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Abstract

[*HINeuropeptide Y labelled neuropeptide Y receptors in rat forebrain membranes as a homogenous class of high-affinity sites.
Between 80 and 85% of these receptors showed high affinity for Y,-selective antagonists such as (R)-N 2-(diphenylacety!)-N-{(4-hydroxy-
phenyDmethyl]-p-arginine amide (BIBP3226). While competitive in functional studies, BIBP3226 produced parallel shifts of the
Scatchard plots of [*H]neuropeptide Y saturation binding in rat forebrain membranes. Mechanisms which are routinely invoked to explain
non-competitive binding do not apply to BIBP3226. Wash-out experiments, involving successive treatment of the membranes with
BIBP3226, buffer (wash-out step) and [*HIneuropeptide Y, argue against irreversible or a pseudo-irreversible binding of the antagonist.
Allosteric inhibition is also unlikely since BIBP3226 did not affect the rate of dissociation of [*HIneuropeptide Y in isotope dilution
experiments. The non-hydrolyzable guanine nucleotide, 5-guanylylimidodiphosphate (Gpp(NH)p), abolished the binding of [*H]neuro-
peptide Y and increased its rate of dissociation in isotope dilution experiments. This suggests that the initial [3H]neuropeptide Y -receptor
association is a low affinity process and that the observed binding of [3H]neur0peptide Y is related to the formation of a ternary
[*HIneuropeptide Y -receptor-G protein complex. Two- or even multistate models (in which BIBP3226 could potentially behave as an
inverse agonist) could therefore be needed to explain the non-competitive antagonism of BIBP3226 in broken cell preparations. © 1997

Elsevier Science B.V.
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1. Introduction

The neurotransmitter neuropeptide Y is released both by
central and peripheral neurons (Lundberg et al., 1982;
O’Donohue et al., 1985; Stanley and Leibowitz, 1985). It
is part of a family of homologous regulatory peptides
(each 36 amino acids in length) which also includes pep-
tide YY and pancreatic polypeptide (Tatemoto and Muitt,
1980; Tatemoto et al., 1982; Tatemoto, 1982). Neuropep-
tide Y exerts its effects by stimulating different receptor
subtypes. Initia radioligand binding and functional assays
made it possible to distinguish between neuropeptide Y Y,
neuropeptide Y Y, and neuropeptide Y Y, receptors on the
basis of differences in their pharmacological profile: high
affinity of peptide YY and the synthetic analogue
[Leu®,Pro**Ineuropeptide Y for the neuropeptide Y VY,
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receptor; high affinity of peptide YY and C-terminal frag-
ments such as neuropeptide Y-(18-36) for the neuropep-
tide Y Y, receptor; very low affinity of peptide YY for the
neuropeptide Y Y, receptor (Wahlestedt et a., 1992).
More recent molecular cloning experiments have provided
evidence of the existence of neuropeptide Y Y, and neu-
ropeptide Y Y, receptors and of their belonging to the G
protein-coupled seven transmembrane domain receptor
family. This approach has aso unveiled the existence of
additional receptor subtypes; i.e., pancreatic
polypeptide, /neuropeptide Y Y, and neuropeptide Y Yg
receptors (Larhammar et al., 1992; Bard et a., 1995;
Lundell et al., 1995; Gerald et al., 1995, 1996).

In the periphery, neuropeptide Y coexists with nor-
adrenaline in perivascular sympathetic fibers (Lundberg et
a., 1990; Grundemar and Hakanson, 1993, 1994). In
vascular smooth muscle, neuropeptide Y -stimulated neu-
ropeptide Y Y, receptors provoke contraction directly as
well as indirectly by potentiating the pressor response to
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other vasoconstrictors (Walker et a., 1991; Wahlestedt and
Reis, 1993; Grundemar and Hakanson, 1994; Evequoz et
al., 1994). To counteract these effects, much effort has
already been spent in developing neuropeptide Y Y,-selec-
tive receptor antagonists and, in this vein, a number of low
molecular weight but potent nonpeptidic neuropeptide Y
Y, antagonists, BIBP3226 and (1-[2-[2-(2-naph-
tylsulphamoyl)-3-phenylpropionamido]-3-[4[ N-[4-(di
methylaminomethyl)-trans-cvclohexylmethyl]
amidino]phenyl]propionyl]-pyrrolidine, (R,R) stereoisomer
(SR120107A) and (1-[2-[2-(-naphtylsulfamoyl)-cis-
cyclohexylmethylJamidino]phenyl]propionyl]pyrrolidine
(SR120819A)), have recently been synthesised (Rudolf et
al., 1994; Serradeil-Le Gal et al., 1994, 1995; Lundberg et
al., 1996).

Neuropeptide Y is also highly abundant in the centra
nervous system, where it participates in the control of a
wide variety of functions including psychomotor activities,
cognitive functions, sexua behavior, food intake, blood
pressure regulation, circadian rhythmicity and neuroen-
docrine regulation (O'Donohue et al., 1985; Stanley and
Leibowitz, 1985). Neuropeptide Y receptors have aready
been studied in the central nervous system of rats, pigs,
cows and humans by radioligand binding and autoradio-
graphic approaches. From these studies, it appears that the
abundance of neuropeptide Y receptors varies from one
region to another and, for the same brain region, even from
one species to another (Busch-Sorensen et al., 1989; Wid-
dowson and Halaris, 1990; Dumont et al., 1990, 1993;
Czerwiec et al., 1996). Neuropeptide Y Y, receptors clearly
predominate in the hippocampus of all investigated species.
Neuropeptide Y Y, receptors predominate in most other
brain regions of rats, pigs and cows, but their concentra-
tion is appreciably lower than that of the neuropeptide Y
Y, receptors in the human frontal cortex. Less is known
about the neuropeptide Y Y, receptor subtype that has
been identified in the brainstem of the rat (Grundemar et
al., 1991a,b).

Theinitial aim of the present study was to use the novel
nonpeptidic neuropeptide Y Y,-selective antagonist
BIBP3226 as a tool to distinguish these receptors from the
other neuropeptide Y receptor subtypes on membrane
preparations from rat forebrain. This antagonist has been
shown to be a competitive antagonist of neuropeptide Y Y,
receptors in a number of functional assays in cells lines
and isolated organs (Abounader et al., 1995; Doods et al.,
1995; Wieland et al., 1995). In the present study, BIBP3226
produced unexpected parallel shifts of the Scatchard plots
of the [*Hlneuropeptide Y saturation binding data The
lack of related radioligand binding data in the literature
prompted us to perform a number of kinetic experiments to
investigate the potential reasons for this apparent non-com-
petitivity of BIBP3226. These experiments shed light on
the hitherto unexpected complexity of the binding of
[*H]neuropeptide Y to the neuropeptide Y Y, receptors in
rat forebrain membranes.

2. Materials and methods
2.1. Materials

N-[propionyl-*H] neuropeptide Y ([*H]neuropeptide Y)
(80 Ci /mmol) was obtained from Amersham (Little Chal-
font, UK). Neuropeptide Y (neuropeptide Y, porcine),
polypeptide Y (peptide YY, porcine) and the analogues
[Leu®,Pro**]neuropeptide Y (porcine) and neuropeptide
Y-(18-36) (porcine) were from Serva (Heidelberg, Ger-
many). Bovine serum abumin (BSA, Fraction V) was
from Sigma (St. Louis, MO, USA). BIBP3226 ((R)-N?2-
(diphenylacetyl)-N-[(4-hydroxyphenyl)methyl]-p-arginine
amide) and SR120107A ((1-[2-[2-(2-naphtylsulphamoyl)-
3-phenyl propionamido]-3-[4] N-[4-(dimethylaminomethyl)-
trans-cvclohexylmethyl] - amidino]phenyl]propionyl]-pyr-
rolidine, (R,R) sterecisomer) were from Albany Molecular
Research (Albany, NY, USA). All other chemicals were of
the highest grade commercially available.

2.2. Membrane preparations

Frozen rat forebrains were obtained from Iffa Credo
(Belgium). The subsequent steps were carried out at 0-4°C.
The brain samples were homogenized with an Ultraturrax
and Potter—Elvejhem homogenizer in Krebs—Ringer buffer
(137 mM NaCl/2.68 mM KCl/2.05 mM MgCl,/1.80
mM CaCl,/20 mM HEPES (pH 7.4)). The homogenate
was centrifuged at 30000 X g for 20 min and pellets were
resuspended in the same buffer. This procedure was re-
peated twice and the fina pellet was resuspended in
Krebs—Ringer buffer containing 10% glycerol (v/v). The
obtained suspensions were stored in Eppendorf tubes in 1
ml batches and kept at —80°C until used. Batches were
thawed and homogenized in Krebs—-Ringer buffer and
washed by two centrifugations (30000 X g, 20 min) prior
to use.

2.3. Protein concentration determination

Protein concentrations were determined by a modifica-
tion of the Sopachem ultra sensitive total protein assay,
based on the pyragallol red—molybdate complex method
(Watanabe et al., 1986) with bovine serum albumine (BSA)
as standard.

2.4. Radioligand binding

Assays were performed in 200 wl Krebs—Ringer buffer
containing 0.1% w /v BSA in plastic 96-well plates. Un-
less otherwise stated, rat forebrain membrane suspensions
(100—200 .g protein/assay) were incubated for 90 min at
30°C with [*H]neuropeptide Y (0.1 to 2.5 nM in saturation
experiments and 0.5 NM in competition experiments). The
incubation was stopped by rapid filtration through glass
fiber filters (Whatman GF/C, incubated in an agueous



P.M.L. Vanderheyden et al. / European Journal of Pharmacology 331 (1997) 275-284 277

solution of 0.3% (v/v) polyethyleneimine 15 min prior to
filtration and prewashed with ice-cold Krebs—Ringer
buffer) by a Skatron Cell Harvester. Filters were washed 4
times with ice-cold buffer, the first time for 2 s and then
for 1 s each time. Filters were dried for 10 s in the
Harvester and for 1 h at 40°C in an oven. Filters were
sealed together with MeltiLex in a sample bag and radioac-
tivity was counted in a Betaplate™.

2.5. Data analysis

Non-specific binding of [*H]neuropeptide Y to the
membranes was assessed in the presence of 0.1 WM neu-
ropeptide Y. At a fina concentration of 0.5 nM tota
binding of [*HIneuropeptide Y was approximately 700
cpm per assay, whereas non-specific binding was 140 cpm
per assay. The latter value was subtracted from the total
binding to yield specific binding. The amount of binding
was converted in fmol /mg protein, according to a count-
ing efficiency of 50% of the betaplate counter. All binding
experiments were performed in triplicate. Kinetic parame-
ters, 1Cg- and K, values, were calculated by non-linear
regression analysis, using GraphPad Prism. Values are
given as means + standard error of the mean (SE.M.).

3. Results

Saturation binding experiments with [propionyl-*H]neu-
ropeptide Y ([*HIneuropeptide Y) revealed that rat fore-
brain membranes contain an apparently homogeneous class
of high-affinity sites for this radioligand (B,,,, = 202 + 15
fmol /mg protein, K,=1.07+0.15 nM, n, =102+
0.02, n=23).
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Fig. 1. [3H]Neur0peptide Y competition binding to rat forebrain mem-
branes. Membranes were incubated with 0.5 nM [3H]ne.1ropepti deY for
90 min in the presence of increasing concentrations of porcine neuropep-
tide Y (@), porcine [Leu®,Pro®* ]neuropeptide Y (O), BIBP3226 (m),
SR120107A (O) and neuropeptide Y-(18-36) (v). pICg- and ny
values are listed in Section 3.
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Fig. 2. Saturation binding of [*H]neuropeptide Y to rat forebrain mem-
branes in the absence (@) or presence of 0.1 nM (O), 1 nM (m), 10 nM
(O) or 100 nM (#) BIBP3226. (A) Specific binding of [3H]neuropeptide
Y (as fmol/mg protein) was calculated by subtracting non-specific
binding in the presence of 0.1 mM unlabelled neuropeptide Y from the
total binding. (B) Scatchard plot of the [*H]neuropeptide Y saturation
binding data in (A). Bound, specific binding; free, concentration free
[®*H]neuropeptide VY. Linear regression analysis yielded the following
Brax Values: 175 (@), 140 (O), 105 (m), 65 (0) and 48 (#) fmol /mg
protein, respectively.

Competition curves with unlabeled neuropeptide Y (Fig.
1) were steep (n,, = 0.93 + 0.05) and, therefore, also com-
patible with the presence of a uniform population of sites
with high affinity for neuropeptide Y and peptide YY
(pICg =9.0+ 0.1 and 8.3+ 0.2, respectively). In con-
trast, the neuropeptide Y Y, selective compounds
[Leu®,Pro®*Ineuropeptide Y, BIBP3226 and SR120107 A
displayed high affinity for only 80 to 85% of neuropeptide
Y -displaceable sites (pICs, =89+ 0.1, 82+ 0.1 and 7.9
+ 0.1 and n, = 0.84 + 0.06, 0.83 + 0.06, 0.80 & 0.04, re-
spectively) (Fig. 1), neuropeptide Y-(18-36), the neu-
ropeptide Y Y, selective C-terminal fragment of neuropep-
tide Y, had only a limited ability to displace the binding
(Fig. 1). Although indicative of the heterogeneity of the
neuropeptide Y receptors, these data indicate that the
neuropeptide Y Y, receptors constitute the majority of the
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Table 1
Saturation binding parameters of [*H]neuropeptide Y to rat forebrain
membranes: effect of pre- and co-incubation with 10 nM BIBP3226

Condition Kg (M) B ny

(% of control

value ?)
Control 15+0.3 100 1.024+0.02
Coincubation BIBP3226 16403 41+10 1.01+0.03
Preincubation+wash 5 min 26+01 91+10 1.124+0.03
Preincubation+wash 60 min  2.1+0.1 93+13 1.03+0.02

Membranes were incubated for 90 min with increasing concentrations of
radioligand either in the absence (control) or presence of 10 nM BIBP3226
(co-incubation). Alternatively, membranes were preincubated with 10 nM
BIBP3226 for 20 min at 30°C, centrifuged for 5 min a 9000X g,
resuspended in buffer and incubated at 30°C for 5 min (wash-out of 5
min) or 60 min (washout of 60 min), centrifuged for 5 min at 9000X g
and finally resuspended in buffer and incubated at 30°C for 90 min with
increasing concentrations of [3HIneuropeptide Y. The K4 and B,
values were calculated by non-linear regression analysis and are the
average+ S.E.M. of 3—6 independent experiments with triplicate determi-
nations.

# The control B, value was 175 fmol /mg protein.

[*HIneuropeptide Y binding sites in rat forebrain mem-
branes.

To establish the nature of the antagonism exerted by
BIBP3226, its effect on the saturation binding of [*H]neu-
ropeptide Y was determined. As shown in Fig. 2, the
addition of BIBP3226 produced concentration-dependent,
almost parallel shifts of the Scatchard plots of [*H]neuro-
peptide Y saturation binding. The effects of the different
concentrations of BIBP3226 on the B, and K, values of
[®H]neuropeptide Y (calculated from different experiments
by non-linear regression) are summarised in the legend of
Fig. 2. Competition binding experiments, performed with
concentrations of [*H]neuropeptide Y ranging between 0.25
and 2.5 nM, aso indicated that radioligand concentration
has little impact on the ICg, of BIBP3226 (Table 1).

Association experiments were performed to assess
whether the decrease in B, ,, observed in saturation exper-
iments could be attributed to BIBP3226 affecting the rate
of [*H]neuropeptide Y receptor binding. As shown in Fig.
3, [*H]neuropeptide Y receptor association was rather slow
at 30°C, with a pseudo-first-order rate constant (k) of
0.033 + 0.009 min~* (for 0.5 nM [3H]neur0peptide Y). At
concentrations, ranging between 0.1 and 100 nM,
BIBP3226 did not markedly affect the k. for [*Hlneuro-
peptide Y binding (Table 2). Instead, the antagonist caused
a profound, concentration-dependent decrease in radioli-
gand binding for each incubation period.

To investigate possible alosteric interactions, the disso-
ciation of [*Hlneuropeptide Y from rat forebrain mem-
branes was evaluated by the addition of an excess of
unlabeled neuropeptide Y with or without BIBP3226. The
rationale for this experiment is based on the fact that (a) a
supramaximal concentration of neuropeptide Y prevents
the (re)association of [*H]neuropeptide Y to the receptor

PHineuropeptideY binding (fmol/mg protein)
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Fig. 3. Association binding of [*H]neuropeptide Y to rat forebrain
membranes. Specific binding of [*H]neuropeptide Y (as fmol /mg pro-
tein) was measured after different periods of time (abscissa) in the
absence (@) or presence of 0.1 nM (O), 1 nM (m), 10 nM (O) or 100
nM () BIBP3226. The corresponding pseudo-first-order rate constants
for association (k) are given in Table 2.

sites and that (b) if the addition of BIBP3226 alters the
dissociation rate of the radioligand, it must do so by
interacting at a different alosteric site. As shown in Fig. 4
and Table 3, dissociation of the radioligand was very slow
in the presence of excess unlabeled neuropeptide Y (first-
order dissociation rate constant, k, = 0.050 + 0.012
min~1) and was not further accelerated by the presence of
10 to 1000 nM BIBP3226. However, when BIBP3226 was
replaced by 1 mM 5-guanylylimidodiphosphate (GppNHp)
in the same experiments, this non-hydrolyzable analogue
of guanosine 5 triphosphate (GTP) produced a net in-
crease in the dissociation rate of [*H]neuropeptide Y (k, =
0.53 + 0.11 min~%, Fig. 4). In agreement with these ki-
netic experiments, the specific binding of [*H]neuropeptide
Y was almost completely abolished (decline of 83 + 8%)
when 5'-guanylylimidodiphosphate (GppNHp) was present
in the medium form the very start of the incubation.

Table 2
BIBP3226 /[*H]neuropeptide Y competition binding parameters at differ-
ent radioligand concentrations

[BHINPY concentration (nM) pICyy ny

0.25 8.4+0.05 0.734+0.10
0.50 8.2+0.09 0.83+0.06
1.00 8.2+0.04 1.04+0.12
25 8.2+0.08 1.00+0.12

BIBP3226 competition binding experiments were performed by using the
listed concentrations of [*H]neuropeptide Y. plC50- and ny values were
calculated by non-linear regression analysis and are the average+ S.E.M.
of 3—4 independent experiments with triplicate determinations.
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Fig. 4. Dissociation of [*H]neuropeptide Y from rat forebrain membranes.
Membranes were incubated for 60 min with 0.5 nM [3H]neuropeptide Y,
after which dissociation was initiated by addition of 0.1 wM unlabelled
neuropeptide Y in the absence (m) or presence of 0.1 mM BIBP3226
(O) or 1 mM Gpp(NH)p (#). As acontrol for the stability of the binding
sites, binding of [*H]neuropeptide Y was continued without addition of
unlabelled neuropeptide Y (@). Specific binding of [*HIneuropeptide Y
(as fmol /mg protein) was measured after different times (abscissa).
[*HIneuropeptide Y dissociation constants are given in Table 3.

To determine whether BIBP3226 binds to the receptor
in anirreversible or dowly reversible manner, rat forebrain
membranes were equilibrated with or without 10 nM
BIBP3226, centrifuged to remove free antagonist, incu-
bated with buffer for various periods of time (wash-out
step), centrifuged again and finally incubated for 90 min
with increasing concentrations of [*H]neuropeptide Y. The
results, depicted in Table 4, indicate that, even after a very
short wash-out step, the [*H]neuropeptide Y saturation
binding curve of the BIBP3226-treated membranes almost

Table 3

Association rate constants (k) of [*H]-neuropeptide Y binding to rat
forebrain membranes in the absence or presence of different concentra-
tions of BIBP3226

BIBP3226 Kops (Min~1) Maximal
concentration binding
(nM) (% of control 2)
0 0.039+ 0.008 100
0.1 0.036+0.007 97+4
1 0.034 +0.007 83+5
3 0.033+0.005 67+3
10 0.033+0.003 50+4
30 0.046+0.010 33+3
100 0.056+0.017 25+4

The rate constants and the maximal specific binding (as % of binding in
the absence of BIBP3226) were calculated by non-linear regression
anadlysis and are given as the average+S.E.M. of 3-4 independent
experiments with triplicate determinations.

@ Control specific binding of [*H]neuropeptide Y after an incubation time
of 60 min was 34 fmol /mg protein.

Table 4

Dissociation rate constants (k,) of [*Hlneuropeptide Y binding to rat
forebrain membranes in the absence or presence of different concentra-
tions of BIBP3226

BIBP3226 concentration (nM) k, (min~1)
0 0.0050+ 0.0012
10 0.0046 1+ 0.0015
100 0.0077 +0.0012
1000 0.0046 +0.0010

The experiments were performed as described in the legend of Fig. 4. The
rate constants were calculated by non-linear regression anaysis and are
given as the average+ S.E.M. of 3 independent experiments with tripli-
cate determinations.

matched the curve for the control membranes (i.e., which
were not pretreated with BIBP3226). When BIBP3226 was
also present during the incubation step, there was a decline
in the binding of about 60% for each [*HIneuropeptide Y
concentration.

4, Discussion

Previous radioligand binding and autoradiographic ex-
periments have revealed that neuropeptide Y receptors of
the neuropeptide Y Y, subtype prevail over their neuropep-
tide Y Y, counterparts in most of the forebrain areas of the
rat, with the hippocampus being the most noteworthy
exception (Busch-Sorensen et al., 1989; Dumont et al.,
1990, 1993; Widdowson and Halaris, 1990; Czerwiec et
al., 1996). These studies were carried out with selective
analogues of neuropeptide Y such as the neuropeptide Y
Y, (versus neuropeptide Y Y,)-selective [Leu®!, Pro* Jneu-
ropeptide Y and neuropeptide Y Y, (versus neuropeptide Y
Y,) selective C-terminal fragments neuropeptide Y -(13—-36)
and neuropeptide Y-(18-36) and, based on this approach,
the present study confirms the prevalence of neuropeptide
Y Y, receptors in rat forebrain membranes (Fig. 1). How-
ever, additional neuropeptide Y receptor subtypes have
emerged recently and their pharmacological characterisa-
tion in transfected cell lines has shed light on the limited
neuropeptide Y Y, or neuropeptide Y Y, selectivity of the
above compounds (Gerald et al., 1996). The resulting
doubts about the nature and distribution of neuropeptide Y
receptor subtypes in complex tissues such as the CNS can
partly be overcome by using BIBP3226, a newly devel-
oped nonpeptidic antagonist which displays pronounced
neuropeptide Y Y, selectivity when compared to the other
neuropeptide Y receptor subtypes known to date (Jacques
et al., 1995; Gerald et d., 1996). In rat forebrain mem-
branes, this antagonist displaced 80 to 85% of the binding
of [*HIneuropeptide Y with high affinity (Fig. 1). The ICq,
of BIBP3226 was comparable to values previously re-
ported for neuropeptide Y Y, receptors in rat and human
(Rudolf et al., 1994; Gerald et a., 1996) and this confirms
the opinion that neuropeptide Y Y, receptors constitute the
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most abundant neuropeptide Y receptor subtype in rat
forebrain membranes.

In rat forebrain membranes, the addition of BIBP3226
in [*HIneuropeptide Y saturation binding experiments pro-
duced concentration-dependent, almost paralel shifts of
the Scatchard plots (Fig. 2). The apparent non-competitive
nature of BIBP3226 in the present radioligand binding
experiments was unexpected as it contrasts with its re-
ported competitivity in functional experiments with human
SK-N-MC cells, human cerebral arteries and rabbit saphe-
nous vein and vas deferens (Rudolf et al., 1994; Abounader
et al., 1995; Doods et al., 1995; Jacques et al., 1995;
Wieland et al., 1995). The reasons for this discrepancy
may be multiple and could evidently be related to one of
the many differences between the experimental systems
such as buffer composition, incubation time, cellular in-
tegrity, species, etc. Since the prime purpose of our study
was to investigate neuropeptide Y receptors in brain we
investigated in depth the potential explanations for the
binding properties of BIBP3226 in the present experimen-
tal system. [*H]neuropeptide Y was used as the radioligand
as it is structurally much closer to the endogeneous ligand
for neuropeptide Y receptors than its radioiodinated ana-
logues which possess a bulky iodine atom. Yet, useful
complementary information can be gained by direct bind-
ing studies with [*H]BIBP3226 (Entzeroth et al., 1995),
but this approach is hampered by the high extent of
non-specific binding of this radioligand to rat forebrain
membranes (> 90% of total binding, data not shown).
Explorative experiments were also done with membranes
from various regions of human brain but, in agreement
with previous studies (Widdowson and Halaris, 1990),
they were shown to contain very few neuropeptide Y
receptors of the Y, subtype so that no information could be
gained about their interaction with BIBP3226.

A number of different mechanisms, including irre-
versible, dowly reversible (pseudo-irreversible) and al-
losteric inhibition are routinely invoked to explain non-
competitive binding profiles (Robertson et a., 1992; Olins
et al., 1994; Renzetti et al., 1995). Non-competitive inhibi-
tion can evidently occur when BIBP3226 forms an irre-
versible covalent bond with the receptor, such that the
receptor number is effectively reduced. A less radica
explanation is that the dissociation of BIBP3226 is very
slow, such that [*H]neuropeptide Y cannot reach equilib-
rium with the antagonist—receptor complex under the time
constraints of the experiment (Olins et al., 1994). Under
these conditions, the non-competitivity of the inhibition is
only apparent. However, wash-out experiments, in which
the membranes were successively treated with BIBP3226
(preincubation step), buffer only (wash-out step) and
[*Hlneuropeptide Y (incubation step), revealed that the
antagonist did not bind to the neuropeptide Y Y, receptor
in an irreversible or a pseudo-irreversible fashion. Indeed,
whereas 10 nM BIBP3226 produced a profound decrease
in the B, of [*HIneuropeptide Y when present in the

incubation step, the binding of [*Hlneuropeptide Y was
completely restored in the wash-out experiments, even
when the wash-out time was kept to a minimum (Table 4).
This indicates that nearly all the BIBP3226-neuropeptide
Y Y, receptor complexes had the possibility to dissociate
during the incubation step with [*HIneuropeptide Y and,
hence, that the half-life of the complex is shorter than the
standard incubation time of 90 min.

To further explore the possihility that the non-competi-
tivity of BIBP3226 is only apparent and merely related to
the kinetics of [*H]neuropeptide Y and BIBP3226 binding,
computer-assisted simulations were performed using the
equation of Motulsky and Mahan (Motulsky and Mahan,
1983). This equation describes the binding of the radioli-
gand as a function of time and provided that the radioli-
gand and eventua inhibitor interact with a single class of
sites (a condition which is apparently met for [*H]neuro-
peptide Y and BIBP3226 binding to the neuropeptide Y
Y,-receptor) and in a competitive fashion, it allows the
simulation of association, saturation and competition bind-
ing data even before equilibrium is reached. Based on the
known association and dissociation rate constants of
[®*HIneuropeptide Y (k, = 5.6 X 10’ M~ min~ ! and k, =
5x 1072 min~ %, respectively), iterative calculations with
this equation revealed that a continuous range of paired
association (k;) and dissociation rate constants (k,) of
BIBP3226 may account for its experimental 1Cg, of 6.3
NM under the standard incubation conditions (Fig. 5).
However, based on the wash-out experiments, it is reason-
able to assume that the half-life of the BIBP3226-receptor
complex is less than 45 min, so that the k,-values for this

—
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Fig. 5. Possible association (kj) and dissociation rate constants (k,) of
BIBP3226 yielding an experimental 1Cg, of 6.3 nM (Fig. 1). Computer-
assisted simulations of BIBP3226 /[ *H]neuropeptide Y competition bind-
ing curves were performed using the equation of Motulsky and Mahan
(Motulsky and Mahan, 1983) for k; values ranging between 1 10° and
1x10%° M~1min~! and for k, vaues ranging between 1x107% and
1x10% min~1. The dissociation rate congtant (k,) of BIBP3226 was
5x 1072 min~! (Table 3) and its association rate constant (k,, calculated
from its Ky, (Table 2) and k,) was 5.6 10 M~ tmin~1. The [*H]neu-
ropeptide Y concentration was set at 0.5 nM and the incubation time at 90
min. The line represents all association /dissociation rate constant combi-
nations; the thick line represents combinations with a haf-life of the
BIBP3226-receptor complex of 45 min or less. Encircled numbers corre-
spond to a half-life of the BIBP3226-receptor complex of 45 min (1) and
0.5 min (2).
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Fig. 6. Scatchard plots of theoretica [*H]neuropeptide Y saturation
binding curves: effect of BIBP3226. Computer-assisted simulations of
[3H]neuropeptide Y saturation binding curves done by using the equation
of Motulsky and Mahan (Motulsky and Mahan, 1983). The incubation
time was set at 90 min and the k; and k, values for [3H] neuropeptide Y
were 5.6x10” M~ Imin~! and 5x10~° min~?, respectively (Fig. 5).
The half-life of the BIBP3226-receptor complex was set to (A) 45 min
(encircled 1 in Fig. 5, k;=1.8%x10" M~ *min~! and k,=22x10"?2
min~1) and to (B) 0.5 min (encircled 2 in Fig. 5, k;=3.5x108
M~ tmin~!and k, = 1.4 min~1). BIBP3226 concentrations were set to 0
(control, m), 1 nM (O), 3nM (a) and 10 nM (O). Lines correspond to
linear regression analysis of the Scatchard plots; the calculated B, and
Kg-values are listed in Table 5.

antagonist are likely to exceed 0.015 min~! (Fig. 5, thick
line).

The effect of various concentrations of BIBP3226 on
[®*H]neuropeptide Y saturation binding was then simulated
for two particular situations; one in which the antagonist

Table 5

Theoretical [3H]neuropepti de Y saturation binding curves: effect of BIBP3226

dissociates slowly (t, ,, = 45 min, Fig. 6A) and the other
in which the antagonist dissociates rapidly (tl/2 = 0.5 min,
Fig. 6B). The Scatchard plots of the simulated saturation
binding data were dlightly bell-shaped (Fig. 6) and this
may be explained by the fact that, at low concentrations,
the incubation time is insufficient for binding to approach
equilibrium. An important conseguence of this shape is
that the B, ,,-values, which are calculated either by linear
regression analysis of the plots or by non-linear regression
analysis of the binding data themselves (Table 5), will be
overestimated, i.e., the actual receptor concentration is
lower. Yet, these different types of calculations revealed
that the addition of both fast- and slow-dissociating
BIBP3226 would produce a dose-dependent increase in the
Ky of the radioligand, without greatly affecting its B,
(Fig. 6, Table 5). The simulated data, which were based on
the ability of BIBP3226 and [*H]neuropeptide Y to bind
reversibly to the same site according to the law of mass
action, were thus unable to explain to the apparent non-
competitive nature of BIBP3226.

Allosteric modulation of ligand binding has been shown
to occur for several G protein-coupled receptors, including
muscarinic, adrenergic, dopaminergic and adenosine recep-
tors (Kostenis and Mohr, 1996). It is thus conceivable that,
at least for the rat, BIBP3226 binds to a site on the
neuropeptide Y Y, receptor or on a neuropeptide Y Y,
receptor-containing macromolecular complex that is differ-
ent from the neuropeptide Y binding site, and thereby
induces a conformational change in the receptor that de-
creases its affinity for neuropeptide Y. Experimentally,
such allosteric inhibition should involve a reduction in the
association rate and/or an increase in the dissociation rate
of [*HIneuropeptide Y binding. Since an altered dissocia
tion rate is unequivocally indicative of an allosteric inter-
action (Kostenis and Mohr, 1996), radioligand dissociation
experiments are frequently performed to find out if an
inhibitor acts alosterically. In this context, it is clearly
shown in Fig. 4 and Table 3 that BIBP3226 did not affect

BIBP3226 concentration (nM) Non-linear regression Scatchard plot analysis
Kg (NM) Brax (%0 of control) Kq (M) B,ax (% of control)
0 0.22 109 0.22 110
t,,, for BIBP3226 dissociation = 45 min
1 0.36 109 0.36 111
3 0.68 109 0.63 108
10 1.85 113 1.60 107
t,,» for BIBP3226 dissociation = 0.5 min
1 0.28 112 0.33 118
3 0.42 115 0.50 122
10 1.00 127 110 133

Computer-assisted simulations of [3H]neur0peptide Y saturation binding curves were done by using the equation of Motulsky and Mahan (Motulsky and
Mahan, 1983). The parameters are the same as listed in the legend of Fig. 6. The half-life of the BIBP3226-receptor complex was set to 45 or 0.5 min and
BIBP3226 concentrations were set to 0 (control), 1, 3 and 10 nM. B, and K values for [*HIneuropeptide Y were calculated by non-linear regression of
the saturation binding curves and by linear regression of the Scatchard plots shown in Fig. 6.
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the rate of dissociation of [*Hlneuropeptide Y from the
neuropeptide Y Y, receptors in isotope dilution experi-
ments. Accordingly, the dissociation experiments do not
plead in favour of allosteric interactions between these
ligands and the receptor. Yet, it cannot be excluded that
BIBP3226 exerts allosteric control of [*H]neuropeptide Y
binding at the level of its association rate, but it is difficult
to revea such an effect in an unambiguous fashion
(Kostenis and Mohr, 1996).

Since neuropeptide Y receptors belong to the G
protein-coupled seven transmembrane domain receptor
family, guanine nucleotides are required for the transduc-
tion of the neuropeptide Y receptor-mediated signal across
the cell plasma membrane (Birnbaumer and Birnbaumer,
1995). Whereas intracellular guanosine 5'-triphosphate
(GTP) is obviously present in functional assays, it is
removed during the preparation of rat forebrain mem-
branes. This difference led us to examine the possibility
that the non-competitive behavior of BIBP3226 in fore-
brain membranes could be linked to the absence of gua
nine nucleotides in this system. We observed that the
binding of [*HIneuropeptide Y to its receptors in rat fore-
brain membranes was almost completely abolished in the
presence of the non-hydrolyzable guanine nuclectide 5-
guanylylimidodiphosphate (GppNHp) and also that the
nucleotide provoked a net increase in the rate of dissocia
tion of [*H]neuropeptide Y in isotope dilution experiments
(Fig. 4). These findings indicate that 5-guanylylimi-
dodiphosphate (GppNHp) exerts alosteric control over
[®*H]Ineuropeptide Y binding, a phenomenon which can
easily be explained by assuming that the observed binding
involves the formation of a ternary [*H]neuropeptide Y -re-
ceptor-G protein complex. Such ternary complexes are
likely to be formed since neuropeptide Y is an agonist and
it is well known that guanosine 5-triphosphate (GTP) and
related guanine nucleotides are able to dissociate such
complexes by interchanging with guanosine 5'-diphosphate
(GDP) at the a-subunit of the G-protein (Birnbaumer and
Birnbaumer, 1995). For monoamine receptors, such as
adrenergic and dopamine receptors, it has been demon-
strated that the receptor adopts a slow agonist-dissociating
conformation when such ternary complexes are formed, a
phenomenon which is usually referred to as ‘tight agonist
binding’. Severa models have been proposed in the past to
describe this process (De Lean et al., 1980; Convents et
al., 1987; Severne et d., 1986; Samama et al., 1993), the
simplest being a two-step model: L+ R+ G LR+ G
< L.R.G (wherein L is the agonist ligand, R the receptor
and G the G protein; L - R- G complexes constitute the
observable binding of radiolabelled L).

According to such a model, the present data suggest
that neuropeptide Y receptors adopt a ‘tight neuropeptide
Y binding’ conformation when the ternary complex is
formed and, hence, that the observed binding of [*H]neuro-
peptide Y reflects the process of receptor activation rather
than merely representing the initial bimolecular association

between [*H]neuropeptide Y and the receptor. In this vein,
several two-state models of the receptor (Gero, 1983;
Kaumann and Frenken, 1985; De Chaffoy de Courcelles et
al., 1986; Robertson et a., 1994) have been evoked to
explain the ability of certain antagonists to decrease the
maximal response of an agonist in functiona studies, a
phenomenon often referred to as ‘ insurmountable antago-
nism’. Recently, much interest has been devoted to Gero's
model, wherein (a) the receptor is able to adopt an active
and an inactive conformation, (b) the antagonist modifies
the ratio active to inactive conformation and (c) their
interconversion is too slow for the original equilibrium to
be regained upon subsequent agonist exposure (Gero,
1983). This model has proven to be particularly useful for
explaining the insurmountable nature of certain an-
giotensin-11 receptor antagonists in functional studies (Ro-
bertson et al., 1994), but its extension to radioligand
binding studies, as proposed by Renzetti et a. (1995), is
guestionable because the exposure of the receptor to the
agonist occurs for a much longer period of time in these
experiments.

The molecular basis for the apparent non-competitive
nature of BIBP3226 binding in the present radioligand
binding studies with [*H]neuropeptide Y still remains to be
established as it cannot be uncovered by the conventional
tests for allosteric, irreversible or slowly reversible antago-
nist—receptor interactions. In this vein, our results with
5-guanylylimidodiphosphate (GppNHp) suggest that the
initial association between [*H]neuropeptide Y and the
uncoupled receptor is a low-affinity process and that the
observed binding of [*HIneuropeptide Y is related to recep-
tor activation; i.e., the formation of a ternary [*Hlneuro-
peptide Y receptor-G protein complex. Two- or even
multi-state models (in which BIBP3226 could potentially
behave as an inverse agonist) are therefore needed to
explain the non-competitive/insurmountable antagonism
of BIBP3226 in rat brain membranes.
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