly, individuals with the 25% lowest JHE activities in a different genetic
stock (derived from the same base population as the aforementioned stock) were bred
in each of several generations to produce a low-activity line. Each type of selection
was replicated independently in additional subpopulations, resulting in three upward
selected, three downward selected, and three control (unselected) lines, all derived
from the same base population. This study was the first and still constitutes the most
extensive (measurements on over 10,000 individuals) artificial selection study on an
endocrine trait in a non-domesticated animal or plant species.
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FIGURE 3.6 (a) Change in hemolymph JHE activity (G. assimilis) during direct artificial
selection for high or low activity in a representative block (one of three independent selection
trials). Data for day-3 last-instar (last stadium) females. (b) Developmental profiles of hemo-
lymph JHE activity in females of high- and low-selected lines at generation 5 of the selection
trial. (Data from Zera, A.J., Comp. Biochem. Physiol. A, 144, 365, 2006.)

Briefly, the main results are as follows [61,81] (Figure 3.6): Artificial selection
resulted in stocks substantially differentiated in hemolymph JHE activity, demon-
strating substantial variation in genes specifying JHE activity in the natural popu-
lation from which G. assimilis were collected. Populations rapidly responded to
selection with high- and low-activity lines differing six- to eightfold in hemolymph
JHE by the seventh generation of selection. Activity differences were due to changes
in whole-body JHE activity (about twofold) and tissue distribution: about 2.6-fold
greater proportion of whole-body JHE activity was found in the hemolymph in
high- versus low-activity lines. Interestingly, hemolymph JH binding was also sig-
nificantly higher (1.7-fold) in high- versus low-selected lines. This suggests that
genes controlling JHE activity also have positive pleiotropic effects on JH binding,
probably due to genes co-regulating JHE and JH-binding protein. This finding is
consistent with the hypothesis mentioned previously that a function of JH-binding
protein is to deliver JH to the hemolymph for degradation by JHE.

As was the case for LW(f) and SW lines of G. firmus, selected lines of
G. assimilis did not differ in whole-body, midgut, or fat body JHEH activity
[82]. This demonstrates that the two major JH-degrading systems, JHE and
JHEH, can evolve independently of each other. Finally, no or only minimal dif-
ferences were found in JHE activity between morphs during the adult stage,
similar to the situation for JHE developmental profiles in the wing-polymorphic
G. firmus and G. rubens [62,67] (Figures 3.4 and 3.6). Thus, the timing of action
of genes responsible for genetic differences in JHE activity during the juvenile
stage is restricted to that stage. Parallel selection studies conducted on adults
indicate the reverse situation: genes affecting hemolymph JHE activity in adults
have little influence on JHE activity in juveniles [83]. Thus, regulation of JHE
activity is modular with respect to the life cycle; evolutionary changes in juvenile
JHE activity can occur independent of changes in adults and vice versa. These
studies indicate that variable genes in contemporary natural populations of
the wing-monomorphic G. assimilis that were the targets of artificial selection
seem to be remarkably similar to variable genes in ancestral natural populations
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FIGURE 3.7 Relationship between in vivo JH-III degradation and in vitro hemolymph
JHE activity in G. assimilis from lines selected for high or low hemolymph JHE activ-
ity at generations (a) 6 and (b) 9 of artificial selection. JHE activity and JH degradation
were measured in the same individuals (day 3, last juvenile instar). Note the significantly
elevated JHE activity and in vivo JH degradation in the high- versus low-selected lines at
generation 9, but not generation 6. JHE activity =nmol~! min~' mL hemolymph~'; JH degra-
dation =% injected racemic JH-III degraded over 45 min. (Data from Zera, A.J. et al., Arch.
Insect Biochem. Physiol., 32, 421, 1996; reanalyzed data from Zera, A.J. and Zhang, C.,
Genetics, 141, 1125, 1995.)

that were the targets of natural selection in G. firmus to produce wing polymor-
phism. Additional discussions of these main findings of the artificial selection
experiment can be found in [8,53].

As mentioned earlier, the artificial selection experiment in G. assimilis allowed
experimental investigation regarding the degree to which hemolymph JHE activity
must be altered to produce a measurable change in in vivo JH degradation. Studies
of naturally occurring wing polymorphism discussed earlier indicated a three- to
sixfold difference in in vitro hemolymph JHE activity between morphs but much
less of a difference in in vivo JH degradation and even less of a difference in the
hemolymph JH titer. During generation 6 of selection on G. assimilis, no difference
in in vivo JH degradation was observed between two of three pairs of high- versus
low-selected lines that had diverged by 2.7- to 3.7-fold in hemolymph JHE activity
(see Figure 3.7 for data on one pair of selected lines). However, by generation 9,
each pair of high- versus low-selected lines had diverged in hemolymph JHE activ-
ity by 5.5- to 8.2-fold, and each pair differed significantly in in vivo JH degradation
(Figure 3.7). Thus, in juvenile Gryllus, it appears that a three- to fivefold change
in hemolymph JHE activity is required to produce a measurable difference in
in vivo JH degradation during that stage. This seems to explain why a relatively
large-magnitude difference in hemolymph JHE activity exists between the juvenile
morphs of wing-polymorphic Gryllus.

3.3.4 CHARACTERIZATION OF JHE ENZYME AND MORPH-SPECIFIC
ExpressioN OF JHE GENE(s)

To further understand the role of JHE in JH titer regulation in Gryllus, the JHE
enzyme from high- and low-activity lines was characterized biochemically [84],



Morph-Specific JH Titer Regulation in Wing-Polymorphic Gryllus Crickets 49

a JHE gene was cloned [85], and JHE transcript abundance was compared between
high- and low-activity lines of G. assimilis [82]. Thus far, all data are consistent with
JHE activity differences between morphs or artificially selected lines of Gryllus
species being due to differences in JHE regulation resulting in changes in enzyme
concentration. No biochemical differences were observed between JHEs from LW(f)
versus SW G. rubens, or high-activity versus low-activity selected lines of G. assi-
milis, with respect to a variety of characteristics such as Michaelis constant (K,,) for
JH-III, inhibition by JHE-specific (trifluoropropanone), or general esterase (DFP,
eserine) inhibitors, or thermal stability [84,87]. Multiple JHE isoforms of homoge-
neously purified enzyme from G. assimilis were identified via isoelectric focusing
[86], and differences in isozyme profiles were observed between LW(f) and SW G.
rubens [87]. However, it is not known whether the JHE isoforms differ biochemi-
cally. Kinetic properties of Gryllus JHEs (Ky, for JH, k_,,, k../Ky, K;s for triflu-
oropropanones) were similar to JHEs from other insects [84,86,88]. However, the
dimeric quaternary structure for the G. assimilis JHE differed from the monomeric
quaternary structure of all studied lepidopteran and dipteran JHEs and was similar
to a dimeric coleopteran enzyme [10,86].

The JHE gene from G. assimilis (1293 bp coding sequence of the mature protein)
was amplified from a midgut—fat body cDNA library [85]. The predicted molec-
ular weight (50 kDa) was similar to the observed molecular weight (52 kDa) of
the purified protein, and the gene exhibited two motifs characteristic of JHE: the
GQSAG motif around the serine of the catalytic triad and an amphipathic helix [85].
Interestingly, phylogenetic analysis of all insect JHE gene sequences available at the
time, using maximum likelihood tests, indicated at least two independent origins of
this gene in insects: one clade comprised all lepidopteran JHEs, while the other clade
comprised JHEs in the Diptera/Coleoptera/Orthoptera clade [85], which was subse-
quently verified [88]. The independent origin of JHE in these two clades is consistent
with structural (monomer vs. dimer) and biochemical differences between JHE of
these two groups [86].

A 19 bp insertion/deletion (indel) polymorphism was found in the G. assimilis
JHE gene, and indel phenotype was strongly associated with selected line type. That
is, the insertion was found in virtually all (91%) individuals of the high-activity line
and no individual of the low-activity line. Indel phenotype strongly co-segregated
with JHE activity in F, individuals derived from line crosses/backcrosses provid-
ing strong support that the sequenced gene was, in fact, a JHE gene. These results
are consistent with regulators of JHE activity, responsible for line differences in
JHE activity, occurring near or within the JHE gene. JHE transcript abundance
was significantly higher in fat body and midgut of the high-activity versus low-
activity lines and was significantly correlated with fat body or hemolymph JHE
activity. These correlations indicate that fat body appears to be the main source of
JHE production, as appears to be the case for insects in general [26]. In addition,
these data further support the hypothesis that JHE activity differences between the
selected lines are due to selection on genes that regulate the expression and release
of JHE from the fat body, rather than genes that produce biochemically differenti-
ated JHE enzymes.
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3.3.5 MorpH-SPECIFIC CIRCADIAN RHYTHM FOR THE HEMOLYMPH JH TiTER

The existence and functional significance of morph-specific JH titer differences
during the adult stage has been a central question in the endocrine regulation of
complex polymorphism since the 1960s [3,5-7]. However, as discussed previously,
morph-specific JH titers in dispersal polymorphism have been measured in only
a very few species, only to a limited degree, and mainly within the past decade.
Furthermore, except for the studies of JH titer regulation in adult morphs of Gryllus
species discussed later, there is very little detailed information on the mechanisms
that regulate the JH titer in a morph-specific manner.

Since the 1960s, the most widely held hypothesis regarding the endocrine regula-
tion of morph-specific traits in adults is that the traits are expressed due to the JH titer
being chronically elevated (flightless, SW morph) or reduced (flight-capable LW(f)
morph) relative to some threshold [3,5,12]. This hypothesis is based on the known
positive effect of JH on aspects of ovarian growth and egg development in numerous
insects, coupled with the negative effect of JH on many, but not all, aspects of flight
capability (e.g., degeneration of flight muscle, reduction of lipid flight fuel biosynthe-
sis) [3,5,12]. Thus, a chronically reduced JH titer in the flight-capable morph would
account for its reduced egg production, maintenance of flight muscles, and enhanced
production of triglyceride flight fuel. Paradoxically, however, several studies of long-
distance migrants reported that applied JH had positive effects on flight, such as
increasing propensity to fly or flight duration [89,90].

The existence of JH titer differences between dispersing and reproductive morphs
was directly addressed in Gryllus by measuring the in vivo hemolymph JH titer in
LW(f) and SW morphs of G. firmus, using a well-validated JH radioimmunoassay
[91]. Importantly, because the JH titer is 10-fold higher in adults than in last juve-
nile instar Gryllus [70,74], similar to the situation in insects in general, much more
accurate JH titer estimates can be obtained in adults than were possible in juvenile
G. rubens. Moreover, titers could be measured in individual adults (juvenile titer
estimates required pooled hemolymph from 50 or more individuals), as could JHE
activity and rate of JH biosynthesis. This, in turn, allowed more accurate investi-
gation of the mechanisms underlying morph-specific JH titer regulation, including
mathematical modeling of this phenomenon (discussed as follows).

In contrast to conventional wisdom, we found an unprecedented morph-specific
JH titer circadian rhythm in adult morphs of G. firmus (Figure 3.8). In the LW(f)
morph, the JH titer rose and fell dramatically (20- to 50-fold) during a several-hour
period during the latter part of the photophase into the early part of the scoto-
phase on each of several days of adulthood. By contrast, the JH titer was relatively
constant, temporally, in the SW morph (slight diurnal fluctuation due to diurnal
fluctuation in whole-body hemolymph volume) [29,74]. The JH titer daily rhythm
began on day 5 of adulthood, the day on which LW(f) individuals first attain flight
capability, and the cycle was lost in LW(f) individuals that histolyzed their flight
muscles and thus became flightless. Thus, the JH titer daily cycle is correlated with
flight capability, which is circadian in crickets (flight only occurs at night). The
morph-specific patterns were observed in each of three pairs of LW(f) and SW
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FIGURE 3.8 Morph-specific circadian rhythm for the hemolymph JH titer in adult female
LW(f) and SW G. firmus. Dark bars: scotophase (lights off); white bars: photophase (lights
on). LW(f) is the same morph (LW with functional flight muscles) as LW in previous figures.
Note the dramatic daily cycle in the LW(f) morph but not in the SW morph. (Reprinted from
Zhao, Z. and Zera, A.l., J. Insect Physiol., 50, 93, 2004.)

artificially selected lines (same lines as those used in the JHE studies discussed
earlier) and thus is a morph-associated genetic polymorphism for the circadian
rhythm of the hemolymph JH titer. Finally, although the ECD titer also differs
between the morphs (higher in SW), no morph-specific daily cycle was observed
for this hormone. Thus, not all reproductive hormones in the hemolymph exhibit a
morph-specific daily cycle.

Importantly, morph-specific patterns of in vitro JH biosynthesis strongly paral-
leled the morph-specific JH titers [92] (Figure 3.9). These strongly covarying morph-
specific patterns of JH titer and JH biosynthesis provide independent confirmation of
the JH titer differences between morphs, in addition to providing information on the
mechanism that produces the difference. The morph-specific patterns in rate of JH
biosynthesis, in turn, were inversely correlated with the concentration of allatostatin,
a neurohormone found in nerves within the CA, which negatively regulates the rate
of JH biosynthesis [93]. Allatostatin was high and equivalent in the LW(f) and SW
CAs when rate of JH biosynthesis was low and equivalent in the morphs and dropped
to a lower level in LW(f) CAs when the rate of JH biosynthesis was higher in LW(f)
versus SW morphs.

By contrast, differences in in vitro JHE activity between the morphs were usu-
ally nonsignificant and of much lower magnitude than morph differences in rate
of JH biosynthesis. Thus, results to date indicate that the morph-specific changes
in the JH titer appear to be driven primarily, if not exclusively, by changes in
the rates of hormone biosynthesis. An interesting finding of the adult and juve-
nile data taken together is the strong correlation between JH titer and rate of
JH biosynthesis but not hemolymph JHE activity in adults, which contrasts with
the correlation between JH titer and hemolymph JHE activity but not the rate of
JH biosynthesis in juveniles (Figures. 3.3 and 3.9). These data suggest that very
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FIGURE 3.9 Morph-specific (a) JH titer (pg LL hemolymph'), rate of (b) JH biosynthesis
(pmol JH h~! pr. CA™Y), and rate of hemolymph (c) JHE activity (nmol mL-! min~') in adult
female G. firmus. Note the strong parallel patterns of JH biosynthesis and JH titer in the
morphs. (Reprinted from Zhao, Z. and Zera, A.J., J. Insect Physiol., 50, 965, 2004.)

different types of regulation of the JH titer can evolve, even in different life cycle
stages of the same species.

Standard photoperiod experiments demonstrated that the daily rhythms of both
the JH titer and rate of JH biosynthesis in the LW(f) morph were true circadian (i.e.,
endogenous) rhythms [94]: the cycles persisted in constant darkness and were tem-
perature compensated, two classic pieces of information that support the circadian
basis of a daily cycle. The JH titer cycle also shifted in concert with an experimental
shift in the onset of the scotophase (dark portion of the cycle), and the cycle was
eliminated in constant light. These effects were observed in multiple LW(f) and SW
lines of G. firmus indicating that the morph-associated circadian rhythm is geneti-
cally based. To my knowledge, this is the first example of a morph-specific circadian
rhythm in any complex polymorphism. It is also one of the first, and the most exten-
sively described, circadian rhythms for the JH titer and its regulators in any insect to
date [94,95]. Circadian rhythms have been commonly reported for many vertebrate
and invertebrate hormones [95-97] and may also be common but overlooked, with
respect to JH in insects. The unexpected finding of the strong JH titer circadian
rhythm in Gryllus indicates that fundamental but neglected aspects of the JH titer
pattern still await discovery [11].

The function of the morph-specific JH titer circadian rhythm is not well under-
stood, and detailed discussion of this point is beyond the scope of this chapter.
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The most likely explanation is that the circadian rhythm functions in some aspect
of flight in the LW(f) morph, which, as mentioned earlier, is circadian in Gryllus
crickets (only occurs at night). Interestingly, in the honey bees, there is an onto-
genetic shift from a noncyclic (in young nurse bees) to a diurnally cyclic JH
titer (in older foraging adults) that is associated with a change from within-hive
activities to flight outside the hive [98]. Clearly JH regulation of aspects of flight
and reproduction are more complex than previously suspected. For example, the
dramatic short-duration elevation of the JH titer yet retention of flight muscles
and limited ovarian growth in the LW(f) morph clearly is inconsistent with the
widely held idea that an elevated hormone titer, in and of itself, induces ovarian
growth and flight muscle degeneration [12,59]. The duration of elevation may be
a critically important aspect of JH regulation. The short-duration elevation of the
JH titer in the dispersing morph may also explain the paradoxical results as to
why application of JH has positive effects on some aspects of flight (e.g., flight
behavior; mentioned earlier) but negative effects on others [59]. Whether JH has
positive or negative effects may depend upon the duration of elevation of the JH
titer (see extensive discussion on this and related points in [59]).

3.3.6  MorpH-SpeciFic JH Titers IN THE FIELD

Excluding social insects, very little information is available on the JH titer and titer
variation in natural populations of any insect [48]. In G. firmus, hemolymph JH titers
were measured (1) in the same LW(f) and SW stocks of G. firmus that were studied
in the laboratory but raised in the field, (2) in G. firmus from natural populations
in which hemolymph was sampled in the field, and (3) in a few other species of
crickets from natural populations [59] (Figure 3.10). Studies were undertaken near
Gainesville, Florida, where natural populations of G. firmus occur from which indi-
viduals had been collected to initiate the LW(f) and SW selected lines discussed ear-
lier. The morph-specific JH titer daily cycle, observed in LW(f) and SW laboratory
stocks, was observed in the same stocks raised under field conditions and in G. firmus
directly sampled from field populations. In G. firmus and in other cricket species,
the diurnal cycle was always positively associated with the dispersing morph, while
flightless individuals had a much reduced or absent cycle [59]. Titers began to rise a
few hours before sunset, similar to the rise in the JH titer a few hours prior to lights
off in the laboratory. The magnitude of the difference between morphs typically was
not as great in the field as it was in the laboratory. This difference could be due to
any of several factors such as the abrupt change in light intensity during the transi-
tion from the photophase to the scotophase (on/off) in the laboratory, as opposed
to the gradual transition from day to night and vice versa, in the field. The same
morph-specific JH titer cycle was also observed between male morphs in the field
(males had not been previously studied in the laboratory). Similar to the situation
in the laboratory, the hemolymph ECD titer was higher in SW versus LW(f) female
G. firmus and showed no morph-specific daily fluctuation. These results are reassur-
ing in that they indicate that morph-specific patterns in the JH and ECD titers are
roughly similar in the laboratory and field.



54 Juvenile Hormones and Juvenoids

(e}
(=}
o
(=)

60

o]
(=]

Hemolymph JH titer
(pg/HL)
'S
S

Hemolymph JH titer
(pg/pL)
S
S

20 20
0 0
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Proportion of day passed Proportion of day passed
(a) (0.0 and 1.0 = midnight) (b) (0.0 and 1.0 = midnight)
100 4

—8— Scapteriscus vicinus [LW (f)]
—a— Gryllus rubens [LW(f)]
—e- Gryllus ovisopis (SW)

A5 B S

Wl

Hemolymph JH titer
(pg/uL)
(o2}
(=}

I_—|

0.2 0.4 0.6 0.8 1.0

Proportion of day passed
(c) (0.0 and 1.0 = midnight)

0

FIGURE 3.10 Morph-specific JH titer circadian rhythm in adult morphs of various cricket
species measured in the field (Gainesville, Florida). JH titers in (a) male and (b) female
morphs of G. firmus laboratory lines raised in the field. (c) JH titers in various cricket species.
Note the association between more pronounced JH titer cycle and LW(f) within or between
species. SW, short-winged, flightless morph; Dark bars, night; white bars, day. (Reprinted
from Zera, A.J. and Zhao, Z., J. Insect Physiol., 55, 450, 2009.)

3.3.7 MATHEMATICAL MODELING OF MORPH-SPECIFIC JH TiTER REGULATION

3.3.7.1 Model Description and Results

Although JH titer regulation has been a central focus of insect endocrinology since
the 1970s, quantitative assessments of the extent to which experimentally deter-
mined values of JH regulation (e.g., rate of biosynthesis, in vivo rate of degradation,
binding to carrier protein) estimate the JH titer have not often been undertaken
[27,99]. Availability of estimates of the in vivo JH titer, in vitro rate of JH bio-
synthesis, in vitro JHE activity, and in vivo rate of JH degradation in morphs of
G. firmus that differ dramatically in short-term temporal fluctuation in the JH titer
provides an exceptional opportunity to undertake such an analysis (currently in
progress, A. J. Zera and C. Brassil). Only a few aspects of our preliminary analysis
of the data will be presented here for the LW(f) morph of G. firmus, to illustrate
some major points.

Hemolymph JH titer at a particular time in adult LW(f) G. firmus was expressed
using a simple model: [JH],,, = [JH], X k;, + [JH],.,- That is, the hemolymph JH
titer [JH] at time (“t + 1”) is equal to the hemolymph titer measured at the pre-
vious time period ([JH],) multiplied by the in vivo rate of JH degradation (kg,),
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plus the amount of new JH synthesized during the previous time interval [JH-III].
This analysis was restricted to the 2-day period in adulthood (days 5-7), when val-
ues were available every 3—6 h for the in vivo hemolymph JH titer and in vitro
rate of JH biosynthesis for morphs of G. firmus [29,74] (Figure 3.9). Estimate of the
in vivo rate of JH degradation was not available for G. firmus adults, and this rate
constant was obtained from [67], measured for the congener G. rubens (discussed
earlier). Rate of JH degradation was measured during days 5—7 of adulthood in the
SW morph of G. rubens (half-life (t;,) =70 min; k4, =0.01 min, using the equation
Ko =0.693/t,5). JHE activity is similar for adults of G. rubens and G. firmus. Thus,
as a first approximation, the in vivo half-life measured in G. rubens is expected to
be roughly similar to that of adult G. firmus, especially since this half-life also is
similar to values reported in a number of insects (see aforementioned text). The
JH half-life was measured during the mid-photophase and circadian variation in
the rate of degradation was not measured (circadian cycle had not yet been discov-
ered in Gryllus) and was assumed to be constant. Potential errors involved in these
measures and their impact on the JH titer model are discussed as follows.

The observed and expected change in the JH titer in the LW(f) morph of G. firmus
is given in Figure 3.11. As can be seen in Figure 3.11a, the model fairly accurately
accounts for the position and height of the JH titer peaks but underestimates the ampli-
tude of the peaks by about 2- to 2.5-fold and overestimates the basal JH titer by about
2-2.5. Given the number of potential errors in the various physiological measurements
(discussed as follows), this constitutes a reasonably good fit to the model.

Since errors in measures of JH biosynthetic and degradation rates were consid-
ered more likely to be greater than errors associated with measurement of the JH
titer, we altered rates of JH degradation and JH biosynthesis to determine the extent
to which these values needed to be modified to produce a good fit between observed
and expected change in the JH titer. Only two of these results will be presented here
(Figure 3.11b and c). When the in vivo JH degradation rate was increased twofold
(Figure 3.11b), the model more accurately predicts the position of the peaks and the
basal JH titer but underestimates the height of the JH titer peaks by about twofold.
Keeping this twofold elevated rate of JH degradation while increasing the rate of JH
biosynthesis by 1.8-fold results in a good fit between expectations of the model and
observed measurements. These twofold or less changes in in vivo hormone biosyn-
thesis and degradation are modest given the likely errors involved in estimation of
biosynthetic and degradative rates (see as follows). Thus, to a first approximation,
our measures of rates of the JH biosynthesis, JH degradation, and JH titer provide
an internally consistent picture of circadian JH titer fluctuation due primarily to
change in the rate of JH biosynthesis, as reported in Zhao and Zera [29].

3.3.7.2 Potential Sources of Error in Estimates of Physiological Variables

Estimation of each of the three variables in the model discussed earlier, JH titer,
in vitro rate of JH biosynthesis, and in vivo rate of JH degradation, is subject to a
number of errors. A full discussion of this topic will be given in detail in Zera and
Brassil (manuscript in preparation), and only a few salient points will be considered
here. The JH titer in Gryllus was estimated using a well-validated JH radioimmuno-
assay [91]. Although radioimmunoassays are subject to a number of errors (see [10]),
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FIGURE 3.11 Preliminary results of a quantitative analysis of temporal change in the JH
titer in the LW morph of G. firmus as a function of JH biosynthesis and JH degradation.
(a) Solid line: experimentally observed change in the JH titer reported in [29] (see Figure 3.9).
Dashed line: predicted change in the JH titer using the mathematical model given in the text
and estimated values for rates of JH biosynthesis and JH degradation. (b) Same as in (a) but
with in vivo rate of JH degradation increased by twofold. (c) Same as in (b) but with rate of
JH biosynthesis increased by twofold. Time is in minutes with 400 min = lights on day 5 of
adulthood (see Figure 3.9). Full analysis of these and other data will be published elsewhere.
(Data from Zera, A.J. and Brassil, C., manuscript in preparation; Zhao, Z. and Zera, A.J.,
J. Insect Physiol., 50, 965, 2004; see Figure 3.9.)
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the JH titer estimates are probably less likely to be prone to error than the estimates
of rates of JH biosynthesis and degradation.

A likely source of error in the model is the estimate of rate of JH biosynthesis,
which was measured in vitro [29]. As mentioned previously, the JH biosynthetic rate
is known to be affected by a wide variety of compounds, most notably neuropeptides
that increase (allatotropins) or decrease (allatostatin) rate of biosynthesis, both of
which have been reported in crickets [10,27,100]. In addition, various neurotransmit-
ters (octopamine, glutamate, dopamine), ECDs, and JH itself (reviewed in [10]) can
influence the JH biosynthetic rate. Finally, severing the neural connections between
the CAs and the brain, which is required to remove the CAs from the insect for the
standard in vitro assay, has been reported to affect the rate of JH biosynthesis in some
species [10,27]. The aforementioned model indicates that particular attention should
be paid to factors causing underestimation of the rate of JH biosynthesis in Gryllus
CAs in the study of Zhao and Zera [29].

Finally, several factors might have resulted in errors in the estimated in vivo
rate of JH degradation in G. firmus, using the rate constant measured in the conge-
ner G. rubens [67], which, for simplicity, was assumed to be temporally constant.
Temporal variation in in vitro JHE activity (Figure 3.9) indicates that the in vivo rate
of JH degradation may in fact vary temporally. However, the extent to which this
occurs is uncertain, given that a particular difference between morphs in in vitro
JHE activity typically results in a much smaller difference in in vivo JH degradation
(see earlier text and Figure 3.7). To address this issue more fully, we are currently
directly measuring the in vivo rate of JH degradation throughout the photophase and
scotophase in morphs of G. firmus. Finally, the effects of other factors, such as the
fairly substantial diurnal change in hemolymph volume (25%-30% reduction from
early to late in the photophase in each morph [74]), on the estimate of JH titer have
yet to be taken into account.

3.3.7.3 Comparison with Other Models

A recent analysis by Nijhout and Reed [99] indicated a far worse (several orders
of magnitude) fit between rates of JH biosynthesis, JH degradation, and the JH
titer in Gryllus as well as in M. sexta. A large part of the discrepancy between
results of our preliminary study and those of Nijhout and Reed [99] is that these
workers did not use the in vivo rate of JH degradation in their model as was done
in our aforementioned study. Rather, Nijhout and Reed formulated a more com-
plex model that included JHE activity and binding to JH-binding protein. They then
incorporated in vitro JHE activities and published binding constants for JH-binding
protein obtained for species other than Gryllus (binding constants not available for
Gryllus) to estimate JH degradation in vivo. Large errors in the expected degree of
in vivo JH sequestration due to binding to the JH-carrier protein would lead to a
substantial mismatch between observed fluctuation of the JH titer and that expected
by the model. However, our analysis, by contrast, was not intended to take into
account the influence of JH binding per se on the JH titer in Gryllus, especially
since some studies have indicated extensive JH binding in vivo to components other
than the JH-carrier protein (reviewed in [27]). Rather, our use of in vivo JH degra-
dation rate takes into account all in vivo enzymatic degradation (hemolymph and
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cellular JHE and JHEH) as well as the influence of JH sequestration on the rate of
JH degradation. This was done because we were specifically interested in deter-
mining the extent to which variation in the rate of JH biosynthesis could account
for variation in JH titer [29]. Our approach is similar to the analysis undertaken
by Tobe and coworkers on the role of JH biosynthesis on JH titer regulation in
the cockroach, D. punctata (reviewed in [27]). As mentioned earlier, a full discus-
sion of these issues will be presented in a forthcoming publication (A. J. Zera and
C. Brassil, manuscript in preparation).

3.4 SUMMARY, SYNTHESIS, AND CONCLUSIONS

Studies of Gryllus wing polymorphism undertaken during the past three decades
have made important contributions to understanding the regulatory mechanisms
underlying genetic and temporal variation in the JH titer and the evolutionary modi-
fication of these mechanisms. These studies clearly point to evolutionary modulation
of JH degradation by altered JHE activity as an important factor in the evolution of
wing polymorphism in Gryllus. Studies in Gryllus have been particularly important
in experimentally establishing that in vitro differences between the morphs in hemo-
lymph JHE activity have important in vivo consequences with respect to altered rates
of in vivo JH degradation [8,66,67]. These studies are currently the most extensive
investigation of the role of JH degradation and the regulation of complex polymor-
phism. Experimental artificial selection has augmented the aforementioned studies
of natural polymorphism by providing a quantitative estimate of the degree to which
hemolymph JHE must be altered to produce an observed change in in vivo JH deg-
radation [53,61,81]. With the sequencing of a JHE gene, the Gryllus experimental
model is ripe for the introduction of molecular tools (i.e., RNAi as in [34]), to probe
the effect of specific gene products on JH titer regulation.

It is important to emphasize that other endocrine regulators, most notably the ECD
titer [70] (Figure 3.3), also differ dramatically between nascent morphs of Gryllus,
and thus, the precise role played by JHE and JH in regulating specific aspects of
wing polymorphism in juvenile Gryllus morphs remains uncertain. Recent studies
have demonstrated that the endocrine regulation of phase polymorphism in locusts is
much more complex than previously suspected, where JH had often been considered
to be the “master” phase-regulating hormone [23]. An increasing number of hor-
mones have been identified as regulators of specific aspects of phase polymorphism
in locusts, such as JH, ECDs, His’-corazonin, and serotonin [6,13,24,49]. A similar
situation likely occurs with respect to wing polymorphism in Gryllus and a central
goal of future research should be to identify the specific aspects of morph differen-
tiation that are regulated by JH.

In addition to the in-depth studies of JHE and JH degradation, another noteworthy
aspect of the Gryllus work has been its focus on evolutionary genetic aspects of the
endocrine regulation of complex polymorphism. This contrasts with the near exclu-
sive focus on environmental regulation of dispersal polymorphism in other stud-
ies [6,8,53]. Evolutionary genetic studies of JHE have provided information on the
nature of variable genes that influence genetic differences in hemolymph JHE activ-
ity, whole-body JHE, and whole-body JH degradation. One gene has been identified
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and sequenced [85], while other genes have been identified via their “quantitative
genetic” phenotypes, such as differences between selected lines in whole-organism
and tissue distribution of JHE activity. The picture to date, derived from biochemi-
cal genetic characterization of selected lines [8,53], is that variable genes give rise to
phenotypic differences in the concentration and tissue distribution of JHE activity in
contemporary populations of G. assimilis and that these differences in JHE activity
were important targets of selection during the evolution of wing polymorphism in
Gryllus.

Evolutionary genetic studies in Gryllus have transcended the issue of polymor-
phism by identifying the extent to which endocrine traits can evolve independently
versus in concert due to genetic correlation, presumably arising from pleiotropy
[8,53]. These correlations can have profound effects on the evolution of particular
traits or sets of traits. For example, the absence or existence of only very weak cor-
relations between genes regulating hemolymph JHE activity in juvenile and adult
G. assimilis resulted in large-magnitude differences in JHE activity evolving under
laboratory selection on juveniles while not producing JHE activity differences
between lines in the adult stage. These results explain why dramatic differences
in JHE activity exist in several species exhibiting dispersal polymorphism during
the juvenile but not adult stages, and have important general implications for the
evolution of life histories [80].

In a similar vein, the absence of genetic correlations between JHE and JHEH
activities [53,61,81] also indicates that these two key components of JH degradation
can—and have—evolved independently of each other in Gryllus in natural popula-
tions. By contrast, hemolymph JHE activity and JH binding are positively correlated
and evolve in concert under artificial selection [81]. This result provides strong sup-
port for the hypothesis that JH-binding functions to increase JH degradation [38],
rather than to protect JH from degradation as is commonly thought. It is currently
unknown why certain aspects of JH regulation are genetically correlated and others
are not. These data currently represent the most intensive and extensive data to date
on genetic coupling or lack thereof of endocrine traits in outbred populations of any
non-domesticated species.

Studies of Gryllus also have uncovered unanticipated, high-amplitude, morph-
specific circadian rhythms for the JH titer and its regulators in both the laboratory
and field [29,59,74,94]. These studies suggest that much remains to be learned about
basic patterns of JH titer variation [11], as well as the extent of hormone circadian
rhythms in insects, in general, and in polymorphic species, in particular [59,94].
These dramatic short-term fluctuations in the JH titer and its regulators have also
provided one of the best opportunities to mathematically model JH titer regula-
tion (Figure 3.11). While indicating a good fit between predictions of the model and
experimentally derived values for the JH titer and its regulators, the model also pro-
vides insights concerning reasons for discrepancies between model predictions and
experimental results (e.g., underestimation of rate of JH biosynthesis). Fascinating
problems for future research in Gryllus are the mechanisms by which the dramatic
morph-specific JH titer circadian rhythm is generated (morph-specific difference in
the circadian clock? output of the clock? signal reception by the CA?) and the traits
that are differentially regulated by these very different JH titer temporal patterns.
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Field endocrine studies in insects have lagged far behind those in vertebrates
[59]. The identification of the dramatic morph-specific JH titer circadian rhythms
in G. firmus and several related insects in the field provides a useful model to
investigate endocrine adaptation in the field. Indeed, the strong association
between JH titer rhythm and wing morph, which differ dramatically in life history
(e.g., reproductive) traits, provides a powerful experimental model for integrating
chronobiology, endocrinology, and life history evolution.
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ABSTRACT

Juvenile hormone (JH) is known to be an important regulator in the caste dif-
ferentiation of social insects. During caste differentiation, caste-specific organ
development and regression occur. To understand the proximate factors for the
acquisition of each caste, it is essential to clarify the molecular developmental
mechanisms underlying the formation of these organs. This chapter discusses
studies examining the developmental mechanisms of soldier-specific organ for-
mation in the nasute termite Nasutitermes takasagoensis. Soldiers of this spe-
cies have regressed mandibles but possess a frontal tube (nasus), and defensive
secretions synthesized in an exocrine gland (frontal gland) are released from
a frontal pore at the tip of nasus. Among various JHs and JH analogs, hydro-
prene was the most effective for soldier differentiation in this species. Using an
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artificial induction of soldier differentiation, it was shown that organ formation
was involved in the organ-specific molecular mechanisms causing the epidermal
folding (nasus disc), the epidermal invagination (frontal gland) and the epithelial
programmed cell death (mandible). Moreover, the limb-patterning gene Distal-
less was involved in at least nasus formation. These results suggest that caste-
specific regulation of preexisting developmental mechanisms, triggered by JH,
underlie morphological modifications during the caste differentiation of termites.

KEYWORDS

Social insects, Soldier differentiation, Organ formation, Nasus, Frontal gland,
Mandible, Hydroprene

4.1 INTRODUCTION

Juvenile hormone (JH) is a multifunctional hormone involved in various physiological
phenomena, including molting, metamorphosis, sexual maturation, and diapause. In
social insects, JH is known to be an important regulator in caste differentiation [1-3].
Namely, environmental stimuli change the physiological status, and then postem-
bryonic processes are modified in response to the stimuli, resulting in the produc-
tion of different castes. Social hymenopterans (bees, wasps, and ants) and termites
are two typical species-rich social animals, and their caste systems have evolved
independently [4]. Monophyly of termites within the cockroach clade was supported
by substantial evidence, and termites are recognized as social cockroaches [5]. In
their colonies, there are three castes (reproductive, worker, and soldier). In particular,
soldiers have species-specific morphological characteristics [6], and their morpholo-
gies are highly specialized for colony defense [7] (Figure 4.1). Soldiers differentiate
from workers (or late-instar larvae in some families) and always develop through
intermediate instars, presoldiers [8]. Extremely dramatic morphological modifica-
tions occur during presoldier differentiation. The development of presoldiers and sol-
diers requires a high JH titer [9], and the application of JH and JH analogs (JHAs) to
workers (or late-instar larvae in some families) has been performed for the artificial
induction of presoldiers in many species [10-15].

The development and regression of certain organs is observed during soldier
differentiation [7]. Defense strategies, largely categorized as mechanical defense or
chemical defense, are associated with soldier-specific organ formation. Mechanical
defense is achieved with the sclerotization of heads and mandibles (e.g., Figure 4.1a
through d), whereas chemical defense involves the formation of an exocrine gland
called the frontal gland. Defensive secretions are synthesized in the frontal gland and
released from a frontal pore on the head. No structural equivalent of the frontal gland
is seen in other insects [16]. Nasutitermitinae (family Termitidae), one of the most
phylogenetically apical termite lineages [5], possess soldiers with a frontal tube,
called a nasus, and defensive secretions are released from a frontal pore at the tip of
nasus (Figure 4.1f). Moreover, in the nasutitermitid soldiers, regressive mandibular
evolution is seen corresponding with the development of the nasus [17]. Clarifying
the molecular developmental mechanisms underlying caste-specific organ formation
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(e)

FIGURE4.1 Soldiers of Coptotermes sp. (a), Pericapritermes nitobei (b), Schedorhinotermes
sp. (), Termes rostratus (d), Rhinotermes sp. (e), and Nasutitermes takasagoensis (f). Scale
bars indicate 500 pm.

is essential for understanding the proximate factors for the acquisition of each caste
in the course of termite evolution.

In this chapter, we present the findings of our previous studies, which describe
the morphological and histological changes of soldier-specific morphogenesis using
the artificial induction of presoldier molts in the Japanese nasutitermitid termite
Nasutitermes takasagoensis [15,18,19]. Based on these results, we summarize the
developmental alterations during the presoldier differentiation of N. takasagoensis
and discuss future research directions.
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4.2 INDUCTION OF PRESOLDIER DIFFERENTIATION
BY JH AND JHA APPLICATION

4.2.1 SeARcH FOR EFrecTIVE JHs AND JHAS

In a colony of N. takasagoensis, there are three types of workers (female major,
male/female medium, male minor workers), and presoldiers differentiated from male
minor workers in natural conditions [20] (Figure 4.2). Toga et al. [15] examined the
effects on the presoldier induction of various JHs and JHAs (JH III, hydroprene,
methoprene, and pyriproxyfen), which were frequently used in previous studies.
The results showed that hydroprene (100 pg) induced presoldier differentiation most
effectively (Table 4.1). To understand the effects of JHs and JHAs on morphogenesis
during the presoldier molt, principal component analysis (PCA) on a correlation

g d

|
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Major worker Presoldier medium worker

t t 7
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6 :

Medium worker Minor worker
Large second instar larva Small second instar larva
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tt
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FIGURE 4.2 Developmental pathway of workers and soldiers in N. takasagoensis. Arrows
show molts. (From Toga, K. et al., Zool. Sci., 26, 382, 2009. With kind permission of the
Zoological Society of Japan.)
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TABLE 4.1
Overall Survival of Minor Workers (Initial n=20) and
Number of Induced Presoldiers per Dish

Overall Survival Numbers of Induced

Treatment (%)* Presoldiers per Dish**
Acetone 91.7+58a 0.0+0.0a
JH III 10 pug 91.7+58a 00+00a

100 ug 933+58a 00+00a
Hydroprene 10 ug 833+29a 00£0.0a

100 pg 90.0x50a 40+17a
Pyriproxyfen 10 pg 90.0+50a 07+12a

100 pg 70.0+8.7b 07+13a
Methoprene 10 ug 933£29a 00+00a

100 pg 80.0 £5.0 ab 00+00a

Source: Toga, K. etal., Zool. Sci., 26, 382, 2009. With kind permission of
the Zoological Society of Japan.
Note: Sawdust (0.1 g) was treated with each JH(A) diluted in 200 pL
acetone.

* Different letters denote significant differences between treatments
(Tukey’s multiple comparison test, p <0.05).

** Different letters denote significant differences between treatments
(Steel-Dwass test, p<0.05).

matrix of the measured values of external morphologies was performed. PCA
discriminated plots among each developmental stage except for male and female
medium workers, and the presoldiers induced by JHAs (hydroprene and pyriproxyfen)
were plotted with natural presoldiers (Figure 4.3). Statistical analysis (Tukey’s test)
of the first principal component scores showed that scores of the hydroprene-induced
presoldiers were significantly lower than those of pyriproxyfen-induced presoldiers.
The first principal component positively correlated with all measurements, and this
component was considered to be general body size. Thus, significant differences
in the first principal component indicated body size differences, whereas no
significant differences in second principal component scores were found among
JHA (hydroprene and pyriproxyfen)-induced and natural presoldiers. However,
a pyriproxyfen-induced presoldier with a deformed nasus was observed (data not
shown). As a result of these observations, hydroprene was suggested to be the most
effective compound for presoldier differentiation in N. takasagoensis.

Just before the presoldier molt, gut contents are purged, and fat bodies are
deposited within the abdomen in other species [21-23]. For example, workers of
Hospitalitermes medioflavus (Nasutitermitinae) approaching the next molt pos-
sessed yellowish-white abdomens as a result of the gut purge and the deposition
of fat bodies [21]. Using the criteria of abdomen color and the number of days
from JHA application, Toga et al. [15] revealed that the gut purge and presoldier
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FIGURE 4.3 PCA of each developmental stage. The first principal component shows whole
body size. Head height and tibia contribute to the second principal component. Contribution
ratios (%) are shown in parentheses. (From Toga, K. et al., Zool. Sci., 26, 382, 2009. With
kind permission of the Zoological Society of Japan.)

molts occurred 8-14 days and 15-21 days after JHA application, respectively.
These findings showed that it took 6—7 days from the gut purge to the presoldier
molt. Furthermore, all JHA-treated minor workers with yellowish-white abdo-
mens molted into presoldiers within 67 days. Hereafter, these minor workers
with yellowish-white abdomens are called “day X minor workers” according to the
number of days after the gut purge.

4.2.2 Errects oF JHA oN NAsus AND FRONTAL GLAND FORMATION

The nasus of the nasutitermitid soldiers is suggested to be formed by an elonga-
tion of the nasus disk, which resembles an imaginal disk of holometabolous insects
and is formed under the cuticle [21]. Toga et al. [15] performed morphological and
histological observations of the nasus, nasus disk, and frontal gland and examined
the effects of hydroprene on organ formation during the presoldier differentia-
tion of N. takasagoensis. Nasus disks were observed in the head of natural minor
workers with yellowish-white abdomens with the use of a scanning electron micro-
scope (Figure 4.4a and c). Nasus disks were also observed in day 5 minor workers
(Figure 4.4b and d). These structures were not observed during molts from minor
workers to male medium workers (Figure 4.4e).
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(e)

FIGURE 4.4 Nasus disks of natural minor workers (a, ¢) and hydroprene-treated minor
workers (b, d). Nasus disks were not observed in minor workers prior to the molt into medium
workers (e). Scale bars indicate 250 um (a, b, e) and 100 um (c, d). (From Toga, K. et al., Zool.
Sci., 26, 382, 2009. With kind permission of the Zoological Society of Japan.)
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The nasus and frontal gland of induced presoldiers were morphologically and
histologically compared with those of natural presoldiers. A layer of secretary cells
was observed in the head of natural and induced presoldiers (Figure 4.5a and b,
arrowheads). Both natural and induced presoldiers possessed frontal pores opening
at the tip of the nasus (Figure 4.5¢ through f) and four bristles around the tip of nasus
(Figure 4.5e and f). These bristles probably play a role in defensive behavior [24],
and they were also observed in the center of the nasus disk (Figure 4.4c and d).
These observations suggested that hydroprene treatment induced the differentiation
of presoldiers with normal soldier-specific defensive organs.

4.3 ORGAN DEVELOPMENT DURING PRESOLDIER
DIFFERENTIATION IN N. TAKASAGOENSIS

4.3.1 FormMATION OF THE NAsus Disk AND FRONTAL GLAND

We examined histological changes during presoldier differentiation using the JHA
application methods mentioned earlier. In natural minor workers collected from
nests, epithelial thickening was observed in the dorsal head (Figure 4.6a). In day O
minor workers, epithelial proliferation resulted in increased thickness of the nasus
disk, and the invagination of the frontal gland was shown to occur (Figure 4.6b).
In day 3 minor workers, folded layers constituting the nasus disk were recognized,
and frontal gland invaginations proceeded more than those observed in day 0 minor
workers (Figure 4.6¢). In day 5 minor workers, folded layers formed numerous fur-
rows in the nasus disk, and invagination of the frontal gland progressed backward
with cell proliferation (Figure 4.6d). Although little is known about the molecular
developmental mechanisms of these changes, recent analyses using immunohisto-
chemistry and RNA interference showed that the limb-patterning gene Distal-less
was identified as a factor involved in nasus formation [19]. This suggests that the
nasus was acquired through the co-option of genetic patterning, as shown in a horn
development of the beetle Onthophagus spp. [25].

4.3.2 REGRESSION OF THE MANDIBLE

Mandibular regression during soldier differentiation was revealed by morphomet-
ric and histological analyses [18]. Morphometry of the right mandibles of minor
workers (Figure 4.7a and d), presoldiers (Figure 4.7b and e), and soldiers (Figure 4.7c
and f) revealed that all measured mandibular parts (shown in Figure 4.7g) regressed
remarkably during the presoldier molt (Figure 4.7g). Histological observations of
mandibular regression showed that apolysis of the mandibular epithelia occurred in
day 0 minor workers (Figure 4.8a and b) and mandibular regression occurred in day
5 minor workers (Figure 4.8c).

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP biotin nick end
labeling (TUNEL) assays showed that programmed cell death was involved in organ
regression in several insect species [26—28]. Consequently, Toga et al. [18] performed
TUNEL assays to examine the occurrence of programmed cell death in mandibular
regression during presoldier differentiation. Spotted TUNEL signals were observed
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(e)

FIGURE 4.5 Frontal gland and nasus of the natural presoldiers (a, c, e) and hydroprene-
induced presoldiers (b, d, f). Black arrowheads in (a) and (b) show frontal gland cells. R
shows the reservoir of the defensive secretions. White arrowheads in ¢ and d show the
position of the tip of nasus. Four bristles are found around the tip of nasus (e and f). Scale
bars indicate 100 um. (From Toga, K. et al., Zool. Sci., 26, 382, 2009. With kind permission
of the Zoological Society of Japan.)
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FIGURE 4.6 Parasagittal sections of minor workers (a), day 0 (b), day 3 (c), and day 5
minor workers (d). b, ¢, and d are magnified views of corresponding regions showing the
square in a. Arrowheads show nasus disk. Br: brain, R: frontal gland reservoir. Scale bars

indicate 100 pm.
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FIGURE 4.7 Scanning electron micrographs of heads and mandibles of minor workers
(a, d), presoldiers (b, e), and soldiers (c, f). Arrowheads show the mandibles. Scale bars indi-
cate 100 um. Length of each measured region (I, 11, III) is shown (g). (With kind permission
from Springer Science and Business Media: Naturwissenschaften, The TUNEL assay sug-
gests mandibular regression by programmed cell death during presoldier differentiation in
the nasute termite Nasutitermes takasagoensis, 98, 801-806, 2011, Toga, K., Yoda, S., and
Maekawa, K.)
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worker

© 0

FIGURE 4.8 (See color insert.) Scanning electron micrographs of right mandible of minor
workers (a). Sections of day 0 (b) and day 5 (c) minor workers. TUNEL and DAPI staining
of sectioned mandibles from day 5 minor workers (d, e) and a gut-purged medium worker
prior to the molting into major workers (f, g). Black and white arrowheads show correspond-
ing regions. Scale bars indicate 100 wm. (With kind permission from Springer Science and
Business Media: Naturwissenschaften, The TUNEL assay suggests mandibular regression by
programmed cell death during presoldier differentiation in the nasute termite Nasutitermes
takasagoensis, 98, 801-806, 2011, Toga, K., Yoda, S., and Maekawa, K.)

in the mandibular epithelia of day 5 minor workers (Figure 4.8d and e), whereas
such patterns were not observed in mandibles during the molt from female medium
workers to major workers (Figure 4.8f and g). These results suggested that a high
JH titer triggered programmed cell death in the mandibular epithelia, resulting in
mandibular regression as shown in presoldiers.

Because exaggerated organ development requires costs such as resource com-
petition, trade-off relationships could be observed between exaggerated organ
development (horns of beetles and stalked eyes of flies) and the development of
other organs (antenna, eyes, wings, and genitalia) [29-31]. The nasus and frontal
gland can be recognized as exaggerated organs [32]. Therefore, programmed cell
death is probably involved in regulatory mechanisms for the trade-off between
mandibular regression and defensive organ formation.

4.4 CONCLUSION

We have elucidated the histological changes of soldier-specific organ formation using
the artificial induction of presoldier differentiation in N. takasagoensis (Figure 4.9).
Organ development and regression already started in day O minor workers and
continued to occur before the presoldier molt. The organ development and regression
seemed to be involved in organ-specific molecular mechanisms causing the epidermal
folding (nasus disk), the epidermal invagination (frontal gland), and the epithelial
programmed cell death (mandible). These molecular mechanisms are predicted to
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FIGURE 4.9 Time course from hydroprene treatment to presoldier differentiation in
N. takasagoensis. Gut purge occurred after 8—14 days, and all gut-purged minor workers
molted into presoldiers after 15-21 days. Developments of the nasus disk and frontal gland
and regression of mandibles already started just after gut purge (day O minor workers). These
organ formation processes proceeded until just before a presoldier molt (day 5 minor workers).

be triggered by an increase in JH titer. In other insects, JH plays an important role in
polyphenism, in which two or more phenotypes are produced from a single genotype
(reviewed in [33]). Moreover, some patterning genes underlying the production of
polyphenic phenotypes have been identified in butterflies and beetles [25,34-36].
The limb-patterning gene Distal-less was shown to be involved in at least nasus
formation of N. takasagoensis [19], but further molecular developmental approaches
(e.g., analyses of other patterning genes and JH signaling) are needed to determine
the regulatory mechanisms of the morphological modifications during soldier
differentiation. Comparisons of these regulatory mechanisms proposed in termites
with those of other insects could be important in understanding the evolution of
termite castes and polyphenism in insects.
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ABSTRACT

Methoprene is a chemical with similar structure and function to juvenile
hormone (JH) which regulates insect development. Therefore, methoprene
is widely used as an insecticide and as an analog of JH in insect studies.
Methoprene and retinoic acid present a common structural feature. The reti-
noic acid is capable of activating multiple nuclear receptor mediated path-
ways for gene transcription. Understanding the roles of methoprene in the
gene transcription of insects and mammals is important for environmental
security and public health. This chapter summarizes the role of methoprene
in insect gene transcription. Methoprene upregulates the transcription of
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some genes in insects, but did not affect some of the other genes. A number
of these genes are involved in protein synthesis, cell growth, and cell pro-
liferation. Furthermore, methoprene is able to suppress the caspase-induced
programmed cell death in insects. Methoprene and JH regulate gene tran-
scription in insects through their candidate receptor methoprene-tolerant.
Moreover, methoprene is able to bind the mammal retinoic X receptor
(RXR), therefore acting as a transcriptional activator. The retinoic acid plays
roles in the morphogenesis and immune response of insects. JH and retinoic
acid are terpenoids. The similarity of methoprene structure to that of terpe-
noids might explain or indicate similarity in gene transcription functions.
Nevertheless, further studies on the roles of methoprene in mammals and of
retinoic acid in insects are needed.

KEYWORDS

Terpenoids, Methoprene, Juvenile hormone, Retinoic acid, Gene transcription

5.1 CHARACTERISTICS OF METHOPRENE

Methoprene is a chemical with similar structure and function to juvenile hormone
(JH) [1]. JH is an insect hormone that keeps insects in larval state. Insect devel-
opment involves going through larval (pupal for holometabolous insects) stage(s)
before adulthood. Growth is restricted by their hard exoskeleton, which consist of
chitin and proteins. Insects molt several times, including larval molting from one
larval instar to the next and metamorphic molting from the last larval instar to
pupae, which develops into an adult (metamorphosis). Every molting is triggered
by an increase of molting hormone 20-hydroxyecdysone (20E). JH antagonizes
the function of 20E and maintains the larval state by preventing metamorphosis.
The hormone 20E triggers larval molting when JH amount is low and triggers
metamorphic molting in the absence of JH [2]. JH contains a group of sesquiterpe-
noids, named as JH O, JH I, JH II, and JH III [3]. JH O, JH I, JH II, and JH III are
isolated from lepidopteran insects, whereas JH III is found in all insects includ-
ing dipterans [4]. The terpenoid backbone of JH and methoprene is the important
structure recognized by insect [5].

Methoprene and retinoids also present a common structural feature (Figure 5.1).
Retinoids are the derivatives of vitamin A (retinol) [6]. Retinoids are essential for
cellular phenotype and in embryogenesis and apoptosis in mammals [7]. Vitamin A
is obtained from food in the form of retinol, oxidized to retinal by dehydroge-
nases, and then oxidized to retinoic acid, which is the metabolite of vitamin A.
At present, hundreds of genes are known to be regulated by retinoic acid [8]. The
all-trans-retinoic acid (all-rrans RA or ATRA) has been used for the treatment
of various cancers such as lymphoma, leukemia, melanoma, and lung cancer [9].
However, retinoic acid can also increase the risk of cancer because it is capable of
activating multiple nuclear receptor-mediated pathways [10]. In addition, retinoic
acid initiates non-genomic signaling by increasing Ca?* levels in the cells, but the
readout of this process is not clear [11].
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FIGURE 5.1 Structures of (a) methoprene, (b) JH III, and (c) all-trans-retinoic acid.

5.2 FUNCTIONS OF METHOPRENE IN INSECT

Methoprene mimics the function of JH in preventing various insect molting. Therefore,
methoprene is widely used as an insecticide, acting as an insect growth regulator in
drinking water cisterns, meat, milk, mushroom, and cattle feed, and used to control
mosquitoes that cause malaria, dengue, and West Nile virus disease [12]. Methoprene
is also widely used in basic research on lepidopteran insects because of the shortage of
commercially available JHT and II, which are major forms of JH in lepidopteran insects.

Although some studies suggest that methoprene is nontoxic to vertebrates [13],
some also indicate that the sunlight-induced photolytic products of methoprene-
based pesticides cause developmental defects in zebrafish by decreasing the expres-
sion of the sonic hedgehog gene [14]. Clearly, more research is needed to elucidate
further the role of methoprene in gene transcription. However, very few studies
have dealt with methoprene in mammal gene transcription. Since methoprene is
widely used as an insecticide and as an analog of JH in insect research, the roles of
methoprene in the gene transcription of insects are summarized here as reference
for further studies.

5.2.1 METHOPRENE PROMOTES INSECT LIPASE TRANSCRIPTION

The lepidopteran Helicoverpa expresses higher levels of lipase in the midgut
during their last instar feeding period. The function of increased lipase in the
midgut is considered related to digestion of lipids from food. Methoprene is able
to promote lipase expression in larval tissues when injected into the hemocoel of
sixth instar larvae (Figure 5.2) [15], indicating that methoprene promotes lipase
transcription.

Lipases are widely distributed in various organisms and play different functions.
The basic function of lipase is to catalyze the hydrolysis of dietary lipids [16]. For
example, human pancreatic lipases digest fats in the gut juice. In addition, lipases
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FIGURE 5.2 Methoprene regulation of the expression of Ha-lipase in the midgut by
Northern blot analysis. The sixth instar 24 h larvae were injected methoprene (500 ng/larva).
24-0: normal sixth instar 24 h larvae. The durations (hour) after injection are 3, 6, 12, and 18.
Ten micrograms of total RNA was used in each lane, and 18S ribosome RNA was used as a
quantitative control.

play important roles in various cellular processes. Hepatic lipase facilitates the
clearance of plasma triglyceride to avoid accumulation, thus decreasing the risk of
coronary heart disease [17]. Adipose triglyceride lipase and hormone-sensitive lipase
are essential for triglycerol degradation. Diacyl-sn-glycerol (DAG) lipase (DGL) cat-
alyzes the conversion of DAG into the endocannabinoid 2-arachidonoyl-sn-glycerol
(2-AG) in signal transduction [18]. Phospholipase Cs hydrolyzes phospholipids into
DAG and inositol 1,4,5-trisphosphate (IP3) for signaling [19].

Problems in lipid digestion lead to diseases. Proof to this is the finding that
increased lipid mobilization is an indicator of adipose tissue wasting. Also, the exten-
sive loss of body fat is a hallmark of cancer cachexia [20]. ATRA induces upregula-
tion of DGL in neurite of Neuro-2a cells [18]. ATRA also increases the activity of
phospholipases in the release of arachidonic acid for gene transcription in neurites
[21]. Methoprene is presently not known to stimulate mammalian lipase transcription.

5.2.2  METHOPRENE PROMOTES RNA-BINDING PROTEIN
GENE TRANSCRIPTION IN INSECTS

The eukaryotic gene expression is regulated in the gene transcription and pro-
tein translation levels. In protein translation, RNA-binding proteins (RBP) splice
the mRNA [22] and locate the mRNA in the cytoplasm [23]. The RPB Y14 is a
nucleocytoplasmic shuttling protein, which binds mRNA and forms a complex
with other proteins [24]. Y14 imprints the mRNA in the nucleus and exports and
localizes the mRNA to the cytoplasm. Y14 has participation in the enhancement
of protein translation in mammalian cells [25].

Ha-RBP, the ortholog of Y14, was found in the insect Helicoverpa armigera.
Ha-RBP is a single RNA recognition motif (RRM) protein, which is widely
expressed in various tissues during larval growth, but its expression decreases and
stops after larvae pupated. This evidence suggests that Ha-RBP is involved in pro-
tein translation for larval growth. Ha-RBP is located in the nucleus and cytoplasm
of HaEpi cells, a cell line established from H. armigera epidermis [26]. Methoprene
could promote the translocation of Ha-RBP from the nucleus to the cytoplasm via
the methoprene-tolerant (Met) JH receptor candidate, but not by the transcription
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FIGURE 5.3 (See color insert.) Methoprene regulation on the subcellular transloca-
tion of Ha-RBP in HaEpi cells. Panels (A) and (a), negative control that cells treated with
pre-immune serum; panels (B) and (b), cells treated with DMSO; panels (C) and (c), cells
treated with methoprene for 6 h at a final concentration of 1 uM; panels (D) and (d), cells
incubated with dsGFP followed by methoprene incubation; panels E and e, cells incubated
with dsMet followed by methoprene incubation; panels F and f, cells incubated with dsUSP1
followed by methoprene incubation. Green portions (Alexa 488) indicate Ha-RBP detected
with anti-Ha-RBP. Blue portions (DAPI) indicate nuclei. Nu, nucleus; Cy, cytoplasm. Size
bars=50 um. At least three independent experiments were performed.

factor ultraspiracle protein (USP) (Figure 5.3). Knockdown of Ha-RBP decreases
the level of proteins encoded by JH-responsive genes, such as USP, and the actin-
binding protein, calponin, which are needed for JH signaling in gene transcription
[27]. These results indicate that methoprene is able to promote RBP expression and
protein translation for larval growth.
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The role of RBPs in protein translation in cancer is widely recognized. RBPs
bind to mRNAs of cancer-related genes to regulate their half-lives and/or translation.
One of the RBPs relevant to the disease is HuR, which has three RRMs. HuR stabi-
lizes and/or modulates the translation of many target mRNAs, such as endothelial
growth factor mRNA, granulocyte/macrophage colony-stimulating factor mRNA,
and mRNA of myeloid cell leukemia-1, by translocating from the nucleus to the
cytoplasm. HuR is therefore recognized as an important factor in cancer-related gene
expression because it regulates many mRNAs that contribute to the expression of
cancer traits, such as cell proliferation, survival despite the presence of apoptotic
stimuli, and local angiogenesis [28]. High levels of HuR is associated with various
kinds of cancers, including breast, colon, ovarian, prostate, pancreatic, and oral can-
cer, and its function is tightly related to its cytoplasmic distribution [29]. The amino
acid sequence of HuR in humans is different from that of Ha-RBP, which has one
RRM domain, whereas HuR has three.

5.2.3 METHOPRENE PrROMOTES GRIM-19 TRANSCRIPTION
IN HELICOVERPA ARMIGERA

GRIM-19 (genes associated with retinoid—IFN-induced mortality-19) is a compo-
nent of the mitochondrial respiratory complex I, which is a dual-function protein
involved in promoting cell death and maintaining normal mitochondrial metabo-
lism [30]. GRIM-19 is a pro-apoptotic factor in human cancer cell lines. GRIM-19
is induced by interferon (IFN)- and ATRA [31] to promote IFN/ATR A-induced
cell death by producing reactive oxygen species [32]. Overexpression of GRIM-19
in cancer cells suppresses cancer growth [33], whereas its downregulation pro-
motes tumor growth via signal transducer and activator of transcription 3 (STAT3)
pathway [34]. GRIM-19 is also observed to protect cells from apoptosis triggered
by ultraviolet and staurosporine through the maintenance of the mitochondrial
membrane potential [35].

Studies in insects showed that GRIM-19 is essential for maintaining normal
cell growth. The transcription of GRIM-19 is maintained at high levels during
larval growth. Knockdown of GRIM-19, which is done by feeding larvae with
bacteria that express dSRNA, induces programmed cell death of the larval midgut
in vivo. The present study indicates that methoprene promotes GRIM-19 tran-
scription as ATRA does in mammal. Methoprene upregulates the transcription of
GRIM-19 through the JH receptor candidate Met but not through USP (Figure 5.4)
[36]. GRIM-19 is important in maintaining normal cell growth, and its balanced
expression is essential in keeping the normal status of cells. The increase or
decrease in the expression of GRIM-19 results in cell death because of the distur-
bance of mitochondrial respiration. GRIM-19 protein from Helicoverpa is 38%
similar to that of humans.

5.2.4 METHOPRENE PROMOTES CALPONIN TRANSCRIPTION

Methoprene is able to induce the transcription of some set of genes involved in
insect development. One of these genes is calponin, which encodes for calponin
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FIGURE 5.4 Semiquantitative RT-PCR to show the effects of knockdown Ha-Metl (a),
Ha-USPI (b), and Ha-Br-Z2 (c) on the expression of Ha-GRIM-19. Numbers 1-7 are as
follows: normal cells, cells incubated with methoprene, cells treated with dSRNA of GFP
and incubated with methoprene, cells treated with dsSRNA of Met! (a)/ USPI (b)/Br-Z2 (c)
and incubated with methoprene, cells incubated with combined methoprene and 20E, cells
treated with dsSRNA of GFP and incubated with combined methoprene and 20E, and cells
treated with dsRNA of Metl (a)/ USPI (b)/Br-Z2 (c) and incubated with combined metho-
prene and 20E. Error bars represent the standard deviation in three replicates. Asterisks indi-
cate significant differences (Student’s ¢-test, “p < 0.05).
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protein. Calponin contains single calponin-homolog domain (Chd), also known as
Chd64 in Drosophila and transgelin in humans. Chd is known to serve as an actin-
binding domain. The ortholog of calponin in Homo sapiens is called transgelin. The
expression level of transgelin is 25-fold higher in tumorigenic than in nontumori-
genic cells. This elevated level of transgelin promotes cancer stem cell migration
and invasion [37].

Calponin in H. armigera is 34% similar to human transgelin. Helicoverpa calponin
is upregulated by methoprene. The calponin is expressed widely in various tissues
during insect development from embryo to pupa. Methoprene promotes calponin
expression and transfer to the nucleus, without being phosphorylated in the process.
Similarly, 20E also promotes calponin expression and transfer to the nucleus; how-
ever, 20E induces calponin phosphorylation. Phosphorylated calponin does not bind
to USP, but the unphosphorylated calponin binds to USP forming a complex for gene

JH response element

| Gene transcription |

Ecdysone response element®

Gene transcription‘

v

pEe

(2) (b)

FIGURE 5.5 (See color insert.) Chart explaining the function of HaCal in the cross
talk between 20E and JH pathways. (a) 20E pathway: 20E signaling leads HaCal protein
phosphorylation by PKC via an unknown membrane pathway (1), HaCal is translocated into
the nuclei (2), and phosphorylated HaCal does not bind with phosphorylated USP1 in 20E
pathway (3). EcR binds 20E and USP and other chaperone protein to form transcription
complex, combining the 20E response element initiating the gene transcription. (b) JH
pathway: Methoprene maintains HaCal non-phosphorylation and translocates HaCal into
the nuclei (1) and non-phosphorylated HaCal binds with non-phosphorylated USP1 (2). Met
binds JH and interacts with USP and other chaperone proteins, and then this complex binds
JH response element via Met to initiate JH signaling pathway. (From Li, M. et al., Proc.
Natl. Acad. Sci. USA, 108, 638, 2011; Miura, K. et al., FEBS J., 272, 1169, 2005; Li, Y. et al.,
J. Biol. Chem., 282, 37605, 2007; Riddiford, L.M. et al., Insect Biochem. Mol., 33, 1327,
2003; Antoniewski, C. et al., Mol. Cell. Biol., 16, 2977, 1996; Hiruma, K. and Riddiford,
L.M., Dev. Biol., 272, 510, 2004; Lan, Q. et al., Mol. Cell Biol., 19, 4897, 1999; Stone, B.L.
and Thummel, C.S., Cell, 75, 307, 1993; Yao, T.P. et al., Nature, 366, 476, 1993; Yao, T.P.
etal., Cell, 71, 63, 1992.)
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transcription (Figure 5.5). Calponin is necessary for gene transcription in both 20E
and JH pathways. The knockdown of calponin in H. armigera larvae leads to retarded
larval growth and abnormal molting and results in a defective larval development [38].

In addition to calponin, many proteins contain Chd, such as the human Ras
GTPase-activating proteins (Ras-GAP). Ras is a GTPase that is active in the form
of Ras-GTP and inactive in the form of Ras-GDP. The activation of Ras signaling
causes cell growth, cell differentiation, and cell survival. The guanine nucleotide
exchange factors (GEF) regulate the conversion of Ras-GDP to Ras-GTP for the
activation of Ras signaling. Ras-GAP promotes the GTPase activity of Ras-GTP
to facilitate the hydrolysis of Ras-GTP to Ras-GDP to lower down Ras activity
[48]. Ras-GAP is therefore a tumor suppressor [49]. Further study is still needed to
investigate the effect of methoprene in Ras-GAP or Ras expression.

5.2.5 METHOPRENE FUNCTIONS AS JH ANALOG IN INSECT STUDIES

Methoprene is widely used in insect development studies because its structure is
similar to JH. Methoprene is able to bind to Met, the candidate receptor of JH, as
JH III does in Tribolium castaneum [50]. The mutation of Met results in 100-fold
resistance to methoprene in Drosophila [51]. The exogenous JH and methoprene can
induce the deposition of a second pupal cuticle in Lepidoptera and Coleoptera, but
not in Diptera, because the imaginal disks of dipterans (flies) are not sensitive to JH
[52]. Methoprene is shown to prevent the caspase-induced programmed cell death in
Drosophila fat body [53], in the midgut of Aedes aegypti [54,55], and in T. castaneum
[56]. Methoprene is able to upregulate the transcription of trypsin proteases that are
involved in protein digestion in the midgut or in the epidermis [57,58] and suppress
the carboxypeptidase A transcription, which results in the degradation of epidermal
proteins in apolysis during molting in H. armigera [59]. In addition to the effect
of methoprene in holometabolous insects, methoprene through Met and Kriippel-
homolog 1 blocks the development of the hemimetabolous insect, Pyrrhocoris
apterus, to adulthood [60], suggesting that methoprene plays roles in various insects.

Methoprene does not affect all gene expressions, for example, methoprene has
no effect on the expression of protein phosphatase 6 [61] and of the small GTPase
Rab32 [62]. One difference between JH and methoprene is that JH is degradable by
juvenile hormone esterase (JHE), whereas methoprene is not degradable by JHE [63].

The active concentration of methoprene in insect S2 cells and BmS5 cells is from
0.1 to 10 uM. Concentrations over 10 uM may result in cell toxicity and death [64].
Mosquitoes are very sensitive to methoprene. The concentration used in A. aegypti
larvae feeding that resulted in death is 0.41-200 ng/mL (1 uM =310 ng/mL) [55].
The concentration of methoprene in HaEpi cell line is from 1 to 10 uM, and in the
sixth instar larvae, the concentration at 500 ng/larva does not show toxicity [38,65].

5.3 RECEPTORS OF METHOPRENE

Because JH receptor is not determined, the mechanism of JH in gene transcription
regulation is not clear. Some studies indicate that JH might trigger signaling through
a membrane receptor and protein kinase C [66], although the pathway involved is
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not clear yet. Other studies suggest that JH enters the nucleus and interacts with its
receptor for gene transcription. One JH receptor candidate is Met, which mediates
the antimetamorphic effect of JH [51]. Met is a transcription factor that belongs to
the bHLH-PAS family [67]. The mutation of Met gene results in the tolerance for
JH and methoprene [68]. This indicates that methoprene and JH require the same
receptor for activation. Tribolium Met can directly bind JH and methoprene through
a hydrophobic pocket within its PAS-B domain [50].

However, loss of Met function is not lethal in Drosophila, suggesting that Met is
not a unique and vital gene in JH signaling [69]. The reason is that there is a homolog
of Met, the germ cell-expressed (GCE) gene. The GCE is also a bHLH-PAS protein
with high sequence identity to Met, which can compensate for Met deficiency [70].
Met and GCE can be found in Drosophila, but only Met can be found in Coleoptera
and mosquitoes. The Met homologs from mosquitoes are more similar to GCE than
to Met. The absence of a second homologous gene in mosquitoes suggests a single
Met gene in lower Diptera [71]. Met and GCE are proposed paralogs derived from an
ancestral gene [71]. Drosophila Met and GCE are experienced divergent evolution-
ary pressures following the duplication of an ancestral gce-like gene found in less
derived holometabolous insects [72].

The gene encoding GCE (gce) is a vital gene where a deficiency causes death
in Drosophila [4,73]. Met deficiency does not cause death in Drosophila [4], but it
causes precocious metamorphosis in Tribolium [68]. Other study indicates that Met
and GCE are partially redundant in transducing JH action. Drosophila larvae are
fully viable if Met and GCE null single mutant but died during the larval-pupal tran-
sition after the Met and GCE double mutant [74]. Met and GCE use a novel nuclear
receptor motif LIXXL to bind the FTZ-F1 nuclear receptor [75]. JH or JH agonists
induce homodimer MET-MET and heterodimer MET-GCE formation [76].

Another possible JH receptor is the USP, a nuclear hormone receptor that is the
ortholog of the mammal retinoid-X receptor (RXR), which binds to JH and metho-
prene with low affinity [77]; its role as a JH receptor is disputed. Studies on GRIM-19,
RBP, and calponin in Helicoverpa suggest that methoprene, through Met, regulates
gene transcription [38].

There are two classes of retinoid receptors in mammals: the retinoic acid recep-
tor (RAR), which binds to ATRA, and the RXR, which exclusively binds to 9-cis
retinoic acid (9cisRA) [78]. Both retinoic acid and JH are terpenoids that have simi-
lar structure, with the 9cisRA tested to best mimic JH [5]. Some studies show that
methoprene is able to bind to mammal RXR and act as a transcriptional activator
[79], which suggests a possible role of methoprene in mammalian cells. The metabo-
lite of methoprene, methoprene acid, is capable of activating transcription through
RAR/RXR response elements [80]. Similarly, the ATRA plays important roles in
molting and immune response of the insect Rhodnius prolixus [5]. These evidences
suggest that both methoprene and retinoic acid are active in insects and mammals.

5.4 SUMMARY

Methoprene is widely used as a pest control chemical and is structurally and func-
tionally similar to JH and retinoic acid. Methoprene may play roles in insect or
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Methoprene/JH Retinoic acid

RXR/RAR |

3

Gene transcription

Gene transcription

Insect Mammal

FIGURE 5.6 Schematic illustrations of the pathways and readouts of JH/methoprene and
retinoic acid. Met, Methoprene-tolerant protein; RXR, retinoid-X receptor; RAR, retinoic
acid receptor. The dashed line indicates the need for further study.

mammalian gene transcription. Some of the genes upregulated by methoprene may
promote cell growth. Methoprene may function in mammalian cells for gene tran-
scription, and the retinoic acid may function in insects, too. Methoprene and JH,
through Met, regulate the gene transcription. The existence of a plasma membrane
receptor for JH/methoprene warrants further investigation (Figure 5.6).
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ABSTRACT

Juvenile hormone analogs (JHAS) are insecticides that mimic insect juvenile
hormone and interfere with normal insect development. JHAs disrupt a hor-
monal system that is specific to insects and thus kill some target pests while
causing less harm to nontarget organisms than broad-spectrum insecticides.
JHASs have become increasingly important in agriculture worldwide, where
their specificity and efficacy has been used selectively to reduce target pest
populations while conserving key natural enemies. Evolution of resistance
by target pests, however, can reduce the effectiveness of JHAs. This chapter
reviews how models have been used to analyze the evolution of pest resis-
tance to JHAs and to develop strategies to delay pest resistance. We describe
results of general mathematical models and a case study showing how simu-
lation, conceptual, and spatially explicit statistical models have been applied
to better understand and manage evolution of resistance to the JHA pyri-
proxyfen by the whitefly, Bemisia tabaci. Our results show how genetic,
ecological, and human factors affect evolution of pest resistance to JHAs.
Integrating knowledge of these factors into models can help to produce use-
ful predictions about pest resistance to JHAs and to improve management
strategies for preserving the effectiveness of this important functional class
of insecticides.

KEYWORDS

Integrated pest management, Insect resistance management, Modeling,
Population genetics, Pyriproxyfen, Resistance evolution, Whitefly

6.1 INTRODUCTION

Controlling pests with selective insecticides that have relatively small environmental
impacts and conserve beneficial species is a cornerstone of integrated pest
management (IPM) [1-3]. Juvenile hormone analogs (JHAs) are one functional
class of selective insecticides that are used to control a variety of insect pests
including mosquitoes [4—6] and whiteflies [7-10]. JHAs mimic the action of juvenile
hormone in insects, disrupting natural hormonal balance and interfering with
growth and development [7,8,11,12]. JHAs are generally pest specific and therefore
have minimal impacts on beneficial or other nontarget species, particularly when
compared to broad-spectrum alternatives [11,13,14]. The selectivity of JHAs, and
their high efficacy, has led to their widespread use in pest management programs
worldwide.

The sustained effectiveness of JHAs in agricultural ecosystems could be threatened
by the evolution of resistance in target pests [4,9,15-24]. Evolution of insecticide
resistance is a global problem that provides some of the most compelling examples
of adaptation by natural selection [25-29]. Multiple insect species have evolved
resistance to JHAs in the laboratory and the field, including mosquitoes [4,15],
whiteflies [16—18], stored-grain beetles [19], fruit flies [20,21], codling moth [22],
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and houseflies [23,24]. However, the sustained efficacy of JHAs could be preserved
by insect resistance management (IRM) practices, which aim to delay or prevent the
evolution of resistance in target pests [26,29].

Analytical, conceptual, and simulation models are often used as part of IRM
programs to evaluate the potential for resistance evolution in pests. Insecticide
resistance models integrate knowledge of behaviors, genetics, life history, and
population dynamics to make predictions about the rates of resistance evolution
and the sustainability of insecticides under various environmental and management
conditions [26,29-41]. Such models vary widely in their complexity and their aims.
Population genetics models are used to determine how genetic factors may influence
resistance evolution [37,40]. Such models are often not built on a foundation of
population dynamics, but nonetheless can sometimes provide robust predictions
on relative rates of resistance evolution in particular pests [40]. Conceptual IPM
models demonstrate how practitioners of IRM can manage pest resistance by limiting
insecticide usage, by diversifying their insecticide use, and by partitioning insecticides
across space and time [42,43]. These models often visually represent relationships
between pest avoidance, pest sampling, biological control, and chemical control
while also showing feedbacks between biological and management practices [44].
Simulation models integrate population dynamics with genetics across implicit or
spatially explicit landscapes [31-36,38,39]. In general, all three types of models are
often useful in guiding real-world IPM strategies.

Geographic information system (GIS)-based statistical analyses are also well
suited for the development of resistance management strategies. In contrast to simu-
lation models that use sensitivity analyses to explore the effects of specific factors on
resistance evolution, statistical approaches use field data to assess the global effects
of many biological processes. For example, statistical analyses have been used to
examine the effectiveness of refuges in delaying resistance evolution. Refuges are
habitats where an insecticide considered for resistance management is not applied,
which promotes the survival of susceptible insects that can mate with rare resistant
insects. Spatially explicit statistical analyses can provide information on the area
over which refuges can reduce the frequency of resistance and therefore directly
contribute to the development of resistance management strategies [45,46].

In this chapter, we demonstrate the role of models in analyzing factors associated
with the evolution of resistance to JHAs. In Sections 6.2 and 6.3, we detail factors
associated with population genetics and ecology of resistance and present theory and
results from general IRM and IPM models for a generic JHA insecticide. Through
these examples, we aim to present the theoretical principles underlying the evolution
of resistance and detail the conditions under which resistance can be delayed or
prevented. In Section 6.4, we build on this foundation to describe how resistance
and pest management models have been used as part of IRM and IPM programs
in a system involving the JHA pyriproxyfen targeting whiteflies in the Bemisia
tabaci species complex. This system is amenable to a broad review as it has been
well characterized from a population genetics, ecological, and pest management
perspective. In addition, the dynamics of whiteflies and pyriproxyfen have been
studied with models that examine genetics, ecology, and anthropogenic factors,
unlike any other system involving a JHA to date. By reviewing this case study,
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we demonstrate how models combined with extensive real-world field data provide a
solid foundation for sustaining the efficacy of a JHA insecticide.

6.2 POPULATION GENETICS OF RESISTANCE

Evolution of insecticide resistance involves a genetically based decrease in
susceptibility to a toxin [40,47,48]. Resistance occurs when a population that has
experienced selection from an insecticide becomes significantly less susceptible
than a conspecific population with less exposure [40]. Carriere et al. [41] detailed
three conditions necessary for the evolution of insecticide resistance (see also [49]):
(1) genetic variation in resistance to an insecticide, (2) heritability of resistance,
and (3) selective advantage of resistance. In the following sections, we present
results of general IRM models showing how variation in these factors is expected to
affect resistance evolution to a generic JHA insecticide. We also focus on the role of
pest reproductive strategy, which could have broad implications for the evolution of
resistance to JHAs [9,50,51].

6.2.1 GENETIC MODELS

Simple population genetics models of insecticide resistance often assume that
resistance is controlled by a single locus with two alleles (S for susceptibility, R for
resistance) [9,37,40,50-53]. Although the single-locus model may be simplistic
compared with polygenic models of resistance [54,55], it is appropriate in cases
where selection pressure is high and favors single mutations of relatively large
effect to increase survival to a toxin [41]. For example, resistance to the JHA
methoprene in fruit flies and mosquitoes is affected by mutations at a single locus,
the methoprene-tolerant (Met) bHLH-PAS gene [15,20,21]. Similarly, Horowitz
et al. [56] used a population genetics approach to demonstrate that whitefly
resistance to the JHA pyriproxyfen was likely conferred by resistance alleles at
a single locus. Horowitz and colleagues showed that mortality curves for haploid
males produced by virgin heterozygous females (whiteflies are haplodiploid)
displayed a broad plateau at 50% mortality. This indicated that males had only
two genotypes (S or R), as would be the case under the single-locus model [56].
The assumption of monogenic resistance thus provides an effective foundation for
predictions of resistance evolution to a generic JHA.

The single-locus model is typically applied to diploid pests (but see Section 6.2.2)
that are assumed to have infinitely large populations and mate randomly across an
implicit landscape. In the model, the change in frequency of the R allele in each
generation is [50-53]

quln](V‘V;—WS) 6.1
M

where
p is the frequency of the S allele
q is the frequency of the R allele
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W; is the marginal fitness of the S allele
W, is the marginal fitness of the R allele
W,, is the mean fitness of all the genotypes

In this model, the direction of change is determined solely by the term W,— W,
such that the resistance allele frequency (g) increases when Wy>W,. Under
Hardy—Weinberg equilibrium, Wg=pW+qWgs, while Wp=qWg.+pW,,, where
Wy, Wee, and Wy, are the fitness of the SS, RS, and RR genotypes, respectively
[50-53]. Thus, g increases under the following conditions:

qWir + pWrs > pWss + qWhes 6.2)

Thus, resistance evolution is affected by the intensity of selection on susceptible,
heterozygous, and resistant genotypes; the allele frequencies; and the dominance of
resistance. The dominance of resistance (h) relates the survival of heterozygotes to
homozygotes and can be calculated as [57,58]

WRS - WSS
WRR - WSS

h= 6.3)

Using this model, we can generate predictions about the evolution of insecticide
resistance to a generic JHA insecticide. For simplicity, we assume that the JHA is
applied to 100% of the landscape (such a landscape might represent a single field).
This assumption is relaxed in Section 6.3.1. For the purposes of this chapter, we
assume that the initial resistance allele frequency (g) is 0.001 and that the JHA
causes either relatively high or low mortality (99% or 50% mortality to homozy-
gous susceptible insects, respectively) and that homozygous-resistant insects incur
no mortality. We report the number of generations for g to increase from the initial
value to 0.5. Results of this model are shown in Table 6.1.

The model described here yields several important predictions about the evolution
of resistance to a typical JHA insecticide. Increased efficacy of the toxin leads to a
greater selective advantage for resistant individuals and faster resistance evolution.
The potential trade-off, of course, is that JHAs with lower efficacy may not be as
effective at controlling pests. Furthermore, resistance evolution occurs faster in pests
when resistance is inherited as an additive or dominant trait. The effect of dominance
is magnified when toxin concentrations are low. Experiments should therefore attempt
to quantify both the efficacy of JHA insecticides and the dominance of resistance to
make realistic predictions about the sustainability of any novel JHA (see Section 6.4).

6.2.2 PEST REPRODUCTIVE STRATEGY

Several studies have highlighted the role of reproductive strategy on the evolution
of resistance to pesticides [9,50,51]. JHAs commercialized to date target several
diploid pests such as mosquitoes [4—6], codling moths [22], and flies [20,21,23,24].
Other pests targeted by JHAs, however, have alternative reproductive strategies.
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TABLE 6.1

Generations for Resistance to Evolve
(Resistance Allele Frequency Increased from
0.001 to 0.5) in a Hypothetical Model of a JHA
Insecticide That Causes High or Low Mortality

JHA Efficacy Wi Wes Wy h Generations

High 0.01 0.01 1 0 15
High 0.01  0.505 1 0.5 3
High 001 1 1 1 3
Low 0.5 0.5 1 0 1012
Low 0.5 0.75 1 0.5 18
Low 0.5 1 1 1 12

Models were conducted with varying survival of susceptible
homozygotes (W), heterozygotes (Wys), and resistant homozy-
gotes (Wp,) and varying dominance of resistance (/2). Dominance
values of 0, 0.5, and 1 indicate recessive, additive, or dominant
resistance, respectively.

For example, whiteflies, which are commonly targeted by the JHA pyriproxyfen
[7-10], have a haplodiploid reproductive strategy [58]. Furthermore, many species of
aphids and soft scale insects, which are also affected by JHAs [59—-63], have a par-
thenogenetic reproductive strategy for most or all of their life cycle. Here, we present
models that demonstrate the role of pest reproductive strategy on resistance evolution
to our generic JHA insecticide.

In haplodiploid species, females contribute twice as much to the gene pool as
males [64]. In turn, the change in resistance allele frequency in each generation can
be calculated as [51]

Aq =|: 2 pg(Wesem = Wsipem) :| i [ PIWriptar = WS/Mal):| (6.4)
3VVM [Fem 3VVM /Mal
where
Wy kem and Wy . are the marginal fitness of the S and R alleles, respectively, in
females

Woma and Wy, are the fitness of the S and R genotypes in males
W ren 1S the mean fitness in females
W ouma 1S the mean fitness in males

Under these conditions, g declines when [51]

2qWerirem + 2D Wssirem + Wrintar > 2qWrs tpem + 20 Wss + Wy pga 6.5
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In parthenogenetic organisms, selection proceeds based on the fitness of each
genotype relative to the mean fitness. In this case, each genotype is a distinct lineage,
and the change in the resistant allele frequency each generation is [51]

quF,RR +O.5F’Rs_q (6.6)

where F'y, and F'y, are the frequency of the RS and RR genotypes, respectively,
after selection and q is the frequency of the R allele before selection. Here, ¢ declines
under the following condition [51]:

In Figure 6.1, we iterate Equations 6.1, 6.4, and 6.6 over time to show the effects
of reproductive strategy on the evolution of resistance to a high-dose JHA, when
resistance is recessive and the JHA is sprayed on 100% of the landscape. Using this
model, resistance evolves faster in haplodiploid and parthenogenetic pests than in
diploid pests. Thus, JHAs targeting whiteflies and aphids may be more prone to the
evolution of resistance than JHAs targeting mosquitoes, flies, or other diploid pests
(all else being equal).

Although results here represent a single scenario, Crowder et al. [51] showed
over a broad range of conditions that resistance to JHAs evolves faster in non-
diploid compared with diploid pests. Thus, the sustainability of any novel JHA
will likely be strongly affected by the reproductive strategy of the target pest.
Although pest reproductive strategy has received limited attention in regard
to its effects on resistance evolution, the results demonstrate that a detailed
understanding of pest reproduction is important for predicting the evolution of
resistance to any JHA.
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FIGURE 6.1 Frequency of the allele conferring resistance to the typical JHA over 20
generations in with a model of a JHA insecticide that causes high mortality when resistance
is recessive (1% survival of homozygous susceptible females, heterozygous females,
and susceptible males).
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6.3 ECOLOGY OF RESISTANCE

The evolution of resistance to insecticides is affected by pest population dynamics.
Fields that are intensively sprayed with insecticides may act as sinks where
populations decline, while unsprayed refuges may act as sources [41]. In turn, gene
flow between source and sink habitats affects the evolution of resistance by affecting
the selective advantage of resistant genotypes across landscapes [41,65,66]. In this
section, we detail a few key factors that play a role in shaping these dynamics and
that might affect resistance to JHAs.

6.3.1 Pest DYNAMICS

As detailed in Section 6.2, the selective advantage for resistant genotypes is affected
by pesticide efficacy and dominance of resistance, among other factors. Using a
simple model, we demonstrated how these factors affect resistance to a generic JHA
sprayed on 100% of the landscape. This situation is roughly analogous to a single
crop field being treated repeatedly with a JHA. Here, we expand this model to include
two crop fields (one treated and one untreated) to demonstrate how incorporating
simple pest population dynamics and dispersal into models can influence the rate of
resistance evolution to a generic JHA insecticide.

To demonstrate the role of dispersal, we relax the assumption that the generic JHA
is sprayed in 100% of the landscape. For many insecticides, refuges of unsprayed
crops are used to delay the evolution of resistance [31-40,50-53]. The refuge
strategy involves leaving habitats of untreated crops throughout the landscape, which
will produce large numbers of susceptible insects that can disperse and mate with
rare resistant pests surviving on insecticide-treated crops [41,67]. When resistance
is inherited as a recessive trait, heterozygous offspring from such matings are killed
by the insecticide, and resistance evolution can be delayed. The refuge strategy can
also be effective when resistance is additive or dominant, particularly when refuges
are large, as refuges decrease the selective advantage of resistant phenotypes across
landscapes regardless of dominance.

The refuge strategy depends critically on insect dispersal between patches of treated
and untreated crops. Models that consider population dynamics are thus more likely
to be realistic than models that do not consider this parameter. In Table 6.2, we show
results of our diploid model developed in Section 6.2.1 with the added assumption that
the landscape contains two patches. The first patch is treated with the insecticide and
makes up 90% or 50% of the total landscape. The second patch is the untreated refuge
and makes up the remaining 10% or 50% of the landscape. We assume two levels of
insect dispersal: (1) Dispersal is high and random mating between individuals from the
refuge and treated crop patches occurs or (2) dispersal is low and there is no mating
between individuals from refuges or treated patches (i.e., all mating occurs in the natal
patch). Results of this model clearly show that maintaining refuges in even a small
proportion of the landscape can substantially delay the evolution of resistance (Table
6.2). However, the effectiveness of refuges declines with low levels of pest dispersal
and additive or dominant resistance. As with genetically engineered insecticidal crops,
where the refuge strategy has been extensively deployed to combat the evolution of
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TABLE 6.2

Generations for Resistance to Evolve (Resistance Allele
Frequency Increased from 0.001 to 0.5) in a Hypothetical
Model of a JHA Insecticide That Causes High or Low Mortality

JHA

Efficacy Wi Wi Wg h Refuge Dispersal  Generations
High 0.01 0.01 1 0 10% High 129
High 0.01 0.505 1 0.5 10% High 5
Low 0.5 0.5 1 0 10% High 1235
Low 0.5 0.75 1 0.5 10% High 21
High 0.01 0.01 1 0 10% Low 15
High 0.01 0.505 1 0.5 10% Low 3
Low 0.5 0.5 1 0 10% Low 1012
Low 0.5 0.75 1 0.5 10% Low 18
High 0.01 0.01 1 0 50% High 1032
High 0.01 0.505 1 0.5 50% High 18
Low 0.5 0.5 1 0 50% High 3022
Low 0.5 0.75 1 0.5 50% High 46
High 0.01 0.01 1 0 50% Low 1032
High 0.01 0.505 1 0.5 50% Low 18
Low 0.5 0.5 1 0 50% Low 1023
Low 0.5 0.75 1 0.5 50% Low 41

Models were conducted with varying survival of susceptible homozygotes (W),
heterozygotes (Wy), and resistant homozygotes (W) and recessive or additive
resistance (k) and varying refuge size (proportion of landscape left unsprayed). We
also vary the proportion of individuals that disperse between habitat patches from
high (insects move and mate randomly across the landscape) to low (no insects
move across the landscape; mating is entirely in the natal field). Dominance values
of 0 and 0.5 recessive or additive resistance, respectively.

resistance [31-41,51-53], results here suggest that the refuge strategy is also likely to be
effective in delaying resistance to JHA insecticides (see also Section 6.4.4).

6.3.2 LANDscAPE CONFIGURATION

As in Section 6.2.1, the model developed in Section 6.3.1 is admittedly simple,
containing only two habitat patches (treated and treated). Of course, it is possible
to develop a wide array of models that assume more complex, spatially explicit
landscapes [35,38,68,69]. In these cases, refuges may be modeled as separate
crop patches or mixed into fields containing areas of treated crops. Furthermore,
models may contain a mosaic of different crop types [70], with various crops in
the landscape serving as source/sink habitats and differentially impacting resistance
evolution. Such spatially explicit models may be useful to predict how growers
might modify the landscape to naturally control pests and delay resistance evolution.
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Yet, evidence from studies of resistance to genetically modified crops suggests that
simple models like the ones developed in Section 6.2.1 and 6.3.1 can also yield
important insights for understanding the evolution of resistance across landscapes
[40,41]. Thus, as spatially explicit models have not been considered in the context
of resistance to JHAs, we do not expand further on these ideas here, although the
literature on genetically modified crops contains many examples of spatially explicit
models if readers wish to pursue this topic further.

6.4 CASE STUDY: WHITEFLIES AND PYRIPROXYFEN

In the previous sections, we describe how population genetics and ecological models
can be applied to examine the evolution of resistance to a generic JHA insecticide.
In this section, we build on these principles to describe the use of models to examine
resistance by the whitefly B. fabaci to the JHA pyriproxyfen. This system has been
well studied using ecological, conceptual, population genetics, and statistical models
and therefore is an excellent example of how models can be used to develop IRM and
IPM strategies for a pest-JHA complex.

6.4.1 NATURAL HISTORY

Whiteflies in the B. tabaci species complex include several of the world’s most destructive
crop pests [10,58,71,72]. The B. tabaci species complex consists of over 20 species [73]
that attack field and greenhouse crops across subtropical and tropical regions [10,58,
71-75]. The species now known as Middle East—Asia Minor [ (MEAMI) in the B. fabaci
complex [73] was introduced to the United States at the end of the 1980s [10,74] and
is a key pest of cotton and other crops. This species was previously referred to as the
B biotype of B. tabaci [63], although we use the new MEAMI designation here.

After establishing in the United States, MEAMI quickly became a pest of field
and horticultural crops. In the U.S. Southwest, where we focus our analysis, MEAM1
is a pest of cotton, melon, vegetable, and ornamental crops [10,76]. Throughout the
1990s, broad-spectrum insecticides such as pyrethroids, organophosphates, and
carbamates were heavily applied for control of this pest [10,76]. Unfortunately,
broad-spectrum insecticides eventually failed to provide effective whitefly control in
many regions due to the evolution of insecticide resistance [10,76]. This was followed
by growers applying more insecticides at higher concentrations yet still failing to
obtain effective control and produce marketable yields of several crops [76].

The JHA pyriproxyfen was introduced for control of MEAM1 in 1996 [10,76]. Use
of this insecticide to control MEAM1 exemplifies integration of a selective JHA into
an IPM system [9,10,76]. A single, timely application of pyriproxyfen (or an insect
growth regulator (IGR) buprofezin, a chitin inhibitor, which was also introduced in
1996) led to dramatic reductions in broad-spectrum insecticide use, helped conserve
natural enemies, and restored farmer’s profits, concurrent with a reduction in pest
problems due to whiteflies [10,14,76]. However, laboratory bioassays revealed an area-
wide decline in susceptibility of field-collected MEAMI populations to pyriproxyfen
over time [18,77]. Thus, there was significant concern that resistance evolution could
threaten the long-term sustainability of pyriproxyfen as a management tool.
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Throughout this section, we detail how models have been used to explore the
biological, environmental, and anthropogenic factors that affect resistance to
pyriproxyfen in MEAMI. We start with simple population genetics models and build
models of increasing complexity. Understanding the role of each of these factors,
and their interactions, has proven essential for implementing effective and economic
management strategies for this pest and provides a foundation for similar studies in
related systems.

6.4.2 GEeNETICS AND EcoLOGY OF PYRIPROXYFEN RESISTANCE

Crowder et al. [78,79] developed a model of the population genetics and ecology
of pyriproxyfen resistance. The model assumed resistance is controlled by a single
locus with two alleles (S and R, see Section 6.2.1). Additionally, the model assumed
there were only two crop patches, one treated with pyriproxyfen and one untreated
refuge. However, there are several differences between this model and the two-patch
models described earlier. First, the present model was based on a solid foundation of
MEAMI population dynamics. Population growth was controlled by several factors,
including fecundity, development time, mortality, and contained functions relating
these factors to environmental conditions such as temperature. Second, the model
contained more complex dynamics for exposure to the JHA. Pyriproxyfen was only
applied to fields when MEAMI populations exceeded an action threshold of three
adults per leaf, based on IPM guidelines [80,81]. Additionally, pyriproxyfen decayed
in the environment, and selection pressure favoring resistant genotypes was reduced
as the toxin degraded. Thus, while the model was built on the principles developed in
Sections 6.2 and 6.3, it provides an example of how this foundation can be expanded
with detailed knowledge of pest biology and JHA characteristics. Here, we review
the key findings of this model and point out the similarities and dissimilarities from
the models developed earlier.

Initial simulations of this model, which were conducted before detailed experi-
ments on whitefly resistance to pyriproxyfen had been performed, suggested that
pyriproxyfen resistance would evolve faster with increases in toxin concentration
and dominance of resistance (Figure 6.2a) [78]. These results are in line with the
predictions of the analytical models described in Section 6.2. Similarly, resistance
evolved faster when the initial frequency of the resistance allele increased or the pro-
portion of the region treated with pyriproxyfen increased [78]. Factors that delayed
the evolution of resistance included greater susceptibility of males compared to
females and fitness costs associated with resistance. Greater susceptibility in males
delayed resistance because whiteflies are haplodiploid, and greater male susceptibil-
ity prevents the rapid buildup of resistance alleles in haploid males [50,78]. Fitness
costs occur when resistant individuals have lower fitness in refuges compared to sus-
ceptible individuals, which often occurs because mutations that confer resistance to
a toxin may disrupt the normal gene function and decrease fitness in the absence of
the toxin [80—-82]. Fitness costs, therefore, reduce the selective advantage of resistant
alleles across landscapes and slow resistance evolution.

These initial simulations were subsequently used to inform empirical investiga-
tions of whitefly resistance to pyriproxyfen. Based on model results, Crowder and
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FIGURE 6.2 Years for resistance to pyriproxyfen to evolve in (a) simulations with variable
dominance and pyriproxyfen concentration and (b) simulations with variable concentrations,
where dominance varied across concentrations. In (a), the high and low toxin concentrations
killed 95% and 50% of susceptible insects, respectively, and concentration was varied
independently from dominance. In (b), the concentrations were the same, although the
dominance of resistance was 0.25 with a high concentration and 0.7 with a low concentration.
In both panels, the years to resistance report the number of years for the resistance allele
frequency to increase from 0.001 to 0.5, in a landscape with 20% pyriproxyfen-treated fields
and 80% refuges. (From Crowder, D.W. et al., J. Econ. Entomol., 99, 1396, 2006; Crowder,
D.W. et al., Environ. Entomol., 37, 1514, 2008.)
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colleagues investigated the toxicity of pyriproxyfen to whiteflies, the dominance of
resistance, susceptibility in males compared to females, and fitness costs [83-85].
In field-collected populations selected or not for resistance to pyriproxyfen, fitness
costs were not associated with pyriproxyfen resistance, and males and females were
equally susceptible to the toxin [83—85]. Thus, factors initially identified to delay the
evolution of resistance in simulations appeared not to occur under field conditions.
Furthermore, the dominance of resistance was affected by toxin concentration [83].
When concentrations were low (killing 50% of whiteflies), resistance was inherited as
a semidominant trait (estimated 2=0.7); when concentrations were high (killing >95%
of whiteflies), resistance was inherited as a semirecessive trait (estimated ~2=0.25).
When this change in dominance was incorporated into simulations, the difference
between high- and low-dose simulations declined (Figure 6.2b) [79].

The models of Crowder et al. [78,81] also demonstrated how population genetics
of resistance to a JHA are linked with pest population dynamics (see also Section
6.4.3). In simulations, whitefly densities increased as pyriproxyfen resistance evolved.
This occurred because pyriproxyfen became less effective at controlling resistant
compared to susceptible whitefly populations. However, large-scale changes in
resistance allele frequency preceded measurable changes in population densities. For
example, when pyriproxyfen concentrations were low (killing 50% of susceptible
insects), consistent with field efficacy of this JHA [83], the predicted resistance allele
frequency increased from 0.001 to 0.4 in 20 years under normal growing conditions
[79]. Over this same time period, however, simulated maximum yearly whitefly
densities only increased from 8 to 12 adults per leaf [79]. Such a small increase
in densities may be undetected by growers, despite the fact that resistance allele
frequencies had increased 400-fold. This may be a realistic prediction because pest
densities are typically affected by a myriad of factors, including host plant quality,
weather, insecticide use, and natural enemies [10,14]; year-to-year variability in
densities might be attributed to these factors rather than the evolution of resistance.
These simulation results may partially explain why bioassays detected measurable
changes in pyriproxyfen resistance from field populations in the first 10 years after
pyriproxyfen was introduced [18,77], but pyriproxyfen remained effective in the
field and no failures due to resistance were reported over the same period [86]. Yet,
simulations suggest that the progressive buildup in resistance would eventually lead
to measurable increases in whitefly abundance, if pyriproxyfen remained a key
insecticide for whitefly control. For example, when resistance allele frequencies
increased to 0.9, whitefly populations were predicted to exceed 25 adults per leaf
[79]. In this case, simulations predicted a critical threshold of the frequency of
resistance above which population densities would be significantly impacted.

These results suggest that for MEAMI1 and pyriproxyfen, and likely other
pest-JHA complexes, models can reconcile differences between bioassays and
observed efficacy of JHAs in the field. Similar to other cases of insecticide resistance
[36,87,88], simulation models of whiteflies and pyriproxyfen revealed that resistance
evolution leads to increased pest densities under field conditions [78,79]. Such models
linking resistance with pest population dynamics could increase the usefulness of
resistance bioassays as a predictor of future pest densities and provide a tool for growers
to decide when to implement preventative IRM strategies [79]. Furthermore, the
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MEAM 1—pyriproxyfen system shows how models can be used to inform experiments
and in turn how experimental data can be reincorporated into future models. This
back-and-forth process is important for investigating resistance to JHAs and other
insecticides, as models provide testable hypotheses, while experimental data improve
and challenge the realism of model predictions.

6.4.3 INTEGRATED PEST MANAGEMENT AND PYRIPROXYFEN RESISTANCE

6.4.3.1 Relationship between IPM and IRM

Resistance management is an important aspect of IPM that helps preserve the
efficacy of key modes of action (MOAs). As such, IRM is a component of IPM.
At the same time, a central tenet of IRM is to limit the use of MOAs to the lowest
practical level. As a mutual goal of IPM—Iimiting the use of control agents to the
lowest practical level—IPM is a component of IRM. This apparent strange loop [89]
or self-referential paradox is reminiscent of Escher’s famous lithograph, Drawing
Hands, where it appears that each hand is drawing the image of the other. In this way,
IPM and IRM are intimately and inextricably linked. However, despite large gains in
the research and understanding of resistance mechanisms, ecological dynamics, and
insights gained through modeling efforts, our conceptual model for practitioners of
IRM for JHASs and other insecticides suggests there are only three basic tools at their
disposal: (1) limiting usage of MOAs, (2) diversifying MOAs, and (3) partitioning
MOA:s in space or time so as to segregate their usage [42,43].

The central tenet of IPM to apply control agents only when needed feeds
directly into limiting key MOAs in IRM and thus reducing the potential for
resistance evolution (see Section 6.4.3.2). As Arizona prepared to recover from the
devastating infestations of pyrethroid-resistant whitefly populations in the mid-
1990s, growers consented to and pursued a Section 18 Emergency Exemption from
registration for pyriproxyfen and buprofezin that placed extraordinary limits on the
usage of these IGRs [10,90]. For the years when these exemptions were in place,
growers were limited to just one use of each IGR per cotton season. This constraint
remains in place today for pyriproxyfen use in U.S. cotton. In turn, Arizona cotton
growers were faced with diversifying MOAs as much as possible both before and
after the availability of the JHA pyriproxyfen. Prior to 1996, growers followed a
rotation of non-pyrethroid mixtures and synergized pyrethroid mixtures, dependent
on just four classes of chemistry (pyrethroids, organophosphates, carbamates, and
a cyclodiene) [91]. This limited rotation of related chemistries with severe natural
enemy destruction was not sustainable. Starting in 1996, cotton growers had access
to these same chemistries as well as pyriproxyfen and a second IGR buprofezin.
As effective options were developed thereafter, new classes of chemistry and MOAs
became available and were incorporated into IPM and IRM guidelines [92].

The final basic tactic in IRM is the partitioning of MOAs through space or time so as
to segregate usage of key MOAs. Before 1996, MOAs were organized into a two-stage
IRM program that encouraged a temporal partitioning of chemistry, non-pyrethroid
mixtures first followed later by pyrethroid mixtures as needed [93]. Once pyriproxyfen
became available in 1996, a three-stage IRM temporal partitioning became possible
with the two IGRs used first and in rotation with each other as needed and followed by
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broader-spectrum MOAs, as needed [10,17,94]. This plan was updated as new selective
and partially selective MOAs became available for use in cotton [92].

The initial exemption and first labels for pyriproxyfen in the United States were
confined to cotton usage only. However, over time the USEPA Section 3 label was
expanded to include many other crops, some of which are grown in Arizona. This
created additional risks for selection of resistance in this mobile, multi-host pest. First,
in an effort to rationalize buprofezin usage and later to accommodate the multi-crop
registrations of neonicotinoids, Arizona researchers partnered with industry to create
aplan for partitioning MOAs over ecological space. These voluntary cross-commodity
guidelines included key agreements among growers of melons, vegetables, and cotton
[17,95]. Today’s labels for pyriproxyfen effectively confine its use to cotton in our
multi-crop system, because of Arizona only restrictions preventing usage on brassica
leafy vegetables and cucurbits. So, pyriproxyfen benefits by the most extreme IRM
measures: limited to one use per season, generally followed by rotations to other
chemistries as needed, and confined in ecological space to cotton only.

6.4.3.2 Role of Natural Enemies in IPM and IRM

Many arthropod predators, insect parasitoids, and several groups of fungi attack B.
tabaci [96-98]. In Arizona, about 20 species of arthropod predators and five parasitoid
species are known to attack this pest in cotton [14,99-102], and the overall contribution
of natural enemies to B. fabaci population dynamics has been well studied and
defined [103-105]. Infield life table studies have shown that natural levels of mortality
to immature stages of B. fabaci routinely exceed 90% in cotton [103]. Sucking
predators contribute the highest levels of mortality followed by dislodgement, which
results from a combination of chewing predation and the effects of weather events.
Various species of specialist parasitoids contribute a small amount of mortality, but
predation has consistently been identified as the key factor governing changes in
generational mortality and associated population dynamics [103—105]. This key role
played by predators has further been demonstrated by the ease with which B. tabaci
population resurgence and outbreak can be precipitated by the use of broad-spectrum
insecticides that disrupt the natural enemy community [106,107].

The IPM and IRM strategies in place for B. tabaci and other key pests in Arizona
cotton were designed to take advantage of the biological control provided by the
natural enemy complex, particularly predators. The central role of biological control
is realized through routine scouting and adherence to economic thresholds to ensure
that insecticides are used only as a last resort [92,108,109]. Further, when insecti-
cides are needed, recommendations are for the use of highly selective insecticides
such as the JHA pyriproxyfen. Although this insecticide has been associated with
harm to certain natural enemy species in some systems [44], exhaustive field-based
evaluations have clearly demonstrated its high selectivity [14,110] and high efficacy
in our cropping system [106]. The success of the current cotton IPM program rests
on a broad base of understanding and tactics that largely enable us to avoid pest
problems in the first place [10,110]. One key element is recognition of the seasonal
cycle of this mobile multi-voltine, multi-crop pest and the important role it plays in
regional pest dynamics and in guiding management decisions. Life table studies on
multiple crops and plants hosting B. tabaci have shown that, much like in cotton,
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FIGURE 6.3 Comparison between actual and simulated population dynamics of B. tabaci
in cotton. A temperature-dependent, stage-structured model was used to simulate densities
and was initiated and reset for each generation with actual field densities and observed levels
of mortality from life tables. (From Naranjo, S.E. and Ellsworth, P.C., Entomol. Exp. Appl.,
116, 93, 2005.)

natural levels of generation mortality >90% are common [14,105]. The one notable
exception is spring cantaloupes where mortality is typically less than 70%. This low
level of mortality on a key spring crop along with the crop’s juxtaposition with cotton
in the seasonal cycle heavily influences IPM and IRM considerations.

Comparison of outputs from a simple temperature-dependent population dynam-
ics model with field data shows the pulses of dispersal into cotton in the early sea-
son and out of cotton in late season (Figure 6.3). Close correspondence of model
and data in the middle portion of the season shows that dynamics during this period
are largely controlled by endogenous factors such as predation [103]. This indi-
cates that crops and their management are connected in the landscape. This under-
standing is the basis of the cross-commodity IRM plan discussed earlier, which
strives to limit the exposure of adjacent B. tabaci generations to the same MOA. It
would appear that movement occurs in pulses only at the boundaries of seasonal
overlaps between different crops and perhaps between fields of the same crop dif-
fering in maturity. Thus, an assumption of random genetic mixing among insects
from targeted and refuge crops over time may not accurately represent true system
behavior.

The general role of biological control in mediating resistance evolution remains
unclear. The rate of resistance evolution is expected to be affected by natural
enemies if they differentially attack individuals with and without resistance
alleles [111]. In general, resistance is expected to be slowed by natural enemies if
they disproportionally attack individuals with resistance alleles, while resistance is
expected to be accelerated if natural enemies disproportionally attack susceptible
individuals. Empirical and modeling studies, however, have shown that there is no
uniform outcome relative to the positive or negative role of biological control in
resistance evolution [112—114], suggesting that each system needs to be examined
separately. While biological control operates at a high level in the management of
B. tabaci in cotton, specific experimental or modeling studies have not been done
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FIGURE 6.4 Mean survivorship (+SEM) curves for B. fabaci in cotton fields treated with
IGR (insecticides) or left untreated (UTC) based on life table studies, 1997-1999 Maricopa,
AZ, USA. The inset shows the small difference in mortality that separates outbreak
populations from well-managed populations of the pest. The low level of survivorship under
any conditions is a result of high mortality of larvae, in part due to control provided by
natural enemies. (From Naranjo, S.E. and Ellsworth, P.C., Entomol. Exp. Appl., 116, 93,
2005; Naranjo, S.E. and Ellsworth, P.C., Biol. Control, 51, 458, 2009.)

so far to assess its role in moderating insecticide resistance evolution. However,
biological control in the Arizona cotton system likely played a positive role in
preserving the efficacy of pyriproxyfen and ostensibly buffering against insecticide
resistance evolution. Natural enemies are effective in limiting populations of
B. tabaci [104], leading to low levels of larval survival even when insecticides are not
applied (Figure 6.4). The use of selective compounds such as pyriproxyfen preserves
natural enemy populations, which can provide population control after insecticides
are applied [10,104]. Thus, selection for resistance could be diminished, because
whitefly individuals surviving exposure to pyriproxyfen are then vulnerable to
high levels of natural control, which could diminish the fitness advantage provided
by resistance alleles. In contrast, this bioresidual is much smaller or nonexistent
with the use of broader-spectrum insecticides resulting in more sprays and greater
opportunity for resistance selection to those MOAs. Indeed, measurable levels of
pyriproxyfen resistance in bioassays have not been associated with any observed
levels of performance reduction in the field [86]. This may well be the result of active
biological control and a strong bioresidual component in the control system.

6.4.3.3 IPM and IRM and Their Impacts on Modeling Resistance

Comprehensive sampling and threshold systems that guide the precise usage of
selective JHAs like pyriproxyfen are key to achieving the goal of limited usage
[92,94]. The active role that bioresidual plays in selective systems to further limit
the whitefly population growth both serves to limit the need for intervention
with additional MOAs and potentially buffer or mitigate incipient resistances to
pyriproxyfen and other chemistries. Therefore, as a broad goal to limit the usage of
all MOAs, Arizona has achieved remarkable gains, spraying on average just 1.5 times
for all arthropod pests in the cotton system in recent years, compared with greater
than 10 times in some years before the registration of pyriproxyfen.
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Prevention of resistance to any chemistry including JHAs is supported by the
existence and strategic usage of a diversity of MOAs. Pyriproxyfen was introduced
to our cotton system along with buprofezin, however, growers often favored
pyriproxyfen over buprofezin, which placed additional pressure on this key JHA.
By 2002, however, acetamiprid was registered in cotton and proved to be the most
active foliar neonicotinoid against whiteflies. Since 2003, it has been the most
popular whitefly control agent in cotton, and pyriproxyfen usage remains very steady
but low at ca. 0.1-0.4 sprays. Four major MOAs are now routinely used to control
whiteflies in a three-stage program that attempts to temporally partition usage based
on efficacy and selectivity of compounds [92]. Many other prevention tactics serve
to avoid or lower whitefly densities including the adoption of smooth leaf cultivars,
planting date management, and water and nitrogen inputs optimized for plant health.
Together with other tactics practiced widely by growers, this created opportunity
for broad-scale or area-wide lowering of pest densities [17]. In an effort to partition
MOA:s in space and isolate key chemistry to certain crops and cropping scenarios,
cotton growers agreed to forego the usage of neonicotinoids when they were growing
within multi-crop communities (as defined by cotton fields grown together with
melons and vegetables within a 2 mile radius) [95]. These voluntary restrictions on
neonicotinoid use placed further pressure on pyriproxyfen for growers of cotton in
these multi-cropped areas. Nevertheless, there has been an area-wide lowering of
whitefly densities even in untreated crops, largely due to broad-scale adoption of
soil-applied neonicotinoids in vegetables and adoption of the cotton IPM program
that emphasized use of IGRs first (J. Palumbo, personal communication).

The combined result of the Arizona whitefly management programs is much
smaller populations and fewer sprays deployed in cotton and other crops to control
whiteflies. This is an extraordinary example of cross-commodity organization for
resistance management (see [115]) and a reversal of the classic pesticide treadmill:
fewer and more selective sprays lead to better performance of natural controls that
in turn lead to fewer primary and secondary pest problems in turn leading yet again
to fewer sprays. Yet, monitoring data show a progressive decline in pyriproxyfen
susceptibility in statewide whitefly populations starting around 2001 (Figure 6.5).
Similarly, modeling results [78,79] suggest risks of resistance are high and progressive
in our system. These facts, at least for now, seem to contradict the great successes
currently seen in the Arizona cotton whitefly system and the continued performance of
pyriproxyfen as a whitefly control agent [86]. As susceptibility in laboratory assays
has declined, pyriproxyfen usage has either declined as a proportion of whitefly
sprays made or stayed about the same as a proportion of all insect sprays made
(Figure 6.5).

The causes underlying differences between these empirical outcomes from
laboratory bioassay and modeling results and current sustained effectiveness
of pyriproxyfen in the field remain unclear. As mentioned earlier (Section 6.4.2),
sustained effectiveness of pyriproxyfen may be due to the relatively small increase
in population density of whiteflies resulting from initial increases in resistance
allele frequency. Other reasons could include complexity in the control dynamic
that has not been sufficiently accounted for in models (such as the importance of
natural control, see Section 6.4.3.2) or other facts on the ground that violate basic
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FIGURE 6.5 Statewide resistance levels (1996-2006; % mortality at 0.1 pg/mL) and
pyriproxyfen usage as a percentage of whitefly or all arthropod foliar sprays (1996-2011).
Empirical and modeling data suggest declines in susceptibility of whiteflies to pyriproxyfen.
Yet statewide data would suggest that pyriproxyfen usage has not changed significantly over
time. Furthermore, field performance assays showed continued efficacy of pyriproxyfen,
similar to the period of its introduction in Arizona cotton. (From Dennehy, T.J., DeGain,
B.A., Harpold, V.S., Brown, J.K., Morin, S., Fabrick, J.A., Byrne, F.J., and Nichols, R.L., New
challenges to management of whitefly resistance to insecticides in Arizona, in 1999 Vegetable
Report, Series P-144, D. Byrne ed., University of Arizona, College of Agriculture, Tucson,
AZ, 2006; Ellsworth, P.C. et al., Arizona Cotton Insect Losses, University of Arizona, College
of Agriculture and Life Sciences, Cooperative Extension, Tucson, AZ, 2012; Ellsworth, P.C.,
Barkley, V., Dennehy, T., Degain, B., Ellingston, B., Naranjo, S., and Sims, M., Assessment of
Knack field performance through precision field and laboratory bioassays in cotton, Arizona
Cotton Report (2007), pp. 167-182.)

assumptions included in models of our system. For example, the bioresidual of
our system whereby pyriproxyfen selection pressures act but are then masked by
the overwhelming buffering potential of the natural control system may be key in
future modeling efforts. Nonetheless, the relationships among evolution, ecology,
and management in the Arizona pyriproxyfen—cotton whitefly system have provided
a detailed understanding useful and supportive of our conceptual model for the
practice of IRM: limit, diversify, and partition MOAs through space and time to the
maximum practical extent.

6.4.4 PRrEDICTING VARIATION IN RESISTANCE ACROSS CROP LANDSCAPES

As described earlier in this chapter, analytical, conceptual, and simulation models
can provide insights for resistance management to JHAs and other insecticides; yet,
they often rely on parameters that are difficult to measure or have not been estimated,
which introduces uncertainty into their predictions. For example, Crowder et al.
[79] used simulation models to investigate how refuges of cotton, melons, and other
crops might delay the evolution of resistance to pyriproxyfen in B. tabaci. They used
sensitivity analysis to investigate the effects of a range of plausible values for the
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movement of susceptible individuals from refuges of various crops to treated cotton
fields. Although the simulation results indicated that both cotton and non-cotton
refuges could delay resistance, the lack of data on movement led to uncertainty about
the capacity of refuges of different crops to delay resistance.

A complementary modeling approach entails spatially explicit statistical models,
which can use empirical data to explore the relationship between spatial variation in
resistance and the abundance and distribution of potential refuges and treated fields
[45,46]. A prerequisite for such spatial analyses is mapping the relevant habitat patches
near “focal sites” where the frequency of resistance is known. Using GIS technology,
one can measure the area of putative refuges and treated fields in rings of increasing
radius around each focal site. Because refuges provide susceptible individuals, a
negative association is expected between resistance frequency at the focal sites and
the area of refuges. However, susceptible insects moving from refuges to treated
fields are diluted in space as the distance between refuges and focal sites increases.
Accordingly, at some distance from a given type of refuge, the refuges will have no
statistically significant effect on resistance at the focal sites. The greatest distance (i.e.,
ring width) at which the association between a type of refuge and resistance at the
focal sites is significant defines the zone of influence of this refuge type [45,46]. The
same logic applies for analyzing the effects of treated fields on resistance at various
spatial scales, but because treated fields select for resistance, we expect a positive
association between resistance frequency at focal sites and the area of treated fields.

We applied this spatially explicit statistical modeling approach to analyze
B. tabaci resistance to pyriproxyfen, which has been monitored in Arizona cotton
fields since 1996 [18,116]. The monitoring data include the proportion of whitefly
eggs surviving a diagnostic concentration of 0.1 Lg pyriproxyfen/mL in laboratory
bioassays [18]. This diagnostic concentration separates individuals with and without
resistance alleles and thus provides estimates of the frequency of resistance. In our
statistical analyses, we used data on resistance from 84 focal sites sampled in four
counties of central Arizona between 2002 and 2008 [46].

We conducted our analyses at distances of up to 3 km from focal sites, with
this distance based on previously reported data on whitefly movement [118—120].
Both laboratory and field data indicate that B. tabaci dispersal is bimodal, with
most adults moving short distances when suitable host plants are present and a small
percentage moving longer distances. In laboratory flight chambers, most individ-
uals responded to vegetative cues and landed rapidly, although 6% of individuals
remained airborne for long periods [120]. In the field in Arizona, the number of
whiteflies captured outside an infested cantaloupe field declined steadily as distance
from the field increased to 750 m but rose between 1.5 and 2.5 km from the canta-
loupe field [119]. In California, a significant positive association occurred between
the area of spring melons within a distance of 2.5 km from cotton fields and whitefly
density in the cotton fields [118].

To test the hypothesis that the distribution of refuges and treated cotton affects the
evolution of resistance, we used GIS technology and remote sensing data to map the
distribution of four types of whitefly host plants at up to 3 km from the focal sites
monitored for resistance [46]. The habitats considered were treated cotton and three
types of putative refuges that were not sprayed with pyriproxyfen: alfalfa, melons,
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and untreated cotton. We analyzed the first 4 years of data to formulate statistical
models of the association between resistance to pyriproxyfen and abundance of
the four host plant types near each of 46 sites sampled from 2002 to 2005 and to
determine the maximum spatial scale at which each habitat affected resistance. In
the first set of analyses, among-year variation in resistance to pyriproxyfen and
abundance of the four host plant types was removed statistically before pooling
the data. Because there was also variation among the four counties in pyriproxyfen
use and in the distribution of the whitefly host plants, we also performed a second
set of analyses after statistically removing the effects of county and year. Results
from both sets of analyses showed that the areas of melon and alfalfa fields were
not significantly associated with spatial variation in pyriproxyfen resistance [46].
However, both sets of analyses revealed that the areas of untreated cotton were
negatively associated with resistance and areas of treated cotton were positively
associated with resistance. In both sets of analyses, the zone of influence of cotton
refuges was 3.0 km, while the maximum distance at which treated cotton acted as a
source of resistance was 2.75 km.

We tested the predictive power of the analyses as follows: we used models
developed from the data of 2002 to 2005 to make predictions about resistance to
pyriproxyfen in 38 populations sampled from 2006 to 2009. For predictions, we
used the multiple regression models from 2002 to 2005 at the spatial scale that
explained the highest proportion of spatial variation in resistance for those years.
To calculate the predicted values for resistance to pyriproxyfen, we substituted the
areas of treated and untreated cotton near the 38 sites sampled during 20062009
into these multiple regression models. The association between predicted and
observed resistance to pyriproxyfen was positive and significant in both analyses,
confirming that cotton fields treated with pyriproxyfen selected for resistance, while
untreated cotton fields delayed resistance [46].

The statistical approach described here complemented previous simulation
models assessing the role of cotton and non-cotton refuges in delaying the evolution
of resistance [78,79]. While simulation models demonstrated that non-cotton refuges
could delay resistance if they provided a sufficient number of susceptible individuals,
the statistical analyses showed that non-cotton refuges did not affect the evolution
of resistance in central Arizona [46]. This lack of concordance might be due in part
to the periods of immigration of whiteflies into and out of cotton field (Figure 6.3,
see Section 6.4.3). Empirical evidence for the refuge strategy had been limited to
small-scale experiments and historical comparisons across species and regions
[40,48,121,122]. The results of the statistical approach described here provide more
direct support for effectiveness of the refuge strategy in the field based on large-scale
data for a single species in a particular region [46].

6.5 CONCLUSIONS

This chapter shows how models can be used to make predictions about the evolution
of resistance by pests to JHAs. Simple mathematical models like those described
in Sections 6.2 and 6.3 might be particularly useful in predicting the sustainabil-
ity of JHAs before they are widely deployed or in cases where limited information
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is available on pest-JHA interactions. Section 6.4 describes how more complex
simulation models (Section 6.4.2) and conceptual models (Section 6.4.3) can link
detailed knowledge of pest biology with real-world IRM and IPM strategies. Such
models may be particularly useful when more extensive information is available,
as is the case for the MEAMI—pyriproxyfen system. Complex simulation models
may be useful in guiding IRM and IPM when they link the evolution of resistance
to population dynamics under field conditions, especially when used in conjunction
with observational studies and experiments to predict the sustainability of JHAs.
Conceptual models may be useful when examining links between insecticide use,
natural enemies, pest biology, and management strategies. In Section 6.4.4, we also
show that statistical models linking spatial variation in resistance to the abundance
and distribution of various types of host plants can contribute in designing precise
resistance management strategies for JHA.

However, even in well-developed study systems, models may not always capture
all elements of pest biology, and predictions can differ from the evolution of resistance
in field populations. The differences may be explained by difficulties in accurately
measuring resistance allele frequencies in the field (Section 6.4.2), the lack of spatial
resolution for depicting changes in resistance dynamics (Section 6.4.4), and unexplained
complexity in field conditions affecting resistance evolution (Section 6.4.3), among
other factors. In these cases, models can be used to highlight gaps in knowledge, while
experiments can inform models. This feedback between models and empirical data
is imperative for studying the long-term dynamics of resistance to JHAs and other
insecticides. As many pests have evolved resistance to JHAs, the management of
resistance is likely to be an ongoing problem, particularly as the use of this functional
class of insecticides increases worldwide. We hope that models can help to address this
problem by increasing the ability to understand and manage pest resistance to JHAs.
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ABSTRACT

A number of xenobiotics released into the environment have the potential to
disturb the normal functioning of the endocrine system of invertebrates and
vertebrates. The juvenile hormone analogues have been designed specifically
for such an activity against insect pest populations and for vector control.
Unfortunately, their adverse effects are also observed on nontarget species.
The goal of this chapter was to review the different population dynamics
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models derived for estimating the endocrine disruption potential of juvenoids
on nontarget aquatic and terrestrial organisms. Advantages and limitations of
the different modeling approaches were discussed.

KEYWORDS

Endocrine disruptor, Nontarget species, Deterministic model, Stochastic
model, Honey bee

7.1 INTRODUCTION

In both invertebrates and vertebrates, endocrine signaling is involved in pivotal
physiological functions such as reproduction, embryo development, and growth [1].
While the basic endocrine strategy to regulate biological processes has been
widely conserved throughout evolution, specific components of the endocrine
system used in the various systematic groups have undergone significant evo-
lutionary divergence resulting in distinct differences between taxa [2]. This is
especially true for invertebrates exhibiting a wide range of different chemical
signaling systems, with some of them which are highly specific, while others
are not far from those found in vertebrates [3]. The endocrine systems of inver-
tebrates generally regulate the same processes that are found in vertebrates, but
they present a higher diversity.

In the last 60 years, a wide range of xenobiotics have been shown to adversely
affect wildlife at both the individual and population level by altering the normal func-
tioning of their reproductive, growth, and immune systems. Thus, for example, until
the late 1950s, sparrowhawks (Accipiter nisus L.) were common and widespread in
Britain, but they suddenly showed a marked decline in numbers, almost disappearing
from some districts. Their population crash followed the widespread introduction of
pesticides, namely, aldrin, dieldrin, and DDT [4]. Such declines in bird populations
were also observed in other countries where hydrophobic organochlorine pesticides
were commonly used [4—6]. Another well-known example of endocrine disruption in
wildlife, also discovered accidentally, deals with the effect of tributyltin (TBT) on the
mollusks. While neogastropod mollusks are gonochoristic (i.e., sexes are separate),
in 1970, Blaber [7] observed that many females of dog whelks (Nucella lapillus) had
a penis-like structure behind the right tentacle. Shortly thereafter, Smith [8] reported
similar reproductive abnormalities in the American mud snail (/lyanassa obsoleta,
formerly Nassarius obsoletus) on the Connecticut coast and coined the term imposex
to describe this superimposition of male characters onto females [9]. At this stage,
no link had been made with pollution but 10 years later, Smith [10,11] showed that
levels of imposex in 1. obsoleta were elevated close to marinas where the mollusks
were exposed to antifouling paints including TBT. These chemicals that are able to
disturb the normal physiology and endocrinology of organisms are called endocrine
disruptors. An endocrine-disrupting chemical (EDC) is an exogenous substance or
mixture that alters the functions of the endocrine system and consequently causes
adverse health effects in an intact organism, its progeny or (sub)population [12]. It is
obvious that the juvenile hormone analogues belong to EDCs.
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There is a considerable body of observational and experimental evidence of
individual-level effects produced by exposure of invertebrates to EDCs including
juvenile hormone analogues [3,7-11,13-21]. However, to fully understand the
ecological impacts of EDCs on the ecosystems, these adverse effects must be
obligatorily analyzed at the population level. This can be done through the use of
models specifically designed for such a task. A mathematical model is a simplified
representation of a system. Generally, a model has an information input, an infor-
mation processor, and an output of expected result(s). Its construction requires
making some assumptions about the essential structure of the studied system and
about the relationships existing between its constitutive elements. This means
that to make a model, certain compromises have to be made with reality. In other
words, a model will be never able to fully reproduce a real-world system [22].
Various modeling methods exist to extrapolate adverse effects from individual
to population levels [23-25]. In this context, an attempt was made to review the
different population dynamics models aiming at simulating the endocrine disrup-
tion potential of juvenile hormone analogues on nontarget aquatic and terrestrial
invertebrates.

7.2 AQUATIC COMPARTMENT

7.2.1 SimpLE EQUATION MODEL

By virtue of their nature and position between marine and terrestrial environments,
estuaries are the focal point for a wide variety of human activities, and consequently
they suffer from an intensive pollution [26,27]. Hill [28] studied the effects of
S-methoprene on Eurypanopeus depressus, a xanthid mud crab susceptible to be
exposed in an estuarine setting during surface water runoff or pesticide-spraying
events. Randomly selected larvae were exposed in a dynamic, flow-through system
with nominal concentrations of 2, 4, 8, 16, 32, and 64 pug/L of methoprene and com-
pared against control exposures without juvenile hormone analogue. Stage-specific
survival and intermolt duration were monitored for each of the four zoeal stages
(Z"to Z) through the metamorphosis of the megalopae (Meg) to the postlarval first
crab stage (C-1). Subsamples of each stage and the surviving crabs were weighed and
dried to determine ash weights and carbon, hydrogen, and nitrogen composition. The
authors showed that exposure to 32 and 64 pg/L highly increased larval mortality
(from hatch to C-1), 63% and 75%, respectively. Exposure to 2 pg/L led to a reduc-
tion in mean dry weight of 28.3%, the greatest decrease being obtained at 64 ng/L
with a reduction of 35.2% in dry weights compared to the control. This effect is non-
negligible because it is well-known that smaller-sized crabs are subject to increased
mortality due to predation and their reproduction potential is also lower [29]. Altered
patterns of carbohydrate, lipid, and protein use and storage were observed. Energy
content (joules/individual) of all larval stages was reduced. Megalopa showed
significant reductions for all the concentrations, but the most important decrease
in mean energy content equaled 71% (compared with the control) at 32 ug/L. The
effect persisted into the juvenile crab stage with energy reduced from 54% to 74%.
At the population level, this can impact fecundity and hatching success. Hill [28]



130 Juvenile Hormones and Juvenoids

used an exponential decay model (Equation 7.1) to characterize the evolution of the
population (N) of E. depressus. Z is the total mortality rate, which is composed of
the instantaneous mortality rate due to fishing efforts and the instantaneous rate of
mortality due to all the other factors such as predation and disease:

N,=Nge (7.1)

An increase of annual mortality rate of 58% as observed in E. depressus by the
author is equivalent to a drop in Z of 0.55. Using Equation 7.1, a decrease of 40% in
the population is expected after one time interval and a decrease of 78% after three
time intervals. Consequences on shrimp fishery production in Cuba were extrapo-
lated from simulation results [28].

7.2.2  MATRIX MODEL

The effects of methoprene on the survival and reproduction of Americamysis bahia
were determined [30] by exposing the organisms to nominal concentrations of
0,4, 8, 16, 32, 62, and 125 ng/L, which were selected to test mysid responses over
a range of sublethal and lethal concentrations. Fifteen juveniles <24 h old were
placed into each of the three replicates of each treatment concentration. Methoprene
was added into the vessels with a time step of 3 min. Survival was observed daily
throughout the life cycle. Ovigerous females were isolated and paired with mature
males. The number of young released by each female was recorded daily. Stage-
specific survival and reproduction data were used as inputs in the matrix models.
Only data for concentrations <62 g methoprene/L were used because at 125 pg/L,
total mortality occurred within 4 days of exposure. The life cycle of A. bahia was
divided into the seven following stages: (1) early juveniles; <24 h old; (2) juveniles
of 1-4 days old; (3) advanced juveniles of 5-10 days old; (4) young adults of 11-16
days old; (5) early breeders of 17-20 days old; (6) intermediate breeders of 21-24
days old; and (7) late breeders of 25-28 days old. The three last stages allowed to
better identify the potential effects of delayed brood release induced by methoprene
on the population dynamics.

For each methoprene concentration (x;), the following density-independent,
deterministic population projection matrix (4,,) was developed [30]:

0 0 0 0 Fyw Fuw Fuw
G Pay O 0 0 0 0
0 Gy Prow O 0 0 0
Aw =] 0 0 G Py O 0 0
0 0 0 Gie Poow O 0
0 0 0 0 Gy Puw O
0 0 0 0 0 Guw Pogp
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In A, P,, is the probability of surviving and remaining in stage i, G, is the
probability of an individual growing from stage i to stage i+ 1, and F,, is the repro-
ductive output of female in stage i. P, G, ), and F;,, values, later generically denoted
a;, were calculated from the experimental data using Equations 7.2 to 7.4:

P = Cinll =Yiw] (7.2)
Gi(y) = iVt (7.3)

F _n (1+Pi)mi+Gimi+l
i(x) = Oi(x) >

(74)

where
;. 1s the stage-specific survival probability
Yo 18 the transition probability
m; is the average number of offspring per female in stage i

The lower order vital rates, o, and Y,,,, were calculated as follows:

Number of deaths in stage i

Gi(x) - 1 (75)

* Totalindividual daysinstagei

Yicry = [Gi(x)/k(x)]n —[Gi({c)/l(x)]Ti_l
| (G100 /2o ] -1

(7.6)

In Equation 7.6, Tis the duration of the stage interval and A, is the population growth
rate calculated as the dominant eigenvalue of the matrix A,. An iterative approach
was used to calculate ¥, values by setting an initial value of A, to 1.1. Generally a
A, value of 1 is used and a population with a A, <1 will decline, whereas those with
k(x)>1 will increase [31]. Here, the value of 1.1 was selected to avoid mathematical
complication where the denominator of Equation 7.6 was reduced to zero. The result-
ing values of v, were used to estimate the entries of a second matrix used to produce
a second value of A, and this was repeated till stabilization of A, values.

To evaluate the contribution of each vital rate, a;, to A for each concentration x,
the sensitivity (s;) of A to changes in a; was calculated for each concentration from
Equation 7.7 [30]:

87\. V,'Wj
oA W 7.7
S da;  {vw) (7.7)

In Equation 7.7, w, the stable age distribution, is the right eigenvector of the matrix, vis
the corresponding left eigenvector representing the reproductive value of each stage,
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and (vw) is the scalar product. An elasticity analysis was used to determine which
stage-specific individual-level response showed the largest influence on population
growth rate A.

A sensitivity matrix derived from Equation 7.7 determined the change in A if
a change occurred to a;. An elasticity matrix for each methoprene concentration
established the relative contribution of each vital rate to A and was related to

sensitivity (Equation 7.8):
a; \[ or
e (x)(aa,.j) (7.8)

A decomposition method was used to estimate how each vital rate changed with the
concentrations of methoprene and the relative contribution of these impacts on the
changes in A. The decomposition analysis was based on the sensitivity of A to the vital
rates dA/da; and the change of vital rate with methoprene concentration, (da;;,,/0x).
The latter expression was obtained as the slope of a nonparametric regression
using loess smoother. The smoothing parameter was selected by cross validation
to minimize the prediction error. The decomposition of A change with methoprene
concentration, computed with Equation 7.9, is a function of the sensitivity value of
each vital rate and magnitude of its change:

AL oA 0,y
~Z_3 (x) ij(x) 79

The stage-structured model showed a population decline of about 5% with an increase
in the concentration of methoprene from 0 to 62 ug/L, the population growth rate (A)
always remaining >1.

The nonparametric regression of the effects of methoprene concentrations on
age-specific survival (P), growth (G)), and fecundity (F;) was affected at different
concentrations. At< 16 ug/L, P; of early juveniles through early breeders were less
than control populations, the largest decrease being observed in young adults of
11-16 days old. P, of breeders of 17-28 days old were higher than controls at <16 pg/L
but decreased between 16 and 31 pg/L and then stabilized till 62 pg/L. Limited
effects were observed on G, at the highest concentrations. The most important
effects were observed with F,. A delay in reproduction was not observed; but rather,
a decrease in the reproduction appeared in all adult stages at 4 and 8 pg/L. Young
production then increased at 16 pg/L in all stages. At the highest concentration, the
greatest impact was observed on the early breeders of 17-20 days old [30].

Despite the high value of P,, measured by the elasticity analysis, the decomposition
analysis showed that neither P, nor G, contributed significantly to the change in A at
the opposite of F,.

Thus, the modeling study showed that population growth rate (A) of A. bahia
generally declined with the increase in tested methoprene concentrations. This
leads to anticipate a population-level effect with a risk of population extinction if
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the concentrations are too high [32]. This might be a realistic scenario as McKenney
and Celestial [33] showed that 125 pg/L of methoprene led to 100% of mortality of
mysids within 4 days of exposure.

It is noteworthy that in another study, the modeling results obtained with
methoprene were compared to those recorded with endosulfan, tribufos, fenthion,
thiobencarb, and silver nitrate [34].

7.3 TERRESTRIAL COMPARTMENT

7.3.1 COMPARTMENT MODEL

Honey bees are beneficial insects playing a key role in pollinating wild and crop
plants. Unfortunately, during their foraging activity they can be exposed to insec-
ticides and other xenobiotics. The members of the colony can also be poisoned
indirectly by contaminated food brought back to the hive by the foragers. As a
result, there is a need to estimate the adverse effects of chemicals against all the
hive inhabitants [35].

Thompson et al. [17] studied the effects of fenoxycarb on the honey bee colony
development, queen rearing, and drone sperm production. Test solution was prepared
by diluting fenoxycarb with 50% w/v sucrose to a rate equivalent to its maximum
application rate on crops (0.6 kg Insegar/200 L=750 mg AI/L). On day zero, a con-
trol dosage was performed. Cells were marked to follow the evolution of the eggs
as well as the other developmental stages. Colonies were fed with fenoxycarb in
sucrose, while another one was only fed with sucrose to be used as control. Doses
were administered via a glass beaker containing 500 mL treated or control sucrose
placed within the brood chamber. After 1 week, the beaker was removed and the
remaining volume was recorded. A mean of 400 mL was consumed by the five colo-
nies treated with fenoxycarb. The calculated dose per brood cell was estimated to be
50 pg fenoxycarb/brood cell. An overall mean replacement/removal of 24% for the
eggs marked over the 5 week period was observed in the control, while it was of 46%
in the treated colonies with fenoxycarb. The maximum replacement was 30% in week
1 for the controls versus 60% for fenoxycarb. Replacement of all brood stages was
assessed in the colonies weekly after treatment. Control replacement of all stages of
brood was 5% versus 21% one week after fenoxycarb treatment. Fenoxycarb did not
affect sperm production. Colonies treated with fenoxycarb declined during the sea-
son earlier than the control and started the season slower. One colony did not survive
over the winter. The fenoxycarb treatment resulted in significantly lower numbers of
bees in the month after treatment and in the following year with significantly lower
numbers of bees in May than in the control. The same trend was observed with the
brood. The number of queens, which successfully mated and laid eggs, was 74%
in the control and 0% (0/23) in the fenoxycarb-treated colonies. In addition, 17/23
queens were present but showed virgin queen characteristics (e.g., small abdomen)
suggesting they had not been mated. Studies in the second year included placing the
mated queens into small colonies to record their rate of egg laying. There were no
eggs laid by any queens treated with fenoxycarb [17]. These experimental data were
used to run a population dynamics model [17, 36-38] simulating egg laying in the
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colony, worker bee brood (eggs/larvae/pupae), drone bee brood, and an adult honey
bee population consisting of younger nurse bees and older forager bees. Adult honey
bee workers normally change over from brood-rearing work to foraging work at
about 21 days old.

The number of adult bees, A, at the beginning of Julian day 7+ 1 was described
by Equation 7.10 [36]:

A=A +e—AQ (7.10)

where
e, is the number of eggs laid 21 days previously
Q, is the mortality parameter at time ¢

The rate at which the queen lays eggs is dependent on season and various factors
such as pollen and nectar availability. A simplified representation was produced
with a curve drawn to represent the seasonal factors and hence the egg-laying rate.
This seasonal curve was initially based on the proportion of days in each month
considered as suitable for bee foraging. The number of eggs laid on a particular day
was defined by Equation 7.11 [36]:

e,=pnS, with 0<S§, <1 (7.11)

In Equation 7.11, W is the maximum worker egg-laying rate of the queen. In the initial
model [36], it was fixed to 1500. S, is the seasonal parameter value on day .

A feedback mechanism was introduced in the model so that the amount of reared
brood was limited by the number of nurse bees available as this occurs several weeks
after a period of high brood mortality. The mortality rate of adult bees increases in
summer when they forage extensively. Consequently, a mortality curve was created,
which applied higher mortality rates during summer. Like this, adult bee populations
did not grow unrealistically high. The autumn and winter mortality rates were set to
levels that resulted in population reaching the same size as 1 year before.

Because in field experiments fenoxycarb induced about 50% brood mortality
over the first 2 weeks after treatment, Thompson et al. [17,38,39] ran their model by
reducing the egg-laying rate by 50% for 2 weeks following an application, keeping
the larvae/nurse (L/N) ratio at 1.5. This resulted in approximately 20% loss of
productivity (number of adult bees) when applied in June. Egg mortality of 100%
for 2 weeks led to a maximum loss of productivity of 40%—45% when applied in
May/June.

Heylen et al. [40] showed that fenoxycarb (tested at 100 ppm) highly impacted
the bee hypopharyngeal glands. Indeed, after only 7 days, fenoxycarb-treated glands
displayed features typical of the onset of foraging in older bees. Thus, it appears
likely that exposure to fenoxycarb may induce precocious foraging in the exposed
bees and reduce the number of nurses available to rear brood. To simulate the impact
of a reduction in the number of nurse bees, the model was adapted to reduce the
number of larvae that could be reared by each nurse from 1.5 to 0.5. Action on
the hypopharyngeal glands also reduces the lifespan of the contaminated bees.
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The decreased lifespan was simulated by increasing the mortality rate of adult bees
emerging 2.5 months after treatments because fenoxycarb can persist for 2.5 months
[41] and its effects have been reported for 2-3 months after treatment [42].

With a 50% brood loss applied for 14 days and an L/N ratio of 1 for bees that
emerged for 2.5 months after treatment, a 50% reduction in mean colony size was
observed when fenoxycarb was applied in April. An L/N ratio of 0.5 resulted in a
75% reduction in mean colony size.

Decreased lifespan was simulated by increasing the mortality rate of the emerging
bees. 1.3-, 1.5-, and 5-fold increases in mortality during 2.5 months after treatment
were used with, in addition, 50% brood loss for 14 days after treatment and an L/N
ratio of 1.5. The 1.3- and 1.5-fold increases in mortality decreased the mean colony
size by a maximum of about 10% in May when overlaid on the 50% brood loss, and
the fivefold increase decreased the colony size by an additional maximum of 40%
in May [38].

Fenoxycarb applied between April and October reduced the winter size of the
colony, the greater effects were observed following a June or an August application.
Indeed, assuming an L/N ratio of 1.5 for brood-rearing capability, the reduction in
winter size of a colony following a fenoxycarb application in June or August, with a
brood mortality of 50% for 2 weeks, was about 8%. Fenoxycarb had little or no effect
when the application was made between November and March.

When the sublethal effect of early switch to foraging was simulated by using
an L/N ratio of 0.5, the winter colony size was reduced with an 80% loss when
the application was made in May or June. Obviously, an L/N ratio of 1.0 induced a
smaller effect, but the winter colony size was still reduced by over 50% following an
application in April.

7.3.2 AGENT-BASED MODEL

Even if the compartment model designed by Wilkinson and Smith [36,37] and
Thompson et al. [17,38,39] presents some interest, it is important to stress that the
functioning of a bee colony is much more complex than the one encoded by the
few equations computed by these authors. Permanently, thousands of bees simul-
taneously add behavioral elements that interact to form the collective behavior of
the colony, which behaves like a superorganism. In a more formal way, we define
a superorganism as a set of agents that interact each other to produce collective
phenomena in which the individuals with limited possibilities are able to pool their
resources to reach a goal beyond their individual capacities. The total resultant is
greater than the sum of the possibilities of each agent acting individually. This defi-
nition is similar conceptually to agent-based modeling (ABM), which is a stochastic
computational technique used to simulate the spatiotemporal actions and interac-
tions of real-world entities, called agents, in an effort to extract their combined
effect on the system as a whole. Both space and time are discretized in an agent-
based model, giving these autonomous agents the ability to move and interact with
other agents and their environment at each time step over a given duration. Simple
behavioral rules govern the movement and interaction of each agent in an effort to
re-create or predict more complex behaviors. Such a model attempts to simulate
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the emergence of complex phenomena that may not be apparent when simply con-
sidering individual entities [43—46]. In this context, an agent-based model called
SimBeePop (version 1.04) [47] was designed for predicting the effects of xenobiotics
on the hive inhabitants.

Briefly, SimBeePop simulates the population dynamics of a complete domestic
honey bee colony, during a 2 year period or more, considering each category of bees,
the structure of the hive, and seasonal variations. This agent-based model, written
in Java, follows the conventional rules of ABMs. It is a discrete-time model that
includes an environment (i.e., hive), agents (i.e., bees), and objects (i.e., food).

The simulation time step used in SimBeePop corresponds to one Julian day. One
of the greatest advantages of ABM is the ease of applying variability over time. This
variability includes seasonal effects, stochasticity, and potential perturbations that
can be introduced by the user.

The environment of the model is the hive. It consists in a hive body and honey
supers. Hive body is divided into frames including hexagonal cells. In SimBeePop,
the honey supers are directly divided into cells. By default, SimBeePop considers a
Dadant hive of 10 frames, with a capability of 80,000 cells [48]. Size and number of
honey supers can be set by the user.

Agents of SimBeePop are the different bees of the colony. These agents can be
grouped into five main categories, which are the brood, the queen, the worker bees,
the males (drones), and the winter bees. Each brood agent is assigned in a cell of
the environment and cannot move. A brood agent is successively an egg, a larva,
and a pupa. There are two kinds of brood, worker brood and male brood, whose
development lasts 21 and 24 days, respectively. The queen agent is a unique agent
that is movable and responsible for egg laying. Worker bee agents are also movable;
they perform the different tasks for the functioning of the hive. SimBeePop consid-
ers four distinct activities assigned to worker agents according to their age. These
are the cleaning (<3 days), nursing (<13 days), receiving/processing (<21 days), and
foraging (rest of its life) bees. A worker bee agent, whatever its task, can be active or
inactive; its recruitment depends on the needs of the colony. Male bees are passive
agents. Last, winter bee agents are a particular class of worker bee agents whose task
division does not depend on age but only on the needs of the colony at the beginning
and the end of the season. All these different kinds of agents are characterized by
specific parameters including mortality rates, food needs, and labor efficiency. In
SimBeePop, a particular attention has been paid for the setting of these parameters,
based on a critical analysis of the literature (see [49] for details).

One of the great advantages of an ABM is the possibility to define explicitly life
rules and interaction patterns for the different agents. This is called the model para-
digm. In SimBeePop, the different rules that govern the global functioning of the
bee colony have been integrated. It concerns, for example, the division of labor that
depends both on the age of bees (polyethism) but also on the needs of the colony at
each simulation step. The laying activity of the queen simultaneously depends on the
season, nurse availability, and food stock. The foraging forces are linked to the need
of the colony, the filling rate of the hive, and obviously the season.

Objects in SimBeePop concern the food. Three kinds of food objects are consid-
ered, namely, the honey, the pollen, and the nectar. Nectar and pollen are brought
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by forager bee agents. Nectar is consumed directly by all the agents of the colony
or transformed into honey and stored by receiver/processor agents. This is the same
process for the pollen, unlike it can be directly stored into cells. Honey and pollen
stored in the hive can then be used to feed the colony if the foraging activity does
not satisfy the needs in food of the population such as during winter. SimBeePop
paradigm has been more thoroughly described in Devillers et al. [50].

SimBeePop allows users to apply a wide range of perturbations and variations
on the normal population dynamics. Thanks to the properties of ABMs, these per-
turbations can affect either selected individuals, a specific group of agents, or the
whole population. They can be applied punctually (e.g., 1 day), during a given period
(e.g., weeks, months), or the whole simulation duration. This offers invaluable oppor-
tunities to test and extrapolate the effects of various chemicals on bee population
dynamics both on short- and long-term periods.

The ABM was run from the data and modeling hypotheses selected by Thompson
et al. [17,38,39]. Thus, for example, 50% and 100% brood mortality were applied
2 weeks after a treatment on the 1st of June and on the 1st of August, keeping a
larvae/nurse ratio equivalent to the 1.5 ratio adopted by Thompson et al. [17,38,39]
in this experiment. The obtained simulation results for 50 consecutive runs are
displayed in Figure 7.1. Inspection of Figure 7.1a and b, dealing with June applica-
tion, shows that 50% and 100% of brood mortality during 14 consecutive days lead
to a rapid loss of productivity (number of adult bees) of about 40% and 70%, respec-
tively. This is about 20% higher than the percentages obtained by Thompson et al.
[17,38,39], but we assume that the difference of modeling approach, paradigm, and
parameter setting could explain this variation in the percentages. However, while
these authors did not mention an impact the following months, Figure 7.1a and b
show that the adult bee population remains perturbed the months following fenoxy-
carb application. This is particularly true when 100% of brood mortality is applied
(Figure 7.1b). In that case, a second important peak, even slightly higher than the first
one, is observed in November. More importantly, Figure 7.1a shows that the adult
population seems to rapidly recover its normal dynamics, while this is not the case
with 100% of brood mortality (Figure 7.1b). The August application also leads to
about the same percentages of adult losses, and the population is impacted the fol-
lowing months of the year (Figure 7.1c and d). A second peak, corresponding to a
loss of 80%, is observed in November with 100% of brood mortality (Figure 7.1d).
Thompson et al. [17,38,39] showed that an August application impacted less the adult
bee population than an earlier application. Indeed, analysis of their results reveals in
fact that an August application only induces about 5% of loss in the adult population
with the scenario of 100% mortality for 14 days and even significantly less with 50%
of morality [38]. This definitively does not correspond to the reality because August
is always a critical period in the honey bee life. Even more surprising, their simula-
tion results show that 50% of mortality for 2 weeks in May/June or in August impact
similarly the winter bee population. In both situations, a decrease of less than 10%
in the winter bee population was observed [39]. Again, this is not logical because
if we consider that the winter bees generally start to appear at the end of August,
beginning of September, a fenoxycarb application in August should impact more
importantly this population rather than an application in May or June. This is what
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we can be observed on Figure 7.1. In the same way, Thompson et al. [17,38,39] did
not simulate the impacts on the hive inhabitants 1 year after the treatment, while this
is of first importance. Figure 7.1 reveals that whatever the selected scenario, the hive
population will be impacted 1 year later.

In another simulation exercise, Thompson et al. [17,38,39] studied the impact
of an increase in the mortality rate of adult bees emerging for 2.5 months after a
fenoxycarb treatment. The 1.3-, 1.5-, and 5-fold increases in mortality were tested
always using an L/N ratio of 1.5 and 50% brood loss for 14 days after exposure. Such
a scenario is of crucial interest with the juvenile hormone analogues. Unfortunately,
the normal mortality rate of the emerging bees in their model being unknown, it is
impossible to estimate at what percentage corresponds 1.3-, 1.5-, and 5-fold increases
in mortality. Nevertheless, with the ABM model we have tested the effects of a sur-
vival rate of 78% at emergence during 2.5 months after a treatment on the 1st of May
or August. The simulation results are displayed on Figure 7.2. Again, a strong diver-
gence exists between our results and those of Thompson et al. [38] as regards the
August application. Indeed, whatever their scenario, an August application induces
very limited effects on the adult population, while it is definitive not the case with
the ABM (Figure 7.2b). As expected, the brood and winter bees are also affected
inducing a strong impact the next year (Figure 7.2b). Adverse effects on the second
year are also observed with the May application (Figure 7.2a).

Our ABM model provides more realistic results than the compartment model pro-
posed by Wilkinson and Smith [36,37] and Thompson et al. [17,38,39]. The reason
mainly relies on the radically different modeling paradigm.

A compartment model is rooted on a top-down approach. To build the model,
the modeler groups individuals with similar characteristics into compartments and
specifies rules of how individuals flow from one compartment to another. This mod-
eling approach approximates the average behavior of a system as a whole. Such a
model fails to correctly capture the different local relationships between the system
components that can be the cause of high-level behaviors.

At the opposite, an agent-based model uses a bottom-up or individual-level
approach by specifying the rules that govern the behavior of individuals and that
allow the overall behavior of the system to emerge from the interactions of those
individuals. Like compartment models, the ABMs group individuals with similar
characteristics. However, the transmission or flow between states is determined by
the behavior of the individual, not the group as a whole. Such a modeling approach is
particularly suited for encoding the characteristics of a honey bee population.

74 CONCLUSION

The complexity of the relationships between the adverse effects of a chemical
observed at the individual level with the modifications of its life history traits and
the subsequent possible impacts at the population level makes necessary the use of
modeling approaches especially when the ecotoxicological outcomes are expected
to be predictive instead of only descriptive. Different modeling approaches, vary-
ing in complexity, exist to extrapolate from the individuals to the population in
an ecotoxicological context. Thus, in this chapter, different types of population
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dynamics models aiming at predicting the endocrine disruption potential of
juvenile hormone analogues on different aquatic and terrestrial organisms have
been discussed. The question to answer is what is the most interesting modeling
approach? Even if programming skill is not a limitation, the answer cannot be
definitive. To work around the problem, the deterministic and stochastic model-
ing approaches can be conveniently opposed to summarize the pros and cons of
each of them. The former category, including the matrix models, can be used to
simulate incremental changes in survivorship, fecundity, or other life history traits
of specific individuals from their birth to death and ultimately can be used to
extrapolate effects at the population level. They are relatively easy to parameterize
and use, but due to their relative simplicity, it is preferable to use them in an explor-
atory perspective to obtain general trends.

Stochastic models, such as agent-based models, can account for the continuous
development and interaction of individuals throughout their lifetime and within
their population that can be related to environmental parameters. They give more
realistic and robust outcomes but need much more input data than the deterministic
models. Endocrine disruption being by essence a very complex phenomenon, we
assume that the agent-based models are the most suited to simulate the ecotoxi-
cological impacts of juvenoids on the nontarget species found in the aquatic and
terrestrial ecosystems.
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ABSTRACT

Juvenoids are chemicals that mimic the activity of the juvenile hormone (JH).
They selectively target and disrupt the endocrine system of insects. When
they are applied to juvenile insects, during the period when the JH titer is nor-
mally low, abnormal developments occur that can lead to the appearance of
malformations and/or the death of the insects at the emergence. Juvenoids are
particularly suited as larvicides for the control of pest and disease vectoring
insects such as mosquitoes. Consequently, QSAR models have been derived
from structurally diverse sets of molecules for estimating their JH activity
against various insect species. In this context, an attempt was made to review
about forty years of QSAR research on juvenoids. From the available data,
new models were also computed from nonlinear methods for comparison
purposes. Our study clearly shows that the steric parameters outperform the
other molecular descriptors in the design of QSARs, which are species depen-
dent. The nonlinear methods allow us to obtain more powerful models than
the linear regression techniques. Our study also shows the interest of such
modeling approaches for selecting candidate molecules for further evaluation,
for identifying the structural features and/or the physicochemical properties
explaining an activity, and for comparing the difference of sensibility among
the targeted species.
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8.1 INTRODUCTION

By the end of World War II, drastic changes in farming practice were observed in
different parts of the world but especially in North America, Australia, and western
Europe. Tractors have replaced horses, and chemical fertilizers were increasingly
used in place of organic manure. Use of synthetic pesticides became widespread.
Farmers were encouraged to stop crop rotation and to devote large acreages of their
farms to the cultivation of a single crop, which undoubtedly required the use of
increasing quantities of synthetic fertilizers and pesticides.

Both were touted as miraculous cure that would eradicate hunger in the world.
Even if their use did not eradicate hunger and famine in the world, undoubtedly they
have boosted agricultural productivity, increasing crop yield and reducing posthar-
vest losses.

Unfortunately, these successes have been bought at a price. The surge in fertil-
izer use has led to greater contamination of ground and surface waters. The massive
use of pesticides in agriculture but also for vector control has induced resistances in
target organisms, contamination of the ecosystems, and adverse effects on nontarget
species including humans.

Mass awareness regarding the adverse effects of the excessive use of pesticides was
generated only after the publication of the Rachel Carson’s book, “Silent Spring” [1],
considered by many as instrumental in spurring the environmental movements in the
1960s, first in the United States and then in the rest of the world. It became crucial
to find safer alternatives to control pest animals.

In this context, juvenile hormone mimics (JHMs) have opened new perspectives
in agriculture as well as in vector control.

The six major juvenile hormone (JH) homologues identified to date are sesqui-
terpenes that regulate a wide spectrum of critical events in holometabolous insects
including development, metamorphosis, reproduction, diapause, polyethism, and
migration [2—4]. Synchronization of the activity of JH and 20-hydroxyecdysone
(20E), the molting hormone, is essential for the normal development and metamor-
phosis of insects. During larval development the presence of JH in the hemolymph
maintains the insect in a juvenile status, and when the JH titer goes down, it signals
the insect to undergo metamorphosis that is under the control of 20E titer.

As their name implies, JHMs, also termed juvenoids, are man-made chemicals
that behave similarly to the JHs. Thus, applied to critical periods, they will dis-
rupt metamorphosis and lead to various deleterious effects in the insects. These
chemicals are much more target specific than conventional synthetic pesticides, their
environmental fate profile is also better, and they are safe to vertebrates. JHMs are
divided roughly into two classes, terpenoid and non-terpenoid types.

Qualitative structure—activity relationship (SAR) and quantitative structure—
activity relationship (QSAR) modeling has become an indispensable tool in drug
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design to better understand mechanisms of action of molecules and find potential
leads in a reduced time and with an optimized cost [5,6]. These in silico approaches
have found applications in the design of JHMs active against target insects damaging
crops or that are the vectors of diseases. Consequently, the aim of this study was to
review the SAR and QSAR models dedicated to JHMs. For comparison purposes,
an attempt was also made to derive new models from biological data and molecular
descriptors used by others. It is noteworthy that only the 2D models were analyzed,
the specific case of the 3D QSAR models being addressed in Chapter 9.

8.2 STRUCTURAL FEATURES ASSOCIATED WITH
JUVENILE HORMONE ACTIVITY

Numerous studies have tried to identify structural features associated with JH
activity (JHA) of molecules tested on different insect species. Historically, mole-
cules with JHA were found in the wood of evergreen trees, especially in the balsam
fir Abies balsamea [7]. Then, they were identified as juvabione [8] and dehydrojuva-
bione [9] (Figure 8.1). Ten analogues of these two molecules in which the alicyclic
ring was replaced by an aromatic ring (Figure 8.1) were tested by topical applica-
tion on the cuticle of freshly molted last instar larvae of Pyrrhocoris apterus and
Neodysdercus intermedius (Hemiptera, Pyrrhocoridae) [10]. The JHA was scored
according to the degree of preservation of the larval epidermal structures after the
final molt. The activity was expressed according to a scale ranged from O to 5. A
score of 0 indicated the formation of perfect adults, while at the opposite, a score
of 5 revealed a maximum activity with the formation of perfect extralarval instars.
Figure 8.1 shows the JHA of the molecules tested by Sldma et al. [10] at 1 pg in
1 uL of acetone on P. apterus and N. intermedius, respectively. The obtained results
show that the JHA of these molecules is dependent on the chemical nature of the
ester radical as well as the number of double bonds and the nature of the substitu-
ents in the aliphatic side chain. In addition, N. intermedius appears a little bit more
sensitive to these molecules than P. apterus. It is noteworthy that topical tests were
also performed on last instar larvae of Graphosoma italicum (Hemiptera), Acheta
domesticus, and Locusta migratoria (Orthoptera) as well as on freshly molted pupae
of Tenebrio molitor (T.m.) and Leptinotarsa decemlineata (Coleoptera) and Galleria
mellonella (G.m.) (Lepidoptera). All these insects were inactive except G. italicum
for which chemicals A4, A6, A8, and A10 were slightly active at the dose of 100 ug
in 1 UL of acetone. Slama et al. [11] showed that the JHA of farnesenic acid esters
(Figure 8.2) increased from the methyl to the ethyl ester and then decreased for the
cyclohexyl and benzyl esters when tested topically on P. apterus and Dysdercus cin-
gulatus (Hemiptera, Pyrrhocoridae) and G. italicum (Hemiptera, Pentatomidae) and
by injection in the pupae of 7.m. (Coleoptera, Tenebrionidae). The decrease was less
obvious with P. apterus and it was only significant for the benzyl ester. The same
trend was observed with the dihydrodichloro farnesenic acid esters (Figure 8.2).
JHA increased from the methyl to the ethyl ester and then decreased for the propyl,
n-butyl, #-butyl, amyl, hexyl, and cyclohexyl esters. This was only observed with
the three hemipteran species. The results obtained on P. apterus and D. cingulatus
showed that an important increase was obtained after the addition of two chlorine
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FIGURE 8.1 Structures of juvabione, dehydrojuvabione, and their aromatic derivatives
(A1-A10) with, in parentheses, their JHA on P. apterus and N. intermedius, respectively
(see text for explanation).
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FIGURE 8.2 General structure of farnesenic acid esters (a) and dihydrodichloro farnesenic
acid esters (b).
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atoms on the double bonds of the farnesenic acid esters. However, the same change
in chemical structure considerably decreased the activity on Tenebrio pupae [11].
Fifteen methyl and ethyl esters of 3,7,11-trimethyl dodecanoic acid derivatives
differing in the amount and number of double bonds as well as the presence of
chlorine and epoxy substituents were tested topically on the following Hemiptera:
P. apterus and D. cingulatus (family Pyrrhocoridae), Lygaeus equestris (family
Lygaeidae), and G. italicum, Aelia acuminata, and Eurygaster integriceps (family
Pentatomidae). The 15 chemicals were also tested topically and via injection on the
following Coleoptera: T.m. (family Tenebrionidae) and Dermestes vulpinus (family
Dermestidae) [12]. The number of double bonds differently influences the tested
taxa. In the Pyrrhocoridae and Lygaeidae, the JHA does not significantly change
with an increase in the degree of unsaturation, while a continuous increase in the
JHA in the Pentatomidae in relation to an increase in the degree of unsaturation of
the tested molecules is observed. The reverse was observed with the coleopterans,
where the esters with only one double bond are the most active and those with
four double bonds are 100-1000 times less active or completely inactive. When the
10,11 double bond is transformed into an oxirane ring, the JHA is substantially and
slightly increased in the hemipterans and coleopterans, respectively. The increase
of JHA is less important when the epoxidation is made on more unsaturated chemi-
cals. Addition of a chlorine atom on the 10,11 double bond leads to similar effects
on JHA. However, when a chlorine atom is added on the 10,11 and 6,7 double bonds
of the methyl and ethyl esters of the 3,7,11-trimethyl-2,6,10-dodecatrienoic acid, a
very important increase in the JHA is observed with the pyrrhocorid and lygaeid
bugs, whereas only a small change is noted with the pentatomids. A large decrease
of JHA is observed with the beetles. Slama et al. [12] also tested the influence of
stereoisomery on JHA. They showed that the trans isomers were more active than
the cis isomers. The higher JHA of the stereochemical trans isomers was also found
in other studies [13,14]. This is also the case for the enhanced JHA induced by the
addition of an epoxy group [15-19] and by the addition of chlorine atoms [19-21].
Walker and Bowers [21] showed the effects of the addition of halogens on aromatic
terpenoid ethers. They compared the JHA of these chemicals, applied topically to
T.m., L. decemlineata, and Epilachna varivestis, which are species of Coleoptera
belonging to the families of Tenebrionidae, Chrysomelidae, and Coccinellidae,
respectively. The chemicals were applied at 10 times dilution intervals in 1 pL of
acetone to the ventral abdomen of T.m. pupae and to the middorsal abdomen of
L. decemlineata pupae and E. varivestis prepupae. The JHA was expressed as the
lowest dose that reduced the emergence of normal-appearing adults of 7.m. by 80%
or more and of L. decemlineata and E. varivestis by 90% or more. The obtained
results are listed in Table 8.1. Besides the difference of sensibility among the species
that is a constant feature found with the JHMs, Table 8.1 shows that the number and
position of the chlorine atoms on the molecules influence their JHA. In addition, a
substitution by a fluorine atom is less effective than that with chlorine and bromine
atoms. Table 8.1 shows that the para-chlorinated and para-brominated derivatives
show the same JHA on the three Coleoptera species. This is in agreement with the
results found by Sldma et al. [10].
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TABLE 8.1
Lowest Doses (in pg) of Halogenated
Aromatic Terpenoid Ethers That Prevent
Adult Emergence

Ry

\ CH,

HsC o) CH,

R, R, Tm. L.decemlineata E. varivestis

H H 10 1 10

H Cl 0.1 0.1 0.01
Cl H 10 10 1

Cl Cl 0.1 10 1

H Br 0.1 0.1 0.01
H F 1 1 0.1

8.3 SAR MODELS FOR DETECTING JUVENILE HORMONE MIMICS

Iwamura and colleagues developed different series of molecules for estimating their
JHA potential against Culex pipiens (Diptera, Culicidae). These chemicals were
(4-phenoxyphenoxy)- and (4-benzylphenoxy)alkanaldoxime O-ethers, their ether
and hydroxylamine congeners [22,23], and (4-alkoxyphenoxy)- and (4-alkylphenoxy)
alkanaldoxime O-ethers and their congeners in which the oxime group was replaced
by the function ether, ester, amide, carbamate, urea, or aromatic benzene or pyri-
dine [24,25]. Attempts were made to relate the structure of these molecules to their
JHA against the common mosquito. The results showed that the most important
features for JHA were the overall length of the chain molecule, the dimensions of
the molecular ends, and the position of the functional group incorporated at one end
of the molecule [24,26]. Other authors already pinpointed the importance of these
kinds of structural characteristics for explaining the JHA of molecules (see, e.g.,
[14,15,27,28]), but to our knowledge, Iwamura and colleagues were the first to have
proposed molecular descriptors for encoding these structural features in their studied
series of molecules. For C. pipiens, the optimum length D is about 21-22 A, and the
position-specific interaction site of the functional groups in the molecules with opti-
mum activity is about 4.6 A distant from one end of the molecule [29]. Electrostatic
potentials were calculated for a variety of functional groups found in active insect
JHMs studied by Iwamura’s group. Quantum chemical calculations showed that
the contours of the electrostatic potentials of these functions have negative peak in
the plane that perpendicularly bisects their skeletal plane [26]. Hayashi et al. [29]
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showed that the conditions for high potent JHA, namely, an optimum molecular
length and the position of the functional group, were the same for Musca domestica
(M.d.) (Diptera, Muscidae) and Spodoptera litura (Lepidoptera, Noctuidae).

8.4 2D QSAR MODELS FOR PREDICTING
JUVENILE HORMONE ACTIVITY

A series of 28 aryl terpene ethers, selected on the basis of variations on the structure
of 6,7-epoxygeranyl 4-ethylphenyl ether, were tested by Nilles et al. [30] for their
JHA by induction of oviposition in the adult prediapause cereal leaf beetle (Oulema
melanopus), a Coleoptera belonging to the family of the Chrysomelidae. A com-
pound showed maximum JHA if initiation of oviposition and number of eggs laid in
a given time were the same as would be expected from a postdiapause beetle after
emerging overwintering or laboratory storage [31]. The Hansch lipophilicity param-
eter () and an empirical steric parameter (o) were used to derive QSAR regression
equations on subsets of eight chemicals [30]. The equations were of very limited
interest being overparameterized and derived from only eight chemicals.

Niwa et al. [32] used a data set of 48 (4-phenoxyphenoxy)- and (4-benzylphenoxy)
alkanaldoxime O-ethers for which JHA data on C. pipiens were available. JHA was
expressed in terms of pI50 (M), the logarithm of the reciprocal of the concentration
at which 50% inhibition of mosquito metamorphosis was observed (Table 8.2). To
express the steric features of the molecules, the authors defined the D axis that passes
through the alkoxy oxygen atom and the f-oxygen atom to the oxime carbon atom
in the fully extended conformation of the acetaldoxime O-ethers. By definition, the
angle between the D axis and the bond that connects the -oxygen atom to the oxime
moiety is 40.02°C. For the propionaldoxime O-ethers, the D axis was drawn so as to
pass on the f-oxygen atom to the oxime carbon and satisfying this angle condition. D,
the length along the D axis of the terminal benzyl and phenoxy moieties, and D,, the
length of the alkoxy end, were also defined. To express the steric dimensions of the two
terminal moieties in more detail, the authors further defined other steric parameters.
W, was defined as the width of the benzene end in the direction perpendicular to its
connecting axis to the rest of the molecule. W,” corresponded to the minimum width of
the substituents. T, was the thickness of the alkoxy moiety in vertical direction to the
zigzag backbone plane. All the steric parameters were expressed in angstroms [32].
The authors also experienced the usefulness of the 1-octanol/water partition coeffi-
cient (log P) in the design of the QSAR models. Their best model was the following:

pI50 =2.91D—0.12D* +11.47W, —0.78W;> —=1.92W; +4.67T, —0.48T,*
+1.301p—59.81 8.1
n=48, s=0.34, r=0.95, F=43.14
The parameters included in Equation 8.1 (excluding their squared value) are listed

in Table 8.2. Ip is an indicator variable having a value of 1 for the propionaldoxime
series and O for acetaldoximes. In Equation 8.1, n is the number of chemicals, s is the
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TABLE 8.2
JHA and Physicochemical Properties of (4-Phenoxyphenoxy)- and
(4-Benzylphenoxy)alkanaldoxime O-Ethers

1 o N e
R3

IN R, R, R, n pl50 D w, W T, I
1 H Et CH, 1| 709 1106 623 1 38 0
2 H Pr CH, 1 797 1234 623 1 38 0
3» H i-Pr CH, 1 772 1106 623 1 505 0
4 H Allyl CH, 1 814 1231 623 1 38 0
5 H Propargyl CH, 1 746 1206 623 1 38 0
6 H Bu CH, | 741 1357 623 1 38 0
7 H i-Bu CH, 1 848 1234 623 1 505 0
8 H s-Bu CH, 1 742 1234 623 1 505 0
9 H Pentyl CH, | 672 1484 623 1 38 0

100 H iPentyl CH, 1 810 1357 623 1 505 0

11 H cPentyl CH, 1 810 1196 623 1 595 0

12 H cHexyl CH, 1 812 1234 623 1 505 0

13 H Benzyl CH, | 675 1344 623 1 623 0

14 H Et CH, 2 876 1227 623 1 38 1

15 H Pr CH, 2 837 135 623 1 38 1

16 H i-Pr CH, 2 968 1227 623 1 505 1

17 H c-Pentyl CH, 2 842 1319 623 1 59 1

18 H H 0 2 658 96 623 1 27 1

19 H Et 0 2909 121 623 1 38 1

20 H i-Pr o) 2 976 121 623 1 505 1

21" 3-Me Et 0 2 946 1321 7.8 1 38 1

2% 3-Me i-Pr 0 2100 1321 718 1 505 1

23 H Pr 0 1 754 1217 623 1 38 0

24 2Me Pr 0 1 736 1217 744 152 38 0

25 2-MeO Pr 0 1 681 1222 855 135 38 0

26 2F Pr 0 1 735 1217 678 135 38 0

27 2l Pr 0 1 689 1217 76 18 38 0

28 2-CF, Pr 0 1 618 1217 797 198 38 0

29 3-Me Pr 0 1 871 1328 7.8 |1 38 0

30 3-Et Pr o) 1 785 1459 727 1 38 0

31 3-MeO Pr 0 1 741 1443 722 1 38 0

32 3F Pr 0 1 827 1274 678 1 38 0

33 3l Pr 0 1 812 1359 76 |1 38 0

34 3-CF, Pr 0 1 747 1378 766 1 38 0

350 3-NO, Pr 0 1 775 1386 801 1 38 0
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TABLE 8.2 (continued)
JHA and Physicochemical Properties of (4-Phenoxyphenoxy)- and
(4-Benzylphenoxy)alkanaldoxime O-Ethers

(0]
O O\M/\N/ S,
n
Ry

IN R, R, R, n pl50 D w, W T, I,
36¢  4-Me Pr 0 1 684 13.03 623 1 38 0
37 4-Et Pr 0 1 642 1425 623 1 38 0
38  4-Pr Pr 0 1 636 1554 66 1 38 0
39 4-MeO Pr 0 1 734 1408 623 1 38 0
40  4-EtO Pr 0 1 686 1536 647 1 38 0
41  4F Pr 0 1 758 1228 623 1 38 0
42 4l Pr 0 1 726 1305 623 1 38 0
43 4-NO, Pr 0 1 708 1359 623 1 38 0
44> 23-Me, Pr o 1 790 1328 744 152 38 0
45> 25-Me, Pr o 1 661 1328 84 152 38 0
46  3,5-Me, Pr o 1 798 1328 814 1 38 0
47 235-Me, Pr 0 1 622 1328 84 152 38 0
48  23,6-Me, Pr 0 1 568 1328 866 152 38 0

2 TS chemicals.
b VS chemicals.

standard deviation, r is the correlation coefficient, and F is the Fisher’s test. Figure 8.3
shows the plot of the observed versus calculated pI50 values obtained with Equation 8.1.

The squared descriptor parameters in Equation 8.1 let to suppose that some
degrees of nonlinearity exist between the structure of the studied molecules and their
JHA. Consequently, an attempt was made to use a purely nonlinear statistical tool
for modeling the data. Thus, a three-layer perceptron (TLP) [33], with the five initial
descriptors (Table 8.2) as input layer neurons, was experienced. Three neurons were
selected for constituting the hidden layer and one neuron, the pI50 values, constituted
the output layer. Calculations were made with the data mining module of Statistica™
software (StatSoft, Fr). Niwa et al. [32] only tried to find a model that fitted at best
the whole data set without verifying the prediction performances of Equation 8.1,
while according to the OECD principles for validation of the (Q)SAR models [34],
the applicability domain of the models must always be estimated, preferentially from
an external test set (TS). This is even more important for the TLPs because they
are well known to suffer from problems of overfitting if they are not correctly used
[33]. To avoid this problem, the data set was randomly split into a learning set (LS)
to train the TLP, a TS for monitoring the learning phase via the estimation of the
performances of the network while it is under training, and a validation set (VS)
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FIGURE 8.3 Observed versus calculated pI50 values obtained with Equation 8.1.

to determine how well the network predicts “new” data that were used neither to
train the model nor to test its performance when being trained. The LS, TS, and VS
included 34, 7, and 7 chemicals, respectively. TS included chemicals #3, 5, 18, 22,
33, 36, and 48, while VS included chemicals #4, 10, 13, 21, 35, 44, and 45. A 5/3/1
TLP with a bias connected to the hidden and output layers and using the BFGS
(Broyden—Fletcher—Goldfarb—Shanno) second-order training algorithm allowed us
to obtain the best prediction results. The hidden and output activation functions were
both a negative exponential function. The convergence was obtained after only 40
cycles. With such a configuration, the correlation coefficients for the LS, TS, and
VS were equal to 0.92, 0.94, and 0.93, respectively. An overall correlation coeffi-
cient of 0.92 was calculated from the prediction results obtained with the three sets.
Figure 8.4 shows the plot of the observed versus calculated pI50 values obtained with
the TLP model. Comparison of Figures 8.3 and 8.4 shows that the residual values
(difference between observed and calculated data) are lower when using Equation
8.1 in place of the TLP model. However, the predictive performances of the neural
network model have been estimated. In addition, these performances are satisfying,
while nothing was done for Equation 8.1 [32]. It is noteworthy that other random
selections of the three sets, only keeping the same proportions between them, led
to broadly the same prediction performances. Because, the aforementioned selected
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FIGURE 8.4 Observed versus calculated pI50 values obtained with the TLP model. The
empty circles, black squares, and black triangles are LS, TS, and VS, respectively.

TLP model included a rather high number of connections, attempts were made to
reduce the number of connections in the network. A 5/2/1 TLP with the same con-
figuration and after 26 cycles led to correlation coefficients of 0.90, 0.95, and 0.92
for the LS, TS, and VS, respectively. An overall correlation coefficient of 0.90 was
calculated. We also tried to use a support vector regression (SVR) analysis [35,36]
for modeling the data from the five initial descriptors (Table 8.2). The data set was
randomly split into an LS of 36 chemicals and an external TS of 12 chemicals (i.e.,
#7, 14, 18, 25, 27, 28, 32, 33, 37, 40, 42, 44). An SVR type 1 with a radial basis
function as kernel provided the best prediction results with C, €, and y set to 27, 0.1,
and 0.60, respectively. With such a configuration, the correlation coefficients for the
LS and external TS were equal to 0.96 and 0.92, respectively. An overall correlation
coefficient of 0.95 was calculated from the prediction results obtained with the two
sets. Figure 8.5 shows the plot of the observed versus calculated pI50 values obtained
with the SVR model. The simulation performances of the SVR model are quite satis-
fying and we assume that they outperform those obtained with Equation 8.1 despite
a same correlation coefficient of 0.95 because the selection of this configuration has
been made on the basis of its performances on a randomly selected LS and external
TS at the opposite of Equation 8.1 where attempts were only made to fit at best
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FIGURE 8.5 Observed versus calculated pI50 values obtained with the SVR model. The
empty circles and black triangles are the LS and external TS, respectively.

the whole data set (Table 8.2). Notice that other selections of LSs and external TSs
showed similar performances.

The same kind of Hansch analysis was performed by Hayashi et al. [37] on 30
(4-alkoxyphenoxy)alkanaldoxime O-ethers tested on fourth larval instars of C.
pipiens. This led to the design of a four-parameter regression model (Equation 8.2):

pI50=3.40D—0.08D" +1.12Ip+1.591,,(OR)—31.06 (8.2)

n=30, s=0.46, r=0.93, F=41.65

In Equation 8.2, D is the length in the fully extended conformation of the whole
molecule along the axis that passes on the phenoxy oxygen atom and has an angle
of 40.02° to its connecting bond to the oxime moiety. Ip is an indicator variable that
takes 1 for propionaldoximes and O for acetaldoximes. 1,,(OR) is an indicator vari-
able that takes 1 for compounds having a branch at § of the 4-alkoxy substituents and
0 otherwise. Equation 8.2 was extended to (4-alkylphenoxy)alkanaldoxime O-ethers
by mixing descriptors in an unusual way to a six-parameter regression equation
derived from 44 molecules (r=0.96, s=0.46).
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R, CHs

FIGURE 8.6 Structure of JHM 2.,4-dodecadienone derivatives with X=OR, SR, NHR,
NR2, Alkyl; R,=H, OR, SEt, 10-ene, 11-ene, 10-epoxy, oxo; Y=0R, SR, OCOR, Me, Et; and
R,=H, Me, CL.

JHA values on Aedes aegypti (A.a.) and T.m., originally reported by Henrick et al.
[18] for about 100 structurally diverse (2E,4E)-3,7,11-trimethyl-2,4-dodecadienoates,
were used by Nakayama et al. [38] for computing different QSAR models. The JHA
originally reported by Henrick et al. [18] on A.a. in ppm and 7.m. in ug/pupa was con-
verted into mole units (IC50) and converted to pIS0 by taking the logarithm of its recip-
rocal. Figure 8.6 shows the common skeleton of the 2,4-dodecadienones in which X
expresses the substituents at the carbonyl C,; atom of the dodecadienone skeleton and
Y is the longest one of the C,, substituents in terms of length L, along the bond axis.
The molecules were described by different steric and hydrophobfc parameters and used
to compute step by step various QSAR models based on different functional groups.
Equation 8.3 represents the final QSAR model on A.a. selected by Nakayama et al. [38]:

pI50=3.65(£126)L, —0.35(+0.11)L,* +1.08(%1.12) D — 0.06(+0.06) D’
+1.90(%1.13) logP - 0.14(%0.09) logP? +0.57 (+0.25) B, —0.71(+0.41) Iy

+0.86(+0.35) [ ox +1.39(£0.65) I, —0.65(+0.37) I, -16.35(£5.21)  (8.3)
n=85, s=0.53, r=0.89

In Equation 8.3, L, is the length of the X end along the bond axis (C,—X). D is
the maximum length of the whole molecule. B, expresses the bulkiness toward the
carbonyl group of a-substituents in the alcohol moiety of ester derivatives and/or
thiol ester derivatives. I is an indicator variable that takes the value of 1 for the
amides and O for the other chemicals. I, is an indicator variable that takes the value
of 1 for the compounds whose Y moiety is an alkoxy or hydroxy group and otherwise
zero. I, is an indicator variable for the chemicals having a branch at any position in
the X moiety of ketone derivatives. /(—) is an indicator variable coding enantiomeric
effects. It takes the value of 1 for the (R)-(—)-isomer and zero for the (+) mixture. The
hydrophobicity of the whole molecule is estimated by log P [38,39].

The pI50 values calculated with Equation 8.3 as well as the corresponding resid-
ual values are listed in Table 8.3.
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Equation 8.3 is quite complex including a lot of parameters with their square
terms while leading to rather modest results. Hansch and Leo [40] have tried to
obtain a simpler model than Equation 8.3 by deriving a bilinear model [41] from
the descriptors calculated by Nakayama et al. [38]. To do so, the L,, /2, D, and D?
descriptors were omitted and 10 chemicals were removed without justification. This
led to Equation 8.4:

PISO = 116(0.71) logP —1.04(0.81) log(B 10" +1)
+0.42(£0.25) B, —0.57(£0.41) I +0.96(£0.27) I,z

~1.18(10.63) 7,, —0.91(£0.31) I, —1.78(3.20) (8.4)

n=75,5=0.52, r=0.86

According to Hansch and Leo [40], the relatively high standard deviations and low
correlation coefficients of these equations clearly called for further analyses.

Consequently, an attempt was made to compute a model presenting better
performances while including a fewer number of descriptors. To do so, a TLP was
used as statistical engine to optimize the search for complex relationships between
the pI50 values recorded on A.a. and the molecular descriptors selected by Nakayama
et al. [38] without accounting for their squared term. The original data set (Table 8.3)
was randomly split into an LS, a TS, and a VS of 69, 8, and 8 chemicals, respec-
tively. TS included chemicals #3, 15, 16, 35, 44, 45, 52, and 59, while VS included
chemicals #1, 5, 23, 30, 38, 75, 84, and 94. Use of L,, D, B,, log P, I, I, and I(-)
as input neurons in the TLP allowed us to obtain a model with good performances.
Because with the Statistica™ software a Boolean descriptor is encoded as two input
neurons, a 10/4/1 TLP was designed. Such a TLP with a bias connected to the hid-
den and output layers and the use of the BFGS second-order training algorithm led
to satisfying prediction results. The hidden and output activation functions were
a hyperbolic tangent (Tanh) function and a negative exponential function, respec-
tively. The convergence was obtained after 138 cycles. With such a configuration, the
correlation coefficients for the LS, TS, and VS were equal to 0.92, 0.94, and 0.95,
respectively. An overall correlation coefficient of 0.92 was calculated from the pre-
diction results obtained with the three sets. The TLP model has been more robustly
derived than Equation 8.3 and it shows better predictive performances. Thus, for
example, inspection of Table 8.3 shows that 13 chemicals (15%) have residuals >0.8
(in absolute values) when Equation 8.3 is used to estimate the pI50 values of the
85 studied 2,4-dodecadienones, while the use of the TLP model leads to more than
twice less chemicals with a residual value >0.8 (7%). Other trials with random selec-
tions of 80% (LS), 10% (TS), and 10% (VS) of the data set and with the same TLP
architecture led to broadly the same prediction results. In the same way, use of five
or six neurons on the hidden layer increased the performances of the models. It is
noteworthy that with such TLP architecture, most of the time, good performances
were obtained on the TS and VS despite the high number of connections within the
networks.
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Equation 8.5 represents the final QSAR model on T.m. selected by Nakayama
et al. [38]:

pIS0 = 4.63(+1.69) W, —0.63(+0.21) W,” +2.58(+1.14) D—0.15(+0.06) D*
+1.76(£1.13) logP —0.13(0.09) logP? +0.61(+0.30) - +0.87(0.26) B,

+2.89(£0.47) I g —2.51(+0.71) 1, —23.32(%5.96) (8.5)

n=84, s=0.54, r=0.90

In Equation 8.5, W, is the width of the X end perpendicular to the L axis and in
the direction in which the longest chain of the substituent extends in the staggered
conformation (Figure 8.6). I, is an indicator variable for the amides and ketones. It
is equal to 1 when X=NHR, NR2, or R and to zero otherwise. The variation in the
hydrophobicity of the X end is expressed by the n value of the C(Me)=CH-CO-X
moiety. D, B, log P, and I,, have been described earlier (see Equation 8.3).

Again, an attempt was made to derive a TLP model including fewer descriptors
as input neurons than in Equation 8.5 as well as with a minimum of neurons on
the hidden layer. The data set was randomly partitioned into an LS, TS, and VS,
including 80%, 10%, and 10% of the chemicals, respectively. Rather good results
were obtained by selecting W,, D, B,, log P, m,,, and I, as input neurons and five
neurons on the hidden layers. The 7/5/1 TLP also included a bias connected to the
hidden and output layers. The BFGS algorithm was used to train the network. The
hidden and output activation functions were a hyperbolic tangent (Tanh) function
and a negative exponential function, respectively. The convergence was obtained
after only 66 cycles. With such a configuration, the correlation coefficients for
the LS, TS, and VS were equal to 0.94, 0.93, and 0.92, respectively. An overall
correlation coefficient of 0.94 was calculated from the prediction results obtained
with the three sets. Inspection of Table 8.4 shows that the TLP models significantly
outperform Equation 8.5. Different trials with random selections of 80% (LS), 10%
(TS), and 10% (VS) of the data set and with the same TLP architecture allowed
us to obtain similar prediction results, but the number of satisfying configurations
was lower than in the case of runs performed for selecting the TLP model on the
A.a. pI50 data.

Basak et al. [42] also used the biological data reported by Henrick et al. [18] to
derive QSAR models, focusing on the selection of the most informative descrip-
tors as well as the most efficient statistical method. They increased the number of
species and chemicals used in the modeling processes. Thus, they used last larval
instars of yellow fever mosquitoes (A.a.), fresh pupae of greater wax moths (G.m.)
and of yellow mealworms (7.m.), full grown larvae of house flies (M.d.), 2nd- and
3rd instar nymphs of pea aphids (Acyrthosiphon pisum, A.p.), and larvae of tobacco
budworms (Heliothis virescens, H.v.). The numbers of 2,4-dienoates (+ the censored
data) used to compute the QSAR models on A.a., G.m., T.m., M.d., A.p., and H.v.
were 143(+35), 125(+52), 152(+26), 121(+56), 55(+32), and 109(+51), respectively.
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The molecules were described by means of topostructural indices (e.g., Wiener
number, Randic indices), topochemical indices (e.g., valence and bond connec-
tivity indices, E-state indices), triplet indices and Balaban’s J indices, geometric
or 3D indices (Kappa shape indices) [43], and atom pairs. Briefly, an atom pair
was defined as a substructure consisting of two non-hydrogen atoms i and j and
their interatomic separation: {atom descriptor;} — {separation} — {atom descriptor;},
where {atom descriptor} contains the information regarding atom type, the num-
ber of non-hydrogen neighbors, and the number of & electrons. Thus, for example,
C1X2-6-O0X2 represents a carbon atom with one = electron and two non-hydrogen
neighbors (atom #1) and an oxygen atom with no = electrons and two non-hydrogen
neighbors (atom #2), with an interatomic separation (including both the atoms)
of 6. Initially, 1173 descriptors were computed, including 915 atom pairs. Ridge
regression (RR), principal component regression (PCR), and partial least squares
(PLS) regression were used as statistical tools, and the modified Gram—Schmidt
orthogonalization was employed to trim the 258 global molecular descriptors to
a size of 100. The leave-one-out cross-validated ¢> values for the RR [44], PCR
[45], and PLS [46] methods were ranged from 0.323 to 0.386, —0.054 to 0.224, and
0.104 to 0.327, respectively. RR giving the best results, it was used to compute the
models from atom pairs and from the whole set of descriptors after their trimming
by means of the soft threshold method. Twenty-one models were derived with ¢
values ranging from 0.030 to 0.586. Analysis of the best model obtained for each
species showed that the top ten descriptors, based on ¢ statistics, mainly included
atom pairs. Most of the atom pairs included a heteroatom, such as oxygen or sulfur,
and five or more vertices. From this, Basak et al. [42] deducted that the interaction
between the ligand and the critical target depended not only on the size of the ligand
but also on the chemical nature such as electronegativity, polarity, and polarizabil-
ity. This inference was supported by the presence of a number of topochemical
indices such as neighborhood complexity indices, bond and valence connectivity
indices, and internal hydrogen bonders. Because analysis of the residuals obtained
with the different models suggested some nonlinearity among the data, recursive
partitioning [47] was used to capture any nonlinear relation between the JHA mea-
sured on the six species and the global descriptors. The r? values obtained for the
dendrograms and predictors that lead to significant splits in recursive partitioning
equaled 0.54, 0.55, 0.50, 0.61, 0.54, and 0.59 for A.a., G.m., T.m., M.d., A.p., and
H.v., respectively. Inspection of the descriptors involved in the partitioning revealed
that some of them were common to different species and especially to a specific
development stage. Nevertheless, this does not mean that the species behave in a
same way against the 2,4-dienoates. This is clearly shown in Figures 8.7 through
8.9 when pairwise comparisons are made between pI50 values. While the differ-
ent results obtained by Basak et al. [42] are interesting, the performances of their
numerous models remain rather modest and the models obtained on A.a. do not
outperform those obtained by Nakayama et al. [38] (Equation 8.3), by Hansch and
Leo [40] (Equation 8.4), and by us in the present study.

In another study, Basak et al. [48] used the same types of descriptors and
statistical methods (i.e., RR, PCR, PLS) for modeling a large set of JHMs tested
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FIGURE 8.7 Galleria mellonella versus Tenebrio molitor pI50 values for 140 2,4-dienoates.

on C. pipiens. Three different predictor-thinning methods, namely, a modified
Gram-Schmidt algorithm, a marginal soft thresholding algorithm, and a least
absolute shrinkage and selection operator (LASSO), were utilized to reduce the
number of descriptors prior to developing QSAR models. The models were derived
from 304 pI50 (logarithm of the reciprocal of the concentration (M) at which 50%
of metamorphosis was observed) obtained on C. pipiens larvae. Molecules were
described by a large number of diverse descriptors including 268 global molecular
descriptors (topostructural, topochemical, and geometrical), 13 quantum chemi-
cal descriptors, and 915 atom pairs (substructural counts). The initial data set was
split into five calibration data sets of random samples of sizes 60/110/160/210/260
and the remaining 244/194/144/94/44 chemicals were used for validations. For
each of these five divisions of data, the three predictor-thinning methods were
used. Subsets of 50, 100, 150, 200, and 250 predictors were chosen by each
method (thought this was not always possible, depending on the size of the cali-
bration data). RR was used to compute the models that were evaluated for the
calculation of the 10-fold cross-validated ¢* values. LASSO was not found to be a
very effective method in handling a large set of molecular descriptors because the
number of predictors retained could not exceed the number of observations. The
results revealed that the modified Gram—Schmidt algorithm was suited to trim
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FIGURE 8.8 Galleria mellonella versus Musca domestica pl50 values for 140 2,4-dienoates.

the number of predictors in the global molecular descriptor set where collinearity
of the descriptors was the major concern. On the contrary, the soft thresholding
approach was found to be an effective tool in subset selection from a diverse set
of descriptors having both sparsity and multicollinearity, as in the case of the
combined set of atom pairs and global molecular descriptors. After the evaluation
of the applicability of descriptor trimming, Basak et al. [48] decided to fit the JHA
of all 304 chemicals using 250 predictors selected from the combined set of pre-
dictors by the marginal soft threshold method and to use the RR as statistical tool
for deriving the model. The final model was derived on 244 descriptors and leads
to a 10-fold ¢? equals to 0.60. Among the 16 predictors with the highest ¢ values,
a majority of them were atom pairs and a few were triplet indices. The electro-
topological state of oxygen (—O—) was found to be the most important factor that
affects JHA. The E-state index of an atom is a measure of the intrinsic state that
is perturbed by every other atom in the molecule, accounting for the valence elec-
tronegativity of the atom and its local chemical environment. Four of the atom
pairs that contain oxygen also appeared as important moieties affecting the JHA
of the studied chemicals. The presence in the final model of triplet indices derived
from both adjacency and distance matrices also indicated the importance of shape
of the ligand.
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FIGURE 8.9 Tenebrio molitor versus Musca domestica pl50 values for 140 2,4-dienoates.

8.5 CONCLUSIONS

SAR and QSAR modeling has become a crucial tool in drug design because its imple-
mentation in the drug discovery and development process allows us to reduce the time
and cost required in lead optimization. The SAR and QSAR modeling techniques
play an equally important role in toxicology and ecotoxicology for predicting the
adverse effects of chemicals on humans as well as on the invertebrates and vertebrates
occupying different trophic levels in the aquatic and terrestrial ecosystems. These
methods are also particularly suited to better understand the mechanism of action of
the chemicals. Consequently, it is not surprising that these tools have found applica-
tions in the discovery of potential new JH analogues. The survey of the published
literature and the new models derived in the frame of this study allow us to pinpoint
the particularities of the QSAR models aiming at predicting the JHA of chemicals.
A small change in the structure of a chemical can lead to a drastic change in its
JHA. This can be observed on one species, while another one, even if belonging to
the same taxonomical group, will be only marginally or not affected. This explains
the poor interspecies correlations independently of the species as well as their stage
of development. Consequently, this is not surprising that for a same chemical data
set tested on different insect species for their JHA, different molecular descriptors
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will be necessary for computing the corresponding QSAR models. In practice, this
means that a model derived for a species cannot be used for simulating the same
endpoint on another species.

Analysis of the different molecular descriptors included in the models shows that
the most important are those encoding steric effects. The 1-octanol/water partition
coefficient appears only marginally significant.

Lastly our study reveals that the supervised nonlinear methods outperform the
linear regression techniques in the design of powerful predictive QSAR models. This
finding is not surprising because these nonlinear tools have shown their great interest
to find complex relationships between the activity and the property of structurally
diverse sets of molecules and their structure [49,50; see also Chapter 10].
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ABSTRACT

Using 3D QSAR CoMFA and CoMSIA methods, we built predictive models
for a structurally diverse set of 86 JH analogs. The combined bioassay- and
in silico-generated pharmacophore model of juvenoids has revealed important
structural features necessary for morphogenetic JH activity in Drosophila
and has specified the dominant interactions that these juvenoids exhibit with
putative JH receptor. By dividing the training set of molecules in two subsets,
Class I and Class II, we gained models with better statistical parameters. This
may indicate that these two classes of molecules exhibit a different mode of
binding to the JH receptor. By means of this approach we have obtained both
computer-aided and species-specific pharmacophore fingerprints of JH and
its agonists, which revealed that the most active compounds must possess an
electronegative atom (oxygen or nitrogen) at both ends of the molecule. When
either of these electronegative atoms are replaced by carbon or the distance
between them is shorter than 11.5 A or longer than 13.5 A, their biological
activity is widely decreased. The presence of an electron-deficient moiety in the
middle of the farnesene-type JH agonist is also essential for high activity. The
information from 3D QSAR provides guidelines and a mechanistic scope for the
identification of steric and electrostatic properties as well as donor and acceptor
hydrogen-bonding that are important features of the ligand-binding cavity of a
JH target protein. In order to refine the pharmacophore analysis and evaluate the
outcomes of the CoMFA and CoMSIA study, we have used the pseudoreceptor
modeling software PrGen to generate a putative binding site surrogate that is
composed of eight amino acid residues corresponding to the defined molecular
interactions for both classes of juvenoids. We have shown that computational
CoMFA and CoMSIA models, with their graphical interpretation, can also serve
to guide the design of novel JH-compounds and predict their biological activity.
The low activity or inactivity of several juvenoids in Drosophila with relatively
high or very high activity in other species already suggests that 3D QSAR
pharmacophore models based on numerous bioassays can reveal biologically
meaningful, distinct species-specific differences, as well as help uncover more
of the atomistic details of the JH mode of action.

KEYWORDS

Juvenile hormone agonists, 3-D QSAR, Pharmacophore analysis, Atomistic
pseudoreceptor model, Drosophila

9.1 INTRODUCTION

Juvenile hormones (JHs) are a unique group of simple sesquiterpenic compounds pro-
duced by the specialized endocrine gland corpora allata whose major function is to
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prevent precocious metamorphosis in immature larval stages [1-4]. In addition, JH
plays critical roles in a rich array of other processes, including reproduction, behavior,
pheromone production, adult diapause, morph and caste determination, and polyphen-
ism [5,6]. Besides JH, insect development is primarily regulated by the steroid hor-
mone ecdysone (Ec), pulses of which drive the transition between each developmental
stage as well as contribute to the regulation of reproduction [7-9]. Compared to our
understanding of the mode of action of JH, the mode of Ec action is relatively well
understood, in part due to extensive research on vertebrate steroid endocrinology that
supported research on Ec action in Drosophila and other insects (for reviews, see [10—
12]). In general, it is thought that while Ec induces every molt, JH regulates its out-
come; by another words, JH modulates action of Ec [8,13,14]. Ec, like all other steroids,
acts by binding to its cognate receptor, EcR. This requires heterodimerization with
another nuclear receptor partner, Usp, encoded by the ultraspiracle (usp) gene. The
ligand-bound heterodimer then recognizes Ec-responsive elements (EcREs) within
the regulatory regions of a particular gene(s) to regulate its expression [15-20]. During
metamorphosis, the ECR/Usp complex triggers the expression of a small series of early
(regulatory) genes, which in turn orchestrate a complex cellular response through the
coordinated expression of the cascade of late (effector) genes [9,11,12,21,22].

Our incomplete understanding of JH action is not due to a lack of effort [23-26]
but rather originates from the unique properties of JH as a hormone [27]. Therefore,
Gilbert et al. [28] in one of his reviews correctly wrote “in all of endocrinology there is
no more wondrous name for a hormone than the insect juvenile hormone.” Most insects
have JH-III (epoxy farnesoic acid methyl ester) as a natural JH [29]. A few insect groups
have also less frequent JH-I, JH-II, and JH-0 hormones. Williams [3] was the first to
demonstrate exogenous JH effects without needing to transplant active corpora allata.
He was able to develop a simple assay for JH activity using lipid extracts, which later
motivated Law to prepare a synthetic mixture of farnesoates [30] and the discovery of
so-called paper factors (juvabione and dehydrojuvabione) as the active JH compounds
from balsam fir [31]. Since then, large numbers of JH analogs, called juvenoids
(see in the following), have been synthesized by different research laboratories and
agrochemical companies. Very early on, Williams [32] suggested that these juvenoids
could serve as a new generation of insecticides. A comprehensive survey of available
juvenoid structures tested prior to 1985 revealed more than 4000 compounds for which
JH activity has been documented in at least one insect species [33-38]. There are
also potential juvenoids with hypothesized biological activity (mainly from the patent
literature), so the total number of juvenoid compounds is close to 6000.

The elementary structural type of many juvenoids is related to natural JH compounds
and derived from a common sesquiterpenoid backbone. This is the case for farnesol,
the first chemical compound discovered to have JH activity. Farnesol was identified
by Schmialek [39] long before it was known that 10,11-epoxyfarnesoates and their
homologues were endogenous JH molecules. However, the chemical structure of many
juvenoid molecules is totally unrelated to that of endogenous JH or sesquiterpenoids.
Currently, a large series of the juvenoids have chemical structures that categorically
exclude them from having a common biogenetic origin with endogenous JH. It
is for this reason that the term juvenoid was proposed as a generic name for all the
hormonomimetic compounds exhibiting pharmacobiological properties of JH in insects.
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Juvenoid structures are one of the most structurally divergent groups of compounds
to share common biological activities. This may, in part, explain why it has been so
difficult to identify the JH receptor. At the same time, the great structural diversity of
JH analogs or agonists has provided a valuable set of pharmacological tools to explore
JH action at the molecular level.

9.2 RATIONALE OF PHARMACOPHORE ANALYSIS
IN SILICO EXPLORING DROSOPHILA

Although studies in Drosophila have contributed greatly to establishing molecular
mechanism of action of Ec and steroid hormones in general—it is the best known
representative of cyclorrhaphous diptera and an ideal genetic model organism—it
was mostly omitted from the juvenoid research, perhaps because it is not a pest.
Only a limited number of juvenoids had been tested in Drosophila [40-46] and
their structure—activity relationships were never systemically evaluated. Even
though it was known that the application of JH to Drosophila and other related
cyclorrhaphous dipterans causes a complex set of morphogenetic effects (per-
turbation of abdominal bristle differentiation including shortened or completely
missing bristles, defects in abdominal cuticle pigmentation, misrotation of male
genitalia, disruption of metamorphosis of the nervous and muscular systems, inhi-
bition of eclosion), most tests of compounds for JH activity in different insect spe-
cies, including Drosophila, have relied on using inhibition of eclosion as a simple
parameter to evaluate their biological effectiveness. Since the eclosion of adults in
many insect species can be inhibited by numerous nonhormonal chemicals due to
nonspecific and generally toxic effects, we chose to evaluate the JH activity of each
compound by taking into account a specific, unambiguous morphogenetic effect of
JH action in Drosophila. To exclude such nonspecific effects, we initially evaluated
each compound for its ability to cause a minimum of two independent morphoge-
netic effects, i.e., the misrotation of male genitalia and the perturbation of abdomi-
nal bristle differentiation (Figure 9.1). Then, to quantify the effects of different
juvenoids in a structure—activity study, the EDs, of a compound was expressed as
the number of micrograms of the compound able to cause macrochaeteless and
microchaeteless tergites in the abdomens of 50% of the animals.

In the genomic era, studies utilizing Drosophila offer considerable promise for
understanding the molecular mechanism of JH action and to identify the JH receptor
and thus to explain the plethora of observations on JH accumulated in the past decades.
As a prerequisite to this goal, we performed a pharmacophore analysis to understand
the 3D structure of the site in the JH receptor able to bind natural JH. We evaluated
the hormonomimetic properties of 86 juvenile hormone agonists/analogues (JHAs)
and used data on their biological activities and physical structures to feed software
able to compute and model 3D quantitative structure—activity relationships (QSAR).
Current in silico 3D QSAR and related procedures have proven to be very useful
tools for elucidating the molecular action of many compounds, including drugs, and
predicting new pharmaceutically successful compounds. Examples include steroid
agonists and antagonists [47], acetylcholinesterase inhibitors for Alzheimer symptoms
treatment [48], dopamine receptor agonists [49], antimalarial drugs [50] or multidrug
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FIGURE 9.1 Morphogenetic effects evoked by exogenous administration of juvenoids to
last instar larvae of D. melanogaster that were used to evaluate hormonomimetic activity of
tested ligands. (a) designates light microscopic view of control wild-type fourth abdominal
segment (tergite) with normal pattern of bristles (microchaetae and macrochaetae). (b) shows
perturbation of abdominal bristle differentiation and segment underpigmentation, as seen
in pharate adults incapable of eclosion. (c) depicts scanning electron microscopic view of
ventral side of the abdomen with normally rotated genital arch in control wild-type male. In
contrast, (d) illustrates incompletely rotated genital arch of uneclosed pharate adult male as a
consequence of juvenoid administration to wandering last instar larva.

resistance modulators [51], N-methyl-D-aspartate (NMDA)—glycine B antagonists [52],
histamine H4 receptor ligands [53], inhibitors of HIV-1 integrase [54], carbonic anhy-
drase inhibitors [55], Aurora A kinase inhibitors [56], B-Raf serine/threonine kinase
inhibitors [57], and, of course, ecdysteroid receptor agonists [58—63]. These and notable
commercial successes using 3D QSAR technology suggest that applying it will provide
for further improvement to existing juvenoid-based insecticides and the development of
new juvenoid-based insecticides in the near future. As will be documented in the fol-
lowing, these goals will be more easily reached since many of the parameters and the
steps utilized during our JH pharmacophore analysis in Drosophila can be transformed
or extrapolated to already existing bioassays in various insect species, including pests.
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9.3 PRINCIPLES OF CoMFA AND CoMSIA IN
PHARMACOPHORE MODELING

QSAR with comparative molecular field analysis (CoMFA) within the Sybyl pack-
age builds statistical and graphical regression models that relate the physicochemical
properties of molecules (including their biological activity) to their structures. These
models are then used to predict the properties or activity of novel compounds. This
approach follows from the early seminal work of Backett and Casey [64] on opioids,
which defined those parts of the active molecules (pharmacophoric groups) that are
essential for activity. Analyses of the trimethylammonium receptor site by Kier and
Aldrich [65] further developed the pharmacophore concept and applied it to rational-
ize the SAR of several systems. The application of molecular modeling has dichot-
omized to develop methods dealing with biological systems having an unknown
receptor where there is no available structural information for the receptor at the
atomic level and methods dealing with situations where a 3D structure is known
from crystallography or NMR spectroscopy [66]. Significant progress in characteriz-
ing the molecular properties of a ligand-binding site has been made using 3D QSAR
methods by considering the 3D structures and binding modes of ligands and com-
paring these compounds by mapping their molecular fields in a 3D grid. The initial
success of QSAR methods led to efforts to extend the analysis to noncongeneric
series where the structural similarity between active compounds in the same
bioassay was not obvious, so that the parts of active molecules essential for activity
as pharmacophoric groups could be defined. Knowledge of the pharmacophore can
be used to infer the important elements within the binding site of the protein and
elucidate the possible molecular mechanism of ligand—protein interaction.

A standard CoMFA procedure, as implemented in the Sybyl software from Tripos
Inc., consists of few sequential steps: First, the 3D structures of all of the molecules
in the dataset are generated in their presumed bioactive conformations. Second,
all of the molecules are superimposed or aligned in a 3D spatial lattice/grid using
either manual or automated methods. Third, steric and electrostatic fields are cal-
culated around the aligned molecules with different probe groups positioned at all
intersections of the grid. Fourth, the interaction energy or field values are correlated
with the biological activity data using partial least squares (PLS) and related statisti-
cal techniques to identify and extract the quantitative influence of specific chemical
features of molecules on their biological activity. Fifth, the results are articulated as
correlation equations with a number of latent variable terms, each of which is a lin-
ear combination of original independent lattice descriptors. CoOMFA has been used
as the method of choice in hundreds of published QSAR studies. Statistical tools in
QSAR with CoMFA include principal component analysis (PCA or factor analysis)
for uncovering relationships between descriptors, previously mentioned PLS regres-
sion for analyzing continuous response data (IC,,/IDs), and soft independent mod-
eling of class analogy (SIMCA) for analyzing data that are categorical rather than
continuous (i.e., active vs. inactive). A hierarchical clustering tool groups compound
into classes having similar properties. Bootstrapping and cross-validation techniques
are provided to test a model’s predictive power, diagnose chance correlation, and
insure model robustness.
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Data and results of statistical analyses can be displayed as scatter plots, distribu-
tions, or histograms. Graphs, structures, and spreadsheets interact with each other
to facilitate exploration of the data. The results of CoMFA analyses are displayed
as color-coded contours around molecules, allowing visual identification of regions
responsible for favorable or unfavorable interactions with the receptor. QSAR with
CoMFA stores project details, making it possible to regraph, compare analyses, and
predict the properties of new compounds. All of the data can be easily reevaluated if
the underlying molecular structures are modified.

An extensive set of physicochemical descriptors (structural, conformational,
geometric, electrostatic, and thermodynamic) is built into QSAR with CoMFA.
Molecular structures, descriptors, and properties can be organized and managed
within a friendly molecular spreadsheet. 3D QSAR methods such as CoMFA require
a set of aligned molecules. For example, Field Fit optimizes the alignment of mol-
ecules to a previously calculated steric or electrostatic field, if it is available. An
alternative, more frequent approach is to align molecules in a database to a template
molecule based on a common substructure.

Once a set of molecules is aligned, COMFA calculates the steric and electrostatic
interaction energy of a probe atom with each molecule at points on a grid surround-
ing the molecules. CoOMFA descriptors can be used alone or in conjunction with
other descriptors. Comparative molecular similarity indices analysis (CoMSIA) is
similar to CoMFA but uses a Gaussian function rather than Coulombic and Lennard-
Jones potentials to assess steric, electrostatic, hydrophobic, and hydrogen bond
donor/acceptor fields. In principle, this does not necessarily increase the accuracy or
predictive ability of the model, but it makes the contour maps easier to interpret. If
the bioactive conformation of a molecule is not known, multiple conformers can be
stored in the molecular spreadsheet. Though this allows alternative conformers and
alignments to be considered in a CoMFA or CoMSIA analysis, it can increase the
computational load (workload) significantly.

In general, at the present 3D QSAR methods are primarily employed in so-called
ligand-based drug/molecular design tasks to design new pharmacologically active com-
pounds (drugs, inhibitors, etc.) or analyze effects of toxicants and pollutants. As shown
in the following, selecting such a complex approach can provide a computer-aided and
species-specific pharmacophore model with contour maps able to reveal the steric and
electrostatic properties of important features of the ligand-binding cavity of the JH tar-
get protein. In addition, the outcomes of the CoOMFA and CoMSIA studies can be used
in the pseudoreceptor modeling to generate a putative atomistic binding site model.

9.4 METHODOLOGY OF JUVENOID 3D QSAR ANALYSIS

9.4.1 OBTAINING DATA ON BioLocicaL AcTivity oF JH AGONIsTS

All tests of juvenoid activity were performed on the Oregon R wild-type Drosophila
melanogaster (from Bloomington Stock Center, Indiana University, Blooming-
ton, IN). Flies were cultured using standard method as described elsewhere [67].
JHs and their analogs (listed in Table 9.1) were prepared freshly by dissolution in
acetone (and never stored) and applied topically in a 0.5 UL volume on the surface of
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late wandering third instar larvae (cca 8—12 h prior to pupariation), according to
Ashburner [40]. All compounds were initially tested at a dose of 1 pg/animal and
afterward tested at more diluted concentrations. If a compound displayed low or
no activity at 1 pg/animal, doses were gradually increased to 10 pg/animal. Each
concentration of every evaluated compound was tested on 200 larvae and in trip-
licate. The morphogenetic effects of a compound on animals were evaluated and
scored after control siblings completed eclosion (120 h after pupariation) (for more
details, see [67]).

Samples were processed as follows: Drosophila cuticles were excised, fixed in
4% formaldehyde+50% acetic acid, rinsed in ethanol, and delipidated in 1IN KOH at
90°C for 5 min. After washing in saline, cuticles were dehydrated in ethanol, cleared
in xylene, and mounted in Euparal (Chroma GmbH.) or Entellan (E. Merck GmbH.).
Alternatively, cuticles were fixed in glycerol-acetic acid (1:4), mounted, and cleared over-
night in Hoyer’s medium at 60°C [68]. These two techniques gave comparable results.

Preparation of adult flies for scanning electron microscopy was done as we
described previously [69] with modifications for pupae and pharate adults as fol-
lows [70]. Briefly, glutaraldehyde-fixed and osmium tetroxide-postfixed specimens
were enzymatically cleared of dirt contaminants that derived from exuvial fluid and
then washed in 15% Triton X-100 plus 5% Tween 20. After dehydration through an
ascending ethanol series, animals were critical point dried using hexamethyldisila-
zane (Sigma GmbH.) as described by Nation (1983), sputter-coated with platinum
or gold—palladium in a Balzers SCD-030, and viewed in a field emission electron
source Hitachi S-800 scanning electron microscope operating at 10 kV. More details
can be found in [67].

Since biological data are generally found to be skewed, we used a logarithmic
(log) transformation to move the data to a nearly normal distribution. Thus, to
generate models using measurements of responses under equilibrium conditions, we
usually transformed the data to express doses or concentration values as negative
log [IC, or EC5, or EDy].

9.4.2 COMPUTATIONAL ANALYSIS

All the computational tasks were performed on Silicon Graphics Origin (SGI) 2000
(R10000) and O, (R10000) servers running under the IRIX (ver. 6.5.8 and 6.5.19)
operating system.

9.4.2.1 Structure Building

The entire set of the studied JH compounds in 3D was created by the sketch func-
tion of Sybyl 6.8 molecular modeling software (Tripos-Certara Co., St. Louis, MO)
on a SGI workstation and thereupon fully energetically minimized using the stan-
dard Tripos force field, with a 0.05 kcal/mol energy gradient convergence criterion
and a distance-dependent dielectric constant. To identify local energy-minimum
conformations for all of the studied juvenoids, the complete systemic conforma-
tional search with a 30.0 angle increment was performed. In addition, for finding
the low-energy conformations of juvenoid structures with more than 3 rotatable
bonds, a random search routine needs to be employed. Then, all these low-energy
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conformations were fully reoptimized using the AMI1 semiempirical quantum
chemical method; the AM1 was also used for a partial charges calculation. The
resulting congener structures were refined against the x-ray or NMR structural
data of highly related compounds, the coordinates of which were obtained from
Cambridge Crystallographic Database. JH and some of its agonists are known to
form chiral mixtures [71]. In general, many enantiomer-forming compounds appear
to affect the biological activity or play an important role in enzymatic reactions,
stereoselective degradation, and other mechanisms [72—74]. Several x-ray structural
studies have shown that biologically less active enantiomers of ligands for nuclear
hormone receptors are also able to bind a receptor pocket and adopt bioactive con-
formation similar to more active enantiomers, but this conformation is energetically
less favored [75-77]. Therefore, when appropriate the enantioselective isomers
and chiral centers of the juvenoids were considered according to the descriptors
for 3D QSAR analysis as described by Golbraikh et al. [78], Paier et al. [79], and
Kovatcheva et al. [80]. To avoid some of the inherent deficiencies arising from the
functional form of the Lennard-Jones and Coulomb potentials, in CoMSIA compu-
tations we used Gaussian function for the distance dependence between the probe
atom and the molecule atoms [81].

9.4.2.2 Molecular Alignment

Structural alignment is known to be the most critical step in CoMFA and CoMSIA
studies and the resulting model is often sensitive to a particular atom-group arrange-
ment. It became recognized and widely accepted that the global energy-minimum
conformation may not necessarily be adopted in the compound—receptor complexes.
As a practical starting point for statistical comparisons of flexible structures within
both the CoMFA and the CoMSIA models to minimize this problem, reasonably
low-energy conformations in the alignment can be used. Empirically, it became
evident that in our study of juvenoids, taking the lowest energy conformation of
the most rigid and highly active molecule (No. 86) as the template structure for
the alignment provided the best result. Subsequently, JH molecules were superim-
posed by minimizing the root-mean-square (RMS) distance between atom pairs that
belong to the fitting molecule and the template molecule, respectively. The alignment
of all 86 compounds including the test set is shown in Figure 9.2a. Then, as a basis,
the superimposition of JH ligands was based on manually selected overlap of electro-
negative atoms of oxygens or nitrogen at the ends and quaternary or sp? hybridized
carbon in the middle of the structures (Figure 9.2b).

9.4.2.3 CoMFA Protocol

A 3D cubic lattice with a 2 A grid spacing was generated automatically around the
aligned JH molecules with the grid extending molecular dimensions up to 4 A in all
directions. The steric and electrostatic fields were calculated using the sp3 hybrid-
ized carbon atom with a charge of +1 separately for each molecule. An energy cut-
off at 30 kcal/mol was applied, which means that calculated energies greater than
30 kcal/mol are truncated to fit this value and to avoid infinite energy values inside
molecule. To analyze the relationship between the calculated steric and electrostatic
energies and —log ED values, the method of PLS was used. The leave-one-out (LOO)
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(b)

FIGURE 9.2 The superpositional alignment of juvenoids (congeners of JH agonists)
analyzed in this study. Complete set of all 86 JH compounds is shown in (a), whereas (b) shows
alignment of two selected agonists, natural JH-III (1) as representative of Class I and the most
rigid structure of ZR-10852 (82) as representative of Class II.

procedure was performed to cross validate PLS calculation. Column filtering was
set at 1.0 kcal/mol, so that only steric and electrostatic energies with values greater
than 1.0 kcal/mol could be considered, which helped to speed up and reduce noise in
the PLS analysis. The number of analyzed components corresponding to the lowest
predictive error of estimate (PRESS) value was selected for obtaining the final PLS
regression models and to maintain the optimum number of PLS components as well
as minimize the tendency to overfit the data. The estimated models were based on
the cross-validated LOO 72 (expressed as ¢?), standard error of prediction (SEP), the
non-cross-validated conventional correlation coefficient 72, and the standard error of
estimate (SEE).
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The overall predictive ability of CoOMFA analysis was evaluated by the ¢? term,
which was calculated according to following equation:

_ ZY(Ypred - Yact)2

2
q =1
ZY(Yact - Ymean )2

Some of the earlier indices change and others are omitted as meaningless if cross
validation is used in conjunction with PLS. Then, the key difference lies in the defini-
tion of the standard error value (s). When the analysis is run without cross validation,
the standard error is the uncertainty remaining after the least-squares fit has been
performed. If cross validation is applied, the standard error becomes the expected
uncertainty in prediction for the individual compound based on the data available
from other compounds. In this context, s becomes the root mean PRESS. It should
be emphasized that it is more difficult to predict values that are not used in deriving
a model than it is to fit the same values that include the minimum model. In most
CoMFA studies, the cross-validated correlation coefficient ¢? is usually lower than
the conventional correlation coefficient 2. The uncertainty of prediction is charac-
terized by the following equation:

PRESS

SPRESS = ———>>_
(n—k-1)

For the reliability of predictions, it is widely accepted that PRESS and ¢? are gen-
erally proving to be better indicators than standard error and 2. Although in time
as knowledge becomes accumulated, this can change; currently, any model with a
q* value greater than 0.4 or 0.5 is usually considered to be significant. The steric
and electrostatic fields of the CoMFA analysis are illustrated as contour maps (see
later Figure 9.8). For their interpretation, it should be noted that the color polyhe-
dra surround those lattice points in which the QSAR strongly associates changes
of compound field values with changes in biological potency. By default setting in
the program, green polyhedra represent sterically favored regions where more bulky
substituents are expected to increase biological activity, while yellow polyhedra
surround regions where less bulky substituents are predicted to increase biological
activity. Blue polyhedra paint electrostatic regions in which positively charged moi-
eties are favorable and will enhance biological activity, whereas the red contours
represent regions for which negatively charged groups are favorable. The optimal test
for the predictive power of the model is its ability to predict the activity of ligands in
test set, which was not used in generating the model and generating a calculation of
rpzredictive9 which is defined similarly to ¢, where the predicted activities are activities
calculated for members of this test set.

9.4.2.4 CoMSIA Setup

CoMSIA was developed to overcome some of the limitations of CoMFA. It pro-
vides a different way for the calculation of grid point energies and uses different
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similarity probes. This enables it to explicitly include the hydrophobic and hydrogen-
bonding parameters of molecules into a correlation model. In CoMSIA, molecular
similarity indices were employed as descriptors to simultaneously consider steric,
electrostatic, hydrophobic, and hydrogen-bonding properties. These indices are
estimated indirectly by comparing the similarity of each molecule in the dataset
with a common probe atom usually having a radius of 1 A, charge of +1 and hydro-
phobicity of +1 positioned at the intersections of a surrounding grid/lattice. For
computing similarity at all of the grid points, the mutual distances between the
probe atom and the atoms of the molecules in the aligned dataset are also taken
into account. To describe this distance dependence and calculate the molecular
properties, Gaussian-type functions are employed. Since the underlying Gaussian-
type functional forms are smooth with no singularities, their slopes are not as steep
as the Coulombic and Lennard-Jones potentials in COMFA; therefore, no arbitrary
cutoff limits are required to be defined [81]. In evaluation of JH biological activi-
ties, all five physicochemical descriptors, steric (S), electrostatic (E), hydrophobic
(H), hydrogen bond donor (D), and acceptor (A) properties, were taken. In compar-
ison to CoMFA, involvement of these five different descriptor fields substantially
help to (1) increase the model’s significance and its predictive power as well as help
to (2) partition the ligand-binding properties into the spatial locations where they
play a decisive role in determining biological activity. Similarity indices (AFk)
between the compounds and a probe atom are calculated according to the follow-
ing equation:

2

. —ors

Alq:,k (.]) = _Z Wprobe,kwike “
1

where ¢ is the grid point for molecule j, with the summation index over all atoms
of the molecule j; w,, represents the actual value of physicochemical property k of
atom i; Wy,  indicates probe atom with charge +1, radius 1 A, hydrophobicity +1,
and H-bond donor and acceptor property +1; o is the attenuation factor (default is 0.3),
and r,, is the mutual distance between probe atom at grid point ¢ and atom i of the
test molecule [82].

Both LOO run and a nonvalidation PLS analysis were performed by utilizing
all five CoMSIA descriptors for the explanatory variables. The series of obtained
models were ordinarily estimated on the cross-validated LOO ¢?, the PRESS,
the non-cross-validated conventional correlation coefficient r2, the SEP, and the
SEE. As an outcome, the colored polyhedra surround those lattice points where
the QSAR strongly associates changes in compound field values with changes in
biological activity.

For more detailed information on CoMFA and CoMSIA protocols, readers are
recommended to consult Sybyl manuals (Tripos-Certara Co., St. Louis, MO).

9.4.2.5 Pharmacophore Development and Pseudoreceptor
Model Generation

Pharmacophore model represents description of features, which are necessary for
molecular recognition of a ligand by a target. By other words, information contents
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of the pharmacophore are an ensemble of steric and electronic features and atomistic
distances that are necessary to ensure the optimal supramolecular interactions with
a specific biological target. In our specific case, the pharmacophore model explains
how structurally diverse ligands, juvenoids, can bind to a common receptor site.
Summarizing the results of COMFA and CoMSIA, we proposed a putative pharma-
cophore model that explains the key structural requirements for the activity of JH
and its agonists in Drosophila.

To extend and efficiently refine the pharmacophore model, the program PrGen
(3R Biographics Laboratory Foundation, Basel, Switzerland) was used to generate
and calibrate a pseudoreceptor. This method serves to create spatial atomistic sur-
rogate and aims to predict the relative free energies of binding based solely on the
structures of ligand molecules. The pseudoreceptor model is validated by its ability
to reproduce the data experimentally obtained for the set of ligands. For pseudo-
receptor purposes, the 3D coordinates of JH-III and five most active JH agonists
from Class I and six most active JH agonists from Class II superimposed in the
conformations from the CoMFA study were used; this served as starting point for
the alignment in pseudoreceptor modeling. PrGen program generates vectors for
each functional group from the overlapped ligands indicating steric, electrostatic,
hydrogen-bonding, and lipophilic interactions as apparent from both CoMFA and
CoMSIA analyses. A pseudoreceptor is then created from individually selected resi-
dues that are positioned at the tips of the vectors.

In the first step in pseudoreceptor, the force field types are automatically
assigned to imported ligand atom coordinates in Protein Data Base (PDB) format,
followed by calculations of atomic partial charges, strain-free reference energies,
conformational entropy corrections, and solvation energies. Intermediate step is
addition of amino acid residues to properly aligned ligands selected from training
set. To do so, it is necessary to position vectors reflecting orientation of CoMFA
and CoMSIA fields with particular interactions, followed by geometry optimi-
zation. Based on the results from CoMFA and CoMSIA, every type of interac-
tion has several, albeit limited variables that need to be efficiently minimized by
retrospective comparison of each biologically active ligand from the distinct ago-
nist class. To generate pseudoreceptor model, individual vectors must correspond
to optimal orientation of potential amino acid groups involved in the interaction
and fit to the limits of its length (in A).

In the last step, the amino acid residues were chosen specifically to fit the
type of interaction of each vector as characterized by overlapped molecules and
CoMFA/CoMSIA-based pharmacophore. The experimental free energies of
ligand binding were calculated by a linear regression according to methodology
reported by Vedani et al. [83], Bassoli et al. [84], and Zbinden et al. [85] using the
following equation:

AG.,, =RTInK,

where K is experimental dissociation constant. Because dissociation constant (K,)
of JH agonists is unknown, it was approximated by InEDx,
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In PrGen, free energies of binding, AG,, are estimated from the following
equation:

Ebinding = Eligand-receptor - TAS - AGligandsolvation + AE‘imemulligand

Algorithms to calculate these quantities are included in PrGen package. The
predicted free energies of ligand binding, AG,,.4, are obtained by means of a linear
regression between AG,,, and Ej;, g,

pred»

AGpred = aEbinding +b

The resulting complex of superimposed ligand molecules and amino acid residues
of the pseudoreceptor was optimized by a conformational search protocol combined
with energy minimization. This step is repeated until the functional groups of
the ligand(s) interact with a pseudoreceptor residue. An interactive algorithm,
equilibration protocol, was used to obtain the best correlation between the
experimental and predicted free energies of binding. The predictive power of the
resulting model was assessed using test set.

9.4.2.6 Molecular Volume Computations

The van der Waals volumes of JH and juvenoids were calculated using Sybyl-Base
software. For computation of the cavity volume, distances between individual amino
acids of the pseudoreceptor model were measured and then artificially connected
using the MidasPlus package [86,87] or Biopolymer module of Sybyl to create con-
tinuous cavity, and the energy of the resulting structure was iteratively minimized.
The final cavity volume was calculated using the Woidoo program [88] and SiteID
module within the Sybyl package (Tripos-Certara Inc., St. Louis, MO).

9.5 KEY OUTCOMES OF JUVENOID 3D QSAR ANALYSIS

9.5.1 STRUCTURAL DIVERSITY IN THE LIGHT OF A BioLOGICAL
Activity ofF JH AGONIsTS

In our pilot study, we tested the biological activity of over 200 JH agonists and ex
post facto evaluated set of 86 compounds whose members spanned the range of
wide structural diversity as illustrated in Figure 9.2a and Table 9.1. Even though JH
agonists belong to various chemical entities from a structural point of view (farnesol
and geraniol derivatives, trimethyl or tetramethyl-dodecenoate or undecenoate
derivatives, juvabiones, various derivatives of benzoic acid, acetophenone, aniline,
nitrophenol, halophenol, benzenesulfonic acid or carbamate, then w-alkoxy-,
o-dimethyl derivatives, oxime ethers, phenoxyphenoxy, and other oligocyclic
derivatives, and peptidic juvenoids), the entire set of compounds under study can
be divided into two large classes. This classification is substantiated in detail in the
description of how we optimized the CoMFA and CoMSIA models. The first class
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is composed of linear flexible terpenoid or terpenoid-related molecules with several
freely rotatable bonds that include also natural JH-I, JH-II, and JH-III (Class I struc-
tures 1-3). The second class has more rigid compounds (one or few rotatable bonds)
containing phenoxy or other cyclic groups on both ends of the molecule exemplified
by ZR-10183, ZR-10131, and pyriproxyfen (Class II structures 81, 85, 86). Several
independent 3D QSAR reports have documented that it is difficult to analyze very
flexible molecules to generate reliable CoMFA model. As obvious, many of the
agonist molecules used in this study have linear, farnesene-derived flexible struc-
tures; the CoOMFA model that is presented here is based on the superposition of both
structurally diverse compound classes and shows unexpectedly acceptable predic-
tive ability. Table 9.1 presents the biological activity of 86 previously mentioned
agonists, which is expressed as EDs, and ranges from 0.00005 to 10 pg per animal
where picogram amounts reflect most active compounds. Those JH agonists that
show biological activity above 1 pg/animal are considered practically as nonactive.

9.5.2 OpTimizATION STEPS FOR THE COMFA MODEL

We could easily conclude that highly active compounds of both classes (I and II) dis-
play an electronegative oxygen at both ends of the molecule or a nitrogen replacing
the oxygen at one end (1-3, 14-17, 19, 81-86). As apparent from the summary table
of the biological activities, it is dramatically decreased when these oxygens or the
nitrogen is replaced by uncharged carbon (e.g., 25, 26, 29, 31, 32, 43, 44). Therefore,
it becomes interesting to understand how these atoms contribute to different longitu-
dinal shifts of juvenoid structures in the alignments.

In most cases, the nitrogen present in JH agonists is part of an unsaturated het-
erocycle, carbamate, or amide, whereas the oxygen is found mostly within ester,
etheric, epoxide, or phenoxyphenol moieties (see Table 9.1). The oxygen in the
phenoxyphenol group of the Class II compounds is found to be sterically hindered
by benzene rings, and its free electron pairs participate in the conjugation system
with these unsaturated benzene rings. This circumstance causes the phenoxyphenol
oxygen poorly reactive for intermolecular interactions including hydrogen bonding.
Conversely, the oxygen within the epoxy moiety of Class I compounds can provide
electron pairs very easily for H-bonding or for other electrostatic interaction. On the
opposite side of these compounds, the oxygen atom is part of an ester group, while
nitrogen is part of an amide, carbamate, or heterocycle group where all these atoms
can provide relatively weak interaction potential. This indicates that oxygen and
nitrogen in the different compounds provide substantially different chemical reactiv-
ities, atom charges, and abilities to form hydrogen bonds or electrostatic interactions.
The combination of these variable properties poses severe challenges for generating
an acceptable alignment of JH agonists. Because the structural alignment is critical
in CoMFA, we sequentially constructed multiple COMFA models considering all of
these aspects of the properties of JH agonists to find an appropriate alignment.

To obtain optimal alignment, initially we generated several of its variants con-
taining the entire set of tested JH compounds (Figure 9.3). A CoMFA model was
optimized by creating a training set from 76 compounds and a test set containing 10
structures (13, 14, 18, 21, 31, 59, 63, 69, 76, 83) in both cases representing two classes
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FIGURE 9.3 Basic comparative plot of experimental versus CoMFA-predicted biological
activities (—log EDs;) of common training set (Class I+1I) of 76 JH agonists. Despite being
structurally diverse, most active compounds in Drosophila share some common features,
i.e., an electronegative atom (oxygen or nitrogen) at one end of the molecule and electro-
negative atom (epoxy oxygen) or electron-rich moiety (oxyphenyl group) on the molecule’s
opposite end (see compounds 1-3, 14-17, 19, 81-86). Nonetheless, the terpenoid and rigid
phenoxy structures have very different chemical reactivities, atom charges, and abilities in
forming hydrogen bonds or electrostatic interactions. Indeed, this was one major reason to
divide the complete training set into two classes. The oxygen in phenoxyphenol group of
Class II compounds is sterically hindered by benzene rings that make the phenoxyphenol oxy-
gen poorly reactive for intermolecular hydrogen bonding, while the oxygen within an epoxy
moiety of Class I compounds can easily provide electron pairs for H-bonding or for other elec-
trostatic interactions. The difference between Class I and II analogs is reflected also in their
negative charge distribution. In the Class I structures, it is concentrated near electronegative,
ether, or epoxy oxygen, whereas in Class II structures, it is localized to the phenyl rings.

of compounds (linear and cyclic). Every alignment was produced with respect to the
electronegative oxygens or nitrogens located at one end of the molecules. After all
tasks, the alignment with the best statistical parameters was selected for the final
CoMFA model.

A large number of flexible linear compounds (e.g., 14, 15, 17, 19, 22, 23, 26) are
1.5-fold longer in their extended conformation than typical rigid cyclic compounds
(56, 66, 72, 74, 80-86). To this end, bent and therefore shorter conformations with
low energy were selected because sterically they fit better to the cyclic compounds
and seemingly improve g?. As anticipated, varying the energy cutoff from 10 to 30
kcal/mol did not show a significant effect on the predictive ability of the model.
However, the best ¢ was possible to achieve with a column filtering of 1 kcal/mol.
Then, a non-cross-validated PLS analyses were performed. Their final parameters
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TABLE 9.2

Summary of Results from CoMFA Analyses for the Common,
Unseparated Training Set of 76 JH Agonists as well as for This Set
Split into Class I and Class 1l Compounds

Cross-Validated

Non-Cross-Validated Fraction

Class n  Comp q*>  SPRESS r? SEE F Test S E

I+1I 76 6 0.508 0.969 0948 0306 196,93 0426 0574
I 45 6 0.576 1.007 0983 0.202 32547 0403 0.597
II 31 6 0.686 0.767 0.987 0.155 308.77 0.524 0.466

n, number of compounds; Comp, number of PLS components in analysis; ¢%, squared correla-

tion coefficient of a cross-validated analysis; SPRESS, standard deviation of error of pre-
diction; r?, standard correlation coefficient of a non-cross-validated analysis; SEE, standard

deviation of a non-cross-validated analysis (standard error of estimate); Fraction, field con-

tribution from CoMFA; S, steric; E, electrostatic.

TABLE 9.3

Test Set Class |+ 11 (CoMFA: Predictive
r2=0.49, CoMSIA: Predictive r2=0.51)

Compound  Experimental Calculated Residual
13 -0.91 -1.38 -1.23
14 1.75 1.37 1.48
18 -1.13 -0.76 -0.65
21 0.12 0.31 0.24
31 -1.58 -1.33 -1.21
59 -1.34 -0.78 -0.89
63 -0.59 -0.32 -0.86
69 0.01 -0.25 -0.21
76 -0.42 -0.72 -0.64
83 1.70 2.12 1.93

and the statistics (¢>=0.508, r?=0.948) for the common training set (designated
Class I+1I) are documented in the first row of Table 9.2. The predictive ability was
externally evaluated through the probing of a test set consisting of 10 previously
listed ligands representing both Class I and II compounds. These tasks resulted in
CoMFA predictive coefficient >=0.49 and CoMSIA predictive coefficient r>=0.51
(Table 9.3) for all 10 compounds (unseparated Class I+1I test set) or in CoMFA
r?=0.54 and CoMSIA r?>=0.59 for a test set of 5 Class I ligands (Table 9.4), plus
CoMFA r?=0.60 and CoMSIA r?=0.63 for 5 Class II ligands (Table 9.5).
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TABLE 9.4
Test Set 1 (COMFA: Predictive r’=0.54, CoMSIA:
Predictive r2=0.59)

Compound Experimental Calculated Residual
13 -0.91 -1.24 -1.12
14 1.75 1.81 1.69
18 -1.13 -0.89 -0.96
21 0.12 0.24 0.19
31 -1.58 -1.83 -1.36
TABLE 9.5

Test Set 1l (CoMFA: Predictive r2=0.60, CoMSIA:
Predictive r2=0.63)

Compound Experimental Calculated Residual
59 —-1.34 -1.56 -1.49
63 -0.59 -0.47 -0.68
69 0.01 -0.10 -0.05
76 -0.42 -0.65 -0.59
83 1.70 1.89 1.83

In a next encounter, we reconsidered the previously mentioned diversity of JH
agonist structures, and as a consequence, their common merger was split into two
separated alignments. Out of several empirical trials based on various structural
aspects, we concluded that one alignment covering each of the two structurally
already mentioned Class I and Class II compounds resulted in remarkably optimal
outcomes. Henceforth, this kind of split led to separate CoMFA calculations and
allowed us to exhaustively explore how JH agonist structural diversity can affect the
CoMFA result. These two independent training sets showed a nearly ideal alignment
and markedly better statistical parameters (Figures 9.4 and 9.5) than the initial, com-
mon training set. After COMFA computations of separated Class I and Class II sub-
sets were performed, the final statistical parameters for each individual set (Class I:
¢>=0.576, r*=0.983; Class II: ¢>=0.686, r>=0.987) produced significantly better
results than the entire common set (I+1I) (see rows two and three of Table 9.2). For
clarity and validity, the calculated versus actual —log ID values of compounds in the
test sets of Class I and Class II are shown in Tables 9.4 and 9.5, and the calculated
versus actual —log ID values for all tested agonists are provided in Table 9.6.

9.5.3 Process oF THE COMSIA MobDeL OPTIMIZATION

The CoMSIA analysis serves to test standard steric plus electrostatic interactions,
donor and acceptor hydrogen-bonding fields and hydrophobic fields, and their
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FIGURE 9.4 Plot representing observed versus CoMFA-predicted biological activities
(<log EDyy) for training set of Class I JH agonists.
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FIGURE 9.5 Correlation between experimental and CoMFA-predicted biological activities
(-log EDsy) for training set of Class II JH agonists.
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TABLE 9.6

Experimental versus CoMFA-Calculated
Biological Activities (~log ED;,) of JH Agonists

Compound

37
38
39
40
41

Experimental

1.42
-0.55
-0.76
-0.27
-0.72
-0.95

0.39

1.50

3.69
-1.30

1.06
-0.84
-0.92

1.75

2.46

0.28

2.39
-1.13
-1.23

1.78

0.12
-0.13
-0.19
-0.25
-1.23
-0.71
-1.25
-0.45
-1.60
-1.61
—-1.58
-1.58
-1.55
—-1.49

1.84

1.43
-1.21
-1.53
-1.49
-1.15
-0.57

Calculated

1.72
0.17
0.41
-0.49
—-0.66
-0.81
0.54
1.23
3.31
-1.34
1.17
-0.92
-0.68
1.38
1.72
0.22
1.46
-0.95
-1.22
2.24
0.92
0.27
0.06
-0.51
-1.09
-0.56
-1.19
-0.65
-1.87
-1.82
-1.54
—-1.46
-1.21
—-1.48
1.77
1.19
-1.30
-1.26
-1.47
-1.13
-0.45

Residual

-0.30
-0.72
-0.34
0.22
-0.06
-0.14
-0.15
0.27
0.38
0.04
-0.11
0.08
-0.24
0.37
0.74
0.06
0.93
-0.18
-0.01
-0.46
-0.80
-0.40
-0.25
0.26
-0.14
-0.15
-0.06
0.20
0.27
0.21
-0.04
-0.12
-0.34
-0.01
0.06
0.24
0.09
-0.27
-0.02
-0.02
-0.12

(continued)

211
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TABLE 9.6 (continued)
Experimental versus CoMFA-Calculated
Biological Activities (~log ED;,) of JH Agonists

Compound Experimental Calculated Residual
42 -1.12 -1.43 0.31
43 -0.71 -0.70 -0.01
44 -0.68 -0.32 -0.36
45 -1.27 —1.44 0.17
46 1.76 1.75 0.01
47 -0.22 0.21 -0.43
48 -0.08 -0.39 0.31
49 -1.35 -1.30 -0.05
50 -0.14 -0.12 -0.02
51 -1.17 -1.14 -0.03
52 -1.15 -1.23 0.08
53 -1.07 -1.09 0.02
54 1.45 1.10 0.35
55 0.85 0.82 0.03
56 2.38 2.50 -0.12
57 0.78 0.47 0.31
58 0.82 0.94 -0.12
59 -0.77 -0.74 -0.03
60 -0.42 -0.60 0.18
61 -1.25 -1.26 0.01
62 -0.39 -0.35 -0.04
63 -0.59 -0.62 0.03
64 -0.47 -0.43 -0.04
65 -1.04 -0.99 -0.05
66 -0.64 -0.40 -0.24
67 -0.49 -0.51 0.02
68 -0.64 -0.54 -0.10
69 0.01 -0.38 0.39
70 -0.56 -0.79 0.23
71 -0.84 -0.84 0.00
72 -0.71 -1.09 0.38
73 -0.38 -0.16 -0.22
74 -0.61 -0.19 -0.42
75 -0.72 -0.81 0.09
76 -0.42 -0.37 -0.05
77 -0.88 -0.71 -0.17
78 0.62 0.91 -0.29
79 -0.30 -0.31 0.01
80 -0.63 -0.25 -0.38
81 2.20 1.88 0.32
82 1.70 1.80 -0.10

83 1.70 2.36 —-0.66
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TABLE 9.6 (continued)
Experimental versus CoMFA-Calculated
Biological Activities (~log ED;,) of JH Agonists

Compound Experimental Calculated Residual
84 1.79 1.50 0.29
85 1.77 1.61 0.16
86 2.80 2.64 0.16

continuous optimization as a function of energy cutoff and column filtering.
Different versions of the dataset obtained during optimization of the CoMFA model
are applied in the statistical evaluation for the CoMSIA analyses. From this point
of view, CoMSIA procedure is faster, since it can utilize datasets already produced
during CoMFA analysis.

Similar to what was experienced during initial COMFA, also when we analyzed
the whole set of structures (both Class I and II) by CoMSIA, the indicator fields
yielded promising albeit not ideal statistical results, as documented in Table 9.7,
which summarizes the optimized parameters and ¢ values for the indicator fields.
Using CoMSIA parameters and version we operated, a model with a ¢? value greater
than 0.3 is usually regarded to be significant, so models with field indicators that led
to g2<0.3 were not considered. The cross-validated PLS analysis with best outcome
gave the following values at n=76: ¢>=0.534, r2=0.901. Clearly the electrostatic fac-
tors are playing a major role because in the best CoMSIA model, they have shown
a high ¢? value of 0.740 versus 0.260 for steric factors (Table 9.7). As would be now
anticipated, another significant descriptor identified was a field of acceptor hydrogen
bonding, although its g> was only 0.391. The graphical contour maps of the sterical
and electrostatic fields are similar to the corresponding CoMFA plots. The signifi-
cant ¢? values of steric, electrostatic, and hydrogen-bonding descriptors validate that
these variables are critical to describe the interaction of JH compound with its target.

If this complex set of agonists was divided into Class I and Class II structures
as described earlier, and separate CoOMSIA calculations performed, the differences
between these two classes became obvious again and even more remarkable than
under CoMFA procedure. This is mirrored in the different types of indices produc-
ing the best models of separated agonist classes. Table 9.7 summarizes detailed final
statistical parameters for separated classes (Class I: n=45, ¢>=0.637, r?=0.960 for
steric and electrostatic indices; Class II: n=31, ¢>=0.755, r>=0.956 for the steric
index), and Figures 9.6 and 9.7 interpret them graphically.

9.5.4 Resurtants oF 3D QSAR

Correct interpretation of results is essential for identification of individual types of
interactions that play significant role in determining biological activity of the com-
pounds. Thus, in order to visualize the information content of the CoOMFA model pro-
duced, 3D electrostatic and steric contour maps were generated (Figure 9.8a and b).
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TABLE 9.7
Summary of Results from CoMSIA Analyses for a Training Set of
76 Juvenoids

Cross-Validated Non-Cross-Validated Fraction

Class n Comp q? SPRESS r SEE F Test S E DA
I+11
S 76 2 0.371 1.065 0.744  0.805 31.07
E 76 3 0.507 0.882 0.884  0.651 61.77
SE 76 6 0.534 0.877 0.901 0.408 96.76 026 0.74
A 76 3 0.391 1.072 0.667  0.725 45.42
SEDA 76 3 0.485 0.901 0.736  0.643 63.86 0.08 0.36 0.56
1
S 45 3 0.260 1.009 0.786  0.721 29.91
E 45 6 0.740 0.934 0.926  0.396 70.80
SE 45 6 0.637 0.875 0.960 0.290 136.18 029 0.71
A 45 2 0.329 1.192 0.625 0915 29.94
SEDA 45 3 0.493 1.050 0.860 0.623 49.58 0.05 023 072
11
S 31 6 0.755 0.678 0.956  0.286 87.37

31 2 0.675 0.722 0.841  0.505 74.23
SE 31 2 0.695 0.700 0.927  0.396 78.38 0.20 0.80
A 31 3 0.537 0.878 0.836  0.522 4591
H 31 6 0.660 0.798 0.978 0.205 174.16
DA 31 3 0.481 0.930 0.843 0.511 48.28
SEDAH 31 3 0.579 0.837 0.887 0435 70.31 0.07 0.25 0.51

n, number of compounds; Comp, number of PLS components in analysis; g%, squared corre-
lation coefficient of a cross-validated analysis; SPRESS, standard deviation of error of prediction;
r?, standard correlation coefficient of a non-cross-validated analysis; SEE, standard deviation of
a non-cross-validated analysis; Fraction, field contribution from CoMSIA like; S, steric; E,
electrostatic; A, hydrogen bond acceptor type; D, hydrogen bond donor type; H, hydrophobic.

The importance of the electronegative oxygens or nitrogens at the ends of the aligned
structures is indicated by red polyhedra near the positions of these atoms. Interpretation
of the steric fields causes main difference between the contour maps of Class I (Figure
9.8a) and Class II (Figure 9.8b) agonists. The large green polyhedra positioned on
“left side” of the Class II map (Figure 9.8b) are situated near the phenoxyphenyl
group and indicate that the presence of steric bulk substituents in this part of the
molecule is expected to enhance JH biological activity.

The CoMSIA contour maps are easier to interpret than CoMFA plots because
they partition variance into the higher number of different field types. The steric
and electrostatic CoMSIA fields for these maps are shown in Figure 9.9a (Class I)
and B (Class II). Like in the COMFA contour maps, the green polyhedra in CoMSIA
also represent sterically favored regions in which more bulky substituent increases
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FIGURE9.6 Graphical representation of experimentally observed versus CoMSIA-predicted
biological activities (-log EDs) for training set of Class I JH agonists displaying acceptably
good correlation.
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FIGURE 9.7 Experimental versus CoMSIA-predicted biological activities (—log EDs,) for
training set of Class II JH agonists. For illustration, see Figures 9.8 and 9.9 where the signifi-
cant difference between Class I and Class II molecules (e.g., in the large green area) in the
steric contour maps of both CoMFA and the CoMSIA indicates that more bulky substituents
in these regions will enhance the biological activity in Class II compounds.
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(b)

FIGURE 9.8 (See color insert.) Graphic representation of COMFA steric and electrostatic
field contour plot for Class I (a) and Class II (b) juvenoids. Yellow-polyhedron-surrounded
regions indicate sites where less bulky substituents are appreciated for increasing biological
activity, whereas green polyhedra represent sterically favored regions where more bulky
substituents increase biological activity. The red contours represent regions where negative
charge is favorable, while blue polyhedra represent electrostatic regions where positively
charged groups will be favorable and will enhance biological activity. The importance of the
electronegative oxygens or nitrogens on the ends of the aligned structures is indicated by red
polyhedra near the positions of these atoms. The presence of smaller red polyhedra in the
middle of the JH agonist structure indicates an additional site where an electronegative atom
or group can enhance biological activity importantly. The contour map of Class II (b) differs
from that of Class I (a) mainly in the steric fields. The large green polyhedra of Class II (b)
near the part of the phenoxyphenyl group (left side) indicate that the presence of steric bulk
substituents in this part of the molecule enhances biological activity.
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FIGURE 9.9 (See color insert.) Contour maps of Class I and Class II JH agonists as
revealed by CoMSIA analyses. Green and yellow polyhedra for sterical fields and blue plus
red polyhedra for electrostatic fields have the same representative meaning as for CoOMFA
maps in Figure 9.8 for both Class I (a) and Class II (b) JH agonists. Contour maps for the
hydrogen bond acceptor and donor fields are illustrated in (c) (for Class I agonists) and (d) (for
Class II agonists). Magenta areas indicate regions where hydrogen bond acceptors are favor-
able for increasing biological activity (oxygens and nitrogens in the ligand); cyan areas indi-
cate fields where hydrogen bond donors are favorable (NH and OH groups in ligand). Orange
polyhedra surround area where H-bond acceptors are unfavorable and white polyhedral areas
where H-bond donors are unfavorable.

biological activity, whereas yellow polyhedra reflect sterically disfavored regions
where a smaller substituent can increase hormonal activity. In the CoMSIA electro-
static contour plot, red-colored polyhedra represent favorable regions where nega-
tively charged groups enhance activity, while blue polyhedra indicate disfavored
regions of the molecule where positively charged groups may enhance activity. The
presence of smaller red polyhedra in the middle of a JH agonist structure indicates
an additional site where an electronegative atom or group enhances the biological
activity, as exemplified by the oxygen in the middle of SJ-68 epoxide (9) or double
bond in JH-IIT (1). This conclusion was further confirmed by inclusion of activity
data from another 30 oxa-juvenoids (but not yet included in the current text) that are
“siblings” of SJ-68 epoxide. The steric and electrostatic fields of CoMSIA maps are
generally in good accordance with the field distribution of CoMFA contour maps.
They do, however, indicate more sterical freedom for Class II compounds on their
phenoxyphenol side than would be possible to read from CoMFA results.
Substantially dramatic difference between Class I and Class II compounds can be
seen in the CoMSIA hydrogen bond acceptor and donor fields (Figure 9.9c and d).
These interaction fields highlight the areas beyond ligands where putative hydrogen
bond partners (amino acid residues) in the putative receptor could form hydrogen
bonds that are so important for biological activity via ligand binding to target pocket.
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Areas in magenta color indicate where hydrogen bond acceptors are favorable for
increasing biological activity (oxygens and nitrogens in ligand), while cyan areas
designate those fields in which hydrogen bond donors are favorable (e.g., NH and
OH groups in the ligand). Conversely, orange polyhedra surround the area where
H-bond acceptor seems to be unfavorable and white polyhedra surround the area for
which H-bond donor is not favorable. The importance of the hydrogen bond accep-
tor interaction for the Class I contour map (Figure 9.9¢) is accented at both ends
of the molecules in the positions of the oxygen within the ester group and in the
position of the epoxy or etheric oxygen on the opposite side. This can be docu-
mented by comparison of the EDy, values between structures 15 and 19, since the
only difference between these two compounds is that an esteric oxygen (a hydrogen
bond acceptor) is replaced by an amidic nitrogen (a hydrogen bond donor), which
resulted in 100-fold decrease in the biological activity of 19. In fact, these conclu-
sions become also apparent from both the CoMFA and the CoMSIA electrostatic
contour maps in which a negative charge enhances activity (red color). It needs to
be stressed that when these electronegative atoms in Class I structures are replaced
by carbon (e.g., compounds 21, 25, 26, 29, 31, 32) or distance between these electro-
negative end points was shorter than 11.5 A or longer than 13.5 A (compounds 28,
40, 41, 48, 49), biological activity drops down dramatically. Moreover, the presence
of an electronegative oxygen or a double bond in the middle of the molecule (e.g., 9,
15, 17), which results in a site with an increased concentration of negative charge and
less electron charge at the ends, appears to have additional importance for increased
biological activity. In the COMFA and CoMSIA contour maps, these areas are repre-
sented by blue polyhedra. The contour map of Class II compounds specifically lacks
polyhedra for a favorable H-bond donor or acceptor field on phenoxyphenol side of
structures, and this result produces one of the most remarkable differences between
two presented pharmacophore models.

Although size of juvenoid compounds is very important feature predetermin-
ing biological activity, the CoOMFA as well as CoMSIA computations unambigu-
ously indicated that the electrostatic requirements are more important than the steric
ones because the electrostatic fraction had higher values than the steric fraction for
both Class I and Class II (see Table 9.2). In CoMFA, the electrostatic fraction is
0.574 versus 0.426 for a steric fraction. This is even more remarkable in the CoOMSIA
calculation where the electrostatic fraction is 0.740, while the steric fraction is
0.260. Thus, the presence of negative charge-rich atoms or groups at the ends of
the molecules represented by electronegative atoms like an oxygen or nitrogen or
an unsaturated cycle is the crucial element that contributes to high-affinity bind-
ing. This is additionally supported by CoMSIA field indices and hydrogen bond
acceptor fractions (Table 9.7), which specify that these electronegative atoms are
most probably involved in hydrogen bonding with the putative receptor cavity. In
other words, the “extraction” of data from analysis of CoOMFA and CoMSIA models
for Class I and Class II juvenoids revealed the points and regions that are highly
correlated to the activity of tested compounds. Altogether these data from 3D QSAR
analyses are summarized in the form of two pharmacophore models that depict the
key structural requirements for the biological activity of JH agonists in Drosophila
(Figure 9.10a and b).
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FIGURE 9.10 The pharmacophore models of Class I and Class II juvenoids based on
CoMFA and CoMSIA results. Models show key structural elements responsible for the hor-
monal activity of JH agonists. Both classes of JH compounds share regions that favor nega-
tive charge and a field that requires hydrogen bond acceptor. In both cases, these elements
are located at the sides of JH agonists. However, Class I compounds (a) have also additional
hydrogen bond acceptor element located on the esteratic side and a region that favors positive
charges centrally. A specific feature of Class II compounds (b) is a hydrophobic region that
is favored around the outside edge of a phenoxyphenol moiety. Due to the high flexibility of
Class I compounds, the distance between hydrogen bond acceptor atoms (e.g., esteratic and
epoxy oxygens at two sides) must be between 11.5 and 13.5 A to possess agonist biological
activity in Drosophila. Highly rigid Class II compounds that show JH biological activity in
Drosophila automatically fit to this requirement.
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9.5.5 PSEUDORECEPTOR MODEL

Pseudoreceptor modeling is one of the receptor mapping approaches, in which a pau-
city of information concerning protein structure has spawned techniques that project
the properties of the bioactive ligands into three dimensions around their appropri-
ately superimposed molecular framework. Based on the information summarized
in the pharmacophore model, we used specifically the PrGen program to produce
an atomistic pseudoreceptor model. This pseudoreceptor construction comprises
the essential features of an active site by assuming complementarity between the
bioactive conformations of the set of JH compounds and the shape and properties
of the receptor site and thus mimics the real receptor-binding surface. To generate
corresponding pseudoreceptors, the alignments of natural JH-III plus the five most
active ligands of Class I and the six most active ligands of Class II were used. The
appropriate amino acid residues for pseudoreceptor construction were selected by
considering two important factors. First, we used data about molecular interactions
derived from the CoMFA and CoMSIA structure—activity relationships. Second,
we applied information about amino acids and their interactions, which are most
frequently involved in forming binding pocket in members of the nuclear receptor
superfamily recognizing small lipophilic ligands. Due to these criteria, polar amino
acids (e.g., Arg, Asp) were placed complementarily to the vectors of atoms with local
electron deficit, and residues acting as H-bond donors (e.g., Tyr, Asp) were placed
complementarily to the vectors of ester or etheric oxygens. Hydrophobic amino acids
(e.g., Met, Leu, Iso, Tyr) were gradually located around the rest of the molecular
alignment. For acceptor-type hydrogen bond interactions, we used bonding with Ser,
Thr, Tyr, His, Arg, or Gln, whereas Ser, Thr, Tyr, His, Arg, Gln, Lys, or Asp was fully
appropriate to mediate electrostatic interactions. An intermediate step is the addition
of individual amino acids to properly aligned ligands selected from training set. To
do so, it is necessary to place vectors reflecting orientation of CoMFA and CoMSIA
fields with particular interactions for Class I (a) and Class II (b) ligands (Figure 9.11a
and b), followed by geometry optimization. After the whole complex of a pharma-
cophore surrounded by a putative active site was generated, the energy equilibration
protocol was applied to produce an energetically relaxed model until the best possible
correlation between calculated and experimental free energy of ligand binding could
be achieved. This procedure was repeated iteratively with each amino acid combina-
tion selected for their appropriate positions at the tips of vectors in order to obtain
the optimal energy equilibrium. From several trials, for an atomistic pseudoreceptor
model of Class I ligands, a combination of Trp, Thr, Leu, Thr, Leu, Ile, Val, and Tyr
amino acid residues yielded the best correlation coefficient (#2=0.91) with predic-
tive cross-validated coefficient of ¢>=0.53, when the experimental free energies of
binding were confronted with predicted free energies of binding (Figure 9.12a). In
this model, the hydrogen bond donors Tyr and Thr are positioned in the vicinity of
the esteric or amidic group of the aligned ligands, and Tyr is positioned near the
epoxy group on the opposite site of the molecular alignment. Trp has optimal posi-
tion near the electron-deficient middle part of the Class I alignment. Application of
the same procedure to data gained for the Class II pharmacophore model resulted
in the combination of Tyr, Met, Val, Val, Thr, Leu, Phe, and Ile amino acid residues
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FIGURE 9.11 Intermediate step in the generating of pseudoreceptor models for Class I
(@) and Class II (b) ligands. For the addition of individual amino acids to properly aligned
ligands selected from training set, it is necessary to place vectors reflecting orientation of
CoMFA and CoMSIA fields with particular interactions, followed by geometry optimization.
Based on CoMFA and CoMSIA results, each type of interaction has several, albeit limited
variables that need to be efficiently minimized by retrospective comparison of each biologi-
cally active ligand of the distinct agonist class. To generate pseudoreceptor model, individual
vectors must correspond to optimal orientation of potential amino acid groups involved in the
interaction and fit to the limits of its length (in A).
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FIGURE 9.12 The 3D structure of the pseudoreceptor models for Class I (a) and Class II (b)
JH agonists. Selected juvenoids are aligned in the middle with the surrogate of eight amino
acids surrounding them. Both models are composed of eight amino acid residues reflecting
all interactions that are predicted to be required from pharmacophore analysis. For the sake
of clarity, bonding interactions and vectors have not been displayed.

and yielded the best statistical correlation coefficient r?=0.92 and cross-validated
predictive coefficient ¢g>=0.43. Similar to the pseudoreceptor model created for the
Class I structures, in the model reflecting data of Class II structures (Figure 9.12b),
Thr is placed as a hydrogen bond donor in the vicinity of the esteric or amidic group
of the agonist alignment, and Tyr is positioned near the middle electron-deficient
region. Considering weak interactions described in the pharmacophore model, the
hydrophobic residues (Ile, Phe, Leu) are placed against the phenoxyphenyl group.
The theoretical relative Gibbs free energies computed for the binding of both series of
agonists versus experimental relative Gibbs energies are shown in Tables 9.8 and 9.9.

9.5.6 DEsIGN oF NOVEL DROSOPHILA JUVENOIDS

Our understanding of the pharmacophore properties of the ligands we have analyzed
can be used to design a set of lead or related compounds with predicted activities
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TABLE 9.8

AG Experimental versus AG
PrGen-Predicted Activities for
Juvenoids of Class |

Comp. No AG,,, AG,q
1 2.02 1.44
2 -1.09 -1.42
8 -2.17 -2.72
9 -5.25 -4.70

15 3.40 3.86

19 2.54 1.73

TABLE 9.9

AG Experimental versus AG
PrGen-Predicted Activities for
Juvenoids of Class Il

Comp. No AG,,, AGpeq
53 -2.05 -2.08
54 ~1.90 -2.16
56 -1.50 ~1.80
82 -2.41 -1.98
84 -2.26 -1.08
86 -3.98 -3.94

that can be evaluated in silico; and after synthesis, also in vivo. Such compounds
can be designed using the contour maps generated during the CoMFA and CoMSIA
procedures and focusing attention on the key aspects of compounds, e.g., where to
add or remove steric bulk, where to strive for negative or positive substituents, and
where such changes are unlikely to strongly affect activity. The basis for confidently
designing new compounds is rationalized by rederiving the model with the aim of
predicting the “omitted QSAR observations.” The most frequent goal of this phar-
macophore approach is to design compounds with novel properties or higher activ-
ity. Thus, we used the color-coded contour maps to identify the steric, electrostatic,
and additional properties that would be challenged if we changed the structural
details of a molecule. For example, we can predict the effects of adding specific
atoms or chemical groups within the concentrated electron density depicted in red-
colored fields or adding bulky substituents within green fields. In contrast, these
bulky substituents would be removed in the yellow-colored fields, and in the case
of blue fields, the present atoms would be exchanged for atoms with lower electron
density. Subsequently, energy minimization is performed, charges are calculated
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for these changes, the newly designed molecules are realigned by the program, and
a set of regression equations is applied to compute the potential activity of the mod-
els. This is found in the new rows of common spreadsheet. In addition to several low
but active or nonactive compounds, we obtained four novel highly active juvenoids
(87-90) presented in the Table 9.10, the predicted activity of which reaches values
comparable to the most active agonists observed in our bioassays (8, 9, 15, 46, 56,
81, 85, 86).

9.6 CONSIDERATIONS AND SOME IMPLICATIONS OF
DROSOPHILA JUVENOID PHARMACOPHORE ANALYSIS

The primary aim of this effort was to establish an initial juvenoid 3D QSAR by using
CoMFA and CoMSIA models generated from an extensive set of juvenoid molecules
and to find out whether this kind of pharmacophore analysis can be applied to so
divergent group of compounds as JH agonists are. The earliest trials in the past
to look at action of juvenoids via structure—activity relationships [35,89-91] faced
several problems: (1) The potentially largest obstacle could be in combination of
testing, collecting, and comparing data simultaneously among several even unre-
lated species. Reliable approach could be hampered by the inability of obtaining
by computer interpretable data specific for a single given insect species. It can be
anticipated that the molecular mode of JH action relies on an interaction between
a small ligand and its protein target; there are likely species-specific differences in
amino acid sequence and tertiary protein structure. Then, heterophilic data would
impede development of a pharmacophore model useful for predicting the molecular
properties of a JH receptor. (2) A second and frequently neglected problem was asso-
ciated with the selection of the characteristics used to measure 1D, ICs,, or EDs,. To
simplify the work and for efficient data collection, researchers were often satisfied
with counting the inhibition of metamorphosis or the prevention of eclosion. Using
these parameters, such data, at least in some cases, easily could reflect a compound’s
insecticidal toxicity rather than its morphogenetic action, producing somewhat mis-
leading data. (3) A third problem can be associated with the method of juvenoid
administration. Its choice can make a conceptual difference in the outcome of tested
JH biological activity. For instance, very different dose—response curves and IDs, or
IC,, values will be obtained when animals are given a tested compound via a single
direct topical application than via its continuous presence in food or the living envi-
ronment (e.g., in the water for aquatic insects [92]). Under conditions where a com-
pound is repeatedly applied or continuously present, there is an increased chance
that toxic effects will have prevalence over real hormonomimetic biological activity.
(4) Although logical and historically understandable, until now the structure—activity
studies focused on testing JH analogs in agricultural pests or disease vectors that, in
contrast to Drosophila, could not provide suitable genetic or molecular tools to dis-
sect the mechanism of JH action. We would like to offer a realistic hope that findings
from the presented approach can be combined with the power of Drosophila genetics
to identify candidates for the JH receptor. (5) Finally, versatile bioinformatics-aided
and drug-design-oriented Unix- or Linux-operating high-performance computer
programs to evaluate data were unavailable at the time the most active research on
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development and production of JH analogs was being undertaken. To avoid prob-
lems and circumvent previously listed challenges, we decided to use only one insect
species, in this case, Drosophila, since it is a well-characterized genetic model. To
ascertain evaluation of bona fide hormonal activity of juvenoid compounds and dis-
tinguish it from any potential toxic effects, we used a strictly defined and specific
morphogenetic effect [40,43,46,93] as a criterion to record EDj, data. Finally, to
avoid any misunderstanding and misinterpretation, we designed assays, generated,
collected, processed, and evaluated all data using a well-established 3D QSAR com-
putational approach, all exclusively within our research group.

In majority of recent COMFA and CoMSIA studies, datasets that are being ana-
lyzed originate from in vitro assays in which a recombinant receptor is transiently
expressed in host cells and where a series of compounds is tested for reporter
activity. Even though this approach produces the predictions that are much easier
and straightforward to test and is widely used in drug development, the lipophilic
compounds like JH agonists almost always pose a unique challenge. In contrast to
this, (1) we used more complex in vivo assay model, and (2) we employed a reverse
approach where quantitative structure—activity data and results from CoMFA/
CoMSIA analyses are expected to shed light on the properties of JH receptor,
which is not known yet.

It became generally accepted that the biological activity of JH analogs in in vivo
tests is always to some extent affected by their solubility, penetration through
cuticle, transport via hemolymph, and delivery to target tissues (for reviews, see
[34,35,94-96]). It should be noted that these conclusions were based on the lipo-
philic properties of JH and its analogs. There is no doubt that these factors cannot
be eliminated completely. Notwithstanding this potential complication, presented
CoMFA and CoMSIA analyses demonstrate that the hydrophobic interactions along
with other weak interactions of Class I JH agonists have very poor ¢* and r? val-
ues. These types of interactions, under certain circumstances, reflect a complex
of less-specific properties of biological molecules such as their solubility, penetra-
tion, and transport [97-102]. Indeed, the highly significant ¢> and r? values for the
steric and electrostatic fields document that the QSAR data obtained reflect very
closely the real binding of a ligand to its protein target, possibly a receptor, rather
than nonspecific interactions [103]. Also, two additional important considerations
can shed more light on explanation of this result. First, JH compounds that in our
bioassay show biological activity are active at relatively low concentrations, which
are below the threshold that would produce additive or nonspecific effects associ-
ated with penetrability, solubility, etc. And this seems to be fully consistent with
the negligible role that hydrophobic interactions analyzed by 3D QSAR protocols
are observed to play in biological activities of numerous small hormonal ligands.
Secondly, as already discussed elsewhere [67], the composition of the Drosophila
exoskeleton with its cuticular layers [104,105] appears to be relatively favorable
for JH penetration and in contrast to many other insect groups offers little if any
resistance to hormonal effects. The previously mentioned view is supported by the
observation that the administration of JH compounds topically or in drinking water
renders a very different biological activity response in different insects (e.g., the
linden bugs, Pyrrhocoris apterus and Dysdercus cingulatus [34,94]). Last but not
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least, the juvenoids we tested in Drosophila were applied prior to pupariation, and
their morphogenetic effect was evaluated more than 120 h later. Even in the case
that some morphogenetic processes could be influenced by JH agonists 16 or 48 h
after administration, this time is more than sufficient to minimize, if not eliminate,
nonspecific factors like visceral solubility or transport. Although excretory activity
of Drosophila is not turned off during the prepupal, pupal, and pharate adult stages,
it cannot be as fast and efficient as in feeding larva, and the excretory system needs
to be reconstructed during the larval-to-adult metamorphic transformation. Thus,
detoxification and excretory mechanisms during this period are likely to be at least
slightly less efficient and should not significantly contribute to nonspecific factors
affecting biological activity of JH and its agonists in tests performed.

Important aspect that deserves more explanation is the fact that we have come
out with two separate classes of juvenoids. In spite of their structural diversity, most
active juvenoids in Drosophila share some common features, i.e., an electronegative
atom (oxygen or nitrogen) at one end of the molecule and electronegative atom (epoxy
oxygen) or electron-rich moiety (oxyphenyl group) on the molecule’s opposite end
(compounds 1-3, 11-14, 16, 78-83). Nonetheless, the terpenoid and rigid phenoxy
structures possess very different chemical reactivities, atom charges, and abilities to
form hydrogen bonds or electrostatic interactions. These differences represent some
of the major reasons for dividing the complete training set into two classes. In detail,
the phenoxyphenol group oxygen of Class II compounds is sterically hindered by
benzene rings that make this oxygen poorly reactive for intermolecular hydrogen
bonding, whereas the oxygen of the epoxy moiety of Class I compounds can easily
provide electron pairs for H-bonding or for other electrostatic interactions. Another
substantial difference between Class I and II analogs is reflected in the distribution of
their negative charge. In the Class I structures, negative charge is concentrated near
electronegative, ether, or epoxy oxygen, while in Class II structures, it is localized to
the phenyl rings. Subdivision of compounds into two chemotypes for QSAR analyses
was helpful also in the case of COX-2 inhibitors [106] and was published for steroid
hormones to reflect the unusual conformational adaptation of nuclear receptor ligand-
binding domains to agonist variety [60,107]. It can be stressed here that for very high
biological activity of some synthetic JH agonists and not observed in natural JH (blue
and cyan polyhedral regions in COMFA and CoMSIA contour maps, respectively; see
Figures 9.8 and 9.9a and b) is essential the presence of an electron-deficient moiety in
the middle of the JH agonist molecule. On the other hand, requirements for the pres-
ence of more bulky substituent in Class I compounds (green polyhedra) to enhance
biological activity are indicated by CoMFA and CoMSIA steric contour maps. It is
equally important that larger substituent (yellow polyhedra) in the vicinity of the
phenoxyphenyl or epoxy groups of Class II juvenoids would decrease their biologi-
cal activity (Figures 9.8b and 9.9b). Collectively, our data suggest that each of the
two independent training sets has produced a nearly ideal alignment and markedly
better statistical parameters than the original common set. These conclusions actu-
ally corroborate the original idea of Humber et al. [108—111] for the receptor-bound
conformation of ligands as inferred from the study of diverse dopamine receptor
agonists (apomorphine, chlorpromazine, and butaclamol) that are difficult to align
while maintaining the coplanarity of their only centroid, the aromatic ring.
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Another detail regarding difference between Class I and Class II agonists that
should be brought to the reader’s attention is in their hydrogen-bonding availability,
which is markedly visible in the CoMSIA hydrogen bond contour maps illustrated in
Figure 9.9¢c and d. The significant difference between Class I and Class II molecules
is in the CoMFA and CoMSIA steric contour maps (depicted as the large green area),
indicating that more bulky substituents in these regions should enhance the biologi-
cal activity in Class II compounds. Given these data, we reasoned that there is a big-
ger or more flexible binding site in the cavity surrounding this region of the agonists.
On the other hand, the green area in this part of the structures in Class I compounds
is much smaller, and so it could signify a tighter contact with the receptor-binding
site. It is assumed that steric and electrostatic contour maps generated by CoMFA
and CoMSIA hold the potential to indicate the shape and surface requirements of the
ligand-binding protein cavity, the putative JH receptor. From this it can be inferred
that the receptor cavity is supposed to display charged residues lengthwise along its
borders and negatively charged or neutral residues in its middle.

The approach we presented delineates several important moments that allow
us to ask the question, what do these structurally divergent JH compounds have in
common that enable them to retain identical biological activity as naturally occur-
ring JH? This question was addressed and answered in large part by defining five
key elements of the most active Class I agonists in the first pharmacophore model.
These key elements are (1) an acceptor type of hydrogen bond related to esteratic
or equivalent oxygen (as shown from studies with 17, 23, and 24); (2) a second
acceptor hydrogen bond coming from the epoxy oxygen on the opposite side of the
molecule (as apparent in, e.g., 35); (3) an electrostatic interaction originating from
a carbonyl (keto) oxygen on the same side of the molecule (see 1-12, 15, 17, 20, 22,
25, 26), which potentially may serve as hydrogen-bonding element; (4) a strictly
determined distance (11.5-13.5 A) between these hydrogen acceptor oxygens or
nitrogens; and (5) a highly favorable positively charged group(s) in the middle of
the molecule. JH-III as a natural ligand has only four of these elements, which pro-
vides explanation why several JH agonists, in addition to their commonly known
resistance to metabolism [6,34,94], can be more potent than natural JH. While
keeping orientation as in Figure 9.10, the pharmacophore model of Class II ago-
nists has three elements: (1) The first element is a hydrogen bond acceptor on
the right side of the ligand, as in the Class I agonists; (2) a negatively charged
group on the left side of the pharmacophore; and (3) a sterically large hydrophobic
substituent on the same side where the phenoxyphenol moiety is located. In addi-
tion, juvenoids belonging to Class I have an average molecular volume of 291.47
A3, whereas Class II compounds have an average molecular volume of 253.65 A3,
which is partially reflecting space requirements for these agonists to fit within the
putative binding cavity of the JH receptor.

The models described herein have relevance to two of the most frequently cited
proposals that try to explain the molecular mode of JH action. The first proposal is
that of the Usp model, based on the proposed ability of the receptor to bind with low
affinity (K, ~4 uM) to JH and JH-like ligands. In transfected lepidopteran cells, JH
treatment slightly activates expression of a reporter driven by the juvenile hormone
esterase (JHE) gene core promoter [23,112,113]. One criticism of the Usp model has
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been that this retinoid X receptor (RXR) homologue cannot be the JH receptor since
the K, of JH:Usp binding is ~600 nmol, and a K, of 10 M is viewed as an upper
limit for a true hormone receptor [28]. By measuring a conformational change in
Usp, Wozniak et al. [114] found that JH agonists lacking an epoxide group bind more
strongly than those containing an epoxide group. This is in striking contrast to the
CoMFA and CoMSIA models presented here, where compounds lacking an epoxide
group or oxygen in this position have no biological activity. Interestingly, most recent
conclusions of Jones and Jones [115] indicate that JH is unlikely to be the ligand
for Usp and that another farnesoid product of the ring gland, most probably methyl
farnesoate, may be the naturally occurring ligand for Usp. Therefore, the data and
analysis presented here suggest that the binding of JH and other agonists to Usp
does not reflect biological activity and an interaction with a bona fide JH receptor.
Contributing support to this view is the finding that two phospholipids, phosphati-
dylethanolamine and phosphatidylglycerol, exhibit very strong binding to bacteri-
ally expressed Usp [116,117]. That this binding is mediated by only one hydrogen
bond (to polar GIn338 within helix H6) close to the entrance of the ligand-binding
pocket argues that numerous hydrophobic rather than electrostatic interactions are
involved in ligand recognition and binding by Usp. Moreover, evidence from mass
spectrometric studies suggests that the phospholipid ligand in the Usp ligand binding
domain (LBD) cannot be displaced by competition with JH ester or with methoprene
[116]. This too is in direct contrast to the JH pharmacophore model developed here,
which favors at least two hydrogen bonds and three electrostatic interactions, but no
dominant hydrophobic one. These types of JH interactions and their number are char-
acteristic of steroids, thyroids, retinoids, or vitamin D; with their nuclear receptors
and are known from crystallographic studies [118—124]. The very recent structural
and transactivation studies of Iwema et al. [125] show that LBD of Tribolium Usp
expressed in transgenic Drosophila is not activated by ligands that include RXR ago-
nists and JH analogs. This suggests that the JH receptor, albeit not Usp, most prob-
ably belongs to the family of classical nuclear receptors, possibly one of numerous
nuclear Drosophila hormone receptors (DHRs) (for recent reviews, see [11,126,127]).

A second insight about the molecular mode of JH action from our JH pharma-
cophore model is related to genetic evidence showing that the Methoprene-tolerant
(Met) gene, when mutated, confers resistance to JH [27,128,129] and the finding
that loss-of-function Mer~ mutants display reduced intracellular JH-binding activity
[130,131]. The Met protein was found in the nuclei; it has been detected in several tis-
sues, some of which are known JH targets [129]. In addition, Miura et al. [25] claimed
that recombinant Met binds JH and can transactivate a JH-dependent reporter. The
possibility that Met binds JH can be theoretically explored using our model, but the
results do not favor Met as the protein target of JH binding. Met is the member of
the family of basic and helix-loop-helix (bHLH) and period—ARNT-single-minded
(PAS) proteins to which belongs also the dioxin or aryl hydrocarbon receptors (AHR)
that bind various pollutants and toxic chemicals including dioxins, polychlorinated
biphenyls, and other environmentally hazardous agents. Recognition and binding of
pollutants to AHRs are mediated by a PAS-B domain [132—135] and all known inter-
actions of aryl hydrocarbons are predominantly hydrophobic [136—141]. The phar-
macophore model we present precludes JH from interactions with Met. Although
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this may appear at first glimpse to contradict genetic data, since Met~ mutations are
resistant to JH, it does not necessarily mean that there are no other possibilities. It
is possible that the genetic data indicate that the Met protein plays another and more
intriguing role in the molecular action of JH that does not involve direct ligand bind-
ing. However, a recent paper reports that JH binds to the Met protein potentially by
forming a single hydrogen bond with Tyr252 based on an AutoDock procedure in a
model of the PAS-B domain of flour beetle Tribolium. All of the best scoring out-
comes of docking JH-III with Met produced this single interaction but left the other
types of pharmacophore-derived interactions unoccupied [142]. Although docking
of pyriproxyfen into the PAS-B domain produced an additional theoretical contact
of the juvenoid ether groups to Lys311, this interaction does not correspond to the
pharmacophore model of Class II molecules. Thus, further studies on juvenoid bind-
ing in Met proteins from other insect species or other potential target proteins will
be required to clarify these potential discrepancies.

The pseudoreceptor ligand-binding site was constructed using information about
the amino acids most frequently involved in forming interactions with small lipo-
philic ligands in nuclear receptors [143—148] and by considering molecular nature
of natural JH and its agonists (similar to retinoids, free fatty acids, and steroids).
Thus, these considerations had to be expanded for the type of interactions predicted
from pharmacophore models arguing strongly that the ligand-binding pocket of the
receptor for JH holds properties, which are similar to members of nuclear receptor
superfamily. Both pseudoreceptor models of a 3D receptor surrogate have been vali-
dated, leading to high correlation and predictive power as well as an agreement with
the pharmacophore models. Furthermore, as mentioned earlier, juvenoids belonging
to Class I have an average molecular volume 291.47 A3, whereas Class II compounds
have average molecular volume 253.65 A3. The volume of the predicted binding
cavity as revealed from our models is between 680 and 820 A3, which corresponds
to the cavity to ligand ratio of 2.3 and 2.8, respectively. Although this ratio var-
ies from 1.4 to 4.7 for known receptors and ligands, the majority of the receptors
(including AHRs) and their ligands show distribution of their volume ratios between
1.8 and 2.9, thus further suggesting that putative JH receptor should not deviate too
much from the families of known intracellular receptors [149,150]. Therefore, the
data that are presented here have allowed for the first time the rationalization of
JH agonist SAR at a qualitative level and also have provided quantitative relation-
ships between the structure of JH compounds and their biological activity as sum-
marized and reflected in likelihood models of the docking pocket of a putative JH
receptor. We believe that this approach, in combination with 3D-object recognition
based on scanning, pair-wise comparison, or similar protocols to identify the spatial
coordinates of individual atoms [151,152], will be useful to find potential siblings in
structural databases.

From the practical point of view, we have demonstrated that 3D QSAR analy-
sis of highly divergent juvenoid compounds is a useful analytical tool to evaluate
in vivo biological activities in Drosophila. Due to its effects on morphogenesis,
the molecular mode of JH action is expected to be conserved across insect species.
Consequently, the COMFA/CoMSIA analysis we have presented here holds promise
for addressing the similar questions in non-drosophilid species that are important
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pests and disease vectors. Support for the optimistic view that this approach prom-
ises to make significant inroads into identifying the JH receptor, and more effective
juvenoids also comes from the work of Basak et al. [153] who generated a 2D model
of some hundred and eighty 2,4-dienoates that were tested in six different insect
species, using topological and geometrical descriptors, and for the yellow fever
mosquito Aedes aegypti. They reached data on electronegativity of the ligand—target
interaction, similar to what we present here for our Class I pharmacophore model.
For many of the pests, there already exist abundant data on the activity of hundreds
or even thousands of juvenoids. After a careful survey and selection following
uniform, standardized tests, these data can be used to develop realistic models of
the pharmacophore, as we currently are doing in our laboratory, to design new JH
compounds that are species specific and serve as powerful insecticides.

9.7 CONCLUSIONS

Currently, there are very few, if any, small number of hormones in the animal
kingdom without identified receptor, except insect JH. Tremendous effort to find
JH receptor during last several decades did not lead to its unambiguous identifica-
tion. Therefore, there is a need to employ various even untraditional approaches
that can help to shed more light on JH receptor identity. Along these lines, we have
applied 3D QSAR CoMFA and CoMSIA high-performance computational proto-
cols to obtain reliable pharmacophore model for the analysis of molecular inter-
actions that are critical for JH biological activity. Using these methods, we built
predictive models for an 86 structurally divergent JH agonists. The combined bioas-
say- and in silico-generated pharmacophore model of juvenoids has revealed impor-
tant structural features necessary for morphogenetic JH activity in Drosophila and
has specified the dominant interactions that these juvenoids exhibit with putative
JH receptor. By dividing the training set of molecule in two subsets, Class I and
Class II, we gained models with better statistical parameters. This may indicate
that these two classes of molecules exhibit a different mode of binding to the JH
receptor. By means of this approach, we have obtained both computer-aided and
species-specific pharmacophore fingerprints of JH and its agonists, which revealed
that compounds with highest activity require an electronegative atom (oxygen or
nitrogen) at both ends of the molecule. If either of these electronegative atoms are
replaced by uncharged carbon or the distance between them is shorter than 11.5 A
or longer than 13.5 A, the JH biological activity is dramatically decreased. The
presence of an electron-deficient moiety in the middle of the farnesene-type JH
agonist boosts high activity even more. These data from 3D QSAR provide guide-
lines and a mechanistic scope for the identification of steric and electrostatic prop-
erties as well as donor and acceptor hydrogen bonding that are important features
of the ligand-binding cavity of a JH target protein. With the aim to meliorate the
pharmacophore analysis and evaluate the outcomes of the CoOMFA and CoMSIA
study, we have selected one of the pseudoreceptor modeling software tools, PrGen
from Biographics Laboratory 3R, to obtain a putative binding site surrogate that is
composed of a defined number of amino acid residues (8), which corresponds to the
molecular interactions revealed for both classes of juvenoids. We have shown that



232 Juvenile Hormones and Juvenoids

computational CoOMFA and CoMSIA models, with their graphical interpretation,
can also serve to guide the design of novel JH compounds and predict their biologi-
cal activity. Several juvenoids with low activity or inactivity in Drosophila show
relatively high or even very high activity in non-dipteran species, and this suggests
that 3D QSAR pharmacophore analysis based on numerous bioassays can reveal
biologically meaningful, distinct species-specific differences and significantly can
help to gain deeper insight on the atomistic details of the JH mode of action.
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ABSTRACT

The juvenile hormone esterase (JHE) is a member of the carboxylesterase
family that hydrolyzes the a,pB-unsaturated methyl ester of juvenile hormone
(JH) to the corresponding carboxylic acid. JHE regulates JH titer in insect
hemolymph during its larval development. Thus, it has been suggested that
this enzyme could be targeted for use in insect control. JHE can also be con-
sidered as involved in the phenomenon of endocrine disruption by xenobiotics
in beneficial insects. Consequently, there is a need to know the characteris-
tics of the molecules able to act on the JHE. Trifluoromethylketones (TFKs)
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being the most potent JHE inhibitors found to date, different QSARs have
been derived on this group of chemicals. In this context, a set of 96 TFKs,
tested on Trichoplusia ni for their JHE inhibition, was split into a training
set (n=77) and a test set (n=19) to derive QSAR models. TFKs were initially
described by 42 CODESSA descriptors but a feature selection process allowed
us to consider only five descriptors encoding the structural characteristics of
the molecules and their reactivity. A classical multiple regression analysis, a
PLS (partial least squares) regression analysis, a spline regression analysis,
CART (Classification and Regression Tree), random forest regression analysis,
stochastic gradient boosting tree regression analysis, a three-layer perceptron,
a radial basis function network, and a support vector regression (SVR) were
experienced as statistical tools. The best results were obtained with the SVR
(r* and 12, = 0.91). The model provides information on the structural features
and properties responsible for the high JHE inhibitory activity of TFKs. It was
used to predict TFK structures having potentially a high inhibitory activity
against JHE.

KEYWORDS

Juvenile hormone esterase, Trifluoromethylketones, QSAR model, Linear
methods, Nonlinear methods, Inhibitory activity

10.1 INTRODUCTION

Metamorphosis in holometabolous insects is a complex process in which physio-
logical, morphological, and behavioral events occur in a precisely timed manner to
result in the transformation of a larva into an adult called imago. These different
events are under the control of the juvenile hormone (JH). Thus, for example, the
decrease in JH titer during the last larval instar is necessary for the apparition of
the pupation stage during which the insect is immobilized and undergoes impor-
tant transformations [1-3]. Reduction in JH titer occurs through a combination of a
decrease in JH biosynthesis and increase in JH metabolism. JH metabolism is made
through cleavage of either its epoxide or ester moiety. The relative importance of
these two pathways varies with insect species, development stage, and tissue [4,5].
Normal lepidopteran metamorphosis, for example, requires the degradation of JH
via ester hydrolysis. Inhibition of ester hydrolysis leads to abnormally large larvae
and delayed pupation. The enzyme responsible for this ester hydrolysis is juvenile
hormone esterase (JHE), which is found in the hemolymph and other insect tissues
at key moments in development [5,6]. JHE hydrolyzes ester bonds in a two-step
reaction. The first step consists in a nucleophilic attack of the carbonyl carbon of JH
by the catalytic serine residue that is found in the substrate-binding pocket, release
of methyl alcohol, and formation of an acyl-enzyme intermediate. The second step
involves release of JH acid and regeneration of JHE following nucleophilic attack of
the carbonyl carbon of the acyl-enzyme by an activated water molecule. Tetrahedral
transition-state intermediates appear in both steps [4].



Predicting Highly Potent JHE Inhibitors 243

Insects have significant effects on human health, as vectors for diseases such as
malaria, dengue, chikungunya, or African and American trypanosomiasis, but also
in agriculture as pests or conversely in the maintenance of the biodiversity through
the crucial role of some of them in the pollination. It is, therefore, important to study
the function and specificity of JHE due to its key role in insect development. This will
favor the design of substances for use in insect control [7,8] as well as a better under-
standing of the mechanisms of endocrine disruption in the insects [9]. The results of
such studies can also provide insights into the mechanisms of action of other carbo-
xylesterase enzymes, some of which being important in the hydrolysis, detoxification,
or metabolic activation of a number of drugs, pesticides, and other xenobiotics [10,11].

Inhibition of JHE activity can have important biological adverse effects on the
development of the insects. Paradoxically, these effects are sought in the creation
of insecticides but feared in the case of the protection of the endocrine system of
the beneficial insects. A number of chemicals have been tested for their potential
inhibitory activity against JHE [12—14]. Among them, the trifluoromethylketones
(TFKSs) include the most potent JHE inhibitors found to date. The catalytic serine of
JHE attacks the carbonyl carbon of the TFK containing inhibitor and forms an acyl—
enzyme complex, which has a tetrahedral geometry, consisting of the trifluoromethyl
group, the protein (via the serine), a hydroxyl (from the ketone), and an alkyl chain.
However, because the trifluoromethyl group is a very poor leaving group, the second
step in the reaction involving nucleophilic attack of the acyl-enzyme complex does
not occur and the enzyme is inhibited [4—6].

A significant amount of work has been done to understand the structural fea-
tures governing the inhibitory activity of TFKs. Most of the studies are based on
in silico methods especially 2D quantitative structure—activity relationship (QSAR)
approaches, which allow to relate physicochemical and/or topological properties
of the organic molecules to their biological activity from a statistical method [15].
Inspection of the literature shows that the prediction of the effects of TFKs on JHE
activity is mostly performed from QSAR models computed from a simple linear
regression analysis [16-21], while a lot of modeling results dealing with various
endpoints reveal that the nonlinear methods are particularly powerful in QSAR
for discovering complex structure—activity relationships [22-25]. Nevertheless,
these QSARs on JHE studies have shown that the most potent TFK inhibitors
contain a long-chain aliphatic tail that is supposed to mimic the JH backbone. The
presence of a methyl group at the alpha position of the carbonyl also influences
the potency and selectivity of the TFKs [5]. It was stressed out that the potency of
aliphatic TFKs exhibited a strong positive correlation with lipophilicity encoded
by the l-octanol/water partition coefficient (log P), with a maximum potency
corresponding to compounds showing an intermediate lipophilicity (log P ~4).
However, it was also pinpointed that the inhibition potency of a TFK could be
increased by specific substitutions that did not strongly affect its overall lipophi-
licity. This is the case, for example, for TFKs having their f-carbon substituted
by a sulfur atom, and Wogulis et al. [6] nicely summarized the different hypoth-
eses explaining this fact. Recently, we showed [26] that the inhibitory potential
of such chemicals against JHE was better modeled by using descriptors encoding
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reactivity and steric effects, while log P alone provided very poor predictions and
this hydrophobic parameter was never selected as significant descriptor in a robust
feature selection process. A parabolic equation (log P, log P?), as used, for exam-
ple, by Wheelock et al. [21], also did not provide satisfying results. Perhaps this is
why, unlike these authors, we were able to propose models that correctly predicted
the activity of TFKs being strong inhibitors of the JHE such as 1,1,1-trifluoro-3-
[(1-methyloctyl)thio]-2-propanone (CAS RN 112240-78-5). Without any doubts,
these good results were also due to the use of nonlinear methods as statistical
tools for computing the QSAR models. Consequently, the goal of this chapter was
first to extend the panel of statistical methods to definitively determine what is the
best approach for modeling this set of TFKs. Then, the best model able to predict
very potent TFK inhibitors of the JHE was used to propose candidates with high
potential inhibitory activity.

10.2 MATERIALS AND METHODS

10.2.1 BioLocicAL DATA

Because the most active TFKs included the RSCC(= O)C(F)(F)F functional
skeleton (R being an aliphatic or aromatic substituent), only the molecules having
this basic structural feature were considered. Thus, 82 molecules were retrieved
from Wheelock et al. [21], and in addition, 14 molecules showing the same general
skeleton were gathered in Szék4cs et al. [19] (Figure 10.1, Table 10.1). A radiometric
partition method [27] was used for assaying inhibition of JHE activity. Hemolymph
from fifth-instar larvae of the cabbage looper (Trichoplusia ni) was the source of
JHE. The test allows the calculation of an ICy, value (concentration that results in
50% inhibition). The activities in Table 10.1 are expressed in log 1/ICs, in M.
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FIGURE 10.1 Basic structural features of the TFK inhibitors.
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TABLE 10.1
Structure and Inhibitory Activity of the 96 TFKs
No. SF2 Substituent? log (1/1C;p)¢  No. Sk Substituent® log (1/1C;g)¢
1 I aCH, 5.82 43 VI 4F 5.08
2 1 nCH, 6.11 4 VI 41 5.89
3 I (CH,),C 5.30 454 VI 4-Br 6.39
4 I 2-Me-Butyl 5.80 46 VI 4-Me 6.96
54 I 3-Me-Butyl 5.60 47 VI 4-tBu 8.12
6 1  nCHp 7.51 48 VI 4-0H 521
7 1 nCHg 8.09 49 VI 4-OMe 5.89
8 I nGCH, 8.62 500 VI 4-(CH,),N 7.05
I 244-MeCH, 7.98 s1 VI 2,5-Cl, 7.64
100 I nGCH, 8.43 52 VI 2,6-Cl, 7.11
11 I nCH,CHCH,) 9.77 53 VI 3.4-Cl, 7.70
12 I nCygHy, 7.70 54 VI 2,4-Me, 6.04
13 I n-C,H,;CH(Et) 8.24 554 VI 2,5-Me, 6.77
14 I nC,Hy, 7.37 s6 VI 2,6-Me, 6.92
15 I nC,H,CH(Pr) 7.89 57 VI 3,4-Me, 7.96
16 1 nC,H, 7.82 58 VI 3,5-Me, 5.74
17 I n-C;H,;CH(n-Bu) 7.16 59 VI 2-Me-4-Bu 8.52
18 I  nC.H, 7.35 60¢ VI 3-Me-4-Br 7.89
19 I nC.Hy 6.40 61 VI 2,4,5-Cl, 7.49
200 1 n-CyHy, 6.20 62 VI 2.35,6-F, 592
20 1 nCuH, 6.30 63 VI 2,3,4,5,6-Cl, 7.80
22 1 Cyclopentyl 5.01 64 VI 2,3,4,5,6-F, 4.96
23 I Cyclohexyl 5.28 654 VII-1¢ H 4.82
24 I See Figure 10.1 8.35 66 VII-1  2-Cl 5.18
254 1T See Figure 10.1 8.12 67 VII-1 4-Cl1 5.34
26 IV See Figure 10.1 8.51 68 VII-l  2-Me 4.90
27 \% See Figure 10.1 8.49 69 VII-1 3-Me 5.10
28 VI H 5.06 704 VII-1  4-Me 5.20
29 VI 2l 5.68 71 VILl  4-Cp,H,, 5.80
304 VI 2-Br 6.17 72 VII-2 H 5.49
31 VI 2-Me 5.37 73 VII-3 H 6.77
32 VI  2-Et 5.54 74 VIII n-CgH,; 7.37
33 VI 2-iPr 6.47 754 VIII Ph 4.21
34 VI 2-OMe 5.70 76 VIII Ph(4-1Bu) 7.64
354 VI  2-CH,0H 5.15 77 IX Ph 3.98
36 VI  2-OPh 6.66 78 IX n-C¢Hy; 6.83
37 VI 2-NHPh 7.52 79 IX n-CeH,, 6.90
33 VI 3l 6.40 80¢  IX 1n-CyoH,, 7.36
39 VI 3-Br 6.06 81 IX 1-C o Hys 721
40 VI 3-CF, 5.60 82  IX Ph-C,H, 6.31
41 VI 3-Me 6.89 83 X n-CyH, 6.01
42 VI 3-OMe 5.89 84 X n-C,Hy 8.44

(continued)
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TABLE 10.1 (continued)
Structure and Inhibitory Activity of the 96 TFKs

No. SF2 Substituent? log (1/1C;p)¢  No. Sk Substituent® log (1/1C;g)¢
8¢ X  nCH, 8.15 91 X n-Cy,H,, 7.88
86 X nCH, 7.82 92 X 1n-CpH,, 8.09
87 X  nGCH, 777 93 X (CH,),0(CH,), 7.67
88 X  n-CH, 9.09 9 X (CH,),S(CH,), 8.31
89 X n-CyHg 8.57 95¢ X CH(CH,)(CH,), 6.33
908 X n-CiHy 8.34 9% X CH(CH,)(CH,), 8.09

Chemicals #1 to #82 were obtained from Wheelock et al. [21] and chemicals #83 to #96 were gathered
in Székacs et al. [19].

Structural feature as described in Figure 10.1.

The formalism used by Wheelock et al. [21] and Székacs et al. [19] to characterize the substituents

&

o

was not changed.
¢ ICy,=concentration that results in 50% inhibition, in M.
4 Test set TFKs.
¢ Value of n (see Figure 10.1).

An external test set of 19 TFKs was defined by selecting the chemicals numbered
with a multiple of five in the tables that were initially organized according to the
different functional groups in Székdacs et al. [19] and Wheelock et al. [21]. By using
this simple strategy, the representativeness of the chemical structures was secured as
well as the inclusion of the most active chemical in the training set (Table 10.1). It is
noteworthy that random selections were also investigated.

10.2.2 MOLECULAR DESCRIPTORS

The 96 chemical structures (Table 10.1, Figure 10.1) were geometry optimized
with the AM1 semiempirical method in HyperChem (Hypercube, Gainesville) and
exported to MOPAC. The structures were then introduced into the Comprehensive
Descriptors for Structural and Statistical Analysis (CODESSA) Pro software (http://
www.codessa-pro.com) to compute 42 topological, geometrical, and quantum-
chemical descriptors considered to be suited to encode the structural and functional
characteristics of the studied molecules. In addition, the 1-octanol/water partition
coefficients (log P) were calculated from the AUTOLOGP software [28,29] for all the
TFKs because the log P values of Székdics et al. [19] and Wheelock et al. [21] were
computed with different methods.

The automatic feature selection procedure of the STATISTICA™ software
(StatSoft, Fr), which is based on the use of a genetic algorithm [30] and a regression
neural network [31], was used for optimizing the number of descriptors. This yielded
the selection of the five following descriptors: Balaban index (BI), complementary
information content index of order 1 (CIC1), HOMO-LUMO energy gap (GAP), total
molecular surface area (quantum) (TMSAQ), and partial positively charged surface
area (quantum) (PPSA-1Q).
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10.2.3  STATISTICAL ANALYSES

10.2.3.1 Regression Equation Models

The simple and multiple regression analyses [32] were tested first because they are
the most widely used in QSAR [33] due to their straightforward interpretability.

The potential advantages of the partial least squares (PLS) regression were also
evaluated. As in multiple regression analysis (MRA), the main goal of PLS is to
derive a linear model Y=XB +E, where Y is a matrix of n observations by m response
variables, X is a matrix of n observations by p predictor variables, B is the matrix of
regression coefficients p x m, and E is the error term of the model of same dimension
than Y. However, PLS regression works by searching for a set of components (called
latent vectors) that perform a simultaneous decomposition of X and Y with the con-
straint that these components explain as much as possible of the covariance between
X and Y [34]. To do so, the nonlinear iterative partial least squares (NIPALS) algo-
rithm is commonly used. Calculations are made on standardized variables (i.e., with
a mean of zero and a variance unity). PLS regression is more robust than a simple
MRA. It is particularly suited when the number of predictors is large compared to
the number of observations and in case of multicollinearity [35,36].

The multivariate adaptive regression splines (MARS) [37] was experienced. It is
a nonparametric regression method making no assumption about the functional rela-
tionship between the dependent and independent variables. Briefly, such a regression
technique is based on a “divide and conquer” strategy that partitions the input space
into regions characterized by their own regression equation [37]. The technique has
become particularly popular in numerous areas including QSAR [38,39] because
it does not assume or impose any particular type of relationship between the pre-
dictor variables and the dependent variable of interest. Instead, useful models can
be derived even in situations where the relationship between the predictors and the
dependent variables is non-monotone and difficult to approximate with parametric
models. It has a great power and flexibility to model relationships that are nearly
additive or involve interactions in at most a few variables. In addition, the model
can be represented in a form that separately identifies the additive contributions and
those associated with the different multivariable interactions [37].

10.2.3.2 Regression Trees
10.2.3.2.1 Classification and Regression Tree (CART)

Unlike classical regression analysis for which the relationship between the response
variable and the predictor variables is prespecified and tests are performed to
prove or disprove the relationship, regression tree analysis does not assume
such relationship. It is primarily a method constructing a set of if-then rules on
the predictor variables. The rules are constructed by recursively partitioning the
training data set into successively smaller groups with binary splits based on a
single predictor variable. Splits for all of the predictors are examined by an exhaus-
tive search procedure and the best split is chosen. For regression trees, the selected
split is the one that maximizes the homogeneity of the two resulting groups with
respect to the response variable (i.e., the split that maximizes the between-groups
sum of squares, as in analysis of variance), although other options exist such as
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misclassification error or deviance. The output is a tree diagram with the branches
determined by the splitting rules and a series of terminal nodes [40,41]. Regression
trees are effective in uncovering structure in data with hierarchical or nonadditive
variables. Because no a priori assumptions are made about the nature of the rela-
tionships among the response variable and the predictor, the method is suited for
accounting for interactions and nonlinearities among variables [41]. CART analysis
has found applications in QSAR (e.g., [42,43]).

10.2.3.2.2  Random Forests for Regression

Proposed by Breiman [44], the random forest algorithm computes a collection
(ensemble) of simple tree predictors, each capable of producing a response when
presented with a set of predictor values. For regression problems, the tree response
is an estimate of the dependent variable given the predictors, while for classification
problems, this response takes the form of a class membership, which associates a
set of predictor values with one of the categories present in the dependent variable.
In practice, bootstrap samples are drawn to construct the trees, each of them being
grown with a randomized subset of predictors. This explains the term “random,”
while “forest” has to be related to the fact that a collection of trees is computed.
The number of predictors used to find the best split at each node is a randomly cho-
sen subset of the total number of predictors. To perform a random forest regression
analysis, two categories of parameters have to be set, those characterizing the con-
struction of the trees and the stopping parameters, which control the complexity of
the individual trees that will be built at each consecutive step. The former category
includes the number of predictors for the tree models, the number of simple regres-
sion trees to be computed in successive forest building steps, the subsample propor-
tion to be used for drawing the bootstrap learning samples for consecutive steps,
and a constant for seeding the random number generator, which is used to select the
subsamples for consecutive trees. The latter category includes the minimum » of
cases that allows splitting to continue until all terminal nodes contain no more than a
specified minimum number of cases or objects; the minimum # in child node, which
controls the smallest permissible number in a child node, for a split to be applied;
the maximum 7 of levels, which is a stopping criterion based on the number of lev-
els in a tree; and the maximum 7 of nodes, which is also a stopping criterion based
on the number of nodes in each tree. Random forest trees are increasingly used in
structure—activity modeling [45-47].

10.2.3.2.3  Stochastic Gradient Boosting Trees for Regression

Introduced by Friedman [48], the general idea of this method is to compute a sequence
of (very) simple trees, where each successive tree is built for the prediction residuals of
the preceding tree. Thus, suppose that we limit the complexity of the trees to 3 nodes
(1 root node+2 child nodes). At each step of the boosting algorithm, a simple (best)
partitioning of the data is determined, and the deviations of the observed values from
the respective means (residuals for each partition) are computed. The next 3-node
tree will then be fitted to those residuals, to find another partition that will further
reduce the residual (error) variance for the data, given the preceding sequence of trees.
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Such “additive weighted expansions” of trees can produce an excellent fit of the pre-
dicted values to the observed ones, even if the relationships between the predictors and
the dependent variable are complex. However, one of the major problems of the boost-
ing trees is to “know when to stop” to avoid overfitting. To avoid this limitation, two
strategies are used. Each consecutive simple tree is built for only a randomly selected
subsample of the training set. Thus, each consecutive tree is built for the prediction
residuals (from all preceding trees) of an independently drawn random sample. This
is called stochastic gradient boosting method. By plotting the prediction error for the
training and test sets over the successive boosted trees, the point of overfitting can
be identified [48,49]. To run such a method, two types of parameters have to be set.
Parameters allowing the construction of the boosted trees include the learning rate,
the number of simple regression trees to be computed in successive boosting steps that
is called number of additive terms, the subsample proportion to be used for drawing
the random learning sample for consecutive boosting steps, and a constant for seeding
the random number generator that is used to select the subsamples for consecutive
boosting trees. The second group deals with the stopping parameters, which control
the complexity of the individual trees that will be built at each consecutive boosting
step. They include the minimum 7 of cases, the minimum # in child node, the maxi-
mum 7 of levels, and the maximum » of nodes (see Section 10.2.3.2.2). Boosting tree
regressions have found some applications in QSAR [50,51].

10.2.3.3 Artificial Neural Networks

10.2.3.3.1 Three-Layer Perceptron

The three-layer perceptron (TLP) is perhaps the most popular supervised artificial
neural network (ANN) in use in QSAR and QSPR (quantitative structure—property
relationship) (see, e.g., [22,26,28,52-56]). Because its functioning has been widely
described in literature (see, e.g., [31]), only the basic principles are recalled here.
A TLP includes one input layer with a number of neurons corresponding to the num-
ber of selected molecular descriptors, one output layer of one neuron corresponding
to the modeled activity, and one hidden layer, between the two above layers, with an
adjustable number of neurons for distributing the information. Too many hidden neu-
rons often lead to overfitting, and hence, to avoid problems, their number has to be
limited. This is done from a trial-and-error procedure and also by the use of pruning
algorithms. The neurons of each layer are connected in the forward direction (i.e.,
input to output) and are activated by means of activation functions. Each connection
is associated with a weight. The weights are adjusted during the learning process
aiming at minimizing an error computed from the target and calculated outputs.
Numerous learning algorithms are available, and among them, the backpropagation,
the Levenberg—Marquardt, and the Broyden—Fletcher—Goldfarb—Shanno (BFGS)
algorithms were tested alone or in combination [31].

10.2.3.3.2  Radial Basis Function Network

A radial basis function network (RBFN) is also a supervised ANN, which has found
applications in QSAR (e.g., [24,57]). It is typically configured with a single hidden
layer of neurons whose activation function is selected from a class of functions called
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radial basis functions (RBFs), usually a Gaussian or some other kernel functions.
Each hidden unit acts as a locally tuned processor that computes a score for the match
between the input vector and its connection weights or centers. The weights connect-
ing the basis units to the outputs are used to take linear combinations of the hidden
units to give the final output. More precisely, in an RBFN, the weights into the hid-
den layer basis units are usually set before the second layer of weights is adjusted. As
the input moves away from the connection weights, the activation value falls off. It is
the reason why the term of “center” is allocated to the first-layer weights [58]. These
center weights can be computed by different statistical techniques. In the present
study, K-means and random sampling were tested. They are then used to set the areas
of sensitivity for the RBFN hidden units, which then remain fixed. Once the hidden
layer weights are set, a second phase of training allows the adjustment of the output
weights [58]. An RBFN trains much faster than a classical backpropagation TLP and
does not suffer from local minima.

10.2.3.4 Support Vector Regression

Support vector machines (SVMs) [59,60] are rooted on two key ideas. The first one
is the notion of maximum margin. The margin is the distance between the boundary
of separation and the closest samples. These are called support vectors. The sepa-
ration boundary is chosen as the one that maximizes the margin. In order to deal
with cases where the data are not linearly separable, the second key idea of SVMs
is to transform the representation space of the input data into a space of greater
dimension (possibly infinite), in which it is likely that there exists a linear separa-
tion. This is achieved through a kernel function. The following kernel functions are
commonly tested: linear, polynomial, RBF, and sigmoid. To construct an optimal
hyperplane, SVM uses an iterative training algorithm that minimizes an error func-
tion. According to the form of the error function, the SVM will be a classifier or a
regression tool. Two types of support vector regression (SVR) can be computed, the
so-called SVR type 1 (e-SVR) and type 2 (v-SVR) with their own error functions.
Both were tested in the present study. The advantages of SVR are the following: the
presence of a global minimum solution resulting from the minimization of a convex
programming problem, relatively fast training speed, and sparseness in solution
representation. SVR has found numerous applications in QSAR [24,57,61-63].

10.2.3.5 Statistical Analyses and Data Preprocessing

Statistical analyses were performed from the multivariate analysis, neural net-
work, and data mining modules (versions 6, 8, and 10) of the STATISTICA™
software (StatSoft, Fr) and from the Earth (version 3.1-2) and e1071 (version 1.6)
programs found in the Comprehensive R Archive Network (http://cran.r-project.
org/) to perform regression splines and SVR, respectively. The first step of the data
preprocessing consisted of dividing the calculated values of the CIC1, TMSAQ,
and PPSA-1Q descriptors by 100 to have all the selected molecular descriptor val-
ues with the same order of magnitude. Then, the scaling procedures recommended
for the different statistical approaches under study were systematically used when
necessary.
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10.3 RESULTS AND DISCUSSION

Wheelock et al. [21] in their 2D QSAR analysis noted a high dependence between
the inhibition potential of TFKs and their 1-octanol/water partition coefficient
(log P). Our results contradict their findings. We have found that this hydro-
phobic parameter only marginally explained the inhibitory activity of TFKs
(Figure 10.2). Indeed, the r? value calculated from the log (1/ICs,) values for
the 96 studied TFKs and their corresponding log P data computed with the
AUTOLOGP software equals 0.12. It is noteworthy that a poor correlation is also
obtained from the 109 TFKs selected by Wheelock et al. [21] and described by
log P calculated from the ClogP software (Biobyte Corp., Claremont, CA) with
r2=0.08 (Figure 10.3). The parabolic model (log P, log P?) only yields an r? value
of 0.25. Last, a coefficient of determination of only 0.09 was also obtained when
the TFK inhibitors are considered in their gem-diol form instead of ketone form.
This explains why the 1-octanol/water partition coefficient was not retained in our
feature selection process.

Use of a forward or backward MRA allowed us to obtain a five-parameter model
(Equation 10.1):
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FIGURE 10.2 Plot of JHE inhibition (log 1/ICs,) versus lipophilicity parameter calculated
from AUTOLOGP for 96 TFKs (this study).
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FIGURE 10.3 Plot of JHE inhibition (log 1/ICs,) versus lipophilicity parameter calculated
from ClogP for 109 TFKs. (Data from Wheelock, C.E. et al., Bioorg. Med. Chem., 11, 5101,
2003.)

10g( Ié J: —0.50GAP+1.35BI+1.07TMSAQ-3.89CIC1+1.13PPSA-1Q+0.89
50

(10.1)
n=77, r*=0.56, s=0.85 F=1825 1% =071, Q*=047.

where
n is the number of training set chemicals
r? is the coefficient of determination of the model
s is the residual standard error
F is the Fisher’s test
Ties is the coefficient of determination for the external test set of 19 TFKs
Q7 is the leave-one-out cross-validated correlation coefficient

Inspection of the statistical parameters of Equation 10.1 shows that this five-
parameter regression equation presents poor predictive performances. This clearly
appears in Figure 10.4, which gives the residuals (observed—calculated log (1/ICs)
values) for the training set chemicals. With Equation 10.1, the activity of TFK #11 is
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FIGURE 10.4 Residuals obtained with Equation 10.1 for the 77 training set TFKs.

totally underestimated. Use of PLS regression analysis, with the NIPALS algorithm,
provides worst results. Only one component is significant yielding an r? value equal
to 0.30 and a Q? value equal to 0.21.

An attempt was made to compute a more powerful model by introducing the
five selected descriptors into the Earth program, which is the R implementation of
MARS. Because there are only 77 TFKs in the training set and to avoid problems
of overfitting, the degree of interactions between the independent (predictor) vari-
ables to be included in the model was set to 1 in order to take into account only
their main effects in the model. In the same way, the default values proposed in the
Earth program for the maximum number of basis functions, the penalty value, and
the threshold value were selected. A pruning algorithm was used for deleting the
nonsignificant knots, which are the predictors of the local models. The obtained
model (Equation 10.2) showed significantly better internal and external predictive
performances than Equation 10.1.

log( ICI ): —0.66 max (0; GAP-8.46) - 1.60 max (0;2.77-BI)
50
—2.00max (0;4.98-TMSAQ)+2.97 max (0;0.51-CIC1)
—0.70 max (0; PPSA-1Q-2.81) - 1.31max (0;3.93-PPSA-1Q) +9.25

10.2
n=77, r*=079, s=057, r2,=0.89, 0>=0.68 (102)
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However, analysis of the residual values obtained with Equation 10.2 reveals that the
most potent TFK is badly predicted. Indeed, the difference between the observed
and calculated activity values for chemical #11 equals 1.33. This is not the case for
chemical #88 (Table 10.1), which is the second most active chemical (Table 10.1) and
for which the residual equals 0.70. In the same way, all the training set TFKs with
a log (1/IC4y) > 8 have their activity correctly estimated by Equation 10.2, except
chemical #84, which shows a residual value of 1.01. Four other less active TFKs
belonging to the training set present residuals >1 in absolute value. These are chemi-
cals #46 (residual value=1.03), #57 (1.38), #58 (-1.10), and #69 (-1.29). It is worth
noting that all the residual values of the test set compounds were <1 (absolute value).

CART allowed us to obtain r? and 2, values of 0.91 and 0.73, respectively.
However, this does not mean that this simple regression tree is able to correctly
gauge the influence of the structural characteristics of the TFKSs on their JHE inhibi-
tory activity. Indeed, the graphical display of the observed versus calculated log
(1/1Cs,) values reveals that the model is able to only predict levels of activities. In
addition, TFK #11, located in the right upper part of Figure 10.5, is badly predicted
with a residual value equal to 1.15 (absolute value).

The random forest regression model was constructed from a trial-and-error
procedure during which the influence of the different parameters was tested on
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FIGURE 10.5 Observed versus calculated log (1/ICs,) with the CART model for the training
set compounds (circles) and test set compounds (triangles).
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its internal and external predictive power. Concomitantly, an attempt was made
to reduce as best as possible the number of trees without altering too much the
performances of the model. Thus, the number of predictors for the tree mod-
els was fixed to 4 and the number of simple regression trees to be computed
in successive forest building steps was set to 100 in a first step. The subsample
proportion to be used for drawing the bootstrap learning samples for consecutive
steps and the constant for seeding the random number generator were fixed to 0.5
and 1, respectively. Regarding the stopping parameters, the minimum »n of cases
was fixed to 5 and the minimum # in child node to 1. The maximum #n of levels
and the maximum 7 of nodes were set to 6 and 8, respectively. With such param-
eter values, the best compromise in the model performances was obtained with
10 trees (Figure 10.6).

A model with 10 trees yielded r? and 72, values of 0.72 and 0.73, respectively.
Inspection of the observed versus calculated log (1/IC;) values (Figure 10.7) shows
the presence of plateaus, especially for the most potent TFK inhibitors, which are
badly predicted by the model.

The stochastic gradient boosting tree regression model was also computed from
a trial-and-error procedure. The best results were obtained with a learning rate of
0.095 and by considering 27 trees. The subsample proportion to be used for drawing
the random learning sample for consecutive boosting steps was fixed to 0.47, and the
constant for seeding the random number generator was set to 1. The minimum » of
cases, the minimum # in child node, the maximum 7 of levels, and the maximum
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FIGURE 10.6 Average squared errors for the training and test sets over the successive tree
addition steps.
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FIGURE 10.7 Observed versus calculated log (1/ICs,) with the random forest regression
model for the training set compounds (circles) and test set compounds (triangles).

n of nodes were also fixed to 5, 1, 6, and 8, respectively. With such a configuration,
r2 and r.,, values of 0.88 and 0.89 were obtained for the training set and test set,
respectively. Analysis of the residuals (Figure 10.8) shows fewer large deviations
than those observed with the CART (Figure 10.5) and random forest (Figure 10.7)
models. However, the TFKs #11 and #88, having an observed log (1/ICy) > 9, are
badly modeled by the model since their residuals are equal to 1.37 and 0.87, respec-
tively (see the right upper part of Figure 10.8). It is noteworthy that an increase
of the number of trees in the random forest regression model to reach the level of
complexity of the stochastic gradient boosting tree regression model did not change
significantly the results obtained for the training set, but a slight deterioration of the
prediction performances on the test set was observed. This can be easily verified
on Figure 10.6.

To fully assess the interest of the regression trees for predicting the activity of
the TFKs under study, runs were also performed by using a 80%—-20% random sam-
pling procedure for the training set and test set, respectively. Only the runs including
chemical #11 (Table 10.1) in the training set were considered for deriving the models.
No significant changes were observed with CART. Conversely, while it was possible
to maintain the 2 value of the training sets, the performances of the test set were
mostly deteriorated with the random forest and stochastic gradient boosting tree



Predicting Highly Potent JHE Inhibitors 257

9.0 T T

8.5 i |

8.0 | o @3{?‘% .

o) |

o
®
o

70pb——F——+0& - -
@ 0o |

6.5 ‘ o
| e %

6.0

Cal. log (1/1Cs)
©

|
55 ‘
L{
& :
5.0 |- T + + ]

4.5

40— S—

3 4 5 6 7 8 9 10 11
Obs. log (1/1Cs)

FIGURE 10.8 Observed versus calculated log (1/IC,) with the stochastic gradient boosting
tree regression model for the training set compounds (circles) and test set compounds
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regression analyses when the tree construction options and the stopping parameters
were not changed. It is noteworthy that the random forests and the stochastic gradient
boosting trees are more suited when used on a large data matrix.

The TLP has proved its interest in QSAR modeling and the predictions obtained
with this nonlinear device are very often better than those computed with a clas-
sical MRA or a PLS regression analysis. Again, this finding was confirmed in
the present study. Among all the different architectures, learning algorithms, and
parameter values tested, the best results were obtained with a TLP including six
neurons on the hidden layer (i.e., 5/6/1), a bias connected to the hidden and output
layers, and using the BFGS second-order training algorithm. A hyperbolic tangent
function (tanh) and a negative exponential function were used for the hidden and
output neurons, respectively. The convergence was obtained after only 108 cycles.
With such a configuration, the r? and 72, values were equal to 0.85 and 0.94,
respectively. The calculation of the Q? parameter is not informative with a TLP
[31]. Consequently, to fully assess the interest of a TLP for predicting the activ-
ity of the TFKs under study, runs were also performed by using a 80%-20%
random sampling for the training set and test set, respectively. As previously
indicated, only the runs including chemical #11 (Table 10.1) in the training set
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were kept. In these conditions, the r2 values were broadly the same and 2, values
were generally a little bit lower than those obtained with our selected test set.
While the overall prediction performances of the selected TLP are rather satis-
fying (Figure 10.9), the log (1/1Cs,) value of #11 remains badly predicted by the
neural network model with a residual value of 0.99. Chemicals #88 and #84 are
also poorly predicted with residual values equal to 0.88 and 0.83, respectively.
Finally, all the other training set TFKs with a log (1/ICs,) > 8 (Table 10.1) show
their inhibitory activity correctly estimated, the poorest predicted activity being
chemical #7 with a residual value of —0.56. This is also the case for chemicals #10,
25, 85, and 90 belonging to the test set and which present a residual value <0.15
(in absolute value). Notice that the inhibitory activity of chemicals #57 and #58
remains badly predicted by the selected model with residual values equal to 1.49
and —0.93, respectively.

Because the RBFN is also commonly used in QSAR, we also tested the perfor-
mances of this supervised three-layer neural network on the prediction of the JHE
inhibitory activity of TFKs. To have the possibility to directly compare the per-
formances of the two types of supervised ANNs, a 5/6/1 RBFN with a bias on the
output layer was used. The best results were obtained with six radial spreads (one
per hidden neuron), a Gaussian function, and an identity function for the hidden and
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output neurons, respectively. With such a configuration, the r?> equaled 0.73 and a
value of 0.85 was computed for the r;,,. The residual value obtained for chemical #11
(Table 10.1) is equal to 1.43. The inhibitory activity of the TFKs #17, 32, 51-53, 57,
58, and 77 is also very badly predicted with residuals >1 (absolute value). Among the
19 test set chemicals (Table 10.1), it is worth noting that the activity of 12 of them is
overestimated by the model. In addition, the residual value of TFK #60 equals 1.26.
Broadly the same results were obtained with models computed by using an 80/20
random sampling for the training set and test set, respectively.

The SVMs, which can be used for classifications or regressions, have gained
attention during the past few years in QSAR because they are at least as efficient as
the ANNS. Moreover, a significant advantage of SVMs is that while ANNs can suffer
from multiple local minima, the solution to an SVM is global and unique. Two addi-
tional advantages of SVMs are that they have a simple geometric interpretation and
give a sparse solution. Last SVMs are less prone to overfitting than ANNs.

One of the main ideas of SVMs is to transform the representation space of the
input data into a space of greater dimension, in which it is likely that there exists
a linear separation. This is achieved through a kernel function and the adjustment
of a cost parameter (C), which can introduce some flexibility in the system. In our
study, linear, polynomial, RBF, and sigmoid kernels were tested. All needed to be
adjusted by a trial-and-error procedure except the linear kernel. To construct an opti-
mal hyperplane, an SVM uses an iterative training algorithm that minimizes an
error function. To derive a regression model, two different errors can be computed
yielding the so-called e-SVR (SVR type 1) or v-SVR (SVR type 2). Each category
requires a different parameter to adjust. In our study, SVR type 1 with an RBF as
kernel provided the best prediction results with C, €, and y set to 27, 0.1, and 0.57,
respectively. In that case, the 72 and 7., values were both equal to 0.91. The good
predictive performances of the SVM model clearly appear in Figure 10.10. The most
active TFKs, chemicals #11 and #88 in Table 10.1, are well predicted with residual
values equal to 0.47 and 0.27, respectively. All the other training set TFKs with a
log (1/ICy,) > 8 (Table 10.1) show their inhibitory activity correctly estimated with a
residual <0.35 (absolute value). Chemicals #57 and #58 remain badly predicted with
differences between the observed and calculated log (1/ICs,) equal to 1.21 and —1.11,
respectively. Regarding the test set, all the chemicals are correctly predicted by the
model, the highest residual being equal to —0.64 (TFK #40). The observed versus
calculated log (1/1Cs,) values of the TFKs belonging to the training and test sets are
displayed in Figure 10.10. Use of randomly selected training (80%) and test (20%)
sets yielded same results.

The goal of this study was to model the inhibitory activity of TFKs against JHE
focusing on the most active chemicals. Previous QSAR studies have shown that
an increased hydrophobicity, encoded by the 1-octanol/water partition coefficient
(log P), correlated well with the inhibitor potency of TFKs, so it was shown that com-
pounds containing, for example, longer, more hydrophobic alkyl chains were more
potent inhibitors [19,21]. These are crude relationships, which work only on structur-
ally diverse data sets including series of molecules varying mainly from each other
by their number of carbon atoms on the alkyl chain, the number of chlorine or bro-
mine atoms on the aromatic moiety, and so on. Nevertheless, it has been shown that
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the crystal structure of JHE includes a long, hydrophobic binding pocket with the
solvent-inaccessible catalytic triad located at the end [6]. Even if the hydrophobicity
of TFKs can influence their inhibitory activity against JHE, our study clearly shows
that other factors intervene in the process. A simple inspection of the selected data
set (Table 10.1) shows that the inhibitory activity can significantly vary according to
the position of a methyl group on the aromatic ring (#54-58) or the length of a car-
bon backbone #6-8, 10, 12, 14, 16, 18-21) linked to the thio-trifluoromethylketone
group. Our QSAR investigations have revealed that the BI, CIC1, HOMO-LUMO
energy gap (GAP), TMSAQ, and PPSA-1Q were particularly suited for modeling
the inhibitory activity of TFKs. BI and CICI1 allow to describe all the topological
and steric characteristics of the molecules [64], while the other descriptors encode
the reactivity potential of the molecules [65,66]. It is noteworthy that in all the
QSAR models, the HOMO-LUMO energy gap was the less significant descriptor.
Nevertheless, our results corroborate the recent findings of Rayo et al. [67] who indi-
cated that the inhibitory activity of TFKs was a subtle balance between their reactiv-
ity and steric effects.

Among all the panel of linear and nonlinear methods tested on the same data
set, the best results were obtained with the SVR model. The model outperforms the
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others in terms of statistics as well as in its capability to correctly predict the most
potent JHE inhibitors.

Consequently, it was used to predict TFK structures potentially having a log
(1/1C5y) 29. Some candidates are displayed in Figure 10.11 with their structural
characteristics and predicted inhibitory activity. Obviously, it should be necessary to
synthesize them to confirm or infirm these in silico predictions.

10.4 CONCLUSION

Our study shows that it is possible to derive a 2D QSAR model allowing to propose
TFK structures having potentially a high inhibitory activity on the JHE. Such type
of model can be useful to design new pest control chemicals. It can also be helpful
to better understand the chemical structures that are able to inhibit the activity of the
JHs of the beneficial insects. Thus, for example, Mackert et al. [68] have shown that
3-octylthio-1,1,1-trifluoro-2-propanone (OTFP at 2 mM) inhibited >95% of the JH
degradation activity present in honey bee hemolymph as well as in the fat body. They
deduced that JH degradation was performed primarily by the JHE, whereas only 5%
may be attributed to JH epoxide hydrolase. Consequently, it is anticipated that TFKs
could have the potential to disrupt the development of the honey bees by inhibiting
the degradation of their JH.
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Our study also demonstrates that it is always useful to test different statistical
methods on the same data set to select the one that will be able to capture all the key
information included in the data matrix. In QSAR, it is now commonplace to start
the modeling procedure by using a linear method such as an MRA or a PLS regres-
sion analysis and then test whether a nonlinear method (e.g., TLP) could compete
favorably. The originality of this study deals with the number and variety of the
methods used. The SVR provides better results since it allows to accurately predict
the inhibitory activity of the most potent TFKs. However, all generalization from
this study would be totally hazardous because the selection of the most suited statis-
tical method depends undoubtedly of the data matrix.

ACKNOWLEDGMENT

The financial support from the French Ministry of Ecology and Sustainable
Development is gratefully acknowledged (PNRPE program).

REFERENCES

1. K. Hartfelder, Insect juvenile hormone: From “status quo” to high society, Braz.J. Med.
Biol. Res. 33 (2000), pp. 157-177.

2. L.I. Gilbert, N.A. Granger, and R.M. Roe, The juvenile hormones: Historical facts
and speculations on future research directions, Insect Biochem. Mol. Biol. 30 (2000),
pp. 617-644.

3. S.R. Palli, Recent advances in the mode of action of juvenile hormones and their
analogs, in Biorational Control of Arthropod Pests, 1. Ishaaya and A.R. Horowitz, eds.,
Springer, New York, 2009, pp. 111-129.

4. S.G. Kamita and B.D. Hammock, Juvenile hormone esterase: Biochemistry and
structure, J. Pestic. Sci. 35 (2010), 265-274.

5. S.G. Kamita, A.C. Hinton, C.E. Wheelock, M.D. Wogulis, D.K. Wilson, N.M. Wolf, J.E.
Stok, B. Hock, and B.D. Hammock, Juvenile hormone (JH) esterase: Why are you so JH
specific? Insect Biochem. Mol. Biol. 33 (2003), pp. 1261-1273.

6. M. Wogulis, C.E. Wheelock, S.G. Kamita, A.C. Hinton, P.A. Whetstone, B.D.
Hammock, and D.K. Wilson, Structural studies of a potent insect maturation inhibitor
bound to the juvenile hormone esterase of Manduca sexta, Biochemistry 43 (2006),
pp. 4045-4057.

7. M. Riba, A. Sans, P. Bau, G. Grolleau, M. Renou, and A. Guerrero, Pheromone response
inhibitors of the corn stalk borer Sesamia nonagrioides. Biological evaluation and toxi-
cology, J. Chem. Ecol. 27 (2001), pp. 1879-1897.

8. G.V.P. Reddy, C. Quero, and A. Guerrero, Activity of octylthiotrifluoropropan-2-one,
a potent esterase inhibitor, on growth, development, and intraspecific communication
in Spodoptera littoralis and Sesamia nonagrioides, J. Agric. Food Chem. 50 (2002),
pp- 7062-7068.

9. J. Devillers, Endocrine Disruption Modeling, CRC Press, Boca Raton, FL, 2009.

10. C. E. Wheelock, G. Shan, and J.A. Ottea, Overview of carboxylesterases and their role
in metabolism of insecticides, J. Pestic. Sci. 30 (2005), pp. 75-83.

11. M. Hosokawa, Structure and catalytic properties of carboxylesterase isozymes involved
in metabolic activation of prodrugs, Molecules 13 (2008), pp. 412-431.

12. T.C. Sparks and B.D. Hammock, Comparative inhibition of the juvenile hormone ester-
ases from Trichoplusia ni, Tenebrio molitor, and Musca domestica, Pestic. Biochem.
Physiol. 14 (1980), pp. 290-302.



Predicting Highly Potent JHE Inhibitors 263

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

RJ. Linderman, L. Upchurch, M. Lonikar, K. Venkatesh, and R.M. Roe, Inhibition of
insect juvenile hormone esterase by a,B-unsaturated and o-acetylenic trifluoromethyl
ketones, Pestic. Biochem. Physiol. 35 (1989), pp. 291-299.

R.J. Linderman, T. Tshering, K. Venkatesh, D.R. Goodlett, W.C. Dauterman, and
R.M. Roe, Organophosphorus inhibitors of insect juvenile hormone esterase, Pestic.
Biochem. Physiol. 39 (1991), pp. 57-73.

W. Karcher and J. Devillers, Practical Applications of Quantitative Structure—Activity
Relationships (QSAR) in Environmental Chemistry and Toxicology, Kluwer Academic
Publishers, Dordrecht, the Netherlands, 1990.

B.D. Hammock, K.D. Wing, J. McLauglin, V.M. Lovell, and T. Sparks,
Trifluoromethylketones as possible transition state analog inhibitors of juvenile hormone
esterase, Pestic. Biochem. Physiol. 17 (1982), pp. 76-88.

A. Székacs, B.D. Hammock, Y.A.L. Abdel-Aal, M. Philpott, and G. Matolcsy, Inhibition
of juvenile hormone esterase by transition-state analogs. A tool for enzyme molecular
biology, in Biotechnology for Crop Protection, P.A. Hedin, J.J. Menn, and R.M.
Hollingworth, eds., ACS Symp. Ser. 379, American Chemical Society, Washington, DC,
1988, pp. 215-227.

A. Székécs, B. Bordds, G. Matolcsy, and B.D. Hammock, Quantitative structure—activity
relationship study of aromatic trifluoromethyl ketones. In vitro inhibitors of insect
Juvenile hormone esterase, in Probing Bioactive Mechanisms, P.S. Magee, D.R. Henry,
and J.H. Block, eds., ACS Symp. Ser. 413, American Chemical Society, Washington,
DC, 1989, pp. 169-182.

A. Székécs, B. Bordés, and B.D. Hammock, Transition state analog enzyme inhibitors:
Structure—activity relationships of trifluoromethyl ketones, in Rational Approaches to
Structure, Activity, and Ecotoxicology of Agrochemicals, W. Draber and T. Fujita, eds.,
ACS Symp. Ser, American Chemical Society, Washington, DC, 1992, pp. 219-249.

G. Rosell, S. Herrero, and A. Guerrero, New trifluoromethyl ketones as potent inhibi-
tors of esterases: 19F NMR spectroscopy of transition state analog complexes and
structure—activity relationships, Biochem. Biophys. Res. Commun. 226 (1996),
pp- 287-292.

C.E. Wheelock, Y. Nakagawa, M. Akamatsu, and B.D. Hammock, Use of classical
and 3-D QSAR to examine the hydration state of juvenile hormone esterase inhibitors,
Bioorg. Med. Chem. 11 (2003), pp. 5101-5116.

D.V. Eldred, C.L. Weikel, P.C. Jurs, and K.L.E. Kaiser, Prediction of fathead minnow
acute toxicity of organic compounds from molecular structure, Chem. Res. Toxicol.
12 (1999), pp. 670-678.

J. Devillers, Linear versus nonlinear QSAR modeling of the toxicity of phenol deriva-
tives to Tetrahymena pyriformis, SAR QSAR Environ. Res. 15 (2004), pp. 237-249.
X.J. Yao, A. Panaye, J.P. Doucet, R.S. Zhang, H.F. Chen, M.C. Liu, Z.D. Hu, and B.T.
Fan, Comparative study of QSAR/QSPR correlations using support vector machines,
radial basis function neural networks, and multiple linear regression, J. Chem. Inform.
Comput. Sci. 44 (2004), pp. 1257-1266.

J. Devillers, J.P. Doucet, A. Panaye, N. Marchand-Geneste, and J.M. Porcher, Structure—
activity of a diverse set of androgen receptor ligands, in Endocrine Disruption Modeling,
J. Devillers, ed., CRC Press, Boca Raton, FL, 2009, pp. 335-355.

J. Devillers, J.P. Doucet, A. Doucet-Panaye, A. Decourtye, and P. Aupinel, Linear
and non-linear QSAR modelling of juvenile hormone esterase inhibitors, SAR QSAR
Environ. Res. 23 (2012), pp. 357-369.

B.D. Hammock and T.C. Sparks, A rapid assay for insect juvenile hormone esterase
activity, Anal. Biochem. 82 (1977), pp. 573-579.

J. Devillers, D. Domine, C. Guillon, and W. Karcher, Simulating lipophilicity of organic mol-
ecules with a back-propagation neural network, J. Pharm. Sci. 87 (1998), pp. 1086—1090.



264

29

30

31.

32.
33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

Juvenile Hormones and Juvenoids

. J. Devillers, Calculation of octanol/water partition coefficients for pesticides. A com-
parative study, SAR QSAR Environ. Res. 10 (1999), pp. 249-262.

. J. Devillers, Genetic Algorithms in Molecular Modeling. Academic Press, London,
U.K., 1996.

J. Devillers, Strengths and weaknesses of the backpropagation neural network in QSAR
and QSPR studies, in Neural Networks in OQSAR and Drug Design, J. Devillers, ed.,
Academic Press, London, U.K., 1996, pp. 1-46.

N. Draper and H. Smith, Applied Regression Analysis, 2nd ed., Wiley, New York, 1981.
J. Devillers, Application of QSARs in aquatic toxicology, in Computational Toxicology.
Risk Assessment for Pharmaceutical and Environmental Chemicals, S. Ekins, ed.,
Wiley, Hoboken, NJ, 2007, pp. 651-675.

H. Abdi, Partial least squares regression and projection on latent structure regression
(PLS Regression), WIREs Comput. Stat. 2010, DOI: 10.1002/wics.051.

J. Devillers, A. Chezeau, E. Thybaud, and R. Rahmani, QSAR modeling of the adult and
developmental toxicity of glycols, glycol ethers, and xylenes to Hydra attenuata, SAR
QSAR Environ. Res. 13 (2002), pp. 555-566.

J. Devillers, A. Chezeau, and E. Thybaud, PLS-OSAR of the adult and developmental
toxicity of chemicals to Hydra attenuata, SAR QSAR Environ. Res. 13 (2002),
pp- 705-712.

J.H. Friedman, Multivariate adaptive regression splines, Ann. Stat. 19 (1991), pp. 1-67.
V. Nguyen-Cong and G. Van Dang, Using multivariate adaptive regression splines
to OSAR studies of dihydroartemisinin derivatives, Eur. J. Med. Chem. 31 (1996),
pp- 797-803.

M. Jalali-Heravi and A. Mani-Varnosfaderani, QSAR modeling of 1-(3,3-diphenylpropyl)-

piperidinyl amides as CCRS5 modulators using multivariate adaptive regression spline
and bayesian regularized genetic neural networks, QSAR Comb. Sci. 28 (2009),
pp- 946-958.

L. Breiman, J. Freidman, R. Olshen, and C. Stone, Classification and Regression Trees,
Wadsworth, Belmont, CA, 1984, p. 358.

A.M. Prasad, L.R. Iverson, and A. Liaw, Newer classification and regression tree tech-
niques: Bagging and random forests for ecological prediction, Ecosystems 9 (2006),
pp- 181-199.

S. Izrailev and D. Agrafiotis, A novel method for building regression tree models for
OSAR based on artificial ant colony systems, J. Chem. Inform. Comput. Sci. 2001, 41,
176-180.

M. Atabati, K. Zarei, and E. Abdinasab, Classification and regression tree analysis for
molecular descriptor selection and binding affinities prediction of imidazobenzodiaz-
epines in quantitative structure—activity relationship studies, Bull. Korean Chem. Soc.
30 (2009), pp. 2717-2722.

L. Breiman, Random forests, Mach. Learn. 45 (2001), pp. 5-32.

V. Svetnik, A. Liaw, C. Tong, J.C. Culberson, R.P. Sheridan, and B.P. Feuston, Random

forests: A classification and regression tool for compound classification and QSAR
modeling, J. Chem. Inform. Comput. Sci. 43 (2003), pp. 1947-1958.

V. Svetnik, A. Liaw, C. Tong, and T. Wang, Application of Breiman’s random forest
to modeling structure—activity relationships of pharmaceutical molecules, in Multiple
Classifier Systems, Lecture Notes in Computer Science, F. Roli, J. Kittler, and
T. Windeatt, eds., Springer-Verlag, Berlin, Germany, 3077 (2004), pp. 334-343.

H. Hong, W. Tong, Q. Xie, H. Fang, and R. Perkins, An in silico ensemble method for
lead discovery: Decision forest, SAR QSAR Environ. Res. 16 (2005), pp. 339-347.

J.H. Friedman, Stochastic Gradient Boosting, Stanford University, Stanford, CA, 1999,

p- 10. Available at http://www-stat.stanford.edu/~jhf/ftp/stobst.pdf.


http://www-stat.stanford.edu/~jhf/ftp/stobst.pdf

Predicting Highly Potent JHE Inhibitors 265

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

J. Elith, J. R. Leathwick, and T. Hastie, A working guide to boosted regression trees,
J. Anim. Ecol. 77 (2008), 802—-813.

V. Svetnik, T. Wang, C. Tong, A. Liaw, R.P. Sheridan, and Q. Song, Boosting: An ensem-
ble learning tool for compound classification and QSAR modeling, J. Chem. Inform.
Model. 45 (2005), pp. 786-799.

J. Jiao, S.M. Tan, R.M. Luo, and Y.P. Zhou, A robust boosting regression tree with appli-
cations in quantitative structure—activity relationship studies of organic compounds,
J. Chem. Inform. Model. 51 (2011), pp. 816-828.

T. Aoyama and H. Ichikawa, Neural networks as nonlinear structure—activity relation-
ship analyzers. Useful functions of the partial derivative method in multilayer neural
networks, J. Chem. Inf. Comput. Sci. 32 (1992), pp. 492-500.

J. Devillers, M.H. Pham-Delegue, A. Decourtye, H. Budzinski, S. Cluzeau, and
G. Maurin, Structure—toxicity modeling of pesticides to honey bees, SAR QSAR
Environ. Res. 13 (2002), 641-648.

J. Devillers, A new strategy for using supervised artificial neural networks in QSAR,
SAR QSAR Environ. Res. 16 (2005), pp. 433-442.

J.C. Dearden and M. Hewitt, OSAR modelling of bioconcentration factor using hydro-
phobicity, hydrogen bonding and topological descriptors, SAR QSAR Environ. Res. 21
(2010), pp. 671-680.

F. Gharagheizi and M. Sattari, Estimation of molecular diffusivity of pure chemicals
in water: A quantitative structure—property relationship study, SAR QSAR Environ.
Res. 20 (2009), pp. 267-285.

A. Panaye, B.T. Fan, J.P. Doucet, X.J. Yao, R.S. Zhang, M.C. Liu, and Z.D. Hu,
Quantitative structure—toxicity relationships (QSTRs): A comparative study of various
non linear methods. General regression neural network, radial basis function neural
network and support vector machine in predicting toxicity of nitro- and cyano-aromatics
to Tetrahymena pyriformis, SAR QSAR Environ. Res. 17 (2006), pp. 75-91.

J.P. Bigus, Data Mining with Neural Networks, McGraw-Hill, New York, 1996.

V.N. Vapnik, The Nature of Statistical Learning Theory, Springer, New York, 1995.

N. Cristianini and J. Shawe-Taylor, An Introduction to Support Vector Machines and
other Kernel-based Learning Methods, Cambridge University Press, Cambridge, U.K.,
2000, p. 189.

J.P. Doucet, F. Barbault, H.R. Xia, A. Panaye, and B.T. Fan, Nonlinear SVM approaches
to OSPR/QSAR studies and drug design, Curr. Comput. Aided Drug Des. 3 (2007),
pp. 263-289.

Y. Wang, M. Zheng, J. Xiao, Y. Lu, F. Wang, J. Lu, X. Luo, W. Zhu, H. Jiang, and
K. Chen, Using support vector regression coupled with the genetic algorithm for pre-
dicting acute toxicity to the fathead minnow, SAR QSAR Environ. Res. 21 (2010),
pp- 559-570.

R. Darnag, A. Schmitzer, Y. Belmiloud, D. Villemin, A. Jarid, A. Chait, E., Mazouz, and
D. Cherqaoui, Quantitative structure—activity relationship studies of TIBO derivatives
using support vector machines, SAR QSAR Environ. Res. 21 (2010), pp. 231-246.

J. Devillers and A.T. Balaban, Topological Indices and Related Descriptors
in OSAR and QSPR, Gordon and Breach Science Publishers, Amsterdam, the
Netherlands, 1999.

D.T. Stanton and P.C. Jurs, Development and use of charged partial surface area struc-
tural descriptors in computer-assisted quantitative structure—property relationship
studies, Anal. Chem. 62 (1990), pp. 2323-2329.

M. Karelson, Quantum-chemical descriptors in QSAR, in Computational Medicinal
Chemistry for Drug Discovery, P. Bultinck, H. de Winter, W. Langenaeker, and J.P.
Tollenaere, eds., Marcel Dekker, New York, 2004.



266

Juvenile Hormones and Juvenoids

67. J.Rayo, L. Muiloz, G. Rosell, B.D. Hammock, A. Guerrero, F.J. Luque, and R. Pouplana,

68.

Reactivity versus steric effects in fluorinated ketones as esterase inhibitors: A quantum
mechanical and molecular dynamics study, J. Mol. Model. 16 (2010), pp. 1753-1764.
A. Mackert, K. Hartfelder, M.M.G. Bitondi, and Z.L.P. Simdes, The juvenile hormone
(JH) epoxide hydrolase gene in the honey bee (Apis mellifera) genome encodes a protein
which has negligible participation in JH degradation, J. Insect Physiol. 56 (2010),
pp- 1139-1146.



Receptor-Guided
Structure—Activity
Modeling of Inhibitors
of Juvenile Hormone
Epoxide Hydrolases

Julio Caballero

CONTENTS
ADSITACT ...ttt ettt sttt st sttt ettt e sae e 267
KEYWOTAS ..ttt ettt sttt ettt b et ebaesaneenbs 268
11,1 INtrOAUCHION ....eeiiiniiriiiiieiieiieitctetceece ettt 268
11.2 QSAR Methods Applied to the Study of Structure—Activity
Relationship of JHEH Inhibitors ........ccccoovierieiiiiiiiiiienieeieseeeeeeeeee 270
11.3 Structures of JHEHS: The Current State of the Art..........coceveeciininccnncene. 270
11.3.1 Availability of Structures of JHEHS: Comparative Models............. 270
11.3.2 Specificities of JHEH Binding Sites........ccccceevveevviiinieniiieniienieeneens 273
11.4 Receptor-Guided Modeling of JHEH Inhibitors ..........ccccoceevvieenienieeneennen. 275
11.4.1 Molecular Dynamics for Receptor-Guided Modeling...................... 275
11.4.2 Protein-Ligand-Binding Free Energy Estimation.........c.cccccecuenene. 278

11.4.3 Differences in the JHEH Inhibitory Activities between
Urea-Like Compounds Using MD and MM-GBSA Calculations.....280

11.5 CONCIUSIONS .....cooiuuriiieeieiiieieeeeeeireee e eeetree e e e eeetrreeeeeeetareeeeeesasreeeeeessrereeeesnnnes 284
RETCICINCES ...eeeeieieeeeee et eee e e e e eeta e e e e eesareeeeeeenees 285
ABSTRACT

Juvenile hormone epoxide hydrolase (JHEH) plays a pivotal role in regulating
insect juvenile hormone (JH) titer along with JH esterase. Recently, some
specific inhibitors have been reported for JHEHs of several pest-causing insects
based on their biochemical properties. These JHEH inhibitors are considered as
potential insecticides. The structural features and structure—activity relationship
of JHEH inhibitors have been investigated using quantitative structure—activity
relationship (QSAR) methods. In this chapter, we inform readers about the
availability of molecular structures of JHEHs constructed from the crystal
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structure of the epoxide hydrolase (EH) of the yeast Aspergillus niger. This
protein structure has been employed as a template to derive structural models
for JHEHs using comparative homology modeling. To obtain these models,
three-dimensional coordinates of the template structure and the annotated
sequences of JHEHs are used. The possibility of obtaining structural models
is the basis for accomplishing receptor—guided structure—activity modeling,
by docking of inhibitors within JHEH active site, molecular dynamics to get
conformational sampling of the complex, and evaluation of binding energies.
This consistent methodology could contribute to the future development of new
potent JHEH inhibitors. We tested this method in the study of the difference
between four urea-like compounds as JHEH inhibitors.

KEYWORDS

Juvenile hormone epoxide hydrolase inhibitors, Receptor—guided structure—
activity modeling, Molecular dynamics, MM-GBSA, Comparative or homol-
ogy modeling

11.1  INTRODUCTION

Juvenile hormones (JHs) are a group of acyclic sesquiterpenoids (Figure 11.1) that
regulate many aspects of insect physiology, including development of larval insects,
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FIGURE 11.1  Structures of JHs and their hydrolysis to JH acid, JH diol, and JH acid—diol.
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reproduction of adult insects, diapause, and polyphenisms. They are generated by
the endocrine gland corpus allatum and play a crucial role in the metamorphosis [1].
The primary routes of JH catabolism in insects are ester hydrolysis to JH acid in the
presence of JH esterase (JHE, EC 3.1.1.1) and epoxide hydration to JH diol in the
presence of JH epoxide hydrolase (JHEH, EC 3.3.2.3) [2]. The primary metabolites
JH acid and JH diol are also metabolized to JH acid—diol (Figure 11.1); these three
compounds are physiologically inactive [3]. The previously mentioned catabolic
routes strictly regulate JH concentration. The level of JHs correlates with specific
developmental events, such as molting and metamorphosis [4].

Most of the research on JH metabolism in many insects has focused on the
mechanism of action of JHE and JHEH. JHE is secreted to the hemolymph, while
JHEH is a non-secreted enzyme that works in certain organs and tissues. In this
sense, the characteristics of both enzymes in degradation of JHs are quite different.
JHEH seems to have a more important role because it acts in certain organs. In addi-
tion, catalysis mediated by JHEH is irreversible, while catalysis mediated by JHE is
reversible [5].

Since JHs are insect specific and the regulation of their concentration is a key
factor for the orderly development of insect species, the enzymes implicated in
JH regulation have been identified as potential targets in pest management [6].
Compounds that stimulate or inhibit JH degradation modify JH titer and thereby
disturb the physiology of an insect. Chemicals that mimic the action of hormones
involved in insect growth, development, and metamorphosis, the ecdysteroids and
JHs, can be used as insect control agents, with more selective modes of action and
reduced risks for nontarget organisms and the environment [7]. These chemicals
have been called insect growth regulators (IGRs) or third-generation insecticides
[8]. The design of new IGRs is mandatory, because some insect species representing
Diptera, Coleoptera, Homoptera, and Lepidoptera show cross-resistance to IGRs [9].

Thedesignofepoxidehydrolase (EH)inhibitorshasbeendeveloped mainly toobtain
compounds with activity against mammalian soluble and microsomal EHs [10-12].
In general, mammalian EH inhibitors are not as effective against insect EHs. The
inhibitors of insect EHs exhibit high variation in activity depending on the insect
and substrate used for the assay. Some specific inhibitors of insect JHEHs have
been reported. For instance, several analogs of JHs have been identified as JHEH
inhibitors [13,14]. In addition, analogs of the compound methyl 10,11-epoxy-11-
methyldodecanoate (MEMD) as Trichoplusia ni JHEH inhibitors have been
identified [15]. In other report, a group of urea- and amide-based inhibitors of the
JHEH of Manduca sexta were reported [16].

Despite the importance of JHEH inhibitors in the development of possible new
insecticides, no crystal structures of JHEHs have been released yet. However, the
crystal structure of the EH of the yeast Aspergillus niger was released 10 years ago
[17], which has ~26% sequence identity with most of JHEHS. In this sense, homology
models of JHEHSs can be derived and these models can be used to study the complexes
between these enzymes and their inhibitors. In this chapter, we orient how structural
bioinformatics methods can support the current structural information to derive new
useful information for the design of new JHEH inhibitors.
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11.2  QSAR METHODS APPLIED TO THE STUDY OF STRUCTURE-
ACTIVITY RELATIONSHIP OF JHEH INHIBITORS

Quantitative structure—activity relationship (QSAR) is the process by which
chemical structures are quantitatively correlated with biological activities. QSAR
methods have contributed in different areas, including medicinal chemistry and
prediction of toxicity [18,19]. They represent predictive models derived from appli-
cation of statistical tools correlating activity or action of chemicals with descrip-
tors representative of molecular structures or physicochemical properties. QSAR
offers the advantages of higher speed and lower costs, especially when compared
to experimental testing.

Very few computational studies have been reported for describing the structure—
activity relationship of EH inhibitors. The vast majority of these reports were
developed to investigate inhibitors of mammalian EHs [20-22]. To our knowledge,
the only study till date, which applied QSAR methodology to JHEH inhibitors,
was reported by our group last year [23]. In that work, the structure—activity
relationship of 47 urea-like compounds as M. sexta JHEH inhibitors was reported.
First, we made docking experiments to obtain 3D orientations of compounds within
the active site of M. sexta JHEH, and then we applied comparative molecular field
analysis (CoMFA) [24] to derive quantitative relationships between the structures
of the studied compounds and their JHEH inhibitory activities. The theoretical
model of M. sexta JHEH was obtained from ModBase (database of comparative
protein structure models) [25]. CoMFA models with adequate statistics and
predictive abilities were obtained. Other interesting results were accounted:
Inhibitor-binding orientations were similar to that observed for the binding of
dialkylurea inhibitors in complexes with murine and human soluble EHs solved by
x-ray crystallography [26,27], with carbonyl urea close to hydroxyl of Tyr298 and
Tyr372 and urea’s nitrogen atoms close to side chain of Asp227 within the active
site, while the hydrophobic chains were placed inside pockets of the “L”’-shaped
hydrophobic tunnel. We also observed that small inactive compounds did not
establish these interactions.

11.3 STRUCTURES OF JHEHS: THE CURRENT STATE OF THE ART

11.3.1  Avaiasiuty of STRUCTURES OF JHEHS: CoMPARATIVE MODELS

The knowledge of protein 3D structures provides valuable insights into the protein
function at a molecular level, allowing a proper design of experiments such as the
structure-based design of specific inhibitors. The known protein 3D structures are
stored in the Protein Database (PDB) [28], which is a freely accessible repository
for the 3D structural data of large biological molecules, including proteins and
nucleic acids, typically obtained by x-ray crystallography or NMR spectroscopy,
and submitted by biologists and biochemists from around the world. The methods
to determine experimental structures are time-consuming without guaranteed
success; therefore, the number of 3D structurally characterized proteins is low
compared to the number of known protein sequences. The known protein sequences
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are stored in UniProtKB/Swiss-Prot [29], which is a manually annotated protein
sequence database that contains information extracted mainly from scientific
literature. Currently, about 70,000 protein structures are stored in PDB (most of
these correspond to the same protein crystallized in different studies, e.g., cocrys-
tallized with ligands, forming dimers), and UniProtKB/Swiss-Prot contains about
500,000 sequence entries. Clearly, no structural information is available for most
of protein sequences.

The computational methods for protein structure prediction have gained much
interest in the last decades in order to obtain the structure of proteins that have not
yet been crystallized. Among all current theoretical approaches, comparative homol-
ogy modeling (CHM) is the sole method that can reliably generate a 3D model of a
target protein from its amino acid (AA) sequence [30]. CHM complements experi-
mental structure elucidation in the exploration of the protein structure space. The
main requirement for model building using CHM is at least one experimentally
solved 3D structure (template) that has a significant AA sequence similarity to the
target protein sequence; for this reason, CHM is only applicable when a template is
detected. CHM is carried out in four sequential steps: identifying the template (or
templates) related to the target protein sequence, aligning the target sequence with
the templates, building models, and assessing the models.

As more experimental structures become available, more reliable models become
accessible to the researchers. Web resources that assist in analyzing protein struc-
tures and structural models and evaluating their reliability are also accessible. There
are also databases of comparative protein structure models such as ModBase [25]
and SWISS-MODEL portal [31].

In the last decade, genome sequencing projects revealed different numbers of
JHEH genes in diverse species. Three genes have been reported in Drosophila
melanogaster and Aedes aegypti, two genes in Ctenocephalides felis [32], and five
genes in Tribolium castaneum [33], and only one gene has been reported in lepi-
dopteran insects 7. ni [34] and M. sexta [16]. Very recently, several JHEHs were
reported for the Lepidoptera Bombyx mori by using the silkworm genome database
KAIKOBLAST [35].

The crystal structure of the EH of A. niger can be used as a template for CHM
of JHEHSs. In fact, several JHEH structures of the previously mentioned organisms
are accessible for researchers in ModBase and SWISS-MODEL portal. The website
and UniProt IDs of the sequences of these JHEHs are listed in Table 11.1. As can
be seen, the models in both databases were constructed using the crystal structures
of EH of A. niger with the PDB codes 3g02 or 1qo7. JHEH sequences have between
23% and 29% sequence identity with A. niger EH. With such reduced percentages,
the interpretation of these models has to be made with care. Other sequences avail-
able in UniProt database listed in Table 11.2 can be used to derive homology models
of these proteins.

The alignments of these sequences using the structure of the EH of A. niger assume
that the two proteins are basically similar over the entire length of one another;
however, researchers should consider that the sequences of JHEHs and the EH of
A. niger differ in several parts. The degree of success to be expected in predicting
the structure of a target protein from its sequence using the known 3D structure of a
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TABLE 11.1
Available Structural Models of JHEHs Constructed Using CHM

JHEH Classification

Organism Website ID UniProt  Template (If Exists)
Ae. aegypti ModBase Q8MMIJ6 1qo7 JHEH

Ae. aegypti ModBase Q86HE6 1qo7 JHEH 2

B. mori ModBase, SWISS-MODEL Q6U6J0 3g02/1qo7 JHEH

C. felis ModBase Q8MZR6 1qo7 JHEH 1

C. felis ModBase/SWISS-MODEL Q8MZRS5 1qo7/1qo7 JHEH 2
Culex SWISS-MODEL BOW1S8 1qo7 JHEH 1

quinquefasciatus
D. melanogaster ModBase, SWISS-MODEL Q7JRC3 1qo7/3g02 JHEH 1
D. melanogaster ModBase, SWISS-MODEL Q7KB18 1qo7/3g02 JHEH 2, isoform A
D. melanogaster ModBase A1ZBF3 1qo7 JHEH 2, isoform C
D. melanogaster ModBase/SWISS-MODEL Q7K1W4 1qo7/3g02 JHEH 3
D. melanogaster ModBase, SWISS-MODEL Q8MMI5 1qo7/1qo7 JHEH 3
M. sexta ModBase Q25489 1qo7 JHEH

TABLE 11.2
Sequences Available in UniProt Database That Can Be
Used to Derive Homology Models

JHEH Classification

Organism ID UniProt (If Exists)
Ae. aegypti Q16QD6 JHEH 2
Pediculus humanus subsp. corporis EOVZD2 JHEH, putative
Athalia rosae Q2Z1T2 JHEH
Helicoverpa armigera COKH33 JHEH

Cu. quinquefasciatus BOWITO JHEH 1

Cu. quinquefasciatus BOW1S9 JHEH 1
Glossina morsitans morsitans D3TQ58 JHEH
Spodoptera exigua Q1IW696 JHEH
Harpegnathos saltator E2BM47 JHEH 2
Camponotus floridanus E2A3Gl1 JHEH 1

H. saltator E2BM46 JHEH 1
Acromyrmex echinatior FAWRP1 JHEH 2

Ac. echinatior FAWV40 JHEH 1

Ca. floridanus E2A149 JHEH 2
Melipona scutellaris B27ZGJ2 JHEH

Ca. floridanus E2A150 JHEH 2
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template depends of the sequence identity [36]. A template provides a close general
model for other proteins with which its sequence homology is >50%, but sequences
falling below a 20% sequence identity can have very different structures and are
impossible to predict. However, the active sites of distantly related proteins can have
very similar geometries because of the coupling of the structural changes that has
occurred during evolution [37]. Thus, naturally occurring homologous proteins have
similar protein structure, and the structure of the active site in a template protein may
provide a good model for those in related target proteins even if the overall sequence
homologies are low. Model quality declines with decreasing sequence identity;
the errors are significantly higher in the loop regions, where the AA sequences of
the target and template proteins may be completely different. Errors in side-chain
packing and position also increase with decreasing identity [38]. Taken together,
these various atomic-position errors are significant and make the use of homology
models difficult for purposes that require atomic-resolution data, such as drug design
and protein—protein interaction predictions.

Considering these aspects, researchers should be cautious since the JHEH
models can contain inaccuracies in the alignment of these different parts. The
global alignment of the structures attempts to match them to each other from end
to end, even though parts of the alignment are not very convincing. There are
segments of the two sequences that have good similarity and match well in the
alignment, but the reliability of the parts with marked differences is low. The only
way to get more reliable 3D structures of the JHEHs is to obtain a closer template
(for instance, the crystal structure of one JHEH of any insect species). Researchers
interested in the design of JHEH inhibitors should focus on solving 3D structures
of JHEHs; however, they can work today with the available models, considering
their limitations.

11.3.2 Seeciricities oF JHEH BINDING SiTES

The alignment of the 3D structural models of JHEHS and their comparison with the
template (EH of A. niger) allows the analysis of the specificities of the binding sites
of JHEHs. In general, EHs contain a hydrophobic tunnel with several hydrophobic
pockets (denoted as pockets P-I, P-II, P-III, and P-IV in this manuscript) surroun-
ding a hydrophilic central pocket [23]. Figure 11.2 shows the alignment and a
representation of the binding site for seven sequences of JHEHs. The conserved
AAs in all JHEH structures are represented with red letters; the AAs that are also
conserved in EH of A. niger are marked with an asterisk. Non-conserved AAs
are represented with black letters and AAs that occupy the same position in other
JHEHS are indicated. Finally, AAs that are located in sequence motifs where the
alignment is unreliable are indicated with a question mark.

The central pocket contains the conserved aspartate and tyrosine residues
(Asp227, Tyr298, and Tyr372 in M. sexta JHEH) that can establish HB interactions
with ligands. Asp227 interacts with the partial positive charge on the electrophilic
carbon of an epoxide substrate, acting as catalytic nucleophile, and can interact with
the partial positive charge on donor groups of inhibitors. The phenolic hydroxyl
groups of Tyr298 and Tyr372 donate HBs to acceptor groups of substrates and
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FIGURE 11.2 (See color insert.) (Top) Binding site of JHEHs; a number of residues
correspond to M. sexta JHEH, pockets P-I-P-IV are labeled, and the meaning of colored
letters, asterisks, and question marks is explained in the text. (Bottom) Alignment of relevant
motifs between several JHEHs and the A. niger EH; residues in the top part of the figure are
highlighted in cyan in the sequences.

inhibitors; in this context, they are general acid catalysts that facilitate epoxide ring
opening in the first step of the hydrolysis reaction.

The pocket P-I is delimited by the previously mentioned residues Asp227 and
Tyr372 and the residues Trp228, Ser230, Asn231, Asn250, Pro252, Leu371, Gly375,
and Phe376. The residue Trp228 is conserved in all JHEHs (motif GDWG) and
soluble EHs [26]; however, there is an isoleucine at this position in A. niger EH
(Figure 11.2). Seino et al. [35] found that the conserved tryptophan (Trp228) is
important for substrate selectivity; these authors observed that Trp228 is not found
in B. mori JHEH13 and r4, which do not have JHEH activity. The size of the pocket
P-1in different species is larger or smaller depending on the non-conserved AAs. In
addition, the more hydrophobicity/hydrophilicity of the pocket P-I also depends on
the non-conserved AAs.

The pocket P-II is delimited by the previously mentioned residue Tyr298; the con-
served residues Trp154, Prol55, His428, Phe429, and Lys327; and the non-conserved
residues Val402, Tyr291, and Gly342. The residues Trp154 and Prol55 (motif HGWP
in JHEHSs) are involved in the formation of what is known as the oxyanion hole.
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The oxyanion hole stabilizes the negative charge that evolves on the nucleophilic
aspartate during hydrolysis of the covalent enzyme—substrate intermediate [39].
His428 is one of the residues of the catalytic triad (Asp227-His428-Glu401, numbers
from M. sexta JHEH) [40]. The basicity of His428 is enhanced by the partial nega-
tive charge of the phenyl group of Phe429 (a tryptophan in soluble EHs) establishing
a cation—m interaction and the negatively charged carboxylate side chain of Glu401.
The conserved residue Lys327, part of the motif YXXEKX in JHEHs (Figure 11.2),
is located at the entrance of the pocket P-II. The side chain of this residue faces the
phenyl group of Tyr298. The role of this conserved residue in JHEHs should be
investigated in the future. The non-conserved residue Val402 is changed by other
hydrophobic residues in other JHEHs. Finally, the residues Tyr291 and Gly342 from
M. sexta JHEH are located at segments that do not match well in the alignment with
the template and alignments between JHEHs; therefore, their position in the CHM
model is not trustworthy (the same for residues His341, Leu337, Asn287, and Ser290
that delimit the pocket P-III according to our model).

The pockets P-III and P-IV are at the entrance of the tunnel. The pocket P-1V is
delimited by the residues Lys327, Glu295, and His341. The residue Glu295, part of
the motif ETGYXXIQA that contains the residue Tyr298, is conserved in JHEHs
(Figure 11.2). The role of this AA should be investigated in the future. According
to our model, the pocket P-III is delimited by the non-conserved residues Tyr400,
Asn287, Ser290, and Leu337. These AAs are different for each JHEH.

11.4 RECEPTOR-GUIDED MODELING OF JHEH INHIBITORS

11.4.1 MotLecuLArR DYNAMICS FOR RECEPTOR-GUIDED MODELING

The availability of JHEH structural models allows the use of structural bioinformat-
ics methods to investigate the binding of inhibitors to JHEHSs. The orientation of the
ligands within the binding site can be predicted by docking experiments; however,
the result of docking is a frozen structure and does not include the solvent media. A
more realistic picture of a protein—inhibitor complex should include an analysis of
the movement of the system inside a water box. Molecular dynamics (MD) simula-
tions allow to study the dynamics of ligand—enzyme complexes with detail on scales
where motion of individual atoms can be tracked (traditional MDs can only simulate
events efficiently up to pico- or nanoseconds) [41]. When applying an MD simula-
tion, the pose obtained by docking is perturbed and the system can access to new
ligand conformations that can be originated when new favorable interactions with
the receptor are established.

MD is a method that works with a classic description of the electrostatic
interactions (Coulomb interactions between point-like atomic charges) rather than
a quantum description of the electrons and uses empirical parameterizations of the
molecular structures. MD is adequate to simulate biomolecular systems because
these systems involve many particles. To derive macroscopic properties from MD
simulations, the individual structures have to represent an ensemble of structures
at the given experimental conditions, e.g., constant temperature and pressure, or
constant temperature and volume.
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The first step of an MD simulation is the energy minimization of the system.
When the starting configuration (e.g., the docking solution) is very far from equi-
librium, large forces can cause the simulation to crash the system. The steepest
descent algorithm [42] is usually employed for energy minimization; this method
moves each atom a short distance in the direction of decreasing energy. MD simula-
tions evaluate the potential energy of the studied system as a function of point-like
atomic coordinates and compute the motion of every single atom within the simula-
tion system, which is determined by the interaction forces between all the atoms.
Typically, these forces are described by a force field. Several force fields for pro-
teins, DNA, and RNA have been developed, such as CHARMM [43], AMBER [44],
OPLS [45], and GROMOS [46] that are widely used. A force field consists of both
the set of equations used to calculate the potential energy and forces from particle
coordinates and a collection of parameters used in the equations. Figure 11.3 shows
interaction terms from which force fields are typically composed. They describe
bonded interactions (covalent bond-stretching, angle-bending, torsion potentials
when rotating around bonds and out-of-plane improper torsion potentials) and
nonbonded interactions (Pauli repulsion and van der Waals [VDW] interactions
described by a Lennard—Jones potential and electrostatic interactions described by
a Coulomb potential).

The force fields serve to calculate the trajectory of the system via the classical
Newtonian equations of motion. Given the potential and force (negative gradient
of potential) for all atoms, the coordinates are updated for the next step; then, the
updated coordinates are used to evaluate the potential energy in the new step.
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FIGURE 11.3 Interaction functions in force fields. Bonded interactions include (a) covalent
bond-stretching, (b) bond angle-bending, (c) torsion rotation around bonds (dihedral angles),
and (d) out-of-plane or “improper” torsions (extraplanar angles). Nonbonded interactions con-
sist of (¢) Lennard-Jones attraction and repulsion (VDW interactions) as well as (f) Coulomb
electrostatic interactions.
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There are some important details of MD simulations that we briefly mention here.
The treatment of the system boundaries, or their periodic continuation, is an impor-
tant issue. The use of periodic boundary conditions avoids surface artifacts, so that
the water molecules or ions that exit to one side reappear on the opposite side. The
system box must be sufficiently large to avoid the interactions between the molecules
and their periodic copies. Typically, periodic boundary conditions are used in con-
junction with particle-mesh Ewald method [47] to account for nonbonded interactions
in the system. Other important issues are the freezing of fast bond vibrations [48], the
treatment of protonable residues, the proper placement of salt ions in the vicinity of
the biomacromolecule, the definition of the canonical thermodynamic ensembles via
appropriate coupling to heat and pressure baths [49-51], the description of electronic
polarizability, etc. [52].

In the last decades, MD simulations have emerged as an indispensable method
in computational chemistry of macromolecules due to the exponential increase of
available computing resources. For MD simulations of ligand—enzyme complexes, it
is necessary to obtain suitable starting molecular structures (docking results are ade-
quate starting points), immerse them in a solvent box, choose good simulation param-
eters, and accomplish the energy minimization of the system. Then, the production
MD can be achieved. The analysis of the results must be carried out using only the
trajectory obtained in the last step. The trajectory obtained from an MD simulation
contains the positions and velocities of the simulated particles at discrete time steps.

All the commonly used force fields include the topologies and parameters of the
most important biomacromolecules: proteins, DNA, RNA, and lipids. The topolo-
gies and parameters of small organic molecules (information concerning bonds,
bond angles, and charges of the ligands) are not available, and their construction
used to be rather laborious. Some programs such as PRODRG [53], Antechamber
[54], SwissParam [55], ParamChem [56], and PrimeX [57] have been released to
generate the topologies and parameters of many small organic molecules. These
programs automatically construct the topologies and parameters of the ligands from
their 3D coordinates; therefore, they facilitate the study of the binding interactions
between drugs and biomacromolecules.

The ligand binds to the receptor active site by establishing mainly VDW inter-
actions and hydrogen bonds (HBs). The analysis of the MD trajectory allows in
determining the stability and propensity of these interactions and the conforma-
tional landscape of the complex. The analysis of the simulations can also give
potential energies, structural fluctuations, geometrical features, coordinate stabil-
ity, and the interactions with the solvent. MD simulations provide a way to explain
experimental observations and permit to make predictions for the development of
new experiments.

It is important to take into account the limitations of the MD method for an ade-
quate application. MD simulations give valuable information about the movement of
the molecular system under study, but it cannot reproduce quantum effects such as
bond formation or breaking and electron-derived properties. The theoretical frame-
work of MD lacks of quantum effects because it is based on statistical mechanics. In
addition, MD simulations have a limited timescales accessible.
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11.4.2 PrOTEIN—-LIGAND-BINDING FREE ENERGY ESTIMATION

The binding of drug molecules to their protein targets is determined by the affinity
and the stability of associating two molecules together. In rational bioactive molecu-
lar design, it is desired an accurate estimate for the binding energy to justify the
difference in affinity between compounds. Scoring functions implemented within
docking programs are not enough accurate to evaluate binding energies. The most
accurate current techniques used for the calculation of binding free energies are
MD-derived methods [58—60]. MD samples the conformational space of the com-
plete system; such sampling is necessary to obtain a correct distributions of the con-
formers and, consequently, to obtain a more realistic protein—ligand-binding free
energy value.

To determine the free energy of binding of a ligand to the receptor, the MD-derived
methods free energy perturbation (FEP) and thermodynamic integration (TI) are
among the most rigorous methods currently available. FEP and TI methods can be
used to predict the relative binding strength of different complexes. The difference
in binding free energy between two given ligands L, and L, and the receptor R can
be computed using the thermodynamic cycle in Figure 11.4. Instead of calculating
the individual binding energies AG,,,(L,) and AG,,,(L,) to determine the relative
binding free energy (AAG,,,,), the energies of the alchemical transformations L, — L,
in solution (AG,,,,) and when the ligands bound to the protein (AG?,,) are estimated
using the following equation:

AAGing = AGying (Lz ) —AGping (Ll ) = AG,. — AG,,, (11.1)

To accomplish the alchemical transformation, the ligands L, and L, are linearly
combined using the coupling parameter A, and MD simulations are used to slowly
transform one ligand (L,, A=0) into the other (L,, A=1) in both the free- and receptor-
bound forms. Relative free energies are obtained, considering that the free energy is
a state function that can be calculated by any reversible path between the initial and
final states.

The main limitations of these methods are that they require an exhaustive confor-
mational sampling to obtain a proper averaged ensemble, they have slow convergences,
and they are computationally expensive [60]. Despite providing very accurate free
energies, TI and FEP are not widely applied. They are inefficient in configurational
sampling because the appearance and disappearance of atoms restrict their use only to
small transformations, which limits the analysis to a few closely related compounds.

L +R _BGhaL) | 1R
AG},,;in water AGY . in protein
AGp;,a (L
L+R L) L,R

FIGURE 11.4 Thermodynamic cycle used to compute differences in free energy of binding
between related inhibitors.
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The approaches linear interaction energy (LIE) [61], molecular mechanic—
Poisson—Boltzmann surface area (MM-PBSA) [62], and molecular mechanic—
generalized Born surface area (MM-GBSA) [59] provide relatively good energy
values at a moderate cost. The semiempirical MD approach LIE [61] estimates the
binding energy AG,,,, considering electrostatic and VDW components, assuming
that AG,,,, can be extracted from simulations of the free and bound states of the
ligand. The AG,,,, value is calculated using the following equation:

AGying = 01 (Vs = Viee' )+ B (Voo = Vil )+ (11.2)

where the first term represents the averaged change in electrostatic energy and the
second term represents the averaged change in VDW energy in going from the aque-
ous solution to the receptor binding site, while a, B, and y are empirically determined
constants. The energies are calculated achieving an MD simulation of the ligand
bound to the protein and another of the free ligand in water. The main shortcoming
of the LIE method is the use of empirically derived constants that may need to be
modified for each particular system. This requirement restricts the broad application
of the LIE method. On the other hand, MM-PBSA and MM-GBSA methods combine
molecular mechanics (MM) and continuum solvent approaches to estimate binding
energies [63]. A thermally average ensemble of structures is required that can be
obtained using MD simulations in explicit solvent. MD snapshots, after removing all
water and counterion molecules, can be used to derive the total binding free energy
of the system. The AG,,,, value is calculated using the following equation:

AGyinq = AEyy + AG,,, — TAS (11.3)

where AE,,,, is the change of the gas-phase MM energy upon binding and includes
AE,,,.... (bond, angle, and dihedral energies), AE,,, (electrostatic), and AE,,,
(VDW) energies. AG,,,, is the change of the solvation free energy upon binding
and includes the electrostatic solvation free energy AG,,;,p5 or AG,,;,c5 (polar con-
tribution calculated using Poisson—Boltzmann or generalized Born model) and the
nonelectrostatic solvation component AG,,, s, (nonpolar contribution estimated
by solvent accessible surface area). Finally, 7" AS is the change of the conforma-
tional entropy upon binding. The MM-PBSA and MM-GBSA methods produce
accurate free energies at a moderate computational cost without using adjustable
parameters. A single MD simulation for the complete system can be used to deter-
mine all energy values. The main drawback of the methods is that the changes in
internal energy of the ligand and receptor upon complex formation are neglected,
which would produce significant errors in flexible systems where the induced-fit
effect is important.

The free energy of binding can also be described for a reaction coordinate
including the ligand inside and outside the protein active site. Thereby, the progress
of the process, when the ligand is physically separated from the protein receptor,
can be investigated using the potential of mean force (PMF) concept [64]. PMF
is essentially the free energy profile along the defined reaction coordinate and is
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determined through the Boltzmann-weighted average over all degrees of freedom
other than the reaction coordinate. PMF captures the energetics of the studied pro-
cess. The motion along the reaction coordinate is well approximated as a diffu-
sive motion with all the other degrees of freedom averaged out. Various methods
have been proposed for calculating PMFs such as umbrella sampling [65], steered
molecular dynamics (SMD) [66], metadynamics [67,68], and adaptive biasing force
(ABF) [69]. The computation of the PMF for a binding event between proteins and
ligands is an expensive approach, but it is useful to construct enzyme-inhibitor
binding processes [70-73].

11.4.3 Dirrerences IN THE JHEH INHIBITORY AcTiviTiEs BETWEEN UREA-LIKE
Compounps UsING MD AND MM-GBSA CALCULATIONS

MM-GBSA and MM-PBSA methods are the most widely used free energy
calculation methods to estimate inhibitor affinities due to the encouraging results
obtained with these methodologies [74-76]. When compared to docking scoring
functions, the MM-GBSA and MM-PBSA procedures provide improved enrichment
in the description of the binding of small molecules and better correlation between
calculated binding affinities and experimental data.

Urea-like JHEH inhibitors represent potential new insecticides that can be used
in agricultural applications [16]. Recently, we reported 3D models of 47 urea-like
derivatives in complex with JHEH of M. sexta by using docking method [23]. To
understand the inhibitor—JHEH interactions in detail, we studied the movement and
binding energy of four complexes including the compounds in Table 11.3 by using MD
and MM-GBSA calculations. These compounds show a clear dependency between
the size of the R substituent and the ICs, value. IC,, values represent the compound
UM concentrations that inhibit the JHEH activity by 50% in trans-diphenylpropene
oxide (+-DPPO) assays [16].

TABLE 11.3
Structure of Urea-Like
Inhibitors of M. sexta JHEH

(0]

)L R

\/\ N N ~
H H

Compound R 1C;, (M)
1 n-CyeHyy 0.09
2 1-Cy,Hs 0.18
3 n-CoH, 0.78
4 n-CgH,, 1.56
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The MD of the complexes was studied using the CHARMM force field [77]
in an explicit solvent with the TIP3 water model [78] within the NAMD software
[79]. The initial coordinates for the MD calculations were taken from the docking
experiments achieved in Garriga and Caballero [23]. The water molecules were
then added (the dimensions of each orthorhombic water box were approximately
96 Ax87 Ax81 A, which ensured that the entire surface of each complex was
covered by the solvent model), and the systems were neutralized by adding CI~
counterions to balance the net charges of the systems. Before equilibration and
long production MD simulations, the systems were minimized. Then, a first 1 ns
equilibration MD simulation was performed on each complex system, and each
system was followed for a 5 ns long production MD simulation. The CGenFF force
field [56] was used along with the ParamChem website (https://www.paramchem.
org/preview.php) to provide and check the necessary force field parameters for the
ligands. During the MD simulations, the equations of motion were integrated with
a 1 fs time step in the NPT ensemble. The SHAKE algorithm was applied to all
hydrogen atoms; the VDW cutoff was set to 9 A. The temperature was maintained
at 300 K, employing the Nose—Hoover thermostat method with a relaxation time
of 1 ps. Long-range electrostatic forces were taken into account by means of the
particle-mesh Ewald (PME) approach. Data were collected every 1 ps during
the MD runs. Visualization of protein-ligand complexes and MD trajectory analysis
was carried out with the VMD software package [80].

The convergences of the calculations were tested by analyzing the root-mean-
square deviation (RMSD) values of the positions for all backbone atoms of the
protein from their initial configuration as a function of simulation time. The RMSD
values remained within 0.56 A for all systems; this demonstrates the conformational
stabilities of the protein structures. Along the simulations, the studied compounds
were in the expected orientations. In all MD simulations, the studied compounds
adopted the same binding mode (Figure 11.5). They placed the hydrophobic chains
inside pockets P-1 and P-1I1, establishing VDW interactions with the residues in
these pockets. In addition, the carbonyl oxygen of urea established HB interactions
with the hydroxyls from side-chain groups of Tyr298 and Tyr372, and urea’s nitrogen
atoms established HB interactions with the side-chain carboxylate of Asp227. To
trace the motion and the dynamics for HB interactions, the interatomic distances
describing them were monitored during the four developed MD simulations. Figure
11.5 shows the distance between the carbon of urea and the carboxylic carbon
from side-chain group of Asp227 (D¢p,,;) and the distances between the carbonyl
oxygen of urea and the oxygen atoms from the hydroxyl groups of Tyr298 and
Tyr372 (Dgy,es and Dgys7,) for all of the complexes. D¢p,,; takes values around 5 A
when HB is formed between one of the oxygen atoms from side-chain carboxylate
group of Asp227 and one of the NH groups of the urea group from the inhibitor.
We observed that this HB interaction is stable for all the complexes. Dgy,¢3 and
Dgyys7, take values around 3 A when HBs are formed between the inhibitor and
residues Tyr298 and Tyr372. From the analysis of these distances, we observed that
the studied JHEH inhibitors can establish HB interactions with Tyr298 or Tyr372
or can establish HB interactions with both residues at the same time. We also
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FIGURE 11.5 (See color insert.) MD of complexes containing compounds 1-4 (a—d). (A)
Orientation of the inhibitor (yellow) within JHEH’s active site; Asp227, Tyr298, and Tyr372
are in cyan and stick representation. (B) Distances between groups of inhibitor and residues
of JHEH for the complexes extracted from MD simulations. D¢pyy7, Dgyagss and Depsy, are
represented in black, red, and blue, respectively.
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observed that the most active compound 1 had conformations where the compound
established an HB interaction with Asp227 and did not establish HB interactions
with Tyr298 or Tyr372. This compound, however, has a large hydrophobic chain
that establishes VDW interactions with the major part of the hydrophobic tunnel
of the protein.

The binding free energy (AG,,,,) of each ligand was estimated using Prime
MM-GBSA method (Prime, version 2.1, Schrodinger, LLC, New York, 2009). The
calculations were performed on each complex system using twenty snapshots from
MD simulations. The equation 3 was used to obtain AG,,,, values; the term 7' AS
was calculated using normal-mode analysis RRHO contained in MacroModel mod-
ule (MacroModel, version 9.5, Schrodinger, LLC, New York, 2007). The averaged
energy values obtained from MM-GBSA calculations are reported in Table 11.4.
The calculated AG,,;,, values were in correlation with experimental binding free
energies (Figure 11.6) and showed that interaction is more favorable for complexes
between JHEH and compounds that have large substituents (R=n-C,H;; and
n-C,,H,;). According to the energy components of the binding free energies
(Table 11.4), the major favorable contributors to ligand binding are VDW, electro-
static, and polar solvation (AG,,, ;) terms, whereas AE, ..., and entropy terms
oppose binding. It is noticeable that larger R substituent of the ligands results in
more favorable contribution of VDW and nonpolar solvation (AG,,,,s4) terms, while
the electrostatic term is similar for all the complexes. After the whole analysis,
we can conclude that favorable values of electrostatic and total solvation terms
are essential for binding of the ligands, while VDW energy term plays a main role
in the differential potency of the studied JHEH inhibitors. The electrostatic term
reflects the HB interactions between the urea group of the inhibitors and the resi-
dues Asp227, Tyr298, and Tyr372, and the solvation terms reflect the preference
of inhibitors to stay within JHEH binding site. Meanwhile, the VDW energy term
reflects the hydrophobic interactions between the inhibitors and the residues of the

TABLE 11.4
Calculated Binding Free Energies for JHEH-Ligand Complexes Using
MM-GBSA for the Snapshots of MD Simulations

AEintemal AEe'lect AE VDW AGsoIvGB AC;soleA TAS
(kcal/ (kcal/ (kcal/ (kcal/ (kcal/ (kcal/ AGping
Complex mol) mol) mol) mol) mol) mol) (kcal/mol)
Compound 1 3.819 -17.025 -61.638 -20.553 -5.306 -22.409 -78.292
JHEH +1.602 +3.382 +2.077 +4.729 +1.013 +0.848 +6.999
Compound 2 2.024 -26.345 -51.454 -21.133 -2.145 -19.991 -79.061
JHEH +0.985 +3.393 +1.796 +4.722 +1.289 +0.943 +5.927
Compound 3 1.810 -24.266 -41.877 -25.309 0.397 -18.175 -71.071
JHEH +1.125 +3.099 +1.786 +5.362 +0.939 +1.095 +6.516
Compound 4  2.373 -22.050 -40.560 -22.027 1.655 -17.598 -63.010
JHEH +1.417 +3.253 +1.682 +5.724 +0.832 +1.069 +6.892
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FIGURE 11.6 Free energy of binding AG,,,, for each JHEH inhibitor as calculated using
MM-GBSA versus the experimentally measured value.

“L’-shaped hydrophobic tunnel of JHEH; these interactions are better for larger
hydrophobic molecules.

11.5 CONCLUSIONS

This chapter attempts to encourage researchers to use available or derivable structural
information to study the interactions between JHEHs and their inhibitors. It has been
demonstrated that docking methods are a good tool for describing the binding of
JHEH inhibitors. In addition, MD simulations can be employed to complement and
improve the docking protocol and provide an ensemble of structures that give a more
realistic representation of the behavior of the complexes in solution. MD simulations
allow the identification of conformational changes, which is of great importance
because they occur during the interaction between the protein and its ligand in vivo.
They can also help in the study of the complexes in order to observe the movement
of the ligands within the protein active site and can derive new valuable information
about affinity, selectivity, interactions with the water media, etc. MD can be combined
with more advanced methods (e.g., free energy calculations) with the aim to estimate
and predict the ligand-binding free energy.

The available information can be summarized in (1) sequences of JHEHs and (2)
the crystal structure of A. niger EH that can be used as a template for CHM. This
information is the basis of the application of structural bioinformatics methods to
derive new valuable information. We believe that structural bioinformatics methods,
and in particular MD simulations, should reasonably be expected to significantly
improve the design of potent JHEH inhibitors in the future. Better success in this
issue will come, in part, with an increased understanding of the structure of the
complexes, and simulations will increasingly make useful contributions here.
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ABSTRACT

Juvenile hormones are involved in the control of insect metamorphosis. These
highly hydrophobic molecules are transported from the site of their synthesis
to target tissues by juvenile hormone binding proteins (JHBPs), which also
protect the labile hormone molecules from degradation by esterases in the
insect hemolymph. Structural studies of JHBP proteins, started only a few
years ago, have already furnished data, from which a fascinating picture of
protein—hormone interactions is emerging, answering some questions but
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opening new ones as well. This chapter summarizes all the available struc-
tural information about JHBP proteins, including the description of their fold,
ligand binding sites, and interactions with the hormone molecules.

KEYWORDS

Juvenile hormones, Juvenile hormone binding protein, Juvenile hormone
binding site, Metamorphosis, Insects

12.1 INTRODUCTION

Insects are tiny six-legged creatures with an incredible spread and diversity around
the world. The main common feature of their morphology is the division of their
body into three segments, the head, thorax, and abdomen. However, due to adap-
tation to various environments, the overall body shape and appearance could be
completely different from one species to another. The number of insect species is
enormous and only a fraction of them have been thoroughly studied and described.
Despite this scarcity of information, those several well-characterized insect species
are ideal models for evolutional, genomic, and physiological studies, and therefore,
they are commonly used in molecular biology laboratories [1].

A highly successful mechanism of biological adaptation of some insects is their
metamorphosis. This strategy allows an adaptation of a particular insect development
stage to its development role. However, not all insects undergo metamorphosis and
sometimes a metamorphosis cycle is incomplete. It is usually related to different food
habitats and environment [2]. Considering the complete metamorphosis, development
can be divided into three stages: the larva, the pupa, and the adult form. The larva
maintains its form through several instars (growth steps with molting), after which it
reaches the pupal stage. Finally, the pupa is transformed into the adult form [3].

The process of metamorphosis is controlled by two families of hormones, the
ecdysteroids and the juvenile hormones (JHs) (Figure 12.1); the latter term refers col-
lectively to juvenile hormone and its isoforms [4]. The presence of JH in the hemo-
lymph maintains the larval stage of the insect [5]. There are several molts during the
larval stage, corresponding to the larva instars. After each molt, the larva retains its
morphology [6]. During the last larval instar, a shift in hormone secretion occurs,
manifested by a decrease of the JH titer in the hemolymph and an increase of ecdys-
teroids (especially 20-hydroxyecdysone). This triggers the metamorphosis. Finally,
the ecdysteroids drive the processes of adult differentiation [7].

JHO:R=R'=R" =CH,CH;,R"=0
R R’ R” o JHI:R=R'=CH,CH;,R"=0,R" =CH,
JHII:R=CH,CH;,R'=R" =CH;R"=0
N 2-M3 3
/B/vvl/l\/lkooﬁ JHIER=R'=R" =CHy R"=0
0 R iso-JH 0: R=R'=CH,CH;,R"=R" =CH;

FIGURE 12.1 Chemical structures of JH isoforms. “0” indicates no substituent (only
hydrogen atom).
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12.2 JHBPs: A GENERAL OVERVIEW

JHs are highly hydrophobic molecules synthesized in the corpora allata and secreted
to the hemolymph, for transport of the hormonal signal to distant target tissues [8].
In the aqueous milieu of the hemolymph, the JHs are easily hydrolyzed by juvenile
hormone esterases (JHEs) [9]. Therefore, they require a protective agent to prevent
degradation and aid delivery from the site of synthesis to target tissues. This
protective/carrier role is played by juvenile hormone binding proteins (JHBPs) [8].

There are four classes of JHBPs in insects. The first group comprises lipophorins
of high molecular weight, which are the most widely distributed JH carriers. Another
class, found in Orthoptera, includes high molecular weight hexameric lipoproteins
[10]. These proteins were first recognized in the hemolymph of Locusta migratoria
[11] and Gomphocerus rufus [12]. The third group, comprising low molecular weight
JHBPs, was described a few years earlier by Trautmann [13] and Whitmore and
Gilbert [14]. Over the next few decades, low molecular weight JHBPs from Manduca
sexta [15,16], Galleria mellonella [17,18], Heliothis virescens [19], and Bombyx mori
[20,21] were purified and characterized. The last class consists of high molecular
weight JHBPs, which were found in the diapausing Busseola fusca [22].

Lepidopteran low molecular weight JHBPs have been thoroughly characterized
biochemically, but structural studies are scarce. Several biochemical tests aiming at
characterization of the JH binding site in JHBPs have been performed, and it was
determined that low molecular weight JHBPs are single-polypeptide proteins and
bind only one JH molecule [23,24]. Moreover, several experiments suggested that
a conformational change occurs upon JH binding. For instance, JH binding made
the protein more resistant to enzymatic degradation, lowered its mobility in native
electrophoresis [25], and caused changes in the circular dichroism (CD) and ultra-
violet (UV) difference spectra [26]. Other interesting analyses addressed the number
and position of disulfide bridges. The cysteine content of Lepidopteran JHBPs with
known sequences is similar and varies between four Cys residues in G. mellonella
[27] and six Cys residues in M. sexta [16]. Despite this variation, it is likely that the
pattern of disulfide bonds is conserved in the Lepidopteran proteins. For instance,
in JHBP from M. sexta, only four of the six cysteine residues are involved in disul-
fide bridges [28]. The first (N-terminal) disulfide bridge could play a critical role in
JH binding, as indicated by mutational studies of JHBP from H. virescens. When
the Cys9 and Cysl6 residues were replaced by Ala, the protein showed a reduced
hormone-binding affinity [19].

To gain insight into the interactions between the amino acid side chains and the
JH molecule in its binding site, structural studies at the atomic level have been under-
taken. The first crystal structure of a JHBP molecule was solved for a protein isolated
from its natural source, the hemolymph of the larvae of wax moth, G. mellonella
(GmJHBP; PDB code: 2rck) [29], followed by a preliminary crystallographic study of
a natural-source JHBP from mulberry silkworm, B. mori (BmJHBP) [30]. Recently,
several crystal structures of recombinant BmJHBP have been solved, either in the apo
form without a JH molecule bound (PDB code: 3aot) or in complex with JH IT (PDB
code: 3aos) or 2-methyl-2,4-pentanediol (MPD) (PDB code: 3alz) [31]. In addition, a
solution structure determined by nuclear magnetic resonance (NMR) spectroscopy
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for a JH III complex (PDB code: 2rqf) has also been published [32]. The structural
characterization of BmJHBP-JH complexes has allowed a detailed analysis of the
protein—hormone interactions and of the molecular recognition mechanism.

In this chapter, we focus mainly on the structural data and on comparisons of all
available JHBP structures, to highlight their similarities and differences. The JH
binding sites of JHBPs and JHE are also compared. The structural studies on JHBPs
were performed assuming that a set of known structures will help in leading to new
insect control methods (Table 12.1).

12.3 OVERALL STRUCTURE OF JUVENILE
HORMONE BINDING PROTEINS

GmJHBP was the first JHBP to have its crystal structure solved. The protein was iso-
lated from its natural source, the hemolymph of the wax moth larvae. The structure
was determined using the multiwavelength anomalous diffraction (MAD) method
for phase calculation [29].

Low molecular weight JHBPs are formed by a single-polypeptide chain with a
molecular mass of about 30 kDa, folded as a single domain. The JHBP fold will be
described in this chapter according to the original GmJHBP structure (Figure 12.2).
It consists of a very long C-terminal helix a4 wrapped in a highly curved antiparal-
lel B-sheet with a right-handed helical twist. Two f-strands, -4 and f-5, located in
the middle of the sheet are extremely long. Additionally, three shorter helices are
present. Two of them (a2, a3) form a right-angle motif connected with the long helix
o4. The N-terminal helix al in GmJHBP is structurally close to the C-terminus of
helix a4. The N-terminus of the protein does not form any regular secondary struc-
ture. However, in one of the molecules (A) in the asymmetric unit, all N-terminal
residues have been included in the model although they do not interact with other
structural elements of the protein but instead are exposed to the solvent [29].

The GmJHBP contains two disulfide bridges and no free cysteine residues [34].
The disulfide bridges link Cys10 with Cysl17 and Cysl151 with Cys195 [35]. The
unstructured N-terminal peptide is connected with helix al by the Cys10—Cysl7
disulfide bridge. The Cys151-Cys195 bond is located between the central part of
helix a4 and the middle part of strand 6 from the f-wrap [29].

Previous biochemical and biophysical indications that GmJHBP is glycosylated
[35,36] have been confirmed by the structural study. Since the crystals of GmJHBP
used in the x-ray diffraction experiment were obtained from natural-source protein,
isolated directly from G. mellonella hemolymph, it was possible to identify the post-
translational glycosylation in the crystal structure. One N-acetylglucosamine residue
was found to be attached to Asn94 on the “outer” surface of the f-wrap [29].

When the JHBP molecule is oriented with the long helix a4 aligned horizontally
and with the N- and C-termini located on the left, the axial poles of the molecule are
defined as its west (W) and east (E) ends (Figure 12.2), according to Kotodziejczyk
et al. [29]. At each pole there is a clearly discernible cavity formed between the long
helix a4 and a set of B-strands from the p-sheet. The main entrance to the W cavity is
6 by 10 A wide and is formed by nonpolar residues. On the other hand, the entrance
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FIGURE 12.2 (See color insert.) Overall structure of JHBP and structural comparison
of GmJHBP (PDB code: 2rck) and BmJHBP (3aot). (a) Topology diagram of GmJHBP.
Cylinders and arrows represent o-helices and f-strands, respectively. The secondary
structure elements are numbered from al to a4 and from p1 to f8. All numbers correspond
to amino acid residues in the GmJHBP sequence. (b) A cartoon representation of JHBP fold.
The GmJHBP structure shown in red is superposed on the apo-BmJHBP structure (3aot)
shown in green. The Cys10—Cysl17 disulfide bridge (yellow) is visible near the N-terminus.
At the top of the GmJHBP molecule, one N-acetylglucosamine residue is attached to Asn94.
The axial poles of the molecule are defined as its W and E ends. (c) The W pole of the JHBP
structures is shown illustrating different conformations of helix ol in GmJHBP (Gmal) and
apo-BmJHBP (Bmal). (d) The strands f1-p2 and p4—p5 are curved differently in the two
structures. (¢) The BmJHBP structure has an extended loop instead of the helix a3 present
in GmJHBP. This and all other structural illustrations were prepared in PyMol. (From
W. L. DeLano, The PyMOL Molecular Graphics System, DeLano Scientific, San Carlos,
CA (2002), http://www.pymol.org.)

to the E cavity is 6 by 13 A wide and contains four charged residues. The main
division and indeed the wall separating the two cavities are formed by the internal
disulfide bridge between the helix a4 and the p-wrap [29].

The interior of both cavities is hydrophobic [29], and therefore, this property
alone could not be used to identify which of the two is the JH binding site. However,
by correlating the crystal structure of GmJHBP with the results of photoaffinity
labeling performed for JHBP from M. sexta using a radioactive hormone analog
[37], it was possibly concluded that the JH binding site is located in the W cavity
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[29]. Specifically, the photoaffinity labeling experiment implicated peptides 1-34,
117-127, and 181-226 in JH binding [37], and the same peptides are involved in the
formation of the W cavity. Moreover, at the entrance to the W cavity, only nonpolar
residues are present, whereas the entrance to the E cavity is decorated with positively
charged residues. The calculated volumes of the W and E cavities are 632 and 668
A3, respectively. The molecular volumes of the three JH homologs JH I, JH II, and
JH III were also calculated as 516, 488, and 460 A3, respectively. It can be, therefore,
concluded that the volume of cavity W is sufficient for effective JH binding [29].

Attempts to prepare GmJHBP-JH complexes have been unsuccessful as crys-
tals of GmJHBP rapidly disintegrated on contact with JH. Kotodziejczyk et al. [29]
explained this difficulty by crystal packing, as access to the W cavities in the crys-
tal was largely blocked, therefore necessitating a packing rearrangement to allow
hormone binding. Another reason could be a conformational change of the protein,
postulated to be induced by hormone binding.

12.4 COMPARISON OF THE GmJHBP AND BmJHBP STRUCTURES

The level of amino acid sequence identity between BmJHBP and GmJHBP is only
41.0% (Figure 12.3). To gain a better insight into the evolutionary relationships among
JHBP and takeout (To) proteins (also described in this chapter), a phylogenetic tree
based upon sequence similarity (Table 12.2) has been constructed (Figure 12.4).

Although the overall JHBP folding motif defined by the GmJHBP structure,
namely, a long helix wrapped in a curved p-sheet, is conserved in the BmJHBP mod-
els, there are also several notable structural differences. The first BmJHBP struc-
ture (PDB code: 3alz) was solved by experimental phasing using selenomethionine
single wavelength anomalous diffraction (Se-Met SAD) data. Two further BmJHBP
structures (PDB codes: 3aos, 3aot) were determined by molecular replacement, using
the coordinates 3alz as the starting model for the 3aos structure, which then served
as a reference model for the 3aot structure [31]. It is interesting to note that all the
discussed structures were solved in different space groups (Table 12.1). This is very
likely related to the fact that in all cases different crystallization conditions were used.

In all the crystal structures of BmJHBP, the N-terminal residues are not visible
(Figure 12.2c). The complete N-terminal peptide is present in the NMR structure
2rqf, where residues 1-8 interact with residues in helix al and with the residues at
the C-terminus. Some of these interactions are also observed in the crystal structure
3aos, where only the first three N-terminal residues are missing [31]. As noted ear-
lier, the N-terminal residues in the GmJHBP structure are exposed to solvent and do
not interact with the rest of the protein.

The most interesting and complicated case for comparing structures is presented
by helix al. However, this aspect of structural comparisons is strictly connected with
the conformational change of the protein on hormone binding and with the binding
mechanism itself, and therefore, it will be discussed in detail in Section 12.5.

The ends of the P-sheet formed by strands P1-f2 and P4-B5 deviate in the
BmIJHBP fold from the conformation found in the GmJHBP structures. As illus-
trated in Figure 12.2d, the BmJHBP conformation is characterized by a much higher
B-sheet curvature.
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TABLE 12.2
Sequence Homology among the Proteins Discussed in This Chapter
BPI BPI CEPT CEPT
N-Terminal ~C-Terminal N-Terminal C-Terminal
BmJHBP  EpTol Domain Domain Domain Domain
Sequence 63 (41)° 47 (23) nssfe nssf® nssfe 41 (22)
alignment with
GmJHBP?
Score? 39.0 15.0 5.0 5.0 4.0 9.0

There is no significant sequence similarity between GmJHBP and N-terminal domains of BPI and
CEPT or C-terminal domain of BPI. The low score for alignment of these sequences also indicates a
very low level of sequence homology. However, these proteins are structurally related.

2 The similarities and identities between GmJHBP sequence and sequences of the other proteins
discussed in this chapter were calculated using BLAST [38].

b The similarities (identities) are in %.

¢ No significant similarity found.

4" The score for alignment of sequences calculated using ClustalW [39].

_,— BmJHBP
HvJHBP

MsJHBP
GmJHBP

EpTol

0.2
FIGURE 12.4 A phylogenetic tree constructed for the amino acid sequences of four JHBPs
(from B. mori, G. mellonella, M. sexta, and H. virescens) and To protein from E. postvit-
tana. The phylogenetic tree was prepared with Jalview. (From Waterhouse, A.M. et al.,
Bioinformatics, 25, 1189, 2009.)

In contrast to the situation found in the GmJHBP structure, residues 174—184 of
BmJHBP do not adopt a helical fold (Figure 12.2e). Instead, they form an extended
loop between helices a2 and a4 (PDB codes: 3aos, 3aot). This difference results in
significant changes in the architecture of the E cavity. Its main entrance, already
described for GmJHBP, becomes smaller in BmJHBP, only about 6 A across, and
is formed mainly by three nonpolar leucine residues, Leul6l, Leul78, and Leul85.
On the other hand, the accessory second entrance created by Gln108, Aspl72, and
Met182 is much wider, about 10-12 A in diameter.

Interestingly, there are five cysteine residues in the BmJHBP sequence. Four
of them are paired in the same fashion as in GmJHBP (Cys9—Cys16 and Cys151—
Cys194), whereas Cys200 has a free sulfhydryl group [31].
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No posttranslational modifications are observed in the BmJHBP structures as
the protein used in these studies was obtained using recombinant expression in
Escherichia coli cells [31,32].

12.5 CASE OF HELIX a1

A superposition of the Co atoms of all the JHBP structures reveals that the orienta-
tion of helix al is significantly different in the apo-BmJHBP structure 3aot. This is
a surprising observation because in the other two JHBP structures, BmJHBP (PDB
code: 3alz) and GmJHBP without JH bound, helix al has exactly the same confor-
mation, also reproduced in the BmJHBP-JH complexes. A possible explanation is
provided by the NMR structure of BmJHBP in solution, which reveals that helix ol
is highly mobile and can have multiple conformations, from an open to an entirely
closed form. During this movement helix al is capable of turning around the W
cavity by about 70° (Figure 12.2c¢). It appears that JH binding fosters a tightly closed
conformation of helix al [31,32]. In the 3alz structure, one MPD molecule from the
crystallization solution is bound in the W cavity, and its binding site overlaps the
epoxy group of JH. Most likely, MPD binding stabilizes the closed conformation
of the al helix as well. Intriguingly, in the GmJHBP structure with no ligand in
the W cavity, the helix al conformation is exactly the same as in the BmJHBP-JH
complexes. It can be speculated that the closed conformation of helix al is caused
in this case by crystal packing. This would be consistent with the argument about
the role of crystal packing in obstructing the GmJHBP-JH complex formation by
crystal soaking [29]. Furthermore, it could be concluded that helix «l functions as
a gating element, regulating JH binding in the W cavity. In the packing mode of the
GmJHBP crystal, there is insufficient space for a movement of helix a1 into the open
state. The necessary space is occupied by a loop between helix al and strand 1 from
a symmetry-related molecule. An opening of the W cavity forced by JH soaking
would certainly damage the ordered packing of the GmJHBP crystal.

12.6 HORMONE BINDING MECHANISM

The gating movement of helix al provides a confirmation of the earlier speculations
about a conformational change of JHBP upon ligand binding in the W cavity. In
addition, the crystal structure of BmJHBP in complex with JH II (PDB code: 3aos)
[31] provides an excellent confirmation of the prediction based on the apo-GmJHBP
structure that the hormone molecule is bound only in the W cavity [29].

The process of JH binding has been compared by Suzuki et al. [31] to a gate-and-
latch mechanism. As explained earlier, the gate function is played by helix al, while
the latch element is provided by the C-terminal tail, which in the closed conformation
interacts with the N-terminal peptide of the protein. When the gate is wide open, the
empty cavity W is exposed to the solvent. In this state, helix al and the N-terminus
are highly mobile and can have many different conformations. As soon as JH is cap-
tured by the protein, the gate is closed and the W cavity becomes completely sealed.
This protein conformation is then stabilized by a number of interactions. In partic-
ular, polar interactions mediated mainly by water molecules cause an association
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FIGURE 12.5 (See color insert.) The JH binding sites of BmJHBP and MsJHE. (a) The
BmJHBP-JH II complex (PDB code: 3aos), with the JH II molecule bound in the W cavity.
(b) The overall fold of the MsJHE protein (PDB code: 2fj0) and the location of JH binding
site, with a JH analog (OTFP) bound. The ligands are shown as orange sticks and balls. The
binding pockets W and E in BmJHBP and the JH binding site in MsJHE are in gray. (c) The
W cavity of BmJHBP. The majority of residues forming the pocket are shown in green in stick
representation. (d) The JH binding site in the MsJHE structure, the catalytic triad (Ser226,
E357, and His471), and the residues interacting with an JH analog (orange) are shown in green
in stick representation.

of helix al and strand 2. The closed conformation is also maintained by hydro-
phobic interactions between residues Leul7, Phe24, and Leu25 of helix ol and the
o,B-unsaturated ester moiety of the JH molecule. Finally, two hydrogen bonds formed
between the N-terminal and the C-terminal residues arrest the latch in the closed
state. The JH molecule is then entirely buried in the W cavity (Figure 12.5a) [31].
Despite the detailed structural characterization of BmJHBP-JH complexes,
the mechanism of JH dissociation from the complex remains still unclear. It was
observed that GmJHBP binds JH in a pH-dependent manner. At pH 7, the JH
binding is the highest, whereas no binding could be observed at pH 4 [17]. The
same observation was reported for BmJHBP. Moreover, in a further experiment,
the BmJHBP-JH II complex was prepared at pH 6, then the pH was lowered to
4, and NMR spectra were measured for the sample. The results did not indicate
any significant differences in backbone amide chemical shifts between pH 6 and 4.
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It was concluded that the JH binding is very tight and the pH decrease is not suffi-
cient to enable the dissociation of the JH molecule. Probably some other factors are
essential to release the hormone [31].

12.7 JUVENILE HORMONE BINDING CAVITY

The crystal structure of the BmJHBP-JH II complex shows that the JH molecule
fits the W cavity perfectly. A number of residues are involved in JH II binding. The
residues participating in nonpolar interactions with JH IT are Phe24, Leu25, Val204,
Val205, 11e208, and Phe220. There is also a direct hydrogen bond between the
oxygen atom of the epoxy group of the hormone and the hydroxyl group of Tyrl128.
Furthermore, the W cavity matches almost ideally the van der Waals surface of the
bound JH II molecule. The entire hormone molecule is fully buried in the cavity and
is therefore fully protected from degradation by esterases. In conclusion, the residues
forming the walls of this pocket, and its architecture, seem to have evolved to play a
key role in the recognition of the characteristic molecular and functional groups of
the hormone [31]. The sequence alignment (Figure 12.3) of BmJHBP and GmJHBP
indicates that the residues interacting with hormone are conserved and the majority
of them are identical in both sequences.

The E cavity of the BmJHBP molecule differs significantly from the corre-
sponding pocket of GmJHBP. Its shape is incompatible with binding a JH hormone
molecule.

12.8 JH BINDING SITES OF JHBPs AND JUVENILE
HORMONE ESTERASE

To this date, only one crystal structure of JHE was determined (PDB code 2fj0) [41].
The structure of JHE from the tobacco hornworm M. sexta (MsJHE) was solved in
complex with a transition-state analog inhibitor 3-octylthio-1,1,1-trifluoropropan-2-
one (OTFP) covalently bound in the active site. The enzyme hydrolyzes the ester
bond present in the JH molecule and the reaction is carried out in the hemolymph,
where the enzyme is located [41]. Normally, JHBPs protect the JH from degrada-
tion by these esterases [9]. MsJHE is a very efficient enzyme, with a k /K, of at
least 3 x 107 M~! s7! [42]. The hydrolysis is a multiple-step reaction with a covalent
acyl-enzyme intermediate. MsJHE is a high molecular weight protein composed of
551 amino acid residues, of which 530 could be mapped in the crystal structure [41].
MSsJHE belongs to a/f-hydrolases and has the canonical fold of this family [43].
The structure consists of 16 a-helices and 14 f-strands. Strands 8—11 form a f-sheet
core characteristic of the a/p-hydrolase family (Figure 12.5b). Interestingly, the sub-
strate-binding cavity of MsJHE is unusual for a/B-hydrolase proteins (Figure 12.5d).
The long, hydrophobic substrate-binding pocket matches the shape of the substrate,
making the enzyme very selective for JH molecules. The bound JH molecule is
entirely buried in the cavity [41], exactly as in the case of the hormone-binding cavity
of JHBP. The main difference between these two pockets is the presence of catalytic
residues at one end of the JHE-binding cavity. The interior of the binding pocket
is mainly formed by hydrophobic residues, except for the catalytic triad and the
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residues forming the oxyanion hole. The efficiency of this enzyme can be linked to
the tight fit of the substrate in the cavity. The catalytic triad is created by Ser226,
His471, and Glu357. The catalytic mechanism involves the stabilization of the tetra-
hedral transition state by the oxyanion hole formed by the main chain nitrogen atoms
of Glyl46, Glyl47, and Ala227. These residues as well as the residues of the catalytic
triad are conserved in the sequences of Lepidopteran JHEs. Among the noncatalytic
residues, only Thr314 is conserved [41]. In conclusion, the proteins that selectively
and efficiently bind JH molecules have a binding cavity that matches the hormone in
shape and hydrophobic character and in addition create a hydrogen-bond link target-
ing the epoxy group of the ligand.

12.9 ROLE OF THE E CAVITY

The role of the E cavity, which replicates the JH-binding cavity at the opposing
pole of the JHBP molecule, remains a mystery. It is tempting to speculate that it
could serve as a binding site for some unknown molecule or class of molecules. The
authors of the GmJHBP structure reported that some fragmented residual electron
density was detected inside the E cavity and postulated that it could correspond to an
unidentified ligand of low molecular weight [29]. According to the volume of the E
cavity, the unknown ligand is probably of similar size as the JH molecule. It is likely
that this ligand is more polar than JH, as suggested by the polar residues located at
the entrance to the E cavity [29]. It can be further speculated that the E cavity binds
a ligand that could trigger the dissociation mechanism of the JHBP-JH complex.
In this scenario, an interaction with an additional factor or receptor would facili-
tate the release of the JH molecule. Identification of the elusive second ligand is a
challenge for JHBP research and could change our understanding of JH signaling
mechanisms in insects.

12.10 STRUCTURAL COMPARISONS

The canonical JHBP fold was established by the crystal structure of GmJHBP
[29]. The JHBP fold is very unusual and there are only a few proteins with similar
structure. In particular JHBP-type topology is found in human proteins binding
hydrophobic ligands and in To proteins [44] with transport functions. The structural
similarity reflects the phylogenetic relations of these proteins (Figure 12.3) although
the level of sequence identity is low (Table 12.2). The root mean square deviation
(RMSD) values for superposition of GmJHBP with all discussed crystal structures
were calculated and summarized in Table 12.3. Detailed structural comparisons of
JHBP with human lipid-binding proteins [29] and with To proteins [44] have been
presented before. Therefore, in this section only the most essential highlights will
be summarized.

12.10.1  STRUCTURAL COMPARISON WITH TAKEOUT PROTEINS

The structural topology of To family members is similar to that of JHBPs. To date,
only two structures of a To protein from Epiphyas postvittana (EpTol; PDB codes:
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TABLE 12.3
RMSD Calculated for GmJHBP (Chain A) Superposed with BmJHBP,
EpTo1, BPI, and CEPT (Chain A) Crystal Structures

PDB Code 3alz 3aos 3aot 3e8t 3e8w  1bp1  20bd
Protein BmJHBP BmJHBP BmJHBP  EpTol EpTol BPI CEPT
RMSD® (A)  1.66 2.00 2.13 2.09 2.14 433 3.24
Co number® 194 196 172 175 178 162 131

The RMSD value calculated for GmJHBP (chain A) superposed with all BmJHBP (chain A)
crystal structures is the highest, 2.13 A, for the structural comparison of GmJHBP with apo-
BmJHBP (3aot) that is connected to the different conformation of helix al in this structure.
According to the RMSD values, it is clear that the proteins belonging to the To family are
close structural relatives of JHBPs. The RMSD values for GmJHBP in comparison with
BPI and CEPT proteins are much higher than 2.0 A, but it is related to the fact that the BPI
and CEPT are proteins containing two domains and only one of these domains could be
superposed with GmJHBP, when we want to compare the whole structure.

2 The RMSD value for the superposition of the Ca atoms of the GmJHBP (2rck) with crystal
structures listed in the table.

® The number of the Ca atoms of GmJHBP superposed with particular structures.

3e8t, 3e8w) are available in the PDB. The disulfide bond located at the N-terminal
fragment of JHBP is conserved in the EpTol structure. The second disulfide bridge,
riveting the long helix a4 to the f-wrap, is absent in the EpTol structure. The num-
ber and volume of the internal ligand-binding cavities present in JHBP-type struc-
tures are strictly dependent on the presence or absence of the latter disulfide bridge.
Therefore, instead of the two smaller cavities located at the poles of JHBP molecules,
the EpTol structure contains only one cavity, which is actually a large central tunnel
in the interior of the protein. According to electron density maps, the tunnel of the
EpTol molecules in the crystal structures is occupied by a ligand molecule, identified
by mass spectrometry as ubiquinone-8. These results indicate that To proteins can
bind ligands with long aliphatic chains [44].

Two conserved C-terminal motifs present in the EpTol sequence are unique to the To
family [45]. These motifs are clustered together in the EpTol structure. The first motif
is formed by residues 97-113 from the C-terminal end of strand B3 (corresponding to
4 in the GmJHBP structure) and the N-terminal end of strand p4 (5 in the GmJHBP
structure) with the connecting loop. These two p-strands are deformed relative to their
corresponding JHBP conformation structures in order to fully enclose the ligand in the
binding pocket of EpTol. The second characteristic EpTol motif is created by residues
160-180 [44]. This motif consists in EpTol of an extended loop and an a-helix. The
helix corresponds to helix a3 in GmJHBP, but its conformation is different. Also this
motif serves to close the long internal tunnel of EpTol [44]. Interestingly, this site is
completely different in EpTol, GmJHBP, and BmJHBP (Figure 12.6). In the GmJHBP
structure, there is an additional helix o2 instead of the long loop in front of helix a3
[29]. What is more interesting, the BmJHBP structure lacks helix a3 entirely, and resi-
dues 173-182 are creating a long loop.
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FIGURE 12.6 (See color insert.) Structural comparison of GmJHBP (red), BmJHBP
(green), and EpTol (blue) in the area of the E pole, where the molecules show the highest
degree of structural divergence.

12.10.2 STRUCTURAL AND EVOLUTIONARY RELATION TO
HumaN LipiD-BINDING PROTEINS

According to the Structural Classification of Proteins database [46], JHBP can be
classified as an a- and B-protein with “super roll” topology [29]. This folding class
includes two human lipid-binding proteins, namely, bactericidal/permeability-
increasing protein (BPI; PDB code: 1bpl) [47] and cholesteryl ester transfer protein
(CETP; PDB code: 20bd) [48]. These proteins are also members of the lipid transfer
protein (LTP)/lipopolysaccharide (LPS) family [49]. Both BPI and CETP consist of
two similar domains, each domain having the JHBP fold. Structural superpositions
indicate a closer similarity to the JHBP structure of the N-terminal domains of
BPI and CETP. This is also related to the presence of a disulfide bridge between
the longest a-helix and one of the B-strands, which is present in the N-terminal
domains but not in the C-terminal domains of BPI and CETP. The most important
observation is that in both BPI and CETP, there is a hydrophobic pocket located
between a short a-helix, the C-terminal end of the long helix, and part of the
curved f-sheet in both domains. It corresponds exactly to the W cavity of JHBP
and is evidently linked with the hydrophobic ligand-binding properties of these
proteins [29]. In both BPI and CEPT, the two cavities are not separated and form
a long tunnel, which starts in one domain and ends in the other one. Each of the
BPI domains binds a molecule of phosphatidylcholine [48]. A similar situation
can be observed in the CETP structure, where each domain contains a molecule
of cholesteryl oleate and a molecule of phosphatidylcholine [49]. In conclusion,
exactly the same ligands could be ascribed to one of each domain of BPI and
CEPT, which indicates that the domains are highly structurally similar and have
the same binding properties. This similarity might suggest that the BPI and CEPT
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genes were duplicated in the past and supports the hypothesis that it is connected
to evolutionary divergence. Probably, an ancestral protein of JHBP fold existed and
was a relative of JHBP, BPI, and CEPT [29].

1211 SUMMARY

This chapter provides a comprehensive overview of the available structures of insect
JHBPs. All structural studies on JHBPs and related proteins are not older than 10
years and much progress has been made. Information important for understanding
of the structure—function relationship was provided and supplements the results of
previous biochemical and biophysical experiments. To conclude, the thoroughly
described [29,31] JHBP fold seems to be well conserved in Lepidoptera. The observed
conformational change [31] is obviously an interesting characteristic of JHBPs and is
connected with its JH binding properties. The BmJHBP-JH complexes enabled the
detailed analysis of a JH binding mechanism. The shape and hydrophobic interior of
the JH-binding cavity are similar in JHBPs [31] and in JHE [41], which are strictly
connected to its ligand specificity.

However, the role of the E cavity, its potential ligand, and the mechanism
of JH release still remain unclear. More biochemical and structural studies are
required to solve these questions and further studies should focus on these issues.
Finally, detailed analysis of JH binding site and mechanism is a good basis for
designing new, specific insecticides interfering in insect development.
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ABSTRACT

The chapter presents a comparative analysis of quantum chemically calcu-
lated stereo-electronic properties of DEET, DEET-like compounds, juve-
nile hormone mimics (IGRs), and juvenile hormone (JH). The results led to
unravel several interesting molecular level information, most significant of
which was electrostatic bio-isosterism between the compounds. Observation
of similarity of stereo-electronic properties of the amide/ester moiety, neg-
ative electrostatic potential regions beyond the van der Waals surface, and
large distribution of weak electrostatic potential (hydrophobic) regions in the
compounds provided a model for molecular recognition with the receptor at a
distance. In addition, the chapter discusses how these stereo-electronic attri-
butes could be organized to develop a feature based on three-dimensional
pharmacophore model for arthropod repellent activity and demonstrates how
the model could be utilized for search of compound databases to identify new
repellent compounds and aid in the design of novel repellents for custom syn-
thesis. Since identity of the target for arthropod repellent activity still remains
uncertain, the in silico approaches presented in the chapter should be useful
for discovery and design of potentially well-tolerated, target-specific arthro-
pod repellents for practical use.
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13.1 INTRODUCTION

The goal of this chapter is to illustrate how in silico analysis of stereoelectronic
properties of juvenile hormone (JH), juvenile hormone mimics (JH mimics) (insect
growth regulators, IGRs), DEET (N, N-diethyl-1,3-toluamide or N,N-diethyl-m-
toluamide or m-toluamide), and DEET-like insect repellents can be organized to
develop a pharmacophore model for repellent activity that can enable database
searches for identification, design, and custom synthesis of new arthropod repellents.

Arthropods are well-known vectors of lethal human diseases that include malaria,
leishmaniasis, African trypanosomiasis, dengue fever, filariasis, viral encephalitis,
and a number of other well-known diseases [1,2]. The direct effects of arthropods
include tissue damage due to stings, bites, and exposure to vesicating fluids; infes-
tation of tissue by the arthropods themselves; annoyance; and entomophobia (an
uncontrolled fear of arthropods). The indirect effects on human health include dis-
ease transmission and allergic reactions due to bites and stings and to arthropod
skins or emanations. Arthropods also destroy property and material used by the
military, and there is even some concern that arthropods could potentially be used as
biological weapons. In terms of disease transmission, among the arthropods, mos-
quitoes are the world’s most notorious insect vectors [1]. Since mosquitoes feed on
blood, they cause more human suffering than any other organism and responsible for
over one million human deaths from mosquito-borne diseases every year. Malaria
results from infection of a protozoan (Plasmodium falciparum) carried by mosqui-
toes, and according to the World Health Organization, it continues to cause as many
as one million deaths annually [3].

Mosquitoes can also transmit the arboviruses responsible for yellow fever, den-
gue hemorrhagic fever, epidemic polyarthritis, and several forms of encephali-
tis. Bancroftian filariasis is caused by a nematode transmitted by mosquito bite.
Increased international travels have enhanced this problem all over the world [3].
Thus, the quest to repel arthropods continued for decades of scientific research par-
ticularly focusing on mosquito behavior and control.

Although numerous methods for controlling arthropod-vectored diseases have
been investigated ranging from development of insecticides to therapeutics for pre-
vention and treatment of diseases, use of repellent remained by far the most effective
personal protection measure in reducing bites of blood-sucking arthropods and pre-
venting vector-borne disease transmissions. Traditionally, discovery of new repel-
lents involves initial screening of thousands of compounds using various methods
with very few successes. However, despite the obvious desirability of finding an
effective nontoxic repellent, no ideal repellent has been identified yet [1]. The process
is more complicated because of the required properties for an ideal arthropod repel-
lent, which include effectiveness against a broad spectrum of species, long dura-
tion of protection, no toxicity or side effects, resistant to abrasion, greaseless, and
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odorless. In addition, lack of proper understanding of the mode of repellent action
has further complicated the process.

The most effective personal protection system [2] currently being used is a
controlled-release formulation of DEET (N,N-diethyl-1,3-toluamide) as a topical
repellent, which is found to defend against several types of biting arthropods [2].
However, DEET has many shortcomings; the general consensus is that an ideal
repellent agent should repel multiple species of biting arthropods, remain effective
for 8-10 h, cause no irritation to the skin or mucous membranes, have no systemic
toxicity, be resistant to abrasion and rub-off, and be greaseless and odorless. As
a repellent for human use, DEET is not equally effective against all insects and
arthropod vectors of diseases. Recent studies have indicated that it can cause toxic
encephalopathy (a diffuse disease that alters brain structure or function), seizure,
acute manic psychosis, cardiovascular toxicity, and dermatitis after heavy or exces-
sive exposure [4]. However, no available insect repellent meets all of the aforemen-
tioned required criteria for a desirable repellent. Efforts to find such a compound
face numerous challenges and variables that affect the inherent repellency property
of any chemical. Repellents do not all share a single mode of action, and surprisingly
little is known about how repellents act on the target insects. Therefore, more studies
on the mechanism of action of repellents are necessary to design better repellents.

Since it is desirable that an insect repellent or a pesticide be of natural origin
that ostensibly has limited or no adverse effects on the environment, many research
efforts were directed toward biorational pesticides or biopesticides and repellents of
biological origin that are derived from biological sources, including viruses, bac-
teria, and fungi, or from biochemicals such as IGRs or JHs. IGRs or JHs and its
analogs (JH mimics) are a class of insecticides that have acquired lot of attention by
the environmental agencies, which were designed specifically to disrupt endocrine-
regulated processes unique to insects [5].

13.2 JUVENILE HORMONES, JH MIMICS (INSECT GROWTH
REGULATORS), AND ARTHROPOD REPELLENTS

13.2.1  JuveNiLE HORMONES AND INSECT GROWTH REGULATORS

JH is a key hormone for regulating metamorphosis and previtellogenic ovarian devel-
opment in mosquitoes [5,6]. It is naturally synthesized and released from the corpora
allata (CA), a pair of endocrine glands with nervous connections to the brain [7],
and these endogenous hormones influence both metamorphosis and development of
insects. These hormones are transported by binding proteins and they enter cells by
diffusion across the cell membrane. The products of the CA in the cell membrane
interact in some way with genome, probably via nuclear receptors of the steroid fam-
ily [8]. During normal insect development, the concentration of JH decreases in the
final larval instar stage, allowing development of pupal and adult stages.

JHs belong to a group of sesquiterpenoid compounds constituting a family of
derivatives of farnesoic acid that are structurally unique among animals and have
been identified only in arthropods. JHs (Figure 13.1a) are ubiquitous growth regu-
lators in the arthropod world and serve as a rational source for design of synthetic



In Silico Stereoelectronic Profile and Pharmacophore Similarity 315

(0]

OMe
o JH ()R=R"=Et
(2) R=Et,R'=Me
(a) (3) R=R'=Me
0
A, /\

H

(b) JH-mimic

FIGURE 13.1 (a) Chemical structure of the natural JH. (b) Chemical structure of JH mimic
(IGR) (From Bhattacharjee, A.K. et al., J. Mol. Recognit., 13, 213, 2000.)

arthropod growth regulators [9—11]. A number of studies have shown that chemi-
cal compounds containing specific functional groups or features are more effec-
tive arthropod repellents as measured by duration of protection [9,12]. Meola et al.
[13,14] have shown that JH induction occurs at the first biting cycle of the species
and continues with alternating periods of JH production, cyclic pattern of biting, and
host-seeking behavior throughout the life of the mosquito. These researchers also
demonstrated that JH deprivation caused by surgical removal of CA shortly after
adult emergence blocked the initiation of biting behavior in Culex pipiens and Culex
quinquefasciatus. Reimplantation of CA or injection of synthetic JH corrected the JH
deficiency and restored the biting behavior of mosquitoes. Thus, JH is a target to stop
biting behavior of the mosquitoes. Recently Olmstead et al. [5] demonstrated that
the crustacean JH, methyl farnesoate, programs oocytes of the crustacean Daphnia
magna to develop into males probably mimicking the action of methyl farnesoate
producing altered sex ratios of offspring. Clearly, JH and its analogs were designed
as a class of insecticides specifically to disrupt endocrine-regulated processes.

Like the JHs, chitin synthesis is another vital component of the insect endocrine
system, regulating the biting behavior, reproductive maturation, sexual behavior, and
reproductive diapauses of insects. Thus, another group of insecticides emerged as IGRs
that comprised diverse groups of chemical compounds and found to be highly effective
against larvae of mosquitoes and other arthropods (Figure 13.1b). A large number of
IGRs, juvenoids, juvenile mimics, and inhibitors of chitin synthesis have been evaluated
for vector control programs, but only a few, such as diflubenzuron, methoprene, and
fenoxycarb, are found effective to be commercially feasible [15—18]. Diflubenzuron is
a benzoylurea IGR, used in agriculture, horticulture, forestry, and public health appli-
cations. Although it has low solubility in water, it is stable in aqueous solution and to
photolysis and has a half-life significantly shorter at less acidic conditions. It was not
observed to cause any carcinogenic, mutagenic, teratogenic, or neurotoxic effects and
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showed low toxicity to other wildlife, other than insects, with D. magna being the
most sensitive species reported. Methoprene had been used to control some species
of mosquitoes [19-22]. Fenoxycarb is a carbamate IGR and is used as fire ant bait as
well as for flea, mosquito, and cockroach controls. Fenoxycarb is also used to control
butterflies and moths (Lepidoptera), scale insects, and sucking insects on olives, vines,
cotton, and fruit as well as for control of these pests on stored products. It blocks the
ability of an insect to change into an adult from the juvenile stage (metamorphosis) as it
interferes with the molting of larvae. Although fenoxycarb is nearly nontoxic to mam-
mals, acute inhalation of it in rats (greater than 480 mg/m?) showed toxicity and, thus,
carries the signal word CAUTION on its label [18]. In general, chitin inhibitors cause
sterilization of insect adults and enable mortality at every molt of larvae or nymphs,
whereas the JH analogs cause sterilization of adults, but mortality occurs only at pupa-
tion or adult emergence [23].

However, the IGRs in general can be used at a relatively very low dose com-
pared to conventional insecticides. For example, ecdysone agonists are hormonally
active IGRs that disrupt development of larvae but found to be active against Aedes
aegypti, Anopheles gambiae, and C. quinquefasciatus at low doses [23]. Moreover,
the IGRs are also known to have a good margin of safety to most nontarget biota
including invertebrates, fish, birds, and other wildlife. These are relatively safe to
human and domestic animals too. The IGR compounds do not induce quick mortal-
ity in the preimaginal stages, but mortality occurs after several days of treatment.
This is indeed a desirable feature of the control agents because larvae of mosquitoes
and other vectors are important sources of food for fish and wildlife. On account
of these advantages and high level of activity against target species, the IGRs play
a very important role in the vector control programs. Furthermore, since the IGRs
interfere with the hormonal mechanisms of target organisms that result in various
kinds of morphological, anatomical, and physiological changes in order that the tar-
get species does not reach the final stage of development, the IGRs are less likely to
develop resistance [24].

However, despite JH being an attractive target for control of insect pests and
vectors of diseases, the minute size of the CA, the glands that synthesize JH, has
made it difficult for large-scale utility. Therefore, novel compounds that mimic the
activity of JH as IGRs had become an efficient alternative approach for discovery
of arthropod control agents. For example, the JH mimic pyriproxyfen with rela-
tively low mammalian toxicity has been successfully used as an IGR, which was
first registered in Japan in 1991 for controlling public health pests (Sumilarv-Public
Health). With the success of pyriproxyfen, several structure—activity studies on JH
analogs were performed that enabled the discovery of many JH-like compounds
[9,12] through mimicking the morphogenetic activity of hormones with the aim to
control insect population. However, designing of insect repellents rationalizing the
JH activity is unknown.

13.2.2 ARTHROPOD REPELLENTS

Although considerable efforts had been made to understand [25] why humans
are attractive to insects, especially mosquitoes, and many chemicals have been
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discovered to have repellent activity, the mode of action of repellents still remained
poorly understood. The most effective repellent currently being used is a controlled-
release formulation of DEET (N,N-diethyl-1,3-toluamide) as a topical repellent [2].
The physical requirements for repellent activity of DEET and another well-known
insect repellent, N,N-diethylphenylacetamide (DEPA), against anopheles A. aegypti
mosquitoes had been proposed [26] on the basis of their lipophilicity, vapor pressure,
and molecular length. The olfactory sensation of insects had been invoked for repel-
lent action and it has been recognized to be controlled by JH responses or JH activity
[27-29]. These observations suggest that an ideal repellent should be volatile, must
come in contact with the mosquito’s olfactory organ, and should have some degree
of lipid solubility to trigger the olfactory sensation. Therefore, determining the gas
phase or molecular-level properties of repellents is an important first step for under-
standing the mechanism of interaction with the olfactory organ and hence JH activity.

The following sections will illustrate how in silico methods can be useful for
determining the intrinsic molecular-level information of JH, JH mimics (IGRs), and
DEET analogs to facilitate our understanding of the mechanism of repellent action
and how the information can guide in the development of pharmacophore models to
enable identification and design of novel repellents for custom synthesis. Emphasis
of this chapter had been on quantum chemically derived stereoelectronic properties,
quantitative structure—activity relationships (QSAR), and pharmacophore modeling
to enable an early stage of discovery, design, and synthesis of novel repellents for
further development.

13.3 COMPUTER-AIDED MOLECULAR MODELING

Computer-aided molecular modeling (CAMM) or in silico methods have made
remarkable progress in mechanistic drug design and discovery of novel bioactive
chemical entities in recent years [30-32]. Commonly used computational approaches
include ligand-based drug design (3D pharmacophore modeling based on the
arrangement of chemical features that are essential for biological activity), structure-
based drug design for known x-ray crystallographic structure of the target protein
(drug-target docking), and the QSAR/QSPR (quantitative structure—activity relation-
ship and quantitative structure—property relationship) studies. CAMM techniques
provide five major types of molecular informations that are useful for mechanistic
design of new bioactive chemical entities. The informations are as follows: (1) 3D
structure of a molecule, (2) physicochemical properties and feature characteristics
of a molecule, (3) comparison of molecular structures and properties, (4) graphi-
cal visualization of stereoelectronic properties and complexes formed between the
bioactive molecule and the target protein, and (5) predictions about how related
molecules match with the new ones along with an estimate of activity.

With the advent of modern computers and graphic techniques, computations and
visualization of structures ranging from small to large biomolecules, such as pro-
teins, can be accomplished with greater speed and precision. The current advances in
these methodologies allow direct applications ranging from accurate ab initio quan-
tum chemical calculations of stereoelectronic properties, generation of 3D pharma-
cophores, virtual screening of databases to identify bioactive agents, simulation of
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proteins, and docking drug molecules at the active sites of proteins that are crucial
and directly related to biomedical research.

Molecular modeling has now become an indispensable part of research activities
that not only aid discovery of novel therapeutics or novel chemical entities (NCEs)
but also provide molecular bases for understanding the environmental, biochemical,
and biological processes. In silico methodologies are routinely used as decision tools
for direct experimental investigations. Although in silico (computational) technolo-
gies are relatively new, their remarkable success in discovery of novel compounds
and prediction of ADME/toxicity properties [33] has revolutionized pharmaceutical
industries because of their cost- and time effectiveness. It takes almost 10 years and
several hundreds of millions of dollars to bring a new drug to the market. Thus, his-
torically any technology that can improve the efficiency of the process is highly valu-
able to the industry, and that is why the in silico technologies made such remarkable
accomplishments. A few pharmaceutical success stories involving these technolo-
gies include Aricept for Alzheimer’s disease (Eisai), Trusopt for glaucoma treat-
ment (Merck), Crixivan for AIDS (Merck), Viracept for AIDS (Lilly and Agouron),
and Zomig for migraine treatment (Wellcome, Zeneca). The list is ever growing.
Although in silico technologies started developing from the mid-1980s, rapid growths
started to emerge only with the advent of powerful modern computers. Since a drug
takes approximately 10—12 years from the discovery stage to the market, we are just
beginning to see the success stories [33].

Discovery of a successful new insect repellent is also as complex as drug discov-
ery process and ever changing with the emergence of new technologies. Although no
model is perfect, regardless of whatever it represents, virtual screening of hundreds
of compounds in a short period of time and simulations of 3D protein structures in a
computer using high levels of theory have pushed modern technologies to the cutting
edge of discovery [30].

The ability of a bioactive molecule to interact with the complementary sites of a recep-
tor protein results from a combination of steric and electronic properties. Therefore, the
study of stereoelectronic properties of known bioactive molecules can provide valuable
information about the “interaction pharmacophore” not only for better understanding
the mechanism of action but also aid in developing pharmacophore models. Since quan-
tum chemical methods can provide accurate estimation of stereoelectronic properties
of molecules, these are commonly used for of determining the “interaction pharmaco-
phore” profiles to assess interactions with the target receptors [32].

Thus, determining stereoelectronic properties of known repellents can be a
very useful first step toward development of in silico 3D pharmacophore mod-
els. Once a reliable pharmacophore model can be generated, it can be used for
rapid identification of potential new candidates. The pharmacophore modeling
methods have made great advances in recent years [30,34-36]. In silico “3D
pharmacophore” is perceived as an ensemble of steric and electronic properties
that are necessary for optimal interaction with a specific receptor to trigger or
inhibit its biological response [36]. That is to say, when a target receptor (a pro-
tein active site) recognizes the critical stereoelectronic features of the bioactive
molecule, the protein immediately triggers interactions with its complimentary
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sites, and as a consequence, the specific biological response occurs. The pharma-
cophores are represented by a geometric distribution of chemical features such as
hydrogen-bond acceptors and donors, aliphatic and aromatic hydrophobic sites,
ring aromaticity, and ionizable sites in the 3D space of a molecule. The advantage
of the pharmacophore is that it transcends the structural class and captures only
features that are necessary for intrinsic activity of potentially active compounds
and hence provides a powerful template for search of compounds of new chemi-
cal classes or chemo-types. Calculated stereoelectronic profiles, particularly the
molecular electrostatic potentials at the van der Waals surface and at different
distances from this surface, can provide accurate estimation of electron densities
in the surrounding space of a molecule, which in turn can guide in the selec-
tion of the features for performing the pharmacophore generation. For example,
a large electron density region in the surrounding space of a molecule would
indicate the presence of H-bond acceptor characteristic of a particular atom in the
region; similarly, the most positive potential region in a molecule would indicate
H-bond donor characteristic of the atom, and very weak electrostatic potential
regions would indicate hydrophobic regions. Pharmacophore modeling methods
for generation of pharmacophores are based on multiple conformations from a set
of structurally diverse molecules, and the validation of the model is carried out
using statistical methods.

In recent years, several additional studies based on quantitative derivations
[37—41] have shown that the pharmacophore recognition process can be analyzed
from three types of 3D molecular field- or property-based similarity evaluations:
(D) steric, (2) electrostatic, and (3) hydrophobic. It has been well documented that
bioactive agents (ligands) will bind to a receptor in a similar manner by aligning
their common molecular field or property characteristics [38,40]. This concept is
known as bioisosterism where atoms or functional groups with similar properties
are used for ligand designing [41] and has been one of the most common practices
in the discovery of new leads in pharmaceutical research. This method of selection
of pharmacophores is mainly based on simple superposition principles using the
analogy of complementarity. The degree of complementarity between the molecu-
lar fields of the bioactive agent and its receptor should be directly related to the
binding strength and relative activity of the agent [39,40]. Similarity may also be
determined by comparing the molecular graphs [38]. The word “similarity” in the
present discussion may be viewed as having a common bioisosteric group.

13.4 STEREOELECTRONIC FEATURES OF JH, JH MIMIC
(IGRs), AND ARTHROPOD REPELLENTS

In pursuit of the goals for determining the “interaction pharmacophore” profiles, we
focused [42-45] primarily on the calculated stereoelectronic properties of JH and
a JH mimic (IGR) and compared the results with DEET and DEET-like repellents.
These calculated properties eventually enabled us to develop a pharmacophore model
for database search and design of new repellents for custom synthesis. These stereo-
electronic property studies discussed here are presented in two sections: (1) steric
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property analysis and (2) electronic property analysis, respectively. Comparative
analysis of stereoelectronic properties between natural insect JH, a synthetic insect
JH mimic (IGR) undecen-2-yl carbamate, and N,N-diethyl-m-toluamide (DEET)
together with several of its analogs revealed several significant molecular similari-
ties. The observed similarities were important guidelines for developing the pharma-
cophore model for repellent activity.

Semiempirical quantum chemical (AM1) calculations [43,44] were performed to
determine the stereoelectronic properties for analysis between the JH, the JH mimic
(IGR), and the DEET analogs.

13.4.1 SterRIC PROPERTY ANALYSIS

Structure of the DEET analogs is shown in Table 13.1. The stereoelectronic proper-
ties of JH were discussed separately in a later section. The calculated properties of

TABLE 13.1
Structure and Mosquito Repellent Protection Time of DEET and Its Analogs

a=aromatic ring s=saturated ring
Protection
Compound Structure Time (h) Ring R R,=R,
la m-Toluamide (DEET) 5 a 3-CH;, C,H;
1b Cyclohexamide 4 S H C,H;
Ic p-Anisamide 1 a 4-OCH; C,H;
2a o0-Chlorobenzamide 5 a 2-Cl CH,
2b m-Toluamide 3 a 3-CH, CH,4
2c p-Anisamide 1 a 4-OCH; CH;
3a Benzamide 3 a H iC;H,
3b p-Anisamide 1.17 a 4-OCH, iC;H,
3c p-Toluamide 0.5 a 4-CH,4 iC;H,
R, R,
4a m-Toluamide 0.67 a 3-CH, H C,H;
4b Cyclohexamide 0.5 S H H C,H;
4c o-Ethoxybenzamide 0.08 a 2-0C,H; H C,H;
N,R,, R,
Sa Benzamide 3 a H Piperidine
5b m-Toluamide 1.42 a 3-CH,4 Piperidine
Sc p-Anisamide 0.75 a 4-OCH; Piperidine

Sources: Ma,D. etal., Am. J. Trop. Med. Hyg., 60, 1, 1999; Bhattacharjee, A K. et al., J. Mol. Recognit.,
13, 213, 2000.
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TABLE 13.2

Similarities of a Few Selected Steric Properties between JH
Mimic (IGR) and the Analogs: Nonbonded Distances and Total
Surface Area Containing the C,, O, N, and Cg, Atoms

Surface area (A2

N--0=C (A) C=0--Cy, A C,, O, N, Cy, Atoms
JH mimic 2.345 2.871 11.5
la 2296 2.751 13.6
1b 2282 2.707 13.6
Ic 2.296 2.746 13.6
2a 2.293 2.761 13.6
2b 2.286 2.749 13.6
2 2.285 2.744 13.6
3a 2.297 2.810 11.7
3b 2.296 2.806 11.7
3c 2.296 2.809 117
4a 2,296 2.811 11.7
4b 2.292 2.815 11.7
4¢ 2.298 2.803 11.7
S5a 2.293 2.761 13.6
5b 2.293 2761 13.6
5c 2.289 2757 13.6

Source: Bhattacharjee, A.K. et al., J. Mol. Recognit., 13, 213, 2000.

the JH mimic (IGR) and the DEET analogs are shown in Tables 13.2 and 13.3. The
chemical structures of JH, JH mimic (IGR), and the DEET analogs are shown in
Figures 13.1 and 13.2, respectively. Structurally, DEET, its analogs (Table 13.2), and
the JH mimic have the N-C=0 fragment (Table 13.2, Figure 13.2), and therefore,
the compounds are likely to have a similar steric recognition effect at the receptor.
Although JH is somewhat structurally different with a —-O-C =0 fragment, the steric
recognition effect at the receptor will be similar because both N-C=0 and -O-C=0
fragments have bent geometry with the carbonyl oxygen atom at the apex. However,
similarity in molecular electronic shape, not solely the similarity in chemical struc-
ture, had long been recognized as the dominant factor for olfactory sensations [46].
Thus, utilizing data from calculated stereoelectronic properties of one of our ear-
lier published study [43,44] on predicting mosquito repellent activity, we performed
similarity analysis between JH, JH mimic, and the repellents. The following sections
describe details of the analysis.

13.4.1.1 Conformational Energies

The lowest energy conformers of the compounds were identified by systematic rotation
of the single bonds. This procedure generated several hundred conformers for each
of the compounds (JH mimic and the DEET compounds) identifying the low energy
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TABLE 13.3

Similarities of a Few Selected Steric Properties between JH Mimic (IGR)
and the Analogs: A Few Selected Structural Parameters of JH-Mimic
and DEET Compounds

Dihedral Angle (°)

Bond Distance (A) Bond Angle (°) Cri-N-G-C
Cpy- or
Compound C,=O0  N-C, N-G; N-G,;=O GCgN-C, N-G,=O  Cy-N-C,-O
TH mimic 1241 1388 1442 127.8 119.1 23.0 -161.1
la 1247 1392 1447 120.8 119.5 2.6 179.9
Ib 1248 1393 1448 119.4 118.5 46 -178.6
Ic 1247 1393 1447 120.7 120.7 22 179.5
2a 1246 1387 1437 120.9 120.2 7.8 ~174.9
2b 1248 1387 1436 120.2 120.4 32 -176.9
2 1248 1388 1437 120.0 120.3 -32 -176.6
3a 1248 1384 1436 1214 122.2 8.1 -173.1
3b 1248 1385 1436 121.2 122.1 8.0 -173.2
3¢ 1248 1385 1436 121.3 122.2 8.1 -173.1
4a 1248 1384 1437 121.3 122.3 75 -173.5
4b 1247 1380 1437 121.3 122.8 7.0 -174.9
4c 1249 1384 1439 121.4 121.5 11.6 -173.5
Sa 1247 1396 1450 1205 119.7 -10.7 173.0
sb 1247 1391 1494 1206 119.7 -104 173.3
Sc 1248 1391 1492 120.2 119.7 -125 171.2

Source: Bhattacharjee, A.K. et al., J. Mol. Recognit., 13, 213, 2000.

conformers along with their corresponding Boltzmann population densities. The
lowest energy conformer ranges from 75.6% to 80% in population densities, whereas
the higher energy conformers were present in varying population densities ranging
from 6% to 0.05%, with energies greater than 5.0 kcal/mol from the lowest energy
conformer. In the lowest energy conformers, the amide moiety in both the JH mimic
and the DEET compounds [43,44] was planar and superimposable with each other
with the nonbonded distances, N::-:O and C=0---Cy,, within 0.1 A of each other
(Table 13.2).

The surface area and volume of the amide-containing portion of the JH mimic
and the DEET compounds showed significant similarity. The surface area contain-
ing the amide C,, O, N, and Cy, atoms of the JH mimic and the DEET compounds
ranged from 11.5 to 13.6 A2 (Table 13.3), respectively, whereas the calculated steric
bulk of this amide portion in JH mimic was 8.7 A3, and for the DEET compounds,
it was 8.3 A3. Because steric complementarity is a prerequisite for ligand—receptor
recognition, active biological agents with a common receptor binding site should
possess sterically similar binding surfaces [47]. This contribution reflects molecular
size and overall shape, features important to the steric complementarity of ligand at
the binding site [47]. Bond distances and angles of the amide moiety in DEET and its
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FIGURE 13.2 Superimposition of JH, JH mimic, and DEET to illustrate the steric similarity
of the pharmacophore. (From Bhattacharjee, A.K. et al., J. Mol. Recognit., 13, 213, 2000.)

analogs were also similar to those in the JH mimic (Table 13.3). The bond distances
of JH mimic, DEET, and DEET’s most repellent analogs were within 0.007 A of
each other. The bond angles and the dihedral angles differ from each other by up to
8° and 7° to about 19°, respectively, a reasonable variation keeping in mind the large
intrinsic differences in the geometry of the molecules.

13.4.1.2 Steric Properties of Natural JH

Conformational search calculations on the structure of natural JH molecule (where
R =methyl group) identified three conformers of significant abundance with a rela-
tively small energy difference of 3.9 kcal/mol between the maximum and the mini-
mum energy conformer. An energy barrier of 3.9 kcal/mol can easily be surmounted
in biological systems and statistically the distribution of all three conformers cannot
be ruled out. The ester moiety was observed to be flat in all the three conformers,
and the nonbonded distances O---O and C=0---Cy, were equal to 2.23 and 2.58 A,
respectively. The three conformers differed in the conformation of the alkyl chain
due to rotations about the single bonds [43,44]. Although JH has an epoxide moiety
at one end of the molecule, this functionality does not appear to be important for
growth regulator activity since mimics lacking this functionality are potent growth
inhibitors [12].

Thus, despite JH, JH mimic (IGR), and the DEET molecules having many
degrees of conformational freedom of their structure, the main bioactive conformer,
the ester, the carbamate moiety, and the amide group, were found to be superimpos-
able, clearly suggesting steric similarity between the molecules (Figure 13.2).
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13.4.2 ELECTRONIC PROPERTY ANALYSIS

13.4.2.1 Molecular Electrostatic Potential and Hydrophobic Properties

The electronic similarity analyses between JH, JH mimic (IGR), and DEET com-
pounds were primarily based on the analysis of electrostatic potential profiles,
molecular orbital, and hydrophobic properties of the common amide fragments.
Electrostatic potential is a very important experimentally determinable property of
a molecule, which can provide a wealth of information about its intrinsic reactivity.
Electrostatic potential surfaces that a molecule’s nuclei and electrons create in the
surrounding space have been well documented as key recognizable features that can
promote this type of recognition interactions between molecules at longer distances
[40]. Quantum chemical methods provide an accurate estimate of these properties.
The electrostatic potential profiles on the van der Waals surface and beyond the van
der Waals surface are believed to be the most important features responsible for
recognition interaction between an approaching molecule and its receptor at longer
distances of separation [48-52]. It is through this potential that a molecule recog-
nizes its receptor and accordingly promotes interaction between the complimentary
sites. Although JH mimic is more structurally similar to the DEET compounds than
the natural JH as JH has an ester rather than an amide moiety, the electrostatic char-
acteristics of the DEET compounds, JH, and the JH mimic were found to be similar
(Figures 13.3 through 13.5) and, therefore, likely to result in a similar recognition
interaction with the receptor to promote binding with the receptor. The electrostatic
characteristics include Mulliken charges, electrostatic potentials at the van der
Waals surface, dipole moment, and the profiles of electrostatic potential beyond the
van der Waals surface. This complementarity essentially means that the charge dis-
tribution of a substrate has to find its counterpart at the binding sites in order to allow
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-36.094

—60.000
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FIGURE 13.3 (See color insert.) MEP maps of JH, JH mimic, and DEET on the van der
Waals surface showing similarity of the single nucleophilic site and large area of hydrophobic
similarity.
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FIGURE 13.4 (See color insert.) MEP maps of JH and DEET-like compounds show-
ing electronic similarity of the carbonyl group. (From Bhattacharjee, A.K. et al., J. Mol.
Recognit., 13, 213, 2000.)

maximum interaction with the receptor [51]. It works like a magnet between them
and, thereby, contributes to the binding affinity. The calculated Mulliken charges
and the electrostatic potential at the amide atoms in JH mimic and DEET and its
analogs are presented in Table 13.4. The calculated charge densities on the amide
nitrogen atom and the C7 atom were found to be close between JH mimic and the
DEET compounds, keeping in mind the diverse nature of the substituents in other
parts of the molecules. The charge of the carbonyl oxygen atom of JH mimic was
—0.02 electrons more negative than for DEET and its analogs, whereas the negative
potential by the carbonyl oxygen atom, —73.2 kcal/mol, was within the same range as
calculated for DEET and its analogs, —73.1 to —77.3 kcal/mol (Table 13.4).

The carbonyl oxygen atom was also the site for the most negative potential, rep-
resented as the deepest red color (Figures 13.3 and 13.4) in DEET, its analogs, JH,
and JH mimic, suggesting the carbonyl oxygen atom to be the most nucleophilic site
in all the molecules as this site showed the maximum localized electron density.
Although the calculated dipole moment was somewhat lower in JH mimic than in
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FIGURE 13.5 MEP maps of JH, JH mimic, DEET, and DEET-like compounds beyond the
van der Waals surface (approximately 1.4 A away) showing similarity of the large extended
area by the carbonyl group as the common recognition feature. (From Bhattacharjee,
A.K.etal., J. Mol. Recognit., 13, 213, 2000.)

the DEET compounds, the dipole moment was pointing toward the carbonyl oxygen
atom in all the compounds. Thus, the carbonyl oxygen atom can be considered to be
the most reactive site in JH, JH mimic and the DEET compounds.

Conversely, the site for the most positive potential is the most electrophilic or
acidic because this site has the minimum electron density. In JH mimic, the most
positive potential was found to be located by the amide hydrogen atom with a
value of 37.3 kcal/mol, whereas in DEET and its analogs, it was scattered around
different hydrogen atoms in the molecules, in the range of 15.4-35.2 kcal/mol.
However, a large area on the molecular surface of JH, JH mimic, and DEET
showed weak electrostatic potentials (green-colored regions) ranging from —12.0
to 11.0 kcal/mol (Figures 13.3 and 13.4) indicating strong hydrophobic similar-
ity. This characteristic pattern was also observed on the molecular surface of
other DEET analogs (Figure 13.4). Large hydrophobic regions in the molecule
appeared to be necessary for both recognition as well as potent repellent activity.
Hydrophobic effects are the result of averaged electrostatic interaction of the mol-
ecule with its surroundings, solvent, and protein environment. Sites of nonpolar
or weakly polar region in different molecules tend to come together in order to
escape contact with water and to minimize the dehydration free energies [39].
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TABLE 13.4

Similarities of a Few Selected Electronic Properties between JH
Mimic (IGR) and the Analogs: Comparison of Dipole Moments,
Mulliken Charges (Electrons), and MEPs

C, Atom
Carbonyl O Atom  Amide N Atom .
Dipole
Compound  Charge MEP? Charge MEP> Charge Moment Debye
JH mimic -0.39 =732 -0.32 -37.3 0.38 2.02
la -0.35 -75.0 -0.33 =232 0.34 3.68
1b -0.37 -74.5 -0.33 =25.1 0.30 3.25
1c -0.36 =75.5 -0.33 -30.0 0.35 3.55
2a -0.35 -73.1 -0.33 -22.8 0.35 3.82
2b -0.36 -76.2 -0.34 -17.0 0.35 3.45
2¢c -0.37 =75.7 -0.34 -18.7 0.35 4.37
3a -0.36 =759 -0.37 -20.3 0.34 3.63
3b -0.37 -76.7 -0.37 -27.8 0.34 3.25
3c -0.36 -77.3 -0.37 -22.1 0.34 3.74
4a -0.36 -74.5 -0.37 -25.8 0.34 3.22
4b -0.37 =754 -0.38 -26.7 0.30 3.46
4c -0.37 =757 -0.35 -38.6 0.35 3.55
5a -0.35 -73.8 -0.31 -33.0 0.34 3.52
5b -0.35 -75.6 -0.31 -33.1 0.34 3.56
5c -0.36 =757 -0.32 -30.2 0.35 3.27

Source: Bhattacharjee, A.K. et al., J. Mol. Recognit., 13, 213, 2000.
2 Most negative electrostatic potential located by indicated atom expressed in kcal/mol
superimposed on the isodensity surface (0.002 e/au?) of the molecule

Thus, matching of the nonpolar regions of ligands and receptor sites gives a rea-
sonable measure of hydrophobic complementarity and represents the stabilization
of the enzyme-substrate or ligand—receptor complex. Polarity of a certain region
in the molecule can be regarded as proportional to the electrostatic field. A strong
electrostatic field of a molecule attracts molecules having large dipoles, such as
water, while the weak electrostatic field regions of the molecule do not attract
water molecules and are, therefore, hydrophobic [39,40]. Different approaches
have recently appeared to theoretically represent hydrophobic interactions in
terms of local solute—solvent electrostatics [52]. However, a simple assessment
of hydrophobic similarity may be carried out by determining the distribution of
charges or electrostatic potentials at different regions on the van der Waals surface
of the molecule. The observed low-dipole moments (<4 Debye) of JH mimic and
the DEET analogs also support the lipophilic nature of the compounds. Because
olfactory sensations of the insects require some degree of lipid solubility [26],
hydrophobicity or lipophilicity of the repellents is likely to be an important factor
for potent repellent activity.
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The profiles of electrostatic potential beyond the van der Waals surface at a con-
stant potential of —10.0 kcal/mol were also observed to be comparable with a large
negative potential region localized by the carbonyl moiety in JH, JH mimic, DEET,
and DEET analogs (Figure 13.5). The carbonyl oxygen atom of all the JH conform-
ers was the most nucleophilic site, being the most negative potential site on the van
der Waals surface in the molecule. It varied between —66.1 and —71.3 kcal/mol for
the maximum energy conformers. The electrostatic potential feature beyond the
van der Waals surface by the carbonyl oxygen atom of both JH and JH mimic was
observed to be similar to the DEET analogs as it had the largest —10 kcal/mol poten-
tial surface (Figure 13.5).

The electrostatic potentials of functional groups that are commonly found in
diphenylether and terpenoid JH mimics were found to be similar to each other.
This electrostatic bioisosterism had enabled an understanding of universality of
active structures and aided the design of new active analogs [48]. Therefore, the
observed electrostatic similarity between JH, JH mimic (IGR), and DEET analogs
was very significant as it clearly demonstrated electrostatic bioisosterism between
these compounds and, thus, provided a powerful template for design of novel
insect repellents.

In addition, another feature was noteworthy and that was the localized negative
potential region by the amide moiety in DEET and its analogs. The compounds
appeared to be qualitatively linked to their potent repellent activity, with the less
potent repellent compounds having a more extended and, therefore, more diffuse,
negative potential zone (Figure 13.5). It appeared that a more localized negative
potential region toward the amide group, as seen with JH mimic, was consistent
with higher protection times. Because of the similarity of negative potential profiles
at —10.0 kcal/mol, a long-range electrostatic bioisosterism would exist in these
molecules that would likely be responsible for repellent activity and should be useful
for design of this class of insect repellents.

13.4.2.2  Molecular Orbital Properties

The DEET compounds showed similar energy gaps between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) as
seen by the n values in Table 13.5, an index of intrinsic reactivity [53]. These 1 val-
ues indicated that the DEET compounds were nearly similar in intrinsic reactivity.
The energy of HOMO and LUMO orbitals plays a major role in governing chemical
reactions. The energy difference between the orbitals is known as the electronic
bandgap and is often responsible for the formation of many charge—transfer com-
plexes [53]. Table 13.5 shows a relatively constant E,,, with a large negative value
and a more variable and much smaller in magnitude E, ;,,o, implying a greater role
of LUMO or electron acceptor ability of the compounds than their electron-donating
power. Therefore, the electron transfer from a suitable receptor molecular orbital to
the LUMO of the DEET compounds, rather than a donation of electrons from the
DEET compounds, seemed a more plausible mechanism for the compounds.

The HOMO, LUMO, and reactivity index of JH range from —9.574 to —9.602 eV,
—0.038 to 0.025 eV, and 4.76 to 4.81 kcal/mol, respectively. The dipole moment of
the JH conformers varied from 1.83 to 4.45 Debye. Thus, clearly there exists an
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TABLE 13.5

Similarities of a Few Selected Electronic
Properties between JH Mimic (IGR)

and the Analogs: Comparison of HOMO
and LUMO Eigenvalues

Eigenvalues (eV)

Compound HOMO LUMO  n=(Eyuo—Enomo)/2

JH mimic -9.847 0.98 5.41
la -9.542 0.146 4.84
1b -9.555 1.514 5.53
lc -9.207 0.137 4.67
2a -9.589 -0.187 4.70
2b -9.518 0.027 4.77
2c -9.256 0.011 4.63
3a -9.854 -0.090 4.88
3b -9.274 -0.063 4.60
3c -9.599 -0.105 4.74
4a -9.593 -0.051 4.71
4b -9.889 1.536 5.71
4c -9.319 -0.047 4.63
Sa -9.514 0.111 4.81
5b -9.495 0.151 4.82
Sc -9.236 0.111 4.67

Source: Bhattacharjee, A.K. et al., J. Mol. Recognit., 13,
213, 2000.

electronic similarity between the natural JH molecule, the JH mimic, and the DEET
analogs that further strengthened the idea of electronic bioisosterism between the
molecules, suggesting a useful clue for designing new repellents.

13.4.3 CALCULATION OF STEREOELECTRONIC PROPERTIES

Computational calculations were performed using SPARTAN version 5.0 [54] run-
ning on a Silicon Graphics Octane workstation. Detailed conformational search cal-
culations of JH, JH mimic, and the DEET compounds were performed by multiple
rotations of single bonds in the compounds, thereby generating several low-energy
conformers with varying population densities. The most abundant and the lowest
energy conformers were identified. The geometry of these conformers was opti-
mized, and the electronic properties were calculated on the optimized geometry.
Geometry optimization and energy calculations were performed in the gas phase
state of the compounds using the semiempirical AM1 quantum chemical method
as implemented in SPARTAN. 3D MEP maps for all compounds were generated
using SPARTAN graphics [54] at the AMI1-optimized geometry of the molecules.
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The MEPs were sampled over the entire accessible surface of a molecule (corre-
sponding roughly to the van der Waals contact surface) and into space extending
beyond the molecular surface, providing a measure of charge distribution from the
point of view of an approaching reagent. The regions of negative potential indicate
areas of excess negative charges and, therefore, suitable attraction sites for the posi-
tively charged test probe or the nucleophilic site in the molecule. Conversely, the
regions of positive potential indicate areas of excess positive charges and, therefore,
suitable repulsion sites in the molecule for the positively charged test probe or the
electrophilic site in the molecule.

13.5 PHARMACOPHORE MODEL FOR ARTHROPOD
REPELLENT PROPERTY

Since JH, JH mimic, and DEET compounds showed the previously discussed ste-
reoelectronic similarities, particularly the electrostatic potential bioisosterism, we
continued our efforts to utilize these observations for discovery and design of new
insect repellents by developing a pharmacophore model. We utilized the 3D QSAR-
CATALYST methodology [55] on known structurally diverse insect repellent com-
pounds, including DEET to develop the model [45].

13.5.1 PHARMACOPHORE ANALYSIS

The generated chemical feature-based 3D pharmacophore for arthropod repellent
activity was found to contain two aliphatic hydrophobic functions, one aromatic
hydrophobic (aromatic ring) function and one hydrogen-bond acceptor function in
specific geometric locations surrounding the molecular space (Figure 13.6). This
implies that an arthropod repellent compound needs to have the aforementioned
physiochemical characteristics for potent activity.

Although the model was generated from only DEET and its analogs, it was found
to be consistent with the observed quantum chemically calculated stereoelectronic
properties of JH, JH mimic (IGR), and the DEET compounds. The large hydropho-
bic regions (weak electrostatic potentials) observed in JH, JH mimic, and DEET
compounds (Figure 13.3 through 13.5) clearly corroborate with the three hydropho-
bic functions of the model, and the hydrogen-bond acceptor feature corresponds to
the localized negative potential region (nucleophilic) by the carbonyl oxygen atom
in these molecules.

The pharmacophore model was generated by creating a training set of 11 structur-
ally diverse known arthropod repellent compounds (Chart 13.1) having a broad range
of repellent activities as shown in Table 13.6. The repellent activity of the 11 repellent
compounds in the training set that includes DEET covered a broad range of activity,
from an EDs of about 1 pg/cm? to about 50 mg/cm?.

Earlier reported [42-44] results of stereoelectronic properties of these com-
pounds provided guidance for selection of these physiochemical features. A plot
of the protection (repelling) time conferred by the compounds in the training set
and their predicted protection (repelling) time demonstrated a good correlation
(r=0.91) within the range of uncertainty 3, indicating the predictive power of the
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FIGURE 13.6 Pharmacophore model for insect repellent activity.

pharmacophore [45]. Using the model, we discovered several new compounds
through our in-house database searches to validate the predictive power of the phar-
macophore model [45,56-58]. All these compounds mapped the pharmacophore in
varying degrees [45,56]. To further examine the validity of the pharmacophore, we
mapped it onto an interesting literature reported compound, a novel 18-carbon acid,
isolated from samples of greasy gaur hair, which was found to have insect repellent
activity that can function both as a landing and feeding deterrent to the mosquitoes
[45,57]. Surprisingly, the pharmacophore mapped extremely well on this molecule
proving the consistency in the predictive power insect repellent activity of the model
(Figure 13.7).

For the database search, each compound in the database was converted into 3D
multiconformations and stored in the database. After screening, the down selection
of the identified compounds was carried out by evaluating the in silico ADME/tox-
icity properties and choosing only those compounds that have favorable properties.
ADME/toxicity evaluations were carried out by using Cerius2 [59] and TOPKAT
[60] methodologies. The procedures for compound identification and down selection
were carried out by generating several shape-based pharmacophore templates on
the potent analogs of the training set (Chart 13.1). This approach allowed addition
of steric attributes along with the pharmacophore features necessary for binding of
the repellents at the yet unknown target. Database searches based on this procedure
resulted in the identification of both similar and new compounds. Ultimately, we
were able to short-list four compounds that were found to exhibit remarkable repel-
lent activity fulfilling the important goals of an ideal repellent [45,56].
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CHART 13.1 Structure of 11 diverse arthropod repellent compounds for creating the
training set to develop the pharmacophore model. Names and repellent activities of these
compounds are shown in Table 13.6.
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CHART 13.1 (continued) Structure of 11 diverse arthropod repellent compounds for creat-
ing the training set to develop the pharmacophore model. Names and repellent activities of
these compounds are shown in Table 13.6.

13.5.2 METHODOLOGY FOR PHARMACOPHORE DEVELOPMENT

Pharmacophore development was performed using CATALYST version 4.8
software [55]. The algorithm treats molecular structures as templates composed of
chemical functions localized in space that will bind effectively with complementary
functions on the respective binding proteins. The most relevant biological features
are extracted from a small set of compounds that cover a broad range of activity [61].
This enables the use of structure and activity data for a set of lead compounds to
generate a pharmacophore characterizing the activity of the lead set. Structures of
the arthropod repellent compounds (Table 13.6) were edited within CATALYST and
energy minimized to the closest local minimum using the generalized CHARMM-
like force field as implemented in the program. Molecular flexibility was taken into
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TABLE 13.6
Names and Activity of the Repellents Used to Create the
Training Set for Pharmacophore Development

Compound Name Repellent Activity (in h of PT?)
1 DEET (N,N-diethyl-m-toluamide) 1.0
2 N,N-Diethyl-2-ethoxybenzamide 0.5
3 N,N-Dipropyl-2-benzyloxyacetate 0.5
4 1-Butyl-4-methylcarbostyril 2.0
5 N,N-Dipropyl-2-ethoxybenzamide 0.3
6 2-Butyl-2-ethyl-1,3-propanediol 1.7
7 1,3-Bisbutoxymethyl-2-imidazol 0.6
8 N,N-Diethyl-2-chlorobenzamide 1.2
9 Hexachlorophenol 0.2

10 1,3-Propanediolmonobenzoate 7.5

11 Diisobutylmalate 2.5

Source: Bhattacharjee, A.K. and Gupta, R.K., J. Am. Mosq. Control Assoc., 21, 23,
2005.

2 PT is protection time in hours afforded by the repellent compounds. Nulliparous
female A. aegypti mosquitoes (red-eye Liverpool strain) were used [64]. These were
laboratory-reared and maintained at 28°C and 80% RH under a photoperiod of 12:12
(L:D) h using standard mosquito-rearing procedures [67,70].

account by considering each compound as an ensemble of conformers representing
different accessible areas in a 3D space. The “best searching procedure” was applied
to select representative conformers within 10 kcal/mol of the global minimum [62].

Conformational models of the training set of 11 repellents (Table 13.6) were
generated that emphasize representative coverage within a range of permissible
Boltzmann population with significant abundance (within 10.0 kcal/mol) of the cal-
culated global minimum. This conformational model was used for pharmacophore
generation to identify the best 3D arrangement of chemical functions, such as hydro-
phobic regions, hydrogen-bond donor, hydrogen-bond acceptor, and positively and/or
negatively ionizable sites, distributed over a 3D space explaining the activity varia-
tions among the training set. The hydrogen-bonding features were vectors, whereas
all other functions were points.

Details of the pharmacophore model generation were reported earlier [45].
Briefly, the model was developed by setting the default parameters in the automatic
generation procedure in CATALYST [55] such as function weight 0.302, mapping
coefficient 0, resolution 260 pm, and activity uncertainty 3. An uncertainty “A”
indicates an activity value lying somewhere in the interval from “activity divided by
A” to “activity multiplied by A.” The statistical relevance of the obtained pharma-
cophore was assessed on the basis of the cost relative to the null hypothesis and the
correlation coefficient [35,55]. The pharmacophores were then used to estimate the
activities of the training set and were derived from the best conformation generation
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FIGURE13.7 Mappingofthe pharmacophoreonto5-[5-(1-hydroxy-nonyl)-tetrahydro-furan-
2-yl]-pentanoic acid (a compound recently reported in the C & E News [57]) having repellent
property in order to further cross validate the pharmacophore model.

model of the conformers displaying the smallest root-mean-square (RMS) deviations
when projected onto the pharmacophore [45].

13.6 DESIGN, SYNTHESIS, AND EVALUATION
OF NEW REPELLENTS

The aforementioned pharmacophore model provided a powerful template to design
new repellents. From the feature characteristics of the model, the hydrogen-bond
acceptor feature adjacent to an aromatic ring appeared significant. In addition,
an aliphatic group (of different chain lengths) extending from the hydrogen-bond
acceptor appeared to be necessary for repellent activity. This chain length could
be modified to increase or decrease volatility and to affect the duration of repellent
efficacy. Together, we organized the structural requirements of an insect repellent
and hypothesized that three-substituted furans to have insect repellent properties
as furans have a hydrogen-bond acceptor adjacent to the aromatic furan ring at the
three-position with an aliphatic chain extending from it. The hydrogen-bond acceptor
feature requirement was satisfied by an ether, ketone, or ester moiety in the furans.
Indeed, the furans are known to have insect repellent properties [25-27]. Although
the aliphatic chain length could be varied to obtain an overall molecular weight
ranging from 182 to 251 g/mol, this would also vary the boiling point from as low as
180°C and to as high as 275°C.
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9 (Furan-3-carboxylic acid 2-methyl-pentyl ester) 2-ethyl-hexyl ester)

CHART 13.2 Structure of 10 new candidate repellents designed from the pharmacophore
model and custom synthesis. (Repellent activities of these compounds are shown in Table 13.7).

Based on the aforementioned design strategy, 10 new candidate repellents
(Chart 13.2) were custom synthesized [63]. Brief methods of synthesis of the com-
pounds have been described in Appendix 13.A.1. These repellents include ethers,
esters, and ketones. The compounds were as follows: 1 (3-furylmethyl octyl ether),
2 (3-furylmethyl-5-hexenyl ether), 3 (3-furyl-heptyl ketone), 4 (3-furyl-(3-ethyl)
pentyl ketone), 5 (3-furyl-undecyl ketone), 6 (furan-3-carboxylic acid dodecyl ester),
7 (furan-3-carboxylic acid octyl ester), 8 (furan-3-carboxylic acid decyl ester),
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TABLE 13.7

In Vitro Repellency of DEET and 10 Newly Synthesized

Repellents against A. aegypti (mg/cm?)

Repellents ED;,? ED,;" R? Ge
DEET 0.017+0.027-0.036 0.129+0.184-0.337 0.99 0.09
1 0.035+0.047-0.060 0.203+0.326-0.775 0.99 0.1
2 0.041+0.063-0.10 0.197+£0.415-3.42 0.97 0.25
3 0.000034+0.001 0.083+0.131-0.400 0.97 0.28
4 0.021+£0.032-0.042 0.082+0.109-0.170 0.98 0.11
5 0.046+0.055-0.067 0.390+0.639-1.39 0.99 0.05
6 0.019+0.032-0.043 0.082+0.113-0.195 0.98 0.14
7 0.012+0.023-0.033 0.080+0.110-0.187 0.98 0.14
8 0.029+0.034-0.038 0.240+0.303-0.410 0.99 0.02
9 0.047+0.052-0.057 0.329+0.411-0.541 0.99 0.01
10 0.023+0.0502-0.092  0.090+0.164-1.49 0.95 0.43

Sources: Dheranetra, W. et al.,, Comparative study of four membranes for
evaluation of new insect/arthropod repellents using Aedes aegypti, in
Arthropod Borne Viral Infections—Current Status and Research, D.
Raghunath and C. Durga Rao, eds., The Eighth Sir Dorabji Tata
Symposium, Tata McGRAW Hill Publishing Company Ltd, New Delhi,
India, pp. 418-424, 2008.

2 EDy, is the concentration required to repel 50% of the mosquito population.

b ED,; is the concentration required to repel 95% of the mosquito population.

¢ G is probability indicating the statistical confidence for the model. The median

effective dose to repel 50% of the mosquito test population was calculated by
the method of Goldstein (chemical sensitivity levels calculated from the dose—
response regression equation) for single curves with graded responses [70].
Significant differences were then determined by comparing the 95% confi-
dence level among effective doses. Statistical differences between the four
membranes compared using a one-way analysis of variance (ANOVA) [64].

9 (furan-3-carboxylic acid 2-methyl-pentyl ester), and 10 (furan-3-carboxylic acid
2-ethyl-hexyl ester) (Chart 13.2). The repellent activity (EDs, and ED, values) of
these 10 compounds is shown in Table 13.7 and the in vitro method for evaluation of
repellency [64] is presented in Appendix 13.A.2.

Inspection of Table 13.7 indicates that five of the ten repellent compounds—3
(3-furyl-heptyl ketone), 4 (3-furyl-(3-ethyl)pentyl ketone), 6 (furan-3-carboxylic acid
dodecyl ester), 7 (furan-3-carboxylic acid octyl ester), and 10 (furan-3-carboxylic
acid 2-ethyl-hexyl ester)—exhibited superior repellency compared to DEET.
Candidate repellent compound 3 (3-furyl-heptyl ketone) provided the best repellent
activity using the in vitro test system (Table 13.7). Although compound 3 showed
the best efficacy, there was no significant difference of repellent activity observed in
compound 4, 6, 7, and 10. The repellent efficacy of these compounds was found to be
either better or equal to DEET, suggesting the predictive power of the pharmacophore
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model. However, repellency potential of three other compounds—2 (3-furylmethyl-
5-hexenyl ether), 5 (3-furyl-undecyl ketone), and 9 (furan-3-carboxylic acid 2-methyl-
pentyl ester)—was less than DEET.

The pharmacophore mappings onto the 10 new candidate repellents are shown
in Figure 13.8a and b. Mapping of all the features (one hydrogen-bond acceptor
site, two aliphatic sites, and one aromatic ring site) of the pharmacophore in the 10
aforementioned custom-designed compounds and their observed repellent activity,
thus, validated the potential of the model. In addition, the experimental EDy, values
indicated the predictive power of the pharmacophore for design and selection of new
repellent compounds. Thus, in summary, the study validated our in silico approaches
starting from stereoelectronic analysis of JH, JH mimic (IGR), and DEET analogs
to the development of a pharmacophore model, discovery of new repellents through
database searches, and design for custom synthesis of new compounds to have
repellent activity an in vitro test system.

13.7 IMPORTANCE OF THE APPROACH

Thus far, no known literature has been reported where the design and custom synthesis
of insect repellents have been presented rationalizing the stereoelectronic proper-
ties and pharmacophore development from the electrostatic bioisosterism similarity
analysis of JH, JH mimics (IGRs), and DEET analogs. Prerequisite for developing
a reliable model for insect repellent property is the correlation of reproducible
biological activity to structural information of known repellent compounds. The
conformational model of known repellents generated by using the quantum chemi-
cal methods enabled us to develop the best 3D arrangement of chemical functions
that in turn allowed the pharmacophore development to predict repellent activities.
The generated model not only allowed search and identification of novel repellents
from compound databases but also assisted in the design for custom synthesis of new
repellent compounds.

13.8 CONCLUSIONS

The chapter provides details of how analysis of in silico stereoelectronic properties
of JH, JH mimic (IGR), and DEET repellents established an electrostatic bioisoster-
ism between the compounds and how those observations could be utilized for gen-
eration of a 3D pharmacophore model for arthropod repellent activity. Furthermore,
this chapter describes how the pharmacophore model was used for search of the
in-house Walter Reed Army Institute of Research Chemical Information System
(WRAIR-CIS) database [58] to identify new repellent candidates [45] and for design
and custom synthesis of novel repellents [63,64]. Majority of the newly synthesized
compounds showed efficacy to be either better or equal to DEET in the in vitro test
system, demonstrating the predictive power of the pharmacophore model.

The comparative analysis of stereoelectronic properties of DEET compounds with
JH mimic (IGR) and JH unraveled three important molecular-level information, spe-
cifically, (1) an amide moiety on one end of the molecule, which contains a charge
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FIGURE 13.8 (a) Mapping of the pharmacophore onto the newly synthesized repellents
(1-5). (b) Mapping of the pharmacophore onto the newly synthesized repellents (6-—10).
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separation between the oxygen and nitrogen atoms to facilitate a strong electronic
interaction with the receptor; (2) electrostatic similarity to JH or its mimic molecules
(IGRs); and (3) a large weakly charged region to facilitate optimum hydrophobic inter-
action with the receptor, which may be a long-chain hydrocarbon and need not be an
aromatic ring. Thus, the study not only established the remarkable electrostatic bioiso-
sterism between the JH, its mimic (IGR), and the DEET repellents but also provided an
important insight about the probable mode of action of insect repellent activity.

Moreover, the stereoelectronic guidance led to the development of a model whose
validity extended to structurally different classes of compounds and thereby pro-
vided a powerful template for future identification of novel arthropod repellent can-
didates. Because the identity of target for arthropod repellent activity still remains
uncertain, the in silico approaches presented in this chapter should be useful for
design of well-tolerated, target-specific arthropod repellents and could be a great
benefit for synthetic efforts of better repellents for practical use. However, possible
pitfalls for designing potent repellents based on these criteria may not be ruled out
if the designed molecules are either too volatile or insufficiently volatile with substi-
tuted derivatives too bulky for fitting into the receptor site.

Although discovery and development of arthropod repellent is a long and con-
tinuous endeavor, in silico technologies can undoubtedly help in reducing the rap-
idly increasing costs for discovery of new chemical entities (NCEs). Furthermore,
since understanding the molecular basis of repellent action is expanding in different
frontiers and is likely to continue unabated, the in silico modeling techniques are
uniquely positioned to maximize the usefulness of molecular-level information for
discovery and development of new arthropod repellents.

13.A  APPENDIX

13.A.1 BRIEr PROCEDURE FOR SYNTHESIS OF THE NEW REPELLENTS

Details of synthesis of the newly designed repellents were presented earlier [63].
However, the design procedure of repellents from the pharmacophore model and a
few outlines of the synthesis are briefly described here. From our generated pharma-
cophore model [44], it was obvious that a hydrogen-bond acceptor feature adjacent to
an aromatic ring would be necessary along with an aliphatic group (of different chain
lengths) extending from the hydrogen-bond acceptor for repellent activity. Thus, we
organized the structural requirements accordingly and hypothesized three-substituted
furans to have insect repellent properties as furans have a hydrogen-bond acceptor
adjacent to the furan ring (aromatic) at the three-position with an aliphatic chain
extending from it. Furthermore, the hydrogen-bond acceptor group could also be found
by an ether, ester, or a ketone moiety and the chain length could be modified to increase
or decrease volatility and to affect the duration of repellent efficacy. From these con-
siderations, three-substituted furans with oxygen functionality were predicted to have
intrinsic repellency properties and literature survey revealed that three-substituted
furans have arthropod repellent properties [25-27]. Accordingly, the three-substituted
furans with derivatives of ethers, esters, and ketones were synthesized and different
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synthetic pathways were followed. The development of the synthetic pathway, explana-
tion of the synthetic mechanism, selection of starting materials, and synthesis of each
class is briefly described in the appropriate sections as follows.

13.A.1.1  Ethers

The ethers were synthesized using the classic organic reaction, the Williamson ether
synthesis. The reaction involved the deprotonation of an alcohol with sodium hydride,
followed by nucleophilic attack on an alkyl halide or alkyl sulfonate by the oxide
anion produced. This reaction proceeded via an Sy2 mechanism. The Williamson
synthesis was chosen because of the available starting material, 3-furan methanol
[63]. A general overall reaction may be visualized as shown in the following:

/ OH o g NaH, THF o/\R
| " / | + NatBr-
R represents an alkyl group 65°C
[0}

[¢]

Or more elaborately,

H
Oj‘k H, evolution © o
/ | ©H / O Na 65°C
N THF solvent | >
@a Brj\ R
° o

13.A.1.2 Esters

The esters were synthesized following the synthetic method developed by Mitsunobu
[63]. The reaction is a condensation of an alcohol and an acidic component (carbox-
ylic acid), requiring the use of triphenyl phosphine (PPh;) and an alkyl diazocarbox-
ylate. The reaction proceeds with inversion of configuration at the alcohol. According
to the pharmacophore model, structure of the new repellents would require the ester
group to be attached to the furan ring at the C3 carbon. To accomplish this, the mech-
anism (described as follows) required that the starting material of the furan compo-
nent be acidic. Accordingly, the starting material selected was 3-furoic acid. Thus,
the general scheme for the reaction to form esters [60] may be depicted as follows:

R
0 R o
DIAD, PPh; .
OH e, —_— S R
/ | L H T J | 0 |
0
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13.A.1.3 Ketones

The ketone derivatives of the repellents were synthesized from a p-ketoester following a
two-step synthetic procedure involving deprotonation of the a-hydrogen followed by the
conjugation of an alkyl chain (acetoacetic ester synthesis) and then a -decarboxylation.
The reaction was known earlier, but a mechanistic study was published by Kluger and
others in 1986 [65]. The overall reaction scheme is shown as follows:

0] 0]
1. NaOEt, iPrOH

/ | S 5 g 2.NaOH -

3.H;0%, heat

J | R
(0]

The first set of steps involved alkylation of the o-carbon of the f-ketoester in an
acetoacetic acid ester synthesis. The second set of steps involved the basic hydrolysis
of the ester followed by decarboxylation [65].

13.A.2 IN ViTRo METHOD FOR EVALUATION OF REPELLENT ACTIVITY

An in vitro bioassay system for evaluation of repellent efficacy was developed and
reported earlier [64]. The salient features of the procedure are briefly described here.
The newly synthesized compounds were tested for repellent efficacy against anophe-
les A. aegypti using an in vitro blood feeding system following the literature procedure
[66]. The in vitro test system provided an estimate of the amount of repellent that must
be applied to produce a given level of effectiveness against an arthropod test population
[67]. Mosquitoes were reared under standardized conditions and held in a cage at 27°C
and 75% relative humidity until testing [68]. This test system consisted of a mosquito
blood feeder, a constant-temperature water circulator, and a specially designed cage.
The mosquito blood feeder contained five circular blood reservoirs, each of which was
filled with outdated human blood and covered with the candidate repellent-treated
Baudruche membrane. To start with, the repellents were diluted in ethanol to provide
concentrations of 0.02, 0.04, 0.08, and 0.16 mg/cm?. The test materials, including the
control, were applied on the membrane at random. Then 250 female mosquitoes (aged
5-15 days) were admitted to the blood reservoirs on a “free choice” basis by way of a
sliding door in the floor of the test cage [69]. The number of mosquitoes probing and
feeding on each well was noted at 2 min intervals. The test was terminated at the end
of 20 min. The test results were the totals of 10 feeding counts. The effective dose was
then calculated from a probit analysis of the feeding count obtained in the respective
tests. The statistical distribution of tested chemical sensitivity levels within the strain
of A. aegypti was calculated from the dose—response regression equation [70].



In Silico Stereoelectronic Profile and Pharmacophore Similarity 343

ACKNOWLEDGMENTS

Material has been reviewed by the WRAIR. There is no objection to its presentation
and/or publication. The opinions or assertions contained herein are the private views
of the author and are not to be construed as official or reflecting true views of the
Department of the Army or the Department of Defense.

REFERENCES

1.
2.

10.

11.

12.

13.

14.

15.

16.

D. Brewste, The story of mankind’s deadliest foe, Bio. Med. J. 323 (2001), pp. 289-290.
B.F. Eldridge and J.D. Edman (eds), Medical Entomology: A Textbook on Public Health
and Veterinary Problems Caused by Arthropods, Kluwer Academic Press, Dordrecht,
the Netherlands, 2000.

. World Malaria Report (2009), World Health Organization, Geneva, Switzerland.

Available at http://malaria.who.int/whosis/whostat/EN_WHS09_Full.pdf (accessed 13
February 2009)

. G. Koren, D. Matsui, and B. Bailey, DEET-based insect repellents: Safety implica-

tions for children and pregnant and lactating women, Can. Med. Assoc. J. 169 (2003),
pp. 209-212.

. AW. Olmstead and G.A. LeBlanc, Insecticidal juvenile hormone analogs stimulate

the production of male offspring in the crustacean Daphnia magna, Environ. Health
Perspect. 111 (2003), pp. 919-924.

. M.J. Klowden, Endocrine aspects of mosquito reproduction, Arch. Insect Biochem.

Physiol. 35 (1997), pp. 491-512.

. Y.P.Li, S. Hernandez-Martinez, G.C. Unnithan, R. Feyereisen, and F.G. Noriega, Activity

of the corpora allata of adult female Aedes aegypti: Effects of mating and feeding, Insect
Biochem. Mol. Biol. 33 (2003), pp. 1307-1315.

. K.G. Davey, Do thyroid hormones function in insects? Insect Biochem. Mol. Biol.

30 (2000), pp. 877-884.

. A.H. Nakayama, A. Iwamura, Y. Niwa, Y. Nakagawa and T. Fujita, Development of

insect juvenile hormone active oxime o-ethers and carbamates, J. Agric. Food Chem.
33 (1985), pp. 1034-1041.

B.J. Bergot, G.C. Jamieson, M.A. Ratcliff, and D.A. Schooley, JH zero: New naturally
occurring insect juvenile hormone from developing embryos of the tobacco hornworm,
Science 210 (1980), pp. 336-338.

K.J. Judy, D.A. Schooley, L.L. Dunham, M.S. Hall, B.J. Bergot, and J.B. Siddall,
Isolation, structure, and absolute configuration of new natural insect juvenile hormone
from Manduca sexta, Proc. Natl. Acad. Sci. USA 70 (1973), pp. 1509-1513.

A. Nakayama and W.G. Richards, A quantum chemical study of insect juvenile hormone
mimics: The active conformation and the electrostatic similarities. Quant. Struct. Act.
Relat. 6 (1987), pp. 153-157.

R.W. Meola and J. Readio, Juvenile hormone regulation of the second biting cycle in
Culex pipiens, J. Insect Physiol. 33 (1987), pp. 751-754.

R.W. Meola and R.S. Petralia, Juvenile induction of biting behavior in Culex mosqui-
toes, Science 209 (1980), pp. 1548-1550.

B.K. Tyagi, M. Kalyanasundaram, P.K. Das, and N. Somachary, Evaluation of a new
compound (VCRC/INS/A-23) with juvenile hormone activity against mosquito vectors,
Indian J. Med. Res. 82 (1985), pp. 9-13.

B.K. Tyagi, N. Somachari, V. Vasuki, and P.K. Das, Evaluation of three formulations of
a chitin synthesis inhibitor (fenoxycarb) against mosquito vectors, Indian J. Med. Res.
85 (1987), pp. 161-167.



344

17

18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Juvenile Hormones and Juvenoids

. D. Amalraj and P.K. Das, Estimation of predation by the larvae of Toxorhynchites
splendens on the aquatic stages of Aedes aegypti, Southeast Asian J. Trop. Med. Public
Health 29 (1998), pp. 177-183.

. V. Vasuki, Role of Insect Growth Regulators in Vector Control, Proceedings of 2nd

Symposium on Vector —Borne Diseases, Trivandrum, Kerala, 1988, pp. 204-218.

D.H. Ross, P. Cohle, P.R. Blase, J.B. Bussard, and K. Neufeld, Effects of the insect

growth regulator (S)-methoprene on the early life stages of the fathead minnow

Pimephales promelas in a flow through laboratory system, J. Am. Mosquito Control

Assoc. 10 (1994), pp. 211-221.

D.H. Ross, D. Judy, B. Jacobson, and R. Howell, Methoprene concentrations in fresh-

water microcosms treated with sustained-release Altosid formulations, J. Am. Mosquito

Control Assoc. 10 (1994), pp. 202-210.

S.A. Ritchie, M. Asnicar, and B.H. Kay, Acute and sublethal effects of (S)-methoprene on

some Australian mosquitoes, J. Am. Mosquito Control Assoc. 13 (1997), pp. 153-155.

A.E. Pinkney, P.C. McGowan, D.R. Murph, T.P. Lowe, D.W. Sparling, and

L.C. Ferrington, Effects of mosquito larvicides temephos and methoprene on insect

populations in experimental ponds, Environ. Toxicol. Chem. 19 (2000), pp. 678—684.

N.E. Beckage, K.M. Marion, W.E. Walton, M.C. Wirth, and EF. Tan, Comparative

larvicidal toxicities of three ecdysone against on the mosquitoes Aedes aegypti, Culex

quinquefasciatus, and Anopheles gambiae, Arch. Insect Biochem. Physiol. 57 (2004),

pp. 111-122.

D. Amalraj, V. Vasuki, M. Kalyanasundaram, B.K. Tyagi, and P.K. Das, Laboratory

and field evaluation of three insect growth regulators against mosquito vectors, Indian

J. Med. Res. 87 (1988), pp. 24-31.

W.A. Skinner and H.L. Johnson, The design of insect repellents, Drug Design 10 (1980),

pp. 277-302.

E.T. McCabe, W.F. Barthel, S.I. Gertler, and S.A. Hall, Insect repellents. IIl. N,N-

diethylamides, J. Org. Chem. 19 (1954), pp. 493-498.

H.L. Johnson, W.A. Skinner, H.I. Maibach, and T.R. Pearson, Repellent activity and

physical properties of ring-substituted N,N-diethylbenzamides, J. Econ. Entomol. 60

(1967), pp. 173-176.

S.B. Mclver, A model for the mechanism of action of the repellent DEET on Aedes

Aegypti (Diptera: Culicidae), J. Med. Entomol. 18 (1981), pp. 357-361.

S.S. Rao and K.M. Rao, Insect repellent N,N-diethylphenylacetamide: An update,

J. Med. Entomol. 28 (1991), pp. 303-306.

LM. Kapetanovic, Computer-aided drug discovery and development (CADDD): In

silico-chemico-biological approach, Chem. Biol. Interact. 171 (2008), pp. 165-176.

D. Janseen, The power of prediction, Drug Discov. (2002), p. 38.

B.L. Podlogar, I. Muegge, and L.J. Brice, Computational methods to estimate drug

development parameters, Curr. Opin. Drug Discov. 12 (2001), pp. 102-109.

H. Kubinyi, Success stories of computer-aided design, in Computer Applications

in Pharmaceutical Research and Development, S. Ekins and B. Wang, eds., Wiley-

Interscience, Hoboken, NJ, 2006, pp. 377—424.

O. Dror, A. Shulman-Peleg, R. Nussinov, and H.J. Wolfso, Predicting molecular inter-

actions in silico: 1. A guide to pharmacophore identification and its applications to drug

design, Curr. Med. Chem. 11 (2004), pp. 71-90.

O.F. Giiner, Manual pharmacophore generation: Visual pattern recognition, in

Pharmacophore, Perception, Development, and Use in Drug Design, O.F. Giiner,

ed., University International Line (IUL Biotechnology Series), San Diego, CA, 2000,

pp-17-20.

A.R. Leach, V.J. Gillet, R.A. Lewis, and R. Taylor, Three-dimensional pharmacophore

methods in drug discovery, J. Med. Chem. 53 (2010), pp. 539-558.



In Silico Stereoelectronic Profile and Pharmacophore Similarity 345

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.
54.
55.
56.

57.
58.

A.K. Bhattacharjee and J.M. Karle, Molecular electronic properties of a series of
4-quinolinecarbinolamines define antimalarial activity profile, J. Med. Chem. 39
(1996), pp. 4622-4629.

J. Mestres, D.C. Rohrer, and G.M. Maggiora, MIMIC: A molecular-field matching pro-
gram: Exploiting applicability of molecular similarity approaches, J. Comput. Chem.
18 (1997), pp. 934-954.

G. Naray-Szabo and T. Balogh, Viewpoint 7—The average molecular electrostatic field
as a QSAR descriptor. Part 4. Hydrophobicity scales for amino acid residues, J. Mol.
Struct. (Theochem.) 284 (1993), pp. 243-248.

T. Balogh and G. Naray-Szabo, Application of the average molecular electrostatic field in
quantitative structure-activity relationships, Croat. Chem. Acta. 66 (1993), pp. 129-140.
A.R. Leach, Molecular Modelling, Principles and Applications, A.-W. Longman Ltd.,
Essex CM20 2JE, England, U.K., 1998.

D. Ma, A K. Bhattacharjee, R.K. Gupta, and J.M. Karle, Predicting mosquito repellent
potency of N,N-diethyl-m-toluamide (DEET) analogs from molecular electronic proper-
ties, Am. J. Trop. Med. Hyg. 60 (1999), pp. 1-6.

A K. Bhattacharjee, R.K. Gupta, D. Ma, and J.M. Karle, Molecular similarity analysis
between insect juvenile hormone and N, N-diethyl-m-toluamide (DEET) analogs may
aid design of novel insect repellents, J. Mol. Recognit. 13 (2000), pp. 213-220.

A.K. Bhattacharjee and R.K. Gupta, Analysis of molecular stereo-electronic similar-
ity between N,N-diethyl-m-toluamide (DEET) analogs and insect juvenile hormone to
develop a model pharmacophore for insect repellent activity, J. Am. Mosq. Control
Assoc. 21 (2005), pp. 23-29.

A K. Bhattacharjee, W. Dheranetra, D.A. Nichols, and R.K. Gupta, 3D pharmacophore
model for insect repellent activity and discovery of new repellent candidates, QSAR
Comb. Sci. 24 (2005), pp. 593-602.

M. Randic and G. Krilov, On characterization of molecular surfaces, Int. J. Quant.
Chem. 65 (1997), pp. 1065-1076.

P.G. Mezey, Shape in Chemistry: An Introduction to Molecular Shape and Topology,
VCH, New York, 1993.

A.M. Richard, Quantitative comparison of molecular electrostatic potentials for
structure-activity studies, J. Compt. Chem. 12 (1991), pp. 959-969.

A.C. Good, S.S. So, and W.G. Richards, Structure-activity relationships from molecular
similarity matrices, J. Med. Chem. 36 (1993), pp. 433—436.

J. Avery, A model for biological specificity, Int. J. Quant. Chem. 26 (1984),
pp. 843-855.

J.S. Murray, B.A. Zilles, K. Jayasuriya, and P. Politzer, Comparative analysis of the
electrostatic potentials of dibenzofuran and some dibenzo-p-dioxins, J. Am. Chem. Soc.
108 (1986), pp. 915-918.

R.G.A. Bone and H.O. Villar, Discriminating DI and D2 agonists with a hydrophobic
similarity index, J. Mol. Graph. 13 (1995), pp. 201-208.

R.G. Pearson, The principle of maximum hardness, Acc. Chem. Res. 26 (1993),
pp- 250-255.

SPARTAN SGI Version 5.1.2., SPARTAN user’s manual, version 5.0., Wavefunction,
Inc., Irvine, CA, 1998; software available at http://www.wavefunction.com
CATALYST Version 4.8 software, Accelrys Inc., San Diego, CA, 2003; software
available at http://www.accelrys.com

R.K. Gupta, D. Ma, and A.K. Bhattacharjee, U.S. Patent: US7897162, 2011.

J.E. Oliver and K.S. Patterson, Wild ox Bugs Mosquitoes, C. & E. News, 2003, p. 49.
The Chemical Information System, Division of experimental therapeutics, Walter
Reed Army Institute of Research, 503 Robert Grant Avenue, Silver Spring, MD,
pp- 20910-7500.



346

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Juvenile Hormones and Juvenoids

Cerius? 4.9, Accelrys Inc., San Diego, CA, 2003; software available at http://www.
accelrys.com

TOPKAT 6.1, Accelrys Inc., San Diego, CA, 2003; software available at http://www.
accelrys.com

M. Grigorov, A OSAR study of the antimalarial activity of some synthetic 1,2,4-trioxanes,
J. Chem. Inf. Comput. Sci. 35 (1995), pp. 285-304.

P.A. Greenridge and J. Weiser, A comparison of methods for pharmacophore gener-
ation with the catalyst software and their use for 3D-QSAR: Application to a set of
4-aminopyridine thrombin inhibitors, Mini Rev. Med. Chem. 1 (2001), pp. 79-87.

B.T. Mott, Synthesis of 3-subsituted furans as novel insect repellents, M.S. Thesis,
George Mason University, Fairfax, VA, 2003.

W. Dheranetra, K.L. Lawrence, J.P. Benante, M.A. Potter, K.R. Chauhan, N. Bathini,
C.E. White, B. Mott, D.A. Nichols, A.K. Bhattacharjee, and R.K. Gupta, Comparative
study of four membranes for evaluation of new insect/arthropod repellents using
Aedes aegypti, in Arthropod Borne Viral Infections—Current Status and Research,
D. Raghunath and C. Durga Rao, eds., The Eighth Sir Dorabji Tata Symposium, Tata
McGRAW Hill Publishing Company Ltd, New Delhi, India, 2008, pp. 418-424.

R. Kluger and M.J. Brandl, Acetoacetic ester condensation, J. Org. Chem. 51 (1986),
pp- 3964.

M. Debboun, D. Strickman, T.A. Klein, J.A. Glass, E. Wylie, E. Laughinghouse, R.A.
Writz and R.K. Gupta, Laboratory evaluation of AI13-37220, AI3-35765, CIC-4, and
DEET repellents against three species of mosquitoes, J. Am. Mosq. Control Assoc. 15
(1999), pp. 342-347.

L.M. Rueda, L.C. Rutledge, and R.K. Gupta, Effect of skin abrasions on the efficacy of the
repellent deet against Aedes aegypti, J. Am. Mosq. Control Assoc. 14 (1998), pp. 178-182.
E.J. Gerberg, D.R. Barnard, and R.A. Ward, Manual for mosquito rearing and experi-
mental techniques, Am. Mosq. Control Assoc. (1994), Bull. No. 5.

L.C. Rutledge, M.A. Moussa, and C.J. Belletti, An in vitro blood feeding system for
quantitative testing of mosquito repellents, Mosq. News 24 (1976), pp. 407-419.

A. Goldstein, Biostatistics: An Introductory Text, Macmillan, New York, 1964.


http://www.accelrys.com
http://www.accelrys.com

14 Use of Multicriteria
Analysis for Selecting
Candidate Insecticides
for Vector Control

James Devillers, Laurent Lagadic, Ohri Yamada,
Frédéric Darriet, Robert Delorme, Xavier Deparis,
Jean-Philippe Jaeg, Christophe Lagneau,

Bruno Lapied, Francoise Quiniou, and

André Yébakima

CONTENTS
ADSITACE ...ttt ettt e et e et e et e e e et e e e ette e e ateeeereeeeaeas 348
KEYWOTAS ..ottt 348
14.1 INtrOAUCHION ...evviiieiiecetie e e et ete e et e e eree e eaneas 348
14.2 Materials and MethOds ...........cccuiiiiiiieiiii e 351
14.2.1 List of INSECHCIAES ......cevveieieieeeiieeeee e 351
14.2.2 Multicriteria ANalysis.......ccccoeeeririerienienieeiese et 352
14.2.3 Selection of the Criteria and Their Modalities ..............ccceeeeverennn.n. 358
14.2.3.1 TOXICItY Criterial...cceereeruerieiiieieniieienteeieeieeie e eaeas 358
14.2.3.2 EcotoXiCity CIIteria.....cccerverrerrerreneeeeieeeeeeeeeeereneseesnenes 359
14.2.3.3 Exposure and Environmental Fate Criteria ....................... 361
14.2.4 Selection of the Hierarchies............ccccooooviiiiiiiieiiiiciiececeeeeeeeee 363
T4.3 RESUILS...oooiiiiieeeie e e e et e et e e e are e e eree e eaneas 364
14.3.1 LarviCides .....ocoouvieieeiiieeeee e e 364
14.3.2 AdUICIACS ..o e et 370
144 DISCUSSION ....eeiuiiieeiiiee et e et e eetee et e et e e et e e eeaeeeeetteeeeteeeeteeeeeseeeeeareeeeaneas 372
14.5 CONCIUSIONS .....cuviiieeiieeetiee et ettt e et e et e e e e et e e et e e e taeeeeareeeeannas 376
ACKNOWIEAZMENES........eitiiiiiiieieieee ettt ettt e 376
RETEIEICES ...ttt e et e e e e eaeas 376

347



348 Juvenile Hormones and Juvenoids

ABSTRACT

The SIRIS multicriteria analysis was applied to 129 insecticides to identify
those which could be potentially used as larvicides and/or adulticides in
vector control against mosquitoes. Their selection was made without a
priori restrictions, even on the basis of criteria of toxicity or regulatory
interdictions. The unique condition was that they had to be already marketed.
Each insecticide was described by six toxicity/ecotoxicity criteria and five
exposure/environmental fate criteria identified as important by a panel of
experts with complementary skills. A scenario for the larvicides and another
one for the aldulticides were considered. The toxicity/ecotoxicity criteria were
ranked differently in the two scenarios while the same hierarchy was used in
both scenarios for the exposure/environmental fate criteria. In addition, only
114 substances were considered for the adulticide scenario because some
insecticides can only be used as larvicides on mosquitoes. Each insecticide
being characterized by two SIRIS scores, one score value per hierarchy,
a map was designed for each scenario. The substances located in the left
bottom part of each map are the most interesting because they present
low SIRIS score values on both the Toxicity/Ecotoxicity and Exposure/
Environmental fate scales. Their interest as potential candidates in vector
control was discussed. Nevertheless, the need to complete this multicriteria
identification by a full risk assessment study is a necessary condition before
their use.

KEYWORDS

Multicriteria analysis, SIRIS method, Vector control, Mosquitoes, Insecticide
selection, Biocides, French regulation

14.1 INTRODUCTION

Since the past decades, there has been a significant recrudescence of several vector-
borne diseases (VBDs) worldwide. VBDs are emerging or resurging as a result of
insecticide resistance, genetic modifications in pathogens, climate changes, societal
behaviors, and/or changes in public health policy [1].

Dengue fever, which is caused by Flaviviridae viruses transmitted by Aedes
aegypti and Aedes albopictus, is endemic in Africa, Asia, Caribbean, and Latin
America [2]. In Europe, except a massive outbreak in Greece at the end of the 1920s
[3,4], the continent was spared till the 1970s. Then, the ever growing development
of international trade exchanges has favored both the expansion of the distribution
area of the Aedes [5] and the importation of contaminated travelers inside Europe
[2,6]. The situation has been exactly the same with the chikungunya fever, which is
also transmitted to humans through the bite of virus-infected mosquitoes [7,8]. To
date, cases of autochthonous dengue and chikungunya fevers have been diagnosed in
south European countries, including metropolitan France [9,10].
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There is no vaccine available for protecting the human and animal populations
against these viruses, and the prevention relies entirely on personal protection and
mosquito control.

To date, vector control is mainly made through the use of insecticides despite
their potential adverse effects on the biota.

In the early 2000s, implementation of the European Directive 98/8/EC [11] has
yielded the obligation for manufacturers to perform and submit to the European
Commission a complete toxicological, ecotoxicological, and biological evaluation
of all substances and biocidal products marketed in Europe, especially those
intended for public health. These substances include insecticides, acaricides, and
other compounds used to fight against arthropods as well as the insecticides used for
mosquito control.

The cost of such an approach and its requirements in terms of safety to the
humans and the environment, which reflect societal demands in terms of hazard and
risk, are so important that biocides, although effective, but which do not fit these
demands, are not supported and, hence, are withdrawn from the market. However,
if the withdrawal of existing products is not followed by the introduction of biocides
showing more favorable (eco)toxicological profiles, this will undoubtedly lead to
the reduction of the range of molecules available and suitable for vector control.
This situation is particularly annoying because the alternate use of insecticides is
necessary to have a more effective vector control action. In addition, this is the best
strategy to reduce the phenomena of resistance to insecticides.

Currently, in France, vector control is made almost exclusively with Bacillus
thuringiensis subspecies israelensis (Bti) and deltamethrin to fight larvae and adults
of mosquitoes, respectively. Unfortunately, cases of resistance to organophosphorus
and pyrethroids have been observed [12—-14]. In the same way, resistance to Bti toxins
has been evidenced in strains of mosquitoes reared in laboratory [15,16]. These
resistances decrease the toxicity of the substances against the targeted organisms
and, as a result, reduce the efficacy of the treatment campaigns.

The search for alternatives to insecticides used today can be focused either on the
development of new molecules more selective against the mosquitoes or on the use
of molecules already marketed for other usages, such as in agriculture or veterinary
medicine, standing the fact to be able to develop formulations suited for vector
control.

The first strategy mainly relies on the use of quantitative structure—activity
relationship (QSAR) models aiming to relate the physicochemical properties and/or
structural characteristics of the molecules to their activity by means of a linear or
nonlinear statistical method in order to design a computational device able to predict
the activity of unsynthesized molecules. Then, on the basis of the prediction, a
chemist can decide which molecules to go ahead and make [17]. Thus, for example,
genetic function approximation with linear and spline options was used by Begum
et al. [18] for deriving a QSAR model on chalcone derivatives tested for mosquito
larvicidal activity against the third instar larvae of Culex quinquefasciatus and
described by various spatial, electronic, and physicochemical parameters. QSAR
models were developed [19] using different series of organotins tested for their
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larvicidal activities against A. aegypti and Anopheles stephensi mosquito larvae.
The most important descriptors for encoding toxicity were the hydrophobic ()
and the Hammett electronic (c+) parameters of the substituents. A data set of 304
chemicals with their juvenile hormone activity tested on Culex pipiens larvae was
used for deriving QSAR models from different statistical approaches. Chemicals
were described by various descriptors encoding topological and physicochemical
information [20].

Besides these in silico approaches, collective expertise analyses are also
commonly undertaken to evaluate whether molecules already marketed for specific
usages could be used in vector control. Thus, in 2006, Afsset (French Agency for
Environmental and Occupational Health Safety) conducted a collective expertise to
identify potential substitutes to Bti and deltamethrin. On the basis of an extensive
bibliographical investigation performed by Institute of Research and Development
(IRD) [21] and discussions between experts, pyriproxyfen and spinosad were
proposed as potential larvicides, while pyrethrin and naled were identified as
potential adulticides [22,23]. Naled was later excluded due to its human toxicity [24].

Similar works have been also made by groups of experts and international
organizations. Thus, the Global Collaboration for Development of Pesticides
for Public Health (GCDPP) established by World Health Organization Pesticide
Evaluation Scheme (WHOPES) [25] provides an international forum for the
exchange of information and ideas between application equipment manufacturers,
governmental agencies, organizations, universities, and research institutions on issues
related to the development and use of pesticides within the context of disease control
strategies [26]. The International Public Health Pesticides Workshop (IPHPW)
identifies new approaches, processes, and implementation strategies that could
lead to development and approval of new public health pest control tools [27]. The
Innovative Vector Control Consortium (IVCC) has developed a project of screening
of existing chemical libraries for identifying potential vector control insecticides. The
most interesting compounds will be used to direct analogue synthesis to optimize
their activity against adult mosquitoes while minimizing their potential toxicity [28].

To our knowledge, all these interesting initiatives are not based on the use of
statistical tools to rationalize the selection of potential insecticides to vector control.
In this context, an attempt was made to use a multicriteria analysis (MCA) [29] to
help in the ranking of insecticides potentially interesting in vector control. Indeed,
the identification of such insecticides requires to account for various information,
expressed in a qualitative or quantitative way by experts with complementary skills.
This must lead to a decision resulting from the optimal use of all available information
and knowledge at a given time. Multicriteria methods are particularly suited to
provide a rational and structured help to the stakeholders in their decision making.
These techniques have been developed specifically to solve problems involving
quantitative, semiquantitative, and/or qualitative criteria within a decision-making
process. Reaching an agreement between experts on the relative importance of
different criteria can obviously be a complex and difficult task. MCA can help in
assessing the relative importance of all the criteria selected by experts and reflects
this importance in the final decision process. Multicriteria methods allow us to
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incorporate at best the views of the experts involved in the analysis. Each expert
gives his/her own opinion and contributes in a distinct and identifiable way in the
search of an optimal solution, which can be subject to changes. Indeed, multicriteria
methods are tools that facilitate dialogue between experts and between experts and
decision makers, allowing to test new hypotheses in an easy and transparent way,
add constraints, and so on [29-31]. Consequently, MCA has found applications in
numerous domains including disease control program evaluations [32,33] and the
hazard and risk assessment of chemicals [34—36]. In this chapter, an MCA was used
for selecting candidate insecticides for vector control on the basis of criteria selected
by a group of experts and dealing with their toxicity, ecotoxicity, exposure, and
environmental fate.

14.2 MATERIALS AND METHODS

14.2.1  List OF INSECTICIDES

The first job of the expert group consisted in establishing a broad list of potential
insecticides. No a priori restrictions were made even on the basis of criteria of toxicity
or regulatory interdictions. The unique condition was to be already marketed. This
means that all the insecticides in development were excluded.

Since 1995, WHOPES [25] collects data on the insecticides used in vector control
within the UN member states. The fourth and latest edition of these statistics was
published in 2009 and covers the period 2006-2007. WHOPES has also published
lists of recommended insecticides for indoor residual spraying, spatial nebulization,
treatment of breeding sites, and treatment of mosquito nets. The insecticides
belonging to these lists were selected in priority.

The authorization of usage of the vector control insecticides in France is subject
to the European regulation on biocides. Consequently, the active substances
that were authorized or under evaluation as PT18 (insecticides, acaricides, and
products to control other arthropods) in October 2010 were also considered. In
the same way, all the active substances identified as insecticides in the European
phytosanitary legislation were selected whatever their status in September 2010.
One of the populations that consumes large amounts of vector control insecticides is
the U.S. military troop during its operations in tropical areas. Information on these
insecticides being available on the Armed Forces Pest Management Board (AFPMB)
website [37], this source of information was also considered.

The last way, which was interesting to consider for gathering potential insec-
ticides for vector control, was the Internet resources dealing with the human and
veterinary antiparasitic drugs. Investigations were conducted as part of the work
of the Observatory on Pesticide Residues (ORP) [38], especially regarding the
effort to develop a protocol to better characterize population exposure to pesticides.
Information was mainly retrieved from the WHO Collaborating Centre for Drug
Statistics Methodology database [39], the EudraPharm European database [40], and
the online Vidal dictionary [41] including the external antiparasitic drugs used in
dermatology and the systemic antiparasitic drugs used in infectiology/parasitology.
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Regarding the veterinary antiparasitic drugs (livestock and pets) certified for sale in
France, the ANMYV [42] and the EudraPharm European database [40] were investi-
gated, targeting only on the chemicals for external use.

The previously mentioned sources of information allowed us to establish a first
list of 338 active substances.

To remove the active substances a priori ineffective against mosquitoes, a first
screening based on their effectiveness was performed. An active substance was
considered to be potentially effective against mosquitoes when, at least, it was
described as effective on dipterans, if not on mosquitoes, or when it was or had been
already used in vector control.

As previously indicated, the insecticides recommended by WHOPES [25] and
those reported by this organization as being used worldwide have been immediately
considered as effective.

The other active substances were reviewed one by one in order to exclude those
that did not satisfy either of the following criteria:

» Usage against dipterans claimed in the biocide European regulatory dossier
available on the Communication & Information Resource Administrator
(CIRCA) website [43].

» Usage against dipterans authorized in the e-phy database [44] of the French
Ministry of Agriculture.

» Usage against dipterans authorized in the ACTA index [45].

o Effects on dipterans indicated in the Pesticide Manual [46].

» Existence of publications reporting studies of effectiveness against
mosquitoes. It is important to note that due to time constraints, no systematic
literature investigations were performed. Only the main papers identified
by the experts were considered.

These different constraints allowed us to reduce the list of active substances from
338 to 129 (Table 14.1).

14.2.2 MULTICRITERIA ANALYSIS

Because the system of integration of risk with interaction of scores (SIRIS) method
has clearly shown its interest and potentialities in environmental and occupational
toxicology [34-36], it was used in this study. Briefly, the method needs first to
select the number of criteria (variables) necessary to correctly describe the studied
phenomenon. Obviously, this number depends on the complexity of the problem.
The more complex the problem, the larger the number of variables it is necessary to
consider, at least in a first step. Indeed, in all the modeling processes, it is preferable
to optimize the number of variables because their number should not be multiplied
needlessly (parsimony principle).

The selected variables, which can be qualitative or quantitative, are then
transformed into modalities coded as favorable (f) or unfavorable (d) or as favorable (f),
moderately favorable (m), or unfavorable (d). If need be, it is possible to define more
modalities. The threshold limits are generally determined from expert judgments.
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TABLE 14.1

List of Insecticides with Their CAS Registry Number, Chemical Family,
Indication on Their Use in Vector Control, Recommendation in WHOPES,
and Efficacy against Mosquitoes, Studied or Claimed

Efficacy
Vector against
No. Name CAS RN Family Control 'WHOPES Mosquitoes
1 Diflubenzuron 35367-38-5  Benzoylurea Yes Yes Yes
2 Triflumuron 64628-44-0  Benzoylurea Yes Yes Yes
3 Bendiocarb 22781-23-3  Carbamate Yes Yes Yes
4 Bs (Bacillus na* Microorganism Yes Yes Yes
sphaericus str. 2362)
5 Bti(Bacillus na Microorganism Yes Yes Yes
thuringiensis sp.
israelensis, str.
SA3A, AM65-52)
6  Alpha-cypermethrin 52315-07-8  Pyrethroid Yes Yes Yes
7  Bifenthrin 82657-04-3  Pyrethroid Yes Yes Yes
8  Cyfluthrin 68359-37-5  Pyrethroid Yes Yes Yes
9  Cypermethrin 52315-07-8  Pyrethroid Yes Yes Yes
10 Cyphenothrin 39515-40-7  Pyrethroid Yes Yes Yes
11 Deltamethrin 52918-63-5  Pyrethroid Yes Yes Yes
12 p-Phenothrin 26002-80-2  Pyrethroid apNo® No Yes
(sumithrin)
13 Etofenprox 80844-07-1  Pyrethroid Yes Yes Yes
14  Lambda-cyhalothrin =~ 91465-08-6  Pyrethroid Yes Yes Yes
15 Permethrin 52645-53-1  Pyrethroid Yes Yes Yes
16  Pyriproxyfen 95737-68-1  Juvenoid Yes Yes Yes
17 Spinosad 131929-60-7  Spinosyn Yes Yes Yes
18  Novaluron 116714-46-6 Benzoylurea Yes Yes Yes
19 Propoxur 114-26-1 Carbamate Yes Yes Yes
20  Methoprene 40596-69-8  Juvenoid Yes Yes Yes
21  DDT 50-29-3 Organochlorine Yes Yes Yes
22 Chlorpyrifos 2921-88-2 Organophosphorus ~ Yes Yes Yes
23 Chlorpyrifos-methyl ~ 5598-13-0 Organophosphorus  Yes No Yes
24 Diazinon 333-41-5 Organophosphorus  Yes No Yes
25  Fenitrothion 122-14-5 Organophosphorus  Yes Yes Yes
26 Fenthion 55-38-9 Organophosphorus  Yes Yes Yes
27  Malathion 121-75-5 Organophosphorus  Yes Yes Yes
28  Pirimiphos-methyl 29232-93-7  Organophosphorus  Yes Yes Yes
29  Temephos 3383-96-8 Organophosphorus  Yes Yes Yes
30  Bioresmethrin 28434-01-7  Pyrethroid apNo Yes Yes
31 d,d-trans- na Pyrethroid apNo Yes Yes
Cyphenothrin
32 Resmethrin 10453-86-8  Pyrethroid apNo Yes Yes

(continued)
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TABLE 14.1 (continued)

List of Insecticides with Their CAS Registry Number, Chemical Family,
Indication on Their Use in Vector Control, Recommendation in WHOPES,
and Efficacy against Mosquitoes, Studied or Claimed

Efficacy
Vector against

No. Name CAS RN Family Control 'WHOPES Mosquitoes
33 Chlorfenapyr 122453-73-0  Arylpyrrole apNo No Yes
34 Abamectin 71751-41-2  Avermectin apNo No apYes©
35  Hexaflumuron 86479-06-3  Benzoylurea apNo No Yes
36  S-Methoprene 65733-16-6  Juvenoid Yes Yes Yes
37  Acetamiprid 135410-20-7 Neonicotinoid apNo No Yes
38  Clothianidin 210880-92-5 Neonicotinoid apNo No Yes
39 Imidacloprid 138261-41-3  Neonicotinoid apNo No Yes
40  Thiamethoxam 153719-23-4  Neonicotinoid apNo No Yes
41  Azamethiphos 35575-96-3  Organophosphorus  apNo No Yes
42 Dichlorvos 62-73-7 Organophosphorus  apNo No Yes
43 Naled 300-76-5 Organophosphorus  Yes No Yes
44 Piperonyl butoxide 51-03-6 Synergist Yes No Yes
45  Indoxacarb 173584-44-6 Oxadiazine apNo No Yes
46  Fipronil 120068-37-3  Phenyl pyrazole apNo No Yes
47  Pyrethrins 8003-34-7 Natural pyrethrin Yes No Yes
48  d-Allethrin na Pyrethroid apNo No Yes
49  d-Tetramethrin 1166-46-7 Pyrethroid apNo No Yes
50  Empenthrin 54406-48-3  Pyrethroid apNo No Yes
51  Esbiothrin 84030-86-4  Pyrethroid apNo No Yes
52 Esfenvalerate 66230-04-4  Pyrethroid apNo No Yes
53 Imiprothrin 72963-72-5  Pyrethroid apN No apY
54 Metofluthrin 240494-70-6  Pyrethroid apN No Yes
55  Prallethrin 23031-36-9  Pyrethroid apN No Yes
56  Tetramethrin 7696-12-0 Pyrethroid apN No Yes
57  Transfluthrin 118712-89-3  Pyrethroid apN No Yes
58  Cyromazine 66215-27-8  Growth regulator apN No Yes
59  Chlorantraniliprole 500008-45-7  Anthranilic apN No apY
60  Teflubenzuron 83121-18-0  Benzoylurea apN No Yes
61  Formetanate 22259-30-9  Carbamate apN No apY
62  Methiocarb 2032-65-7 Carbamate apN No apY
63  Methomyl 16752-77-5  Carbamate apN No apY
64  Thiacloprid 111988-49-9  Neonicotinoid apNo No apY
65  Dimethoate 60-51-5 Organophosphorus  apNo No apY
66  Ethoprophos 13194-48-4  Organophosphorus  apNo No apY
67  Phosmet 732-11-6 Organophosphorus ~ apNo No apY
68  Metaflumizone 139968-49-3  Semicarbazone apNo No apY
69  Beta-cyfluthrin 68359-37-5  Pyrethroid apN No apY
70  Gamma-cyhalothrin 76703-62-3  Pyrethroid apN No apY

71  Zeta-cypermethrin 52315-07-8  Pyrethroid apN No apY
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TABLE 14.1 (continued)
List of Insecticides with Their CAS Registry Number, Chemical Family,
Indication on Their Use in Vector Control, Recommendation in WHOPES,
and Efficacy against Mosquitoes, Studied or Claimed
Efficacy
Vector against
No. Name CAS RN Family Control 'WHOPES Mosquitoes
72 Spinetoram 187166-40-1 Spinosyn apN No apY
187166-15-0
73 Fenoxycarb 79127-80-3  Juvenoid apN No Yes
74  Hydroprene 41205-09-8  Juvenoid apN No apY
41096-46-2
75  Lindane 58-89-9 Organochlorine apN No Yes
76 Coumaphos 56-72-4 Organophosphorus  apNo No apY
77  Phoxim 14816-18-3  Organophosphorus  apNo No apY
78  Propetamphos 31218-83-4  Organophosphorus  apNo No Yes
79 Allethrin 584-79-2 Pyrethroid apNo No Yes
80  Bioallethrin (d-trans ~ 260359-57-7 Pyrethroid apNo No Yes
allethrin)
81  Cyhalothrin 68085-85-8  Pyrethroid apNo No apY
82  Esdepallethrin 28434-00-6  Pyrethroid apNo No Yes
(S-bioallethrin)
83  Fenvalerate 51630-58-1  Pyrethroid apNo No apY
84 Phenothrin 26002-80-2  Pyrethroid apNo No Yes
85  Tau-fluvalinate 102851-06-9  Pyrethroid apNo No apY
86  Dicyclanil 112636-83-6  Growth regulator apN No apY
87  Pyraclofos 77458-01-6  Organophosphorus  apNo No apY
88  Azadirachtin 11141-17-6 ~ Growth regulator apN No Yes
89  Aldicarb 116-06-3 Carbamate apN No apY
90  Benfuracarb 82560-54-1  Carbamate apN No apY
91  Carbofuran 1563-66-2 Carbamate apN No apY
92  Carbosulfan 55285-14-8  Carbamate apN No Yes
93  Chlordane 57-74-9 Organochlorine apN No apY
94  Dinotefuran 165252-70-0 Neonicotinoid apNo No Yes
95  Nitenpyram 150824-47-8 Neonicotinoid apNo No apY
96  Endosulfan 115-29-7 Organochlorine apN No apY
97  Methoxychlor 72-43-5 Organochlorine apN No apY
98  Azinphos-methyl 86-50-0 Organophosphorus  apNo No apY
99  Chlorfenvinphos 470-90-6 Organophosphorus  apNo No apY
100  Cyanophos 2636-26-2 Organophosphorus  apNo No Yes
101  Ethion (diethion) 563-12-2 Organophosphorus  apNo No apY
102 Fonofos 944-22-9 Organophosphorus  apNo No apY
103  Heptenophos 23560-59-0  Organophosphorus  apNo No apY
104  Mecarbam 2595-54-2 Organophosphorus  apNo No apY
105 Omethoate 1113-02-6 Organophosphorus  apNo No apY

(continued)
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TABLE 14.1 (continued)

List of Insecticides with Their CAS Registry Number, Chemical Family,
Indication on Their Use in Vector Control, Recommendation in WHOPES,
and Efficacy against Mosquitoes, Studied or Claimed

Efficacy
Vector against
No. Name CAS RN Family Control 'WHOPES Mosquitoes
106  Phenthoate 2597-03-7 Organophosphorus ~ apNo No Yes
107  Phorate 298-02-2 Organophosphorus  apNo No apY
108  Phosphamidon 13171-21-6 ~ Organophosphorus ~ apNo No apY
109  Pirimiphos-ethyl 23505-41-1  Organophosphorus  Yes No Yes
110  Pyridaphenthion 119-12-0 Organophosphorus ~ apNo No apY
111  Quinalphos 13593-03-8  Organophosphorus  apNo No apY
112 Sulfotep 3689-24-5 Organophosphorus  apNo No apY
113 Tebupirimfos 96182-53-5  Organophosphorus  apNo No apY
114  Terbufos 13071-79-9  Organophosphorus  apNo No apY
115  Trichlorfon 52-68-6 Organophosphorus ~ apNo No apY
116  Bromophos-ethyl 4824-78-6 Organophosphorus  apNo No apY
117  Dichlofenthion 97-17-6 Organophosphorus  apNo No apY
118 Fenchlorphos 299-84-3 Organophosphorus ~ apNo No apY
119 Formothion 2540-82-1 Organophosphorus ~ apNo No apY
120  Iodofenphos 18181-70-9  Organophosphorus  apNo No Yes
121  Ethiprole 181587-01-9  Phenyl pyrazole apNo No ApY
122 Beta-cypermethrin 65731-84-2  Pyrethroid apNo No Yes
123 Cycloprothrin 63935-38-6  Pyrethroid apNo No apY
124 Fenpropathrin 39515-41-8  Pyrethroid apNo No apY
64257-84-7

125 Flucythrinate 70124-77-5  Pyrethroid apNo No apY
126  Kadethrin 58769-20-3  Pyrethroid apNo No Yes
127  Silafluofen 105024-66-6  Pyrethroid apNo No apY
128  Tefluthrin 79538-32-2  Pyrethroid apNo No apY
129  Tralomethrin 66841-25-6  Pyrethroid apNo No Yes

2 Not applicable.
b g priori no.
¢ a priori yes.

The variables are ranked according to their relative importance. Indeed, it is obvious
that in a multicriteria decision system, all the selected variables do not have the
same importance with respect to the final decision. In other words, they do not
have the same weight. When facing this kind of situation, it is of common use to
introduce coefficients in the calculation procedure to modify the final weight of
some variables. This strategy suffers from a lack of transparency and is too rigid.
In SIRIS, the variables are ranked by the decreasing order of importance and this
order will have an impact on the results. It is noteworthy that two variables can have
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the same importance. Last, a min/max scale of scores is calculated according to
specific incremental rules, which have been extensively described elsewhere [34].
An illustrative example of calculation is given in Figure 14.1.

In this study, two different categories of criteria were considered, namely, those
characterizing the toxicity and ecotoxicity of the insecticides and criteria describing
their exposure and environmental fate. Both types of criteria, and their corresponding
modalities, are described in the next section.
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FIGURE 14.1 Scale of SIRIS scores calculated for a system at three criteria (C1, C2, C3)
presenting three modalities and with C1> C2> C3.
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14.2.3  SeLecTiON OF THE CRITERIA AND THEIR MODALITIES

14.2.3.1 Toxicity Criteria

The operators are primarily exposed to vector control treatments. The exposure,
which is predominantly dermal and respiratory, is common, especially during
epidemics. The general population is also exposed to vector control insecticides
during the treatments (dermal and respiratory routes) and to the residues after
them, by dermal contact and possibly oral ingestion. As a result, there is a need
to characterize the toxicity of the vector control insecticides by all these routes of
exposure. This is a complex task requiring to take into account various in vitro
and in vivo assays encoding different phenomena. In addition, it is noteworthy that
extrinsic parameters, such as the formulation or the route of exposure, also intervene
in the toxicity response. In this study, three representative and important toxicity
endpoints were selected. They are described in the following.

14.2.3.1.1  Oral Lethal Dose 50% in Rats

The lethal dose 50% (LDs) is a standard measure of acute toxicity in regulatory
dossiers for chemicals. It is the amount of a substance that will kill half of the sample
population of a specific test animal, usually rats or mice, in a specified period of
time through single exposure via ingestion, skin contact, or injection. An LD, value
is measured in micrograms (or milligrams) of the material per kilogram of the test
animal’s body weight; the lower the amount, the more toxic the substance [47].
This endpoint is suited to compare and rank chemicals. The threshold values for
delineating the three modalities were selected in such a way to have balanced
classes. The LDs, values were classified as unfavorable, moderately favorable, or
favorable if they were <100, >100 but <2000, >2000 mg/kg, respectively. It is
worth noting that the upper limit (2000 mg/kg) represents the limit for classification
of substances according to the European regulation 1272/2008 and European
Directive 67/548/EEC [48]. The LD, values were mainly extracted from the
Footprint Pesticide Properties Database (FOOTPRINT PPDB) [49].

14.2.3.1.2 Carcinogenicity

The phenomenon of carcinogenesis involves the formation of neoplastic lesions
induced by chemical substances. Most cancers (>90%) arise from epithelial tissues,
such as the inside lining of the lung or prostate. These are called carcinomas
and usually affect older people. Sarcomas are tumors arising from mesenchymal
tissues such as bone or connective tissue. They occur in young people as well as in
adults and comprise less than 1% of all cancers. If the human data, coming from
epidemiological studies, are of invaluable value for determining the carcinogenicity
of a substance, their number is unfortunately too limited. As a result, in vivo tests on
rats and mice are used in the frame of the regulation of chemicals.

The Carcinogenic Potency Database (CPDB) [50] was investigated to collect
insecticides identified as carcinogens or noncarcinogens from rat and mouse
laboratory test results. Data on both genders were collected when available. Data
gathering was also made from Devillers et al. [51], who compiled a large amount of
results from original publications.
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A chemical was considered as carcinogenic (unfavorable) if at least a positive
rodent test result was obtained regardless of species and of gender. Conversely,
to be classified as noncarcinogenic (favorable), the laboratory test results of a
chemical had to be negative on rats and mice of both sexes. These rules were
always used except for Bs and Bti that were directly classified as noncarcinogenic
because their carcinogenic potential was considered unlikely in view of their
mechanism of action.

14.2.3.1.3  Endocrine Disruption Potential

Endocrine disruptors refer to chemicals, either natural or man-made, which can
alter the structure or function(s) of the endocrine system of humans and/or wildlife,
and can cause adverse effects to an organism, its progeny, and/or a (sub)population
[52,53]. The endocrine system, which operates through different glands and their
messengers (hormones), controls pivotal physiological functions in metazoans
(e.g., homeostasis, reproduction, development). The hormones need to bind to
compatible receptors for initiating specific responses. These receptors, belonging
to the nuclear receptor superfamily, include receptors for hydrophobic molecules
such as steroid hormones (e.g., estrogens, androgens, progesterone, glucocorticoids,
mineralocorticoids, vitamin D3), retinoic acids (all-trans, 9-cis isoforms), thyroid
hormones, fatty acids, leukotrienes, and prostaglandins [54]. The cognate ligand for
each receptor is generally dependent on the supply of a dietary for its synthesis,
for example, iodine and tyrosine for thyroid hormone [54]. This means that the
holistic study of endocrine disruption effects needs to consider a huge number of
phenomena, which are, in addition, very often interrelated [55]. Among all these
possible effects, the action on sex hormone receptors is the best (or least bad) known.
These effects are mainly measured through the use of in vitro gene reporter screening
tests [S6—60]. Such results, extracted directly from the original papers (e.g., [56—60])
or retrieved from databases [49,61,62], were used to characterize the endocrine
disruption potential of the 129 insecticides (Table 14.1). Insecticides providing
negative results in the in vitro tests and indicated as nonendocrine disruptors in the
databases were classified favorably. Otherwise, they were classified unfavorable for
this criterion. Note that in case of missing data, the insecticide was considered as
endocrine disruptor (unfavorable).

14.2.3.2 Ecotoxicity Criteria

Exposure of the environmental compartments depends on the type of treatment
(larvicide or adulticide) and its location (indoor, urban, or rural). As a result,
exposure of nontarget organisms depends on the dose and modes of application of
the insecticides as well as their environmental fate. Indoor treatments do not expose
the environmental compartments, except in case of incidental contamination.
Only the operators and the residents of the treated homes are exposed. Conversely,
the adulticide and larvicide treatments, in urban or rural areas, induce exposure of
the different environmental compartments. Hazard assessment of vector control
insecticides has to be made from the use of normalized tests. In this study,
one terrestrial and two aquatic tests were selected. They are described in the
following subsections.
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14.2.3.2.1 Median Oral and Contact Lethal Dose (LDs,) in Honey Bees

Honey bees (Apis mellifera) are beneficial arthropods playing a key role in poll-
inating wild and crop plants. They actively participate in the maintenance of
the biodiversity in the terrestrial ecosystems. As a result, whenever honey bees
are likely to be exposed to chemical plant protection products, during or after
treatments, laboratory toxicity tests are requested by the regulatory authorities. In
these laboratory tests, pesticides are administered by oral and contact routes to
represent the different types of exposure under field conditions, and the mortality
is recorded after 24 or 48 h of exposure in order to determine an LDs, value [63].
Indeed, absorption through the bee’s integument is the basis for contact toxicity.
The physicochemical properties of a pesticide and especially its formulation are
largely responsible for the relative hazard related to this mode of entry into the bee.
Ingestion of contaminated pollen and nectar offers yet another route of entry. The
alimentary tract may become altered or paralyzed, making feeding impossible, or
the bee’s gut may cease to function [64]. Oral and contact LDy, values were mainly
collected in FOOTPRINT PPDB [49]. When both LDs, values were available, the
most toxic was selected to determine the modality.

The threshold limits selected for the SIRIS analysis were determined to be, at
best, in agreement with the regulations of chemicals but also to ensure the balance of
the three classes considered. They were the following:

Favorable: LD;,>1 pug/bee
Moderately favorable: <1 ng/bee LD, >0.01 pug/bee
Unfavorable: LDs, <0.01 ng/bee

It is important to note that while the determination of the oral and contact LDy,
values of insecticides is a regulatory request, in practice, this is not enough to fully
assess the adverse effects of pesticides to bees. Indeed, sublethal effects have to be
considered [65,66]. Thus, for example, while the juvenile hormone mimics pyriproxy-
fen (#16 in Table 14.1), methoprene (#20), S-methoprene (#36), fenoxycarb (#73),
and hydroprene (#74) were considered as nontoxic against bees (favorable), adverse
effects on their development have been observed [67—69].

14.2.3.2.2 Median Effective Concentration (EC,,) in the Water Flea

The water flea, Daphnia magna, plays a key ecological role in surface waters being
an efficient herbivore and aiding in the transfer of energy from autotrophs to the
top of the food web [70,71]. Consequently, this small freshwater organism, easy
to rear, is used worldwide for estimating the aquatic toxicity of chemicals [72,73].
Briefly, young daphnids (<24 h) are exposed to a range of concentrations of the
test substance (five concentrations) for a period of 48 h. The immobilization is
recorded at 24 and 48 h and compared to control values obtained under the same
experimental conditions. The results are used to calculate a 48 h median effective
concentration (ECy;) value. The ECs, values for the 129 insecticides listed in Table
14.1 were mainly collected in FOOTPRINT PPDB [49]. The threshold limits
selected for the SIRIS analysis were determined to be, at best, in agreement with
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the regulations of chemicals but also to ensure the balance of the three classes con-
sidered. They were the following:

Favorable: EC;, > 1 mg/L
Moderately favorable: <1 mg/L ECy, > 0.01 mg/L
Unfavorable: EC;, <0.01 mg/L

14.2.3.2.3 Median Lethal Concentration (LCs,) in Fish

Fish species also play a crucial role in aquatic ecosystems. Normalized tests are
available for estimating the concentration of substance that kills half the members of
a fish population, mainly Danio rerio or Oncorhynchus mykiss, after 96 h of exposure
[74—78]. The threshold limits selected for the SIRIS analysis were determined to be,
at best, in agreement with the regulations of chemicals but also to ensure the balance
of the three classes considered. They were the following:

Favorable: LCy, > 1 mg/L
Moderately favorable: <1 mg/L LCs,>0.01 mg/L
Unfavorable: LCs, <0.01 mg/L

14.2.3.3 Exposure and Environmental Fate Criteria

Knowing the physicochemical properties of xenobiotics is a prerequisite to esti-
mate their bioactivity, bioavailability, transport, and distribution between the
different compartments of the environment. Four of them were used to describe
the environmental behavior of the 129 insecticides under study (Table 14.1). In
addition, the applied dose was also considered. These five criteria are described
in the following.

14.2.3.3.1 1-Octanol/Water Partition Coefficient

The 1-octanol/water partition coefficient is defined as the ratio of a chemical’s
concentration in the octanol phase to its concentration in the aqueous phase of a two-
phase octanol/water system. Values of Kow are thus unitless and are conveniently
expressed in a logarithmic form (i.e., log Kow or log P). This hydrophobic parameter
is a good indicator of the tendency of an organic compound to accumulate in biota
and adsorb to soil. Experimental log Kow values, generally measured at 20°C, were
retrieved from literature [79,80]. For many pesticides, different log Kow values were
available for the same molecule. In these conditions, the value recommended by
the author (e.g., “star value” [80]) or the one most consistent with the structure of
the molecule was chosen. Because experimental log Kow values for d-phenothrin
(#12) and kadethrin (#126) are not available in the literature, they were estimated
from the KoWin model version 1.67 [81]. It is impossible to measure or compute the
1-octanol/water partition coefficient for Bs and Bti. Consequently, a log Kow value
of 4 was arbitrarily selected. It corresponds to an average persistence.

Because, in the regulatory dossiers, it is admitted that a chemical with a log Kow <3
does not bioconcentrate, this value was selected as the threshold limit to define the
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favorable category. A log Kow value >5 was selected as upper threshold limit to
define the unfavorable category. Insecticides with a log Kow value between these
two limits were considered as being moderately favorable regarding this criterion.

14.2.3.3.2 Vapor Pressure

The vapor pressure (VP) determines the potential of a chemical to volatilize from
its condensed or dissolved phases and to therefore exist as a gas [82]. This physico-
chemical parameter is particularly suited for estimating the affinity of a molecule for the
air compartment. VP strongly depends on the temperature as expressed in the classical
Clausius—Clapeyron equation [83]. A molecule with a VP <1075 Pa being considered
as poorly volatile [84], this value was selected as threshold limit of the favorable
modality. The threshold value of 102 Pa being used by the European regulation on
biocides to require an inhalation toxicity test, this value was chosen as limit of the
unfavorable class. A VP value between these two limits was considered as moderately
favorable. Experimental VP values, at 20°C-25°C, for the 129 insecticides listed in
Table 14.1, were collected from literature [46,85,86]. Because the experimental VP
value of ethiprole (#121 in Table 14.1) was missing, it was estimated at 3.61x 10-*Pa
from Grain [87]. Lastly, due to their characteristics, the VP values of Bs and Bti were
estimated as belonging to the favorable category.

14.2.3.3.3 Dosage

The dosage to use in vector control can be defined as the amount of active substance
necessary to be effective. The higher this amount, the lower the active substance
can be considered effective. This measurement is available only for a rather limited
number of insecticides [25]. Setting the threshold values involved three steps. First,
active substances were grouped according to their activity on mosquitoes. The most
active ones were the pyrethroids deltamethrin, lambda-cyhalothrin, and cyfluthrin.
The moderately active substances included the other pyrethroids and the less active
ones included all other insecticides. The threshold values for dosage were set so as to
respect those three groups. In that case, 2.5 and 25 g/ha were selected as threshold
values to define the favorable, moderately favorable, and unfavorable classes,
respectively. Finally, in case of missing information, the dose of application in
agriculture was used. To set the threshold values for dose of application in agriculture,
active substances characterized for both vector control dose and agricultural dose
were used. The active substance grouping according to vector control doses had
to match the one according to agricultural doses. As a result, threshold values of
25 and 250 g/ha were selected to define the favorable, moderately favorable, and
unfavorable classes, respectively. In case of conflict between the two scales and for
the few missing data, the selection of the category was made by expert judgment. The
data of agricultural doses were collected from the e-phy database [44], the ACTA
index [45] (as well as previous editions), and the Pesticide Manual [46].

14.2.3.3.4 Biodegradation

Biodegradation is an important mechanism for eliminating xenobiotics by
biotransforming them into simple organic and inorganic products. Two types of
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biodegradation can be considered. The primary biodegradation denotes a simple
transformation not leading to a complete mineralization. The biodegradation
products are specifically measured from chromatographic methods and the results
are expressed by means of kinetic parameters such as biodegradation rate constant (k)
and half-life (T,,,). The ultimate (or total) biodegradation totally converts chemicals
into simple molecules such as CO, and H,O. Because experimental biodegradation
data were not available for all the studied insecticides (Table 14.1), BioWin 3 and
BioWin 4 [88], which are quantitative structure—biodegradation relationship (QSBR)
models commonly used in regulation [89,90], were used for estimating their ultimate
and primary biodegradation, respectively. Briefly, both models are based upon a
survey of 17 biodegradation experts conducted by the Environmental Protection
Agency (EPA), in which the experts were asked to evaluate 200 structurally
diverse compounds in terms of the time required to achieve ultimate and primary
biodegradation in a typical or “evaluative” aquatic environment. Each expert
rated the ultimate and primary biodegradation of each compound on a scale from
1 to 5. The ratings correspond to the following time units: 5-hours, 4-days, 3-weeks,
2-months, and 1-longer. The ratings for each compound were averaged to obtain a
single value for modeling. Chemicals were described by 36 structural fragments
and molecular weight [91]. The models were in the form of the following regression
equation: BioD rating=Y(a; xnb fragment;) +b MW +c. Based on the guidelines
provided in the user manual of the models [88], >2.75 and <1.75 were considered
as the threshold values for defining the favorable and unfavorable categories with
BioWin 3. A calculated value between these two limits was considered as moderately
favorable. Regarding BioWin 4, the values delineating the favorable and unfavorable
categories were >3.75 and <3.25, respectively. Due to their environmental behavior,
Bs and Bti were positioned in the unfavorable category for primary biodegradability
and moderately favorable regarding their ultimate biodegradability.

14.2.4  SeLecTiON OF THE HIERARCHIES

The SIRIS method allows us to simultaneously consider variables encoding very
different information [34]. However, our practical experience shows that it is
generally preferable to construct several scales of SIRIS scores (one per category
of criteria) instead of a unique scale [92,93]. This was also verified in the present
study. Thus, the toxicity/ecotoxicity and exposure/environmental fate criteria were
considered separately yielding the construction of two scales of SIRIS scores.
The hierarchy of the variables in the SIRIS method being problem dependent, they
were ranked by their order of importance accounting for two different scenarios that
are the adulticides and larvicides.
Scenario for adulticides is shown in the following:

Toxicity/ecotoxicity scale

Rat>bee >daphnid > fish>endocrine disruption >carcinogenicity
Exposure/environmental fate scale

Dosage>log P> vapor pressure > ultimate biodegradation > primary biodegradation
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Scenario for larvicides is shown in the following:

Toxicity/ecotoxicity scale

Rat>daphnid > fish>bee>endocrine disruption >carcinogenicity
Exposure/environmental fate scale

Dosage >log P> vaporpressure > ultimate biodegradation > primary biodegradation

As previously indicated, with the SIRIS method, the different criteria have to be
ranked in decreasing order of importance. However, when a criterion cannot be
correctly described due to a lack of experimental data, it is preferable to place it at
the end of the hierarchy rather than at the beginning in order to limit its weight in the
calculation of the SIRIS scores. Thus, although carcinogenicity is a very important
toxicological endpoint, the criterion was located at the end of the selected hierarchy
for the two toxicity/ecotoxicity scales because the experimental carcinogenicity
data were missing for a significant number of insecticides, and as a result, the
corresponding chemicals were classified unfavorably for that criterion.

14.3 RESULTS

14.3.1 LARvICIDES

The typology of the 129 insecticides characterized by their two SIRIS scores
calculated from the two hierarchies selected for the larvicide scenario is displayed
in Figure 14.2. The SIRIS scores are ranged from 0 to 81 on the toxicity/ecotoxicity
scale and from 10 to 52 on exposure/environmental fate scale. The insecticides
located in the left bottom part of Figure 14.2 are the most interesting because they
present low score values on the toxicity/ecotoxicity and exposure/environmental
fate scales. This is the case, for example, for the insecticides #58 (cyromazine) and
#86 (dicyclanil). At the opposite, the insecticides located in the top right part of
Figure 14.2 are not suited for the selected scenario due to the high values of their
SIRIS scores on both scales. Thus, for example, insecticide #117 (dichlofenthion)
shows bad scores on both the toxicity/ecotoxicity and exposure/environmental
fate scales. A substance can be correctly classified on one scale and with a high
score on the other scale. Thus, formetanate (#61) is well located on the exposure/
environmental fate scale but shows a rather high score on the toxicity/ecotoxicity
scale. This is also the case for deltamethrin (#11) located in the right bottom part
of Figure 14.2. Bs (#4) and Bti (#5) are perfectly ranked on the toxicity/ecotoxicity
scale, having SIRIS scores equal to zero, but they are a little bit less well ranked on
the other scale. This is even more the case for the insecticides #88 (azadirachtin)
and #127 (silafluofen). The insecticides located in the middle part of Figure 14.2,
such as metaflumizone (#68) or tau-fluvalinate (#85), are less interesting because
they show rather high SIRIS scores on both scales. However, this does not mean
that they have to be excluded from a future selection. Indeed, a map of SIRIS
scores has to be considered as decision support tool. There are obvious selections
for insecticides with low SIRIS score values on both scales, revealing favorable
modalities for most of the criteria. At the opposite, a rejection is also obvious for
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FIGURE 14.2 SIRIS map of the 129 insecticides used or potentially usable as larvicides.

See Table 14.1 for the correspondence between the numbers and the chemical names.

insecticides with high SIRIS score values on the toxicity/ecotoxicity and exposure/
environmental fate scales. Between these two extremities, all the intermediate
situations exist. An insecticide with a low SIRIS score only on one scale can be
selected after a reasoned decision. In this case, the SIRIS map allows to pinpoint
the criteria showing the worst modalities and, hence, for which it will be necessary
to pay a special attention. It is noteworthy that when data were missing, a worst-
case approach was applied yielding an attribution to unfavorable category for the
corresponding criterion (e.g., carcinogenicity). Therefore, the position of some
molecules on the SIRIS map would probably change if new data could replace
the missing data. Conversely, it is obvious that regarding the well-documented

molecules, the situation will not change. This is the case for deltamethrin (#11).

In order to interpret more thoroughly the SIRIS map, specific information can
be projected on it. Thus, for example, a collection of maps has been drawn, each
representing a chemical family (Figure 14.3). For clarity, only the selected family
has been represented on the initial typology of the larvicides (i.e., Figure 14.2). Thus,
Figure 14.3a shows that the organophosphorus and carbamate insecticides are spread
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out on the SIRIS map. This is also the case for the pyrethroids (Figure 14.3b), the
diverse neurotoxics (Figure 14.3c), and the benzoylureas (Figure 14.3d). Conversely,
some chemical families form strong clusters. Thus, the neonicotinoid insecticides
are all located in the left bottom part of the SIRIS map (Figure 14.3¢e) as well as
the microorganisms, which are better located on the toxicity/ecotoxicity scale but
a little bit less on the exposure/environmental fate scale (Figure 14.3f). The growth
regulators also show a specific typology (Figure 14.3g). They are all well ranked
on the toxicity/ecotoxicity scale, but conversely, they are spread out along the
exposure/environmental fate scale. This dispersion is due to the heterogeneity of this
family including chemicals with very different structures and, hence, very different
environmental fate behaviors. Among this group, cyromazine (#58) and dicyclanil
(#86) present the best SIRIS scores on both scales.
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FIGURE 14.3  SIRIS maps characterizing the main chemical families of the 129 insecticides
used or potentially usable as larvicides. (a) Organophosphorus and carbamate insecticides;
(b) pyrethroids; (c) diverse neurotoxics; (d) benzoylureas. Each time, only the selected
chemical family is represented.

(continued)
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FIGURE 14.3 (continued) SIRIS maps characterizing the main chemical families of
the 129 insecticides used or potentially usable as larvicides. () Neonicotinoid insecticides;
(f) microorganisms; (g) growth regulators including juvenoids. Each time, only the selected
chemical family is represented.

In Figure 14.4, insecticides having a well-known activity on mosquitoes
(Table 14.1) are represented by black triangles. Inspection of Figure 14.4 shows
that eight molecules recognized as being active against mosquitoes are located
in the left bottom part of the SIRIS map. These insecticides are Bs (#4), Bti (#5),
acetamiprid (#37), clothianidin (#38), imidacloprid (#39), thiamethoxam #40),
cyromazine (#58), and fenoxycarb (#73). In the same way, in Figure 14.5, insecticides
recommended by WHOPES [25] as larvicides are represented by black triangles.
Inspection of Figure 14.5 shows that among the 129 insecticides selected as potential
candidates for vector control, only a few are recommended by WHOPES [25] as
larvicides. Even more, among the insecticides presenting the best SIRIS scores on
both scales, only Bti (#5) is recommended by WHOPES [25].

Figure 14.6 shows the insecticides that are noncarcinogenic in rats and mice of
both genders (black triangles), noncarcinogenic for at least a male or female rat or
mouse (empty triangles), carcinogenic for at least one species irrespective of its gender
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FIGURE 14.4 SIRIS map of the 129 insecticides used or potentially usable as larvicides.
Those having a well-known activity on mosquitoes (Table 14.1) are represented by black
triangles.

(empty circles), and for which there exists no information on their carcinogenicity
(black circles). As previously stressed, for most of the insecticides, there is no
information on their potential carcinogenicity. This means that there is an urgent need
to obtain this crucial information. Because when the information was not available
for carcinogenicity, the insecticide was ranked unfavorably for that criterion, and this
means that the general typology was not affected by this worst-case choice. This is
also true because this criterion was located at the end of the hierarchy. It is interesting
to note that clothianidin (#38), cyromazine (#58), and dimethoate (#65), which are
located in the left bottom part of the SIRIS map, are noncarcinogenic in rats and mice
of both genders. This is also the case for pyriproxyfen (#16) and spinosad (#17),
which are of interest, especially due to their good scores on the toxicity/ecotoxicity
scale. Note that this is particularly true for the former chemical. Conversely, while
piperonyl butoxide (#44) was also a candidate of interest, its carcinogenicity excludes
any future selection (Figure 14.6).
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FIGURE 14.5 SIRIS map of the 129 insecticides used or potentially usable as larvicides.

Those recommended by WHOPES as larvicides are represented by black triangles.

The same type of comments can be made when the information available on
the endocrine disruption potential of the insecticides is reported on the SIRIS
map obtained with the larvicide scenario. In Figure 14.7, the insecticides classified
as nonendocrine disruptors on the basis of the set of in vitro tests investigated
(see Section 14.2.3.1.3) are represented by black triangles. Those, which were
found positive, under the same conditions, are represented by empty triangles.
Lastly, pesticides for which the information was not available are represented by
black circles. Inspection of Figure 14.7 shows that for numerous insecticides, the
information on their endocrine disruption potential is missing. Conversely, a rather
high number are positive. Thus, while dimethoate (#65) was noncarcinogenic
(Figure 14.6), unfortunately, this organophosphorus insecticide affects the
endocrine system (Figure 14.7). Fenoxycarb (#73), which is also located in the
most interesting part of the SIRIS map, has been also identified as an endocrine
disruptor. Notice that, on the basis of our criteria of selection, pyriproxyfen (#16),
methoprene (#20), S-methoprene (#36), and hydroprene (#74) were not classified
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FIGURE 14.6 SIRIS map of the 129 insecticides used or potentially usable as larvicides and
characterized by their potential carcinogenicity. Noncarcinogenic on rats and mice of both
genders (black triangles); noncarcinogenic for at least a male or female rat or mouse (empty
triangles); carcinogenic on at least one species irrespective of its gender (empty circles);
information missing (black circles).

as endocrine disruptors, while being juvenile hormone mimics, by nature, they
disrupt the endocrine system of the insects and other arthropods.

14.3.2 ADULTICIDES

Because some insecticides can only be used as larvicides on mosquitoes, they were
excluded from the analysis. These were diflubenzuron (#1), triflumuron (#2), Bs (#4),
Bti (#5), pyriproxyfen (#16), novaluron (#18), methoprene (#20), hexaflumuron
(#35), S-methoprene (#36), cyromazine (#58), teflubenzuron #60), fenoxycarb
(#73), hydroprene (#74), dicyclanil (#86), and azadirachtin (#88). The typology of
the 114 insecticides characterized by their two SIRIS scores calculated from the two
hierarchies selected for the adulticide scenario is displayed in Figure 14.8. The group
of insecticides showing the best scores on the toxicity/ecotoxicity and exposure/
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FIGURE 14.7  SIRIS map of the 129 insecticides used or potentially usable as larvicides and
characterized by their endocrine disruption potential. Nonendocrine disruptor on the basis
of the set of in vitro tests investigated (black triangles); positive under the same conditions
(empty triangles); information missing (black circles).

environmental fate scales are chlorantraniliprole (#59); neonicotinoids, especially
acetamiprid (#37) and thiacloprid (#64); two organophosphorus insecticides (dimet-
hoate (#65) and formothion (#119)); a pyrethroid (S-bioallethrin, #82); spinetoram
(#72); and ethiprole (#121).

In Figure 14.9, insecticides having a well-known activity on mosquitoes
(Table 14.1) are represented by black triangles. Inspection of Figure 14.9 shows that
five molecules recognized as being active on mosquitoes are located in the left bottom
part of the SIRIS map. These insecticides are acetamiprid (#37), clothianidin #38),
imidacloprid (#39), thiamethoxam (#40), and S-bioallethrin (#82). In the same way,
in Figure 14.10, insecticides recommended by WHOPES [25] as adulticides are
represented by black triangles. Inspection of Figure 14.10 shows that among the 114
insecticides selected as candidates for vector control, only a few are recommended
by WHOPES [25]. Even more, among the insecticides presenting the best SIRIS
scores on both scales, none is recommended by WHOPES [25].
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FIGURE 14.8 SIRIS map of the 114 insecticides used or potentially usable as adulticides.
See text for the excluded chemicals and Table 14.1 for the correspondence between the
numbers and the chemical names.

Projections of the information related to the carcinogenicity and endocrine
disruption potentials were also performed (maps not shown). Broadly the same
comments can be made as for the larvicides (Figures 14.6 and 14.7). However, it is
interesting to stress that deltamethrin (#11), which is recommended by WHOPES
[25] and used in France as adulticide, has been detected as endocrine disruptor.

14.4 DISCUSSION

The SIRIS MCA applied to 129 insecticides described by six toxicity/ecotoxicity
criteria and five exposure/environmental fate criteria allowed us to identify substances
that could potentially be used as larvicides or adulticides in vector control:

e Bti (#5), which is currently the most widely used substance as larvicide
in France, and Bs (#4) show low SIRIS scores, especially on the toxicity/
ecotoxicity scale.
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FIGURE 14.9 SIRIS map of the 114 insecticides used or potentially usable as adulticides.
Those having a well-known activity on mosquitoes (Table 14.1) are represented by

black triangles.

L]

Among the other larvicides sensu stricto, some growth regulators, espe-
cially diflubenzuron (#1) and pyriproxyfen (#16) (both recommended by
WHOPES), present interesting possibilities. Others, such as cyromazine
(#58), triflumuron (#2), and hydroprene (#74), are also of interest.
Spinosad (#17) and indoxacarb (#45) are less well positioned on the
SIRIS map than the previously mentioned substances but could also be
candidates.

Pyrethroids are also an interesting group for vector control, although the
use of deltamethrin (#11) could be challenged in the future due to resistance
issues as well as its toxicity and ecotoxicity resulting in a high SIRIS
score on the toxicity/ecotoxicity scale. The substitution of this substance
by type I pyrethroids (imiprothrin #53), allethrin (#79)) or type II (e.g.,
cycloprothrine (#123)) or silafluofen (#127), whose SIRIS scores are less
penalizing, could be an interesting option to keep this family in vector
control strategies.
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FIGURE 14.10 SIRIS map of the 114 insecticides used or potentially usable as adulticides.
Those recommended by WHOPES as adulticides are represented by black triangles.

* Among the organophosphorus insecticides, formothion (#119) and dimeth-
oate (#65) show the best SIRIS scores on both scales. Temephos (#29)
presents a high score on the exposure/environmental fate scale, while for
fenthion (#26), malathion (#27), and the carbamate bendiocarb (#3), the
SIRIS scores of the toxicity/ecotoxicity scale are higher.

* Theneonicotinoids (acetamiprid (#37), clothianidin (#38), imidacloprid (#39),
thiamethoxam (#40), thiacloprid (#64), dinotefuran (#94), nitenpyram (#95))
cannot be neglected in vector control because they show good SIRIS scores
on both the exposure/environmental fate and toxicity/ecotoxicity scales.
In addition, their mechanism of action is different from those of the
insecticides currently used in vector control. This represents a definitive
advantage in the management of insecticide resistance. Nevertheless, it is
likely that used alone, these substances would not be sufficiently effective.
In fact, the interest would be to combine them with another insecticide of
a different chemical family to obtain a synergistic effect that remains to be
evaluated.
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e Other molecules such as spinetoram (#72), chlorantraniliprole (#59),
dicyclanil (#86), and ethiprole (#121) are located in the left bottom part of
the SIRIS maps showing low SIRIS scores on both scales. However, they
suffer from a lack of data. In addition, while the activity on dipterans is
known, their efficacy against mosquitoes remains to be evaluated.

Although the SIRIS method has clearly shown its interest for selecting candidate
insecticides for vector control, it is necessary to recall some basic principles
sustaining all the multicriteria methods. The results obtained with such methods
depend on the quantity and quality of the information used as input and are
directly linked to the choices and hypotheses made by the experts prior to run
them. Thus, in the present study, missing data were very often coded unfavorably,
except in few cases dealing with isomers. This means that if the data gaps are
filled, the typologies could change. Obviously, this depends on the importance
given to the corresponding criterion in the analysis. Selection of other threshold
values in the definition of the favorable, moderately favorable, and unfavorable
categories for a criterion affects the results. Obviously, the more the criteria will
have their threshold values changed, the more the typologies will be changed.
It is also necessary to be aware of the relative significance of a threshold value
with such a crisp MCA. Thus, for example, a log Kow value > 5 was selected as
the upper threshold limit to define the unfavorable category of this criterion. It is
noteworthy that an experimental log Kow ranging from 4.70 to 5.30 for the same
insecticide is common place, while yielding a change in the category allocation
from moderately favorable to unfavorable or the converse. This is the reason why
a specific attention was paid to selecting the log Kow values. When a QSAR or
quantitative structure—property relationship (QSPR) model is used to generate
missing data, it is also necessary to account for its particularities and limitations
because they can impact the outputs of the MCA.

From a practical point of view, this means that the results obtained with the SIRIS
method or another MCA must not be considered as immutable. This is particularly
true for the objects having mean score values. In this study, these correspond to
the insecticides located in the central part of the SIRIS maps. A refinement on the
numerical value of a criterion can change the allocation of the modality and move
the location of the corresponding insecticide to the favorable part of the map or to
the unfavorable part.

Irrespective of the quality of a typology, it is important to stress that the SIRIS
method, as any other MCA or multivariate analysis, is only able to pinpoint potential
candidates, but their risk assessment will be always necessary before to envision
their use.

It should be recalled that the current period of regulation of biocidal products, and
therefore for the insecticides used in vector control, is transient since all products
on the market have not been evaluated yet. Ultimately, any use of an insecticide in
vector control will be subject to authorization on the market. This authorization will
be issued on the basis of a full assessment of its effectiveness and risk according to
the regulation of Directive 98/8/EC on biocides.
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14.5 CONCLUSIONS

The use of the SIRIS method allowed proposing a list of candidate insecticides, which
could be potentially used as adulticides and/or larvicides in vector control. Obviously,
the different insecticides, which have emerged from the SIRIS analysis, are only
candidates, and risk assessment procedures are required before to envision their use.

Besides the identification of insecticides with attractive profiles in the SIRIS anal-
ysis, the present study also provides indications on how to use them in vector control.
In particular, the use of combination of insecticides from different families may help
at controlling resistance development. Synergistic combinations may also result in
reducing the applied doses, thus limiting unwanted effects on nontarget species.

Our work was focused on the treatments made in vector control by public opera-
tors against Anopheles, Aedes, and Culex. The same methodological approach could
be applied to other usages in vector control such as the treatment of mosquito nets or
indoor residual spraying as well as other vector targets. Obviously, in these cases, it
should be necessary to define new scenarios for the SIRIS analysis.
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FIGURE 3.1 (A) Flight-capable, LW and flightless, SW female morphs of G. firmus of the
same age (day 5 of adulthood). In the panel (a), the forewings have been removed to show
variation in the hind wings. The panels (b and c) illustrate dissections of the same-aged
morphs showing much larger, functional flight muscles but much smaller ovaries in the LW
females relative to SW females. (B) The “classic model” of JH-regulated complex polymor-
phism. The panel illustrates hypothetical variation in the JH titer during restricted periods
(denoted by solid bars) of the juvenile and adult stages that regulates morph-specific devel-
opment and reproduction. Note: “LW” is the same as “LW(f)” in some figures as follows.
(From Zera, A.J., Evol. Dev., 9, 499, 2007; Zera, A.J., Integr. Comp. Biol., 45, 511, 2005,
by permission of Oxford University Press.)
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FIGURE 4.8 Scanning electron micrographs of right mandible of minor workers (a).
Sections of day 0 (b) and day 5 (c) minor workers. TUNEL and DAPI staining of sectioned
mandibles from day 5 minor workers (d, ) and a gut-purged medium worker prior to the molt-
ing into major workers (f, g). Black and white arrowheads show corresponding regions. Scale
bars indicate 100 pm. (With kind permission from Springer Science and Business Media:
Naturwissenschaften, The TUNEL assay suggests mandibular regression by programmed
cell death during presoldier differentiation in the nasute termite Nasutitermes takasagoensis,
98, 801-806, 2011, Toga, K., Yoda, S., and Maekawa, K.)
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FIGURE 5.3 Methoprene regulation on the subcellular translocation of Ha-RBP in HaEpi
cells. Panels (A) and (a), negative control that cells treated with pre-immune serum; panels
(B) and (b), cells treated with DMSO; panels (C) and (c), cells treated with methoprene for 6 h
at a final concentration of 1 uM; panels (D) and (d), cells incubated with dsGFP followed by
methoprene incubation; panels E and e, cells incubated with dsMet followed by methoprene
incubation; panels F and f, cells incubated with dsUSP1 followed by methoprene incuba-
tion. Green portions (Alexa 488) indicate Ha-RBP detected with anti-Ha-RBP. Blue portions
(DAPI) indicate nuclei. Nu, nucleus; Cy, cytoplasm. Size bars=50 um. At least three inde-
pendent experiments were performed.
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FIGURE 5.5 Chart explaining the function of HaCal in the cross talk between 20E and
JH pathways. (a) 20E pathway: 20E signaling leads HaCal protein phosphorylation by
PKC via an unknown membrane pathway (1), HaCal is translocated into the nuclei (2), and
phosphorylated HaCal does not bind with phosphorylated USP1 in 20E pathway (3). EcR
binds 20E and USP and other chaperone protein to form transcription complex, combining
the 20E response element initiating the gene transcription. (b) JH pathway: Methoprene
maintains HaCal non-phosphorylation and translocates HaCal into the nuclei (1) and non-
phosphorylated HaCal binds with non-phosphorylated USP1 (2). Met binds JH and interacts
with USP and other chaperone proteins, and then this complex binds JH response element
via Met to initiate JH signaling pathway. (From Li, M. et al., Proc. Natl. Acad. Sci. USA,
108, 638, 2011; Miura, K. et al., FEBS J., 272, 1169, 2005; Li, Y. et al., J. Biol. Chem., 282,
37605, 2007; Riddiford, L.M. et al., Insect Biochem. Mol., 33, 1327, 2003; Antoniewski, C.
etal., Mol. Cell. Biol., 16,2977, 1996; Hiruma, K. and Riddiford, L.M., Dev. Biol., 272, 510,
2004; Lan, Q. et al., Mol. Cell Biol., 19, 4897, 1999; Stone, B.L. and Thummel, C.S., Cell,
75, 307, 1993; Yao, T.P. et al., Nature, 366, 476, 1993; Yao, T.P. et al., Cell, 71, 63, 1992.)
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FIGURE 9.8 Graphic representation of CoMFA steric and electrostatic field contour plot
for Class I (a) and Class II (b) juvenoids. Yellow-polyhedron-surrounded regions indicate
sites where less bulky substituents are appreciated for increasing biological activity, whereas
green polyhedra represent sterically favored regions where more bulky substituents increase
biological activity. The red contours represent regions where negative charge is favorable,
while blue polyhedra represent electrostatic regions where positively charged groups will be
favorable and will enhance biological activity. The importance of the electronegative oxygens
or nitrogens on the ends of the aligned structures is indicated by red polyhedra near the posi-
tions of these atoms. The presence of smaller red polyhedra in the middle of the JH agonist
structure indicates an additional site where an electronegative atom or group can enhance
biological activity importantly. The contour map of Class II (b) differs from that of Class I
(a) mainly in the steric fields. The large green polyhedra of Class II (b) near the part of the
phenoxyphenyl group (left side) indicate that the presence of steric bulk substituents in this
part of the molecule enhances biological activity.
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FIGURE 9.9 Contour maps of Class I and Class II JH agonists as revealed by CoMSIA
analyses. Green and yellow polyhedra for sterical fields and blue plus red polyhedra for elec-
trostatic fields have the same representative meaning as for COMFA maps in Figure 9.8 for
both Class I (a) and Class II (b) JH agonists. Contour maps for the hydrogen bond acceptor and
donor fields are illustrated in (c) (for Class I agonists) and (d) (for Class II agonists). Magenta
areas indicate regions where hydrogen bond acceptors are favorable for increasing biologi-
cal activity (oxygens and nitrogens in the ligand); cyan areas indicate fields where hydrogen
bond donors are favorable (NH and OH groups in ligand). Orange polyhedra surround area
where H-bond acceptors are unfavorable and white polyhedral areas where H-bond donors
are unfavorable.
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FIGURE 11.2 (Top) Binding site of JHEHs; a number of residues correspond to M. sexta
JHEH, pockets P-I-P-IV are labeled, and the meaning of colored letters, asterisks, and
question marks is explained in the text. (Bottom) Alignment of relevant motifs between

several JHEHs and the A. niger EH; residues in the top part of the figure are highlighted in
cyan in the sequences.
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FIGURE 11.5 MD of complexes containing compounds 1-4 (a—d). (A) Orientation of the
inhibitor (yellow) within JHEH’s active site; Asp227, Tyr298, and Tyr372 are in cyan and
stick representation. (B) Distances between groups of inhibitor and residues of JHEH for
the complexes extracted from MD simulations. D¢py,7, Doyaos, and Depss, are represented in
black, red, and blue, respectively.
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FIGURE12.2 Overall structure of JHBP and structural comparison of GmJHBP (PDB code:
2rck) and BmJHBP (3aot). (a) Topology diagram of GmJHBP. Cylinders and arrows represent
a-helices and p-strands, respectively. The secondary structure elements are numbered from
al to a4 and from P1 to $8. All numbers correspond to amino acid residues in the GmJHBP
sequence. (b) A cartoon representation of JHBP fold. The GmJHBP structure shown in red is
superposed on the apo-BmJHBP structure (3aot) shown in green. The Cys10—Cysl17 disulfide
bridge (yellow) is visible near the N-terminus. At the top of the GmJHBP molecule, one
N-acetylglucosamine residue is attached to Asn94. The axial poles of the molecule are defined
as its W and E ends. (c) The W pole of the JHBP structures is shown illustrating different
conformations of helix al in GmJHBP (Gmal) and apo-BmJHBP (Bmal). (d) The strands
B1-p2 and p4—P5 are curved differently in the two structures. (¢) The BmJHBP structure has
an extended loop instead of the helix a3 present in GmJHBP. This and all other structural
illustrations were prepared in PyMol. (From W. L. DeLano, The PyMOL Molecular Graphics
System, DeLano Scientific, San Carlos, CA, (2002), http://www.pymol.org.)



FIGURE 12.5 The JH binding sites of BmJHBP and MsJHE. (a) The BmJHBP-JH II com-
plex (PDB code: 3aos), with the JH II molecule bound in the W cavity. (b) The overall fold
of the MsJHE protein (PDB code: 2fj0) and the location of JH binding site, with a JH ana-
log (OTFP) bound. The ligands are shown as orange sticks and balls. The binding pockets
W and E in BmJHBP and the JH binding site in MSJHE are in gray. (c) The W cavity of
BmJHBP. The majority of residues forming the pocket are shown in green in stick represen-
tation. (d) The JH binding site in the MsJHE structure, the catalytic triad (Ser226, E357, and
His471), and the residues interacting with an JH analog (orange) are shown in green in stick
representation.



FIGURE 12.6 Structural comparison of GmJHBP (red), BmJHBP (green), and EpTol
(blue) in the area of the E pole, where the molecules show the highest degree of structural
divergence.
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FIGURE 13.3 MEP maps of JH, JH mimic, and DEET on the van der Waals surface show-
ing similarity of the single nucleophilic site and large area of hydrophobic similarity.
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FIGURE 13.4 MEP maps of JH and DEET-like compounds showing electronic similarity
of the carbonyl group. (From Bhattacharjee, A.K. et al., J. Mol. Recognit., 13, 213, 2000.)
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