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Abstract

Bombesin receptor subtype-3(BRS-3) is an orphan G-protein coupled receptor which is classified
in the bombesin receptor(BnR) family with which it shares high homology. It is present widely in
the central nervous system and peripheral tissues and primarily receptor-knockout studies suggest
it is involved in metabolic-glucose-insulin homeostasis, feeding and other CNS behaviors,
gastrointestinal motility and cancer growth. However, the role of BRS-3 physiologically or in
pathologic disorders has been not well defined because the natural ligand is unknown. Until
recently, no selective agonists/antagonists were available; however, recently synthetic high-affinity
agonists, chiral-diazepines nonpeptide-analogs(3F, 9D, 9F, 9G) with low CNS penetrance, were
described, but are not well-categorized pharmacologically or in different labarotory species. The
present study attempted to characterize(affinity, potency, selectivity) of the chiral diazepine BRS-3
agonists in human and rodents(mice, rat). In human BRS-3 receptors, the relative affinities of the
chiral diazepines was 9G > 9D > 9F > 3F; each was selective for BRS-3. For stimulating PLC
activity, in hBRS-3 each of the four chiral diazepine analogs was fully efficacious and their
relative potencies were: 9G (ECsp: 9 nM) > 9D (ECsgq: 9.4 nM) > 9F (ECsp: 39 nM) > 3F (ECsp:
48 nM). None of the four chiral diazepine analogs activated r,m,hGRPR. The nonpeptide agonists
showed marked differences from each other and a peptide agonist in receptor-coupling-
stiochiometry and in affinities/potencies in different species. These results demonstrate that chiral
diazepine analogs (9G, 9D, 9F, 3F) have high/affinity/ptoency for the BRS-3 receptor in human
and rodent cells, but different coupling relationships and species differences from a peptide
agonist.
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1. Introduction

Bombesin receptor subtype-3 (BRS-3) is an orphan G-protein coupled orphan receptor
present in the central nervous systems and peripheral tissues [10,13,22,30]. Because of its
51% and 47% amino acid homology with the two human Bombesin (Bn) receptors, gastrin-
releasing peptide receptor (GRPR) and neuromedin B receptor (NMBR), it is classified in
the bombesin receptor (BnR) family[10,22,43].

BRS-3 is receiving increased attention because studies, primarily using BRS-3 receptor
knockout mice, suggest it is involved in insulin, glucose, lipid and metabolic homeostasis
[13,17,40,52]; appetite and regulation of food intake [13,25,40], behavioral regulation
[13,67,68]; gastrointestinal motility [22]; lung development and injury [55,59] and
regulation of growth of normal and neoplastic tissues, as well as oncogene expression
[13,24,37,57,59,65,66]. This has resulted in BRS-3 receiving considerable attention for a
possible therapeutic role in treatment of obesity and/or diabetes mellitus [13,29]. However,
the exact role of BRS-3 in physiological and pathologic disorders has not been well defined,
because the natural ligand is unknown [22], and, in contrast to the other Bn receptors, until
recently, no selective agonists/antagonists were available [13,19,22,29,43,62,64].

In contrast to other Bn receptors, BRS-3 has a low affinity for all natural occurring Bn-
related peptides [13,34,48,49]. The only known high-affinity agonist for the hBRS-3 is the
synthetic peptide agonist [Tyr 6, B-Alall, Phel3, Nlel4]Bn-(6-14), however this Bn analog
also has high affinity for GRPR and NMBR in different species [22,34,41,50,61] and has
low affinity for the rat and mouse BRS-3 (r,mBRS-3)[27]. Recent studies report that the
nonpeptide MK-5046 is a potent and selective agonist in different species [18,44,54] and it
also has potent effects on glucose/energy homeostasis [13,17,18,54]. However, in animal and
human studies, MK-5046 in addition to having the desired effects on body weight, appetite
and glucose/metabolic control, had cardiovascular and body temperature/thermogenesis side
effects [13,17,26,44,54]. It was proposed that these side effects could be due to a CNS action
of MK-5046, because it is CNS permeable and BRS-3 receptors are widely distributed in the
CNS [17,21,51,69]. To investigate this possibility further, recently, chiral diazepine
nonpeptide analogs with low CNS penetrance (3F, 9D, 9F, 9G) have been reported which are
potent agonists for the human BRS-3 [35,36]. However, a full pharmacological
characterization of their selectivity and affinities for human and rodent Bn receptors (mouse,
rat) has not been done which is needed before detailed /n vivo studies are performed. This
characterization is particularly important with Bn receptor agonists, because previously
studies demonstrate this class of receptors has considerable species variations with agonists,
as well as antagonists [8,22,28,61,63,64] and because until recently, similar to many other
gastrointestinal hormone/neurotransmitter G-protein-coupled receptors [12,20,38], no
nonpeptide agonists existed and little is known of their pharmacology at these receptors.
Therefore, in the present study, we have investigated the affinity and potency of these novel
chiral diazepine analogs for in human, rat and mouse BnR’s.
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2. Materials and methods

2.1. Materials

BALB 3T3 cells (mouse fibroblast) and AR42J cells (rat pancreatic acinar cells) were from
American Type Culture Collection (ATCC), Rockville, MD; Dulbecco’s minimum essential
medium (DMEM), phosphate-buffered saline (PBS), G418 sulfate, fetal bovine serum
(FBS), penicillin, streptomycin and sodium pyruvate from Gibco Life Technology (Grand
Island, NYY); bacitracin, soybean trypsin inhibitor, 3-isobutyl-1-methylxanthine (IBMX),
formic acid, ammonium formate, disodium tetraborate, and alumina were obtained from
Sigma-Aldrich (St. Louis, MO); iodine-125 (100 mCi/ml) and myo-[2-3H]inositol were
from Perkin Elmer Life Sciences (Boston, MA); 1,2,4,6-tetrachloro-3 -6 -diphenylglycouril
(lodo-Gen) from Pierce Chemical Co. (Rockford, IL); AG 1-X8 resin from BIO-RAD
(Richmond, CA); human brain cDNA and mouse hypothalamic and brain cDNA library
were from Zyagen (San Diego, CA). Standard protected amino acids and other synthetic
reagents were obtained from Bachem Bioscience Inc. (King of Prussia, PA). MK-5046,
(25)-1,1,1-trifluoro-2-[4-(1H-pyrazol-1-yl)phenyl]-3-(4-[[1-
(trifluoromethyl)cyclopropyl]methyl]-1H-imidazol-2-yl)propan-2-ol[54] was a gift from
Merk, Sharp and Dohme (West Point, PA.); 9f, [(5R)-4-((3-[(6-methylpyridin-3-
yloxy]phenyl)acetyl)-8-(trifluoromethyl)-2,3,4,5-tetrahydro-1H-pyrido[2,3-€]
[1,4]diazepin-5-yl]acetic acid [36]; 99, [(5R)-4-([3-(2-methylpropoxy)phenyl]acetyl)-8-
(trifluoromethyl)- 2,3,4,5-tetrahydro-1H-pyrido[2,3-e][1,4]diazepin-5-yl]acetic acid [36], 3F
and 9D were gifts from Daiichi Sankyo Co. (Tokyo, Japan).

2.2. Stable transfections

hBRS-3, hmGRPR and h,rNMBR stably transfected into BALB cells were made as
described previously [2-5,48]. The rat BRS-3 receptor (rBRS-3) was obtained by PCR from
a rat brain cDNA library from Zyagen (San Diego, CA) and the mouse BRS-3 receptor
(mBRS-3) and NMBR (MNMBR) from a mouse hypothalamic and brain cDNA library
Zyagen (San Diego, CA). The PCR product for r,mBRS-3 and mMNMBR were inserted in
pCMV6-Entry (OriGene, Rockville, MD) and they then subcloned into pcDNAS3 at the
EcoRl site. BALB cells were stably transfected with mBRS-3 or mMNMBR as previous
described [2-5,48]. Three days after transfection, cells were split in a ratio of 1:3, and the
selection antibiotic G418 (Life Technologies, Grand Island, NY) was added to the regular
growth medium at a concentration of 800 pg/ml. Single colonies were isolated 2 weeks later
and expanded in growth medium containing G418 (300 pg/ml). Colonies containing
mNMBR were selected by binding studies using 12°1-[D-Tyr8, p-Alall, Phel3, Nlel4]Bn-(6-
14). Colonies containing mBRS-3 or rBRS-3 were selected by assessing MK-5046-
stimulated charge in [3H]Inositol phosphates (IP) performed as described below.

2.3. Cell culture

h,r,mBRS-3 stably transfected BALB cells; h, nGRPR stably transfected BALB cells;

h,r, MNMBR stably transfected BALB cells were made grown in DMEM media
supplemented with 10% FBS, 100 U/ml of penicillin, 100 pug g/ml of streptomycin and 300
pg/ml of G418 sulfate. AR42J cells containing native rGRPR [31,47] were grown in DMEM
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media supplemented with 10% FBS, 100 U/ml of penicillin and 100 ug/ml of streptomycin.
All cells were incubated at 37°C in a 5% CO, atmosphere.

2.4. Preparation of 125-Labeled Peptides

1251.[D-TyrS, B-Alall, Phel3, Nlel4]Bn-(6-14), with specific activity of 2200 Ci/mmol, was
prepared by a modification of methods described elsewhere [33,34]. In brief, 0.8 ug of
IODO-GEN (in 0.02 mg/ml chloroform) was transferred to a vial, dried under a stream of
nitrogen, and washed with 100 pl of 0.5 M KH,PQOy4, pH 7.4. To the reaction vial 20 pl of 0.5
M KH,PO,, pH 7.4, 8 pg of peptide in 4 pl of water, and 2 mCi (20 pl) Nal251 were added,
mixed gently, and incubated at room temperature for 6 minutes. The incubation was stopped
by the addition of 100 pl of distilled water. Radiolabeled peptide was separated using a Sep-
Pak (Waters Associates, Milford, MA) and high-performance liquid chromatography as
described previously elsewhere [34,50]. The radioligand was stored with 0.5% BSA at 20°C.

2.5. Binding studies

Binding studies with mBRS-3 and rBRS-3 could not be performed because they have low
affinity for the universal Bn ligand 1251-[D-Tyr®, -Alall, Phel3, Nlel4]Bn-(6-14), and no
other suitable ligand is available [22,27]. hBRS-3/BALB (0.5 x 10 cells/ml), hGRPR/BALB
(0.5 x 10% cells/ml), rtGRPR/AR42J (1 x 106 cells/ml), nGRPR/BALB (0.5 x 10° cells/ml),
hNMBR/BALB (0.05 x 10° cells/ml), INMBR/BALB (0.2 x 108 cells/ml) and mNMBR/
BALB (0.8 x 108 cells/ml) cells were incubated for 60 minutes at 21°C with 50 pM 125]-[D-
TyrS, B-Alall, Phel3, NIel4]Bn-(6-14) in 300 pl of binding buffer as described previously
elsewhere [14,34,38,61]. The standard binding buffer contained 24.5 mM HEPES, pH 7.4,
98 mM NaCl, 6 mM KClI, 2.5 mM KH,POy4, 5 mM sodium pyruvate, 5 mM sodium
fumarate, 5 mM sodium glutamate, 2 mM glutamine, 11.5 mM glucose, 0.5 mM CaCly, 1.0
mM MgCls,, 0.01% (w/v) soybean trypsin inhibitor, 0.2% (v/v) amino acid mixture, 0.2%
(w/v) BSA, and 0.05% (w/v) bacitracin. After the incubation, 100 ul of each sample were
removed and added to 300 pl of incubation buffer in 400-pl Microfuge tubes and centrifuged
for 1 minute at 10,000g (Microfuge B; Beckman Coulter, Fullerton, CA) to separate the
bound radioligand from unbound radioligand. The supernatant was aspirated, and the
pelleted cells were rinsed twice with a washing buffer that contained 1% (w/v) BSA in PBS.
The amount of radioactivity bound to the cells was measured in a Cobra Il Gamma Counter
(Packard Instruments, Meriden, CT). Binding was expressed as the percentage of the total
radioactivity that was associated with the cell pellet. Nonsaturable binding was <10% of the
total binding in all experiments. Each point was measured in duplicate, and each experiment
was replicated at least 3 times. Calculation of affinity was performed by determining the
ICsq using the curve-fitting program Prism GraphPad 4.0 (GraphPad Software, Inc., La
Jolla, CA).

2.6. Measurement of [3H]Inositol Phosphates

[3H]Inositol phosphates (IP) were determined in the different cells as described previously
[2,38,46,61]. In brief, h,r,mBRS-3 cells, h nGRPR/BALB cells, AR42J cells containing
native rGRPR and h,r nANMBR/BALB cells (4.0 x 10* cells/ml) were subcultured into 24-
well plates in regular propagation media and then were incubated for 24 hours at 37°C in a
5% CO, atmosphere. The cells were then incubated with 3 pCi/ml of myo-[2-3H]inositol in
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growth media supplemented with 2% FBS for an additional 24 hours. After the incubation,
the 24-well plates were washed by incubating for 30 minutes at 37°C with 1 ml/well of PBS
(pH 7.0) containing 20 mM lithium chloride. The wash buffer was aspirated and replaced
with 500 ul of IP assay buffer containing 135 mM sodium chloride, 20 mM HEPES (pH
7.4), 2 mM calcium chloride, 1.2 mM magnesium sulfate, 1 mM EGTA, 20 mM lithium
chloride, 11.1 mM glucose, and 0.05% BSA (w/v), and was incubated without (control) or
with different concentrations of the peptides studied. After 60 minutes of incubation at 37°C,
the experiments were terminated by the addition of 1 ml of ice-cold 1% (v/v) hydrochloric
acid in methanol. The total [3H]IP was isolated by anion-exchange chromatography as
described previously [2,38,46]. Briefly, samples were loaded onto Dowex AG1-X8 anion-
exchange resin columns, washed with 5 ml of distilled water to remove free [3H]IP and then
washed with 2 ml of 5 mM disodium tetraborate/60 mM sodium formate solution to remove
[3H]glycerophosphorylinositol. Finally, 2 ml of 1 mM ammonium formate/100 mM formic
acid solution were added to the columns to elute the total [3H]IP. Each eluate was mixed
with scintillation cocktail and measured for radioactivity in a scintillation counter.

2.7. Statistical Analysis

3. Results

The results are the mean and S.E.M. from at least three separate experiments. 1Cgg and ECsgg
were calculated using the curve-fitting program Prism GraphPad 4.0.

In this study, we compared the ability of four new chiral diazepines [35,36] with that of the
naturally Bn-related peptides GRP and NMB, the universal Bn-receptor agonist peptide #1
[34,41] and the nonpeptide BRS-3 agonist MK-5046 [13,38,54] to interact and activate the
three Bn-receptor subtypes -GRPR, NMBR and BRS-3- in human, rat and mouse.

In hBRS-3/BALB cells, the affinity of chiral diazepine 9G was 1.5-fold greater than
MK-5046 (9G; IC5p: 70 nM and MK-5046; 1Csq: 102 nM, Table 1, Fig. 1). The remaining
three chiral diazepines had a 1.7-13-fold lower affinity compared with 9G (chiral diazepines
9D, 9F and 3F; ICsg: 121-909 nM, Table 1, Fig. 1). As described previously [13,32,34,61]
for hBRS-3, GRP and NMB had very low affinity (ICsq: >3000 nM, Table 1, Fig. 1); peptide
#1 had a high affinity (ICgp: 2.89 nM, Table 1, Fig. 1) and it was 24-fold higher than 9G
(ICsp: 70 nM, Table 1, Fig. 1). None of the four chiral diazepines interact with hGRPR or
hNMBR at concentration up to 3,000 nM (Table 1, Fig. 2-3). In contrast, GRP and peptide
#1 or NMB and peptide #1 interacted with high affinity with GRPR or NMBR, respectively
(GRPR; GRP; ICgq: 0.48 nM; peptide #1; 1C5q: 0.71 nM, Table 1, Fig. 2A and NMBR,;
NMB; ICsq: 0.60 nM; peptide #1; ICso: 0.21 nM, Table 1, Fig. 3A). Because of a lack of a
radioligand for rat and mouse BRS-3, the affinities of various ligands the could not be
assessed by binding studies, however their potency for cell activation could be assesed.

In binding studies with rtGRPR/AR42J cells and rNMBR/BALB cells, the four chiral
diazapines and MK-5046 did not interact with rGRPR or INMBR, even at concentrations of
3,000 nM (Table 1, Fig. 2B, 3B). However, peptide #1 showed the highest affinity for
rGRPR or INMBR (ICsq: 0.03-0.53 nM, Table 1, Fig. 2B, 3B). GRP showed a high affinity
for ~GRPR (ICsq: 0.41 nM, Table 1, Fig. 2B) and it was >1,000-fold greater than GRP for
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rNMBR (ICsq: 440 nM, Table 1, Fig. 3B). Similarly, NMB had a high affinity for INMBR
(ICsp: 1.21 nM, Table 1, Fig. 3B) and 66-fold lower in affinity for tGRPR (ICgy: 80 nM,
Table 1, Fig. 2B).

In binding studies with mGRPR/BALB and mNMBR/BALB cells, the four chiral diazapines
and MK-5046 did not interact with mGRPR or mMNMBR at concentrations up to 3,000 nM
(Table 1, Fig. 2C, 3C). In contrast, peptide #1 had a high affinity for mGRPR and mNMBR
(ICsp: 0.42 and 5.76 nM, Table 1, Fig. 2C, 3C); and GRP and NMB showed a high affinity
for mMGRPR and mNMBR, respectively (ICsq: 0.60 and 5.76 nM, Table 1, Fig. 2C, 3C). GRP
had a low affinity for mMNMBR and NMB had low affinity for mGRPR (ICsp: 206 and 170
nM, Table 1, Fig. 2C, 3C).

To assess the potencies of the various BRS-3 selective agonists, we utilized the fact that each
of the Bn-receptor subtypes is coupled to PLC activation [15,22,43], and assessed their
abilities to stimulate [3H]IP generation in each of the BRS-3, GRPR, and NMBR containing
cells. We comapred the results with the natural ligands (GRP, NMB), the universal Bn-
receptor agonist peptide #1, the nonpeptide BRS-3 agonist MK-5046 and the four chiral
diazepines (3F, 9D, 9F, 9G) (Fig. 4-6).

In human, rat and mouse BRS-3 containing cells, each of the four chiral diazepines, as well
as MK-5046, were full efficacious for activating PLC causing a 3.8-, 5.8- and 3.9-fold
increase, respectively (Table 2, Fig. 4). In human BRS-3/BALB cells, of the four chiral
diazepines, 9G and 9D were the most potent (ICgq: 9.2 and 9.4 nM, Table 2, Fig. 4A); which
was equal in potency to MK-5046 (ECsp: 8.70 nM, Table 2, Fig. 4A); with 9F and 3F
having, respectively a 4.3- and 5.2-fold lower potency than 9G or 9D (3F; ECsgq: 47.7 nM,
and 9F; ECsq: 39.6 nM, Table 2, Fig. 4A). For rat and mouse BRS-3, the relative and
absolute potencies for the chiral agonists, MK-5046 and peptide #1 differed from that seen
in hBRS-3/BALB cells. Specifically, in rBRS-3/BALB cells, the chiral diazepines 9G and
3F were equally potent (3F; ECgq: 34.6 nM and 9G; ECgq: 37.9 nM, Table 2, Fig. 4B), but
were 165-fold less potent than MK-5046 (ECsg: 0.23 nM, Table 2, Fig. 4B); whereas 9D and
9F had 2- and 7.8-fold lower potency for rBRS-3/BALB (9D; ECsq: 70.4 nM and 9F; ECsg:
295 nM, Table 2, Fig. 4B). In mBRS-3/BALB cells, of the four chiral agonists, 9D and 9G
were the most potent (9D; ECsq: 18.4 nM and 9G; ECsq: 20.1 nM, Table 2, Fig. 4C), but
were 3.5-3.8-fold less potent than MK-5046 (ECsgq: 5.24 nM, Table 2, Fig. 4C). In contrast,
the chiral diazepines 3F and 9F, compared to 9D or 9G, showed a 1.5- and 4.3-fold lower for
mBRS-3/BALB cells (3F; ECsg: 31 nM and 9F; ECsq: 86.8 nM, Table 2, Fig. 4C). In
hBRS-3/BALB cells, GRP or NMB, and in ,mBRS-3/BALB cells, GRP or NMB, did not
interact with BRS-3 at concentrations up to 3,000 nM (Table 2, Fig. 4A-C). Similarly,
peptide #1 did not activate r,mBRS-3 at concentrations up to 3,000 nM (Table 2, Fig. 4B,
4C).

In h, n"GRPR/BALB cells, —GRPR/AR42J cells and h,r, nNMBR/BALB cells, none of the
four chiral diazepines or MK-5046 activated GRPR or NMBR at concentrations up to 3,000
nM (Table 2, Fig. 5A-C, 6A-C). However, peptide #1 had a high potency for activating
GRPR and NMBR in human, rat or mouse (ECsq: 0.12-0.58 nM, Table 2, Fig. 5A-C, 6A-
C); which was 8.4-, 0.3- and 0.2-fold greater than GRP, respectively (ECsp: 4.79, 0.30 and 1
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nM, Table 2, Fig. 5A-C, 6A-C). Similarly, peptide #1 showed a 3.4-, 3.5- and 5.2-fold
greater potency than NMB for human, rat or mouse NMBR (ECgp: 2.5, 1.6, 4.7 nM, Table 2,
Fig. 5A-C, 6A-6C). In contrast, peptide #1 had a >250-fold higher potency than GRP for
h,r,MNMBR (ECsq: 1,300, 125 and 499 nM, Table 2, Fig. 5A-C, 6A-C) and 40-930-fold
greater potency than NMB for h,r, n"GRPR (ECsq: 530, 17 and 23 nM, Table 2, Fig. 5A-C,
6A-C).

Comparison of affinities for occupying the hBRS-3 receptor determined from binding
studies (ICsg) and its potencies for activating hBRS-3 (ECsg) in [3H]IP demonstrated the
different chiral diazepines, peptide #1 and MK-5046 had markedly different degrees of
receptor sparseness. Specifically, for the four chiral agonists, 9G had the lowest 1C5¢/ECsq
ratio of 7.6; whereas with 9D, 9F, 3F and the IC5o/ECsq ratios were 12.5, 12.8 and 19,
respectively. With MK-5046 the IC5o/ECs ratio was 11.7, whereas with peptide #1 the
IC50/ECsy ratio was 0.74, demonstrating no receptor sparseness (Table 3).

4. Discussion

The propose of this study was to assess the abilities of four new nonpeptide chiral diazepines
with low CNS penetrance [35,36] to interact with and activate Bn receptors. This study was
performed because of the increasing interest in BRS-3 both in physiological and
pathological conditions, as well as in it therapeutic potential in diseases such as obesity/
diabetes [13,17,18,29,30,36,40,43,44]. Until recently, little was known of the role of BRS-3
in physiological, or pathological conditions, because it is an orphan receptor with an
unknown ligand, ever though it is included in the Bn receptor family, because of its high
homology to other receptors in this family [10,13,22]. The report that BRS-3 knockout
animals develop, hypertension, diabetes and obesity, resulted in increased interest in this
receptor [13,40]. This resulted in different pharmacological companies developing,
nonpeptide agonists and antagonists [11,13,17,18,35,36,38,44,54], aimed at exploring
BRS-3’s role in physiology/pathophysiology and possible role in treatment of obesity/
diabetes [13,17,23,29,30,44]. Initial human and animal studies with the benzodiazepine
analogue, MK-5046, showed promise with weight loss, stimulation of insulin release and
correction of hyperglycemia/diabetes [13,18,54]. However, an area of prominent concern
was that MK-5046, caused cardiovascular side-effects in both human and mice [18,26,44],
which could possibly be due to a CNS effect of MK-5046, because it is a CNS penetrance
compound and BRS-3 receptors are widely present in the CNS [13,17,69]. To circumvent
this possibility, peripherally acting BRS-3 agonists which are nonpeptide chiral diazepine
analogs were recently reported [35,36]. However, little is known of the pharmacology of
these new nonpeptide chiral diazepines, including their affinities for the different human
BnRs, their receptor selectivity, specifically in comparison to the widely used BRS-3 agonist
MK-5046, and their potency and efficacy for activating the various BnR’s. Because these
compounds will be widely used to investigate the physiological/pathological role of BRS-3
and because they are the first peripheral-acting BRS-3 potentially, selective agonists
described, the assessment of their pharmacology is important. This is particularly important
for BnRs because numerous studies have reported with this class of receptors that various
peptide agonists and antagonists show marked species difference in affinity, potency and
efficacy, such that in different species a given analogue can function as an antagonist,
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agonist or partial agonist [14,22,28,61,63,64]. Furthermore, little information exists for
nonpeptide agonists of Bn receptors, similar to case for many other G-protein-coupled
receptors (GPCRs) for gastrointestinal (GI) hormones/neurotransmitters. This has occurred
because for many GPCR for Gl hormones/neurotransmitters such as those for VIP, secretin,
substance P, PACAP or gastrin, as well as for the BnR receptors, NMBR and GRPR, no
nonpeptide agonists have been described. With other GI hormone/neurotransmitter GPCRSs
receptors such as for CCK, BRS-3, neurotensin and motilin, only recently have nonpeptide
agonists been described[6,58,60], with the result that their pharmacology is largely
unknown, including whether they also demonstrated species variability for affinity, potency
and efficacy.

Furthermore, the pharmacology, as well as the ability of given Bn receptor ligand to function
as agonist/antagonist, various markedly in different species. Because of this, in the present
study a comparison for the ability of the different chiral diazepines to activate BnRs of mice,
rat and human was performed.

A new number of our results support the conclusion that each of four new chiral diazepines
and nonpeptide MK-5046 are highly selective and fully efficacious agonists for the BRS-3
receptor in human, rat and mouse cells. First, in hBRS-3 containing cells, the two chiral
diazepines (9D and 9G) had a similar affinity for the hBRS-3 receptor (69.69-121.1 nM) to
that seen with MK-5046 (102 nM). Second, each of the four new chiral diazepines were
selective for hBRS-3 and did not bind to either GRPR or NMBR in human, rat or mouse at
concentrations as high as 3,000 nM. In contrast, the agonist, peptide #1, as was reported
previously [32-34,41,61], showed a high affinity for all human, rat or mouse Bn receptors
(ICsp: 0.03-5.76 nM), except rat, mouse BRS-3. Third, our results demonstrated that the
new four chiral diazepines are fully efficacious BRS-3 agonists for activating phospholipase
C in cells containing BRS-3 from human, rat or mouse; that they were selective BRS-3 in
each of these cells, not activating activate GRPR or NMBR in human, rat or mouse cells,
even at concetrations up to 3,000 nM.

Previous studies report wide variation in the affinity of peptide agonists and peptide
antagonists for GRPR and NMBR in different species [8,9,14,22,28,34,61,63,64], as well as
their potency/efficiency for activating GRPR or NMBR and functioning as an agonist, partial
agonist or antagonist in different species [8,9,22,63,64]. Much less information is available
for the BRS-3 receptor became the endogenous ligand is unknown [13,30]. Furthermore,
only recently has nonpeptide agonists been described for BRS-3, similar to numerous other
gastrointestinal hormone/neurotransmitter GPCRs [12], so there is very little information of
whether this variability in potency of a given receptor in different species extends also to a
nonpeptide agonist, and exists for BRS-3. This study for the first time demonstrates that the
nonpeptide BRS-3 receptor agonists examined in the present study (MK-5046, 3F, 9D, 9F
and 9G) demonstrate wide variation in their potencies for receptor activation between
human, rat and mouse BRS-3, but not in they efficacy for activating the receptor and
stimulating phospholipase C activation. This conclusion is supported by a number of
findings. First, MK-5046 in rBRS-3 cell was 22-fold and 38-fold more potent than in
mBRS-3 or hBRS-3, whereas the chiral diazepine 3F was approximately equally potent in
the BRS-3 receptors of all these species and the related chiral diazepines 9G, 9F were more
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potent in hBRS-3 over r,mBRS-3. Second, the relative potencies of the different nonpeptide
agonists varied markedly between the different species. For example, MK-5046, 9D and 9G
were approximately equally potent at activating hBRS-3; whereas for rBRS-3, 9F and 9G
were 8-fold and 165-fold less potent than MK-5046 and with mouse BRS-3, and they were
5-fold and 4-fold less potent. Third, in h,r,mBRS-3 cells, each of the the nonpeptide
demonstrated similar efficacy in activating phospholipase C, when sufficiently high
correlations were used, demonstrate none were partial agonists. These results are consistent
with studies of nonpeptide agonists for serotonin 2A [7], histamine (Hy, Hy, Hs, Hy) [56],
endothelium [45] and Kinin-B2 receptors, which are report to demonstrate species variation
in their affinities/potencies. These results suggested that if physiological/pathological
functions of BRS-3 are explored in different laboratory animals, it will be important to
consider potency of the selected agonists in the studied species.

Recently with peptide and nonpeptide agonists as well as antagonists, marked different in
receptor coupling efficiency for various G-protein coupled receptors have been reported
[1,6,16,38,39,42,53,61]. Until recently, no nonpeptide agonists existed for BnRs, so that it
was unclear whether a similar relationship frequently occurred with these receptors for
nonpeptide agonists. Our results support the conclusion that it frequently occurs with BRS-3
receptors in human cells. This conclusion was supported by the fact that with the peptide
agonist (peptide #1), the 1C5q/ ECsgg ratio, a measure of receptor spareness, was almost unity,
showing no receptor sparseness. In contrast, with the nonpeptide BRS-3 agonists the
coupling ratio varied from 7.61 to 19.06 demonstrating receptor sparseness in each case, as
well as demonstrating this variation occurred even with closely chemically related agonists
such as the four chiral diazepines (ICgo/ ECsq. 7.61-19.06). These results demonstrated the
receptor coupling efficiency both of peptide agonists and nonpeptide agonists can vary
considerably for a given receptor of the BnR family. This result is, in contrast, to the
findings recently reported with a nonpeptide agonist’s ability to activate and occupy CCK
[53], vasopressin V2 [39], or bradykinin B2R [1] receptors. With each of these receptors
there was no receptor spareness for the nonpeptide agonist and it resembles the ability of a
peptide agonist in its receptor occupation-coupling stoichiometry. This marked variation in
receptor coupling activation is important to consider in the use of the BRS-3 compounds,
because it can lead to different conclusions on their selectivity for a given BnR [38].
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Highlights

Recently reported nonpeptide-chiral-diazepine BRS-3 agonists are
characterized pharmacologically.

The chiral-dizapeines have high affinity and selectivity for human, rat, mouse
hBRS-3.

Each analog has high potency, selectivity and functions as full agonist at
human, rat, mouse BRS-3.

Compared to peptide agonists, the chiral diazepines had variable receptor
spareness in human BRS-3

The chiral diazepines nonpeptides analogs had variable potencies in BRS-3
from different species
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Figure 1.
Comparison of the ability of four chiral diazepine analogs (3F, 9D, 9F, 9G); a nonselective

Bn analog agonist (Peptide #1); a nonpeptide agonist MK-5046; GRP and NMB to inhibit
binding to cells containing human BRS-3. The peptides were incubated with 50 pM 125]-
[D-TyrS, B-Alall, Phel3, Nlel4]Bn-(6-14) for 60 minutes at 21°C in 300 ul of binding buffer
with hBRS-3/BALB cells (0.5 x 10° cells/ml), and the saturable binding was determined as
described in Materials and Methods. The results are expressed as the percentage of saturable
binding without unlabeled peptide added (percentage control). The results are the mean and
S.E.M. from at least three separate experiments and in each experiment the data points were
determined in duplicated. Abbreviations: See in table 1 legend.
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Figure 2.
Comparison of the ability of four chiral diazepine analogs (3F, 9D, 9F, 9G); a nonselective

Bn analog agonist (Peptide #1); a nonpeptide agonist MK-5046; GRP and NMB to inhibit
binding to cells containing human, rat or mouse GRPR. The peptides were incubated with
50 pM 125]- [D-Tyrb, B-Alall, Phel3, NIel4]Bn-(6-14) for 60 minutes at 21°C in 300 pl of
binding buffer with hGRPR/BALB cells (0.5 x 108 cells/ml) (A), rtGRPR/AR42]J cells (1 x
108 cells/ml) (B) or mGRPR/BALB cells (0.5 x 10° cells/ml) (C), and the saturable binding
was determined as described under Materials and Methods. The results are expressed as the
percentage of saturable binding without unlabeled peptide added (percentage control). The
results are the mean and S.E.M. from at least three separate experiments and in each
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experiment the data points were determined in duplicated. Abbreviations: See in table 1
legend.
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Figure 3.
Comparison of the ability of four chiral diazepine analogs (3F, 9D, 9F, 9G); a nonselective

Bn analog agonist (Peptide #1); a nonpeptide agonist MK-5046; GRP and NMB to inhibit
binding of 12%1- labeled peptide in cells containing human, rat or mouse NMBR. The
peptides were incubated with 50 pM 1251- [D-Tyr6, -Alall, Phel3, Nlel4]Bn-(6-14) for 60
minutes at 21°C in 300 pl of binding buffer with hNMBR/BALB cells (0.05 x 106 cells/ml)
(A), INMBR/BALB cells (0.2 x 10 cells/ml) (B) or MNMBR/BALB cells (0.8 x 108
cells/ml) (c), and the saturable binding was determined as described under Materials and
Methods. The results are expressed as the percentage of saturable binding without unlabeled
peptide added (percentage control). The results are the mean and S.E.M. from at least three
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separate experiments and in each experiment the data points were determined in duplicated.
Abbreviations: See in table 1 legend.
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Figure 4.
Ability of four chiral diazepine analogs (3F, 9D, 9F, 9G); a nonselective Bn analog agonist

(Peptide #1); a nonpeptide agonist MK-5046; GRP and NMB to stimulate [3H]IP generation
in cells containing human, rat or mouse BRS-3: (A) hBRS-3/BALB, (B) rBRS-3/BALB and
(C) mBRS-3/BALB cells. [3H]IP was determined after a 60 minutes incubation at 37°C after
loading the cells for 48 hours with 3 pCi/ml myo-[2-3H]inositol as described in Materials
and Methods. The results are the mean and S.E.M. from at least three separate experiments
and in each experiment the data points were determined in duplicated. With hBRS-3/BALB
cells, the maximal stimulated [3H]IP value by 1 pM MK-5046 was 70,268 + 4,912 dpm, and
the control value was 18,251 + 1,632 dpm (n=13). With rBRS-3/BALB cells, the maximal
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stimulation of a 1 uM concentration of MK-5046 was 21,812 + 1,721 dpm, and the control
value was 3,749 + 315 dpm (n=7). With mBRS-3/BALB cells, the maximal stimulation of a
1 uM concentration of MK-5046 was 62,992 + 9,298 dpm, and the control value was 16,160
+ 2,396 dpm (n=3). Abbreviations: See in table 1 and 2 legends.
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Comparison of abilities of four chiral diazepine analogs (3F, 9D, 9F, 9G); a nonselective Bn
analog agonist (Peptide #1); a nonpeptide agonist MK-5046; GRP and NMB to stimulate
[3H]IP generation in cells containing human, rat or mouse GRPR: (A) hGRPR/BALB, (B)
rGRPR/AR42J and (C) mGRPR/BALB cells. The experimental conditions were the same as

described in Fig. 4 legend. The results are the mean and S.E.M. from at least three
experiments, and in each experiment the data points were determined in duplicate. The
results are expressed as the percentage of stimulation causing by maximal effective

concentration of peptide #1 (1 uM). The control and the maximal stimulated [3H]IP with
peptide #1 (1 uM): hGRPR/BALB cells, 2,567 £+ 211 and 20,974 + 2,520 dpm, respectively
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(n=6). r~GRPR/AR42] cells, 577 + 6 and 9,887 * 465 dpm, respectively (n=3). nGRPR/
BALB cells, 1,490 £ 113 and 12,527 + 2087 dpm, respectively (n=7). Abbreviations: See in
table 1 and 2 legends.
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Figure 6.

Cgmparison of abilities of four chiral diazepine analogs (3F, 9D, 9F, 9G); a nonselective Bn
analog agonist (Peptide #1); a nonpeptide agonist MK-5046; GRP and NMB to stimulate
[3H]IP generation in cells containing human, rat or mouse NMBR: (A) hNMBR/BALB, (B)
rNMBR/BALB and (C) mMNMBR/BALB cells. The experimental conditions were the same
as described in Fig. 4 legend. The results are the mean and S.E.M. from at least three
experiments, and in each experiment the data points were determined in duplicate. The
results are expressed as the percentage of stimulation causing by maximal effective
concentration of peptide #1 (1 uM). The control and the maximal stimulated [3H]IP with
peptide #1 (1 uM): hANMBR/BALB cells, 2,046 + 171 and 56,260 + 916 dpm, respectively
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(n=8); INMBR/BALB cells, 2,501 + 519 and 69,250 + 13,261 dpm, respectively (n=6) and
mMNMBR/BALB cells, 3,692 + 413 and 125,207 + 4,108 dpm, respectively (n=3).
Abbreviations: See in table 1 and 2 legends.

Peptides. Author manuscript; available in PMC 2017 June 07.



Page 27

Ramos-Alvarez et al.

*e—T "BI4 Ul UMOYS SBAINI UONIGIYUI-3SOp WO} Paje|nafed ale eleq "a|qe|ieAe si pueBijoIpes ou asnedsq £-SHg asnow Jo 1ed Yum pawlopiad

ag 10U pInoa saipnis Buipulg “HdyDJ anieu Bulureluod s|j8d [ZyHY PUe S|[8d 97v'd oMUl pejosjsues Agels HFINNW-I'Y ‘S][89 97 0l pejosjsuel Aqels HdyOW'y :s|180 g1v'g 0lul pajdajsues)
Ajers g-sygw''y ‘uotreusou0d Aionqiyut fewixeuw -jjey ‘0591 ‘jo-z-uedod(jA-z-j10zepiwi-HT-[IAytew(|Adoidojaka(|Aysawotoniyin) -T11-v)-¢-[1Ausyd(IA-T-j0zelAd-HT)-v]-z-010n1310-TT'T-(ST)
‘9r05-MIN ”@TS.cm_:lm_z _MHEn_ _Hﬁm_dra _oi._..n: ‘1# apndad ‘sbojeur auidazelp es1yd apndaduou ‘©6 ‘46 ‘A6 ‘4E ‘@Show ‘w ‘el ‘1 ‘uewny ‘y ‘101dadal g uipawoinau ‘YgIAIN ‘101daoas apndad
parejaI-uLiised ‘Ydyo ‘g adAigns J01dadas uIsaquiog ‘S-SHg S]199 1S[GOIqL asNoW ‘€1 € gT1Vvg :SUORIASIGQY "Sluswiadxa ayesedas 8aiu) 1es] 18 Wod) ‘|\'J'S pue suesw ate UsAlb sanjea pue ‘ayedrjdnp
Ul paulLLIRIap SeM anjeA yoea Juswiiiadxa yoes uj "(wstd) welboid Buiniy-sAind uoissaifbal Jeaurjuou e Buisn paje|najed ‘Buipulg ajgelnies ayl JO UOIIGIYUI [ewixXew-4ey Buisned uo1ejusouod syl sem
0SD] 8y "SPOYIBIAl pUe S|BLIBIRIA Ul PagIIOSap Se paulwiaiap sem Buipuig pue D,TZ 1e sainuiw 09 10} Qﬁlwv.cm;ﬁm_z .mamgn_ .H._”c_<.u .o:m_..n:._.u,mH A 0G yum paregnoul sem adA} |92 paresipul ay |

Author Manuscript

2007090 STOLT STOF1TT S7¥08 2007090 vZFSIE 000'€< AN

€T ¥90C 020F0.LT 0L ¥ OvY 000 ¥ T7°0 LT799 S0'0F 870 000'e< dy9o

000'e< 000'e< 000'€< 000'€< 000'€< 000'€< T70L 96

000'e< 000'e< 000'€< 000'€< 000'€< 000'€< T 7567 46

000'e< 000'e< 000'€< 000'€< 000'€< 000'€< TF12T as

000'e< 000'e< 000'€< 000'€< 000'€< 000'€< 77606 d€
000'€< 000'€< 000'€< 000'€< 000'€< 000'€< zZ¥201 905 MIN
0TF9LG Y00 F 2v°0 80°0 F €S0 000 ¥ £0°0 100 F 120 €00 FTL0 0,0768C | T#8pnded
QIVE/HaANW [ Gva/ddyow | ava/danNg | cerav/dddod | 91va/dgnNg | aTva/dddoy | alvase-sday | sepnded

HEAN Hddo HENN Hddo HEAN dddo £-sug
9SNOIA ey uewnH
(W) %591

'$]|92 SnoLIeA Ul s101daoal AN PUB ‘'dH9 ‘€-SHg 8snow pue 1eJ ‘uewuny 1oj spuebi| 1usIaglip JO SaIUILY

T31avl

Author Manuscript

Author Manuscript

Author Manuscript

Peptides. Author manuscript; available in PMC 2017 June 07.



Page 28

‘puaba) T 8|l ‘89S SIBYI0 IO ‘UONRINWIS [eWIXew-Jey Buisnes uonenusouod ‘0593 :suoleIAsIqqy
"sjuswIadxe ajesedas 221y} 1se3| 18 WOy “N'T'S PUB SueaW ase UsAIB sanjen pue ‘ayedaljdnp Ul paulLIslop Sem anfeA Uoes Juswiiadxe yoes U] "9 ‘Bl Ul umoys sjuawiiadxa sy} Woly pare|nojes
aJom eleq "M T 18 T# apndad J0 9y0S-MIA UHM USSS 3sUOdSal [ewiIXewl aU) yiim uonanpold di-[He] ul asealoul ewixeuw-yley Buisnes uoenuacuod ay) sem puebi| Yoes Joj 0503 ayL "SPOYIaN pue

S[BLISIRIA Ul PaQLISap Se pauluLalap sem uonanpoid di-[Hel "0..€ T8 salnuiw 09 1o} puell| pajage|un Yim palegnoul pue paysem UL ‘SInoy vz 10y oNsouI[HE-Z]-0Au [w/ior € ynm pategnoul a1am si1s0

Ramos-Alvarez et al.

TC0FELY 08F0€e 000'e< 9T0F65T 06'TFT0°LT 000'€< 0T0¥25¢ €2 ¥ 085 000'e< 8NN

2€ 7 66v 0207¥00T 000'e< 0T 521 0T'0 ¥ 0€0 000'e< 0LT ¥ 00€'T 6TOF6LY 000'e< duo

000'€< 000'€< 60F 102 000'e< 000'e< 80F6.¢ 000'e< 000'e< 6£°0 7026 96

000'€< 000'€< 80¥8'98 000'e< 000'e< 50 F 562 000'e< 000'e< 0TF96¢ 46

000'€< 000'€< S0F '8l 000'e< 000'e< LE0F0r0L 000'e< 000'e< 90 ¥ 0r'e as

000'€< 000'€< 20TF80TE 000'e< 000'e< 950 ¥ §5'vE 000'e< 000'e< LOF LYy d¢
000'€< 000'€< 90 F ¥’ 000'e< 000'€< 800 F €20 000'e< 000'e< Ly0F0L8 9r0S-MIN
600 F 160 ¥0'0 %850 000'e< 900 F 9v'0 T00F2T'0 000'e< Y00 F L0 800 ¥ /50 920¥26'€ | T#epndad
IVE/HENNW | gTVE/dddOW | glvea/e-sdaw | gTvE/HgNNS | rerav/dddod | gva/e-sda) | gTvEdanNy | 91vaddyod | gTvare-syay | sspndad

HEAN SERD) g-sug HEAN SERD) g-sug SEIN SERD) £-sug
9SNOIA ey uewnH
() %03

81180 Butureiuod 10ydaoal GIAIN puB ‘dy9 ‘€-sdg ul uononpoid di[He] srejnwins pue 5 asedijoydsoyd ayeaiioe 03 spuebi| Juaayip jo Aujiqy

Author Manuscript

¢ 31avl

Author Manuscript

Author Manuscript

Author Manuscript

Peptides. Author manuscript; available in PMC 2017 June 07.



Ramos-Alvarez et al. Page 29

TABLE 3

Comparison of affinities/potencies of different ligands for human BRS-3/BALB cells.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

ICso (NM) ECso ("M) ICso/ ECso

Peptides | hBRS-3/BALB | hBRS-3/BALB | hBRS-3/BALB
Peptide #1 | 2.89+0.70 3.92+0.26 0.74
MK-5046 102+2 8.70 £ 0.47 11.72

3F 909 + 2 47.7+0.7 19.06

9D 1211 9.40 +0.46 12.87

9F 495+ 1 396+ 1.0 12.50

96G 701 9.20 +0.39 761

Abbreviations:

See in Table 1 and 2 legends.
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