
Biochemistry 1993, 32, 6703-671 1 6703 

Affinity Labeling of the p Opioid Receptor in Bovine Striatal Membranes with 
[ 3H] - 14p-( Bromoacetamido)-7,8-dihydromorphine+ 

Jean M. Bidlack,'J Richard A. Kaplan,t Ramu A. Subbramanian,: Ahmad Seyed-Mozaffari,g and Sydney Archers 

Department of Pharmacology, The University of Rochester School of Medicine and Dentistry, Rochester, New York 14642, and 
Department of Chemistry, Cogswell Laboratory, Rensselaer Polytechnic Institute, Troy, New York 12181 

Received January 22, 1993; Revised Manuscript Received April 21, I993 

ABSTRACT: [3H]-14P-(Bromoacetamido)-7,8-dihydromorphine ( [3H]H2BAM) was synthesized and tested 
for its ability to selectively label p opioid receptors in bovine striatal membranes. Incubating membranes 
with N-tosyl-L-phenylalanine chloromethyl ketone and dithiothreitol before the addition of [3H] H2BAM 
reduced nonspecific [3H]H2BAM binding so that [3H]H2BAM binding to opioid receptors was up to 70% 
of the total [3H]H2BAM binding and was dependent on [3H]H2BAM concentration, incubation time, and 
pH of the reaction. At pH 7.5, [3H]H2BAM bound selectively to the p opioid receptor, but mainly 
noncovalently. After the initial binding of [3H]H2BAM to the receptor, membranes were washed and then 
incubated at  37 OC in 50 mM Tris-HC1, pH 8.5, for 3 h, a time that resulted in greater than 80% of the 
[3H] H2BAM associated with the receptor becoming covalently bound to the opioid receptor. The p-selective 
peptide [~-Ala~,(Me)Phe~,Gly(ol)~]enkephalin inhibited [3H]H2BAM labeling of membranes, while 6- or 
K-selective compounds were ineffective. Both NaCl and the nonhydrolyzable guanine nucleotide analog 
guanylyl5'4midodiphosphate reduced the incorporation of [3H] H2BAM into membranes. When [3H] H2- 
BAM-labeled striatal membranes were separated under reducing conditions on a sodium dodecyl sulfate- 
polyacrylamide gel, two proteins with molecular weights of 54 000 and 44 000 were specifically labeled. 
The 54-kDa protein was present in a greater amount than the 44-kDa protein. Both proteins bound to wheat 
germ agglutinin-Sepharose and concanavalin A-Sepharose, suggesting that both proteins contain multiple 
carbohydrate moieties. Despite the inclusion of protease inhibitors, the 44-kDa protein may be a proteolytic 
fragment of the 54-kDa protein. Alternatively, these two proteins may be either different types of p opioid 
receptors, or different degrees of posttranslational modification may account for the difference in the 
apparent molecular weight of the two proteins. 

Affinity labeling of the different types of opioid receptors 
allows the further elucidation of the pharmacological and 
molecular properties of the multipleopioid receptors. Affinity 
labeling of the p opioid receptor has been difficult due to the 
lack of specific affinity ligands and the fact that high 
concentrations of most affinity ligands have been necessary 
to obtain irreversible labeling of the p opioid receptor. O-FNA' 
has been extensively used to label p opioid receptors (Por- 
toghese et al., 1980). When bovine striatal membranes were 
incubated with [3H]-,!3-FNA and then separated under 
denaturing and reducing conditions on SDS-polyacrylamide 
gels, a broad band corresponding to molecular weights of 
68 000-97 000 was detected by autoradiography (Liu-Chen 
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& Phillips, 1987). Bands corresponding to molecular weights 
of 57 000 and 49 000 were obtained when the [3H]-O-FNA- 
labeled proteins were treated with N-glycosidase F to digest 
carbohydrate moieties, before the sample was separated under 
denaturing and reducing conditions. Other affinity ligands 
that have been used to affinity label p opioid receptors include 
both alkaloids and peptides. Naloxonazine (Hahn et al., 1982) 
and a series of 14-hydroxydihydromorphinone hydrazones 
(Pasternak & Wood, 1986; Heyman et al., 1988; Williams bt 
al., 1988) have been used in vivo and in vitro to irreversibly 
block p1 opioid receptors. [3H]Naloxone benzoylhydrazone 
has been used as a photoaffinity ligand to label p and ~3 opioid 
receptor subtypes in bovine striatal membranes. SDS- 
polyacrylamide gel electrophoresis of the photoaffinity-labeled 
membranes revealed a number of 3H-labeled proteins (Stan- 
diferet al., 1991). Whenrat brainmembranes wereincubated 
at  an alkaline pH with the peptide [3H]DALECK (Newman 
& Barnard, 1984) or a 3H-labeled chloromethyl ketone 
derivative of the p-selective peptide DAMGO (Varga et al., 
1988), a 58-kDa protein was specifically labeled. On the basis 
of competition studies, the authors suggested that these 
chloromethyl ketones labeled the p opioid receptor. Wolleman 
(1987) reported that [3H]DALECK labeled additional pro- 
teins of higher and lower molecular weight. After UV 
irradiation for 20 min at 10 "C at a wavelength of 255 nm, 
the photoaffinity probe [3H]NUPA labeled a 67-kDa, a 58- 
kDa, and a 33-kDa protein in rat brain membranes, but only 
the labeling of the 67-kDa protein was partially blocked by 
naloxone (Mejean et al., 1992). In guinea pig cerebellum 
membranes, [3H]NUPA labeled a 58-kDa and a 36-kDa 
protein. The labeling' of both proteins was partially reduced 
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by the K-selective ligand U50 488. 
A number of irreversible affinity ligands have been syn- 

thesized to label the 6 opioid receptor. These include the 
6-selective acylating agonists FIT (Rice et al., 1983) and 
SUPERFIT (Burke et al., 1986). In the neuroblastoma X 
glioma NG108-15 cell line, which contains only &type opioid 
receptors, both FIT and SUPERFIT irreversibly inhibited 
opioid binding. When NG108-15 cell membranes were 
incubated with [3H]FIT and then separatedunder denaturing 
and reducing conditions on SDS-polyacrylamide gels, a 58- 
kDa protein was specifically labeled (Kleeet al., 1982). While 
these ligands have yieldedvery specific labeling of the 6 receptor 
in NG108- 15 membranes, they have not been used successfully 
to label 6 opioid receptors in brain. A 33-kDa protein was 
labeled when NG108-15 cell membranes were incubated with 
the photoaffinity peptide, [ 1251] azido-DTLET, while 44- and 
34-kDa proteins were labeled when the photoaffinity probe 
wasincubated with rat brain membranes (Bochet et al., 1988). 
A derivative of [~-Ala~,~-Leu~]enkephalin, containing a 
cysteine residue in the sixth position, has been shown to inhibit 
6 opioid binding to rat brain membranes in a wash-resistant 
manner, suggesting that this peptide bound covalently to the 
6 opioid receptor (Bowen et al., 1987). Yeung (1987) prepared 
a photoreactive 12SI-labeled enkephalin derivative that labeled 
a 46-kDa protein in rat brain. The labeling of this protein 
was blocked by p, 6, and K opioids, suggesting a lack of 
specificity. While numerous affinity ligands have been 
synthesized for the specific labeling of p and 6 opioid receptors, 
they have suffered from the lackof high affinity and selectivity 
for a certain type of opioid receptor. The design of specific, 
selective, and irreversible affinity ligands may be facilitated 
by taking advantage of a molecular characteristic unique to 
a certain type of opioid receptor. 

Recently, we have shown that when rat brain membranes 
were incubated with the disulfide bond reducing agent DTT, 
followed by the addition of BAM, BAMO, H2BAM, or H2- 
BAMO and then extensive washing of the membranes, greater 
than 90% of p opioid binding to membranes was inhibited, 
while 6 and K opioid binding was not altered by alkylation of 
membranes with the affinity ligands (Bidlack et al., 1989, 
1990). In the absence of DTT, these affinity ligands did not 
inhibit opioid binding to brain membranes in a wash-resistant 
manner. These studies initially suggested that there was a 
disulfide bond at the p opioid binding site. However, as 
demonstrated in this paper, DTT enhanced the alkylation of 
the opioid receptor by reducing the binding of the affinity 
ligands to nonspecific sulfhydryl groups, not by breaking a 
disulfide bond at the p opioid binding site. We have also 
recently shown that the endogenous thiol-containing compound 
glutathione is associated with bovine striatal membranes at 
a concentration of approximately 1 pM and DTT may be 
reacting with glutathione, thereby allowing a higher concen- 
tration of the affinity ligands to reach the receptor (J. M. 
Bidlack, unpublished data). Previous studies have shown that 
opioid binding was inhibited by disulfide bond reducing 
reagents (Pasternak et al., 1975; Marzullo & Hine, 1980; 
Nozaki & Cho, 1985; Kamikubo et al., 1988; Gioannini et al., 
1989) and sulfhydryl alkylating compounds (Simon & Groth, 
1975; Smith & Simon, 1980; Larsen et al., 1981; Childers, 
1984; Ofri & Simon, 1992), suggesting the presence of at 
least one and possibly two (Ofri & Simon, 1992) thiol groups 
at or near opioid binding sites. By taking advantage of this 
sulfhydryl group near the p opioid binding site, the specific 
radioactive labeling of the 1.1 opioid receptor is possible. 
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FIGURE 1: Synthesis of [3H]H2BAM. The synthesis of [3H]H2- 
BAM was performed as described under Experimental Procedures. 

EXPERIMENTAL PROCEDURES 

Materials. [3H]H2BAM (38.4 Ci/mmol) was synthesized 
by Amersham Corp., and the [14C]methylated proteins, used 
as molecular weight markers on the SDS-polyacrylamide gels, 
were obtained from Amersham (Arlington Heights, IL). The 
tissue solubilizer, Soluene 350, and Triton X-100, obtained 
as a 10% solution, were purchased from Packard Instruments 
(Meridan, CT). Cytoscint ES scintillation fluid was obtained 
from ICN Radiochemicals (Covina, CA). Entensify was 
purchased from New England Nuclear (Wilmington, DE). 
X-Omat XAR film was purchased from Eastman Kodak Co. 
(Rochester, NY). N-Acetyl-D-glucosamine, methyl a-D- 
glucopyranoside, TPCK, and Con ASepharose were obtained 
from Sigma Chemical Co. (St. Louis, MO). DTT, ultrol grade, 
was purchased from Calbiochem (La Jolla, CA). The protease 
inhibitors were obtained from Boehringer Mannheim (Indi- 
anapolis, IN). U50 488 was purchased from Research 
Biochemicals Inc. (Natick, MA). DAMGO and IC1174 864 
were purchsaed Bachem (Torrance, CA) and Cambridge 
Research Biochemicals (Wilmington, DE), respectively. 
Dextrorphan and levorphanol were gifts from Hoffmann-La 
Roche Inc. (Nutley, NJ), and naloxone was a gift from END0 
Laboratories (Garden City, NY). Etorphine was obtained 
from the National Institute on Drug Abuse (Rockville, MD). 
The WGA-Sepharose was purchased from EY Laboratories 
Inc. (San Mateo, CA). 

Synthesisof [3HJH2BAM. Starting with thebaine, [3H]H2- 
BAM was synthesized to a specific activity of 38.4 Ci/mmol, 
as shown in Figure 1. Thebaine (1) was converted to 140- 
aminocodeinone (2) according to the method of Kirby and 
McLean (1985). Demethylation with boron bromide gave 
the corresponding morphinone 3. The latter was reduced with 
sodium borohydride to 14P-aminomorphine (4). Reduction 
with tritium gas gave 5, which was treated with bromoacetyl 
bromide to furnish the required [3H]H2BAM (6). The 
synthesis was performed by Amersham, and by three different 
chromatography procedures the purity was determined to be 
196%. 

Covalent Labeling of the ec Opioid Receptor in Bovine 
Striatal Membranes with [3flH2BAM. The affinity labeling 
experiments used bovine calf striatal membranes due to the 
high concentration of p opioid receptors in this tissue. Calf 
striata were homogenized in 10 times the wet weight of tissue 
in 50 mM Tris-HC1, pH 7.5, followed by centrifugation at 
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39000gfor 20 min at 4 OC. The membranes were resuspended 
in the original volume of buffer and incubated at 37 OC for 
30 min, followed by centrifugation at 39000g for 20 min at 
4 OC. The membranes were resuspended at a protein 
concentration of 8-12 mg/mL in 50 mM Tris-HC1, pH 7.5, 
and stored at -80 OC until use. The membrane protein 
concentration was determined according to the method of 
Bradford (1 976), using bovine serum albumin as the standard. 

Bovine striatal membranes, 20 mg of protein, were incubated 
in 4.8 mL of 50 mM Tris-HC1, pH 7.5, with a final 
concentration of 100 pM TPCK. After a 30-min incubation 
at 25 OC, 100 pM DTT was added for an additional 30-min 
incubation. The volume was brought to 5 mL by the addition 
of 8 nM [3H]H2BAM, which was incubated with the 
membranes for 10 min, followed by the dilution of the contents 
of the tubes to 40 mL by the addition of cold 50 mM Tris- 
HCl, pH 8.5. After centrifugation at  39000g for 15 min at 
4 OC, the membranes were resuspended in 40 mL of 50 mM 
Tris-HC1, pH 8.5, followed by an additional centrifugation at 
39000g for 15 min. The supernatant was removed, and the 
membrane pellets were incubated in a 37 OC shaking water 
bath for 3 h, followed by resuspension in 2 mL of 50 mM 
Tris-HC1, pH 6.8. To determine total counts associated with 
the membranes, an equal volume of membranes was added 
to 10% SDS, resulting in a final SDS concentration of 5%. 
The samples were incubated at 50 OC for 2 h, followed by 
centrifugation in a microfuge at 16000g for 10 min at 25 OC. 
Virtually all of the membrane protein was solubilized. An 
80-pL aliquot incubated with 0.5 mL of the tissue solubilizer, 
Soluene 350, at 50 OC for at least 60 min before the addition 
of 6 mL of Cytoscint ES scintillation fluid. 

To determine the [3H]H2BAM that was bound covalently 
to membrane proteins, an aliquot of SDS-solubilized mem- 
branes was precipitated with methanol and chloroform as 
described by Wessel and Flugge (1984). Briefly, 400 pL of 
methanol was added to 100 pL of the SDS-solubilized 
membranes, followed by centrifugation at 9OOOg for 10 s in 
a microfuge. Then 100 pL of chloroform was added, and the 
samples were mixed and centrifuged at 9000gfor 10 s. After 
the addition of 300 pL of H20, the samples were centrifuged 
at 9OOOg for 1 min. The upper phase was removed by 
aspiration, and an additional 300 pL of methanol was added 
to the lower phase. The samples were mixed and centrifuged 
at 9OOOg for 2 min. The supernatant was aspirated, and the 
pellets were allowed to air-dry. The protein was solubilized 
by the addition of 100 pL of 5% SDS. An aliquot of 80 pL 
was counted in Soluene 350 and Cytoscint ES, as described 
above. 

Optimal conditions for [3H]H2BAM labeling of the mem- 
branes were determined by varying the addition of TPCK and 
the concentrations of DTT and [3H]H2BAM. The time of 
incubation of membranes with [3H]H2BAM and the time of 
incubation of [3H]H2BAM-treated membranes at 37 "C were 
also varied, as well as the pH of the reaction. Protection 
experiments were performed to determine if selective opioids 
could block [3H]H2BAM alkylation of membranes. In these 
experiments, membranes were incubated with 100 nM of the 
opioids and 100 pM TPCK for 30 min at 25 "C, followed by 
the addition of 100 pM DTT and 8 nM [3H]H2BAM as 
described above. In experiments directed at determining the 
effect of NaCl and the nonhydrolyzable guanine nucleotide 
Gpp(NH)p on [3H]H2BAM labeling of the p opioid receptor, 
membranes were incubated with 150 mM NaCl and/or 100 
pM Gpp(NH)p and 100 pM TPCK for 30 min at 25 "C, 
followed by the addition of 100 pM DTT and 8 nM [3H]H2- 
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BAM as described above. Protease inhibitors, consisting of 
1 mM EDTA, 0.2 mM PMSF, 0.7 pg/mL pepstatin, and 0.5 
pg/mL leupeptin, were included throughout the experiment 
to determine if the [3H]H2BAM-labeling pattern changed as 
a result of the inclusion of protease inhibitors. 

Determining if the [3fl H2BAM-Labeled Proteins Bound 
to Wheat Germ Agglutinin-Sepharose or Con ASepharose.  
To determine whether the [3H]H2BAM-labeled proteins were 
glycoproteins, the [3H] H2BAM-labeled, solubilized membrane 
proteins were applied to WGA-Sepharose and Con A- 
Sepharose columns. Bovine striatal membranes were incu- 
bated with 8 nM [3H]H2BAM as described above and 
resuspendedin50mMTris-HCl,pH7.5. To 18mLof [3H]H2- 
BAM-labeled membranes was added 18 mL of a solution 
containing 0.6% SDS and 20 mM DTT in 50 mM Tris-HC1, 
pH 7.5. The sample was boiled for 3 min to inactivate 
proteases, followed by centrifugation at lOOOOOg for 60 min 
at 18 OC, resulting in the solubilization of greater than 90% 
of the membrane protein. To remove SDS from the sample, 
this anionic detergent was exchanged for Triton X-100. The 
SDS-containing supernatant was diluted 6-fold by the addition 
of Triton X-100 at a final concentration of 0.5%, with a 
resulting SDS concentration of 0.05%, below the critical 
micelle concentration for SDS of 0.24% (Furth, 1980). The 
sample was concentrated 10-fold on an Amicon PM-10 
membrane. Most of the Triton X-100 detergent, having a 
critical micelle concentration of 0.02% (Furth, 1980), remained 
associated with the solubilized protein. The supernatant was 
diluted 2-fold by the addition of NaCl to a final NaCl 
concentration of 0.8 M and a final Triton X- 100 concentration 
of approximately 2%. The sample was centrifuged at 1 OOOOOg 
for 60 min. Greater than 90% of the protein remained in 
solution. The protein concentration was determined according 
to the modified Lowry procedure, using SDS (Peterson, 1983). 
The solubilized [3H]H2BAM-labeled proteins were mixed 
overnight at room temperature with 5 mL of WGASepharose, 
which had been equilibrated with 50 mM Tris-HC1, pH 7.5, 
containing 0.5 M NaCl. The slurry was poured into a 1 X 
20 cm column and was washed with column buffer containing 
0.5 M NaCl and 0 1% Triton X-100 in 50 mM Tris-HC1, pH 
7.5. Fractions containing 3.5 mL were collected, and when 
the absorbance at 280 nm reached the baseline, the column 
buffer was switched to the eluting buffer, which contained 0.5 
M N-acetyl-D-glucosamine in column buffer. Protein elution 
was monitored by absorbance and counting 200 pL of each 
fraction in 1 mL of Soluene 350 and 10 mL of Cytoscint ES 
scintillation fluid. 

To determine if any of the [3H]H2BAM-labeled protein 
that did not bind to the WGA-Sepharose would bind to a 
different lectin, [3H] H2BAM-solubilized proteins that did not 
bind to WGA-Sepharose were incubated with Con A- 
Sepharose. The void sample from a WGA-Sepharose column 
was reapplied to the WGA column, and only approximately 
15% of the original amount of binding to the WGA column 
was obtained. The void fraction from the second WGA column 
was then applied to the Con A-Sepharosecolumn. To enhance 
glycoprotein binding to Con A, MnCl2 and CaCl2 were added 
to the void sample from the WGA column to a final 
concentration of 1 mM. The [3H]H2BAM-labeled protein 
was mixed overnight at room temperature with the Con 
ASepharose, which had been equilibrated with column buffer 
containing 0.5 M NaCl, 0.1% Triton X-100, 1 mM CaCl2, 
and 1 mM MnCl2 in 50 mM Tris-HC1, pH 7.5. The slurry 
was poured into a column and washed with column buffer. 
Protein was eluted from the Con A-Sepharose by the addition 
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of 0.5 M methyl a-D-glucopyranoside in column buffer. Void 
and eluted samples from both lectin columns were concentrated 
either on an Amicon PM- 10 or on an Amicon Centriprep 10 
membrane. The concentrated samples were then separated 
by SDS-polyacrylamide electrophoresis. 

SDS-Polyacrylamide Gel Electrophoresis of [3Hl H2BAM- 
Labeled Proteins. [3H] HzBAM-labeled membranes were 
solubilized in sample buffer containing 0.125 M Tris-HC1, 
pH 6.8, 5% SDS, 10% glycerol, 5% 2-mercaptoethanol, and 
0.005% bromophenol blue (Laemmli, 1970). After incubating 
at 50 OC for at least 2 h, samples were centrifuged at 16OOOg 
for 10 min in a microfuge to remove any unsolubilized material. 
The samples, containing up to 0.8 mg of protein/gel lane, 
were separated on a 12 X 18 X 0.3 cm running slab gel 
containing 8.5% acrylamide and a 3 X 18 X 0.3 cm 4% 
acrylamide stacking gel. The samples were electrophoresed 
overnight at a constant current of 11 mA/gel. [14C]- 
Methylated proteins consisting of [ 14C]methylated-myosin 
(200 000), phosphorylase b (97 400), bovine serum albumin 
(69 000), ovalbumin (46 000), carbonic anhydrase (30 000), 
and lysozyme (14 300) were used as the molecular weight 
standards. Either the gel lanes were sliced in 2-mm slices or 
the gel was stained with Coomassie blue, followed by 
destaining. To elute [3H]HzBAM-labeled proteins from the 
gel, the 2-mm gel slices were incubated in 1 mL of Soluene 
350 at 50 OC for at least 18 h before the addition of 10 mL 
of Cytoscint ES scintillation fluid. For fluorography, the gels 
were soaked in Entensify solutions as recommended by the 
manufacturer. The gel was then dried and exposed to Kodak 
X-Omat XAR film that had been hypersensitized according 
to the method of Smith et al. (1985), using the hypersensitizing 
kit from Lumicon (Livermore, CA). The films were incubated 
Du Pont intensifying screens at -80 OC for 3-4 months before 
developing. 

Bidlack et al. 

RESULTS 

Determining the Effect of TPCK and DTT on [3HlH2- 
BAM Alkylation of Bovine Striatal Membrane Proteins. 
When membranes were incubated with 8 nM [3H]H~BAM 
at 25 OC for 10 min, followed by two centrifugal washes in 
50 mM Tris-HC1, pH 8.5, and incubation at 37 OC for 3 h, 
[3H] HzBAM bound covalently to membrane proteins, as 
shown in Table I. In the absence of either TPCK or DTT, 
specific binding, as measured by the inclusion of 10 pM 
naloxone, was obtained but was only 29% of the total binding. 
Inclusion of either 100 pM TPCK or 100 pM DTT increased 
the amount of [3H]HzBAM bound covalently to opioid 
receptors. The specificity of [ 3H] HzBAM binding increased 
to approximately 43% in the presence of either TPCK or DTT. 
Incubating membranes with both TPCK and DTT before the 
addition of [3H]HzBAM resulted in a 55% increase in the 
amount of [ 3H] HzBAM specifically bound to opioid receptors 
and a doubling of the specificity of binding in comparison to 
untreated membranes. These results suggest that a sulfhydryl 
group is present at the p opioid binding site but that other 
sulfhydryl groups associated with the membranes compete 
with the receptor for reactivity with [3H]H2BAM. Both 
TPCK and DTT occupy some of the nonspecific thiol groups, 
resulting in a greater amount of [3H]H~BAM reaching the 
opioid binding site. 

TPCK at concentrations of up to 100 p M  did not alter the 
binding of the p-selective peptide [3H]DAMG0 to membranes 
(data not shown). DTT at concentrations ranging from 50 
to 200 pM enhanced, equally well, the specificity of [3H]Hz- 
BAM binding in comparison to membranes only incubated 

Table I: Effect of TPCK and DTT on ['HIHzBAM Alkylation of 
Bovine Striatal Membranes' 

covalent ['HIHzBAM bound (cpm) 
condition total nonspecific specific '3% specificity 

control 1300 + 119 1040 + 123 420 + 156 29 + 8 
TPCK 1330+115 7 5 0 t 6 9  5 9 0 i 5 6  4 4 + 2  
DTT 1130 + 126 810 + 85 470 + 62 42 + 9 
TPCK+DTT 1110+116 470+50 650+83 5 8 + 3  

Bovine striatal membranes, 20 mg of membrane protein, were 
incubated in 4.8 mL of 50 mM Tris-HC1, pH 7.5, with 100 pM TPCK, 
where stated. Nonspecific binding was determined by the inclusion of 
10 pM naloxone. After a 30-min incubation at 25 'C, 100 pM DTT was 
added for an additional 30-min incubation. The volume was brought to 
5 mL by the addition of 8 nM ['HIHzBAM, which was incubated with 
the membranes for 10 min, followed by the dilution of the contents of 
the tubes to 40 mL by the addition of cold 50 mM Tris-HC1, pH 8.5.  
After centrifugation at 39000g for 15 min at 4 'C, the membranes were 
resuspended in 40 mL of 50 mM Tris-HCI, pH 8.5, followed by an 
additional centrifugation at 39000g. The supernatant was removed and 
the membrane pellets were incubated in a 37 'C shaking water bath for 
3 h, followed by resuspension in 2 mL of 50 mM Tris-HCI, pH 6.8. To 
determine the ['HIHzBAM that was bound covalently, an aliquot of 
membranes was solubilized with 5% SDS and was subsequently precip- 
itated with methanokhloroform, as described under Experimental 
Procedures. The results are expressed as the mean counts per minute/lO 
pL of precipitated and then resolubilized protein + SEM, corresponding 
to approximately 75 pg of protein, or the mean percent specificity + 
SEM from at least three experiments performed in triplicate. 

with TPCK. In all other experiments, membranes were first 
incubated at 25 OC for 30 min with 100 pM TPCK, followed 
by the addition of 100 pM DTT for an additional 30-min 
incubation before the addition of [3H]H~BAM. 

Optimizing the [3f lH2BAM Alkylation of the p Opioid 
Receptor. To determine an optimal pH for the covalent 
binding of [3H]HzBAM to proteins, membranes in 50 mM 
Tris-HC1, pH 7.5, were first incubated for 10 min with 8 nM 
[3H]HzBAM, with and without 10 pM naloxone in order to 
measure binding to opioid receptors. Membranes were then 
diluted with 50 mM Tris-HC1, at pH values ranging from 7.0 
to 8.5, followed by two centrifugal washes. After membranes 
were incubated with [3H]H~BAM, varying the pH of the wash 
buffer from 7.0 to 8.5 did not significantly alter the [3H]Hz- 
BAM associated with the membranes. However, raising the 
pH increased the covalent binding of [3H]H~BAM to theopioid 
receptor. At pH 8.5, [3H]HzBAM alkylation of opioid 
receptors increased by 62% in comparison to samples that had 
been incubated at pH 7.0. Nonspecific [3H]HzBAM binding 
did not vary as a function of pH. It was not possible to test 
more alkaline pH values than 8.5 due to the solubilization of 
membrane proteins by alkali. 

Since incubating membranes at pH 8.5 provided the greatest 
specific [3H]HzBAM alkylation of the opioid binding site, 
the optimal time for the incubation of [3H]H*BAM-bound 
membrane pellets at 37 OC was determined to obtain maximal 
specific alkylation of the opioid binding site. Figure 2A shows 
that without any incubation at 37 "C the specific covalent 
13H]HzBAM bound to opioid receptors was less than 25% of 
the [3H]H~BAM bound to the receptor after a 4-h incubation 
at 37 OC. Nonspecific [3H]H2BAM binding did not change 
from 0 to 4 h, but the specific binding increased linearly. 
Figure 2B shows the percent of [3H]H2BAM associated with 
the membranes that became covalently bound to the mem- 
branes. Greater than 80% of the nonspecific [3H]HzBAM 
associated with the membranes was covalently bound re- 
gardless of whether a 37 OC incubation step was included. In 
contrast, only 25% of the [3H]HzBAM associated with opioid 
receptors was covalently bound when no 37 OC incubation 
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FIGURE 2: 37 OC time course for ['HH]HzBAM covalent binding to 
membranes. Bovine striatal membranes, 20 mg of protein, were 
incubated in 4.8 mL of 50 mM Tris-HC1, pH 7.5, with a final 
concentration of 100 pM TPCK, in the absence (0) and presence of 
10 pM naloxone (0). After a 30-min incubation at 25 OC, 100 pM 
DTT was added for an additional 30-min incubation. The volume 
was brought to 5 mL by the addition of 8 nM ['HIHzBAM, which 
wasincubatedwith themembranesfor lOmin,followed by thedilution 
of the contents of the tubes to 40 mL by the addition of cold 50 mM 
Tris-HC1, pH 8.5. After an additional centrifugal wash, the 
membrane pellets were incubated in a 37 OC shaking water bath for 
0-4 h, followed by resuspension in 2 mL of 50 mM Tris-HC1, pH 
6.8. Covalent ['HIHzBAM binding to proteins was determined as 
described under Experimental Procedures. Specific covalent binding 
(m) to 75 pg of membrane protein was calculated as the total covalent 
counts per minute minus the nonspecific covalent counts per minute. 
Points represent the mean covalent counts per minute f SEM from 
three experiments performed in triplicate (A). The mean percent f 
SEM of the counts per minute associated with the membranes that 
became covalently bound to protein (B) was determined by counting 
an aliquot of solubilized membranes before and after methanol- 
chloroform precipitation. 

step was included. After a 3-h incubation, greater than 80% 
of the [3H]HzBAM associated with opioid receptors was 
covalently bound. These results indicate that [3H]HzBAM 
first bound to the opioid binding site noncovalently, and then 
at 37 "C under alkaline conditions, the [3H]H~BAM, 
associated with the opioid binding site became covalently 
bound. 

To determine the optimal time for the incubation of 
membranes with [3H] HzBAM, membranes were incubated 
with 8 nM [3H]H2BAM at 25 "C for 5-80 min in the absence 
or presence of 10 pM naloxone to measure specificity. As 
shown in Figure 3, covalent nonspecific [3H]HzBAM binding 
increased linearly with time. Covalent ['HIHzBAM binding 
to the opioid receptor reached a maximum after a 20-min 
incubation of [3H]HzBAM with membranes. From 20 to 80 
min, the amount of specific [3H]H~BAM binding remained 
constant. The percent of specific [3H]HzBAM binding in 
comparison to total [3H]HzBAM binding decreased from 66 
f 6% with a 5-min incubation to 44 f 5% with an 80-min 
incubation. With 8 nM [3H]HzBAM, incubation times of 20 
min and less provided greater than 60% specific binding of 
[3H]H~BAM to an opioid binding site. 

0 20 40 60 80 
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FIGURE 3: Time course for ['HIHzBAM binding to membranes. 
Bovine striatal membranes were incubated with 8 nM [)H]HzBAM 
for varying times at 25 OC as described under Experimental 
Procedures. Aftera 3-hincubationat 37 "CatpH8.5, themembranes 
were solubilized with 5% SDS, and protein was precipitated with 
methanokhloroform. Specific covalent binding (m) was calculated 
as the total binding (0) minus the nonspecific binding (O), determined 
by the inclusion of 10 pM naloxone. Points represent the mean 
covalent counts per minute f SEM from three experiments performed 
in triplicate. 
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FIGURE 4: Titration of [3H]H~BAM binding to membranes. 
Membranes were incubated with varying concentrations of ['H]H2- 
BAM at 25 OC for 10 min, as described under Experimental 
Procedures. Specific covalent binding (m) was calculated as the total 
binding (0 )  minus the nonspecific binding (O), determined by the 
inclusion of 10 pM naloxone. Points represent the mean covalent 
counts per minute f SEM from three experiments performed in 
triplicate. 

Figure 4 shows the saturation profile of [3H]HzBAM 
binding to membranes. With a 10-min incubation at 25 "C, 
specific covalent binding was saturated at a [3H]H2BAM 
concentration of 8 nM. The percent of [3H]H2BAM asso- 
ciated with the receptor that became covalently bound after 
a 3-h incubation did not vary as a function of the [3H]H2- 
BAM concentration, remaining at 82 f 5% of the [3H]Hz- 
BAM associated with the receptor becoming covalently bound. 

Determining the Type of Opioid Binding Site That Was 
Alkylated with ['H]H2BAM and whether NaCl and Gpp- 
(NHII, Altered the Alkylation. Table I1 compares thq effects 
of 100 nM of the p-selective peptide DAMGO, the &selective 
peptide IC1174 864, and the K-selective compound US0 488 
on [3H]HzBAM alkylation of membranes in the absence and 
presence of protease inhibitors. The p-selective peptide 
DAMGO inhibited [3H] HzBAM alkylation of membranes 
by 53%, while the 6- and K-selective ligands were ineffective. 
The inhibition of [3H]H2BAM alkylation of membranes by 
DAMGO was concentration dependent, as shown in Figure 
5 .  Half-maximal inhibition of [3H] HzBAM alkylation of 
membranes was obtained with approximately 1 nM DAMGO, 
and DAMGO concentrations of greater than 10 nM did not 
further reduce the amount of [3H]HzBAM incorporated into 
membranes. The labeling of the p opioid binding site with 
[3H]HzBAM was also stereoselective. Levorphanol was as 
potent as DAMGO, but the (+)-isomer dextrorphan was 
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Table 11: Effect of Opioids, NaCl, and Gpp(NH)p on [3H]H2BAM 
Alkylation of Membranes in the Absence and Presence of Protease 
Inhibitors" 

compound 
covalent [3H] H2BAM 

bound (cpm) 
-protease inhibitors 

control 
DAMGO 
IC1174 864 
U50 488 
dextrorphan 
levorphanol 
etorphine 
NaCl 

NaCl + Gpp(NH)p 

control 
DAMGO 
IC1174 864 
U50 488 

GPP(NH)P 

+protease inhibitors 

l l lOf  101 
510 f 43 

1090 f 94 
1020 f 78 
1020 f 66 
480 f 20 
490 f 57 
660 f 62 
900 f 135 
410 f 102 

820 f 71 
470 f 19 
880 f 26 
870 f 51 

0 Bovine striatal membranes, 20 mg of protein, were incubated for 30 
min at 25 OC in 4.8 mL of 50 mM Tris-HC1, pH 7.5, with either 100 nM 
opioids, 150 mM NaC1, or 100 p M  Gpp(NH)p in the presence of 100 
pM TPCK. The samples were then incubated with 100 pM DTT and 
8 nM [3H]H2BAM, followed by solubilization, and precipitated with 
methanol-chloroform, as described in Table I. The results are expressed 
as the mean counts per minute/80 pLof precipitated and then resolubilized 
protein f SEM, corresponding to approximately 75 pg of protein, from 
at least three experiments performed in triplicate. 
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FIGURE 5: Titration of DAMGO inhibition of [3H]H2BAM binding 
to membranes. Striatal membranes were incubated with varying 
concentrations of DAMGO in the presence of 8 nM [3H]H2BAM 
for 10 min at 25 OC, as described under Experimental Procedures. 
After a 3-h incubation at  37 "C at  pH 8.5, the membranes were 
solubilized with 5% SDS and proteins were precipitated with 
methanol+hloroform. Points represent the mean covalent counts 
per minute f SEM from three experiments performed in triplicate. 

ineffective at blocking [3H] H2BAM alkylation (Table 11). 
The nonselective high-affinity opioid etorphine also reduced 
[3H]H2BAM binding by an amount equivalent to that obtained 
with DAMGO and levorphanol. Inclusion of protease in- 
hibitors did not alter the specificity of the [3H]H2BAM 
alkylation of the p opioid binding site. As shown in Table 11, 
protease inhibitors reduced the total [3H] H2BAM alkylation, 
probably by leupeptin and pepstatin competing with the 
receptor for [3H] H2BAM alkylation. 

Inclusion of 150 mM NaCl reduced [3H] H2BAM alkylation 
of membranes by 4096, and 100 pM Gpp(NH)p reduced the 
labeling by 18%. The inhibition by NaCl and Gpp(NH)p 
appeared to be additive in that the combination of these 
compounds resulted in 63% inhibition in [3H]H2BAM alkyl- 
ation. The addition of 10 pM naloxone to membranes 
incubated with NaCl and Gpp(NH)p did not further reduce 
the labeling, suggesting that all [3H]H2BAM labeling of the 
opioid receptor was inhibited by the combination of NaCl and 
GPP(NH)P* 
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FIGURE 6: Autoradiograph of [jH] HzBAM-labeled membranes 
separated on a SDS-polyacrylamide gel, followed by autoradiography. 
Bovine striatal membranes, in the presence of protease inhibitors, 
were incubated with 8 nM [3H]H2BAM for 10 min at  25 "C in the 
absence (lane 2) or presence of 100 nM of either DAMGO (lane 3), 
IC1174 864 (lane 4), or U50 488 (lane 5 ) ,  followed by washing and 
a 3-h incubation at 37 OC. The membranes, 0.8 mg of protein, were 
separated on an 8.5% acrylamide-SDS gel. Lanes 2-5 were loaded 
with 6230, 2910, 6290, and 6530 cpm, respectively. The gel was 
treated with Extensify, followed by drying and exposure in the presence 
of intensifying screens to Kodak XAR film that had been hyper- 
sensitized. Lane 1 contained 4100 cpm of I4C-methylated proteins, 
used as molecular weight markers. The gel was exposed for 4 months 
before the film was developed. 

Determining the Molecular Weight of Membrane Proteins 
Alkylated with [3H] H2BAM. Bovine striatal membranes, in 
the presence of protease inhibitors, were alkylated with 8 nM 
[3H]H2BAM in the absence and presence of DAMGO, 
IC1 174 864, and U50 488 to determine the receptor specificity 
of the labeling. [3H] H2BAM-labeled membranes were sep- 
arated on an 8.5% acrylamide-SDS gel under reducing 
conditions, followed by fluorography of the gel. The auto- 
radiograph, shown in Figure 6, demonstrates that [3H]H2- 
BAM alkylated two proteins with molecular weights of 54 000 
and 44 000, on the basis of the [14C]methylated protein 
standards. Inclusion of neither the &selective peptide 
IC1174 864 nor the K-selective alkaloid US0 488 altered the 
labeling pattern. However, the p-selective peptide DAMGO 
blocked most of the labeling of both the 54- and 44-kDa 
proteins. 

Due to the long time needed for 3H fluorography, most 
experiments sliced the SDS-polyacrylamide gel into 2-mm 
sections and then extracted the proteins from the gel. Figure 
7 shows that, like the results obtained with fluorography, 
[3H] H2BAM, in the absence of protease inhibitors, labeled 
primarily two major proteins with molecular weights of 54 000 
and 44 000. DAMGO blocked most of the labeling of both 
proteins, while IC1174 864 and U50 488 were ineffective. Of 
the two [3H] HzBAM-labeled proteins, 70% of [3H] H2BAM 
was associated with the 54-kDa protein and 30% with the 
44-kDa protein. The ratio of labeling did not change regardless 
of whether protease inhibitors were included in the incubation. 
Figure 8 shows that the labeling of both proteins was reduced 
with the inclusion of either NaCl or Gpp(NH)p and that the 
alkylation of neither protein was preferentially reduced. 

As an additional control to address the possibility of 
nonspecific labeling, an equal number of counts per minute 
was added to each gel lane instead of an equal amount of 
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FIGURE 7: Determining the ability of p-, 6-, and K-selective opioids 
to inhibit ['HIHzBAM alkylation of membranes. Bovine striatal 
membranes, in the absence of protease inhibitors, were incubated 
with 8 nM [3H]H2BAM for 10 min at 25 "C in the absence (0) 
(A-C) or presence 100 nM of either DAMGO (0) (A), IC1174 864 
(0) (B),orU50 488 (A) (C),followedbywashinganda3-hincubation 
at 37 "C. The membranes, 0.8 mg of protein, were separated on an 
8.5% acrylamideSDS gel. The control, DAMGO, IC1174 864, and 
US0 488 lanes contained 4460, 2270,4720, and 5300 cpm, respec- 
tively. The gel was sliced into 2-mm sections, and each section was 
incubated with 1 mL of Soluene 350 at 50 "C for greater than 18 
h before the addition of 10 mL of Cytoscint ES scintillation fluid. 
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FIGURE 8: Determining whether NaCl or Gpp(NH)p selectively 
reduced the ['HIHzBAM alkylation of the 54- or 44-kDa proteins. 
Membranes were incubated with 8 nM ['HIHzBAM for 10 min at 
25 "C in the absence (0) or presence of either 150 mM NaCl (0), 
lOOpM Gpp(NH)p @),or bothNaCl and Gpp(NH)p (A), followed 
by washing and a 3-h incubation at 37 "C. The membranes, 0.8 mg 
of protein, were separated on an 8.5% acrylamide-SDS gel. The 
control, NaCI, Gpp(NH)p, and NaCl + Gpp(NH)p lanes contained 
9390, 5440, 6160, and 4180 cpm, respectively. The gel was sliced 
into 2-mm sections, and each section was incubated with 1 mL of 
Soluene 350 at 50 "C for greater than 18 h before the addition of 
10 mL of Cytoscint ES scintillation fluid. 

membrane protein. Under these conditions, the labeling 
pattern remained unchanged, but the number of counts per 
minute associated with the 54- and 44-kDa proteins was 
reduced by approximately half in the control lanes in 
comparison to the counts per minute obtained in control lanes 
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FIGURE 9: Determining whether the ['HI HZBAM-labeled proteins 
bound to WGASepharose and Con A-Sepharose. Membranes were 
alkylated with 8 nM ['HIHzBAM, and the protein was solubilized 
as described under Experimental Rocedures. Thesolubilized ['HIHz- 
BAM-labeled protein was incubated with the WGASepharose gel 
overnight before the gel was poured, washed, and then eluted with 
0.5 mM N-acetyl-D-glucosamine. The void volume that did not bind 
to the WGASepharose was reapplied to the WGA-Sepharose. The 
second void volume was then incubated overnight with Con 
ASepharose before the gel was poured, washed, and eluted with 0.5 
M methyl a-D-glucopyranoside. The eluted protein from each lectin 
column was concentrated and then separated on an 8.5% acrylamide 
SDS gel, followed by extraction of the protein from the gel, as described 
in Figure 7. The lane containing the sample eluted from the WGA- 
Sepharose (0) had 3890 cpm applied, and the lane containing the 
sample eluted from the Con ASepharose (0) had 4760 cpm applied. 

containing 0.8 mg of protein (Figure 7). Since in control 
samples more [3H]H2BAM was associated with the mem- 
branes during the 37 OC incubation than in samples containing 
['HI H2BAM and DAMGO, it could be argued that during 
the 3-h incubation at 37 OC ['HIHzBAM dissociates from 
thep opioid receptor and randomly labels proteins. To control 
for nonspecific labeling, membranes were incubated with 
[3H]H2BAM in the absence or presence of DAMGO. After 
two centrifugal washes, DAMGO and [3H]H2BAM, an 
amount approximately equal to counts per minute associated 
with control membranes, were added to the DAMGO-treated 
membranes, resulting in the control and DAMGO-treated 
membranes containing an equal amount of [3H] H2BAM 
during the 3-h 37 "C incubation. While the overall background 
labeling was increased slightly, the addition of [3H]H2BAM 
just before the 37 OC incubation step did not result in an 
increased labeling of either the 54- or 44-kDa protein, 
suggesting that the labeling of these two proteins represents 
the specific labeling of p opioid binding proteins. 

Determining if either the 54- or 44-kDa Proteins Were 
Glycoproteins. Receptors are known to be glycosylated, while 
many membrane-associated proteins, such as G proteins, do 
not contain a carbohydrate moiety. Therefore, experiments 
were performed to determine if both the 54- and 44-kDa 
proteins were glycosylated. [3H] H2BAM-labeled membranes 
were solubilized with 0.6% SDS in the presence of DTT, to 
completely dissociate the receptor from the G-protein complex. 
The anionic detergent was then replaced with the nonionic 
detergent Triton X-100 before the sample was applied to the 
lectin column. After application of the sample, the WGA- 
Sepharose column washed, and glycoproteins were eluted with 
N-acetyl-D-glucosamine. Of the total [3H] H2BAM-labeled 
protein applied to the column, approximately 20% was retained. 
The eluted fraction was separated under reducing conditions 
on a SDS-polyacrylamide gel, followed by gel slicing and 
counting. As shown in Figure 9, both the 54- and 44-kDa 
proteins bound to the WGA-Sepharose column and were 
eluted with the N-acetyl-D-glucosamine. 
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To determine whether the two proteins possess multiple 
carbohydrate moieties, with different specificities for various 
lectins, experiments were performed to determine whether 
[3H]H2BAM-labeled proteins that did not bind to the WGA- 
Sepharose would bind to Con A-Sepharose. The void volume 
obtained after two passes through the WGA column was 
applied to Con A-Sepharose. Protein specifically bound to 
the Con A was eluted with methyl a-D-glucopyranoside and 
analyzed under the same conditions as the fractions from the 
WGA-Sepharose column. Some of the [ 3H] H2BAM-labeled 
protein that did not bind to the WGA did bind to Con A, 
suggesting multiple carbohydrate moieties on both proteins. 
Figure 9 shows that both the 54- and 44-kDa proteins bound 
to Con A and that the ratio of the two proteins remained the 
same. These results suggest that both proteins are part of the 
opioid receptor and not part of the G-protein complex that is 
coupled to p opioid receptors. 

Bidlack et al. 

DTT (Pasternak et al., 1975; Gioannini et al., 1989), have 
been shown to inhibit opioid binding to membranes. The 
alkylating compounds act directly by reacting with sulfhydryl 
groups. Reducing compounds, such as DTT, have always 
been proposed to break disulfide bonds as their mechanism 
of action. DTT concentrations ranging from 1 to 150 mM 
(Gioannini et al., 1989) have been shown to inhibit opioid 
binding to membranes. While DTT does break disulfide bonds, 
it may have another mechanism of action in producing its 
inhibition of opioid binding. DTT can interact with sulfhydryl 
groups and establish an equilibrium between itself and the 
sulfhydryl group. Thus, high DTT concentrations may be 
required to observe inhibition of opioid binding due to the 
large number of thiol groups that are associated with 
membranes. DTT would first react with easily accessible thiol 
groups. Finally, when sufficiently high DTT concentrations 
are present, DTT may react with the sulfhydryl group at the 
opioid binding site and thereby inhibit opioid binding. 
Alternatively, an equilibrium may exist between thiol(s) on 
the receptor and other thiol-containing compounds, such as 
glutathione, that are associated with membranes. In other 
words, some receptor thiols may be reduced while other 
receptor thiols are oxidized either intramolecularly or as a 
mixed disulfide between the receptor and endogenous thiol- 
containing compounds. The addition of DTT would disrupt 
this thiol-disulfide equilibrium. This hypothesis explains why 
the addition of either sulfhydryl-alkylating compounds or 
disulfide-reducing compounds results in an inhibition of 
binding. 

Both NaCl and the nonhydrolyzable guanine nucleotide 
analog Gpp(NH)p inhibited [3H] HzBAM alkylation of the 
opioid receptor. The effects of both NaCl and Gpp(NH)p 
are consistent with [3H]H2BAM acting as an agonist. 
Antagonist binding, such as was seen with t3H]-P-FNA (Liu- 
Chen & Phillips, 1987), would not be expected to be inhibited 
by sodium or guanine nucleotides. We have recently shown 
that H2BAM0, which is identical to H2BAM, except for a 
ketone in the C-6 position instead of the alcohol, acted as a 
short-term, p-selective opioid agonist in the mouse tail-flick 
assay (Jiang et al., 1992). Thus, in both in vivo and in vitro 
experiments, the 14fl-bromoacetamido derivatives of dihy- 
dromorphine acted as agonists. Under in vivo physiological 
conditions, HzBAMO did not bind covalently to the p opioid 
receptor, a result consistent with the pH dependence of the 
reaction that we have shown here. 

Two proteins with molecular weights of 54 000 and 44 000 
were specifically labeled with [3H]H2BAM. Inclusion of 
protease inhibitors did not change the labeling of these proteins 
but did reduce the amount of labeling, probably due to the 
protease inhibitors leupeptin and pepstatin reacting with 
[3H]H2BAM. Approximately 70% of the [3H]H2BAM was 
associated with the 54-kDa protein and 30% with the 44-kDa 
protein. A similar [3H] H2BAM-labeling pattern has been 
observed with rat brain membranes (Bidlack, unpublished 
data). Both the 54- and 44-kDa proteinis are glycoproteins 
and appear to possess multiple carbohydrate moieties in that 
these proteins bound to both WGA and Con A. The difference 
in molecular weight of the two proteins may be due to different 
degrees of posttranslational modification, similar to that found 
in the P2-adrenergic receptor (Stiles et al., 1984). 

Other approaches, besides affinity labeling, that have been 
used todetermine the molecular weight of thep opioid receptor 
have included cross-linking and purification studies. Cross- 
linking studies using [ 1251] +endorphin have shown many 
proteins, ranging in molecular weight from 23 000 to 92 000, 

DICUSSION 

In this study, we demonstrated that [3H]H2BAM stereo- 
selectively labeled the p opioid receptor in bovine striatal 
membranes. The excellent specificity of the labeling was in 
part derived from the fact that at neutral pH thiol groups are 
very poor nucleophiles and thus do not displace the bromine 
atomin the 140-bromoacetamidogroup. At pH 7.5, [3H]H2- 
BAM first bound, primarily noncovalently, to the p opioid 
receptor (Figure 2) and exhibited binding kinetics (Figure 3) 
similar to the time courses obtained with most opioid ligands. 
At 25 OC, equilibrium was reached within 20 min. The 
reactivity of [3H]H2BAM with a sulfhydryl group at the p 
opioid binding site was dependent on the temperature and pH 
of the reaction. The anion of the thiol group, S-, was the 
reactive species, and the more alkaline the pH, the larger the 
concentration of anion that was present. Bednar (1990) has 
determined that the difference in nucleophilicity between RSH 
and RS is about 10 orders of magnitude. Hence, when striatal 
membranes were first incubated with [3H]H2BAM at phys- 
iological pH, [3H] HzBAM bound primarily noncovalently to 
the p opioid receptor. Then by changing the pH from 7.5 to 
8.5 and increasing the temperature of the reaction from 25 
to 37 OC, greater than 80% of the [3H]H2BAM bound to the 
receptor became covalently bound. 

The addition of TPCK and DTT enhanced the magnitude 
and the specificity of labeling the p opioid binding site (Table 
I). On the basis of our previous studies, which showed that 
H2BAM and related compounds inhibited t3H]DAMG0 
binding in a wash-resistant manner only when DTT was present 
(Bidlacket al., 1990), we hypothesized that thepopioid binding 
sitecontained a disulfide bond that needed to be reduced before 
the affinity ligands would react with the receptor (Bidlack et 
al., 1991). However,asshown inTable I, [3H]H2BAM labeled 
the binding site in the absence of DTT. Therefore, the binding 
site probably does contain a thiol group, as has been proposed 
by other investigators (Childers, 1984; Ofri & Simon, 1992). 
By reducing nonspecific [3H] H2BAM binding, the addition 
of TPCK and DTT enhanced the labeling of the opioid binding 
site, by allowing a larger amount of unreacted [3H]H2BAM 
to reach the binding site. Recently, we have also demonstrated 
that the endogenous thiol-containing compound, glutathione, 
is associated with bovine striatal membranes at a concentration 
of approximately 1 pM (Bidlack, unpublished data). TPCK 
and DTT may also react with glutathione, thereby reducing 
glutathione's reactivity with [3H] H2BAM. Both thiol-alkyl- 
ating compounds, such as N-ethylmaleimide (Childers, 1984; 
Ofri & Simon, 1992), and thiol-reducing compounds, such as 
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being labeled (Howard et al., 1985, 1986; Helmeste et al., 
1986). Similarly purification studies have suggested molecular 
weights ranging from 23 000 to 94 000 for the p receptor 
under reduced conditions (Bidlack et al., 1981; Cho et al., 
1983, 1986; Gioannini et al., 1985; Maneckjee et al., 1985). 
Since the p opioid receptor is negatively coupled to adenylyl 
cyclase by a Gi protein, this receptor is thought to belong to 
the superfamily of G-linked receptors and, consequently, 
probably to have a molecular weight between 35 000 and 
70 000, as has been reported for other G-protein-linked 
receptors. The molecular weight of the two proteins labeled 
with [3H]H2BAM is consistent with the p opioid receptor 
belonging to this superfamily. 

Since tf J 6 opioid receptor from the NG108-15 cells has 
been recently cloned (Evans et al., 1992; Kieffer et al., 1992), 
this opioid receptor may serve as a model for the p opioid 
receptor. More than a decade ago, affinity labeling studies 
using [3H]FIT reported that the 6 opioid receptor in NG108- 
1 5  cells had a molecular weight of 58 000 (Klee et al., 1982). 
The cloned 6 opioid receptor from NG108-15 cells has a 
calculated molecular weight of 40 810 (Kieffer et al., 1992) 
or less (Evans et al., 1992). The difference between this 
molecular weight and the molecular weight observed in affinity 
labeling studies using [3H]FIT is probably due to posttrans- 
lational modification of the protein. The cloned 6 opioid 
receptor has two sites where N-linked glycosylation could 
occur (Evans et al., 1992). Similar results would be expected 
for the p opioid receptor. The 54- and 44-kDa proteins are 
both glycosylated, as demonstrated by their ability to bind to 
lectins (Figure 9). Currently, wecannot rule out the possibility 
that the 44-kDa protein is a proteolytic product of the 54-kDa 
protein. However, alternatively, the two proteins may rep- 
resent subtypes of p opioid receptors, as has been previously 
postulated (Wolozin & Psternak, 1981), or the two proteins 
may represent different degrees of posttranslational modifi- 
cations of the same protein. 
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