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SUMMARY

Calcitonin gene-related peptide (CGRP) receptors were solubi-
lized from rat cerebellum membranes in an active, stable, and
guanine nucleotide-sensitive form by using digitonin. Nearly 90%
of membrane CGRP receptors and 50% of membrane protein
were solubilized by digitonin treatment of cerebellum mem-
branes. Binding of '*ICGRP to soluble receptors was specific,
saturable, of high affinity, and reversible. Scatchard analysis of
the saturation binding data revealed a homogeneous population
of binding sites with a Ky of 178 + 42 pm and a Bmax Of 201 +
17 fmol/mg of protein. Binding of '>ICGRP to soluble receptors
was inhibited nearly 60% by guanosine-5'-O-(3-thio)triphosphate
(GTP+yS) (100 um), suggesting coupling of receptors with guanine
nucleotide-binding proteins (G proteins) to form high affinity
binding sites. Antiserum against the amino-terminal region of G,
immunoprecipitated a significant portion of soluble CGRP recep-
tors, indicating association of receptors with Gs.. In agreement
with the saturation binding data, association kinetic studies with
soluble receptors indicated binding of '*ICGRP to a single

population of sites. Dissociation kinetic data, in contrast, dem-
onstrated that 'ICGRP dissociated from labeled receptors with
fast- and slow-dissociating components. GTP+yS significantly
accelerated dissociation of '>ICGRP from labeled receptors;
however, dissociation still occurred from two distinct affinity
components, with rate constants significantly different from
those observed in the absence of GTPyS. These observations
suggest that soluble CGRP receptors, like native membrane-
bound receptors, exist in two distinct affinity states in both G
protein-coupled and -uncoupled receptor states. Soluble recep-
tors were retained specifically on a wheat germ lectin column,
and affinity cross-linking of receptors specifically labeled with
'25|CGRP demonstrated labeling of a 67-kDa protein, suggesting
that the rat cerebellum CGRP receptor is a 67-kDa glycoprotein.
This study is the first to report solubilization of CGRP receptors
retaining the native ability of the receptor to undergo functional
coupling with G proteins and to provide direct evidence for
association of these receptors with Gg...

CGRP is a novel neuropeptide produced by tissue-specific
alternative splicing of the primary transcript of the calcitonin
gene (1, 2). CGRP immunoreactivity is present throughout the
central and peripheral nervous system, and release of CGRP
from nervous tissue has been demonstrated (2-5). CGRP pos-
sesses an impressive array of biological activities consistent
with its diverse tissue distribution and its suggested role as a
neurotransmitter or neuromodulator. CGRP is located in cen-
tral cardiovascular control regions and in nerves innervating
heart and peripheral resistance vessels and exerts powerful
cardiovascular effects including stimulation of cardiac contrac-
tion, vasodilation, and central sympathetic outflow (2, 4, 6-11).
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CGRP is the most potent mammalian vasodilator yet discov-
ered (12). Moreover, CGRP possesses neurotrophic effects and
has been implicated in regulation of neuronal differentiation,
cell proliferation, nociception, and hormone secretion (13-17).
These diverse biological actions of CGRP are thought to result
from interactions of CGRP with specific cell receptors in target
tissues. Indeed, binding sites for CGRP with properties con-
sistent with those of receptors have been identified in both
central and peripheral tissues (3, 18-20).

Stimulation of CGRP receptors in various cells and tissues
produces increases in cellular cAMP concentration and/or
adenylate cyclase activity (7, 15, 21-23), suggesting that CGRP
receptors may couple to G, and hence belong to the G protein-
coupled family of receptors. Analysis of agonist binding to a
variety of G protein-coupled receptors has shown that agonists
promote or stabilize coupling of receptors to G proteins to form

ABBREVIATIONS: CGRP, calcitonin gene-related peptide; G protein, guanine nucleotide-binding protein; G, stimulatory guanine nucleotide-binding
protein; G, a subunit of G,; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; GTPy S, guanosine-5’-O-(3-thio)triphosphate); BSA, bovine
serum albumin; DSS, disuccinimidyl suberate; DST, disuccinimidyl tartarate; SDS, sodium dodecy! sulfate; PAGE, polyacrylamide gel electrophoresis;
CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate; VIP, vasoactive intestinal peptide.
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an agonist-receptor-G protein ternary complex, a complex that
leads to activation of G proteins and intracellular signaling (24,
25). Recently we demonstrated that CGRP receptors in cere-
bellum and cardiac myocyte membranes exhibit guanine nu-
cleotide-sensitive binding and we provided evidence that the
high affinity binding state of CGRP receptors in these tissues
results from receptor coupling to G proteins (26, 27). In addi-
tion, we found that CGRP receptors exist in more than one
affinity state in both G protein-coupled and -uncoupled recep-
tor forms. The functional significance of these multiple affinity
states of the CGRP recep:or in adenylate cyclase activation
and receptor regulation is not known. However, recent studies
with adrenergic receptors modified by mutation have raised the
intriguing possibility that these receptors may exist in multiple
conformational states that differ in their abilities to undergo
coupling to G proteins or to activate adenylate cyclase (28, 29).
Our results provided the first evidence for the existence of
multiple affinity states of a G protein-coupled receptor in its
native membrane-bound form.

A prerequisite for further characterization of CGRP recep-
tors and their interactions with G proteins is solubilization of
the receptor in a form that retains the intrinsic capability of
the receptor to undergo functional coupling with G proteins.
We report here that we have achieved nearly complete solubi-
lization of cerebellum CGRP receptors in a form that undergoes
functional coupling with G proteins and retains the pharma-
cological properties of the native membrane-bound receptor.

Experimental Procedures

Materials. Human CGRPqa, human calcitonin, and human amylin
were purchased from Bachem. Digitonin was purchased from either
Sigma Chemical Company or Calbiochem. Fatty acid-free BSA (type
V), wheat germ agglutinin-Sepharose 6 MB, and GTP+vS were obtained
from Sigma. '*ICGRPa (2000 Ci/mmol) was obtained from Amersham.
Sephadex G-100 (superfine) was purchased from Pharmacia, and DSS
and DST were from Pierce Chemical. Protein standards for SDS-
PAGE were obtained from Bio-Rad. All other chemicals used were of
analytical grade and of the highest purity available.

Membrane preparation and solubilization. Cerebella were col-
lected from Harlan Sprague-Dawley rats (250 g) of either sex and were
homogenized (1:50 wet weight/volume) in 10 mM HEPES, pH 7.4,
containing 1 mM EDTA with a Brinkmann Polytron for 20 sec at
setting 7. The homogenate was centrifuged at 48,000 X g for 10 min at
4°, and the resulting pellet was washed twice with buffer by rehomo-
genization and centrifugation. For receptor solubilization, the washed
membrane pellet was suspended in 10 mm HEPES, pH 7.4, 1 mM
EDTA, 30% glycerol, 3% digitonin, 0.2 mM phenylmethylsulfonyl flu-
oride, 1 mM benzamidine, 10 uM leupeptin, 10 uM pepstatin, 10 units/
ml aprotinin (buffer A), by brief sonication and the suspension was
stirred for 30 min at 4°. Typically, 15 mg of membrane protein were
suspended in 5 ml of solubilization buffer, providing a membrane
protein/digitonin (w/w) ratio of approximately 1:10. The suspension
was then diluted with an equal volume of digitonin-free buffer A and
centrifuged at 100,000 X g for 60 min. The resulting supernatant was
passed through a 0.22-um filter and used as the soluble receptor
preparation. Substitution of other detergents for digitonin in this
solubilization procedure was performed to test the efficacy of other
detergents for solubilizing cerebellum CGRP receptors. Membranes
were always prepared freshly; however, cerebella could be frozen in
liquid nitrogen and stored at —80° for up to 1 month before membrane
preparation with no differences in '*ICGRP binding. Digitonin-solu-
bilized receptor preparations could be stored at 4° for at least 1 week
with no change in '*ICGRP-binding activity.

Binding assay procedures. Standard binding assays were per-
formed at 37° in polypropylene tubes (12 X 75 mm), in a total volume
of 100 ul. The assay mixture contained 10 mm HEPES, pH 7.4, 1 mM
EDTA, 2 mM MgCl,, 15% glycerol, 0.2% BSA (binding assay buffer),
various concentrations of '*ICGRP, and approximately 30 ug of solu-
bilized protein. Binding reactions were performed at 37° for 15 min
and thereafter the assay mixture (70 ul) was applied to Sephadex G-
100 columns (15 X 0.9 cm; Disposaflex, Kontes, NJ) that were equili-
brated at 4° with 10 mM HEPES buffer, pH 7.4, 1 mM EDTA, 2 mM
MgCl,, 5% glycerol, 0.05% digitonin. Control experiments showed that
specifically bound '*ICGRP did not dissociate from soluble receptors
at 4° in the time required (i.e., <10 min) to separate free from bound
Z]CGRP on these columns. All '*ICGRP-binding activity eluted from
these columns in the first three fractions (1 ml each), which represented
the column void volume. In some experiments, free ligand and bound
ligand were separated by rapid vacuum filtration over GF/B filters
(Whatman) that had been pretreated with polyethyleneimine and BSA,
as described previously (26). Specific '*ICGRP binding to soluble
receptors was the same using vacuum filtration or G-100 chromatog-
raphy to separate free and bound ligand; however, nonspecific binding
was generally higher using vacuum filtration. Total binding in all assays
represented <10% of the '*ICGRP present in the incubation. Nonspe-
cific binding was determined by measurement of *ICGRP binding in
the presence of 0.1 uM unlabeled CGRP. Specific binding represents
total binding minus nonspecific binding.

Association and dissociation kinetic studies of '*ICGRP binding to
soluble receptors were performed essentially as described previously
(26). Dissociation reactions were initiated after equilibrium binding of
'ZICGRP (100 pM) to soluble receptors, by addition of unlabeled CGRP
to a final concentration of 0.1 uM (volume changes as a result of this
addition were <1%).

Chemical cross-linking and SDS-PAGE of solubilized recep-
tor preparations. Soluble receptor preparations (50 ug) were labeled
by incubation with 'ICGRP (0.5 nM) under standard binding assay
conditions and then separated from free ligand by chromatography on
24 X 1-cm Sephadex G-100 columns. Specific '*ICGRP-binding activ-
ity eluted in the void volume of the column. Incubation of column
fractions with DSS and DST (0.5 mM each) for 30 min at 4° was
performed to chemically cross-link specifically bound '*ICGRP to
receptor proteins. The cross-linking reaction was terminated by addi-
tion of 50 mM Tris- HCI, pH 7.4. This reaction mixture was applied to
a G-100 (15 x 0.9-cm) column and the peak of radioactivity eluting in
the column void volume was pooled and subjected to SDS-PAGE (30).
Autoradiography of the dried gel was performed at —70° using Kodak
XAR film.

Western blotting and immunoprecipitation of G,.. Antiserum
of designed specificity for G,. was raised to a synthetic peptide corre-
sponding to amino acids 28-42 of G,, (GTP-binding protein fragment
of G,,; Peninsula Laboratories), as described by Mumby and Gilman
(31). Western blotting studies demonstrated that this antiserum,
termed G,, antiserum, reacted specifically with G,, and recognized both
45- and 52-kDa forms of G,., as reported previously (32). G,, antiserum
was used for Western blotting and for immunoprecipitation of G,, in
soluble CGRP receptor preparations. Western blotting of receptor
preparations with G,, antiserum was performed essentially as described
previously (31), using G,, antiserum at 1/200 dilution and processing
blots with '*I-labeled goat antibody to rabbit IgG and autoradiography.
For studies investigating immunoprecipitation of G,.-CGRP receptor
complexes, soluble CGRP receptor preparations (200 ul, ~150 ug of
protein) were incubated in buffer B (10 mm HEPES, pH 7.4, 1 mM
EDTA, 2 mM MgCl,, 15% glycerol, 1.5% digitonin, 0.2 mM phenyl-
methylsulfonyl fluoride, 1 mM benzamidine, 10 uM leupeptin, 10 uM
pepstatin, 10 units/ml aprotinin) with 20 ul of undiluted G,, antiserum
or preimmune serum for 3 hr at 4°, followed by addition of 20 ul of
Protein A-Sepharose and continued incubation at 4° for 1 hr. The
samples were then centrifuged at 10,000 X g for 2 min to collect
supernatant and immunoprecipitate fractions. Immunoprecipitates

2102 ‘€ Jaqwaosag uo Alsianiun pesewwey] Je Bio'sjeuinohadse wreydjow wolj papeojumoq


http://molpharm.aspetjournals.org/

aspet

were washed twice by resuspension in buffer B and centrifugation and
were then resuspended in 300 ul of binding assay buffer. 'ICGRP
binding in supernatant and immunoprecipitate fractions was measured
using 100 pM 'ZICGRP in binding assays and vacuum filtration to
separate free and bound ligand, as described above.

Protein was measured according to the method of Bradford (33),
using BSA as standard. Binding data were analyzed using the binding
programs EBDA, LIGAND, KINETICS, and LOWRY (34). The run
test was used to determine the goodness of fit of binding data to a
given curve. The F test was applied to compare curve fitting for a one-
versus two (or more)-binding sites model. Significance of differences
between samples was determined by Student’s ¢ test for comparisons
between two groups and by analysis of variance and Sheffe’s post hoc
analysis for multiple comparisons.

Results

A variety of detergents, including CHAPS, cholate, deoxy-
cholate, digitonin, and Triton X-100, were evaluated for their
efficacy in solubilizing CGRP receptors from rat cerebellum
membranes in a form that was active and stable during incu-
bation at 37°. Digitonin was the most efficacious of the deter-
gents tested and was the only detergent that provided near-
quantitative solubilization of 'ICGRP-binding activity from
cerebellum membranes. In three separate experiments per-
formed with different cerebellum membrane preparations, dig-
itonin solubilized 87 + 3% of the *ICGRP (100 pM)-binding
activity and 49 + 2% of the total protein from rat cerebellum
membranes. Inclusion of EDTA and glycerol in the digitonin
solubilization buffer was essential for solubilizing CGRP recep-
tors from cerebellum membranes in an active and stable form.
In the absence of glycerol, no '*ICGRP-binding activity was
detected in the digitonin-solubilized fraction. In the absence of
EDTA, solubilized '*ICGRP-binding activity was not stable
during incubation at 37° or storage at 4°. Using our solubili-
zation conditions, solubilized preparations of rat cerebellum
membranes could be stored for up to 7 days at 4° with no loss
of '"®ICGRP-binding activity. The binding characteristics of
soluble cerebellum CGRP receptors were investigated in incu-
bations performed at 37°.

Fig. 1A illustrates the results of competition binding experi-
ments performed to investigate the specificity of binding of
1ICGRP to soluble cerebellum CGRP receptors. As shown,
unlabeled CGRP inhibited binding of '*ICGRP (100 pM) to
soluble receptors in a dose-dependent manner, with an ICs, of
139 + 15 pM (five experiments). The slope of the competition
binding curve displayed normal steepness with a pseudo-Hill
coefficient not significantly different from unity, suggesting
that '®ICGRP interacts with a single population of binding
sites in the soluble receptor preparation. Concentrations of
calcitonin as high as 1 uM produced only minor inhibition of
ICGRP binding to soluble receptors and amylin, a 37-amino
acid peptide with 49% direct sequence homology to CGRP, was
>1000-fold less active than CGRP in competing for *ICGRP-
specific binding sites. These observations indicate that binding
of '®ICGRP to soluble cerebellum CGRP receptors is highly
selective. Scatchard analysis of specific binding of '*ICGRP to
solubilized cerebellum CGRP receptors is illustrated in Fig. 1B.
As demonstrated by the linearity of the Scatchard plot and by
statistical analysis of the saturation binding data by fitting to
a one- or two-site binding model using the nonlinear curve-
fitting program LIGAND, '®ICGRP interacts with a homoge-
neous population of binding sites in the soluble receptor prep-
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Fig. 1. A, Competition of specific '*ICGRP binding to soluble cerebellum
CGRP receptors by CGRP and other peptides. Soluble receptors were
incubated with '>ICGRP (100 pm) and varying concentrations of pep-
tides, and the binding assay was performed as described in Experi-
mental Procedures. Data are expressed as percentage of control binding,
which refers to the specific binding observed in the absence of com-
peting peptides. Specific binding in control incubations was 55 fmol of
'25|CGRP bound/mg of protein, and nonspecific binding was 18% of total
binding. B, Scatchard plot of specific binding of '*ICGRP to soluble
cerebellum CGRP receptors. Soluble CGRP receptors were incubated
with increasing concentrations of '*ICGRP (0.017-1.8 nm) as described
in Experimental Procedures. The data represent results from one exper-
iment performed in duplicate and are representative of five (competition)
and three (Scatchard) experiments performed with different soluble
CGRP receptor preparations.

aration with a K, of 178 + 42 pM and By, of 201 + 17 fmol/
mg of protein (three experiments). Nonspecific binding of
IICGRP to soluble receptors increased linearly with increasing
IZICGRP concentration and represented <20% of total binding
at 100 pM '®ICGRP, the concentration of 'ICGRP used in
our standard binding assays. These results indicate that
'ZICGRP binds to a homogeneous population of high affinity
binding sites in the soluble receptor preparation.

We demonstrated previously that binding of '*ICGRP to
cerebellum membranes is sensitive to guanyl nucleotides, indi-
cating coupling of membrane-bound CGRP receptors to G
proteins (26). To investigate whether soluble CGRP receptors
retain the ability to undergo coupling with G proteins to form
high affinity binding states, binding of 'ICGRP to soluble
receptors was examined in the presence and absence of the
stable GTP analog GTP«~S. As shown in Fig. 2, GTP«~S inhib-
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Fig. 2. Inhibition of specific '>ICGRP binding to soluble cerebellum CGRP
receptors by GTPyS. Soluble CGRP receptors were incubated, as
described in Experimental Procedures, with '®ICGRP (100 pm) and
varying concentrations of nucleotides. Data are expressed as percentage
of control binding, which refers to specific binding in the absence of
nucleotides. Specific binding in control incubations was 58 fmol/mg of
protein, and nonspecific binding was 18% of total binding. The data
represent results from one experiment performed in duplicate and are
representative of four experiments performed with different soluble
CGRP receptor preparations.

ited specific binding of '*ICGRP to soluble receptors in a dose-
dependent manner, whereas GDP and ATP were virtually
inactive in affecting ICGRP binding to soluble receptors.
GTP+S inhibited binding of *ICGRP to soluble CGRP recep-
tors with an ICs of 13 £ 5 uM (four experiments), a value
higher than that we observed with the membrane-bound form
of the receptor (26). The reason for this decreased sensitivity
of soluble CGRP receptors to GTP«S is unclear; however, the
extent of maximal inhibition of '*ICGRP binding by GTP+S
is comparable between soluble and membrane-bound receptors.
In five separate experiments using different preparations of
soluble cerebellum CGRP receptors, specific binding of
IZICGRP (100 pM) to soluble receptors in the absence and
presence of GTP+yS (100 uM) was 53 + 3 and 24 + 1 fmol/mg
of protein, respectively (p < 0.01).

Specific binding of '*ICGRP to soluble cerebellum CGRP
receptors was time dependent and reversible. Fig. 3 illustrates
the kinetics of association of *ICGRP (100 pM) with soluble
cerebellum CGRP receptors at 37°. As shown, '*ICGRP asso-
ciated rapidly with soluble receptors and reached binding equi-
librium within 8 min. Binding remained stable for at least 45
min after equilibrium binding was attained. The pseudo-first-
order association plot of the binding data (Fig. 3, inset) was
monophasic (with ko, of 0.40 £ 0.07 min~?; three experiments),
indicating association of *ICGRP with a homogeneous popu-
lation of binding sites. However, the kinetics of dissociation of
13]CGRP from receptors labeled to equilibrium with '*ICGRP
(100 pM) were curvilinear, indicating dissociation of '*ICGRP
from binding sites of more than one affinity (Fig. 4). The
dissociation data fit best to a model of dissociation from two
affinity states in which the fast- and slow-dissociating receptor
states have dissociation rate constants of 0.47 + 0.06 and 0.024
+ 0.005 min~' (six experiments), respectively, with the fast-
dissociating component representing 37 + 7% of the '*ICGRP-
labeled sites. In view of these findings and the observation that
soluble cerebellum CGRP receptors display GTPvyS-sensitive
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Fig. 3. Association kinetics of specific '*ICGRP (100 pm) binding to
soluble cerebellum CGRP receptors. Soluble CGRP receptors were
incubated with '>ICGRP (100 pwm) for various lengths of time and specific
binding of '*ICGRP was assessed as described in Experimental Proce-
dures. Inset, pseudo-first-order plot of the association data, where B,
and B, represent specific binding at equilibrium and at the experimental
time point, respectively. The data represent results from one experiment
performed in duplicate and are representative of three experiments
performed with different soluble CGRP receptor preparations.

a

& 100 ® —GTPyS
2, s +GTPyS
o 75 A

-9

22 50 -

3 x

@ o

zS

e

3

[

Q.

& J

N 20 r L Ll T

0 4 8 12 16 20 24 28
Dissociation Time (min)

Fig. 4. Effects of GTPyS on dissociation kinetics of specific '*ICGRP
binding to soluble cerebellum CGRP receptors. Soluble CGRP receptors
were incubated with '*ICGRP (100 pm) for 15 min, in the absence (®)
and presence (M) of GTPyS (100 uM). Dissociation was initiated by
addition of unlabeled CGRP (0.1 um), and incubations were terminated
at various times thereafter. Specific binding before dissociation (time 0
in the figure) was 62 and 30 fmol of '*ICGRP bound/mg of protein for
binding performed in the absence and presence of GTP+S, respectively.
The data represent results from one experiment performed in duplicate
and are representative of three experiments performed with different
soluble CGRP receptor preparations.

binding (Fig. 2), we investigated the possibility that the two
rates of dissociation of '*ICGRP from solubilized receptors
represent dissociation from G protein-coupled and -uncoupled
receptors. To consider this possibility, soluble CGRP receptors
were labeled with 'ICGRP in the presence of GTPyS (100
uM) to prevent formation of G protein-coupled receptor states.
Then, dissociation was initiated in the continued presence of
GTP~S. As shown in Fig. 4, dissociation of *ICGRP from
soluble receptors occurred much more rapidly under these
conditions. However, the kinetics of dissociation remained cur-
vilinear, with the dissociation data fitting best to a model of
dissociation from two affinity states with dissociation rate
constants of 0.79 + 0.09 and 0.069 + 0.016 min~' (three exper-
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iments). The fast-dissociating (low affinity) component repre-
sented 58 + 2% of the sites occupied by '*ICGRP under these
labeling and dissociation conditions. The dissociation rate con-
stants for the high and low affinity '*ICGRP binding sites
observed in the presence of GTPyS were significantly greater
(p < 0.05) than those observed in the absence of GTP«~S. In
addition, '*ICGRP binding sites with similar dissociation rate
constants were not observed under these two experimental
conditions.

The sensitivity of the ligand-binding activity of soluble
CGRP receptors to GTP~S indicates coupling of the soluble
receptor to a G protein(s). In nearly all tissues examined, CGRP
stimulates increases in adenylate cyclase activity and/or cAMP
concentration, suggesting coupling of CGRP receptors to G,.
However, direct evidence for coupling of CGRP receptors to G,
has not been reported. To examine whether G, was present in
soluble CGRP receptor preparations, Western analysis of the
receptor preparation with antiserum against a peptide corre-
sponding to amino acids 28-42 of G,, was performed. As shown
in Fig. 5, immunoblotting with G,, antiserum demonstrated the
presence of the 45-kDa G, subunit in cerebellum membranes
(Fig. 5, lane 2) and the soluble receptor preparation (Fig. 5,
lane 3), with more G,, immunoreactivity being present in the
soluble receptor preparation. Because equal amounts of protein
(25 ug) were loaded in each of these lanes, the apparent enrich-
ment of 45-kDa G,, immunoreactivity in the soluble receptor
preparation, compared with membranes, may reflect selective
solubilization of G,,. over other membrane proteins, i.e., as we
observed for solubilization of CGRP receptors from these mem-

1 2 3 wMmw

e - 52 kDa
- 45 kDa

Fig. 5. Presence of G,. immunoreactivity in soluble cerebellum CGRP
receptor preparations. Equivalent amounts of protein (25 ug) from cardiac
sarcolemma membranes (/ane 1), rat cerebellum membranes (/lane 2),
and soluble rat cerebellum CGRP receptor preparations (/lane 3) were
subjected to SDS-PAGE and Western blotting using G,. antiserum (1/
200). Blots were processed with '*I-labeled goat antibody to rabbit IgG
followed by autoradiography, as described in Experimental Procedures.
The figure shows a typical autoradiogram from such an experiment and
is representative of results obtained in three other experiments performed
with different cerebellum membrane and soluble cerebellum receptor
preparations. Numbers to the right, apparent molecular masses of im-
munoreactive bands.
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branes (see above). As reported previously by Mumby et al.
(32), this antiserum detected both 45- and 52-kDa G.,.. subunits
in cardiac sarcolemma (Fig. 5, lane 1) and did not react with
proteins with subunit molecular weights corresponding to those
of other known G,,, subunits (i.e., 36,000-41,000) in any of the
samples tested. We next studied CGRP receptor-G,., association
by investigating whether CGRP receptor-G, complexes could
be immunoprecipitated with peptide-directed antiserum against
G,.. Fig. 6 shows that G,, antiserum immunoprecipitated sig-
nificant specific '*ICGRP-binding activity from soluble CGRP
receptor preparations. This is shown as a significant increase
in specific '*ICGRP-binding activity in G,, antiserum immu-
noprecipitates, compared with preimmune serum controls, with
a corresponding decrease in binding activity in supernatants
after immunoprecipitation with G,, antiserum. The loss of
specific "*ICGRP-binding activity from supernatants of G,,
antiserum immunoprecipitates represented 35 + 2% (p < 0.01;
four experiments) of the '*ICGRP-binding activity of the sol-
uble receptor preparation, compared with preimmune serum
controls. The finding that treatment of soluble receptors with
G,. antiserum caused a shift in '*ICGRP-binding activity from
the supernatant to the immunoprecipitate fraction without
decreasing total binding activity suggests that G,, antiserum
immunoprecipitates CGRP receptor-G, complexes and does not
uncouple CGRP receptors from G, or other G proteins.

Fig. 7 illustrates the results of experiments performed to
determine the molecular weight of soluble CGRP receptors by
affinity cross-linking. Soluble CGRP receptors migrated on
sucrose gradients as a discrete peak of specific '*ICGRP-
binding activity with a sedimentation coefficient of 14.5 S (data
not shown); however, estimates of the molecular weight of
digitonin-solubilized proteins by hydrodynamic methods are
confounded by the fact that the partial specific volume of
digitonin is nearly the same as that of most proteins. For
affinity cross-linking studies, soluble receptors were first la-
beled with 500 pM '*ICGRP and then separated from unbound
ligand by Sephadex G-100 chromatography. Fig. 7A shows that
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Fig. 6. Immunoprecipitation of soluble cerebellum CGRP receptors with
G,. antiserum. Soluble CGRP receptors were incubated with G, anti-
serum or preimmune serum and immunoprecipitated as described in
Experimental Procedures. The presence of CGRP receptors in super-
natant and immunoprecipitate fractions was assessed by specific
'ZICGRP (100 pm) binding assays. The values shown represent means
+ standard errors of specific '*ICGRP-binding activity in supernatant
and immunoprecipitate fractions from four separate experiments, each
performed in duplicate.
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Fig. 7. Sephadex G-100 chromatography and affinity cross-linking of '>ICGRP-labeled soluble cerebellum CGRP receptors. A, Sephadex G-100
chromatography of soluble CGRP receptors. Soluble receptors were first labeled by incubation with '*ICGRP (0.5 nm) in the absence (®) (total
binding) and presence (O) (nonspecific binding) of unlabeled CGRP (0.1 um) and were then subjected to Sephadex G-100 chromatog;raphy as

described in Experimental Procedures. Vo, column void volume, as determined by elution of blue dextran. The three peak fractions of

*|CGRP-

binding activity (fractions 13-15), in which specific 'ICGRP binding was >98% of total binding, were treated with DSS and DST to chemically
cross-link specifically bound '*ICGRP to CGRP receptors. B, Autoradiogram of affinity cross-linked receptors after SDS-PAGE analysis.

the specific '*ICGRP-binding activity of the soluble receptor
preparation eluted in the void volume of the column. This is
shown by the near-complete inhibition of ICGRP-binding
activity in the void volume of the column when labeling was
performed in the presence of 0.1 uM CGRP (nonspecific bind-
ing). The three peak fractions of ICGRP-binding activity, in
which specific binding represented >98% of total '*ICGRP-
binding activity, were incubated with DSS and DST to chemi-
cally cross-link the specifically bound '*ICGRP to receptors.
SDS-PAGE analysis of specifically labeled receptors revealed
a band of radioreactivity centered at an apparent molecular
mass of 71 kDa (Fig. 7, inset). Labeling of the 71-kDa band
was observed in all receptors preparations tested (seven exper-
iments), although the broadness of the band varied from 2-3
kDa to 4-8 kDa with different receptor preparations and ex-
posure times. The autoradiogram shown in Fig. 7B was exposed
to illustrate the absence of other radiolabeled bands in the
soluble receptor preparation.

Many receptors, including G protein-coupled receptors, are
glycosylated and bind to various lectins. Fig. 8 illustrates elu-
tion of specific '*ICGRP-binding activity from a wheat germ
agglutinin-Sepharose column to which soluble receptors had
been absorbed by incubation at 4° for 4 hr. As shown, a large
peak of specific '*ICGRP-binding activity was eluted from the
column by addition of N-acetylglucosamine (0.25 M) to the
elution buffer. These results demonstrate the glycoprotein na-
ture of cerebellum CGRP receptors. However, as observed with
other glycoprotein receptors (35, 36), some CGRP receptors (54
+ 2%; three experiments) were not retained on the column
using these absorption and elution conditions.

Discussion

The results of the present study document the successful
solubilization of an active, stable, guanine nucleotide-sensitive
form of the cerebellum CGRP receptor that retains the binding
characteristics of the native membrane-bound form of the
receptor. The soluble receptor preparation exhibited high affin-
ity '®ICGRP-binding activity that was saturable and selective.

N—-Ac-GA
0. 25M
10000 1

[ ]
7500 A
5000 -
Buffer Wash /.

\,\.\

0 3 18
Fraction Number

specific ['2’IJCGRP Binding (cpm)

Fig. 8. Elution profile of soluble cerebellum CGRP receptors from a
wheat germ lectin affinity column. Soluble CGRP receptors (0.5 mg of
protein) were incubated for 4 hr at 4° with 5 ml (packed resin) of wheat
germ agglutinin-Sepharose 6 MB in a column equilibrated in 10 mm
HEPES, pH 7.4, 1 mm EDTA, 2 mm MgCl,, 5% glycerol, 0.05% digitonin.
The column was drained and then washed with equilibration buffer, with
fractions (0.5 ml) being collected during washing. The column was then
speciﬁcally eluted with equilibration buffer containing 0.25 m N-acetyliglu-
cosamine (N-Ac-GA). Arrow, point where elution was started with N-
aoe lucosamine-containing buffer. All fractions were assayed for spe-
'ZICGRP binding as described in Experimental Procedures.

Our results demonstrate that the binding activity of soluble
CGRP receptors is sensitive to guanine nucleotides and that
these receptors are capable of direct physical interaction with
the a subunit of G,. This study is the first to report solubili-
zation of a guanine nucleotide-sensitive form of the CGRP
receptor and to provide direct evidence for coupling of these
receptors to G,. The present findings also suggest that soluble
CGRP receptors, like their membrane-bound counterparts, ex-
ist in multiple affinity binding states. Moreover, the data
presented here provide biochemical evidence that the CGRP
receptor is a glycoprotein with a subunit molecular mass of
approximately 67 kDa.

The ligand-binding properties of soluble CGRP receptors
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described in the present study are nearly indistinguishable from
those of the membrane-bound receptor that we described re-
cently (26). Our solubilization procedures were developed spe-
cifically to solubilize CGRP receptors from cerebellum mem-
branes quantitatively and in a form remaining active at 37°.
This enabled us to examine the binding characteristics of the
soluble receptor at physiological temperatures and to make
direct comparisons with the properties of the receptor in its
membrane-bound state. Although solubilization of CGRP re-
ceptors has been reported (37-39), the present study is the first
to undertake a detailed examination of the binding properties
of soluble CGRP receptors and to perform these studies at 37°.
As we observed for CGRP receptors in cerebellum membranes,
binding of *ICGRP to soluble CGRP receptors was saturable,
of high affinity, highly selective, and sensitive to guanine
nucleotides. The Scatchard plot of '*ICGRP binding to soluble
receptors was linear, indicating a homogeneous population of
binding sites with a K, of 178 + 42 pM. Thus, the affinity of
soluble CGRP receptors for '*ICGRP is equivalent to that of
receptors in the membrane-bound state (i.e., 224 + 28 pM) (26).
Our results indicate that the high affinity binding state of
soluble CGRP receptors results from receptor coupling to G
proteins. Indeed, '*ICGRP binding to soluble receptors was
inhibited specifically by GTP~S, and rates of dissociation of
IZICGRP from receptors labeled in the presence of GTPyS
were increased significantly, compared with controls, reflecting
decreased receptor affinity for CGRP after uncoupling of re-
ceptors from G proteins (24, 25). These binding experiments
demonstrate for the first time that soluble CGRP receptors are
functionally associated with G protein(s).

The data presented here suggest that soluble CGRP receptors
exist as a homogeneous population of receptors that undergo
ligand-induced formation of multiple affinity binding states in
both G protein-coupled and -uncoupled receptor forms. In
agreement with saturation binding data indicating a single class
of *ICGRP binding sites in soluble CGRP receptors, associa-
tion of 'ICGRP with receptors exhibited monoexponential
kinetics. In contrast, dissociation of *ICGRP from labeled
receptors displayed multiexponential kinetics best described by
dissociation of the ligand from two distinct affinity states of
the receptor. Although multiexponential dissociation could re-
sult from CGRP receptor heterogeneity, the linear Scatchard
plot and association kinetic data argue against this possibility,
as follows. If multiexponential dissociation of '*ICGRP from
soluble receptors results from binding of '*ICGRP to receptor
subtypes with distinct kinetic and equilibrium binding charac-
teristics, we would expect to observe curvilinear association
and/or Scatchard plots of '*ICGRP binding to these receptors.
If such receptor subtypes exist, the observed monophasic as-
sociation plot of 'ICGRP binding to soluble receptors indi-
cates that the receptor subtypes have the same association rate
constant for '*ICGRP binding. However, '?ICGRP dissociated
from receptors with two distinct rates, with dissociation rate
constants that differed by >10-fold. Thus, if distinct receptor
subtypes account for the multiexponential dissociation reac-
tion, then these subtypes would exhibit K, values that differ by
a minimum of 10-fold (i.e., Ki = Radissociation/Rassociation). This
difference, which would be readily apparent in Scatchard analy-
sis of the saturation binding data, was not observed. Thus, our
data are not at all consistent with CGRP receptor heterogene-
ity. As we discussed in detail previously (26), such results are
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entirely consistent with a multistep binding reaction process in
which initial binding of CGRP to a homogeneous population
of binding sites induces the formation of multiple affinity states
of the receptor. In such a case the Scatchard plot of the
saturation binding data is linear because the binding equilibria
are interdependent in the multistep binding reaction and the
K, of the overall binding reaction is equal to the product of the
equilibrium constants of the individual steps. Multiple affinity
states of the receptor could result either from receptor isomer-
ization or from receptor coupling to G protein(s), with the latter
resulting in an equilibrium between G protein-coupled (high
affinity, slow-dissociating) and -uncoupled (low affinity, fast-
dissociating) forms of the receptor. In the latter case, GTPyS
would be expected to shift this equilibrium to the low affinity
state by preventing formation of the ligand-receptor-G protein
ternary complex. In fact, GTP~S significantly accelerated dis-
sociation of '*ICGRP from soluble receptors. However, disso-
ciation of 'ICGRP from soluble receptors in the presence of
GTP~S still occurred with two distinct components of disso-
ciation, with rate constants significantly different from those
observed in the absence of GTPvS. Thus, the two rates of
dissociation of 'ICGRP from soluble receptors are both sen-
sitive to GTP«~S, indicating the existence of two distinct affin-
ity states of the ligand-receptor-G protein ternary complex.
The finding that two different components of dissociation were
observed also with receptors incubated in the presence of
GTP+~S indicates that soluble CGRP receptors also exist in
two distinct affinity states when uncoupled from G proteins.

The functional significance of multiple affinity forms of the
CGRP receptor is not known. Our previous studies with the
membrane-bound form of this receptor provided initial exper-
imental evidence that G protein-coupled receptors may exist in
more than one affinity state in both G protein-coupled and
-uncoupled receptor forms (26, 27). Recent mutational analysis
of adrenergic receptors has provided evidence for the possible
existence of more than one G protein-coupled and -uncoupled
form of these receptors, which differ in their signal transduction
activities (28, 29). Thus, it is interesting to speculate that
multiple affinity states of the CGRP receptor may represent
unique functional states of the receptor; however, this possibil-
ity remains to be investigated.

Our ability to immunoprecipitate soluble CGRP receptors
with peptide antiserum directed against G,, provides the first
direct evidence for coupling of CGRP receptors to G,,. We
considered that CGRP receptors might physically couple to
G.., for several reasons. First, previous studies have shown that
CGRP increases cAMP concentration and/or adenylate cyclase
activity in various tissues (7, 15, 21-23). Second, our binding
studies indicate that CGRP receptors couple with endogenous
G proteins in the soluble extract to form high affinity binding
states. Third, numerous studies have shown that coupling of
soluble receptors to G proteins involves physical association
between these proteins, resulting in formation of receptor-G
protein complexes (40-45). Several recent studies have identi-
fied the species of G protein coupled to receptors by immuno-
precipitation of receptor-G protein complexes with peptide-
directed antisera against G protein « subunits (44, 45). We
employed a similar approach to detect coupling of CGRP re-
ceptors to G,, using a synthetic peptide antiserum directed
against the amino-terminal region of G,.,, i.e., a region present
in both 45- and 52-kDa forms of G,, that is not thought to be
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involved in coupling to receptors (46, 47). Our results show that
a significant proportion of soluble CGRP receptors were im-
munoprecipitated with antiserum against G,,. Imnmunoprecipi-
tation of CGRP receptors was achieved in the absence of
prebound agonist ligand, suggesting that soluble CGRP recep-
tors exist precoupled to G,,. Similar findings were reported by
Law et al. (45), who demonstrated that immunoprecipitation of
soluble somatostatin receptors with antisera to « subunits of
G; did not require agonist pretreatment of receptors. This
property of precoupling of receptors to G proteins has been
reported previously for other receptors (43, 48, 49); however, it
appears that some receptors require the presence of agonist
during their solubilization to induce coupling to G proteins
(40-42, 44). The extent of immunoprecipitation of CGRP re-
ceptors with G,, antiserum observed in the present study is
comparable to that reported recently for immunoprecipitation
of muscarinic and somatostatin receptors with G protein-di-
rected antisera (44, 45). It is interesting to speculate that CGRP
receptors may be coupled predominantly to the 45-kDa form of
G.., because Western analysis of the soluble receptor prepara-
tion demonstrated a single immunoreactive band at 45 kDa.

Recently, Kermode et al. (50) provided evidence for coupling
of VIP receptors to G,., using a novel cross-linking approach.
Chemical cross-linking of VIP receptors with '*IVIP labeled a
single protein of 57 kDa. Subjecting the *IVIP-receptor com-
plex to a second round of cross-linking with different cross-
linking agents resulted in formation of higher molecular weight
radiolabeled bands that displayed immunoreactivity to G,, anti-
serum and that were not observed in the presence of GTP.
These data were interpreted as evidence for functional coupling
of VIP receptors to G,, and were offered as an explanation for
the diversity of reported molecular weight estimates for this
receptor by chemical cross-linking studies. Thus, it is of interest
to note that previous cross-linking studies of CGRP receptors
in various tissues have demonstrated labeling of proteins rang-
ing from 17 to 240 kDa, with more than one specifically labeled
band being observed in a single tissue (37-39). Moreover, the
hypothesis has been put forth that cross-linking of 70- and 120-
kDa proteins in heart with '*ICGRP may represent G protein-
uncoupled and -coupled forms of the CGRP receptor, respec-
tively, although no evidence for this possibility was presented
(38).

It was with these observations in mind that we investigated
the subunit molecular weight of soluble CGRP receptors by
prelabeling receptors with 'ICGRP and isolating specifically
labeled receptors by G-100 chromatography. It is clear from the
present study that such receptors exist exclusively in a ligand-
receptor-G protein complex, as shown by dissociation kinetic
experiments. When these receptors were cross-linked and ana-
lyzed by SDS-PAGE and autoradiography, we observed labeling
of a single 71-kDa band, leading us to deduce a subunit molec-
ular mass of the CGRP receptor of 67 kDa. No evidence for
labeling of proteins of higher or lower subunit molecular mass
was apparent. This estimate of the molecular mass of the CGRP
receptor is in the range reported for other G protein-coupled
receptors. The broadness of the 'ICGRP-labeled band ob-
served in this study has been observed with other G protein-
coupled receptors and has been attributed to heterogeneity in
carbohydrate residues on the protein. This possibility seems
likely, in part because of our finding that only 54 + 2% (three
experiments) of soluble CGRP receptors labeled with '*ICGRP

were retained on a wheat germ lectin column. Finally, it is
interesting to note that the observed elution of soluble receptors
in the void volume of Sephadex G-100 columns, indicating an
apparent molecular mass of >100 kDa, is consistent with the
expected elution of a receptor of 67 kDa complexed to a G
protein. Similar findings have been reported for other G pro-
tein-coupled receptors, although we acknowledge that our find-
ings could also result from association of the detergent-solubi-
lized receptor with other proteins or from anomalous chroma-
tographic behavior.

Further work will be required to define the molecular basis
of interactions between CGRP, CGRP receptors, and G pro-
teins that lead to receptor activation, multiple affinity states
of the receptor, and signal transduction. The capability of
solubilizing CGRP receptors in a form retaining the native
characteristics of the membrane-bound receptor, including as-
sociation and functional coupling with G proteins, hopefully
will lead to a more complete molecular and functional under-
standing of this neuropeptide receptor.
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