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1 GPRI10 is a novel G-protein coupled receptor that is the human orthologue of rat Unknown
Hypothalamic Receptor-1 (UHR-1). Human prolactin-releasing peptide (PrRP) has been identified
as an endogenous ligand for GPR10, and occurs as 31 and 20 amino acid forms. The present study
characterizes the binding of ['**I]-PrRP-20 to HEK293 cells stably expressing GPR10 receptors.

2 Specific binding of ['*’I]-PrRP-20 was saturable, and analysis suggested evidence of both high
and low affinity sites, with K, values of 0.026+0.006 and 0.57+0.14 nM respectively, and By,
values of 30104400 and 857042240 fmol mg protein~' respectively. Kinetic studies were unable to
distinguish two sites, but single site analysis of association and dissociation data produced a K, of
0.012 nMm.

3 Competition studies revealed that human and rat PrRP-20 and PrRP-31 all display high affinity
for GPR10. A range of other drugs which are known ligands at receptors which share limited
homology with GPR10 were also tested. None of the drugs tested, including the RF-amide
neuropeptide FF, demonstrated any affinity for GPR10.

4 Human PrRP-20 failed to alter basal or forskolin-stimulated levels of intracellular cyclic AMP in
HEK?293-GPR10 cells, suggesting that GPR10 does not couple via either G, or G;.

5 Functional studies using measurements of intracellular calcium confirmed that human and rat
PrRP-20 and PrRP-31 are all potent, full agonists at the GPR10 receptor. The response was blocked
both by thapsigargin, indicating mobilization of intracellular Ca** stores.

6 These studies indicate that ['*I]-PrRP-20 is a specific, high affinity radioligand for GPR10. The
availability of this radioligand binding assay will be a valuable tool for the investigation of the key
features involved in PrRP binding and studies on the localization and function of GPR10.
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Introduction

The G-protein coupled receptor superfamily is characterized
by seven distinct hydrophobic regions, which are each 20—30
amino acids in length and form transmembrane domains
(Schoneberg et al., 1999). This superfamily is thought to
contain over 800 members, many of which have been
discovered recently with the development of genome and
cDNA research. The rapid advancement in the discovery of
putative G-protein coupled receptors had led to changes in the
drug discovery process. An orphan receptor of unknown
function can now be used as bait to go ‘fishing’ for its ligand.
This is in contrast to the traditional approach of identification
of a ligand, characterization of the tissue pharmacology and
subsequent cloning of a receptor, and has been described as a
‘reverse’ pharmacology approach (Libert et al., 1991). G-
protein coupled receptors have a good history as drug targets
— several hundred drugs launched in the past three decades are
directed at known G-protein coupled receptors (Wilson et al.,
1998).
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GPR10 is a novel G-protein coupled receptor identified
by polymerase chain reaction and genomic DNA library
screening (Marchese et al., 1995). It is a human counterpart
of rat Unknown Hypothalamic Receptor-1 (UHR-1) (Welch
et al., 1995) and shares low, but significant homology with
the neuropeptide Y receptor family (30% at the amino acid
level). A receptor initially termed hGR3 (Hinuma et al.,
1998) is essentially identical to GPR10. Identification of a
ligand for the receptor was carried out utilizing an
arachidonic acid release assay using Chinese Hamster Ovary
(CHO) cells transfected with hGR3/GPR10, in which bovine
hypothalamic extracts were positive. Chromatographic
purification of the extracts led to the identification of two
peptide sequences with identical N-terminal regions, one of
which appears to be a truncated form of the other (Hinuma
et al., 1998). The peptides are both members of the
structurally related RF-amide family which includes the
morphine modulating peptide neuropeptide-FF (Yang et al.,
1985). The generic peptide identified was shown to increase
prolactin secretion from anterior pituitary cells derived from
lactating rats and was hence named prolactin releasing
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peptide or PrRP. Studies showed that the PrRP prepropro-
tein can be cleaved at two different positions to give rise to
two forms of 31 or 20 amino acids; PrRP-31 and PrRP-20
respectively. Rat PrRP has also been identified and occurs as
31 or 20 amino acid forms; these peptides are highly
conserved between species (Figure 1) (Hinuma et al., 1998).

PrRP protein has been detected by immunocytochemistry
in the rat hypothalamus (Maruyama et al., 1999), medulla
oblongata (Iijima et al., 1999) and the pituitary (Matsumoto
et al., 1999), whilst expression of PrRP mRNA has been
shown in the hypothlamus and brainstem (Roland er al,
1999). The distribution of the peptide suggests that it may
have other roles in addition to its prolactin-releasing ability.
The mRNA for the corresponding receptor for PrRP is
expressed in rat pituitary, cerebellum, brainstem, hypothala-
mus, thalamus and spinal cord (Welch et al., 1995; Hinuma
et al., 1998; Roland et al., 1999), although autoradiographic
studies have shown receptor binding only in thalamus and
hypothalamus (Roland et al., 1999).

The signal transduction pathways for GPR10 are not clear,
yet Kimura et al. (2000) have demonstrated that in both GH3
rat pituitary cells and primary cultures of rat anterior pituitary,
PrRP activates extracellular signal-regulated protein kinase
(ERK) in an almost wholly pertussis toxin (PTX) sensitive
manner. This suggests that at least part of the coupling of
GPR10 is through G;/G,. They also demonstrated that PrRP
causes activation of c-Jun N-terminal protein kinase (JNK).
This response is protein kinase C (PKC) dependent, as it is
inhibited by pre-incubation with phorbol esters and insensitive
to PTX treatment.

We have used a radio-iodinated form of human PrRP-20
to characterize the binding of the GPRI10 receptor stably
expressed in HEK293 cells (Wilson et al., 1998). ['**I]-PrRP-
20 binds to the receptor with high affinity and displays high
levels of specific binding. Saturation studies suggest ['*I]-
PrRP-20 binds to two sites with different affinities.
Competition studies reveal that both rat and human PrRPs
display high affinity for GPR10 receptors and are equipotent
at displacing ["*’I]-PrRP-20. Measurements of intracellular
cyclic AMP levels in HEK293-GPRI10 cells reveal that
PrRP-20 has no effect on either basal levels or forskolin-
stimulated levels of cyclic AMP, suggesting that in this
system GPRI10 couples via neither G, or G;. Functional
studies on the four peptides via measurements of intracel-
lular calcium levels in HEK293-GPR10 cells reveal that all
four peptides are equipotent, full agonists at the GPR10
receptor, with potencies which agree well with their binding
affinities. This response is blocked by pre-incubation with
thapsigargin, suggesting that it is a result of mobilization of
intracellular calcium.

The availability of this radioligand binding assay will be a
useful tool for the identification of potential non-peptide
ligands which bind to the receptor. ['*°I]-PrRP-20 may be used
for further investigations of the tissue distribution of GPR10
and UHR-1 via autoradiography studies.

Methods

Membrane preparation

Human embryonic kidney cells (HEK293) stably transfected
with GPR10 were harvested with PBS, pelleted and stored at
—80°C until further use. Membranes were prepared using a
modification of the method of Miyamoto et al. (1994); all
procedures were carried out at 4°C. In brief, cells were washed
in 30 vols (w v—') of PBS with 0.2 mM EDTA. The suspension
was homogenized using an Ultra-Turrax homogenizer and the
subsequent homogenates centrifuged at 39,000 x g for 15 min.
The resultant pellets were resuspended in 30 volumes of buffer
containing 10 mM Na,CO;, 1 mM EDTA, 0.5 mM phenyl-
methylsulphonyl fluoride (PMSF), 1 ug ml~' pepstatin and
1 x Complete™ serine and cysteine protease inhibitor tablet
250 ml~' (pH 7.4). The suspension was then homogenized and
centrifuged at 1000 x g for 10 min, the supernatant decanted
and centrifuged at 48,000 x g for 20 min. The resultant pellets
were resuspended in buffer containing 20 mMm Tris-HCI, 0.25 M
sucrose, 2 mM EDTA, 0.5 mM PMSF, 1 ug ml™' pepstatin
and 1x Complete™ serine and cysteine protease inhibitor
tablet 250 ml~! (pH 7.4) to a volume of approximately
48 x 10° cells ml~! and stored at —80°C until used.

[*#I]-PrRP-20 binding assays

HEK?293-GPR10 receptor expressing cell membranes were
incubated with ['**I]-PrRP-20 in buffer containing 20 mM Tris-
HCl, 5mM Mg-Acetate, 2 mM EGTA, 0.5 mMm PMSEF,
1 ug ml~" pepstatin and 1 x Complete™ serine and cysteine
protease inhibitor tablet 250 ml~' and 0.1% (w v~') BSA
(pH 7.4) at 25°C for 90 min. The total assay volume was
0.5 ml. The reaction was terminated by rapid filtration through
Whatman GF/B glass fibre filters, followed by rapid washing
of the filters with 5 x 1 ml aliquots of ice cold buffer containing
50 mM Tris-HCI, 10 mMm MgCl, (pH 7.4). Bound radioactivity
was determined by gamma counting. Non-specific binding was
defined as that remaining in the presence of 0.1 uM rat PrRP-
31. Saturation studies were carried out by incubating
membranes (4 ug protein well~!) with a range of concentra-
tions of ['**I]-PrRP-20 (0.01 —5 nM). Specific binding data was
analysed using the program Radlig (Biosoft) to provide
estimates of K, and B,,., values. Protein content was assayed
using the Bradford method (Bradford, 1976) using bovine
serum albumin as a standard. Association kinetic studies were
performed by measuring specific binding of ['**I]-PrRP-20
(0.2 nM) at 0.5-90 min after addition of membranes (2 ug
protein well ™). For dissociation studies, membranes were pre-
incubated with ['*I]-PrRP-20 (0.2 nM) for 90 min. Specific
binding was then measured at 5—200 min after the addition of
0.1 um PrRP-31. Kinetic data was analysed by GraFit
(Erithacus Software) to provide estimates of K,, and K.y
values. Competition studies were performed by incubating cell
membranes (2 ug protein well™") with ['**I]-PrRP-20 (0.2 nM)
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Figure 1

Amino acid sequences of short and long forms of prolactin releasing peptide (PrRP) in rat and human.
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and a range of concentrations of the test compound.
Competition curves were analysed by non-linear least-squares
fitting to a four parameter logistic equation by Microsoft Excel
in order to determine ICsy values (Bowen & Jerman, 1995). K;
values were then derived from the ICs, values using a nominal
Kp value of 0.1 nM (which takes into account binding to both
high and low affinity sites obtained from saturation studies)
(Cheng & Prussoff, 1973). Results are given as means
(+s.e.mean) of at least three independent experiments.

Calcium mobilization assays

Intracellular calcium was monitored using the fluorescent dye
Fluo 4AM in a Fluorometric Imaging Plate Reader (FLIPR,
Molecular Devices, U.K.). HEK293-GPR10 cells were
cultured in poly-D-lysine coated 96-well microtitre plates
24 h before use at as a seeding density of 52,000 cells well ™",
Prior to assay on FLIPR, cells were incubated with Fluo 4AM
(1 um) for 60 min at 37°C in Hank’s buffered saline solution
containing 0.1% BSA and 2.5 mM probenicid. Extracellular
dye was then removed by washing three times with 150 ul
Hank’s buffered saline solution containing 2.5 mM probenicid
without BSA. Compounds were tested for agonist activity in
FLIPR by adding 40 ul of test solution to a plate volume of
120 ul at 37°C. Peak stimulation (minus basal) was plotted
versus concentration of test compound and iteratively curve
fitted using a four parameter logistic equation (Grafit,
Erithacus Software) to assess agonist potency and maximal
response.

Cyclic AMP assays

Intracellular cyclic AMP levels were determined with
flashplates (SMP004, New England Nuclear). Briefly,
HEK?293-GPR10 cells were dispensed into 96-well flashplates
(50,000 cells well™!) at 37°C and incubated with 0.5 mm
isobutylmethylxanthene (IBMX) for 15 min before PrRP-20
and / or forskolin (30 uM) were added simultaneously to a final
volume of 100 ul. After 15 min the incubation was terminated
and plates processed according to the manufacturers instruc-
tions. Plates were counted in a TopCount scintillation counter
(Packard).

Materials

HEK-293 cells stably transfected with GPR10 were produced
by SmithKline Beecham Pharmaceuticals.

Human PrRP-20, human PrRP-31, rat PrRP-20 and rat
PrRP-31 were synthesized by SmithKline Beecham Pharma-
ceuticals. Other drugs and chemicals were purchased from
Sigma-Aldrich (Poole, U.K.), Tocris Cookson (Bristol, U.K.),
Bachem (Saffron Walden, U.K.), Phoenix Pharmaceuticals
(CA, U.S.A.), Boehringer Mannheim (Mannheim, Germany),
Fisher Scientific (Loughborough, U.K.), BDH (Poole, U.K.)
and Molecular Probes (Leiden, Holland). ['*’I]-PrRP-20
(specific activity 2000 Ci mmol ') was synthesized by Amer-
sham Pharmacia (Cardiff, U.K.).

Results
Saturation studies
Specific binding of ['*°I]-PrRP-20 represented more than 90%

of total binding and was saturable, whereas non-specific
binding increased linearly with radioligand concentration

(Figure 2a). ['**I-human PrRP-31 was also tested and showed
similar levels of specific binding (data not shown); only ['*°I]-
PrRP-20 was used in subsequent studies. Analysis of binding
data revealed that ['*’I]-PrRP-20 bound to two sites on the
HEK?293-GPR10 membranes with K, values of 0.026+0.006
and 0.57+0.14 nM, with respective B, values of 30104400
and 857042240 fmol mg protein~' (Figure 2b). Each in-
dividual experiment showed a two site fit to be statistically
better than a one site fit (P <0.05, F-test).

Kinetic studies

Association studies indicated that equilibrium was reached
within 90 min. Although association curves appeared to be
biphasic (Figure 3a and inset linear transformation), analysis of
the data did not reveal any significant difference between single
and two site fits. Dissociation of ['**I]-PrRP-20 upon addition of
excess cold PrRP-31 was very slow and appeared monophasic,
with 50% of specific binding being dissociated after 120 min
(Figure 3b and inset linear transformation). Single site analysis
of these results gave a Ky, 0f 0.0774+0.008 min~' and a K¢ of
0.0048 +0.0002 min~', leading to a calculated K,, value of
396+ 54 min~' um~ ! The K, derived from this data was
0.012 nM, which is similar to the value for the high affinity site
derived from the saturation studies.

Competition studies

Human PrRP-20, human PrRP-31, rat PrRP-20 and rat PrRP-
31 displayed high affinity for GPR10 receptors, with K; values
of 0.26+0.07, 1.03+0.41, 0.22+0.06 and 0.33+0.11 nMm
respectively (Figure 4). In contrast, a range of other drugs
which are known ligands at receptors which share limited
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Figure 2 (a) Total, non-specific and specific binding of ['**I-PrRP-
20 to membranes from HEK?293 cells expressing GPR10 receptors
with increasing radioligand concentration. Data represents a single
experiment (each point determined in quadruplicate), which was
replicated six times with similar results. (b) Scatchard transformation
of the data from (a).
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Figure 3 (a) Time course for association of ['**I]-PrRP-20 binding
to HEK293-GPR10 receptor expressing membranes. Data represents
a single experiment, which was replicated five times with similar
results. The inset shows the data transformed as a semi-log plot
(correlation coefficient r=0.98), where B, is the specific binding at
time ¢ and B, is the specific binding measured at equilibrium. (b)
Time course for the dissociation of ['*I]-PrRP-20 binding from
HEK?293-GPR10 receptor expressing membranes. Data represents a
single experiment, which was replicated three times with similar
results. The inset shows the data transformed as semi-log plot, where
B, is the specific binding at time ¢ and B, is the specific binding
measured at equilibrium.

homology with GPR10 displayed no affinity for GPRI10
receptors up to 30 uM (Table 1).

Cyclic AMP assays

Ten um PrRP-20 failed to elevate intracellular cyclic AMP
levels in HEK293-GPR10 cells (2.96 +0.42 pmoles 10° cells '
compared to basal level of 4.09+0.57 pmoles 10° cells~!). Ten
uM PrRP-20 also failed to significantly decrease cyclic AMP
levels following stimulation with 30 um  forskolin
(508 +12.6 pmoles 10° cells~™' compared to control level of
502+ 17.8 pmoles 10° cells™").

Calcium mobilization studies

Human PrRP-20, human PrRP-31, rat PrRP-20 and rat PrRP-
31 were equipotent in stimulating Ca®" mobilization in

*K; values are from 2-3 determinations.
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Figure 5 Concentration dependent stimulation of Ca®>" mobilization

by human PrRP-20, human PrRP-31, rat PrRP-20 and rat PrRP-31
in HEK 293 cells expressing GPR10. Data shown are the mean of six
experiments; vertical lines show s.e.mean.

HEK?293 cells stably transfected with the GPRI10 receptor
(Figure 5). ECs, values for the four peptides were 1.06+0.22,
1.544+0.26, 0.754+0.06 and 1.56+0.42 nM respectively. The
response to human PrRP-20 was abolished by pre-incubation
for 30 min with 1 uM thapsigargin with an ICs, value of
4.9+0.6 nM (data not shown).
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Discussion

These studies indicate that ['*I]-PrRP-20 is a specific, high
affinity radioligand for the GPR10 receptor. Saturation studies
suggest the existence of two distinct binding sites for ['*°I]-
PrRP-20 which bind with sub-nanomolar affinity (K, values of
0.026 and 0.57 nM respectively). Kinetic studies were unable to
discern two distinct binding sites although a trend towards
biphasic association was observed. Single site analysis of the
data produced a K, of 0.012 nM, which is similar to the value
for the higher affinity site obtained from saturation studies.
The K, of the higher affinity site is similar to that reported by
Hinuma et al. (1998) for bovine PrRP-31 binding to hGR3 /
GPR10 and UHR-1. The K, of the lower affinity site is similar
to the affinities of human and rat PrRP-20 and PrRP-31
determined by competition for of ['**I]-PrRP-20 binding.
Studies on HEK293-GPR10 cells using Flashplate technol-
ogy showed that human PrRP-20 had no effect on basal levels
of intracellular cyclic AMP. This suggests that GPR10 does
not couple through G, which would activate adenylyl cyclase
to increase the cyclic AMP concentration. Additionally, PrRP-
20 failed to decrease cyclic AMP levels after stimulation with
forskolin, indicating that GPR10 does not couple via G; (which
would inhibit adenylyl cyclase to lower cyclic AMP levels). In
calcium mobilization studies, all four PrRP peptides were
shown to be potent, full agonists at the GPR10 receptor. ECs,
values for these peptides agreed with their affinities as
determined by competition for ['**I]-PrRP-20 binding. Further
calcium mobilization studies showed that the response to
PrRP-20 was completely abolished by pre-incubation for
30 min with 1 M thapsigargin, an inhibitor of the endoplas-
mic reticulum Ca’?*-ATPase. This suggests that response to
PrRP peptides is a result of mobilization of intracellular
calcium stores. These data are in contrast to that of Kimura et
al. (2000), which show that PrRP stimulates extracellular
signal-regulated protein kinase (ERK) in both GH3 rat
pituitary tumour cells and primary cultures of rat anterior
pituitary. They demonstrate that the effect is largely pertussis
toxin sensitive, indicating that the greater part of the coupling
is via G;i/G,. Additionally, they show that ERK activation is
independent of intracellular calcium. However, they also
demonstrate that activation of c-Jun N-terminal protein kinase
(JNK) by PrRP is fully dependent on protein kinase C (PKC).
This suggests the possibility of GPR10 also signalling through
a G, pathway to stimulate PLC to produce diacylglycerol
(DAG) and activate PKC. Comparison of the findings of
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