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ABSTRACT: Regulation of adenylate cyclase by a2 adrenergic receptors requires the inhibitory guanine 
nucleotide binding protein Ni. A role for this protein has also been suggested in the high-affinity binding 
of agonists to the a2 receptor. W e  recently reported that  alkaline treatment can selectively inactivate a2 
agonist binding and Ni in human platelet plasma membranes [Kim, M. H., & Neubig, R. R. (1985) FEBS 
Lett. 192, 321-3251. Binding of the full a2 agonists epinephrine and 5-bromo-6-[N-(4,5-dihydro- 
imidazol-2-yl)amino]quinoxaline (UK 14 304) to these membranes was determined by competition and direct 
radioligand binding, respectively. The high-affinity GTP-sensitive binding of the agonists is lost after alkaline 
treatment. Binding of [3H]UK 14 304vwas reconstituted by poly(ethy1ene glycol)-induced fusion of alka- 
line-treated platelet membranes with cell membranes containing Ni but no a2 receptor or with lipid vesicles 
containing purified guanine nucleotide binding proteins (N-proteins) from bovine brain. The reconstituted 
binding was of high affinity (Kd = 0.4 f 0.1 nM), accounted for a substantial fraction of the total a2 receptors 
(B,,, for [3H]UK 14304 was 78 f 23% of the B,,, for [3H]yohimbine), and was abolished in the presence 
of guanosine S-(P,y-imidotriphosphate) (GppNHp). The brain-specific protein No (predominant guanine 
nucleotide regulatory protein from bovine brain) was also effective in reconstituting high-affinity a2 agonist 
binding. The results presented here show that a guanine nucleotide regulatory protein of the No or Ni type 
is necessary for high-affinity a2 agonist binding. These methods should also prove useful for future studies 
of receptor N-protein interactions. 

A d e n y l a t e  cyclase activity is stimulated by @-adrenergic 
receptors and is inhibited via a2 adrenergic receptors [see Ross 
and Gilman (1980) and Limbird (1981) for review]. Stimu- 
lation of enzyme activity requires the guanine nucleotide 
regulatory protein N,,’ while inhibition of adenylate cyclase 
requires a distinct guanine nucleotide regulatory protein, N i  
(Ross 8c Gilman, 1980; Kurose et al., 1983). Another GTP 
binding protein of unknown function, termed No, has recently 
been purified from bovine brain (Sternweis & Robishaw, 1984; 
Neer et al., 1984). The interactions of purified @-adrenergic 
receptors with N,, N,, and the catalytic subunit of adenylate 
cyclase have been examined after reconstitution into phos- 
pholipid vesicles (May et al., 1985; Cerione et al., 1983). In 
addition, Cerione and collaborators have recently reconstituted 
cu2-receptor-stimulated GTPase activity using purified N- 
proteins and partially purified a2 receptors (Cerione et al., 
1986). 

In addition to the role of guanine nucleotide regulatory 
proteins in producing responses, there is evidence that the 
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affinity of agonist binding to many receptors including a2 
(Hoffman et a]., 1982; Michel et al., 1980) and @-adrenergic 
(Maguire et al., 1976; Blume, 1978), muscarinic (Jakobs et 
al., 1979), and opiate receptors (Kurose et al., 1983; Katada 
& Ui, 1982) is regulated by these proteins. Guanine nu- 
cleotides such as the nonhydrolyzable GTP analogue GppNHp 
selectively reduce the affinity of a2-adrenergic agonist binding 
without reducing antagonist binding (Hoffman et al., 1982; 
Michel et al., 1980). Modification of the Ni  protein by per- 
tussis-toxin-catalyzed ADP-ribosylation in NGlO8- 15 cells 
results in a loss of receptor-mediated inhibition of adenylate 

’ Abbreviations: buffer A, 25 mM N-(2-hydroxyethyl)piperazine- 
N’-2-ethanesulfonic acid (HEPES), pH 8.0, 2 mM MgCI2, 1 mM eth- 
ylenediaminetetraacetic acid (EDTA), and 100 mM NaCI; GppNHp, 
guanosine 5’-(@,y-imidotriphosphate); GTPyS, guanosine 5’-0-(3-thio- 
triphosphate); N-proteins, guanine nucleotide binding proteins; Ni, in- 
hibitory guanine nucleotide regulatory protein; No, predominant guanine 
nucleotide regulatory protein from bovine brain; N,, stimulatory guanine 
nucleotide regulatory protein; NAD, nicotinamide adenine dinucleotide; 
NEM, N-ethylmaleimide; PEG, poly(ethy1ene glycol); POB membranes, 
platelet membranes pretreated with phenoxybenzamine; SDS, sodium 
dodecyl sulfate; TED buffer, 20 mM tris(hydroxymethy1)aminomethane 
hydrochloride (Tris-HCI), pH 8.0, 1 mM EDTA, and 1 mM dithio- 
threitol (DTT); TME buffer, 50 mM Tris-HCI, pH 7.6, 10 mM MgCI,, 
and 1 mM ethylenebis(oxyethylenenitri1o)tetraacetic acid (EGTA); UK 
14 304, 5-bromo-6- [N-(4,5-dihydroimidazol-2-yl)amino]quinoxaline. 
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Alkaline treatment of platelet membranes was performed 
as described by Kim and Neubig (1985). Briefly, purified 
platelet membranes in TME buffer were thawed and diluted 
20-fold in 50 mM sodium phosphate, pH 11.75, and the pH 
was adjusted to 11.50 with 5 M NaOH. After 1 h on ice, the 
membranes were collected by centrifugation at 145000g for 
30 min, resuspended in TME buffer at pH 7.6, quick frozen 
in a dry ice-ethanol bath, and stored at -70 OC for up to 2 
weeks prior to use. 

For inactivation of a2 receptors, platelet membranes were 
incubated at  a concentration of 4 mg of protein per milliliter 
in TME buffer containing 10 pM precyclized phenoxybenz- 
amine for 30 min at  23 OC. The reaction was terminated by 
dilution with 10 volumes of ice-cold TME buffer containing 
10 mg/mL bovine serum albumin, and membranes were 
centrifuged at 145000g for 30 min. The pellet was washed 
by resuspension in the same volume of buffer containing 10 
mg/mL albumin, centrifuged again and resuspended in TME 
buffer without albumin, quick frozen, and stored at -70 OC 
for 1-2 weeks until use. The 10 pM phenoxybenzamine was 
chosen because that concentration inactivates greater than 95% 
of the [3H]yohimbine binding. Phenoxybenzamine treatment 
did not affect pertussis toxin catalyzed [32P]ADP ribosylation 
of the 41 000-dalton substrate in cholate extracts of these 
membranes (data not shown). 

Preparation of Pertussis Toxin Treated C6 Glioma Cell 
Membranes. C6 glioma cells kindly provided by Dr. R. 
Simpson (Department of Pharmacology) were grown as 
monolayer cultures in Dulbecco's modified Eagle medium 
containing 10% fetal calf serum on plastic Petri dishes until 
confluency was achieved (4 or 5 days). In some experiments, 
cells were treated with 100 ng/mL purified pertussis toxin for 
18 h prior to preparation of membranes. Cells were detached 
with Versene (5.5 mM dextrose, 5 mM KCl, 1 mM HEPES, 
pH 7.4, 137 mM NaC1, 0.5 mM EDTA), collected by cen- 
trifugation at  500g for 10 min, and washed twice in 10 mM 
Tris-HC1, pH 7.5, 0.5% NaCl, by centrifugation. Cells were 
then homogenized with 10 strokes in a Potter-Elvehjem hom- 
ogenizer in buffer containing 20 mM Tris-HC1, pH 7.5, 5 mM 
MgCl,, 1 mM EGTA, and 1 mM DTT, and the membranes 
were collected by centrifugation at  20000g for 30 min. 
Membranes were washed once, resuspended in the same buffer, 
quick frozen, and stored at -70 OC for 1-2 weeks until use. 
Binding of 10 nM [3H]yohimbine to C6 cell membranes was 
minimal (10 f 7 fmol/mg of protein, n = 5). 

Purification of No and Ni from bovine brain was performed 
by modifications of published methods (Sternweis & Ro- 
bishaw, 1984; Neer et al., 1984; Huff et al., 1985). Differences 
from those procedures are outlined below. All procedures were 
performed at  0-4 OC. Bovine cerebral cortex (300 gm) col- 
lected from a local slaughterhouse and frozen in liquid N, was 
thawed briefly in 1.2 L of cold homogenization buffer (50 mM 
Tris, pH 8.0, 5% sucrose, 1 mM EDTA, 6 mM MgCl,, 1 mM 
DTT, 3 mM benzamidine hydrochloride, 1 mg/L soybean and 
lima bean trypsin inhibitors), homogenized in a Waring 
blender in five 10-s bursts, and rehomogenized with a Polytron 
homogenizer (30 s, setting 30). The homogenate was cen- 
trifuged at 20000g for 40 min, and pellets were washed once 
in 1.2 L of cold homogenization buffer by resuspension and 
centrifugation. After the pellets were resuspended in a minimal 
amount of homogenization buffer, the membrane paste was 
quick frozen and stored at -70 OC for up to a week. The 
membrane paste was thawed in TED buffer (20 mM Tris, pH 
8.0, 1 mM EDTA, 1 mM DTT) including 3 mM benzamidine 
hydrochloride and 1 mg/L soybean and lima bean trypsin 

cyclase activity and also reduces the binding affinity of a,- 
adrenergic, opiate, and muscarinic agonists (Kurose et al., 
1983). Similar effects of pertussis toxin to reduce a2 agonist 
binding affinity have been reported in rat brain (Nomura et 
al., 1985) and adipocytes (Garcia-Sainz et al., 1984). 

The cyc- variant of S49 lymphoma cells that lacks N, has 
been very useful as a tool for studying the role of that protein 
in various biochemical systems (Ross et al., 1978). P-Adre- 
nergic receptor mediated stimulation of adenylate cyclase and 
the GTP sensitivity of @adrenergic agonist binding are absent 
in cyc- membranes. Since no such mutant cell was available 
for Ni, we utilized the approach of Citri and Schramm (1980), 
who found that treatment of turkey erythrocyte membranes 
with alkaline buffer inactivated N, and adenylate cyclase 
catalytic activity while leaving P-adrenergic receptors intact. 
Similar results have been seen by Kassis et al. (1984) after 
alkaline treatment of HeLa cell membranes. This technique 
has also proved useful in studies of nicotinic acetylcholine 
receptors (Neubig et al., 1979). We recently demonstrated 
that alkaline treatment of human platelet membranes inac- 
tivates Ni  as measured by pertussis-toxin-catalyzed [32P]NAD 
labeling and markedly reduces high-affinity a, agonist binding 
(Kim & Neubig, 1985). Antagonist binding is minimally 
affected by this treatment. The alkaline-treated platelet 
membranes thus constitute a preparation containing a func- 
tional a, receptor but lacking a functional Ni. 

In this paper, we describe the use of membrane-membrane 
fusion methods (Kassis et al., 1984; Schramm, 1979) to re- 
constitute high-affinity a, adrenergic agonist binding with 
purified N-proteins. This method is also shown to be appli- 
cable to reconstitution of agonist binding by use of a variety 
of natural membranes as the source of N-protein. The sim- 
plicity of the approach and the lack of a requirement for 
detergents suggest a significant generality for these methods 
in the study of receptor effector coupling. Some of these results 
have been reported previously in abstract form (Kim & 
Neubig, 1986). 

MATERIALS AND METHODS 
Poly(ethy1ene glycol) ( M ,  8000), soybean 

phosphatidylcholine, cholesterol, and cholic acid were obtained 
from Sigma Chemical Co. (St. Louis, MO). The cholic acid 
was purified by the method of Ross and Schatz (1978) except 
that chromatography was performed on DEAE-Sephacel. 
GTPyS was from Boehringer Mannheim. Oxymetazoline 
hydrochloride was a gift from the Schering Corp. (Bloomfield, 
NJ) .  Phenoxybenzamine was a gift from Smith Kline & 
French and was precyclized for 15 min at 37 "C before use 
(Kunos et al., 1983). Purified pertussis toxin was a kind gift 
of Dr. L. Winderry, Michigan Department of Public Health 
(Lansing, MI). [3H]Y~himbine (75-85 Ci/mmol), [3H]UK 
14 304 (84-88 Ci/mmol), and [35S]GTPyS (1000-1200 
Ci/mmol) were obtained from New England Nuclear (Boston, 
MA). Heptylamine-Sepharose was prepared as described 
(Shaltiel, 1974). All other chemicals were of reagent grade 
or better . 

Preparation and Covalent Modification of Human Platelet 
Membranes. Human platelet concentrates purchased from 
the Detroit Chapter of the American Red Cross within 24 h 
of collection were used to prepare membranes as described by 
Neubig and Szamraj (1986). In brief, the turbid fraction from 
the interface of a 14.5%/34% discontinuous sucrose gradient 
was collected by centrifugation at 105000g, resuspended in 
50 mM Tris-HC1, pH 7.6, 10 mM MgCl,, 1 mM EGTA 
(TME buffer), quick frozen in a dry ice-ethanol bath, and 
stored at -70 OC until use. 

Reagents. 
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inhibitors, rehomogenized, and centrifuged at 20000g for 40 
min. Pellets were resuspended in 1 volume of TED, and an 
equal amount of TED containing 2.0% sodium cholate without 
activating ligands was added. The mixture was stirred on ice 
for 1 h and centrifuged at 143000g for 1 h. The soluble extract 
was collected and chromatographed on DEAE-Sephacel, 
Ultrogel AcA34, and heptylamine-Sepharose columns as 
described (Sternweis & Robishaw, 1984; Neer et al., 1984; 
Huff et al., 1985). Guanine nucleotide binding protein activity 
was monitored by measuring [35S]GTPyS binding according 
to Sternweis and Robishaw (1984), and protein was deter- 
mined by the method of Bradford (1976). 

The peak of [35S]GTPyS binding activity obtained from the 
heptylamine-Sepharose column contains polypeptides of M, 
41 000, 39000, and 36000 as detected by Coomassie Blue 
staining of 10% Laemmli gels as previously reported (Stemweis 
& Robishaw, 1984; Neer et al., 1984). The 39000-dalton CY 

subunit of No accounts for the bulk of the higher molecular 
weight component with a 41 000-dalton protein accounting for 
the remainder. There were approximately equal amounts of 
CY and 0 subunit detectable by Coomassie Blue staining. Three 
different preparations of this combined N,/Ni mixture were 
used for most of the reconstitution experiments described and 
all three contained roughly the same proportions of CY,, ai, and 
p subunits. In all experiments with purified N-proteins, more 
than 95% of the protein detectable by Coomassie Blue staining 
was accounted for by the known subunits of N o  or Ni.  

In some experiments No was further purified from the 
mixture by chromatography on DEAE-Sephacel in 0.5% Lu- 
brol PX as described by Katada et al. (1986). Briefly, 18 mL 
("4 mg of protein) of the N,/Ni pool from the heptyl- 
amine-Sepharose column was diluted with 3 volumes of TED 
containing 0.67% Lubrol PX. The sample was loaded on a 
1.5 X 20 cm DEAE-Sephacel column which had been pree- 
quilibrated with TED containing 0.5% Lubrol PX. The col- 
umn was then washed with 50 mL of the equilibration buffer, 
and the N-proteins were eluted with a 160-mL gradient of the 
equilibration buffer containing 25-200 mM NaCl followed 
by an additional 50 mL of the high-salt buffer. Two peaks 
of protein eluted during the gradient. On sodium dodecyl 
sulfate (SDS)-polyacrylamide gel electrophoresis and Coo- 
massie Blue staining, the first peak contained only bands of 
39000 and 36 000 daltons (Figure 6, lane C). The second had 
nearly equal amounts of the 39 000- and 41 000-dalton bands 
in addition to some enrichment of the 36 000-dalton protein 
(see Figure 6, lane D). The first peak (which we will call No) 
was concentrated by filtration on Amicon YM 30 membranes 
and exchanged into TED containing 100 mM NaCl and 0.9% 
sodium cholate prior to incorporation into phospholipid vesicles. 

Preparation of Phospholipid Vesicles Containing Nucleotide 
Regulatory Proteins. Twelve milligrams of soybean phos- 
phatidylcholine and 1.2 mg of cholesterol in 1.12 mL of CHC1, 
were dried under N 2  and incubated with 4.6 mL of a 0.3% 
solution of sodium cholate in 25 mM HEPES, pH 8.0, 2 mM 
MgC12, 1 mM EDTA, and 100 mM NaCl (buffer A) at 23 
"C for 5 min. The mixture was vortexed for 5 min and then 
sonicated at  4 "C under N, with a Branson microtip (setting 
5.5) or in a sonicator bath (Bransonic 12) for 30-45 min until 
the mixture appeared translucent. Purified N-proteins (1 0 
mg/mL) in TED buffer containing 100 mM NaCl and 0.9% 
sodium cholate were added to a final concentration of 0.3-2.9 
mg of protein/mL. The cholate was removed by chroma- 
tography through a 50-mL Sephadex G50 column equilibrated 
in buffer A. Turbid fractions were pooled, quick frozen, and 
stored at -70 OC for up to 1 mo until use in reconstitution 
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assays. The same concentrations of phospholipid, cholesterol, 
and detergent were used to prepare control phospholipid 
vesicles, except that no N-proteins were added to the lipid 
mixture. 

Fusion of Receptor-Deficient Membranes or N-Protein- 
Containing Vesicles with pH 11.5 Treated Membranes. 
Phenoxybenzamine-treated platelet membranes and pH 1 1.5 
treated platelet membranes were mixed and centrifuged at 
145OOOg for 30 min. Equal amounts of protein from donor 
and acceptor membranes were used unless otherwise indicated. 
The mixed pellet was resuspended at 7 mg/mL in 50% (w/w) 
poly(ethy1ene glycol) (PEG) in buffer containing 5 mM glu- 
cose, 2 mM CaCI,, 2 mM MgCl,, 2 mM ATP, 0.1 mM 
EDTA, 135 mM NaC1, 5 mM KC1, and 20 mM Tris-HC1, 
pH 7.4, and incubated for 5 min at 25 "C (Kassis et al., 1984; 
Schramm, 1979). This mixture was diluted with 20 volumes 
of TME buffer and centrifuged at  145000g for 30 min at 4 
OC. The pellet was washed once by resuspension in ice-cold 
TME buffer, recentrifuged, and resuspended in the same buffer 
for determination of ligand binding. 

Fusion with phospholipid vesicles was performed exactly as 
described for fusion of phenoxybenzamine-treated membranes 
to pH 11.5 membranes, with the following exceptions. Lipid 
vesicles with or without N-protein were mixed with pH 11.5 
treated membranes, diluted 10-fold in TME buffer, and cen- 
trifuged at 200000g for 2 h. The mixed pellet was resuspended 
in 50% PEG and incubated for 5 min at 25 OC. After a 20-fold 
dilution in TME buffer, the mixture was recentrifuged at 
200000g for 30 min. The pellet was washed once as above 
and resuspended in TME buffer for determination of binding. 

Equilibrium Binding of [3H] UK 14 304 and [3H]  Yohimbine. 
Binding of the antagonist [3H]yohimbine and the full C Y ,  

agonist [3H]UK 14 304 was measured at 23-25 O C  as de- 
scribed by Neubig et al. (1985). Bound and free ligand were 
separated by vacuum filtration over Whatman GF/C filters 
or poly(ethy1enimine)-treated G F / C  filters (Neubig et al., 
1985; Bruns et al., 1983). Nonspecific binding was defined 
by using M yohimbine or M oxymetazoline, re- 
spectively, as described (Neubig et al., 1985) and represented 
8-17% of total binding for [3H]yohimbine, 2-7% for [3H]UK 
14304 binding to control membranes, and 40-46% for [3H]UK 
14 304 binding to alkaline-treated membranes prior to re- 
constitution. Data are presented as mean f SD of triplicate 
determinations unless otherwise noted. Saturation binding 
experiments were analyzed by using the computer program 
SCAFIT (Munson & Rodbard, 1980). Hill coefficients and 
ICs0's for competition curves were analyzed by linear least- 
squares fits of -log [(loo - % bound)/% bound] vs. -log 
[epinephrine] for points corresponding to the 10-90% spe- 
cifically bound ligand. Correlation coefficients were 0.95-0.99 
for all Hill plots calculated. Scintillation counting efficiency 
was 42-53%. 

Miscellaneous. Protein was determined by the procedure 
of Lowry et al. (1951) using bovine serum albumin as a 
standard or, in the case of N-protein purification, the procedure 
of Bradford (1976) using lysozyme as a standard. SDS- 
polyacrylamide slab gel electrophoresis was performed ac- 
cording to the method of Laemmli (1970) using 10% acryl- 
amide gels. Proteins were stained with Coomassie Brilliant 
Blue. 

RESULTS 
Agonist Binding to pH 1 IS Treated Platelet Membranes. 

Binding of the full CY* agonist [3H]UK 14 304 to control platelet 
membranes and pH 11.5 treated membranes is shown in 
Figure 1. As we showed previously for the partial CY* agonist 
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FIGURE 1: Binding of ['HIUK 14304 to control platelet membranes 
and pH 11.5 treated membranes. Binding of [)H]UK 14304 to control 
membranes (treated with 50 mM phosphate buffer, pH 7.6) and to 
membranes treated to pH 11.5 for I h and then returned to pH 7.6 
was measured as described in Materials and Methods. Scatchard 
transformations of specific binding are shown for control (m) and pH 
11.5 treated membranes (0). Nonspecific binding accounted for less 
than 15% of total binding for control membranes and 40% for pH 
11.5 treated membranes at IO nM [)H]UK 14304. Thesedata are 
from a single experiment. Binding to pH 11.5 treated membranes 
has been similarly measured in three additional experiments (see text). 

Table I: lC,, Values and Hill Coefficients for Epinephrine 
Competition with ['HIYohimbine Binding' 

membranes IC.. (uM\ Hill coeff n 
control membranes 

epinephrine alone 0.11 i 0.10 0.46 i 0.10 3 
+GppNHp (IO pM) 0.86 i 0.30' 0.76 i 0.16' 3 
+NaCI (100 mM) 1.63 i 0.75' 0.50 i 0.17' 3 

epinephrine alone 1.6i0.8 0.69i0.15 5 
+GppNHp ( I O  pM) 3.7 i 2.2+ 0.65 i 0.22' 3 
+NaCI (100 mM) 11.4 i 0.4' 0.81 i 0.18' 4 

pH 11.5 treated membranes 

'Binding of 5 nM ['Hlyahimbine was measured i n  the presence of 
10-15 concentrations of (-)-epinephrine with the addition of GppNHp 
or NaCl as noted. Pseudo Hill plots of specific ['Hlyohimbine binding 
were analyzed as described in Materials and Methods. Values of the 
ICIo and Hill coefficient are shown as mean i SD of the indicated 
number of determinations. Two-tailed paired I tests comparing results 
in the presence of NaCl or GppNHp with the results for the same 
membrane preparation without additions were performed: indicates 
significantly different results (p < 0.02). and + shows results that are 
not significantly different (p > 0.10). 

['HIP-aminoclonidine, binding of'the full agonist is markedly 
reduced by alkaline treatment. For ['HIUK 14304 concen- 
trations from 0 to 2 n M  a Scatchard plot of the binding is 
linear, since only the high-affinity-binding sites are occupied 
in this range (Figure 1). For alkaline-treated membranes we 
observed a Kd of I .89 f 0.34 nM and a Bmax of 75 fmol/mg 
(range 15-172, n = 4) for ['HIUK 14304 compared to 0.88 
f 0.17 nM and 280 i 20 fmol/mg previously reported for the 
high-affinity component of ['HIUK 14 304 binding to control 
membranes (Neubig et al., 1985). 

Binding of the full agonist (-)-epinephrine was determined 
indirectly by competition with the antagonist ['Hlyohimbine 
(Figure 2). Results of Hill analysis are shown in Table 1. For 
control membranes, the concentration of epinephrine needed 
to inhibit 50% of [3H]yohimbine binding (ICso) was signifi- 
cantly increased by both GppNHp and sodium. For pH 11.5 
treated membranes the IC, was significantly greater than that 
seen for control membranes and was similar to that for control 
membranes in the presence of GppNHp. GppNHp does not 
affect the IC,, for epinephrine after pH 11.5 treatment of 
membranes. In  contrast, the ICso for epinephrine was sig- 
nificantly increased in the presence of 100 m M  NaCI. These 
data indicate that while the effect of GppNHp on epinephrine 
binding is abolished for alkaline-treated membranes, the 

-9 -7 -5 -3 
log IEu lneuhr ine l  [Mi 

FIGURE 2 Epinephrine competition with ['Hlyohimbine binding to 
e2 receptors on control and pH 11.5 treated platelet membranes. The 
binding of 5 nM ['Hlyohimbine to control (A) and pH 11.5 treated 
membranes (B) was measured in the presence of varying concentrations 
of (-)-epinephrine alone (O), (-)-epinephrine i n  the presence of 10 
pM GppNHp (O), and (-)-epinephrine in the presence of 100 mM 
NaCl (A). Binding was allowed to equilibrate lor 30-60 min at 23 
OC and was measured in a volume of 500 pL as described under 
Materials and Methods. Samples contained 0.01% sodium ascorbate. 
These data are averages of three (A) or five (B) experiments, each 
performed in triplicate. The curves drawn are theoretical fits of the 
data to the Hill equation using the parameters indicated in Table 1. 

- = '"1 I'HIUK 14.304 l3H1 YOHIMBINE 
Y 
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Y 
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FIGURE 3: Agonist and antagonist binding to pH 11.5 treated mem- 
branes after fusion with phenoxybenzamine-treated platelet mem- 
branes. Equilibrium binding of 1 nM ['HIUK 14304 (left) and 10 
nM ['Hlyohimbine (right) was measured in triplicate for phenoxy- 
benzamine-treated membranes (bar A), pH 11.5 treated membranes 
(bar B). and a mixture of both (bar C). resuspended in the absence 
(-PEG) or the presence (+PEG) of 50% PEG. The samples for 
['HIUK 14304 binding contained 0.065 mg of protein, while the 
samples for ['Hlyohimbine binding contained 0.032 mg of protein. 
Nonspecific binding was 50 cpm for [)H]UK 14304 and 200 cpm 
for ['Hlyohimbine measurements. This figure is representative of 
four experiments performed with similar results. 

sensitivity to NaCl does not differ between the control and pH 
11.5 treated membranes. 

Reconstitution of High-Affinity ['HIUK 14304 Binding by 
Fusion with Receptor-Deficient Membranes. Poly(ethylene 
glycol)-induced fusion was used to prepare hybrid membranes 
from pH 11.5 treated platelet membranes and receptor-de- 
ficient donor membranes containing functional N-protein. The 
first source of membranes containing functional Ni protein was 
platelet membranes in which the a2 receptor binding site was 
covalently inactivated by pretreatment with phenoxybenzamine 
(POB membranes). Figure 3 shows the specific binding of 
['HIUK 14304 and ['Hlyohimbine to hybrid membranes 
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FIGURE 4: Dependence of agonist binding to pH 11.5 membranes on 
the amount of added phenoxybenzamine-treated membranes. 
Equilibrium binding of 1 nM [3H]UK 14304 was measured for a 
mixed membrane pellet of POB and pH 11.5 membranes treated 
without (a) or with (0 )  50% PEG as described in Figure 3. The 
amount of pH 11.5 membrane added to the assay was constant at 
0.058 mg of protein, and the amount of POB membrane is indicated 
on the abscissa. Nonspecific binding was 70 cpm for all samples. This 
experiment is representative of four experiments with comparable 
results. 

4 

prepared by PEG-induced fusion of POB membranes with pH 
11.5 treated membranes. At the concentrations chosen, 
[3H]UK 14304 (1 nM) will occupy the majority of the 
high-affinity agonist binding sites, while 10 nM [3H]yohimbine 
will occupy approximately two-thirds of the total a2 receptor 
binding sites. [3H]Y~himbine binding was nearly abolished 
(<8% of control) in POB membranes (bar A), as would be 
expected since the a2 receptor binding site is covalently 
blocked. The p H  11.5 treated membranes (bar B) exhibited 
substantial [3H]y~himbine binding. Binding to the mixture 
of the two types of membranes (bar C) was approximately 
equal to the sum of the two individual components. Treatment 
with PEG did not significantly alter the [3H]yohimbine 
binding. 

There was minimal high-affinity [3H]UK 14 304 binding 
to either the POB membranes or the p H  11.5 treated mem- 
branes. Mixing and pelleting the two membranes did not 
enhance the binding. PEG treatment did not significantly alter 
binding to either POB or p H  11.5 membranes but PEG 
treatment of the combined pellet produced a (4.2 f 0.6)-fold 
(mean f SEM, n = 8) increase in [3H]UK 14304 binding. 

Figure 4 depicts the effect of adding varying amounts of 
POB membranes on the reconstitution of [3H]UK 14304 
binding to p H  11.5 treated membranes. Agonist binding was 
not increased when PEG was absent from the mixture (con- 
trol), regardless of the amount of POB membrane added. 
Also, agonist binding was not enhanced by PEG in the absence 
of added POB membrane. In the presence of PEG, however, 
POB membranes produced a concentration-dependent recon- 
stitution of high-affinity [3H]UK 14 304 binding. Reconsti- 
tution increased up to a 1:l ratio of protein from phenoxy- 
benzamine and p H  1 1.5 treated membranes. Interestingly, 
in all four experiments, no additional reconstitution occurred 
if this ratio was exceeded. The increase in binding of [3H]UK 
14 304 to pH 1 1.5 treated membranes after fusion with POB 
membranes was abolished by the addition of 10 p M  GppNHp 
to the binding assay (data not shown). 

In order to provide additional evidence about the identity 
of the membrane component necessary for reconstitution, we 
studied the pertussis toxin sensitivity of this reconstitution. 
Since attempts to fully inactivate the Ni protein in platelet 
membranes with pertussis toxin were unsuccessful,2 rat C6 

M. Kim and R.  Neubig, unpublished observations 

c115  +115 

FIGURE 5: Effect of pertussis toxin on reconstitution of a2 adrenergic 
agonist binding. Rat C6 glioma cells were treated with vehicle (C6) 
or 100 ng/mL of pertussis toxin for 18 h prior to membrane prepa- 
ration (C6 + PT). pH 11.5 treated membranes were then mixed with 
C6 membranes in the absence (closed bars) and presence (open bars) 
of PEG, and specific binding of 1 nM [)H]UK 14304 was measured. 
There was 0.060 mg of protein from pH 1 1.5 and/or C6 membranes 
in these measurements. Nonspecific binding was 50-100 cpm. This 
experiment is one of three experiments performed with similar results. 

glioma cells were used as an alternative source of functional 
N-protein. Intact C6 glioma cells were treated with pertussis 
toxin, and membranes prepared from the cells were then fused 
with p H  11.5 treated platelet membranes in the presence of 
PEG. Binding of 1 nM [3H]UK 14304 to the resulting hybrid 
membranes in which the C6 cells had been pretreated with 
or without pertussis toxin is shown in Figure 5. The alka- 
line-treated membranes bind [3H]UK 14 304 poorly, and C6 
membranes which do not contain cy2 receptors also do not 
exhibit binding of [3H]UK 14304 either with or without 
pertussis treatment. Fusion of C6 membranes to pH 11.5 
treated membranes resulted in a 4.6 f 0.6 fold (n  = 3) increase 
in agonist binding to pH 11.5 treated membranes, using pH 
11.5 membranes + PEG as a control (p < 0.05 unpaired t 
test).3 Treatment of C6 cells with pertussis toxin consistently 
reduced the ability of those membranes to reconstitute high- 
affinity agonist binding to only 1.6 f 0.3 fold ( n  = 3), a result 
not significantly different from the control value (p > 0.2). 

Reconstitution of High-Affinity a2 Adrenergic Agonist 
Binding by Fusion with Purgied N-Proteins. Because the 
reconstitution was pertussis toxin sensitive, we determined the 
effect of purified pertussis toxin substrates on the reconstitution 
of high-affinity a2 agonist binding. A mixture of the guanine 
nucleotide regulatory proteins N, and No was purified from 
bovine brain (Figure 6, lanes A and B). These combined 
NJN, preparations were inserted into phospholipid vesicles 
as described under Materials and Methods and the vesicles 
fused with pH 11.5 treated membranes in the presence of PEG. 
Binding of 1 nM [3H]UK 14 304 and 10 nM [3H]y~himbine 
was measured (Figure 7). The p H  11.5 treated membranes 
retain the ability to bind yohimbine but neither the phos- 
pholipid vesicles nor the N-protein containing vesicles bind the 
antagonist (Figure 7, right). The fusion of phospholipid 
vesicles and pH 11.5 treated membranes did not significantly 
affect yohimbine binding. A small decrease in [3H] yohimbine 
binding was observed after fusion with N-protein-containing 
vesicles, but this was not seen consistently in all experiments. 

The agonist binding properties of the fused membranes were 
quite different (Figure 7 ,  left). Neither the pH 11.5 treated 
membranes nor the N-protein-containing vesicles alone exhibit 

The increase in [3H]UK 14304 binding induced by PEG alone was 
small and variable (compare Figures 3-5). It is possible that some 
residual N, was present after alkaline treatment but sequestered away 
from the a2 receptor. PEG may fuse vesicles containing a2 receptor with 
those containing the residual Ni. In  any case, this effect is very small 
compared to that seen when exogenous N-protein is included. 
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R G u w  6 Purified guanine nucleotide binding proteins from bovine 
brain. Purified N-proteins were subjected to polyacrylamide slab gel 
electrophoresis on IO% Laemmli gels. Lanes B-D. No was resolved 
from a mixed NJNi pool by DEAE chromatography as described 
under Materials and Methods and subjected to polyacrylamide slab 
gel electrophoresis. Proteins are stained with Cmmassie Blue. Lane 
A. NJN; mixture from heptylamine-Sepharose column. Lane B 
contains another preparation of mixed brain pertussis toxin substrates 
(N,,/N;). Lane C shows the first peak from the second DEAE column 
(purified No) and lane D. the second peak from the DEAE column 
used in resolution of No from NJN,. Material from lanes A and B 
and similar preparations containing the M, 39000 and 41 000 a 
subunits were used to prepare N-protein-containing vesicles for use 
in most of the reconstitution assays. Material from lane C was used 
in the experiment in Figure 8B. 
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FIGURE 7: Agonist and antagonist binding to pH 1 I .5 treated mem- 
branes after fusion with phospholipid vesicles containing purified 
guanine nucleotide binding proteins. Equilibrium binding of 1 nM 
['HIUK 14304 (left half of figure) and I O  nM ['Hlyohimbine (right 
halfof figure) was measured in triplicate for (A) pH 11.5 membranes, 
(6) phospholipid vesicles. (C) phospholipid vesicles containing N./NI. 
(D) phospholipid vcsicles fused with pH 11.5 membranes. and (E) 
vesicles containing N,/N, fused with pH 11.5 membranes. All samples 
were treated with 50% PEG. Those for ['HIUK 14304 binding 
contained 0.144 mg of platelet membrane protein and 79 pmol of 
NJN,. ['HIYohimbine binding was measured on samples containing 
half as much material. Nonspecific binding was 70-130 cpm for 
['HIUK 14304 and Io(t250 cpm for ['Hlyohimbine. 

substantial high-affinity ['HIUK 14304 binding. The fusion 
of phospholipid vesicles with pH I I .5 treated membranes does 
not result in a significant enhancement of binding. However, 
when phospholipid vesicles containing N-protein are fused with 
pH 11.5 treated membranes, a 24-fold increase in ['HIUK 
14304 binding is observed (range 15-SO-fold). In contrast 

" 
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N Rotein Added bmlel 
FIGURES: Spccificbindingof ['HIUK 14304topH Il.5membranes 
fused with increasing amounts of N-protein-containing vesicles. (A) 
Equilibrium binding of I nM ['HIUK 14304 to pH 11.5 membranes 
fused with either vesicles containing NJNi (m) or control phospholipid 
vesicles containing the equivalent amount of lipid (0) was measured. 
Fifty percent PEG was included in all samplcs. Agonist binding to 
pH I I .5 membranes alone is shown as the point at zero N-protein. 
Data are presented as fmol/mg of platelet membrane protein. and 
I M) fmol/mg corresponds to 650 cpm. The number of ['Hlyohimbine 
binding sites (estimated from I O  nM ['H]yohimbine binding) was 
441 fmol/mg. This experiment was performed thre  times with similar 
results. (8) Equilibrium binding of I n M  ['HIUK 14304 was 
measured lor pH I I .5 treated membranes fused to vesicles containing 
either purified No (m) or the equivalent amount of phospholipid alone 
(0) .  Fifty percent PEG was included in all samples. Binding of I 
nM ['HIUK 14304 to pH 11.5 membrana alone is shown as the point 
at zero N-protein. Data are presented as fmol/mg of protein in the 
pH 11.5 membranes, and 100 fmol/mg corresponds lo 450 cpm. This 
experiment has been performed four times with three different 
preparations of No with similar results. 

t o  the absolute dependence on PEG for the POB and C6 
membrane reconstitutions, reconstitution with purified NJNi 
in the absence of PEG results in approximately half as much 
high-affinity ['HIUK 14304 binding as seen for membranes 
reconstituted in the presence of PEG (data not shown). 

The reconstitution of high-affinity agonist binding to  pH 
11.5 treated membranes was dependent on the amount of 
N-protein-containing vesicles added (Figure 8A). ['HIUK 
14304 binding began to  plateau a t  an  amount of N-protein 
corresponding to  100 ['%]GTPyS binding sites per ['Hjyc- 
himbine binding site. The binding of ['HIUK 14304 then 
increased gradually up to the highest molar ratio tested 
(3000:l). The presence of phospholipid vesicles alone did not 
consistently or significantly increase high-affinity agonist 
binding. Even a t  the highest concentration of phospholipid 
vesicle used in the assay, the binding of I nM ['HIUK 14304 
to the pH 11.5 membranes fused with phospholipid vesicles 
alone is less than 5% of that seen with N-protein-containing 
vesicles. 

To determine whether No could reconstitute a2 agonist 
binding or if the small amount of Ni present in the N./Ni pool 
was responsible for the reconstitution observed, we further 
purified No for reconstitution studies. Figure 6, lane C, shows 
a Coomassie Blue stained sodium dodecyl sulfate polyacryl- 
amide gel of No prepared from the mixed N-proteins by 
chromatography on DEAE-Sephacel in 0.5% Lubrol PX 
(Katada et al., 1986). Reconstitution of high-affinity ['HIUK 
14304 binding by this purified No is shown in Figure 8B. Of 
four different preparations of purified No obtained by using 
two different methods. three resulted in substantial recon- 
stitution of ['HIUK 14304 binding. The average increase in 
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FIGURE 9: Scatchard plot of specific [3H]UK 14304 binding to 
reconstituted pH 1 1.5 treated membranes. Phospholipid vesicles 
containing N,/N, were fused with pH 11.5 membranes as described 
under Materials and Methods. Agonist binding to the reconstituted 
membranes in the absence (m) and the presence (0) of 10 fiM 
GppNHp is shown in the main figure. The inset shows a Scatchard 
plot of the binding of [3H]UK 14 304 to pH 11.5 membranes in the 
absence (0) or the presence (0) of 10 yM GppNHp. The binding 
to reconstituted membranes in the presence of GppNHp is included 
in the inset (0) for comparison. Each sample contained 0.023 mg 
of platelet membrane protein and 23 pmole of NJN,. The units on 
the abscissa and the ordinate of the inset graph are the same as on 
the main graph. The B,,, for ['Hlyohimbine as estimated from 10 
nM yohimbine binding is 441 fmol/mg. Error bars depict the mean 
and SD of duplicate determinations. 

binding was 13 f 4 fold (mean SEM, n = 4). 
Figure 9 shows a Scatchard plot of [3H]UK 14304 binding 

to p H  1 1.5 treated membranes and to p H  11.5 treated mem- 
branes fused with N-protein-containing vesicles. Treatment 
of platelet membranes with alkaline buffer results in a selective 
abolition of high-affinity [3H]UK 14 304 binding sites (Figure 
9 inset; see also Figure 1). For these p H  11.5 treated mem- 
branes alone, the Kd is 2.0 nM and B,,, is 52 fmol/mg of 
protein. In the presence of GppNHp, the B,,, is 17 fmol/mg 
and Kd is 5 .5  nM. After the pH 11.5 treated membranes were 
fused with vesicles containing purified guanine nucleotide 
binding proteins (at a 1000-fold ratio of N-protein to cy2  re- 
ceptor), there was an increase in both the affinity and the B,,, 
for [3H]UK 14 304 (Figure 9). For three such experiments, 
the Kd for reconstituted membranes was 0.34 nM (range 
0.23-0.50), and the average B,,, was 226 fmol/mg (range 
67-405 fmol/mg). The B,,, values for [3H]UK 14304 after 
reconstitution are comparable to the amount of [3H]y~himbine 
binding, indicating a substantial degree of reconstitution (see 
summary in Table II).4 In the presence of 10 p M  GppNHp, 
the high-affinity binding of [3H]UK 14304 is abolished in the 
reconstituted membranes; Kd = 2.2 nM (range 1.2-3.2 nM) 
and E,,, = 14 fmol/mg (range 9-19 fmol/mg). 

DISCUSSION 
In this paper we have further characterized the a2 agonist 

binding properties of alkaline-treated platelet membranes (Kim 
& Neubig, 1985) and by use of reconstitution methods es- 
tablished that a guanine nucleotide regulatory protein is 
necessary for high-affinity a2 adrenergic agonist binding. This 
is the first full report of the reconstitution of high-affinity cy2 

adrenergic agonist binding by purified guanine nucleotide 
regulatory proteins. In addition, these results extend the utility 
of poly(ethy1ene glycol)-induced membrane-membrane fusion 
methods to studies of agonist binding using both native 
membranes and purified components as a source of N-protein. 

As previously reported for the partial agonist [3H]p- 
aminoclonidine (Kim & Neubig, 1985), binding of the full 

Although experiment 3 showed no increase in B,,, for ['HIUK 
14 304, the affinity increased approximately 6-fold as indicated by the 
decrease in the K d .  

Table 11: Parameters of ['HIUK 14304 Binding to Reconstituted 
Platelet Membranes" 

['Hlyohimbine B,,,(UK 
binding, 14 304)/ expt [3H]UK 14304 binding" 

no. control reconstituted reconstituted B,,,(Yoh) 
1 59b (2.3) 405 (0.23) 479d 0.85 
2 37' (1.4) 211 (0.50) 219d 0.96 
3 59' (2.0) 67 (0.32) 1 2 8 e  0.52 
"Binding of ['HIUK 14304 to control pH 11.5 treated membranes 

and to the same membranes after reconstitution with purified N- 
proteins (1OOO:l molar excess) was measured for ligand concentrations 
from 0.1 to 2 nM. Scatchard transformations of specific binding as 
shown in Figure 9 were linear, and the B,,, and Kd (nM) (in par- 
entheses) were determined by analysis using SCAFIT. ['HIYohimbine 
binding to the reconstituted membranes was also determined to esti- 
mate the total recovery of a2 receptor sites following reconstitution. 
*pH 11.5 treated membranes alone. 'pH 11.5 treated membranes re- 
constituted with phospholipid vesicles and PEG. d Estimated from 
['Hlyohimbine binding at 10 nM by assuming a Kd of 5 nM. 
eDetermined from Scatchard analysis. 

agonists UK 14 304 and epinephrine is markedly reduced after 
alkaline treatment of human platelet membranes. The de- 
crease in B,,, for [3H]UK 14 304 binding is most likely due 
to loss of the high-affinity binding sites detectable under our 
assay conditions. We cannot accurately quantitate the low- 
affinity binding sites by the use of [)H]UK 14 304 binding. 
The hypothesis that there is a conversion of agonist binding 
from high to low affinity is further supported by the data on 
epinephrine binding determined indirectly by competition 
studies. Epinephrine is still able to fully compete for [3H]- 
yohimbine binding but with a significantly lower affinity. As 
predicted by our hypothesis that the effect of alkaline treat- 
ment is to inactivate the guanine nucleotide regulatory protein, 
this affinity is similar to that observed for native membranes 
in the presence of GppNHp. Also, there is no further decrease 
in epinephrine's affinity in alkaline-treated membranes upon 
addition of GppNHp. The alkaline-treated membranes still 
exhibit a significant increase in the IC5o for epinephrine in the 
presence of 100 m M  NaC1. The Hill coefficients for the 
epinephrine competition curves were not significantly different 
from each other, regardless of the type of membrane or 
whether GppNHp or NaCl was included in the binding assay. 
It is not clear why the Hill coefficient for epinephrine binding 
in the presence of GppNHp is less than unity. Previous studies 
have shown that addition of GppNHp results in Hill coeffi- 
cients of one in similar experiments (Michel et al., 1980). 
Concerning the effects of NaCl and GppNHp on agonist 
competition for [3H]yohimbine binding to pH 11.5 treated 
membranes, similar results have been reported for heat-, 
NEM-, protease-, and digitonin-treated platelet membranes 
(Limbird & Speck, 1983). Our data are consistent with the 
conclusion drawn by those authors that the site of sodium's 
effect is on the az receptor and not on N,. 

The exact biochemical lesion in p H  11.5 treated membranes 
cannot yet be definitively specified. As previously discussed 
(Kim & Neubig, 1985), the loss of pertussis substrate activity 
could result from effects on either the a or /3 subunits of N,. 
The N-protein is not removed from the plasma membrane 
intact because neutralized supernatants from the p H  1 1.5 
treatment show no pertussis toxin substrate activity.' Attempts 
to label N, in the intact platelet membranes with pertussis toxin 
and [32P]NAD followed by extraction of membranes with pH 
11.5 buffer have yielded variable results which are difficult 
to interpret because of the very low efficiency of labeling (1% 
or less).2 The results presented in this paper do definitively 
show that the loss of high-affinity a2 agonist binding is due 
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to an effect on Ni  rather than the a2 receptor since nearly 
complete restoration of high-affinity [3H]UK 14 304 binding 
is produced by reconstitution with pure N-protein. 

The pertussis toxin substrate in platelet membranes appears 
to consist solely of Ni  as only a 41 000-dalton protein is labeled 
in platelet extracts (Neubig et al., 1985). The fact that N i  
is the only pertussis substrate present in platelets and that our 
reconstitution is pertussis sensitive strongly suggest that N i  
is the protein responsible for high-affinity a2 adrenergic agonist 
binding in platelet membranes. Recent evidence indicates that 
rat C6 glioma cells contain both No and Ni, as well as N, (Itoh 
et al., 1986). Because of the small amount of N i  present in 
our purified preparations of N-proteins, we were not able to 
obtain sufficient amounts of pure Ni to directly compare re- 
constitution by Ni  and No. We have shown that there is not 
a significant difference between reconstitution by the No/Ni 
preparation and by the highly purified No. Because of the 
ability of many N-proteins to interact with receptors that may 
not be their primary activator in situ, reconstitution, such as 
reported here, can only elucidate the potential for and char- 
acteristics of interactions of receptors with N-proteins. Spe- 
cifically, the ability of purified N o  to effectively reconstitute 
a2 agonist binding clearly does not prove a role for this protein 
in platelets. As has been shown previously in studies of re- 
ceptor-stimulated GTPase activity (Asano & Ogasawara, 
1986; Kurose et al., 1986; Cerione et al., 1986), No does appear 
to interact well with receptors that inhibit adenylate cyclase. 

The stoichiometry of N-proteins and a2 receptors in our 
reconstitution studies is of interest. With purified N-proteins, 
a 100-300-fold molar excess of N-protein over receptor ap- 
pears to be sufficient for nearly maximal reconstitution. This 
ratio is only marginally greater than the 70-fold excess of 
N-proteins over a2 receptors found in the native platelet 
membrane (Neubig et al., 1985). Florio and Sternweis (1985) 
reported that maximal reconstitution of muscarinic agonist 
binding required a 1000-fold molar excess of N-proteins over 
muscarinic receptors. They attribute this requirement to the 
low efficiency of reconstitution and to the rather larger excess 
of N-protein preexisting in native brain membranes. 

There have been other reports concerning the reconstitution 
of high-affinity agonist binding. The GTP sensitivity of agonist 
competition for muscarinic receptors was restored in a resolved 
receptor preparation by pure N-proteins (Florio & Sternweis, 
1985). In that report, both N o  and Ni  reconstituted agonist 
binding to muscarinic receptors. High-affinity muscarinic 
agonist binding has also been induced in membranes from 
embryonic chick hearts, which normally bind agonist with low 
affinity, by mixing the membranes with detergent extracts of 
adult chick hearts in which the muscarinic receptors had been 
inactivated (Galper, 1984). Addition of the nonreceptor 
component, presumably No or Ni, in the extract was reponsible 
for an enhancement of high-affinity muscarinic binding sites 
and a restoration of GppNHp sensitivity. Reconstitution of 
high-affinity agonist binding to GABAB receptors in NEM- 
treated and pertussis toxin treated brain membranes with 
purified GTP binding proteins has also been reported (Asano 
et al., 1985; Asano & Ogasawara, 1986). More recently, a2 
receptor stimulated GTPase activity was reconstituted in 
phospholipid vesicles containing partially purified a2 receptor 
and No or Ni  (Cerione et al., 1986). No data concerning the 
affinity of a2 agonist binding were presented in that report. 
Also, there has been a preliminary report of reconstitution of 
clonidine binding to NG108-15 membranes (Vi et al., 1984). 

The reconstitution method reported here is a novel approach 
to the technique of membrane reconstitution as opposed to 

solubilized reconstitution systems used by many other inves- 
tigators. We have adapted this method, previously used to 
reconstitute p adrenergic receptor stimulated adenylate cyclase 
(Kassis et al., 1984) to a2 adrenergic ligand binding. Because 
the platelet membrane treated with alkaline buffer is used as 
a source of “Ni minus” membrane, the receptor is never re- 
moved from its lipid environment. This may account for the 
excellent recovery of receptor activity and the high efficiency 
of reconstitution. With this method it should be possible to 
more clearly identify factors that regulate cy2 receptor-N- 
protein interactions. Two questions of interest are the affinity 
of a2 receptor and N-proteins for each other in the presence 
and absence of agonist ligands and the possible existence of 
receptor heterogeneity to account for the low-affinity agonist 
binding (Neubig et al., 1985). The results presented here show 
that purified guanine nucleotide binding proteins from bovine 
brain are sufficient to reconstitute high-affinity a2 adrenergic 
agonist binding. These procedures developed for reconstitution 
of high-affinity agonist binding should prove useful for further 
investigation of receptor-N-protein interactions. 
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Radical Intermediates in the Oxidation of Octaethylheme to Octaethylverdohemet 
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ABSTRACT: Iron(II1) oxyoctaethylporphyrin was isolated and purified as a dimer. The addition of tosylmethyl 
isocyanide to a solution of the dimer produced a monomer species, which was isolated and identified as 
bis(tosylmethy1 isocyanide)iron(II) 5-oxyoctaethylporphyrin a-neutral radical. The product of dissociation 
of the dimer by imidazole was bis(imidazole)iron(III) 5-oxyoctaethylporphyrin. The spectral properties 
of the product of dissociation of the dimer by pyridine and published data  on bis(pyridine)oxymesoheme 
and bis(pyridine)oxyprotoheme were consistent with its identification as bis(pyridine)iron(II) 5-oxyocta- 
ethylporphyrin 7r-neutral radical. When this product was exposed to oxygen, a weak radical signal appeared 
in its electron spin resonance spectrum, which was attributed to the displacement of one of its pyridine ligands 
by O2 to form (pyridine)(dioxygen)iron(II) 5-oxyoctaethylporphyrin a-neutral radical. The pyridine oxygen 
radical converted spontaneously to octaethylverdohemochrome, which was purified and identified as bis- 
(tosylmethyl isocyanide)iron(II) octaethylverdohemochrome hydroxide. The yield of verdohemochrome 
from iron oxyporphyrin was increased by the addition of phenylhydrazine or ascorbate. A scheme for the 
oxidation of iron(II1) oxyporphyrin to iron(I1) verdoheme by O2 that proposes a mechanism for the expulsion 
of CO and the replacement of a methene bridge of the porphyrin ring by an oxa bridge is presented. 

A n  intermediate product in the oxidation of pyridine pro- 
tohemochrome to pyridine protoverdohemochrome by O2 in 

This work was supported by National Institutes of Health Grant 
AM14982. FAB mass spectral determinations were performed at  the 
Midwest Center for Mass Spectrometry, an NSF Regional Instrumen- 
tation Facility (Grant CHE-8211164). 

tpresent address: Department of Biochemistry, Okayama University 
Medical School, 2-5- 1 Shikatacho, Okayama 700, Japan. 

the presence of ascorbic acid was characterized as an iron(II1) 
hematin of an oxyporphyrin (Lemberg et al., 1937, 1938). 
Exposure of oxymesohemin IXP dimethyl ester to O2 resulted 
in mesoverdohemin dimethyl ester, an iron(II1) compound 
(Jackson et al., 1968). Sano et al. (1981) reported that the 
electron spin resonance (ESR) spectrum of a mixture of iron 
oxymesoporphyrin isomers in alkaline pyridine solution at 77 
K was characteristic of a high-spin iron(II1) compound. When, 
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