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[D-TRP32]Neuropeptide Y: A Competitive Antagonist of NPY in Rat Hypothalamus
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Neuropeptide Y (NPY) is a potent orexigenic peptide. Structure—activity studies have revealed
that nearly the entire sequence of NPY is required to elicit feeding responses. Therefore, in order
to develop antagonistic peptides for NPY-induced feeding, we synthesized full-length analogs of
NPY, substituting D-Trp in the C-terminal receptor binding region, and screened their activity
in rat hypothalamus. Although [D-Trp®¥]NPY and [D-Trp*#]NPY inhibited isoproterenol-
stimulated hypothalamic membrane adenylate cyclase activity, [D-Trp32]NPY exhibited no intrinsic
activity. Furthermore, [D-Trp3?]NPY inhibited ['ZI]NPY binding torat hypothalamic membranes
with a potency comparable to that of NPY. The presence of 30 and 300 nM concentrations of
[D-Trp32]NPY shifted the inhibitory dose-response curve of NPY on isoproterenol-stimulated
hypothalamic membrane adenylate cyclase activity parallel to the right with comparable Kg values.
Moreover, in vivo experiments in rats revealed that [D-Trp32]NPY (10 ug) significantly attenuated
the 1-h feeding response induced by NPY (1 ug). Several othersubstitutions at position 32 including
2-p-Nal resulted in agonist activity, suggesting that there are strict structural requirements to
induce the antagonistic property in NPY. These findings confirm that [D-Trp®2]NPY is a competitive
antagonist of NPY in both in vitro and in vivo systems. Analogs based on [D-Trp32]NPY may have
potential clinical application, since NPY has been implicated in the pathophysiology of a number

of feeding disorders including obesity, anorexia, and bulimia.

Introduction

The findings that neuropeptide Y (NPY), a 36-residue
peptide amide isolated from porcine brain with the
sequence, YPSKPDNPGEDAPAEDL ARYYSALRHY-
INLITRQRY-NH;, occurs in higher concentrations in
mammalian brain than any other peptides isolated to date
has spawned numerous investigations of its central ef-
fects.12 These studies have shown that microinjection of
NPY into various hypothalamic sites can induce robust
feeding behaviorinrats.>5 Investigationsinourlaboratory
suggest that NPY-induced feeding may be mediated by
pertussis toxin-sensitive G-proteins in the hypothalamus
through a cAMP-dependent pathway.5 Moreover, local-
ization of NPY in hypothalamic regions known to be
involved in the regulation of feeding behavior,* together
with findings that NPY level and secretion are increased
in the hypothalamus of fasted rats and these elevations
are normalized with feeding, have led Kalra and co-workers
to suggest that NPY may constitute the ultimate neuro-
chemical signal that triggers feeding.®” Therefore, it
appears that aberrations in the hypothalamic NPY cir-
cuitry may contribute to the pathophysiology of a number
of eating disorders such as obesity, bulemia, and anorexia
nervosa. Consistently, hypothalamic NPY levels and/or
the NPY mRNA have been found to be elevated in
hyperphagic obese rats® and decreased in anorectic tumor-
bearing rats.® These observations suggest that the NPY
sequence could be modified for therapeutic use.

With this in mind, and because nearly the entire
sequence of NPY is required for eliciting feeding respons-
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es,1011 we gynthesized a number of full-length analogs of
NPY, substituting D-Trp for Thr32, GIn34, or Tyr3€ in the
C-terminal receptor binding sequence, and investigated
their activity in rat hypothalamus. These studies showed
that although [D-Trp3¢]NPY and [D-Trp3]NPY exhibited
agonist activity, [D-Trp32]NPY showed nointrinsic agonist
activity. [D-Trp32]NPY, however, inhibited the binding
of ['BIINPY to hypothalamic membranes with high
affinity. We therefore tested [D-Trp32]NPY for antago-
nistic properties and in this paper provide evidence to
show that [D-Trp®2]NPY is infact a competitive antagonist
of NPY in rat hypothalamus.

Results

The synthetic peptides were 296% homogeneous by
analytical reversed-phase chromatography and had the
expected amino acid composition and masses.

At 1.0 uM, NPY, [D-Trp*]NPY, [D-Trp%INPY, and
the corresponding formylated D-Trp analogs inhibited the
isoproterenol-stimulated hypothalamic adenylate cyclase
activity significantly (Figure 1). [D-Trp®2]NPY and its
formylated derivative, however, did not exhibit a signif-
icant inhibitory effect on adenylate cyclase activity at this
concentration. In the binding experiments, NPY and
[D-Trp32]NPY inhibited 125I-labeled NPY bound to rat
hypothalamic membranes in a dose-dependent manner
with ICs values of 0.63 and 3.0 nM, respectively (Figure
2, top).

NPY inhibited the isoproterenol-stimulated hypo-
thalamic membrane adenylate cyclase activity dose-
dependently with an ICs value 0.18 nM (Figure 2, bottom).
[D-Trp32]NPY did not exhibit any inhibitory effect on
adenylate cyclase activity. The presence of 30 and 300
nM [D-Trp32]NPY shifted the inhibitory dose-response
curve of NPY on hypothalamic adenylate cyclase activity
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Figure 1. Comparison of the effects of D-Trp- or D-Trp(CHO)-
substituted NPY analogs (1.0 uM) on the isoproterenol-stimulated
adenylate cyclase activity of rat hypothalamic membranes: (I)
[D-Trp22]NPY, (I) [D-Trp(CHO)*?]NPY, (III) [D-Trp3]NPY,
V) [p-Trp(CHO)¥INPY, (V) [D-Trp*¥]NPY, (VI) [D-Trp-
(CHO)®#INPY; a = p < 0.01 compared to isoproterenol (by
repeated measures of ANOVA); b, not significant compared to
isoproterenol.

to the right, increasing the ICsy value to 4.0 (Kg = 1.41
nM) and 40.0 nM (Kg = 1.36 nM), respectively (Figure 2,
bottom).

To assess the specificity of [D-Trp32]NPY, we investi-
gated its effect on the inhibitory hypothalamic adenylate
cyclase activity of serotonin (Figure 3). Theseexperiments
revealed that serotonin (100 nM) significantly (p < 0.01;
by repeated measures ANOVA) inhibited the isoproter-
enol-stimulated adenylate cyclase activity both in the
absence and presence of [D-Trp2INPY (1 uM).

Since hypothalamic NPY has been shown to elicit a
robust feeding response, we also investigated the effect of
[D-Trp32]NPY on NPY-induced feeding in freely moving
rats. Intrahypothalamic injection of NPY (1 ug) signif-
icantly (p < 0.01) stimulated the cumulative food intake
as compared to vehicle (artificial cerebrospinal fluid)
treatment over 1 h (Figure 4). [D-Trp32INPY (1 ug) did
not stimulate feeding significantly over this period, nor
did it attenuate NPY (1 ug)-induced feeding at this
concentration (not shown). [D-Trp32INPY (10 ug) also
did not exhibit a significant effect on feeding, and at this
dosesignificantly (p < 0.05) attenuated the 1 h cumulative
food intake induced by 1 ug of NPY (Figure 4).

The effect of replacing D-Trp32 with the L-isomer, other
aromatic amino acids, and/or residues which might induce
similar structural changes were also investigated. In this
regard we synthesized [L-Trp%2]NPY, [D-Phe3?]NPY,
[D-Nal32]NPY, [Hyp32INPY, [3-I-Tyr?",p-Trp32]NPY, and
[3-1-Tyr2"3 pD-Trp32]NPY, and studied their effect on
isoproterenol-stimulated hypothalamic adenylate cyclase
activity. However, all these peptides, at a concentration
of 1 uM, significantly inhibited the enzyme activity.

Discussion

NPY exhibits a wide spectrum of central and peripheral
activities through a variety of receptor subtypes. At
present these receptors have been broadly classified into
three main classes, namely Y-1, Y-2, and Y-3 subtypes.12-14
Although NPY and its homologous peptide, peptide YY
(PYY), exhibit nearly equal affinity to both Y-1 and Y-2
receptors, the shorter C-terminal fragments can bind only
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Figure 2. (Top) Displacement of 125]-labeled NPY bound torat
hypothalamic membranes by increasing concentrations of NPY
(®) and [D-Trp®?]NPY (O). (Bottom) Effects of increasing
concentrations of NPY in the absence (@) and the presence of
30 (a) or 300 nM (W) of [D-Trp3?]NPY on the isoproterenol-
stimulated adenylate cyclase activity of rat hypothalamic mem-
branes. Also shown is the effect of increasing concentrations of
[D-Trp32]NPY (O).
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Figure 3. Comparison of the effects of [D-Trp32]NPY (1.0 uM)
on the inhibition of isoproterenol-stimulated adenylate cyclase
activity of rat hypothalamic membranes by NPY (100 nM) and
serotonin (100 nM): a = p < 0.01 compared to isoproterenol (by
repeated measures of ANOVA); b, not significant compared to
isoproterenol.

to Y-2 subtypes. Y-3receptors, onthe other hand, exhibit
greater affinity for NPY than PYY.1218 However, there
is mounting evidence that the NPY receptor system is
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Figure 4. Antagonism of NPY-induced feeding in rats by
[D-Trp2]NPY. Groups of rats were pretreated with intra-
hypothalamic injections (1 uL) of artificial CSF or 10 ug of
[D-Trp¥]NPY. Fifteen minutes later CSF-treated rats were
injected again with CSF (n = 6), 1 ug of NPY (n = 6), or 10 ug
of [D-Trp®]NPY (n = 7). The [D-Trp’?INPY-treated rats were
injected with 1 ug of NPY (n = 8). Rats were provided with a
known quantity of rat chow, and after 1 h the food consumed was
determined and corrected for spillage: a = p <0.01 vs CSF (by
repeated measures of ANOVA); b, not significant vs CSF; c = p
< 0.01 vs NPY; d = p < 0.05 vs NPY.

much more complex than originally thought, because there
may exist further receptor subtypes of NPY such as those
inmast cells and heart which exhibit unique properties.15:16
Therefore, wereasoned that systematicstructure—function
studies have to be performed with a receptor subtype to
delineate the minimum sequence requirements before
embarking on designing selective agonist and antagonist
peptides for that particular system. This approach has
previously led us to identify NPY(17-36) and NPY(18-36)
as physiological and competitive antagonists of NPY in
rat cardiac ventricular membranes, respectively.!18 In
the present study designed to develop hypothalamic NPY
receptor antagonist, we chose to work with the entire
sequence because previous investigations have shown that
intact NPY is required to stimulate feeding.!%!! Fur-
thermore, since the C-terminal region is important for
receptor binding, and because D-Trp has generally been
found to be a desirable residue to impart antagonistic
properties to a number of peptide hormones, including
LH-RH!? and parathyroid hormone,!® we synthesized
analogs substituting D-Trp at position 32, 34, or 36. We
did not substitute Arg3? or Arg35, because these residues
have been shown to be important for interaction with the
receptors.1?

The results presented in this paper demonstrate that
although substitution of D-Trp at position 34 or 36 resulted
in agonist activity, [D-Trp32]NPY and its formylated
derivative were devoid of any intrinsic activity in the
hypothalamic membranes. Moreover, [D-Trp*2]NPY in-
teracted with hypothalamic membranes with a potency
comparable to that of NPY, while the corresponding
formylated compound exhibited low affinity (not shown).
It is the complete loss of intrinsic activity and the high
binding potency that characterized [D-Trp32]NPY as an
antagonist of NPY in the hypothalamus. The competitive
nature of the antagonism was further confirmed by the
finding that two different concentrations of [D-Trp32]NPY
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shifted the inhibitor dose-response curve of NPY parallel
to the right with comparable Kg values. This antagonism
was specific to NPY receptors because [D-Trp®2]NPY did
not have any effect on the inhibitory hypothalamic
adenylate cyclase activity of serotonin.

We have shown previously that pertussis toxin treatment
of the hypothalamus can block NPY-induced feeding as
well as the inhibitory effect of NPY on hypothalamic
adenylate cyclase activity.? Onthe basis of these findings,
we suggested that hypothalamic cAMP may mediate the
effects of NPY on feeding. If this hypothesis is correct,
we reasoned that [D-Trp32]NPY should also antagonize
NPY-induced feeding. Inaccordance with thishhypothesis,
[D-Trp32]NPY significantly attenuated the feeding re-
sponses induced by NPY.

With the view of determining the factors inducing
antagonistic property in [D-Trp32]NPY, we studied the
effects of a number of other substitutions at position 32.
A D-residue was found to be essential because L-Trp
substitution resulted in agonist activity. Likewise, sub-
stitution with other D-aromatic amino acids such D-Phe
or even 2-D-Nal, a Trp-mimicking residue, resulted in
agonist activity, showing that there are strict structural
requirements for exhibiting antagonistic property. While
our work was in progress, Tatemoto?® reported that [3-Clo-
Bzl-Tyr?"% p-Thr32)NPY(27-36) and [3-Cl;Bzl-Tyr?",D-
Thr32)NPY (27-36) can antagonize NPY-induced intra-
cellular Ca?* mobilization in HEL cells. Therefore, we
synthesized similar peptides with D-Trp at position 32.
These peptides, [3-1-Tyr?",D-Trp32]NPY, [3-I-Tyr2"3€,p-
Trp32]NPY, N-a-Ac-[D-Trp32]NPY(27-36), and [3-I-
Tyr2"36 p-Trp32]NPY(27-36) were either agonist or had
low receptor affinity in the hypothalamus (not shown).

Our finding that a single substitution confers antago-
nism in NPY is very intriguing, and therefore it is of great
interest to determine the structural changes induced by
D-Trp substitution. Conformational models based on the
X-ray structure co-ordinates of the homologous peptide,
avian pancreatic polypeptide (APP),2! suggest that sub-
stitution of D-Trp at position 32 could induce a type I’
§-turn at that position causing the C-terminal to fold back
over the PP-fold, rather than extend away from the helix,
as it does for the APP crystal structure (Figure 5).
Similarly, if the NMR structure is considered, in which
the residues 11-36 fold into an amphiphilic helix,22 the
substitution of D-Trp at position 32 should disrupt the
helix, potentially producing a similar turn and folding
arrangement (not shown). We suggest, therefore, that the
introduction of the D-Trp® substitution may induce a type
Il B-turn at this position, and that the modified confor-
mation of this C-terminal region may be responsible for
the loss of agonist activity, generating a potent antagonist.
In addition, the indole ring appears to be critical because
2-D-Nal substitution failed to impart antagonistic prop-
erty. Similar structural changes induced by D-Trp sub-
stitution in somatostatin?® and LHRH!" have previously
been exploited toward designing simple and/or potent
agonist or antagonistic compounds. Moreover, as in this
study, D-T'rp could not be replaced by 2-D-Nal in the case
of somatostatin analogs.2 These observations suggest that
our findings with [D-Trp32]NPY may also pave the way
toward the development of low molecular weight antag-
onistic compounds which, on peripheral administration,
may pass the blood-brain barrier and antagonize NPY-
induced feeding.
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Figure 5. Stereostructure of NPY (top) N- and C-terminal region, based on X-ray structure of avian pancreatic polypeptide as
determined by X-ray (see ref 18), with ribbon overlay to emphasize backbone configuration. Model of [D-Trp32]NPY (bottom), with
a type II’ 8-turn configuration for residues 32 and 33. Note that the proposed model repositions the C-terminal Tyr® into close

proximity to Tyr!, potentially providing good aromatic clustering.

Although it is generally believed that the NPY effects
on blood pressure and feeding are mediated by the Y-1
receptor subtype, there are reports showing that NPY
analogs which elicit pressor effects have no orexigenic
effects.?+-28 It appears, therefore, that [D-Trp32INPY may
prove useful not only to elucidate the receptor subtypes
mediating NPY effects on hypothalamus, but also to
determine whether feeding and pressor effects are me-
diated by the Y-1 receptors.

In conclusion, we have shown [D-Trp®2]NPY to be a
competitive antagonist of NPY in the hypothalamus, in
both in vitro and in vivo models. [D-Trp32]JNPY together
with our cardiac NPY receptor antagonist,12 NPY(18-36),
constitute the first generation of antagonists for Y-1 and
Y-3 receptors, and provide a framework to develop more
potent and selective antagonists for these receptor sub-
types. Since NPY has been implicated in the patho-
physiology of feeding disorders,5%° hypertension,?” and
congestive heart failure,?8 the compounds thus developed
may prove useful not only in physiological studies but
also in developing therapeutic drugs.

Experimental Section

Materials. Protected amino acid derivatives (Midwest Bio-
Tech, Indianapolis, IN) and peptide synthesis reagents (Applied
Biosystem, Foster City, CA) were obtained commercially and
used without further purification. All buffer reagents and
protease inhibitors were purchased from Sigma. Sources of rats
and other reagents have been described previously.51213.16

Peptide Synthesis. Peptides were synthesized using an
applied Biosystem Model 430A automated instrument, cleaved
by hydrogen fluoride, and purified by reversed-phase chroma-
tography according to our previously published procedures.?

Binding and Adenylate Cyclase Studies. The rat hypo-
thalamus was isolated, and the membranes for binding® and

adenylate cyclase studies! were prepared according to the
published procedures. Displacement studies were performed in
a total volume of 0.25 mL of 20 mM HEPES buffer, pH 7.4,
containing 1% bovine serum albumin, 0.1% bacitracin, 300 uM
PMSF, and 5 KIU/mL aprotinin. In a standard assay, 100 ug
of membrane protein/tube were incubated in a shaking water
bath at 24 °C for 45 min with [1%I-Tyr!]NPY (~20 000 cpm)
in the presence of increasing concentrations of NPY (10-11-10-5
M). At the end of incubation, 1.0 mL of ice-cold buffer was
added, the mixture was centrifuged at 10000g for 10 min, and the
supernatant was removed by aspiration. The tube containing
the pellet was counted for bound radioactivity in a micromedic
~y-counter.

Adenylate cyclase activity of the hypothalamic membranes
was determined by incubating 50 ug of membranes in a total
volume of 0.20 mL of Tris-HCI (30 mM, pH 7.4) buffer containing
150 mM NaCl, 8.25 mM MgCl;, 0.75 mM EGTA, 1.5 mM
theophylline, 20 ug/mL aprotinin, 100 ug/mL bacitracin, 1 mg/
mL bovine serum albumin, 1 mM ATP, 20 mM creatine
phosphate, 1 mg/mL phosphocreatine kinase, 10 M isoproter-
enol, 10 uM GTP, and various concentrations of peptides (0-10
uM). After the mixture was incubated at 35 °C for 15 min ina
shaking water bath, the reaction was arrested by the addition of
100 uM EDTA and boiling for 3 min. cAMP was extracted and
quantitated by radioimmunoassay. Allthe points in the binding
and adenylate cyclase studies are the means of three parallel
experiments performed in duplicate.

Feeding Studies. Sprague-Dawley rats (350-450 g) with
paraventricular hypothalamic cannulae were used to investigate
feeding effects of NPY analogs according to our previously
published procedures.’

Conformational Model Construction. Models of NPY were
constructed from the crystal structure of avian pancreatic
polypeptide? by substituting residues with those from the porcine
NPY sequence,! using the standard side chain geometry? with
the Insight/Discover programs (Biosyn Technologies, San Diego,
CA). Themodel of [D-Trp®2]NPY was constructed by modifying
the dihedral angles of residues 32 and 33 to approximate those
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of astandard type IT’ 8-turn, the most probable conformation for
this sequence with a D-residue substitution.3
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