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[*H]-InsPy total inositol phosphates

NmU neuromedin U

NmU-R1 neuromedin U receptor 1
NmU-R2 neuromedin U receptor 2
hNmU-R1 human neuromedin U receptor 1
hNmU-R2 human neuromedin U receptor 2
MAPK mitogen activating protein kinase
ERK extracellular regulated kinase
hNmU-25 human neuromedin U-25

GPCR G-protein coupled receptor
Ins(1,4,5)P; inositol (1,4,5) trisphosphate
KHB Krebs' -based HEPES buffer
eGFP-PHpLcs1 enhanced green fluorescent protein coupled to

the plekstrin homology domain of phospholipase Cs,
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fluorescent intensity units

horseradish peroxidase
neuromedin U-8 conjugated with Cy3B

intracellular Ca?* concentration
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Abstract

The neuropeptide, neuromedin U (NmU), shows considerable structural conservation
across species.  Within the body it is widely distributed and in mammals has been
implicated in physiological roles including the regulation of feeding, anxiety, pain,
blood flow and smooth-muscle contraction. Recently, human NmU-25 (hNmU-25)
and other NmU analogs were identified as ligands for two human orphan G-protein
coupled receptors, subsequently named hNmU-R1 and hNmU-R2. These receptors
have approximately 50% amino acid homology and, at least in mammalian species,
NmU-R1 and NmU-R2 are expressed predominantly in the periphery and CNS
respectively. Here, we have characterized signaling mediated by hNmU-R1 and
hNmU-R2 expressed as recombinant proteins in HEK293 cells, particularly to define
their G-protein coupling and the activation and regulation of signal transduction
pathways. We show that these receptors couple to both Gy and Gai. Activation of
either receptor type causes a pertussis toxin-insensitive activation of both
phospholipase C and mitogen activated-protein kinase and a pertussis toxin-sensitive
inhibition of adenylyl cyclase with sub-nanomolar potency for each. Activation of
phospholipase C is sustained but despite this capacity for prolonged receptor
activation, repetitive application of hNmU-25 does not cause repetitive intracellular
Ca?* signaling by either recombinant receptors or those expressed endogenously in
isolated smooth muscle cells from rat fundus. Using several strategies we show this
to be a consequence of essentially irreversible binding of hNmU-25 to its receptors
and that this is followed by ligand internalization. Despite structural differences
between receptors there were no apparent differences in their activation, coupling or

regulation.
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I ntroduction

The neuropeptide, neuromedin U (NmU), was originally isolated from porcine
spinal cord along with other neuromedins in the 1980s based on their ability to
contract smooth-muscle. Purification and characterization of NmU identified two
peptides with similar biological activity (Minamino et al., 1985), both of which
contracted strips of rat uterus (hence the suffix 'U). These peptides were an
icosapentapeptide (NmU-25) and an octapeptide (NmU-8) identical to the C-terminus
of NmU-25. The search for NmU in other species identified icosapentapeptides in
human (hNmU-25), rabbit, dog, frog and chicken, a 23 amino acid version in rat and
nonapeptides in guinea-pig and chicken. An octapeptide has also been identified in
dog, which, as with porcine NmU-8, is most likely generated through cleavage at adi-
basic Arg-Arg motif present in canine and porcine NmU-25 (for review see Brighton
et a., 2004). Shorter versions of NmU are biologically active and indeed activity
resides predominantly in the highly conserved C-terminus. In the rat, NmU-like
immunoreactivity is widely distributed with highest levels in the anterior pituitary and
gastrointestinal tract (Domin et al., 1987). Significant levels are also found in the
brain, spinal cord and both the male and female genito-urinary tract (Domin et al.,
1986). Circulating NmU has not been detected, suggesting that it acts as a
neuropeptide or neuromodulator rather than a circulating hormone (Augood et al.,
1988).

Despite an appreciation of the tissue distribution of NmU in several species
and a detailed understanding of structure-activity relationships, its physiological roles
remain to be defined precisely. NmU contracts smooth muscle in a tissue- and
species-specific manner (Minamino et a., 1985; Bockman et al., 1989; Maggi et al.,
1990; Westfal et al., 2001), regulates regional blood flow and blood pressure
(Gardiner et a., 1990) and influences the pituitary-adrenal-cortical axis (Maendowicz
et al., 1993). Intracerebroventricular administration of NmU mediates stress-
responses and increases both arterial pressure and heart rate in conscious rats
(Westfall et al., 2001; Chu et a., 2002) indicating a role in the regulation of
sympathetic nervous activity and cardiovascular  function. In rats,
intracerebroventricular injection of NmU also decreases food intake and body weight
(Howard et a, 2000; Kojima et al., 2000; Nakazato et al., 2000; lvanov et a, 2002;

Wren et a., 2002), and increases gross-locomotor activity, body temperature, heat
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production and oxygen consumption (Howard et al., 2000; Nakazato et al., 2000).

Interestingly leptin evokes the release of NmU from hypothalamic explants (Wren et
al., 2002) suggesting that the effects of leptin on feeding, body weight and
metabolism may also be mediated, at least in part, through NmU.

The recent identification of a human orphan G-protein-coupled receptor
(GPCR) as a specific target for NmU (human neuromedin U-receptor 1; hNmU-R1)
(Fujii et al., 2000; Hedrick et al., 2000; Hosoya et al., 2000; Howard et al., 2000;
Kojimaet a., 2000; Raddatz et al., 2000; Shan et al., 2000; Szekeres et al., 2000) and
the subsequent identification of an additional receptor (human neuromedin U-receptor
2; hNmU-R2) (Hosoya et al., 2000; Howard et al., 2000; Raddatz et al., 2000; Shan et
al., 2000) has greatly enhanced interest and understanding of NmU. Both receptors
show characteristics of family 1 GPCRs and have approximately 50% amino acid
homology. Recombinant NmU receptors elevate intracellular [Ca®] ([Ca’];) with
nM potency (Fujii et al., 2000; Hedrick et al., 2000; Hosoya et al., 2000; Howard et
al., 2000; Kojima et al., 2000; Raddatz et al., 2000; Shan et a., 2000; Szekeres et al.,
2000; Funes et a., 2002) although it is unclear whether they couple to other signaling
pathways (Hosoya et al., 2000; Szekeres et al., 2000). The distribution of mMRNA
suggests that NmU-R1 and NmU-R2 are located predominantly but not exclusively in
peripheral tissues and the CNS respectively (Hedrick et al., 2000; Hosoya et al., 2000;
Howard et al., 2000; Raddatz et al., 2000; Shan et a., 2000; Szekeres et al 2000;
Westfall et al., 2001). These distribution patterns have started to allow the assignment
of particular physiologica roles to the receptor sub-types. However, overlapping
expression and the absence of selective ligands has made it difficult to define which
receptors mediate specific responses and which intracellular signaling pathways are
involved. The discovery of receptors for NmU presents the possibility of
characterizing the cellular signaling pathways regulated by NmU. In the current study
we have explored the signaling mediated by recombinantly expressed NmU receptors,
examining their coupling to intracellular signal transduction pathways, desensitization

profiles and potential differences between the receptor sub-types.
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Materialsand Methods

Materials. HEK293 cell culture reagents were from Gibco Life Technologies
(Paisley, U.K.) and primary cell culture reagents were supplied by Cascade Biologics
(Nottingham, U.K.). Cell culture plastic-ware was from NUNC (Roskilde, Denmark).
Fluo-3-acetoxymethyl ester (fluo-3-AM) was supplied by TEF labs (Austin, TX,
U.S.A.) and fluo-4-AM and pluronic F-127 by Molecular Probes Ltd (Leiden, The
Netherlands). myo-[*H]-Inositol (71Ci mmol™) and [**°1]-hNmU-25 (2000Ci mmol™)
were from Amersham Biosciences (Little Chalfont, Bucks., U.K.), [*H]-inositol 1,4,5-
trisphosphate ([*H]-Ins(1,4,5)Ps) (22Ci mmol™) and [*H]-cAMP (34Ci mmol™) from
NEN (Boston, MA, U.S.A.) and [**S]-GTPyS (1250Ci mmol™) from PerkinElmer Life
Sciences Inc. (Boston, MA, U.S.A.). Biocoat 384-well black-walled clear-bottomed
microtitre plates were from Becton Dickinson (Bedford, MA, U.SA.). Costar
polypropylene 96-well plates, Unifilter 96-well white microplates with bonded
Whatman GF/B filters and Microscint 20 scintillation fluid were all supplied by
Packard (Boston, MA, U.S.A.). Emulsifier-safe scintillation fluid was supplied by
Packard Bioscience (Groningen, The Netherlands). Protein A Sepharose beads were
supplied by Amersham Biosciences (Uppsala, Sweden) and nitrocellulose membrane
(Protran) was supplied by Schleicher and Schuell (Keene, NH, U.SA.). The
monoclonal antibody specific for Gagi1 (Bundey and Nahorski, 2001) was generated
by Genosys Biotechnologies (Pampisford, U.K.) by inoculation of rabbits with the
common C-terminal (positions 344-353) sequence (C)QLNLKEYNLV. Antibodies
against Gaj1.a) (SC-410) and Gas (SC-823), ERK (SC-93) and phospho-ERK (SC-
7383) were from Santa Cruz Biotechnology (Santa Cruz, CA, U.SA.). The ECL
Western blotting system was from Amersham Biosciences (Little Chalfont, Bucks.,
U.K.). The transfection reagents Genejuice and LipofectAMINE Plus were from
Novagen (Madison, WI, U.S.A.) and Life Technologies (Paisley, U.K.) respectively.
Protease inhibitor cocktail set 1 was from Calbiochem (Nottingham, U.K.). hNmU-25
was made at GlaxoSmithKline (Harlow, U.K.).

Other reagents were supplied by either Sigma Aldrich (Poole, U.K.), Fisher
Scientific (Loughborough, U.K.), Merck (Darmstadt, Germany) or BDH Laboratory
Supplies (Poole, U.K.).
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Cell culture and creation of stable cell lines expressng hNmU-R1 or hNmU-R2.

HEK293 cells were maintained in Minimum Essential Medium (MEM) with Earl’s
Salts supplemented with 10% fetal calf serum, non-essential amino acids and 50ug
mi™ gentamycin. Cells were maintained in 175cm? flasks at 37°C in a 95%/5%
air/CO, humidified environment. Cells for experimental use in multiwells or on
coverslips were cultured on poly-D-lysine-coated surfaces. The DNA encoding
hNmU-R1 was cloned into ECORT/EcoRV and hNmU-R2 into Asp718/Bam HI of
pCDN (Aiyar et al., 1994). Constructs were transfected using LipofectAMINE Plus
and grown under selection (400ug mli™ Geneticin). Clonal cell lines were expanded
from single foci and screened by determination of hNmU-25-mediated elevation of
[Ca®"]; in fluo-3-AM-loaded cells using a fluorescence imaging plate reader (FLIPR),
accumulation of total inositol phosphates ([*H]-InsP,), and Ins(1,4,5)Ps production
using both single-cell and population assays (see below). Relative expression levels
were examined by the binding of [?°1]-hNmU-25 to membrane preparations using a
concentration of ligand approximating to the Ky (see below). Single clones
expressing either hNmU-R1 or hNmU-R2 were selected based on both similar
expression levels and approximately equivalent functional responses mediated by
hNmU-25 (10nM).

Dissociation and culture of rat stomach fundus smooth-muscle cells: cells were
isolated by enzyme digestion and mechanical sheering of diced fundus from adult
male Wistar rats (<300g) using a protocol originally optimised for the dissociation of
pig coronary artery smooth muscle cells (Quayle et a., 1996). Animals were handled
in accordance with the U.K. Animals (Scientific Procedures) Act, 1986. Following
collection of cells by centrifugation (500g, 3min) they were re-suspended and cultured
(37°C; 5% CO,) on untreated 25mm glass coverslips in Medium 231 supplemented
with 5% smooth-muscle growth supplement, 50ug ml™ streptomycin, 50 iu mi™

penicillin and 50ug mi™ gentamycin.

Binding of [**1]-hNmU-25. Membrane preparation: confluent cell monolayers were
harvested with phosphate buffered saline, collected by centrifugation (200g, 2min,
4°C) and re-suspended in homogenization buffer (composition (mM) EDTA; 1, Tris-
HCI; 10, PMSF 1, and benzamidine 200ug ml™, pH 7.4). After 15min on ice, cells

8
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were homogenised, centrifuged (20000g, 4°C, 10min) and the pellets re-suspended in

homogenization buffer at 1mg protein mi™.  [*°1]-hNmU-25 saturation binding:
experiments were performed in buffer (composition (mM, unless otherwise stated)
Tris HCl pH 7.4, 20; MgCl,, 5; Na-EGTA, 2; and bacitracin, 0.1mg ml™) in 100ul
volumes in a 96-well format using 10ug of membrane and ['*1]-hNmU-25 at 0.1
1000pM. Non-specific binding was determined using 1uM hNmU-25 with a 5min
pre-incubation period. After 1hr a room temperature, 100ul ice-cold 0.9% NaCl was
added and the suspension rapidly filtered through 0.3% polyethylenimine pre-soaked
Unifilter 96-well microplates with bonded Whatman GF/B filters. Recovered

radi oactivity was determined by standard liquid scintillation counting.

Determination of G-protein activation. Membrane preparation: cells were harvested
with phosphate buffered saline, collected by centrifugation (200g, 5min, 4°C) and the
pellet homogenised in lysis buffer (composition (mM) HEPES, 10; EDTA, 10; pH
7.4). This suspension was centrifuged (30000g, 15min, 4°C) and the final pellet
homogenised in freezing buffer (composition (mM) HEPES, 10; EDTA, 0.1; pH 7.4).
Protein concentration was adjusted to 1mg ml™  [®*Y-GTPyS binding and
immunopr ecipitation of Ga-subunits: determination of G-protein activation was by
[*S]-GTPyS binding and immunoprecipitation of specific Go-subunits (Akam et al.,
2001) using membranes (25ug) incubated with either 1uM (for Gagi1) or 10uM (for
Go; and Gos) GDP and 1nM [*S]-GTPyS. Where appropriate, tubes contained 10uM
GTPyS to determine non-specific binding and/or 10nM hNmU-25. Following
incubation (2min, 37°C) the reaction was terminated with ice-cold buffer and
membranes pelleted by centrifugation. Pellets were solubilised, pre-cleared and
incubated overnight at 4°C with 5ul Go-specific antisera (1:100 dilution). Immune
complexes were isolated with Protein A Sepharose beads, collected by centrifugation
and extensively washed. Beads were re-suspended in scintillation fluid and [*S]
determined.

Determination of phospholipase C activity

Total [*H]-inositol phosphate ([*H]-InsP,) accumulation. Cell monolayers in 24-
well plates were loaded with 3uCi ml™ of myo-[H]-inositol for 48h and, if required,
treated with 100ng mi™ pertussis toxin for the last 20-24h. Cells were washed twice

9
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with 1ml of Krebs'-based HEPES buffer (KHB) (composition (mM, unless otherwise

stated): HEPES 10; NaHCO; 4.2, D-glucose 11.7; MgS0,.7H,0 1.18; KH,PO, 1.18;
KCI 4.69; NaCl 118; CaCl,.2H,0 1.29; 0.01% w/v BSA, pH 7.4) and equilibrated at
37°C for 15min with 250ul KHB containing 10mM LiCl. For experiments here and
elsewhere, Ca*-free conditions were obtained by the exclusion of CaCl,.2H,0 from
the KHB. Cells were chalenged with agonist and the reaction terminated with an
equal volume of ice-cold, 1M trichloroacetic acid. [*H]-InsP, were extracted and
separated by anion exchange chromatography (Willars and Nahorski, 1995).
Ins(1,4,5)P; mass generation. Cell monolayers in 24-well plates were washed with
1ml KHB and incubated at 37°C for 10min with 200ul KHB. Cells were challenged
with 50ul KHB containing hNmU-25 as required. Reactions were terminated by the
addition of an equal volume of 1M trichloroacetic acid. Ins(1,4,5)P; was extracted
and determined using a radioreceptor assay (Willars and Nahorski, 1995) and related
to cell protein content.

Single cell imaging of phospholipase C activity. The vector containing the fusion
construct between the enhanced green fluorescent protein (eGFP) and the pleckstrin
homology (PH) domain of phospholipase Cs; (eGFP-PHp c51) was generously
provided by Professor T. Meyer (Stanford University, CA, U.SAA) and used to
monitor phospholipase C activity in single cells as described (Nash et al., 2001).
Briefly, cells on 25mm coverslips were transfected with 1ug of eGFP-PHp, 51 plasmid
cDNA using Gengjuice transfection reagent. Cells were cultured for 48hr and
coverslips mounted onto the stage of an UltraVIEW confocal microscope
(PerkinElmer Life Sciences, Cambridge, U.K.) with a X40 oil emersion objective and
excited at 488nm using a Kr/Ar laser. Emitted light was collected above 510nm and
images captured a approximately 1 sec’. The chamber volume was maintained at
approximately 0.5ml and perfused (5ml min™) with KHB heated to 37°C with a Peltier
unit. When cells were initially exposed to hNmU-25, perfusion was stopped and
additions made directly to the cell chamber. Cytosolic fluorescence provides an index
of Ins(1,4,5)P; levels and is expressed as the change in fluorescence relative to that in
the 30s preceding agonist application.

Deter mination of [Ca?'];

10
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Confocal [Ca®]; imaging. Changes in [Ca®']; in single cells were performed

essentialy as described previously (Werry et al., 2002). Briefly, cells on 25mm
coverslips were loaded with 5uM fluo-3-AM with 0.044% (w/v) pluronic F-127 for
1h (HEK293 cells) or 30min (rat fundus smooth muscle cells) a room temperature
and imaged as described above. Addition of hNmU-25 and thapsigargin was by bath
application in the absence of perfusion. Other agonists and changes in buffer were via
perfusion of the chamber (see above). Cytosolic fluorescence provides an index of
the [Ca®"]; and is expressed as the change in fluorescence relative to that in the 30s
preceding agonist application.

FLIPR analysis. Cells were seeded into 384-well microtitre plates at 10,000 cells
well™* and cultured for 24hr. Cell counts were achieved by counting particles of 9.5-
30um with a Beckman Coulter Z-series cell counter (Beckman Coulter, Bucks, U.K.).
Following loading (1uM fluo-4-AM in KHB for 1h at 37°C), cells were washed 3
times and incubated for 10min before assay on a FLIPR at 37°C. The response
following agonist addition was taken as the maximum fluorescence intensity units

(F.1.U) less the minimum immediately prior to addition.

Inhibition of forskolin induced cCAMP accumulation.

Cell monolayers in 24-well plates were washed with 1ml KHB and incubated at 37°C
for 10min with Iml KHB. Buffer was aspirated and replaced by 200ul of buffer
containing agonist at the required concentration. Following a 10min incubation at
37°C, a further 50ul of buffer containing both agonist at the required concentration
and forskolin (final concentration, 10uM) was added. Following a further 10min
incubation at 37°C, buffer was removed and reactions terminated with ice-cold 0.5M
trichloroacetic acid. The CAMP was extracted using a method identical to that for the
extraction of Ins(1,4,5)P; (Willars and Nahorski, 1995). The cAMP content was
determined using a radioreceptor assay with binding-protein purified from calf
adrenal glands(Brown et a., 1971) and related to cellular protein levels.

Determination of ERK activation. Receptor activation and cell solubilization: cells
on 24-well plates were washed and equilibrated in KHB at 37°C. Cells were
stimulated with 10nM hNmU-25 at 37°C and reactions terminated by aspiration and

addition of ice-cold solubilization buffer (composition mM, (unless otherwise stated)

11
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Tris, 100; EDTA, 10; NaCl, 150; NP40, 1% (v:v); SDS, 0.1%; deoxycholic acid, 5mg

mi™; benzamidine, 200ug mi™; PMSF, 1; and protease inhibitor cocktail; pH 7.4).
Cell lysates were pre-cleared by centrifugation (12000g, 10min, 4°C) and supernatant
was adjusted to 3mg protein ml™. Western blotting: proteins (30ug) were separated
by 10% SDS-PAGE, transferred onto nitocellulose membranes, blocked and probed
for ERK. Blots were then stripped and re-probed for phospho-ERK (pERK). In each
case visualization was achieved using HRP-conjugated secondary antibodies, ECL
detection and autoradiography. Densitometric analysis of the autoradiographs was
achieved with a Syngene (Cambridge, U.K.) Bio Imaging System using Genesnap-
GeneGnome software (Syngene, Cambridge, UK) using only the density of p38 ERK
(ERK 1) against which the antibody was raised.

Generation of fluorescently tagged porcine NmU-8 and binding to cells expressing
either hNmU-R1 or hNmU-R2. Generation of NmU-8-Cy3B: Cy3B was attached to
the N-terminus of porcine NmU-8 using Cy3B-NHS ester (Amersham, U.K.),
following standard conditions as recommended by the manufacturer. The product
(NmU-8-Cy3B) was purified by C18 reverse-phase HPLC, and mass confirmed by
MALDI. Imaging of NmU-8-Cy3B: cells were seeded onto 25mm diameter poly-D-
lysine coated glass coverslips and cultured for 24-48hr. Cells were washed with KHB
and the coverslips mounted onto the stage of an UltravVIEW confocal microscope.
Cells were excited at 568 nm using a Kr/Ar laser and emitted light collected with a
broad band RGB emission filter. NmU-8-Cy3B was added via bath application at a
concentration of 10nM and images were taken at a rate of approximately 1 sec™.
Where appropriate, KHB was perfused over the cells at a rate of 5ml min™
Temperature was controlled at 37°C with a Peltier unit, or at 12°C with a Peltier unit

and perfusion of ice-cold buffer.

Data analysis. Concentration-response curves and saturation radioligand binding
data were fitted using GraphPad Prism (GraphPad Prism Software, San Diego, CA,
U.S.A) using a standard four-parameter logistic equation.  All data shown are
expressed as the mean of 3 experiments (unless otherwise stated) + se.m. For

representative data, experiments were also performed to an n of three or more.
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Results

Expression of recombinant hNmU-R1 and hNmU-R2

The binding of [***I]-hNmU-25 to membranes from the clona cell lines
expressing either hNmU-R1 or hNmU-R2 was saturable with the non-specific
component representing approximately 50% of the total at saturating concentrations
of [**1]-hNmU-25. There was no specific binding to wild-type (non-transfected)
HEK293 cells (data not shown). Saturation binding curves indicated Bnay values of
4.88+0.33 pmol mg* and 1.95+0.16 pmol mg® for hNmU-R1 and hNmU-R2
respectively. These experiments also indicated Ky values of —9.87+£0.05 logio M
(135pM) and —9.95+0.10 logio M (112pM) for ANmU-R1 and hNmU-R2 respectively.
However, it must be noted that given the characteristics of NmU binding that indicate
a lack of reversibility (see below), these Ky values may be of limited value in

describing the binding characteristics.

G-protein-coupling of ANmU-R1 and hNmU-R2 in cell membranes

Binding of [*S]-GTPyS to immunoprecipitated Gagai (Fig. 1a) or Gai.3) (Fig. 1c)
increased by approximately 3-fold over basal upon activation of either hNmU-R1 or
hNmU-R2 with 10nM hNmU-25. The binding of [*S]-GTPyS to Gos did not increase
following activation of either receptor type (Fig. 1b) athough activation of
endogenously expressed 3,-adrenoceptors with 100uM noradrenaline resulted in an
approximately 1.5-2 fold increase above basal levels (data not shown). Non-specific
binding using 10uM GTPyS was ~20-50% of basal (unstimulated) [*S]-GTPyS
binding (Fig. 1). In additional cell lines expressing either ANmU-R1 or hNmU-R2 at
26% and 31% respectively of the level in cells used throughout the rest of the study
(data not shown), 10nM NmU also increased [*S]-GTPyS binding to Gaig.s by
approximately 2.5-3 fold over basal (Fig. 1d).

hNmU-25-mediated phosphoinositide signaling
In cells expressing either hNmU-R1 or hNmU-R2, 10nM hNmU-25 caused
marked accumulations of [*H]-InsP, against a Li*-block of inositol monophosphatase
activity (Fig. 2a) that continued until the furthest time tested (60min). Accumulation
was biphasic, with a rapid phase (300-350% over basal min™) that became (at ~20s)
slower (50-60% over basal min™) but sustained (Fig. 2b) suggesting a rapid but partial
13
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desensitization of phospholipase C activity. Challenge of wild-type HEK293 cells

with 10nM hNmU-25 did not result in accumulation of [?H]-InsP, (data not shown).
The accumulation of [®H]-InsP, was concentration-dependent, with similar pECso
values of 9.14+0.07 and 8.97+0.18 for hNmU-R1 or hNmU-R2 respectively (Figs. 2¢
and 2d). Pertussis toxin had no effect on hNmU-25-mediated accumulation of [*H]-
InsPy in either cell line (Figs. 2c and 2d) indicating a lack of involvement of Gaiy in
NmU-mediated phospholipase C responses. In cells expressing hNmU-R1, challenge
with 10nM hNmU-25 in the absence of extracellular Ca®* had no effect on the bi-
phasic profile of the accumulation of [®H]-InsP, but by 60min had reduced the
accumulation to 40+10% (n=3) of that seen in the presence of extracellular C&2*.

Activation of either receptor type with 10nM hNmU-25 resulted in a rapid and
marked increase in Ins(1,4,5)Ps; mass that peaked at 10s and declined to a lower but
sustained phase (Fig. 3a).

Transfection of cells expressing either hNmU-R1 or hNmU-R2 with eGFP-
PHpLcs1 resulted in the expression of the construct and localization predominantly to
the plasma membrane (Fig. 3b and c, panel A) due to the high affinity of the PH
domain for Ptdins(4,5)P,. Activation of either hNmU-R1 or hNmU-R2 with 10nM
hNmU-25 resulted in the translocation of eGFP-PHp cs; to the cytosol followed by a
partial re-localization to the plasma membrane (Fig. 3b and ¢, panels B and C). This
was reflected in anaysis of cytosolic fluorescence intensity (Fig. 3b and c).
Translocation to the cytosol is a consequence of the higher affinity of eGFP-PHp 51
for Ins(1,4,5)P; than Ptdins(4,5)P, and therefore reflects cellular levels of 1ns(1,4,5)P;
(Nash et a., 2001).

hNmU-25-mediated Ca** signaling

Single-cell imaging of [Ca®']; in cells expressing either hNmU receptor revealed
robust (2-3 fold over basal), rapid (5s) peaks followed by lower (1.2-1.4 fold over
basal) sustained phases in response to 10nM hNmU-25 (Fig. 4a and b). Removal of
extracellular Ca®* had little effect on the peak elevation but abolished the sustained
phase (data not shown). Removal of extracellular Ca®* during the hNmU-25-mediated
sustained elevation of [Ca’']; caused a reduction in [C&"]; back to basal levels in
hNmU-R1 and hNmU-R2 cell lines (data not shown). Pre-treatment of cells for

10min with the sarco/endoplasmic reticulum Ca*-ATPase inhibitor thapsigargin
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(1uM) abolished the Ca’* responses in both hNmU-R1 and hNmU-R2 expressing

cells (data not shown).

Analysis of Ca®* signaling by FLIPR demonstrated hNmU-25-mediated [Ca?"];
profiles in populations consistent with those in single cells (Fig. 4c and d). The pECsp
values for the hNmU-25-mediated pesk elevation of [Ca?']; in hNmU-R1 and hNmU-
R2 cells were 9.41+0.09 and 9.37+0.06 respectively (Fig. 4e and f).

hNmU-25-mediated regulation of CAMP

Activation of either hNmU-R1 or hNmU-R2 with hNmU-25 resulted in the
inhibition of forskolin (10uM) stimulated cAMP accumulation (Fig. 5) with pECsg
values of 10.10+0.16 and 10.06x0.17 in cells expressing hNmU-R1 or hNmU-R2
respectively. Pertussis-toxin treatment (20h, 100ng mi™) abolished this inhibition of
forskolin-stimulated cCAMP accumulation (Fig. 5). Addition of 10nM hNmU-25 did
not increase CAMP in cells expressing either receptor in the presence or absence of
the phosphodiesterase inhibitor, isobutylmethylxanthine (500uM) (data not shown).
In contrast, challenge of endogenously expressed Gogcoupled p.-adrenoceptors
caused a 5-fold increase in cAMP above basal levels in the absence of
isobutylmethylxanthine (data not shown).

Activation of ERK by hNmU-R1 and hNmU-R2

Challenge of either hNmU-R1 (Fig. 6a(i)) or hNmU-R2 (Fig. 6b(i)) with 10nM
hNmU-25 did not ater cellular levels of ERK. However, hNmU-25 increased the
level of pERK, which peaked after 5-10min of stimulation and then slowly declined
(Fig. 6a(ii), 6b(ii); 6¢c). ERK phosphorylation following activation of either receptor
subtype was unaffected by pertussis toxin (24h, 100ng ml™; data not shown).

Desensitization of hNmU-R and irreversible binding of hNmU-25 under
physiological conditions

Single-cell [Ca?"]; imaging demonstrated that following the stimulation of either
hNmU-R1 or hNmU-R2 expressing cells with 10nM hNmU-25, perfusion with
agonist-free buffer did not return the [Ca®]; to basal levels. Furthermore, re-
application of 10nM hNmU-25 following this perfusion had no effect on [C&?']; (Fig.
7aand b). Application of 100uM carbachol to activate endogenous Goig11-coupled
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muscarinic M3 receptors also evoked a peak and plateau of [Ca®']; elevation that was

similar to that evoked by 10nM hNmU-25 (Fig. 7c). Subsequent perfusion of agonist-
free buffer reduced [Ca?"]; to basal levels and re-application of 100uM carbachol
resulted in a Ca?* response that was 40+10% (n=34 cells) of the original (Fig. 7c). In
hNmU-R1 expressing cells, the addition of 20nM hNmU-25 at 150s following 100uM
carbachol resulted in a Ca?* response of approximately 50+10% (n=26 cells) of that
achieved by the addition of hNmU-25 to naive cells (n=26 cells). However, if cells
were washed (120s) with agonist-free buffer following 100uM carbachol, then 10nM
hNmU-25 evoked a Ca®* response that was 105+15% (n=45 cells) of that induced by
addition of 10nM hNmU-25 to naive cells. In contrast, application of 100uM
carbachol at 150s following hNmU-25 evoked a Ca®* response of that was only
approximately 25% that of the initial hNmU-25 response irrespective of whether there
had been a wash period (120s) or not following hNmU-25 application (n=37 and 47
cells respectively) (data not shown).

In primary isolates of rat fundus, individual smooth muscle cells that had been
allowed to adhere to coverslips for several hours often showed robust contractions to
stimulation with either 300uM UTP or 10nM hNmU-25 (data not shown). These
contractions most often resulted in cell rounding and detachment from the coverslip.
Cells that had been cultured for 5-7 days were more firmly adhered to the coverslip
and robust contractions were rarely seen. However, in cells loaded with fluo-3 and
imaged by confocal microscopy, either 300uM UTP (Fig. 8a) or 10nM hNmU-25
(Fig. 8b) evoked marked pesk and plateau elevations of [Ca?']i.  Following
stimulation, perfusion with agonist-free buffer reduced [Ca’]; to basal levels
following stimulation with UTP (Fig. 8c) but not hNmU-25 (Fig. 8d). Furthermore,
following this wash period (120s), re-application of UTP (Fig. 8c) but not hNmU-25
(Fig. 8d) resulted in a further elevation of [Ca’"];.

Following hNmU-25, the inability of a wash with buffer to fully restore
subsequent Ca®* responses to either hNmU-25 or carbachol is suggestive of
homologous and partia heterologous desensitization that either persists despite
agonist removal or aternatively is a consequence of continued signalling by NmU
receptors. The latter is consistent with the sustained accumulation of [*H]-InsP, under
aLi*-block in HEK293 cells (see above), suggesting that heterologous desensitization
could occur simply through, for example, depletion of a shared intracellular Ca®*

16

202 ‘0T |11dV uo speuinor 134SY e Bio'sfeulno fledse wireyd jow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 26, 2004 as DOI: 10.1124/mol.104.002337
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 2337R
store. Taken together, these data suggest that our wash protocol was not sufficient to

remove receptor-bound hNmU-25. To further explore this we employed four
complimentary approaches: the influence of washing on the accumulation of [*H]-
InsPy; receptor crosstalk; the visualization of NmU binding using a fluorescently-
labelled NmU and the ability of excess cold NmU to displace receptor-bound [**°1]-

NmuU.

The influence of washing cells to remove hNmU-25 on the accumulation of [%H]-
InsPy. As an initial approach to explore the ability to remove receptor-bound hNmuU-
25, we examined the impact of extensively washing cells during the linear phase of
accumulation of [*H]-InsP, under a Li*-block of inositol monophosphatase. Cells
expressing hNmU-R1 were challenged with 10nM hNmU-25 and after 10min were
either i) untreated or alternatively, the buffer removed and the cells washed (three
times with 1ml buffer) before replacement of buffer ii) without or iii) with 10nM
hNmU-25. Irrespective of the manipulation, the rate and extent of accumulation of
[*H]-InsP, was similar (Fig. 9a). Identical data were obtained using cells expressing
hNmMU-R2 (data not shown). Thisisin contrast to similar manipulations using 100uM
carbachol, where removal of carbachol abolished further accumulation of [*H]-InsP;
(Fig. 9b).

Receptor crosstalk. As a second approach to examine whether receptor-bound hNmuU-
25 could be removed with buffer we made use of crosstalk between receptors coupled
to Goiy11 and those coupled to either Gois or Goi. As a conseguence of such crosstalk,
following activation of a Goy11-coupled receptor, activation of either a Gos- or Goy-
coupled receptor can, in some instances, result in the appearance or potentiation of
Ca’* signaling (Werry et a., 2003). Often the ongoing activation of Goyys3-coupled
receptorsis required for the crosstalk and this has the potential to reveal whether these
receptors are active at the time of challenge of Gos- or Gaj-coupled receptors. In
HEK 293 cells, challenge of an endogenous [,-adrenoceptor with 10uM noradrenaline
did not elevate [Ca?*]; (Fig. 108). However, following and in the continued presence
of carbachol-mediated activation of the Gouyii-coupled muscarinic M3 receptor,
application of 10uM noradrenaline resulted in arobust elevation of [Ca®']; (Fig. 10a).

Removal of carbachol by a 2min wash with KHB abolished the [C&?]; response to a
17
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subsequent application of noradrenaline (Fig. 10b) confirming the need for ongoing

activation of the Goy11-coupled receptor to mediate receptor crosstalk. Challenge of
cells with 10uM noradrenaline following and in the continued presence of 10nM
hNmU-25 also provoked a robust elevation of [Ca*]; in cells expressing hNmU-R1
(Fig. 10c). Washing the cells with KHB for 3min following challenge with 10nM
hNmU-25 did not abolish the subsequent [Ca®"]; response to noradrenaline (Fig. 10d)
suggesting that hNmU-R1 was still active. Data obtained using cells expressing
hNmU-R2 were identical to those obtained using cells expressing hNmU-R1 (data not

shown).

Binding of fluorescently-labelled NmU. As a third approach to determine whether a
wash with KHB is sufficient to remove receptor-bound hNmU-25, we used porcine
NmU-8 with an N-terminally conjugated fluorophore, Cy3B (NmU-8-Cy3B; 10nM).
In studies based on [*H]InsPy accumulation, NmU-8-Cy3B was equipotent with both
unlabelled hNmU-25 and porcine NmU-8 (Table 1).

Addition of NmU-8-Cy3B to cells expressing hNmU-R1 resulted in an
immediate appearance of intense fluorescence localized to the plasma membrane (Fig.
11&(ii)). No fluorescence was observed following an identical addition to wild-type
HEK 293 cells (data not shown). At 1min following the addition of NmU-8-Cy3B, the
addition of 1uM hNmU-25 did not result in a loss of plasma membrane fluorescence
in hNmU-R1 expressing cells (Fig. 11b(i and ii)). Furthermore, following addition of
10nM NmU-8-Cy3B at 12°C (to block receptor internalization), continuous perfusion
of cells with KHB (5ml min™) did not diminish plasma membrane fluorescence (Fig.
11c(i and ii)). Addition of 1uM hNmU-25 prior to the addition of NmU-8-Cy3B
abolished the appearance of plasma membrane fluorescence in hNmU-R1 expressing
cells (Fig. 11d(ii)).

Severa aternative wash-protocols were used in an attempt to remove bound
NmU-8-Cy3B (data not shown). These included increasing the salt concentration of
the KHB (up to 200mM NaCl), the addition of acetic acid (up to 50mM), and
reducing the buffer pH with HCI. Only when the buffer was reduced to pH 2.0 was
there any loss of plasma membrane fluorescence. The loss of membrane fluorescence
was immediate and full. Following areturn of the cells to buffer at pH 7.4, membrane

fluorescence re-appeared only following the re-addition of NmU-8-Cy3B. This wash
18
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and re-binding procedure could be carried out at least three times without any

discernable reduction in the fluorescence associated with the membrane in the
presence of NmU-8-Cy3B at pH 7.4 (data not shown). However, even in the absence
of any pre-stimulation this pH 2.0 wash resulted in a marked reduction in both [Ca®"];
and [*H]-InsP; responses to either hNmU-25 or carbachol (data not shown). At 37°C
(rather than 12°C), addition of NmU-8-Cy3B also resulted in membrane fluorescence
(Fig. 11e(i)) that could not be removed using KHB. Furthermore, after approximately
5min (300s), membrane fluorescence began to reduce coincident with the appearance
of punctuate fluorescence within the cell (Fig. 11e(ii)) indicating internalization of the
ligand. By approximately 8-10min, cellular fluorescence was almost exclusively
punctate and cytosolic (Fig. 11e(iii)). All experiments with NmU-8-Cy3B were
repeated in cells expressing hNmU-R2 and identical results were obtained (data not

shown).

Displacement of pre-bound [*°I]-hNmU-25. As a final approach to examine
the possible irreversible binding of NmU, we pre-bound [*®I]-hNmU-25 to
membranes prepared from cells expressing either hNmU-R1 or hNmU-R2.
Membranes (10ug) were incubated for 1h at room temperature with 150pM [*?°I]-
hNmU-25 to label approximately 50% of the receptors. An excess of unlabelled
hNmU-25 (1uM) was then added and the amount of [*2°1]-hNmU-25 remaining bound
over the next hour was determined. The pre-binding of [*1]-hNmU-25 resulted in
the specific binding of approximately 2,600 d.p.m.. The addition of unlabelled
hNmU-25 did not reduce the amount of bound [*?°1]-hNmU-25 (100+5% remaining

bound after 1h).
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Discussion

The current study characterizes many aspects of the signaling profiles of the
two human receptors for the neuropeptide, NmU. Using HEK293 cells with stable
expression of either hNmU-R1 or hNmU-R2 we demonstrate coupling to both Gog11
and Go; G-proteins and that activation of these receptors results in robust
phosphoincsitide and Ca®* signaling and in the inhibition of forskolin-stimulated
accumulations of CAMP.

It is clear from the functional screening assays that hNmU-R1 and hNmU-R2
of human and rodent origin are able to mediate intracellular Ca®* signaling with
potency in the nM range (Fujii et a., 2000; Hedrick et al., 2000; Hosoya et al., 2000;
Howard et al., 2000; Kojima et al., 2000; Raddatz et al., 2000; Shan et al., 2000;
Szekeres et al., 2000; Funes et al., 2002). For hNmU-R1 this has been shown to be
associated with phosphoinositide hydrolysis (Raddatz et al., 2000; Szekeres et al.,
2000). Here we demonstrate that agonist activation of either hNmU-R1 or hNmU-R2
with hNmU-25 caused accumulations of [°H]-InsP, for at least 1h against a Li*-block
of inositol monophosphatase activity. Furthermore, studies on cell populations
demonstrated rapid, transient elevations of [Ca’"]; that quickly subsided to small but
sustained elevations. hNmU-25-mediated accumulations of [*H]-InsP, and elevations
of [Ca®"]; were potent, each with ECs, values of approximately 1nM for both receptor
sub-types. The sustained accumulation of [*H]-InsP, over at least 1hr of agonist
stimulation indicates that neither hNmU-R1 nor hNmU-R2 is subject to a rapid and
full desensitization. However, closer examination over the first few minutes of
stimulation revealed a bi-phasic accumulation consisting of an initial rapid but
transient accumulation followed by a slower but sustained accumulation. This early
switch from rapid to slower accumulation indicates a reduction in phospholipase C
activity (Wojcikiewicz et al., 1993) consistent with a rapid but partial desensitization
of signaling. This pattern is also consistent with a variety of other phospholipase C
coupled receptors (Wojcikiewicz et al., 1993; Willars and Nahorski, 1995). Whilst
the mechanism of desensitization is unclear an obvious candidate is receptor-G-
protein uncoupling following agonist-dependent receptor phosphorylation by G-
protein receptor kinases or second messenger-dependent kinases. Although the level
of Ins(1,4,5)P; is determined by both its generation and metabolism, the peak and
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plateau of hNmU-25-mediated increases in this second messenger is also consistent

with arapid but partial desensitization of signaling.

The similarity of the ECsy values for both Ins(1,4,5)P; accumulation and
elevation of [Ca’"]; are consistent with a tight coupling between these two events.
Further, our single cell imaging of [Ca?*]; in fluo-3-AM loaded cells and Ins(1,4,5)P;
using the eGFP-PHp 51 biosensor (Nash et a., 2001) demonstrate that these events
are temporally similar and reflective of the average signals generated by the study of
cell populations. The initiall hNmU-25-mediated Ca?* signaling arises from a
thapsigargin-sensitive intracellular store whilst the sustained component is dependent
on atransmembrane [Ca®'] gradient, most likely reflecting capacitative Ca’* entry.

In our initial attempt to examine the potential desensitization of hNmU-25-
mediated Ca?* signaling using classical re-challenge protocols, a second addition of
hNmU-25, following an initial challenge and wash, failed to elevate [Ca®"];. This was
also true of NmU-mediated Ca?* signaling in cultured rat fundus smooth muscle cells
suggesting that endogenously expressed receptors behave similarly. Although such
behaviour could be a consegquence of desensitization, this is totally inconsistent with
the sustained plateau of [Ca?']; elevation in HEK293 cells and smooth muscle cells
and the sustained accumulation of [*H]-InsP, in HEK293 cells. These data suggest
that our wash protocol was unable to remove high-affinity hNmU-25 binding to its
receptors. This was confirmed for recombinant hNmU-R1 and hNmU-R2 using a
variety of approaches, namely: the sustained accumulation of [*H]-InsP, despite
attempts to remove the ligand; the phenomenon of crosstalk between Gog11 and Gos-
coupled receptors; the irreversible binding of fluorescently labelled NmU (NmU-8-
Cy3B) and; the inability of excess hNmU-25 to displace pre-bound [*°1]-hNmU-25.
Although slightly acidic washes (pH 4-5) are often used to remove peptide ligands
these, as with the endothelin-A receptor (Hilal-Dandan et al., 1996), proved
ineffective in the removal of NmU-8-Cy3B from either hNmU-R1 or hNmU-R2.
Indeed, only highly acidic washes (<pH 2) were able to remove NmU-8-Cy3B and
although re-binding was possible, such acidity alone not surprisingly influenced cell
signaling making it impossible to study further the desensitization using re-challenge
protocols.

Interestingly, at 37°C there was a substantia interndization of the
fluorescently-labelled NmU over relatively short time-frames. Given the clear high-
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affinity binding of NmU, this almost certainly reflects receptor internalization.

However, substantial receptor internalization is somewhat in contrast to the sustained
linear accumulation of [®H]-InsP, between 1 and 60min even following removal of
free hNmU-25 by washing. This suggests that the recycling of receptors and binding
of additiona hNmU-25 is unlikely to be required for sustained signaling and that
sufficient active receptors either remain at the cell surface or are returned (with or
without ligand). Further studies are required to distinguish these possibilities.
Another possibility is that internalized receptors continue signaling and although it
has been demonstrated that internalized muscarinic receptors cannot contribute to
phosphoinositide turnover (Sorenson et al., 1997), whether thisis true of all receptors
in all circumstances is essentially unknown. As with many other peptide ligands such
as endothelin A (Hilal-Dandan et al., 1996) and substance P (Schmidlin et al, 2001)
the irreversible interaction of hNmU-25 with its receptors has implications on the
function and regulation of its receptors. The physiological consequence of
irreversible binding is unclear but may limit the responsiveness of the receptors to
repeat agonist challenge.

GPCR-mediated activation of MAP kinase by both recombinant and
endogenous receptors is well documented but mechanistically complex (Belcheva and
Coscia, 2002). Here we show that hNmU-25-mediated activation of ERK is pertussis
toxin-insensitive suggesting that Gouyn coupling to phosphoinositide and Ca®*
signaling may be responsible. This is consistent with a variety of other receptors
(Belcheva and Coscia, 2002). For some GPCRs (Daaka et al., 1998) but not all (Budd
et a., 1999), internalization appears to be a requirement for activation of MAP kinase.
Although our data indicate rapid internalization of both hNmU-R1 and hNmU-R2
within 4-5min of addition, the consequence of this internalization in the activation and
regulation of signaling pathways, including the MAP kinase pathway remain to be
established.

hNmU-25-mediated accumulation of [*H]-InsP, by either ANmU-R1 or R2 is
also insensitive to pertussis toxin demonstrating a lack of involvement of Gaiy in this
response. This s consistent with the pertussis toxin-insensitive Ca®* signaling by both
hNmU-R1 and hNmU-R2 (Raddatz et al., 2000; Shan et a., 2000; Szekeres et al.,
2000) and indicates a Goii-mediated activation of phospholipase C. The direct
coupling of both receptors to Gogyi;z was confirmed by showing an hNmU-25
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dependent increase in binding of [**S]-GTPyS to this G-protein. These studies also

demonstrated activation of Go; by both receptors. Potential differences in the ability
of antibodies to immunoprecipitate the different G-protein a-subunits means that we
are unable to directly compare the levels of Gogq1 and Ga; activation. However, both
receptor sub-types were able to inhibit forskolin-stimulated cAMP accumulation
thereby demonstrating functional relevance of Go; activation. The coupling of
GPCRs to multiple G-proteins has, of course, been reported previously (for review see
Hermans, 2003). Although the promiscuous coupling of GPCRs to G-proteins can be
the consequence of aspects such as high-receptor expression levels or the agonist
used, such promiscuity appears to be a physiological reality for a number of receptors
(Hermans, 2003). In our studies we were also able to show the activation of Ga; using
the immunoprecipitation protocol in membranes from additional hNmU-R clonal cell
lines that expressed lower levels of receptor. Furthermore, both hNmU-R1 and
hNmU-R2 inhibited forskolin-stimulated cAM P accumulation more potently than the
elevation of Ca?" or accumulation of [®H]-InsP,, again suggesting that this coupling
may not be simply a consequence of high levels of receptor expression. Previously
hNmU-25 has been reported to partialy inhibit forskolin-stimulated cAMP
accumulation in CHO cells with stable expression of hNmU-R2 (Hosoya et al., 2000),
whilst activation of transiently expressed hNmU-R1 in HEK293 cells has no affect on
either the basal or forskolin-stimulated levels of CAMP (Szekeres et a., 2000).
Whether this dual coupling is true of any endogenously expressed hNmU receptors,
and its physiological and therapeutic relevance, remains to be established.

In summary, we have shown that activation of human NmU receptors
recombinantly expressed in HEK293 cells results in the activation of both
phospholipase C and inhibition of adenylyl cyclase as demonstrated by increases in
[Ca®"]i, Ins(1,4,5)P; and [*H]-InsP, accumulation and by a reduction in forskolin-
elevated CAMP respectively. Furthermore, by directly assessing the coupling of G-
proteins we have demonstrated that the activation of these pathways is the result of
the dual coupling to both Gagy11 and Go; G-proteins, whilst, consistent with a lack of
increase in basal levels of CAMP upon receptor activation, no coupling is observed to
Gos. We have also demonstrated that both hNmU-R1 and R2 activate MAP kinase.
Finally, our data clearly demonstrate that NmU binding is of high affinity and that it

binds essentially irreversibly under physiological conditions and that this binding is
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followed rapidly by internalization. Despite structural differences between the two

hNmU-receptor subtypes these studies have not revealed differences in the signaling

properties of these two receptor types.
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FigurelL egends

Figure 1. G-protein coupling of hNmU-R1 and hNmU-R2. Membrane
preparations (25ug) from cells expressing either hNmU-R1 or hNmU-R2 were
incubated in the presence of GDP (1uM for Gagi1 and 10uM for Goi1-3 and Gos),
1nM [*S]-GTPyS and where applicable hNmU-25 (10nM) (Stimulated). Non-
specific binding (NSB) was determined using 10uM GTPyS. Immunoprecipitation
was carried out using antibodies against specific Go subunits as indicated and
associated [*S] determined. The binding of [®S]-GTPyS to G5 Subunits using
membranes prepared from additional lower expressing clones is also shown (d). All

data are meants.e.m., n=4.

Figure 2. hNmU-R1- and hNmU-R2-mediated accumulation of [*H]-InsP,. Cells
expressing either hNmU-R1 (o) or hNmU-R2 (0) were seeded into 24-well plates
and loaded with [*H]-myo-inositol for 48h. &) Cells were challenged with 10nM
hNmU-25 for varying lengths of time ranging from 0-3600s (60min) in the presence
of a10mM Li*-block of inositol monophosphatase activity. b) Detail from a) showing
the accumulation of [®H]-InsP, over the first 180s of agonist stimulation.
Concentration-response curves for the accumulation of [*H]-InsP, following
activation of either hNmU-R1 (c) or hNmU-R2 (d) by hNmU-25. Cells were
challenged under Li*-block for 60min. The pECs, values were 9.14+0.07 and
8.97+0.18 for hNmU-R1 and hNmU-R2 respectively. Where applicable, cells were
treated with 100ng ml™ pertussis toxin (PTX) for 24hr prior to agonist challenge
(filled symbols). [*H]-InsP, accumulations are presented as the percentage increase

relative to basal levels. Data are meants.e.m., n=3.

Figure 3. hNmU-R1- and hNmU-R2-mediated accumulation of 1ns(1,4,5)Ps. a)
Wild-type HEK293 cells (a) or cells expressing either hNmU-R1 (o) or hNmU-R2
(o) were cultured on 24-well plates and challenged with 10nM hNmU-25 for the time
shown before extraction and determination of 1ns(1,4,5)P; using a radioreceptor assay.
Data are meants.em, n=3. Cells expressing hNmU-R1 (b) or hNmU-R2 (c) were
cultured on glass coverdlips, transiently transfected with the eGFP-PHp 51 construct
and imaged by confocal microscopy. Cells were challenged with 10nM hNmU-25 at

15s. Changes in cytosolic fluorescence (as an index of Ins(1,4,5)P; levels) were
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averaged from 6 cells chosen at random in the field of view but were representative of

al cells. Images A, B and C were taken at the time points indicated on the graphs.
Data are representative of at least 3 separate experiments.

Figure 4. hNmU-R1- and hNmU-R2-mediated changes in [Ca*"].. hNmU-R1 (a)
or hNmU-R2 (b) expressing cells were cultured on glass coverslips, loaded with fluo-
3-AM and cytosolic fluorescence determined by confocal microscopy as an index of
[Ca’"];. Cells were challenged with 10nM hNmU-25 at 30s. Traces show the average
change in cytosolic fluorescence of 6 cells in the field of view chosen at random.
Image panels A, B and C were taken at the time points indicated on the traces. Data
are representative of at least 4 separate experiments. c-f) [Ca?']; in cell populations
was determined using fluo-4-loaded cells and a FLIPR. The time-course of 10nM
hNmU-25-mediated changes in fluorescence intensity units (F.I.U) as an index of
[Ca?"]; is shown for cells expressing either hNmU-R1 (c) or hNmU-R2 (d). The
concentration-response relationships for hNmuU-25-mediated peak elevations of
[Ca®");i in cells expressing either hNmU-R1 () or hNmU-R2 (f) gave pECs values of
9.41+0.09 and 9.37+0.06 respectively Dataare meants.e.m., n=3.

Figure 5. hNmU-R-mediated inhibition of forskolin-stimulated cAMP
accumulation. Cells expressing either hNmU-R1 or hNmU-R2 were cultured on
poly-D-lysine-coated 24-well plates. hNmU-25 was added for 10min prior to addition
of 10uM forskolin. Following a further 10min incubation, CAMP was extracted and
measured by radioreceptor assay. Shown on the left of the panel are basal and
forskalin-stimulated levels of CAMP in cells expressing either hNmU-R1 or hNmuU-
R2. On the right of the panel are curves showing the concentrati on-dependence of the
hNmU-25-mediated inhibition of forskolin-stimulated cAMP accumulation. The
PECsy values for inhibition were 10.10+0.16 for hNmU-R1 (o) and 10.06+0.17 for
hNmU-R2 (o). Following pertussis toxin-treatment of cells (PTX; 20hr, 100ng ml™Y),
10nM hNmU-25 failed to inhibit forskolin-stimulated cAMP accumulation in cells

expressing either ANmU-R1 (m) or ANmU-R2 (e). All dataare meants.em., n=3.

Figure 6. Activation of ERK by hNmU-R1 or hNmU-R2. Cells expressing either
hNmU-R1 (a) or hNmU-R2 (b) were cultured on poly-D-lysine-coated 24-well plates
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and stimulated with 10nM hNmU-25 for up to 60min. Levels of ERK were

determined by Western blotting (a(i); hNmU-R1 and b(i); hNmU-R2) before being
stripped and re-probed for phosphorylated ERK (pERK) (a(ii); hNmU-R1 and b(ii);
hNmU-R2). Data are representative of 4 separate experiments. The density of pERK
following stimulation of hNmU-R1 (o) or hNmU-R2 (o) was then related to the
corresponding ERK density (c) using a Syngene Genegenius Bioimaging System.

Data are meants.e.m, n=4.

Figure 7. [Ca®]; responses to repeated application of hNmU-25 in cells
expressing either hNmU-R1 or hNmU-R2. Cells were cultured on glass coverslips,
loaded with fluo-3 and cytosolic fluorescence measured as an index of [Ca®']; using
confocal microscopy. Cells expressing either hNmU-R1 (a) or hNmU-R2 (b) were
challenged with 10nM hNmU-25 at 30s. In panel c, cells expressing hNmU-R1 were
challenged with 100uM carbachol at 30s. In each case, cells were perfused at 60s
with agonist-free buffer for a further 120s. At 180s, either 10nM hNmU-25 (aand b)
or 100uM carbachol (c) were re-applied. Changes in cytosolic fluorescence of all
cellsinthe field of view were averaged and expressed relative to basal levels. Images
A, B, C and D, were taken at the time points indicated. Data are representative of at

least 4 experiments.

Figure 8. [Ca®]; responses to repeated application of hNmU-25 and UTP in
smooth muscle cells isolated from rat fundus. Smooth muscle cells were
dissociated from rat stomach fundus and cultured on glass coverslips for 5 days. Cells
were loaded with fluo-3 and cytosolic fluorescence measured as an index of [Ca®"];
using confocal microscopy. Cells were challenged with either 300uM UTP (a) or
10nM hNmU-25 (b) at 30s. In further experiments, naive cells were challenged with
either 100uM UTP (c) or 10nM hNmU-25 (d) at 30s and at 60s cells were perfused
with agonist-free buffer. At 180s, 300uM UTP (c) or 10nM hNmU-25 (d) were re-
applied. Changes in the cytosolic fluorescence of 3-6 cells within the field of view
were plotted individually. In panel a, fluorescent images A, B and C were taken at the
points indicated on the graph. All data are representative of at least 3 experiments.
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Figure 9. hNmU-25-mediated accumulation of [®H]-InsP, is unaffected by

washing to remove extrace lular hNmU-25. Wild type HEK293 cells (b) or cells
expressing hNmU-R1 (a) were cultured in 24-well plates and loaded with myo-[H]-
inositol for 48h before challenge with 10nM hNmU-25 in the presence of a 10mM
Li*-block of inositol monophosphatase activity. Cells were challenged with 10nM
hNmU-25 (a) or 100uM carbachol (b) and after 10min were either untreated (o) or the
buffer removed and the cells washed (three times with 1ml buffer) before replacement

of buffer either without (o) or with (V) agonist. Data are meants.e.m, n=3.

Figure 10. Cross-talk between receptors resulting in enhanced [Ca?"]; signaling.
Cells were cultured on glass coverslips, loaded with fluo-3 and cytosolic fluorescence
measured as an index of [Ca?*]; using confocal microscopy. Wild type HEK 293 cells
were challenged with 100uM carbachol at 30s to activate endogenous Go-coupled
muscarinic-M3 receptors, followed by 10uM noradrenaline at 150s to activate
endogenous Gas-coupled P,-adrenoceptors. Noradrenaline was applied either in the
continued presence of carbachol (a) or following a 120s wash with buffer (b).
HEK?293 cells expressing hNmU-R1 were challenged with 10nM hNmU-25 at 30s
followed by 10uM noradrenaline either in the continued presence of hNmU-25 (c) or
following a 120s wash with buffer (d). Changes in cytosolic fluorescence of al cells
in the field of view were averaged and expressed relative to basal levels. All
experiments are representative of 3 experiments. The experimentsin (c) and (d) were
repeated using cells expressing hNmU-R2 and similar data were obtained (not

shown).

Figure 11. Binding of fluorescently-tagged NmU-8 to cells expressing hNmU-R1.
Cells expressing hNmU-R1 were cultured on glass coverslips and imaged using
confocal microscopy. Phase image (a(i)) and fluorescence image (&(ii)) of cells
following addition of 10nM NmU-8-Cy3B. Fluorescence image of cells following
addition of 10nM NmU-8-Cy3B (b(i)) and the same cells following addition of 1uM
hNmU-25 (b(ii)). NmU-8-Cy3B (10nM) was added to cells at Os (c(i)) and the cells
were then perfused with buffer (5ml min™®) for 700s (c(ii)) at 12°C. Phase image
(d(i)) and fluorescence image (d(ii)) of cells that were exposed to 10nM NmU-8-
Cy3B following addition of (and in the continued presence of) 1uM hNmU-25.
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Fluorescence image of NmU-8-Cy3B at 37°C, at either 180s (e(i)), 300s (&(ii) or 600s

(e(iii)). All images are representative of at least 3 separate experiments. ldentical
experiments were performed using cells expressing hNmU-R2 with identical results
(data not shown).
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Agonist hNmU-R1 hNmU-R2
Human NmU-25 9.14 + 0.07 8.97+0.18
Porcine NmU-8 8.81+ 0.09 8.70 £ 0.05
Porcine NmU-8-Cy3B 8.88+0.09 8.79 + 0.06

Table 1. Comparative pECs values of porcine NmU-8-Cy3B, human NmU-25
and porcine NmU-8 for [®H]-InsP, accumulation mediated by recombinantly
expressed hNmU-R1 or hNmU-R2.
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