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By using monoiodinated radioligands of both intact neuropeptide Y (NPY) and of a long C-terminal fragment, NPY!336,
two subtypes of binding sites, which differ in affinity and specificity, have been characterized. The Y, type of binding
site, characterized on a human neuroblastoma cell line, MC-IXC, and a rat pheochromocytoma cell line, PC-12, binds
NPY with a dissociation constant (Ky) of a few nanomolar but does not bind NPY!3%, The Y, type of binding site,
characterized on porcine hippocampal membranes and on another human neuroblastoma cell line, SMS-MSN, is of
higher affinity and binds both NPY and NPY'*%, None of the binding sites distinguish between NPY and the homo-
logous peptide YY (PYY). It is concluded that NPY/PYY-binding sites occur in two subtypes which may represent two
types of physiological receptors.

Neuropeptide Y; Hippocampus; Brain receptor; (Neuroblastoma cell line, PC-12 cell)

1. INTRODUCTION

Neuropeptide Y (NPY) is an important
regulatory peptide in both the central and
peripheral nervous system [1,2]. Centrally, NPY is
thought to be involved in regulation of food in-
take, memory processing and circadian rhythm
[3—6]. In the periphery, NPY seems to function as
a transmitter in sympathetic nerves where it in-
teracts with norepinephrine mainly in the regula-
tion of vascular tone {7—9]. NPY is also found in
non-adrenergic neurones e.g. in the gastro-
intestinal tract [10,11].

The primary structure of the 36 amino acid NPY
has been well conserved during evolution [12]. The
peptide belongs to the pancreatic polypeptide-fold
(PP-fold) family of peptides, which are
characterized by a common tertiary structure, the
so-called PP-fold [13]. This structural feature con-
sists of two anti-parallel helices, an N-terminal
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polyproline helix and a long amphipathic a-helix,
connected by a S-turn [14]. The PP-fold is stable,
even in dilute aqueous solution, as indicated by cir-
cular dichroism studies [13—15]. In addition to
NPY, pancreatic polypeptide (PP), a pancreatic
hormone [16] and peptide YY (PYY), a hormone
from the lower intestine [17] belong to the family.

Specific-binding sites for NPY have been
described in membrane preparations from brain
tissue [18-21], and in membranes from blood
vessels [22] as well as on rat pheochromocytoma
cells [23]. It has been suggested that in the sym-
pathetic nervous system, two distinct subtypes of
NPY receptors are responsible for the pre-synaptic
and post-synaptic effects of the peptide [24]. In the
test systems initially used, the post-junctional ef-
fect, vasoconstriction, could only be obtained with
the intact NPY molecule, whereas a long C-
terminal fragment, NPY!3~3¢ was sufficient to
elicit pre-junctional inhibition of stimulated
norepinephrine release [24]. However, these sub-
types of NPY receptors were not generally ac-
cepted, mainly because the long C-terminal
fragment in other biological test systems was
capable of producing vasoconstriction [21,25]. In
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the present paper, we have used the long C-
terminal fragment of NPY both in the labeled and
unlabeled form to characterize two types of NPY-
binding sites occurring on brain membranes and
cell lines.

2. MATERIALS AND METHODS

2.1. Peptides

Porcine NPY'~% and porcine PYY!~3% were purchased from
Peninsula (St. Helens, England). Porcine NPY"*~*¢ and porcine
PYY'*-3¢ were custom synthesized by Ferring, Sweden. The
peptides were characterized and quantitated by several peptide
chemical means, among which a radioimmunoassay (using rab-
bit antiserum no.8999) which is specific for the common C-
terminal, amidated hexapeptide of NPY and PYY.

2.2. Radioactive ligands

NPY!~* and NPY'*% were iodinated by Na'?I (Amer-
sham) using the oxidative agent 1,3,4,6-tetrachloro-3a,6a-
diphenylglycoluril (Serva) as described in detail previously for
NPY and PP [23,26). The radioligands were purified by reverse-
phase high-performance liquid chromatography (HPLC) using
a Nucleosil 300-5 Cyg column, 0.4 X 25 cm, with a flow rate of
1 ml/min at 50°C. For NPY!™% the column was eluted
isocratically with 35% acetonitrile in 0.1% trifluoroacetic
acid/water, and for NPY'?~%¢ with 31% acetonitrile. Through
this procedure, it was possible to prepare radioligands which
were monoiodinated in specific positions. The radioligands
were characterized by HPLC mapping of tryptic fragments on
a Nucleosil Cjs column (as above) eluted with a gradient of
acetonitrile: 0—15% in 7 min, 15-20% from 7 to 22 min, and
20-50% from 22 to 30 min. The column was calibrated with
tryptic fragments of ‘cold’-iodinated NPY, and the radiolabel-
ed fragments were further characterized with respect to mono-
or di-iodination by HPLC of the radiolabeled amino acids after
pronase digestion [26). [***I-Tyr**JMonoiodoNPY'~%, with a
specific radioactivity of 1900 Ci/mmol, and [“*I-
Tyr**lmonoiodoNPY'373¢  with a specific activity of
1550 Ci/mmol, were used for binding experiments in the pre-
sent study.

2.3. Cell culture

The human neuroblastoma cell lines MC-IXC, a subclone of
SK-N-MC, and SMS-MSN [27], were kindly provided by Dr
June Biedler (Sloan Kettering Memorial Institute, NY, USA)
and PC12 cells [28], subclone I1I-250, by Dr Hans Thoenen
(Max-Planck-Institut fiir Psychiatrie, Martinsried, FRG). MC-
IXC and SMS-MSN cells were grown at 5% COz in a 1:1 mix-
ture of Ham’s F-10 medium and Dulbecco’s modified Eagle’s
medium 1885 with 15% fetal calf serum and 1% non-essential
amino acids, 2 mM glutamine and penicillin/streptomycin
(100 IU and 100 g/ml, respectively). PC12 cells were grown at
10% CO; in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% horse serum and 5% fetal calf serum. All
media and materials for tissue culture were from Gibco (Ux-
bridge, England).
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2.4. Binding experiments
2.4.1. Cells

As described in detail previously for PC12 cells [23], binding
studies with cells were performed with 25 pM of radioligand at
37°C using triplicates of 1.2 x 10° cells which had been prein-
cubated for 2 days in petri wells, 6-well culture plates (Costar,
Cambridge, MA, USA) coated with poly-Lys-Ala. The incuba-
tion time was standardized to 60 min, although experiments
with PC-12 cells were performed with 30 min incubations.

2.4.2. Brain membranes

Synaptic membranes were prepared from porcine hippocam-
pal tissue according to the method of Gray and Wittaker [29],
in which the P, fraction was subfractionated on a discontinuous
sucrose gradient and membranes from the interface between
concentrations of 0.8 and 1.2 M sucrose were used. Binding was
performed with 25 pM of radioligand at 37°C in 1 ml of a
25 mM Hepes buffer, pH 7.4, containing 2.5 mM CaCl,, 1 mM
MgCl,, 10 g/l bovine serum albumin and 0.5 g/l bacitracin
with a final concentration of 200 mg of membrane protein/I.
After 60 min, triplicates of 0.25 ml were transferred to
polypropylene tubes, 0.4 X 4.5 cm, and the membranes were
centrifuged through 0.2 ml of ice-cold binding buffer. The
pellet was washed gently and the tip of the tube was cut off and
counted.

2.4.3. Rebinding experiments

In order to study the degradation of the radioligands during
incubations, the tracers were incubated with either cells or hip-
pocampal membranes for various time periods whereafter the
binding buffer with unbound peptide was removed and sub-
jected to rebinding with hippocampal membranes.

3. RESULTS

Specific steady-state binding to hippocampal
membranes and cells was obtained with radiola-
beled NPY!~3¢ within 45 min. The hippocampal
membranes bound 27 + 4% of the radioligand in
the absence of cold peptide (mean + SE); and this
was reduced to 5 + 1% (non-specific binding) in
the presence of excess amounts of cold peptide,
100°M NPY'"%. Specific and non-specific
binding of radiolabeled NPY'~3¢ to the different
cell lines were: SMS-MSN, 4.1 and 1.6%; PC-12,
4.8 and 1.4%, and MC-IXC, 3.8 and 1.6%.

The binding sites for NPY appeared to fall into
two categories which differed with respect to af-
finity and specificity. In the hippocampal mem-
branes and the SMS-MSN cells the radiolabeled
NPY' % was displaced by unlabeled NPY' 3¢ with
an apparent 50% inhibitory concentration (ICsp)
of 0.5 and 0.1 nM, respectively, and by NPY!?~36
with an apparent ICso of 2 nM in both systems
(fig.1). In contrast, the apparent ICso for NPY! ™3¢
was 5 and 6 nM in MC-IXC and PC-12 cells,
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Fig.1. Inhibition of ['**I-Tyr**jmonoiodoNPY'~* binding by NPY, PYY and fragment 13-36 of NPY and PYY. NPY'"% (s),

NPY'3-3¢ (0), PYY'™3® (a), and PYY'*73¢ (a) were used for displacement. Experiments were performed in PC-12 cells (N = 12,

NPY'-%; N = 6 for both PYY!~?¢ and NPY**73%), in MC-IXC cells (N = 13 for NPY!~%; N = 5 for NPY'*~%), in SMS-MSN cells
(N = 5 for all peptides), and on hippocampal membranes (N = 6 for all peptides).

respectively; whereas NPY*3~3€ in neither of these
cell lines, not even in concentrations of 100 nM,
significantly displaced the radiolabeled NPY!~3¢
(fig.1). By using the nomenclature proposed by
Wabhlested et al. [24], the binding sites on hip-
pocampal membranes and SMS-MSN cells, for
which NPY3736 i5 a relatively good ligand, could
be classified as Y type NPY receptors; whereas the
binding sites on PC-12 cells and MC-IXC cells, for
which NPY'*~%¢ is a poor ligand, are of the Y;
type. NPY and the homologous PYY could not be
distinguished by the Y; and the Y types of NPY-
binding sites either in the intact molecular form, as
shown in PC-12 cells, SMS-MSN cells, and on hip-
pocampal membranes, or as the respective 13—36
fragments as shown in the two Y2 receptor systems,

SMS-MSN cells and hippocampal membranes
(fig.1).

In order to produce a specific Y. receptor
radioligand, NPY!3~3¢ was radiolabeled. As shown
in fig.2, it was possible by HPLC to isolate ['*°I-
Tyr**)monoiodoNPY "3~ from the ascending part
of the composed peak of differently radiolabeled
peptides. Specific steady-state binding of the
radiolabeled NPY!*~3¢ was obtained within 45 min
and maintained for 2 h in hippocampal mem-
branes and SMS-MSN cells. The specific binding
of monoiodinated NPY*?~36 to hippocampal mem-
branes was saturable and of high affinity as shown
in fig.3. The linearity of Scatchard plots of the bin-
ding experiments with ['*’I-Tyr**|monoiodo-
NPY!3~%¢ indicates that NPY!*7*¢ binds to a
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Fig.2. Purification and characterization of !'?*I-labeled
NPY!*-% for receptor binding. (Left panel) The HPLC profile
of NPY'73¢ jodinated as described in detail in the text, and
purified on a Nucleosil Cy3 column eluted isocratically at 31%
acetonitrile in 0.1% TFA/water; 101 of each fraction were
counted. The elution position of unlabeled NPY!*~36 i
indicated by a vertical arrow. (Righthand panels) HPLC
mappings of radiolabeled tryptic fragments of fractions 19 and
25 (arrowheads in the left panel); for chromatographic details
see text. The elution positions of the radioiodinated fragments
are indicated; ['**I]Tyr-amide corresponds to ['**I]Tyr’® of
NPY.

homogeneous population of binding sites (fig.3B).
The dissociation constant was calculated to be
0.15 nM and the concentration of binding sites
485 fmol/mg membrane protein. The radiolabeled
NPY'?3¢ was displaced from the hippocampal
membranes by NPY! ™36 NPY!3~% and PYY!3-36
in a similar manner as the radiolabeled intact NPY
molecule (fig.4). In contrast, radiolabeled
NPY"*~3¢ bound to PC-12 cells (shown in fig.4)
and to MC-IXC cells in a non-specific manner on-
ly, as it could not be displaced by unlabeled
NPY!~3¢ or NPY!3-3%,

The different performance of the intact
molecule and the long C-terminal fragment might
reflect differences in the degradation of these
molecules during the incubation. However, the in-
tact molecule and the 13—36 fragment of NPY ap-
peared to be equally stabile as judged by the ability
of the radiolabeled species to bind to hippocampal
membranes after being incubated with MC-IXC
cells or SMS-MSN cells for various periods (fig.5).
Similar results were obtained in PC-12 cells and
with primary incubation with hippocampal mem-
branes (data not shown). Thus, the inability of
NPY!33¢ to bind to and its inability to displace
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Fig.3. Saturation binding of ['*I-Tyr**jmonoiodoNPY'*-% to
porcine hippocampal membranes. The specific binding, i.e.
total minus nonspecific binding in the presence of 107 M
NPY!*736 of increasing amounts of ['2°I-Tyr**]monoiodo-
NPY'*~% {0 porcine hippocampal membranes is indicated (O).
(Inset) Scatchard transformation of the binding data; Kq was
0.15 nM and Bmax was 485 fmol/mg membrane protein.
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Fig.4. Binding of ['*I-Tyr**)monoiodoNPY!3¢ to
hippocampal membranes and PC-12 cells. The binding of ['*I-
Tyr**)monoiodoNPY!3~3¢ to porcine hippocampal membranes
was inhibited by NPY'~%¢ (¢), N = 7; by NPY"*"3¢ (0), N = 8;
and by PYY'?736 (A), N = 6. Binding of ['**I-Tyr**}monoiodo-
NPY"3-36 o PC-12 cells was not significantly inhibited by
NPY'%, N = 4, or by NPY"*%, N = 4.
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Fig.5. Stability of radioligands as indicated by rebinding of
[**°I-Tyr**lmonoiodoNPY'~%  and  ["**I-Tyr**)monoiodo-
NPY!?~3% to hippocampal membranes. (Top pand) Rebinding
of ["*I-Tyr**)monoiodoNPY'~¢, total (e—e) and non-
specific (e---e), and of ['*’I-Tyr**imonoiodoNPY**~%, total
(0—0) and non-specific binding (0---0) after exposure to
MC-IXC cells for various periods. (Bottom panel) Rebinding
data after primary exposure to SMS-MSN cells.

radiolabeled NPY! 3¢ from cells with Y; receptors
does not reflect rapid degradation of the C-
terminal fragment.

4. DISCUSSION

In the present paper we have, by using
monoiodinated radioligands of both the intact
NPY molecule and of NPY?~36 characterized two
subtypes of NPY-binding sites, which differ in af-
finity as well as specificity. The Y; type of NPY
receptors, which are found e.g. on the human
neuroblastoma cell line, MC-IXC, and the rat
pheochromocytoma cell line, PC-12, binds NPY
with a dissociation constant (Kg) of a few
nanomolar but does not bind the long C-terminal
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fragment. The Y, type of NPY receptors binds
NPY with a dissociation constant in the sub-
nanomolar range and more importantly, NPY3~3¢
is a relatively good ligand for these receptors
(fig.3). These two types of binding sites could
represent the biochemical equivalents to the two
types of biological receptors described by
Wabhlestedt et al. [24].

Y: receptors are found pre-junctionally on sym-
pathetic nerves [24], whereas the post-junctional
receptors are apparently of either the Y; or the Y,
types, as described mainly on the basis of
biological responses [9,13,14,18]. In the central
nervous system, the Y, type of receptor seems to be
predominating. The receptors originally described
by Unden et al. [17] in the rat cortex have an affini-
ty and specificity similar to those of the porcine
hippocampal Y, receptors of the present study
[26,30]. The NPY (Y3) receptors in the hippocam-
pus have been classified as being pre-junctional on
the basis of electrophysiological data [31]. It is
likely that Y, receptors are also found in certain
areas of the central nervous system, because unlike
intact NPY, the fragment, NPY'*~%, cannot
evoke e.g. the centrally mediated lowering of
blood pressure and the stimulation of feeding
behaviour (Fuxe, K. and Kalra, S.P., personal
communications).

Both Y, and Y receptors accept NPY and PYY
equally well (figs 1 and 3). Whether the hormone,
PYY, the neuropeptide, NPY, or both act as
physiological ligands for any particular receptor is
dependent on the actual concentration of the pep-
tide in a specific location in relation to the affinity
of the receptor. Thus, Y» receptors in e.g. the hip-
pocampus, where only NPY is found, are probably
‘NPY receptors’, whereas Y, receptors on tubular
cells in the kidney, where no NPY innervation is
found, may be ‘PYY receptors’, responding to cir-
culating PYY.

From the data presented in the present paper it
is not possible to establish whether the two types of
NPY/PYY-binding sites in fact represent two dif-
ferent molecular species of receptors or just two
different states of one receptor. However, as the
genes for receptors for e.g. biogenic amines are be-
ing cloned, it appears that receptors are found in
even more variant forms than those known from
pharmacological experiments [32]. The presence of
these NPY receptor subtypes on cell lines offers
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special possibilities in respect of molecular
characterization of the receptors and characteriza-
tion of secondary messengers systems involved in
their action.

Acknowledgements: Tina Jacobsen, Lone Terkelsen, and
Margit Serensen are thanked for their expert help with the cells.
The study was supported by grants from the Danish
Biotechnology Program (‘Biotechnology Center for Neuropep-
tide Research’), the Danish Cancer Association, and the Jenny
Vissing Foundation. T.W.S. is the recipient of a professorship
in molecular endocrinology from the Danish Medical Research
Council and the Weimann Foundation.

REFERENCES

[1] Tatemoto, K. (1982) Proc. Natl. Acad. Sci. USA 79,
5485-—-5489.

[2] O’Donohue, T.L., Cornwall, B.M., Pruss, R.M., Mezey,
E., Kiss, J.Z., Eiden, L.E., Massari, V.J., Tessel, R.E.,
Pickel, V.M. and DiMaggio, D.A. (1985) Peptides 6,
755-768.

[3] Clark, J.T., Kalra, P.S., Crowley, W.R. and Kalra, S.P.
(1984) Endocrinology 115, 227-230.

{4] Stanley, B.G. and Leibowitz, S.F. (1985) Proc. Natl.
Acad. Sci. USA 82, 3940-3943.

[5]1 Morley, J.E., Levine, A.S., Gosnell, B.A., Kneip, J. and
Grace, M. (1987) Am. J. Physiol. 252, R599—R609.

6] Flood, J.F., Hernandez, E.N. and Morley, J.E. (1987)

Brain Res. 421, 280-290.

Lundberg, J., Terenius, L., Hokfelt, T., Martling, C.-R.,

Tatemoto, K., Mutt, V., Polak, J., Bloom, S.R. and

Goldstein, M. (1982) Acta Physiol. Scand. 116, 477—-480.

[8] Ekblad, E., Edvinsson, L., Wahlestedt, C., Uddman, R.,

Hakanson, R. and Sundler, F. (1984) Regul. Peptides 8,

225-235. ‘

Wahlestedt, C., Edvinsson, L., Ekblad, E. and

Hakanson, R. (1985) J. Pharmacol. Exp. Ther. 234,

735-741.

[10] Ekblad, E., Wahlestedt, C., Ekelund, M., Hakanson, R.

and Sundler, F. (1984) Front. Horm. Res. 12, 85-90.

[11] Sheikh, S.P., Holst, J.J., Skak-Nielsen, T., Knigge, U.,

Warberg, J., Theodorsson, E., Hokfelt, T., Lundberg,
J.M. and Schwartz, T.W. (1988) Am. J. Physiol. 255,
G46-G54.

7

_—

9

-—

214

FEBS LETTERS

March 1989

[12] O’Hare, M.M.T., Tenmoku, S., Aakerlund, L., Hilsted,
L., Johnsen, A. and Schwartz, T.W. (1988) Regul.
Peptides 20, 293-304.

[13] Glover, 1.D., Barlow, D.J., Pitts, J.E., Wood, S.P.,
Tickle, 1.J., Blundell, T.L., Tatemoto, K., Kimmel, J.R.,
Wollmer, A., Strassburger, W. and Zhang, Y.S. (1985)
Eur. J. Biochem. 142, 379-385.

[14] Wood, S.P., Pitts, J.E., Blundell, T.L., Tickle, I.J. and
Jenkins, J.A. (1977) Eur. J. Biochem. 78, 119-126.

[15] Krstenansky, J.L. and Buck, S.H. (1987) Neuropeptides
10, 77-85.

[16] Schwartz, T.W. (1983) Gastroenterology 85, 1411-1425

{17] Tatemoto, K. (1982) Proc. Natl. Acad. Sci. USA 79,
2514-2518.

[18] Unden, A., Tatemoto, K., Mutt, V. and Bartfai, T. (1984)
Eur. J. Biochem., 525-530.

[19] Saria, A., Theodorsson, E. and Lundberg, J.M. (1985)
Eur. J. Pharmacol. 107, 105-107.

[20] Inui, A., Oya, M., Okita, M., Inoue, T., Sakatani, N.,
Morioka, H., Shi, K., Yokono, K., Mizuno, N. and
Baba, S. (1988) Biochem. Biophys. Res. Commun. 150,
25-32.

[21] Chang, R.S.L., Lotti, V.J. and Chen, T.B. (1988) Bio-
chem. Biophys. Res. Commun. 151, 1213-1219.

[22] Lundberg, J.M., Hemsen, A., Larsson, O., Rudehill, A,
Saria, A. and Fredholm, B.B. (1988) Eur. J. Pharmacol.
145, 21-29.

[23] Schwartz, T.W., Sheikh, S.P. and O’Hare, M.M.T.
(1987) FEBS Lett. 225, 209-214.

[24] Wabhilestedt, C., Yanaihara, N. and Hakanson, R. (1986)
Regul. Peptides 13, 307-318.

[25] Rioux, F., Bachelard, H., Martel, J.C. and St-Pierre, S.
(1985) Peptides 7, 27-31.

[26] Sheikh, S.P., O’Hare, M.M.T., Tortora, O. and
Schwartz, T.W. (1989) J. Biol. Chem., in press.

[27] Biedler, J.1L., Rozen, M.G., El-Badry, O., Meyers, M.B.,
Melera, P.W., Ross, R.A. and Spengler, B.A. (1985) in:
Advances in Neuroblastoma Research (Evans, A.E. ed.)
pp.209-221, Alan R. Liss, New York.

[28] Green, L.A. and Tischler, A.S. (1982) Adv. Cell.
Neurobiol. 3, 373—414.

[29} Gray, E.G. and Whittaker, V.P. (1962) J. Anat. 96,
79—96.

[30] Abens, J., Unden, A., Andell, S., Tam, J.P. and Bartfai,
T. (1989) in: NPY, XIV Nobel Symposium (Mutt, V.,
Fuxe, K. and Hokfelt, T. eds) Plenum Press.

[31] Colmers, W.F., Lukowiak, K. and Pittman, Q.J. (1988)
J. Physiol. 383, 285-299.

[32] Barnard, E.A. (1988) Nature 335, 301-302.



