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disclosed. SAR studies revealed that the structural requirements of the melanotropic and
pheromonotropic agonists and antagonists are different. The cyclic structure of the BBC
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peptides was unimportant for antagonistic activity, and linearization retained their mel-

PBAN

anotropic and pheromonotropic antagonistic properties. Comparison of the antagonistic

MRCH

activities of the BBC and precyclic peptides with respect to both functions revealed eight

Cuticular melanization

selective antagonists (six that were selective melanotropic antagonists and two selective

Neuropeptide antagonists

pheromonotropic antagonists) and four non-selective (melanotropic and pheromonotropic)

Spodoptera littoralis

antagonists. The selective melanotropic antagonists exhibited both, pure or mixed agonis-

Insect neuropeptide

tic/antagonistic activities. The selective pheromonotropic compounds were pure antagonists. All non-selective compounds were pure antagonists. Comparison of the agonistic
activities of the BBC peptides with respect to both functions revealed six selective melanotropic agonists and one non-selective agonistic compound. All compounds (whether selective or non-selective) exhibited pure agonistic activity. Discovery of the selective
compounds hints at the possibility that the receptors that mediate the respective activities
may have different properties.
# 2006 Elsevier Inc. All rights reserved.

1.

Introduction

Insects display a wide variety of coloration and are capable
of altering their pigmentation in response to external and
internal factors by synthesizing pigments that may be
located in the epidermal cells or the cuticle [31]. Pigmentation in insects (whether cuticular or epithelial) is controlled
§

by endocrine and neuroendocrine factors. In locusts
and many other grasshopper species (Acrididae), pigmentation and color polymorphism has been found to be
controlled by a variety of neuroendocrine factors [39] such
as the dark color-inducing neurohormone (DCIN, originally
isolated from the CC of Schistocerca gregaria and Locusta
migratoria) [40], and the adipokinetic hormone II of
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Schistocerca gregaria (Scg-AKH) and AKH of Gryllus bimaculatus
(Grb-AKH) [41,42].
In noctuid moths cuticular pigmentation is controlled by
the pyrokinin (PK)/pheromone biosynthesis activating neuropeptide (PBAN) family. The first indication of the possible
involvement of this family of neuropeptides in the control of
larval cuticular melanization was demonstrated in the
common army worm, Leucania separata, by Ogura and coworkers [29,30,38]. The hormone, which was termed melanization and reddish coloration hormone (MRCH), was later
found to initiate the melanization of the integument of other
moth larvae, such as L. loreyi [20], Spodoptera litura [24] and
Mamestra brassicae [10]. Several MRCH peptides were partially purified from Bombyx mori [17–20,38], and the primary
structure of one of them, MRCH-I, was elucidated in head
extracts of adult insects [21]. MRCH-I was found to be an
amidated peptide consisting of 33 amino acids and identical
to PBAN of B. mori (Bom-PBAN-I) [14]. This neuropeptide was
also found to share 80% homology with the primary
structure of Hez-PBAN, isolated from Helicoverpa zea
[33,35]. Both natural and synthetic Bom-PBAN-I/MRCH-I
were found to induce cuticular melanization in larvae of L.
separata, S. litura, and S. littoralis and to stimulate sex
pheromone production in adults of B. mori and S. litura [21].
The c-DNA of B. mori PBAN/MRCH was cloned by Kawano
et al. [13], as were many other peptides of this family of
neuropeptides, all of which share a common C-terminal
sequence of Phe-Xxx-Pro-Arg-Leu-NH2 (X = Ser, Gly, Thr, Val)
[2,32].
Cuticular melanization was also found to be induced by
Hez-PBAN in S. littoralis larvae [6] and by other members of the
PK/PBAN family including: Pss-pheromonotropin (Pss-PT,
also termed Pss-MRCH), an 18-amino acid neuropeptide
isolated from larval heads of Pseudaletia (=Leucania) separate
[15,22], by a pheromonotropic melanizing peptide (PMP)
isolated from H. zea (which bears 83% sequence homology
with Pss-PT) [34], by L. migratoria myotropin-I and -II (LomMT-I and Lom-MT-II) and Leucophaea maderae PK (LPK) [11,16].
An unidentified factor, extracted from the nerve cord system,
which differs from Bom-PBAN-I/MRCH-I or Hez-PBAN, was
reported to be involved in cuticular melanization of Manduca
sexta larvae [11]. Bursicon, a 40 kDa neurosecretory protein,
has also been reported to induce melanization. The neuropeptide is produced by neurons in M. sexta and its presence
has been detected in a variety of different insects. Bursicon
triggers sclerotization and melanization of newly formed
cuticles [23].
Studies performed in many laboratories including ours
indicate that the PK/PBAN family (which currently comprises over 30 neuropeptides) is a multifunctional family of
peptides, and that in addition to their ability to stimulate
cuticular melanization in moths, these peptides mediate
key functions associated with feeding (gut muscle contractions) [25,36], development (pupariation and diapause)
[12,27,28] and mating behavior (sex pheromone biosynthesis) [2,35] in a variety of insects (moths, cockroaches,
locusts and flies). These studies have shown that all of the
above functions can be stimulated by more than one
peptide, and that the peptides do not exhibit species
specificity. For a detailed review see Refs. [2,9,32]. The

functional diversity of the PK/PBAN family raises many
questions with respect to the mechanisms of actions by
which these neuropeptides elicit their effects, and to the
nature of their receptors. Currently, our understanding of
the modes of action of the various melanotropic peptides,
the possible existence of multiple receptors for each
function and/or for each neuropeptide, and their interactions with other components of the neuroendocrine or
endocrine system is very limited, and requires further
investigation. Antagonists, especially selective ones can
shed light on some of these questions.
In the past few years we have developed a strategy for
generation of antagonists on the basis of an agonistic
neuropeptide. The strategy (termed insect neuropeptide
antagonist, INA) [2] was applied to the PK/PBAN family and
resulted in the synthesis of two backbone cyclic (BBC)
conformationally constrained libraries: BBC-Ser and BBC-DPhe. The first sub-library was based on the C-terminal
hexapeptide sequence (Tyr-Phe-Ser-Pro-Arg-Leu-NH2) of
PBAN1-33NH2, which comprises the active core of the PK/
PBAN molecules [2,3,6,26], and the second on a potent
linear antagonist of PBAN that was found in our previous
studies to have pheromonotropic antagonistic properties
[44]. Examination of the antagonistic activities of both
libraries led to the discovery of several highly potent
pheromonotropic antagonists that were able to inhibit
effectively sex pheromone biosynthesis in Heliothis peltigera
[1,2,4,43].
In the present study we tested the agonistic and
antagonistic melanotropic activities of the Ser and D-Phe
BBC libraries, as well as those of a few of their derivatives,
by means of a quantitative melanotropic bioassay that was
previously optimized in our laboratory with S. littoralis
larvae [7], for the detection of melanotropic antagonists,
determination of the structure–activity relationship (SAR) of
their requirements, and for the discovery of selective and
non-selective melanotropic and pheromonotropic compounds.

2.

Materials and methods

2.1.

Insects

S. littoralis larvae were kept in groups of 100–200 insects in
plastic containers (40 cm  30 cm  20 cm). Sawdust was
placed at the bottom of each container and the top was
covered with cheesecloth. Larvae were fed on castor bean
leaves and kept in a thermostatically regulated room at
25  2 8C with a light/dark regime of 14/10 h and 60% relative
humidity.
H. peltigera moths were reared on an artificial diet as
described previously [8]. Pupae were sexed and females and
males were placed in separate rooms with a light/dark regime
of 14/10 h, at 25  2 8C and 60–70% relative humidity. Adult
moths were kept in screen cages and supplied with a 10%
sugar solution. Moth populations were refreshed every year
with males caught from the wild by means of pheromone
traps, as described previously [8]. All females used in this
study were 3.5–4.5 days old.
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2.2.

Peptide synthesis

2.2.1.

Chemicals
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Protected amino acids, Rink amide methylbenzhydrylamine
(MBHA) resin and coupling reagents were purchased from
Novabiochem (Laufelfingen, Switzerland). Other chemicals
were purchased from Sigma, St. Louis, MO, USA or Merck,
Darmstadt, Germany. Solvents and reagents for peptide
synthesis were purchased from Baker (Phillipsburg, NJ, USA).

2.2.2.

Synthesis of PBAN 1-33NH2

Hez-PBAN [33] was synthesized on an ABI 433A automatic
peptide synthesizer on Rink amide MBHA resin by means of
the FastMocTM chemistry as described previously [44].

2.2.3. Synthesis of the BBC peptide library and the precyclic
peptides

Fig. 2 – General structures of BBC 28 C-terminally modified
analogs (small BBC peptides).

BBC peptides (Ser and D-Phe sub-libraries and the small BBC
peptides, Figs. 1 and 2) and the precyclic peptides (Fig. 3) were
synthesized by the simultaneous multiple peptide synthesis
(SMPS) ‘‘tea bags’’ methodology on Rink amide MBHA resin by
means of 9-fluorenylmethoxycarbonyl (Fmoc) chemistry as
previously described [4,43].

2.2.4.

Purification and characterization of peptides

The purity of all peptides (linear and cyclic) was assessed by
analytical reverse-phase high-performance liquid chromatography (RP-HPLC) on ‘‘LichrosorbR’’ C-18 (LICHROCARTE
250-10 cat. 16817) using acetonitrile: H2O (+0.1% trifluoroacetic acid) as previously described [4,43,44] and was found
to be in the range of 90–95%. Purified peptides were
characterized by time-of-flight mass spectrometry (TOFMS) and amino acid analysis of hydrolyzates. The analytical
methods and data of the peptides were described by Refs.
[4,43,44].

Fig. 3 – General structures of the precyclic linear peptides.

2.3.

Melanotropic bioassay

The melanotropic bioassay was performed as previously
described [7]. Melanotropic agonistic activity of the BBC or
precyclic peptides was determined by an evaluation of the
ability of the injected peptides (at 1 nmol) to induce cuticular
melanization in larvae (in the absence of PBAN1-33NH2).
Larvae injected with 5 pmol of PBAN1-33NH2 served as a
reference for agonistic activity. Antagonistic activity was
determined by monitoring the ability of the BBC or precyclic
peptides (at 1 nmol), injected together with the elicitor PBAN133NH2 (at 5 pmol), to inhibit the cuticular melanization. Larvae
injected with 5 pmol of PBAN1-33NH2 served as a reference for
maximal stimulation and those injected with 50 mM HEPES,
pH 7.6 served to determine the basal cuticular melanization of
the ligated insects in both the agonistic and antagonistic
activity experiments.
Fig. 1 – General structure of the BBC Ser (A) and the D-Phe (B)
sub-libraries of peptides. Peptides of the Ser sub-library
are referred to in the text by consecutive numbers BBC 4 to
BBC 15 representing n = 2 and m = 2–4; n = 3 and m = 2–4;
n = 4 and m = 2–4; n = 5 and m = 2–4, respectively. Peptides
of the D-Phe sub-library are referred to in the text as BBC 19
to BBC 30 and represent the same combinations of n and
m (see Tables 1 and 2).

2.4.

Pheromonotropic bioassay

The pheromonotropic bioassay was performed with H.
peltigera as described previously [5]. Agonistic activity of
the BBC or precyclic peptides was determined by monitoring
the ability of the injected peptides (at 1 nmol) to induce sex
pheromone biosynthesis in females (in the absence of
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PBAN1-33NH2). Females injected with 1 pmol of PBAN133NH2 served as a reference for agonistic activity. Antagonistic activity was determined by monitoring the ability of
the BBC or precyclic peptides (at 1 nmol) to inhibit sex
pheromone biosynthesis elicited by 0.5 pmol of exogenously
injected PBAN1-33NH2. Females injected with 0.5 pmol of
PBAN1-33NH2 served as a reference for maximal stimulation
and those injected with 100 mM of phosphate buffer served
to determine the basal pheromone biosynthesis at photophase in both the agonistic and antagonistic activity
experiments. The pheromone content in buffer-injected
moths did not exceed 20 ng/female.

2.5.

3.

Results

The first part of the study involved examination of the
ability of BBC peptides from the Ser and D-Phe sub-libraries
to inhibit the formation of cuticular melanin evoked by
PBAN1-33NH2 in S. littoralis larvae. The data in Tables 1 and 2
depict the presence of seven potent antagonistic peptides
(BBC 15, 19, 20, 23, 27, 28 and 29) each of which exhibited
over 60% inhibitory activity at 1 nmol. Most of the
antagonistic peptides were among the compounds of the
D-Phe library; only one peptide belonged to the BBC Ser

Table 1 – Melanotropic agonistic and antagonistic
activities of the Ser sub-library BBC peptides
Peptide #a

4
5
6
7
8
9
10
11
12
13
14
15
a

Peptide #a

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

Activityb (%)
Agonistic

Antagonistic

42  20 (n = 30)*
76  9 (n = 30)
58  19 (n = 30)*
72  28 (n = 20)
99  2 (n = 20)
68  33 (n = 20)*
51  8 (n = 10)*
64  25 (n = 20)*
97  9 (n = 10)
38  11 (n = 10)*
76  16 (n = 10)
41  10 (n = 10)*

6  8 (n = 4)
0  1 (n = 10)
14  10 (n = 10)
4  3 (n = 20)
1  1 (n = 9)
4  2 (n = 19)
1  1 (n = 10)
1  1 (n = 9)
1  1 (n = 10)
18  11 (n = 10)
35  10 (n = 9)
61  9 (n = 18)*

For peptide structure see Fig. 1.
Agonistic activity is expressed as the ratio (as a percentage)
between the extents of melanization elicited by the injection of
each of the cyclic peptides and that elicited by PBAN1-33NH2 (at
5 pmol). Antagonistic activity is expressed as 100 min the ratio (as a
percentage) between the extents of melanization elicited by the
injection of PBAN1-33NH2 (5 pmol) in the presence and absence of
each of the tested BBC peptides (at 1 nmol).
*
An activity that differed significantly (at P < 0.05) from that of
PBAN1-33NH2 (at 5 pmol).

n

m

Activity (%)
Agonistic

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

Statistical analysis

The results were subjected to one-way ANOVA. The significance of differences among means was evaluated with the
Tukey–Kramer HSD (honestly significant difference) test at
P < 0.05.

b

Table 2 – Melanotropic agonistic and antagonistic
activities of the D-Phe sub-library BBC peptides

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

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

Antagonistic
*

58  22 (n = 20)
17  6 (n = 13)*
5  3 (n = 10)*
1  1 (n = 10)*
23  12 (n = 10)*
49  9 (n = 10)*
18  7 (n = 10)*
31  31 (n = 20)*
41  13 (n = 9)*
1  1 (n = 12)*
66  1 (n = 20)*
67  40 (n = 20)

78  8 (n = 60)*
62  14 (n = 50)*
42  24 (n = 40)
18  8 (n = 20)
65  7 (n = 30)*
30  1 (n = 20)
55  12 (n = 50)
44  17 (n = 40)
76  18 (n = 20)*
83  12 (n = 50)*
65  16 (n = 30)*
1  1 (n = 30)

a

For peptide structures see Fig. 1. All other details are as indicated
in the legend to Table 1.
*
An activity that differed significantly (at P < 0.05) from that of
PBAN1-33NH2 (at 5 pmol).

library (BBC 15). The inhibitory potency of these peptides
ranged from 61% (peptide no. 15) to a maximum of 83%
(peptide no. 28).
Since, backbone cyclization can, in principle, convert an
antagonistic linear peptide into an agonist and vice versa, the
antagonistic peptides of the D-Phe sub-library (which was
designed on the basis of a potent D-Phe-substituted linear
antagonist) [44] were tested for their melanotropic agonistic
activity at the same concentration used to assess their
antagonistic activity (1 nmol). Indeed, some of the D-Phe
BBC peptides did show agonistic activity. Among the antagonists, BBC peptides nos. 19, 27 and 29 showed stimulatory
activities that ranged from 41% to 66% (compared with that of
PBAN1-33NH2). Peptide no. 30, which was devoid of antagonistic activity, was also a potent agonist with an activity (67%)
that did not differ from that of PBAN1-33NH2 (Table 2). All
other BBC peptides of the D-Phe sub-library, including the
antagonistic peptides BBC 20, 23 and 28, showed low or no
agonistic activity.
Since all of the BBC peptides in the Ser sub-library were
derived from the putative active site of PBAN, they were tested
for their melanotropic agonistic activity at the same concentration and under the same conditions as had been used to
assess their antagonistic activity (1 nmol). The data in Table 1
depict five relatively potent agonists (nos. 5, 7, 8, 12 and 14),
which exhibited high activities (ranging from 72% to 99%) that
did not differ from that of PBAN1-33NH2. All other BBC
peptides of this sub-library also exhibited agonistic activity
although lower than that of PBAN1-33NH2. As indicated above,
only one antagonist (BBC no. 15) was found among the
peptides of this library.
In order to further characterize the conformational
requirements of the antagonists, the most potent and purely
antagonistic (i.e., devoid of agonistic activity) peptide, BBC 28,
was modified in a manner that involved truncation of amino
acids from its C-terminus (28-1 and 28-3, Fig. 2) and
replacement of the C-terminal amide with a free carboxyl
residue (28-2, Fig. 2). The peptides were tested for their
melanotropic inhibitory activity under the same conditions as
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Table 3 – Melanotropic agonistic and antagonistic
activities of the small BBC peptides
Peptide #a

Activity (%)
Agonistic

28-1
28-2
28-3

Antagonistic

38  23 (n = 30)
8  8 (n = 19)*
56  18 (n = 20)

*

71  1 (n = 20)*
46  20 (n = 19)
20  20 (n = 20)

a
For peptide structures see Fig. 2. All other details are as indicated
in the legend to Table 1.
*
An activity that differed significantly (at P < 0.05) from that of
PBAN1-33NH2 (at 5 pmol).

the parent molecule. The results (Table 3) showed that BBC 281 exhibited a high antagonistic activity, inhibiting PBAN133NH2 induced melanization by 71%. The other two peptides
28-2 and 28-3 were devoid of melanotropic antagonistic
activity. Peptides 28-1 and 28-2 exhibited low or no agonistic
activity, peptide 28-3, however, exhibited high agonistic
activity that did not differ significantly from that of PBAN133NH2 (Table 3).
The importance of the cyclic structure in determining
activity was tested by comparing the agonistic and antagonistic melanotropic activities of precyclic linear peptides
with those of their cyclic parent molecules. Four precyclic
linear peptides (for structural details see Fig. 3) were
synthesized on the basis of the active D-Phe BBC peptides 20
and 28 (Fig. 1) that exhibited high antagonistic activity with
very low or no agonistic activity, and their melanotropic
agonistic and antagonistic activities were examined. The
results (Table 4) revealed that peptides 20-L-1 and 28-L-1 were
potent antagonists with very low agonistic activity, similar to
the activities exhibited by the parent molecules BBC 20 and 28,
whereas peptides 20-L-2 and 28-L-2 exhibited low agonistic or
antagonistic activities.
Comparison of the antagonistic melanotropic activity of
the BBC peptides in S. littoralis with their pheromonotropic
activity in H. peltigera revealed four selective BBC antagonists,
i.e., peptides whose pheromonotropic and melanotropic
activities differed significantly (Fig. 4): BBC peptides 15, 19
and 27, whose melanotropic inhibitory activities were
significantly higher than their pheromonotropic inhibitory
activities; BBC peptide 22, which was a selective pheromono-

Table 4 – Melanotropic agonistic and antagonistic
activities of the precyclic peptides
Peptide #a

Activity (%)
Agonistic

20-L-1
20-L-2
28-L-1
28-L-2

Antagonistic
*

13  13 (n = 20)
23  11 (n = 10)*
20  21 (n = 20)*
7  2 (n = 20)*

70  1 (n = 20)*
32  10 (n = 20)
73  16 (n = 20)*
46  12 (n = 20)

a
For peptide structures see Fig. 3. All other details are as indicated
in the legend to Table 1.
*
An activity that differed significantly (at P < 0.05) from that of
PBAN1-33NH2 (at 5 pmol).

Fig. 4 – Comparison of the melanotropic and
pheromonotropic antagonistic activities of D-Phe BBC
peptides. Inhibitory melanotropic activity is expressed as
100 min the ratio (as a percentage) between the activity
elicited by the injection of PBAN1-33NH2 (0.5 and 5 for
pheromonotropic and melanotropic activities,
respectively) in the presence and absence of each of the
tested BBC peptides (at 1 nmol). Pheromonotropic
antagonistic data are taken from Ref. [4].

tropic antagonist. BBC peptides 23 and 29 were also selective
melanotropic antagonists although their melanotropic and
pheromonotropic activities did not differ statistically. A
similar comparison of the small BBC peptides revealed one
selective melanotropic antagonist (28-1) and a selective
pheromonotropic antagonist (28-3) (Fig. 5). Unlike in the case
of the melanotropic activity where peptide 23-8 exhibited
agonistic activity that did not differ from that of PBAN133NH2 (at 5 pmol), in the case of the pheromonotropic activity
none of the small BBC peptides showed agonistic activity. No
selective antagonists were found among the precyclic linear
peptides, and the same compounds that inhibited the
formation of cuticular melanin elicited by PBAN1-33NH2 in
S. littoralis larvae also inhibited PBAN1-33NH2 elicited sex
pheromone production in H. peltigera (Fig. 6). Most of the
selective melanotropic antagonists, BBC 15, 19, 27 and 29, also
exhibited agonistic activity, whereas the selective pheromonotropic antagonist, BBC 22 and 28-3, were pure antagonists
[4,43]. All of the non-selective melanotropic/pheromonotropic compounds (BBC 20, 28, 20-L-1 and 28-L-1) were pure
antagonists.
A comparison of the melanotropic and pheromonotropic
agonistic activities of all of the above peptides revealed a
much larger number of melanotropic agonists than of
pheromonotropic ones. Only one pheromonotropic agonistic
peptide (BBC 14) was found in the Ser BBC sub-library, and no
other such agonists could be detected in the other sublibraries (D-Phe BBC, small BBC peptides and precyclic linear
peptides) [4,43], in contrast, highly potent melanotropic
agonists were found in both BBC sub-libraries and among
the small BBC peptides (BBC 5, 7, 8, 12, 14, 30 and 28-3). Most
melanotropic agonists, other than BBC 14, were selective
compounds (Tables 1–3). Interestingly, all of these compounds were pure agonists. A summary of the selective and
non-selective agonists and antagonists among all tested
peptides is presented in Table 5.
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Fig. 5 – Comparison between the melanotropic and
pheromonotropic antagonistic activities (inhibitory) of BBC
peptide no. 28 and of the small BBC peptides derived from
its structure. All experimental details are as described in
the legend to Fig. 4. Inhibitory melanotropic activity is
expressed as 100 min the ratio (as a percentage) between
the extents of activity elicited by the injection of PBAN133NH2 (0.5 and 5 for pheromonotropic and melanotropic
activities, respectively) in the presence and absence of
each of the tested BBC peptides (at 1 nmol).

Fig. 6 – Comparison between the melanotropic and
pheromonotropic antagonistic activities (inhibitory) of the
precyclic peptides. All experimental details are as
described in the legend to Fig. 4. Inhibitory melanotropic
activity is expressed as 100 min the ratio (as a percentage)
between the extents of activity elicited by the injection of
PBAN1-33NH2 (0.5 and 5 for pheromonotropic and
melanotropic activities, respectively) in the presence
and absence of each of the tested precyclic peptides
(at 1 nmol). Pheromonotropic antagonistic data are taken
from Ref. [43].

4.
Table 5 – Summary of selective and non-selective
agonistic and antagonistic activities of the BBC and the
precyclic linear peptides
Peptide (n + m)a

Pure/mixed
activityb

Melanotropic
(M)/pheromonotropic
(P) selectivity

Antagonistic peptides
BBC 15 (6 + 4)
BBC 19 (2 + 2)
BBC 20 (2 + 3)
BBC 22 (3 + 2)
BBC 23 (3 + 3)
BBC 27 (4 + 4)
BBC 28 (6 + 2)
BBC 29 (6 + 3)
BBC 28-1 (6 + 2)
BBC 28-3 (6 + 2)
20-L-1
28-L-1

Mixed (M)
Mixed (M)
Pure (M + P)
Pure (P)
Pure (M)
Mixed (M)
Pure (M + P)
Mixed (M)
Pure (M)
Pure (P)
Pure (M + P)
Pure (M + P)

Selective M
Selective M
Non-selective
Selective P
Selective M
Selective M
Non-selective
Selective M
Selective M
Selective P
Non-selective
Non-selective

Agonistic peptides
BBC 5 (2 + 3)
BBC 7 (3 + 2)
BBC 8 (3 + 3)
BBC 12 (4 + 4)
BBC 14 (6 + 3)
BBC 30 (6 + 4)
BBC 28-3 (6 + 2)

Pure
Pure
Pure
Pure
Pure
Pure
Pure

Selective M
Selective M
Selective M
Selective M
Non-selective
Selective M
Selective M

a

(M)
(M)
(M)
(M)
(M + P)
(M)
(M)

The letters n + m represent the bridge size as indicated in Fig. 1
and Tables 1 and 2.
b
The term mixed activity refers to a compound that exhibits both
agonistic and antagonistic activities. Pure, refers to a compound
that exhibits only one (agonistic or antagonistic) activity. Agonistic
peptides are only those whose activity did not differ significantly
from that of PBAN1-33NH2. Results are based on Tables 1–4, Figs. 4–
6 and previously published results [4,43]. For peptide structures see
Figs. 1–3.

Discussion

The present study focused on evaluation of the antagonistic
and agonistic activities of a variety of BBC peptides that were
designed by means of the backbone cyclization and
cycloscan concepts, in an attempt to discover potent
melanotropic antagonists, to gain an insight into their
agonistic and antagonistic SARs and to identify molecules
with selective and non-selective melanotropic and pheromonotropic properties.
Two BBC sub-libraries were tested for melanotropic antagonistic and agonistic activities in S. littoralis larvae, by means of a
quantitative bioassay that had previously been optimized in our
laboratory [7]. One of these sub-libraries (the Ser sub-library)—
was based on the C-terminal active sequence of the PK/PBAN
family of insect neuropeptides (YFSPRL-amide) [5]. The other
(the D-Phe sub-library)—was based on the sequence of a lead
pheromonotropic antagonist (RYFdFPRL-amide), that had previously been discovered out of a D-Phe scan library [44]. All the
cyclic peptides in each sub-library had the same primary
sequence and the same location of the ring. The members of
each library differed from each other in their bridge size and the
position of the amide bond along the bridge [4].
Seven potent antagonistic peptides were discovered among
the BBC peptides of the two sub-libraries, most of which were
obtained from the D-Phe sub-library. Some peptides were
found to be pure antagonists with little or no agonistic activity.
Some, however, exhibited a mixed agonistic/antagonistic
mode of action. All peptides of the Ser sub-library exhibited
agonistic activity but only five peptides were as potent as
PBAN1-33NH2. Agonistic activity was also exhibited by the BBC
peptides of the D-Phe sub-library, but only one peptide was as
potent as PBAN1-33NH2.
The distribution of the melanotropic agonistic and antagonistic activities between the two libraries was similar to that

peptides 27 (2006) 2147–2156

obtained with the pheromonotropic activity, in the sense that
most pheromonotropic antagonists emerged from the D-Phe
sub-library, whereas the agonists were found among the BBC
Ser peptides. However, in contrast to the pheromonotropic
assay, which revealed no antagonists among the Ser sublibrary, with no agonistic peptides emerging from among the
BBC D-Phe peptides, in the case of melanotropic activity an
antagonist was found among the Ser peptides and agonistic
activity was displayed by most peptides in both sub-libraries,
including those of the D-Phe BBC compounds.
Examination of the correlation between the bridge size and
the melanotropic agonistic or antagonistic activity of the BBC
peptides revealed quite a random pattern. Basically, no
correlation was found between the bridge size and activity
(whether purely agonistic or antagonistic, or mixed), and
peptides having a wide range of bridge sizes expressed
activity. This finding differs from that of the SAR analysis of
both libraries with respect to the pheromonotropic activity of
the BBC peptides, which showed that six of the eight active
peptides (whether agonistic or antagonistic) had a bridge size
of m + n = 5 or 6, and peptides with a bridge size of m + n = 4, 7
or 10 were inactive [4]. Another marked difference between the
pheromonotropic and melanotropic activities was the large
number of melanotropic peptides found to be agonistic, in
contrast to only one pheromonotropic agonist (BBC 14). In
general, it seems that pheromonotropic activity was much
more dependent than the melanotropic activity on the
peptides conformation [4].
Attempts to further characterize the conformational
requirements of the melanotropic antagonistic activity were
carried out by examining the roles of three C-terminal
moieties: Leu, Arg and amide group in the BBC peptides.
Peptide BBC 28, which was found to be a pure antagonist
and exhibited the highest activity, was chosen as the parent
molecule from which the Leu, Leu plus Arg and Leu-amide
were removed. Interestingly, the C-terminal part of the
molecule was found to play a major role in determining both
agonistic and antagonistic melanotropic properties, and
removal of some of the residues modified the molecule’s
activity. Following removal of the Leu alone (BBC 28-1) the
compound retained its antagonistic property. Removal of
the Leu-NH2 (BBC 28-2) resulted in a marked reduction of the
antagonistic properties, with no change in the agonistic
properties compared with those of BBC 28-1 and the parent
peptide BBC 28. Removal of the Leu-Arg (28-3) resulted in
total loss of the antagonistic activity and a marked increase
in the agonistic activity. The findings indicate that Leu is not
essential for antagonistic activity. Both the amide and the
Arg acquire the molecule with antagonistic properties, as
the absence of either moiety resulted in the loss of an
inhibitory potency, but it seems that the two residues differ
in their impacts on the agonistic activity. The amide, most
likely, does not play a role in determining the agonistic
activity, as the stimulatory potency in its presence or
absence were found to be similar. Arg, on the other hand,
has an important role in diminishing the agonistic activity,
as its absence was found to result in an increase in the
agonistic activity of the peptide. It is also possible that the
overall structural change in peptide BBC 28-3 as compared
with BBC peptides 28, 28-1 and 28-2, and not only the
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absence of Arg, imparted the high agonistic potency to this
peptide.
Comparison of the pheromonotropic and melanotropic
agonistic and antagonistic SARs of the small BBC peptides,
revealed that the residues that determine agonistic and
antagonistic activity in the two bioassays are different.
Removal of Leu (in BBC 28-1) and Leu-amide (in BBC 28-2)
eliminated antagonistic pheromonotropic activity, whereas
removal of Arg-Leu (in 28-3) did not, which indicates that Arg
and Leu had no effect (stimulatory or inhibitory) on the
pheromonotropic activity. The amide may be essential but just
its presence (as in BBC 28-1) was not sufficient for evoking
antagonistic activity. None of the small BBC peptides exhibited
any pheromonotropic agonistic activity.
The importance of the cyclic structure of the BBC peptides
for their activities was tested by comparing the agonistic and
antagonistic melanotropic activities of precyclic linear peptides with those of their cyclic counterparts. Four precyclic
linear peptides (based on the active D-Phe BBC peptides 20 and
28) were synthesized. The building unit consisted of (CH2)n
side chains, in which n = 2 and 6, respectively, and a spacer
consisted of a (CH2)m reside in which m = 3 and 2, respectively.
The peptides were tested for their melanotropic agonistic and
antagonistic activities. The tests revealed that linearization of
the peptides did not eliminate their activity, and both precyclic
peptides, 20-L-1 and 28-L-1 retained their inhibitory properties. The activities of these peptides were similar to one
another and to those of their respective BBC peptides 20 and 28
but differed from that of the linear lead antagonistic parent
molecule (H-Arg-Tyr-Phe-D-Phe-Pro-Arg-Leu-NH2, LA-4) [7], in
both the level of antagonistic activity (which was higher for 20L-1 and 28-L-1 than that of the LA-4) and in the diminution of
agonistic activity, which was quite high in the LA-4 peptide
and very low in the precyclic peptide, which indicates a
possibility that the (CH2)n side chain is important for the
antagonistic activity and impairs the agonistic properties of
the molecule.
Another interesting finding concerns the effects of the
residues at the ã and ẽ amino groups of the molecule.
˙
˙
Comparison of the activity of 20-L-1 with that of 20-L-2, and
that of 28-L-1 with that of 28-L-2 revealed that the presence of
the carboxylic group on the N-terminal end and of a free
amino group on the side chain resulted in a marked decrease
in antagonistic activity, i.e., the presence of a negatively
charged residue at the N-terminus of the peptide eliminated
the antagonistic activity. The above results were in accordance with previous findings on the effects of the introduction of acidic groups in the N-terminal part of the highly active
and NK-1 selective analog Ac-Arg-Septide where the substitution of Asp for Arg resulted in an inactive peptide (Gilon
et al., unpublished results). In contrast to the case of the BBC
peptides, where marked differences were found between the
melanotropic and pheromonotropic agonistic and antagonistic activities, there were no differences in the melanotropic and pheromonotropic SARs among the precyclic
peptides, most likely because linear peptides have much a
greater conformational flexibility and are thus much less
receptor-selective.
Studies of the melanotropic activities of the PK/PBAN
peptides have revealed that cuticular melanization can be
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induced by several members of this family [15,16,22,34] and
that C-terminal part of PBAN, which contains the signature
sequence of the PK/PBAN family, constitutes the active site
associated with the melanotropic activity (by analogy with
what was already known for the pheromonotropic activity of
this peptide family). It was, therefore, not surprising that in
the present study the BBC peptides, which were designed on
the basis of the C-terminal part of PBAN, and which have
previously been shown to exhibit both agonistic and antagonistic pheromonotropic activities, also exhibited melanotropic agonistic and antagonistic activities. What is
interesting, though, is the finding that the inhibitory and
stimulatory patterns of the various BBC peptides differed with
respect to the two activities.
Comparison of the pheromonotropic and melanotropic
antagonistic activities of the BBC and precyclic peptides
revealed eight selective compounds (six that were selective
melanotropic antagonists and two pheromonotropic antagonist) and four non-selective (melanotropic and pheromonotropic) antagonists. The selective melanotropic antagonists
exhibited both, pure or mixed agonistic/antagonistic activities. The selective pheromonotropic compounds were pure
antagonists. All non-selective compounds were pure antagonists. Comparison of the agonistic activities of the BBC
peptides with respect to both functions revealed six selective
melanotropic agonists and one non-selective agonistic compound. All compounds (whether selective or non-selective)
exhibited pure agonistic activity.
The finding that the pheromonotropic and the melanotropic inhibitory patterns of the BBC peptides were different
hints at the possibility that sex pheromone biosynthesis in
the pheromone gland of Heliothis peltigera and induction of
cuticular melanization in S. littoralis may be mediated by
different receptors (or receptor sub-classes), despite the fact
that both functions are stimulated by the same peptide
(PBAN1-33NH2). Since the agonistic/antagonistic activity was
determined in two different moth species and at different
developmental stages (adult H. peltigera moths and S. littoralis
larvae) it is possible that the different activities are caused by
inter-species differences in receptor structure and/or properties (e.g., differing affinities toward the different compounds)
or by the differing assay conditions. The possible presence of
receptor sub-classes has previously been suggested in the
light of similar results that were obtained with a D-Phe scan
library which showed differing inhibitory and stimulatory
patterns with respect to the two activities [7]. An alternative
approach to prove the above is currently being studied in our
laboratory: it involves the detailed examination of the
antagonistic effects of the D-Phe scan library and the BBC
peptides on various elicitors (Pss-PT, Lom-MT-I and LPK) in
the same assay and the same moth species and developmental stage.
Pigmentation in insects is quite a complex mechanism,
which is controlled by endocrine and several neuroendocrine factors, some of which have not even been identified.
The availability of the above antagonists as well as those
that were reported by us in a previous paper [7] should shed
light on the nature of the factors and on the similarity of
their cellular mode of action in other Lepidopteran and nonLepidopteran insects. One such application already emerged

from this study. A close examination at the bioassay reveals
that the post injection ligation of the larvae (namely
disconnection of the anterior part of the larvae up to the
third abdominal instar) does not result in a complete
abolishment of the pigmentation, hinting at the possibility
that other ganglia, posterior to those disconnected by the
ligation, play a role in melanization. Interestingly, BBC 28
and two of its analogs (BBC 28-1 and 28-L-1), all of which are
potent antagonists capable of inhibiting melanization
induced by PBAN1-33NH2, caused a decrease in the degree
of melanization (20%, 62% and 73%, respectively) beyond
that of the tied larvae to an extent that differed significantly
from that of the ligated, buffer-injected larvae. The results
demonstrate the ability of the above compounds to inhibit
the endogenous melanization mechanisms, and hint at the
possibility that the endogenous mechanism is mediated, at
least in part, by PBAN1-33NH2.
Availability of selective agonists or antagonists is of
major importance in the study of neuropeptides in general,
and of the PK/PBAN family of neuropeptides in particular.
The PK/PBAN family of peptides is involved in the regulation
of critical reproductive, developmental and digestive processes (e.g., sex pheromone biosynthesis, cuticular melanization, myotropic activity, oviposition, pupariation and
diapause) in moths and other insects and it exhibits
considerable functional and inter- and intra-specific diversity (for reviews, see [2,32]). Despite the intensive studies of
the PK/PBAN peptides, which have yielded extremely
interesting information on the chemical and molecular
nature of the peptides (such as their origin, localization,
target organ, route of transport, etc.), many aspects,
especially those related to their modes of action, are still
unresolved, and much remains to be learned about the
structural, chemical and cellular bases of their activity,
downstream cellular events, species specificity, receptor
heterogeneity and functional diversity. The availability of
antagonists for this family of neuropeptides, together with
the availability of bioassays that have been developed for
each of the above-mentioned functions [5,6,12,28,35,37]
open the way to a better understanding of the endogenous
mechanisms of this peptide family in moths and other
insects as already indicated above.
The discovery of conformationally constrained selective
and non-selective agonists and antagonists bears also a high
potential for design of additional improved agonistic and
antagonistic compounds (e.g., more potent, highly selective,
metabolically stable and cost effective) for the further
study of the above issues. Such novel, improved compounds, when available, may also be potential candidates
for agrochemical applications that can serve, after formulation and preliminary field experiments, as prototypes for the
development of a novel group of highly effective, insectspecific and environmentally friendly insecticides. Indeed,
some of the above antagonists have already been used as a
basis for the design and synthesis of additional improved
compounds with higher inhibitory potency and bioavailability. These compounds are currently being screened for
their ability to stimulate or inhibit cuticular melanization in
S. littoralis larvae and sex pheromone biosynthesis in H.
peltigera.
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