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Abstract

Bombesin-receptor-subtype-3(BB3 receptor) is a G-protein-coupled-orphan-receptor classified in 

the mammalian Bombesin-family because of high homology to gastrin-releasing peptide(BB2 

receptor)/neuromedin-B receptors(BB1 receptor). There is increased interest in BB3 receptor 

because studies primarily from knockout-mice suggest it plays roles in energy/glucose 

metabolism, insulin-secretion, as well as motility and tumor-growth. Investigations into its roles in 

physiological/pathophysiological processes are limited because of lack of selective ligands. 

Recently, a selective,peptide-antagonist,Bantag-1, was described. However, because BB3 receptor 

has low-affinity for all natural, Bn-related peptides, there is little known of the molecular basis of 

its high-affinity/selectivity. This was systematic investigated in this study for Bantag-1 using a 

chimeric-approach making both Bantag-1 loss-/gain-of-affinity-chimeras, by exchanging 

extracellular(EC) domains of BB3 /BB2 receptor, and using site-directed-mutagenesis. Receptors 

were transiently expressed and affinities determined by binding studies. Bantag-1 had >5000-fold 

selectivity for BB3 receptor over BB2/BB1 receptors and substitution of the first EC-domain(EC1) 

in loss-/gain-of affinity- chimeras greatly affected affinity. Mutagenesis of each amino acid 

difference in EC1 between BB3 receptor/BB2 receptor showed replacement of His107 in BB3 

receptor by Lys107(H107K-BB3 receptor -mutant) from BB2 receptor, decreased affinity 60-fold, 

and three replacements [H107K,E11D,G112R] decreased affinity 500-fold. Mutagenesis in EC1’s 

surrounding transmembrane-regions(TMs) demonstrated TM2 differences were not important, but 

R127Q in TM3 alone decreased affinity 400-fold. Additional mutants in EC1/TM3 explored the 

molecular basis for these changes demonstrated in EC1, particularly important is the presence of 

aromatic-interactions by His107, rather than hydrogen-bonding or charge-charge interactions, for 

determining Bantag-1 high affinity/selectivity. In regard to Arg127 in TM3, both hydrogen- 

bonding and charge-charge interactions contribute to the high-affinity/selectivity for Bantag-1.
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1. Introduction

The bombesin receptor subtype 3 (BB3 receptor) is an orphan G-protein-coupled receptor 

(GPCR) classified as a member of the mammalian bombesin receptor (BnR) family, because 

of its high homology to the known mammalian BnR members [gastrin-releasing peptide 

receptor (BB2 receptor) and the neuromedin B receptor (BB1 receptor)] [1–3]. However, 

there is little known of BB3 receptor’s roles in physiological or pathological processes [2–5]. 

This has occurred because its native ligand is unknown, it has low affinity for all natural Bn 

peptides, and unlike BB2 or BB1 receptor, for which numerous selective agonists and 

antagonists are described [2,6–11], until recently no agonist or antagonist with sufficient 

selectivity to be useful for in vivo studies, existed for BB3 receptor [2,3,12–17]. A high 

affinity BB3 receptor agonist has been described, [D-Tyr6, β-Ala11, Phe13, Nle14]Bn(6–14) 

(peptide #1), which allowed studies of BB3 receptor’s signaling cascades, demonstrating it 

was coupled to phospholipase C, A2 and D activation as well as tyrosine kinase cascades 

[4,14,18–21]. However, peptide #1 was not useful for pharmacological/pathological studies 

because it was nonselective, having high affinity for BB2 receptor / BB1 receptor in all 

species [12,22–24], as well as human BB3 receptor [25–27], but not rat/mouse BB3 receptor 

[27,28].

At present, some insights into the possible importance of BB3 receptor either physiologically 

or in pathological conditions have come from studies of mice in which BB3 receptor has 

been removed by targeted deletion (BB3 receptor -KO mice) [3,13,29–33]. These studies and 

others provide evidence that, similar to the other BnRs (i.e. BB2 receptor /BB1 receptor), 

BB3 receptor is important in regulation of feeding/satiety[34] in addition to regulation of 

various behaviors, glucose and insulin homeostasis, as well as metabolic homeostasis, and 

may play an important role in diabetes and obesity [3,13,15,29,30,32,33]. However, BB3 

receptor selective antagonists/agonists would be invaluable to further investigate BB3 

receptor role in these and other areas.

Recently, the BB3 receptor selective peptide antagonist Bantag-1 was described [14,15,35], 

however nothing is known of the molecular basis for its high affinity/selectivity for BB3 

receptor. With other Bn receptors [36], as with other GI hormone/neurotransmitter GPCR’s 

[36,37], there are only limited studies of the molecular basis of high affinity, selectivity of 

peptide antagonists [36–39]. This has occurred principally because potent peptide 

antagonists have been described for only a few GI hormone/neurotransmitter GPCRs. 
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Therefore in this study, we examined in detail the molecular basis selectivity/high affinity of 

the peptide antagonist Bantag-1 for the BB3 receptor.

2. Materials and methods

2.1. Materials

Polyoma large T antigen- expressing Chinese hamster ovary (CHOP) cells were a gift from 

James W. Dennis (Samuel Lunenfeld Research Institute, Toronto, Canada); Bombesin 

receptor subtype-3 antagonist (Bantag-1) was gifts from Merck, Sharp and Dohme (West 

Point, PA); the mammalian expression vectors, pcDNA3, custom primers were from 

Invitrogen (Carlsbad, CA); QuikChange Site-Directed Mutagenesis Kit was from Agilent 

Technologies (Santa Clara, CA); cDNA of hBB3 receptor, mBB2 receptor and mBB1 

receptor were obtained as described previously[40–42]; Dulbecco’s minimum essential 

medium (DMEM), phosphate-buffered saline (PBS), G418 sulfate, fetal bovine serum 

(FBS), penicillin, streptomycin and sodium pyruvate from Gibco Life Technology (Grand 

Island, NY); DpnI, Phusion® HF DNA Polymerase, dNTP, 100 % DMSO and 5X Phusion 

HF (GC) Buffer were from New England Biolabs (Ipswich, MA); formic acid, ammonium 

formate, disodium tetraborate, and alumina were obtained from Sigma-Aldrich (St. Louis, 

MO); iodine- 125 (100 mCi/ml) was from Perkin Elmer Life Sciences (Boston, MA); 

Polyethylenimine lipofectamine (P.E.I) (lipofectamine) was from Polysciences, Inc. 

(Warrington, PA); Standard protected amino acids and other synthetic reagents were 

obtained from Bachem Bioscience Inc. (King of Prussia, PA); XL1-Blue Supercompetent 

Cells from Agilent Technologies (Santa Clara, CA).

2.2. Preparation of 125I-Labeled Peptides
125I-[D-Tyr6, β-Ala11, Phe13, Nle14]Bn-(6–14), with specific activity of 2,200 Ci/mmol, was 

prepared by a modification of methods described elsewhere [12,14]. In brief, 0.8 μg of 

IODO-GEN (in 0.02 mg/ml chloroform) was transferred to a vial, dried under a stream of 

nitrogen, and washed with 100 μl of 0.5 M 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) Na125I were added, 

mixed gently, and incubated at room temperature for 6 minutes. The incubation was stopped 

by the addition of 100 μl of distilled water. Radiolabeled peptide was separated using a Sep-

Pak (Waters Associates, Milford, MA) and high-performance liquid chromatography as 

described previously elsewhere [12,14]. The radioligand was stored with 0.5% BSA at 

−20°C.

2.3. Strategy for Construction of Mutant BB3 Receptors and BB2 receptors

Human BB3 and mouse BB2 receptors were used because the two species have similar 

pharmacology for Bantag-1, high homology and allow comparison to results in numerous 

previous studies in which these two receptors have been used. cDNA from human BB3 and 

mouse BB2 receptors was used for all chimeras, as well as single or combination points 

mutations. The cDNA exon coding regions only were inserted in pCMV6-Entry (OriGene, 

Rockville, MD) and then subcloned into pcDNA3 at the EcoRI site. All BB3 mutant 

receptors were constructed by using the QuikChange Site-Directed Mutagenesis Kit (Agilent 

Technologies, Santa Clara, CA), following the manufacturer’s instructions, with minor 
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modifications as described previously [40–42]. Nucleotide sequence analysis of the entire 

coding region was performed using an automated DNA sequencer on the wild type and 

ΔH294R receptor and all mutant receptors (Applied Biosystems Inc., Foster City, CA). 

Three BB3 receptors loss-of-affinity and three BB2 receptor gain-of-affinity mutants for 

Bantag-1 were constructed as described previously [36,42,43]. The chimeric receptors were 

made from EC1, EC2 and EC3 regions because previous studies demonstrated the NH2 

terminus was not important for high affinity peptide binding [36,44]. Three loss-of-affinity 

BB3 receptors chimeric receptors were made by substituting the extracellular domains of 

BB2 receptor for the comparable domains in BB3 receptor. [(EC1-BB2)-BB3] loss-of-affinity 

chimera was made substituting the first extracellular domain of BB2 receptor –from D98 to 

K115– for the comparable domain of BB3 receptor –from D104 to K121; [(EC2-BB2)-BB3] 

loss-of-affinity chimera was made substituting the second extracellular domain of mouse 

BB2 receptor –from F179 to A214– for the comparable domain of BB3 receptor –from F185 to 

L220– and [(EC3-BB2)-BB3] loss-of-affinity chimera was made substituting the third 

extracellular domain of BB2 receptor –from R288 to S305– for the comparable domain of 

BB3 receptor –from H294 to T312. Three gain-of-affinity BB3 chimeric receptors were made 

by substituting the extracellular domains of BB3 receptor for the comparable domains in 

BB2 receptor: [(EC1-BB3)-BB2] gain-of-affinity chimera was made substituting the first 

extracellular domain of BB3 receptor –from D104 to K121– for the comparable domain of 

BB2 receptor –from D98 to K115; [(EC2-BB3)-BB2] gain-of-affinity chimera was made 

substituting the second extracellular domain of human BB3 receptor –from F185 to L220– for 

the comparable domain of BB2 receptor –from F179 to A214– and [(EC3-BB3)-BB2] gain-of-

affinity chimera was made substituting the third extracellular domain of BB3 receptor –from 

H294 to T312– for the comparable domain of BB2 receptor –From R288 to S305.

2.4. Cell culture

CHOP cells were grown in DMEM containing 10% (v/v) FBS, 100 units/ml penicillin, 100 

μg/ml streptomycin, and 200 μg/ml G418. Cells were maintained at 37°C in a 5% CO2 

atmosphere. Cells were split every 3 to 4 days at confluence after detaching the cells with 

trypsin/versene solution.

2.5. Cell Transfections and Isolation of Stable Cell Lines

CHOP cells, which contain no native Bn receptors, were used for transient transfection 

studies performed as described previously [41,42]. Briefly, CHOP cells were seeded in a 10-

cm tissue culture dish at a density of 0.2 x 106 cells/dish and grown overnight at 37°C in 

growth medium. On the following morning, 12 μg of plasmid DNA was transfected using 

the cationic lipid-mediated method with Lipofectamine for 2 h at 37°C. At the end of the 

incubation period, the medium was replaced with growth medium. CHOP cells were 

maintained at 37°C in a 5% CO2 atmosphere and were used 48 h later for binding assays.

2.6. Binding studies

Binding studies were performed using transfected CHOP cells and 125I-[D-Tyr6, β-Ala11, 

Phe13, Nle14]Bn(6–14) as described previously [14,41,42]. Briefly, CHOP cells (0.2 – 4.0 x 

106 cells/ml) were incubated for 60 minutes at 21°C with 50 pM 125I-[D-Tyr6, β-Ala11, 

Phe13, Nle14]Bn(6–14) in 300 μl of binding buffer. The standard binding buffer contained 
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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. Although BnR 

expression levels varying by much as 160-fold [45] have been shown to have no effect on 

receptor affinity with the binding conditions used in this studies, as an added precaution to 

correct for any differences in ligand bound by different mutant BnR receptors, binding 

results with each mutant BnR receptor was compared only to results with wild type receptor-

containing cells binding similar amounts of ligand. The cell concentration was adjusted 

between 0.2 and 4.0 x106 cells/ml for each mutant receptor so that <15% of the total added 

radioactive ligand was bound during the incubation and the results compared to cells 

transfected with wild type BB3 receptor adjusted in concentration to bind a similar amount 

of ligand. After the incubation, 100 μl of each sample were removed and added to 300 μl of 

incubation buffer in 400-μl Microfuge tubes and centrifuged for 1 minute at 10,000g 

(Microfuge B; Beckman Coulter, Fullerton, CA) to separate the bound radioligand from 

unbound radioligand. The supernatant was aspirated, and the pelleted cells were rinsed twice 

with a washing buffer that contained 1% (w/v) BSA in PBS. The amount of radioactivity 

bound to the cells was measured using a Cobra II Gamma Counter (Packard Instruments, 

Meriden, CT). Binding was expressed as the percentage of the total radioactivity that was 

associated with the cell pellet and in all cases calculations were based on the saturable 

binding. Nonsaturable binding was <10% of the total binding in all experiments. Each point 

was measured in duplicate, and each experiment was replicated at least 3 times.

To assist in interpreting the binding data, in all binding assays, in addition to determining the 

affinity for Bantag-1, the affinity for the agonist, peptide #1 was also determined. Previous 

studies [41,42] have examined the basis of high affinity interaction of peptide#1 and related 

peptides for the BB3 receptor and shown the molecular basis for this is due to a distinct 

receptor regions not demonstrated to be important for Bantag-1 selectivity in this study. 

Therefore, an alteration in affinity for peptide #1 with a given mutation, in the present study, 

was interpreted as likely a global effect on the receptor conformation and could not be 

interpreted as a specific effect on Bantag-1 affinity.

2.7. Statistical Analysis

The results are the mean and S.E.M. from at least three separate experiments. The Ki values 

were calculated from the IC50 obtained from competitive inhibition curves using peptide #1 

or Bantag-1 and 50 pM 125I-[D-Tyr6, β-Ala11, Phe13, Nle14]Bn(6–14) using the Cheng-

Prusoff equation [46]. IC50’s from the binding data were curve-fitted using Prism GraphPad 

4.0 (nonlinear curve-fitting). An analysis of variance was used to determine the statistical 

significance of differences in affinity of each BB3 receptor mutant compared with its own 

wild type BB3 receptor control in receptors with changes ≥2-fold difference. In all 

experiments cell concentrations were set such that <15% of total radioactivity was bound 

and the amount of saturable ligand bound was similar for the mutant and wild type receptors 

and therefore, in the statistical analysis, only two variables (i.e. the BB3 receptor mutant and 

its wild type control, binding similar amount of ligand) were analyzed.
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3. Results

3.1 Wild type BB3, BB3*, wild type BB2 and wild type BB1 receptors

The peptide agonist, peptide #1 had a high affinity each of the three wild type Bn receptors 

(Ki: 1.7- 8.1 nM, Fig. 1, Table 1), similar to results in other studies [12,23,25,47]. In 

contrast, the peptide antagonist, Bantag-1 had high affinity only for BB3 receptor (Ki: 5.2–

5.6 nM, Fig. 1, Table 1) and did not interact with the other two Bn receptor subtypes – BB2 

and BB1 receptor– even at concentrations up to 30,000 nM (Fig. 1, Table 1).

With wild type BB3 receptor, the expression level after transient transfection was low 

averaging only 1.9 ± 0.1% of the total radioactivity saturably bound with a cell 

concentration of 3.0 x106 cells/ml in the incubation. A previous study [48], reported that 

substitution of histidine 294 in BB3 receptor by arginine in a comparable position in BB2 

receptor, increased affinity for GRP. Because of that, we wanted to know if we could include 

that substitution to improve the results in our study. First, we found it increased expression 

levels with transient transfection of BB3 receptor constructs to the extent that with a cell 

concentration of 1.0 x106 cells/ml in the incubation the total amount of saturable binding 

was increased >3-fold to 7.4 ± 0.1% of the total radioactivity saturably bound. Second, we 

determined the effect of its presence on affinity of peptide #1 and Bantag-1 (Fig. 1, Table 1). 

We found it had no effect on affinity of Bantag-1 for BB3 or BB3* receptors (Ki: 5.6 ± 0.4 

and 5.2 ± 0.5 nM, respectively. Fig. 1, Table 1). However, the affinity of peptide #1 for BB3* 

receptor was increased 1.7-fold compared to BB3 receptor (Fig. 1, Table 1) and therefore 

could be used to increase the amount of binding to the BB3 receptor mutants (i.e. BB3* 

receptor mutants) and allow greater accuracy in determining the affinity constants.

3.2 Extracellular chimeric receptors

To explore the molecular basis for the selectivity of the BB3 receptor selective antagonist 

Bantag-1 both BB3 loss-of-affinity and BB2 gain-of-affinity chimeric receptors were made 

(Fig. 2 and 3, Table 2). Chimeric receptors were made using BB3 receptor for which 

Bantag-1 has a high affinity (Fig. 2 and 3, Table 2) and BB2 receptor, which has a low of 

affinity for Bantag-1 (Fig. 2 and 3, Table 2).

The loss-of-affinity BB3 chimeric receptors were made by substituting the extracellular 

domains of BB2 receptor for the comparable domains in BB3 receptor and the gain-of-

affinity chimeras constructed using the reverse strategy, substituting in BB2 receptor, the 

extracellular domains of BB3 receptor, to attempt to restore affinity for BB3 receptor. 

Chimeric BB3 receptors with (BB3* receptor) or without H294R (BB3 receptor) mutations 

to increase expression were made (Table 2).

The substitution of EC1 or EC2 of BB2 receptor into the comparable position in BB3 

receptor resulted in chimeras with such low saturable binding that affinities could not be 

assessed (Table 2). In contrast, substitution of EC3 into BB3 receptor resulted in no effect on 

Bantag-1 affinity (Table 2). To improve expression, the same studies were performed on 

similar chimeras in a mutant BB3* receptor [(H294R) BB3 receptor], which alone had no 

effect on Bantag-1 or peptide #1 affinity (Fig. 1–3, Tables 1–2). The substitution of EC1 or 

EC2 in the loss-of-affinity BB3* receptor chimeras, by the comparable domain of BB2 
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receptor, decreased the affinity for Bantag-1 by 377- and 23-fold, respectively (Ki: 1,962 and 

120 nM, Fig. 2, Table 2). As Arg288 is located in EC3 of BB2 receptor, the EC3 of BB3 is 

the same structure as EC3 BB2 in BB3*. Peptide #1 had similar affinities for the different 

chimeras (Table 2). These results suggest differences in EC1 were the most important for 

determining Bantag-1 selectivity for BB3 receptor.

To provide additional support for this conclusion, three gain-of-affinity BB3 chimeric 

receptors were made by substituting the extracellular domains of BB3 receptor for the 

comparable domains in BB2 receptor, to attempt to regain affinity for Bantag-1 with the 

gain- of-affinity wild type BB2 receptor chimeras. Only the substitution of EC1 of BB2 

receptor by the comparable domain of BB3 receptor increased the affinity for Bantag-1 with 

an increase of 5-fold (Ki: >6,000 nM, Fig. 3, Table 2). Each of these gain-of-affinity 

chimeras had good expression and thus, BB3 receptor mutants were not needed to assess 

affinity. These results support the importance of the EC1 domain of the BB3 receptor for the 

high binding and selectivity of Bantag-1.

3.3 EC1 of BB3 receptor Mutants (Loss-of-affinity point mutations)

To investigate further the molecular basis for the selectivity of Bantag-1, we investigated 

which specific amino acids are responsible for the high affinity for BB3 receptor in EC1 by 

studying each of the amino acid differences in the EC1 domain of these two receptors – BB3 

and BB2 receptors (Fig. 4). The two receptors in the EC1 domain differed in 4 amino acids 

(Fig. 4), occurring at positions 106, 107, 111 and 112 of BB3 receptor, which are 

comparable with positions 100, 101, 105 and 106 of BB2 receptor. To study the 4 amino acid 

differences, we first made 4 BB3 receptor losses-of-affinity point mutants by substituting in 

BB3 or BB3* receptors the comparable different amino acid from BB2 receptor [i.e. T106S, 

H107K, E111D, G112R-BB3*] (Fig. 4). For Bantag-1, the substitution of histidine for lysine 

at position 107 produced the greatest effect, decreasing the affinity by 35-fold for wild type 

BB3 receptor (Ki: 195 nM, Fig. 4A, Table 3) and 54-fold for BB3* receptor (Ki: 283 nM, 

Fig. 4A, Table 3). The point mutation [G112R] caused only a loss of 2-fold in the affinity of 

Bantag-1 for wild type and BB3* receptor (Ki: 11.6–16 nM, Fig. 4A, Table 3). In contrast, 

point substitutions [T106S] and [E111D] had no effect on the affinity of Bantag-1 for wild 

type (Ki: 6.2 and 6.6 nM, Fig. 4A, Table 3) or BB3* receptor (Ki: 5.5 and 7.4 nM, Fig. 4A, 

Table 3). For peptide #1, none of these 4 point mutations had an effect on its affinity for wild 

type (Ki: 5.6–10.1 nM, Table 3) or BB3* receptor (Ki: 5.3–6.7 nM, Table 3). These results 

support the importance of the presence of histidine at position 107 in the BB3 receptor 

instead of lysine in a similar position of BB2 receptor for determining affinity/selectivity of 

Bantag-1.

To investigate the molecular basis for the large effect on affinity of substituting histidine by 

lysine in position 107, we explored the importance of charge on the substituted amino acid, 

as well as the presence of an aromatic ring, or the size of the backbone substitution, for 

determining affinity for Bantag-1. To do this, we made 7 BB3 or BB3* receptors H107 loss-

of- affinity point mutants with amino acids with different charges, backbone size and 

presence or absence of different aromatic rings by substituting for the positively charge 

histidine (Fig. 4B, Table 3). Substitution of phenylalanine or tyrosine at position 107 
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decreased the affinity of Bantag-1, 4- and 13-fold for wild type BB3 receptor, respectively 

(Ki: 24 and 70 nM, Fig. 4B, Table 3), but did not decrease the affinity for peptide #1 (Table 

3). Similarly, point mutations, [H107F] and [H107Y] in BB3* receptor decreased the affinity 

of Bantag-1 7–16-fold (Ki: 83 and 37 nM, Fig. 4B, Table 3) with no decreased in the affinity 

of peptide #1 (Table 3). Replacement of histidine in either BB3 or BB3* receptor by the 

larger uncharged group asparagine [H107N], caused a marked decrease in Bantag-1 affinity 

of >58-fold (Fig. 4B, Table 3). Substitution of different amino acids with different aromatic 

groups demonstrated [H107Y] and [H107F] had the least effect causing a 4–16-fold 

decrease in affinity in either BB3 or BB3* receptor, whereas substitution of the large 

aromatic group in tryptophan [H107W] marked decreased affinity for Bantag-1 by >190 

times (Fig. 4B, Table 3). Replacement of positively charged histidine by a larger positive 

group in [H107R] decreased affinity for Bantag-1 with both BB3 or BB3* receptors by 50–

178-fold demonstrating the greater importance of steric factors in this position than charge, 

per se. The substitution of a negative charge in this position, [H107D], caused >192-fold 

decrease in the BB3* receptor, whereas it had only a minimal effect in BB3 receptor, 

demonstrating that charge of the substitution in position 107 was playing a minimal role in 

the wild type receptor (Fig. 4B, Table 3). With all EC1 single amino acid mutants, no 

decrease in affinity was seen for peptide #1, except for H107W in the wild type BB3 

receptor, which demonstrate a 3-fold decrease, suggesting this substitution was having a 

global effect on receptor affinity, which was not seen in the [H107W] BB3* receptor mutant 

(Fig. 4B, Table 3).

3.4 EC1 of BB3 receptor combination mutants (EC1 Loss-of-affinity combination 
mutations)

None of the single EC1 amino acid substitutions alone (i.e. 1.4–54-fold decrease) that were 

investigated above caused a decreased in affinity equal to the >377-fold decreased in affinity 

seen for Bantag-1 when the entire first extracellular BB3 receptor domain was replaced by 

that from BB2 receptor (Table 2). Therefore, combination mutations of the single amino acid 

changes which decreased Bantag-1 affinity were made to identify which amino acids 

together were important for determining the antagonist’s selectivity (Fig. 5, Table 4).

In EC1, the combination mutant [H107K, G112R] showed a 68- and 250-fold decrease in 

affinity for wild type and BB3* receptor (Ki: 378 and 1,303 nM, Fig. 5A, Table 4), which 

was greater than the 35–54-and 2–3-fold decrease caused for each alone. In contrast, the 

double mutation had no effect on the affinity of peptide #1 for wild type or BB3* receptor 

(Ki: 9.8 and 7.1 nM, Table 4). The triple mutation [H107K, E111D, G112R] had even a 

greater effect on the affinity of Bantag-1, decreasing >500-fold the affinity of Bantag-1 for 

wild type and BB3* receptor (Ki: 2,882 and 2,883 nM, Fig. 5A, Table 4). However, this 

triple mutation was causing a global alteration in BB3* receptor because it caused a 3-fold 

decrease the affinity of the in control peptide, peptide #1 (Table 4). However, this triple 

mutation did not affect the affinity of peptide #1 for wild type BB3 receptor (Ki: 7.6 

nM,Table 4).
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3.5 TM2 and TM3 of BB3 receptor Mutants (Loss-of-affinity point mutations)

Previous studies with peptide antagonists for other GPCRs [39,49] report amino acids in 

upper TM regions can also be important for determining their affinity/selectivity. Even with 

the triple combination [H107K, E111D, G112R], the loss-of-affinity was still 10-fold less 

than seen between BB2 and BB3 or BB3* receptors (compared Table 1 and Table 4), 

suggesting other receptor areas could also be important for Bantag-1 affinity. Therefore, to 

investigate further the molecular basis for the selectivity of Bantag-1, we assessed whether 

other specific amino acid differences might be responsible for the high affinity/selectivity for 

BB3 receptor by analyzing the amino acid differences and similarities in the EC1 

surrounding TMs, upper TM2 (UTM2) and upper TM3 (UTM3) (Fig. 6, Table 5). The BB3 

and BB2 receptors in UTM2 domain differed in 2 amino acids, occurring at positions 98 and 

101 of BB3* receptor, which are comparable with positions 92 and 95 of BB2 receptor. To 

study the 2 amino acids differences, we made 2 BB3 receptor losses-of-affinity point 

mutants by substituting in BB3 or BB3* receptor the comparable different amino acid from 

BB2 receptor (i.e. [L98V], [V101A]). The substitution of valine for alanine at position 101 

[V101A] produced the greatest effect, decreasing by 179-fold the affinity of Bantag-1 for 

BB3 receptor (Ki: >1,000 nM, Table 5). However, it did not alter the affinity of Bantag-1 for 

BB3* receptor (Ki: 5.0 nM, Table 5). For peptide #1, this substitution decreased the affinity 

by 3-fold for wild type BB3 receptor (Ki: 21, Table 5), suggesting a global alteration in 

conformation in the receptor in these cells. However, the [V101A] mutation did not alter 

peptide #1 affinity in BB3* receptor (Table 5), supporting the conclusion it was not 

important for Bantag-1 affinity. In contrast, point substitution [L98V] had no effect on the 

affinity of Bantag-1 or peptide #1 for wild type or BB3* receptor (Table 5). These data 

demonstrate that amino acids in TM2 near EC1 are not important in selectivity of Bantag-1.

A similar approach was used to examine the importance of amino acid difference in the EC1 

adjacent upper TM3 region (Fig. 6). The two receptors in this domain differed in 4 amino 

acids (Fig. 6), occurring at positions 122, 123, 124 and 127 of BB3 receptor, which are 

comparable with positions 116, 117, 118 and 121 of BB2 receptor. To study these amino 

acids differences, we first made 4 BB3 receptor loss-of-affinity point mutants by substituting 

in BB3 or BB3* receptor the comparable different amino acid from BB2 receptor [i.e. 

V122L, L123I, S124P, R127Q]. Point mutations [R127Q], [L123I] and [S124P] had the 

greatest effect decreasing the affinity of Bantag-1 by 233–536-fold for wild type BB3 

receptor (Ki: 1,332- >3,000 nM, Fig. 6A, Table 5), without changing the affinity of peptide 

#1 (Table 5). With BB3* receptor, [R127Q] and [S124P] showed a 54- to 390-fold decrease 

in affinity (Ki: 288 and 2,068 nM, Fig. 6A, Table 5), whereas [L123I] showed only a 4-fold 

decrease in Bantag-1 affinity (Ki: 20 nM, Fig. 6A, Table 5), however with this mutation the 

affinity of peptide #1 was also decreased suggesting a possible global alteration of the 

mutant receptor. In contrast, point substitution [V122L] had no effect on the affinity of 

Bantag-1 or peptide #1 for wild type or BB3* receptor. These results support the importance 

of the presence of arginine at position 127 in BB3 receptor instead of glutamine in a 

comparable position in BB2 receptor for determining the binding affinity/selectivity for 

Bantag-1, as well as leucine instead of isoleucine at position 123 and proline instead of 

serine at position 124 in the 3rd UTM.
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Because the greatest effect for differences in TM3 between either BB3 and BB3* receptor 

compared to BB2 receptor was seen with the [R127Q] substitution, we attempted to 

investigate the molecular basis for this in more detail (Fig. 6B, Table 5). The effect of a 

possible difference in the charge or the size of the backbone substitution was explored by 

making 5 BB3 and BB3* receptor loss-of-affinity point mutants. To do this, the arginine –

with a positive charge- was replaced with asparagine [R127N] –with a large aliphatic, 

uncharged group; two other positive charged groups of different size, histidine [R127H] and 

lysine [R127K], and a negatively charged glutamate [R127E]. Changing the charge from 

positive to negative in the 127 substitution by making the point mutation [R127E] had a 

marked effect by decreasing 188-fold the affinity of Bantag-1 for wild type and BB3* 

receptors (Ki: >1,000 nM, Fig. 6B, Table 5) but did not decrease the affinity of peptide #1 

(Ki: 6.2 nM, Table 5). Replacing the positively charge arginine by the uncharged, polar 

asparagine in point mutation [R127N] decreased the affinity 12- and 78-fold of Bantag-1 for 

wild type and BB3* receptors (Ki: 66 and 415 nM, Fig. 6B, Table 5). Replacing arginine 127 

with other positively charged amino acids ([R127K] and [R127H]), decreased the affinity of 

Bantag-1 >526 and 175-fold for wild type BB3 receptor (Ki: >3,000 and >1,000 nM, Fig. 

6B, Table 5) and 45- and 192-fold for BB3* receptor, respectively (Ki: 234 and >1,000 nM, 

Fig. 6B, Table 5). Whereas, the [R127H] substitution had no effect on affinity for peptide #1 

(Table 5) in BB3 or BB3* receptor or the [R127K] mutant in BB3 receptor, the latter 

mutation decreased affinity for peptide #1 in BB3* receptor (Table 5), demonstrating it was 

having a global effect on receptor conformation. These results support the conclusion that 

the presence of a positive charge and proper side-chain size at position 127 of the BB3 

receptor are important for determining the affinity for Bantag-1.

3.6 TM3 of BB3 receptor combination mutants (TM3 Loss-of-affinity combination 
mutations)

To explore further the effect of multiple UTM3 mutations, we made additional combination 

mutants. In TM3, a double mutation in UTM3 [L123I, R127Q] had an increased effect than 

either of the single mutations on the affinity of Bantag-1 for wild type and BB3* receptors, 

decreasing the affinity by >2,000-fold (Ki: >15,000 and >11,000 nM, Fig. 5B, Table 4). In 

contrast, these substitutions had no effect on the affinity of peptide #1 for wild type BB3 or 

BB3* receptor (Ki: 6.0 and 7.0 nM, Table 4).

4. Discussion

In the present study, we found that peptide antagonist Bantag-1 had a high affinity for BB3 

receptor as reported previously [14,15] and high selectivity for BB3 receptor, with a 

>30,000-fold higher affinity for BB3 receptor over BB2 or BB1 receptor, despite the fact that 

these receptors share an 51 and 47% amino acid identity, respectively [1,32]. To investigate 

this in detail, a chimera receptor approach was initially used substituting extracellular 

domains of BB3 receptor (high affinity, Bantag-1) with those from BB2 receptor (low 

affinity, Bantag- 1) resulting in potentialaBantag-1 loss-of-affinity chimeras. The reverse 

was also performed, substituting in BB2 receptor, extracellular domains of BB3 receptor to 

form potential Bantag-1 gain-of-affinity chimeras. Subsequently, site-directed mutagenesis 

was used to make potential loss-of affinity point mutants in BB3 receptor in the key affected 
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areas identified from the chimeric studies, as well as constructing potential loss-of-affinity 

point BB3 receptor mutants in surrounding upper transmembrane regions (UTM) of the 

important extracellular domains. The chimeric approach was initially used because 

numerous studies investigating peptide agonist/antagonist interaction with BnRs and other 

GPCRs demonstrate receptor extracellular interaction plays an import role in determining 

high selectivity/affinity of peptide and many other non-aminergic ligands [36,50–53], which 

is in contrast to bioactive amines and many nonpeptide antagonists, whose high affinity is 

primarily determined by amino acids in the TM regions [36,37,41,51–55].

A number of our results support the conclusion that differences in the first extracellular 

receptor domain and the adjacent upper TM3 region between BB3 and BB2 receptors are 

primarily responsible for the BB3 receptor selectivity and difference in affinity for the 

peptide antagonist Bantag-1 for these two closely related receptors. First, the BB3 receptor 

loss-of affinity chimeras constructed by replacing the EC domains one at a time of BB3 

receptor by those from BB2 receptor, demonstrated that differences in the EC1 domain were 

almost entirely responsible for Bantag-1 high affinity. Second, performing the reverse study 

by constructing gain-of-affinity BB2 receptor chimeras by replacing the EC domains of BB2 

receptor one at a time by those of BB3 receptor, demonstrated only the exchange of EC1 of 

BB3 receptor into BB2 receptor resulted in a gain-of affinity for Bantag-1. Third, loss-of-

affinity point mutations in BB3 receptor, made by replacing the EC1 adjacent upper TM 

amino acids in BB3 receptor (TM2, TM3) by those which differed in a similar position in 

BB2 receptor, demonstrated that three replacements in upper TM3 (L123I, S124P, R127Q) 

had a marked effect on Bantag-1 affinity, whereas similar replacements in TM2 had no 

effect. These results have both similarities and differences from studies of the molecular 

basis of affinity/selectivity of various ligands interacting with the other two human BnRs 

(BB2 and BB1 receptors), as well as other G-protein-coupled receptors. Our results are 

similar to findings in studies on other GPCRs which show that, even though EC1 is usually 

small in size and highly variable among family members, EC1 can function as a contact 

point for ligands, provide structure to the extracellular region of the ligand binding site and 

can enable movement of the transmembrane region upon ligand binding [50].Our results 

differ from previous studies of other BnRs (BB2 and BB1 receptors) investigating the 

importance of the different EC domains for ligand selectivity using a similar chimeric 

receptor approach. In these studies the selectivity of the native agonist ligand GRP for BB2 

receptor and NMB for BB1 receptor, are primarily affected by differences in EC2 [43,56]; 

whereas the high BB2 receptor selectivity of two peptide antagonists (JMV591, JMV641)

[42] are primarily to differences in the EC3, with a small contribution from EC1 and for the 

BB1 receptor peptoid antagonist, PD168368, no EC domains were involved in determining 

selectivity, instead it was determined primarily by differences in TM5 [53]. These results 

also differ from BnR chimeric studies investigating the importance of the EC domains for 

the selectivity of two peptide agonists for BB3 receptor over BB2 receptor /BB1 receptor, 

finding primarily differences in EC2 were the most important [42]. Our finding that the EC1 

domain is the most important extracellular domain for Bantag-1 selectivity shows 

differences from the limited data from studies examining peptide antagonist selectivity for 

other GPCRs. This conclusion is shown by the finding that with the cyclopentapeptide 

antagonist, FC131 for the CXC4 chemokine receptor [57] or with the agouti-related protein 
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antagonist of the melanocortin-4 receptor [57], high receptor affinity/selectivity was due to 

differences in interaction with the EC2 and EC2/EC3 respectively, and with the VPAC1 

peptide receptor antagonist, Ac-His1 [DPhe2,Lys15,Arg16,Leu27] VIP(3–7)/GRF(8–27) , its 

selectivity was due to differences in the amino terminal VPAC receptor domain[58]. Our 

results are generally similar to findings in other studies on BnRs which show differences in 

both EC regions and in upper TM regions are important for the high affinity/selectivity of 

various BB3 receptor selective peptide agonists, as well as GRP and NMB for BB2 and BB1 

receptors, respectively [41,44,48,56,59–61]. Our results with the peptide antagonist, 

Bantag-1, are also similar to findings with various peptide agonist ligand’s interaction with 

other gastrointestinal/neurotransmitter GPCRs, such as CCK-8 with CCK-B receptors [62], 

neuropeptide S for the neuropeptide S receptor [63], substance P for the neurokinin-1 

receptor [64], [D-Ala2,MePhe4,Gly5-ol]encephalin (DAMGO) for μ opioid receptor [65] or 

CCK8 for CCKB receptor [62], all of which also require interaction with EC domains and 

transmembrane regions for selectivity. However, they differ from studies with other peptide 

antagonists for other GPCRs which demonstrate interaction with amino acids in the TMs are 

the important determinant of high affinity/selectivity such as interaction of the Neuropeptide 

Y Y1 receptor with the peptide antagonist 1229U9(TM1, 6,7) [66], melanocortin-4 receptor 

with SHU9119 [67](TM3) or the selectivity of the peptide antagonist centrorelix to the 

GHRH receptor (Tm3,5,6,7)[68].

To determine which amino acids in EC1 of BB3 receptor account for the high selectivity/ 

affinity of Bantag-1 for BB3 receptor over BB2 receptor, we performed a comparative 

alignment of the amino acids in this region and singly mutated each of the four amino acids 

that differed between the two receptors in this area. Our results support the conclusion that 

principally the presence of a histidine in position 107 of BB3 receptor in EC1, instead of a 

lysine in BB2 receptor, and to a lesser extent the presence of a glutamic acid and glycine at 

positions 111 and 112 of BB3 receptor rather than an aspartic acid and arginine in BB2 

receptor, are the key amino acid differences determined in EC1, responsible for the 

selectivity/ high affinity of the peptide antagonist, Bantag-1 for BB3 receptor over the BB2 

receptor. The importance of the E111 or G112 in BB3 receptor EC1could have been easily 

missed because the E111D or G112R BB3 receptor mutants demonstrated minimal changes 

in affinity for Bantag-1 (1 to 2.5 fold decrease) suggesting they did not contribute to the high 

affinity/selectivity. However, because the EC1 H107K mutant resulted in a 50-fold decrease 

in affinity for Bantag-1 which did not completely account for the >400 folded decrease in 

affinity for Bantag-1 seen with replacement of the entire EC1 domain, we made combination 

mutants of H107K, E111D, G112R. These had a potentiating effect on decreasing the 

affinity for Bantag-1 and all three together decreased affinity for Bantag-1 as much as seen 

with the entire EC1 domain substitution, demonstrating their importance in the Bantag-1 

interaction. The histidine, aspartic acid, and glycine residues found to be an important in 

determining BB3 receptor selectivity/affinity for Bantag-1 in the present study have been 

reported in several studies in the BB2 receptor /BB1 receptor and other GPCRs, to play a 

critical role in determining high affinity interaction and selectivity for their ligands. 

Histidine in the same EC1 location in BB3 receptor is important for the selectivity/high 

affinity of the peptide agonist, peptide #4 [42], in EC1 of the AT1 receptor for high affinity 

for angiotensin [69], in EC1 of the NK1 receptor for selectivity for substance P, in EC3 for 
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high affinity of CCKB receptors for CCK [62], and in TM3 of the CRF receptor [70] or 

TM5 of the NK1 receptor [71] for high affinity for their selective nonpeptide antagonists, 

NBI-27914 and CP-96345, respectively. The presence of glycine in in EC1 of BB2 receptor 

is essential for determining high affinity of human BnRs (BB2, BB1 and BB3 receptors) for 

the agonist, peptide #1 [D- Tyr6, βAla11,Phe13,Nle14]Bn-(6–14)] [41] and a glycine in the 

TM1 of the ETA receptor [72] or TM6 of the melatonin receptor [73], is important for 

determining high affinity for endothelin and melatonin, respectively. In the AT1 receptor the 

presence of a glutamic acid in TM7 is essential for high affinity interaction with angiotensin 

[74] as is its presence in TM1 of MCR4 receptor needed for binding and full potency of the 

peptide agonist, JRH887–9 [75].

In different GPCRs histidine has been shown to contribute to high affinity/selectivity of 

various ligands by different mechanisms. To gain insight into the molecular basis for the 

importance of histidine for high affinity Bantag-1 binding, a series of point mutations at 

position 107 in BB3 receptor were made substituting amino acids with differing 

characteristics. Because the imidazole side-chain in histidine is reversibly protonated at 

physiological pH and the un-protonated form can exist in two different tautomeric structures, 

histidine can simultaneously form aromatic, hydrogen bonding, and salt bridge and charge-

charge interactions [76]. With respect to the affect of the possible positive charge leading to 

charge-charge interactions, a number of our results support the conclusion it is not important 

for histidine in position 107 of the EC1 of BB3 receptor for determining high affinity/

selectivity for Bantag-1. Similar to replacing the histidine by a positively charged lysine in 

this position in BB2 receptor, replacement of histidine by a positively charge arginine, 

resulted in a marked decrease in affinity for Bantag-1 (i.e. 50 and 178-fold). Conversely, 

replacement by a negatively charged aspartic acid had only a minimal effect on Bantag-1 

affinity. Similarly replacement of histidine by the polar uncharged amino acid asparagine, 

which similar to histidine, has hydrogen donor and acceptor groups in its side chain and can 

form hydrogen bonds or charge interactions [77,78] resulted in a large decrease in affinity 

for Bantag-1. In contrast, replacement of histidine 107 by other aromatic amino acids 

(phenylalanine or tyrosine) resulted in only a small decrease in binding affinity (5–17-fold) 

suggesting that aromatic interactions are playing a major role in the histidine107 Bantag-1 

interaction.

Previous studies with peptide agonists and antagonists for both BnRs (BB2 and BB1 

receptors) and other GPCRs [37,39,41,48,49,59,60,67,79] report amino acids in upper TM 

regions, often in proximity to an important extracellular domain, can also be important for 

determining their affinity/selectivity. Therefore, to investigate further their possible role in 

the molecular basis for the selectivity of Bantag-1, we assessed whether other specific amino 

acid differences than in the region of EC1 might be responsible for the high affinity/

selectivity for BB3 receptor, by analyzing the amino acid differences and similarities in the 

EC1 surrounding TMs, upper TM2 and upper TM3. Our results support the conclusion that 

the differences in the amino acids in upper TM3, but not upper TM2, are critical for high 

affinity of the peptide antagonist Bantag-1 for BB3 receptor. Specifically, we found when 

each of the four amino acid differences in upper TM3 in BB3 receptor compared to BB2 

receptor (V122L, L123I, S124P, R127Q) were singly mutated in either BB3 or BB3* 

receptor, all but the V122L mutant showed a decrease in affinity for Bantag-1, with the 
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largest decrease seen with replacement of the arginine at position 127 of BB3 receptor by 

glutamine in a comparable position in in BB2 receptor (>390-fold). These results have both 

similarities and differences from previous studies with BnR ligands and other peptide 

ligands with other GPCRs. The presence of arginine 107 in TM3 of the BB3 receptor instead 

of a glutamine in the comparable position of the BB2 or BB1 receptor, is critical for high 

affinity binding/selectivity for BB3 receptor for a synthetic Bn-related peptide agonist 

(peptide #4, [42]). However, the reverse is true for BB1 receptor’s high affinity and 

selectivity for NMB [60] or BB2 receptor for GRP [48], each of which require a glutamine 

in this position rather than an arginine. The presence of arginine in EC3 of BB2 receptor is 

critical its high affinity/selectivity for GRP [48,59], in EC3 of BB1 receptor for high affinity 

and selectivity for NMB [60], in all BnRs (BB2 receptor < BB1 receptor < BB3 receptor) in 

EC3 for the high affinity interaction with the universal agonist, peptide #1[[D-Tyr6, 

βAla11,Phe13,Nle14]Bn-(6–14)] [41] and in EC3 of the CCKA receptor for selectivity/high 

affinity for the of the peptide antagonist JMV179 [37].

To provide insight into the molecular basis for importance of arginine for high affinity 

Bantag-1 binding, a series of point mutation at position 127 in BB3 receptor were made 

substituting amino acids with differing characteristics. Our data demonstrated the presence 

of a positive charged moiety at position 127 in TM3 of BB3 receptor had an important effect 

on affinity for Bantag-1 because substitution of a negatively charged glutamic acid 

decreased affinity >200-fold, and substitution of the uncharged glutamine, decreased affinity 

>400 fold. However, replacement by a positively charged, lysine decreased affinity 45-fold 

and a replacement by a histidine caused a >192 -fold decrease in affinity. The data with 

lysine and histidine suggest the size of the backbone substitution determining the placement 

of the positive charge in relation to the peptide backbone, is playing an important role in 

determining Bantag-1 interaction. Hydrogen bonding interactions are frequently with 

arginine [80], and our data suggest this could also contribute to Bantag-1 interaction because 

replacement with asparagine decreased affinity but much less than replacement with 

glutamine.

In conclusion, in the present study, we identified important amino acids for determining 

Bantag-1 binding affinity for the BB3 receptor exist in EC and UTM regions; particularly the 

presence of His107 in EC1 and Arg127 in TM3. Detailed substitutions at these locations 

demonstrate that in the EC1 area, particularly important is the presence of aromatic 

interactions, rather than hydrogen bonding or charge-charge interactions, in playing an 

important role for determining the high affinity/selectivity of this ligand. On the other hand, 

in regard to Arg127 in TM3, our results support the conclusion that both hydrogen bonding 

and charge-charge interactions contribute to the high affinity/selectivity for Bantag-1. The 

identification of the important amino acids for determining the high affinity of Bantag-1 for 

the BB3 receptor may help to provide insights into the future design of other BB3 receptor 

antagonists or perhaps biased agonists which could be useful for exploring both the 

intracellular signaling of BB3 receptor, as well as its role in physiological/

pathophysiological states.
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Abbreviations

Bantag-1
Boc-Phe-His-4-amino-5-cyclohexyl-2,4,5-trideoxypentonyl-Leu- (3-dimethylamino) 

benzylamide N-methylammonium trifluoroacetate, BB3 receptor antagonist

BB3 receptor or BB3

Bombesin receptor subtype-3

BB3* receptor or BB3*
His294 in BB3 receptor substituted for by Arg288 in comparable position of BB2 receptor to 

increase expression level

Bn
Bombesin

BnR
Bombesin receptor

CHOP
Polyoma large T antigen- expressing Chinese hamster ovary cells

DMEM
Dulbecco’s minimum essential medium

EC or e
extracellular domain

FBS
fetal bovine serum

GI
gastrointestinal

GPCR
G-protein-coupled-orphanreceptor

GRP
gastrin-releasing peptide

BB2 receptor or BB2

gastrin-releasing peptide receptor

h
human
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KO
knockout

m
mouse

NMB
neuromedin-B

BB1

neuromedin B receptor

PBS
phosphate-buffered saline

peptide #1
[D-Tyr6, β-Ala11, Phe13, Nle14]Bn(6–14)

r
rat

TM
transmembrane region

UTM
upper transmembrane region
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Figure 1. 
Comparison of the ability of the antagonist Bantag-1 and the nonselective Bn analog agonist 

(peptide #1) to inhibit binding to cells containing wild type BB3, BB3*, wild type BB2 or 

wild type BB1 receptors. The peptides were incubated with 50 pM 125I- [D-Tyr6, β-Ala11, 

Phe13, Nle14Bn-(6–14) for 60 minutes at 21°C in 300 μl of binding buffer with BB3 receptor 

cells (3 x 106 cells/ml), BB3* receptor cells (1.1 x 106 cells/ml), BB2 receptor cells (7 x 106 

cells/ml) or BB1 receptor cells (0.1 x 106 cells/ml) and the saturable binding was determined 

as described in Materials and Methods. The results are expressed as the percentage of 

saturable binding without unlabeled peptide added (percentage control). The results are the 

mean and S.E.M. from at least three separate experiments and in each experiment the data 

points were determined in duplicated. Abbreviations: Bantag-1, Boc-Phe-His-4-amino-5-

cyclohexyl-2,4,5-trideoxypentonyl-Leu- (3-dimethylamino) benzylamide N-

methylammonium trifluoroacetate; BB3 or BB3 receptor, Bombesin receptor subtype 3; 

BB3*or BB3* receptor, His294 in BB3 receptor substituted for by Arg288 in comparable 

position of BB2 receptor which increases expression of the receptor but does not change 

affinity for Bantag-1 alone; CHOP, polyoma large T antigen-expressing Chinese hamster 

ovary; BB2 or BB2 receptor, gastrin-related peptide receptor; BB3, BB3*, BB2 or BB1 

receptors stably transfected into CHOP cells; BB1 receptor, neuromedin B receptor; peptide 

#1, [D-Tyr6, β-Ala11, Phe13, Nle14]Bn-(6–14).
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Figure 2. 
Affinities of the antagonist, Bantag-1 for loss-of-affinity BB3 chimeric receptors and BB2 

expressed in CHOP cells. The diagrams of the chimeric receptors formed are shown at the 

top. The chimeric BB3 receptors were formed by replacing each of the extracellular domains 

of BB3* receptor one at a time by the comparable BB2 receptor extracellular domain as 

described in Material and Methods. The peptides were incubated with 50 pM 125I- [D-Tyr6, 

β-Ala11, Phe13, Nle14]Bn-(6–14) for 60 minutes at 21°C in 300 μl of binding buffer with 

BB3* receptor cells (1.1 x 106 cells/ml), (e1-BB2) BB3* cells (4.2 x 106 cells/ml), (e2-BB2) 

BB3* cells (4.8 x 106 cells/ml), (e3-BB2) BB3* cells (2.1 x 106 cells/ml) or BB2 receptor 

cells (7 x 106 cells/ml), and the saturable binding was determined as described under 

Materials and Methods. The results are expressed as the percentage of saturable binding 
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without unlabeled peptide added (percentage control). The results are the mean and S.E.M. 

from at least three separate experiments and in each experiment the data points were 

determined in duplicated. The arrows indicate large changes in affinity from the BB3 

receptor. Abbreviations: e or EC, extracellular; for other, Fig. 1 legend.
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Figure 3. 
Affinities of the antagonist Bantag-1 for BB2 receptor gain-of-affinity BB2 chimeric 
receptors and BB3 receptor expressed in CHOP cells. The diagrams of the chimeric 

receptors formed are shown at the top. The chimeras BB2 receptors were formed by 

replacing each of the extracellular domains of BB2 receptor one at a time by the comparable 

BB3* receptor extracellular domain as described in Material and Methods. The different 

concentrations of Bantag-1 were incubated with 50 pM 125I- [D-Tyr6, β-Ala11, Phe13, 

Nle14]Bn- (6–14) for 60 minutes at 21°C in 300 μl of binding buffer with (e1-BB3) BB2 

cells (0.6 x 106 cells/ml), (e2-BB3) BB2 cells (2 x 106 cells/ml), (eC3-BB3) BB2 cells (1.4 x 

106 cells/ml) or BB2 receptor cells (7.0 x 106 cells/ml), and the saturable binding was 

determined as described under Materials and Methods. The results are expressed as the 

percentage of saturable binding without unlabeled peptide added (percentage control). The 

results are the mean and S.E.M. from at least three separate experiments and in each 
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experiment the data points were determined in duplicated. The arrow indicates large change 

in affinity from the wild type BB2 receptor. Abbreviations: see Fig. 1 legend.
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Figure 4. 
Effect of single point mutations in the first extracellular domain of BB3 receptor on affinity 

for Bantag-1 (loss-of-affinity BB3 receptor point mutants). Top, alignment of amino acid 

sequences in the first extracellular domain of BB3 and BB2 receptor. The boxes indicate 

divergent amino acids between these two receptors in these regions. Arrows indicate the 

position of the point mutations made in BB3 receptor by substituting into BB3* receptor the 

divergent amino acid from the comparable position in BB2 receptor. (A) Results with the 

four BB3 receptor mutants made to explore the importance each of the four amino acid 

differences in EC1 of BB2 and BB3 receptor for determining the selectivity of Bantag-1. (B) 

Importance of the presence of a charged amino acid or with an aromatic group in position 

107 of BB3 receptor for determining selectivity of Bantag-1. The experimental conditions 

were the same as described in Fig. 1 legend. The results are expressed as the percentage of 

saturable binding without unlabeled peptide added (percentage control). The results are the 

mean and S.E.M. from at least three separate experiments and in each experiment the data 

points were determined in duplicated. Abbreviations: E111D refers to the replacement of 

glutamic acid in EC1 position 111 in BB3 receptor by aspartic acid; TM, transmembrane; for 

other, see in Fig. 1 legend.
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Figure 5. 
Effect of various point mutations in combination in the first extracellular domain and the 

third transmembrane domain of BB3 receptor on affinity for Bantag-1 (loss-of-affinity 
combination mutants). (A) Effect of multiple mutations in BB3 receptor in the EC1 on the 

affinity of Bantag-1. (B) Effect of combination mutations in TM3 of BB3 receptor on 

determining selectivity of Bantag-1. The experimental conditions were the same as 

described in Fig. 1 legend. In each case either one or multiple mutations were made in the 

wild type BB3 or BB3* receptor. The results are expressed as the percentage of saturable 

binding without unlabeled peptide added (percentage control). The results are the mean and 

S.E.M. from at least three separate experiments and in each experiment the data points were 

determined in duplicated. Abbreviations: See in Fig. 1, 2 and 4 legends.
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Figure 6. 
Effect of single point mutations in the third transmembrane domain of BB3 receptor on 

affinity for Bantag-1 (loss-of-affinity BB3 receptor mutations). Top, alignment of amino 

acid sequences in the second and third transmembrane domain of BB3 and BB2 receptor. 

The boxes indicate divergent amino acids between these two receptors in these regions. 

Arrows indicate the position of the point mutations made in BB3 receptor by substituting 

into BB3* receptor the divergent amino acid from the comparable position in BB2 receptor. 

(A) Effect of four point mutants in BB3 receptor made to explore the importance of four 

amino acid differences in TM3 between BB3 and BB2 receptors for determining selectivity 

of Bantag-1. (B) Importance of the presence of a of charged amino acid in position 127 for 

determining selectivity of Bantag-1. The experimental conditions were the same as 

described in Fig. 1 legend. The results are expressed as the percentage of saturable binding 

without unlabeled peptide added (percentage control). The results are the mean and S.E.M. 

from at least three separate experiments and in each experiment the data points were 

determined in duplicated. Abbreviations: See in Fig. 1, 2 and 4 legends.
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Table 1A

Affinities of Bantag-1 and peptide #1 for the members of the Bn receptor family.

Ki (nM)

Receptor Bantag-1 Peptide #1

BB2 >30,000 1.7 ± 0.1

BB1 >30,000 5.1 ± 0.3

BB3 5.6 ± 0.4 8.1 ± 1.0

BB3* 5.2 ± 0.5 4.9 ± 0.8
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Table 1B

Comparison of saturable binding of BB3 and BB3* receptor.

Saturable binding (per 1 x 106 cells/ml)

Receptor % added ligand Receptors/cell

BB3 1.9 ± 0.2 2,000 ± 211

BB3* 7.4 ± 0.1a 8,000 ± 108a

a
P <0.0001 compared to BB3 receptor.

CHOP cells type were incubated with 50 pM 125I-[D-Tyr6, β-Ala11, Phe13, Nle14]Bn-(6–14) for 60 minutes at 21°C and binding was determined 
as described in Materials and Methods. In each experiment each value was determined in duplicate, and values given are means and S.E.M from at 

least three separate experiments. Data are calculated from dose-inhibition curves shown in Fig. 1. Abbreviations: BB3*, His 294 in BB3 substituted 

for by Arg288 in comparable position of BB2 to increase expression level; Bn, bombesin; for other, see in Fig. 1 legend.
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Table 2

Affinities of Bantag-1 and peptide #1 for wild type BB3, BB3*, wild type BB2, and extracellular chimeric BB3 

and BB2 receptors (loss- and gain-of-affinity).

Ki (nM)

BB3* Wild type

Receptor Bantag-1 Peptide #1 Bantag-1 Peptide #1

BB3 5.2 ± 0.5 4.9 ± 0.8 5.6 ± 0.4 8.1 ± 1.0

BB2 ND ND >30,000 a 1.7 ± 0.1a

Extracellular chimeras (loss-of-affinity)

(e1-BB2) BB3 1,962 ± 432a 9.7 ± 1.6 N.B. N.B.

(e2-BB2) BB3 120 ± 26a 8.1 ± 2.9 N.B. N.B.

(e3-BB2) BB3 5.9 ± 0.7 b 6.3 ± 1.2 b 5.9 ± 0.7 6.3 ± 1.2

Extracellular chimeras (gain-of-affinity)

(e1-BB3) BB2 ND ND >6,000 1.8 ± 0.2

(e2-BB3) BB2 ND ND >30,000 3.8 ± 1.0

(e3-BB3) BB2 ND ND >30,000 3.6 ± 0.2

a
P <0.0001 compared to BB3 receptor.

ND, Not done because Arg is already present in position 288 in BB2 receptor.

N.B, no detectable binding above background.

CHOP cells type were incubated with 50 pM 125I-[D-Tyr6, β-Ala11, Phe13, Nle14]Bn-(6–14) for 60 minutes at 21°C and binding was determined 
as described in Materials and Methods. In each experiment each value was determined in duplicate, and values given are means and S.E.M. from at 
least three separate experiments. Data are calculated from dose-inhibition curves shown in Fig. 1–3. Abbreviations: See in Fig. 1 and 2 legends.
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Table 3

Affinities of Bantag-1 and peptide #1 for mutants in the first extracellular domain in wild type BB3, BB3* and 

wild type BB2 receptors (loss-of-affinity EC1 point mutations).

Ki (nM)

BB3* Wild type

Receptor Bantag-1 Peptide #1 Bantag-1 Peptide #1

BB3 5.2 ± 0.5 4.9 ± 0.8 5.6 ± 0.4 8.1 ± 1.0

BB2 ND ND >30,000 a 1.7 ± 0.1a

EC1 differences

[T106S] 7.4 ± 0.8 5.7 ± 0.3 6.6 ± 0.2 10.1 ± 1.0

[H107K] 283 ± 21a 6.7 ± 0.3 195 ± 51a 8.6 ± 1.9

[E111D] 5.5 ± 1.1 6.4 ± 0.9 6.2 ± 0.3 9.5 ± 1.0

[G112R] 11.6 ± 2.1b 5.3 ± 0.4 16 ± 3b 5.6 ± 1.5

Importance of H107

[H107R] 261 ± 8a 8.7 ± 2.9 >1,000 <1

[H107D] 1,000± 23 a 3.9 ± 0.9 11 ± 0.7b 2.3 ± 0.3

[H107F] 83 ± 10a 1.5 ± 0.2 24 ± 6b 4.2 ± 1.0

[H107N] 425 ± 59a 4.4 ± 0.2 318 ± 31a 4.3 ± 0.5

[H107Y] 37 ± 1a 1.9± 0.6 70 ± 3a 3.1 ± 0.4

[H107W] >1,000 a 4.9 ± 1.9 >1,000 a 27 ± 6a

a
P <0.0001 compared with BB3 receptor;

b
P <0.05 compared with BB3 receptor.

ND, Not done because Arg is already present in position 288 in BB2 receptor.

CHOP cells type were incubated with 50 pM 125I-[D-Tyr6, β-Ala11, Phe13, Nle14]Bn-(6–14) for 60 minutes at 21°C and binding was determined 
as described in Materials and Methods. In each experiment each value was determined in duplicate, and values given are means and S.E.M. from at 
least three separate experiments. Data are calculated from dose-inhibition curves shown in Fig. 1 and 4. Abbreviations: See in Fig. 1 and 2 legends.
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Table 4

Affinities of Bantag-1 and peptide #1 for mutants in first extracellular domain and third transmembrane in 

wild type BB3, BB3* and wild type BB2 receptors (loss-of-affinity EC1 & TM3 combination point mutants).

Ki (nM)

BB3* Wild type

Receptor Bantag-1 Peptide #1 Bantag-1 Peptide #1

BB3 5.2 ± 0.5 4.9 ± 0.8 5.6 ± 0.4 8.1 ± 1.0

BB2 ND ND >30,000a 1.7 ± 0.1a

Combination point mutants in EC1

[H107K] 282 ± 21a 6.7 ± 0.3 195 ± 51a 8.6 ± 1.9

[E111D] 5.5 ± 1.1 6.4 ± 0.9 6.1 ± 0.3 9.5 ± 1.0

[G112R] 11.6 ± 2.1b 5.3 ± 0.4 16 ± 3b 5.6 ± 1.5

[H107K, G112R] 1,303 ± 113a 7.1 ± 0.6 378 ± 43a 9.8 ± 1.1

[H107K, E111D, G112R] 2,883 ± 98a 16 ± 2b 2,882 ± 98a 7.6 ± 1.3

Combination point mutants in TM3

[L123I] 20 ± 1a 10.1 ± 1.5b >3,000 9.2 ± 3.6

[R127Q] 2,068 ± 258a 7.0 ± 0.7 1,331 ± 182a 5.9 ± 0.3

[L123I, R127Q] >11,000a 7.0 ± 0.3 >15,000a 6.0 ± 1.4

a
P <0.0001 compared with BB3 receptor;

b
P <0.05 compared with BB3 receptor.

ND, Not done because Arg is already present in position 288 in BB2 receptor.

CHOP cells type were incubated with 50 pM 125I-[D-Tyr6, β-Ala11, Phe13, Nle14]Bn-(6–14) for 60 minutes at 21°C and binding was determined 
as described in Materials and Methods. In each experiment each value was determined in duplicate, and values given are means and S.E.M. from at 
least three separate experiments. Data are calculated from dose-inhibition curves shown in Fig. 1, 4, 5 and 6. Abbreviations: See in Fig. 1 and 2 
legends.
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