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Abstract
The development of a new approach for the generation of a novel type of putative insect control agents based on backbone cyclic
peptidomimetic antagonists of insect-neuropeptides is reported. The approach, termed the backbone cyclic neuropeptide based on
antagonist (BBC-NBA) was applied to the insect pyrokinin/pheromone biosynthesis activating neuropeptide (PBAN) family as
a model, and led to the discovery of a potent linear lead antagonist and several highly potent, metabolically stable BBC
peptidomimetic antagonists, devoid of agonistic activity, which inhibited in vivo PBAN-mediated activities in moths.  2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction
The success of modern agriculture in achieving and
maintaining high-yield crops strongly depends on controlling insect pests via the intensive utilization of insecticides. To date, organo-synthetic chemical insecticides are
the main means of protection against the damage caused
by insects to crops. Uncontrolled application of chemical
insecticides in the last decades has led to acquired resistance in insects, has contaminated the environment with
toxic residues that endanger humans and other life forms,
and has disrupted the ecological balance in crop "elds.
The growing concern regarding the toxic e!ects of insecticides led to the implementation of strict regulations in
the Western World which are being adopted also in
Third World countries. These regulations limit the application of the existing organo-chemical insecticides and
ban further application of the more toxic ones.
The strategic approach which is directing the worldwide research and development (R&D) e!orts is aimed
toward the identi"cation and development of novel families of non-toxic, insect-speci"c compounds, which are
safe and compatible with integrated pest management
(IPM) programs, which will eventually replace organo-
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synthetic chemicals as the mainstream pest control compounds.
The initial products that have emerged from this e!ort
during the past decade were based on a variety of chemical and biological technologies. These bio-insecticidal,
bio-rational products include: bacterial toxins (BT),
micro-organisms, mating disruption pheromones, insect
growth regulators (IGRs), genetically engineered pestresisting crops, natural enemies, and natural products
extracted from plants. The main drawback of these technologies and products, which constitute approximately
2}3% of the insecticides market, is that they cannot
replace the organo-chemicals as the mainstream insecticides, because of their high production cost and limited
applicability.
In the quest for a novel group of non-toxic insecticides
which could eventually replace the toxic organo-chemical compounds and overcome the limitations introduced
by the existing bio-insecticides, entomological studies
concentrate on the search for targets and compounds
which will serve as a basis for the development of highly
e!ective, selective and environmentally friendly insect
control agents and will emerge as a new mainstream of
insecticide technology.
Insect neuropeptides are a prime target in the development of novel insect control agents, since they regulate
most of the key functions in insects such as: embryonic
and post-embryonic development, homeostasis, osmoregulation, migration, oviposition and mating (for review
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see GaK de, 1997). Their blockers (antagonists) disrupt and
interfere with the normal growth, development and behavior of insects, and, therefore, can yield receptor-selective, insect-speci"c insecticides. Such antagonists are
derived from and resemble the natural peptides but are
peptidomimetic in nature. A similar approach has
recently been applied to human neuropeptides as a novel
direction in the drug industry.
Although neuropeptide-based antagonists carry a high
potential for insect management their application in pest
control has not so far been implemented because of two
major limitations. The "rst is the linear peptidic nature of
neuropeptides, which renders them non-selective, highly
susceptible to proteolytic degradation, and impenetrable
through biological tissues. The second is the lack of
an approach for antagonists design because of lack of
information regarding the 3-D structure of the receptor}agonist complex and the mechanism of receptor
activation.
Recently, we have developed a novel approach, termed
backbone cyclic neuropeptide- based antagonist (BBCNBA), which overcomes the above limitations. The approach was applied to the insect pheromone biosynthesis
activating neuropeptide (PBAN) and resulted in the discovery of highly potent, stable and selective antagonists.
The basic concepts that make up the BBC-NBA technology (backbone cyclization and cycloscan) are explained, and the advantages that are introduced by these
methods, as well as their application to the insect PBAN
for the discovery of highly potent antagonists are
described.
1.1. Pheromone biosynthesis activating neuropeptide
PBAN is an important neuropeptide that mediates
some of the key functions in insects. PBAN was "rst
reported by Raina and Klun (1984), as the neuropeptide
that regulates sex pheromone production in female
moths, and its amino acid sequence was determined in
Helicoverpa zea (Hez-PBAN; PBAN 1-33NH ) (Raina et

al., 1989). Since then, six other PBAN molecules have
been isolated from "ve additional moth species, and their
entire primary structures have been determined
(Kitamura et al., 1989, 1990; Masler et al., 1994; Duportets et al., 1998; Jacquin-Joly et al., 1998; Choi et al.,
1998), and the c-DNA and genes of PBAN have been
cloned (Davis et al., 1992; Kawano et al., 1992, 1997; Ma
et al., 1994; Choi et al., 1998; Duportets et al., 1998;
Jacquin-Joly et al., 1998). PBAN molecules were found to
be C-terminally amidated neuropeptides consisting of
33}34 amino acid residues, and comparison of their primary structures revealed that they share a high degree of
homology and an identical pentapeptide C-terminal sequence (Phe}Ser}Pro}Arg}Leu}NH ) which also con
stitutes the active core required for its biological activity
(Altstein et al., 1995, 1996a, 1997; Kochansky et al., 1997;

Nagasawa et al., 1994; Raina and Kempe, 1990, 1992).
Since 1984, the presence of PBAN-like activity has been
demonstrated in a variety of moths and in other nonLepidopteran species, and its mode of action has been
studied extensively (for review see Raina, 1993; GaK de,
1997).
Further studies on the regulation of sex pheromone
biosynthesis in moths have revealed that sex pheromone
biosynthesis can be elicited by additional neuropeptides
isolated from various insects, all of which share the
common C-terminal pentapeptide of PBAN (Phe}Xxx}
Pro}Arg}Leu}NH ; Xxx"Ser, Gly, Thr, Val), (Aber
nathy et al., 1995; FoH nagy et al., 1992; Kuniyoshi et al.,
1992a, b; Teal et al., 1996). Among these peptides are the
pyrokinins (Lem-PK, Lom-PK-I and Lom-PK-II) and
the locustamyotropins (Lom-MT-I}IV) (myotropic peptides isolated from the Madeira cockroach Leucophaea
maderae (Fabricius) and the migratory locust, Locusta
migratoria (Nachman et al., 1993; Schoofs et al., 1993);
pheromonotropin (Pss-PT) an 18-amino acid peptide
isolated from Pseudaletia (Mythimna) separata (Walker)
(Matsumoto et al., 1992) and diapause hormone (BomDH) isolated from the silkworm, Bombyx mori (L.) (Imai
et al., 1991). These peptides have recently been designated
the pyrokinin/PBAN family. In addition to their ability
to stimulate sex pheromone biosynthesis in moths, members of this family have been found to control a variety of
other physiological and behavioral functions such as:
melanization and reddish coloration in moth larvae
(Matsumoto et al., 1990; Altstein et al., 1996b), contraction of the locust oviduct (Schoofs et al., 1991), myotropic
activity of the cockroach and locust hindgut (Nachman
et al., 1986; Schoofs et al., 1991), egg diapause in the
silkworm (Imai et al., 1991) and acceleration of pupariation in #esh#y Sarcophaga bullata (Parker) larvae
(Nachman et al., 1997).
Three reasons led to the application of the BBC-NBA
approach to the generation of receptor-selective agonists
and antagonists to the pyrokinin/PBAN family: (i) the
major role the pyrokinin/PBAN family plays in the
physiology of moths and other insects; (ii) knowledge of
the amino acid sequence and the large body of information derived from structure}activity relationship (SAR)
studies; and (iii) the availability of biological assays
which enable agonistic and antagonistic activities to be
determined quantitatively.
1.2. Backbone cyclic neuropeptide-based antagonist
(BBC-NBA) approach
The BBC-NBA approach is based on backbone cyclization of peptides and the cycloscan concept (see below)
and comprises the following steps:
(1) Identi"cation of the neuropeptide that controls the
required function.
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(2) Elucidation of the shortest sequence of the neuropeptide that constitutes the active site.
(3) Discovery of a peptidic linear lead antagonist on the
basis of the sequence found in (2).
(4) Discovery of a potent BBC antagonist devoid of
agonistic activity, based on (3).
(5) Determination of the structural requirements for antagonistic activities, on the basis of (4).
(6) Design and synthesis of an insecticide prototype (a
small, metabolically stable, selective bioavailable,
cost-e!ective peptidomimetic compound), based on
the information obtained in (5), ready for formulation, toxicology and "eld trials.
The BBC-NBA approach is dependent on the availability of simple and quantitative in vitro and in vivo
bioassays for monitoring bioactivity and on the availability of an advanced chemistry to design, synthesize
and determine the structure of compounds of interest.
The approach is general and can be applied to any insect
neuropeptide.
The rational behind the steps and the basic concepts
(backbone cyclization and cycloscan) that make up the
BBC-NBA approached are described below.
1.2.1. Dislcosure of the active sequence in the neuropeptide
There are two types of antagonists: a competitive antagonist, that binds to the same site as the agonist but
does not elicit signal transduction; and a type that inhibits binding and/or signal transduction by means of
allosteric e!ects. Antagonists of the "rst type are usually
derived from agonists but exhibit di!erent structural and
conformational features; those of the second type are
usually non-peptides and are identi"ed by screening of
natural product libraries or combinatorial libraries.
From this perspective it is clear that an initial requirement for the development of a competitive antagonist is
the identi"cation of the smallest active sequence in the
neuropeptides that binds and activates the receptor; this
is the basis on which modi"cations can be made, leading
to the discovery of a lead antagonist.
Elucidation of the active site of a neuropeptide is
achieved by means of SAR studies. In the case of large
neuropeptides (having more than 15 amino acid residues)
peptide mapping is performed. This involves determination of the activities of peptide fragments containing up
to 10 amino acid residues, that span the entire sequence
of the neuropeptide. In case of smaller neuropeptides or
when active peptides are discovered by peptide mapping,
des-amino acid scan is performed, namely, SAR studies
of a library of peptides that lack 1}5 amino acids
from either the C- or the N-terminus. It should be
mentioned that in a neuropeptide family in which there is
sequence homology among the various members of the
family, the homologous sequence is usually the active
region.
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1.2.2. Discovery of a competitive lead antagonist
Lead antagonists are usually partial antagonists that
bind to the receptor site but can only partially activate
the transduction system. Improvement of antagonistic
activity (high potency, selectivity and lack of agonistic
activity) can be achieved by SAR or by imposing conformational constraints (see below).
Most of the lead competitive antagonists discovered
hitherto were based on vertebrate neuropeptide agonists.
The following empirical practices for the conversion of
agonists to antagonists have emerged from these studies:
(i) systematic replacement of the naturally occurring Lamino acids by their non-natural D isomers or replacement of amino acid residues with D hydrophobic amino
acid residues, such as D}Phe or D}Trp (Hruby et al.,
1990; Hruby, 1992; Rees et al., 1974; Vale et al., 1972;
Piercey et al., 1981; Sawyer et al., 1981; Rosell et al., 1983;
Folkers et al., 1984; Vevrek and Stewart, 1985; HeinzErian et al., 1987; Rhaleb et al., 1991; Cody et al., 1995;
Collins et al., 1996; Maretto et al., 1998); (ii) omission of
amino acid residues from agonistic sequences, or
omission or replacement of functional side chains (e.g.
[Sar]-Angiotensin II (1}7)amide in which Asp in angiotensin was replaced with Sar and Phe was replaced
with an amide group, or [D-Phe,Des-Met]-Bombesin
(6}14)ethyl amide in which the six N-terminal amino
acids and Met were omitted) (Coy et al., 1989);
(iii) replacement of a C-terminal amide with a free acid
(as in bombesin and gastrin) (Llinares et al., 1999;
Rodriguez et al., 1987); (iv) reduction of peptide bonds,
as in the case of bombesin (Coy et al., 1988); (v) conformational and/or topographical alteration (for reviews see
Hruby, 1981a, b, 1992; Goodman and Ro, 1995; Becker et
al., 1999; Collins et al., 1996). Implementation of the
above empirical practices for given agonists necessitates
detailed knowledge of the SAR, and any available information regarding the bioactive conformation.
To the best of our knowledge these approaches have
been applied to a very limited number of insect neuropeptides for the discovery of antagonists. The D}Phe
approach was applied to the insect neuropeptide proctolin and resulted in the discovery of a few peptides with
antagonistic activity (Kuczer et al., 1999) and recently, we
discovered a lead antagonist for the insect PBAN by
applying these empirical rules (Gilon et al., 1997; Zeltser
et al., 2000).
1.2.3. Improvement of the antagonistic activity
by conformational constraint
As mentioned above, one major problem that hampers
the use of neuropeptides (e.g., the linear lead antagonists
discussed above) as insect control agents is related to the
facts that they are susceptible to proteolytic degradation,
have low bioavailability, are non-selective because of
conformational #exibility, and are not cost e!ective. An
approach to overcoming the "rst three limitation is the
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introduction of conformational constraint into peptides,
which leads to slower equilibrium rate, thus reducing the
#exibility of the peptide.
Conformational constraint can be imposed by various
methods (for reviews see Hruby, 1981a, b, 1992; Goodman and Ro, 1995). Cyclization of peptides is one of the
most common and attractive methods to introduce conformational constraint into peptides and thus restrict
their conformational space (Kessler, 1982). The conformational constraint confers the following attributes
on the peptides: (i) selectivity: the cyclic structure may
restrict the conformational space to a conformation
which mediates one function of the peptide and excludes
those which mediate other functions; (ii) enhanced metabolic stability: the cyclic structure may exclude the conformation which is recognized by degrading enzymes
from the conformational space, thus preventing enzymatic degradation; (iii) increased biological activity: the
rigidi"ed structure will be more potent than the linear
one, since it spends more time in the bioactive conformation because of the much slower equilibrium between the
conformations. However, this is only true when the
conformational space of the cyclic peptide overlaps with
the bioactive conformation. In most cases cyclization
will yield an inactive peptide because of mismatching
(Altstein et al., 1999a); (iv) improved bioavailability because of reduction of polarity.
Nature has also chosen the cyclization route for
restricting the conformation of peptides, and many
natural cyclic peptides are known today, some of which
are in therapeutic use (e.g., insulin, oxytocin and cyclosporin).
There are four modes of cyclization in peptides:
(i) forming a covalent bond between two side chains (e.g.,
an amide bond between aspartic acid and lysine, or
a disulphide bond between two cysteine residues);
(ii) covalently linking the amino and carboxy termini of
the peptide; (iii) forming a bond between an Asp or Glu
side chain and the amino terminus; and (iv) forming
a bond between a lysine or ornithine side chain and the
carboxy terminus (for review see Gilon et al., 1991).
The four natural modes of cyclization cannot easily be
applied to most of the peptides, for two reasons: (i) not
every peptide contains functional amino acid residues
which can be covalently interconnected and more importantly (ii) even when there are such residues, in most
cases they are crucial for the biological activity of the
peptide and using them for ring closure causes a loss of or
marked reduction in the bioactivity. The same holds true
for the amino and carboxy termini, which might be
important for the activity of naturally occurring peptides.
In addition, the natural modes of cyclization result
in only a small number of conformational combinations which are too few to e!ectively screen the conformational space available for a linear peptide with a given
sequence.

1.2.4. Backbone cyclization: a tool for imposing
conformational constraint on peptides
In order to overcome the above-mentioned problems,
the concept of backbone cyclization was developed
(Gilon et al., 1991). According to this concept, the
cyclization takes place by means of a covalent interconnection of the peptide backbone atoms (Na(and/or Ca) to
each other, to side chains, or to amino or carboxyl
termini.
By using backbone cyclization, the functionality and
the activity of the side chains can be retained during
performance of the cyclization. BBC peptides have the
following advantages over linear peptides: enhanced
stability against proteolytic digestion (Byk et al., 1996;
Gilon et al., 1998a), high selectivity (Byk et al., 1996;
Gilon et al., 1998a), more potent biological activity
(Altstein et al., 1999a), and improved bioavailability. The
advantage introduced by the cyclic peptides make them
excellent leads for development of insecticide prototypes.
In addition, BBC peptides have a constraint conformation which facilitates easy determination of their bioactive conformation by nuclear magnetic resonance (NMR)
(Golic-Gradadolnik et al., 1994; Gilon et al., 1998a; Saulitis et al., 1992) and X-ray (Kasher et al., 1999) * provided
they are active as the endogenous (parent) peptide. This
information is most important for further design of nonpeptide small molecules.
1.2.5. Cycloscan: conformationally constrainted BBC
peptide libraries
In order to obtain the optimal BBC peptides based on
a given sequence, namely the one which best matches the
bioactive conformation (and thus exhibits the highest
antagonistic activity), there is a need to synthesize a large
number of BBC peptides in order to screen the conformational space of the peptide in a systematic way. Cycloscan
(Gilon et al., 1998b) is the methodology developed for
that purpose. Cycloscan is de"ned as a selection method
based on conformationally constrained BBC peptide libraries intended for e$cient screening of the conformational space and thus for fast identi"cation of a BBC
peptide lead compound that overlaps the bioactive
conformation.
Cycloscan is performed by designing and synthesizing
libraries of BBC peptides and screening them with the
appropriate bioassay. All the peptides in each library
bear the same sequence, and di!er from each other in
distinct parameters which a!ect their conformation and
hence their bioactivity. This is achieved by the gradual
introduction of discrete modi"cations which ensure e$cient screening of the conformational space of the parent
peptide. The majority of the peptides in such a library
should be inactive, because they do not overlap the
bioactive conformation. However, the peptide(s) which
do "t into the bioactive conformation should be very
potent and should have all the advantages mentioned
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above. Such compounds are excellent candidates for
neuropeptide}antagonist-based insecticide prototypes.
The main di!erence between a cycloscan library and
the normal combinatorial peptide libraries (either chemical or phage display) is that in the latter every peptide in
the library has a di!erent sequence whereas in the former
all the peptides in the library have the same sequence and
they di!er from each other only in their conformation. It
is therefore possible to generate a large BBC library for
each biologically active lead peptide discovered by peptide mapping or combinatorial libraries.
Cycloscan can be performed in two general ways:
(i) sequence biased cycloscan in which all the peptides
have the same primary sequence but di!er in the bridge
size, chemistry and location; and (ii) combinatorial
cycloscan in which cycloscan may be further diversi"ed
by replacement of sequential amino acids. In cases where
sequence biased cycloscan is applied, the amino acid
sequence of the linear lead antagonist is used as a basis
for library construction.
The diversity of sequence biased cycloscan is not sequential but conformational, and includes the following
modes: (i) the modes of backbone cyclization; (ii) the
position of the backbone bridge along the peptide sequence; (iii) the size of the bridge; (iv) the chemistry of
the bridge. Each of these diversity parameters have been
shown to a!ect the conformation and hence the biological activity (Altstein et al., 1999a; Bitan et al., 1996,
1997; Byk et al., 1996).
The concepts of backbone cyclization and cycloscan
were used initially in our laboratory for obtaining conformationally constrained analogs of naturally occurring
vertebrate neuropeptides. The model peptide chosen for
the development of these techniques was Substance
P (SP) (Gilon et al., 1991). A variety of building units were
prepared and incorporated into sequence-biased libraries
of BBC SP analogs. The cycloscan parameters such as
ring size and ring chemistry, had large e!ects on the
activity of the various analogs (Bitan et al., 1996, 1997;
Byk et al., 1996). Overall, the extensive research on BBC
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SP analogs has clearly proved the feasibility and e!ectiveness of the concepts of backbone cyclization and
cycloscan, and enabled these techniques to be employed
on somatostatin (Gilon et al, 1998a) and on the insect
family of pyrokinin/PBAN neuropeptides (Gilon et al.,
1997; Altstein et al., 1999a; see below).
1.3. Implementation of the BBC-NBA strategy for the
discovery of receptor-selective antagonists for the insect
pyrokinin/PBAN family
Recently, we have applied the BBC-NBA approach
for the discovery of antagonists for the insect pyrokinin/PBAN family. The "rst stage of the study involved
optimization of two in vivo biological assays for evaluation of agonistic and/or antagonistic activities of linear
and BBC peptides (Gazit et al., 1990; Altstein et al., 1993,
1996b). With the aid of these assays and using the BBCNBA approach the following was achieved.
(a) Identi"cation (by SAR studies) of the minimal active
sequence of PBAN (MINI-PBAN) that constitutes
the active core of the pyrokinin/PBAN molecule
(Altstein et al., 1995, 1996a, b, 1997).
(b) Design and synthesis of a biased library of linear
peptides (based on the information obtained in step
(a) for the identi"cation of a linear lead antagonist
(Table 1) (Gilon et al., 1997; Zeltser et al., 2000).
(c) Discovery (by SAR studies) of a peptidic linear lead
antagonists from the biased linear library obtained
in step (b) (Table 1) (Gilon et al., 1997; Zeltser et al.,
2000).
(d) Design and synthesis of BBC peptide libraries (based
on the sequence of the lead antagonist found in step
(c) * D}Phe sub-library, and the active core found
in step (a) * Ser sub-library; Fig. 1) for the discovery
of a cyclic antagonist (Gilon et al., 1997; Altstein,
1999a).
(e) Discovery (by SAR studies from the cyclic libraries in
step (d)) of several selective and highly potent BBC

Table 1
Amino acid sequence of the biased library of linear peptides and their pheromonotropic antagonistic activity
Peptide

Amino acid sequence

Antagonistic activity

LA-1
LA-2
LA-3
LA-4
LA-5
LA-6
LA-7

H}D}Phe}Tyr}Phe}Ser}Pro}Arg}Leu}NH

H}Arg-D}Phe}Phe}Ser}Pro}Arg}Leu}NH

H}Arg}Tyr}D}Phe}Ser }Pro}Arg}Leu}NH

H}Arg}Tyr}Phe}D}Phe}Pro}Arg}Leu}NH

H}Arg}Tyr}Phe}Ser}D}Phe}Arg}Leu}NH

H}Arg}Tyr}Phe}Ser}Pro}D}Phe}Leu}NH

H}Arg}Tyr}Phe}Ser}Pro}Arg}D}Phe}NH


15
0
18
64
53
65
45

Antagonistic activity was determined by injection of each peptide (at 100 pmol) together with 0.1 pmol PBAN1}33NH for 2 h. The antagonistic

activity is expressed as 100 minus the ratio (as a percentage) between the pheromone content elicited in the gland by the injection of PBAN1}33NH in

the presence and absence of each of the peptides. The amount of sex pheromone elicited by 0.1 pmol PBAN1-33NH was 86$24 (n"10) ng/female

and was de"ned as 100%. Pheromone content was monitored in 9}10 females for each peptide.

552

M. Altstein et al. / Crop Protection 19 (2000) 547}555

Fig. 1. General structure of the BBC Ser (A) and the D}Phe (B)
sub-libraries of peptides.

Table 2
Summary of the pheromonotropic antagonistic activity of the D-Phe
BBC peptides
Peptide no.

19
20
21
22
23
24
25
26
27
28
29
30

n

2
2
2
3
3
3
4
4
4
6
6
6

m

2
3
4
2
3
4
2
3
4
2
3
4

m#n

4
5
6
5
6
7
6
7
8
8
9
10

Antagonistic
activity
25
96
81
85
24
19
55
1
19
77
34
36

See Fig. 1 for details and general scheme of tested peptides.
Note: Antagonistic activity was considered positive only if the tested
peptide (at 1 nmol) exhibited over 50% inhibitory activity (50% decrease in pheromone biosynthesis evoked by the injection of 0.5 pmol
PBAN1}33NH for 2 h). Antagonistic activity of peptides was deter
mined as described in the legend to Table 1. The amount of sex
pheromone evoked by 0.5 pmol PBAN1}33NH ranged from 93 to

113 ng pheromone/female. Pheromone content was monitored with at
least 10 females for each of the tested peptides.

anti-PBAN antagonists, devoid of agonistic activity,
which inhibit (at 1 nmol) PBAN mediated functions
(sex pheromone biosynthesis, Table 2, Gilon et al.,
1997, Alstein et al., 1999a and melanization (data not
shown).
The results obtained provide a solid proof that neuropeptide antagonists can inhibit biological activities elicited by endogenous neuroendocrine mechanisms and
provide valuable information on the structural requirements of pyrokinin/PBAN antagonists (Altstein et al.,
1999a).
The design of neuropeptide antagonists for insecticidal
applications requires, in addition to the antagonistic
properties, the development of novel strategies that will
be in line with the common practice of the insecticide

industry, namely, non-peptide compounds of low molecular weight, high penetrability through the insect cuticle and gut, environmentally stable and cost-e!ective in
production. Structural data derived from our active and
non-active conformationally constrained antagonists as
well as a radio receptor assay (RRA) that was developed
in our laboratory (Altstein et al., 1999b) for the pyrokimim/PBAN receptor enable us now to proceed toward
the development of a high-throughput screening (HTS)
assay and the development of novel technologies based
on a chemical combinatorial approach for the discovery
of potential insecticides/insect control agents based on
non-peptide molecules.

2. Concluding remarks
In summary, in this article we present a novel general
approach that combines rational design and a selection
method for the generation of agonistic and/or antagonistic cyclic peptides based on the sequence of an insect
neuropeptide. This approach, applied to PBAN has led
to the discovery of several antagonists and agonists
which exhibited pheromonotropic activity and e!ectively
inhibited sex pheromone biosynthesis in female H. peltigera moths. To the best of our knowledge, this is the "rst
report on the use of backbone cyclization for the design
of insect neuropeptide antagonists. Beyond the immediate bene"ts introduced by the cyclic peptides as selective
antagonists, the information on the bioactive conformations of the antagonists that was gained in the course of
this study may serve as a basis for the design of improved
(small, cost-e!ective and having enhanced metabolic
stability and bioavailability), non-peptide, mimetic agonists and antagonists. Such compounds are potential candidates for agrochemical applications, which could serve,
after formulation and preliminary "eld experiments, as
prototypes for the development of a novel group of
highly e!ective, insect-speci"c and environment-friendly
insecticides.

Acknowledgements
This research was supported by the Israel Ministry of
Science and Technology (to M.A. and C.G.) and by the
Israel Science Foundation, administered by the Israel
Academy of Sciences and Humanities (to M.A.).

References
Abernathy, R.L., Nachman, R.J., Teal, P.E.A., Yamashita, O., Tumlinson, J.H., 1995. Pheromonotropic activity of naturally occurring
pyrokinin insect neuropeptides (FXPRLamide) in Helicoverpa zea.
Peptides 16, 215}219.

M. Altstein et al. / Crop Protection 19 (2000) 547}555
Altstein, M., Ben-Aziz, O., Daniel, S., Sche#er, I., Zeltser, I., Gilon, C.,
1999a. Backbone cyclic peptide antagonists, derived from the insect
pheromone biosynthesis activating neuropeptide (PBAN), inhibit
sex pheromone biosynthesis in moths. J. Biol. Chem. 274,
17,573}17,579.
Altstein, M., Ben-Aziz, O., Gabay, T., Gazit, Y., Dunkelblum, E., 1996a.
Structure}function relationship of PBAN/MRCH. In: Carde, R.T.,
Minks, A.K. (Eds.), Insect Pheromone Research: New Directions.
Chapman & Hall, London, pp. 56}63.
Altstein, M., Dunkelblum, E., Gabay, T., Ben-Aziz, O., Scha#er, I.,
Gazit, Y., 1995. PBAN-induced sex pheromone biosynthesis in
Heliothis peltigera: Structure, dose and time-dependent analysis.
Arch. Insect Biochem. Physiol. 30, 309}317.
Altstein, M., Dunkelblum, E., Gazit, Y., Ben Aziz, O., Gabay, T., Vogel,
Z., Barg, J., 1997. Structure}function analysis of PBAN/MRCH:
a basis for antagonist design. In: Rosen, D., et al. (Eds.), Modern
Agriculture and the Environment. Kluwer Academic Publishers,
Dordrecht, pp. 109}116.
Altstein, M., Gabay, T., Ben Aziz, O., Daniel, S., Zeltser, I., Gilon, C.,
1999b. Characterization of the pheromone biosynthesis activation
neuropeptide (PBAN) receptor from the pheromone gland of Heliothis peltigera. Invertebrate Neurosci. 4, 33}40.
Altstein, M., Gazit, Y., Ben Aziz, O., Gabay, T., Marcus, R., Vogel, Z.,
Barg, J., 1996b. Induction of cuticular melanization in Spodoptera
littoralis larvae by PBAN/MRCH: Development of a quantitative
bioassay and structure function analysis. Arch. Insect Biochem.
Physiol. 31, 355}370.
Altstein, M., Gazit, Y., Dunkelblum, E., 1993. Neuroendocrine control
of sex pheromone biosynthesis in Heliothis peltigera. Arch. Insect
Biochem. Physiol. 22, 153}168.
Becker, J.A.J., Wallace, A., Garzon, A., Ingallinella, P., Bianchi, E.,
Cortese, R., Simonin, F., Kie!er, B.L., Pessi, A., 1999. Ligands for
i-opioid and ORL1 receptors identi"ed from a conformationally
constrained peptide combinatorial library. J. Biol. Chem. 274,
27,513}27,522.
Bitan, G., Sukhotinsky, I., Mashriki, Y., Hanani, M., Selinger, Z., Gilon,
C., 1997. Synthesis and biological activity of novel backbone-bicyclic substance-P analogs containing lactam and disul"de bridges. J.
Pept. Res. 49, 421}426.
Bitan, G., Zeltser, I., Byk, G., Halle, D., Mashriki, Y., Gluhov, E.V.,
Sukhotinsky, I., Hanani, M., Selinger, Z., Gilon, C., 1996. Backbone
cyclization of the C-terminal part of substance P : the important
role of the sulphur in position 11. J. Pep. Sci. 2, 261}269.
Byk, G., Halle, D., Zeltser, I., Bitan, G., Selinger, Z., Gilon, C., 1996.
Synthesis and biological activity of NK-1 selective, N-backbone
cyclic analogs of the C-terminal hexapeptide of substance P. J. Med.
Chem. 39, 3174}3178.
Choi, M.Y., Tanaka, M., Kataoka, H., Boo, K.S., Tatsuki, S., 1998.
Isolation and identi"cation of the cDNA encoding the pheromone biosynthesis activating neuropeptide and additional
neuropeptides in the oriental tobacco budworm, Helicoverpa
assulta (Lepidoptera: Noctuidae). Insect Biochem. Molec. Biol. 28,
759}766.
Cody, W.L., He, J.X., DePue, P.L., Waite, L.A., Leonard, D.M., Se#er,
A.M., Kaltenbronn, J.S., Haleen, S.J., Walker, D.M., Flynn, M.A.,
Welch, K.M., Reynolds, E.E., Doherty, A.M., 1995. Structure}activity relationships of the potent combined endothelin-A/endothelin-B
receptor antagonist Ac-DDip-Leu}Asp}Ile}Ile}Trp: development of endothelin-B receptor selective antagonists. J. Med. Chem.
21, 2809}2819.
Collins, N., Flippen-Anderson, J.L., Haaseth, R.C., Deschamps, J.R.,
George, C., KoK veH r, K., Hruby, V.J., 1996. Conformational determinants of agonist versus antagonist properties of [D-Pen, D-Pen]
enkephalin (DPDPE) analogs at opioid receptors. Comparison of
X-ray crystallographic structure, solution H NMR data and molecular dynamic simulations of [L-Ala]DPDPE and [D-Ala]
DPDPE. J. Am. Chem. Soc. 118, 2143}2152.

553

Coy, D.H., Heinz-Erian, P., Jiang, N.-Y., Sasaki, J., Taylor, J., Moreau,
J.-P., Wolfey, J.D., Gardner, J.D., Jensen, R.T., 1988. A novel
bombesin antagonist with reduced peptide bond. J. Biol. Chem. 263,
5055}5060.
Coy, D.H., Taylor, J., Jiang, N.-Y., Kim, S.H., Wang, L.-H., Huang,
S.C., Moreau, J.-P., Gardner, J.D., Jensen, R.T., 1989. Short chain
bombesin receptor antagonists with IC s for cellular secretion and

growth approaching the picomolar region. In: Rivier, J.E., Marshall,
G.R. (Eds.), Peptides 11. Escom, Leiden, pp. 65}67.
Davis, M.-T.B., Vakharia, V.N., Henry, J., Kempe, T.G., Raina, A.K.,
1992. Molecular cloning of the pheromone biosynthesis-activating
neuropeptide in Helicoverpa zea. Proc. Natl. Acad. Sci. USA 89,
142}146.
Duportets, L., Gadenne, C., Dufour, M.C., Couillaud, F., 1998. The
pheromone biosynthesis activating neuropeptide (PBAN) of the
black cutworm moth, Agrotis ipsilon: immunohistochemistry, molecular characterization and bioassay of its peptide sequence. Insect
Biochem. Molec. Biol. 28, 591}599.
Folkers, K., Jakanson, R., Horig, J., Xu, J.C., Leander, S., 1984. Biological evaluation of substance P antagonists. Br. J. Pharmacol. 83,
449}456.
FoH nagy, A., Schoofs, L., Matsumotor, S., De Loof, A., Mitsui, T.M.,
1992. Functional cross-reactivity of some locustamyotropins and
Bombyx pheromone biosynthesis activating neuropeptide. J. Insect
Physiol. 38, 651}657.
GaK de, G., 1997. The explosion of structural information on insect
neuropeptides. Prog. Chem. Org. Natural Products 71, 1}128.
Gazit, Y., Dunkelblum, E., Benichis, M., Altstein, M., 1990. E!ect of
synthetic PBAN and derived peptides on sex pheromone biosynthesis in Heliothis peltigera (Lepidoptera : Noctuidae). Insect Biochem.
20, 853}858.
Gilon, C., Halle, D., Chorev, M., Selinger, Z., Byk, G., 1991. Backbone
cyclization: a new method for conferring conformational constraint
on peptides. Biopolymers 31, 745}750.
Gilon, C., Huonges, M., Matha, B., Gellerman, G., Hornik, V., Rosenfeld, R., Afargan, M., Amitay, O., Ziv, O., Feller, E., Gamliel, A.,
Shohat, D., Wanger, M., Arad, O., Kessler, H., 1998a. A backbonecyclic, receptor 5-selective somatostatin ananlogue: synthesis, bioactivity, and nuclear magnetic resonance conformational analysis.
J. Med. Chem. 41, 919}929.
Gilon, C., Muller, D., Bitan, G., Salitra, Y., Goldwasser, I., Hornik, V.,
1998b. Cycloscan: conformational libraries of backbone cyclic peptides. In: Ramage, R., Epton, R. (Eds.), Peptides Chemistry, Structure and Biology. May#ower Scienti"c Ltd., England, pp. 423}424.
Gilon, C., Zeltser, I., Daniel, S., Ben-Aziz, O., Sche#er, I., Altstein, M.,
1997. Rationally designed neuropeptide antagonists: a novel approach for generation of environmentally friendly insecticides.
Invertebrate Neurosci. 3, 245}250.
Golic-Gradadolnik, S., Mierke, D.F., Byk, G., Zeltser, I., Gilon, C.,
Kessleer, H., 1994. Comparison of the conformations of active and
nonactive backbone cyclic analogs of substance P as a tool to
elucidate features of the bioactive conformation: NMR and molecular dynamics in water and dimethylsulfoxide. J. Med. Chem. 37,
2145}2152.
Goodman, M., Ro, S., 1995. Peptidomimetics for drug design. In: Wol!,
E. (Ed.), Medicinal Chemistry and Drug Discovery (5th Ed.), Vol. 1.
John Wiley & Sons, Inc., New York, pp. 803}861.
Heinz-Erian, P., Coy, D.H., Tamura, M., Jones, S.W., Gardener, J.D.,
Jensen, R.T., 1987. [D-Phe] bombesin analogues: a new class of
bombesin receptor antagonists. Am. J. Physiol. 252, G439}G442.
Hruby, V.J., 1981a. Structural and conformation related to the activity
of peptide hormones. In: Eberle, A., Geiger, R., Weiland, T. (Eds.),
Perspectives in Peptide Chemistry, S. Karger, Basel, pp. 207}220.
Hruby, V.J., 1981b. Relation of conformation to biological activity in
oxytocin, vasopressin and their analogues. In: Burgen, S.V.,
Roberts, G.C.K. (Eds.), Topics in Molecular Pharmacology, Vol. 1.
Elsevier, Amsterdam, pp. 99}126.

554

M. Altstein et al. / Crop Protection 19 (2000) 547}555

Hruby, V.J., 1992. Strategies in the development of peptide antagonists.
Prog. Brain Res. 92, 215}224.
Hruby, V.J., Al-Obeidi, F., Kazmierski, W., 1990. Emerging approaches
in the molecular design of receptor-selective peptide ligands: conformational, topographical and dynamic considerations. Biochem.
J. 268, 249}262.
Imai, K., Konno, T., Nakazawa, Y., Komiya, T., Isobe, M., Koga, K.,
Goto, T., Yaginuma, T., Sakakibara, K., Hasegawa, K., Yamashita,
O., 1991. Isolation and structure of diapause hormone of the
silkworm, Bombyx mori. Proc. Japan Acad. 67, Ser. B, 98}101.
Jacquin-Joly, E., Burnet, M., Franxois, M.C., Ammar, D., Nagnan-Le
Meillour, P., Descoins, C., 1998. cDNA cloning and sequence determination of the pheromone biosynthesis activating neuropeptide of
Mamestra brassicae: a new member of the PBAN family. Insect
Biochem. Mol. Biol. 28, 251}258.
Kasher, R., Oren, D.S., Barda, Y., Gilon, C., 1999. Protein miniaturization: the backbone cyclic proteinomimetic approach. J. Mol. Biol.
292, 421}429.
Kawano, T., Kataoka, H., Nagasawa, H., Isogai, A., Suzuki, A., 1992.
c}DNA cloning and sequence determination of the pheromone
biosynthesis activating neuropeptide of the silkworm. Bombyx mori.
Biochem. Biopyhs. Res. Commun. 189, 221}226.
Kawano, T., Kataoka, H., Nagasawa, H., Isogai, A., Suzuki, A., 1997.
Molecular cloning of a new type of c-DNA for pheromone biosynthesis activating neuropeptide in the silkworm. Bombyx mori.
Biosci. Biotechnol. Biochem. 61, 1745}1747.
Kessler, H., 1982. Conformation and biological activity of cyclic peptides. Angew. Chem. Int. Ed. Engl. 21, 512}523.
Kitamura, A., Nagasawa, H., Kataoka, H., Ando, T., Suzuki, A., 1990.
Amino acid sequence of pheromone biosynthesis activating neuropeptide-II (PBAN-II) of the silkmoth Bombyx mori. Agric. Biol.
Chem. 54, 2495}2497.
Kitamura, A., Nagasawa, H., Kataoka, H., Inoue, T., Matsumoto, S.,
Ando, T., Suzuki, A., 1989. Amino acid sequence of pheromonebiosynthesis-activating neuropeptide (PBAN) of the silkworm
Bombyx mori. Biochem. Biophys. Res. Commun. 163, 520}526.
Kochansky, J.P., Raina, A.K., Kempe, T.G., 1997. Structure-activity
relationship in C}terminal fragments analogs of pheromone biosynthesis activating neuropeptide in Helicoverpa zea. Arch. Insect
Biochem. Physiol. 35, 315}332.
Kuczer, M., Rosinski, G., Issberner, J., Osborne, R., Konopinska, D.,
1999. Further proctolin analogues modi"ed in the position 2 of the
peptide chain and their myotropic e!ects in insects Tenebrio molitor
and Schistocerca gregaria. Pol. J. Pharmacol. 51, 79}85.
Kuniyoshi, H., Nagasawa, H., Ando, T., Suzuki, A., 1992a. N-terminal
modi"ed analogs of C-terminal fragments of PBAN with
pheromonotropic activity. Insect Biochem. Mol. Biol. 22, 399}403.
Kuniyoshi, H., Nagasawa, H., Ando, T., Suzuki, A., Nachman, R.J.,
Holman, M.G., 1992b. Cross-activity between pheromone biosynthesis activating neuropeptide (PBAN) and myotropic pyrokinin
insect peptides. Biosci. Biotechnol. Biochem. 56, 167}168.
Llinares, M., Devin, C., Chloin, O., Azay, J., Noel-Artis, A.-M., Bernad,
N., Fehrentz, J.-A., Martinez, J., 1999. Synthesis and biological
activities of potent bombesin receptor antagonists. J. Peptide Res.
53, 275}283.
Ma, P.W.K., Knipple, D.C., Roelofs, W.L., 1994. Structural organization of the Helicoverpa zea gene encoding the precursor protein for
pheromone biosynthesis-activating neuropeptide and other neuropeptides. Proc. Nat. Acad. Sci. USA 91, 6506}6510.
Maretto, S., Schievano, E., Mammi, S., Bisello, A., Nakamoto, C.,
Rosenblatt, M., Chorev, M., Peggion, E., 1998. Conformational
studies of a potent Leu, D-Trp-containing lactam-bridged parathyroid hormone}related protein-derived antagonist. J. Peptide
Res. 52, 241}248.
Masler, E.P., Raina, A.K., Wagner, R.M., Kochansky, J.P., 1994. Isolation and identi"cation of a pheromonotropic neuropeptide from the
brain-suboesophageal ganglion complex of Lymantria dispar: A new

member of the PBAN family. J. Insect Biochem. Mol. Biol. 24,
829}836.
Matsumoto, S., Fonagy, A., Kurihara, M., Uchiumi, K., Nagamine, T.,
Chijimatsu, M., Mitsui, T., 1992. Isolation and primary structure of
a novel pheromonotropic neuropeptide structurally related to leucopyrokinin from the armyworm larvae. Pseudaletia separata. Biochem. Biophys. Res. Commun. 182, 534}539.
Matsumoto, S., Kitamura, A., Nagasawa, H., Kataoka, H., Orikasa, C.,
Mitsui, T., Suzuki, A., 1990. Functional diversity of a neurohormone
produced by the suboesophageal ganglion: molecular identity
of melanization and reddish colouration hormone and pheromone biosynthesis activating neuropeptide. J. Insect Physiol. 36,
427}432.
Nachman, R.J., Holman, M.G., Cook, B.J., 1986. Active fragments and
analogs of the insect neuropeptide leucopyrokinin: structure-function studies. Biochem. Biophys. Res. Commun. 137, 936}942.
Nachman, R.J., Holman, M.G., Haddon, W.F., 1993. Leads for insect
neuropeptide mimetic development. Arch. Insect Biochem. Physiol.
22, 181}197.
Nachman, R.J., Zdareej, J., Holman, M.G., Hayes, T.K., 1997. Pupariation acceleration in #esh#y (Sarcophaga bullata) larvae by the
pyrokinin/PBAN neuropeptide family. Ann. N.Y. Acad. Sci. 814,
73}79.
Nagasawa, H., Kuniyoshi, H., Arima, R., Kawano, T., Ando, T., Suzuki,
A., 1994. Structure and activity of Bombyx PBAN. Arch. Insect
Biochem. Physiol. 25, 261}270.
Piercey, M.F., Schroeder, L.A., Einspahr, F.J., 1981. Behavioral evidence that substance P may be a spinal cord nociceptor neurotransmitter. In: Rich, D.H., Gross, E. (Eds.), Peptides: SynthesisStructure}Function. Pierce Chemical Co., Rockford, IL, pp.
589}592.
Raina, A.K., 1993. Neuroendocrine control of sex pheromone biosynthesis in Lepidoptera. Annu. Rev. Entomol. 3, 329}349.
Raina, A.K., Kempe, T.G., 1992. Structure activity studies of PBAN of
Helicoverpa zea (Lepidoptera: Noctuidae). Insect Biochem. Mol.
Biol. 22, 221}225.
Raina, A.K., Ja!e, H., Kempe, T.G., Keim, P., Blacher, R.W., Fales,
H.M., Riley, C.T., Klun, J.A., Ridgway, R.L., Hayes, T.K., 1989.
Identi"cation of a neuropeptide hormone that regulates sex
pheromone production in female moths. Science 244, 796}798.
Raina, A.K., Kempe, T.G., 1990. A pentapeptide of the C-terminal
sequence of PBAN with pheromonotropic activity. Insect Biochem.
20, 849}851.
Raina, A.K., Klun, J.A., 1984. Brain factor control of sex pheromone production in the female corn earworm moth. Science 225,
531}533.
Rees, R.W.A., Foell, T.J., Chai, S.-Y., Grant, N., 1974. Synthesis and
biological activities of analogues of the luteinizing hormone-releasing hormone (LH-RH) modi"ed in position 2. J. Med. Chem. 17,
1016}1019.
Rhaleb, N.-E., TeH leH maque, S., Roussi, N., Dion, S., Jukic, D., Drapeau,
G., Regoli, D., 1991. Structure-activity studies of bradykinin and
related peptides. Hypertension 17, 107}115.
Rodriguez, M., Dubreuil, P., Laur, J., Bali, J.P., Martinez, J., 1987.
Synthesis and biological activity of partially modi"ed retro-inverso
pseudopeptide derivatives of the C-terminal tetrapeptide of gastrin.
J. Med. Chem. 30, 758}763.
Rosell, S., BjoK rkroth, U., Xu, J.C., Folkers, K., 1983. The pharmacological pro"le of a substance P (SP) antagonists. Evidence for the
existence of subpopulations of SP receptors. Acta Physiol. Scand.
117, 445}449.
Saulitis, J., Mierke, D.F., Byk, G., Gilon, C., Kessler, H., 1992. Conformation of cyclic analogous of substance P: NMR and molecular
dynamics in demethylsulfoxide. J. Am. Chem. Soc. 114, 4818}4823.
Sawyer, W.H., Pang, P.K.T., Seto, J., McEnroe, M., 1981. Vasopressin
analogs that antagonisze antidiuretic responses by rats to the antidiuretic hormone. Science 212, 4951}4953.

M. Altstein et al. / Crop Protection 19 (2000) 547}555
Schoofs, L., Holman, M.G., Nachman, R.J., Hayes, T.K., DeLoof, A.,
1991. Isolation, primary structure, and synthesis of locustapyrokinin: A myotropic peptide of Locusta migratoria. Gen.
Comp. Endocrinol. 81, 97}104.
Schoofs, L., Vanden, J.B., De Loof, A., 1993. The myotropic peptides of
Locusta migratoria: Structures, distribution, functions and receptors.
Insect Biochem. Mol. Biol. 23, 859}881.
Teal, P.E.A., Abernathy, R.L., Nachman, R.J., Fang, N., Meredith, J.A.,
Tumlinson, J.H., 1996. Pheromone biosynthesis activating neuropeptides: functions and chemistry. Peptides 17, 337}344.

555

Vale, W., Grant, G., Rivier, J.E., Monahan, M., Amoss, M., Blackwell,
R., Borgos, R., Guillemin, R., 1972. Synthetic polypeptide antagonists of the hypothalamic luteinizing hormone releasing hormone.
Science 176, 933}934.
Vevrek, R.J., Stewart, J.M., 1985. Competitive antagonists of bradykinin. Peptides 6, 161}164.
Zeltser, I., Gilon, C., Ben-Aziz, O., Sche#er, I., Altstein, M., 2000.
Discovery of a linear lead antagonist to the insect pheromone biosynthesis activating neuropeptide (PBAN). Peptides, in
press.

