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Abstract
The mammalian bombesin (Bn)-receptor family[gastrin-releasing peptide-receptor(GRPR-
receptor), neuromedin B-receptor(NMB-receptor)], their natural ligands,GRP/NMB, as well as the
related orphan-receptor,BRS-3, are widely-distributed, and frequently overexpressed by tumors.
There is increased interest in agonists for this receptor family to explore their roles in
physiological/pathophysiological processes, and for receptor-imaging/cytotoxicity in tumors.
However, there is minimal data on human pharmacology of Bn-receptor agonists and most results
are based on nonhuman receptor studies, particular rodent-receptors, which with other receptors
frequently differ from human-receptors. To address this issue we compared hNMB/GRP-receptor
affinities and potencies/efficacies of cell-activation(assessing phospholipase C activity) for 24
putative Bn-agonists(12-natural,12-synthetic) in four different cells with these receptors,
containing native-receptors or receptors expressed at physiological densities, and compared the
results to native rat-GRP-receptor-containing cells-(AR42J–cells) or rat-NMB-receptor cells(C6-
glioblastoma cells). There were close correlations(r=0.92–99,p<0.0001) between their affinities/
potencies for the two hGRP- or hNMB-receptor cells. Twelve analogues had high affinities(≤ 1
nM) for hGRP-receptor with 15 selective for it(greatest=GRP,NMC), 8 had high affinity/potencies
for hNMB-receptors and 4 were selective for it. Only synthetic Bn-analogues containing β
−alanine11 had high affinity for hBRS-3, but t also had high affinities/potencies for all GRP-/
hNMB-receptor cells. There was no correlation between affinities for human-GRP-receptors and
rat-GRP-receptors(r=0.131,p=0.54), but hNMB-receptor results correlated with rat-NMB-
receptor(r=0.71, p<0.0001). These results elucidate the human- and rat-GRP-receptor
pharmacophore for agonists differ markedly,whereas they do not for NMB-receptors, therefore
potential GRP-receptor agonists for human studies(such as Bn-receptor-imaging/cytotoxicity)
must be assessed on human-Bn-receptors. The current study provides affinities/potencies on a
large number of potential agonists that might be useful for human studies.
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1. Introduction
The mammalian bombesin (Bn) receptor family consists of three closely-related G protein-
coupled receptors: the gastrin-releasing peptide receptor (GRP receptor) whose native ligand
is the 27 amino acid peptide, GRP; the neuromedin B receptor (NMB receptor) mediating
the action of the decapeptide, NMB, and the orphan receptor, BRS-3 which shares 47–51%
protein homology with the GRP/NMB receptors, but whose native ligand is still unknown
[7,12,19,29,41,95]. Each of these receptors as well as their ligands are widely distributed in
both the central nervous system [CNS] and peripheral tissues [7,29,34,36,56,78].

Studies in animals suggest these receptors are involved in a broad range of physiological and
pathophysiological processes [19,29,36,41,95]. The possible physiological effects include
roles in regulation in the CNS/peripheral nervous system [thermoregulation, behavior,
circadian rhythm, satiety, sensory nerve transmission], in the gastrointestinal tract [secretion,
motility, growth], endocrine [energy homeostasis, secretion of numerous hormones/
neurotransmitters, thyrotropin release], immunological [effects on leukocytes, lymphocytes,
macrophages, dendritic cells], as well as effects in the respiratory system and urogenital
system [19,29,36,41,95]. Important possible pathophysiological roles include proposed roles
in lung injury/diseases, tumoral growth, thyroid disorders, human feeding disorders and
disorders of energy homeostasis, pruritic responses, and various human CNS disorders
[19,29,41,54,70,95]. Of these latter disorders, the one that has received the most attention is
the prominent role that GRP and NMB have on growth and/or differentiation of various
human tumors [lung, squamous cell tumors of head/neck, prostate, colon, CNS,
neuroendocrine tumors, pancreatic, gynecologic tumors], which include in some cases
functioning as an autocrine growth factor [19,29,36,41,54,95]. Furthermore, the GRP/NMB
receptors are two of the G protein-coupled receptors that are most frequently overexpressed
by various human neoplasms including cancers of the lung [small cell and nonsmall cell],
pancreas, prostate, CNS (gliomas), head/neck (squamous cell tumors), breast, colon and
various neuroendocrine tumors (bronchial, intestinal, thymic carcinoids)
[19,29,31,54,67,95].

Recently there is an increased interest in the use of possible Bn receptor agonists and
antagonists to further define the role of Bn receptors in both human pharmacology and
pathophysiology [18,19,25,29,41,70]. This is particularly true for the marked interest in the
possible use of Bn receptor agonists which could be preferentially internalized by Bn
receptor-overexpressing human neoplasms, for use in localizing these neoplasms as well as
for their treatment, by performing Bn receptor-mediated imaging or Bn receptor mediated
cytotoxicity [5,29,55,67]. This has received considerable interest because of the marked
clinical success of using radiolabeled somatostatin analogues to image neuroendocrine
tumors either by nuclear medicine methods or by positron emission tomographic scanning
and more recently the promising results with 111In-, 90Y-, or 177Lu- labeled somatostatin
analogues for treatment of advanced malignant neuroendocrine tumors by peptide
radioreceptor therapy [5,19,41,66]. This increased interest in Bn receptors has occurred,
because the successful results with human tumors containing overexpression of somatostatin
receptors raise the possibility that a similar approach may be successful with more common
neoplasms, which do not overexpress somatostatin receptors, but do overexpress human Bn
receptors [5,19,41,66].

Unfortunately, at present it can be difficult to select the appropriate Bn receptor agonist to
use for these human Bn receptor imaging/cytotoxicity studies as well as for other Bn
receptor studies in humans. This has occurred because in contrast to Bn receptor antagonists
[9,18,24,29,91,92], there have been few systematic studies of human Bn receptor
pharmacology or receptor activation, especially using cellular systems containing receptor
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expression densities that usually occur with native Bn receptors. This has led to a reliance on
results from animal studies, particularly from rodents for optimum pharmacological design.
This approach can lead to inaccurate conclusions, because with a number of different G
protein coupled receptors, including Bn receptors, there are reports of important species
differences, especially between human and rodent receptors, on agonist receptor interaction/
activation [23,27,29,35,40,68,88,92,93]. Similarly, high densities of receptors, as frequently
occur with transfected cell systems, including with Bn receptors [87], can have marked
effects on agonist receptor activation/interaction, leading to conclusions which may not be
applicable to native cells with lower Bn-receptor densities, as seen in vivo.

The present study was performed to attempt to address these issues by systematically
studying the affinities and potency of cellular activation at human Bn receptors of 24
putative agonists (12 natural and 12 synthetic Bn analogues) that either themselves or their
analogues are commonly used in studies of human Bn receptors. To insure the results were
representative of native Bn receptor responses two different cell lines were used, including
one containing either native receptors or cells with Bn receptors expressed at the density
seen in native cells. Results using human Bn cells were compared to results with cells
containing native rat Bn receptors under identical experimental conditions. There was a
marked discordance between results with rat GRP receptors and human, showing that data
from the rat could not be used for human ligand design for hGRP receptors. A number of
high affinity agonist ligands for each Bn receptor subtype could be identified which could be
useful for investigating the role of GRP/NMB receptors in human physiological/
pathophysiological conditions.

2. Materials and methods
2.1. Materials

The following cells and materials were obtained from the sources indicated: Balb 3T3
(mouse fibroblast) cells, HuTu-80 (human duodenal cancer cell line), AR42J cells (rat
pancreatic acinar cells) and C6 rat glioblastoma cells from the American Type Culture
Collection, (Rockville, MD); NCI-H1299 (non-small cell lung cancer cells) were a gift from
Herb Oie (National Cancer Institute-Navy Medical Oncology Branch, Naval Medical
Center, Bethesda, MD; GENETICIN selective antibiotic (G418 Sulfate) from Invitrogen
(Carlsbad, CA); Dulbecco’s minimum essential medium (DMEM), RPMI 1640, phosphate-
buffered saline (PBS), fetal bovine serum (FBS) and trypsin/versene solution from
Biosource International (Camarillo, CA); Na125I (2,200 Ci/mmol) from Amersham
Biosciences (Piscataway, NJ); 1,3,4,6-tetrachloro-3,6-diphenylglycouril (IODO-GEN) and
dithiothreitol (DTT) from Pierce Biotechnology, Inc. (Rockford, IL); myo-[2-3H]Inositol
(20 Ci/mmol) from Amersham Pharmacia Biotech (Piscataway, NJ); formic acid,
ammonium formate, disodium tetraborate, soybean trypsin inhibitor, bacitracin and AG 1-
X8 resin from Bio-Rad (Richmond, CA); bovine serum albumin fraction V (BSA) and N-2-
hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES) from ICN Pharmaceutical, Inc.
(Aurora, OH). All other chemicals were of the highest purity commercially available.

2.2. Methods
2.2.1. Preparation of peptides—The peptides were synthesized using standard solid-
phase methods as described previously [18,46]. In brief, solid-phase syntheses of peptide
amides were carried out using Boc chemistry on methylbenzhydrylamine resin (Advanced
ChemTech, Louisville, KY) followed by hydrogen fluoride-cleavage of free peptide amides.
The crude peptides were purified by preparative high-performance liquid chromatography
on columns (2.5 × 50 cm) of Vydac C18 silica (10 µm), which was eluted, with linear
gradients of acetonitrile in 0.1% (v/v) trifluoroacetic acid. Homogeneity of the peptides was
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assessed by analytical reverse-phase high-performance liquid chromatography, and the
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 (Thermo
Bioanalysis Corp., Hemel, Helmstead, UK), and all corresponded well with calculated
values.

2.2.2. Growth and maintenance of cells—HuTu-80 cells, which contain native
hGRPR [18,98], were grown in DMEM. Balb 3T3 cells stably expressing human NMB
receptors, human GRP receptors or NCI-H1299 cells stably expressing human NMB
receptor were made as described previously [3,46,75] and grown in DMEM or RPMI 1640,
respectively. NCI-H1299 cells expressing low levels of hNMBR were made as described
previously [18] and grown in DMEM. C6 glioblastoma cells which contain native rat NMB
receptor [91,94] and AR42J natively expressing rat GRP receptors [42] were grown in
DMEM. All the receptor-transfected cells were grown in their respective propagation media
supplemented with supplemented 10% FBS and 300 mg/liter of G418 sulfate and incubated
at 37°C in a 5% CO2 atmosphere.

2.2.3. Preparation of 125I-[Tyr4] Bn, 125I-[D-Tyr0]NMB and 125I-[D-Tyr6,β-
Ala11,Phe13,Nle14]Bn-(6–14)—Preparation of 125I-[Tyr4]Bn, 125I-[D-Tyr0]NMB
and 125I-[D-Tyr6,β-Ala11,Phe13,Nle14]Bn-(6–14) at a specific activity of 2,200 Ci/ mmol
was prepared by a modification of methods described previously [18,43–45]. Briefly, 0.8 µg
of IODO-GEN (in 0.01 µg/ml chloroform) was transferred to a vial, dried under a stream of
nitrogen, and washed with 100 µl of KH2PO4 (pH 7.4). To the reaction vial, 20 µl of 0.5 M
KH2PO4 (pH 7.4), 8 µg of peptide in 4 µL of water, and 2 mCi (20 µl) Na 125I were added,
mixed gently, and incubated at room temperature for 6 min. The incubation was stopped by
the addition of 100 µl of distilled water. Radiolabeled peptide was separated using a Sep-
Pak (Waters Associates) and high-performance liquid chromatography as described
previously [46,86]. Radioligand was stored with 0.5% BSA at −20 °C.

2.2.4. Whole cell radioligand binding assays—Binding studies were performed as
previously described [18,46]. Briefly, cells were incubated for 1 h at 21 °C in 250 µl of
binding buffer containing 24.5 mM HEPES (pH 7.4), 98 mM NaCl, 6 mM KCl, 2.5 mM
KH2PO4, 5 mM sodium pyruvate, 5 mM sodium fumarate, 5 mM sodium glutamate, 2 mM
glutamine, 11.5 mM glucose, 0.5 mM CaCl2, 1.0 mM MgCl2, 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 with
50 pM 125I-[Tyr4]Bn, 125I-[D-Tyr0]NMB or 125I-[D-Tyr6, β-Ala11, Phe13, Nle14]Bn-(6–14)
(2,200 Ci/mmol), respectively, in the presence of the indicated concentration of unlabeled
peptides. Binding studies to C6 glioblastoma cells were performed using 50 pM 125I-[D-
Tyr0]NMB as described previously [94]. Binding was performed to native GRP receptors on
AR42J cell using 50 pM 125I-[Tyr4]Bn as described previously [42]. Although receptor
expression over the ranges for cells used in this study [87] has been shown not to alter
receptor affinity or potency under the experimental conditions used in this study, as an
added precaution to correct for any differences in ligand bound by different cell line, binding
results with each receptor were compared only to results with receptor containing cells
binding similar amounts of ligand. This was accomplished as described previously [17,18]
by varying the cell concentration between 0.05 – 2 ×106 cells/ml for each receptor so that
<20% of the total added radioactive ligand was bound during the incubation and the results
compared to cells transfected with native receptor adjusted in concentration to bind a similar
amount of ligand. After the incubation, 100 µl aliquot were added to 400 µl microfuge tubes
(PGC Scientific, Frederick, MD), which contained 100 µl of binding buffer to determine the
total radioactivity. The bound tracer was separated from unbound tracer by pelleting the
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cells through the binding buffer by centrifugation at 10,000xg in a Microfuge E (Beckman,
Fullerton, CA) for 3 min. The supernatant was aspirated and the pelleted cells were rinsed
twice with a washing buffer which contained 1% (w/v) BSA in PBS. The amount of
radioactivity bound to the cells was measured in a Cobra II Gamma counter (Packard
Instruments, Meriden, CT). Binding was expressed as the percentage of total radioactivity
that was associated with the cell pellet. All binding values represented saturable binding
(i.e., total binding minus nonsaturable binding). Nonsaturable binding was defined as the
amount of binding that occurred with 1 µM Bn, 1 µM NMB or 1 µM [D-Tyr6, β-Ala11,
Phe13, Nle14]Bn-(6–14) in the incubation solution. Nonsaturable binding was <15% of the
total binding in all experiments. Receptor density on the single colonies and the HuTu-80
cell line were determined using 0.75 nM 125I-[D-Tyr6, β-Ala11, Phe13, Nle14]Bn- (6–14).
Total saturable binding was determined using 1 µM Bn and using the ligand specific
activity, the cell number or the protein present to determine the receptor densities present.
The results of the binding experiments were expressed as fmoles of 125I-[D-Tyr6,β-
Ala11,Phe13,Nle14]Bn-(6–14) bound per 106 of cells or as fmoles bound/mg protein. Native
hGRP receptor containing HuTu-80 cells had a receptor density of 1.68 ± 0.08 fmoles/106

cells (8.13 ± 0.39 fmoles/mg protein) and the hGRPR transfected Balb 3T3 cells had a
receptor density of 15.16 ± 0.21 fmoles/106 cells (43.17 ± 1.0 fmoles/mg protein). The
hNMBR transfected Balb 3T3 cells had a receptor density of 77 ± 6 fmoles/106 cells (162.0
± 13.4 fmoles/mg protein) and NCI-H1299 transfected with hNMBR had a receptor density
of 2.11 ± 0.20 fmoles/106 cells (4.65 ± 0.40 fmoles/mg protein).

2.2.5. Measurement of Inositol Phosphates—Changes in total [3H]inositol
phosphates ([3H]IP) were measured as described previously [3,4,71,74]. Briefly, hGRPR-,
hNMBR- or hBRS-3, transfected Balb 3T3, hNMBR-transfected NCI-H1299, HuTu-80
AR42J or C6 glioblastoma cells were subcultured into 24-well plates (5.0 × 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 µCi/ml of myo- [2-3H] inositol in growth media
supplemented with 2% FBS for an additional 24 hr. Before assay, the 24-well plates were
washed by incubating for 30 min 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 µl 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, 0.05%
BSA (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 [2,4,17,74]. Briefly, samples were loaded onto
Dowex AG1-X8 anion exchange resin columns, washed with 5 ml of distilled water to
remove free [3H]inositol, then washed with 2 ml of 5 mM disodium tetraborate/60 mM
sodium formate solution to remove [3H]glycerophosphorylinositol. Two ml of 1 mM
ammonium formate/100 mM formic acid solution were added to the columns to elute total
[3H]IP. Each eluate was mixed with scintillation cocktail and measured for radioactivity in a
scintillation counter.

2.2.6. Comparison of affinities of various peptides for human GRP and NMB
receptors to rat GRP (rGRP receptors) and rat NMB receptors (rNMB
receptors)—To allow a direct comparison under identical assay conditions of the affinities
of these different agonists for Bn receptors on rat and human tissues, their affinities for
native rGRP receptors on the rat pancreatic acinar cell line, AR42J cells [42,72] and for
native rNMB receptors on the rat glioblastoma cell line, C6 glioma cells [72,91,94] was
determined. The affinities were compared using regression analysis of the affinity constants
as described in the statistics below.
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2.2.7. Statistics—All data is expressed as means ± SEM. Each point was measured in
duplicate, and each experiment was replicated at least four times. Calculation of affinities
from binding studies (IC50’s) and potencies (EC50’s) from phospholipase C activation
studies were performed by determining the IC50 or EC50 using the curve-fitting program
KaleidaGraph (Synergy Software). The Mann Whitney U test was used to determine the
statistical significance of differences. Regression analysis and calculation of the correlation
coefficients and their significance was performed using a least-squares analysis and the
statistical program, Statview (SAS Institute, Cary, NC).

3. Results
3.1. Human Bn receptor affinities-natural occurring peptides. Affinities for same hBn
receptor

In this study, we have compared the ability of a number of naturally occurring peptides as
well as synthetic Bn-related peptide ligands (Table 1) that are reported to function as Bn
receptor agonists in either human studies or in other species, to interact with and activate
human Bn receptors [hGRPR, hNMBR, hBRS-3] and compared their affinities to those for
Bn receptors of rat, a commonly used laboratory animal in various Bn receptor studies
(rGRPR, rNMBR) (Tables 1–3)[3,11,29,33,38,47,52,58,69,81,97]. The different compounds
could be classified in two groups; 12 have a natural origin and 12 were synthetic (Table 1).
Natural peptides could be divided into Bn-related (Bn, GRP, Alytesin and NMC), NMB-
related (NMB, NMB30, Rohdei-litorin, Litorin, Ranatensin and PG-L) and Phyllolitorin-
related (PLL, LeuPLL) (Table 1). The synthetic peptides are various Bn and Bn(6–14)
analogues (Table 1).

Similar to described in other studies of interaction of the natural ligands with their preferred
Bn receptor subtype, the natural ligand for the GRP receptor, GRP, had a high affinity for
human GRP receptors on both cell lines (i.e. 0.17–0.19 nM), >650-fold higher affinity than
for hNMB receptors and >15,000-fold higher than hBRS-3 [2,4,29,85] (Table 2, Fig. 1–2).
Similarly, as reported in human and nonhuman tissues containing NMB receptors, NMB had
a high affinity for both hNMBR containing cell lines (i.e. 0.052–0.054 nM), which was
>650-fold higher than for hGRP receptors and >20,000 higher than for hBRS-3 (Table 2,
Fig. 1–Fig. 2)[3,4,29,57,90,94]. The two novel synthetic ligands, [D-Tyr6, βAla11, Phe13,
Nle14]Bn(6–14)[#9, Table 2] and [D-Phe6, βAla11, Phe13, Nle14] Bn(6–14) [#10, Table 2]
had very high affinity (i.e. 0.048–0.8 nM) for all human Bn receptor subtypes, including
hBRS-3 (Table 2, Fig. 3–4) which is consistent with previous studies [17,29,44,46,67,75].

The 12 naturally occurring peptides could be divided into three chemical groups (Tables 1)
including four GRP-related peptides, six NMB-related and two phyllolitorin-related peptides
(Table 1). There was a close correlation of the affinities of the natural and synthetic Bn-
related analogues for hGRP receptors on Balb 3T3 cells and HuTu-80-cells (Table 2; Fig. 5,
Panel A) (r=0.99, p<0.0001). In general, for the hGRP receptor in hGRPR-transfected Balb
3T3 cells and native hGRP receptors in HuTu-80 cells the relative affinities were: very high
affinity (IC50 <1 nM) for all four GRP-related peptides (Bn, GRP, alytesin, NMC) and two
NMB-related peptides (litorin, PG-L); high affinity (IC50 2–3 nM) for one NMB-related
peptide (ranatensin); intermediate affinity (IC50 15–50 nM) for two NMB-related peptide
(NMB, NMB-30); low affinity (IC50 =110–500 nM) for two NMB-, PLL- related peptides
(rohdei-litorin, Leu PLL) and very low affinity (IC50 > 1 uM) for one PLL-related peptide
(PLL)(Table 2, Fig. 1–2). Similar to the two hGRP-receptor containing cells, the natural and
synthetic Bn-related peptides showed a close correlation between their affinities for the two
hNMB-containing receptor cell lines (Table 2; Fig. 5, Panel B)(r=0.92, p<0.0001). However,
in contrast to the GRP receptor containing cell lines, in terms of their relative affinities for
hNMBR expressing BALB 3T3 cells and NCI-H1299 cells, the 12 natural occurring
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peptides had the following relative affinities; very high (IC50 < 1 nM) for five NMB-related
peptides (NMB, NMB-30, PG-L, rohdei-litorin, litorin); high affinity (IC50 1–3 nM) for four
Bn-, PLL- and NMB-related peptides (Bn, alytesin, ranatensin, PLL); intermediate affinity
(37–75 nM) for one Bn-related peptide (NMC) and low affinity (IC50 = 300 nM) for one
PLL-related peptide (Leu PLL) and for GRP (123–148 nM)(Table 2, Fig. 1). NMB had an
extremely high affinity for the hNMB receptor on both cell lines (IC50-0.052–0.054 nM),
which was >3-fold higher that the other four peptides (NMB-30, PG-L, rohdeilitorin, litorin)
with very high affinities (i.e.>1 nM) for the hNMBR (Table 2, Fig. 2). All of the 12
naturally occurring Bn peptides had very low affinities (IC50 >1000 nM) for the hBRS-3
receptor (Table 2).

3.2. Human Bn receptor affinities-natural occurring peptides-relative affinities for different
hBn receptors

In terms of their relative affinities to the natural ligand for the human GRP receptor, GRP
[29,49], these results demonstrate that Bn, GRP, alytesin and NMC have approximately
equal affinity, which is 5-fold higher than PG-L, 15-fold higher than litorin or ranatensin,
211–700- fold higher than NMB and >3000 fold greater than PLL, Leu PLL (Table 2, Fig.
1). For the human NMB receptor, the natural ligand, NMB [29,51] has a 3–10 fold higher
affinity than litorin, rohdei-litorin; 15–70 fold higher than PG-L, Bn, alytesin; 40–80 fold
greater than ranatensin or PLL and >700-fold higher than either NMC or Leu PLL (Table 2,
Fig. 2).

3.3. Human Bn receptor affinities-synthetic Bn-related peptides- Affinities for same hBn
receptor

The 12 synthetic Bn agonists consisted of a range of different Bn analogues that either they
or closely related Bn analogues have been used in various studies [29,47,59,69]. These
included four Bn analogues containing a Leu14 substitution (Table 1; peptides #1,3,5,6);
four Bn analogues containing a Nle14 substitution (Table 1, peptides #2,9, 10,11); four Bn
analogues containing a D-Ala11 substitution (Table 1, peptides #4–6,8); one cyclic Bn
agonist (Table 1, peptide #8)[8]; eight truncated Bn (6–14) analogues (Table 1, peptides #
5–12), and four β-Alanine11 substituted Bn analogues (Table 1, peptides # 9–12)
[46,55,62,67,77,96]. The affinities of the 12 synthetic Bn analogues (Table 2), which were
all analogues of either Bn or Bn (6–14), the minimal COOH fragment required for full
affinity and biological activity [6,29,38,48], varied over a 10,000 fold range in their
affinities for hGRPR containing cells (Table 2, Fig. 3). Four substituted Bn analogues
retained very high affinities (IC50 −0.027–0.4 nM) approximately equal to Bn’s for hGRP
receptors on either cell line (Table 2, peptides # 2,7,9,10); three peptides retained high
affinity (IC50 −0.7–1.3 nM), but it was decreased 3- to 15-fold compared to Bn (Table 2,
peptides # 1, 4, 11); three peptides showed an intermediate affinity (IC50 −7–16.6 nM) with
a decrease from 40- to 160-fold compared to Bn (Table 2, peptides # 5,6,12); and one had a
low affinity (IC50 −417–750 nM) with a >2500-fold decrease compared with Bn (Table 2,
peptides # 3)(Table 2, Fig. 3). The 12 synthetic analogues also varied markedly (range,
10,000-fold) in their affinities for the hNMB receptor bearing cells (Table 2, Fig. 4). None
of the synthetic analogues retained the very high affinity of NMB (IC50 −0.052–0.54 nM)
(Table 2, Fig. 4). Three Bn substituted analogues (Table 2, peptides # 7,9,10) retained high
affinity (IC50 −0.21–2.1 nM) for the hNMB receptor containing cells, however their
affinities were reduced 4- to 40- fold compared to NMB (Table 2, Fig. 4). Three synthetic
peptides (Table 2, peptides # 2,11,12) showed an intermediate affinity (IC50 −5.4–42 nM)
for the NMB receptor containing cells which represented a 100- to 800-fold decrease
compared to NMB; two Bn analogues (Table 2, peptides #1, 4) showed low affinities (IC50
45–295 nM) which were 800- to 500-fold lower than NMB’s and four peptides showed very
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low affinities (IC50 794- to >3000 nM) which were >10,000- fold lower than NMB’s (Table
2, Fig. 4).

3.4. Human Bn receptor affinities-synthetic Bn-related peptides-relative affinities for
different hBn receptors

In terms of their selectivity for hGRP or hNMB receptors on the different cells, the twelve
natural Bn-related peptides (i.e. varied 1.2–1200-fold), as well as the twelve synthetic Bn-
related peptides (i.e. varied 1–350-fold), showed a wide variation (Table 2, Fig. 1–4). The
naturally occurring peptides could be divided into two general groups: four [litorin,
ranatensin, PG-L, LeuPLL) that were non-selective for human GRP or NMB receptor
containing cells (affinities varied <5-fold) and the remaining eight peptides, which showed
some selectivity (>5 fold preferring) (Table 2, Fig. 1,2). For the eight selective natural
peptides, four were selective for the hGRP receptor containing cells (GRP, NMC, Bn,
Alytesin), with two having minimal selectivity (5–20-fold)[Bn, Alytesin] and two having
high selectivity (>200-fold)[GRP, NMC](Table 2, Fig. 1,2). In contrast, four peptides
(NMB, NMB-30, rohdei-litorin, PLL) were selective for hNMB receptor cells, with one
(NMB-30) having moderate selectivity (50–90-fold) and the other three (NMB, rohdei-
litorin, PLL) having high selectivity for NMB receptor (Table 2, Fig. 1,2). For the twelve
synthetic Bn analogues, only one peptide, [peptide #12,Table 2, D-Ser-Ser-D-Ser-D-
Tyr6,Asn7, βAla11]Bn(6–14)] was nonselective for hGRP or hNMB receptor cells, whereas
the remaining eleven synthetic Bn analogues showed some selectivity for the hGRP receptor
(Table 2, Fig. 3). Five of the eleven Bn synthetic peptides [Table 2,peptides #3,7–11]
showed minimal selectivity (5–20-fold) for the hGRP receptor; three peptides [Table 2,
peptides #2,5,6] had moderate selectivity (20–200) and two peptides [Table 2, peptides
#1,4], high selectivity (>200-fold) for the hGRP receptor (Table 2, Fig. 3).

3.5. Human Bn receptor potencies of activation-natural and synthetic Bn-related peptides
To determine whether the putative Bn agonist’s can activate hGRP and hNMB receptors and
their potencies and efficacies of activation, the ability of each to stimulate phospholipase C
resulting in the generation of inositol phosphates ([3H]IP) was determined (Fig. 1–4).
Activation of phospholipase C was assessed because for both the native and transfected
hGRP receptor [2,3,14,15,29,98] as well as with hNMB receptors [3,4,29,91], stimulation of
phospholipase C is one of the principal signaling cascades seen with receptor activation.

Each of the twelve putative natural Bn-related peptides as well as the twelve synthetic Bn
peptides studied functioned as an agonist, and if sufficiently high concentrations could be
used to assess maximal efficacy (i.e. up to 3 µM), all peptides were fully efficacious with
either GRP at the hGRP receptor or NMB at the hNMB receptor (Fig. 1–4). The natural and
synthetic Bn-related peptides demonstrated a close correlation between their potencies at
activating the hGRP receptor in the two hGRP receptor containing cell lines (r=0.92,
p<0.0001)(Table 3; Fig. 5, Panel C). A similar close correlation was found for their
potencies in activating the hNMB receptor in the two different hNMB receptor cells lines
(r=0.99, p<0.0001) (Table 3; Fig. 5, Panel D). In general, there was a close correlation
between the potencies of natural and synthetic Bn-related analogues to activate either hNMB
or hGRP receptors on the different cell lines and their affinities from binding studies (Tables
2,3; Fig. 5, Panels E, F). Specifically, for hNMB receptors on NCI-H1299 cells the different
Bn-related peptide’s potencies for activation showed a correlation coefficient of r=0.90
(p<0.0001)(Fig. 5, Panel F) with their binding affinities; with hNMB Balb 3T3 cells the
correlation between potencies and affinities was r=0.87, (p<0.0001); and for both hGRP
receptor containing Balb 3T3 cells and HuTu-80 cells, the correlation coefficients were
r=0.64, and 0.6, respectively (p<0.0007) (compare Table 2,3 and Figures 1–4, Fig. 5, Panel
E).

Uehara et al. Page 8

Peptides. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.6. Comparison of affinities of the various natural occurring and synthetic Bn peptides for
human and rat GRP and NMB receptors

In contrast to the close correlation between the affinities of the different peptides for hGRP
receptors on the two different hGRPR cell lines (r=0.99, p<0.0001, Fig. 5), there was no
significant correlation between their affinities for native rat GRP receptors on the rat
pancreatic acinar cancer cell line, AR42J and native hGRP receptors on the human HuTu
cell line (r=0.131, p=0.54, Table 4; Fig. 5, Panel G), or hGRP receptors in Balb 3T3 cells
(r=0.233, p=0.27) (Table 2 and 4). In contrast, there was a significant correlation between
the affinities of the various peptides for NMB receptors on the rat glioblastoma cell line, C6
and hNMB receptors expressed in low levels in NCI-H1299 cells (r=0.71, p<0.0001) (Table
4; Fig. 5, Panel H) or hNMB receptors expressed in Balb 3T3 cells (r=0.76, p<0.0001)
(Table 2 and 4).

4. Discussion
The purpose of this study was to assess the abilities of various naturally occurring Bn-
related and synthetic Bn agonist analogues, which are increasingly used in human studies
[19,41,59,95], to interact with and activate human bombesin receptors [29,47,59,69]. This
study was performed because most of the pharmacology of Bn receptors has been performed
on nonhuman cells, particularly rat tissues [6,11,22,29,33,47,69,90,97] and the results
generally extrapolated to human pharmacology. This has occurred because few human
tumor cell lines possess only one subtype of human Bn receptor when they are present;
expressed human Bn receptors on various cells can have different pharmacology/cell
signaling than native receptors, and until recently there was minimal interest in human Bn
receptor studies [7,29,33]. Recently this has changed with the widespread interest in taking
advantage of Bn receptor overexpression in various human tumors for Bn receptor-mediated
imaging and/or cytotoxicity, using primarily Bn receptor agonists [66,67,95]. However, the
extrapolation of pharmacological/signaling results from nonhuman studies to human tissues
may be problematic, because a number of studies have shown with Bn receptors, as well as a
number of other peptide G protein-coupled receptors [VPAC, tachykinins, melanocortin,
vasopressin, endothelin], important differences may exist in pharmacology/cell signaling
between these receptors on humans and nonhuman tissues, as well as on cells from different
animal species [3,13,23,27,35,40,68,79,88,92,93]. With a number of these receptors there
are especially important differences between human and rodent species (rat, mouse), which
are the most widely used laboratory animals and whose receptors are frequently
characterized pharmacologically, such as with Bn receptors [23,27–
29,35,40,68,79,88,92,93].

Work with various G-protein coupled receptors have shown that the pharmacological results
including receptor affinity and/or ability to activate the receptor (potency, efficacy) can be
effected by the receptor expression level as well as the cell in which the receptor is
expressed in [16,50,65,84,87,89,99]. In our study, a number of precautions were taken to be
certain that the results obtained are reflective of the natural human Bn receptor responses.
First, the hGRPR, hNMBR and hBRS-3 were stably expressed in Balb 3T3 cells, a cell type
in which the expressed Bn receptors have been shown to pharmacologically mirror the wild
type receptors and also show cell signaling behavior that mirrors the wild type GRPR and
NMBR [2–4]. Secondly, studies of hGRPR pharmacology/activation were performed using
the duodenal cancer cell line, HuTu-80, which natively expresses hGRPR [18,98]. Third,
because a human cell line expressing only native NMBR was not available, hNMBR was
minimally over-expressed in NCI-H1299 cells, which natively have a very low density of
hNMBR [7,46], to a receptor density in the same range as native hGRPR in human HuTu-80
cells (HuTu-80 GRP receptor density was 1.68 ± 0.08 fmoles/106 cells vs. a hNMBR
receptor density on NCI-H1299 transfected cells of 2.11 ± 0.20 fmoles/106 cells). Fourth, for
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comparative studies to the Bn receptor’s pharmacology in rats, AR42J pancreatic acinar
tumor cells were used which natively express the rat GRP receptor [42] and rat C6
glioblastoma cells, which contain native rat NMB receptor [91,94] and assays were
performed under identical conditions to human studies.

The human GRP receptor is now receiving the most attention of the three human Bn
receptor subtypes (hGRPR, hNMBR, hBRS-3), because it is the most frequently
overexpressed in human neoplasms, has important roles in growth regulation of a number of
tumors and is important in a number of pathophysiological processes of clinical interest
[19,29,31,41,77,95]. In our study of the 24 peptides examined (12-natural, 12-synthetic),
there was very close agreement for both binding affinities (r=0.993, p<0.0001) and potencies
for activation (r=0.92, p<0. 0001) for the different peptides in the two different cell lines,
supporting the approach used. Three of the Bn-structurally related peptides (Bn, alytesin,
NMC) studied and two NMB-related peptides (litorin, PG-L) had very high affinity (<1
nM), which was similar to that of the native ligand, GRP, for the hGRP receptor, in addition
to four synthetic Bn analogues (Table 2, peptides #2,7,9,10). The relative and absolute
affinities/potencies of these 24 peptides in many cases vary significantly from what is
reported in a number of nonhuman tissues [2,6,11,22,29,30,32,38,46,47,69,90,97].
Particularly important is the case of Bn and GRP, which we find, are equipotent at hGRP
receptors, which is consistent with two other studies of human GRPR containing tissues
[63,64], but differs from the case of the mouse and rat GRP receptor, where Bn is reported
to have a 2–5 fold higher affinity in some studies, but not others [2,33,46,63,64,82,85,97].
The possible marked difference in the rat GRP receptor pharmacophore compared to that for
the human GRPR for these different agonists which is suggested by comparison to the
literature values, was confirmed in the present study by the direct comparison under
identical experimental conditions of the affinities of these 24 peptides for native rGRPR and
hGRPR on the rat pancreatic cell line, AR42J and human HuTu-80 tumor cells, respectively.
Our results demonstrated that there was no correlation (r=0.131, p<0.54) between the
affinities of these 24 peptides for GRP receptors on these two different cell lines,
demonstrating that pharmacological results from studies on rat GRP receptors cannot be
extrapolated to what might be expected with human GRP receptors. However, the hGRP
receptor’s pharmacophore had a number of important features in common with that
described in nonhuman Bn receptor studies. With both hGRP and nonhuman GRP receptors,
in Bn’s COOH terminus, norluecine14, but not leucine14, can be substituted with full
retention of affinity, for methionine14 (Met27 in GRP), which helps prevent oxidization and
loss of biological activity; the trytophan in position 8 of Bn (Trp21 GRP) is essential for
biologic activity, and the replacement of glycine11 in Bn by βalanine results in a high
affinity GRP receptor agonist, which also functions also as a high affinity agonist at the
NMB receptor [6,29,38,46,47,62,69,76]. These results have a number of practical
consequences. First, they suggest that for studies requiring high affinity interaction with the
human GRP receptor, one of the above high affinity/potency peptides or its analogues,
should be used. For example, in a recent study [40] examining the ability of Bn receptor
ligands to either image hGRPR overexpressing tumors or for GRP receptor-mediated
tumoral cytotoxicity [77], it was found that the ability of xenografted, Bn-containing tumors
to take up injected radiolabeled Bn-ligands, correlated with the ligand’s receptor affinities
[40]. More than forty different Bn receptor ligands have been proposed in various studies for
this purpose in the literature [77], many without detailed pharmacologic characterization,
raising the possibility that their low uptakes in some cases are likely related to their lower
affinities for the human GRP receptor because a low affinity ligand was selected. Second, in
many studies, synthetic analogues of Bn (7–14) or [D-Ala11] Bn analogues are used as
agonists for hGRP receptor studies such as for tumor imaging/cytotoxicity, based primarily
on studies in nonhuman tissues [77]. In these nonhuman cell studies, it was reported the
COOH terminus of GRP is the biologically active portion, with the COOH octapeptide
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retaining full potency, as well as a Bn analogue with a D-Ala11 replacement for Gly11 for
greater stability [6,38,47,47,69]. Our results demonstrate that various Bn D-Phe6 substituted
octapeptide analogues do have equal high affinity to GRP, equal potency and are fully
biologically active, therefore COOH truncated octapeptide analogues of either BN/GRP can
be used without loss of affinity/potency for human studies. However, we found, in contrast
to nonhuman study results [6,38,47,47,69], the substitution of D-Ala11 in Bn([D-
Ala24]GRP) analogues resulted in a 4–10-fold decrease in affinity/potency compared to
native Bn/GRP for the hGRP receptor and therefore is not recommended for human GRP
receptor agonist studies where high affinity receptor interaction may be needed.

The human NMB receptor has not received as much attention as the hGRP receptor,
however it is also receiving increased interest, because it is overexpressed in a number of
human neoplasms; has potent growth effects on some tumors and can be altered in various
clinical conditions, especially related to thyroid function/dysfunction
[19,29,31,41,53,61,95]. In our study of the 24 peptides examined (12-natural, 12-synthetic),
there was very close agreement for both hNMBR binding affinities (r=0.92, p<0.0001) and
potencies for activation (r=0.999, p<0. 0001) for the different peptides in the two different
cell lines, showing the results were not cell specific. We found that only NMB and three
other natural NMB related peptides (NMB30, litorin, Rohdei-litorin) had very high affinities
(i.e. <1 nM) and high potencies for activating the human NMB receptor. Although there is
limited data in the literature on the NMB receptor in other species, our human data are
consistent with studies in rat tissues [4,37,46]. NMB is reported also to have a very high
affinity (IC50-0.4 nM) for the rNMBR in rat esophageal muscle [90] or rNMBR transfected
Balb cells [20] and in most, but not all studies to be equipotent to litorin and >50 fold more
potent than Bn and >200 times more potent than GRP [4,37,46]. For the 12 synthetic Bn
analogues only peptide #10 [Tables 1–3, D-Phe6, βAla11, Phe13, Nle14] Bn(6–14)] and its D-
Tyr6 analogue (peptide #9, Tables 1–3) had very high affinity (<1 nM) for the hNMB
receptor which is similar to data reported for the rat NMB receptor [46,55,62]. The
comparison of our data to the literature suggested, that in contrast to the GRP receptors,
there appeared to be a close correlation between human NMBR affinities for the 24 peptides
studied and for what was reported with rat NMB receptor. To investigate this directly, the
affinities of the 24 Bn analogues were compared between native rat NMB receptors on C6
glioblastoma cells and hNMB receptors expressed at physiological levels in NCI-H1299
cells. In contrast to the case with the GRP receptors, we found a highly significant
correlation (r=0.71, p<0.0001) between the affinities of rat and human NMB receptors for
the different Bn analogues, supporting the conclusion that the rat pharmacologic data for
NMB receptors generally was predictive for hNMB receptor pharmacology. It is well
reported, even with Bn receptors, that various antagonists can show marked species
differences with a given Bn receptor subtype [9,92,93]. Our results demonstrate this can also
occurs with Bn receptor agonists because we found that species correlations may differ
markedly with two closely related receptors (60% amino acid homology for GRPR and
NMBR), with a close correlation existed between rat and human for 27 agonists for the
NMB receptor, but not for the GRP receptor. Previous studies show that a similar result
occurs with the Bn receptor agonist, [D-Phe6, βAla11, Phe13, Nle14] Bn(6–14)(peptide #10,
Table 1,2), which has a high affinity/potency for activation for all human Bn receptors
(hGRPR, hNMBR, hBRS-3); for GRPR and NMBR in all species tested (rat, mouse,
monkey, human), but not for rat and mouse BRS-3 [39,46,62,74,75]. A subsequent study
showed that this difference between the rat and human BRS-3 receptor affinity for [D-Phe6,
βAla11, Phe13, Nle14] Bn(6–14) was due to differences in amino acids in the third
extracellular domains of the two receptors [39]. Similar data has been reported previous for
agonist affinities for melanocortin receptors (MC) with rat and human MC receptors
showing no difference, while there were marked differences for the rat and human MC4
receptor, as well as the MC1 and MC5 receptors [79]. Similarly with the three subtypes of
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vasopressin receptors (V1a, V1b, and V2) the degree of correlation between the rat and
human receptor subtypes for vasopressin agonists differed markedly [23]. These results
support the conclusion that with a family of receptor subtypes, one cannot assume a given
subtype’s pharmacology will correlate between rat and human, even though, with a closely
related subtype in the same family, there is a close correlation.

The BRS-3 receptor, which is classified in the Bn receptor family because of its high
homology (47–51% amino acids) with GRP and NMB receptors, remains an orphan receptor
because its native ligand is still unknown [12,19,29,41,95]. It nevertheless, is receiving
increased attention because of increasing evidence it is involved in energy and glucose
metabolism, regulation of obesity and in recent studies also has growth effects in normal and
neoplastic tissues [19,21,26,29,41,60,83,95]. None of 12 natural Bn related peptides
examined in this study had high affinity for human BRS-3, similar to reported in other
studies with various natural occurring Bn analogues [46,74,75] and of the 12 synthetic Bn
analogues, only [D-Phe6, βAla11, Phe13, Nle14] Bn (6–14)(peptide #10, Table 1,2) and its D-
Tyr6 analogue (Peptide #9, tables 1,2) had high affinity for hBRS-3. These two analogues
have the disadvantage, that they are the only known agonists with high affinity for all human
Bn receptors and therefore lack any specificity for the hBRS-3. However, this has the
potential advance in making them universal agonist ligands that interact with all human Bn
receptors and because various tumors often overexpress multiple subtypes [31], these
ligands could interact with each subtype and therefore potentially have greater sensitivity for
imaging and/or receptor-mediated cytotoxicity.

In our study each of the 24 Bn related agonists demonstrated an efficacy of activation of
phospholipase C in hGRP or hNMB receptor cells equal to GRP or NMB, respectively, if
sufficient high agonist concentrations could be used, showing that none of these Bn
analogues functioned as a partial agonist at any of the three human Bn receptor subtypes.
This is in contrast to a number of other groups of synthetic Bn receptor ligands including
various desMet14Bn amides, desMet14Bn alkylamides, desMet14Bn esters and various
ϕ13−14 Bn pseudopeptides, that can function as antagonist at the GRP receptor in some
species, but function as a partial agonist in others [92,93] or that function as antagonist at the
hGRP receptor but function as partial agonists at hNMBR receptors [18,73]. Because
agonists that function as full agonists are rapidly internalized by Bn receptor-containing
cells [29,55,80] the potent agonists described in this study with full efficacy for activating
the receptor, should be especially useful for studies that require internalizations of the
ligand, such as receptor mediated cytotoxicity studies [77].

In conclusion, a group of 24 putative Bn receptor ligands (12-natural, 12, synthetic) that are
widely used in various nonhuman studies, are systematically investigated for their abilities
to interact with each of the three subtypes of human Bn receptors [hGRPR, hNMBR,
hBRS-3] and for their abilities to activate human GRP and NMB receptors on two different
cell lines and the results compared to those from rat GRP and NMB receptors. A number of
Bn analogues that function as potent, fully efficacious and selective agonist ligands for the
hGRP and hNMB receptors are identified. Furthermore, the pharmacophore of the human
GRP receptor for the 24 Bn analogues is shown to have no correlation with that of the rat
GRP receptor, whereas there is a close correlation between the pharmacophore of these
peptides for rat and human NMB receptor. These results demonstrate that it is not possible
to predict either the affinity or the potency of various Bn agonist analogues for human GRP
receptors from studies in rat, and detailed studies on human tissues are required.
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Abbreviations

βAla βalanine

Bn bombesin

BRS-3 bombesin receptor subtype 3

BSA bovine serum albumin fraction V

CNS central nervous system

DMEM Dulbecco’s minimum essential medium

FBS fetal bovine serum

GI gastrointestinal

GRP gastrin-releasing peptide

GRPR gastrin-releasing peptide receptor

IP inositol-phosphates

NMB neuromedin B

NMBR neuromedin B receptor

NMC Neuromedin C

PBS phosphate-buffered saline

PG-L Pseudophryne güntheri litorin-like peptide

PLL phyllolitorin
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Figure 1.
Comparison of affinities for binding and potencies for activation of various natural Bn
related peptide agonists for native human GRP receptors on the HuTu-80 cell line [left
panels] and Balb 3T3 cells transfected with hGRPR [right panels]. The upper panels [Panels
A and B] show the affinities from binding studies using 50 pM 125I-[Tyr4] Bn as the ligand.
The lower panels [panels C and D] show their potencies for activating phospholipase C and
stimulating changes in total cellular [3H]inositol phosphates ([3H]IP). The experimental
conditions were as outlined in the legend to Table 2 and as described under Materials and
Methods. Values are mean ± S.E.M. from at least four experiments. Full names of peptide
abbreviations are shown in Table 1.
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Figure 2.
Comparison of affinities for binding and potencies for activation of various natural Bn
related peptide agonists for human NMB receptors overexpressed in low density on NCI-
H1299 lung cancer cells [left panels] or in Balb 3T3 cells transfected with hNMBR [right
panels] The upper panels [Panels A and B] show the affinities from binding studies using 50
pM 125I-[D-Tyr0]NMB as the ligand. The lower panels [panels C and D] show their
potencies for activating phospholipase C and stimulating changes in total cellular
[3H]inositol phosphates ([3H]IP). The experimental conditions were as outlined in the
legend to Table 2 and as described under Materials and Methods. Values are mean ± S.E.M.
from at least four experiments. Full names of peptide abbreviations are shown in Table 1.
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Figure 3.
Comparison of affinities for binding and potencies for activation of various synthetic Bn
related peptide agonists for native human GRP receptors on the HuTu-80 cell line [left
panels] and Balb 3T3 cells transfected with hGRPR [right panels]. The upper panels [Panels
A and B] show the affinities from binding studies using 50 pM 125I-[Tyr4]Bn as the ligand.
The lower panels [panels C and D] show their potencies for activating phospholipase C and
stimulating changes in total cellular [3H]inositol phosphates ([3H]IP). The experimental
conditions were as outlined in the legend to Table 2 and as described under Materials and
Methods. Values are mean ± S.E.M. from at least four experiments. Numbers refer to the
peptide number in Table 1.
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Figure 4.
Comparison of affinities for binding and potencies for activation of various synthetic Bn
related peptide agonists for human NMB receptors overexpressed in low density on NCI-
H1299 lung cancer cells [left panels] or in Balb 3T3 cells transfected with hNMBR [right
panels] The upper panels [Panels A and B] show the affinities from binding studies using 50
pM 125I-[D-Tyr0]NMB as the ligand. The lower panels [panels C and D] show their
potencies for activating phospholipase C and stimulating changes in total cellular
[3H]inositol phosphates ([3H]IP). The experimental conditions were as outlined in the
legend to Table 2 and as described under Materials and Methods. Values are mean ± S.E.M.
from at least four experiments. Numbers refer to the peptide number in Table 1.
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Figure 5.
Correlations of the affinities and potencies of the various natural occurring Bn-related
peptides and synthetic peptides for the different human Bn receptor cells and for both rat
GRP receptors and rat NMB receptors on AR42J cells or rat C6 glioblastoma cells,
respectively. Each point represents data from a single Bn analogue shown in Table 1–4. In
all graphs there are 27 points, although in most graphs <27 points are seen because the
majority are clustered near the origin and superimposed on each other. Correlation
coefficients were calculated using a least-squares analysis from the data shown in Fig. 1–4,
and Tables 2–4 as described in Materials and Methods.
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