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Abstract

Two proteins have been identified previously, based on their ability to restore 

secretion from granulocytes (neutrophils and HL60 cells): the ADP- 

ribosylation factor (ARF), and the phosphatidyl-inositol transfer protein (Pl- 

TP). If granulocytes are permeabilised before stimulation there is a decline in 

the secretory response. This is associated with the leakage of cytosolic 

proteins, and implies that some of the lost proteins are involved in the 

regulation of secretion.

Previous work has relied upon the use of the artificial stimulus, GTPyS. RBL- 

2H3 mast cells may be stimulated experimentally via their tyrosine-kinase 

linked FcsR1 receptors, using the physiological stimulus. Therefore the 

primary goal of this project was to demonstrate that the effects of myr.rARF-1 

and rPI-TP on secretion were of physiological relevance.

When conditions for depleting RBL-2H3 mast cell cytosol were established, 

ARF and PI-TP leakage were found to coincide temporally with the gradual 

decline in secretion. In reconstitution studies, cytosol-depleted cells were 

incubated with recombinant myr.ARF-1 and both a and p isoforms of rPI-TP; 

each of these proteins successfully restored lost responsiveness. Myr.rARF- 

1 was also found to restore lost phospholipase D activity following 

permeabilisation.

The mechanisms through which these proteins contribute to exocytosis were 

investigated: it was found that while ARF appears to exert its effect via PLD 

activation, PI-TP operates via a different pathway. However, analysis of 

polyphosphoinositide levels in reconstituted cells indicates a possible 

common mechanism, namely the increased synthesis of phosphatidylinositol- 

4,5-bisphosphate (PlPg). To identify the site of PlPg synthesis, the subcellular 

location of the PI-TP’s was examined. It was discovered that antigen- 

stimulation mediates a translocation of PI-TPa to the cells’ cortex.
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Chapter 1 Introduction

1.1 Mast Cells

1.1.1 The physiological role of Mast cells

Mast cells are secretory cells found at relatively low abundance in the body. 

They mediate an immune response known as the allergic or acute 

hypersensitivity reaction. They arise in the bone marrow, and migrate via the 

circulation as immature precursers. There are two distinct populations of mast 

cells; those on mucosal sites that differentiate under the influence of T-cell 

derived cytokines such as interleukin-3 (1), and those in connective tissue that 

differentiate under the influence of fibroblast-derived mediators (2). Though 

they are “terminally” differentiated in situ, each population retains the potential 

to transdifferentiate into the other (3). When in suspension they are rounded 

in appearance and approximately 6-13pm in diameter. Mast cells have a 

distinctive appearance when examined using transmission electron 

microscopy: caused by the presence of up to 1000 dense secretory granules.

The secretory granules store preformed inflammatory mediators. They are 

derived from lysosomes, and some of their contents reflect this origin. In 

addition to histamine, serotonin, neutral proteases such as tryptase and 

chymase, and chemotactic factors such as tumour necrosis factor-a (TNFa), 

the granules contain acidic hydrolases including p-hexosaminidase. The 

structure of the granule is maintained prior to release by proteoglycans such 

as heparin and chondroitin. Interaction with the glycosaminoglycans side- 

chains of these proteins maintain the protein mediators in stable and active 

configurations in the quiescent cell (4). Granule contents are released by 

exocytosis, stimulated via a high affinity receptor for immunoglobulin E borne 

on the cell surface.

In addition to the mediators released by exocytosis, mast cells stimulate the 

release of other factors as a consequence of gene transcription. Thus 

activation of these cells results in the de novo production of other mediators, 

for example TNFa (5) and other cytokines. Also, mediators derived from 

arachidonic acid are produced following activation of PLAg: resulting in

17
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Fig. 1.1 FceRI receptor structure and aggregation

1. Diagrammatic representation of the monomeric FceRI, showing the relative 

orientation of the subunits, and association with lyn

2. Binding of IgE to the a-subunit of FceRI

3. Activation of via cross-linking of adjacent FceR I’s on a single multivalent 

antigen.
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prostaglandin production by cyclo-oxygenase, and leukotriene production via 

lipoxygenase.

The combined actions of the pre-formed and newly synthesised mediators 

cause the range of symptoms comprising the allergic response. Some allergic 

episodes are particularly severe, resulting in the potentially fatal syndrome of 

systemic anaphylaxis. This condition arises from an exaggerated mast cell 

response to an allergen, where the normal mediators are released but are 

more widespread in their action. Thus all mast cell-mediated responses may 

appear to be at best troublesome, and at worst potentially lethal. However 

these cells play a vital role in the amplification of acute inflammatory 

responses, arising from non-immunological origins (6). The mast cells' role is 

thought to be mediated by TNFa released into the vicinity of an infection (7). 

This mediator increases vascular permeability and so allows leukocyte 

migration and infiltration into the affected area. This effect has been shown to 

be vital for rapid bacterial clearance (8,9) and so defence against infection.

1.1.2 Activation of Mast cells

Mast cells possess FcsRI high affinity receptors for IgE in their plasma 

membranes. The FceRI receptor is a heterotetrameric glycoprotein, 

consisting of one a-chain, a p-chain and a dimer of disulphide linked y-chains 

(see Fig. 1.1) (10). Initial attempts to purify the receptor (11) yielded only the 

50-60kDa a-chain, which was later found to be non-covalently associated with 

the 33kDa p-chain (12) and the y-chains of 7-9kDa each (13). The a-chain 

contains one membrane-spanning region, and an extra-cellular domain which 

comprises the single IgE-binding site. The short cytoplasmic tail is apparently 

dispensable, as its deletion does not compromise receptor activity (14). The p- 

chain has four membrane-spanning domains; studies using monoclonal 

antibodies suggest that both the amino- and carboxy-termini are positioned in 

the cytosol. The y-chains have one membrane-spanning domain each, with 

long cytoplasmic tails. They are linked by a disulphide bond close to the 

amino terminal, on the very short extracellular portion (15). Neither the p-chain 

or the y-chain have intrinsic enzymatic activity, however mutation of their

20
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D

lyn-mediated
phosphorylation

Fig. 1.2 Activation of FceRI
Lyn phosphorylates the cytoplasmic domains of the receptor. Recruitment and 

phosphorylation of syk follows, and the receptor complex becomes immobilized in the 

membrane. Downstream of this phosphorylated receptor/tyrosine kinase complex, 

signalling enzymes are activated, and exocytosis is initiated.
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cytoplasmic regions significantly compromises receptor activity (16,17).

Mast cells are usually activated experimentally by first sensitizing the FceRI 

using a monoclonal IgE directed against a small hapten. The lgE:FcsR1 

interaction has been mapped to the FceRI a-chain in its extracellular region 

(18,19). This interaction causes no measurable changes in the cell (20). 

Activation is achieved by addition of a multivalent antigen. In experiments in 

this thesis, a monoclonal IgE directed against dinitrophenol was used to 

sensitize cells, and human serum albumin linked to approximately twenty 

dinitrophenol molecules (DNP-HSA) was used for activation (21).

Prior to sensitization with IgE, FcsRI receptors are monovalent and randomly 

distributed over the surface of the cell. No grouping occurs - less than 5% of 

the receptors within 5Â of each other at any time (22). The majority of these 

unliganded receptors are mobile in the plasma membrane (23). When 

activation occurs, receptors aggregate and become immobile in the plasma 

membrane, and two adjacent lgE:FcsR1 complexes bind to the same antigen. 

This "cross-linking" initiates the intracellular changes associated with 

stimulation. Aggregation of receptors is a progressive phenomenon, cross- 

linked receptors initially form chains (24), and finally large clusters of 

immobilized receptor complexes (25). However, despite the eventual 

aggregation of a large proportion of the surface receptors, maximal secretion 

occurs when just 10% of receptors are involved (26).

1.1.3 RBL-2H3 cultured cell line

The RBL-2H3 cultured cell line is based on a rat mastocytoma, and were 

isolated initially because of their ability to release large amounts of histamine 

(27,28). These cells are well-characterised, and their ease of culture have 

made them a popular model cell-line for mast cell studies (reviewed in (29)). 

The versatility of these cells has been confirmed by many studies that have 

exploited their relative ease of transfection (30,31). As shown in this thesis 

and in other work these cells form a monolayer which makes them ideal for 

immunofluorescent studies, yet they may also be stimulated in suspension.

22



1.2 Lipid signalling enzymes activated on antiqen-stimulation

Tyrosine phosphorylation of various cellular proteins is the first detectable 

effect of receptor cross-linking, demonstrated within just 5 seconds (32). The 

first phosphorylated substrate identified was the FceRI receptor itself, with 

tyrosines phosphorylated on both the p- and y-chains (see Fig.1.2) (33,34). In 

membrane preparations, the phosphorylation of FceRI was detected without 

addition of any cytosolic proteins (35). This suggests that the kinase 

responsible is associated with the receptor even before stimulation (36). In 

immunoprecipitates of FceRI from unstimulated cells the only tyrosine kinase 

detected is p53/56/yr? (37). Up to 20% of FceRI receptors are associated with 

lyn in quiescent cells (38), which is anchored to the plasma membrane by an 

amino-terminal myristoylation (39). On stimulation this proportion increases by 

up to 10-fold and lyn activity is increased 12-fold, thus lyn’s tyrosine kinase 

activity towards the FceRTs p- and y-chains (40) increases by more than 100- 

fold. The recruitment of lyn to activated receptors is thought to involve an 

interaction between the phosphorylated FcsRI receptor, and lyn’s SH2 domain 

(38). Further, it is suggested that lyn interacts specifically with the p-chain of 

FcsRI and that this interaction occurs whether the p-chain is phosphorylated 

or not (41).

A second tyrosine kinase has been found associated with FcsRI receptors, 

but in this case only when isolated from stimulated cells. This activity has 

been identified as p72sy/c (42). Syk is a cytosolic tyrosine kinase, that 

contains two SH2 domains (43). Both of these SH2 domains are implicated in 

the association of syk with FcsRI (41). Syk appears to interact with both the 

p- and the y-subunits, but has a clear preference for the y-chain; however syk 

will associate with neither subunit if they are not tyrosine-phosphorylated (44). 

Syk is activated following receptor ligation, but not in the absence of lyn (45), 

and phosphorylation of a fragment of syk (kinase domain excised) by lyn has 

been demonstrated (46), thus lyn is clearly important in syk activation. 

However syk phosphorylation is diminished when its own kinase activity is 

abolished, thus syk is activated by both hetero- and auto-phosphorylation (45).
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Fig 1.3 Signalling “map” in RBL-2H3 cells
syk activation leads to the activation of various down-stream lipid signalling enzymes - 

PI 3-kinase, PLA2, PLCy and PLD. Downstream of these events lies secretion, 

however these later signalling pathways have not been elucidated. (Arrows represent 

signalling interactions between proteins)
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The importance of syk activation is demonstrated by studies using piceatannol 

(47) - an agent that inhibits syk but not lyn\ in the presence of this agent 

antigen-induced FcsR1 tyrosine-phosphorylation was unaffected, however 

PLC activity and serotonin release were both inhibited. This work was 

supported by studies in syk deficient mast cells, that are unable to secrete 

allergic mediators in response to FceR1 crosslinking (48). Syk activation 

results in the phosphorylation of a number of receptor-associated proteins, 

PLCy1 and y2 (49,50), the 85kDa subunit of phosphatidylinositol 3-kinase (51), 

Vav, a guanine nucleotide exchange factor for rac (52), the adaptor protein 

Grb2 - that forms complexes with another GEF, Sos in RBL-2H3 cells (53), 

and Bruton’s tyrosine kinase (Btk) (54) (see Fig.1.3). Also recruited are 

tyrosine phosphatases, probably including CD45 (55), which may be 

responsible for dephosphorylating the receptor subunits, and the receptor- 

associated kinases (56).

1.2.1 Phospholipase C

PLC forms part of one of the earliest signalling mechanisms identified and 

studied. PLC catalyses the hydrolysis of PlPg, forming diacylglycerol (DAG) 

and inositol trisphosphate (IP 3 ). IP3  diffuses to the endoplasmic reticulum, 

where it activates specific channels responsible for the efflux of calcium, while 

DAG activates cPKC’s and nPKC’s.

There have been ten mammalian PLC isoforms identified to date (57). These 

may be divided into three subclasses: the four PLC-p’s, two PLC-y’s and four 

PLC-ô’s (58) (see Fig.1.4). All three isoforms contain a PH domain near the 

amino terminal (59), and all share two regions of high sequence homology - X 

and Y which constitute the catalytic domain (60). PLC-ô isoforms are smaller 

than the other types, and are also the group found in lower eukaryotes such as 

yeast (61); suggesting that PLC-5 may be an archetypal form. In PLC-ô and 

PLC-p, the X and Y regions are separated by just 50-70 amino acids. PLC-y 

contains a long sequence in this region, containing two SH2 domains, one 

SH3 domain and an additional PH domain that is split by the SH domains. 

The differences in structure between the PLC subclasses underly the variety of 

regulatory mechanisms that control PLC activity.
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Fig 1.4 Linear representation of the PLC subfamilies
This diagram shows the various domains that are implicated in the regulation of their 

regulation. (Modified from (57))
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PLC-p’s are activated by the a-subunits of GTP-binding proteins of the Gq 

subfamily (62,63) with PLC-p1 slightly more sensitive than PLC-p3, and both 

significantly more sensitive than PLC-p2 (64). PLC-p isoforms are also 

activated by Py-subunits of G-proteins (65) although with a different hierarchy 

of sensitivity (PLC-p3 > PLC-p2 > PLC-p1) (66,67). The clear specificity of 

PLC-p for activation by the a-subunits of the Gq subfamily is not observed in 

activation by Py-subunits, with many combinations proving equally effective 

(68,69). Activation by Gqa is thought to be mediated by an interaction with the 

carboxy-terminal (70), whereas py is thought to interact with the first half of the 

Y-domain (71).

PLC-Ô is activated by calcium (72), however any other possible mechanisms 

by which PLC-ô may be regulated are not clear. Two mechanisms have been 

proposed recently. The first involves a novel class of G-proteins G ,̂ which 

have been shown to activate PLC-5 in vitro (73). The second is based on the 

observation that a polypeptide with homology to Rho-GAP activities can 

stimulate PLC-5 and not either PLC-p or PLC-y (74). PLC-5 is not thought to 

be expressed in mast cells.

PLC-y’s are regulated by receptors that are linked to tyrosine kinases, for 

example the FceRI receptor in mast cells. The recruitment of syk to the y- 

chain of F ceR I results in the tyrosine phosphorylation and activation of PLC-y 1 

and PLC-y2 (29,50), leading to sustained PlPg hydrolysis (75). Inhibition ot syk 

inhibits the phosphorylation of PLC-y, however it has not been established if 

syk is directly or indirectly involved (47), and no interaction between PLC-y and 

FceRI has been detected (76). Tyrosine phosphorylation causes the 

enzyme’s translocation, and interaction with an unidentified component of the 

cytoskeleton via its SH3 domain (77). The SH3 domain of PLC-yl binds to a 

specific proline-rich motif, different to that recognised by other SH3 domains, 

(78) this specificity could indicate a specialised and as yet unknown function.

Activation of PKC follows PLCy translocation to the membrane (79) - the 

resulting accumulation of DAG leads to PKC translocation and activation
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(80,81). Mast cells express PKC’s a, p, 5, e, and Ç (82). PKCô is thought to 

phosphorylate threonines in the y-chain of FcsRI (83); this modification is 

implicated in the down-regulation of the receptor by endocytosis. PKC’s a  and 

s are thought to be involved in the feedback inhibition of PLCyl (84), and 

PKC’s p and ô are able to partially restore calcium-stimulated secretion, from 

cells previously permeabilised and cytosol-depleted (82). Despite these 

diverse roles, PKC activation does not appear to be sufficient or essential for 

secretion; inhibition of the PKC’s by pan-specific agents causes only partial 

inhibition of secretion (85), and activation of PKC’s by PMA is not sufficient to 

elicit a secretory response (81).

The calcium/calmodulin-dependent protein myosin light-chain kinase is 

activated in stimulated cells (86), and is implicated in the phosphorylation of 

myosin light-chain (87). There is a correlation between this modification and a 

PKC-mediated phosphorylation of myosin light- and heavy-chains (86), and 

both of these events correlate well with the rate of histamine release, and have 

been implicated in the regulation of this process.

1.2.2 Phospholipase A2

Stimulation of mast cells leads to activation of PLAg, which in turn leads to the 

generation of arachidonic acid (88). PLAg is activated via mitogen-activated 

protein kinase (89), which is itself activated following FceRI crosslinking (90). 

Activation of MARK is regulated via tyrosine phosphorylation of Grb2/Sos (53). 

Sos has guanine nucleotide exchange factor (GEF) activity for ras (91), 

therefore syk-mediated activation of Sos activates the Ras -> Raf MEK 

MARK pathway. This pathway is PKC-independent, and is distinct from the 

pathway controlling exocytosis in these cells (92)

1.2.3 PI 3-Kinase

PI 3-kinase activity has been implicated in many signalling pathways (reviewed 

in (93)) including secretion, however its role in mast cell exocytosis has not 

been established. PI 3-kinase is activated following receptor aggregation in B 

lymphocytes (94) and T cells (95). The regulation of PI 3-kinase is complex, 

apparently mediated via interaction with ras (96), and by tyrosine
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phosphorylation of the regulatory p85 (97); the proline-rich domain of p85 is a 

potential site for /yn-phosphorylation (98). Inhibition of PI 3-kinase inhibits 

secretion from rat mast cells (99) and RBL-2H3 cells (100), and other effects 

such as membrane ruffling (51). This suggests the importance of this enzyme 

in exocytosis. However, inhibition of PI 3-kinase was achieved in each of 

these studies using wortmannin. This agent potently inhibits PI 3-kinase, 

however its specificity is now widely questioned. It has been demonstrated 

recently that wortmannin’s effect on secretion may not be the result of its effect 

on PI 3-kinase (101,102).

1.2.4 Phospholipase D

1.2.4.1 Enzymology of PLD

Phospholipase D is a ubiquitously expressed enzyme, that hydrolyses PC 

releasing choline and PA (see Fig.1.5). PLD is regulated by a variety of 

hormones and growth factors. Receptor-mediated activation of PLD via 

receptors linked to both G-proteins (103) and tyrosine kinases (104) has been 

detected in almost every cell-type studied (reviewed in (105-108). PLD's 

product PA is thought to play a variety of signalling roles, some of which may 

be related its conversion to DAG, however no second messenger functions 

have been attributed to choline.

PLD was first identified in plants, and later in mammalian tissues (109). Efforts 

to purify the mammalian forms of the enzyme have so far proved mostly 

unsuccessful (110). Early purification work identified an oleate-sensitive 

isoform (111), which has been purified from lung tissue (110) although its 

sequence is not known. A second PLD activity - hPLDIa has been cloned 

from a HeLa cell cDNA library (112) that is activated by ARP, Rho, protein 

kinase 0 , and PlPg (112,113). Another, very similar isoform - hPLDIb has 

been cloned which is regulated in the same way. These two isoforms appear 

to be splice-variants, one of which is lacking a 38-residue sequence (113) (see 

Fig. 1.6). Another cloned isoform hPLD2, appears to be constitutively active, 

and regulated by protein inhibitor(s) (114). Based on sequence analysis, none 

of the cloned enzymes appear to contain any recognized domains (SH2, SH3,
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PH etc). (In the following sections, the PLD activity discussed is PLD1 - the 

ARF/Rho/PIPg-dependent form, unless otherwise stated).

1.2.4.2 Regulation of PLD activity by monomeric G-proteins

Phospholipase D is activated in many cell-types including mast cells and RBL- 

2H3 cells activated by anti-lgE (115,116). Early work demonstrated that 

activation was maximal only in the presence of cytosol, or cytosolic proteins 

(117). Other investigations showed that PLD could be activated by GTPyS in 

permeabilised cells or membrane preparations, suggesting a dependence on a 

G-protein. These two observations together indicated that the GTP-binding 

protein involved was probably a member of the ras-related class of small 

monomeric G-proteins. Finally, two such factors were identified - ARF1 and 

ARF3 (118,119) (see Fig.1.7). These proteins are both members of the ARF 

(ADP-ribosylation factor) subfamily. ARF’s ability to stimulate PLD was first 

demonstrated in HL60 cells, however the observation has been extended to a 

variety of other tissues, suggesting that it may be universal. Other members of 

the ARF family: ARF’s 4, 5 and 6 have all been shown to have the same 

activity (105). The distinguishing feature of the ARF family of proteins is an 

extension at the N-terminal which includes a myristoylation site (120). This 

modification is thought to facilitate the membrane association of GTP-bound 

ARF (121). The myristoylation is not essential to ARF’s ability to activate PLD, 

however its absence compromises ARF’s potency (119).

Another small G-protein - Rho, has been identified as a modulator of PLD 

activity. This finding is based on the observation that when RhoGDI is used to 

strip Rho from membranes PLD activity is compromised, and the resulting 

inhibition is relieved by the addition of recombinant RhoA, R a d  and Cdc42 

(122). Direct inhibitors such as C3-toxin, which inhibits RhoA, RhoB and RhoC 

by ADP-ribosylation inhibits PLD (123). However this toxin was reported as 

having no effect in other studies (124,125). Another clostridial toxin. Toxin B, 

inhibits RhoA, R a d  and Cdc42 by monoglucosylation and has been reported 

to inhibit PLD activity. Mixed results have been gathered from studies using 

purified proteins. A partially purified brain PLD was stimulated by RhoA and 

Cdc42 in the absence of ARF (126). In a separate study PLD partially purified
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from human placenta reportedly lost the sensitivity to Rho observed in the 

crude extract, but retained its sensitivity to ARF (127). These results indicate 

that RhoA is likely to modulate PLD activity. In studies where ARF and Rho 

have been used together, there is evidence of a strong synergistic effect on 

PLD activation (113,123). This synergy is noted also in the presence of PKCa 

(113). These data suggest that these three activators of PLD interact with 

three distinct sites on the protein.

1.2.4.3 Regulation of PLD by PKC

There are many reports that PLD is regulated by PKC, based on treatment 

with phorbol esters, treatment with inhibitors and enzyme down-regulation and 

over-expression (reviewed in (108)). The expected mechanism of PKC- 

mediated PLD activation would involve PLD phosphorylation, however there is 

strong evidence to suggest that this does not occur (128,129). In studies 

using a recombinant PLD and individual PKC isoforms, PKCa and PKCp were 

found to be effective activators of PLD, independent of ATP (113). The 

interaction between PLD and PKC is thought to take place between the PKC’s 

regulatory domain (129), with activation achieved solely via an allosteric effect. 

In contradiction to these findings, studies in cell-free systems do show some 

effect of ATP (130), however these effects have been attributed to the effect of 

ATP on PIP 2  levels, on which PLD is dependent.

1.2.4.4 A requirement for PIPg in PLD activity

Initially the dependence of PLD on PI-4,S-Pg was noted in in vitro assays (118), 

where the lipid was shown to be essential. The enzyme has been shown to be 

dependent on PI-4,5 -P 2  synthesis in permeabilised cells also (131), however 

the importance of PI-4,5 -P 2  in modulating PLD activity in vivo is not known. 

Several reports provide indirect evidence for this modulation: firstly that ARF- 

dependent PLD activity is strongly potentiated in the presence of millimolar 

MgATP (132), a concentration range that reflects that typically required by the 

lipid kinases. Neomycin, which sequesters PIP 2  with high affinity, therefore 

preventing interaction of the lipid with any potential target protein, strongly 

inhibits PLD activity (132). Finally, an antibody to PI 4-kinase which abolishes 

the enzyme’s activity, and therefore prevents de novo production of PIP 2 , also
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inhibits PLD activity (131). It has been suggested that PLD’s dependence on 

PIP 2  may be indirect, mediated via an effect of PlPg on ARF. PlPg stimulates 

an ARF-GEF, thus promoting the dissociation of GDP from ARF and hence the 

conversion of ARF to its active GTP-bound form (133). It is also possible that 

PIP 2  anchors PLD to the membrane, in contact with its substrate (134), though 

as PLD contains no recognised PIP 2 -binding or PH-domains, it is not clear how 

this could occur.

1.2.4.5 ARF-regulated PLD in vesicular budding

ARF has been identified as an activator of PLD activity, however it also has a 

well-defined role in vesicular budding. ARF is a component of the C0P1 or 

coatomer protein complex that coats vesicles passing between the ER and 

Golgi. The binding of ARF to the Golgi causes the recruitment of coatomer, 

and ultimately leads to vésiculation. The interaction of ARF with the 

membrane is facilitated by the N-terminal myristoylation, and the presence of a 

protein receptor has also been suggested (135). ARF is probably activated by 

a Golgi-associated ARF-GEF. Two ARF-GEF’s G eal and Gea2 have been 

cloned from S.cerevisiae (136). These proteins were found to contain a sec7 

domain, which activates nucleotide exchange on ARF (137). This domain is a 

region of homology to sec7, a protein that is involved in membrane traffic in 

yeast (138). Based on this sequence a human ARF-GEF - ARNO was cloned 

(137). Apart from its ARF-GEF activity, ARNO also contains a phospholipid- 

binding PH domain and is specifically activated by PIP 2 . Other ARF-GEF’s, 

such as cytohesin have been found to include PH-domains with different 

specificities, in this case for PIP3 (139), perhaps indicating some complexity in 

the regulation of these proteins. ARNO is smaller than the equivalent proteins 

in yeast and lacks their sensitivity to the inhibitor Brefeldin A (140). Other 

ARF-GEF’s have been identified that do show BFA-sensitivity (141), 

suggesting that there may be different classes of ARF-GEF’s.

ARF is an essential component of vesicular budding from the Golgi. However, 

it is not clear whether ARF is involved directly, or whether it mediates its effect 

via an effector protein, for example PLD. This possibility is supported by the 

finding that if ARF is applied to membranes, then removed and replaced with
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coatomer, vésiculation proceeds (142). Thus ARF’s function could be 

catalytic, causing PLD activation then becoming dispensable. However the 

stoichiometric complexes of ARF and coatomer that have been detected (143) 

suggest that ARF itself may also have a purely structural role. It is also 

possible that ARF acts via an effector protein other than PLD, for example 

arfaptin. ARF causes the recruitment of arfaptin onto the Golgi membranes 

(144), though the function of this protein is not known.

Supporting evidence for the importance of PLD in vesicle budding is based on 

the reported dependence on PKC. The PKC-dependent step in budding 

appears to be ATP-independent (145,146) and involves only the regulatory 

domain (147). This pattern of dependence is identical to that seen in PKC 

stimulation of PLD activity (see section 1.2.4.3), and the same isoform of PKC 

has been implicated in both processes - PKCa (148). It seems likely therefore 

that ARF-stimulated PLD activity is essential in vesicle budding. However, in 

yeast where this process is directly analogous, no ARF-regulated PLD’s are 

expressed. It has been suggested therefore that ARF-regulated PLD 

represents a regulatory process that has been superimposed on a pre

existing, constitutive pathway.

If PLD is an essential component of vesicular budding, the products of PLD 

activity should potentiate the process. PLD hydrolyses PC, forming PA and 

choline. It has been suggested that the removal of PC could be as important 

to vésiculation as the formation of PA; in yeast membranes excess PC 

prevents vesicle formation (149). The importance of PA as a second 

messenger is becoming firmly established. PA facilitates coatomer binding 

(142), increases membrane curvature (150), and also activates PI4P 5-kinase 

(151). The effect of PA may therefore allow a positive feedback loop to 

become established at foci in the membrane: PA activates PI4P 5-kinase and 

so increases PlPg synthesis, PlPg potentiates PLD activity, leading to 

increased PA formation etc. Potentially these PlPg-enriched foci could be 

important, particularly as coatomer binds to PIPg (142). Another potential role 

for PA could arise from its potential conversion to diacylglycerol (DAG), which 

has been shown to be essential in vesicle formation in yeast (152). Therefore
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the importance of PLD in vesicular budding could reside in a variety of 

potential consequences of its activity.

1.2.4.6 The role of PLD in endocytosis

Two populations of clathrin-coated vesicles participate in the endocytic 

pathway - those that are derived from the plasma membrane, and those that 

bud from the trans-Golgi network. These vesicles are formed under the 

regulation of adaptor complexes, AP-1, AP-2 and AP-3. AP-2 participates in 

the formation of the plasma membrane-derived vesicles, AP-1 and AP-3 are 

involved in budding from the TGN. Their recruitment is dependent on ARF1 

(153,154). There appears to be divergence between the mechanism of 

adaptor-recruitment to the plasma membrane, and recruitment to the TGN. 

AP-2 recruitment is mis-directed to the endosome by the addition of GTPyS, 

an effect that can be reversed by brefeldin-A mediated inhibition of ARF-GEF

(155). This disruption can be achieved also by the addition of a constitutively 

active bacterial PLD (154). Therefore, though the exact details of the 

mechanism remain obscure it seems likely that ARF-mediated AP-2 

recruitment is achieved via ARF’s effect on PLD activity. AP-1 recruitment is 

not affected by the addition of bacterial PLD, nor by the addition of PLD- 

stimulating PlPg (see above). However AP-1 recruitment is dependent on ARF

(156). Thus ARF clearly has some importance in vesicle formation 

independent of its effect on PLD.

One member of the ARF family - ARF-6 , has been specifically implicated in 

endocytosis (157,158). Although ARF - 6  can activate PLD, it has not been 

demonstrated to what extent PLD activation mediates the effect of ARF - 6  in 

this process.

1.2.4.7 The role of PLD In exocytosis

Initial evidence for the importance of PLD activity in exocytosis was based on 

the widely-reported observation that low concentrations of ethanol block 

exocytosis, an effect that has been noted in RBL-2H3 cells (115,159). Ethanol 

subverts PLD activity, by substituting for water in the hydrolysis of PC, thus 

phosphatidylethanol (PEt) is formed in place of PA. Ethanol is not an ideal
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reagent, its substitution in the transphosphatidylation reaction is partial so 

some PA is still formed, and it is not a true inhibitor: PC is still hydrolysed, 

which may itself be an important aspect of PLD activity. Exocytosis is 

stimulated when exogenous PLD is added to intact cells (160), however this 

approach is also problematic: it may result in inappropriate localisation of 

effects, in a system where spatial aspects of signalling may be important.

Thus the most compelling evidence for PLD's importance in exocytosis comes 

from work using HL60 cells. HL60 cells are of haematopoietic origin, related to 

neutrophils. Permeabilisation of HL60 cells leads to a loss of cytosolic 

proteins, and a parallel loss of responsiveness to stimulation. The kinetics of 

ARF leakage from these cells correlates very closely with the decline in both 

the secretory response and the extent of PLD activation (161). When cytosol- 

depleted cells are supplied with either purified recombinant or native ARF, the 

secretory response and PLD activation can be recovered under similar 

conditions (161). These data strongly suggest an important role for PLD in 

exocytosis.

Further support for this idea is gathered from various reports concerning the 

regulation of exocytosis and PLD. As noted in previous sections, PLD activity 

is modulated by the conventional PKC’s and by Rho. Both of these regulators 

also affect exocytosis from permeabilised mast cells. Constitutively active Rac 

and Rho mutants have been constructed and introduced into mast cells, 

producing enhanced release (162,163). R a d  has been shown to retard the 

decline in responsiveness measured following permeabilisation (164). The 

conventional PKC’s also have established regulatory function in mast cell 

exocytosis. Thus all known regulators of PLD activity regulate exocytosis also.

1.3 Factors involved in regulating RBL-2H3 mast cell exocytosis

1.3.1 Calcium

Calcium is a regulator of exocytosis in many cells. In stimulated mast cells, 

intracellular calcium concentration is increased. Initially stimulation leads to 

PLC activation, resulting in IP3  production (165,166). This leads to calcium 

release from IPg-sensitive stores (167). Mast cell exocytosis stimulated by IgE
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is dependent on calcium influx (168,169), however exocytosis stimulated by 

receptor-mimetic agents such as 48/80 is not (170). In IgE-stimulated 

exocytosis, calcium enters the cell via non-voltage activated calcium channels 

(171), which are possibly regulated by a GTP-binding protein (172).

Studies using permeabilised mast cells where buffered calcium solutions are 

applied, confirm that micromolar concentrations of intracellular calcium are 

required (173). However, similar studies have suggested that calcium plays a 

modulatory role, not sufficient to trigger secretion alone (174).

Insight into what the precise function of calcium in secretion could be, was 

gained following work in neuroendocrine cells. Calcium-dependent triggering 

of exocytosis, which in neuroendocrine cells and neurons occurs rapidly - 

within milliseconds is probably mediated via a specific calcium-sensor. 

Though several candidates for the exocytosis trigger have been suggested, no 

single ubiquitous protein has yet been identified. This may in fact reflect a 

difference in organisation between the various types of secretory cells. In 

neurones a small number of vesicles are docked to neurotransmitter release 

sites, close to the pre-synaptic calcium channels. In fact it has been 

suggested that synaptic vesicles may be directly tethered to calcium channels 

(175). Therefore following an action potential, when calcium enters through 

these channels, the local calcium concentration can reach the high micromolar 

range. (In retinal neurons, exocytosis is thought to be half maximal in the 

presence of IQOpM calcium (176)). Therefore any sensor that must react to a 

change of concentration in this range must have a relatively low affinity for 

calcium. In neuroendocrine cells also docked vesicles may be close to the site 

of calcium influx. However calcium buffering is very efficient in cytosol, and 

localised “hot-spots” of high calcium concentration do not extend far (177). 

Thus a calcium sensor in these cells must be sensitive to a relatively low range 

of calcium concentrations (adrenal chromaffin cell secretion is half-maximal at 

10-20pM calcium (178)). Thus a variety of calcium-sensing proteins may exist, 

alternatively different isoforms of the same protein to reflect these different 

triggering affinities. Such a family of calcium-sensing proteins has been 

identified, the synaptotagmins (179).
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Synaptotagmin is expressed on vesicles from chromaffin cells, synapses and 

other endocrine cells - suggesting that synaptotagmin’s role is universal. Many 

isoforms of synaptotagmin have been identified. All of these contain two 

cytoplasmic domains that are homologous to PKC’s Cg calcium- and 

phospholipid-binding domains, however not all of the synaptotagmins bind 

calcium and phospholipid (180). The synaptotagmins also vary with respect to 

their binding to syntaxin. Synaptotagmins I, II and V bind in the presence of 

200-500pM calcium, synaptotagmins III and VII bind at lOpM calcium while 

synaptotagmins IV, VI and VIII do not bind syntaxin at all (180). The 

mechanism for the synaptotagmins’ role is not known, however the proteins’ 

importance in exocytosis is indicated by the inhibition of PC I 2 cell exocytosis 

by anti-synaptotagmin antibody (181). A possible effect of phospholipids on 

synaptotagmins has been suggested. In quiescent nerve terminals, 

synaptotagmin binds specifically with PI-3,4,ô-Pg, but at the high calcium 

concentration seen following activation this specificity swaps to PI-4,5 -P 2  

(182). It has been suggested that this exchange from PIP 3  to PlPg actually 

represents the change in synaptotagmin binding to only the vesicle in resting 

cells, to binding to PlPg-enriched patches on the acceptor membrane after 

stimulation. It is possible that specific fusion sites are defined by their 

phospholipid contents, and identified by appropriate phospholipid-binding 

domains on vesicle proteins. In support of this idea is the finding that addition 

of IPe - which competes for PIPg on synaptotagmin’s phospholipid binding 

domain, prevents vesicle fusion (182), perhaps by effectively “blinding” 

synaptotagmin to the presence of the acceptor membrane. The presence of 

synaptotagmin in mast cells has not been demonstrated.

Calmodulin has been implicated in exocytosis from many cell-types. The 

protein binds to synaptotagmin (183), suggesting that it could act via a direct 

interaction with the exocytic machinery. In mast cells the importance of 

calmodulin is not clear. Much of the literature discussing calmodulin’s 

importance in exocytosis is based on experiments using inhibitors such as W7. 

this is true of the work carried out in rat mast cells (184,185). These agents do 

not show the high degree of specificity that was initially claimed, thus this work
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must be viewed with caution, therefore it must be concluded that a role for 

calmodulin in mast cell secretion has not been proven. It has been suggested 

that calmodulin augments ARF-regulated PLD activity in neutrophils, an 

interesting finding, given the putative role of PLD in secretion (186).

Apart from its importance in triggering, calcium has been implicated as a 

modulator of priming (187), where the putative calcium-binding priming protein 

has an affinity for calcium in the low micromolar range (188). Thus it is 

possible that calcium mediates multiple steps in the exocytic pathway, 

interacting with a variety of proteins with different affinities.

1.3.2 Guanine Nucleotides

The importance of a G-protein in rat mast cell exocytosis was indicated by the 

findings that calcium, together with GTPyS - a non-hydrolyseable analogue of 

GTP, was required to induce maximal exocytosis (189,190), and in fact GTPyS 

can elicit a secretory response from rat mast cells even in the effective 

absence of calcium (174). The dependence of rat mast cell exocytosis on 

GTP can also be demonstrated via the application of inhibitors of IMP- 

dehydrogenase, the rate-limiting enzyme in de novo GTP biosynthesis (191). 

Rat mast cell exocytosis is completely inhibited by such agents, and this 

blockade is seen whether exocytosis is elicited by mastoparan, IgEiFceRI, or 

calcium ionophores (192-194).

Heterotrimeric G-proteins consist of a-, p- and y-subunits. Stimulation of cells 

lead to activation of G-proteins, as G-proteins are usually held in close 

association with receptors in quiescent cells. In their resting state, the three 

subunits of the G-protein are complexed together, with GDP bound to the a- 

subunit. Activation results in the release of GDP, the binding of GTP and in 

the dissociation of the a-subunit from the Py-complex. This dissociation is 

followed by the activation of the two moieties' various effector proteins. The 

activation signal is terminated by the a-subunit’s intrinsic GTP-ase activity 

hydrolysing GTP, ultimately leading to reassociation of the now GDP-bound a- 

subunit with the py-complex.
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As already described, the application of pertussis toxin (PtX) indicated an 

important role for a heterotrimeric G-protein in exocytosis (195,196), PtX 

inactivates Gj’s and G ’̂s specifically, by ADP-ribosylating the a-subunit. This 

agent inhibits mastoparan-induced exocytosis from rat mast cells (197), 

however exocytosis elicited via IgEiFcsRI is unaffected (198). Mastoparan is 

known to cause selective activation of heterotrimeric G-proteins (199). Thus 

its ability to elicit a secretory response is itself evidence that heterotrimeric G- 

proteins are involved in exocytosis. Like PtX, mastoparan shows specificity for 

Gj's and Go’s (in comparison with Gg and G* (200)).

The application of this agent to adrenal chromaffin cells has led to the 

hypothesis that different stages in exocytosis may be regulated by different 

heterotrimeric G-proteins. Mastoparan inhibits MgATP-dependent calcium- 

induced exocytosis, but stimulates MgATP-independent exocytosis (201). This 

finding has been interpreted as a suggestion that one mastoparan-sensitive G- 

p rote in regulates calcium-induced triggering, while another regulates ATP- 

dependent priming. Support for this theory comes from work using anti-G^a 

antibodies (202), which reverses mastoparan’s inhibition of MgATP-dependent 

exocytosis, indicating that G  ̂ regulates “priming” in these cells. Anti-Gajg 

antibodies inhibit mastoparan-mediated stimulation of calcium-induced 

exocytosis, indicating that this protein might regulate “triggering”.

In rat mast cells, no evidence exists for the involvement of G ,̂ however the 

importance of Gai3  is widely reported. This particular protein has been 

implicated because of its presence on rat mast cell plasma membranes, and 

because application of Gaj^-peptides, or anti-Gajg antibodies into rat mast cells 

blocks 48/80-induced exocytosis (203). This effect appears to be specific, with 

no effect reported for the equivalent reagents directed against Gajg. There 

appears to be two distinct pools of Gajg in rat mast cells - one localised to the 

Golgi and one to the plasma membrane (203). Brefeldin A disrupts the Golgi 

when applied to cells. This agent has no effect on 48/80-stimulated rat mast 

cell exocytosis, indicating that only the plasma membrane associated pool is 

important in rat mast cell exocytosis. This finding is supported by studies in
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RBL-2H3 cells, where the plasma membrane pool is absent, and the cells not 

activated by 48/80. Co-culture of RBL-2H3 cells with 3T3 fibroblasts results in 

an acquired responsiveness to 48/80, accompanied by a partial redistribution 

of Golgi-associated Gaj^ to the plasma membrane (204). The importance of 

localisation in Ga^ '̂s activity is perhaps to be expected, as its predicted role is 

in triggering.

An additional aspect to signalling from heterotrimeric G-proteins is the effects 

of the py-complex. By-subunits can bind to PH-domains (205). The fact that 

several key enzymes in cell signalling contain these domains (reviewed in 

(206)) makes a variety of potential signalling role for the Py-complex possible. 

In rat mast cells the importance of py-subunits is indicated by their ability to 

stimulate exocytosis (207). However Py's are a partial stimulus: GTP- 

dependence is still exhibited, presumably because it is required to promote the 

dissociation of the a-subunit from the Py-complex.

A number of the sub-types of monomeric G-proteins have also been implicated 

in exocytosis. The monomeric ras-related G-proteins are divided into the Ras, 

Rho, Rab, ARF and Ran subfamilies. These proteins are analogous to the a- 

subunits of heterotrimeric G-proteins. They are activated following the release 

of GDP and the uptake of GTP, and lapse into a resting state following 

hydrolysis of GTP. However these proteins do not act alone, but in co

operation with a guanine-nucleotide exchange factor (GEF), and the low 

intrinsic GTP-ase activity is stimulated in the presence of a GTP-ase activating 

protein (GAP) (see Fig.1.8).

The ARF subfamily is divided into ARF’s and ARF-like (Arl) proteins (208). 

The Arl’s may be distinguished by their lack of the ARF activity that suggested 

their name - the ability to act as cofactors for cholera toxin-dependent ADP- 

ribosylation of the heterotrimeric G-protein Gg (209). Based on size, gene 

structure and primary sequence, the ARF’s have been classified into three 

classes. Class one consists of ARF’s 1, 2 and 3, class two contains ARF4 and 

ARF5, and ARF 6  - the most structurally distinct is alone in class three (210). 

Though ARF’s 1 and 3 were originally identified as activators of PLD (119),
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members of all the classes show the same activity (211,212). The structure of 

ARF-GDP has been solved, and found to be similar to ras (213,214).

The first reports that suggested ARF’s importance in exocytosis were based on 

studies carried out in RINmSF insulin-secreting cells, where stimulation and 

exocytosis correlated with ARF translocation to the Golgi and the plasma 

membrane (215). Later reports concerned the use of a synthetic peptide, 

corresponding to residues 2-17 from ARF’s N-terminal (216). This peptide was 

reported as an inhibitor of PLD and exocytosis in HL60 cells, however the 

specificity of this peptide has been questioned (217). The most direct 

evidence for ARF’s importance in exocytosis has come from reconstitution 

studies of PLD

and exocytosis (161). These findings have led to the recent hypothesis that 

ARF’s effect on exocytosis may be a product of its effect on PLD.

There is one report of ras-stimulated secretion from mast cells (218). This 

study states that if oncogenic ras is introduced into mast cells in the presence 

of external calcium, secretion will be triggered without any further stimulus. 

However the mechanism of this effect is unclear, particularly as secretion is 

measured only 2.5-4 hours after the introduction of the protein. Thus if ras is 

involved in mast cell exocytosis, its effects are likely to be only indirect.

The rab family of G-proteins has been implicated in a variety of vesicular 

trafficking events (reviewed in (219)). Each rab is localised specifically to 

distinct areas of membrane, indicating perhaps that the proteins are 

responsible for ensuring the specificity of membrane fusion events. Most of 

the interest in the rab proteins’ potential role in exocytosis has concentrated on 

rabSa. Early studies using rat mast cells indicated that rabSa might stimulate 

secretion. This work employed a peptide corresponding to the effector domain 

of rabSa (2 2 0 ), however the specificity of this agent has now been questioned 

(221). Over-expression of rabSa in RBL-2H3 cells inhibits exocytosis, 

stimulated by GTPyS and via the FcsRI receptor (222). Thus it has been
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ARF-GAP

ARF-GDPARF.GTP

ARF-GEF

PLD

Choline + PAPC

Fig 1.8 Cycle of ARF activation and inactivation

GDP is exchanged for GTP on ARF via interaction with ARF-GEF, GTP bound 

to ARF is hydrolysed via ARF-GAP. ARF-GEF activity is enhanced by PIP2 , 

ARF-GEF activity by PIP2 and PA together.
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suggested that rabSa is a negative regulator of exocytosis (223). However it 

has not been established that rabSa is expressed in rat mast cells in vivo.

The Rho family of G-proteins consists of Rho (A, B, and C), Rac (1 and 2), 

Cdc42, RhoE, RhoG and TC10. The most clearly established function of the 

Rho proteins is associated with their effects on the cytoskeleton. The proteins 

are each associated with a particular type of actin-structure assembly: Rac in 

membrane ruffles (224), Rho in stress fibres (225) and Cdc42 in filopodia 

(226). The importance of these proteins in exocytosis may be inferred from 

various reports. C3 clostridial toxin inhibits RhoA, RhoB and RhoC. 

Application of this agent to mast cells causes the inhibition of exocytosis (162). 

In addition, introduction of constitutively active RhoA - V14RhoA into 

permeabilised mast cells increased exocytosis, as does the addition of active 

Rac. The mechanisms of these protein's effects on exocytosis is not clear. It 

has been suggested that Rac and Rho may mediate their effects via 

modification of the cytoskeleton. However in rat mast cells, the proteins still 

enhance exocytosis when cytoskeletal changes are blocked (163).

The potential for Cdc42 to regulate exocytosis is unclear. Clostridial Toxin B, 

an inhibitor of RhoA and Cdc42 inhibits exocytosis from RBL-2H3 cells (227). 

In these experiments 03  was without effect. As 03  inhibits RhoA but not 

Odc42 this finding indicates that Odc42 is the target of Toxin B, and is active in 

exocytosis. However the lack of effect of 0 3  in this study contradicts other 

reports (228), therefore this data must be viewed with some caution.

In more recent work carried out in mast cells, a complex was identified that 

retarded the loss of sensitivity to stimulation seen following permeabilisation 

(164). This complex was identified as Rac and RhoGDI. RhoGDI alone 

accelerates the onset of the refractory state, probably because it strips Rho 

proteins from the membrane. Wild-type Rac alone is without effect, but Rac 

with RhoGDI is effective - perhaps because the GDI ensures presentation of 

Rac to appropriate cellular targets. Constitutively active Rac alone is also 

effective, indicating perhaps that the recombinant wild-type rac is not correctly 

modified (162).
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The requirement for GTP observed in mast cells is also seen in other cells. 

However there is a great variance in the literature as to the relative importance 

of GTP or calcium in exocytosis - probably reflecting fundamental differences 

between the types of cells studied. In general, cells of haematopoietic lineage, 

for example mast cells, are more dependent on G-proteins, whereas neuronal 

systems show a greater dependence on calcium.

1.3.3 ATP

Treatment of intact rat mast cells with metabolic inhibitors to deplete 

intracellular ATP inhibits exocytosis induced by lgE:FcsR1. However, 

permeabilised rat mast cells, stimulated by calcium and GTPyS show no 

dependence on MgATP levels (189,190). When calcium alone is used as a 

stimulus however, ATP dependence is seen. These findings taken together 

indicate that the role of ATP may be to support the synthesis of GTP. Another 

possibility is that any dependence of rat mast cells on MgATP could be due to 

the dependence on PKC-mediated phosphorylations (229). This suggestion is 

supported by the findings that secretion stimulated by calcium alone may be 

inhibited by inhibitors of PKC (174). The importance of MgATP in supporting 

PKC-mediated phosphorylations is also suggested by the similar effects of 

added MgATP and PMA (an activator of PKC), both causing the cells to 

become more sensitive to the presence of GTPyS or calcium, rather than 

acting as direct stimuli themselves (190,230).

An interesting possibility is suggested by the effect of MgATP on cytosol- 

depleted rat mast cells. Rat mast cells become unresponsive to stimulus after 

permeabilisation, an effect that is explained by the gradual exit of the cytosolic 

proteins. This decline in responsiveness is accelerated in the absence of 

MgATP (231), and this acceleration may be reversed upon late addition of 

MgATP. If MgATP were responsible for retarding the loss of a protein 

mediator of exocytosis, the ability of late-added MgATP to partially restore 

responsiveness would not be predicted. Instead, this effect suggests that 

MgATP’s role is to maintain some non-cytosolic cellular component - either
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protein or lipid, in a phosphorylated -perhaps a “primed” state that in the 

absence of MgATP becomes reversed.

MgATP is primarily of importance in exocytosis during the preparative step 

which precedes triggering, known as “priming” (232). This term describes 

perhaps a variety of processes dependent on ATP and cytosolic proteins. 

Three such proteins have been described in PC12 cells (232), and two of 

these proteins have been isolated and identified. The first of these was the 

phosphatidylinositol transfer protein (PI-TP) (233).

PI-TP was originally named because of its in vitro activity in transferring 

phosphatidylinositol through an aqueous phase from one membrane 

compartment to another (see Fig.1.9). The protein is a member of a family 

that includes PC-TP - a phosphatidylcholine transfer protein, and the non

specific lipid transfer protein nsL-TP (234,235). The protein has an apparent 

size of 35kDa in SDS-PAGE (234) with one phospholipid binding site. 

Different isoforms have been detected, of which two - PI-TPa and PI-TPp are 

found in mammalian cells (236,237). These proteins show no sequence 

homology to any other protein except each other, with 70% identity and 94%  

similarity between the two isoforms. Despite the lack of sequence homology, 

yeast isoforms such as SEC14p display the same characteristic lipid transfer 

activity (238,239).

PI-TP’s single phospholipid binding site is specific for either PI or PC, however 

in the absence of either lipid, for example when recombinant protein is isolated 

from E.Coli, the protein can bind to other phospholipids such as 

phosphatidylglycerol (PG) and phosphatidylethanolamine (PE) (240). The 

protein displays different affinities for different phospholipids: PI>PC>PG>PE, 

having an affinity for PI sixteen times that for PC (241). Recently, the crystal 

structure of SEC14p has been solved (242). The protein has a large 

hydrophobic pocket, assumed to form the binding site for the phospholipid's 

acyl-chains. In addition a highly hydrophobic region protrudes away from this 

pocket: it is suggested that this protrusion interacts with, and possibly inserts 

partially into the membrane, and in effect “scoops” the phospholipid into the
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binding pocket. The lack of sequence homology between mammalian PI-TP 

and SEC14p precludes any assumption that their tertiary structures may 

match, however the convergence in their function does make some similarity 

likely.

PI-TP is thought to have a number of important signalling roles, identified 

partially through the application of the permeabilised cell assay. The original 

work using this protocol, was carried out in GTPyS-stimulated HL60 cells 

(243). Prolonged permeabilisation, and cytosol depletion resulted in a decline 

in PLC-mediated PIPg-hydrolysis, a decline that was reversed in the presence 

of cytosol.

Fractionation of cytosol lead to the purification and identification of the protein 

that “rescued” the response. Thus the importance of PI-TP in PLC-p activity 

was established. This observation was later extended to PLC-y1 (244,245). In 

these studies, because PLC-y1 itself was found to exit cells, a double 

reconstitution system was used, where both PLC-y1 and PI-TP were required 

to fully restore IP3  production. A member of the third subfamily of PLC’s - 

PLC-ÔI is also regulated by PI-TP (72). PLC-ô 1, like PLC-y 1 leaks from cells 

and must be replaced; if PI-TP is replaced alongside PLC-51, calcium- 

stimulated IP 3  production is restored. This ability of PI-TP to regulate 

members of all the PLC subfamilies, despite other differences in their 

regulation indicates that PI-TP may function at a very fundamental level of 

PLC activity. One possibility is that PI-TP facilitates the provision of PI to the 

PI 4-kinase and subsequently to PI4P 5-kinase. The production of PIPg by 

these two enzymes is thought to occur at the plasma membrane, whereas PI is 

synthesised at the endoplasmic reticulum (246). Thus transport of PI to the 

plasma membrane must be a vital step in phosphoinositide signalling, a step 

which is entirely compatible with PI-TP’s in vitro activity. That de novo PlPg 

synthesis occurs in stimulated cells may be inferred by the findings that the 

amounts of IP3  produced exceeds the amount of PlPg present in quiescent 

cells (247), despite the fact that PlPg levels decrease only transiently during 

stimulation.
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Figure 1.9 In vitro transfer activity of PI-TP
PITP transfers PI and PC from donor to acceptor membranes. For each PI/PC 

molecule delivered, another is removed. Thus in vitro at least PI-TP’s 

phospholipid binding site of PITP is always occupied.
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Thus it is possible that PI-TP’s ability to bind and transport PI is the sole 

explanation for PI-TP’s role in PLC signalling. This idea is supported by 

experiments using SEC14p - in which the protein, with no sequence homology 

to PI-TP, but an equivalent ability to transfer PI, was shown to be equally 

effective in PLC signalling as both PI-TPa and PI-TPp (245). However this 

idea is not supported by the inability of nsL-TP to support PLC activity (248), 

as nsL-TP is also able to bind and transport PI. Thus Pl-transfer activity may 

be necessary for PLC signalling, but is not sufficient.

It has been suggested that PI-TP regulation of PLC activity may be more 

subtle than simply supplying PI to regions of membrane, where PlPg-hydrolysis 

by PLC has lowered the local concentrations. Further examination of PLC 

signalling attempted to identify a “rate-limiting step". In the presence of 

GTPyS, but not PI-TP, the rate of PLC-mediated PlPg hydrolysis is increased 

markedly when exogenous PLC-p is introduced (247). Thus the amount of 

enzyme appears to be limiting, and not the amount of substrate. In this 

system, PI-TP increase the rate of hydrolysis at all concentrations of PLC-p. 

This suggests that the presence of PI-TP sustained a faster rate of synthesis 

and hydrolysis of PlPg, even when the rate of these reactions is not dictated 

directly by its transfer activity. This idea is expressed in the “cofactor” 

hypothesis of PI-TP function. This hypothesis proposes that the lipid carried 

by PI-TP is the preferred substrate for the lipid kinases, which are organised 

into a signalling complex.

There is evidence for the formation of these signalling complexes in EGF 

signalling, with PI-TP found associated with the EGF receptor, PLC-y and PI 4- 

kinase (244). The advantage of these signalling complexes, in terms of the 

increased speed and efficiency they confer on multi-enzyme cascades is 

obvious. In PI-TP-sustained PLC signalling for example, PI bound to PI-TP 

could be sequentially phosphorylated by the lipid kinases, then PI-TP 

associated PlPg passed to PLC for hydrolysis (247). Thus reaction 

intermediates, such as PI4-P is passed to PI4P 5-kinase, without equilibration 

with, and dilution in the bulk environment. Support for this idea comes from 

analysis of deletion mutants of PI-TPa. Deletion of 5 amino-acids from the C-
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terminus completely abolishes PI-TP’s ability to restore PLC signalling, 

however this deletion does not affect transfer activity for PC and decreases 

transfer activity for PI by only 30% (240).

The permeabilised cell protocol revealed a second important activity of PI-TP, 

the ability of this protein to restore secretion in cytosol-depleted cells. Initially 

this work was carried out in GTPyS-stimulated HL60 cells, where addition of 

both PI-TPa and PI-TPp restored a secretory response to stimulus that had 

been lost following prolonged permeabilisation (161). This response was 

found to be dependent on millimolar concentrations of MgATP, suggesting the 

importance of a phosphorylation event.

The second priming activity identified from studies in PC I 2 cells was the type 

1 PI4P 5-Kinase (249). PI-TP and PI4P 5-kinase support priming when used 

alone, and are strongly synergistic when used together, suggesting that they 

participate in a single process. The identity of these proteins raise intriguing 

questions about the importance in priming of the inositol phospholipids, in 

particular PIPg, as both of these activities participate in the formation of this 

lipid. Thus an important aspect of priming could be to increase the levels of 

PIPg in the cell. The failure of neomycin to inhibit exocytosis from rat mast 

cells however, means that these cells are unlikely to require this lipid for 

exocytosis.

An essential aspect of the PPI’s importance in cell signalling and membrane 

traffic may be their potential for modulating the properties of distinct areas of 

membrane. This potential for PPI’s to form distinct micro-domains has recently 

been demonstrated. Caveolae are small invaginations from the plasma 

membrane. Recently the protein and lipid constituents of these entities has 

been examined: heterotrimeric G-proteins and receptors were detected in a 

lipid environment that was highly PlPg-enriched (250,251), suggesting that the 

lipid could perhaps form an assembly point, for the formation of a signalling 

complex. Localisation of PlPg at membrane ruffles and focal contacts in 3T3 

cells has also been demonstrated, as well as a co-localisation of a-actinin to 

these regions (252).
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Site-specific synthesis of PPI’s requires correct localisation of the enzymes 

that catalyse their formation. Certainly PI 4-kinase has been shown to localise 

to many different membrane compartments (reviewed in (253)). The presence 

of a PH-domain on this protein makes its targeting to specific area possible 

(254). PI4-P 5-kinase also has a potential for specifically localized PlPg 

production. The type1 isoform, which is implicated in the production of PlPg in 

secretory vesicle priming (249) is activated by interaction with Rho-family G- 

proteins. It has been suggested the enzyme could be targeted to, and 

immobilized on specific areas of membrane via this interaction (255,256). This 

may have important implications for membrane trafficking, in view of the 

importance of Rho G-proteins in mediating changes in the actin cytoskeleton.

In thrombin-stimulated platelets, activation of Rac results in the formation of 

lamellae. The increased actin polymerisation is initiated following the 

uncapping of actin. It is thought that this could be achieved via Rac activating 

a PI4-P 5-kinase, leading to increased synthesis of PI-4,5-Pz, which inhibits the 

capping protein (257). In an analogous mechanism, it has been suggested 

that activation of PI 3-kinase could lead to the formation of a different 

membrane modification. This difference could be mediated by the different 

binding affinities that various capping proteins show for different PPI’s. For 

example gelsolin is inhibited more potently by PI-3,4-Pg and PI-3,4,5 -P 3  than 

by PI-4,5 -P 2 , and production of these lipids is associated with formation of 

filopodia, not lamellae (257).

1.4 SNAPs and SNAREs

These proteins have been implicated mainly in constitutive secretion, or in 

exocytosis from neuroendocrine cells, their importance in secretion from 

haematopoietic cells, including rat mast cells has not been established. The 

original identification of these proteins was achieved because of the effects of 

a group of clostridial neurotoxins. These toxins - all possessing zinc 

endopeptidase activity, inhibit neurotransmission. The substrates of these 

proteases were identified, and shown to be essential components of the 

exocytic machinery (258-261) - the vesicle associated membrane protein
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(VAMP or synaptobrevin), synaptosome associated 25kDa protein (SNAP-25) 

and syntaxin - the latter two found associated with the plasma membrane 

(262,263). These proteins associate with two soluble proteins, the N- 

ethylmaleimide (NEM)-sensitive fusion protein (NSF), and the NSF-attachment 

proteins (SNAPs). NSF has ATP-ase activity (264), which is enhance by 

SNAP (265). The SNARES associated with the target membrane - or t- 

SNARE's interact with VAMP, the vesicle- or v-SNARE in a 7S complex. This 

complex then recruits a-SNAP and NSF, forming a 20S complex (263). ATP 

hydrolysis by NSF results in disassembly of the 20S complex, in a process 

thought to be essential for exocytosis.

The differences between v-SNARE’s and t-SNARE’s, i.e. that donor and 

acceptor membranes could be distinguished, led to the SNARE hypothesis 

(262). This hypothesis states that the specificity of these interactions ensures 

that the fusion events are tightly regulated. However this hypothesis is now 

doubted, not least because syntaxin-1 and SNAP-25 - supposedly t-SNARE’s, 

are also found on vesicle membranes (266). The finding that rab proteins can 

modulate SNARE complex formation (267), viewed in light of rab’s postulated 

role in dictating donor-acceptor membrane specificity (219) suggests a 

possible modification of the SNARE hypothesis: to include rabs as the proteins 

responsible for accurate targeting effusion.

Despite the early demonstrations of NSF's importance in fusion, more recent 

work has suggested that NSF may be important only in priming. There 

appears to be a distinct NSF/a-SNAP dependent stage in exocytosis, after 

which removal of NSF does not inhibit fusion. This idea is supported by 

evidence that suggests that NSF may be essential in the pre-fusion, ATP- 

dependent priming step of exocytosis (268).

Three isoforms of SNAP - a,p and y have been identified (269). There are 

some contradictory reports of the activation of different SNAPs: unique role for 

a-SNAP and p-SNAP have been identified with synaptotagmin binding 

specifically to p-SNAP but not a-SNAP (270), however in adrenal chromaffin 

cells the two proteins had indistinguishable effects (271). y-SNAP shows only
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25% identity to a- and p-SNAP and binds to a distinct region of the SNARE 

complex (272). The SNAP's do appear to be essential in exocytosis (273), 

and like NSF they are thought to be important specifically in the MgATP- 

dependent priming steps (274). However SNAP-25's importance in exocytosis 

from PC12 cells, is thought to lie particularly in calcium-dependent triggering 

(275).

The essential nature of these proteins in neuronal cells, and adrenal 

chromaffin cells has been demonstrated. The finding of yeast homologues of 

synaptobrevin (276) syntaxin (277) and SNAP-25 (278) suggests that they 

may participate in an evolutionarily ancient process. However the importance 

of the proteins in secretion from mast cells has not been demonstrated.

1.5 Aims of the project

1. To ascertain whether the observations made in HL60 cells, as to ARF’s 

ability to reconstitute GTPyS-stimulated PLD activity and secretion, and 

PI-TP’s ability to reconstitute GTPyS-stimulated secretion could be 

extended to RBL-2H3 cells. To show that the effects in HL60 cells were 

not anomalous, but represent a more universal observation.

2. To apply these proteins to antigen-stimulated cells. GTPyS is an effective 

stimulus but not a physiological one. If ARF and PI-TP are to be regarded 

as essential components of the secretory machinery in complex cellular 

responses such as the acute hypersensitivity reaction from mast cells, it 

must be determined whether they are effective under physiological 

stimulus.

3. To determine what the role of these proteins is in secretion. For example, 

does ARF mediate its effects via potentiation of PLD activity, or via a 

different route, and do these proteins operate in different pathways, or in a 

common mechanism.
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CHAPTER TWO

MATERIALS AND METHODS
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Chapter 2 Materials and Methods

2.1 Materials

DMEM

Foetal Calf Serum

[^H]-choline chloride

f^C]-sodlum acetate

pH]-myo-lnositol

P"P-y]-ATP

Streptolysin-0

GTPyS

IgE anti-DNP

DNP-HSA

ATP

BioRex 70 (mesh 200-400)

Ultima Gold XR scintillant 

Dowex 1-X8 resin (formate form) 

Ultima Gold scintillant 

Kiesegel TLC plates 

IPTG

Luria Broth 

8 -well glass slides 

Mouse anti-aPI-TP 

Mouse anti-pPI-TP 

Rat anti-ARF

Biotinylated goat anti-mouse

CY3-streptavidin

Acrylamide

PVDF membrane

Mowiol

Sigma

Advanced Protein Products

Amersham

Amersham

Amersham

Amersham

Murex Diagnostics Ltd

Boehringer

Sigma

Sigma

Boehringer

BioRad

Canberra-Packard

Sigma

Canberra-Packard

Merck

Appligene

Gibco

ICN

S. Cockcroft 

S. Cockcroft 

S. Cockcroft 

Sigma

Molecular probes 

BioRad 

Millipore 

Harco

All plastic-ware used for tissue culture was obtained from Falcon 

Laboratory reagents were obtained from Sigma, solvents from BDH.
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2.2 Cells

2.2.1 Culturing RBL-2H3 cells

RBL-2H3 cells were grown in Dulbecco’s Modified Minimal Media (DMEM). 

This basic media must be supplemented with foetal calf serum (PCS), 

glutamine and the antibiotics penicillin and streptomycin. PCS was heat- 

inactivated by incubating in a pre-warmed water-bath at 56°C for one hour. 

PCS was added to DMEM at a final concentration of 12.5%, penicillin was 

used at a final concentration of 50iu/ml, streptomycin 50jig/ml and glutamine 

4mM. RBL-2H3 cells were grown as a monolayer in 175cm^ vented flasks, at 

37°C with 5% CO 2  and 100% humidity. Each confluent flask contained 

approximately 4x10^ cells; RBL-2H3 cells were considered confluent when 

80% of the flask surface was obscured by cells and their processes. The cells 

remained active until passage 40-45, after this they were discarded. 

Experiments were performed using one box of confluent cells unless otherwise 

indicated.

2.2.2 Labelling RBL-2H3 cells

Before labelling the cells were passaged, and diluted in 50mls fresh medium to 

reach confluence over the appropriate labelling interval. pH]-choline chloride 

was added to the medium at a final concentration of 0.5pCi/ml, and cells 

incubated for 48 hours. f^C]-sodium acetate was added to at a final 

concentration of 0.5pCi/ml, and the cells were incubated for 4days before use. 

^H-myo-lnositol was used at a final concentration of I.OpCi/ml, and the cells 

were incubated for 48 hours before use.

2.3 Assavs using intact and permeabilised cells

2.3.1 Sensitization of RBL-2H3's with IgEaDNP

Cell monolayers were washed twice in DMEM and finally scraped into 5mls of 

fresh medium. IgEaDNP was added at a final concentration of 2pg/ml. The 

cell suspension was incubated for one hour at 37°C, with occasional mixing to 

avoid sedimentation of the cells. After incubation, the suspension was 

centrifuged at 450g for 5mins at room temperature. The supernatant was 

discarded, and the cell pellet resuspended in buffer.

58



2.3.2 Stimulation of intact cells

After washing the cells were resuspended in an appropriate volume of buffer. 

The buffer used was standard HEPES, modified for use with intact cells (see 

section 2.3.11). The cell suspension was added to previously-prepared assay 

tubes on ice, already containing antigen as the stimulus (see section 2.3.8). 

The cell suspension in all assays constituted 50% of the total assay volume. 

The assay tubes were transferred to a 37°C water-bath, and incubated for 

25mins. After incubation, the tubes were transferred to an ice-filled water-bath 

and when cooled to 4°C, centrifuged to pellet the cells.

2.3.3 Stimulation of acutely-permeabilised cells

Cells were assayed in the presence of their cytosolic contents (see Fig 2.1). 

Cell monolayers were washed twice and finally scraped into 20mls of buffer. 

This suspension was centrifuged at 450g for 5mins at room temperature. The 

supernatant was discarded, and the cell pellet resuspended in fresh buffer. 

The cell suspension was added to previously prepared assay tubes on ice, 

already containing permeabilisation reagents and the stimulus. 

Permeabilisation and stimulation were carried out in either standard PIPES or 

HEPES buffer (see section 2.3.11), supplemented with 2mM IX/lgClg, Im M  

MgATP, 0.4iu/ml SLO, calcium solution buffered by 3mM EGTA, +/- stimulus 

(see sections 2.3.7 and 2.3.8). The tubes were transferred to a 37°C water- 

bath, and incubated for 25mins. After incubation, the tubes were transferred to 

an ice-filled water-bath. When cooled to 4°C, the assay tubes were 

centrifuged to pellet the cells.

2.3.4 Measuring declining responsiveness after permeabilisation

4mls of washed cells were added to 1ml permeabilisation mixture, containing 

2mM MgClg, Im M  MgATP, 0.4iu/ml SLO, and lOOnM calcium buffered by 

0.3mM EGTA, on ice. Immediately, aliquots of cells were removed and added 

to pre-prepared assay tubes, then transferred to a 37°C water-bath to provide 

a starting point for the “run-down”. At t=0 the remaining cells were transferred 

to the 37°C water-bath. At timed intervals, further aliquots were removed and 

added to assay tubes. The assay tubes contained either standard PIPES or
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HEPES buffer (see Section 2.3.11), supplemented with 2mM IVIgClg, Im M  

MgATP, 0.4iu/mi SLO, lOpM calcium buffered by 3mM EGTA, +/- stimulus 

(see Sections 2.3.7 and 2.3.8). All assay tubes were incubated for 25mins, 

and after incubation transferred to an ice-filled water-bath. When cooled to 

4°C, the assay tubes were centrifuged to pellet the cells.

2.3.5 Reconstitution of cytosol-depleted cells

Cells were depleted of cytosol, and assayed in the presence of recombinant 

proteins, see Fig.2.1. 4mls of washed cells were added to 1ml 

permeabilisation mixture (as above), and aliquots removed to measure the 

acutely permeabilised response (see Section 2.3.4). At t=0, the remaining cells 

were transferred to the 37°C water-bath. After 5mins, if reconstitution of the 

receptor-stimulated secretion was to be attempted, or lOmins if GTPyS was 

used, the remaining cells were centrifuged at 4°C. The supernatant was 

discarded and the cell pellet resuspended in buffer, then dispensed to assay 

tubes. The assay tubes were prepared exactly as described above (see 

section 2.3.4). All assay tubes were incubated for 25mins, and after 

incubation transferred to an ice-filled water-bath. When cooled to 4°C, the 

assay tubes were centrifuged to pellet the cells.

2.3.6 Depletion of endogenous ATP

While intact, cells were washed into standard PIPES or HEPES buffer (see 

section 2.3.11), prepared without glucose. The cell suspension was transferred 

to a 37°C water-bath for 5mins equilibration. Antimycin A was added at a final 

concentration of 5pM, and deoxy-glucose at 1 mg/ml, and the suspension 

incubated for a further 5mins. The cells were then transferred directly to assay 

tubes for intact cell measurements, or permeabilised as described above. All 

reagents were prepared in glucose-free buffer so as not to allow levels of 

endogenous ATP to recover prior to assay, however in reconstitution 

experiments, glucose was added as usual.
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Fig.2.1 Diagrammatic representation of the “acutely-permeabilised” and 

“cytosol-depleted” cell protocols
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2.3.7 Preparation of GTPyS

GTPyS was purchased as a lOOmM solution and prepared as a 5mM stock 

solution in saline and stored at -20°C. GTPyS was used at a concentration of 

10pM in all experiments, except where indicated otherwise.

2.3.8 Preparation of DNP-HSA

DNP-HSA was purchased as a solid and prepared as a stock solution in 

double-deionised water, at 1 mg/ml. The stock was stored at 4°C for a 

maximum of three months, then discarded. DNP-HSA was used at a final 

concentration of 40ng/ml in all experiments, except where indicated otherwise.

2.3.9 Preparation of calcium buffers

Calcium buffers were prepared according to a method previously described 

(279). The buffers are EGTA-based, and used to strictly control the levels of 

free calcium in each experiment. Two solutions were used: lOOmM EGTA, 

20mM PIPES at pH 6 . 8  and lOOmM Ca""-EGTA, 20mM PIPES at pH6 .8 . 

These two solutions were combined in varying proportions to achieve a 

concentrated stock at the required concentration of calcium. The buffer stocks 

were stored at -20°C, and used at a final concentration of 3mM EGTA, and in 

the presence of 2mM free Mg^ .̂

2.3.10 Preparation of MgATP

ATP was purchased as a solid and prepared as a stock at lOOmM. The solid 

was dissolved in double-deionised water, in the presence of lOOmM IVIgClg and 

200mM Tris-HCI pH 7.0. The pH of the solution was monitored throughout its 

preparation and kept close to neutral, as an excessively acidic solution can 

cause hydrolysis of ATP. The stock was stored at -20^0 until required.

2.3.11 Preparation of PIPES and HEPES buffers

The standard PIPES and HEPES buffers used in all experiments were 

prepared in double-deionised water. PIPES buffer contains 20mM PIPES, 

137mM NaCI, 3mM KCI, 1 mg/ml glucose and 0.1 mg/ml bovine serum 

albumin, and was prepared at pH 6.80. This buffer was used whenever 

GTPyS was used as the stimulus. HEPES, or Tyrodes (complete) buffer
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contained 20mM HEPES, 137mM NaCI, 3mM KCI, 1  mg/ml glucose and 

1 mg/ml BSA, and was prepared at pH 7.20; this buffer was used when the 

cells were activated via the receptor. When cells were stimulated when still 

intact, the buffer was supplemented with 1mM MgATP and 1mM CaClg

2.3.12 Measuring secretion from attached cells

A confluent 175cm^ flask of RBL-2H3 cells was prepared: the cell monolayer 

was washed twice and finally scraped into 36mls of DMEM. 24mls of this 

suspension was re-cultured, the remaining 12mls plated out in 24 well plates. 

The plates were incubated over-night, at 37°C in 5% COg and 100% humidity 

before use, to ensure good cell adhesion. If stimulation via the receptor was 

required, the wells were supplemented with IgEaDNP in DMEM at a final 

concentration of 2pg/ml, one hour before use. Cell monolayers were washed 

gently in standard HEPES or PIPES buffer and placed on ice. The assay 

reagents were prepared at the same concentrations as for experiments carried 

out in suspended cells (see sections 2.3.3 and 2.3.2), the reagents were 

however prepared in a larger total volume (400pl) to prevent desiccation of the 

monolayer during incubation. The plates were transferred to a 37°C incubator 

for 25mins. After incubation, the plates were transferred to an ice-filled water- 

bath. When cooled to 4°C, a sample of the reaction mixture was removed, 

and centrifuged to pellet any detached cells.

2.4 Assaying secretion from RBL-2H3 cells

2.4.1 Ascertaining % p-hexosaminidase release

Following an assay, samples were centrifuged at 4°C to sediment the cells. 

50pl of the supernatant was removed and transferred to a black microtitre 

plate. An equal volume of p-hexosaminidase substrate was added, the plate 

covered and placed at 37°C for Ih r 30mins. The reaction was quenched with 

150pl 1M Tris (pH unadjusted), and fluorescence measured at 405nm. The 

amount of fluorescence was related to the total cellular content of p- 

hexosaminidase, and so percentage release. A sample was prepared, which 

consisted of 25% cell suspension and 1% Triton X-100. 50|il of this is added 

to the plate with p-hexosaminidase substrate. As the original assay samples
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contained 50% cell suspension (see section 2.3.2), this sample contained an 

amount of p-hexosaminidase equivalent to 50% release. Triplicate samples of 

buffer were added to the plate and incubated with substrate. The value from 

these samples gave equivalent fluorescence to "0 %" release.

2.4.2 Preparation of p-hexosaminidase substrate

The substrate used is 4-methylumbelliferyl-N-acetyl-p-D-glucosaminide. This 

was prepared in 0.2M citrate buffer, at pH 4.5 at a final concentration of 1mM. 

The released p-hexosaminidase hydrolyses this substance, producing free 4- 

MU. At the high pH produced by the quenching buffer the fluorescence of this 

product may be measured at 405nm.

2.5 Assaying PLD activity bv measuring r^HI-choiine release

2.5.1 Extraction of pH]-choline metabolites

PLD was measured from pH]-choline chloride labelled cells (see section 

2.2.2), assayed as described in section 2.3. If PLD was to be measured from 

the same samples as secretion, the 50pl sample for the secretion assay were 

removed first, as described above. If PLD alone was to be assayed, the whole 

sample was quenched with no necessity for prior centrifugation. lOOpI 

samples were quenched with 500pl chloroform/methanol (1:1) and vortexed 

thoroughly. This addition produced a single phase. The phases were split by 

addition of 125pl of water and again the samples vortexed and centrifuged.

2.5.2 Separation of free pH]-choline

Following centrifugation for 5mins at 4°C, 400pl of the aqueous top phase 

were applied to BioRex columns to separate free pH]-choline from its other 

aqueous metabolites. The 10ml columns contained 1ml of slurry, 50% BioRex 

70 cation exchanger in water. Phosphorylcholine, glycero-phosphocholine and 

CDP-choline were eluted with 3mls of water and discarded. pH]-choline was 

eluted with 3ml 50mM glycine/500mM NaCI (pH 3), directly into scintillation 

vials. 3ml of Ultima Gold XR scintillation cocktail was added, and the samples 

vortexed thoroughly. The increase in labelled choline was expressed as a 

function of the total radioactivity (DPM) incorporated in the choline lipids. From 

control samples the total lipid chloroform extract was transferred to a
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scintillation vial and the chloroform evaporated overnight on the bench. 500|il 

of methanol was added to the dried lipids, followed by 4ml of scintillation 

cocktail. The BioRex resin was regenerated by washing the resin with 3mls 

0.5M NaOH, pH 9, followed by 10mls of water.

2.6 Assaying r"*C1-phosphatidyl ethanol (PEt) formation

2.6.1 Extraction of PEt

PEt formation was measured from p"^C]-sodium acetate labelled cells (see 

section 2.2.2), assayed as described in section 2.3, except that 1% ethanol 

was included in all assay tubes. lOOpI samples were quenched with 600)liI 

chloroform/methanol (1:1) and vortexed thoroughly. 5ml of PEt standard was 

added to each sample to aid visualisation of the lipids (see below). This 

extraction produced a single phase. The phases were split by addition of 

170^1 of water and again the samples vortexed and centrifuged. The entire 

organic phase was removed from each sample and transferred to a clean 

eppendorf tube.

2.6.2 Separation of lipids by TLC

Plates were heated at 120°C for 60 minutes prior to use, in order to remove all 

traces of water. The plates were marked into as many equal lanes as required 

(not exceeding 1 2  per plate), a 1 cm margin was left unused at the each side of 

the plate. An origin line was drawn 2cm from the bottom of the plate, where 

samples were applied. Lipid samples were dried under vacuum, then 

resuspended in 50^\ of chloroform. The samples were loaded onto plates in 

5[i\ elliptical spots, with the whole spot lying within the central 50% of each 

lane. When all of the 50^1 sample had been applied, the tube was rinsed with 

a further 20^1 of chloroform and this was applied also. Each aliquot was dried 

by blowing gently to evaporate the chloroform before addition of the next. The 

plates were run at room temperature in a fully equilibrated solvent tank, until 

the solvent front moved to within approximately 1 cm of the top of the plate. 

The plates were dried in a fume-hood for several hours (overnight).
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2.6.3 Quantification of PEt formation

For accurate separation of PEt from other lipids, the following solvent was 

used: chloroform/methanol/glacial acetic acid/water (75:45:3:0.3). After 

separation and drying, the plates were placed into a sealed tank containing 

solid iodine. The iodine vapour was used to visualise the lipid spots, colouring 

them yellow. The spots were marked with pencil, then the iodine stain allowed 

to fade. The silica was dampened with distilled water and the PEt spots 

scraped into a scintillation vial. 500pls of methanol was added to release the 

labelled lipid from the silica. After mixing, 3mls of Ultima Gold scintillation 

cocktail was added, the samples vortexed thoroughly then counted.

2.6.4 Preparation of PEt standard

4mg of phosphatidylcholine was dissolved in 400pl 0.2M acetate buffer (pH 

5.6). This was mixed with 1000 units of peanut PLD dissolved in 400pl 0.2M 

acetate buffer (pH 5.6). lOOpI of 1 M CaClg, 400pl of ether and ethanol to a 

final concentration of 2 % were added, and the suspension mixed thoroughly. 

The preparation was left at room temperature for 12 hours (overnight). Ether 

was evaporated away, and the exact volume of the suspension measured. 

Per 1ml of sample, 3.75mls of chloroform/methanol (1:2) was added, followed 

by 1.25ml of chloroform and 1.25ml of water, then the sample vortexed 

thoroughly. The entire organic phase was transferred to a clean glass tube 

and dried down under vacuum. The lipids, including PC and PA but 

predominantly PEt were then resuspended in 500ml of chloroform and stored 

at -20°C.

2.7 Assavinq PLC activity bv measuring PHI-IP? production

2.7.1 Extraction of pH]-lnositol phosphates

PLC activity was measured from pH]-lnositol labelled cells (see section 2.2.2), 

assayed as described in section 2.3, except that Im M  LiCI was included in all 

assay tubes. The lithium was included to ensure measurement of all the IP3  

produced, by preventing its conversion to inositol. lOOpI samples were 

quenched with 375pl chloroform/methanol (1:2) and vortexed thoroughly to 

obtain a single phase. A further addition of 125pl of chloroform and 125pl of
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water was then added to obtain a two phase system. After vigorous mixing, 

the samples were centrifuged for 5min.

2.7.2 Separation of f  H]-lnositol phosphates

Inositol phosphates were separated from free inositol and 

glycerophosphoinositol using Dowex 1-X8 anion exchange resin (formate 

form), packed into Pasteur pipettes (0.5 ml bed volume). The aqueous phase 

from the above extraction was applied to the column. The column was 

washed with 4ml of water to elute pH]-inositol. Glycerophosphoinositol was 

removed with 3ml of 5mM sodium tetraborate/5 mM sodium formate. Finally 

IP3  was eluted with 3ml of 1M ammonium formate/0.1 M formic acid directly into 

scintillation vials. The radioactivity was measured after addition of 3ml Ultima 

Gold scintillation cocktail and thorough mixing. The columns were regenerated 

by washing with 4mls of 2M ammonium formate/0.1 formic acid followed by 

extensive washing with 15mls of water (15ml).

2.8 Preparation of recombinant mvristovlated ARF

2.8.1 myr.ARF-1 expressing bacteria

E.Coli BL21 (DE3) were used. This strain contained the expression plasmid 

(generally pET22b) and pBB131. This plasmid expressed the S. cerevisiae 

myristoyl-CoA:protein N-myristoyltransferase (NMT). The bacteria were 

resistant to ampicillin and kanamycin. Stock bacteria were kept at -80°C in 

15% glycerol. (Plasmids obtained from Qiagen - generated by D.Jones)

2.8.2 Growing bacteria

Two 200ml stocks and four 900ml stocks of Luria broth were prepared and 

autoclaved. When the flasks cooled, 10Opg/ml ampicillin, 50|ig/ml kanamycin 

and a 5|il aliquot of semi-thawed E.Coli glycerol stock was added to each of 

the 200ml stocks and the flasks sealed. The bacterial cultures were placed in 

a shaker overnight at 37°C. The following day, myristic acid was freshly 

prepared in ethanol, and added to each of the 900ml stocks at a final 

concentration of lOOpM. These stocks were further supplemented with 

10Opg/ml ampicillin and 50pg/ml kanamycin. The growing cultures were 

removed from the shaker, and lOOmIs poured into each of the 900ml stocks.
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These stocks were placed in the shaker for 2hours at 28°C. The expression 

vectors were induced by IPTG, added to each flask at a final concentration of 

0.25mM. The induced bacteria were grown for a further 4hours. The bacteria 

were harvested by centrifugation. The pellets were retained and frozen 

overnight to aid cell lysis.

2.8.3 Extraction and purification of myr.ARF-1

Each frozen pellet from the 1 litre stocks was resuspended in 5mls of buffer A, 

supplemented with 5mg of lysozyme and left at room temperature for 20- 

SOmins. 8 ml of buffer B was added per llitre equivalent. The solution was 

mixed and left at 4°C for 10-20mins. After lysis, the suspension was 

centrifuged at 4°C for 60mins and the supernatant collected and loaded onto a 

200ml DE-52 column. 200mls of buffer C was added, and the column eluate 

collected throughout. This sample was concentrated to 5mls at 4°C  under 

nitrogen. This sample was loaded onto a S-75 gel-filtration column fully 

equilibrated in filtered buffer D. Following a void volume of 158mls, forty 2ml 

fractions were collected. The four/five fractions with highest protein 

concentrations were pooled and the exact volume measured. In order to 

stabilise the protein, Im M  MgClg and Im M  GDP were added. This dilute 

preparation was concentrated further, to 2-5mg/ml before freezing at -20°C for 

storage. (Buffer A: 50mM Tris, 40mM EDTA, 25% (w/v) sucrose, 0.02% NaNg, 

pH 8.0. Buffer B: 50mM Tris, lOOmM MgClg, 0.2%(w/v) Triton X-100, 0.02%  

NaNg, pH 8.0. Buffer C: 20mM Tris, 50mM NaCI, Im M  DTT, pH 8.0. Buffer D: 

20mM PIPES, 3mM KCI, 137mM NaCI, pH 6 .8 .).

2.9 Western Blotting

2.9.1 Detection of cytosol leakage from permeabilised cells

A 4mls suspension of washed cells was prepared, containing 5x10^ cells. This 

was added to 1 ml of permeabilisation buffer, containing 2 mM MgClg, Im M  

MgATP, 0.4iu/ml SLO and lOOnM Ca^  ̂ buffered by 0.3mM EGTA. All 

solutions were prepared in standard PIPES buffer (see section 2.3.11), but 

with no added BSA. Immediately a 1ml aliquot, containing 1x10^ cells was 

removed and centrifuged at 4°C. This sample was used to probe the proteins 

in intact cells. At stated time points (5mins, lOmins and 30mins) further 1ml
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samples were removed, centrifuged and rapidly processed as described 

below.

2.9.2 Translocation of cytosolic proteins after stimulation

Two 1ml samples were prepared, each sample containing 1.5x10^ cells in 

HEPES buffer (see section 2.3.11). (These were pre-sensitised to antigen, by 

pre-treatment with IgEaDNP (see section 2.3.1)). At t=0, 250|al of stimulus 

was added to one tube producing a final concentration of DNP-HSA of 

40ng/ml, and an equal volume of buffer added to the other. The tubes were 

then added to a 37°C water-bath for lOmins. After lOmins, a permeabilisation 

buffer was added, containing 0.4iu/ml SLO and lOOnM calcium, buffered by 

3mM EGTA. (The aliquot of permeabilisation buffer added to the tube of 

stimulated cells was supplemented with DNP-HSA to maintain the initial 

concentration). The cells were returned to a 37°G water bath for a further 

lOmins, then transferred to 4°C  and centrifuged to sediment the cells. The 

samples were rapidly processed as described below.

2.9.3 Preparation of cytosol samples for electrophoresis

After centrifugation, the supernatant - containing leaked cytosolic contents 

were removed from the cell pellet. The supernatants were treated with TCA, to 

precipitate the protein. This allows the protein to be concentrated in a smaller, 

less dilute sample. The exact volume of the supernatants were measured, 

and sufficient 100% TCA added to produce a final concentration of 10% (v/v). 

This mixture was vortexed thoroughly then incubated at 4°C for 30mins. After 

incubation, the sample was centrifuged for ISmins at 4°C and the 

supernatants discarded. The pellet was resuspended in 50pl of 1M NaOH, 

then the volume measured accurately. This volume was doubled in 1M Tris 

pH6 . 8  to neutralise the sample. An appropriate volume of the 4X sample 

buffer was added, and the samples boiled at 98°C for 2mins to denature the 

proteins. (4X Sample buffer is 62.5mM Tris pH 6 .8 , 10% glycerol (v/v), 2% 

SDS (w/v), 0.00125% Bromophenol blue (w/v) and 5% 2p-mercaptoethanol).
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2.9.4 Preparation of membrane samples for electrophoresis

After centrifugation, the membrane pellet was resuspended in lOO îl RIPA 

buffer. The suspension was vortexed thoroughly, and placed at 4°C for 

SOmins, with occasional mixing. After centrifugation for 15mins at 4°C, the 

supernatant was removed and retained and the pellet was discarded. The 

volume was concentrated by treatment with TCA, exactly as described in 

section 2.9.3. The resulting protein pellet was resuspended in NaOH and 

neutralised also as above, then treated with 4X sample buffer and boiled prior 

to application to a polyacrylamide gel. (RIPA buffer is 150mM NaCI, 1% Triton 

X-100 (v/v), 0.5% deoxycholate (w/v), 0.1% SDS (w/v) and 50mM Tris pH 7.5).

2.9.5 Gel electrophoresis

The total volume of each sample was corrected so that the same proportion of 

each may be used in the same volume. A volume of 15-20|il was loaded for 

each sample, equivalent to 10® cells. SDS-PAGE gels were prepared using 

the protocol described by Laemmli (280): a resolving gel of 14% acrylamide 

was made, and a 4% acrylamide gel was used for the stacking gel. Each gel 

was loaded with a set of molecular weight markers (see section 2.12.2). The 

gels were run at 150V for 60mins in running buffer. (Stacking gel is 4%  

acrylamide, 0.1% SDS, 0.04% APS, 0.1% TEMED, 250mM Tris pH 6 .8 ; 

resolving gel is 14% acrylamide, 0.1% SDS, 0.08% APS, 0.08% TEMED, 

375mM Tris pH 8 .8 ; running buffer is 193mM glycine, 0.1% SDS, 25mM Tris 

pH 8.3)

2.9.6 Transfer of proteins to PVDF

After running, the gel was equilibrated in transfer buffer for 20mins. A blotting 

“sandwich” was assembled, with the gel in full contact with PVDF membrane 

and the transfer run at 50V for 50mins, or at 30V overnight (as indicated) in 

transfer buffer. (Transfer buffer is running buffer is 193mM glycine, 25mM Tris 

pH 8.3)

2.9.7 Antigen detection

Bands on the membrane were visualised by extended washing with India ink 

(0.1% in PBS/Tween). The ink was thoroughly washed from the membrane,
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then the membrane submerged in blocking buffer for 60mins at room 

temperature. After blocking, the membrane was washed in PBS/Tween. The 

primary antibody was applied in PBS/Tween (for primary antibody 

concentrations and incubation times see section 2.12). After incubation with 

primary antibody, the membrane was thoroughly washed with PBS/Tween and 

a secondary antibody applied in blocking buffer for SOmins at room 

temperature. After extensive washing, with at least five changes of 

PBS/Tween, the proteins were probed with ECL. (PBS/Tween was standard 

phosphate buffered saline with 0.02% Tween; blocking buffer is PBS/Tween 

with 5% milk protein (w/v) and 2% goat serum (v/v)).

2.9.8 ECL detection

A mixture containing an equal volume of ECL solution one and solution two 

was prepared. The membranes were soaked in this mixture for 2mins, then 

exposed to photo-sensitive film. (ECL soln.1 is 0.45mg/ml luminol, 65pg/ml p- 

Coumaric acid in 0.1M Tris pH 8.5; soln.2 is 0.02% HgOg in 0.1M Tris pH 8.5.)

2.10 Polvphosphoinosltide analysis

2.10.1 Labelling of phosphatidylinositides with p^P]-ATP

4mls of washed cells were placed on ice, and 1 ml of permeabilisation buffer 

added containing 2mM IVIgClg, Im M  MgATP, 0.4iu/ml SLO and lOOnM Ca^  ̂

buffered by 0.3mM EGTA. At t=0, the cells were transferred to a 37°C  water- 

bath. After the time indicated, the permeabilised cells were transferred to 4°C 

and centrifuged to sediment the cells. The supernatant was discarded, and 

the cells resuspended in buffer containing 2mM MgClg, Im M  MgATP and 

10|iM Ca^  ̂ buffered by 0.3mM EGTA. Immediately before addition to assay 

tubes the cells were labelled with 20pCi/ml p^P-y]ATP. Cells were then added 

to assay tubes, already containing stimulus, and any protein to be used for 

reconstitution. The cells were incubated at 37°C  for 20mins, the cooled on ice 

to 4°C.

2.10.2 Extraction and separation of phosphatidylinositide lipids

After incubation, the cells were placed on ice, and cooled to 4°C. A lOOpI 

assay volume must be quenched with 375pl acidified chloroform/methanol/HCI
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(100:200:15), and the mixture vortexed thoroughly to obtain a single phase. 

lOjul of Folsch reagent was added to aid recovery of phosphatidylinositides. 

125pl of chloroform and 125pl of 0.1 M HCI was added to separate the sample 

into two phases. The samples were vortexed thoroughly and then centrifuged. 

The top phase was removed and replaced with the "synthetic" top phase of 

chloroform/methanol/0.1 M HCI (1:1:0.9). This mixture was vortexed well, then 

centrifuged. The top phase was replaced twice more, to remove all the not 

incorporated into lipid. Finally all of the bottom phase was transferred to a 

clean eppendorf tube.

2.10.3 Quantification of phosphatidylinositide lipids

The samples were dried under vacuum and applied to TLC plates exactly as 

described in section 2.6.2. The plates were treated with oxalate, then dried 

overnight and heated at 120°C for 60mins before use. The lipids were 

separated in an equilibrated tank with chloroform/methanol/acetone 

/water/glacial acetic acid (40:13:15:7:12). The labelled lipids were quantified 

by densitometry, following analysis in a phosphorimager. The TLC plate was 

exposed to phosphorimager plates for 2hrs before reading. (Oxalate wash is 

60% water (v/v), 40% methanol (v/v) and lOmg/ml potassium oxalate).

2.11 Immunofluorescence

2.11.1 Preparation of slides for Immunofluorescence

Glass slides with 8  wells, each of 5mm diameter were used. The slides were 

cleaned thoroughly in ethanol, then excess ethanol removed by flaming. The 

slides were placed in 60cm^ Petri dishes. 2.5x10® cells, suspended in lOmIs of 

DMEM were poured over the slides. The dishes of cells were placed at 37°C, 

5% CO 2  and 100% humidity for 48hrs before use. Approximately 30,000 cells 

were in each well, of which 60-70% were still present at the end of the 

experiment. When cell numbers were significantly below these levels the 

experiment was discarded. As in experiments using suspended cells, a pre

incubation with IgEaDNP was necessary before stimulation. IV 2  hrs before 

use, the plated cells were washed and lOmIs of fresh DMEM added to the 

dishes, supplemented with IgEaDNP, at a final concentration of 2|ag/ml.
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2.11.2 Stimulation of cells

Before stimulation, the plated cells were rinsed with intact cell buffer (see 

below). The stimulus, DNP-HSA was added at 40ng/ml was applied to the 

appropriate wells. At the times indicated (between 0 and 20mins) the stimulus 

was removed and the cells rinsed well. Following stimulation the cells were 

fixed by 20mins incubation with 3% paraformaldehyde. After this the cells 

were permeabilised for 2 0 mins with 80|ig/ml lyso-phosphatidylcholine, in order 

to allow antibodies access into the cells' interior. To prevent non-specific 

interactions, the permeabilised cells were incubated for SOmins with 2.5% goat 

serum/2.5% foetal calf serum. This solution, as well as all further solutions 

was made in permeabilised cell buffer (see below). After blocking, the cells 

were incubated with a mouse-derived primary antibody for 45mins (for 

concentrations of primary antibodies used see section 2.12). Then a 

biotinylated anti-mouse antibody was applied at 2 0 pg/ml to the cells for 

45mins, and finally a fluorescent dye CY3, linked to streptavidin was applied at 

20|ag/ml for 45mins. After thorough washing, 5% mowiol was applied and a 

coverslip carefully placed over the cells. The mowiol was left to set at room 

temperature for 12hrs before images were gathered. (Intact cell buffer is 

20mM HEPES, 3mM KCI, 137mM NaCI, 1 mg/ml BSA, 1 mg/ml glucose and 

0.1 mM EGTA, pH 7.2. Permeabilised cell buffer is 20mM PIPES, 3mM KCI, 

137mM NaCI, 1 mg/ml BSA, and 0.1 mM EGTA, pH 6 .8 ).

2.11.3 Immunofluorescence using confocal microscopy

Fluorescent images were obtained using a confocal laser scanning microscope 

equipped with an argon-ion laser, attached to a Leitz Fluovert-FU microscope 

(Leica). For visualisation of CY3-streptavidin, excitation was at 550nm and 

emission was measured at 565nm. Digital images were displayed using the 

"glowovun" colour look-up table from Leica.

2.12 Miscellaneous methods

2.12.1 Assaying protein with Bradford reagent

The concentration of protein in samples was measured by comparison with 

standards, prepared in a concentration range up to 400pg/ml. Samples 

expected to contain a higher concentration than this were diluted. 5|il of
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sample was added to 200pl of Bradford reagent. The mixture was incubated 

at room temperature for lOmins, then the absorbance measured at 620nm. 

(Bradford reagent is 6 6 .6 pg/ml G 2 5 0  Coomasie Brilliant Blue, 3.17% ethanol, 

13.3% phosphoric acid).

2.12.2 Conditions for antibody use in Western blots

rat anti-ARF 4pg/ml room temperature Ih r

mouse anti-PI-TPa 2 pg/ml room temperature Ih r

mouse anti-PI-TPp 4pg/ml room temperature Ih r

goat anti-mouse 0 .2 pg/ml room temperature 30mins

goat anti-rat 0.5pg/ml room temperature 30mins

All primary antibodies are purified monoclonal antibodies, raised in the 

laboratory of Prof. Cockcroft.

2.12.3 Recombinant PI-TP and PLC-ôl

Recombinant PI-TPa and PI-TPp was prepared and purified as previously 

described in all cases by P.Swigart. Recombinant PLC-ôl was prepared by 

V.AIIen, and obtained from M.Katan.

2.12.4 Conditions for antibody use in Immunofluorescence

mouse anti-PI-TPa 0.1 mg/ml room temperature 45mins

anti-mouse/CY3 20pg/ml room temperature 45mins

2.12.5 Molecular weight markers

(obtained from Sigma mw SDS 70L kit) 

bovine albumin 66,000 Da

egg albumin 45,000 Da

glyceraldehyde 3-phosphate 36,000 Da

dehydrogenase 

carbonic anhydrase 29,000 Da

trypsinogen 24,000 Da

trypsin inhibitor 21,000 Da

a-lactalbumin 14,000 Da
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2.13 Expression of data

The data presented in this thesis represent typical experiments. These 

experiments were repeated 2-5 times. “Error bars” on graphical data represent 

the spread of duplicate points.
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CHAPTER THREE

CHARACTERISATION OF GTPyS-STIMULATED SECRETION 

AND PLD ACTIVITY FROM RBL-2H3 CELLS

76



Chapter 3 Characterisation of GTPyS-stimulated secretion and PLD 

activity from RBL-2H3 cells

3.1 Introduction

Activation of permeabilised rat mast cells is possible, using the non- 

hydrolyseable GTP analogue GTPyS (190). Assays where the cells are 

“acutely permeabilised” involve the simultaneous addition of stimulus with the 

permeabilisation agent, SLO. Thus the cells respond while still replete with all 

their cytosolic contents. SLO allows access to the cells interior, thus 

concentrations of not only stimulus, but calcium and ATP may be manipulated; 

and any dependence on these factors demonstrated (see (173)). The 

experiments presented in this chapter indicate that both secretion and PLD are 

dependent on micromolar concentrations of calcium and millimolar 

concentrations of ATP. Experiments of this type have also been used to 

determine the effective concentrations of GTPyS, and optimal incubation 

times.

If SLO permeabilisation is carried out over an extended interval, cytosolic 

proteins leak from the cell. Among these are proteins which may have 

essential roles in the secretory response, and in supporting the activity of PLD. 

Experiments presented here demonstrate the dependence of both the GTPyS- 

stimulated responses on cytosolic proteins. This dependence is implied by the 

gradual decline in secretion and PLD assayed over the permeabilisation 

interval.

ARE and PI-TP have been implicated previously as essential components of 

GTPyS-dependent secretion from neutrophils and HL60 cells (161). The 

importance of either factor in a different cell-type had not been established, 

and this was a primary goal in the work presented here. Before reconstitution 

was attempted however, leakage of the native proteins was established. As 

shown in this chapter, ARF and both isoforms of PI-TP are present in intact 

RBL-2H3 cells, and all three proteins leak when the cells are permeabilised. 

The leakage of ARF, PI-TPa and PI-TPp occur over different time courses. 

However, significant amounts of each protein exit RBL-2H3 cells during the 

same interval over which responsiveness declines.

77



In addition, experiments described in this chapter examine the ability of 

myr.rARF-1 to reconstitute secretion and PLD activity in cytosol-depleted RBL- 

2H3 cells, and the ability of both rPI-TPa and rPI-TPp to reconstitute secretion. 

Part of this examination is concerned with deriving optimal conditions for 

reconstitution, with respect to concentration and the length of the pre

perméabilisation interval. In addition the effect of ATP concentration and 

calcium concentration on reconstitution is examined. GTPyS is used as the 

stimulus throughout, however the ability of GTP to stimulate cytosol-depleted 

cells, supplied with myr.rARF-1 was also examined.

3.2 GTPyS-stimulated secretion and PLD activity

As shown in Fig.3.2.1, secretion and PLD activity increased in the presence of 

GTPyS concentrations above 300nM. The variation of both responses to 

increases in GTPyS concentrations was similar. (A GTPyS concentration of 

lOpM was maximal for both parameters, and this concentration used 

routinely.) While a clear correlation between secretion and PLD activity was 

revealed by varying GTPyS concentrations, varying calcium concentrations 

produced quite different profiles. As shown in Fig.3.2.2, the secretory 

response was more sensitive to calcium levels, increasing at concentrations 

above lOOnM. In the physiological concentration range - between lOOnM and 

IpM  secretion doubled. At concentrations above IpM  this response was 

clearly saturated, whereas PLD activity continued to increase up to lOOpM 

calcium. Thus at a concentration of IpM , when the secretory response is near 

to maximal, PLD is active at only approximately 50% of its maximal rate.

This lack of exact correlation between secretion and PLD was seen also in 

response to MgATP. In the typical experiment shown in Fig.3.2.3, PLD activity 

was maximal at Im M  MgATP. In the presence of 3mM MgATP the secretory 

response was maximal, but at this concentration PLD activity fell sharply. This 

fall in PLD activity continued at lOmM MgATP, when GTPyS-stimulated activity 

was equal to control levels. Thus secretion was approximately three times 

less sensitive than PLD activity, however both responses were dependent on 

millimolar concentrations of MgATP. As shown in Fig.3.2.4, RBL-2H3 cells are
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(a) Effect of GTPyS concentration on secretion
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(b) Effect of GTPyS concentration on PLD activity
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Figure 3.2.1. Effect of GTPyS concentration on PLD activity and 

secretion, measured in acutely permeabilised RBL-2H3 cells

Cells were assayed in PIPES buffer (pH 6 .8 ), in a variety of GTPyS concentrations; in 

the absence (open symbols) and presence (closed symbols) of lOpM calcium, 

buffered by 3mM EGTA. The standard acutely permeabilised cell protocol was used 

(see section 2.3.3). % PC hydrolysis and secretion were measured from the same 

samples, as described in section 2.5.
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(a) Effect of calcium concentration on secretion

45
co
Ïo0>(/)

EGTA -8.0 - 6.0 -5.0-7.0

O Controi 
•  + GTPyS

iog[Ca^*] (M)

(b) Effect of caicium concentration on PLD activity

0.8

^  0.6

S 0-4
I^ 0.2

0.0
EGTA -8.0 - 6.0-7.0 -5.0

O Control 
•  + GTPyS

log[Ca^"l (M)

Figure 3.2.2. Effect of Calcium concentration on secretion and PLD 

activity, measured in acutely permeabilised RBL-2H3 cells
Cells were assayed in PIPES buffer (pH 6 .8 ), in a variety of calcium concentrations 

(buffered by 3mM EGTA); in the absence (open symbols) and presence (closed 

symbols) of 10|liM GTPyS. The standard acutely permeabilised protocol was used 

(see section 2.3.3). % PC hydrolysis and secretion were measured as described in 

sections 2.4 and 2.5.
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(a) Effect of MgATP concentration on secretion
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(b) Effect of MgATP concentration on PLD activity
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Figure 3.2.3. Effect of MgATP concentration on secretion and PLD 

activity, measured in acutely permeabilised RBL-2H3 cells
Cells were metabolically inhibited prior to use, and cells and all reagents prepared in 

glucose-free buffer. Cells were assayed in PIPES buffer (pH 6 .8 ) with rising 

concentrations of MgATP); in the absence (open symbols) and presence (closed 

symbols) of 10pM GTPyS. All assays included IpM calcium, buffered by 3mM EGTA. 

The standard acutely permeabilised protocol was used (see section 2.3.3). % PC 

hydrolysis and secretion were measured as described in section 2.5.
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sensitive also to millimolar concentrations of GTP, with both secretion and PLD 

activity triggered. However at all concentrations, the effect of GTP was 

modest compared to that of GTPyS.

As shown in the typical experiment in Fig.3.2.5, secretion may be measured 

from cells in suspension, and while attached. 5% release was measured from 

unstimulated, suspended cells. This was considered to be due to lysis of a 

small proportion of cells during preparation. The response from suspended 

cells was complete after 2 0 mins, at which time the response from attached 

cells was only 75% of its maximum levels.

3.3 Dependence of secretion and PLD activity on cytosolic proteins

The rates of GTPyS-stimulated PLD and secretion rose initially after 

permeabilisation. This was presumably due to incomplete permeabilisation, 

resulting in a proportion of the cells excluding the stimulus. From two minutes 

onwards, the responses fell steadily. In the typical experiment shown in Fig. 

3.3.1, 10% of secretion was lost during the first five minutes, after which the 

response fell more slowly. PLD activity also declined more quickly initially, with 

the rate of decline falling after 20mins. Both PLD and secretion were clearly 

responsive to GTPyS even after 45mins of permeabilisation.

As the fall in responsiveness to stimulus was assumed to be due to the 

leakage of cytosolic proteins following permeabilisation, the rates of leakage of 

ARF, PI-TPa and PI-TPp were examined. As shown in Fig.3.3.2, both PI-TPa 

and PI-TPp were abundant in intact cells, and both detected in the 

extracellular milieu after 5mins of permeabilisation. PI-TPa leaked rapidly, 

with over 50% detected outside the cells after lOmins. PI-TPp leaked from 

RBL-2H3 cells more slowly: approximately 50% of the total PI-TPp leaked from 

the cells after lOmins, however significantly more PI-TPp remained in the cells 

after 30mins than PI-TPa. The rate of ARF leakage was similar to that of PI- 

TPa: over 50% of the ARF present in intact cells leaked out lOmins after 

permeabilisation. After 30mins ARF was detectable inside the cells, however 

in only very small amounts.
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(a) Effect of GTP concentration on secretion
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Figure 3.2.4. Effect of GTP on PLD activity and secretion, measured in 

acutely permeabilised RBL-2H3 cells
Graph(a): Cells assayed in PIPES buffer (pH 6.8), with rising GTP concentrations; in 

the absence (open symbols) and presence (closed symbols) of lOpM calcium, 

buffered by 3mM EGTA. The standard acutely permeabilised cell protocol was used 

(see section 2.3.3), secretion measured as described in section 2.5. Graph (b) PLD 

activity assayed by measuring PEt formation (see section 2.6). Cells assayed in the 

presence of either lOpM or lOnM Ca2+ buffered by 3mM EGTA. 1% EtOH included 

in each sample. Cells were stimulated by ImM GTP or lOpM GTPyS.
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(a) Effect of time on secretion from suspended cells
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Figure 3.2.5. Time course of secretion, measured in acutely 

permeabilised RBL-2H3 cells, both attached and in suspension
Cells were assayed in P IPES buffer (pH 6.8), in the absence (open symbols) and 

presence (closed symbols) of 10pM GTPyS. All assays included 10|iM  calcium, 

buffered by 3mM EG TA and 1 mM MgATP. Aliquots were removed at the stated time 

points. The standard acutely permeabilised protocol was used for graph (a) (see 

section 2 .3 .3), for graph (b) a modified protocol was used (see section 2.3.12). 

Secretion was measured as described in section 2.4.
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(a) Effect of permeabilisation time on secretion
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(b) Effect of permeabilisation time on PLD activity
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Figure 3.3.1. Effect of permeabilisation time on GTPyS-stimuiated 

secretion and PLD activity
Cells were assayed in P IPES buffer (pH 6.8), in the presence (closed symbols) and 

absence (open symbols) of lOpM GTPyS. All assays included Im M  MgATP, 2mM  

MgClz and 10pM Ca^^ buffered by 3mM EGTA. Samples were assayed after various 

permeabilisation times (see section 2.3.4). % PC hydrolysis and secretion were 

measured from the same samples, as described in section 2.5.
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Figure 3 .3 .2 . Leakage of rPI-TPa, rPI-TPp and ARF from permeabilised  

cells

Cells were permeabilised, and aliquots removed after stated time-points (see section 

2.9.1). Cell membranes were separated from their leaked cytosolic contents. The 

leaked material and membranes were prepared as samples, and probed by Western 

blotting with monoclonal antibodies directed against PI-TPa, ARF and PI-TPp. (see 

section 2.9.3-2.9.8)
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3.4 Reconstitution of secretion with mvr.rARF-1

The fall in responsiveness to GTPyS over increasing permeabilisation time is 

clearly shown in Fig.3.4.1. This fall was more rapid than that seen in Fig.3.3.1. 

This acceleration was due to the inclusion of a centrifugation step in the 

protocol. The purpose of this step was to allow leaked cytosolic contents to be 

washed away from the cells before reconstitution. It is likely that this washing 

increased the rate of protein leakage and thus accelerated the onset of the 

refractory state.

Addition of myr.rARF-1 to acutely permeabilised cells caused a small increase 

(1%). This was noted in all reconstitution experiments involving myr.rARF-1 

and was assumed to be an artefact. After five minutes of permeabilisation, the 

response to GTPyS had fallen, and the whole of this loss was recovered by 

addition of myr.rARF-1. After lOmins, reconstitution with myr.rARF-1 was only 

partial. Thus the ability of myr.rARF-1 to reconstitute secretion was dependent 

on the time at which the protein was introduced. If “run-down” was allowed to 

progress too far, secretory competence could not be recovered.

The extent to which myr.rARF-1 could reconstitute secretion was dependent 

on the amount of protein used (see Fig.3.4.2). Reconstitution was seen in the 

presence of lOOpg/ml myr.rARF-1, and this was not significantly increased in 

the presence of 1 mg/ml myr.rARF-1. (A concentration of 100;ig/ml myr.rARF- 

1 was used in experiments unless othenA/ise indicated). Reconstitution of 

secretion by myr.rARF-1 was sensitive to calcium concentration also (see 

Fig.3.4.3). In the absence of myr.rARF-1 secretion increased in the presence 

of calcium concentrations above 1|ilVI, and was maximal in the presence of 

10|xM calcium. Myr.rARF-1-reconstituted secretion was also maximal in the 

presence of lOpM calcium, however increases were measured at 

concentrations below 1|iM. Thus myr.rARF-1 increased the sensitivity of this 

system to calcium. In the presence of myr.rARF-1, cytosol-depleted cells were 

sensitive to the same range of calcium concentrations as acutely 

permeabilised cells.
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Figure 3.4.1. Effect of permeabilisation time on myr.rARF-1 

reconstituted, GTPyS-stimulated secretion from RBL-2H3 cells
Cells were permeabilised in PIPES (pH 6.8) in the presence of 0.4iu/ml SLO, 1mM 

MgATP, 2mM MgClg and lOOnM Ca^\ buffered by 0.3mM EGTA. At stated time- 

points, aliquots were removed and assayed in the presence of ImM MgATP, 2mM 

MgClg and 10|iM Câ  ̂ buffered by 3mM EGTA (circles), with lOpM GTPyS (squares), 

or lOpM GTPyS and 10O îg/ml myr.rARF-1 (triangles). Secretion was measured as 

described in section 2.4.
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Figure 3.4.2. Effect of myr.rARF-1 concentration on reconstituted, 

GTPyS-stimulated secretion from RBL-2H3 cells

Cells were permeabilised for lOmins in PIPES buffer (pH 6.8) (according to the 

protocol described in section 2.3.5). Cells were assayed in the presence of ImM 

MgATP, 2mM MgClg, lOpM Câ  ̂ buffered by 3mM EGTA, in the presence (closed 

symbols) or absence (open symbols) of lOpM GTPyS. Assays contained rising 

concentrations of myr.rARF-1, as indicated. Secretion was measured as described in 

section 2.4.
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Figure 3.4.3. Effect of calcium concentration on myr.rARF-1 

reconstituted, GTPyS-stimulated secretion from RBL-2H3 cells
Cells were permeabilised for lOmins in PIPES (pH 6 .8 ) (as described in section

2.3.5). Permeabilised cells were assayed in the presence of 1mM MgATP and 2mM 

MgClz with rising concentrations of Gâ  ̂ (buffered by 3mM EGTA). Cells assayed in 

the presence (closed symbols) or absence (open symbols) of 10pM GTPyS, and the 

presence (triangles) or absence (circles) of 10Opg/ml myr.rARF-1. Secretion was 

measured as described in section 2.4.

90



ARF-reconstituted GTPyS-stimulated secretion was potentiated by MgATP. In 

order to demonstrate a true dependence on MgATP, the cells should have 

been assayed in the absence of glucose, so that they could not recover their 

endogenous ATP levels prior to assay. Unfortunately, these RBL-2H3 cells 

were highly sensitive to prolonged ATP-deprivation. In each attempt, 

metabolic inhibition followed by extended permeabilisation and assay in the 

absence of glucose, resulted in spontaneous lysis of cells. Therefore the 

assay buffer was supplemented with glucose, and only the effect of added 

MgATP was measured. The addition of 1mM MgATP alone to cytosol- 

depleted cells caused no significant increase in secretion. However when both 

myr.rARF-1 and GTPyS were added, MgATP’s effect was significant: in the 

typical experiment shown (Fig.3.4.4) 40% secretion was measured under 

these conditions, in comparison with 2 0 % measured in the absence of added 

MgATP. The sensitivity of the myr.rARF-1-reconstituted response is similar to 

that demonstrated by cytosol-depleted HL60 cells (161), and acutely 

permeabilised RBL-2H3 cells (see Fig.3.2.3). The dependence on this 

concentration of MgATP is thought to indicate the importance of a 

phosphorylation event, catalysed by the polyphosphoinositide kinases. GTP 

was also found to be an effective stimulus of myr.rARF-1-reconstituted 

secretion (see Fig.3.4.5). However as shown, the effect of even the highest 

concentrations of GTP is modest in comparison with GTPyS.

3.5 Reconstitution of PLD activity with mvr.rARF-1

RBL-2H3 cells retain a partial secretory response to GTPyS even when 

cytosol-depleted. This partial response (see Fig.3.4.1) was mirrored by a 

partial PLD activation in response to GTPyS. In one respect these responses 

were different: myr.rARF-1-reconstituted PLD activity was stimulated by 

micromolar calcium alone, and secretion was not. However myr.rARF-1 

sensitized PLD activity to lower concentrations of calcium, just as it did 

secretion. In the presence of calcium concentrations above lOOnM, 

myr.rARFI- reconstituted PLD activity increased, whereas PLD activity 

measured in the absence of myr.rARF-1 increased only at ten-times this 

concentration. Myr.rARF-1-reconstituted PLD was sensitive to the same range 

of calcium concentrations as PLD activity from acutely permeabilised cells.
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Figure 3.4.4. Effect of MgATP on myr.rARF-1 reconstituted, GTPyS- 

stimuiated secretion from RBL-2H3 cells
Cells were metabolically inhibited before use (see section 2.3.6). Cells were 

permeabilised for lOmins in PIPES (pH 6 .8 ) (as described in section 2.3.5). 

Permeabilised cells were assayed in the presence of 2mM IVIgClg and lOpM Câ '' 

(buffered by 3mM EGTA). Assays carried out in the presence or absence of lOjuM 

GTPyS, 10Opg/ml myr.rARF-1 and 1mM MgATP as indicated. Secretion was 

measured as described in section 2.4.
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Figure 3.4.5. Effect of GTP concentration on myr.rARF-1 reconstituted 

secretion from RBL-2H3 cells
Cells were permeabilised for lOmins in PIPES (pH 6 .8 ) (as described in section

2.3.5). Permeabilised cells were assayed in the presence of ImM MgATP, 2mM 

MgClg and 10pM Câ  ̂ (buffered by SmM EGTA). Assays carried out with rising 

concentrations of GTP as indicated, in the presence (closed symbols) or absence 

(open symbols) of 10Opg/ml myr.rARF-1. Secretion was measured as described in 

section 2.4.
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Figure 3.5.1. Effect of calcium concentration on myr.rARF-1 

reconstituted, GTPyS-stimulated PLD activity in RBL-2H3 cells
[^" '̂Choline-labelled cells were permeabilised for lOmins in PIPES buffer (pH 6 .8 ) (as 

described in section 2.3.5). Permeabilised cells were assayed in the presence of 

1mM MgATP and 2mM MgClg with rising concentrations of Câ  ̂as indicated (buffered 

by 3mM EGTA). Cells assayed in the presence (closed symbols) or absence (open 

symbols) of 10pM GTPyS, and the presence (triangles) or absence (circles) of 

10OjLig/ml myr.rARF-1. % PC hydrolysis was measured as described in section 2.5
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The effect of MgATP on myr.rARF-1-reconstituted RBL-2H3 cells revealed a 

possible divergence between secretion and PLD activity. Unlike the secretory 

responses measured in metabolically inhibited cells, levels of PLD activity 

were high even in the absence of added MgATP. However, like secretion only 

responses measured in the presence of both GTPyS and myr.rARF-1 were 

significantly above control levels. MgATP potentiated the vestigial response to 

GTPyS. This potentiation was of a similar magnitude to the increase effected 

by myr.rARF-1. Therefore secretion was more dependent on MgATP than 

PLD activity. If Fig.3.4.4 and Fig.3.5.2 are compared: secretion doubled when 

MgATP was added in the presence of GTPyS and myr.rARF-1, however PLD 

activity increase by 50%.

3.6 Reconstitution of secretion with rPI-TPa

Like myr.rARF-1, rPI-TPa can recover secretion lost from permeabilised cells if 

applied within ten minutes of permeabilisation (see Fig.3.6.1). This activity 

“window” closed after fifteen minutes, thus reconstitution of secretion with rPI- 

TPa showed a greater dependence on time than secretion reconstituted with 

myr.rARF-1. Reconstitution by rPI-TPa was seen only when the protein was 

applied at concentrations above 3|ag/ml. As shown in Fig.3.6.2, this response 

became saturated at concentrations above 30|ig/ml rPI-TPa. (A concentration 

of 50fig/ml rPI-TPa was used in experiments unless otherwise indicated.) rPI- 

TPa was unable to reconstitute secretion in the absence of calcium, even in 

the presence of high concentrations of GTPyS. As shown in Fig.3.6 .3, the 

dependence that RBL-2H3 cells displayed on GTPyS concentration when 

reconstituted with rPI-TPa was equivalent to that seen when they were acutely 

permeabilised. In both cases secretion increased in the presence of GTPyS 

concentrations as low as 1)iM, becoming maximal in the presence of lOpiM 

GTPyS.

The rPI-TPa-reconstituted secretory response displayed a dependence on a 

different range of calcium concentrations to that seen in both myr.rARF-1- 

reconstituted secretion, and secretion measured in acutely permeabilised cells 

(see Fig.3.6.4). Under these conditions, a response to GTPyS was measured
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Figure 3.5.2. Effect of MgATP on myr.rARF-1 reconstituted, GTPyS- 

stimulated PLD activity in RBL-2H3 cells
[^" '̂Choline-labelled cells were metabolically inhibited before use (see section 2.3.6). 

Cells were permeabilised for lOmins in PIPES buffer (pH 6 .8 ) (as described in section

2.3.5). Permeabilised cells were assayed in the presence of 2mM MgClz and lOjiM 

Câ "" (buffered by 3mM EGTA). Assays carried out in the presence or absence of 

lOpM GTPyS, 10Opg/ml myr.rARF-1 and 1mM MgATP as indicated. % PC hydrolysis 

was measured as described in section 2.5.
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Figure 3.6.1. Effect of permeabilisation time on rPi-TPa reconstituted, 

GTPyS-stimulated secretion from RBL-2H3 ceils

Cells were permeabilised in PIPES buffer (pH 6 .8 ) in the presence of 0.4iu/ml SLO, 

ImM MgATP, 2mM MgClg and lOOnM Ca '̂', buffered by O.SmM EGTA. At stated 

time-points aliquots were removed and assayed in the presence of 1mM MgATP, 

2mM MgClz and lOpM Ca^\ buffered by 3mM EGTA (circles), with lOpM GTPyS 

(squares), or lOpM GTPyS + 50pg/ml rPI-TPa (triangles). Secretion was measured 

as described in section 2.4.
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even in the effective absence of calcium (see Figs.3.2.2 and 3.4.3). rPi-TPa- 

reconstituted secretion rose above background levels only at calcium 

concentrations above lOOnM. Also unlike myr.rARF-1, rPI-TPa was unable to 

reconstitute GTPyS-stimulated secretion in the absence of added MgATP. As 

shown in Fig.3.6 .5, the presence of MgATP alone did not potentiate rPI-TPa- 

reconstituted secretion, however in the presence of GTPyS, MgATP caused 

significant increases in secretion.

3.7 Reconstitution of secretion with rPI-TPp

As shown in Fig.3.7.1, rPI-TPp was also an effective reconstituting agent of 

cytosol-depleted RBL-2H3 cells. rPI-TPp caused similar increases in secretion 

to both rPI-TPa and myr.rARF-1. When these proteins were added in 

combination: any two or all three together, a small additive effect was seen. 

Despite this increase, no combination of two reconstituting proteins, or even a 

combination of all three proteins together, could fully recover the response to 

GTPyS measured in acutely permeabilised cells. (In the typical experiment 

shown, the maximum reconstituted response was 41% secretion, whereas the 

acutely permeabilised response was 50%).

As shown in Fig.3.7.2, reconstitution of the secretory response from these 

cytosol-depleted cells was measured when rPI-TPp was supplied to the cells 

at concentrations above 3pg/ml. At concentrations of rPI-TPp above 30pg/ml, 

secretion was not significantly increased. Thus the range of concentrations 

over which rPI-TPp was effective was exactly the same as the active range of 

rPI-TPa. (rPI-TPp was used in reconstitution experiments at a concentration 

of 50pg/ml unless otherwise indicated.) Like rPI-TPa-reconstituted secretion, 

rPI-TPp-reconstituted secretion was entirely dependent on the presence of 

added MgATP, whether assayed in the presence or absence of calcium or 

GTPyS (see Fig.3.7.3). Also, like rPI-TPa, rPI-TPp did not reconstitute 

secretion in response to MgATP alone, however its activity in the presence of 

GTPyS and calcium was potentiated.
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Figure 3.6.2. Effect of rPI-TPa concentration on reconstituted, GTPyS- 

stimulated secretion from RBL-2H3 cells
Cells were permeabilised for lOmins in PIPES buffer (pH 6 .8 ) (according to the 

protocol described in section 2.3.5). Cells were assayed in the presence of 1mM 

MgATP, 2mM MgClg and 10|iM Câ  ̂buffered by SmM EGTA, in the presence (closed 

symbols) or absence (open symbols) of lO^M GTPyS. Assays contained rising 

concentrations of rPI-TPa, as indicated. Secretion was measured as described in 

section 2.4.

99



42

c0
1Ô 26 
o 
(0

301 3 10 1000

o
#A
▲

EGTA
pCa5
EGTA/+rPI-TPa
pCa5/+rPI-TPa

[GTPyS] (̂ iM)

Figure 3.6.3. Effect of GTPyS concentration on rPi-TPa reconstituted 

secretion from RBL-2H3 ceiis
Cells were permeabilised for lOmins in PIPES buffer (pH 6 .8 ) (as described in section

2.3.5). Permeabilised cells were assayed in the presence of 1mM MgATP and 2mM 

IVIgClg with rising concentrations of GTPyS. Cells assayed with 3mM EGTA in the 

presence (triangles) or absence (circles) of 10|o.M Câ "̂ , and the presence (closed 

symbols) or absence (open symbols) of 50|ig/ml rPI-TPa. Secretion was measured 

as described in section 2.4.
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Figure 3.6.4. Effect of calcium concentration on rPI-TPa reconstituted, 

GTPyS-stimuIated secretion from RBL-2H3 cells

Cells were permeabilised for lOmins in PIPES buffer (pH 6 .8 ) (as described in section

2.3.5). Permeabilised cells were assayed in the presence of 1mM MgATP and 2mM 

MgCIs with rising concentrations of Câ  ̂ (buffered by 3mM EGTA). Cells assayed in 

the presence (closed symbols) or absence (open symbols) of 10pM GTPyS, and the 

presence (triangles) or absence (circles) of 50pg/ml rPI-TPa. Secretion was 

measured as described in section 2.4.
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Figure 3.6.5. Effect of MgATP on rPi-TPa reconstituted, GTPyS- 

stimulated secretion from RBL-2H3 cells
Cells were metabolically Inhibited before use (see section 2.3.6). Cells were 

permeabilised for lOmins in PIPES (pH 6 .8 ) (as described in section 2.3.5). 

Permeabilised cells were assayed in the presence of 2mM MgClz and lOpM Ca *̂ 

(buffered by 3mM EGTA). Assays carried out in the presence or absence of lOpM 

GTPyS, 50pg/ml rPI-TPa and ImM MgATP as indicated. Secretion was measured as 

described in section 2.4.
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3.8 Discussion

The purpose of the experiments described in the first sections of this chapter 

was to characterise the responses of RBL-2H3 cells to GTPyS. Two 

responses were measured: PLD activity and the release of secretory granule 

contents. These experiments indicate that secretion from RBL-2H3 cells is 

dependent on the concentration of GTPyS, calcium and MgATP. A correlation 

between PLD and secretion has been noted in fMLP-stimulated (281) and 

GTPyS-stimulated HL60 cells (161). This correlation has been cited as 

evidence for the importance of PLD activity in secretion. In RBL-2H3 cells 

some correlation between the two responses was seen, for example the 

dependence of both responses on GTPyS-concentration is similar. However, 

these cells do not display the same degree of close correlation as has been 

demonstrated in HL60 cells.

The dependence of secretion and PLD activation on MgATP and calcium are 

different. In both cases where divergence is measured between PLD activity 

and the secretory response to GTPyS, secretion is maximal when PLD activity 

is approximately 50% of maximal. Thus it is possible that in RBL-2H3 cells, 

and in HL60 cells also, a “sufficient” level of PLD activity is required in order for 

secretion to proceed. Secretion and PLD activity in HL60 cells and RBL-2H3 

cells may show different levels of correlation because they have different 

“sufficient” levels. In RBL-2H3 cells perhaps only quite a low level of PLD 

activity is sufficient. The level of PLD activation via the receptor is low (see 

chapter 4), and stimulated by higher concentrations of antigen than secretion 

in intact cells, suggesting that PLD activation in vivo may be quite modest 

response.

The responsiveness to calcium and GTPyS of RBL-2H3 cells is similar to that 

seen in mast cells (189). However one striking difference between mast cells 

and RBL-2H3 cells is their relative dependences on MgATP. Mast cells 

supplied with GTPyS and lOpM calcium are fully responsive (-100%  release) 

in the absence of MgATP. RBL-2H3 cells are dependent on MgATP 

concentrations in the millimolar range. The exact reason for this difference is 

not clear - however it is likely that such a fundamental difference reflects a
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Figure 3.7.1. Effect of rPI-TPa, rPI-TPp and myr.rARF-1 as reconstitutors 

of GTPyS-stimuiated secretion in RBL-2H3 cells

Cells were permeabilised for lOmins in PIPES buffer (pH 6 .8 ), with an aliquot of cells 

retained for measurement of the A.P. (acutely permeabilised) cell responses (as 

described in section 2.3.5). Permeabilised cells were assayed in the presence of 

ImM MgATP, 2mM MgClg and lOpM Câ  ̂ (buffered by 3mM EGTA). Assays carried 

out in the presence or absence of lOpM GTPyS, 50pg/ml myr.rARF-1, 50pg/ml rPI- 

TPa and 50|ig/ml rPI-TPp as indicated. Secretion was measured as described in 

section 2.4.
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Figure 3.7.2. Effect of rPI-TPp concentration on reconstituted, GTPyS- 

stimulated secretion from RBL-2H3 cells
Cells were permeabilised for lOmins in PIPES buffer (pH 6 .8 ) (according to the 

protocol described in section 2.3.5). Cells were assayed in the presence of ImM 

MgATP, 2mM MgClg and 10pM Câ  ̂ buffered by 3mM EGTA, in the presence (closed 

symbols) or absence (open symbols) of lOpM GTPyS. Assays contained rising 

concentrations of rPI-TPp, as indicated. Secretion was measured as described in 

section 2.4.
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Figure 3.7.3. Effect of calcium and MgATP on rPI-TPp reconstituted, 

GTPyS -sti m u I ated secretion from RBL-2H3 cells
Cells were metabolically inhibited before use (see section 2.3.6). Cells were 

permeabilised for lOmins in PIPES buffer (pH 6 .8 ) (as described in section 2.3.5). 

Permeabilised cells were assayed with 2mM IVIgClg, in the presence or absence of 

lO^M GTPyS, 50pg/ml rPI-TPp, ImM MgATP and 3mM EGTA +/- lOjiM Ca *̂ as 

indicated. Secretion was measured as described in section 2.4
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difference in the regulation of exocytosis from these related cells. The 

inhibition of RBL-2H3 cell secretion by high concentrations of MgATP has 

been reported before in eosinophils (282). The effect was attributed in this 

study to a non-specific effect of magnesium, but its mechanism remains 

obscure.

The importance of cytosolic proteins is clear from the decline in 

responsiveness resulting from extended permeabilisation. Three proteins that 

have been implicated in secretion were examined in particular - ARF, and the 

a and isoforms p isoforms of PI-TP. These proteins leak from the cells rapidly 

after permeabilisation, with a significant proportion of each protein leaked from 

cells after just ten minutes. The decline in GTPyS-stimulated secretion is slow 

however, retained after the majority of ARF and rPI-TPa/p has leaked. This 

suggests that a component necessary for GTPyS-stimulated secretion and 

PLD remains in cells, and can be activated directly by GTPyS.

RhoA is a good candidate for this component - a G-protein other than ARF that 

activates PLD activity. Certainly RhoA leaks more slowly than ARF (data not 

shown), implying that it could be responsible for the residual response to 

GTPyS. However rac and Cdc42 and heterotrimeric G-proteins - particularly 

Gj3  have also been implicated. Rac and Cdc42 leak from permeabilised mast 

cells and support secretion when applied back to cells ((164) and Brown,A. 

and Gomperts,B. - personal communication). It is not clear whether rac or 

Cdc42 are retained in RBL-2H3 cells. The rate of mast cell run-down appears 

to be more rapid than RBL-2H3 run-down, a difference that is likely to be at 

least partly due to a difference in protocol. Thus rates of rac leakage from 

mast cells may not be compared with rates of leakage from RBL-2H3 cells, 

unless identical protocols are employed.

GTPyS-stimulated secretion and PLD activity decline at similar rates (see 

Fig.3.3.1). When myr.rARF-1 is used to reconstitute secretion and PLD, the 

resulting responses show parallel dependences on calcium and MgATP 

concentration. These reconstituted responses show similar responses to 

manipulation of these modulators as acutely permeabilised cells. These
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findings support the hypothesis that the decline in PLD activity seen in 

permeabilised cells is due to the loss of ARF-1, and that the loss of PLD 

activity is at least partly responsible for the loss of secretory competence. The 

ability of myr.rARF-1 to reconstitute secretion and PLD activity has been 

demonstrated previously (161); in this report also the correlation between PLD 

activity and secretion was proposed to arise from the importance of PLD 

activity in regulated secretion.

The correlation between myr.rARF-1 -reconstituted secretion and PLD activity 

is closer than the correlation seen in GTPyS-stimulated acutely permeabilised 

cells. This may indicate that modulators other than ARF-1 are lost during the 

lOmin permeabilisation, and that this loss causes secretion and PLD activity to 

assume the same profile of responses to calcium and MgATP. That other 

modulators of secretion and PLD activity exist is clearly implied by the inability 

of myr.rARF-1, rPI-TPa and rPI-TPp to fully reconstitute secretory 

competence.

The secretory responses reconstituted by myr.rARF-1 and the PI-TP’s show 

similar dependences on calcium and MgATP - however there are differences. 

The calcium-independent response seen in myr.rARF-1-reconstituted PLD and 

secretion is not seen in either rPI-TPp- or rPI-TPa-reconstituted secretion. 

Therefore it seems unlikely that the response measured in acutely- 

permeabilised cells in the absence of calcium arises from any activity of PI-TP. 

The effects of high concentrations of calcium are approximately equal 

however, whatever the reconstituting protein used. Similarly, the effect of 

MgATP on myr.rARF-1- and PI-TP-reconstituted secretion are approximately 

equal. This dependence on MgATP, proposed to be related to the production 

of PIP 2  would be predicted according to the hypothesized shared mechanism 

of ARF’s and PI-TP’s roles in secretion (see chapters 5 and 6 ).

The concentrations at which myr.rARF-1 and rPI-TPa/p are applied are 

appropriate - the total PI-TP concentration in HL60 cells has been estimated at 

100-300|ig/ml (283), and this is assumed to be similar to the concentration in 

RBL-2H3 cells. The concentration of recombinant myr.rARF-1 used is higher
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than the concentration of native ARF in intact HL60 cells, however myr.rARF-1 

is incompletely myristoylated in comparison to native protein, and this 

modification is known to increase the potency of the protein. When compared 

in HL60 cells, the effective concentrations of native ARF used to reconstitute 

PLD activity was found to be no more than 20% of the concentration of ARF 

present in intact HL60 cells (119).

The concentration of rPI-TPa that is effective in reconstituting secretion from 

HL60 cells is effective also in RBL-2H3 cells. However in HL60 cells, rPI-TPp 

is effective at lower concentrations than rPI-TPa; this difference is not noted in 

RBL-2H3 cells. In HL60 cells, rPI-TPp is the predominant isoform, in RBL-2H3 

cells the two isoforms are expressed at approximately equal concentrations 

(283). It could be argued therefore that HL60 cells are sensitive to lower 

concentrations of PI-TPp, hence the ability of small amounts of the protein to 

reconstitute secretion. The higher concentrations of native rPI-TPp in RBL- 

2H3 cells indicate an increased dependence on this particular isoform - 

reflected in the higher concentrations required in reconstitution experiments. 

Despite the ability of these proteins to reconstitute secretion, rPI-TPa and rPI- 

TPp do not reconstitute PLD activity (data not shown). This indicates that the 

effect of myr.rARF-1 on PLD activity is specific - and not an general artefact of 

recombinant proteins.

In myr.rARF-1-reconstituted secretion the effect of GTPyS may be explained 

by its activation of myr.rARF-1. However, the role of GTPyS in stimulating rPI- 

TPa- and rPI-TPp-reconstituted secretion - proteins that do not bind GTPyS, is 

not so clear. The functional importance of two GTP-binding proteins in mast 

cell secretion has been suggested (190). The first, relatively up-stream G- 

protein regulates PLC in this system, and the second “Ge” regulates some 

unidentified down-stream effect. This downstream G-protein is presumed to 

be the GTP-dependent factor in PI-TP-reconstituted secretion - and is also 

assumed to be equally important in myr.rARF-1-reconstituted secretion.
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CHAPTER FOUR

CHARACTERISATION OF ANTIGEN-STIMULATED SECRETION 

AND PLD ACTIVITY FROM RBL-2H3 CELLS
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Chapter 4 Characterisation of RBL-2H3 celi secretion and PLD activity

4.1 introduction

The physiological stimulus of RBL-2H3 mast cells is the cross-linking of the 

IgE-receptor by antigen. The experiments described in this chapter were 

designed primarily to examine the responsiveness of RBL-2H3 cells to this 

stimulus following permeabilisation. Having established an acutely 

permeabilised cell response to antigen-stimulus, the importance of other 

calcium and ATP as modulators of secretion was examined, and effective 

concentrations of antigen and optimal incubation times have been defined.

The effect of SLO permeabilisation over an extended interval on antigen- 

stimulated secretion was also examined. This response showed a marked 

dependence on cytosolic proteins, implied by the decline in secretion and PLD 

assayed following permeabilisation. As shown in chapter 3, GTPyS can be 

used to stimulate permeabilised cells, and cytosol-depleted cells when they 

are reconstituted with myr.rARF-1, rPI-TPa and rPI-TPp. The purpose of the 

experiments described in later sections of this chapter was to attempt 

reconstitution of the antigen-stimulated system. The response to antigen 

stimulation declines very rapidly after permeabilisation, with approximately 

40% of the maximal response lost within two minutes. Thus only a very short 

permeabilisation interval may be used if the receptor-driven response is to 

remain measurable. Yet the permeabilisation interval must be sufficiently long, 

so that a significant decline in responsiveness should occur, and meaningful 

levels of reconstitution established.

Thus initial experiments were primarily concerned with defining optimal 

conditions for reconstituting the fragile antigen-stimulated secretory response. 

As before, the concentrations of important modulatory factors, such as calcium 

and MgATP were manipulated, to assess their importance in this system. In 

addition, the ability of myr.rARF-1 to reconstitute receptor activated 

phospholipase D was examined.
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4.2 Antigen-stimulated secretion

As shown in Fig.4.2.1a, the dependence of the antigen-stimulated response on 

pH is clear: secretion at pH 7.4 is twice that measured at pH 6 .8 . However 

the EGTA-based calcium buffers, used in all permeabilised cell experiments 

are constructed for use at pH 6 .8 . These buffers are pH sensitive, and a 

change from pH 6 . 8  to pH 7.2 will cause free calcium to be held at a different 

concentration from that intended. As a different type of calcium buffer may 

have introduced variation, it was decided to continue using the EGTA-based 

solutions. Thus it was vital to ascertain the variation in free calcium caused by 

the change in pH. The buffers were therefore diluted in HEPES buffer (pH 7.2) 

to a final concentration of 3mM, as in an experiment. These samples were 

mixed with a fluorescent indicator - Fura2 and the free calcium measured by 

comparison with a series of calibration measurements. The alteration of free 

calcium noted using the EGTA buffer constructed at 10pM was not considered 

to be significant enough to justify preparation of new buffers (see Fig.4.2.1b). 

The calculations were checked using the computer program “CHelate”, to 

ensure that at this pH the EGTA provided adequate buffering.

The secretory response was acutely sensitive to DNP-HSA, stimulated by just 

1 ng/ml (see Fig.4.2.2). The intact cells were activated by lower concentrations 

than permeabilised cells although the differences were small and both 

responses were maximal at 30ng/ml. Therefore permeabilisation alone did not 

compromise antigen-stimulated responses significantly. The antigen- 

stimulated response was dependent on calcium; however GTPyS-stimulated 

cells responded lOOnM calcium, and the response was maximal at 3pM, 

whereas the antigen-stimulated cells responded to calcium concentrations of 

1}iM and above (see Fig.4.2.3), and at 10|liM the response is not yet maximal. 

Thus the antigen-stimulated response required higher concentrations of 

calcium. Antigen-stimulated secretion was also dependent on MgATP; with 

little secretion measured at concentrations below 300pM. As shown in 

Fig.4.2.4, MgATP enhanced secretion at concentrations between 300pM and 

3mM. 10mM MgATP had an inhibitory effect, similar to that seen in GTPyS- 

stimulated cells.
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Figure 4.2.1.a Effect of pH on antigen-stimulated secretion, measured 

from intact RBL-2H3 cells
A variety of buffers was made, from both HEPES (triangles) and PIPES (circles), over 

an overlapping range of pH's. All buffers made for use with intact cells (see section

2.3.11). Cells were pre-treated with IgEaDNP then incubated, while still intact in the 

presence (closed symbols) and absence (open symbols) of 40ng/ml DNP-HSA. 

Secretion was measured as described in section 2.5
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Figure 4.2.1.b Calibration curve for free calcium concentration using 

Fura2
A variety of calcium standards were mixed with Fura2. The fluorescent emission from 

these samples at 350nm and 380nm was measured and a ratio calculated for each. 

These values were used to construct a calcium standard curve. Samples of the 

EGTA-based calcium buffers were diluted to a final concentration of 3mM in HEPES 

buffer pH7.2, and mixed with Fura2. The ratio of fluorescence at 350nm and 380nm 

was calculated for each, and the free calcium measured by comparison with the 

calibration curve. (Samples analysed by A.Fleet)
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Figure 4.2.2. Effect of DNP-HSA on secretion from intact or acutely 

permeabilised RBL-2H3 cells

All cells were pretreated with IgEaDNP before use. Graph (a): the cells were 

stimulated while intact (see section 2.3.2), with rising concentrations of DNP-HSA. All 

solutions made using HEPES buffer for intact cells (see section 2.3.11). Graph (b): 

cells were assayed in standard HEPES buffer pH 7.2 in a variety of DNP-HSA 

concentrations. The standard acutely permeabilised cell protocol was used. All 

assays included ImM MgATP, 2mM MgClg in the absence (open symbols) and 

presence (closed symbols) of 10p,M Ca "̂, buffered by 3mM EGTA.
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Figure 4.2.3 Effect of Calcium concentration on antigen-stimulated 

secretion in acutely permeabilised RBL-2H3 cells

Cells were pretreated with IgEaDNP then assayed in HEPES buffer (pH 7.2) with 

rising Câ "̂  concentrations, buffered by 3mM EGTA. In the presence (closed symbols) 

and absence (open symbols) of 40ng/ml DNP-HSA. The standard acutely 

permeabilised protocol was used (see section 2.3.3). Secretion was measured as 

described in section 2.4.
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Figure 4.2.4 Effect of MgATP concentration on antigen-stimulated 

secretion from acutely permeabilised RBL-2H3 cells

Cells were pretreated with IgEaDNP and metabolically inhibited prior to use, and cells 

and all reagents prepared in glucose-free HEPES buffer (pH 7.2), Cells were 

assayed with rising MgATP concentrations In the presence (closed symbols) and 

absence (open symbols) of 40ng/ml DNP-HSA. All assays included 10p,M Câ "̂  

buffered by 3mM EGTA and 2mM MgClg. The standard acutely permeabilised 

protocol was used (see section 2.3.3). Secretion was measured as described in 

section 2.4.
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RBL-2H3 cells could be stimulated while attached, and while in suspension. 

The responses measured in suspended and attached cells were similar in 

extent and rate, with maxima measured approximately 2 0 mins after 

stimulation. In the typical experiment shown in Fig.4.2.5, secretion measured 

from unstimulated suspended cells was 4%. This artefact - thought to arise 

from cell preparation may account partially for the apparently faster rate of 

secretion measured in suspended cells.

4.3 Antigen-stimulated PLD activity

Phospholipase D activity was stimulated by DNP-HSA both in intact and 

permeabilised cells, as shown in Fig.4.3. While both of these responses 

showed a similar dependence on DNP-HSA concentration, the response from 

acutely permeabilised cells was smaller, against a higher background. This 

background rate was thought to be caused by the 10pM calcium included in 

the assay. Secretion stimulated by DNP-HSA was saturated by DNP-HSA 

concentrations above 10ng/ml, however the PLD response was not saturated 

by 100ng/ml DNP-HSA.

4.4 Dependence of secretion and PLD activity on cytosolic proteins

In contrast to the decline in responsiveness to GTPyS seen in Fig.3.3.1, the 

response to DNP-HSA falls very rapidly after permeabilsation. As shown in 

Fig.4.4, the PLD and secretory responses declined at different rates. The 

secretory response fell very rapidly for two minutes after permeabilisation, then 

the rate of decline slowed. After 20mins, no secretory response to DNP-HSA 

was measured. PLD activity fell more slowly over the entire time-course, 

however, again no PLD response to stimulus was measured after 20mins 

permeabilisation.

4.5 Reconstitution of secretion with mvr.rARF-1

The response to antigen stimulation fell very rapidly, with half of the total 

response lost during the first two minutes of permeabilisation. As shown in 

Fig.4.5.1, addition of myr.rARF-1 to the cells after 2mins of permeabilisation 

restored the declined secretory response, however even after this short
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(a) Effect of time on secretion from intact suspended cells
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Figure 4.2.5. Time course of antigen-stimulated secretion, measured in 

acutely permeabilised suspended cells or Intact attached RBL-2H3 cells

Cells were pretreated with IgEaDNP then assayed in HEPES buffer (pH 7.2) modified 

for use with intact cells (see section 2.3.12), in the absence (open symbols) and 

presence (closed symbols) of 40ng/ml DNP-HSA. Aliquots were removed at the 

stated time points. The standard acutely permeabilised protocol was used for graph 

(a) (see section 2.3.3), for graph (b) a modified protocol was used (see section

2.3.12). Secretion was measured as described in section 2.4.
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Figure 4.3. Effect of DNP-HSA concentration on antigen-stimulated PLD 

activity in intact and acutely permeabilised RBL-2H3 cells.

All cells were pretreated with IgEaDNP before use. Graph(a): Cells assayed in 

HEPES (pH 7.2) for intact cells, with rising concentrations of DNP-HSA. The standard 

intact cell protocol (see section 2.3.3) was modified to assay PLD activity via PEt 

formation (see section 2.6). Graph (b) Cells assayed using modified acutely 

permeabilised cell protocol in the presence of either lOpM or lOnM Ca2+ buffered by 

3mM EGTA and rising concentrations of DNP-HSA.
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(a) Effect of permeabilisation time on secretion
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Figure 4.4. Effect of permeabilisation time on antigen-stimulated 

secretion and PLD activity

Cells were pretreated with IgEaDNP then assayed in HEPES buffer (pH7.2), in the 

presence (closed symbols) and absence (open symbols) of 40ng/ml DNP-HSA. All 

assays include ImM MgATP, 2mM MgClg and lOpM Ca *̂ buffered b 3mM EGTA. 

Samples were assayed after various permeabilisation times (see section 2.3.4). 

Choline release and secretion were measured from the same samples, as described 

in section 2.5.

121



32

28

24
co
2 20
u0)(0 16

12

8

•  Control 
■ +DNP-HSA
^  +DNP-HSA 

+myr.rARF-1

2 4 6 8

Permeabilisation Time (mins)

Figure 4.5.1. Effect of permeabilisation time on myr.rARF-1 

reconstituted, antigen-stimulated secretion from RBL-2H3 ceils

Cells were pre-treated with IgEaDNP, and permeabilised in HEPES buffer (pH 7.2) in 

the presence of 0.4iu/ml SLO, 1mM MgATP, 2mM MgClg and lOOnM Câ "̂ , buffered 

by O.SmM EGTA. At stated time-points aliquots were removed and assayed in the 

presence of 1mM MgATP, 2mM MgClg and 10pM Ca *̂, buffered by 3mM EGTA 

(circles), with 40ng/ml DNP-HSA (squares), or 40ng/ml DNP-HSA + 10Opg/ml 

myr.rARF-1 (triangles). Secretion was measured as described in section 2.4.
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permeabilisation, myr.rARF-1 was unable to completely restore secretion. 

Partial restoration by myr.rARF-1 was possible in cells permeabilised for four 

and for six minutes. However after ten minutes, antigen stimulated secretion 

was not restored at all by the addition of myr.rARF-1.

Reconstitution of DNP-HSA-stimulated secretion by myr.rARF-1 was 

completely dependent on calcium (see Fig.4.5.2), and did not increase above 

background levels at calcium concentrations below 1|iM. This dependence 

was more pronounced than that displayed by acutely permeabilised receptor- 

stimulated secretion, where some response to antigen-stimulus was seen even 

in the effective absence of calcium. In contrast to GTPyS-stimulated response, 

the receptor-driven system was not sensitized to lower calcium concentrations 

by myr.rARF-1. However the response of this system to MgATP was 

equivalent to the response noted in the GTPyS-stimulated system (see 

Fig.4.5.3). In the absence of added MgATP RBL-2H3 cells did not respond 

significantly to the addition of either myr.rARF-1 or DNP-HSA. In the presence 

of MgATP, the response to antigen-stimulation was increased significantly, a 

response that was strongly enhanced by myr.rARF-1.

As shown in Fig.4.3, antigen-stimulated PLD activity was a small response, 

even before cytosol depletion. Thus it was necessary to examine 

reconstitution with myr.rARF-1 in the presence of 1% ethanol in order to exploit 

PEt formation in a more sensitive assay. In cytosol-depleted cells, stimulation 

of PLD activity by the MgATP and calcium included in the assay produced a 

significant background level, even in the absence DNP-HSA or myr.rARF-1. 

As shown in Fig. 4.5.4, there was a small response to antigen, and PLD 

activity was increased in response to myr.rARF-1 alone. This response, 

though significant may appear exaggerated because of the low level of PLD 

activity in these cells. When the cells were stimulated by DNP-HSA in the 

presence of myr.rARF-1, a clear reconstitution effect was measured.
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Figure 4.5.2. Effect of calcium concentration on myr.rARF-1 

reconstituted, antigen-stimulated secretion from RBL-2H3 cells

Cells were pre-treated with IgEaDNP, and permeabilised for 5mins in HEPES buffer 

(pH 7.2) (as described in section 2.3.5). Permeabilised cells were assayed in the 

presence of 1 mM MgATP and 2mM MgClg with rising concentrations of Câ  ̂ (buffered 

by 3mM EGTA). Cells were assayed in the presence (closed symbols) or absence 

(open symbols) of 40ng/ml DNP-HSA, and the presence (triangles) or absence 

(circles) of 100p.g/ml myr.rARF-1. Secretion was measured as described in section

2.4.
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Figure 4.5.3. Effect of MgATP on myr.rARF-1 reconstituted, antigen- 

stimulated secretion from RBL-2H3 cells

Cells were pre-treated with IgEaDNP and metabolically inhibited before use (see 

section 2.3.6). Cells were permeabilised for Smins in HEPES buffer (pH 7.2) (as 

described in section 2.3.5). Permeabilised cells were assayed in the presence of 

2mM IVIgClz and 10|iM Câ " (buffered by 3mM EGTA). Assays were carried out in the 

presence or absence of 40ng/ml DNP-HSA, 10Opg/ml myr.rARF-1 and 1mM MgATP 

as indicated. Secretion was measured as described in section 2.4.
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Figure 4.5.4. Reconstitution of antigen-stimulated Phospholipase D 

activity with myr.rARF-1

f*C]-soclium acetate-labelled cells were pre-treated with IgEaDNP and permeabilised 

for 5mins in HEPES buffer (pH 7.2) (as described in section 2.3.5). Permeabilised 

cells were assayed in the presence of 1mM MgATP, 2mM MgClg and 10pM Câ  ̂

(buffered by SmM EGTA). Cells assayed in the presence or absence of 40ng/ml 

DNP-HSA and 10Opg/ml myr.rARF-1 as indicated. PEt formation was measured as 

described in section 2 .6 .
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4.6 Reconstitution of secretion with rPI-TPa

The reconstitution of antigen-stimulated secretion by rPI-TPa was only evident 

at rPI-TPa concentrations above 3jag/ml. As shown in Fig.4.6.1, this response 

was saturated at concentrations above 30pg/ml. Therefore the receptor- 

activated system was sensitive to the same range of rPI-TPa concentrations 

as that activated by GTPyS. The reconstitution was dependent on calcium 

concentrations above 1pM, a dependence similar to that displayed by the 

myr.rARF-1-reconstituted responses. Cytosol depletion increased the 

dependence of receptor-stimulated secretion on calcium, as shown in 

Fig.4.6.2, either in the presence or absence of rPI-TPa, DNP-HSA-stimulated 

secretion increased above background levels only in the presence of calcium 

concentrations above IpM . Thus receptor-activated rPI-TPa-reconstitution 

required ten times more calcium than the analogous GTPyS-stimulated 

response.

This response was also dependent on added MgATP. Metabolic inhibition 

prior to permeabilisation compromised the secretory response to DNP-HSA 

stimulation, whether the cells were provided with rPI-TPa or not. MgATP did 

not increase secretion alone, however when rPI-TPa was added to DNP-HSA- 

stimulated cells, the effect of adding 1 mM MgATP was significant: in the typical 

experiment shown in Fig.4.6.3, 22% secretion was measured under these 

conditions, in comparison with 1 1 % measured in the absence of added 

MgATP.

4.7 Reconstitution of secretion with rPI-TPp

As shown in Fig.4.7.1, rPI-TPp was effective at reconstituting antigen- 

stimulated secretion to a similar extent to myr.rARF-1 and rPI-TPa. The effect 

of adding combinations of recombinant proteins was examined: all 

combinations of the reconstituting proteins caused greater reconstitution than 

any used separately. However, even when all three proteins were used 

together, the maximal secretory response to DNP-HSA measured in acutely 

permeabilised cells was not recovered. In the typical experiment shown, the
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Figure 4.6.1. Effect of rPI-TPa concentration on reconstituted, antigen- 

stimulated secretion from RBL-2H3 cells

Cells were pre-treated with IgEaDNP, and permeabilised for Smins in HEPES buffer 

(pH 7.2) (as described in section 2.3.5). PermeabiHised cells were assayed with ImM 

MgATP, 2mM MgClg and 10pM Câ  ̂ (buffered by SmM EGTA), in the presence 

(closed symbols) or absence (open symbols) of 40ng/ml DNP-HSA. Assays 

contained rising concentrations of rPI-TPa, as indicated. Secretion was measured as 

described in section 2.4.
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Figure 4.6.2. Effect of calcium concentration on rPI-TPa reconstituted, 

antigen-stimulated secretion from RBL-2H3 cells

Cells were pre-treated with IgEaDNP, and permeabilised for Smins in HEPES buffer 

(pH 7.2) (as described in section 2.3.5). Permeabilised cells were assayed in the 

presence of 1 mM MgATP and 2mM MgClg with rising concentrations of Câ "̂  (buffered 

by SmM EGTA). Cells assayed in the presence (closed symbols) or absence (open 

symbols) of 40ng/ml DNP-HSA, and the presence (triangles) or absence (circles) of 

50pg/ml rPI-TPa. Secretion was measured as described in section 2.4.
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Figure 4.6.3. Effect of MgATP on rPi-TPa reconstituted, antigen- 

stimulated secretion from RBL-2H3 cells

Cells were pre-treated with IgEaDNP and metabolically inhibited before use (see 

section 2.3.6). Cells were permeabilised for Smins in HEPES buffer (pH 7.2) (as 

described in section 2.3.5). Permeabilised cells were assayed in the presence of 

2mM MgClz and 10|iM Câ "̂  (buffered by 3mM EGTA). Assays carried out in the 

presence or absence of 40ng/ml DNP, SOpg/ml rPI-TPa and 1mM MgATP as 

indicated. Secretion was measured as described in section 2.4.
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Figure 4.7.1. Effect of rPI-TPa, rPI-TPp and myr.rARF-1 as reconstitutors 

of antigen-stimulated secretion in RBL-2H3 cells

Cells were pre-treated with IgEaDNP, and permeabilised for Smins in HEPES buffer 

(pH 7.2), with an aliquot of cells retained for measurement of the A.P. (acutely 

permeabilised) cell responses (as described in section 2.3.5). Permeabilised cells 

were assayed in the presence of ImM MgATP, 2mM MgClg and lOpM Câ  ̂ (buffered 

by SmM EGTA). Assays carried out in the presence or absence of 40ng/ml DNP- 

HSA, SOpg/ml myr.rARF-1, SOpg/ml rPI-TPa and SOpg/ml rPI-TPp as indicated. 

Secretion was measured as described in section 2.4.
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maximal reconstituted response was 25%, while the acutely permeabilised 

response was 31%.

rPI-TPp was an effective reconstituting agent at concentrations above 3pg/ml, 

maximal at 30pg/ml. No increase was noted at rPI-TPp concentrations above 

30pg/ml, therefore in the receptor-activated system, as in the GTPyS- 

stimulated system, rPI-TPp was active over the same range of concentrations 

as rPI-TPa. This reconstitution was dependent on MgATP; cytosol-depleted 

cells secreted at low levels in the absence of added MgATP. MgATP did not 

increase secretion alone, but potentiated the effects of calcium, DNP-HSA and 

rPI-TPp. When MgATP, calcium and DNP-HSA are all added together - in the 

typical experiment shown in Fig.4.7.3 secretion measured in the presence of 

rPI-TPp was 23%, an increase of 12% above levels measured in the absence 

of added MgATP.

4.8 Discussion

Experiments in this chapter demonstrate that antigen-stimulated secretion and 

PLD activity may be measured in permeabilised cells. Thus permeabilisation 

itself does not compromise the reactivity of the cells to their physiological 

stimulus. The permeabilised cell assay has allowed the effects of calcium and 

MgATP on the antigen-driven responses to be examined. The sensitivity of 

this antigen-stimulated response to calcium is different to that displayed by the 

GTPyS-stimulated response - with antigen-stimulated secretion dependent on 

a higher concentration of calcium. In mast cells it has been hypothesised that 

GTPyS and GTP may enhance the secretory response’s sensitivity to calcium 

(195). The nature of GTPyS as a stimulus, in that it permanently activates 

GTP-binding proteins, means that GTPyS may produce an “exaggerated” 

version of the GTP response. It is possible that this could explain the 

increased sensitivity of GTPyS-stimulated secretion to lower concentrations of 

calcium.

The importance of cytosolic proteins in the secretory response is clear from the 

decline in responsiveness that results from the loss of cytosol from the cells.
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Figure 4.7.2. Effect of rPI-TPp concentration on reconstituted, antigen- 

stimulated secretion from RBL-2H3 cells

Cells were pre-treated with IgEaDNP, and permeabilised for Smins in HEPES buffer 

(pH 7.2) (as described in section 2.3.5). Permeabilised cells were assayed with ImM 

MgATP, 2mM MgClg and lOpM Câ  ̂ (buffered by SmM EGTA), in the presence 

(closed symbols) or absence (open symbols) of 40ng/ml DNP-HSA. Assays 

contained rising concentrations of rPI-TPp, as indicated. Secretion was measured as 

described in section 2.4.
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Figure 4.7.3. Effect of calcium and MgATP on rPi-TPp reconstituted, 

antigen-stimulated secretion from RBL-2H3 cells

Cells were pre-treated with IgEaDNP and metabolically inhibited before use (see 

section 2.3.6). Cells were permeabilised for Smins in HEPES buffer (pH 7.2) (as 

described in section 2.3.5). Permeabilised cells were assayed with 2mM IVIgClg, in the 

presence or absence of 40ng/ml DNP, SOpg/ml rPI-TPp, 1mM MgATP and 3mM 

EGTA +/- 10pM Câ "̂  as indicated. Secretion was measured as described in section

2.4.
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The decline in antigen-stimulated secretion and PLD is more rapid than the 

decline in the GTPyS-stimulated responses, suggesting that an essential 

component of the antigen-stimulated pathways leaks from the cells rapidly. 

This decline in responsiveness correlates well with the leakage of ARF-1, Pl- 

TPa and PI-TPp described in the previous chapter. Data presented in this 

chapter demonstrates the ability of each of these proteins to partially restore 

responsiveness to the antigen-stimulated cells.

The correlation between myr.rARF-1 -reconstituted secretion and PLD activity 

may not be proven by the data described in this chapter. Receptor-stimulated 

PLD activity is a modest response even in intact cells. In cells which have 

been permeabilised and partially cytosol-depleted the response is extremely 

“fragile”. The response is sufficiently robust however to show a decline on 

permeabilisation, and for reconstitution by myr.rARF-1 to be demonstrated. 

Thus PLD activated via the receptor, is regulated by myr.rARF-1, just as 

GTPyS-stimulated PLD activity is. The importance of this result is that 

myr.rARF-1 may now be regarded as a component of the physiological 

cascade that leads to PLD activity in vivo. Other experiments described in this 

chapter demonstrate that myr.rARF-1 reconstitutes receptor-stimulated 

secretion from RBL-2H3 cells also. These experiments together indicate that 

myr.rARF-1-regulated PLD is of physiological importance in secretion from 

these cells.

The experiments in the later sections of this chapter also demonstrate that rPI- 

TPa and rPI-TPp participate in the receptor-activated secretory response. 

Signalling via PLC in antigen-stimulated cells has already been demonstrated 

to be dependent on rPI-TPa and rPI-TPp (and seel 4) (245). The translocation 

and activation of PLC-y by the FcsRI receptor has been demonstrated, and Pl- 

TP is known to modulate the activity of all the PLC’s regardless of type (see 

chapter 1). Therefore some mechanism for the previous result could be 

predicted. The mechanism underlying the ability of rPI-TPa and rPI-TPp to 

participate in the secretory cascade is not as clear. Just as in the GTPyS- 

stimulated secretory response however, rPI-TPa- and rPI-TPp-reconstituted 

antigen-stimulated secretion is clearly dependent on calcium and MgATP.
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The pattern of dependence of each of the reconstituted systems on MgATP 

and calcium is similar to that displayed by the responses measured in acutely 

permeabilised cells. However these responses - whether reconstituted by 

myr.rARF-1 or either of the rPI-TP’s, appear to be far more dependent on the 

presence of high concentrations of calcium than the analogous GTPyS- 

stimulated responses. It is possible that this reflects the loss of a calcium- 

sensing component of the exocytic machinery, that can be directly activated by 

or sensitized in the presence of GTPyS. This highlights the different 

characteristics of GTPyS-stimulated reconstitution systems, and antigen- 

stimulated reconstitution; a difference also highlighted by the extreme 

dependence on permeabilisation time exhibited by myr.rARF-1-reconstituted 

secretion. The failure of myr.rARF-1 to reconstitute antigen-stimulated 

secretion from cells permeabilised for longer than ten minutes contrasts with 

the ability of myr.rARF-1 to reconstitute GTPyS-stimulated secretion under the 

same conditions.

The success of the GTPyS-stimulated response indicates that the down

stream exocytic machinery is still intact. Therefore the failure of the antigen- 

stimulated response is presumably due to the absence of some component of 

the up-stream signal transduction machinery. That GTPyS can still activate 

this system indicates the presence and functional importance of a GTP-binding 

protein in this machinery. Such a putative protein could be activated directly 

by GTPyS. In the presence of antigen, in five-minute permeabilised cells this 

protein is no longer activated. This is either because the protein itself may 

have leaked from cells, or another protein further upstream has leaked - or is 

otherwise unavailable to activate this GTP-binding protein.

Therefore this assay may be used, as in this chapter, to demonstrate the 

importance of proteins in secretion such as rPI-TPa, rPI-TPp and myr.rARF-1. 

Application of this assay does not suggest that these three proteins, or other 

proteins such as PLD that are associated with them, represent the full exocytic 

machinery. Application of this assay instead reveals - or at least implies the 

complexity of this response, and the potential variety of proteins that may be 

involved in regulating it.
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CHAPTER FIVE

THE MECHANISMS OF ARP AND PI-TP EFFECTS ON

SECRETION
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Chapter 5 The mechanisms of ARF and PI-TP effects on secretion

5.1 introduction

Experiments described in the previous chapters demonstrate the ability of 

myr.rARF-1, rPI-TPa and rPI-TPp to reconstitute secretion from permeabilised 

cells, and of myr.rARF-1 to reconstitute PLD activity. These proteins are 

equally active in their restoration of secretion, and all three are active in both 

GTPyS- and DNP-HSA-stimulated secretion.

The structure and known biological functions of ARF and the PI-TP’s are 

strikingly different however (see chapter one), therefore it would be difficult to 

imagine a single activity that could be modulated by all three. However, 

previous work carried out in GTPyS-stimulated HL60 cells suggest that these 

proteins do in fact share a common mechanism in secretion. This mechanism 

involves the effect of these proteins on the synthesis of PIPg. Details of this 

hypothesised mechanism, and the possible implications of increased PIPg 

synthesis are examined in chapter six.

The purpose of the experiments in this chapter is firstly to examine the 

importance of PLD in secretion, in order possibly to distinguish between the 

effects of ARF and those of the PI-TP’s. Secondly experiments are described 

that directly examine the hypothesised function of PI-TPa and myr.rARF-1 in 

PIP 2  synthesis, in order to test this hypothesis in a new cell-type. Also the 

consequences of PlPg sequestration and hydrolysis by PLC-ô, on reconstituted 

exocytosis are demonstrated.

Finally, data are presented that represent the beginnings of an attempt to 

elucidate the spacial aspects of PI-TPa’s role in exocytosis. It has been 

proposed that PI-TP is essential because of its ability to potentiate the 

synthesis of PlPg. Clearly a lipid second messenger such as PIPg must exert 

its effect(s) in a membrane. Thus it must be considered of critical importance 

to discover whether PI-TPa’s effects on PlPg are reflected in global changes in 

membrane compartments throughout the cell, or whether only precisely 

defined domains are modified. If the latter is true, then clearly it would be of 

great interest to discover the precise nature of these domains.
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5.2 Inhibition of secretion by ethanol

As shown in Fig.5.2.1, ethanol inhibited GTPyS-stimulated secretion, however 

this effect was only evident in the presence of fairly high concentrations of 

ethanol - between 2% and 5%. At very high concentrations, for example 10% 

ethanol, “secretion” increased (to 28% in the experiment shown) both in the 

presence and absence of GTPyS, (data not shown). This increase was thought 

to be due to lysis - or solubilisation of the cells, resulting in non-specific release 

of p-hexosaminidase. The lower range of concentrations used here was 

assumed not to cause this insult to the integrity of the membrane.

3% ethanol also inhibited myr.rARF-1 -reconstituted, GTPyS-stimulated 

secretion. As shown in Fig 5.2.2, 3% ethanol abolished 6 8 % of the increase in 

secretion due to myr.rARF-1. Thus it was inferred that whatever ARF's role is 

in secretion, it must participate in a reaction that is vulnerable to ethanol, and 

that this reaction is likely to involve PLD activity. However, as shown in 

Fig.5.2.3, in the presence of 3% ethanol, just 20% of the rPI-TPa- 

reconstituted, GTPyS-stimulated secretory response was inhibited by 3% 

ethanol. rPI-TPp-reconstituted, GTPyS-stimulated secretion displayed the 

same resistance to inhibition by ethanol. In the typical experiment shown in 

Fig.6 .2.4, 3% ethanol abolished 22% of the increase in secretion due to rPI- 

TPp. While this experiment does not demonstrate that rPI-TPa and rPI-TPp 

participate in the same reaction, it does imply that the PI-TPa- and PI-TPp- 

driven steps in exocytosis are unlikely to involve - or be influenced by PLD 

activity.

5.3 Effect of reconstitution on polvphosphoinositide levels

The method of detection used in this assay measures the amount of PlPg 

synthesised during the course of the experiment. Thus increases in detected 

[32]p_p|p̂  do not indicate absolute increases in amounts of total PlPg. Instead 

such an increase indicates that the rate of synthesis during the experiment has 

exceeded the rate at which newly-synthesised PlPg is hydrolysed. The 

introduction of GTPyS alone into permeabilised cells caused a sharp decline in 

[32]p_p|p̂  levels. This PIPg hydrolysis is thought to be catalysed by PLC-p,
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Figure 5.2.1. Effect of ethanol concentration on secretion, measured in 

acutely permeabilised RBL-2H3 cells
Cells were assayed in PIPES buffer (pH 6 .8 ), in a variety of ethanol concentrations as 

shown; in the absence (open symbols) and presence (closed symbols) of lOpM 

GTPyS. The assay was carried out in the presence of ImM MgATP, 2mM MgClg, 0.4 

iu/ml SLO and lOpM calcium, buffered by 3mM EGTA. The standard acutely 

permeabilised cell protocol was used (see section 2.3.3). Secretion was measured as 

described in section 2.4.
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Figure 5.2.2. Effect of ethanol concentration on myr.rARF-1 reconstituted, 

GTPyS-stimulated secretion from RBL-2H3 cells
Cells were permeabilised for 10 mins in PIPES buffer (pH 6 .8 ), (as described in 

section 2.3.5). Permeabilised cells were assayed in the presence of ImM MgATP, 

2mM MgClg and lOpM calcium, buffered by SmM EGTA. Assays carried out in the 

presence and absence of lOjiM GTPyS, lOOfig/ml myr.rARF-1 and 3% ethanol as 

indicated. Secretion was measured as described in section 2.4.
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Figure 5.2.3. Effect of ethanol concentration on rPl-TPa reconstituted, 

GTPyS-stimulated secretion from RBL-2H3 cells
Cells were permeabilised for 10 mins in PIPES buffer (pH 6 .8 ), (as described in 

section 2.3.5). Permeabilised cells were assayed in the presence of 1mM MgATP, 

2mM MgClz and lOpM calcium, buffered by SmM EGTA. Assays carried out in the 

presence and absence of 10pM GTPyS, 50^g/ml rPI-TPa and 3% ethanol as 

indicated. Secretion was measured as described in section 2.4.
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Figure 5.2.4. Effect of ethanol concentration on rPI-TPp reconstituted, 

GTPyS-stimulated secretion from RBL-2H3 cells
Cells were permeabilised for 10 mins in PIPES buffer (pH 6 .8 ), (as described in 

section 2.3.5). Permeabilised cells were assayed in the presence of 1mM MgATP, 

2mM MgClz and lOpM calcium, buffered by SmM EGTA. Assays carried out in the 

presence and absence of 10p.M GTPyS, 50|ig/ml rPI-TPp and 3% ethanol as 

indicated. Secretion was measured as described in section 2.4.
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which following ten minutes of permeabilisation was probably still present In 

the cells. Leakage of PLC-p from HL60 cells occurs only after 15 mins of 

permeabilisation (284), and this Is assumed to true also In RBL-2H3 cells. As 

shown In Fig.5.3.1, myr.rARF-1 caused an Increase In [̂ ^̂ P-PIPg, and a 

decrease In ^̂ ’̂P-PIP levels. Thus It was assumed that myr.rARF-1 Increased 

PlPg by specifically driving the conversion of PIP to PlPg. Like myr.rARF-1 , 

rPI-TPa caused an Increase In the levels of PlPg. However while the 

myr.rARF-1 mediated Increase In PlPg was accompanied by a decrease In 

PIP, rPI-TPa Increased levels of both PIPg and PIP (see Fig.5.3.2). These 

data suggest that rPI-TPa Increases PlPg synthesis by Increasing flux through 

both PI 4-klnase and PI4P 5-klnase. This supports the Idea that myr.rARF-1 

and rPI-TPa share a common aim - the synthesis of PlPg, but the two proteins 

operate via different mechanisms.

The effect of PlPg hydrolysis by PLC-ô 1 on secretion was examined (see 

Fig.5.3.3). PLC-Ô1 hydrolyses PlPg, In the presence of calcium (72). Addition 

of rPLC-81 Inhibited secretion In all conditions studied, completely abolishing 

both myr.rARF - 1  and rPI-TPa-reconstltuted secretion. Increases In PLC-51- 

catalysed IP3  production confirm that the enzyme hydrolysed PlPg, this 

hydrolysis Increased In the presence of rPI-TPa. The PH domain of PLC-61 Is 

known to bind to PIPg with high affinity (285). Therefore It Is possible that PLC- 

61 Inhibited secretion by sequestering PIP 2  also. Studies using the 

recombinant PLC-61 PH domain to Inhibit reconstitution from HL60 cells (161), 

Indicate that at the concentration used In this experiment, sequestration effects 

are likely to be trivial.

5.4 Subcellular location of ARF and PI-TP following stimulation

This assay was carried out by stimulating Intact cells, then permeablllsing and 

allowing cytosolic proteins to leak from the cells. Therefore Increased signal In 

“membrane” extracts, corresponds to retention of the relevant protein Inside 

the cell - I.e. prevention of leakage. As shown In Fig.5.4, both ARF-1 and PI- 

TPa show Increased signal In the “membrane” fraction following stimulation. 

The proteins were assumed to translocate to some membranous area on
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Figure 5.3.1. Effect of myr.rARF-1 on PIPg levels in GTPyS-stimulated 

RBL-2H3 cells
Cells were permeabilised for 10 mins in PIPES buffer (pH 6.8) as described in section

2.3.5. Immediately before assay, the cells were labelled with 20pCi/ml ^̂ ’̂P-ATP. 

Cells were assayed in the presence of Im M  MgATP, 2mM MgClg, lOpM GTPyS and 

lOpM calcium buffered by 3mM EGTA. Assays carried out in the presence and 

absence of lOOpg/ml myr.rARF-1. Lipids were extracted and quantified as described 

in section 2.10.
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Figure 5.3.2. Effect of rPI-TPa on PIPg levels in permeabilised RBL-2H3 

cells
Cells were permeabilised for 10 mins in PIPES buffer (pH 6.8) as described in section

2.3.5. Immediately before assay, the cells were labelled with 20pCi/ml ^^ '̂P-ATP. 

Cells were assayed in the presence of Im M  MgATP, 2mM MgClg and lOpM calcium 

buffered by 3mM EGTA. Assays carried out in the presence and absence of 50|ig/ml 

rPI-TPa. Lipids were extracted and quantified as described in section 2.10.
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Figure 5.3.3. Effect of rPLC-0l on rPI-TPa- and myr.rARF-1-reconstituted 

antigen-stimulated secretion from RBL-2H3 cells
Cells were permeabilised for Smins in HEPES buffer (pH 7.2) as described in section

2.3.5. Cells were assayed in the presence of ImM MgATP, 2mM MgClg, and 1|̂ M 

calcium buffered by SmM EGTA. Assays carried out in the presence and absence of 

50|ig/ml rPI-TPa, 100 fxg/ml myr.rARF-1, 40ng/ml DNP-HSA and 10p.g/ml rPLC-51. 

Secretion was measured as described in section 2.4.
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stimulation, rendering them unlikely to leak from the permeabilised cells. Pl- 

TPp displayed a different leakage pattern before and after antigen stimulation. 

More PI-TPp was retained in quiescent cells than was free to leak out. 

Following stimulation, more PI-TPp leaked than was retained - though still a 

large proportion was found associated with the cell.

5.5 Time-course of PI-TP translocation following antigen stimulation

(See Fig.5.5). In quiescent cells, PI-TPa was seen throughout the cytosol, and 

in the nucleus. This pattern was the same as that seen previously in Swiss 

3T3 fibroblasts (286). Throughout the experiment, PI-TPa was detected in the 

cytosol at approximately the same level. This level of staining was not a non

specific effect of the secondary antibody-fluorophore complex, which as seen 

in the final panel produced only a very low signal. Shortly after stimulation 

(5mins) the yellow colour - which corresponded to increased signal (larger 

amounts of specifically detected PI-TPa) was seen at increased levels around 

the outside of the cell - including the edges of the cells' processes. This shift 

in staining - corresponding to a translocation of PI-TPa to the cells' cortex 

increased throughout the time-course of the experiment. Twenty minutes after 

stimulation, PI-TPa staining formed a complete ring around the outside of the 

cell.

5.6 Discussion

Data in the previous chapters suggest that PLD activity is important in 

secretion. This suggestion is made on the basis of the correlation between 

PLD activity and secretion when concentrations of modulators such as calcium 

are varied, when cytosolic proteins are depleted from cells, and when 

myr.rARF-1 is restored to cytosol-depleted cells. These data show that when 

PLD activity is stimulated - secretion is stimulated also, and when PLD activity 

is compromised, the secretory response is diminished. This correlation could 

be strengthened for example if a specific inhibitor of PLD activity abolished 

secretion. Unfortunately no specific inhibitor has been identified. Ethanol, 

while not an inhibitor, does partly abolish the effects of PLD activity, by 

causing PEt to be produced in place of PLD's usual product - PA. Thus if PLD 

activity is important in secretion, ethanol would be predicted to inhibit
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Figure 5.4 Effect of antigen stimulation on the location of ARF-1, PI-TPa 

and PI-TPp in RBL-2H3 cells

Two equal samples of cells were pre-treated with IgEaDNP as described in section 

2.9.2. One sample was stimulated with 40ng/ml DNP-HSA in HEPES buffer (pH 7.2) 

as described in section 2.3.2 for lOmins. A permeabilisation buffer was added to both 

samples containing 0.4 iu/ml SLO and 1Q0nM calcium, buffered by 3mM EGTA. 

Following lOmins of permeabilisation, cell membranes from both samples were 

separated from their leaked cytosolic contents as described in sections 2.9.3/4. The 

leaked material and membranes were prepared as samples, and probed by Western 

blot with monoclonal antibodies directed against ARF-1, P I-TPa and PI-TPp as 

described in section 2.9.3-8
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secretion. In the experiments shown in this chapter, ethanol does indeed 

inhibit GTPyS-stimulated secretion from acutely-permeabilised cells. The 

effective concentrations of ethanol are high however, raising the possibility of 

pleiotropic effects.

However this finding does strengthen the case for PLD’s role in secretion. 

Ethanol inhibition of cytosol-depleted cells strengthens this case even further. 

Myr.rARF-1-reconstituted secretion is particularly vulnerable to inhibition, when 

compared to rPI-TPa- or rPI-TPp-reconstituted secretion. If ARF-1 and PI-TP 

are essential in secretion, because of their ability to increase PlPg synthesis by 

different mechanisms, this pattern would be expected. ARF-stimulated PLD 

activity is proposed to exert its effect on PIPg synthesis via PA's effect on type 

1 PI4P 5-kinase (see chapter 6 ). Therefore reduced PA production in the 

presence of ethanol would be predicted to interfere particularly with myr.rARF- 

1-reconstituted secretion. PI-TPa and PI-TPp are proposed to increase PIPg 

levels by increasing flux through the PI -> PIP PlPg pathway directly, via a 

cofactor role (see chapter 1 ). Therefore decreased PA would not be expected 

to profoundly affect this process - and as seen in section 5.2, it does not.

The proposed model for ARF and PI-TP effects on secretion are also 

supported by the data in section three of this chapter. Both myr.rARF-1 and 

rPI-TPa were shown to increase levels of PIPg. However, examination of PIP 

levels in the presence of these two reconstituting proteins reveal a difference 

in the mechanisms used. Myr.rARF-1 caused an increase in PIPg, but a 

decrease in PIP. Thus in the presence of myr.rARF-1, the rate of PIP 

conversion to PIPg is increased, suggesting that ARF-stimulated PLD activity 

stimulates the enzyme responsible for this conversion - PI4P 5-kinase. As 

stated above, the product of PLD activity - PA, has been shown to stimulate 

one of this class of enzyme. PI-TPa however, which, it has been suggested 

acts as an “escort” for PI through its sequential phosphorylation by PI 4-kinase 

and PI4P 5-kinase, causes an increase in both PIP and PIPg. This finding 

supports the suggestion that PI-TP increases PIPg production via potentiation 

of both of these lipid kinases.
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Thus data in the first part of this chapter supports the hypothesis regarding 

ARF’s and PI-TP’s roles in secretion, that will be presented and discussed in 

the next chapter.

The proteins studied in this work have been implicated in pathways that 

involve the modification of lipids. Lipids are clearly not soluble messengers. 

By their nature, they must exert their effects on membranes. These signalling 

mechanisms are likely therefore to be highly spatially defined. The work 

initiated here represents an attempt to fully elucidate this aspect of ARF and 

PI-TP signalling in exocytosis.

Translocation of ARF from cytosol to Golgi membranes in a PKC-dependent 

step has been demonstrated previously (287). The data presented here are 

consistent with this finding - with increased retention of ARF detected in cells 

following stimulation. This pattern was found for PI-TPa also, suggesting that 

this protein may be translocated to some membrane on stimulation.

PI-TPp shows a different pattern of distribution. A large proportion of PI-TPp is 

seen to be membrane associated in quiescent RBL-2H3 cells, and in 

stimulated cells also. However the protein leaks more from stimulated cells 

than from quiescent cells, suggesting that PI-TPp is released from a 

membrane compartment on stimulation, rather than recruited to one. PI-TPp is 

found associated with Golgi membranes in quiescent Swiss 3T3 fibroblasts 

(286). It is possible that this pattern of increased leakage in the presence of 

stimulus (seen also in HL60 cells (283)) arises from increased translocation 

from one membrane compartment to another. The increased amounts of Pl- 

TPp “in transit”, that are cytosolic and therefore likely to leak from cells, would 

produce this pattern.

Finally, the translocation of PI-TPa that is implied by the Western blot 

(illustrated by Fig.5.4) was examined more closely using immunofluorescence. 

This technique allows cells to be stimulated by antigen then fixed. These fixed 

cells can be probed in a manner exactly analogous to Western blotting -
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allowing the sub-cellular localisation of proteins to be examined. This process 

reveals that following antigen stimulation PI-TPa translocates from the cytosol 

to the cell cortex. It is not thought likely that this translocation is to the plasma 

membrane itself. However the region that becomes so enriched in PI-TPa is 

clearly proximal to the plasma membrane. Possible candidates include the 

cortical actin cytoskeleton, secretory vesicles that have docked but not fused, 

or possibly endocytic vesicles containing proteins recovered from the plasma 

membrane. At present however, no information is available to distinguish 

between these or other possibilities.
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Figure 5.5a Time-course of PI-TPa translocation in RBL-2H3 cells
Cells are grown on glass slides for 48hrs before use and sensitized to DNP-HSA with 

IgEaDNP as described in section 2.11.1. The attached cells were stimulated with 

DNP-HSA over an increasing time-course, as indicated. The cells were fixed with 

paraformaldehyde, and probed using a primary monoclonal antibody directed against 

PI-TPa and a secondary antibody conjugated to the fluorescent CY3 dye. The slides 

were mounted using Mowiol as described in section 2.11.2. Images were gathered 

using a confocal microscope, and visualised using a colour look-up table.
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Figure 5.5b Time-course of PI-TPa translocation in RBL-2H3 cells (con.)
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Figure 5.5c Time-course of PI-TPa translocation in RBL-2H3 cells (con)
Cells shown in lower panel were probed only with the secondary antibody-CY3 

conjugate, to determine the level of non-specific interaction.
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Chapter 6 Discussion 

6.1. Introduction

In previous work carried out in differentiated HL60 cells stimulated with fMLP 

and GTPyS, a close correlation between PLD activity and secretion was noted 

(281). This correlation is good evidence that PLD activation is linked to the 

initiation of secretion. Later studies revealed that G-protein stimulated PLD 

activity was dependent on the presence of cytosolic factor(s) (117). These 

factors were identified as ARF 1/3 (119). Later ARF was established as a 

potent reconstitution agent, not only of PLD activity but of secretion also (217), 

thus strengthening further the hypothesis that PLD activity is essential in 

secretion.

A similar approach was adopted in HL60 cells, to purify a cytosolic factor 

essential to sustained PLC activity - a protein identified as PI-TP (243). When 

both isoforms of this protein were introduced into permeabilised cells, they too 

were found to reconstitute GTPyS-stimulated secretion (161).

The aims of the work presented in this thesis were to ascertain whether ARF 

could reconstitute GTPyS-stimulated PLD activity and secretion, and whether 

PI-TP could reconstitute GTPyS-stimulated secretion in RBL-2H3 cells, as in 

HL60 cells. In addition, the proteins were applied to antigen-stimulated cells to 

test their ability to reconstitute this system. If ARF and PI-TP are components 

of the secretory machinery in mast cells in vivo, they must be effective under 

physiological stimulus. Another aim was to determine the role of these 

proteins in secretion, to ascertain for example if ARF mediates its effects via 

PLD or another effector, and if these proteins operate in different pathways, or 

in a common mechanism.

Firstly, ARF and both forms of PI-TP have been used successfully to 

reconstitute GTPyS-stimulated secretion - confirming and extending the 

primary observation made in HL60 cells. ARF has also been shown to be an 

effective reconstituting agent of PLD activity from these cells (see chapter 3). 

Secondly, these proteins were found to be effective at reconstituting secretion 

from partially cytosol-depleted cells, activated via the receptor (see chapter 4).

157



These results not only extend the general finding: the ability of ARF and the 

PI-TP’s to reconstitute antigen-stimulated secretion demonstrates that these 

proteins are of physiological importance - proteins that are functionally 

important in an essential cellular process.

6.2 The mechanism of ARF’s effects in secretion.

Thus ARF is effective in reconstituting secretion and PLD activity; but does 

ARF exert its effect in secretion by activating PLD, or by another mechanism? 

The parallel loss of PLD activity and secretory competence from permeabilised 

cells supports the possibility that ARF’s primary effects are on PLD. Some 

correlation is also noted when the concentrations of calcium and MgATP are 

altered. However the correlation between PLD activity and secretion was not 

as exact as in HL60 cells. Therefore, although it appears that ARF’s effects in 

secretion are mediated by ARF’s effects on PLD activity, other possible 

mechanisms may be suggested. ARF has a well-established role in vesicular 

budding from the Golgi, thus it is possible that ARF increases formation of 

nascent secretory vesicles following stimulation. Thus ARF may increase the 

extent of secretion in cytosol-depleted cells by increasing the size of the 

available population of vesicles, rather than potentiating their immediate 

release. The importance of PLD in ARF’s effects in vesicular budding have 

been suggested, but not conclusively demonstrated (see section 1.2.4.5).

6.3 The mechanism of PI-TP’s effects in secretion.

The inhibition of rPI-TPa- and rPI-TPp-reconstituted secretion by ethanol is 

modest by comparison. This result indicates that PI-TP reconstitution is not 

dependent on PLD activity. This idea is also supported by the inability of PI- 

TP to reconstitute PLD activity. Experiments carried out in HL60 cells 

however, do indicate that at some level, ARF and PI-TP participate in a 

common mechanism. This is concluded because of the lack of synergy seen 

when ARF and PI-TP are supplied together to permeabilised cells. When used 

at sub-optimal concentrations, PI-TP and ARF have only additive effects on 

the reconstituted system (161).
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6.4 A common mechanism for ARF and PI-TP’s effects in secretion.

PI-TP has been shown to be an essential cofactor for PLC signalling (243). 

There is a simple explanation for PI-TP’s effect in PLC signalling. PLC 

activation causes PIPg hydrolysis. Therefore sustained PLC activity would be 

predicted to deplete the enzyme’s local areas of membrane of PI. PI-TP’s in 

vitro activity is to shuttle between membranes maintaining PI and PC 

concentrations in the correct ratio (234). Thus it is possible that PI-TP 

supports PLC signalling just by correcting the low local concentrations of PI in 

areas where PLC has depleted it. This idea has been refuted however. 

Deletion of five residues from the carboxy-terminus of PI-TPa diminishes Pl- 

transfer activity by 30%, but completely abolishes the proteins ability to 

reconstitute PLC signalling (240). In addition, nsL-TP, a protein that has an 

equivalent Pl-transfer activity to PI-TP is not at all effective at reconstituting 

PLC activity (248). This suggests that PI-TP’s effect on PLC signalling does 

not only arise from its ability to transfer PI.

Double reconstitution experiments in HL60 cells, where PLC-p and rPI-TPa 

were added back together to cytosol-depleted cells, have been used to probe 

this process further (247). PI-TP was found to be essential in maintaining 

levels of PIPg following stimulation with GTPyS. The data suggested that the 

PIPg hydrolysed by PLC in stimulated cells is predominantly newly synthesised 

PIPg. It was concluded that PLC preferentially hydrolyses PIPg that is 

presented by PI-TP. Thus PI is thought to be carried by PI-TP through its 

sequential phosphorylations, remaining associated with the lipid throughout. 

In support of this model: PI-TP has been shown to have high affinity for PIPg 

(288), but it cannot transfer the lipid between membranes (289). Thus PI-TP 

potentiates the formation of PIPg.

The products of ARF-activated PLD are PA and choline. As previously 

explained, while no second-messenger effects have been attributed to choline, 

PA’s importance as a second messenger has become established. PA 

activates type 1 PI4P 5-kinase (151), the enzyme that catalyses the 

phosphorylation of PIP forming PIPg. Therefore ARF also, indirectly 

potentiates the formation of PIPg. Potentially ARF/PLD-regulated PIPg
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Fig 6.1 The proposed common mechanism for ARF and PI-TP’s effect on 

secretion
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formation occurs via a positive feed-back loop: ARF stimulates PLD activity, 

leading to increased PIPg formation. PIPg activates PLD activity leading to 

increased formation of PA. PA activates PI4P 5-kinase activity, leading to 

increased PIPg formation. PIPg increases PLD activity in vitro (290), and also 

in intact cells (131), leading to increased PA formation etc. This mechanism 

could theoretically lead to very rapid accumulation of PIPg. Positive feedback 

mechanisms such as this must be tightly regulated. In this case the “brake” is 

likely to be the inactivation of ARF-stimulated PLD activity. ARF is a G-protein 

with little intrinsic GTP-ase activity. Inactivation requires a GAP protein. ARF- 

GAP is activated by PIPg in the presence of PA (291), thus the positive 

feedback loop is terminated following accumulation of its products.

The potential for ARF and PI-TP to potentiate PIPg formation by the 

mechanisms described above have been confirmed in HL60 cells, and here 

also in RBL-2H3 cells. PI-TP and ARF are thought therefore to play their 

essential role in secretion, by potentiating the regulated formation of PIPg.

6.5 The importance of PIP? in the priming of exocvtosis

In P C I2 cells release of norepinephrine has been dissected, revealing two 

sequential stages (232). These two stages are distinguishable by a 

dependence on different proteins and on different dependence on MgATP and 

calcium. Priming is said to be a process that involves the MgATP-dependent 

accumulation of an intermediate, triggering involves the calcium-dependent 

consumption of this intermediate. In P C I2 cells three cytosolic proteins are 

thought to be involved in priming. The two such proteins that have been 

identified so far - PI-TP and PI4P 5-kinase both participate in the formation of 

the phospholipid PIPg. It seems likely therefore that appropriate synthesis of 

this lipid represents an essential step in a cell's preparation for exocytosis.

With regard to priming, mast cells appear to be anomalous, in that they do not 

display a true MgATP dependence in secretion. This suggests that in some 

way, these cells do not require priming - or at least that priming is not rate- 

limiting. This anomaly is also suggested by the pattern of these cells’ 

dependence on heterotrimeric G-proteins. Gq and Gjg are implicated in
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secretion from adrenal chromaffin cells. Further work has suggested that is 

involved specifically in priming and G , 3  in triggering (202). Though mast cells 

do display dependence on Gjs (203), no dependence on G  ̂ - the priming G- 

p rote in has been demonstrated. The fact that RBL-2H3 cells do display a 

dependence on MgATP also suggests a fundamental difference in the 

regulation of secretion from these cells. This is also suggested by the reported 

lack of effect seen when PI-TP - a protein implicated specifically in priming 

(233), is added to permeabilised mast cells (164). More recent work has 

demonstrated that PI-TP is effective in reconstituting secretion from mast cells, 

provided the cells are metabolically inhibited (“de-primed”) over a prolonged 

period before reconstitution (A.Pendleton and A.Koffer - unpublished 

observation).

6.6 Localisation of signalling mechanisms

As discussed in chapter 5, signalling mechanisms involving membrane 

phospholipids have scope for strict compartmentalisation. Potentially such 

spacial regulation of signalling can confer great efficiency on these 

mechanisms. ARF-regulated PLD activity has been detected in cytosol and on 

the plasma membrane in HL60 cells (292). This activity is thought to carry out 

an essential role in PIPg synthesis - a function thought to be particularly 

important in priming. It is assumed that this modification in lipid composition 

would be concentrated at the plasma membrane: if priming is a preparative 

process in secretion, modification of the acceptor membrane for vesicles would 

be predicted. Clearly if ARF-stimulated PLD is responsible for increasing the 

PIP 2  content of the plasma membrane, the presence of PI 4-kinase and PIP 5- 

kinase at the plasma membrane would be essential. These enzymes have 

been detected at these sites in HL60 cells (292). Therefore in stimulated cells 

ARF-stimulated PLD could activate these enzymes in the appropriate location.

The presence of PI-TP at the plasma membrane would also be predicted, 

where it would be appropriately located to support receptor activated PLC 

signalling. However, in quiescent Swiss 3T3 cells, PI-TPa has been detected 

in the cytosol and nucleus, and PI-TPp detected at the Golgi (286). The data
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presented here represents the first report of PI-TPa translocation in stimulated 

cells.

As shown in Fig.5.5, receptor stimulation leads to the translocation of PI-TPa 

to an area proximal to the plasma membrane. However the pattern of staining 

does not suggest that PI-TPa translocates to the plasma membrane itself. It is 

possible that the punctate staining at the cells' cortex represents staining of 

docked secretory vesicles. In Clara cells - secretory cells in lung tissue, PI- 

TPa is detected on the secretory granules, and on the apical membrane from 

which granules are released (293). In PC12 cells, it has been suggested that 

PI-TP may act co-operatively with a PI 4-kinase has been detected at 

secretory vesicles (294,295). The presence of PI 4-kinase on secretory 

vesicles from HL60 cells or RBL-2H3 cells has not been demonstrated. The 

enzyme is detected in semi-purified endo-membrane fractions from HL60 cells, 

which consist of Golgi, ER and azurophilic granules (292).

The time-course of PI-TPa translocation to the cortex is comparable to the 

time-course of secretion from antigen-stimulated secretion from attached cells 

(compare Figs.5.5 and 4.2.5). However if PI-TPa is a priming protein, then this 

time-course would be expected to be much more rapid than exocytosis - to be 

complete before secretion starts. Clearly this result must be investigated 

further.

6.7 Regulation of PI-TP and ARF via the receptor

PLD is not thought to be regulated by direct receptor association, but by 

activation of intermediate regulators. There is no clear evidence of how 

receptor activation leads to ARF-regulated PLD activity, however a mechanism 

may be proposed. Stimulation of neutrophils with fMLP resulted in a 

recruitment of both ARF and Rho to cell membranes (296). This same pattern 

of ARF-recruitment following receptor activation is suggested in RBL-2H3 cells 

by Fig.5.4. In rat adipocytes also, ARF translocation has been noted, and PI 

3-kinase activity has been implicated in this process (297). ARF-GEF proteins 

containing specific PH domains, such as cytohesin (139), have been identified. 

Thus the translocation noted here could form the basis of a mechanism of
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receptor activated PLD activity. Modification of membrane lipids, via receptor- 

activated PI 3-kinase for example, could cause activation of ARF-GEF’s in 

appropriate cellular locations. Activated ARF-GEF’s could recruit ARF, which 

in turn would stimulate PLD activity. The different specificity of ARF-GEF PH 

domains, and the fact that ARF-GEF’s have been identified that do not contain 

PH domains at all, indicates that different classes of ARF-GEF are probably 

activated by different mechanisms, indicating that PLD signalling may be 

complex.

The mechanism of the regulation of PI-TP via receptor signalling is equally 

unclear. As shown in Fig.5.5, PI-TPa translocates following stimulation. 

Stimulation of Swiss 3T3 cells by either bombesin or PMA was found to cause 

an increase in PI-TP’s basal phosphorylation state (298). (PI-TP contains five 

PKC consensus sites (236)). Despite the increased phosphorylation noted in 

stimulated cells, no precise effect has been attributed to this modification. In 

this study, translocation was shown to be independent of phosphorylation. 

However, recruitment of PI-TPa - a cytosolic protein to membranous sites 

associated with PLC signalling seems likely. In fact, PI-TP has been detected 

in a signalling “complex” with PLC-y and PI 4-kinase from stimulated A431 

cells (244). PI-TPp is known to have a different distribution to PI-TPa (286). 

This may suggest differences in function, however in the experiments 

presented in this thesis the ability of the two proteins to reconstitute GTPyS- 

and antigen-stimulated secretion were equal. Previous work has also 

indicated that the isoforms are equally able to reconstitute PLC signalling from 

permeabilised HL60 cells (245). These findings may indicate similarities in the 

mechanism of activation of these isoforms. However if PI-TPa and PI-TPp do 

have different functions, these findings also demonstrate a limitation of the 

permeabilised cell assay.

6.8 Permeabilised cell assays

The permeabilised cell assay has been used successfully to identify many 

proteins implicated in cell responses, for example ARF in PLD activity (119) 

and PI-TP in PLC signalling (284). These assays were carried out by 

screening fractionated cytosol for reconstituting activities, on the basis of their
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ability to restore a declined response from permeabilised cells. This is a 

powerful technique, but it has limitations. Restoration of response may often 

depend on the presence of downstream targets of the restored protein. For 

example, PI-TP was identified as a co-factor of PLC-p signalling. These 

assays were possible because of the slow leakage of PLC-p. Later work has 

revealed that PI-TP also supports PLC-y signalling (245). However PLC-y 

leaks rapidly from cells, therefore had PLC-y signalling been investigated first, 

it is unlikely that PI-TP’s activity would have been detected.

In addition the physiological importance of proteins may not be truly reflected 

by these experiments. Recent work concerning the importance of annexin II in 

PC12 exocytosis raises an interesting possibility (299). Annexin II retards run

down from permeabilised adrenal chromaffin cells, therefore its importance in 

exocytosis had been suggested (300). However modification of expression 

levels of this protein did not affect exocytosis from the related PC12 cell-line. It 

seems likely therefore that in permeabilised, cytosol-depleted adrenal 

chromaffin cells, annexin II prevents the leakage of proteins that are active in 

exocytosis, rather than being active itself. Other drawbacks of the cytosol- 

depleted cell protocol is that assays may be carried out in the absence of 

specific protein inhibitors. In addition, the effects of reconstituting proteins that 

act in synergy with proteins that do not leak from cells, may appear 

exaggerated because of this synergy. For example, ARF leaks more quickly 

from human neutrophils than Rho (296). ARF and Rho appear to have 

synergistic effects on PLD activity. Therefore, in ARF-reconstitution 

experiments, where native Rho is still present, it may be difficult to distinguish 

the effects of ARF alone, from the effects of ARF on Rho-reconstituted activity.

Permeabilised cells assays must therefore be planned and interpreted 

carefully. Other techniques such as modulation of expression levels of 

proteins under investigation, or in some cases judicious use of in vitro assays 

to corroborate data garnered in this way, may be appropriate. However, in 

conclusion the permeabilised cell assay remains a powerful tool in the 

investigations of complex signalling pathways.
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6.9 Summary

myr.rARF-1 has been demonstrated to be effective at reconstituting GTPyS- 

and antigen-stimulated secretion and PLD activity from permeabilised RBL- 

2H3 cells. rPI-TPa and rPI-TPp have also been tested and found effective at 

reconstituting secretion, stimulated by GTPyS and via the receptor. The 

correlation between PLD activity and secretion noted in HL60 cells is noted 

here also, strengthening the hypothesis that PLD activation is important in 

secretion. Inhibition studies using ethanol indicate that myr.rARF-1 exerts its 

effect in secretion via PLD-mediated formation of PA.

The effect of both of these proteins in the promotion of PIPg synthesis was 

examined. Both rPI-TPa and myr.rARF-1 produce increases in PIPg levels. 

Examination of the effect of these proteins on PIPg's precursor - PIP suggests 

that myr.rARF-1-stimulated PLD activity specifically promotes the conversion 

of PIP to PIPg via PA activation of PI4P 5-kinase, while PI-TP acts by 

promoting both PIP and PIPg synthesis, probably by acting as a cofactor to 

both PI 4-kinase and PI4P 5-kinase. This promotion of PIPg synthesis is 

assumed to occur at the plasma membrane, however localisation studies 

reveal that PI-TPa is not present at the plasma membrane - either before or 

after stimulation.

6.10 Further work

The most obvious suggestion for further work is to examine the effects of 

myr.rARF-1 and PI-TP in PIPg levels, in cells stimulated via the antigen. Data 

presented here concerning ARF-mediated increases in PIPg are complicated 

by the presence of GTPyS. In the permeabilised cells, PLC-p is assumed to 

be still present, and activated by GTPyS. Therefore addition of GTPyS causes 

a decrease in background PIPg levels, against which ARF effects must be 

examined. Addition of antigen-stimulus would not be complicated in this way, 

therefore effects of ARF and PI-TP could be more clearly seen and compared.

Secondly, the exact identity of the compartment that PI-TPa translocates to 

after stimulation must be determined. This may be achieved by double

labelling experiments. These involve ascertaining the position of various
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compartments, by probing with antibodies directed at proteins of known 

location, for example anti-mast cell protease antibody to identify secretory 

vesicles. The distribution of the protein of interest - in this case PI-TPa can 

then be compared with the distribution of these markers. PI-TPa could also be 

localised using electron microscopy - as has been shown in Clara cells (293). 

The time-course of PI-TPa translocation matches the time-course of secretion. 

However the protocol used for stimulation in immunofluorescence is different 

to that used for stimulation otherwise. The time-course of secretion using the 

immunofluorescence protocol must therefore be determined to allow valid 

comparison. This may be achieved using markers directed against the interior 

of the vesicle - for example concanavalin-A. When fluorescently labelled this 

agent can identify secreting cells (163), and so be used to ascertain the 

kinetics of the response. The localisation of PI-TPp is also of interest. Any 

difference in the localisation of these two very similar proteins could suggest a 

difference in their function.

A possible future development from the work presented here involves the 

localisation of PIPg formation. As stated, priming is likely to involve 

modification of the lipid content of some membrane compartment, probably by 

increasing PIPg synthesis at the plasma membrane. This must be tested 

experimentally. The PH domains already isolated with high affinities for PIPg - 

such as that from PLC-61 (285) could be exploited in this work. Introduced 

into permeabilised cells, peptides corresponding to these domains could be 

used in immunofluorescence studies, in an exactly analogous way to 

antibodies. This approach has been used to demonstrate spatial aspects of 

DAG signalling in RBL-2H3 cells, using a DAG-binding peptide from PKCy 

coupled to GFP (301). If PH domains could be isolated or modified with 

sufficiently high affinity, or sufficient powers of discrimination, then different 

polyphosphoinositides could be localised using this technique. Using the 

permeabilised cell assay in antigen-stimulated cells, different localisation or 

kinetics of ARF - or PI-TP-mediated PIPg synthesis could be tested for. This 

method could potentially reveal more about the precise nature of the reactions 

that these proteins participate in.
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between Câ "̂  and guanine nucleotides in exocytotic secretion from permeabilised 
mast cells. J. Cell Biol. 105:191-197.

190. Cockcroft, S., T. W. Howell, and B. D. Gomperts. 1987. Two G-proteins act in 
series to control stimulus-secretion coupling in mast cells: Use of neomycin to 
distinguish between G-proteins controlling polyphosphoinositide phosphodiesterase 
and exocytosis. J. Cell Biol. 105:2745-2750.

191. Yamada, Y., Y. Natsumeda, and G. Weber. 1988. Action of the active 
metabolites of tiazofurin and ribavirin on purified IMP dehydrogenase. Biochemistry 
27:2193-2196.

192. Marquardt, D. L., H. E. Gruber, and L. L. Walker. 1987. Ribavirin inhibits mast 
cell mediator release. J. Pharmacol. Exp. Therap. 240:145-149.

193. Mulkins, M. A., M. Ng, and R. A. Lewis. 1992. Mycophenolic acid inhibits the 
degranulation of rat peritoneal mast cells. Cell Immunol. 141:508-517.

194. Wilson, B. S., G. G. Deanin, J. C. Standefer, D. Vanderjagt, and J. M. Oliver. 
1989. Depletion of guanine nucleotides with mycophenolic acid suppresses IgE 
receptor-mediated degranulation in rat basophilic leukemia cells. J. Immunol. 
143:259-265.

195. Lillie, T. H. W. and B. D. Gomperts. 1992. Nucleotides and divalent cations as 
effectors and modulators of exocytosis in permeabilized rat mast cells. Phil. Trans. R. 
Soc. Lond. B. 336:25-34.

196. Aridor, M. and R. Sagi-Eisenberg. 1990. Neomycin is a potent secretagogue of 
mast cells that directly activates a GTP-binding protein involved in exocytosis. J Cell 
8/0/111:2885-2891.

185



197. Nakamura, T. and M. Ui. 1985. Simultaneous inhibitions of inositol phospholipid 
breakdown, arachidonic acid release, and histamine secretion in mast cells by islet- 
activating protein, pertussis toxin: A possible involvement of the toxin-specific 
substrate in. J. Biol. Chem. 260:3584-3593.

198. Saito, H., F. Okajima, T. F. P. Molski, R. I. Sha'afi, M. Ui, and T. Ishizaka. 1987. 
Effects of ADP-ribosylation of GTP-binding protein by pertussis toxin on 
immunoglobulin E-dependent and -independent histamine release from mast cells 
and basophils. J. Immunol. 138:3927-3934.

199. Aridor, M., L. M. Traub, and R. Sagi-Eisenberg. 1990. Exocytosis in mast cells 
by basic secretagogues: Evidence for direct activation of GTP-binding proteins. J. Cell 
Biol. 111:909-917.

200. Higashijima, T., S. Uzu, T. Nakajima, and E. M. Ross. 1988. Mastparan, a 
peptide toxin from wasp venom, mimics receptors by activating GTP-regulatory 
proteins (G-proteins). J. Biol. Chem. 263:6491-6494.

201. Vitale, N., D. Thierse, D. Aunis, and M. Bader. 1994. Exocytosis in chromaffin 
cells: evidence for a MgATP-independent step that requires a pertussis toxin-sensitive 
GTP-binding protein. Biochem J 300:217-227.

202. Vitale, N., M. Gensse, S. Chasserot-Goiaz, D. Aunis, and M. Bader. 1996. 
Trimeric G-proteins control regulated exocytosis in bovine chromaffin cells: sequential 
involvement of Go-associated with secretory granules and G;3 bound to the plasma 
membrane. Eur J Neurosci 8:1275-1285.

203. Aridor, M., G. Rajmilevich, M. A. Beaven, and R. Sagi-Eisenberg. 1993.
Activation of exocytosis by the heterotrimeric G protein Gi3. Science 262:1569-1572.

204. Swieter, M., R. J. Midura, H. Nishikata, C. Oliver, E. H. Berenstein, 8 . E. 
Mergenhagen, V. C. Hascall, and R. P. Siraganian. 1993. Mouse 3T3 fibroblasts 
induce rat basophilic leukaemia (RBL-2H3) cells to acquire responsiveness to 
compound 48/80. J Immunol 150:617-624.

205. Pitcher, J. A., K. Touhara, E. S. Payne, and R. J. Lefkowitz. 1995. Pleckstrin 
homology domain-mediated membrane association and activation of the (3-adrenergic 
receptor kinase requires coordinate interaction with G^y-subunits and lipid. J Biol 
Chem 270:11707-11710.

206. Saraste, M. and M. Hyvonen. 1995. Pleckstrin homology domains: a fact file.
Curr Biol 5:403-408.

207. Pinxteren, J. A., A. J. O'Sullivan, and B. D. Gomperts. 1997. A role for G-protein 
beta/gamma subunits in the secretory mechanism of rat peritoneal mast cells. In 
Molecular mechanisms of secretion and membrane transport. K. W. A. Wirtz, editor. 
Springer, Berlin. 89-97.

208. Clark, J., L. Moore, A. Krasinskas, J. Way, J. Battey, J. Tamkun, and R. Kahn.
1993. Selective amplification of additional members of the ADP-ribosylation factor 
family: Cloning of the additional human and Drosophila ARF-like genes. Proc. Nat. 
Acad. Scl. (USA). 90:8952-8956.

209. Kahn, R. A., F. G. Kern, J. Clark, E. P. Gelmann, and C. Rulka. 1991. Human 
ADP-ribosylation factors. A functionally conserved family of GTP-binding proteins. J. 
Biol. Chem. 266:2606-2614.

186



210. Tsuchiya, M., S. R. Price, S. Tsai, J. Moss, and M. Vaughan. 1991. Molecular 
identification of ADP-ribosylation factor mRNAs and their expression in mammalian 
cells. J. Biol. Chem. 266:2772-2777.

211. Brown, H. A., S. Gutowski, R. A. Kahn, and P. C. Sternweis. 1995. Partial 
purification and characterization of ARF-sensitive phospholipase D from porcine brain. 
J. Biol. Chem. 270:14935-14943.

212. Massenburg, D., J. Han, M. Liyanage, W. A. Patton, S. G. Rhee, J. Moss, and 
M. Vaughan. 1994. Activation of rat brain phospholipase D by ADP-ribosylation 
factors 1, 5, and 6 : separation of ADP-ribosylation factor-dependent and oleate- 
dependent enzymes. Proc. Natl. Acad. Sci. U. S. A. 91:11718-11722.

213. Amor, J. C., D. H. Harrison, R. A. Kahn, and D. Ringe. 1994. Structure of the 
human ADP-ribosylation factor 1 complexed with GDP. Nature 372:704-708.

214. Greasley, S. E., H. Jhoti, C. Teahan, R. Solari, A. Fensome, G. M. H. Thomas,
S. Cockcroft, and B. Bax. 1995. The structure of rat ADP-ribosylation factor- 1  (ARF-1) 
complexed to GDP determined from two different crystal forms. Nature Structural Biol. 
2:797-806.

215. Regazzi, R., S. Ullrich, R. A. Khan, and 0. B. Wollheim. 1991. Redistribution of 
ADP-ribosylation factor during stimulation of permeabilized cells with GTP analogues. 
Biochem. J. 275:639-644.

216. Morgan, A. and R. D. Burgoyne. 1993. A synthetic peptide of the N terminus of 
ADP-ribosylation factor (ARF) inhibits regulated exocytosis in adrenal chromaffin 
cells. FEBS Lett. 329:121-124.

217. Fensome, A., E. Cunningham, O. Troung, and S. Cockcroft. 1994. ARF (2-17) 
does not specifically interact with ARF1-dependent pathways: Inhibition by peptide of 
phospholipases C-p, D and exocytosis in HL60 cells. FEBS Lett. 349:34-38.

218. Bar-Sagi, D. and B. D. Gomperts. 1988. Stimulation of exocytotic degranulation 
by microinjection of the ras oncogenic protein into rat mast cells. Oncogene 3:463- 
469.

219. Pfeffer, S. R. 1994. Rab GTPases: master regulators of membrane trafficking. 
Curr Op in Cell Biol 6:522-526.

220. Oberhauser, A. F., J. R. Monck, W. E. Balch, and J. M. Fernandez. 1992. 
Exocytotic fusion is activated by Rab3a peptides. Nature 360:270-273.

221. Maclean, C. M., G. J. Law, and J. M. Edwardson. 1993. Stimulation of 
exocytotic membrane fusion by modified peptides of the rab3 effector donain:; Re- 
evaluation of the role of rab3 in regulated exocytosis. Biochem. J. 294:325-320.

222. Smith, J., N. Thompson, J. Thompson, J. Armstrong, B. Hayes, A. Crofts , J. 
Squire, C. Teahan, L. Upton, and R. Solari. 1997. Rat basophilic luekaenia (RBL) 
cells overexpressing Rab3a have a reversible block in antigen-stimulatec exocytosis. 
B/ochemJ 323:321-328.

223. Ludger, J., P. Lledo, M. Roa, J. Vincent, J. Henry, and F. Darchen. 1994.. The 
GTPase rab3A negatively controls calcium-dependent exocytosis in neuoendtocrine 
cells. EMBO J. 13:2029-2037.

187



224. Ridley, A. J., H. F. Paterson, C. L. Johnston, D. Diekmann, and A. Hall. 1992.
The small GTP-binding protein rac regulates growth factor-induced membrane 
ruffling. Ce//70:401-410.

225. Ridley, A. J. and A. Hall. 1992. The small GTP-binding protein rho regulates the 
assembly of focal adhesions and actin stress fibres in response to growth factors. Cell 
70:389-399.

226. Nobes, C. D. and A. Hall. 1995. Rho, Rac, Cdc42 GTPases regulate the 
assembly of multimolecular focal complexes associated with actin stress fibres, 
lamellipodia, and filopodia. Cell 81:53-62.

227. Prepens, U., I. Just, C. von Eichel-Streiber, and K. Aktories. 1996. Inhibition of 
FceRI-mediated activation of rat basophilic leukemia cells by Clostridium difficile Toxin 
B (Monoglucosyltransferase). J. Biol. Chem. 271:7324-7329.

228. Yonei, S. G., K. Oishi, and M. K. Uchida. 1995. Regulation of exocytosis by the 
small GTP-binding protein Rho in Rat Basophilic Leukemia (RBL-2H3) cells. Gen. 
Pharmacol. 26:1583-1589.

229. Churcher, Y. and B. D. Gomperts. 1990. ATP dependent and ATP independent 
pathways of exocytosis revealed by interchanging glutamate and chloride as the 
major anion in permeabilised mast cells. Cell Regui. 1:337-346.
230. Koopman, W. R. and R. C. Jackson. 1990. Calcium- and guanine-nucleotide- 
dependent exocytosis in permeabilised rat mast cells. Biochem J 265:365-373.

231. Howell, T. W., I. Kramer, and B. D. Gomperts. 1989. Protein phosphorylation and 
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