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Abstract

Ž X.�w 31 32 34 x Ž .4 Ž . w xGR231118, BW1911U90, Bis 31r31 Cys , Trp , Nva neuropeptide Y 31–36 T-190 and Trp–Arg–Nva–Arg–Tyr -NH2 2
Ž .T-241 are peptide analogs of the C-terminus of neuropeptide Y that have recently been shown to be antagonists of the neuropeptide Y
Y receptor. In this study, the activity of these peptides at each of the cloned neuropeptide Y receptor subtypes is determined in1

Ž .radioligand binding assays and in functional assays inhibition of forskolin-stimulated cAMP formation . GR231118 is a potent antagonist
Ž .at the human and rat neuropeptide Y Y receptors p A s10.5 and 10.0, respectively; pK s10.2 and 10.4, respectively , a potent1 2 i

Ž .agonist at the human neuropeptide Y Y receptor pEC s8.6; pK s9.6 and a weak agonist at the human and rat neuropeptide Y Y4 50 i 2
Ž .and Y receptors. GR231118 also has high affinity for the mouse neuropeptide Y Y receptor pK s8.8 . Therefore, GR231118 is a5 6 i

relatively selective neuropeptide Y Y receptor antagonist, but has appreciable activity at the neuropeptide Y Y and Y receptors as well.1 4 6
ŽBW1911U90, T-190 and T-241 are moderately potent neuropeptide Y Y receptor antagonists p A s7.1, 5.8 and 6.5, respectively;1 2

. ŽpK s8.3, 6.5 and 6.8, respectively and neuropeptide Y Y receptor agonists pEC s6.8, 6.3 and 6.6, respectively; pK ;8.3, 7.7 andi 4 50 i
.8.3, respectively . These data suggest that the C-terminus of neuropeptide Y and related peptides is sufficient for activation of the

neuropeptide Y Y receptor, but is not sufficient for activation of the neuropeptide Y Y receptor. Because BW1911U90, T-190 and4 1

T-241 are significantly less potent at the cloned human neuropeptide Y Y receptor than at the neuropeptide Y receptor in human1

erythroleukemia cells, these cells may express a novel neuropeptide Y receptor with high affinity for these peptides. q 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Neuropeptide Y is a 36 amino acid neuropeptide that is
widely distributed in the central and peripheral nervous

Ž .systems Wahlestedt and Reis, 1993 . As might be ex-
pected from its wide distribution, neuropeptide Y has a
plethora of physiological effects. In the central nervous
system, neuropeptide Y stimulates food intake, decreases
thermogenesis, modulates pituitary hormone secretion and
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2383; e-mail: eric.parker@spcorp.com

1 Present Address: Lead Generation Biology, Sphinx Pharmaceuticals,
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Žhas anxiolytic and anti-convulsant activity Turton et al.,
.1997; Woldbye et al., 1997 . In the periphery, neuropep-

tide Y has been shown to regulate vascular tone and to
contract or relax smooth muscle in a variety of tissues
Ž .Wahlestedt et al., 1990; Malmstrom and Lundberg, 1997 .
The multiple physiological effects of neuropeptide Y are
mediated by at least six different G protein-coupled recep-

Žtors designated Y , Y , Y , Y , Y and Y Michel et al.,1 2 3 4 5 6
.1998 . With the exception of the neuropeptide Y Y recep-3

tor, each of these neuropeptide Y receptors has been
cloned. There may also be additional neuropeptide Y
receptors that have not yet been identified by molecular

Ž .cloning Michel et al., 1998 . Unequivocal determination
of the neuropeptide Y receptors that mediate the various

0014-2999r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII S0014-2999 98 00171-X
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Fig. 1. Structures of GR231118, BW1911U90, T-190 and T-241.

physiological effects of neuropeptide Y would be greatly
facilitated by the availability of selective agonists and
antagonists for each neuropeptide Y receptor.

ŽRecently, peptides such as GR231118 also known as
. Ž X.�w 311229U91 and GW1229 , BW1911U90, Bis 31r31 Cys ,

32 34 x Ž .4Ž . wTrp , Nva neuropeptide Y 31–36 T-190 and Trp–
x Ž . Ž .Arg–Nva–Arg–Tyr -NH T-241 Fig. 1 have been re-2 2

ported to be potent and selective neuropeptide Y Y recep-1
Žtor antagonists Leban et al., 1995; Daniels et al., 1995;

.Balasubramaniam et al., 1996a,b . These peptides share the
common feature of being analogues of the C-terminus of
neuropeptide Y. The ability of GR231118 to antagonize
various physiological actions of neuropeptide Y has been
used to ascribe these actions of neuropeptide Y to activa-

Žtion of the neuropeptide Y Y receptor e.g., Kanatani et1
.al., 1996; Hegde et al., 1995; Lew et al., 1996 . Hegde et

Ž .al. 1995 have shown that GR231118 does not have
significant affinity for the neuropeptide Y Y receptor in2

SMS-KAN cells, but the activity of GR231118 at the
recently cloned neuropeptide Y Y and Y receptors has4 5

not been reported. Thus, the selectivity of GR231118 for
the neuropeptide Y Y receptor remains to be conclusively1

demonstrated. This study presents a complete pharmaco-
logical characterization of GR231118, BW1911U90, T-190
and T-241 at each of the cloned neuropeptide Y receptor
subtypes.

2. Materials and methods

2.1. Materials

Ž .GR231118 also known as 1229U91 and GW1229 and
ŽBW1911U90 were synthesized by Anaspec San Jose,

.CA . T-190 and T-241 were synthesized by step-wise solid
phase methodology using an automated Applied Biosystem
Model 430A instrument. Briefly, tert-butyloxy-carbonyl
amino acids with benzyl- or halobenzyl-based side chain
protecting groups were assembled sequentially on para-
methylbenzhydrylamine resin according to the standard
program provided by the manufacturer for the generation
and coupling of preformed 1-hydroxy-benzotriazole esters.
At the end of the synthesis, the N-indole formyl group was
removed by stirring the resin with 20% piperidine in
dimethylformamide for 2 h, and the free peptide was
obtained by hydrofluoric acid cleavage as described earlier
Ž .Balasubramaniam et al., 1996a . The crude peptide was
purified by semi-preparative reversed phase chromatogra-

Žphy using previously published procedures Balasubra-
.maniam et al., 1996a . The purified peptide was character-

ized by amino acid and mass spectral analyses. All other
peptides used in this study were purchased from Bachem
Ž . Ž .King of Prussia, PA . Chinese hamster ovary CHO-K1 ,
human embryonic kidney 293, COS1, SK-N-MC and
SMS-KAN cells were obtained from American Type Cul-

Ž .ture Collection Rockville, MD .

2.2. Cloning of the neuropeptide Y Y , Y , Y and Y1 2 4 6

receptors

Total RNA was isolated from the SK-N-MC cells,
SMS-KAN cells and rat hypothalamus with the Tri Reagent

Ž .kit Molecular Research Center, Cincinnati, OH according
to the manufacturer’s instructions. Poly Aq RNA was
isolated from total RNA with the Fast Track 2.0 kit
Ž .InVitrogen, San Diego, CA according to the manufac-
turer’s instructions. Rat lung poly Aq RNA, rat genomic
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DNA, mouse genomic DNA and human genomic DNA
Ž .were obtained from Clontech Palo Alto, CA . cDNA was

prepared by reverse transcription of poly Aq RNA with
Ž .the GeneAmp RNA PCR kit Perkin-Elmer, Norwalk, CT

according to the manufacturer’s instructions. The follow-
ing oligonucleotide primers were used to prime reverse
transcription: human neuropeptide Y Y receptor,1

GGGGATCCATGAATTCAACATTATTTTCCCAGGTT-
GAAAATCATTCAG; rat neuropeptide Y Y receptor,1

TTCCAAACCTGCCTCAATCAA; human neuropeptide Y
Y receptor, GGGTGTAGAGAGCCGCCATCAACCA-2

GATTC; rat neuropeptide Y Y receptor, AGGGTGT-4

GTCGAAAGAAAAT. Neuropeptide Y receptors were
Ž .cloned by the polymerase chain reaction PCR from the

following cDNA or genomic DNA preparations: human
neuropeptide Y Y receptor, SK-N-MC cell cDNA; rat1

neuropeptide Y Y receptor, rat hypothalamus cDNA; hu-1

man neuropeptide Y Y receptor, SMS-KAN cell cDNA;2

rat neuropeptide Y Y receptor, rat genomic DNA; human2

neuropeptide Y Y receptor, human genomic DNA; rat4

neuropeptide Y Y receptor, rat lung cDNA; mouse neu-4

ropeptide Y receptor, mouse genomic DNA. The follow-6

ing primer pairs were used in the PCR: human neuropep-
tide Y Y receptor, GGCAAGCTTCAGATTTTTTCAT-1

TATCATCATTGTTG and GGGGATCCATGAATTCAA-
CATTATTTTCCCAGGTTGAAAATCATTCAG; rat neu-
ropeptide Y Y receptor, CTAATCCATAACAA-1

CAAAACG and TTCCAAACCTGCCTCAATCAA; hu-
man neuropeptide Y Y receptor, GGGGTCGACT-2

GAAAATGGGTCCAATAGGTG and GGGTGTAGA-
GAGCCGCCATCAACCAGATTC; rat neuropeptide Y Y2

receptor, GGGATCCGTTGTTAACAGACTCGTG-
TAAAG and GGGGTCTAGATGATGCTTTTAGGGT-
CAATACAAT; human neuropeptide Y Y receptor,4

GGGGTCGACATGAACACCTCTCACCTGGCCTTG
and GGGGCGGCCGCTTAAATGGGATTGGACCTGC-
CACTTA; rat neuropeptide Y Y receptor, CACCCAC-4

CATGAATACCTCT and AGGGTGTGTCGAAA-
GAAAAT; mouse neuropeptide Y Y receptor,6

GGAAGCTTAGAAAATCTCTAATTAAAATCC and
GCTTTGATTTTGCTTACC. The resulting PCR products
were then directly cloned into the expression vectors

Ž . Ž .pcDNA3.1 InVitrogen , pCR3.1 InVitrogen or pCIneo
Ž .Promega, Madison, WI . DNA sequencing demonstrated
that each of the neuropeptide Y receptor sequences was

Židentical to the published sequences Eva et al., 1990;
Larhammar et al., 1992; Rose et al., 1995; Gerald et al.,

.1995; Yan et al., 1996; Weinberg et al., 1996 .

2.3. Cloning of the rat neuropeptide Y Y receptor5

Rat brain poly Aq RNA was purchased from Clontech.
Rat brain cDNA was prepared by reverse transcription
with the GeneAmp RNA PCR Kit according to the manu-
facturer’s instructions. Reverse transcription was primed

with an oligonucleotide with the sequence GGGCTCGAG-
GCACAGAGAGAATCATGACATGTG. The rat neu-
ropeptide Y Y receptor cDNA was isolated from rat brain5

cDNA via the PCR. The oligonucleotide primers used in
the PCR were CGCGGATCCCCGAGGTGCTTC-
TAAAAC and GGGCTCGAGGCACAGAGAGAATCAT-
GACATGTG. The resulting PCR product was subcloned
into pcDNA3.1. The sequence of the rat neuropeptide Y Y5

receptor cDNA isolated in the PCR was identical to nu-
cleotides 71–1591 of the sequence reported by Hu et al.
Ž .1996 with two exceptions. First, the nucleotide at posi-

Ž . Žtion 228 of the sequence of Hu et al. 1996 position-5
.relative to the ATG initiation codon was found to be a C

Ž .rather than a T as reported by Hu et al. 1996 . This
substitution was seen in multiple clones isolated from
independent PCR reactions. Second, the rat neuropeptide
Y Y receptor cDNA isolated by the PCR had a 123 base5

Žpair insertion between nucleotides 232 and 233 positions-9
.and -10 relative to the ATG initiation codon of the

Ž .sequence of Hu et al. 1996 . This insertion was also
present in some of the rat neuropeptide Y Y receptor5

Ž .cDNA clones isolated by Hu et al. 1996 , although its
sequence has not been published. The sequence of the rat
neuropeptide Y Y receptor cDNA used in this study has5

Žbeen deposited in the GenBank database accession num-
.ber AF044264 . The rat neuropeptide Y Y receptor cDNA5

was then modified by removing the 5X untranslated se-
quence and adding a Kozak consensus sequence for trans-

Ž .lation initiation Kozak, 1987 . This was accomplished by
the PCR. The oligonucleotide primers used in the PCR
reaction were TTTGGATCCACCATGGAGTTTAAG and
GGGCTCGAGGCACAGAGAGAATCATGACATGTG.
The resulting PCR product was subcloned into the expres-
sion vector pCIneo.

2.4. Cloning of the human neuropeptide Y Y receptor and5

construction of a modified human neuropeptide Y Y re-5

ceptor

SK-N-MC cell cDNA was prepared by reverse tran-
scription with the GeneAmp RNA PCR kit according to
the manufacturer’s instructions. An oligonucleotide with
the sequence GGGCTCGAGGTTCTTTCCTTG -
GTAAACAGTGAG was used to prime reverse transcrip-
tion. The human neuropeptide Y Y receptor cDNA was5

isolated from SK-N-MC cell cDNA by the PCR. The
oligonucleotide primers used in the PCR reaction were
GGGGGATCCTGACAAATGTCTTTTTATTCCAAG and
GGGCTCGAGGTTCTTTCCTTGGTAAACAGTGAG.
The resulting PCR product was ligated into the plasmid
pCR3.1. The sequence of this PCR product was identical
to nucleotides 20–1418 of the human neuropeptide Y Y5

Ž .receptor cDNA reported by Gerald et al. 1996 .
Numerous attempts to express the human neuropeptide

Y Y receptor cDNA having the sequence reported by5
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Ž .Gerald et al. 1996 failed. This is probably due to the fact
that nucleotides 1–55 of the sequence reported by Gerald

Ž .et al. 1996 are derived from the human neuropeptide Y
Y receptor gene and are not actually found in human5

Žneuropeptide Y Y receptor cDNA transcripts L. Xia and5

P. VanderVere, unpublished observations; see also Herzog
.et al., 1997 . In contrast, efforts to express both of the rat

neuropeptide Y Y receptor cDNA constructs described5

above were successful. Therefore, a chimeric cDNA incor-
porating sequences from both the rat and human neuropep-
tide Y Y receptor cDNAs was constructed. Nucleotides5

72–647 of the rat neuropeptide Y Y receptor cDNA5
Ž . Žsequence reported by Hu et al. 1996 including the 123

.base pair insertion described above were ligated to nu-
cleotides 462–1418 of the human neuropeptide Y Y re-5

Ž .ceptor cDNA sequence reported by Gerald et al. 1996 at
a common MunI restriction site. Subsequently, nucleotides
437 and 576 of the rat neuropeptide Y Y receptor cDNA5

Ž .reported by Hu et al. 1996 were converted from G to C
and C to T, respectively, by site directed mutagenesis
Ž .Quick Change kit, Stratagene, La Jolla, CA . The result-
ing chimeric cDNA in the expression vector pcDNA3.1
includes the 5X untranslated region of the rat neuropeptide
Y Y receptor cDNA and encodes a neuropeptide Y Y5 5

receptor protein in which amino acids 1–35 are derived
from the rat neuropeptide Y Y receptor and amino acids5

36–445 are derived from the human neuropeptide Y Y5

receptor. This chimeric neuropeptide Y Y receptor is5

designated rhY and is expressed at levels equivalent to the5
Ž .rat neuropeptide Y Y receptor see below .5

2.5. Transfection of CHO and 293 cells

CHO-K1 or 293 cells were transfected by the use of
Ž .lipofectamine Life Technologies, Gaithersburg, MD ac-

cording to the manufacturer’s instructions. Transfected
cells were selected by growth in medium supplemented

Ž .with 400 mgrml G418 Life Technologies . G418-re-
sistant colonies were picked via the use of cloning cylin-

w125 xders, expanded and screened for I peptide YY binding
Ž . w125 xneuropeptide Y Y , Y and Y receptors or I pan-1 2 5

Ž .creatic polypeptide binding neuropeptide Y Y receptor4

as described below. Cell lines expressing neuropeptide Y
Žreceptors were maintained in Ham’s F12 medium CHO-K1

. Ž .cells or Dulbecco’s modified Eagle’s medium 293 cells
supplemented with 10% heat-inactivated fetal calf serum
and 200 mgrml G418. The level of expression of each
neuropeptide Y receptor in the CHO or 293 cell lines used
in these studies was as follows: human neuropeptide Y Y ,1

Ž .893 fmolrmg protein ns2 ; rat neuropeptide Y Y , 9101
Ž .fmolrmg protein ns2 ; human neuropeptide Y Y , 3912
Ž .fmolrmg protein ns2 ; rat neuropeptide Y Y , 6382
Ž .fmolrmg protein ns2 ; human neuropeptide Y Y , 9564

Ž ."92 fmolrmg protein ns3 ; rat neuropeptide Y Y ,4
Ž .421 fmolrmg protein ns2 ; rhY , 1305"263 fmolrmg5

Ž .protein ns10 ; rat neuropeptide Y Y , 1340 fmolrmg5
Ž .protein ns2 .

2.6. Transfection of COS1 cells

COS1 cells were transiently transfected with the mouse
neuropeptide Y Y receptor cDNA as described by Parker6

Ž .et al. 1996 . The level of expression of the mouse neu-
ropeptide Y Y receptor in the COS1 cell membranes was6

Ž .681 fmolrmg protein ns2 .

2.7. Preparation of CHO, COS1 or 293 cell membranes

CHO, COS1 or 293 cells were placed on ice and
washed once with ice cold phosphate buffered saline. The

Žcells were scraped into membrane buffer 50 mM HEPES
w x wpH 7.3 , 0.25 mgrml Pefabloc Boehringer Mannheim,

x wIndianapolis, IN , 25 mgrml leupeptin Sigma, St. Louis,
x w x.MO , 25 mgrml aprotinin Sigma , transferred to a Dounce

homogenizer and homogenized on ice. The homogenate
was centrifuged at 27 000=g in a Sorvall SS34 rotor at
48C and the membrane pellet was resuspended in mem-
brane buffer via homogenization. The homogenate was
again centrifuged at 27 000=g in a Sorvall SS34 rotor at
48C and the membrane pellet was resuspended in mem-
brane buffer via homogenization. The membrane ho-
mogenate was then stored frozen at y808C until use. The
protein content of the membrane preparations was deter-

Žmined with the BCA protein assay kit Pierce, Rockford,
.IL .

2.8. Radioligand binding assays

w125 x ŽBinding of I porcine peptide YY Dupont-NEN,
.Boston, MA, 2200 Cirmmol to the neuropeptide Y recep-

tors expressed in CHO, COS1 or 293 cell membranes was
Ž w xperformed in binding buffer 50 mM HEPES pH 7.3 ,

0.1% bovine serum albumin, 2.5 mM CaCl , 1 mM2
.MgCl . Saturation binding assays were performed in2

w125 xbinding buffer containing 0.01–2 nM I peptide YY and
Ž .2.5–5 mg of membrane protein 50 ml final volume .

Competition binding assays were carried out in binding
buffer containing 5–10 mg membrane protein, 0.1 nM
w125 xI peptide YY and various concentrations of competing

Ž .peptides 200 ml final volume . In all cases, nonspecific
binding was defined as binding in the presence of 1 mM
unlabelled human neuropeptide Y. Binding assays were
incubated at room temperature for 90 min and were termi-
nated by rapid vacuum filtration through 0.3% polyeth-
yleneimine pretreated glass fiber filters in a 96-well format
ŽMultiscreen FB Filter Plates, Millipore, Bedford, MA or

.Unifilter-96 GFrC, Packard, Meriden, CT . Each filter
was then washed 3 times with 100 ml of phosphate
buffered saline and subsequently counted in a gamma
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Table 1
Affinity of neuropeptide Y, GR231118, BW1911U90, T-190 and T-241 for cloned human and rat neuropeptide Y receptors expressed in CHO or 293 cells

Peptide pK i

hY rY hY rY hY rY rhY rY mY1 1 2 2 4 4 5 5 6

Neuropeptide Y 9.4"0.13 9.6"0.086 9.0"0.085 9.4"0.14 7.9"0.21 6.9"0.17 9.1"0.10 9.1"0.14 8.4"0.058
GR231118 10.2"0.088 10.4"0.067 7.2"0.13 7.4"0.14 9.6"0.15 9.7"0.058 7.0"0.17 7.0"0.13 8.8"0.010
BW1911U90 8.3"0.025 8.0"0.17 -6 -6 8.3"0.075 6.9"0.10 -6 -6 ND
T-190 6.5"0.075 ND 5.5 ND 7.7"0.22 ND 6.1"0.04 ND ND
T-241 6.8"0.13 ND 6.0"0.11 ND 8.3"0.05 ND 6.7"0.22 ND ND

All receptors were expressed in CHO-K1 cells with the exception of the rat neuropeptide Y Y receptor which was expressed in 293 cells. pK values were5 i

determined from radioligand binding data as described in Section 2. All data are expressed as mean"S.E.M. of data from 3–6 independent experiments.
Where the S.E.M. is not indicated, the data shown are the average of two independent experiments. ND, not determined.

counter. All data were analyzed by nonlinear regression
Ž .analysis GraphPad Prizm software, San Diego, CA

2.9. cAMP assays

CHO or 293 cells expressing neuropeptide Y receptors
were seeded into 96-well, flat-bottom tissue culture plates

at a density of 20 000 cells per well. After approximately
48 h, the cell monolayers were rinsed twice with Hank’s

Ž .balanced salt solution Life Technologies , then preincu-
Žbated for 10 min at 378C with assay buffer Hank’s

balanced salt solution supplemented with 4 mM MgCl ,2
w x10 mM HEPES pH 7.4 , 0.2% bovine serum albumin, 1

w x.mM 3-isobutyl-1-methylxanthine Sigma . When the an-

Fig. 2. GR231118, BW1911U90, T-190 and T-241 are competitive antagonists at the human neuropeptide Y Y Receptor. cAMP assays were carried out1

as described in Section 2. Dose–response curves characterizing the ability of neuropeptide Y to inhibit forskolin-stimulated cAMP formation in CHO cells
Ž . Ž . Ž .expressing the human neuropeptide Y Y receptor were carried out in the presence open symbols and absence filled symbols of 10 nM GR231118 A ,1

Ž . Ž . Ž .1 mM BW1911U90 B , 10 mM T-190 C and 10 mM T-241 D . Basal and forskolin-stimulated cAMP values in these experiments were as follows: A,
2.0"0.3 and 32.7"3.1 pmolrml; B, 2.4"0.5 and 33.7"3.8 pmolrml; C, 2.3"0.3 and 34.2"5.5 pmolrml; D, 2.0"0.1 and 32.9"2.9 pmolrml.
The values shown are the mean"S.E.M. of data from 3 independent experiments. The apparent p A values calculated from these curves are shown in2

Table 2.
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tagonist effects of peptides were being tested, the peptide
antagonists were included in this 10 min preincubation.
Subsequently, the assay buffer was removed and replaced

Ž .with assay buffer containing 1 mM forskolin Sigma and
various concentrations of peptides. After 10 min at 378C,
the medium was removed and ethanol was added to the
cell monolayers. The tissue culture plates were agitated on
a platform shaker for 15 min and the plates were then
transferred to a warm water bath to evaporate the ethanol.
The cell residues were dissolved in FlashPlate assay buffer
and the amount of cAMP in each well was quantified

w125 x Ž .using the I cAMP FlashPlate kit Dupont-NEN accord-
ing to the manufacturer’s protocol. To calculate EC50

values for agonists, all data were analyzed by nonlinear
Ž .regression analysis GraphPad Prizm software .

3. Results

In radioligand binding assays, GR231118 has high
affinity for the human and rat neuropeptide Y Y and Y1 4

receptors and for the mouse neuropeptide Y Y receptor,6

but has significantly lower affinity for the human and rat
Ž .neuropeptide Y Y and Y receptors Table 1 . GR2311182 5

does not have any agonist activity at the human or rat
neuropeptide Y Y receptors at concentrations up to 101

Ž .mM data not shown . However, GR231118 is a potent
competitive antagonist at both the human and rat neu-

Ž .ropeptide Y Y receptors Fig. 2, Table 2 . GR231118 is1

also a potent agonist at the human neuropeptide Y Y4
Ž .receptor Fig. 3, Table 2 . GR231118 has weak agonist

Žactivity at the neuropeptide Y Y and Y receptors Fig. 4,2 5
.Table 2 .

BW1911U90, T-190 and T-241 have a qualitatively
similar pharmacological profile to GR231118, although
these peptides are significantly less potent. In radioligand
binding assays, BW1911U90 has high affinity for the
human and rat neuropeptide Y Y and Y receptors, but1 4

has negligible affinity for the human and rat neuropeptide

Fig. 3. GR231118, BW1911U90, T-190 and T-241 are human neuropep-
tide Y Y receptor agonists. cAMP assays were carried out as described4

in Section 2. The figure depicts dose-response curves characterizing the
Ž . Ž . Ž . Ž .ability of GR231118 v , BW1911U90 ` , T-190 e and T-241 l

to activate the human neuropeptide Y Y receptor. The basal and4

forskolin-stimulated cAMP values in these experiments were 1.7"0.1
and 21.7"2.3 pmolrml. The values shown are the mean"S.E.M. of data
from 3 independent experiments. pEC values determined in these50

experiments are shown in Table 2.

Ž .Y Y and Y receptors Table 1 . Interestingly, the affinity2 5

of BW1911U90 for the rat neuropeptide Y Y receptor is4

significantly less than its affinity for the human neuropep-
tide Y Y receptor. This is consistent with the significantly4

different pharmacological properties of the human and rat
neuropeptide Y Y receptors that have been previously4

Ž .documented e.g., Walker et al., 1997 . T-190 and T-241
have high affinity for the human neuropeptide Y Y recep-4

tor, but have only modest affinity for the human neuropep-
Ž .tide Y Y , Y and Y receptors Table 1 . Neither1 2 5

BW1911U90, T-190 nor T-241 have agonist activity at the
human neuropeptide Y Y receptor at concentrations up to1

Ž .10 mM data not shown . However, all three peptides are
moderately potent competitive antagonists at the human

Ž .neuropeptide Y Y receptor Fig. 2, Table 2 . Like1

GR231118, BW1911U90, T-190 and T-241 are agonists at
the human neuropeptide Y Y receptor, although these4

Table 2
Agonist or antagonist potency of neuropeptide Y, GR231118, BW1911U90, T-190 and T-241 for cloned human and rat neuropeptide Y receptors
expressed in CHO or 293 cells

Peptide Apparent p A or pEC2 50

hY rY rY hY rhY rY1 1 2 4 5 5

Neuropeptide Y 9.4"0.05 9.5"0.68 8.7"0.10 6.6"0.16 8.4"0.07 9.0"0.03
GR231118 10.5"0.21 10.0"0.39 6.0"0.09 8.6"0.10 5.7 6.1"0.02
BW1911U90 7.1"0.049 ND ND 6.8"0.03 ND
T-190 5.8"0.08 ND ND 6.3"0.07 ND
T-241 6.5"0.03 ND ND 6.6"0.08 ND

All receptors were expressed in CHO-K1 cells with the exception of the rat neuropeptide Y Y receptor which was expressed in 293 cells. Apparent p A5 2
Ž .values shown in bold were determined from dose ratio analysis of neuropeptide Y concentration response curves in the presence and absence of

Ž . Ž .competitive antagonist as described Kenakin, 1993 . pEC values shown in normal text were calculated as described in Section 2. In all cases where the50

peptides behaved as agonists, the intrinsic activity of the peptides was equal to that of neuropeptide Y. The values shown are the mean"S.E.M. of data
from 3–23 independent experiments. Where S.E.M. values are not shown, the data represent the average value from two independent experiments. ND, not
determined.
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Fig. 4. GR231118 is a weak agonist at the neuropeptide Y Y and Y2 5

receptors. cAMP assays were carried out as described in Section 2. The
figure depicts dose-response curves characterizing the ability of GR231118

Ž . Ž .to activate the rat neuropeptide Y Y v and rhY ` receptors. The2 5

basal and forskolin-stimulated cAMP values in these experiments were
Ž .1.8"0.3 and 14.8"4.1 pmolrml rat neuropeptide Y Y receptor and2
Ž .2.5"0.2 and 21.2"8.7 pmolrml rhY receptor . The values shown are5

Ž .the mean"S.E.M. rat neuropeptide Y Y receptor of data from three2
Ž .independent experiments or mean"range rhY receptor of data from5

two independent experiments. pEC values determined in these experi-50

ments are shown in Table 2.

three peptides are significantly less potent than GR231118
Ž .Fig. 3, Table 2 .

4. Discussion

GR231118 has been reported to be a potent neuropep-
tide Y Y receptor antagonist with little activity at the1

Žneuropeptide Y Y receptor Hegde et al., 1995; Daniels et2
.al., 1995 . Because of its very high potency and selectivity,

GR231118 has been used to determine the role of the
neuropeptide Y Y receptor in mediating various physio-1

Žlogical effects of neuropeptide Y Kanatani et al., 1996;
.Hegde et al., 1995; Lew et al., 1996 . The present study

demonstrates that GR231118 is not only a potent neu-
ropeptide Y Y receptor antagonist, but is also a potent1

neuropeptide Y Y receptor agonist. GR231118 also has4

high affinity for the mouse neuropeptide Y Y receptor,6

although its functional activity at this receptor has not been
determined. GR231118 has weak agonist activity at the
neuropeptide Y Y and Y receptors. GR231118 is 20- to2 5

60-fold more potent in blocking the neuropeptide Y Y1

receptor than in activating the neuropeptide Y Y receptor4

or in binding to the neuropeptide Y Y receptor. Thus,6

GR231118 can be considered to be a relatively selective
neuropeptide Y Y receptor antagonist in experiments1

Žwhere its concentration can be precisely defined e.g.,
.isolated tissue experiments . However, the concentration of

GR231118 cannot always be precisely defined, particularly
in studies in which GR231118 is administered directly into

Ž .the central nervous system e.g., Kanatani et al., 1996 .
Interpretation of data obtained in such studies requires that

the activity of GR231118 at the neuropeptide Y Y , Y ,1 4

and Y receptors be taken into consideration. Because the6

physiological roles of the neuropeptide Y Y and Y4 6

receptors have not yet been determined, it is not clear how
much the activity of GR231118 at these receptors detracts
from its utility as a neuropeptide Y Y receptor antagonist.1

In practice, neuropeptide Y Y receptor antagonism may1

be distinguished from neuropeptide Y Y receptor agonism4

by determining if GR231118 mimics or antagonizes the
effects of neuropeptide Y.

BW1911U90 has been reported to be potent neuropep-
tide Y Y receptor antagonist with little activity at the1

Ž .neuropeptide Y Y receptor Leban et al., 1995 .2

BW1911U90 is inactive at the neuropeptide Y Y and Y2 5
Ž .receptors Table 2 . However, the potency of BW1911U90

in activating the neuropeptide Y Y receptor is similar to4

its potency in antagonizing the neuropeptide Y Y receptor1
Ž .Table 2 . Therefore, both the neuropeptide Y Y agonist4

and neuropeptide Y Y antagonist activity of BW1911U901

must be taken into consideration when interpreting phar-
macological studies that use this peptide to characterize the
receptors mediating various physiological effects of neu-
ropeptide Y.

T-190 and T-241 have been reported to be potent
neuropeptide Y Y receptor antagonists with little activity1

Žat the neuropeptide Y Y receptor Balasubramaniam et2
.al., 1996a,b . As was seen with GR231118 and

BW1911U91, T-190 and T-241 were neuropeptide Y Y1

receptor antagonists and neuropeptide Y Y receptor ago-4
Ž .nists Table 2 . However, T-190 and T-241 do not have

particularly high affinity or potency for any of the cloned
Ž .neuropeptide Y receptors Tables 1 and 2 . Hence, the

utility of these peptides in the pharmacological characteri-
zation of the known neuropeptide Y receptors is limited
Ž .but see below .

In some cases, the peptides tested in this study are more
potent in radioligand binding assays than in functional

Ž .assays cf. Tables 1 and 2 . These discrepancies may be
due to a number of factors. The radioligand binding and
cAMP assays are performed under different conditions
Ždifferent buffers, different temperatures, whole cells vs.

.cell membranes . Furthermore, radioligand binding assays
with agonist radioligands may measure primarily the high
affinity, G protein-coupled state of the receptor whereas
the functional assay may measure predominantly the low

Žaffinity, uncoupled state of the receptor DeLean et al.,
.1980 . Hence, full and partial agonists that induce substan-

tial receptor G protein coupling may appear more potent in
binding assays than in functional assays. Similar discrep-
ancies between affinities of peptides for NPY receptors in
radioligand binding and functional assays have been fre-
quently reported in the literature, particularly for the Y4

Ž .receptor e.g., Lundell et al., 1995 . Therefore, pharmaco-
logical characterization of peptides at NPY receptors ide-
ally requires determination of the potencies of the peptides
in both radioligand binding and functional assays.
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GR231118, BW1911U90, T-190 and T-241 are all ana-
logues of the C-terminus of neuropeptide Y and are all
neuropeptide Y Y receptor antagonists and neuropeptide1

Y Y receptor agonists. This common pharmacological4

profile suggests that the C-terminus of neuropeptide Y
Žand the related peptides peptide YY and pancreatic

.polypeptide is sufficient to activate the neuropeptide Y Y4

receptor, but is not sufficient to activate the neuropeptide
Y Y receptor. This conclusion is consistent with previous1

data that indicate that the recognition and activation of the
neuropeptide Y Y receptor requires amino acids in both1

Žthe N-terminus and C-terminus of the peptide Beck-
.Sickinger and Jung, 1995 whereas the C-terminus of

neuropeptide Y is sufficient for recognition and activation
Žof the neuropeptide Y Y receptor Gehlert et al., 1996;4

.Walker et al., 1997 . Recently, this view has been ques-
tioned by Leban et al., who synthesized peptide analogues
of the C-terminus of neuropeptide Y that are potent neu-

Ž .ropeptide Y Y receptor agonists Leban et al., 1995 .1
Ž .However, the peptides synthesized by Leban et al. 1995

may actually mimic both the N-terminus and C-terminus
Ž .of neuropeptide Y see discussion in Daniels et al., 1997 .

Thus, continued design of analogues of the C-terminus of
neuropeptide Y should be a reasonable strategy for the
identification of neuropeptide Y Y receptor antagonists1

and neuropeptide Y Y receptor agonists. The challenge,4

however, will be to develop strategies to separate the
neuropeptide Y Y antagonist activity and neuropeptide Y1

Y agonist activity in peptide analogues of the C-terminus4

of neuropeptide Y.
Interestingly, BW1911U90, T-190 and T-241 are signif-

icantly less potent at the cloned human neuropeptide Y Y1

receptor expressed in CHO cells than at the neuropeptide
Y receptor expressed in human erythroleukemia cells. The
potency of BW1911U90 in antagonizing neuropeptide Y-
induced increases in cytosolic calcium in human erythro-

Ž .leukemia cells p A ;8.6; Leban et al., 1995 is higher2

than the potency of this peptide in antagonizing neuropep-
tide Y-induced decreases in cAMP formation in CHO cells
expressing the cloned human neuropeptide Y Y receptor1
Ž .p A s7.13; Table 2 . Similarly, the reported potency of2

T-190 and T-241 to block functional effects of neuropep-
Žtide Y in human erythroleukemia cells T-190 p A s8.42

Balasubramaniam et al., 1996a; T-241 pIC s8.8; Tao et50
.al., 1997 is also much higher than the potency of these

peptides to block functional effects of neuropeptide Y in
CHO cells expressing the cloned human neuropeptide Y

Ž .Y receptor T-190 p A s5.8, T-241 p A s6.5; Table 2 .1 2 2

While human erythroleukemia cells are thought to express
Ž .only the neuropeptide Y Y receptor Feth et al., 1992 ,1

these data may indicate that these cell lines express a novel
neuropeptide Y receptor with high affinity for
BW1911U90, T-190 and T-241. In support of this notion,
the potency of T-190 in inhibiting isoproterenol-stimulated

ŽcAMP formation in SK-N-MC cells pIC s6.6 Balasub-50
.ramaniam et al., 1996a , a human neuroblastoma cell line

known to express the neuropeptide Y Y receptor, is1

similar to the potency of this peptide at the cloned human
Žneuropeptide Y Y receptor reported in this study Table1

.2 . Further pharmacological characterization of the neu-
ropeptide Y receptor in human erythroleukemia cells is
warranted to conclusively determine if this cell line ex-
presses a novel neuropeptide Y receptor subtype.

References

Balasubramaniam, A., Ujhelyi, M., Borchers, M., Huang, Y., Zhai, W.,
Zhou, Y., Johnson, M., Sheriff, S., Fisher, J.E., 1996a. Antagonistic

w 32 xproperties of centrally truncated analogs of D-Trp NPY. J. Med.
Chem. 39, 1142–1147.

Balasubramaniam, A., Zhai, W., Sheriff, S., Tao, Z., Chance, W.T.,
Ž X . Žw Ž .Fischer, J.E., Eden, P., Taylor, J., 1996b. Bis 31r31 Cys 31 ,

Ž . Ž .x Ž ..Trp 32 , Nva 34 NPY- 31–36 : a specific NPY Y-1 receptor antag-
onist. J. Med. Chem. 39, 811–813.

Beck-Sickinger, A.G., Jung, G., 1995. Structure-activity relationships of
neuropeptide Y analogues with respect to Y and Y receptors.1 2

Biopolymers 37, 123–142.
Daniels, A.J., Matthews, J.E., Slepetis, R.J., Jansen, M., Viveros, O.H.,

Tadepalli, A., Harrington, W., Heyer, D., Landavazo, A., Leban, J.J.,
Spaltenstein, A., 1995. High-affinity neuropeptide Y receptor antago-
nists. Proc. Natl. Acad. Sci. USA 92, 9067–9071.

Daniels, A.J., Heyer, D., Spaltenstein, A., 1997. Peptide antagonists of
neuropeptide Y: Design, structure and pharmacological characteriza-

Ž .tion. In: Grundemar, L., Bloom, S.R. Eds. , Neuropeptide Y and
Drug Development. Academic Press, San Diego, pp. 127–155.

DeLean, A., Stadel, J.M., Lefkowitz, R.J., 1980. A ternary complex
model explains the agonist-specific binding properties of the adeny-
late cyclase-coupled b-adrenergic receptor. J. Biol. Chem. 255,
7108–7117.

Eva, C., Keinanen, K., Monyer, H., Seeburg, P., Sprengel, R., 1990.
Molecular cloning of a novel G protein-coupled receptor that may
belong to the neuropeptide receptor family. FEBS Lett. 271, 81–84.

Ž .Feth, F., Rascher, W., Michel, M.C., 1992. Neuropeptide Y NPY
receptors in HEL cells: Comparison of binding and functional param-
eters for full and partial agonists and a non-peptide antagonist. Br. J.
Pharmacol. 105, 71–76.

Gehlert, D.R., Schober, D.A., Beavers, L., Gadski, R., Hoffman, J.A.,
Smiley, D.L., Chance, R.E., Lundell, I., Larhammar, D., 1996. Char-
acterization of the peptide binding requirements for the cloned human
pancreatic polypeptide-preferring receptor. Mol. Pharmacol. 50, 112–
118.

Gerald, C., Walker, M.W., Branchek, T., Weinshank, R., 1995. Nucleic
Ž .acid encoding neuropeptide Yrpeptide YY Y receptor and uses2

thereof. International patent application WO 95r21245.
Gerald, C., Walker, M.W., Criscione, L., Gustafson, E.L., Batzl-Hart-

mann, C., Smith, K.E., Vaysse, P., Durkin, M.M., Laz, T.M., Line-
meyer, D.L., Schaffhauser, A.O., Whitebread, S., Hofbauer, K.G.,
Taber, R.I., Branchek, T.A., Weinshank, R.L., 1996. A receptor
subtype involved in neuropeptide-Y-induced food intake. Nature 382,
168–171.

Hegde, S.S., Bonhaus, D.W., Stanley, W., Eglen, R.M., Moy, T.M.,
Loeb, M., Shetty, S.G., DeSouza, A., Krstenansky, J., 1995. Pharma-
cological evaluation of 1229U91, a novel high-affinity and selective
neuropeptide Y-Y receptor antagonist. J. Pharmacol. Exp. Ther. 275,1

1261–1266.
Herzog, H., Darby, K., Ball, H., Hort, Y., Beck-Sickinger, A., Shine, J.,

1997. Overlapping gene structure of the human neuropeptide Y
receptor subtypes Y and Y suggests coordinate transcriptional regu-1 5

lation. Genomics 41, 315–319.
Hu, Y., Bloomquist, B.T., Cornfield, L.J., DeCarr, L.B., Flores-Riveros,



( )E.M. Parker et al.rEuropean Journal of Pharmacology 349 1998 97–105 105

J.R., Friedman, L., Jiang, P., Lewis-Higgins, L., Sadlowski, Y.,
Schaefer, J., Velazquez, N., McCaleb, M.L., 1996. Identification of a
novel hypothalamic neuropeptide Y receptor associated with feeding
behavior. J. Biol. Chem. 271, 26315–26319.

Kanatani, A., Ishihara, A., Asahi, S., Tanaka, T., Ozaki, S., Ihara, M.,
1996. Potent neuropeptide Y Y receptor antagonist, 1229U91: block-1

ade of neuropeptide Y-induced and physiological food intake. En-
docrinology 137, 3177–3182.

Kenakin, T., 1993. Pharmacologic analysis of drug-receptor interaction,
2nd edn. Raven, New York, pp. 278–322.

Kozak, M., 1987. At least six nucleotides preceding the AUG initiator
codon enhance translation in mammalian cells. J. Mol. Biol. 196,
947–950.

Larhammar, D., Blomqvist, A.G., Yee, F., Jazin, E., Yoo, H., Wahlested,
C., 1992. Cloning and functional expression of a human neuropeptide
Yrpeptide YY receptor of the Y type. J. Biol. Chem. 267, 10935–1

10938.
Leban, J.J., Heyer, D., Landavazo, A., Matthews, J., Aulabaugh, A.,

Daniels, A.J., 1995. Novel modified carboxy terminal fragments of
neuropeptide Y with high affinity for Y -type receptors and potent2

functional antagonism at a Y -type receptor. J. Med. Chem. 38,1

1150–1157.
Lew, M.J., Murphy, R., Angus, J.A., 1996. Synthesis and characterization

of a selective peptide antagonist of neuropeptide Y vascular post-
synaptic receptors. Br. J. Pharmacol. 117, 1768–1772.

Lundell, I., Blomqvist, A.G., Berglund, M.M., Schober, D.A., Johnson,
D., Statnick, M.A., Gadski, R.A., Gehlert, D.R., Larhammar, D.,
1995. Cloning of a human receptor of the NPY receptor family with
high affinity for pancreatic polypeptide and peptide YY. J. Biol.
Chem. 270, 29123–29128.

Malmstrom, R.E., Lundberg, J.M., 1997. Neuropeptide Y in sympathetic
nerves: Evidence for Y receptor mediated vascular control. In:1

Ž .Grundemar, L., Bloom, S.R. Eds. , Neuropeptide Y and Drug Dev.,
Academic Press, San Diego, pp. 41–55.

Michel, M.C., Beck-Sickinger, A., Cox, H., Doods, H.N., Herzog, H.,
Larhammar, D., Quirion, R., Schwartz, T., Westfall, T., 1998. Interna-
tional union of pharmacology recommendations for the nomenclature
of neuropeptide Y, peptide YY and pancreatic polypeptide receptors.
Pharmacol. Rev., in press.

Parker, E.M., Izzarelli, D.G., Lewis-Higgins, L., Palmer, D., Shapiro,
R.A., 1996. Two amino acid differences in the sixth transmembrane
domain are partially responsible for the pharmacological differences
between the 5-HT and 5-HT 5-hydroxytryptamine receptors. J.1Db 1E

Neurochem. 67, 2096–2103.
Rose, P.M., Fernandes, P., Lynch, J.S., Frazier, S.T., Fisher, S.M.,

Kodukula, K., Kienzle, B., Seethala, R., 1995. Cloning and functional
expression of a cDNA encoding a human type 2 neuropeptide Y
receptor. J. Biol. Chem. 270, 22661–22664.

Tao, Z., Peng, G., Sheriff, S., Eden, P., Taylor, J., Chance, W.T.,
Balasubramaniam, A., 1997. Development of feeding and Y-1 NPY
receptor antagonists. Abstracts of the Fifteenth American Peptide
Symposium.

Turton, M.D., O’Shea, D., Bloom, S.R., 1997. Central effects of neu-
ropeptide Y with emphasis on its role in obesity and diabetes. In:

Ž .Grundemar, L., Bloom, S.R. Eds. , Neuropeptide Y and Drug Dev.,
Academic Press, San Diego, pp. 15–39.

Wahlestedt, C., Reis, D.J., 1993. Neuropeptide Y-related peptides and
their receptors-Are the receptor potential therapeutic drug targets?.
Annu. Rev. Pharmacol. Toxicol. 32, 309–352.

Wahlestedt, C., Grundemar, L., Hakanson, R., Heilig, M., Shen, G.H.,
Zukowska-Grojec, Z., Reis, D.J., 1990. Neuropeptide Y receptor
subtypes, Y and Y . Ann. N.Y. Acad. Sci. 611, 7–26.1 2

Walker, M.W., Smith, K.E., Bard, J., Vaysse, P.J., Gerald, C., Daouti, S.,
Weinshank, R.L., Branchek, T.A., 1997. A structure-activity analysis
of the cloned rat and human Y receptors for pancreatic polypeptide.4

Peptides 18, 609–612.
Weinberg, D.H., Sirinathsinghju, D.J.S., Tan, C.P., Shiao, L.-L., Morin,

N., Rigby, M.R., Heavens, R.H., Rapoport, D.R., Bayne, M.L.,
Cascieri, M.A., Strader, C.D., Linemeyer, D.L., MacNeil, D.J., 1996.
Cloning and expression of a novel neuropeptide Y receptor. J. Biol.
Chem. 271, 16435–16438.

Woldbye, D.P., Larsen, P.J., Mikkelsen, J.D., Klemp, K., Madsen, T.M.,
Bolwig, T.G., 1997. Powerful inhibition of kainic acid seizures by
neuropeptide Y via Y -like receptors. Nature Med. 3, 761–764.5

Yan, H., Yang, J., Marasco, J., Yamaguchi, K., Brenner, S., Collins, F.,
Karbon, W., 1996. Cloning and functional expression of cDNAs
encoding human and rat pancreatic polypeptide receptors. Proc. Natl.
Acad. Sci. USA 93, 4661–4665.


