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SUMMARY
The binding of epinephrine to g-adrenergic receptors is a rapid-
on, rapid-off process, such that at any level of receptor occu-
pancy (defined as the fraction of time a receptor is bound or,
altematively, the probability that any particular receptor is bound
at any given instant) the entire population of available receptors
has periods of occupancy that occur at high frequency. While in
the bound state, the receptor acts as a mobile catalyst for the
activation of adenylate cyclase. Two processes, then, could
conceivably contribute to the access of epinephrine-bound re-
ceptors to cyclase and the extent of cyclase activation for a
given concentration of epinephrine: 1) the rapid switching of
epinephrine among receptors ensures that discontinuous distrib-
uted regions of the cell surface experience agonist activity and
2) the mobility of the receptors (and GTP-binding protein) in the
cell membrane makes it possible for one receptor to activate
numerous GTP-binding protein-adenylate cyclase complexes. In
principle, either effect can lead to a wide separation between the
binding and response curves (ECs <« Kj). It has so far been
assumed that mobility is able to account compietely for the
separation. The extent of the contribution of the process of
agonist binding and unbinding to adenylate cyclase activation
has not been demonstrated or quantified. Here we examine the
distinction between binding frequency and receptor mobility con-

tributions to adenylate cyclase activation in epinephrine-stimu-
lated S49 lymphoma cells for which there is a 200-fold separation
between the ECs, and K, at 37° (ECso = 10 nM, K, = 2 um).
Experiments were designed to measure adenylate cyclase acti-
vation rates for a constant concentration of epinephrine-bound
receptors but with variation of the absolute number of receptors
involved in the activation. This was accomplished by blocking a
portion of the receptor population with an antagonist (proprano-
lol) that has a long occupancy half-life, while increasing the
occupancy of the remaining receptors by compensating in-
creases in epinephrine. With this protocol, a condition is ap-
proached in which receptor mobility alone is responsible for
activation. This resulted in a 50% decrease in adenylate cyclase
activity, compared with a control of 30 nm epinephrine. Thus, for
epinephrine concentrations near the ECs,, the switching of epi-
nephrine among the receptor population is necessary for >50%
of the observed activity; it can be shown in conjunction that
receptor mobility nonetheless accounts for the majority of the
separation between the ECs, and the K. A theoretical analysis
of the probability of cyclase activation based on the diffusion of
receptors in the membrane gives a conclusion consistent with
those derived from the experimental data.

The stimulation by epinephrine of adenylate cyclase in the
S49 cell exhibits a wide separation between the ECs, (10 nM,
the concentration at which activation is half-maximal) and the
dissociation constant K, (2 uM, the concentration at which
receptors are occupied 50% of the time) (1). Thus, in this
system receptors need to be occupied by epinephrine only a
small fraction of the time in order to promote near-maximal
activation. The separation between binding and response can
be characterized by the pharmacological shift ratio (K,/ECs),
which is related to the intrinsic G protein/adenylate cyclase-
activating capability for S-adrenergic receptor agonists (2).

A separation between binding and activity can be explained
by the collision coupling model of Tolkovsky and Levitzki (3).

This work was supported in part by National Institutes of Health Grant R01
NS21338.

The model attributes the rate of cyclase activation to the
frequency and efficiency of collisions between agonist-bound
receptors and G protein, by which any one receptor can activate
a number of G protein molecules due to the free mobility of
each within the membrane. The rate of adenylate cyclase
activation [kinetically equivalent to the rate of activation of G
protein (4, 5)] is, therefore, according to this model, directly
proportional to the number of agonist-bound receptors.

The collision coupling model does not make the distinction,
however, between widely different circumstances in which the
concentration of agonist-bound receptors is identical. Specifi-
cally, the model makes no distinction between the case of
having some number (n) of receptors bound 100% of the time
and the case of having a steady state number of receptors bound
also equal to n, from among a larger population of N receptors,

ABBREVIATION: G protein, GTP-binding protein.
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each bound only a fraction of the time (on average, n/N of the
time). This is the difference between having high occupancy
(the fraction of time a given receptor is bound) of a low absolute
number of receptors and having a low receptor occupancy. A
fractional occupancy, 6, of N receptors means not only that an
average of N0 receptors are occupied at any one time, but also
that, over a sufficiently long time period, all receptors are
occupied for a fraction 6 of the time. If the half-life of the
receptor-agonist complex is short compared with an arbitrary
time interval, then a fraction greater than 6 of the receptors
will carry an agonist for part of that time interval. Because at
binding equilibrium the overall fractional occupancy by agonist
is constant, rapid dissociation of agonist is equivalent to rapid
switching of occupancy from one receptor to another. In this
paper we will refer to this phenomenon as “switching.”

In the case of n receptors bound 100% of the time, the
receptor mobility, and therefore the receptor-enzyme collision
rate, will be the rate-limiting step in the activation of G
protein/adenylate cyclase. In comparison, activation involving
N receptors may potentially be greater, depending on the
frequency with which an individual receptor switches between
the states of being bound and unbound, because a high binding
frequency would ensure that agonist-bound receptor activity
would be distributed among discontinuous separated regions of
the cell surface (5). From the standpoint of an individual
receptor, when the agonist binding frequency is high it is
potentially less probable that it will “waste” collisions with G
protein/adenylate cyclase molecules that it has already acti-
vated. The extent of the difference depends on the relative
contributions of agonist binding frequency and receptor mobil-
ity to the activation.

In principle, then, part of the pharmacological shift ratio of
a B-adrenergic agonist may be attributable to its binding fre-
quency. Epinephrine has a relatively low affinity for 8-adrener-
gic receptors and a 200-fold separation between ECy, and K, in
the intact S49 cell (1). Its binding is of a high enough frequency
so that the individual rate constants for binding and unbinding
have not been measured directly. The relative extent of the
contribution of agonist binding frequency to the process of
adenylate cyclase activation has not been determined or dem-
onstrated for any agonist. Here we examine in detail the dis-
tinction between mobility and binding frequency contributions
to cyclase activation rates, from both theoretical and experi-
mental standpoints, in intact epinephrine-stimulated S49 lym-
phoma cells and quantify the contributions of each to the
process of activation. A series of experiments was designed to
measure the activation rate of adenylate cyclase as a function
of the number of receptors accessible to agonist over the time
course (1 min) of the experiment, while maintaining the con-
centration of agonist-bound receptors as a constant. This was
accomplished by using increasing concentrations of the S-
adrenergic receptor antagonist propranolol, which, because of
its relatively long occupancy half-life, can effectively reduce the
number of receptors available to epinephrine. The decreased
responsiveness under this circumstance demonstrates that the
high binding frequency of epinephrine contributes in part to
the pharmacological shift ratio. Thus, epinephrine binding
frequency appears to enhance its potency beyond the limita-
tions prescribed by receptor mobility. A theoretical analysis of
adenylate cyclase activation for the mobility-limited case sup-
ports this conclusion.

Experimental Procedures

Materials. (—)-Epinephrine bitartrate and (+)-propranolol were
purchased from Sigma; metoprolol (5 mg/5 ml of H,0) was purchased
from Geigy; [8-°H]adenine (17 Ci/mmol), [8-**C]ATP (500 mCi/mmol),
and [8-*C]cyclic-AMP were purchased from ICN.

Cell culture. S49 murine lymphoma cells were kindly provided by
Dr. Henry Bourne, University of California at San Francisco. Cells
were grown in 1-liter roller bottles at 37° with Dulbecco’s modified
Eagle’s medium (GIBCO) that was supplemented with antibiotics
(GIBCO) and 5% horse serum. Cell density was maintained between
1.5 and 2.0 X 10° cells/ml by daily addition of fresh medium.

cAMP accumulation experiments. Cells were washed in serum-
free Dulbecco’s modified Eagle’s medium, resuspended at a density of
20 X 10° cells/ml, and then incubated for 60 min at 37° in medium
containing 10 uCi [*H]adenine/ml. Adenine remaining in the medium
was removed by washing and the cells were incubated in fresh medium
for 30 min at 37°. After hormone addition, aliquots were removed and
cells were collected by centrifugation and discarding of aspirated me-
dium. Cell response was stopped after 1 min by addition of 5% trichlo-
roacetic acid along with [*C]JATP and [*C]cAMP used to monitor
recovery. Extracts were cleared of precipitated protein by centrifuga-
tion and were fractionated on Dowex 50 and alumina columns as
previously described (6). Accumulation of cCAMP during 1 min was
measured as percentage of conversion of [PHJATP to [*H]cAMP:

% conversion = [*H]cAMP/[(*H]cAMP + [*H]ATP)

Experiments limiting receptor participation by addition of
antagonist. The control experiment was a 1-min assay of cAMP
accumulation during stimulation by a concentration of agonist (4) that
was chosen to give >50% activation (f), given its approximate ECs
(10 nM), using

f=[A)/(|A] + ECx)

Occupancy (f) of B-adrenergic receptors for control was calculated,
given K, (2 uM), by

04 = [A)/([A] + K,,)

In subsequent experiments, the access of agonist to receptors was
altered by the addition of B-adrenergic antagonist; constant agonist-
receptor concentration was maintained by increasing both agonist and
antagonist concentrations. In the presence of antagonist B, steady state
occupancy by agonist is given by

0a = [A)/Ks, /(1 + [A)/K,, + [B)/Ky)
Thus, for a given [A], the [B] required to maintain a fixed 6 is given by
[B] = K4ilA](1 = 0)/(6Ky,) — 1)

This calculated amount of antagonist was added 6 min before the
beginning of the assay. At the concentration of antagonist used in these
experiments, 6 min was sufficient for binding equilibrium to be ob-
tained. To begin the assay, the required concentration of agonist was
added; the assay was terminated by acid addition after 1 min.

Calculation of activation rate from cAMP accumulation. Max-
imum activity, V.., for cyclase was calculated from the control exper-
iment

Vau = V(1 + ECso/[A])

or measured directly in an experiment using a saturating concentration
of epinephrine. For subsequent points, the fractional activity f was
calculated by

f=V/Viu

Because activity represents a steady state between processes of acti-
vation and inactivation (7), then
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f = ke/(ka + ki)

where k, is the activation rate constant and k; is the inactivation rate
constant. Given f, the ratio k./k; may be calculated:

ko/k: = f/(1 = f)

Results

Receptor participation limited by a slowly dissociating
antagonist, propranolol. The experiments were designed to
examine the activation rate of adenylate cyclase as a function
of the number of receptors accessible to epinephrine over the
time course (1 min) of the experiment, while maintaining the
concentration of epinephrine-bound receptors as a constant.
The access of epinephrine to receptors was altered by the
addition of the g-adrenergic antagonist propranolol; constant
epinephrine-receptor complex concentration was maintained
by compensating increases in epinephrine.

The concentrations of epinephrine were set over a range from
80 nM (control) to 10 uM and the corresponding propranolol
concentrations required to maintain constant overall epineph-
rine-bound receptor concentration were calculated as described
in Experimental Procedures. The K, for epinephrine (2 uM)
was determined for intact S49 cells (1) using the nonequilibrium
technique of Toews et al. (8). The value, therefore, is that for
naive cells and should be the most appropriate value for the
binding constant under the conditions of this experiment. The
dissociation constant for propranolol for these cells was deter-
mined to be K; = 650 pM, with a half-life of the propranolol-
receptor complex of 150 sec (data not shown). Because of its
slow dissociation from receptors, the presence of propranolol
under the conditions of this experiment was designed to effec-
tively reduce the number of receptors available to epinephrine
during the 1-min experiment, because a receptor that is bound
to propranolol at the time of addition of epinephrine is likely
to remain bound to propranolol during the entire 1-min assay.
The restriction of epinephrine occupancy by this means to a
smaller number of receptors reduced the activity of adenylate
cyclase, compared with control of 30 nM epinephrine (Fig. 1).

MAX CAMP (X conversion)

O.BT

0.6 1+

0.4+

0.2t

0.04 L | | 1 1 }
EPI ’ 0 .4 .3 ¢ 3 0 [EPI) uM
1 uM 0 1.5 5.8 21 64 215 [PRO) nM

L 1 1 1 1 ]
.015 & 015 EPI
.67 ——————— 982 PRO

Occupancy

Fig. 1. cAMP accumulation (1-min percent conversion; average of tripli-
cates + standard error) stimulated by epinephrine (EP/) in the presence
of varying concentrations of propranolol (PRO), with a constant concen-
tration of receptors. This experiment is representative
of five experiments.
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In the presence of the highest propranolol concentration used,
the 1-min cAMP accumulation was reduced to less than 50%
of control. The same concentration of propranolol had no effect
on 5 uM prostaglandin E, -stimulated cAMP accumulation (data
not shown).

This result shows that a constant epinephrine occupancy of
receptors does not lead to a constant rate of adenylate cyclase
activation when the epinephrine is confined to a small fraction
of the receptors. This constitutes a demonstration that the
predictions of the collision coupling model break down under
these experimental conditions.

It can be noted that the conclusion drawn from the experi-
ment in Fig. 1 does not depend on precise knowledge of the
dissociation constants. The fractional occupancy of receptors
by epinephrine is given by

[A)/K,,/Q + [A)/Kq, + [B)/K,,)

(from Experimental Procedures), where A is epinephrine and
B is propranolol. Because after the first experimental point (no
propranolol) the term [B]/K,, is always larger than either
[A)/K,, or unity, the expression is approximated by

([AVK4,)/([B)/Kq,)

Thus, although a poor estimate for K, would lead to a poor
estimate for epinephrine occupancy, it would not lead to large
changes in occupancy from one experimental point to the next.
The experimental design required constancy of receptor occu-
pation by epinephrine but does not require a specific particular
value for occupancy. In contrast, a poor estimate for K,, or
combinations of errors in K,, and K,,, could lead to poor
estimates for or changes in epinephrine occupancy but only in
ways that are inconsistent with the data. For instance, an error
in K,, could lead to dramatic differences in epinephrine occu-
pancy between the control point (no propranolol) and the first
point in which epinephrine and propranolol were combined,
but no difference in cAMP accumulation is observed between
these two points. Thus, the general conclusion from the exper-
iment, that cyclase activation is not proportional to receptor
occupancy under all circumstances, holds irrespective of the
actual value for occupancy and holds even if the K, values were
different from those used for calculation of the concentrations.

Receptor participation in the presence of a rapidly
dissociating antagonist, metoprolol. A second series of
experiments was conducted with the S-adrenergic antagonist
metoprolol. Metoprolol is a low affinity antagonist (K, = 240
nM), compared with propranolol, and it is, therefore, expected
to have a much shorter bound-complex ¢,,, than propranolol
(8, 9). High occupancy by metoprolol with constant occupancy
by epinephrine can be achieved in the manner used in the
propranolol experiment. Because of its shorter bound half-life,
however, metoprolol would be far less effective at limiting the
number of receptors accessible to epinephrine during the 1-min
assay. Thus, it was predicted that use of metoprolol as a
receptor-blocking agent would not reduce cyclase activation to
the extent observed when using a high concentration of pro-
pranolol. As predicted, metoprolol had no effect on the ability
of the fixed concentration of epinephrine-bound receptors to
activate adenylate cyclase (Fig. 2).

Comparison of the effects of propranolol and metopro-
lol on k.. From the data shown in Figs. 1 and 2, the corre-
sponding relative changes in the rate of G protein/adenylate
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Fig. 2. cCAMP accumulation (1-min percent conversion; average of tripii-
cates + standard error) stimulated by epinephrine (EP/) in the presence
of varying concentrations of metoprolol (MET) with a constant concen-
tration of epinephrine-bound receptors. This experiment is one of two
experiments.

ka/k1

oel:ai/(1 - oant)
Fig. 3. Ratio of G protein/adenylate cyclase activation rate constant (k,)
to inactivation rate constant (k;), caiculated from the data in Figs. 1 and
2, Wmﬁacﬁmofnmmtagaistmooanedbyepheptﬂ\e
(0.,...,...../(1 — Oaragonier)). IN bommepropranololandmetopmloi experi-

acﬁvaﬂondeersasestoanapparemlmt which is approximately 20%
of control.

cyclase activation can be calculated as described in Experimen-
tal Procedures. Calculated ratios of the rate constants for G
protein/adenylate cyclase activation and inactivation (k./k:)
for the data shown in Figs. 1 and 2 are shown in Fig. 3. For the
propranolol experiment, the approximate 50% decrease in
cAMP accumulation is equivalent to an 80% reduction in the
rate of cyclase activation; in contrast, the presence of metopro-
lol had no effect on k,. Because in both cases the concentration
of epinephrine-bound receptors is the same, the difference in
effects on k, is attributable to the involvement of fewer epi-
nephrine-bound receptors in the propranolol experiment.
Simulation of receptor occupancy: relationship of oc-
cupancy to k.. The experiments using propranolol as de-
scribed led to a reduction in the number of epinephrine-bound

receptors participating in the coupling to adenylate cyclase.
The difference between control (no propranolol) and high pro-
pranolol experiments can be visualized by a simulation of
receptor occupancy, as shown in Fig. 4. In this figure, a simu-
lation of the bound/unbound status of individual receptors is
shown as a function of time. The control experiment had a
receptor occupancy of 0.015 (or 1.5%), distributed among the
2000 receptors of the cell, of which an average of 30 were
occupied at any one time, each individual receptor being occu-
pied 1.5% of the time (Fig. 4A). With the highest concentration
of propranolol added, the situation approached one in which 30
individual receptors were occupied 100% of the time (Fig. 4B).
As can be seen, the addition of propranolol under this protocol
reduced the number of individual receptors interacting with
epinephrine per unit time, although the concentration of bound
receptors cell-wide remains identical. Over the range of pro-
pranolol concentrations used in the experiment, the occupancy
(which is constant) was progressively changed from the condi-
tion represented in Fig. 4A (in which switching of occupancy
takes place among the entire population of receptors) to that
in Fig. 4B (in which individual receptors are effectively occu-
pied for longer periods of time). Using metoprolol, this could
not occur because of the high (compared with propranolol)
binding frequency of metoprolol, as depicted in Fig. 4C. In the
propranolol experiments, it is apparent that the mobility of the
receptors will determine the maximum cyclase activation rate,
and the results indicate that the mobility of receptors is insuf-
ficient to account for activation in the normal (no antagonism)
dose-response curve.

It has been observed by others (9, 10) that the dissociation
rate for weakly binding agonists and antagonists of the g-
adrenergic receptor is very fast, and the dissociation rate has
not been measured for epinephrine or metoprolol. Here we have
used rough estimates of the dissociation rates, assuming that
the difference between dissociation constants is assignable to
differences in dissociation rates rather than association rates
[and we have assumed association rates on the order of 10°/
M/min (9-11)]. In the simulations shown in Fig. 4, the precise
values for the dissociation constants are not crucial to the
demonstration of the effects on occupancy of the experimental
conditions; rather, the important factor is that the dissociation
rates for both epinephrine and metoprolol are rapid compared
with that for propranolol. In these simulations, we have used a
t,/2 of 2.5 min for the propranolol-receptor complex, measured
in our laboratory. Measurements of the half-life of the pro-
pranolol-g-adrenergic receptor complex have shown it to be
relatively long (9, 10, 12). Using a different S49 cell clone,
others have estimated a ¢, of 0.7 min (12). Using this value of
t,/2 would alter the simulation in its details, but it would make
no difference to whether receptors can effectively be “insulated”
against agonist occupancy for periods of time that are long
compared with the half-life of epinephrine occupancy and that
result in prolonged occupancy by epinephrine of individual
receptors.

Comparison of experiment to an estimation for mobil-
ity-limited activation. A theoretical maximum adenylate
cyclase activation rate can be calculated for the mobility-
limited case on the basis of the probability of encounter between
receptor and cyclase, for a given number of occupied receptors,
using a diffusion coefficient to characterize receptor mobility
and assuming an efficiency of unity, i.e., every encounter leads
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Fig. 4. Simulations of individual receptor binding to epinephrine for three
conditions: 30 nm epinephrine (control) (A); 10 um epinephrine and 215
nm propranoiol (B), and 10 um epinephrine and 80 um metoprolol (C).
Each receptor is represented as a track in the figure (80 tracks total)
moving through time (0.1 min) from /eft to right ; dark indicates bound to
epinephrine, light indicates unbound or bound to antagonist. In all three
cases, the average occupancy by epinephrine is identical. The simula-
tions (corresponding to conditions for points in the experiments shown
in Figs. 1 and 2) were made using the following constants: epinephrine,
ki = 1.4 . 10%/m/min, K, = 2 um; propranolol, k, = 4 - 10%/m/min, K, =
650 pm; and metoprolol, k, = 4 - 10°/m/min (assumed to be equal to
propranolol), Ks = 240 nm. Simulation step size = 0.0002 min.
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to activation. It is important in this context to distinguish
between “encounter” and “collision.” In the liquid phase in
general, but especially in the confinement of the two-dimen-
sional cell membrane, two molecules that collide with each
other do so a large number of times before diffusing apart; we
call this series of collisions an encounter. The approach to
calculating a limit to mobility-limited activation is based on
the fact that an adenylate cyclase that does not encounter a
receptor-agonist complex cannot be activated. The probability
of an encounter is not greater than the probability of spatial
coincidence of receptor and cyclase on the cell surface, which
can be calculated given the mobility of the receptor in the
membrane.

A theoretical dose-response curve for the mobility-limited
case can be derived with the assumption that switching of
agonist from receptor to receptor cannot occur. An equation is
derived in the Appendix that relates the cyclase activation rate
to the fraction of the cellular surface that is visited per unit
time by n receptor-agonist complexes. A theoretical dose-re-
sponse curve is generated from the equation by calculating the
activation rate for n = 0 to n = N receptors, where N is the
maximum number of the S-adrenergic receptors in the cell.
Thus, when the receptor occupancy is 6, we assume that n =
N0 receptors are occupied by agonist all of the time. The
remaining receptors are assumed to have no bound agonist at
any time and, hence, cannot participate in the activation. The
S49 variant we have been using averages N = 2000 receptors/
cell. For a given concentration of agonist leading to occupancy
0, the number of receptor-agonist complexes is given by n =
2000 x 6.

As demonstrated in Fig. 4, epinephrine switching between
receptors is greatly reduced at high propranolol concentrations.
At the highest concentrations used in those experiments, there
is very little time between successive epinephrine bindings to a
single receptor. Thus, the adenylate cyclase activation rate
should approximate, under those conditions, one with no con-
tribution from agonist switching. Fig. 3 illustrates that the rate
with which a given number of epinephrine-receptor complexes
activate adenylate cyclase is reduced to about 20% of control
when switching is effectively prevented. This is equivalent to

-an increase in the EC;, from 10 nM, determined with all the

receptors freely available (the normal epinephrine dose-re-
sponse curve), to approximately 60 nM. The equation developed
in the Appendix relates the adenylate cyclase activity in terms
of the diffusion coefficient, cell size, and receptor number for
the mobility-limited case. Cell size and receptor number are
known; the diffusion coefficient necessary to account for the
ECs, of 60 nM for the mobility-limited case can, therefore, be
calculated from the model equations. A mobility-limited dose-
response curve calculated by this method is compared with the
“normal” epinephrine dose-response curve in Fig. 5.

Calculation of a mobility-limited curve such as shown in Fig.
5 required a number of input values taken as constants: K; =
2 uM for epinephrine; the inactivation rate constant for aden-
ylate cyclase, k; = 1.4/min; the total number of S49 cell g-
adrenergic receptors, N = 2000; and the diameter of the S49
cell, d = 9 um. The dependence of the calculated curve on these
parameters is illistrated in Fig. 6.

Because the diffusion coefficient (D) of 8-adrenergic recep-
tors has not been measured directly, we back-calculated D from
Eq. 2 in the Appendix. The mobility-limited curve has an ECs,
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Fig. 5. Comparison of binding, response, and calculated mobility-limited
response curves for epinephrine-stimulated S49 cells. A, Experimental
cyclase activity “normal” dose-response curve characterized by ECs, =
10 nm (a) compared with theoretical curve calculated for receptor mobil-
ity-limited case characterized by ECs, = 60 nm (b). Approximately 50%
of the total activity observed at 30 nm epinephrine in the normal dose-
response curve is attributable to switching of epinephrine among the
entire receptor population, as shown by the arrow indicating the range
of the data in Fig. 1 for epinephrine occupancy equivalent to 30 nm
epinephrine. The binding curve characterized by K, = 2 uM is also shown
(c). B, The larger fraction of the total separation (pharmacological shift
ratio) between response and binding curves is largely attributable to the
receptor mobility.

of approximately 60 nM; calculating backward from Eq. 2 gives
the value D = 0.008 um?/sec. This is greater than D for (-
adrenergic receptors in turkey erythrocyte membranes, 0.004
um?/sec, reported by Hanski et al. (13), which was back-calcu-
lated by another means from their cyclase activation data. Both
values for D are somewhat less than the value D = 0.05 um?/sec
measured for insulin and epidermal growth factor receptors
(14). As in the work of Hanski et al. (13), this is due in part to
the generosity of our assumptions for calculating the rate of
activation, in which spatial proximity is equated to an encoun-
ter with a 100% efficiency of activation; a more rigorous treat-
ment, diminishing encounter frequency and efficiency of acti-
vation, would require a higher value for D to account for the
same extent of cyclase activation.

This derivation is an extension of a calculation made by
Swillens and Dumont (15), which showed that mobility of
receptors would not be a limitation in activation in erythrocytes
(d = 11 um) if receptors and cyclase are in equimolar amounts
(1000/cell), when the full number (N) of the receptors are
occupied 100% of the time and D = 0.09 um?/sec. As can be

seen from our calculated activity curve, the present derivation
asserts that this would also be true for the S49 cell using any
reasonable value for D, because at high occupancy the theoret-
ical diffusion-limited curve closely approximates the experi-
mental curve.

Effect of preaddition of antagonist. Careful attention is
necessary in the addition of agonist and antagonist for the
measurements of adenylate cyclase activity, because of the
differences in time required for each to reach binding equilib-
rium. Because the agonist is generally present at a much greater
concentration than the antagonist, simultaneous addition of
the final concentrations of each at the beginning of the assay
would give greater than equilibrium occupancy by agonist at
early times. This would lead to a greater-than-steady state
activation of adenylate cyclase, which would be especially trou-
blesome in 1-min incubations used in these studies. Preaddition
of the antagonist in order to allow steady state antagonist
occupancy before the addition of agonist eliminates this possi-
bility. This option was used in the experiments shown in Figs.
1 and 2. However, preaddition of the full final amount of
antagonist (calculated on the basis of the presence of agonist)
potentially leads to an underestimate of adenylate cyclase ac-
tivity, because the rate at which agonist can bind depends
largely on the dissociation rate for the antagonist. A third
option is the preaddition of a concentration of antagonist
calculated to occupy the fraction of receptors it is to occupy in
the presence of agonist during the assay, followed by an amount
calculated to compensate for the displacement by agonist upon
addition of agonist (“split” addition). This third option virtually
eliminates both problems of agonist overshoot or undershoot.
Theoretical receptor occupancy by epinephrine as a function of
time for these various options and for the experimental condi-
tions can be calculated using an analytical solution to the
equations for competitive binding, as described by Motulsky
and Mahan (12), using the constants given in Fig. 4. Compared
with the control point in these experiments (30 nM epinephrine
alone), a split addition of propranolol (36 nM propranolol at ¢
= —6 min, followed by additions to give 215 nM propranolol
and 10 uM epinephrine at ¢t = 0) leads to epinephrine occupancy
that is >95% of control 1 sec after epinephrine addition. Pread-
dition (215 nM propranolol at ¢ = —6 min, followed by 10 uM
epinephrine at ¢ = 0) leads to epinephrine occupancy that is
>90% of control 10 sec after epinephrine addition. In order to
test the possibility that the observed differences in cAMP
accumulation were due in part to these slight differences in the
time to steady state epinephrine occupancy, experiments were
conducted to compare preaddition with split addition (with
final concentrations of epinephrine = 10 uM, propranolol = 215
nM, equivalent to the last point in Fig. 1), which resulted in no
measurable difference in 1-min cAMP accumulation (data not
shown).

Discussion

The experiments were designed to measure the adenylate
cyclase activation rate for a constant concentration of epineph-
rine-bound receptors, while varying the number of receptors
involved in the activation process. The results demonstrate a
significant difference in activation rate when occupancy of
receptors by epinephrine is restricted to a small number of
receptors rather than being distributed over the entire popula-
tion of receptors. Thus, the adenylate cyclase activation rate is
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Fig. 6. Calculated mobility-limited dose-response curves
for epinephrine stimulation of S49 cell adenylate cyclase,
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not proportional to the concentration of agonist-bound recep-
tors in the case where epinephrine is the agonist. This is an
indication that receptor mobility by itself is insufficient to
account for the wide separation (pharmacological shift ratio)
between epinephrine binding and the epinephrine response
curves. Epinephrine appears to overcome the receptor mobility
limitation by a high frequency of binding.

The detection of the agonist-switching effect depends on a
high efficiency of activation during a receptor-cyclase encoun-
ter; were the probability of activation during a receptor-cyclase
encounter low, there would then be no advantage or observable
effect to accompany high binding frequency. Correspondingly,
this effect might not be detectable under conditions where that
efficiency is significantly reduced. There exists a clear advan-
tage, then, of the use of intact cell preparations over broken
cell preparations. Because the number of receptors in each unit
of the system (i.e., in each cell) is large, there is little risk that
an effective reduction in receptor number might lead to the
situation where cyclase has no access to receptors. This is not
necessarily true in broken cell preparations, where the sizes of
the vesicles that bear the cyclase are generally unknown and
where there may be only a few receptors per vesicle even in the
control preparations. Quite apart from vesicle size, possible
changes in the viscosity of the membrane after vesiculation
might have dominating effects on the activation parameters.

The disadvantages of intact cell use are that adenylate cy-
clase activity measurements are influenced by ongoing hydrol-
ysis of the cCAMP and by desensitization of the adenylate
cyclase during the course of the assay. In the present case,
these are minimized by the use of short assay times, during
which the extents of both hydrolysis and desensitization are
small. In S49 wild type cells, the cAMP accumulation during
the first minute of stimulation and the initial rate of cAMP
synthesis differ by only a few percent (1). The accumulation
data are, therefore, a good estimate for the rate of synthesis of
cAMP by adenylate cyclase. Moreover, it should be noted that
the main conclusion of these studies, that rapid dissociation
and association of agonist from receptors is important, is not
dependent on a strict linear relationship between rate of cAMP

-1

log ([epil) /Kd)

synthesis and cAMP accumulation during 1 min. The demon-
stration that accumulation is less in 1 min is sufficient to show
that cAMP synthesis, and therefore the cyclase activation rate,
has declined.

Experimental evidence for the role of epinephrine binding
frequency forms an extension of the results of Hanski et al.
(13), which dealt explicitly with the relationship between re-
ceptor mobility and the collision coupling model. In their work,
the nonhydrolyzable GTP analogue guanosine 5’-(8,y-im-
ido)triphoshate was used with epinephrine-stimulated turkey
erythrocyte membranes in order to examine the effects of
membrane fluidity on the rate of activation of adenylate cy-
clase. The cyclase activation rate was shown to increase linearly
(up to 20-fold) as a function of the membrane fluidity, using
0.1 mM epinephrine (for which receptor occupancy is nearly
100%). This effect of membrane fluidity on the activation rate
is consistent with the collision coupling model and is an indi-
cation that the activation process is diffusion controlled at high
concentrations of epinephrine. Our results indicate, however,
that this is not true for epinephrine stimulation over the entire
range of the dose-response curve. When receptors are less than
100% occupied, the binding frequency of epinephrine over-
comes the mobility limitation.

The data are not incompatible with the concept that recep-
tors (and cyclase) diffuse freely in the membrane nor with the
idea that one receptor can, within a short space of time, activate
a large number of cyclase moieties. Rather, these presumptions
are strengthened by the data. The data challenge only the
assumption that diffusion alone can account for all of the
pharmacological shift ratio of epinephrine. At the highest con-
centrations of epinephrine and propranolol shown in Fig. 1,
only 1.5% of about 2000 receptors are not bound by propranolol
at any one time and most of the receptors are not available for
epinephrine binding at any time during the assay. Nevertheless,
about 30% of the adenylate cyclase is activated under this
circumstance. This implies that 30 receptors can cover a very
significant fraction of the cell surface during a time period
comparable to the inactivation cycle of adenylate cyclase.

An alternative approach to examining the contribution of
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binding frequency would be to irreversibly block some fraction
of the receptors by pretreatment with an irreversibly binding
B-adrenergic antagonist (16). In principle, using these agents
one could measure occupancy directly rather than rely on
calculations of probabilities that rely on values for K,. There
are, however, a number of drawbacks in practice that limit the
usefulness of such an approach. First, it would be correspond-
ingly more difficult to measure with any accuracy the number
of remaining receptors when the number is brought down to
such low numbers as would be necessary for these experiments.
Second, it would prove difficult using such agents to manipulate
the system so as to consistently bring the receptor level to a
fixed prescribed level. The advantage of our technique is that
we can achieve the effect of reduced receptor number by ma-
nipulation (without, in fact, requiring unreasonable precision
in K, values) of antagonist and agonist concentrations. More-
over, the approach used here also eliminates the need for
potentially damaging additional steps in cell handling before
measurements in cAMP accumulation are made.

Departure from the predictions of the collision coupling
model only becomes large when the effective number of recep-
tors is reduced to less than 10% of its normal value. However,
this situation is not unknown in clinical applications. Propran-
olol is typically given to patients at doses that correspond to
mean body concentrations of over 500 nM, which is sufficient
to occupy over 99% of 8-adrenergic receptors of the type studied
here. Under these circumstances, reduction in response to
agonist will be a great deal larger than that predicted by the
Cheng-Prusoff equation (17). The results obtained with meto-
prolol indicate a potentially important clinical difference as a
result of its high binding frequency relative to propranolol; a
metoprolol-antagonized system would retain greater respon-
siveness to transient changes in agonist concentration. A re-
sponse-producing change in agonist concentration in the pres-
ence of propranolol would need to be comparatively prolonged
and persistent.

The results explain why epinephrine has such a high phar-
macological shift ratio in spite of its relatively low affinity for
the B-adrenergic receptor. Presumably, the conformational
state induced in the g-adrenergic receptor by other agonists
(e.g., isoproterenol) is equally efficient at activating adenylate
cyclase (efficiency being the fraction of collisions that are
successful at activation). Yet the short half-life of the epineph-
rine-g-adrenergic complex (high binding frequency of epineph-
rine) renders epinephrine more efficient at covering the cell
surface without wasting collisions with cyclase that is already
active. The association rate constant for a number of S-adre-
nergic receptor ligands has been estimated to be on the order
of 103/M/min (9-11). Given a K, of 2 uM for epinephrine in
this system, the dissociation rate constant is 200/min, which
gives a t,,, for the bound receptor complex of 0.2 sec. Concom-
itantly, the time required for activation during an encounter
between receptor and cyclase appears to be small, although the
time the receptor and cyclase remain in potentially interactive
proximity may be quite large.

In summary, the results demonstrate that receptor mobility
is not sufficient by itself to account for epinephrine-stimulated
cyclase activity along the entire response curve in the intact
S49 cell. Receptor mobility is nonetheless sufficient to account
for the majority of the separation between the binding and
response curves, i.e., of a 200-fold separation between EC;, and

K, for epinephrine, receptor mobility accounts for approxi-
mately 30-fold of the leftward shift of the activation curve
relative to the binding curve. Epinephrine binding frequency
appears to account for the remainder (a factor of 6) of the
separation. Correspondingly, the phenomenon of switching,
given the high epinephrine binding frequency, contributes at
least 50% to the observed activity for epinephrine stimulation
at concentrations near the ECs,. We, therefore, conclude that
a significant portion (>80%) of the rate of adenylate cyclase
activation by epinephrine may be attributed to switching among
B-adrenergic receptors in this region of the response curve.

A complete model of adenylate cyclase activation will need
to take into account not only the agonist dissociation constant
but also the binding frequency, agonist efficiency, and receptor
mobility. Understanding the relationships between these pa-
rameters and cyclase activity may lend some insight into mech-
anisms of desensitization of the cAMP-generating system that
involve B-adrenergic receptors directly.
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Appendix: Mathematical Model of Activation for
the Receptor Diffusion-Limited Case

Here we derive an expression for the extent of adenylate
cyclase activation for the hypothetical case of n receptors that
are 100% occupied by a completely efficient agonist.

Let receptor mobility be characterized by a diffusion coeffi-
cient D. The average radial distance !/ that a single receptor
moves away from its initial position during time 7 is given by:

| = v4Dr

For sufficiently small 7, the random motion of the receptor
may be treated as having been confined to an area defined by
radius /, which defines a maximum radius of interaction for the
receptor during time 7. This radius defines an area (a) covered
by a receptor in time 7:

= xl? = 4xD~

From the standpoint of a cyclase molecule, the probability of
not encountering this receptor (P,) is at least as the great as
the fraction of the available surface area (the cell surface area,
a..y) that is not covered by the receptor:

Py > (@cen — @)/Gcen
= (xd? — 4xD7)/(xd?)
= (1 — 4D7/d?)

for a cell of diameter d. If there are n such receptors occupied,
the probability of not encountering any one of n occupied
receptors is given by:

P, > (1 — 4D7/d?)"
such that the probability (P,) of an encounter is:
P,<1-P,=1-(1-4Ds/d?)"
If we allow the agonist-bound receptor to be maximally efficient
at cyclase activation, then the probability of an encounter
between agonist-bound receptor and cyclase is equal to the

probability of activation of cyclase. This probability may be
converted to a (maximum) rate constant for activation (k,) by:
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Pi=1-¢*
-1/ In(P, — 1) = =1/7 In(P,)
~1/r In(1 — 4Dr/d?)"
—n/r In(1 — 4D7/d?)

A hypothetical dose-response curve for agonist A can be
calculated using this expression by letting n = N6, where N is
the total number of receptors on a cell and 6 is the fractional
occupancy of the receptors, which is a function of [A]:

N6 = N[A)/([A] + K.)

&
[}

n

such that

k, = —(N6/7)In(1 — 4Dr/d?) (1)
k. = —(N/7)[A)/([A] + Ko)In(1 — 4D7/d?)

Fractional activation ( f) of adenylate cyclase is then calculated
as a mass balance between rates of activation and inactivation,
using k, from Eq. 1:

f=ka/(ka + ki) (2)
which can be compared with the experimental value for f:
f=1[A)/([A] + ECs)

where ECs, = 10 nM for the normal dose-response curve. Note
that the equation for f, including substitutions for k,, is a
hyperbola, as are the usual equations that describe activation
and binding.
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