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SUMMARY

HANCOCK, ARTHUR A., ANDRE L. DELEAN, AND ROBERT J. LEFKOWITZ: Quantitative
resolution of beta-adrenergic receptor subtypes by selective ligand binding: Appli-
cation of a computerized model fitting technique. Mol. Pharmacol. 186,

1-9 (1979). .

Frog myocardium appears to possess both beta, and beta. receptors, based on the potency
order of several adrenergic agonists to compete for [*’H]dihydroalprenolol binding. Selec-
tive beta blocking agents are able to distinguish two receptor subtypes in frog myocardium,
but only one site in rat ventricle. Computer modeling using a PDP 11/45 indicates that
all rat beta receptors are beta,, whereas only 15%-25% of frog ventricular beta receptors
are of the beta, subtype. Computerized curve fitting can provide a more accurate estimate
of receptor parameters than currently available graphical methods of analysis.

INTRODUCTION

The use of radiolabeled ligands has facil-
itated the study of various properties of the
beta-adrenergic receptors in many tissues
(1). One of the characteristics of beta recep-
tors investigated by this method has been
the distinction between beta, and beta; re-
ceptors originally proposed from physiolog-
ical observations by Lands et al. (2). For
example, the adenylate cyclase-coupled
beta-adrenergic receptor of the frog eryth-
rocyte appears to possess binding proper-
ties of the beta, type (3), whereas the rat
heart demonstrates binding affinities for
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ligands predicted for beta, receptors (4).

Until recently, it has been believed that
individual tissues contain only one of the
beta receptor subtypes. However, pharma-
cological studies by Carlsson et al. (5) dem-
onstrated a mixture of beta;, and beta. re-
ceptors in kitten, but not rat heart. Similar
physiological techniques have indicated
that frog myocardium might contain a
small beta, component in addition to a pre-
dominant population of beta, receptors (6).
Using radiolabeled ligand techniques, Bar-
nett et al. (7) recently demonstrated a mix-
ture of 25% beta, and 75% beta. receptors
in rat lung, but rat heart studies demon-
strated only one class of sites. A graphical
method derived from the classical Scat-
chard data analysis (“pseudo-Scatchard”)
was used to estimate the relative propor-
tions of receptor subtypes in these ligand
binding experiments.

In the present study, we have applied a
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computerized non-linear least-squares
curve fitting technique (8) to an investiga-
tion of the beta receptors of the frog myo-
cardium. By the use of direct radlohgand
binding techniques using (—)[°’H]DHA? se-
lective adrenergic agonists and antagonists,
and a computer modeling system, we have
found the frog heart to have both beta, and
beta; receptors, while the rat heart contains
only the beta, receptor type.

The purpose of the present study was not
to document the properties of numerous
ligands. Rather, our goals have been: 1) to
demonstrate the ability of a few discrimi-
natory ligands to interact differentially with
beta-receptor subtypes in a model system,
and 2) to introduce the use of computer
modeling techniques for quantitating recep-
tor subtypes. We believe that this computer
analysis provides a much more reliable and
objective estimate than previously de-
scribed graphical methods (7) for determin-
ing the proportions of beta, to beta; recep-
tors and for estimation of the relative affin-
ity constants of ligands for different recep-
tor types.

METHODS

Membrane preparation. Membrane ves-
icles were prepared by a modification of the
method of Besch et al. (9) using ventricular
tissue from southern grass frogs (Rana pi-
piens, Nasco) or male rats (C.D. strain,
Charles River). Briefly, frozen ventricles
stored in liquid nitrogen until use, were
homogenized in 10 mm NaHCO;, 5 mM Na
Azide at maximum speed for 15 seconds
using a Polytron. Foam was aspirated and
discarded. The homogenate was centri-
fuged at 13,000 X g for 10 minutes. This
step was repeated using the first superna-
tant. The second supernatant was centri-
fuged at 44,000 X g for 30 minutes. The
resulting pellet was resuspended in 0.6 M
KCl, 20 mM imidazole (pH 6.8) to dissolve
contractile proteins, followed by another
centrifugation at 44,000 X g for 30 minutes.
A second resuspension in KCl-imidazole
was followed by a final centrifugation at
44,000 X g for 30 minutes. The resultant

2 The abbreviation used is: DHA, dihydroalpreno-
lol.

pellet was resuspended in a small volume
of 0.2 M sucrose, 30 mM D-L-histidine and
stored in liquid nitrogen until use.

[ 3H]Dthydroalprenolol binding assay.
Assays were conducted in a final volume of
900 ul, consisting of 150 ul of water or com-
petitive ligand, 150 ul of DHA (3 nMm, 58 Ci/
mmole, NEN), and 600 ul of membrane
preparation. Concentrated frozen mem-
branes were diluted prior to the assay using
75 mm Tris-HCI, 25 mm MgCl. (pH 7.65) to
give a final protein concentration of 0.4 to
0.6 mg/ml with frog heart and 0.7 to 1.0
mg/ml with rat heart. Assay procedures
were essentially the same as described pre-
viously (10).

Specific DHA binding, determined as the
difference between radioactivity bound in
the presence and absence of 1 uM (+)pro-
pranolol, was approximately 90% of total
binding at 3 nm ligand in frog and 75-80%
in the rat. Sources for ligands have been
previously documented (11).

Computer modeling. The experimental
binding data, in terms of concentration of
DHA bound versus concentration of com-
petitor used, were subjected to non-linear
least-squares curve fitting (12) using a gen-
eralized model for complex ligand-receptor
systems as described by H. Feldman (8).
The model involves m ligands binding to n
classes of binding sites. The concentration
of each ligand bound (B, { = 1 to m) is
given by:

B: = 02-31 {KibFin/(l + 3 KabFa)} 1)

a=1
where K, and K, are the affinity constants
of ligand “7” and “a”, respectively, binding
to site “b” F; and F.. are the free concen-
trations of ligands “i” and “a”, respectively,
and R, is the concentration of receptor site
“b”. Because total, rather than free, ligand
concentrations are known, the predicted
value of B; was calculated from the total
ligand concentration (H;) and the current
estimates of the affinity constants (K;;) and
receptor concentrations (R,) such that both
equation (1) and the equation for conser-
vation of mass of ligands (equation 2) were
satisfied.

H;=F;+ B; (2)
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In the present application, for each curve
the number “m” of ligands is two, ligand 1
being the labeled ligand (DHA) and ligand
2 being the competitor. The number “n” of
classes of binding sites is set to either 1 or
2, but could be larger. A Scatchard trans-
formation of data (not shown) from satu-
ration studies resulted in a straight line,
indicative of high affinity binding of DHA
with equal affinity for all receptors. Sec-
ondly, in the presence of a competitive
ligand (e.g., propranolol) there was an ap-
parent decrease in the affinity of DHA for
the receptors without any change in the
maximum amount of DHA bound, as pre-
dicted for true competitive binding. DHA
appears to be non-selective for either beta,
or beta; receptor subtypes and the same
value was assigned to its two affinity con-
stants, K, and K., for sites 1 and 2, respec-
tively.

The deviations of the observed points
from the predicted values were weighted
according to the reciprocal of the predicted
variance (13). The data were repeatedly fit
using the model for one, two, or more
classes of binding sites. The model provid-
ing the best fit was chosen on the basis of
the lowest value of mean squares of resid-
uals. The computer programs provided the
best estimates (with their standard error)
for the affinity constants of each ligand and
the concentration of receptors in each sub-
type. All computations were performed us-
ing an interactive program in PL/1 using a
PDP 11/45.*

RESULTS

Binding of DHA to membrane vesicles
from both frog and rat ventricle demon-
strated appropriate stereoselectivity and a
high affinity for DHA. The Kp’s obtained
from Scatchard analysis (data not shown)
were 3.6 nM and 2.6 nM in the frog and rat,
respectively. The reciprocal of the Kp's
were utilized as the affinity constants of
DHA in subsequent computer analyses.
The maximum number of binding sites for

3 Documentation of the derivation of the variance
function will be provided by the authors upon request.

* A listing of the computer programs employed will
be provided by the authors upon request.

DHA was approximately 100 fmole/mg pro-
tein in frog ventricle and 35 fmole/mg pro-
tein in the rat.

Displacement curves of agonist competi-
tion against approximately 3 nm DHA re-
vealed a different pattern for the two spe-
cies. Figure 1 illustrates the ability of four
adrenergic agonists to compete for DHA
binding in the frog ventricle. The pattern
observed is similar to that found with beta,
systems such as the frog erythrocyte (3).
Estimates of the ECs’s from dose response
curves indicated a potency ratio for hydrox-
ybenzylisoproterenol:isoproterenol:epi-
nephrine:norepinephrine of 1200:70:7.7:1.
By contrast the pattern observed in the rat
ventricle was as expected for beta, receptor
binding (Fig. 2), i.e., the relative agonist
potencies of hydroxybenzylisoproterenol:
isoproterenol:epinephrine:norepinephrine
were 30:25:1.7:1.

The ability of three beta-blocking agents
to compete for DHA binding to membrane
vesicles was also different in the two spe-
cies. Figure 3 illustrates dose-response com-
petition curves for approximately 3 nM
DHA binding in frog ventricle. The potency
order of propranolol:butoxamine:practolol
was 2000:6.7:1. In the rat myocardium, bu-
toxamine and practolol were approximately
equipotent, and approximately 1000 fold
weaker than propranolol (Fig. 4).

In the experiments using rat heart the
three antagonist dose-response curves ap-
peared to differ only in the potency of the
competitors, i.e., all three curves were par-
allel (Fig. 4). In the frog heart, however, the
displacement of DHA by butoxamine and
practolol is more complex than that ob-
tained with propranolol. Dose response
curves (Fig. 3) indicate a second component
with butoxamine and practolol. In order to
analyze the interaction of beta-receptor
agents with DHA binding sites a computer
modeling system was developed. Figures 1
through 4 illustrate the ability of the model
to fit the experimental observations. The
lines indicate the best fit from the computer
model, whereas the symbols represent the
actual data points. Predicted values for
ligand affinities and proportions of beta,
and beta, receptors obtained from agonist
and antagonist competition curves are
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F16. 1. Competition curves for specific DHA binding to frog ventricular membranes by beta-adrenergic

agonists

The ordinate indicates the percent of maximal specific DHA binding, 0.0221 nM. (Specific binding is defined
as the difference between binding in the absence of any competing ligand and binding in the presence of 10° M
propranolol.) The abscissa is the molar concentration of various agonists. The lines are computer modeled best
fits. The symbols indicate the means of actual data points for 2 (hydroxybenzylisoproterenol, @), 11 (isoproter-
enol, W), 9 (epinephrine, A), and 10 (norepinephrine, ®) separate experiments with each agonist.
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F16. 2. Competition curves for specific DHA binding to rat ventricular membranes by beta-adrenergic

agonists

The ordinate indicates the percent of maximal specific DHA binding, 0.0083 nM. The abscissa is the molar
concentration of various agonists. The symbols indicate the means of actual data points derived from two
separate experiments with each agonist (hydroxybenzylisoproterenol, @, isoproterenol, B, epinephrine, A,

norepinephrine, ¢).

given in Tables 1 and 2.

The experimental data obtained in the
frog ventricle were best fit with a model in
which 15%-25% of the receptors are beta,
and 75%-85% are beta.. The relative affin-
ities of the antagonists for these receptor
types and the standard error of the mean
of these estimates were also derived by the
program (Table 1). Propranolol had equal

affinity for both beta, and beta. receptors,
whereas practolol and butoxamine had af-
finities for the two frog receptor subtypes
that differed by nearly two orders of mag-
nitude.

In contrast, data obtained in the rat could
be fit most optimally by a model with only
one binding site for both DHA and the
competitor. Table 1 lists the dissociation
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constants of the three antagonists for the
apparently homogeneous beta, receptors in
the rat ventricle.

Agonist competition curves (Figs. 1 and
2) for both frog and rat heart data were fit
with a model involving at least two appar-
ent classes of binding sites. Table 2 lists the
relative proportions and dissociation con-
stants of agonists for receptor subtypes.
Also included in Table 2 are the agonist
potency ratios for the beta receptor sub-

types. A small fraction of frog beta recep-
tors appears to possess the potency order
expected of beta, sites, whereas in the re-
mainder, hydroxybenzylisoproterenol, a po-
tent beta.-selective agonist, is 28-fold more
potent than isoproterenol, and epinephrine
is 15-fold more potent than norepinephrine,
as expected for beta; receptors. Two classes
of beta receptors were apparent in rat heart
experiments, both having similar potency
orders for agonists, conforming to beta, ex-
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F1G6. 3. Competition curves for specific DHA binding to frog ventricular membranes by beta-adrenergic

antagonists

The ordinate indicates the percent of maximal specific DHA binding, 0.0239 nM. The abscissa is the molar
concentration of various antagonists. The symbols indicate the means of actual data points for 3 (butoxamine,
A) to 6 (propranolol, @, practolol, l) separate experiments with each antagonist.
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F16. 4. Competition curves for specific DHA binding to rat ventricular membranes by beta-adrenergic

antagonists

The ordinate indicates the percent of maximal specific DHA binding, 0.0186 nM. The abscissa is the molar
concentration of various antagonists. The symbols indicate the means of actual data points for two separate
experiments with each antagonist (propranolol, ®, butoxamine, A, and practolol, ).
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TABLE 1

Comparison of relative proportions of beta, and beta ; receptors in frog and rat heart and dissociation
constant estimates from computer analysis of antagonist competition curves

Species Receptor Beta receptor distribu- Ligand dissociation constants (M)
subtype tion
Propranolol Practolol Butoxamine
Frog Beta, 8.4 £ 1.8 pM (15%) 1.04+.07x10° 41+34x107 21+£19x10°°
Frog Beta, 48.0 £ 1.6 pM (85%) 104+ .07x10°® 35+.33x10° 3.81.36x10°
Rat Beta, 35.6 .06 pM (100%) 86 +.82x10®° 11x.11x10° 76+.84x10°°

Values for receptor concentration are shown in picomolar DHA bound + S.E.M. The relative percent of each
subtype is indicated in parentheses. Ligand dissociation constant values (M) are indicated + S.E.M. These

values are derived by computer from antagonist curves shown in Figs. 3 and 4.

TABLE 2

Comparl"son of relative proportions of beta, and beta; receptors in frog and rat heart, dissociation constants
and potency ratios from computer analysis of agonist competition curves

Spe- | Receptor subtype | Beta reg:epbor dis- Ligand dissociation constants (M) and potency ratios
cles tribution
Hydroxyben- |Isoproterenol | Epinephrine | Norepineph-
zylisoproter- rine
enol
Frog | Beta, 11.4+19 pM (26%) [2.1%£.21X107® | 2.1+.21X107® | 1.8+.18X10® | 1.8+.18x10~®
9: 9: 1: 1
Frog | Beta; 32.7+1.8 pM (74%) [7.2£1.7x107° | 2.1+.21x107° | 1.8+.18x107° | 2.7+.45%10™*
3800: 130: 15: 1
Rat | Beta,-High affin- | 10.0+0.08 pM (71%) [8.8+2.2x107® | 1.0+.28%1077 | 1.9+.54x107® | 2.8+.84x107®
ity state 32: 28: 14: 1
Rat | Beta,-Low affinity | 4.1+0.09 pM (29%) |1.5+.73%107° | 2.1£1.1xX107° | 5.4+2.7%107® | 1.74£1.0x10~*
state 113: 80: 3.1: 1

Values for receptor concentration are shown in picomolar DHA bound + S.E.M. The relative percent of each

subtype is indicated in parentheses. Ligand dissociation constant values (M) are indicated + S.E.M. These

values are derived by computer from agonist curves

shown in Figs. 1 and 2. Potency ratios (read across the

table) for agonists are given below the K values. For example, in the frog beta, receptor population, the potency
ratio for hydroxybenzylisoproterenol:isoproterenol:epinephrine:norepinephrine is 9:9:1:1.

pectations. All the dissociation constants
for agonists are lower (higher affinity) for
the first apparent class of sites, than for the
second subtype. These two apparent classes
of beta, sites in the rat are likely analogous
to the high and low affinity states for ago-
nists previously reported for frog erythro-
cyte beta adrenergic receptors (14).

DISCUSSION

The results of this investigation docu-
ment the different binding characteristics
of beta-adrenergic receptors in frog and rat
myocardium. Computer estimates indicate
a predominance of beta, receptors in the
frog myocardium in agreement with previ-
ously reported physiological data (6, 15).
The power of the computer technique is

revealed by its ability to detect a small
(15%-25%) population of beta, receptors in
frog myocardium, as well. In contrast, rat
ventricular tissue appears to be similar to
other mammalian cardiac muscle typical of
a beta, system (2, 7, 10, 16-19).

Recently, a mixture of beta; and beta:
receptors has been described in rat lung (7).
In order to quantitate the properties of each
receptor subtype, these authors employed
a “pseudo-Scatchard” analysis to estimate
the receptor proportions and affinities for
a competitive ligand. We have attempted
to use this method in our systems and be-
lieve it to provide less accurate predictions
than our computer model. Using the
“pseudo-Scatchard” method in the frog
heart provides a two-fold higher estimate
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of the proportion of beta, receptors and an
underestimate of the discriminating power
of the competitive ligand for the two recep-
tor types. When parameter estimates de-
rived from “pseudo-Scatchard” plots are
used in the computer model, the data from
both frog and rat antagonist competition
curves can not be satisfactorily fit and pre-
dicted dose-response curves are shifted as
far as three-fold to the right of the actual
data points. A more quantitative measure
of the error of these fits is found in the sum
of squared deviations of the points from the
fitted lines. Using the parameter estimates
from the “pseudo-Scatchard” plots pro-
duces as much as an eight-fold greater sum
of squares than our computer model esti-
mates.

There are several reasons that this dis-
crepancy in results might be expected to
occur. One of the potential errors of a
graphical approach is the application of a
method for studying direct ligand binding
(the Scatchard plot) to indirect ligand bind-
ing (i.e., competition curves). A second
problem lies in the assumption that percent
inhibition of labeled ligand binding by the
competitor is synonymous with the percent
occupancy of receptors by the competitor
ligand. Although not a major source of error
with tritiated ligands, this factor is partic-
ularly relevant when very high affinity and
high specific activity iodinated ligands (in
which a much higher proportion of total
ligand is bound) are considered. From a
statistical point of view, the “pseudo-Scat-
chard” plot is subject to several possible
sources of error in regression analysis (20).
Also, the utilization of asymptotes to the
lines, as used in this method (7), relies too
heavily on the least accurate points of the
curve and underestimates the influence of
one class of sites on ligand binding to the
other class of sites (21). In general, curve
fitting methods of the “pseudo-Scatchard”
type become inaccurate because of the na-
ture of the data transformation techniques,
in which numbers subject to experimental
error are divided by the low concentrations
of competitor to produce the graphical co-
ordinates. These transformed values are ex-
ceedingly sensitive to small errors in the
data obtained and can produce large fluc-

tuations in the shape of the fitted curve.

In contrast to the above problems, the
computer modeling process possesses sev-
eral strengths. Of primary importance is the
fact that the model is derived directly from
mass action law for multiple classes of bind-
ing sites. It may be applied to simple or
complex cases in which the number of sites
is greater than two. The data are used as
originally obtained (i.e., labeled bound
ligand versus total unlabeled competitor) in
an untransformed coordinate system. In
terms of statistical considerations the
model derives increased accuracy from the
ability of the computer to analyze several
curves simultaneously, improving the pre-
cision of the estimated parameters common
to all curves. Lastly, the data analysis cor-
rects for the non-homogeneity of the vari-
ance of data at extremes of the curves.

A further problem exists in the “pseudo-
Scatchard” analysis when this method is
applied to agonists. When used with the
data obtained in this investigation, this
graphical technique produced curves with
a more complex pattern suggesting more
than two classes of binding sites in both rat
and frog studies. Resolution of these bind-
ing components from such curves would be
extremely inaccurate because so fev: points
fall on a single component of the line, in
addition to the other potential sources of
error mentioned above. The complex
curves were not unexpected in view of the
nature of agonist binding to receptors (14).

Agonists, because they induce subse-
quent changes in cellular function, behave
with different properties than antagonists.
In the frog erythrocyte, it has been pro-
posed that agonists form a slowly reversible
complex with the receptor (14), i.e., a high
affinity state that follows the initial inter-
action of hormone and receptor in a low
affinity combination. Antagonists are be-
lieved to form only one, the low affinity,
complex (14). In the rat heart, the failure
to fit agonist data to only one class of sites
(Fig. 3), in contrast to antagonist data (Fig.
4), may be the result of agonist interactions
with both high and low affinity states of the
same beta, receptor subtype. In the frog
ventricle it is possible that agonists form
both high and low affinity states with both
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beta, and beta; receptors. It is unlikely that
any data analysis could distinguish four
sites with closely overlapping affinities
without modifications of the present exper-
imental protocol. In fact, modeling rat or
frog agonist data to more than two sites did
not significantly improve the fit.

It should be pointed out that, in the
present studies, butoxamine, a proposed
beta.-selective antagonist (4, 22, 23), acted
similarly to practolol, a beta;-selective
blocking agent (4, 22, 24). Most previous
studies (22-25) of selectivity of butoxamine
have relied on measurements of physiolog-
ical or biochemical parameters. It is there-
fore possible that factors other than direct
interaction of receptor with ligand may ac-
count for apparent differences in selectivity
with this drug. In agreement with our data,
it has been observed by others (4) that
butoxamine was slightly more potent than
practolol in inhibiting DHA binding to rat
cardiac membranes. The ECs values ob-
tained in that study (4) are virtually iden-
tical to those obtained for practolol and
butoxamine in the current experiments.

One observation from the present inves-
tigation that is not completely understood
is the difference in dissociation constants
observed in frog beta, and rat beta, recep-
tors for practolol and butoxamine. It is pos-
sible that beta; receptors in different spe-
cies have unequal discriminatory powers
for various ligands. Within the same species
(rat) the inhibition constants of practolol
for DHA binding to beta, receptors in lung
and heart have been reported to be approx-
imately equal (7).

In summary, ligand binding techniques
indicate that frog ventricular myocardium
possesses a small number of beta, receptors
in addition to a predominant beta, popula-
tion. Computer-fitted curves coincide re-
markably closely to experimental observa-
tions and provide accurate estimates of the
proportions of receptor subtypes and their
affinities for selective ligands. Graphical es-
timates of numbers and affinities of recep-
tor subtypes appear less accurate and
should not be used without an awareness of
the potential inaccuracies inherent in such
methods.

ACKNOWLEDGMENTS

A.D.L. wishes to thank Frank Starmer and Bruce
Wright of the Department of Clinical Epidemiology,
Duke University, for generously providing access and
guidance to the PDP 11/45 computer. The numerical
analyses underlying the computer program were per-
formed by A.D.L. at the NIH, NICHD, ERRB, in
collaboration with P. J. Munson and D. Rodbard.

REFERENCES

1. Lefkowitz, R. J. (1978) Identification and regula-
tion of alpha and beta-adrenergic receptors.
Fed. Proc. 37, 123-129.

2. Lands, A. M., Arnold, A., McAuliff, J. P., Luduena,
F. P. & Brown, T. G. (1967) Differentiation of
receptor systems by sympathomimetic amines.
Nature (London) 214, 597-598.

3. Mukherjee, C., Caron, M. G., Coverstone, M. &
Lefkowitz, R. J. (1975) Identification of adenyl-
ate cyclase-coupled beta-adrenergic receptors in
frog erythrocytes with (—)[*H]alprenolol. J.
Biol. Chem. 250, 4869-4876.

4. Chenieux-Guicheney, P., Dausse, J. P., Meyer, P.
& Schmitt, H. (1978) Inhibition of [°H]dihy-
droalprenolol binding to rat cardiac membranes
by various beta-blocking agents. Br. J. Phar-
macol. 63, 177-182.

5. Carlsson, E., Ablad, B., Brandstrom, A. & Carls-
son, B. (1972) Differentiated blockade of the
chronotropic effects of various adrenergic stim-
uli in the cat heart. Life Sci. 11, 953-958.

6. Stene-Larsen, G. & Helle, K. B. (1978) Cardiac
betaz-adrenoceptor in the frog. Comp. Biochem.
Physiol. 60C, 165-173.

7. Barnett, D. B., Rugg, E. L. & Nahorski, S. R.
(1978) Direct evidence of two types of beta-
adrenoceptor binding site in lung tissue. Nature
273, 166-168.

8. Feldman, H. A. (1972) Mathematical theory of
complex ligand-binding systems at equilibrium:
Some methods for parameter fitting. Anal. Bio-
chem. 48, 317-338.

9. Besch, H. R, Jr., Jones, L. R. & Watanabe, A. M.
(1976) Intact vesicles of canine cardiac sarco-
lemma: Evidence from vectorial properties of
Na*, K* ATPase. Circ. Res. 39, 586-595.

10. Williams, L. T, Lefkowitz, R. J., Watanabe, A. M.,
Hathaway, D. R. & Besch, H. R,, Jr. (1977)
Thyroid hormone regulation of beta-adrenergic
receptor number. J. Biol. Chem. 252, 2787-2789.

11. Mukherjee, C., Caron, M. G., Mullikin, D. & Lef-
kowitz, R. J. (1976) Structure-activity relation-
ships of adenylate cyclase-coupled beta-adre-
nergic receptors: Determination by direct bind-
ing studies. Mol. Pharm. 12, 16-31.

12. Fletcher, J. E. & Schrager, R. 1. (1973) A User’s
Guide to Least Squares Model Fitting. U.S.



13.

14.

15.

16.

17.

18.

19.

COMPUTER RESOLUTION OF MYOCARDIAL BETA; AND BETA: RECEPTORS 9

Department of Health, Education and Welfare,
Technical Report No. 1.

Rodbard, D. & Feldman, H. A. (1975) Theory of
protein-ligand interaction. Methods Enzymol.
36, 3-16.

Williams, L. T. & Lefkowitz, R. J. (1977) Slowly
reversible binding of catecholamines to a nu-
cleotide-sensitive state of the beta-adrenergic
receptor. J. Biol. Chem. 252, 7207-7213.

Lands, A. M,, Luduena, F. P. & Buzzo, H. J. (1969)
Adrenotrophic beta receptors in the frog and
chicken. Life Sci. 8, 373-382.

Mayer, S. E. (1972) Effects of adrenergic agonists
and antagonists on adenylate cyclase activity of
dog heart and liver. J. Pharmacol. Exper. Ther.
181, 116-125.

Furchgott, R. F. (1970) Pharmacological charac-
teristics of adrenergic receptors. Fed. Proc. 29,
1352-1361.

Burges, R. A. & Blackburn, K. J. (1972) Adenyl
cyclase and the differentiation of beta-adreno-
ceptors. Nature (New Biology) 235, 249-250.

Buckner, C. K., Torphy, T. & Costa, D. J. (1978)
Studies on beta-adrenoceptor mediating

21.

changes in mechanical events and adenosine
3',5'-monophosphate levels. Rat atria. Eur. J.
Pharmacol. 47, 258-271.

. Rodbard, D. (1973) Mathematics of hormone re-

ceptor interaction. 1. Basic principles. Adv. Ex-
per. Med. Biol. 36, 289-326.

Klotz, I. M. & Hunston, D. L. (1971) Properties of
graphical representations of multiple classes of
binding sites. Biochemistry 10, 3065-3069.

. Hunninghake, D. B., Azarnoff, D. L. & Waxmann,

W. (1966) The effect of butoxamine on cate-
cholamine-induced metabolic changes in hu-
mans. Clin. Pharmacol. Ther. 7, 470-476.

. Parratt, J. R. & Wadsworth, R. M. (1970) The

effect of “selective” beta-adrenoceptor blocking
drugs on myocardial circulation. Br. J. Phar-
macol. 39, 296-308.

. Barrett, A. M., Crowther, A. F., Dunlop, D,

Shanks, R. G. & Smith, L. H. (1967) Cardiose-
lective beta-blockade. Naunyn Schmiedebergs
Arch. Pharmacol. 259, 152-153.

. Lefkowitz, R. J. (1975) Heterogeneity of adenylate

cyclase-coupled beta-adrenergic receptors. Bio-
chem. Pharm. 24, 583-590.





