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Summary 

The adenylate cyclase of cloned differentiated rat hepatocytes (RL-PR-C) is 
regulated by cholera toxin, guanine nucleotides and fluoride. The activation of 
hepatic adenylate cyclase by cholera toxin was additive with that by GTP and 
synergistic with that by epinephrine. 

In contrast, when membranes were exposed to cholera toxin in the presence 
of Gpp(NH)p or fluoride, the response was the same as to these agents in the 
absence of cholera toxin. 

Cholera toxin-activated membranes were responsive only to epinephrine and 
GTP, while fluoride-activated membranes responded somewhat to all other 
agents, and Gpp(NH)p-activated membranes responded to no other agents. 

These data suggest that responsiveness of hepatic adenylate cyclase to 
cholera toxin, fluoride and Gpp(NH)p cannot be expressed simultaneously. 
A model is presented to explain these observations which invokes multiple 
states of adenylate cyclase, each being sensitive to, or brought about by, a dif- 
ferent regulatory agent. 

Introduction 

Genetic [1--3] and biochemical [4--7] evidence indicates that hormone- 
sensitive adenylate cyclase consists of at least three separate components; a hor- 
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mone receptor, a catalytic unit which converts ATP to cyclic AMP, and one or 
more regulatory factors. At least one of these regulatory factors seems to medi- 
ate effects by guanine nucleotides [ 8--10 ]. The findings that ~-agonists increase 
membrane GTPase activity [11] and enhance displacement of bound GDP by 
GTP in avian erythrocytes [12] have led Cassel and Selinger [11] to propose 
that the hydrolysis of GTP serves as the ultimate signal to terminate adenylate 
cyclase activity, which is active when GTP is bound to the regulatory site. 

Cholera toxin, which activates adenylate cyclase in a wide variety of cell 
types [13], modifies regulation by guanine nucleotides [14,15] and inhibits 
catecholamine-stimulated GTPase activity [14--16]. Furthermore, cholera 
toxin has been found to ADP-ribosylate a specific membrane protein in a num- 
ber of cell types [17--21]. This ADP-ribosyl acceptor of pigeon erythrocytes is 
also capable of binding GTP, and is thought to be responsible for guanine 
nucleotide and fluoride sensitivity in this system [22]. This same protein was 
reported to be absent in a phenotypic variant of $49 cells which is unresponsive 
to these regulators [18]. These observations suggest that cholera toxin cova- 
lently modifies one or more proteins involved in the regulation of adenylate 
cyclase by guanine nucleotides, hormones and fluoride. 

We have been studying a chromosomally and culturally stable cloned line 
(RL-PR-C) of rat hepatocytes [23], of which the adenylate cyclase is sensitive 
to epinephrine, guanine nucleotides, fluoride and cholera toxin [24]. Further, 
cholera toxin catalyzes the ADP-ribosylation of a single protein (55 000 dal- 
tons) of RL-PR-C cell membranes [21]. The present study examines the effect 
of cholera toxin modification on the regulation of adenylate cyclase activity of 
RL-PR-C hepatocytes and extends other studies of such regulation by examin- 
ing interrelationships among other known activators of the enzyme. These 
studies demonstrate that adenylate cyclase activity of hepatocytes is not regu- 
lated solely by guanine nucleotides, as proposed by Cassel and Selinger [16], 
but more likely involves at least four separate, mutually exclusive states, the 
equilibrium of which depends on the activator ligands present. 

Materials and Methods 

Materials. Cholera toxin was obtained from Schwarz-Mann. GTP, Gpp(NH)p 
and D-epinephrine were obtained from Sigma. Stock solutions of 50 mM epineph- 
rine were prepared in 0.1 N HC1 each day and diluted in buffer just prior to 
assay. GTP solutions were also made fresh daily. Adenosine 5'-[a-32P]triphos - 
phate (400--500 Ci/mmol) was obtained from Amersham. 

Cell-culture. RL-PR-C hepatocytes were grown in monolayer in Ham's F12 
medium with 10% fetal bovine serum. The characteristics of this cell line have 
been described [23]. Cells utilized for these experiments were passage 21--25 
(84--97 population doublings) and thus had not yet undergone spontaneous 
transformation (23,24]. Confluent monolayers of RL-PR-C cells were dis- 
lodged with trypsin [25] and seeded into T150 flasks (Costar). The medium 
was changed every 48 h, and 16 h prior to each experiment. During these 5 
days in culture, the cells doubled approximately twice. The cells were just con- 
fluent at the time of assay. 

Membrane preparation. Monolayers of hepatocytes were washed quickly at 
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4°C with phosphate-buffered saline (pH 7.4) and the cells scraped from the 
flask with a rubber policeman. The suspension in 1 mM NaHCO3 was homo- 
genized in a Potter-Elvehjem Teflon glass homogenizer at 4°C (10 strokes at 
1000 rev./min). The homogenate was centrifuged at 4000 ×g, the pellet 
washed once and suspended in 1 mM NaHCO3 at a final concentration of 5--10 
mg/ml protein. 

Adenylate cyclase assay. Assay conditions were essentially those of Salomon 
et al. [26]. Final concentrations were as follows: 50 mM Tris-HC1 (pH 7.5), 
5 mM MgCI~, 1 mM cyclic AMP, 0.1% bovine serum albumin, 10 units creatine 
phosphokinase, 20 mM phosphocreatine, 0.5 mM [32P]ATP (50000 cpm/ 
pmol), and 100--150/~g membrane protein, in a final volume of 100 pl. Where 
indicated, 1 mM NAD ÷ and 2 mM dithiothreitol were also present. There was 
no phosphodiesterase inhibitor present, as we found this to be unnecessary 
with the membrane preparation employed. 

Determination of cyclic AMP. Confluent monolayers of RL-PR-C cells were 
incubated for 10 min at 37°C with appropriate agents in 1.5% bovine serum 
albumin in phosphate-buffered saline (pH 7.5), as indicated in the figure 
legends. Monolayers were then washed quickly with cold phosphate-buffered 
saline, and the cells scraped from the dish into 1 ml 0.25% (v/v) acetic acid. 
Samples were boiled for 3 min, cooled on ice, and centrifuged twice at 
2000 × g. The supernatant was assayed for cyclic AMP according to the method 
of Gilman [27]. 

Protein. This was determined by the method of Lowry et al. [28]. 

Results 

Activation of adenylate cyclase. The adenylate cyclase of RL-PR-C hepato- 
cyte membranes responded to known activators of the enzyme (Table I). 
Guanine nucleotides were maximally effective at 100 pM. At this concentra- 
tion the enzyme was much more sensitive to Gpp(NH)p (4.3-fold activation) 
than to GTP (1.5-fold), suggesting that the hydrolysis of GTP plays some role 
in the regulation of adenylate cyclase activity by this agent. 

T A B L E  I 

A D E N Y L A T E  C Y C L A S E  R E S P O N S I V E N E S S  O F  R L - P R - C  H E P A T O C Y T E  M E M B R A N E S  

A d e n y l a t e  cyc l a se  a c t i v i t y  was  m e a s u r e d  in  t h e  p r e s e n c e  o f  1 0 / ~ g / m l  c h o l e r a  t o x i n .  V a l u e s  represent  data 
f r o m  m u l t i p l e  e x p e r i m e n t s  + S .D .  N A D  + (1 r aM)  a n d  d i t h i o t h r e i t o l  (2 m M )  w e r e  present  in all  s amples .  

Addi t ions  Adeny la te  cyc]ase act ivi ty  
( p m o l  cycl ic  A M P / 1 0  min per m g  p r o t e i n )  

Basal + Cholera t o x i n  

N o n e  6 0 0  -+ 1 1 0  8 9 0  -+ 5 0  
G T P  ( 1 0 0 / j M )  8 6 4  +- 8 2  1 1 2 0  -+ 1 7 0  
G p p ( N H ) p  ( 1 0 / J M )  1 5 6 0  _+ 1 4 2  1 7 0 8  -+ 1 1 2  
G p p ( N H ) p  ( 1 0 0 / J M )  2 5 8 6  + 1 2 6  2 6 3 2  + 1 5 0  
E p i n e p h r i n e  (5 /~M)  9 6 7  +- 1 4 8  1 2 6 9  + 4 5  
N a F  ( 1 0  m M )  2 5 9 9  +- 2 0 6  2 6 2 8  +- 84  

G T P  ( I 0 0 / ~ M )  



4 7 0  

T A B L E  II  

E F F E C T  OF G U A N I N E  N U C L E O T I D E S  ON A D E N Y L A T E  C Y C L A S E  A C T I V I T Y  

Data  are e x p r e s s e d  as m e a n  a d e n y l a t e  cyc lase  act iv i ty  -+ S.D. for  tr ipl icate  d e t e r m i n a t i o n s .  

A d d i t i o n s  Adenylate cyclase activity 
(pmol cyclic AMP/IO rain per mg protein) 

Basal GTP  G p p ( N H ) p  
(100/~M) (10 ~zM) 

N o n e  395  + 98 661 + 87 1077  -+ 107  
G T P ( I O 0 ~ z M )  641 + 51 - -  5 7 4 +  8 
Epinephr ine  (5 pM) 1 1 7 2  +- 119 1 4 4 5  -+ 79 1936  -+ 51 
Cholera  t ox i n  (10  Dg/ml)  649 _+ 31 899 +- 115  1124  -+ 83 
NaF  ( 1 0 r a M )  1497_+ 135  1576  +- 83 1042_+ 1 1 5  
Ep ineph r i ne  + N aF  1 5 8 0  + 122  1572  +- 83 1141 _+ 178  

While adenylate cyclase responsiveness to epinephrine and NaF was maximal 
at 1 ~M and 5 mM, respectively, the response to cholera toxin was linear 
between 0.06 and 1.2/~M (5 and 100 pg/ml). The response to cholera toxin 
was maximized by  I mM NAD ÷ and 2 mM dithiothreitol,  so these reagents were 
routinely used when assaying cholera toxin responsiveness. Under these condi- 
tions, pretreatment  of the toxin was not  necessary. Basal adenylate cyclase 
activity varied between experiments,  due perhaps to the quality of the [a.32p]. 
ATP used for assay or to varying amounts  of  endogenous GTP being contri- 
buted  by the membrane preparations. However,  the magnitude of responses 
shown in Table I did not  vary significantly between experiments. Adenylate 
cyclase activity was assayed for 10 min since accumulation of cyclic AMP was 
linear under all condit ions during this time. 

To examine the role of  guanine nucleotides in the activation of  adenylate 
cyclase of  RL-PR-C hepatocytes,  membranes were exposed to known activators 
of  the enzyme in the presence and absence of  GTP and Gpp(NH)p (Table II). 
When membranes were exposed to GTP and Gpp(NH)p simultaneously, the 
response was similar to that  observed in the presence of  GTP alone, suggesting 
that  the affinity of  this regulatory site is greater for GTP than for Gpp(NH)p.  
The stimulation of  adenylate cyclase by epinephrine was additive with both 
guanine nucleotides, bu t  stimulation by cholera toxin was additive with GTP 
o n l y .  

In contrast,  the fluoride responsiveness of  adenylate cyclase was not  at all 
influenced by GTP. Further,  the responses of adenylate cyclase to epineph- 
rine and fluoride were no t  additive, and there was no enhancement of this 
epinephrine plus NaF response by  guanine nucleotides. In fact, the response 
to NaF was the same in the presence or absence of epinephrine, GTP, or com- 
binations of these agents. In contrast, when membranes were exposed to 
fluoride, fluoride plus ~ epinephrine, or cholera toxin, in the presence of 
Gpp(NH)p,  the response closely resembled that seen with Gpp(NH)p alone. 

Actions of  cholera toxin. We previously reported that  cholera toxin catalyzes 
the ADP-ribosylation of  a single 55 000 dalton membrane protein of  RL-PR-C 
hepatocytes  [21].  Although the role of  this protein is not  yet  known, it is pos- 
sible that  it may be involved in one or more regulatory functions for adenylate 
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Fig. 1. E p i n e p h r i n e  r e spons iveness  fo l lowing  cho l e r a  t o x i n  pretxeatment .  Conf luent  m o n o l a y e r s  of  RL-  
PR-C h e p a t o c y t e s  were incubated  w i t h  (e )  o r  w i t h o u t  (o) 5 ~ g / m l  cho le ra  t o x i n  in  phosphate -buf fered  
sal ine,  pH 7.4,  for  3 h a t  37°C.  M o n o l a y e r s  were  w a s h e d  wel l  a t  22°C  to  r emove  excess  cholera  t o x i n ,  
e x p o s e d  to  the indicated concentra t ion  of  e p i n e p h r i n e  in  p h o s p h a t e - b u f f e r e d  sal ine (pH 7 .4 ) /1 .5% bov ine  
s e rum a l b u m i n  for  10  m i n  a t  37°C,  and cycl ic  AMP (cAMP) d e t e r m i n e d .  Da ta  is expres sed  as p m o l  cycl ic  
AMP p r o d u c e d  relative to  c o n t r o l ,  in  the absence  of  ep ineph r ine ,  ±S.D. of  t r i p l i ca t e  d e t e r m i n a t i o n s  f rom 
t w o  separa te  e x p e r i m e n t s .  C o n t r o l  va lues  were  2 .58  and  29.7  p m o l  cyc l ic  A M P / 6 0  m m  Pet r i  dish for  basa l  
and cho le ra  t o x i n - t r e a t e d ,  respect ive ly .  

cyclase. To determine the role of  cholera toxin's action on the regulation of  
adenylate cyclase, plasma membranes were exposed simultaneously to cholera 
toxin and other  agents, and adenylate cyclase activity determined. The effect  
of  cholera toxin was additive with those of  GTP and epinephrine (Table I). In 
contrast,  when adenylate cyclase activity was assayed with cholera toxin in the 
presence of  fluoride or Gpp(NH)p,  the response observed was that  of  these 
agents seen in the absence of cholera toxin. Thus, while the effects of cholera 
toxin and GTP were additive, those of  Gpp(NH)p with cholera toxin and 
fluoride with cholera toxin were not.  

When the effect  of  cholera toxin on epinephrine responsiveness was studied 
in intact cells, by measurement  of  cyclic AMP accumulation, a synergistic 
rather than additive effect  of  cholera toxin on epinephrine responsiveness was 
observed (Fig. 1). When monolayers of  RL-PR-C hepatocytes  were exposed to 
epinephrine after t reatment  with cholera toxin, the cyclic AMP response to 
low concentrat ions of  epinephrine (0.01--1.0 ];M) was greatly enhanced (4-fold 
compared to 2-fold with 0.1 #M epinephrine). 

The effect  o f  cholera toxin on adenylate cyclase was more pronounced in 
intact cells than in membrane preparations. For  example, when intact cells 
were exposed to 5 #g/ml cholera toxin, cyclic AMP levels began to rise after 45 
min and continued to increase for up to 4 h [29];  by 3 h, intracellular cyclic 
AMP levels were ten times higher than in control  cells. In contrast, adenylate 
cyclase activity in a membrane preparation was activated by  100 / ;g /ml  cholera 
toxin only 4.5-fold. Most likely, there is a requirement  for intact membrane 
structure for the optimal action of  cholera toxin on adenylate cyclase; alter- 
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T A B L E  I I I  

E F F E C T S  OF C H O L E R A  T O X I N  P R E T R E A T M E N T  ON S U B S E Q U E N T  A D E N Y L A T E  C Y C L A S E  
A C T I V I T Y  

C o n f l u e n t  m o n o l a y e r s  o f  h e p a t o c y t e s  w e r e  i n c u b a t e d  wi th  or  w i t h o u t  5 ~ g / m l  cho lera  t o x i n  in phos-  
p h a t e - b u f f e r e d  saline (pH 7.4)  for  3 h a t  37°C,  and m e m b r a n e s  prepared.  A d e n y l a t e  cyc lase  wa s  assayed 
in the  presence  o f  the  add i t ions  shown .  Values  s h o w n  represent  the  m e a n s  + S.D. of  tr ipl icate  de termina-  
t ions .  

A d d i t i o n s  A d e n y l a t e  cyc lase  ac t iv i ty  
( p m o l  cyclic A M P / 1 0  rain per  m g  p ro te in )  

Con t ro l  Cholera  t o x in - t r e a t ed  
Basal 550 + 44 3509  -+ 235 
GTP  (100  ~M) 850  + 50 3930  ± 200  
E p i n e p h r i n e  (5 tzM) 1503  +_ 25 3629  ± 181 
Ep inep l ~ i ne  + GTP 2007  -+ 121 4713  + 190  
G p p ( N H ) p  (100  DM) 2 3 7 5  +- 142  2437  ± 112  
N a F  (10  raM) 2101  + 100  2 0 3 4  + 189  
GTP  + N aF  2111  ± 194  2542  ± 89 
Epinephr ine  + N aF  2199  ± 174  2027  +- 111 
Ep ineph r i ne  + N a F  + GTP 2189  ± 221 2 4 4 4  +_ 235  

natively, reagent concentrations with the membrane preparation are other than 
physiological (e.g. dissociation of  the A fragment from the B subunits may not  
be complete) .  

Cholera toxin-pretreated membranes. The additive effects of  cholera toxin 
with GTP and epinephrine and the lack of  a cholera toxin response in the 
presence of  Gpp(NH)p and fluoride prompted  us to examine the responsiveness 
of adenylate cyclase in hepatocyte  membranes that  had been modified by 
cholera toxin-catalyzed ADP-ribosylation. Intact  hepatocytes,  rather than 
membranes,  were practivated with cholera toxin because the toxin effect  was 
more extensive in whole cells than in membrane preparations (see above). 
Accordingly, intact cells in monolayer  were incubated with cholera toxin for 
3 h, membranes prepared, and adenylate cyclase activity measured in response 
to various agents. 

There was no effect  of  epinephrine on adenylate cyclase activity in toxin- 
activated membranes unless GTP was also present (Table III). The effect  of 
GTP was additive with that  of  epinephrine in both untreated and cholera toxin- 
activated membranes.  When toxin-activated membranes were exposed to 
Gpp(NH)p or fluoride, the adenylate cyclase activity was the same as that  in 
untreated membranes.  When cholera toxin-activated membranes were incu- 
bated with fluoride in the presence of  GTP, there was a slight, bu t  significant, 
increase in adenylate cyclase activity, suggesting that GTP may overcome some- 
what  the complete  inhibition by  fluoride of  the cholera toxin response, Simi- 
laxly, when toxin-activated membranes were incubated with epinephrine plus 
fluoride, the response was the same as that  observed in control  membranes 
exposed only to fluoride, and there was no effect  of  GTP. 

To extend further these observations, cholera toxin-activated adenylate 
cyclase was compared with fluoride-pretreated and Gpp(NH)p-pretreated forms 
of  the enzyme for  their ability to respond to various agents (Table IV). Pre- 
t reatment  condit ions were chosen to activate the enzyme maximally. When 
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T A B L E  IV 

E F F E C T S  O F  P R E A C T I V A T I O N  O F  H E P A T O C Y T E  A D E N Y L A T E  C Y C L A S E  W I T H  G p p ( N H ) p  O R  
N a F  O N  S U B S E Q U E N T  A C T I V I T I E S  

M e m b r a n e s  w e r e  pre trea ted  in buf fer  ( c o n t r o l ) ,  1 0 0  ~M G P p ( N H ) p  o r  I 0  m M  N a F  f o r  1 0  ra in  a t  3 7 ° C ,  
w a s h e d  o n c e ,  resuspensed  in 1 m M  N a H C O 3 ,  and assayed  for  a d e n y l a t e  a c t i v i t y  in  the  presence  o f  the  
addi t ions  s h o w n .  T h e  va lues  s h o w n  are the  m e a n s  ± S .D.  for  s ix  d e t e r m i n a t i o n s .  

A d d i t i o n s  A d e n y l a t e  cyc l a se  a c t i v i t y  
( p m o l  c y c l i c  A M P / 1 0  m i n  pe r  m g  p r o t e i n )  

C o n t r o l  G p p ( N H ) p  N a F  

Basal  1 0 2  ± 4 2  1 1 5 8  ± 1 1 7  1 0 0 6  ± 1 0 9  
C h o l e r a  t o x i n  ( 1 0  u g / m l )  1 5 7  ± 13  1 3 8 9  +- 1 2 7  1 3 2 8  ± 1 3 1  
E p i n e p h r i n e  (5 /~M)  171  _+ 3 2  1 2 6 2  + 1 3 9  1 4 0 8  -+ 81 
N a F ( 1 0 m M )  3 5 7  + 63  1 1 9 3 +  9 3  3 7 5 2 - +  3 1 1  
G T P  ( 1 0 0  ~M) 1 5 9  -+ 2 6  1 2 6 2  ± 6 9  1 0 2 6  + 4 0  
G p p ( N H ) p  ( 1 0  # M )  4 3 1  + 37  1 3 7 9  ± 1 5 1  2 6 4 5  + 2 7 2  

membranes were pretreated with fluoride and subsequently assayed for adeny- 
late cyclase activity, such membranes still responded to all agents tested, with 
the exception of GTP, although the magnitudes of stimulation by other agents 
were less than their effects on the enzyme of untreated membranes. In con- 
trast, membranes pretreated with Gpp(NH)p were completely unresponsive to 
any other agent, while the adenylate cyclase of cholera toxin-treated mem- 
branes was responsive only to GTP and epinephrine (Table III). 

Discussion 

We have previously reported that  cholera toxin ADP-ribosylates a 55 000 dal- 
ton membrane protein of RL-PR-C hepatocytes [21,29]. The goals of the pre- 
sent study were 2-fold: (1) to determine how such modification by cholera 
toxin affects the ability of hepatocyte adenylate cyclase to respond to cate- 
cholamine hormones,  fluoride and guanine nucleotides; and (2) to investigate 
how cholera toxin-activated adenylate cyclase resembles cyclase that  has been 
'permanently '  activated by fluoride or Gpp(NH)p. 

It has been well-documented that the requirement for GTP in the activation 
of adenylate cyclase by hormones [30,31] and cholera toxin [32,33] is abso- 
lute. It  is currently thought  that cholera toxin exerts its major effect on the 
GTP regulatory processes of adenylate cyclase [14--16,32] perhaps by ADP- 
ribosylating a guanine nucleotide regulatory component  associated with the 
enzyme complex [18--21]. The consequences of cholera toxin modification are 
complex. It  has been suggested that such modification prolongs occupation of 
the guanine nucleotide regulatory component  by GTP [15,16]. The enhance- 
ment  of  epinephrine responsiveness in toxin-treated hepatocytes (Fig. 1) would 
support this hypothesis, although we and others [14,32] have been unable to 
demonstrate an effect of cholera toxin on GTPase activity. The enhanced 
adenylase cyclase response to the non-hydrolyzable analogue of GTP, 
Gpp(NH)p (Table II), would also support the idea that  hydrolysis of GTP is 
involved in the regulation of adenylate cyclase activity [34]. However, the 
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Fig. 2. Model  of  r egu la t ion  of  hepa t i c  a de ny l a t e  cyclase ,  GTP conve r t s  the  inact ive  e n z y m e ,  E to  a f o r m ,  
E GTP w h i c h  is respons ive  to h o r m o n e s  and  m a y  be  stabi l ized by  cho le ra  tox in .  F luor ide  and  G p p ( N H ) p  
c o n v e r t  E GTP to  E r and  E "  respec t ive ly .  Cho le ra  t ox in  and  h o r m o n e s  c a n n o t  c o n v e r t  E r to E "  to E GTP  
unless  large c o n c e n t r a t i o n s  of  GTP  are p resen t .  

effect of cholera toxin on the regulation of adenylate cyclase by guanine 
nucleotides seems more complex. 

If cholera toxin merely prevents hydrolysis of GTP at the guanine nucleotide 
regulatory site [15,16], then the activation of adenylate cyclase by GTP in 
cholera toxin-treated membranes should resemble the activation by Gpp(NH)p 
in the absence of the toxin. Clearly, the data in Table III show this not to be 
the case. Similar observations have been made in other systems [32,35,36]. 
Flores and Sharp [36] concluded that responsiveness to cholera toxin and 
Gpp(NH)p could not be expressed simultaneously and that activation by these 
two ligands was competitive, since both ligands interacted with the same site. 
Additionally, Lin et al. [32] found that cholera toxin decreased the affinity of 
guanine nucleotides for the processes involved in the activation of adenylate 
cyclase and in the regulation of the binding of glucagon to its receptor. These 
authors proposed that cholera toxin may alter the conformation of the guanine 
nucleotide regulatory component associated with adenylate cyclase. The pre- 
sent findings would support the proposal that cholera toxin and Gpp(NH)p are 
competitive and that Gpp(NH)p responsiveness predominates over that to 
cholera toxin since responsiveness to Gpp(NH)p is the same in both control and 
cholera toxin-treated membranes. 

Actually, Gpp(NH)p seems capable of inducing a state of adenylate cyclase 
activity that is different from the state stabilized by cholera toxin. If GTP and 
Gpp(NH)p compete for the same site [37], and the affinity of this site for GTP 
is higher than for Gpp(NH)p (Table II), then Gpp(NH)p-activated membranes 
should respond to GTP as do untreated membranes. Clearly, this was not the 
case (Table IV). Gpp(NH)p seems to stabilize a state of adenylate cyclase that 
exhibits Gpp(NH)p responsiveness regardless of the presence of other activa- 
tors of the enzyme. It has been proposed that Gpp(NH)p is only slowly dissoci- 
able from the guanine nucleotide regulatory site [37], but in the presence of 
GTP, significant displacement of Gpp(NH)p should occur in 10 min [37]. 

The mechanism of fluoride activation of adenylate cyclase is poorly under- 
stood, but it is thought to involve the guanine nucleotide regulatory protein 
[38,39]. Hormones [30,31] and cholera toxin [32,33] appear to activate 
adenylate cyclase only if GTP is bound to the regulatory site, whereas fluoride 
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may activate the enzyme if this site is occupied by GDP [39] or is empty [38]. 
It has consistently been found that the fluoride response in many tissues is 
reduced or even absent if the membranes have been pretreated with cholera 
toxin and NAD ÷ [22,36,40--43]. We can confirm this observation with RL- 
PR-C hepatocytes. When these cells were first exposed to cholera toxin, and 
their membranes then incubated with fluoride, there was no further response to 
the ion (Table III); the response to fluoride (or Gpp(NH)p was the same 
whether or not  the cells were pre-exposed to the toxin. Thus, responsiveness to 
cholera toxin, fluoride and Gpp(NH)p cannot be expressed simultaneously. 
Further, when the adenylate cyclase of hepatocytes was exposed to various 
ligands, the response to Gpp(NH)p predominated over the response to cholera 
toxin and fluoride, and the response to fluoride predominated over that to 
cholera toxin and epinephrine. 

All of the above observations are consistent with the following model for the 
regulation of adenylate cyclase activity (Fig. 2). According to this model, 
adenylate cyclase exists in at least four separate forms, the equilibrium between 
which depends on the presence of various activating ligands. When GTP occu- 
pies the nucleotide regulatory site, i.e., E GT~, the enzyme is responsive to hor- 
mones. This form of the enzyme may be stabilized by cholera toxin, as pro- 
posed by Cassel and Selinger [16]. However, fluoride induces a state of the 
enzyme, E', of which the responsiveness to other ligands is reduced, while 
Gpp(NH)p induces a state of the enzyme, E", that no longer responds to any 
other agent. Such a model would explain why responsiveness to cholera toxin 
is exclusive of responsiveness to fluoride and Gpp(NH)p. Exposure of adenylate 
cyclase to cholera toxin and/or hormones in the presence of fluoride pulls the 
equilibrium in the direction of E', while exposure of the enzyme to any other 
agent in the presence of Gpp(NH)p pulls the equilibrium in favor of E", both 
conversions being irreversible unless excess GTP is present. Such a model might 
explain why high concentrations of GTP inhibit fluoride activation of adeny- 
late cyclase [44] by converting E' to E --GTP, E -~TP activity being less than E'. 
Most likely, these various forms of adenylate cyclase represent conformational 
states, as proposed by Rodbell et al. [45]. These authors hypothesize that the 
enzyme exists in different transitional states which have different kinetic pro- 
perties at the active site, and that binding of ligands to the cyclase complex 
shifts the equilibrium between these various states. There is physical evidence 
that demonstrates that the conformation of the nucleotide regulatory unit of 
the adenylate cyclase complex is altered depending on the nature of the 
attached ligand [32,46,47]. It is also possible that E' and E" represent adeny- 
late cyclase with GDP and GMP, respectively, bound to the nucleotide regula- 
tory site. The alteration of the.fluoride response in cholera toxin-treated mem- 
branes by GTP would support this conclusion. 

The present study demonstrates that the regulation of hepatic adenylate 
cyclase is exceedingly complex. Clearly, cholera toxin-catalyzed ADP-ribosyla- 
tion has some effect on guanine-nucleotide-regulated processes. However, hepa- 
tic adenylate cyclase activity is not solely regulated by GTP. Cholera toxin, 
fluoride and Gpp(NH)p are all capable of activating adenylate cyclase and each 
induces a separate, distinct enzyme state. Whether all of these effects are medi- 
ated through the same regulatory component or different components asso- 
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ciated with the adenylate cyclase complex must await purification and recon- 
stitution of the resolved components of the enzyme. 
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