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ABSTRACT
The human bombesin receptor subtype 3 (hBRS-3) orphan recep-
tor, which has a high homology to bombesin (Bn) receptors [gas-
trin-releasing peptide (GRP) and neuromedin B (NMB) receptors],
is widely distributed in the rat central nervous system. Its natural
ligand or role in physiology is unknown due to lack of selective
ligands. Its target disruption leads to obesity, diabetes, and hy-
pertension. A synthetic high-affinity agonist, [D-Tyr6,�-
Ala11,Phe13,Nle14]Bn(6-14), has been described, but it is nonse-
lective for hBRS-3 over other Bn receptors; however, substitution
of (R)- or (S)-amino-3-phenylpropionic acid (Apa) for �-Ala11 re-
sulted in a modestly selective ligand. In the present study, we have
attempted to develop a more selective hBRS-3 ligand by using
two strategies: substitutions on phenyl ring of Apa11 and the

substitution of other conformationally restricted amino acids into
position 11 of [D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14). Fifteen ana-
logs were synthesized and affinities were determined for hBRS-3
and Bn receptors (hGRP-R and hNMB-R). Selective analogs were
tested for their ability to activate each receptor by stimulating
phospholipase C. One analog, [D-Tyr6,Apa-4Cl,Phe13,Nle14]Bn(6-
14), retained high affinity for the hBRS-3 (Ki � 8 nM) and had
enhanced selectivity (�230-fold) for hBRS-3 over hGRP-R or
hNMB-R. This analog specifically interacted with hBRS-3, fully
activated hBRS-3 receptors, and was a potent agonist at the
hBRS-3 receptor. This enhanced selectivity should allow this an-
alog to be useful for investigating the possible role of hBRS-3 in
physiological or pathological processes.

Bombesin receptor subtype 3 (BRS-3) is a G protein-cou-
pled heptahelical orphan receptor that shares 47 to 51%
amino acid identities with the mammalian bombesin (Bn)
receptors [gastrin-releasing peptide (GRP) and neuromedin
B (NMB) receptors] (Gorbulev et al., 1992; Fathi et al., 1993;
Ohki-Hamazaki et al., 1997a; Whitley et al., 1999; Liu et al.,
2002). BRS-3 is widely expressed in the rat central nervous
system and is present in a few peripheral tissues, although
its distribution is species-dependent and much more limited
than the GRP-R or NMB-R (Tache et al., 1988; Fathi et al.,
1993; Ohki-Hamazaki et al., 1997a; Whitley et al., 1999; Liu
et al., 2002; Jennings et al., 2003). BRS-3 is reported to occur
in human islets (Fleischmann et al., 2000); in the testes of the

rat, but not mouse, human, or sheep; and in the guinea pig
and human uterus, but not mouse or sheep uterus (Gorbulev
et al., 1992, 1994; Fathi et al., 1993; Ohki-Hamazaki et al.,
1997a; Whitley et al., 1999; Liu et al., 2002). Recent studies
show it is also expressed on small cell lung cancer, lung
carcinoid tumors, ovarian, breast, and prostate cancer
(Gorbulev et al., 1992; Fathi et al., 1993; Sun et al.,
2000a,b; Reubi et al., 2002).

The natural ligand of BRS-3 is unknown and its role in
physiological and pathological processes is largely unknown.
However, in recent studies, BRS-3 knockout mice developed
obesity, diabetes, and hypertension (Ohki-Hamazaki et al.,
1997b), suggesting the BRS-3 receptor was involved in regula-
tion of blood pressure, glucose metabolism, and energy balance.
This proposal is supported by the recent finding that BRS-3
regulates insulin release (Matsumoto et al., 2003). The elucida-
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tion of the role of BRS-3 in various physiological/pathological
processes has been limited by the lack of availability of high-
affinity ligands that activate or antagonize the action of this
receptor. hBRS-3 has a unique pharmacology and despite its
high homology to mammalian Bn receptors, none of the natu-
rally occurring high-affinity ligands for these receptors had
high affinity for BRS-3 (Gorbulev et al., 1992; Fathi et al., 1993;
Wu et al., 1996; Mantey et al., 1997; Ryan et al., 1998a,b).
However, we have recently found the synthetic ligand
[D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14) functioned as a high-
affinity agonist at the hBRS-3 receptor (Mantey et al., 1997;
Pradhan et al., 1998; Ryan et al., 1998a,b). Using this ligand
and its derivative, it has been possible to explore the pharma-
cology as well as the cellular transduction cascades of the
hBRS-3 (Mantey et al., 1997; Pradhan et al., 1998; Ryan et al.,
1998a,b). These studies confirm the unique pharmacology of
hBRS-3 with low affinity for all known naturally occurring
agonists for all Bn receptors (GRP-R, NMB-R, and bombesin
receptor subtype 4) (Mantey et al., 1997; Pradhan et al., 1998;
Ryan et al., 1998a,b) as well as demonstrate that hBRS-3 acti-
vation is coupled to a phospholipase C, changes in cytosolic
calcium, mitogen-activated protein kinase activation, immedi-
ate oncogene activation (e.g., c-fos), and activation of other ty-
rosine kinases (e.g., p125FAK) (Fathi et al., 1993; Wu et al.,
1996; Ryan et al., 1998a,b, 1999; Weber et al., 2001). Unfortu-
nately, the usefulness of [D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14)
to study the role of hBRS-3 in various processes is limited
because recent studies show it has a high affinity for all human
Bn receptor subtypes and is nonselective (Mantey et al.,
1997; Pradhan et al., 1998; Ryan et al., 1998a, 1999; Kat-
suno et al., 1999; Reubi et al., 2002). In a recent study
(Mantey et al., 2001), in an attempt to develop more
selective hBRS-3 ligands, the �-Ala in [D-Tyr6,�-
Ala11,Phe13,Nle14]Bn(6-14) was replaced by different con-
formationally restricted amino acids and two peptides with
an (R)- or (S)-amino-3 phenylpropionic (Apa) substitution
for �-Ala11 had some selectivity for the hBRS-3. However,
this selectivity was modest for differential receptor activa-
tion because of the marked difference in receptor spare-
ness for hBRS-3 and the different Bn receptors, limiting
their potential utility.

Therefore, the aim of the present study was to attempt to
identify a more selective hBRS-3 ligand. Two strategies
were used. First, modification of the phenyl ring of the
Apa11 of the moderately selective ligand [D-Tyr6,(R) or
(S)Apa11,Phe13,Nle14]Bn(6-14), and second, replacement of
the Apa11 with other conformationally restricted amino
acids. Using the first approach, we identified a ligand with
enhanced selectivity for hBRS-3 that could be useful for
exploring its role in various processes.

Materials and Methods
Materials. Balb/c 3T3 and AR42J cells were from American

Type Culture Collection (Manassas, VA); Dulbecco’s modified Ea-
gle’s medium and phosphate-buffered saline were from Biofluids
(Rockville, MD); G418 sulfate and fetal bovine serum (FBS) were
from Invitrogen (Carlsbad, CA); iodine-125 (100 mCi/ml), 125I-
Bolton-Hunter-labeled CCK-8 (2200 Ci/mmol), 125I-somatosta-
tin-14 (2200 Ci/mmol), 125I-vasoactive intestinal peptide (VIP)
(2200 Ci/mmol), 125I-pituitary adenylate cyclase-activating pep-
tide (PACAP) (2200 Ci/mmol), 125I-Bolton-Hunter-labeled sub-
stance P (2200 Ci/mmol), and [N-methyl-3H]scopolamine methyl

chloride (60 – 85 Ci/mmol) were from Amersham Biosciences Inc.
(Piscataway, NJ); myo-(2-3H)inositol (20 Ci/mmol) from
PerkinElmer Life and Analytical Sciences (Boston, MA); formic
acid, ammonium formate, disodium tetraborate, soybean trypsin
inhibitor, and bacitracin were from Sigma-Aldrich (St. Louis,
MO); 1,2,4,6-tetrachloro-3�-6�-diphenylglycouril was from Pierce
Chemical (Rockford, IL); AG 1-X8 resin was from Bio-Rad (Her-
cules, CA); and Bn, GRP, NMB, and [Tyr4]Bn were from Bachem
California (Torrence, CA). Standard, protected amino acids and
other synthetic reagents were obtained from Bachem Biosciences
(King of Prussia, PA). Boc(R)-3 amino-3-[4-chlorophenyl] propi-
onic acid (Apa-4Cl), Boc(R)-3 amino-3-[3-chlorophenyl]propionic
acid (Apa-3Cl), Boc(R)-3 amino-3-[2-chlorophenyl]propionic acid
(Apa-2Cl), Boc-�-aspartic acid (�-Asp), Boc-�-aspartic acid benzil-
amide (�-AspBzlAmd)), Boc-2,3-diamino propionic acid (�-Dap),
Boc-2-acetylamino, 3-amino propionic acid (N�-acetyl-Dap), Boc-
2-benzoylamino, and 3-amino propionic acid (N�-benzoyl-Dap)
(Fig. 1) were purchased from ChiroTech (Cambridge, UK). All
chemicals were reagent grade.

Cell Culture. Balb/c 3T3 cells stably expressing human BRS-3
receptors, human NMB receptors, or human GRP receptors were
made as described previously (Mantey et al., 1993, 1997; Ryan et al.,
1998a) and grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% FBS and 300 mg/l G418 sulfate. CHO cells stably
expressing human vasoactive intestinal peptide receptor subtype 1
(hVIP1-R) and subtype 2 (hVIP2-R) were made as described previ-
ously (Ito et al., 2000; Igarashi et al., 2002a,b) and grown in Ham’s
F-12K media supplemented with 10% FBS and 300 mg/l G418 sul-
fate. AR42J cells were grown in Dulbecco’s modified Eagle’s medium

Fig. 1. Structures of various conformationally restricted amino acids
used in this study.
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supplemented with 10% FBS. All cells were incubated at 37°C in a
5% CO2 atmosphere.

Preparation of Peptides. Peptides were synthesized with solid-
phase methods as described previously (Sasaki and Coy, 1987; Wang
et al., 1990; Mantey et al., 2001). Briefly, solid-phase syntheses of
peptide amides were carried out using Boc chemistry on methylben-
zhydrylamine resin (Advanced ChemTech, Louiville, KY) followed by
HF-cleavage of free peptide amides. The crude peptides were puri-
fied, and in some cases separated into R-isomers and S-isomers by
preparative high-pressure liquid chromatography on columns (2.5 �
50 cm) of Vydac C18 silica (10 �m), which was eluted with linear
gradients of acetonitrile in 0.1% (v/v) trifluoroacetic acid. Homoge-
neity of the peptides was assessed by analytical reverse-phase high-
pressure liquid chromatography, and purity was usually 97% or
higher. Amino acid analysis (only amino acids with primary amino
acid groups were quantitated) gave the expected amino acid ratios.
Peptide molecular masses were obtained by matrix-assisted laser
desorption mass spectrometry (Lasermat; Thermo Finnigan, San
Jose, CA), and all corresponded well with calculated values.

Preparation of 125I-[D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14),
125I-[Tyr4]Bn, and 125I-[D-Tyr0]NMB. These radioligands, with
specific activities of 2200 Ci/mmol, were prepared as described pre-
viously (Mantey et al., 1993, 1997, 2001). Briefly, 0.8 �g of 1,2,4,6-
tetrachloro-3�-6�-diphenylglycouril solution (0.02 �g/�l in chloro-
form) was added to a 5-ml plastic test tube, dried under nitrogen, and
washed with 100 �l of 0.5 M potassium phosphate solution (pH 7.4).
To this tube 20 �l of potassium phosphate solution (pH 7.4), 8 �g
of peptide in 4 �l of water, and 2 mCi (20 �l) of Na125I were added
and incubated at room temperature for 6 min. The incubation
was stopped by the addition of 100 �l of water and heated with 300
�l of 1 M dithiothreitol for 60 min at 80°C. I125-[D-Tyr6,�-
Ala11,Phe13,Nle14]Bn(6-14), which does not have a COOH-terminal
methionine group, was not incubated with the dithiothreitol. The
radiolabeled peptides were separated using a Sep-Pak (Waters, Mil-
ford, MA) and further purified by reverse-phase high-performance
liquid chromatography, as described previously (Mantey et al., 1993,
1997). The fractions with the highest radioactivity and binding were
neutralized with 0.2 M Tris buffer (pH 9.5) and stored with 0.5%
bovine serum albumin (w/v) at �20°C.

Binding of 125I-Labeled Peptides to Balb/c 3T3 Cells Trans-
fected with hBRS-3, hGRP-R, or hNMB-R. Binding studies to

Balb/c 3T3 cells transfected with human bombesin receptor subtypes
were carried out as described previously (Benya et al., 1994, 1995;
Mantey et al., 1997, 2001). Briefly, the standard incubation buffer
contained 24.5 mM HEPES (pH 7.4), 98 mM NaCl, 6 mM KCl, 2.5
mM NaH2PO4, 5 mM sodium pyruvate, 5 mM sodium fumarate, 5
mM MgCl2, 0.01% (w/v) soybean trypsin inhibitor, 0.2% (w/v) bovine
serum albumin, and 0.05% (w/v) bacitracin. Balb/c 3T3 cells trans-
fected with hBRS-3 (0.5 � 106/ml), hGRP-R (0.2 � 106/ml), or
hNMB-R (0.03 � 106/ml) were incubated with 50 pM 125I-labeled
ligand at 22°C for 60 min. Aliquots (100 �l) were removed and
centrifuged through 300 �l of 4°C incubation buffer in 400-�l Mi-
crofuge tubes at 10,000g for 1 min using a Microfuge B (Beckman
Coulter Inc., Fullerton, CA). The pellets were washed twice with
buffer and counted for radioactivity in a gamma counter. The non-
saturable binding was the amount of radioactivity associated with
cells in incubations containing 50 pM of radioligand (2200 Ci/mmol)
and 1 �M unlabeled ligand. Nonsaturable binding was �10% of total
binding in all the experiments. Receptor affinities of ligands were
determined using a least-square curve-fitting program (LIGAND)
(Westendorf and Schonbrunn, 1983) and the Cheng-Prusoff equation
(Cheng and Prusoff, 1973).

Binding of 125I-Ligands to Dispersed Rat Pancreatic Acini,
AR42J Cells, and hVPAC1-R- and hVPAC2-R-transfected CHO
Cells. Dispersed rat pancreatic acini (1 pancreas/10 ml), AR42J cells
(1 � 106/ml), hVPAC1-R transfected into CHO cells (1.5 � 106/ml)
(Ito et al., 2000; Igarashi et al., 2002a,b), and hVPAC2-R transfected
into CHO cells (0.2 � 106/ml) (Ito et al., 2000; Igarashi et al.,
2002a,b) were suspended in standard incubation solution with 0.05%
(w/v) bacitracin. Dispersed acini from rat pancreas were prepared
using collagenase digestion as described previously (Jensen et al.,
1982; Garcia et al., 1997). Incubations with125I-somatostatin and
125I-BH-substance P contained phosphoramidon (10 mM), leupeptin
(25 �g/ml), 4-(2-aminoethyl)-benzenesulfonyl fluoride (10 �M), and
amastatin (10 mM). Incubations with the other ligands (125I-BH-
CCK-8 and 125I-PACAP) were at 37°C for 60 min with rat pancreatic
acini and 23°C with AR42J cells or hVPAC-R-transfected cells. Bind-
ing was performed as described previously (Mantey et al., 1993,
1997, 2001; Ito et al., 2001; Igarashi et al., 2002a,b). Briefly, 50 pM
radioligand was incubated with the cells alone or with 1 �M unla-
beled other peptides at the specified concentrations or with 1 �M
unlabeled ligand to determine saturable binding. Bound ligand was

TABLE 1
Affinities of bombesin, neuromedin B, and various synthetic bombesin analogs with position 11 conformationally restricted substitutions for
human BRS-3, GRP, and NMB receptors
Data are calculated from dose-inhibition curves in Figs 2 to 4. The affinities of �D-Tyr6,�-Ala11,Phe13,Nle14�Bn(6-14), Bn, and NMB were calculated by a least-squares
curve-fitting program (LIGAND). The remaining affinities were calculated using the Cheng-Prusoff equation. All values are means � S.E.M. from at least three experiments.
The structures of these conformationally restricted analogs are shown in Fig. 1.

Peptide No. Peptide Structure

Ki

hBRS-3/Balb/c 3T3
Cells

hGRP-R/Balb/c
3T3 Cells

hNMB-R/Balb/c
3T3 Cells

nM

1 �D-Tyr6,�-Ala11,Phe13,Nle14�Bn(6-14) 0.82 � 0.1 0.5 � 0.04 5.9 � 0.4
2 �D-Tyr6,(R)-Apa11,Phe13,Nle14�Bn(6-14) 2.8 � 0.1 151 � 6 2400 � 96
3 �D-Tyr6,(S)-Apa11,Phe13,Nle14�Bn(6-14) 8.2 � 1.1 110 � 5 4370 � 150
4 �D-Tyr6,(S)-Apa11-2Cl,Phe13,Nle14�Bn(6-14) 85 � 7 398 � 28 5890 � 385
5 �D-Tyr6,(R)-Apa11-2Cl,Phe13,Nle14�Bn(6-14) 24 � 1 229 � 28 6920 � 350
6 �D-Tyr6,(S)-Apa11-4Cl,Phe13,Nle14�Bn(6-14) 776 � 134 741 � 85 1950 � 337
7 �D-Tyr6,(R)-Apa11-4Cl,Phe13,Nle14�Bn(6-14) 8.2 � 1.1 1860 � 69 7200 � 840
8 �D-Tyr6,(S)-Apa11-3Cl,Phe13,Nle14�Bn(6-14) 15.8 � 1.1 110 � 17 831 � 192
9 �D-Tyr6,(R)-Apa11-3Cl,Phe13,Nle14�Bn(6-14) 107 � 4 2510 � 290 �10,000

10 �D-Tyr6,�-Asp11,Phe13,Nle14�Bn(6-14) 490 � 50 396 � 44 427 � 54
11 �D-Tyr6,�-Asp(BzlAmd)11,Phe13,Nle14�Bn(6-14) 708 � 61 397 � 51 646 � 59
12 �D-Tyr6,�-Dap11,Phe13,Nle14�Bn(6-14) 2.3 � 0.1 1.0 � 0.1 43 � 5
13 �D-Tyr6,N�-acetyl-Dap11,Phe13,Nle14�Bn(6-14) 15.8 � 2.9 1.7 � 0.2 89 � 4
14 �D-Tyr6,N�-benzoyl-Dap11,Phe13,Nle14�Bn(6-14) 12.3 � 1.3 3.1 � 0.5 55 � 3
15 �D-Tyr6,�-Ala11,Phe13,�-Dap(Pr)14�Bn(6-14) 2400 � 138 85 � 17 �10,000

Bn Bombesin �10,000 0.36 � 0.07 22 � 0.9
NMB Neuromedin B �10,000 97 � 11 0.55 � 0.03
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separated from free ligand by centrifugation. Tubes were washed
twice with 2% (w/v) bovine serum albumin in standard incubation
solution and radioactivity was counted. Nonsaturable binding was
less than 30% of total binding.

Measurement of [3H]IP. Changes in total [3H]inositol phos-
phates ([3H]IP) were measured as described previously (Benya et al.,
1992, 1994; Ryan et al., 1998a; Mantey et al., 2001). Briefly, hBRS-3,
hGRP-R-, or hNMB-R-transfected Balb/c 3T3 cells were subcultured
into 24-well plates (5 � 104 cells/well) in regular propagation media
and then incubated for 24 h at 37°C in a 5% CO2 atmosphere. The
cells were then incubated with 3 �Ci/ml of myo-[2-2H]inositol in
growth media supplemented with 2% FBS for an additional 24 h.
Before assay, the 24-well plates were washed by incubating for 30
min at 37°C with 1 ml/well of phosphate-buffered saline (pH 7.0)
containing 20 mM lithium chloride. The wash buffer was aspirated
and replaced with 500 �l of inositol phosphate assay buffer contain-
ing 135 mM sodium chloride, 20 mM HEPES (pH 7.4), 2 mM CaCl2,
1.2 mM MgSO4, 1 mM EGTA, 20 mM LiCl, 11.1 mM glucose, and
0.05% bovine serum albumin (w/v) and incubated with or without
any of the peptides studied. After 60 min 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. Total [3H]IP was isolated by
anion exchange chromatography as described previously (Benya et
al., 1992, 1994; Ryan et al., 1998a; Mantey et al., 2001). Briefly,
samples were loaded onto Dowex AG1-X8 anion exchange resin col-
umns, washed with 5 ml of distilled water to remove free [3H]inositol,
and then washed with 2 ml of 5 mM disodium tetraborate/60 mM
sodium formate solution to remove [3H]glycerophosphorylinositol.
Two milliliters of 1 mM ammonium formate/100 mM formic acid
solution was added to the columns to elute total [3H]IP. Each eluate
was mixed with scintillation cocktail and measured for radioactivity
in a scintillation counter.

Results
In this study, we sought to develop hBRS-3 ligands with

greater selectivity for the hBRS-3 receptor using, as our
reference peptide, [D-Tyr6,(R)-Apa11,Phe13,Nle14]Bn(6-14)
(Table 1, peptide 2). To accomplish this, we synthesized 11
peptides by making alterations primarily at position 11.
These studies were performed only in human bombesin re-
ceptors (hBRS-3, hGRP-R, and hNMB-R) because recent
studies demonstrate that rat and mouse BRS-3 receptors
(Liu et al., 2002), but not avian (Iwabuchi et al., 2003), have
low affinity for �-Ala11 analogs of bombesin. At present, no
selective or high-affinity ligands have been identified for the
rat or mouse BRS-3 receptor. We first examined six analogs
of [D-Tyr6,Apa11,Phe13,Nle14]Bn(6-14) with various position
11 chloro-substitutions (Table 1, peptides 4–9; Fig. 2). This
strategy was performed because previous studies in a num-
ber of G protein-coupled receptors demonstrated that inser-
tions of electron-withdrawing groups, such as chloro groups
in aromatic rings in critical residues of various ligands, can
have important steric or electronic effects resulting in signif-
icant changes in receptor affinity or selectivity (Jensen et al.,
1985; Li et al., 1998; Perrone et al., 1998; Ananthan et al.,
2003). As was seen in previous studies (Pradhan et al., 1998;
Katsuno et al., 1999) [D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14)
(Table 1, peptide 1) bound to all three human Bn receptor
subtypes with high affinity (Fig. 2; Table 1). The replacement
of the �-Ala at position 11 by chloro-substituted 3-amino-3-
phenylpropionic acid moieties (Fig. 2; Table 2, peptides 4–9)
resulted in peptides that when compared with peptide 1, had
from 10- to 800-fold less affinity for the hBRS-3 but in gen-
eral had increased selectivity for the hBRS-3 because they

became even less potent at the hGRP-R and the hNMB-R
(Fig. 2; Table 1). In this group of six peptides, there were
three sets of R- and S-optical isomers (Table 1, peptides 4 and
5, 6 and 7, 8 and 9; Fig. 2). The R-isomers showed more
selectivity for hBRS-3 over hGRP-R and hNMB-R than the
S-isomers. Except for [D-Tyr6,(S)-Apa11-4Cl,Phe13,Nle14]Bn(6-14)

Fig. 2. Ability of [D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14) and various analogs of
D-Tyr6,Apa11,Phe13,Nle14]Bn(6-14) with position 11 chloro-substitutions to
inhibit binding at the hBRS-3 (top), hGRP-R (middle), or hNMB-R (bottom).
Balb/c 3T3 cells stably transfected with hBRS-3 (0.5 � 106 cells/ml), hGRP-R
(0.3 � 106 cell/ml), or hNMB-R (0.03 � 106 cells/ml) were incubated for 60
min at 22°C with 50 pM I125-[D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14), 125I-
[Tyr4]Bn, or 125I-[D-Tyr0]NMB, respectively, with or without the indicated
concentrations of the various peptides added. Results are expressed as the
percentage of saturable binding without unlabeled peptide added (percent-
age of control). Results are the mean � S.E.M. from at least three experi-
ments, and in each experiment the data points were determined in dupli-
cate. Numbers refer to the peptide number in Table 1. For description of
abbreviations, see Fig. 1 and abbreviations list.
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(Table 1, peptide 6), which was equipotent for hBRS-3 and
hGRP-R, these peptides had from 5- to 800-fold increase in
selectivity for the hBRS-3 over hGRP-R and from 3- to 900-
fold increase in selectivity for hBRS-3 over hNMB-R (Fig. 2;
Table 1) compared with the original �-Ala11 analog (Table 1,
peptide 1). The peptide that showed the highest selectivity
for hBRS-3 over both hGRP-R and hNMB-R was [D-Tyr6,(R)-
Apa11-4Cl,Phe13,Nle14]Bn(6-14) (Table 1, peptide 7), which,
when compared with the original �-Ala11 peptide (Table 1,
peptide 1), was 10 times less potent for hBRS-3 (Ki � 8.2 �
1.1 versus 0.82 � 0.1 nM); however, it was 227- and 878-fold
more selective for hBRS-3 than hGRP-R and hNMB-R, re-
spectively (Fig. 2; Table 1). A 3-chloro-substitution on the
(R)-Apa11 group yielding [D-Tyr6,(R)-Apa11-3Cl,Phe13,Nle14]Bn(6-
14) resulted in a peptide (Fig. 2; Table 2, peptide 9) that was
very selective for hBRS-3 but is unlikely to be useful, because of
its low affinity for hBRS-3 (Ki � 107 � 4 nM).

Previous studies have shown that the substitution at posi-
tion 14 can have a pronounced effect on a peptide ligand’s
affinity for GRP-R and NMB-R, in addition to the position 11
substitution (Saeed et al., 1989; Wang et al., 1990; Lin et al.,
1996; Mantey et al., 1997, 2001). We therefore made six
peptides with substitutions of different conformationally re-
stricted amino acids of different sizes and polarity at posi-
tions 11 or 14 (Table 1; Fig. 3, peptides 10–15). This group of
peptides consisted of a 2,3-diaminopropionic acid-proline
substitution at position 14 (peptide 15) and five different
substitutions at the �-Ala in position 11 of [D-Tyr6,�-
Ala11,Phe13,Nle14]Bn(6-14) (Table 1; Fig. 3, peptides 9–14).
These alterations produced peptides with a 3- to 3000-fold
decrease in affinity for the hBRS-3 receptor compared with
the prototype �-Ala11 peptide (Table 1, peptide 1) and none
demonstrated increased selectivity for hBRS-3 over hGRP-R
and hNMB-R. In fact, in general these peptides became less
selective for hBRS-3 and more selective for hGRP-R. Specif-
ically, peptides 10 and 11 (Table 1; Fig. 3), which have a
–COOH and benzylamide substitution, respectively, added at
the � position of �-Ala11 (Fig. 1), showed a decrease in affinity
(60–75-fold) to all the Bn receptor subtypes (Table 1; Fig. 3).
The three peptides in this group with substitution at the �
position of the �-Ala11 (Table 1, peptides 12–14; Figs. 1 and 3)
had a 3- to 18-fold decrease in affinity (Ki � 2.3 � 0.1, 15.8 �

2.9, and 12.3 � 1.3 nM, respectively) for the hBRS-3 receptor
but retained high affinity for hGRP-R (Ki � 1.0 � 0.1–3.1 �
0.5 nM), making them hGRP-R-selective. The insertion of a
substituted Dap moiety in position 14 (Table 1, peptide 15;
Fig. 3) resulted in a peptide that had �20-fold selectivity for
hGRP-R over hBRS-3 or hNMB-R.

Bn and NMB have very low affinities (Ki � 10,000) for the
hBRS-3 (Table 1) compared with the ability of these peptides
to interact with hGRP-R (Fig. 3, middle; Table 1) or with the
hNMB-R (Fig. 3, bottom; Table 1). These results are consis-
tent with results from previous studies (Fathi et al., 1993;
Wu et al., 1996; Mantey et al., 1997, 2001; Pradhan et al.,
1998; Ryan et al., 1998a) that show the hBRS-3 receptor is
unique among the mammalian Bn receptor family because it
interacts with all the naturally known Bn-related peptides
with very low affinity.

In previous studies, it was reported that the nonselective
prototype ligand [D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14) (Table 1,
peptide 1), and the more hBRS-3-selective ligand [D-Tyr6,(R)-
Apa11,Phe13,Nle14]Bn(6-14) (Table 1, peptide 2), specifically in-
teract with the Bn family of receptors (Mantey et al., 1997,
2001). To determine whether the addition of a 4-chloro group to
the Apa11 made the newly discovered hBRS-3-selective peptide
[D-Tyr6,(R)-Apa11-4Cl,Phe13,Nle14]Bn(6-14) (Table 1, peptide 7)
less selective for the Bn group of receptors, we investigated its
ability to interact with a number of other receptors involved
with the actions of gastrointestinal hormone/neurotransmitters
(Table 2). Similar to the nonselective Bn analog peptide 1, the
hBRS-3-selective analog peptide 7, at a concentration that com-
pletely inhibited binding to the hBRS-3 receptor (i.e., 1 �M)
(Fig. 2), did not inhibit binding to receptors for cholecystokinin,
gastrin, PACAP, VIP (VPAC1-R and VPAC2-R), somatostatin,
muscarinic cholinergic agents, or substance P (Table 2). This
lack of activity at these receptors was not due to the fact that
either Bn analog is inactivated, because the assays were per-
formed under the same conditions used to assess binding to Bn
receptors, and in the different assays using the same cells, both
peptides 1 and 7 inhibited binding to GRP receptors on rat
pancreatic acini. These results demonstrate that the newly
discovered selective peptide, peptide 7, has high selectivity for
the Bn family of receptors.

The comparative abilities of the nonselective hBRS-3 li-

TABLE 2
Ability of hBRS-3-selective analogs �D-Tyr6,(R)-Apa11-4Cl,Phe13,Nle14�Bn(6-14) (peptide 7) and the nonselective ligand �D-Tyr6,�-
Ala11,Phe13,Nle14�Bn(6-14) (peptide 1) to interact with various gastrointestinal hormone/neurotransmitter receptors
AR42J cells (1 � 106 cells/ml), dispersed rat acini (1 pancreas/10 ml), and CHO cells that were stably transfected with hVPAC1-R (0.2 � 106 cells/ml) or hVPAC2-R (3.0 �
106 cells/ml), were incubated with 50 pM of the indicated 125I-ligand or 0.6 nM of �N-methyl-3H�scopolamine methyl chloride for 60 min as specified under Materials and
Methods. Results are the percentage of the total saturable binding with or without 1 �M peptide 1 or peptide 7 (Table 1). All results are the means � S.E.M. from at least
four experiments, and in each experiment each value was performed in duplicate.

Cells Used Ligand Added

125I-Ligand Saturably Bound

1 �M Peptide 1 1 �M Peptide 7

% Control

AR42J 125I-PACAP-27 104 � 2 101 � 3
125I-BH-CCK-8 109 � 7 94 � 1
125I-Somatostatin-14 83 � 5 98 � 6
125I-BH-Substance P 100 � 12 104 � 7
125I-�Tyr4�Bn 0* 50 � 3*

Stably transfected CHO cells
hVPAC1-R 125I-VIP 97 � 2 96 � 4
hVPAC2-R 125I-PACAP 109 � 5 91 � 5

Rat pancreatic acini 125I-BH-CCK-8 95 � 6 102 � 3
�3H�Methyl scopolamine 100 � 7 113 � 7

h, human; VPAC, vasoactive intestinal peptide/pituitary adenylate cyclase activating peptide receptor.
*P � 0.01 compared with no additions (i.e., control) (paired Student’s t test).
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gand [D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14), the two hBRS-3-
selective ligands from our previous study (Mantey et al.,
2001) (Table 1, peptides 2 and 3), and the most selective
hBRS-3 ligand found in the present study (Table 1, peptide 7)
to interact with the three mammalian Bn receptor subtypes
are shown in Fig. 4 and Table 1. Each of the three selective
peptides retained high affinity for hBRS-3 receptor (nanomo-
lar range), but were from 3- to 10-fold less potent than the

nonselective prototype peptide (Table 1, peptide 1). However,
each of these three hBRS-3 peptides became more hBRS-3-
selective because their affinities for hGRP-R and hNMB-R
were diminished substantially compared with peptide 1, the
prototype peptide (Table 1; Fig. 4). Specifically, similar to
what has been reported previously (Mantey et al., 2001), the
R-isomer of Apa11, [D-Tyr6,(R)Apa11,Phe13,Nle14]Bn(6-14)]
(Table 1, peptide 2) was more hBRS-3 receptor-selective than

Fig. 3. Ability of Bn, NMB, and analogs of [D-Tyr6,�-
Ala11,Phe13,Nle14]Bn(6-14) with various position 11 or 14 conformation-
ally restrictive substitutions to inhibit binding at hBRS-3 (top), hGRP-R
(middle), or hNMB-R (bottom). The experimental conditions were similar
to those outlined in the Fig. 2 legend. The results are expressed as the
percentage of saturable binding without unlabeled peptide added (per-
centage of control) and are means � S.E.M. from at least three experi-
ments with each data point determined in duplicate. Numbers refer to
peptide numbers in Fig. 1 and legend of Table 1. For description of
abbreviations, see Fig. 1 and abbreviations list.

Fig. 4. Comparison of the ability of [D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14)
and various hBRS-3-selective ligands to inhibit binding to hBRS-3 (top),
hGRP-R (middle), or hNMB-R (bottom). The experimental conditions are
the same as outlined in the legend to Fig. 2. The results are expressed as
the percentage of saturable binding without unlabeled peptide added
(percentage of control). Results are the means � S.E.M. of at least three
experiments and in each experiment the data points were determined in
duplicate. Numbers refer to peptide numbers in Table 1. For description
of abbreviations, see legend of Table 1 and Fig. 1. Peptide 2 (Table 1) and
peptide 3 (Table 1) were reported to be hBRS-3-selective ligands (Mantey
et al., 2001).
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the S-isomer [D-Tyr6,(S)Apa11,Phe13,Nle14]Bn(6-14) (Table 1,
peptide 3). The 4-chloro-substitution on the (R)-Apa11 (Table
1, peptide 7; Fig. 4) yielded a peptide that was significantly
more selective for hBRS-3 over hGRP-R (227-fold over
hGRP-R) compared with the hBRS-3 selectivity of peptide 2
described in a previous study (Mantey et al., 2001) (54-fold
over hGRP-R). Both peptide 7 and peptide 2 (Table 2) were
more than 800-fold selective for hBRS-3 over hNMB-R
(Table 1; Fig. 4)

Activation of hBRS-3, hGRP-R, and hNMB-R results in
the stimulation of phospholipase C activity with increases
in inositol phosphates (Benya et al., 1992, 1994, 1995;
Mantey et al., 2001). To assess whether the newly discov-
ered hBRS-3 receptor-selective peptide [D-Tyr6,(R)-Apa11-
4Cl,Phe13,Nle14]Bn(6-14) (Table 1, peptide 7) is an agonist
at this receptor and whether its selectivity in binding to
hBRS-3 is mirrored in its ability to activate the receptor,
we determined its ability compared with those of peptides
1, 2, 3, Bn, and NMB to stimulate [3H]IP release in cells
transfected with hBRS-3, hGRP-R, and hNMB-R (Table 3;
Fig. 5). All peptides stimulated increases in [3H]IP in a
concentration-dependent manner at each of the three Bn
receptor subtypes (Fig. 5). At a concentration of up to 10
�M, each peptide functioned as a full agonist (Fig. 5). The
nonselective peptide (Table 1, peptide 1) [D-Tyr6,�-
Ala11,Phe13,Nle14]Bn(6-14) stimulated increases in [3H]IP
in hBRS-3, hGRP-R, and hNMB-R with high potencies
(EC50 � 0.17–1 nM) (Table 3; Fig. 5). Both Bn and NMB
had very low potencies for stimulation at the hBRS-3.
NMB had a high potency for activating hNMB-R (EC50 �
1.2 � 0.1) but lower potency for the hGRP-R (EC50 � 530 �
23), whereas Bn had a high potency for stimulating both
hGRP-R and hNMB-R (0.4 � 0.06 and 2.5 � 0.1, respec-
tively). Similar to previous results (Mantey et al., 2001),
peptides 2 and 3, which are Apa11-substituted compounds
(Table 1), had �6-fold selectivity for activating hBRS-3
over hGRP-R and hNMB-R. The most selective hBRS-3
receptor ligand identified in the present study, peptide 7,
[D-Tyr6,(R)-Apa11-4Cl,Phe13,Nle14]Bn(6-14), had �20-fold
selectivity for activating the hBRS-3 receptor over hGRP-R
or hNMB-R. Therefore, peptide 7 was 10- and 4-fold more
selective for activating the hBRS-3 receptor over the
hGRP-R and hNMB-R, respectively, than peptide 2,

[D-Tyr6,(R)-Apa11,Phe13,Nle14]Bn(6-14), the most hBRS-3-
selective peptide described previously (Mantey et al.,
2001).

Discussion
In previous studies (Mantey et al., 1997; Ryan et al.,

1998a,b), we reported the discovery of a synthetic analog of
Bn, [D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14), which functioned
as a potent agonist for the human G protein-coupled orphan
receptor BRS-3, a receptor that is structurally related to
mammalian Bn receptors (Fathi et al., 1993; Gorbulev et al.,
1994). In subsequent studies (Pradhan et al., 1998; Reubi et
al., 2002), this Bn analog was also found to have the unique
property of having high affinity for all known mammalian Bn
receptors (i.e., GRP-R and NMB-R), as well as the amphibian
Bn receptor bombesin receptor subtype 4 (Nagalla et al.,
1995; Katsuno et al., 1999), except for the BRS-3 receptor in
rat and mouse (Liu et al., 2002). Whereas this finding made
this Bn analog valuable as a universal ligand for identifying
Bn receptor subtypes (Pradhan et al., 1998; Reubi et al.,
2002), its lack of selectivity for the BRS-3 receptor decreased
its usefulness for investigating the role of hBRS-3 only in
physiological or pathological processes. In previous studies,
none of the naturally occurring Bn-related peptides, nor more
than 30 synthetic Bn analogs interacted with high affinity or
selectivity with the hBRS-3 receptor (Fathi et al., 1993; Wu
et al., 1996; Mantey et al., 1997, 2001; Ryan et al., 1998a,b;
Katsuno et al., 1999; Liu et al., 2002). However, in a recent
study (Mantey et al., 2001) investigating replacement of
�-Ala11 of the nonselective high-affinity hBRS-3 ligand,
[D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14), with conformationally
restricted amino acids, two peptides with an (R)- or (S)-Apa
substitution for �-Ala11 were reported with some selectivity
for the hBRS-3 receptor. However, this selectivity was rela-
tively modest for their differential potencies for receptor ac-
tivation of hBRS and the Bn receptors hGRP-R and hNMB-R,
because of different degrees of receptor spareness in these
different receptors (Mantey et al., 2001). Specifically in the
present study, the (R)-Apa11 and (S)-Apa11 analogs had 50-
and 13-fold selectivity for the hBRS-3 over the hGRP-R or
hNMB-R by binding studies, but only a 7- and 3-fold selec-
tivity in potency for activating hBRS-3 over the hGRP-R and

TABLE 3
Potency of bombesin, neuromedin B, and various hBRS-3-selective ligands for stimulating phospholipase C activity in hBRS-3, hGRP-R, and
hNMB-R-containing cells
Balb/c 3T3 cells stably transfected with hBRS-3, hGRP-R, or hNMB-R were incubated with �3H�inositol and total �3H�IP determined as described under Materials and
Methods. For each peptide, a dose-response curve was performed with concentrations from 0.01 nM to 1 �M (Fig. 5). Results were expressed as the concentration causing
one-half the maximal increase, EC50, seen with 1 �M peptide calculated from the dose-response curves in Fig. 5 using the curve-fitting program KaleidaGraph. Each value
is a mean � S.E.M. from at least three experiments. For hBRS-3/Balb/c 3T3 cells, the control and 1 �M �D-Tyr6,�-Ala11,Phe13,Nle14�Bn(6-14) values were 10,624 � 571 dpm
and 37,660 � 4106 dpm, respectively. For hGRP-R/Balb/c 3T3 cells, the control and 1 �M �D-Tyr6,�-Ala11,Phe13,Nle14�Bn(6-14) values were 9231 � 2260 dpm and 43,060 �
9137 dpm, respectively. With hNMB-R/Balb/c 3T3 cells, the control and 1 �M �D-Tyr6,�-Ala11,Phe13,Nle14�Bn(6-14) values were 2020 � 166 dpm and 40,667 � 2371 dpm,
respectively.

Peptide No. Peptide Structure

EC50

hBRS-3/Balb/c
3T3 Cells

hGRP-R/Balb/c
3T3 Cells

hNMB-R/Balb/c
3T3 Cells

nM

1 �D-Tyr6,�-Ala11,Phe13,Nle14�Bn(6-14) 1.4 � 0.1 0.18 � 0.01 0.17 � 0.01
2 �D-Tyr6,(R)-Apa11,Phe13,Nle14�Bn(6-14) 6.0 � 0.2 53.7 � 0.8 38.0 � 0.3
3 �D-Tyr6,(S)-Apa11,Phe13,Nle14�Bn(6-14) 7.1 � 0.8 56.2 � 1.8 21.9 � 0.5
7 �D-Tyr6,(R)-Apa11-4Cl,Phe13,Nle14�Bn(6-14) 3.5 � 0.2 320 � 20 71.0 � 1.9

Bn Bombesin �10,000 0.45 � 0.06 2.5 � 0.1
NMB Neuromedin B �10,000 530 � 23 1.2 � 0.1
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hNMB-R, and for stimulating phospholipase C activity. The
aim of the present study was to attempt to identify additional
synthetic Bn analogs with enhanced hBRS-3 selectivity.

Two strategies were used to attempt to identify more
selective hBRS-3 receptor ligands. The first strategy in-
volved inserting additional substitutions on the phenyl
ring of Apa in position 11 of the R- and S-isomers of the
selective hBRS ligand [D-Tyr6,Apa11,Phe13,Nle14]Bn(6-14),
which might change either its steric or electronic proper-
ties. This strategy was taken because molecular modeling
studies (Mantey et al., 2001) using a �-bend template, a
conformation that has been proposed for the Val10-Gly11-
His12-Phe13 COOH terminal region of Bn (Coy et al., 1991;
Mantey et al., 2001), demonstrated these two hBRS-3-
selective Bn analogs had a unique orientation of the posi-
tion 11 �-amino acid that likely contributed to their selec-
tivity for BRS-3. Therefore, further alteration of the
conformation might enhance hBRS-3 selectivity. The sec-
ond approach was to substitute additional conformation-
ally restricted amino acids in the place of Apa at primarily
position 11. Because of the previous molecular modeling
results (Mantey et al., 2001), which suggested the impor-
tance of orientation of the backbone substitution of the
conformationally restricted amino acid in position 11, sug-
gesting steric factors were important in determining
hBRS-3 selectivity, chloro substitutions were made on 2, 3,
and 4 positions of the phenyl ring of Apa11 in the R- and
S-isomers. Previous studies on ligands for the CCK recep-
tor (Jensen et al., 1985), A3 adenosine receptor (Li et al.,
1998), D4 dopamine receptor (Perrone et al., 1998), and
opioid receptors (Ananthan et al., 2003) have demon-
strated that insertion of electron-withdrawing groups such
as chloro substitutions in the phenyl ring can have impor-
tant effects on receptor selectivity and affinity by either
altering steric or electronic properties of the ligand. Our
results demonstrate that the insertion of a chloro group in
the ortho, meta, or para position of the phenyl ring in
relation to the Apa group had a markedly different effect
on the Bn receptor selectivity. Furthermore, the effect of
the chloro insertion in the different phenyl ring positions
had markedly differing effects on the absolute and relative
potencies of Apa11 Bn analog containing either the (R)- or
(S)-Apa isomer. The latter result might be expected from
the molecular modeling result (Mantey et al., 2001) re-
ported earlier if the insertion of the chloro group was
having primarily a steric effect, because in these models
the (R)- and (S)-Apa11 analogs had a unique conformation
that differed from the other constrained position 11 ana-
logs tested; however, their conformations were not identi-
cal; therefore, insertion of a steric group in the different
phenyl ring position could have a differing effect. Of the
different chloro Apa11 analogs tested, the insertion of the
chloro in the para position of the phenyl ring in the (R)-
Apa11 analog resulted in an analog that had significantly
improved selectivity for hBRS-3 and that retained suffi-
ciently high affinity for hBRS-3 to be likely useful to ex-
plore these receptors’ roles in various processes. Specifi-
cally, [D-Tyr6,(R)-Apa11-4Cl,Phe13,Nle14]Bn(6-14) had a
227- and 880-fold selectivity for hBRS-3 over hGRP-R and
hNMB-R by binding studies, and a 90- and 20-fold greater
potency for activating the hBRS-3, respectively. Therefore,
the four chloro Apa11 analog has 20- and 5-fold greater

Fig. 5. Ability of NMB, Bn, [D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14), or var-
ious BRS-3-selective ligands to stimulate [3H]IP formation in Balb/c 3T3
cells transfected with hBRS-3 (top), hGRP-R (middle), or hNMB-R (bot-
tom). Balb/c 3T3 cells transfected with hBRS-3, hGRP-R, or hNMB-R
were subcultured and preincubated for 24 h at 37°C with 3 �Ci/ml
myo-[2-3H]inositol. The cells were then incubated with NMB, GRP,
[D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14), or the BRS-3-selective ligands at
the concentrations indicated for 60 min at 37°C. Values expressed are a
percentage of total [3H]IP release stimulated by 1 �M [D-Tyr6,�-
Ala11,Phe13,Nle14]Bn(6-14) and are mean � S.E.M. from at least three
experiments. The values for basal (control) and 1 �M [D-Tyr6,�-
Ala11,Phe13,Nle14]Bn(6-14) stimulated accumulation of [3H]IP were as
follows: hBRS-3/Balb/c 3T3 cells, 9624 � 807 and 39,659 � 5806 dpm,
respectively; hGRP-R/Balb/c 3T3 cells, 6392 � 536 and 29,800 � 4789
dpm, respectively; and hNMB-R/Balb/c 3T3 cells, 2020 � 166 and
40,667 � 2371 dpm, respectively.
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selectivity for the hBRS-3 over the hGRP-R by binding
studies than the previously reported selective (S)- and
(R)-Apa11 analogs (Mantey et al., 2001). Furthermore, in
terms of relative potencies for activating hBRS-3 and the
two Bn receptor subtypes, the 4 chloro (R)-Apa11 analog
had 10- and 4-fold greater selectivity than the previously
reported selective (S)- and (R)-Apa11 analogs (Mantey et
al., 2001). In a previous study (Mantey et al., 2001), re-
placement of the phenyl ring of the Apa11 analog with an
(R)-4 chlorobenzyl group resulted in a Bn analog (Acpb4,
compound VIII; Mantey et al., 2001) with a 100-fold less
affinity for hBRS-3 and almost no selectivity for hBRS-3
over hGRP-R (3-fold) or hNMB-R (9-fold) (Mantey et al.,
2001). These findings, in comparison with the present re-
sults with the 4 chloro-phenyl substitution in Ala11 result-
ing in retained high affinity for hBRS-3 and increased
selectivity, demonstrate the importance of the size of the �
substitution in the aminopropionic acid in position 11 for
determining both affinity and selectivity.

Whereas the first strategy of insertion of chloro groups on
the Apa11 phenyl ring of [D-Tyr6,(R)-Apa11,Phe13,Nle14]Bn(6-
14) resulted in one potentially useful compound with en-
hanced BRS-3 selectivity, the second strategy of substitution
of other conformationally restricted amino acids for Apa11 or
in position 14 for Nle, did not result in any Bn analogs with
enhanced hBRS-3 selectivity. The results using this strategy
did, however, provide some interesting insights into the im-
portance of backbone substitutions on the aminopropionic
acid moiety in the 11 position of the [D-Tyr6,�-
Ala11,Phe13,Nle14]Bn(6-14) that are important in determin-
ing receptor selectivity and/or affinity. In a previous study
(Mantey et al., 2001), the effect of various aliphatic and
aromatic substitutions at the � and � position of aminopro-
pionic acid in [D-Tyr6,Apa11,Phe13,Nle14]Bn(6-14) were inves-
tigated and shown to have a marked effect on affinity and
selectivity for hBRS-3, hGRP-R, and hNMB-R. In the present
study, the effect of forming a carboxylic acid, an amine or
amide with these substitutions on Apa in position 11 was
investigated. The formation of aspartic acid by insertion of a
�-carboxyl group with or without a benzilamide group mark-
edly decreased affinity for all human Bn receptor subtypes.
In contrast, amino or various amide substitutions in the �
position, even of different sizes, were well tolerated in con-
trast to the � position of Apa where backbone size was a
critical factor (Mantey et al., 2001). Unfortunately, substitu-
tions in the � position of Apa11 do not seem to be important
for hBRS or Bn receptor selectivity.

In conclusion, using stereospecific substitutions of chloro
groups in the hBRS-3-preferring ligands, [D-Tyr6,(R)- or (S)-
Apa11,Phe13,Nle14]Bn(6-14), one peptide was identified with
enhanced selectivity for the hBRS-3 over the hGRP-R or
hNMB-R. The availability of this analog as well as the re-
cently described (Weber et al., 2002, 2003) short bombesin
peptide agonists identified from systematic optimization of
[D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14), which have high selec-
tivity for the hBRS-3, could be useful for investigating the
possible role of hBRS-3 in various physiological or patholog-
ical processes.
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