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The peptidic urotensin-II receptor ligand GSK248451 possesses
less intrinsic activity than the low-efficacy partial agonists
SB-710411 and urantide in native mammalian tissues

and recombinant cell systems
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1 Several peptidic urotensin-II (UT) receptor antagonists exert ‘paradoxical’ agonist activity in
recombinant cell- and tissue-based bioassay systems, likely the result of differential urotensin-II
receptor (UT receptor) signal transduction/coupling efficiency between assays. The present study has
examined this phenomenon in mammalian arteries and recombinant UT-HEK (human embryonic
kidney) cells.

2 BacMam-mediated recombinant UT receptor upregulation in HEK cells augmented agonist
activity for all four peptidic UT ligands studied. The nominal rank order of relative intrinsic efficacy
was U-II > urantide ([Pen’-DTrp’-Orn®*|hU-114 ;,)>SB-710411 (Cpa-c[DCys-Pal-DTrp-Lys-Val-Cys]-
Cpa-amide)>GSK?248451 (Cin-c[DCys-Pal-DTrp-Orn-Val-Cys]-His-amide) (the relative coupling
efficiency of recombinant HEK cells was cat>human>>rat UT receptor).

3 The present study further demonstrated that the use of high signal transduction/coupling efficiency
isolated blood vessel assays (primate > cat arteries) is required in order to characterize UT receptor
antagonism thoroughly. This cannot be attained simply by using the rat isolated aorta, an artery with
low signal transduction/coupling efficiency in which low-efficacy agonists appear to function as
antagonists.

4 In contrast to the ‘low-efficacy agonists’ urantide and SB-710411, GSK248451 functioned as a
potent UT receptor antagonist in all native isolated tissues studied (UT receptor selectivity was
confirmed in the rat aorta). Further, GSK 248451 exhibited an extremely low level of relative intrinsic
activity in recombinant HEK cells (4-5-fold less than seen with urantide). Since GSK248451
(Imgkg™!, i.v.) blocked the systemic pressor actions of exogenous U-II in the anaesthetized cat, it
represents a suitable peptidic tool antagonist for delineating the role of U-II in the aetiology of
mammalian cardiometabolic diseases.
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Introduction

Human urotensin-I1 (hU-II) induces profound haemodynamic
effects in the rat (Gardiner et al., 2004), cat (Behm et al.,
2004a), monkey (Ames et al., 1999; Zhu et al., 2004) and in
man (Béhm & Pernow, 2002; Lim et al., 2004; Sondermeijer
et al., 2005). In addition to direct vasodilator/constrictor
actions, hU-II also regulates cardiorenal homeostasis by
altering cardiac inotropy (Russell ez al., 2003; Kompa et al.,
2004), inducing natriuresis (Song et al., 2003) and exerting
hypertrophic/proinflammatory actions (Zou et al., 2001;
Tzanidis et al., 2003; Johns et al., 2004). Although, hU-II
and its G-protein-coupled receptor, UT (formerly GPR14), are
purported to be involved in the aetiology of several cardiorenal
and metabolic diseases including hypertension, cardiorenal
failure, atherosclerosis and diabetes (Gilbert et al., 2004;
Richards & Charles, 2004; Russell, 2004), a lack of specific
urotensin-II receptor (UT receptor) antagonists (Dhanak
et al., 2003; Douglas et al., 2004a) has, to date, hampered
efforts to delineate the true (patho)physiological significance
of this hormone/receptor system.

Considerable effort has been focused recently on the
development of UT receptor antagonists (Clozel et al., 2004;
2006; Douglas et al., 2005) and several nonproprietary putative
peptidic inhibitors entities that are derivatives of (a) urotensin-
IT (e.g. [Pen®-DTrp’-Orn®lhU-11, ,, (urantide), [Orn®*]hU-II,
[Dab®]-derivatives including UFP-803; Camarda et al., 2002;
2006; Patacchini et al., 2003; Guerrini et al., 2005), (b)
somatostatin (e.g. lanreotide, octreotide, SB-710411 (Cpa-
c[DCys-Pal-DTrp-Lys-Val-Cys]-Cpa-amide), GSK?248451
(Cin-¢[DCys-Pal-DTrp-Orn-Val-Cys]-His-amide); Coy et al.,
2000; 2003; Behm et al., 2002; 2003a; Herold et al., 2002;
Heller et al., 2003; Aiyar et al., 2005) or (c) neuromedin B (e.g.
BIM-23127, BIM-23042; Herold et al., 2002; 2003). Interest-
ingly, however, many of these peptidic agents exert ‘atypical’
actions in selected assay systems. For example, urantide, best
known as a U-II antagonist in rat aortae (Patacchini et al.,
2003), exhibits ‘paradoxical’ human recombinant UT receptor
agonism (Camarda et al., 2004). Such a ligand may possess
‘species-specific’ actions (primate UT receptors are <80%
homologous to rodent UT receptor paralogues), a supposition
that gains some credence from the observations that SB-
710411, lanreotide and BIM-23042 are primate UT receptor
agonists but function as antagonists at the rat UT receptor
(Herold et al., 2002; Behm et al., 2004b). Nevertheless, a
‘species-dependent’ explanation has been dismissed since
[Orn*]hU-I1 behaves as an antagonist in the rat aorta, yet
functions as a full agonist at the rat recombinant UT receptor

(Camarda et al., 2002), that is, this phenomenon is ‘assay-
dependent’ and ‘species-independent’.

Camarda et al. (2004) have proposed that this phenomenon
results from differential UT receptor expression and/or signal
transduction-coupling efficiency in accord with Kenakin
(2002). In order to examine the impact of this phenomenon
on the pharmacodynamic properties of the U-II/UT system,
the present study profiled three peptidic UT receptor ligands
(SB-710411, wurantide and GSK248451) in a variety of
mammalian recombinant UT receptor cell lines and isolated
arteries. Experiments assessed the influence of species/assay
format and manipulation of UT receptor density on UT
receptor agonism/antagonism.

In the present study, it is demonstrated that GSK248451
(Figure 1), SB-710411 and urantide, three putative UT
receptor antagonists, are more accurately classified as ‘low-
efficacy partial agonists’. Such activity is exposed in ‘high
volume’ UT receptor bioassay systems (Kenakin, 2003c),
for example, native non-rodent (feline/primate) arteries and
recombinant human embryonic kidney (HEK) cells with
‘appreciable’ receptor densities. Thus, it is concluded that in
order to classify a ligand as a UT receptor antagonist, studies
must be performed in native mammalian tissues/assays, which
possess high receptor density and/or efficient signal coupling/
amplification. Unlike feline/primate arteries, the rat aorta,
currently the most popular UT receptor bioassay, does not
meet this criterion. The employment of this assay has led to
low-efficacy partial agonists such as urantide (Patacchini ef al.,
2003) being erroneously classified generically as UT receptor
antagonists. Such agents, it transpires, are in actual fact
efficacious contractile agonists in non-rodent isolated arteries.

Methods
Expression of recombinant mammalian UT receptors

cDNAs encoding the rat, cat or human UT receptor were
cloned into the pFNcmv BacMam (recombinant baculovirus
in which the polyhedrin promoter has been replaced with a
mammalian promoter) transfer vector and virus stocks were
generated (Ames ef al., 2004a,b). Radioligand (Section:
Radioligand-binding studies) and intracellular calcium
([Ca®>*]) mobilization (fluorometric imaging plate reader,
FLIPR; Section: [Ca?*]; mobilization (FLIPR) in mammalian
recombinant cells) assays were performed in human embryonic
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Figure 1 Structure of the peptidic urotensin-II receptor ligand GSK248451 (Cin-c[DCys-Pal-DTrp-Orn-Val-Cys]-His-amide; Cin,

4-Cl-cinnamoyl; Coy et al., 2003; Aiyar et al., 2005).
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kidney (HEK) 293 cells transiently expressing the recombinant
UT receptors 48 h following transduction with 1-20% (vv~")
BacMam virus stocks.

Radioligand-binding studies

["**T]hU-II competition binding was performed (Douglas et al.,
2005) in order to assess peptide ligand affinity (Kj) at
mammalian UT receptors and to determine UT receptor
density and affinity (Buax, Kp).

Preparation of mammalian recombinant UT receptor
membranes Membranes were prepared from rat, cat and
human recombinant UT cells detached from 150cm? flasks
with 1 mM ethylenediaminetetraacetic acid (EDTA) in Ca>*/
Mg>*-free Dulbecco’s phosphate-buffered saline (DPBS;
Ames et al., 1999; Elshourbagy et al., 2002; Aiyar et al.,
2005). Cells were washed by centrifugation (300 x g) and
resuspended in ice-cold buffer (10 mMm Tris-HCI (pH 7.4), 5mM
Na EDTA, 0.1 mM phenylmethylsulphonyl fluoride (PMSF),
1.0mgml~" bacitracin, 0.Imgml~' aprotinin). Following
homogenization (Dounce homogenizer; Bellco Glass, Inc.,
Vineland, NJ, U.S.A.) and centrifugation (47,000 x g, 20 min,
4°C), the resultant pellets were washed twice by centrifugation
(in 25mM Tris-HCl (pH 7.4), SmMm MgCl,, 2mM Na
ethyleneglycol-bis(f-aminoethyl ether) N,N,N’',N'-tetraacetic
acid (EGTA), 0.lmgml~! bacitracin) and resuspended
(5mgml™") for storage (—70°C). Protein concentration was
measured by the bicinchoninic acid (BCA) method (Pierce,
Rockford, IL, U.S.A.).

Determination of ligand affinity (K;) at mammalian
recombinant UT receptors Specific binding to recombi-
nant UT membranes was assessed using 300 pM ['**I(Tyr")]hU-
II (specific activity 2Ciumol~") in the presence/absence of
increasing concentrations of cold hU-II, GSK248451, urantide
or SB-710411. Nonspecific binding was defined using 1 uMm
excess cold hU-II. Cell membranes, precoupled to wheat germ
agglutinin-SPA (scintillation proximity assay) beads (5ug
membrane protein, 0.5mg beads; Amersham, Arlington
Heights, IL, U.S.A.) were profiled in buffer (20 mMm Tris-HCl
(pH 7.4), SmM MgCl, and 0.05% bovine serum albumin
(BSA)). Assay plates were shaken gently (1h, 25°C) and
centrifuged (2000 x g, S5min) before being counted (Packard
Top Count Scintillation Counter).

Determination of UT receptor density (B,...) and affinity
(Kp) ["*IhU-II-binding density (Bmax) and affinity (Kp) in
rat, cat and human recombinant UT cell membranes (1-20%
BacMam virus titre) were determined by competition binding
as described previously (Douglas et al., 2005).

Preparation of isolated vascular tissue

GSK?248451, urantide and SB-710411 were profiled in arteries
from rats, cats and monkeys in accredited facilities in
accordance with institutional guidelines and the Guide for
the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources (1996), National Research
Council) and with Institutional approval from the GSK
Animal Care and Use Committee.

Rat isolated aortae Male Sprague-Dawley rats (400 g;
Charles River, Raleigh, NC, U.S.A.) were anaesthetized with
5% isoflurane in O, and thoracic aortae (isolated following
exsanguination) were studied under 1 g optimal resting tension
(Douglas et al., 2000).

Cat isolated aortae and femoral arteries Following
sodium pentobarbital overdose, femoral arteries and thoracic
aortae were isolated from adult male cats (4-5kg; Liberty
Research, Inc., Waverly, NY, U.S.A.) and studied under 2¢g
optimal resting tension (Behm et al., 2004a).

Cynomolgus monkey isolated renal and mesenteric
arteries Following pentobarbital overdose, renal and me-
senteric arteries were isolated from male cynomolgus monkeys
(4-7kg; Primate Products, Miami, FL, U.S.A.; Covance,
Alice, TX, U.S.A.; Charles River, Andover, MA, U.S.A.;
Mannheimer, Homestead, FL, U.S.A.) and studied under 1g
optimal resting tension (Douglas et al., 2000).

Assessment of in vitro contractility in isolated arteries
Endothelium-denuded arterial rings (3 mm) were cleaned of
adherent tissues and suspended in Krebs solution (with 10 uM
indomethacin; Douglas et al., 2000). Isometric force responses
(measured using MLT0201/D transducers; Letica, Barcelona,
Spain) were recorded digitally (ADInstruments Chart 5.0
software, Colorado Springs, CO, U.S.A.). Following equili-
bration (1h), vessels were treated with 60 mM KCIl and 1 uMm
phenylephrine (subsequent responses were normalized to KCl).
Functional endothelial loss was confirmed using 10uM
carbachol.

Antagonist studies: Paired arteries were pretreated
(30min) with vehicle (0.1% dimethylsulphoxide (DMSO)),
GSK?248451, urantide or SB-710411 following which cumula-
tive concentration—-response curves to hU-II were constructed
(tissues were used to generate only one concentration—response
curve). In a separate series of experiments, selectivity studies
were performed with GSK248451 (1 uM) in a standard (Behm
et al., 2002; Clozel et al., 2004; Douglas et al., 2005; Camarda
et al., 2006) rat aortic contraction assay using a selection of
non-UT receptor agonists (KCl, phenylephrine, angiotensin II
and endothelin-1).

Agonist studies: If exposure of isolated arteries to the
putative peptide antagonists (Section: Antagonist studies)
revealed direct vasoconstrictor activity, full concentration—
contraction response curves were constructed.

[Ca’™ ].-mobilization (FLIPR) in mammalian
recombinant cells

[Ca’*];-mobilization was assessed using a microtitre plate-
based fluorometric imaging plate reader (FLIPR, Molecular
Devices, Sunnyvale, CA, U.S.A.; Ames et al, 1999) in
HEK?293 cells expressing varying levels of rat, cat or human
recombinant UT receptor. Receptor expression was modulated
using the BacMam transduction system (Bu./Kp were
assessed in parallel; Sections: Expression of recombinant
mammalian UT receptors and Radioligand-binding studies).
UT-HEK cells were plated in 96-well black wall, clear bottom
Biocoat plates (~50,000 cells well™'; Becton Dickinson, San
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Jose, CA, U.S.A.). On the day of experimentation, media were
replaced with ‘loading media’ (Eagle’s minimal essential media
with Earl’s salts, L-glutamine, 0.1% BSA, 2.5mM probenecid,
4 uM  fluo-3-acetoxymethyl ester indicator dye (Molecular
Probes, Eugene, OR, U.S.A.)). Cells were incubated (1h,
37°C) at which point the media were replaced with indicator-
free media. Cells were incubated for a further 10 min and then
washed with ‘assay media’ (three times in 120mM NaCl,
4.6mMm KCI, 1.03mMm KH,PO,, 25mM NaHCO;, 1.0mMm
CaCl,, 1.1mM MgCl,, 11mM glucose, 20mM 4-(2-hydro-
xyethyl)-1-piperazineethane sulphonic acid (HEPES, pH 7.4),
0.1% gelatin, 2.5mM probenecid) at which point they were
exposed to ligands.

Haemodynamic measurements in the anaesthetized cat

Haemodynamic measurements were recorded in anaesthetized
cats (Behm e al., 2004a). Briefly, female cats (2-4 kg), initially
anaesthetized with ketamine (3mgkg™', i.m.) and transferred
onto isoflurane, were artificially ventilated via a tracheal
cannula (Model 665 ventilator, Harvard Apparatus, Holliston,
MA, U.S.A)). Body temperature was maintained at 37°C
(Harvard Apparatus homeothermic blanket) and blood gases
were adjusted by altering tidal volume/ventilation rate (end-
tidal ,CO,/pO,, blood pH were monitored with a Model ALBS
blood gas analyzer, Radiometer, Copenhagen, Denmark).
Femoral artery and vein catheters were used for arterial blood
pressure measurement and drug administration, respectively.
Blood pressure and lead II ECG (via limb lead electrodes)
signals were preamplified (Model P122, Grass Astromed,
Quincy, MA, U.S.A.) and recorded using a computerized data
acquisition system (CA recorder version 7B21, Data Integrated
Scientific Systems, Pickney, M1, U.S.A.). Following the initial
surgical instrumentation, anaesthesia was maintained with
o-chloralose (65mgkg™', iv. bolus) and isoflurane was
discontinued. Haemodynamics and blood gases were allowed
to stabilize before recording basal values. At 10 min prior to
hU-II administration (I nmolkg™', iv. bolus), cats were
pretreated with vehicle (1% DMSO in saline, vv™') or
GSK?248451 (1 mgkg™!, bolus i.v.).

Drugs and materials

SB-710411 (Cpa, 4-chlorophenylalanine and Pal, 3-pyridyla-
lanine; Coy et al., 2000; 2003; Behm et al., 2002; 2003a; Herold
et al., 2002) and GSK248451 (Cin, 4-Cl-cinnamoyl; Coy et al.,
2003; Aiyar et al., 2005) were custom synthesized by California
Peptide Research Inc. (Napa, CA, U.S.A.) as were hU-II and
urantide (Pen, L-Penicillaminyl (f,3-dimethyl-L-cysteinyl);

Patacchini et al., 2003; Camarda et al., 2004). Monoiodinated
hU-II was custom synthesized by Amersham (Arlington
Heights, IL, U.S.A.). Carbachol, indomethacin and phenyl-
ephrine were from Sigma (St Louis, MO, U.S.A.). Ketamine,
isoflurane and sodium pentobarbital were from Fort Dodge
Animal Health (Fort Dodge, IA, U.S.A.), Abbott Labora-
tories (North Chicago, IL, U.S.A.) and Vortech Pharmaceu-
ticals (Dearborn, MI, U.S.A.), respectively. a-chloralose was
prepared as a fresh solution (40 mgml™' containing 25 mgml™"
of sodium tetraborate decahydrate (Sigma)). All other reagents
used were of analytical grade.

Data analysis

Competition binding curves were analysed by nonlinear
regression (GraphPad Prism) and concentration—response
curves were fitted to a logistic equation as previously described
(Douglas et al., 2005). Antagonist affinity determinations (Kjs)
were made using the Schild equation (Jenkinson ef al., 1998).
All values are expressed as mean +standard error of the mean
(s.e.m.) and n represents either the number of independent
experiments carried out in triplicate or the number of total
animals from which vessels were isolated. Statistical compar-
isons were made using a paired, two-tailed z-test or ANOVA
for repeated measures with Dunnett’s post-test analysis.
Differences were considered significant when P<0.05.

Results

Determination of ligand affinity (K;) at mammalian
recombinant UT receptors

GSK?248451, urantide and SB-710411 bound to all mammalian
UT receptor homologues studied (Table 1; Figure 2). hU-II
bound to rat, cat, monkey and human recombinant UT
receptor with high affinity (Kjs 2.7-8.7nM). Similarly,
GSK248451 (K;s 1.7-95.3nM) and urantide (K;s 5.3-58.2nM)
were also high-affinity ligands across species. In contrast,
SB-710411 was <20-fold (cat and rat; P<0.01) to <330-fold
(monkey and human; P<0.05) less potent than hU-II as a UT
receptor ligand (K;s 130-1400 nM).

Assessment of antagonist properties in mammalian
isolated arteries

The antagonistic properties (Table 2) of GSK248451, urantide
and SB-710411 were assessed in vitro using vascular prepara-

Table 1 Radioligand binding affinity constants (K;s) determined for human urotensin-II (hU-II), GSK248451, urantide
and SB-710411 in mammalian recombinant UT receptor membranes (['**I]hU-II competition)

Affinity (K;, nM)

Hill slope (ny)

Rat Cat Monkey Human Rat Cat Monkey Human
hU-IT 7.84+1.2 8.74+0.9 8.0+0.8 2.740.1 1.234+0.45 0.874+0.07 0.94+0.03 0.78 +£0.09
GSK248451 4.54+0.6 1.7+0.2 95.3+16.2 128+1.8 0.95+0.10 1.13+0.02  1.04+0.08 0.79+0.09
Urantide 5340.2 26.0+3.4 58.24+9.6 13.2+1.7 0.90+0.10 1.01+0.09 0.91+0.05 0.90+0.07
SB-710411 160.04+4.2*%*%  1352425.6%* 1,382.1+491.5% 903.4+137.1** 1.25+0.12 1.2440.05% 1.224+0.03** 2.54+1.33

All values are expressed as mean+s.e.m. (=3 in duplicate). Statistical comparisons were performed by ANOVA analysis with a
Dunnett’s multiple comparison post test: *P<0.05 and **P<0.01 compared to hU-II.
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Figure 2 GSK248451 (K;s 1.7-95.3nM), urantide (K;s 5.3-58.2nM), SB-710411 (K;s 135-1382nM) and hU-II (Kis 2.7-8.7 nM)
compete with ['**I]hU-II for binding to (a) rat, (b) cat, (c) monkey and (d) human recombinant UT receptor HEK cell membranes in
a concentration-dependent manner (Table 1). Hill slopes approximate unity consistent with binding to a single homogeneous

population of high affinity sites.

Table 2 Synopsis of agonist (induction of vasoconstriction response) and/or antagonist (inhibition of hU-II-mediated
vasoconstriction) properties of hU-II, urantide, GSK248451 and SB-710411 in rat, cat and monkey isolated arteries

Vessel hU-1T GSK248451
Rat aorta Agonist (full) Antagonist
Cat femoral artery Agonist (full) Antagonist
Cat aorta Agonist (full) Antagonist
Monkey renal artery Agonist (full) Antagonist
Monkey mesenteric artery Agonist (full) Antagonist

Urantide SB-710411
Antagonist Antagonist
Agonist (weak partial) Antagonist
Agonist (weak partial) Inactive

Agonist (moderate partial)
Agonist (moderate partial)

Agonist (moderate partial)
Agonist (full)

Weak partial agonists were defined as those exhibiting a relative efficacy [o] <0.5. Moderate partial agonists exhibited relative efficacies
[2]=0.5 to <0.9. Full agonists possessed relative efficacies [«] >0.9 (intrinsic activities are expressed relative to hU-II, considered a full
agonist where relative efficacy [«] is 1.0). ‘Inactive’ entities (10 uM) exhibited neither agonist nor antagonist properties in the vessels studied

(see Tables 3 and 4).

tions from the rat (aorta), cat (aorta and femoral artery) and
monkey (renal and mesenteric arteries). In summary:

(a) GSK248451 was a potent antagonist in all species studied
(no evidence of intrinsic contractile activity),

(b) SB-710411 was a weak antagonist in rat and cat vessels but
exhibited agonism (constriction) in primate vessels,

(c) although urantide inhibited hU-II-induced contraction in
rat aortae, agonism was evident in monkey and cat arteries
and

(d) GSK248451 and SB-710411 were both significantly more
potent antagonists in cat femoral arteries cf. aortae (by
two orders of magnitude).

Antagonist potency of GSK248451 in mammalian isolated
arteries GSK248451 (1uM) was a potent (K, 5.9nM),
surmountable antagonist in rat aortae causing a 210-fold,
rightward shift in the hU-II concentration—contraction curve
without suppressing E..x (Table 3; Figure 3). GSK248451 was
similarly potent in cat femoral artery (K, 1.3nM, no
suppression of E,.,; Table 3; Figure 4). Interestingly, however,
a 150-fold loss in potency was observed in cat aortae (K,
192nM, without E.., suppression; Table 3) and monkey
arteries (K,s 146-185nM, without E,,, suppression, respec-
tively; Table 3, Figure 5). There was no evidence of intrinsic
activity even at high concentrations of GSK248451 (1 uM) in
any tissue preparation.
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Table 3 Inhibition of hU-II-induced contraction in rat, cat and monkey isolated arteries by GSK248451, urantide and

Vehicle-treated isolated vessels
Ex (%0 KCI)

SB-710411
ECs (nM)
GSK248451 (1uM)
Rat aorta 1.6+0.0
Cat femoral artery 0.34+0.0
Cat thoracic aorta 22404
Monkey renal artery 0.940.1
Monkey mesenteric artery 1.3+0.3
Urantide (1 M)
Rat aorta 1.540.2
Cat femoral artery®
Cat thoracic aorta®
Monkey renal artery®
Monkey mesenteric artery®
SB-710411 (10puM)
Rat aorta®® 2.740.8
Cat femoral artery® 0.7+0.2
Cat thoracic aorta® 1.44+0.3

Monkey renal artery™®
Monkey mesenteric artery®®

143+4

386+77
171426
138+23
119+17

11448

66+9
220428
12549

Antagonist-treated isolated vessels Antagonist potency
ECs, (nM) E,ux (% KCI) K, (nM)
335.4+88.4* 13545 59+1.4
310.0495.3* 366+87 1.34+0.3
16.94-2.8%* 204427 191.9473.4
7.14£1.0%* 138430 146.04+13.7
114455 118411 185.2430.3
514.6+126.5* 130+6 3.6+1.0
K, could not be determined
K, could not be determined
K, could not be determined
K, could not be determined
61.5417.4** 83+ 14 716.74+271.0
9.442.0%* 232+16 962.94233.4
1.940.2*% 13743 >10,000

K, could not be determined
K, could not be determined

All values are expressed as mean+s.e.m. (n=4-8). Statistical comparisons were performed by paired, two-tailed ¢-test: *P<0.05 and
**P<0.01 for ECs, and E,,. values from antagonist-treated tissues compared to values obtained in vehicle-treated vessels. Concentration—
response parameters were determined by fitting the experimental data to a logistic equation (Douglas et al., 2005).

*Antagonist potency (Kj) could not be determined for either 1 uM urantide or 10 uM SB-710411 in cat and/or monkey isolated arteries due
to intrinsic contractile activity observed upon preincubation with peptidic ligand (see Table 4).

"Data for SB-710411 in the rat and monkey are from Behm et al. (2002) and Behm e al. (2004b) and are included for ease of comparison.
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Antagonist potency of urantide in mammalian isolated
arteries Compared to GSK248451, urantide (1 uM) was a
competitive, equipotent antagonist in rat isolated aortae (K,
3.6nM) causing a 340-fold, rightward shift in the hU-II
concentration—contraction curve without suppressing FE..
(Table 3; Figure 3). Interestingly, exposure of all cat and
monkey arteries to 1uM urantide induced an appreciable
contractile response (vide infra, Table 4, Figures 6 and 7).

Antagonist potency of SB-710411 in mammalian isolated
arteries SB-710411 (10 um) was a weak hU-II antagonist
in cat isolated femoral arteries (K, 0.9uM; Table 3;
Figure 4), 740-fold less potent than GSK248451. SB-710411
was clearly distinguished from urantide in the feline isolated
femoral artery since only the latter exhibited contractile
agonism. As with GSK248451, SB-710411 was in excess of
an order of magnitude more potent as an antagonist in cat
femoral arteries cf. aorta (K,>10uM; Table 3; Figure 4).
Antagonist potency could not be determined in monkey
arteries since pretreatment with SB-710411 resulted in vaso-
constriction.

<
Figure 3 Inhibition of human hU-II-induced contraction of rat
isolated aortae by 1 uM (a) urantide (Kj 3.6 nM) and (b) GSK 248451
(Ky, 5.9nM; Table 3). Both peptidic ligands behaved as hU-II
antagonists in this tissue and no evidence of intrinsic contractile
activity was observed during 30 min antagonist preincubation prior
to construction of the hU-II concentration-contraction response
curve. 10 uM SB-710411 was previously reported to function as a
hU-II antagonist in this preparation (K, 716 nM; Behm et al., 2002).
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Figure 4

Cat thoracic aorta (GSK248451)
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Inhibition of hU-II-induced contraction of cat isolated femoral artery and thoracic aortae by 1 uM GSK248451 (panels

a and b; Kys 1.3 and 191.9 nM, respectively; Table 3) and 10 um SB-710411 (panels ¢ and d; Ks 0.9 uM and > 10 uM, respectively;
Table 3). Both peptidic ligands behaved as hU-II antagonists in the femoral artery (no evidence of intrinsic contractile activity was
observed during 30 min antagonist preincubation prior to construction of the hU-II concentration-contraction response curve) but
were >10- to 100-fold less potent in the thoracic aorta (significant antagonism was only evident with SB-710411 in isolated femoral
arteries). 1 uM urantide exhibited agonist activity in both cat isolated arteries and, therefore, K}, was not determined (Tables 2 and 3

and Figure 6).

Assessment of agonist properties in mammalian isolated
arteries

All three ligands behaved as antagonists in the rat aorta.
However, while GSK248451 and SB-710411 were also
antagonists in cat arteries, urantide was a potent, partial
agonist. Indeed, only GSK248451 was devoid of vasoconstric-
tor activity in primate vessels.

Agonist potency of hU-II in mammalian isolated arteries
hU-II was a potent (ECsps 0.3—1.6 nM), efficacious (FE..s 107—
320% KCl) spasmogen in all arteries studied (Table 4).
Contractile responses in the cat femoral artery and aorta were
qualitatively different (Table 5). Although not statistically
significant, hU-II was more potent (0.3 vs 1.3nM ECs) and
efficacious (Enax 320% KCI vs 145% KCIl) in femoral arteries
cf. aortae (Table 4). Furthermore, contractile responses to
hU-IT were also more rapid in onset and less well sustained
in femoral arteries.

Agonist potency of GSK248451 in mammalian isolated
arteries As noted above (Section: Agonist potency of hU-II
in mammalian isolated arteries), there was no evidence of
contractile activity in any artery with 1 uM GSK248451. As
such, full concentration—contraction curves were not con-
structed (Table 4).

Agonist potency of wurantide in mammalian isolated
arteries Urantide was a potent (ECs, 1.7nM, only six-fold
less potent than hU-II), low-efficacy partial agonist (intrinsic
efficacy [¢] ~0.1) in cat femoral arteries (urantide did not
contract rat aortae; Table 4, Figure 6). Urantide was
significantly more efficacious as a partial agonist in cat aortae
(relative efficacy [¢] ~0.3) but was 70-fold less potent than
hU-II (ECs, 1.3 v. 93.6nM), an observation that further
differentiated feline aorta and femoral artery (femoral vessels
were previously noted to be >10- to 100-fold more sensitive
to the antagonistic properties of GSK248451 and SB-710411;
Table 5). Urantide was also a potent (ECsps ~8nM),
efficacious (intrinsic activity [o] ~0.7) spasmogen of monkey
arteries (Table 4, Figure 7).

Agonist potency of SB-710411 in mammalian isolated
arteries SB-710411 (<10 uM) was devoid of any intrinsic
activity [o] in the rat and cat arteries studied. SB-710411 did,
however, exhibit contractile activity in monkey vessels (Table 4,
Figure 7). As with urantide, SB-710411 was equipotent
potent in both monkey arteries (ECsos~3-5uM). Although
SB-710411 was three orders of magnitude less potent than
hU-II, this analogue was an efficacious spasmogen in both
vessels (where intrinsic activity [o] was >0.7 relative to hU-II).
Indeed, SB-710411 was a full agonist in the mesenteric artery
(Emax 95% of hU-II).
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Figure 5 Inhibition of hU-II-induced contraction of monkey
isolated (a) renal artery (K, 146nM; Table 3) and (b) superior
mesenteric artery (K, 185nM; Table 3) by 1um GSK248451.
GSK?248451 behaved as a hU-II antagonist in both preparations
(no evidence of intrinsic contractile activity was observed during
30 min antagonist preincubation prior to construction of the hU-II
concentration-contraction response curve). 1 uM urantide exhibited
agonist activity in both monkey isolated arteries and, therefore,
Ky, was not determined (Tables 2 and 3 and Figure 7). Similarly, SB-
710411 (10 uM) was also a contractile agonist in both isolated
arteries (Tables 2 and 3; Behm et al., 2004b).

Influence of UT receptor density on [Ca’™ ];-mobilization
(FLIPR) in mammalian recombinant UT-HEK cells
following exposure to hU-II, GSK248451 and urantide

Urantide, GSK248451 and hU-II agonism ([Ca’*]-mobiliza-
tion) was quantified in recombinant HEK293 cells expressing
varying levels of rat, cat or human recombinant UT receptor.
In summary:

(a) urantide exhibited partial agonist activity in all three
recombinant UT-HEK cell systems (intrinsic activity [«]
ranging from 0.03 to 0.18, 0.48 to 0.89 and 0.56 to 0.79 in
rat, cat and human UT-HEK cells),

(b) while GSK248451 also exhibited partial agonist activity in
recombinant cat and human UT-HEK cells (albeit with
intrinsic activity [«] values lower than urantide ranging
from 0.05 to 0.24 and 0.07 to 0.18), no agonism was
evident in rat UT-HEK cells and

(c) agonist responses were augmented in all three mammalian
UT-HEK cell systems as a result of increased receptor
expression (although relative intrinsic activity did not
appear to be directly related to B, per se).

Influence of altered UT receptor density on ligand-induced
[Ca’™ ];-mobilization (FLIPR) in rat recombinant UT-
HEK cells The influence of altered UT receptor density on
ligand-induced [Ca®*]-mobilization (FLIPR) was studied in
HEK cells expressing increasing amounts of rat recombinant
UT receptor (Figures 8 and 11a; Tables 6 and 7). In summary,
intrinsic activity was recorded with both hU-II (full agonist)
and urantide (partial agonist, intrinsic activity [«] <0.18) at rat
UT. In contrast, however, GSK248451 was devoid of any
agonist activity ([Ca>*]-mobilization) under identical condi-
tions in the same rat UT-HEK cells.

Exposure of HEK293 cells to rat UT receptor BacMam
virus (1-20%, vv™") resulted in a titre-dependent, <20-fold
increase in ['*’I]hU-II-binding site density (Bn.x was elevated
from ~1000fmolmg~"' protein up to ~23,000fmolmg~’
protein at 1 and 20% virus, vv™', respectively; Table 6, Figure
11a). Compared to cells exposed to 1% (vv~') virus, receptor
upregulation became significant (P <0.05) at rat UT-BacMam
titres of >10% (vv™"). The increase in ['*I]hU-II B, was
roughly linear over the BacMam titre range studied. UT
receptor upregulation occurred without any appreciable
change in radioligand-binding affinity (Kps ranged from 5 to
8nM; Table 6).

Exposure of rat UT receptor-HEK cells to hU-II resulted
in concentration-dependent increases in [Ca’™]-mobilization
(Table 7, Figure 8). Prior exposure of HEK cells to increasing
titres of BacMam virus (from 1% to up to 20%, vv~', an effect
associated with up to an ~20-fold increase in UT receptor
Bi.x; Table 6) had no significant effect on hU-II potency
(ECsos ranged from 0.5 to 2.0 nM; Table 7), consistent with the
hU-II-binding affinity at rat UT (7nM; Table 1) and the
agonist potency of hU-II in the rat isolated aorta (~2nM;
Table 3). However, UT receptor upregulation (from 1 to
4pmolmg~"' protein; Table 6) had a pronounced effect on
hU-II agonist efficacy (E,.x was doubled from ~ 18,000 to
~31,000 arbitrary optical units at BacMam titres as low
as 3%; P<0.05). A further increase in UT B, (from ~4 to
15-23 pmolmg~" protein) with 10 and 20% (vv~') BacMam
virus had little additional impact on the agonist efficacy of
hU-II (E,.x~36-39,000 arbitrary optical units).

In contrast to hU-II, GSK248451 was devoid of any
detectable agonist activity in rat UT-HEK cells (Figure 8,
Table 7) under all experimental conditions studied (i.e. at
concentrations <30uM, ~4 orders of magnitude over this
ligands affinity [~4 nM K] for the rat UT receptor expressed in
HEK cells; Table 1). Such observations were consistent with
the antagonist potency described in the rat isolated aortae
above (K, 6 nM; Table 3).

In contrast to GSK248451, however, exposure of rat UT-
HEK cells to urantide was associated with the observation of
intrinsic activity (Figure 8; Table 7). Such an observation
contrasted the antagonistic properties observed with urantide
in the rat isolated aortae (K, 4nM; Table 3). UT receptor
agonism was observed at all BacMam titres studied. Relative
to hU-IL, intrinsic activity [«] was ‘marginal’ (<0.05) but
detectable at low viral titres (1-3%, vv~!). This became
appreciable following exposure to higher viral titres (intrinsic
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Table 4 Assessment of vasoconstrictor potency and efficacy of human urotensin-II (hU-1I), GSK248451, urantide and

SB-710411 in cat and monkey isolated arteries

ECsy (nM)

Human urotensin-I11

Cat femoral artery 0.3+0.0

Cat thoracic aorta 1.3+04

Monkey renal artery 0.740.1

Monkey mesenteric artery 1.6+0.5
GSK248451

Cat femoral artery” > 1000

Cat thoracic aorta® > 1000

Monkey renal artery® > 1000

Monkey mesenteric artery* > 1000
Urantide

Cat femoral artery 1.7+0.4*

Cat thoracic aorta 93.6+31.2%

Monkey renal artery 8.1+2.8

Monkey mesenteric artery 85+1.0
SB-710411

Cat femoral artery® > 10,000

Cat thoracic aorta® >10,000

2941.3+1153.9*
4545.6+1263.9%*

Monkey renal artery®
Monkey mesenteric artery®

E

max (%0 KCI) Relative potency Relative efficacy (o)
320+56 — —
145+16 — —
148 +26 — —
10749 — —
0 >3330 0.00
0 >770 0.00
0 > 1430 0.00
0 >620 0.00
43 +12* 6 0.13
454 17%** 72 0.31
97+21 12 0.66
76+ 15 5 0.71
0 >33,330 0.00
0 > 7690 0.00
101+4 4202 0.68
102+17 2841 0.95

All values are expressed as mean +s.e.m. (n=4-5). Statistical comparisons were performed by ANOVA analysis with a Dunnett’s multiple
comparison post test: *P <0.05, **P<0.01 and ***P <0.001 compared to values for human urotensin-II (hU-II). Concentration-response
parameters were determined by fitting the experimental data to a logistic equation (Douglas et al., 2005). Relative contractile potency and

efficacy () is determined by comparison with hU-II.

2GSK248451 (1 uM) was devoid of any contractile activity in either cat or monkey vessels, vessels in which it functioned as a potent UT

receptor antagonist (see Table 3).

"SB-710411 (10 uM) did not exhibit any contractile activity in the cat isolated femoral artery and thoracic aorta (Table 3).
‘Data for SB-710411 in the monkey isolated renal and femoral artery are from Behm ef al. (2004) and are included for ease of comparison.

activity [o]] of 0.12-0.17 at 10-20% BacMam virus, vv_'). At
low viral titres (1-3%, vv™"'), the low intrinsic activity recorded
prohibited accurate concentration-response curve fitting
(hence ECsys could not be accurately determined). However,
agonist potency estimates at 10-20% (vv~') BacMam virus
(ECsos~10nM; Table 7) were entirely consistent with those
affinities determined for urantide at the rat UT receptor
expressed in recombinant HEK cells (K; 5nM; Table 1) and in
the rat aortic contraction assay (K, ~3nM; Table 3).

Influence of altered UT receptor density on ligand-induced
[Ca’™ ];-mobilization (FLIPR) in cat recombinant UT-
HEK cells The influence of altered cat recombinant UT
receptor density on ligand-induced [Ca?*]-mobilization was
studied in HEK cells (Figures 9 and 11b; Tables 6 and 7). In
contrast to rat UT-HEK cells, all three peptides exhibited
agonist activity in the cat UT-HEK cells. Relative to hU-II
(full agonist), both urantide ([¢]<0.88) and GSK248451
([¢] <0.24) were partial agonists ([Ca’*]-mobilization ECss
were commensurate with cat UT receptor K;s).

Exposure of HEK cells to 1-20% (vv™') cat UT receptor
BacMam virus resulted in a titre-dependent, <80-fold increase
in ['*IJhU-II B, (elevated from approximately 0.1 pmol mg™"
protein up to 7.3 pmolmg ™' protein at 1 and 20% virus, vv~',
respectively; Table 6, Figure 11b). Notably, cat UT receptor
density was 3—12-fold lower than the corresponding expression
level observed with the rat UT receptor at similar BacMam
titres. Compared to cells exposed to 1% (vv~') virus, this
upregulation became significant at cat UT BacMam titres of

>10% (vv~'). The increase in ['**I]hU-II B, was roughly
linear over the BacMam titre range studied. As was seen with
rat UT, cat UT receptor upregulation occurred without any
appreciable change in radioligand binding affinity (["**I]hU-II
Kp ranged from around 9 to 19 nM, similar to that observed in
the rat UT-HEK cells; Table 6).

Despite the fact that cat UT receptor was expressed at a
density approximately an order of magnitude lower than that
recorded in rat UT-HEK cells, hU-II still evoked comparable
[Ca2*]; increases in these cells, even following exposure to
low viral titres (Enas ~28,000-37,000 arbitrary optical units
at 1-20% (vv~") BacMam virus titres; Figure 9). The potency
of hU-II in this FLIPR assay (ECses 0.1-0.4nM at 1-20%
(vv™') BacMam virus titres; Table 7) was similar to that
observed for hU-II as a spasmogen in cat isolated arteries
(ECs0s 0.3-1.3nM; Table 4).

As observed in rat UT-HEK cells, urantide was a partial
agonist at the cat UT receptor (Figure 9, Table 7). However, a
greater intrinsic activity was observed with urantide at the
feline UT isoform (intrinsic activity [¢]<0.88) compared to
that seen at the rat receptor (5-15-fold greater intrinsic activity
than that seen at the rodent UT isoform over the range of viral
titres studied). The potency of urantide at inducing [Ca®*];-
mobilization (ECss 5—-11 nM) was comparable to that observed
in rat UT-HEK cells and was consistent with both the affinity
of urantide for the cat UT receptor (K; 26 nM; Table 1) and the
potency of this analogue as a spasmogen of cat-isolated
arteries (e.g. ECsos ~2-90nM in femoral artery and aorta;
Table 4).
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Figure 6 Concentration-dependent contraction of cat isolated (a)
femoral artery and (b) thoracic aorta induced by hU-II (ECses 0.3
and 1.3nM, E, s 320 and 145% KCI, respectively; Table 4) and
urantide (ECses 1.7 and 93.6nM, E...s 43 and 45% KCI,
respectively; Table 4). Since urantide exhibited agonist activity in
both cat isolated arteries (6-72-fold less potent than hU-II with
relative intrinsic activities [¢] of 0.13-0.31), K, could not be
determined (see Table 3).
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Figure 7 Concentration-dependent contraction of monkey isolated
(a) renal and (b) superior mesenteric artery induced by hU-II (ECss
0.7 and 1.6 nM, E,,,,s 148 and 107% KCl, respectively; Table 4) and
urantide (ECss 8.1 and 8.5nM, E,.,s 97 and 76% KClI, respectively;
Table 4). Since urantide exhibited agonist activity in both monkey
isolated arteries (5-12-fold less potent than hU-II with relative
intrinsic activities [o] of 0.66-0.71), K, could not be determined (see
Table 3).

Table 5 Pharmacodynamic actions of human urotensin-II (hU-II) and peptidic UT receptor ligands in cat isolated
arteries: differentiation of the cat-isolated aorta from the cat femoral artery

Pharmacodynamic properties of hU-I1
Vasoconstrictor potency (ECsg)
Contractile efficacy (Ena.x, %o KCI)
Relative onset of contractile response®
Relative duration of established contractile response®

Pharmacodynamic properties of peptidic agonists
Urantide vasoconstrictor potency (ECsg)
Urantide vasoconstrictor efficacy (% hU-II E,,.,)

Pharmacodynamic properties of peptidic antagonists
GSK248451 antagonist potency (Kj,)
SB-710411 antagonist potency (K,)

Rapid (~ 10 min to plateau)
Transient (>50% loss over 1h)

Cat femoral artery Cat thoracic aorta

~0.3nM
>300%

~1.3nM
<150%
Slow (~25min to plateau)
Sustained (< 10% loss over 1h)

~1nM
Weak (~10%)

~100nM
Moderate (~30%)

~1nM
<1lum

~190 nM
> 10 uM

“Data are from Behm et al. (2004a) and are included for ease of reference.

In contrast to the rat UT receptor, where GSK248451 was
devoid of any intrinsic activity, this analogue induced a
measurable [Ca’®*]-mobilization response at cat UT receptor
(where measurable, ECsos were ~ 100-250 nM). However, the

relative intrinsic activity [«] observed with GSK248451 was
low, ranging from 0.06 to 0.24 in cells exposed to BacMam
titres ranging from 1 to 20% (v v~"). These findings contrasted
the observation that GSK248451 was unable to contract
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Figure 8 Concentration-dependent [Ca’*]-mobilization responses
(FLIPR) in HEK cells transiently expressing rat UT receptor
following exposure to (a) hU-II, (b) urantide and (c) GSK248451.
BacMam-mediated (1-20% virus, vv~') upregulation of rat UT
expression (B, increased <20-fold from approximately 1.1—
23.1pmolmg™" protein; Table 6) was associated with an increase
in E,,, for urantide (intrinsic activity [o] elevated from 0.03-0.17
relative to hU-II; Table 7). In contrast, GSK248451 was devoid of
any agonist activity at the rat UT receptor under the experimental
conditions studied.

cat isolated arteries at concentrations <1uM (Table 4).
Indeed, GSK248451 was an antagonist of hU-II in the cat
isolated femoral artery and aorta (Ky,s ~1-190nM; Table 3).

Influence of altered UT receptor density on ligand-induced
[Ca’™ ];-mobilization (FLIPR) in human recombinant
UT-HEK cells The influence of altered UT receptor density
on ligand-induced [Ca®*J-mobilization (FLIPR) was studied

in HEK cells expressing increasing amounts of human
recombinant UT receptor (Figures 10 and 11c; Tables 6 and
7). In summary, all three ligands exhibited notable intrinsic
activity. As was the case in cat UT-HEK?293 cells, urantide
(¢<0.79) and GSK 248451 («<0.18) were both partial agonists
relative to hU-II. Further, as observed in cat UT-HEK cells,
the ability of GSK248451 to evoke [Ca’*]-mobilization in
human UT-HEK cells was in contrast to the observations
made in rat UT-HEK cells where no agonism was noted, this
in spite of the fact that human UT B,,, estimates were two
orders of magnitude lower than those estimated in the rat
UT-HEK system.

Exposure of HEK cells to increasing (1-20%, vv~') human
UT receptor BacMam virus resulted in a titre-dependent, <12-
fold increase in ['*’I]hU-II B, (elevated from ~ 30 fmolmg~'
protein up to ~350fmolmg~' protein at 1 and 20% virus,
vv~!, respectively; Table 6, Figure 11c). However, human UT
receptor density was appreciably lower in HEK cells compared
to those transfected with either rat (30- to 120-fold lower) or
cat (3-20-fold lower) UT receptor under identical conditions.
Compared to cells exposed to 1% (vv™') virus, this upregula-
tion became significant at human UT-BacMam titres of >3%
(vv™h, slightly lower than the >10% observed with rat and
cat UT receptor. The increase in ['**I]hU-11 B, was roughly
linear over the BacMam titre range studied. As was seen with
the rat and cat UT receptor, upregulation occurred without
any appreciable change in radioligand-binding affinity (Kps
ranged from 5 to 13 nM, similar to those values observed in the
rat and cat UT-HEK cells; Table 6).

Although the hUT B,,., was <5% of that observed in the
rat and cat UT-HEK cell systems (20% virus, vv~'; Table 6),
hU-IT was still an efficacious agonist in the FLIPR assay,
capable of inducing a [Ca®T]-mobilization response
(Emax ~30,000 arbitrary optical units) comparable to that
obtained in the rat and cat UT-HEK cell lines (Table 7). The
potency of hU-II in this Ca?* assay (ECsy 0.5-2.4nM) was
similar to that recorded in rat and cat UT-HEK cells (Table 7)
and was consistent with the (a) affinity of [**IJhU-II and cold
U-II (K; and Kp ~2-5nM; Tables 1 and 6) for hUT in
radioligand-binding studies and (b) the potency of hU-II as
a spasmogen (ECses 0.7-1.6nM in primate isolated arteries;
Table 4).

As was observed in rat and cat UT-HEK cells, urantide
exhibited partial agonist activity in the human UT-HEK cell
[Ca®*]-mobilization assay (Table 7). The relative intrinsic
activity observed at human UT (ranging from ~0.56 to 0.79,
values increasing with increasing viral titre/UT receptor
density) was similar to that observed in HEK cells expressing
cat UT (ranging from ~0.47 to 0.89) but greater than that
observed in rat UT-HEK cells ([¢] ranging from ~0.03 to 0.18)
under identical conditions (despite the fact that human UT
density was <2% of that in the rat UT system). The potency
of urantide in this Ca®* assay (ECs, 1.1-2.1 nM) was consistent
with the (a) affinity of urantide (K;~ 13 nM; Table 1) at human
UT in radioligand-binding studies and (b) the potency of
urantide as a spasmogen, at least in the cat femoral artery
(ECsy ~2nM) and monkey isolated renal and mesenteric
arteries (ECsos ~8nM; Table 4).

In contrast to the observations made in rat UT-HEK cells,
GSK?248451 was a partial agonist in the HEK cells expressing
human UT (Table 7) in accord with those findings made in cat
UT-HEK cells. The relative intrinsic activity observed at
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Table 6 Radioligand (['*IJhU-II)-binding site density (Bmax) and affinity (Kp) in HEK cells exposed to increasing
concentrations (1-20% vv~") of mammalian (rat, cat or human) recombinant UT receptor BacMam virus

Titre Radioligand-binding affinity (Kp, nM) Radioligand-binding site density (B,,.., fmolmg~' protein)
Rat Cat Human Rat Cat Human
1% virus (vv™") 524+1.2 9.3+1.0 11.6+1.6 1140+112 93+14 29+24
3% virus (vv") 5.540.9 14.54+2.9 12.940.7 38524349 329444 122423*
10% virus (vv™) 6.74+0.8 19.449.6 5.340.7 15,42742776* 2559 +165%* 1254+ 19*
20% virus (vv™') 8.1+1.4 13.74+0.5 55404 23,104 +2135%* 7292 4+ 876%* 350+ 30%**

All values are expressed as mean+s.e.m. (n=23 in duplicate). Statistical comparisons were performed by ANOVA (Dunnett’s multiple
comparisons post test: *P<0.05 and **P<0.01 compared to values obtained following exposure of HEK cells to 1% (vv~') BacMam
virus).

Table 7 Agonist potency (ECs) and efficacy (Epay; [Ca® " J-mobilization; FLIPR) of hU-II, urantide and GSK 248451 in
mammalian (rat, cat human) recombinant HEK cells at various levels of UT receptor expression (achieved following
exposure to increasing concentrations (1-20% vv~') of rat, cat or human recombinant UT receptor-BacMam virus)

Agonist potency ([Ca’" ];-mobilization ECsy, nM) Agonist efficacy ([Ca’* ];-mobilization E,,., arbitrary optical units)

Viral titre (vv™") hU-11 Urantide GSK248451 hU-11 Urantide GSK248451
Rat UT receptor
1% 2.0+0.3 ND — 18,428 +1372 5874717 (3.2%) 0" (0%)
3% 1.5+0.3 ND — 31,408 +1651* 17494+ 137" (5.6%) 07" (0%)
10% 0.5+0.2%* 9.0+3.5™ — 35,608+ 1246%* 414241027 (11.6%) 0% (0%)
20% 0.5£0.2%* 11.542.97 — 38,9424 1431%* 671241617 (17.2%) 0% (0%)
Cat UT receptor
1% 0.44+0.2 494097 ND 27,62341355 13,228 +3627" (47.9%) 1552470 (5.6%)
3% 0.340.1 6.1+1.0 110.8+ 154" 36,795+ 1493*% 24,4704+ 613%*77 (66.5%) 5157+226** (14.0%)
10% 0.1+£0.0 10.5+1.7% 255.9+4199.9  32,884+901 28,987 +422%* (88.1%) 7624+ 373%* (23.2%)
20% 0.1+£0.0 9.7+1.7* 141.4+£27.77 30,918 +968 26,1474 689** (84.6%)  73904290%*7 (23.9%)
Human UT receptor
1% 2.4+0.1 2.1£0.5 ND 63384567 3577+ 187 (56.4%) 442+ 387 (7.0%)
3% 1.44+0.6 1.340.3 20.0+1.1 16,282 +866** 10,073 +304** 7 (61.9%) 1782+83™ (10.9%)
10% 0.6+0.1 1.24+0.2 12.340.7" 24,387+4992%* 18,407+ 502** (75.5%)  40884292**" (16.8%)
20% 0.54+0.1 1.1+0.1 14.442.0™ 29,051 +820%* 22,818 4+399%*7 (78.5%) 5149+ 183**7 (17.7%)

Percentage (%) values shown in parentheses for GSK248451 and urantide E,., values represent relative intrinsic activity (compared to
hU-II). ND; parameters not determined due to low intrinsic efficacy. Where no value is shown (‘—’), no response was observed and curve
fitting was not, therefore, performed. Statistical comparisons: *P<0.05 and **P<0.01 compared to values obtained with 1% viral (vv™")
and TP <0.01 compared to values obtained with urotensin-II (two-tailed #-test or ANOVA with Dunnett’s multiple comparison post test).

human UT was relatively low (ranging from ~0.07 to 0.18)
and similar to that observed in HEK cells expressing cat UT
(ranging from ~0.06 to 0.24) under identical conditions. The
potency of GSK248451 in the [Ca®" J-mobilization assay (ECs,
12-20nM) was consistent with the reported radioligand-
binding affinity (K;i~ 13 nM; Table 1) at human UT. However,
these findings contrasted those observations made in the rat
(aorta), cat (femoral artery/aorta)- and monkey (renal/
mesenteric) isolated arteries, where GSK248451 behaved as a
competitive antagonist devoid of intrinsic activity (Tables 3
and 4).

GSK248451 selectivity

Since GSK248451 was a competitive antagonist devoid
of any intrinsic activity in all isolated arteries studied,
attempts were made to assess the antagonist properties
of this peptidic moiety in vivo (Section: In vivo cat haemo-
dynamics). Prior to this, however, antagonist selectivity was
assessed in rat isolated aortae. U-II selectivity was confirmed
since 1 uM GSK248451 (~170-fold greater than its affinity
against hU-II K,; Table 3) did not alter the contractile
properties of KCIl, phenylephrine, angiotensin II or endothe-
lin-1 (Table 8).

In vivo cat haemodynamics

GSK248451 (1mgkg™', bolus i.v.) did not alter basal heart
rate or arterial blood pressure when compared to vehicle-
treated cats (1% DMSO in saline, vv~! bolus, i.v.; Table 9,
Figure 12). However, the peak pressor response (~40 mmHg,
observed at 5min) to exogenous hU-II (1 nmol kg™, bolusi.v.)
was significantly attenuated by GSK248451 (Figure 12a;
P<0.01). Analysis of ‘pressure x time’ products during the
entire 35min recording period post hU-II administration
demonstrated that the significant inhibitory actions of
GSK?248451 were sustained (Table 9). Heart rate was
unaffected by GSK248451 (Figure 12b).

Discussion

Many of the peptidic ligands described as UT receptor
antagonists exert ‘paradoxical’ actions in selected assay
systems. Urantide, [Orn®JU-II and UFP-803 (Camarda et al.,
2002; 2004; 2006; Patacchini et al., 2003) have all been
characterized as antagonists in rat isolated aortae yet behave
as agonists (mobilizing [Ca®>*]) in specific recombinant UT
receptor HEK/CHO cell systems. Seemingly contradictory
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Figure 9 Concentration-dependent [Ca’*]-mobilization responses
(FLIPR) in HEK cells transiently expressing cat UT receptor
following exposure to (a) hU-II, (b) urantide and (c) GSK248451.
BacMam-mediated (1-20% virus, vv~') upregulation of cat UT
expression (B, increased <78-fold from approximately 0.1—
7.3 pmolmg~" protein; Table 6) was associated with an increase in
E...x for both urantide (intrinsic activity [o] elevated from 0.48—0.85
relative to hU-II) and GSK248451 (intrinsic activity [«] elevated
from 0.06-0.24 relative to hU-II; Table 7).

observations have also been made with lanreotide, BIM-23042
and SB-710411 (Herold et al., 2002; Behm et al., 2004b). The
proposition that such moieties retain low levels of ‘residual’
intrinsic activity is, perhaps, not surprising since many such
peptides are U-II analogues (developed by employing elegant
peptide modelling approaches and/or traditional SAR centred
around the use of the rat aorta bioassay; Grieco et al., 2005).

In accord with Kenakin (2002; 2003a, b, c), Camarda et al.
(2002) have proposed that such ‘assay-dependent’ agonism/
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Figure 10 Concentration-dependent [Ca®*]-mobilization responses
(FLIPR) in HEK cells transiently expressing human UT receptor
following exposure to (a) hU-II, (b) urantide and (c) GSK248451.
BacMam-mediated (1-20% virus, vv~') upregulation of human UT
expression (Bp. increased <12-fold from approximately 0.03—
0.35pmolmg~" protein; Table 6) was associated with an increase in
E,...x for both urantide (intrinsic activity [«] elevated from 0.56-0.78
relative to hU-1I) and GSK248451 (intrinsic activity [«] elevated from
0.07-0.18 relative to hU-1I; Table 7).

antagonism results from differential UT receptor expression
and/or signal transduction-coupling efficiency, for example,
“...depending on the receptor density and the efficiency of
receptor coupling in different organs, ligands with low levels of
efficacy could be defined experimentally as being full agonists,
partial agonists or antagonists, that is, the environment of the
receptor dictates the apparent property of the drug ... (Kenakin,
2002). The Operational Model of agonist action developed by
Black & Leff (1983) over two decades ago described this
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Figure 11 Relationship between (a) rat, (b) cat and (c) human UT

receptor density (Bn.,) and maximum ligand (urotensin-11, urantide
and GSK248451)-induced [Ca®*];-mobilization responses (Epqy) in
HEK cells (transient BacMam-mediated UT receptor expression,
1-20% virus, vv™"). UT receptor density increased for all three
mammalian receptor isoforms following exposure to increasing
BacMam viral titres. Upregulation of UT receptor expression
increased the intrinsic activity ([o]) of the low-efficacy partial
agonist urantide in the rat, cat and human UT-HEK cell assays
relative to hU-II. GSK248451, in contrast, was more resistant to
these changes (it was devoid of any detectable agonist activity in rat
UT-HEK cells) indicating that the relative intrinsic activity of
GSK248451 was significantly lower than that retained by urantide,
that is, Enqy 0, 28 and 22% of that seen with urantide at rat, cat and
monkey UT receptor, respectively (20% BacMam virus, vv™').

phenomenon using the concept of the ‘transducer ratio’ (or tau
[z]). In any given assay system, 7 relates drug-response to
properties that are both ligand (efficacy, an innate property of
an agonist)- and assay- (receptor density, coupling efficiency
of the stimulus-response cascade) dependent. It follows,
therefore, that the observed drug-response to any two agonists
in any specific assay system is directly related to their relative
intrinsic activities since t is a constant. Similarly, any given

ligand has the potential to act as either a full agonist (in assays
with high receptor density or efficiently coupled signalling
mechanisms) or a partial agonist (or, indeed, even as an
apparent antagonist) depending on the receptor density/
stimulus-response coupling efficiency of the assay in question.
This appears to be the case with the peptidic UT receptor
ligands examined in the present study. Although frequently
overlooked, this phenomenon is not uncommon. For example,
nociceptin/orphanin FQ receptor expression levels dictate
peptide ligand agonist/antagonist activity (McDonald et al.,
2003) and the low-efficacy f-adrenoceptor ligand prenalterol
is an antagonist in the guinea-pig extensor digitorum longus
muscle and a partial/full agonist in left and right atria
(Kenakin & Beek, 1980; Kenakin, 2003b). As the present
study reiterates (Table 2), terms such as antagonist or agonist
cannot be applied ‘generically’ across different pharmacologi-
cal assay systems. As such, it is the authors contention that
peptidic UT ligands such as urantide, lanreotide, BIM-23042
and SB-710411 have been erroneously labelled as antagonists.
They are better categorized as ‘low-efficacy ligands’. Demon-
stration of UT receptor ‘antagonism’ in the rat isolated aortae
alone is clearly a superficial attempt to characterize ligands for
this receptor system.

It follows, therefore, that an array of appropriate assays are
needed in order to characterize UT receptor antagonism
thoroughly, for example, a spectrum of assays where t ranges
from ‘small to large’. The present study has identified native
tissue-based assays that fulfill this criterion, assays that can be
considered ‘high volume control’ assays (Kenakin, 2003c).
Such assays are likely best represented by feline and primate
arteries.

In order to define this phenomenon in more detail, the
present study examined ligand-evoked UT receptor agonism
under conditions of both low and high receptor density/
efficient coupling and amplification. This was achieved by
upregulating UT receptor density in recombinant host HEK
cells exposed to increasing titres of a BacMam virus harbour-
ing the rat, cat or human UT receptor gene. As predicted,
urantide was a partial agonist in rat, cat and human
recombinant UT receptor [Ca’*];-mobilization assays. Indeed,
increasing the exposure of cells from 1 to 3-20% (vv™")
BacMam virus (resulting in a titre-dependent, <20-fold
increase in B,,,) resulted in a concomitant <6-fold increase
in intrinsic activity relative to hU-II. Similar data were
obtained in the cat and human recombinant UT receptor
systems where intrinsic activity was also augmented (from
0.5-0.6 to <0.8-0.9). Interestingly, despite lower UT receptor
densities in the cat and human recombinant systems (<8 and
<1fmolmg~!, respectively, compared to <24fmolmg!
protein in the rat system), the relative intrinsic activity of
urantide was appreciably greater in both the cat and human
assays (~ 5-18-fold greater [Ca>*];-mobilization E,,), that is,
T was relatively high in the cat and human recombinant UT-
HEK cell assays compared to the rat. For example, at 1%
(vv~") BacMam virus titres, rat UT By, (1,140 fmolmg™") is
40-fold higher than that seen in the monkey UT assay
(29 fmolmg™"), yet the relative [«] of urantide is 18-fold higher
in the monkey UT receptor assay ([¢] 0.56) compared to the rat
UT assay ([«] ~0.03). As such, intrinsic activity is not simply a
function of receptor density, rather it is more closely related to
the efficiency of the coupling of receptor/signalling in the host
cell in this system.
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Table 8 GSK248451 is a selective U-II receptor antagonist since preincubation with 1 uM peptide did not alter KCl,
phenylephrine, angiotensin II or endothelin-1 induced contraction in the rat isolated aorta

Contractile potency (ECsy, nM)

Contractile efficacy (E, .., %o KCI)

Vehicle GSK248451 Vehicle GSK248451
KCI* 14.14+0.7 154414 10042 10142
Phenylephrine 9.8+1.0 10.3+£1.0 16746 164+6
Angiotensin II 4.7+0.7 41403 36+22 16+6
Endothelin-1 1.440.2 1.440.2 153438 154410

*ECsy and E,,, values to KCI are expressed as mM and % phenylephrine, respectively. All values are mean +s.e.m. and » represents the
number of animals from which tissues were studied. Statistical comparisons were performed by paired, two-tailed z-test. No values were
determined to be statistically different from those obtained in paired vehicle-treated vessels. Concentration—response parameters were
determined by fitting the experimental data to a logistic equation (Douglas et al., 2005).

Table 9 Basal haemodynamic parameters in intact,
anaesthetized cats prior to receiving bolus i.v. vehicle
(1% DMSO in saline, vv™') or I mgkg™" GSK248451
and inhibition of arterial pressure x rate product over
the recording period (35min) immediately following
U-II (1 nmolkg™!, i.v.) administration

Vehicle-treated GSK248451-

(1% DMSO in treated
saline, vv~—') (Imgkg™',
iv.)
Basal haemodynamic parameter
Mean arterial pressure (mmHg) 70+ 6 69+7
Systolic arterial pressure (mmHg) 91+6 94+8
Diastolic arterial pressure (mmHg) 57+6 5345
Heart rate (min~") 183+12 197+15
Arterial pressure x rate product (AUC),— o 35min
Mean (mmHg-min~') 1072+179 4094 106*
Systolic (mmHg-min~") 15074153 506+ 122%*
Diastolic (mmHg - min™") 7874202 337495

All values are meants.e.m. Statistical comparisons were
performed by paired, two-tailed z-test where *P<0.05 and
**P<0.01 compared to vehicle-treated cats.

Coupling efficiency is influenced by many factors (host cell
line, cotransfection of G-proteins, etc.). Thus, it would be
interesting to see in future studies if, for example, BacMam-
mediated G-protein (G,q) co-transfection produced similar
viral titre-dependent increases in relative intrinsic activity [o]
for such peptidic ligands (under conditions where UT receptor
B..x remained constant). Since the ‘innate’ characteristics of
UT recombinant assay systems are subject to considerable
inter- and intra-laboratory variation, this general phenomenon
should be considered carefully when comparing results
between laboratories and assays (urantide behaved as an
agonist in UT-CHO cell at 37°C (presumably high 7) and an
antagonist in UT-HEK cell at room temperature (presumably
low 7) in experiments performed within a single laboratory;
Camarda et al., 2006).

In summary, under the present experimental conditions, it
can be concluded that

(a) the relative transducer constant (t) in recombinant HEK
cell assays is cat>human>>rat UT receptor.

(b) the relative transducer constant (t) in native mammalian
arteries is monkey > cat>rat (t is, perhaps, less likely to
vary between tissues, cf. recombinant cell-based assays
assuming laboratory animals are inherently ‘less hetero-
geneous’ than the latter) and
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Figure 12 GSK248451 (1mgkg™', bolus i.v.) did not alter basal (a)
mean arterial blood pressure or (b) heart rate when compared to
vehicle-treated anaesthetized cats (1% DMSO in saline, vv~', bolus
i.v.). However, the peak systemic pressor response to exogenous
hU-IT was blocked by GSK248451 (attained 5Smin following
I nmol kg™, bolus i.v. administration; Table 9). Heart rate changes
were unaltered by GSK?248451. Statistical analysis: **P<0.01
compared to time-matched vehicle control cats.

(c) the nominal rank order of ligand relative intrinsic
activity [o] for peptidic UT receptor ligands would be
U-II> urantide > SB-710411>>GSK248451.

It is tempting to speculate that the types of differences in
receptor density/coupling efficiencies seen in the present manu-
script underlie the well documented inter- and intra-species
variation in vascular reactivity that has become a hallmark of
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U-II biology, for example, vascular reactivity to U-II is
significantly attenuated when one transitions from the thoracic
to abdominal aorta in the rat and although U-II is a ‘coronary-
selective’ spasmogen in the dog, it exerts ubiquitous contractile
actions in feline and primate-isolated arteries (Douglas et al.,
2000; Behm er al., 2004a). Such conjecture is worthy of
subsequent investigation. Interestingly, it has been postulated
that U-II lacks a significant receptor reserve in native arteries
and that the signalling actions of this ‘pseudo-irreversible’ ligand
are regulated at the level of cell surface receptor expression and/
or coupling (Douglas, 2003). It follows, therefore, that subtle
changes in the degree/efficiency of receptor expression/coupling
might lead to significant changes in reactivity both in preclinical
species (WKY cf. SHR; Gendron et al., 2004) and in man
(atherosclerosis, heart failure and hypertension; Lim et al., 2004;
Maguire et al., 2004; Sondermeijer et al., 2005). Such a
hypothesis is also worthy of future study.

The fact that ligands such as urantide, [Orn®|hU-II,
lanreotide, BIM-23042 and SB-710411 possess appreciable
low intrinsic activity [«] (partial agonists) may render them
unsuitable as tool compounds. However, the present study has
identified GSK248451 as a putative tool antagonist suitable
for in vivo use. In summary, GSK248451:

(a) is potent (equipotent with urantide but <80-fold more
potent than SB-710411),

(b) behaves as an antagonist in a/l native mammalian isolated
tissues studied,

(c) retains an extremely low level of relative intrinsic activity
[a] cf. urantide (E.x <9-fold in recombinant UT receptor
assays) and

(d) is a selective UT receptor antagonist (concentrations 170-
fold above the hU-II K, failed to block the contractile
actions of several pharmacologically distinct spasmogens
in the rat aorta).

Pretreatment of the anaesthetized cat with GSK248451
(Imgkg™, i.v.) did not alter basal haemodynamics (consistent
with basal observations made in rodents with palosuran and
UFP-803; Clozel et al., 2004; Camarda et al., 2006). Upon first
inspection, such data might appear to imply that U-II does not
make an appreciable contribution to the maintenance of basal
systemic arterial blood pressure in the normotensive intact
rodent or cat. However, U-II is a ‘pseudo-irreversible’ UT
receptor ligand (Douglas et al., 2004b) and, as such, acute bolus
i.v. administration of a peptidic antagonist may be insufficient to
alter the level of chronic ‘endogenous’ UT receptor occupancy.

Compared to other available UT receptor tool compounds,
GSK?248451 was unique in its ability to block the systemic
vasopressor actions of exogenous U-II. As such, this peptidic
molecule (and potentially UFP-803 since it is efficacious in a
mouse U-II-induced plasma extravasation model; Camarda
et al., 2006) represents a suitable tool for future investigations
aimed at delineating the role of U-II in the aetiology of
mammalian cardiometabolic diseases. It is interesting to note
that previous studies demonstrate that urantide is unable to
block the haemodynamic (vasodepressor) actions of U-II in
the rat (Gendron et al., 2005).

As reported previously (Behm ez al., 2004a), the contractile
actions of hU-II were significantly more rapid in onset and
transient in the cat isolated femoral artery compared to
responses in isolated thoracic aortae (see Table 5). Although

such temporal observations might, in part, result from
preferential receptor access, differential internalization/recycling,
etc. (e.g. relatively slow UT recycling in the femoral artery; see
Giebing et al., 2005), the data suggest that cat thoracic aortae
might possess an ‘atypical” UT receptor. While it is tempting
to speculate upon the existence of UT receptor ‘subtypes’, this
should be resisted at present since the available data do not meet
the minimum IUPHAR criteria (operational/functional data and
structural evidence; Humphrey & Barnard, 1998). There is, to
date, no compelling molecular evidence for the existence of
multiple, distinct UT receptor gene products. Although the
presence of UT receptor subtypes has been forwarded pre-
viously, such claims are speculative, based primarily on limited
operational observations (multiple UT receptor mRNA tran-
scripts have been identified in the mouse heart, skeletal muscle,
bladder but this likely reflects alternate splicing of the UT
receptor gene; Liu et al., 1999). Indeed, reactivity to hU-II is
completely ablated in the UT receptor knockout mouse (Behm
et al., 2003b). It is interesting, however, to note that Gendron
et al. (2005) have recently reported that urantide (~10mgkg~",
1.v.) is unable to block the vasodilator responses to systemic U-11
in the hypertensive rat. Similarly, Coy et al. (2000) claim that
‘tonic aortic contraction’ to U-II is refractory to UT receptor
antagonism in the rat. How such observations relate to the use of
low-efficacy partial agonists (e.g. urantide) as UT receptor
inhibitors and/or receptor subtypes is currently unknown.

It is clear that the responses of the cat femoral artery to hU-II
differ from those seen in the aorta. Specifically, the contractile
actions of hU-II were significantly more potent (~ 5-fold lower
EC5) and efficacious (E,.. >2-fold greater when normalized to
60mM KCIl) in the cat femoral artery. Similarly, urantide was
significantly (by almost two orders of magnitude) more potent as
a spasmogen in femoral artery cf. aorta. This striking potency
difference was also evident with the antagonists SB-710411
(<1luM K, in femoral artery but inactive in the aorta (K,
>10uM)) and GSK248451 (Kys 1 versus 190nM in femoral
artery and aorta, respectively). For now, the reason underlying
such disparities remains ambiguous. Although the existence of
UT receptor subtype(s) cannot be ruled out, a single UT receptor
gene subject to different post-translational modification repre-
sents an alternative explanation. Equally plausible is the
proposition that the cat femoral artery and aorta represent UT
receptor-signalling systems with two quite different coupling/
signalling efficiencies or perhaps even differences in receptor
reserve. Clearly, overexpression of recombinant UT receptors in
mammalian host cells (e.g. CHO, HEK cells) results in extremely
high UT receptor densities (B >450 fmolmgprotein~' for
rodent, cat and primate UT; Ames et al., 1999; Elshourbagy
et al., 2002; Aiyar et al., 2005). This creates a large population of
efficiently coupled UT receptors. This contrasts native rat and
cat cardiopulmonary tissue (where By.x <20fmolmg protein™;
Itoh et al., 1988; Ames et al., 1999; Behm et al., 2005a). This low
level of native UT receptor expression also exists in human cell
lines (Douglas et al., 2004b; Qi et al., 2005). Nevertheless, since
["**TJU-II B, is low in both rat and cat cardiopulmonary tissue
(Itoh et al., 1988; Behm et al., 2005a), receptor density alone is
probably a lesser factor in determining apparent agonism/
antagonism than inherent signal-transduction efficiency. Clearly,
high-density recombinant expression systems are, by definition,
‘artefactual’. Since they create abnormally efficient receptor-
effector coupling systems, they may be unrepresentative of
native, physiological U-II/UT receptor systems. Such differences
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should be considered when selecting assay systems for profiling
the operational properties (agonist versus antagonist) of UT
receptor ligands.

In summary, the nonproprietary peptide GSK248451
represents a potent, surmountable tool UT receptor antagonist
suitable for studying the (patho)physiological actions of U-II
both in vitro and in vivo in a variety of species. It is readily
differentiated from other peptidic UT receptor ligands, for
example, urantide and SB-710411 (intrinsic activity [«] and/or
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