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Abstract
Regulated secretion is a physiological event by which chemical transmitters (neurotransmitters,
hormones) and enzymes are released by a cell in response to an external stimulus. An approach to
the investigation of regulated secretion is to use a model cell. In this study the mast cell has been
used. The components of the pathway linking stimulus to secretion are located within the cell. Use of
a bacterial lysin to make the cell membrane permeable allows soluble agents (drugs, nucleotides,
ions, buffers) ready access to the cell interior. Thus the internal environment of the cell may be
controlled facilitating investigation of the steps comprising the stimulus-secretion pathway.
Guanine nucleotides are known to be involved at essential steps in the pathway. It is proposed that
the enzyme nucleoside,5'-diphosphate kinase (NDPK) alters the phosphorylation state of guanine
nucleotide in response to cellular stimulation and therefore has a modulatory role in the control of
secretion.
An outline is provided of the involvement of mast cells in immune responses, allergic reactions and
autoimmune disorders. Present understanding of the stimulus-secretion pathway is then reviewed. A
detailed account of current models of the control mechanisms involved in regulated mast cell
secretion is given. Distinction is made between the early events of signal transduction and later
events that control the exocytotic machinery. In the context of signal transduction, brief
consideration is given to the potential roles of phospholipases C and D.
The major focus of this work is the possible role of NDPK in stimulated secretion. The suggested
action of NDPK is in the phosphorylation of guanine nucleotide in response to a cell surface
stimulus, facilitating activation of guanine nucleotide-binding proteins. Established ideas about the
role of guanine nucleotide in secretion and the regulation of its phosphorylation state are presented.
Evidence supporting the proposed role of NDPK is provided. The actions of the anti-asthmatic drug
cromoglycate and a number of structurally related plant flavonoids on NDPK have been investigated.
These findings are compared with the effects of cromoglycate and flavonoid compounds on
permeabilised mast cells under conditions in which NDPK is expected to be involved at a critical
step in stimulus-secretion coupling. Possible mechanisms by which polycationic mast cell
secretagogues induce secretion are also discussed in the light of experimental evidence presented
here.
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1.0

Introduction.

This thesis is concerned with the possible role o f the enzyme nucleoside, 5'diphosphate kinase (NDPK) in mast cell stimulus-secretion coupling. The inhibitory
actions o f the anti-allergic drug cromoglycate and the plant flavonoids towards the
activity o f this enzyme, in the context of the ability o f these compounds to prevent
mast cell exocytosis, are explored. The thesis consists o f an overview o f stimulusresponse coupling in broad terms, exploring the basic concepts that have been
developed to deal with these complex processes and those themes that are found to
recur in a variety o f cell systems. This is followed by a review o f stimulus-secretion
coupling in the mast cell, using the concepts that are discussed in the preceding
chapter. The next chapter is an examination o f the evidence suggesting that NDPK
may be involved in stimulus-response coupling as a modulator o f GTP-binding protein
activity, concluding with an overview of the possible role o f this enzyme in mast cell
stimulus-secretion coupling.

There follows a two part description of an experimental study into the role o f NDPK
in the control o f mast cell exocytosis. Chapter 5 is an account o f an investigation into
the effects o f cromoglycate and flavonoid compounds on secretion by permeabilised
mast cells. In chapter 6 a study of the effects o f cromoglycate and flavonoids on
isolated NDPK and mast cell NDPK activity is described. The findings o f this two
part study are subsequently discussed in the context o f current knowledge o f mast cell
stimulus-secretion coupling, pertaining to the functions o f GTP-binding proteins and
in the light o f evidence indicating the involvement o f NDPK in cell signalling systems.
A brief exploration o f other possibilities is also made.
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The focus o f interest in this thesis is the possible modulatory role o f NDPK in Gprotein activation and whether the inhibition o f this process accounts for the ability o f
cromoglycate and flavonoid compounds to inhibit secretion by mast cells. This
enzyme may provide GTP by transferring the terminal phosphate o f ATP to GDP in a
manner coupled to stimulation of the cell. The mast cell is the model system used for
the experimental study of the putative modulatory role o f NDPK. The activation o f a
G-protein is thought to be an absolute requirement for exocytosis to occur in mast
cells (Lillie and Gomperts, 1992b), thus this cell is a good working model o f a Gprotein dependent signalling pathway.
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2.0

Signal-Response Coupling.

This section is a review of basic concepts of signal transduction and second messengers.
The intention is to provide a background for understanding stimulus-secretion coupling in
the mast cell and the potential role of nucleoside-5',diphosphate kinase (NDPK) as a
modulator of cell signalling that will be discussed in subsequent chapters.

2.1
Signal Discrimination, Transduction and Intracellular Transmission.

An extracellular signal may take the form of a signalling molecule, such as a hormone or
neurotransmitter termed a ligand, that binds to a specific receptor molecule (usually)
located on the surface o f the cell. The information is transferred from the cell surface
across the cell membrane to the cell interior by the process o f signal transduction. This
signal is then communicated within the cell by second messengers that activate cellular
processes such as muscle contraction, phagocytosis and secretion. Alternatively cell
surface receptors may incorporate ion channels that are activated by ligand binding,
allowing the influx or efflux of ions along with the electrical charge they carry. This
results in a change in the potential of the cell membrane, important in the generation o f
action potentials in neurons. Also Ca^"*" may enter the cell where it may act as a second
messenger.

Transduction may be said to be the process by which an external signal is transformed
into an internal signal.
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This not only occurs at receptors for neurotransmitters and hormones but also in sense
organs. For example, the coupling o f the light absorbing pigment o f the mammalian eye,
rhodopsin, to cGMP-phosphodiesterase and the cell membrane potential via the Gprotein transducin (G^) is an extensively investigated example (Stryer, 1988; Hingorani
and Ho, 1990).

From what was known about the regulation o f adenylyl cyclase and cybernetic theory
(Wiener, 1961) Rodbell and Hechter (Rodbell, et al, 1971 a & b) induced the hypothesis
o f transduction as the means of coupling ligand-bound receptor and second messengers.
The scheme illustrated in figure 2.1 depicts the parallels between the concept o f signal
transduction and what is found in the cell.

Scheme:

Discriminator--------- > Transducer---------- > Amplifier

The cell:

R e c e p to r------------>G -P ro te in --------------> Second Messenger

Fig. 2.1

The Scheme For Signal Transduction.

(Adapted from Rodbell, 1992.)

The discriminator receives and discriminates between signals with great efficiency, such
that only very specific signals are selected out o f a vast range o f possible signals. This is
reflected in the specificity of receptor-ligand binding. The transducer converts the
information from the form received by the discriminator into an internal form. Initially this
was proposed to be a G-protein (Rodbell, et al, 1971 a & b) but transduction may also be
accomplished by receptors with inherent enzyme activity, such as receptor tyrosine
kinases (RTKs) and receptors incorporating ion channels. Small GTP-binding proteins
(SMGs; see section 2.4.4) are sometimes referred to as signal transducers. However, they
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do not fulfil the role o f signal transduction as has been outlined here. SMGs typically do
not directly interact with cell surface receptors and thus are not responsible for
converting an extracellular signal to an intracellular signal, but rather convey signals
within the cell. Thus they appear to be second messengers (as such SMGs are covered in
section 2.4, Second Messengers). A case could be made for defining any signalling
pathway that conveys signals originating from outside the cell and resulting in a cellular
response, such as muscle contraction, exocytosis or phototransduction, as signal
transduction. The original signal having been transduced into the cellular response.
However, this involves a different scale to the perspective used in the examination of
cellular processes. Confusion may occur over the example o f phototransduction, since
this involves a G-protein (G^) as the transducing agent. Thus the definition o f
transduction, and with it second messengers, described by Rodbell (1992) and outlined in
figure 2.1 will be used here.

Amplification of the transduced signal occurs, a single agonist molecule binding to the
cognate receptor may activate a cascade o f protein interactions with more proteins
becoming involved in each proceeding tier. In the case o f G-protein-coupled receptors a
single G-protein may be capable of instigating the production o f a number o f second
messenger molecules. Each second messenger molecule may be capable o f interacting
with a number o f downstream effectors, ultimately bringing about alterations in the
behaviour o f the cell. Amplification may also be achieved by enzyme activity catalysing
the synthesis o f many product molecules or an increase in the intracellular concentration
o f an ion such as Ca^"*” through the activation o f cell surface ion channels or its release
from intracellular stores. Ion channels themselves may be incorporated into receptors thus
a single molecule is receptor, tranducer and amplifier. The mechanisms o f action o f each
o f the components o f the scheme of signal transduction as thgare found in the cell will be
discussed. This provides the basis for the understanding o f stimulus-response coupling
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that will be used in the study o f the involvement o f NDPK in mast cell stimulus-secretion
coupling.

2.2
The Receptor.

Receptors are proteins, often glycosylated, consisting o f one or more peptide subunits
that specifically bind an activating molecule, the ligand. Receptors are located in the cell
membrane or intracellularly, both in the cytoplasm and the nucleus. Receptors located in
the cell membrane are o f concern here. Ligand binding induces a conformational
alteration in the receptor molecule. The effect o f the conformational change is dependent
on the nature o f the receptor, o f which there are three major categories that will be
considered.

Ligand-gated ion channels are receptors with an integral ion channel opened on ligand
binding, permitting the free movement o f specific ions across the cell membrane. Ligandgated ion channels are typically found in electrically excitable cells, such as neurons and
muscle cells, where the movement of ions across the cell membrane induces alterations
the membrane potential. Secondly, G-protein-coupled receptors transmit the signal of
ligand binding to a class of heterotrimeric proteins that bind GTP on activation and
separate to give an a-subunit and a Py-subunit. These subunits interact with other
proteins such as enzymes and ion channels and bring about changes in cell activity by so
doing. G-protein-coupled receptoçexhibit a structural motif o f seven transmembrane
domains. The third class of receptors have intrinsic enzyme activity and/or recruit
cytosolic enzymes by direct interaction. Members o f this last class o f receptor are
receptor tyrosine kinases (RTKs), they may recruit cytosolic protein tyrosine kinases
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(PTKs), altering the activity of intracellular proteins by catalysing the phosphorylation of
tyrosine residues within specific amino acid sequences. The G-protein-coupled receptors
and the RTKs are sometimes referred to as metabotropic receptors.

2.2.1
Receptor Activation.

Receptor activation has been suggested to involve a receptor molecule in one o f two
static states. Awaiting the binding o f cognate ligand, this state o f the receptor is said to be
inactive (Hardie, 1992). The ligand usually takes the form o f a specific molecule, this
being a neurotransmitter or hormone. A cell surface Ca^"*" sensor has been characterised
from parathyroid cells that has similarities to the glutamate metabotropic receptor
(Brown, et al, 1993). Cell surface receptors may also mediate sense organ signal
transduction (Kurahashi and Yau, 1994) and immune responses (section 3.2.1). On ligand
binding the receptor undergoes a conformational change, resulting in the activation o f the
receptor (Black and Shankley, 1995; Hardie, 1992; Rogers and Spector, 1986). In this
model the receptor may be in one two stable states that may alternate only on ligand
binding or dissociation. This is Clark's theory of drug occupancy. The response is
proportional to the proportion of receptors with ligand bound (P a )> which may be
described by the law of mass action:

P a = Xa / ( Xa + Ka )

Where, X a is the concentration of the cognate ligand (agonist) and K a is the equilibrium
dissociation constant of the ligand for receptor. However, Clark's theory o f drug
occupancy fails to account for partial agonists. Partial agonists produce a response but
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are unable to produce a maximal response no matter how much inverse agonist is
provided. This gave rise to the concept o f efficacy as distinguishable from affinity, since
the response produced by an agonist at a given concentration does not necessarily bear a
simple relationship to the affinity o f binding. In order to account for the phenomenon o f
the partial agonist Stephenson's modification o f occupation theory was proposed, in
which the response is a function of agonist concentration, the equilibrium dissociation
constant and the efficacy of the agonist. Another alternative hypothesis is Paton's rate
theory, the binding of agonist by receptor producing a unitary response followed by
receptor inactivation. Inactivation occurs whether the agonist remains bound or not. Thus
the rate o f agonist binding describes the scale o f the response. As such this is also termed
the quantal theory of receptor activation. Repeated binding o f agonist by many receptors
in this fashion produces the cellular response observed. Advances in molecular biology
allowing the production of receptor mutants that are constitutively active in the absence
o f ligand has undermined Paton's rate theory.

An alternative model describes the receptor in the absence o f cognate ligand in a state o f
equilibrium between the active and inactive conformations (Black and Shankley, 1995).
An agonist has higher affinity for the activated conformation o f the receptor than the
inactivated conformation. Consequently an agonist will tend to bind to the active receptor
conformation. Once ligand is bound, the receptor may be locked in the conformation it
held on binding (fig. 2.2). As more receptor molecules bind agonist a greater proportion
o f receptors are locked in the active conformation. Binding o f an activating ligand thus
switches the equilibrium in favour of the active receptor conformation. Consequently the
probability that a receptor is in the active state is increased.

R <-> R*
cp.T.oy
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4^ +L
R*.L

Fig. 2.2

Two State Model O f Receptor Activation.

R : Inactive state of receptor; R* : Active state o f the receptor; L :
Ligand.
An equilibrium exists between the active and inactive states o f the
receptor, ligand binds preferentially to the activated receptor stabilising
this conformation.

The latter model is supported by data from the myocardia o f transgenic mice in which the
p 2 -adrenoceptor was over-expressed and in which the baseline tension was some three
fold greater than in wild-type controls (Bond, et al, 1995). The measurement o f left atrial
isotonic contraction under various in vitro conditions indicated that the compound ICI118,551 acts as an inverse agonist to the p 2 ‘^drenoceptor. An inverse agonist has higher
affinity for the inactive conformation of the receptor than the active conformation,
locking the receptor into the inactive conformation once bound. Thus the inverse agonist
shifts the equilibrium between the two states o f the receptor in favour o f the inactive
conformation, i.e. the complete opposite o f an agonist (activating ligand). This action was
overcome by the P2 -adrenoceptor agonist, isoprenaline. Addition o f isoprenaline to the
transgenic atria in the absence of IC I-118,551 failed to induce an increase in tension,
while in wild-type mouse atria a significant increase in isotonic tension was observed. The
model indicated this was a result of a sufficient number o f P 2 -adrenoceptors being in the
active conformation to saturate activation o f Gg and the signalling pathway downstream
o f adenylyl cyclase with the resulting increase in contractility. IC I-118,551 may have
reduced the contractility of the transgenic mouse atria by locking receptors in the inactive
conformation, thus decreasing the activation o f the transduction mechanism to below a
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saturated level. Consequently addition o f isoprenalin subsequent to introduction o f ICI118,551

resulted in increased isotonic tension (Bond, et al, 1995). The probability of

signal transduction occurring may depend upon the probability o f the receptor existing in
the active state. Thus agonist binding increases the likelihood o f the receptor activating
the signal transduction mechanism and a subsequent cellular response be bought about.

2.2.2
Receptor Desensitisation.

Subsequent to ligand binding receptors may undergo a reduction in sensitivity to
subsequent stimulation. Frequently receptor desensitisation is a response to a repetitive
stimulus.

Desensitisation in the case of G-protein coupled receptors in response to repeated
stimulation is thought to be achieved through phosphorylation o f the receptor (Inglese, et
al, 1993), catalysed by either second-messenger activated kinases or G-protein coupled
receptor kinases (GRKs) activated independently o f second messengers. The first GRK to
be recognised as such was rhodopsin kinase. The finding that P-adrenoceptor kinase
(pARK) isozymes are able to catalyse the phosphorylation o f a range o f receptors in the
presence o f specific ligands in vitro, indicates that this mechanism o f receptor
desensitisation may be applicable to a wide range o f G-protein coupled receptors. GRK
activity may be regulated by py-subunit binding since some GRKs possess py-subunit
W««r\
binding sites. The py-subunit binding sites has alsoj^termed pleckstrin homology (PH)
domains (Pawson, 1995b), having been identified as a distinct moiety o f the pleckstrin
protein. Pleckstrin homology domains may represent a unique class o f modular protein
subunits, facilitating protein-protein interactions.
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Déphosphorylation by a specific protein phosphatase may remove receptor desensitisation
resulting from GRK catalysed phosphorylation (Inglese, et al, 1993). Receptor tyrosine
kinases are phosphorylated in response to agonist binding. One may speculate that the
RTKs, once phosphorylated, are also refractory to further stimulation until
dephosphorylated by a specific protein phosphatase, the activity o f which may be
regulated directly by the receptor itself or may be downstream o f the receptor in the
signalling pathway.

2.3
Mechanisms of Signal Transduction.

The mechanisms by which an extracellular signal activating a cell-surface receptor may be
transduced into an intracellular signal may be divided into three broad categories,
depending on the nature o f the receptor. These are G-proteins, tyrosine kinases and
ligand-gated ion channels.

The G-protein-coupled receptors and the RTKs are the two classes o f receptors that are
o f specific interest with regard to this work in which mast cells are used as a model
system, since it is these two classes of receptor that appear to be significant in the
activation of mast cell exocytosis. Signal transduction mechanisms coupling G-proteinlinked receptors and RTKs to second messengers will therefore be the focus here.
Ligand-gated ion channels will not be considered.
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2.3.1
G-Proteins.

The existence o f GTP-binding proteins with an involvement in signalling mechanisms was
first indicated in purified hepatocyte membranes, by the inability o f glucagon to stimulate
adenylyl cyclase in the absence o f added GTP. The concentration range over which GTP
was found to be affective corresponded to that giving rise to a decrease in glucagon
receptor affinity (Rodbell, et al, 1971 a & b). The poorly hydrolysable GTP analogue,
GppNHp was found to be sufficient to activate adenylyl cyclase (Londos, et al, 1974).
Addition o f glucagon further promoted enzyme activation in the presence o f GppNHp in
purified membranes (Rendell, et al, 1975; Salmon, et al, 1975). Substitution o f GppNHp,
a poorly hydrolysable analogue, in place o f GTP suggested that when adenylyl cyclase is
in the active state, hydrolysis of GTP occurs (Rendell, et al, 1977) stimulated by
hormone-receptor binding (Cassel, et al, 1977). Loss o f hormone-induced adenylyl
cyclase activity in eye" mutants of murine lymphoma S49 cells due to lack o f a GTPbinding protein (Ross and Gilman, 1977) provided the first firm evidence supporting the
existence o f a GTP-binding transducing element in the signalling pathway.

Purification o f this GTP-binding protein was first achieved by use o f reconstitution in the
eye" system (Northup, et al, 1980). The transducer was found to be a heterotrimeric
complex of a , P and y subunits, Gg The a-subunit is the largest with a molecular mass of
around 40kDa. It is well established that the a-subunit binds guanine nucleotide and has
intrinsic GTPase activity (Gilman, 1987). On activation o f the G-protein by ligated
receptor, the a-subunit swaps bound GDP for GTP and dissociates from the py-subunits.
The a-subunit interacts with and activates the effector, located downstream in the
signalling pathway. The a-subunit is thought to hydrolyse bound GTP after a time lag,
resulting in its inactivation. This time delay prior to GTP hydrolysis may allowing a single
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a-subunit to activate a number of downstream targets. The a-subunit re-associates with
the py-subunits. This completes the GTPase cycle, summarised in figure 2.3. The smaller
P- (~20kDa) and y- (~8kDa) subunits do not bind guanine nucleotide, perhaps acting to
limit the extent o f free activated a-subunits by binding to and thereby inactivating
a(G TP). Py-subunits may act as transducing elements specifically conveying signals to
downstream effectors. For instance in rod outer segments py-subunits o f transducin have
been found to activate phospholipase-A 2 (PLA 2 ) (Jelsema and Axelrod, 1987).

GTP + R l ^ G D P

Gg t p ^

aG TP

^L ^G TP

GDP

R l + o^GTP + Py

Effector

aQ x P Effector*

aG TP Effector -> aQDp.Effector* + Pj

aGDP Effector

^GDP + Py

otGDP + Effector

Ggdp

Ggdp + R ■> R Ggdp

Fig. 2.3

The GTPase Cycle.

R l : Liganded receptor; G : G-protein; a , p, y : G-protein subunits;
* : Activated state of effector; R : Inactive receptor.
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The a-subunit is thought to interact with the second and third intracellular loops o f the
receptor (Berridge, 1993). The conformational change o f the receptor may be sufficient
to induce G-protein activation. In the Classical Model o f G-protein activation ligation o f
the receptor results in the G-protein a-subunit releasing bound GDP and GTP being
bound at the guanine nucleotide binding site by virtue o f its greater free concentration in
the cytosol. The a-subunit with GTP bound is more likely to be in an active
conformation. This is likely to be comparable to the increased probability o f a receptor
being in an active state after ligand binding, due to the shift in the equilibrium between
inactive and active states in favour of the activated receptor conformation (see section
2.2.1, C.f. fig. 2.2). In the active conformation the a-subunit dissociates from the Pysubunits and the receptor. Due to posttranslational modifications the a-subunit may have
a lipophilic tail (an exception is G{) (Degtyarev, et al, 1994), consequently the a-subunit
diffuses laterally through the plain of the lipid bilayer interacting with and activating the
downstream effector. Although not all G-proteins may need to diffuse laterally through
the lipid bilayer, since some may exist in a large complex that includes both receptor and
effector. For example, the glucagon receptor, Gg and adenylyl cyclase may exist as an
oligomeric complex (Levitzki, 1982). The intrinsic GTPase activity o f the a-subunit
activates after a fixed delay and the bound GTP is hydrolysed to GDP and free inorganic
phosphate (Gilman, 1987). One may speculate that the interaction o f the a-subunit with
the effector may hasten the activation the intrinsic GTPase activity. The a-subunit active
state is no longer stabilised by GTP and the a-subunit reverts to its inactive state.
Subsequently the a-subunit re-associates with the Py-subunits and the receptor, the Pysubunits perhaps stabilising the interaction with the receptor (Iyengar and Birnbaumer,
1990; Taylor, 1990).

The activation o f the intrinsic GTPase activity of the a-subunit may activate after a set
time-delay (Gilman, 1987; Iyengar and Birnbaumer, 1990). However, interaction o f the
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a-subunit with its downstream target may result in activation o f the intrinsic GTPase
activity of the a-subunit. This has been demonstrated for Gq/j

on interaction with

PLC-Pl (Bernstein, et al, 1992) and may hold true for other G-proteins and their
effectors. The action of PLC-pl is analogous to the action o f the GTPase activating
proteins (GAP) that stimulate the hydrolysis o f GTP bound by the monomeric GTPbinding proteins (see section 2.4.4).

Many G-proteins are now known to exist coupling a wide variety o f receptors to kinases,
phosphatases, lipases and ion channels (reviewed in: lyenger and Birnbaumer, 1990).
Elucidating which G-proteins may be involved in the transduction o f specific signals and
activating specific downstream effectors has been simplified to a degree by the finding
that certain bacterial toxins catalyse the ADP-ribosylation o f specific Gq^ subunits with
the effects o f either constitutive activation or inhibition. Examples include cholera toxin
(CTX) catalysed ADP-ribosylation of Gjot in the presence o f ADP-ribosylation factor
(ARF), resulting in the blockade of GTPase activity, with the consequent inability o f the
a-subunit to hydrolyse bound GTP and inactivate; pertussis toxin (PTX) catalysed ADPribosylation o f Giot preventing the binding o f GTP (Gilman, 1987). In both cases the
effect on the downstream target, adenylyl cyclase results in higher levels o f cAMP
oÇ(Levitzki, 1990). G q is also ADP-ribosilated by the actionjPTX. Other unique properties
o f G-proteins include an observed decrease in receptor affinity for ligand on the
activation o f associated G-protein, (Gilman, 1987) and the activation o f G-proteins by
aluminium fluoride (Sternweis and Gilman, 1982).
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2.3.2
Tyrosine Kinases.

Two types o f tyrosine kinase are involved in signal transduction. Some receptors have
intrinsic catalytic activity modulated by ligand binding. Receptor tyrosine kinases (RTKs)
are cell surface receptors with intrinsic tyrosine kinase activity, catalysing the
phosphorylation o f tyrosine residues in specific peptide sequences o f target proteins. Well
studied RTKs include the platelet derived growth factor P receptor (pPDGFR), the
epidermal growth factor receptor (EGFR) and the high affinity receptor for the
immunoglobulin fragment crystallising e-chain (FcgRI). Thus this family o f receptors is
thought to be important in lymphocyte activation. The other type o f tyrosine kinase is
cytoplasmic (CTKs), also sometimes simply referred to as protein tyrosine kinases
(PTKs). Examples include Src, Yes, Lyn, Fyn and A b l. Src and related tyrosine kinases
have been found to associate with and be phosphorylated by pPDGFR. A concurrent
increase in the catalytic activity of these soluble tyrosine kinases has been observed,
implying a role in signal transduction (Kypta, et al, 1990). Since certain CTKs have been
found to associate with receptors of lymphocytes, they are thought to have important
roles in the activation o f these cells. Alterations o f the sequences o f both RTKs and CTKs
producing constitutive tyrosine kinase activity, has been found to promote the oncogenic
potential o f these proteins making these an important focus for cancer research.

A common feature o f RTKs is activation by ligand mediated receptor dimerization. In the
case o f pPDGFR, platelet derived growth factor (PDGF) is bound by two receptors
giving rise to a receptor dimer. Ligand mediated RTK dimérisation results in activation of
intrinsic tyrosine kinase activity and transautophosphorylation, i.e. the dimeric RTKs
catalyse the phosphorylation of tyrosine residues o f the partner RTK. Once
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phosphorylated in this manner RTKs interact with cytoplasmic proteins containing srchomology 2 (SH2) domains. The phosphorylation o f RTK tyrosine residues creates
binding sites for SH2 domains. Specificity o f SH2 domain binding is determined by the
amino acids C-terminal to the phosphotyrosine residues (Pawson and Schlessinger,
1993).

RTKs may stimulate SH2-containing proteins by a number o f mechanisms. SH2-mediated
binding o f cytosolic proteins to specific SH2-binding sites o f RTKs may facilitate the
translocation o f proteins to the cell membrane; this may be important if substrates or
targets are membrane associated. Secondly, binding o f SH2-containing proteins by RTKs
may facilitate phosphorylation of the SH2-containing proteins, catalysed by the receptor
kinase activity, effectively lowering the Km. Lastly, binding between RTKs and SH2containing proteins may bring about conformational changes in the latter resulting in an
alteration o f activity (Pawson and Schlessinger, 1993). This last possibility appears only
to apply to phosphotidylinositide,3-OH kinase (PI3K) (Kapeller and Cantley, 1994),
other SH2 containing proteins have been found not to undergo significant conformational
change on binding to SH2-binding sites (Songyang, et al, 1993; Waksman, et al, 1993).

SH2 domains exhibit a limited range of specificity, each SH2 domain binding to a number
o f SH2-binding sites with different sequences. This allows a single SH2 domain to
interact with a number of upstream components in the signalling pathway and for a
degree o f overlap between the specificities o f SH2 domains. This property o f broad and
overlapping specificity is also exhibited by another protein binding motif found in tyrosine
kinase signalling pathways, src homology 3 (SH3) domains, which bind to proline rich
sequences. SH3 domains are thought to regulate interactions between the target proteins
o f RTKs and downstream effectors (Pawson and Schlessinger, 1993), perhaps bringing
together proteins, facilitating assemblage o f protein complexes (Morton and Cempbell,
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1994). The effect of the overlapping specificities o f SH2 and SH3 domains may be to
funnel signals from a variety of cell surface receptors to a downstream effector.

A novel protein function involving SH2 and SH3 domains has come to light that may be
fundamental to the transduction of many signals. This finding came about through
western blot (antibody) analysis of lysates o f Human kidney 293 cells in which a protein
containing both SH2 and SH3 domains, termed Grb2, hSosl and the EGFR are
expressed. Analysis demonstrated the formation o f a complex between the EGFR, Grb2
and hSosl subsequent to stimulation with EGF (Li, et al, 1993). Similar results were
found in NIH3T3 cells stimulated with EGF; Grb2 and hSosl immunoreactivity were
found to co-purify in both stimulated and unstimulated NIH3T3 cells, indicating the
existence of these two proteins as a complex. EGF has been found to induce an increase
in the proportion of Ras, a small GTP-binding protein (see section 2 ), in the GTPbound, active, form. Further, the proportion o f [^^P]GTP-bound Ras has been found not
to differ between cell lysates of normal HER 14 cells and lysates o f cells in which Grb2 is
over-expressed after EGF stimulation. Although over-expression o f Grb2 by twenty-fold
increases the proportion of [^^P]GTP-bound Ras by two-fold in unstimulated cells. This
implies Grb2 does not mediate Ras activation by inhibiting GAP activity. EGF appears to
stimulate the rate of guanine nucleotide exchange on Ras, an effect potentiated by over
expression o f Grb2. Together this indicates that Grb2 mediates increased guanine
nucleotide exchange on Ras, stimulated by EGF (Gale, et al, 1993).

The possibility that the protein interactions may be mediated by 5rc-homology domains
has been investigated. Grb2 has two SH3 domains, one in located in the C-terminal
region and the other N-terminal (Pawson and Schlessinger, 1993). Loss o f function
mutation in the Grb2 N-terminal SH3 domain o f a glutathione-S-transferase (GST) fusion
protein resulted in an absence of complex formation between G^T-Gvh2myc and mSosl.
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Loss o f function mutation of the Grb2 C-terminal SH3 domain o f the GST-Grb2/w^c
fusion protein had little affect on its binding to mSosl (Rozackis-Adcock, et al, 1993).
However, G S T -G rb 2 ^ c has been found to bind to a chimera o f the C-terminal region o f
mSosl and GST and to a GST-mSosl chimera incorporating mSosl residues 613-1166.
Dysfunctional mutation o f the Grb2 C-terminal SH3 domain results in decreased binding
to the C-terminal chimera of mSosl but does not alter binding to the 613-1166 residue
mSosl chimera. The Grb2 N-terminal SH3 domain therefore appears to bind to the SH3binding domain within residues 613-1166 of mSosl and the Grb2 C-terminus SH3
domain binds to the mSosl C-terminal region. Dysfunctional mutation o f both Grb2 SH 2
domains prevented binding between Gxhlmyc and GST-mSosl chimeras. This has been
interpreted as indicating the Grb2-mSosl interaction is dependent upon co-operative
binding by the two Grb2 SH3 domains to the proline rich sequences o f mSosl (Egan, et
al, 1993). Although the findings of Rozakis-Adcock, et al (1993) and Egan, et al (1993)
appear to be at odds over the interpretation of co-operative binding, the interaction of
these two proteins does appear to be regulated by SH3 domains o f Grb2 and proline rich
SH3-binding domains o f mSosl. Subsequent to ftrK transautophosphorylation the
receptor is thought to bind to Grb2 in mammals, an interaction mediated by
phosphotyrosine containing SH2-binding sites on the receptor and the Grb2 SH2 domain
(Lowenstein, et al, 1992). The conclusion drawn from these findings is that the function
o f Grb2 is to link the Ras-GDS, mSosl to the EGFR, an interaction facilitated by the
Grb2 SH2 and SH3 domains. As such Grb2 is termed an adapter protein.

How does Grb2 activate mSosl? That Grb2 binding to mSosl may induce a
conformational change in the latter seems unlikely in the light o f the finding that Grb2 and
mSosl are co-precipitated from the lysates of unstimulated cells (Rozakis-Adcock, et al
1993). mSosl has been found to co-precipitates with the She protein in lysates o f EGFstimulated NIH3T3 cells (Rozakis-Adcock, et al 1993). She has been shown to be
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phosphorylated by the cytosolic protein tyrosine kinase v-Src and this results in
association o f She with Grb2 (from: Rozakis-Adcock, et al, 1993). These results indicate
that upon EGF stimulation. She associates with the Grb2-mSosl complex after She has
undergone vSrc catalysed tyrosine phosphorylation. Since mSosl is a Ras-GDS a likely
result is that the Shc-Grb2-mSosl enables v-Src to couple to Ras activation. If this is the
case then Grb2 function as an adapter protein serves a dual purpose. That o f coupling
both tyrosine phosphorylated EGFR and She to mSosl with subsequent activation of
Ras. The mechanism by which Grb2 interaction with these proteins results in Ras
activation may be no more than simply bringing these proteins into apposition (Pawson
and Schlessinger, 1993).

A type of protein with a similar function is the docking protein, an example o f which is
1RS 1. This protein is tyrosine phosphorylated by the insulin receptor and subsequently
binds to SH2 containing proteins such as Grb2 and PI3K (Pawson and Schlessinger,
1993). IRSl is o f further interest due to the presence o f a unique phosphotyrosine
binding (PTB) domain, also found in the She protein. The PTB domain may mediate
interactions between 1RS 1 and the insulin receptor, although the physiological
significance is not yet clear. Unlike the SH2 domain, the binding specificity o f the PTB
domain may depend upon residues immediately N-terminal to the phosphotyrosine
residue (Pawson, 1995).
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2.4
Second Messengers:

Second messengers, as opposed to the primary or first messengers that bind to cell
surface receptors, were first suggested by Sutherland in 1956. cAMP was the first
molecule proposed to fulfil this role. The role o f second messengers is to convey the
signal received by the receptor after transduction in the form o f an intracellular chemical
signal to various elements within the cell. Characteristics o f second messengers are that
they may freely diffuse through the cytosol or within the lipid bilayer and interact with a
wide range and /or number of intracellular components. Kinases are a common target,
allosteric modification o f enzyme activity may result in the activation o f an enzyme
cascade or inhibition. Common second messengers include Ca^”*", inositol lipids and
inositol lipid metabolites and cyclic nucleotides (such as cAMP). An outline o f various
second messengers, their control and fiinctions is given, beginning with an outline o f the
control o f Ca^"*" release, a second messenger which appears to have important roles in
many cells. Ca^*^ may also enter the cell in a controlled manner through cell surface Ca^"*"
and divalent cation specific channels. This is not d ^ t with in the following section, the
activation o f cell surface channels allowing the entry o f Ca^"*" into the cell by second
messenger will be reviewed as each second is discussed.
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2.4.1
Control O f Calcium Release.

The story o f Ca^"*” as a second messenger begins with the activation o f phospholipase C
(PLC), an enzyme catalysing the hydrolysis o f the membrane phospholipid,
phosphoinositide 4,5-bisphosphate (PIP 2 ) The signal transduction mechanism coupling
the receptor to PLC varies, different PLC isozymes are activated by different
mechanisms.

Three major families of PLC isozymes are recognised, p,y and 5. A putative a isozyme
originally identified on the basis of a cDNA sequence (Bennett and Crooke, 1987) may
actually be a luminal ER protein (Martin, et al, 1991). PLC-P is thought to be regulated
by the a-subunits of Gp and Gq (Cockcroft, 1987). Within the PLC-p family there are
three known isozymes. PLC-p 1 is thought to be activated by members o f the Gq family,
namely Gq and G j \ . PLC-P2 is thought to be activated by G 1 5 . Members o f the PLC-y
family contain contain SH2 and SH3 domains and have been shown to associate with
liganded RTKs, PDGFR and EGFR and may undergo RTK catalysed phosphorylation
(Cockcroft and Thomas, 1992; Cockcroft, 1991). PLC-5 is unusual, possessing an EFhand Ca^"*"-binding motif (Bairoch and Cox, 1990). Ca^"^-induced PLC activation has
been reported in permeabilised HL60 cells (Stutchfield and Cockcroft, 1988), although
this occurred in the presence of MgATP allowing for the finding to be re-interpreted as
resulting from the activation of a purinergic receptor present in HL60 cells (Cockcroft,
1994). In neutrophil membrane preparations Ca^"*" alone is not sufficient to support PLC
activation but is required (pCa7) for PLC activation (Cockcroft, et al, 1984). Which PLC
isozymes are Ca^'^-sensitive is not clear.
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Since the substrate of PLC, PI? 2 is a phospholipid the expectation is that PLC is
membrane associated. However, to date PLC-P 1 is the only PLC isozyme shown to be
membrane associated (Cockcroft, 1994). The presumed membrane association o f PLC
ensures the enzyme is in proximity to both substrate, activating receptor and transducer.
If transduction is mediated by a G-protein it is very likely that PLC is constitutively
associated with the cell membrane since the Go^-subunit is membrane attached.
Alternatively, if PLC-receptor coupling is mediated by a tyrosine kinase activity, the
phospholipase may be cytosolic in the unstimulated cell. Cell stimulation may result in
SH2 and SH3 domain-mediated formation o f a protein complex with the receptor,
resulting in the translocation of PLC to the membrane.

The PLC catalysed hydrolysis of PIP 2 results in the liberation o f inositol 1,4,5trisphosphate (IP 3 ) and diacylglycerol (DAG), both o f which act as second messengers.
IP 3 is freely soluble and moves into the cytosol where it mediates the release o f Ca^"^
from intracellular stores (Berridge and Irvine, 1984). IP 3 bindings to and activates
specific receptors present in the membranes o f intracellular compartments containing high
concentrations o f Ca^"*" in the resting cell (Mignery, et al, 1989). Binding o f IP 3 by its
specific receptor is thought to activate a burst o f Ca^"^ release from these stores into the
cytosol (Ferris, et al, 1992). The extent o f this release is dependent upon the
concentration o f Ca^’^ in the store (Missiaen, et al, 1992). The IP 3 -releasable Ca^'*'
stores o f the cell may be contained in the ER or discrete membrane bound compartments,
sometimes referred to as calciosomes (Volpe, et al, 1988). However, it appears that the
ER may be a more likely candidate (Bootman, 1994). A number o f IP 3 receptor isotypes
exist, the ftinctional significance of which is not clear.

IP 3 receptors are structurally and functionally related to the ryanodine receptor (RYR)
(Gill, 1989; Mignery, et al, 1989), so called because o f its sensitivity to the drug
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ryanodine. Both are tetrameric complexes found in intracellular membranes and have a
central Ca^"*" channel. The RYR is located in the sarcoplasmic reticulum and associated
with the dihydropyridine receptor (DHPR) o f muscle T-tubules. The DHPR contains a
voltage-dependent Ca^"^ channel. Depolarisation (Berridge, 1993; McPherson and
Campbell, 1993) o f the muscle cell membrane on generation o f the muscle action
potential induces a conformational alteration in the DHPR. Since the DHPR and RYR are
thought to be in physical contact, perhaps involving an intermediate protein, the
conformational change is transmitted to the RYR. This results in the opening o f the RYR
Ca^'*' channel and the release of Ca^“^ from the sarcoplasmic reticulum, mediating Ca^"*"dependent muscle contraction. In this manner the DHPR and RYR couple depolarisation
o f the muscle cell membrane to contraction o f the muscle (McPherson and Campbell,
1993). The RYR3 isotype has been found in non-muscle cells including neurons, RYR2
has been found in cardiac muscle, both have distinct mechanisms o f activation (Berridge,
1993; McPherson and Campbell, 1993).

The IP] receptor differs from the RYR in that the Ca^"*" channel is opened by the ligation
o f IP] (Ehrlich and Watras, 1988). The IP] Ca^"*" channel has four observed conductance
states, implying the co-operative binding of IP], progressively increasing the open
probability (Pg) o f the channel (Meyer, et al, 1990), however other findings indicate a
lack o f co-operativity in IP] binding to the receptor (Watras, et al, 1991). The fraction of
the total o f stored Ca^"*" released is directly proportional to the IP] concentration
stimulating release and after an initial burst release ceases. This is not dissimilar from the
quantal theory o f receptor activation (see section 2 .2 . 1 ) and has been termed quantal
Ca^"^ release (Ferris, et al, 1992). This has been observed in purified synaptosomes and
permeabilised cells. The sensitivity of IP] receptors may increase as the quantity o f Ca^^
stored increases (Missiaen, et al, 1992), yet the amount o f Ca^“^ released at a given
concentration o f IP] is fixed. The luminal Ca^'*" concentration may modulate IP] receptor
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sensitivity through a luminal protein since IP 3 receptors have no identified luminal Ca^'*'
binding site. Such a protein may be similar to calsequestrin, a protein o f the sarcoplasmic
reticulum localised in the triadic region o f the sarcoplasmic reticulum, with a high
capacity and o f moderate affinity for Ca^“^, implicating it in the modulation o f the RYR
(McPherson and Campbell, 1993). The subunit composition o f IP 3 receptors may vary,
perhaps conferring varying Ca^^ sensitivities to IP 3 receptors o f different subunit
composition (Berridge, 1993).

IP 3 may also activate a specific Ca^"*" channel found in mast cells (Penner, et al, 1988; see
section 3.4.3). The suggestion has been made that IP 4 , the phosphorylated derivative of
IP 3 , may itself be a second messenger (Berridge and Irvine, 1989), in some circumstances
IP 4 appears to be required for the refilling of intracellular Ca^"^ stores (Irvine, 1991).

Increased cytosolic Ca^“*" results in a wide range o f effects dependent upon the cell type,
as well as due to cross-talk between signalling pathways and other stimuli the cell has
received. One effect is that of Ca^"*"-induced-Ca^"^ release (CICR). This is a result o f the
sensitivity o f IP 3 receptors and RYRs to intracellular Ca^'*' (Berridge, 1993). In excitable
cells ,such as neurons, Ca^'*' entry giving rise to increased Ca^'*“ in the cytosol activates
CICR, effectively amplifying the initial Ca^"*" signal (Friel and Tsien, 1992). Such a
process may continue as increased intracellular Ca^"*" stimulates further Ca^^ release
from Ca^"*" stores, perhaps giving rise to repetitive Ca^"*" spiking.

Bursts o f Ca^”^ release from intracellular Ca^"*" stores giving rise to spiking subsequent to
the initial CICR, may result either from Ca^“^-activated channels located in the membrane
o f intracellular Ca^"*“ stores having decreasing sensitivity to Ca^^ or the quantal nature o f
Ca^"*” release (as discussed earlier), Ca^"*" acting as a co-agonist with IP 3 . In either case a
positive feedback mechanism initiates repeated release o f Ca^"*". The cycle may be bought
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to an end by one of a number of mechanisms. These include the depletion o f Ca^"*" stores,
negative feedback of Ca^“^ itself at high concentrations (Lino and Endo, 1992) or the
intervention o f a negative feedback loop in the form o f a Ca^"*"-activated process, such as
a kinase, inhibiting further release. Ca^"*" stores are replenished by ATPases, perhaps with
additional Ca^"'’ from the extracellular environment provided through the activation of
divalent cation channels in the cell membrane sensitive to IP 3 and IP 4 (Irvine, 1991).
Another phenomenon associated with Ca^"*" release from intracellular stores is that of
Ca^"*” waves (Berridge, 1993). These spread out across the cell from a focal point of
origin with high velocity and may propagate in unusual patterns (Lechleiter, et al, 1991).
In rat pancreatic acinar cells a velocity of 87pm s’ ^ has been measured resulting from
stimulation with ryanodine (lOpM) (Nathanson, et al, 1992). Caffeine and ryanodine at
concentration known to inhibit CICR have been found to slow the propagation o f Ca^"*”
waves in pancreatic acinar cells. This implies that sequential activation o f RYRs across
the cell may account for the generation o f Ca^"^ waves and that such sequential activation
is probably the result of CICR.

Evidence now suggests a mechanism for the control o f Ca^"*" release from intracellular
stores in addition to that offered by IP 3 and RYRs. Addition o f NAD'*' to sea urchin egg
homogenates has been found to result in a rise in free Ca^"*". This occurs after a delay of
several minutes suggesting that NAD"*” itself was not mobilising Ca^"*". Mass spectroscopy
has been used to identify the agent responsible as cyclic ADP ribose (cADPR). This has
been found to be an order of magnitude more potent than IP 3 . In sea urchin eggs IP 3
induces Ca^"^ release and activation of the egg. Blockade o f IP 3 -induced Ca^"^ release
with heparin prevents egg activation. However, heparin fails to block the Ca^"^ transient
observed at fertilisation and activation still occurs. cADPR has been found to induce
Ca^"*” release and egg activation unaffected by the presence o f heparin. This indicates the
presence o f a cADPR-sensitive Ca^"*" store distinct from that sensitive to IP 3 . Another
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possibility is that a single Ca^"^ store may have multiple receptors (Galione and White,
1994).

cADPR may be a metabolic derivative o f NAD"^. The latter is converted to the former by
the catalytic action o f ADP ribosyl cyclase, subsequently cADPR is hydrolysed to ADP
ribose by cADPR hydrolase. O f these compounds only cADPR has Ca^"^ mobilising
activity. A number of observations have been made about the nature o f cADPR-induced
Ca^"^ release (Galione and White, 1994). Ca^"^ release induced by caffeine or ryanodine
leaves egg homogenates refractory to subsequent induction o f Ca^'*' release by cADPR
but still responsive to IP 3 . cADPR potentiates caffeine, ryanodine and divalent cation induced Ca^"^ release, IP 3 does not, providing further evidence in support o f the idea that
cADPR is an agonist of an endogenous, intracellular receptor-Ca^"*" channel. The identity
o f the cationic channel liganded by cADPR is implied by the observed increase the open
probability (Pq) of RYR2 in the presence o f cADPR, by comparison the Pq o f RYR 1 is
unaffected. cADPR may act as a second messenger perhaps regulated by another second
messenger, cGMP (section 2.4.3). The control o f intracellular Ca^'*' by cyclic nucleotides
is not unprecedented, cGMP controlling the level o f Ca^"^ in retinal rods and cones,
although the discovery that cADPR has second messenger activity is in itself novel.
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2.4.2
Calcium Activated Processes.

An increase in intracellular Ca^"*" bought about by the activation o f cell surface channels
permitting the entry of this divalent cation or by its release from intracellular stores
(section 2.4.1) provides a signal within the cell, the consequences o f which depended on
the proteins that Ca^"*" binds. Ca^"^ binds to and activates a range o f intracellular proteins,
one o f the most prominent is protein kinase C (PKC), originally designated as such due to
its Ca^"*" sensitivity. Several PKC isozymes are now known to exist, some o f which are
not Ca^’^'-dependent (nPKCs). One isoform, PKC^ exhibits constitutive low level
activity. Although of note due to its unusual nature, major consideration will be given to
those isoforms of PKC that are tightly coupled to signalling pathways by the nature o f
their activation.

PKC not only binds Ca^"^ but also DAG, thus bringing together two signalling pathways
that diverged subsequent to the PLC catalysed formation o f IP g and DAG, the former
liberating intracellular Ca^"*". DAG and Ca^"*" both act as allosteric modifiers o f PKC
activating this serine/threonine kinase. Binding o f Ca^"*" results in translocation o f PKC to
the cell membrane where binding of DAG and phosphotidylserine (PS) result in enzyme
activation (Hug and Sarre, 1993). The carcinogens, phorbol esters are thought to induce
PKC activation by mimicking DAG. The activation is sustained, unlike DAG the phorbol
esters have a long half-life in the membrane (Gschwendt, et al, 1991). PS is thought to
act as a cofactor to D AG-induced activation o f PKC, the presence o f both PS and DAG
reducing the Ca^"*" requirement for the activation o f Ca^"^-dependent isoforms o f PKC. In
bovine hepatocytes PS inceases PKC(!^ activity as does the phospholipid metabolite,
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arachidonic acid (AA) (Nakanishi and Exton, 1992), a product o f phospholipase A 2
(PLA 2 ) activity.

All known PKC isozymes exhibit autophosphorylation with a

typically an order of

magnitude lower than that for substrate (Hug and Sarre, 1993). Initial phosphorylation of
PKC subsequent to Ca^"*" binding may facilitate translocation o f the enzyme to the cell
membrane where full activation occurs. The greater self-affinity o f PKC over substrate
presumably allowing autophosphorylation to occur at a lower activation state than does
the phosphorylation of substrate. The existence o f a PKC phosphorylating enzyme has
been suggested (Dietrich, et al, 1989). From the hypothetical requirement for
phosphorylation of PKC for translocation to the cell membrane where the enzyme is fully
activated, the apparently valid deduction may be made that dephosphorylation o f PKC
results in the transit of PKC back to the cytoplasm and the consequent inactivation of the
kinase. In agreement with this, protein phosphatases I and 2A have been found to
inactivate PKC (Pears, et al, 1992). However, déphosphorylation o f the PK C a isozyme
catalysed by potato acid phosphatase does not lead to loss o f PK C a activity. This
observation fails to support the above conclusion but may be explained if the assumption
is made that autophosphorylation has isozyme specific roles other than facilitating
translocation to the cell membrane, perhaps PKC undergoing multiple phosphorylation,
each with a different function. The site o f potato acid phosphatase catalysed
dephosphorylation may differ from that which is responsible for PK C a membrane
association.

PKC is thought to alter the activity of a wide range o f downstream proteins, probably
including proteins involved in growth and transformation as demonstrated by the cell
transforming ability of phorbol esters and the association o f greater proto-oncogene
expression found in cells in which PKC is over expressed (Hug and Sarre, 1993).
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Whether PKC mediates a wide range of effects through the phosphorylation o f many
substrates or through the phosphorylation o f a single intermediate is a question that has
been addressed in PCI 2 cells. Reconstitution of PC 12 cell ghosts with cytosol containing
pl45, a protein shown to reconstitute Ca^“*"-dependent secretion in PC 12 cell ghosts
(Walent, et al, 1992; see section 2.j^), resulted in ATP-dependent, Ca^"""-activated [^H]noradrenalin release (Nishizaki, et al, 1992). Addition o f cytosol with the phorbol ester
TP A enhanced secretion, pi 45 specific antibodies blocked this enhancement.
Immunoprecipitated o f pi 45 exhibited PKC-dependent phosphorylation and ppl45 was
found in TPA-treated cytosol. These findings imply that increased PKC activity
stimulated by TP A result in the phosphorylation o f a cytosolic protein, p i 45 that
mediates the enhancement of noradrenalin secretion in PC 12 cells (Nishizaki, et al, 1992).
Whether all PKC mediated functions are conducted in a similar manner remains to be
investigated.

An increase in intracellular Ca^"^ also results in the activation o f other Ca^'^-sensitive
protein, including troponin C found in muscle cells, IP 3 receptors and RYRs (as
discussed earlier, section 2.4.1), members o f the annexin family o f proteins and
calmodulin, which on binding Ca^"*" interacts with a number o f downstream targets
including a Ca^"*’/ATPase, adenylyl cyclases, phosphodiesterases and kinases. Work in
yeast has proved useful in the elucidation o f calmodulin functions (Chant, 1994). The
discussion o f the wide range of proteins now known to be Ca^“^-sensitive is beyond the
scope o f this work. Ca^"'" has a wide range o f affects in the cell, activating a number of
cellular processes, consequently in some ways it provides a non-specific signal. Local
"hot-spots" of Ca^"*" in the vacinity of RYRs, IP 3 receptors or cell surface Ca^^ and
divalent cation channels may provide a degree o f specificty, activating local processes
only. Cell surface Ca^"^ channels have been found to co-localise with secretory granules
in pancreatic B-cells (Bokvist, et al, 1995). Ca^"*" transients o f short duration, <50ms, and

39

small volume, extending only up to 2 pm into the cytosol from the area o f channel
concentration, may be sufficient to elicit exocytosis. Ca^"*" buffers may also assist in
limiting Ca^'*’ increases within the cell (Roberts, 1993). With a high affinity or if present
in large concentrations buffers may limit the spread o f Ca^'*' transients, perhaps confining
it to a sub-membrane area within the cell, preventing other Ca^'^-dependent or Ca^'*'modulated cellular processes from being affected, while allowing Ca^''"-dependent
exocytosis to proceed. Oscillations in Ca^"^ concentration, such as occurs in Ca^"*"
spiking and Ca^“*" waves (see section 2.4.1), may also provide a means o f activating
specific signalling systems within the cell, possibly with the response to the varying Ca^“^
signal being dependent upon the dissociation constant o f Ca^"*" and the delay prior to
activation due to conformational changes in the target proteins.

2.4.3
Cvclic Nucleotides.

Cyclic guanosine 5',monophosphate (cGMP) is well established as the principle second
messenger involved in the regulation of membrane potential in the vertebrate light
transducing cell, the rod. In the rod outer segment (ROS) signal transduction occurs
when a photon of light is absorped by a molecule o f rhodopsin located in the membrane
o f intracellular disks. Photon absorption increases the energy state o f Tc-electrons
resulting in a what is thought to be a four stage sequence o f conformational change of
rhodopsin to metarhodopsin II (Lamb, 1986). An associated G-protein, termed transducin
or Gt (sometimes TD), is activated probably by metarhodopsin II, binding GTP and
dissociating into G^qc and Py subunits. The a-subunit diffuses into the cytosol, on
interacting with cGMP-phosphodiesterase (cGMP-PDE) this enzyme is activated. cGMPPDE catalyses the hydrolysis of cGMP to GMP resulting in a decrease in the level o f
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cGMP. cGMP opens Ca^"*" and Na'*'channels located in the disk and cell membranes
respectively. Since cGMP is produced constitutively in the absence o f stimulation, i.e. in
the dark, a continuous influx of Ca^*^ is achieved. Activation o f cGMP-PDE with a
resulting decrease in cGMP leads to closure o f Ca^"*" channels and membrane
hyperpolaristion (Stryer, 1988). The ROS is unusual in that unlike other cell systems
second messenger levels are decreased in response to stimulation, a reduction in cGMP
bringing about a fall in the intracellular concentration of Ca^"^. cGMP is also thought to
activate a protein kinase, cGMP-dependent protein kinase which may have important
roles in muscle tissue.

cAMP was the first molecule to be termed a second messenger by Sutherland in 1956.
Subsequent investigation into the control o f cAMP production by adenylyl cyclase has
focused on the role o f two G-proteins, Gg and Gj. These two G-proteins couple to
different receptors and provide a system o f dual control o f adenylyl cyclase activity
(Levitzki, 1982 & 1990). cAMP has been found to bind to and activate cyclicAMPdependent protein kinase (PKA) (Nairn, et al, 1985). cAMP has also been found to
activate a Cl" current in mast cells (Penner, et al, 1988; see section 3.4.7)
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2.4.4
Small GTP-Binding Proteins.

The small GTP-binding (SMG) proteins are monomeric, range in relative molecular mass
from 2 0 - 30 kDa, exhibit activation dependent upon the exchange o f bound GDP for
GTP and inactivation dependent upon the hydrolysis o f bound GTP Consequently the
SMGs resembling the a-subunit of heterotrimeric GTP-binding proteins. Although often
classified as signal transducing, these proteins have not been found to directly interact
with cell surface receptors and thus do not appear act as signal transducers as they have
been defined (see section

2.1

& fig. 2 . 1 ); that is, mediating the transfer o f a signal from

its extracellular form to an intracellular form. Rather the SMGs appear to be second
messengers, perhaps often regarded as transducers due to their similarity to G-proteins.
This appears to have resulted in the re-defining by some o f whole signalling pathways as
"signal transduction", which is clearly not the original definition o f this phrase (Rodbell,
1992). However, the ability of SMGs to bind and hydrolyse GTP does give them the
property o f molecular switches, activated when stimulated to exchange bound GDP for
GTP and inactivated by hydrolysis of bound GTP catalysed by an intrinsic GTPase
activity, in a manner similar to that of G-proteins (section 2.3 . 1 ).

Activation o f SMGs is controlled by guanine nucleotide exchange factors (GEPs), of
which there are two types, GDP-dissociation stimulators (GDSs) and GDP-dissociation
inhibitors (GDIs) (Takai, et al, 1992). Each SMG has specific GEP proteins although
some cross-talk may occur, this will be discussed later. The GEP proteins may function
by stabilising either the GTP-bound or GDP-bound forms o f SMGs, altering the
probability that the SMG is in a particular state and thus shifting the equilibrium between
the GDP-bound and GTP-bound SMG forms. In support o f this conjecture smg p21 GDS
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has been found to complex with smg p21 in either the GDP or GTP bound forms in a
one-to-one ratio and stimulate dissociation o f both GDP and GTP to similar extents
(Kawamura, et al, 1991; Yamamoto, et al, 1990). The ya st ras GDS, CDC25p has been
found to have a three fold greater affinity fbv the GTP-bound form o f ras over the GDPbound form o f the SMG (Haney and Broach, 1994). The affinity o f ras purified from
E.coli for GTP is greater than that for GDP. Binding o f CDC25p to ras results in the
stimulation o f the dissociation of the bound guanine nucleotide, thus promoting ras to a
nucleotide-free state. Once in this state GTP is preferentially bound. The binding of
guanine nucleotide is the rate limiting step. In contrast smg p21 GDI has been found to
complex only with the GDP-bound form o f smg p21 in a one-to-one ratio, inhibiting
guanine nucleotide exchange on smg p21 (Ohga, et al, 1989).

A well investigated example of SMG activation is that o f the ras protein by the GDS,
mSosl which is coupled to the RTK (3PDGFR by the Grb2 protein. The interactions of
these proteins are mediated by ^rc-homology domains and phosphotyrosine residues, as
such they are delt with in relation to tyrosine kinases as signal transducers (see section
2.3.2).

The intrinsic GTPase activity of SMGs is very low, with a catalytic constant (k^^^-) less
than the GDP off-rate (koff). Consequently in vitro these proteins will remain in the GTP
bound state once loaded with the nucleoside triphosphate (Takai, et al, 1992). This is
unlikely to be the case in vivo, GTP hydrolysis and the resulting inactivation o f the SMG
being an essential step in the GTP-binding protein cycle. Ras p21 injected into Xenopus
oocytes has been found to be mostly GDP associated. This has been similarly
demonstrated to be the case in Swiss 3T3 cells. The identification o f a cytosolic factor in
yeast, GTPase activating protein (GAP) that increases the ras p21 k^^t by between 200
and 1000 fold (Trahey and McCormick, 1987). This provided an answer to how SMGs
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are inactivated and explained the apparent discrepancy between the ratio o f ras p 2 1 found
to be in the GDP and GTP bound states in vitro and in vivo. A protein activity with the
opposing function, a GTPase inhibitory protein (GIP), has only been found for ras p2 1
(Tsai, et al, 1990); GAPs have been identified for a number o f SMGs (Takai, et al, 1992).

At first glance a finding in the signalling system o f budding yeast yeast may not appear to
have much relevance upon the operation o f signalling mechanisms in humans or other
mammals. Yet the finding that deletion o f the Ras gene in the yeast Saccharomyces
cerevisiae resulting in cell death may be overcome by the introduction, by injection, of
mammalian ras genes. This is even more surprising since the Ras gene product in yeast
controls the production of cAMP while in mammals the ras gene product is not thought
to be involved in cAMP regulation. An evolutionary link between yeast and mammalian
ras genes is implied by this finding. Therefore the study o f yeast may provide evidence
which by analogy may lead to a greater understanding o f the mammalian system for the
regulation of intracellular signalling pathways. In the case o f ras these appear to be
concerned with cell growth.

In S.cerevisiae the Ras effector protein, that is the protein downstream o f the Ras
protein, may be a cyclase associated protein (CAP) (Hall, 1990). CAP" cells exhibit a
variety o f phenotypes not related to the Ras /cyclase pathway. This implies that CAP
might link Ras with more than one signalling pathway. As yet no mammalian homologue
o f CAP has been identified.

Mutation o f amino acid residues 32-40 o f the mammalian ras p21 eliminates biological
activity without affecting guanine nucleotide binding (Calés, et al, 1988). Therefore it
seems likely that this region of ras p21 binds the effector molecule. Mutations that
eliminate biological activity also eliminate GAP interactions. Also there is homology
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between some o f the GAP and ras p21 amino acid sequence, perhaps indicating a
common modular binding motif. These findings are indicative o f GAP binding at the
effector binding site and imply GAP may be the effector protein that p21 complexes with
and activates (McCormick, 1989; Polakis and McCormick, 1993).

Two gene products of S.cerevisiae, IRAI and ERA2 are GAP-like. Deletion o f either
gene results in a phenotype similar to that produced by mutations resulting in Ras being
predominantly in the GTP-bound state (Hall, 1990). IRAI and IRA2 are not known
targets o f ras p21, that role is assigned to CAP, but downregulate ras p21-GTP. The
effects o f deletion o f IRAI or IRA2 may be reversed by the introduction o f mammalian
GAP, homology between the C-terminal regions o f mammalian GAP and IRAI have been
demonstrated.

Recombinant ras GAP or recombinant ras p21 have been found to selectively inhibit the
coupling o f muscarinic cholinergic receptors to K"*" channels in atrial cells (Yatani, et al,
1990). The effect o f recombinant ras GAP was found to be dependent on the presence of
endogenous ras in the cell membrane, anti-ras antibodies blocking recombinant GAPinduced inhibition o f muscarinic K"*" channel activation. The effect o f recombinant ras p21
similarly is dependent on the presence o f endogenous GAP, anti-GAP antibodies blocking
ras p21-induced inhibition o f muscarinic K"*" channel activation. These observations imply
that it is a ras p21-GTP-GAP complex that uncouples the

channel from the

muscarinic receptor. This block was found to be overcome by the introduction o f GTPyS,
a poorly hydrolysable GTP analogue, probably as a result o f the activation o f the Gprotein directly activating the K"*" channel, G]^. This effect o f GTPyS has a faster onset in
membranes not treated with ras p21-GTP-GAP complex. The rate at which GTPyS binds
to the G]^o^ subunit is dependent upon the rate o f dissociation o f GDP from G i^qc^ the
koff, which is faster in the coupled system, probably since Gj^ is stimulated to release
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GDP by the receptor. This implies that the ras p21-GTP-GAP complex uncouples G^
from its upstream receptor. This is an example o f GAP acting as an effector and
downstream regulator.

After stimulation o f cells with PDGF phosphorylated GAP has been found in association
with the PDGFR, or in association with the EGFR after EGF stimulation (Hall, 1990).
The functions o f GAP phosphorylation and association with a cell surface receptor are
not yet clear. It may be to attenuate the activity o f GAP. An 83 amino acid deletion from
the PDGFR in the kinase insert domain inhibits binding o f PI3K and GAP, also blocking
PDGF stimulation of mitogenesis, implying that GAP and /or PI3K are essential
components o f the mitogenetic pathway. In cells with constitutively active oncogenic
mutant forms o f ras, GAP is not found associated with the PDGFR, indicating that
association o f phosphorylated GAP with the receptor may not be important if ras proteins
are locked in the GTP bound form. GAP function therefore appearsib be irrelevant to the
activation o f the ras protein under these conditions.

Similar accessory proteins that stimulate or inhibit guanine nucleotide exchange on Gproteins may exist. Certainly liganded G-protein-coupled receptors appear to stimulate
dissociation o f GDP from the a-subunit (Gilman, 1987), thus acting in a manner similar
to that o f a GDS acting upon an SMG. The G-protein py-subunits appear to inhibit
dissociation o f GDP from the a-subunit (Higashijima, et al, 1987b), thus acting in a
manner analogous to that of a rab GDI. The downstream target o f the G-protein a subunit may also activate the endogenous GTPase activity o f the a-subunit (Bernstein, et
al, 1992) in a manner analogous to the GAP activity identified for some SMGs, thus
providing a negative feedback signal turning Gq^ off.
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SMGs, like the a-subunits of heterotrimeric GTP-binding proteins (section 2.3.1), are
often posttranslationally modified with the result o f increased membrane attachment.
Those posttranslational modifications best characterised are those undergone by the ras
proteins (Hancock, 1993). Each modification proceeds in sequence, interference with a
single step prevents subsequent stages from occurring. Isoprenylation o f ras-related
proteins is signalled by the presence of one of three C-terminal motifs, CAAX, CC and
CXC, each signalling for a specific modification. The CAAX motif signals for the
addition o f a farnesyl moiety at the cysteine residue in this motif. The addition o f the
farnesyl moiety is catalysed by farnesyl protein transferase (FPT). Subsequent to the
farnesylation of the ras protein the C-terminal three residues, AAX are cleaved from the
SMG by AAX protease, an event that probably takes place in a membrane since
farnesylation results in an increase in the membrane affinity o f ras. Followed this
cleavage, C-terminal undergoes méthylation catalysed by methyltransferase. The ras
protein then either forgoes further modification or if a cj^eine is present next to the
remaining C of the original CAAX motif, the ras protein is palmitoylated, a reaction
catalysed by palmitoyl transferase. This process is depicted schematically in figure 2.4.
The y-subunit of heterotrimeric GTP-binding proteins possesses a C-terminal CAAX
motif and so may also undergo isoprenylation (Takai, et al, 1992). Ras-related rab
proteins with C-terminal CC or CXC motifs undergo geranylgeranylation catalysed by
rab-geranylgeranyl transferase (rabGGTase) (Hancock, 1993).
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-CAAX
i

: Farnesyl protein transferase

-(F)CAAX
•I : A A X protease
-{F)CO4- : M ethyl Transferase
-(F)COMe
bJ ; Palmitoyl Transferase

K-Ras-(K)6-C-0Me

Fig. 2.4

H-Ras-(P)-C-(/0-C-OMe

Posttranslational Modification Of Ras Proteins.

Only the C-terminal region is depicted, along with the enzyme catalysing
each step in the modification pathway. K-Ras does not undergo
modification subsequent to méthylation. {F) : Farnesyl residue;
{P) : Palmitoyl residue, shown with the C residue to which these are
attached. Once the farnesyl residue has been attached subsequent steps
probably occur in a membrane, possibly the ER, since the farnesyl tail
promotes membrane attachment.

The importance each modification has been investigated by interrupting the sequence o f
events either by mutation of motif sequences or drugs inhibiting the catalytic function o f
specific enzymes involved in posttranslational modification processing (Hancock, 1993).
This has revealed that membrane localisation is not always required for the protein
function and certain functions require specific SMG modifications while other functions
o f the same protein do not.
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Among the most interesting SMG functions - from the point o f view o f this study - is that
o f ras proteins in vesicle trafficking. Related mechanisms may function in secretory
vesicle targeting to the cell membrane with subsequent docking and membrane fusion
perhaps having mechanisms analogous to the mechanisms o f intracellular vesicle transport
(see section 2.5.1).

2.5
Secretory Mechanisms.

Before discussing the mechanisms of secretion the nature o f the secretory process of
concern here requires consideration. Exocytosis is the process o f secretion through the
fusion o f vesicles containing cell products incapable o f freely diffusing out o f the cell
through the membrane. This form of secretion may be regulated by specific extracellular
signals, for example hormones, neurotransmitters and antigen, or may occur
constitutively, although perhaps modulated by extracellular signals. Regulated secretion is
o f interest in this study; in the mast cell binding o f antigen by IgE docked with its specific
cell surface receptor results in the stimulation o f exocytosis.

The final stages o f the stimulus-secretion pathway must involve the regulation o f the
exocytotic machinery itself. Due to the remoteness o f these processes from the site of
receptor activation, the components o f the secretory machinery and the nature o f
regulation immediately upstream in the signalling pathway prove more difficult to
investigate than those elements of the signalling pathway that couple directly to the
receptor. Also perhaps it may seem self-evident to begin investigating stimulus-response
coupling at the receptor and work towards the final mechanisms giving rise to the
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observed response, in this case secretion. Consequently it is only relatively recently that
some progress has been made in the area o f exocytotic mechanisms.

The mechanisms o f exocytotic membrane fusion have not yet been elucidated but by
examining the findings from studies of systems in which the control o f membrane fusion is
perhaps better understood, insight into possible mechanisms o f regulating and initiating
exocytotic membrane fusion may be gained. The commonality o f many biological systems
indicative o f the conservation of encoded protein structure through evolutionary
development implies that the comparison o f systems that serve similar functions is often
justified. Intracellular transport facilitated through the movement o f small vesicles is well
studied and in common with exocytosis shares the necessities o f vesicle targeting to the
correct destination membrane, vesicle docking with the destination membrane and final
fusion with the destination membrane. Although intracellular vesicle trafficking is a
constitutive process, the mechanism controlling targeting, docking and membrane fusion
may have features in common with that of regulated secretion.

2.5.1
The Role O f Rab Proteins In Vesicle Trafficking.

The finding that aluminium fluoride blocks vesicular transport through reconstituted
Golgi (Melancon, et al, 1987) first indicated the involvement o f GTP-binding proteins in
the regulation o f vesicular trafficking, since aluminium fluoride has been shown to
activate G-proteins (Sternweis and Gilman, 1982; see section 2.3.1). Aluminium fluoride
may also activate SMGs. Activation of GTP-binding proteins by aluminium fluoride may
be due to insertion into the y-phosphate binding site, allowing activation even with GDP
bound. SEC4 is a yeast homologue of the mammalian SMG ras-related rab proteins
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(section 2.4.4). Dysfunctional SEC4 mutations in the S.cerevicae yeast have been found
to result in vesicle accumulation in specific stages o f vesicular transport, implying SEC4
involvement in docking and/or fusion of vesicles with the target membrane (Bourne,
1988). SEC4, as well as another yeast protein also implied in vesicle trafficking by
experiments involving dysfunctional mutations, Y PT l, have sequence homologies with
mammalian rab proteins (Salminen and Novick, 1987). This provided an indication that
rab proteins may be involved in mammalian vesicle trafficking. As a result o f experiments
involving over-expression and temperature sensitive mutations, rab4 and rabS are now
thought to be involved in the vesicle transport of endocytic pathway, from the formation
o f endocytic vesicles through the early endosome and recycling o f membrane to the cell
membrane (Marsh and Cutler, 1993).

The involvement o f GTP-binding proteins in intracellular vesicular transport is also
indicated by the GTPyS-induced accumulation o f vesicle buds and coated vesicles. The
vesicles are coated with one of a group o f protein complexes termed COPs, in the Golgi
the COPl complex is found (Seaman and Robinson, 1994). Removal o f the COP proteins
appears to be dependent on vesicle docking with the target membrane (Rothman and
Orci, 1992). The C 0 P (l-3 ) complexes are known to consist o f a number o f protein
components, including a , p, y and 5 COPs and ADP-ribosylation factor (ARE) (Serafmi,
et al, 1991), each C 0 P (l-3 ) complex is constituted o f diff erent combinations o f these
proteins. The COP complex components have been suggested to be present in the cytosol
as a complex, termed coatomer (Waters, et al, 1991), with the exception o f ARE which
exists separately in the cytosol. Since ARE is the only known GTP-binding component o f
the COP complex, it seems likely that GTPyS-induced blockade o f Golgi transport is
mediated through ARE. Since GTPyS induces accumulation o f coated vesicles, the idea
has been put forward that GTP-bound ARE facilitates COP complex formation which
mediates vesicle budding. Removal of the vesicle coat appears to be a prerequisite for
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docking and/or fusion with the target membrane and that removal o f the COP complex
from the vesicle is dependent on the ARF-catalysed hydrolysis o f bound GTP. Different
SMGs may mediate vesicle targeting to specific cellular compartments, for instance rabl
may be involved in ER to Golgi transport. (Rothman and Orci, 1992).

Rab proteins are thought to undergoing cyclic attachment, budding, hydrolysis and
recycling. Initially rab attaches to the membrane o f origin (donor). This is followed by
vesicle budding from the donor membrane. The vesicle docks with the target (acceptor)
membrane and finally rab is recycled subsequent to hydrolysis o f bound GTP. GTPhydrolysis may occur when the vesicle docks with the target membrane or may occur
when fusion is initiated. The cycle of membranous compartmental location is thought to
be regulated by nucleotide exchange and GTP hydrolysis on the Rab protein. Rab
membrane attachment may be facilitated by a C-terminal geranylgeranyl 'tail' (Armstrong,
1993; see section 2.4.4). A model of rab cycling in vesicular trafficking has been
developed. Rab with GDP bound located in the donor membrane interacts with a GDS
promoting GDP dissociation with subsequent GTP binding. GTP-bound rab is
incorporated in vesicles upon budding (Ullrich, et al, 1994; Soldati, et al, 1994). On
docking with the acceptor membrane the intrinsic GTPase activity o f the rab protein may
be activated, perhaps by a GAP activity located in the acceptor membrane, catalysing the
hydrolysis o f bound GTP. Rab catalysed hydrolysis o f GTP may provide the signal for
fusion to occur. This would provide an efficient system o f initiating fusion if the docking
protein located in the acceptor membrane binds rab(GTP) and has GAP activity. The
retrograde movement of rab proteins may be facilitated by a GDI protein containing a
pocket in which the isoprenyl group sits (Araki, et al, 1990; Takai, et al, 1992).

The cycling o f rab proteins may be representative o f the involvement o f other SMGs in
vesicle targeting. This scheme may also be canonical for vesicle targeting in general,
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including regulated exocytosis, perhaps with different SMGs determining the specificity
o f vesicle-membrane interactions. Antisense oligonucleotides to rab3B mRNA have been
shown to block Ca^“^-dependent rat anterior pituitary cell secretion without effecting
endocytosis. Perfusion with antisense oligonucleotides blocking rab3A expression had no
effect Ca^“^-dependent secretion in these cells (Lledo, et al, 1993). These observations
are indicative o f the mediation of vesicle-target membrane interactions through the
involvement o f specific SMG proteins. Vesicle docking may be the most important step
o f vesicle transport in any system, since this determines correct vesicle targeting, essential
for correct vesicle-to-target membrane fusion.

The conclusions reached regarding the involvement o f SMGs, specifically rab proteins, in
the regulation of membrane fusion may however be less than clear. The finding that
rab3 AL stimulates both amylase secretion and IP 3 production in digitonin permeabilised
pancreatic acini and that this is blocked by the IP 3 receptor antagonist, heparin (Piiper, et
al, 1993), implies that the role of rab proteins in the regulation o f secretion may be more
general than originally thought. Intracellular perftision o f mouse mast cells with rab3A or
a peptide (with two amino acid substitutions) corresponding to the putative effector
domain and GAP-binding region of rab3A, termed rab3AL (Oberhauser, et al, 1992),
resulted in rapid and complete degranulation. Zymogen granule fusion has also been
found to be stimulated by rab3AL, however scrabbling the peptide sequence does not
alter fusogenic activity (MacLean, et al, 1993). Further, rab3A-directed monoclonal
antibodies failed to block rab3A-induced zymogen granule fusion, even though the
antibodies bind to a granule membrane component. These observations make it difficult
to avoid the conclusion that the Rab3 AL peptide is stimulating membrane fusion through
a non-specific mechanism. The lack of sequence specific effects brings into serious doubt
the role o f Rab3A in membrane fusion.
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The identification o f a protein that binds rab3A with bound GTP, but not rab3 A with
bound GDP, rabphilin, has lead to the suggestion (Shirataki, et al, 1993) that the
interaction o f rab3 A, a synaptically abundant protein, with rabphilin is an essential step in
the activation o f the exocytotic machinary. This is supported by the finding that
synaptotagmin, proposed as a Ca^"*"-sensitive vesicle-membrane fusion protein (Brose, et
al, 1992, Elferink, et al, 1993; see section 2.5.2), has sequence homology with rabphilin
(Shirataki, et al, 1993).

The involvement of heterotrimeric GTP-binding proteins in vesicle trafficking is indicated
by the localisation o f a-subunits associated with intracellular membranes including the
trans-Golgi (Barr, et al, 1992). That G-proteins may be involved in the regulation of
intracellular transport is further indicated by the observed increased vesicle formation rate
resulting from PTX and CTX treatments, since these toxins are known to prohibit Gprotein activity (section 2.3.1), also by the addition o f py-subunits (Melancon, 1993).

2.5.2
The SNARE Hvpothesis.

The investigation of intra-Golgi vesicular transport has revealed the accumulation of
uncoated vesicles in the presence of N-ethylmaleimide (NEM) (Glick and Rothman,
1987). That these uncoated vesicles derive from coated vesicles is indicated by the
observation that in the presence of both GTPyS and NEM only coated vesicles
accumulate (reviewed in: Rothman and Orci, 1992). The use o f a protein isolated by
virtue o f its ability to overcome NEM-induced blockade o f intra-Golgi transport (Block,
et al, 1988), NEM-sensitive factor (NSF) in affinity chromatography resulted in the
isolation o f three soluble NSF-attachment proteins (SNAPs), a , p and y from brain
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membrane extracts (Clary and Rothman, 1990; Clary, et al, 1990).

. NSF is

-(br vesicle fusion in isolated systems
and

two C-terminal ATPase motifs (Rothman and Orci, 1992).

a and y SNAPs have been found in a wide range o f tissues, P-SNAP appears to
be brain specific although a-SN A P is more abundant in brain than P-SNAP. P-SNAP has
sequence homology with a-SN A P (Whiteheart, et al, 1993).

In an attempt to purify putative SNAP receptor proteins, bovine brain detergent extract
was passed down an affinity chromatography column containing a and y SNAPs,

NSF"

followed by washing with Mg.ATPyS to remove non-specifically bound proteins and
subsequent washing with Mg. ATP to remove proteins bound specifically in an ATPdependent manner, the attachment o f which is terminated by ATP hydrolysis. Individual
proteins were separated for sequence analysis by SDS-PAGE o f the eluate obtained from
washing with Mg. ATP and HPLC o f blots. Four proteins were identified, syntaxins A &
B, SNAP-25 and synaptobrevin-2, also termed VAMP. The SNAP receptors, or
SNAREs, were found to be present in the specific eluate at a

of

pS

mole o f a-SN A P, a ratio claimed to be not significantly different from a one-to-one
stoichiometry. However, this appears to be much closer to a tw o-to-one stiochiometry.
SNAP-25 co-immunoprecipitated with a - and y-SNAPs at 20S in the presence o f NSF, in
the absence o f NSF SNAP-25 precipitated at 5S. This indicates that these proteins form a
complex in a NSF-dependent manner (Sollner, et al, 1993).

All o f the SNARE proteins isolated by exploitation o f their affinity for the SNAP proteins
had been previously identified in somewhat different contexts. The syntaxins have been
found to be transmembrane proteins in the presynaptic membrane (Bennett, et al 1992).
SNAP-25, an acronymn for synapse-associated protein, has been found in the presynaptic

membrane (Oyler, et al, 1989). Synaptobrevin-2, also termed VAMP, had been found to
be an integral synaptic vesicle membrane protein (Baumert, et al, 1989). This implies the
involvement o f these proteins in exocytosis at synapses, surprising considering the
original aim was the investigation o f ER to Golgi vesicular trafficking. Perhaps the
SNARE proteins are also involved in intracellular vesicle trafficking? Alternatively, the
SNAP proteins may be more universal. The suggestion has been made (Sollner, et al,
1993) that the SNARE proteins may form a new class o f proteins, with a single
membrane spanning domain and a long cytoplasmic N-terminal region.

Further evidence for the involvement of these proteins in synaptic vesicle targeting is
provided by the actions o f toxin endopeptidases. Botulinum B toxin (BTX-B) and TTX
exhibit protease activity towards synaptobrevin -2 and a potent ability to inhibit
neurotransmitter release (ScUn^o, et al, 1993). Tetanus toxin (TTX) and BTX- B, D, F,
and G hydrolyse synaptobrevin, BTX- A and E cleave SNAP-25 and BTX-C cleaves
syntaxin, all inhibit neurotransmitter release (Rosetto, et al 1994). BTX-D may also
inhibit regulated endocytosis (von Grafenstein, et al, 1992). TTX-induced inhibition o f
neurotransmitter release by synaptosomes is concomitant with the proteolysis o f
synaptobrevin (Link, et al, 1992). TTX and BTX-B -induced blockade of
neurotransmitter release by Aplysia californica neurons is also accompanied by
proteolytic cleavage o f synaptobrevin (Schiavo, et al, 1992). Microinjection o f peptide
sequences corresponding to the conserved regions o f the endotoxin substrates blocked
BTX- A and B -induced inhibition o f acetylcholine release from neurons o f the buccal
ganglion o ï Aplysia caiifoniica (Rosetto, et al, 1994). Antibodies raised against the
putative conserved sequence o f the SNARE proteins bound synaptobrevin, SNAP-25 and
syntaxin. On the basis o f SNARE sequences and the grouping o f endotoxin specificity
into two groups, the proposal has been made that the SNARE proteins have two highly
conserved regions corresponding to the endotoxin substrate specificity. The presence o f
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these two conserved regions in only synaptobrevin, SNAP-25 and syntaxin in neuronal
tissue suggests that these proteins are the only toxin substrates and subsequently o f some
importance in regulated neuronal exocytosis.

The previously identified intracellular locations o f synaptobrevin in synaptic vesicle
membranes and syntaxins in the presynaptic membrane, has lead to the suggestion o f two
types o f SNARE, a vesicle-associated or v-SNARE and a target-associated or t-SNARE
The

V-

and t-SNAREs are not thought to interact directly but with the 20S particle

formed by SNAP-25, a-SN A P and y-SNAP in the presence o f NSF (Sollner, et al, 1993).
The fidelity o f vesicle targeting may be ensured by the presence o f cognate v- and tSNARE proteins, although how this interaction is specific when mediated by a universal
protein complex is not clear. An alternative not con^udered is that the v- and t-SNARE
proteins do interact directly and together bind the 20S complex.

Further evidence for the SNARE hypothesis comes from experiments indicating the
involvement o f the proteins proposed to act as SNAREs. The finding that anti-syntaxin-1
monoclonal antibodies inhibit Ca^’^-induced catecholamine secretion from digitonin
permeabilised chromaffin cells (Gutierrez, et al, 1995), supports the contention that this
protein is involved in regulated exocytosis. That synaptophysin has a role in neuronal
exocytosis is indicated by the observed decrease in frequency o f spontaneous
acetylcholine release and the decreased amplitude o f evoked potentials (Alder, et al,
1992), resulting from the introduction o f anti-synaptophysin monoclonal antibodies and
Fabs into spinal Xetiopus neurons by microinjection or whole-cell patch.

Microinjection o f recombinant putative SNAPs into squid giant synapse has been found
to enhance constitutive neurotransmitter release, peptides designed to mimic the putative
binding sites o f the SNAP proteins inhibited constitutive neurotransmitter release (De
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Bello, et al, 1995). This indicates the involvement o f the SNAP proteins in neuronal
secretion and since these findings pertain to constitutive secretion, have been interpreted
as implying the participation of the SNAP proteins subsequent to vesicle docking with the
persynaptic membrane, perhaps priming the vesicles for membrane fusion.

Investigation into intra-Golgi vesicular transport prior to this had suggested the
involvement of a GTP-binding protein in the formation o f coated vesicles (see section
2.5.1). In a yeast temperature sensitive mutant in which the yeast homologue o f rab,
Y PTl inactivates above 37^C, the v-SNARE, Bos Ip and Sec22p, a protein o f similar
topology, fail to co-precipitate (Lian, et al, 1994). Over-expression o f Bos Ip and Sec22p
in mutant yeast in which Y PTlp is absent, restores Bos Ip and Sec22p co-precipitation,
implying Y PTlp is required for the v-SNARE, Bos Ip to complex with other vesicle
membrane proteins, although Y PTlp is not thought to directly interact with Bos Ip.

Another member of the rab family, Rab3A has been found to associate with synaptic
vesicles, the target of this SMG is thought to be rabphilin, a pre-synaptic membrane
protein that has homology with the synaptic vesicle membrane protein, synaptotagmin
(Shirataki, et al, 1993; see section 2.5.1).

Sequencing o f proteins from synaptic vesicles resulted in the identification of
synaptotagmin, so-called because of its localisation in synapses. Synaptotagmin is known
to contain two C2 domains (Brose, et al, 1992) that in PKC may be involved in Ca^"*"dependent membrane association. This implied that synaptotagmin may act as the Ca^'*'
sensor o f vesicular transport. However, mutant PC 12 cells deficient in synaptotagmin
have been found to undergo Ca^'*‘-induced catecholamine secretion (Shoji-Kasai, et al,
1992), indicating that synaptotagmin is not essential for regulated exocytosis by these
cells.
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An immunohistochemical study in which PC 12 cells were microinjected with one o f a
number o f antibodies, directed against rab3A, synaptophysin, synaptobrevin, SV2 and
synaptotagmin indicates that synaptotagmin has a role in regulated secretion (Elferink, et
al, 1993). Subsequent to

-induced secretion, P C I 2 cells exhibit dopamine P-

hydroxylase on the cell surface. This was demonstrated by the presence o f patches of
immunological staining on the surface o f the cells. Dopamine P-hydroxylase is an
intravesicular membrane protein of small electron-dense secretory vesicles. Introduction
o f anti-synaptotagmin antibodies, both monoclonal and Fabs, prior to stimulation reduced
the number o f anti-dopamine p-hydroxylase stained patches. No other antibody had the
same effect. Microinjection of a recombinant synaptotagmin fragment consisting of
cytoplasmic domains 1-3 (the 1-3 fragment) containing a C2 domain, reduced cell surface
dopamine p-hydroxylase stained patches on the cell surface. Co-injection o f the 1-3 and
3-5 fragments resulted in a reduction in dopamine P-hydroxylase stained patches but not
to the extent observed with the 1-3 fragment alone. From these observations the
suggestion has been made that synaptotagmin may decrease the probability o f a docked
vesicle fusing with the cell membrane. Ca^"'"-binding may effectively inactivate this
function o f synaptotagmin thus removing the blockade o f vesicle-cell membrane fusion.
Alternatively, although perhaps a less likely possibility, synaptotagmin may be a
component o f a large complex that is disrupted by the experimental treatments (Elferink,
et al, 1993). From these findings it would appear that synaptotagmin is not a v-SNARE
but acts as a clamp on membrane fusion, a protein function predicted by the SNARE
hypothesis (Sollner, et al, 1993).

Despite the assertions made about the role of synaptotagmin doubt about the critical
involvement o f this protein in membrane fusion mechanisms remains. If synaptotagmin is
indeed the clamp o f regulated exocytosis, then cells deficient in synaptotagmin should
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exhibit constitutive secretion where regulated secretion is otherwise observed (Kelly,
1995). This is clearly not the case in P C I2 cells deficient in synaptotagmin (Soji-Kasai, et
al, 1992). Further, the argument has been put forward that if synaptotagmin is the fusiondam p or mediates inactivation of the fusion-clamp, synaptotagmin deficient cells would
be expected to be insensitive to the effects o f a-lathrotoxin, a component o f blackwidow
spider venom inducing a high level of exocytosis leading to presynaptic neurotransmitter
depletion (Kelly, 1995). This has not been found to be the case (Geppert, et al, 1995).
However, the possibility should be considered that a-lathrotoxin by-passes the proposed
inhibition o f synaptotagmin, affecting components o f a clamping signalling pathway
downstream of synaptotagmin.

Use o f affinity chromatography with synaptotagmin resulted in the isolation o f neurexins
(Hata, et al, 1993) and syntaxins (Bennett and Scheller, 1993), the latter have been
putatively identified as t-SNAREs. This implies the interaction o f synaptotagmin with
syntaxins in the cell and more closely ties synaptotagmin in with the SNARE hypothesis.
The sequence homology o f synaptotagmin with the proposed rab3A- binding protein,
rabphil in-3 A (Shirataki, et al, 1993) indicates that rab3A may be involved in neuronal
exocytosis (Kelly, 1993) and that SMGs in general may have a role in regulated
exocytosis. Perhaps this indicates a point o f the communication pathway where GTPbinding proteins interact with components o f the secretory machinery or proteins directly
regulating the secretory machinery as suggested by the SNARE hypothesis, although the
non-specific actions of Rab3AL (MacLean, et al, 1993) raise doubts about this possibility
(Cf. section 2.5.1).

The proposed protein complex may dock secretory vesicles to the cell membrane but
does the SNARE complex facilitate membrane fusion or does a second complex drive the
fusion process? The proposal has been made (Sollner, et al, 1992) that fusion is facilitated
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by a gap junction-like structure, energetically similar to a phopholipid bilayer and formed
by the association of a v-SNARE, a t-SNARE, SNAP-25, NSF , a - or (3-SNAP and ySNAP The intrinsic ATPase activity of
a kinase, although the substrate of

KSP

may indicate the role o f this protein as
catalysed phosphorylation is far not clear.

2.5.3
Mechanisms O f Membrane Fusion.

The fusion o f two apposing lipid bilayers has been examined using electron microscopy
revealing the formation of a thin structure connecting the vesicle lumen with the
extracellular space (Zimmerberg, et al, 1993). This has been interpreted as representing
the early stages of vesicle-cell membrane fusion and has been termed the fusion pore
(Chandler, et al, 1983). The fusion pore has been correlated with measurements o f a small
increase (~10fF) in membrane capacitance observed in mast cells using whole-cell patch
clamp while undergoing degranulation (Fernandeaz, et al, 1984). This small capacitance
step may again decrease, "flickering" on and off. The fusion pore is thought to be the
precursor to complete vesicle-membrane fusion and flicker phenomena are often observed
immediately prior to a large, irreversible cell capacitance increase obtained during cell
degranulation (Fernandez, et al, 1984; Breckenridge and Aimers, 1987 a & b;
Zimmerberg, et al, 1987). The larger irreversible increase in cell membrane capacitance is
thought to correspond to complete vesicle fusion with the cell membrane (Neher and
Marty, 1982). Using high resolution techniques membrane capacitance changes
corresponding to the fusion of small individual vesicles may be observed (Lollike, et al,
1995).
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Release of fluorescent dye from secretory vesicles has not been found to occur during
flicker, only upon large scale membrane capacitance steps has dye release been observed
(Breckenridge and Aimers, 1987a). Similarly, swelling o f secretory granules observed
during degranulation in mast cells (Curran and Brodwick, 1985) has only been reported
to occur after an irreversible increase in cell membrane capacitance (Zimmerberg, et al,
1987). These observations indicate the fusion pore is insufficient to facilitate the
significant passage of vesicle contents, the release o f contents only occurring once the
fusion pore has undergone an irreversible increase in diameter as vesicle and cell
membranes merge.

Due to the hydrophilic nature of lipid head groups water molecules between two lipid
bilayers may not be easily excluded, this sets-up a hydration force that must be overcome
in order for membranes to approach within less than 2 nm (Lindau and Gomperts, 1991).
Experimentally lipid membrane fusion has been facilitated by excluding water with
polyethylene glycol (Honda, et al, 1981), the exclusion o f water is unlikely to occur
during the fusion o f biological membranes. Two membranes may be bought into less than
2 nm

by mechanical pulling but the hydration force increases exponentially as the distance

separating the membranes closes. Consequently a great deal o f mechanical force is
required and this may be so great as to exclude its generation by protein machinary. An
alternative is the formation of a proteinacious fusion pore that is a precursor to fusion of
the membranes. The mechanism by which the influenza virus fusion protein,
haemagglutinin brings about the fusion of viral and cell membranes has been studied and
as such may provide a model for other membrane fusion mechanisms.

Haemagglutinin is a homotrimer, each subunit consisting o f a number o f helices forming a
large globular head, attached to which is a long chain o f a-helices and an extended amino
acid chain (Hughson, 1995). The globular head region is located some distance (10-
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14nm) away from the viral membrane and outside the virus particle. Both the a-helical
chain and the extended chain are attached to the viral membrane. The a-helical chain by a
small terminal lipophilic tail. The extended chain terminates in a lipophilic a-helix inserted
deep into the viral membrane, perhaps spanning it. A conformational change bought
about by a decrease in external pH activates a change in subunit conformation.
Haemagglutinin is thought to fold over on itself, pivoting around a short a-helix linking
the extended chain and the globular region. This movement results in the chain o f a helices moving away from the viral membrane and the attached short lipophilic tail being
pulled out o f the viral membrane. The globular head swinging towards the viral
membrane. The protein comes to rest in a second stable conformation, with the globular
region now located in juxtaposition to the viral membrane and the chain o f a-helices
pointing away from the virus particle. Thus the lipophilic tail attached to the a-helical
chain is able to insert into the target cell (fig 2.5) membrane located 15nm from the virus.
It is likely that the three subunits o f haemaggluttinin undergo this conformational change
simultaneously. In this manner the haemagglutinin molecule comes to form a molecular
bridge between two membranes, docking the virus to the cell membrane.

T arget
M embrane

I
Fig. 2.5

Viral
M embrane

Conformational Changes O f Haemagglutinin.
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A simple schematic representation of two stable conformations o f a
haemagglutinin subunit. Lines indicate amino acid chains (including psheets), thick lines indicate a-helices and the hatched area an a-helical
chain. (Adapted from: Hughson, 1995).
Fusion is thought to be bought about by higher order multimers o f haemagglutinin
trim, '.ers forming large fusion complexes (Stegman, 1994). The fusion o f membranes by
haemagglutinin has been investigated using fluorescent lipid probes and recombinant
haemagglutinin expressed in CHO cells and erythrocytes (Kemble, et al, 1994). This has
indicated the existence of a hemifusion intermediate (fig 2 .6 ), allowing the outer leaflets
o f the two lipid bilayers to mix prior to complete fusion. Hypotheses other than that o f
hemifusion have been proposed. These include the formation o f a proteinacious pore and
the inverted micelles, the latter so called due to the reversed orientation o f the lipids o f
the micelle with respect to the parent membrane. Clearly there is a gap in understanding
between the bridging of two membranes by haemagglutinin and the combining o f lipid
bilayers. The cytoskekton has also been implicated in secretory processes (Norman, et al,
1994; see section 3.5), perhaps playing a role in the migration o f granules to the cell
membrane and/or fusion.
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A schematic representations o f the hemifusion and micelle intermediates
that may form prior to complete lipid bilayer fusion. A and B are lipid
bilayers.
Vesicles may combine with each other prior fusion with the cell membrane, forming a
multigranule complex. This is termed compound exocytosis. The fusion o f such a
complex with the cell membrane has been found in eosinophils (Scepek and Lindau,
1993) when stimulated with internally applied GTPyS (80pM), detected as a large
capacitance change. At low concentrations o f GTPyS (<20pM) only small capacitance
steps are observed, corresponding to the fusion o f single granules with the cell
membrane. The much larger capacitance changes found at higher concentrations o f
GTPyS provide a total capacitance increase comparable with that observed with lower
concentrations and smaller capacitance steps. This indicates that the same area o f
membrane is fusing with the cell membrane, implying that the source o f the membrane is
the same, i.e. the same pool of secretory granules is accessed in each case. Alternatively
secretory vesicles may fuse randomly with the cell membrane, such as has been detected
in eosinophils (Lindau, et al, 1993), mast cells (Alverez-de-Toledo and Fernandez, 1990)
and neuronal synapses (Hessler, et al, 1993), or may fuse with the membrane o f a granule
already undergoing fusion with the cell membrane in the case o f cumulative fusion.
Cumulative fusion has been detected in eosinophils (Scepek and Lindau, 1993) by passing
an electrical pulse through the cell membrane via the pipette electrode. The charging time
o f the cell membrane is determined by the capacitance o f the membrane, proportional to
the surface area. If a granule is attached to the cell membrane by a relatively thin
membranous bridge, presumably a fusion pore or a fusion pore undergoing dilation but
not yet excessively dilated, a difference in charging time between granule and cell
membrane may be detected. The membranous bridge has a high electrical resistance so
the charging time of the granule is slower than that o f the cell membrane. This difference
in charging times has allowed the increase in cell membrane capacitance to be separated
from the increase in granule membrane capacitance. Both compound exocytosis and
cumulative fusion are forms of focal exocytosis. The function o f focal exocytosis may be
to ensure the directionality of secretion (Scepek, et al, 1994), thought to be important in
the killing o f parasites.
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3.0

The Mast Cell As A Model O f Stimulus-Secretion Coupling.

In this chapter the ftinctioning of the stimulus-secretion pathway in the mast cell will
be considered. Use will be made of the concepts o f stimulus-response coupling that
have already been examined in chapter 2. An outline o f the role o f the mast cell in the
immune system is provided. Following this is a discussion o f each stage in the
stimulus-secretion pathway in mast cells, primarily considering evidence obtained
from these cells alone. The steps of stimulus-secretion coupling are considered in
sequence. Consideration of the surface receptors o f the mast cell is followed by an
examination of signal transduction and second messenger systems, finishing with a
discussion o f exocytotic mechanisms. Each o f these sections has a correspondence to
what has preceded in chapter 2 , in which more general concepts were considered
drawing on examples from a wide range o f cells. The various mechanisms that have
been elucidated or have been implied as a result o f experimental findings, have been
categorised according to the definitions o f receptors, transducers and second
messengers that has been laid out in section 2 . 1 .

Signal transduction in mast cells has largely been investigated using cell suspensions
treated with a permeabilising agent, such as ATP^“ (Cockcroft and Gomperts, 1979b;
Bennett, et al, 1980; Gomperts, 1983), digitonin (Koopman and Jackson, 1990),
streptolysin-0 (SL-0) (Howell and Gomperts, 1987) or electropermeabilisation with
high voltage discharge (HVD) (Knight and Scrutton, 1986), and with single cells in
which access to the cell interior is gained through use o f a patch pipette in whole-cell
mode (Fernandez, et al, 1984), allowing dialysis o f the cell interior, and the
permeabilised patch (Lindau and Fernandez, 1986), in which the area under the
pipette is perforated by application of ATP"^" allowing entry o f small solutes but not
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larger proteins, or through microinjection (Tatham and Gomperts, 1991). For both
cell suspension and single cell work the various techniques available allow the
introduction into the cell of nucleotides and divalent cations (reviewed in: Lindau and
Gomperts, 1991). The use o f cell permeabilisation and the patch pipette has allowed
the effects o f manipulating the intracellular environment to be assessed
experimentally, revealing elements that may be involved at various stages o f stimulussecretion coupling. Each of these elements may be taken and used to construct the
entire picture o f the sequence of events from ligand binding to the final exocytotic
event, although this is a process that is far from complete. A summary o f a proposal
for the sequence of stimulus-secretion coupling in mast cells is shown in figure 3.1.
The experimental evidence that has lead to the formation o f this model will be
discussed. The majority of this evidence has been obtained using mast cells. Limited
use has been made of evidence obtained from related cell types, such as RBL cells.
Each stage o f the stimulus-secretion coupling pathway is examined in sequence, from
receptor through signal transduction and second messengers to the secretory
mechanism. Use is made the well established definitions o f receptors, signaltransducing and second messenger elements proposed by Rodbell (Rodbell, 1992; see
section 2 . 1 ).
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Schematic O f A Model For Stiniulus-Secretioii
Coupling In The M ast Cells.

(IgE) ; Immunoglobulin E; (FCgRI) ; IgE receptor; (CTK) : A
cytosolic tyrosine kinase; (PIP 2 ) ■Phosphotidylinositol
4,5,bisphosphate; (PLC) ; Phospholipase C; (DAG) : Diacylglycerol;
(IP 3 ) : Inositol l,4,5,trisphosphate; (PKC) ; Protein kinase C; (C g) ;
Putative Ca^^-binding protein; (G g) : putative GTP-binding protein.
(?) indicates where the mechanism coupling o f Gp/q to the receptor
and where the role o f CTKs is unknown. A CTK or the FcgRI may
catalyse tyrosine phosphorylation o f certain PLC isoforms. PKC may
also catalyse phosphorylation FcgRI, perhaps increasing the activation
of the receptor. Multiple isoforms o f PLC and PKC may be involved,
each may have a specific function.

3.1
The Mast Cell In The Immune System: An Outline.

The mast cell is an essentially spherical cell, some 10p.m in diameter, containing
several hundred secretory granules, each with a surface area o f a few micrometres.
Each granule contains a range of immunological mediators, including histamine, 5hydroxytryptamine (5HT or serotonin), heparin, hexosaminidase, chemotactic factor
o f anaphylaxis, tumor necrosis factor, interleukin-4 (IL-4), interleukin - 6 (IL- 6 ), and
endoproteases. Mast cells may also produce members o f the eicosanoid group o f
compounds, metabolites o f arachidonic acid which is released as a result o f PLA 2
catalysed hydrolysis of phospholipids. A class o f eicosanoids, the leukotrienes have
important roles as local transmitters in immediate hypersensitivity reactions
(Samuelsson, 1983). Mast cells have many receptors binding immunoglobulins,
binding o f IgE sensitises the cell to specific antigens. The binding o f two or more IgE
molecules to a single hapten may result in receptor aggregation, ultimately leading to
exocytosis (Segel, et al, 1977). IgE is responsible for mediating the immediate
hypersensitivity and allergic reactions involving rapid mast cell degranulation and
release o f inflammatory mediators.

Mast cells are found in areas of viscera, mesenteries, the lungs and in the skin. The
location o f mast cells in these areas indicates their involvement in the initial responses
of the immune system to antigen encounter, releasing inflammatory mediators. Mast
cells have also been found to associate with nerve terminals, particularly those o f Cfibres (Dimitriadou, et al, 1994), electrical stimulation o f which results in the release
o f histamine and eicosanoids by mast cells. The ablation o f these nerve terminals in
neonate rats by capsaicin treatment has been found to result in increased numbers o f
mast cells in lung and spleen. An H 3 -receptor agonist, a-methylhistamine was found
to inhibit histamine synthesis, a response absent if the nerves were ablated. Since C-
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fibre activation results in mast cell secretion, this has been interpreted as indicative o f
a negative feedback loop acting on mast cell histamine synthesis via nerve terminal
activation. Neuronal activation of mast cells and ineffective control o f mast cells by
neuronal mechanisms may give rise to neurogenic inflammation (Lembeck, 1993).
Mediator release by mast cells leads to the recruitment o f other immune system cells
and may induce bronchial constriction, mucal secretion, vasodilatation and oedema
(reviewed in: Helm, 1994). These responses facilitate the removal o f foreign agents
from the body. Mast cells may also assist in the destruction o f tumours. IgE
production and B-cell differentiation are stimulated by IL-4, a factor secreted by mast
cells (Galli, et al, 1991). IL-4 has also been found to stimulate mast cell growth in
culture and thus may have autocrine activity (Isakson, 1992). IL-4 appears to be the
mediator o f a positive feedback loop, enhancing future responses to antigen through
mast cell growth and increased levels of IgE. Negative control o f IgE levels may be
provided by the degradation of IgE through internalisation o f the immunoglobulin
when bound to dimerised receptors.

Over-production of IgE to specific, common environmental factors that are noninfectious may result in allergy (Sutton and Gould, 1993). Allergies may be further
aggravated by the presence of environmental pollutants, including NO 2 and NO, that
activate or predispose mast cells to activation at concentrations that have been found
to exist in the polluted air of city centres (Helm, 1990). Individuals may also be
predisposed to allergy by exposure to airborne pollutants o f this nature, perhaps as a
result o f increased IgE levels (Cf. effects o f IL-4). An interesting observation is the
stimulation o f cell degranulation by passing polluted air (of Sheffield city centre) over
a dish containing cells (Helm, personal communication).

The fungal product, theophilline used in the treatment o f asthma has been found to
block mast cell degranulation and to inhibit cAMP phosphodiesterase (Chan and
Hanifin, 1993). A drug used in the prophylactic treatment o f bronchial asthma and
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allergie rhinitis, cromoglycate has been found to inhibit mast cell secretion (Foreman,
1977). The effectiveness o f these agents in the treatment o f allergic conditions may, at
least in part, be due to their ability to inhibit mast cell secretion (Foreman and Pearce,
1989), although the acidic nature of the drug (Cox, et al, 1970; Fogg and Fayad,
1978) tends to preclude entry preclude into the cell thus indicating the site o f action at
the cell surface (see also chapter 7 for a discussion o f the possible mode o f action o f
cromoglycate).

3.2
Mast Cell Surface Receptors.

Secretion by mast cells may be stimulated by IgE-mediated antigen binding (Bach, et
al, 1971), the complement factor C3a (Morrison, et al, 1974), or one o f a number o f
polycationic compounds including the synthetic, compound 48/80 (Patton, 1951) and
the wasp venom component, mastoparan (Higashijima, et al, 1988).The cell surface
receptor responsible for mediating antigen-induced secretion in the mast cell is the
FcgRI. This receptor shall be considered followed by a discussion o f the mode o f
action o f the polycationic secretagogues..

3.2.1
The IgE Receptor.

The mast cell has cell surface receptors specific for the heavy e-chain o f
immunoglobulins. The immunoglobulin e-chain is found in the fragment crystallising
(Fc) portion resulting from papain-catalysed hydrolytic cleavage o f immunoglobulin E
(IgE), hence these receptors are termed FcgR's. Two types o f FcgR's are known to
exist, o f high, FcgRI, and of low, FcgRII, affinity. Mast cells have the former. Binding
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o f IgE to FcgRI sensitises the cell to the antigen against which the IgE is specifically
directed.

The FcgRI consists o f four subunits, a , P, 7 2 - The a-subunit is thought to bind the
IgE molecule and have a single membrane spanning domain. The a-subunit binds to
the third constant domain o f the IgE e-chain (Ce3) (Ra, et al, 1989; Helm, et al, 1992;
Sutton and Gould, 1993). The IgE e-chain has four constant domains, thus the
terminal domain o f the IgE Fc region is not bound by the receptor, since it is the third
domain that is bound. When bound to the FcgRI the Ce3 domain lies parallel to the
cell surface and the IgE Fab region extends up into the extracellular space. Thus IgE
bound to FcgRI is bent upwards away from the cell, depicted in figure 3.2.

IgE

; Fc^RI

Fig. 3.2

Schematic Representation O f An IgE Molecule
Bound To FcgRI.

The s-chain o f the IgE molecule is shown with each subunit numbered,
and the light (L) and heavy (H) chains depicted. The FcgRI is shown
with a , P and 7 2 units, and the two subunits o f the a-chain that bind
IgE numbered. (Adapted from Sutton and Gould, 1993).
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The p and 7 2 subunits of FcgRI contain the antigen-receptor homology-1 (A R H l)
m otif found in a number o f antigen receptors (Sutton and Gould, 1993). Residues
within the ARHl motif have been shown to undergo phosphorylation subsequent to
receptor dimérisation and may mediate receptor interactions with src-related cytosolic
protein tyrosine kinases (CTKs) and PI3K. Receptor activation is thought to occur
when two antigen bound IgE molecules attached to FcgRI's are in close apposition,
such receptors are said to be dimerised. A conformational change bought about in the
FcgRI a-subunit as a result of IgE-antigen binding results in transautophosphorylation
o f the receptors. That is the receptors phosphorylate each other, an event thought to
be event catalysed by intrinsic tyrosine kinase activity (Cf. section 2.3.2). Once
phosphorylated FcgRI's are thought to undergo SH2 and SH3 mediated interactions
with intracellular proteins.

3.2.2
A Polvcationic Receptor?

Mast cell secretion o f histamine induced by compound 48/80, a synthetic polycationic
compound, was first demonstrated by Paton (1951). Compound 48/80-induced
secretion leaves mast cells desensitised to subsequent stimulation with compound
48/80 or another polycation polymyxin B. Both polycations induce maximum release
within

1

minute of incubation implying similar mechanisms o f action o f these two

compounds (Morrison, et al, 1975). Binding o f [^^U]-compound 48/80 to mast cells
has been found to be reduced by prior treatment with unlabelled compound 48/80 or
polymyxin B (Morrison, et al, 1974). Both o f these findings may be interpreted as
indicating that the action of compound 48/80 is mediated by a receptor. The existence
o f a specific cell surface receptor activated by compound 48/80 has been proposed
(Kino, et al, 1977).
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Other polycationic compounds including the polyamine polylysine (Ennis, et al,
1980a), the bee venom component peptide 401 (Ennis, et al, 1980b), the
neurotransmitter substance P (Fewtrell, et al, 1982) and the wasp venom component
mastoparan (Okano, et al, 1985) are known to induce secretion from mast cells. The
implication is o f a cell surface receptor responsive to polycationic compounds.

Work performed in a reconstituted system in which cell surface receptors were absent
has shown that GTPyS binding by G q, purified from bovine brain, has been found to
increase in the presence of mastoparan (Higashijima, et al, 1988). This was reduced
by 50-60% when PTX-pretreatment was applied. Mastoparan also increases the
dissociation o f GDP from G q, this may account for increased GTPyS binding in the
presence o f mastoparan. Mastoparan has been shown to stimulated guanine nucleotide
exchange on G;, Gg and G^, also significantly stimulating the GTPase activity o f G|,
G q and a relatively small increase in the GTPase activity o f Gg This evidence clearly
indicates the ability of mastoparan to activate heterotrimeric GTP-binding proteins.
Mastoparan has been found to have a greater efficacy for the activation o f G q and Gj
in the presence o f phospholipid vesicles rather than in solution (Higashijima, et al,
1988 & 1990). Mastoparan has been suggested to insert into lipid bilayers, an a-helix
is thought to span the membrane (Wakamatsu, et al, 1992). These observations,
obtained in the absence of cell surface receptors that may couple to G-proteins, along
with the suggested membrane insertion o f mastoparan, indicate that mastoparan
interacts directly with G-proteins resulting in the stimulation observed (Higashijima, et
al, 1988).

The suggested interaction of mastoparan and certain G proteins is thought to occur
when mastoparan inserts into the lipid bilayer. Thus it is the concentration of
mastoparan in the lipid phase that determines the extent o f G-protein activation. This
is a contention supported by the findings that in non-ionic or zwitterionic detergents,
in which mastoparan is poorly soluble, much higher concentrations o f mastoparan
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were found to be required for activation of the GTPase activity of, and GTPyS
binding by Gq and G\ (Higashijima, et al, 1990). Increasing the concentration o f
phospholipid has also been found to increase the mastoparan concentration required
to stimulate GTPyS binding by Gq and Gj, presumably this results from the increased
dilution o f mastoparan in the lipid phase.

The interaction o f mastoparan with Gq and Gj has been suggested to be receptor
mimetic (Higashijima, et al, 1988), the a-helix of mastoparan may at the surface o f
lipid bilayers resemble loops three and seven o f G-protein-linked receptors that are
thought to be responsible for G-protein activation (see sections 2.2.1 & 2.3.1).
Certainly mastoparan analogues with sequence substitutions predicted to give rise to
alterations in the a-helical structure, have been shown to have reduced abilities to
stimulate guanine nucleotide exchange on isolated G-protein a-subunits and peptides
with similar a-helical structures also share an ability to activate Gq and Gj a-subunit
guanine nucleotide exchange (Higashijima, et al, 1990). The finding that in the
presence of Py-subunits mastoparan stimulates a-subunit GTPase activity to a greater
extent than in the absence o f Py-subunits tends to support the proposed receptor
mimetic activity o f this polycation. The ability of mastoparan to stimulate guanine
nucleotide exchange, involving either the dissociation o f bound GDP or GTPyS, in the
presence o f very low levels of Mg^"*" resembles the action o f liganded receptor on Gproteins reported for P-adrenoceptors and D 2 dopamine receptors (Higashijima, et al,
1990). Binding o f acetylcholine to isolated muscarinic receptors in the presence o f Gq
was decreased by the presence of mastoparan. G-protein-receptor complex has a
higher affinity for ligand than receptor alone (see section 2.3.1), thus mastoparan has
been suggested to be competing with the receptor for the G-protein (Higashijima, et
al, 1990). An alternative interpretation is that mastoparan-induced G-protein
activation results in dissociation of the G-protein from receptor and that mastoparan
acts on the receptor-G-protein complex. Given the evidence o f mastoparan-induce Gprotein activation in the absence of cell surface receptors (q.v.), the direct interaction
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o f the polycation with the G-protein appears to have greater resonance with the
available evidence.

In the presence o f mastoparan dissociation o f GDP from G q and G qoc has been shown
to increase by the subsequent binding of [^^P]-GDP and also by the dissociation o f
[^^P]-GDP from Goa- The GTPase activity of G q preloaded with [y-^^Pj-GTP has
been shown not to be increased in the presence o f mastoparan (Higashijima, et al,
1990). The implication is that mastoparan acts in a manner similar to G-protein-linked
receptors, stimulating guanine nucleotide exchange on the G-protein a-subunit.
Therefore observed mastoparan-induced stimulation o f GTPase activity (q.v.) results
from the activation of the GTPase cycle by mastoparan, not from the direct action of
mastoparan on the hydrolytic activity of the G-protein a-subunit.

Mastoparan also appears to increase the activity o f purified NDPK (see section 4.3.4),
evidenced by the production of [^^S]GTPyS from [^^SJATPyS and GDP. This in turn
was found to lead to enhanced [^^SjGTPyS binding by G q (Kikkawa, et al, 1992).
The mastoparan concentration-dependencies for the formation o f [^^SJGTPyS and
the activation of G q differed, indicating that mastoparan-induced activation o f NDPK
and the G-protein are two separate effects. Since NDPK has been found to be Gprotein associated (Kimura and Shimada, 1988a; section 4.3.1) and may enhance Gprotein activation by catalysing the production o f guanosine triphosphate with a
higher efficacy for G-protein activation than exogenously added GTP (or analogue)
(Wieland and Jakobs, 1992), sometimes termed "channelling" (section 4.3.3),
mastoparan may enhance G-protein activation both by activating the G-protein and by
activating an associated NDPK. The proposed (Higashijima, et al, 1990) receptor
mimetic nature of mastoparan with regard to the activation o f G-proteins may also
explain the activation of NDPK by this polycation. The finding that some G-proteins
are associated with an NDPK activity (section 4.3.1) leads to the idea that the
associated NDPK may also be activated by the receptor. This implies the possibility
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that G-protein and NDPK interact with the receptor at the same site. Whether
mastoparan has sequence and structural homologies with G-protein coupled receptors
remains to be seen.

The mechanism o f G-protein activation by polycations other than mastoparan may
also be by receptor mimetic action, stimulating the exchange o f guanine nucleotide on
the a-subunit. The direct activation of G-protein(s) in mast cells by substance P and
compound 48/80 has been demonstrated (Mousli, et al, 1989). Presumably this
involves the activation of Gp/q (see section 3.3.3) and perhaps also the putative late
acting G-protein, G g (section 3.4.5).

In mast cells secretion induced by the polycation compound 48/80 has been found to
be blocked by perfusion with a GTP-free solution under whole-cell patch clamp
(Penner, et al, 1987). Compound 48/80-induced Ca^“*" transients have still been
observed in the absence of intracellular GTP (Penner, et al, 1987) This is not
consistent with compound 48/80-induced activation o f a G-protein since the Ca^"*"
transient is thought to result from the activation o f Gp/q (see sections 3.3.3 & 3.4.3).
The activation o f the Ca^"^ transient may be due to sufficient residual GTP to activate
Ca^'*’ release but not degranulation or perhaps the activation o f NDPK-catalysed
phosphate transfer to GDP (see section 4.3.4). Compound 48/80-induced secretion
and concomitant Ca^"^ transients are blocked by intracellular perfusion under whole
cell patch clamp with the poorly phosphorylatable GDP analogue, GDPpS or a
competitive inhibitor of phospholipases, neomycin (Penner, et al, 1987). This implies
the involvement of a G-protein and phosphoinositide break down liberating IP 3 ,
supporting the idea that Gp/q is involved. Since GDPpS prevents the Ca^'*' transient
NDPK may mediate activation of the G-protein, catalysing the phosphorylation o f
endogenous GDP. PTX-pretreatment was found not to inhibit compound 48/80induced Ca^"^ transients (Penner, 1988). However, both compound 48/80 and GTPyS
-induced secretion were found to be inhibited by PTX pretreatment. This indicates the
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involvement o f a PTX-sensitive G-protein in the control o f compound 48/80-induced
secretion (Gp/q; see section 3.4.5) but not in the control o f concomitant Ca^"^
transients (Gg; see section 3.3.3).

Mastoparan may activate G-proteins by insertion into the cell membrane and
mimicking the activated receptor. Other polycations may also act in this way. That a
single receptor or a few receptors may bind polycations and activate a coupled Gprotein does not appear to be tenable. Thus there does not appear to be a polycationic
receptor. The polycations may also activate membrane-associated NDPK activity,
enhancing G-protein activation.

3.3
Signal Transduction In Mast Cells.

Once IgE has bound its cognate hapten resulting in FcgRJ cross-linking and tyrosine
residue transautophosphoryation, the signal must be transduced. This may occur
through the action o f the receptor tyrosine kinase activity, associated CTKs, PLC
activity and G-protein activation. All of these mechanisms o f signal transduction have
been implicated in mast cell stimulus-secretion coupling. The evidence for each o f
these will be examined in turn.

3.3.1
Tyrosine Kinase Activitv In Mast Cell Stimulus-Secretion Coupling.

The involvement o f tyrosine kinase activity in the stimulus-secretion coupling o f mast
cells was initially indicated by incorporation o f^ ^ p into IgE-FcgRI complexes
(Quarto and Metzger, 1986). IgE receptor cross-linking results in the phosphorylation
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o f a number of cellular components including the receptors themselves (see section
3.2.1). Dimérisation of FcgRI results in both the phosphorylation o f each receptor by
transautophosphorylation (Paolini, et al, 1991). Subsequent association with other
tyrosine kinases such as lyn and yes in RBL cells (Eiseman and Bolen, 1991) is
thought to result in the phosphorylation o f wide range o f intracellular components
including PLC-yl (Park, et al, 1991; see section 3.3.2).

A variant cell line o f RBL-2H3 cells exhibiting delayed and reduced secretion in
response to antigenic stimulation, has made possible the examination o f the sequence
o f phosphorylations as if the stimulus-secretion pathway was functioning in slowmotion (Bingham, et al, 1994). The FcgRI y-chain in this cell line has been found to
exhibit reduced threonine and tyrosine residue phosphorylation in response to
antigenic stimulation. Phosphorylation o f the FcgRI occurred prior to the mobilisation
o f Ca^"*" from intracellular stores. Reduced levels o f inositol phosphate turnover and
low levels of Ca^"*" release from intracellular stores, indicate a deficiency in the
signalling pathway upstream of CaP-'^ release {Cf. fig. 3.1). This raises the possibility
that a reduced level of PLC-yl activity may account for the reduced and delayed
secretion. In the low secretor variant the initial Ca^"^ transient observed in control
cells was found to be absent. Since the Ca^'*' transient is thought to be a result o f the
release o f Ca^"^ from intracellular stores by IP 3 generated by PLC activity (section
3.4.3), its absence may be taken to indicate low levels o f IP 3 generation and reduced
PLC activity. Implicated is the failure of PLC activity to be significantly increased in
response to antigenic stimulation.

The low secretory variant exhibits a reduced response to G-protein activators. Gprotein activity appears to be distinct from protein tyrosine kinase activity in RBL
cells, i.e. the two may be activated independently (Adamczewski, et al, 1992). This
suggests an alternative explanation, with two parallel pathways diverging from the
FcgRI. This would set a new president, a G-protein activated by a receptor tyrosine
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kinase as distinct from the activation of G-proteins by receptors exhibiting the seven
membrane-spanning domain motif (see section 2.3.1). G-protein, G g (Bennett, et al,
1984; Gomperts, 1986), may be involved in the latter stages o f the stimulus-secretion
pathway (see section 3.4.5). This late acting G-protein may also account for these
observations.

Application o f PMA to the low secretor variant RBL cell has been found to stimulate
phosphorylation o f an FcgRI y-chain threonine residue (Bingham, et al, 1994).
Leading to the inference that this phosphorylation is catalysed by a PKC isozyme,
suggested to have Ca^“*'-independent activity since it must phosphorylate the receptor
prior to an increase in Ca^"*" because receptor activation leads to an increase in Ca^^.
The PKC-Ç isozyme has been found to be active at low Ca^*^ levels (section 2.4.2).
However, phosphorylation of FcgRJ by PKC may have another function. Perhaps
positive or negative feedback, in which case PKC need not be activated until after a
rise in Ca^"^ has occurred. The finding that genestein, often used as a specific inhibitor
o f tyrosine kinase activity, blocked serine phosphorylations lead to the suggestion of
an interrelation between PKC activity and tyrosine kinase activity. In the light o f
evidence presented here (chapter 6 & 7) it is apparent that «j«Acst<e^does not
specifically inhibit any one kinase, but rather appears to inhibit a range o f kinases.
Thus g*£A«st2*^could have simply inhibited PKC activity.

An unidentified 72kDa protein was found to be phosphorylated prior to the
phosphorylation o f the FcgRI y-chain (Bingham, et al 1994). The suggestion has been
made that phosphorylation of p72 may be linked to phosphorylation o f FcgRI
subunits, uncoupling o f p72 phosphorylation and receptor threonine phosphorylation
may result in a delayed secretory response. Of note is the molecular weight o f p72,
the same as NDPK which undergoes autophosphorylation (see chapter 4). Could
NDPK activation by the receptor result in Gp/q activation which in turn gives rise to
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the PLC mediated activation of PKC. PKC subsequently may phosphorylate the
receptor.

In conclusion tyrosine kinase activity appears to have an important role in signal
transduction. The details o f the way in which RTK and CTK activity may bring about
the production o f second messengers is not yet clear. Further studies making use of
sequence mutations and peptide sequence homologues used as competitive inhibitors
to investigate the effects of tyrosine phosphorylation will be required. Without
precedent is the implication that PKC may catalyse serine/threonine phosphorylation
o f the receptor, perhaps stimulating activation or a providing positive or negative
feedback. A specific isozyme of PKC may provide this function while other isozymes
phosphorylate other target proteins.

3.3.2
A Role For Phosphoinositides In Mast Cell Stimulus-Secretion Coupling.

Stimulation o f mast cells with antigens, concanavalin A (an FcgRIcross-linking agent)
or compound 48/80 has been shown to result in an increase in the incorporation o f
32pi and [^H]inositol into phosph4 tidylinositol (PI) (Cockcroft and Gomperts,
1979a). The involvement o f phosphdtidylinositol turnover in mast cell stimulussecretion coupling is indicated. The sequence o f events occurring in PI turnover are
described elsewhere (section 2.4.1; see fig 3.1). In the presence o f phosphdtidylserine
PI turnover was found to be increased four-fold following stimulation (Cockcroft and
Gomperts, 1979a). The role of phosphdtidylserine (PS) is unclear but it may further
stimulate PLC (section 2.4.2).

The model initially suggested for the involvement o f Pl-turnover in mast cell stimulussecretion coupling was one in which metabolic products derived from
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polyphosphoinositols preformed in the cell membrane initiated, perhaps with a number
o f intermediate steps, an increase in intracellular Ca^"^. This scheme was based upon a
number o f observations. Treatment of mast cells with agents inducing FcgRI crosslinking in the absence o f extracellular Ca^“*", leaves the cell refractory to subsequent
addition o f extracellular Ca^"^, termed desensitisation (Forman and Garland, 1974).
Mast cells treated with first one antigen are desensitised to subsequent stimulation by
a second antigen. Stimulation by addition o f Ca^"*" ionophore subsequent to antigenic
stimulation is not subject to desensitisation (Gomperts, et al, 1980). This implies the
bypassing of the element responsible for desensitisation when ionophore is the means
o f stimulation. Antigenically-induced mast cell secretion is blocked by the drug,
cromoglycate (Kusner, et al, 1973; Garland, 1973) Increasing the concentration o f
antigen does not over-come this inhibition, indicating the inhibition is non-competitive
(Kusner, et al, 1973). A23187-induced mast cell secretion is not inhibited by
cromoglycate (Foreman, et al, 1975), implying the inhibitory intervention o f
cromoglycate occurs prior to Ca^"*" entry in the stimulus-secretion pathway. A
cromoglycate concentration 100-fold that required for inhibition o f antigenicallyinduced secretion was found to be required to inhibit compound 48/80-induced
secretion (Garland and Mongar, 1974). This has been interpreted as indicating
compound 48/80-induced secretion is mediated by a different mechanism to that
mediating antigen-induced secretion (Gomperts, et al, 1980). Compounds related to
compound 48/80, i.e. polycations, may act by a similar mechanism (section 3.2.2).
From this evidence it was concluded that cromoglycate blocks the coupling o f
phosphdtidylinositol turnover to Ca^"^ entry (Gomperts, et al, 1980). The observed
inhibition o f compound 48/80-induced secretion by cromoglycate (Johnson and van
Hout, 1976; Chasin ,et al, 1979), albeit at higher concentrations than are required for
antigen-induced secretion, and the observed bell-shaped dose-response curve for this
inhibition (Johnson, et al, 1978), imply a more complicated effect o f cromoglycate
than is indicated simply by the uncoupling o f FcgRI cross-linking from Ca^"*" entry.
Thus cromoglycate appears to do more than uncouple PI turnover from an increase in
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intracellular Ca^'*'. Further, the observed cromoglycate blockade o f A23187-induced
entry and histamine release (Johnson, et al, 1978) provides evidence implying
the action o f cromoglycate may be downstream o f Ca^"*" entry.

The plant flavonoid (see section 5.1), quercetin blocks mast cell secretion induced by
antigen, concanavalin A and ATP but does not block A 23187-induced secretion. This
implicates blockade by quercetin at a stage in stimulus-secretion coupling upstream o f
Ca^~^ entry (Fewtrell and Gomperts, 1977 a & b). Quercetin also inhibits concanavalin
A and chymotrypsin -induced PI turnover in mast cells (Gomperts, et al, 1980). Thus
quercetin has been interpreted as blocking the coupling o f the FcgRI to PI turnover.
The effects of cromoglycate and flavonoids on mast cell secretion and NDPK activity
have been investigated further and this is reported in chapters 5 and 6 , with a
discussion in chapter 7.

The breakdown o f preformed phosphoinositides located in the cell membrane is
initiated by receptor mediated activation o f a Ca^'*'-dependent polyphosphoinositide
phosphodiesterase, phospholipase C (PLC). The phosphoinositide, phosphoinositide
4,5,bisphosphate (PIP 2 ) is hydrolysed generating two reaction products, IP 3 and
DAG (see section 2.4.1). IP 3 is freely soluble and is thought to diffuse into the
cytosol where it induces the release o f Ca^"*" from intracellular stores (section 2.4.1 &
3.4.3) and the activation of cell surface Ca^"*" channels (section 3.4.1).

The other product o f PLC activity, DAG, is lipid soluble and remains in the lipid
bilayer where it interacts with and activates PKC (sections 2.4.2 & 3.4.4).
Pretreatment o f SL -0 permeabilised HL60 cells with the phorbol ester PMA inhibits
Ca^"*", fluoride and GTPyS -induced activation o f PLC (Geny, et al, 1989). Phorbol
esters activate PKC, probably by acting as DAG analogues (see section 2.4.2). The
inhibition o f PLC activation by a phorbol ester implies the existence o f a negative
feedback loop, with PKC inhibiting PLC activity (see section 3.4.4). Phosphorylation
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o f DAG results in the production of phosphatidic acid (PA), which may also act as a
second messenger (see section 4.3.9). Inhibition o f PLC activity by neomycin also
prevents the formation o f phosphatidic acid (Aridor, et al, 1990) demonstrating the
formation o f PA by this pathway.

DAG may also be derived from phosphqtidyl-choline (PC). In mast cells DAG
produced in response to antigenic stimulation has been found to derive largely from
PC, not PI (Kennedy, 1990). Cell stimulation with compound 48/80 or A 23187
produced similar findings. The implication o f PC as a major source o f DAG raises
questions about the role o f PI turnover in stimulus-secretion coupling. If PC is a more
important source of DAG, is PLC significantly involved in this signalling pathway?
This question remains to be answered. That phospholipases other than PLC may also
have an involvement in stimulus-secretion coupling comes from neutrophils. fMLP
stimulates the breakdown of PI to PA catalysed by PLD (Cockcroft, et al, 1985). This
is prédominent, with PLC catalysis of PI breakdown a minor pathway in comparison.
If this holds true for mast cell stimulus-secretion coupling then DAG may in the main
be derived from PI by a PLD catalysed reaction. Production o f DAG by different
lipases may serve to activate specific PKC isozymes. PLC may still have a function,
production o f IP g regulating increases in intracellular Ca^“*".

The activation o f PLC by receptor may be by RTK activity or by a G-protein.
Members o f the PLC-y family of isozymes are activated by tyrosine kinase activity,
while members o f the PLC-p family are thought to be activated by G-proteins (see
section 2.4.1). Further study of mast cell PLC isozymes is required in order to clarify
the mechanism(s) o f activation in the mast cell. Since compound 48/80 (Cockcroft
and Gomperts, 1979a), an activator of G-proteins, and GTPyS (Aridor, et al, 1990)
are known to activate to activate PI turnover in mast cells, G-proteins do appear to be
involved in regulating PLC activity. This does not rule out RTK and CTK -mediated
PLC activation, perhaps o f different isozymes.
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3.3.3
A G-Protein Acting In The Early Stages O f Stimulus-Secretion Coupling.

The first indication that guanine nucleotide binding proteins may be involved in mast
cell stimulus-secretion coupling was provided by the entrapment o f poorly
hydrolysable GTP analogues, GppNHp, GTPyS and GppCH 2 p in mast cells, achieved
by A TP^' permeabilisation in the absence o f divalent cations and resealing by addition
o f Mg^"*" (Gomperts, 1983). Cells loaded with a GTP analogue underwent secretion
on addition of extracellular Ca^"*”. Co-loading o f GDP competitively inhibited
GppNHp-induced secretion, providing an indication o f the involvement o f the specific
action o f GppNHp. Secretion induced in this manner was found to differ from that
elicited by antigenic stimulation. Secretion induced by loading o f GTP analogues was
found to be slow and was unaffected by the addition o f phosphatidyl serine, unlike
antigenically-induced secretion.

Cells permeabilised with SL-0 in the presence o f Ca^"*" and GTPyS exhibited PI
turnover (Gomperts, et al, 1987; see section 3.3.2). This was inhibited by neomycin, a
PLC inhibitor, indicating the activation o f PLC. PLC activation may be mediated by a
G-protein termed Gp or Gq (Gp/q) (Cockcroft and Gomperts, 1985; Cockcroft, 1987;
Cockcroft and Stutchfield, 1988).

Further evidence indicating the activation o f PLC activity by a G-protein is provided
by patch clamp studies. Inclusion of GTPyS in the patch pipette induced both cell
membrane capacitance changes indicative o f degranulation and transient Ca^^
increases (Penner, 1988). Introduction of GDPpS into cells along with GTPyS
prevented an increase of Ca^"*" levels. Pre-treatment o f cells with PTX substantially
delayed membrane capacitance changes but did not affect Ca^"^ transients. This
indicates that subsequent to PTX pre-treatment, Gp/q is still able to induce PLC
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catalysed generation of IP 3 , resulting in an increase in intracellular Ca^"*" (see section
3.3.2 & 3.4.3). A later stage in the pathway must therefore be affected by PTX pre
treatment, this is thought to be a late acting G-protein (section 3.4.5). PMA pre
treatment has been found to abolish Ca^"*" transients induced by compound 48/80 and
intracellularly perfused GTPyS. This supports the suggested inhibitory feedback o f
PKC on PLC activity (sections 3.3.2 & 3.4.4). However, degranulation was
unaffected, clearly indicating that secretion may occur in the absence o f an increase in
Ca^"*". Concentrations of neomycin sufficient to inhibit rises in Ca^"^ induced by
compound 48/80 did not prevent secretion but did reduce the extent o f the cell
membrane capacitance increase. The indication is that Ca^“*" has a modulatory role
rather than an instrumental role in the control secretion (see section 3.4.2).

Secretion by SL -0 permeabilised mast cells may not be induced by either Ca^"*" or a
GTP analogue alone. Together, Ca^^ and GTPyS act synergistically to induce
secretion (Howell, et al, 1987). This applies to cells suspended in chloride-based
buffers. Secretion may be induced by a single effector if a glutamate-based buffer is
used (Churcher and Gomperts, 1990; see section 3.4.5). In mast cells under patch
clamp the secretory response to compound 48/80 is rapidly lost subsequent to
achieving whole-cell mode (Penner, et al, 1987). Inclusion o f GTP in the pipette
filling solution sustained the secretory response for up to two minutes. GTP may be
lost from the cell by dilution with the far larger volume o f the patch pipette. However,
the presence of GTP in the patch pipette was not necessary for compound 48/80
elicited Ca^"^ transients, even though degranulation did not occur. The implication is
that o f the action o f a GTP-binding protein in the signalling pathway at steps distal to
Ca^"^ release, circumventing a requirement for a proximal G-j^'ri^e^n in order to
explain secretion induced GTP analogues. Together with the synergistic action o f
Ca^“^ and GTPyS observed with permeabilised cells in chloride-based buffers, the
parallel action o f these two effectors, converging upon a late acting step in the
secretory pathway, perhaps the secretory machinary, is indicated (fig. 3.1). This and
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other evidence has lead to the inference that a second GTP-binding protein acts later
in the signalling pathway than Gp/q. This second GTP-binding protein has been
termed G g (Gomperts, 1986; Bennett, et al, 1987) and is discussed elsewhere (see
section 3.4.5).

Although there is evidence suggesting the presence o f Gp/q in mast cell stimulussecretion coupling, little o f this evidence directly addresses the activation o f PLC by
FcgRI mediated processes. Although the PLC-P family o f isozymes are known to be
G-protein activated, there is also no precedent for the interaction o f an RTK with a Gprotein. This raises doubts about the proposed role o f Gp/q in antigenic stimulation
o f mast cells. However a mechanism similar to that coupling RTKs to the rab SMG
via an adapter protein (see section 2.3.2 & 2.4.4) may be envisioned, with src
homology domains mediating the interaction o f Gp/q with the receptor, possibly via
an adapter protein. Alternatively PLC may be activated directly by tyrosine kinase
activity, the PLC-y family being so activated. This would circumvent the requirement
for G-protein mediated activation of PLC activity in antigenically stimulated cells. The
evidence indicating G-protein mediated activation o f PLC activity may not be
discarded. Perhaps G-proteins mediate PLC activation induced by other agents, such
as thrombin or complement factors. Further investigation is required in order to
establish the mechanism o f PLC activation in response to FcgRI cross-linking.
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3.4
Second Messengers In Mast Cell Stimulus-Secretion Coupling.

Second messengers are generated as a result o f signal transduction processes (see
section 2.1), transmitting signals to various processes within the cell. One o f the most
prominent is Ca^"*", a rise in intracellular Ca^"^ subsequent to stimulation has been
observed to occur throughout the mast cell (White, et al, 1984). The level o f Ca^'*'
within the cell is itself regulated by second messengers (Penner, et al, 1988;
Matthews, et al, 1989). Hence the mechanism o f Ca^"*" influx will be examined, before
consideration is given to the role of Ca^"*" as a second messenger. Other second
messengers are considered seperately. The release o f Ca^"*" from intracellular stores is
given consideration in the discussion on the functions o f IP 3 (section 3.4.3).

3.4.1
Mechanisms O f Calcium Influx In Mast Cells.

The establishment that Ca^"*" is involved as an effector in the secretory systems o f a
number o f cell types has lead to the suggestion that a generalised Ca^"'"-dependent
mechanism may exist in a wide range of secretory cells, including the mast cell
(Douglas, 1968). That an increase in intracellular Ca^'*“ may be achieved by the influx
o f Ca^'*’ through divalent cation channels in the cell membrane and that Ca^“*" acts
upon elements o f the stimulus-secretion pathway in order to elicit exocytosis, forms
the basis o f the calcium influx hypothesis (Douglas and Rubin, 1961). Originally this
hypothesis was proposed as an explanation of stimulus-secretion coupling in
chromaffin cells but clearly may have a bearing on mast cells. The mechanisms by
which the intracellular concentration of free Ca^"*" is increased in response to antigenic
stimulation is of interest here. Such mechanisms generally involve the generation o f
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second messengers that affect the permeability o f the cell membrane to Ca^"*" or
release Ca^"^ from intracellular stores. The former will be discussed here and the latter
with regard to the role of IP 3 (section 3.4.3).

Evidence indicating that Ca^"*" influx is involved in mast cell stimulus-secretion
coupling comes from a variety o f sources. The extent o f antigenically-induced
secretion has been found to correlate with '^^Ca^'*" uptake in mast cells (Foreman, et
al, 1975). This Ca^"*” uptake is not prevented in metabolically inhibited cells indicating
that ATP is not involved in the control o f Ca^"*" influx. This also indicates that FcgRI
transautophosphorylation is not required, strengthening the case o f Gp/q (see section
3.3.3). La^’*' has been found to reduce Ca^“*" influx and block antigen-induced
secretion by RBL cells (Hide and Heaven, 1991), indicating the contribution made by
Ca^"^ influx to secretion in these cells.

Mast cells have been found to secrete in response to compound 48/80 and the Ca^'*'
ionophores A23187 and X537A only in the presence o f extracellular Ca^"*" (Cochrane
and Douglas, 1974). However another report indicates that secretion elicited by
X537A is not dependent on the extracellular concentration o f Ca^"*" (Foreman, et al,
1973). Compound 48/80 and A23187 have also been found to induce a rapid increase
in the concentration o f intracellular Ca^"^ (White, et al, 1984). Further investigations
using ionophores have revealed that the extent o f ionomycin-induced secretion is
dependent upon the extracellular concentration o f Ca^"*" and the concentration o f
ionophore (Bennett, et al, 1979). The concentration o f Ca^"*" required to elicit
secretion is inversely proportional to the concentration o f ionomycin applied. Thus the
extent o f secretion is dependent on the formation o f a Ca^"*"-ionomycin complex. The
formation o f the complex facilitates the movement o f Ca^"*" across the cell membrane,
the ionophore readily inserting into the membrane. Low Ca^"*" within the cell means
that the Ca^'*‘-ionomycin complex readily dissociates within the cell, raising the
intracellular concentration o f free Ca^”*".
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O f note is the observation that in the presence o f extracellular EOT A, present in order
to remove free Ca^"^, mast cells loaded with the fluorescent dye quin - 2 exhibited an
increase in fluorescence corresponding to an increase in intracellular Ca^"*" when
antigenically stimulated (White, et al, 1984). This indicates that the influx o f Ca^"*"
across the cell membrane is not the only means by which intracellular Ca^"*" may be
increased. The implication is o f the release o f Ca^"^ from intracellular stores.
Mechanisms o f Ca^"^ release have been discussed elsewhere, in general (sections:
2.4.1) and with respect to mast cells (2.4.3).

A low secretor variant of RBL-2H3 cells in which secretion has a delayed onset has
allowed the study of phosphorylation events in relation to Ca^"*" entry (Bingham, et al,
1994). Threonine phosphorylation of the FcgRI was found to occur prior to an
increase in free intracellular Ca^"*" (see section 3.2.1). Thus receptor phosphorylation
occurs before an increase in Ca^“^ influx. Although providing only an imperfect
picture, greatly lacking in crucial details regarding the pathway from receptor to Ca^"*"
influx, the finding does provide evidence for a link between receptor phosphorylation
and a rise in intracellular Ca^"*". This contradicts the finding that ^^Ca^“*" uptake is
absent in metabolically inhibited cells stimulated with antigen (Foreman, et al, 1975).
Perhaps residual ATP or phosphates attached to proteins allow phosphorylations to
occur?

Further evidence for a link between the immunoglobulin receptor FcgRI and cell
surface ion channels is supplied by the isolation o f a peptide from RBL cells, isolated
by affinity chromatography using cromoglycate (Mazurek, et al, 1983). Initially this
peptide, gpllO , was thought to be a cromoglycate binding protein but subsequently
was found to have been isolated as a result of binding to the bead matrix rather than
cromoglycate itself (this is discussed in section 4.4.1). Insertion o f gpl 10 into the
outer membranes o f RBL cells not responsive to antigenic stimulation, was found to
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restore both

uptake and secretion. Incorporation o f gpl 10 into lipid bilayers

resulted in the lipid bilayers becoming Ca^'*’ permeable (Mazurek, et al, 1984). Patch
pipette measurements of single channel conductance in a lipid bilayer into which
FCgRl-lgE complex and gpl 10 were inserted, revealed conductances that increased in
activity in response to antigen and IgE-directed antibodies (Corcia, et al, 1988). The
reversal potential of this 3pS conductance was found to be close to that calculated for
Ca^"*", indicating that Ca^"*" was the main carrier o f the current. Serendipity appears to
have resulted in the isolation o f a Ca^"*" specific channel that readily couples with the
FcgRl in a lipid bilayer. Whether this coupling is direct or mediated by an intermediate
is unclear. It is possible that components associated with the FcgRl were also isolated
and inserted into the bilayer.

influx in both stimulated and resting RBL cells has been found to be reduced
by high extracellular K"*” and divalent metal cations (Hide and Heaven, 1991). Thus
Ca^"*" may enter both resting and stimulated cells by the same route. This finding has
been suggested to indicate the recruitment o f additional channels or the increase in the
probability that a channel is open (Pq) and exclude direct receptor-channel
interaction. Certainly the recruitment of additional channels, i.e. greater than the
number of receptors, tends to preclude direct receptor-channel interaction. Quite why
an increase in the Pq of a channel precludes such direct interaction is not expounded
upon (Hide and Heaven, 1991) and is not implicit in the inferences put forward.

Whole-cell patch clamp recordings of mast cells have revealed three ionic currents
that are activated as a result of antigenic stimulation (Penner, et al, 1988). A small (12pA) Ca^“*'-specific current, a large (50pS) non-specific cationic conductance and a
Cl“ current. The small Ca^“*"-specific conductance has similarities with the
conductance found for gpl 10 isolated from RHL cells (Corcia, et al, 1988;
Hemmerich and Pecht, 1988). The size o f the conductances are similar and both
exhibit Ca^"*" specificity.
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Perfusion of mast cells under whole-cell patch clamp with IP 3 resulted in a rapid,
large, transient increase in the intracellular concentration o f Ca^"*" (Penner, et al,
1988). This transient did not alter with changes in membrane potential and was not
dependent upon extracellular Ca^“*", indicating the release o f Ca^"^ from intracellular
stores. The characteristics o f this transient resembled that o f the transient observed
after stimulation with antigen, compound 48/80 or substance P. The mechanism by
which this Ca^“*" transient is thought to be generated involves the liberation o f Ca^"*"
from intracellular stores mediated by IP 3 (see section 3.4.3). A slowly developing,
sustained increase of intracellular Ca^"^ followed the Ca^"*" transient. This sustained
increase in intracellular Ca^“^ was affected by the membrane potential and abolished
on removal o f extracellular Ca^"*", resembling the plateau phase observed after
stimulation with antigen or polycationic compounds. The slow onset o f the sustained
increase in intracellular Ca^"^ observed after antigenic stimulation may result from the
build-up of a factor required for channel opening and/or the slow kinetics o f channel
activation (Matthews, et al, 1989). Recordings clearly demonstrating IP 3 -induced
currents were rarely made (Penner, et al, 1988). This may be due to the very low
amplitude (l-2pA ) o f these currents (Neher, 1988).

Thapsigargin, which causes blockade of Ca^"*" pumps in the ER induces, induces
activation of a small cell membrane conductance (Hoth, et al, 1992). Heparin, an
inhibitor o f IP 3 receptors (see section 2.4.1), prevents IP 3 -induced Ca^"*" influx
(Fasolato, et al, 1993). These findings have been interpreted as indicating that the
depletion o f intracellular Ca^"*" stores sensitive to IP 3 gives rise to the activation o f
the small conductance, and that theses agents prevent the activation o f this
mechanism. This is termed capacitative Ca^'*' influx (section 3.4.2) and may resemble
the mechanism of Ca^”*” influx in muscle mediated by dihydropyridine and ryanodine
receptors (see section 2.4.1). The IP 3 -activated current has been termed the calciumrelease activated current, IcRAC

support of this is the finding that pre-treatment
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o f mast cells with methyltransferase inhibitors blocked both the release o f Ca^”^ from
intracellular stores and Ca^"^ influx (White, et al, 1984). Although the role o f
methyltransferases is unclear in this context, this observation does link the release of
Ca^"^ from intracellular stores to Ca^*^ influx simply because both were prevented. An
alternative interpretation is that IP 3 activates both the release o f Ca^"^ from
intracellular stores and Ca^"*" influx by directly interacting with receptor-channels. The
structures o f IP 3 -sensitive Ca^'*’ channels in both the membranes o f the cell and o f
Ca^"*” stores may be similar in structure and heparin may equally inhibit both. This
accounts for the rapid activation of the Ca^"*" current observed following infusion of
IP 3 (Penner, et al, 1988; Matthews, et al, 1989) but not the delay between the IP 3 induce Ca^"*" transient and the plateau phase following stimulation with antigen.
Perhaps the initial Ca^"^ transient sensitises the surface channels? (see section 3.4.3).

Metabolites derived from IP 3 have been suggested to have second messenger
functions (see section 3.4.3) and this may explain the delay observed between the
introduction of IP 3 and the increase in Ca^"^. Perfusion with the IP 3 metabolite,
inositol 1 ,3,4,5-tetrakisphosphate (IP 4 ) has been found not to result in any measurable
changes in intracellular Ca^"^ (Matthews, et al, 1989). Similarly perfusion with IP 3
and IP 4 together did not result in any changes in cellular activity other than those
observed when IP 3 alone was perfused into the cell. Perfusion with inositol 2,4,5trisphosphate has been found to induce Ca^'*' influx, presumably as a result o f the
structural similarities with IP 3 . Thus the small, Ca^"^ specific conductance appears to
be regulated by IP 3 . The possibility that the current carried by gpl 10 (Corcia, et al,
1988) is also be activated by IP 3 requires investigation.

The most prominent current resulting from stimulation with compound 48/80 or
substance P is a slowly developing, outwardly rectifying Cl" current (Penner, et al,
1988). Antigenic stimulation has been found to induce an increase in the production of
cAMP. Introduction of cAMP into mast cells under whole-cell patch clamp conditions
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resulted in a current "indistinguishable" from the delayed Cl" current. The delay in the
activation of the Cl" current after introduction of cAMP indicates that it is not directly
activated by the cyclic nucleotide. Reducing intracellular Ca^”^ to a very low level by
buffering with EGTA did not alter activation o f this current. The indication is that this
current is not dependent on Ca^"*" levels, although a sustained increase in Ca^"*" can
result in the activation of this current.

The functional significance o f the delayed, inwardly rectifying Cl" current has been
suggested (Penner, et al, 1988) as the hyperpolarisation o f the membrane potential in
order to provide the driving force for Ca^'*’ entry. The IP 3 -activated Ca^"*" current is
thought to be potential dependent, because the sustained increase in intracellular Ca%+
induced by IP 3 is dependent on the membrane potential. Perfiasion into cells o f cAMP
and IP 3 together resulted in the hyperpolarisation o f the membrane to approximately
the Cl" reversal potential (-40mV); a delayed increase in Ca^"*" was sustained,
resembling the plateau phase following stimulation by antigen, compound 48/80 or
substance P. These observations are in support o f the suggested stimulatory role of
cAMP in mast cell stimulus-secretion coupling. However, this is contradictory to the
observed inhibitory actions o f drugs known to elevate cAMP levels (Foreman, et al,
1975 & 1977; White and Pearce, 1983). The proposal has been made (Penner, et al,
1988) that cAMP may have a stimulatory effect on Ca^"*" influx and an inhibitory
action with respect to the secretory machinary. However, this fails to account for the
finding that dibutyryl cAMP inhibits antigenically-induced secretion but does not
inhibit A23187-induced secretion (Foreman, et al, 1975). Clearly cAMP appears to
exert an inhibitory action upstream of Ca^^ in the signalling pathway. Perhaps cell
dialysis under whole-cell patch clamp results in the loss o f a component(s) mediating
the inhibitory action of cAMP? The actions o f cAMP are discussed in more detail
elsewhere (section 3.4.7).

94

A third conductance observed in antigen and polycation -stimulated mast cells under
whole-cell patch clamp is a large (50pS), non-specific cationic conductance that is not
dependent upon the extracellular Ca^"^ concentration (Penner, et al, 1988; Matthews,
et al, 1989; Fasolato, et al, 1993). This conductance as found to be activated
immediately upon application of compound 48/80 or substance P, and also by
perfusion o f GTPyS (Penner, et al, 1988). In a minority o f cells GTPyS has been
found to have an inhibitory action on this conductance (Matthews, et al, 1989). This
may be analogous to the control of cAMP, both inhibitory and stimulatory G-proteins
controlling the activity of the 50 pS conductance. Introduction o f a Ca^"^ buffer into
the cells did not inhibit activation of this conductance (Penner, et al, 1988), nor was it
affected by perfusion with cAMP or IP 3 . The conductance carried only a small
current (< 1 0 pA) and a wide range of both mono- and di- valent cations. Consequently
this conductance, although large, is unlikely to make a significant contribution to the
sustained increase in intracellular Ca^"^ following stimulation. An inference supported
by the finding that increases in the intracellular concentration o f Ca^"^ correlated with
the small, IP 3 -induced conductance and not with the 50pS conductance. N or is the
50pS conductance likely to make a significant contribution to the initial Ca^'*' spike
following stimulation. The activity of this conductance has been found to be marked
prior and subsequent to the Ca^"*" spike but low during the spike (Matthews, et al,
1989). The role o f this conductance is therefore not clear.

Ca^'*’ was one o f the first candidates as an intracellular signal in mast cell stimulussecretion coupling, since an increase in intracellular Ca^“^ fought about with Ca^"*"
ionophores is sufficient to induce secretion in intact mast cells (Foreman, et al, 1973;
Bennett, et al, 1979). Further support for the proposed involvement o f Ca^"^ came
with the finding that cross-linking of mast cell FcgRI's results in an increase in 45ca2+
influx (Foreman, et al, 1975 & 1977; Ishizaka, et al, 1979), implicating Ca^"*" in
immunological secretion. However, the development o f the permeabilised patch has
allowed the introduction into cells of small molecules without the washout o f larger
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proteins (Lindau and Fernandez, 1986). Cells under permeabilised patch clamp have
been found to undergo IgE-mediated degranulation in the presence o f Ca^"*" channel
blockers and in the absence o f an increase in the membrane conductance
corresponding to channel activation. This only rules out the entry o f Ca^'*’, not the
release o f Ca^“*' from intracellular stores, which may have an essential role in IgEmediated secretion, although Ca^"*" may not be required when GTPyS is introduced
into the cell (Churcher and Gomperts, 1990). The rise in Ca^"^ following stimulation
and the ability o f Ca^"*" to induce secretion in the absence o f added guanine nucleotide
when ATP is provided (Lillie and Gomperts, 1992b) indicates that this divalent cation
is involved in mast cell signalling. The mechanisms by which intracellular Ca^"*" is
increased in response to stimulation involves signalling by second messengers
generated as a consequence of signal transduction. IP 3 clearly has an important role
as a second messenger responsible for the activation o f cell surface Ca^“*" channels
giving rise to a sustained Ca^"^ plateau, as well as mediating the release o f Ca^”*" from
intracellular stores (section 3.4.3). Ca^"*" influx through the Ca^"*' specific, IP 3 activated conductance is enhanced by membrane polarisation resulting from a cAMPactivated Cl" conductance.

3.4.2
Calcium As A Second Messenger In Mast Cells.

Antigenic stimulation of mast cells is dependent on the concentration o f extracellular
Ca^"*" (Mongar and Schild, 1958) and results in the uptake o f ^^Ca^"*” (Foreman, et al,
1973). Clearly Ca^"^ is significantly involved in antigenically-stimulated secretion (see
also section 3.4.1). The finding that secretion induced by IgE-directed stimuli is
dependent upon the presence of extracellular Ca^"*" (Mongar and Schild, 1973;
Cockcroft and Gomperts, 1979) is in contrast to the observation that in the absence of
extracellular Ca^"*", antigenic stimulation of intact mast cells fails to induce a Ca^^
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transient but secretion still occurs (White, et al, 1984). These contradicting
observations may be resolved if the length o f time for which the cells were incubated
in Ca^’^-free medium differed significantly. A short incubation may not deplete
intracellular stores, a long incubation may result in their depletion. This appears to
indicate that an increase in intracellular Ca^"*" is required for antigenic stimulation o f
secretion.

Secretion induced by substance P differs from that induced by FcgRI-directed stimuli.
Substance P, a polycation, may induce secretion in the absence o f extracellular Ca^”*”
and the level of secretion is greater than that achieved in the presence o f extracellular
Ca^"^ (Fewtrell, et al, 1975). Similarly, dextran will induce secretion in the absence of
extracellular Ca^"*" (Foreman and Mongar, 1972). High extracdjul ar Ca^"*" (>10mM)
depresses both substance P and dextran -induced secretion to below that obtained
with moderate levels (around ImM) of extracellular Ca^"^. This is also the case with
antigenically-induced secretion (Foreman and Mongar, 1972). Mast cells perfused
under whole-cell patch clamp with greater than 30pM intracellular Ca^"*" exhibited a
reduced level of degranulation induced by compound 48/80 (Penner and Neher,
1988), indicating that the suppresser effect o f high Ca^"*" may take effect at an
intracellular location. The mechanism by which high levels o f Ca^"*" may suppress
secretion is however not known.

Ca^"^ may not have an essential role in stimulus-secretion coupling under certain,
specific circumstances. Ca^"*" transients may be induced by compound 48/80 in cells
perfused with GTP-free medium under whole-cell patch clamp without secretion
occurring (Penner, 1988). Permeabilised cells in chloride-based buffer will not secrete
in response to Ca^'*' alone, while application o f Ca^'*' and GTPyS together will
produce secretion (Howell, et al, 1987). Use o f glutamate-based buffer facilitates
secretion in response to Ca^"^ plus ATP, without the addition o f a GTP analogue
(Churcher and Gomperts, 1990). Since nucleoside triphosphates may substitute for
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ATP (Lillie, et al, 1991) and low concentrations o f GDP enhance secretion (Lillie and
Gomperts, 1992a), secretion induced under these circumstances by Ca^'*' may still
require GTP. This conclusion is based upon the proposed role o f ATP as a phosphate
donor in the production o f GTP from endogenous GDP, a reaction catalysed by
nucleoside 5',diphosphate kinase (NDPK). GTP produced under these circumstances
may activate a late acting G-protein, G g (Lillie, et al, 1991; see section 3.4.5). Socalled "single effector"-induced secretion such as this, therefore still requires the
presence o f guanine nucleotide in addition to Ca^"*". Similarly, Ca^”^ introduced into
mast cells under whole-cell patch clamp fails to induce secretion unless a GTP
analogue is present in the patch pipette (Fernandez, et al, 1984; Neher and Aimers,
1986). However, a low level of secretion may be achieved by permeabilised cells in
glutamate-based buffers by application o f GTPyS in the absence o f Ca^"*" (Churcher
and Gomperts, 1990).The conclusion reached from this evidence is that Ca^"*" alone is
not sufficient to induce secretion in mast cells.

However, Ca^"*" ionophores are able to induce secretion (Foreman, et al, 1973;
Cochrane and Douglas, 1974; Bennett, et al, 1979). Presumably this involves
endogenous guanine nucleotide. This does demonstrate that a rise in intracellular
Ca^“*" may initiate secretion. Under the effect o f ionophores the rise in extracellular
Ca^"^ may be artificially prolonged and high. Ionophores are expected to penetrate the
membranes o f intracellular Ca^"^ stores in addition to the cell membrane, preventing
effective buffering by re-uptake of Ca^’*' into intracellular stores. Extrusion o f Ca^"^
from the cell by Ca^"*"/ATPases will also not be effective under these circumstances,
the cell membrane now being permeable to calcium ions. Buffering provided by Ca^"*”binding proteins will rapidly be saturated, for although the concentration o f Ca^'^ may
not be especially high the supply of Ca^“^ from the medium in which the cell is
suspended is vast in comparison to the ability o f the cell to buffer Ca^"*". Similarly,
sustained high intracellular Ca^"*" induces secretion in cells under whole-cell patch
clamp (Penner and Neher, 1988).
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Subsequent to antigenic stimulation a rapid, transient increase in intracellular Ca^"*" is
observed, followed by a slowly rising and prolonged increase that plateau for a period
o f minutes before declining to resting levels (Neher, 1986). The Ca^"^ transient is o f
unknown function. An initial increase in Ca^"^ may activate the cationic influx
pathway (Hide and Beaven, 1991). Ca^'*', or another divalent metal cation, binding to
the intracellular portion o f the cation channel or specific Ca^"*" channel (see section
3.4.1) may prolong the open time or increase the probability o f channel opening. This
provides an explanation for the observed co-operativity o f divalent metal cation influx
in RBL-2H3 cells (Hide and Beaven, 1991). An alternative suggestion is that IP 3 activated release o f Ca^"*" from intracellular stores, giving rise to the initial Ca^"*"
transient, results in the depletion of those stores, activating capacitative Ca^"^ entry
(Fasolato, et al, 1993; see section 3.4.1).

The Ca^"^ transient is unlikely to play a role in the activation o f PLC. Raising
intracellular Ca^"^ does not result in PI turnover (Hide and Beaven, 1991), neither
does the concentration of extracellular Ca^"^ affect PI turnover (Cockcroft and
Gomperts, 1979a). Suppression of Ca^"*" influx to below basal levels with La^"*" is
accompanied by a decline in the rate o f PI hydrolysis in RBL-2H3 cells (Hide and
Beaven, 1991). This was not accompanied by a decrease in the generation o f IP 3 ,
indicating that IP 3 generation accounts for only a small part o f PI turnover and that
IP 3 generation is not dependent upon the influx o f Ca^"*". This may be taken to imply
that PLC acts prior to a rise in intracellular Ca^"*" (see section 3.3.2). The Ca^"*"
transient is reproduced by perfusion of IP 3 in mast cells under whole-cell patch clamp
(Neher and Aimers, 1986; Penner, et al, 1988; Matthews, et al, 1989). Thus PLC
activation may give rise to the initial Ca^”^ transient (see sections 3.4.1 & 3.4.3),
although this is not sufficient to induce secretion (Neher, 1988). The delay between
cell stimulation with internally applied GTPyS and the appearance o f the Ca^"*"
transient, which presumably is due to the accumulation o f IP 3 , does not depend upon
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the concentration of

further indicating that the generation o f IP 3 is not a Ca2+-

dependent process or at least that PLC activity is supported by basal levels (pCa~7) o f
Ca2+.

DAG is expected to be produced concomitantly with IP 3 (section 3.4.4) contributing
to the activation of PKC. PKC activity is thought to be Ca^“^ dependent (section
2.4.2). Consequently the divergence of the signalling pathway that occurs with the
PLC-catalysed production of IP 3 and DAG is followed by its convergence with the
activation of PKC. Pre-treatment of mast cells with the phorbol ester PMA under
conditions o f whole-cell patch clamp, inhibited Ca^"*” transients induced by both
compound 48/80 and internally applied GTPyS (Penner, 1988). Secretion proceeded
normally under these circumstances. This provides an indication o f PKC-mediated
inactivation of IP 3 production (see sections 3.3.2 & 3.4.4). Also, since both
compound 48/80 and GTPyS activate G-proteins, a G-protein other than Gp/q must
be involved downstream of PLC and PKC in stimulus-secretion coupling (see section
3.3.3 & 3.4.5).

Another role o f Ca^"*" in modulating mast cell secretion is indicated by a range o f
evidence obtained from permeabilised cells. Cells permeabilised with SL -0 in
glutamate-based buffer may be stimulated to secrete in the absence o f Ca^"*" by
provision o f GTPyS (Churcher and Gomperts, 1990). The presence ofMg^"*" in the
millimolar range amplifies the extent of secretion achieved with GTPyS (Lillie and
Gomperts, 1992 a & b). Increasing the concentration o f Ca^"^ progressively decreases
the effect o f Mg2+. Cells permeabilised in the presence o f Ca^“^ exhibit a delay in the
onset o f exocytosis when stimulated with GTP (Lillie and Gomperts, 1993a). If
GTPyS is the stimulus to cells primed by pre-treatment with Ca^"^, then the onset
delay has two components. A minimal, or limiting, delay that does not alter with the
concentration of the stimulus and a variable delay, the period o f which is dependent
upon the concentration of GTPyS. A hypothesis has been developed to account for
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these observations (Lillie and Gomperts, 1992b). Since GTPyS-binding by Gg in the
absence o f

has been shown to be reversible (Northup, et al, 1982; Higashijima,

et al, 1987a), by analogy GTPyS-binding by the late acting G-protein, G g is also
reversible in the absence o f Mg^"*" (Lillie and Gomperts, 1992b). The reversibility o f
GTPyS-binding by G g in the absence of Mg^"^ gives rise to the concentrationdependent component of the onset delay. A minimal level o f G g activation is required
in order for secretion to proceed, reversible GTPyS-binding delays the achievement o f
the minimal level o f G g activation. Logical flaws exist in this hypothesis, these are
delt with elsewhere (section 3.4.5). However, assuming that this interpretation is
correct, the ability o f Ca^"*' to substitute for Mg^"^ may be explained by the action o f
Ca^"^ on GTPyS-binding by Gg. Ca^"^ may exert its affect upon G g by way o f a
Ca^'^-binding protein, Cg which interacts with and activates G g (Lillie and
Gomperts, 1991). C g is in this way analogous to cell surface receptors coupled to Gproteins. In section 3.4.4 the evidence for C g has been re-assessed, leading to the
conclusion that C g may not exist and that PKC may account for these observations.

The second messenger functions of Ca^"*" in mast cell stimulus-secretion coupling are
clearly diverse and may prove to be more varied than is indicated here. Although a
generalised increase in Ca^"*” occurs following stimulation, most notably following the
application of ionophore, localised increases in Ca^"*" may also have an important role
in the activation o f exocytosis, perhaps mediating exocytosis at a limited area o f the
cell membrane.
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3.4.3
IP] In Mast Cell Stimulus-Secretion Coupling.

As has already been discussed (section 3.3.2) PLC is thought to catalyse the
generation o f inositol 1,4,5-trisphosphate (IP]) in response to either IgE-directed
stimuli or polycationic compounds, such as compound 48/80. The activation o f PLC
may be by way o f the G-protein Gp/q or tyrosine kinase activity, either that o f
dimerised FcgRI or a cytosolic tyrosine kinase recruited by the receptor. Suppression
of Ca^*^ influx by channel blockade with La^"*" results in a decrease in PI turnover but
not in IP] generation (Hide and Beaven, 1991) in RBL cells. Thus IP] generation
accounts for only a small fraction of PI turnover in these cells. This may also be the
case in the mast cell.

IP] is water soluble and rapidly diffuses through the cytosol, binding to specific
receptors (Sagi-Eisenberg, 1993). This is thought to results in the liberation o f Ca^^
from intracellular stores. Introduction of IP] into mast cells by dialysis under whole
cell patch clamp results in an increase in the level o f intracellular Ca^"*" (Neher, 1986),
which does not coincide with changes in the cell membrane potential (Penner, et al,
1988; Matthews, et al, 1989), in addition to Ca^"*” increases that do correlate with
changes in cell membrane potential (discussed in section 3.4.1). In the absence o f
extracellular Ca^"*" stimulation with antigen or compound 48/80 induces Ca^"^
transients (Neher and Aimers, 1986), indicating release from intracellular stores. The
compound 48/80-induced Ca^"'' transient is suppressed by neomycin, an inhibitor o f
PLC (Penner, 1988). PTX pre-treatment also prevents Ca^'*’ increase under these
conditions, indicating that G-protein mediated activation o f PLC results in Ca^"*"
release presumably mediated by IP ]. This release o f Ca^"*" gives rise to the initial
Ca^"*” transient following stimulation. Substance P and compound 48/80 induce the
initial Ca^”^ transient in a independent of the extracellular concentration o f Ca^"^
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(Penner, et al, 1988). The subsequent plateau phase o f increased Ca^'*" is dependent
upon extracellular Ca^"*".

Internal application o f IP 3 into cells under whole-cell patch clamp induces a rapid
Ca^"*" transient independent of extracellular Ca^"*", followed by a slowly developing,
sustained increase o f intracellular Ca^"^ (Penner, et al, 1988; Matthews, et al, 1989).
This latter phase was affected by changes in membrane potential and abolished in the
absence o f extracellular Ca^"*". IP 3 mimicked changes in intracellular Ca^^ induced
by substance P and compound 48/80 (Penner, et al, 1988). The initial Ca^"^ transient
is clearly due to the release of Ca^'*' from intracellular stores, while the Ca^'*' plateau
results from the influx of Ca^"*". Thus IP 3 appears to activate a Ca^“*“ influx pathway
(see section 3.4.1), in addition to the release o f Ca^"*" from intracellular stores. The
suggestion has also been made that IP 3 inhibits a Ca^“*" transport mechanism
(Matthews, et al, 1989), resulting in a decrease in Ca^"*" efflux. Membrane
hyperpolarisation subsequently drives Ca^"^ influx resulting in the prolonged rise in
Ca^"*" observed. There is however little evidence to support the idea that this alone
ill lead to a significant increase in cell Ca^"*". Alternatively, the activation o f Ca^“*"
influx by IP 3 may be by the direct interaction o f IP 3 with Ca^"*" specific channels in
the cell membrane (Matthews, et al, 1989). Although given the delay between
introduction o f IP 3 and the plateau phase o f Ca^’^ increase this seems an unlikely
possibility. The IP 3 receptor inhibitor, heparin prevents IP 3 -induced Ca^"^ influx
(Fasolato, et al, 1993). This may be interpreted as indicating that the depletion o f IP 3 sensitive Ca^"*" stores gives rise to the activation o f Ca^"*" influx. This is termed
capacitative Ca^"*" influx (section 3.4.2) and may resemble the mechanism o f Ca2+
influx in muscle mediated by dihydropyridine and ryanodine receptors (see section
2.4.1). In support o f this hypothesis is the finding that pre-treatment o f mast cells with
methyltransferase inhibitors blocked both the release o f Ca^"*" from intracellular stores
and Ca^"*" influx (White, et al, 1984). Although the role o f methyltransferases is
unclear in this context, this observation does link the release o f Ca^”^ from
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intracellular stores to Ca^"^ influx. IP 3 mediated Ca^"*" influx into the cell is discussed
in greater detail in section 3.4.1.

IP 3 has two important functions in mast cell stimulus-secretion coupling, both related
to the control o f increases in the level of intracellular Ca^"*". The release o f Ca^"*" from
intracellular stores appears to be mediated by IP 3 alone, giving rise to a Ca^"^
transient. IP 3 also activates a Ca^"*" specific conductance in the cell membrane that is
hyperpolarisation driven and that probably gives rise to a prolonged Ca^"^ increase.
Although this conductance is small (l-2pA ) its specificity allows a large increase in
intracellular Ca^'*" to result from its activation.

3.4.4
Protein Kinase C: Its Activation Bv DAG And Calcium. Its Role In Mast Cell
Stimulus-Secretion Coupling.

Protein kinase C is thought to be located in the cytosol o f the resting cell (section
2.4.2). A rise in intracellular Ca^"^ results in the translocation o f this enzyme to the
cell membrane. Autophosphorylation may increase PKC activity and assist
translocation to the cell membrane. All known PKC isozymes exhibit
autophosphorylation (Hug and Sarre, 1993). Dephosphorylation o f PKC, thought to
be concomitant with inactivation, is catalysed by protein phosphatase 1 or 2A. At the
inner leaflet of the cell membrane binding o f PS and DAG increases the level o f PKC
activity. DAG is the product of PIP 2 hydrolysis catalysed by PLC (see section 3.3.2),
thus PLC activation may be a prerequisite for the full activation o f some PKC
isozymes. An alternative pathway for the production o f DAG is the phosphatidic acid
phosphohydrolase catalysed hydrolysis o f PA generated by PLD (see section 3.4.9).
Since Ca^^ is liberated by IP 3 , the other product o f PIP 2 hydrolysis, full activation of
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PKC appears to be assured under physiological conditions. DAG is lipid soluble,
remaining within the plane of the lipid bilayer. Translocation o f PKC to the inner
leaflet of the cell membrane facilitates the binding o f DAG at an allosteric site to PKC.
DAG is rapidly metabolised, undergoing DAG kinase phosphorylation producing
phosphatidic acid which may also act as a second messenger (see section 3.4.9).
Alternatively DAG may undergo hydrolysis catalysed by DAG lipase (Okano, et al,
1987), resulting in the production of arachidonic acid and its metabolites which act as
local hormones (Samuelsson, 1983; see section 3.4.8). Both these metabolic fates lead
to recycling. Phorbol esters are thought to activate PKC by binding to the same
allosteric site as DAG (see section 2.4.2). Such activation is constitutive since phorbol
esters are not easily metabolised and long term activation results in the downregulation o f PKC. This may form the basis for thecayti«^ogenic activity o f phorbol
esters.

In mast cells permeabilised with SL-0 in Cl"-based buffer the inhibitory DAG
analogue, 1-0-hexadecyl-2-0-methyl-3-sn-glycerol (AM G.Cjg) inhibits secretion
induced by GTPyS-p/w^-Ca^'*' (Howell, et al, 1989). This inhibition could be partially
overcome by increasing the concentration o f ATP. In the presence o f [^^P] ATP
proteins were found to be radiolabelled in a manner stimulated by GTPyS-p/wi-Ca^'^
and inhibited by AM G.Cj^. Introduction o f neomycin into permeabilised cells under
similar conditions results in reduced Ca^"*” efficacy. Down-regulation o f PKC by long
term treatment with the phorbol ester TP A results in decreased release from digitonin
permeabilised cells stimulated with GTPyS-/^/w^-Ca^"*" (Koopman and Jackson, 1990).
This evidence clearly implicates PKC as a component in mast cell stimulus-secretion
coupling.

In the absence of ATP cells become refractory to stimulation, addition o f ATP
restores the secretory response (Howell and Gomperts, 1987) and ATP increases the
efficacy of both effectors (Howell, et al, 1987a; see section 3.4.6). Pretreatment with
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the phorbol ester PMA enhances the efficacy of Ca^"*" (Howell, et al, 1989). Since this
enhancement occurs in the absence of ATP, it must be the result o f phosphorylations
catalysed by PKC prior permeabilisation. Secretion may be induced in metabolically
inhibited cells (Howell, et al, 1987a), i.e. under conditions in which phosphorylation
may not occur due to the absence of ATP, by implication phosphorylation is not a
mandatory event in stimulus-secretion coupling. Thus the role o f PKC has been
suggested to be the catalysis of a phosphorylation priming the cell for exocytosis
(Howell, et al, 1989). A range of nucleoside triphosphates are also able to enhance
effector efficacy, this is blocked by AMG.C 1 5 (Lillie and Gomperts, 1991), indicating
PKC involvement. On permeabilisation high levels o f ADP are expected to be present
in cells that have been metabolically inhibited. Nucleoside triphosphates may act as
phosphate donors in the production of ATP, which in turn acts as a phosphate donor
for reactions catalysed by PKC.

ATP also delays the onset of exocytosis (Gomperts, et al, 1988). This may indicate
dephosphorylation enables the activation o f exocytosis. Whether the same target is
phosphorylated and dephosphorylated is not clear. The efficacy (often wrongly termed
affinity, see section 3.4.5) of Ca^^ has been suggested (Howell, et al, 1989) to be
under the control of a phosphoprotein that is a substrate o f PKC. In this manner PKC
may have a positive feedforward action. This may explain why ATP slows cell
rundown. An equally viable alternative is that ATP increases Ca^"*" efficacy by
facilitating the autophosphorylation of PKC. Once autophosphorylated the activity of
PKC is increased in a manner that is co-operative with the allosteric binding o f Ca^"*".
The phosphorylation of downstream targets o f PKC may then be enhanced, thus
resulting in the increased efficacy of Ca^"^ observed in the presence o f ATP. Since all
known PKC isozymesexhibit autophosphorylation this is likely to be the case in mast
cells, although this does not exclude the possible involvement o f Ca^'*'-binding
proteins that undergo PKC-catalysed phosphorylation. Dephosphorylation o f PKC by
one or more protein phosphatases, probably protein phosphatases 1 or 2A (Hug and
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Sarre, 1993), may provide negative feedback leading to PKC inactivation and
translocation from the membrane to the cytosol.

The autophosphorylation of PKC may also explain why ATP restores and retards the
decline in cell responsiveness due to washout. Loss o f cell responsiveness through
washout has been observed both in cells that have been permeabilised (Howell, et al,
1987) and cells under whole-cell patch clamp (Penner, et al, 1987). Restoration and
maintenance o f responsiveness mediated by ATP requires the presence o f M g^“*' and
is prevented by PKC inhibitors (Lillie, et al, 1991). Other nucleoside triphosphates are
not able to delay loss of responsiveness due to rundown. Thus PKC appears to be
involved in cell rundown or at least its delay. The translocation o f PKC to the cell
membrane from the cytosol is enhanced by autophosphorylation (Hug and Sarre,
1993), only possible if ATP and Mg^'*' are present. Once the enzyme is associated
with the membrane its loss through washout is likely to be abated. ATP will o f course
also act as a substrate for the PKC-catalysed phosphorylations o f other proteins,
further enhancing the cellular response. The loss o f other cytosolic components
clearly still occurs since rundown is inevitably, it may only be delayed or restored
within a limited time-frame.

PKC may have a negative feedback action. In cells under whole-cell patch clamp,
PMA pre-treatment has been found to abolish both compound 48/80 and GTPyS induced Ca^"*" transients, but not secretion (Penner, 1988). fPg^nduced Ca^"^
transients were unaffected by PMA pre-treatment. Thus PKC appears to act to
decrease PLC activity, resulting in lowered levels o f IP 3 and consequently Ca^"*"
release. This becomes apparent with persistent PKC activation induced by a phorbol
ester. In intact cells pre-treated with PMA secretion may be induced by antigenic
stimuli in the absence of an increase in Ca^"*" (White, et al, 1984), indicating the
negative feedback signal on increased Ca^"^ derived from PKC activity. Also this is
indicative o f the non-essential nature o f Ca^"^ in mast cell stimulus-secretion coupling
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if PKC is active. The activation of PKC may infact be the major role o f Ca^”^. This
view is reinforced by considering the possibility that Ca^"*" may not infact bind to a
phosphoprotein downstream of PKC but to PKC alone, thus circumventing the
requirement for the invention of Cg

An argument can be made for C g There is a precedent for the action o f a PKCcoupled Ca^’^-binding protein in secretory systems. A 145kDa protein ( p i45) has
been shown to reconstitute Ca^'*"-/7/w5 -ATP-induced secretion in GH 3 and P C I2 cell
ghosts (Walent, e al, 1992) and an antibody directed against this protein prevents
reconstitution o f secretion by cytosol. In PC12 cells pl45 has been found to partially
reconstitute Ca^"^-dependent secretion (Nishizaki, et al, 1992), complete
reconstitution required the addition of PKC and the presence o f ATP. In the presence
o f PKC pi 45 phosphorylation was enhanced, pi 45 dimers have been found to
associate with phospholipid vesicles (Walent, et al, 1992). These observations indicate
the existence of a protein, pi 45, in the stimulus-secretion pathway o f PC 12 and GH 3
cells that is a target for PKC catalysed phosphorylation, is found to associate with
membranes and reconstitutes Ca^'^-/?/w5 -ATP-induced secretion in these cells. These
characteristics are those that may expected for Cg. A further argument supporting the
existence o f the proposed Ca^"""-binding protein, Cg, could be based upon the finding
that the PKC inhibitor, staurosporine reduces secretion induced by either Ca^“*' and
TP A or GTPyS and TP A, but not with all three stimuli together in digitonin
permeabilised cells (Koopman and Jackson, 1990). This appears to support the notion
that PKC phosphorylates a Ca^'^-binding protein, since PKC is already activated by
phorbol ester when Ca^"*" is provided. However, this finding may also be interpreted
as indicating that Ca^"*" is acting via PKC alone, Ca^"^ and phorbol ester together
overcoming the inhibition o f PKC. Secretion induced by GTPyS involving activation
of G g requires a phosphorylation catalysed by PKC alone without a requirement for
Cg. Since this explanation requires less putative components o f the signalling pathway
than the model proposed by others (Gomperts, 1986; Howell, et al, 1989; Lillie, et al,
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1991;), and accounts for the findings reported it appears to be a more acceptable
model. Perhaps C g is infact PKC. Verification o f either hypothesis relies upon further
experimental evidence, especially regarding the autophosphorylation o f PKC, isolation
o f C g and the investigation o f negative feedback upon PKC activity perhaps mediated
by protein phosphatases.

3.4.5
Is A Second. Late Acting GTP-Binding Protein Involved In Mast Cell StimulusSecretion Coupling?

The possibility that a late acting GTP-binding protein may be involved in mast cell
stimulus-secretion coupling was first suggested on the basis o f a number o f
observations (Gomperts, 1986). Poorly hydrolysable analogues o f GTP increased the
maximal extent of Ca^"*"-dependent secretion without shifting the concentration range
over which Ca^"^ is effective. This indicates the action o f GTP at a site other than
Gp/q, since activation of this G-protein is expected to result in the release o f Ca^~^
from intracellular stores and the activation o f PKC via PLC production o f DAG. The
net result would be to shift the effective concentration o f Ca^"*" to a lower level, i.e.
shifting the dose-response curve to the left, which is not the case. In neutrophils
poorly hydrolysable GTP analogues stimulate secretion in the absence o f Ca^"*"
(Barrowman, et al, 1987). This was subsequently shown to be the case in mast cells
permeabilised in glutamate-based buffers (Churcher and Gomperts, 1990) and mast
cells under whole-cell patch clamp (Neher, 1988). The putative, late acting GTPbinding protein has been termed Gg (Gomperts, 1986) and the assumption was at first
made that this was a G-^votcÂn, an assumption that will be examined later in this
section. The late action of G g indicates that it is not involved in signal transduction
but is a second messenger as these terms have been defined (section 2 . 1 ), an unusual
role for a heterotrimeric GTP-binding protein if G g is infact a member o f this class o f
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proteins. The existence of a second, late acting GTP-binding protein in mast cell
stimulus-secretion coupling means that the supply o f GTP is important in both signal
transduction and in the activation of a second messenger, making NDPK an important
enzyme in this signalling pathway if its role proves to be the modulation o f G-protein
activity through the supply of GTP (see chapter 4).

Initially investigations of G g involved the use o f mast cells permeabilised with SL -0
in chloride-based buffers. Use of [^H]inositol to monitor PI turnover, shown to be
regulated by Gp/q (see sections 3.3.2 & 3.3.3), and use o f neomycin to block PLC
catalysed production of IP 3 and DAG, demonstrated the ability o f GTPyS to stimulate
secretion in the absence of PLC activity (Cockcroft, et al, 1987). This implies the
activation o f a late stage in stimulus-secretion coupling by GTPyS A further
indication that a G-protein other than Gp/q is involved in mast cell stimulus-secretion
coupling is provided by the observed synergistic action o f poorly hydrolysable GTP
analogues and Ca^"^ (Howell, et al, 1987). This indicates that Ca^"*" and GTP act in
parallel to elicit secretion. This is in contrast to the action o f Ca^'*' and Gp/q, which
act in series.

ATP was found to increase the efficacy o f GTPyS to induce secretion (Cockcroft, et
al, 1987). Inhibition of PLC activity with neomycin prevented this action o f ATP,
implying that ATP may act as a substrate for PKC (see section 3.4.4). Thus PKC
appears to enhance the ability o f G g to elicit secretion. This may explain the
occurrence o f secretion as a result of a prolonged increase in Ca^"^, as is the case with
ionophore treatment (Foreman, et al, 1973) and cells in which Ca^"*" is clamped to a
high level under whole-cell patch clamp for a prolonged period (Penner and Neher,
1988). Interestingly, okadaic acid, an inhibitor o f protein phosphatases 1 and 2 A,
prevents the loss of responsiveness to GTP by cells rendered refractory and restored
by ATP (Churcher, et al, 1990b). Pre-treatment with PMA had a similar effect. This
has been interpreted as indicating that a possible target o f G g is a protein phosphatase
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(Lindau and Gomperts, 1991). An intriguing possibility is that G g activates a protein
phosphatase responsible for the dephosphorylation and inactivation o f PKC. (PKC
translocation to the membrane, and thereby its activation, is facilitated by
autophosphorylation; see sections 2.4.2 and 3.4.4). By providing negative feedback
Gg-induced activation of a phosphatase may limit the extent o f secretion. Since
depho^sphorylation appears to be a permissive step, dep^hosphorylation o f PKC may
in addition switch-off a negative feedforward signal preventing exocytosis. This signal
may take the form o f the phosphorylation o f Gg, or another component o f the
secretory pathway. Thus autophosphorylation o f PKC may activate both inhibitory
and permissive signals. ATP has also been found to enhance the ability o f Ca^'*’ to
induce secretion (Howell, et al, 1987), implying the augmentation o f the action o f
Ca^"*" by a phosphorylating reaction. Metabolically inhibited cells rapidly loose the
ability to respond to Ca^"*" and GTPyS (Howell, et al, 1989), further indicating the
requirement for a phosphorylating reaction.

The ability of ATP to enhance the level o f secretion achieved with GTPyS and Ca^"^
by shifting the dose-response curve to the left, has been described as an increase in
effector, or effective, affinity (for example; Howell, et al, 1987; Gomperts, et al,
1988). This is not a correct use of the term affinity. The affinity is not measured, for
this would be the binding o f GTPyS or Ca^"*" to proteins or other molecules. It may be
the case that ATP does increase the affinity of C g for Ca^"*" and G g for GTPyS,
however this has clearly not been demonstrated by measurement. Other possibilities
include the increase in C g and G g activity due to phosphorylation in a manner that is
non-co-operative or phosphorylation at a common site(s) downstream, or even
upstream, o f these two proteins. What is measured is the efficacy, that is the ability o f
GTPyS and Ca^"^ to produce a response, i.e. secretion. Affinity and efficacy have
precise definitions in pharmacology, biochemistry and physiology. The consistent use
o f terminology with clear definitions is clearly important in science. Thus the term
efficacy will be used here.

Ill

Cells metabolically inhibited and permeabilised in glutamate-based buffer may secrete
in response to either Ca^"*" and ATP together or GTPyS alone, this has been termed
single effector secretion (Churcher and Gomperts, 1990). GTPyS may stimulate
secretion in conditions in which Ca^"*" is effectively absent, i.e. buffered to less than
10"^M. This provides further evidence for the action o f guanine nucleotides at a stage
in the signalling pathway other than at Gp/q. GTPyS-induced secretion has been found
to be enhanced in the presence of ATP (Lillie, et al, 1991). Other nucleoside
triphcj^hates synergise with ATP to enhance secretion, indicating the action o f ATP
and other nucleoside triphosphates in the stimulus-secretion pathway. This increase in
effector efficacy is prevented by the DAG analogue, AM G.Cj^, inhibitory to PKC
activity, implicating PKC as the mediator. Due to the metabolic inhibition o f these
cells ADP levels are expected to be substantially increased, ADP will be readily
available for phosphorylation with exogenous nucleoside triphosphates acting as
phosphate donors. Thus ATP may be generated, enabling PKC mediated enhancement
of effector efficacy. Twenty seconds after permeabilisation, only ATP is able to
enhance effector efficacy. This may be a result o f the removal o f endogenous ADP
from the cell by washout. Enhancement o f effector efficacy by nucleoside
triphosphates requires the presence of Mg^"*", further implicating a phosphorylating
reaction. Ca^"^-dependent secretion requires the presence o f a nucleoside triphosphate
(Lillie, et al, 1991). Secretion induced by Ca^'*'-/?/w5 -ATP is enhanced by GDP at
concentrations below lOOpM (Lillie and Gomperts, 1992a), indicating that GDP may
be phosphorylated to generate GTP, ATP acting as a phosphate donor in a reaction
catalysed by NDPK (see chapter 4). At concentrations o f greater than lOOpM GDP is
inhibitory, presumably because it is competing with GTP for a guanine nucleotide
binding site. Thus Ca^"^-dependent secretion may require GTP, that may be
endogenously generated. In which case GTP may be an absolute requirement for the
activation o f secretion, acting at a step in the signalling pathway other than the
activation o f Gp/q. Presumably the site of action is at the putative protein, G g
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In cells in which Ca^"*" is clamped to very low levels under whole-cell patch clamp,
GTPyS elicits cell membrane capacitance increases indicating degranulation
(Fernandez, et al, 1984). This may be achieved without an evident increase in Ca^"*"
(Neher, 1988). This supports the findings o f work in permeabilised cells. The rate o f
change o f the cell membrane capacitance increases if Ca^“*" is not suppressed and
allowed to increase subsequent to stimulation. Internal application o f IP 3 results in the
generation of a Ca^'*' transient without degranulation occurring. Dialysis with
micromolar levels of Ca^*^ is also insufficient to induce cell membrane capacitance
increases. The possibility that a Ca^'*'-sensitive factor is immediately lost on dialysis o f
cells under whole-cell patch clamp, giving rise to the inability o f Ca^"^ to induce
degranulation, appears unlikely in view o f the finding that GTPyS and antigen induced responses have a similar time course. The occurrence o f the Ca^^ transient
after degranulation has commenced in a minority o f cells also indicates that Ca^^ can
not have a pivotal role in the activation o f the exocytotic machinary. Thus the
presence o f GTP or an analogue appears to be essential in the initiation o f secretion.
Internally applied GDPpS inhibits both the generation o f Ca^”*” transients and
degranulation induced by compound 48/80 (Penner, 1988), indicating the action o f
GTP-binding proteins in both the generation o f Ca^"*" transients and the activation o f
exocytosis.

Intracellular application of different sterioisomers o f GTPyS differentially activate
both increases in Ca^'*' and degranulation (R. Penner, personal communication to:
Sagi-Eisenberg, 1993). The involvement o f two GTP-binding proteins with differing
guanine nucleotide affinities is indicated. PMA pre-treatment o f cells subsequently
placed under whole-cell patch clamp has been found to abolish increases in Ca^+
induced by either compound 48/80 or internally applied GTPyS (Penner, 1988).
Degranulation is not inhibited under these conditions and dialysis o f cells with IP 3
resulted in Ca^"^ transients. PMA is thought to activate PKC, initiating negative
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feedback upon PLC (see sections 3.3.2 & 3.4.4). Since secretion occurs when PLC is
not activated, the involvement of a GTP-binding protein in stimulus-secretion
coupling at a stage distal to Gp/q is implicated.

The secretory response to compound 48/80 o f mast cells under patch clamp is lost
once whole-cell mode has been achieved. Provision o f GTP by inclusion in the pipette
filling solution restores the secretory response (Penner, et al, 1987). GTP has been
calculated to be effectively removed from the cell within 17-3 5s o f patch rupture. The
delay between application of compound 48/80 and degranulation is 15-20s. This
indicates that GTP may not be available to take part in compound 48/80-induced
secretion at a late stage in stimulus-secretion coupling. In cells perfused with GTPfree medium, the compound 48/80-induced secretory response is rapidly lost, while
the Ca^"*" transient response persists, at least initially. This has been suggested to
indicate that different levels of GTP are required to elicit exocytosis and Ca^"^
transients (Penner 1988). However, the estimated time for GTP to diffuse out o f a cell
under whole-cell patch clamp indicates that GTP-requiring steps occurring early in
stimulus-secretion coupling will not be affected immediately. Thus the activation o f
Gp/q may still occur before GTP has been dialysed out o f the cell. A late acting GTPbinding protein may not be activated once GTP has fallen to a sufficiently low level.

Pre-treatment of mast cells under whole-cell patch clamp with PTX prevented
increases in cell membrane capacitance but not Ca^"*" increases induced by compound
48/80 (Penner, 1988). Internal application o f GTPyS under the same conditions
resulted in an increase in Ca^"*" and much delayed increases in cell membrane
capacitance. This indicates the PTX-sensitivity o f Gg, while demonstrating that Gp/q
is not sensitive to this toxin (see section 3.3.3). However, PTX has been found not to
inhibit GTPyS-induced secretion (Lindau and Nusse, 1987), suggesting that secretion
may be mediated by a GTP-binding protein other than G g Similar findings have been
made in digitonin permeabilised mast cells (Sorimachi, et al, 1988), in which PTX pre
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treatment failed to prevent secretion elicited by aluminium fluoride thought to activate
G-proteins by occupying the y-phosphate pocket in a prosthetic manner (see section
2.3.1). However, PTX pre-treatment prevented compound 48/80-induced secretion
by intact mast cells. If G g is PTX-sensitive, then why does secretion still occur when
GTPyS is applied internally, or aluminium fluoride is provided to permeabilised cells?
Suggestions have been put forward to account for these discrepancies (Penner, 1988).
PTX pre-treatment may not completely inhibit but delay G-protein activation. Thus
G g is activated in PTX-treated cells but after a substantial delay. However PTX pre
treatment has been found not to alter the time course o f GTPyS-induced secretion
(Lindau and Nusse, 1987). This may be taken to indicate that G g is PTX-insensitive.
Secretion by digitonin permeabilised cells elicited by aluminium fluoride together with
GTPyS has been found to be of greater extent than that induced by GTPyS alone
(Sorimachi, et al, 1988). The interpretation placed upon this finding is that aluminium
fluoride acts through a non-G-protein mechanism in addition to activation o f a Gprotein. This may explain the finding that PTX does not inhibit aluminium fluorideinduced secretion, while inhibiting that induced by compound 48/80. Another possible
explanation for the contradicting findings regarding the PTX-sensitive o f G g is that
different batches o f the toxin may vary widely in their ability to catalyse ADPribosylation (Penner, 1988), perhaps due to contamination. This could give rise to
differing observations, such as those that have been reported and make the
comparison o f findings difficult.

From the preceding it is apparent that a wide body o f evidence exists indicating the
involvement o f a GTP-binding protein in the late stages o f stimulus-secretion coupling
in mast cells. How "late" this protein may be acting is not clear. Evidence suggests
G g acts later than Gp/q, activation of PLC and PKC and may be modulated by
phosphorylation, possibly catalysed by PKC. Since GTP appears to be an absolute
requirement and secretion may occur in the absence o f Ca^"*" under conditions o f cell
permeabilisation or dialysis, the role of Ca^"*" appears to be modulatory, either acting

115

in parallel with G g or upon G g to increase the efficacy o f GTP or its analogues. It has
been suggested that G g may be located on the surface o f secretory granules
(Gomperts, 1986), although there is no evidence to support this conjecture in mast
cells. Other than this, little is known o f late stages in the signalling pathway. The
identity o f the putative GTP-binding protein, G g has been speculated upon and
investigated, but a clear identity has not yet been established. Early commentaries
made the assumption that G g is a heterotrimeric GTP-binding protein (Gomperts, et
al, 1988). Such an assumption was not unfounded. A G-protein had already been
demonstrated to be involved in the early stages o f stimulus-secretion coupling, a late
acting G-protein is a simple logical extension. Monomeric GTP-binding proteins had
not been previously demonstrated to be involved in stimulus-secretion coupling at this
time, although have been subsequently. Further investigations into the nature o f G g
have been undertaken.

Permeabilised cells in chloride-based buffer, as has already been discussed, undergo
secretion in res)^ to Ca^ -/;///.v-GTP or a poorly hydrolysable analogue substituting
for GTP. If Mg2+ is excluded then the efficacy o f GTP is enhanced, while that o f
GTPyS is unaltered (Lillie and Gomperts, 1992a). This has been suggested to be a
result o f the M g^^-dependence o f G g GTPase activity. Thus in the absence o f Mg^+
G g becomes constitutively activated on binding GTP, as is expected to be the case
with GTPyS in the presence or absence o f M g^”^. A logical extension has been
deemed to be that, "a persistent stimulus to the G-protein [Gg] is required to support
secretion," (Lillie and Gomperts, 1992a). This inference has been taken to indicate
that G g is not an SMG, based on findings regarding the nature o f vesicle trafficking
(see section 2 .5 . 1). SMGs, for example rab proteins, have been suggested to be
involved in vesicle targeting (Rothman and Orci, 1992). The hydrolysis o f GTP
facilitates the recycling o f SMGs, allowing the continuous flow o f vesicles to the
target membrane. This appears to differ from the proposed action o f GTP in which
poorly hydrolysable analogues induce secretion.

16

Mast cells primed with Ca^"*" and stimulated with GTPyS in the absence o f
exhibit a delay prior to secretion (Lillie and Gomperts, 1992b). The onset delay has
been suggested to be a result of the reversibility o f GTPyS binding to G g in the
absence o f Mg^"*”. This hypothesis was reached by comparison to the activation o f AC
by the stimulatory G-protein, Gg (Lillie and Gomperts, 1992b, 1993). Investigations
addressing the kinetics of G-protein activation and the effect o f Mg^"*" have involved
Gj and G q (Higashijima, et al, 1987 a & b) in addition to Gg (Norhtup, et al, 1982).
According to the interpretation of Lillie and Gomperts (1992b) placed upon work
investigating the activation kinetics of heterotrimeric GTP-binding proteins, in the
absence of Mg^"*" the binding of GTPyS is reversible. There are some problems with
this explanation of the observed onset delay and interpretation o f G-protein activation.
In the absence o f Mg^"^ the level of secretion elicited by GTPyS is greater than in the
presence o f

unless the cells are primed with Ca^“*' prior to activation with

GTPyS. If GTPyS binding is readily reversible in the absence o f Mg^"*" why is the level
of secretion greater under these conditions? The expectation o f altered GTPyS
binding is one of altered levels of secretion, not a delay as is observed.

The kinetics o f GTPyS dissociation from Gg and the inactivation o f Gg are identical in
the absence o f Mg^"*" (Norhthup, et al, 1982). Clearly this has been misinterpreted as
indicating that the effect of Mg^"*" is on GTPyS binding and that this gives rise to the
onset delays. If low Mg^"*" has the effect o f decreasing the concentration o f GTPyS
bound to a GTP-binding protein, then, assuming the law o f mass action applies, the
proportion o f GTP-binding protein with GTPyS bound is given by:-
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p =

[EU
[D]+kD

Where p is the proportion the GTP-binding protein with GTPyS bound, [D] is the
concentration of GTPyS and kj) is the dissociation constant. At low levels o f free
kD is high, therefore p is low and the dose-response curve for GTPySsecretion will be shifted to the right, i.e. higher concentrations o f GTPyS will be
required in the absence of Mg^"*" to elicit secretion.

The rate o f activation of Gg has been shown to be dependent upon the concentration
o f the activating guanine nucleotide in the presence o f Mg^"^ (Northup, et al, 1982).
While this initially appears to support the hypothesis proposed for the mechanism of
the onset delay (Lillie and Gomperts, 1992b), closer examination o f the activation
kinetics of Gg reveals a different story. The dissociation o f GDP from the inactive Gprotein is the rate limiting step in the activation o f heterotrimeric GTP-binding
proteins (Higashijima, et al, 1987a). This follows from the finding that the release of
GDP by Gq is the slowest step in the G-protein cycle (see figure 3.3). GDP
dissociation is slower than the GTPase activity, 0.4min"^ compared to 1.8min"l. By
increasing the concentration of GTPyS the rate o f binding by the G-protein is
increased (ko). Thus the proportion of G g available for binding GDP (k 2 ) is
decreased. Both the increase in kg and the decrease in k 2 contribute towards higher
levels o f G-protein activation. Increasing Mg^"*" has no effect on GDP dissociation (k_
2)

with isolated G oa (Higashijima, et al, 1987a), but GDP dissociation (k. 2 ) from

heterotrimeric Gq and G; is enhanced by Mg^"*" (Higashijima, et al, 1987b). The rate
of GTP hydrolysis (kç^t) is limited by the rate o f GDP dissociation from the G-protein
(k_2 ), which is increased by the presence o f Mg^”*" in the case o f the heterotrimer.
Thus Mg^'*" increases G-protein activation by shifting the equilibrium in favour o f
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GTPyS binding as a result of a drop in affinity for GDP leading to increased
dissociation (k_2 ), not by decreasing GTP or GTPyS dissociation (K_i).

k- 0

Got-GTP + Mg2+

Mg2+ + Got + GDP + GTP:

k-1

k-2

Pi

Ga.GTP.Mg2+

Mg2+ + GTP + Got.GDP<r
"Cat

Fig. 3.3:

A Kinetic Model For The Activation O f G q^.

This model is simplified, excluding the involvement o f Py-subunits for
clarity. The effect of Py-subunits is to increase the affinity o f the a-subunit for
GDP (Higashijima, et al, 1987b), increasing k 2 - In the presence o f Mg^"*" the
affinity for GDP is decreased, thus k _2 is increased. Since k _2 is by far the
slowest step in the cycle it is rate limiting and determines the rate o f activation
o f the G-protein. (Adapted from Higashijima, et al, 1987a).

That the slowed dissociation of GDP gives rise to the onset delay observed in cells
primed with Ca^"*" and stimulated with GTPyS in the effective absence o f M g ^ \ is
supported by the finding that, "late addition o f Mg^'^ is .... without effect", (Lillie and
Gomperts, 1993). If the absence of Mg^"*" resulted in increased GTPyS dissociation to
an extent that effected the rate of secretion, then addition o f Mg^"*" subsequent to
stimulation would be expected to result in an increase in the rate o f secretion. This
increase in the rate of secretion reflecting the decreased rate o f GTPyS dissociation
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from Gg. Since G g is a late acting GTP-binding protein, late addition o f Mg^"*” would
be expected to affect the rate of secretion. The finding that late addition o f Mg^"*"
infact has no effect on the rate of secretion, nor the level o f secretion, supports the
proposal that Mg^“*’ is important for GDP dissociation, and that this alone determines
the onset and rate o f secretion. Once GTPyS has bound to Gg, addition o f Mg2+ is
without effect.

The overturning of the proposed mechanism by which Mg^"*" may enhance G g
activation does not discredit the involvement o f Cg, the putative Ca^'*'-binding
protein. C g may activate G g in a manner similar to the activation o f G-proteins by a
cell surface receptor, by decreasing the affinity o f G g for GDP, perhaps achieved
through the dissociation of py-subunits. This is infact more compatible with the
finding that increasing the concentration o f Ca^“^ lowers the requirement for Mg^"^
(Lillie and Gomperts, 1992b), since the effect o f both C g and Mg2+ is to increase
GDP dissociation, that is increasing k_2 - However, since C g is a putative protein, and
PKC is known to have a positive modulatory effect on secretion, the possibility arises
that PKC may activate G g by catalysing phosphorylation o f the G-protein. This may
do away with the requirement for C g (see section 3.4.4). Although the requirement
for Mg^"^ for PKC activity appears to exclude this possibility, PKC may be active at
very low levels o f Mg^"*". Ca^"^-/?/7i 5 -ATP-induced secretion by washed cells in
glutamate-based buffer is enhanced by provision o f sub-optimal levels o f GTP
(Koffer, 1993). The synergistic nature o f this enhancement indicates the presence o f
two signalling pathways, supporting the proposed action o f a Ca^'^-binding protein
and G g in parallel. However, this still does not exclude the possible action o f Ca^'*' at
PKC alone, possibly catalysing phosphorylating a component o f a parallel signalling
pathway in addition to catalysing phosphorylating Gg. Both PKC catalysed
phosphorylation o f Gg, either activating or increasing the activation o f Gg, and C g
mediated activation of G g remain unproven; as does the existence o f G g itself. A
further reason for doubting that the identity o f G g is that o f an SMG is provided by
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an investigation o f the effect of Mg^“*" o f guanine nucleotide-binding by the SMG, Nras p21 (Hall and Self, 1986). In low Mg^"*" the dissociation rate o f GDP (k_2 , fig.
3.3) is high in comparison to that in high Mg^'^ and the affinity for GTP relative to
GDP is increased. Both o f these findings indicate that this SMG is more likely to be
GTP-bound state in the absence of Mg^"^ than in the presence o f Mg^"*". Thus if the
activation o f an SMG were a requirement for exocytosis in mast cells then in high
Mg^"^ secretion may be expected to be reduced, an expectation not confirmed by
experimental evidence.

The identity o f the proposed late acting GTP-binding protein is a matter o f
speculation, although a number of interesting possibilities arise from experimental
investigations. The introduction o f synthetic peptides corresponding to the effector
domain of the SMG, Rab3A into mast cells through whole-cell patch clamp has been
found to induce degranulation (Oberhauser, et al, 1992). Although randomised
peptide sequences were not used as controls in thiâ study, another SMG, Rabl did not
induce exocytosis when introduced into cells (see section 2.5.1). Comparison with the
finding that zymogen granule fusion is induced by both Rab3 AL and randomised
peptide sequences (MacLean, et al, 1993) indicates non-specific effects can not be
ruled out. The presence o f Rab3B in mast cells and its phosphorylation subsequent to
secretion has been demonstrated immuno-histochemically (Izushi, et al, 1992). mRNA
encoding Rab3 isoforms has been found to be expressed in rat peritoneal mast cells
(Oberhauser, et al, 1994). Cloning and sequencing has revealed the expression in mast
cells o f Rab3B and Rab3D. Since a phosphorylation, possibly catalysed by PKC (see
section 3.4.4), has been implicated in enhancing the secretory response (Lillie, et al,
1991), these findings may be taken to indicate the involvement o f Rab3B and possibly
Rab3D in mast cell stimulus-secretion coupling. However the evidence is only
suggestive and non-substantial. It has been suggested (Lillie and Gomperts, 1993) that
since SMGs involved in vesicle trafficking (see section 2.5.1) catalyse the hydrolysis
o f bound GTP at the final stage of vesicle transport, facilitating fusion between the
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vesicle and the target membrane, that SMGs involved in the late stages o f stimulussecretion coupling will by analogy hydrolyse GTP in order for exocytosis to occur.
Secretion may occur in the absence o f Mg^"*", indicating that SMGs are not involved
in the essential late steps of stimulus-secretion coupling.

In permeabilised, washed mast cells GTPyS has been found to alter the distribution of
actin in the cell (Norman, et al, 1994). Filamentous (F) actin is redistributed from the
cortical region to the cell interior. A1F 4 ", a known activator o f G-proteins (section
2.3.1), induces disassembly of F-actin in the cortical region, but not its appearance in
the cell interior. Presumably the disassembled actin diffuses out o f the cell. This
implies the involvement of a G-protein in cortical actin disassembly. Introduction into
mast cells o f mutant forms of Rac and Rho, V12Racl and VHRhoA, with reduced
intrinsic GTPase activity and that are not responsive to GAPs, results in the
enhancement of secretion induced by CdP-^-plus-AJV (Price, et al, 1995). Little
alteration was observed in GTPyS-induced secretion, as is expected if GTP-binding
proteins involved in stimulus-secretion coupling are already activated. The presence of
Rac in mast cells has been demonstrated by immunoblot analysis. Rho has been shown
to be present by immunoblot analysis and by virtue o f C3-catalysed ADP-ribosylation
with [^^P]NAD. Inhibition o f endogenous Rac with the specific inhibitor, N lTR acl
results in reduced levels o f GTPyS-/?/w5 -ATP-induced secretion, but a non-significant
reduction in Ca^'*'-p/7Y5 -ATP-induced secretion. This implies the involvement o f Rac
in GTPyS-/?/w5 -ATP-induced secretion, perhaps indicating the possible identity o f
Gg? As Ca^'*'-/?/w5 -ATP-induced secretion was found not to be inhibited by
N lT R acl, Rac does not appear to be a common link in the proposed parallel
pathways activated by Ca^"^ and GTPyS. If Rac is G g then a second, Ca^^-dependent
pathway is able to activate exocytosis in the absence o f G g activation. This appears
unlikely due to the weight o f evidence gathered in favour o f the essential nature o f
guanine nucleotide involvement and the activation o f Gg. Alternatively Rac is not Gg
and may be involved in the GTPyS-dependent pathway at a step prior to the activation
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of Gg. Inhibition of Rho by introduction o f C3 botulinum toxin has been found to
inhibit both GTPyS-/?/7V5 -ATP-induced and Ca^''’-p/w5 -ATP-induced secretion. The
implication is that Rho is involved in a common step o f both GTPyS-dependent and
Ca^'*'“dependent secretion. Thus Rho is a good, although unproven, candidate for
Gg.

That G g may be a heterotrimeric GTP-binding protein may be indicated by the Mg^"*"independence o f mast cell exocytosis (Lillie and Gomperts, 1993). However this
argument is based on the assumption that an SMG would need to undergo
inactivation through its intrinsic GTPase activity in order for vesicle fusion with the
cell membrane to occur. Since secretion occurs in the absence o f Mg^"*", GTPase
activity can not be responsible for activating exocytosis. Similarly GTPyS, a poorly
hydrolysable analogue of GTP, stimulates secretion. Thus it may be that G g is a
heterotrimeric GTP-binding protein. Neomycin at concentrations in excess o f ImM
induces secretion in the presence of co-loaded GTP (Aridor and Sagi-Eisenberg,
1990). Neomycin-induced secretion is independent o f PI hydrolysis and is inhibited by
PTX. Neomycin stimulates GTPase activity in cholate-solubilised membranes and, like
compound 48/80 and mastoparan, reduces PTX-induced ADP-ribosylation in rat brain
membranes. This evidence indicates that millimolar concentrations o f neomycin are
able to activate a GTP-binding protein and imply the involvement o f a PTX-sensitive
G-protein, likely to be Gg, in the activation o f secretion in mast cells by neomycin.
Externally applied neomycin induces secretion in intact cells, along with increased PA
production indicative of PI turnover, implying Gp/q activation. Neomycin may
activate G-proteins in a similar manner to other polycationic compounds (see section
3.2.2). When introduced internally, neomycin appears to activate a late acting Gprotein that is PTX-sensitive. This supports the suggested identity o f G g as a Gprotein. The heterotrimeric GTP-binding protein, Gj is a known substrate o f PTX (see
section 2.3.1), ADP-ribosylation inhibits activation o f Gj providing further support for
the idea that G g is a heterotrimer (Lindau and Gomperts, 1991).
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Two PTX substrates have been identified in mast cells, GçfXl and

(Aridor, et al,

1993). Synthetic peptides corresponding to the C-terminal regions o f

and G #;]

loaded into cells by ATP^"-permeabilisation, inhibited secretion induced by the
polycation compound 48/80. These cells were treated with low concentrations o f
neomycin to prevent PLC activity and in the absence o f extracellular Ca^'*'. A
scrambled peptide sequence had no effect on compound 48/80-induced secretion.
Antibodies raised against the synthetic peptide corresponding to Goti3 inhibited
GTPyS-induced secretion by SL-0 permeabilised cells. This implies that Gg^)] is Gg.
An immunohistochemical study has located Go^jg in the Golgi and at the cell
membrane. Brefeldin A, a disruptive agent to the Golgi, does not alter compound
48/80-induced secretion and abolishes G qî 3 staining in the Golgi, indicating that
Golgi located G-proteins are not involved. That G g may be Gj3 constitutes the best
case yet proposed for the identity of this late acting G-protein.

3.4.6
The Modulatorv Role O f ATP In Mast Cell Stimulus-Secretion Coupling.

Inhibition of metabolic pathways involved in the cycling o f purines, principally by
inhibition of monophosphate dehydrogenase with mycophenolic acid or ribavirin
prevents secretion induced by IgE-directed agents and Ca^"*" ionophores (Marquardt,
et al, 1987; Wilson, et al, 1988). Inhibition of cell metabolism prevents IgE-mediated
secretion but not '^^Ca^'^ uptake (Foreman, et al, 1975). ATP thus appears to be a
requirement for mast cells to secrete in response to antigenic stimulation.
Metabolically inhibited cells permeabilised in CL-based buffer, depleted o f ATP
secrete in response to Ca 2 ‘*"-/?/M5’-GTPyS (Howell, et al, 1987a) and cells
permeabilised in glutamate-based buffer respond to application o f GTPyS alone
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(Churcher and Gomperts, 1990). Thus ATP does not appear to be required in the late
stages o f stimulus-secretion coupling.

Permeabilised cells rapidly loose responsiveness through rundown (Howell and
Gomperts, 1987). Provision o f ATP restores the secretory response and prolongs the
period for which cells respond (Howell, et al, 1989; Churcher, et al, 1990; Lillie, et al,
1991). Other nucleoside triphosphates are not able to substitute for ATP in this role.
This action o f ATP may be mediated through the maintenance o f PKC and/or through
the activity o f PKC maintaining another cellular component (see section 3 .4.4).
Auotphosphorylation o f PKC enhancing translocation o f the enzyme to the cell
membrane may slow its loss from the cell. PKC catalysed phosphoiylation may have a
similar effect on other proteins. Phorbol esters do not restore nor maintain the
secretory response. Since phorbol esters activate PKC the expectation might be that
the secretory response would be maintained or restored. This is not the case. For
although phorbol esters may activate PKC in a constitutive manner membrane
association is not, however, enhanced, this effect largely resulting from
autophosphorylation which does not appear to be stimulated by phorbol esters (Hug
and Sarre, 1993). Consequently phorbol ester treatment may not result in the
translocation o f PKC to the cell membrane and thus not maintain cell responsiveness.

As already discussed (sections 3 .4.5 & 3 .4.4), ATP enhances the level o f secretion
achieved from permeabilised cells stimulated with either the single (Lillie, et al, 1991)
or dual (Gomperts, et al, 1987) effector systems, in a manner dependent on the
presence o f Mg2+ (Lillie, et al, 1991). The requirement for M g ^ ^ l

kinase

catalysed reaction. This may be mediated by the catalytic action o f PKC, ATP acting
as a phosphate donor for the phosphorylation o f components o f the stimulus-secretion
pathway. Introduction o f [^^P]ATP into permeabilised cells in CL-based buffer
stimulated with GTPyS and Ca^"*" results in the labelling o f proteins (Howell, et al,
1989). This labelling is prevented by the inhibitory DAG analogue A M G .C 1 5 ,
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indicating PKC as the principle enzyme involved. Nucleoside triphosphates other than
ATP have also been found to enhance effector efficacy (Lillie, et al, 1991). The shift
in effector efficacy induced by UTP, XTP and ITP is blocked by AM G.C 1 5 ,
indicating the involvement of PKC. The inference has been made that nucleoside
triphosphates other than ATP that enhance effector efficacy must act as phosphate
donors for the production of ATP. ATP must also be a phosphate donor for tyrosine
kinase catalysed phosphorylations (see section 3.3.1), this may provide the
explanation for the inability of metabolically inhibited cells to respond to IgE-directed
stimuli. Thus ATP is essential for maintaining the cells ability to secrete when specific
antigen is bound.

The role o f ATP in Ca^'^-dependent secretion by mast cells permeabilised in
glutamate-based buffer may extend beyond protein phosphorylation, perhaps
involving the production of GTP in a manner that is a controlled part o f the stimulussecretion pathway. GTP may be produced by the phosphorylation o f GDP, with a
variety o f nucleoside triphosphates acting as phosphate donors. At concentrations o f
less than 100|,iM GDP has a positive stimulatory effect on secretion induced by Ca^”^p lu s-K lV (Lillie and Gomperts, 1992a). This may be due to the production o f GTP,
ATP acting as a phosphate donor for the phosphorylation o f GDP. ATP must be
provided as the magnesium salt, implying the involvement o f a phosphate transfer
reaction. When present at concentrations in excess o f lOOpM GDP is inhibitory,
presumably due to competition with endogenously produced GTP for a guanine
nucleotide binding site. A prime candidate for the catalysis o f GTP production in a
stimulus-controlled manner is NDPK. This enzyme has been co-isolated with Gg from
hepatocyte membranes (Kimura and Shimada, 1990) and has been suggested to be
directly involved in the activation of GTP-binding proteins (Kimuar and Johnson,
1983). Evidence from a number of cell systems supports the contention that NDPK
may associate with and modulate the activity o f G-proteins through the production o f
GTP, perhaps by in situ phosphorylation o f GDP (Randazzo, et al, 1992) or by raising
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the local concentration of GTP (Wieland and Jockobs, 1992), thus keeping the Gprotein supplied (see chapter 4). The possible involvement o f NDPK in the regulation
o f mast cell stimulus-secretion coupling raises intriguing possibilities. Since two GTPbinding proteins, Gp/q and Gg, appear to be involved in the stimulus-secretion
coupling o f this system, NDPK may be involved in at least two important stages. If
Ca^"'’-dependent secretion is reliant upon the production o f GTP by NDPK (or
another kinase), then the activation of G g would appear to be an essential step in the
activation of exocytosis. NDPK is therefore o f interest in the general activation
mechanism of GTP-binding proteins and in mast cell stimulus-secretion coupling.

ATP has also been found to induce a delay in the onset o f exocytosis induced by
Ca^’^-p/w^-GTPyS in Cl‘-based buffer (Gomperts and Tatham, 1988; Tatham and
Gomperts, 1989; Churcher, et al, 1990). The ATP-induced onset delay is apparent
with Mg^"^ reduced to less than 10“^M, indicating that a phosphorylation reaction is
not involved. Nucleoside triphosphates other than ATP do not induce onset delays,
neither does App(NH)p (Tatham and Gomperts, 1989) but ATPyS does induce an
onset delay (Lillie, et al, 1991). The mechanism o f the onset delay is not clear.
Perhaps it is related to the finding that mast cells have cell surface receptors that bind
ATP^", i.e. in the absence of divalent cations such as Mg^"^, so that ATP is in its
anionic form in solution. The presence o f these receptors is inferred by the finding that
ATp4- induces cell lesions permitting the entry o f soluble agents (Cockcroft and
Gomperts, 1979b & 1980). The presence o f pores in the membrane o f cells exposed
to ATP^“ may be observed as changes in cell membrane conductance under voltage
clamp with the patch clamp technique (Tatham and Lindau, 1990). A reasonable
conjecture is that the binding of ATP to receptors that may be located on the cell
surface, intracellularly or both may activate a mechanism leading to a delay in the
activation of exocytosis. Such a mechanism may involve the binding o f ATP to a
protein that may in the presence of Mg^"*” catalyse a phosphate transfer reaction,
with ATP acting as a phosphate donor. Binding o f a ATP may induce a
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conformational change that is in some way prohibits activation o f a step in the
secretory pathway if an accompanying phosphorylation does not occur. One
possibility is that of NDPK associated with G g Another possibility is the activation of
an alternative pathway by ATP binding to cell surface purinergic receptors, although
these have not been found to be present in mast cells.

3.4.7
A Role For Cvclic AMP In Mast Cell Stimulus-Secretion Coupling?

The antiasthmatic drug, cromoglycate has been shown to block antigenically-induced
secretion by mast cells (Foreman, et al, 1975). Since cromoglycate has been found to
inhibit cAMP phosphodiesterase (Roy and Warren, 1974), the possibility was raised
that cAMP may mediate cromoglycate-induced inhibition o f mast cell secretion
(Foreman, et al, 1975). Dibutyryl cAMP, an analogue o f cAMP resistant to the action
o f cAMP phosphodiesterase, was found to inhibit antigen-induced secretion in a
concentration-dependent manner, while no effect was observed towards A 23187induced secretion. Similarly cromoglycate had no effect on A23187-induced secretion
but inhibited antigenically stimulated secretion. The implication appears to be that
cromoglycate acts through increasing intracellular cAMP level by inhibiting cAMP
phosphodiesterase. Increased cAMP may prevent Ca^"^ entry. However, the cAMP
phosphodiesterase inhibitor, papaverine prevented secretion induced by antigen and
A23187; but another cAMP phosphodiesterase inhibitor, theophylline inhibits antigeninduced but not A23187-induced secretion. Although the action o f papaverine can not
be explained, the inhibitory action of theophylline towards antigen-induced secretion
supports the proposition that increased cAMP blocks antigen-induced secretion by
preventing the entry of Ca^^. In support of this hypothesis for the action of
cromoglycate is the finding that cromoglycate inhibits

uptake (Foreman, et al,

1977). Cromoglycate and theophylline have also been found to inhibit an increase in
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secretion and intracellular Ca^~^ induced by PS in antigenically-stimulated cells
(White, et al, 1984). Similarly, the cAMP phosphodiesterase inhibitor,
isobutylmethylxanthine (IBMX) inhibits antigen-induced secretion (Ishizaka, 1989).
Also secretion induced by the antibiotic and Ca^"*" ionophore chlortetracycline (CTC)
has been found (White and Pearce, 1983) to be inhibited by dibutyryl cAMP,
theophylline, IBMX, papaverine, chromoglycate and quercetin (a bioflavonoid with
structural characteristics in common with chromoglycate). A flaw in this idea is that
with a pKa o f ~2 (Cox, et al, 1970; Fogg and Fyad, 1978), cromoglycate is not likely
to cross the cell membrane. Without access to the interior o f the cell it is difficult to
explain how a rise in cAMP is achieved with cromoglycate, although cromoglycate
may bind to a cell surface component resulting in the inhibition o f cAMP
phosphodiesterase or stimulating adenylyl cyclase. O f course the effects o f cAMP
phosphodiesterase inhibitors may not be so discounted. Loading o f cAMP into mast
cells with ATP^'-permeablisation and resealing has no effect on secretion induced by
addition o f Ca^"*" to cells pre-loaded with GppNHp (Gomperts, 1983). This tends to
preclude the action o f cAMP as an inhibitor o f Ca^"*" entry, although it may be that
cAMP loaded into the cells was metabolised prior to stimulation by addition o f
extracellular Ca^"^.

Dialysis o f mast cells under whole-cell patch clamp with cAMP has been found to
activate a delayed Cl' current (Penner, et al, 1988). The delay implies the involvement
o f intermediate steps, perhaps involving the activation o f PKA and phosphorylation
catalysed by this kinase. When intracellular Ca^"*" is buffered to a low level this Cl'
current is induced by cAMP indicating that Ca^'*" is not necessary for its activation,
although maintaining Ca^"^ at a high concentration for a prolonged period was found
to eventually activate this current. Application o f compound 48/80 rapidly induced the
Cl" current, suggesting that Ca^"*” is not involved due to the delay prior to an increase
in Ca^"*". The function of this C l' current may be to provide the electrical driving force
for the entry of Ca^"^ (see section 3.4.1). The activation o f the Cl' current has been
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found to be closely followed by membrane hyperpolarisation which was concomitant
with an increase in intracellular Ca^"*". Further the Cl" current is the dominant
conductance found in mast cells. This is supported by the finding that on its
activation, the cell membrane potential approaches the calculated reversal potential
for Cl" and intracellular application of cAMP plus IP 3 mimics agonist-induced
responses. These observations contradict the previously found inhibitory actions o f
this cyclic nucleotide in mast cells. There is no readily available explanation for the
apparent contradictory observations.

With the membrane potential clamped and Ca^"*" at a fixed intracellular concentration,
cAMP was found to inhibit degranulation (Penner, et al, 1988). The mechanism
underlying this observation is unclear. Although this does demonstrate that cAMP
may have inhibitory actions under conditions o f whole cell patch clamp, the proposed
role o f the Cl" current in enhancing the entry o f Ca^"^ contradicts the proposed role of
cAMP in uncoupling Ca^“*" entry from the FcgRI (Foreman, et al, 1975 & 1977). Also
these findings contradict the observed inhibition o f compound 48/80-induced
degranulation by internally applied cAMP under whole-cell patch clamp (Penner,
1988). Ca^"*" transients induced by compound 48/80 were not effected, neither was
GTPyS-induced degranulation and Ca^"*" transients. PTX pre-treatment was also
found to inhibit compound 48/80-induced secretion without blocking the Ca^"^
transient. This implies the action of both cAMP and PTX at the same step in the
stimulus-secretion pathway. That PTX acts through elevating cAMP levels as a result
o f the inhibition o f adenylyl cyclase via an inhibitory G-protein (Gj) may be
discounted, cellular cAMP levels remain unaltered by PTX treatment. It may be that
both PTX and cAMP act at Gg, inhibiting its activation. This may explain why when
loaded into cells along with GppNHp, cAMP does not inhibit the activation o f
secretion (Gomperts, 1983), the G-protein being stimulated by a poorly hydrolysable
analogue o f GTP. cAMP appears to have at least two functions in mast cells stimulussecretion coupling. Supporting the entry of Ca^"*" by providing the electrical driving
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force and the inhibition of a step in the stimulus-secretion pathway, possibly G g since
this is thought to be PTX-sensitive.

3.4.8
The Relationship O f Arachidonic Acid Liberation To Mast Cell Secretion.

Arachidonic acid (AA) and its metabolites are thought to be released by mast cells in
response to antigenic stimulation (Sagi-Eisenberg, 1993). AA is derived from
membrane phospholipids and is liberated following antigenic stimulation by the action
o f DAG lipase on DAG or phospholipase A2 (PLA 2 ) on phospholipids. An alternative
pathway is the transphosphatidylation of PC catalysed by PLD producing PA. This
may in turn be converted to DAG and thence AA (Lin, et al, 1991; see section 2.4.9).
AA itself may act as second messenger or local hormone. AA gives rise to range of
compounds that may have actions ranging from those of second messengers to local
hormones, including prostoglandins, prostacyclins, thromboxanes and leukotrienes.
Leukotrienes (LT's) C4 , D 4 , and E 4 form the slow reacting substance o f anaphylaxis
(SRS-A) (Samuelsson, 1983) released by mast cells. AA and its metabolites are
important mediators in immune system responses, including autoimmune and allergic
responses in which mast cells may have a principle role. Leukotriene release mediated
by IgE has been demonstrated in isolated human bronchus superfused with anti
human IgE (Hedquist and Dahlen, 1983). This resulted in a clonic contraction. A
specific Leukotriene receptor antagonist, FPL-55712 prevented the clonus.

PLA 2 is activated by Ca^"^ and GTPyS (Burch, et al, 1986). The suggestion has been
made that a specific G-protein, G ^ may activate PLA 2 . This is supported by the
observation that AA production by permeabilised mast cells in CL-based buffer
requires the presence of Ca^"^ and GTP (or an analogue) at higher concentrations
than are required to elicit secretion (Churcher, et al, 1990). Secretion may occur
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without concomitant release of AA. The implication is that liberation o f AA and the
production o f its metabolites is not essential to the activation o f exocytosis. However
IgE-mediated and A23187-induced secretion are concomitant with the production o f
LTC] (Razin and Marx, 1984). Thus while not essential to mast cell secretion, AA
and its metabolic products may be produced under physiological conditions. This
seems logical in the light of their importance in immune reactions.

5-Lipoxygenase, the enzyme catalysing the first two steps in the production o f
leukotrienes from AA (Sameulsson, 1983), has been found to undergo reversible
translocation to the cell membrane and activation in response to antigenic stimulation
(Malaviya, et al, 1993). A23187 by comparison induces the long-term translocation o f
5-lipoxygenase to the cell membrane and its constitutive activation. Thus the
production o f leukotrienes is Ca^'^-dependent.

3.4.9
Phosphatidic Acid In Mast Cell Secretion.

Phosphatidic acid (PA) is produced by the DAG kinase catalysed phosphorylation o f
DAG, a product o f PLC catalysed hydrolysis o f PIP 2 (see section 3.4.4), or by the
PLD catalysed hydrolysis of, primarily, phosphatidylcholine (PC). PA formed by the
latter route may be converted to DAG by phosphatidic acid phosphohydrolase
(Kennedy, 1990). In permeabilised mast cells neomycin has been found to inhibit
GTPyS-induced secretion and PA formation (Cockcroft and Gomperts, 1985).
However, at low concentrations neomycin has been found to stimulate the formation
o f [32p]pA, interpreted as an indication o f increased PI turnover probably due to the
activation o f Gp/q (Aridor and Sagi-Eisenberg, 1990; see sections 3.2.2 & 3.3.3).
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A unique feature of PLD is its ability to catalyse the transphosphatidylation o f
phospholipids (Randall, et al, 1990). In RBL-2H3 cells pre-loading with [^^C]AA,
antigenically-induced production of initially [^'^CJPA, followed by [^^C]DAG and the
subsequent liberation of AA (see section 3.4.8) has been observed (Lin, et al, 1990).
The majority of AA was found to be derived from PC and PL Thus PLD may be
involved in the production of a number o f lipid-derived second messengers. PA itself
may act as a second messenger (Sagi-Eisenberg, 1993) but there is little evidence
available to support this at present.

3.5
Mast Cell Mechanisms O f Exocytosis.

The molecular mechanism by which exocytosis occurs in mast cells is not at all
understood. This is largely due to the difficulty in isolating late stages o f the stimulussecretion pathway intact and reconstitution. Although components o f the mechanism
o f transport vesicle fusion have been elucidated (see section 2.5.2), the same system
may not necessarily underlie mast cell exocytosis. Morphological and
electrophysiological observations of mast cell exocytosis and possible mechanisms o f
membrane fusion are discussed in section 2.5.3.

The disassembly o f Filamentous (F) actin in the cortex (sub-membranous region) has
been found to occur during secretion in mast cells (Norman, et al, 1994). F-actin may
thus be involved in exocytosis, perhaps providing a frame-work within which
secretory vesicles are held prior to exocytosis, thus its disassembly may be required
for secretion to proceed. The disassembly o f F-actin in the cortical region o f the cell
appears to be under the control of a G-protein, AIF^" stimulating cortical F-actin
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disassembly. G g is clearly a candidate for the control o f actin disassembly, although
this G-protein may not be directly involved but be the activator F-actin disassembly.
Using light scatter from cells to measure the degree o f degranulation o f individual
cells o f a population (Hide, et al, 1993), ionomycin at sub-maximal concentrations
was found to stimulate a bimodal distribution o f cells. This corresponds to the all-ornone exocytotic response of these cells since light scatter increases with the degree o f
degranulation. Cells stimulated with the polycation, compound 48/80 exhibit a single
population o f partially degranulated cells. Since compound 48/80, like other
polycations, is thought to stimulate secretion by activating a G-protein (see sections
3.2.2 & 3.4.5), partial secretion must involve increasing numbers o f vesicles moving
to the cell membrane, only a limited number o f vesicles being in close apposition to
the cell membrane of the resting cell. Movement o f vesicles to the cell membrane may
require the disassembly of the F-actin filaments in the vicinity o f the cell membrane.
Stimulation o f washed cells with Ca^’^-p/z/^-ATP produces an all-or-none response
(Price, et al, 1995). Since the extent of secretion elicited by Ca^'^-/?/w5 -ATP in
permeabilised cells is limited (Churcher and Gomperts, 1990), clearly only a limited
number o f secretory vesicles are fusing with the cell membrane to release their
contents. This is in agreement with the all-or-none response observed in cells
stimulated with ionomycin (Hide, et al, 1993).

Provision o f a constitutively active mutant form o f Rac, V12Racl (Price, et al, 1995)
increases the number of cells that undergo degranulation, indicating the involvement
o f this SMG in the fusion of vesicles pre-docked at the cell membrane. Although the
SMGs, Rac and Rho have been shown to alter the distribution o f F-actin within the
cell, these effects may be differentiated from the stimulation o f secretion. These
observations support the notion of two parallel signalling pathways, one activated by
Ca^"*" possibly via the putative protein, C g and the other by GTPyS, likely to be
mediated by the putative GTP-binding protein, Gg. The degree o f secretion achieved
with either single effector is limited (Churcher and Gomperts, 1990). Together, Ca^”*”
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and GTPyS act synergistically. Clearly this can not be explained simply in terms o f the
different roles proposed here for Ca^^ and guanine nucleotide in mast cell secretion.
Activation o f Gp/q by exogenous GTPyS may contribute towards synergistically
enhanced secretion, but this is only likely to be part o f the story. Different
pop/ulations o f granules may exist, some primed by one effector awaiting the other
effector, and vice versa, may exist. The mechanism of exocytotic membrane fusion
awaits further investigation.
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4.0

Nucleoside-5*,Diphosphate Kinase.

Nucleoside-5',diphosphate kinase (NDPK) is a ubiquitous enzyme (Parks and
Agarwal, 1973) that was once thought to only function as a so-called house-keeping
enzyme, maintaining cellular levels of nucleoside triphosphates by catalysing the
transfer o f the terminal phosphate of ATP to nucleoside diphosphates. More recently
the suggestions that NDPK may be involved in cancer metastasis (Kimura, et al,
1990; Lacombe, et al, 1992; Lacombe and Jakobs, 1992), morphological development
(Rosengard, et al, 1989) and G-protein-mediated signal transduction (Otero, 1990;
Kimura, 1993) have increased the interest in this enzyme.

4.1
Properties O f NDPK.

NDPK catalyses the transfer of the terminal (y) phosphate o f ATP to nucleoside
diphosphates (Parks and Agarwal, 1973). The mechanism o f phosphate transfer
involves the initial binding o f ATP and the hydrolysis o f the y-phosphate (Garces and
Cleland, 1969). The resultant ADP dissociates from the enzyme and the substrate,
nucleoside diphosphate is bound. Transfer o f phosphate to the nucleotide and the
dissociation o f the product from NDPK completes the cycle (fig. 4.1). This is termed
a ping-pong mechanism of enzyme catalysis due to the formation o f a high energy
phosphate intermediate by alternate binding o f nucleotides (Parks and Agarwal,
1973). Mg^'*" is required for phosphate transfer , although high levels ofMg^"^
(>lm M ) have been found to be slightly inhibitory (Garces and Cleland, 1969). Cl"
also reduces enzyme activity. The ping-pong mechanism involves the binding o f
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nucleotides to a single binding site on the enzyme. This contains a histidine (H I 2 2 ) to
which phosphate is transferred (Dumas, et al, 1992).

NDPK + ATP -» NDPK ATP

NDPK ATP -> NDPK.Pi.ADP

NDPK.Pi + NDP ^

NDPK.Pi + ADP

NDPK.Pi.NDP ^

NDPK.NTP

NDPK.NTP -> NDPK + NTP

Fig. 4.1

Ping-Pong Sequence O f NDPK Catalysed
Phosphate Transfer.

Phosphate (Pi) is transferred from ATP to the enzyme and then to a
nucleoside diphosphate (NDP) producing a nucleoside triphosphate
(NTP).

In eukaryotes NDPK is encoded by two genes each encoding a single subunit, A and
B, with a mass o f 18kDa. No major posttranscriptional or posttranslational
modification is thought to occur (Gilles, et al, 1991), yet a range o f isozymes have
been found. This is a result o f the formation o f pentamers and hexamers from different
combinations o f NDPK subunits. Tetramers may also exist since a 72kDa protein
identified as NDPK by sequence analysis (Hemmerich, et al, 1992) has been isolated
(Hemmerich, et al, 1991b). The association o f the A and B subunits is thought (Gilles,
et al, 1991; Fukuchi, et al, 1994) to be random, giving rise to all possible
combinations o f subunits, i.e. A 1B 5 , A2 B 4 , ...... , A 5 B 1 . Compartmentalisation o f the
different isozymes resulting from the various combinations o f subunits has been
suggested. NDPK has been found to be compartmentalised in the mitochondria o f
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mammals (Muhonen and Lambeth, 1995). This indicates that NDPK may be encoded
byj^mitochondrial . gene(s) in addition to nuclear genes.

Encoding o f NDPK in a wide range of organisms has been found to be highly
conserved, ranging from the NDPK encoded by the YNK gene o f the budding yeast
Sarccharomyces cerevisiae (Fukuchi, et al, 1993), through the A w d gene o f the fruit
fly Drosophila melanogasta (Biggs, et al, 1990), to the nm23 A and B genes o f rat
(Kimura, et al, 1990; Shimada, et al, 1993) and nm23 H I and H2 o f humans (Gilles,
et al, 1991). The high degree o f conservation o f NDPK indicates that its function
Ls

within the cell. In evolutionary terms it now appears unlikely that

this enzyme was ever simply a house-keeper. In the slime mould Dictyostelium
discoideum activation of a cell surface cAMP receptor has been found to result in
increased NDPK activity, indicated by the increased formation o f [^^P]GTP in the
presence o f [^^P] ATP and GDP (Bominaar, et al, 1993). The activity o f NDPK
results in G-protein activation indicated by altered G-protein-receptor interaction and
associated PLC activation. This is blocked by NDPK-directed monoclonal antibodies.
The activity o f NDPK may be important in D.discoidium for the following reason. In
this slime mould cAMP is an extracellular signal acting as a chemoattractant which is
released by other cells that have encountered nutrients . The binding o f cAMP to cell
surface receptors is transduced through the activation o f an associated G-protein,
resulting in activation o f adenylyl cyclase and an increase in intracellular cAMP. The
cAMP thus synthesised is transported out o f the cell, amplifying the original signal.
This leads to cell aggregation. The function o f NDPK may be to supply with GTP the
G-protein that transduces the cAMP signal. If this is the case then NDPK may be
essential to the survival of both individual D.discoidium cells and the slime mould as a
whole.

4.2
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NDPK Involvement In Tumor Development And Growth Regulation.

Reduced expression o f the human gene encoding NDPK, nm23, as evidenced by
mRNA levels, has been found to be associated with tumor bearing (involved) lymph
nodes, a high level o f cell differentiation within tumours and a high level o f hormone
receptor expression in breast carcinoma (Bevilacqua, et al, 1989). All three o f these
phenomena are characteristic o f tumours with high metastatic potential. By
comparison tumours with high levels o f expression o f nm23 mRNA lacked these
indicators corresponding to high metastatic potential. Thus metastatic potential
appears to be inversely proportional to the level o f nm23/NDPK expression. Lower
NDPK levels have been suggested to result from a mutation resulting in greater
susceptibility to proteolysis (Chang, et al, 1994), this is however contradicted by the
reduced nm23/NDPK mRNA levels that have been observed (Bevilacuqa, et al,
1989).

Tumor development is thought to be a result o f an error in the regulation o f cell
growth and development. Consequently it is o f some interest that the Drosophila
homologue o f the human nm23 gene, Aw d has been implicated in the control o f
development. Null mutation of Awd in Drosophila results in the arresting o f
neuroblasts in metaphase, indicating the involvement o f NDPK in spindle formation
(Bigg, et al, 1990). Reduced levels of Awd expression in Drosophila results in
phenotypic alterations that parallel those changes observed in tumor metastasis
(Rosengard, et al, 1989), including abnormal morphology, aberrant differentiation o f
oSr

cells and abnormal patternsjcell death during larval development. Aberrant
differentiation is a key characteristic o f tumor development.

Loss o f function mutation of the Awd gene in Drosophila is in itself not lethal.
However, when combined with a loss o f function mutation o f the prune gene, death
during development results (Teng, et al, 1992). Loss o f function o f the prune gene

139

alone is not lethal. Prune is so-called because the only phenotypic change observed to
result from loss o f function mutation is a change in eye colour. How does the
combination o f two genes mutated to a non-functional form result in lethality, when
mutation o f either alone is not lethal? The prune gene encodes a protein with
homology to the Ras GAP o f mammals (see section 2.4.4). NDPK has been found to
associate with a small, Ras-like GTP-binding protein in HeLa S3 cells (Ohtsuki, et al,
1986). Ras proteins have been implicated in malignant transformations (Jackson, et al,
1994) that prelude metastasis. These observations lead to the idea that NDPK may
positively modulate the activity of a Ras-like SMG. This SMG is also positively
modulated by a GAP. Since SMGs involved in vesicular transport are thought to
require an active GTPase in order to have full activity (see section 2.5.1), the GTPase
activity o f the putative SMG may also be required for the control o f differentiation.
This leads to the possibility that loss o f NDPK and GAP activity together results in
the inactivity o f the SMG (Ruggieri and McCormick, 1991). If this SMG has a crucial
role in growth and development in Drosophila, then loss o f function mutations for
both yfn/d/NDPK and pruneIQAP will be lethal.

Autophosphorylation o f NDPK has been found to be high in human colon carcinoma
(Francis, et al, 1989). Contrastingly, phosphorylation o f an NDPK serine residue has
been found to correlate with a reduction in tumor metastatic potential (MacDonald, et
al, 1993). From the observed correlation between low NDPK expression and high
metastatic potential (Bevilacqua, et al, 1989), it appears that an autophosphorylation
o f NDPK may result in enzyme inactivation, although it is not clear if this is the
normal role o f autophosphorylation with regard to the activity o f the enzyme.
Similarly, the serine phosphorylation found to correlate with reduced metastatic
potential may give rise to an increase in NDPK activity. NDPK purified from HL60
and yeast cells has been found to undergo serine phosphorylation catalysed by casein
kinase

2

(Engel, et al, 1994). The function o f this phosphorylation has been suggested

to be an alteration in substrate binding and/or catalysis. These findings indicate that a
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serine phosphorylation may increase the activity o f NDPK. The potential involvement
o f NDPK in development and cancer metastasis are clearly o f interest but also hold
clues to the functioning o f this enzyme.

4.3
NDPK In Signal Transduction: Modulation O f G-Protein Activity.

NDPK is o f interest in the study of signal transduction systems involving G-proteins.
This follows the intimation that ATP (and GTP) may act as phosphate donors in a
reaction responsible for the formation o f GTP from GDP (Kimura and Shimada,
1977). In rat liver plasma membranes the ratio o f glucagon-stimulated to basal
adenylyl cyclase (AC) activity is a function o f the GDP or GTP concentration, but this
ratio is independent o f the Gpp(NH)p concentration. The possibility o f variation o f a
signal allows information to be transmitted (Shannon and Weaver, 1949, pp99). The
ratio o f glucagon-stimulated to basal AC activity determines the amount o f
information transduced from the hormonal signal to the interior o f the cell via elevated
cAMP levels. This observation implies the presence o f GDP or GTP as a requirement
for signal transduction (i.e. information transfer) involving GTP-binding proteins,
while Gpp(NH)p interferes with this process by constitutively activating the G-protein
preventing variation in the signal. Provision o f ATP is essential with GDP, but not
GTP, for glucagon induced stimulation o f AC activity in hepatocytes. Using the
poorly hydrolysable ATP analogue, App(NH)p the increase in AC activity elicited
with glucagon in the presence o f GDP was greatly reduced (Kimura and Nagata,
1979). In the absence o f glucagon neither GDP-/?/w5 -ATP nor GTP stimulated AC
activity, only Gpp(NH)p stimulated AC activity in the absence o f a hormonal
stimulus. This is indicative o f a requirement for both guanine nucleotide and a
transferable gamma phosphate, the latter supplied by either ATP or GTP, in the
transduction o f the glucagon signal.
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The prime candidate for the enzyme catalysing phosphate transfer to GDP is NDPK
(Kimura, 1994). NDPK is ubiquitously distributed (Parks and Agarwal, 1973;
Fukuchi, et al, 1994) and has been co-purified with GTP-incorporating proteins o f
HeLa S3 cells (Ohtsuki, et al, 1986) and with the guanine nucleotide binding
stimulatory regulatory unit o f AC, G§ of rat hepatocytes (Kimura and Shimada,
1988).

4.3.1
Evidence For NDPK Involvement In G-Protein Activation.

A model for glucagon regulation of AC activity has been proposed in which ligandreceptor complex controls catalysis o f GDP phosphorylation producing GTP (Kimura
and Nagata, 1979). Binding of the resultant GTP by Gg results in the activation o f this
G-protein and subsequent activation of AC. How this may actually work is discussed
elsewhere (see sections 7.3 & 7.4). It is notable that this model for the regulation o f
AC by glucagon-receptor binding differs from what may be termed the classical model
o f G-protein regulation (see section 2.3.1). Such a proposal is contentious. It opposes
the dogma o f G-protein activation, which asserts intracellular GTP levels greatly
exceed GDP levels and that the greater concentration o f GTP is sufficient to facilitate
G-protein activation by GDP-GTP exchange stimulated by ligand-receptor complex.
NDPK has previously been thought to be a house-keeping enzyme, with the function
o f maintaining nucleoside diphosphate to nucleoside triphosphate ratios (Parks and
Agarwal, 1973). The evidence presented above is only connotative o f the model
proposed (Kimura and Nagata, 1979; Kimura, 1994) for the regulability o f GTPbinding protein activation through NDPK activity. Regulability refers to the ability o f
an enzyme-catalysed reaction to be increased or decreased in rate (Salter, et al, 1994),
in this case meaning the activation o f a G-protein through the activity o f NDPK. Thus
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NDPK may exert control over the G-protein cycle. Further evidence to support
modulation o f G-protein activation via NDPK activity has been gathered, this
evidence will be outlined and discussed for the purpose o f providing the context
within which the present studies are placed.

At concentrations in the millimolar range UDP inhibits NDPK catalysed
phosphorylation o f GDP by competing for the enzyme nucleotide binding site (Parks
and Agarwal, 1973). UDP-induced inhibition o f glucagon-stimulated AC activity in
the presence o f GDP and ATP correlates with the degree o f NDPK inhibition by UDP
(Kimura and Shimada, 1983). While GDP facilitates stimulation by glucagon in the
presence o f ATP, the situation is dramatically altered by UDP. With UDP, GDP in the
same range o f concentrations becoming a competitive inhibitor o f AC stimulation by
glucagon in the presence of GTP or Gpp(NH)p. UDP did not inhibit NaF-induced AC
activity, NaF activates G-proteins (Ross, et al, 1978) by binding at the y-phosphate
binding site (Higashijima, et al, 1991) when combined with A1 to give ALF^" (see
section 2.3.1). GDP in the presence of UDP also inhibits AlF^'-induced AC-activation
by an unknown mechanism (Kimura and Shimada, 1983). AIF4 " appears to be doing
more than simply binding to the G-protein.

A requirement for phosphate transfer to GDP for activation o f cellular processes may
also be inferred by use o f the poorly hydrolysable ATP analogue, App(NH)p.
Stimulation o f AC activity with glucagon in the presence o f GDP is greatly reduced
when App(NH)p replaces ATP in rat liver cell membranes (Kimura and Nagata,
1979). This is implies the blockade of NDPK-catalysed phosphate transféré in the
presence o f App(NH)p.

The presence o f NDPK in pancreatic membranes (Blenins, et al, 1994) and p-cell
homogenates (Kowluru and Metz, 1994) has been demonstrated by Western blot
analysis. NDPK activity was demonstrated in pancreatic p-cell homogenates by the
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measurement o f the formation of [^H]-GTP or

GTPyS from added [^H]GDP

with ATP or ATPyS (Kowluru and Metz, 1994). These reactions were inhibited by
UDP. Potential modulation o f signal transduction in pancreatic membranes by NDPK,
is indicated by the observed induction o f a second affinity state o f
cholecystokinin (CCK) binding to specific binding sites (receptors) in pancreatic
membranes in the presence o f ATP, UTP, ITP, ATPyS or GTPyS (Blevins, et al,
1994). GDP alone had no effect but enhanced the action o f ATP. This is consistent
with altered agonist binding by G-protein-coupled receptors upon G-protein
activation (see section 2.3.1). That altered receptor affinity was not the result o f
receptor phosphorylation is supported by the inability o f the protein kinase inhibitors
H7 and staurosporine to prevent the appearance o f a second receptor affinity state.
The poorly hydrolysable ATP analogue, adenylyl (P, y-methylene)-diphosphate
(AMP-PCP) was found not to facilitate the generation o f GTP nor induce a second
receptor binding state, indicating that hydrolysable NTP's acted as phosphate donors.
These findings from both pancreatic membranes and P-cells homogenates further
support the suggested role o f NDPK as a modulator o f G-protein activity.

Dialysis o f frog and guinea-pig atrial cells under whole-cell patch clamp with ATPyS
has been found to result in the activation o f a muscarinic K ^ current (Ik(ACh))
(Otero, et al, 1988), implying activation through y-thiophosphate transfer to guanine
nucleotide. Auto-radiography of thin layer chromatography (TLC) demonstrated
production o f GTP from exogenously added GDP and ATP in guinea-pig atrial
membranes (Heidbuchel, et al, 1991). In frog atrial cell inside-out patches addition o f
ATP in the absence o f GTP resulted in Ik(ACh) activation. In comparison the poorlyhydrolysable nucleoside triphosphate, AMP-PNP failed to stimulated Ik(ACh) These
findings indicate the endogenous production o f GTP by a phosphate transfer
reaction.
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Guanine nucleotide mediated inhibition o f AC is thought to occur by way o f a guanine
nucleotide-binding inhibitory regulatory unit, Gj (Simonds, et al, 1989; Wong, et al,
1991; see section 2.3.1), an activity that becomes apparent in the presence o f
forskolin, an AC activator (Hardie, 1991). UDP (ImM ) in human platelet membranes
blocks GDP-/»/w5 -ATPyS- induced, but not GTP-induced, inhibition o f forskolinactivated AC (Jakobs and Wieland, 1989). If NDPK is actively involved in modulation
o f G-protein activity, provision o f GDP and ATPyS is expected to result in hormonedependent production o f the poorly hydrolysable GTP analogue, GTPyS and the
subsequent irreversible activation o f G-proteins. Activation or inhibition by a Gprotein o f the downstream target allows the involvement o f NDPK to be gauged.
Adrenaline potentiates GDP-/?/w5 -ATPyS-induced inhibition o f forskolin-induced AC
activity and partially overcomes UDP-induced blockade o f this inhibition.
Endogenously formed GTPyS has been estimated to be ten times more potent (IC$Q:
0.3nM) than exogenously added GTPyS (IC 5 0 : 3nM) (Wieland and Jakobs, 1992).
Use o f GDPpS, a phosphorylation resistant analogue o f GDP, with ATPyS has little
effect on forskolin-stimulated AC activity (Jakobs and Wieland, 1989).

UDP (Im M ) blocks the synergistic action o f ATPyS and GDP in inhibiting [^H]formylmethionylleucylphenylalanine (fMLP) binding to HL60 cell membranes
(Wieland, et al, 1991). A low concentration (~7nM) o f GTPyS formed from added
ATPyS and GDP caused 70-90% inhibition. In comparison 50% inhibition was caused
by lOnM exogenously added GTPyS (Giershnick, et al, 1989b). The greater efficacy
o f endogenously formed GTPyS is again insinuated {Cf. Wieland and Jackobs, 1992).
This evidence implies the activation o f GTP generation controlled by ligand-receptor
complex in the human platelet and HL60 membrane systems resulting in increased
inhibition o f AC activity.

The greater efficacy of endogenously formed over exogenously added GTP or its
analogues is also evidenced in guinea-pig atrial cell, inside-out patches. K"*" channel
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activation in cell patches is mediated by a G-protein,

Thus K"^ channel activation

occurs in the presence o f ATP or GTP, the former is thought to be mediated by
NDPK catalysed production o f GTP K'*’ channel inactivation occurs more rapidly in
atrial patches on removal o f ATP by washout, than by washout o f exogenous GTP
(Heidbuchel, et al, 1993). The argument that endogenously formed GTP is o f greater
efficacy than exogenously added GTP, only stands-up if it is assumed that the
endogenously-formed GTP is o f a relatively low concentration and hence may be
rapidly and effectively removed by washout, while the higher concentration o f
exogenously added GTP is not removed as rapidly by washout. For this to make sense
it may also have to be assumed that the G|^ has an endogenously low rate o f GTPase
activity, as the authors have suggested (Heidbuchel, et al, 1993). In pancreatic
membrane preparations the increased rate o f dissociation o f [ ^^^I]-cholecystokinin
(CCK) from specific receptor binding in the presence o f GTPyS indicates a G-proteincoupled receptor (see section: 2.3.1). In the presence o f GTPyS, [^^^I]-CCK
dissociation from specific binding sites has been found to be seven-times faster than in
the presence o f ATP, implying that ATP exerts its action via the activity o f one or
more intermediate steps, that may represent phosphate transfer to GDP catalysed by
NDPK (Blevins, et al, 1994). The intermediate steps o f phosphate transfer may also
account for the more rapidly observed effect o f ATP removal by washout over
washout o f GTPyS, observed in guinea-pig atrial inside-out patches (Heidbuchel, et
al, 1993) discussed above. This observation indicates that kinetic studies in systems
thought to involve the modulation of G-protein activation by NDPK, may prove
useful in establishing the involvement o f intermediate phosphate transfer steps.

Inclusion o f a nucleoside triphosphate (NTP) regenerating system (consisting o f
creatine kinase and creatine phosphate) abolishes GTP-induced inhibition o f forskolinactivated AC activity in human platelet membranes (Jakobs and Wieland, 1989). A
requirement for guanosine to have three phosphates attached in order to elicit a
response is implied, the y-phosphate o f GTP being transferred to other nucleotides in

146

the presence o f the nucleoside triphosphate regenerating system. Addition o f
adrenaline facilitated GTP-induced inhibition o f AC activity in the presence o f the
NTP regenerating system. This may be taken as further evidence for the ligandinduced activation o f NDPK activity, leading to generation o f GTP from GDP and a
phosphate donor. In this case the most plausible candidate as the phosphate donor is
GTP. The role o f GTP as phosphate donor in NDPK-mediated activation o f GTPbinding proteins is supported by the observation (Kimura and Nagata, 1979) in
hepatocytes that exogenous GTP and Gpp(NH)p initially have the same effect on
basal AC activity, before the effect o f GTP becomes qualitatively the same as GDP.

Monoclonal antibodies that specifically inhibit NDPK activity (Bominaar, et al, 1993)
prevent inhibition o f cAMP-receptor binding by Mg. ATPyS in membranes o f the slime
mould Dictyostelium dicoideum. The cyclic nucleotide acts as an extracellular signal
for chemotaxis o f this prokaryote (see section 4.1). Sufficient GDP may be present in
the membrane preparation (bound to protein) to facilitate GTP-binding protein
activation in the presence o f ATPyS as phosphate donor. The implication is the
activation o f a G-protein coupled to the cAMP receptor by phosphate transfer from
ATPyS to endogenous GDP, catalysed by NDPK or an enzyme with similar activity.
Again, the activation of NDPK activity by ligand-receptor complex is implied.

The removal o f regulation o f the state o f activity o f a G-protein by cell-surface
receptor activation is termed uncoupling. Uncoupling o f certain G-proteins from
receptor may be achieved by ADP-ribosylation through toxins such as pertussis toxin
(PTX) from the bacterium that causes whooping cough, Bordetella pertussis or
cholera toxin (CTX) from the bacterium Vibrio cholerae, each affecting specific Gproteins (see section 2.3.1). The former may be used to uncouple G ^ from muscarinic
receptors, preventing acetylcholine (ACh) -induced activation o f the K ^ current. In
the presence o f ATP (4mM) PTX-treated inside-out patches o f guinea-pig atrial cells
exhibited a K"*" current equal to that induced by ACh with ATP (Heidbuchel, et al.
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1993). This indicates the continued involvement o f ATP in Gj^ activation despite
PTX-pretreatment. A consequence o f the uncoupling o f

from its receptor by

PTX-catalysed ADP-ribosylation is the increased GDP-GTP exchange (Koff) on the
G-protein. Channel activation with ATP was observed both in the absence o f ACh
(Heidbuchel, et al, 1991) and in the presence o f the muscarinic antagonist, atropine
(Heidbuchel, et al, 1993) in the absence o f PTX-pre-treatment, indicating receptor
occupancy is unnecessary for channel activation when ATP is provided. The
implication is that the NDPK activity proposed to be responsible for K"*” current
activation in the presence o f ATP is constitutively active in atrial cells. The presence
o f agonist does not appreciably alter NDPK activity but the efficacy o f endogenously
produced GTP for the activation o f G ^ does increase.

This finding in guinea-pig atrial inside-out patches (Heidbuchel ,et al, 1993) initially
appears to contrast with the finding that direct interaction between membrane
associated NDPK (mNDPK) and G§, giving rise to formation o f a complex, in rat
liver cell membranes is regulated by hormone-receptor interaction (Kimura and
Shimada, 1988). Such regulation is dependent upon the identity o f guanine nucleotide
present. Glucagon enhances complex formation in the presence o f GDP while
disrupting complex formation in the presence o f Gpp(NH)p. Both the enhancement
and disruption o f mNDPK-Gg complex formation exhibited similar dose-responses to
AC activation under the same conditions, supporting the view that complex formation
and AC regulation are closely related phenomena. Further consideration leads to the
conclusion that NDPK may be constitutively active and that this activity may not be
regulated by the receptor. Only NDPK-G-protein association may be under the
control o f the receptor. The formation o f this complex results in the increase in the
efficacy o f GTP (or analogues) produced by an NDPK catalysed reaction.

Kimura and Shimada (1988) suggest both mNDPK and AC, "[Share] the regulatory
cycle o f the G§", a statement not expanded upon by the authors. Two alternative
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meanings are apparent. Gg may cycle between two complexes, with NDPK or AC.
Secondly, Gg is initially complexed with mNDPK and subsequently an mNDPK-GgAC complex is formed that will later dissociate under the influence o f a suitable off
signal, perhaps originating from the receptor or facilitated by a negative feedback
loop.

Activators may provide important clues to the physiological role o f an enzyme.
Mastoparan has been demonstrated to be an activator o f NDPK (Kikkawa, et al,
1992). This wasp venom component has been found to increase the formation o f
[^^S]GTPyS from [^^S] ATPyS and GDP. The generation o f the thiophosphorylated
intermediate o f NDPK has been demonstrated in vitro using proteins purified from
bovine brain membranes and rat hepatocyte cytosol. Some phospholipids, detergents
and the polycation compound 48/80 exhibit similar activity (see sections 3.2.2 &
4.3.4). The lack o f specificity o f these compounds and their tendency to cause
membrane disruption, however makes their use as specific NDPK activators
ambiguous.

The observation that picolinic acid decreased the sensitivity o f Gpp(NH)p-activated
AC to the action o f GDP as a competitive inhibitor in membranes o f simian virus 40transformed rat hepatocytes (Kimura and Johnson, 1983), suggested the possibility
that picolinic acid may activate NDPK. Intrinsic membrane-associated (m) NDPK
activity o f hepatocytes has been found to be increased by picolinic acid treatment.
This is attributable to an increase in V^ax» with no alteration o f the K ^ (essentially a
measure o f affinity) for GDP. Addition o f cytosol from the same cells containing fiftytimes the NDPK activity found in isolated membranes failed to abolish picolinic acid
induced AC activity. Addition o f GDP to membranes pre-treated with picolinic acid in
the absence o f stimulatory hormone augmented AC activity. The implication
(assuming picolinic acid has no other relevant effects) is o f functional connectivity
between intrinsic mNDPK activity and AC activity. Disruption o f membrane structure
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with the detergent Lubrol PX resulted in the loss o f picolinic acid-induced stimulation.
This may be due to disruption o f physical interaction between NDPK and AC,
preventing functional connectivity (Kimura and Johnstone, 1983). However, this
observation may also be explained by induction o f an alternative hypothesis, in which
only mNDPK has the requisite characteristics for interaction with picolinic acid
leading to enzyme activation and that these characteristics are compromised by Lubrol
PX treatment o f membranes. The latter explanation appears likely in consideration o f
observations that picolinic acid only increased mNDPK activity and not that activity
associated with other subcellular fractions (Kimura and Johnstone, 1983). Also in
support o f this latter hypothesis is the observation that isolation o f mNDPK-Gg
complex is disrupted by Lubrol PX or by digitonin which may also have detergent-like
properties (Kimura and Shimada, 1988a).

Clearly there is a wide range of evidence from a variety o f cell systems suggesting the
involvement o f NDPK in the activation o f G-proteins, and that this involvement takes
the form o f modulation through the supply o f GTP by the membrane-associated form
o f the enzyme. Modulation o f G-protein activity by NDPK appears to be the control
o f the receptor. The ligand-receptor complex stimulates formation an NDPK-Gprotein complex (Kimura and Shimada, 1988). This does not appear to result in
increased NDPK activity, instead an increase the efficacy o f the GTP produced by
NDPK has been observed (Heidbuchel, et al, 1993).

4.3.2
NDPK Catalvsed Phosphorvlation O f GDP In Situ.

The NDPK catalysed phosphorylation o f GDP bound to G-proteins or SMGs has
been suggested and evidence gathered to support this hypothesis (Ohtsuki and
Yokoyama, 1987; Rugierri and McCormick, 1991; Randazzo, et al, 1991). However,

150

the in situ phosphorylation o f GDP is not supported by later work. A retraction o f
data indicating activation o f an SMG (ARF) and a G-protein (G^) by NDPK has been
published (Randazzo and Kahn, 1992). Also a demonstration has been made
(Randazzo, et al, 1992) that previous work thought to indicate in situ NDPKcatalysed phosphorylation o f GDP is artefactual. The assertion has been made
(Randazzo, et al, 1992) that published work claiming to demonstrate activation o f a
GTP-binding protein by the in situ phosphorylation o f GDP contains artefactual data
sufficient to bring such evidence into strong doubt.

The in situ phosphorylation o f GDP bound to G^(^, Ha-ra 5 or ARF catalysed by
NDPK could not be demonstrated under conditions considered to be artefact-free
(Randazzo, et al, 1992). With consideration o f the three-dimensional structures o f Ras
(Kraulis, et al, 1994; Halkides, et al, 1994), G^(^ (Sondek, et al, 1994) and NDPK
(Dumas, et al, 1992), visualisation o f the NDPK catalytic domain and phosphate
binding site gaining access to the P-phosphate when GDP is bound to the GTPbinding protein reveals that this is most unlikely. Although it could be argued that the
interaction o f NDPK and GTP-binding protein brings about an alteration in the threedimensional structure of the GTP-binding protein, thus allowing in situ
phosphorylation o f GDP to proceed, there is no evidence support such a contention.

4.3.3
Channelling O f Guanine Nucleotides Between NDPK And GTP-Binding Proteins.

The term channelling has been used (Kimura and Shimada, 1988 a & b; Jackobs and
Wieland, 1992) to describe modulation o f G-protein activity without in situ GDP
phosphorylation. Although this term has been used without definition (Jackobs and
Wieland, 1992), hormone-dependent channelling o f GTP has been described as,
"[T]he transfer o f GTP by the mNDPK without complete equilibrium with the bulk
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cellular fluid." (Kimura and Shimada, 1988a). This definition o f channelling has at
least two interpretations, these will be considered.

mNDPK and GTP-binding protein may form a complex, when stimulated to do so
under the direction o f a hormonal stimulus, in such a manner as to capture a single
guanine nucleotide molecule that subsequently cycles between GTP-binding protein
and mNDPK, being in alternate states o f di- and tri- phosphorylation. Such an
arrangement would provide rapid cycling o f nucleotide between the GTP-binding
protein and mNDPK due to the confined proximities involved. The ping-pong
mechanism by which NDPK performs phosphate transfer (Parks and Agarwal, 1973)
repudiates this possibility. Initially NDPK binds ATP, hydrolysing the terminal
phosphate residue which becomes bound to a histidine residue at position
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located

in the putative nucleotide-binding cleft (Dumas, et al, 1992). GDP is subsequently
bound to the same binding site and the phosphate transferred to the guanine
nucleotide. A mNDPK-GTP-binding protein complex physically tight enough to
contain a guanosine nucleotide molecule is likely to prohibit access o f ATP to the
nucleotide binding site o f NDPK.

Alternatively, mNDPK may maintain microenvironmental concentrations o f GTP
preventing depletion in the subcellular region local to active GTP-binding proteins
(Kimura, 1994). Formation o f a mNDPK-GTP-binding protein complex may facilitate
the increase o f mNDPK activity, the close proximity o f which ensures the
maintenance o f local GTP levels in the face o f a high rate o f GTPase activity.

The formation o f mNDPK-GTP-binding protein complex is related to activation o f
GTP-binding protein has been demonstrated in the case o f glucagon stimulation o f AC
in which the formation of mNDPK-Gg complex has been shown to be hormonedependent (Kimura and Shimada, 1988). The exact nature o f the physical interaction
o f mNDPK and Gg has not yet been examined leaving questions unanswered about
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the conformations adopted by the two proteins. Endogenously formed GTPyS has a
greater potency than exogenously added GTPyS in as indicated by the decreased
binding o f [^HJfMLP to HL60 cell membranes (Giershnick, et al, 1989b). Similarly in
human platelet membranes endogenously formed GTPyS has been calculated to be
ten-times more potent than exogenously added GTPyS in inhibiting forskolin-induced
AC activity (Wieland and Jackobs, 1992). The greater potency o f endogenously
formed GTPyS suggests functional coupling o f NDPK activity and G-protein
activation.

4.3.4
Activation O f NDPK By Mastoparan.

Mastoparan has been shown to activate the catalytic activity o f NDPK purified from
bovine brain, stimulating the formation o f [^^S]GTPyS from [^^S]ATPyS and GDP,
leading to increased

^ S]GTPyS-binding to purified G q (Kikkawa, et al, 1992). The

mastoparan concentration dependencies o f both [^^S] GTPyS formation and binding
by G q were found to differ, implying that mastoparan affects both NDPK activity and
G q guanine nucleotide exchange. This conclusion is in accord with other findings
indicating the activation of certain G-proteins by mastoparan and other polycationic
compounds (see section 3.2.2).

Some phospholipids and detergents were found to enhance the formation o f
[^^S]GTPyS (Kikkawa, et al, 1992), as does compound 48/80 (Tomita, et al, 1991)
perhaps indicating a similar mechanism o f action. The mechanism by which
mastoparan activates NDPK may be indicated by the observed increase in the
phosphorylated intermediate form o f the enzyme. Mastoparan may increase the
number o f phosphorylated enzyme subunits on each NDPK hexamer facilitating
greater catalytic activity (Kikkawa, et al, 1992).
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In HL60 cell membranes mastoparan and mastoparan-7 (MP7), an active analogue o f
mastoparan, were both found to stimulate the formation o f [^H]GTP from [^H]GDP
and GTP (Klinker, et al, 1994). Similar findings were obtained with NDPK purified
from bovine liver in a reconstituted membranous environment, indicating direct
activation o f NDPK activity by mastoparan and MP7. MP7 was found to be a much
more effective stimulator o f G j/ q GTPase activity than mastoparan in a reconstituted
system. This is in comparison to the equal efficacy o f MP7 and mastoparan in
inducing increased GTPase activity in HL-60 cell membranes. This may indicate a
difference in susceptibility to mastoparan and MP7 -induced stimulation between Gproteins in the reconstituted system and the HL-60 cell membranes or, as the authors
(Klinker, et al, 1994) suggest, the action o f mastoparan on NDPK present in the HL60 cell membranes resulting in increased GTPase activity.

Mastoparan-stimulated GTPase activity in HL-60 cell membranes was found to be
partially inhibited by PTX-pretreatment (Klinker, et al, 1994). In intact HL-60 cells
mastoparan induced superoxide formation and an increase in the intracellular Ca^"^
concentration, which were only partially blocked by PTX-pretreatment. This is in
contrast to fMLP-induced GTPase activity and cell activation, the action o f fMLP
being inhibited by PTX-pretreatment. Further, N-ethylmaleimide inhibited
mastoparan-induced GTPase activity to a greater extent than fMLP-induced GTPase
activity and fMLP enhanced Gj CTX-catalysed ADP-ribosylation while mastoparan
did not. The authors (Klinker, et al, 1994) have interpreted these observations as
indicating that mastoparan activates G-protein GTPase activity through a mechanism
distinct from the fMLP receptor and that this alternative mechanism o f G-protein
activation may be mediated by NDPK. Thus mastoparan-induced activation o f NDPK
may lead to increased G-protein activation, although the interaction o f mastoparan
with G-protein would still seem to occur.
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In pancreatic P-cells mastoparan stimulates insulin release and in p-cell homogenates
the formation o f [^H]GTP or

GTPyS from exogenous [^H]GDP and ATP or

ATPyS (Kowluru and Metz, 1994), indicating the activation o f NDPK activity by
mastoparan. The mastoparan analogue, mastoparan-17, a form shown to be inactive
on G-proteins (Higashijima, et al, 1990) failed to induce insulin secretion by intact
cells but stimulated the formation o f [^H]GTP and [^H]GTPyS in cell homogenates
(Kowluru and Metz, 1994), implying that NDPK activity alone is insufficient to
support insulin secretion in pancreatic cells. This supports the suggestion that the
formation o f an NDPK-G-protein complex, as a result o f receptor ligation, is a
prerequisite for NDPK-mediated activation o f the G-protein (see section 4.3.1).

Mastoparan has been demonstrated to activate NDPK activity in addition to activating
G(x- Other polycations may act in a similar manner to mastoparan (see section 3.2.2).
The ability o f mastoparan analogues to differentially activate and inhibit NDPK and
G q^, indicates that these interactions are to some degree specific. The inability o f
NDPK activation alone to stimulate G-protein activation, supports the idea that
receptor-stimulated association o f NDPK and the G-protein is the means by which
NDPK increases G-protein activity (see section 4.3.1).

4.4
Isolation O f A Cromoglycate-Binding Protein.

NDPK has been isolated by affinity chromatography with the anti-allergic drug
cromoglycate. Initially a 72kDa protein (p72) was isolated from rat basophilic
leukaemia (RBL) cell cytosol by affinity chromatography with cromoglycate
(Hemmerich, et al, 1991a). p72 was subsequently identified as NDPK by sequence
analysis (Hemmerich, et al, 1992). This has raised the possibility that NDPK may be
the site o f action o f cromoglycate. Cromoglycate inhibits antigen-induced anaphylaxis
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o f tissue (Cox, 1967) and antigen-induced histamine release from sensitised mast cells
(Foreman, 1977; see sections 3.4.7 and 5.1 ). Consequently cromoglycate was o f
interest in mast cell stimulus-secretion coupling prior to its use in isolating RBL cell
NDPK (p72). These observations initially lent further credence to the idea that NDPK
may play a direct role in modulating GTP-binding protein activity, the involvement o f
regulatory GTPases having been implicated in mast cell stimulus-secretion coupling
(Gomperts, et al, 1987; Churcher and Gomperts, 1990).

4.4.1
The Isolation O f gpl 10: A Red Herring.

Preceding the isolation of p72, in an attempt to localise the site o f cromoglycate
action, fluorescence activated cell sorting (FACS) analysis o f either mast cells or
basophils demonstrated labelling o f 71% o f cells treated with cromoglycate
conjugated to fluorescent polyacrylamide beads (Mazurek, et al, 1980). Treatment o f
cells with trypsin to strip away cell surface proteins or use o f Ca^'^-free medium
greatly reduced the extent o f labelling. At the time this was interpreted to indicate a
cell surface site of binding for cromoglycate. The technique used lacks the capability
to reveal any intracellular site o f binding o f the drug. Further it is not clear if the
polyacrylamide bead and spacer conjugating cromoglycate to the bead interact with
any cell surface components or how these may alter the nature o f cromoglycate
interaction with cell surface components.

In a rat basophil leukaemia (RBL) cell line sub-population (RBL-2H3) deficient in
binding o f cromoglycate conjugated to polyacrylamide beads stimulation by IgE
cross-linking fails to induce

uptake and histamine release (Mazurek, et al,

1983a).
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Insertion o f a peptide (gpl 10) isolated from IgE responsive RBL cells by affinity
chromatography with cromoglycate (Mazurek, et al, 1983b), using sendai-virus
envelope vesicles as a fusogenic vector, restores

uptake and secretion o f the

cell line sub-population in response to IgE challenge. These responses are inhibited by
both cromoglycate and antibodies raised against the cromoglycate binding protein.
Cells treated with sendai-virus envelopes not incorporating the cromoglycate binding
protein were apparently not used as a control. Consequently no matter how unlikely it
may be that a virus envelope component will facilitate IgE-mediated Ca^"^ influx this
possibility can not be excluded.

Lipid bilayers incorporating the putative cromoglycate binding protein were found to
be Ca^"^ permeable (Mazurek, et al, 1984). Application o f cromoglycate to a planar
bilayers incorporating RBL membrane components blocks increased membrane
conductance induced by subsequent antigen challenge. Incorporation o f FcgRI-IgE
complex and gpl

10

into bilayers resulted in the activation o f a Ca^"*" conductance

(Corcia, et al, 1988; see section 3.4.1).

Initially the evidence appeared to validate the hypothesis that the cromoglycate site o f
action in RBL cells was a cell surface protein responsible for Ca^“*" entry stimulated by
an IgE-receptor cross-linking event. However, a later statement pertaining to the
isolation o f the putative cromoglycate binding protein indicates otherwise: "[T]he
structural requirements for the affinity o f gpl 1 0 [the putative cromoglycate binding
protein] towards its isolating matrix were shown to involve more than just the
bischromone nucleus.", (Hemmerich, et al, 1991a). This statement indicates that the
protein isolated (gpl 1 0 ) using polyacrylaminde beads conjugated to cromoglycate
was interacting with more than just cromoglycate during the isolation process. Using
a linear peptide spacer to conjugate cromoglycate to sepharose beads p72 was
isolated.
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4.4.2
Isolation O f p72\NDPK.

Using a linear peptide spacer to conjugate cromoglycate to sepharose beads in order
to avoid non-specific interactions previously encountered (see section 4.4.1), a 72kDa
protein was isolated by affinity chromatography (Hemmerich, et al, 1991b). Evidence
was gathered supporting the hypothesis that p72 was a target o f cromoglycate.
Affinity purified p72 autophosphorylation is inhibited by cromoglycate (IC 5 0 : 2 mM)
(Hemmerich, et al, 1991a). The acetoxymethyl ester o f cromoglycate (CG/AM), a
membrane permeable form that is hydrolysed to a non-permeable form by intracellular
esterases thus trapping cromoglycate in the cell, at an estimated intracellular
concentration o f 4mM, inhibits secretion from rat mucosal mast cells stimulated by
concanavalin A and slightly (-20% ) inhibits secretion stimulated by compound 48/80 .
The initial Ca^'*’ transient in RBL cells induced by antigen challenge is significantly
reduced in amplitude and prolonged in cells pre-treated with CG/AM. However,
ionomycin-induced RBL cell secretion is increased. How ionophore-induced secretion
is enhanced in RBL cells by CG/AM is not clear and no explanation is offered by the
authors. Inhibition o f the stimulus-secretion pathway by CG/AM upstream o f Ca^'*'
entry may result in the uncoupling o f a negative feedforward signal that would
otherwise limit the extent o f secretion.

4.5
NDPK In Mast Cell Stimulus-Secretion Coupling?

The man-made drug, cromoglycate exhibits the croman moiety, two six carbon rings
linked by two carbon-to-carbon bonds (C^CgC^), that characterises the flavonoid
family o f compounds (see section 5.1 & fig. 5.2). Flavonoid compounds are also
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synthesised by plants (Goodwin and Mercer, 1983). Plant flavonoids have a wide
range of effects on cells involved in immune and inflammatory responses (Middleton
and Kandaswami, 1992), including inhibition o f rat peritoneal mast cell histamine
secretion (Fewtrell and Gomperts, 1977 a & b).

Intriguingly, pretreatment o f mast cells with cromoglycate (30mM for 30 minutes)
blocks subsequent inhibition of antigen-induced secretion by the flavonoid quercetin,
implying that the action o f both compounds is located at the same intracellular site
(Fewtrell and Gomperts, 1977). The mechanism by which flavonoids inhibit secretion
has previously been investigated. Quercetin inhibits ATP hydrolysis by Na"'"-K"'"ATPase and mitochondrial ATPases (Racker, 1975). This observation led to an
investigation in which the ability o f six flavonoids to inhibit rat peritoneal mast cell
antigen-induced histamine secretion was compared to the ability o f the same flavonoid
compounds to inhibit activity of rabbit skeletal muscle sarcoplasmic reticulum (SR)
Ca^“'"-ATPase (Fewtrell and Gomperts, 1977). A correlation was found between these
two inhibitory actions of the six flavonoid compounds used. A later investigation
(Bennett, et al, 1981) examining the relationship between inhibition o f concanavalin
A-induced intact rat mast cell histamine secretion, fMLP-induced rabbit neutrophil Pglucuronidase secretion and the inhibition o f rabbit SR Ca^'^'-ATPase by 30 flavonoid
compounds found no correlation. This finding lead to the rejection o f the hypothesis
that flavonoid compounds inhibit secretion through blockade o f ligand-induced
uncoupling o f a Ca^"^-ATPase. The idea that elevation o f intracellular Ca^"^ was
facilitated by the ligand-induced uncoupling o f Ca^"^-ATPase allowing Ca^"*” entry to
exceed extrusion was replaced by the theory that Ca^'*' entry is facilitated by increased
membrane permeability to Ca^"*” ions brought about by the opening o f proteinacious
divalent cation channels in the cell membrane and specific intracellular membranes o f
so called calciosomes mediated by secondary messengers (Penner, et al, 1988; Volpe,
et al, 1988; see section 2.4. 1 ). The mechanism by which cromoglycate and the
naturally occurring plant flavonoids inhibit mast cell secretion remains elusive.
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In this study the effect o f cromoglycate and flavonoid compounds on SL -0
permeabilised rat peritoneal mast cell hexosaminidase secretion stimulated by either
Ca2"*’-ATP or GTPyS in glutamate buffer, isolated rabbit muscle NDPK activity, and
whole and washed mast cell NDPK activity have been investigated.

As a result o f interest in the possible role o f NDPK as a modulator o f heterotrimeric
GTP-binding proteins, the involvement o f this enzyme in mast cell secretion, a process
in which a requirement for GTP has been established (Gomperts, et al, 1987; see
sections 3.3.3 & 3.4.5) has been investigated (chapters 5 & 6 ). That NDPK may be
involved in mast cell stimulus-secretion coupling has been indicated by the finding that
secretion induced by Ca^"^-/?/w5 -ATP in glutamate-based buffer may be enhanced by
the presence o f low concentrations (<100pM) o f GDP (Lillie and Gomperts, 1992a).
Higher concentrations o f GDP inhibit secretion. The substitution o f ATP with other
V

nucleoside ^phosphates (Lillies, et al, 1991) further implies the involvement o f
NDPK
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5.0

Investigation Of The Effect O f Cromoglycate And Some
Structurally Related Plant Flavonoid Compounds On
Permeabilised Mast Cell Secretion.

5.1
Background And Aims O f This Investigation.

The effects of the anti-allergic drug cromoglycate and thirteen naturally occurring
flavonoid compounds on permeabilised mast cell secretion, stimulated by either Ca^"^plus-A JV or GTPyS in glutamate-based buffers, were investigated. Cromoglycate has
previously been shown to inhibit anaphylactic reactions (Cox, 1967) and secretion by
intact mast cells elicited by antigenic agents (Kusner, et al, 1973; Garland, 1973;
Garland and Mongar, 1974; Foreman, et al, 1975; Johnson, et al, 1978). Secretion
induced by compound 48/80 in whole cells (Johnson and van Hout, 1976; Johnson, et
al, 1978; Chasin, et al, 1979; Ennis, et al, 1980b) or by ionophore (Ennis, et al, 1981)
is also inhibited by cromoglycate. Use of cromoglycate in affinity chromatography
initially resulted in the isolation of a Ca^"*" channel, gpl 10 from RBL-2H3 cells
(Mazurek, et al, 1980, 1983b, 1984). However, this proved to be in error (see section
4.4.1). Subsequently a 72kDa protein was isolated by virtue o f its affinity with
chromoglycate (Hemmerich, et al, 1991b). This protein, p72, has been identified as
NDPK (Hemmerich, et al, 1992; see section 4.4.2). The introduction o f a membrane
permeable form of cromoglycate, CG/AM into RBL-2H3 cells has been found to
result in the inhibition of secretion (Hemmerich, et al, 1991a). Thus cromoglycate may
prevent secretion as a result of binding to NDPK in the cell. The autophosphorylation
o f isolated p72/NDPK has been shown to be inhibited in the presence of
cromoglycate, further strengthening the case for the inhibition o f the enzyme by drug
binding (Hemmerich, et al, 1991a). Investigation into the effect o f cromoglycate on
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mast cell secretion, under conditions thought to require the involvement o f NDPK
therefore seems expedient.

Flavonoids are yellowish plant pigments with a motif o f two six carbon rings join by a
three carbon chain (C^CgC^; fig. 5.1a) (Goodwin and Mercer, 1983). These
compounds may be sub-divided into several classes, some o f which include the
compounds used in this investigation, dependent upon particular structural
characteristics (see tabulated key to fig. 5.1a). Flavonoid compounds have been
reported to have a wide range of effects on cells o f the immune system (Middleton
and Kandaswami, 1992) and some flavonoids have been found to inhibit secretion by
mast cells (Fewtrell and Gomperts, 1977 a & b; Bennett, et al, 1981; Foreman, 1984;
Howell and Gomperts, 1987). O f particular note is the finding that pre-treatment o f
mast cells with cromoglycate abolishes subsequent inhibition by the flavonoid
quercetin (Fewtrell and Gomperts, 1977b). This implies that both cromoglycate and
quercetin act at the same site in the stimulus-secretion coupling pathway. Further
support for this inference is provided by the structural similarities o f cromoglycate and
the flavonoid compounds. Cromoglycate bears some resemblance to the C 5 C 3 C 5
structural motif o f the flavonoid compounds (fig 5.1b), the anti-allergic drug having a
C 5 OC 3 OC 5 moiety. Also cromoglycate has juxtaposed carbon rings, although two
pair compared to the single pair of flavonoids. An oxygen is incorporated into one of
the carbon rings of each juxtaposed pair, in both the structures o f cromoglycate and
the flavonoids. The possibility arises then that both cromoglycate and the flavonoids
inhibit secretion through an ability to bind to a single intracellular site, the identity of
which may prove to be NDPK.
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Fig 5.1 (a):

Structure O f Flavonoid Compounds.
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OH

OCH 3

OH

The figure (fig. 5.1a) depicts the structure o f the parent compound,
flavone, of this family of compounds. Numbers indicate the positions
where residues may be substituted in the structure o f other flavonoids,
as is indicated in the tabulated key. (Ru) : Represents glycosidic side
chains. In compounds with a hydrogen substituted at position 1 the
bond between the oxygen o f ring B and the carbon at position 2 is
absent.

Fig. 5.1 (b):

The Structure O f Cromoglycate.

The figure depicts the structure o f the anti-allergic drug cromoglycate.
The structure of cromoglycate has similarities with the

motif

characteristic of the flavonoids, cromoglycate having a C^OCgOC^
structural moiety and juxtaposed carbon rings, one o f which in each
pair incorporates an oxygen.
OOH

HOO

O

OCHCHCI^O

O

OH

The proposed hypothesis is that NDPK has a significant involvement in mast cell
stimulus-secretion coupling and that its inhibition by cromoglycate or flavonoid
compounds, under circumstances in which its activity is thought to be absolutely
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required for secretion to proceed, will result in the blockade o f exocytosis. O f note is
the fact that cromoglycate is unlikely to be able to penetrate the cell membrane to
enter the intact cell due to its pKa of ~2 (Cox, et al, 1970; Fogg and Fay ad, 1978).
Similarly glycosidic flavonoids are unlikely to enter intact cells due to low membrane
permeability. This inference is supported by the observation that while the aglycone
flavonoids inhibit secretion by both intact and permeabilised cells, flavonoid
glycosides only inhibit secretion by permeabilised cells (Howell and Gomperts, 1987).
Since cromoglycate inhibits secretion by intact cells, a mechanism other than the
inhibition of NDPK must be involved, while the flavonoids appear to act at an
intracellular location only. Use of permeabilised cell preparations allows access o f
cromoglycate and flavonoids to the cell interior, where NDPK is located.

Secretion was measured from mast cells permeabilised in isotonic (~290mOsm)
sodium glutamate-based buffers. Under these conditions secretion may be elicited by a
single effector, either GTPyS or Ca^"^ (Churcher and Gomperts, 1990). In the case of
Ca^"*'-induced secretion it is necessary to provide ATP, which is thought to act as a
phosphate donor in the NDPK catalysed phosphorylation o f GDP to GTP (Lillie and
Gomperts, 1992a; see sections 3.4.6 & 4.5). Glutamate-based buffers may therefore
provide the environment required for the investigation o f the possible involvement o f
NDPK in mast cell stimulus-secretion coupling.
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5.2
Materials And Methods.

5.2.1
Materials.

GTPyS and ATP were obtained from Boehringer Mannheim. 4-methylumbelliferyl Nacetyl-p-D-glucosaminidase, kaempferol, acacetin, quercetin, hesperitin and morin
were supplied by Sigma. Narigenin, phloretin and phloridzin were obtained from ICN.
Fisetin was supplied by Aldrich. Percoll was supplied by Pharmacia Ltd. Samples of
highly purified rutin (quercetin rutinoside) and acacetin (4'-0-methyl apigenin) were
very kindly provided by Dr. E. Wollenweber (Darmstadt, Germany). Cromoglycate
was the gift o f Fisons Pharmaceuticals.

5.2.2
Cell preparation.

Mast cells were obtained by peritoneal lavage of large (>300g) male Sprangue
Dawley rats with a simple salt solution containing NaCl (20mM), glucose (Im g ml"l)
and bovine serum albumen (BSA) (Im g m l'l). The solution obtained from the lavage
was run through a gauze filter to remove large contaminants before being filtered
through a cushion of Percoll under centrifugation (5 minutes at 400G). Excess Percoll
was removed by suction and the cells resuspended in the glutamate-based buffer to be
used in the rest of the experiment. This consisted of L-glutamate 125mM, PIPES
20mM, Mg.PIPES 3mM, BSA Img m l"\ adjusted to pH

6 .8

and 290mOsm by

addition o f PIPES. Cells were washed twice in this buffer by centrifugation (5 minutes
at 400G) to remove remaining impurities, including Percoll and the saline solution
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used for lavage. Cells obtained in this manner have been found to be pure to a very
high degree (Tatham and Gomperts, 1990 & own observations).

5.2.3
Secretion Assay.

Purified cells were suspended at a concentration o f approximately 0.3 x 10^ cell ml"l
in the glutamate-based buffer (described in section 5.2.2). All salts and reagents used
were dissolved in this buffer. The experiment was performed in a 96-well microtitre
plate (Greiner), with 'V'-shaped bottoms to the wells enabling easy pelleting o f cells
by centrifugation. The final volume in each well was 90pl. Since three additions were
made to each well, permeabilising agent (SL-0), test reagents and stimulating
effectors (Ca^'*'-p/w5-ATP or GTPyS) and finally cells, all reagents were initially at
three times the final concentration. 30pl of SL-0 at 1.2iu ml'^ (to give 0.4iu ml"l
final) was placed in each of the wells. This was done with the exception o f two
columns o f wells. One column of wells that would act as blanks to provide a measure
o f background secretory release and another column into which Triton X-100 at 1%
(0.3% final) was placed to lyse the cells so that total P-D-N-acetylglucosaminidae
(hexosaminidase) content could be measured. This allowed for the calculation o f cell
secretion as a percentage o f total cell contents. 3 Gpl o f either the Ca^"^ buffer EGTA
at 9mM (3mM final) to regulate Ca^"*" in a range o f concentrations from pCa7 to
pCa5 with Mg. ATP 3mM (Im M final), or GTPyS at a range o f concentrations. Along
with the stimulating effectors the reagents to be tested for an ability to inhibit
secretion were also added at a range of concentrations, except in one row that would
provide the uninhibited level of secretion. The microtitre plate was placed over a
water bath at 37°C. Cells were metabolically inhibited with antimycin A, 5pM and
deoxyglucose, 6mM and depleted of ATP by incubation at 37°C for 5 minutes.
Subsequently 3 Gpl o f cell suspension was added to each o f the wells o f the microtitre
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plate. After a 10 minute incubation at 37°C, the reaction was quenched hy addition o f
1 0 0 |_il

o f ice-cold buffer. Cells were sedimented hy centrifugation o f the microtitre

plate for 5 minutes, 400G at 4°C.

Samples o f supernatant were removed in 50pl samples and placed in the
corresponding wells o f a opaque, black microtitre plate (Dynatech Microfluor) for
analysis o f secreted hexosaminidase. Addition o f 4-methylumhelliferyl N-acetyl-p-D
glucosaminide, ImM in sodium citrate, 200mM and Triton X-100 at pH 4.5, initiated
the reaction. 4-methylumherliferyl N-acteyl-p-D glucosaminide is a substrate for
hexosaminidase that is converted into a fluorescent product. It is the measurement of
the products fluorescence that forms the basis for the assay. After an incubation o f
some 4 hours at 37°C the reaction was terminated by addition o f 300f.d o f Tris buffer,
200mM. Fluorescence was measured in the range o f 355-460nm using an automated
(Fluoroskan) microtitre plate reader. Readings were transferred directly to com puter
for analysis using a spreadsheet. The level o f secretion for each well was calculated as
a percentage o f the fluorescence o f the s u p e r n ^ from cells treated with the lysate
Triton X-100. The level o f fluorescence obtained from non-permeabilised (intact) cells
was subtracted as a background reading. All reactions were performed in duplicate
and all experiments were repeated on at least three separate occasions.
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5.3
Results: Inhibition O f Mast Cell Secretion By Cromoglycate And Flavonoids.

In agreement with previous work (Churcher and Gomperts, 1990) ATP-dependent
secretion requires Ca^"*" concentrations in the range o f pCa

6

to pCa 5 and at

maximum around half the cellular content o f hexosaminidase is released. ATPindependent secretion, elicited by GTPyS maximally released about 35% o f the gross
cellular content of hexosaminidase.

Figure 5.2 represents the results of a typical experiment investigating the inhibition of
ATP-dependent secretion by cromoglycate applied at a range o f concentrations from
lO'^M to 10"^M. Cromoglycate was found to inhibit ATP-dependent exocytosis at
concentrations greater than

1 0 "^-^M

and complete suppression o f secretion was

achieved at lO'^M. Cromoglycate has a mean IC 5 0 o f 3.18mM with regard to ATPdependent secretion (Table: 5.1). Cromoglycate also inhibited GTPyS-induced
secretion (fig: 5.2b), in which ATP is absent and Ca^"*" is suppressed to lO'^M with
EGTA (3mM). With an IC 5 0 of 3.63mM, the concentration range over which
cromoglycate inhibits GTPyS-induced secretion closely matches that for ATPdependent secretion (C .f fig: 5.2a). Application of the students' T test indicates that
the sensitivities o f ATP-dependent and ATP-independent secretion to inhibition by
cromoglycate are not significantly different (p>0.75).
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Table 5.1

Inhibiton O f Permeabilised Mast Cell Exocytosis
By Flavonoids And Cromoglycate.

a) Inhibition of Ca^‘*'-p/MS-ATP-

b) Inhibition of GTPyS-induced

induced secretion.

secretion.

M ean IC ^ q

s.e.m.

n

M ean IC ^ q

s.e.m.

n

(IjM)

Kaempferol

6.7

1.8

4

Phloretin

6 .6

2 .2

3

Fisetin

7.4

3.6

4

Acacetin

14.6

1.1

4

Myricetin

7.2

2 .1

5

Narigenin

25.1

6 .6

3

Phloretin

1 2 .6

7

3

Kaempferol

25.4

8.9

4

Acacetin

15.6

2 .8

4

Myricetin

34.2

3.7

4

Quercetin

54.2

1 1 .2

5

Fisetin

43.7

1.1

3

Rutin

65

27

3

Rutin

50.3

13

3

Narigenin

96

14

3

Phloridzin

61.4

25.6

3

Genistein

96.4

2.9

3

Cromoglycate

3630

1690

4

Phloridzin

103.1

54.8

3

Apigenin

No effect*

-

4

Cromoglycate

3180

240

4

Quercetin

No effect*

-

4

No effect*

-

4

Genistein

No effect*

-

3

Apigenin

170

Fig. 5.2 (a); Inhibition Of Ca^^-p/ns-ATP-Induced Secretion
By Cromoglycate.
The figure depicts the inhibition o f permeabilised mast cell secretion in
glutamate-based buffer by cromoglycate. Cells were pre-treated with
metabolic inhibitors to ensure depletion o f ATP. Subsequently cells
were exposed to the trigger o f Cd^^-plus-KTV and cromoglycate at
the moment of SL-O-induced permeabilisation. Cromoglycate
concentrations (-logjoM): ( • ) zero; (O ) 4; (■ ) 3.5; ( □ ) 3; ( ) 2.5;
( ) 2.

Fig. 5.2 (b): Inhibition O f GTPyS-Induced Secretion By
Cromoglycate.
The figure depicts the inhibition o f permeabilised mast cell secretion in
glutamate-based buffer by cromoglycate. Cells were pre-treated with
metabolic inhibitors to ensure depletion o f ATP. Subsequently cells
were exposed to GTPyS and cromoglycate at the moment o f SL-Oinduced permeabilisation. Cromoglycate concentrations (-logjQM):
( • ) zero; (O ) 3.25; (■) 3; (□ ) 2.75; ( ) 2.5; ( ) 2.25.

The majority o f plant flavonoids tested for their ability to inhibit permeabilised mast
cell secretion inhibited both ATP-dependent (measured at pCa 5) and ATPindependent (measured at lOOpM GTPyS) secretion in the range 6 pM to 103pM
(Table: 5.1).:

For Ca2 “*‘-/?/M5 -ATPinduced secretion the potencies of those flavonoids with inhibitory activity appears to
fall into two groups. The five most potent compounds (table: 5.1a), Kaempferol,
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Ca'^'^/ATP: c r o m o g l y c a t e
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Fig. 5.3 (a): Inhibition O f Ca^^-p/ws-ATP-Induced Secretion By
Quercetin.
The figure depicts the inhibition o f permeabilised mast cell secretion
induced by Ca^'^-/?/w5 -ATP in glutamate-based buffer by quercetin.
Cells were pre-treated with metabolic inhibitors to ensure depletion of
ATP. Subsequently cells were exposed to the trigger o f Cd?'^-plusATP and quercetin at the moment o f SL-O-induced permeabilisation.
Quercetin concentrations (-logigM): ( • ) zero; (O ) 6 ; (■ ) 5.67; (□ )
5.33; ( )4 .6 7 ;( )4 .3 3 ;( )4 .

Fig. 5.3 (b): Inability Of Quercetin To Inhibit GTPyS-Induced
Secretion.
The figure depicts the in ability o f quercetin to inhibit secretion by
permeabilised mast cells induced by GTPyS in glutamate-based buffer.
Cells were pre-treated with metabolic inhibitors to ensure depletion of
ATP. Subsequently cells were exposed to the trigger o f GTPyS and
quercetin at the moment o f SL-O-induced permeabilisation. Quercetin
concentrations (-logjoM): ( • ) zero; (O ) 6 ; (■ ) 5.67; ( □ ) 5.33;
( )4 .6 7 ;( )4 .3 3 ;( )4 .

In order to ascertain the validity of the rank orders assigned to the compounds tested
(table 5.1) statistical analysis of the ordering was performed. This involved the
comparison o f the data for each compound with that o f every other compound. Since
comparison o f a large number of data sets was being performed, this analysis was
beyond the reliable range of standard ANOVA or Student's t-test. The result o f the
Student's t-test indicates ,for a given number o f degrees o f freedom equal to n-1, the

173
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range over which a value for the mean of the data is valid for a normal distribution.
Multiple data sets may be compared by performing the t-test upon the means o f the
data sets. However, since the t-test excludes a fraction o f results found at the
extremes the range o f data, whole sets of data will be excluded if means are to be
compared in this manner. Alternatively, an analysis o f variance (ANOVA) may be
performed. ANOVA compares the variance o f group means to the average variance
o f variables within a group. The ratio of these two factors is termed the F ratio. If
groups are nearly identical then the two variances will be similar and the F ratio will
be close to one, otherwise the F ratio will be greater than one. The F ratio is used to
calculate the probability that chance alone will generate differences as large, or larger,
than those actually observed between groups. The p value is an expression o f this
calculation of the probability that the groups being compared would be different by
chance. Usually a value for p of less than 0.05 (or 5%) is considered acceptable.
However, the p value does not take into account multiple comparisons. Therefore
there is a 5% probability that each p value will be less than 0.05 by chance alone.
Thus as more groups are compared the less valid is the ANOVA test. With 10^
comparisons being required, and a 5% chance that each comparison is significant by
chance, it is clear that the ANOVA test is not a valid means o f comparison. The
Bonferroni adjustment may be used to avoid this problem to a limited extent (Ostle,
1963). The Bonferroni method involves testing with a lower threshold o f significance
for each comparison, so that the overall chance of a significant value o f p occurring
for any one comparison by chance is still 5%. This is achieved by dividing the
threshold for significance by the number o f comparisons to be made. This is o f limited
value. When more than eight, or at very most ten, comparisons are being made then
the adjusted ANOVA becomes invalid. This is because when more than eight
comparisons are being made, real differences may be found to be not significant as the
threshold is reduced to a very low level. In this case the threshold would be reduced
by

1 0 0 -fold,

clearly a large reduction.
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The correct analysis to use when making large numbers o f comparisons between data
sets is the Newman-Keuls test. This test also assumes a Guassian, or near Guassian,
distribution within each data set and also between data sets, similar to the Student's ttest and ANOVA. However, the Newman-Keuls test has been developed especially to
address the issue of multiple comparisons (Ostle, 1963), and is described by the
equation:

Mean(j) - Mean(i) > 6.5239 X range x V(l/n(i) + l/n(j))

Where j and i are two data sets to be compared and the range refers to the range over
which the entire set o f comparison is performed (i.e. the total range o f all the groups
being compared). If the difference between the means o f the two groups being
compared is greater than or equal to the value obtained, then the two groups are
significantly different (with p<0.05) with 95% certainty, i.e. 5% chance that this
difference would occur randomly. Reiteration of the test provides comparisons o f the
data sets in all possible combinations.

Table 5.2

Comparison O f IC 5 0 For The Inhibition O f
Secretion Using The Newman-Keuls Test.

The IC 5 0 o f flavonoids and cromoglycate for the inhibition o f
permeabilised mast cell secretion induced by a single effector have
been compared for significant differences using the Newman-Keuls
test. Shaded cells o f the matrices indicate those flavonoids with IC 5 0
that have been found to be significantly different using the NewmanKeuls test, with p<0.05. Mean IC 5 0 values are in p.M.
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a) C om parison of IC50 for inhibition of Ca^^-/7/MS-ATP-induced secretion.
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b) C om parison of IC 5 0 for the inhibition of GTPyS-induced secretion.
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: Morin was unusual, having an n-shaped dose-response.
: Apigenin and genistein were tested at concentrations o f up to
lOOpM. Quercetin was tested at concentrations o f up to ImM.
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The Newman-Keuls test was used to compare the IC 5 0 o f all the flavonoid
compounds with each other in all possible combinations (table 5.2). Because the
overall range of all the data being considered is used in calculating the level o f
significance o f the differences between every group, IC 5 0 falling outside a modal
range will skew the results, Thus for calculating the significance levels o f difference
between groups, the IC 5 0 values for cromoglycate were omitted. The matrices
represent a conglomerate of all these calculations. Compounds that where not found
to inhibit are included as a single category. Since the IC 5 0 o f cromoglycate is
obviously very different from the IC 5 0 o f the other compounds and has been shown
to be so using the Newman-Keuls test. The results o f these comparisons are shown as
two matrices in table 5.2 (a & b), shaded cells indicate those compounds which were
found to have IC 5 0 that are significantly different. Compounds without effect were
not included in the Newman-keuls test analyses but are clearly different from the other
compound in their effect. For both Ca^“'’-/?/w5 -ATP- and GTPyS- induced secretion
all IC 5 0 identified as significantly different were found to be so with p<0.05,
providing a very high level of significance, the probability that these IC 5 0 would be
different by chance being less than 5% for each comparison.

Clearly, not all the IC 5 0 were found to be significantly different from each other. For
instance the IC 5 0 of kaempferol and myricetin for the inhibition o f C??‘^-plus-KYVinduced secretion were not found to be significantly different. This is not surprising
considering the mean IC 5 0 values (and standard error o f the mean), 6.7 |liM ( 1 . 8 9
s.e.m.) for kaempferol compared to 7.16 (2.1 s.e.m.) for myricetin. The matrix for the
comparisons of IC 5 0 for the inhibition of Ca^"*"-p/w5 -ATP-induced secretion (table
5.2a) indicates that there are four distinctive groups into which the compounds fall.
Those compounds with IC 5 0 of 65 pM or less. This group includes kaempferol,
fisetin, myricetin, phloretin, acacetin, quercetin and rutin. Mean IC 5 0 for these
compounds range from 6.7pM to 65pM. Compounds with mean IC 5 0 in the range
96pM to 103.IpM fall in to the second category. This includes narigenin, genistein
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and phloridzin. The third category contains only cromoglycate, with a mean IC 5 0 in
the millimolar range. Lastly, acacetin was found not to inhibit Ca^^-p/wj-ATPinduced secretion when tested at concentrations o f up to lOOpM. Clearly, since
apigenin was only tested at concentrations o f up to lOOfiM, the effect o f apigenin at
appreciably higher concentrations is unknown. However, apigenin is clearly distinct
from the other flavonoid compounds. Cromoglycate, the only non-flavonoid
compound tested, is also clearly very different from the other compounds, with an
IC 5 0 more then ten-fold greater than any inhibitory flavonoid. The first two groupings
are not readily apparent from the rank ordering o f mean IC 5 0 (table 5.2a), which at a
glance appear to be divided into those compounds with mean IC 5 0 o f more than or
less than SOpM. The high standard errors for quercetin and rutin may account for this
difference. The placing of these two flavonoids within either grouping may be
ambiguous.

The mean IC 5 0 for the inhibition of GTPyS-induced secretion appear to fall into five
major categories. Those compounds with IC 5 0 o f less than 30pM, including
phloretin, acacetin, narigenin and kaempferol. Secondly, those compounds with IC 5 0
between 34.2pM and 50.3pM. This includes myricetin, fisetin and rutin. A third group
consists o f phloridzin alone, with an IC 5 0 o f 61.4pM. Cromoglycate falls into a fourth
group o f its own, with an IC 5 0 of 3.63mM. The last category contains those
compounds that were not found to inhibit GTPyS-induced secretion. O f these,
apigenin and genistein were found not induce any inhibition at concentrations o f up to
lOOpM. Quercetin was found not to induce any inhibition at concentrations o f up to
ImM. Again some o f these categories were not obvious from an examination o f the
rank orders o f potencies (table 5.1b), which appeared to indicate that compounds
inhibiting GTPyS-induced secretion could be divided into those with IC 5 0 o f less than
or more than 20pM and cromoglycate. However, the results o f the Newman-Keuls
test indicates that a division should instead be made between those compounds
inhibiting at concentrations of less or more than 30pM. Morin is unusual in that it
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produces an n-shaped dose-response and does not completely inhibit secretion in the
case o f both Ca^“''-/?/w5 -ATP and GTPyS -induced secretion.

Comparing the categories for the inhibition o f Ca^"'’-/7/w5 -ATP- and GTPyS- induced
secretion reveals reveals some interesting observations. Most o f the members o f the
first two categories for the inhibition of Ca^“^-/?/w5 -ATP-induced secretion are found
within the first three categories for the inhibition o f GTPyS-induced secretion. All
these IC 5 0 are within a single order of magnitude. There are some marked exceptions
that are not found with these categories. Quercetin and genistein inhibit Cd?'^-plusATP-induced secretion with some degree o f potency, but fail to induce inhibition of
GTPyS-induced secretion. These are the only two compounds differentiating between
the two effectors. The rank orders of inhibition indicate differences between IC 5 0
(table 5.1 a & b), however these rankings within a particular category have been
shown not to be significant with the Newman-Keuls test (table 5.1 a & b) and some o f
these categories are not greatly different from each other.
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6.0

Investigation O f NDPK Inhibition By Cromoglycate And
Flavonoids.

6.1
Background And Aims O f This Investigation.

The inhibition of secretion from permeabilised mast cells by cromoglycate and a range
o f flavonoid compounds has been investigated (see chapter 5). Secretion stimulated
by Ca^"*"-/7/w5 -ATP is thought to require the production o f GXP by a trans
phosphorylation reaction catalysed by NDPK (Lillie and Gomperts, 1992a; see section
4.5). In order to ascertain whether inhibition o f secretion elicited by C ^^^-plus-K lV
is a result of inhibition of NDPK by cromoglycate or any o f the flavonoids
investigated here, the ability of these compounds to inhibit the activity o f NDPK has
been investigated. The aim is to find any correlations between a compound's ability to
inhibit secretion, particularly that induce by Ca^'^-/?/w5 -ATP, and an ability to inhibit
NDPK activity. The inhibition of isolated rabbit skeletal muscle NDPK (supplied by
Boehringer Mannheim) and the NDPK activity o f whole permeabilised and washed
cells was investigated to this end.

Cromoglycate, an anti-inflammatory drug (Cox, 1967) and an inhibitor o f mast cell
antigen-induced secretion (Kusner, et al, 1973; Garland, 1973; Garland and Mongar,
1974; Foreman, et al, 1975; Johnson, et al, 1978), has been found to bind to NDPK
with sufficient specificity to allow the isolation o f this enzyme from cell homogenates
(Hemmerich, et al, 1991a, 1991b & 1992; see section 4.4.2). Further, cromoglycate
has been found to inhibit the autophosphorylation o f isolated NDPK (p72) with an
IC 5 0 o f ~ 2 mM (Hemmerich, et al, 1992a). This is a concentration comparable to that
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found for the inhibition o f Ca^‘^-/?/î«-ATP-induced secretion from permeabilised mast
cells (table 5.2), lending weight to the proposal that NDPK has a role in ATPdependent secretion. The ability o f flavonoid compounds to inhibit NDPK activity
has not previously been investigated. Whether other correlations can be established
supporting the hypothesis is the aim o f this investigation.

M astoparan has been shown to activate mast cell exocytosis ()^; section 3.2.2). This
may be by inserting into the cell membrane by virtue o f a lipophilic a-helix, and
interacting with and activating a sub-membranous G-protein (J^; section 2.3.1.).
M astoparan has also been reported to activate NDPK activity (Kikkawa, et al, 1992),
increasing both the generation o f [^^SJGTPyS in the presence o f [^^S]ATP and the
phosphorylated intermediate of NDPK. A preliminary investigation into the effect of
mastoparan on isolated NDPK activity was performed.
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6.2
Materials And Method.

6.2.1
Materials.
Pyruvate kinase, lactate dehydrogenase, phosphoenol pyruvate, pyruvate and ATP
were all obtained from Boehringer Mannheim. 2'-deoxy-uridine 5'-diphosphate
(dUDP), NADH, kaempferol, acacetin, quercetin, hesperitin and morin were supplied
by Sigma. 2'-deoxythymidine 5'-diphosphate (dTDP), narigenin, phloretin and
phloridzin were obtained from ICN. Fisetin was supplied by Aldrich. Percoll was
supplied by Pharmacia. Samples of highly purified rutin (quercetin rutinoside) and
acacetin (4'-0-methyl apigenin) were very kindly provided by Dr. E. Wollenweber
(Darmstadt, Germany). Cromoglycate was the gift o f Fisons Pharmaceuticals.

6.2.2
The Measurement O f NDPK Activitv.

The method o f measuring NDPK activity is based upon the rate o f ADP generation
following trans-phosphorylation from ATP to 2'-dUDP (Boehringer Mannheim,
1973). NDPK activity is coupled to pyruvate kinase via the dephosphorylation o f ATP
(fig. 6.1). The resulting ADP acts as a phosphate acceptor in the pyruvate kinasecatalysed dephosphorylation of phosphoenol pyruvate, a reaction generating ATP and
pyruvate. Pyruvate is in turn hydrogenated to lactate, hydrogens are donated by
NADH generating NAD'*" in a reaction catalysed by lactate dehydrogenase. The
decrease in absorbance measured at 340nm due to the oxidation o f NADH provides a
measure o f the rate of ADP generation through the activity o f NDPK.
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NDPK
ATP + dUDP

ADP + dUTP

PK
ADP + PEP

—^

ATP + Pyruvate

LDH
Pyruvate + NADH

Fig. 6.1:

—^

Lactate + NAD"*"

Scheme For The Enzyme Coupled Assay For The
Measurement (By Absorbance) O f NDPK Activity.

NDPK: Nucleoside 5',diphosphate kinase.
PK: Pyruvate kinase; LDH: Lactate dehoydrogenase.
PEP: Phosphoenol pyruvate.

Measurements o f the transmitted light through the sample in which the reaction is
occurring are made. The ratio of transmitted light to incident light provides a measure
o f the absorbance, calculated as:

A = -logio ( lo / 1 )

Where A is the absorbance, I q is the incident light intensity and I is the transmitted
light intensity measured at a wave length o f 340nm.

All reagents were made up in a buffer comprising HEPES 160mM, MgCl lOmM and
KCl lOmM, at pH 7.6. 3 00pi of a solution containing pyruvate kinase (1.26iu ml'^
final), lactate dehydrogenase (33iu ml"l final), ATP (6.3mM final), phosphoenol
pyruvate (6.3mM final) and NADH (1.92mM final) was placed in the flat-bottomed
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wells o f a 96-well, clear miu'-otitre plate. The exact concentrations o f these reagents is
not important, they simply need to be present in plentiful supply in order not to be rate
limiting on the assay. The microtitre plate used had flat-bottomed wells in order to
minimise light distortion through the plastic and was cleaned before use. A single
absorbance reading was made in order to ascertain the absorbance was in the correct
range, i.e. 0.22 to 0.25 absorbance units. All absorbance readings were made with an
automated absorbance reader (Titertek Multiskan MCC/340) that was operated either
manually or by a computer to which data was also transferred. This initial reading was
made manually.

Once the absorbance of the reagent solution had been checked, 30pl o f 2'-dUDP (final
concentration of 0.86mM) was added to each well and a three absorbance readings
were taken at intervals of 1 minute to ensure the stability o f the system. These
readings were taken under manual control. A range o f a concentrations o f test
reagents (lOpl) or buffer, for control, were then added to each o f the wells. Control
of the absorbance reader was then transferred to the program MSG AN run on a PC.
This program collects readings from the absorbance reader on a time base as

8

x 12

matrices. These are stored for later analysis with a spreadsheet. Four initial readings
were made o f the plate at intervals of 15s. These provide a background rate. The
reaction was then initiated by addition with mixing o f lOpl o f the sample NDPK. This
sample was either of purified rabbit skeletal muscle NDPK o f known activity (1 1.4iu
m l'l final) or was that of mast cells. Mast cell NDPK activity was measured in both
whole permeabilised cells and washed permeabilised cells. Measurements o f
absorbance were taken at 15s intervals for a period o f 5 minutes or more. All
absorbance readings were conducted at room temperature.

Rabbit skeletal muscle NDPK was purchased (Boehringer Mannheim). Mast cells
were prepared for the measurement of NDPK activity after having been obtained by
peritoneal lavage of large (>300g) male rats and purified as has been described
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(section 5.2). Purified mast cells were treated with SL-0 on ice (~0°C). At this
temperature the lysin binds to the surface o f the cells but does not permeabilise the
cell membranes. Excess SL-0 was removed by washing under centrifugation at 4°C
(400G for 5 mins). Subsequently cells were transferred to the buffer used for the
enzyme assay at room temperature. Once at room temperature the SL -0 bound to the
surface o f the cells will penetrate the cell membrane permeabilising the cells. The
removal o f excess SL-0 was found to be necessary as a result o f interference with the
assay system. This may result from a contaminant present in the SL -0 removed by
washing the cells. Once permeabilised cells were either used directly in the assay, this
providing a measure of whole cell NDPK, or washed twice more by centrifugation
(400G, 5 mins) to remove the cytosolic component o f the cell. The latter washed, or
ghost, cells consisting only of the non-cytosolic component (Koffer, 1993).

6.2.3
Assessment O f The Inhibition O f Lactate Dehvdrogenase And Pvruvate Kinase.

In order to ensure that the activities of the enzymes lactate dehydrogenase and
pyruvate kinase, coupled to NDPK in the enzyme assay (fig: 6.1), were not affected
by cromoglycate nor the bioflavonoid compounds, the activities o f these enzymes in
the presence o f the test reagents at relevant concentrations were investigated.
Pyruvate kinase activity was assessed in the presence o f these compounds using the
same method as described for the NDPK assay but in the absence o f the enzymes
NDPK and lactate dehydrogenase and their substrates. Pyruvate (6.3mM final) was
provided in place of PEP. The reaction was initiated by addition o f pyruvate kinase
with mixing. The ability of the test compounds to inhibit lactate dehydrogenase
activity was similarly assessed by omitting NDPK and its substrates from the assay
and providing ADP (6.3mM final) as a substrate for lactate dehydrogenase. The
reaction was initiated by addition of lactate dehydrogenase with mixing. For both
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pyruvate kinase and lactate dehydrogenase enzyme activity was measured as the
change in absorbance at 340nm due to NADH oxidation to NAD"^, as was the case
with the NDPK assay (see section 6.2).

Myricetin and genistein were found to inhibit the activity o f lactate dehydrogenase and
were therefore excluded from Anther analysis regarding their ability to inhibit NDPK
activity. Both myricetin and genistein completely suppressed pyruvate kinase activity
at a concentration o f 200| liM (n:2 for both compounds). No other plant flavonoids
used here nor the antiasthmatic drug, cromoglycate affected the activities o f the two
coupling enzymes. A previous report (Grisolia, et al, 1975) demonstrated the
inhibition of lactate dehydrogenase and pyruvate kinase by quercetin. However, with
the assay technique described here, quercetin was not found to significantly inhibit the
activity of pyruvate kinase nor lactate dehydrogenase at concentrations o f up to
200pM (n;4) for either enzyme. At a concentration o f 200|iM some inhibition o f
pyruvate kinase activity was observed, however this was outside the range used in the
study o f NDPK activity. The dissimilarity between the finding made here and that
reported elsewhere (Grisolia, et al ,1975) may be a result o f impurities in either the
quercetin preparation used previously (Grisolia, et al, 1975) or that used here. The
purity o f the quercetin preparation used here was investigated by TLC (see Appendix
I); migration o f a single well defined spot on silica coated glass indicates a quercetin
preparation o f good purity.

Plant flavonoids were dissolved in the solvent DMSO. Consequently in controls
DMSO was added at 0 . 1 %, this being the maximal concentration o f DMSO used in
any assay with flavonoid compounds. DMSO at 0 . 1 % was found to have no
measurable effect on any step of the enzyme assay nor NDPK activity.
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6.2.4
Investigation O f The Effect O f Mastoparan On Isolated NDPK Activity.

Using the same protocol as that used for investigating the effect o f flavonoid
compounds on isolated NDPK activity (section 6.2.1), the effect o f the polycation
mastoparan was investigated. Mastoparan used at a concentration o f 19.3pM in three
separate experiments.

6.3
Results: The Inhibition O f NDPK Activity By Cromoglycate And Flavonoid
Compounds.

6.3.1
Inhibition O f Purified Rabbit Skeletal Muscle NDPK.

Cromoglycate and eleven flavonoid compounds were investigated for an ability to
inhibit commercially available (Boehringer Mannheim), purified NDPK originating
from rabbit skeletal muscle. The activity o f NDPK was measured as the rate o f change
o f absorbance at 340nm. Any effect of the test compounds on enzyme activity was
apparent through the alteration of the rate of change o f absorbance. A time lag was
apparent after initiating the reaction o f about one minute, this is probably due to
successive substrates accumulating to a sufficient concentration before the coupling
enzymes commence catalysis at an optimum rate. IC 5 0 values have been calculated by
taking the rate of change o f absorbance between two and three minutes after initiation
o f the reaction by addition of NDPK, with mixing, for separate experiments
performed in duplicate.
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Cromoglycate was not found to be inhibitory at concentrations of up to 200pM. Due
to the absorbance o f cromoglycate at 340nm, concentrations o f the drug greater than
200p,M could not be tested using this assay system. The observed absorbance o f
cromoglycate confirms earlier observations o f the absorbance properties o f this
compound (Mazurek, et al, 1980a). Consequently it was not possible to compare the
behaviour o f cromoglycate on purified rabbit skeletal muscle NDPK for comparison
with cromoglycate's inhibitory activity on the autophosporylation o f p72/NDPK
(Hemmerich and Pecht, 1992). Cromoglycate has been shown to inhibit p72/NDPK
autophosphorylation at a concentration o f 2mM.

Table 6.1

Inhibition O f Purified Rabbit Skeletal Muscle

NDPK

Activity By Flavonoid Compounds.

Mean IC ^ q (/jM)

s. e.mean

n

Fisetin

9.3

2.3

6

Narigenin

9.5

3.9

4

Kaempferol

1 0 .6

2.4

4

Rutin

12.9

3.6

3

Phloridzin

13.2

2.9

5

Phloretin

14.7

2.9

6

Acacetin

2 0 .6

4.3

6

Quercetin

28.6

5.7

6

Cromoglycate

No effect*

4

Cromoglycate was tested to a maximum concentration o f 200pM.
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Table 6 .1 lists the test compounds in the rank order o f their potencies to inhibit rabbit
skeletal muscle NDPK activity. The majority o f flavonoid compounds tested inhibited
the activity of isolated NDPK with IC 5 0 values within the range o f 9-29p.M. No
readily discernible pattern is apparent in the rank orders o f potencies. Typically the
inhibition took the form of a dose-dependent effect on the rate o f change of
absorbance, of which figure

6 .2

is a representative example, showing the effect o f the

flavonoid quercetin. The figure shows the data averaged for six experiments in which
the initial linear rate of the uninhibited reaction varied between 0.014 and 0.74
absorption units min"l. In two experiments, substitution o f 2'-deoxythymidinediphosphate (2'-dTDP) for 2'-dUDP as the substrate for NDPK was without effect
either on the assay system or on the ability o f quercetin to inhibit the activity o f
NDPK.

Fig. 6.2:

Inhibition Of Isolated NDPK Activity By Quercetin.

Quercetin was found to inhibit purified rabbit skeletal muscle NDPK.
The rate of ADP generation as a consequence o f NDPK activity was
measured at room temperature using an enzyme coupled assay. The
figure represents the mean o f 6 separate experiments. Quercetin
concentrations (-logjoM): (O ) zero; (■ ) 6 ; (O ) 5.67; ( • ) 4.33 ( ) 5;
( )4 .6 7 ;( )4 .3 3 ;( )4 .
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6.3.2
Stimulation O f Isolated NDPK Activitv Bv Mastoparan.

The afifect o f mastoparan on the activity o f isolated rabbit skeletal muscle NDPK was
investigated using the same experimental procedure used for the investigation o f the
inhibition o f NDPK activity by flavonoid compounds. In three experiments
mastoparan was found to induce the stimulation o f NDPK activity when present at a
concentration o f ~20)aM. The rate at which the absorbance changed over a period o f
one minute increased by between two and three fold in the presence o f mastoparan
(~20}a,M) compared with controls. More extensive studies were not conducted.

6.3.3
Inhibition O f Mast Cell NDPK Activitv.

The NDPK activity present in both whole and washed permeabilised mast cells was
analysed using the enzyme coupled absorbance assay (fig. 6 . 1 ). Activity was found to
be associated with both the cytosol and insoluble structural elements o f the cells
remaining after extensive washing, depicted in figure 6.3. The figure illustrates the
reaction for the total enzyme content and that remaining after washing o f the
permeabilised cells. The latter is likely to represent NDPK activity associated with the
cell membrane (Kimura and Shimada, 1990) and perhaps also activity associated with
cytoskeletal elements. The majority of activity appears to be associated with the
insoluble fraction o f the cell, although the proportion varied widely between
preparations making calculation of a valid mean value impossible. This is contrary to
findings o f NDPK activity in subcellular fractions (Kikkawa, et al, 1989) and may be a
tissue specific difference. The total cell activity of NDPK varied considerably from
experiment to experiment. Variation between preparations may be due to technique or
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may actually be due to differences between animals, although six rats were used in a
single preparation making the latter possibility unlikely.

The effects o f cromoglycate and the nine plant flavonoids tested for an ability to affect
NDPK activity are shown in table: 6.2, listed in the rank order o f their potencies as
inhibitors o f membrane bound and whole cell NDPK activity. Due to the absorbance
o f these compounds at 340nm, concentrations up to 200pM only were used. Figure
6.4 represents the inhibition of the rate o f change o f absorbance by quercetin, a result
typical for the majority of the compounds tested. The compounds tested appear to fall
in to two distinct groups on the basis of an ability to inhibit mast cell NDPK activity.
Those compounds with IC 5 0 of less than

2 0 pM

and those with IC 5 0 o f greater than

20pM. Which compounds occur in which grouping differs for whole and washed cell
preparations. Narigenin, rutin, phloridzin, fisetin and phloretin have IC 5 0 o f less than
20pM with regard to inhibition of whole cell NDPK activity. In comparison narigenin,
quercetin, rutin, morin, phloridzin and fisetin have IC 5 0 o f less than

2 0 pM

with

regard to washed cell NDPK activity. Similarly quercetin, morin, and acacetin have
IC 5 0 o f more than 20pM in the case of whole cell NDPK activity while kaempferol,
phloretin and acacetin have IC 5 0 more than 20pM in the case o f washed cell NDPK
activity. It may be that those compounds listed as having no effect do inhibit cellular
enzyme activity at concentrations greeter than 200pM, the maximum concentration
used here due to the inherent absorbing property o f these compounds. For instance
cromoglycate has been found to inhibit autophosphoryation o f p72/NDPK, the
phosphorylated form of NDPK being an intermediate in the catalyses o f nucleoside
diphosphate phosphorylation, with an IC 5 0 of 2 mM (Hemmerich and Pecht, 1992).
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Table 6.2

Inhibition O f Mast Cell NDPK Activity By
Flavonoid Compounds And Cromoglycate.

b) Membrane-associated NDPK

a) Total cell NDPK activity.

activity.
M ean 1C

s.e.m.

n

M ean

s.e.m.

n

r/#
(fjM)

Narigenin

3.89

1.89

3

Fisetin

2.83

1.74

3

Rutin

6.89

0.91

3

Quercetin

4.32

1 .0 0

3

Phloretin

9.59

4.41

3

Rutin

6 .2 1

2.89

3

Phloridzin

1 0 .6 8

3.88

3

Narigenin

13.6

4.82

5

Fisetin

18.05

5.55

3

Morin

13.65

8.46

3

Acacetin

25.61

2.94

3

Phloridzin

16.85

7.99

3

Morin

29.62

0.85

3

Kaempferol

198.7

1.33

3

Quercetin

42.92

10.94

3

Phloretin

>2 0 0 +

4

>2 0 0 +

3

No

2

Kaempferol

No effect*

4

Acacetin

Cromoglycate

No effect*

3

Cromoglycate

effect*
Hesperetin

No effect*

Hesperetin

No

3

effect*

: These compounds were tested at concentrations o f up to 200pM.
”*■: These compounds exhibited some degree o f inhibition within the
range of concentrations tested.
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Fig. 6.3:

Cell NDPK Activity.

Nucleoside diphosphate kinase activity o f whole (permeabilised but not
washed) and washed mast cells. The rate o f ADP generation catalysed
by the NDPK activity of permeabilised mast cells was measured over a
range o f cell concentrations at room temperature using an enzyme
coupled assay. The figure represents the data from a single experiment
only. ■ : whole permeabilisd mast cells; □ : washed permeabilised cells.

Fig. 6.4:

The effect of quercetin on whole cell NDPK activity.

The rate of ADP generation as a result o f whole cell NDPK activity
was measured in vitro at room temperature. The figure represents the
mean of three separate experiments performed in duplicate. Quercetin
concentrations (-log%QM); (□ ) zero; (■ ) 6 ; (O ) 5.67; ( • ) 5.33; ( )5;
( )4 .6 7 ;( )4 .3 3 ;( ):4 .

The rank orders for inhibition of whole and washed cell NDPK activity have no
obvious relationship to the rank orders o f inhibition o f permeabilised mast cell
secretion elicited by either Ca^'^-p/w^-ATP or GTPyS (comparing table; 5.1 with
table: 6.2). Similarly there is no obvious relationship between the rank orders for
inhibition o f mast cell NDPK activity and that for purified rabbit skeletal muscle
NDPK activity (comparing table: 5.1 with table: 6.1). Fisetin is the most potent
inhibitor o f both washed mast cell and rabbit skeletal muscle NDPK activity with IC 5 0
o f 2.8pM and 9.3pM respectively.
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Table 6 .3

Comparison Of IC50 For The Inhibition O f
Permeabilised M ast Cell NDPK Activity By
Flavonoids Using The Newman-Keuls Test.

Shaded cells o f the m atrices indicate th o se co m p o u n d s w ith
significantly different m ean IC 50, w ith p < 0 .0 5 . All IC 50 are in p M .

a)lnhibition of whole cell NDPK activity.

Mean

s.e.m.

n

N arigenin

3.9

1.89

3

Quercetin

4 2.9

10.9

3

6.9

0.91

3

K aem pferol

N /E +

-

4

M orin

29.6
25.6

0.85

3

2 .94

3

10.7

3.88

Rutin

A cacetin
Phloridzin
Fisetin

18.1

5.55

3
3

Phloretin

9.6

4.41

3

Hesperitin

N /E +

-

3

C rom oglycate

N /E +

-

2

n
a
r

Q
u
e

R
u

t

K
e
a

M
0

r

A
c
a

P
d
z

F
i
s

P
t
n

H
e
s

C
r
0

b) Inhibition of membrane-associated NDPK activity.
Mean

s.e.m .

n

IC 50
N arigenin

13.6

4.82

5
3

Q uercetin

4.3

1

Rutin

6.2

2.89

3

198.7

1.33

3

13.7

8.46

3

Kaem pferol
M orin
A cacetin

>200+

P hloridzin

16.9
2.8
>200+

Fisetin
Phloretin
Hesperetin

n /e

"'

C rom oglycate

N/E"

N

Q

R

K

M

A

P

Fi

P

H

a
r

u
e

u
t

a
e

0

c
a

d
z

s

t
n

e
s

r

C
r
0

3

7.99

3

1.74

3
4

-

3

-

2

; These compound were tested up to a maximum concentration o f
200pM and were found to have no effect o f NDPK activity.
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: These compounds found to have a limited ability to inhibit NDPK
activity; due to the intrinsic absorbance o f these compounds they were
not tested at concentrations o f more than 200pM.

The mean IC 5 0 for the inhibition of NDPK activity were compared using the
Newman-Keuls test (as described in section 5.x) for both whole and washed mast
cells. This test is used for large numbers o f multiple comparisons, the ANOVA being
useless even with the Bonferroni adjustment once more than eight comparisons are to
be made (for reasons already explained). The results o f these comparisons are
represented in table 6.3, in which shaded cells indicate those compounds that were
found to have significantly different IC 5 0 , with p<0.05. Thus there is less than a 5%
chance that any o f these differences could have arisen by chance alone. Compounds
which did not inhibit have been classed as the same although omitted from the
Newman-Keuls test as there are no IC 5 0 for these compounds. Similarly, compounds
that induced a level of inhibition insufficient for IC 5 0 values to be measured are
grouped together.

Comparisons o f the IC 5 0 for the inhibition o f whole cell NDPK activity using the
Newman-Keuls test reveal three categories into which the compounds tested fall.
Compounds with IC 5 0 of less than 26pM, including narigenin, rutin, phloretin,
phloridzin, fisetin and acacetin. None of the compounds in this first category are
significantly different in their ability to inhibit whole cell NDPK activity. Secondly,
compounds with IC 5 0 of between 29pM and 43 pM. Thus category includes morin
and quercetin. Thirdly, those compounds that did not inhibit, kaempferol,
cromoglycate and hesperetin. These divisions are not obvious from the rank order of
inhibition (table 6 .2 a), which tends to indicate different demarcations defining the first
and second categories

195

Comparison of the IC 5 0 for the inhibition o f washed cell NDPK activity, probably the
same as membrane-associated NDPK activity, indicates four categories into which the
flavonoids may be divided. Those compounds with IC 5 0 o f less than

2 0 |liM ,

including

fisetin, quercetin, rutin, narigenin, morin and phloridzin. The constituents o f this
group are obvious from the rank ordering o f potencies (table 6.2b). Kaempferol, with
an IC 5 0 o f 198.7p.M falls into a category o f its own. Phloretin and acacetin were both
found to cause some degree of inhibition but this was not sufficient to allow the
measurement o f IC^g. However since these two compounds were only tested at
concentrations of 2 0 0 |iM (due to inherent absorbance), their IC 5 0 may fall into the
same category as kaempferol. A possibility that remains to be tested with a method of
measuring NDPK activity that does not involve the measurement o f absorbance at a
wavelength at which these compounds do not absorb. The last category includes
cromoglycate and hesperetin, neither of which were found to causes any inhibition at
concentrations of up to 200pM.

The first category o f IC50 for the inhibition o f whole cell NDPK activity is similar to
that for the inhibition of washed cell NDPK activity. Morin and quercetin both fall in
to the first category for washed cell but the second for whole cell. Phloretin is in the
first category for whole cell but only induced mild inhibition o f washed cell NDPK.
Other than this the first category is the same for the inhibition o f both whole and
washed cell NDPK activity. Although the rank orders o f inhibition indicate differences
between IC50 (table

6 .2

a & b), these rankings within a particular category have been

shown not to be significant with the Newman-Keuls test (table 6.3 a & b). The other
categories have little resemblance’s between inhibition o f whole and washed NDPK
activity, with the exception of cromoglycate and hesperetin, neither o f which induced
inhibition o f either whole or washed cell NDPK activity. Kaempferol, by comparison,
is very different in its effects, inducing inhibition o f washed but not whole cell NDPK
activity.
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7.0

Discussion: The Mode O f Inhibition O f Mast Cell StimulusSecretion Coupling By Flavonoids And Cromoglycate And The
Nature O f NDPK Involvement.

7.1
W hy May Cromoglycate And Flavonoid Mediated Inhibition O f M ast Cell
Secretion Involve NDPK?

Cromoglycate is an inhibitor o f the secretion o f inflammatory mediators by mâst cells
(Forman, 1977), an ability that probably accounts, at least in part, for the effectiveness
o f this drug in the prophylactic treatment o f bronchial asthma (Foreman and Pearce,
1989) and allergic rhinitis. The mechanism by which antigen-induced secretion is
prevented by cromoglycate in mast cells is unknown. The idea has been put forward
that cromoglycate inhibits secretion by preventing Ca^"*" entry as a result o f raising
cAMP levels. However, this idea is apparently contradicted by the finding that the
introduction o f cAMP into cells under whole-cell patch clamp results in the activation
o f a hyperpolarising Cl" current, providing the electrical driving force for maintained
Ca^'*" entry (Penner, et al, 1988; see section 3.4.7). The isolation o f a Ca^"^ channel
from RBL-2H3 cells by affinity chromatography with cromoglycate (Mazurek,et al,
1983b, 1984) offered another explanation for the observed blockade o f Ca^'*" entry by
the drug. However, the apparent interaction o f cromoglycate with the channel proved
to be in error (Hemmerich, et al, 1991a; see section 4.4.1).

Isolation o f a 721dDa protein (p72) from RBL-2H3 cells by affinity binding with
cromoglycate (Hemmerich, et al, 1991b) indicated another possible site o f action o f
this drug. Sequence analysis has identified p72 as NDPK (Hemmerich, et al, 1992; see
section 4.4). This is unlikely to be the site o f action o f the drug in intact cells since
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cromoglycate is not expected to be capable o f permeating the cell membrane due to
its lipophobic nature, being acidic with a pKa ~2 (Cox, et al, 1970; Fogg and Fayad,
1978). However, a membrane permeant form o f cromoglycate (CG/AM, an
acetoxymethyl ester form o f the drug) has been found to inhibit mast cell secretion
induced by the FcgRI cross-linking agent, concanavalin A (Hemmerich, et al, 1991a).
Cromoglycate also inhibits the autophosphorylation o f isolated p72/NDPK at
concentrations comparable to those that inhibited secretion by mast cells. This implies
that cromoglycate may bind to and inhibit p72/NDPK; in the cell this may result in the
suppression o f the secretory response. The involvement o f NDPK in mast cell
stimulus-secretion coupling has been further indicated by the findings that
permeabilised mast cells in glutamate-based buffer secrete in response to Ca^"*” if
ATP, or another nucleoside triphosphate, is provided (Lillie, et al, 1991), the response
is enhanced in the presence o f sub-millimolar concentrations o f GDP (Lillie and
Gomperts, 1992a). The implication is that GTP produced by the transphosphorylating
action o f NDPK enhances or may be required for Ca^"*"-induced secretion.

The finding that cromoglycate-induced tachyphylaxis o f mast cells prevents the further
inhibition by quercetin o f secretion induced by supramaximal stimulation (Fewtrell and
Gomperts, 1977a), implies the action of the drug and the flavonoid at the same step o f
stimulus-secretion coupling. Structural similarities o f cromoglycate to the flavonoids
further implies the similarity of action of these compounds (see figures 5.1 & 5.2). A
range o f flavonoids have been shown to inhibit mast cell secretion (Fewtrell and
Gomperts, 1977 a & b; Bennett, et al, 1981; Foreman, 1984; Grosman, 1988). The
suggestion that the mode o f action of flavonoids may be the inhibition o f
Ca2"*'/ATPases (Fewtrell and Gomperts, 1977b) has been overturned (Bennett, et al,
1981). Thus the target o f neither the inhibitory flavonoids nor cromoglycate in mast
cells is actually known. The possibility that NDPK is the target o f cromoglycate
action in the inhibition of secretion also raises the possibility that the flavonoid
compounds inhibit this enzyme. From this follows the critical involvement o f NDPK in
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mast cell stimulus-secretion coupling. The aim o f the experimental investigations
conducted here is the investigation of the possibility that NDPK is the target o f
cromoglycate and inhibitory flavonoids accounting for the inhibition o f mast cell
exocytosis.

7.2
Comparison O f The Inhibition O f Mast Cell Secretion And NDPK Activity.

Secretion by SL -0 permeabilised rat peritoneal mast cells in glutamate-based buffer
stimulated by either Ca^“*'-p/w5 -ATP or GTPyS, is inhibited by cromoglycate at
concentrations in the millimolar range (table 5.1). Contractions o f human bronchial
tissue stimulated with antigen in vitro are inhibited by cromoglycate at a concentration
o f lOpg/ml (Cox, 1967). Due to the absorbance o f cromoglycate at 340nm the ability
o f the drug to inhibit NDPK could not be assessed using the coupled enzyme
absorbance assay at concentrations of the drug that were greater than 200pM.
Alternative assay techniques are available (Parks and Agarwal, 1973) such as coupling
to hexokinase-glucose- 6 -phosphate dehydrogenase or use o f ^^P, the latter avoiding
problems with absorbance measurements, albeit expensively. Inhibition o f NDPK by
cromoglycate has been investigated with recombinant RBL-2H3 p72 (Hemmerich,
Yarden and Pecht, 1992; Hemmerich, Sijpkens and Pecht, 1991) and an IC 5 0 o f 2mM
for inhibition o f autophosphorylation has been determined. This value compares
favourably with that obtained for inhibition o f permeabilised mast cell secretion, IC 5 0
o f 3 .18mM for Ca-/?/w5 -ATP- and IC 5 0 o f 3.63mM for GTPyS- induced secretion,
obtained in this study, as well as that for CG/AM-induced inhibition o f antigen
mediated RBL cell secretion, IC 5 0 of 4mM (Hemmerich, Sijpkens and Pecht, 1991).
While cromoglycate induced inhibition o f secretion in permeabilised cells or cells
treated with the membrane permeant actoxymethylester form o f cromoglycate may be
acting at an intracellular site, the low pKa (~2) o f cromoglycate (Cox, et al, 1970;
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Fogg and Fayad, 1978) is indicative o f a compound with poor lipid solubility.
Consequently the action o f cromoglycate on non-permeabilised cells is unlikely to be
through a direct interaction with an intracellular target, such as NDPK.

Members o f the structurally related (see section 5.1) family o f compounds, the
flavonoids inhibit mast cell (Fewtrell and Gomperts, 1977 a & b; Bennett, et al, 1981;
Foreman, 1984 {1512}) and neutrophil (Bennett, et al, 1981) secretion. In
permeabilised mast cells the majority o f flavonoid compounds tested inhibit secretion
induced by Ca^^-^/w^-ATP or GTPyS (table 5.1). The glycosides o f quercetin and
phloretin are o f near equal effectiveness to the aglycone forms. Comparison with the
observation in non-permeabilised cells that only the membrane permeant aglycones
inhibit secretion (Fewtrell and Gomperts, 1977b) is suggestive o f an intracellular site
o f action for these compounds.

Apigenin inhibits neither Ca^’^-/?/w5 -ATP- nor GTPyS- induced secretion from
permeabilised mast cells, but was found to inhibit rabbit skeletal muscle, whole and
washed mast cell NDPK activity (tables 6.1 & 6.2). Apigenin differs from more active
flavonoid compounds by only a few hydroxyl residues (table 5.1). For instance the
only difference between the structures of quercetin and apigenin is the absence in
apigenin o f hydroxyl residues at positions 3 and 3'. Compared with the substitutions
found in other flavonoid compounds this is a minor difference. Impurities in the
sample o f apigenin can not be ruled out. Other than this no suitable explanation can be
offered here.

Genistein and quercetin are noteworthy, exhibiting differential inhibition o f secretion
induced by the two effectors. Ca^“*"-/?/w5 -ATP-induced secretion is inhibited by
genistein (IC^g: 96|iM) and quercetin (IC 5 0 : 54.2pM), neither compound inhibits
GTPyS-induced secretion at concentrations o f up to 2mM. Clearly genistein and
quercetin exert an affect on a cellular component(s) participating in Ca^’^-p/w5 -ATP-
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induced and not GTPyS-induced secretion. The identity o f the cellular component(s)
in question can not yet be specified through lack o f sufficient evidence.

Purified rabbit skeletal muscle NDPK is commercially available in a highly purified
form (Boehringer Mannheim catalogue, 1994) and as such furnishes a ready means by
which inhibition o f the isolated enzyme by the compounds in question can be assessed.
Inhibition o f rabbit skeletal muscle NDPK is exhibited by the majority o f compounds
tested (table 6.1). Morin does not inhibit at concentrations below 200pM. At a
concentration o f 200pM absorbance at the measuring wavelength o f 340nm by morin
became so great as to prohibit measurement o f absorbance changes. Similarly, the
majority o f compounds tested inhibit whole and washed mast cell NDPK activity
(table 6.2). Concentrations greater than 200pM for these compounds could not be
tested due to absorbance at the 340nm wavelength. Use o f an alternative assay may
allow a wider range o f concentrations to be tested (e.g. Lascu, et al, 1993). There is
no readily apparent relationship between the ability o f compounds to inhibit whole and
washed mast cell NDPK activity (compare tables 6.2a to 6.2b).

In order to ascertain whether the concentrations at which inhibition is achieved by the
compounds under examination are significantly different, data from secretion assays
was analysed by means o f the Newman-Keuls te s t . The Newman-Keuls test is used
for the comparison o f large numbers of data sets, the Student's t-test or the ANOVA
with p values adjusted by the Bonferroni method becomes invalid when eight or more
(perhaps at most ten) comparisons are to be made (Ostle, 1963). Differences that are
significant (p<0.05) according to the Newman-Keuls test are indicated in table 5.3 by
shading o f the matrix; compounds inhibiting secretion at concentrations that are not
significantly different are indicated by an absence o f shading. Comparison o f matrices
for inhibition o f secretion (table 5.3 a & b) to those for the inhibition o f whole and
washed mast cell NDPK activity (table 6.3 a & b) allows differences in the inhibition
induced by these compounds to be assessed. The patterns o f inhibition differ for both
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-plus-PU?- and GTPyS- induced secretion, rabbit skeletal muscle, whole and
washed mast cell NDPK activity. The implication o f this observation is that inhibition
o f NDPK alone is not responsible for the inhibition o f permeabilised mast cell
secretion stimulated by either C ^^^-plus-A J? or GTPyS for the majority o f
compounds examined.

IC50: Calcium-Dependent Secretion
[-logM]
5.5

5

4.5

iQ ercetin

4

4.5
IC50: NDPK
[-logM]

fPhloretin

5.5
Fig. 7.1

C orrelation O f IC 5 0 F o r Ca^''"-/?/ifs-ATP-Induced
Secretion W ith IC 5 0 F o r Isolated R ab b it Skeletal
Muscle NDPK Activity.

The mean IC 5 0 for the inhibition o f Ca^''’-/?/w5 -ATP-induced secretion
have been plotted against the mean IC 5 0 for the inhibition o f isolated
rabbit skeletal muscle NDPK activity, for kaempferol (K in the figure),
fisetin, phloretin and quercetin.

Comparison o f the ability o f the aglycone flavonoids to inhibit Ca^“*"-/?/w5 -ATPinduced secretion and rabbit skeletal muscle NDPK activity (fig. 7.1) reveals a close
correlation (straight line relationship) for kaempferol, fisetin, phloretin and quercetin.
Myricetin and genestein were excluded due to the interference these compounds with
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the assay used (see section 6.2.2). Aglycone compounds have greater lipid solubility
and this may facilitate ready access to membrane associated proteins involved in mast
cell secretion. Less lipid soluble compounds may not gain such easy access to
membrane-associated proteins. Unfortunately the correlation established for the
aglycone flavonoids (fig 7.1) does not transféré to the inhibition o f either whole or
washed mast cell NDPK activity.

Examination o f the results o f the Newman-Keuls test indicates that the potencies o f
flavonoids for the inhibition mast cell secretion and NDPK activity may be divided
into several groups. In order to simplify the process o f comparison between groups of
IC 5 0 for the inhibition of secretion and NDPK activity, these groups are represented
as a rank order o f groups in table 7.1. The depiction o f phloretin and acacetin in
group 3 may not be correct since these compounds are likely to have IC 5 0 for the
inhibition o f membrane-associated NDPK activity in a range comparable with that o f
kaempferol (see section 6.3.3). Cromoglycate may also inhibit NDPK cicL'Cl^but at
concentrations far greater than those tested here. Also, not all the demarcations for
each group are the same, this table just providing a guide. Those compounds
inhibiting Ca^'*’-p/w5 -ATP-induced secretion fall into three categories (tables 5.3a &
7.1). Those compounds with IC 5 0 of 65pM or less, these are Keampferol, fisetin,
myricetin, phloretin, acacetin, quercetin and rutin. Secondly, compounds inhibiting
Ca^'*'-/7/M5 -ATP-induced secretion with IC 5 0 o f between 96pM and 103pM, namely
narigenin, genistein and phloridzin. Finally, those compounds inhibiting C&^^-plusATP-induced secretion at concentrations o f in the millimolar range, i.e. cromoglycate.
Compounds found to inhibit whole cell NDPK activity may be divided into two
categories according to the results of the Newman-Keuls test (table 6.3a & 7.1).
Those compounds with IC 5 0 of less than 29pM, including narigenin, rutin, phloretin,
phloridzin, fisetin and acacetin. Secondly, those compounds with IC 5 0 in the range o f
29pM to 43pM, namely morin and quercetin. Clearly there are differences between
the demarcations o f categories for the inhibition of Ca^"*"-/?/w5 -ATP-induced secretion
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and the inhibition o f whole cell NDPK activity. Disregarding this in order just to
consider the locations o f the compounds in either a high or a low category, reveals
that while phloridzin falls into the second grouping for the inhibition o f Cd?‘^-plusATP-induced secretion, it falls into the first grouping with regard to the inhibition o f
whole mast cell NDPK activity. Also, narigenin and phloridzin are located in the first
grouping for the inhibition o f whole cell NDPK activity but the second grouping for
the inhibition Ca^‘^-/?/w5 -ATP-induced secretion. O f particular note is Kaempferol,
which was the most potent inhibitor o f Ca2 “*’-/?/w5 -ATP-induced secretion but failed to
inhibit whole cell NDPK activity at concentrations o f up to 200pM.

Compounds that were found to inhibit the membrane-associated NDPK activity o f
washed mast cells may be categorised into three groups according to the results o f the
Newman-Keuls test of IC 5 0 (tables 6.3 a & b; table 7.1). Fisetin, quercetin, rutin,
narigenin, morin and phloridzin all have IC 5 0 o f less than

2 0 pM.

The IC 5 0 o f

kaempferol for the inhibition of membrane-associated NDPK activity (198.7pM ) has
been placed in a group o f its own, but may actually be in the same group as phloretin
and acacetin, for which IC 5 0 could not be measured. Narigenin are both located in the
first group with regard to the inhibition o f membrane-associated NDPK activity but
are located in the second group for the inhibition o f Ca^'^-p/ws-ATP-induced
secretion. Kaempferol is located in the second group for the inhibition o f membraneassociate NDPK activity but in the first group for the inhibition o f Ca^'*'-/7/w5 -ATPinduced secretion.
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Table 7.1

Grouping Of Compounds According To Results O f
Analysis Of IC 5 0 Using The Newman-Keuls Test.

-plus-ATP-

Total M ast Cell

Membrane-

NDPK.

Associated NDPK.

Induced Secretion.

Group I

Kaempferol

Narigenin

Fisetin

Fisetin

Rutin

Quercetin

Myricetin

Phloretin

Rutin

Phloretin

Phloridzin

Narigenin

Acacetin

Fisetin

Morin

Quercetin

Acacetin

Phloridzin

Narigenin

Morin

Kaempferol

Genistein

Quercetin

Rutin

Group 2

Phloridzin

Group 3

Phloretin

Cromoglycate

Acacetin

Group 4

Apigenin

Kaempferol

Cromoglycate

Cromoglycate

Hesperetin

Hesperetin

Despite differences, a number of similarities are apparent between groupings for the
inhibition o f Ca^'^'-p/w^-ATP-induced secretion and mast cell NDPK activity. Several
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o f the members of group
also occur in group

1

1

for the inhibition o f Ca^^-^/w^-ATP-induced secretion

for both the inhibition o f whole cell and membrane-associated

NDPK activity (table 7.1). Most o f the changes between rankings for inhibition o f
Ca^'*'-dependent secretion or inhibition o f NDPK activity are conservative, moving up
or down one group. Since the demarcation between groups differ for secretion and
enzyme activity, such changes between adjacent groups may be relatively minor.
However, some of the difference for IC 5 0 are difficult to account for. Similarities also
exist between the groupings of IC 5 0 for the inhibition o f GTPyS-induced secretion
(table 5.3b) and those for the inhibition o f both whole and washed mast cell NDPK
activity (table 6.3). The IC 5 0 for the inhibition o f GTPyS-induced secretion may be
divided into five groups according to the results o f the Newman-Keuls test. Those
compounds with IC 5 0 less than 30pM, including phloretin, acacetin, narigenin and
kaempferol. Secondly, compounds with IC 5 0 o f between 30pM and 50^M, namely
myricetin, fisetin and rutin. Phloridzin falls into a category o f its own with a mean
IC 5 0 o f 61.4|iM, as does cromoglycate with a mean IC 5 0 o f 3.6mM. Apigenin,
quercetin and genistein all failed to inhibit secretion elicited by GTPyS. Comparison o f
the members o f these groups with those o f table 7.1 some similarities. Narigenin falls
into the first group for the inhibition of GTPyS-induced secretion and for the
inhibition o f both whole cell and membrane-associated NDPK activity. Conservative
differences include rutin and fisetin, which are both located in the second group with
regard to their ability to inhibit GTPyS-induced secretion and in the first grouping
with regard to the inhibition of both whole and washed cell NDPK activity. Also
phloridzin is located in the third group for the inhibition o f GTPyS-induced secretion
but in the first group for the inhibition o f both whole and washed cell NDPK activity,
although this is a less conservative change. The members o f each grouping for the
inhibition o f GTPyS-induced secretion compare little worse to the groupings for the
inhibition o f mast cell NDPK activity, both whole cell and membrane-associated, than
do the groupings for the inhibition of Ca^'*"-/?/w5 -ATP-induced secretion.
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Clearly the effects of the flavonoid compounds are not specific to NDPK, no close
correlation being established between the inhibition o f Ca^"*'-p/w5-ATP-induced
secretion and the inhibition o f mast cell NDPK activity. The most noteworthy
flavonoids are quercetin and genistein. Both exhibit differential inhibition o f secretion,
inhibiting Ca^"'"-dependent secretion only. Quercetin is placed in the first grouping for
the inhibition o f membrane-associated NDPK activity and the second grouping for the
inhibition o f whole cell NDPK activity (table 7.1). Unfortunately genistein could not
be tested for its ability to inhibit NDPK activity due to its ability to inhibit lactate
dehydrogenase.

7.3
O n T he M ode O f Inhibition O f NDPK Activity.

A conceivable explanation for the ability o f flavonoids to inhibit NDPK activity is as
follows. Flavonoids may sit in the ATP binding site o f NDPK inhibiting binding o f
other nucleotides. Examination of the Fj-ATPase ATP binding site (Abrahams, et al,
1994) indicates that this site could potentially be occupied by compounds with a
flavonoid structure, i.e. possessing a croman moiety. The structure o f the NDPK
nucleotide binding site (Dumas, et al, 1992) appears to allow binding o f compounds
with the croman moiety in the cleft formed located over four p-sheets, between a
loop (amino acids 51-59) and an a-helix (a4). The structure o f the NDPK nucleotide
binding site has not yet been solved to a resolution matching that ofF j-A T P ase, such
resolution would allow the modelling o f flavonoid binding in the cleft o f NDPK.

With no clear correlation between the ability o f compounds to inhibit NDPK activity
and mast cell secretion, doubt is left as to the importance o f the enzyme as a
modulator o f the activity o f the G-protein proposed to be involved with mast cell
secretory processes, G g (Gomperts, et al, 1986). A possibility that can not be

207

completely excluded is that o f impurities in the flavonoid compounds obtained from
commercial agents. Only the purity o f quercetin (obtained from Sigma) has been
tested by thin layer chromatography (Appendix I), the migration o f a single spot
indicating that this preparation is o f good purity. Rutin and acacetin (kindly provided,
see section 5.2.1) may be considered to be o f high purity. That the purity o f
flavonoids may vary is indicated by the inability o f quercetin to inhibit pyruvate kinase
and lactate dehydrogenase at concentrations up to 200pM, a finding in
counterposition to the reported inhibition o f pyruvate kinase and lactate
dehydrogenase by quercetin at micromolar concentrations (Grisolia, et al, 1975).

7.4
Possible Roles O f NDPK In Signalling.

That NDPK may have a role in modulating G-protein activity is itself contentious but
evidence has accumulated in favour o f this hypothesis (see section 4 for a summary o f
this evidence). That NDPK may phosphorylate GDP bound to the G-protein has been
investigated, but despite accumulating evidence in favour o f this hypothesis (Ohtsuki
and Yokoyama, 1987; Randazzo, et al, 1991) the proposaljno^appears not to have
any validity. Previous reports indicating in situ phosphorylation o f GDP have been
reported to be artefactual (Randazzo, Northup and Kahn, 1992 a and b), and, at least
for the small GTP-binding proteins, access to the bound guanine nucleotide is limited
to such an extent that in situ phosphorylation o f bound guanine nucleotide is appears
most unlikely.

The term "channelling" has been used (Kimura and Shimada, 1988a and b; Jakobs and
Wieland, 1992) to describe the modulation o f G-protein activity without in situ
phosphorylation of GDP. Although this term has been used without definition
(Wieland and Jakobs, 1992), hormone dependent channelling o f GTP has been defined
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as, "[T]he transfer o f GTP by the mNDPK without complete equilibration with the
bulk cellular fluid.", (Kimura and Shimada, 1988a). This definition has at least two
interpretations.

Firstly, mNDPK and GTP-binding protein may form a complex, when stimulated to
do so under the direction o f a hormonal stimulus, in such a manner as to capture a
single guanine nucleotide molecule that subsequently cycles between GTP-binding
protein and mNDPK, being in alternate states o f di- and tri- phosphorylation. Such an
arrangement would provide rapid cycling o f nucleotide between the two proteins due
to the confined proximities involved. The ping-pong mechanism by which NDPK
performs phosphate transfer (Parks and Agarwal, 1973) repudiates this possibility.
Initially NDPK binds ATP, hydrolysing the terminal phosphate residue which is bound
to histidine (Parks and Agarwal, 1973) at position

122,

located in the putative

nucleotide binding cleft (Dumas, et al, 1992). GDP is subsequently bound to the same
binding site and the phosphate transferred to the guanine nucleotide. A mNDPKGTP-binding protein complex physically tight enough to contain a guano sine
nucleotide molecule is likely to prohibit access o f ATP to the nucleotide binding site
ofNDPK.

Alternatively, mNDPK may maintain microenvironmental concentrations o f GTP,
preventing depletion in the subcellular region local to active GTP-binding proteins
(Kimura, 1994). Formation o f a mNDPK-GTP-binding protein complex may facilitate
the increase o f mNDPK activity, the close proximity o f which ensures the
maintenance o f local GTP levels for continued GTP-binding protein activation. That
complex formed by mNDPK and a G-protein is related to the activation o f the down
stream target is supported by the observation in rat hepatocytes membranes that
hormone stimulation of complex formation correlates with the activation o f AC
activity (Kimura and Shimada, 1988a).
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7.5
Other Effects O f Flavonoid Compounds.

Is blockade ofN D PK activity the reason why some flavonoid compounds, and
cromoglycate at millimolar concentrations, inhibit permeabilised mast cell secretion?
Comparison o f the patterns of inhibition (tables 5.3 & 6.3) indicates that blockade o f
NDPK activity alone can not account for inhibition o f permeabilised mast cell
secretion for all the compounds investigated. Members o f the flavonoid family o f
compounds have a wide range o f effects, including inhibition o f kinases other than
NDPK.

Quercetin has been used as a PKC inhibitor (Caulfield and Bolander, 1986; Hagiwara,
et al, 1988; Nakadate, et al, 1988; Picq, et al, 1989; Ferriola, et al, 1989; Junco, et al,
1990) as has fisetin (Ferriola, et al, 1989). Comparison o f the potencies o f flavonoids
to inhibit PKC activity to their structure reveals that those hydroxyl residues at
positions 3' and 4' and either position 3 or position 5 were more potent (Ferriola, et al,
1989). Fisetin was found to be the most potent compound. At sub-micromolar
concentrations quercetin potentiates PKC activity, inhibiting at higher concentrations
(Picq, et al, 1989), a phenomenon that may be dependent on the PKC isoform
involved. PKC is thought to act as a modulator o f mast cell secretory processes
(Fewtrell and Gomperts, 1977 a & b; Koopman and Jackson, 1990). It does not
follow from this that inhibition of this kinase alone will result in blockade o f secretion,
unless the suggested permissive action of PKC becomes an absolute requirement in
the absence o f GTP or a poorly hydrolysable analogue (section 3.4.2). Quercetin also
inhibits cAMP-dependent kinase (PKA) (Shoroni, et al, 1984), myosin light chain
kinase and casein kinase 1 and 11 (Hagiwara, et al, 1988).
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Tyrosine kinases are inhibited by myricetin (Hagiwara, et al, 1988) and genistein
(Akiyama, et al, 1987; Dean, et al, 1989; Linassier, et al, 1990). Tyrosine kinase
activity is thought to be involved in IgE mediated secretion (see section 3.3.1), but
there is no evidence to suggest involvement in Ca^‘*‘-/7/w5 -ATP- or GTPyS- induced
secretion by permeabilised mast cells. The assertion that genistein is a specific
inhibitor o f tyrosine kinase activity (Akijamma, et al, 1987) is clearly incorrect.
Genistein has been found to completely suppressed lactate dehydrogenase activity at a
concentration o f 200mM (n:2) in this study and also S6 kinase (Linassier, et al, 1990).

Flavonoids have also been shown to inhibit ion transport ATPases (Raker, 1975;
Fewtrell and Gomperts, 1977b; Bennett, et al, 1981) but this is unlikely to account for
the rapid inhibition o f metabolically inhibited cells that occurs when stimulus (Ca^“^plus-KTV or GTPyS) and flavonoid are presented simultaneously to the cell interior
upon permeabilisation. Further, no correlation has been demonstrated between
secretion by intact mast cells stimulated by concanavalin A, an IgE receptor crosslinking agent, or fMi-p-stimulated secretion by rabbit neutrophils, with the inhibition
o f rabbit skeletal muscle sarcoplasmic reticulum ATPase (Bennett, et al, 1981).

Flavonoids have been found to inhibit activation o f a range o f immune system cells
(Middleton and Kandaswami, 1992). T cell activation has been found to be blocked
by genistein and this has been interpreted as indicating the involvement o f tyrosine
kinase activity (Mustelin, et al, 1990). This may not necessarily be correct since the
actions o f the flavonoids appear to be the non-specific inhibition o f kinase activity.
However, in the case of T-cell activation inhibition o f RTK activity does appear to be
the most likely cause o f inhibition sine the T-cell receptor is known to be an RTK.

A number o f flavonoids, including apigenin, fisetin, narigenin, kaempferol and
quercetin, have shown (Tordera, et al, 1994) to inhibit secretion by neutrophils and
the release o f arachidonic acid (AA). Comparison o f the structures and the potencies
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o f these compounds for inhibiting degranulation and AA release were compared. The
following characteristics appeared to have some bearing upon the ability o f these
compounds to inhibit secretion; a keto group at position 4, hydroxylation o f positions
7 and 4' and to a limited extent hydroxyl residues at positions 5, 3 or 3'. The
aglycones were much more potent than their glycosylated counterparts and a hydroxyl
residue at position 2' appeared to be detrimental. The structural features that appeared
to favour inhibition o f AA release were similar, although the compounds tested were
found to be less potent in this respect and their orders o f potency differed, indicating
at least two separate sites o f action in the signalling pathway.

Quercetin has been found to reduce the size o f gastric ulcers in rats and mice (Carlo,
et al, 1994). Since the number of ulcers is not reduced this may indicate the action o f
quercetin on the release of acid into the stomach lumen, the control o f which mast
cells have are implicated in.

Flavonoids may prove to be of some use in the investigation o f cancer. This follows
from the discovery in 1926 by Warburg that in aerobic conditions the rate o f
glycolysis by tumor cells is greater than that o f normal cells, indicated by the rate o f
conversion o f glucose to lactic acid. The suggestion has been made (Raker, 1975) that
this may result from the uncoupling of ion transport-ATPases from ion transport.
Thus, the rate o f hydrolysis of ATP is not limited by the ion transport process. The
high ADP and Pi levels resulting may act as substrates in glycolysis. Since ADP and Pi
are no longer rate limiting glycolysis proceeds rapidly. This idea is supported by the
observation that in the presence of the ATPase inhibitor, oubain glycolysis is
suppressed. The mitochondrial ATPase activator, dinitrophenol overcomes the
suppression o f glycolysis by oubain. The inhibitory action o f flavonoids towards
kinases may extend to other enzymes catalysing the hydrolysis o f ATP. Thus these
compounds may be usefiil in the investigation o f the relationship between ATP
hydrolysis rates and cancer.
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The possible involvement ofN D PK in tumor metastasis (see section 4.2) is also o f
interest. The phosphorylation ofN D PK has been found to be high in tumor cells,
perhaps indicating that high rates of phosphorylation producing ADP and Pi
contribute to tumor growth and metastasis. Further, the low levels o f nm23
expression found to correlate with a potential for tumor metastasis may result from
the function ofN D PK in the maintenance o f nucleoside triphosphate levels (NTPs). If
NTP levels decline due to the absence ofNDPK, feedback mechanisms may result in
the over-production of ATP in a failed attempt to replenish NTP levels. ATP levels
will continue to rise, perhaps leading to the activation o f kinases that would otherwise
be inactive unless stimulated. This may result in inappropriate growth and
differentiation signalling. Another possibility is that in the absence ofN D PK GTPbinding proteins fail to be activated to the full extent. This may be analogous to the
downregulation o f PKC by phorbol esters, compounds with a carcinogenic activity.
Perhaps a clamp on growth and differentiation is inactivated. In both cases the loss of
signalling activity, by GTP-binding proteins and PKC, gives rise to inappropriate
signalling. Since flavonoids inhibit kinase activity they may be expected to contribute
to cell transformation, but due to the anti-oxidant activity o f the flavonoids (RiceEvans, 1995; Leake, 1995) in the whole animal that may actually reduce the risk o f
cancer. That flavonoids may contribute to cell transformation is supported by the
finding that quercetin facilitates full transformation o f bovine cells subsequently
treated with bovine papillomavirus type 4 (Pennie and Campo, 1992). A whole animal
study has failed to confirm the muta^î^enic action o f quercetin (Morino, et al, 1981).

Flavonoids may play an important part in diet, ~ lg is consumed per day in the
average Western diet (Middleton and Kandaswammi, 1992). The absence o f
flavonoids in the diet may result in leakage from capillaries which is treated by oral
administration o f quercetin. The flavonoids have been proposed as a new class o f
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vitamins, vitamin P, but due to insufficient data pertaining to flavonoid deficiency in
the human diet this is not widely accepted.

7.6
Other Agents That May Catalyse Transphosphorylation O f GDP In Cell
Signalling.

Enzymes other than NDPK provide potential candidates as catalysts o f
transphosphorylation resulting in GTP formation. The tyrosine kinase isolated from
bovine spleen, p56^y" undergoes reversible autophosphorylation (Litwin, et al, 1991).
Use o f [^H]GDP demonstrated phosphate transfer from p56^Y^ resulting in formation
o f [^H]GTP (Litwin, et al, 1992). The extent o f p56^Y*^ phosphorylation is determined
by the ATP to ADP ratio in vitro. The typical situation in vivo is an excess o f ATP
over ADP, implying a high level o f p56^Y" phosphorylation and catalysis o f GTP
formation. However, tissue specific differences in the ATP to ADP ratio exist, for
example bovine mesenteric artery (Butler and Davies, 1980), and the ratio may differ
between microenvironments within a cell. It may be that alterations o f the ATP to
ADP ratio, perhaps locally, may modulate the activity o f specific enzymes
contributing to the regulability of phosphate transfer to GDP and the control o f the
GTP-binding protein cycle o f activation and inactivation. It is conceivable that p56^y^
,or another enzyme currently thought to perform a very different role, maintains local
concentrations o f GTP in the presence o f active GTPases if sufficient ATP is
available.

Another candidate as a catalyst of phosphate transfer to GDP is the p-subunit o f
heterotrimeric GTP-binding proteins. This novel possibility was first illuminated by
use o f transducin py-subunits (G^py) treated with GTPyS in the presence o f rod outer
segment membranes. This gave rise to G^py with a covalently bound thiolphosphate
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residue (GtpyGTPyS • to indicate subunits treated with GTPyS). Incubation o f
G^pyGTPyS

HL60 cell membranes resulted in the inhibition o f fMLP binding’

(Wieland, et al, 1991a), indicating the activation o f the receptor-associated G-protein.
Treatment o f HL60 membranes with GtpyQXPyS and [^H]GDP resulted in the
production [^H]GTPyS, in a manner dependent upon Mg^"*". The [^HJGTPyS was
found to be associated with the HL60 cell membranes. This implies that the
thiolphosphate group was transferred from GTPyS to G^py in rod outer segment
membranes and a component of HL60 membranes facilitated the transfer o f the
thiolphosphate from G^pyGJPyS to GDP, generating GTPyS. This subsequently
facilitated the activation o f a G-protein coupled to the receptor for fMLP. Such
endogenously formed GTPyS inhibited fMLP binding with greater efficacy than
exogenously provided GTPyS. This implies a close physical and functional
relationship between the agent catalysing GTPyS formation and the G-protein. It may
be that the P-subunit itself catalyses phosphate transfer to GDP, facilitating G-protein
activation. This hypothesis has been further substantiated. A protein component o f
HL60 cell membranes identified as a G-protein p-subunit by immunoprécipitation has
been shown to undergo phosphorylation in the presence o f [y-^^P]GTP or [y^^P]GTPyS (Wieland, et al, 1993). Incubation of membranes phosphorylated by
treated with labelled GTP or GTPyS the specific transféré o f ^^P to GDP. This was
found tole dependent upon the presence o f Mg^"*" or Mn^"*”. Thus the P-subunit
appears to be capable o f catalysing the phosphorylation o f GDP, perhaps only in the
presence o f an a-subunit. This would provide a self-limiting system o f G-protein
activation since heterotrimeric GTP-binding proteins dissociate on activation.

A 45kDa zymogen granule protein of pancreatic acini has been found to be
phosphorylated in the presence of GTPyS and dephosphorylated during Ca^'*"-induced
secretion in these cells (MacLean, et al, 1993). Interestingly, genestein inhibits both

’ As explained in the Introduction, inhibition of fM jj? binding to specific membrane binding sites
(receptors) implies activation of a G-protein coupled to those receptors.
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p45 phosphorylation and Ca^"'"-induced secretion. The mass o f a G-protein Py-subunit
is typically around 45kDa (Itoh and Kaziro in GTPases in biology I). Phosphorylation
and subsequent dephosphorylation of a P-subunit may be necessary for sustained or
perhaps initial G-protein activation. In SL -0 permeabilised rat peritoneal mast cells,
ATP has been demonstrated to induce a delay in the onset o f secretion stimulated by
GTPyS (Lillie and Gomperts, 1992b). Such a delay may be due to phosphorylation
facilitated in the presence o f ATP as a phosphate donor, followed by a subsequent
dephosphorylation in order to permit exocytosis to occur. A dephosphorylation has
been demonstrated to be a permissive step in permeabilised mast cell exocytosis
(Churcher, et al, 1990). This is clearly an intriguing possibility requiring further
investigation.

These candidates for the catalysis of the phosphorylation o f GDP may have important,
yet to be determined, roles in mast cell stimulus-secretion coupling, perhaps taking on
the role that has suggested for NDPK. The possibility that they are also inhibited by
cromoglycate and the inhibitory flavonoids is a distinct possibility.

The finding that mastoparan increased isolated NDPK activity confirms previous work
indicating this action o f the polycation (Kikkawa, et al, 1992; Klinker, et al, 1994; see
section 4.3.4). Taken together these findings tend to support the notion that NDPK
activity is responsible for the production o f GTP with high efficacy for the G-protein.
Mastoparan is thought to interact with sub-membranous proteins while inserted in the
cell membrane (Higashijima, et al, 1989; see section 3.2.2). Thus a greater degree o f
NDPK activation may be observed if the preliminary work conducted here (chapter 6 )
was repeated in a lipid membrane environment. Since NDPK may only be effective in
modulating G-protein activity when complexed with the GTP-binding protein (section
4.3.1), and with complex formation stimulated by ligation o f the receptor (Kimura and
Shimada, 1988a), the major action of mastoparan may be to interact with and induce
G(x activation when ligand is absent. The activation ofN D PK in the absence o f
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ligand-receptor complex is unlikely to affect G-protein activation. Other polycations
may function in a similar manner. Mastoparan and mastoparan analogues that
differentially stimulate or inhibit NDPK and G-proteins may prove to be useful tools
when used in conjunction with submaximal agonist concentrations and stimulussecretion coupling effectors (Ca^"^ and GTP).

7.7
Concluding Remarks.

Summarising, it is not possible to draw any firm conclusions from the data presented
here about the potential involvement ofN D PK in mast cell secretion. It is conceivable
that mNDPK may play a role in exocytosis by permeabilised mast cells stimulated with
Ca^^-p/w^-ATP and that the inhibition o f the enzyme accounts for the selective
inhibition o f Ca^'*"-/?/w5 -ATP-induced secretion by genistein and quercetin. The
suggestion has been made (Lillie and Gomperts, 1992a) that Ca^“*"-/?/w5 -ATP-induced
secretion is mediated by a GTP-binding protein termed Gg, the role o f Ca^"*” is
thought to be that o f a modulator. NDPK may also modulate the action o f Gg,
perhaps the formation o f an NDPK-Gg complex is stimulated by Cg. NDPK may also
regulate the activity o f other GTP-binding proteins in the cell, possibly including
SMGs and G-proteins regulating the cytoskeleton. The finding that the majority o f
mast cell NDPK activity remained in permeabilised cells after extensive washing may
have some bearing on this, perhaps indicating that G g is associated with the
cytoskeleton since the regulation of the cortical cytoskeleton by a heterotrimeric
GTP-binding protein has been implied (Norman, et al, 1994).

That the compounds investigated may compete for ATP binding sites appears likely in
consideration o f the structure of the molecules in question in comparison to the
structure o f ATP, the nucleotide binding sites (Dumas, et al, 1992; Abrahams, et al.
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1994) and the reported effects of a number o f flavonoids on proteins with ATP
binding sites (Racker, 1975; see section 7.5). Use o f a wider range o f flavonoids with
greater structural variation may allow structure-activity relationships to be
determined. The flavonoids and cromoglycate may have generalised effects
throughout the cell that has been rendered permeable to these agents, preventing the
activity o f a range o f enzymes catalysing phosphate transfer reactions.
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Appendix I.

Thin Layer Chromatography (TLC) of Quercetin:

Since a description of the TLC of quercetin could not be found in the literature, the
solvent was adapted from one developed for other flavonoid compounds with a
similar number and positioning of hydroxyl residues (Heftmann, 1975; Jay and
Gonnet; Wang, 1971; Sachse, 1971; Chexal, et al, 1970). TLC was performed
using silica coated aluminium strips placed in a covered glass tank containing
solvent. Quercetin was dissolved in lOmM DMSO to give a concentration o f
quercetin o f lOOmM. This was diluted with de-ionised water to give a
concentration of quercetin o f lOmM for TLC. Trial-and-error adjustment o f the
solvent composition allowed the correct solvent component ratios to be
determined, this mediating the movement o f the sample equal to three-quarters of
the migration distance o f the solvent front. Slow addition o f HCl (lOM) without
colour change indicated that the dissolved quercetin was fully ionised and did not
require further ionisation. Addition of EDTA (lOmM) to the sample was found not
to improve the definition of the migrated spot, indicating that the sample did not
contain sufficient metal ions to interfere with TLC. The final solvent composition
arrived at through trial-and-error experimentation is as follows, with each
component at an initial concentration of IM:
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Solvent

ml

Benzene

63

Pyridine

27

Formic Acid

10

Total:

100ml

Using this solvent solution TLC of quercetin was repeated using a silica-coated
glass plate. A visible yellow, well defined spot with little smearing was observed.
The R f of this visible light spot is 0.627. Viewing under UV illumination revealed a
central dark spot surrounded by a light penumbra. These areas closely
corresponded to the region occupied by the yellow spot observed under visible
light. The R f of the central dark region is 0.627 and that o f the leading edge o f the
penumbra is 0.634. The migration of the sample under TLC as a single, well
defined spot may be taken to indicate that the sample, supplied by Sigma, was o f
good purity.

220

References.
•

Adamczewski, M., Paolini, P. & Kinet, J-P.; (1992); Journal o f Bilogical
Chemistry, 267; 18126-18132.

•

Aida, M., de Vries-Smits, M., Burgering, B.M.Th., Leevers, S.J., Marshall,
C.J. & Bos, J.L.; (1992); Nature', 357; 602-604.

•

Akayama, T., Ishida, J., Nakagawa, S., Ogawara, H., Watanabe, S-i., Itch, N.,
Shibuya, M. & Fukami, Y ; (1987); Journal o f Biological Chemistry, 262;
5592-5595.

•

Alder, J., Xie, Z-P , Valtorta, P., Greengard, P. & Poo, M.; (1992); Neuron', 9;
759-768.

•

Aimers, W.; (1990); Annual Review o f Physiology', 52; 607-624.

•

Alverez de Toledo, G. & Fernandez, J.M.; (1990); Journal o f Cell Biology ',
110; 1033-1039.

•

Araki, S., Shimada, Y., Kaji, K. & Hayashi, H.; (1990); Biochemical and
Biophisical Communications', 168; 1194-1200.

•

Aridor, M. & Sagi-Eisenberg, R.; (1990); Journal o f Cell Biology,
2891.

•

Aridor, M., Traub, L.M. & Sagi-Eisenberg, R.; (1990); Journal o f Biological
Chemistry', 111; 909-917.

•

Aridor, M., Rajmilevich, Brown, M.A. & Sagi-Eisenberg, R.; (1993); Science',
262; 1569-1572.

•

Armstrong, J.; (1993); Current Biology; 3; 33-35.

•

Atkinson, G , Ennis, M. & Pearce, F.L.; (1979); British Journal o f
Pharmacology; 65; 395-402.

•

Backa, P.H., De Tombe, P.P., Van Deen, H.K., Mulder, B.J.M. & Ter Keurs,
H.E.D.; (1989); Journal o f General Physiology; 93; 963-977.

•

Baircoch, A. & Cox, J.A.; (1990); FEBSLetters; 269; 454-456.

•

Balch, W.E.; (1990); Trends in Biological Science; 15; 473-477.

•

Baldini, G , Hohl, T., Lin, H.Y. & Lodish, H.F.; (1992); Proceedings o f the
National Academy o f Science o f the U.S.A.; 89; 5049-5052.

221

111;

2885-

Barnes, P.J.; (1991); Trends in Biochemical Science', 16; 365-369.
Bennett, J.P. & Crooke, S.T.; {\9%1), Journal o f Biological Chemistry, 262;
13789-13797.
Bennett, M.K. & Scheller, R.H.; (1993); Proceedings o f the N ational Academy
o f Science o f the U.S.A.', 90; 2559-2563.
Bennett, J.P., Cockcroft, S. & Gomperts, B.D.; (1979); Nature', 282; 851-853.
Bennett, J.P., Cockcroft, S. & Gomperts, B.D.; (1980); TVa/wre; 282; 851-853.
Bennett, J P., Gomperts, B.D. & Wollenweber, E.; (1981); ArzmeimittelForschung/Drug Research', 31; 433-437.
Bennett, M.K., Calakos, N. & Scheller, R.H.; (1992); Science', 257; 255-259.
Berridge, M.J.; {1993), Nature', 361; 315-325.
Berridge, M.J. & Irvine, R.F.; (1984); Nature', 312; 315-321.
Berridge, M.J. & Irvine, R F ; (1989); Nature', 341; 197-205.
Barrowman, M.M., Cockcroft, S. & Gomperts, B.D.; (1987); Journal o f
Physiology', 383; 115-124.
Berstein, G , Blank, J.L., Jhon, D-Y., Exton, J.H., Rhee, S.G. & Ross, E.M.;
(1992); Ce//; 70; 411-418.
Bevilacqua, C , Sobel, M E ., Liotta, L.A. & Steeg, P S ; (1989); Cancer
Research', 49; 5185-5190.
Bialojan, C & Takai, A.; {\9%%), Biochemical Journal, 256; 283-290.
Biggs, J., Hersperger, E., Steeg, P.S., Liotta, L.A. &Shearn, A.; (1990); Cell,
63; 933-940.
Billah, M.M.; (1993); Current Opinion in Immunology', 5; 114-123.
Bingham, B R , Monk, P.N. & Helm, B.A.; (1994); Journal o f Biological
Chemistry', 269; 1-7.
Black, J.W. & Shankley, N.P.; (1995); Nature', 374; 214-215.
Blackburn Jr., W.D., Heck, L.W. & Wallace, R.W.; (1987); Biochemical and
Biophysical Research Communcations', 144; 1229-1236.

222

•

Blank, U., Ra, C , Miller, L., Matzger, H. & Kinet, J-P.; (1989); Nature; 337;
187-189.

•

Blevins, Jr. G.T., Van De Westerlo, E.M.A. & Wiliams, J.A.; (1994); The
American Journal o f Physiology; ; G866-G874.

•

Bokoch, G.M., Katada, T., Northup, J.K., Ui, M. & Gilman, A.G.; (1984);
Journal o f Bilogical Chemistry; 259; 3560-3567.

•

Bokvist, K., Eliasson, L., Ammala, C. Renstrom, E. & Rorsman, P.; (1995);
The EM BO Journal; 14; 50-57.

•

Bominaar, A.A., Molijn, A C , Pestel, M., Veron, M. & Van Haastert, P.J.M.;
(1993); 12; 2275-2279.

•

Bond, R.A., Leff, P. Johnson, T.D., Milano, C A , Rockman, H.A., McMinn,
T R , Apparsundaram, S., Hyek, M F., Kenkin, T P., Allen, L.F. & Lefkowitz,
R.J.; (1995); Nature; 374; 272-276.

•

Bootman; (1994); Cell Biology; 4; 169-172.

•

Bourne, H R ; (1988); Cell; 53; 669-671.

•

Brandt, D R & Ross, E.M.; (1985); Journal o f Biological Chemistry; 260;
266-272.

•

Breckenridge, L.J. & Aimers, W ; (1987a); Proceedings o f the National
Academy o f Science o f the U.S.A.; 84; 1945-1949.

•

Breckenridge, L.J. & Aimers, W.; (1987b); Nature; 328; 814-817.

•

Brown, G R , Sayers, L G , Kirk, C.J., Michell, R.H. & Michelangeli, F.;
(1992); Biochemical Journal; 282; 309-312.

•

Brose, N. Petrenko, A.G., Südhof, T.C. & Jahn, R.; (1992); Science; 256;
1021-1025.

•

Brown, E.M., Gamba, G , Riccardi, D , Lombardi, M., Butters, R , Kifor, O ,
Sun, A., Hediger, M.A., Lytton, J. & Hebert, S.C.; (1993); Nature; 366; 575580.

•

Buckley, M G & Coleman, J.W.; (1992); Biochemical Pharmacology; 44;
659-664.

•

Burns, R.G. & Islam, K.; (1981); European Journal o f Biochemistry; 117;
515-519.

223

•

Calés, C , Hancock, J.F., Marshall, J. & Hall, A.; (1988); Nature, 322; 548551.

•

Carlo, G.D., Mascolo, N., Izzo, A.A., Capasso, F. & Autore, G.; (1994);
Phytotherapy Research, 8 ; 42-45.

•

Carpenedo, F., Bortignon, C , Bruni, A. & Santi, R.; (1969); Biochemical
Pharmacology, 18; 1495-1500.

•

Cassel, D , Levkovitz, H. & Selinger, Z ; (1977); Journal o f Cyclic Nucleotide
Research, 3; 393-406.

•

Catarsi, S. & Drapeau, P.; (1993); Nature, 363; 353-355.

•

Caulfield, I.J. & Bolander, F.F.; (1986); Journal o f Endocrinology, 109; 29-34.

•

Chandler, Bennett, J.P. & Gompert, B D ; (1983); Journal o f Ultrastructure
Research, 82; 221-232.

•

Chan, S C & Hanifin, J M ; (1993); 121; 44-51.

•

Chang, F-H. & Bourne, H R .; (1989); Journal o f Biological Chemistry, 264;
5352-5357.

•

Chang, C.L., Zhu, X-X., Thoraval, D.H., Ungar, D , Rawwas, J.,Hora, N.,
Strahler, J.R. & Hanash, S.M.; (1994); Nauture, 370; 335-336.

•

Chasin, M., Scott, C , Shaw, C. & Perisco, F.; (1979); International Archives
o f Applied Immunology, 58; 1 - 1 0 .

•

Chexal, K.K., Handa, B.K. & Rahman, W.; (1970); Journal o f
Chromatography, 48; 484-492.

•

Churcher, Y., Allan, D. & Gomperts, B D ; (1990); Biochimical Journal, 266;
157-163.

•

Churcher, Y. & Gomperts, B D ; (1990); Cell Regulation, 1 ; 337-346.

•

Clapper, D., Walseth, T., Dargie, P. & Lee, H.C.; (1987); Journal o f Cell
Biology, 262; 9561-9568.

•

Clary, D O & Rothman, J.E.; (1990); Journal o f Biological Chemistry; 265;
10109-10117.

•

Clary, D O Griff, I.C. & Rothman, I.E.; (1990); Cell; 61; 709-721.

•

Cochrane, D.E & Douglas, W.W.; (1974); Proceedings o f the National
Academy o f Science o f the U.S.A.; 71; 408-412.

224

Cockcoft, S.; (1987); Trends in Biochemical Science; 12; 75-78.
Cockcroft, S.; (\9 9 \), BiochemicalJonrnal, 275; 127-131.
Cockcroft, S.; (1994); In; Inmmnopharmacology o f Neutrophils, pp 160-193;
Academic Press.
Cockcroft, S. & Gomperts, D.B.; (1979a); BiochemicalJonrnal, 178; 681687.
Cockcroft, S. & Gomperts, B D ; (\919b). Nature', 279; 541-542.
Cockcroft, S. & Gomperts, B D ; (1980); BiochemicalJournal, 188; 789-798.
Cockcroft, S. & Stutchfield, J.; (1988); Philosophical Transactions o f the
Royal Society, London B, 320; 247-265.
Cockcroft, S. & Thomas, G M T ; (1992); Biochemical Journal, 288; 1-14.
Cockcroft, S., Baldwin, J M. & Allan, D ; (1984); Biochemical Journal, 221;
477-482.
Cockcroft, S., Barrowman, M M & Gompperts, B D ; (1985); FEBS Letters,
181; 259-263.
Cockcroft, S.,

; (1986);B üo4^e> ^icJl

<5 -o - b - «5 0 - 1

Cockroft, S ., Howell, T.W. & Gomperts, B D , (1987); Journal o f Cell
Biology, 105; 2745-2750.
Cockcroft, S, Nielson, C P & Stutchfield, J.; (1991); Biocheical Society
Transactions, 19; 333-336.
Cohen, P., Alemany, S., Hemmings, B.A., Resink, T.J., Stralfors, P. & Lim
Tung, H.Y.; {\9'&%),Mathods in Enzymology, 159; 390-408.
Cohen, P. Klumpp, S. & Schelling, D.L.; (1989); FEBS Letters, 250; 596-600.
Colombo, M I , Mayorga, L.S., Casey, P.J. & Stahl, P.O.; (1992); Science',
255; 1695-1697.
Conklin, B.R. & Bourne, H R ; (1993); Cell, 73; 631-641.
Corcia, A , Schweitzer-Stenner, R. Pecht, I. & Rivnay, B ; (1986); EMBO
Journal, 5; 849-854.

Corcia, A., Pecht, I , Hemmerich, S., Ran, S. & Rivney, B ; (1988);
Biochemistry, 27; 7499-7506.
225

.

Cox, J.S.G.; (1967); Nature-, 216; 1328-1329.

•

Cox, J.S.G., Beach, I.E., Blair, A.M.J.N., Clarke, A.J., King, J., Lee, T.B.,
Loveday, D.E.E., Moss, G.F., Orr, T.S.C., Ritchie, J.T. & Sheard, P.; (1970);
Advances In D rug Research, 5; 115-196.

•

Curran, M. & Brodwick, M.S.; (1985); Biophysical Journal, 47; 172a.

•

DeBello, W.M., O'Connor, V., Whiteheart, S.W., Wang, S. S-H., Schweizer,
F.E., Betz, H., Rothman, I.E. & Augustine, G.J.; (1995); Nature-, 373; 626630.

•

De Lean, A., Stadel, J.M & Lefkowitz, R.J.; (1980); Journal o f Biological
Chemistry-, 255; 7108-7117.

•

Dargie, P L, Agre, M.C. & Lee, H.C.; (1990); Cell Regulation-, 1 ; 279-290.

•

Dean, N.M., Kanemitsu, M. & Boyton, A.L.; (1989); Biochical and
Biophysical Research Communcations-, 165; 795-801.

•

Degtyarev, M Y , Spiegel, A.M. & Jones, T.L.Z.; (1994); Journal o f
Biological Chemistry, 269; 30898-30903.

•

Dietrich, A., Rose-John, S. & Marks, F.; (1989); Biochemistry International,
19; 163-172.

•

Dimitriadou, V., Rouleau, A., Dam Trung Tuong, M., Newlands, G.J.F.,
Miller, H.R.P., Luffau, G , Schwatz, J-C. & Garbarg, M.; (1994); Clinical
Scince-, 87; 151-163.

•

Divecha, N., Banfic, H. & Irvine R.F.; (1993); Cell, 74; 405-407.

•

Dolphin, A C .; (1990); In: G-Proteins as Mediators o f Cellular Signalling
Processes-. Ed.: Houslay, M.D. & Milligan, G ; pp 125-149; John-Wiley &
Sons Ltd.

•

Downwood, J.; (1990); Trends in Biological Science-, 15; 469-472.

•

Downwood, J., Riehl, R., Wu, L. & Weinberg, R A ; (1990); Proceedings o f
the national Academy o f Science o f the U.S.A.-, 87; 5998-6002.

•

Dreskin, S.C., Pribluda, V.S. & Metzger, H.; (1989); Journal o f Immunology,
142; 4407-4415.

•

Dumas, C , Lascu, I , Moréra, S., Glaser, P., Fourme, R , Wallet, V., Lacombe,
M-L., Veron, M. & Janin, J.; (1992); The EMBO Journal, 1 1 ; 3203-3208.

226

•

Egan, S.E., Giddings, B.W., Brooks, M.W., Buday, L., Sizeland, A.M. &
Weinberg, R.A.; (1993); Nature', 363; 45-51.

•

Elferink, L.A., Peterson, M.R. & Scheller, R.H.; (1993); Cell, 72; 153-159.

•

Eiseman, E & Bohlen, J.B.; (1992); Nature', 355; 78-80.

•

Emim, J.A.D.S., Oliveira, A.B. & Lapa, A.J.; (1994); Journal o f Pharmacy
andPharmacolgy, 46', 118-122.

•

Engel, M., Issinger, O.G., Lascu, I., Seib, T., Dooley, S., Zang, K.D. &
Welter, C ; (1994); Biochemical and Biophysical Research Communications',
199; 1041-1048.

•

Ennis, M., Atkinson, G. & Pearce, F.L.; (1980); Agent & Actions; 10; 222228.

•

Ennis, M., Pearce, F.L & Weston, P.M.; (1980); British Journal o f
Pharmacolgy, 70; 329-334.

•

Ennis, M., Truneh, A., White, J R., & Pearce, F.L.; (1981); Nature', 289; 186187.

•

Fasolato, C , Hoth, M., Matthews, G. & Penner, R ; (1993); Proceedings o f
the National Academy o f Science o f the U.S.A.', 90; 3068-3072.

•

Fernandez, J.M., Neher, E. & Gomperts, B D.; (1984); Nature', 312; 453-455.

•

Ferriola, P C , Cody, V. & Middleton, E.; (1989); Biochemical Pharmacology',
38; 1617-1624.

•

Ferris, C D , Cameron, A.M., Huganir, R.L. & Snyder, S.H.; (1992); 356; 350352.

•

Fewtrell, C M S , & Gomperts, B.D.; (1977a); Biochimica et Biophysica Acta,
469; 52-60.

•

Fewtrell, C M S. & Gomperts, B D ; (1977b); Nature', 265; 635-636.

•

Fewtrell, C.M.S., Foreman, J C , Jordan, C C , Gehme, P., Renner, H. &
Stewart, J.M.; {\9^2), Journal o f Physiology', 330; 393-411.

•

Finkelman, F.D.; (1992); Current Biology', 2; 214-215.

•

Fogg, A. G & Fay ad, N.; (1978); Analytica Chemica Acta,

•

Foreman, J.C.; (1984); Journal o f Allergy and Clinical Immunology', 73; 769774.

227

102;

205-210.

•

Foreman, J.C. & Garland, L G ; (1974); Journal o f Physiology, 239; 381-391.

•

Foreman, J.C. & Jordan, C C ; (1984); Trends in Pharmacological Science-, 5;
116-119.

•

Foreman, J.C. & Mongar, J.L.; (1972); British Journal o f Pharmacology, 46;
767-769.

•

Foreman, J.C , Mongar, J.L. & Gpomperts, B.D.; (1973); Nature-, 245; 249251.

•

Foreman, J C , Mongar, J.L., Gomperts, B.D. & Garland, L G ; (1975);
Biochemical Pharmacology-, 24; 538-540.

•

Foreman, J.C., Hallett, M B & Mongar, J.L.; (1977); British Journal o f
Pharmacology-, 31; 473P-474P.

•

Foreman, J.C. & Pearce, F.L ; (1989); In; Textbook o f Immunopharmacology,
Ed.: Dale,M.M. & Foreman, J C ; pp 262-274; Oxford: Blackwell Scientific.

•

Francis, B., Overmeyer, J., John, W., Marshall, E. & Haley, B.; (1989);
Molecular Carcinogenology-, 2 ; 168-178.

.

Friel, D.D. & Tsien, R.W.; (1992); Neuron-, 8 ; 1109-1125.

•

Fritz, G. & Aktories, K.; (1994); Biochemical Journal, 300; 133-139.

•

Fukuchi, T., Nikawa, J., Kimuar, N. & Watanabe, K.; (1993); Genetics-, 129;
141-146.

•

Fukuchi, T., Shimada, N., Hanai, N., Ishikawa, N., Watanabe, K. & Kimura,
N.; (1994), Bichimica et Biophysica Acta-, 1205; 113-122.

•

Gale, N.W., Kaplan, S., Lowenstein, E.J., Schlessinger, J. & Bar-Sagi, D ;
(1993), Nature-, 363; 88-92.

•

Galione, A. & White, A.; (1994); Trends in Cell Biology, 4; 431-436.

•

Galione, A., Lee, H.C. & Busa, W.B.; (1991); Science-, 253; 1143-1146.

•

Garces, E. & Cleland, W.W.; (1969); Biochemistry-, 8 ; 633-640.

•

Garcia, E.P., McPherson, P.S., Chilcote, T.J., Takei, K. & DeCamilli, P.;
(1995); Journal o f Cell Biology-, 129; 105-120.

•

Garland, L.G. & Mongar, J.L.; (1974); British Journal o f Pharmacology-, 50;
137-143.

228

•

Gat-Yablonski, G. & Sagi-Eisenberg, R.; (1990); Biochemical Journal, 270;
685-689.

•

Geny, B., Stutchfield, J. & Cockcroft, S.; (1989); Cellular Sgnalling\ 1 ; 165172.

• Gierschik, P. & Jakobs, K.H.; (1990); In: G-Proteins A s Mediators O f Cellular
Signalling Processes', Ed: Houslay, M.D. & Milligan, G ; pp 65-82; John Wiley
& Sons Ltd.
.

Gill, D.L.; (1989); Nature', 342; 16-18.

• Gilles, A-M., Presecan, E., Vonica, A. & Lascu, I.; (1991); Journal o f
Biological Chemistry', 266; 8784-8789.
• Gilman, A.G.; (1987); Annual Review o f Biochemistry', 56; 615-649.
•

Glick, B.S. & Rothman, J.E.; (1987); Nature', 326; 309-312.

•

Gomperts, B D ; (1983); Nature', 306; 64-66.

•

Gomperts, B.D.; (1986); Trends in Biochemical Science',

•

Gomperts, B.D., Cockcroft, S., Bennett, J.P. & Fewtrell, C.M.S.; (1980);
Journal o f Phyiology, Paris, 76; 383-393.

•

Gomperts, B.D., Cockcroft, S., Howell, T.W., Nüsse, O. & Tatham, P E R.;
(1987); Bioscience Reports', 7; 369-381.

•

Gomperts, B D , Cockcroft, S., Howell, T.W. & Tatham, P E R ; (1988); In:
Molecular Mechanisms in Secretion, Ed.: Thorn, N.A, Treiman, M., Petersen,
O H ; Alfred Benzon Symposium 25; pp248-258; Munksgaard, Copenhagen:
Petersen.

•

Gomperts, B.D. & Tatham, P E R ; (1992); In: Methods in Enztmology', Ed.:
Rothman, J.; Vol. 219; pp 178-189; New York: Academic Press.

•

Gongzaga, H.M.S., Yamada, K., Ali, H. & Beaven, M.A.; (1991); FASEB
Journal, 5; A 1007.

•

Goodwin, T.W. & Mercier, E.I.; (1983); Introduction to Plant Biochemistry',
pp 541-559; Oxford: Pergamon.

•

Graziadei, L., Riabowol, K. & Bar-Sagi, D ; (1990); Nature', 347; 396-399.

•

Grisolia, S., Rubio, V., Feijoo, B. & Mendelson, J.; (1975); Phyisiological
Chemistry and Physics', 7; 473-475.

229

11;

290-292.

•

Grosman, N.; (1988); Agents and Actions^ 25; 284-290.

•

Gschwendt, M., Horn, F., Kittstein, W. & Marks, P.; (1983); Biochemical and
Biophysical Research Communications', 117; 444-447.

•

Gschwendt, M., Kittstein, W, & Marks, P.; (1991); Trends in Biochemical
Science', 16; 167-169.

•

Gutierrez, L.M., Quintanar, J.L., Viniegra, S., Salinas, E , P.Moya & Reig,
J.A.; {\995), Biochemical and Biophysical Research Communications', 206; 1 7.

•

Habernicht, A J R , Glomset, J.A., King, W.C., Nist, C , Mitchell, C D &
Ross, R.; (1981); Journal o f Biological Chemistry, 256; 12329-12335.

•

Halkides, C.J., Parrar, C.T., Larsen, R .G , Redfield, A G & Singel, D.J.;
(1994); Biochemistry, 33; 4019-4035.

•

Hagiwara, M., Inoue, S., Tanaka, T., Nunoki, K., Ito, M. & Hidaka, H.;
(1988); Biochemical Pharmacology, 37; 2987-2992.

.

Hall, A.; (1990); Cell, 61; 921-923.

•

Hall, A. & Self, A.J.; (1986); Journal o f Biological Chemistry, 261; 1096310965.

• Hancock, J.P.; (1993); Current Biology, 3; 770-772.
• Haney, S. A. & Broach, J R ; (1994); Journal o f Cell Biology, 269;
16548.

16541-

•

Harborne, J.B.; (1975); In: Chromatography: A Laboratory Handbook O f
Chromoatography A nd Electrophoretic Methods', pp 772-773; Ed.: Heftman,
E.; Van Nostrand Reinhold Company.

•

Harbourne, J.B. & Boardley, M.; (1983); Phytochemistry, 22; 622-625.

•

Hardie, D G ; (1992); Biochemical Messengers: Hormones, Neurotransmitters
and Growth Factors', pp 124-144; London: Chapman and Hall.

•

Hasagawa-Sasaki, H.; (1985); Biochemical Journal, 232; 99-109.

• Hay, J.C. & Martin, T.P.J.; (1993); Nature, 366; 572-575.
• Hay, J.C., Pisette, P L., Jemkins, G.H., Pukami, K., Takenawa,
R A & Martin, T.P.J.; i\995). Nature', 374; 173-177.

230

T., Anderson,

Hedquist, P & Dahlén, S.E.; (1983); In: Leukotirenes and Other Lipoxygenase
Products', Ed.: P.J.Piper; pp 134-151; Research Studies Press.
Heidbiichel, H, Vereecke, J. & Carmeliet, E.; (1991); PACE; 14; 1721-1727.
Heidbiichel, H., Callewaert, G., Vereecke, J. & Carmeliet, E ; (1992);
Circulation Research', 71; 808-820.
Heidbiichel, H, Callewaert, G , Vereecke, J. & Carmeliet, E.; (1993); Pflsiigers
Archives', 422; 316-324.
•

Helm, B A ; (1994); Advances in Experimetnal Medicine and Biology, 347; 110.

•

Helm, B.A., Ling, N., Rhodes, N. & Padlan, E.A.; (1992); In: Progress in
Allergy and Clinical Immunology; pp 589; 2; Ed.: Miyamato, T. & Okuda, M;
Kyoto: Hogrefe & Huber Publications.

•

Hemmerich, S & Pecht, I.; (1988); Biochemistry', 27; 7488-7498.

•

Hemmerich, S. & Pecht, I.; (1992); Biochemistry', 31; 4580-4587.

•

Hemmerich, S., Sijpkens, D. & Pecht, I; (1991); Biochemistry, 30; 1523-1532.

•

Hemmerich, S., Yarden, Y. & Pecht, I.; (1992); Biochemistry', 31; 4574-4579.

•

Hessler, N.A., Shirke, A.M. & Malinow, R.; (1993); Naturel, 366; 569-572.

•

Hide, M. & Beaven, M.A.; (1991); Journal o f Biological Chemistry', 266;
15221-15229.

•

Hide, I., Bennett, J.P., Pizzey, A., Boonen, G , Bar-Sagi, D., Gomperts, B.D.
& Tatham, P E R ; (1993); Journal o f Cell Biology', 123; 585-593.

•

Higashijima, T., Ferguson, K.M., Sternweis, P C , Smigel, M.D. & Gilman,
A G ; (1987a); Journal o f Biological Chemistry', 262; 757-761.

•

Higashijima, T., Ferguson, K M., Sternweis, P C , Smigel, M.D. & Gilman,
A G ; (1987b); Journal o f Biological Chemistry', 262; 762-766.

•

Higashijima, T., Ferguson, K.M. & Sternweis, P C ; (1987c); Journal o f
Biological Chemistry', 262; 3597-3602.

•

Higashijima, T., Uzu, S., Nakajima, T. & Ross, E.M.; (1988); Journal o f
Biological Chemistry', 263; 6491-6494.

•

Higashijima, T., Burnier, J. & Ross, E.M.; (1990); Journal o f Biological
Chemistry', 265; 14176-14186.

231

•

Higashijima, T., Graziano, H., Suga, M., Kainosho, M. & Gilman, A.G.;
(1991); Journal o f Biological Chemistry, 266; 3396-3401.

•

Higiwara, M., Inoue, S., Tanaka, T., Nunoki, K., Ito, M. & Hidaka, H.;
(1988); Biochemical Pharmacology, 37; 3987-2992.

•

Hingorani, V.N. & Ho, Y-K.; (1990); In: G-Proteins as M ediators o f Cellular
Signalling Processes', Ed.: Houslay, M.D. & Milligan, G.; pp 95-111; John
Wiley & Sons Ltd.

•

Hino, R.H., Lau, C.K.H. & Read, G W ; (1977); Journal o f Pharmacology and
Experimental Therautics', 200; 658-663.

•

Honda, K., Maeda, Y , Sasakawa, S., Ohna, H. & Tsuchida, E.; (1981);
Biochemical and Biophysical Research Communications', 1 0 1 ; 165-171.

•

Hoth, M. & Penner, R ; (1992); Nature', 355; 353-356.

•

Howell, T.W. & Gomperts, B.D.; (1987); Biochimica et Bipphysica Acta', 927;
177-183.

•

Howell, T.W., Cockcroft, S. & Gomperts, B.D ; (1987); Journal o f Cell
Biology', 105; 191-197.

•

Howell, T., Kramer, Ij. M. & Gomperts, B D ; (1989); Cellular Signalling', 1 ;
157-163.

•

HufF, R.M & Neer, E.J.; (1986); Journal o f Biological Chemistry', 261; 11051110 .

•

Hugg, H. & Sarre, T.F.; (1993); Biochemical Journal, 291;329-343.

•

Hughson, P.M.; (1995); Current Biology', 5; 265-274.

•

Hurley, J.B.; (1995); Nature', 373; 194-195.

•

lino, M. & Endo, M.; (1992); Nature', 360; 76-78.

•

Imoto, M., Tamashita, T., Sawa, T., Kurasawa, S., Naganawa, H., Takeuchi,
T., Baoquan, Z. & Umezawa, K.; (1988); FEBS Letters', 230; 43-46.

•

Inglese, J., Freedman, N.J., Koch, W.J. & Lefkowitz, R.J.; (1993); Journal o f
Biological Chemistry', 268; 23735-23738.

•

Irvine, R.F.; (1990); FEBS Letters', 263; 5-9.

•

Islam, M.S., Larsson, O. & Berggren, P -0 ; (1993); Science', 262; 584-585.

232

•

Ishizaka, T.; (1989); ClinicalImmuonlogy andImmunopathology\ 50; 20-29.

•

Ishizaka, K., Shirasaka, T. Chokki, M. & Tasaka, K.; (1992); FEBS Letters',
314; 241-245.

•

lyenger, R. & Birnbaumer, L.; (1990); In; G-Proteins', Ed.: lyenger, R &
Birnbaumer, L.; pp 1-12; Academic Press.

•

Jackson, J.H., Li, J.W., Buss, I.E., Der, C.J. & Cochrane, C G ; (1994);
Proceedings o f the National Academy o f Science o f the U.S.A.', 91; 1273012734.

•

Jakobs, K.H. & Wieland, T.; (1989); FEBS Letters', 183; 115-121.

•

Jay, M. & Gonnet, J.F.; (1974); Biochemical Systematics o f Ecology', 2; 47

•

Jelsema & Axelrod, J.; (1987); Proceedings o f the National Academy o f
Science o f the U.S.A.', 84; 3623-3627.

•

Jiang, H., Lu, Z , Luo, J Q , Wolfman, A & Foster, D A ; (1995); Journal o f
Biological Chemistry', 270; 6006-6009.

•

Jacobs, M. & Huitorel, P.; (1979); European Journal o f Biochemistry', 99;
613-622.

•

Johnson, H.G. & Bach, M.K.; (1976); Biochemical Pharmacology', 114; 514516.

•

Johnson, H.C. & Van Hout, C A ; (1973); Proceedings o f the Society o f
Experimental Biology and Medicine ', 143; 427.

•

Jones, P.M., Mann, F.M., Persaud, S.J. & Wheeler,-Jones, C P ; (1993);
Molecular and Cellular Endocrinology ', 94; 97-103.

•

Jraulis, P.J., Domaille, P.J., Campbell-Burk, S.L., Van-Aken, T. & Laue, E D ;
(1994); Biochemistry', 33; 3515-3531.

•

Junco, M., Diaz-Guerra, M.J.M. & Bosca, L.; (1990); FEBS Letters', 263; 169171.

•

Kahn, R.A.; (1991); Journal o f Biological Chemistry', 266; 15595-15597.

•

Kapeller, R. & Cantey, L.C.; (1994); Bioessays', 16; 565-576.

•

Kaplan, D R , Whitman, M., Schaflhausen, B, Pallas, D C , White, M., Catley,
L. & Roberts, T.M.; (1987); Cell, 50; 1021-1029.

233

Kawasaki, Y , Saito, T., Okabe, T., Kumakura, K. & Ohara-Imaizumi, M.;
(1991); Biochimica et Biophysica Acta, 1067; 71-80.
Kelly, R.B.; (1995); Current Biology, 5; 257-259.
Kemble, G.W., Danieli, T. & White, J.M.; (1994); Cell, 76; 383-391.
Kennerly, D A ; {\99Qi), Journal o f Immunology, 144; 3912-3919.
Kennerly, D A ; (1991); FASEB Journal, 5; A1007.
Kikkawa, S., Takahashi, K., Takahashi, K., Shimada, N., Ui, M., Kimura, N. &
Katada, T.; {\999), Journal o f Biological Chemistry, 265; 21536-21540.
Kikkawa, S., Takahashi, K., Takahashi, K., Shimada, N., Ui, M., Kimura, N.
and Katada, T.; (1992); FEBS Letters, 305; 237-240.
Kimura, N.; (1993); In: Handbook o f Experimental Pharmacolgy: GTPases In
Biology IP, 108/n; pp 485-498; Ed.: Dickey, B.F. & Birnbaumer, L.;
Heidelberg, Germany: Springer-Verlag.
Kimura, N. & Johnson, G.S.; (1983); Journal o f Biological Chemistry, 258;
12609-12617.
Kimura, N. & Nagata, N.; (1977); Journal o f Biological Chemistry, 252;
3829-3835.
Kimura, N. & Nagata, N.; (1979); Journal o f Biological Chemistry, 254;
3451-3457.
Kimura, N. & Shimada, N.; (1983); Journal o f Biological Chemistry, 258;
2278-2283.
Kimura, N. & Shimada, N.; (1988a); Biochemical and Biophysical Research
Communications', 151; 248-256.
Kimura, N. & Shimada, S.; {\9%%h). Journal o f Biological Chemistry, 263;
4647-4653.
Kimura, N. & Shimada, N.; (1990); Biochemical and Biophysical Research
Communications', 168; 99-106.
Kimura, N. & Weiland, T.; (19^9), European Journal o f Biochemistry', 183;
115-121.
Kimura, N., Shimada, N., Nomura, K. & Watanabe, K.; (1990); 265; 1574415749.

234

•

Klinker, J.F., Hagelüken, A., Grünbaum, L., Heilmann, B., Harhammer, R.,
OfFermanns, S., Schwaner, I., Ervens, J., Wenzel-Seifert, K , Müller, T. &
Seifert, R.; (1994); BiochemicalJournal, 304; 377-383.

•

Knight, D.E. & Scrutton, M.C.; (1986); Biochemical Journal, 234; 497-506.

•

Koch, C A, Anderson, D., Moran, M.F., Ellis, C. & Pawson, T.; (1991a);
Science-, 252; 668-674.

•

Koch, G., Haberman, B., Mohr, C , Just, I. & Aktories, K.; (1991b); FEBS
Letters-, 291; 336-340.

•

Koch, G., Mohr, C , Just, I. & Aktories, K.; (1992); Biochemical and
Biophysical Research Communcations-, 186; 448-454.

•

Kofièr, A.; (1993); Biochimica et Biophysica Acta, 1176; 231-239.

•

Koopman, W R. & Jackson, R C ; (1990); Biochemical Journal, 265; 365-373.

•

Kowluru, A. & Metz, S.A.; (1994); Biochemistry-, 33; 12495-12503.

•

Kowluru, A., Seavey, S.E., Rabaglia, M E & Metz, S.A.; (1995); 49; 263-266.

•

Krapivinsky, G , Gordon, E.A., Wickman, K., Velimirovic, B , Krapivinsky, L.
& Clapham, D E ; {\99S), Nature-, 374; 135-141.

•

Kuno, M., Kawaguchi, J., Mukai, M. & Nakamura, F.; (1990); American
Journal o f Physiology-, ; C715-C722.

•

Kurahashi, T. & Yan, K-W.; (1994); Cell Biology-, 4; 256-259.

•

Kuriki, Y. & Racker, E.; (1976); Biochemistry-, 15; 4951-4956.

•

Kusner, E.J., Dubnick, B. & Herzig, J.; (1973); Journal o f Pharmacology and
Experimental Therapeutics-, 184; 41-46.

•

Kypta, R .M , Goldberg, Y., Ulug, E.T. & Courtneidge, S.A.,; (1990); Cell, 62;
481-492.

•

Lacombe. M L. & Jakobs, K.H.; (1992); Trends in Pharmacological Science-,
13; 46-48.

•

Lacombe, M., Lascu, I., Sastre-garau, X., Wallet, V., Veron, M.; (1992);
Médecine/Sciences-, 8 ; 448-454.

•

Lamb, T.D.; (1986); Trends in Neuroscience-, ; 224-228.

235

•

Lang, D R. & Racker, E.; (1974); Biochimica et Biophysica Acta, 333; 180186.

•

Lascu, I., LeBlay, K., Lacombe, M-L., Presecan, E. & Veron, M.; (1993);
Analytical Biochemistry, 209; 6-8.

•

Leake, D.; (1995); The Biochemist, 17; 12-15.

•

Leckleiter, J., Girard, S., Peralta, E. & Clapham, D.; (1991); Science', 252;
123-126.

•

Lefkowitz, R.L.; (1993); Cell, 74; 409-412.

•

Lembeck, F ; (1983); Trends in Neuroscience', 3; 106-108.

•

Leon, A., Buriani, A., Dal-Toso, R , Fabris, M., Romanello, S., Aloe, L &
Levi-Montalcini, R ; (1994); Proceedings o f the National Academy o f Science
o f the U.S.A.', 91; 3739-3743.

•

Levitzki, A.; (1982); Trends in Pharmacological Science', 1; 203-208.

•

Levitzki, A.; (1990); In: G-Proteins as Mediators o f Cellular Signalling
Processes', Ed.: Housley, M.D. & Gilman, G.; pp 1-14; John Wiley & Sons.

•

Lew, P.D., Monod, A., Waldvogel, F.A., Dewald, B , Baggiolini, M. &
Pozzan, T.; (1986); Journal o f Biological Chemistry', 102; 2197-2204.

•

Li, N., Batzer, A., Daly, R , Yajnik, V., Skolnik, E., Chardin, P., Bar-Sagi,
Margolis, B. & Schlessinger, J.; (1993); Nature', 363; 85-88

•

Lian, J.P., Stone, S., Jiang, Y , Lyons, P. & Ferro-Novick, S.; (1994); Nature',
372; 698-701.

•

Lillie, T.H.W. & Gomperts, B.D.; (1992a); Biochemical Journal, 288; 181187.

•

Lillie, T.H.W. & Gomperts, B.D.; (1992b); Philosophical Transactions o f the
Royal Society', Series B; 336; 25-34.

•

Lillie, T.H.W. & Gomperts, B.D ; (1993a); Biohemical Journal, 290; 389-394.

•

Lillie, T.H.W. & Gomperts, B.D.; (1993b); In: Handbook o f Experimental
Pharmacology, GTPases in Biology', 108/1; pp 661-678; Ed.: Dickey, B.F. &
Birnbaumer, L.; Berlin, Heidelberg: Springer-Verlag.

•

Lillie, T.H.W., Whalley, T.D. & Gomperts, B D ; (1991); Biochmica et
Biophysica Acta', 1094; 355-363.

236

•

Lin, P., Wiggan, G. A. & Gilfillan, A.M.; (1991); Journal o f Immunology, 146;
1609-1616.

•

Linassier, C , Pierre, M., Le Pecq, J.B. & Pierre, J.; (1990); Biochemical
Pharmacology, 39; 187-193.

•

Lindau, M. & Gomperts, B.D.; (1991); Biochimica et Biophysica Acta, 1071;
429-471.

•

Lindau, M. & Fernandez, J.M ; (1986); Nature, 319; 150-153.

•

Lindau, M., Nüsse, O , Bennett, J.P. & Cromwell, O ; (1993); Journal o f Cell
Science', 104; 203-210.

•

Lindau, M. & Gomperts, B.D.; (1991); Biochimica et Biophysica Acta', 1071;
429-471.

•

Link, E, Edelmann, L., Chou, J.H., Binz, T., Yamasaki, S., Eisel, U ,
Baurmert, M., Südhof, T C., Niemann, H. & Jahn, R.; (1992); Biochemical
and Biophysical Research Communications', 189; 1017-1023.

•

Lino, M. & Endo, M.; (1992); Nature', 360; 76-78.

•

Litwin, C.M.E., Gendreau, M. & Wang, J.H.;(1992); FEBS Letters', 309; 275278.

•

Lledo, P-M., Vernier, P., Vincent, J-D , Mason, W.T. & Zorec, R ; (1993);
Nature', 364; 540-544.

•

Lollike, K., Borregaard, N & Lindau, M.; (1995); Journal o f Cell Biology',
129; 99-104.

•

Londos, C , Salomon, Y , Lin, M C., Harwood, J.P , Schramm, M., Wolff, J. &
Rodbell, M.; (1974); Proceedings o f the National Academy o f Science o f the
71; 3087-3090.

•

Lowenstein, E.J., Daly, R.J., Batzer, A G , Li, W., Margolis, B., Lammers, R ,
Ullrich, A., Skolnik, E.Y. & Bar-Sagi, D.; (1993); Cell, 70; 431-442.

•

MacDonald, N.J., De-la-Rosa, A., Benedict, M.A., Freije, J.M., Krutsch, H. &
Steeeg, P.S.; (1993); Journal o f Biological Chemistry', 268; 25780-25789.

•

MacLean, C M , Law, G J. & Edwardson, J.M.; (1993); Biochemical Journal,
294; 325-328.

•

McCormick, F.; (1989); Nature', 340; 678-679.

•

McCormick, F; (1993); Nature', 363; 15-16.

237

•

McCormick, F., Adari, H., Trahey, M., Halenbeck, R., Koths, K., Matin, G A ,
Crosier, W.J., Watt, K., Rubinfeld, B. & Wong, G.; (1988); Cold Spring
Harbor Symposium o f Quantitative Biology, 53; 849-854.

•

McLean, C M , Marciniak, S.J., Hall, D V & Edwardson, J.M.; (1993);
Journal o f Cell Science-, 106; 663-670.

•

McMahon, H.T., Ushkaryov, Y.A., Edelmann, L., Link, E., Binz, T., Niemann,
Jahn, R. & Südhof, T.C.; (1993); Nature-, 364; 346.

•

McPherson, P S . & Campbell, K.P.; (1993); Journal o f Biological chemistry-,
268; 13765-13768.

•

McGivney, A., Mrita, Y., Crews, F.T., Hirata, F , Axelrod, J. & Siraganian,
R.P.; {\9%\), Archives o f Biochemistry and Biophysics-, 212; 572-580.

•

Malançon, P.; (1993); Current Biology-, 3; 230-233.

•

Malaviya, R , Malaviya, R. & Jakschik, B.A.; (1993); Journal o f Biological
Chemistry-, 268; 4939-4944.

•

Margulies, D.H.; ( 1992); Current Biology-, 2; 211-213.

•

Marquardt, D L , Gruber, H E. & Walker, L.L.; (1987); Journal o f
Pharmacology and Experimental Theraputics-, 240; 145-149.

•

Marsh, M. & Cutler, D.; (1993); Current Biology-, 3; 30-32.

•

Martin, J.L., Pumford, N.R., LaRosa, A C , Martin, B.M., Gonzaga, H.M.S.,
Beaven, M.A. & Pohl, L.R.; (1991); Biochemical and Biophysical Research
Communications-, 178; 679-685.

•

Marty, A.; (1991); Jounal o f Membrane Biology-, 124; 189-197.

•

Matthews, G , Neher, E, & Penner, R.; (1989); Journal o f Physiology-, 418;
105-130.

•

Martin, et al ; (1991)

•

Mauro, L.J. & Dixon, J.E.; (1994); Trends in Biological Science-, 19; 151-155.

•

Mayorga, L.S., Beron, W., Sarrouf, M.N., Colombo, M I , Creutz, C. & Stahl,
P D ; (1994), Journal o f Biological Chemistry-, 269; 30927-30934.

•

Mazurek, N., Geller-Bernatein, C. and Pecht, I ; (1980); FEBS Letters, 111;
194-196.

•

Mazurek, N., Bashkin, P., Loyta, A. & Pecht, I.; (1983a); Proceedings o f the
National Academy o f Science o f the U.S.A.-, 80; 6841-6018.

238

•

Mazurek, N., Bashkin, P., Petrank, A. & Pecht, L; (1983b); Nature\ 303; 528530.

•

Mazurek, N., Schindler, H , Schurholz and Pecht, I ; (1984); Proceedings o f
the National Academy o f Science o f the U.S.A.', 81; 6841-6845.

•

Melancon, P., Glick, B.S.; Malhotra, V., Weidman, P.J., Serafmi, T., Gleason,
M.L., Orci, L. & Rothman, J.E.; (1987); Cell, 51; 1053-1062.

•

Meldolesi, J.; (1993); Current Biology, 3; 910-912.

•

Metzger, H. & Kinet, J-P.; (1988); FASEB Journal, 2 ; 3-11.

•

Meyer, T., Wensel, T. & Stryer, L.; (1990); Biochemistry, 29; 32-37.

•

Middleton, E & Kandaswami, C ; (1992); Biochemical Pharmacology, 43;
1167-1179.

•

Middelton. E., Drzewiecki, G. & Krishnarau, D.; (1981); Journal o f
Immunology; 127; 546-555.

•

Mignery, G.A., Südhof, T.C., Takei, K. & De Camilli, P.; (1989); Nature; 342;
192-195.

•

Miller, J. & Williams, G V ; (1990); Journal o f Electroanalytical Chemistry;
282; 33-49.

•

Miller, & Nicol, ; (1979); Nature; 280; 64-66.

•

Miller, S .G , Carnell, L. & Moore, H.H.; (1992); Journal o f Cell Biology; 118;
267-283.

•

Missiaen, L., Taylor, C.W. & Berridge, M.J.; (1991); Nature; 352; 241-244.

•

Missiaen, L , De Smedt, H., Droogmans, G. & Casteels, R ; (1992); Nature;
357; 599-602.

•

Mongar, J.L. & Schild, H.O.; (1958); Journal o f Physiology; 140; 272-284.

•

Morino, K., Matsukura, N., Kawachi, T., Ohgaki, H., Sugimura, T. & Hirono,
I.; (1981); Carcinogenesis; 3; 93-97.

•

Morita, K., Hamano, S., Teraoka, K., Oka, M. & Yoshizuma, M.; (1990);
Neurochemistry International; 16; 313-318.

•

Morrison, D C , Roser, J.F., Henson, P.M. & Cochrane, C G ; (1974); Journal
o f Immunology; 112; 573-582.

239

•

Morrison, D C., Roser, J.F., Cochrane, C.G. & Henson, P.M.; (1975); 49; 172178.

•

Morton, C.J. & Campbell; (1994); Current Biology, 4; 615-617.

•

Mousli, M., Bronner, C , Bueb, J-L, Tshirhart, E., Gies, J-P., Landry, Y.;
(1989); Journal o f Pharmacology and Experimental Theraputics', 250; 329335.

•

Mousli, M., Landry, B Y , Bockaert, J. & Rouot, B ; (1990); FEBS Letters',
259; 260-262.

•

Mustelin, T., Coggeshall, K.M., Isakov, N. & Altman, A.; (1990); Science',
247; 1584-1587.

•

Nahorski, S R.; (1988); Trends in Neuroscience', 11; 444-448.

•

Nakanishi, H. & Exton, J.H.; (1992); Journal o f Biological Chemistry', 267;
16347-16354.

•

Nakadate, T., Jeng, A Y & Blumberg, P.M.; (1988); Biochemical
Pharmacology', 37; 1541-1545.

•

Nakatani, Y., Murakami, M., Kudo, I & Inoue, K.; (1994); Journal o f
Immunology', 153; 796-803.

•

Nathanson, M.H., Padfield, P.J., O'Sullivan, A.J., Burgstahler, A.D &
Jamieson, J D ; (1992); Journal o f Biological Chemistry', 267; 18118-18121.

•

Neher, E.; (1988); Journal o f Biological, 395; 193-214.

•

Neher, E. & Aimers, W.; (1986); EMBO Journal, 5; 51-58.

•

Neher, E. & Marty, A.; (1982); Preoceedings o f the National Academy o f
Science o f the U.S.A.', 79; 6712-7616.

•

Nishizaka, T., Walent, J.H., Kowalchyk, J.A. & Martin, T.F.J.; (1992); Journal
o f Biological Chemistry', 267; 32972-23981.

•

Noel, J.P., Hamm, H E. & Sigler, P B ; (1993); Nature', 366; 654-663.

•

Norman, J.C., Price, L.S., Ridley, A.J., Hall, A. & KofFer, A.; (1994); Journal
o f Cell Biology', 126; 1005-1015.

•

Northup, J.K.,

;(1980);

240

•

Northup, J.K., Smigel, M.D. & Gilman, A.G.; (1982); Journal o f Biological
Chemistry, 257; 11416-11423.

•

Novick, P. & Garrett, M.D.; (1994); Nature', 369;18-19.

•

Oberhauser, A.F., Monck, J.R., Balch, W.E. & Fernandez, J.M.; (1992);
Nature-, 360; 270-273.

•

Oberhauser, A F , Balan, V., Fernandeaz-Badilla, C.L. & Fernandez, J.M.;
{ \994y, FEBS Lett. , 339-, 171-174.

•

Ohga, N., Kikuchi, A., Ueda, T., Yamamoto, J. Takai, Y ; (1989); Biochemical
and Biophysical Research Communications', 163; 1523-1533.

•

Ohtsuki, K. & Yokoyama, M.; (1987); Biochemical and Biophysical Research
Commounications', 148; 300-307.

•

Ohtsuki, K., Ikeuchi, T. & Yokoyama, M.; (1986); Biochimica et Biophisica
Acta-, 882; 322-330.

•

Ohtsuki, K., Yokoyama, M. & Uesaka, H ; (1987); Bochimica et Biophisica
Acta-, 929; 231-238.

•

Oka, T., Nishikawa, S-i. & Nakano, A.; (1991); Journal o f Cell Biology-, 114;
671-679.

•

Okano, Y., Takazi, H., Tohmatsu, T., Makashima, S., Kuroda, T., Saito, K. &
Nazawa, Y ; (1985); FEBS Letters', 188; 363-374.

•

Okano, Y , Yamada, K., Yano, K. & Nazawa, Y ; (1987); Biochemical and
Biophysical Research Communications', 145; 1267-1275.

•

Ostle, B.; (1963); Statistics in Research', p.585; Ames, Iowa: Iowa State
University Press.

•

Otero, A.D. S.; {\99Qf), Biochemical Pharmacology-, 39; 1399-1404.

•

Otero, A.S., Breitwieser, G.E. & Szabo, G.; (1988); Science', 242; 443-445.

•

Padfield, P.J., Balch, W.E. & Jamieson, J.D.; (1992); Proceedings o f the
National Academy o f Science o f the U.S.A.', 89; 1656-1660.

•

Palczewski, K., Buczylko, J., Kaplan, M.W., Polan, A S. & Crabb, J.W.;
( \9 9\ ), Journal o f Biological Chemistry-, 266; 12949-12955.

•

Paolini, P., Numerof, R. & Kinet, J-P.; (1992); Proceedings o f the National
Academy o f Science o f the U.S.A.', 89; 10733-10737.

241

•

Park, D.J., Min, H.K. & Rhee, S.G.; (1991); Journal o f Biological Chemistry,
266; 24237-24240.

•

Parks, R. & Agarwal, R.; (1973); In: The Enzymes (3^^ edition); 8 ; 307-334.

•

Patton, W.D.M.; (1951); British Journal o f Pharmacology, 6 ; 499-508.

•

Pawson, T.; (1995a); Nature', 373; 477-478.

•

Pawson, T.; (1995b); Nature, 373; 573-580.

•

Pawson, T. & Schlessinger, J.; (1993); Current Biology, 3; 434-442.

•

Payan, D.G., Levine, J.D. & Goetze, E.J.; (1984); Journal o f Immunology,
132; 1601-1604.

•

Pearce, F.L. & Rafil-Tabar, E.; (1983); Agents and Actions', 13; 212-215.

•

Pears, C , Stabel, S., Cazaubon, S. & Parker, P.J.; (1992); Biochemical
Journal, 283; 515-518.

•

Penner, R ; (1988); Proceedings o f the National Academy o f Science, 85;
9856-9860.

•

Penner, R., Pusch, M. & Neher, E.; (1987); Bioscience Reports', 7; 313-321.

•

Penner, R , Matthews, G. & Neher, E.; (1988); Nature', 334; 499-504.

•

Pennie, W.D. & Campo, M.S.; (1992); Virology', 190; 861-865.

•

Picq, M., Dubois, M., Munari-Silem, Y , Prigent, A-F. & Pacheco, H.; (1989);
Life Sciences', 44; 1563-1571.

•

Piiper, A., Stryjek-Kaminska, D., Stein, J., Caspary, W.F. & Zeuzem, S.;
(1993); Biochemical andBiophysicla Research Commounications', 192; 10301036.

•

Piper, P.J.; (1989); European Jowma/ o f Anaesthesiology', 6 ; 241-255.

•

Pleiman, C.M., Hertz, W.M. & Cambier, J.C.; (1994); Science', 263; 16091612.

•

Polakis, P. & McCormick; (1993); Journal o f Biological Chemistry', 268;
9157-9160.

•

Price, L.S., Norman, J.C , Ridley, A.J. & KofFer, A.; (1995); Current Biology',
5; 68-73.

242

•

Putney, J.W.; (1986); Cell Calcium; 7; 1-12.

•

Qui, R-G., Chen, J., Kirn, D., McCormick, F. & Symons, M.; (1995); Nature;
347; 457-459.

•

Ra, C , Jouvin, M-H.E. & Kinet, J-P.; (1989); Journal o f Biological
Chemistry; 264; 15323-15327.

•

Raker, E.; (1975); In: M T.P. International Review o f Science; Biochemistry
Series 13; pp 153-175; Ed.: Raker, E.; London: Butterworth.

•

Randall, R.W., Bonser, R.W., Thompson, N.T. & Garland, L.G.; (1990); FEBS
Letters; 264; 87-90.

•

Randazzo, P. A., Norhtup, J.K. & Kahn, R.A.; (1991); Science; 254; 850-853.

•

Randazzo, P A Northup, J.K. & Kahn, R.A.; (1992); Journal o f Biological
Chemistry; 267; 18182-18189.

•

Razakis-Adcock, M., Fernley, R., Wade, R., Pawson, T. & Bowtell, D.;
(1993); Nature; 363; 83-85.

•

Razin, E. & Marx, G.; (1984); Journal o f Immunology; 133; 3282-3285.

•

Regazzi, R , Kikuchi, A., Takai, Y. & Wollheim, C.B.; (1992); Journal o f
Biological Chemistry; 267; 17512-17519.

•

Rendell, M.S., Salomon, Y , Lin, M C , Rodbell, M. & Berman, M.; (1975);
Journal o f Biological Chemistry; 250; 4254-4260.

•

Rendell, M.S., Rodbell, M. & Berman, M.; (1977); Journal o f Biological
Chemistry; 252; 7909-7912.

•

Rice-Evans, C ; (1995); The Biochemist; 17; 8-11.

•

Riley, J.F. & West, G.B.; (1955); Journal o f Pathology and Bacteriology;
LIXIX; 269-282.

•

Roberts, W.M.; (1993); Nature; 363; 74-76.

•

Rodbell, M.; (1992); Current Topics In Cellular Regulation; 32; 1-47.

•

Rodbell, M., Krans, H.M.J., Pohl, S.L. & Birnbaumer, L.; (1971a); Journal o f
Biological Chemistry; 246; 1872-1876.

•

Rodbell, M., Birnbaumer, L., Pohl, S.L. & Krans, H.M.J.; (1971b); Journal o f
Biological Chemistry; 246; 1877-1882.

243

•

Rogers, H & Specter, R.; (1986); Aids To Pharmacology, pp 8-9; London:
Churchill Livingstone.

•

Rosengard, A.M., Krutzsch, H.C., Shearn, A., Biggs, J R., Barker, E.,
Margulies, I.M.K., King, C R , Liotta, L.A. & Steeg, P.S.; (1989); Nature',
342; 177-180.

•

Ross, E.M. & Gilman, A G .; (1977); Journal o f Biological Chemistry, 252;
6966-69691.

•

Ross, E.M., Hewlett, A C , Ferguson, K.M. & Gilman, A G ; (1978); Journal
o f Biological Chemistry, 253; 6401-6412.

•

Rossetto, O , Schiavo, G , Montecucco, C , Poulain, B., Deloye, P., Lozzi, L.
& Shone, C C ; {\99A), Nature', 372; 415-416.

•

Rothman, J.E. & Orci, L ; (1992); Nature, 355; 409-415.

•

Rotin, D., Honegger, A.M., Margolis, B.L., Ullrich, A. & Schlessinger, J.;
(1992); Journal o f Biological Chemistry', 267; 9678-9683.

•

Ruggieri, R. & McCormick, P.; (1991); Nature', 353; 390-391.

•

Rothman, J.E. & Orci, L.; (1992); Nature', 355; 409-415.

•

Rozakis-Adock, M., Pernley, R., Wade, J., Pawson, T. & Bowtell, D.; (1993);
Nature', 363; 83-85.

•

Sachse, J.; (1971); Journal o f Chromatography, 58; 297.

•

Sagi-Eisenberg, R ; (1993); In: Immunopharmacology o f M ast Cells and
Basophils', Ed.: Foreman, J.C ; pp 71-88; Academic Press.

•

Sai, Y , Arai, K. & Ohkuma, S.; (1994); Biochemical and Biophysical
Research Communications, 198; 869-877.

•

Saito, H., Okajima, P., Molski, T.P.P.; Sha'Afi, R.L, Ui, M. & Ishizaka, T.;
(1987); Journal o f Immunology, 138; 3927-3934.

•

Salminen, A. & Novick, P.J.; (1987); Cell, 49; 527-538.

•

Salmon, Y , Londos, C. & Rodbell, M.; (1975); Analytical Biochemistry', 58;
541-548.

•

Salter, M., Knowles, R.G. & Pogson, C.I.; (1994); Essays in Biochemistry', 28;
1- 1 2 .

•

Samuelsson, B; (1983); Science',

220;

568-575.

244

•

Sarafian, T., Pradel, L-A , Henry, J-P., Aunis, D. & Bader, M-F; (1991);
Journal o f Cell Biology, 114; 1135-1147.

•

Scepek, S. & Lindau, M.; (1993); EMBO Journal, 12; 1811-1817.

•

Scepek, S., Moqbel, R. & Lindau, M.; (1994); Parasitology Today; 10; 276278.

•

Schiavo, G , Benfenati, F., Poulain, B , Rossetto, O , Polverino de Laureto, P.,
DasGupta, B.R. and Montecucco, C ; {1992); Nature; 359; 832-835.

•

Schiavo, G , Shone, C.C., Rossetto, O , Alexander, F.C.G. & Motecucco, C ;
(1993); Journal o f Biological Chemistry; 268; 11516-11519.

•

SchefFzek, K., Klebe, C , Fritz-Wolf, K., Kabsch, W. & Wittinghofer, A.;
(1995); Nature; 374; 378-381.

•

Schweins, T. & Wittinghofer, A.;(1994); Current Biology; 4; 547-550.

•

Seaman, M.N.J. & Robinson, M.S.; (1994); Current Biology; 4; 926-929.

•

Seifert, J., Rosenthal, W., Schultz, G , Wieland, T., Gierschick, P. & Jakobs,
K.H ; {\9%%); European Journal o f Biochemistry; 175; 51-55.

•

Serafmi,,!., Orci, L., Amherdt, M., Brunner, M., Kahn, R A & Rothman, J.E.;
(1991); Cell; 67; 239-253.

•

Shannon, C.E. & Weaver, W.; (1949); The Mathematical Theory o f
Communications; Urbana: Illinois University Press.

•

Shiavo, G , Benfenati, F , Poulain, B., Rosetto, G., Polverino de Laureto, P.,
DasGupta, B. & Montecucco, C ; (1992); Nature; 359; 832-835.

•

Shibata, H , Mio, M. & Tasaka, K.; (1984); Biochimica et Biophisica Acta;
805; 127-130.

•

Shimada, N., Ishikawa, N., Munakata, Y., Toda, T., Watanabe, K. & Kimura,
N.; (1993); Journal o f Biologiacl Chemistry; 268; 2583-2589.

•

Shirataki, H., Kaibuchi, K., Sakoda, T., Kishida, S., Yamaguchi, T., Wada, K.,
Miyazaki, M. and Takai, Y .; Molecular Cell Biology; 13; 2061-2068.

•

Siebert, A., Lottspeich, F., Nelson, N. & Betz, H.; (1994); Journal o f
Biological Chemistry; 269; 28329-28334.

245

•

Shoji-Kasai, Y., Yoshida, A., Sato, K., Hoshino, T., Ogura, A., Kendo, S.,
Fujimoto, Y , Kuwahara, R., Kato, R. & Takahsahi, M.; (1992); Science', 256;
1820-1823.

•

Siraganian, R.P., Kulczycki, A., Mendoza, G. & Metzger, H.; (1975); Journal
o f Immunology, 115; 1599-1602.

•

Soldati, T., Shapiro, A.D., Dirac-Svejstry, A.B. & Pfiffer, S.D.; (1994);
Nature', 369; 76-78.

•

Sollner, T., Whiteheart, S.W., Brunner, M., Erdjument-Bromage, H ,
Geromanos, S., Tempst, P. & Rothman, J.E.; (1993); Nature', 362; 318-324.

•

Sondek, J., Lambright, D G , Noel, J.P., Hamm, H E. & Sigler, P.B.; (1994);
Nature', 372; 276-279.

•

Songyang, Z , Shoelson, S.E., Chaudhuri, M., Gish, G , Pawson, T., Haser,
W., King, P., Roberts, T., Ratnofsky, S., Lechleider, R J , Neel, B G , Birge,
R B , Fajardo, I.E., Chou, M.M., Hanafusa, H., Shaffhausen, B.& Cantley,
L.C.; (1993); Cell, 72; 767-778.

•

Sorimachi, M., Nishimura, S., Yamagami, K &Yada, T.; (1988); Japanese
Journal o f Physiology', 38; 227-232.

•

Specter, M., O'Neal, S & Racker, E.; (1980); Juornal o f Biological
Chemistry', 255; 5504-5507.

•

Spicer, B.A., Ross, J.W., Clarke, G D , Harling, E.J., Hassall, D A , Smith, H.
& Taylor, J.F.; (\9S3), Agents and Actions', 13; 301-309.

•

Stegmann, T,; (1994); Current Biology, 4; 551-554.
With erratum in; Op. cit. ', 764.

•

Sternweis, P C & Gilman, A G; (1982); Proceedings o f the National Academy
o f Science o f the U.S.A.', 79; 4888-4891.

•

Stutchfield, J. & Cockcroft, S.; (1988); Biochemical Journal, 250; 375-382.

•

Stryer, L.; (1988); Cold Spring Harbor Symposium o f Quantitative Biology',
L m ; 283-293

•

Sun, X.J., Rothenberg, P., Kahn, C R , Backer, J.M., Araki, E., Wilden, P A ,
Cahill, D.A., Goldstein, B.J. & White, M.F.; (1991); Science', 352; 73-77.

•

Sutton, B.J. & Gould, H.J.; (1993); Nature', 366; 421-428.

•

Sweet, D.J. & Pelham, H.R.B.; (1992); EMBO Journal, 11; 423-432.

246

•

Takai, Y., Kaibuchi, K., Kikuchi, A. & Kawata, M.; (1992); International
Reveiw o f Cytology, 133; 187-230.

•

Tatham, P.E.R. & Gomperts, B.D.; (1988); Bioscience Reports', 9; 99-109.

•

Tatham, P.E.R. & Gomperts, B.D.; (1990); In: Peptide hormones - A practical
approach'. Ed.: Siddle, K. & Hutton, J.C.; vol. 2; pp 257-269; Oxford: IRL
Press.

•

Tatham, P.E.R. & Gomperts, B D ; (1991a); Journal o f Cell Science', 98; 217224.

•

Tatham, P.E.R. & Gomperts, B D ; (1991b); BioEssays', 13; 397-401.

•

Tatham, P.E.R. & Lindau, M.; (1990); Journal o f General Physiology', 95;
459-476.

•

Tatham, P.E.R., Duchen,
409-414.

•

Taylor, C.W.; (1990); Biochemical Journal, 272; 1-13.

•

Taylor, C.W. & Marshall, I.C.B.; (1992); Trends in Biological Science', 17;
403-407.

•

Theoharides, T.C. & Orprée, ; (1988); Agents and Actions', 13; 216-218.

•

Tomita, U., Takahashi, K., Ikenaka, K., Kondo, T., Fujimoto, I , Aimoto, S.,
Mikoshiba, K., Ui, M. & Katada, T.; (1991); Biochemical and Biophysical
research Communications', 178; 400-406.

•

Tooze, S.A. & Huttner, W.B.; (1990); Cell, 60; 837-847.

•

Tordera, M., Ferrandiz, M L & Alcaraz, M L; (1993); Z Naturforsch.', 49c;
235-240.

•

Trahey, M. & McCormick; (1987); Science', 238; 542-545.

•

Trnovsky, L, Letoumeau, R., Haggag, E., Boucher, W. & Theoharides, T.C.;
(1993); Biochemical Pharmacology', 46; 2315-2326.

•

Trowbridge, I.S.; (1993); Current Biology', 3; 773-775.

•

Tsai, M-H , Yu, C-J., Wei, F-S. & Stacey, D.W.; (1989); Science', 243; 522526.

•

Tse, M.H., Hall, A., Wei, F.S. & Stacey, D.W.; (\9S9), M olecular Cell
Biology, 9; 5260-5264.

M

R. & Millar, J.; (1991); Pflügers Archives', 419;

247

•

Tse, M G., Yu, C L & Stacey, D.W.; (1990); Science-, 250; 982-985.

•

Tse, F.W., Iwata, A. & Aimers, W.; (1993); Journal o f Biological Chemistry,
121; 543-552.

•

Uesaka, H., Yokoyama, M. & Ohtsuki, K.; (1987); Biochimica et Bipphysica
Acta; 143;552-559.

•

Urata, C. & Siraganian, R.P.; (1985); International Archives o f Allergy and
Applied Immunology, 78; 92-100.

•

vand den Pol, A.N., Finkbeiner, S.M. & Cornell-Bell, A.H.; (1992); Journal o f
Neuroscience', 12; 2648-2664.

•

Vaziri, C. & Downes, C.P.; (1992); Journal o f Biological Chemistry, 267;
22973-22981.

•

Vliagoftis, H., Boucher, W.S., Mak, L.L. & Theoharides, T.C.; (1992);
Biochemical Pharmacology, 43; 2237-2245.

•

von GersdofF, H. & Matthews, G ; (1994); Nature', 367; 735-739.

•

von Grafenstein, H., Borges, R. & Knight, D E ; (1992); FEBS Letters; 298;
118-122.

•

Volpe, P., Krause, K.H., Hashimoto, S., Zorzato, F., Pozzan, T., Meldolesi, J.
& Lew, D P .; (1988); Proceedings o f the National Academy o f Science o f the
U.S.A.,S5', 1091-1095.

•

Vu, N.D. & Wagner, P.D.; (1993); Biochemical Journal, 296; 169-174.

•

Waksman, G , Shoelson, S., Pant, N., Cowburn, D. & Kuriyan, J.; (1993);
Cell, 72; 779-790.

•

Walent, J.H., Porter, B.W. & Martin, T.F.J.; (1992); Cell, 70; 765-775.

•

Wang, L.C.; (1971); Analytical Biochemistry, 42; 296.

#

•

Warren, G ; (1993); Nature', 362; 297-298.

•

Weiner, N.; (1961); Cybernetics', Cambridge, Massachusetts: The M I T Press.

•

White, J.R. & Pearce, F.L.; (1983); International Archives o f Applied
Immunology, 71; 352-356.

248

•

White, J R., Ishizaka, T. Ishizaka, K. & Sha Afi, R.I.; (1984); Proceedings o f
the National Academy od Science o f the U.S.A.', 81; 3978-3982.

•

Whiteheart, S.W., Griff, I.C., Brunner, M., Clary, D O., Mayer, T., Buhrow,
S.A. & Rothman, J.E.; (1993); Nature', 362; 353-355.

•

Wieland, T. & Jakobs, K.H.; (1990); Molcular Pharmacology, 42; 731-735.

•

Wieland, T. & Jakobs, K.H.; (1992); Molecular Pharmacology, 42; 731-735.

•

Wieland, T., Ulibarri, I., Gierschik, P. & Jakobs, K.H.; (1991a); European
Journal o f Biochemistry, 190; 707-716.

•

Wieland, T., Bremerich, J , Gierschik, P. & Jakobs, K.H.; (1991b); European
Journal o f Pharmacology, 208; 17-23.

•

Wieland, T., Nürnberg, B., Ulibarr, I., Kaldenberg-Stasch, Schultz, G. &
Jakobs, K.H.; (1993); Journal o f Biological Chemistry, 268; 18111-18118.

•

Wilson, C ; (1994); Trends in Cell Biology, 4; 409-414.

•

Wilson, B , Deanin, G , Stump, R. & Oliver, J.; (1988); FASEB Journal, 2;
A1236.

•

Wittinghofer, A.; (1993); Current Biology, 3; 874-876.

•

Wittinghofer, A.; (1994); Cell, 76; 201-204.

•

Yatani, A., Imoto, Y., Godina, J., Hamilton, S.L., Brown, A.M. & Birnbaumer,
L.; (1988); Journal o f Biological Chemistry, 263; 9887-9895.

•

Yatani, A., Okabe, K., Polakis, P., Halenbeckl., McCormick, F. & Brown,
A.M.; (1990); Cell, 61; 769-776.

•

Zimmerberg, J.; (1987); Bioscience Reports', 7; 251-268.

•

Zimmerberg, J., Curran, M., Cohen, F.S. & Brodwick, M.; (1987);
Proceedings o f the National Academy o f Science o f the U.S.A. ; 84; 15851589.

•

Zimmerberg, J., Vogel, S. S. & Chernomordik, L.V.; (1993); Annual Review o f
Biophysics', 22; 433-466.

249

