PEPTIDES

ELSEVIER Peptides 22 (2001) 1379-1389

Pyrokinin/PBAN radio-receptor assay: development and application for
the characterization of a putative receptor from the pheromone gland c
Heliothis peltigera

Miriam Altstein®*, Orna Ben-AziZ, Shai Dani€l, Irina Zeltse?, Chaim Gilor?

“Department of Entomology, The Volcani Center, Bet Dagan 50250, Israel
PDepartment of Organic Chemistry, The Hebrew Univ. of Jerusalem, Jerusalem 91904, Israel

Received 2 March 2001; accepted 18 April 2001

Abstract

A radio-receptor assay (RRA) for the insect pyrokinin/PBAN family has been developed. The development involved examination of the
ligand @H-tyrosyl-PBAN28—33NH)-receptor interaction under various incubation conditions and variations on sex pheromone gland
membrane preparation. Application of the RRA for a partial characterization of the putative pyrokinin/PBAN receptor in the pheromone
gland ofH. peltigerarevealed age-dependence of its expression. Pharmacological characterization revealed a high correlation between t
binding-affinity to the receptor of various PBAN-derived peptides and their in vivo pheromonotropic bioactivity, and shed light on the
interaction of backbone cyclic and linear ([&rgD-Phé|PBAN28 -33NH,) PBAN antagonists with the receptor. © 2001 Elsevier Science
Inc. All rights reserved.
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1. Introduction Xxx = Ser, Gly, Thr, Val) is also shared by additional insect
neuropeptides, all of which have been designated the pyro-
Pheromone  biosynthesis activating neuropeptide kinin/PBAN family, comprising: melanization and reddish
(PBAN) is an important neuropeptide that mediates some of coloration hormone (MRCH) [35], pyrokinins and myotro-
the key functions in insects. It was first reported as the pins [40,56], pheromonotropin [36] and diapause hormone
neuropeptide that regulates sex pheromone production in[24].
female moths [49], and its amino acid sequence was deter- To date, the presence of members of the pyrokinin/
mined in 1989 forHelicoverpa zegHez-PBAN; PBAN1- PBAN family has been demonstrated in a variety of moths
33NH,) [50]. Since then, six other PBAN molecules have as well as in non-lepidopteran species, and their mode of
been isolated from five additional moth species [12,17,25, action has been studied in many laboratories [21,46,57].
28,29,34] and the c-DNA and genes of PBAN have been These studies have revealed that in addition to their ability
cloned [12,14,17,18,25-27,33]. The PBAN family consists to stimulate sex pheromone biosynthesis in moths, members
of C-terminally amidated peptides of 33-34 amino acid of this family have been found to control melanization and
residues. All peptides share a high degree of homology andreddish coloration in moth larvae [4,35], contraction of the
an identical C-terminal pentapeptide sequence (Phe-Serdocust oviduct [55], myotropic activity of the cockroach and
Pro-Arg-Leu-NH,) that also constitutes the active core re- locust hindgut [39,55], egg diapause in the silkworm [24]
quired for their biological activity [1-3,5,30,42,47,48]. The and acceleration of pupariation in fleshfly larvae [41]. The
common C-terminal sequence (Phe-Xxx-Pro-Arg-LeusNH  major role of PBAN and the pyrokinin/PBAN family in the
physiology of moths and other insects, and their functional
diversity stimulated us to study the receptor(s) associated
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Such information may lead to a better understanding of the radio-ligand and determined preliminary conditions for its
pharmacological properties of the receptor; disclose the binding to sex pheromone gland membranesefiothis
existence of multiple receptor families; evaluate its distri- peltigerafemales. In the present study we have extended
bution in different organs and its presence in different spe- our examination of the ligand-receptor binding conditions,
cies, etc. Once such an assay is established, it may serve agnd used the assay for further characterization of the puta-

a basis for the development of a high-throughput screeningtjye pyrokinin/PBAN receptor in the pheromone gland-bf
assay (HTSA) that can be applied to combinatorial and peltigera.

conformational peptidic and non-peptidic libraries in the

search for agonists and antagonists (which themselves offer

great potential for a further understanding of the role of a )

given peptide in the physiology of the insect). Screening of 2- Materials and methods

combinatorial and conformational peptidic and non-peptidic

libraries may lead to the discovery of selective and non- 2.1. Insects

selective agonists and antagonists that can be further used

for the characterization and localization of new receptors. H. peltigeramoths were reared on an artificial diet as
Currently, several receptors of insect peptide hormones described previously [15]. Pupae were sexed and females

have been characterized. The proctolin blndlng sites from and males were p|aced in Separate rooms with a dark/“ght

the locust hindgut and the cockroach fore-and hindguts haveregime of 10:14 h, at 25- 2°C and 60-70% relative

been characterized in a membranous preparation [37,45] hymidity. Adult moths were kept in screen cages and sup-

The adipokinetic hormone receptor from the fat body has pjied with a 10% sugar solution. Moth populations were

been studied iMManduca Sextg64] and in the face fly,  regreshed every year with males caught from the wild by

Musca autumnali§38]. The diuretic hormone receptor from means of pheromone traps, as previously described [15].

smeerg;?wr::%l:aser?r;?:r?:tzrr]' Oef dthse 4m2|r|c])(|jg:ne:)n gygﬁfﬁgtwes New colonies were separated from existing ones and des-
X ized [54], W ignated with consecutive numbers (Gll, GllI, GIV, GV)

have been isolated from the malpighian tubule membranes
of M. sexta[51,52] and of the house crickeicheta domes-
ticus [53], and expressed in a baculovirus system. The 2.2. Peptide synthesis

binding site of another neuropeptide hormone with diuretic

activity, achetakinin, has been studied in the malpighian = Hez-PBAN (PBAN1-33NH) [49,50] and peptides de
tubules ofA. domesticu§13] and two other receptors for rived from its sequence: PBAN9-33NHPBAN13-33NH,
schistoFLRFamide have also been identified and character-PBAN19-33NH ~ PBAN26-33NH,  PBAN28-33NH,

ized on the locust oviduct [60,61]. Recently, the bombyxin PBAN9-18COOH and [Argf,D-Phé’|PBAN28—-33NH,
receptor has been studied in the ovaries of several mothwere synthesized on an ABI 433A automatic peptide syn-
species [20]. A tachykinin-receptor was recently cloned thesizer on Rink amide 4-methylbenzhydrylamine (MBHA)
from the stable flyStomoxys calcitranfs8] and immuno-  resin by means of the FastMB¢ chemistry as described
localization of a tachykinin-receptor-like protein in the cen- [63]. Backbone cyclic (BBC) peptides were synthesized by
tral nervous system dfocusta migratorizandNeobellieria the Simultaneous Multiple Peptide Synthesis (SMPS) meth-
bullata has been performed [59]; a leucokinin-binding pro- 4qojogy on Rink amide MBHA Resin by means of 9-floure-
tein has been characterized Kedes aegyptmalpighian v methoxycarbonyl (Fmoc) chemistry as previously de-

gjbulesh[_IAfS] aT have twglallatgs:]atin rr}ecr—fzptors;] one fliom scribed [7]. Purity of the peptides was assessed by analytical
rosr(])g_ Ila Te anogafti[ ']dant tlg Olt er roml_t € fog " reverse-phase high-performance liquid chromatography
roachDiploptera punctatamidgut [10]. In an earlier study, (RP-HPLC) [7,63] and was found to be in the range of

another allatostatin receptor was identified in brain and 90-95%. Purified peptides were characterized by time-of-

corpora allata of the same cockroach [62]. To date, the _. . .
pyrokinin/PBAN receptor from the pheromone gland has fl!ght mass spectrometry (TQF'MS) and amino acid analy-
sis of hydrolyzates. Analytical methods and data of the

not been characterized. The presence of PBAN binding > . . :
proteins (with approximate MWs of 100,000 and 115,000) linear and BBC peptides have previously been described
in various tissues (brain-subesophageal complex, ventral[7’63_’_] .
nerve cord and thoracic muscle) bfelicoverpa zeahas Diiodo-Tyr-Phe-Ser-Pro-Arg-Leu-Ni (diiodo-tyrosyl-
been reported using a photoaffinity labeling technique [19], PBAN28-33NH), which served as a basis for the prepa
however this study did not demonstrate its presence in theration of the radio-labeled ligand was synthesized by the
pheromone gland. Merrifield Solid-Phase Peptide Synthesis method [9], on an
In a previous study [6] we reported on the development Applied Biosystems peptide synthesizer Model 430A as
of a pyrokinin/PBAN radio-receptor assay (RRA) using a described previously [22]. Peptide purity was assessed by
PBAN-derived radio-labeled ligandH-tyrosyl-PBAN28— RP-HPLC as described previously [1] and was found to be
33NH,). In that study we described the synthesis of the over 95%.



M. Altstein et al. / Peptides 22 (2001) 1379-1389 1381

2.3. Preparation of a radio-labeled ligand Figure and Table legends. Membranes were incubated for

75 min at room temperature. At the end of the incubation
The radio-ligand that was used throughout the study was period 2X 5 ml of ice-cold washing buffer (10 mM HEPES,

H-tyrosyl-PBAN28-33NH (specific activity: 12.4 mCi/ 10 mM NaHCQ 5 mM NacCl, 39 mM KCI and 145 mM

pmol). The ligand was prepared by Rotem Industries Ltd. sucrose), pH 6.5, were added to each tube and the samples

(Beer Sheva, Israel) by means of the gaseous tritiation were filtered through a 25 mm GF/C filter (Whatman,

method [44]. Radiochemical purity was determined by TLC Tamar, Jerusalem, Israel), pre-soaked Toh in washing

on silica gel with n-butanol:acetic acid:water (50:25:25) and buffer containing 0.005% Tween-20. The filters were dried

was found to be>95% [6] at room temperature and transferred to 5 ml plastic vials.
Four ml of scintillation liquid (Instagel, Packard) were
2.4. Membrane preparation from pheromone glands added to each tube and the radioactivity was monitored with

a Beckman Model LS 1701 scintillation counter. Each data
Glands were excised from 3.5-day-old (unless otherwise point was determined in duplicate. Non-specific binding
indicated)H. peltigerapheromone glands at thé"8-10" was determined in the presence of 0d PBAN1-33NH,
hour of photophase, and kept at -80°C until use. On the day (added in a volume of 1Ql). The choice of PBAN1-33NHK
of the experiment, glands were transferred to a glass-glasswas based on our previous study that found this peptide to
homogenizer containing one of the following ice-cold buff- be slightly (7%) more effective than unlabelled PBAN28—
ers: () 25 mM N-(2-hydroxyethyl) piperazine-N2-eth- 33NH, in saturating the non-specific sites and displacing the
anesulfonic acid) (HEPES), pH 6.5 (preparation buffer I); radio-ligand [6]. Specific binding is defined as the differ-
(i) 25 mM HEPES, 0.1 mM phenylmethylsulfonyl fluoride ence between binding in the absence and presence of unla-
(PMSF), 0.1 mM ethylene glycol-big{aminoethyl ether) beled PBAN1-33NH
N,N,N’,N’-tetra acetic acid (EGTA), 0.1 mM-phenanth- Displacement experiments were performed similarly.
rolin and 0.01 mM phosphoramidon, pH 6.6 (preparation Unlabeled peptides: PBAN1-33NHPBAN9-33NH,
buffer 11); (iii) 25 mM HEPES and a commercial protease PBAN13-33NH. PBAN19-33NH. PBAN26-33NH,
inhibitor cocktail (Complete Mini and Complete Mini PBAN28-33NH  [Arg®’,D-Phe’|PBAN28—-33NH,
EDTA free, Boehringer Mannheim, Germany, one tablet PBAN9-18COOH and BBC peptides 25 and 27 [7] were
per 10 ml of buffer) pH 6.5 (preparation buffers Ill and 1V, added (at concentrations ranging from 0.01 to 100
respectively). Specific buffer numbers for each of the ex- in a volume of 10ul) to the incubation reaction, together
periments described below are indicated in the Figure andwith the ligand, and the experiment was performed as
Table legends. Homogenization was performed at a ratio of described above.
10 glands/ml of buffer. Homogenates were centrifuged at
15,000 g in a fixed angle rotor at 4°C for 60 min, the 2.6. Pheromonotropic bioassay
supernatants were discarded and the pellet was resuspended in
double-distilled water (DDW). Centrifugation was repeated  The assay was performed essentially as previously de-
twice and the resulting pellet was resuspended (at a ratio of 10scribed [2]. Briefly,H. peltigerafemales at various days
glands/ml) in DDW and tested for binding activity post-emergence (as indicated for each individual experi-
Protein content was determined according to Bradford ment) were injected between th& and 7" hour of phote
against a BSA standard curve [11]. Protein concentration phase with 2ul of the tested peptide dissolved in 0.1 M

ranged from 0.13 to 0.3 mg/ml. sodium phosphate buffer, pH 7.4. Glands were excised 2 h
post-injection and analyzed for pheromone content by cap-
2.5. Binding of ligand to gland membranes illary gas chromatography (CGC) as previously described

[2]. All experiments were performed with 8—10 females per

One hundredul of gland membranes (one gland equiv- treatment
alent/tube) were added to 50 4 X reaction buffer and 40
wl *H- PBAN28-33 NH (10 pmol, total of 60,000 cpm) in  2.7. Statistical analysis
a total reaction volume of 20@l. Four reaction buffers
were used in the binding experiments: Reaction buffer I,  The results were subjected to one-way ANOVA. The
containing 10 mM HEPES, 10 mM NaHG@nd 145 mM significance of differences among means was evaluated
sucrose, pH 8.0; Reaction buffer II: same as reaction buffer with the Tukey-Kramer HSD test (unless otherwise indi-
I, plus a cocktail of the following protease inhibitors: 0.1 cated) atP < 0.05
mM PMSF, 0.1 mM EGTA, 0.1 mMb-phenanthrolin and
0.01 mM phosphoramidon, adjusted to pH 8.0; Reaction
buffers Ill and IV: same as buffer | plus a commercial 3. Results
protease inhibitor cocktail (Complete Mini and Complete
Mini EDTA free, respectively) adjusted to pH 8.0. The In a previous study [6] we described the synthesis of a
specific buffer used in each experiment is listed in the radio-ligand peptide’H-tyrosyl-PBAN28—-33NH and de
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Table 1
Effects of buffers and pH on binding
Buffer pH
5.0 55 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
Na Citrate 9+ 3* 86+ 3 81+ 6
Mes 100+ 17 79+ 9
Na Phosphate 109 12 104+ 7 110+ 5 119+ 10
HEPES 100 70: 13 104+ 5 89+ 25
Mops 75+ 15 100+ 9 117+ 11 107+ 9
Tris 43 + 14* 2+ 1% 2+ 3* 3+ 2%
Na carbonate 48 + 15* 47 + 28*

Binding was carried out with pheromone gland membranes obtained from 3.5-day-old females. Membranes were made with preparation buffers Il (s
Methods) and binding was carried out in each of the above reaction buffers at 10 mM. Values represent specific binding expressed as percentages of
binding in the reference buffer (10 mM HEPES containing 145 mM sucrose, pH 6.5, defined as 100%). Numbers representith®Erefa?-6 samples
obtained in two independent experiments. Statistical analysis was performed by the Dunnett test. An asterisk (*) indicates a significanirdiffackénge
atP < 0.05.

termined its binding conditions with respect to the amount NaHCQO; and 145 mM sucrose at pH 8.0 as the preferred
of biological material and incubation time, and examined reaction buffer for further studies.

factors affecting specific and non-specific binding. In the  The effects of chloride salts of divalent ions (Kig
present study we have extended the examination of ligand-Mn?** Zn®** and C&") on binding was also examined. The
receptor binding conditions with respect to membrane prep- presence of Mfi* or Mg?* (at concentrations ranging from
aration and incubation conditions (e.g. buffers at different 1 nM to 1 mM)) did not have a noticeable effect on binding;
pH values, divalent ions, and protease inhibitors), and ap- nor did C&* (at 25 and 50 mM). Zfi" had a stimulatory
plied the assay to the partial characterization of the pyroki- effect but this resulted mainly from an increase in non-
nin/PBAN binding protein (hence receptor) in the phero- specific binding of the ligand to the membranous prepara-
mone gland oH. peltigera. tion.

The first set of experiments involved examination of the Further examination of binding conditions addressed the
effects of several buffers at various pH values on binding. effects of protease inhibitors on membrane preparation.
Seven different buffers were used: Citrate, 2-[N-morpholi- Preparation of membranes from live tissues usually involves
nolethanesulfonic acid (MES), sodium phosphate, HEPES, grinding, which releases proteases that may degrade mem-
3-[N-morpholino]propanesulfonic acid (MOPS), trislhy- brane-associated proteins. In order to test possible involve-
droxymethyllamino-methane (Tris) and sodium carbonate. ment of proteases in the digestion of the PBAN binding
As indicated in Table 1, binding did occur at a wide range protein we tested the effects of three protease inhibitor
of pH values (5.5-8.0) and did not differ significantly from cocktails (at the membrane preparation stage). One mixture
that obtained in the reference buffer (10 mM HEPES buffer contained PMSF, EGTAq-phenanthrolin and phosphoram-
containing 145 mM sucrose, pH 6.5). At pH 5.0 binding was idon (which inhibit serin and cystein proteases, thermolysin,
significantly lower (i.e. 9% as compared with 100% in the carboxypeptidase Y and metalloproteases). The other two
reference buffer). Binding at pH 8.5-9.5 was also lower protease inhibitor cocktails were commercial mixtures
than that in the reference buffer but the extent of binding (Complete Mini with and without EDTA), designed to in-
depended heavily on the nature of the buffer itself. In hibit a variety of enzymes such as trypsin, chymotrypsin,
sodium carbonate buffer at pH 9.0 and 9.5, binding was 48 thermolysin, papain and other serine and cystein proteases
and 47%, respectively, of that in the reference buffer, including metalloproteases (in the case of the EDTA-con-
whereas in Tris buffer, binding was very low not only at pH taining mixture). All cocktails were added to 25 mM
8.5 and 9.0 (2 and 3%, respectively) but also at pH 7.5 and HEPES buffer, pH 6.5, which also served as a reference
8.0 (43 and 2%, respectively) where binding in other buffers buffer, and binding was performed in all cases without
(i.e. sodium phosphate, HEPES and MOPS) was high. In protease inhibitors (in reaction buffer | which contained 10
our previous study we showed that the presence of NaHCO mM HEPES, 10 mM NaHC@and 145 mM sucrose, pH
had a positive effect on binding [6]. In the present study we 8.0). As can be seen in Fig. 1, the various cocktails had
tested its effect at a range of pH values, and found that thediffering effects on binding. The highest binding was ob-
addition of 10 mM NaHCQto HEPES buffer had the most  tained in the absence of inhibitors (preparation buffer 1).
pronounced effect increasing binding by 1.5-fold (at pH 6.5) Similar binding was obtained in the presence of the com-
and by 1.2-fold (at pH 8.0) compared with HEPES buffer mercial inhibitor cocktail without EDTA (Complete Mini
solutions that did not contain the ion (data not shown). The ETDA free, preparation buffer 1V). Interestingly, the pres-
absolute binding was highest at pH 8.0. Based on theseence of EDTA in the same mixture of inhibitors (Complete
results we chose the combination of 10 mM HEPES, 10 mM Mini, preparation buffer Ill) resulted in a marked decrease
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Preparation buffer Fig. 2. Effect of protease inhibitors on binding. Binding was carried out

. ff f inhibi h f b . with pheromone gland membranes of 3.5-day-old females. Membranes
Fig. 1. Effects of protease inhibitors at the stage of membrane preparation .o made up with preparation buffers I-IV and binding was carried out

OE pind(ijnfg. Binding wasldc]:‘:lrriecli out Withb pheromone gle(ljnd memzranes with reaction buffers I-IV. Specific binding (for each membrane prepara-
obtained from 3.5-day-old females. Membranes were made up with prep- tion) is expressed as the ratio (as a percentage) between the amount of

aratiqn buffers 1V (_sge _Me_tho_ds) and binding was_carried out with bound ligand in each of the reaction buffers and that in reaction buffer I.
reaction buffer I. Specific binding is expressed as the ratio (as apercentage)Binding with membranes made up in preparation buffer | and incubated

between the amount of bound ligand in each of the preparation buffers and, u, e jigand in reaction buffer | was defined as 100%. Values represent

. ) o
that in buffer | (defined as 100 @' Val_ues represent the mEEEE of 3 the meant SE of 3 samples and represent data obtained in two indepen-
samples and represent data obtained in two independent experiments. Bar?ﬂent experiments. Statistical analysis was performed for each membrane

with the same letter do not differ significantly Bt< 0.05. preparation in different reaction buffers (indicated by letters) and among
the different membrane preparations in the same reaction buffer (indicated

. L - . . by asterisks). Bars with the same letter do not differ significantly at
in binding, and a similar result was obtained with prepara- 0.05. An asterisk (*) indicates a significant difference in bindingPat

tion buffer 1l (which contained EGTA in addition to other 0.05.
protease inhibitors).
In the light of the unexpected effects of protease inhibitor

Reaction buffer

. . . ence of inhibitors without EDTA. Based on the above re-
cocktails that contained EDTA or EGTA we decided to test sults we chose preparation buffer IV and reaction buffer IV

the effects of their presence in the reaction buffer. Mem- as the preferred combination for all further experiments.

t)lr?\?es v(\j/ere ;r)]repar%d in the same four preparag(fm ?uffe(rjs The development of the RRA allowed partial character-
(I-V) and each membrane preparation was tested for ligan ization of the biological and pharmacological properties of

bi_nding jn fogr different. reaction buffers: reacFion buffer I o pyrokinin/PBAN receptor in the sex pheromone gland of
without inhibitors; reaction buffer Il that contained PMSF, the femaleH. peltigera. The first series of experiments

EGTA, o-phenanthrolin and phosphoramidon; and reaction oy, mined the dependence of ligand bindingtopeltigera

bl_Jffers 11 gnd IV that containeq the commergial mixture pheromone gland membranes on age (i.e. days post-emer-
with and without EDTA, respectively. All reaction buffers gence). As can be seen in Fig. 3, binding did vary as a

were based on 10 mM HEPES, 10 mM NaHCand 145 gnciion of age, being very low at 0.5-3.5 days post-emer-
mM sucrose, pH 8.0. Preparation buffer | and reaction gence and increasing gradually up to a maximum at 5.5 and
buffer I were chosen as reference buffers and the extent ofg 5 gays. A significant decline was noticed at the age of 7.5
binding with these buffers was defined as 100%. As can be gays

seen in Fig. 2 the effect of the protease inhibitors in the  |n order to determine whether there was a correlation
reaction buffer depended heavily on the preparation proce-petween the expression level of pyrokinin/PBAN receptor
dure. Membranes that were prepared in the absence ofys determined by the RRA and the ability of the moths to
inhibitors (preparation buffer ) were only slightly affected = synthesize sex pheromone in response to exogenously ad-
by their presence in the reaction mixture. Membranes that ministered PBANH. peltigerafemales were injected with
were prepared in a buffer containing protease inhibitors two doses of synthetic PBAN1-33NHit various ages. The
without EDTA (preparation buffer IV) were not affected at data revealed age-dependent differences (Fig. 4) where the
all. The inhibitors, however, had a marked effect when amount of sex pheromone synthesized by 5.5-day-old fe-
added to the reaction mixture containing membranes thatmales (in response to injection of 1 pmol PBAN1-33)H
had been prepared in the presence of inhibitors (preparationyas the highest, and dose dependency was exhibited only in
buffers Il and Ill and reaction buffers Il, lll and IV). The 5.5- and 7.5-day-old females. In 1.5-and 3.5-day-old fe-
presence of a cocktail of inhibitors with no EDTA in the males, sex pheromone production was not dose dependent.
reaction mixture (reaction buffer IV) had the most profound The RRA also enabled us to determine the receptor
effect on both membrane preparations, elevating binding (in expression level inH. peltigera colonies that had been
the case of preparation buffer Il in reaction buffer IV) to a reared in our laboratory for 20, 12 and 8 life cycles (120, 72
level which did not differ significantly from that obtained and 48 weeks, respectively). As shown in Fig. 5, ligand
with membranes prepared without inhibitors or in the pres- binding decreased significantly with increasing age of the
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Gland age (days post emergence)

Fig. 3.3H-tyrosyl-PBAN28-33NH binding as a function of age. Binding Heliothis peltigera colony

was carried out with pheromone gland membranes excised from females atFig. 5. *H-tyrosyl-PBAN28—33NH binding as a function of the colony
different ages as indicated. Membranes were made up with preparationage. Binding was carried out with pheromone gland membranes excised
buffers IV and binding was carried out with reaction buffer IV. Specific  from females at 5.5-days-post emergence. Membranes were made up with
binding is expressed as the difference between ligand binding in the preparation buffers IV and binding was carried out with reaction buffer V.
absence and presence of 1M PBAN1-33NH, Values represent the GV, GIV and Gl represeritieliothis peltigeracolonies that were reared in
mean = SE of 4-8 samples. Bars with the same letter do not differ the lab for 8, 12 and 20 life cycles, respectively. Specific binding is
significantly atP < 0.05. expressed as the difference between ligand binding in the absence and
presence of 100.M PBAN1-33NH, Values represent the mean SE of

3 samples and represent data that were obtained in two independent
experiments. Bars with the same letter do not differ significantl at

colony, being highest in the youngest colony (reared for less 0.05

than 1 year under laboratory conditions) and lowest in the
older colonies. The response of the various colonies to
injection of synthetic PBAN1-33Nk(at 1 pmol) was con were tested represented linear analogs of PBAN1-33NH
sistent with this trend, being lowest at Gll (28 ng phero- (PBAN9-33NH, PBAN13-33NH, PBAN19-33NH
mone/gland) and highest at GV (221 ng pheromone/gland). PBAN26—-33NH and PBAN9-18COOH) all of which cen

In our previous study [6] we demonstrated that the radio- tained the C-terminal homologous sequence characteristic
ligand PBAN28-33NH was displaced with unlabelled of the pyrokinin/PBAN family and exhibit variable degrees
PBAN28-33NH and PBAN1-33NH with similar affini of pheromonotropic agonistic activity [2,3,5]; linear pep-
ties (K values of 45x 10°°® M and 3.9 X 10 ° M, tides with antagonistic activity ([Ard,D-Ph€’-PBAN
respectively). In the present study we have extended the28-33NH,) [8,63] and BBC peptides (BBC25 and BBC27)
characterization of the pyrokinin/PBAN receptor by testing [7,8,23]. PBAN28-33NH and PBAN1-33NH served as
its ability to bind a variety of peptides derived from the reference peptide and Atyasotocin served as a control
PBAN sequence, and also their analogs. The peptides thaunrelated peptide to demonstrate binding specificity of the

[

=3

S
)

@
S
L

|Dbuffer
80.3 pmol 1-33
M1 pmol 1-33

Pheromone content (Z11-16:Ald ng/female)
I S
(=} (=}

o

T T
1.5 35 55 7.5
Female age (days post emergence)

Fig. 4. Effect of synthetic PBAN1-33NH injected at different ages, on pheromone production in female moths. PBAN1-3@/d8l injected at a
concentration of 0.3 or 1 pmoljal, for 2 h. Injection of buffer was carried out similarly and served as a control. Glands were excised as described in Methods
and the pheromone content was determined by GC analysis. Values represent the-rs&ans8—-10 samples. Statistical analysis was performed for each
PBAN1-33NH, concentration among the various ages (indicated by letters) and between the two concentrations at each age (indicated by asterisks). B
with the same letter do not differ significantly Bt< 0.05. An asterisk (*) indicates a significant difference in binding?at 0.05.
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Fig. 7. Displacement of°H-labeled PBAN28-33Nk by unlabeled

PBAN19-33NH PBAN26-33NH and PBAN9-18COOH. Displace

ment by unlabeled PBAN28-33NHk presented as a reference. All other

details are as described in the legend to Fig. 6.

Concentration (uM)

Fig. 6. Displacement of°H-labeled PBAN28-33Nkl by unlabeled
PBAN28-33NH, PBAN1-33NH, PBAN9-33NH, and PBAN13-
33NH,_Binding was carried out with pheromone gland membranes excised
from females at 5.5-day-post emergence. Membranes were made up with
preparation buffer IV and binding was carried out with reaction buffer IV.

Non-specific binding was determined in the presence of 1 mM unlabeled . R4
PBAN1-33NH, Data represent the ratio (as percentages) of ligand binding 33NH2 were the most potent competitors f 'tyrosyl'

in the presence of any tested concentration of the unlabeled peptides and ilrPBAN28—-33NH binding sites, followed by PBAN28-
their absence. Binding in the absence of unlabeled peptides was defined a83NH, and PBAN1-33NH that exhibited identical
100%. Thi; figure repre_sents_the r_esults of one out of three experiments,disp|acing potencies, and PBAN26-33Nkhat was 2.3
each of which resulted in similar displacement patterns. times less potent than PBAN28—33MNH

The linear antagonist [AFd,D-Phé’]PBAN28 —33NH,
exhibited a low competing potency at the concentration at
which agonistic peptides (i.e. PBAN1-33MHPBAN9 -
33NH, PBAN19-33NH and PBAN28-33NH) inhibited
50% of the radio-ligand binding (1.343M) and a 10-fold
higher concentration was needed to replace 50% of the
ligand. Similar results were obtained with the BBC antag-
onist 25 and the BBC compound 27. PBAN13-33Ni4d
the lowest competing activity and Ay asotocin did not
exert any competing activity up to a concentration of 300
uM. Interestingly, PBAN9—-18COOH was also unable to
displace the radio-ligand, but unlike the Vasotocin it stim-
Table 2 ulated binding at high concentrations (Fig. 7).

Inhibition constants (IG,) of PBAN1-33NH, and PBAN-derived linear
and BBC peptides

pyrokinin/PBAN family. The results of the competition
studies are shown in Figs. 6-8 and a summary of the inhi-
bition constants (IG, representing the peptide concentra
tion that displaced 50% of the bound ligand) are presented
in Table 2. Since the concentration of the ligand employed
in the present study was almost two orders of magnitude
lower than the IG, it is valid to assume that this value
represents the affinity of the peptide toward the receptor
[32]. The data indicate that PBAN19—-33NEnd PBAN9—

Peptide 1Go (uM) 4. Discussion

Egméigzﬁ& ig RBAN is an i_nsect neuropeptit_je of thg pyrokinin/PBAN
PBAN28-33NH 3 family, a major insect neuropeptide family known to regu-
PBAN1-33NH, 3 late a variety of physiological and behavioral functions such
PBA2§26—33N|1 7 as: sex pheromone biosynthesis in female moths, melaniza-
g*é%ZéD'PhéO]PBANZE"%NHZ 123; tion and reddish coloration in moth larvae, egg diapause in
BBC27 24 the silkworm, contraction of the locust oviduct, myotropic
PBAN13-33NH 30 activity of the hindgut in the cockroach and locust, and
PBAN9-18COOH >1000 acceleration of pupariation in the fleshfly larvae. Despite the
Arg®-Vasotocin >300 major importance of this family in the physiology of insects,

IC4, values were determined from dose response curves (ranging from VETY little information is available on the receptors that
0.01-100QuM) and represent the peptide concentration that displaced 50% mediate these functions. Our present study involved the
of the bound ligand. Binding was carried out with pheromone gland development of an RRA for the pyrokinin/PBAN family

membranes obtained from 5.5-day-old females. Membranes were preparedand its application to the partial characterization of this
with preparation buffer IV and binding was carried out with reaction buffer binding protein/receptor

IV. Non-specific binding was determined in the presence of 1 mM unla- . .
beled PBAN1-33NHK Binding in the absence of unlabeled peptides was In a previous study [6] we concentrated on the first part
defined as 100%. of the RRA development process i.e. selection and labeling
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of a ligand, and determination of preliminary reaction pa- aration of the leucokinin receptor of malpighian tubules. In
rameters (e.g. time, amount of biological material, ligand all of the above studies protease inhibitors were also present
concentration, etc.) In the present study, we have extendedduring the binding assay. Although protease inhibitors were
the development of the RRA by establishing improved bind- found to play a major role in some of the studies (e.g. the
ing conditions that enabled partial characterization of the allatotropin receptor of the cockroach midgut; [10]), these
putative pyrokinin/PBAN receptor in the pheromone gland studies did not discriminate between the protective effect of
of H. peltigera. Development of the RRA in both studies inhibitors in the course of the membrane preparation pro-

was based on a radio-labeled hexapeptide lig&ridTyr- cess and that during the binding assay itself.
Phe-Ser-Pro-Arg-Leu-N§j, which constitutes the C-termi The development of the above RRA proved the existence
nal homologous sequence shared by all neuropeptides of theof a putative pyrokinin/PBAN receptor in the sex phero-
pyrokinin/PBAN family. mone gland of the femalkl. peltigeramoth, and allowed

Three major factors were tested for their effects on bind- partial characterization of its biological and pharmacologi-
ing: buffers at different pH values, divalent ions and pres- cal properties. The biological characterization involved ex-
ence of protease inhibitors at the stage of membrane prep-amination of the expression level of the receptor in females
aration and during ligand-receptor binding. These of various ages post-emergence andHinpeltigera moth
experiments revealed that ligand-receptor interaction occurscolonies that had been reared in the laboratory for differing
over a wide pH range (5.5—-8.0) whereas lower (e.g. 5.0) andlengths of time. The assay was also used to determine the
higher (8.5-9.5) pH values had negative effects on binding presence of pyrokinin/PBAN binding in pheromone glands
(Table 1). Binding of the ligand to the PBAN receptor was of two other moth species
found to depend not only on pH but also on the nature of the  Indeed, application of the RRA revealed the presence of
buffer. Tris-based buffers caused a significant decrease inpyrokinin/PBAN receptor in other moth&iélicoverpa ar-
binding, even at pH values for which binding was high, migeraand Spodoptera littorali} (data not shown). It also
whereas NaHC@promoted binding even at high pH values. showed that moths reared for a long periods in the labora-
Addition of various divalent ions to the incubation mixture tory (over 1 year) exhibited a significant decrease in the
(Mn*" Mg®" Zn** and C&") did not have any effect on  receptor expression or ability to bind ligand (Fig. 5); and
the ligand-receptor interaction and similar results were ob- that receptor expression varied as a function of age, reach-
tained previously with the monovalent ions Na, K and Cl ing a maximum at 5.5-6.5 days post-emergence (indicated
[6]. The effect of divalent ions was studied in other insect by a high degree of ligand binding at this age) (Fig. 3).
neuropeptide receptor systems and revealed inverse results. The expression levels of the receptor (as indicated by the
In the study of the AKH receptor of the fat body binding binding studies) in the various moth colonies and at differ-
was found to be heavily dependent on the presence of Caent ages post-emergence correlated well with the responses
and Mg [64], whereas in the study of the diuretic hormone of the colonies to the injection of synthetic PBAN1-33NH
receptor of malpighian tubules Ca and Mg were found to thus, hinting at the possibility that the RRA indeed deter-
inhibit the binding of the ligand [54]. mines the receptor that is activated in vivo by PBAN1—

Despite their lack of a direct effect on binding, ions do 33NH, This notion is further strengthened by the pharma
have some indirect effects. This assumption is based on thecological characterization of the receptor (see below).
fact that the presence of ion chelators EDTA, EGTA or Examination of the age-dependence of the pheromone bio-
o-phenanthrolin at the stage of membrane preparation re-synthesis elicited by exogenously administered PBAN and
sulted in a marked decrease in binding (Fig. 1). Interest- of the pheromone production that results from the endoge-
ingly, this effect could be reversed by the presence of nous “natural” mechanism in the female moth at the same
protease inhibitors (whether or not they contained these ages revealed a good correlation. Studies performed by
chelators) in the binding reaction (Fig. 2). At present, we Dunkelblum and Kehat [16] on the age dependence of the
have no comprehensive explanation for the strong inhibitory calling behavior and pheromone content kh peltigera
effect of these chelators. One possible explanation is that thefemales revealed low content up to 3.5 days and a gradual
chelators remove ions that are essential for stabilization of increase up to a maximal activity at 5.5-6.5 days.
the membranes causing the membranes to be more suscep- The development of the RRA also allowed partial phar-
tible to proteases. Protease inhibitor cocktails have beenmacological characterization of the pyrokinin/PBAN recep-
used in other studies that employed epithelial cells as ator, and included determination of the binding affinity of
source of membrane preparation. Mazzocco-Manneval etvarious peptides derived from the PBAN sequence, and of
al., [37] used a mixture of PMSF, EGTA amdphenanth- their analogs. Eleven different peptides were tested for their
rolin in the course of membrane preparation and storage ofability to compete with the radio-labeled ligand (Figs. 6—8
cockroach midgut and hindgut proctolin receptor; a similar and Table 2): six linear C-terminally amidated peptides
composition (EGTA ando-phenanthrol) was used by derived from the sequence of PBAN1-33NHhcluding
Bowser and Tobe [10] for the preparation of the allatostatin unlabeled PBAN28—-33Nji which is homologous to the
receptor of midgut plasma membranes; and Pietrantonio etligand; one linear acid-free peptide; two antagonists one of
al. [43] used Complef&' protease inhibitor tables for prep  them linear and the other BBC and a “non-relevant” control
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exhibit their inhibitory activity by means of allosteric ef-
fects thus, in the case of the BBC peptides, both compounds
(BBC 25 and 27) probably bind to the “receptor vicinity,”
. but only one (BBC 25) has an allosteric effect that may
inhibit ligand binding.

Despite the good overall correlation between the phar-
macological properties and the bioactivity of most of the
tested peptides and the fact that the binding site that has
been characterized meets the physiological criteria for the
definition of a receptor, based on its saturability, reversibil-

‘ ‘ ‘ . ity and specificity, it should be kept in mind that it exhibited
001 o1 1 10 100 1000 a low affinity, having a K value of 5.73+ 1.05x 10 °M
Concentration (uM) and a Bmax of 1.85 0.22 nmol/mg protein [6]. As pre-

Fig. 8. Displacement of°H-labeled PBAN28-33NH by unlabeled viously suggested the putative pyrokinin/PBAN receptor
[Arg?”,D-Phé°|PBAN28 —-33NH, and the BBC peptides 25 and 27. Dis may exhibit a “spare receptor’ behavior, with a full re-
placement. by unlabeled P_BAN_28—33§lH present_ed as a reference. All sponse being obtained at a low Iigand Capacity [32]_ It is,
other details are as described in the legend to Fig. 6. ) L. .

however, possible that the binding site that has been char-

acterized is not the only pyrokinin/PBAN receptor and that
peptide (Ard-Vasotocin) which does not belong to the there are other receptors on the pheromone gland epithelial
pyrokinin/PBAN family. The peptides PBAN1-33NH cells that bind PBAN1-33NKHand other PBAN-derived
PBAN9-33NH, PBAN19-33NH and PBAN28-33NH peptides with higher affinities. In this context it is important
displaced the radio-ligand at comparable potencies;to note that the pheromonotropic in vivo potency of syn-
PBAN26-33NH was slightly less potent, and PBAN13— thetic PBAN28—-33NH i.e. the concentrations that were
33NH, was the weakest among the agonistic linear-ami needed to induce sex pheromone activity ranged from 10
dated peptides. The identical displacement curves obtainedomol/female (5x 10 ® M) [2] to 100-1000 pmol of pep
with PBAN1-33NH, and PBAN28-33NH (K; value of tide/female (10° to 10 * M) [48]. Although these concen
3 X 10°® M), and the correlation between the binding trations comply with the high Kvalue that was obtained in
affinities of the tested peptides (i.e. PBAN9-33NH our study, such a comparison may be imprecise as it does
PBAN19-33NH and PBAN28-33NH Table 2), and their ~ not reflect the effective concentration of the injected peptide
bioactivities as indicated by the in vivo pheromonotropic at the target site due to effects of diffusion, enzymatic
bioassay [2,3,5] support the notion that the receptor that wasdegradation, clearance, etc.
characterized in the present study is the putative pyrokinin/  In summary, the RRA that was developed in the present
PBAN receptor. Another peptide that exhibited correlation study proved the existence of a pyrokinin/PBAN receptor in
was PBAN9-18COOH. The peptide did not displace the the sex pheromone gland of the madth peltigera and
ligand up to 10uM but stimulated binding at higher con- facilitated the partial characterization of the expression and
centrations (Fig. 7). A previous examination of the in vivo of some biological and pharmacological properties of this
pheromonotropic activity of this peptide revealed synergism receptor. It is envisaged that the information that was ob-
with PBAN1-33NH, (data not shown). The only peptide tained in the course of the present study, as well as the
that did not exhibit a good correlation in both assays was availability of the RRA, will lead to a better insight into the
PBAN13-33NH This peptide exhibited a much lower-af  physiology of the pyrokinin/PBAN family, and to a better
finity toward the receptor in the RRA (as compared with the understanding of the correlation between the biological ac-
other linear agonistic peptides) and a high pheromonotropic tivities of the various peptides and their receptors. This
in vivo activity (that was even slightly higher than that of RRA can also serve as a basis for the development of an
PBAN1-33NH, and PBAN28-33NK) [7]. The reason for HTSA for screening chemical and biological combinatorial
this mismatch is not clear at present. The specificity of the libraries. This aspect is of importance for the discovery of
assay to the pyrokinin/PBAN family of neuropeptides was pyrokinin/PBAN agonists and antagonists, which can be
demonstrated by the inability of Afevasotocin to displace  further developed to provide highly selective and environ-
the radio-labeled ligand. mentally friendly insecticides and insect control agents.

Interestingly, the two antagonistic peptides [Af@-

Phe]lPBAN28-33NH, and BBC peptide 25 had relatively

low displacing activities, despite their high antagonistic Acknowledgments

potency [7,8,23,63]; furthermore their affinity did not differ

from that of the BBC peptide 27 which was devoid of any We are grateful to Dr. Hillary Voet, Faculty of Agricul-
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that they do not bind to the same site as the agonist butthe statistical analysis of the data. We would like to thank

ey
S
>

.

=
S

%]
=3

a | e28.33NH2
|
| ™ Arg27-PBAN28-33(D-Phe30)

| ABBCD-Phe2s
BBC D-Phe 27

=
S

%
S
.

60

Specific binding (%)

40 -

20 4




1388 M. Altstein et al. / Peptides 22 (2001) 1379-1389

Mrs. Irit Schefler, from the Dept. of Entomology, The Vol- [16] Dunkelblum E, Kehat M. Sexual behaviour bfeliothis peltigera

cani Center, ARO, Bet Dagan, for performing the gas chro- (Lepiddoptera: Nocutidae). Bull. Enom. Re§. 1992;82:13-17.

matography analysis. This research was supported by the”) E.“portets L, Gadenne C, Dufour MC, Couillaud F. The pheromone
. . .. iosynthesis activating neuropeptide (PBAN) of the black cutworm

Israel Sme_nce Foundation, aq_m'n'Stered by the Israel Acad- moth, Agrotis ipsilon immunohistochemistry, molecular character-

emy of Sciences and Humanities (to M.A.) and by the Israel ization and bioassay of its peptide sequence. Insect Biochem. Molec.

Ministry of Science and Technology (to M.A. and C.G.). Biol. 1998;28:591-599.

[18] Duportets L, Gadenne C, Dufour MC, Couillaud F. A cDNA from
Agrotis ipsilon,that encodes the pheromone biosynthesis activating
neuropeptide (PBAN) and other FXPRL peptides. Peptides. 1999;20:
899-905.

[19] Elliott JT, Jurenka RA, Prestwich GD, Roelofs WL. Identification of

References

[1] Altstein M, Gazit Y, Dunkelblum E. Neuroendocrine control of sex
pheromone biosynthesis kfeliothis peltigeraArch. Insect Biochem.
Physiol. 1993;22:153-168.

[2] Altstein M, Dunkelblum E, Gabay T, Ben-Aziz O, Schafler I, Gazit
Y. PBAN-induced sex pheromone biosynthesisigliothis peltigera

soluble binding proteins for an insect neuropeptide. Biochem. Bio-
phys. Res. Comm. 1997;238:925-930.

[20] Fullbright G, Lacy ER, Bullesbach EE. Bombyxin: An insect neuro-

hormone targets the ovaries in Lepidoptera. SAAS-Bull.Biochem.
Biotechnol. 1997;10:37-41.

Structure, dose and time-dependent analysis. Arch. Insect Biochem. [21] Gade G. The explosion of structural information on insect neuropep-

Physiol. 1995;30:309-317.

tides. Prog. Chem. Org. Nat. Prod. 1997;71:1-128.

[3] Altstein M, Ben-Aziz O, Gabay T, Gazit Y, Dunkelblum E. Structure-  [22] Gazit Y, Dunkelblum E, Benichis M, Altstein M. Effect of synthetic
function relationship of PBAN/MRCH. Ip: Qarde RT, Minks AK. PBAN and derived peptides on sex pheromone biosyntheditein
Eds. Insect pheromone research: new directions. Chapman and Hall;  |iothis peltigera (Lepidoptera: Noctuidatae). Insect Biochem. 1990;
1996:56—-63. 20:853—-858.

[4] Altstein M, Gazit Y, Ben Aziz O, Gabay T, Marcus R, Vogel Z, Barg 23] Gilon C, Zeltser |, Daniel S, Ben-Aziz O, Schefler I, Altstein M.

J. Induction of cuticular melanization Eﬁpqdoptera_Iittoralisiarvae Rationally designed neuropeptide antagonists: A novel approach for
by PBAN/MRCH: Development of a quantitative bioassay and struc- generation of environmentally friendly insecticidésvert. Neurosci.
ture function analysis. Arch. Insect Biochem. Physiol. 1996;31:355— 1997:3:245-250.

370. [24] Imai K, Konno T, Nakazawa Y, Komiya T, Isobe M, Koga K, Goto

[5] Altstein M, Dunkelblum E, Gazit Y, Ben Aziz O, Gabay./ T, Vogel Z, T, Yaginuma T, Sakakibara K, Hasegawa K, Yamashita O. Isolation
Barg J. .StructL'Jre-functlon analysis of PBAN/MRCH: A.ba5|s for and structure of diapause hormone of the silkwoBombyx mori.
antagonist design. In: Rosen, D. et al., Eds. Modern agriculture and Proc. Japan Acad. 67, Ser. B:1991:98-101

the environment Kluwer Academic Publishers; 1997:109-116. [25] Jacquin-Joly E, Burnet M, Franxois MC, Ammar D, Nagnan-Le

[6] Altstein M.’ ngay T Ben Aziz O, Danlel' S, Zeltsgr g Qllqn c. Meillour P, Descoins C. cDNA cloning and sequence determination
Characterization of a putative pheromone biosynthesis activation neu- . . S .
of the pheromone biosynthesis activating neuropeptidelahestra

ropeptide (PBAN) receptor from the pheromone glandHefiothis brassicae a new member of the PBAN family. Insect Biochem
peltigera.Invert. Neurosci. 1999;4:33—40. Molec. Biol. 1998:28:251-258 ’ '

[7] Altstein M, Ben-Aziz O, Daniel S, Schefler I, Zeltser I, Gilon C. [26] Kawano T, Kataoka H, Nagasawa H, Isogai A, Suzuki A. c-DNA

Backbone cyclic peptide antagonists, derived from the insect phero- ) o . .
mone biosynthesis activating neuropeptide (PBAN), inhibit sex pher- cloning, and sequence determination of the pheromone biosynthesis
; activating neuropeptide of the silkwornBombyx mori.Biochem.

omone biosynthesis in moths. J.Biol. Chem. 1999;274:17573-17579. )
y Biopys. Res. Comm. 1992;189:221-226.

[8] Altstein M, Ben-Aziz O, Schefler |, Zeltser I, Gilon C. Advances in . .
the application of neuropeptides in insect control. Crop Prot, 2000; [27] Kawano T, Kataoka H, Nagasawa H, Isogai A, S_UZUkI A l_\/IoIec_uIar
19:547-555. cloning of a new type of c-DNA for pheromone biosynthesis activat-
[9] Barany G, Merrifield RB. The Peptides (Edited by Gross, E. and ing neuropepu-de.m the silkwormBombyx mori.Biosci Biotech
Meinehofer, J.). Vol. 2; pp. 1-284. Academic Press, New York, NY. B!ochem 1997,61:1745-1747.
[28] Kitamura A, Nagasawa H, Kataoka H, Inoue T, Matsumoto S, Ando

1980; pp. 1-284. A, Nagasawa : Ando
[10] Bowser PR, Tobe SS. Partial characterization of a putative allatostatin T, Suzuki A. Amino acid sequence of pheromone-biosynthesis-acti-
vating neuropeptide (PBAN) of the silkworBombyx mori Bio-

receptor in the midgut of the cockroaiploptera punctataGen, :
Comp. Endocrinol. 2000;119:1-10. chem. Biophys Res Commun 1989;163:520-526.
[11] Bradford M. A rapid and sensitive method for the quantitation of [29] Kitamura A, Nagasawa H, Kataoka H, Ando T, Suzuki A. Amino acid

microgram quantities of protein utilizing the principle of protein-dye sequence of pheromone biosynthesis activating neuropeptide-li
binding. Anal. Biochem. 1976:72;248-254. (PBAN-II) of the silkmothBombyx moriAgric Biol Chem 1990;54:

[12] Choi MY, Tanaka M, Kataoka H, Boo KS, Tatsuki S. Isolation and 2495-2497.
identification of the cDNA encoding the pheromone biosynthesis [30] Kochansky JP, Raina AK, Kempe TG. Structure-activity relationship
activating neuropeptide, and additional neuropeptides in the oriental in C-terminal fragments analogs of pheromone biosynthesis activat-
tobacco budwormHelicoverpa assulta(Lepidoptera: Noctuidae). ing neuropeptide itrlelicoverpa zeaArch. Insect. Biochem. Physiol.
Insect Biochem. Molec. Biol. 1998;28:759—766. 1997;35:315-332.

[13] Chung JS, Wheeler CH, Goldsworthy GJ, Coast GM. Properties of [31] Lenz C, Williamson M, Grimmelikhuijzen CJ. Molecular cloning and
achtakinin binding sites on malpighian tubule membranes from the genomic organization of a second probable allatostatin receptor from
house cricketAcheta domesticu$eptides 1995;16:375-382. Drosophila melanogasteBiochem. Biophys. Res. Commun. 2000;

[14] Davis M-TB, Vakharia VN, Henry J, Kempe TG, Raina AK. Molec- 273:571-577.
ular cloning of the pheromone biosynthesis-activating neuropeptide [32] Levitzki A. Receptors: A Quantitative Approach. Benjamin/Cunnings
in Helicoverpa zeaProc. Natl. Acad. Sci. USA 1992;89:142-146. Publishing Company, Inc. Menlo Park CA, USA; pp. 1984:142.

[15] Dunkelblum E, Kehat M. Female sex pheromone components of [33] Ma PWK, Knipple DC, Roelofs WL. Structural organization of the
Heliothis peltigera(Lepidoptera: Noctuidae): Chemical identification Helicoverpa zeayene encoding the precursor protein for pheromone
from gland extracts and male response. J. Chem. Ecol. 1989;15:2233— biosynthesis-activating neuropeptide and other neuropeptides. Proc
2245. Nat., Acad Sci USA 1994;91:6506-6510.



M. Altstein et al. / Peptides 22 (2001) 1379-1389

[34] Masler EP, Raina AK, Wagner RM, Kochansky JP. Isolation and
identification of a pheromonotropic neuropeptide from the brain-
suboesophageal ganglion complexgmantria dispar A new mem-

ber of the PBAN family. J Insect Biochem Molec Biol 1994;24:829—

836.

Matsumoto S, Kitamura A, Nagasawa H, Kataoka H, Orikasa C,

Mitsui T, Suzuki A. Functional diversity of a neurohormone produced

by the suboesophageal ganglion: Molecular identity of melanization

and reddish colouration hormone and pheromone biosynthesis acti-
vating neuropeptide. J Insect Physiol 1990;36:427—432.

Matsumoto S, Fonagy A, Kurihara M, Uchiumi K, Nagamine T,

Chijimatsu M, Mitsui T. Isolation and primary structure of a novel

pheromonotropic neuropeptide structurally related to leucopyrokinin

from the armyworm larvaeRseudaletia separatdiochem Biophys

Res Commun 1992;182:534-539.

Mazzocco-Manneval C, Kuczer M, Konopinska D, Fournier B,

Loughton BG, Puiroux J. Pharmacological studies of proctolin recep- 55]

tors on foregut and hindgut @laberus craniifer Peptides 1998;19:

1641-1651.

Minnifield NM, Hayes DK. Partial purification of a receptor for the

adipokinetic hormones froriviusca autumnaligace flies. Prep Bio-

chem 1992;22:215-228.

[39] Nachman RJ, Holman MG, Cook BJ. Active fragments and analogs
of the insect neuropeptide leucopyrokinin: Structure-function studies.
Biochem Biophys Res Commun 1986;137:936—-942.

[40] Nachman RJ, Holman MG, Haddon WF. Leads for insect neuropep-
tide mimetic development. Arch Insect Biochem Physiol 1993;22:
181-197.

[41] Nachman RJ, Zdarek J, Holman MG, Hayes TK. Pupariation accel-
eration in fleshfly $arcophaga bullatplarvae by the pyrokinin/
PBAN neuropeptide family. Ann N.Y. Acad Sci 1997;814:73-79.

[42] Nagasawa H, Kuniyoshi H, Arima R, Kawano T, Ando T, Suzuki A.
Structure and activity ofBombyx PBAN. Arch Insect Biochem
Physiol 1994;25:261-270.

[43] Pietrantonio PV, Gibsona GE, Streya AA, Petzel D, Hayesa TK.
Characterization of a leucokinin binding protein Aedes aegypti
(Diptera: Culicidae) malpighian tubules. Insect Biochem. Mol. Biol.
2000;30:1147-1159.

[44] Pri-Bar I, Buchman O. A simple method for general labelling of
organic molecules by gaseous tritium. Chem. Comm.; 1970:1631.

[45] Puiroux J, Pedelaborde A, Loughton BG. Characterization of proc- [61]
tolin binding site on locust hindgut membranes. Insect Biochem Mol
Biol 1992;22:547-551.

[46] Raina AK. Neuroendocrine control of sex pheromone biosynthesis in [62]
Lepidoptera. Annu Rev Entomol 1993;38:329-349.

[47] Raina AK, Kempe TG. A pentapeptide of the C-terminal sequence of
PBAN with pheromonotropic activity. Insect Biochem.;1990;20:
849-851.

[48] Raina AK, Kempe TG. Structure activity studies of PBAN to¢li-
coverpa zedLepidoptera: Noctuidae). Insect Biochem Molec Biol
1992;22:221-225.

[49] Raina AK, Klun JA. Brain factor control of sex pheromone produc-
tion in the female corn earworm moth. Science 1984;225:531-533.

(50]

[51]
(35]
[52]

[36] [53]

(54]
[37]

(38]
[56]

[57]

(58]

[59]

[
=]

(63]

(64]

1389

Raina AK, Jaffe H, Kempe TG, Keim P, Blacher RW, Fales HM,
Riley CT, Klun JA, Ridgway RL, Hayes TK. Identification of a
neuropeptide hormone that regulates sex pheromone production in
female moths. Science 1989;244:796—-798.

Reagen JD. Expression cloning of an insect diuretic hormone recep-
tor. J Biol Chem 1994;269:9-12.

Reagen JD. Functional expression of a diuretic hormone receptor in
baculovirus-infected insect cells: Evidence suggesting that he N-
terminal region of diuretic hormone is associated with receptor acti-
vation. Insect Biochem Molec Biol 1995;25:535-539.

Reagen JD. Molecular cloning and function expression of a diuretic
hormone receptor from the house crick&theta domesticusnsect
Biochem Molec Biol 1996;26:1-6.

Reagen JD, Li JP, Carney RL, Kramer SJ. Characterizaiton of a
diuretic hormone receptor from the tobacco hornwokianduca
sexta.Arch Insect Biochem Physiol 1993;23:135-145.

Schoofs L, Holman MG, Nachman RJ, Hayes TK, DeLoof A. Isola-
tion, primary structure, and synthesis of locustapyrokinin: A myo-
tropic peptide ofLocusta migratoriaGen. Comp. Endocrinol.;1991;
81:97-104.

Schoofs L, Vanden JB, De Loof A. The myotropic peptides of
Locusta migratoria Structures, distribution, functions and receptors.
Insect Biochem Molec Biol 1993;23:859—-881.

Tillman JA, Seybold J, Jurenka RA, Blomquist GJ. Insect phero-
mones-an overview of biosynthesis and endocrine regulation. Insect
Biochem Mol Biol 1999;29:481-514.

Torfs H, Shariatmadari R, Guerrero F, Parmentier M, Poels J, Van
Poyer W, Swinnen E, De Loof A, Akerman K, Broeck J. Character-
ization of a receptor for insect tachykinin-like peptide agonists by
functional expression in a stabl@rosophila Schneider 2 cell line.

J. Neurochem. 2000;74:2182-2189.

Veelaert D, Oonk B, Eynde GV, Torfs H, Meloen RH, Schoofs L,
Parmentier M, De Loof A, Broeck JV. Immunolocalization of a
tachykinin-receptor-like protein in the central nervous system of
Locusta migratoriaand Neobellieria bullata.J Comp Neurol 1999;
407:415-426.

Wang Z, Orchard I, Lange AB. Identification and characterization of
two receptors for SchistoFLRFamide of locust oviduct. Peptides
1994;15:875-882.

Wang Z, Orchard |, Lange AB. Binding affinity and physiological
activity of some HVFLRFamide analogues on the oviducts of the
locust, Locusta migratoriaRegul Pept 1995;57:339—-346.

Yu CG, Hayes TK, Strey A, Bendena WG, Tobe SS. Identification
and partial characterization of receptors for allatostatins in brain and
corpora allata of the cockroadbiploptera punctatausing a binding
assay and photoaffinity labeling. Regul Pept 1995;57:347-358.
Zeltser 1, Gilon G, Ben-Aziz O, Schefler I, Altstein M. Discovery of

a linear lead antagonist to the insect pheromone biosynthesis activat-
ing neuropeptide (PBAN). Peptides 2000;21:1457-1467

Ziegler R, Jasensky RD, Morimoto H. Characterization of the adipo-
kinetic hormone receptor from the fat bodyM&nduca sextaRegul
Pept 1995;57:329-338.



