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Regulation of Hepatocyte Adenylate Cyclase by Amylin 
and CGRP: A Single Receptor Displaying Apparent 
Negative Cooperativity Towards CGRP and Simple 
Saturation Kinetics for Amylin, a Requirement 
for Phosphodiesterase Inhibition to Observe 
Elevated Hepatocyte Cyclic AMP levels 
and the Phosphorylation of Gi-2 
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Abstract Challenge of intact hepatocytes with amylin only succeeded in elevating intracellular cyclic AMP levels 
and activating phosphorylase in the presence of the CAMP phosphodiesterase inhibitor IBMX. Both amylin and CGRP 
similarly activated adenylate cyclase, around 5-fold, although - 400-fold higher levels of amylin were required to elicit 
half maximal activation. Amylin activated adenylate cyclase though apparently simple Michaelien kinetics whereas 
CGRP elicited activation by kinetics indicative of apparent negative co-operativity. Use of the antagonist CGPP(8-37) 
showed that both CGRP and amylin activated hepatocyte adenylate cyclase through a common receptor by a 
mnemonical mechanism where it was proposed that the receptor co-existed in interconvertible high and low affinity 
states for CGRP. It is suggested that this model may serve as a paradigm for G-protein linked receptors in general, 
Amylin failed to both stimulate inositol phospholipid metabolism in hepatocytes and to elicit the desensitization of 
glucagon-stimulated adenylate cyclase. Amylin did, however, elicit the phosphorylation of the inhibitory guanine 
nucleotide regulatory protein Gi-2 in hepatocytes and prevented the action of insulin in reducing the level of 
phosphorylation of this G-protein. 

Key words: amylin, adenylate cyclase, kinetics, mnemonical, negative co-operativity, cyclic AMP, hepatocytes, CGRP, 
G-protein, Gi-2, guanine nucleotide regulatory protein 

D 1994 WiIey-Liss, ~ n c .  

INTRODUCTION 
Amylin 

The pancreatic @-cell secretes a number of 
peptides and proteins in addition to the polypep- 

Abbreviations: CGRP, calcitonin gene-related neuropeptide; 
EC50, concentration of activator at which 50% stimulation 
was observed; Gi-2, inhibitory guanine nucleotide regulatory 
protein; G,, stimulatory guanine nucleotide regulatory pro- 
tein; IBMX, 3-isobutyl-1-methylxanthine; ICso, concentra- 
tion of inhibitor at which 50% inhibition was observed; PDE, 
cyclic AMP phosphodiesterase; PKC, protein kinase C. 
Received October 19,1993; accepted February 28, 1994. 
Mark Bushfield’s present address is Discovery Biology De- 
partment, Pfizer Central Research, Sandwich, Kent, En- 
gland. 
Address reprint requests to  Dr. Miles D. Houslay, Molecular 
Pharmacology Group, Department of Biochemistry, Univer- 
sity of Glasgow, Glasgow G12 SQQ, Scotland. 

0 1994 Wiley-Liss, Inc. 

tide hormone insulin [Nishi et al., 19901. One of 
these is the 37-amino acid, “neuropeptide-like” 
molecule called amylin (IAPP; islet amyloid poly- 
peptide). This peptide forms the major consti- 
tuent of the so-called “amyloid” extracellular 
deposits that are found in the islets of non- 
insulin-dependent diabetic (NIDMM) subjects 
[Cooper et al., 19871. Such amyloid deposits 
have also been noted to occur in certain benign 
insulinomas and have been recorded in the nor- 
mal pancreas of aging human beings [Leighton 
and Cooper, 19901. 

Amylin appears to be co-secreted with insulin 
from isolated islets of Langerhans [Kanatsuka 
et al., 19891, although the functional signifi- 
cance and molecular mechanisms related to this 
remain to be ascertained. Intriguingly, amylin 
also appears to  be capable of eliciting insulin 
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resistance, as demonstrated most clearly in skel- 
etal muscle preparations [Leighton and Cooper, 
1988, 1990; Molina et al., 19901. Despite such a 
fascinating observation, the molecular mecha- 
nismb) through which it achieves such an ac- 
tion is not understood. 

Sequence analysis of both rat and human 
amylin shows that amylin is about 4 0 4 0 %  ho- 
mologous to the 37-amino acid calcitonin gene 
related neuropeptide, CGRP [Cooper et al., 1987; 
Westermark et al., 1987; Leffert et al., 19891. 
CGRP is a potent vasodilator which can exert 
positive chronotropic and inotropic effects in 
atrial tissue Bamaguchi et al., 19881. Like amy- 
lin, it can inhibit insulin-stimulated rates of 
glycogen synthesis in skeletal muscle [Leighton 
et al., 19891 and glucose utilisation in the liver 
[Leighton and Cooper, 19901. There are thus the 
possibilities that amylin and CGRP might exert 
their actions through either the same receptor 
or very similar ones. 

Both CGRP aqd amylin are similarly capable 
of causinginsulin resistance [Cooper et al., 1988; 
Leighton and Cooper, 1988, 1990; Molina et al., 
19901, although the underlying molecular 
mechanism(s) for such an action remains to be 
identified. However, both peptides are able to 
stimulate adenylate cyclase activity in a variety 
of different cell types [see, e.g., Saito et al., 1986; 
Chiba et al., 1989; Zhu et al., 1991; Bushfield et 
al., 19931. The physiological significance of such 
an action, certainly as far as amylin is con- 
cerned, again remains to be ascertained. Espe- 
cially so as we have shown that in intact hepato- 
cytes amylin can only increase intracellular cyclic 
AMP levels, and thus activate phosphorylase a, 
when a cyclic AMP phosphodiesterase (PDE) 
inhibitor is present [Bushfield et al., 19931 (vide 
infra) to prevent the breakdown of cyclic AMP. 
This suggests that, at  least in hepatocytes, the 
small activation of adenylate cyclase which can 
be elicited by amylin might require the simulta- 
neous inhibition of PDE activity for any percep- 
tible response to  be observed. This situation 
might occur when PDE inhibitors are given 
therapeutically or if other cell signaling systems 
alter PDE activity, which has been noted with 
various hormones [Houslay and Kilgour, 19901 
and upon activation of protein kinase C (PKC) 
[Irvine et al., 19861. It is extremely unlikely, 
however, that amylin’s ability to elicit insulin- 
resistance is mediated, at least primarily or 
solely, by an increase in cyclic AMP [Leighton 
and Cooper, 1990; Deems et al., 1991a1. 

The well-recognised action of both amylin and 
CGRP in activating adenylate cyclase does pro- 
vide a means for the analysis of one particular 
molecular action of these two peptides in defined 
isolated membrane systems. Irrespective of the 
physiological significance of the action, such a 
test system does allow one to address a key 
question that relates to whether these two pep- 
tides can exert such an action through a single 
common receptor or whether there are distinct 
receptors for these two peptides. Current evi- 
dence indicates, in fact, that both situations may 
exist, depending on the cell type analysed. In a 
number of systems, including rat liver, it would 
appear that  specifically bound radiolabeled 
CGRP can be completely displaced by both unla- 
beled CGRP and amylin, with the same being 
true for specifically bound radiolabelled amylin 
[Morishita et al., 1990; Chantry et al., 1991; 
Galeazza et al., 1991; Bhogal et al., 19921. This 
has led to the suggestion [Chantry et al., 19911 
that at least in those situations a common recep- 
tor may be able to bind both peptides and elicit 
intracellular responses. Such a “common” recep- 
tor appears to be characterised by having a 
relatively “low affinity” for amylin compared to 
that shown for CGRP. As developed below, it 
also appears to  show kinetically distinct differ- 
ences in its mode of activation of adenylate 
cyclase dependent on whether amylin or CGRP 
is bound to  it. However, others [Deems et al., 
1991b; D’Santos et al., 1992; Bhogal et al., 19921 
have suggested that these two peptides may 
function through different receptors in analyses 
done on various other cell systems. This would 
certainly seem to be the case in CHO-K1 cells, 
where, in contrast to rat liver and skeletal 
muscle, amylin, but not CGRP, appears to acti- 
vate adenylate cyclase through an extremely 
high-affinity receptor [D’Santos et al., 19921. 
There is thus the possibility that CGRP and 
amylin may bind to both common and to sepa- 
rate receptors, dependent on the cell type ana- 
lysed. This situation would be analogous to that 
of insulin and IGF [Pilch et al., 19891. It may be 
that species and even cell-specific forms of the 
amylin/CGRP receptor gene family exist that 
are capable of showing very different kinetic 
mechanisms, and perhaps even a breadth of 
responses tailored to their biological situation. 
Certainly from transfection studies done with a 
number of G-protein linked receptors it is abun- 
dantly clear that the receptor signalling re- 
sponses, as regards both the magnitude and the 
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type of signal, can be influenced by the level of 
receptor expression and that of particular G- 
proteins in the plasma membrane environment 
of the cell. The resolution of these issues will 
ultimately depend on the cloning of the genes 
for these receptors and the analysis of their 
expressed protein in a variety of different cell 
systems. 

Adenylate Cyclase Regulation by C-Proteins 

Adenylate cyclase activity is now known to be 
expressed in all mammalian tissues by a family 
of structurally related transmembrane enzymes 
[see e.g., Krupinski et al., 19921. To date, at  least 
eight forms have been identified. The physiologi- 
cal significance of such variation has yet to  be 
established although they appear to differ in 
their regulatory properties such as the ability of 
Ca2+/calmodulin to elicit activation and the abil- 
ity of PKC to effect phosphorylation and modu- 
lation of activity [Yoshimura and Cooper, 1993; 
Jacobowitz et al., 19931. Receptor-mediated 
modulation of the activity of this enzyme can be 
both positive and negative, the enzyme being 
under dual control [see e.g., Houslay, 1992; Con- 
klin and Bourne, 19931. Agonist occupied recep- 
tors achieve the regulation of adenylate cyclase 
indirectly through the action of G-proteins that 
can then exert either stimulatory or inhibitory 
effects on this enzyme. The stimulatory G- 
protein is called G, and the inhibitory G-protein 
is called Gi. The components of this system 
appear to be mobile in the plane of the mem- 
brane and interact through functional collisions 
with productive associations occurring only when 
an appropriate conformation of the receptor has 
been attained [Houslay et al., 19801. Such a 
receptor then interacts with the G-protein, al- 
lows this species t o  bind GTP and adopt an 
activated state that leads to the dissociation of 
the G-protein into a GTP-bound a-subunit to- 
gether with a p~ complex. It is the GTP-bound 
a-subunit that is then capable of activating ad- 
enylate cyclase. This scheme allows for amplifi- 
cation as one occupied receptor can activate 
more than one G, molecule, which can then 
activate more than one cyclase molecule during 
its lifetime. For example, with the glucagon 
receptor this has been calculated as leading to 
an amplification factor of around 4-fold [Hous- 
lay et al., 19801. The “turn-off’ reaction is then 
supplied by the ability of these G-proteins to  
effect the hydrolysis of bound GTP to GDP. The 

GDP bound G-protein fails to alter adenylate 
cyclase activity and re-associates with its Py 
complex. There are three members of the Gi 
family, which, when overexpressed in cell trans- 
fection studies, all appear capable of inhibiting 
adenylate cyclase activity. However, in native 
systems only for Gi-2 has this action been fully 
established [see e.g., Houslay, 1991a,bl. The 
mechanism whereby Gi achieves inhibition is 
complex and appears to be mediated in two 
distinct ways. Thus agonist-occupied receptors 
can interact with a member of the Gi family, 
causing it to bind GTP and dissociate, the re- 
leased GTP-bound a-Gi can inhibit adenylate 
cyclase directly and the released py complex 
itself can effect inhibition of the action of stimu- 
latory receptors by attenuating the dissociation, 
and hence activation, of the stimulatory G- 
protein G,. Thus mechanisms of inhibition can 
be directed both at  the catalytic unit itself and 
also the stimulatory G-protein input and a 
method has been devised that may allow the 
relative magnitude of these two pathways to be 
gauged [Spence and Houslay, 19891. 

The degree by which various agonist occupied 
receptors acting upon adenylate cyclase can in- 
crease intracellular cyclic AMP concentrations 
will depend on a variety of factors. These might 
include their effectiveness in achieving and pro- 
longing the activation of G,, the splice variant of 
G, expressed in the cells, the type of adenylate 
cyclase species expressed and the level and type 
of cyclic AMP phosphodiesterase species as well 
as any compartmentalisation of receptors and 
these interacting systems. Modulation of this 
signalling system has been noted in various 
pathological states [see e.g., Bushfield et al., 
1990b1, where alterations in expression and 
phosphorylation of components has been noted. 
In particular, protein kinase C action can elicit 
the phosphorylation of a-Gi-2, whereupon its 
ability to inhibit adenylate cyclase tonically by 
virtue of the action of GTP alone is attenuated, 
although receptor-mediated inhibition is sus- 
tained [Houslay, 1991a,bl. 

AMYLIN ONLY INCREASES HEPATOCYTE 
CYCLIC AMP LEVELS IN THE PRESENCE 
OF A PHOSPHODIESTERASE INHIBITOR 

Challenge of intact hepatocytes with amylin 
failed to produce any significant increase in the 
intracellular concentration of cyclic AMP or any 
activation of phosphorylase a (Fig. la,b). By 



69 Hepatocyte Adenylate Cyclase Regulation by Amylin and CGRP 

contrast, however, when cells were incubated 
with the cyclic AMP phosphodiesterase inhibi- 
tor IBMX (50 pM; higher concentrations can 
lead to the inhibition of protein kinase A) we 
found that amylin was able to increase intracel- 
lular cyclic AMP accumulation in intact hepato- 
cytes in a time and dose-dependent fashion (Fig. 
1). This may offer a explanation for the observa- 
tions reported by Stephens et al. [19911, who 
have questioned whether functional amylin re- 
ceptors occur on hepatocytes on the basis that 
nonparenchymal cells exhibited much greater 
specific receptor binding than parenchymal cells 
and also that amylin failed to stimulate glucose 
metabolism directly. As their metabolic experi- 
ments were done in the absence of any phospho- 
diesterase inhibitor, it is not surprising that 
Stephens et al. [19911 did not observe any affect 
of amylin on glycogen metabolism in isolated 
hepatocytes. The reason amylin alone fails to 
increase hepatocyte intracellular cyclic AMP lev- 
els, and hence fails to activate protein kinase A, 
as deduced from the lack of activation of down- 
stream processes mediated by this protein ki- 
nase, is presumably because amylin is a poor 
activator of hepatocyte adenylate cyclase (vide 
infra). Certainly its action bears no comparison 
to the dramatic effect that glucagon can achieve 
in the same cells [Heyworth and Houslay, 
1983a,b]. Indeed, there is considerable cyclic 
AMP phosphodiesterase activity in hepatocytes 
[Houslay, 1990; Houslay and Kilgour, 19901, 
and this clearly prevents any net accumulation 
of cyclic AMP in cells challenged with amylin. 
This may be further compounded if amylin was 
able to also effect the activation of one of the 
numerous isoforms of cyclic AMP phosphodies- 
terases (PDE) present in hepatocytes. Our ex- 
periments indicate that functional amylin recep- 
tors do exist on hepatocytes. Certainly such a 
contention is consistent with the fact that amy- 
lin can stimulate glucose production in a hepato- 
cyte-derived cell line, namely Hep-G2 cells [Cia- 
raldi et al., 19901. Presumably in HEP-G2 cells 
either the PDE activity is much lower than in 
native hepatocytes or that amylin is a much 
more potent activator of adenylate cyclase activ- 
ity. Indeed, Gomez-Foix et al. [19911 observed 
that both amylin and CGRP were able to impair 
the action of insulin on hepatic glycogen metabo- 
lism, again suggesting that functional receptors 
occur on hepatocytes although, in this case, they 
indicated that such an action was independent 

of cyclic AMP, be consistent with their ob- 
serving such changes in the absence of a PDE 
inhibitor. 

Stephens et al. [19911 have clearly shown 
that, in liver, the most abundant source of spe- 
cific CGRP and amylin binding is supplied by 
the nonparenchymal cells. However, our func- 
tional studies, coupled with the requirement for 
PDE inhibition, indicate that there are func- 
tional amylin/CGRP receptors on hepatocytes 
(parenchymal cells). The physiological relevance 
of these, if any, requires definition. Certainly, it 
would seem that under normal conditions they 
will unable to mediate responses due to their 
ability to activate adenylate cyclase, as this ef- 
fect is too small to allow cyclic AMP levels to rise 
high enough to trigger the activation of protein 
kinase A. However, they may also exert effects 
through other signaling systems or even their 
action upon adenylate cyclase may be productive 
under conditions where PDE activity in hepato- 
cytes is suppressed. This might be achieved 
physiologically, for example through protein ki- 
nase C activation, which, in hepatocytes, can 
lower PDE activity [Houslay, 1991a; Irvine et 
al., 19861. Also, in man, PDE inhibitors have- 
and are used therapeutically and this treatment 
may also engender conditions under which such 
a response of amylin and CGRP on the parenchy- 
mal cells of the liver can be exhibited. 

In the experiments we have done investigat- 
ing amylin and CGRP action we used a standard 
method to produce hepatocytes that produces 
cells of extremely high purity [see Heyworth and 
Houslay, 1983al and which has been used by us 
for a number of years. However, in order to 
determine the levels of contamination of our 
hepatocyte preparations with nonparenchymal 
cells in our current preparations we have under- 
taken a variety of histological examinations. 
These showed them to be > 99% hepatocytes by 
virtue of positive identification of these paren- 
chymal cells, as demonstrated by activity stain- 
ing for the hepatocyte-specific marker glucose-6- 
phosphatase [Borges et al., 19911 and by 
immunological staining for the hepatocyte spe- 
cific nuclear transcription factor LFB-1 (Fig. 2a) 
[Frain et al., 19891. Contamination with Kupffer 
cells was assessed at < 1% by immunostaining 
with the antiserum ED-1 (Fig. 2b) [Dijkstra et 
al., 19851. 
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Fig. 1. Inhibition of cAMP phosphodiesterase activity is required for amylin to raise intracellular cyclic AMP levels 
and activate phosphorylase A. a: Intact hepatocytes were challenged with amylin (1 JLM) in the presence and absence 
of 50 pM-IBMX. b: Intact hepatocytes were challenged with amylin (1 pM) in the presence and absence of 50 
JLM-IBMX for 10 min with assessments done of both the levels of cAMP and activity of phosphorylase a. cAMP levels 
and hepatocye preparations and incubations were done as described by Heyworth and Houslay [I 983al and 
phosphorylase a assays done as described in Bushfield et al. [I 9931. Errors are SD for three separate experiments. 

amylin (EC50 - 120 nM) were required to achieve 
half-maximal activation compared to those for 
CGRP (ECS0 -0.3 nM). The kinetics of activa- 
tion by amylin were representative of those of 
simple saturation (hill coefficient, h -1.01, 
whereas those for CGRP were not, taking around 
four orders of magnitude to achieve maximal 
activation (hill coefficient, h - 0.3). Such data 
for the ability of CGRP to activate adenylate 
cyclase indicate either a single population of 

AND CGRP 
ADENYLATE CYCIASE IN KINETICALLY 

DISTINCT FASHIONS 

Both amylin and CGRP induced a similar 
degree of activation of adenylate cyclase activity, 
of around 4- to 5-fold, as assessed in the pres- 
ence of GTP (100 pM). These actions occurred 
in a concentration-dependent fashion (Fig. 31, 
although - 400-fold higher concentrations of 
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receptors showing apparent negative cooperativ- 
ity or multiple receptors having differing affinity 
for CGRP. 

AT HALF-MAXIMALLY ACTIVATING 
CONCENTRATIONS OF ACONISTS, 

THE STIMULATION OF ADENYLATE CYCLASE 
BY BOTH AMYLIN AND CGRP IN VERY 

DIFFERENT FASHIONS 

THE COMPOUND CGRP-(8-37) INHIBITS 

Inhibitors (antagonists) purporting to show 
selective actions have often been used in at- 
tempts to identify multiple enzyme and receptor 
forms. However, the design of the experiments 
used to address these issues needs careful evalu- 
ation. The critical issue is that inhibition be 
assessed on a “level playing field”: that is, when 
different substrates (agonists) are used, it is 
crucial to analyse inhibition at  concentrations 
that are not necessarily identical in absolute 
levels but that are identical as regards their 
value relative to that of the K, for the substrate 
or the K, for activation. Thus, equal relative 
concentrations of substrates (agonists) must be 
used. Failure to do so will lead to the appearance 
of apparent selectivity and the possibly errone- 
ous conclusion that multiple enzymes (recep- 
tors) exist able to  bind substrates (agonists) 
selectively [see Houslay et al., 19741. 

Taking this into account, a degree of caution 
must be taken as regards the conclusion drawn 
by Deems et al. [1991b] that CGRP and amylin 
function through distinct receptors in soleus 
muscle. This is because whereas they looked for, 
and found, differences in the ability of CGRP(8- 
37) to inhibit glycogen metabolism when it was 
stimulated using equal concentrations of either 
amylin or CGRP as agonists. For their conclu- 
sion that separate receptors for these two pep- 
tides exist on soleus muscle to be correct, both 
CGRP and amylin would have to exhibit identi- 
cal EC50 values to stimulate glycogen metabo- 
lism, which does not seem to be the case. Thus, 
we would maintain that the issue as to whether 
amylin and CGRP act through separate or the 
same receptor in soleus muscle is still an open 
one. 

Here then we evaluated the action of the 
competitive CGRP antagonist, CGRP(8-37) to 
inhibit both the CGRP- and amylin-stimulated 
adenylate cyclase activities in hepatocyte mem- 
branes by determining inhibition occurring at  
concentrations of CGRP and amylin, which re- 

flect levels of these agonists where half maximal 
activation ensued, i.e., at  their [EC,,]. Under 
such conditions, CGRP(8-37) caused the dose- 
dependent inhibition of both amylin and CGRP- 
stimulated adenylate cyclase activities (Fig. 4). 
However, considerably higher concentrations of 
CGRP(8-37) were required to inhibit CGRP- 
stimulated adenylate cyclase activity (IC50 - 119 
nM) compared to that seen when amylin was 
used as the stimulatory agonist (IC,,, - 3 nM). 

When amylin, the agonist that yielded simple 
saturation kinetics for stimulation, was used 
(Fig. 4) in such experiments with CGRP(8-37), 
we found an anomalous dose dependency for 
antagonist action, with CGRP(8-37) requiring 
around four orders of magnitude increase in 
concentration to complete inhibition (h - 0.2). 
By contrast, for CGRP-stimulated activity, 
CGRP(8-37) showed inhibition obeying simple 
saturation kinetics (h - 1.0). 

The action of this antagonist was specific in 
that at high concentrations (1 pM), CGRP(8- 
37) had no effect ( < 5%) on the stimulation of 
adenylate cyclase by 100 nM glucagon, which 
elicited a - 14.2-fold increase in adenylate cy- 
clase activity. 

MODELS FOR THE ACTIVATION OF 
ADENYLATE CYCLASE BY AMYLIN AND CCRP 

The kinetics of activation of adenylate cyclase 
by CGRP are clearly aberrant. They could, how- 
ever, be reconciled either by envisaging two dis- 
tinct receptor populations having different affini- 
ties for CGRP or one homogenous receptor 
population showing apparent negative cooperat- 
ivity. As none of the many G-protein linked 
receptors that have been identified have mul- 
tiple binding sites for agonists [Houslay, 19921, 
it is unlikely that this will be the case for CGRP. 
Criteria for negative cooperativity could be met 
then by a single receptor type expressing a single 
site for CGRP but that interacted to form func- 
tional aggregates. Alternatively, negative cooper- 
ativity could be attained by a single receptor 
type with a single agonist site but which func- 
tioned through a mnemonical mechanism. 
Whichever of these models is correct, it must 
take into account the fact that amylin displays 
normal saturation kinetics for adenylate cyclase 
activation but aberrant kinetics of inhibition by 
the antagonist CGRP(8-37). We believe that 
this would most likely seem to be satisfied 
through a model in which both agonists bind to 
a common CGRP receptor. 
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Fig. 2. Purity of hepatocyte preparations. a: Staining of hepatocyte nuclei by anti LFB-1 antibody. Use of an 
antiserum to the parenchymal cell (hepatocyte)-specific transcription factor LFB-1 shows that > 99% of the cells in 
our preparations have nuclei that are recognized by this antiserum. Similar data can be obtained while activity 
staining using the parenchymal cell-specific marker (in liver) enzyme glucose-6-phosphatase. b: Staining of Kupfer 
cells using an anti-ED-1 antibody. Use of an antiserum to  the Kupffer cell surface marker protein ED1 shows 
contamination of < 1% with these cells. 

Negative Cooperativity: Functional Aggregates can be formed based upon analyses done using 

Agonist binding to both P-adrenoceptors [Lim- 
bird and Lefkowitz, 19761 and to glucagon recep- 
tors [Sonne et al., 19781 has been shown to 
indicate apparent negative cooperativity. The 
molecular basis of such kinetic phenomena, as 
regards these G-protein linked receptors, re- 
mains to  be ascertained. However, it is possible 
that functional aggregates of these receptors 

fluorescent probes with P-adrenoceptors [Henis 
et al., 19821 and from irradiation inactivation 
studies done with glucagon receptors either in 
situ [Houslay et al., 19771 or in solubilized mate- 
rial [Herberg et al., 19841. Envisaging a model of 
negative cooperativity where a common recep- 
tor accounts for the action of both amylin and 
CGRP on adenylate cyclase activation, we would 
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Fig. 3. Amylin and CCRP activate hepatocyte adenylate cy- 
clase activity to  the same extent but show very different kinetics 
of activation. This shows that amylin activates adenylate cyclase 
activity in membrane fractions through simple saturation kinet- 
ics whereas CCRP shows apparent negative cooperativity. (Data 
adapted from Bushfield et al. [I9931 with permission of The 
Biochemical Society and Portland Press.) 
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Fig. 4. CCRP(8-37) acts as an antagonist against the stimula- 
tory action of both CCRP and amylin on adenylate cyclase but 
shows very different kinetic properties in each instance. This 
shows that CCRP(8-37) exhibits simple saturation kinetics 
against CGRP but those of negative cooperativity against amy- 
lin. (Data adapted from Bushfield et al. 119931 with permission 
of The Biochemical Society and Portland Press.) 

expect to find two or more interacting sites. 
These could either be provided by a single recep- 
tor or by the formation of functional aggregates 
of receptors having a single agonist binding site. 
As the binding amylin and CGRP has been shown 
to be influenced by GTP analogues [Bhogal et 
al., 19921 and G-protein linked receptors fall 
into a structurally related family in which mem- 
bers have but a single binding site [Houslay, 
19921, we would suggest that it would be ex- 
tremely unlikely that the CGRP/amylin recep- 
tor showed multiple agonist binding sites. One 
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Fig. 5. Negative cooperativity: model envisaging functional 
aggregates of receptors. This, for simplicity, shows a dimer but, 
of course, the functional aggregates could be larger. Only 
CCRP, and not amylin, elicits the cooperative transition. 
(Adapted from Bushfield et al. I19931 with permission of The 
Biochemical Society and Portland Press.) 

possibility is that the receptor forms functional 
aggregates of a complex of units which each can 
bind but a single molecule of agonist. 

Such a model is shown in Figure 5 where, in 
the “resting” state (squares), the receptor would 
take up a “high-affinity state” for CGRP. The 
binding of CGRP to the site on one receptor 
molecule in the aggregate would engender a 
conformational change (shown as a shift from 
squares to circles) whose action was to lower the 
affinity of CGRP to bind to sites on associated 
receptor molecules in the complex, thus provid- 
ing kinetics indicative of negative cooperativity. 
Schematically this is shown (Fig. 5) for simplic- 
ity as a complex formed between two receptor 
molecules only. Amylin binding would not trig- 
ger such a conformational change in the com- 
plex and would merely bind with low affinity to  
the receptor species. In this model, then for 
CGRP binding we would suggest that both ago- 
nist-bound conformational states of the recep- 
tor (squares and circles) would be capable of 
activating adenylate cyclase. 

The action of the antagonist CGRP(8-37) 
would then have to, like CGRP itself, induce the 
conformational change to a “low-affinity” state, 
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indicative of negative cooperativity. However, in 
its case, antagonist-bound receptor would have 
a specifically distinct conformation (squares* and 
circles*; not shown in the scheme) that would 
not be capable of stimulating adenylate cyclase. 

We can then make predictions about the kinet- 
ics expected for CGRP(8-37) inhibition, when 
the agonists are present at half-maximally acti- 
vating concentrations. With CGRP, the receptor 
would be, essentially, in the “low-affinity” state 
(circles); thus, the antagonist addition should 
show normal inhibition kinetics as it would en- 
gender a functionally inactive “low-affinity” 
state. Amylin, being unable to  trigger the nega- 
tive cooperative transition would leave the recep- 
tor  in the “resting,” “high-affinity” state 
(squares) as regards the binding of either (8- 
37)CGRP or CGRP itself. Thus dose-dependent 
increases in CGRP(8-3 7) concentration would 
cause the receptor to take up a “lower-affinity” 
state (circle”), yielding kinetics of negative coop- 
erativity (Fig. 3). 

Negative Cooperativity: Mnemonical Mechanism 

Analysis of the kinetics of a number of homo- 
geneous enzyme preparations in which the pro- 
tein clearly existed in a monomeric state and 
exhibited but a single substrate binding site, 
showed evidence of apparent negative cooperat- 
ivity [Meunier et al., 1974; Storer and Cornish- 
Bowden, 1977; Marchmont et al., 19811. Such 
systems clearly could not be accommodated by 
“traditional” theories of negative cooperativity 
involving either multiple interacting substrate 
sites upon a single protein or functionally inter- 
acting aggregates. However, Ricard et al. [1974] 
developed a rather simple and elegant concept, 
called a “mnemonical mechanism” that not only 
could explain such kinetics of apparent negative 
cooperativity in a monomeric enzyme possess- 
ing a single substrate binding site but would also 
explain situations where positive cooperativity 
occur. Such a mechanism can provide explana- 
tions for the apparently bizarre discrepancies of 
action of the agonists amylin and CGRP as well 
as the antagonist (8-37)CGRP. We would also 
suggest that such a mechanism may in fact be 
typical of all G-protein linked receptors and 
could explain the variety of anomalous kinetic 
observations that have been made over the years. 
Furthermore, it would provide a ready explana- 
tion for the recent observations that unoccupied 
receptors under certain circumstances, for ex- 
ample, when overexpressed, can in fact lead to 
the triggering of a response [Adie and Milligan, 

1993; Schultz and Freissmuth, 19921. Thus, a 
“mnemonical mechanism” does not place the 
structural constraint for aggregation of func- 
tional units to occur in this system in order to 
account for the observed apparent negative coop- 
erativity. 

So what defines a mnemonical system? The 
core of the argument centres around two propos- 
als: (1) here, the receptor should exist in two 
conformational distinct states (circles and octa- 
gons) that are in equilibrium in the absence of 
any agonist (Fig. 6). Importantly, each of these 
is able to bind agonist but when they do they 
both change their conformation to yield a single 
common form of the occupied receptor (square). 
In the case of an enzyme this would be equiva- 
lent to forming an enzyme-substrate complex 
(ES). The next stage is crucial, and was termed 
by Ricard et al. [19741 as the “mnemonical 
change,” in that this complex underwent isom- 
erisation to form a product-bound complex whose 
conformation reflected that of one of the forms 
of the enzyme in the resting (ground) state. The 
subsequent release of product would then drive 
the reaction forward in an essentially irrevers- 
ible fashion under initial rate conditions and 
release free enzyme in a conformation that re- 
flected this one form of the enzyme in the ground 
state. While equilibration between the two 
ground state conformations will occur, clearly 
the speed at which this happens will depend 
upon the rate constants which govern this reac- 
tion. However, it is clear that as substrate levels 
rise and reaction rates increase, proportionately 
more of one of the forms of the enzyme will be 
available to bind substrate. In other words, a 

is built into the system which is the 
essence of the mnemonical event. If the two 
conformationally distinct forms of the enzyme 
available have different affinities for substrate, 
the proportion of highllow-affinity enzyme avail- 
able will alter, as does the substrate conforma- 
tion, i.e., depending on the system then either 
negative or positive cooperativity can be ob- 
served. If a substrate binds equally well or simi- 
larly to both forms, apparently normal kinetics 
will ensue. 

In the case examined here, we would suggest 
that it is CGRP that shows different affinities 
for the two conformations of the receptor, 
whereas amylin does not. We can now develop 
these arguments for the two agonists, with that 
for the antagonist (8-37)CGRP being identical 
to CGRP except that the occupied states are 
incapable of activating G, (Fig. 6 ) .  Binding of 
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Fig. 6. Negative cooperativity: mnemonical model. This has at 
its basis the concept of two states of the receptor being in 
equilibrium in the absence of agonist and the mnemonical 
transition being characterised by a change in conformation of 
the agonist bound receptor to adopt that of one of the original 
forms. For negative cooperativity this form would be the low- 
affinity species. The G-protein C ,  would presumably bind to 
this latter agonist bound form. (Adapted from Bushfield et al. 
[I 9931 with permission of The Biochemical Society and Port- 
land Press.) 

CGRP to either form of the receptor then yields 
an occupied state of common conformation which 
then undergoes a “mnemonical transition” that 
allows it to  adopt a conformation that reflects 
that of one of the original forms of the receptor 
when it was in the unoccupied, “ground” state 
(octagon). We would suggest that it is this form 
of the agonist occupied receptor that can inter- 
act with the stimulatory G-protein G, and hence 
to  the activation of adenylate cyclase. The subse- 
quent step, leading to the release of agonist, 
yielding the free form of the receptor in one 
particular ground state conformation (Fig. 6) 
can thus appear as a quasi-irreversible step, 
reminiscent of the release of product from an 
enzyme under initial rate conditions, as we would 
expect GTP hydrolysis, by Gs, to drive this “turn- 
off’ event. 

Kinetics, then, indicative of negative cooperat- 
ivity, can then be expected to be observed under 
conditions in which the “remembered” or 
“mnemonical” conformation of the receptor, i.e., 
that adopted by the form proposed here to inter- 
act with Gs, is of lower affinity than the species 
with which it is in equilibrium. Formally, analy- 
sis of the rate equations for this system shows 
that the curvature of such a plot will be defined 
by the second derivative [Bushfield et al., 19931; 

from this it can readily be seen that kinetics of 
negative cooperativity will be displayed if the 
value of the rate constant is kl > k3. This has 
the effect of providing interconvertable “high- 
affinity” (circle) and “low-affinity” (octagon) 
forms of the receptor (Fig. 6). The core of the 
“mnemonical transition’’ displaying apparent 
negative cooperativity is a system driven through 
a final, common stage that involves the release 
of agonist (product) from the “low-affinity” (oc- 
tagon) form of the receptor (enzyme). Thus, 
after release of agonist, the concentration of the 
“low-affinity” (octagon) receptor species will be 
disproportionately higher due to the finite time 
for re-equilibration to occur between the “low”- 
and the “high”-afhity (circle) states. In such a 
fashion, the system will be poised to “remember” 
[Ricard et al., 19741 the “low-affinity” state. 
This effect will become more pronounced as 
concentrations of agonist become higher, lead- 
ing to kinetics of apparent negative cooperativ- 
ity. This is presumed to be the situation with 
CGRP as agonist. 

In the case of amylin, presumably, it can bind 
to both conformations of the receptor in the 
ground state but these show similar affinities 
for this agonist, hence normal saturation kinet- 
ics ensue. Nevertheless, it is tied into a system 
that can show aberrant kinetics, most dramati- 
cally exemplified by experiments using the an- 
tagonist (8-37) CGRP, which clearly triggers a 
mnemonical transition and shows aberrant inhi- 
bition kinetics with amylin as agonist (vide in- 
fra). Thus, analyses done with this antagonist 
perhaps provide the most striking evidence for a 
common amylin/CGRP receptor in this mem- 
brane system, which obeys this particular ki- 
netic model. 

Inhibition With the Antagonist CCRP(8-37) 

CGRP(8-37) is a truncated form of CGRP 
that can act as an antagonist of it’s ability to 
stimulate adenylate cyclase. Using hepatocyte 
membranes, we can see that it will inhibit not 
only the ability of CGRP to stimulate adenylate 
cyclase, but also that of amylin (Fig. 7). The 
antagonist CGRP(8-37) can be expected to  act 
in a parallel fashion to CGRP, either eliciting 
negative cooperativity by promoting a “high”- 
to  “low”-affinity transition between function 
aggregates or by triggering a mnemonical event 
leading to apparent negative cooperativity 
(k; > k;). The difference between its action and 
that of CGRP would be that antagonist occupied 
receptor would be unable to activate G,. Thus, 
both the “mnemonical” and “functional 
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aggregate” models would yield symmetrical ki- 
netic schemes to those for CGRP. 

Such systems would then account for the fact 
that the antagonist CGRP(8-37) showed simple 
saturation kinetics for inhibition of CGRP- 
stimulated adenylate cyclase under conditions 
in which agonist (CGRP) was present at concen- 
trations that half-maximally activated the en- 
zyme (Fig. 4). In other words, at  such concentra- 
tions of agonist, the receptor would now 
essentially be functioning as a low-affinity sys- 
tem, thus, the presence of antagonist would 
merely compete this out in a simple competitive 
fashion while itself perpetuating the low-affinity 
state. 

In marked contrast, with amylin as agonist, in 
the functional aggregate model the receptor 
would not have undergone a negative coopera- 
tive transition to  a “low-affinity” state as re- 
gards CGRP (Fig. 5). Thus, the binding of 
CGRP(8-37) would progressively engender such 
a state and lead to inhibition kinetics following 
those of negative cooperativity (Figs. 4,5). With 
the mnemonical model, the presence of increas- 
ing antagonist concentration would proportion- 
ately increase the amount of low-affinity recep- 
tor and again yield inhibition kinetics of apparent 
negative cooperativity (Fig. 6). 

Apparent Negative Cooperativity: 
Elimination of a Two-Receptor Model 

Considering the hypothesis that the kinetics 
of CGRP activation of adenylate cyclase indi- 
cated the presence of multiple receptor popula- 
tions, one could attempt to resolve the CGRP 
activation data to account for this. Such a model 
could be accommondated by considering the pres- 
ence of two populations of receptors, namely one 
with a high-affinity receptor for CGRP 
(EC50 - 0.1 nM) and one with a low affinity for 
CGRP (EC50 - 100 nM). A number of investiga- 
tors [Morishita et al., 1990; Chantry et al., 1991; 
Galeazza et al., 19911 have demonstrated that 
amylin can displace all specifically bound CGRP 
from liver membranes. On this basis, one would 
envisage that amylin would to both putative 
receptor species with a similar low affinity, hence 
exhibiting simple saturation kinetics for the ac- 
tivation of adenylate cyclase. CGRP(8-37) can 
apparently displace all radiolabeled CGRP from 
liver membranes with an EC50 or - 40 nM [Chiba 
et al., 19891. Under such an hypothesis, our 
analyses using the antagonist CGRP(8-37) were 
done at  a concentration of CGRP at a level (0.3 
nM) that predominantly the functioning of the 

putative “high-affinity’’ CGRP receptor would 
have been analysed. For this situation, we would 
then envisage that CGRP(8-37) would, as it 
does, show normal saturation inhibition kinet- 
ics. This agonist concentration of is a little larger 
than the presumed ECS0 for the high-affinity 
receptor, suggesting that the IC50 value for 
CGRP(8-37) that we might be expected to re- 
cord for the antagonist would be higher than 40 
nM, which might account for the value of - 120 
nM that we noted. 

In this model, amylin is suggested to activate 
both receptor populations with similar EC50 val- 
ues; this would imply that if CGRP(8-37), as 
CGRP, had very different affinities for the two 
putative receptors, a two-component dose-effect 
curve might result. An essential requirement of 
this two receptor model is that amylin must 
bind to  both the putative “low” and “high”- 
affinity CGRP receptors and activate adenylate 
cyclase. If this was not the case, a monocompo- 
nent plot for CGRP(8-37) inhibition of amylin- 
stimulated adenylate cyclase would not have 
resulted. Thus, our data would indicate that for 
the system studied here, it would be impossible 
to have a two-receptor model in which amylin 
and CGRP do not bind to both receptor species. 

Experimentally, however, we can show that it 
is possible to exclude such a two-receptor model. 
This can be done by analysing the action of the 
antagonist CGRP(8-37) at concentrations of ago- 
nist that are below those at  which half-maximal 
activation are achieved ([EC501). On the basis of 
the two-receptor model propounded above, it 
would be predicted that normal saturation inhi- 
bition kinetics would always be evident with 
CGRP as an agonist, even when CGRP concen- 
trations were very much below this value. This 
is because under all such circumstances the 
functioning of the putative “high-affinity” recep- 
tor would predominate. However, this situation 
is in dramatic contrast to either the mnemonical 
or functional aggregate models proposed. For 
example, with the functional aggregate model, 
when concentrations of CGRP were insufficient 
to sustain the receptor in the lower-affinity state, 
that is as they fall below the EC5,, concentration, 
a stage will be reached when a fraction of high- 
affinity state receptors accrues. When this situa- 
tion occurs, the addition of CGRP(8-37) will 
now trigger the negative cooperative transition, 
causing a change in inhibition characteristics 
from those of simple saturation kinetics to  those 
of apparent negative cooperativity. This, in fact, 
is precisely what we observe (Fig. 7a), thus 
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Fig. 7. At concentrations of CCRP below those effecting half-maximal concentration, the simple saturation 
inhibitory kinetics of CCRP(8-37) action change to those of negative cooperativity. a: With CGRP as agonist. b: With 
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Press.) 

refuting the two receptor model. A similar 
change in the characteristics of inhibition by 
CGRP(8-37) would also be predicted for a sys- 
tem obeying the mnemonical model. In this in- 
stance, when agonist concentrations are well 
below the EC50 concentration, the system would 
function primarily in the “high-affinity’’ state, 
but this would change with the addition of more 
antagonist, as this would engender an increase 
in the amount of the “low-affinity’’ receptor 
state relative to that of the “high-affinity” state. 

Such experiments showed that reducing CGRP 
concentrations to a level (0.1 nM) that was about 
three times below its EC50 value led to the 
dramatic appearance of apparent negative coop- 
erative inhibition kinetics (h - 0.2). Indeed, such 
an action was magnified even more (h -0.1) 
when CGRP concentrations dropped further to 
0.03 nM, a value some 10-fold below the EC50 
value (Fig. 7a). 

This change in kinetics of inhibition, which 
leads to the production of a transition in which 
enhanced sensitivity to the action of the antago- 
nist CGRP(8-37) occurs at CGRP concentra- 
tions below the EC50 value, can be observed 
from another perspective. This can be done by 
examining the dose-dependent activation of ad- 
enylate cyclase by CGRP in both the presence 
and the absence of 10 nM CGRP(8-37). Such 
analyses [Bushfield et al., 19931, instead ofyield- 
ing a simple “right-shifted” parallel curve for 
dose responses done in the presence of antago- 
nist, in fact identify an abrupt transition that 
occurs at a concentration of agonist just below 

that at which half-maximal activation occurred. 
This shows that CGRP(8-37) can serve as a 
relatively more potent inhibitor at  the lower 
CGRP concentrations because it is binding there 
to a “high-affinity’’ state of the receptor. 

Such changes in the kinetics of inhibition by 
the antagonist CGRP(8-37) were not observed 
when amylin was used as an agonist (Fig. 7b). 
This is because, in the models expounded in the 
previous sections, amylin is not suggested to 
elicit any conformational change. Consistent 
with such proposals, CGRP(8-37) continued to 
exhibit apparent negative cooperative inhibition 
kinetics at  concentrations of amylin both below 
and above (Fig. 7b) those at which this agonist 
attained half-maximal activation of adenylate 
cyclase. Furthermore, as expected, in contrast to 
our observations with CGRP, no abrupt change 
in the form of the amylin dose-effect responses 
were seen in the presence of the antagonist 

Negative Cooperativity: 
Data From Other Investigators 

The two models we propose here to account 
for the negative cooperativity seen in this sys- 
tem are consistent with data obtained by Chat- 
terjee and Fisher [1991], who studied CGRP 
binding in the cerebellum. On the basis of such 
investigations, they too proposed that the CGRP 
receptor existed in two interconvertable confor- 
mational states. They believed that this transfor- 
mation was driven primarily through the associa- 
tion of the receptor with the stimulatory 

CGRP(8-37). 
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G-protein G,. However, these investigators iden- 
tified a limitation of this model in that it failed 
to  explain the presence of marked heterogeneity 
occurring in the dissociation kinetics of CGRP 
seen in the absence of added guanine nucleo- 
tides. On the basis of the mnemonical model 
proposed by us [Bushfield et al., 19931, a predic- 
tion would be the presence of two such intercon- 
vertible forms of the receptor even in the pres- 
ence of guanine nucleotides. Furthermore, our 
model (Figs. 5,6) would again predict the subse- 
quent potentiation of the proportion of the low- 
affinity component in the presence of guanine 
nucleotides, as this would be caused by coupling 
to G,. Their striking observation that kinetics of 
dissociation of CGRP from membranes is dra- 
matically biphasic, showing an initial fast (low- 
affinity) component followed by a slow (high- 
affinity) component would thus be entirely 
explainable by our proposals that CGRP causes 
a concentration-dependent change in the confor- 
mation of the receptor. 

That such biphasic dissociation kinetics have 
been recorded for the glucagon receptor [Hor- 
witz et al., 19861, the P-adrenoceptor [Limbird 
and Lefkowitz, 19761 and the thyroid stimulat- 
ing hormone (TSH) receptor [Kohn and Win- 
and, 19751 suggests to us that a similar system 
to that detailed here may provide a mechanism 
which is in fact a characteristic of the family of 
G,-linked receptors. In this we envisage either a 
monomeric species obeying a mnemonical 
mechanism or a system in which functional 
aggregates of receptors are formed. For reasons 
threaded through this discussion, our prejudice 
is to favour the mnemonical mechanism. Inter- 
estingly, this mechanism also offers an explana- 
tion for a rather bizarre phenomenon noted over 
recent years by a number of investigators 
[Schultz and Freissmuth, 1992; Adie and Milli- 
gan, 19931. This is the phenomenon whereby 
apparently unoccupied receptors can activate 
adenylate cyclase. This is seemingly most obvi- 
ous in conditions in which G,-linked receptors 
are overexpressed in cells. In the mnemonical 
mechanism proposed, a key feature of this is 
that the “low-affinity’’ conformational state of 
the receptor is found under agonist-free 
“resting” conditions [Bushfield et al., 19931 (Fig. 
6). This is by definition of the mnemonical model 
proposed a conformation that can interact with 
G,, which is proposed to drive agonist release. 
One might presume, however, that even in its 
agonist-free condition, this “low-affinity” state 
would have a finite affinity for G, and a finite 

ability to activate it. On this basis, as the concen- 
tration of receptors was increased in cell mem- 
branes, the levels of this state of the receptor 
may achieve a concentration sufficiently high to 
lead to significant activation of G,. Such a situa- 
tion would envisage that any circumstances that 
would drive the equilibrium to favor this state of 
the receptor could lead to receptor-mediated ago- 
nist-independent activation of adenylate cy- 
clase. If this applies to G-protein-linked recep- 
tors as a family, one can expect to see similar 
observations with other effector systems. 

ACTION OF AMYLIN ON OTHER SIGNALING 
SYSTEMS IN HEPATOCYTES 

A substantial body of evidence would suggest 
that amylin can exert actions through signal- 
generating systems other than adenylate cy- 
clase. These may be mediated by G, activation. 
In this instance, such a G-protein is believed to 
have further bioactive properties such as have 
been exemplified by its a-subunit, which, in 
certain cell types can affect Ca2+ movements; 
there is also the possibility that py-subunits 
released from this G-protein may exert bioactive 
effects. Nevertheless, it is also apparent that at  
least certain subgroups of G-protein-linked re- 
ceptors can activate more than one G-protein 
species and hence elicit signals through a variety 
of systems [Houslay, 1991, 19921. However, few 
systematic analyses of possible actions of amylin 
on signaling reactions have been reported. This 
apparent silence may indicate a dearth of posi- 
tive responses. 

lnositol Phospholipid Metabolism 

We have addressed the possibility that amylin 
may stimulate inositol phospholipid metabolism 
in hepatocytes. However, as can be seen in Fig- 
ure 8, under conditions in which vasopressin 
gave a marked stimulation of inositol phospho- 
lipid metabolism, amylin quite clearly failed to 
do so. 

Glucagon Desensitization as an Index 
of Protein Kinase C Activation 

While amylin does not appear to  elicit the 
stimulation of inositol phospholipid metabo- 
lism, it is possible that it could cause the stimu- 
lation of PKC, perhaps by stimulating other 
lipid-signaling pathways. This would be a poten- 
tially interesting signaling pathway for amylin 
to stimulate, as amylin is believed to elicit insu- 
lin resistance, and there is some evidence to  
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Fig. 8. Amylin fails to stimulate the production of INS1,4,5P3 
formation in hepatocytes. Hepatocye preparations and incuba- 
tions were done as described by Heyworth and Houslay [ I  983a1 
with determinations of lns1,4,5P3 done by the binding assay 
method of Palmer et al. [ I  9891. This shows a typical experiment 
of one done three times using amylin (1 pM) and also with 
vasopressin as a positive control. Ins 1,4,5P3 was determined 
using a mass assay [Palmer et al., 19891. 

suggest that PKC activation could modify the 
insulin receptor and cause just such action 
[Houslay, 1991al. Challenge of intact hepato- 
cytes with hormones such as vasopressin and 
angiotensin, which stimulate inositol phospho- 
lipid metabolism, leads to the desensitization of 
glucagon-stimulated adenylate cyclase [Hey- 
worth and Houslay, 1983; Houslay, 1991al. This 
action can be mimicked by treatment of hepato- 
cytes with either phorbol esters or synthetic 
diacylglycerol species [Newlands and Houslay, 
19911, indicating that it is mediated by PKC 
activation. Indeed, the time course of glucagon 
desensitization closely follows that of an initial, 
rapid increase in PKC activity [Tang and Hous- 
lay, 19921. The molecular mechanism of desensi- 
tization takes the form of an uncoupling of the 
glucagon receptor from G, and is believed to be 
attributable to the phosphorylation of the gluca- 
gon receptor [Houslay, 1991a1, rather than of 
G,, which has been shown not to occur [Bush- 
field et al., 1990aI. Thus, the ability of a hor- 
mone (ligand) to elicit glucagon desensitization 
would indicate the possibility that it could acti- 
vate protein kinase C in these cells. We routinely 
assess such a desensitization function by chal- 
lenging intact cells with hormone for - 3  min, 
quench the cells in ice cold buffer, disrupt the 
cells under hypotonic conditions, and prepare a 
washed membrane fraction for assay of glucagon- 
stimulated adenylate cyclase activity [Heyworth 
and Houslay, 1983al. However, under condi- 
tions in which vasopressin achieved the desensi- 
tization of glucagon-stimulated adenylate cy- 
clase identified by a reduction in the action of 
glucagon of - 50%, there was no change ( < 5%) 

elicited by amylin over a wide range of concentra- 
tions. To state unequivocally that amylin does 
not activate PKC in these cells would be im- 
proper, as there are a range of PKC isoenzymes 
found in hepatocytes (M.D. Houslay, unpub- 
lished observations), and we do not know 
whether all or just certain forms actually medi- 
ate glucagon desensitization. However, it would 
seem that amylin cannot activate the PKC iso- 
form(s) responsible for glucagon desensitiza- 
tion. 

Amylin Elicits Phosphorylation of Ci-2 
and Negates the Inhibitory Effect That Insulin 
Exerts on Phosphorylation of This G-Protein 

a-Gi-2, in hepatocytes, is partially phosphory- 
lated under basal conditions [Rothenberg and 
Kahn, 1988; Pyne et al., 1989; Bushfield et al., 
19901; this is markedly increased upon chal- 
lenge of the cells with the phorbol ester TPA or 
with hormones that stimulate inositol phospho- 
lipid metabolism, such as angiotensin and vaso- 
pressin [Pyne et al., 1989; Bushfield et al., 
1990a,bl. These effects occur in a nonadditive 
fashion, indicating that they are mediated by 
the action of PKC. Immunoprecipitation experi- 
ments with various antisera showed that 
whereas a-Gi-2 was modified, there was no label- 
ing of either a-Gi-3 or a-G, and, furthermore, it 
was not due to a-Gi-1 as it is not expressed in 
hepatocytes. That a fraction of a-Gi-2 was found 
to be phosphorylated under basal conditions, 
i.e., in the absence of any hormone, and that 
treatment of cells with the protein phosphatase 
inhibitor okadaic acid led to a rapid increase in 
the labeling of this G-protein indicates that an 
active phosphorylation/dephosphorylation cycle 
may be ensuing [Houslay, 1991al (Fig. 9). Thus, 
under basal conditions, there was some 0.3 mol 
32P incorporated per mol of a-Gi-2 that was 
increased to > 1 mol 3 2 P / m ~ l .  a-Gi-2 after chal- 
lenge of intact cells with able to stimulate PKC. 
In all these cases, only phosphoserine was ob- 
served as the labeled amino acid in the immuno- 
precipitated Gi-2. 

Phosphorylation of a-Gi-2 in intact hepato- 
cytes was found to correlate well with the loss of 
ability of GTP itself to mediate an inhibitory 
effect on adenylate cyclase [Bushfield et al., 
1990a,b]. This led to the formulation of a hypoth- 
esis that proposed that the phosphorylation of 
a-Gi-2 ablates the “tonic” inhibition of adenyl- 
ate cyclase that occurs in cells due to the high 
levels of GTP ( - 500-700 FM) present [see Hous- 
lay, 1991a,b] (Fig. 9). Apparently, it does not 
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Fig. 9. Scheme for the regulation of GI-2 function in hepato- 
cytes. Amylin can elicit the phosphorylation of this inhibitory 
G-Protein and prevent insulin from reducing the level of phos- 
phorylation of GI-2. 

lead to any loss of receptor-mediated inhibitory 
action mediated through this system. Presum- 
ably, in this instance, the physical coupling of an 
inhibitory receptor to a-Gi-2 engenders such a 
powerful conformational change in this G- 
protein that it overcomes the action of phosphor- 
ylation. 

We have recently observed that, in hepato- 
cytes, insulin can markedly lower the degree of 
phosphorylation of Gi-2 effected through PKC 
(N.J. Morris and M.D. Houslay, unpublished 
observations). As this action is abolished in the 
presence of the protein phosphatase inhibitor, 
okadaic acid, it is possible that such an effect 
reflects augmented protein phosphatase activity 
occurring in hepatocytes subsequent to insulin 
challenge. This insulin-mediated increase in the 
level of active, dephosphorylated Gi-2 might be 
expected to lead to a small increase in the tonic 
GTP-mediated inhibition of adenylate cyclase. 
As such, insulin could be seen to cause a small 
inhibition of adenylate cyclase activity in intact 
hepatocytes, which has been recorded [e.g., Hey- 
worth and Houslay, 1983b; Heyworth et al., 
19861. This observation may offer an explana- 
tion for the confusion that has existed in the 
literature over many years concerning the abil- 
ity or not of insulin to inhibit adenylate cyclase 
activity [see Houslay, 19861. Such a model would 
thus explain that (1) the process of adenylate 
cyclase inhibition by insulin is apparently blocked 
by pertussis toxin yet the insulin receptor is not 
a member of the G-protein linked family, and (2) 
the insulin-mediated inhibition of adenylate cy- 
clase is only seen in certain cell types and, even 

then, under highly defined conditions, as has 
been reported for Gi-2 phosphorylation [Hous- 
lay, 1991aI. This is presumably because on this 
basis there would be an absolute requirement 
for phosphorylated Gi-2 to exist under basal 
conditions in order for any insulin-mediated de- 
crease in phosphorylated Gi-2, therefore an in- 
crease in adenylate cyclase inhibition, to occur. 
Similarly, the concentration of dephosphory- 
lated Gi-2 would not have to be at such a level 
that any further increase would fail to lead to 
increased adenylate cyclase inhibition. It is also 
possible that various reports of successes and 
failures to  observe insulin inhibition of adenyl- 
ate cyclase in membrane preparations may be 
attributable to different preparative procedures. 
This is because for such a function to  ensue then 
associated phosphatase and coupling systems 
interacting with the insulin receptor would be 
required. It is easy to envisage that these are 
capable of being displaced during certain mem- 
brane preparations as would be a reduction in 
the amount of phosphorylated Gi-2. Thus, insu- 
lin would seem to be able to alter the status of 
the ratio of phosphorylatedldephosphorylated 
Gi-2 in hepatocytes and hence may achieve a 
small alteration in the activity state of adenylate 
cyclase. 

Intriguingly, we have recently noted that when 
intact hepatocytes are challenged with amylin, 
an increase in the level of phosphorylated Gi-2 
occurs. The underlying molecular mechanism 
remains to be determined. We know that PKC 
activation can elicit such an action [Bushfield et 
al., 1990a,bl, but so too can increases in cyclic 
AMP levels, although we have eliminated any 
direct action of protein kinase A on this G- 
protein [Bushfield et al., 1990al. However, 
whereas insulin can decrease the basal level of 
phosphorylation of Gi-2 and that elevated by 
vasopressin, it has no power to decrease the 
stimulatory effect that amylin has on the phos- 
phorylation of Gi-2. In other words, amylin has 
engendered an insulin-resistant state with this 
particular process (Fig. 9). 

CONCLUSIONS 

We have shown that hepatocytes contain func- 
tional amyliniCGRP receptors coupled to  the 
activation of adenylate cyclase. The physiologi- 
cal significance of these receptors remains to be 
elucidated, especially in view of the fact that 
their occupancy can only lead to a net accumula- 
tion of cyclic AMP and to protein kinase A 
activation if PDE activity is attenuated. Further- 
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more, very high levels of amylin are required to 
achieve stimulation of this system. Neverthe- 
less, a single, common receptor species appears 
to be responsible for mediating the actions of 
both amylin and CGRP through adenylate cy- 
clase. This receptor shows apparent negative 
cooperativity for CGRP, but not amylin, and 
such kinetics may be provided for either by 
functional aggregates or by a mnemonical mecha- 
nism. Such a mnemonicaliaggregate mecha- 
nism may, in fact, characterise the functioning 
of the entire G-protein receptor family and may 
also offer a molecular explanation for the obser- 
vations that high concentrations of unoccupied 
G-protein linked receptors can stimulate G- 
proteins and elicit signal generation. 

Amylin does not appear to stimulate inositol 
phosphate metabolism or to cause glucagon de- 
sensitization; if it does cause PKC activation, 
this must be restricted to a particular class or 
classes of isoforms. Amylin can, however, cause 
the phosphorylation of the inhibitory G-protein 
Gi-2 in hepatocytes and can block the ability of 
insulin’s phosphatase-mediated reduction in Gi-2 
phosphorylation, providing an example of an 
insulin-driven process that amylin can clearly 
attenuate. The mechanism whereby amylin ex- 
erts such an example of insulin resistance re- 
mains to be elucidated. However, it has been 
noted that amylin can apparently exert cyclic 
AMP-independent effects on liver parenchymal 
cells [Gomez-Foix et al., 19911. 
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