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ABSTRACT

Taurine, 2-aminoethanesulfonic acid, is an important free amino
sulfonic acid occurring in the mammalian brain.

It has inhibitory

effects on neuroactivity and is anticonvulsive in both animal models
with induced seizures and human epileptic patients.

However, there has

not been a defined mechanism explaining the biological role of taurine.
Taurine inhibits protein phosphorylation in a hypoosmotically shocked
synaptosomal preparations from rat cortex in a concentration-dependent
fashion.

At 10 mM, a physiologic concentration, taurine specifically

inhibits the phosphorylation of a ~140K and a ~20K M, protein while 20
mM taurine has a general inhibitory effect on many proteins.

Kinetic

studies have demonstrated that the inhibition occurs at approximately 1
min after the reaction is initiated.

The inhibition of the ~20K M^

protein shows strict structural requirements for the taurine molecule
while the inhibition of the --140K M^ protein does not.

Subcellular

fractionation studies have demonstrated that the ~20K M^ protein is
phosphorylated primarily in the isolated intrasynaptosomal cytosol.
The phosphorylation of the ~20K M^ protein is Ca**-dependent and is
stimulated by phorbol ester (PMA), a protein kinase C (PKC) activator,
but not by cAMP, cGMP or calmodulin.

High K* (30 mM) also stimulated

the phosphorylation of this protein.

Taurine blocks stimulation of the

phosphorylation of the -20K M^ protein plus two other proteins with
similar physical properties as shown on 2-D gels.

However, the

inhibitory effects of taurine on protein phosphorylation is not
observed in the intrasynaptosomal cytosol but is present when the

Vlll

intrasynaptosomal cytosolic fraction is reconstituted with mitochondria.

Ca** uptake in isolated mitochondria is stimulated by taurine in

mediums with or without added ATP which consequently should result in
reduced cytosolic Ca** levels.

Taurine also inhibits the accumulation

of ^^P labelled phosphatidic acid in synaptosomes thus producing a
reduction in the cellular levels of diacylglycerol, a PKC activator.
Therefore, it is hypothesized that taurine inhibits specific protein
phosphorylation through indirect mechanisms involving the activity of
certain isoz3nme(s) of PKC.

These results suggest a functional role for

taurine in the signal transduction regulatory process in the brain.
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CHAPTER I
INTRODUCTION

Taurine, 2-aminoethanesulfonic acid, is a sulfur containing beta
amino acid first discovered and isolated from ox bile in 1827
(Tiedemann and Gmelin, 1827).

Taurine is present in all tissues of

mammals (reviewed by Jacobsen and Smith, 1968).

However, the highest

concentrations of taurine are found in excitable tissues such as heart,
brain, and retina.

The levels of taurine in these tissues are in

fjLmoles per gram of wet tissue.

Although taurine has been known for

more than a century and a half its role in mammalian physiology is
still an enigma.

During the last two decades there has been a persis-

tent interest in the biochemistry and physiology of taurine, and a
significant amount of knowledge about taurine has accumulated.

The

current literature has depicted a very broad spectrum of biological
actions for taurine in excitable tissues, especially in the CNS where a
great diversity of actions has been demonstrated for taurine.

There is

also extensive ambiguity in the interpretation of these actions.

The

vast number of potential actions for taurine has led to much confusion
as to how taurine is involved in the CNS.

In addition, there is a lack

of a defined mechanism (or mechanisms) that relates the information and
explains the role of taurine at the molecular level.

It was this lack

of mechanism(s) that stimulated our enthusiasm to carry out the research described in this dissertation.

This dissertation is divided into six chapters.

The experiments

are grouped according to their specific goals (Chapters II through V ) .
The General Discussion and Conclusion (Chapter VI) summarizes the
conclusions presented in Chapters II-V.

In this first chapter, a brief

review of the literature with respect to the potential roles of taurine
in the CNS is presented.

Neuroinhibitory Actions of Taurine
Generally, taurine is considered to be an inhibitor of nerve
activity.

It has been demonstrated that taurine inhibits neuronal

firing after iontophoresis (Hosli et al., 1973; Nicoll and Barker,
1973; Curtis and Johnston, 1974).

The electrophysiologic action of

taurine is believed to be a result of its ability to increase CT
conductance in excitable membranes which leads to hjrperpolarization
(Okamoto et al., 1983b; Taber et al., 1986; Conte-Camerino et al.,
1988).

However, taurine has a slower onset of action than

iontophoresed GABA, a known inhibitory neurotransmitter, although their
effects are similar (Nistri and Constanti, 1976; Okamoto e^ al-, 1981).
The inhibitory actions of taurine are not limited to specific
regions of the CNS but have been demonstrated in diverse areas including the cerebral cortex (Curtis et al., 1976; Alexandrov and Batuev,
1979), the cerebellum (Frederickson et al., 1978; Okamoto and Sakai,
1981; Okamoto et al., 1983b), medullar and bulbar reticular neurons
(Curtis et al., 1968; Hosli et al., 1975), and the spinal cord
(Kaczmarek, 1976; Nicoll et al., 1976; Kurachi and Aihara, 1985).

Anticonvulsive Properties of Taurine
Taurine has been demonstrated to be a potent anticonvulsant in
various experimental epilepsies in different animal models (Van Gelder,
1972; Izumi et al., 1974; Mutani et al., 1974; Bonhaus et al, 1983).
Moreover, taurine levels in epileptic foci were found to be lower than
normal in man and experimental animals (Van Gelder et al., 1972; Van
Gelder, 1972; Koyama, 1972; Craig and Hartmann, 1973).

Thus, because

of these biochemical observations clinical uses for taurine have been
suggested through the years.

In fact, epileptic patients have been

treated with taurine with some success (Bergamini et al., 1974; Barbeau
and Donaldson, 1974), although rigorous double-blind clinical trials
have not been performed.

The electrophysiologic and clinical studies

on taurine indicate a potential role for this amino sulfonic acid in
maintaining balanced neuroactivity.

Nutritional Importance of Taurine
Taurine has been recognized as an essential nutrient in the diet
of both animals and man.

Cats and kittens fed taurine-free diets

develop severe pathologies which include retinal degeneration leading
to blindness, reproductive abnormalities which include abortion,
stillbirth and resorption, hemologic aberrations manifested in a
peculiar gait, and reduced growth (Anderson e^ al., 1979; Sturman e^
al., 1985a, 1985b; Palackal et al., 1986; Imaki et al., 1986; Sturman
et al., 1986) . Abnormalities due to a dietary deficiency of taurine
have also been observed in the infant monkey, although the severity of
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the pathologies was less than in the cat (Neuringer and Sturman, 1987;
Imaki et ^ . , 1987; Sturman et ^ . , 1988).
Humans are also susceptible to taurine deficiency.

Geggel and

colleagues (1985) reported that children on long-term total parental
nutrition develop abnormalities in the electroretinogram which was
restored to normal after taurine supplementation in most of the
patients.

The presence of taurine in the diet has been suggested to be

necessary for the human infant (Sturman et al. , 1977; Gaull, 1982;
Geggel et al., 1985).
By far the greatest pathology associated with dietary taurine
deficiency is in the retina of the cat which contains an extremely high
concentration of taurine (~50 mM) (Pasantes-Morales, 1985).

Diets

deficient in taurine result in a greater than 50% reduction in retinal
taurine, and retinal degeneration which eventually leads to blindness
(Sturman, 1977) develops within 10 to 45 weeks depending upon the age
of the cat (Schmidt et al., 1977).
Taurine is a major constituent of the free amino acid pool in milk
in most species (Rassin e^ al., 1978).

Dietary taurine contributes

approximately 34% of the total taurine in peripheral tissues, 50% of
the taurine in the various areas of the brain, and a 42% average of the
total taurine for all tissues in the rat (Huxtable and Lippincott,
1982).

Potential Neurotransmitter Role of Taurine
Since it has been established that several free amino acids found
in the CNS such as GABA, glycine, glutamate and aspartate are

neurotransmitters, a great deal of effort in taurine research has been
directed toward examining the possibility that taurine is also a
neurotransmitter.
There are a number of well accepted features for the classification of a substance as a neurotransmitter (Barchas et al., 1978).
These are the following:

1) the compound should distribute unevenly in

the brain and be present in the presynaptic components of the nerve
terminals, 2) there must be precursors and synthetic enzymes for the
substance in the neuron, 3) the in vivo action of the substance should
be reproduced by pharmacological application of the compound, 4) a
specific postsynaptic receptor should be present exclusively for the
compound, 5) specific inactivating mechanisms must be present to terminate its action, 6) the substance should be released by afferent
stimulation, and 7) the postsynaptic effect of the substance should be
blocked by antagonists.

The evidence both for and against the role of

taurine as a neurotransmitter will be discussed according to each of
the above features.

Localization
Regionally, taurine is heterogeneously distributed in the mammalian central nerves system.

The pituitary gland (neurohjrpophysis),

retina, pineal gland, olfactory bulbs, striatum, cortex, and cerebellum
are among those regions that have the highest taurine contents (Table
1.1, from Lombardini, 1976).

Taurine is found in all subcellular

fractions of the rat brain (Agrawal et al., 1971; Rassin et al., 1977).
However, higher concentrations of taurine are found in the synaptosomal
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fraction which represents pinched off nerve endings (Oja and Kontro,
1978; Kontro et al., 1980).

The sjmaptosomes of striatum, cerebral

cortex and cerebellum are especially high in taurine content (Lombardini, 1976).

Studies have also demonstrated that taurine is enriched

in synaptic vesicles (De Belleroche and Bradford, 1973; Kontro et al..
1980).

This pattern of distribution is consistent with a role for

taurine in synaptic transmission and meets one of the criterion
suggested for neurotransmitters.

Biosynthetic Systems
There are biosynthetic systems for taurine present in mammalian
tissues.

Five possible metabolic pathways for taurine bios3nithesis

have been reported (Jacobsen and Smith, 1968):
a) methionine -»^ cysteine -^ cysteine sulfinic acid -*• hypotaurine -•
taurine
b) methionine -*• cysteine -* cysteine sulfinic acid -»^ cysteic acid -+
taurine
c) cysteamine -• cystamine -• intermediates -• hypotaurine -* taurine
d) sulfate -• sulfite -• intermediates -• cysteic acid -* taurine
e) cystine -• cystine disulfoxide -• cystamine disulfoxide -^
hypotaurine -• taurine.
Cysteine sulfinic acid decarboxylase, thought to be the key enzjrme in
the biosynthesis of taurine in the CNS, does show a similar regional
and subcellular distribution to that of taurine (Agrawal et al., 1971;
Pasantes-Morales et al., 1977).

However, a number of species including

cat and man have lost most of their ability to synthesize taurine so
that they rely on dietary sources of taurine.

Pharmacologic Effects
There have been many reports on the effects of applying taurine to
the surface of neurons.

In this type of research, taurine is usually

applied by iontophoresis and neuronal activity is recorded by electrophysiologic techniques.

As listed in the above section, Neuro-

inhibitory Actions of Taurine, electrophysiologic studies show that
exogenous taurine inhibits neuronal activity in various brain regions.

Specific Postsynaptic Receptors
Specific binding sites or receptors for taurine on postsynaptic
membranes have been extensively assessed by receptor binding studies.
Studies involving classic neurotransmitters demonstrated that sodiumindependent binding represents binding to postsynaptic sites while
sodium-dependent binding represents binding to presynaptic uptake sites
(Enna and Snyder, 1975; Zukin et

al., 1974).

Also, compounds con-

sidered to be classic neurotransmitters usually have high affinities
for their receptors (Barchas et al., 1978).

However, the reports on

Na*-independent taurine binding are controversial.

Some investigators

have observed Na*-independent binding of taurine with brain synaptosomes (Lahdesmaki et al., 1977; Kontro and Oja, 1983, 1987a, 1987b)
while others have not found this type of binding (L6pez-Colome and
Pasantes-Morales, 1981b; L6pez-Colome, 1982; Salceda and PasantesMorales, 1982; Medina and De Robertis, 1984; Pasantes-Morales, 1986;
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Hanretta and Lombardini, 1987; Huxtable and Peterson, 1988).

In

addition, the affinity of Na*-independent taurine binding is lower than
that of GABA, a neurotransmitter with similar physiological effects,
(Turpeenoja and LahdesmSki, 1983; Kontro and Oja, 1987b), which suggests that the binding sites may not be specific for taurine. Therefore, a specific postsynaptic receptor for taurine in the brain has not
been definitively demonstrated at this time.

Transport
The principal inactivating mechanism for amino acid neurotransmitters is believed to be a rapid reuptake into the pres3maptic terminal and/or into glial cells (Hosli et al., 1986).

There are many

reports on the uptake system for taurine in various neuronal preparations (brain slices, sjmaptosomes, retina).

The saturable component of

taurine uptake consists of two distinctive systems: a high-affinity
uptake system with K^ values in the low micromolar range and a lowaffinity uptake system with K^ values in the low millimolar range
(Lahdesmaki and Oja, 1973; Hanretta and Lombardini, 1987).
The high-affinity uptake system with K^ values on the order of 50
/iM or less has been found in the spinal cord, hjrpothalamus - thalamus,
cortex, striatum, hippocampus, and midbrain in the rat brain
(Lombardini, 1976; Hanretta and Lombardini, 1987).

The K„ values of

the high-affinity uptake systems for GABA, glycine, glatamic acid, and
E-alanine are in the same magnitude as that of taurine (Oja and Korpi,
1983).

In subcellular fractions of the rat cortex, most of the uptake

occurs in synaptosomes, i.e., nerve endings (Sieghart and Karobath,
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1974; Wheler et al., 1979).

Taurine is also transported into glial

cells (Schrier and Thompson, 1974; Martin and Shain, 1979; Larsson et
al., 1986).

Release
Neurotransmitters can be released from nerve endings by electrical
stimulation and high K* or veratridine induced depolarization (Kelly et
al.. 1979).

High K*-evoked release of taurine has been observed in a

number of neuronal preparations including cerebral cortex slices (Oja
et al.. 1981; Korpi and Oja, 1983), olfactory cortex slices (Collins,
1980; Collins et al., 1981), synaptosomes from various brain regions
(Siehgart and Heckl, 1976; Placheta et al., 1979; Hanretta and
Lombardini, 1987), and the retina (Pasantes-Morales et al., 1978).
However, the magnitude of K*-evoked release of taurine is significantly
less than that of the other amino acids which are classified as neurotransmitters (Lehmann et al., 1986; Oja and Kontro, 1987).

Also, the

release is delayed upon stimulation compared to known neurotransmitters
(Lehmann et al., 1986; Pin et al., 1986; Kontro and Oja, 1987d and
1988; Pasantes-Morales et al., 1988).
It is widely accepted that the release of neurotransmitters evoked
by high K* must be Ca** dependent (Kelly et al. , 1979).

A controversy

has been on-going in the literature as to whether K*-evoked release of
taurine is Ca** dependent.

A Ca** dependency was observed in many

preparations of different brain regions (Mandel and Pasantes-Morales,
1976; Okamoto and Namima, 1978; Kerwin and Pycock, 1979; Kontro, 1979;
Schulze and Neuhoff, 1983; Korpi and Oja, 1983; Bernardi et al., 1984;
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Oja et al., 1985).

On the other hand, a large number of reports failed

to observe a Ca**-dependent release of taurine (Placheta et al. , 1979;
Flint et al., 1981; McBride et al., 1983; Adler, 1983; Korpi and Oja,
1984; Hololpainen et al. , 1985; Hanretta and Lombardini, 1986; Heredero
and Oja, 1987; Pasantes-Morales et al., 1988).

This confusion makes it

more difficult to define the role of taurine.

Specific Antagonists
The study of the potential neurotransmitter role of taurine is
hampered by the lack of a specific taurine antagonist.

Often the

actions of taurine in various nervous tissues are blocked by
antagonists that are considered specific for other neurotransmitters,
such as the GABA receptor antagonist bicuculline and the glycine
receptor antagonist strychnine (Haas and Hosli, 1973; Krnjevid and
Puil, 1976; Mayer, 1981; Cunningham and Neal, 1983; Kurachi and Aihara,
1985).
A relatively selective antagonist for taurine named TAG was
sjmthesized in 1981 (Yarbrough e^ al. , 1981).

TAG has been reported to

block only the effects of taurine, not GABA or glycine, on various
neurons (Yarbrough et al., 1981; Girard et al., 1982; Okamoto et al..
1983a).

However, there are also contradictory reports on the

selectivity of TAG (Curtis et al., 1982).
Recently, another antagonist taltrimide which is supposedly
specific for taurine receptors has been tested (Kontro and Oja, 1987c).
The selectivity of taltrimide needs to be confirmed.
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In summary, whether or not taurine is a neurotransmitter is still
debatable.

Although taurine fulfills some of the criteria for a

classical neurotransmitter, the fact that a postsynaptic receptor site
specific for taurine has not been identified and calcium-dependent
release of taurine from nerve endings has not been consistently demonstrated tends to negate the concept that taurine is a classical neurotransmitter.

Potential Neuromodulator Role of Taurine
Many of the CNS actions of taurine can be classified as neuromodulation.

Neuromodulator is a very inclusive but also nebulous term.

Any agent that produces alterations in neuronal activity through a
mechanism different than that of a neurotransmitter can be called a
neuromodulator.
taurine.

Many investigators favor such a classification for

However, it is again a complex matter because of the many

different modulation actions that have been observed for taurine.
Consequently, the explanations for these actions are diversified.

The

proposed possibilities for taurine as a neuromodulator will be discussed next.

Stabilizing Membrane
Taurine affects the exchange of a number of ions across the plasma
membrane.

Taurine inhibits the inward Ca** current in Purkinje cell

dendrites and to a weaker extent the inward Na* current in Purkinje
cell soma.
et

Both effects result in a reduced action potential (Gruener

al., 1976; Frederickson et al., 1978; Okamoto et al., 1983b).
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Similar effects of taurine were also observed in rod outer segments of
the retina (L<5pez-Escalera et al., 1988).

These actions are in agree-

ment with the electrophysiologic actions discussed in the sections
Neuroinhibitory Actions of Taurine and Anticonvulsive Actions of
Taurine.

An explanation for these effects is that taurine competes

with Ca** and Na* for cation binding sites on the membrane and thus
stabilizes the membrane.

This explanation is supported by the observa-

tion that taurine binding to the plasma membrane is antagonized by both
Na* and Ca** (Sebring and Huxtable, 1986).

It has also been proposed

that the structural similarity between taurine and the zwitterionic
residues of some phospholipids in the membrane, particularly phosphatidylethanolamine and phosphatidylserine (Fig. 1.1) may have some
physiologic significance.

Thus, because of its zwitterionic nature,

taurine may interact with membrane phospholipids and change the
membrane conformation so that the Ca**-binding sites are masked and the
properties of the Ca** channel are altered (Huxtable and Sebring,
1989).

Another proposed mechanism is that taurine may stabilize the

membrane by interacting with specific proteins (Kramer et al., 1981;
Schaffer et al., 1982).

Osmoregulation
McDowell et al. (1955) first suggested the involvement of free
amino acids in an osmoregulatory mechanism.

The abundance, metabolic

inertness, and poor liposolubility make taurine a good candidate for an
osmoregulator.

Experimental evidence indicates that taurine con-

tributes to osmoregulation in mammalian brain and heart more than any
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other amino acid tested (Thurston et al., 1980, 1981).

Extracellular

taurine concentrations increase markedly when brain tissue is microdialysed with hjrpoosmotic solutions while other amino acids are not
affected (Solis et al. , 1986; Wade et al., 1988).

In addition, high-

affinity transport systems for taurine have been demonstrated to
respond to changes in osmolarity (Atlas et al., 1984).

Thus, it has

been generally accepted that taurine is an osmoregulator.

Regulation of Calcium Fluxes
Ca** plays an extremely important role in regulating neuronal
activity.

It is well known that taurine affects Ca** transport.

However, the effect of taurine on Ca** transport differs under different experimental conditions.

There are two types of Ca** transport

systems: an ATP-dependent high-affinity system which is considered to
represent intracellular calcium movement and an ATP-independent lowaffinity system which is considered to represent Ca** movement across
the plasma membrane down a concentration gradient.

High-affinity Ca**

uptake measured in the presence of /xM Ca** concentrations, ATP, and
bicarbonate is reported to be stimulated by taurine (Kuo and Miki,
1980; Ldpez-Colome and Pasantes-Morales, 1981a; Pasantes-Morales, 1982;
Pasantes-Morales andOrdoftez, 1982; Lombardini, 1983, 1985a, 1988).
It was demonstrated in the rat retina that the taurine-stimulated
ATP-dependent Ca** uptake occurs in mitochondria (Lombardini, 1988).
Thus, the stimulation of Ca** uptake into mitochondria by taurine
reduces Ca** levels in the cytosol.

Also this stimulatory effect of

taurine on Ca** uptake is highly specific in that a lower homologue of
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taurine, aminomethanesulfonic acid, has the opposite effect, i.e.,
inhibition of the high-affinity Ca** uptake (Lombardini, 1985b).
The low-affinity Ca** uptake measured in the presence of mM Ca**
concentrations is inhibited by taurine.

The inhibitory effect also

appears to be dependent on the presence of bicarbonate in the medium
(Kuriyama et al. , 1978; Remtulla et al., 1979; Pasantes-Morales and
Gamboa, 1980; Kontro and Oja, 1988; Whitton et al., 1988).

The effects

of taurine on both the high-affinity and low-affinity Ca** transport
system can consequently lower cytosolic Ca** levels.

Although the

exact mechanism of taurine modulation of Ca** fluxes is unknown, it has
been demonstrated that taurine does not bind Ca** to a significant
extent (Dolara e^ al., 1978a, 1978b; Irving et al., 1982).
In the CNS, Ca** serves as a signal for many regulatory processes.
Thus, the effects of taurine on Ca** fluxes could have profound consequences on neuronal activity.

Modulation of Synaptic Transmission
One important consequence of the effects of taurine on Ca**
transport may be the modulation of neurotransmitter release.

The

release of neurotransmitters from synaptic vesicles requires elevated
intracellular Ca** levels (Kelly et al., 1979).

Thus, by reducing

intracellular Ca** levels, taurine may diminish neurotransmitter
release.

There are several reports demonstrating the inhibitory

effects of taurine on the release of various neurotransmitters.
Kuriyama and colleagues (1978) reported that taurine inhibits the
release of acetycholine (ACh) and norepinephrine from cortical sli
Lices
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and synaptosomes of the rat brain.

Similar effects of taurine on ACh

release have been observed in the retina (Cunningham and Neal, 1983)
and in insect (locusts) synaptosomes (Whitton ^

al., 1988).

Taurine

also reduces 4-aminopyridine-induced release of dopamine from rat
striatal synaptosomes (Arzate et al., 1986).

These observations

provide possible explanations for the neuroinhibitory and anticonvulsive effects of taurine.

The effects of taurine on GABA release is

controversial as both inhibition (Namima et al., 1983) and stimulation
(Leach, 1979; Whitton, 1988) have been reported.

Teleologically, one

would expect taurine to stimulate rather than inhibit GABA release
because of the similar electrophysiologic actions of taurine and GABA.
Nevertheless, it is well-established that the release of GABA is Ca**dependent (Namima et al., 1983) and thus an inhibition by taurine seems
also reasonable.

The effects of taurine on GABA metabolism are further

complicated because taurine also inhibits the reuptake of GABA into
neurons and/or glial cells (Larsson et al., 1986; Debler and Lajtha,
1987) which consequently enhances the action of GABA.

Thus, taurine

may have a modulating role in synaptic transmission.

Modulation of Protein Phosphorylation
It was demonstrated for the first time in rat retinal membrane
preparations that taurine inhibits the phosphorylation of specific
proteins (Lombardini, 1985a).

This action of taurine has been proposed

to be causally related to its stimulatory effects on Ca** uptake in the
mitochondria (Lombardini, 1985a; Lombardini et al., 1989).

Similar

effects of taurine on protein phosphorylation were also observed in rat
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heart (Lombardini and Liebowitz, 1989).

Therefore, since protein

phosphorylation is considered a common pathway in cellular signal
transduction (Hemmings et al., 1989), the effects of taurine on the
phosphorylation of specific proteins may have physiologic significance.

Other Actions of Taurine in the CNS
Neuroendocrine Systems
Taurine was found to influence the release of some pituitary
hormones.

Taurine increases prolactin secretion in rats possibly

through an indirect mechanism (Scheibel et_ al., 1980, 1984; Ikuyama et
al.. 1988).

Prolactin secretion is inhibited by dopamine (Krulich,

1979); thus, the effect of taurine may be secondary to its effect on
dopamine release.
The secretion of growth hormone is stimulated by taurine (Ikuyama
et al., 1988).

However, it is also reported that taurine blocks

morphine-induced secretion of growth hormone (Collu et al., 1978).
Morphine induces growth hormone secretion through monoaminergic
(catecholamine) pathways (Krulich, 1979).

Thus, it appears that the

effect of taurine on morphine- induced growth hormone secretion is
indirect and may be caused by its inhibitory effect on neurotransmitter
(catecholamine) release.
Subcutaneously administrated taurine inhibits N-methyl aspartatestimulated secretion of luteinizing hormones in rats (Price e^ al.,
1978) . N-methyl aspartate is a glutamate analogue with potent neuroexcitatory effects.

It is believed that this action of taurine is due

to its being a functional antagonist of glutamate.
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Thermoregulation
Intraventricularly administrated taurine lowers body temperature
in a number of animal species (Sgaragli and Pavan, 1972; Kerwin and
Pycock, 1979; Garcia de Yebenes Prous, 1978; Sgaragli et al., 1981;
Clark and Lipton, 1981).

This action of taurine is in agreement with

the observation that iontophoretically applied taurine inhibits the
discharge of preoptic-anterior hypothalamus neurons (Mayer, 1981) which
are responsible for the regulation of body temperature (Boulant, 1980).

Food and Water Intake
Another example of the inhibitory effects of taurine on the CNS is
that it suppresses conditioned eating and drinking responses in mice
(Thut et al., 1976).

Although it is possible that this effect is a

result of the interaction of taurine with hypothalamic monoaminergic
pathways, such a connection has not been confirmed.

Summary
The above review calls to attention that taurine is a substance
with fundamental importance in the CNS.
action is not clearly understood.

However, the mechanism of its

Although taurine has extensive

inhibitory effects on neuronal activity, it does not quite fit the role
of a classical neurotransmitter.

The suggested neuromodulatory role

for taurine is so diversified that it appears taurine is acting at
multiple sites.

Moreover, there is little indication as to which of

the modulating effects of taurine is most critical.

Is there a cause-

effect relationship among the diversified actions of taurine?

If we
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can define a primary action for taurine which is responsible for the
other actions of taurine, we may be able to solve the puzzle of
taurine.

Especially, if we can discover the critical action of taurine

at the molecular level, the role of taurine might be well explained.
From the suggested neuromodulatory actions of taurine a triangular
relationship can be observed which includes the effects of taurine on
the regulation of Ca** fluxes, neurotransmitter release, and protein
phosphorylation.

As discussed above, Ca** is an essential component in

regulating neurotransmitter release.

The reported inhibitory effect of

taurine on neurotransmitter release may well be a result of its effect
on Ca** fluxes.

Furthermore, phosphorylation of specific proteins has

been suggested to be involved in the regulation of synaptic transmission (DeLorenzo, 1982; Kaczmarek, 1987; Hemmings e^ al., 1989).
Protein kinases involved in regulating neurotransmitter release which
are Ca** dependent include calmodulin-dependent protein kinase and
protein kinase C.

Taurine may inhibit neurotransmitter release by

inhibiting calcium-dependent and/or calcium-independent protein
phosphorylation.

These three actions of taurine form a triangle (Fig.

1.2) which may explain the mechanism of taurine.

However, at this

moment the interrelationship between these three actions are largely
based on speculation.

The weak connection in this proposed triangle is

the lack of information that taurine inhibits the phosphorylation of
specific proteins in the brain.

The present knowledge concerning

inhibitory effects of taurine on protein phosphorylation was obtained
from the retina and heart (Lombardini, 1985a; Lombardini and Liebowitz,
1989).

In addition, it is unknown whether the taurine-inhibited
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protein phosphorylation is calcium dependent.

Finally, an interaction

between the proteins whose phosphorylation is inhibited by taurine and
the regulation of neurotransmitter release must be established.

It is

thus the goal of this dissertation to investigate the effects of
taurine on protein phosphorylation in the brain and the potential
interrelationships between Ca** fluxes, neurotransmitter release, and
protein phosphorylation with respect to the effects of taurine on each.

General Objectives
To test the hjrpotheses postulated in the last section in the form
of a triangular relationship, several key questions need to be
answered.
First, whether taurine affects the phosphorylation of specific
proteins in the brain needs to be determined.

If so, the subcellular

localization of the proteins affected by taurine will be studied.
Secondly, it will also be investigated if the phosphorylation of the
proteins affected by taurine is regulated by the known signal transduction system especially if Ca** plays a role in the regulation.
Thirdly, the mechanism by which taurine affects protein phosphorylation
in the brain will be studied.

Finally, the relationships between the

effects of taurine on brain protein phosphorylation and synaptic transmission will be explored.

By completing this investigation we hope

that our understanding about the role of taurine in the CNS will be
extended.

CHAPTER II
EFFECTS OF TAURINE ON PROTEIN PHOSPHORYLATION
IN THE RAT CORTEX

Introduction
The phenomenon that some proteins are tightly associated with
phosphate was observed in the late nineteenth century.
acids were first isolated from proteins in 1933.

Phosphoamino

A variety of covalent

linkages of phosphate to proteins have been identified since then
(reviewed by Hunter and Cooper, 1985).

Today, protein phosphorylation

and dephosphorylation have been well established as essential biochemical reactions involved in signal transduction in cellular regulatory
processes as illustrated in Fig. 2.1 (Hemmings et al., 1989).

Ex-

tracellular signals (neurotransmitters or hormones) activate specific
receptors in the plasma membrane and result in augmentation of second
messengers, which in turn regulate specific protein kinases or protein
phosphatases.

The nerve impulse, another tjrpe of extracellular signal,

stimulates influx of the second messenger Ca** which also regulates
certain protein kinases or protein phosphatases.

Such cascade-like

events carry and amplify the signals to produce a functional response.
A protein phosphorylation system should contain three major components:
1) a substrate protein that can be phosphorylated and dephosphorylated,
2) a protein kinase that catalyzes phosphoryl transfer from ATP to form
a covalent bond with an amino acid of the substrate protein, and 3) a
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protein phosphatase that catalyzes dephosphorylation of the phosphorylated substrate protein.
In the central nervous system phosphoproteins, protein kinases and
protein phosphatases are all highly enriched in sjmaptosomes (pinched
off nerve endings), suggesting a major role for protein phosphorylation/dephosphorylation in regulating synaptic transmission (Miyamoto et
al., 1969; Ingebritsen et al., 1983; Nestler and Greengard, 1984).
Taurine is also enriched in synaptosomes and has modulating effects on
synaptic transmission (see Chapter I) although the mechanism remains
unknown.

Thus, it may be postulated that taurine is involved in

synaptic transmission and the signal transduction process by affecting
protein phosphorylation.
As discussed in the literature review (Chapter I), taurine has
been found to inhibit the phosphorylation of certain proteins in the
rat retina and heart (page 19) suggesting a potential role for taurine
in certain regulatory processes.

Although there has not been a pre-

vious report on the effect of taurine on protein phosphorylation in the
brain, such a possibility exists.

Objectives
It has been reported that taurine is a neuromodulator acting
intracellularly on regulatory processes.

While the precise mechanism

is unknown there is evidence suggesting that the effects of taurine are
at the end of the regulatory pathway, i.e., involved in protein phosphorylation (page 19). Thus, we may be able to elucidate a biological
role of taurine by studying the proteins whose phosphorylation are
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modulated by taurine.

The goal of the experiments described in this

chapter was to determine if taurine affects phosphorylation in the rat
brain.

Questions to be considered and answered in this chapter are as

follows:

1) Does taurine affect protein phosphorylation in the brain?

2) Are the taurine effects concentration dependent and specific for
taurine?

3) What are the kinetics of taurine effects? and 4) In which

subcellular compartment or compartments does taurine affect protein
phosphorylation?

Tissue Model
The rat cerebral cortex is one of the brain regions which has the
highest taurine content, ranging from 5-11 mM (Table 1.1) according to
different investigators (reviewed by Lombardini, 1976).

This high

concentration may correlate with the biological activities of taurine
reported for the cerebral cortex.

For example, iontophoretically

administrated taurine hyperpolarizes the neuron membrane of cat cortex
(Alexandrov and Batuev, 1979).

Taurine suppresses seizure activities

in both animal (including rat) epilepsy models (Van Gelder, 1972; Isumi
et al., 1973,

1974; Mutani et al., 1974) and human patients (Bergamini

et al.. 1974; Barbeau and Donaldson, 1974),

Taurine levels in epilep-

tic foci were found to be lower than normal in man and experimental
animals including rat (Van Gelder, 1972; Koyama, 1972; Craig and
Hartman, 1973).

Taurine also modulates the release or uptake of

neurotransmitters contained in the cerebral cortex including acetylcholine (Kuriyama et al., 1978; Cunningham and Neal, 1983; Whitton et
al. 1988), norepinephrine (Kuriyama et al., 1978), and GABA (Larsson et
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al., 1986; Debler and Lajtha, 1987),

Practically, the rat cerebral

cortex also provides a quantity of tissue that is sufficient for
routine assays.

Thus, the rat cerebral cortex was chosen as the tissue

for these studies.
The synaptosomal preparation which can be prepared by differential
centrifugation within hours after removal of the brain from the animal
is a convenient model for studying nerve terminals (reviewed by Jones,
1975),

Figure 2,2 shows the derivation of sjmaptosomes from brain

tissue by subcellular fractionation and the relationship of
synaptosomes to intact synapses (Jones, 1975).

As can be seen in this

illustration, synaptosomes are nerve ending particles packed with
synaptic vesicles and mitochondria.

Synaptosomes also contain a

postsynaptic plasma membrane attached to the presynaptic plasma
membrane.

Lysing the s3maptosomes by hypoosmotic conditions, referred

to as "shocking," is a technique commonly used to disrupt the plasma
membrane which then allows the further separation of subcellular
fractions (Whittaker et al., 1964).

This procedure also allows an easy

access of water-soluble agents to the components in the synaptosomes.
In such a preparation the presynaptic and postsynaptic components are
all present in the same pool.
The phosphorylation of synaptosomal proteins by the endogenous
protein kinases contained in the synaptosomes can be detected by
measuring the incorporation of radiolabeled phosphate into the
proteins.

Thus, in order to use [7-^^P]ATP which does not readily

penetrate the plasma membrane to phosphorylate synaptosomal proteins in
the phosphorylation assay, hypoosmotically shocked synaptosomal
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preparations of rat cortex were chosen as the model to start this investigation.

In most of the experiments, a crude synaptosomal prepara-

tion [?2 fraction (see Figs. 2.3. and 2.4,)] which also contains myelin
and mitochondria was used.

Materials and Methods
Reagents
[7-^2p]ATP (10-25 Ci/mmol) was obtained from ICN Pharmaceuticals.
Taurine, GABA, glycine and E-alanine were purchased from Sigma Chemical
Co.

Guanidinoethanesulfonate (GES) was S3mthesized according to the

procedure of Huxtable e^ al. (1979).

Acrylamide, N,N'-methylene-bis-

acrylamide (BIS), ampholytes (pH 5-7 and 3-10), TEMED, and silver stain
kits were purchased from Bio-Rad Laboratories.

Preparation of Sjmaptosomes
Adult Wistar rats (150-200 g ) , fed Purina rat chow ad libitum,
were used in all experiments.

The animals were anesthetized with

diethylether and then killed by decapitation.

The cortices were

dissected immediately and placed in ice-cold 0.32 M sucrose.

In all

subsequent procedures, the tissue was maintained at 4°C except for the
final incubation.

A Pj fraction was made from the cortex according to

the procedure of Gray and Whittaker (1962) as illustrated in Fig. 2.3.
The cortical tissue was homogenized with 10 strokes with a Teflon
pestle in 10 vol of 0.32 M sucrose.

The homogenate was centrifuged at

1 000 g for 10 min and the pellet was discarded.
then centrifuged at 17,000 g for 55 min.

The supernatant was

The resultant pellet was
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PREPARATION OF SYNAPTOSOMES
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in 10 vol. of 0.32 M sucrose
I
Centrifuge 1000 xg: 10 min
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P^ (Discard)

i

Centrifuge 17,000 xg: 55 min

$2 (Discard)
Centrifuge 17,000 xg: 55 min

Supernate (Discard)

Pg (Resuspend in
I 0.32 M sucrose)
^
Pellet
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washed in an equal volume of 0,32 M sucrose and recentrifuged at 17,000
g for 55 min.

The pellet was subjected to osmotic shock by homogeniza-

tion (8 strokes) with a Teflon pestle in 5,5 times its volume of
distilled water.

Stock, concentrated Krebs-bicarbonate buffer was

immediately added in one tenth the volume to give a final solution that
is similar in composition to the incubation medium utilized for the
phosphorylation assay.

Subcellular Fractionation of Rat Cortex
The subcellular fractionation of rat cortex was carried out
according to the procedure of Whittaker et al, (1964) with
modifications.

The protocol is illustrated in Fig. 2.4.

All the

sucrose solutions used in this section contain 2 mM EGTA to inhibit
Ca**-dependent proteases.

The Pj fraction from 10 g of rat cortex was

obtained as described above.

After suspension in 0.32 M sucrose, the

P2 fraction was separated on a discontinuous sucrose density gradient
consisting of 0.8 and 1.2 M sucrose by centrifuging at 100,000 g for
120 min.

The resulting top (myelin fraction) and middle (synaptosomal

fraction) bands were collected and the latter was diluted by addition
of an equal volume of distilled water.

Both fractions were centrifuged

at 100,000 g for 60 min to yield a myelin pellet and a synaptosomal
pellet.

The synaptosomal fraction was lysed by homogenization (8

strokes) with a Teflon pestle in 5.5 times it volume of distilled water
and then placed on ice for 30 min and concentrated Krebs-bicarbonate
buffer was added to give a solution suitable for incubation.
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S U B C E L L U L A R FRACTIONATION OF RAT CORTEX
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The pellet at the bottom of the density gradient contained mainly
mitochondria.

An S3 fraction (cytosol) was also obtained by centrifug-

ing the S2 fraction at 100,000 g for 60 min [Fig. 2.4(A)].

These four

fractions (cytosol (S3), myelin, lysed synaptosomes, and mitochondrial
were subjected to the phosphorylation assay and SDS-polyacrylamide gel
electrophoresis (SDS-PAGE).
The sjmaptosomal lysate was further fractionated [Fig. 2.4(B)].
The disrupted synaptosomes were centrifuged at 200,000 g for 90 min to
yield a pellet (P^) and a supernatant (S4) . The S4 fraction was used as
an intrasynaptosomal cytosol preparation after being concentrated 10-20
fold in an Amicon B-15 concentrator.

This step is a modification of

Whittaker's procedure according to Carroll and Ivy (1988) which improves the separation of cytosol from the rest of the tissue.

This

modification also uses 0.32 M sucrose in place of 0.4 M sucrose on the
subsequent gradient thereby improving the separation of synaptic
vesicles from microsomes (obtained in the 0.6 M layer).

The P4 frac-

tion was resuspended in distilled water and separated on a discontinuous sucrose density gradient consisting of 0,32, 0,6, 0,8, 1.0, and
1,2 M sucrose by centrifuging at 100,000 g for 120 min.

The 0.32 and

0.6 M sucrose layers and the band between 0.6 and 0.8 M sucrose layers
were collected.

(Only the middle part of each layer and band was

collected to minimize cross contamination of the fractions.)

The

fractions were diluted with an equal volume of distilled water and
centrifuged at 200,000 g for 90 min to yield synaptic vesicles, microsomes, and a non-vesiculated membrane fraction [see Fig. 2.4(B)].

The

pellet at the bottom of the density gradient is reported to contain
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intrasynaptosomal mitochondria.

These five fractions (intra-

sjmaptosomal cytosol, S3maptic vesicles, microsomes, non-vesiculated
membranes, and intrasynaptosomal mitochondria) along with the myelin
fraction obtained from the first gradient [Fig. 2.4(A)] were subjected
to the phosphorylation assay and 2-dimensional (2-D) PAGE.

Phosphorylation Assay
The protocol for the phosphorylation assay was modified from the
method described by Lombardini (1985a).
The incubation system for phosphorylating the proteins of the
crude Pj fraction contained Krebs-bicarbonate buffer (NaCl, 118 mM;
KCl, 4.7 mM; KH2P4O, 1,2 mM; MgSO^, 1.17 mM; CaClj, 2,5 mM; NaHC03, 25
mM, pH 7,4), 20 /iCi [7-32pjy^TP (0,8-2 nmol) , P2 fraction (-1 mg) and
taurine or taurine analogue when appropriate.
0,25 ml.

The final volume was

The samples were preincubated for 2 min in a shaking water

bath at 37°C, and the phosphorylation reaction was started by the
addition of [7-^^P]ATP.

After the incubation, the reaction was stopped

by the addition of either 1 ml of gel electrophoresis sample buffer [60
mM Tris-HCl (pH 6,8), 2% SDS, 10% glycerol, 2% 2-mercaptoethanol, and
0.00125% bromophenol blue] if SDS-PAGE was to be performed or the
reaction was stopped with 0,5 ml of SDS solubilization buffer [0,05 M
CHES (pH 9.5), 2% SDS, 10% glycerol, 2% 2-mercaptoethanol, and 0,00125%
bromophenol blue] if isoelectric focusing (lEF) for 2-D PAGE was to be
performed.

The mixtures were agitated thoroughly and then immediately

placed in a boiling water bath for 5 min.
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Electrophoresis
Aliquots of the incubation mixtures were subjected to either slab
SDS-PAGE (1-D PAGE, 12 or 8% acrylamide gel) according to the method of
Laemmli (1970) or 2-D PAGE according to the method of O'Farrell (1975).
To cast 4-5 lEF gels, the first dimension of 2-D PAGE, 2,06 g of urea
was dissovled in 1,5 ml of distilled HjO, 0,5 ml of 30% acrylamide
solution, and 0,2 ml of ampholyte (0.16 ml of pH 5-7 and 0,04 ml of pH
3-10),

The mixture was degassed for 30 min under vacuum.

After

addition of 0,075 ml of nonidet P-40 the mixture was filtered with a
GF/B filter paper.

Immediately after mixing 18 /il of 10% ammonium

persulfate and 2 /il of TEMED into the solution, the gels were cast in
glass tubing (130 x 2,5 mm inside diameter) previously sealed at the
bottom with Parafilm,

Equal quantities of protein were applied to the

gels; the proteins were visualized with Coomassie blue stain (1-D PAGE)
or silver stain (2-D PAGE),

The gels were then dried and exposed to X-

ray film (Kodak XAR5) at -70''C for an appropriate length of time to
visualize the incorporation of radioactive phosphate into the various
proteins.

The optical densities of the silver stained proteins or

radioactive proteins on the autoradiogram were quantitated by using
Visage 2000 computerized densitometry (Biolmage),

Quantity of

phosphate incorporation was expressed as integrated optical density
(lOD) in arbitrary units.

The apparent molecular weights (M^) of the

protein were estimated by comparing their migration patterns to that of
known protein standards.
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Computerized Densitometry
Measurements (Visage 2000)
Briefly, the computer scanned the autoradiograph and was programmed to pick out a series of well separated individual radioactive
proteins which were considered reference proteins.

The computer then

compared the lOD of these marker proteins with the lOD of the same
proteins on an autoradiograph obtained from a different experiment and
thus under different conditions.

An average ratio (normalization

factor) for the detected lOD of each of the marker proteins on the two
autoradiographs was calculated and then the detected lOD of the protein
of interest (~20K M^ protein) was corrected by this normalization
factor to obtain a corrected lOD.
ized using the same procedure.

The third autoradiograph was normal-

Thus, variation from different experi-

ments due to differences in the protein loading, or amount of radioactivity was compensated.

Electron Microscopy
Pellets of the synaptic vesicle fraction and myelin fraction were
initially fixed by addition of 2.5% glutaraldehyde in 0,2 M sodium
cacodylate buffer (pH 7,4) and then in 1% osmium tetroxide in 0,03 M
barbital buffer (pH 7,4), After dehydration and infiltration by
standard procedures, the pellets were embedded in fresh, degassed Epon
and polymerized at 60°C for 2 days.

Sections were cut on a Sorvall MT

2B ultramicrotome and stained with 4% uranyl acetate for 15 min and
Reynold's lead citrate for 3 min.

An Hitachi H-600 electron microscope

was used to examine the sections (performed by the EM Center of the
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Department of Cell Biology and Anatomy, TTUHSC, according to Ueda e^
al., 1979).

Endogenous Taurine Determination
The quantity of endogenous taurine contained in the cortex preparations was determined as follows (Lombardini, 1986):

1 ml sample of

hjrpoosmotically shocked Pj fraction was precipitated with 1 ml 10%
trichloroacetic acid, vortexed and centrifuged.

The supernatant was

collected and then chromotographed on an amino acid analyzer using 0.2
N sodium citrate buffer, pH 2.4.

Taurine content was expressed as

millimolar concentration in the incubation medium.

Protein Determination
The quantity of protein in the cortex preparations was determined
by the method of Lowry e^ al. (1951) with bovine serum albumin utilized
as the standard.

Data Analysis
Data collected were all expressed as means ± SEM and subjected to
statistical analysis by using appropriate methods dictated by the
individual experimental design.

The statistical methods include the

Student's t-test, the paired t-test, and analysis of variance (ANOVA)
followed by Duncan's multiple-range test as indicated in each figure or
table.
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Results
Effects of Varying Concentrations of Taurine
on Protein Phosphorylation in Rat
Cortical Synaptosomes
Initially, incorporation of radiolabeled phosphate into proteins
of hypoosmotically shocked synaptosomes was measured at 37°C for an
incubation time of 1 min and determined by autoradiography after SDSPAGE (8% or 12% acrylamide).
was tested.

Under these conditions, 2-20 mM taurine

Figure 2.5 (A) shows the separated proteins in a pair of

typical gels which were stained with Coomassie Blue and Fig. 2.5 (B)
shows the autoradiographs of the phosphoproteins.
experiments are shown in Fig. 2.6.

The results of 4

Taurine inhibited the phosphoryla-

tion of the ~140K M^ proteins (panel A) and the ~20K M^ proteins (panel
B) in a concentration dependent manner.

Ten mM and 20 mM taurine

inhibited the phosphorylation of these proteins while lower concentrations of taurine did not have a significant effect.

The ~55K M^ band

of phosphoproteins (panel C) which was chosen arbitrarily as a control
was not affected significantly by any of the concentrations of taurine.
Total protein phosphorylation of the preparation (panel D) was inhibited by 20 mM taurine but not by 10 mM taurine.

These results

indicate that 10 mM taurine had a specific effect on the proteins with
apparent molecular weights of -140 and ~20K, but 20 mM taurine had a
general effect on protein phosphorylation.

There was also a general

decreasing trend in the phosphorylation of the ~55K protein (panel C)
and total protein (panel D) by increasing concentrations of taurine
which is another indication that the effects of taurine are
concentration-dependent,
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Kinetic Aspects of the Effects of 10 mM
Taurine on Protein Phosphorylation
in Rat Cortical Synaptosomes
Using a similar protocol as described above the effects of 10 mM
taurine on phosphate incorporation into the proteins with varying
incubation times were determined.
0.5 to 10 min.

The incubation time was varied from

Figure 2.7 shows the results of the experiments.

The

control values of the phosphorylation reaction reached a maximum at
approximately 1 min after the reaction was started and then declined
with an increase in the incubation time.

The inhibition of the phos-

phorylation of the ~140K (A) and -20K M^ (B) proteins was observed at 1
min after the start of the reaction and throughout the subsequent
incubation periods.

The lack of significance at two time points (2 min

for -140K and 10 min for ~20K) is believed to be caused by fewer sample
numbers.

Both protein bands were inhibited by approximately 25%.

Phosphorylation of the ~55K M^ (C) and total (D) proteins were not
inhibited by 10 mM taurine which is consistent with the data of the
previous section.

However, at 0.5 min total protein phosphorylation

was stimulated by taurine.

Based on the above results, 10 mM taurine

and an incubation time of 1 min were chosen as the conditions for all
subsequent phosphorylation assays.

Endogenous Taurine Content
Endogenous taurine which was present in the synaptosomal fraction
even after extensive washings was determined by the amino acid analyzer
to be 29 nmol/mg.

This value corresponded to a taurine concentration

of 0.12 mM in the final incubation medium.

Thus, the low level of
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endogenous taurine was considered to be negligible compared to the
added exogenous taurine.

Effects of Taurine on Protein
Phosphorylation Identified
by 2-D Gel Electrophoresis
Further separation of the phosphorylated protein samples by 2-D
PAGE revealed two individual proteins whose phosphorylation was inhibited by taurine as illustrated in Fig. 2.8 (typical experiment).

In

the molecular weight range of ~140K, there was a protein with an
isoelectric point (pl) of -6.1 whose phosphorylation was inhibited
approximately 88% by 10 mM taurine.

In the molecular weight range of

~20K, the phosphorylation of a protein with a pi of -5.6 was inhibited
approximately 72% by 10 mM taurine (for statistical analysis see Table
2.1).

These inhibitory values were much greater than what was seen in

previous experiments using 1-D PAGE (Fig. 2.5). Because of the separation of these two proteins from other proteins with similar molecular
weights as can be seen in Fig. 2.8, the inhibition by taurine could be
fully demonstrated without being masked by the other proteins.

Thus,

2-D PAGE was a more sensitive tool to study the phosphorylation of
these two proteins.

However, it is possible that each of the two spots

represents more than one protein.

Until further evidence is obtained,

we are assuming that each of the discrete spot represents a single
protein.
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Comparison of Taurine with Its
Structural Analogues
A series of structural analogues of taurine (see Fig. 2.9) were
compared with taurine in terms of their effects on protein phosphorylation.

The results are shown in Table 2.1.

GES inhibited the phospho-

rylation of the -140K M, protein by 85% but had no effect on the -20K
M^ protein.

Phosphorylation of the -20K M^ protein was further probed

by using other taurine analogues.

Glycine had a 55% inhibitory effect

while £-alanine and GABA did not have any significant effect on the
phosphorylation of the -20K M^ protein.

Subcellular Fractionation Study of the
Phosphorylation of the -20K M^ Protein
Investigation of the subcellular compartmentation of the
phosphorylation of the ~20K M^ protein was carried out in two steps.
First the cortex was fractionated into myelin, synaptosomes (lysed),
mitochondria, and cytosol [Fig. 2.4 (A)]. Phosphorylation of the
proteins with an apparent molecular weight of -20K on the
autoradiograms of 1-D PAGE was then determined (Table 2.2). Phosphorylation of the -20K M^ proteins was detected in three of the four
fractions, myelin, synaptosomes, and cytosol with the mitochondrial
fraction having no activity.

Thus, this first stage subcellular

fractionation procedure eliminates the possibility that the mitochondria are capable of phosphorylating the -20K M^ protein but does
not eliminate the mitochondria as a potential source of the -20K M^
protein.
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TABLE 2.1.

Percent change of phosphorylation produced by taurine and
its analogues on the -140K and ~20K molecular weight
proteins in synaptosomal (Pj) subcellular fractions of the
rat cortex that were hypoosmotically shocked

Treatment
(10 mM)

N

M^ (K)

% Change of Phosphorylation

TAU

3

- 140

- 88.0 ±

5.2 **

GES

4

- 140

- 85.2 ±

7.5 **

TAU

3

-

20

- 72.4 ±

5.4 **

GES

4

-

20

+ 10.9 ± 13.1

E-Alanine

3

-

20

- 28.6 ± 26.0

Glycine

4

-

20

- 55.3 ± 15.2 *

GABA

3

-

20

- 11.7 ± 10.5

Two-dimensional PAGE was utilized to separate the proteins of the rat
cortex. Isoelectric focusing was used in the first dimension while 12%
SDS gels were used to separate the -20K M^ protein in the second dimension; 8% SDS gels were used to separate the -140K M, protein. Silver
stain was used to correlate the proteins with the location of the
radioactivity on the X-ray film. The incubation time was 1 min. N number of experiments. Data are presented as the means ± SEM. Significance was determined by the paired t-test (*P < 0.05,** P < 0.01).
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TABLE 2.2.

Phosphorylation of proteins with an apparent molecular
weight of ~20K in various subcellular fractions of the rat
cerebral cortex

Fractions

Phosphorylation
(lOD)

Myelin

2.91 ± 0.15«

Synaptosomes

0.50 ± O.OS''

Mitochondria

not detected

Cytosol

0.66 ± 0.06"^

The fractionation procedure is shown in Part A of Fig. 2.4. After
incubation with [7-"^^]ATP, the proteins were separated on 1-D PAGE.
Equal quantities of total protein (- 40 /xg) were placed in each well.
The incorporation of radioactive phosphate ('^^P04) into the - 20K M^
proteins was quantitated by measuring the lOD in arbitrary units of the
appropriate area on the autoradiograms. Data are reported as means ±
SEM for three experiments. The data were analyzed by ANOVA and
Duncan's multiple-range test; means with different superscripts are
statistically different from each other (P < 0.01).
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Quantitative comparisons of the amount of the -20K M, protein in
the three fractions was tenuous due to more than one protein being represented by the band on 1-D PAGE.

The data in Table 2.2 indicates

that the myelin fraction contains the highest incorporation of radioactive phosphate in the -20K M, proteins.

However, the quantity of total

protein contained in the sjmaptosomal fraction is greater (92% of the
P2 fraction) than that obtained in the myelin fraction (3% of the Pj
fraction) and thus the synaptosomal fraction may contain more of the
-20K M^ phosphoprotein.
Further fractionation of the synaptosomal pellet [Fig. 2.4 (B)]
was conducted followed by 2-D PAGE and autoradiography.

It is reported

in Table 2.3 that of the six subcellular fractions that were examined
the intrasynaptosomal cytosol contains the highest relative amount of
the phosphorylated ~20K M^ protein.

Efforts have also been made to

determine the quantity of the -20K M^ protein in silver stained gels.
Unfortunately, this protein does not silver stain under the present
experimental conditions (Fig. 2.10).
Figure 2.11 shows the electron micrographs of the myelin and
synaptic vesicle fractions.

The micrographs of these preparations are

comparable to the micrographs of similar subcellular fractions reported
in the literature (Jones, 1975).

Discussion
It is reported here for the first time that taurine has an inhibitory effect on the in vitro phosphorylation of specific proteins in
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TABLE 2.3.

Phosphorylation of the -20K molecular weight protein in
various subcellular fractions of the rat cerebral cortex

Fraction

Phosphorylation
(lOD)

Myelin

1,07 ± 0,38"

Cytosol

9,82 ± 3.65^

Synaptic vesicles

3.43 ± 2.07"

Microsomes

1.02 ± 0.40"

Membrane

0.59 ± 0.11"

Intrasynaptosomal mitochondria

0.35 ± 0.10"

The subcellular fractions were prepared as illustrated in Fig. 2.4.
After incubation with [7-^^P]ATP, the fractions were subjected to 2-D
PAGE. Equal quantities of total protein (-0.2 mg) were placed on each
gel. Autoradiograms were used to identify the - 20K M^ protein and
also to measure phosphorylation activity. The amount of ^^P04
incorporated into the - 20K M^ protein was quantitated by measuring the
lOD of the appropriate area on the autoradiogram. Normalization of the
lOD data was performed for the autoradiograms as described in the
Materials and Methods section. Data are reported as means ± SEM of 3
experiments. The data was analyzed by ANOVA and Duncan's multiplerange test; means with different superscripts are statistically
different from each other (P < 0.05).
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synaptosomes prepared from the rat cortex.

However, while caution must

be taken when accepting data from an in vitro assay and extending the
interpretation to the in vivo situation, there are two lines of
evidence supporting this effect as being an in vivo effect.
First, the effect of taurine on protein phosphorylation is concentration dependent and is significant yet selective at 10 mM concentration.

As discussed in the Tissue Model section of this chapter

(page 28), the endogenous taurine levels in the rat cortex are close to
10 mM.

In addition, more than 70% of the taurine content is found in

the cytoplasm (Agrawal et al., 1971; Rassin, 1972; Rassin et al., 1977)
which means that the concentration of taurine in the cytosol is
approximately the same as that reported for the whole tissue.

Thus, 10

mM taurine used in the above experiments can be considered physiologic
and an indication that this particular inhibitory effect of taurine on
protein phosphorylation may occur in vivo.

Taurine has a general

inhibitory effect on total protein phosphorylation at a pharmacologic
concentration of 20 mM.
Second, the effect of taurine on the phosphorylation of the -20K
M^ protein has certain structural requirements.

GES, the guanidino

analogue of taurine which inhibits both taurine transport (Huxtable et
al., 1979; Quesada et al., 1984) and taurine synthesis (Huxtable,
1982), demonstrated a similar inhibitory effect as taurine on the
phosphorylation of the -140K M^ protein, but did not affect the
phosphorylation of the -20K M^ protein.

This result indicates some

structural requirement for the amino moiety of the molecule.

Glycine,

£-alanine and GABA were also tested but only glycine had a weaker

,f>mi

^\
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inhibitory effect than taurine on the phosphorylation of the -20K M,
protein.

Thus, the inhibitory effect of taurine on the phosphorylation

of the -20K M^ protein appears to have some structural requirements
rather then being only a consequence of increased ionic strength.
Although 1-D PAGE (Fig. 2.5) and 2-D PAGE (Fig. 2.8) consistantly
demonstrated that only two proteins (-140K and ~20K) were affected by
10 mM taurine, it is still possible that the phosphorylation of other
proteins is affected by 10 mM taurine due to the nonlinearity of the
under- or over-exposed portions of the autoradiographs.
It is not clear as to the mechanism of the action of taurine on
the phosphorylation of the -20K M^ protein.

While it is assumed that

taurine inhibits the phosphorylation reaction it is possible that
taurine, in fact, may stimulate a specific phosphatase which would
result in a reduction of the phosphorylation of the -20K M^ protein.
However, an earlier investigation on the effect of taurine on the
phosphorylation of retinal proteins indicated that taurine has no
effect on phosphatase activity (Lombardini, 1985a).

Thus, we are

presently attributing the taurine effect to be directly involved in the
activation process of the phosphorylation reaction until evidence to
the contrary is obtained.
Two conclusions can be drawn from the subcellular fractionation
study:

1) the -20K M^ protein is a soluble protein, and 2) the

kinase(s) responsible for the phosphorylation of this protein is (are)
present in the cytosol.

However, because the identification of this

protein in these experiments is limited to only its phosphorylated form
by autoradiography, the subcellular distribution of the -20K M, protein
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is not fully determined.

Obviously, phosphorylation depends upon the

necessary enzymes and the substrates involved in the reaction.

How-

ever, the fractionation procedures may alter the accessibility of the
substrate to the kinases which are usually enriched in the cytosol.

In

addition, the hypoosmotic shock and fractionation procedures may have
dispersed the -20K M^ protein to the S4 fraction from another location
such as the synaptic vesicles which have the second highest relative
amount of incorporation of [^^P]phosphate into the -20K M, protein.
At this moment, we cannot explain the stimulatory effect of
taurine on total protein phosphorylation at 0.5 min (Fig. 2.7).
However, because the stimulatory effect is non-specific, it may have
minimal functional significance.
While two physical properties of the phosphoproteins have been
characterized, molecular weight and isoelectric point, there is still
insufficient data to identify these proteins.

This lack of knowledge

concerning the protein substrate hinders speculation concerning the
physiologic meaning of the effect of taurine.

However, the co-presence

of taurine with protein phosphorylation systems in the nerve terminals
and the inhibitory effect of taurine on these systems described in this
chapter strongly suggest a significant function for taurine.
Lombardini (1985a) previously reported that the phosphorylation of
a ~20K M^ protein in a sjmaptosomal preparation of rat retina was
inhibited by taurine.

There is thus the possibility that the ~20K M^

protein found in the rat cortex is the same or similar to the ~20K M^
protein found in the rat retina.

This protein might be common in the
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synaptic region of many nerve cells and pursuing the function of this
phosphoprotein could be of considerable interest

CHAPTER III
REGULATION OF THE PHOSPHORYLATION OF THE ~20K
M^ PROTEIN THAT IS REDUCED BY TAURINE

Introduction
It was reported in Chapter II that taurine reduces the net in
vitro phosphorylation of specific proteins, particularly the -20K M,
protein in rat cortical s)maptosomes.

Based on these findings, we now

suggest the possible involvement of taurine in the modulation of
certain in vivo regulatory processes in nerve endings, specifically
neurotrans-mission.

As discussed in the Introduction of Chapter II,

protein phosphorylation has been recognized as an important regulatory
mechanism of cellular function.

Phosphorylation of specific cellular

proteins involved in signal transduction must be precisely controlled
or modified by certain enzymatic reactions within the cell.

Thus,

there is a sophisticated network in the cell usually referred to as the
"cellular signal transduction system" which regulates enzymatic reactions in the manipulation of the phosphorylation state of substrate
proteins.

Thus, if protein phosphorylation which is reduced by taurine

has any physiologic meaning, it must be regulated by the cellular
signal transduction system.

In this chapter, we will determine if the

phosphorylation of the - 20K M^ protein is regulated by this system.
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Protein Kinases in the Brain
Protein phosphorylation is catalyzed by a variety of protein
kinases.

Protein kinases require specific activators usually referred

to as second messengers to phosphorylate substrate proteins.

In addi-

tion, the state of phosphorylation of specific substrates depends on
the activities of phosphoprotein phosphatases which reverse the reaction catalyzed by protein kinases. As discussed in Chapter II, at the
present time we assume that taurine is inhibiting the phosphorylation
rather than stimulating the dephosphorylation of specific proteins.
Therefore, the research reported in this chapter will be focused on
protein kinases.
In the brain, there are three major groups of protein kinases:
cyclic nucleotide-dependent protein kinases, calcium-dependent protein
kinases, and calcium- and cyclic nucleotide-independent protein kinases
(reviewed by Nairn et al., 1985).

The cyclic nucleotide-dependent

protein kinases include cAMP-dependent and cGMP-dependent protein
kinases.

The calcium-dependent protein kinases include Ca**/

calmodulin-dependent protein kinases and Ca*VP^ospholipid-dependent
protein kinase (protein kinase C ) .

The third group of protein kinases

includes tyrosine-specific protein kinases, casein kinases, and some
other kinases.

It has been reported that the first two groups of

protein kinases are primarily involved in the regulation of cell
function (Nestler and Greengard, 1983) while the third group of protein
kinases, especially tyrosine-specific protein kinases, are believed to
be mainly involved in the regulation of cell growth and transformation
(Hunter and Cooper, 1985).
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Numerous studies have demonstrated the regulatory roles of cAMP-,
cGMP- , Ca*Vcalmodulin- and Ca*Vpt^ospholipid-dependent protein kinases
in signal transduction in the brain (reviewed by Hemmings et al.,
1989).

These protein kinases are considered to be intermediates in a

cascade of events involving various messengers at different levels.
Figure 3.1 illustrates the pathways involving these protein kinases.
Thus, by adding various second messengers or their equivalents into the
phosphorylation system described in Chapter II we determined the
protein kinase responsible for the phosphorylation of specific substrate proteins and the effect of taurine on the phosphorylation
reaction.

Objectives
In this chapter we will determine whether the phosphorylation of
the -20K M^ protein is activated by certain second messengers or their
equivalents including cAMP, cGMP, calcium, calmodulin and phorbol
ester.

These experiments will determine the endogenous protein

kinase(s) in the synaptosomal preparation responsible for the
phosphorylation of the -20K M^ protein.

In addition, the effect of

taurine on the stimulated protein phosphorylation will be tested.

Materials and Methods
Reagents
[^2p]orthophosphate (8500-9120 Ci/mmol) were obtained from New
England Nuclear.

Phorbol 12-myristate 13-acetate (PMA), cAMP, cGMP, 3

isobutyl-1-methyl-xanthine (IBMX), calmodulin, and phosphatidylserine
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(PS) were purchased from Sigma Chemical Co.

Piperazine-N,N'-bis(2-

ethane sulfonic acid) sodium salt (PIPES) was obtained from Calbiochem
Co.

Preparation of S3maptosomes
Hypoosmotically shocked sjmaptosomes of rat cortex were prepared
using the methods described in the Materials and Methods section of
Chapter II.

Intact synaptosomes were prepared by using the same

protocol but omitting the hypoosmotic shock.

Phosphorylation Assays
The incubation system for phosphorylating the proteins of the
hypoosmotically shocked crude Pg fraction contained Krebs-bicarbonate
buffer (NaCl, 118 mM; KCl, 4.7 mM; KH2PO4, 1.2 mM; MgS04, 1.17 mM;
NaHCOg, 25 mM, pH 7.4), 20 /iCi of {'^-'^'^'^\kT? (10 /iM) , Pj fraction (~ 1
mg) , and second messenger and/or taurine (10 mM) when appropriate in a
final volume of 0.25 ml.

The free Ca** level in the buffer was con-

trolled by addition of EGTA and/or CaClj as indicated. IBMX (1 mM) and
0.4 mM EGTA were added to the incubation system for experiments which
tested the potential stimulatory effects of either 10 /iM cAMP or 10 /iM
cGMP.

The incubation medium contained 0.4 mM EGTA and 0.7 mM CaClj for

experiments which tested the potential stimulatory effects of calmodulin (20 /ig/ml).

Incubation systems designed for activating protein

kinase C contained phorbol ester [0.1 /iM PMA dissolved in ethanol
(final concentration 0.5%)], 50 /ig/ml PS (sonicated in water), 1 mM
EGTA, and 0.4 mM CaClj.

•T-BMI^B^^^^^^^^^C;\

The samples were preincubated for 2 min in a
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shaking water bath at 37"C and the phosphorylation reaction was started
by the addition of [y-^^?]A'r?.

After 1 min incubation, the reaction

was stopped by the addition of 0.5 ml of SDS solubilization buffer
(0.05 M CHES, 2% SDS, 10% glycerol, 2% 2-mercaptoethanol, 0.00125%
bromophenol blue, pH 9.5). The incubation mixtures were agitated
thoroughly and then immediately placed in a boiling water bath for 5
min.
The incubation system for phosphorylating the proteins of the
intact synaptosomal preparation was as follows.

The intact sjmap-

tosomal preparation (- 6 mg/ml) was first resuspended in ice-cold
modified Krebs-Ringer buffer (NaCl, 132 mM; KCl, 4.8 mM; MgS04, 2.4 mM;
PIPES, 20 mM; glucose, 10 mM).

The buffer was adjusted to pH 7.4 with

NaOH and bubbled with 95% 02-5% COj before use. One ml of the synaptosomal suspension was then preincubated with 0.75 mCi of ["'^P]orthophosphate for 30 min at 37°C.

Aliquots (0.2 ml) were then incubated in

a system which contained an additional 0.1 ml of modified Krebs-Ringer
buffer with final concentrations of 2.5 mM CaClj (total 0.3 ml volume).
The effect of adding 30 mM KCl to the incubation system was tested with
the normal KCl concentration (4.8 mM) as in the buffer used for the
control.

The ionic strength was kept constant by reducing NaCl to

107.8 mM in the incubation medium when the KCl was increased to 30 mM.
Taurine (30 mM) or GES (30 mM) was added to both preincubation and
incubation buffers where indicated.

The incubation was carried out for

1 min, stopped by addition of 1 ml of the SDS solubilization buffer,
and the mixture boiled as described above.

^
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Electrophoresis
Aliquots of the incubation mixtures were subjected to 2-D PAGE
(12% slab gels were used for the second dimension) according to the
method of O'Farrell (1975) as described in the Materials and Methods
section of Chapter II.
Computerzied densitometry, protein determination and data analysis
were performed as described in the Materials and Methods section of
Chapter II.

Results
Effect of Calcium on the Phosphorylation
of the -20K M, Protein
Calcium is an important second messenger which activates two
protein kinases: Ca**/calmodulin- and Ca**/phospholipid-dependent
protein kinases.

Therefore, the effect of Ca** on the phosphorylation

of the -20K M^ protein was first tested.

Protein phosphorylation

assays were conducted using a hypoosmotically shocked Pj fraction with
varying Ca** levels in the medium.

The varying Ca** levels were

achieved by addition of appropriate amount of CaClj and/or EGTA into
the medium.
Fig. 3.3.

The results of the experiments are shown in Fig. 3.2 and

The phosphorylation of the -20K M^ protein was barely detec-

table in Ca**-free buffer (Fig. 3.2, left panel and Fig. 3.3, left
column) but increased with the elevated Ca** levels (Fig. 3.2, middle
and right panels and Fig. 3.3, middle and right columns).
phosphorylation of this protein is Ca** dependent.

Thus, the

Although taurine

was not tested in these experiments, the previous experiments described
in Chapter II demonstrated the inhibitory effect of taurine on the
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phosphorylation of the -20K M, protein in buffer containing 2.5 mM
CaClj which is the same condition as the right panel of Fig. 3.2.
Thus, taurine inhibits the net phosphorylation of the -20K M, protein
in the presence of Ca**.

Effects of cAMP and cGMP on the Phosphorylation
of the -20K M, Protein
Two of the cyclic nucleotide second messengers were also tested.
The addition of cAMP or cGMP into the medium did not alter the
phosphorylation of the -20K M^ protein although both nucleotides stimulated the phosphorylation of other proteins (Fig. 3.4 and Table 3.1).
These results indicate that cyclic nucleotide-dependent protein kinases
may not be responsible for the phosphoyrlation of the ~20K M^ protein.

Effects of Calmodulin and Phorbol Ester on the
Phosphorylation of the -20K M^ Protein
Calmodulin also did not stimulate the phosphorylation of the -20K
Mr protein (Fig. 3.5 and Table 3.1). However, other proteins were affected.

Addition of the diacylglycerol analogue, i.e., phorbol 12-

myristate 13-acetate (PMA) along with phosphatidylserine (PS) stimulated the phosphorylation of the ~20K M, protein 5-fold [Fig. 3.6
(middle panel) and Fig. 3.7]. Taurine (10 mM) inhibited the PMA
stimulation by approximately 30% [Fig. 3.6 (right panel) and Fig. 3.7].
Quantitation of the effects of the stimulators of the four protein
kinase system on the phosphorylation of the -20K M^ protein is presented in Table 3.1.
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TABLE 3.1

Effects of various second messengers (or their equivalent)
on the phosphorylation of the -20K M, protein

Second
Messenger

n

cAMP (10 /iM)

4

13.1 ± 15.7

cGMP (10 /iM)

4

31.6 ± 31.1

Ca2*/Calmodulin (20 /ig/ml)

4

1.1 ± 15.2

PMA ( 0 . 1 /iM)

3

503.6 ± 45.5*

% Change of
Phosphorylation

Data are presented as means ± SEM. Significance between the amount of
phosphorylation obtained in the presence of second messengers compared
to their respective control values (100%) were determined by the paired
Student's t-test (* P < 0.001).
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In addition, it was observed in these experiments that PMA increased the phosphorylation of two other proteins in the same region as
the -20K M^ protein (Fig. 3.6, middle panel).

These proteins were not

observed in experiments utilizing unstimulated conditions.

Taurine

also had an inhibitory effect on the phosphorylation of these two minor
phosphoproteins (Fig. 3.6, right panel).

The lODs of some areas in the

autoradiographs (Fig. 3.6, middle and right panels) were quite high and
thus changes in these areas may have been masked.

Thus, it is possible

that taurine may inhibit PMA catalyzed phosphorylation of additional
proteins.

Phosphorylation of the -20K M^ Protein
in the Intact S)maptosomes
Phosphorylation of the -20K M^ protein was also tested in the
intact synaptosomes by using [^^P]orthophosphate.

The phosphorylation

of this protein was very low under control conditions but was enhanced
30-fold by 30 mM K*.

Taurine (30 mM) inhibited this K*-induced stimu-

lation by approximately 35% while GES, a structural analogue of
taurine, had no effect (Figs. 3.8 and 3.9).
Control experiments were also performed to determine if 30 mM
taurine or GES had any effect on the preincubation phase of the
[^^P]phosphate incorporation into s3maptosomes.

No effect by either

taurine or GES was observed (Table 3.2) and thus it was concluded that
taurine was affecting protein phosphorylation in the second part of the
incubation and not [^^P]phosphate incorporation in the preincubation
period.
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TABLE 3.2.

Effects of taurine and GES on incorporation of radioactive
phosphate into intact sjmaptosomes during the 30 min
preincubation period.

Treatment

n

[^2p]po- Incorportation

100%

Control
Taurine (30 mM)

4

107.2% ± 8.3%

GES (30 mM)

3

110.8% ± 6 . 5 %

Data are presented as means ± SEM. The incorporation of radioactive
phosphate (measured at the end of the preincubation period) in the
taurine- or GES-treated systems was compared to their respective
control value (100%).
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Discussion
In the above experiments which tested various second messengers or
equivalent substances, the incubation system contained hypoosmotically
shocked synaptosomes.

Shocked synaptosomes were used in contrast to

intact synaptosomes so that the exogenous activators would have easy
access to the endogenous protein kinases contained in the synaptosomes.
Phorbol ester PMA was used in place of diacylglycerol because it is
reported that this phorbol ester stimulates protein kinase C in the
same manner as diacylglycerol (Castagna ejt al., 1982) and is more
stable than diacylglycerol under normal storage conditions.

PS was

used as a cofactor with PMA to activate protein kinase C (Nishizuka,
1984).
By varying the Ca** concentration in the incubation medium, we
demonstrated that the phosphorylation of the -20K M^ protein is dependent on the free Ca**.

These results suggest the involvement of

Ca**/calmodulin-dependent protein kinase and/or protein kinase C.
The concentrations of cAMP, cGMP, calmodulin and PMA used in the
experiments were sufficient to activate endogenous protein kinases in
brain tissue according to literature reports (Sieghart et al., 1979;
Saitoh and Schwartz, 1985; Saitoh and Dobkins, 1986).

However, only

protein kinase C (PKC) catalyzed the phosphorylation of the ~20K M,
protein in tests including the four second messenger systems.

These

findings emphasize that the phosphorylation of the -20K M^ protein may
be regulated by the signal transduction system and thus this protein
may have potential functional importance in the neuron.

^

^
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Taurine, which blocked the PMA-stimulated phosphorylation of the
-20K M^ protein by 30%, may thus modulate neuroactivity by affecting
the phosphorylation of specific proteins.

The inhibition by taurine of

PMA-stimulated phosphorylation of the -20K M, protein seemed to be
weaker than the inhibition by taurine on Ca**-activated phosphorylation
of this protein observed in Chapter II (72%).

While such comparison

may not be appropriate since the two experimental conditions were
different, it may, however, imply that taurine blocks the effect of
Ca** to a greater extent than it blocks the effect of PMA,

Taurine

also has an inhibitory effect on the PMA-stimulated phosphorylation of
two additional proteins present in the same region of the 2-D gel (Fig.
3,6),

These findings indicate that the effects of taurine are less

specific under stimulated condition than the effect originally observed
and discussed in Chapter II.
It has been reported that protein kinases have the ability to
phosphorylate proteins that are not their physiological substrates in
cell-free systems (Krebs and Beavo, 1979).

For example, a well studied

phosphoprotein associated with synaptic vesicles, Synapsin I (De
Camilli and Greengard, 1986), is phosphorylated by PKC in a cell-free
system but not phosphorylated by PKC in intact sjmaptosomes (Nairn et
al.. 1985).

This observation indicates that Synapsin I is not a

physiological substrate of PKC.

However, experiments using intact

synaptosomes described in this chapter demonstrated that the -20K M^
protein is phosphorylated in intact synaptosomes and this phosphorylation is dramatically stimulated by high K*.

These results thus provide
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additional evidence supporting the in vivo role of the -20K M, protein
and thereby the in vivo role of taurine on protein phosphorylation.
In terms of the mechanism as to how high K* stimulates the phosphorylation of the -20K M^ protein, there could be two possible explanations.

First, the high K* concentration may act directly on a

specific intermediate of the various metabolic pathways involved with
protein kinase C.

Second, depolarization of the synaptosomal membranes

may take place upon the addition of high K*.

While it is known that

the nerve impulse regulates the activity of protein kinase C by
stimulating Ca** influx through the plasma membrane (Wu et_ al. , 1982),
high K* also increases Ca** influx across synaptosomal membranes by
induction of membrane depolarization (Blaustein, 1975).

The end result

of both processes, i.e., the nerve impulse and membrane depolarization,
is to raise Ca** levels within the nerve terminal which consequently
stimulates PKC.
Initially, Ca** levels in intact synaptosomes are close to normal
intracellular Ca** levels which are approximately 10"^ M (Davidson et
al. 1988).

Thus, phosphorylation of the -20K M, protein was only

minimal in the sjmaptosomes under control conditions.

However, 30 mM

K* which may cause a moderate depolarization and in turn increase Ca**
influx stimulated the phosphorylation of this protein by 30-fold.
These results reiterate that the phosphorylation of the -20K M^ protein
may be regulated by the signal transduction system.

Recently, other

investigators proposed that high K* might also directly stimulate the
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIPj) and result
in an increase of diacylglycerol levels which activates PKC (Habermann
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and Laux, 1986).

To clearly identify the possible mechanism for the

effect of high K* observed in our experiments, more strictly controlled
experiments conducted in Ca**-free medium are warranted.

If the

stimulatory effect of high K* requires the presence of Ca** in the
reaction medium, the involvement of a depolarization mechanism can be
determined or vice versa.
Taurine inhibited the stimulation of the phosphorylation of the
-20K M^ protein which was produced by high K*.

Since taurine does not

penetrate plasma membrane freely, higher taurine concentration in the
incubation medium is needed.

In these experiments taurine at an

external concentration of 30 mM was allowed to accumulate in the intact
synaptosomes by the transport system for taurine previously described
by Hanretta and Lombardini (1987).

The specificity of taurine for the

inhibitory effect on phosphorylation stimulated by high K* was also
tested by using 30 mM GES.

GES, which is transported across plasma

membrane by taurine transport systems (Huxtable et al., 1979;
Lombardini, 1981), did not inhibit the phosphorylation of the -20K M,
protein in these experiments.

This result reinforces the conclusion

reported in Chapter II that taurine is a relatively specific agent in
affecting the phosphorylation of the ~20K M^ protein.
PKC is distributed in a large number of species, tissues, and
cells (Kuo et al. , 1980; Minakuchi et al. , 1981).

The brain contains

high concentration of PKC in various regions among which the cortical
regions have the highest activities (Walaas et al. , 1983a and 1983b).
A number of PKC substrates have been characterized in the brain including tyrosine hydroxylase (Albert ejt al., 1984), GABA-modulin (Wise et
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al., 1983), myelin basic protein (Wise et al., 1982; Turner et al.,
1982), MAP-2 (Wallaas et al., 1983a and 1983b), the "87 kDa" protein
(Wu et al., 1982; Albert et al., 1984), and the B-50 protein (Aloyo et
al. , 1983).

The -20K M^ protein has a different molecular weight or

isoelectric point than the above proteins.
A soluble protein isolated from the brain and named P19 (Shubart
et

al., 1987) or stathmin (Chneiweiss et al., 1989) has previously been

reported to be phosphorylated.

While this phosphoprotein is similar in

molecular weight (~19K) and isoelectric point (pi range 5.5 - 6.2) to
that of the -20K M^ phosphoprotein that we are currently studying (pi,
-5.6) there is a major difference in that the phosphorylation of
P19/stathmin is activated by cAMP-dependent protein kinase rather than
PKC.

Thus the -20K M^ protein is unique in that it has different

characteristics than those phosphoproteins previously reported.

The

~20K M^ protein is also of interest and has potential functional significance in the cellular regulatory process because of the inhibitory
effect by taurine on its phosphorylation.
It has been suggested that PKC is involved in the mediation of
neuroactivities including neurotransmitter release (Zurgil and Zisapel,
1985; Shapira et al., 1987; Nichols et al., 1987; Kato et al., 1990;
Davis and Patrick, 1990; Guitart et al., 1990) and the conductance of
Ca** channels (DeRiemer et al.,
Hammond et al. , 1987).

1985; Farley and Auerbach, 1986;

Taurine also has been demonstrated to inhibit

neurotransmitter release and modulate Ca** fluxes (see Chapter I, pages
17 and 18).

The results obtained in this chapter support a potential

connection between the physiologic role of taurine and that of PKC,
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i.e., taurine may inhibit neuroactivity through inhibiting PKC
catalyzed phosphorylation of specific proteins.
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CHAPTER IV
MECHANISMS OF THE ACTION OF TAURINE ON THE
PHOSPHORYLATION OF THE -20K M, PROTEIN

Introduction
.++
It was reported in Chapter III that taurine inhibits Ca*

dependent-, protein kinase C (PKC)-catalyzed phosphorylation of the
-20K M^ protein and at least two other proteins.

This observation not

only reveals new PKC substrates but also supports a role for taurine in
modulating certain cellular regulatory processes by decreasing the net
phosphorylation state of specific substrates of PKC.

Now the question

is how taurine inhibits the Ca**-dependent, PKC-catalyzed phosphorylation of specific proteins, particularly the -20K M^ protein.

This

question is pertinent to our goal which is to define the mechanism of
the action of taurine in the mammalian cell.

One possible mechanism

that taurine acts directly as a Ca** chelator and consequently inhibits
PKC was ruled out by other investigators.

Studies using ""^C-NMR have

shown that the binding of Ca** to taurine is not significant under
physiological conditions (Dolara et al. , 1978a, 1978b; Irving et ^ . ,
1982).

Thus, the effect of taurine may involve an indirect mechanism

in the regulation of protein phosphorylation.

Before presenting data

on a possible mechanism for the taurine effect, a brief overview of the
regulatory pathway involving PKC is warranted.
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Signal Transduction Involving Protein Kinase C
Over three decades ago, Hokin and Hokin (1953) observed that
acetylcholine induces a rapid incorporation of [^^P]phosphate into
phosphatidylinositol (PI) and phosphatidic acid (PA). It later became
evident that this phosphate incorporation which resulted in cell
stimulation was due to the enhanced breakdown and resynthesis of
inositol phospholipid.

Presently, receptor-mediated hydrolysis of

inositol phospholipid is recognized as a common mechanism for transducing various extracellular signals such as certain hormones, neurotransmitters, antigens, some growth factors, and many other biologically active substances into the cell (Fisher and Agranoff, 1985; Berridge
and Irvine, 1989).

Berridge and colleagues (1983) demonstrated that

inositol 1,4,5-trisphosphate (IP3) , one of the early products of phosphatidylinositol 4,5-bisphosphate (PIP2) hydrolysis, mediates Ca**
mobilization from an intracellular store, probably the endoplasmic
reticulum (ER). IP3 is then recycled back through an inositol
phosphate cycle for resjmthesis to phosphoinositides.

The other

product of PIP2 hydrolysis which remains in the membrane, diacylglycerol (DG), was found to activate the specific protein kinase, PKC
(Nishizuka, 1984).

The signal pathway involving PKC and the signal

pathway involving Ca** are often synergistic in the control of various
cellular functions such as cell proliferation (Sano et al., 1983).

DG

is converted rapidly to phosphatidic acid and then back to inositol
phospholipid (PI turnover) so that PKC is active for only a short time
after the stimulation of the receptor (Fisher and Agranoff, 1985).
phosphorylation reactions activated by PKC are reversed by

The

y

109
phosphoprotein phosphatases.

The above signal cascade is illustrated

in Fig. 4.1.

Objectives
As shown in Fig. 4.1, the phosphorylation of PKC substrates is
under the influence of many factors.

To elucidate the sites(s) of

action of taurine we will determine 1) if taurine directly inhibits PKC
activity, 2) how taurine affects protein phosphorylation in different
subcellular fractions, 3) if taurine affects the intracellular Ca**
fluxes, and 4) if taurine alters PI turnover.

Materials and Methods
Reagents
'^^Ca radionuclide (10-75 Ci/g) were obtained from New England
Nuclear.

HEPES, histone III-S, phospholipid standards (PI, PA, PIP,

PIP2), leupeptin, soybean trypsin inhibitor, aprotinin, pepstatin A,
phosphatidylserine (PS), and DG were purchased from Sigma Chemical Co.
Silica Gel (13179) without fluorescent indicator was purchased from
Eastman Kodak Company,

Purification of Protein Kinase C
PKC was partially purified from the rat retina by a procedure
modified from the mehtod of Le Peuch et al, (1983),

Fresh retinas from

6 rats were removed and washed in ice-cold extraction buffer (20 mM
HEPES/NaOH, pH 7,5, 0.3 M sucrose, 2 mM EDTA, 10 mM EGTA, 2 mM diothiothreitol, 2 mM phenylmethylsufonyl fluoride, 10 /ig/ml pepstatin A, 10
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/ig/ml soybean trypsin inhibitor, 10 /ig/ml leupeptin and 25 /ig/ml
aprotinin) . The retinas were homogenized in 4 ml of the same buffer
with a Polytron homogenizer (2 times, 6 seconds each time); the homogenate was centrifuged at 100,000 x g for 1 hr.

The supernatant was

loaded on a DEAE-cellulose column (0.6 x 2.5 cm) equilibrated with an
eluting buffer (20 mM Hepes/NaOH, pH 7.5, 2 mM dithiothreitol, 2 mM
EDTA and 2 mM EGTA) . The column was washed with 5 vol of eluting
buffer, followed by washing with 2 vol of eluting buffer containing
0.1% Triton X-100 and finally 2 vol of eluting buffer.

The enzyme was

eluted with a linear gradient of NaCl (0 - 0.2 M) in eluting buffer (10
ml total).

The fraction (0.5 ml) with peak protein kinase C activity

was used as the source of the enzyme.

Preparation of Phospholipid Vesicles
Necessary for PKC Activation
Phospholipid vesicles were prepared according to the method of
Boni and Rando (1985) with modification.

Phosphatidylserine and

diacylglycerol (10:1) were mixed in chloroform which was removed by
drying under Nj flushing.

The lipids were then hydrated in 20 mM

HEPES/NaOH, pH 7.5 containing 2 mM dithiothreitol and 2 mM phenylmethylsulfonylfluoride and vortexed vigorously under Nj until clear.

Protein Kinase C Assay
The standard reaction mixture contained 20 mM HEPES/NaOH buffer,
pH 7.5, 0.5 mM CaCl2, 0.1 mM EDTA, 0.1 mM EGTA, 5 /iM ATP, 3.1 mM MgClj,
40 /ig/ml leupeptin, 800 /ig/ml histone III-S, and [7-^2p]ATP (1,000,000
cpm per tube).

For enzyme stimulation, 50 /ig phosphatidylserine and 5

113
/ig diacylglycerol (in vesicles) were added (modified from Boni and
Rando, 1985).

The mixture, 0.2 ml in plastic tubes, was incubated for

7 min. at 37°C.

The reaction was stopped by the addition of 2 ml 25%

trichloracetic acid, followed by collection of the acid precipitate on
Whatman GF/C filter paper.

The filter paper was then washed with 2 ml

5% trichloracetic acid for 3 times and assayed for radioactivity in
AquaMix liquid scintillation fluid.

Preparation of Synaptosomes
and Subcellular Fractions
A crude synaptosomal preparation (P2 fraction) was prepared from
the rat cortex as described in the Materials and Methods section of
Chapter II.
Further fractionation of the P2 pellet (see Fig. 2.4) involved
suspension in 0.32 M sucrose and separation by centrifuging at 100,000
g for 2 h on a discontinuous sucrose density gradient consisting of 0.8
and 1.2 M sucrose.

The resulting middle band (s)maptosomal fraction)

and the pellet (mitochondrial fraction) were collected.

The synap-

tosomal fraction was diluted by addition of an equal volume of distilled water and then centrifuged at 100,000 g for 60 min to yield a
synaptosomal pellet.

The synaptosomal fraction was lysed by

homogenization (8 strokes) with a Teflon pestle in 5.5 times its volume
of distilled water and then placed on ice for 30 min.

The disrupted

synaptosomes were centrifuged at 200,000 g for 90 min to yield a pellet
(P ) and a supernatant (S4). The S4 fraction was used as an intrasynaptosomal cytosol preparation after being concentrated 10- to 20-fold in
an Amicon B-15 concentrator.

X"
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Protein Phosphorylation Assay
The assay for phosphorylating the proteins of the different
subcellular fractions [S4 and/or mitochondrial fractions (- 1 mg)] and
the 2-D PAGE experiments were performed as described in the Materials
and Methods section of Chapter II.

Calcium Uptake Assay
The assay system for Ca** uptake according to Lombardini (1985a)
contained Krebs-bicarbonate buffer as above except CaCl2 was omitted,
100 /iM CaCl2 containing 0.5 /xCi *^Ca**, - 0.25 mg mitochondrial fraction, and 0.3 mM ATP and/or 10 mM taurine when indicated.
volume was 0.25 ml.

The final

The reaction mixtures minus calcium were prein-

cubated for 2 min at 37"C.

Ca** uptake was then initiated by adding

the Ca** to the reaction mixtures and continuing the incubation for an
additional 1 min at 37°C.

The reaction was terminated by addition of 4

ml of ice-cold medium and immediate filtration on a glass fiber filter
(Whatman GF/B filter) . The filter was washed three times with 4 ml of
the Krebs-bicarbonate buffer (minus CaClj) and then counted for radioactivity with liquid scintillation spectrometry.

The amount of *^Ca**

taken up by the mitochondrial fraction was determined by subtracting
the counts retained on the filter after a zero-time incubation with the
preparation.

All assays were performed in either duplicate or tripli-

cate incubation systems.
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Phosphoinositide Turnover Assay
Intact synaptosomes were suspended in a medium containing 100 mM
sodium glycylglycinate, 160 mM sucrose, 1 mM MgS04, 1 mM sodium
pyruvate, 2 mM sodium fumarate, 1 mM cytidine, 1 mM myo-inositol and
0.1 mM NaH2P04 with a pH of 7.4 (Fisher and Agranoff, 1980).

The

phosphoinositide turnover assay was conducted in the same medium in a
final volume of 0.5 ml with 30 /iCi [^^P]orthophosphate, - 2 mg synaptosomal preparation, and 20 mM taurine when appropriate.
tions were carried out for 45 min at 37"C with shaking.
conducted in duplicate incubation systems.

The incubaAssays were

The reaction was stopped by

adding 2 ml of ice-cold chloroform-methanol (1:2 v/v) and 0.5 ml of 10
mM EDTA (pH 7.4). The reaction mixtures were vortexed and centrifuged
at 1,000 g for 5 min.

The organic layer (chloroform, lower phase) for

each incubation tube was recovered and washed with 0.25 ml of 2.4 M HCl
and 2 ml of methanol-HjO (1:1 v/v).
again centrifuged.

The mixtures were vortexed and

The lower phase (chloroform) was collected and

evaporated to dryness under N2. The lipids were then dissolved in 80
/il of chloroform-methanol (2:1 v/v).
Aliquots of the chloroform-methanol mixture from each assay were
adjusted to contain equal amounts of radioactivity.

The mixture

containing the various phosphoinositides was then spotted on Kodak
silicone plates (13179) and separated by thin layer chromatography
using a solvent system consisting of chloroform-methanol-4 M NH4OH
(90:65:20 v/v/v).

The separated radioactive lipids (PI, PA, PIP, and

PIP2) were visualized by autoradiography, identified by comparing with
standards run on the same plate (visualized by placing the plate

'X
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iniodine chamber), scraped off, and counted by liquid scintillation
spectrometry.

The amount of each individual lipid is expressed as a

percent of the total radioactivity of the four lipids.

Electron Microscopy
A pellet of the mitochondrial fraction was subjected to electron
microscopy as described in the Materials and Methods section of Chapter
II.

Results
Direct Effect of Taurine on PKC Activity
In the incubation system containing partially purified PKC from
the retina, the phosphorylation of histones, PKC substrates, was stimulated about 5-fold by DG mixed with phosphatidylserine (PS) over
control (Fig. 4.2). However, addition of 25 mM taurine, a concentration of taurine in the rat retina considered to be physiologic
(Pasantes-Morales, 1985), did not have any effect on either unstimulated or stimulated phosphorylation of histone catalyzed by PKC.

The

taurine analogue GES and NaCl which was used as a control for the
increased ionic strength also did not alter PKC activity.

The above

experiments are the only exceptions (for historical reasons) that used
retinal tissue in the studies presented in this dissertation.

All the

following experiments were conducted utilizing the cortex from rat.
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Effects of Taurine on Protein
Phosphorylation in Different
Subcellular Fractions
Addition of 10 mM taurine to the incubation system containing a S4
fraction (intrasynaptosomal cytosol) did not have an inhibitory effect
on the phosphorylation of the -20K M, protein (Fig. 4.3). However, the
inhibitory effect of taurine was previously observed in Chapter II to
occur in an incubation system containing disrupted synaptosomes.

These

results suggest that the effect of taurine on the phosphorylation of
the ~20K M^ protein may depend on some component(s) in the synaptosomal
fraction that has (have) been excluded from the S4 fraction.

It was

further observed that taurine inhibited by 50% the phosphorylation of
the -20K M^ protein in an incubation system which contained a
reconstituted system composed of the S4 fraction (-0.7
chondrial fraction (-0.3

mg) and mito-

mg) as illustrated in Figs. 4.4 and 4.5.

Effect of Taurine on Calcium
Uptake in the Mitochondria
Calcium uptake assayed in the absence of exogenous ATP in the
mitochondrial fraction was stimulated approximately 90% by 10 mM
taurine (Fig. 4.6). The addition of ATP (0.3 mM) to the incubation
system increased calcium uptake over control values by approximately
240% while the combination of ATP plus taurine further stimulated
uptake by 25%.

Guanidinoethanesulfonate (GES) a structural analogue of

taurine had no effect on either ATP-dependent or ATP-independent
calciiom uptake.

These results indicate that the stimulatory effects of

taurine on calcium uptake are not due to an increase in the ionic
strength in the incubation medium.
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An electron micrograph of the mitochondrial fraction is shown in
Fig. 4.7.

Effect of Taurine on Phosphoinositide Turnover
The separation of [^^P]phosphate-labelled phosphoinositides by TLC
is shown in Fig. 4.8.

The effect of taurine on phosphoinositide

turnover is shown in Fig. 4.9.

Treatment with 20 mM taurine reduced

the accumulation of [^2p]PA in rat cortical synaptosomes by 17%.
Because PIP and PIP2 were not always well separated on TLC plates, a
combined value for these two phosphoinositides was reported.

The

accumulation of PIP + PIP2 and phosphoinositol (PI) was not significantly altered by taurine.
Since the phosphoinositides are mainly confined to the inner
leaflet of the plasma membrane (Fisher and Agranoff, 1985) and taurine
does not readily penetrate the plasma membrane, taurine was utilized at
a concentration of 20 mM in these experiments to allow sufficient
accumulation of taurine in the plasma membranes of the synaptosomal
preparation through the transport system for taurine (Hanretta and
Lombardini, 1987).

Discussion
It is evident that the immediate components of the pathway responsible for the state of phosphorylation of various protein substrates
are PKC and phosphatases (shown in Fig. 4.1). The rat retina is the
tissue in which the inhibitory effect of taurine on protein phosphorylation was first reported (Lombardini, 1985a).
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partially purified PKC from the retina and histone (Fig. 4.2), a
specific protein kinase C substrate, suggest that taurine does not have
a direct effect on PKC activity.
Therefore, a different approach was taken to examine the effect of
taurine on PKC and protein phosphatase activities in the rat cortex.
In the studies which utilize rat cerebral cortex, we tested the effects
of taurine on the phosphorylation of the -20K M, protein in the
intrasynaptosomal cytosol (S4) fraction.

It has been previously

reported in Chapter II that the phosphorylation of the -20K M, protein
occurs to the greatest extent in the S4 subcellular fraction.

Thus, if

the inhibitory effect of taurine on the phosphorylation of the -20K M,
protein involves a direct effect on the activity of either PKC
(inhibition) or phosphatase (activation), we should have observed
diminished phosphorylation of the ~20K M^ protein in the cytosolic
fraction which is known to contain high concentrations of PKC (Kikkawa
et al.. 1982) and phosphatases (Ingebritsen et al., 1983).

The nega-

tive results (Fig. 4.3) suggest that taurine may not have a direct
effect on PKC or phosphatase activities in the rat cortex.

These data

are in agreement with the results from the rat retina on PKC activity
(Fig. 4.2) and the report by Lombardini (1985a) that taurine does not
have any direct effect on phosphatase activity in the retina.
In addition, these data imply that the effects of taurine on
protein phosphorylation depend on a component or components present in
the sjmaptosomal fraction that have been removed from the S4 fraction
during the subcellular fractionation procedure.

One known component

that is removed during the fractionation procedure is the mitochondria.

X
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Data from the reconstitution experiments described in Fig. 4.4 and 4.5
support the involvement of mitochondria in the inhibition of protein
phosphorylation by taurine.
In Chapter III, we reported that the phosphorylation of the -20K
M, protein is Ca** dependent and requires PKC rather than cAMP, cGMP, or
calmodulin activated kinases.

It is also well known that mitochondria

have the ability to take up Ca** through an energy-linked process and
therefore play an important role in calcium homeostasis (McBurney and
Neering, 1987).

The energy needed for the uptake process can come from

either electron transport in mitochondria or the hydrolysis of ATP
(Lehninger, 1970).

Taurine is reported to stimulate ATP-dependent

uptake of Ca** into crude P2 fractions of the rat brain which contain
mitochondria (Pasantes-Morales et al., 1982) and into mitochondria of
the rat retina (Lombardini, 1988).

In the present studies we observed

a stimulatory effect of taurine on ATP-independent Ca** uptake in a
mitochondrial fraction prepared from the rat cortex.

Although taurine

also had a stimulatory effect on ATP-dependent Ca** uptake, in these
experiments the effects of taurine plus ATP appear to be in the same
magnitude as the effects of taurine minus ATP.

Thus, taurine may only

stimulate the ATP-independent component of the Ca** uptake in cortical
mitochondria.
uptake.

GES did not have a significant effect on this Ca**

This result is similar to a report in the literature for the

rat retina (Lombardini, 1988).

Thus, a potential consequence of the

stimulatory effect of taurine on Ca** uptake is to decrease Ca** levels
in the cytosol and thereby alter Ca**-dependent phosphorylation of some
proteins including the -20K M^ protein.

•^
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Plasma membranes in addition to mitochondria were also excluded by
the subcellular fractionation procedure in the process of preparing the
S4 fraction.

Thus the S4 fraction does not possess the enzymes and

substrates necessary for phosphoinositide turnover (Fig. 4.1) which are
localized in plasma membranes (Fisher and Agranoff, 1985).

In this

pathway the hydrolysis of PIPg by Pl-phospholipase C (PLC) produces the
second messengers DG and IP3. DG activates PKC and IP3 liberates Ca**
from the ER.

Both of these actions result in an enhanced phosphoryla-

tion of PKC substrates.

Thus, if taurine has an inhibitory effect on

PLC activity resulting in a decrease in phosphoinositide turnover, the
levels of DG and PI3 should decrease while the levels of PIPj should
increase.

The net effect of these actions would be a decrease in PKC

activity and thus a decrease in the amount of phosphorylated -20K M^
protein.
It is reported in Fig. 4.9 that the addition of taurine to the
intact synaptosomal system produced a decrease in the accumulation of
PA (an indirect measurement of DG) while not having a significant
effect on the accumulation of the combined levels of PIP and PIP2.

Due

to technical problems the resolution of PIP and PIP2 was not sufficient
in every experiment to analyze each phosphoinositide separately and
thus an increase in PIPj might have been masked.

However, these

results still suggest an inhibition of phosphoinositide turnover by
taurine.

This observation is also supported by the results of Kuriyama

and colleagues (1989) which is shown in Fig. 4.10.

They demonstrated

that taurine inhibits IP2 (an indirect measurement of IP3) accumulation
in cardiac slices.

iUMkv

As shown in Fig. 4.1, IP3 which causes the release
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of Ca** from the ER is another product of PIP2 hydrolysis.

Since DG and

Ca** activate PKC in a synergistic fashion (Nishizuka, 1986), the
relatively mild decrease in DG accumulation (17%, indirect measurement)
observed in our experiments (Fig. 4.9) plus the decrease of Ca** levels
caused by both the increase of Ca** uptake in the mitochondria (Fig.
4.6) and the decrease of IP3 accumulation could result in a significant
reduction of PKC activity.

Thus, the effects of taurine on the phos-

phoinositide pathways could also explain its inhibitory effect on the
phosphorylation of the -20K M^ protein.
It has also been demonstrated previously that the activity of PLC
which hydrolyzes PIP2 in rat brain is not dependent on calcium levels
(Irvin et

al. , 1984).

Thus we consider at this moment that the inhibi-

tion of phosphoinositide turnover by taurine is not a direct result of
the effect of taurine on Ca** uptake in the mitochondria.
Based on the above findings we suggest the following inhibitory
mechanism for taurine (Fig. 4.11) which is involved in the regulation
of the phosphorylation of specific proteins in the cell.

First,

taurine inhibits the hydrolysis of PIP2 which results in reduced
production of DG and IP3.

Second, due to the reduction of DG, PKC is

not fully activated resulting in decreased phosphorylation.

Third, due

to the reduction in IP3 levels less Ca** is released from the ER which
reduces PKC activity.

Fourth, taurine stimulates Ca** uptake into

mitochondria which also results in lower cytosolic Ca** levels causing
a further reduction in PKC activity.
An important question concerning this model is the relatively
specific effect of taurine on the phosphorylation of cortical proteins.
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Only a few proteins were observed to be affected.

If taurine is indeed

reducing the cytosolic levels of Ca** should not the phosphorylation of
a large number of proteins be affected?

The answer to this question

perhaps lies in the Ca** dependency of PKC and its sensitivity to fluctuations in Ca** levels.

The Ka of PKC for Ca** is normally about 90 /iM

which is lowered to less than 1 /iM when various forms of diacylglycerol
are added to the system (Takai et al. , 1979; Mori et al. , 1982).

As a

result, DG stimulates PKC activity (using histone as substrate) by as
much as 15 fold by increasing the affinity of PKC for Ca**.

Phorbol

esters activate PKC by a similar mechanism (Castagna et al., 1982).
Thus, PKC activity is very sensitive to changes in Ca** levels during
activation because of the raised affinity for Ca**.

On the contrary,

the calmodulin system has a fairly constant affinity for Ca** (Klee et
al., 1980) so that its activity may not be sensitive to minor fluctuations in the Ca** levels.

In addition, DG which activates PKC syner-

gistically with Ca** is also reduced by taurine.

The combined effects

of taurine on mitochondrial Ca** uptake and DG levels, therefore, may
impact on PKC activity resulting in an effect on the phosphorylation of
only a few PKC substrate proteins being affected.
Yet another possibility for the specificity of taurine on the PKC
system is that PKC is not just one enzyme.

At least seven subspecies

of PKC (Table 4.1) have been identified in various tissues (Nishizuka,
1988).

These isozymes of PKC are distinctly expressed and localized in

various tissues, cells within a specific tissue, and even different
compartments within a single cell.

In addition the sensitivities to

Ca** of these various subspecies of PKC also vary.

"^
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TABLE 4.1.

Subspecies of protein kinase C from mammalian ti ssues

Subspecies

a

^

^

Amino-acid residues

672

671

673

697

Calculated molecular
weight

76,799

76,790

76,933

78,366

Chromatographic
sub-fraction

type III

type II

type I

Chromosome
location (human)

17

16

19

PS+DG+Ca**
AA+Ca**

PS+DG+Ca**

PS+DG+Ca^*
AA

Activators

*

Tissue expression

Universal

Some
tissues
& cells

Many
tissues
& cells

Brain 6e
spinal
cord only

^
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TABLE 4.1.

continued

Subspecies

Amino-acid residues

673

737

592

Calculated molecular
weight

77,517

83,474

67,740

Chromatographic
sub-fraction

not
identified

not
identified

not
identified

PS+DG+(Ca**)

PS+DG+(Ca**)

tissues

only

Chromosome
location (human)
Activators
Tissue expression

PS+(DG+Ca**)
Many
**
tissues

PS, phosphatidylserine; DG, diacylglycerol; AA, arachidonic acid.
JL

The activators for each subspecies are determined with calf thymus
HI histone as phosphate acceptor.
**

The tissue expression is estimated only by Northern blot analysis.
(From Nishizuka, 1988).
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(Nishizuka, 1988) shows the effect of changing Ca** levels on activity
of different subspecies of PKC when activated by diacylglycerol.

The

sensitivity of the enzymes to the Ca** level varies over a wide range.
Thus, it is quite possible that the isozyme of PKC that phosphorylates
the -20K protein plus a few other proteins may be more sensitive to
fluctuations in Ca** levels than the other subspecies of PKC.
Finally, the effect of taurine on protein phosphorylation is
concentration dependent.

A relatively specific inhibitory effect was

observed at 10 mM taurine while at 20 mM taurine the inhibition of
protein phosphorylation was general (see Chapter II).

At the higher

concentration of taurine, the effect on mitochondrial calcium uptake
may be pharmacologic and consequently Ca** levels may be reduced to
concentrations low enough to affect activities of other subspecies of
PKC and also the Ca**/calmodulin-dependent protein kinase system.

In

the rat cortex, the content of taurine is 5-11 /imoles/g wet tissue
(Lombardini, 1976); more than 70% of the taurine is reported to be in
the cytoplasm (Agrawal et al. , 1971; Rassin, 1972; Rassin et al. ,
1977).

Therefore, the effects of taurine that we observed at 10 mM

concentration are more likely to be physiologic.
Besides the mechanism depicted in Fig. 4.11 there may be still
other possible mechanisms for explaining the effects of taurine on
protein phosphorylation.

For example, taurine may be able to bind to

the -20K M^ protein and thereby block phosphorylation sites.
While the present studies were focused only on the -20K M^
protein, the proposed mechanisms can be extended to at least two other
proteins (observed in the vicinity of the -20K M, protein on the 2-D
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gel. Fig. 4.5) whose phosphorylation is inhibited by taurine.

However,

these other phosphoproteins were barely detectable unless their
phosphorylation was stimulated by PMA (see Fig. 3.6 in Chapter III).
In conclusion it is well-established that PKC is involved in the
transmission of external signals from the exterior to the interior of
the cell.

It has been proposed that PKC has a function in mediating

the release of various neurotransmitters including acetylcholine (Tanka
et al., 1984; Nichols et al., 1987; Guitart et al., 1990), norepinephrine (Nichols et al., 1987), and dopamine (Zurgil and Zisapel, 1985;
Kato et al., 1990; Davis and Patrick, 1990).

In this context, we and

others have demonstrated in the rat brain that 1) taurine inhibits PKCactivated phosphorylation of certain proteins in nerve terminals (see
Chapter III), 2) taurine stimulates the uptake of Ca** into
mitochondria (Fig. 4.7) which subsequently should reduce the cytosolic
Ca** levels (Pasantes-Morales et al., 1982), and 3) taurine inhibits
the release of acetylcholine (Kuriyama et al., 1978; Cunningham and
Neal, 1983; Whitton et al., 1988), norepinephrine (Kuriyama et al.,
1978), and dopamine (Arzate et al., 1986) in various brain regions.
Thus, taurine may have a function in the complex series of reactions
involved in protein phosphorylation and neurotransmitter release.

The

results of the present studies support a role for taurine in the CNS.
Further studies are warranted to define the physiologic meaning of the
effects of taurine on the phosphorylation of specific proteins in the
brain.

•
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CHAPTER V
POTENTIAL FUNCTIONS OF TAURINE RELATED TO
ITS EFFECT ON THE PHOSPHORYLATION
OF THE -20K M, PROTEIN

Introduction
In the previous three chapters we described the effects of taurine
on the phosphorylation of specific proteins in rat cortical sjmaptosomes, the regulation of the phosphorylation of the specific
proteins, and postulated mechanisms by which taurine interferes with
the phosphorylation system.

All of these results suggest a potential

modulating role for taurine in the nerve terminal, particularly on
synaptic transmission.

In this chapter potential functions of the

effect of taurine on specific protein phosphorylation, particularly the
phosphorylation of the -20K M^ protein, will be discussed.
Much effort has been made by scientists attempting to understand
the process of neurotransmitter release.

Although it is not yet fully

understood, many concepts important for the regulation of neurotransmitter release have been documented.

First, there is compelling

experimental evidence suggesting that neurotransmitters stored in
synaptic vesicles are released by fusion of these vesicles to the
plasma membrane.

Vesicle fusion is triggered by an increase of Ca**

levels in the cytosol as a result of influx through specific Ca**
channels that are opened in response to depolarization of the plasma
membrane (reviewed by Reichardt and Kelly, 1983).
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The Ca** needed for vesicle fusion is proposed to be transferred
to the synaptic vesicles by a class of molecules referred to as
calcium-binding proteins.

Calmodulin is an example of one of these

proteins (Reichardt and Kelly, 1983).

The concentration of calmodulin

in nerve tissue is approximately 10 /iM (Klee and Vanaman, 1982).

Each

calmodulin molecule can bind up to four Ca** ions (Klee and Vanaman,
1982).

Calmodulin has the ability to bind to synaptic vesicles

(DeLorenzo, 1980; Hooper and Kelly, 1982) and other secretory granules
(Burgoyne and Geisow, 1981; Geisow et al., 1982; Grinstein and Furuya,
1982).

The binding of calmodulin to synaptic vesicles increases the

amount of Ca** on the surface of the synaptic vesicles and thus induces
vesicle fusion (Reichardt and Kelly, 1983).
There are other Ca**-binding proteins found in the brain that are
thought to be involved in Ca** transport and/or neurotransmitter
release such as synexin (Reichardt and Kelly, 1983), calbindin D-28K
(Pinol et

al., 1990), and a group of at least six Ca**-binding proteins

called annexins (Klee, 1988; Woolgar et al., 1990).

Recently, a

transmembrane protein from synaptic vesicles named synaptophysin was
found to be a major Ca**-binding protein of the synaptic vesicle
membrane (Rehm et al., 1986).

Synaptophysin is also subjected to

phosphorylation (Pang, et al. , 1988).

The role of Ca**-binding

proteins in synaptic transmission is receiving considerable attention.
Thus, we pose the question whether the -20K M^ protein that we are
studying is also a calcium-binding protein.
the regulation of neurotransmitter release?

"N

If so, is it involved in
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There is also substantial evidence that neurotransmitter release
is correlated with phosphorylation (DeLorenzo, 1982; De Camilli and
Greengard, 1986; Shapira et al., 1987).

A well-characterized protein

in the nerve terminal, synapsin I, was found to facilitate neurotransmitter release in its phosphorylated form (De Camilli and Greengard,
1986).

This protein is usually associated with the membranes of

synaptic vesicles.

In the presence of Ca**, synapsin I is phosphory-

lated upon depolarization and translocated into the cytosol.

The

dissociation of phospho-s3mapsin I from the vesicle membrane is thought
to facilitate vesicle fusion (Sihra et al., 1989).
Finally, protein kinase C (PKC), a Ca**-dependent protein kinase,
has been implicated in the regulation of neurotransmitter release.
Phorbol esters (PKC activators) potentiate S3niaptic transmission in the
hippocampus (Malenka et al., 1986) and the squid giant synapse
(Shapira, 1987).

The neurotransmitters whose release is potentiated by

phorbol esters are acetylcholine (Tanka et al., 1984; Nichols et_ al..
1987; Guitart e^ al., 1990), norepinephrine (Nichols et al., 1987), and
dopamine (Zurgil and Zisapel, 1985; Kato et al., 1990; Davis and
Patrick, 1990).

However, the substrate protein(s) for PKC involved in

the regulation of neurotransmitter release has(have) not been
identified.

Therefore, how PKC is involved in neurotransmitter release

remains unknown.
Taurine which inhibits PKC activated phosphorylation of specific
proteins (this dissertation) is reported to inhibit the release of
acetylcholine, norepinephrine and dopamine (see Chapter I, page 18).
Thus, it is proposed that there is a cause-effect relationship between

•wm
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these two events.

If such a cause-effect relationship can be demon-

strated, the role of taurine and the proteins whose phosphorylation is
inhibited by taurine, particular the -20K M, protein, can be explained.
One of the mechanisms for terminating the actions of amino acid
neurotransmitters involves a rapid uptake of the compound into nerve
terminals or glial cells (Hosli et al., 1986).

In this context, the

uptake of GABA, a known amino acid neurotransmitter, into neurons,
astrocytes, and synaptosomes is inhibited by taurine (Larsson et al.,
1986; Debler and Lajtha, 1987).

This effect of taurine consequently

should enhance the actions of GABA or produce a GABA-like effect and
perhaps can explain at least part of the neuroinhibitory effects of
taurine.

Thus, another question to be considered is whether a connec-

tion exists between the effects of taurine on GABA uptake and on
protein phosphorylation?
With this information in mind, we designed the experiments
described in this chapter to probe the function of the -20K M^ protein
and determine the physiologic meaning of the inhibitory effect of
taurine on the phosphorylation of the ~20K M^ protein.

Objectives
In this chapter three possibilities concerning the potential
functions of the -20K M^ protein with respect to the effect of taurine
on its phosphorylation will be examined.

It will be determined if

taurine inhibits the release of norepinephrine (NE) from synaptosomes
and if this effect correlates with the phosphorylation of the -20K M,

.-r^
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protein.

The same approach will be used to determine if there is a

correlation between the effects of taurine on GABA uptake and the
phosphorylation of the -20K M, protein.

Finally, whether the -20K M,

protein is a calcium-binding protein will be determined.

Materials and Methods
Reagents
[3H]GABA

(97.3 Ci/mmol) and dl-[7-3H]norepinephrine (16.8 Ci/mmol)

were purchased from Amersham Co.

Pargyline was obtained from Sigma

Chemical Co.

Effect of Taurine on Norepinephrine
Release from Synaptosomes
Intact cortical synaptosomes (P2 fraction) were prepared from rat
as described in the Materials and Methods section of Chapter III.
The synaptosomal preparation (1.5 mg of protein per tube) was suspended
in 200 /il of oxygenated HEPES-buffered saline solution (HBS)[142 mM
NaCl, 2.4 mM KCl, 1.2 mM K2HPO4, 1 mM MgS04, 5 mM D-glucose,

0.5 mM

ascorbic acid, and 10 mM HEPES (pH 7.4 adjusted with 1 M Tris)] containing 20 /iM pargyline (MAO inhibitor).

The [^H]NE was preloaded into

the synaptosomes by incubating the sjmaptosomes with 0.05 /iM [^H]NE (1
/iCi) at 37°C for 10 min in a shaking water bath.

The uptake of [^H]NE

was terminated by addition of 4 ml ice-cold HBS and the synaptosomes
were immediately vacuum filtered on Whatman GF/B filters.

The filters

were rapidly washed 3 times with 4 ml of ice-cold HBS.
Neurotransmitter release was then assayed in a superfusion system
with slight modifications of the methods described by Hanretta and
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Lombardini (1986).

The moist filters containing the loaded synap-

tosomes were transferred to incubation chambers (Fig. 5.1) and 1.6 ml
of HBS were added to the chambers.

The chambers (kept at 37°C in a

water bath) were capped and the filters superfused with HBS (37°C, 0.5
ml/min).

The filtrate (2-min fractions) was collected directly into

liquid scintillation vials.

In the four chambers of the superfusion

system one contains normal HBS and the other three contain HBS with 30
mM taurine, GES, or glycine, respectively.

The additions of the three

amino acids were maintained throughout the whole experiment.

After a

superfusion period of 36 min which allowed sufficient time for the
efflux of [^H]NE to reach a constant rate of release (Cotman et al.,
1976) and for the uptake of the three amino acid by the synaptosomes
(Hanretta and Lombardini, 1987), 2 ml of HBS solution containing 30 mM
KCl (the ionic strength was maintained isoosmolar with the original HBS
buffer by reducing the NaCl concentration to 116.8 mM) were added to
the chambers.

Five ml of regular HBS solution were added to the

chambers to wash away the initial high K* levels.

After baseline was

obtained, another 2 ml of HBS solution containing 30 mM KCl and 2.5 mM
CaClg were added to the chambers followed by 5 ml of regular HBS
solution.

At the end of experiment, the filters containing sjmap-

tosomes were placed in scintillation vials.

The filters and filtrates

were counted for radioactivity in 5 ml Aquasol.
A fractional rate of [^H]NE release was calculated for each sample
by dividing the radioactivity released in each 2-min fraction by the
radioactivity remaining in the Pj fraction in the preceding 2-min
fraction (Levi et al., 1980).
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[ H]NE release were calculated as negative slopes for the regression
lines of the logarithm of the percentage of radioactivity remaining in
the Pg fraction vs superfusion time in minutes.

Efflux rate constants

were determined using superfusate counts from 16-min to 36-min fractions (linear part of the efflux curve).

Evoked release was quan-

titated by measuring the area under the superfusion curve using the
SigmaScan program (Jandell Scientific, Carte Madera, CA).

Effect of Taurine on GABA Uptake
in Synaptosomes
Intact cortical synaptosomes were prepared as described in the
Materials and Methods section of Chapter III. The pellet of the P2
fraction was used directly for the [^H]GABA uptake assay or the pellet
was further subjected to osmotic shock by homogenization (8 strokes)
with a Teflon pestle in 5.5 times its volume of distilled water and
then placed on ice for 30 min. Incorporation of [^H]GABA in the two
preparations was compared.

Uptake of [•^H]GABA was measured at 37"C for

1 min in a Krebs-bicarbonate buffer (NaCl, 118 mM; KCl, 4.7 mM; KH2PO4,
1.2 mM; MgS04, 1.17 mM; CaCl2, 2.5 mM; NaHC03, 25 mM; pH 7.4). The
incubation medium also contained 10 /iM [^H]GABA (0.5 /iCi) , P2 fraction
(-0.25 mg, determined by the procedure of Lowry et al. (1951), and GES
or taurine when appropriate.

The final volume was 0.25 ml. The

samples were preincubated for 2 min in a shaking water bath at 37°C,
and the uptake assay was started by the addition of [^H]GABA. The
reaction was stopped by filtration on Whatman glass fiber filters
(GF/B) under vacuum and then rinsing 3 times with 3 ml of ice-cold
buffer.

The specific uptake of [^H]GABA was calculated from the total
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cpm retained on the filter minus the cpm obtained with a zero time
incubation.

All assays were conducted in duplicates.

Uptake of

[^H]GABA was linear for approximately 5 min.

Binding of Ca** to the -20K M, Protein
Rat cortical synaptosomes were prepared and hypoosmotically
shocked as described in the Materials and Methods section of Chapter
II.

The disrupted P2 fraction was phosphorylated and subjected to SDS-

PAGE as described in the Materials and Methods section of Chapter II.
Calmodulin (4 /ig) was loaded onto the gel as a positive control.

After

electrophoresis the separated proteins in the gel were electrophoretically transferred to a nitrocellulose membrane according to the
method of Towbin e^ al.. (1979).

Briefly, the nitrocellulose membrane

was placed on the gel and then both components were sandwiched between
filter paper and two chemical sponge sheets in a BIO-RAD TRANS-BLOT
cell containing electrode buffer [20% methanol, 0.025 M Tris, and 0.129
M glycine (pH 8.5)].

Transfer was performed at a constant current of

100 mA for 3 h at room temperature.

After transfer, the proteins were

labelled with *^Ca according to the method of Maruyama et al. (1984).
Briefly, the membrane was soaked in a solution containing 60 mM KCl, 5
mM MgClj, and 10 mM imidazole-HCl (pH 6.8); the buffer was changed two
to three times in an hour to wash away the electrode buffer.

The

membrane was incubated in the same buffer containing 1 mCi/liter *^Ca**
for 10 min. The membrane was rinsed with distilled water for 5 min and
dried by blotting with filter paper and setting at room temperature for
overnight.

The binding of *^Ca** to the proteins was visualized by

"N
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exposing the membrane to Kodak XAR-5 X-ray film for 12-24 h. The
proteins were visualized by staining the membrane in a solution containing 0.1% amido black, 50% methanol and 10% acetic acid for 5 min,
and destained with 50% methanol and 10% acetic acid.

Results
Norepinephrine Release from Synaptosomes
The release of [^H]NE from rat cortical synaptosomes is
illustrated in Fig. 5.2. In general, at 16 min of perfusion time the
release of [^H]NE reached a steady baseline which represents spontaneous release.

Addition of 30 mM K* in the perfusion medium induced

a minor increase of [^HjNE release.

In the presence of 2.5 mM Ca**, 30

mM K* depolarized the synaptosomal membrane and elicited a major
increase of

[3H]NE

efflux.

As presented in Tables 5.1, 5.2, and 5.3 none of the three tested
agents--taurine, GES, and glycine--significantly altered the above
three components of [^H]NE release compared to control values.

GABA Uptake in Synaptosomes
The incorporation of [^H]GABA into the P2 fraction and the hypoosmotically shocked Pj fraction were compared to examine whether the
incorporation represents GABA uptake or binding.

Presumably, intact

synaptosomes are able to retain accumulated GABA in this preparation
while lysed synaptosomes do not have this ability.

The results re-

ported in Table 5.4 demonstrate that the incorporation of [^H]GABA in
the hypoosmotically shocked preparation is only 12.5% compared to the
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TABLE 5.1.

Rate constants of spontaneous release of [^H]NE from
cortical synaptosomes

Efflux rate constants
(X 10-3 njin-1)

Treatment

n

Control

4

8.7 ± 1.8

Taurine (30 mM)

4

9.6 ± 2.1

GES (30 mM)

4

11.0 ± 2.6

Glycine (30 mM)

3

9.2 ± 3.3

Data are presented as means ± SEM and analyzed by ANOVA combined with
Duncan's multiple-range test.

^
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TABLE 5.2.

Ca**-independent, K* (30 mM)-evoked release of
from cortical synaptosomes

Treatment

n

Control

4

2.3 ± 1.0

Taurine (30 mM)

4

2.7 ± 0.5

GES (30 mM)

4

1.6 ± 0.3

Glycine (30 mM)

3

3.5 ± 0.9

[3H]NE

Release
(arbitrary units)
[3H]NE

release was measured as the area under the release curve (Fig.
5.2) in arbitrary units.
[3H]NE

Data are presented as means ± SEM and analyzed by ANOVA combined with
Duncan's multiple-range test.
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TABLE 5.3.

Ca**-dependent, K* (30 mM)-evoked release of
from rat cortical synaptosomes

[3H]NE

Treatment

n

Release
(arbitrary units)

Control

4

7.6 ± 1.3

Taurine (30 mM)

4

6.6 ± 1.0

GES (30 mM)

4

6.7 ± 1.1

Glycine (30 mM)

3

6.7 ± 0.5

[3H]NE

release was measured as the area under the release curve (Fig.
5.2) in arbitrary units.
[3H]NE

Data are presented as means ± SEM and analyzed by ANOVA combined with
Duncan's multiple-range est.
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activity in the untreated P2 fraction.

The residual activity obtained

for the shocked P2 fraction (0.063 ± 0.009 nmol/mg/min) may be the
result of intact synaptosomes which were not disrupted by hypoosmotic
shock, resealed vesicles, and/or binding.
The effects of taurine and GES on GABA uptake into rat cortical
sjmaptosomes are illustrated in Fig. 5.3.

Taurine inhibited GABA

uptake in a dose related manner with an inhibition rate of about 25% at
10 mM.

However, GES is a more potent inhibitor of GABA uptake

(approximately 70% at 10 mM).

Ca** Binding to the -20K M, Protein
The binding of *^Ca** to the proteins of rat cortical synaptosomes
and exogenous 'calmodulin determined by autoradiography is shown in Fig.
5.4.

The binding of ^^Ca** to 4 /ig calmodulin can be observed as a dark

band corresponding to a molecular weight of approximately 17K-19K.
Very light band (not visible in Fig. 5.4) were observed at approximately 50K, 42K, 38K, and 16K in the Pj fraction (A and B).

However, in

the region corresponding to proteins with a -20K molecular weight there
is no radioactivity that can be detected for either unphosphorylated or
phosphorylated proteins of the synaptosomal preparation.

Discussion
Kuriyama and colleagues (1978) reported that taurine inhibits
depolarization-elicited

[3H]NE

release from a crude synaptosomal (Pj)

fraction prepared from rat cerebral cortex.

However, in the above

experiments utilizing similar conditions we failed to demonstrate such
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TABLE 5.4.

Comparison of [3H]GABA uptake in the P2 fraction and hypoosmotically shocked P2 fraction

Preparation

Uptake
(nmol/mg/min)

%

P2 fraction

0.503 ± 0.048

100

Hypo-osmotically
Shocked P2 fraction

0.063 ± 0.009'

12.5

N

[3H]GABA

Data are presented as means ± SEM. N = number of experiments.
Significant differences between the treated and control groups were
determined by the Student's t-test (*P < 0.001).
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an effect for taurine (Fig. 5.2 and Table 5.3). The other two
analogues of taurine, GES which does not inhibit the phosphorylation of
the -20K Mr protein and glycine which inhibits the phosphorylation of
the -20K M, protein to a weaker extent than taurine (Table 2.1), also
did not have any significant effect on

[3H]NE

release.

From our data

we cannot confirm the reported inhibitory effect of taurine on

[^]NE

release and therefore do not have evidence for a correlation between NE
release and the phosphorylation of the -20K M, protein.

On the other

hand, the slightly different experimental conditions we used may have
prevented us from observing an inhibitory effect of taurine on [^HjNE
release.

For example, Kuriyama and colleagues used Krebs-Ringer Tris-

HCl solution for perfusion instead of HBS solution.

The HEPES com-

ponent of the HBS solution used in the above experiments might have
interacted in some unknown manner with taurine or the synaptosomal
fraction and thereby masked the effect of taurine.

Further studies are

thus needed to determine whether taurine indeed inhibits neurotransmitter release and whether this action is mediated via the phosphorylation
of the -20K M, protein.
In the experiments that measured GABA uptake in sjmaptosomes, we
demonstrated an inhibitory effect for taurine (Fig. 5.3). This observation is in agreement with the literature (Larsson e^t al. , 1986;
Debler and Lajtha, 1987).

Inhibition of GABA uptake could consequently

result in an enhancement of the physiologic effects of GABA which can
explain part of the neuroinhibitory effects of taurine.

Such a

mechanism, i.e., elevated GABA levels due to inhibition of GABA uptake
by taurine, can also explain the similar electrophysiologic actions of
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taurine with GABA.

The delay in the onset of the electrophysiologic

action of taurine compared to GABA (Chapter I, page 2) may actually be
due to the time needed for GABA levels to be increased.

Thus, at least

some of the actions of taurine may be indirect due to an increase in
GABA levels.

The explanation is supported by the observation that GES,

which has a similar electrophysiologic effect as taurine (Okamoto et
al., 1981), also inhibits GABA uptake.
The finding that GES, which does not inhibit the phosphorylation
of the -20K M, protein (Table 2.1), has an even more potent inhibition
on GABA uptake (Fig. 5.3) refutes the possibility that the inhibitory
action of taurine on GABA uptake is mediated via the phosphorylation of
the -20K M^ protein since GES has no effect on protein phosphorylation.
Deviating from the topic of this dissertation on the role of
taurine in the rat cortex, an interesting inhibitory effect of GES on
GABA uptake in synaptosomes was observed.

GES has been utilized in

many investigations (Huxtable e.t al., 1979; Lombardini, 1981; PasantesMorales et

al. , 1983) to deplete tissue levels of taurine in whole

animals due to its inhibition of taurine uptake.

However, our current

results demonstrate that GES has actions in addition to its effects on
taurine uptake, i.e., inhibits GABA uptake (Li and Lombardini, 1990).
Therefore, one should be well aware of the multiple effects of GES and
caution must be exercised when interpreting the data of experiments
utilizing GES to deplete taurine.
The results of the ^Ca** binding assays shown in Fig 5.4 suggest
that the -20K M, protein does not bind Ca** to a significant extent
either in its unphosphorylated form or phosphorylated form.

N

Thus, this
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protein may be involved in the regulatory process by ways other than as
a Ca**-binding protein.
Considering the objectives of this chapter--to elucidate the
biological function of the -20K M, protein related to the effect of
taurine on its phosphorylation, the data presented above are unfortunately all negative.

Nevertheless, as two experienced

investigators (Nestler and Greengard, 1983) commented "It is one thing
to detect and characterize a protein as a phosphorylated band on an
SDS-polyacrylamide gel.

Elucidating the biological function of such a

protein is a much more formidable task."

The exploration of the

physiologic meaning of the effects of taurine on protein
phosphorylation will require long term efforts, and thus more rigorous
research is warranted.

CHAPTER VI
GENERAL DISCUSSION AND CONCLUSIONS

In the previous four chapters (II, III, IV, and V) experiments
were conducted according to the General Objectives stated in Chapter I.
In the following discussion, the conclusions presented in each of the
four chapters are integrated and interpreted in order to arrive at a
more comprehensive understanding of the role of taurine on the net
phosphorylation of specific proteins in the brain.

The Specificity of the Effect of Taurine
on Protein Phosphorylation
In Chapter II we observed a decreased net phosphorylation of two
proteins (-140K and ~20K M^) caused by taurine at a physiologic concentration (10 mM) . The effect of taurine on the -20K M^ protein has
certain structural requirements which rules out the possibility of this
effect being only an ionic effect.

In Chapter III we observed two

additional phosphoproteins whose net phosphorylation was decreased by
taurine in the vicinity of the -20K M^ protein on 2-D gels when the
phosphorylation was stimulated by PMA.

Since the detection of phospho-

proteins on autoradiographs varies with the experimental conditions, it
is quite possible that taurine may also affect the phosphorylation of
even more proteins which were not observed on the autoradiographs under
our experimental conditions.

However, the inhibitory effect of taurine

at 10 mM on net phosphorylation appears indeed to be limited to some of
the proteins whose phosphorylation was catalyzed by PKC.

Thus, it may

be appropriate to state that taurine inhibits the phosphorylation of
175
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specific PKC substrates at physiological concentrations.

These PKC

substrates which are affected by taurine may have different functions.
Therefore, taurine could have multiple effects in the cell by affecting
multiple proteins.
At a concentration of 20 mM, taurine decreases the net phosphorylation of many proteins resulting in a reduced total protein phosphorylation.

This non-specific decrease of net protein phosphorylation

caused by taurine appears to be pharmacological although it is not
clear if this general effect is calcium-dependent or not.

Subcellular Localization of the
-20K M, Protein
The subcellular localization of a protein is important information
pertinent to its function.

Although taurine decreases the phosphoryla-

tion of more than one protein, the ~20K M^ protein appears to be the
major one affected and it was thus the major object of studies conducted in this dissertation.

Information on the subcellular localiz-

ation of the ~20K M^ protein obtained in Chapter II was limited because
only the phosphorylated form of this protein was identified by autoradiography.

The lack of a purified -20K M^ protein prevented us from

employing more sophisticated techniques in its characterization, such
as immunohistochemical methods.
Protein phosphorylation is dependent upon the concentrations of
protein kinases and phosphatases which are not evenly distributed in
various subcellular fractions (Kikkawa et al., 1982; Ingebritsen et
al., 1983).

Therefore, although the -20K M, protein was found to be

highly phosphorylated in the intrasynaptosomal (soluble) fraction, it
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cannot be absolutely ruled out that this protein may also be localized
in other subcellular fractions, such as the synaptic vesicles.

It is

also possible that a translocation of the protein has occurred during
the intricate processes of subcellular fractionation and/or hypoosomotic shock.

For these reasons, in designing the experiments

conducted in Chapter V, we did not restrict our thinking concerning the
subcellular localization of the -20K M^ protein to a particular compartment.

In addition, the subcellular localization of the other two

proteins whose phosphorylation was activated by PMA and inhibited by
taurine was unknown.

To determine the subcellular localization of the

above proteins further studies utilizing iimnunohistochemical techniques
are warranted.

Mechanism of the CNS Actions of Taurine
As stated in the General Objective section of Chapter I, the
purpose of this dissertation is to understand the mechanism(s) of the
CNS actions of taurine at the molecular level.

In the course of these

studies, we discovered the inhibitory effect of taurine on PKCcatalyzed phosphorylation of various brain proteins.

Because of the

importance of protein phosphorylation in the regulation of cellular
functions (see pages 25 and 149), this inhibitory effect of taurine may
have profound physiological meanings although we were not able to
identify the specific functions of these phosphoproteins.
The inhibition of taurine on protein phosphorylation may be a
consequence of its effects on phosphoinositide turnover and Ca** uptake
in mitochondria as suggested in Chapter IV.

How taurine affects these
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two processes at the molecular level is as yet not clear.

However, the

potential roles for taurine shown in Fig. 4.11 may explain the neuroinhibitory effects of taurine.
The modification of protein phosphorylation involving PKC is
directly related to biological responses.

Ca** is essential for

maintaining the excitability of neuronal cells.

Thus, reduced PKC

activity and decreased Ca** levels will result in reduced biological
responses and excitability of nerve tissue.

Potential Functions of Taurine in the Brain
In the Summary section of Chapter I a triangular model was
proposed for the actions of taurine (page 22). After conducting the
experiments in this dissertation, we obtained evidence supporting two
parts of the model.

We demonstrated that taurine inhibits PKC-

catalyzed phosphorylation of specific proteins in the brain and this
inhibition appears to be at least partially a result of its effect on
reducing cytosolic Ca** levels.

Although we failed to observe the

reported inhibitory effect of taurine on norepinephrine release, the
possibility of an inhibitory action on neurotransmitter release is
still strongly suggested by the effects of taurine on protein
phosphorylation and Ca** homeostasis demonstrated in the experiments.
The physiological functions of taurine must be the consequences of
its actions.

However, because of the complexity of the actions of PKC

and Ca**, the functions of taurine which affects PKC activity and Ca**
homeostasis may be quite diversified.
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PKC has been proposed to enhance synaptic transmission (Shapira et
al., 1987; Nichols et al., 1987; Kato et al., 1990; Davis and Patrick,
1990; Guitart et al., 1990) which consequently can cause overactivity
of neurons (Hu et al. , 1987).

However, a recent study showed that PKC

may release acetylcholine from a pool other than synaptic vesicles
(Guitart et al., 1990), which means PKC may affect neurotransmitter
release in different ways than was originally postulated.

In addition,

PKC-catalyzed protein phosphorylation has been proposed to be involved
in other regulatory processes such as the regulation of ion channels
(reviewed by Kaczmarek, 1987) and receptor function (reviewed by
Huganir and Greengard, 1987).
Ca** serves as a signal for activation of many different processes
in the brain.
al., 1979).

Ca** is essential for neurotransmitter release (Kelly et
Certain levels of Ca** are required for the activation of

many enzymes including PKC (Nairn ejt al. , 1985), Ca**/calmodulindependent protein kinase (Nairn e£ al., 1985), protein phosphatase 2B
(Ingebritsen and Cohen, 1983), Ca**-activated phospholipases (Orrenius
et al. , 1989), and Ca**-activated proteases (Orrenius et al. , 1989).
The activation of these enzymes has broad physiological consequences.
Although it is not clear whether the effect of taurine on Ca** homeostasis is sufficient enough to alter the activity of each of the
enzyme, the impact of taurine via modification of Ca** homeostasis
could be extensive.
It is possible that PKC is the Ca**-requiring enzjrme affected by
taurine to the greatest extent since it is activated synergistically by
DG and Ca**, and both these activators are reduced by taurine.
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Therefore, identification of the functions of the PKC substrates whose
phosphorylation is inhibited by taurine would definitely help us
understand the functions of taurine.

Conclusions
Based on the data presented in this dissertation, it can be
concluded that taurine does have an inhibitory effect on protein
phosphorylation in the brain.
concentration-dependent.

This inhibitory effect of taurine is

At 10 mM, taurine inhibits the phosphoryla-

tion of specific proteins while at 20 mM the inhibition becomes
general.

The protein phosphorylation inhibited by taurine at 10 mM is

Ca**-dependent and catalyzed by PKC.

Taurine seems to inhibit PKC

activity through an indirect mechanism, i.e., inhibiting phosphoinositide turnover and stimulating Ca** uptake into mitochondria.
These results support the proposed role that taurine modulates neuronal
activity by affecting specific steps in the signal transduction process
in the brain.
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