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SUMMARY
Human bombesin receptor subtype 3 (BRS-3) was cloned
based on its homology to the human gastrin-releasing peptide
(GRP) receptor and neuromedin B (NMB) receptor. Some
bombesin-like peptides were shown to activate BRS-3 ex-
pressed in Xenopus Iaevis oocytes, but only at relatively high
concentrations, which suggests that BRS-3 is an orphan re-
ceptor. To study the pharmacology of BRS-3 in the context of
a mammalian cell, we used BR2 cells, which are Balb/3T3
fibroblasts transfected with BRS-3 cDNA. A number of bomb-
esin-like peptides found in mammals and amphibians stimu-
lated calcium mobilization in BR2 cells but exhibited no effect
on nontransfected parental Balb/3T3 cells. Of these peptides,
NMB (EC50 - 1-10 �M) was the most active for stimulation of
calcium mobilization. Testing of a series of NMB analogs trun-
cated at the amino terminus and carboxyl terminus indicated
that the minimal size of NMB required for retention of full
activity was Ac-NMB(3-1 0). Systematically replacing each res-
idue with alanine, or changing its chirality, demonstrated that

the carboxyl-terminal residues His8, Phe9, and Meti 0 of NMB
are important for optimal activity. We also tested whether a
number of bombesin (BN) analogs that are potent pure or
partial antagonists of the GRP receptor can activate BRS-3 in
BR2 cells. One such analog, D-Phe6-BN(6-1 3) propyl amide,
activated BRS-3-mediated calcium mobilization with an EC50
level of 84 nM. Through additional synthesis, we generated a
significantly more potent analog, o-Phe6-Phe13-BN(6-1 3) pro-
pyl amide, which displayed an EC50 level of 5 nM for activation
of BRS-3. Taken together, our data show that the core portions
of bombesin-like peptides required for activation of BRS-3 are
similar to those necessary for activation of the GRP and NMB
receptors and thus provide pharmacological evidence that
BRS-3 is in the BN receptor family. Furthermore, we have
identified an agonist of BRS-3, namely D-Phe6-Phe13-BN(6--1 3)
propyl amide, which is roughly 1 000-fold more potent than
BRS-3 agonists described previously.

BRS-3 is an orphan receptor containing a putative seven-

transmembrane spanning domain that was cloned from hu-
man SCLC cells and guinea pig uterus and is homologous to

GRP and NMB receptors (1, 2). Human BRS-3 has 47% and
51% amino acid identity to the human NMB and GRP recep-

tors, respectively (3). BLPs are a family of carboxyl-termi-
nally amidated peptides with pleiotropic biological effects.
Whereas 14 BLPs have been identified in amphibian species,
sharing extensive homology over the carboxyl-terminal 8-10

amino acid residues (4, 5), only two family members, GRP
and NMB, have been found in mammalian tissues. The high
degree of homology between BRS-3 and NMB and GRP re-

ceptors is consistent with BRS-3 belonging to a family of BN
receptor subtypes. Although relatively high concentrations of
several BLPs have been shown to activate BRS-3 expressed

in Xenopus laeuis oocytes (1), an agonist of BRS-3 potent

enough to activate the receptor under physiological condi-
tions has not been identified.

In voltage-clamped X. laeuis oocytes injected with BRS-3

mRNA, the BLPs BN, GRP, NMB, Phe8-phyllolitorin, and

ranatensin evoked a chloride current (1). Activity was con-
sistently observed, however, only when BLPs were applied at
10 p.M. In contrast, at concentrations roughly 3 orders of

magnitude lower, BLPs can activate human GRP and NMB

receptor-mediated chloride currents in this system (3). These

experiments indicate that BRS-3 has a relatively low affinity
for known members of the BLP family and that the physio-
logical activator of BRS-3 may be a novel BLP structure. An

alternate possibility is that, unlike the human GRP and
NMB receptors, human BRS-3 couples poorly to chloride

currents in voltage-clamped X. laevis oocytes and may dis-

play higher sensitivity to BLPs when expressed in a mam-
malian cell. It may also be possible that BRS-3, although
structurally related to the NMB and GRP receptors, has a
physiological activator that is unrelated to GRP or NMB.

GRP and NMB, as well as other BLPs, have varied biolog-

ical activities in mammalian systems (6), including the stim-
ulation of hormone release, smooth muscle contraction, and
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cell proliferation and the regulation of appetite, behavior,

and homeostasis. BLPs also serve as autocrine growth factors

in some SCLC cell lines (7, 8) and have been postulated to

play a role in regi.ilating the growth of other cancers, includ-
ing those of the breast (9), colon (10), prostate (11), and
pancreas (12). The expression of BRS-3 mRNA is more re-

stricted than GRP receptor mRNA (1), which is widely ex-

pressed in gut, brain, and neuroendocrine tissues, or NMB
receptor mRNA, which is expressed in brain and esophageal

smooth muscle tissue (3). BRS-3 mRNA has been detected in

some SCLC cell lines and normal bronchial epithelial cells

(13), which suggests that BRS-3 may play a role in regulating

the growth of SCLC. BRS-3 mRNA is also expressed in preg-

nant human and guinea pig uteri (2, 14) and in rat testes (1),
which suggests a possible role of BRS-3 in reproduction.

To further establish the functional relationship between
BRS-3 and the NMB or GRP receptors and to gain insight

into its natural ligand, it is critical to characterize the phar-

macology of BRS-3 in the context of a mammalian cell. How-
ever, BRS-3-expressing cell lines have not been identified
that do not also express the NMB receptor and GRP receptor,
which would interfere in analysis of the activity of BLPs for

BRS-3. Consequently, we have prepared BLP-receptor-nega-

tive Balb/3T3 cell lines stably transfected with BRS-3 cDNA.

NMB, at micromolar doses, stimulated calcium mobilization

in these cells, which depended on the expression of BRS-3.

NMB, in combination with insulin, also promoted quiescent
BR2 cells to enter the S phase of the cell cycle (15). These

results indicate that BRS-3 can be activated by NMB, as was

found with BRS-3 expressed in X. laevis oocyte cells. Further-
more, the coupling of BRS-3 to calcium mobilization in these

cells provided a suitable assay to characterize the pharma-
cology of BLPs and analogs with respect to BRS-3 expressed
in a mammalian cell.

In this study, we used BRS-3-mediated calcium mobiliza-
tion to assay the activity of a number of BLPs and NMB

analogs on BRS-3. These data reveal similarities in the phar-
macology of BRS-3 and the GRP and NMB receptors, which
provide functional evidence of the homology of these receptor

forms. Furthermore, through screening of BN analogs for
BRS-3 agonistic activity and through optimization, we ob-

tamed a potent BRS-3 agonist, D-Phe6-Phe13-BN(6-13) pro-
pyl amide. This analog will facilitate additional studies to

identify the biological function of BRS-3 and to discover po-
tent and selective receptor antagonists.

Experimental Procedures

Materials. GRP(1-27), NMB, alytesin, litorin, BW-10 [deamino-

Phe6-His7-D-Ala”-D-Pro’3-q�CH�NH)Phe’4-BN(6-14)], Leu’3-�CH�NH)-
Leu’4-BN, ranatensin, substance P, and gastnn were purchased

from Bachem California (Torrance, CA). D-Phe6-BN(6-13) methyl
ester was a gift from Dr. David Coy (Tulane University, New

Orleans, LA), and BIM-26226 (F5-D-Phe6-D-Ala”-BN(6--13) methyl

ester) was a gift from Biomeasure (Milford, MA). Fluo-3 acetoxy-
methyl ester and Pluronic F-127 were obtained from Molecular

Probes (Eugene, OR). Hygromycin B was purchased from Calbio-

chem (La Jolla, CA). All other cell culture media, supplements, and
fetal calf serum were purchased from BioWhittaker (Walkersville,
MD). Bovine serum albumin (fatty acid free), calcium ionophore
A23187, and HEPES were purchased from Sigma Chemical (St.
Louis, MO). All other chemicals used were of reagent grade.

Synthesis of peptides. The des-methionine BN analogs D-Phe6-
Leu7-BN(6-13) propyl amide, D-Phe6-Phe’3-BN(6-13) propyl amide,

D-Phe6-Leu7-Phe’3-BN(6-13) propyl amide, D-Phe6-Leu7-Thr10-

BN(6-13) propyl amide, D-Phe6-Thr10-BN(6-13) propyl amide,

D-Phe6-Leu7-Thr10-Phe’3-BN(6-13) propyl amide, D-Phe6-Thr10-

Phe’3-BN(6--13) propyl amide, and D-Phe6-BN(6-13) propyl amide

were synthesized by Peninsula Laboratories (Belmont, CA). 4-Pyri-

dyl-CO-His7-D-Ala’1-Lys’2-CO-CH2CH2Ph-BN(7-13) methyl amide

and NMB deletion peptides [NMB(1-9), Ac-NMB(2-10), Ac-NMB(3-

10), Ac-NMB(4---10), and Ac-NMB(5-10)] were custom synthesized by

Multiple Peptide Systems (San Diego, CA). The remaining peptides
used in our study, namely analogs of NMB, were synthesized by

solid-phase peptide synthesis methods, using 9-fluorenylmethoxy-

carbonyl chemistry in BIOSEARCH 9500 and 9600 instruments
(Milligen/Biosearch, Navato, CA). The peptides were cleaved from
the resin in trifluoroacetic acid and preparatively purified by re-
verse- phase high performance liquid chromatography on a C-18

column using a H20/CH3CN/0.01% trifluoroacetic acid solvent gra-
dient. Identities ofall peptides were confirmed by mass spectroscopy,
and purity was determined to be >95% by analytical reverse-phase
high performance liquid chromatography.

Culture of BR2 transfectants. Balb/3T3 fibroblasts were ob-
tamed from the American Type Culture Collection and cultured
under their recommended conditions. The open reading frame for

BRS-3 was cloned into pBBS7O, and the cell transfections were
performed as described previously (15). Cells were grown in Dulbec-

co’s modified Eagle’s medium, supplemented with 4.5 g of glucose!
liter, 10% fetal calf serum, 1% nonessential amino acids, 1% sodium
pyruvate, 2 mM glutamine, and the selection reagent hygromycin B
(100 �.tg!ml) at 37#{176},in a humidified atmosphere containing 10% CO2.

Analysis of intracellular calcium mobilization. The calcium-
chelating dye Fluo-3 acetoxymethyl ester can be loaded into intact
cells and trapped by cleavage of the ester moiety by intracellular
esterases. In the presence of free intracellular calcium, Fluo-3 fluo-

rescence increases, and relative changes in calcium concentration
can be monitored using the appropriate analytical instrumentation

(16, 17).
To prepare cells for analysis, flasks of cells grown to confluence

were rinsed twice with phosphate-buffered saline and 2 mM EDTA.

Cells were dislodged from the flasks by agitation after incubation
with phosphate-buffered saline ± 2 mM EDTA + 1% glucose at 37#{176}

for 10-15 mm. Cells were pelleted at 800 x g for 10 ruin and
resuspended in loading medium (Roswell Park Memorial Institute
1640 culture medium containing 25 mM HEPES, pH 7.5, and 0.1%

bovine serum albumin) at a density of 3-5 x 106 cells!ml. Fluo-3

acetoxymethyl ester and Pluronic F-127 were added to cells to give
final concentrations of 10 �.tM and 0.05% (w/v), respectively. After an
incubation for 1 hr in the dark at 37#{176},extracellular dye was removed

by washing the cells three times with loading medium. Cells were
finally resuspended at a density of 2-5 x i0� cells!ml in assay
medium (Dulbecco’s modified Eagle’s medium containing 25 mM
HEPES, pH 7.5, and 1.0% fetal calf serum) and used within several

hours for measurements of [Ca2�]1 concentration.
Cell fluorescence was measured using a fluorescence-activated cell

sorter (FACScan equipped with argon laser; Becton Dickinson, San
Jose, CA), which minimizes the number of cells as well as the time
required to perform an analysis. The volume of cell suspension used

per assay was 0.5 ml (1-3 x i0� cells). All peptide additions to cells
were performed at ambient temperatures (20-23#{176}).Untreated or
vehicle-treated cells were sampled for 20 sec to establish the basal
fluorescence. Both conditions gave the same values. Measurements

on test compounds were initiated within 5 sec of compound addition
to a fresh tube of cells. Only gated data from viable cells were used,
as reflected in their side and forward light-scattering characteristics,
and their average Ca2tdependent fluorescence was measured using
a fluorescein filter. Cells loaded with Fluo-3 increase their fluores-

cence when treated with 10 �tM of the calcium ionophore A23187, a
signal that represents the maximal fluorescence attainable for each

experiment. The fluorescent signal increases from 2- to 3-fold over
the basal fluorescence when calcium ionophore is added, and this
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Fluo-3. The maximum A23187 signal varied from experiment to

experiment, depending on the efficiency of Fluo-3 loading. Data for
basal and stimulated cell fluorescence, analyzed using LYSYS II
software (Becton Dickinson, San Jose, CA), represent the mean

fluorescence of cells over the relevant sampling period (first 20 sec of
untreated and 30 sec after addition of test solutions). Because cal-
cium responses were induced very rapidly and measurements were
completed within 30 sec, it was unlikely that the results were af-
fected significantly by peptide degradation. Data points are the av-
erage ± standard error of two or more replicates within each exper-
iment, and plots and bar graphs represent at least two or more
independent experiments.

Results

BLPs activate BRS-3 expressed in Balb/3T3 cells. Pre-

viously, we observed that NMB triggered a rapid mobiliza-

tion of intracellular calcium in BRS-3-transfected Balb/3T3

cells (15) but had no effect on nontransfected parental cells,
consistent with the lack of mRNA for BLP receptors in pa-
rental Balb/3T3 cells. The EC50 value of NMB in this assay

was between 1 and 10 p.M. This low potency suggests that

NMB is not a physiological activator of BRS-3, as was also

suggested from studies in which BRS-3 was expressed in X.

laevis oocytes (1).
To potentially discover agonists with higher potency for

BRS-3, we screened a number of other members of the BLP

family, shown in Table 1, for BRS-3-mediated calcium mobi-

lization activity. For these experiments, we used Balb/3T3

cells stably expressing BRS-3 cDNA under the control of the
myeloproliferative sarcoma virus promoter (15) (termed BR2

cells). Previously, we found that GRP and NMB receptor

cDNAs expressed in the same manner in Balb/3T3 cells effi-

ciently coupled to several signaling pathways, including ac-
tivation of phospholipase C and calcium mobilization, and
could induce quiescent cells to enter the S phase of the cell

cycle. To conveniently monitor changes in [Ca2�1� in BR2
cells, we used a fluorescence-based assay using the calcium-
chelating dye Fluo-3, which was loaded into the cells.

As shown in Fig. 1, several BLPs, added at a concentration

of 1 �M, promoted calcium mobilization in BR2 cells. The

most active peptides were NMB, followed by litorin and
ranatensin. None ofthe peptides were able to stimulate Ca2�
mobilization in untransfected Balb/3T3 cells or in cells trans-

fected with a control vector (data not shown), which demon-

strates that their effects on BR2 cells resulted from activa-

tion of BRS-3. The three BLPs that activated BRS-3 (i.e.,
litorin, NMB, and ranatensin) have a common carboxyl-ter-

minal sequence (. . . -Gly-His-Phe-Met-amidated) (Table 1).
In contrast, GRP, BN, and alytesin, which have a leucine

TABLE 1

BLPs share extensive sequence homology at their carboxyl-
terminal ends, as indicated by the underlined regions. BLPs are
also carboxyl-terminally amidated.

Peptide Sequence

Alytesin pEGRLGTQWAVGHLM-NH2

Gaston-releasing peptide VPLPAGGGTVLTKMYPRGNHWAVGHLM-NH2

Bombesin pEQRLGNQWAVGHLM-NH2

Neuromedin B GNLWATGHFM-NH2

Litorin pEQWAVGHFM-NH2

Aanatensin pEVPQWAVGHFM-NH2

Phyllolitorin pELWAVGFM-NH2

Fold stimulation over basal

Fig. 1. BLPs stimulate Ca2� mobilization in BR2 cells. Cells were
loaded with Fluo-3 as described in Experimental Procedures. Peptides
were added at a final concentration of 1 ,.�M to the cells, and fluores-
cence was measured, gated, and averaged as described in Experimen-
tal Procedures. Data represent the average ± standard error fold-

stimulation of two or more determinations and are representative of two
or more experiments.

instead of a phenylalanine at the penultimate position, pro-
moted very little calcium mobilization at a concentration of 1

j.tM. At a 10-fold higher concentration (10 �.tM), GRP and BN

were able to promote a significant increase in Ca2� mobili-
zation (data not shown). Taken together, these data indicate
that a phenylalanine at the penultimate position signifi-
cantly enhances BRS-3 agonistic activity.

Leu8-phyllolitorin, which has a serine instead ofa histidine

at position 7 (Table 1), has been shown to be inactive in

experiments using X. laevis oocytes expressing BRS-3,
whereas phyllolitorin, like bombesin, GRP, NMB, and ranat-
ensin, promoted a response at 10 ,tM (1). We also found that

an analog of NMB, which was extended at its carboxyl ter-
minus by a glycine residue, has significantly less activity

than NMB (data not shown). Such an extended NMB form

could potentially exist in vivo as an intermediate in the
posttranslational proteolysis and carboxyl-terminal amida-

tion of prepro-NMB. Other peptides tested, which were not in

the BLP family, namely substance P and gastrin, also did not

promote an elevation of Ca2 � mobilization in BR2 transfec-
tants.

A number of additional experiments supported our conclu-
sion that the calcium mobilization responses promoted by

BLPs in BR2 cells, discussed above, were mediated by BRS-3.
First, NMB promoted an increase in Ca2� mobilization by

two independent Balb/3T3 transfectants expressing BRS-3,

in addition to BR2 cells (data not shown). The EC50 values for
these responses were roughly 1 .tM, although it should be

noted that these values represent minimal estimates because

of the low potency of NMB and the uncertainty in establish-

ing the saturation point for the response. Even though Balb/

3T3 cells do not express GRP or NMB receptors, it has been

found that the expression of receptors in parental cells and

stable transfectants can vary. A comparison of the potency of

BLPs for stimulating calcium mobilization through GRP and
NMB receptors with their activity on BR2 cells, however,

rules out the possibility that BR2 cells express functionally

significant levels of GRP or NMB receptors. NMB and GRP

stimulated an elevation of Ca2� mobilization in Balb!3T3

cells expressing either the human NMB receptor or GRP

receptor (measured by Fluo-3 fluorescence) with an EC50
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value of about 1-5 ni�i (data not shown). By comparison,

roughly 3 orders of magnitude higher concentrations of NMB

(or GRP) were required to stimulate calcium mobilization in

BR2 cells.

Minimal sequence of NMB required for activation of

BRS-3. To determine the importance of carboxyl-terminal

and amino-terminal residues of NMB for agonism of BRS-3,
we prepared a series of truncated NMB peptides (Table 2)

and tested their ability to promote Ca2� mobilization in BR2
cells. The deletion of the carboxyl-terminal methionine resi-

due ([desMetINMB), which leaves an amidated phenylala-

nine at the carboxyl terminus, resulted in complete loss of

activity when assayed at a concentration of 1 �.LM. We also

found that [desMet]NMB, tested at 10 p.M, failed to block a

calcium response promoted by NMB, indicating that it does

not function as an antagonist and likely fails to bind signif-

icantly to BRS-3 under our assay conditions (data not

shown).
Four additional NMB analogs that had progressive dele-

tions from the amino terminus of NMB were synthesized and

tested. To reduce effects in a charged amino terminus in

truncated peptides, the amino terminus was acetylated. As

shown in Table 2, up to two residues could be deleted from

the amino terminus, yielding Ac-NMB(3-10), without loss of

activity. In fact, Ac-NMB(3-10) displayed an EC50 value of

219 nM (Fig. 2) and thus was significantly more potent than

NMB (EC5#{216}.�- 1-10 j.tM). Additional deletions from the amino

terminus resulted in significant loss of activity. For instance,
Ac-NMB(4--10) and Ac-NMB(5-10) displayed 55% and 24% of

the NMB response, respectively. Taken together, these stud-

ies indicate that the minimal length of the NMB sequence

retaining full agonistic activity for BRS-3 was eight residues
[i.e., Ac-NMB(3--10)1.

Contributions of amino acid side chain groups on

the activity of NMB. To further delineate the structural

and functional relationships that are important for activa-
tion of BRS-3, we systematically switched the chirality of

each residue in NMB. Furthermore, we replaced each residue
in NMB with alanine. The structures of these peptides and
their ability to promote calcium mobilization in BR2 cells,

normalized to the activity of the parent molecule, NMB, are

shown in Table 3. A large loss of activity occurred if one of
three carboxyl-terminal residues, His8, Phe9, or MetlO, was
replaced with alanine, yielding 27%, 26%, or 12% of the

TABLE 2
NMB minimal sequence for activation of BRS-3
The ability of truncated NMB analogs to promote calcium mobilization in BR2
cells was monitored using Fluo-3 fluorescence, as described in Experimental
Procedures. Peptides were added at a 1 -�.tM concentration. Average fluorescence
values shown are normalized to the stimulus produced by 1 �.tM NMB. Data
represent the mean � standard error of two or more determinations and are
representative of two or more independent experiments.

Analog Peptide Sequence m���on

% of NMB
response

I NMB GNLWATGHFM-NH2 100 ± 9

II NMB(1-9) GNLWATGHF-NH2 n.d.a

Ill Ac-NMB(2-10) Ac-NLWATGHFM-NH2 77 ± 20

IV Ac-NMB(3-10) Ac-LWATGHFM-NH2 140 ± 8

V Ac-NMB(4-10) Ac-WATGHFM-NH2 55 ± 5

VI Ac-NMB(5-10) Ac-ATGHFM-NH2 24 ± 1and., not detectable.

TABLE 3

BRS-3 activation by NMB analogs
The ability of NMB analogs shown in the table to activate calcium mobilization in
BR2 cells was monitored using Fluo-3 fluorescence, as described in Experimental
Procedures. Peptides were tested at a final concentration of 1 �LM. Amino acid
substitutions are shown in bold; lower case letters denote D-amino acid residues.
Average fluorescence values shown are normalized to the stimulus produced by
1 �tM

Analog Sequence Calcium mobilization

% of NMB response

I(NMB) GNLWATGHFM-NH2 100 ± 14

VII ANLWATGHFM-NH2 91 ± 2

VIII GALWATGHFM-NH2 196 ± 8
IX GNAWATGHFM-NH2 86 ± 1

x GNLAATGHFM-NH2 45 ± 2
Xl GNLWAAGHFM-NH2 88 ± 9

XII GNLWATAHFM-NH2 68 ± 1

XIII GNLWATGAFM-NH2 27 ± 1

XIV GNLWATGHAM-NH2 26 ± 6

xv GNLWATGHFA-NH2 12 ± 2

XVI GnLWATGHFM-NH2 77 ± 5

XVII GN1WATGHFM-NH2 61 ± 3

XVIII GNLwATGHFM-NH2 102 ± 3

XIX GNLWaTGHFM-NH2 102 ± 1xx GNLWAtGHFM-NH2 126 ± 1

XXI GNLWATaHFM-NH2 29 ± 0

XXII GNLWATGhFM-NH2 5 ± 2

XXIII GNLWATGHfM-NH2 n.d.a

XXIV GNLWATGHFm-NH2and., not detectable

20 ± 5

1.8

1.7

1.6

a
rs 1.5

‘a

I

Fig. 2. Dose responses of Ac-NMB (3-10) for promotion of BAS-3-
stimulated calcium mobilization in BR2 cells. BRS-3-mediated in-
creases in [Ca2�]� were determined using Fluo-3, as described in Ex-
perimental Procedures. Fluo-3 loaded cells were treated with various
doses of Ac-NMB(3--1 0) as indicated. Data represent the average fold-
stimulations over basal ± standard error of two or more determinations
and are representative of three experiments.

activity of NMB, respectively. Our finding, discussed above,

that deletion of MetlO also results in a large loss of activity,

is consistent with these data. Switching NMB residues His8,

Phe9, or MetlO from L to D amino acids also resulted in a

large loss of activity, again showing the importance of the

three carboxyl-terminal NMB residues in BRS-3 activation.

A relatively conservative change in NMB of G1y7 to either
alanine or D-alamne resulted in a moderate loss of activity

(68% or 29% of the activity of NMB, respectively). Because

the methyl R group of alanine substituted in these peptides

restricted the conformational flexibility of the molecule nor-
mally afforded by G1y7, a bend of the NMB backbone at
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1 R. Feldman, W. Zheng, J. Wu, manuscript in preparation.
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Fold stimulation over basal

Fig. 3. BN analogs promote BAS-3-mediated calcium mobilization in
BA2 cells. BRS-3 mediated increases in [Ca2�], were determined using
Fluo-3 as described in Experimental Procedures. Fluo-3-loaded cells
were treated with 1 -�M doses of the analogs specified. In addition to
NMB and Ac-NMB(3-1O), the following bombesin analogs were as-
sayed: XXV, D-Phe6-BN(6-1 3) propyl amide; XXVI, D-Phe6-BN(6-1 3)
ethyl amide; XXVII, 4-pyridyl-CO-His7-D-Ala1 1-Lys12-CO-(CH2)2Ph-
BN(7-13) methyl amide; XXVIII, D-Phe6-BN(6--13) methyl ester; XXIX,
F5-D-Phe6-D-Ala1 1-BN(6-13) methyl ester; XXX, Leu13q,(CH2NH)Leu14-
BN; and XXXI, deamino-Phe6-His7-D-Ala1 1-D-Pro13-I/,(CH2NH)Phe14-
BN(6-1 4). Data represent average fold-stimulations over basal ± stan-
dard error of two or more determinations and are representative of two
or more experiments.

position 7 may be important for BRS-3 agonistic activity.
Replacement of Trp4 with alanine also had an moderate

effect on BRS-3 agonistic activity, giving 45% of the activity

of NMB. In contrast, replacement of Asn2 with alanine re-

suited in a molecule that promoted nearly twice the calcium

mobilization response promoted by NMB. Indeed, the EC50
value of [Ala2]NMB was 575 ni� compared with an EC50
value of about 1-10 p.M for NMB. As discussed above, dele-

tions of the amino-terminal glycine and asparagine residues

also resulted in an analog with increased potency relative to

NMB. These data suggest that the amide side-chain group of

L-asparagine has a negative effect on NMB agonistic activity.

Agonistic effects of BN analogs on BRS-3. A large
number of BN analogs have been described that have potent
antagonist activity with respect to the GRP receptor. Among

the analogs that display the highest GRP-receptor-binding

affinity are desMet BN analogs with carboxyl-terminal alkyl

amide or ester moieties (18-21) and BN analogs with reduced
peptide (II’) bonds between the two carboxyl-terminal resi-

dues (22, 23). These analogs characteristically have much

lower affinities for the NMB receptor subtype, however (24,

25).’ Some of these analogs also had significant amounts of
partial agonistic activity on GRP and NMB receptors (16, 20,
26).

To determine whether a number of representative bomb-
esin analogs shown can activate BRS-3, we measured their

effects on BRS-3-mediated Ca2� mobilization (Fig. 3). When

tested at a concentration of 1 �M, two of the peptides tested,
D-Phe6-BN(6-13) propyl amide (XXV) and D-Phe6-BN(6-13)

ethyl amide (XXVI) (27), activated BRS-3, promoting 118%
and 71%, respectively, ofthe calcium response stimulated by

1 �M Ac-NMB(3-10). Dose-response experiments indicated
that D-Phe6-BN(6-13) propyl amide promoted calcium mobi-

Fig. 4. Dose response of D-Phe6-BN(6-1 3) propyl amide and D-Phe6-
Phe13-BN(6-13) propyl amide for activation of BRS-3 in BR2 cells.

BRS-3-mediated increases in [Ca2�], were determined using Fluo-3 as

described in Experimental Procedures. Fluo-3-loaded cells were
treated with various doses of D-Phe6-bombesin(6-13) propyl amide (0)
or D-Phe6-Phe13-bombesin(6-1 3) propyl amide (A). Data represent the

average ± standard error fold-stimulation of two or more determina-
tions and are representative of three experiments.

lization in BR2 cells with an EC50 of84 nM (Fig. 4), compared
with a value of 219 n�i for Ac-NMB(3-10) (Fig. 2). Within the

error of our assay, we found that D-Phe6-BN(6--13) propyl

amide and Ac-NMB(3-10) maximally stimulated calcium mo-
bilization in BR2 cells to the same extent. Thus, D-Phe6-

BN(6-13) propyl amide seems to function as a pure agonist of

BRS-3 in our assay system.

Several control experiments confirmed that the activity of

D-Phe6-BN(6-13) propyl amide and D-Phe6-BN(6---13) ethyl

amide was mediated by BRS-3. Neither analog had an effect

on calcium mobilization by nontransfected Balb/3T3 cells,

which indicates that their effect on BR2 cells was mediated

through BRS-3. Furthermore, the fact that D-Phe6-BN(6-13)

propyl amide displayed roughly 2 orders of magnitude

greater potency than NMB indicates that NMB receptors did

not contribute to the BR2 cell response. In addition, D-Phe6-

BN(6-13) propyl amide is an antagonist of murine GRP re-

ceptors (27) and, thus, its activity on BR2 cells could not have
been mediated by GRP receptors that could possibly be ex-
pressed in BR2 cells.

Five other BN analogs tested {4-pyridyl-CO-His7-D-Ala”-

Lys12-CO-(CH2)2Ph-BN(7-13) methyl amide (XXVII) (28),

D-Phe6-BN(6--13) methyl ester (XXVIII) (27), F5-D-Phe6-D-
Ala”-BN(6-13) methyl ester (XXIX) (29), Leu13�/i(CH2NH)-

Leu14-BN (XXX) (30) and deamino-Phe�-His7-D-Ma’ ‘-D-Pro13-

�CH2NH)Phe14-BN(6-14) (XXM) (31)1 failed to promote a cal-

cium mobilization response in BR2 cells, when added at a

concentration of 1 /LM. These analogs include three desMet

BN analogs with methyl ester or amide moieties at their

carboxyl termini. One significant distinguishing characteris-

tic of these inactive analogs, relative to the BN analogs that

promoted calcium mobilization, is a methyl substitution at

their carboxyl termini, instead of an ethyl or propyl group. In

contrast, the length of this group has not been found to be

important for binding to the GRP receptor, although longer
alkyl chains can be associated with significantly high

amounts of partial agonistic activity.
Two BN analogs of the reduced peptide bond motif, Leu’3-
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tli(CH2NH)Leu’4-BN and deamino-Phe6-His7-D-A1a1 1-D-Pro’3-

�CH2NH)Phe’4-BN(6--14), did not promote Ca2� mobilization
in BR2 cells when added at a concentration of 1 �M. These

analogs, added at 10 ja�i, also did not block the activation of

BRS-3 by NMB. Taken together, these results indicate that the

lack of activity displayed by the reduced peptide bond analogs
tested in our assay was caused by a lack ofBRS-3 binding. With

respect to human GRP receptors, Leu13-tJ�CH2NH)Leu’4-BN

displays some partial agonistic activity (16), whereas deamino-

Phe6-His7-D-Ala’ ‘-D-Pro’3-iji(CH2NH)Phe14-BN(6.-14) is a pure

antagonist.’ Although Leu13-�CH2NH)Leu’4-BN and deamino-

Phe6-His7-D-Ala11-D-Pro13-i�CH2NH)Phe14-BN(6--13) bind to

the GRP receptor with KD values in the low nanomolar or

picomolar range (31), these analogs bind significantly more

weakly to the human NMB receptor.1 Therefore, the pharma-

cology of BRS-3 with respect to the analogs tested gave a pat-
tern more similar to the NMB receptor subtype than to the GRP

receptor.

BRS-3 agonistic activity of analogs based on D-Phe#{176}-

BN(6-.13) propyl amide. In the studies described above,

D-Phe6-BN(6-13) propyl amide was identified as the most

potent agonist of BRS-3 in our peptide collection. To poten-
tially increase the affinity of D-Phe6-BN(6--13) propyl amide

for BRS-3, we prepared a series of additional analogs based
on its structure. As shown in Table 4, we varied the peptide
independently at three positions, namely Gln7, VallO, and
Leul3, to make the molecule more or less NMB-like. The

ability of these analogs to promote calcium mobilization in

BR2 cells, tested at a concentration of 100 nrvi, is also shown
in Table 4. The most active analog tested was D-Phe6-Phe13-
BN(6-13) propyl amide, which promoted 158% ofthe calcium
response promoted by the parent molecule, D-Phe6-BN(6--13)

propyl amide.

To further define the potencies of these two analogs, dose-
response experiments were performed. As shown in Fig. 4,

D-Phe6-Phe’3-BN(6-13) propyl amide displayed an EC50

value for stimulation of calcium mobilization in BR2 cells of

5 nM, whereas D-Phe6-BN(6-13) propyl amide was 17-fold

less potent, displaying an EC50 value of 84 nM. Neither ana-

log stimulated detectable calcium mobilization in nontrans-

fected Balb/3T3 cells or the vector-alone control transfected
Balb/3T3 cells (data not shown), which confirmed that their

activity was mediated by BRS-3. To further rule out the

possibility that expression of NMB or GRP receptors in BR2

cells accounted for the activity ofD-Phe6-Phe13-BN(6---13) pro-

TABLE 4

pyl amide, an experiment that directly compared its potency

with that ofNMB and GRP was performed. Although neither
GRP nor NMB stimulated a significant increase in Ca2�

mobilization in BR2 cells at a concentration of 100 nM,

D-Phe6-Phe13-BN(6-13) propyl amide achieved its maximal
response at this concentration (data not shown). Consistent

with data presented above, GRP and NMB promoted a 50%

and 77% of the maximal response produced by D-Phe6-Phe13-
BN(6-13) propyl amide, respectively, at the higher concen-
tration of 1 ,�M in this experiment. These data further con-

firm that the Ca2 � mobilization response by BR2 cells

promoted by D-Phe6-Phe13-BN(6--13) propyl amide was me-
diated by BRS-3 receptors and not other BLP receptor sub-

types.

Even though earlier experiments showed that NMB and
Ac-NMB(3-10) were significantly more potent agonists of

BRS-3 than BN (Fig. 1), substitutions making the desMet

propyl amide analogs more like NMB did not necessarily

result in an increase in activity. Indeed, the most NMB-like

analog, D-Phe6-Leu7-Thr’#{176}-Phe’3-BN(6-13) propyl amide,

displayed a significantly lower activity than the more BN-

like analog, D-Phe6-Phe13-BN(6--13) propyl amide. Because

low nanomolar concentrations of our most potent analog,

D-Phe6-Phe13-BN(6-13) propyl amide, can activate BRS-3,

this compound may be of significant value in the elucidation

of BRS-3 function and the further development of BRS-3
agonists and antagonists.

Discussion

In this paper, we characterized the pharmacology ofa large

number of BLPs and analogs with respect to BRS-3 ectopi-

cally expressed in a mammalian cell (Balb/3T3 fibroblasts).

To assess the activation of BRS-3, BRS-3-mediated calcium

mobilization was used as the readout. Taken together, our
data demonstrate a functional relationship between human

BRS-3 and human GRP and NMB receptors, supplementing
previous studies that demonstrated a close relationship be-

tween the GRP and NMB receptors and BRS-3 in evolution-

ary terms. BRS-3 shares 51% amino acid identity with the
GRP receptor and 47% identity with the NMB receptor, a

level ofhomology found among subtypes ofother seven-trans-

membrane domain, G protein-coupled receptors. Further-
more, all three receptors also are homologous with respect to
the location of their two introns (1). Despite this structural

Stimulation of BRS-3-mediated calcium mobilization by D-Phe#{176}-BN(6-13) propyl amide analogs
Calcium mobilization was measured in Fluo-3-loaded BR2 cells as described in Experimental Procedures. D-Phe6-BN(6-13) propyl amide analogs were added at 100
nM concentrations, and Ca�2-dependent fluorescent signals were measured and normalized to the response produced by D-Phe6-BN(6-13) propyl amide. The activity
of Ac-NMB(3-1 0) was also measured. Data represent the average ± standard error of two or more determinations and are representative of two or more independent
experiments.

No. Analog Calcium mobilization

% of response to XXV

xxv D-Phe6-BN(6-13) propyl amide 100±6

IV Ac-NMB( 3-10 ) 43 ± 6

XXXII D-Phe6-Leu7-BN(6-13) propyl amide 72±8

XXXIII D-Phe6-Phe’3-BN(6-13) propyl aniide 158± 8

XXXIV D-Phe6-Leu7-Phe’ 3-BN( 6-1 3 ) propyl amide n.d.a

xxxv D-Phe6-Leu7-Thr’#{176}-BN(6-13) propyl amide 79 ± 1
XXXVI D-Phe6-’rhr’#{176}-BN(6-13) propyl ainide 64 ± 1

XXXVII D-Phe6-Thr’#{176}-Phe’3-BN(6-13) propyl amide 83± 18

XXXVIII D-Phe6-Leu7-Thr’#{176}-Phe’3-BN(6-13) propyl amide 10 ± 6

a nd., not detectable.
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homology suggesting that BRS-3 is a BLP receptor subtype,

a high affinity agonist of BRS-3 had not been identified

previously. However, relatively high, nonphysiological con-

centrations of NMB and other BLPs (1-10 jiM) have been
shown to activate BRS-3 expressed in X. laevis oocytes (1).

In our study, we defined critical residues on BLPs and
analogs important for activation of BRS-3 in a mammalian

cell and concluded that BRS-3 has a binding site for BLPs
that is similar to that on the NMB receptor and, to a lesser

degree, the GRP receptor. In particular, we analyzed struc-

tural and functional relationships in collections of BLPs and

analogs falling into the following five categories: naturally
occurring BLPs, NMB analogs with systematic amino-termi-

nal and carboxyl-terminal deletions, NMB analogs in which

the chirality of each residue was switched, NMB analogs

with alanine substitutions, and BN analogs with unnatural

modifications representing several classes of potent full or

partial antagonists of the GRP receptor. From this latter

group, we discovered the most potent agonist of BRS-3 de-

scribed to date, D-Phe6-Phe13-BN(6-13) propyl amide (EC5O
= 5 nM). This peptide may serve as a useful template in the

design of potent and selective BRS-3 antagonists.

A high affinity agonist, such as D-Phe6-Phe’3-BN(6-13)

propyl amide, may also be useful to probe the biological

function of BRS-3. Several physiological roles for BRS-3 have

been suggested (1). BRS-3 is widely expressed in SCLC cell
lines (1). Because the growth of SCLC is stimulated by BLPs

(7, 8), it is possible that BRS-3 plays a role in the pathogen-

esis of lung cancer or could be involved in growth regulation
of other cancers or normal tissues. We have found that
BRS-3, expressed in Balb/3T3 fibroblasts, can promote mito-

genic effects in the presence of other growth factors such as

insulin (15). BRS-3 expression was prominent in pregnant

rodent uteri (2) and in secondary spermatocytes in rodent

testes (1) and may, therefore, have a role in reproduction.

To define the importance of individual residues of BLPs in

activation of BRS-3, we systematically altered the structure
of NMB, which displayed the highest BRS-3 activity among
naturally occurring BLPs tested. In our first series of studies,

we analyzed truncated forms ofNMB for activation of BRS-3.
DesMet NMB (carboxyl-terminally amidated) displayed neg-
ligible BRS-3 activity. In contrast, a number ofresidues could

be deleted from the amino terminus without greatly dimin-
ishing activity. The minimal-size NMB analog retaining full

agomstic activity for BRS-3 was Ac-NMB(3-10). Indeed, Ac-

NMB(3-10) was actually a more potent agonist of BRS-3

than full-length NMB. Similarly, the minimal size of GRP

sufficient for activation of the GRP receptor was the eight-
amino-acid carboxyl-terminal portion of the molecule [Ac-

GRP(20-27)I (32). Therefore, the binding sites for BLPs to
the GRP receptor and BRS-3 both recognize a similarly sized

carboxyl-terminal fragment of BLPs, although the interac-
tion of known members of the BLP family to BRS-3 is rela-

tively weak.

To further investigate the interaction of NMB with BRS-3

leading to activation, we systematically switched the chiral-

ity of each amino acid in the molecule. Furthermore, we also

examined NMB analogs in which each amino acid was sub-
stituted with L-alanine. Replacement of Asn2 with alanine

resulted in an increase in activity, suggesting that Asn2 has

a negative effect on NMB binding to BRS-3. This was consis-
tent with our finding that deletion of the amino-terminal

Gly-Asn from NMB (yielding Ac-NMB(3-10)) also resulted in

increased agonistic activity. The importance of the three

carboxyl-terminal residues of NMB for activation of BRS-3

(J1igg-Pheg-Metlo) was also apparent in our NMB analog

study. As observed in our deletion studies, our substitution

findings are completely analogous to similar studies per-

formed on the GRP receptor. Furthermore, the NMB analogs

described in this paper, when assayed in GRP receptor (32) or

NMB receptor binding assays, displayed a similar pattern of

relative potencies as observed for agonism of ‘ These

comparative studies, therefore, further indicate that BRS-3

shares many of the features of the ligand binding site with

the NMB and GRP receptors.
Another significant finding of our study was that D-Phe6-

Phe13-BN(6-13) propyl amide functions as a potent agonist
of BRS-3 (EC5O = 5 nM) in a mammalian cell. D-Phe6-Phe13-

BN(6-13) propyl amide displayed nearly three orders of mag-

nitude higher potency for the activation of BRS-3 than ago-
nists of BRS-3 characterized previously. The peptide also

maximally stimulated calcium mobilization to a similar ex-

tent as Ac-NMB(3-10), which suggests that it acts as a pure

agonist of BRS-3 in our assay system. In light of our finding

that NMB was a significantly more potent agonist of BRS-3

than BN, we attempted to make D-Phe6-BN(6---13) propyl

amide more NMB-like. This strategy failed, however. In fact,

our most NMB-like analog, namely D-Phe6-Leu7-Thr’#{176}-
Phe13-BN(6-13) propyl amide, displayed significantly re-
duced activity. Ofthe seven D-Phe6-BN-propyl amide analogs
we tested, D-Phe6-Phe’3-BN(6-13) propyl amide was the
most potent activator of BRS-3.

Likewise, among this collection of analogs, D-Phe6-Phe’3-
BN(6-13) propyl amide displayed the highest affinity for the
human NMB receptor, as determined from competitive dis-

placement, radiolabeled ligand binding studies, although its

affinity was significantly lower than NMB. The peptide dis-
played a KD value of 2.4 nM for the NMB receptor, whereas

NMB displayed a KD value of 0.024 1 For the GRP recep-

tor D-Phe6-Phe’3-BN(6--13) propyl amide displayed a KD
value of 8.9 nM. Among the other analogs tested, the most

BN-like analog, D-Phe6-BN(6-13) propyl amide, displayed
the highest affinity for the GRP receptor (KD = 0.56 nM).

These data provide further indication that the binding site

for BN analogs existing on BLP receptors and BRS-3 is
highly conserved, particularly with respect to the NMB re-

ceptor, providing further reason to believe that the physio-

logical activator of BRS-3 is highly related to BLPs.

Although D-Phe6-Phe’3-BN(6-13) propyl amide may be ex-

tremely useful in studies of BRS-3 function, in systems in

which other BLP receptors are functioning, interpretation of

the results should be undertaken with caution. We have
found that D-Phe6-Phe13-BN(6---13) propyl amide can par-

tially stimulate Ca2� mobilization in Balb/3T3 cells trans-
fected with the rat NMB receptor with an EC50 value of 3

nM.1 The activity of D-Phe6-Phe’3-BN(6-13) propyl amide

with respect to forms of the GRP receptor from different

species must be tested; however, we have shown that the
analog has relatively high affinity for the human GRP recep-
tor. In addition, the related analog profiled in our study that
activated BRS-3 with relatively high potency, namely
D-Phe6-BN(6-13) propyl amide, functions as either a GRP

receptor antagonist or partial agonist of the GRP receptor,
depending on the species of GRP receptor investigated or the

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


1362 Wuetal.

assay system used (15, 20, 26). For example, D-Phe6-BN(6-

13) propyl amide antagonized GRP-induced {3Hlthymidine

incorporation by Swiss/3T3 fibroblasts (20), but it acted as a

partial agonist of [3Hjthymidine incorporation by Balb/3T3
fibroblasts transfected with the human GRP receptor (16).

Furthermore, D-Phe6-BN(6--13) propyl amide was an antag-
onist of GRP-stimulated amylase release in guinea pig pan-

creas and acted as a partial antagonist of GRP stimulated

amylase release in rat pancreas (20).
It is unclear how the binding of D-Phe6-Phe’3-BN(6-13)

propyl amide to BRS-3 relates to the binding of BLP ligands
without nonnatural amino acid modifications. D-Phe6-Phe13-

BN(6-13) propyl amide may bind to BRS-3 in a different
manner than NMB, because changes in this molecule to

make it more NMB-like resulted in decreased activity. In-

deed, D-Phe6-Phe’3-BN(6-13) propyl amide displayed signif-

icantly higher binding affinity than the more NMB-like an-
alog for both the rat and human NMB � The
carboxyl-terminal propyl amide moiety on D-Phe6-Phe’3-

BN(6-13) propyl amide may affect the orientation of the
entire molecule in the receptor binding site. We have tried

several strategies to increase the activity of NMB for BRS-3

without success, including substitution of MetlO with other

amino acids and extension of the carboxyl terminus of NMB

by a glycine residue. Analogous glycine extended forms of

gastrin, which are produced naturally, trigger a high affinity

receptor distinct from gastrin receptors (33). It is also possi-
ble that simultaneous changes of several residues in the
backbone of NMB will combine to result in a large boost in
binding affinity for BRS-3.

In summary, we have demonstrated that BRS-3, expressed
in Balb/3T3 cells, couples to rapid changes in [Ca2�]�. Among

the naturally occurring BLPs we examined, peptides in the
ranatensin subclass (carboxyl-terminal sequence -His-Phe-

Met-amidated) displayed the greatest BRS-3 activity. De-
spite the fact that a physiological activator of BRS-3 has not

been identified, our structural and functional analyses of
BLP analogs provide pharmacological support for categoriz-

ing this receptor as a bombesin receptor subtype. Further-
more, we identified an agonist of BRS-3, namely D-Phe6-

Phe’3-BN(6-13) propyl amide, that was active in the low ni�

range. Accordingly, this compound may be used in direct

binding assays for BRS-3, if suitably labeled. Such a ligand

would greatly facilitate a range of studies on BRS-3. D-Phe6-
Phe’3-BN(6-13) propyl amide also may be useful in probing

the function of BRS-3 in normal physiology and disease.
Finally, D-Phe6-Phe’3-BN(6-13) propyl amide provides a

template for the discovery of BRS-3 antagonists or the devel-

opment of more potent or selective BRS-3 agonists.

Acknowledgments

We thank Sarah Fried for her expert technical assistance.

References

1. Fathi, Z., M. H. Corjay, H. Shapira, E. Wada, R. Benya, R. Jensen, J.
Viallet, E. A. Sausville, and J. F. Battey. BRS-3: a novel bombesin receptor
subtype selectively expressed in testis and lung carcinoma cells. J. Biol.
Chem. 268:5979-5984 (1993).

2. Gorbulev, V., A. Akhundova, H. Buchner, and F. Fahrenholz. Molecular
cloning of a new bombesin receptor subtype expressed in uterus during
pregnancy. Eur. J. Biochem. 208:405-410 (1992).

3. Corjay, M. H., D. J. Dobrzanski, J. M. Way, J. Viallet, H. Shapira, P.
Worland, E. A. Sausville, and J. F. Battey. Two distinct bombesin receptor
subtypes are expressed and functional in human lung carcinoma cells.
J. Biol. Chem. 268:18771-18779 (1991).

4. Anastasi, A., V. Erspamer, and M. Bucci. Isolation and amino acid se-
quences of alytesin and bombesin, two analogous active tetradecapeptides
from the skin of European discoglossid frogs. Arch. Biochem. Biophys.
148:443-461 (1972).

5. Erspamer, V. Discovery, isolation, and characterization of bombesin-like
peptides. Ann. N. Y. Acad. Sci. 547:3-9 (1988).

6. Lebacq-Verheyden, A. M., A. M. Trepel, E. A. Sausville, and J. F. Battey.
Bombesin and gastrin releasing peptide: neuropeptides, secretagogues,
and growth factors. Handb. Exp. Pharmacol. 95:71-124 (1990).

7. Carney, D. N., F. Cuttitta, T. W. Moody, and J. D. Minna. Selective
stimulation of small cell lung cancer clonal growth by bombesin and

gastrin-releasing peptide. Cancer Res. 47:821-825 (1987).

8. Cuttitta, F., D. N. Carney, J. Mulshine, T. W. Moody, J. Fedorko, A.
Fischler, and J. D. Minna. Bombesin-like peptides can function as auto-
crine growth factors in human small-cell lung cancer. Nature (Lond.)

316:823-826 (1985).
9. Nelson, J., M. Donnelly, B. Walker, J. Gray, C. Shaw, and R. F. Murphy.

Bombesin stimulates proliferation of human breast cancer cells in culture.
Br. J. Cancer 6&933-936 (1991).

10. Narayan, S., E. R. Spindel, N. H. Rubin, and P. Singh. A potent bombesin
receptor antagonist inhibits bombesin-stimulated growth of mouse colon
cancer cells in vitro: absence of autocrine effects. Cell Growth Differ.

3:111-118 (1992).
11. Bologna, M., C. Festuccia, P. Muzi, L. Biordi, and M. Ciomei. Bombesin

stimulates growth of human prostatic cancer cells in vitro. Cancer 63:

1714-1720 (1989).
12. Szepeshazi, K., A. V. Schally, R. Z. Cai, S. Radulovic, S. Milovanovic, and

B. Szoke. Inhibitory effect of bombesinlgastrin-releasing peptide antago-
nist RC-3095 and high dose of somatostatin analogue RC-160 on nitros-
amine-induced pancreatic cancers in hamsters. Cancer Res. 51:5980-5986
(1991).

13. DeMichele, M. A., A. L. Davis, J. D. Hunt, R. J. Landreneau, and J. M.
Siegfried. Expression of mRNA for three bombesin receptor subtypes in
human bronchial epithelial cells. Am. J. Respir. Cell Mol. Biol. 11:66-74

(1994).
14. Gorbulev, V., A. Akhundova, K. H. Grzeschik, and F. Fahrenholz. Orga-

nization and chromosomal localization ofthe gene for the human bombesin
receptor subtype expressed in pregnant uterus. FEBS Lett. 340:260-264

(1994).
15. Feldman, R. I., M. F. Bartholdi, and J. M. Wu. Bombesin-like peptide

receptor subtypes promote mitogenesis, which requires persistent receptor
signaling. Mol. Pharmacol. 50:1346-1354 (1996).

16. Wu, J. M., D. 0. Hoang, and R. I. Feldman. Differential activation of
human gastrin-releasing peptide receptor-mediated responses by bomb-
esin analogs. Mol. Pharmacol. 47:871-881 (1995).

17. Yee, J., and N. V. Christou. Neutophil priming by lipopolysaccharide
involves heterogeneity in calcium-mediated signal transduction - studies

using Fluo-3 and flow cytometry. J. Immunol. 150:1988-1997 (1993).
18. Heimbrook, D. C., w. S. Saari, N. L. Balishin, T. w. Fisher, A. Friedman,

D. M. Kiefer, N. S. Rotberg, J. W. Wallen, and A. Oliff. Gastrin releasing
peptide antagonists with improved potency and stability. J. Med. Chem.
34:2102-2107 (1991).

19. Coy, D. H., R. T. Jensen, N. Y. Jiang, J. T. Lin, A. E. Bogden, and J. P.
Moreau. Systematic development of bombesin/gastrin-releasing peptide

antagonists. Monogr. Natl. Cancer Inst. 13:133-139 (1992).
20. Wang, L. H., D. H. Coy, J. E. Taylor, N. Y. Jiang, J. P. Moreau, S. C.

Huang, H. Frucht, B. M. Haffar, and R. T. Jensen. des-Met carboxyl-
terminally modified analogues of bombesin function as potent bombesin
receptor antagonists, partial agonists, or agonists. J. Biol. Chem. 265:

15695-56703 (1990).
21. Best, J. R., R. Camble, R. Cotton, A. S. Dutta, B. Fleming, A. Garner, J. J.

Gormley, C. F. Hayward, P. F. McLachlan, and P. B. Scholes. Design and
synthesis of bombesin/gastrin-releasing peptide antagonists. Biochem.

Soc. Trans. 18:1294-1296 (1990).

22. Coy, D. H., J. B. Taylor, N. Y. Jiang, S. H. Kim, L. H. Wang, S. C. Huang,
J. P. Moreau, J. D. Gardner, and R. T. Jensen. Short-chain pseudopeptide
bombesin receptor antagonists with enhanced binding affinities for pan-
creatic acinar and Swiss 3T3 cells display strong antimitotic activity.
J. Biol. C/rem. 264:14691-14697 (1989).

23. Leban, J. J., A. Landavazo, J. D. McDermed, E. J. Diliberto, Jr., M. Jansen,
B. Stockstill, and F. C. Kull, Jr. Potent gastrin-releasing peptide (GRP)
antagonists derived from GRP (19-27) with a C-terminal DPro psi
[CH2NHIPhe-NH2 and N-terminal aromatic residues. J. Med. Chem. 37:
439-445 (1994).

24. Wang, L. H., J. F. Battey, E. Wada, J. T. Lin, S. Mantey, D. H. Coy, and R.
T. Jensen. Activation of neuromedin B-preferring bombesin receptors on

rat glioblastoma C-6 cells increases cellular Ca2 + and phosphoinositides.

Biochem. J. 286:641-648 (1992).
25. Lin, J. T., D. H. Coy, S. A. Mantey, and R. T. Jensen. Peptide structural

requirements for antagonism differ between the two mammalian bomb-
esin receptor subtypes. J. Pharmacol. Exp. Ther. 275:285-295 (1995).

26. Buchan, A. M., M. Meloche, and D. H. Coy. Inhibition of bombesin-
stimulated gastrin release from isolated human G cells by bombesin ana-

logs. Pharmacology 41:237-245 (1990).
27. Wang, L. H., D. H. Coy, J. B. Taylor, N. Y. Jiang, S. H. Kim, J. P. Moreau,

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Bombesin Receptor Subtype 3 Agonists I 363

S. C. Huang, S. A. Mantey, H. Frucht, and R. T. Jensen. Desmethionine
alkylamide bombesin analogues: a new class of bombesin receptor antag-
onists with potent antisecretory activity in pancreatic acini and antimi-

totic activity in Swiss 3T3 cells. Biochemistry 29:616-622 (1990).
28. Best, J. R., R. Cotton, A. S. Dutta, B. Fleming, A. Garner, J. J. Gormley, C.

F. Hayward, P. F. McLachlan, and P. B. Scholes. Antagonists of bombesin!

gastrin releasing peptide based on [D-Ala24]GRP(20-26)-heptapeptide�

Mod�flcations leading to potent analogues with prolonged duration of
action. Drug Des. Dec. 6:255-271 (1990).

29. Coy, D. H., Z. Mungan, W. J. Rossowski, B. L. Cheng, J. T. Lin, J. E.
Mrozinski, Jr., and R. T. Jensen. Development of a potent bombesin
receptor antagonist with prolonged in vivo inhibitory activity on bombesin-
stimulated amylase and protein release in the rat. Peptides 13:775-781
(1992).

30. Coy, D. H., P. Heinz Erian, N. Y. Jiang, Y. Sasaki, J. Taylor, J. P. Moreau,
W. T. Wolfrey, J. D. Gardner, and R. T. Jensen. Probing peptide backbone
function in bombesin. A reduced peptide bond analogue with potent and

specific receptor antagonist activity. J. Biol. Chem. 263:5056-5060

(1988).

31. Leban, J. J., A. Landavazo, J. D. McDermed, B. J. Diliberto, Jr., M. Jansen,
B. Stockstill, and F. C. Kull, Jr. Potent gastrin-releasing peptide (GRP)
antagonists derived from GRP (19-27) with a C-terminal D-Pro psi
[CH2NH]Phe-NH2 and N-terminal aromatic residues. J. Med. Chem. 37:

4�9-45’
32. Heimbrook, D. C., M. B. Boyer, V. M. Garsky, N. L. Balishin, D. M. Kiefer,

A. Oliff, and M. W. Riemen. Minimal ligand analysis of gastrin releasing

peptide. J. Biol. Chem. 282:7016-7019 (1988).
33. Seva, C., C. J. Dickinson, and T. Yaniada. Growth-promoting effects of gly-

cine-extended prOgastrin. Science (Washington D. C.) 265:410-412 (1994).

Send reprint requests to: Richard I. Feldman, Department of Protein Bio-
chemistry and Biophysics, Berlex Biosciences, 15049 San Pablo Avenue, P.O.
Box 4099, Richmond CA 94804-0099. E-mail: rick_feldman@berlex.com

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



