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1. Introduction

In a study of B-adrenergic-sensitive adenylate
cyclase in €4 glioma cells [1] we described the coupling
function, i.e., the function relating receptor occupancy
by an agonist and adenylate cyclase activation. We

showed that this function is of Michaelis-Menten type.

A coupling constant K was defined representing the
apparent affinity of the hormone—receptor complex
(HR) for the adenylate cyclase (E). Different models
have been proposed to explain the adenylate cyclase
activation by an agonist: the properties of the collision
coupling model in [2] agree with our data. Thus the
adenylate cyclase activation model we proposed for
C¢ glioma cells is the following:

—n
H+R = HR+E— (HRE)-> HR + E*
Kd LN 7
koff

where H is the 8-adrenergic agonist, R the -adrenergic
receptor, E and E* are the inactive and the active
forms of adenylate cyclase, respectively. These forms
had been proposed as corresponding to an association
with a nucleotide regulatory protein binding either
GDP (E) or GTP (E*) [3]. (HRE) s a very transient
complex, k, the rate activation constant of adenylate
cyclase and k i the rate constant of enzyme deactiva-
tion.

There is now considerable evidence that the deacti-
vation is due to hydrolysis of GTP to GDP by a GTPase
associated with the adenylate cyclase [3].

From this model, it can be seen that the coupling
function is given by:
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(HR]
E*=Fp —— )
(kogelk,) + [HR]

where E'p is the maximal theoretical adenylate cyclase
activity obtained when all the enzyme is in active
state. The apparent affinity of the hormone—receptor
complex (HR) for the adenylate cyclase was defined
in this model as the coupling constant K, equal to
koK,

This was designed to verify the validity of the above
collision coupling model by comparing the K-values
of the coupling constant obtained at equilibrium and
those obtained by measuring k ¢rand k.

We have shown that desensitization of C¢ glioma
cells by a f-adrenergic agonist altered the coupling
constant [1]. Such alteration might be due to a change
in either the adenylate cyclase rate activation constant
(k,) or its rate deactivation constant (k) or in both
constants. That means modification of either the
turn-on or the turn-off reaction of adenylate cyclase.
The second aim of this study was therefore to measure
the value of k, and & in a desensitized system. A
change in either parameter would imply different
molecular mechanisms.

2. Materials and methods

Culture of Cg glioma cells, preparation of particu-
late fractions and measurement of [*H]DHA binding
and adenylate cyclase activity were all performed as
in [4]. [*H]DHA binding and adenylate cyclase activ-
ities were determined under strictly identical condi-
tions.
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2.1. Determination of the rate constant of adenylate
cyclase deactivation ( koff)

The rate constant of adenylate cyclase deactivation
was measured by the decline of f-adrenergic-stimulated
adenylate cyclase activity after adding an excess of
the antagonist propranolol according to [3]. The
extrapolation of the cAMP decay curve plateau
obtained with propranolol intersects the line obtained
for cAMP production by the uninhibited enzyme at
a time point equivalent to the reciprocal of k.

2.2. Determination of the rate constant for adenylate
cyclase activation
The cAMP accumulation by agonist-stimulated
adenylate cyclase as a function of time has been
described in [5]. The intercept of the linear portion
of the obtained curve with the abscissa gives the value:

1 1
T=4_= [
ka[RT] t koff kobs

When experiments were performed in the presence of
Gpp(NH)p, propranolol did not inhibit the activated
enzyme [6,7], thus, the deactivation constant, kg,
was equal to zero and 1/k, = 1/k,[Ry]. To deter-
mine 7, we performed linear regression analysis of the
linear portion of the cAMP production curve. The
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standard error for 7 was calculated by dividing the
standard error for y (S y.x/Vn) by the value of

the regression line slope [8]. 7-Values were compared
by Student’s z-test.

3. Results

3.1. Coupling function characteristics of 2 full agonists
in Cq glioma cells

Isoproterenol and epinephrine gave the same maxi-
mal adenylate cyclase stimulations (£* ,,, was identi-
cal) but displayed different app. K, -values (4 X 1078 M
and 5.6 X 1077 M, respectively) (fig.1A). Both dose—
activation curves were Michaelis-Menten functions of
the free agonist concentration since the Hofstee plots
of these curves were linear (not shown). The curves
for displacement of [*H] DHA binding by isoproterenol
and epinephrine, respectively, indicated that both
these agonists interacted with all -adrenergic recep-
tors [4] and that agonist binding exhibited no coop-
erativity (Hill coefficient close to 1, fig.1B). The
respective K4 of isoproterenol and epinephrine for
the B-adrenergic receptors were 1.7 X 10~7 M and
22X 107 M.

In fig.1C an Eadie-Scatchard plot of the coupling
function was obtained with isoproterenol and epineph-
rine, where [RH] is normalized to [Rp] and E*, to

. Ry
T
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Fig.1. Characteristics of the coupling function of 2 full agonists in C, glioma cells: () (=)isoproterenol; (4) (—)epinephrine. (A)
Dose—response curves for adenylate cyclase activation by isoproterenol and epinephrine: E* = adenylate cyclase activity minus
basal activity (0.07 nmol cAMP . 5 min~!. mg protein~'); app. K, isoproterenol = 4.0 X 10-® M; app. K, epinephrine = 5.6 X
10-7 M; cAMP accumulation was measured 8—13 min after starting incubation. (B) Hill piots for displacement of [*H]DHA by
agonists in C, glioma cells. [*’H]DHA concentration 15.3 nM, K4 [*H]DHA = 3.1 X 10-° M; B = specific [*°H]DHA binding,
Bhax = 0.5 pmol/mg protein, K3 was 1.7 X 107 M and 2.2. X 10-% M for isoproterenol and epinephrine, respectively. Measure-
ments were performed 10 min after the beginning of incubation. (C) Eadie-Scatchard plot of the function relating receptor occu-
pancy to adenylate cyclase activation. Data are taken from the experiments (A,B): E* = adenylate cyclase activity minus basal
activity (percent of E* - .); E* .+ = maximal minus basal adenylate cyclase activity (fig.1A); HR/RT = fractional receptor occu-
pancy by isoproterenol (e ) calculated taking K4 = 1.7 X 10-7 M, or by epinephrine (A——a), calculated taking K3 = 2.2 X
107¢ M; K = apparent affinity of the agonist—receptor complex for the enzyme; E* = theoretical maximal adenylate cyclase
activity.
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E* .- The slope of the line obtained allows calcula-
tion of the coupling constant K, expressed in relation
to [Rt]. Note that, since these reactions occurred
within membranes of unknown volume, it was impos-
sible to ascertain the absolute values of K and Ry.

Despite their differences in app. K, and K4, both
isoproterenol and epinephrine exhibited the same
coupling function (fig.1C). The maximal theoretical
adenylate cyclase activation (E'p) and the coupling
constant (K) were identical. The K-value in this experi-
ment was equal to 0.37 [R] (fig.1C). (Mean value
for epinephrine 0.35  0.04 [Rt], » =3 and mean
value for isoproterenol K = 0.26 £0.06 [R¢],n =3;
not statistically different.)

3.2. Determination of the rate constant for enzyme
deactivation koff) in normal and desensitized
system

Fig.2 shows that in the control system k¢ was

5.2 min~! (mean value 4.8 0.1 min™!, n = 6). The

k ¢ value obtained in the isoproterenol-desensitized

system (fig.2) was significantly higher 7.5 min™!

(mean value 7.3 £ 0.2 min~!, nn = 3).

The method proposed in [3] for k ¢ determination
implies that dissociation of (HR) complexes was not

a limiting factor of the decline observed in curve 2

and that the excess of propranolol added to the reac-

tion medium immediately stopped further adenylate
cyclase activation. Two arguments indicate that these
conditions were fulfilled in C¢ glioma cells:

(1) The kg-values measured either with isoproterenol
(4.3 £0.3 min™!, n = 3) or epinephrine (4.8 *

0.1 min™', n = 6) were not statistically different
despite the 10-fold difference in the respective
K4 of these agonists and the fact that they there-
fore displayed a large difference in the rate con-
stants for dissociation of their binding to the
receptors.

(2) When Gpp(NH)p and propranolol were added
together and with [a-*2P]ATP the cAMP produc-
tion measured for 5 min was 151 and 99 pmol/mg
protein for the enzyme preincubated with and
without epinephrine, respectively. The difference

(52 pmol cAMP) almost equalled the amount of
cAMP produced during the deactivation process,
turn-off (42 pmol cAMP/mg protein). If propran-
olol had not immediately stopped the activation
reaction Gpp(NH)p would have caused persistent
activation of the adenylate cyclase and therefore
the amount of cAMP obtained would have been
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much larger than the amount of cAMP formed
during the turn-off.

3.3. Determination of the rate constant for adenylate
cyclase activation (k)

With 10™* M isoproterenol, k , -values were equal
to 14.3 min~! and 9.2 min™! in the absence and pres-
ence of Gpp(NH)p, respectively. This difference was
expected since Gpp(NH)p suppressed the k grreaction
[3.9,10]. Therefore k ,, was equal to k, [Rp] + Ky
and to k, [R] in the absence and presence of
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Fig.2. Adenylate cyclase deactivation in particulate fractions
of control and desensitized C, glioma cells: determination of
the rate constant k o¢¢- Particulate fractions at a final concen-
tration of 0.38 and 0.36 mg protein/ml for control and desen-
sitized systems, respectively, were incubated in the standard
medium for 5 min at 30°C with or without 20 uM of (—)epi-
nephrine. At zero time tracer amounts of [a-**P]ATP were
added with (—)propranolol to a final concentration of

0.5 mM (curves 1 and 2) and without (curve 3). At the time
indicated, 100 ul aliquots were removed and added to a
stopping solution and the amount of ¢[**P]AMP formed was
determined: (#——e) basal activity of adenylate cyclase;
(a——2) decline in epinephrine-stimulated adenylate cyclase
activity on addition of (—)propranolol; (0———o) epinephrine-
stimulated adenylate cyclase activity.
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® Fig.3. Determination of the rate constant of adenylate cyclase
activation. (A) cAMP accumulation in the absence of an
agonist in control C, glioma cell membranes; protein was
Basat 0.57 mg/ml. The line was determined by linear regression
analysis ( = 0.999). It intercepts with the abscissa at f = 0.8
0.6 s. (B) cAMP accumulation in the presence of 107* M iso-
proterenol (#——e) and 10~* M isoproterenol plus 10-° M
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cAMP (pmoles/mg protein)

100 Gpp(NH)p (o——4). Membranes were preincubated for
20 min with or without Gpp(NH)p. The reaction was started
l by adding tracer amounts of [a-**P]ATP and isoproterenol.
0 80 1210 (sec) Characteristics of the lines were determined by linear regres-

sion analysis of the linear portion of the curve. (e o)
r=0.999, 7= 1/(k, [RT] + kogp) = Lkgpg=4.2£ 0.4 s,

kghs = 14.3 min~! (A——a) r = 0.995, 7= 1/k, [RT] =
kops=6.5£1.0s, kgpg=9.2 min~! basal activities with-
out or with Gpp(NH)p were both linear and were subtracted
from the respective curves. (C) cAMP accumulation in the
presence of 10~* M (~)epinephrine in C, glioma cell control
membranes. The protein concentration was 0.30 mg/ml.
Characteristics of the line were determined from linear regres-
sion analysis of the linear portion of the curve from which
basal activity was subtracted. r = 0.999 and r = 1/(k, [R] +
kogp) = L/kgpg = 3.6 £ 0.3 5, kypg = 16.7 min~'. 7-Values were
determined + SEM. The following sets of 7-values were com-

. pared by Student’s ¢-test: basal (1A) and r = 0, not significant;
0 60 120 (sec) basal (1A) and epinephrine (1C) p < 0.001; Iso (1B) and Iso +
Gpp(NH)p (1B) p < 0.05; Epi (1C) and Iso (1B), not signif-
icant.
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Epinephrine Gpp(NH)p, respectively. Note that the difference
(14.3 min™'-9.2 min~") gave an estimation of k
(5.1 min™") close to the ko5 determined directly in
deactivation experiments (4.3 * 0.3 min™!, n = 3).
The k ;,, values obtained with epinephrine were
1 16.7 min~! (fig.3C) in the absence of Gpp(NH)p and
0 60 120 (sec! 11.1 £0.8 min™! (n = 4) in its presence (table 1).

cAMP (pmoles/mg protein)
8
T

Table 1
Comparison in control and desensitized C, glioma cell membranes of the coupling constant X, the activation rate constant k,and
the deactivation rate constant K ,¢r for adenylate cyclase

kofr (min~!) kobs (min~!') in the presence k, ([RT]" . min~?!) kofs K (equilibrium)
of 10~ M Gpp(NH)p
ka

ky [RT] ky [RTY]
Control
system 4.8 + 0.1 (6) 11.1+:08 (4) 111+ 08 @4) 043 [Ry] 0352 0.04 [RT] (3)
Desensitized
system 7.3+£02(3) 38+05(3) 7.6+1.0(3) 0.96 [RT] 1.0 +0.2 [RT](3)

All these values were determined with (-)epinephrine. Values are means *+ SEM Number of experiments is indicated in brackets.
Under our experimental conditions of desensitization: [RTd] = [RT]/Z [RT ] and [R] being the total number of g-adrenergic
receptors in the desensitized and control systems, respectively; k, is expressed as a function of [R] in both systems. Comparison
ofk, [RT], koppand K values in control and desensitized systems by Student’s z-test gave p < 0.05
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Determination of activation rate constant is only
valid if hormone—receptor complex formation is not
a limiting step in adenylate cyclase activation. This is
not the case since with two agonists, isoproterenol
and epinephrine, displaying a 10-fold difference in
their respective K - the activation rate constants were
identical (fig.3).

In a desensitized system, the k, -values obtained
in the presence of 105 M Gpp(NH)p plus 10™* M
epinephrine were lower than in the control system
(3.1 min™! in fig.4, mean value 3.8 + 0.5 min~
Since in the desensitized system the total number of

receptors (RTd) was 50% of the control (Rt), the

+ 4 + 14
value of ky in the desensitized system was equal to

a[RT]/2. Thus, k, in the desensitized system was
8(]), & Control

A Desensitized //

CAMP (pmoles /mg protein }
)

Fig.4. Determination of the rate constants of adenylate
cyclase activation in control and desensitized C, glioma cell
membranes. Cells were treated for 3 h with 10~° M isopro-
terenol. Protein concentrations in control and desensitized
systems were 0.34 mg protein/ml and 0.38 mg protein/ml,

Mamhranas wara nr wrhatad for 70 m tha
Avayectiveﬂy MEInoTanes were yxvulvuual.vu for 20 min in the

presence of 10~5 M Gpp(NH)p. cAMP accumulation was mea-
sured in the presence of 2 X 10~¢ M epinephrine plus 10~ M
Gpp(NH)p in the control system (o-——e) and in the presence
of 107* M epmephnne plus 10-5 M Gpp(NH)p in the isopro-
terenol desensitized system (A——a). In the desensitized sys-
tem, the total number of g-adrenergic receptors [RTG] was
equal to 0.25 pmol/mg protein, which is half the concentration
found in the control system, [RT] =0.48 pmol/mg protein, In
the control system, we therefore used a concentration of epi-
nephrine giving half receptor occupancy to study the activa-

tion at the same concentration of (HR) comnlexes in both

101 atl 110 Same COnCeniration of {7 Compiexes 1nn ooin

control and desensitized systems. Basal adenylate cyclase
activities in the presence of 10-* M Gpp(NH)p were linear
and were subtracted from each curve. Characieristics of the
lines were determined by linear regression analysis of the linear
portion of the curve. Control system: r = 0.997, 7 =

1k, [RT]/2) = 10.4 £ 0.7 5, k, [RT]/2 = 5 8 min~!, De-
sensmzed system: r = 0 981, 7= 1/k [RT }]=193+£3s5,

k [RT ] = 3.1 min~'. Values were determmed + SEM; the
-r-values were compared by Student’s -test. Comparison of
control and desensitized systems gave p < 0.01.
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equal to 7.6 £ 1.0 [Ry]™ . min™", n = 3 (table 1). For
direct comparison of k,-values in normal and desensi-
tized systems, we performed an experiment in which
concentration of hormone—receptor complexes was
the same in both systems. This was achieved by using
10~ M epinephrine for the desensitized system (a
concentration leading to maximal receptor occupancy)
and 2 X 107 M epinephrine in the control system (a
concentration giving half receptor occupancy). This
experiment confirmed that k, diminished in the
desensitized system (fig.4). Table 1 gives the different
values of k¢, k, and K determined with epinephrine.
It indicates that the values of the coupling constant K

determined at eguilibrium or hv the ratio k ..Jk are

‘‘‘‘‘‘‘‘‘‘ (- 15 vslv“‘v‘ mm or CUET IQiU Raffiig

very close in both control and desens1tlzed systems.

4. Discussion

These results suggest that the collision coupling
model adequately describes the molecular events
occurring during adenylate cyclase activation in Cg
glioma cells. We also showed that the increase in the
coupling constant occurring during desensitization
results from a decrease in the rate constant of activa-
tion and a rise in the rate constant of deactivation.

The change in the activation rate constant observed
here might be due to an alteration at or near the
receptor sites, thus impairing the receptor—nucleo-
tide-binding protein interaction necessary for coupling,
Such a hypothesis agrees with recently reported data.
Fusion experiments have shown that desensitization
of frog erythrocytes appears to originate from changes
in the receptor component of the system [11].
Reconstitution experiments with a solubilized -adren-
ergic receptor obtained after desensitization of wild-

type S49 lymphoma cells and $49 mutant ¢y~ indi-

cated that during desensitization the GTP-binding
protein does not alter but that the locus of change
is on or near the S-adrenergic receptor [12,13]. Such
a change accounts for the homologous nature of the
desensitization observed.

The increase found in & in the present work
111151u. indicate that GTPase aC‘u\ilt‘y' isenhanced Uu[lllg
agonist desensitization. This effect might explain why,
in some systems in which 2 hormones act through dif-
ferent receptors but on the same enzyme, cell expo-
sure to one of these hormones makes both of them
refractory to the hormonal response, a process defined
as heterologous desensitization [14].
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