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Abstract 

Rat liver membranes (crude P2 membranes) were solubilized in 10 mM Tris-HC1, pH 7.4 containing 7 mM 3-[(3-cholamidopropyl)di- 
methylammonio]-l-propanesulfonate (CHAPS). The soluble fraction was designated the Extract 1. The 105 000 × g pellet was washed 
once, and then extracted a second time (Extract 2). The various resulting fractions were assayed for sigma (0.) binding characteristics, 
using [3H](+)-pentazocine to label o-j sites and [3H]l,3-di-o-tolylguanidine (DTG) in the presence of 1 /zM dextrallorphan to label 0.2 
sites. Both of the extracts and resultant pellets (Pellet 1 and Pellet 2) contained 0.~ and 0" 2 receptors, as indicated by the pharmacological 
profiles upon competition studies. The K d and Bma × values for 0"t activity in the original P2 membranes were 8.3 + 0.73 nM and 
5333 + 572 fmol/mg protein; K d and Bma x for 0"2 activity was 19 + 0.17 nM and 9190 + 800 fmol/mg protein. There were no changes 
in the radioligand K d values of the two sites in the subsequent soluble and particulate fractions. However, while the cr t and 0"2 B,I~ 
values in extracts and pellets were generally on the same order as those of P2 membranes, the actual 0"2 to 0"~ Bm~ ~ ratio varied 
markedly across the fractions. The ratio of 0-2/0.1 binding in Extract 1 and Extract 2 was 0.86 and 0.68, respectively, compared to a ratio 
of 1.7 in the original P2. However, the ratio in Pellet 2 was 3.8, twice that of the original P2 membranes. Furthermore, the Bm~ X value for 
0.1 sites in Pellet 2 did not change, whereas the 0.2 Bmax increased 1.8 fold relative to the original P2 membranes. The changes in 0.J0.1 

binding ratio in extracts were observed using two different assay methods for soluble receptors (retention on polyethyleneimine-coated 
filters and polyethylene glycol precipitation) and is therefore not an artifact of assay procedure. These data suggest that, relative to tr~ 
receptors, 0"2 receptors are more resistant to solubilization and become somewhat enriched in the particulate fractions. This supports the 
notion that tr~ and 0"2 receptors are distinct macromolecules and may indicate different modes of association with the cell membrane. 

Keywords: ~r Receptor: Liver, rat; Solubilization; CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-l-propanesulfonate)" (+)-Pentazocine; DTG 
(1,3-di-o-tolylguanidine) 

1. Introduct ion  

Sigma (o-)  receptors have attracted much interest due to 
their high affinity for a number of  psychotropic drug 
classes, particularly neuroleptics, and their potential in- 
volvement in the therapeutic action or side effects of  these 
compounds (for reviews see Musacchio et al., 1989; Walker  
et al., 1990; Itzhak and Stein, 1990; Su, 1991, 1993; Ferris 
et al., 1991; Bowen, 1993, 1994; Debonnel,  1993; Walker  
et al., 1993). Though first postulated by Martin et al. 
(1976) as an opiate receptor type, the definition and 
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nomenclature has undergone extensive revision since that 
time, beginning with the discovery of  the non-opioid na- 
ture of  these binding sites (Su, 1982; Tam, 1983). These 
sites are characterized by their high affinity for the proto- 
typic ~ l igands haloperidol,  1,3-di-o-tolylguanidine 
(DTG), and ( +)-3-(3-hydroxyphenyl) -N-( l -propyl)piper i -  
dine ( ( + ) 3 - P P P )  (Largent et al., 1986; Tam and Cook, 
1984; Weber  et al., 1986). 

It has been demonstrated that ~r receptors exist in 
multiple forms, presently termed sigma-1 (o- I ) and sigma-2 
(~r 2) (Hellewell  and Bowen, 1990), each of which has a 
pharmacological  profile distinct from any other known 
receptor (reviews: Walker  et al., 1990; Quirion et al., 
1992; Bowen, 1993; Itzhak, 1994). Though they both bind 
haloperidol and DTG with high affinity, the two sites can 
be readily differentiated from each other by their affinity 
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and stereoselectivity for opiate benzomorphans and mor- 
phinans (Hellewell and Bowen, 1990; Di Paolo et al., 
1991; Bowen et al., 1993). Also, o- l and 0" 2 binding sites 
reside on distinct polypeptides. For example, 0-~ sites are 
enriched in guinea pig brain, exhibit a high affinity for 
(+)-benzomorphans, and have been demonstrated to have 
an apparent molecular weight of about 25 kDa by 
[3H]azido-DTG photolabeling (Kavanaugh et al., 1988; 
Hellewell and Bowen, 1990). 0-2 sites were first charac- 
terized in pheochromocytoma (PC12) cells, display a 
markedly lowered affinity for the (+)-benzomorphans as 
compared to o- l sites, and have an apparent molecular 
weight of 18-21 kDa (Bowen and Hellewell, 1988; 
Hellewell and Bowen, 1988; 1990). Since ( - ) -benzo-  
morphans do not discriminate the two subtypes, they can 
also be distinguished by enantioselectivity for enan- 
tiomeric pairs of benzomorphans, with (+)-benzo- 
morphans > ( -)-benzomophans at 0-i sites and ( - ) -ben-  
zomorphans > ( + )-benzomorphans at 0- 2 sites (Hellewell 
and Bowen, 1990; Di Paolo et al., 1991). Recently, 'o- 3' 
and '0-4' subtypes have been proposed, with properties 
distinct from 0-~ and tr 2 sites (Booth et al., 1993; Bowen 
et al., 1995). 

A majority of the studies on 0- receptors have utilized 
the brain of either guinea pig, rat, or mouse. However, 0- 
sites are also distributed outside the central nervous system 
in various cell lines (Vilner and Bowen, 1992; Vilner et 
al., 1995) and in various peripheral tissues, o- receptors 
have been localized in the rat pituitary gland, adrenal 
gland, testis, ovary (Wolfe et al., 1989); in tissues of the 
immune system (Wolfe et al., 1988); kidney (Musacchio et 
al., 1988); and in the liver (Musacchio et al., 1988; 
Samovilova et al., 1985, 1988; Ross, 1991). However, 
little is known about the 0- receptor subtypes in these 
peripheral tissues. 

Using a combination of radioligand binding and photo- 
affinity labeling, we have carried out a detailed analysis of 
tr receptor subtypes in rat liver and kidney, and demon- 
strated that these tissues contain high densities of both 0-1 
and o" 2 receptors (Bruce et al., 1990; Hellewell et al., 
1990, 1994). Three highly selective 0- probes were used to 
label ~r sites in rat liver. [3H](+)-Pentazocine,  a selective 
0-! probe (Bowen et al., 1993), bound to rat liver mem- 
branes with a K d = 7.5 nM and Bma x = 2929 fmol /mg 
protein. [3H]DTG and [3H](+)3-PPP bound to rat liver 
membranes with Kd values of 17.9 nM and 51.9 nM and 
Bma x values of 11 895 fmol /mg protein and 11 070 
fmol /mg protein, respectively. [3H]DTG and [3H](+)3- 
PPP would label the total population of 0- sites (0-! + o-2), 
whereas [3H](+)-pentazocine labels only the o- I popula- 
tion. Thus, based on Bma x values the rat liver appears to 
contain 75% 0"2 sites and 25% 0-~, with 0" 2 sites occurring 
in particularly high density compared to other tissues such 
as brain. The presence of both subtypes was supported by 
the pharmacological profiles obtained upon competition of 
various 0- ligands vs. [3H](+)-pentazocine and vs. 

[3H]DTG and [3H](+)3-PPP under conditions where 1 
/zM dextrallorphan was used to mask labeling of o- l sites 
by the latter two radioligands. Finally, photoaffinity label- 
ing using [3H]azido-DTG resulted in labeling of poly- 
peptides of 25 kDa and 21.5 kDa, similar to those photola- 
beled in the guinea pig brain and PC12 cells (Hellewell 
and Bowen, 1990). 

In order to help elucidate function of o- sites, several 
laboratories have solubilized 0- receptor activity in a first 
attempt to purify the receptors (Kavanaugh et al., 1989; 
McCann and Su, 1991). Kavanaugh et al. (1989) solubi- 
lized o--like binding activity from guinea pig brain mem- 
branes with sodium cholate and labeled a 29 kDa protein 
with [3H]azido-DTG. Similarly, McCann and Su (1991) 
solubilized an estimated 450 kDa [3H]N-allylnormetazo- 
cine ([3H](+)-SKF 10 047) binding site complex from rat 
liver membranes using 0.2% 3-[(3-cholamidopropyl)di- 
methylammonio]-1-propanesulfonate (CHAPS) and molec- 
ular sizing chromatography. In both of these studies, the 
soluble binding sites retained the pharmacological proper- 
ties of o- sites in the intact membranes. However, no 
attempt was made to determine the identity and amount of 
specific 0- subtypes in the extracts. Schuster and co- 
workers have reported CHAPS solubilization and purifica- 
tion from rat liver of 28, 40, and 65 kDa polypeptides 
which bind [3H]haloperidol with the pharmacological 
properties of 0-1 receptors (Schuster et al., 1994). Partial 
sequencing of the 28 kDa polypeptide revealed similarity 
to cyclophilins. These workers have also reported solubi- 
lization and purification of 0-l-like receptors from rat and 
bovine cerebellum (Schuster et al., 1995). 

The present study investigates solubilization of 0- bind- 
ing activity from rat liver membranes using CHAPS, with 
emphasis on selective assay conditions for detecting and 
characterizing o- 1 and 0- 2 receptors. We report solubiliza- 
tion of both subtypes in active form, but with preferential 
extraction of 0-~ sites over 0-2. 

2. Materials and methods 

2.1. Membrane preparation 

Male Sprague-Dawley rats (150-200 g, Charles River, 
MA) were killed by decapitation. Livers were removed and 
immediately frozen in powdered dry ice for storage at 
- 8 0 ° C  until use. Frozen livers were weighed and thawed 
slowly in a small amount of ice cold 10 mM Tris-HCl/0.32 
M sucrose, pH 7.4 (Tris-sucrose buffer) at 4°C and subse- 
quently homogenized in Tris-sucrose buffer (10 ml /g  
tissue wet weight) with a Potter-Elvehjem homogenizer by 
10 strokes with a Teflon pestle. The homogenate was 
centrifuged at 1000 X g for 10 min at 4°C. The supernatant 
was collected and centrifuged again at 31 000 X g for 15 
min at 4°C. The resulting pellet was resuspended in ice-cold 
10 mM Tris, pH 7.4 at a concentration of 3 m l /g  original 



C. Torrence-Campbell. W.D. Bowen / European Journal ~f Pharmacology 304 (1996) 201-210 203 

tissue wet weight. The suspension was allowed to incubate 
at 25°C for 15 min, followed by centrifugation at 31 000 X 
g for 15 min. The pellet (P2) was again resuspended in 
ice-cold 10 mM Tris, pH 7.4 by Potter-Elvehjem homoge- 
nization to a final volume of 0.75 ml/g.  The volume of 
the P2 membrane fraction was measured and a portion was 
stored at -80°C until use. Protein concentration was 
determined by the bicinchoninic acid method of Smith et 
al. (1985), using bovine serum albumin as standard. 

2.2. Solubilization and fractionation 

For solubilization, fresh (unfrozen) P2 preparation was 
diluted to an average protein concentration of 24 mg/ml  
in 10 mM Tris-HC1, pH 7.4 containing 7 mM 3-[(3- 
cholamidopropyl)dimethylammonio]- 1-propanesulfonate 
(CHAPS). The suspension was incubated on ice for 20-30 
min with stirring. Soluble proteins were separated from 
particulate matter by centrifugation at 105000 X g for 70 
rain at 4°C. The supernatant (Extract 1) was collected and 
saved. The pellet (Pellet 1) was resuspended in Tris-HC1 
buffer (pH 7.4) equal to the volume of original P2, and a 
fraction of it saved for binding assays. The remaining 
pellet was washed by dilution with 10 mM Tris-HCl, pH 
7.4 to a volume four times the original P2, and centrifuga- 
tion at 105000 × g for 70 rain as above. The supernatant 
was saved and labeled as 'wash'. The resultant pellet was 
suspended to two-thirds the original P2 volume in 10 mM 
Tris-HC1, pH 7.4 and CHAPS was added to a final concen- 
tration of 7 mM for a second detergent extraction. This 
suspension was incubated for 20-30 rain at 4°C, and 
centrifuged as described for the first CHAPS solubilization 
step, resulting in Extract 2 and Pellet 2. All fractions were 
stored at -80°C in 0.5 ml aliquots until use for binding 
assays. The wash fraction was concentrated to approxi- 
mately 10% of the original volume with Centriprep-10 
concentrators (Amicon, Danvers, MA). Protein concentra- 
tion in each fraction was determined by the bicinchoninic 
acid method, using bovine serum albumin as standard. 

2.3. Binding assays 

Each fraction was diluted in 50 mM Tris-HCl (pH 8.0) 
to a final protein concentration of 100-180 /xg per 50 /xl. 
50 /zl of membrane suspensions, extracts, or extracted 
pellets were incubated in 50 mM Tris-HC1, pH 8.0 for 120 
min at 25°C, with either [3H](+)-pentazocine to label cr l 
binding sites (Bowen et al., 1993) or [3H]DTG in the 
presence of 1 /xM dextrallorphan to label o- z sites (Hel- 
lewell et al., 1994). Radioligand concentrations were as 
specified in table legends. Nonspecific binding was de- 
fined as that measured in the presence of 10 /xM haloperi- 
dol. Binding assays and competition experiments were 
conducted in a final volume of 0.5 ml. With CHAPS 
extracts, the final detergent concentration was less than 
0.35 mM. The incubations were terminated by dilution 

with 5 ml of ice-cold 10 mM Tris-HC1 buffer (pH 7.4), 
unless otherwise stated. The samples were then vacuum 
filtered through glass fiber filters, which had been pre- 
soaked in 0.5% polyethyleneimine for a minimum of 30 
min at 25°C. Filters were then washed twice with 5 ml 
ice-cold Tris buffer. Radioactivity retained on the filters 
was measured by liquid scintillation spectrometry. This 
method was suitable for both particulate fractions and 
soluble extracts, the latter being due to the adsorption of 
soluble proteins onto the polyethyleneimine coated filter 
(Bruns et al., 1983). Filtration was carried out using a 
Brandel cell harvester (Gaithersburg, MD). 

2.4. Polyethylene glycol precipitation 

Where specified, binding activity in soluble extracts 
was determined by the precipitation method described by 
Cuatrecasas (1972). Incubations were terminated by adding 
0.5 ml of ice-cold 0.1% bovine y-globulin in 50 mM Tris 
pH 7.7, and vortexing quickly. This was immediately 
followed by addition of 0.5 ml of ice-cold 24% poly- 
ethylene glycol (PEG, MW 8000) in 50 mM Tris-HCl, pH 
7.7 and vortexing for at least 15 s to precipitate protein. 
The protein was applied to glass fiber filters that were 
pre-wetted with 8% polyethylene glycol in 50 mM Tris pH 
7.0, and vacuum filtered. The tubes were then rinsed three 
times with 5 ml of ice-cold 8% polyethylene glycol in 
Tris-HCl, pH 7.0 and vacuum filtered after each rinse. 
Radioactivity retained on the filters was measured by 
liquid scintillation spectrometry. 

2.5. Chemicals 

[3H]( + )-Pentazocine (51.7 Ci/mmol)  was synthesized 
as described previously (De Costa et al., 1989; Bowen et 
al., 1993). [3H]DTG (39.1 Ci/mmol)  was purchased from 
DuPont/New England Nuclear (Boston, MA). Haloperi- 
dol, Tris-HCl, polyethyleneimine, polyethylene glycol 
(MW 8000), Triton X-100, sodium cholate, dimethyl maleic 
anhydride, ethylene diamine tetraacetic acid (EDTA) and 
phenyl methane sulfonyl fluoride were purchased from 
Sigma Chemicals (St. Louis, MO). CHAPS and bacitracin 
were purchased from Calbiochem (LaJolla, CA). Leu- 
peptin was purchased from Boehringer Mannheim (Indi- 
anapolis, IN). Bicinchoninic acid protein assay reagent was 
purchased from Pierce (Rockford, IL). DTG was pur- 
chased from Aldrich Chemicals (Milwaukee, WI). Dextral- 
lorphan and enantiomers of pentazocine and N-al- 
lylnormetazocine (SKF 10047) were kindly provided by 
Kenner C. Rice (NIDDK, Bethesda, MD) 

3. Results 

Incubation in 0.2% (3.3 raM) CHAPS for 2 h has been 
shown to be effective in solubilizing [3H](+)-SKF-10047 
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Table 1 
Pharmacological profile of 
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0.1 sites in rat liver P2 and fractions resulting from solubilization 

Ligand K i (nM) vs. [3H](+)-pentazocine 

P2 Extract 1 Pellet 1 Extract 2 Pellet 2 

Haloperidol 2.44 + 1.13 3.4 + 1.5 3.4 + 1.7 9.4 5:5.5 2.1 + 0.3 
DTG 65 + 34 62 + 25 31 + 7.9 99 + 58 66 + 22 
(+)-Pentazocine 4.8 + 1 25 + 10 47 + 28 7.5 5:2.9 l 1 + 5.9 
(-)-Pentazocine 23 _+ 11.7 27 + 16 11 + 3 19 5:8.4 33 + 16 
(+)-SKF 10,047 264 5:113 250 5:102 403 + 248 116 + 68 335 5:155 
( - ) -SKF 10,047 4 124 + 1 815 4 143 + 1 343 5 103 5:1 599 1 324 5:309 3648 5:1 158 

Solubilization of o" I sites was confirmed by determining pharmacological profile for competition against the 0.1 selective probe, [3H](+)-pentazocine. 
Rat liver P2 membranes, soluble CHAPS extracts, and the resulting pellets were incubated with nine concentrations of unlabeled ligand ranging from 0.01 
nM to 100000 nM and 3 nM [3H](+ )-pentazocine as described in Materials and methods. IC50 values were determined using the curve fitting program 
GraphPAD InPlot (San Diego, CA). K i values were then calculated using the Cheng-Prusoff equation (Cheng and Prusoff, 1973) and K s values as shown 
in Table 3. Data are from three different preparations, with two experiments carried out in each preparation (values are average of six curves, 5: S.E.M.). 
Each experiment was carried out in duplicate. 

b inding act ivi ty  f rom rat l iver  membranes  as demonst ra ted  

by M c C a n n  and Su (1991). To  further op t imize  solubil iza-  

tion condit ions,  we assessed protein solubi l izat ion at sev- 

eral C H A P S  concentra t ions  and incubat ion t imes (data not  

shown).  C H A P S  concentra t ions  ranging f rom 2 m M  to 13 

m M  and incubat ion t imes ranging f rom 15 min to 2 h all 

resulted in concentra t ion-  and t ime-dependent  solubil iza-  

tion o f  o- b inding activity.  However ,  after 20 min there 

was no s ignif icant  increase in 0-] or  0-2 binding act ivi ty  o f  

protein solubi l ized in 7 m M  C H A P S  or 13 m M  C H A P S .  

Furthermore,  we found that final concentra t ions  o f  C H A P S  

above  0.7 m M  in the binding assay s ignif icant ly  inhibited 

o-~ and 0- 2 binding.  Therefore ,  we used 7 m M  C H A P S  to 

min imize  subsequent  detergent  inhibit ion o f  binding and a 

shorter  incubat ion t ime (20 min)  than prev ious ly  reported 

by others (McCann  and Su, 1991). 

Solubi l izat ion o f  0- I b inding sites was conf i rmed  by 

determining pharmacolog ica l  profi les  for  compet i t ion  

against  the o-t-selective probe,  [ 3 H ] ( + ) - p e n t a z o c i n e  in 

C H A P S  extracts as shown in Table  1. [ 3 H ] ( + ) - P e n t a -  

zoc ine  labeled sites with a high affinity for DTG,  haloperi-  

dol,  and ( + ) - p e n t a z o c i n e ,  and modera te  aff ini ty for ( + ) -  

S K F  10047. The  ( + ) - e n a n t i o m e r s  of  pentazocine  and 

S K F  10047 general ly  had higher  affinities than the corre- 

sponding  ( - ) - e n a n t i o m e r s .  The  profi le  in the C H A P S  

extract  (Extract  1) was very similar  to the profi le  in the 

original  P2 membranes ,  showing  that solubi l izat ion did not 

s ignif icant ly alter the binding sites. This  profi le  is s imilar  

to that descr ibed by M c C a n n  and Su (1991) for soluble rat 

l iver  or sites labeled by [ 3 H ] ( + ) - S K F  10047,  another  0% 

radioligand.  
Solubi l izat ion o f  o-2 sites has not  yet been described.  It 

was therefore o f  interest  to determine the propert ies  o f  

soluble 0- 2 sites. Table  2 shows that 0-2 sites, labeled 

using [3H]DTG in the presence  o f  dextral lorphan,  were  

also present  in the C H A P S  extracts (Extract  1). These  sites 

displayed a high affinity for D T G  and haloperidol .  The  

affinities o f  ( - ) - p e n t a z o c i n e  and ( - ) - S K F  10047 were  

substantially greater  than those of  the corresponding ( + ) -  

enant iomers .  Furthermore,  the affinities o f  ( + ) - p e n t a -  

zoc ine  and ( + ) - S K F  10047 were greatly reduced when 

compared  to their affinit ies at o-] sites (Table  1), whereas  

the affinities o f  ( - ) - p e n t a z o c i n e  and ( - ) - S K F  10047 are 

vir tually the same. These  f indings are all consistent  with 

Table 2 
Pharmacological profile of 0"z sites in rat liver P2 and fractions resulting from solubilization 

Ligand K i (riM) vs. [3H]DTG and 1 ~M dextrallorphan 

P2 Extract 1 Pellet 1 Extract 2 Pellet 2 

Haloperidol 38 _+ 11 120 5:59 142 -4- 71 21 _+ 4.8 75 5:39 
DTG 29 + 14 28 + 6.3 19.7 + 2.7 25 5:7.6 49 + I 1 
( + )-Pentazocine 1 936 5:125 2 797 5:503 1009 5:364 3 938 + 926 2 251 5:776 
(-)-Pentazocine 13 + 7 48 :k 19 72 5:41 35 + 4.7 30 5:5.7 
(+)-SKF 10047 > 15000 10545 5:384 > 27000 > 9000 > 20000 
( - )-SKF I 0 047 4 236 + 1 916 2 311 5:405 3 703 5:2 000 919 5:241 805 + 541 

Solubilization of 0" 2 sites was confirmed by determining pharmacological profile for competition against [3H]DTG in the presence of 1 /.tM 
dextrallorphan. Rat liver P2 membranes, soluble CHAPS extracts, and the resulting pellets were incubated with 5 nM [3H]DTG in the presence of 1 /xM 
dextrallorphan and nine concentrations of unlabeled test ligand ranging from 0.01 nM to 100000 nM as described in Materials and methods.ICso values 
were determined using the curve-fitting program GraphPAD InPlot (San Diego, CA). K i values were then calculated using the Cheng-Prusoff equation 
(Cheng and Prusoff, 1973) and K s values as shown in Table 3. Data are from at least three different preparations, with at least one experiment carried out 
in each preparation (values are average of 4-6 curves, + S.E.M.).Each experiment was carried out in duplicate. 
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o-2 sites. This profile in the extract was also similar to that 
of the original P2 membranes, again suggesting that deter- 
gent solubilization did not alter the 0% binding site charac- 
teristics. 

However, it was observed that the ratio of 3 nM 
[3H](+)-pentazocine binding to 5 nM [3H]DTG binding 
was markedly different in the CHAPS extract compared to 
the native P2 membranes. The extracts appeared to contain 
a reduced [3H]DTG : [3H](+)-pentazocine ratio relative to 
P2 membranes, which suggested differential extraction of 
the binding sites. This was investigated in more detail by 
carrying out Scatchard analysis of the binding of 
[3H](+)-pentazocine and [3H]DTG (in the presence of 1 
/xM dextrallorphan) to determine the relative densities of 
o-~ and o-2 sites, respectively, in the soluble and particu- 
late fractions. The effect of multiple detergent extractions 
was investigated by subjecting CHAPS-extracted mem- 
branes to washing and then a second extraction with 7 mM 
CHAPS (Extract 2 and Pellet 2). These results are shown 
in Table 3. Ligand selectivity profiles were also deter- 
mined in the various fractions to monitor any changes in 
o-~ or o- 2 profiles. These data are shown in Tables 1 and 
2. Tables 1 and 2 show that the pharmacological profiles 
of Extract 2 and Pellet 2 remained similar to the profiles of 
the original P~, indicating there were no significant changes 
in o-~ and o-2 binding site chacteristics upon repeated 
treatment with CHAPS. 

Table 3 shows that Scatchard plots of equilibrium bind- 
ing of [3H](+)-pentazocine and [3H]DTG+ 1 /~M dex- 
trallorphan ([3H]DTG/dextrallorphan) to the rat liver P, 
membranes were both linear, with K d values of 8.3 + 0.73 
nM and 19 + 0.17 nM, respectively, and Bma x values of 
5333 + 572 fmo l / m g  protein and 9190 + 800 fmo l /mg  
protein, respectively. It should be noted that whereas the 
Bma x value for o- 2 sites reported here in the original P2 
fraction is the same as the calculated o-2 Bmax reported 
previously (Hellewell et al., 1994), the or, Bma x obtained 
here is nearly twice that previously reported. The reason 
for this is not clear, but may possibly be related to the use 

20000 ~ • Sigma-1 3.77* 
[ ]  Sigma-2 

15000 

E 0.68" 
o Ioooo T //~ 
g 086" 
x 
t l l  

mE 5000 ~ i 

o p, 
2 Extract-1 Pellet-1 Extract-2 Pellet-2 

Fig. 1. Comparison of crj and o-, concentrations in P~ membranes and 
CHAPS-treated fractions. The Bma x values tot o-~ and o-~ receptors are 
taken from Table 3. The values above each column represent the cr 2 to 
o'] ratio determined by dividing the Bm~ ~ for o" 2 receptors by the Bma × 
lbr o" I receptors in the indicated fraction. All ratios, with the exception of 
that exhibited in Pellet 1, were significantly different from the ratio found 
in the original P~ membranes, as indicated by asterisk (Extract 1: 
P = 0.0001: Extract 2: P =0.01: Pellet 2: P =0.03). Significance was 
determined at P = 0.05 using Student's t test. 

of frozen rat livers in the current study vs. freshly dis- 
sected rat livers in the previous study, which was the only 
major difference in the procedures. 

Scatchard analysis data of the solubilized receptors and 
resulting particulate fractions are also shown in Table 3. 
Treatment of membranes with CHAPS did not signifi- 
cantly alter the K d values of radioligands for o-, or or 2 
sites. The K d values of soluble receptors (CHAPS ex- 
tracts) and CHAPS-treated membranes (resultant CHAPS 
pellets) were similar when compared to native P2 mem- 
branes. However, there were marked changes in the Bma x 

values across the various fractions, which resulted in dra- 
matic changes in the ratio of o-~ to o-~ sites. These Bin, x 
values are compared in Fig. 1. As shown previously 
(Hellewell et al., 1994), the original P, membranes contain 
more o-2 receptors than o-~. The o-2/o-L Bm,x ratio ob- 
tained here for the P2 membrane fraction was 1.72. How- 
ever, after solubilization, the o-2/o-[ Bm~x ratios in Extract 

Table 3 
Saturation analysis of o h and o-_~ binding in fractions resulting from solubilization 

P2 Extract 1 Pellet 1 Extract 2 Pellet 2 

O" I 

K d (nM) 8.3 ± 0.73 7.3 +_ 1.44 8.2 _+ 1.5 8,7 _+ 0.76 7.7 + 1.7 
B,.~ ( fmol/mg prof.) 5 333 -t-_ 572 3 939 _+ 644 4 939 _+ 229 7 560 _+ 820 4 381 _+ 421 

K d (nM) 19 + 0.17 34_+ 6.3 91 + 55 27 + 6.2 27 + 3.7 
Bin, X (fmol/mg prot.) 9 190 + 800 3 368 _+ 1 407 9 804 + 2 760 5 144 5:378 16 527 :t: 2 641 

Saturation analysis of the binding of [3H]DTG and [3H](+)-pentazocine to the various fractions resulting from CHAPS treatment. Scatchard analysis was 
performed on rat liver P, membranes, soluble CHAPS extracts, and the resulting pellets. Binding parameters for o-] receptors were determined by 
incubating the fractions in 0.1-100 nM [3H](+)-pentazocine under the conditions described in Materials and methods. Binding parameters for o'~ 
receptors were determined by using 3 nM [3H]DTG in the presence of 1 /xM dextrallorphan and various concentrations of unlabeled DTG ranging from 5 
to 400 nM. Data were analyzed using the iterative curve fitting program BDATA (Baltimore, MD), and were best fit to a one site model. Data are from 
three different preparations, with at least one experiment carried out in each preparation (values are average of five plots, + S.E.M.). Each experiment was 
carried out in duplicate. 
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1 and Extract 2 decreased significantly to 0.86 and 0.68, 
respectively. These changes in ratio were due largely to a 
decrease in the relative amount of o-2 sites present. Con- 
versely, the o-2/oh ratio in the particulate fractions ap- 
peared to increase relative to the original P2 fraction. The 
increase did not reach significance in Pellet 1 but was 
marked in Pellet 2, increasing from 1.72 to 3.77. This 
increase was due to an increase in the relative proportion 
of o-2 sites in the fraction. Observation of the actual Bma x 
values across fractions relative to the original P2 mem- 
branes (Table 3) shows that the density of 0-1 sites is 
reasonably comparable across the various fractions. How- 
ever, the Bma x value for 0" 2 sites appears to consistently 
decrease in soluble fractions and increase in particulate 
fractions (especially Pellet 2) relative to the original P2 
membranes. Taken together, these data suggest that o- 1 
sites are more readily solubilized than 0- 2 sites, with 0- 2 
sites becoming somewhat enriched in the particulate frac- 
tions relative to other proteins. 

The 0- 2 and o-~ Bma x values in Table 3 show a relative 
decrease in o-2 sites in the soluble extracts relative to the 
particulate fractions, indicating an apparent resistance to 
extraction. However, another possibility to consider is that 
the 0- 2 receptors were solubilized by CHAPS, but were 
not detected in the binding assay. For example, the soluble 
receptor assay using polyethylene±mine-coated filters takes 
advantage of the acidic nature of most membrane proteins 
by retention of soluble proteins on the filter due to electro- 
static attraction for the positively charged polyeth- 
ylene±mine (Bruns et al., 1983). Thus, if o-2 receptors are 
neutral or basic proteins they may not be retained and 
detected, despite efficient extraction. This was addressed 
by assaying receptor binding using a method involving 

precipitation of soluble proteins with polyethylene glycol 
and filtration trapping of precipitated proteins (Cuatreca- 
sas, 1972). Table 4 compares the o-i and o-2 binding in 
polyethylene glycol precipitated fractions with o-j and o-2 
binding of soluble preparations using the 0.5% polyeth- 
ylene±mine method of Bruns et al. (1983). We first deter- 
mined whether polyethylene glycol treatment alone would 
have a general effect on binding of 3 nM [3H](+)-penta- 
zocine (o-l) and 5 nM [3H]DTG + 1 /xM dextrallorphan 
(o-2). This was done by subjecting original P2 membranes 
to the polyethylene glycol procedure and comparing the 
results to membranes assayed in the normal manner. Since 
the P2 membranes are already particulate, any effect of 
polyethylene glycol would be on receptor activity and not 
related to ability to precipitate and trap the proteins. Poly- 
ethylene glycol itself was found to have a significant 
inhibitory effect on tr z binding (31% inhibition) but only 
a small effect on tr 1 activity (6.4% inhibition). This 
amount of inhibition of o-~ or o" 2 binding by polyethylene 
glycol in the P2 membranes was used as a correction factor 
to calculate the specific binding of 3 nM [3H](+)-penta- 
zocine and 5 nM [3H]DTG/dextrallorphan in Extract 1 
and Extract 2 when the polyethylene glycol method was 
used. These figures were then used to calculate the o-2 to 
0-1 binding ratios. After adjusting for inhibition, the 0- 2 to 
o-~ ratios in P2 membranes were 1.2 in control (polyethyl- 
ene±mine filter method) and 1.1 in the polyethylene glycol- 
precipitated fractions. The ratios in Extract 1 were 0.29 
and 0.22, while the Extract 2 ratios were 0.98 and 0.93 for 
polyethylene±mine and polyethylene glycol methods re- 
spectively. Thus, there was no difference in any of the 
ratios of the polyethylene glycol-precipitated fraction after 
adjustment as compared to fractions assayed by the 

Table 4 
Polyethylene glycol precipitation of Pe membranes and CHAPS extracts 

Fraction/ 
subtype 

0.5% PEI Method PEG Method 

fmol /mg protein 0"2:0"1 ratio fmol/mg protein % inhibition by PEG Adjusted fmol /mg 0"~ : 0-~ ratio 

P2 
0-1 1 603 ___ 195 1.2 
o-~ 1896+517 

Extract 1 
0-1 1646-t-217 0.29 
0-2 480 ± 144 

Extract 2 
0-1 1 661 ± 285 0.98 
0-2 1 629 ± 444 

1 500 ± 161 ( -6 .4%)  1 596 1.1 
1 300± 166 ( - 3 1 % )  1 703 

1 412 ± 16 - 1 503 0.22 
255 ± 89 - 334 

721 ± 50 - 767 0.93 
544 ± 139 - 713 

o" t and 0- 2 binding in solubilized fractions and P2 membranes were assayed using a single concentration of radioligand, 3 nM [3H](+ )-pentazocine for o'j 
and 5 nM [3H]DTG/I /xM dextrallorphan for 0-2. Following incubation, binding activity (fmol bound/rag protein) was determined using either the 
polyethylene±mine (PEl)-coated filter method or the polyethylene glycol (PEG) precipitation method as described in Materials and methods. In order to 
assess any general effect of polyethylene glycol treatment on 0- binding activity, intact P2 membranes were subjected to the polyethylene glycol procedure 
and compared to P2 membranes assayed by the routine method of trapping on polyethylene±mine-coated filters. Polyethylene glycol itself was found to 
have a significant inhibitory effect on 0" 2 binding in P2 membranes (31% inhibition) and only a small effect on 0-a activity. Therefore, 0-) and 0" 2 
binding values in polyethylene glycol-precipitated CHAPS extracts were adjusted to correct for this amount of inhibition. The values for the 
polyethylene±mine method are the mean + S.E.M. of five experiments from three different preparations. Each experiment was carried out in duplicate. The 
unadjusted values for the polyethylene glycol method are the average ± S.E.M. of two experiments, each carried out in duplicate. Note that 0"2/o-i ratios 
are for binding of a single concentration of radioligand and not Bma x values as in Fig. 1. 
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polyethylene±mine method. This shows that the decrease in 
0-z binding activity in soluble fractions cannot be due to 
an artifact of  loss of  binding activity through the filters, 
since the same results are obtained when receptors are 
assayed as trapped precipitates. The data thus point to 
more retention of  o- 2 activity in the particulate fractions 
upon solubilization. 

The total yield of  receptors (pmol of  receptor) in each 
fraction was calculated, based on starting with 806 mg of  
P2 membrane protein. This data is shown in Table 5. The 
preferential extraction of  o-~ sites over o- 2 receptors is 
also born out here, and can be seen at each extraction of  a 
particulate fraction. Extraction of the original P2 mem- 
branes (Extract 1) gave a 24% yield of  o- l receptors, but 
only a 12% yield of  0% sites. Subsequent extraction of 
Pellet 1 (Extract 2) gave a 15% yield of  the o- l sites 
remaining in Pellet 1, whereas a 5% yield of 0-2 receptors 
was obtained at this step. Totall ing activity in the soluble 
fractions (Extract 1 + Extract 2), it is found overall that 
29% of the original 0-1 activity present in P2 membranes 
was extracted whereas only 14% of  the original 0-2 activ- 
ity was extracted. Furthermore, assessment of  the amount 
of original P2 membrane activity remaining particulate 
after two CHAPS extractions (Pellet 2) reveals 32% of  0-2 
receptors and only 15% of 0-~ activity. Interestingly, an 
assessment of  recovery (relative to original P2 membranes)  
of total activity across all fractions reveals that 82% of  the 
original 0-2 activity is accounted for, whereas 74% of  0-1 
activity is recovered across all fractions. This suggests that 
during the manipulations, 0-~ activity may be slightly more 
labile than 0-2. Thus, lability of 0-2 activity cannot account 
for the differential extraction. Furthermore, if it is assumed 
that loss of  receptor activity occurs evenly across fractions, 
one can correct the 0-1 and 0-2 values in each fraction to 
account for this loss. When this is done, it is found that the 
differential extraction of  the 0- subtypes could actually be 
even more pronounced, with an estimated 37% extraction 
for 0-1 activity and only 16% extraction for 0-2 activity. 

Other attempts were made to effect more efficient solu- 
bilization of  0-2 sites (data not shown). 0- 2 receptor 
activity was not altered in the presence of  a protease 

inhibitor cocktail (1 mM EDTA, 2.5 /~g /ml  bacitracin, 5 
p~g/ml leupeptin, and 0.1 mM phenyl methane suifonyl 
fluoride in 10 mM Tris, pH 7.4), thus arguing against loss 
of  solubilized receptors due to proteolysis.  Extraction with 
1% Triton X-100 or 0.65% (15 mM) cholate gave similar 
results as with CHAPS,  showing that the phenomenon is 
not specific to CHAPS. Extraction of  P2 membranes with 
0.5 M NaC1 yielded little or no soluble o- activity. The 
combination of 0.5 M NaC1 and 7 mM CHAPS yielded 
soluble 0-~ and 0-2 activity, with an increase in the 0"2/0"  I 
ratio. However,  the increase in 0-2/0-1 ratio was partly 
due to a decrease in 0-1 activity, suggesting that in the 
presence of  0.5 M NaCl, 0-~ activity is less soluble in 
CHAPS. We have also attempted to solubilize 0- binding 
activity using dimethyl maleic anhydride to extract periph- 
eral membrane proteins (Shanahan and Czech, 1977) and 
chloroform:methanol to extract proteolipids (Hampson and 
Poduslo, 1986). There was little or no soluble 0-! or 0-~ 
activity resulting from these procedures. 

4. Discussion 

Samoviiova et al. (1985, 1988) demonstrated a high 
concentration of  0- sites in rat hepatic membrane fractions. 
Previously, Bowen and colleagues (Bruce et al., 1990; 
Hellewell  et al., 1990, 1994) demonstrated that rat liver 
possesses both 0-1 and 0- 9 receptors, with a higher density 
of 0-2 sites present. These sites also displayed biochemical 
and pharmacological  characteristics very similar to the 0-~ 
sites in guinea pig brain and the 0-2 receptor sites charac- 
terized in PC I2 cells, C6 glioma cells, and several other 
cell lines (Hellewell  and Bowen, 1990; Vilner and Bowen, 
1992; Bowen et al., 1993; Vilner et al., 1995). 

McCann and Su (1991) have previously demonstrated 
solubilization of 0- receptors from rat liver using CHAPS. 
These investigators used [3H]( + ) -SKF 10 047 as the radio- 
labeled probe to characterize the receptors. Since this is a 
(+ ) -benzomorphan  with very low affinity for 0-2 sites 
(Hellewell  and Bowen, 1990) this radioligand would label 
o- t receptors and not 0-2 sites. The pharmacological  pro- 

Table 5 
Total yield of binding activity in P2 and CHAPS extracts 

Fraction mg of protein ± S.E.M. 0-~ 

Total activity (pmol) Extraction yield (%) 

0" 2 

Total activity (pmol) Extraction yield (%) 

P2 806 + 38 4 297 ___ 203 - 7 405 + 349 - -  
Extract 1 250 + 57 984 + 224 24 + 4 841 ± 191 12 ± 2 
Pellet 1 275 ± 107 1 356 4- 528 36 ± 0.7 2692 ± 1 048 41 ± 1 
Extract2 27±9 206±68 5+0.1 {15%} 140±46 2±0.1 {5%} 
Pellet 2 147 ± 30 642 ± 133 15 + 2 2423 ± 503 32 ± 5 

The total yield of 0.t and 0- 2 activity was calculated for the original P2 membranes, soluble extracts, and their respective pellets. The total activity in pmol 
of receptor was calculated by multiplying the total protein yield for the given fraction by the 0-1 or 0-2 Bmax for that fraction, as given in Table 3. The 
extraction yield is the percent of total binding activity in the various fractions relative to the original P2 membranes (806 mg protein). The figures in 
brackets {}, represent the percent of binding activity in Extract 2 relative to Pellet 1. All averaged values + S.E.M. are the combined data from at least 
three separate preparations. 
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file of  solubilized sites obtained by these investigators is 
consistent with 0-1 receptors, and the binding character- 
istics were not significantly different from those of the 
intact rat liver membranes (McCann and Su, 1991). Also, 
Schuster and co-workers have recently reported solubiliza- 
tion from rat liver and purification to homogeneity of  
[3H]haloperidol binding activity with the properties of  0-1 
receptors (Schuster et al., 1994). 

As a prelude to attempts to isolate the individual o" 
receptor subtypes, here we have investigated the effect of  
detergent solubilization on these subtypes. We found the 
optimal CHAPS concentration to be 7 mM, which yielded 
a large number of  active 0- receptors. The binding proper- 
ties of  0-1 receptors labeled by [3H](+)-pentazocine were 
retained in the solubilized preparation. Furthermore, here 
demonstrated for the first time, 0-2 receptors labeled by 
[3H]DTG in the presence of dextrallorphan were solubi- 
lized with retention of the pharmacological profile of  the 
original P: membranes. CHAPS treatment produced no 
significant changes in the affinity of  0-~ or 0-2 receptors 
for their respective radioligands. However,  after solubiliza- 
tion, Extract 1 had a completely different 0-2 to 0-] ratio. 
The amount of 0-2 decreased dramatically relative to 0-~. 
Similarly, the 0- 2 to 0-~ ratio of  Extract 2 indicated an 
even larger percentage of solubilized 0-1 sites relative to 
0-2. This indicates that 0-2 sites were more resistant to 
solubilization compared to 0-1 sites. 

An important point to note along with the changing 
ratios in the soluble fractions is that the particulate frac- 
tions demonstrated no significant change in the Bma x ratio 
until after the second extraction, where the 0-2 to 0-1 ratio 
was 3.8 compared to the original o- 2 to 0-~ ratio of  1.7 in 
the P2 membranes.  Furthermore, not only did the ratio of 
0" 2 to 0" 1 receptor increase, but the 0-2 Bmax value (specific 
activity of  receptor) increased nearly 2-fold upon repeated 
extraction of the particulate fraction. This shows a slight 
enrichment in 0-2 activity which most likely results from 
the preferential removal of  other membrane proteins. Con- 
versely, the specific activity of  0-1 receptors in the 
CHAPS-treated particulate fraction did not change signifi- 
cantly, indicating that it was extracted as readily as most of 
the other membrane proteins. These observations with the 
particulate fractions are again consistent with preferential 
solubilization of 0-~ sites relative to 0-2 receptors. 

Decreased extraction of o" 2 sites was also seen when 
the total yield of  receptors was taken into account. Table 5 
shows that only 14% of the of the original P2 membrane 
0-2 receptors is present in the soluble fractions (Extract 
1 + Extract 2), compared to 29% of 0-~ sites. Furthermore, 
after two CHAPS extractions, a larger percentage of the 
original 0-2 receptors remained particulate compared to 
o- 1. In addition, the actual relative decrease in 0-2 extrac- 
tion may be even greater than is apparent, since the total 
percent recovery of 0-1 sites across all fractions was lower 
than that of  0-2 sites, possibly masking some of the 
difference. 

Decreased 0- 2 activity in the CHAPS extracts was not 
due to an artifact of  the use of  polyethyleneimine-coated 
filters to electrostatically retain receptors, since similar 
results were observed when soluble proteins were precipi- 
tated with polyethylene glycol and physically trapped on 
filters. A possibility which cannot be completely ruled out 
at present is that the decreased 0- 2 extraction is due to 
differential inactivation of a portion of 0- 2 sites upon 
treatment with CHAPS. However, this seems unlikely 
since the pharmacological properties ( K  d of  [3H]DTG and 
K i of competing compounds) of  the soluble 0- 2 sites were 
very similar to those of  native P2 membranes,  and the 
particulate fractions extracted with CHAPS had an in- 

creased specific activity of 0- 2 sites, observations incon- 
sistent with receptor inactivation due to exposure to 
CHAPS. Furthermore, the overall recovery of o- 2 sites 
across all fractions is higher for 0- 2 sites compared to 0-t 
(Table 5), suggesting that 0-2 sites may be less labile than 
0-j sites. Protease activity did not appear to play a role 
since similar results were obtained when solubilization and 
incubations were carried out in the presence of protease 
inhibitors. 

Solubilization with 1% Triton X-100 or 15 mM sodium 
cholate gave similar results as solubilization with CHAPS, 
indicating that the differential solubilization is not a deter- 
gent-specific effect and probably does not depend on the 
ionic nature of the detergent. Failure to extract 0- binding 
activity with 0.5 M NaCI or dimethyl maleic anhydride 
suggests that neither o" 1 nor 0-2 receptors are peripheral 
membrane proteins. Furthermore, 0- binding activity was 
not extractable with chloroform-methanol, suggesting that 
0- receptors are not related to proteolipids. However, other 
possibilities such as interaction of 0- receptors (particu- 
larly 0-2 receptors) with cytoskeletal membrane proteins, 
will need to be investigated further. 

In summary, we have solubilized rat liver o-] binding 
sites with relative ease in 7 mM CHAPS, while retaining 
binding characteristics as determined using the highly se- 
lective probe [3H](+)-pentazocine.  These data are consis- 
tent with a previous report of CHAPS-solubilized rat liver 
0- sites labeled using [3H](+)-SKF 10047 (McCann and 
Su, 1991) and the reported purification of rat liver 0-j-like 
receptors labeled with [3H]haloperidol (Schuster et al., 
1994). Furthermore, this is the first demonstration and 
characterization of solubilized 0-2 receptors, as determined 
using [3H]DTG in the presence of a masking concentration 
of dextrallorphan. The binding characteristics of  the mem- 
brane-bound form of 0-2 receptors were again retained in 
the soluble preparation. However,  the 0-2 activity was not 
as readily solubilized with detergent, as much of the 
binding activity tended to remain in the particulate frac- 
tions. The differential solubilization of o- l and 0- 2 recep- 
tors provides further support for the notion that 0-~ and 0- 2 
sites are distinct macromolecules. This also suggests that 
they are associated with the membrane in different ways 
and thus may play distinct roles in membrane function. 
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This information will aid in the purification and subse- 
quent molecular characterization of o-~ and ~2 receptors. 
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