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ABsTrRACT Similarities exist between the properties
of adenylate cyclase after stimulation by cholera toxin
and after stimulation by guanylylimidodiphosphate (Gpp-
(NH)p). Thus a strong stimulation is achieved by both
agents, the stimulation is essentially irreversible, the
action of certain hormones is enhanced and the enzyme
can be solubilized with Lubrol PX in the activated state.
Because of these similarities the interaction of cholera
toxin and Gpp(NH)p on adenylate cyclase was exam-
ined. It was found that prior activation of rat liver
adenylate cyclase by cholera toxin in vivo, or by cholera
toxin and NAD in homogenates, blocked the stimulatory
effect of Gpp(NH)p. Furthermore under conditions in
which the effect of Gpp(NH)p was less than that of
cholera toxin, inhibition of stimulation by cholera toxin
was seen. Stimulation of adenylate cyclase by maximal
concentrations of Gpp(NH)p, but not by submaximal
concentrations, blocked the stimulatory effect of cholera
toxin. The mutual interference of the actions of these
two agents suggests a common target in the regulatory
mechanism of the adenylate cyclase complex.

INTRODUCTION

While the effect of cholera toxin on adenylate cyclase
has been widely studied in a variety of animal tissues
(1-8), the mechanism by which the toxin stimulates the
enzyme is not understood. The activation characteris-
tically occurs after a lag period which is variable accord-
ing to the tissue studied. Once the effect is produced it
is essentially irreversible and can resist dilution, wash-
ing, or solubilization of the preparation (8). Simultane-
ously with the increase in basal activity, cholera toxin
produces an enhancement of the effects of some hor-
mones on adenylate cyclase. Thus catecholamine re-
sponses are enhanced (5, 7, 8) and the apparent affinity
of glucagon for adenylate cyclase is reported to be in-
creased in tissues treated with cholera toxin relative to
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control tissues (6). The ability to respond to fluoride
has been shown to be decreased by the toxin treatment
(5).

Some of the characteristics of the cholera toxin ef-
fect resemble those of guanyl nucleotides on adenylate
cyclase. Since the early reports of the effect of GTP on
the enzyme by Rodbell et al. (9) a number of laborator-
ies have found that GTP enhances the effect of hormones
on adenylate cyclase, and can stimulate basal activity of
the enzyme (10-12). Such effects have been reported to
be present in many different eucaryotic cells (13). Non-
hydrolyzable analogues of GTP such as guanylylimido-
diphosphate Gpp(NH)p* and guanylylmethylenediphos-
phate [Gpp(CH:)p] have a similar but much greater
effect than GTP on both basal and hormone-stimulated
adenylate cyclase activity (12-16) presumably because
of the stability of the terminal phosphate group. The
stimulatory effects are irreversible, resisting dilution,
washing, or solubilization. Interference with the stimula-
tory effect of sodium fluoride by GTP or Gpp(CH:)p
has also been reported (9).

Thus the effects of cholera toxin and the analogues
of GTP are similar in that both stimulate adenylate cy-
clase, both enhance the effects of certain hormones, and
both produce an essentially irreversible stimulation of
the enzyme which can then be solubilized in the activated
state. These similarities prompted us to examine the in-
terrelationship between cholera toxin and Gpp(NH)p.
A recently developed procedure to stimulate adenylate
cyclase in broken cell preparations (17, 18) allowed the
possibility of sequential incubations with the two agents
to study this interaction.

METHODS

Stimulation of adenylate cyclase in vivo was achieved by
intravenous injection into rats of 1 ug/g of cholera toxin
after light ether anesthesia. 5 h later the animals were

1 Abbreviations used in this paper: Gpp(CH:)p, guanylyl-
methylenediphosphate; Gpp(NH)p, guanylylimidodiphos-
phate.
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Ficure 1 Effect of different concentrations of Gpp(NH)p
on adenylate cyclase from control rat livers (----) and
from livers of rats injected with 1 ug/g cholera toxin and
sacrificed after 5 h (——). The liver homogenates were
washed once by mixing them with an excess of cold 75 mM
Tris-HCl buffer, pH 7.5 and centrifuging at 1,200 g for 5
min. The pellets were resuspended and assayed for adenylate
cyclase activity in the presence or absence of Gpp(NH)p.
Inhibition of the toxin-treated adenylate cyclase by 10* M
Gpp(NH)p was statistically significant (P <0.01).

again anesthetized and their livers perfused through the
portal vein with a cold solution of 75 mM Tris-HCI buffer
pH 7.5, containing 12.5 mM MgCl,. Livers from toxin-
treated rats and from control rats perfused in the same way
were cut out and homogenized by 10 strokes of a Dounce
homogenizer in 10 vol of the same buffer. Aliquots were
washed with 25 vol of buffer and centrifuged at 1,200 g
for 5 min.

Stimulation of adenylate cyclase in the broken cell prepa-
rations was achieved by incubating aliquots of control ho-
mogenates (200 ul) with or without 4 ug/ml cholera toxin
and 1 mM NAD for 15 min at room temperature; the in-
cubations were terminated by adding an excess (5 ml) of
cold buffer and were immediately centrifuged at 1,200 g
for 5 min.

Pellets from both in vivo and in vitro treated preparations
were resuspended in 75 mM Tris-HCl, pH 7.5, containing
25 mM MgCle, by three strokes of the same homogenizer.
The volume of the buffer added was adjusted to obtain a
final protein concentration between 1 and 1.5 mg/ml.

Adenylate cyclase activity was assayed using the method
of Krishna et al. (19). The final incubation medium (50 ul)
consisted of 0.1 mM ATP, including 1 uCi of [*P]ATP,
0.1 mM cyclic AMP, 5 mM phosphoenolpyruvate, 0.07 IU
pyruvate kinase, 0.7 IU myokinase, 10 mM MgCl;, 30 mM
Tris-HCI, pH 7.5. The amount of protein in the incubation
varied between 20 and 30 ug. The incubation was carried out
for 5 min at 37°C. These were optimal conditions for the
assay. The reaction was stopped by adding 1 ml of a cold
solution containing 100 ug cyclic AMP and 200 ug ATP,
[2H]cyclic AMP was also added for calculation of the re-
covery. Tube contents were pipetted onto 0.6 X 4-cm chro-
matographic columns which had been prepared by pipetting
2 ml of 50% (vol/vol) aqueous suspension of Bio-Rad resin
AG-50W-X2, 200-400 mesh, H* form (Bio-Rad Labora-
tories, Richmond, Calif.) into tubes containing glass wool
supports. The cyclic AMP was eluted by water in the
4th and 5th ml. Impurities in this fraction were removed
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by two precipitations with ZnSO, and Ba(OH)., care being
taken that the final pH was close to 7.5. After centrifugation
for 5 min at 1,200 g the precipitation was repeated. Then
the supernates were transferred to scintillation vials con-
taining 15 ml of naphthalene-dioxane solvent system. *H
and ®P were estimated simultaneously in a liquid scintilla-
tion spectrometer. Recovery of cyclic AMP as estimated
with [*H]cyclic AMP was 50-70%. The amount of cyclic
AMP formed was calculated from the specific activity of *P
in the incubation mixture and amount of [*H]cyclic AMP
recovered minus the reaction blank. Reaction blanks were
always less than 10% of the lowest basal activity. Results
are expressed as picomoles of cyclic AMP per milligrams
of protein per minute.

Purified cholera toxin was prepared under contract for
the National Institute of Allergy and Infectious Diseases
by R. A. Finkelstein, Ph.D.,, The University of Texas
Southwestern Medical School, Dallas, Tex. (20). Adenosine
5'-a-[*#P]triphosphate (13-20 Ci/mmol) and 8-[*H]cyclic
AMP (12-18 Ci/mmol) were obtained from New England
Nuclear, Boston, Mass.). Nicotinamide adenine dinucleotide
was obtained from Sigma Chemical Co. St. Louis, Mo.
Gpp(NH)p was obtained from International Chemical and
Nuclear Corporation, Irvine, Calif. All statistical analyses
were performed by Student’s ¢ test.

RESULTS

Effect of Gpp(NH)p on adenylate cyclase activity
from control and in vivo toxin-treated preparations.
Dose response data for Gpp(NH)p on control and in
vivo toxin-treated adenylate cyclase activity were ob-
tained by incubating the washed membranes with differ-
ent concentrations of the nucleotide, Gpp(NH)p was
added during the adenylate cyclase assay which took
place during 5 min at 37°C. In control tissue marked
stimulation of adenylate cyclase activity was achieved
with 10° M Gpp(NH)p. Maximal stimulation was seen
at 10* M. Treatment with cholera toxin resulted in a
sevenfold activation of basal adenylate cyclase activity.
In contrast to control tissue, Gpp(NH)p was unable to
stimulate cyclase activity from tissues pretreated with
cholera toxin in vivo. 10°® M Gpp(NH)p proved to
inhibit the activity of cholera toxin-treated adenylate
cyclase. The results are shown in Fig. 1.

Effect of Gpp(NH)p on adenylate cyclase from con-
trol and in vitro toxin-treated preparations. Incuba-
tion of control homogenates with 1 mM NAD and 4 ug/
ml cholera toxin for 15 min at room temperature resulted
in a sixfold increase in basal cyclase activity. Again,
control adenylate cyclase responded to Gpp(NH)p with
increased activity whereas toxin-treated adenylate cy-
clase was inhibited by Gpp(NH)p at all concentrations
tested. Results are shown in Fig. 2.

Inhibition of the Gpp(NH)p effect by preincubation
with cholera toxin. In a separate series of experiments
a 15-min preincubation period with cholera toxin and
NAD at room temperature preceded the addition of
10* M Gpp(NH)p which was then present for a fur-
ther 15-min period. The homogenates were washed with



an excess of buffer between the two incubations and
again after the second incubation. The pellet from the
second wash was resuspended and adenylate cyclase as-
sayed immediately afterwards. From the results pre-
sented in Fig. 3 it can be seen that cholera toxin and
NAD stimulated adenylate cyclase to a similar extent
as 10* M Gpp(NH)p. When Gpp(NH)p was added
after the treatment with cholera toxin, no further stimu-
lation of adenylate cyclase occurred. Thus treatment
with cholera toxin and NAD completely blocked the
effect of Gpp(NH)p added subsequently for 15 min.
Inhibition of the cholera toxin-NAD effect by pre-
incubation with Gpp(NH)p. To determine the maxi-
mally effective concentration of Gpp(NH)p when incu-
bations are performed at room temperature, liver ho-
mogenates were treated with high concentrations of the
nucleotide for 20 min. It is shown in Table I that 10° M
Gpp(NH)p produced a significantly greater stimulation
of adenylate cyclase than 10 M Gpp(NH)p. It is also
shown that 10°* M Gpp(NH)p was the maximally ef-
fective concentration as no greater effect was caused by
5% 10° M.or 10® M Gpp(NH)p. Submaximal (10~
M) and maximal (10® M) concentrations of Gpp-
(NH)p were then incubated with the homogenates for
20 min. Cholera toxin and NAD were added at time
10 min and the adenylate cyclase activity of the prepa-
ration was assayed after washing with an excess of cold
buffer at the end of the 20 min. It is shown in Fig. 4
that the combination of cholera toxin and NAD can
stimulate adenylate cyclase after preincubation with a
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Ficure 2 Effect of different concentrations of Gpp(NH)p
on membranes obtained from control homogenates and ho-
mogenates treated in vitro with 4 ug/ml cholera toxin and
1 mM NAD for 15 min at 22°C. The homogenates were
washed as described and adenylate cyclase activity assayed
in the resuspended pellets in the presence or absence of
Gpp(NH)p. Inhibition of the toxin-treated adenylate cy-
clase by all concentrations of Gpp(NH)p tested was statis-
tically significant (P < 0.05).
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Ficure 3 Effect of preincubating liver homogenates with
cholera toxin (4 ug/ml) and NAD (1 mM) on the response
to Gpp(NH)p. The liver homogenates were incubated with
or without cholera toxin and NAD for 15 min at 22°C. An
excess of cold buffer was added and the product spun at
1,200 g for 5 min. The pellets were resuspended in a volume
of buffer equivalent to the original volume of the homoge-
nate.. A second incubation was then performed with or with-
out 107 M Gpp(NH)p for 15 min at 22°C. The product was
again washed and assayed for adenylate cyclase.

submaximal concentration of Gpp(NH)p; however, the
stimulation in excess of the Gpp(NH)p effect is less
than the stimulation achieved on control homogenates.
Furthermore, it is shown in Fig. 5 that 10° M Gpp-
(NH)p completely prevents the toxin from acting on
the enzyme. That is, in the presence of maximally ef-
fective concentrations of Gpp(NH)p, cholera toxin does
not stimulate adenylate cyclase.

DISCUSSION

The results presented in this work reveal an interesting
relationship between the effects of cholera toxin and a

TaBLE I
Effect of High Concentrations of Gpp(NH)p Incubated
with the Homogenates for 20 min at 22°C
on Adenylate Cyclase Activity

‘Experiment I

0 104 1073 A+SEM P n
pmol/mg protein/1 min

7+1 2844 2142 <0.01 6

2844 3945 1141 <0.01 6

Experiment 11

0 103 5 X 1072 102 A+SEM P n
pmol/mg protein/1 min

441 3645 3245 <0.01 6

365 36+4 0+4 NS 6

36+4 3448 —146 NS 6

The homogenates were washed before the assay. Two sets of experiments
were performed to test different ranges of Gpp (NH)p concentrations.

Cholera Toxin and Guanylylimidodiphosphate 1347



n=21|

ADENYLATE CYCLASE ACTIVITY
pmol cyclic AMP/mg protein/min

I - —  GPP(NHP GPP(NH)P

PERIOD (10°*M) (1074 M)
O — CT,NAD CT,NAD

—

A * SEM - 8.4+1.2 16216 6.4*1.4

p — <001 <p0lI <001

Ficure 4 Effect of preincubating the liver homogenates
with or without 10* M Gpp(NH)p on the response to
cholera toxin and NAD. 4 ug/ml cholera toxin and 1 mM
NAD were added after 10 min incubation with Gpp(NH)p
at 22°C. After a second 10 min period, the preparation was
washed and the pellets resuspended and assayed for aden-
ylate cyclase activity.

nonhydrolizable analogue of GTP, Gpp(NH)p, on
adenylate cyclase activity. Cholera toxin is shown to
block the ability of Gpp(NH)p to stimulate adenylate
cyclase, and Gpp(NH)p is shown to block the effect of
cholera toxin. When Gpp(NH)p is added to the en-
zyme preparation after treatment with cholera toxin
and when the Gpp(NH)p effect alone is less than that
of the toxin, inhibition of the stimulation due to toxin is
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Ficure 5 Effect of 10° M Gpp(NH)p on the subsequent
response to cholera toxin and NAD. The experimental con-
ditions were similar to those in Fig. 4 except that the dose
of Gpp(NH)p employed was 10 M instead of 10* M.
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observed (Figs. 1 and 2). The mutual interference of
the action of these two agents becomes of considerable
interest when taken in conjunction with their similarity
of effects on adenylate cyclase. As noted in the intro-
duction to this paper, both cholera toxin and Gpp(NH)p
produce a marked stimulation of adenylate cyclase, the
stimulation is essentially irreversible, hormone action
is enhanced, and the enzyme can be solubilized in the
activated state. Thus the possibility exists that cholera
toxin and Gpp(NH)p share a common target in the
adenylate cyclase complex, the so called guanyl nucleo-
tide-binding (regulatory) protein. While an alternative
explanation for these data might be that the two agents
act on different parts of the adenylate cyclase complex
to produce an activated state that is no longer responsive
to the other agent, we are impressed by the inhibition
of the toxin stimulation caused by subsequent addition
of Gpp(NH)p. This mutual interference of activity
and the marked similarities of their effects suggest a
common target mechanism.

In considering an action of cholera toxin on the
guanyl nucleotide-binding protein one could postulate
that cholera toxin or its active subunit acts directly
(6) or through a reaction in which NAD is required
(17, 18), on the site of the adenylate cyclase complex
which is sensitive to the action of Gpp(NH)p to pro-
duce essentially the same type of stimulation as the
latter, Such reaction between the cholera toxin and
NAD may consist in the incorporation of a NAD me-
tabolite onto the Gpp(NH)p target on the enzyme
complex. This type of reaction has been found to take
place in diphtheria, where the diphtheria toxin acts by
incorporating the adenosinediphosphoribose moiety from
NAD onto elongation factor 2, a ribosomal protein
(21).

Several recent studies have shed light on the effect of
guanyl nucleotides on adenylate cyclase (12-16). Pfeuf-
fer and Helmreich (15) have detected a guanyl nucleo-
tide-binding protein which they suggested might regu-
late the activity of adenylate cyclase; thus interaction
of guanyl nucleotides with this membrane bound com-
ponent of the adenylate cyclase complex would essen-
tially remove an inhibitory restraint on the enzyme ac-
tivity. Similarly, a model has been developed by Rod-
bell and his associates for the effect of guanyl nucleo-
tides and glucagon on hepatic adenylate cyclase (16, 22—
24). In this model Gpp(NH)p induces the formation
of an intermediate transition state with no increase in
enzyme activity until the transition state is changed by
isomerization to a high activity state. Glucagon would
act by accelerating the rate of isomerization. In work
on Gpp(NH)p effects on frog erythrocytes it was found
that high concentrations of isoproterenol inhibited the
stimulation by Gpp(NH)p. It was proposed that this



might be due to the setting up of a new equilibrium
position between the transitional and the highly acti-
vated states of the enzyme. In this regard it is worth
mentioning that high concentrations of isoproterenol
have been shown to inhibit the action of cholera toxin
in rabbit intestine when added after the stimulated state
was attained,—pointing out yet another similarity be-
tween the activation of adenylate cyclase by cholera
toxin and Gpp(NH)p (25).

It is suggested that cholera toxin and Gpp(NH)p
act on the same regulatory mechanism to bring about
the stimulation of adenylate cyclase. Further studies on
the binding of NAD or a derivative of NAD, in the
presence of cholera toxin, to the guanyl nucleotide-
binding protein are in progress.
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