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SUMMARY

Gastrin-releasing peptide and other bombesin-like peptides
stimulate secretion, cell proliferation, and smooth muscle con-
traction via a family of G protein-coupled receptors that acti-
vate phospholipase C. Second messenger formation by one of
these receptors, called BR1, is rapidly desensitized after treat-
ment of cells with either agonists or the protein kinase C acti-
vator 12-O-tetradecanoylphorbol-13-acetate (TPA). To deter-
mine whether receptor phosphorylation was involved in BR1
desensitization, we generated antibodies to a peptide corre-
sponding to a unique sequence within the COOH terminus of
this receptor. One antibody (BR1-517) immunoprecipitated
60% of the solubilized ['?%I-Tyr*lbombesin/receptor complex
prepared from either Swiss 3T3 fibroblasts or CHO-K1 cells
transfected to express high levels of mouse BR1 (CHO-mBR1).
Furthermore, immunoprecipitation of photoaffinity-labeled re-
ceptors yielded the expected 87-kDa radiolabeled band
on gel electrophoresis. Phosphorylation of this immunopre-
cigitated receptor protein was markedly stimulated when
[®2P]orthophosphate-labeled Swiss 3T3 cells or CHO-mBR1

cells were treated with 100 nm bombesin for 5 min. 32PO,
incorporation into immunoprecipitated receptor was detectable
after 2 min and maximal after 15 min of bombesin treatment.
Phosphoamino acid analysis showed 32P labeling of serine and
threonine but not tyrosine residues. Pretreatment of CHO-
mBR1 cells with 100 nm TPA for 30 min also desensitized
bombesin stimulation of inositol-1,4,5-trisphosphate formation.
However, TPA did not increase 32PQ, incorporation into the
immunoprecipitated receptor, although protein kinase C inhibi-
tion potentiated bombesin-induced receptor phosphorylation.
Subsequent studies showed that TPA did stimulate receptor
phosphorylation, but the antibody did not recognize this phos-
phorylated state of the receptor. Thus, TPA decreased the
efficiency of receptor immunoprecipitation, and subsequent
incubation of receptor with alkaline phosphatase reversed this
TPA inhibition. The differential specificity of the antibody for
various phosphorylated forms of BR1 demonstrates that ago-
nist-induced and TPA-induced phosphorylations of the recep-
tor occur at distinct sites.

Desensitization of G protein-coupled receptors is recognized
to be a complex process. In the case of the B-adrenergic receptor,
which stimulates adenylyl cyclase via G,, agonist-induced de-
sensitization can occur as a result of receptor phosphorylation
at unique sites by two types of kinases: the cAMP-dependent
protein kinase and GRK (1). The extent to which this paradigm
applies to G protein-coupled receptors that activate effectors
other than adenylyl cyclase is not clear (2).

Three structurally related mammalian receptors mediate
the multiple biological effects of the bombesin-like peptides

This investigation was supported by the Texas Advanced Research Program
(Grants 1823 and 11618-056) and a Pharmaceutical Manufacturers Associa-
tion Foundation Advanced Predoctoral Fellowship (B.Y.W.).

(3). These receptors are homologous to the seven-transmem-
brane domain receptor family and can be distinguished phar-
macologically as either GRP-preferring or neuromedin B-
preferring subtypes (3, 4). Bombesin receptors are known to
regulate a variety of biological processes, including body tem-
perature, satiety, gastrointestinal peptide secretion, pancre-
atic enzyme secretion, pituitary and pancreatic hormone se-
cretion, smooth muscle contraction, and cell proliferation (5).
Agonist binding increases phospholipase C activity to gener-
ate the two second messengers Ins(1,4,5)P3 and diacylglyc-
erol, the latter producing PKC activation (6-8). Signal trans-
duction from the receptor to phospholipase C is mediated by
pertussis toxin-insensitive G proteins, most likely G/G,,
(9-11).

ABBREVIATIONS: GRP, gastrin-releasing peptide; BR1, gastrin-releasing peptide-preferring bombesin receptor subtype 1; PKC, protein kinase
C; TPA, 12-O-tetradecanoylphorbol-13-acetate, DMEM, Dulbecco’s modified Eagle’s medium; HBSS, Hanks’ balanced salt solution; HEPES,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; BSA, bovine serum albumin; IP, inositol phosphate; Ins(1,4,5)P,, inositol-1,4,5-trisphosphate;
TCA, trichloroacetic acid; TBS, Tris-buffered saline; ANB-NOS, N-5-azido-2-nitrobenzoyloxysuccinimide; SDS, sodium dodecyl sulfate; PAGE,
polyacrylamide gel electrophoresis; GRK, G protein receptor kinase; mBR1, mouse BR1; CHO, Chinese hamster ovary; EGTA, ethylene glycol

bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid.
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In the pancreatic B cell line HIT-T15, bombesin stimula-
tion of both second messenger production and insulin secre-
tion is desensitized within minutes (12, 13). Because agonist-
induced receptor down-regulation and desensitization occur
with similar kinetics, a decrease in receptor density may play
a role in the desensitization process (12, 13). However, direct
activation of PKC with TPA produces rapid bombesin recep-
tor desensitization with no change in receptor levels (13).
Thus, desensitization can occur independent of receptor
down-regulation. Bombesin-stimulated second messenger
formation is also desensitized by agonist and TPA pretreat-
ment of Swiss 3T3 fibroblasts, which are mitogenically stim-
ulated by bombesin activation of the BR1 receptor (11, 14,
15). Unlike in HIT-T15 cells, neither bombesin nor TPA leads
to acute receptor down-regulation in Swiss 3T3 cells (14-16).
Rather, PKC activation inhibits receptor/G protein coupling
as shown by the observation that bombesin-induced IP
production in permeabilized fibroblasts is blocked by TPA
pretreatment, whereas guanosine-5'-O-(3-thio)triphosphate
stimulation is unaffected (11). However, because bombesin
pretreatment leads to receptor desensitization even in PKC-
depleted cells, this enzyme cannot be essential for agonist-
induced desensitization, and bombesin and TPA must elicit
desensitization via distinct mechanisms (17). By analogy to
other G protein-coupled receptors, the changes in bombesin
receptor function induced by agonist binding and/or PKC
activation may involve receptor phosphorylation. In the cur-
rent study, we developed a specific, immunoprecipitating
antibody to BR1 and used it to investigate the potential role
of bombesin receptor phosphorylation in desensitization by
bombesin and TPA.

Experimental Procedures

Materials. Synthetic bombesin and GRP(14-27) were obtained
from Bachem California (Torrance, CA); [*Hlinositol (specific activ-
ity, 18.9 Ci/mmol) and carrier-free Na'?®I were from Amersham
(Arlington Heights, IL); carrier-free [32Plorthophosphate was from
ICN Biomedicals (Cleveland, OH); ANB-NOS, bicinchrominic acid
protein assay reagent, and constant boiling 6 N HC] were from Pierce
Chemical (Rockford, IL); pcDNA 3 was from InVitrogen (San Diego,
CA); CNBr-activated Sepharose 4B was from Pharmacia (Piscat-
away, NJ); keyhole limpet hemocyanin and GF109203X were from
Calbiochem-Novabiochem (San Diego, CA); gelatin, Tween-20 (en-
zyme immunoassay grade), goat anti-rabbit IgG horseradish perox-
idase conjugate, and peroxidase substrate kit ABTS were from Bio-
Rad (Richmond, CA); glutaraldehyde, protein A, deoxycholate, TPA,
and bacterial alkaline phosphatase were from Sigma Chemical (St.
Louis, MO); Centricon-30 was from Amicon (Beverly, MA); N-Gly-
canase was from Genzyme (Cambridge, MA); Immobilon-p polyvi-
nylidene fluoride transfer membrane was from Millipore (Bedford,
MA); plates and culture flasks were from Corning Glass Works
(Corning, NY); DMEM, F12, glutamine, geneticin, and Freund’s ad-
juvant were from GIBCO (Grand Island, NY); and fetal bovine serum
and newborn calf serum were from JRH Biosciences (Lenexa, KS).

Generation of BR1 expressing CHO-K1 cells. A pGEM4 plas-
mid containing the entire coding region of mBR1 was generously
provided by Dr. James F. Battey (National Institute of Neurological
Disorders and Stroke, Bethesda, MD). The bombesin receptor was
excised from pGEM4 with HindIII and Apal and inserted into the
same restriction sites in the mammalian expression vector pcDNA3.
CHO-K1 cells, generously provided by Dr. Philip J. S. Stork (Vollum
Institute for Advanced Biomedical Research, Oregon Health Science
University, Portland, OR), were chosen for transfection because they
lack endogenous bombesin receptors, as demonstrated by ligand
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binding. Transfection into CHO-K1 cells was accomplished by elec-
troporation (420 V, 960 uF, 32 msec) using a Gene Pulser apparatus
(BioRad) according to the method of Tykocinski et al. (18). After
selection with 500 ug/ml geneticin (G418), clonal lines of G418-
resistant cells were obtained by serial dilution and screened by
(*25I-Tyr*]bombesin binding as described previously (19). Clone
CHO-mBR1 (CHO-K1 cells transfected to express high levels of
mouse BR1) expresses a single class of high affinity (K; = 5.1 nM at
4°) binding sites (1.1 X 10%cell) for bombesin.

Cell culture. Swiss 3T3 cells (generously provided by Dr. Ken-
neth Brown, Institute of Animal Physiology, Cambridge, UK) were
grown in DMEM containing 10% (v/v) newborn calf serum at 37° in
a humidified atmosphere of 5% C0O,/95% air. For membrane prepa-
ration and phosphorylation experiments, Swiss 3T3 cells were plated
at a density of 2 X 10° cells/100-mm plate and used after 6-7 days.

CHO-K1 and CHO-mBR1 cells were grown in F12 medium sup-
plemented with 10% (v/v) fetal bovine serum and 1 mM glutamine at
37° in a humidified atmosphere of 5% C0O,/95% air. For membrane
preparation and phosphorylation experiments, these cells were
plated at 3.5 X 10° cells/100-mm plate, the medium was changed
after 3 days, and experiments were performed on day 4.

Measurement of [*H]IP production. Swiss 3T3 cells were
plated at a density of 1 X 10° cells/35-mm dish, and after 34 days,
[®Hlinositol (2 uCi/2 ul) was added either directly to the growth
medium or to fresh inositol-free DMEM containing 100 units/ml
penicillin and streptomycin, 1 mM glutamine, and 10% (v/v) dialyzed
fetal bovine serum. After 24-48 hr, the cells were incubated for 30
min in HBSS, pH 7.3 (118 mM NaCl, 4.6 mm KCl, 0.5 mm CaCl,, 1 mm
MgCl,, 10 mM D-glucose, 5 mM HEPES, and 1 mg/ml BSA), to remove
unincorporated [*Hlinositol and then treated with 100 nM bombesin
in fresh HBSS. After the incubation times indicated, [SH]IPs were
extracted with 0.5 ml of ice-cold 20% (v/v) TCA and separated as
described previously (19).

CHO-mBR1 cells were seeded at a density of 2 X 105/35-mm plate
and fed 2 days later. Experiments were initiated on the fourth day by
incubating the cells with 2 uCi of [*Hlinositol in the inositol-free
medium described above. After 24 hr, the cells were washed and
incubated in fresh HBSS containing 100 nM bombesin for the times
indicated. When specified, 10 mM LiCl was added at the same time as
peptide. [PH]IPs were collected and separated as described above.

In desensitization experiments, cells were incubated in HBSS
with or without (control) 100 nM bombesin. After 5 min, the medium
was aspirated, and the cells were rapidly rinsed four times with 1 ml
of warm (37°) HBSS. The cells were then incubated with fresh HBSS
without or with 100 nM bombesin for 15 sec. The reaction was
stopped, and (°H]Ins(1,4,5)P; was measured as described above.

Antibody production. A peptide (Table 1) corresponding to res-
idues 347-358 of the Swiss 3T3 mouse bombesin receptor (20, 21)
with an added carboxyl-terminal tyrosine was synthesized by Dr.
William T. Moore (University of Texas Medical School Analytical
Chemistry Center, Houston, TX) on an ABI model 430A peptide
synthesizer (Applied Biosystems, Norwalk, CT) using N-tert-butoxy-
carbonyl/benzyl solid-phase methodology (22). The peptide was
cleaved and deblocked using hydrogen fluoride and purified by high
pressure liquid chromatography. Peptide structure was verified by
fast atom bombardment/mass spectrometry (23).

The peptide was coupled to keyhole limpet hemocyanin using
glutaraldehyde (24) and injected intradermally into male New
Zealand White rabbits (Ray Nichols, Lumberton, TX). The initial
immunization was in Freund’s complete adjuvant, whereas subse-
quent monthly booster injections were in Freund’s incomplete adju-
vant. Sera were tested by enzyme-linked immunosorbent assay as
described previously (25).

Affinity purification of the peptide antibody. Peptide (1 mg)
was coupled to CNBr-activated Sepharose 4B (100 mg/300 ul) ac-
cording to the manufacturer’s directions and then packed into a 2-ml
disposable column. The column was pre-equilibrated at 4° with TBS
(20 mM Tris, 100 mM NaCl, pH 7.4); then, antiserum BR1-517 (4 ml)
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TABLE 1

Alignment of the peptide antigen with the carboxy-terminal region of bombesin receptor subtypes

The carboxy-terminal amino acid sequences of bombesin receptor subtypes are shown, starting from the putative palmitoylated cysteine. Underlining indicates the
amino acid residues that match those in the peptide antigen used for antibody production. Receptor sequences were from the following sources: mBR1 (accession
no. M35328, M57922), human BR1 (no. M73481), human NMB-R (no. M73482), and human BRS-3 (no. L08893).

Receptor subtype Amino acid sequence Position
Peptide antigen NRSHSTGRSTTCY

mBR1 CCQPGLMNRSHSTGRSTTCM 340-359
Human BR1 CCQPGLIIRSHSTGRSTTCM 340-359
Human NMB-R CGRKSYQERGTSYLLSSSAV 341-360
Human BRS-3 CCKAERPEPPVADTSLTTLA 347-366

diluted with 4 ml of TBS was passed over the packing five times at
4°, The column was sequentially washed with 50 ml of TBS; 20 ml of
0.2 M glycine, pH 3.0; and 10 ml of TBS to remove nonspecific
antibodies. The peptide-adsorbed antibodies were then eluted with
30 ml of 100 mM triethylamine, pH 11.5, and 5 M LiCl. Fractions (1
ml) were collected into 255 ul of 1 M sodium acetate, pH 6.8. Pooled
fractions containing specific antibody, as identified by enzyme-linked
immunosorbent assay, were immediately concentrated using a Cen-
tricon-50, and the buffer was exchanged for TBS containing 0.02%
sodium azide and 0.1% BSA. The purified antibody was stored at 4°.

Membrane preparation and receptor binding. Cell monolay-
ers were scraped into ice-cold phosphate-buffered saline (10 mM
Na,PO,, 150 mM NaCl, pH 7.4) and pelleted. The cells were then
resuspended in imidazole homogenization buffer (4 mM imidazole, 2
mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, pH 7.4) at 4° and
lysed with 10 strokes of a Polytron homogenizer at 900 rpm. After
centrifugation at 500 X g for 10 min, the supernatant was centri-
fuged at 10,000 X g for 30 min at 4°. For storage, the membrane
pellet was resuspended in glycyl-glycine buffer (20 mM glycyl-gly-
cine, 1 mM MgCl,, 250 mM sucrose, pH 7.2) and frozen at —70°.

For binding, [Tyr*]bombesin and GRP(14-27) were radioiodinated
using chloramine-T, reduced using dithiothreitol, and purified by
reverse-phase high performance liquid chromatography to a specific
activity of 2200 Ci/mmol as described previously (19). The binding
reaction usually contained 200 ug of membranes in 1 ml of HEPES
binding buffer (50 mM HEPES, 7 mm MgCl,, 2 mM EDTA, 2 units/ml
of bacitracin, 0.6% BSA, pH 7.4) containing [*2°I-Tyr*]bombesin or
[*25IJGRP(14-27) at a concentration of 0.3 nM with or without 100 nm
bombesin. After 20 min at 30°, the binding reaction was stopped by
the addition of 4 ml of ice-cold HEPES binding buffer. Samples were
centrifuged at 10,000 X g for 10 min, and the radioactivity associated
with the pellet was measured with a Pharmacia LKB gamma spec-
trometer at an efficiency of 75%. Specific binding was calculated as
the difference between the amount of radioligand bound in the ab-
sence (total binding) and the presence (nonspecific binding) of 100 nM
bombesin.

Photoaffinity labeling of BR1 and immunoprecipitation.
After binding, ['2°IJGRP(14-27) bound membrane pellets were re-
suspended in HEPES binding buffer without BSA to a final concen-
tration of 0.2 mg/ml. A freshly prepared solution of ANB-NOS (10
mM in dimethylsulfoxide) was added to a final concentration of 0.1
mM. The membranes were incubated in the dark on ice for 10 min
and then irradiated at 254 nm (Mineralight model R-52, Ultraviolet
Products, San Gabriel, CA) for 5 min. The reaction was terminated
by the addition of 1 M Tris'HC], pH 8, and the membranes were
pelleted.

For gel electrophoresis, the membranes were dissolved in SDS
sample buffer (62.5 mM Tris‘HCI, pH 6.8, 2% SDS, 20% glycerol, and
50 mM dithiothreitol) by boiling for 5 min and resolved by SDS-PAGE
on 8% acrylamide gels according to the method of Laemmli (26). The
gels were dried on filter paper and exposed to Amersham Hyperfilm
with DuPont intensifying screens at —70°.

For immunoabsorption, affinity labeled membranes were solubi-
lized for 1 hr at 4° at a protein/detergent ratio of 1:3 in HEPES
binding buffer containing 1.5 mg/ml deoxycholate, 100 pg/ml benza-

midine, and 10 ug/ml concentration each of chymostatin, pepstatin,
antipain, and leupeptin. After centrifugation at 100,000 X g for 1 hr
at 4°, purified antibody BR1-517 was added to the supernatant and
incubated at 4° for 2-20 hr. Protein A/Sepharose 4B (20 ul of a 50%
slurry) was added, and the incubation was continued for another
hour. After centrifugation at 10,000 X g for 1 min, the immunopre-
cipitate was washed twice with ice-cold HEPES binding buffer con-
taining 1.5 mg/ml deoxycholate and then dissolved in SDS sample
buffer. The samples were analyzed by SDS-PAGE and autoradiog-
raphy as described above.

In vivo 3*P labeling and immunoprecipitation. Cells grown in
100-mm dishes were washed twice with Tris buffer, pH 7.4 (1 mM
Tris, 136 mM NaCl, 2.6 mM KCl) and incubated with 3 ml of phos-
phate-free DMEM containing 10% (v/v) dialyzed newborn calf serum
and 1-3 mCi of [3?PJorthophosphate for 3 hr at 37° in a humidified
atmosphere of 5% C0,/95% air. Bombesin or TPA was then added,
and the incubation was continued for the stated times. The cells were
then rinsed with cold Tris buffer, and membranes were immediately
prepared in imidazole homogenization buffer containing 50 mM so-
dium fluoride and 1 mM sodium vanadate. The membrane pellets
were washed once with immunoprecipitation buffer (10 mM
Na,HPO,, pH 7, 5 mM EDTA, 5 mM EGTA, 100 mM NaCl, 50 mm
sodium fluoride, 10 mM sodium pyrophosphate, 1 mM sodium vana-
date) and then solubilized in immunoprecipitation buffer containing
1.5 mg/ml deoxycholate, 100 ug/ml benzamidine, and 10 pg/ml con-
centration each of chymostatin, pepstatin, antipain, and leupeptin.
The membrane protein concentration was assessed using the
bicinchrominic acid protein assay according to the manufacturer’s
directions. Aliquots of the solubilized membranes containing equal
amounts of protein (~50 ug) were precleared by incubation with a
1:500 dilution of preimmune sera followed by precipitation with
protein A/Sepharose 4B. After the addition of purified antibody BR1-
517, the samples were incubated overnight at 4° and then precipi-
tated with protein A/Sepharose 4B. The immunoprecipitates were
washed extensively, solubilized in 2X SDS sample buffer, and sub-
jected to SDS-PAGE and autoradiography. For quantification of 32P
incorporation, the radioactive bands were localized by autoradiogra-
phy and excised, and Cherenkov counts were measured in an LKB
Wallac 1209 Rackbeta liquid scintillation counter (Gaithersburg,
MD). Background radioactivity, measured in an adjacent section of
the gel in the same lane, was subtracted.

Deglycosylation and dephosphorylation of mBR1. After im-
munoprecipitation, the bombesin receptor was deglycosylated ac-
cording to the method of Kris et al. (27). Briefly, the washed immu-
noprecipitates from 200 ug of membrane protein were solubilized in
76 ul of 0.5% SDS at 56° for 1 hr and then boiled for 5§ min. Aliquots
(30 wl) were incubated overnight at 37° with 32.4 ul of 50 mM sodium
phosphate, pH 8.6, 15 ul of 7.5% Nonidet P-40, 1.8 ul of N-glycanase
(250 units/ml), and 0.4 ul of a protease inhibitor cocktail containing
50 ug/ml bacitracin and 10 ug/ml concentration each of soybean
trypsin inhibitor and leupeptin. The reaction was terminated by the
addition of 14 ul of 6X SDS sample buffer and boiling for 5 min. The
samples were analyzed by SDS-PAGE and autoradiography as de-
scribed above.

For phosphatase treatment, membranes were prepared in the
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presence of phosphatase inhibitors as described for the 3?P-labeling
studies and incubated with [*25I]GRP(14-27) for 20 min at 37°; then,
photoaffinity cross-linking was carried out as described above. The
membrane pellets were washed once with phosphatase buffer (20 mm
HEPES, pH 8, 25 mMm KCl, 15 mM MgCl,) and then solubilized in this
buffer containing 1.5 mg/ml deoxycholate, 0.1% SDS, 100 pg/ml
benzamidine, and 10 pg/ml concentration each of chymotrypsin,
pepstatin, antipain, and leupeptin as described above. After the
addition of bacterial alkaline phosphatase (5 units) to the solubilized
membranes (~45 pug/sample), samples were incubated for 1 hr at 37°,
conditions that have previously been shown to dephosphorylate
other G protein-coupled receptors (28). Receptors were then immu-
noprecipitated as described above and analyzed by SDS-PAGE and
autoradiography. The radioactivity incorporated into the photoaffin-
ity labeled receptor band was quantified using a PhosphorImager SI
(Molecular Dynamics, Sunnyvale, CA).

For quantification of the '?%I-labeled receptor protein by the
PhosphorIlmager, each receptor band on a gel was circumscribed by
identical size rectangles, and the radioactive signal within each
rectangle was measured. The same size rectangle was used to cir-
cumscribe a region below each receptor band, and the radioactivity in
the latter region was taken as a measure of the intrasample back-
ground. The background in each lane was subtracted from the re-
ceptor signal to generate the results shown.

Phosphoamino acid analysis. Phosphorylation and immuno-
precipitation of the receptor were carried out as described above.
After separation by SDS-PAGE, phosphorylated proteins were elec-
trophoretically transferred to polyvinylidene fluoride membranes at
0.1 A for 30 min and then at 0.5 A for 45 min in Dunn’s carbonate
buffer (10 mM NaHCO,, 3 mM Na,CO,, 0.1% SDS, and 20% metha-
nol). The phosphorylated bombesin receptor band was localized by
autoradiography, excised, and hydrolyzed with 6 N HCI at 110° for
0.5 or 2 hr. Nonradioactive phosphorylated amino acid standards (1
wul each of 10 mM phosphoserine, 10 mM phosphothreonine, and 10
mM phosphotyrosine in water) were added, and the hydrolysate was
dried by vacuum centrifugation. After resuspension in 3 ul of 7.8%
acetic acid/2.5% formic acid, the samples were spotted onto a cellu-
lose plate (catalogue no. 13255, Eastman Kodak, Rochester, NY) and
analyzed by two-dimensional thin layer chromatography on a
Hunter Thin Layer Peptide Mapping System (model HTLE-7000,
C.B.S. Scientific, Del Mar, CA). Separation was achieved in the first
dimension at 1100 V for 60 min with 7.8% acetic acid/2.5% formic
acid and in the second dimension at 1300 V for 45 min with 5% acetic
acid/0.5% pyridine. The phosphorylated amino acid standards were
visualized by staining with 0.25% ninhydrin in acetone, and the
32P.labeled amino acids were detected by autoradiography.

Results

Bombesin receptor desensitization in CHO cells. We
found that Swiss 3T3 cells contain ~100,000 bombesin re-
ceptors/cell, which is consistent with the range of 50,000-
240,000 receptors/cell reported by other investigators (14,
29). To increase the sensitivity with which receptor phos-
phorylation could be detected, we transfected CHO-K1 cells
with the mBR1 cDNA to generate a cell line, CHO-mBR1,
that expresses 4.5 = 0.8 X 10° receptors/cell (K, for [12°I-
Tyr*lbombesin = 0.26 + 0.08 nM at 4°, n = 5). We then
compared the ability of bombesin to stimulate phosphatidyl-
inositol hydrolysis in Swiss 3T3 cells with that in CHO-
mBR1 cells. The dose response for bombesin stimulation of
[H]IP formation was determined during a 30-min incubation
of CHO-mBR1 cells in the presence of 10 mM LiCl to inhibit
IP hydrolysis. The ED;, value for bombesin was 0.18 *+ 0.03
nM (data not shown), which is similar to its reported potency
in Swiss 3T3 cells (30). We next examined the time course for
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bombesin stimulation of Ins(1,4,5)P; formation (Fig. 1). This
experiment was carried out in the absence of LiCl to ensure
that phosphatidylinositol depletion did not occur during
the incubation (Fig. 1, top). In Swiss 3T3 fibroblasts,
[®*HlIns(1,4,5)P; levels increased to a peak value at 5-15 sec
of bombesin stimulation and then slowly decreased, although
they were still elevated 5 min after the addition of bombesin
(Fig. 1, top). In CHO-mBR1 cells, bombesin also produced a
maximal increase in [*H]Ins(1,4,5)P; levels at 15 sec (Fig. 1,
top). [*H]Ins(1,4,5)P formation subsequently declined grad-
ually and returned to the basal level after 30 min of bombesin
treatment (Fig. 1 and data not shown). Because the dose
response and time course for bombesin-stimulated IP forma-
tion were comparable in the two cell lines, signaling by the
transfected mBR1 receptor in CHO-K1 cells was similar to
that of the endogenous receptor in Swiss 3T3 cells.

By rechallenging the cells with fresh peptide, we next
determined whether the decrease in [*H]Ins(1,4,5)Pg levels
observed after 5 min of bombesin stimulation resulted from
homologous desensitization. Cells were incubated for 5§ min
without or with 100 nM bombesin, quickly washed, and then
challenged in a subsequent 15-sec incubation (Fig. 1, bottom).
In Swiss 3T3 cells, the initial 15-sec stimulation with 100 nmM
bombesin produced a 9-fold increase in [*H1Ins(1,4,5)Pg pro-
duction (Fig. 1, bottom left). After 5 min of bombesin pretreat-
ment, the level of [H]Ins(1,4,5)P; formed in the following
15-sec incubation without peptide was 2.5-fold higher than
that in the untreated control cells, showing that the bomb-
esin pretreatment had a residual effect. This residual effect
is likely to be due to continued occupancy and stimulation of
the receptor by prebound bombesin, which dissociates slowly
compared with the short (15-sec) challenge incubation. Con-
sistent with this interpretation, [*H]Ins(1,4,5)Pg production
was not stimulated above the residual level by the addition of
fresh bombesin in the second incubation. Thus, Swiss 3T3
cells were partially desensitized by the 5-min bombesin pre-
treatment. Similar results were observed in CHO-mBR1
cells. The initial incubation with 100 nM bombesin for 15 sec
increased [®*H]Ins(1,4,5)P; levels 8.5-fold over basal levels
(Fig. 1, bottom middle). After a 5-min preincubation with
bombesin, the [*H]Ins(1,4,5)P; levels were higher than in
nonpretreated cells, and a second challenge with bombesin
again failed to increase [*H]Ins(1,4,5)P; beyond that pro-
duced by the pretreatment alone. The residual stimulation
observed after bombesin pretreatment is consistent with the
time course shown in Fig. 1 (top), and the inability of freshly
added agonist to further stimulate second messenger forma-
tion clearly demonstrates that the decreased response was
due not to peptide degradation but rather to partial desensi-
tization.

Previous studies have shown that acute treatment of Swiss
3T3 cells with TPA leads to activation of PKC and to desen-
sitization of bombesin-stimulated second messenger forma-
tion (13, 15). We observed the same behavior in the trans-
fected CHO cells (Fig. 1, bottom right). In two independent
experiments, preincubation of CHO-mBR1 cells with 100 nm
TPA for 30 min did not significantly affect basal
[®HlIns(1,4,5)P; levels but inhibited bombesin stimulation by
65%.

These results show that the transfected mBR1 receptor is
functional in CHO cells and that both homologous and het-

Phosphorylation of the Gastrin-Releasing Peptide Receptor

2102 ‘T Joqwiadaq uo Ausianiun Buellayz ye Bio sjeuinofiadse wreydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

720 Williams et al.

3000

1000

[3H)IP, (cpm/dish)

1 A 1 A 1 1 1

Fig. 1. Desensitization of bombesin-stimulated IP pro-

duction. Top, Swiss 3T3 fibroblasts (6 x 105/dish, @)
and CHO-mBR1 cells (1.3 X 108/dish, O) were prela-
beled with [*HJinositol (1 uCi/plate) at 37° for 24-48 hr.
Bombesin (100 nm) was added at t = 0, and the incu-

0 60 120 180 240

Time (seconds)

300 bation was continued for the indicated times. The reac-

tion was stopped by the addition of TCA, and accumu-
lated [*H]ins(1,4,5)P; was determined as described in
Experimental Procedures. Points, mean of duplicate
dishes; bars, range. Bottom, after prelabeling with [H]-
3000 inositol, Swiss 3T3 fibroblasts or CHO-mBR1 cells were

CHO-mBR1

[3HIIP, (cpm/dish)

Bombesin Control

Control Bombesin Control

Pretreatment

erologous receptor desensitizations are comparable to those
observed in Swiss 3T3 fibroblasts.

Specific immunoprecipitation of BR1. A polyclonal
rabbit antibody was generated against a 13-amino acid pep-
tide corresponding to a unique sequence in the carboxyl-
terminal region of BR1 (Table 1). Fig. 2 shows that this
antiserum efficiently and specifically immunoprecipitated
the bombesin receptor. After incubation of Swiss 3T3 mem-
branes with [25I-Tyr*]Jbombesin, the receptor/ligand com-
plex was solubilized with deoxycholate and then immuno-
precipitated with varying concentrations of serum. The
efficiency of immunoprecipitation was concentration depen-
dent with a 1:1000 dilution of antiserum precipitating 60% of
the added [*2°I]bombesin/receptor complex (Fig. 2, top). How-
ever, the ineffectiveness of higher serum concentrations
to further increase immunoprecipitation efficiency sug-
gested that multiple receptor forms were present (see below).
In five independent experiments, 60 + 7% of the [*2°I-Tyr*]-
bombesin/BR1 complex prepared from Swiss 3T3 fibroblasts
was precipitated by the peptide antibody. Similar results
were observed for receptors from CHO-mBR1 cells (data not
shown). Immunoprecipitation was blocked when 7 uM anti-
gen peptide was added to the antibody incubation, and pre-
immune serum precipitated <5% of the ligand/BR1 complex
(Fig. 2, bottom).

The biochemical nature of the protein recognized by anti-
body BR1-517 is further characterized in Fig. 3. Receptors
were first identified in membranes by covalently coupling

CHO-mBR1

incubated at 37° in HBSS either alone (Control) or in the
presence of 100 nm bombesin for 5 min (left and middle)
or with 100 nm TPA for 30 min (right). The pretreatment
media were then removed, and the cells were incubated
at 37° in buffer without (shaded bars) or with (striped
bars) 100 nm bombesin. The challenge incubation was
stopped after 15 sec by the addition of TCA, and
PHlins(1,4,5)P; production was measured. Bars,
mean * standard error of triplicate dishes.

TPA

specifically bound ['2°I]JGRP(14-27) with the photoaffinity
cross-linker ANB-NOS (Fig. 3). The major protein radiola-
beled in both Swiss 3T3 membranes (Fig. 3A) and CHO-
mBR1 membranes (Fig. 3B) migrated as a broad band with a
molecular mass of ~87 kDa. [125IJGRP(14-27) incorporation
into these bands was blocked when binding was performed in
the presence of 100 nM bombesin, demonstrating that the
labeling was saturable. No labeling was observed in untrans-
fected CHO-K1 cells, which do not express bombesin recep-
tors.

To determine whether the antiserum would immunopre-
cipitate the receptor protein, Swiss 3T3 and CHO-mBR1
membranes were photoaffinity labeled as described above
and solubilized with deoxycholate. After immunoprecipita-
tion and SDS-PAGE, a broad 87-kDa band was evident in
samples incubated with BR1-517 antiserum but not with
preimmune serum (Fig. 3). Therefore, the antipeptide anti-
body specifically recognizes the 87-kDa BR1 protein.

Bombesin-stimulated receptor phosphorylation. To
determine the effect of bombesin on BR1 phosphorylation,
Swiss 3T3 fibroblasts and CHO-mBR1 cells were metaboli-
cally labeled with [32Plorthophosphate and then incubated
for 5 min without or with 100 nM bombesin. Membranes were
then prepared, solubilized, and immunoprecipitated with af-
finity purified antibody. In both Swiss 3T3 fibroblasts (Fig. 4)
and CHO-mBR1 cells (Fig. 5A), bombesin markedly stimu-
lated 32P incorporation into a broad 87-kDa band that comi-
grated with photoaffinity labeled receptor. 32PQ, incorpora-
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Fig. 2. Immunoprecipitation of the ['26|-Tyr*]bombesin/
receptor complex. Swiss 3T3 membranes (100 ug) were
incubated with ['2°I-Tyr*lbombesin (5 X 10° cpmv/mi;
0.14 nm) at 37° in the absence or presence of 100 nm
bombesin. After centrifugation, membranes were solu-
bilized with detergent, and the amount of ['25I-
Tyr*Jbombesin/receptor complex in the soluble fraction
was measured by precipitation with PEG. Aliquots of
solubilized receptor were then incubated with sera for 2
hr at 4°, and the radioactivity precipitated with Protein
A-Sepharose 4B was determined as described in Exper-
imental Procedures. Top, solubilized proteins were incu-
bated with either preimmune serum (O) or antiserum
BR1-517 (@) at the concentrations indicated. The soluble
fraction contained 33,314 * 346 cpm of ['%8I-
Tyr*]bombesin/receptor complex as determined by PEG
precipitation before the addition of antiserum. Bottom,
solubilized proteins were incubated with preimmune se-
rum (1:10 dilution), antiserum (1:10 dilution), or antiserum
plus 7 um antigen peptide.

Z
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tion was stimulated 2.6-fold in Swiss 3T3 cells and 3-fold in
CHO-mBR1 cells. The addition of 7 uM peptide antigen com-
pletely blocked immunoprecipitation of the 87-kDa 32PO,-
labeled protein in both CHO-mBR1 cells (Fig. 5A) and Swiss
3T3 fibroblasts (data not shown).

To further test whether the 87-kDa phosphorylated protein

Fig. 3. Immunoprecipitation of affinity-labeled re-
ceptors. Membranes (200 ug/ml) from Swiss 3T3
fibroblasts (A) and CHO-K1 or CHO-mBR1 cells
(B) were incubated at 30° for 20 min with
['*51)GRP(14-27) (10° cpm/ml; 0.28 nM) in the ab-
sence (—B) or presence (+B) of 100 nm bombesin.
After the binding incubation, 0.1 mm ANB-NOS
was added, and cross-linking was performed as
described in Experimental Procedures. One ali-
quot of each reaction was directly analyzed by
SDS-PAGE and autoradiography (Membrane). The
membranes in replicate aliquots were solubilized
and immunoprecipitated with either preimmune
serum (P/) or BR1-517 antiserum before electro-
phoresis of the precipitated proteins ((mmunoppt.).

was BR1, immunoprecipitated proteins were subjected to
deglycosylation. After N-glycanase treatment of samples
from CHO-mBR1 cells (Fig. 5B) and Swiss 3T3 fibroblasts
(data not shown), the apparent molecular sizes of both the
32pQ,-labeled protein and photoaffinity-labeled receptor
were decreased to ~45 kDa. The observed decrease in recep-
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Fig. 4. Effect of bombesin on receptor phosphorylation in Swiss 3T3
cells. 125/, Swiss 3T3 membranes (200 ug/ml) were incubated with
['2*)GRP(14-27) (10° cpm/ml; 0.28 nm) at 30° for 20 min and then
cross-linked with 0.1 mm ANB-NOS. 32P, Swiss 3T3 cells (2 x 10%/dish)
were metabolically labeled with [*Plorthophosphate for 3 hr at 37°,
incubated for 5 min either without (—B) or with (+B) 100 nm bombesin,
and used for membrane preparation. Both 2%|- and 32P-labeled mem-
branes were subsequently solubilized and immunoprecipitated with
antiserum BR1-517 as described in Experimental Procedures. Immu-
noprecipitated proteins were analyzed by SDS-PAGE and autoradiog-
raphy.

tor mass after N-glycanase treatment is consistent with pre-
vious studies showing that BR1 is glycosylated on asparagine
(81). Therefore, these results confirm that the 87-kDa 32PO,-
labeled protein represents phosphorylated BR1 and support
the conclusion that bombesin stimulates 2PO, incorporation
into BR1 in both Swiss 3T3 fibroblasts and CHO-mBR1 cells.
To facilitate receptor detection and analysis, subsequent ex-
periments were performed in CHO-mBR1 cells because re-
ceptor density in this cell line was 5 times higher than in
Swiss 3T3 cells.

The time course of bombesin-stimulated receptor phos-
phorylation is shown in Fig. 6. Increased phosphorylation
was detected 2 min after the addition of 100 nM bombesin, the
earliest time tested. Maximum BR1 phosphorylation oc-
curred after 15 min of bombesin stimulation and was sus-
tained for at least an additional 15 min. At peak phosphor-
ylation, 32PQ, incorporation into BR1 was increased 9.5-fold
over basal.

Phosphoamino acid analysis was performed on immuno-
precipitated receptor from 32PQ -labeled CHO-mBR1 cells
treated with 100 nM bombesin for 15 min. After acid hydro-
lysis for 2 hr at 110°, two-dimensional thin layer chromatog-

raphy showed 32PO, incorporation into both phosphoserine
and phosphothreonine (Fig. 7). There was no labeling of
phosphotyrosine. Even when acid hydrolysis conditions were
optimized for phosphotyrosine detection (30 min at 110°),
this amino acid was not labeled (data not shown). Therefore,
agonist binding increases phosphorylation of mBR1 on serine
and threonine residues.

Involvement of PKC in bombesin receptor phosphor-
ylation. Because activation of PKC by TPA produces bombesin
receptor desensitization (Fig. 1), we determined whether the
receptor was phosphorylated after PKC stimulation (Fig. 8).
CHO-mBR1 cells were prelabeled with [32Plorthophosphate
and incubated with 100 nM TPA for 30 min. The receptor was
subsequently purified by immunoprecipitation as described
above. Surprisingly, there was no detectable increase in >PO,-
labeled BR1 in the immunoprecipitate from TPA-treated cells,
although in the same experiments, 100 nM bombesin stimulated
receptor phosphorylation by ~5-fold (Fig. 8). Furthermore, the
PKC inhibitor GF109203X (32) enhanced bombesin-stimulated
receptor phosphorylation by 41% in Fig. 8 (top) and an average
of 40 *+ 8% in four independent experiments. Similarly, chronic
TPA pretreatment, which down-regulates PKC (33), enhanced
bombesin-induced phosphorylation by 2-fold (Fig. 8, bottom).

The unexpected observation that TPA did not increase
32pQ, labeling of BR1 could be explained if the antibody was
unable to recognize and immunoprecipitate the receptor after
it was phosphorylated by PKC. To test this hypothesis, we
compared the efficiency of immunoprecipitation for receptors
prepared from untreated cells with that from cells preincu-
bated with TPA. After incubation with 100 nm TPA for 30
min, membranes were prepared and bound with [25]-
Tyr*]bombesin as usual. The receptor/hormone complex was
then solubilized, quantified by polyethylene glycol precipita-
tion, and immunoprecipitated as described above. Consistent
with previous observations (13, 15), TPA pretreatment did
not affect ligand binding to the membrane receptor (data not
shown). However, the efficiency for immunoprecipitation of
the solubilized [*2°I]bombesin/receptor complex was de-
creased 45 * 2% by the TPA pretreatment (n = 2). To test
whether this decrease in immunoprecipitation efficiency was
due to BR1 phosphorylation, we next determined whether
alkaline phosphatase could restore the ability of the antibody
to recognize the TPA-treated receptor. In previous studies,
dephosphorylation was more effective when receptors were
denatured before enzyme treatment (28). Therefore, we used
photoaffinity-labeled receptors for this experiment (Fig. 9).
Membranes from control and TPA-treated cells were co-
valently cross-linked to [12°IJGRP(14-27), solubilized under
denaturing conditions, and treated with alkaline phos-
phatase before immunoprecipitation. After gel electrophore-
sis, the radioactivity in the receptor band was quantified.
Fig. 9 shows that TPA markedly decreased immunoprecipi-
tation of BR1. However, treatment with alkaline phos-
phatase increased the immunoprecipitation of the TPA-pre-
treated receptor by 8-fold (Fig. 9). Interestingly, phosphatase
treatment also increased the amount of BR1 immunoprecipi-
tated from control cells (Fig. 9). Therefore, after phosphatase
exposure, receptors from control and TPA-pretreated cells
were bound equally to the antibody.

Taken together, these results indicate that receptor phos-
phorylation by PKC prevents immunoprecipitation by the
BR1-517 antibody. Therefore, TPA did not affect 32PO, in-
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Fig. 5. Effect of bombesin on receptor phosphorylation in CHO-mBR1 cells. A, CHO-mBR1 cells (6 X 10%/dish) were metabolically labeled with
[®2Plorthophosphate for 3 hr. After the addition of 100 nm bombesin to the samples shown (+B), the incubation was continued for 5 min.
Membranes were prepared and solubilized as described in Experimental Procedures. Immunoprecipitation with antibody BR1-517 was performed
in the absence or presence of 1 uM peptide antigen as indicated, and precipitated proteins were then analyzed by SDS-PAGE and autoradiog-
raphy. B, 32P-labeled membranes were prepared from cells treated with 100 nM bombesin for 5 min as described above. Photoaffinity-labeled
membranes (*2°]) were prepared as described in the legend to Fig. 4. Both '2%|- and 2P-labeled membranes were solubilized, immunoprecipitated
with antibody BR1-517, and then incubated without or with N-glycanase to remove asparagine-linked carbohydrates. Reaction products were

analyzed by SDS-PAGE and autoradiography.
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Fig. 6. Time course of bombesin-stimulated receptor phosphorylation.
CHO-mBR1 cells (6 X 108/dish), metabolically labeled with [*2P]-
orthophosphate, were incubated with 100 nm bombesin for the times
shown. Membranes were prepared, solubilized, and immunoprecipi-
tated with antibody BR1-517 as described in Experimental Procedures.
Top, autoradiogram of the 87-kDa receptor band after SDS-PAGE. To
quantify bombesin receptor phosphorylation, the 87-kDa bands were
cut from the gel, and the associated Cherenkov radiation was mea-
sured in a liquid scintillation counter (bottom).

corporation into the immunoprecipitated receptor because
the antibody could not recognize the receptor after PKC
phosphorylation. In contrast, bombesin markedly stimulated
32PQ, labeling of the receptor, showing that the phosphory-

P-Ser —»

P-Thr —»

P-Tyr —»

Fig. 7. Analysis of phosphorylated amino acids in the bombesin re-
ceptor. CHO-mBR1 cells (6 X 10%/dish), metabolically labeled with
[®2Plorthophosphate, were incubated with 100 nm bombesin for 15 min.
Membranes were prepared, solubilized, immunoprecipitated with anti-
body BR1-517, and subjected to SDS-PAGE. Separated proteins were
electrophoretically transferred from the gel to polyvinylidene difluoride
membranes. The band at 87 kDa was excised and hydrolyzed with 6 N
HCI for 2 hr. The products were subjected to two-dimensional thin layer
chromatography and analyzed by autoradiography as described in
Experimental Procedures. Circles, positions of the nonradioactive
phosphoamino acids added as internal standards.

lation triggered by hormone binding did not block receptor
immunoprecipitation. Therefore, PKC and bombesin must
lead to receptor phosphorylation at distinct sites.

Discussion

In the current study, we investigated the potential role of
receptor phosphorylation in the acute desensitization of the
BR1 bombesin receptor by agonist and by the PKC activator
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Fig. 8. Effect of PKC activation and inhibition on receptor phosphor-
ylation. CHO-mBR1 cells (6 X 10°/dish) were incubated with 32PO, for
3 hr. Either bombesin (BBS) (100 nm) or TPA (100 nm) was then added
to the samples indicated, and the incubation was continued for 15 or 30
min, respectively. Membranes were prepared, solubilized, and immu-
noprecipitated with antibody BR1-517. The immunoprecipitated recep-
tor was subjected to SDS-PAGE and autoradiography: the 87-kDa
receptor band is shown. Top, PKC inhibitor GF109203X (3.5 um) was
added for the last 2 hr of the labeling reaction. Bottom, cells were
incubated with or without 100 nm TPA for 26 hr before metabolic
labeling.

TPA. We show that BR1 is partially phosphorylated under
basal conditions and that both bombesin and TPA stimulate
receptor phosphorylation concomitant with receptor desensi-
tization. However, bombesin-stimulated phosphorylation is
not mediated by PKC, and distinct receptor sites are targeted
for phosphorylation by bombesin- and TPA-stimulated ki-
nases.

We observed that bombesin treatment of Swiss 3T3 cells
led to a biphasic increase in intracellular Ins(1,4,5)P;, as
previously reported (34). Maximal Ins(1,4,5)P; accumulation
was achieved at 5-15 sec of bombesin stimulation and then
declined over the next 15-30 min. Such a biphasic response
in the absence of Li* indicates a decrease in the rate of
phosphatidylinositol bisphosphate hydrolysis in the continu-
ous presence of agonist and is characteristic of receptor de-
sensitization (2). Indeed, after a 5-min exposure of Swiss 3T3
cells to bombesin, a second acute (15 sec) challenge with the
peptide produced no stimulation beyond that remaining from
the first treatment. The residual Ins(1,4,5)Pg stimulation
presumably results from continued receptor occupancy by
bombesin. However, attempts to verify this conclusion by
washing the cells with acid to dissociate prebound bombesin
before the challenge incubation gave inconclusive results: the
acid wash by itself affected Ins(1,4,5)P; formation. Neverthe-
less, the data clearly show that the bombesin receptor is
desensitized.

To facilitate biochemical analysis of receptor phosphoryla-
tion, we stably expressed mBR1 in CHO-K1 cells, a line that
lacks endogenous bombesin receptors but provides an envi-
ronment in which other phospholipase C-coupled receptors
are appropriately desensitized (2). In the resulting clonal

A.
Control TPA
Phosphatase: - + = +
B.
200
° 150
£
o
3 100
°
R
50
Control TPA
Treatment

Fig. 9. Effect of dephosphorylation on receptor immunoprecipitation.
CHO-mBR1 cells were incubated without or with 100 nm TPA for 30 min
at 37°. Membranes were prepared in the presence of phosphatase
inhibitors, incubated with ['25[]GRP(14-27) (0.28 nm), and cross-linked
with 0.1 mm ANB-NOS. Photoaffinity-labeled receptors were solubi-
lized in 1.5 mg/ml deoxycholate and 0.1% SDS and incubated either
without or with bacterial alkaline phosphatase. Samples were then
immunoprecipitated and analyzed by SDS-PAGE and autoradiography
(top). Radioactivity in the 87-kDa bands was quantified with a
Phosphorimager and expressed as a percentage of the untreated con-
trol sample (bottom). Values represent the mean *+ standard deviation
of two experiments.

isolate, named CHO-mBR1, bombesin also elicited a biphasic
stimulation of Ins(1,4,5)P; formation, with [*H]Ins(1,4,5)Pg
levels reaching a peak at 15 sec and then slowly returning
toward basal values. As in Swiss 3T3 cells, pretreatment of
CHO-mBR1 cells with bombesin for 5 min caused partial
desensitization such that the Ins(1,4,5)Pg levels produced in
the second challenge incubation were lower than produced by
the initial stimulation. Furthermore, pretreatment of CHO-
mBR1 cells with TPA also desensitized the Ins(1,4,5)P; re-
sponse to subsequent bombesin stimulation, as previously
reported in other cell types (13, 15, 17, 35). Because bombesin
responsiveness is regulated similarly in CHO-mBR1 and
Swiss 3T3 fibroblasts, the transfected cell line not only serves
as an abundant source of BR1 protein but also provides a
valid model with which to study the mechanisms of bombesin
receptor desensitization.

To rapidly and specifically purify the bombesin receptor,
we raised antibodies to a peptide corresponding to a unique
carboxyl-terminal sequence within BR1. The resulting BR1-
517 antiserum efficiently immunoprecipitated the solubilized
[*2°I-Tyr*]bombesin/receptor complex as well as the photoaf-
finity-labeled 87-kDa receptor protein. Furthermore, recep-
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tor immunoprecipitation was blocked by low concentrations
of the carboxyl-terminal antigen peptide, demonstrating that
the immunoprecipitating antibody recognized this epitope of
the receptor. We concluded that the antibody must be able to
bind unphosphorylated receptor protein because the photoaf-
finity-labeled membrane receptor was immunoprecipitated,
yet the receptor from control cells contained no detectable
32pQ,. However, immunoprecipitation of the receptor from
control cells never exceeded 60% efficiency, even at supra-
maximal antiserum titers, suggesting that a portion of the
receptor population was not recognized by the antibody. Nev-
ertheless, the observation that bombesin markedly increased
the amount of 32PO-labeled receptor in immunoprecipitates
indicated that the antibody also recognized a phosphorylated
form of BR1.

Incubation of either Swiss 3T3 cells or CHO-mBR1 cells
with bombesin elevated receptor phosphorylation within 5
min. In CHO-mBR1 cells, receptor phosphorylation was de-
tectable by 2 min, the earliest time point examined; was
maximal by 15 min; and remained elevated after 30 min of
continuous exposure to agonist. While these studies were in
progress, Kroog et al. (36) reported that bombesin stimulated
the phosphorylation of an epitope-tagged mBR1 transfected
into Balb 3T3 fibroblasts, although they were unable to de-
tect phosphorylation of the endogenous receptor in Swiss 3T3
cells. Interestingly, in their study, the receptor was maxi-
mally phosphorylated within the first minute of bombesin
treatment. This difference in the time course of receptor
phosphorylation could result from differences in the nature
or concentration of the kinases present in Balb 3T3 and
CHO-K1 cells. However, an alternate explanation derives
from the results of experiments with TPA, which indicate
that different phosphorylated states of the receptor are rec-
ognized by the antibodies used in the two studies.

Acute TPA exposure both desensitized bombesin-stimu-
lated Ins(1,4,5)P; formation and enhanced receptor phos-
phorylation. Increased receptor phosphorylation was demon-
strated by the effect of TPA to decrease the efficiency of
receptor immunoprecipitation and by the ability of alkaline
phosphatase treatment of the receptor to reverse this inhibi-
tion. Because the TPA-induced phosphorylation interfered
with antibody binding to the receptor, we did not detect
TPA-stimulated 32P0, incorporation into BR1 with our car-
boxyl-terminal antiserum. In agreement with these conclu-
sions, Kroog et al. (36), using an antibody directed to the
third intracellular loop of BR1, found that TPA did increase
32pQ, labeling of the bombesin receptor. Because their third
loop antibody immunoprecipitated the receptor after both
TPA- and bombesin-induced phosphorylation, Kroog et al.
detected 32P0, labeling of BR1 by both PKC-dependent and
-independent pathways. In contrast, we detected only PKC-
independent 32P0, incorporation into the bombesin receptor.
It is perhaps not surprising, then, that the time course of
bombesin-stimulated phosphorylation seemed to be different
in the two studies. Certainly the temporal sequence in which
different receptor residues are phosphorylated is likely to
have significant physiological consequences and will be an
important area for investigation. Interestingly, the rate of
bombesin-induced BR1 phosphorylation in our study corre-
lates with both the rate of receptor internalization reported
by Kroog et al. (36) and the time course for the decrease in
Ins(1,4,5)P; levels that we observed in the continued pres-
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ence of bombesin. These results therefore indicate that phos-
phorylation may be responsible for receptor desensitization
and/or receptor internalization.

Because our antibody does not recognize the mBR1 recep-
tor phosphorylated after TPA stimulation but does recognize
the receptor phosphorylated by agonist stimulation, it follows
that BR1 phosphorylation must occur at different sites under
these two conditions and that bombesin-induced receptor
phosphorylation is not mediated by PKC. This conclusion is
further supported by our observation that PKC blockade did
not reduce (in fact it enhanced) bombesin-stimulated recep-
tor phosphorylation. Although the kinase or kinases that are
responsible for the PKC-independent phosphorylation of
mBR1 have not been defined, likely candidates are members
of the GRK family (37, 38). GRKs are serine and threonine
kinases that preferentially phosphorylate the agonist-occu-
pied form of seven-transmembrane-domain receptors and
thereby cause receptor/G protein uncoupling (37, 38). The
involvement and specificity of the known GRKs in bombesin
receptor desensitization remain to be determined.

The receptor hyperphosphorylation produced by bombesin
in cells depleted of PKC was unexpected. This apparent hy-
perphosphorylation may result from the selectivity of our
antibody for different phosphorylation states of the receptor.
Because alkaline phosphatase treatment increased immuno-
precipitation of receptors from control as well as TPA-treated
cells, we concluded that even in the basal state, BR1 was
partially phosphorylated at a “PKC” site and that this phos-
phorylation could reduce the efficiency of receptor immuneo-
precipitation. When PKC is inhibited, basal receptor phos-
phorylation at this site must be reduced, enabling more of
the receptor to be immunoprecipitated. Therefore, even if
bombesin-stimulated receptor kinases could phosphorylate
“PKC site”-phosphorylated and -unphosphorylated receptors
equally well, increased immunoprecipitation of the latter
would augment 3?PO, labeling of the immunoprecipitated
receptor in PKC-depleted cells. However, such a technical
explanation is less likely because Kroog et al. also observed
increased bombesin-induced 3?PQ, incorporation into the re-
ceptor in PKC-depleted cells and their antibodies did not
exhibit the same selectivity for different phosphorylation
states of the receptor as did ours (236). An alternate expla-
nation for the receptor hyperphosphorylation observed in
cells depleted of PKC is that phosphorylation at the “PKC”
site makes the receptor a poorer substrate for a receptor
kinase. This mechanism has recently been shown to explain
the in vitro phosphorylation of the m1 muscarinic receptor,
which also couples to phospholipase C via the G, family of G
proteins (39). Haga et al. (39) showed that purified m1 recep-
tors were phosphorylated by GRK2 and PKC at distinct,
mutually exclusive sites: GRK2 phosphorylated the receptor
in the third intracellular loop, whereas PKC targeted sites in
the carboxyl-terminal tail. Furthermore, the order of phos-
phorylation by the two kinases affected the stoichiometry of
receptor phosphorylation. Prior phosphorylation of m1 recep-
tors by PKC attenuated subsequent phosphorylation by
GRK2 (39). A similar interaction would account for the po-
tentiation of agonist-stimulated bombesin receptor phosphor-
ylation in PKC-depleted cells. Therefore, such cross-talk be-
tween G protein receptor kinases and second messenger-
regulated protein kinases may generally be used by cells to
precisely control receptor function. Clearly, identification of
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the receptor residues phosphorylated will be a necessary first
step toward determining the functional significance of BR1
phosphorylation and the nature of the interaction between
the multiple kinases apparently involved. The results from
such an analysis will undoubtedly be complex; our observa-
tion that bombesin increases receptor phosphorylation on
both serine and threonine residues shows that the PKC-
independent pathway by itself leads to receptor phosphory-
lation on multiple sites.

Although our results do not identify the receptor sites
phosphorylated, they suggest a likely possibility: that amino
acids within the antibody epitope are modified by PKC acti-
vation. Phosphorylation of individual amino acids can dra-
matically alter the binding of site-specific antipeptide anti-
bodies (40). In fact, such phosphorylation state-dependent
antibodies have been successfully exploited to study the func-
tional significance of receptor phosphorylation (40-42). The
antigen peptide that we used to generate our bombesin re-
ceptor antibodies contains serine/threonine within a poten-
tial PKC consensus site (RxxSTxR) (43). Furthermore, a car-
boxyl-terminal region of the receptor containing this site has
been implicated in receptor endocytosis (44). Although addi-
tional studies will be required to determine whether our
antibody binds directly at a PKC phosphorylation site, the
availability of a phosphorylation state-dependent antibody
will undoubtedly be useful in examining the functional im-
portance of both PKC-dependent and -independent pathways
of BR1 phosphorylation.

In conclusion, we demonstrated that bombesin leads to the
rapid phosphorylation of its receptor on both serine and
threonine residues. Although PKC activation also increases
receptor phosphorylation, the phosphorylation induced by
bombesin occurs independent of PKC, and distinct receptor
sites are targeted in the two pathways. Because PKC-medi-
ated phosphorylation prevents our carboxyl-terminally di-
rected antibody from recognizing the receptor, we suggest
that a likely target for TPA-stimulated receptor phosphory-
lation will be within the antibody epitope. The role of this and
other phosphorylation sites in bombesin receptor regulation
remains to be determined.
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