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Abstract

The glycine cleavage enzyme complex is a mitochondrial
enzyme that is known to be activated by hormones such as
glucagon. The effects of several glucagon-related peptides
such as glucagon-like peptide-1 (7-36) amide, oxyntomodulin
and glicentin, as well as miniglucagon, on the glycine
cleavage system were examined in isolated rat hepatocytes.
Oxyntomodulin and glicentin were found to stimulate the
glycine cleavage system flux through their interaction with
the glucagon receptor. Glucagon-like peptide-1 and
miniglucagon had no effect on the glycine cleavage system.

Although the stimulation of the glycine cleavage system
by glucagon has been demonstrated previously, it is not known
how the hormonal signal is transmitted to the mitochondria.
This question is examined in this thesis. The cell-permeable
protein phosphatase inhibitor, okadaic acid, was found to
stimulate the flux through the glycine cleavage system. The
protein kinase A agonist, Sp-cAMPS was also found to stimulate
the glycine cleavage system flux, an effect that was inhibited
by the protein kinase A antagonist, Rp-8-Br-cAMPS. These
results suggest that protein kinase A dependent
phosphorylation of cytosolic protein(s) can affect the glycine

cleavage system. The role of intracellular calcium in the



regulation of the glycine cleavage system was examined using
the calcium-mobilizing hormones, vasopressin and angiotensin
II, both of which stimulate the glycine cleavage system.
Finally, the role of protein kinase C in the regulation of
glycine cleavage system was examined using the phorbol ester,
Phorbol l2-myristate 13-acetate (PMA). PMA had no effect on
the glycine cleavage system or on the glucagon-stimulated
glycine cleavage system flux, which suggests no role for
protein kinase C in the activation of the glycine cleavage

system.
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CHAPTER 1

INTRODUCTION



INTRODUCTION

Glycine is a dietary nonessential amino acid that can be
readily synthesized from common metabolic intermediates in all
organisms. It is considered structurally the simplest of amino
acids, but it has a complex pattern of metabolism. It is
present in high concentrations in collagen and is abundant in
most animal proteins. Apart from its role in protecin
synthesis, glycine plays multiple roles in many synthetic
reactions as shown in Fig. 1.1.

Glycine is a glucogenic amino acid. It originally received
its name, reminiscent of sugar, because it has a sweet taste.
Conversion to serine is the dominant route for gluconeogenesis
from glycine. Its conversion to aminoacetone and subsequently
to pyruvate is another potential glucogenic route. However,
this route does not appear to be important in mammals (Bender,
1985) . Glycine is also a major source of one-carbon units with
its o-carbon being passed to tetrahydrofolate to give
methylene-tetrahydrofolate. Glycine condenses with succinyl-
CoA to give d-aminolevulinic acid, which is the precursor of
heme, chlorophylls of plants and photosynthetic bacteria, and
the cobalamins, notably vitamin B,, and its derivatives. Tt is
important tor bile conjugation and in sarcosine, and
glutathione synthesis. Glycine is very important in mammalian
liver in the conjugation of foreign compounds taken in the
diet. Benzoic acid derivatives are metabolized by conjugation

- )



Fig. 1.1 Metabolism of glycine
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with glycine to hippuric acid derivatives which are excreted
in the urine. It serves in the detoxification of salicylates
through the formation of salisyluric acid. In addition, it is
very important in purine synthesis with its carbon
incorporated at the number 4 and 5 positions of the purine
ring and its nitrogen incorporated at the number 7 position.
Glycine and arginine are used to form guanidoacetic acid which
is converted to creatine. Furthermore, glycine is a major
inhibitory neurotransmitter in the spinal cord and brain.
Under normal conditions, glycine is a nonessential amino
acid. However, it has been proposed that glycine becomes
indispensible in wound healing and repletion of tissue after
depletion (Yu et al., 1985). Glycine is also present in most
parenteral solutions in large quantities (Stegink ot al.,

1983) .

ROUTES OF GLYCINE CATABOLISM

D-amino acid oxidase pathway

D-amino acid oxidase catalyses the conversion of glycine
to glyoxylate and NH,. However, the high Km of this enzyme for
glycine suggests that this would make a minor contribution in
the overall glycine catabolism (Neims and Hellarman, 1962) .

Glyoxylate may also be formed from glycine by transamination



(Nakada and Sund, 1958). Ia mammalian tissues there are two
glycine aminotransferases: one linked to glutamate/ o-
ketoglutarate and the other to alanine/ pyruvate as amino
donor/ acceptor. Glycine is a very poor substrate for both of
these enzymes and they appear to function in the direction of
glycine synthesis rather than in the direction of glycine

catabolism.

Glycine cleavage enzyme system

The bulk of glycine catabolism in vertebrates is known to
occur by way of the hepatic glycine cleavage system (Yoshida
and Kikuchi, 1972; 1973). In mammals, the glycine cleavage
enzyme system (GCS) occurs in mitochondria. The overall

reaction catalysed by the glycine cleavage system is:

~> €O, + °N,"N-methylene-THF

Glycine + THF + NAD'

+ NHy+ NADH + H'

Besides being a major pathway of glycine catabolism in
mammalian tissues, this system is also an important source of
*N,'N-methylene-THF for a variety of synthetic rections.
Alternatively, the fate of methylene-THF may be to react with
a second molecule of glycine to form serine and regenerate
THF, a reaction catalysed by serine hydroxymethyltransferase.
This scheme has been termed the "glycine cycle" (Snell, 1984) .

5



Glycine cleavage system in different organisms
GCs was first described in cell-free extracts from the

anaerobic bacterium Diploccccus glycineph

(Sagers and
Gunsalus, 1961). Richert et al., (1962) reported the
occurrence of GCS in liver homogenates of pigeon, duck, and
chicken which were shown to release the first carbon of
glycine as CO,.

A comparative study of glycine catabolism showed that GCS
occurs in the livers of a variety of vertebrate species
(Yoshida and Kikuchi, 1972). GCS was reported in the liver of
human, pig, cow, dog, goat, rabbit, guinea pig, fish,
amphibians, and reptiles. Birds and reptiles exhibit the
highest activities among vertebrates, while rat possesses the

highest among mammals.

Glycine cleavage system in rat

Kawasaki et al., (1966) were the first to report that rat
liver mitochondria possess the glycine cleavage enzyme. Liver
mitochondria could synthesize two molecules of glycine from
one molecule each of serine, bicarbonate, and ammonia, which
represented the reverse of the glycine cleavage reaction. Sato
et al., (1969) were the first to report the reaction in the
physiological direction of glycine cleavage. GCS activity was

measured in different tissues of the rat by Yoshida and



Kikuchi, (1973). Among the tissues tested, the liver exhibited
the greatest activity while lung, skeletal muscle, and small

intestine had low or negligible activities.

GCS location and components

GCS is confined to the inner mitochondrial membrane of all
the tissues that have been studied (Hiraga et al., 1972;
Hayasaka et al., 1980). The enzyme is loosely associated with
the inner mitochondrial membrane.

GCS components have been isolated from a number of
bacteriz (Klein and Sagers, 1966), plant (Walker and Oliver,
1986) , and animal sources (Kikuchi and Hiraga, 1982). GCS
consists of four different proteins which are as follows: 1)
a pyridoxal phosphate-dependent glycine decarboxylase; 2) a
lipoic acid-containing aminomethyl transferase; 3) °N, 'N-
methylene-tetrahydrofolate synthesising protein; and 4) a
flavin-containing lipoamide dehydrogenase. These proteins are
referred to as P-, H-, T- and L-proteins, respectively. The
glycine cleavage enzyme complex requires the presence of all

four proteins for its activity.

T-protein
It is a tetrahydrofolate-dependent enzyme which catalyses

the degradation of H-protein-bound intermediate to ammonia and



methylene-THF. T-protein has been purified from the liver of
rat and its relative molecular weight is 33,000 (Motokawa and

Kikuchi, 1974).

L=protein

It is a lipoamide dehydrogenase, flavin-containing protein
(Kikuchi, 1973). It functions to reoxidize lipoic acid back to
the disulfide form through the transfer of reducing
equivalents to NAD'. Lipoamide dehydrogenase is a homodimer
with a subunit that has a relative molecular weight of about

55,000 (Carothers et al., 1989).

P=protein

It is a homodimer with a relative molecular weight of
about 210,000. It is a pyridoxal phosphate-dependent protein,
responsible for the decarboxylation of the carboxyl carbon of
glycine and the transfer of the aminomethyl remnant to the H-
protein. P-protein is inactive by itself, it requires the
presence of H-protein for its activity (Motokawa and Kikuchi,

1972).

H=protein
H-protein is a small, heat stable, acidic protein that

contains lipoic acid as a prosthetic group (Motokawa and



Kikuchi, 1969 a,b; 1971). It acts as a carrier of the
aminomethyl intermediate between the active sites of the P-
protein and T-protein. The relative molecular masses of H-
proteins, calculated from their sequences, are approximately
14,000 each when the lipoic acid group is included.

The functional glycine decarboxylase is an enzyme complex
consisting of P— and H-proteins (Hiraga and Kikuchi, 1980a).
P-protein activity was increased more than 100,000-fold by the

addition of H-protein (Hiraga and Kikuchi, 1980b).

Mechanism of action

First, glycine and H-protein bind to the P-protein at
separate sites before the release of any product (Fujiwara and
Motokawa, 1983) with glycine forming a Schiff base with the
carbonyl group of pyridoxal phosphate bound to P-protein
(Hiraga and Kikuchi, 1980b). Decarboxylation results in the
release of CO (Fujivara and Motokawa, 1983) and the
generation of an H-protein intermediate. Then the methylene
carbon of glycine is transferred to one of the sulphydryl
groups of the 1lipoic acid prosthetic group of H-protein
(Hiraga and Kikuchi, 1980a). The methylene carbon is attached
to °N,'N-methylene-THF in a reaction catalysed by T-protein

(Fujiwara et al., 1984). The last reaction is the reoxidation



of the reduced lipoic acid of H-protein to its disulfide form.
This step is catalysed by L-protein, which contains FAD as a
cofactor, and involves the transfer of reducing equivalents to

NAD'. The mechanism of GCS is illustrated in Fig. 1.2.

Regulation of GCS
Many different mechanisms have been proposed for the

regulation of GCS.

Branched chain «-keto acid

Inhibition of GCS by branched chain a-keto acids was
reported by O'Brien (1978) and Kochi et al., (1986). They
suggested that glycine decarboxylase and the branched chain u-
keto acid dehydrogenase share a common subunit which is the
lipoamide dehydrogenase and that these c-~keto acids exert
their effects by providing reducing equivalents to the glycine
cleavage system, possibly through lipoamide dehydrogenase.
However, the concentrations of the branched chain w-keto acids
that were used in these experiments (2 and 5 mM) are much
higher than the physiological concentrations which are 10-50
pM (Schauder, 1984). Therefore, if this occurs it is only in
pathological conditions such as the ketotic forms of

hyperglycinenia as proposed by O'Brien (1978).

10



Fig.1.2 Scheme for the overall reaction of GCS
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Oxiation-reduction in the mitochondrial pyridine nucleotides

It has been proposed that GCS, in isolated perfused rat
liver or in intact rat liver mitochondria, is very sensitive
to the oxidation-reduction state of the mitochondria (Hampson
et al., 1983; 1984). Metabolic flux through GCS in perfused
rat liver was inhibited by processes that lead to reduction of
the mitochondria® NAD(H) redox couple. TInfusion of [~
hydroxybutyrate or octaoate inhibited *c0, production from -
¢ glycine by 33 and 50%, respectively. On the other hand,
infusion of acetoacetate, which  increases NAD'/NADI,
stimulated GCS significantly and completely reversed the
inhibition of ''CO, production by octancate. In isolated rat
liver mitochondria it was found that glycine oxidation was
stimnulated in state IITI when compared to state IV and was
maximal in the uncoupled state (Hampson ot /., 1983).
Alternatively, respiratory inhibitors such as rotenone and
reducing substrates such as succinate, «-ketoglutarate, etc.,
greatly inhibited the glycine decarboxylation. In addition,
direct measurement of mitochondrial pyridine nucleotides
showed that the flux through GCS was correlated with changes
in both the NAD(H) and NADP(H) redox couples.

However, Schauder (1984) reported that feeding a high
protein diet leads to an increase in the flux through GCS and

is accompanied by an increase in the levels of branched chain

12



v-oxo acid and a decrease in the mitochondrial NAD'/ NADH
ratio, both of which would be expected to decrease GCS
activity according to Hampson et al., (1983). In addition,
Jois ot al., (1989) suggested that glucagon stimulates the
flux through GCS. This stimulation cannot be explained by
oxidation-reduction states of mitochondria because glucagon
results in ‘reduced redox states" of both the cytosolic and
mitochondrial pyridine nucleotides (Sugano =t al., 1980;

Balaban and Blum, 1982).

1 5

Ishikawa, (1976) and Fafournoux, (1990), reported a large
increase in hepatic uptake of glycine after feeding a high
protein diet. However, despite this increase in the hepatic
uptake of glycine, its concentration decreased in the liver
(Fafournoux, 1990). This suggested a primary activatica of
intrahepatic glycine metabolisnm.

Glucagon stimulates the flux through GCS (Jois et al.,
1989). Ewart et al., (1992) reported that the stimulation of
GCS by high protein feeding has similar charateristics to that
elicited by glucagon. Thus, they proposed that the high
circulating glucagon concentration found after ingestion of a
high protein meal (Robinson et al., 1981) may be an important

sigral in stimulating GCS. It was pointed out by Ewart et al.,

13



(1992) that ingestion of a high protein diet leads to
ingestion of a large amount of glycine which will lead to
increased availability of free amino acids. Therefore, the
excess glycine must be catabolized, stimulating the flux
through GCS. Rats fed 15%-casein meal (normal-protein diet)
oxidized glycine at a rate less than 0.15 nmoles/ min/ mg,
whereas for rats fed on 60%-casein diet (high-protein meal)
the rate was 0.38 nmoles/ min/ mg or higher (Ewart ot ual.,
1992). It has also been reported that glycine catabolism is
stimulated in normal protein-fed rats when they ingest a
single high-protein meal 2 hours before being sacrificed,

illustrating the rapid response of GCS to high protein intake.

Hormonal regulation

Many studies have shown that the flux through GCs is
regulated by several hormones, by hormones known to act via
CAMP as well as by hormones known to act by increasing the
intracellular calcium concentration. Jois et al., (1989) were
the first to report stimulation of the flux through GCS by
glucagon. Incubation of isolated hepatocytes with glucagon
resulted in the stimulation of the flux through GCS in a dose-
dependent manner, with a maximum stimulation occurring at 100
nM glucagon. The stimulation of the flux through GCS by

glucagon was also evident in mitochondria isolated from rats

14



given glucagon, intraperitoneally, 25 minutes before being
sacrificed. Dibutyryl-cAMP was also equally effective in
stimulating the GCS flux and a significant correlation was
observed between increased cellular cAMP levels induced by
glucagon and stimulation of “he flux through GCS by glucagon
(Jois .r al., 1990a). Jois et al., (1989) suggested two
mechanisms of action of glucagon on glycine catabolism in
liver. One is covalent modification, by phosphorylation, which
occurs by activation of the cAMP-stimulated protein kinase.
Other known target enzymes for this mechanism include glycogen
phosphorylase, phenylalanine hydroxylase, and pyruvate kinase
(Garrison et al., 1984). These effects are labile in that they
are readily reversible (via phosphatases) upon removal of the
hormone. The second type of glucagon action is the stimulation
of mitochondrial metabolism of a variety of substrates. This
effect appears to be fairly stable in that it persists for
some time after the removal of the hormone and remains evident
in mitochondria that have been isolated and washed without any
precautions taken to preserve the phosphorylation state of
proteins (Halestrap, 1986). However, a link between changes in
intramitochondrial functions and increased cytoplasmic cAMP
has not been established. Jois et al., (1989) suggested that
glucagon stimulation of the flux through GCS belongs to the

second type of action since the effect is long and persists in

15



mitochondria isolated from glucagon injected rats.

It has been suggested that hepatocytes possess two
distinct receptors for glucagon, a GR-1 receptor coupled to
stimulation of inositol phospholipid breakdown and a GR-2
receptor coupled to stimulation of adenylate cyclase activity

(Wakelam et al 1986). This suggestion will be examined later

in this thesis. However, Jelinek et .l., 1993 isolated a
complementary DNA clone for the glucagon receptor by an
expression cloning strategy, and the receptor protein was
expressed in several kidney cell lines. The cloned receptor
bound glucagon and caused an increase in the intracellular
concentration of cAMP and transduced a signal that led to
increase in the intracellular calcium . >ncentration. No second
glucagon receptor was detected by Jelinek et al., (1993).
Therefore, they suggested that there is only one glucagon
receptor. It may be similar to the calcitonin and parathyroid
hormone receptors which can transduce signals leading to the
accumulation of two different messengers, cAMP and calcium.

The flux through GCS, in isolated perfused rat liver, is
also stimulated to 100-200% above the basal rate by 1 uM
epinephrine, 1 pM norepinephrine, or 100 nM vasopressin (Jois
et al., 1990b; Brosnan et al., 1990). These hormones are known
to exert their effects in the liver by increasing the free

intracellular calcium concentration. Jois et al., (1990b)

16



related the fact that glycine is a gluconeogenic amino acid
and that glucagon, catecholamine and vasopressin have been
shown to increase hepatic glucose output by stimulating
glycogenolysis and  gluconeogenesis. Thus, it is
physiologically important that these hormones stimulate the
flux through GCS. It has also been reported that the flux
through GCS is sensitive to concentrations of calcium which
would be achieved in the cytoplasm of hepatocytes stimulated
by calcium-mobilizing hormones (Jois et al., 1990b). Although,
exclusion of calcium from the incubation medium reduced the
basal flux through GCS in isolated hepatocytes, it did not
affect the degree of stimulation of flux through the GCS by
glucagon. Therefore, the ability of glucagon to stimulate flux
through the GCS was independent of the presence of calcium in

the medium (Jois et al., 1990b).

DEFECTS IN GLYCINE CATABOLISM

Hyperglycinemia occurs in a series of syndromes
characterized by diminished capacity to catabolize glycine due
to reduced activity of the glycine cleavage system. Nyhan et
al., (1961) were the first to report the clinical symptoms of
hyperglycinemia. Its symptoms were lethargy, convulsive
seizures, prolonged episodes of vomiting, ketoacidosis and

abnormally high levels of glycine in the plasma and urine.
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Hyperglycinemia is divided into two distinct diseases, ketotic
and nonketotic hyperglycinemia.

Ketotic hyperglycinemia appears to be a secondary
consequence of genetic disorders in other metabolic pathways,
particularly those for the branched chain amino acid and n-
keto acids. It has also been observed to accompany D-glyceric
acidemia (Kolvraa et al., 1979), experimental models of
phenylketonuria (Isaacs and Greengard, 1980) and the use of
the antiepileptic drug valproic acid (Jaeken et .ai., 1977).
Several mechanisms have been proposed to explain this
syndrome. Direct inhibition of the GCS by different
metabolites was suggested by O'Brien, (1978).

Nonketotic hyperglycinemia, which represents :he other
type of hyperglycinemia, is an inborn error of amino acid
metabolism in which large amounts of glycine accumulate in
body fluids. The concentration of glycine is particularly high
in the cerebrospinal fluid; it was reported to be ten times
higher than in normal subjects. Most patients are severely
mentally retarded and have seizure disorders. Convulsive
seizures and neuropenia have been found in most cases of
nonketotic hyperglycinemia. This syndrome is caused by a rare
autosomal recessive gene. Patients with a defect in P-, T-, or

H-protein have been reported (Hiraga, et al., 1981).



GLUCAGON-RELATED PEPTIDES

The mammalian glucagon precursor (proglucagon) is a 180
amino acid peptide. It is principally expressed both in the
cells of the islets of Langerhans and in the L-cells of the
intestinal mucosa (Novak et al., 1987; Mojsov et al., 1986;
orskov et al., 1986; 1989). The proglucagon gene is also
expressed in selected neurons of the brain (Holst et al.,
1987) .

Molecular cloning of the hamster preproglucagon cDNA (Bell
et al., 1983a) and of the human glucagon gene (Bell et al.,
1983b) revealed that it coded for peptides other than
glucagon. The first 20 amino acids form the leading sequence
of the preproglucagon molecule. In the pancreatic cells, the
major preproglucagon-products are glucagon and major
preproglucagon fragment (MPF) which contains both glucagon-
like peptide-1 (GLP-1) and glﬁcagon—like peptide-2 (GLP-2)
sequences (Mojsov et al., 1986; Orskov et al., 1992). In the
intestine, the preproglucagon~derived peptides include
glicentin, oxyntomodulin and GLP-1 and GLP-2. GLP-1 is further
truncated in the intestine to form GLP-1 (7-37) and GLP-1 (7-
36)NH, (Mojsov et al., 1986; 1990; Holst et al., 1987; Suzuki
et al., 1992), which are equipotent in insulinotropic activity
(Fehmann et al., 1989; Siegel et al., 1992 and Gefel et al.,
1990). The cleavage of the preproglucagon molecule is
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illustrated in Fig. 1.3.

oxyntomodulin

oxyntomodulin is a 37-amino acid peptide isclated from
porcine jejuno-ileum (Bataille et al., 1982a). It is a
circulating hormone that is released from the gut during
digestion. The level of oxyntomodulin increased by a factor of
two when rats were refed for 2 hours after a 12-hours fasting,
reaching 23.3 #* 3.0 pmol/ L (Kervran et al., 1987). It
displays tissue specifity contrasting with that of glucagon,
which possesses biological activities directed towards the
tissues implicated in fuel homeostasis. Oxyntomodulin's main
target tissue is the gastric mucosa (Bataille et al., 1981),
where it inhibits gastric acid secretion at doses that are 15-
fold lower than the effective doses of glucagon in the
anesthetized (Duberasquet et al., 1982), or conscious rat
(Jarrousse et al., 1985; 1986), as well as in humans
(Schjoldager et al., 1988; 1989). Oxyntomodulin contains the
glucagon sequence extended by a C-terminal basic octapeptide:
Lys-Arg-Asn-Lys-Asn-Asn-Ile-Ala (Bataille et al., 1982b). The
molecular basis for oxyntomodulin specificity residues in the
COOH - terminal octapeptide, which differentiates it from
glucagon. This octapeptide mimics the biological activity of

the hormone. It was shown to inhibit histamine-, milk meal-,
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Fig. 1.3
Schematic representation of the preproglucagon molecule

(Thomnes and Waeber, 1993)
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or pentagastrin-stimulated gastric secretion in conscious rats
provided with chronic fistulae (Jarrousse et al., 1985; 1993;
Carles-Bonnet et al., 1992). The mode of action of
oxyntomodulin on gastric mucosa is controversial. Although a
good inhibitor of gastric acid secretion it increases the
adenosine 3',5'- cyclic monophosphate levels in isolated
fundic glands (Bataille et al., 1981; 1988), a characteristic
shared by histamine, which is a major stimulant of gastric
acid secretion (Code, 1982).

It has also been reported that oxyntomodulin stimulated
insulin release monophasically in the presence of low (6 mM)
medium glucose concentration. Furthermore, oxyntomodulin
potentiated glucose-induced insulin release (10 mM glucose) in
a dose-dependent manner, although it was less powerful than
similar concentrations of glucagon (Jarrousse et al., 1984).
The effects of glucagon and oxyntomodulin on blood glucose
level were compared in rat. During the course of glucagon
infusion, at a dose of 1.8 nmol/ Kg, blood glucose was
increased 2-fold while the same dose of oxyntomodulin induced
only a small, although significant, increase over the control
basal values. It was necessary to increase the oxyntomodulin
dose 10-fold to produce the same degree of hyperglycemia as

that induced by glucagon (Kervran et al., 1990).
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GLP-1

GLP-1 is an intestinally derived hormone from the glucagon
family of peptides. GLP-1 is found in four varients:
proglucagon- 78-108, GLP~1 (7-37), proglucagon-72-108, or GLP-
1 (1-37), and their respective amidated forms. Purification of
GLP-1 from human and pig intestine and its analysis revealed
that the major naturally occuring peptide corresponds to
proglucagon (78-107) NH,, or GLP-1 (7-36) amide (Kreymann et
al., 1988; Orskov et al., 1989).

GLP-1 secretion is stimulated by ingestion of a mixed meal
and its plasma concentration varies with the meal pattern
(Elliot et al., 1993; Orskov et al., 1994). GLP-1 levels
increase from 1-10 pmol/L to 20-50 pmol/L after ingestion of
a mixed meal (Orskov et al., 1994). Significant increases in
GLP-1 levels may occur after a few minutes, and peak values
may be reached 15-30 minutes after oral intake of a stimulus.

GLP-1 (7-36) amide has profound effects on the endocrine
pancreas in mammals. In physiological concentrations, GLP-1
stimulates insulin (Mojsov et al., 1987; Holst et al., 1987;
Oorskov and Poulsen, 1991) and somatostatin secretion and
strongly inhibits glucagon secretion (Holst et al., 1987;
Orskov et al., 1988). Its effect on insulin secretion is
glucose-dependent. However, GLP-1 infused intravenously in
physiological amounts enhances insulin secretion significantly
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at euglycemia (in the fasting and/ or postabsorpative state)
in humans (Orskov et al., 1993; Hvidberg ot al., 1994). Not
only does GLP-1 stimulate insulin release (Weir et al., 1989),
but it also stimulates the expression of the proinsulin gene
and proinsulin synthesis (Fehmann and Habener, 1991). The
half-life of GLP-1 infused intravenously into humans is about
5 minutes, and the metabolic clearance rate has been
calculated to be approximately 13 ml/ Kg/ min (Orskov et al.,
1993). Therefore, the peptide seems to be rapidly and
effectively removed from the circulation. The kidneys seem to
play a role in this process since GLP-1 was efficiently
extracted by isolated perfused rat kidneys (Ruiz-Crande ot
al., 1993). Orskov et al., (1992) have reported high levels of
plasma GLP-1 in patients with renal failure indicate the
kidneys contribute to GLP-1 elimination, in vivo.

Expression cloning of the pancreatic B-receptor of GLP-1
has been reported recently (Thornes, 1992; Thornes and Waeber,
1993). The receptor belongs to the seven-transmembrane, G-
protein coupled superfamily of receptors. Its affinity for
GLP-1, as identified by binding to cloned receptors
transfected into various cell lines, corresponds to an
affinity constant approximately 10™° mol/ L, and the binding
is highly specific for GLP-1 (Hjorth et al., 1994). Glucagon

may bind to the receptor but with affinity at least 100-fold
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less than GLP-1, while none of the peptides of the glucagon-
secretin family bind to the receptor (Holst, 1994).
Extrapancreatic GLP-1 receptors have been identified in rat
brain, kidney, and skeletal muscle (Wheeler et al., 1993).
Kanse et al., (1988) reported displaceable binding of GLP-1
(7-36) amide to homogenates of rat lung and brain.

The interest in GLP-1 with respect to diabetes mellitus is
because of its effects on insulin secretion and its ability to
lower blood glucose. In patients with type II diabetes,
infusion of GLP-1 eliminated postprandial glucose excursions
for 60 minutes after a mixed meal (Nathan et al., 1992). In
patients whose blood glucose levels were regulated, near
physiological amounts of GLP-1 infused during ingestion of a
mixed meal nearly eliminated insulin requirements in these
diabetic patients (Gutniak et al., 1992). Moreover. in poorly
controlled patients with type II diabetes, a GLP-1 infusion of
1.2 pmol/ kg/ min completely normalized blood glucose levels

within 2-4 hours (Nauck et al., 1993)

Glicentin

Glicentin has been isolated from porcine intestinal mucosa
(Sundby et al., 1975; Larsson and Moody, 1980). It has been
suggested that glicentin is a prohormone to glucagon (Jacobsen

et al., 1977) or to other £ with gly lytic
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properties (Holst, 1978). The circulating level of plasma
glicentin reaches approximately 1 nM following nutrient
ingestion (Ohneda, 1987), a concentration which is far higher
than concentrations of the other gastrointestinal hormones.

It has been reported that the glucagon-secreting A cells
of the pancreas contain a glicentin-like peptide which is
located in the secretory granules (Moody et al., 1977;
Ravazzola et al., 1979 a,b). The physiological action of
glicentin is not completely understood. Glicentin was found to
have no effect on basal insulin release in the mouse, it
inhibited glucose-induced insulin secretion (Ahren and
Lundquist, 1980). Recently, Ohneda et al., (1995) have
demonstrated an insulinotropic action of glicentin on
pancreatic f-cells in dogs. Although these effects of
glicentin have been reported, the actual mechanism of its

action remains to be investigated.

Miniglucagon
It has been shown that interaction of glucagon with liver

cells leads to the cleavage of the by an idase

giving rise to the local production of two COOH-terminal
fragments (Mallat et al., 1987; Blache et al., 1989), glucagon
(19-29), referred to as miniglucagon by Unger and Orci,

(1990), and glucagon (18-29). Glucagon (19-29) is present in
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rat pancreas and stomach; its tissue concentration corresponds
to about 3% of that of glucagon but there are no detectable
amounts of the peptide in rat plasma (Blache et al., 1990). It
has been shown that glucagon (19-29) is generated upon
incubation of glucagon with liver plasma membranes and was
degraded with a half-life of < 10 seconds (Blache et al.,
1990) which may explain why, unlike glucagon, glucagon (19-29)
is not found in the circulation. Rather if it is
physiologically active it must be produced locally at its site
of action. The enzyme, or enzymatic system, responsible for
miniglucagon production is a thiol endopeptidase. Blache et
al., (1990) reported that miniglucagon production was
inhibited by thiol-reactive agents such as para-
chloromercuribenzoate, N-ethylmaleimide and para-
chloromercuribenzenesulfonate. Partial inhibition by the
chelating agent 1, 10-phenanthroline suggests that the enzyme
also includes a catalytically active metal, which contributes
to the full expréssion of the enzymatic activity.

Glucagon (19-29) and glucagon (18-29), at nanomolar
concentrations, inhibited the activity of the plasma membrane
calcium pump of liver plasma membranes which is responsible
for the active extrusion of calcium from the cell (Blache et
al., 1990). Miniglucagon exerted a biphasic stimulation on

this system in liver (Lotersztajn et al., 1990) where it was
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1000 times more effective than glucagon itself. Both peptides
have no effect on adenylyl cyclase activity, but it has been
reported that their action on the calcium pump is mediated by
cholera toxin-sensitive G protein(s) (Lotersztajn et al.,
1990). The demonstration that glucagon itself can be processed
into a fragment which displays an individual biological
specificity, namely the regulation of the membrane-bound
calcium pump, raises the guestion of the presence and nature
of receptors for this peptide on liver plasma membrane. Any

metabolic actions of miniglucagon in vivo remain to be

elucidated.

GLUCAGON RECEPTOR ANTAGONISTS

Increasing interest in the role of glucagon in diabetes in
the maintenance of elevated blood glucose levels has made the
development of glucagon antagonists very important.

Fur , a pure ist of glucagon would be a valuable

tool for investigating the mechanism of its biological
actions. Earlier structure-function studies have been directed
at elucidating the functional groups and the conformational
features of the hormone that are responsible for recognition

and binding from those that transduce the biological response.



Des-His'-[Glu’]-glucagon amide a:d its biological activities

Des-His'-[Glu’] glucagon amide was proven to be a
relatively potent competitive antagonist to glucagon in
hepatocyte membranes (Unson et al., 1987). Its binding to the
receptor, as measured by competitive displacement of *°I-
labeled glucagon from liver membranes, was approximately 40%
as effective as glucagon itself. Moreover, this analogue did
not activate adenylate cyclase or generate cAMP at any of the
concentrations tested.

Post et al., (1993) investigated the activities of des-
His'-[Glu’] glucagon amide compared to glucagon in modulating
the activity of adenylyl cyclase in isolated intact and
saponin-permeabilized canine hepatocytes. The antagonist, at
30 nM, was able to inhibit by 50% the cAMP accumulation
induced by 3 nM glucagon. In saponin-permeabilized
hepatocytes, the antagonist at about 100 nM inhibited by 50%
the stimulation of adenylyl cyclase that was induced by 10 nM
glucagon. In both intact and saponin-permeabilized hepatocytes
the antagonist was without effect on the basal activity of
adenylyl cyclase. These results identify the analogue des-
His'-[Glu®] glucagon amide as a true antagonist of glucagon
action in both experimental preparations in vitro.

In vivo effects of the antagonist were reported by Uns>n

et al., (1989). Des-His'-[Glu’] glucagon amide did not
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