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SUMMARY

A mathematical analysis is presented of an extension of the collision coupling model for
the regulation of the adenylate cyclase. The analysis assumes that the adenylate cyclase
is switched on by a brief interaction with an agonist-occupied activating receptor. It
remains on until it is switched off either by a brief interaction with an agonist-occupied
deactivating receptor or with a postulated basal deactivating system. Only one species of

agonist . receptor complex accumulates, so that agonist binding conforms to the Langmuir
isotherm. Both the activation step and the deactivation step are regarded as being
irreversible, and the complete on/off cycle requires a source of driving energy from the

cell. The analysis gives an economical account of the relationship between the intrinsic
activity of an agonist (I ) and its pharmacological shift ratio (P) (the ratio of concentra-

tions of the agonist needed for half-maximal occupancy of the receptor and half-maximal
effect on the adenylate cyclase). The dose-response relationships are “normal,” that is,
have the shape of the Langmuir isotherm. Both I and P are shown to be simple functions

of the coupling factor (Fe), which is defmed in terms of the rate constant for the activation
of the adenylate cyclase by the agonist-receptor complex (Kr), the rate constant of the
basal deactivating system (B) and the planar concentration of receptors (R). These

relationships are: F� = K�R/B; I = F�/(F� + 1); P = F� + 1. Two or more agonists acting
on different activating receptors interact to reduce their apparent coupling factors. The
coupling factor for agonists which deactivate the adenylate cyclase (F ‘i.) includes a term
dependent upon the activating agonist being used. The deactivating intrinsic activity (I’)
and pharmacological shift ratio (P’) are related to F’� in the same way as those for
activating agonist. Slowly and rapidly reversing antagonists are demonstrated to have an

effect which is less than their occupancy of the receptor by a factor related to the
pharmacological shift ratio of the agonist used. The trajectory with which the activity of
the adenylate cyclase approaches its equilibrium value after the addition of an agonist is

a complex function, but initially the rate constant of this trajectory exceeds that of the
binding of the agonist to its receptor by a factor related to Fc and the final occupancy of

the receptor. The model is compatible with many of the general features of the control by
multiple receptors of the adenylate cyclase observed in the intact cell. It predicts that

interventions that alter B will increase or decrease the sensitivity of the cell to all agonists
operating on the adenylate cyclase system, and that activating and deactivating agonists
will synergistically accelerate the consumption of driving energy. The model may be
applicable to other pharmacological systems in which the receptors are allozymes, i.e.,

catalysts which are regulated by external stimuli.

INTRODUCTION Each enzyme unit can be regulated simultaneously by
any number of receptors with specificity for a variety of

The mechanism by which pharmacological receptors agonists. (b) The action of these receptors is either to
modulate the activity of a cell’s adenylate cyclase has activate or to deactivate the adenylate cyclase. (c) The
been studied intensively in a number of tissues (1-4). dose response for a given agonist is “normal”; that is, the
This work, together with our own studies (5-8) and those shape of the curve conforms to the Langmuir isotherm.

of others (9, 10) using human blood platelets, suggests (d) Agonists (and antagonists) binding to receptors of
that the following generalities apply to intact cells: (a) intact cells with “normal” kinetics, implying that recep-
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H+RN.GTP GTP

\ �-�---�� Activation

HRN.GTP (HRN)

C C�.GTP

(1)
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I Allozyme is a contraction of allonomous enzyme, i.e., an intracel-

lular catalyst whose action is regulated by an external stimulus.

tors exist predominantly in one affinity state, and altered
affinity forms do not accumulate. (e) The half-maximal

effect of an agonist requires less than half-maximal sat-
uration of its receptors (e.g., refs. 8 and 11-13). (f) The

number of catalytic units which are affected may be more
than the number of receptors occupied by agonists (11).
(g) Occupation of one type of receptor by an agonist does

not influence the affinity of another receptor type for its
corresponding agonist (8). (h) The delay between occu-
pation of a receptor by an agonist and the resultant

change in activity of the adenylate cyclase may be very
short (i.e., less than a few seconds; e.g., ref. 5).

The lack of equality between the occupancy of a re-

ceptor and its effect is clearly not compatible with the
concept ofsignal transmission within a 1:1 stoichiometric

complex of receptors and catalytic units, and suggests
that the catalytic unit and the receptors are inde-
pendently mobile in the membrane (14, 15). Furthermore,
the agonist cannot induce the formation of a persistent
complex between the receptor and the adenylate cyclase,
because analysis of the equilibria of such an induced
complex shows that it would display a higher affinity for
the agonist than do the uncomplexed receptors, which
would give rise to distorted binding curves (Model III of
ref. 16). The transmission of both activating and deacti-
vating pharmacological signals is known to involve a
third component, a guamne nucleotide-binding protein

(“N protein”). In the absence of guamne nucleotides, N-

proteins interact with the receptors and increase their

affinity for agonists (1); in the intact cell with its normal
intracellular concentration of nucleotides it is not clear
whether N-proteins are complexed with the receptors or
with the catalytic unit; they probably do not float freely,

nor are they transferred from receptor to catalytic unit,
since these arrangements can be shown to result in a
distortion of the dose-response curves (17). Thus, if our
generalities are accepted, N-proteins must be more or
less permanently associated with either the catalytic
units or with the receptors.

On the basis of a study of the rate of activation of the
avian erythrocyte adenylate cyclase in the presence of
nonhydrolyzable analogues of GTP and the modulation
of this process by beta-adrenergic receptors, Levitzki and
his colleagues proposed that the enzyme becomes acti-
vated by a brief collision with an agonist-occupied recep-

tor (16). In this paper I examine the mathematical con-
sequences of an extension of this model, the allozyme’

hypothesis.

THE MODEL

It is assumed that the catalytic unit of the adenylate
cyclase is activated by a brief collision with an agonist-

occupied activating receptor and remains active until it
is deactivated either by a brief collision with an agonist-
occupied deactivating receptor or with a postulated basal
deactivating system. The receptor therefore has a cata-
lytic role, which is regulated by the agonist and which
switches the adenylate cyclase between its two stable

states. An energy source is necessary to drive the system,

,,,_.7. �/V�’ Deactivation

H’ + R’N’

FIG. 1. One of many schemes for the activation and deactivation

ofthe adenylate cyclase which satisfy the allozyme hypothesis

The only hormone receptor complexes that accumulate are HRN.

GTP (activating) and H’R’N’ (deactivatir�g). The complexes with the

adenylate cyclase which switch it between the inactive form and the

active form are so short-lived that they do not perturb the binding of

agonists (cf. ref. 18).

and activating and deactivating receptors will accelerate
this energy consumption synergistically.

There are many plausible schemes which satisfy the
postulates of this hypothesis, i.e., that only one species of

agonist. receptor complex accumulates, and that this
complex catalyzes the switching of the adenylate cyclase.
Figure 1 sets out one such scheme derived from that of
Cassel et al. (18).

The model is compatible with all of the generalities
laid out above, and gives rise to a number of predictions

concerning the relationship between the intrinsic activity

of an agonist and the degree of disparity between the
occupancy of a receptor and its effect on the adenylate
cyclase.

ASSUMPTIONS

In the analysis we assume that a receptor reversibly
binds agonists or antagonists to the same single site, and

that the occupation of one receptor has no influence over
the properties of any other receptor. The subsequent
reactions take place in the lipid bilayer at rates propor-
tional to the planar concentrations of the reactants, and
any complexes formed during the course of these reac-

tions are transient and they do not accumulate to a
significant extent. Receptors are inactive unless they are
agonist-occupied. Activating receptors have a negligible
effect on activated adenylate cyclase units. Equally, deac-
tivating receptors have no effect on inactive catalytic
units, so that the system is normally irreversible. The
energy source and the availability of the N-proteins or
other components are not rate-limiting.

MATHEMATICAL ANALYSIS

The rate of activation of the adenylate cyclase is the
product of the concentration of agonist-occupied activat-
ing receptors and the concentration of unactivated ade-

nylate cyclase units:

Vact �‘::-� (C#{176}- CC)
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FIG. 2. Log dose-response plots of the activation of the adenylate

(2) cvclase at different values ofF,

The heaty line is the occupancy of the receptor. Half-maximal

activation is indicated by the point. The value of F� is given to the

right of each curve. If the effect were to be plotted as a fraction of the

effect achieved by a saturating concentration of agonist, a series of

parallel curves would result, displaced to the left of the occupancy

curve.

C*/Co is the fractional activation of the adenylate
cyclase. A plot of this function is shown for various values

(3) of F(. in Fig. 2. Note that when s is high, the activation of
the cyclase reaches a limiting value, given by the contents
of the left parentheses, which we define as the intrinsic
activity of the agonist:

(6)

After addition of an activating agonist, the degree of
activation of the adenylate cyclase will approach a con-
stant value. This is not a thermodynamic equilibrium,
since the reactions are considered to be irreversible, but
a steady state in which there is a continuous consumption
of energy. In this state the velocity of activation and
deactivation are equal, hence the right sides of Eqs. 1
and 3 are equal:

K(.R (C - CC) BC*

1 +
S

Rearranging:

I K(.R \ K.R
CC IB+

I KJ Ks
\ 1+-I 1+-
\ SI S

and:

I K�
B( 1 + -

C1� \ �

�;= K(.R

F K�R
( B

(7)

Substituting: i

and

K,

C’� i+��:

�= F�

Inverting:

+
s(F,. + 1)

CC I F \/ 1

C#{176}�F�+1I( _____
\ /\1+ s(F�. + 1)

(5) (10)
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where K� is a rate constant, R is the planar concentration
of activating receptors, C and C* are, respectively, the
planar concentration of adenylate cyclase units and the

concentration of those that are activated. The denomi-
nator 1 + (K�/s) is from the Langmuir isotherm (19),
where K� and s are the dissociation constant for the

agonist and the concentration of free agonist, respec-
tively.

Similarly, the rate of deactivation is the sum of the
activity of the deactivating receptor and the basal deac-
tivating system:

V(Je��(. ( K’, R � B� C�’

\1+� /

where K, and i are the dissociation constant and concen-
tration of the deactivating agonist.

Activating receptors. Let us first consider the situation
in which no deactivating agonist is present, that is i = 0.

Equation 2 simplifies to:

V dcL( BC*

1=
F( + 1

The right parentheses of Eq. 5 contain a form of the
Langmuir isotherm and therefore describe the usual sat-
uration curve, with half-maximal activation when s(F(.
+ 1) = K�. Thus the concentration for half-maximal effect
is given by K�/(F� + 1).

When the degree of occupation of the receptor is
plotted versus the logarithm of the agonist concentration,

a sigmoid curve results; if the degree of activation of the
adenylate cyclase is expressed as a ratio of the maximal
activation possible with that agonist (i.e., the right pa-
rentheses of Eq. 5) and plotted on the same axis, a
parallel sigmoid is obtained, shifted to a lower concentra-
tion by the ratio F� + 1. We define this ratio as the
pharmacological shift ratio.

P = F� + 1

Thus for any agonist we can write a relationship between
its intrinsic activity and its pharmacological shift ratio
(from Eqs. 6 and 7):

At this point we define a term, the coupling factor, F� 1

1= =1---
Fe+1 P

(4)

(8)

P=i_I (9)

Relationship between occupancy and effect. It is also
of interest to derive the relationship between the occu-
pancy of a receptor by the agonist and its effect on the
cyclase, since both can be observed experimentally. The
occupancy is given by the isotherm:

o=1�
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CC

C#{176}

(F�

�\ Fc+ 1

0/c.

/
-1/Fc 0 0 1

Fc(E0)/(00E) (13) IT -1,� _Q/”Cact deac

Hence:

Note that both E and 0 are normalized, that is, 0 is the
fraction of receptors occupied and E is the activity of the

cyclase expressed as a fraction of the maximal activity
obtained with the saturating concentration of the agonist.
If the latter is in doubt, as it may be if the agonist has
more than one action or when intact cells are used, then
a derivation of Eq. 11 may be more useful:

C*FC + CC/0 = C#{176}FC (14)

or:

CC/0 = C#{176}FC C*FC (15)

Thus a plot of CC/0 against CC yields a straight line with
slope Fc and with intercepts of FCC#{176}and C#{176};C#{176}is thus
determined experimentally. Two other plots can be used
with these data:

1/CC 1/C0 + 1/0F�C#{176} (16)

plotting 1/CC versus 1/0 and:

0/CC = 0/C#{176} + 1/FeC#{176} (17)

plotting 0/CC versus 0.

The plot based on Eq. 17 would appear to be the most
manageable, especially when F� is not too far removed
from unity. It is illustrated in Fig. 3. When F� is high, the
most useful data are obtained at low occupancy, and the
plot may be truncated. If accurate measurement of oc-

cupancy in this range cannot be obtained, then normal-
ized occupancy data and effect data can be plotted on

At steady state,

Therefore:

S

or:

K�R CC

� I K5\C�_CC
B(1+-

\ S

But for each receptor - agonist pair:

K�R � F(.0 (from Eqs. 4 and 10)

B(1+-�
\ S

from which we can show that the degree of activation of

the adenylate cyclase:

C* >�FC0 (18)

C#{176} >FCO + 1

We can also compute the effect of the occupation of
one receptor (x) on the normalized responsiveness of the

cell to a second activating agonist acting on another
receptor (y). If we use X and Y to denote the product
F.0 for the x and y receptors, respectively, then the
activation of the adenylate cyclase in the presence of the
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from which:

ICS_1-0

5 0

Substituting this in Eq. 5 gives the fractional activation

of the cyclase:

F�0

F�0+1

(1 1-0 )1�0(F�+1)/ (11)

The effect of an agonist at a certain degree of satura-
tion of the receptor can also be expressed as a fraction of

the maximal effect possible with that agonist, that is, a

fraction (E) ofthe intrinsic activity. This can be obtained
by substituting (1 - 0)/0 for K5/s in the right parenthe-
sesofEq. 5:

E- � FcO+0
- 1-0 F�0+1

1 + � (F� + 1)

This equation can be rewritten in a suitable form to

derive F� from experimental data. Thus:

EFcO+EFcO+0

FIG. 3. Plot to derive the value of the coupling factor (F,) from

measurements of the occupancy (0) of a receptor by an agonist and

the rate of cyclic AMP generation (CS) according to Eq. 17

Maneuvers which alter the value of F, result in a series of parallel

lines. Maneuvers which change the maximal rate of cyclic AMP pro-

duction, such as destruction of catalytic units, will give rise to a series

of lines with a common intercept on the horizontal axis. Nonlinear plots

will result if the agonist acts on more than one receptor type.

the same log dose-response plot. F� can then be deter-
mined using Eq. 7.

(12) Interaction between activating receptors. The effect
of exposing the cell to more than one activating agonist,

each acting on its own receptor, can be computed by
summing the contribution of each receptor . agonist pair
to the rate of activation of the adenylate cyclase:

Vact � . (C#{176}- CC)

�1I�1c� . (C#{176}- CC) BCC
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respective agonists can be written as follows: the occupied receptor:

Y

B)C�

where C’ is the concentration of activated adenylate
cyclase in the presence of the deactivating agonist at
concentration i. The rate of activation is given by:

CC C’� - C0”_X + Y X_‘\ Vact (C#{176} C’)Q5(x.y) (x) �x + y + i x + i) At steady state:

1-,o /‘C i-tO I x ‘\ _,..,� 1 Vact Vdeac
t_. - ‘-, (x) ‘- I 1 - i -

\\ X + 1) X + 1 Therefore:

Thus the normalized fractional effect of the occupation
of receptor y is given by:

(�VC _j�vC
‘-, (x,y) (x)

I-,o f�C but:
‘-, - ‘-. (x)

QSC#{176} = CC(QS + B)(from Eq. 20)

(19) Therefore:

______ CC K�R’
-=1+ (21)
C I K1

which may be written in the form: �5 � B)� + T
�(__i__‘\ If we define a deactivating coupling factor,

\%X + 1) _____

fi\
Y( 1+1

\,X + 1)

and compared with Eq. 11. _____

It is apparent that the observed value of FcO for y is
decreased by a factor equal to the (initial) value of F�0
+ 1 for x. Since the occupancy of receptor y is unaffected
by occupation of receptor x, then this change is due to from which we can show that the fractional inhibition of

an apparent decrease in the value of Fc for y. Note that the adenylate cyclase caused by an agonist for the deac-
this effect is symmetrical-the observed value of F� for tivating receptor:
x is also reduced by the presence of agonist y. CC C’ I F’ \ i � \

Deactivating receptors. We can derive expressions for C = ( � C � \ (22)
the effect of receptors that deactivate the adenylate C \F� + 1/� � � K1

cyclase in the same way as for activating receptors. For \ i(F� + 1)
simplicity we rewrite Eq. 1 as follows: . . . . .

which is once again a formulation of the Langmuir iso-
Vact (C#{176}- C C)Q therm. The maximal possible degree of inhibition, or the

1� intrinsic activity of the agonist, is given by the leftw��ere parentheses:

K�R

Q51+� (23)

In the absence of a deactivating agonist and at steady
state: (24)

‘7 - n C 1? _ IT Note that these relationships are identical with those for
V deac �../ .I_� - V act . .

agonists which activate the cyclase (Eqs. 6 and 7).
Therefore: Effect of irreversible or slowly dissociating antago-

Q C#{176}= C C(D + B) (20) nists. If the cell is preincubated with an agent that blocks
S ‘� S the action of the agonist on the receptor, either by

In the presence of an inhibitory agonist, the rate of occupying the binding site or otherwise, the effect is to
deactivation is the sum of the basal rate and that due to reduce the concentration of available receptors. We con-
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CC(x) C#{176}� (cf. Eq. 11)
x+ 1

Y
C�) = �

Y+1

x+Y
CC(x.y) C1� (from Eq. 18)

x+ Y+ 1

I X+y___X_�(X+1)

=�x+Y+1 x+1J

=x+ y+ 1

Vdeac ( K,

\1+-
\ i

C’ QKCR \

(. 1+- 1K1�� =Q5C#{176}
i I

this equation becomes:

I K�R’
Fc=QB

CC

-�7=1+ K1

1 + -

I, =____
F� + 1

and the pharmacological shift ratio is:

P’ = F� + 1
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-+1
Ka

(25)

Substituting from Eq. 26 and simplifying:

PPa 1 29

P_ K0 ()
1+-

a

which is the equation for the occupancy of the receptor

by antagonist. Thus for agonists with a high pharmaco-
logical shift ratio, this ratio is reduced approximately
proportionally to the occupancy of the receptor by h-re-
versible antagonist.

We can display these results graphically in a fashion
analogous to that used by Dixon (20). The occupancy of
the receptor by agonist in the presence of an irreversible
antagonist is given by:

/1 1

0a�iKs �+1

5 Ka

(multiplication of Eqs. 10 and 25)

(26) Substituting this in Eq. 11 and inverting gives:

I K8\fa
F� + I 1 + - II - + 1

C#{176} \ 5J\Ka
�;:;- = (30)

Thus a plot of 1/Ca versus a gives a straight line for any
value of s. Note that when a = ��Ka , Ca C#{176}50 that the
lines intersect at each other at a = �Ka and 1/C0 =

1/C0. The slopes of the lines are

1 1 K8

C0KaFC � 7
with intercepts on the vertical axis (i.e., a = 0) of

1 1 K8

� + � � C#{176}sF�

(Fig. 4).

Effect of competitive antagonists. When a receptor is
allowed to equilibrate with an agonist and a competitive
antagonist, then the occupancy by the agonist is given

Comp.titIvI

1 /C� /

-K. a

FIG. 4. Dixon plots of competitive and noncompetitive antagonism

The lowest of the three lines is the result at a saturating concentra-

tion of agonist. Note that, when a noncompetitive antagonist is used,

both K(, and C can be derived from this plot. The equations of the

intercepts and slopes are given in the text.

(27)

Non-comp#{149}t$tIV#{149}

When Fc is high, Fc + 1 - Fc and therefore:

-ka a
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sider the case in which an antagonist at concentration a
slowly equilibrates with the receptor with the dissocia-
tion constant Ka . When equilibrium is achieved, the
functioning of the adenylate cyclase is measured during
exposure to the agonist for a brief period in which it is
assumed that the dissociation of the agonist is negligible.

At equilibration with the antagonist, the proportion of

receptors stifi available to the agonist is given by:

R#{176}

RaR#{176}

1+�
a

where R#{176}is the initial concentration of receptors. There-
fore:

Ra

R#{176} a

The value of the coupling factor in the presence of the

antagonist, Fca , changes by the same ratio, since Fc is
directly proportional to the number of available recep-
tors:

F ca
a

-+1
KaThe intrinsic activity after equilibration with the antag-

onist is given by:

Ia Fca-4- 1 (from Eq. 6)

Substituting the value for Fca from Eq. 26 and simplify-
ing:

ta

F� + :� �

Thus the degree of inhibition of the intrinsic activity of

the agonist due to the antagonist is given by:

-:; a Ka(Fc + 1) (From Eqs. 27 and 6) (28)

1+
a

which is a form of the Langmuir isotherm. Note that in
this case the effect of the noncompetitive antagonist is
less than its occupancy of the receptor, but by the same
pharmacological shift ratio, F� + 1, as the effect of the
agonist exceeds the occupancy.

Similarly, we can compute that the fractional reduction
in the pharmacological shift ratio:

PPa Fca+1 FcFca
=1- = (fromEq.7)

P F�+1 F�+1

PPaFcFca

P �
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by:

(31)

(34)

whereas

Okt

but

and

1

Substituting and simplifying:

CC_Ca ___
CC � KafS(Fc. + 1)

1+-I +1
a\ K8

This is a form of the Langmuir isotherm, and half-

. . . . . fs(F� + 1)
maximal inhibition occurs when a = K0 + 1

586 DONALD E. MACFARLANE

Oa � (cf. Eq. 18 of ref. 21)
K81 a

1 + -1 - + 1
S \Ka

Increasing the value of s can always compensate for
increases in a, and at high concentrations of s, Oa ap-
proaches unity. Thus the intrinsic activity of an agonist
is not changed by the presence of a competitive antago-

nist. We can display the activity of the cyclase by graph-
ical methods analogous to those used above. Substituting
the value of Oa in Eq. 11 and inverting gives:

K�i a

F�+1+-( +i)

C#{176} 5\Ka

Ca F�

Thus a plot of the reciprocal of the activity versus the

antagonist concentration yields straight lines for any
value of s. Note that in this case when a = �Ka , C#{176}/Ca

takes on the value (F� + 1)/Fc, SO that as before the lines
intersect at a = Ka . The slopes of the lines are K8/
(SFcKa) and the intercepts on the vertical axis are given
by 1 + 1/Fe + K8/sF�. When s is large, the slope ap-
proaches zero (Fig. 4).

The degree of inhibition of the cyclase by a competitive

antagonist at a fixed concentration of an agonist can be
computed as follows:
In the absence of the antagonist:

CC F�0

C#{176}F�0+ 1 (fromEq. 11)

and in the presence of antagonist:

Ca FcOa

C#{176} FcOa+1

Therefore the degree of inhibition:

1 1

C�’�Ca0a �

CC 1
Fc +

1 K8
-=1+-
0 5

1 K8/a )
o- = � � -( - + 1a 5�Ka

Note that this value is higher than that for half.maximal
occupancy.

Approach to equilibrium. So far we have considered

only the effects of receptors on the activity of the ade-
nylate cyclase at a time when receptors have equilibrated
with their ligands and the rate of activation of the ade-
nylate cyclase has equaled the rate of deactivation. Some
preparations of tissues bearing on adenylate cyclase re-
spond slowly after addition of an agonist, even when
sufficient agonist is added to saturate the receptor rap-
idly. However, in other tissues the response of the ade-
nylate cyclase is fast compared with the time it takes for
the agonist to bind. In this case we can compute the
trajectory of the adenylate cyclase to the steady state.

The occupancy of the receptor at time t is given by 0�
= 0(1 - e�”t) where k is given by sk1 + k1 (Eq. 10 of ref.
21). When t is small, then 0� - Ok!. Ifwe assume that the

adenylate cyclase response is rapid compared with the
binding of an agonist, then the fractional activation at

time t is given by:

1

C ____
� = 1 (by analogy with Eq. 12)

F� +

When t is small, we can use the approximation used
above for Ot, and also assume that 1/0, is large compared
withF�.

Initially, therefore

1
Fc+

C, 0
(Ff0 + 1)kt (35)

ot
�kt

Thus the model predicts that the activity of the ade-

(32) nylate cyclase can approach its equilibrium value faster

than does the binding of the agonist to the receptor.
When s is high, the ratio of these initial rates of activation
ar’(l binding will approach a value of Fc + 1; when s is
amall the two trajectories will be similar. This effect is
illustrated in Fig. 5, in which the values of s and Fc are
chosen to give values of final occupancy and effect equal
to 50%.

Similar discrepancies occur between the rate of binding
of antagonists to the receptor and the development of

their ability to inhibit the action of an agonist. The onset
of antagonism is slower than the rate of binding, and the
offset of competitive antagonism (revealed by the addi-

(33) tion of an excess of agonist) is faster than the dissociation
of the antagonist from the receptor. These trajectories
are complex functions and will not give straight lines on
semilogarithmic progress plots.

DISCUSSION

The approach I have adopted in the mathematical
analysis leads to somewhat simpler equations than does
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FIG. 5. Time course of approach to steady-state levels

The agonist is added at time zero, at a concentration equal to its

dissociation constant. The occupancy therefore approaches 50% expo-

nentially; 0 = 0.5 (1 - e�’), where k is arbitrarily set to unity. The

effect is computed from the occupancy using Eq. 11. F� is set equal to

2, 80 that the effect also tends to 50% activation of the adenylate
cyclase. In this example, the initial rate of adenylate cyclase activation

is twice the rate of receptor occupancy. The trajectory of the effect is

not exponential.

the more usual analysis of equilibria from kinetic con-

stants. This simplification arises from our assumption
that the catalytic events leading to activation or deacti-
vation can be considered to be irreversible; i.e., the rates
of the reverse reactions are insignificant compared with

the rates of the forward reactions. This approach is
intuitively justified for the cycle as a whole by consider-
ing the improbability of reversing the cycle in Fig. 1 and
generating GTP from GDP.

We have also assumed that the interactions between
the agonist . receptor complexes and the catalytic unit are
so brief that they do not significantly perturb the binding

of the agonist to the receptor. The binding curves are
therefore normal; that is, they conform to the Langmuir
isotherm and give straight Scatchard plots.

The mathematical analysis shows that in all cases the
concentration dependence of the effect of an agonist on
adenylate cyclase is also normal, and when the observed
values are scaled between the maximal and minimal

effects they wifi give straight lines on double reciprocal
plots, etc. However, the concentration of agonist required
for half-maximal effect is always less than the concentra-

tion required for half-maximal binding. To put it another
way, the fractional effect of an agonist always exceeds its

fractional occupancy of the receptor. I suggest the term
pharmacological shift ratio (P) to denote the ratio be-
tween the concentrations of agonist giving half-maximal
occupany and half-maximal effect.

Saturating concentrations of agonists do not activate
(or deactive) all of the available adenylate cyclase cata-
lytic units, and the term intrinsic activity (I) is defined
as the proportion of catalytic units that are switched on

(or off) when the receptors are saturated with a particular
agonist.

The effects of a receptor . agonist combination on the
adenylate cyclase is described in terms of a coupling
factor (Fe), which can take any positive value and is
numerically equal to the empirical term “efficacy” used
by Stephenson (22). The coupling factor is directly re-
lated to the planar concentration of receptors and to a

rate constant (K�.) which would appear to be a function
of membrane fluidity and the properties of the agonist

(for antagonists, its value is zero). The coupling factors
of all of the receptors on the cell are decreased by

increasing the rate constant of the basal deactivating
system (B). If this system is disabled, the adenylate
cyclase will become exquisitely sensitive to both activat-
ing and deactivating receptors. B corresponds to the k�ff

determined experimentally by Cassel et al. (18).

The coupling factor, intrinsic activity, and pharmaco-

logical shift ratio are related to each other mathemati-
cally. When the coupling factor is zero, the intrinsic

activity is zero and the pharmacological shift ratio is 1.

As the coupling factor increases, so does the pharmaco-

logical shift ratio, and the intrinsic activity tends toward

unity. The value of F� can be determined experimentally

by simultaneously observing the occupancy of a receptor

by an agonist and the effect of the agonist on the ade-
nylate cyclase, and three graphical methods are given for
processing the data. One of these (Eq. 15) was used by
Homburger et al. (Fig. 8b of ref. 13) to determine a

function equivalent to the coupling factor.
The significance of the coupling factor for deactivating

receptors is the same as that for activating receptors, but
since the deactivating receptors oppose the action of the
activating receptors, the value of the deactivating cou-
pling factor decreases as the degree of stimulation of the

adenylate cyclase by the activating receptor increases. A
similar effect occurs when a mixture of agonists acting
on more than one type of activating receptors is added;
the resultant effect is rather less than expected by simple
addition, and occupation of one activating receptor will

reduce the apparent coupling factor of a second activat-
ing receptor.

The effect of competitive antagonists is relatively
straightforward, since they cause a parallel shift m the
dose response of the agonist to the right, but their phar-
macological effect is less than their occupancy of the
receptor by a function of the pharmacological shift ratio
of the agonist being used. Their true affinity for the
receptor can be determined by Dixon’s graphical method
(20). Irreversible (and slowly reversing) antagonists pro-

duce effects similar to those of a mixed inhibitor in
enzyme kinetics, reducing both the apparent intrinsic
activity and pharmacological shift ratio of the agonist
being used. Their affinity constants can also be obtained
by Dixon’s plot.

The trajectory with which the activity of the adenylate
cyclase approaches its final value after the addition of an

agonist is complex. If the agonist equilibrates slowly with
its receptor, the rate constant of the activation trajectory
is actually faster than the rate constant for binding,
especially at high agonist concentrations. The trajectory

falls somewhere between exponential and hyperbolic, and
is not analyzed in detail here. Nevertheless, much of the
trajectory data accounted for by the matrix coupling
model of Bergman and Hechter (23) would appear to be
equally explicable by the hypothesis considered here.

The allozyme hypothesis is compatible with all of the

generalities set out in the Introduction, and the analysis
of the hypothesis generates a number of predictions
about the behavior of the adenylate cyclase. In some
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tissue preparations it may be possible to obtain data K�, K’c: Rate constant of receptor action on the

accurate enough to test these predictions, but in many adenylate cyclase (time�, receptor con-

cases the data may be confounded by a non-uniform centration’)
distribution of receptor density (which would flatten B:
dose-response curves) and the existence of more than
one receptor for a given agonist which may have opposing Q8:
actions. Whether or not the hypothesis is applicable to
the adenylate cyclase depends upon the detailed eluci-
dation of the mechanism of action of the receptors and
the demonstration that they act catalytically to activate
or deactivate the adenylase cyclase.

Although we have derived the equations in terms of

the adenylate cyclase, the hypothesis in general can be
applied to any pharmacological system in which only one
form of the agonist . receptor complex accumulates, and
when this complex acts catalytically to alter the state of

its target enzyme or membrane pore.
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APPENDIX

Table of Symbols

Concentrations.
S, i, a : Volumetric concentration of activating

agonist, deactivating agonist, and antag-
onist

K8, K1, Ka: The corresponding dissociation constants
R, R ‘: Planar concentration of activating and

deactivating receptors (e.g., number per
square micrometer or per cell)

Ct�, C C , Planar concentration of adenylate cyclase
C’, Ca: catalytic units: total, activated in the

presence of activating agonist, activated
in the presence of deactivating agonist,

and activated in the presence of antago-
nist; can be expressed in terms of activity

Unitless terms. The prime superscript (‘) indicates
deactivating receptor, a subscript indicates result in the

presence of antagonist.

F�: Coupling factor = RKC/B for activating
agonists; see section on deactivating re-
ceptors for definition of F’�

0: Occupancy: fractional occupancy of recep-
tor by agonist

I: Intrinsic activity: fraction of catalytic units
influenced when receptor is saturated by

agonist = F�/(F� + 1)
E : Fractional effect: the effect of a concentra-

tion of agonist expressed as a fraction of
its intrinsic activity

P: Pharmacological shift ratio: ratio between
concentration of agonist for half-maxi-
mal occupancy and half-maximal effect
= F� + 1

Rates.
Vact, Vdeac: Rate of activation and deactivation of ad-

enylate cyclase catalytic units (planar
concentration, time ‘)
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Rate constant of basal deactivating system
(time’)

Rate constant of activating receptor, used
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REFERENCES

1. Rodbell, M. The role of hormone receptors and GTP-regulatory proteins in
membrane transduction. Nature (Lond.) 284:17-22 (1980).

2. Limbird, L. E. Activation and attenuation of adenylate cyclase. Biochem. J.
195:1-13 (1981).

3. Ross, E. M., and A. G. Gilman. Biochemical properties of hormone-sensitive
adenylate cyclase. Annu. Rev. Biochem. 49:533-564 (1980).

4. Jakobs, K. H., and G. Schultz. Action of hormones and neurotransmitters at
the plama membrane: inhibition of the adenylate cyclase. Trends P/tans.
Sci. 12:331-333 (1980).

5. Macfarlane, D. E., and D. C. B. Mills. Inhibition by ADP of prostagiandin
induced accumulation of cyclic AMP in intact human platelets. J. Cyclic
NucleotideRes. 7:1-11 (1981).

6. Macfarlane, D. E., D. C. B. Mills, and P. C. Srivastava. Binding of [$-2Pj2-
azido ADP to the receptor on intact human blood platelets which inhibits
adenylate cyclase. Biochemistry 21:544-549 (1982).

7. Macfarlane, D. E., B. L. Wright, and D. C. Stump. Use of [methyl-’H]
yohimbine as a radioligand for aipha-2 adrenoreceptors on intact platelets:
comparison with dihydroergocryptine. Thromb. Res. 24:31-43 (1981).

8. Macfarlane, D. E., and D. C. Stump. Parallel observation of the occupancy of

the alpha,-adrenergic receptor in intact platelets and its ability to inhibit the

adenylate cyclase. Mol. Pharmacol. 22:574-579 (1982).

9. Mills, D. C. B. Cyclic nucleotides in blood platelets, in Handbook of Experi-
mental Pharmacology, Vol. 56, Part 2, 723-761 (1982).

10. Haslam, R. J., M. M. L. Davidson, T. Davies, J. A. Lynham, and M. D.
McClenaghan. Regulation of blood platelet function by cyclic nucleotides.
Adu. Cyclic Nucleotide Res. 9:533-552 (1978).

11. Terasaki, W. L., and G. Brooker. [‘25I]Iodohydroxybenzylpindolol binding
sites on intact rat glioma cells: evidence for fl-adrenergic receptors of high
coupling efficiency. J. Biol. Chem. 253:5418-5425 (1978).

12. Insel, P. A., and L. M. Stoolman. Radioligand binding to beta-adrenergic

receptors of intact cultured 849 cells. Mol. Phannacol. 14:549-561 (1978).

13. Homburger, V., M. Lucas, B. Cantau, J. Barabe, J. Penit, and J. Bockaert.
Further evidence that desensitisation of $-adrenergic-sensitive adenylate
cyclase proceeds in two steps: modification of the coupling and loss of fJ-
adrenergic receptors. J. Biol. C/tern. 255:10436-10444 (1980).

14. DeHaen, C. The non-stoichiometric floating receptor model for hormone
sensitive adenylate cyclase. J. Theor. Biol. 58:383-400 (1976).

15. Bennett, V., E. O’Keefe, and P. Cuatrecasas. The mechanism of action of
cholera toxin and the mobile theory of hormone-receptor-adenylate cyclase
interactions. Proc. Nat!. Acad. Sci. 72:33-37 (1975).

16. Tolkovsky, A. M., and A. Levitzki. Mode ofcoupling between the f�-adrenergic
receptor and adenylate cyclase in turkey erythrocytes. Biochemistry 17:3795-

3810 (1978).

17. Tolkovsky, A. M., and A. Levitzki. Theories and predictions of models

describing sequential interactions between the receptor, the GTP regulatory
unit and the catalytic unit of hormone dependent adenylate cyclases. J.
(�yclic Nucleotide Re.s. 7:139-150 (1981).

18. Cassel, D., H. Levkovitz, and Z. Selinger. The regulatory GTPase cycle of

turkey erythrocyte adenylate cyclase. J. Cyclic Nucleotide Res. 3:393-406

(1977).

19. Langmuir, I. The constitution and fundamental properties of solids and
liquids. Part I. Solids. J. Am. C/tern. Soc. 33:2221-2295 (1916).

20. Dixon, M. The determination of enzyme inhibitor constants. Biochem. J.

55:170-171 (1953).
21. Waud, D. R. Pharmacological receptors. Pharmacol. Rev. 20:49-88 (1968).

22. Stephenson, R. P. A modification of receptor theory. Br. J. Pharmacol.
11:379-393 (1956).

23. Bergman, R. N., and 0. Hechter. Neurohypophyseal hormone-responsive
renal adenylate cyclase. IV. A random-hit matrix model for coupling in a

hormone-sensitive adenylate cyclase system. J. Biol. Chem. 253:3238-3250

(1978).

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



