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SUMMARY

The agonist- and antagonist-binding properties of the a2-adrenengic receptor in a purified
plasma membrane preparation from human platelets were determined both by direct
binding of nadiolabeled ligands and by competition with the labeled a2-antagonist, [3H]
yohimbine. Binding of [3H]yohimbine was characterized by a single high affinity binding
site (Kd 6.2 ± 1.4 nM, Bmax 507 ± 53 fmol/mg). In direct binding studies, the
imidazoline full a2-agonist, [3H]-5-bnomo-6-N(2-4,5-dihydroimidazolyl)quinoxaline ([3H]
UK 14,304), bound to only one quantifiable high affinity site (Kd = 0.88 ± 0.17 nM),
representing 65 ± 6% of the number of [3H]yohimbine sites. Binding of the partial
agonist [3H]-p-aminoclonidine (PAC) showed nonlinear Scatchard plots. Analysis ac-

cording to a model of multiple independent binding sites showed the data to be consistent
with two sites (Kdl 0.62 ± 0.18 nM and Kd2 = 7.9 ± 1.4 nM). The high affinity site
corresponded to 15 ± 6% and the low affinity site corresponded to 39 ± 6% of the number
of [3H]yohimbine sites. Competition for binding of the a2-antagonist, [3H�yohimbine,
with nonradiolabeled ligands revealed a single affinity for yohimbine. In contrast,

competition for [3H]yohimbine binding by the full agonist UK 14,304 and epinephnine is
best fit by a model with two independent binding sites. The partial agonist PAC was best
characterized by a model with three distinct binding sites.

The full agonists UK 14,304 and epinephnine inhibited adenylate cyclase approximately
30%, whereas PAC produced only 12% inhibition.

The inhibitory guanine nucleotide-binding protein (N1) with Mr 40,700 was the sole

pertussis toxin substrate in the purified membranes. It was quantitated by pertussis
toxin-catalyzed [32PJADP nibosylation in cholate extracts. There is a 20- to 100-fold
excess of N� over a2-adrenergic receptors. Comparisons made between the experimental
data for agonist binding and theoretical predictions of the simple ternary complex model
suggest that there is compartmentalization of N1 and/on that the a2 receptors are
heterogeneous.

INTRODUCTION

Adnenengic receptors can produce either activation of
adenylate cyclase via �3-neceptors or inhibition via a2-

receptors (1). Activation of the enzyme by 13-adrenergic
receptors requires a guanine nucleotide-binding protein

(N5;2 see Ref. 2 for review). There are significant parallels
between the mechanisms of receptor-mediated activation

This work was supported in part by Grant DCB-8409333 from the

National Science Foundation.

1 Recipient of a Hartford Foundation fellowship.

2 The abbreviations used are: GppNHp, guanosine 5’ -((3, im-

ido)triphosphate; lAP, islet-activating protein, pertussis toxin; N1, in-

hibitory nucleotide-binding protein; N,, stimulatory nucleotide-binding

protein; PAC, p-aminoclonidine; TED buffer, 20 mM Tris-Cl, 1 mM

and inhibition (1). The identification of a guanine nu-
cleotide-binding protein (N1) associated with inhibition
of adenylate cyclase (3) led to studies of the interactions
of the two guanine nucleotide-binding proteins with each
other and with the catalytic subunit of adenylate cyclase
(4,5).

The guanine nucleotide proteins also interact with
adrenergic receptors. This has been demonstrated mdi-
nectly by guanine nucleotide effects on agonist binding
to f3-adnenengic (6) and a2-adrenengic receptors (7). In

sodium ethylenediamine tetraacetic acid, 1 mM dithiothreitol, pH 8.0;

TM buffer, 50 mM Tris-Cl, 10 mM MgCl2, pH 7.6; TME, TM buffer

containing 1 mM ethylene glycol tetraacetic acid (Tris salt); UK 14,304,

5-bromo-6-N-(2-4,5-dihydroimidazolyl)quinoxaline.
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the case of 13-adrenengic receptors, direct evidence of an
interaction between agonist-occupied receptors and N5
has been obtained (8). A model of agonist binding to
turkey erythrocyte 13-adrenergic receptors has been pro-
posed that involves a ternary complex of agonist, fi-
adnenergic receptor, and a third component, presumably
N5 (9). This model has been applied to a2-adrenengic
receptors as well. Additional evidence that a2-adrenengic
receptors interact with N, the inhibitory guanine nu-
cleotide-binding protein, comes from recent observations
that lAP reduces a2-agonist binding affinity in neuro-
blastoma x glioma hybrids (3). In order to understand
better the interactions of a2-adrenergic receptors with
the N protein, it would be desirable to be able to measure
accurately agonist and antagonist binding to this necep-

ton. Few direct comparisons of agonist and antagonist
binding to a single membrane preparation are available
(10, 11). This is due in part to difficulties in measure-

ments of agonist binding. Agonist binding can be selec-
tively affected by guanine nucleotides, sodium ion, on
endogenous catecholamines (7).

Many investigators have used a washed crude mem-
brane fraction from human platelets for a2-neceptor bind-
ing studies (10-12). Quantitative analysis of agonist

binding in these preparations has been difficult because
of low specific and high nonspecific binding. The avail-
ability of a purified plasma membrane preparation for
the nicotinic cholinengic receptor system has facilitated
biochemical and mechanistic studies of that receptor.
Human platelets provide a ready source of a2-adnenengic
receptors (17, 18, 20), and methods for purifying plasma
membranes from human platelets have been reported

(13). One study of the binding of [3H]PAC, a partial a2-
agonist, to a purified platelet plasma membrane prepa-
ration has been published (13). We have recently de-
scnibed a large scale preparation of human platelet
plasma membranes which are essentially free of guanine
nucleotides.3 Also, a noncatechol a2-adnenengic full ago-
nist, UK 14,304, radiolabeled to high specific activity,
has recently become available (15).

In this report we describe a quantitative chanacteniza-
tion of the binding of the a2-adrenergic full agonist, [3H]
UK 14,304, a partial agonist, [3H]PAC, and an antago-
nist, [3Hjyohimbine, to these membranes. We have also
quantitated the amount of N1 protein present in this
purified membrane preparation by labeling with the lAP
of Bordetelki pertussis in order to investigate the relative
stoichiometry of agonist and antagonist binding and N1
protein. The results described here suggest that the a2-

adnenengic receptor exhibits heterogeneity not explained
by a simple ternary complex interaction with N1.

MATERIALS AND METHODS

Radiochemicals. [3HJPAC (40.0-40.5 Ci/mmol), [3Hlyohimbine

(75.0-82.7 Ci/mmol), [3HJUK 14,304 (84.0-88.0 Ci/mmol), and [32PJ

NAD (21-22 Ci/mmol) were obtained from New England Nuclear.

13HJ-3’,S’-Cyclic AMP (41 Ci/mmol) and [a-32PJATP (15-43 Ci/mmol)
were from Amersham Corp. Radiochemical purity was checked by the

thin layer chromatography systems suggested by the manufacturers.

Drugs and Chemicals. Clonidine and PAC were gifts from Boehrin-

ger-Ingelheim, and oxymetazoline was a gift of Schering Corp. UK

14,304 was a gift of Pfizer Ltd. d-Epinephrine was a gift of Sterling-

Winthrop. l-Epinephrine tartrate, yohimbine, phenylmethylsulfonyl

fluoride, and guanosine 5’ -triphosphate were from Sigma Chemical Co.

GppNHp (tetralithium salt) was a gift from Dr. M. Gnegy. Forskolin

was from Calbiochem-Behring. lAP was from List Biologicals. All other

chemicals were reagent grade or better from standard suppliers.

Human platelet concentrates were obtained from the Detroit Red

Cross and used within 24 hr of collection. Blood was anticoagulated

with CPDA-I (2 g of glucose, 1.66 g of sodium citrate, 206 mg of citric

acid, 140 mg of NaH2PO4, and 17.3 mg of adenine/per 450 ml of whole

blood). The platelets were unsuitable for human use because of breaks

in sterile technique, erythrocyte contamination, or positive antiery-

throcyte antibody screens.

Membrane preparation. Purified plasma membranes were prepared

from washed, frozen human platelets as described.3 In brief, frozen

platelets were supplemented with phenylmethylsulfonyl fluoride (0.1

mM), thawed in a water bath at 15�, and immediately chilled on ice.

Thawed platelets were sonicated twice with a Branson sonifier, layered

on a discontinuous gradient containing 20 ml of 14.5% sucrose (w/w)

and 20 ml of 34% sucrose (w/w), and centrifuged at 105,000 x g for 3

hr in a Beckman type 35 rotor. The clearly defined interface between

14.5 and 34% sucrose was collected, diluted with 2 vol of ice-cold

distilled-deionized water, centrifuged at 105,000 x g for 60 mm, and

resuspended in buffer containing 50 mM Tris-Cl, 10 mM MgCl2, 1 mM

Tris-ethylene glycol tetraacetic acid, pH 7.6 (TME buffer). Aliquots

were quick-frozen in a dry ice/ethanol bath and stored at -70� for up

to 2 months until use. Bovine brain synaptic plasma membranes were

a kind gift of Dr. T. Ueda (16).

[3H]Yohimbine binding was measured in a final volume of 0.1 ml or

0.5 ml (as indicated) ofTME buffer at room temperature (22-24�). The

binding reaction was initiated by addition of membranes and stopped

after 30-60 mm by dilution with 3 ml of TM buffer (50 mM Tris-Cl, 10

mM MgCI2, pH 7.6). This was immediately poured over Whatman GF/

C filters, filtered under vacuum, and washed twice with 10 ml of TM

buffer (room temperature). Filters were dried for 15 mm under a heat

lamp and counted in 4 ml of OCS (Amersham) at 32-42% efficiency.

Nonspecific binding was determined in the presence of 10 �iM yohim-

bine and was less than 7% of total binding.

[3HJPAC and [3H]UK 14,304 binding was measured in a final volume

of 1 ml of TME buffer at room temperature (22-.24�). Aliquots of

membranes were diluted at least 20-fold in TME buffer and were

warmed for 2-5 mm in a 23� bath before being added to an equal

volume of radioligand. For measurement of the time course of ligand

binding, equal volumes of diluted membrane suspension and radioli-

gand were rapidly mixed (<2 sec) using a manual two-syringe mixer

and collected in a large test tube (17). One-milliliter aliquots were

removed at the indicated times, diluted in 5 ml of TM buffer, filtered,

and washed as above. Dissociation kinetics were initiated by addition

of a small (<1%) volume of competing drug. One-milliliter aliquots

were removed and filtered at the indicated times. For equilibrium

determinations of [3H]PAC binding, the reaction was stopped at exactly

20 mm by addition of 5 ml of TM buffer followed by immediate

filtration over Whatman GF/C filters. Incubations for binding of [3H]

UK 14,304 were for 60-90 mm. The filters were washed twice with 10

ml of TM buffer and radioactivity was measured as above. Nonspecific

binding was determined in the presence of 10 �M oxymetazoline and

was less than 25% for 1 nM [3H)PAC or [3H]UK 14,304 and between

40 and 60% for the highest concentrations used (30 nr’�i [3H]PAC and

20 nM [3H]UK 14,304).

Analysis of binding data. [3HjYohimbine-binding isotherms were

analyzed by nonweighted linear least squares fits of Scatchard trans-

formations of specific binding. [3H]PAC and [3H]UK 14,304 saturation

binding curves and inhibition of [3H]yohimbine binding by nonradio-

active ligands were fit using LIGAND, a nonlinear least squares com-

puter program (18). Time course data were fit using a nonlinear least
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squares program, EXPFIT, for analyzing multiple exponential pro-

cesses (19).

Adenylate cyclase assays. Measurement of adenylate cyclase activity

and its inhibition by a2-agonists was done in buffer containing (final

concentrations) Tris-HC1, 25 mM, pH 7.6; NaCl, 100 mM; MgC12, 2.5

mM; EGTA, 1.5 mM; cAMP (Tris salt), 1 mM; isobutylmethylxanthine,

0.1 mM; GTP, 10 jIM; phosphocreatine, 5 mM; creatine phosphokinase,

50 units/mI; propranolol 10 �M; and ATP, 0.2 mM (0.5 �zCi of [a-32P1

ATP/tube) plus the indicated concentrations of drugs. Tubes contain-

ing epinephrine also contained 0.01% sodium ascorbate which was

shown to have no effect in control experiments. [32P]cAMP formed was

measured by the method of Salomon et al. (20). Activity was linear to

20 mm in the presence and absence of epinephrine. Assays were

routinely conducted for 10-15 mm at 30�.

Pertussis toxin-catalyzed ADP ribosylation of N1 protein in membrane

extracts. Pertussis toxin labeling of cholate extracts of platelet and

bovine brain membranes was performed essentially as described by

Bokoch et al. (4). Briefly, membranes were pelleted and resuspended

at 10 mg of protein/ml in buffer containing 20 mM Tris-Cl, 1 mM

sodium ethylenediamine tetraacetic acid, 1 mM dithiothreitol, pH 8.0

(TED buffer). Twenty per cent sodium cholate in TED was added to

bring the final concentration to 2% cholate, followed by shaking on ice

for 60 mm. Samples were centrifuged at 100,000 x g for 60 mm and

supernatants were immediately diluted 20-fold in TED containing

0.1%. Lubrol PX. Diluted extracts were either assayed immediately or

frozen in dry ice-ethanol for up to 2 weeks prior to assays. Incubation

of 10 �zl ofdiluted cholate extract with [32PJNAD (2 �zM) and lAP (12.5

�g/ml) was exactly as described by Bokoch et al. (4). Reactions were

stopped by addition of 2 vol of sodium dodecyl sulfate-containing

electrophoresis sample buffer and aliquots were run on 10% polyacryl-

amide gels according to the method of Laemmli (21). Gels were stained

with Coomassie blue and dried; then, autoradiography was performed

with Kodak RP-Xomat film at -70’ for 5-48 hr. The single labeled

band was cut out of the dried gels and counted in 4 ml of OCS

(Amersham).

Miscellaneous. Protein was determined by the method of Lowry et

al. (22) with bovine serum albumin as standard. All binding measure-

ments are means of triplicate determinations unless otherwise mdi-
cated, with values expressed as mean ± standard deviation.

RESULTS

Binding of [3H]UK 14,304 to purified platelet plasma

membranes. UK 14,304 is an imidazoline compound
which exhibits full agonist activities at platelet a2-recep-

tons (Ref. 23; see also below). Binding of [3H]UK 14,304
to this purified platelet membrane preparation required

60-90 mm to reach steady state and was stable for an
additional hour (Fig. 1A). Dissociation was slow, but
more than 95% of specific binding dissociated within 3
hr after addition of competing ligands. Semiloganithmic

transformations of the data were nonlinear for both
association and dissociation (Fig. 1, A and B, insets).

Nonlinear least squares analysis showed the data to be
best fit by a two-exponential model for both association

and dissociation. The half-times for association (1 nM)
were 1.5 and 26 mm, representing 66 ± 7 and 34 ± 7%
of the reaction amplitude, respectively (n = 2). For the
dissociation kinetics, the half-times were 2.4 and 31 mm.

The fast component accounted for 41 ± 6 and the slow

component 57 ± 8% of the reaction (n = 5).

Binding of [3H]UK 14,304 displayed the expected a2-
adrenergic pharmacologic specificity (Table 1). The
amount of binding inhibited by 10 �tM oxymetazoline,
yohimbine, l-epinephnine, phentolamine, and clonidine
was identical (data not shown). As reported by Loftus et

‘Jo 10 20 30 #{149}4b bU �lU1�i�

Time (minutes)

FIG. 1. Time course of binding of [3H]UK 14,304 to purified platelet

plasma membranes

A: Thirty milliliters of purified platelet membranes (0.344 mg/ml)

were prewarmed in a shaking water bath for 3 mm at 23�. They were

then loaded in a manual two-syringe mixer (17) and mixed with an

equal volume of 2 flM [3H]UK 14,304. One-milliliter aliquots were

removed at the indicated times, diluted with 5 ml of TM buffer, filtered,

and counted as described in Materials and Methods (#{149}).The time

course of nonspecific binding (U) was determined by mixing, in a

similar fashion, 10 ml of platelet membranes preincubated with 10 MM

oxymetazoline with an equal volume of 2 nM [3HJUK 14,304 also

containing 10 MM oxymetazoline. Data points for 0-6 mm are single

determinations, and those for 10-90 mm are the mean ± SD of triplicate

determinations. Specific binding was calculated by subtracting a linear

least squares estimate of nonspecific binding from total binding. A

semilogarithmic plot (inset) of the specific binding data is not linear,

indicating heterogeneity or complex association kinetics (see Results

and Discussion). Boo is the equilibrium-specific binding determined as

an average of the values from 60 to 90 mm. Bt is specific binding at

the indicated time. B: Platelet membranes (0.260 mg/ml) were incu-

bated with 1 nM [3H]UK 14,304 for 90 mm at 23� in the absence (A)

or presence of 10 MM oxymetazoline (#{149}).Triplicate 1-mi aliquots were

diluted and filtered, and bound radioactivity was determined as above.

Dissociation was then initiated by addition of a 1% volume of 1 mM

oxymetazoline (A; 10 MM final) or buffer (#{149}),followed by dilution and

filtration as above. Data from 0 to 10 mm are single determinations

and those for times greater than 10 mm are mean ± SD of triplicate

determinations. Specific binding was calculated by subtraction of the

average nonspecific binding from total binding at each time. A semi-

logarithmic plot of specific binding is nonlinear (inset). Bo is specific

binding just prior to initiation of dissociation and Bt is binding at the

indicated times.
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TABLE 1

Pharmacologic specificity of ligand binding to purified platelet plasma membranes

Binding of radiolabeled ligands in the presence of a range of concentrations of the indicated nonradioactive ligands was measured as described

in Materials and Methods. The concentrations of radioligands used were 2 nM [3HJUK 14,304, 3 nM [3H]PAC, and 5 nM [3H]yohimbine.

Measurements of inhibition of [3H}yohimbine binding was determined in 0.1 ml in the absence and presence of 10 MM GppNHp. IC� values are

the concentrations producing 50% displacement of specific binding of the labeled ligand. Values are arithmetic means of two to six determinations.

Competing Ligand [3H]UK 14,304

IC�
[3HJPAC

IC�1,
[3HJY oh IC� IC� (Yoh/

GppNHp)/
ICw (UK)#{176}

IC� (Yoh/GppNHp)/

IC� (YOh)b
-GppNHp +GppNHp

Agonists and parital agonists nM nM

UK 14,304 4.8 3.2 40 74 15 1.9

l-Epinephrine 9.3 7.8 280 800 86 2.9

PAC 15.0 3.6 42 106 7.3 2.5
Oxymetazoline 20.0 4.4 50 66 3.3 1.3

Clonidine NDC 21 52 88 ND 1.7

d-Epinephrine 260.0 ND ND ND ND ND

Antagonists

Phentolamine 26.0 ND ND ND ND ND

Yohimbine 31.0 8.3 5.6 8.4 0.3 1.5

Prazosin >10,000 ND >10,000 ND ND ND

Propranolol >10,000 ND >10,000 ND ND ND

a The ratio of the IC�,o for inhibition of [3H]yohimbine binding in the presence of 10 MM GppNHp to the ICw for inhibition of [3H]UK 14,304

binding.
b The ratio of the IC� for inhibition of [3Hjyohimbine binding in the presence of GppNHp to the IC� for inhibition of [3H]yohimbine binding

in the absence of GppNHp.
C ND, not determined.

5 10 15 20

Free [3H] UK 14,304 (nM)

FIG. 2. Equilibrium binding of the full a2-agonist [3H]UK 14,304

Binding ofthe indicated concentrations of[3HJUK 14,304 to purified

membranes (0.172 mg/point) was measured after 60-90 mm at 23’.

Binding in the presence (#{149})and absence (U) of 10 MM oxymetazoline

is shown. Data points are mean ± SD of triplicate determinations.

al. (15), UK 14,304 itself inhibited slightly more nadioli-
gand binding (5-15%) than did the other compounds.
This could be attributed to binding of [3H]UK 14,304 to
the GF/C filters in the absence of platelet membranes.
This effect was abolished by use of polyethyleneimine-
treated filters (24, data not shown). Nonspecific binding
was defined using 10 �M oxymetazoline because of its
stability, availability, and ce2-selectivity.

Saturation isotherms for [3H]UK 14,304 were deter-
mined for four different membrane preparations (six
experiments). For each preparation, a [3H]yohimbine
binding curve was also measured to determine the Bmax
for yohimbine. Nonspecific binding represented 5-16%

100 200 300 400 50

[3H]UK 14,304 Bound

(f mole/mg)

FIG. 3. Scatchard plot of ��HJUK 14,304 binding

Specific [3H]UK 14,304 binding was determined for the data in Fig.

2 by subtracting a linear least squares estimate of nonspecific binding

from total binding. A Scatchard transformation of specific [3H]UK

14,304 binding is shown. The error bars represent most probable error

of specific binding (SD total + SD nonspecific)/�J�. These data are

from a single experiment which has been repeated five times with

comparable results (see the text).

of total binding at 0.5 nM and 34-60% at 20 nM [3H]UK

14,304 (Fig. 2). In four of the six experiments, there was
curvature of the Scatchand plot at high concentrations,
suggesting the existence of a low affinity binding corn-
ponent (Fig. 3). Nonlinear least squares analysis of the
six binding curves revealed a high affinity Kd of 0.88 ±

0.17 nM and a Bmax of 276 ± 18 fmol/mg of protein. The
amount of high affinity [3H]UK 14,304 binding come-
sponded to 65 ± 6% of the number of [3H}yohimbine

binding sites present in those preparations. Parameter
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estimates for the apparent low affinity binding compo-
nent could not be reliably obtained for data with UK

14,304 concentrations up to 20 nM (see competition
binding experiments below).

Binding of [3H]UK 14,304 was markedly reduced in
the presence of 0.1 mM GppNHp. There was no high
affinity binding, and nonspecific binding accounted for
80% of total binding at 20 nM [3HJUK 14,304 (data not
shown). Specific binding was consistent, with a single Kd
of 20 nM. In competition experiments utilizing [3H]

yohimbine, an even higher K1 of ‘�-40 nM was observed in
the presence of 10 �tM GppNHp. (Table 1).

Characterization of [3H]PAC binding to purified mem-

branes. As previously reported (20), [3H]PAC binding to
purified platelet membranes was characterized by mark-
edly nonlinear Scatchand plots (Fig. 4). Nonlinear least

200 400 600

Bound (fmole/mg protein)

FIG. 4. Effect of GppNHp on agonist and antagonist binding to

purified platelet membranes

Top: [3HJPAC binding to platelet membranes (0.063 mg/point, 1 ml

total volume) was measured in the presence (#{149})and absence (U) of 0.1

mM GppNHp (tetralithium salt). The GTP analog produced a marked

decrease in [3H]PAC binding. Data are expressed as in Fig. 3. Solid

lines are nonlinear least squares fits of the data assuming an equal

number of [3H]yohimbine and [3H]PAC binding (see the text). Bottom:

[3HjYohimbine binding was determined using aliquots of the same

membrane fraction used above (final volume, 0.1 ml). Data were ana-

lyzed as described in Materials and Methods. The same scale is used

for the abscissa of both graphs.

squares analysis of full saturation isotherms for [3H]

yohimbine and [3HJPAC binding to five different mem-

brane preparations was done to obtain a direct compar-
ison of the binding stoichiometny. There were 507 ± 53

fmol/mg of [3H]yohimbine binding sites with a Kd of 6.2
± 1.4 nM. The high affinity [3H]PAC binding come-
sponded to 15 ± 6% ofthe total number of [3Hjyohimbine
sites with a Kd of 0.61 ± 0.18 nM. The low affinity [3H]
PAC binding represented 39 ± 6% of the yohimbine sites
with a Kd of 7.9 ± 1.4 nM. The total number of [3HJPAC-
binding sites as determined by the nonlinear least

squares fits of the data represented 49 ± 8% of the total
[3H]yohimbine-binding sites.

As reported by others (11, 13), the high affinity [3H]

PAC binding is totally eliminated by 100 �M GppNHp
(Fig. 4, top). [3H]Yohombine binding is minimally af-
fected by the guanine nucleotide analog (Fig. 4, bottom).
There was a 1.3-fold decrease in the Kd for [3H]yohim-
bine in this experiment, but in two other experiments
there was no change in the Kd or the number of [3H]
yohimbine-binding sites. Binding of the [3H]PAC in the
presence of GppNHp is best fit by a Kd of 41 nM with

355 fmol/mg of binding sites. Thus, GppNHp reduces
the affinity of both the component with Kd of 0.6 nM and

that with Kd of 8 nM.
In order to directly compare the stoichiometnies of

binding of all three ligands, saturation binding curves for
the antagonist, [3H]yohimbine, the full agonist, [3HJUK
14,304, and the partial agonist, [3HJPAC, were measured
using the same membrane preparation (Fig. 5). Binding

of the agonists [3HJUK 14,304 and [3H]PAC never ex-
ceeds that of [3H]yohimbine. The total binding of [3H]
PAC detected (i.e., both high and low affinity) come-
sponds roughly to the amount of high affinity binding of
[3H}UK 14,304. The additional lower affinity binding of
[3H]UK 14,304 does not bring the total amount of [3H]
UK 14,304 binding to that seen for [3H�yohimbine. This
is expected in light of the very low affinity (Kd = 170

nM) of UK 14,304 observed for -�--25% of the [3H]yohim-
bine sites in competition studies (see below).

Inhibition of [3H]yohimbine binding by nonnadioactive
ligands was studied in the presence and absence of 10
�xM GppNHp. The IC50 values are shown in Table 1. As
reported by numerous investigators (7, 1 1, 13), the gua-
nine nucleotide analog reduces the apparent affinity of
agonists in inhibiting the binding of the 3H-labeled an-
tagonist. These effects were small but reproducible. Be-
cause even the purified membranes contain detectable
amounts of guanine nucleotides,3 detailed inhibition

curves in the absence of guanine nucleotide were repeated
using a more dilute membrane suspension in a larger
final volume (Fig. 6).� The IC50 values for agonists and
partial agonists were reduced in the larger assay volume
(epinephnine, 40 versus 280 nM; UK 14,304, 9 versus 40
nM; PAC, 20 versus 42 nM), whereas that for yohimbine
was slightly increased (11 versus 5.6 nM). Quantitative
analysis of detailed inhibition curves was done for the
latter experiments using LIGAND. The results of this
analysis are shown in Table 2. The antagonist, yohim-

4 At this dilution, the GTP concentration is less than 0.03 MM and

GDP was less than 0.2 MM in the final assay mixture.
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FIG. 5. Scatchardplot of specific binding of [3H]yohimbine, [3H]UK

14,304, and [‘H]PAC to the same membrane preparation

Binding of [3H]yohimbine (#{149}),[3H]UK 14,304 (A), and [3HJPAC

(U) to aliquots from the same membrane preparation was determined

as in Figs. 2-4. Scatchard plots are shown with the same abscissa for

all three ligands. Solid lines are arbitrary curves through the data. This

experiment has been repeated on three different membrane prepara-

tions with identical results (see the text and Table 2 for a summary of

nonlinear least squares fits of the data).

bine, was best fit by a single-site model with a K1 of 4.9

nM, which is in good agreement with the directly deter-

mined Kd of 6.2 nM. Inhibition of [3H]yohimbine binding
by UK 14,304 and epinephnine was adequately fit by two-

A site models (Table 2). The high affinity K1 for UK 14,304
is in reasonably good agreement with the directly deter-

400 mined high affinity Kd, and the low affinity K1, 169 nM,

is high enough that in the direct binding experiments

one would expect to only partially saturate those sites.
Inhibition of [3H]yohimbine binding by PAC was best

fit by a three-site model, although the significance was

marginal (p = 0.07). The parameters obtained for the
two high affinity sites were in reasonable agreement with
those obtained from the direct binding measurements.
As in the case ofUK 14,304, the low affinity PAC binding

would not be detected in the direct measurements. This
is consistent with the observation that [3H]PAC never
occupies more than 60% of the number of binding sites

1 00 that [3H}yohimbine does.
Inhibition of adenylate cyclase in purified membranes

by a2 agonists. Basal adenylate cyclase activity in the
purified plasma membrane preparation was 63 ± 11

pmol/min/mg. Inhibition by 0.1 mM epinephnine was
31.6 ± 2.4% (n = 6), similar to that seen by Insel et al.

(25). UK 14,304 (0.1 mM) produced 30.6 ± 0.8% inhibi-

tion of adenylate cyclase which was 99 ± 11% (n = 3) of

the inhibition produced by 0.1 mM epinephrine in the
same experiments (Fig. 7). In contrast, PAC produced
only 11.6 ± 2.4% inhibition which was 46 ± 10% of the

inhibition produced by epinephnine (n = 3). These data
show that UK 14,304 is a full agonist for inhibition of
adenylate cyclase in human platelet membranes and
confirm that the partial agonist nature of PAC (13, 25).

The concentrations of agonists producing haif-maxi-
mal responses are 3 �M for UK 14,304, 20 �tM for (-)-

epinephnine, and 3 �tM for PAC. These concentrations of
agonists are one to two orders of magnitude greaten than

even the low affinity component of ligand binding. It

100

80

FIG. 6. Inhibition of �H]yohimbine binding to

platelet membranes by cs2-adrenergic ligands

Equilibrium binding of5 nM [3H]yohimbine was

measured in the presence of various concentrations

of (A) yohimbine, (B) UK 14,304, (C) (-)-epineph-

rine, or (D) PAC. The final volume was 0.5 ml and

incubation was at 23’ for 60-90 mm for UK 14,304

and 30-60 mm for the other ligands. Data points

are the means of two experiments each performed

in triplicate. Solid lines are the theoretical values

for a one-site model for (A) yohimbine (K, = 4.9

nM), a two-site model for (B) UK 14,304 (K11 = 1

nM, 65% of sites, K12 = 150 nM, 35%) and (C) (-)-

epinephrine (K11 = 4 nM, 60%, K12 = 200 nM, 40%),

and a three-site model (D) for PAC (K11 = 0.65

nM, 32%, K,2 = 20 nM, 48%, and K13 = 380 nM,

20%). The KD used for [3H]yohimbine binding in

the theoretical calculations was 5 nM.
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pertussis toxin substrate activity.

TABLE 2

Summary of analysis of agonist and antagonist binding data

Results obtained from nonlinear least squares analysis of direct radioligand binding (D) and competition for binding of [3H]yohimbine (C)

are summarized. Direct binding experiments were analyzed individually and parameters were averaged (arithmetic mean ± SE). Competition

experiments were analyzed as a combined data set with the scaling factor varied as an independent parameter (27). Results are shown for both

two- and three-site models even though a two-site fit is adequate for the full agonists.

Bma, Kd No.#{176} pb

Type Type Type Type Type Type
1 2 3 1 2 3

fmol/mg nM

Yohimbine D 507 ± 53 6.2 ± 1.4 8

% of yohimbine sites

C 100% 4.9 2 (>0.5)

PAC D 15 ± 6 39 ± 6 ND’ 0.61 ± 0.18 7.9 ± 1.4 ND 5

Two site C 65 35 24 186 2 (<0.001)

Three site C 32 48 20 0.65 20 380 2 (0.07)

UK 14,304 D 65 ± 6 ND 0.88 ± 0.17 ND 6

Two site C 73 27 2.6 169 2 (<0.001)

Three site C 26 54 18 0.3 7.6 338 2 (>0.40)

Epinephrine

Two site C 64 36 7.9 247 2 (<0.001)

Three site C 16 54 30 0.29 15.0 256 2 (>0.25)

a Number of experiments of each type.

b Estimate of the probability that the model indicated results in a statistically better fit than the model with one fewer site.

C ND, not determined.

-8 -7 -6 -5 -4

Log [Drug]

FIG. 7. Inhibition of adenylate cyclo.se in purified membranes by s2-

agonists

Adenylate cyclase activity was measured for 10 mm at 30’ in the

presence of the indicated concentrations of UK 14,304 (i), (-)-epi-

nephrine (Lx), and PAC (U) as described in Materials and Methods.

Basal activity was 88 ± 8 pmol/min/mg and data are expressed as the

per cent inhibition of basal activity. Tubes containing epinephrine also

contained 0.01 % sodium ascrobate, which did not affect activity. Data

points are means of triplicate determinations from a single experiment

which has been done three times with identical results.

should be remembered that the adenylate cyclase assays
are conducted at a higher temperature (30#{176})and in the
presence of both GTP and sodium ion. The latter have
additive effects in reducing the affinity of agonist binding
(7).

Quantitation of N, protein in purified platelet mem-

branes. Pertussis toxin-catalyzed ADP nibosylation of
membrane N1 proteins was measured in cholate extracts
as described in Materials and Methods. Only a single

polypeptide of M. 40,700 (N1) was labeled in platelet

membranes (Fig. 8, lane B ). In contrast, two labeled
bands can be seen following pertussis toxin-catalyzed
[32P]ADP nibosylation of cholate extracts from bovine
brain synaptic plasma membranes (Fig. 8, lane A ). As

previously reported (26, 27), the faster migrating band is
more intense and presumably corresponds to the sub-
strate of Mr 39,000 predominant in brain (also called
NJ. The band labeled in the platelet membranes appears
to comigrate with the slower migrating band from brain
which was reported to have an Mr of 41,000, in good
agreement with our results. Increasing the exposure time
during autonadiography did not reveal any evidence for
a fasten migrating “shoulder” on the labeled peak for
platelet membranes. This suggests that human platelet
membranes contain only N, the 41,000-dalton substrate
for pertussis.5

Preliminary experiments showed that 2% sodium cho-
late yielded optimal extraction and labeling of the N1

protein so that this concentration was used rather than
the 1% employed by Bokoch et al. (4). The [32P]NAD
labeling was saturated with respect to toxin concentra-
tion and time, and incorporation of [32PJNAD into the
Mr 40,700 protein was linear with the amount of cholate
extract used in the assay (data not shown). Five deter-
minations of the amount of N1 protein in four different
preparations of purified membranes yielded an average
of 25.8 (range 9.2-47.2) pmol/mg of protein. The average
ratio of N1 protein to the amount of a2-necepton (deter-
mined from [3H]yohimbine binding curves) was 63 (range
23-112). The amount of protein used to calculate pico-

5 Since we can detect two substrates in brain membranes which

contain approximately 90% N0 and 10% N, it is likely that if N0 is

present in platelet membranes, it accounts for less than 10% of the

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


482 NEUBIG ETAL.

A. B.

�116
a.ui�:97

45

�29

FIG. 8. [“JADP ribosykztion of detergent extracts from human plate-

let and bovine brain S
Cholate extracts of (A) bovine brain synaptic plasma membranes

and (B) purified human platelet plasma membranes were labeled by

incubation with [32P]NAD (2 MM) and lAP (12.5 �g/ml) as described

in Materials and Methods. Following reduction with 0.18 mM dithio-

threitol and alkylation with 2.5 mM N-ethylmaleimide (35), samples

were subjected to sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis according to the method of Laemmli (21) on 10% gels. Gels

were dried and autoradiography was performed as described in Mate-

rials and Methods. Numbered arrows indicate the position and value

of molecular weight of marker proteins.

moles per milligram of N1 was the protein in the original
membrane. Consequently, any errors such as incomplete
extraction or incomplete labeling of N1 would result in
an underestimation of the amount of N. These values
are thus a lower limit of the amount of N1 present.
Calculations from the data of Katada et al. (5) yield a
similar value of 17 pmol of N1/mg of protein in an
unpurified platelet membrane preparation. Cleanly there
is a marked excess of N1 protein over the amount of a2-

receptor in platelet membranes.

DISCUSSION

We report here a quantitative characterization of the
binding of a2-adrenengic agonists and antagonists using
a newly reported plasma membrane preparation from
human platelets.3 This preparation is especially useful in
studies of a2-agonist binding because of its minimal
contamination with endogenous guanine nucleotides.

Direct measurements of the binding of the a2-adnenen-

gic full agonist [3H]UK 14,304 to human platelet mem-
branes have not, to our knowledge, been previously me-

ported. The binding is of high affinity, is reversible and
exhibits a2-adrenergic pharmacologic specificity. The
nonlinear Scatchand plots and nonexponential associa-
tion and dissociation kinetics suggest that UK 14,304

does not bind to a single class of homogeneous a2-
receptors. This has previously been reported for the
binding of other radiolabeled agonists (1 1) and partial
agonists (10-12, 21) to human platelet membranes. Lof-
tus et al. (15) have described the binding of [3H]UK
14,304 to rat cerebral cortex membranes. They reported

a single high affinity binding site (Kd = 1.4 nM) but
referred to preliminary data indicating an additional low
affinity component in the equilibrium binding. A prelim-

mary report of [3H]UK 14,304 binding to membranes
from a human colonic adenocarcinoma cell line indicates

two affinities (28).
A number of previous studies have included partial

characterizations of agonist and antagonist binding.

Mooney et al. (13) reported two apparent affinities for
binding of the partial agonist [3H]PAC to a similar
partially purified membrane fraction from human plate-

lets. They did not present parallel information on antag-
onist binding to allow a comparison of agonist and an-

tagonist binding stoichiometnies. Additional direct corn-
panisons of agonist and antagonist binding have used
crude platelet membranes (10-12). Shattil et al. (12)
found a single class of [3H]clonidine-binding sites with a
Kd of 25 nr�i and a Bmax of 64 fmol/mg of protein (18% of

the number of [3H]dihydroengocryptine sites). These au-
thons subsequently reported a Bmax for [3H]yohimbine
that is only two-thirds of that for [3H]dihydroengocnyp-
tine (30); consequently, [3H]clonidine would occupy 24%
as many sites as [3Hjyohimbine. Garcia-Sevilla et al. (10)
reported two affinities for [3H]clonidine binding, 5 nM

and 19 nM. These corresponded to sites present in
amounts of 19% and 41% of the [3H]yohimbine binding.
In a comprehensive study, U’Pnichand et al. (11) found

biphasic Scatchard plots for both [3H]PAC (Kd = 0.7 nM
and 9 nM) and [3H]epinephnine (Kd = 2 nM and 40 nM).
The total numbers of sites observed were 180 fmol/mg
for [3H]yohimbine, 130 fmol/mg for [3H]epinephnine,
and 109 fmol/mg for [3H]PAC. Except for the 3-fold
increase in the density of binding sites, our results with
[3H]yohimbine and [3HJPAC are quite similar to those
of U’Pnichand et al. (11).

The high affinity component of [3H]UK 14,304 binding
reported here corresponds to 65 ± 6% of the total number

of [3H]yohimbine-binding sites measured in the same
membrane preparations. In contrast, [3H]PAC binds to
only 15 ± 6% of the total number of [3H]yohimbine sites
with high affinity (Kd = 0.6 nM) and to an additional 39

± 6% with an intermediate affinity (Kd = 7.9 nM). Thus,
the sum of the number of high affinity and intermediate
affinity [3H]PAC-binding sites is roughly comparable to
the total number of high affinity [3H]UK 14,304-binding

sites and is significantly less than the number of [3HJ
yohimbine-binding sites. The studies ofinhibition of [3H]
yohimbine binding by UK 14,304 and PAC reveal the
origin of the discrepancy between the number of agonist-
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and antagonist-binding sites. An additional low affinity
binding component (K1 = 150-400 nM) is seen for both

UK 14,304 and PAC, corresponding to 20-35% of the
total yohimbine-binding sites. The competition binding
studies also show dissociation constants for the high
affinity binding sites which are in reasonably good agree-
ment with those determined by direct binding methods.

The combination of both direct and indirect measures of

PAC binding, however, provides the most compelling
argument for the presence of three apparent affinities
for the partial agonist.

Difficulties in reliably estimating ligand binding sto-

ichiometnies have been pointed out for the nicotinic
acetylcholine receptor (29). The radioligand-specific ra-

dioactivities in these studies have not been indepen-
dently determined as described in Ref. 29 because of the
difficulties associated with analysis of the competition

assay in the presence of nonlinear Scatchard plots. The
binding stoichiometry studies have, however, been repro-
ducible over five batches of [3H]yohimbine and four

batches of [3H]PAC and [3H}UK 14,304. Also, similar
results are seen in indirect studies of PAC and UK 14,304
binding determined by inhibition of [3H]yohimbine bind-
ing.

The agonist binding data in this paper have been

analyzed in terms of multiple independent binding sites

for purposes of comparison to literature values. It has
been pointed out (9, 31) that the ternary complex model
can effectively simulate a two-site mass action model

and that the parameters obtained do not relate to any
physically identifiable entities. It is useful to examine
some predictions of the ternary complex model to see if

it can account for our data. DeLean et al. (9) noted that
ligand binding depended on the amount of coupling
protein present. They obtained the best fit between the
model and their experimental data by assuming equal
amounts of �-adnenergic receptor and coupling protein.

The nonhyperbolic binding curves in this model depend
on depletion of the coupling protein. Thus, a large excess
of N protein oven the amount of receptor would result in

hyperbolic binding curves. We have performed theoneti-

cal calculations of the amount of ligand binding for the
ternary complex model (see Appendix). The effect of
varying the N protein (N) from 0.01 to 30 times the

amount of receptor (R) was studied and a wide range of

affinity constants was tested. For N equal to 3 times R
there was only minimal deviation from a linear Scatchand
plot. For N equal to 10 times R on greaten there was no

detectable deviation. When N was less than R, strikingly
biphasic Scatchand plots generally resulted. Wreggett

and DeLean (31) recently described some predictions of
the ternary complex model as it relates to the D2-dopa-
mine receptor in bovine pituitary. They similarly con-

cluded that a stoichiometnically limiting amount of cou-
pling protein (X in their nomenclature) must be present

to account for their experimental data.
Actual measurements of the amount of N1 (40,70O�Mr

pertussis toxin substrate) ranged from 23 to 112 times
the amount of a2-necepton in the membranes. There does
not appear to be a detectable amount of the 39,000�Mr

pertussis toxin substrate (N0) in human platelet mem-

branes. In light of the theoretical calculations just dis-

cussed, it appears that a simple ternary complex model
in which R and N1 are homogeneous entities free to diffuse

in the membranes cannot account for the biphasic agonist
binding curves.

Studies of receptor-mediated release of guanine nu-

cleotides from human platelet (32, 33) and hamster adi-

pocyte membranes (34) give an estimate of the amount
of N1 protein capable of a functional interaction with a2-
receptors. Motulsky and Insel (33) suggest that a2-adre-
nergic and ADP receptors interact with distinct pools of
N. In contrast, Murayama and Ui (34) show in hamster

adipocytes that a2-neceptons and prostaglandin E1 necep-
tons can both interact with a common pool of N1. In all

of these studies, the amount of guanine nucleotide me-
leased pen a2-necepton was in the range of 0.6-3. This is
significantly less than the amount of N1 determined from
pertussis labeling (a 20- to 100-fold molar excess). Be-

cause of the necessity to “pneload” the N1 protein with
nadiolabeled guanine nucleotide analog and the short
time (3-5 mm) of the nucleotide release assay, receptor-

specific guanine nucleotide release will be an undenesti-
mate of the number of N1 proteins with which a receptor
could interact during an hour-long binding reaction. Al-
tennatively, the N1 protein may be heterogeneous in that

not all of the N� detected by pertussis labeling is func-
tional in coupling to the a2-adrenergic receptor.

The three apparent affinities for PAC are even more
difficult to reconcile with the simple ternary complex

model. Indeed, a partial agonist which has less difference
in its affinities for the free and N1-complexed receptor

should actually show more linear rather than less linear
Scatchard plots (compare Fig. 9, top and bottom). In
none of our simulations were three apparent affinities
observed. U’Pnichard and colleagues (11) have previously
pointed out the inadequacy of the ternary complex model
to account for [3H]PAC binding in rat cortex. They have
also suggested that the “super high” affinity binding of
[3HJPAC may represent a desensitized receptor due to
storage of platelets prior to preparation of membranes.

Against this hypothesis are the data of Garcia-Sevilla et
al. (10). Using fresh platelets, they found two apparent

high affinities for clonidine which only accounted for
60% of the number of [3HJyohimbmne-bmnding sites (10).

Binding of muscaninic agonists to brain membranes
(35) and cardiac sarcolemma (36) also requires a three-

site model. Mattera et al. (36) propose a modification of
the ternary complex model to include receptors coupled
and not coupled to N1. This hypothesis is consistent with
the arguments advanced here, that either receptor het-

enogeneity on compartmentation of N1 must be present.
A simple mass-action complex formation between R and
N1 should not result in “uncoupled” receptors.

The data presented here are compatible with an alter-
native hypothesis of heterogeneous receptors. As dis-

cussed by U’Pnichand et al. (11), binding of the partial
agonist, PAC, is best fit by a model including three
classes of binding sites (SH, supenhigh; H, high; and L,
low, in their nomenclature). According to this model,
UK 14,304 would bind to both SH and H sites with
identical affinity. The nonexponential binding kinetics,
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even at concentrations of [3H]UK 14,304 which should
only occupy its high affinity binding site, suggests that
the sites distinguished by [3HJPAC at equilibrium may
be distinguishable by [3HJUK 14,304 in kinetic studies.
Receptor heterogeneity could represent two on three com-
pletely distinct receptors on posttranslational modifica-
tions (e.g., phosphorylation glycosylation or pnoteolysis)
of a single receptor. Also, interaction of a single receptor
with a heterogeneous N1 protein may be compatible with
the data.

Although the simple ternary complex model cannot
quantitatively account for a2-adrenengic agonist and pan-
tial agonist binding, it is likely that N1 does affect the
affinity of a2-neceptons for agonists. The effects of gua-
nine nucleotides (Ref. 11, Fig. 4) and lAP (3) to eliminate
high affinity agonist binding suggest a role of N. Also,
inactivation of N� by alkaline treatment of platelet mern-
bnanes selectively abolishes agonist binding (37). Con-

sequently, a model incorporating both receptor heteno-
geneity and ternary complex formation, similar to the
one discussed for the muscaninic receptor (36), is likely
to best account for the observations reported here. Iden-
tification of the structural determinants of the hetero-
geneity of agonist binding may reveal important clues

about activation, desensitization, on regulation of a2-

adrenengic receptors.
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APPENDIX: EFFECT OF N PROTEIN CONCENTRATION

ON LIGAND BINDING IN A TERNARY COMPLEX
MODEL

A “mobile receptor” model was used in a quantitative
analysis of f3-adnenengic agonist binding (9). DeLean et

al. (9) used the term “ternary complex” to characterize
the model. It has since been invoked to explain the
nonlinear Scatchand plots of agonist binding to a wide
variety of receptors including a2-adrenengic receptors in
platelets and D2-dopamine receptors in pituitary (31). A
recent quantitative analysis concerns the D2-dopamine
receptor (31).

DeLean et al. (9) specifically avoided making conclu-
sions about the identity of the third component in their

model. More recently it has been widely speculated that
the nucleotide-binding proteins, N5 (for receptors that
stimulate adenylate cyclase) and N1 (for inhibitory necep-
tons) are the third component. The ability to quantitate
these proteins in membrane preparations by toxin-cata-
lyzed ADP nibosylation makes a theoretical chanacteni-
zation of the effect of the concentration of the third
component on ligand binding of significant interest. As
previously reported (9, 31), there is a marked effect of

the concentration of N on the shape of ligand binding
curves.

The model used here is the complete ternary complex
model. The nomenclature used here reflects the hypoth-

FIG. 9. Effect of N protein concentration on predictions of a ternary
complex model of ligand binding

Predicted ligand binding for the cyclic ternary complex model (9)

was calculated as described in the Appendix. The total receptor con-

centration used, R,, was 10” M. K, the association constant for ligand

binding to the free receptor, was fixed at iO� M’. The other parameters

were varied: N0, from 0.01 to 30 times R,, K’/K from 10’ to i0�, and

M, from i09 to i0’�. Scatchard transformations of the results were

performed to assess deviation of the predicted binding from linearity

and to allow comparison to the experimental data. Results from four

parameter sets were chosen to illustrate the range of results obtained.

The extent of coupling of R and N in the absence of ligand varies from

1% for M = i0� to 99% for M = i0’3. The values of the bound/free

ratio corresponding to the maximum shown on the graph are 1.0 X

� (upper left), 8.9 x 10-i (lower left), 9.0 x i0� (upper right), and

8.8 x 10’ (lower right).

esis that a guanine nucleotide-binding protein is the third

component but is otherwise identical to that of DeLean
et al. (9, 31). N0 and R0 refer to total N protein and
receptor, respectively.6 AR and ARN refer to ligand-
occupied receptor and the ternary complex. N and R
refer to free, on uncomplexed, nucleotide-binding protein
and receptor, respectively.

The association constants are defined as follows:

K=AR/A.R (Al)

K’ = ARN/A.RN (A2)

M=RN/R.N (A3)

L=ARN/AR.N (A4)

6 In this context, N0 refers to the total amount of the inhibitory

nucleotide-binding protein, N1, as distinguished from the free, N, or

receptor-bound, RN, protein. It has no relation to the recently described

nucleotide-binding protein from brain which has also been called G0

(26).
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Only three constants are independent because of then-
modynamic constraints (i.e., K.L = K’ .M). Substitution
of these equations into the mass conservation equations

N0=N+RN+ARN

R0 = R + AR + RN + ARN

and elimination of N yields a quadratic equation for the
concentration of noncomplexed receptor, R:

where

a.R2 + b.R + c = 0

a = (1 + K.A)(M + M.K’.A)

b=1+K.A+M(N0-R0)

+ M.K’.A.(N0 - R0)

c = -R0

The free receptor concentration, R, can be calculated
from Eqs. A7-A10, and all other species can be calculated

from the value of R.
A computer program was written in BASIC for an

IBM personal computer to calculate the amount of ligand
A bound (i.e., AR + ARN) for a range of concentrations
of A with a variety of values of the parameters R0, N0,
K, K’, and M. 1?� and K were kept constant, whereas NJ

R0 was varied from 0.01 to 30, M was varied from iO� to
i0’� M1, and K’/K was varied from 10’ to iO�. M
determines the extent of association of R and N in the
absence of agonist. Since R0 = lO_�, most of N is
complexed with R for M = 10 ‘� and very little is for M
= 10#{176}.Also, K’/K, the relative affinities of agonist for
RN and R, determines the extent to which agonist will
induce formation of the ARN ternary complex.

Fig. 9 shows Scatchard transformations of represent-

ative theoretical predictions for agonist binding. It is
striking to note that with excess N (i.e., NO/RO > 1), the
Scatchard plots are nearly linear. Specifically, for NO/RO

> 10, all of the binding is present in a single component
for all parameter sets tested. Thus, the simple ternary
complex model does not seem to explain either the [3H]
PAC on [3H]UK 14,304 binding given the measured ex-
cess of N oven R of 23- to 112-fold. Even using more
conservative estimates of a 3-fold excess of N1 oven a2-

adnenergic receptor (32, 34) results in linear Scatchard
plots.
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