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VASOPRESSIN-SENSITIVE KIDNEY ADENYLATE
CYCLASE: Modulation of the Hormonal Response

Christian Roy

Laboratoire de Physiologie Cellulaire, Collége de France, Paris, Cedex 05, France

Vasopressin-sensitive pig kidney adenylate cyclase is sensitive to several effectors,
such as Mg? +, other divalent cations, and guanyl nucleotides. The purpose of the
present study was to compare the main characteristics of adenylate cyclase activa-
tion by vasopressin, Mg2*, and GMPPNP, respectively. Mg2*ions were shown to
exert at least three different effects on adenylate cyclase. The substrate of the
adenylate cyclase reaction is the Mg-ATP complex. Mg?* interacts with an enzyme
regulatory site. Finally, Mg?* can modulate the hormonal response, with Mg?* ions
affecting the coupling function — that is, the quantitative relationship between
receptor occupancy and adenylate cyclase activation. At all the magnesium concen-
trations tested, from 0.25 mM to 16 mM, adenylate cyclase activation was not a
direct function of receptor occupancy. At low Mg2* concentrations, adenylate
cyclase activation dose-response curve to the hormone tended to be superimposable
to the hormone dose-binding curve. These results suggest a role of magnesium at
the coupling step between the hormone-receptor complex and adenylate cyclase
response. Cobalt, but not calcium, ions could exert the same effects as Mg2* ions on
this coupling step.

GMPPNP induced considerable adenylate cyclase activation (15 to 35 times the
basal value). Activation by GMPPNP was highly time and temperature dependent.
At 30°C, a 20 to 60 min preincubation period in the presence of GMPPNP was
needed to obtain maximal activation. The higher the dose of GMPPNP in the med-
ium, the longer it took to reach equilibrium. At 15°C, activation was still increasing
with time after 3 hr preincubation in the presence of the nucleotide. GMPPNP was
active in a 108 M to 1075 M concentration range. Unlike the results obtained with
lysine vasopressin, the kinetic characteristics of dose-dependent adenylate cyclase
activation curves by GMPPNP were unaffected by varying Mg?* concentrations ex-
cept for the increase in velocity when raising Mg?* concentration. It was not clear
whether or not the activation processes by the hormone and by GMPPNP had com-
mon mechanisms.

Abbreviations: EGTA, ethylene glycol bis (3-aminoethyl ether) N, N'-tetraacetic acid; cyclic AMP,
cyclic adenosine 3’, 5’ monophosphate; GMPPNP, guanyl-5'-yl imidodiphosphate; Km, concentration
eliciting 50% of the maximal effect.
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INTRODUCTION

An acellular preparation from the medulla-papillary region of mammalian kidney
was found to contain antidiuretic hormone-sensitive adenylate cyclase (1—5). The system
exhibits high sensitivity toward antidiuretic hormone and structurally related molecules.
Furthermore, it was possible to eliminate from this acellular preparation the enzymic
activities responsible for hormone degradation or inactivation (2, 6, 7), thus allowing ac-
curate kinetic analysis of hormonal binding and action. So far, mammalian kidney adenyl-
ate cyclase appears to be the most convenient system for studying the molecular events in-
volved in the early steps of the action of antidiuretic hormone on the kidney.

Using highly labeled and biologically active tritiated lysine vasopressin {8), we
demonstrated the presence of specific hormone binding sites on membranes obtained
from pig (2, 3) and rat (4) kidney medulla (Table I). The maximal binding capacity was 2
to 4 times higher in the pig system than in the rat system. This difference may reflect dif-
ferences in the membrane purification procedure used on the two kinds of kidney medulla.
In both systems the apparent Km for lysine-vasopressin binding (hormonal concentration
leading to 50% saturation of binding sites) was close to 102M., Binding was time and
temperature dependent. The time required to reach half-equilibrium value (i.e., association
half-time) could be reduced, either by increasing the concentration of free hormone in the

TABLE 1. Characteristics of Lysine-vasopressin Binding on Plasma Membranes Prepared From Rat or
Pig Kidney

Rat kidney
Pig kidney preparation A preparation B

Maximal binding capacity

(pmol/mg protein) 0.8-1.0 0.2-04 0.2
Apparent Km (nM) 20 8 14
Half-time (min) for association at

20 nM LVP 2 — _

30 nM LVP - 1.5 -
Km AVP/Km LVP 1.7 0.25 0.11
Hill coefficient 14 — _

Pig medulla plasma membranes were prepared as previously described (2). The medulla was homo-
genized in an isotonic medium kept at 4°C containing 250 mM sucrose, 10 mM Tris Hel pH 8, 3.3
mM MgCl, , and | mM EDTA-Tris pH 8. The 600 X g pellet was washed S to 6 times in the same
medium rendered hypotonic by omitting the sucrose.

Preparation A for rat enzyme was the same as that described above for pig enzyme except that
the pH of the isotonic and hypotonic media was 7.4 and the number of washings limited to three.

Preparation B was as follows: medulla was homogenized in isotonic medium (pH 7.4). Homo-
genate was then centrifuged for S min at 500 X g and the pellet discarded. The supernatant was centri-
fuged at 1500 X g and the pellet was washed three times in hypotonic medium. Final pellet is taken as
a source of enzyme.

The apparent Km for arginine vasopressin was calculated taking into account the dose of {*H]
lysine vasopressin used and assuming that arginine vasopressin behaved like a pure competitive in-
hibitor of tritiated peptide binding. Results are the average of at least three different experiments per-
formed on distinct enzyme preparations.

Apparent Km = dose of peptide leading to 50% occupation of binding sites.

AVP: arginine vasopressin; LVP: lysine vasopressin.
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incubation medium or by raising the temperature. These observations indicated that the
rate-limiting step for the lysine-vasopressin binding observed was the hormone receptor
interaction itself. The major difference between the pig and rat receptors concerns their
respective specificities toward the natural antidiuretic principles. In the pig, lysine vaso-
pressin, the natural hormone in this species, has a higher affinity than arginine vasopressin
for the renal receptor, whereas the reverse is observed in the rat, where arginine vasopressin
is the natural hormone. All the above-mentioned kinetic studies of hormone binding indi-
cate that the hormone interacts with a homogeneous population of binding sites (2, 3).

Numerous correlations were established between vasopressin binding and adenylate
cyclase activation by the hormone. They led to the conclusion that the detected binding
sites constitute the antidiuretic hormone receptors involved in enzyme activation. The
correlations were as follows. 1) The membranes prepared from the cortical portions of
the kidney were nearly unresponsive to antidiuretic hormone. The response of the cortical
adenylate cyclase to lysine-vasopressin never exceeded 20% of that measured on medullary
enzymes. Moreover, the cortical membrane fraction did not contain any appreciable
amounts of lysine-vasopressin binding sites. On the contrary, adenylate cyclase obtained
from the medullary part of the kidney was highly responsive to the hormone. On such
fraction, it was also possible to detect hormone binding sites exhibiting the expected
properties (see below). 2) Both the binding and adenylate cyclase activation processes
exhibited the expected zoological specificity. The lysine-vasopressin: arginine-vasopressin
potency ratio is of comparable magnitude whether it is measured by the relative ability of
these two peptides to induce an antidiuretic response in vivo, to activate medullary adenyl-
ate cyclase, or to interact with the renal vasopressin receptors (Table I). 3) Medullary
adenylate cyclase responsiveness to vasopressin and hormone binding capacity, respective-
ly, followed closely similar evolution patterns during postnatal maturation of the kidney
function in the rat. Both the vasopressin binding capacity and response, which were very
low during the first days of life, increased rapidly between days 10 and 25 and reached
adult values between days 30 and 45 after birth (9). 4) Kinetic analysis of vasopressin
binding and adenylate cyclase response in the pig system showed that the enzyme activa-
tion was time dependent. Using a submaximal lysine-vasopressin concentration, enzyme
activation and hormonal binding had identical time courses. 5) Chemical modification(s)
of the vasopressin molecules affected in a corresponding way the ability of modified
hormonal molecules to bind to the receptor on the one hand and to modulate adenylate
cyclase activity on the other (10, 11). This is illustrated in Table Il in the case of vaso-
pressin structural analogs. For the entire series of analogs tested, the peptide concentra-
tion needed to obtain saturation of the binding sites was very close to that leading to
maximal enzyme activation. Thus it is clear that the recognition pattern of the binding
sites detected is strikingly similar to that of the physiological receptor involved in the
adenylate cyclase response. This conclusion was fully confirmed by further studies using
21 analogs of the oxytocin series (11). Two of the tested oxytocin analogs (carbamoyl-0-
methyl tyrosine oxytocin and pivaloyl-O-methy! tyrosine oxytocin) behaved like pure
competitive inhibitors. They were ineffective in stimulating adenylate cyclase activity but
blocked the activation induced by vasopressin in a dose-dependent manner. They inhibited
[3H]lysine-vasopressin binding to the same maximal extent as did unlabeled lysine vaso-
pressin. The concentration of inhibitor leading to 50% saturation of the binding sites was
very close to that needed to double the apparent Km for adenylate cyclase activation by
lysine vasopressin.
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By measuring lysine-vasopressin binding and enzyme activation under identical con-
ditions on the same membrane preparation, it was possible to define the quantitative
relationship between receptor occupancy and response. When the enzyme response had
been measured after a preincubation period, in the presence of hormone sufficient to
allow the binding process to reach equilibrium, it was observed that the dose-response
curve for lysine vasopressin exhibited a high degree of apparent negative cooperativity, as
indicated by the low value (0.30—0.35) of the Hill coefficient (12). For enzyme activation
by the hormone, dose-dependent enzyme activation was observable within a very wide
concentration range, from 10712M to 1077M. Maximal adenylate cyclase activation and
receptor saturation were obtained for the same hormonal concentrations. Conversely, the
dose-binding curve exhibited positive cooperativity as indicated by a Hill coefficient above
unity (Table I). Thus the activation and binding curves were not superimposable. The ap-
parent Km for activation (5 X 107'°M) was much lower than for binding (2 X 107¥M,
Table I). Considerable enzyme activation occurred for very low degrees of receptor oc-
cupancy. In other words, enzyme activation is not a linear function of receptor occupancy
(nonlinear coupling). The simplest interpretation of the apparent negative cooperativity
observed for the dose-response curve was to assume that several categories of receptor
exist which differed in their affinity for the hormonal molecule. If the receptors exhibit-
ing the highest affinity for vasopressin were more effective in eliciting adenylate cyclase
activation, this would account for the results observed. However, such an interpretation
proved unaceeptable since kinetic studies of [>H]lysine-vasopressin binding failed to re-
veal such heterogeneity among the receptor site population. It was thus concluded that
the nonlinear coupling was the result of the molecular events involved in the transfer of
the information carried by the hormone-receptor complex to the adenylate cyclase cata-
lytic site, resulting in an increase in cyclic AMP production. This increase is not a direct
function of receptor occupancy by the hormone. For a given increment in receptor oc-
cupancy, the increase in cyclic AMP production decreased when tending toward saturation
of binding sites.

It has already been established that the transduction process can be affected 1) by
varying the magnesium concentration in the incubation medium (see below); 2) by chem-
ically modifying the hormonal molecule (10, 17); and 3) by the hormonal state of the
animal from which the membrane preparation is derived. In the rat, adrenalectomy leaves
the number and properties of renal vasopressin receptors almost unchanged but strongly
reduces adenylate cyclase activation by vasopressin. This observation suggests an impair-
ment in the efficacy of receptor enzyme coupling. Its efficacy was restored by treating
the animals with dexamethasone. Dexamethasone was also able to enhance coupling effica-
¢y in normal rats. Pig kidney ADH receptor exhibited a high degree of stereospecificity
toward structural analogs of vasopressin (Table II). Binding of these analogs was studied
using an indirect method based on analysis of the dose-dependent inhibitions of [3H]
lysine-vasopressin binding (see legend to Table II). For these analogs the dose dependency
of the binding process appears to be very similar to that observed for lysine vasopressin,
despite a large variation in the dissociation constants measured. However, the shape of the
dose-response curve, as indicated by the value of their Hill coefficient, depended largely
on the structure of the analog, suggesting differences in the coupling process among the
analogs studied. For the most potent peptides, and especially for natural antidiuretic hor-
mones, the coupling function is typically a nonlinear one as already mentioned. For
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analogs with lower affinity for the hormonal receptor, it tends to become linear. There is
no strict correlation between the affinity for the receptor and the nonlinearity of the
coupling function.

Kidney medulla adenylate cyclase activity can be modulated by several effectors
such as Mg?*, other divalent cations (cobalt, calcium), nucleotides, and sodium fluoride.
The purpose of the present study is to compare the characteristics of activation induced
by these different effectors and to test the possibility that they have a common mechan-
ism with the hormone-induced activation process.

METHODOLOGICAL REMARKS

Since hormonal binding to the receptor, adenylate cyclase activation and possibly
the action of regulatory agents are time dependent, correlations between receptor occu-
pancy and/or concentration of regulatory agents and adenylate cyclase activity can only
be established under equilibrium conditions. Accurate analysis of the time course of ade-
nylate cyclase activation by several effectors might also be a useful approach to study the
mechanisms of their action. It is thus necessary to be able to measure the instantaneous
velocity of cyclic AMP production. This can only be done by measuring enzyme velocity
during the short period following preincubation of the enzyme with the regulatory agent.

The basic procedure chosen for the measurement of adenylate cyclase activity was
as follows. Plasma membranes were preincubated for various periods of time in a medium
identical to that used for the final assay. At the end of the preincubation period a tracer
amount of {a->2P] ATP was added and the reaction allowed to proceed for a short time.
The presence of an ATP regenerating system (creatine kinase 1 mg/ml, phosphocreatine
20 mM) maintained the ATP concentration constant during the entire experiment (prein-
cubation and final assay periods). Destruction of the labeled cyclic AMP formed was
prevented by the presence of 1 mM unlabeled cyclic AMP. A detailed description of the
experimental techniques used was given in an earlier article (13).

EFFECTS OF Mg?* AND OTHER DIVALENT CATIONS

Increasing the Mg?* concentrations enhanced basal adenylate cyclase activity when
the amount of ATP was kept constant (Fig. 1A). It may be calculated from the dissocia-
tion constant of the ATP-Mg?"* complex (14) that under our experimental conditions
(Tris-HCI pH 8,100 mM) the Mg-ATP complex was the predominant species even for the
lowest Mg?* concentrations tested. Thus the effect of Mg?* cannot mainly be accounted
for by an increase in the substrate concentration required for the adenylate cyclase reac-
tion. As indicated by Fig. 1B, Mg®" increased the maximal velocity of the reaction with-
out affecting the Km for ATP. This indicates that, as in other systems (15), Mg?* exerts a
regulatory effect on kidney adenylate cyclase. The stimulating effect of Mg®"* exhibited
non-Michaelian kinetics (see Fig. 1C): It was not possible to determine any apparent
affinity of Mg?” for its regulatory site on adenylate cyclase, as illustrated by Eadie’s plot
which did not yield a straight line.

During hormonal stimulation of adenylate cyclase, both lysine vasopressin and Mg?*
increased the maximal velocity of the reaction without changing the Km for ATP. In addi-
tion, Mg?* interfered with hormonal stimulation. When the Mg?* dependency of renal
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Fig. 1. ATP and magnesium-dependent adenylate cyclase activity under basal conditions. In order to
cover a wide concentration range for Mg?*, the enzyme which contained 3 mM MgCl, (see legend to
Table 1), was diluted in a Mg?*-free medium containing 1 mM EDTA and 10 mM Tris-HCI, pH 8 so as
to lower its Mg?* content to 0.5 mM.

The upper graph (Fig. 1A), illustrates typical dose dependency of basal adenylate cyclase activity
at two different ATP concentrations as a function of the Mg?* content in the incubation medium. The
concentrations of ATP choosen were equal to 0.32 and 3.1 times the Km for ATP (10™ M, see middle
panel). These concentrations led to 24% and 76%, respectively, of the maximal velocity inducible by
ATP. Within this range of velocity, dose dependency toward Mg?* was similar. This was also checked
(not shown) for ATP concentrations ranging from § X 107 M to § X 10" M, under conditions where
Mg?* concentration was at least as high as ATP concentration.

The middle panel shows the dose dependency of adenylate cyclase activity for ATP at two dif-
ferent Mg?* concentrations. Similar results were obtained using Mg?* concentrations ranging from 0.25
mM to 32 mM in conditions where ATP concentration never exceeded Mg?* concentration. The inset
represents Eadie’s plot at both the concentrations tested, ATP being taken as the substrate; y intercept is
referred to as VM (ATP) (see lower panel).

Lower panel: Eadie’s representation of maximal velocity for ATP at different Mg?* concentra-
tions, Mg? " is taken as the substrate.
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adenylate cyclase was measured under basal conditions and in the presence of threshold,
submaximal, and maximal doses of lysine vasopressin, it was clear (Fig. 2) that the Mg?"
effect depended on the hormonal doses tested. For the lowest hormonal concentrations
the presence of Mg?* was necessary for enabling hormonal activation of the enzyme. From
Fig. 2 (right part, top panel), it is clear that in the presence of 10™*'M lysine vasopressin,
no stimulation of adenylate cyclase was apparent at 0.3 mM Mg?* (ATP concentration
being 0.25 mM). However, raising Mg?* concentration by only 3-fold was enough to elicit
a significant response to 107" M lysine vasopressin (2-fold increase over basai value). For
submaximal doses of lysine vasopressin an optimum in the activation ratio was observed
between 2 to 4 mMg?*. Higher concentrations reduced the activation ratio. This reflects
the fact that for the highest Mg?* concentrations tested, Mg? " increased basal adenylate
cyclase activity when vasopressin stimulated activity has already reached its maximum.
Thus, the dose dependency of adenylate cyclase activation by lysine vasopressin was af-
fected by the Mg?* concentration in the incubation medium. As illustrated by Fig. 3,
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Fig. 2. Dose-dependent adenylate cyclase activation by Mg?* under basal and hormonally stimulated
conditions. As indicated in the legend to Fig.1, most of the Mg?* was removed from the enzyme. The
lowest Mg?* concentration tested was 0.30 mM.

Preincubation of membranes was carried out at 30°C for 15 min in a medium containing 0.25
mM ATP, 1 mM cyclic AMP, 100 mM Tris-HCl pH 8, 1 mg/ml creatine kinase, 20 mM creatine phos-
phate, and the indicated amounts of Mg®* and vasopressin (total volume 95 ul). After preincubation,
10 ul [a-3*P] ATP (1uCi) were added and the reaction allowed to proceed for § min. The samples were
then diluted with unlabeled ATP and filtered on aluminum oxide columns as previously described (13).

Left panel: adenylate cyclase activation was measured as a function of the Mg?* concentration
under 4 experimental conditions, under a basal condition, a threshold dose of lysine vasopressin, a sub-
maximal dose of hormone, and a maximal dose.

Right panel: stimulation ratio (stimulated/basal activity) at different doses of lysine vasopressin
as a function of Mg?* concentration.
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Fig. 3. Dose-response curve for vasopressin at different Mg®* concentrations. The same membrane
preparation was used for both dose-response curves. Mg?* was first eliminated from the enzyme (see
legend to Fig. 1), and its concentration was then adjusted to the desired values. Magnesium concen-
trations chosen were derived from the experiment described in Fig. 2.

Note that when 0.25 mM Mg?" is present in the incubation mixture no response is observable
for hormone concentrations below 107 M.

Dotted lines indicate concentrations of peptide eliciting 50% of the maximal response.

lowering the Mg>* concentration in the incubation medium reduced the range of hormonal
concentrations for which dose-dependent adenylate cyclase activation was observable. In
the presence of 2 mM Mg?" a dose-dependent response to lysine vasopressin was observable
from 107'*M to 10™*M hormone, while at low Mg?* (0.25 mM; ATP concentration, 0.20
mM), the concentration range in which the enzyme response occurred was restricted

(from 1071 M to 10°® M). At high magnesium concentration, the response covered 6
orders of magnitude instead of 3—4 orders of magnitude at low Mg?* content in the incu-
bation mixture. As a consequence, the value of the Hill coefficient rose from 0.30 at

2 mM Mg?* to 0.58 at 0.25 mM Mg?". At both these Mg>* concentrations, maximal en-
zyme activation was obtained for the same hormonal concentration. Provided that it is
demonstrated under these experimental conditions, different only with respect to the
magnesium, and that the characteristics of hormonal binding are unchanged (16), then

these observations suggest that the effect of Mg?2* on hormonal responsiveness is located

at the coupling step.

It was not possible to account for hormonal activation of adenylate cyclase by an
increase in the affinity of the enzyme regulatory site for Mg?” due to vasopressin. Such a
mechanism cannot explain either the presence of an optimal Mg2" concentration for the
stimulation ratio (Fig. 2) or the additional effect of vasopressin on the maximal velocity
of the reaction measured in the presence of saturating amounts of Mg?”,

It may also be noted from Fig. 3, that by raising Mg?* concentration in the basal
adenylate cyclase medium, activity was increased by about 2-fold, while the activity due
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to the hormone was only increased by about 50%. Thus, despite the fact that when in-
creasing Mg? " the stimulation ratio dropped, there was still a potentialization of the re-
sponse due to the hormone.

In conclusion, Mg?* exerts at least three different effects on vasopressin-sensitive
renal adenylate cyclase: the substrate of the adenylate cyclase is the Mg-ATP species; it
increases the maximal velocity of the reaction under conditions where this increase cannot
be accounted for by an increase in Mg-ATP; and finally, Mg?" appears to be able to modu-
late the relation between receptor occupancy and adenylate cyclase response. Concerning
this last point, the conclusion was mainly derived from the fact that whatever the Mg2*
concentration in the incubation medium, the concentrations of lysine vasopressin eliciting
maximal response were the same. Already published data substantiate this conclusion (16).

An analysis of the effects of other divalent cations might provide additional argu-
ments for distinguishing between the different effects of Mg?”*. If these effects are med-
iated by distinct Mg? " binding sites, it is reasonable to assume that these sites exhibit dif-
ferent stereospecificities and reactivities toward divalent cations.

Figures 4 and 5 describe the effect of Ca®" on pig kidney adenylate cyclase. Raising
Ca** concentrations above 0.1 mM led to dose-dependent inhibition of basal- and vaso-
pressin-stimulated activities (Fig. 4A). For a given Ca%* concentration the respective per-
centage inhibition of basal and stimulated activities were similar. Contrary to the results
obtained with frog bladder adenylate cyclase (13), removal of Ca** by treating the enzyme

Enzyme pretreated with 20 mM EGTA ——
5mM EGTA - ----
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Fig. 4. Effects of increasing calcium concentrations and EGTA treatment on adenylate cyclase re-
sponsiveness to hormone. Hormonal concentrations used are maximal (2 X 10°7 M) and threshold
doses (7 X 107'* M).

Enzyme treatment by EGTA. Right panel: 1.5 ml membrane fraction was incubated for 15 min
min at room temperature in 20 ml of a medium containing 3.3 mM MgCl,, 10 mM Tris-HC1 pH 8, and
§ or 20 mM EGTA. Membranes were then centrifuged at 1600 X g for 10 min. The pellet was dispersed
and washed twice in 100 ml of a medium containing 10 mM Tris-HC1 pH 8 and 3.3 mM MgCl, . The
final pellet was used as a source of enzyme. Left panel: no enzyme treatment.
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Fig. 5. Effects of increasing calcium concentrations at different levels of ATP in the incubation med-
ium. The Mg?* concentration in the incubation medium was 0.25 mM after washing the enzyme as
indicated in the legend to Fig. 1. Since a maximal dose of lysine vasopressin leading to almost instantan-
eous occupation of the receptor was used, the reaction was carried out immediately after addition of
the enzyme. No preincubation was performed.

with either 5 or 20 mM EGTA did not eliminate the stimulating effect of lysine vaso-
pressin on the pig kidney enzyme (Fig. 4B). The Ca*" concentration range, for which in-
hibition of basal and maximally stimulated adenylate cyclase was observed, was indepen-
dent of the ATP concentration in the incubation medium (ATP varies from 0.2 to 2.5 Km).
This observation makes it unlikely that the inhibition is the result of the formation of an
ATP-Ca®" complex behaving like a competitive inhibitor at the catalytic site of the en-
zyme. In that case, one would expect the inhibitory effect of a given Ca®” concentration
to be more pronounced at high than at low ATP concentrations — that is, that the in-
hibition by Ca?* would occur in a lower concentration range when using high ATP con-
centrations. The ratio vasopressin stimulated: basal adenylate cyclase activity was inde-
pendent of Ca®* concentration whether the hormone was added at a threshold or maximal
amount. This observation is hardly compatible with the assumption that Ca**could com-
pete with Mg?* to affect the coupling step. Finally, it is possible to account for the Ca®*
effect observed by the Ca®* interaction with the adenylate cyclase regulatory site where it
blocks the stimulatory effect of Mg?* on the maximal velocity of the reaction (see above).

Figure 6 compares the effects of Co>*and Sr?” ions on the dose dependency of
adenylate cyclase activation by lysine vasopressin. It is clear that 0.3 mM Sr?* or 0.3 mM
Co?* does not change basal adenylate cyclase activity. However, concentration range in
which adenylate cyclase response occurred was much more restricted in the presence of
Sr?* (10 M—10"® M) than in the presence of Co?* (10! M—10"® M). In the presence of
Sr?”, a situation similar to that observed at low Mg?* concentration is found. On the con-
trary, Co>* appears to be able to mimic the effects of Mg?* on the dose-response curves to
the hormone (Fig. 3). This may be taken as a further confirmation of the specific effect of
Mg?>" ions on the coupling step.
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Fig. 6. Effects of Co®* anud Sr** on lysine-vasopressin dose-response curves. The Mg2* concentration
in the enzyme was lowered as indicated in the legend to Fig. |, the final concentration in the incuba-
tion medium being 0.1 mM. The effects of divalent cations on lysine-vasopressin dose-response curves
were tested for 5 min after a 15 min preincubation period at 30°C to allow hormone-receptor inter-
action to approach equilibrium.

The concentrations of strontium and cobalt used were chosen so that the divalent cation con-
centration was slightly in excess over that of ATP. Dotted lines correspond to the concentration of
lysine vasopressin eliciting 50% of the maximal response.

EFFECTS OF GMPPNP

Different groups (17, 18) have shown that GMPPNP is a potent activator of several
adenylate cyclase systems. We recently observed that GMPPNP was also able to activate
pig kidney adenylate cyclase. The enzyme activation was time, temperature, and concen-
tration dependent (Fig. 7). Activation by GMPPNP was a slow process. After 3 hr incuba-
tion at 15°C activation still increased with time. When the enzyme was preincubated in
the presence of GMPPNP at 30°C, an equilibrium state for adenylate cyclase activation
was reached within 20 to 60 min, depending on the concentration of GMPPNP tested.

The time required to reach equilibrium was shorter at low (1077 M) than at high
(107 M) GMPPNP concentrations. The maximal stimulation induced by GMPPNP varied
from 15 to 35 times the basal value. It is possible that the apparent equilibrium for activa-
tion observed results from the combination of a slow activation process and a time-de-
pendent denaturation of the enzyme. When GMPPNP was removed from the incubation
medium during the onset of the activation process and the adenylate cyclase activity was
then measured as a function of time, the adenylate cyclase activity remained stable and
equal to the activity measured just before GMPPNP removal. Thus the activation process
of pig kidney adenylate cyclase by lysine vasopressin and GMPPNP, respectively, are
strikingly different as regards time and dose dependency, as well as reversibility (2).

Whether or not the membranes were preincubated in the presence of GMPPNP, rais-
ing the Mg2" concentrations in the incubation medium enhanced adenylate cyclase activity
(Fig. 8). However, in contrast to the results obtained under hormonal stimulation by
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Fig. 7. Time course of adenylate cyclase activation by GMPPNP at 15°C and 30°C. The enzyme was
preincubated at 15°C and 30°C in 100 mM Tris-HCI pH 8 containing the indicated amounts of
GMPPNP (total volume 30 ul). After preincubation, 10 ul of a medium containing 1 mM ATP, 4 mM
cyclic AMP, 0.4 uCi [a-*2P] ATP, 4 mg/ml creatine kinase, and 80 mM creatine phosphate were added.
Samples were then incubated at 30°C for either 1 min (preincubation at 30°C) or 1.5 min (preincuba-
tion at 15°C). The reaction was stopped by diluting samples with unlabeled ATP. Points on the curves
refer to the velocity of the adenylate cyclase reaction after different periods of time following mixing
of membranes and GMPPNP. Assays were performed at 30°C whatever the temperature at which pre-
incubation occurred. However, in order to get similar velocities, samples which have been preincubated
at 15°C were incubated for 1.5 min at 30°C instead of 1 min, in order to compensate for thermic
equilibration.

lysine vasopressin, the shape and characteristics of the dose-response curves were inde-
pendent of the Mg“ concentrations; threshold doses were identical; concentrations of
GMPPNP eliciting 50% of the maximal observed effect were the same; and finally, when
expressed as percent of the maximal effect, whatever the Mg?* concentration, curves were
superimposable. In any case, the dose dependency of adenylate cyclase activation by
GMPPNP should be analyzed with caution since, as stated above, it was difficult to reach
time equilibrium conditions for enzyme activation. Saturability of enzyme activation by
high GMPPNP concentrations, which seemed apparent when adenylate cyclase activity
was measured for a 5-min period following addition of the nucleotide to the incubation
medium, was far less pronounced when the enzyme was preincubated for 20 min with
GMPPNP. In both cases, dose-dependent activation was observable throughout concentra-
tion range covering more than 3 orders of magnitude.

Further experiments are needed to ascertain whether GMPPNP and vasopressin have
a common action mechanism and whether guanyl nucleotides are physiologically involved
in hormonal action.
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Fig. 8. Effects of Mg?" on dose-dependent adenylate cyclase activation by GMPPNP. The Mg2* con-
centration in the incubation medium was lowered as indicated in the legend to Fig. 1. Dose dependency
for adenylate cyclase activation by GMPPNP was measured for a 5 min incubation period at 30°C
either immediately after addition of the enzyme (left) or after a 20 min preincubation period (right).
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