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Abstract

There is increased interest in the Bn-receptor family because they are frequently over/ectopically-
expressed by tumors and thus useful as targets for imaging or receptor-targeted-cytotoxicity. The
synthetic Bn-analog,[D-Tyr8,8-Alall Phel3 Nle14]Bn(6-14)[Univ.Lig] has the unique property of
having high affinity for all three human BNRs(GRPR,NMBR,BRS-3), and thus could be
especially useful for this approach. However, the molecular basis of this property is unclear and is
the subject of this study. To accomplish this, site-directed mutagenesis was used after identifying
potentially important amino acids using sequence homology analysis of all BnRs with high
affinity for Univ.Lig compared to the Cholecystokinin-receptor(CCKaR), which has low affinity.
Using various criteria 74 amino acids were identified and 101 mutations made in GRPR by
changing each to those of CCKaR or to alanine. 22 GRPR mutations showed a significant
decrease in affinity for Univ.Lig(>2-fold) with 2 in EC2[ D97N,G112V], 1 in UTM6[Y284A], 2
in EC4[R287N,H300S] showing >10-fold decrease in Univ.Lig affinity. Additional mutations
were made to explore the molecular basis for these changes. Our results show that high affinity for
Univ.Lig by human Bn-receptors requires positively charged amino acids in extracellular (EC)-
domain 4 and to a lesser extent EC2 and EC3 suggesting charge-charge interactions may be
particularly important for determining the general high affinity of this ligand. Furthermore,
transmembrane amino acids particularly in UTMG6 are important contributing both charge-charge
interactions as well as interaction with a tyrosine residue in close proximity suggesting possible
receptor-peptide cation-pi or H-bonding interactions are also important for determining its high
affinity.
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1. Introduction

The mammalian bombesin receptor family comprises three G protein-coupled heptahelical
receptors: the neuromedin B (NMB) receptor (BB1), the gastrin-releasing peptide (GRP)
receptor (BB,), and the orphan receptor bombesin receptor subtype 3 (BRS-3) (BB3)[1].
The GRP and NMB receptors are widely distributed, especially in the gastrointestinal (GI)
tract and central nervous system (CNS), and the receptors have a wide range of effects in
both normal physiology and pathophysiological conditions [2,3]. These include potent
effects in the CNS (regulation of circadian rhythm, thermoregulation, satiety); in peripheral
tissues (regulation of immune function, gastrointestinal hormone release, motility,
development) and in pathological processes such as tumor differentiation and growth
[1,3,4]. All of the mammalian Bn receptors have a high degree (approximately 50%) of
structural homology [1]. BRS-3 is an orphan receptor present in both the central nervous
system and peripheral tissues [1,3,5-10]. Its roles in normal physiology or pathological
conditions are largely unknown, although studies suggest it may play important roles in
tumor growth, energy homeostasis, motility, insulin secretion and appetite control [1-
3,5,6,9-12]. A recent study reports its disruption leads to obesity, diabetes, and hypertension
[6,10]. Because of its 51 and 47% amino acid homology with the human bombesin (Bn)
receptors, NMBR and GRPR, it is classified in this receptor family [1,5].

The mammalian bombesin receptor family including BRS-3, is receiving increased
attention, because not only is it important in a number of GI and CNS processes, but also
because it is one of the G-protein coupling receptor families most frequently ectopically or
overexpressed by a different tumors, including prostate cancer, small cell lung cancer, breast
cancer, CNS tumors, and carcinoids (intestinal, thymic, and bronchial) [1,3,13,14]. This
tumoral ectopic/overexpression of Bn receptor subtypes is not only important in mediating
growth/differentiation effects of the tumor, frequently in an autocrine fashion, but also for
possible diagnosis and possible novel therapeutic approaches [1-3,15]. Bn receptor
overexpression can be used as a molecular target for specific delivery of bombesin
analogues either for diagnosis with radiolabeled analogues or specific delivery of cytotoxic
bombesin analogues (i.e. coupled to radiolabeled analogues or cytotoxic agents) [15,16].
The utility of this approach is supported by the results using a similar strategy with
radiolabeled somatostatin which is now widely used for diagnosis, tumor localization and
treatment of various endocrine tumors which frequently overexpress somatostatin receptors
[15,17]. Unfortunately, most of the common tumors do not over-express somatostatin
receptors, but do over-express bombesin receptors, so there is interest in applying this
approach to these tumors with radiolabeled/cytotoxic Bn analogues.

Because of the widespread involvement of Bn receptors in so many processes and their
potential usefulness in various diseases, especially in relation to tumor growth or tumor
localization, a number of different classes of synthetic and naturally occurring Bn receptor
agonists, as well as synthetic receptor antagonists have been described [1,1,18,19]. Many of
these have high affinity or selectivity for the GRP or NMB receptor [1,20,21]. Recently, a
synthetic Bn analogue, [D-TyrS, p-Alall, Phel3, Nlel4]Bn (6-14) [Univ.Lig] has been
described that has the unique property of functioning as a high affinity ligand for all 3
human BnR’s subtypes [neuromedin B receptor (NMB-R), gastrin-releasing peptide receptor
(GRPR) and orphan receptor (BRS-3)][16,22—24]. There is particular interest in this Bn
analogue because of its unique high affinity for all 3 Bn subtypes, and thus it could be
particularly valuable as a targeting agent for a number of different human tumors, which
ectopically/overexpress different combinations of hGRPR, NMBR and hBRS-3 [13-15].
However, the molecular basis of this unique property is unknown.
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The aim of this study is to determine the molecular basis for the high affinity of the
Univ.Lig for all human BnR’s. The approach used was to perform site-directed mutagenesis
on receptor amino acids potentially involved in determining high affinity for [D-Tyr5, p-
Alall, Phel3, Nlel4]Bn (6-14) [Univ.Lig] which were identified using detailed comparative
sequence homology analysis of different bombesin receptors which had high affinity for
Univ.Lig compared to other G-protein coupled receptors that did not have high affinity for
Univ.Lig. This approach was used because it has been successfully used in studies of the
molecular pharmacology of a number of receptors and their ligands [25-29].

2. Material and Methods

2.1 Materials

2.2 Methods

The mammalian expression vector, pcDNA3, custom primers, 0.25% Trypsin-EDTA were
from Invitrogen (Carlsbad, CA). GENETICIN selective antibiotic (G418 Sulfate) was from
Cellgro (Manassas, VA). QuikChange Site-Directed Mutagenesis Kit was from Agilent
Technologies (Santa Clara, CA). Lipofectamine 2000, Dulbecco’s minimum essential
medium (DMEM), phosphate-buffered saline (PBS), fetal bovine serum (FBS), penicillin-
streptomycin were from Life Technologies (Grand Island, NY). CHOP cells (Polyoma large
T antigen-expressing Chinese hamster ovary cells) were a gift from James W. Dennis
(Samuel Lunenfeld Research Institute, Toronto, Canada). Gastrin-Releasing Peptide (GRP)
was from Bachem (Torrance, CA). Nal251 (2,200 Ci/mmol) was from Amersham
Biosciences (Piscataway, NJ). 1,3,4,6-tetrachloro-3a, 6a.-diphenylglucoluril (IODO-GEN)
and dithiothreitol (DTT) were from Pierce Biotechnology Inc. (Rockford, IL). Bovine serum
albumin fraction V (BSA) was from ICN Pharmaceutical Inc. (Costa Mesa, CA. All other
chemicals were of the highest purity commercially available.

2.2.1 Strategy used to identify amino acids important for Univ.Lig affinity—To
identify possible amino acids that might be important for determining high affinity of all
human Bn receptors, as well as GRPRs or NMBR’s from all species, and the amphibian
receptor BB4, for [D-TyrS, p-Alall, Phel3, NIel4]Bn (6-14) [Univ.Lig] [1,18,22,24], a
modification of the method of sequence homology described previously was used [26,27].
Briefly, the extracellular and transmembrane domains of all known members of the Bn
family of receptors with high affinity for Univ.Lig were identified using hydropathy plots
[26,27]. Specifically, hGRPR (GenBank accession no. P30550) [30,31], mGRPR (GenBank
accession no. P21729) [32], rGRPR (GenBank accession no. P52500), hNMBR (GenBank
accession no. P28336) [30,31], mMNMBR (GenBank accession no. 054799), rINMBR
(GenBank accession no. P24053) [33], hBRS-3 (GenBank accession no. P32247) [5,22],
rhBRS-3 (GenBank accession no. AY350447), and fBB4 (GenBank accession no. P47751)
[34] were included. Each of these receptors has been shown to have high affinity for
Univ.Lig [1,18,22,24,34,35] in various studies. In addition, human CCKaR, which has a low
affinity for Univ.Lig (Fig. 1) was also included. The receptor amino acids were aligned
using CLUSTAL-W/(URL:http://molbio.info.nih.gov/molbiolgcglite/clustal17.html). The
default protein gap parameters used were: residue-specific penalties = on; hydrophilic
penalties = on; hydrophobic residues = GPSNDQEKR; gap separation distance = 8; and end
gap separation penalty = off. The hGRPR was selected for comparative studies and
mutagenesis because it has been well studied and its pharmacology differs markedly from
that of hBRS-3 for >50 synthetic or natural Bn-related ligands [1,21,36,37]. From the
hydropathy plots, 74 amino acids were identified that might be potentially important for
high affinity of Univ.Lig interaction using a number of selection criteria and 101 hGRPR
mutants were made using these criteria. The following criteria were used to select the amino
acids to be studied. First, the amino acid was predicted to lie in either the outer one-third of
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the transmembrane (TM) helix or in the extracellular domain of the receptor, because the
initial interaction of peptide ligands generally occurs in these receptor regions. Second,
because previous studies showed the N-terminus of the GRP or NMB receptors are not
essential for high affinity GRP or NMB binding, respectively [38-40], only the receptor
regions corresponding to the receptor region from TM2 to the carboxyl terminus of the Bn
receptors were investigated. Third, amino acids, which were in the same position from TM2
to the carboxyl terminus of the aligned receptors, which had high affinity for Univ.Lig. and
either were similar or different from those in comparable positions in hCCKaR were
identified. Initially, 41 mutations were made in 38 amino acid positions in hGRPR which
differ from those in a comparable position in hCCKaR by mutating the amino acid in
hGRPR to either the corresponding hCCK R amino acid, alanine or an unrelated amino acid
(Group I). Subsequently, 13 mutations were made in 12 amino acids in hGRPR, which were
present in similar positions in all Bn receptors with high affinity for Univ.Lig (Group II) and
in hCCK R, by mutating the amino acids in hGRPR by replacing it with alanine or a related
amino acid. Fourth, 25 single mutants in amino acids in 24 separate positions in the
extracellular region of hGRPR were made in which either the positions differed between the
BnR’s themselves and were also different from those in hCCKaR in a similar position
(n=13), or that the amino acids in all BnR’s had difference properties from that in CCKaR
(n=11)(Group I). Finally, 22 mutations were made in 15 locations in hGRPR with amino
acids with different characteristics substituted to examine the molecular basis for the
importance of the effects of some of the amino acid replacements on receptor affinity found
in Groups I-111 (Group V).

2.2.2 Construction of mutant GRP receptors—The cDNA of the human GRP
receptor (hGRP receptor) was used, which was identical to that described previously
[30,38]. hGRP receptor point mutants were constructed by using the Quick-Change Site-
Directed Mutagenesis Kit, following the manufacturer’s instructions with minor
modifications as described previously [26,40]. Each amino acid which was possibly
important for Univ.Lig high affinity binding identified as described using the above
selection criteria was mutated one at a time to the comparable amino acids in either
hCCKaR, alanine or another amino acid depending on the criterion used. The cDNA of the
hGRP receptor in pCD2 was a gift from Eduardo Sainz and James F. Battey (Laboratory of
Molecular Biology, NIDCD, National Institutes of Health). The hGRPR cDNA was inserted
into pcDNAZ3.1 (+) at the EcoR | site. Nucleotide sequence analysis of the entire coding
region was performed using an automated DNA sequencer on the wild type receptor and all
mutant receptors (Applied Biosystems Inc., Foster City, CA).

2.2.3. Growth and maintenance of cells—CHOP cells were grown in DMEM
containing 10% (v/v) FBS, 100 units/ml of penicillin, 100 mg/ml of streptomycin and 200
pa/ml of G418. All cells were maintained at 37°C in a 5% CO, atmosphere. Cells were split
every 3-4 days at confluence after detaching the cells with trypsin/versene solution.

2.2.4. Cell transfections—CHOP cells, which contain no native GRP receptors, were
seeded in a 10-cm tissue culture dish at a density of 2.5 x 10° cells/dish and grown overnight
at 37°C in growth medium [26,41]. On the following morning, 2.5 g of plasmid DNA was
transfected to CHOP cells by cationic lipid-mediated method using 30 .l of Lipofectamine
2000 in OPTI-MEM | Reduced-Serum Medium for 3 h at 37°C. At the end of the incubation
period, the medium was replaced with new growth medium. Cells were maintained at 37°C
in a 5% CO5, atmosphere and were used 48 h later for binding assays.

2.2.5. Preparation of 125-[D-Tyr8, B-Alall, Phel3, Nlel4|Bn (6-14)—1251-[D-TyrS,
B-Alall, Phel3, Nlel#4]Bn (6-14) at a specific activity of 2200 Ci/mmol was prepared by a
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modification of methods described previously [22]. Radiolabeled peptides were separated
using a Sep-Pak (Waters Associates, Milford, MA) and high-pressure liquid
chromatography as described previously [22,42]. Radioligands were stored with 0.5% BSA
at 20°C.

2.2.6. Whole cell radioligand binding assays—Binding studies to expressed plasmid
DNAs were performed as described previously [32,37,39,42]. For the wild type GRP and
mutant GRP receptors, 1251-[D-Tyr®, B-Alall, Phel3, Nlel4]Bn (6-14) (12%1-[Univ.Lig]) was
used as the ligand to assess receptor affinity. Briefly, 48 h after transient transfection with
Lipofectamine 2000, disaggregated transfected cells were incubated for 1 h at 21°C in 250
pl of binding buffer containing 24.5 mM HEPES (pH 7.4), 98 mM NaCl, 6 mM KClI, 2.5
mM KH,POy4, 5 mM sodium pyruvate, 5 mM sodium fumarate, 5 mM sodium glutamate, 2
mM glutamine, 11.5 mM glucose, 0.5 mM CaClsy, 1.0 mM MgCl,, 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 of 125]-[D-Tyr8, p-Alall, Phel3 Nlel4]Bn (6-14) (2200 Ci/mmol) in
the presence of the indicated concentration of unlabeled peptides. In a previous study [43]
we demonstrated that hGRP receptor expression varying as much as 160-fold did not alter
the receptor affinity for Bn related peptides under the binding conditions used in this study.
As an additional precaution to correct for any possible differences that might occur during
the binding assays due to possible differential ligand degradation with the different receptors
or to slight differences in receptor expression with different mutant receptors resulting in
any differences in the ligand bound seen with different mutant hGRP receptors, binding
results with each mutant hGRP receptor were compared only to results with wild type hGRP
receptor-containing cells binding similar amounts of ligand as described previously [26].
This was accomplished by was adjusting the cell concentration between 0.05 and 4 x 10°
cells/ml for each mutant receptor, so that less than 15% of the total added radioactive ligand
was bound during the incubation and the results compared to cells transfected with wild type
hGRP receptor adjusted in concentration to bind a similar amount of ligand. The amount of
radioactivity bound to the cells was measured in a Cobra Il Gamma counter (Packard
Instruments). 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 wM 1251-[D-Tyr8, B-Alall, Phel3, Nlel4]Bn (6-14) in the
incubation solution. Nonsaturable binding was <15% of the total binding in all experiments.
Each point was measured in duplicate, and each experiment was replicated at least four
times. Calculation of affinity was performed by determining the ICgq (the GRP
concentration causing half-maximum inhibition of binding), using the curve-fitting program
KaleidaGraph (Synergy Software, Luton, London). Statistical analysis was performed with
Statview version 4.02 (BrainPower, Inc. Calabasas, CA). with an analysis of variance used
to determine the statistical significance of differences in affinity of each hGRP receptor
mutant compared with its own wild type hGRP receptor control, binding similar amounts of
radioligand and therefore in all statistical analysis only two variables (i.e. GRPR mutant and
its wild type control binding similar amounts of ligand) were analyzed.

2.2.7. Modeling of the GRP receptor—The molecular modeling was performed as
described previously [26]. Briefly, the primary sequence of the hGRPR-receptor was input
into the Swiss-PDB Viewer [44], and a suggested homology modeling template 2'Y00b [45],
a crystal structure of beta;-adrenergic receptor at 2.5 A resolution established from a blast
search. The model of hGRPR was imported into SYBYL-X 1.3 (Tripos L.P., St Louis, MO).
The folded loop region EC3 blocking access to the receptor cavity was removed and the
ends of the helical transmembrane regions capped. The putative binding site of the model
was visualized by the SitelD module in SYBYL-X (Tripos L.P., St Louis, MO). The model
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was solvated with water and solvent molecules capable of defining a continuous cluster
within 5 A of the model were visualizes as a surface, which is shown in grey in Fig. 7.
Solvent-accessible amino acid residues within interaction distance (5 A) of this interior
space are shown in Fig. 7, with the residues identified in this work as important for binding
as ball and stick models.

[D-Tyr8, p-Alall, Phel3, Nlel4]Bn(6-14) [Univ.Lig] bound with high affinity to each human
Bn receptor subtype, [i.e.. hGRPR, hNMBR, and hBRS-3] [ICs =0.07+0.01 nM, 0.85+0.05
nM, 1.5+0.3nM, respectively] (Fig. 1) as described in other studies [14,22,24,37]. In
contrast, Univ.Lig didn’t interact with hCCK AR, even at very high concentrations [ICgg
>10,000 nM](Fig. 1). We used this difference in affinity for these two receptor groups, to
identify 74 amino acids using the criteria outlined in METHODS, which might be important
for determining the selective high affinity of [D-Tyr®, p-Alall, Phel3, Nlel4]Bn(6-14)
[Univ.Lig] for all human Bn receptors, GRPRs and NMBRs from all species, and the
amphibian Bn receptor (BB4). The hGRPR was selected for comparative studies and
mutagenesis because it has been well studied and its pharmacology differs markedly from
that of hBRS-3 for >50 synthetic or natural Bn-related ligands [1,21,36,37].We made 41
mutants (Group 1) in 38 amino acids in hGRPR which were similar in all the Bn receptors
with high affinity for Univ.Lig, but differed in hCCK AR and met the other selection criteria
(mutants #1-41, Table 1) (Fig. 2). Of these 22 amino acids were in the EC regions and 19 in
the upper TM regions (UTM) (Fig. 2). Eleven of the 22 EC amino acids mutated were in the
EC2 of the hGRP receptor (from D97N to G112V), six in the EC3 (from F193A to M212F),
and five in the EC4 (from R287N to S304A) (Table 1, Fig. 2). For the 19 amino acids in the
upper TM regions (UTM) identified using the above mentioned criteria, mutations were
made in three in UTM2 (from L90A toVV96A), four in UTM3 (from L115A to L121A), four
in UTM4 (from A172T to A176G), two in UTM5 (F215A and F218A), four in UTM6 (from
N280A to Y284A), and two in UTM7 (1305A and R308A) (Fig. 2, Table 1). Twelve of the
41 point mutations in Group | resulted in > 2-fold decrease of affinity (T92A, D97N,
D104K, G112V, L121A, H281A, 1283A, Y284A, R287N, M298P, H300S and R308A)
(Table 1, Fig. 3 and 4). Four of these [D97N, G112V, Y284A and R287N] demonstrated >
10-fold decease of affinity for Univ.Lig [ICgg =1.24+0.01nM, 2.98+0.15nM, 5.78+0.33nM,
7.07+0.47nM] (Table 1, Fig. 2 and 4), and two resulted in a small, but significant decrease
in affinity (1.5-1.8 fold) [1116A, E175Q][Table 1]. Three additional mutants were made in
two extracellular amino acid positions (Y101A, R110A, R110D) and each of these didn’t
alter Univ.Lig affinity (Table 1).

We next identified twelve amino acids which were similar in all BnR’s with high affinity for
Univ.Lig and in a similar position in hCCKaR (Group I1) and met the other selection criteria
described in Methods. Thirteen mutants were made in these positions (mutations #42-54,
Table 2). Each of these amino acids was in the EC receptor regions (Table 2, Fig. 2). Five of
these point mutations [L107A, K114A, V294L, S297A, F301A] demonstrated a small
decrease in affinity (1.5-2-fold), with the remainder demonstrating no change in affinity
[L102A, W106A, F108A, G109A, F178A, S211A, S288T](Fig. 2 and 4, Table 2). In
position 297 of hGRPR, which contains a serine (Fig. 2) an additional point mutant S297T
was made and it resulted in no change in affinity (Table 2). We next examined a final group
(Group I11I) of 24 amino acids, each in the EC receptor domains, which showed some
differences between all the BnR’s with high affinity for [D-Tyr®, g-Alall, Phel3,
Nlel4]Bn(6-14) [Univ.Lig], but all the amino acids in the BnR’s differed from those in
hCCKAaR in a similar position (Fig. 2). Twenty-five point mutants were made in these 24
positions in hGRPR (mutants #55-79, Table 3). Seven of these point mutations showed
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greater than 2-fold decrease in affinity; [E186T (x2.1), S188N (x2.2), S195M (x2), 1209W
(x2.7), E293R (x4.2), V302l (x3.5), T303L (x2.3)] (Table 3, Fig. 3 and 4).

In Group I-111, we identified 26 amino acids [T92, D97, D104, L107, G112, K114, 1116,
L121, E175, E186, S188, S195, 1209, H281, 1283, Y284, R287, E293, V294, S297, M298,
H300, F301, V302, T303, R308] in hGRPR, which could contribute to [D-Tyr®, p-Alall,
Phel3, Nlel4]Bn(6-14) [Univ.Lig], high affinity (Table 1-4, Fig. 2). To provide possible
insights into the molecular basis for these amino acids determining high affinity for [D-Tyr5,
B-Alall, Phel3, Nlel4]Bn(6-14) [Univ.Lig], we made additional substitutions in 22 amino
acid positions, by substituting amino acids with differing properties (mutants #80-101,
Table 4, Fig. 5). In position D97 in EC2 (Fig. 2), the substituting of glutamic acid (D97E)
for the aspartic acid in hGRPR, had minimum effect on Univ.Lig affinity (1.9x decrease),
whereas substitution of an the unrelated amino acid, alanine or asparagine (D97A, D97N)
caused a marked decrease (>10-fold) in affinity (Fig. 5A and 6, Table 4, mutants #4, 80, 81).
Substitution of a positively charge amino acid, D97K resulted in no binding of Univ.Lig. In
position 104, the substitution for aspartic acid in hGRPR of a positively charged amino acid
[D104K] or amino acids without charge [D104A, D104N], all resulted in a 2-3-fold
decrease in affinity for Univ.Lig [mutants# 10, 82—83, Table 4]. In position 112 of hGRPR,
the substitution of alanine for glycine caused a small, but significant decrease in affinity
(1.5-fold), whereas the substitution of valine caused a 30-fold decrease (mutants #14, 84,
Table 4). In position 116, the replacement of isoleucine in hGRPR by alanine or lysine
[1116A, 1116K] caused a 2-fold decrease in affinity, however, replacement by leucine or
methionine [1116L, 1116M] had no effect on Univ.Lig affinity (mutants #16, 85, 87, Table
4). In position 121 (Fig. 2), the replacement of leucine in hGRPR, by alanine or lysine each
resulted in 3-5 fold decrease in affinity, whereas replacement by methionine or isoleucine
had no effect (mutants #18, 88-91). In position 209, the replacement of isoleucine by either
a tryptophan or alanine [1209W, 1209A] had a similar effect of reducing affinity for
Univ.Lig by 3-fold (mutants #70, 91, Table 4). In position 283, the replacement of the
isoleucine by lysine or alanine [1283K, 1283A] caused a 5- to 17-fold decrease in affinity for
Univ.Lig in hGRPR, but replacement by leucine or methionine, [1283L, 1283M], didn’t alter
Univ.Lig affinity (Fig. 5B and 6, Table 4). In position 284, replacement of the tyrosine in
hGRPR by alanine, leucine or tryptophan (Y284A, Y284L, Y284W) caused a marked
decrease in affinity (17-42-fold) for Univ.Lig (Fig. 5C, Table 4). However, replacement
with a phenylalanine (Y284F) showed only 1.5-fold decrease affinity (Fig. 5C, Table 4). In
position 287, replacement of the arginine in hGRPR, by a lysine (R287K) resulted in 10-fold
decrease affinity for Univ.Lig, whereas substitution of asparagine (R287N) caused a 70-fold
decreasing affinity. Two additional 287 position mutants, R287A and R287D resulted no
binding (Fig. 5D and 6, Table 4). In position 295, the replacement of aspartic acid in hGRPR
by a serine (D295S, Table 4) (present in hCCKaR) caused a 2-fold decrease in Univ.Lig
affinity, whereas replacement by alanine caused a 5-fold decrease in affinity for Univ.Lig
(mutants #75, 97, Table 4). In position 300, replacement of histidine in hGRPR by alanine
[H300A] caused a small, but significant decrease in Univ.Lig. affinity (1.5-fold), which is
less than the 10-fold decrease by replacing it by serine [H300S], which is in a similar
position in hCCKaR (mutants #38, 100, Table 4). Lastly, in position 302, replacement of
valine in hGRPR by alanine [V302A] had no effect in affinity for Univ.Lig. In contrast, the
replacement by isoleucine [V3021], which is in a similar position in hCCKaR, caused a 4-
fold decrease in affinity (mutants #78, 101, Table 4).

To attempt to gain additional insights into why the different amino acids in the human GRP
receptor transmembrane and extracellular domains identified in this study are important for
determining high affinity for Univ.Lig, three-dimensional modeling of the GRP receptor was
performed (Fig. 7). This was accomplished by starting from a three-dimensional structure of
betal-adrenergic receptor established at 2.5 A resolution [45]. After hGRPR was imported
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into SYBYL-X 1.3, the folded loop region EC3 blocking access to the receptor cavity was
removed and the ends of the helical transmembrane regions capped. The putative binding
site of the model was visualized by the SitelD module in SYBYL-X. The model was
solvated with water and solvent molecules capable of defining a continuous cluster within 5
A of the model were visualizes as a surface, which is shown in grey in Fig. 7. The ends of
the transmembrane regions in this 3D model are slightly different from those determined by
hydropathy plots. However, all the residues found to be important in the mutagenesis studies
are located within the helical transmembrane domains near the interface with the
extracellular loop domains in the 3D model. The x-ray crystallographic model of beta;-
adrenergic receptor used for the homology modeling of hGRPR contains the small ligand R-
dobutamine and the extracellular loop 3 (EC3) is folded down into the body of the receptor.
Since this loop blocked the approach to the solvent accessible region of the receptor, it was
excised from the 3D model to permit access to the solvent accessible binding site by the
much larger bombesin Univ.Lig ligand. The extracellular loop regions are less conserved
than the transmembrane domains of the G-protein coupled receptors and also exhibit greater
flexibility. Since the mutagenesis studies had shown residues within the transmembrane
domains to be important for receptor recognition, the removal of the loop was not expected
to adversely influence the potential binding site. 38 amino acids in the exposed
transmembrane (TM) residues were within a 5 A interaction distance of the water occupying
the site: TMII; V96 D97, R100, Y101, TMIII; C113, T122 V124, G125, TMIV: L171,
Al72, 1173, E175, A176, V177, TMV; H210, S211, M212, A213, S214, F215, V217, F218,
Y219, TMVI; W277 1283, Y284, 1285, R287, S288, TMVII; H300, V302, T303, C306,
A307, R308, L309, A311 F312. TMI was not located near the binding site. Many of the
above amino acids within 5 A of the binding pocket where not found to be important for
Univ.Lig affinity. Seven residues (D97, L121, 1283, Y284, R287, H300, VV302) identified by
the mutagenesis study to be important for high affinity binding of Univ.Lig (>5- to 71-fold)
(Table 1 and 3, Fig. 3-6) were within 5 A of the binding pocket identified on the modeling.
These are shown in yellow in the modeling figure (Fig. 7). Three amino acids
(T92,G112,E293) which also contributed to a lesser degree in determining high affinity for
Univ.Lig (1.5 to 5-fold) (Tables 1 and 3, Fig. 3 and 4), occupied locations which were >5A
from the binding pocket (green, Fig. 7).

4. Discussion

The bombesin receptor family include four G-protein-coupled receptors; the gastrin-
releasing peptide receptor (GRPR), the neuromedin B receptor (NMBR), the orphan
bombesin receptor, bombesin receptor subtype 3 (BRS-3) and the amphibian receptor,
bombesin receptor subtype 4 (BB4) [1,5,34,46,47]. Of >50 natural occurring and synthetic
Bn-related ligands (selective, nonselective- agonists/antagonists), [1,21,36,37], only the Bn
analog, [D-Tyr®, B-Alall, Phel3, Nlel4]Bn (6-14) [Univ.Lig] has the unique property of
functioning as a high affinity agonist at all 3 human BnR’s [i.e. ANMB-R, hGRPR and
hBRS-3], GRPR’s and NMBR’s in all species examined and the amphibian Bn receptor,
BB4 [14,16,22,24,35,48]. However, the molecular basis for this unique property is largely
unknown. It is also unclear whether it is similar to any of the molecular properties
responsible for the high affinity selective binding of GRP to the GRP receptor, NMB to the
NMB receptor, or various selective peptide antagonists or peptoid antagonists to either
GRPR or NMBR [26-28,38,40,42,49,50]. Recent studies provide a few limited insights [25—
28]. One study [25] using a chimera/site-directed mutagenesis approach, demonstrated that
the selectivity and high affinity for hBRS-3 of three selective BRS-3 peptide agonists, which
were derived from structure-function studies of [D-Tyr, p-Alall, Phel3, Niel4]Bn(6-14)
[Univ.Lig], was due to interactions with amino acid residues primarily in the extracellular
domain 2 (EC2) of hBRS-3 and to the lesser extent in the adjacent upper TMs. This study
[25] compared the selectivity of these peptides for hBRS-3 and other Bn receptors by
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making replacements between them, therefore, because [D-Tyr®, B-Alall, Phel3, Nlel4]Bn
(6-14) [Univ.Lig] has high affinity for each, it provided minimum insight into the molecular
basis of high affinity of [D-Tyr6, p-Alall, Phel3, Nlel4]Bn (6-14) [Univ.Lig] for each Bn
receptor. Three other studies identified important amino acids differences between the GRP
receptor and BRS-3 [26—28] and between BRS-3 and NMBR, [28,40], which determine
selectivity of GRP for the GRP receptor or selectivity of NMB for the NMB receptor over
BRS-3. Two of these studies included no data with [D-Tyr®, g-Alall, Phel3, Nlel4]Bn
(6-14) [Univ.Lig] and the third [26], reported that only alterations in two of the extracellular
amino acids studied which corresponded to R100 in EC2 and P198 in EC3 of the GRPR, had
a small effect on [D-TyrS, p-Alall, Phel3, NIe141Bn (6-14) [Univ.Lig] affinity. Lastly, one
study [51] using a chimeric/site-directed mutagenesis approach, investigated the basis for
[D-Tyr8, p-Alall, Phel3, Nlel4]Bn (6-14) [Univ.Lig] having low affinity for the mouse and
rat BRS-3, in contrast to the human BRS-3. This study [51] demonstrated that this BRS-3
species’ difference in affinity for [D-Tyr®, -Alall, Phel3, Nlel4]Bn (6-14) [Univ.Lig] was
due to multiple differences in amino acids in the mid/distal extracellular domain 4 (EC4)
regions of the human/rat and mouse BRS-3. While this study, demonstrated amino acid
differences in mid/distal EC4 could affect affinity for [D-Tyr®, B-Alall, Phel3, Nlel4]Bn
(6-14) [Univ.Lig], it provided no insights into whether these amino acids contributed to the
high affinity of [D-Tyr®, B-Alall, Phel3, Nlel4]Bn (6-14) [Univ.Lig] for other Bn receptors.

Therefore, the aim of our study was to attempt to determine the molecular basis for the high
affinity of the universal ligand(Univ.Lig) for most Bn receptors. To accomplish this the
method of analysis of structural homologies from comparative alignment of related and
unrelated G-protein-coupled receptors using hydropathy plots was used [26-28]. Recent
studies [26—28] show this approach has been very useful to identify amino acids in related
and unrelated G-protein-coupled receptors, important for determining ligand selectivity or
high affinity. Specifically, in the present study amino acids in a given position in various
Bn-receptors, with high affinity for [D-Tyr®, B-Alall, Phel3, Nlel4]Bn (6-14) [Univ.Lig],
were compared to each other and also to those in a compatible position in CCKaR, which
has low affinity for [D-Tyr®, B-Alall, Phel3, Nlel4]Bn (6-14) [Univ.Lig]. Using a number of
criteria, possible amino acids that could contribute to [D-Tyr®, B-Alall, Phel3, Nlel4]Bn
(6-14) [Univ.Lig] high affinity for most Bn receptors were identified and studied in detail
using site-directed mutagenesis.

Using this approach, 79 amino acids were identified in hGRPR that might contribute to its
high affinity for Univ.Lig affinity and each was studied by making point mutations in these
positions. We found that 27 point mutations (19 in EC’s and 8 in UTM’s regions) resulted in
a >1.5-fold decrease in Univ.Lig affinity and, especially, 4 point mutations [D97N (EC2),
G112V (EC2), Y284A (UTM6), R287N (EC4)] resulted in a >10-fold decrease. These
results show that both extracellular receptor domains as well as upper transmembrane
domains are important in determining high affinity for Univ.Lig. Our results have both
similarities and differences from studies of the molecular basis of affinity of various
gastrointestinal peptide hormone/neurotransmitters for other G-protein-coupled receptors, as
well as GRP/NMB for their mammalian Bn receptors. Our results agree with the general
conclusion that various peptide gastrointestinal hormone/neurotransmitter interactions with
either EC’s, UTM regions or both are most important for determining the ligand’s high
affinity, which is in contrast to bioactive amines, such as catecholamines, whose high
affinity is determined primarily by amino acids in the TM region [25,26,40,52]. Our results
showing both EC and UTM domains are important for high affinity for Univ.Lig differ from
findings with a number of G-protein coupled receptor peptide ligands for other GPCRs,
where only interaction with EC domains is primarily important including substance P for the
NK; receptor [53], neuropeptide S for neuropeptide S receptor(NPS) [54], gastrin for the
CCKGg receptor and CCK-8 for CCKaR [55]. Similarly, our results differ from studies
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reporting primarily interaction with UTM receptor regions are important for peptide
selectivity/high affinity as seen with endothelin interaction with the endothelin type A
receptor (ET ) [56], ET-3 with the endothelin type B receptor(ETg) [57] and nociceptin
with orphanin FQ receptors(N/OFQ) [29]. Our results are similar to those reported for the
peptide agonist, substance P with NK; receptors [52], and CCK-8 with CCKpg receptors
[55], where interaction with both EC and TM receptor domains are important for these
peptide agonists’ selectivity. Our results demonstrating the importance of amino acids in
UTMBG being important for Univ.Lig affinity are similar to results with interaction of the
peptide agonist des-Arg® bradykinin with the B bradykinin receptor, in which the ligand’s
interaction with multiple amino acids in the UTMB® is required for high affinity interaction
and selectivity [58]. Similarly, our results demonstrating the importance of EC4 amino acids
for Univ.Lig affinity are similar to reported for high affinity interaction of bradykinin with
the bradykinin B, or B, receptor [59]; CCK-8 with the CCKgR [55]; and CCK-9 related
peptides with the CCKaR [60] (R336 in EC4). However, the characteristics of the important
amino acids differ in these different receptors. Compared with the other two mammalian
bombesin family receptors, NMBR and GRPR, our results are similar in that for selectivity
of NMB or GRP, respectively, interaction is required with both EC and UTM receptor
regions of the NMBR or GRPR, respectively [26,28,38,40,49]. In terms of the specific EC
or UTM receptor domains important for ligand high affinity/selectivity, our results with the
Univ.Lig showing amino acids particularly in EC2, EC4 and UTMG are the most important,
is in contrast to NMB selectivity/high affinity for NMBR, where amino acids in EC3 and
EC4 [28] are the most important or with GRP selectivity/high affinity for GRPR, where
amino acids in the EC3 region [49] and to a lesser degree in EC4, and EC2 of GRPR [26,49]
are important. These results demonstrate that even with closely related natural ligands
interacting with closely related receptors, the receptor regions determining high affinity/
selectivities can vary markedly.

In our study of the 27 point mutations (19 in EC’s and 8 in UTM’s regions) that showed a
significant decrease in Univ.Lig affinity, we found 21 point mutations resulted in a >1.6—
4.9-fold decrease, two point mutations [T92A (UTM2), H300S (EC4)] resulted in a 5-9.9
fold decrease and four point mutations [D97N (EC2), G112V (EC2), Y284A (UTM6),
R287N (EC4)] resulted in a >10-fold decrease in Univ.Lig affinity. Our results show both
similarities and differences for the specific amino acids we identified important for high
affinity of the Univ.Lig for all Bn receptors, compared to that reported for various peptide
ligands of other Bn receptors or other peptide ligands with other gastrointestinal hormone/
neurotransmitter receptors. Previous studies [28,38,40] demonstrate that the important
amino acids for determining high affinity/selectivity for the natural occurring agonist, NMB
for the NMBR, are R127(UTM3); 1199, Q203, S205(EC3) and S315(UTM7) [equivalent to
Q120(UTM3); A197, H201, Y199(EC3), R308(UTM7) in GRPR] and for the selective
NMBR peptoid antagonist, PD168368, are the presence of Y220 in UTMD5 [equivalent to
F218 (UTM5) in mGRPR] [42]. In contrast, for Univ.Lig. only one of these amino acids,
S315 in UTMY7, occurring in a comparable position in hGRPR (R308, UTMT7), contributed
modestly (3-fold increase affinity) to its high affinity for hGRPR. Similarly, investigation of
the molecular basis of GRP’s high affinity/selectivity for the GRPR demonstrated that the
presence in the mGRPR of Q121 in the UTM3, F185 in EC3 and R288 in EC4 are
particularly important (corresponding to Q120, R287, F185 in hGRPR), whereas
K101(EC2), A198(EC3), P199(EC3), S293(EC4), T297(EC4) and A308(UTM7) have a less
important, but significant effect [26,27,49] [corresponding to R100(EC2), A197,
P198(EC3), S292, T296(EC4), A307(UTM7) in hGRPR]. Only one of these equivalent
amino acids in hGRPR, R287 in EC4 was important for Univ.Lig high affinity. Similarly,
with the highly selective GRPR peptide antagonists, JMV594 and JMV614 [39], only three
amino acids in the mGRPR EC4 region (T297, F302, S305) [equivalent to T296, F301, S304
in the hGRPR] were important for GRPR selectivity/affinity, whereas in our study with
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Univ.Lig, we found only F301 in EC4 had a small effect on affinity (2-fold decrease). These
results demonstrate that even though Univ.Lig has a high structural homology to GRP and
NMB, sharing 6 of 9 amino acids in the COOH terminus, which is the biologically active
portion of the peptide [1,61,62]; the determinants of Univ.Lig’s molecular basis of
interacting with high affinity with mammalian Bn receptors differ markedly, from these
receptor’s natural ligands or that of various selective peptide analogues for these two
receptors.

Our results also demonstrate marked differences in the molecular determinants of high
affinity of Univ.Lig for other Bn receptors and for the orphan Bn-related receptor, BRS-3. A
recent study [63] analyzing only amino acids proposed to be inward facing into the proposed
binding pocket of BRS-3, identified 5 amino acids which were important for determining
high potency of Univ.Lig for activating hBRS which included L123 (UTM3); N287, Y291
(UTMS); T312 (EC4) and R316 (UTMY), [equivalent to 1116, N280, Y284, S304, R308 in
hGRPR][63]. Particularly important, affecting Univ.Lig potency by >400 fold in that study,
were L123 (UTM6), Y291 (UTME6), R316 (UTM7), whereas N287 (UTM®6) and T312
(ECA4) had lesser important (i.e. 16—-30-fold affinity). In contrast, in the present study with
hGRPR, none of the equivalent amino acids in hGRPR were important for its high affinity
for Univ.Lig affinity, except Y284 (UTM6) (which is equivalent to Y291 in hBRS3) which
had a moderate effect on Univ.Lig affinity (60-fold decrease). Similarly, two other studies
[25,51] identified amino acids important for Univ.Lig affinity for hRBRS3 in EC2/adjacent
UTMs (V101, H107, G112, R127 of hBRS-3) [equivalent to A94, R100, R105 and Q120 in
hGRPR] and in EC4 (Y298, E299, S300, D306, V307, P308 of mBRS-3) [equivalent to
Y291, S292, N/A, M298, L299, H300 in hGRPR], but none of these were important
determinants in high affinity for Univ.Lig for other Bn receptors. These results demonstrate
that even for a given ligand (i.e. Univ.Lig), the molecular determinants of its high affinity
for closely related receptors (i.e., BRS-3, GRPR) differ markedly, not only in which
particular amino acid is important, but also in its location in the different receptors.

Our results of the specific amino acids involved in determining high affinity of Univ.Lig
with Bn receptors has similarities and differences compared to findings with other GlI
peptide/neurotransmitter receptors. In our study the presence of D97 and G112 in EC2;
Y284 in UTM6; R287 and to a lesser extent, H300 in EC4 were the most important
determinants of high affinity for Univ.Lig. An arginine in EC4 is important for high affinity
for the peptide CCK AR agonist, CCK-9 and the peptide antagonist, IMV179 interaction with
the CCKR [60]. Similarly an arginine is important for high affinity of the mouse TRH
receptor for the peptide agonist, TRH and the human ET 5-R for the nonpeptide antagonist,
bosentan [56]. A tyrosine residue in UTMB® is important for the peptide agonist TRH for
mouse TRH receptor [64]; the m2 muscarinic receptor for agonists, acetylcholine, carbachol,
oxotremorine M and pilocarpine [65]; and the ATy, angiotensin I1-R(rat) for the agonist
angiotensin 11 [66]. Whereas, in our study both glycine and aspartic acid in EC2, were
important for Univ.Lig. no other studies of GI hormone/neurotransmitter receptors reported
their importance for ligand affinity in this receptor region. However, an aspartic acid in EC4
of the rat B, bradykinin receptor is needed for high affinity for bradykinin [59] and an
aspartic acid in TM2 and TM3 of the and m1 muscarinic acetylcholine receptor for
carbachol [67] is important for high affinity. A glycine in TM1 in the human ETa-R is
important for high affinity for ET1 [56] and in UTM6 in the human Mel, melatonin
receptor is important for high affinity for melatonin [68]. Lastly, similar to our findings with
hGRPR for high affinity Univ.Lig interaction, histidine important in a number of other G-
protein coupled receptors for high affinity interaction with various peptide/nonpeptide
agonists and/or antagonists. Specifically, histidine in EC3 of CCKgR is necessary for high
affinity of CCK [55]; in TM3 of human CRF-R1 for nonpeptide CRF-R1 antagonist,
NBI127914 affinity [69]; in TM5 and TM6, human NK;-R for nonpeptide antagonist, L-161,
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664 affinity [70]; in TM6 of the Dy, receptor for high affinity for 1,4-disubstituted
phenylpiperazines [71] and in UTM7 area of NPY Y1-R for affinity for the peptide
antagonist, BIBP3226 [72].

To understand the molecular basis for importance of each of these amino acids for high
affinity Univ.Lig binding, a series of point mutations were made substituting amino acids
with differing characteristics. In various GPCR-ligand studies, the presence of a tyrosine
may be needed for high affinity/selectivity of various ligands because of its ability to
interact by cation-rt binding, r-r binding; and by participating in hydrogen bonding [60,64—
66,70]. A tyrosine in the UTM3 domain of the thyrotropin-releasing hormone receptor binds
the pyroglutamyl moiety of thyrotropin-releasing hormone through hydrogen bonding
[42,64], and a tyrosine in the UTM6 domain of the m2 muscarinic receptor is a critical for
the interaction with nonpeptide agonists (acetylcholine, carbachol, oxotremorine M, and
pilocarpine) [73], likely by a hydrogen bonding mechanism. In our study, the substitution of
Y284 by phenylalanine had little effect on Univ.Lig affinity, whereas the substitution of
alanine, leucine or tryptophan caused a markedly decrease in affinity. Beside tyrosine, other
aromatic amino acids, including phenylalanine, may interact with ligands through cation- n
binding or w-r binding [74-77]. The cation- = binding or rt-1t binding usually occurs
through the side chains of phenylalanine, tyrosine, or tryptophan [75]. Because in our study
the substitution of phenylalanine for tyrosine position 284 in hGRPR resulted in almost no
change in affinity for Univ.Lig, our result suggest that the interaction of the tyrosine
hydroxyl with Univ.Lig is less likely mediated by hydrogen bonding, and is likely mediated
through cation-m binding. However, tyrosine is predicted to have a higher cation-r binding
potential than phenylalanine secondary to the negative electrostatic potential of the oxygen
[76]. Therefore, whether the tyrosine hydroxyl is involved in increasing negative
electrostatic potential due to cation-m binding site interaction or to hydrogen bonding cannot
be completely resolved by our studies. Furthermore, in our studies because the substitution
of tryptophan for tyrosine 284 markedly decreased Univ.Lig affinity, this suggests that steric
factors at this position and proper side-chain orientation/placement could be important
factors for determining Univ.Lig affinity at this position. With respect to the charged amino
acids, D97 and R287 in EC2 of hGRPR and in EC4, our results are similar to that reported
with the neuropeptide S receptor [54], where aspartic acid in EC2 is important for high
affinity. These results suggest that high affinity binding of Univ.Lig to hGRPR may inquire
a negative charge in this location. This conclusion is supported by our finding that
substitution of D97E had only a small effect on Univ.Lig affinity, whereas substitution of
alanine or asparagine caused a marked decrease in affinity and substitution of a positively
charge amino acid, D97K resulted in no binding of Univ.Lig. Similarly our results with
substitutions for R287 in EC4 support a positively charged moiety at this receptor location
may play an important role in determining Univ.Lig high affinity. This conclusion is
supported by the finding the substitution of a lysine for arginine resulted in a 10-fold
decrease affinity for Univ.Lig, however substitution of the uncharged residue, asparagine
caused a 70-fold decreasing affinity and either alanine or the negatively charged amino acid,
aspartic acid resulted in no binding. Our results showing a marked decrease in affinity with
the substitution of valine for glycine 112 suggest that steric factors could be particularly
important in this position. This proposal is supported by the fact that G112 in EC2 is
adjacent to C113 which can form a disulfide bond with C196 in EC3, and therefore insertion
of larger residues at this site may introduce less flexibility here.

In conclusion, in the present study, we identified important amino acids for determining
Univ.Lig binding affinity for the hGRPR receptor exist in EC and UTM regions; particularly
the presence of Asp97 and Gly112 in EC2, Tyr284 in UTM6, Arg287, and His300 in EC4.
Detailed substitutions at these locations demonstrate that in the EC area, particularly
important is the presence of a positively charged amino acid in EC4 (positive 287) and
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negatively charged amino acid in EC2 (position 97) suggesting charge-charge interactions at
these locations play an important for determining the high affinity of this ligand. On the
other hand, in regard to the TM areas, our results show that the unique ability of the
Univ.Lig to bind to all human BnR’s with high affinity, is partially dependent on
interactions with transmembrane amino acids particularly located in TM6. These results
coupled with the fact showing Univ.Lig.-receptor high affinity also requires interaction with
a positively charged [Arg287] in EC4 at the top of TM6, demonstrates that Univ.Lig-high
affinity interaction requires both charge-charge interaction as well as interaction with a
tyrosine residue in close proximity suggesting possible receptor-peptide cation-r and
possibly to a lesser extent, H-bonding interactions are also important for determining high
affinity.

The results of the mutagenesis analysis to identify key amino acids responsible for the high
affinity of Univ.Lig for the Bn family of receptors are supported by the results of our
molecular modeling of the human GRP receptor which demonstrated that each of the seven
amino acids identified as a major determinants of Univ.Lig affinity for this receptor (D97N,
L121A, 1283A, Y284A, R287N, H300S, VV302l), are within 5A of the proposed binding
pocket and could therefore interact with Univ.Lig. Furthermore, in the molecular model the
side-chains of most of these important amino acids are oriented inward toward the proposed
binding pocket, which increases the probability they can interact with the ligand. The results
from this study allow us to obtain a more detailed picture of the receptor-ligand interaction
of a agonist whose ability to widely interact with Bn receptors and behave as a universal
agonist was discovered only by chance [22,24,78]. The availability of this model could be of
use for helping to identify additional synthetic ligands that could universally or perhaps
selectively activate this family of receptors.
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Abbreviations

B-Ala B-alanine replacement

BB, neuromedin B receptor

BB gastrin-releasing peptide receptor

BB4 bombesin receptor subtype 4 (amphibian)
bombesin

BRS-3 bombesin receptor subtype 3

BnR member of bombesin receptor family

BSA bovine serum albumin fraction V

CCKaR cholecystokinin receptor type A

CNS central nervous system

DMEM Dulbecco’s minimum essential medium

DTT dithiothreitol

EC extracellular

FBS fetal bovine serum
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Gl gastrointestinal
GRP gastrin-releasing peptide
GPCR G-protein coupled receptor
GRPR gastrin-releasing peptide receptor
1Csq peptide concentration causing half-maximal inhibition of radiolabeled ligand
binding, a measure of receptor affinity
Nle norleucine
NMB neuromedin B
NMBR neuromedin B receptor
PBS phosphate-buffered saline
™ transmembrane region
Univ.Lig universal ligand for Bn receptors ([D-Tyr8, p-Alall, Phel3, NIe14]Bn (6-14))
UTM upper transmembrane regions
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Fig. 1.

Comparison of the affinity of [D-TyrS, p-Alall, Phel3, NIel4]Bn(6-14) [Univ.Lig] for all
human BnR’s and hCCKaR. CHOP cells were transiently transfected with hGRPR,
hNMBR, hBRS-3 or hCCKaR as described in Methods. Subsequently, the transfected cells
were incubated with 50 pM 123]- [D-Tyr, B-Alall, Phel3, NIel41Bn(6-14) [Univ.Lig] for 1
h at 21°C with or without various concentrations of [D-Tyr®, g-Alall, Phel3,
Nlel4]Bn(6-14) [Univ.Lig]. Saturable binding was determined as described in Methods, and
the results are expressed as the percentage of saturable binding without [D-TyrS, p-Alall,
Phel3, Nlel4]Bn(6-14) [Univ.Lig] present. Results are mean + SEM of at least 3 separate
experiments and each point was determined in duplicate.
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Fig. 2.

Transmembrane hydropathy plot of the hGRPR. Transmembrane hydropathy plot of the
hGRPR showing amino acid residues examined by site-directed mutagenesis in the present
study. The transmembrane areas of the hGRPR were identified by hydropathy plots as
described in Methods. This diagram shows the extracellular side above, and the cytoplasmic
side below, with the three glycosylation sites shown by the Y-like symbols. The 74 amino
acids identified as described in Methods from comparative alignment of bombesin receptors
as possibly having an important role in determining high affinity for Univ.lig. and that were
mutated in the present study are shown in the black circles.
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Fig. 3.

Comparison of the affinity of representative point mutants for Univ.Lig from hGRPR
receptor region UTM2 to EC3. Shown are representative results from 7 point mutations
made from hGRP receptor regions between UTM2 to EC2 [L90 to M212]. T92A refer to the
replacement of tyrosine 92 in the hGRPR (see Fig. 2) by alanine. Experiments were
performed as described in Fig. 1 legend. Results are expressed as the percentage of saturable
binding without [D-Tyr®, B-Alall, Phel3, Nlel4]Bn(6-14) [Univ.Lig] present. Results are
mean + SEM of at least 3 separate experiments and each point was determined in duplicate.
This figure includes representative results of both Group | (T92A, D97N, G112V, L121A)
and Group 3 (S188N, S195M, 1209W) mutants.
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Fig. 4.

Comparison of the affinity of point mutants for Univ.Lig from hGRPR receptor region in
UTM5 to UTM7. Shown are representative results from 8 point mutations in hGRPR
receptor region UTM5 to UTM7 [F215 to R308]. Experiments were performed as described
in Fig. 1 legend. Results are expressed as the percentage of saturable binding without [D-
Tyr, B-Alall, Phel3, Nlel4]Bn(6-14) [Univ.Lig] present. Results are mean = SEM of at
least 3 separate experiments and each point was determined in duplicate. This figure
includes representative results of both Group | (1283A, Y284A, R287N, H300S), Group 2
(F301A) and Group 3 (E293R, V302I, T303L) mutants.
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Fig. 5.

Importance of the properties of specific amino acid replacements in hGRPR in position D97,
1283, Y284 and R287 for determining affinity for [D-Tyr®, B-Alall, Phel3, Nlel4]Bn(6-14)
[Univ.Lig]. Experiments were performed as described in Fig. 1 legend. Results are
expressed as the percentage of saturable binding without [D-Tyr®, -Alall, Phel3,
Nlel4]Bn(6-14) [Univ.Lig] present. Results are mean + SEM of at least 3 separate
experiments and each point was determined in duplicate.
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Page 24

Summary of effect of important amino acids positions in hGRPR for determining affinity for

[D-Tyr, B-Alall, Phel3, NIe141Bn(6-14) [Univ.Lig]. The four important amino acid

positions are shown in the enlarged black circles. Transmembrane hydropathy plot of the
hGRPR showing amino acid residues examined by site-directed mutagenesis.
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Fig. 7.

Three-dimensional model of the putative binding site of the human GRP receptor. The three-
dimensional model of the human GRP receptor is shown in which the helical domains are
indicated as backbone helices that are colored red'for helix 1, orange for helix 2, yellow for
helix 3, green for helix 4, blue for helix 5, indigo for helix 6, and violet for helix 7. The
fourth extracellular domain is colored gray (helix 6 — helix 7). The model and binding
pocket were visualized by the SitelD module in SYBYL, as described in Methods. The
putative binding pocket is depicted as a dark-gray space-filled structure. 38 amino acids
examined in this study were within 5A of the putative binding pocket. The location and
identity of the seven amino acids within 5A of the binding pocket that were most important
for determining high affinity for Univ.Lig are shown in yellow and included D97, L121,
1283, Y284, R287, H300, VV302. The location and identity of three amino acids (T92, G112,
E293), which also contributed to a lesser degree in determining high affinity for Univ.Lig
(1.5 to5-fold) but which were >5A from the binding pocket are shown in green.
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Table 1

Affinities of \GRPR point mutants in Group | for [D-Tyr®, g-Alall, Phel3, Nlel4]Bn(6-14) [Univ.Lig]

No. LOCATION POINT MUTATION  Univ.Lig Affinity ("M + SEM)
Wild type hGRPR 0.1x108 - 0.100 + 0.006
1 UTM2 L90A 0.053 + 0.003
2 T92A 053+0.03"
V96A 0.13+0.42
4 EC2 D97N 1.24+001%
5 A98L 0.031 + 0.007
6 S99l 0.010 0.013
7 R100A 0.094 + 0.004
8 Y101IN 0.038 + 0.001
9 Y101A 0.120 +0.01
10 D104K 0.20+0.01"
11 R110S 0.074 + 0.009
12 R110A 0.087 +0.003
13 R110D 0.026 + 0.001
14 Gllzv 2.98+0.15"
15 UTM3 L115A 0.050 + 0.031
16 1116A 0.18+0.01"
17 I119A 0.11£0.01
18 L121A 0.48+0.02"
19 uUTM4 AL72T 0.078 + 0.009
20 1173T 0.066 + 0.008
21 E175Q 0.15+0.01"
22 A176G 0.12 £0.01
23 EC3 F193A 0.078 +0.011
24 Y199L 0.069 + 0.003
25 P200L 0.064 + 0.004
26 S202N 0.056 + 0.003
27 L205A 0.096 + 0.004
28 M212F 0.10 0.01
29 UTM5 F215A 0.063 + 0.005
30 F218A 0.074 +0.001
31 UTM6 N280A 0.037 +0.003
32 H281A 0224001
33 1283A 047 £0.02%
34 Y284A 578+0.33"
35 EC4 R287N 707 +047%
36 Y289A 0.063 + 0.008
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No. LOCATION POINT MUTATION  Univ.Lig Affinity ("M + SEM)
37 M298P 0.22+001"

38 H300S 0.99 +0.03%

39 S304A 0.10+0.01

40 uT™m? 1305A 0.14 £0.01

41 R308A 0.28+0.02"

Group | (n=41) comprise point mutants made in a hGRPR amino acids which are present in all BnR’s with high affinity for [D—Tyr6, ﬁ—AIall,
Phe13, NIe14]Bn(6—l4) [Univ.Lig] but which different from that in a similar position in h\CCK AR identified as described in Methods. The
affinities (IC50) were measured in whole cell radioligand binding assays using 50 pM 125, [D-Tyr6, [S-Alall, Phe13, Nle14]Bn(6-14) [Univ.Lig]

as described in Methods and Fig. 3 legend. Each point mutation’s affinity for Univ.Lig was compared to that of cells expressing wild type GRPR
which bound comparable amounts of radiolabeled ligand. Data are partially from the dose-inhibition curves of representative mutants shown in Fig.

3. 1C5Q’s, the concentration causing half-maximal inhibition, were calculated from the dose-inhibition curves of [D—Tyr6, ﬁ—AIall, Phe13,

NIe14]Bn(6-14) [Univ.Lig] as described in Methods. VValues are means + SEM from three experiments for those mutants showing no affinity
change and 4 to 6 experiments for any showing differences from control and in each experiment each point was measured in duplicate.

*
(in bold)=p<0.05 compared to wild type hGRPR expressed at similar expression levels.
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Table 2

Affinities of \GRPR point mutants in Group 11 for [D-Tyr®, g-Alall, Phel3, Nlel4]Bn(6-14) [Univ.Lig]

LOCATION POINT MUTATION  Univ.Lig Affinity ("M + SEM)

Wild type hGRPR 0.1x108 - 0.10+0.01
42 EC2 L102A 0.069 + 0.003
43 W106A 0.083  0.006
44 L107A 0.17 +0.02”"
45 F108A 0.14 £0.01
46 G109A 0.050 + 0.002
47 K114A 045+ 0.01%
48 EC3 F178A 0.060 + 0.032
49 S211A 0.11+0.01
50 EC4 $288T 0.12 £0.02
51 V294L 0.17 +0.01~
52 S297T 0.091 + 0.001
53 S297A 018+ 002"
54 F301A 0.17 +0.017

Group 11 (n=13) comprise point mutants made in a hGRPR amino acids which are present in all BnR’s with high affinity for [D—Tyr6, [S-Alall,
Phe13, NIe14]Bn(6—l4) [Univ.Lig] and in also in a similar position in hCCK AR, which has low affinity for [D-Tyr6, p-Alall, Phel3,
Nle14]Bn(6-14) [Univ.Lig] identified as described in Methods. Experiments were performed as described in Table 1 and Fig. 1 legend. The
affinities (IC50) were calculated as described in Methods. Values are means + SEM from three experiments for those mutants showing no affinity
change and 4 to 6 experiments for any showing differences from control and in each experiment each point was measured in duplicate.

*
(in bold)=p<0.05 compared to wild type hGRPR expressed at similar expression levels.
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Table 3

Affinities of \GRPR point mutants in Group 111 for [D-Tyr®, B-Alall, Phel3, Nlel4]Bn(6-14) [Univ.Lig]

LOCATION POINT MUTATION  Univ.Lig Affinity ("M + SEM)

Wild type hGRPR 0.1x108 - 0.100 + 0.006
55 EC3 H182A 0.11+0.01
56 H185- 0.11+0.01
57 ElseT 0.21+0.01"
58 E187K 0.072 + 0.003
59 S188N 0.22+0.02"
60 T189N 0.088  0.004
61 1194N 0.054 +0.014
62 $195M 0.20+0.01%
63 AI197R 0.050 + 0.012
64 P198F 0.078 +0.007
65 H201A 0.14 +0.01
66 E204A 0.12 +0.01
67 H206A 0.13£0.01
68 K208S 0.003 + 0.001
69 K208A 0.092 + 0.032
70 1209W 027 +0.01%
71 EC4 H290S 0.078 +0.004
72 Y291A 0.13+0.01
73 S292E 0.12 +0.02
74 E293R 0.42 +0.06
7 D295S 0.18+0.02"
76 T296G 0.10 £0.01
77 L2991 0.081 +0.019
8 V3021 035+0.01%
79 T303L 0234002

Group 11 (n=25) include hGRPR point mutants made in extracellular receptor positions in which the BnR’s and hCCK AR differ identified as
described in Methods. Experiments were performed as described in Table 1 and Fig. legends. The affinities (IC50) were calculated as described in
Methods. Values are means = SEM from three experiments for those mutants showing no affinity change and 4 to 6 experiments for any showing
differences from control and in each experiment each point was measured in duplicate. [H185-] indicates a hGRPR mutant with histidine deleted
from position 185.

*
(in bold)=p <0.05 compared to wild type hGRPR expressed at similar expression levels.
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Affinities of \GRPR point mutants in Group 1V for [D-Tyr5, p-Alall, Phel2, Nle14]Bn(6-14) [Univ.Lig]

Table 4

LOCATION

POINT MUTATION  Univ.Lig Affinity ("M + SEM)

80
81
10
82
83
14
84
16
85

86
87
18

88
89

90
70

91
33
92

93
94
34

95

96

97

35
98

75
99

38
100

78

Wild type hGRPR 0.1x106 -

EC2

DI7N

D97A

D97E
D104K
D104A
D104N
G112v

G112A

UTM3 1116A

EC3

1116K

1116L
1116M
LIZIA

L1211
L121K

L121M
1209w

1209A
1283A

UTM6 1283K

EC4

1283L
1283M
Y284A

Y284F
Y284L
Y284W
R287N
R287K
D2955
D295A
H3005
H300A

vaozl

Biochem Pharmacol. Author manuscript; available in PMC 2013 October 01.

0.10 £0.01
12440017
1134006
0.19+0.02"
0.20 +0.01°
0.20+0.01"
0.30+0.02"
298+0.15"
0.15+0.01"
018 +0.01°

0.22+0.017
0.055 + 0.010
0.051 + 0.004

048+ 0.02"
0.067 + 0.012

0.29 +0.017
0.13+0.01

027+0.01"
0.27 £0.017
047+0.02"

175+0.117
0.22+0.01
0.36 +0.01

578+0.33"
0.16 +0.01"
253+0.14"
4.22+0.26"
7.07+ 047"
1.02+0.05*
018+ 0.02"
0.46 +0.01"
0.99 + 0.03"
0.15+0.01"

035+0.01"
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LOCATION POINT MUTATION  Univ.Lig Affinity (nM = SEM)

101 V302A 0.060 + 0.001

Group 1V (22 new mutations) include hGRPR point mutants made to explore the important properties of the amino acid replacement made in that
position that was found to alter the affinity for [D-Tyre, ﬁ-AIall, Phe13, Nlel4]Bn(6-14) [Univ.Lig] and identified in Tables 1-3. Experiments
were performed as described in Table 1, and Fig. 1, 3 and 4 Figure legends. The affinities (IC5(0) were calculated as described in Methods. Each
point mutation’s affinity for Univ.Lig was compared to that of cells expressing wild type GRPR. Values are means + SEM from three experiments
for those mutants showing no affinity change and 4 to 6 experiments for any showing differences from control and in each experiment each point
was measured in duplicate.

*

(in bold)=p<0.05 compared to wild type hGRPR expressed at similar expression levels.
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