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SUMMARY

Rat liver and brain membrane «,-adrenergic receptors were
purified >500-fold by successive chromatographic steps using
heparin-agarose, an affinity matrix constructed by coupling a
novel derivative of the a,-selective antagonist prazosin to Affigel-
102 and wheat germ agglutinin-agarose. Several lines of evi-
dence were obtained for the existence in brain of an «,-adrener-
gic receptor subtype that is structurally distinct from that previ-
ously characterized in liver and other tissues using photoaffinity
labeling, protein purification, and DNA cloning techniques. The
ay-selective ligand chlorethyiclonidine (CEC) (an alkylating agent)
irreversibly inactivates 100% of [*H]prazosin binding sites in
partially purified preparations of rat liver. Under identical condi-
tions, only 50% of brain receptors are irreversibly inactivated.
Computer modeling of data obtained from the competition by
the o antagonists WB4101 and phentolamine for [*H]prazosin
binding to partially purified preparations of rat liver is best fit by
assuming a single class of low affinity sites for both ligands.
However, analysis of partially purified brain preparations indi-
cates the presence of two binding sites with different affinities
for these antagonists. Additionally, prior alkylation of brain recep-
tors with CEC results in the loss of low affinity phentolamine and
WB4101 binding sites. The CEC-insensitive site in brain, which

displays high affinity for phentolamine and WB4101, is resistant
to photoaffinity labeling by ['?®l]azidoprazosin. This is not due to
a markedly lower affinity of the CEC-insensitive sites for the
photoaffinity label, because competition studies with ['#I]azido-
prazosin revealed a single class of high affinity sites in partially
purified brain samples. Photoaffinity labeling of partially purified
liver and brain samples not treated with CEC results in the
specific labeling of a single protein of M, 80,000. No specifically
labeled protein is observed for partially purified brain samples
that had previously been incubated with CEC. Treatment of
photoaffinity-labeled liver and brain receptors with N-glycanase
to cleave N-linked oligosaccharides results in a single M, 55,000
protein. Taken together, these data provide evidence for the
existence of a single receptor subtype (a4y) in rat liver and for
two subtypes (aia and ayy) in rat brain. Furthermore, the insen-
sitivity of the a,, Subtype to CEC and the resistance of the a4,
subtype to covalent labeling by an a,,-selective photoaffinity
probe suggest that the primary structures of the two receptor
subtypes differ, such that an amino acid(s) in the a,, subtype
that incorporates CEC and the photoaffinity label is lacking in
the an, sSubtype.

The following model (reviewed in Refs. 1 and 2) has evolved
to describe how catecholamines activate cells at «,-adrenergic
receptors. Binding of agonist to the receptor leads to signal
transduction across the membrane, resulting in activation of a
phosphatidylinositol 4,5-bisphosphate-specific phospholipase
C (1, 2). This signalling process involves an as yet unidentified
guanine nucleotide-binding protein (3-6). Activation of phos-
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pholipase C leads to the generation of IP; and diacylglycerol,
which act as second messengers (7-10). IP; mobilizes intracel-
lular calcium (2, 7, 8) and diacylglycerol activates protein kinase
C (9). Recent studies, however, suggest that a,-adrenergic re-
ceptor signalling may be more complex than that suggested by
this model. For example, stimulation of IP; formation by the
a, agonist epinephrine is difficult to observe in some cells, and
the time course of IP; production is not consistent with that
for cellular activation (10). Other studies have identified early
cellular events (other than production of IP;), such as activation
of phosphatidylcholine-specific phospholipase D (11) and acti-
vation of phospholipase A, (12, 13). In addition, it has been

ABBREVIATIONS: IP,, inositol-1,4,5-trisphosphate; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; EGTA, ethylene glycol-
bis-(8-aminoethyl ether)-N,N,N’ N’-tetraacetic acid; WB4101, N-[2+(2,6-dimethoxyphenoxy)ethyl]-2,3-dihydro-1,4-benzodioxin-2-methanamine hy-
drochloride; WGA, wheat germ agglutinin. CP86,224, 14-amino-6,7-dimethoxyquinazolin-2-yl)-4-(9-carboxynonanoyl) piperazine; ['**lJazidoprazosin,
2-[4-(4-azido-3-'#Ijiodobenzoyl)piperazin-1-yl]-4-amino-6,7-dimethoxyquinazoline; NH,-prazosin, 2-[4-(4-aminobenzoyl)piperazin-1-yl}-4-amino-6,7-
dimethoxyquinazoline; ['#’I]azidoprazosin, 2-{4-(4-azido-3-['?IJiodobenzoyi)piperazin-1-yl}-4-amino-6,7-dimethoxyquinazolin; CEC, chioroethyicioni-
dine; CP86,225, 1{(4-amino-6,7-dimethoxyquinazolin-2-yl)}-4-(9-carbomethoxynonanoyl)piperazine.
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suggested that in some cells hormones can activate plasma
membrane calcium transpert systems by mechanisms that ap-
pear to be independent of IP; (14).

These findings indicate that different effector enzymes are
involved in a,-adrenergic activation, depending upon either the
cell type or appropriate physiological circumstances. There is
also reason to believe that different receptor subtypes are
involved. Morrow et al. (15) have shown that, based upon
radioligand binding studies, there appear to be two classes of
binding sites for the a antagonists phentolamine and WB4101
in brain membranes. Work from Minneman'’s laboratory (16,
17) has indicated that the alkylating agent CEC irreversibly
inactivates over 90% of receptors in liver, but less than 60% in
different regions of the brain. However, because each of the
above-mentioned studies used membrane preparations, it is
difficult to draw conclusions as to whether the heterogeneity
in antagonist interactions with brain «, receptors is due to
structurally distinct receptor subtypes or to differences in some
other membrane component that mediates this heterogeneity
in ligand recognition.

There has been recent progress in characterizing structural
aspects of a,-adrenergic receptors. Using receptor-selective
photoaffinity labels, it has been observed that in liver (18, 19),
heart (20), and smooth muscle cell lines (21) the receptor is a
M, 80,000 glycoprotein. The receptor has been purified from
both liver (22) and hamster DDT, smooth muscle cells (23),
and the receptor from DDT, cells has been cloned and its
primary structure deduced from nucleotide sequence data (24).
Liver and DDT, cells contain exclusively the low affinity site
for WB4101 and phentolamine (Fig. 3 for liver; Ref. 24 for
DDT, cells), and CEC irreversibly inactivates greater than 90%
of [*H]prazosin binding sites in these cells.? Experimental
approaches, such as photoaffinity labeling and protein purifi-
cation, for the study of a; receptor structure have not been
applied to tissues, such as brain, that contain the high affinity
site for phentolamine and WB4101 and are insensitive to CEC
treatment.

In view of the recent evidence suggesting heterogeneity in a,
receptor function, we set out to examine structural aspects of
these receptors in brain, a tissue that demonstrates the highest
degree of heterogeneity to receptor inactivation by CEC. In the
study described in this manuscript, we used protein purification
and photoaffinity labeling techniques towards the goal of iden-
tifying and structurally characterizing «,-adrenergic receptor
subtypes.

Experimental Procedures

Materials. ['**I)Azidoprazosin and ['*I]azidoprazosin were synthe-
sized as described previously (18). [*H]Prazosin was from New England
Nuclear (Boston, MA). Digitonin was from Gallard-Schlessinger (Carle
Place, NY). Prazosin was a gift from Pfizer Central Research (Groton,
CT). Phentolamine was from CIBA-GEIGY (Basle, Switzerland). CEC
and WB4101 were from Research Biochemicals, Inc. (Natick, MA).
Heparin- and WGA -agarose were from Sigma (St. Louis, MO). Affigel-
102 and chemicals for SDS-PAGE were from Bio-Rad (Richmond, CA).
N-Glycanase was given Genzyme (Cambridge, MA). All other reagents
were from standard sources.

Synthesis of the CP86,224-agarose affinity resin. To develop
an affinity resin for the purification of the a,-adrenergic receptor, an
analog of the «,-selective antagonist prazosin that could be readily

2B. I. Terman, P. R. Riek, and R. M. Graham; unpublished results.
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coupled to an affinity matrix was synthesized. The synthesis of this
compound (CP86,224) and the parent compound CP86,225) were per-
formed as described below. The rationale for the synthesis of the
CP86,224-agarose affinity resin is detailed in Results.

Construction of CP886,225. To a stirred solution of 1-(4-amino-
6,7-dimethoxyquinazolin-2-yl)-4-piperazine (11.8 g, 0.0408 mol) in 300
ml of anhydrous dimethyl formamide, under a N, atmosphere, was
added sebacic acid monomethyl ester (8.8 g, 0.0407 mol), followed by
1-hydroxybenzotriazole hydrate (8.3 g, 0.0614 mol). The resulting so-
lution was stirred for 15 min and then 1,3-dicyclohexylcarbodiimide
(9.9 g, 0.048 mol) was added. The reaction was stirred for 18 hr and
poured onto ice water (2 1) to give, after filtration and drying, 206 g of
crude product. Two chromatography steps on Brinkmann silica gel
(230-400 mesh), eluting with a gradient of CHCl,;/ethanol, gave the
desired material (12.1 g, 60.8%).

For analysis, a sample was further purified by chromatography on
Brinkmann silica gel (230-400 mesh), eluting with a gradient of CHCly/
ethanol. The resulting material was recrystallized from ethyl acetate,
m.p. 165-168°. Analysis for Co5H3;NsOs: calculated, 61.58% C, 7.66%
H, 14.36% N; found, 61.69% C, 7.72% H, 14.17% N. Mass spectrum,
(m/z): Found, 487.2791 (M*); calculated, 487.2795. UV (methanol): A2
(e = 21,484), Azs0 (¢ = 58,834), A\z1s (¢ = 15,069), Asi2 (¢ = 6,497). IR
(KBr): 1740 cm™, 1630 cm™ (C == O). Thin layer chromatography (E.
Merck silica gel 60) (CH;CN/H;0, 9:1): Rr = 0.44.

Construction of CP86,224. To a stirred solution of CP86,225 (7.0
g, 0.014 mol) in 50 ml of anhydrous methanol, under a N, atmosphere,
was added 1 M KOH/methanol (100 ml, 0.1 mol). The resulting solution
was stirred for 0.5 hr and then refluxed for 1 hr. The reaction was
diluted with 50 ml of water and extracted with CH,Cl, (2 X 50 ml).
The aqueous layer was acidified to pH 6 with dilute hydrochloric acid,
and the resulting precipitated solid was filtered and washed several
times with water to give 5.3 g (77.7%) of crude product.

For analysis, a sample was further purified by chromatography on
Brinkmann silica gel (230-400 mesh), eluting with a gradient of CHCls/
ethanol. The resulting material was recrystallized from isopropanol,
m.p. 154-157°. Analysis of C.HssNsOs: calculated, 60.87% C, 7.45% H,
14.79% N; found, 60.48% C, 7.60% H, 14.44% N. Mass spectrum (m/
z): found, 473.2646 (M*); calculated, 473.2638. UV (methanol): Az, (€
= 21,705), Ao (€ = 50,363), Ages (¢ = 6.727). IR (KBr): 1635 cm™, 1695
cm™ (C == O). Thin layer chromatography (E. Merck silica gel 60)
(CH3CN/H;0, 5:1): Rr = 0.34. Coupling of CP86,224 to Affigel-102 and
quantitation of the degree of substitution were performed essentially
as described previously (22, 25).

Membrane preparation and solubilization. Unless otherwise
stated, all steps were done at 4°. Livers and brains were obtained from
lactating Sprague-Dawley rats and placed into buffer A, which con-
sisted of 300 mM sucrose, 10 mM Tris- HCI, pH 7.4, 5 mMm MgCl,, and
2.5 mM EGTA. Protease inhibitors (0.02% phenylmethylsulfonyl fluo-
ride, 2 ug/ml bacitracin, 2 ug/ml leupeptin, 2 ug/ml pepstatin A, and 2
ug/ml soybean trypsin inhibitor) were included in all steps of the
purification. The tissues were washed several times with buffer A to
remove blood cells, minced, and homogenized. The homogenates (25
ml/g of tissue) were centrifuged at 300 X g for 10 min and the
supernatants were harvested and centrifuged at 45,000 X g for 30 min.
The resulting pellets were suspended in buffer B, which consisted of
10 mM Tris-HCl, pH 7.4, 25 mM EGTA, 250 mM NaCl, 50 uM
epinephrine, 500 uM ascorbic acid, and protease inhibitors. The pellets
were washed three times in buffer B and finally suspended in solubili-
zation buffer, which consisted of 1% (w/v) digitonin (the ratio of
digitonin to protein was 2:1 by weight), 10 mM Tris- HCI, pH 7.4, 250
mM NaCl, 2.5 mM EGTA, 50 uM epinephrine, 500 uM ascorbic acid,
25% glycerol, and 3 times the concentration of protease inhibitors listed
above. After a 1-hr incubation at 4°, the sample was diluted 1:2.5 with
10 mM Tris-HCI, pH 7.4, 2.5 mM EGTA, and centrifuged at 45,000 X
g for 30 min. The supernatant was collected for subsequent chromatog-
raphy.

Partial purification of a,-adrenergic receptors. The solubilized
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liver extract was applied directly to heparin-agarose (20 ml of sample/
ml of heparin-agarose). The brain extract was diluted to 60 mM NaCl
with 10 mM Tris-HCl, 2.5 mM EGTA, 10% glycerol, plus protease
inhibitors, and then applied to the column. The samples were loaded
at a flow rate of 30 ml/hr in a 4° cold room. The column was washed
with 6 column volumes of 0.1% digitonin, 10 mM Tris-HCI, 2.5 mm
EGTA, 100 mM NaCl (for liver) or 60 mM NaCl (for brain), plus
protease inhibitors. The column was eluted with 0.1% digitonin buffer
containing 700 mM NaCl. The «, receptor eluted as a sharp peak after
1 column volume.

The heparin eluate was applied to an affinity column consisting of
an analog of the a;-selective antagonist prazosin (see Fig. 1) coupled
to Affigel-102. Typically, 9 ml of the heparin eluate were applied to 3
ml of affinity resin. This chromatographic step was done at room
temperature in the following manner. One milliliter of ice-cold heparin
eluate was applied by gravity to the affinity column, which was at room
temperature. Ten minutes later, another 1 ml of heparin eluate was
applied; this was repeated until the entire sample was loaded onto the
column. Typically, 70% of the receptor was adsorbed to the column.
The resin was placed into a 4° cold room; 30 min later, it was washed
with 30 ml of 0.1% digitonin buffer containing 700 mM NaCl. The
column was put at room temperature; 30 min later, it was washed with
3 column volumes of 0.1% digitonin plus 700 mM NaCl. The column
was then eluted with this buffer, containing 0.1 mM phentolamine, at
a flow rate of 1 ml/5 min. The receptor typically eluted between 3 and
6 ml.

The eluate from the affinity column was mixed batchwise with 0.5
ml of WGA-agarose overnight at 4°. The resin was poured into a
column and then washed with 30 ml of 0.1% digitonin buffer plus 700
mM NaCl. The column was eluted with this buffer containing 300 mM
N-acetylglucosamine; the receptor eluted between 0.4 and 0.8 ml. In all
experiments, 100% of the receptor was adsorbed to the resin at this
step.

For the experiments described in Table 3, brain receptors (Table 3,
row D) were partially purified as follows. Heparin-agarose-purified
receptors (5 ml), prepared as described above, were mixed batchwise
overnight at 4° with 1.0 ml of WGA-agarose that had been previously
equilibrated with 0.1% digitonin, 10 mM Tris- HCl, pH 7.4, 10% glyc-
erol, 2.5 mM EGTA, 700 mM NaCl, plus protease inhibitors (0.1%
digitonin buffer). The resin was poured into a column and washed with
30 ml of 0.1% digitonin buffer. The receptor was eluted with 0.1%
digitonin buffer plus 300 mM N-acetylglucosamine; 1.0-ml fractions
were collected. Fractions containing receptor were pooled. Following
each purification protocol (Table 3, rows A-E), samples (80 fmol) were
incubated for 19 hr at 4°, with or without 50 uM CEC, in a total volume
of 200 ul. The samples were passed over a G-50 desalting column that
had been previously equilibrated with 0.1% digitonin buffer. [*H]
Prazosin (3 nM) binding was determined in duplicate on the resulting
samples, as described below.

[*H]Prazosin binding. Binding assays were performed by incubat-
ing partially purified receptor (20 fmol) with 3 nM [*H]prazosin and
other drugs, in a total volume of 250 ul. Assays were initiated by
addition of receptor and were carried out in buffer containing 0.1%
digitonin, 10 mM Tris-HCl, 10% glycerol, 2.5 mM EGTA, 100 mM
NaCl, and protease inhibitors. After a 1-hr incubation at room temper-
ature, the samples were placed at 4° for 15 min. The samples were then
applied to G-50 Sepharose desalting columns that had been previously
equilibrated with sample buffer. The void volumes from the desalting
columns were collected in liquid scintillation minivials. Ecoscint A
liquid scintillation cocktail (6 ml; National Diagnostic) was added, and
the samples were counted at an efficiency of 46%. Specific binding was
defined as the difference in counts seen in the absence and in the
presence of 10 uM prazosin. Nonspecific binding accounted for 10-15%
of the total counts. When epinephrine was added, 0.5 mM ascorbic acid
was included to prevent oxidation. The results shown are the results of
duplicate determinations for each sample. Replicate samples did not

vary by more than 10%. Protein content was measured by the method
of Bradford (26).

Photoaffinity labeling and SDS-PAGE autoradiography. All
steps were done in the dark. Solubilized receptor (40 fmol) was incu-
bated with 1 nM ['*I]azidoprazosin for 1 hr at room temperature.
Phentolamine (10 uM) was used to define nonspecific labeling. The
samples were placed in an ice bath and 1.0 mM glutathione was added.
The receptor was then photolyzed for 20 min with a hand-held long-
wavelength UV mineral lamp. The incorporated probe was separated
from free using a G-50 Sepharose column that had been previously
equilibrated with H,O. The samples were lyophilized before addition
of 100 ul of gel sample buffer, which contained 50 mM Tris- HCI, pH
6.9, 4% (w/v) SDS, 7 M urea, 10% glycerol, and 0.02% (w/v) bromo-
phenol blue. The samples were incubated at 37° for 1 hr and then
loaded onto a 10% (w/v) acrylamide gel, which was prepared and run
according to the method of Laemmli (27). Electrophoresis was per-
formed at 200 mV constant voltage until the tracking dye reached the
bottom of the gels, which were then dried with a gel dryer. Autoradi-
ography was carried out by exposing Kodak XAR-5 film at —70°, using
DuPont image-intensifying screens, typically for 3 days. Molecular
weight standards (catalogue no. 6041LA; Bethesda Research Labora-
tory) were also loaded on the gels; the molecular weights of the
photoaffinity-labeled proteins were calculated from the center of the
bands on the autoradiographs.

N-Glycanase treatment. Photolabeled receptors were treated with
N-glycanase in the following manner. Receptors were photolabeled and
lyophilized ag described above. The samples were suspended in 50 ul of
the 1.0% Nonidet P40, 0.1% SDS, 50 mM NaP;, pH 8.6, 10 mM 2-
mercaptoethanol, plus protease inhibitors, and heated to 90° for 5 min.
The sample was aliquoted into two 20-ul samples; N-glycanase (0.15
unit) was added to one of these and both samples were incubated for
18 hr at 37°. At this time, 100 ul of gel sample buffer were added and
SDS-PAGE and autoradiography were done as described above.

Data analysis. The dissociation constant (Kp) and maximum num-
ber of binding sites (Bm.:) were determined from Scatchard analysis
(28) of saturation binding isotherms. The line of the Scatchard plot
was fit by linear regression analysis. Competition binding curves were
analyzed by a computer program (LIGAND) that performs iterative
nonlinear regression (29). The statistical analysis of the data is given
in the text and figure legends. Unless otherwise stated, all results
shown are typical of those obtained for at least three independent
experiments.

Results

Partial purification of a; receptor from liver and
brain. An analog of the «;-selective antagonist prazosin,
CP86,224 (Fig. 1), was synthesized specifically to construct an
affinity matrix for the purification of the receptor. The ration-
ale for its design was that it contains a long (10-carbon) spacer
arm extending from the ligand. Because the binding site on the
B-adrenergic receptor appears to be within the membrane-
spanning regions (30, 31), we reasoned that, if this is also the
case for the a,-adrenergic receptor, then a long hydrocarbon
side chain would prevent steric hindrance between the receptor
and the ligand on the Affigel-102 matrix. Moreover, Affigel-
102 itself contains a 6-carbon spacer and allows coupling of the
ligand via a stable ether linkage. An affinity column, con-
structed by coupling CP86,224 to Affigel-102, allowed the dig-
itonin-solubilized a;, receptor to be purified =60-fold when
chromatography was done under conditions described in Ex-
perimental Procedures (Table 1).

CP86,224 competed for [*H]prazosin binding to «, receptors
on DDT, cell membranes with a dissociation constant of 25
nM. For comparison, the dissociation constant of prazosin
determined with these membranes was 100 pM (data not
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TABLE 1
Summary of the purification of rat liver and brain «,-adrenergic
receptors

Fifteen rat brains and 10 livers were used. Details of the experimental protocois
are given in Experimental Procedures. Values are representative of five independent
purification procedures for both liver and brain.

Purification step receptor Recovery Protein activity Purification
pmol % mg pmol/mg  fold

Brain

Digitonin extract 15.7 350 0.045

Heparin-agarose 6.7 43 100 0.067 15

CP86,224-agarose 154 10 0.5 3.1 68

WGA-agarose 0.7 45 0.028 25 555
Liver

Digitonin extract 170 1,377 0.12

Heparin-agarose 95 56 180 0.525 43

CP86,224-agarose 183 11 06 305 250

WGA-agarose 8.8 52 0.11 80 650

shown). Because the long hydrocarbon spacer arms on
CP86,224 and Affigel-102 may promote nonspecific hydropho-
bic interactions between the digitonin-solubilized proteins and
the affinity column, a low salt (100 mM) wash of the column
before elution was included. This step improved the purification
of the receptor to 100-fold.

Table 1 summarizes the results for the partial purification of
the «,-adrenergic receptor from liver and brain. The greatest
degree of purification was achieved when an affinity step using
the CP86,224-Affigel-102 resin was employed. The elution pro-

file for purification of brain a-adrenergic receptors using this
affinity step is shown in Fig. 1. The recovery from this chro-
matographic step was somewhat low (20-35%); we suspect that
the reason for this is denaturation of the receptor, because the
step was done at room temperature. (Only 30% of the a,
receptor in the heparin eluate was adsorbed to the resin when
the sample was mixed batchwise with the resin overnight in
the cold room.) The recovery was improved if the sample was
applied quickly to the resin; for this reason, it proved useful to
concentrate the solubilized receptor preparation using heparin-
agarose, to reduce the loading time, before the affinity step.
The interaction of the soluble receptor with the different
resins was very similar for the liver and brain receptors. The
only chromatographic difference was that, whereas 100% of the
liver receptor bound to heparin-agarose in 100 mM NaCl, only
50% of the brain receptor did so. All of the brain receptor
bound to a heparin-agarose column in 60 mM NaCl (data not
shown). No differences were observed in the degree of CEC
sensitivity for digitonin-solubilized brain receptors that ad-
sorbed to heparin-agarose in 100 mM NaCl, compared with
receptors adsorbed in 60 mM NaCl (data not shown).
Interaction of antagonists with partially purified o,-
adrenergic receptors. In order to test the hypothesis that
there exist subtypes of the «, receptor, we compared the inter-
action of antagonists with partially purified liver and brain
receptors. In studies using membrane and tissue preparations,
Minneman et al. (17) have reported differential sensitivity of
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rat liver and brain «, receptors to the alkylating agent CEC.
Fig. 2 shows that we have defined conditions for similar results
using partially purified receptors. Incubating heparin-agarose-
purified rat liver receptors at 4° for 16 hr with increasing
concentrations of CEC resulted in the irreversible inactivation
of increasing amounts of receptor; at 10 uM CEC, >90% of liver
receptors were inactivated (Fig. 2). The loss in radioligand
binding was due to irreversible inactivation of receptor binding
sites and not to retained and unreacted CEC, because the
alkylating agent was removed from the receptor sample (by
desalting on G-50 columns) before radioligand binding. (If,
instead of a 16-hr incubation, 50 uM CEC was added immedi-
ately before desalting, no loss in receptor number was ob-
served.) Fig. 2 also shows the result of a similar experiment
done with heparin-agarose-purified brain receptors. Under con-
ditions that inactivate >90% of liver receptors, only 50% of
brain receptors are irreversibly inactivated.

Although CEC irreversibly inactivates 50% of brain recep-
tors, the addition of 50 uM CEC to binding assays completely
blocks specific [*H]prazosin binding to the receptors (data not
shown). Also, 50 uM CEC completely blocks specific [*'H]pra-
zosin binding to samples of brain receptors that have previously
been irreversibly inactivated by the alkylating agent (data not
shown). One explanation of these results is that CEC compet-
itively blocks prazosin binding to both liver and brain receptors,
but the site of alkylation is missing on 50% of the brain
receptors.

Fig. 3 shows the results of competition for [*H]prazosin
binding by the a;-adrenergic receptor antagonists WB4101 and
phentolamine. For liver, computer analysis of radioligand bind-
ing to heparin-agarose-purified receptor can be fit by assuming
a single class of low affinity binding sites for both antagonists,
with dissociation constants of 4.3 nM for WB4101 and 48 nMm
for phentolamine (Fig. 3 and Table 2). In contrast, computer
analysis for antagonist binding to partially purified brain re-
ceptors is best fit by assuming two sites, with a K;; = 0.059 nM
(35% of receptors) and K; = 5.4 nM (65% of receptors) for

100 ® LIVER
s o BRAIN
§§ 8ot
Ei 60}
S
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Fig. 2. Irreversibie inactivation of partially purified rat liver and brain a;
receptors by CEC. as-Adrenergic receptors from digitonin-solubilized rat
liver(I)andbrain(O)mbraneswefepamallypunﬁedonhepam-
agarose columns, as described in tal Procedures. Samples
(80 fmol) were incubated for 19 hr at 4° with increasing concentrations
of CEC, in a total volume of 200 ul. The samples were passed over a G-
50 desalting column that had been previously equilibrated with 10 mm
Tris-HCI, pH 7.4, 2.5 mm EGTA, 0.1% (w/v) digitonin, 10% (v/v) glycerol,
plus protease inhibitors. [°H]Prazosin (3 nm) binding was done on the
resulting sampiles in duplicate, as described in Experimental Procedures.
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Fig. 3. Phentolamine (A) and WB4101 (B) competition of [*H]prazosin
binding to heparin-purified rat liver and brain «,-adrenergic receptors.
Digitonin-solubilized «, receptors from rat liver and brain were purified
on heparin-agarose columns, as described in Experimental Procedures.
Aliquots (400 fmol) of brain receptor preparations were incubated with
50 um CEC for 19 hr and then desalted on G-50 columns to remove
unincorporated CEC. Samples (20 fmol) of liver (ll), brain (O), and CEC-
treated brain (@) receptors were incubated in duplicate with 3 nm [°H)
prazosin in the presence of increasing concentrations of phentolamine
or WB4101. Receptor-bound [*H]prazosin was determined as described
in Experimental Procedures. For brain samples not treated with CEC,
the data were best fit by LIGAND to two binding sites, as described in
the text and Table 2, whereas a one-site model best described the data
from liver and CEC-treated brain samples.

WB4101 and Ky = 1.2 nM (34% of receptors) and K; = 71 nM
(66% of receptors) for phentolamine (Fig. 3 and Table 2). Both
liver and brain receptors have a single class of binding sites for
the agonist (—)-epinephrine and the antagonist prazosin (Table
2). Analysis of the results of competition binding studies using
partially purified brain samples and ['*"I}azidoprazosin revealed
a single class of binding sites (K, = 2.8 nM) for this ligand.
Additionally, equilibrium binding studies using partially puri-
fied rat brain preparations and [*H]prazosin revealed saturable
binding to a single class of sites with a K, = 0.4 nM and a
binding site concentration of 64 fmol/ml. Binding to a, recep-
tors of the az, subclass is unlikely, because the a, antagonists
yohimbine and rauwolscine competed for [*H]prazosin binding
only with low affinity (K, = 0.4 and 2.9 uM, respectively).
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TABLE 2
WB4101, phentolamine, (—)-epinephrine, and NH,-prazosin
competition for [*H]prazosin binding to a,-adrenergic receptors

Puﬁdpuiﬁcanonofmtmmdmmreeemommhepah-agmm
and competition by WB4101, phentolamine, (—)-epinephrine, and NH.-prazosin for
[*H]prazosin binding to receptors were performed as described in Experimental
Procedures and in the legend to Fig. 3.

] Dissociation constant®
Competing ligand/tissue X Py A
nM
Phentolamine
Brain, untreated 1.2+ 1.1 (34%) 71+9(66%)
Brain, CEC- 0.69 £ 0.17
treated
Liver 48 + 18
WB4101
Brain, untreated 0.059 + 0.049 54+13
(35%) (65%)
Brain, CEC- 0.21 £ 0.04
treated
Liver 43+03
(—)-Epinephrine
Brain, untreated 580 + 70
Liver 830 + 50
NHz-Prazosin
Brain, untreated 58+09
Brain, CEC- 55+0.8
treated
Liver 34+03

* Dissociation constants were determined from competition binding data using
LIGAND (27). When the data was best fit to a two-site model, the dissociation
constants for the high (K,,) and low (K, ) affinity sites are given. Values in parentheses
are the fractions of high and low affinity sites, expressed as a percentage of the
total sites. Data shown are the mean values + standard errors of at least three
separate studies for each drug.

TABLE 3
Irreversible inactivation of a,-adrenergic receptors by CEC

ay Receptors for rows A, B, C, and E were partially purified as described in
Experimental Procedures. The error for each of the values shown ranges from 11

to 15%.
Tissue Purification protocol 10 CEC (%)
Liver A. Heparin-agarose >95
B. As described in Table 1 >95
Brain  C. Heparin-agarose 50
D. Heparin-agarose/WGA-agarose 60
E. As described in Table 1 69

Fig. 3 shows that treatment of partially purified brain sam-
ples with CEC selectively inactivated the low affinity (for
WB4101 and phentolamine) form of the receptor. Thus, com-
puter analysis of WB4101 and phentolamine competition for
[*H]prazosin binding to samples of heparin-purified brain re-
ceptors (Fig. 3) that had been irreversibly inactivated with CEC
could be best fit by assuming a single class of high affinity sites
(Table 2). Previous studies in the literature have designated a;
receptors that have low affinity sites for phentolamine and
WB4101 as a,, and receptors with high affinity sites for these
antagonists as a;, (14, 24). We will adopt this nomenclature for
the remainder of the manuscript.

The results in Figs. 2 and 3 are from experiments using
receptors that were partially purified on heparin-agarose col-
umns. Liver receptors purified by the additional chromato-
graphic steps listed in Table 1 display a sensitivity to CEC
similar to that of heparin-purified receptors (Table 3, compare
A and B). CEC-insensitive receptors were detected in brain
preparations purified >500-fold, although at a lower percentage
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than receptors purified by heparin-agarose alone (Table 3),
compare rows C and E.

Photoaffinity labeling of partially purified receptors
with [?*I]azidoprazosin. We next sought to define the struc-
tural properties of both a;,- and a;,-adrenergic receptors, using
the photoaffinity ligand ['*I}azidoprazosin. Digitonin-solubi-
lized liver, brain, and heart «, receptors [heart being a tissue
that contains a significant proportion of CEC-insensitive re-
ceptors (16)] were partially purified by successive chromatog-
raphy on heparin- and WGA-agarose. Samples were photo-
affinity labeled with ['?I)azidoprazosin, as described in the
legend to Fig. 4A. It can be seen that a number of proteins are
labeled under these conditions, but addition of prazosin blocks
only a single M, 80,000 protein in all three tissues. The legend
to Fig. 4B describes experimental conditions that reduced the
amount of nonspecifically labeled proteins in brain samples;
under these conditions only the specifically labeled M, 80,000
protein is visualized. Results similar to those shown in Fig. 4
are observed for receptors purified as described in Table 1 (Fig.
5 for brain; data not shown for liver). The fact that only a
single specifically labeled protein is observed in brain might
indicate that the molecular weight of a,, is identical to that of
am, Or, alternatively, that the a,, receptor is not labeled.

In order to distinguish between these possibilities, we treated
partially purified brain receptors (prepared as described in
Table 1) with 50 uM CEC for 14 hr and then photolabeled the
samples. Under these conditions, only the high affinity form of
the receptor for phentolamine and WB4101 could be observed.
No specifically labeled proteins were observed for these samples
(data not shown). This finding does not conclusively prove that
the a,, receptors cannot be photoaffinity labeled, because it is
possible that CEC alkylates a site on the a,, subtype required
for photoaffinity labeling but not for [*H]prazosin binding.
Other approaches were sought then to determine whether the
a;, form of the receptor could be photoaffinity labeled.

The a,, receptor is a glycoprotein, and treatment of the
photoaffinity-labeled receptor with N-glycanase results in a
specifically labeled protein of M, 52,000-55,000 (19-21). We
reasoned then that, although the molecular weights of the «;,,
and a;, subtypes may be identical, the molecular weights of
their protein backbones may differ and, thus, allow these sub-
types to be distinguished. However, as shown in Fig. 5, only a
single protein, of molecular weight 55,000 was evident after
treatment of partially purified brain receptors with N-glycan-
ase. Thus, either the a,, subtype is not photolabeled or its
peptide backbone is of a similar molecular weight to the a;,
receptor.

Taken together, our results obtained using photoaffinity
labeling (i.e., only a single M, 80,000 protein is specifically
labeled in brain samples, prior incubation of brain receptor
with CEC prevents specific labeling of the M, 80,000 protein,
and N-glycanase treatment of photolabeled brain samples re-
sults in the identification of only a single M, 55,000 protein)
suggest that the «,, subtype is likely not photolabeled. It is
possible that the amino acid(s) on the a,, receptor where the
photolabel incorporates differs in the a,, receptor or that its
affinity for ['?*I]azidoprazosin is much lower in a;, than a,
receptors. Attempts to compare the affinity constant of ['?°]]
azidoprazosin for the two receptor subtypes proved difficult,
because of the marked hydrophobicity and, thus, high nonspe-
cific binding of the aryl azide radioligand. Nevertheless, CEC-
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Fig. 4. A, Photoaffinity labeling of rat liver, brain, and heart «,-adrenergic
receptors. ay-Adrenergic receptors from digitonin-solubilized rat liver
(lanes 1 and 2), brain (/lanes 3 and 4), and heart (lanes 5 and 6)
membranes were purified by successive chromatography on heparin-
agarose and WGA-Sepharose. Samples (40 fmol) of partially purified
receptors were incubated with 0.5 nm ['?*|]azidoprazosin in the presence
(/anes 2, 4, and 6) or absence (/anes 1, 3, and 5) of 10 um phentolamine,
for 1 hr at room temperature in the dark. Photolysis and SDS-PAGE
autoradiography were done as described in Experimental Procedures.
The migration positions of molecular weight markers are indicated on
the right. A specifically labeled M, 80,000 protein is seen in all three
tissues. PR, prazosin. B, Photoaffinity labeling of heparin-agarose-puri-
fied rat brain ay-adrenergic receptors. ay-Adrenergic receptors from

N-GLYCANASE
-, +

{ 2

Fig. 5. Effect of N-glycanase on photoaffinity-labeled «,-adrenergic re-
ceptors. ay-Adrenergic receptors from digitonin-solubilized brain mem-
branes were purified more than 500-fold, as described in Experimental
Procedures and Table 2. Purified receptor (80 fmol) was photoaffinity
labeled with ['*l]azidoprazosin, as described in Experimental Proce-
dures. After photolysis, the sample was desalted against H,O and
lyophilized. The sample was resuspended in 50 ul of 1% Nonidet P-40,
0.1% SDS, 20 mm NaP,, pH 8.5, 10 mm 8-mercaptoethanol, plus protease
inhibitors. The sample was then heated to 90° for 5 min and aliquoted
into two 20-ul samples. N-Glycanase (0.12 units) was added to one
sample (lane 2), and both samples were incubated for 18 hr at 37°. At
this time, 100 ul of gel sample buffer were added. SDS-PAGE autoradi-
ography was done as described in Experimental Procedures. A single M,
80,000 labeled species was visualized in the sample not treated with N-
glycanase, and a single M, 55,000 labeled species is seen for the sample
treated with N-glycanase.

treated brain (a,, subtype) and liver (a;, subtype) receptors
recognized NH,-prazosin (the parent compound used to syn-
thesize the aryl azide photoaffinity label) with similar affinities
(Table 2). Additionally, partially purified brain samples recog-
nize ['*'I]azidoprazosin with only a single class of binding sites
(Kp = 2.8 nM).

Discussion

Differences in the sensitivity of liver and brain receptors to
CEC provided evidence for structurally distinct receptor sub-

digitonin-solubilized rat brain membranes were purified with heparin-
agarose, as described in Experimental Procedures. Samples (40 fmol)
were incubated with 1 nm ['*l]Jazidoprazosin in the presence (lane 2) or
absence (/ane 1) of 10 um prazosin, for 1 hr at room temperature. The
samples were put on ice for 15 min and 1 mm glutathione was added.
The samples were then desalted by -centrifugation through a dry G-25
column, that had previously been equilibrated with 0.1% (w/v) digitonin,
10 mm Tris-HCI, 2.5 mm EGTA, 10% (v/v) glycerol, plus protease
inhibitors. Photolysis and SDS-PAGE autoradiography were done as
described in Experimental Procedures. A specifically labeled M, 80,000
protein is shown.
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types. In samples that were partially purified to a similar extent,
liver receptors were completely inactivated (loss of [*H]prazosin
binding) by prior treatment with the alkylating agent CEC,
whereas 50% of brain receptors were insensitive to this treat-
ment. The conclusion that the insensitive receptors represent
a structurally distinct population of «, receptors from those in
liver is supported by the finding that only a single high affinity
site for WB4101 and phentolamine is found after CEC treat-
ment. The finding that CEC-insensitive sites persist in the
brain samples and that CEC-sensitive sites persist in the liver
samples after >500-fold purification of both preparations pro-
vides additional evidence that structurally distinct forms of the
receptor (receptor subtypes) exist and that the heterogeneity
of ligand binding observed with membrane preparations is not
due to differences in some other membrane component that
interacts with the receptor.

The decreased proportion of CEC-insensitive receptors, rel-
ative to CEC-sensitive receptors, in the more purified brain
samples is most likely due to a lower stability and thus loss of
the a,, subtype during the course of the purification protocols.
It is not clear why the percentage of «,, subtype receptors in
brain determined by CEC sensitivity (50%) is greater than that
determined by computer analysis of WB4101 and phentolamine
competition (35%). It is possible that not all «,, receptors are
inactivated during CEC treatment, but no evidence for two
binding sites for antagonists was obtained using LIGAND for
brain samples treated with CEC (Table 2). Minneman et al.
(17) also observed that the percentage of high affinity WB4101
and phentolamine binding sites in brain membranes is less
than that predicted by their CEC sensitivity.

Our results represent the first report on the partial purifica-
tion of the a,, subtype, and the chromatographic properties
observed provide insights on structural aspects of this receptor.
The a,, subtype must possess a number of structural similarities
to the previously purified a,, subtype, because they copurify
through three chromatographic steps (Table 3). The interaction
of the a;, subtype with WGA indicates that this receptor is
glycosylated. The oligosaccharide component of « receptors has
been studied extensively, in both liver (19) and DDT, smooth
muscle cells (19, 21). However, each of these cells contains
receptors of the a,, subtype (17, 24).

The photoaffinity ligand [*?**I]azidoprazosin has in the past
proven to be a valuable tool for the structural characterization
of a, receptors. It is difficult to draw conclusions from previ-
ously published reports employing the probe as to the existence
of receptor subtypes. Subtle molecular weight differences have
been observed for receptors derived from different cell types,
but heterogeneity in the glycan moiety could account for these
molecular weight differences (21). The results from our current
studies would indicate that conditions that readily label the ay;,
subtype are not sufficient to label the «;,, receptor. Only a single
M, 80,000 protein was photoaffinity labeled in partially purified
preparations of rat brain receptors, and no specifically labeled
protein could be observed after treatment of brain samples with
CEC. Treatment of photoaffinity-labeled brain receptors with
N-glycanase resulted in a single M, 55,000 protein; this is
identical to results previously published for the effect of N-
glycanase on photoaffinity-labeled a,, receptors. Because the
affinity of the a,;, receptor for both prazosin and NH,-prazosin
is identical to that of the «,, subtype and because only a single
class of sites are observed for ['?"I)azidoprazosin with partially
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TABLE 4
as-Adrenergic receptor subtype characteristics
Characteristic
Qi Qyp
Tissue distribution Brain/aorta/ Liver/spleen
vas deferens
GTP-binding protein ? Gp*
binding

wWB4101 High affinity Low affinity

Phentolamine High affinity Low affinity
Methoxamine activation +++ +
CEC sensitivity - +++
Spare receptors + -
Pl tumover® - +4++
Ca?* influx +4++ -
Glycosylation ++ ++
M, ? 80,000
[***1)Azidoprazosin photolabeling - +++
* See also ref. 6.
° Phosphatidylinositol tumover.

purified brain preparations, it is likely that the amino acid(s)
at which the photoaffinity probe incorporates on the a;, recep-
tor is missing or different in the «,, receptor.

The resistance of the a,, subtype to photoaffinity labeling by
[**I]azidoprazosin is of interest, because work with aryl azides
has generally assumed that, once generated, the reactive nitrene
interacts rapidly and nonspecifically with its immediate envi-
ronment, including aliphatic residues. However, as discussed
by Richards and co-workers (32), aryl nitrenes may, in fact,
not react rapidly on a molecular time scale, many having half-
lifes in the millisecond time range, and insertion of an aryl
nitrene into a aliphatic C—H bond is likely to be one of the
slowest processes. Nitrenes are also less indiscriminate than
carbenes in their reactions with primary, secondary, and ter-
tiary C—H bonds and are somewhat electrophilic, preferring
an O—H over a C—H bond (33). In fact, aryl azides frequently
seek out and bond to tryptophan residues (30, 34), because the
indole ring of this amino acid is an excellent donor for the
formation of charge-transfer complexes with electrophilic ni-
trenes (35). In this regard, Wong et al. (30) recently demon-
strated that the 8-adrenergic photoaffinity reagent [***I]iodo-
azidobenzylpindolol labels tryptophan®* in the S-adrenergic
receptor. This residue is located in the extracellular half of the
putative seventh transmembrane-spanning region and is in a
position that is homologous to the site of attachment of retinal
via a Schiff’s base to lysine®'® and lysine®® in bacteriorhodopsin
(36) and rhodopsin (37), respectively. By analogy, one might
speculate, therefore, that the «,, subtype lacks an essential
nucleophile, such as a tryptophan, that is present in the ay,
receptor.

The existence of a,,-adrenergic subtypes raises many ques-
tions as to how this receptor subtype mediates cellular re-
sponses to catecholamines. The physiological responses, second
messengers, and coupling mechanisms activated by binding of
agonists to both the a,, and a,, receptors need to be clarified.
Nevertheless, based on the findings of this study as well as the
observations of others (38, 39), a number of distinct character-
istics (Table 4) have now been identified that can aid in
distinguishing between «,, and a,,-adrenergic receptor sub-
types.
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