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Summary

Using animal models of diabetes, hepatic guanine
nucleotide regulatory- protein (G protein) function has been
investigated. Diabetes mellitus can be classified into two major
catagories; type I (I.D.D.M.) an insulin - dependent form of the
disease and type II (N.I.D.D.M.) a non- insulin dependent form
of the disease often associated with obesity.

Guanine nucleotide regulatory proteins (G proteins) are
membrane associated components which are involved in the
transduction of chemical signals across cell plasma membranes.
The G protein Gi, inhibits adenylate cyclase activity and the G
protein Gs, stimulates adenylate cyclase activity. Adenylate
cyclase is an. integral membrane protein which catalyzes the
formation of cAMP from ATP. cAMP is an important cellular signal
for the control of metabolism.

In both type I and type II diabetic rats, activity of
the inhibitory G protein, Gi, 1is absent in hepatocytes . It is
proposed that in type I diabetic animals, hepatic Gi expression
is abolished. In type II diabetic rats, hepatic Gi is modified,
but present in a non-functional state.

Insulin has the ability to inhibit glucagon-stimulated
adenylate cyclase activity. This action of insulin is reduced in
liver plasma membranes prepared from type II diabetic rats and is
absent in liver plaéma membranes prepared'from type I diabetic
réts. Insulin administration to type I diabetic animals resulted

in the preturn Gi function and insulin's ability to inhibit



‘“adenylate cyclase activity. It is therefore proposed that the
loss of Gi function and insulin mediated inhibition of adenylate
cyclase activity 1is a result of insulin deficiency in this
~type I diabetic condition.

The  mechanism by which insulin mediates inhibition of
adenylate cyclase activity was investigated. It is proposed that
insulin activates a G protein which is distinct from Gi, and
inhibits glucagon-stimulated adenylate cyclase activity by the
release of B“Y subunits from a distinct G protein subunit (KB )
complex. These B A subunits inhibit the stimulatory G protein ,
Gs, from interacting with and thereby stimulating the activity of

the adenylate cyclase catalytic unit.

In addition, the effect of the hypoglycaemic drug,
metformin, was assessed. This drug has been used in hhman
diabetic therapy and is reported to have post - receptor effects.
This drug was found to restore insulin's ability to inhibit
hepatic adenylate cyclase activity in type I diabetic animals and
enhance this insulin action in type II diabetic animals.

Finally, insulin has the ability to stimulate a high
affinity GTPase activity associated with a G protein which is
distinet from the G proteins Gi, Gs and a putative G protein Gp.
This insulin activated G protein may be the G protein through
which  insulin is able to regulate the activity of adenylate
" ecyclase . The activity of this G protein may be altered in

diabetic states.



It 1is proposed that alterations in G protein function
may reflect post-receptor defects in the diabetic state.
‘Transmembrane signal transduction may resultantly be suppressed

and therefore the ability of hormones to control metabolism would

be reduced.




1. INTRODUCTION




1.1 Insulin & Diabetes Mellitus

1.1.1 The Hormone ; Insulin

L

Insulin is a polypeptidé hormone with a molecular
weight of about 6 K Da. Structurally it consists of two peptide
chains denoted A and B which are linked together by two
interchain disulphide bridges. Between animal species, insulin
displays highly conserved sequence homology ( see figure 1 ).
The amino acid seduence of the A and B chains was determined by
Sanger and colleagues in the early nineteen fifties ( Sanger &
Tuppy 1951;Sanger & Thompson 1953 ). |

The hormone is synthesizéd in and secreted from the
beta cells of the islets of Langerhans in the pancreas. Studies
on the biosynthesis‘of insulin have revealed the presence of two
precursor forms of the hormone; proinsulin and preproinsulin
(Steiner et al 1974; Steiner 1977).

Preproinsulin, the precursor of proinsulin, is believed
to. contain an additional N - terminal peptide sequence of about
20 amino acids which acts as a "signal" to allow binding to and
insertion through endoplasmic reticulum membranes. Subsequent
intralumenal molecular processing occurs rapidly ( within
minutes) to produce the insulin precursor molecule

proinsulin.
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- Studies using electron microscopy and pulse-chase
radiolabelling of proinsulin have indicated the site of synthesis
of this insulin precursor molecule to be associated with
ribosomes which themselves are associated with rough endoplasmic
reticulum fractions. Proinsulin molecules are released from the
endoplasmic reticulum in membrane bound vesicles termed
"micro vesicles" and within 10-30 min after their synthesis (see
figure 2) they are transferred to the Golgi apparétus. The
transfer of of proinsulin from the endoplasmic reticulum to the
Golgi has been shown to be an energy dependent process and a
necessary requirement for further proinsulin processing (Jamieson

& Pallade 1968).

Proinsulin is a single polypeptide chain of between 81-
86 amino acid residues with three distinct peptide regioné; the B
chain, a " C peptide " and the A chain (see figure 3). The C
peptide acts as a connecting segmentrbetween the A and B chains.
Formation of interchain disulphide bonds and proteolytic
cleavage then occurs to yield a free C peptide and the
disulphide bridge 1linked A and B chain insulin molecule. This
proinsulin processing is belie?ed to take place in the Golgi
apparatus of the beta cell and has an estimated t value of

0.5
about 1h. N



Figure 2 Proinsulin Processing In The Pancreatic Beta Cell
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Figure is reproduced from Steiner et al 1974.



Figure 3 Amino Acid Sequence of Human Proinsulin
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Figure Illustrates the A, B and C chain composition of
human proinsulin.Arrows indicate where proteolytic
cleavage occurs. Also, inter and intra chain disulphide

bonds are indicated.



Insulin moleculés crystallize as hexamers which are stabilized
by two zinc atoms coordinated with the B10 Histidine residues and
form particulate species termed secretory granules. There is also
evidence that proinsulin and insulin molecules in the presence of
zinc can form mixed dimeric and hexameric crystalline structures
within the Golgi ( Steiner 1973). The significance of this is not
known, but insulinomas are known to secrete high levels of
proinsulin molecules into the blood stream.

Secretory granules 1in the Golgi fuse with the plasma
membrane of the beta cell. Their contents are expelled in

response to appropriate stimuli such as high plasma glucose

2+
concentration, Ca - and 1in the case of diabetic therapy,
hypoglycaemic drugs classified in the group
"sulphonylureas" (Feinglos & Lebovitz 1978).
1.1.2 Diabetes Mellitus

The "normal" human fasting plasma insulin concentration
is  5-24 u Units ml-1 which is approkimately 4-6nM (Tager et al
1979). |
The condition of diabetes mellitus is symptomised by fasting
venous plasma glucbse levels of greater or equal to 200mg dl_1
(which is approximately 11mM (Tager et all979) ). Hyperglycaemia

and glycosuria are also often present. Clinical diagnosis of

the disease 1is often by administration of an oral glucose
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tolerance test (OGTIT) which basically involves the ingestion of
a given amount of glucose and venous plasma glucose
concentration determinations are made at time points between O
and 2h.

Diabetes is a heterogeneous disease and because of this
a defined system of classification is used ( National Diabetic
Data  Group 1979). Basically the disease can be considered as
being of three distinct subclasses:-
1) The insulin dependent, ketosis prone type which has often been
termed "Juvenile" or "Insulin Dependent Diabetes Mellitus"
(IDDM). This subclass is also known as Type I diabetes.
2) Non - insulin - dependent - diabetes Mellitus (NIDDM) , a
non ketosis prone type of diabetes which may be further
subclassified with respect to the presence or absence
of obesity. Often hyperinsulinaemia is present. This type of

diabetes is also known as Type II diabetes.

3) Secondary diabetes mellitus, a form of diabetes associated
with other conditions such as pancreatic disease or genetic
syndromes.

High glucose intolerance accentuates the existance of insulin
resistance because one of the primary actions of insuiin is the
stimulation of hexose transport into muscle, erythrocytes and
adipose tissue. Over the last ten years or so, insulin stimulated
glucose transport has been examined vé%y closely in order to

gain an insight into the possible molecular mechanism wherby
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insulin exerts its effects wupon this system.

Glucose Transport and Insulin Resistance

Glucose enters the cell by facilitated diffusion;
under normal physiological conditions basal D-glucose is at a
fairly constant concentration of 5mM in blood ﬁlasma (Lehninger
1977) . Thus, there is normally a  glucose concentration
gradient which acts as the driving force for a net influx of the
sugar. However, as glucose is a polar compound and thus cannot
passively diffuse into cells across the 1lipid bilayer, itsv
transloéation requires a specific carrier system located -within
the plasma membrane.

The hexose carrier is believed to be an intrinsic
plasma membrane glycoprotein with a monomeric molecular weight of
55 K Da (Czech 1980; Shroer 1986). Experiments performed with
. less rigorous purification techniques suggest the possibility of
oligomeric transporter complexes existing with a molecular weight
of approximately 200 K Da ( Baldwin & Lienhard 1981). Aé the
molecular motion in the membrane appears to‘be imporﬁant for the
expression of the transporter's activity; = it cannot. operate as a.
rigid fixed channel or "pore"(Czechf1980).

' Cytochalasin B is a reversible competitive inhibitor of
the glucose transporter. This compound and immunoblotting
techniques have been used to provide measurements of the amount

of transporter in cell membranes. In addition, non -metabolizable
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glucose analogues iuch as 2-deoxyglucose and 3,0-methylglucose or
radiolabelled (U1 -C) glucose have been used to quantitate
specific cellular uptake . In addition, kinetic parameters of
the system in adipocytes and erythrocytes have been made.
Whitesell & Gliemann (1979) demonstrated in rat adipocytes that
insulin increases the Vmax value for glucose transport with no
apparant change in the Km value. This observation therefore led
to the suggestion that insulin increased the number of glucose
carriers rather than changing the carrier's affinity td bind
glucose molecules.

This observation was proven to be correct when Cushman
& Wardzala ( 1979 ) used cytochalasin B to estimate
the number of glucose carrier molecules both in the
plasma membrane and intracellular locations. They found that
insulin induced the "recruitment™ of carrier molecules from
a microsomal cell fraction to the plasma membrane and thereby
increased the maximum capacity of the transport - process.
This insulin bmediated stimulation of glucose 7 carrier
recruitment was rapidly initiated and was ‘not a result of de
novo synthesis of new carrier molecules.

Karnieli = et al (1981) demonstrated thaﬁ this
recruitment process was reversible. Using anti-insulin antibody,
after incubation of rat adipocytes with insulin, they
observed the movement of carrier molecules from the plasma

membrane to a microsomal fraction. They confirmed the
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results  found in these cytochalasin binding studies_ by using
3,0-methylglucose transport measurements and found the Vmax value
for the transport of this compound simultaneously decreased to
its original value as the carrier molecules were removed from the
plasma membrane. Thus the molecular mechanism by which insulin
enhances glucose influx in rat adipocytes has been elucidated.
However,' the human erythrocyte glucose transport system does
not appear to respond to insulin in the same way as the
rat adipocyte.

Work performed by Dustin & colleagues (1984) has
demonstrated that human erythrocytes possess a rapid
stereospecific D-hexose transport system. Incubation of cells
with insulin resulted in a decreased Km value for glucose influx
‘to the cell, but no Vmax change was observed. However, if the
cells were subjected to two incubation periocds with insulin not
only did the Km value for the process decrease,but also 60 ¥ of
the insulin receptors were 1lost; a process known as
downregulation. It was therefore suggested that the mechanism
by which 1insulin stimulates glucose transport in erythrocytes
may be different from that in adipocytes. The significance of
this is unknown .Also, there is no evidence that insulin has the
ability to stimulate glucose transport in liver. However,
this tissue  is a major target for insulin action and metabolic
control.

e

Also, the mechanism by which insulin has the ability to
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stimulate the recruitment of glucose carriers from the microsomal
fraction is still unknown. However, an ;hportant set of
experiments performed by Kahnet al (1978); Pillion etal (1978a)
and Pillion et al(1978b) using monovaleht Fab and anti Fab
antibodies demonstrated the poésibility that lateral aggregation
of the insulin receptor may be an obligatory requisite for
carrier "activation" (see figure U ). Insulin .receptor

phosphorylation has also been linked with carrier "activation",
but this will be discussed in section 1.2.4 which is entitled
"Tyrosine Kinase Activity".

Diabetes and insulin resistance  are clinically
diagnosed on the basis of insulin's ability to activate ‘glucose
uptake from blood plasma. Understandably much work has been
performed to 1investigate the relationship between insulin
binding to its receptor (see section 1.2.2) and the ability
of this action to stimulate glucose transport.Due to glucose
transport being studied so extensively "in adipose tissue and the
relative ease of removing adipose tissue from diabetic patients
during surgery,‘this is the tissue which has been most studied
to determine a receptor-resistance relationship.

Experimentation suggests that certain obese patients
(Ciciraldi et al 1981) and NIDDM patients (Kolterman et al 1981)
may display both receptor and post - receptor defects.
However, adipocytes isolated from IDDM patients (Jarvinen et al
1984) and aged subjects displaying glucose intolerance

(Pagano et al 1982)
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-Figure 4 Requirement of Multivalency For Activation of

Hexose Transport By Anti-Membrane Protein Antibodies In

Intact Fat Cells

ANTI-MEMBRANE ANTI- MEMBRANE ANTI-MEMBRANE Fab
g { <) ‘ Fab (—) - plus
ANT!-Fab

ACTIVATION NO RESPONSE ACTIVATION

Outline of results obtained from antibody Fab fragment
“experiments described in text. In brief, multivalent

antibody or antibody Fab fragments are required for activation
of the hexose transport system in fat cells.

Figure is-reproduced from Czech 1980.
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indicated only a reduced number of insulin receptors on the cell
surface, but no apparent post - receptor defect.

It has Dbeen demonstrated that occupancy of all the
insulin receptors on the cell surface is not necessary for a
maximal insulin response; a concept known as "receptor reserve'".
For example, Pedersen & Gliemann (1981) suggested that adult
human adipocytes show maximum stimulation of hexose transport by
insulin (1nM) during 25 % occupancy of receptors. Gammeltoft
(1984) suggested that rat adipocytes require only U4 %
receptor occupancy for maximal stimulation of hexose transport.
Thus , it appears that insulin responsiveness for a given
insulin concentration  would be affected only if receptor
number was significantly reduced . Therefore. in order to
distinguish between receptor defects and post -receptor defects
the K and Vmax values for the glucose transport process
must bg.zonsidered. In general, distinction between receptor and

post- receptor defects have been made on the assumption that if

the defect occurs at a . receptor level then the K for the
005
transport process would increase, but the maximal response (Vmax)
post-
|

would remain unchanged.If however, the defect was at the{receptor

level then both the K; 5 and Umax values would be expected to

s ~ .

In order to try to study receptor and post- receptor
defects which could " explain the human diseased state/s of

diabetes mellitus, animal models of the disease have been used.
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These models are generally mice or rats which display

characteristics of Type I or Type II diabetic states.

1.1.4 Animal Models Of Diabetes

Type I - (IDDM)

Human insulin dependent diabetes mellitus (IDDM) is
clinically characterized by the abrupt onset of symptoms such as
hypérinsulinaemia, ketosis, hyperglycaemia and glycosuria. In
order to sustain life, daily injection of insulin is required
(Natioanal Diabetes Data Group 1979). This subeclass of diabetes
mellitus was classically diagnosed in juveniles and is often
‘therefore known as n juvenile onset diabetes™. This
classification however is not strictly true because diagnosis of
this disease has been made within a wide range of age groups.

Factors associated. _ with the onset of this form of
diabetes include abnormal immune responses (islet cell antibodies
are often present at diagnosis ) genetic inheritance (genes on
chromosome 6 have been suggested) and viral infection.
Chemically induced destruction of the B cells of the pancreas has
been demonstrated to mimick the symptoms of type I / insulin
dependent diabetes mellitus. Two chemicals in particular;
streptozotocin ( 2-deoxy-2- (3-methyl - 3 - nitrosoureido ) - D -
glucopyranose ) and alloxan (-2,4,5,6-tetra oxo hexa hydro

pyrimidine) have been used in rats and mice’ to chemically induce
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an animal model for this form of diabetes. Both streptozotocin
and alloxan can induce severe B cell necrosis (Wilson et al 198%4)
however, the mechanisms by which these drugs cause B cell damage

is not entirely clear.

Streptozotoein

Streptozotocin has an LD value of 137.7 mg/Kg when
administered to rats by intravenoig injection ( Merck Index
nineth edition 1976) It has a molecular weight of 265.2 (the
structure of this compound is illustrated in Appendix II, figure
A2 ). This drug has been suggested ( ﬁchigata et al 1982) to
cause DNA strand breakage by the generation of carbonium
ions (CH..) during decomposition of methylnitrourea from the
drug itseif. However, Wilson et al  (198%4) suggest that the
generation of cafbonium ions does not cause DNA strand
breakage, but may . alkylate DNA Dbases which 1leads to the
activation of poly  (ADP-ribose) synthetase to repair these
modified sites. Cellular NAD is used as the enzyme's substrate
and thereby subsequently results in NAD depletion and cell death
oceurs.

Robbins et al (1980) have suggested that the drug
generates oxygen free radicals, -but Wilson et al (1984) contest
this proposal because they found no evidence that superoxide
dismutase, a éuperoxide scavenger, gave any protection against

¢

streptozotocin's cytotoxic effects.
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Rossini et al (1978) demonstrated that a combination of
the nonémetabolizable glucose analogue 3-0 - methylglucose and
antilymphatic serum can protect mice from low doses ‘of
streptozotoecin. They proposed that the glucose analogue prevented
hyperglycaemia and the antilymphocyte serum prevented the
lymphocytic infiltration of pancreatic islets. The mechanism by
which the glucése analogue prevented hyperglycaemia was not
speculated upon. Perhaps the mechanism of protection was related

to the similarity between the two structures with glucose.

Alloxan

Alloxan has an LD value of 200 'mg/Kg when administered
intravenously in miczo(merck Index, Nineth Edition (1976) ). The
structure of the compound is illustrated in Appedix II, figure
A1, Like streptozotoecin, this drug has also been suggested

g
(Uchigata et §ft° cause DNA strand breakage as a result of

oxygen free radical generation . Others have questioned whether
these free radicals éenerated by alloxan have the ability to
break DNA strands (Wilson et al 1984; Sandler & Swene 1983).
Interestingly, Meglasson et al (1986) propose that
alloxan ‘inactivates glucokinase in pancreatic islet B cells and
thereby prevents glucose metabolism in these cells. _They suggest
that glucokinase acts as the" glucose sensor"; that is,

inactivation of this enzyme results in the abolition of glucose

stimulated release of insulin from B cells. High levels of
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glucose can " protect™ glucokinase from inactivation by alloxan.
This group did not comment on the mechanism by which alloxan
causes B cell necrosis.

Finally, another group, Colca et al (1983) have
proposed that alloxan inhibits a Ca2+ - calmodulin protein kinase
in pancreatic islets and this inhibition leads to . a 1loss of
glucose stimulated insulin secretion. Again, this action can be
prevented by the presence of glucose. Once again the mechanism by
which alloxan causes this intracellular effect is unknown. Also
do glucokinase and this enzyme share the same mechanism by which
they control the secretion of insulin in response to glucose ?

The answers appear to be unknown as is the precise mechanism by

which alloxan conveys cytotoxicity specifically to islet B cells.

Type II - Non Insulin Dependent Diabetes Mellitus

This subclass of diabetes is fairly difficult to detect
in 1its early stages because frequently minimal or no symptoms
such as fasting hyperglycaemia may exist. ( National Diabetes
Data Group 1979). This type of diabetes has been termed "maturity
onset diabetes"™, but this method of classification 1is not
strictly correct because NIDDM may develope at any age, but it is
true to say that most patients do develope this type of diabetes
after the age of forty. It is this form of the disease which

occurs most frequently in western society.
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Also, 60 - 90 % of all NIDDM patients in western
society are obese and treatment in some cases is restricted to
diet alone. In‘other cases, controlled diet and sulphonylurea
(see appendix Ii, figure A3) or biguanide (see appendix 1II ,
figure A5) therépy is administered. Clinical diagnosis of NIDDM,
in the absence of observable symbtoms y 1s generally made by
the administration of an oral glucose tolerance test. Insulin
resistance is characteristic and this has been associated with a
defect at the post receptor level ( Kolterman et al 1981 ).'
Hyperinsulinaemia and normoglycaemia is often also present.
Secondary effects of NIDDM are more apparent.

The animal models used for this type of diabetes
include obese Zucker rats and db/db mice. Only the Zucker rat
will be discussed here because this is thé model for NIDDM that
I have used in my work. The Zucker rat adequately illustrates

the common characteristics of a type II diabetic model.

The Zucker Rat

The "fatty" Zucker rat appeared as a spontaneous
genetically obese condition in the Laboratory of Comparative
Pathology, Stow, Massachusetts, U.S.A. in 1961 ( Zucker & Zucker
1961). As the obese progeny were observed at a 25 % incidence per
litter, the condition was believed to be due to a single
recessive gene and the "fatty" condition is therefore a

homozygous recessive expression. Obesity is observable within
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three weeks of birth (see figure 5 ) and food intake is
significantly increased in these animals. The blood plasma of
"fatties" is of milky appearance. Indeed, the serum fatty acid
level is ten times the level observed in lean Zucker rats and
cholesterol is four times higher in serum from fat animals when
compared to 1leans ( Zucker & Zucker 1961). Low density
lipoproteins (LDL) and high density 1lipoproteins = (HDL) are
increased two fbld in serum from "fatty" rats ( Bray 1977).‘ Even
-when food intake is restricted, the "fatty" rats are still obese
ﬁhen compared to controls. However, there is no evidence of
arterial thickening.

Hyperinsulinaemia is present in "fatties" before
obesity 1is observed and plasma insulin concentration appears  to
be dependent on the age of the rat. However, when fat Zuckers are
compared to lean controls with respect to their relative ages ;
plasma insulin levels are calculated to be about four times
higher in the obese rats than the leans ( York et al 1972; Curry
& Stern 1985) and B cell hypertrophy is also recorded ( Stolz &
Martin 1982). Glucagonb levels in the pancreas appear to be
normal, but circulating glucagon concentration is decreased
in obese animals (Eaton et al 1976).

Interestingly, Clark et al (1983) have identified the
presence - of diabetes ; as assessed by a glucose tolerance test
and the lowering of body fat and triglyceride, when compared to

obese normoglycaemic rats. This condition appeared in obese
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Zucker rats after six months of age and surpfisingly occurred in
‘more males than females.

Stolz & Martin (1982) tried chemically inducing
diabetes in obese and lean Zucker rats in order to determine
whether there was kany relationship between plasma insulin
levels, food intake and weight gain. They carefully controlled
»the plasma insulin levels in each set of animals by daily
injection of exogenous insulin and they came up with some
rather surprising results. The food intake and weight gainvin
the obese animals were reduced to that of the lean animals,
but hepatic 1lipogenesis was still elevated and therefore
independent of insulin concentration and food ;ntake. This
appears to be 1in agreement to some extent with the observation
that obesity in these animals can be distinguished prior to
the condition of hyperinsulinaemia being present (Curry & Stern
1985).

Finally, Guerre-Millo .and colleagues (1985) have
suggested that. in adipocytes isolated from obese and lean Zucker
rats, insulin mediated glucose transport is enhanced in the obese
animals . Cytochalasin B binding studies suggest that this may be
due to a significantly increased number of glucose carrier
molecules in an intracellular microsomal "pool". This could

obviously be considered as a hypersensitive response to insulin.

25



1.2 The Insulin Receptor

1.2.1 Structure

a) Protein Subunit Composition

The insulin receptor is an integral membrane
glycoprotein  generally accepted to be composed of two distinect
polypepytide subunit species‘denoted oL and B (Czech etal 1981).
The proposed functional receptor, depicted in figure 6 , is
comprised of an (XB) subunit complex which is stabilized by
disulphide bridges. Tied,and B subunit molecular weights have.
been  estimated to be about 120 K ‘Da and 90 K Da
respectively.(Pileh & Czech 1980). /

Purification of the insulin receptor was originally
achieved by solubilisation using non-ionic detergent, followed by
chromatography using immobilized 1lectin columns and finally
affinity chromatography utilizing immobilized insulin
columns (Fujita & Yamaguchi 1984; Finn et al 1984). However,
monoclonal antibodies raised against the insulin receptor now
facilitates purification of the holomeric protein (Soos et al
1986 ; O'Brien et al 1986).

125

The use of photoaffinity labelled I-insulin and the

cross 1linking agent disuccinimidyl suberate (Pilch & Czech 1980)

has greatly facilitated determination of its subunit composition.

This has allowed identification of the binding site for insulin
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Figure 6 Proposed Insulin Receptor Structure

Apparent 90 25 125 90

L\ v _J
-3
Mr x 10 350

Schematic -diagram of the inéulin receptor subunit structure
illustrating the position of disuphide bridges and apparent
molecular weights of each subunit. Intact complex molecular
weight estimation was obtained under non-reducing conditions

Figure is reproduced from Czech et al 1981.
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to be the o subunit. The K subunits are transmembrane
species, exposed at the external surface of the plasma
membrane and the B subunits are exposed at both the
extracellular and cytosolic surface of the membrane (Hedo &
Simpson 1984).

Initially , determination of subunit stoichiometry was
facilitated by the use of two experimental techniques; that
is,the reduction of interchain disulphide bonds and specific 1in
vitro proteolysis of the insulin receptor.

Interchain disulphide bond studies were performed by
Jacobs et al (1979) & Massague et al (1980). Using various
concentrations of the reducing agent dithiothreitol , - they
identified two catagories of disulphide bridges which were
classified with respect to their differing sensitivity to
reductants. The disulphide bridges most sensitive to reductant
were found to link together the (X p) receptor fragments. One
receptor complex was found to yield two (O(B) fragments under
mildly reducing conditions.

The other class of disulphide bridges were found to
link together thew«and B subunits. However, these disulphide
bridges were only reduced in the presence of detergents which
allowed solubilization of the insulin receptor complex. Hence,
receptor complex formation must have prevented the exposure of
theée disulphide bridges vand thereby protected them from

v

reduction by dithiothreitol.
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Studies wusing in vitro proteolysis of the receptor and
subsequent receptor fragment resolution on S.D.S. gels (Massague
et al 1981) has led to the identification of  receptor

Wﬂrégﬁggﬁérjwhich have to some extent been isolated from
partially purified membranes. _ This observation has 1led to
suggestions that in vivo partial'proteolysis of the receptor
may occur. AThis may explain why other workers such as Baron &
Sonksen ( 1983 ) have proposed three different molecular
subunit types; the ®, P and an additional d subunit. This ]
subunit was suggested to have a molecular mass of 65 K Da and is
not a glycoprotein. Therefore, presumably this subunit would not
face thé outside of the cell. This polypeptide could conceivably
be an artifact due to spontaneous proteolysis ( for example of
the PB subunit which is sensitive to proteolysis)ror if it does
exist, it may be a protein which is associated with the insulin
receptor in the plésma membrane.

Crosslinking (Baron & | Sonksen 1983) and
immunoprecipitation (Kasuga et al 1982a; Kasuga et al  1982b)
studies suggest that there may be protein subunits non-covalently
associated with the insulin receptor which would_ be removed
during the solubilisation and purification procedure. In
addition, Harmon et al (1980) have presented evidence for a
protein species which may have the ability to reduce hormone
binding upon association with the receptor.w

Finally, Graves et al (1985) have proposed a calmodulin

binding domain either on the P subunit of the insulin receptor or
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on a protein such as the ATPase which copurifies with the
receptor. They suggest that upon Ca2+ ~ calmodulin interaction
with the receptor, the affinity for insulin binding increases.

Probably one of the most exciting aﬁd most informative
developements 1in structural elucidation has been the cloning of
the insulin receptor from human placenta. This has been achieved
by two independent groups (Ebina et al 1985; Ulrich et al1985).
It appears that the K and B subunits of the insulin receptor are
derived from one polypeptide precursor molecule which is encoded
for by a single mRNA and is therefore presumed to be the
expression of a single gene which Ebina and colleagues have
located on chromosome 19 (see figure 7).

Both groups indicate the presence of a 27 amino acid
sequence at  the N-terminal of the precursor which is
characteristic of a hydrophobie "signal sequence" found in
post-translationally modified proteins. The & subunit sequence
follows this and consists of between 720 -~ 735 amino acid
residues. Ebina predicts the molecular weight of the & subunit
to be 84.2 K Da and identifies 15 péssible glycosylation sites
which could increase the molecular weight to the apparent 120-130
K Da level. The ol subunit contains a cysteine rich dpmain with
a very high proportion of hydrophilic residues. Ebina calls this
a " cross-linking " region and this shows high homology to a
cysteine rich region in the EGF receptor. The N - terminal of the

K subunit also contains two short hydrophobic domains which
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Figure 7 The Cloned Insulin Receptor Structﬁre

a-Subunit B -Subunit
ﬁl

A=putative signal peptide
B=crosslinking region

C= transmembrane region

D= cytoplasmic phosphokinase domain

E=C terminal region

Figure is reproduced from Ebina et al
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apparently are not large enough to span the membrane, but would
conceivably form a hydrophobic interaction with the membrane or
alternatively could form a hydrophobic " core " within itself.

The C —‘terminal of the ¢ subunit shows no structural
homology with the EGF receptor, _but is speculated to contain the
~insulin  binding site. There is also a potential glycosylation
site in this region which may or may not play a role in insulin
binding or recognition. Following the sequence coding for the
¢ subunit is a domain which contains several proteolytic
processing sites which would allow generation of the A and B
subunits from the precursor.

hydrophebic

The B subunit sequence contains a domain of 2%A amino
acids followed by 3 positively charged amino acids . This is
suggested to be a " trans membrane domain " which would allow
insertion of the polypeptide into the membrane . The polar
amino acids would act as a " stop signal " to allow anchorage of
the protein 1in the membrane. An ATP binding site has been
identified on the B subunit sequence which shows slight homology
with the EGF receptor and the V- ros gene product ( an oncogene
product known to exhibit tyrosyl kinase activity (Hunter 1986)).
| The C-terminal region contains highly hydrophilic amino
acids and is suggested to be the éytoplasmically exposed region
which could be susceptible to intracellular proteolytic cleavage.
Finally, Ebina and colleagues also indicate, the presence of a so

called B' segment which is present in the precursor B subunit
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sequence. Upon analysis ofksolubilised and antibody purified
insulin receptors, a U5 K Da polypeptide band was obtained. This
has Dbeen identified as the ﬁ‘ segment found in the precursor B
subunit sequenée. The importance (if any) of this polypeptide
is not known. However, it is possible that it could be related to
the 65 K Da d peptide subunit proposed by Baron & Sonksen
(1983) or indeed it could explain the high molécular weight form
of the insulin receptor observed by Helmerhorst et al (1986).
Ebina's group ( Ebina et al 1985 b) using the cloned
insulin receptor ¢DNA , demonstrated that by construction of
an expression plasmid they could express the human insulin
receptor in both xenopus oocytes and chinese hamster ovary cells
(CHO). They also demonstrated that in the CHO cells the human
insulin receptor not only bound 1251 - insulin with high affinity
and specificity, but could also stimulate autophosphorylation of
the insulin receptor and 2-deoxyglucose uptake; actions

characteristic of the functional insulin receptor.

.El Post translational Processing of The Insulin Receptor

Subunits

In the early seventies Cuatracasas (1973a & 1973b)
demonstrated that the insulin receptor binds to 1lectins, in
particular wheat germ agglutinin and concanavalin A . This 1led

to the suggestion that the insulin receptor is highly
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glycosylated. This observation was later confirmed by Jarett and
Smith (1974). More direct evidence for the presence of
carbohydrate moieties on the insulin receptor came from Hedo et
al (1981) when they demonstrated that both the < and the B
subunits of the insulin receptor in IM-9-1ymphocytes can
incorporate 3H carbohydrétes such as 3H-f‘ucose and 3H-mannose.

Further‘ study of the insulin receptor biosynthetic
pathway has been aided by the use of the inhibitor tunicamycin.
This compound has the ability to inhibit the attachment of core
oligosaccharide to ‘asparaginyl residues of ‘nascent
glycoproteins. Ronnett’ & Lane (1981) and Reed et al(1981)
demonstrated that glycosylation 1is essential for the post-
translational formation of a functional insulin receptor in 3T3-
L1 adipocytes . In the presence of this compound the number of'
cell surface inéulin receptors were depleted ‘and
non - glycosylated receptor proteins accumulated intracellularly.
Therefore, they proposed that glycosylation may be important in
receptor movement to the cell surfacé;

More recently however, elaborate pulse - chase
experiments  using 3H— mannose (Hedo & Simpson 1985) and
35(S) -methionine (Ronnett et al 1984) have been performed.
Both groups agree that very early (within minutes) in the
receptor biosynthetié pathway, a 190 K Da "pro-receptor” protein
appears.

However, Ronnett et al believe that prior to the

appearance of this 190 K Da protein, there is a lower molecular
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weight protein of about 180 K Da . This species, unlike the 190
K Da species, is not glycosylated. It is of course conceivable_
that this lower molecular weight species would be undetectable to
Hedo & Simpson because they are pulse - chasing carbohydrate
units, not protein units of the precursor molecule.

Both groups demonstrated glycosylation in an
intracellular fraction ( believed to be the endoplasmic
reticulum) was followed by terminal glycosylation. This process

was referred to by Ronnett's group as " sialic acid capping ".

Pfoteolytic cleavage of the o and B subunits occurs 1in the
Golgi prior to receptor insertion into the plasma membrane.
However, the major discrepancy between the two groups
is the question of whether or not a precursor molecule with a
molecular weight of 205 - 210 K Da can bind 1251 - insulin .
Ronnett's group suggest that only the processed insulin
receptor 1inserted into the plasma membrage has the ability
to bind 1251 --insulin.This point of contention has still to
be resolved, but if the cloning studies of Ebina et al (1985a)
are accurate then the insulin binding‘ site is at fhe
C - terminal end of the o polypeptide sequence. This therefore
would not be accessible for interaction with insulin until
cleavage of the o and p segments had occured . This process

(both groups claim) occurs immediately prior to insertion of the

receptor into the plasma membrane.
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Now that the strﬁcture of the insﬁlin receptor and its
biosynthesis are known in more detail, it is hoped that these
processes can be studied in human diseased .states such as
diabetes mellitus. To date, most receptor experimentation carried
out on insulin resistant diabetic patients has been aimed at
looking " for changes in insulin binding - affinity and receptor
number, rather than changes in receptor structure. However, Kﬁ§n
IEE_ al (1976) ﬁsing samples from type II diabeties and Chang
et al (1975) using animal models of type II diabetes have
suggested receptor structural changes.

Interestingly, Chandramouli et al (1977) have looked at lectin
binding to 1liver plasma membranes in streptozotocin - induced
diabetic rats . They concluded that this insulin deficient state
led to significant generalized ° changes in - cell surface
» glycoproteins. Perhaps such changes could occur on the insulin
receptor . Certainly , lectins such as concanavalin A and
wheat germ agglutinin have been suggested to compete with
insulin to bind to the insulin receptor {(Cuatracasas & Tell.
1973) . These lectins were found to mimick insulin's ability

to enhance glucose transport.

1.2.2 The Binding of Insulin To Its Receptor

Most insulin binding studies have been performed using
125 ’
the radiolabelled ligand I - insulin . In the case of cell
_ 125
surface receptor number estimations, I - insulin has been used
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in conjunction with disucecinimidyl suberate to covalently
cross - link and specifically label the receptors. Criticism
concerning the specificity of insulin binding studies has been
made ( Cuatracasas 1974 ) . ﬁoﬁever R the radio-ligand
technique has been very informative about kinetic parameters
of binding, dissociation and movement of receptors . Two

models of insulin receptor binding have been proposed :-

1) There are at least two distinct kinds of insulin receptors on
the extracellular surface of the plasma membrane, each with a
different affinity for insulin binding. These two receptor
populations do not interact with each other in order to affect

each other's binding activity.

2) There 1is only one form of insulin receptor on the
extracellular surface of the plasma membrane, but receptors act
in a negatively cooperative manner towards one another with

“respect to binding insulin such that, upon insulin binding to
one receptor, the affinity of other receptors to bind iﬁsulin is

reduced.

These models were proposed as a result of Scatchard binding
analysis indicating curvilinear or biphasic characteristics. The

evidence to support the two site model includes the following :-

a) Kahn et al (1974) submitted data which they proposed was

indicative of the presence of two "sites" whose Km values were
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dependent upon the incubation temperature.

b) Czech et al(1981) proteolytically cleaved the B subunit of
the insulin feceptor and were able to generate three insulin
receptor forms . They suggest this could occur in vivo as a
result of lysosomal protease processing.

e) Corin & Donner (1982) proposed two affinity states of the
hormonal - receptor complex ie. the formation of a '"high
affinity" complex occurs upon insulin binding to its receptor.

The evidence to support the negative cooperativity
model 1is as multitudinous as that for the two site model. One
particularly strong piece of evidence in favour of this model is
that presented bypérﬁéytégg_gi (1976). This gfoup demonstrated
that the plant l;étin concanavalin A was able to inhibit the
site-site interactions between insulinvreceptors without binding
to the insulin receptor binding site. This resulted in the
linearization of the Scatchard plot.

When. these binding studies are considered in context
with the 1insulin receptor structural determinations, it is
conceivable that either model may well be correct . For example,
the proteolytic processing of the B subunit is evidently possible
when the receptor cloning studies are considered. Indeed, Ebina
et al identified é B' peptide which they suggest is clea§ed from
‘the B subunit sequence during pro-receptor processing. If
‘however, the glycosylation studies are'considered; the presence

of a relatively small amount of glycosylation of the B



subunit ( the subunit which is not generally accepted to be the
insulin binding site) may serve the function of facilitating
inter-receptor interactions. After all, insulin receptors do
appear to aggregate prior to internalisation ; a process known
as receptor mediated endocytosis (RME) . Also, the suggestion
that plant lectins such as concanavalin A may compete with
insulin for binding to the insulin receptor could be a result of
their bindi