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ABSTRACT  The kinetics of turkey erythrocyte membrane
adenylate cyclase activation by B-agonists and guanyl-5'-yl imi-
dodiphosphate is explored as a function of the concentration of the
GTP regulatory protein and of the catalytic unit. It was found that
the overall kinetics of activation is first order and is independent
of the concentration of the GTP regulatory unit N, the catalytic
unit C, and of hormone over a very wide concentration range. It
was established that the rate-limiting step does not involve GDP
dissociation from the inactive N unit or the association between
activated N’ and C. Also, it was found that guanyl-5’-yl imidodi-
phosphate binding occurs in a random fashion and is not hormone
dependent. These results enable us to exclude models of the se-
quential type in which N in its inactive form is bound to receptor
R, is released in an active form N’ upon hormone activation, and
then binds to C, activating the latter. An acceptable model that
accounts for all of the data conforms to the original formulation
of “collision coupling” in which N is tightly associated to C at all
times.

In turkey erythrocytes the activation of the inactive form of the
enzyme C to its active form C’ is initiated by the occupancy of
the receptor R by the B-adrenergic hormone H and of the
guanyl nucleotide regulatory protein N by certain guanyl nu-
cleotides (1-3).

C’ accumulates irreversibly in the presence of hormone and
guanyl-5'-yl-imidodiphosphate (p{[NH]ppG) (1, 2) or guanosine
(5'—=>0°)-1-thiotriphosphate (GTP[yS]) (4). The time course of
C' accumulation can be followed, which enables one to test the
role of the hormone H and p[NH]ppG and the role of the com-
ponents R, N, and C in determining the sequence of events
leading to C’ accumulation. The first set of such experiments
described the appearance of C' as a function of H and R con-
centrations in the presence of saturating p{NH]ppG concentra-
tions (5). The major finding that was derived from these ex-
periments was that the kinetics of C' accumulation was found
to be first order. The apparent rate constant of activation of C,
k.., depended linearly on the total receptor concentration [Ry]
and on the saturation function for the hormone H:

ky, = k[Rf]J[H]/(Ky + [H]) (1

The half saturation constant, Ky, is identical with the hor-
mone-receptor dissociation constant obtained from binding ex-
periments. This equation contains the proportienality constant,
k, which may include still additional parameters. Indeed, we
have not addressed ourselves in our analysis (5) to the kinetic
role of the GTP regulatory unit N and of the nucleoside tri-
phosphate p[NH]ppG. It has been suggested that during the
process of H activation, N is initially bound to R and is activated

to N’ upon agonist occupancy. Subsequently N’ dissociates from
HR and associates with the catalytic unit C to form the activated
enzyme N'-C (6, 7).

In order to resolve the roles of N and of p[NH]ppG, both
must be defined in models that describe the activation process.
In this communication we attempt to continue the dissection
of k,,, (Eq. 1) by examining the kinetic features of the interaction
between R, N, and C in the presence of different concentrations
of p[NH]ppG, at various constant concentrations of H, N, and
C.

MATERIALS AND METHODS

Turkey erythrocyte membranes were prepared as described
(8). Cyclic AMP (cAMP) was determined as described (9); the
assay contained about 70 ug of membranes, 4 mM MgCl,, 1 mM
disodium ATP, 10 units of creatine kinase, 20 mM disodium
creatine phosphate, 50 mM Tris'HCI (pH 7.4), 2.2 mM the-
o?hylline, and 1-2 uCi (1 Ci = 3.7 10" becquerels) of [a-
32P]ATP, which was purchased from the Radiochemical Center
(Amersham, England). Other experimental details are in the
figure legends. Protein was assayed as described (10) with bo-
vine serum albumin as a standard.

RESULTS

Activation of Adenylate Cyclase in the Presence of Limiting
p[NH]ppG Concentrations. Fig. 1 shows the time course of C
activation at increasing p[NH]ppG concentrations. No change
in the overall first-order kinetics of activation and in the mag-
nitude of the first-order rate constant occurred, although the
extent of enzyme activation diminished progressively with de-
creasing p[NH]ppG concentrations (Fig. 1B). Because the rate
of activation was independent of p[NH]ppG concentration, it
appears that the nucleotide binding is never rate limiting. We
examined the possibility that the depletion of p{NH]ppG from
N to nonspecific sites is the reason for the limited accumulation
of C’ at low p[NH]ppG concentration. For this purpose we ex-
amined the effect of added untreated native membranes on the
onset of cyclase activation in GMP/1-epinephrine-treated
membranes.

In membranes pretreated with 1-epinephrine/GMP and
washed, 100 nM p[NH]ppG activates the enzyme, in the pres-
ence of propranolol, to its maximal extent rapidly and without
a lag time (11). The addition of untreated-membranes and 100
nM p[NH]ppG to treated membranes caused a rapid and ir-
reversible depletion of p{NH]ppG to the 1 nM range (Fig. 2).
Therefore, this rapid. depletion of p[NH]ppG cannot account
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Fic. 1. The activation of adenylate cyclase as a function of p[NH]ppG concentration. (A4) Turkey erythrocyte membranes (1.3 mg/ml) were
incubated at 37°C with 0.1 mM 1-epinephrine and the following total p[NH]ppG concentrations: 0.01 uM, (0) 0.05 uM, (@) 0.1 uM, (¢) 0.5 uM,
(a) 1.0 uM, (2). At various times, as indicated by the data points, 70 ul was removed into 40 ul of ice-cold 10 uM dl-propranolol. After the entire
time course was completed, 40 ul of assay cocktail was added, and cyclic AMP (cCAMP) was accumulated for 20 min at 37°C. (B) The results presented
in A and results similarly obtained at even higher p[NHIppG concentrations (10 uM) are replotted here. V., is the maximal extent of activation
obtained for each individual p[NH]ppG concentration. Thus, the fractional activation is not calculated to a common plateau. The concentration of

p[NH]ppG is written at the top of each time course. V;, velocity at time .

either for the slow activation of C or for the limited extent of
C activation at limiting p[NH]ppG (Fig. 1). It seems that the
extent of enzyme activation depends on the amount of free
p[NH]ppG where the nucleotide becomes irreversibly bound
during the course of activation. As a result, increasing the con-
centration of membranes at constant p[NH]ppG concentrations
limited the extent of enzyme activation (Fig. 3). Thus, at low
membrane concentrations, 0.05 uM p[NH]ppG was equipotent
with 10 uM p[NH]ppG (Fig. 3C).

Hormone Concentration Dependence at Increasing
p[NH]ppG Concentrations. Fig. 4 shows that the hormone con-
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FiG. 2. Depletion of p[NH]ppG by native membranes. Membranes
(1.3 mg/ml) were incubated for 10 min at 37°C with 0.1'mM GMP and
0.1 mM 1-epinephrine in 50 mM Tris-HC], pH 7.4/2 mM MgCl,/1 mM
Na,EDTA. Then the membranes were diluted 1:10 in the same ice-cold
buffer and centrifuged (23,000 X g, 10 min). This washing was repeated
three times. GMP-treated membranes were assayed in 1.0 nM (O) or
100 nM (e) p[NHIppG at a final concentration of 0.44 mg/ml. Reaction
was started by addition of the standard assay mixture containing
p[NHlppG and 1.0 uM dl-propranolol at:25°C. In parallel, “GMP-
treated” membranes (a) were mixed prior to assay with native mem-
branes (0.52 mg/ml) and then assayed in the presence of 100 nM
p[NHIppG and 1.0 uM I-propranolel.

centration dependence of enzyme activation was independent
of p[NH]ppG concentration. Regardless of the extent of enzyme
activation, the process was first order, and the apparent dis-
sociation constant for 1-epinephrine for this process was found
tobe 1.8 £ 0.1 x 107 M.

Kinetics of Enzyme Activation in GDP-Depleted Mem-
branes. Because it was suggested that the release of GDP from
N is the rate-limiting step of cyclase activation (12), we examined
the kinetic properties of membranes that were treated to de--
plete them of tightly bound nucleotides. Two nucleotide-free
preparations were used. One nucleotide-free preparation was
obtained by EDTA treatment (13) and the second was obtained
by GMP plus 1-epinephrine treatment, followed by extensive
washing.  EDTA-treated membranes were indistinguishable
from native membranes in their kinetic properties (Fig. 5).
GMP/1-epinephrine-treated membranes were activated by
p[NH]ppG with almost no lag time (Fig. 5), as is also apparent
from Fig. 2. However, upon incubating the nucleotide-free
membranes at 30-37°C, the properties of the enzyme reverted
to those of the native state (Fig. 5).

Kinetics of C Activation After N-Ethylmaleimide (MalNEt)
Treatment of Native Membranes. MaINEt treatment of turkey
erythrocyte membranes causes an irreversible loss in the ability
of C to be activated by N. Even subsequent to 95% inactivation,
the kinetic pattern of C activation by 1-epinephrine and
p[NH]ppG remained identical to that of native membranes
(Fig. 6). A reduction by a factor of 1000 in p[NH]ppG did not
alter this pattern. In all cases the intrinsic rate constant of ac-
tivation was k,, = 0.8 = 0.2 min~! at 37°C.

DISCUSSION

Overall Kinetic Pattern. The kinetics of native turkey eryth-
rocyte membrane adenylate cyclase activation by 1-epinephrine
and p[NH]ppG were first order under all experimental condi-
tions examined. This observation limits the number of molec-
ular models for the interaction between the receptor R, the GTP
regulatory unit N, and the catalytic unit C. Previous studies,
which explored the kinetics of the system as a function of R con-
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Fic. 3. The kinetic pattern of 1-epinephrine plus p[NH]ppG activation at different membrane concentrations. The membranes were preincu-
bated with 10 uM 1-epinephrine and p[NH]ppG at 10 uM (A) and 0.05 uM (B) at 37°C in 2 mM MgCl,/1 mM EDTA/50 mM Tris-HCI, pH 7.4, and
the kinetics of activation of the enzyme were followed as described in Fig. 1. Membranes in preincubation: ©.and @, 1 mg/ml; A and a, 0.3 mg/
ml;0andm, 0.1 mg/ml; v and v, 0.05 mg/ml. The rate constants were calculated for each individual concentration of p[NH]ppG and for each enzyme
concentration. For all eight cases, the average rate constant was k,, = 0.183 min* * 0.012 SD. The plateau levels are in pmol/mg per min: e, 531;
A, 468;m,300; v, 188; 0, 250; 4, 343; 0, 260; v, 200. (Inset) Results obtained at 0.05 mg/ml of membranes per ml for both p{NH]ppG concentrations.

centration, have shown that the B-receptor acts catalytically (4).
This finding, taken together with other observations, led us to
formulate the “collision coupling” mechanism of adenylate cy-
clase. In this mechanism N is precoupled to C and remains cou-
pled during the course of the C-to-C' transition (Table 1, model
A).
However, it-has been suggested (6, 7) that the GTP binding
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Fig. 4. The hormone dependence of the rate constant of adenylate
cyclase activation at different plNH]ppG concentrations. The apparent
rate constant for activation of adenylate cyclase was determined by
using an array of five different epinephrine and p[NH]ppG concentra-
tions. p[NH]ppG concentrations: 0, 0.05 uM; @, 0.10 uM; 4, 0.25 uM;
A, 0.5 uM. Ky (Eq. 1) is 1.86 x 107® M for 1-epinephrine; the epi-
nephrine concentration range examined was 0.1-50 uM. The line is
theorftical, according to a Ky value of 1.86 X 10"®M and a k,,, = 0.226
min~!,

protein N is bound to R and that, upon activation by H and GTP,
the N unit migrates from R to C, activating the latter (Table 1,
model B). Upon hydrolysis of GTP to GDP and the inactivation
of Ngrp to Ngpp, the latter shuttles back to R. Decreasing the
p[NH]pp concentration (Figs. 1, 2, 3, and 6) does not alter
either the kinetic-pattern of C activation or the absolute mag-
nitude of the first-order activation constant (k,,). These findings
suggest that the binding of p[NH]ppG to N is not rate limiting
or else the magnitude of the rate constant of activation k,, would
depend on p[NH]ppG concentrations in a saturable manner.
Thus, p[NH]ppG binds to N independently of H, and the H
dependence of enzyme activation is independent of p[NH]ppG
concentration (Fig. 4). Because the effect of p[NH]ppG is ir-
reversible (Fig. 1; refs. 1 and 2), this nucleotide titrates and
determines the number of units that can be activated by H'R
and that can couple to C.

GDP Release Is Not Rate Limiting. The removal of GDP
from native membranes does not alter the kinetics of cyclase
activation by H and p[NH]ppG (Fig. 5). Nevertheless, one can
alter the kinetics and shorten the lag time by GMP/1-epineph-
rine treatment. This is not a reflection of GDP depletion be-
cause such membranes can revert to slow kinetics, typical for
native membranes, without involving guanyl nucleotides alto-
gether (Fig. 5). Therefore, one must conclude that GDP release
is not rate limiting, althouglrits release may occur as soon as
the rate-limiting step takes place.

N-to-C Coupling. The concentration of C was reduced by
MalNEt treatment (Fig. 6). The reduction by a factor of 20 in
the concentration of C that can couple to N had no effect on the
kinetic pattern of activation. Furthermore, the combined con-
centration reduction of C to 1/20th and of N to 1/7th (Fig. 6)
still had no effect on the kinetic pattern of activation. These
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Molecular Models. Any mechanism proposed for the mode
of activation of turkey erythrocyte adenylate cyclase by hor-
mones and p[NH]ppG must account for the following experi-
mental observations. (i) the overall process is first order; (i) the
first-order rate constant is independent of the concentration of
the catalytic unit and of the concentration of N; (iif) the first
order rate constant of enzyme activation is directly proportional
to Ry (Eq. 1), but the extent of enzyme activation is independent
of R concentration; (iv) the interaction of p[NH]ppG with N is
not H dependent and determines the amount of N which can
undergo activation; and (v) GDP dissociation is not rate limiting.

In Table 1 we examine all possible models in which N can
either be preassociated with C prior to activation with the re-
ceptor R (model A), or can be activated by R prior to its inter-
: L1 11| action with C (model B). A third class is a hybrid model (model
2 4 6 8 100 12 14 16 C) in which N interacts first with R and the activation occurs

Time, min after the formation of a ternary complex R*N-C. Detailed math-

ematical derivations of these models, and the kinetic predictions

Fic. 5. Accumulation of cAMP in presence of epinephrine and which can be derived, are published elsewhere (14). The overall
Gpp(NH)p in native () and GDP-depleted membranes: GMP treated kinetics of activation and the contribution of C or of N, or both,

(a), warm washed (0), and EDTA-treated native membranes (2). GMP- :
treated membranes were prepared as described in Fig. 2. Warm. to the rate law and to the magnitude of the rate constant k,, were
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washed membranes were treated with epinephrine and GMP and then examined for each model. Models that do not conform to the
centrifuged at 16,000 X g for 15 min at 30°C. Ten milliliters of 50 mM following experimental results—(i) overall first-order kinetics
Tris'HC], pH 7.4/2 mM MgCl,/1 mM EDTA per mg of membrane pro- of activation and (if) no effect of reducing N or C, or both, on
tein was added at 36°C, and the membranes were incubated at this the rate law and on the rate constant k,,—must be rejected.

temperature for 5 min, followed by centrifugation. This operation was
repeated three times. Final pellet was resuspended in cold buffer; Iden-:
tical results are obtained upon incubation for 60 min at 25°C with no

Three models conform to the experimental observations. (1)
Model A assumes that N is always coupled to C. Indeed N can

intermittent washings (data not shown). A, EDTA-treated membranes: be resolved fro‘:" C OHIY in sodium cholate and hlgh ionic
membranes were treated at 37°C for 20 min with 5 mM EDTA/0.1 mM strength (15). This would indicate that N and C are tightly cou-
epinephrine/50 mM Tris-HC], pH 7.4, and washed at 2-4°C. pled. Also, only slight N’-to-C dissociation has been reported
for detergent-solubilized cyclase from brain (16). These studies
observations show that the process of N-to-C coupling is not rate would corroborate the notion that, even upon bilayer disrup-
limiting. tion, N’ and C are still tightly coupled. (ii) Model BIV, in which
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Fic. 6. The effect of MalNEt ireatment on the kinetics of activation. Membranes were incubated at 0°C for 5 min with 5.0 mM MalNEt/50 mM
Tris'HCl, pH 7.4/2.0 mM MgCl,/1.0 mM Na,EDTA, pH 7.4, followed by addition of 5.5 mM 2-mercaptoethanol. Membranes were washed four times
in ice-cold buffer. MalNEt-treated membranes (O, A) and native membranes (®) were assayed at 37°C with 0.1 mM 1-epinephrine in the presence
of 10 uM pINHIppG (0, @) and of 0.01 uM p[NHIppG (2). At the times indicated, aliquots were removed into 2% (wt/vol) NaDodSO,/5.0 mM ATP/
1.0 mM cAMP. Least squares nonlinear analysis of data (5) by the equation [CAMP], = V0t — Vf,m/km {1 — exp(—k,t)} produced the following
values (with their SD) for V., (maximal specific activity in pmol/min per mg) and k,, (in min™"). Native membranes: V,,,, = 265 * 0.4, k,, =
0.9 + 0.1; MalNEt:treated membranes: 10 uM p[NHIppG, V., = 15 = 5, and k,, = 0.8 = 0.2; MaINEt-treated membranes: 0.01 uM p[NH]ppG,
Vaax = 1.7 £ 0.2, and k., = 0.6 * 0.3. V., of native membranes in the presence of 0.01 uM p[NH]IppG was found to be 37.1 pmol/min per mg.
The line depicted is a theoretical one, with &, = 0.9 min™".
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Table 1. Kinetic predictions of models of coupling between
R,N,and C

Rate equations for Overall
Formulation rate-limiting step kinetics
A. HR+ NC— (HRNC dIN'C’] — o[HRIINC] First order
=HRN'C)pHR @
+ N'C’
B. HR+ N> HRN—
HR+N'+C—o>N'C’
BL R-to-N rate limiting d[N'C'] = o[HR]IN] First order
dt
BII. N-to-N' conversion d[N'C'] _
rate limiting dt HIHRN]
(@) [Np) > [Cy] + [Ry] Zero order
(i) [Np] = [Ry] Non-first-order
(éid) [Ng] > [Ry) Non-first-order
(iv) [N7] << [Ry] Non-first-order
BIII. N'-to-C coupling dN'C’ _ AN'IC] Second order for
rate limiting dt Cand N
BIV. R-to-N conversion  dN'C’ Almost first
limits rate, dt o[HRIIN] order except
rapid equilibrium when
between N’ and C Cp << Np
BV. N-to-N' conversion dN’'C’ Non-first-order,
rate limiting, dt b{HRN] similar
rapid equilibrium to BII
between N’ and C
. +N= 'C -first-
C. HR+N = HRN dN'C — o[HRNI(C] Non-first-order
dt unless
+C = (HRNC Ny >> Kgn
=HRN'C)» HR
+ N'C’

Symbols are: [Ry], total receptor concentration; [Ny, total guanyl
nucleotide binding protein concentrations to which p[NH]ppG is
bound; [Cy), total catalytic unit concentration; a, b, and ¢ denote ap-
parent “net” rate constants, which represent unidirectional fluxes in
the direction of activation; Kgy, equilibrium dissociation constant be-
tween the receptor and the p{NH]ppG bound guanyl nucleotide binding
protein, N; Kyc, equilibrium dissociation constant between the
p[(NH]ppG bound guanyl nucleotide binding protein N and the cata-
lytic subunit; [N'], the concentration of the activated species of N;
[N’C’], the concentration of the activated catalytic subunit. Details in
ref. 14.

the rate-limiting step is the R-N interaction and N’ and C are
in rapid equilibrium, predicts that at C concentrations below
Ky, deviations from first-order kinetics will be observed. The
deviation from first order increases as the reaction progresses.
In the turkey erythrocyte system, such deviations have not been
observed. Therefore, in order to conform to this model, one
must assume that at all C concentrations examined, [C] >>
Ky, thus reducing model BIV to model A. (iii) Another pos-
sibility (model C) is that N is preferably coupled in its inactive
form to R and in its active form N’ to C, and the rate limiting
step is the interaction between the complex H'R'N and C. In
the general case, such a model predicts a kinetic pattern which
deviates from first order, in which the rate of activation depends
on N. In a special case, where [Ng] >> [R;] + [Cy] and where
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[Ng] >> Kgy, a first-order kinetic pattern is observed. How-
ever, this latter possibility can be rejected because limiting N
reduces the extent of activation (Figs. 1 and 6), namely, [Nq]
is not in excess of [Cy]. In conclusion, all of our data support
model A, in which N and C are tightly associated during the
entire course of activation, as the model of choice.

The Nature of the Rate-Limiting Step. The rate-limiting step
is not GDP dissociation (Fig. 5) from the inactive unit N. It also
does not involve the interaction of N’ with C or the transition
from N to N'. Our results strongly suggest that the rate limiting
step involves the interaction between HR and the nucleotide
binding protein N, in which the intermediate does not
accumulate:

k ks k,
HR + N-C 7‘? H-R'N-C— H-R'N'C' > HR + N:C’, [2]

2

where (k, + k;) >> k;. The bimolecular rate constant k (Eq. 1)
is given by:
kiks

k=m, (3]

and the pseudo-first-order rate constant of activation is:

kiks (H]

o ko + kg [Ry] Ky + [H] 4l

Therefore, we have revealed the nature of k in Eq. 1. Exami-
nation of model BII (Table 1) reveals that if [Ny] were much
larger than [Ry], the N-to-N' conversion would become rate
limiting. Such conditions have apparently been achieved in re-
constitution experiments (6). At high N-to-R ratios, the amount
of N’ produced is independent of [Ny}, and even 5 min of in-
cubation yield initial rates (6). By contrast, in the native turkey
membrane, the entire activation process is complete within 3
min of incubation, corresponding to the low ratios of N to R used
in the experiments performed on reconstituted systems.
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