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ABSTRACT. We have previously shown that the high-affinity binding of substance P (SP) to its receptor
is dependent on an interaction with a PTX-insensitive G protein. This G protein couples SP receptor
activation to stimulation of its effector, phospholipase C. In this study, we combined photoaffinity labeling,
chemical cross-linking techniques, and immunological characterization using sequence-specific antibody
probes to identify G proteins that couple to the SP receptor. First we covalently labeled the SP receptor
present on rat submaxillary gland membranes with a radioiodinated photoreactive derivative of SP,
p-benzoylt -phenylalaningsubstance P{3-[Bpaf]SP). Photoincorporation of this SP derivative was
susceptible to guanine nucleotide inhibition, indicating that the receptor was coupled to its G protein
during labeling. We then used a chemical cross-linking agent to covalently link the photoaffinity labeled
SP receptor and its associated G protein. Cross-linking generated a 96 kDa product, formation of which
was prevented by the addition of a guanine nucleotide, but not an adenine nucleotide, following
photolabeling, but prior to cross-linking. Furthermore, the 96 kDa cross-linked complex was absent in
membranes which had been depleted of G proteins by treatment with alkaline buffer prior to addition of
the cross-linking agent. Reductive cleavage of the cross-link in the isolated 96 kDa complex yields two
products: the 53 kDa SP receptor and a 42 kDa protein identified by immunoblot analysis as either G

or Goyi. Antisera against a common sequence withim,Gsai, and Gy, showed no immunoreactivity

to the complex or its cleavage products. These results provide the first direct evidence of specific interaction
between photoaffinity labeled SP receptor anddhgubunits of G and G1, members of a family of G
proteins known to be associated with pertussis toxin-insensitive phospholipase C activation.

Upon binding to its receptor, the neurotransmitter sub- implying that the SP receptor is coupled to a guanine
stance P (SP)elicits a wide variety of effects, including nucleotide binding protein (G protein) which regulates
stimulation of salivary secretion, excitation of central and agonist affinity. Indeed, the sequences of the SP receptor
peripheral neurons, inflammation, contraction of smooth deduced from cDNA clones (Yokota et al., 1989; Hershey
muscle, and plasma extravasation. The binding propertiesg Krause, 1990) show homology with sequences of other
of the SP receptor, also termed the neurokinin-1 (NK-1) members of the superfamily of G protein-coupled receptors
receptor, as well as the intracellular events stimulated by (Dohiman et al., 1991; Strader et al., 1995). The first direct
SP binding, are regulated by guanine nucleotides (Cascierigemonstration that the SP receptor is functionally coupled
& Liang, 1983; Lee et al., 1983; Luber-Narod et al., 1990), 5 5 G protein was provided by studies in which high-affinity
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dithiothreitol; EDTA, ethylenediaminetetraacetic acid; HEPES2- brane preparation from rat submaxillary glands, then specific
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1980; Watson & Downes, 1983; Berridge & Irvine, 1984;
Mantyh et al., 1984; Taylor et al., 1986, Merritt & Rink,
1987). There are at least two distinct pathways by which G
proteins are able to stimulate receptor-mediated phospholi-
pase C activation (Lo & Hughes, 1987; Ashkenazi et al.,
1989): one that is susceptible to pertussis toxin-catalyzed
ADP-ribosylation and one that is not. Pertussis toxin-
catalyzed ADP-ribosylation of submaxillary gland mem-
branes, which functionally uncouples,@nd G from
receptors, has no effect on high-affinity SP binding (Mac-
donald & Boyd, 1989), implying that the SP receptor is
physiologically coupled to a pertussis toxin-insensitive G
protein. Pertussis or cholera toxin-catalyzed ADP-ribosyl-
ation, which had traditionally been used to identify G
proteins, cannot be used to label the G proteins that couple
to the SP receptor.

Thea subunit of the heterotrimeric G protein,Gg, has
been cloned (Strathmann & Simon, 1990), and it has been

Macdonald et al.

polypeptide and provide evidence that it representsothe
subunits of G and Ga.

EXPERIMENTAL PROCEDURES

Materials p-Benzoylt-phenylalanine (Bpa) was prepared
as described by Kauer et al. (1986), and synthesis of the
[Bpaf]SP derivative was prepared as described previously
(Boyd et al., 1991b). In this study a radioactive derivative
of 124-[Bpa’]SP was prepared by conjugation with monoio-
dinated*?3-labeled Boltor-Hunter reagent (2200 Ci/mmol).
GppNHp, AppNHp, DTT, EDTA, HEPES, DMSO, and
protein A-conjugated Sepharose CL-4B beads were pur-
chased from Sigma Chemical Co. DTSSP, EGS, and sulfo-
EGS were obtained from Pierce. Substance P was purchased
from Peninsula Laboratories (San Carlos, CA). Endogly-
cosidase F was from Boehringer Mannheim. All other
biochemicals were purchased from Bio-Rad Laboratories.
Centricon 30 microconcentrator units were obtained from

shown by several independent investigators that partially amicon Corporation (Danvers, MA). Antisera raised against

purified preparations of this protein activate phospholipase

og-specific andou;-specific internal amino acid sequence,

C (Smrcka et al., 1991; Taylor et al., 1991; Waldo et al., w082 (Pang & Sternweis, 1990) and B825 antisera, respec-

1991). Members of this family lack the site for PTX-
catalyzed ADP-ribosylation, a cysteine which is located four
residues from the carboxy terminus. A mixture of the
subunits of two members of this family,@nd G;, was
purified from bovine brain byy-agarose affinity chroma-
tography (Pang & Sternweis, 1990). Thessubunits from
bovine brain, as well as an apparently similar 42 kiva

tively, was generously provided by Dr. Paul C. Sternweis
(Department of Pharmacology, University of Texas South-

western Medical Center, Dallas, TX). Antiserum generated

against synthetic peptide with sequence corresponding to SP
receptor residues 27287, the presumed third extracellular
domain of the receptor, was kindly provided by Dr. James
E. Krause (Department of Anatomy and Neurobiology,

subunit purified from rat liver, have been shown to activate Washington University, St. Louis, MO). Antiserum raised

polyphosphoinositide-specific phospholipase C (Smrcka et
al., 1991; Taylor et al., 1991). Similarly, stimulation of
activation of the3 isoform of phospholipase C was recon-
stituted by addition of a chromatographically purified cholate
extract from turkey erythrocytes which is immunoreactive
to aq antisera (Waldo et al., 1991). More recently, recom-
binant Gxq and G, have been expressed in Sf9 cells,
purified, and shown to specifically and selectively stimulate
pB isoforms of phospholipase C (Hepler et al., 1993).

against a common sequence witlinsubunits of G and

Gi1 and antiserum against a common sequence within the
GTP-binding site ofa. subunits of G G, and G were
purchased from DuPont-NEN.

Photoaffinity Labeling and Chemical Cross-Linking of the
SP Receptor Membranes were prepared as previously
described from rat submaxillary glands (Macdonald & Boyd,
1989). Membrane preparations at a concentration of 5 mg
of membrane protein per mL were incubated in the dark with

Currently, there are many receptors that appear to activatep 3 nM 125-[Bpa]SP for 30 min at room temperature in 25

phospholipase C via&/Goa:. These include receptors for
thromboxane A2, bradykinin, angiotensin, histamine, and

mM HEPES (pH 7.4), 10 mM MgG] and 1 mM EDTA
(HME buffer). After the binding had reached equilibrium,

vasopressin, as well as muscarinic acetylcholine receptorsthe membranes were washed three times with ice-cold HME

(Shenker et al., 1991; Wange et al., 1991; Gutowski et al.,
1991; Berstein et al., 1992). These particulasubunits,
anda subunits of the other members of thg family with
which they share homology, are therefore excellent candi-
dates for involvement in the SP receptor signal transduction
pathway.

Previously, we have demonstrated the usefulness of a
radioiodinated photoreactive analogue of SP for labeling SP
receptors with highX70%) efficiency. Preliminary evidence
was also obtained which indicated that photolabeling oc-

(pH 7.4) to remove unbound ligand. Membranes were then
resuspended at 2 mg of membrane protein per mL in HME
(pH 8.0) at 4°C and distributed in 0.5 mL aliquots into
chilled, 35 mm tissue culture dishes. All dishes were placed
on ice and irradiated for 15 min at a distance of 4 cm from
a 100 W long-wave (365 nm) UV lamp (Blak-Ray).

To achieve chemical cross-linking, the photoaffinity
labeled membranes were warmed to room temperature and
a 100-fold concentrated solution of sulfo-EGS in DMSO was
then added to give a final concentration of 1 mM. The

curred when the receptors were coupled to their associatednembranes were incubated on a shaker at room temperature

G protein (Boyd et al., 1991a). Chemical cross-linking
strategies have previously been used to characterize kgand
receptor interactions in many systems (Pilch & Czech, 1980;
Massague et al., 1981; Payan et al., 1986; Resek & Ruoho,

for 15 min when using sulfo-EGS and for 30 min when using
DTSSP. The cross-linking reaction was quenched by adding
two volumes of 50 mM Tris-HCI and 10 mM EDTA, pH
7.4 (TE buffer). When DTSSP was used, 20 mM NEM was

1988) and to determine nearest neighbor relationships amongncluded in the quenching buffer to alkylate any reactive

membrane proteins (Wang & Richards, 1974), including
receptors and G proteins (Negishi et al., 1987; Kermode et
al., 1992). In this report, we describe the chemical cross-
linking of the photoaffinity labeled SP receptor to a 42 kDa

sulfhydryl groups. In some instances, membranes were
incubated at room temperature for 30 min with A
GppNHP or 1M AppNHp before chemical cross-linking.
The photoaffinity labeled membranes were treated before or
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after chemical cross-linking with 50 mM sodium phosphate (pH 8.2), 0.05 M EDTA, and 2% NP-40. Endoglycosidase
buffer (pH 11.5) for 30 min at 4C. Previously, we have F (6 units/12QuL) was then added to the samples to yield a
shown that these conditions deplete salivary gland mem-final concentration of 4.5 units/mL. Following a 5 h
branes of functional endogenous G proteins (Macdonald & incubation at 37C, the enzymatic reaction products were
Boyd, 1989). Following alkaline treatment, membranes were analyzed by SDS/PAGE and autoradiography.
resuspended in HME buffer prior to addition of the cross-  Reductie Cleaage of the Photoaffinity Labeled, DTSSP-
linking agent. Cross-Linked SP Receptor CompleAliquots of isolated,

SDS/PAGE and AutoradiographyFollowing the photo-  photoaffinity labeled SP receptor or photoaffinity labeled,
affinity labeling and cross-linking procedures, membranes DTSSP-cross-linked receptor complex were incubated for
(3 mg of protein per mL) were solubilized in SDS sample 10 min at 60°C in SDS sample buffer, which contained 250
buffer (Laemmli, 1970) withoug-mercaptoethanol for 10 ~ mM DTT. Cleavage of the cross-link was confirmed by
min at 60°C. Samples (106300ug of membrane protein)  SDS/PAGE and autoradiography.

were electrophoresed on 10% SDS/polyacrylamide slab gels  gg| Transfer and Immunoblotting Chemically cross-

according to the methods of Laemmli (1970). linked 96 kDa complex was excised from slab gels, elec-
Following electrophoresis, geLs were dried and exposed tqe|yted, and concentrated as described above. Half of this
to Kodak XAR-5 film at —80 °C using a Quanta Il g|yted complex was subject to reductive cleavage by incubat-

intensifying screen (Dupont-NEN). Bio-Rad low molecular ing in TE buffer containing a final concentration of 30 mM
weight standards and Bio-Rad prestained molecular weight 5T at room temperature for 60 min. The 96 kDa complex
markers were used to determine the molecular weights of 3ng the products of its reduction were resolved by SDS/
the radiolabeled polypeptides. _ PAGE (10% polyacrylamide). Proteins were transferred onto
Individual lanes of autoradiograms were analyzed densi- yjyrocellulose (MSI, Westhoro, MA) in a Transphor Elec-
tometrically using the GS-365PS electrophoresis data reduc-rophoresis Unit (Hoefer Scientific Instruments) at a setting
tion system, version 1.00 (Hoefer Scientific Instruments). 4t 1 A for 4 h. Nonspecific antibody binding was blocked
The areas under the peaks corresponding to the SP receptagy jncubating membrane for at least 2 h &C4in phosphate
and the 96 kDa cross-linked receptor complex were deter-,ffered saline (PBS) with 5% nonfat dry milk. Membrane
mined, and the ratio of the amount of 96 kDa cross-linked p|ots were then incubated overnight with primary antiserum
receptor complex to the total amount of SP receptor in each(1:1000 dilution in 1% nonfat dry milk in PBS), followed
lane was then calculated. In some experiments, the ef'by by three washes with 1% nonfat dry milk/0.3% Triton-
ficiency of cross-linking was also determined by the aligning 100x in PBS at room temperature. Blots were subsequently
of the dried gel with the autoradiogram, excising the regions jncybated with secondary antibody (1:10 000 dilution of
of the gel corresponding to non-cross-linked SP receptor andprseradish peroxidase-conjugated donkey anti-rabbit IgG
the 96 kDa cross-linked complex, and comparing relative (amersham Life Science) in 1% nonfat dry milk in PBS) at
amounts of radioactivity associated with each region. Both (5om temperature for 2 h, followed by three washes with
methods of analysis yielded similar estimates of cross-linking g 304 Triton-100X in PBS. Renaissance Western Blot

efficacy. Chemiluminescence Reagent (DuPont-NEN) was used as the

Preparation of the Photoaffinity Labeled, Chemically g pstrate for detection of immunoreactivity. Light emission
Cross-Linked SP Receptor?3-[Bpa’]SP was covalently  \yas recorded on autoradiographic film.

incorporated into 25 mg of rat submaxillary gland membranes
and the photoaffinity labeled membranes chemically cross-
linked as described above with the exception that the
irradiation was performed at a membrane concentration of
5 mg of protein per mL in a 100 mm tissue culture dish.

The membranes were then solubilized in SDS sample buffer
divided into two equal aliquots and loaded onto two 10%
slab gels, each 3 mm in thickness. The location of the
photoaffinity labeled, chemically cross-linked receptor com-
plex was identified by removal of 5 mm pieces of a

longitudinal strip from the side of each gel and determined

?ggnm‘;iizrﬁgﬁg: r(r?fc;lzr:j:r“\)/\r/]éigm;egirg:rr;;ljggg\ﬂégvr;s npprec!pitates were Washed three times by alternate cen-

then excised. The proteins were electroeluted using an ISCOmfugaltlon and resuspension of the pellets. The amount of
' radiolabeled receptor complex precipitated was determined

concentrator, model 1750. If necessary, samples were furtherb e

) . ) . .~ by measurement gf-emission.

concentrated by centrifugation using a Centricon 30 unit

(Amicon, Inc.). In some preparations, the region of the gel ResyLTS

containing the photolabeled but non-cross-linked receptor

was excised and subjected to the electroelution and concen- As has been described in detail previously (Boyd et al.,

tration steps. 1991b), photoincorporation ot?3-labeled p-benzoylt-

Endoglycosidase F Treatment of the Photoaffinity Labeled phenylalaningsubstance P-{-[Bpa®]SP) into rat submax-

SP Receptor and Chemically Cross-Linked Receptor Come-illary gland membranes resulted in the specific labeling of

plex. Aliquots of photoaffinity labeled SP receptor or two polypeptides possessing relative molecular masses of

photoaffinity labeled, chemically cross-linked receptor com- 53 and 46 kDa (Figure 1, lanes 1 and 2). Other work in

plex, obtained as described above by preparative SDS/PAGE this laboratory has shown that the 53 and 46 kDa SP receptor

were diluted with two volumes of 0.2 M sodium phosphate polypeptides contain similar amounts of N-linked carbohy-

Immunoprecipitation of SP Receptor Complehemi-
cally cross-linked 96 kDa complex was electroeluted from
SDS/PAGE gel slices as described above, and immunopre-
cipitation experiments were performed as described previ-
ously (Boyd et al., 1996). Aliquots of 96 kDa complex in
'electroelution buffer (5 mM Tris, 1 mM EDTA, 0.05% SDS,
pH 8.0) were incubated at 4 for 1 h with antisera which
recognize either G proteia subunits or the SP receptor.
Following antisera incubation, protein A-conjugated Sepharose
(50 uL of a 10% suspension in TE buffer) was then added
and incubation continued for an additional 30 min. Immu-
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31— Ficure 2: Chemical cross-linking of the photoaffinity labeled SP

receptor. (Panel A) Rat submaxillary gland membranes were
equilibrated with 0.3 nM23-[Bpa®]SP, photolyzed and incubated
with 1 mM sulfo-EGS as described under Experimental Procedures.
(Lane 1) Photoaffinity labeling followed by incubation without
; X h sulfo-EGS. (Lane 2) Photoaffinity labeling followed by incubation
(0.3 nM) was incubated with rat submaxillary gland membranes it squo-E(GS. (Le?ne 3) Follow>i/ng phot%afﬁnity Iabgling mem-
and p_hotolyzed as described under Expgrlmental Procedures.y anes were incubated with 10 GppNHp for 30 min at ’room
Following photolysis, membranes were subjected to SDS/PAGE temperature prior to addition of sulfo-EGS. (Lane 4) Following
and the labeled bands visualized by autoradiography. (Lat81)  photoaffinity labeling, membranes were incubated with ;2@
[Bpaf]SP incubated in the presence ofl SP before photolysis.  ApoNHp for 30 min at room temperature prior to addition of sulfo-
(Lane 2) No further treatment. (Lane 3) Following equilibration of £gg. (Lane 5) Membranes equilibrated wifi-[Bpa®|SP were
129-[Bpa’]SP, membranes were incubated for 30 min at ro0m incypated for 30 min at room temperature with 4 GppNHp
temperature with 1M GppNHp and then photolyzed. prior to photolysis. (Lane 6) Membranes equilibrated withi-
[Bpaf]SP were incubated for 30 min at room temperature with 10
drates but differ at the C-terminus in the length of their «M AppNHp prior to photolysis. (Panel B) Photoaffinity labeled
polypeptide chain (Kage et al., 1993). The labeling of the rat submaxillary gland membranes were treated with sodium

N _ ; : phosphate (pH 11.5) before or after chemical cross-linking with 1
full-length and C-terminal truncated SP receptor polypeptides mM sulfo-EGS. (Lane 1) Membranes were photoaffinity labeled

was inhibited by the addition of 1M GppNHp (Figure 1, anqd chemically cross-linked prior to alkaline treatment. (Lane 2)
lane 3), suggesting that the photolabeling of both forms of Membranes were photoaffinity labeled and then alkaline treated.
the SP receptor occurs when coupled to a G protein. (Lane 3) Photoaffinity labeled membranes were alkaline treated

. . . . before chemical cross-linking. (Note: The individual receptor bands
_Inan effort to characterize this G protein, chemical Cross- gre not distinguishable as the autoradiographs have been overex-
linking agents were tested for their ability to cross-link the posed to show the position of the 96 kDa cross-linked complex.)
photoaffinity labeled SP receptor to subunits which comprise
its associated G protein heterotrimer. Of the several cross-Table 1: Effect of Nucleotides and Alkaline Treatment on the
linking reagents tested, only the water-soluble cross-linking Amount of Total Photolabeled Receptor That Undergoes

agents, sulfo-EGS and DTSSP, consistently generated across-Linking to form the 96 kDa Compiex

Ficure 1: Photoaffinity labeling of the SP receptéti-[Bpaf|SP

distinct radiolabeled complex of higher molecular weight. treatmerft % photolabeled receptor in 96 kDa compiex
The results of a typical cross-linking experiment in which 0 13.6£3.6% (=7)
photolabeled SP receptors were treated with sulfo-EGS are 10uM GppNHp 3.3+ 1.1% (=5)
shown in Figure 2A. Treatment of the photolabeled mem- 10#M AppNHp 11.8+2.1% =4

pH 11.5 <1% (n=2)

branes with sulfo-EGS resulted in the appearance of an _ — _ - R— )
additional radiolabeled band at 96 kDa (compare lanes 1 and 2 Band intensities (in arbitrary densitometric units) were determined
2 in Figure 2A). Densitometric analysis of the autoradiogram by densﬂometpc_ scanning of autoradlogr_amﬁefers to thfa treatment
- of the photoaffinity labeled membranes prior to cross-linking with sulfo-
indicated that about 14% of the photolabeled receptors EGs.cThe fraction of the total photolabeled receptor that had
underwent chemical cross-linking to yield the 96 kDa undergone cross-linking to yield the 96 kDa complex was determined
covalent complex. In similar cross-linking experiments, the as described _in I_Experimental Procedures_. V_alues are given as mean
average cross-linking efficiency was 13t63.6% = 7). =+ SD for the indicated number of determinations.

To provide evidence that the photolabeled SP receptor

complex at 96 kDa was the result of a covalent linkage inhibition of photoaffinity labeling of the SP receptor (Figure
between the SP receptor and its G proteirsubunit, the 2A, lanes 5 and 6). Thus, the well recognized ability of
photoaffinity labeled membranes were incubated witlx VD guanine, but not adenine nucleotides, to dissociate agonist-
GppNHp for 30 min prior to the addition of sulfo-EGS. Prior bound receptorG protein complexes can account for both
incubation with the guanine nucleotide resulted in a marked the reduction in photolabeling when added prior to the
reduction in the densitometric intensity of the 96 kDa band photoactivation step and the reduced formation of the
(Figure 2A, lane 3 and Table 1). In contrast, incubation with photolabeled SP receptea subunit covalent complex when

10 uM AppNHp prior to cross-linking had little effect on  added following photolabeling, but prior to the addition of
the intensity of the 96 kDa band (Figure 2A, lane 4 and Table the cross-linker.

1). The nucleotide specificity observed for inhibition of Previously, we have shown that alkaline treatment of a
cross-linking reflected the nucleotide specificity observed for membrane preparation from rat submaxillary gland can be
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96 kDa =—b .
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=
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53 KDa =t 46 KDa ==

46 KDa map-

43 KDa b

36 KDa ==mp- .

oTT - - + +

endo F = + - + Ficure4: Reductive cleavage of the photoaffinity labeled, DTSSP-
cross-linked receptor complex. The photoaffinity labeled SP receptor
and the DTSSP-cross-linked complex were obtained by preparative
SDS/PAGE under nonreducing conditions and then treated with
50 mM DTT as described. Following reduction samples were then

Ficure 3: Endoglycosidase F treatment of the photoaffinity labeled
SP receptor and cross-linked photoaffinity labeled receptor complex.
The SP receptor and cross-linked receptor complex were obtained

by preparative SDS/PAG_E and electroelution and then treat_ed with analyzed by SDS/PAGE and autoradiography. (Lane 1) Photoaf-
4.5 units/mL endoglycosidase F as described under Experlmentalfinity labeled receptor in the absence of DTT. (Lane 2) DTSSP-
Procedures. Products of the enzymatic reaction were analyzed by

. - © cross-linked complex in the absence of DTT. (Lane 3) Photoaffinit
SDS/PAGE and autoradiography. (Lane 1) Photoaffinity labeled |50 receptorrf)ollowing treatment with DT(T. (Lan)e 4) DTSSP-y
SP receptor incubated in buffer without endoglycosidase F. (Lane

2) Photoaffinity labeled SP receptor incubated in buffer containing cross-linked complex following treatment with DTT.

4.5 units/mL endoglycodisase F. (Lane 3) Cross-linked receptor . L .
complex incubated in buffer without endoglycosidase F. (Lane 4) coSidase F also caused a 10 kDa decrease in its relative

Cross-linked receptor complex incubated in buffer containing 4.5 Molecular weight (Figure 3, lane 4) indicating that the protein
units/mL endoglycosidase F. covalently linked to the SP receptor lacks N-linked carbo-
hydrate residues. This is the expected result if the photo-
used to deplete these membranes of endogenous G proteinaffinity labeled SP receptor is covalently linked to a G protein
while leaving the SP receptor functionally intact (Macdonald a subunit, since the amino acid sequence data for the known
& Boyd, 1989). This use of alkaline buffers to obtain G o subunits show that they all lack sites for the attachment
protein-depleted membrane preparations has also beerof N-linked sugars (Simon et al., 1991).
described in studies of other G-protein coupled receptors, The detection of an apparently single radiolabeled covalent
including -adrenergic receptors in turkey erythrocyte mem- complex either before or after deglycosylation by encogly-
branes (Citri & Schramm, 1980) and-adrenergic receptors  cosidase F raised the question of whether both the full-length
in human platelet membranes (Kim & Neubig, 1985, 1987). and truncated forms of the SP receptor can undergo covalent
To provide additional evidence supporting the identification linkage to the G proteic subunit to form covalent adducts
of the protein cross-linked to the SP receptor as a G proteinwhich, although differing irM,, cannot be resolved by SDS/
o subunit, photolabeled membranes were briefly treated with PAGE autoradiography, or whether only one form of the
pH 11.5 buffer prior to the addition of sulfo-EGS (Figure SP receptor undergoes cross-linking. To address this ques-
2B). This alkaline treatment, which has been shown previ- tion, the composition of the 96 kDa complex was analyzed
ously to produce & 90% reduction in GTPS binding sites, in further detail. Photoaffinity labeled membranes were
completely abolished the appearance of the 96 kDa bandtreated with 3,3dithiobis(sulfosuccinimidylpropionate)
(Figure 2B, lane 3, and Table 1). On the other hand, alkaline (DTSSP), a cross-linking reagent that contains a cleavable
treatment had no effect on the electrophoretic mobility of disulfide bond within its spacer arm. The resulting 96 kDa
the photolabeled SP receptor (Figure 2B, lane 2) or the 96 covalent complex was resolved by preparative SDS/PAGE
kDa covalent complex (Figure 2B, lane 1). and subjected to compositional analysis by reductive cleavage
Previous work in our laboratory has shown that the SP of the covalent cross-link with dithiothreitol (DTT) followed
receptor is a glycoprotein containing about 10 kDa of by SDS/PAGE autoradiography (Figure 4). Reductive
N-linked carbohydrates (Boyd et al., 1991a). To provide cleavage of the covalent cross-link in the 96 kDa complex
information about the glycosylation state of the protein yielded the 53 kDa, but not the 46 kDa, form of the SP
covalently linked to the SP receptor, the photoaffinity labeled receptor (Figure 4, lane 4). Treatment of the photoaffinity
SP receptor and the 96 kDa cross-linked receptor complexlabeled SP receptor with DTT had no effect on the electro-
were resolved by preparative SDS/PAGE and individually phoretic mobility of either receptor isoform (Figure 4, lane
treated with endoglycosidase F (Figure 3). When analyzed
by SDS/PAGE and autoradiography, the photoaffinity labeled 2 since endoglycosidase F treatment of the isolated 53 kDa SP
SP receptor ran as two polypeptides of 53 and 46 kDa (Figurereceptor yields a 43 kDa polypeptide and endoglycosidase F treatment

.~ Of the isolated 46 kDa SP receptor yields a 36 kDa polypeptide, we
3, lane 1), and each was decreased by 10 kDa following have concluded that the 43 and 36 kDa bands represent deglycosylated

endoglycosidase F treatment (Figure 3, lané Z)”_.eatment forms of the 53 and 46 kDa SP receptor, respectively (Kage et al.,
of the 96 kDa cross-linked receptor complex with endogly- 1993).
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Table 2: Summary of Immunoprecipitation Experiments

(kMgg) antisera specificity immunoprecipation of 96 kDa complex
O +
3 Q11 +
97.4—» oo ++
" Olcommon -
SP receptor ++
69—

that both of thesea subunits were cross-linked to the

46 photolabeled SP receptor. In contrast, using antisera gener-

- o ated against a common amino acid sequence found within
the GTP-binding site ofo subunits of G G,, and G,
immunoreactivity was not detected in either the 96 kDa
region of the uncleaved complex or, following reduction,
within the predicted molecular weight range for these
subunits.

Further evidence that the 96 kDa complex represents a
"DTT  +DTT cross-linked species consisting of photolabeled SP receptor
FiIGURE 5: Immunoblot of the receptor complex and products of covalently attached to eitheg, or o1 subunits was obtained

reductive cleavage usingogGous-specific antisera. The DTSSP- . oo . .
cross-linked complex was obtained by preparative SDS/PAGE and PY immunoprecipitation of the complex with a variety of

electroelution. A portion of the complex was subject to reduction antisera, including antisera generated against speaific
by incubation in buffer with 30 mM DTT as described. Ilmuno-  subunits and the SP receptor (Table 2). Antisera which
blots were labeled usingy/a.1;-specific antisera. (Lane 1) DTSSP- recognizeag and ays, but not antisera which recognize,

cross-linked complex in the absence of DTT. (Lane 2) DTSSP- - - ..
cross-linked complex in the presence of DTT. 0o, and o, isoforms, immunoprecipitate the photolabeled
receptor complex.

3). These results indicate that only the 53 kDa form of the
SP receptor undergoes cross-linking to yield a 96 kDa DISCUSSION
complex. Thus the polypeptide cross-linked to the SP

receptor has, by subtraction, an apparent molecular mass of Activat!on of the_SP receptor leads to stimulati(?n of
about 42 kDa, a value within the range typically found for Phospholipase C activity by a pathway that appears to involve

o subunits of known G proteins. a PTX-insensitive G protein. The initial evidence that a G
In order to identify the 42 kDa protein which we have protein is involved in SP receptor signaling was prpvided
cross-linked to the SP receptor, antisera that had beenPY Le€ et al. (1983), who showed that the binding of
generated against specific G proteirsubunits were used ~radiolabeled SP to rat salivary gland membranes was
for immunoblot analysis. The 96 kDa SP receptor complex inhibited by guanine nucleotides. Subsequently, we have
was formed by treatment of photolabeled membranes with shown that this effect of guanine nucleotides was through a
DTSSP, and the band containing this complex was partially PTX-insensitive G protein that was required for the expres-
purified by preparative gel electrophoresis and electroelution. sion of high-affinity agonist binding to the SP receptor
This partially purified protein complex and the products (Macdonald & Boyd, 1989). Thus, as for other G protein-
derived by reductive cleavage of the covalent cross-link were coupled receptors, SP binding in the absence of guanine
resolved by SDS/PAGE and then transferred to nitrocellulose nucleotides gives rise to a stable, high-affinity ternary
for immunoblot analysis. Blots were probed using antisera complex of SP, SP receptor, and G protein. The addition
generated against an internal amino acid sequence specifiof a guanine nucleotide causes a rapid dissociation of the G
to eitherog or ay;, and antisera against a commagaus protein that is accompanied by a marked loss in affinity for
sequence, as well as antisera against a common sequencspP (Luber-Narod et al., 1990). The G protein that couples
within o, 04, anda,. Go/Gour-specific immunoreactivity  to the SP receptor stimulates phospholipase C in a pertussis
was detected as a diffuse band in the 96 kDa region (Figuretoxin-insensitive manner (Merritt et al., 1986; Laniyonu et
5, lane 1), indicating that the 96 kDa complex contains this 5| 1988: Nakajima et al., 1988). Of the currently known
o subunit.  The band representing radiolabeled 96 kDa G proteina subunits, only members from the, @mily have
complex, wsughzed autoradlographlca!ly as in Figure 3, Was yaen shown to activate phospholipasinGitro in a PTX-
seen to superimpose on the band which correspondg/to  j,sansitive manner (Pang & Sternweis, 1990; Taylor et al.,

aq1-specific immunoreactivity. Immunoreactivity and ra- 1990. 1991 Rhee & Choi. 1992: Hepl t al.. 1993
dioactivity is diffuse in the 96 kDa region due to the variable ' » Rhee ol > nepler et al, )

degree of glycosylation of the population of SP receptors Inthe_pre_sent studies, vv_e_investig_ate the feasibi_lity of using
contained within complexes (Kage et al., 1993). Following & combination of photoaffinity labeling and chemical cross-
reduction of the disulfide bond within DTSSP, a single, sharp linking techniques to identify G proteia subunits which
band ofa/aus-specific immunoreactivity was visualized at ~ couple to the SP receptor. Results from immunoblot and
42 kDa, the predicted molecular mass of thessubunits autoradiograph analysis indicate that the complex consists
(Figure 5, lane 2). Immunoblots probed with eithes of a radiolabeled full-length SP receptor isoform cross-linked
specific oroys-specific antisera showed results similar to to either a G or Gi1 a subunit. Identification is confirmed
those seen witly/o; antisera (data not shown), indicating by a number of characteristics, including molecular size, lack

30—
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of glycosylation, sensitivity to guanine nucleotides, and the distal end of the C-terminal cytoplasmic tail of the SP
sequence-specific immunoreactivity. receptor is not an absolute requirement for interaction with

Reductive cleavage of the DTSSP-cross-linked receptor GJ/Gi1, nevertheless this region must be located in close
complex showed that only the 53 kDa form of the SP proximity to the G proteir subunit. Such an arrangement
receptor participates in cross-linking. The protein cross- is potentially of mechanistic significance since studies of the
linked to the SP receptor has an apparent molecular mass ofs-adrenergic receptor, which like the SP receptor possesses
42 kDa, a value that is within the molecular mass range of a serine- and threonine-rich C terminus, provide evidence
known G proteiro. subunits. Treatment of the complex with  that phosphorylation of these residues by a specific kinase
endoglycosidase F indicates that only a single receptor isplays an important role in desensitization, by interfering with
present within the complex, thus eliminating the possibility the interaction between the receptor and its G protein
that the cross-linked species consists of SP receptor dimers(Hausdorff et al., 1991; Roth et al., 1991).

Furthermore, 42 kDa prOteinS can be detected by immunoblot Since the G protein that Coup|es to the SP receptor cannot
analysis following reductive cleavage of the cross-linked pe |abeled by bacterial toxins, we have developed an
complex which are specifically identified ag and aa. In alternative labeling approach which combines the use of the
addition to immunoblot analysis, immunoprecipitation ex- photolabeled SP receptor as a highly specific detection probe,
periments have demonstrated that the 96 kDa receptorwith the use of recently available subunit antisera for
complex possessesy/oui-specific immunoreactivity. The  immunological detection. The successful application of this
96 kDa complex, containing thé3-[Bpa’]SP-photolabeled  approach was dependent on the availability of an efficient
receptor, has been immunoprecipitated with antisera specif-photoaffinity agonist. The SP derivatiVié3-[Bpaf|SP, can
ically generated againstq and au: peptide sequences, as pe used to photolabel about 70% of the SP receptors in rat
well as SP receptor sequence. This result, together withsybmaxillary gland membranes, and subsequently about 14%
immunoblot analysis, provides strong evidence that in of these photolabeled receptors can be chemically cross-
membrane preparations isolated from rat salivary glands wejinked to their associated G protein(s). The efficiency of
have formed covalent complexes consisting of photoaffinity cross-linking is quite high considering that only full-length
agonist, full-length receptor and a G proteiisubunit, either  photolabeled receptors undergo cross-linking, which seems
Oq Or Q1. to indicate a close association between receptor and G
It is interesting that of the various CI’OSS-linking agentS protein_ The concentration of SP receptor in crude mem-
tested only sulfo-EGS and DSSTP produced the 96 kDa prane preparations of rat submaxillary gland is about 500
covalent complex in good yield. The importance of the water fmol/mg of membrane protein (Boyd et al., 1991b), and the
solubility of the cross-linker is apparent when the cross- yield of the 96 kDa covalent complex is typically between
linking patterns observed for EGS, which is relatively water- 20-50 fmol/mg of membrane protein, an amount that is

insoluble and readily partitions into the lipid bilayer, and a sufficient for further analysis of SP recepto® protein
water-soluble derivative, sulfo-EGS, are compared. Higher complexes.

molecular mass complexes 200 kDa) predominated when
EGS was used (data not shown), presumably as a result o
formation of additional cross-links within the plane of the

YA Sonrast e sulfonated deriative of ECS: gand membranes. Resuitsof anayis wiyraniserum
) ’ ) ~appear to rule out interactions with otheisubunits known
able (Staros, 1982), produced the 96 kDa photolabeled SP bp

; M o to be present in rat salivary glands, particulaslyand a;
receptor complex with about a 14% cross-linking efficiency, isoforrgs (Ali et al., 1992).y Igor othe? G protein-cou;l)led
while only small amounts pf hl_gher molecular_we|ght receptors, there is increasing, but as yet circumstantial,
complexes were formed. This striking difference in cross-

linki hat th o f ) f1h SI:)evidence that activation of multiple cellular pathways may
Inking patterns suggests that the amino functions of the SP;p,, e interactions of single receptor types with multiple
receptor and ther subunit with which it forms a complex

I q e of th b in th * classes of G proteins (Offermanns & Schultz, 1994). The
are located outside of the membrane In the aqUeous environ, o imental approach described here should provide useful
ment. This conclusion is consistent with the results of studies

- ) . : information for understanding the functional complexity of
that indicate the interactions of G protein-coupled receptors these G protein interactions.
with their G proteins involves sequences located in their
cytoplasmic domains (Ostrowski et al., 1992; Franke et al., A\CKNOWLEDGMENT
1992; Namba et al., 1993; Stefan & Blumer, 1994).
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