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ABSTRACT. Recent studies show that tyrosine phosphorylation by a number of neuropeptides may be an
important intracellular pathway in mediating changes in cell function, particularly related to growth.
Neuromedin B (NMB), a mammalian bombesin related peptide, functions through a distinct receptor, the
neuromedin B receptor (NMB-R), of which little is known about its cellular basis of action. In the present
study we explored the ability of NMB-R activation to cause tyrosine phosphorylation of focal adhesion
kinase (p125*), an important substrate for tyrosine phosphorylation by other neuropeptides. NMB caused
rapid increases in p128¢ phosphorylation which reached maximum at 2 min in both rat C6 glioblastoma
cells which possess native NMB-Rs and rat neuromedin B receptor (NMR-R) transfected BALB 3T3
cells. NMB had a half-maximal effect was at 0.4 nM and was 30-fold more potent than gastrin-releasing
peptide (GRP). The stoichiometric relationships between increased§18&osine phosphorylation

and other cellular processes was similar in both C6 cells and rNMB-R transfected cells. TR (1
caused 45% and the calcium ionophore, A23187, 11% of maximal tyrosine phosphorylation &fp125
seen with NMB. A23187 potentiated the effect of TPA. Pretreatment with the selective PKC inhibitor,
GF109203X, inhibited TPA-induced p12% tyrosine phosphorylation, but it had no effect on the NMB
stimulation. Pretreatment with thapsigargin completely inhibited NMB-stimulated increases?ir};[Ca

but had no effect on NMB-stimulation of p12% phosphorylation either alone or with GF109203X.
The tyrosine kinase inhibitor, tyrphostin A25, inhibited NMB-induced phosphorylation of B 2%y

52%. However, tyrphostin A25 did not inhibit NMB-stimulated increases®Hjifiositol phosphates.
Cytochalasin D, an agent which disrupts actin microfilaments, inhibited BN- and TPA-induced tyrosine
phosphorylation of p12%X completely. In contrast, colchicine, an agent which disrupts microtubules,
had no effect. Pretreatment with Clostridium botulinum C3 exoenzyme which inactivates the small GTP-
binding proteinrho p21, also inhibited tyrosine phosphorylation of p#25by 55%. These results
demonstrate that activation of NMB-R can cause rapid tyrosine phosphorylation ofA128MB-
induced tyrosine phosphorylation of p¥25 is independent of NMB-induced changes in {aor PKC.

The integrity of the actin cytoskeleton but not of microtubules is necessary for NMB-stimulated
phosphorylation of p12%X. The ras-related small GTP-bhinding proteio p21 is at least partially involved

in mediating NMB-induced tyrosine phosphorylation of p#25 These results suggest that similar to
some other neuropeptides, activation of this pathway may be an important mechanism in mediating cellular
changes by this receptor such as growth.

The mammalian bombesin (Bn)-related peptides gastrin- various tumor tissues such as small cell lung cancer, prostatic
releasing peptide (GRP) and neuromedin B (NMB) have cancer cells, hepatocellular cancer, and breast cader (
effects in many diverse cell system$):( in the central 23—25). NMB has been shown to stimulate growth of small
nervous system (thermoregulation, thyrotropin release, regu-cell lung cancer cells C6 glioma cells, BALB 3T3 cells

lation of circadian rhythm, regulation of appetit@-5); in transfected with the rat NMB receptor, and adrenal cortical
the immune system (stimulation of macrophage migration, cells (19—22).

regulation of lymphocyte activity)§ 7); in development The actions of the mammalian Bn-related peptides, GRP
(pulmonary budding, stimulation of chondrocyte8)9); in and NMB, are now known to be mediated by two different

the gastrointestinal tract (smooth muscle contraction, Stimu-subtypes of Bn receptors, a gastrin-releasing peptide receptor
lation of pancreatic secretion),(10, 11); stimulation of the  (GRP receptor) and a recently described neuromedin B
release of numerous hormond2¢14). Bombesin-related  receptor (NMB receptor), which are members of the seven
peptides also have potent growth effects in normal and transmembrane G protein linked receptor superfan2iéy
tumorous tissuesl(15-22). Gastrin-releasing peptide has  29). These receptors are coupled in all tissues examined to
been shown to stimulate the gl'OWth of both normal tissues phospholipase C, through heterotrimetric G proteins and
(Swiss 3T3 cells, bronchial endothelial cells, pulmonary activation results in increase in inositol phosphates and
neuroendocrine cells, uterine stromal celldp€18) and  consequently mobilization of intracellular €and activation

of PKC (15, 21, 22, 30—33). The phospholipase C cascade

® Abstract published i\dvance ACS Abstract®ecember 1, 1997.  has been extensively studied particularly in the case of the
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GRP receptor; however, recent studies suggest similar toTris and glycine from Schwarz/Mann Biotech, Cleveland,
other neuropeptides, tyrosine phosphorylation of various OH; ethylenediaminetetraacetic acid (EDTA), bacitracin,
proteins may be an important intracellular casc&e-G6). soybean trypsin inhibitor (SBTI), dimethyl sulfoxide (DMSO),
Recent studies show that a number of neuropeptidestriton X-100 from Sigma, St. Louis, MO; phenylmethane-
including angiotensin, bombesin, vasopressin, endothelin, angsulfonyl fluoride (PMSF) from Fluka, Ronkonkoma, NY;
bradykinin can cause tyrosine phosphorylation of multiple bovine serum albumin (BSA) fraction V from Miles Inc.,
proteins, including broad bands bf. 110006-130000 and ~ Kankakee, IL; aprotinin, leupeptin and 4-[2-hydroxyethyl]-
70000-80000 B7—41). A number of studies show that a 1-piperazineethanesulfonic acid (Hepes) from Boehringer
novel cytosolic tyrosine kinase, focal adhesion kinase Mannheim Biochemicals, Indianapolis, IN; goat anti-mouse
(p1254K), is a major component of these tyrosine phospho- 19G-peroxidase conjugated and IODO-GEN from Pierce,
rylated proteins and that it is localized to the cellular focal Rockford, IL; sodium dodecyl sulfate (SDS), 2-mercapto-
adhesion plaqued, 41-43). In addition to neuropeptides,  €thanol and protein assay dye reagent from BIO-RAD,
integrin activation by cell attachment to fibronectin causes Richmond, CA; Hyperfilm ECL and enhanced chemilumi-

an increase of tyrosine phosphorylation of multiple proteins nNescence detection reagents and?Aldrom Amersham,

including p1254K (44—48), and src transformation also
results in an increase in p12% tyrosine phosphorylation

Arlington Heights, IL. myo[2-3H]inositol (22.9 Ci/mmol)
from Dupont NEN, Boston, MA; BALB/3T3 fibroblasts and

(45, 49). These results suggest that tyrosine phosphorylation rat glioblastoma C-6 cells were obtained from the American

of p1254X is a point of convergence in the action of
integrins, oncogenes, and some neuropeptigi@s (1254
seems to play an important role in different kinds of cell

Type Culture Collection, Rockville, MD; nitrocellulose
membrane from Schleicher & Schuell, Keene, NH; and
fura-2 acetoxymethyl ester (fura-2/AM) was from Molecular

regulation such as adhesion, shape, motility, and in the case’robes, Eugene, OR. Standard buffer consisted of 98 mM

of the neuropeptides, it may be particularly important in

NaCl, 6 mM KCI, 25 mM HEPES, 5 mM pyruvate, 5 mM

mediating growth effects. Recent studies show with some fumarate, 5 mM glutamate and 0.1% soybean trypsin

stimuli of tyrosine phosphorylation of these two proteins that
the integrity of the actin cyloskeleton and the participation
of the ras-related small GRP-binding protein {12(50, 51)
may be important for this stimulation.

The ability of GRP receptor activation to stimulate tyrosine
phosphorylation particularly of p128¢ and paxillin and its

inhibitor.
METHODS

Growth of the Rat Glioblastoma Tumor C-6 Cell Line and
Transfected BALB 3T3 CellsAs described previoush3(0),
BALB 3T3 cells expressing a stably transfected rat NMB

relationship to other intracellular signaling cascades causedreceptor were obtained using calcium phosphate precipitation

by this activation has been extensively studigd—<39, 51,
52). In contrast very little is known about the ability of the
NMB receptor to activate tyrosine phosphorylation. A recent

of a full length NMB-preferring bombesin receptor clone
generated from rat esophagus and subcloned into modified
version of the pCB plasmid £8). Cells were maintained

study reports NMB receptors transfected into rat-1 cells can jn pMEM containing 10% fetal bovine serum plus 300/

cause p128X tyrosine phosphorylatior2@). It is unknown

mL G-418, and passaged every-8 days at confluence,

whether native NMB receptors can cause tyrosine phospho-ysing 0.1% trypsin in 1 mM EDTA. Rat glioblastoma C-6

rylation or phosphorylation of p125¢. It is unclear if NMB
receptor activation causes pI25tyrosine phosphorylation

in nontransfected cells, whether NMB-induced PKC activa-
tion or changes in cytosolic calcium are involved in this
stimulation. It is also unclear whether cytoskeletal compo-
nents or small GTP-binding proteins are important in the
stimulation of the p12%X tyrosine phosphorylation mediated
by NMB receptor activation, as they are with a number of
other stimuli 60—57). The present study was aimed at
addressing these issues.

MATERIALS

Neuromedin B (NMB), porcine gastrin-releasing peptide
(GRP), and [Tyflbombesin were obtained from Peninsula
Laboratories, Belmont, CA; antifocal adhesion kinase
(p1254X) antibody from Transduction Laboratories, Lex-

ington, KY; agarose conjugated anti-phosphotyrosine Ab

clone 4G10, Upstate, Lake Placid, NY; bzetrade-

tumor cells were maintained in DMEM containing 10% fetal
bovine serum and were passaged weekly at confluence. All
cell lines were cultured at 37C in a 5% CQ atmosphere.

Immunoprecipitation. Quiescent and confluent cultures
of cells in 100-mm dishes were preincubated twice with
DMEM for 1 h, treated with NMB and TPA at the
concentrations indicated, and lysed at@in 1 mL of a
solution containing 50 mM Tris/HCI, pH 7.5, 150 mM NaCl,
1% Triton X-100, 1% deoxycholate, 0.1% (w/v) NgNL
mM EGTA, 0.4 mM EDTA, 2.5ug/mL aprotinin, 2.5ug/
mL leupeptin, 1 mM PMSF, and 0.2 mM B\O,. Lysates
were centrifuged at 150@0for 15 min. The supernatants
were incubated with 1%L of agarose conjugated anti-
phosphotyrosine mAb overnight at 4°C. The immunopre-
cipitates were washed three times with PBS and further
analyzed by SDS-PAGE and Western blotting.

Western Blotting.Immunoprecipitates were fractionated
by SDS-PAGE, and the proteins were then transferred to

canoylphorbol 13-acetate(TPA), cytochalasin D, deoxycholic nitrocellulose membranes. Membranes were blocked over-

acid, colchicineClostridium botulinunC3 exoenzyme, and
tyrphostin A25 from Calbiochem, La Jolla, CA, thapsigargin
and GF109203X from Biomol, Plymouth Meeting, PA,

night at 4°C using blotto (5% nonfat dried milk in a solution
containing 50 mM Tris/HCI pH 8.0, 2 mM Cag 180 mM
NaCl 0.05% (v/v) Tween 20, 0.02% (w/v) NgNand

phosphate buffer saline (PBS), pH 7.4, and Waymouth's MB incubated for 23 h at 22°C with 1 ug/mL anti-p1254«

752/1 medium from Biofluids, Rockville, MD; Dulbecco’s
modified essential media (DMEM), fetal bovine serum, and
the aminoglycoside G-418 were from Gibco, Waltham, MA;

antibody. The membranes were washed twice for 10 min
with blotto and incubated for 40 min at ZZ with anti-
mouse lgG-horseradish peroxidase conjugate. The mem-
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brane were finally washed 4 times for 10 min with washing
solution (50 mM Tris/HCI pH 8.0, 2 mM Cagl 80 mM
NaCl 0.05% (v/v) Tween 20, 0.02% (w/v) NgN\incubated
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rNMB-R TSF cells

with enhanced chemiluminescence detection reagents (ECL)

for 60 s and exposed to Hyperfilm ECL for up to 10 min.
The density of bands on the film were measured using a
scanning densitometer (Molecular Dynamics, Sunnyvale,
CA).

Binding of*?3-[DTyr°NMB to rNMB-R Transfected and
C-6 Cells. 34-[DTyr°]NMB (2200 Ci/mmol) was prepared
as described previousI6, 30, 32). Binding studies using
rat glioblastoma C-6 cells or NMB-R-transfected cells were
performed as described previouslg0( by suspending
disaggregated cells in binding buffer (standard buffer ad-
ditionally containing 1 mM MgCJ, 2.2 mM KHPQ, 2 mM
glutamine, 11 mM glucose, 0.1% (w/v) bacitracin, and 0.2%
(w/v) bovine serum albumin (pH 7.4)). NMB-R-transfected
cells were suspended at a concentration of 1.0° cells/

mL, whereas C-6 cells were suspended at a concentration

of 15 x 1(f cells/mL. Incubations contained 50 pMA-
[DTyr°INMB for 30 min at 22°C. Nonsaturable binding of
129-[DTyr°INMB was the amount of radioactivity associated
with C-6 cells or NMB-R-transfected cells when the incuba-
tion mixture contained kM NMB. Nonsaturable binding
was <15% of total binding in all experiments, and all values
in this paper are reported as saturable binding (i.e., total
minus nonsaturable binding).

Measurement of Inositol PhosphateSells were split 1:4
into 24-well plates and grown to confluence in regular
medium and then loaded withy&i/mL myo[2-3H]inositol
in Dulbecco’s modified essential medium supplemented with
2% fetal bovine serum at 3T for 24 h. Cells were washed
and incubated for 15 min with phosphoinositide buffer
(standard buffer additionally containing 10 mM LiCl, 2 mM
CaCl, 2% bovine serum albumin, and 1.2 mM Mgg@nd
were then incubated with varying concentrations of NMB
for 60 min at 37°C. Reactions were halted by using 1%
HCI in methanol. Total3H]inositol phosphates were isolated
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FiGUrRE 1: Time course of NMB stimulation of p12%¢ tyrosine
phosphorylation in rNMB-R transfected BALB 3T3 cells and C6
rat glioblastoma cells. rNMB-R transfected BALB 3T3 cells
(rNMB-R TSF cells) and C6 rat glioblastoma cells (C6 cells) were
treated for various times as indicated with QNI NMB and lysed.
Tyrosine phosphorylation of p128¢ was analyzed by immuno-
precipitation using phosphotyrosine mAb. Immunoprecipitates were
analyzed by SDS-PAGE followed by transfer of proteins to
nitrocellulose membrane. Phosphorylated pgt85was detected
using anti-p125¥ mAb and chemiluminescent detection as
described in Methods. In the top panel are shown results from a
representative experiment with each cell type. These results are
representative of at least three others. In the bottom panel is shown
the quantitation from five experiments in rNMB-R transfected
BALB 3T3 cells. Quantitation was performed using scanning
densitometry, and values are the mea&®E (h = 5) expressed as

the percentage of the maximal increase above the control unstimu-
lated values at 10 min. The maximal increase in [i22%yrosine
phosphorylation in rINMB-R transfected cells was 5:40.8 fold

over the pretreatment level and 3t90.8-fold in C6 cells § = 5).

RESULTS

by anion exchange chromatography, as described previously NMB (0.1 M) stimulated a rapid increase in p125%

(59, 60).
Measurement of [CA];. Cells were mechanically dis-

tyrosine phosphorylation of 5.4 0.8-fold in rNMB-R
transfected 3T3 cells and 39 0.8-fold in C6 cells (Figure

aggregated, resuspended in binding buffer at a concentrationt) With maximal stimulation occurred at 2 min. Stimulation

of 2 x 1 cells/mL containing 2uM fura-2/AM, and
incubated at 22C for 45 min. After loading with fura-2,
cells were washed three times in binding buffer. For
measurement of [C4];, 2 mL samples were placed in quartz
cuvettes in a Delta PTI Scan-1 spectrometer (PTI Instru-

ments, Gaithersburg, MD). Fluorescence was measured ai

500 nm after excitation at 340 nrir4s)and 380 nm K3sg).
Autofluorescence of unloaded cells was subtracted from all
measurements. [€F; was calculated according to the
method of Grynkiewicz et al6(), using the formula [CH];

= Kg X (R — Rnin) (Rnax — Rmin) x Sf/Sh whereKq is the
affinity of fura-2 for C&", determined to be 225 nM in our
experimentsR = Fz4oFsgpand is the ratio of the fluorescence
with the two excitation wavelength®max is Fszad/Faso in
saturated Cd environment after the addition of 0.1% Triton
X-100 and 10 mM calciumRyin is the fluorescence ratio at
virtually zero calcium after addition of 25 mM EGTAfis
the Fago at zero calcium an8bis theFsgo at saturated [Cd];.

was maintained for at least 20 min in both rNMB-R
transfected cells and C6 cells (Figure 1). In preliminary
studies with longer incubation periods 30 min) NMB-
stimulated p125¥ phosphorylation decreased (data not
shown). NMB caused a detectible increase at 10 pM, half
aximal effect at 0.43t 0.31 nM and maximal effect at
00 nM (Figure 2). GRP was 26-fold less potent than NMB
causing a half maximal effect at 4 20 nM (Figure 2).
Similar results were obtained in C-6 glioblastoma cells (not
shown). We compared the ability of various concentration
of NMB to alter p125”X tyrosine phosphorylation, stimulate
increases in [CA];, and cause the generation éfi[inositol
phosphates in INMB-R transfected cells and C6 cells with
its ability to occupy the NMB receptor (Figure 3). In
rNMB-R transfected BALB 3T3 cells, NMB caused de-
tectible receptor occupation at 0.1 nM, half-maximal receptor
occupation at 3.0 nM, and maximal occupation at AND
(Figure 3, top). The NMB doseresponse curve for genera-
tion of inositol phosphates was identical to that for receptor
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FiIGURE 2: Ability of NMB and GRP to stimulate p123K tyrosine 40+ ~— Receptor Occupation

phosphorylation in rNMB-R transfected cells. Quiescent rINMB-R
transfected BALB 3T3 cells grown to confluence in 100 mm dishes 20
were treated with various concentration of NMB and GRP for 10
min and pl125°K tyrosine phosphorylation was determined by
immunoprecipitation and Western blotting as described in Figure -10 -9 -8 -7 -6
1 legend. The top two panels show the results with no additions or
various concentrations of GRP and NMB from one experiment CONCENTRATION (log M)
representative of four others. In the bottom panel is shown the FIGURE 3: Relationship between the ability of NMB to occupy
quantitation of p128 tyrosine phosphorylation performed using NMB receptors and stimulate p12% tyrosine phosphorylation and
scanning densitometry. Values are the mearSE ( = 4) other intracellular responses in INMB-R transfected cells (top) and
expressed as the percentage of maximal increase causedMy 1  C6 cells (bottom). rNMB-R transfected BALB 3T3 cells and C6
NMB above the control unstimulated values. The maximal increase rat glioblastoma cells were treated with various concentrations of
(1 «uM NMB) was 5.44 0.1 fold in the rNMB-R transfected cells.  NMB for 10 min at 37°C and p125% tyrosine phosphorylation
determined as described in Figure 1 legend. Results are expressed
as the percentage of the maximal increase causedudy IIMB.

; ; The maximal increase in p12% tyrosine phosphorylation was 5.4
occupation (Figure 3, top). The deseesponse curve of + 0.1-fold in INMB-R transfected cells and 30 0.8-fold in C6

tyrosine phosphorylation of p125¢ was to the left of that  cejis. The ability of NMB to inhibit binding of 75 pM2SI-[DTyr9-
for binding and generation of inositol phosphates with a half- NMB to rNMB-R transfected cells and C6 cells was determined at
maximal effect at 0.4 nM. The doseesponse curve for 37 °C after a 30 min incubation. Results are expressed as the
NMB-stimulated increases in [€4; was further to the left perce”ttagt‘? of rf":ceptorls O.CCUtF?I'Ed d(tf'ak?g'.f.s) with a given NMB

: : 3 : . concentration after analyzing the desehibition curves using a
with NMB having a half maXImaI effect a_t 0.1nM. Identical least-square curve-fitting program, LIGANDZ). Parallel cultures
results were obtained with C-6 cells (Figure 3, bottom). were preloaded with 2M fura-2/AM and [C&"]; (open squares)

NMB receptor activation of phospholipase C results in determined as described in Methods. The peak increase #i][Ca
increases in both protein kinase C (PKC) and changes in aat each NMB concentration was determined, and results were

: : expressed as the percentage of the maximal increase caused by 1

Cytpso!lc CaIfC|um £L 25’ 3;]0’ 32’h62’ 63). T?dsele Wh%&;gr uM NMB. Control and 1uM NMB stimulated [C&"]; were 100+
activation of one or both pathways could alter p 10 nM and 360+ 40 nM, respectively, for INMB-R transfected
tyrosine phosphorylation we compared the ability of the cells (W = 6) and 100+ 10 nM and 367+ 36 nM for C6 cells,
phorbol ester TPA and the calcium ionophore A23187 to respectively § = 5). Parallel cultures were incubated withyo
cause p128K phosphorylation in INMB-R transfected cells ~ [2-*Hlinositol for 24 h, washed, and incubated either alone or with
(Figure 4). TPA (0.1uM) caused 33t 2.4% of the maximal various concentration of NMB for 60 min at 37°CH]Inositol
stimulation of p125% tyrosine phosphorylation caused by

phosphates were determined (closed squares) as described in
NMB (0.1 «M). However, calcium ionophore A23187 (0.1

methods. Results are expressed as the percentage of the maximal
increase caused by NMB. Control and 1uM NMB-stimulated

uM) caused only 11+ 2.6% of the maximal stimulation

caused by NMB (0.1uM) (Figure 4). A 10-fold higher

[®H]Inositol phosphates were 95@0500 dpm and 12300& 2100
dpm, respectively, for INMB-R transfected celfs< 4) and 8200
concentration of A23187 (M) caused no greater stimula- 3700 dpm and 6800& 1400 dpm, respectively for C6 cells &
tion. Stimulation with both TPA and A23187 increased
p125#K tyrosine phosphorylation to 63 3.8% of the pl125#K, TPA alone caused tyrosine phosphorylation of
stimulation caused by NMB (0.&M), which was signifi- p125AK with a half-maximal effect at 24t 5.6 nM and
cantly greater than the sum of the values obtained with eachmaximal effect at M (Figure 5). When A23187 (0.2M)
alone (634 3.8 vs 45+ 3.8,p < 0.05) (Figure 4). was present, TPA caused maximal tyrosine phosphorylation
To determine whether A23187 was only potentiating the of p1254¥ at 1uM, which was 66% higher than TPA alone.
efficacy of TPA or whether it was also increasing the potency In the presence of A23187 (04M), TPA had a half-
of TPA, we examined the effect of A23187 on the dese  maximal effect at 4.6t 0.5 nM which indicated TPA was
response curve of TPA-induced tyrosine phosphorylation of significantly more potent in the presence than absence of

PHIP

| | | |
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Ficure 4: Effect of the calcium ionophore, A23187, and the
phorbol ester, TPA, on stimulation of p12% tyrosine phospho-
rylation in rNMB transfected BALB 3T3 cells. rINMB-R transfected
BALB 3T3 cells were treated with the indicated agents for 10 min
at 37°C and p125°K phosphorylation determined as described in

Figure 1 legend. Results shown at the top are from one experiment

representative of four others. In the bottom panel is shown the
guantitation of p128¥ tyrosine phosphorylation determined by
scanning densitometry. The values are the meh8& ( = 5)
expressed as percentage of the maximal increase if{}18&osine
phosphorylation caused by M NMB above control which was

a 5.4+ 0.8-fold increase over the untreated control.
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Ficure 5: Effect of the calcium ionophore, A23187, on the dese
response curve of TPA-induced tyrosine phosphorylation of %25
rNMB-R transfected BALB 3T3 cells were treated with the
indicated concentration of TPA with or without QM A23187
for 10 min at 37°C and p125* phosphorylation determined as
described in Figure 1 legend. Values are the meg8E ( = 4)
expressed as the percentage of maximal increase causedMy 1
TPA alone above the control unstimulated values with no A23187
present which was a 22 0.3-fold increase.

A23187 (i.e., EGy 4.6 + 0.5 vs 24+ 5.6 nM, p < 0.05).
To determine whether PKC activation might be involved

in mediating the NMB-stimulated changes in p¥25
tyrosine phosphorylation, we examined the effect of
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Ficure 6: Effect of the selective PKC inhibitor, GF109203X, on
p1254K tyrosine phosphorylation. INMB-R transfected BALB 3T3
cells (top) and C6 cells (bottom) were pretreated¥d either in

the absence or presence @il GF109203X. Control cells received

an equivalent volume of solvent. Cells were then incubated for a
further 10 min with no additions (control), with 0;AM NMB or

with 0.1 uM TPA. p125AK phosphorylation was determined as
described in Figure 1 legend. The top panel shown a single
experiment representative of two others. In the lower panel is shown
the quantitation of p12%3X tyrosine phosphorylation determined
by scanning densitometry. The values are m&&SE from three
experiments and are expressed as percentage of the maximal
phosphorylation caused by TPA or NMB above the control level.
NMB (0.1 uM) caused a 5.4- 0.8—fold increase over untreated
cells in rNMB-R transfected cells and 349 0.8-fold in C6 cells.
TPA (0.1uM) caused a 2.4 0.4-fold increase over untreated cells

in INMB-R transfected cells and 18 0.2-fold in C-6 cells ( =

3).

Alone +GFX

by 0.1 uM TPA stimulation (Figure 6 top). However,
GF109203X did not alter NMB stimulation of tyrosine
phosphorylation of p12%X in either rINMB-R transfected
cells or C6 cells (Figure 6).

To determine whether NMB-induced changes in3Qa
were important in mediating the ability of NMB to stimulate
tyrosine phosphorylation of p12%¢, we examined the effect
of thapsigargin, which inhibits microsomal €aATPase and

GF109203X, a staurosporine-related compound which is adepletes intracellular calcium store®85) (Figure 7). The

selective inhibitor of PKC &4) (Figure 6). In C6 cells
pretreatment with xM GF109203X caused almost complete
inhibition (90 & 7%) of TPA-stimulated tyrosine phospho-
rylation of p1254K (Figure 6, bottom). In rNMB-R trans-
fected cells pretreatment with @M GF109203X for 1 h
causes a 76 8% decrease in the phosphorylation of p¥#5

addition of thapsigargin for 30 min prior to NMB stimulation
completely inhibited the ability of NMB to stimulate changes
in [Ca&"]; (Figure 7, insert). However, thapsigargin had no
effect on the NMB-stimulated increase in pf25tyrosine
phosphorylation (Figure 7). Furthermore, thapsigargin had
no effect on TPA-induced p125¢ tyrosine phosphorylation.
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Ficure 7: Effect of the thapsigargin alone or with GF109203X
on p125AK tyrosine phosphorylation. INMB-R transfected BALB
3T3 cells were pretreatedrfd h at 37°C either in the absence or
presence of 5uM GF109203X. During the final 30 min of
pretreatment, 0.4M thapsigargin was added to one-half the cells.
Control cells received an equivalent volume of DMSO. Cells were
then incubated for a further 10 min with no additions (control),
with 0.1xM NMB or with 0.1 uM TPA. p1254K phosphorylation
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Ficure 8: Effect of Tyrphostin A25 on NMB- and TPA-stimulation

of p125*K tyrosine phosphorylation in rNMB-R transfected BALB
3T3 cells. INMB-R transfected BALB 3T3 cells were incubated
for 18 h in DMEM/Waymouths medium in the absence or presence
of 20 uM tyrphostin A25. Cells were then incubated for a further
10 min either in the presence of 1 nM NMB or uM TPA.
p125AK tyrosine phosphorylation was determined as described in
Figure 1 legend. In the top panel is shown the results from one
experiment representative of two others. In the lower panel is shown
the quantitation of p12%3X tyrosine phosphorylation determined
by scanning densitometry. The values are me&&E from three
experiments. Results are expressed as percentage of the maximal

was determined as described in Figure 1 legend. The top panelphosphorylation which was induced by 1 nM NMB which was a
shows a single experiment representative of two others. In the lower3.2 & 0.5-fold increase over untreated cells.

panel is shown the quantitation of pI25 tyrosine phosphorylation
determined by scanning densitometry. The values are mH

from three experiments and are expressed as percentage of th

phosphorylation caused by QM NMB above the control level.
NMB (0.1 «M) caused a 4.% 0.6-fold increase over the untreated
control (0 = 3). Inset. Effect of thapsigargin on NMB-induced
changes in [CH]; in rINMB transfected cells. Fura-2 loaded cells
were incubated in the absence of presence ofiMthapsigargin

for 30 min, and then 1uM NMB was added. [CH]; was
continuously measured in a spectrofluorimeter as described in
Methods. This result is representative of three others.

Pretreatment with M GF109203X f@ 1 h and addition
of 0.1 uM thapsigargin had no effect on NMB-induced
tyrosine phosphorylation of p12%¢, however it inhibited
TPA-induced pl128K tyrosine phosphorylation by 57%
(Figure 7).

Tyrphostins are reported to be specific inhibitors of
tyrosine kinasesg6—68), and thus we examined the effect
of tyrphostin A25 on phosphorylation of p12% by NMB
and TPA in rNMB-R transfected cells (Figure 8). Pretreat-
ment with 20uM tyrphostin A25 inhibited by 100% TPA-
stimulated-increases and by 52 2% NMB-stimulated
increases in p125X tyrosine phosphorylation (Figure 8).
Preincubation with 2QtM tyrphostin A25 under identical
conditions to those that inhibited pI2% tyrosine phospho-

phosphorylation. Cytochalasin D inhibited both the NMB

@nd TPA stimulation of p123X tyrosine phosphorylation

completely (Figure 9, top). In contrast to the effect of
cytochalasin D, pretreatment with Q.81 colchicine had no
effect on either NMB- or TPA-stimulation of p12%
tyrosine phosphorylation (Figure 9, bottom).

The small GTP-binding protein, p?1 is required for
growth factor-induced formation of stress fibers and focal
adhesions&1, 72, 73). To determine whether this small GTP
binding protein could be involved in the ability of NMB to
stimulate tyrosine phosphorylation of pI25%, we examined
the effect ofClostridium botulinunC3 exoenzyme on NMB-
stimulated changes in p12% tyrosine phosphorylation
(Figure 10). Clostridium botulinunC3 exoenzyme has been
shown to cause ADP ribosylation of pZwhich inactivates
p21ho (74-76). Pretreatment with the C3 exoenzyme
inhibited by 55+ 11% the NMB-stimulated increase in
tyrosine phosphorylation of p125¢ in rINMB-R transfected
cells (Figure 10).

DISCUSSION

A number of results in the present study demonstrate that
NMB receptor activation can stimulate tyrosine phosphory-

rylation had no effect on the generation of inositol phosphates lation of the focal adhesion kinase pf25. In both the

stimulated by NMB. Tyrphostin A25 preincubation neither

changed the efficacy nor the potency of NMB for stimulating

changes inJHJinositol phosphates (data not shown).
Previous studies shows that the integrity of the cytoskel-

eton, and particularly the actin filament network is important

for the stimulation of p12%X tyrosine phosphorylation by

a number of agents6p—55). We examined the effect of

cytochalasin D, an agent that disrupts actin filame68) (

and colchicine, an agent that disrupts microtubu¥ 71)

on NMB- and TPA-stimulated changes in pf25tyrosine

rNMB-R transfected cells and C6 rat glioblastoma cells
which contain native NMB receptors2@ 32), NMB
stimulated a rapid increase in tyrosine phosphorylation of
p1254K. Phosphorylation of p125% by NMB in each cell
type occurred over a similar concentration range to that
caused by NMB in other well-studied changes in cell function
such as increases in [€3 (22, 30, 32, 63, 77). GRP also
caused tyrosine phosphorylation of pf25in rNMB-R
transfected cells, but NMB was 30-fold more potent than
GRP for stimulation of p12%X tyrosine phosphorylation.
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0 i, A Niorrass NMB stimulation of p125K tyrosine phosphorylation in rNMB-R
Cytochalasin D - + - + - + transfected BALB 3T3 cells. INMB-R transfected cells (k8.0°
per 35 mm dish) were cultured in 2 mL of DMEM supplemented
120 r I I I I with 10% fetal bovine serum for 48 h, and then C3 exoenzyme (at
° 100 —Ns— 7.5ug/mL) was added. After a additional 48 h of culture the cells
£5 T Z 1 were washed twice with DMEM and then incubated in DMEM/
8= 80l NS | Waymouths (1:1, v/v) in the presence or absence of C3 exoenzyme
== ’7 —‘ at 15ug/mL for 24 h more. Cells were then incubated for a further
'; S 60l T 10 min in the presence or absence NMB (0.5 nM). i12%yrosine
T a I phosphorylation was determined as described in Figure 1 legend.
0o 40t 7R In the top panel is shown the results from one experiment
2o representative of two others. In the lower panel is shown the
20+ . quantitation of p128 tyrosine phosphorylation determined by
VTA VT 2 / scanning densitometry. The values are mes®E from three
: " fheceacdd " Leaeee n experiments. Results are expressed as percentage of the maximal

Colchicine | - Il || | phosphorylation which was induced by 0.5 nM NMB in cells not

treated with C3 exoenzyme which was a £ 70.4-fold increase.

Control  NMB 1nM TPA 0.1uM

Ficure 9: Effect of cytochalasin D or colchicine on NMB- and a5 further to the left by approximately 1/2 of a log unit.

TPA-stimulation of p125* tyrosine phosphorylation. rNMB-R .
transfected BALB 3T3 cells were treatedrf@ h either in the These results demonstrate with both cell types there were

absence or presence of 1.28M cytochalasin D or 0.3uM spare NMB receptors for tyrosine phosphorylation of j125
colchicine. Cells were then incubated for a further 10 min either in and calcium mobilization with the result that submaximal
the presence of 0.AM NMB or 0.1 uM TPA. p125#€ phospho-  receptor occupation results in maximal responses for these

rylation was determined as described in Figure 1 legend. The toP wwo cellular processes. The intracellular coupling of the

panel shown a result from a single experiment representative of LT
two others. In the lower panel is shown the quantitation of pae5 ~ NMB receptor is similar to that reported for the GRP receptor

tyrosine phosphorylation determined by scanning densitometry. The(52) in that with both receptors the doseesponse curves
values are meai:SE from three experiments. Results are expressed for agonist activation of tyrosine phosphorylation of p¥¥5

as the percentage of the maximal phosphorylation caused by 0.13nd increases in [C4); are to the left of those for binding
uM NMB in untreated cells which was a 54 0.2-fold increase. and changes in inositol phosphates. However, the two
This difference in the ability of GRP and NMB to increase receptors differ in the coupling relationship of receptor
phosphorylation of p1Z53X is similar to the differences in  occupation to increases in [€& and tyrosine phosphory-
affinities of these two peptides for the NMB receptor lation of p1252. With the NMB receptor, greater receptor

demonstrated by binding studies in each cell typ@ 63) spareness exists for changes in{Gathan for changes in
and therefore reflects the relative abilities of these two stimulation of tyrosine phosphorylation of pI25. In
peptides to occupy the NMB receptor. contrast with agonist activation of the GRP recept&i) (

The ability of NMB to cause tyrosine phosphorylation of the relationship is reversed with greater receptor spareness
p125AK in relation to its ability to occupy the NMB receptor ~ for stimulation of tyrosine phosphorylation of pI25 than
and cause other changes in cellular function have bothfor increases in [CH];.
similarities and differences from that previously reported for  In recent studies the mouse GRP receptor mGRP receptor
the closely related GRP receptds (4, 15, 27, 28). In both stably transfected into either BALB 3T3 cell81) or into
rNMB-R containing cells in this study the NMB dose frog melanophores7@) is reported to couple in a different
response curve for generation of inositol phosphates wasmanner than to the native mGRP receptor in murine Swiss
identical to that for receptor occupation. The NMB doese  3T3 cells. In contrast, our study demonstrates the rNMB
response curve for stimulation of p¥25 tyrosine phos- receptor stably transfected into BALB 3T3 cells appears to
phorylation was to the left of that for binding and generation behave in an identical fashion to the wild type rNMB receptor
of inositol phosphates by approximately 1 log unit and the in rat C6 glioblastoma cells. This conclusion is supported
dose-response curve for stimulation of increases inq{ia by the similar stoichiometric relationships between receptor
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occupation and agonist stimulation of changes in?[Ga
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p1254K tyrosine phosphorylation in RAT-1 cell83) and

generation of phosphoinositides, and phosphorylation of angiotensin Il stimulation in aortic smooth muscle cefig)(

p125*K in the transfected and mild type NMB receptor cell
lines. Furthermore, the kinetics of tyrosine phosphorylation
of p1254K and the effects of cytochalasin D and the PKC
inhibitor, GF109203X, on both rNMB-R containing cells

was partially inhibited by PKC inhibitors. Furthermore,
pl254K has a PKC phosphorylation sequenek)(and
activation of PKC by phorbol 12,13-dibutyrate (PDB) or
1-oleoyl-2-acetylglycerol (OAG) have been shown to cause

were similar. These results demonstrate that not only aretyrosine phosphorylation of p12% (52). However, p125*

these rNMB-R transfected cells useful in studying NMB
receptor modulation (internalization, desensitization, down-
regulation) as recently reporte8Q, 79), they will also be a

tyrosine phosphorylation due to activation of CCteceptors
in pancreatic acinar cell89) or GRP receptors in Swiss
3T3 cells 62) was not effected by PKC inhibition. In the

useful system to explore the receptor structural requirementspresent study the PKC activator, TPA, caused an increase

for tyrosine phosphorylation of p128¢ because these cells

in tyrosine phosphorylation that was equal in magnitude to

behave in an identical fashion to cells possessing the wild 50% of that seen with NMB receptor activation. However,

type rNMB receptor.
Activation of the NMB receptor by NMB-related peptides

our results show that it is unlikely PKC activation alone is
involved in tyrosine phosphorylation of p12% caused by

causes stimulation of phospholipase C which results in NMB. This conclusion is supported by the inability of the
increases in inositol phosphates and elevation of cellular PKC inhibitor GF 109203X to inhibit NMB-induced p12%

calcium @1, 22, 30, 32, 33). In numerous other systems,

tyrosine phosphorylation at a concentration that completely

agents which activate phospholipase C also cause generatiomhibited TPA-simulated p123X tyrosine phosphorylation.

of diacylglycerol and activation of PKG(). A number of

Simultaneous activation of the PKC pathway and increases

recent studies suggest that with some neuropeptides, activain cytosolic calcium can have synergistic effect on a number

tion of phospholipase C may be important for agonist-
induced tyrosine phosphorylation of pI25. The possibility
that changes in cytosolic calcium could be an important

of cellular responses such as phosphorylation of various
proteins 85), stimulation of amylase release from pancreatic
acini (14, 86), or pepsinogen release from chief cel®

mediator is supported by studies which show that angiotensinin our study the simultaneous activation of PKC with TPA

Il increases tyrosine phosphorylation in liver cells including
a 125 kDa protein through a €adependent pathway31)
and epinephrine stimulation of p12% phosphorylation in

and increases in cytosolic calcium caused by the calcium
ionophore, A23187, had a synergistic effect on the magnitude
of p1254X tyrosine phosphorylation in both rNMB-R

platelets is blocked when increases in cytosolic calcium are transfected cells and C6 cells. Furthermore, increases in

inhibited 67). However, in the present study we demon-

cytosolic calcium caused a leftward shift in the TPA-

strated that the calcium ionophore A23187 caused minimal stimulated p128* tyrosine phosphorylation dosgeesponse

tyrosine phosphorylation of p128¢ in rNMB-R transfected

curve demonstrating it increased the affinity of PKC in

cells, suggesting that activation of this pathway at least alone stimulating this cascade. Therefore it is possible that changes

was not likely involved in mediating NMB-stimulated
increases in phosphorylation of pf25. This conclusion
was strongly supported by the results with thapsigarin
pretreatment which by inhibiting the €aATPase 65) and
depleting intracellular calcium stores completely inhibited
NMB receptor increases in cytolic calcium. Thapsigargin
pretreatment, however, had no effect on NMB-receptor
stimulated increases in p12% tyrosine phosphorylation
directly demonstrating changes in Rh are not necessary
for this stimulation to occur with NMB. This conclusion is
similar to results with GRP receptor activation in Swiss 3T3
cells 62) and CCK, receptor stimulation of p125 tyrosine
phosphorylation in pancreatic acirB3). Furthermore, in
streptolysin O-permeabilized Swiss 3T3 cells increasing Ca
concentration did not induce any significant tyrosine phos-

phorylation §0), whereas bombesin and vasopressin stimu-

lated p125K tyrosine phosphorylation in these cel&7).

in [C&']; simultaneous with activation of PKC could be
responsible for some of the stimulation caused by NMB. Our
results suggest that with NMB receptor activation, it is
unlikely that a synergistic effect of PKC activation and
increases in cytosolic calcium are important in mediating
the NMB stimulation of p128 tyrosine phosphorylation.
The combination of thapsigargin at a concentration that
completely inhibited NMB-stimulated increases in {Ca
and GF109203X at a concentration that markedly inhibited
TPA-stimulation of p128 tyrosine phosphorylation had
no effect on NMB-stimulation of p12%X tyrosine phos-
phorylation. The results suggest that NMB-stimulates ty-
rosine phosphorylation of p128¢ by a phospholipase C
independent pathway. This result differs from a recent study
(57) examining p125* tyrosine phosphorylation in platelets
by thrombin and CCK receptor activation in pancreatic acini
(82. In both of these studies the pI25 tyrosine phos-

These results suggest that NMB receptor activation differs phorylation caused by either agent was not altered by

from angiotensin Il receptor activation in liver cells or
epinephrine’s action in platelets, but resembles G@iKd
GRP receptor activation in that increases in {Qaalone
have no effect on their ability to stimulate tyrosine phos-
phorylation of p125%,

The possibility that phospholipase C activation of PKC
could be important in agonist-induced pi25 tyrosine

phosphorylation is also supported in studies of some neu-

inhibiting cellular calcium mobilization and only minimally
inhibited by a PKC inhibitor; however, inhibition of both
pathways simultaneously completely inhibited thrombin-
stimulation §7), and decreased CGKeceptor stimulation
of p125*#K tyrosine phosphorylation by 50982).

An additional finding in the present study which demon-
strates that NMB-R activation of phospholipase C is distinct
and separate from its ability to cause tyrosine phosphorylation

ropeptide/neurotransmitter receptors. Recent studies dem-of p125#K is the results with tyrophostin A25. Tyrphostins

onstrate that epinephine stimulation of p%25 tyrosine
phosphorylation in platelets is inhibited when PKC activation
is reduced %7). Similarly, endothelin-1 stimulation of

are series of synthetic tyrosine kinase inhibit@8) (which
have been shown to selectively inhibit both membrane and
cytosolic protein tyrosine kinase$§, 67). In our study
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pretreatment with 2QuM tyrphostin A25 caused a 52% independent of agonist-induced changes in?[Gaor PKC
inhibition of NMB- and TPA-stimulated tyrosine phospho- and that activation of phospholipase C is not necessary for
rylation of p1254K, However, tyrphostin A25 had no effect activation of this pathway. Pretreatment with either cy-
on activation of phospholipase C and the generation of tochalasin D or C3 exoenzyme inhibited tyrosine phospho-
inositol phosphates by NMB. These results further support rylation of p12%54%, but not colchine pretreatment. These
the conclusion that phospholipase C activation is not neededresults indicate that the integrity of the actin cytoskeletal
for NMB-stimulated tyrosine phosphorylation of pI25. network but not of microtubular network is necessary for

Recent studies demonstrate that various extracellularNMB-stimulated phosphorylation of p12¥. The ras-
matrix proteins 43—45, 47, 49), various transforming related small GTP-binding protein p%is at least partially
oncogenic forms of pp60 (45, 49), various bioactive lipids  involved in mediating NMB-induced tyrosine phosphoryla-
such as lysophosphatidic acid (LPAS5], various growth tion of p1254K, These results suggest that similar to some
factors such as PDGK38), and various neuropeptides and other neuropeptides, stimulation of pI25tyrosine phos-
hormones such as endothelin, vasopressin, angiotensinphorylation may be an important pathway in mediating
bradykinin, and bombesirb2, 56, 83, 84, 88) can stimulate  cellular changes caused by activation of the NMB receptor.
tyrosine phosphorylation of p12%. With a number of these
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