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ABSTRACT A simple model is developed to explain the
activation of rat liver plasma membrane adenylate cyclase
[ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.1] by gua-
nosine nucleotides and glucagon and the dependence of the
catalytic rate on Mge+, H+, and substrate concentrations.
The basic model proposes that the adenylate cyclase system
can exist in two states, A and B; that activating ligands bind
preferentially to the B state; and that only the B state is ac-
tive. Kinetic data are quantitatively fit to this model, and the
binding constants for the interaction of the A and B states
with glucagon, GTP, and guanyl-5'-ylimidodiphosphate are
obtained. The substrates ATP and adenyl-5'-ylimidodiphos-
phate appear to show little preference between the A and B
states, and simple Michaelis-Menten kinetics are sufficient
to describe the dependence of the catalytic rate on substrate
concentration under optimal conditions. The dependence of
the rate on pH can be explained by postulating that one ion-
izable group in its acid form and one ionizable group in its
basic form must be present at the active site in order for ca-
talysis to occur. The activation and inhibition of the activity
by Mg2+ can be explained by a similar mechanism with
Mg2+ binding to activating and inhibiting sites. Glucagon
and guanosine nucleotides appear to influence the depen-
dence of the rate on Mg2+ and glucagon. The Mg2+ also may
display some preference for the B state. A comparison of this
model with others that have been proposed is given. The pro-
posed model appears to provide a simple conceptual frame-
work that is applicable to many adenylate cyclase systems.

In this paper, a relatively simple model is developed to ex-
plain the kinetic behavior of rat liver plasma membrane
adenylate cyclase [ATP pyrophosphate-lyase (cyclizing), EC
4.6.1.1] (cf. refs. 1 and 2 for reviews of adenylate cyclase sys-
tems). This model provides a conceptual framework which
encompasses the known facts about the behavior of the liver
plasma membrane adenylate cyclase and also appears to be
consistent with many of the features of other adenylate cy-
clases. The absence of structural information about the ade-
nylate cyclase enzyme and its associated proteins (e.g., hor-
mone and nucleotide receptors) makes development of a de-
tailed molecular model impossible. Instead, this work has the
more modest goal of providing a conceptual framework for
understanding the available information on liver membrane
adenylate cyclase that is based on the principles utilized in
interpreting the kinetics of well-characterized simple en-
zymes and allosteric enzymes.
The central facts to be explained are the activation of ade-

nylate cyclase by guanosine nucleotides and hormones and
the dependence of the catalytic rate on the substrate, H+,
and Mg2+ concentrations. The basic model proposes that the
adenylate cyclase system (the enzyme and any associated
proteins) can exist in two states, A and B; that activating li-
gands bind preferentially to the B state; and that only the B
state is active. Furthermore, the activity of the B state is pro-

posed to vary with substrate concentration, pH, Mg2+ con-
centration, and other variables analogously to the variations
observed with simple enzyme systems. The observed rate of
the enzymatic reaction, v, is assumed to be the product of
three factors: the fraction of cyclase systems in the B state,
fB; the fraction of B in its active state; fE; and the maximal
velocity when fB and fE are equal to one, Vm:

V = fBfEVm [1]

Activation by Glucagon and Guanosine Nucleotides.
The fraction of molecules in the B state in the presence of i
ligands, Li, which bind to different sites on both the A and B
states, can be written as:

Ko H1 [1 + KBLi)]
[B = HI[l + KAi(Li)] + KOH[1 + KB,(Li)]

i i

[2]

where the constants are defined in Fig. 1, and each ligand
has been assumed to bind independently to a different site.
Note that if a ligand, L1, is present at a constant concentra-
tion and the concentrations of other ligands are varied, the
net effect will be to define a new constant, Ko [1 +
KBI(L1)]/[l + KAI(L1)], which replaces KO in Eq. 2. Thus,
this treatment is valid when an unknown activator or inhibi-
tor is present at a constant concentration. At saturating li-
hand concentrations, fB = Ko '(KBi/KAi)/[1 + KO
i (KBj/KA,)] and fB is a constant. Finally, it should be noted
that a ligand is an inhibitor if it binds preferentially to state
A and an activator if it binds preferentially to state B.

This model can be compared directly to experimental re-
sults if the initial steady-state enzymatic velocity is deter-
mined under conditions where fEVm is constant; in this case,
If = V/(JEVm). This appears to be true at optimal and con-
stant values of substrate, Mg2+, and hydrogen ion concentra-
tions for the rat liver plasma membrane system. The initial
steady-state velocity was determined at various concentra-
tions of glucagon and GTP and of glucagon and guanyl-5'-
ylimidodiphosphate [Gpp(NH)p], at pH 7.5 (25 mM Tris-
Cl), 0.1% bovine-serum albumin, 10 mM Mg2+, 0.1 mM
ATP, 2 mM dithiothreitol, and 37'. The results obtained are
summarized in Fig. 2. These data were fit to Eqs. 1 and 2 by
a nonlinear least squares analysis, and the parameters ob-
tained are presented in Table 1. The curves in Fig. 2 have
been calculated with these parameters and Eqs. 1 and 2; the
calculated curves and experimental points are in excellent
agreement for all cases except for the data obtained with
varying Gpp(NH)p and 0.1 gM glucagon, where a systemat-
ic deviation between the calculated curve and the experi-
mental points occurs. This difference, 10-20%, has been ob-
served in several different experiments. This may be due to
the difficulty in correcting for the lag period observed in the
presence of Gpp(NH)p (3) or to the presence of more than
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Abbreviations: Gpp(NH)p, guanyl-5'-ylimidodiphosphate;. App-
(NH)p, adenyl-5'-ylimidodiphosphate.
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FIG. 1. The model used to explain the activation of adenylate
cyclase by guanosine nucleotides and glucagon. In this figure, B is
an active adenylate cyclase system, A is an inactive system, and
KAi and KBi are binding constants for activator (Li) binding to the
A and B states, respectively.

one type of adenylate cyclase. However, in view of the lack
of purity of the system, the agreement between theory and
experiment is quite good.
Dependence of Catalytic Rate on Substrate. The varia-

tion of the steady-state initial velocity with substrate concen-

tration can be described by the usual Michaelis-Menten
equation:

V'
1 + Km'I(S)

where Vm' and Km' are the observed maximal velocity and
Michaelis constant and (S) is the substrate concentration.
This equation has been found to be usually adequate with
both ATP and adenyl-5'-ylimidodiphosphate [App(NH)p] as

substrates, providing the Mg2+ concentration is sufficiently.
high and constant, the substrate concentration is not appre-

ciably greater than 1 mM, and the pH is selected with care

(4, 5). At substrate concentrations greater than 1 mM inhibi-
tion appears to occur, but this is complicated by the effects
of Mg2+ which are considered below. The substrate Michae-
lis constants are not very different in the presence and ab-

sence of guanosine nucleotide and glucagon activators (5).
Therefore, the substrate does not appear to show a marked
preference between the A or B state so that fB can be re-

garded essentially independent of the substrate concentra-
tion. Thus, the primary effect of guanosine nucleotides and
glucagon is to alter the observed maximal velocity by chang-
ing fg.
pH Dependence of Catalysis. Very little work has been

done on the pH dependence of the adenylate cyclase reac-

tion. However, the initial steady-state velocity has been
measured as a function of pH with ATP and App(NH)p as

substrates at substrate concentrations greater than Km' in the
presence and absence of saturating glucagon concentrations
(4). In the absence of glucagon, the rate increases with in-
creasing pH until a limiting value is reached, whereas in the
presence of glucagon a bell-shaped curve is observed for
both substrates. If the measured rate is assumed to approxi-
mate the maximal velocity, the observed pH dependence
can be explained by postulating that two ionizable groups on
the enzyme-substrate complex must be in the correct ioniza-
tion state in order for catalysis to occur. This mechanism can

be written as (cf. ref. 6):

E

1 K,
ES

1K3

E

11
EH + S - EHS -=P + EH

IK2
EH2

l¶K4
EH2S

11[
EH2

where E is the enzyme, S is the substrate, P represents the
products, the Ki are ionization constants, and free protons

have been omitted from the mechanism for the sake of sim-
plicity. With this mechanism the observed steady-state pa-
rameters can be written as:

VIm =
Vm

1 + (H+)/K4+ K3/(H+)

K'm =o Km 1 + (Et) /K2
1 + (H+)/K4

+ K1 / (He)
+ K3 / (H+)

[5]

where Vm and Km are the pH-independent maximal veloci-
ty and Michaelis constant, and the protolytic equilibria are
assumed to be adjusted rapidly relative to the other steps in
the mechanism. The following pK values can be estimated
from the data (4): pK4 = 7.0 and 7.3 and pK3> 9 and > 10
for ATP and App(NH)p, respectively, in the absence of glu-
cagon; pK4 = 6.3 and 7.3 and pKs = 8.9 and 9.5 for ATP
and App(NH)p, respectively, in the presence of glucagon.
The pK values can only be regarded as approximate because
the pH dependence of the actual maximal velocity has not
been measured. However, the principal point to be made is
that the data are well accounted for by the mechanism of
Eq. 4. Moreover, the pK values are clearly different for the
two substrates and are altered by glucagon. The altered pH
dependence in the presence of glucagon cannot be logically
attributed to changes in the binding of glucagon because the
pK values are different for the two substrates; neither is it
likely that changes in Km are a dominant factor. Thus, it ap-
pears that glucagon alters the pK values of ionizable groups
at the active site. Changes in the pH, therefore, should alter
the binding of glucagon, although this has not been looked
for experimentally. This is analogous to the Bohr effect ob-
served in the binding of ligands to hemoglobin (cf. ref. 7).
Dependence of Catalytic Rate on Mg2+. The effect of

Mg2+ on the adenylate cyclase system is very complex. At
least two distinct effects are evident. Firstly, the substrate
must be complexed with Mg2+ in order for the reaction to
proceed (cf. refs. 4, 5, and 8). Moreover, the uncomplexed
substrate appears to inhibit the reaction; the catalytic rate
drops off rapidly when the ATP concentration exceeds the
Mg2+ concentration. The rate also drops noticeably at high
substrate concentrations (>1 mM) when the Mg2+ concen-
tration is in the range 5-50 mM (5, 8); this can be attributed
to the inhibition by uncomplexed ATP, but also could be
due to MgATP inhibition. In any event, it is apparent that a
major role of Mg2+ is to complex the substrate and that un-
complexed ATP probably is inhibitory. In addition to this
role, Mg2+ appears to act independently as an activator and
inhibitor of the adenylate cyclase system. Thus, for example,
a bell-shaped curve is observed when the Mg2+ concentra-
tion is varied at constant ATP concentration (9), and the cat-
alytic rate increases with increasing Mg2+ concentration
with App(NH)p as substrate even when essentially all of the
substrate has been complexed (5). Again, the dependence of
the reaction rate on Mg2+ is different in the presence and
absence of glucagon (5, 8). In the absence of glucagon, the
rate increases with increasing Mg2+ concentration until a
constant value is reached, whereas in the presence of gluca-
gon a bell-shaped curve is observed for both ATP and
App(NH)p. This behavior is highly reminiscent of the pH
dependence of the adenylate cyclase reaction, and the data
can be interpreted in terms of a mechanism identical to that
of Eq. 4, except that Mg2+ is substituted for H+. Similarly,
the dependences of the Michaelis constant and maximum
velocity of Mg2+ are given by Eq. 5 with Mg2+ substituted
for H+. With App(NH)p as substrate, the true maximal ve-

Proc. Nat. Acad. Sci. USA 73 (1976)



Proc. Nat. Acad. Sci. USA 73 (1976) 1191

1500 I

+Gpp(NH)p(10,,M) Gpp(NH)p+Glukagon(0. I&W

5X000

GPGxgonT01pM

0 1 2 100 0 0.1 02 0.3 10

GLUCAGON (nM) GTP OR Gpp(NH)p( M)

FIG. 2. Plots of the steady-state initial rate of adenylate cyclase system, v (pmol of cyclic AMP formed/mg per .5 min), in the presence
of activators at pH 7.5 (25 mM Tris-Cl), 62.5 2g/inof rat liver plasma membrane, 0.1% bovine-serum albumin, 0.1 mM ATP, 10 mM MgCl2,
2 mM dithiothreitol, 37°. (A) Variation of v with glucagon in the absence of guanosine nucleotides, in the presence of 10MgM GTP, and in the
presence of 10MgM Gpp(NH)p. (B) Variation of v with GTP (0, -) and Gpp(NH)p (o, - -) in the absence of glucagon and with 0.1 MM gluca-
gon. The error bars indicate 410% in v. The curves have been calculated with Eqs. 1 and 2 and the parameters in Table 1. The experimental
procedure for carrying out the assays has been described elsewhere (10).

locity can be determined from available data in the absence
of hormone and nucleotide activators and in the presence of
saturating concentrations of glucagon and Gpp(NH)p (5).
An analysis of the dependence of the maximum velocity on
Mg2+ indicates that K3 is 16 mM in the absence of the acti-
vators and 5 mM in their presence. Inhibition by Mg2+ is not
observed so that K4 > 50 mM. The ratio Vm'/Km' is essen-
tially independent of the Mg2+ concentration, which indi-
cates KI << 5 mM. With ATP as substrate, K3 can be esti-
mated to be 2.5 mM from initial velocity data in the pres-
ence of activators (8). The available data are insufficient to
interpret the dependence of the initial velocity on Mg2+
concentration in the presence of glucagon (8). Some of the
results suggest that the binding of Mg2+ may be cooperative
in nature, i.e., the rate depends on the Mg2+ concentration
to a power greater than 1. However, it should be noted that
the combination of the influence of Mg2+ on the substrate
and enzyme can lead to apparent cooperativity, although ac-
tually two noncooperative processes are simply occurring si-
multaneously. The two principal conclusions to note are that
a mechanism such as Eq. 4 quantitatively accounts for the
data, and hormones and Gpp(NH)p influence the binding of
Mg2+ to the enzyme-substrate complex (again implying the
converse should be true). In addition to the above, Mg2+ also
could influence the interconversion of the A state to the B
state. In fact, the kinetic data with App(NH)p as substrate
can be explained in terms of such a mechanism, but no solid

Table 1. Binding parameters for glucagon and
guanogine nucleotides*

Activator KBi KAi KBi/KAi
GTP 26.0 MM-' 5.32 jiM-' 4.9
Gpp(NH)p 35.7,M-' 0.363 pM-1 98
Glucagon 3.37 nM-' 0.376 nM'1 9.0

* pH 7.5 (25 mM Tris-CI), 0.1% bovine-serum albumin, 0.1 mM
ATP, 10 mM Mg2+, 2 mM dithiothreitol, 370. Ko = 0.0568 as de-
termined from the basal activity; feVm = 1618 pmol/mg per 5
min. The parameters were obtained from a nonlinear least squares
fit of the data according to Eq. 2.

evidence for or against such a hypothesis presently is avail-
able.
The effects of metal ions on the adenylate cyclase system

are obviously complex, and it will be difficult to distinguish
between the various possibilities until the enzyme system
can be obtained in a well-defined structural state.

Discussion
The proposed model adequately explains the available data
for the rat liver plasma membrane adenylate cyclase within
a simple conceptual framework: a two-state model with
preferential ligand binding accounts for the activation by
guanosine nucleotides and glucagon, and conventional en-
zyme mechanisms account for the dependency of the cata-
lytic process on pH and Mg2+. This type of model also is
consistent with behavior observed with adenylate cyclase
systems from other sources (cf. refs. 2 and 9-11), but a rath-
er limited amount of data is available at this time. For exam-
ple, the rat fat cell adenylate cyclase has a very high basal
activity which is not greatly altered by hormones and gua-
nosine nucleotides (12). This can be attributed to the en-
zyme's being predominantly in the B state. Moreover, the
unusual inhibition of activity at short times by Gpp(NH)p
can be explained by postulating the binding of the guanosine
nucleotides to the B state is slow, whereas binding to the A
state is rapid.

Undoubtedly this simple model will require amplification
as the adenylate cyclase systems are purified and their struc-
tural properties are clarified. In particular, this model con-
tains no cooperativity in ligand binding, although inclusion
of this feature would be possible. At this time, a clear-cut
demonstration that homotropic cooperative ligand binding
occurs has not been made. In the case of Mg2+ (or other
metal activators) this is particularly difficult because several
different types of processes may be occurring simultaneous-
ly, which can lead to apparent cooperativity. A Hill plot
with a slope of 3 has been reported for the activation of the
turkey erythrocyte adenylate cyclase by Mg2+ (13), suggest-
ing cooperative binding is occurring in this system; however,
the underlying mechanism for this phenomenon remains to
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be elucidated. In the case of guanosine nucleotide and gluca-
gon activation, cooperativity does not appear to be a major
factor, but the effect of a nucleotide activator on the enzy-
matic reaction is altered by glucagon and vice versa simply
by mass action (Eq. 2, Fig. 2). Inclusion of cooperativity in
the activator binding leads, of course, to the familiar models
for allosteric enzymes (14, 15). A very difficult problem in
assessing the occurrence of cooperativity in activator bind-
ing is that very often a good correspondence between activa-
tor binding isotherms and enzymatic velocity-activator iso-
therms is not observed. For example, GTP causes glucagon
to dissociate from the system (16), whereas such an effect is
not observed in the rate data. The question of what is specif-
ic binding to the enzyme system probably cannot be re-
solved until systems of higher purity are obtained, but the
fact should not be overlooked that the lack of correspon-
dence between equilibrium and kinetic isotherms may have
important mechanistic implications. Some type of heterotro-
pic allosterism is implied, of course, in the fact that glucagon
appears to have a significant effect on H+ and Mg2+ bind-
ing.

In discussing the experimental results in terms of Eq. 1,
the implicit assumption has been made that variations in fB
and fE can be considered independently. This is obviously
an oversimplification inasmuch as it is clear that fB and fE
both may depend on the same experimental parameter. For
example, fB is dependent on glucagon, which influences the
binding of H+ and Mg2+, and fE is dependent on both H+
and Mg2+. Also, both fB and fE are probably directly depen-
dent on Mg2+. This problem can be largely circumvented
when comparing experimental results with the predictions
of the model by not only holding the concentration of a par-
ticular component constant, but also working at an optimal
concentration such that small changes in the binding of a
particular constituent do not alter the reaction velocity ap-
preciably. Thus, for example, if fB is approximately unity,
changes in fE can be studied even though the concentrations
of components are varied, which can also influence fB. The
possibility also should not be overlooked that ATP may com-
pete for the guanosine nucleotide site (and vice versa) and
that the metal ion also may play a role in the guanosine nu-
cleotide activation (3, 5).
No attempt has been made to model the lag periods ob-

served in activation by Gpp(NH)p (3). In fact, this can read-
ily be done by postulating that either the ligand binding pro-
cess or the interconversion of states A and B is slow. Rate
constants then appear as additional parameters in the model.

Other models have been proposed for the adenylate cy-
clase system (cf. refs. 5 and 17). In particular, a three-state
model can be used to fit the data for the rat liver plasma
membrane system (5). In this model, the effects of pH and
Mg2+ are explained as being due to a very strong inhibition
of the enzymatic reaction by a protonated form of the sub-
trate; this leads to inhibition constants in the nanomolar re-
gion so that the inhibitor dissociation constant is less than the
substrate Michaelis constant by about a factor of 103. This
model does not attempt'to quantitatively explain the effects
of guanosine nucleotides and glucagon, nor does it explain

the occurrence of Mg2e inhibition. The model of de Haen
(17) is not directly applied to the rat liver membrane system,
but very strong inhibition by free ATP is proposed rather
than activation by Mg2+. A recent kinetic study of deter-
gent-dispersed cerebellar adenylate cyclase system is in-
consistent with a mechanism involving strong inhibition by
free ATP (18). (The rate law found in that work is a special
case of that predicted by the mechanism of Eq. 4, with
Mg2+ substituted for H+.) Also, recent studies of the effects
of different metal ions on the rat liver plasma membrane
system cannot be explained by a mechanism involving free
ATP inhibition, but are consistent with the general mecha-
nism discussed here (C. Londos, personal communication).
However, at the present time it is clear that many models
can be developed which will adequately describe the behav-
ior of adenylate cyclase systems; obviously, elucidation of
the molecular mechanism will require clarification of the
macromolecular components of the adenylate cyclase sys-
tem. The virtue of the model proposed is its relative simplic-
ity and the fact that it is based on mechanisms which have
been found to be valid with simpler well-characterized en-
zymes.
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