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Abstract

Ligand binding to both G-protein coupled and tyrosine kinase receptors has been shown 

to activate phosphohpase D (PLD). PLD catalyses the hydrolysis of 

phosphatidylcholine resulting in the production of choline and the potential second 

messenger phosphatidic acid (PA).

In vitro studies have demonstrated that factors from both the particulate and cytosolic 

fractions are required for G-protein-mediated PLD activation. Permeabilisation of cells 

with the cytolytic toxin Streptolysin O (SLO) allows cytosolic proteins to leak out. G- 

protein-dependent PLD activity is almost completely abolished.in permeabilised HL60 

cells which are depleted of their cytosolic proteins Subsequent addition of cytosol to 

these cells restores G-protein-mediated PLD activity, indicating that a cytosolic factor 

is required. In this thesis, cytosol-depleted HL60 cells were used to identify the 

cytosolic factors required for G-protein dependent PLD activation. The factors were 

purified from bovine brain cytosol and identified as two monomeric G-protein -ADP- 

ribosylation factor 1 & 3 (ARF 1&3).

ARF is involved in vesicular trafficking and is an essential component of the 

constitutive secretory pathway in yeast. PLD activation has been linked to regulated 

secretion in both neutrophils and HL60 cells. In view of the established role of ARF, 

and the link between PLD and secretion, the ability of ARF to restore secretion in 

cytosol-depleted cells was investigated. ARF restored GTPyS-stimulated secretion; and 

throughout the characterisation a correlation between PLD activity and secretion was 

observed indicating that these responses are hnked.

A second protein -PITP- also restored GTPyS-stimulated secretion. Simultaneous 

addition of ARF and PITP produced an additive response indicating that they act via a 

common mechanism. PIP% is demonstrated to be required for both ARF and PITP 

restored secretion and it is proposed that both these proteins restore secretion by 

promoting the synthesis of PIP%.
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Chapter 1

Introduction

Binding of extracellular ligands such as hormones and growth factors to specific 

receptors on the cell surface can simulate physiological responses such as secretion and 

proliferation. The extracellular signals are transmitted across the cell membranes by 

their receptors, leading to the generation of second messengers such as diacylglycerol 

(DAG). The second messengers can then stimulate other biochemical reactions such as 

protein kinases and phosphatases which eventually lead to the modulation of cellular 

responses.

Various physiological responses are activated in response to receptor occupation in 

neutrophils. These include chemotaxis, phagocytosis, stimulation of the respiratory 

burst and secretion. Neutrophils contain at least three types of secretory granules- 

azurophilic (acid-hydrolase containing), specific and gelatinase containing (1). Each of 

the populations are differentially sensitive to Câ "̂  (1,2) and marked differences in 

nucleotide sensitivity are observed between specific and azurophilic granules (2). 

Many of the cell surface receptors on neutrophils such as the FMLP, C5a and the PAF 

receptor are linked to G proteins (3). Activation of some of these G-protein coupled 

receptors results in the stimulation of three phospholipases - PLC, PLA2 and PLD (Fig 

1.1). Activation of the FMLP receptor has also been shown to stimulate tyrosine 

kinases and phosphoinositide-3-kinase (PI3K) (Fig 1.1). Other non-G protein-coupled 

receptors are also present on neutrophils including Fc receptors which when activated 

stimulate specific isoforms of PLC involving tyrosine kinase (PLCy) (3).

16



plcPm

/  \
IP3 DAG

I I
Ca:+ ► PKC-

FMLP/C5aI
Giz/Ĝg
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Fig. 1.1 A signalling map illustrating the pathways leading to the activation 

phospholipases A2,C and D and phosphoinositide-3-kinase in neutrophils.

Occupation of G-protein linked receptors such as the FMLP and C5a receptors leads to 

the activation of phospholipase A2 , C and D and phosphoinositide-3-kinase. The 

potential second messengers produced by each reaction are indicated.
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The subject of this thesis was to examine the involvement of the PLD signalling 

pathway in secretion from azurophilic granules. In order to study pathways which 

utilise phospholipids as substrates, a neutrophil-like cell line -HL60- has been used. 

Cells in culture can be labelled to equilibrium with radioactive lipid precursors which 

is not possible for terminally-differentiated neutrophils which have a half-life of 8-10 

hours.

HL60 cells are promyelocytic cells (4) which can be terminally differentiated to 

produce neutrophil-like cells by DMSO (5) or dibutyryl cAMP (6). Differentiated 

HL60 cells express the FMLP receptor (7) and also possess some of the known 

neutrophil responses such as secretion, the respiratory burst and phagocytosis, 

indicating that these cells are functionally equivalent to neutrophils. The 

undifferentiated HL60 cells already contain azurophilic granules and upon 

differentiation, these cells do not acquire the specific and gelatinase-containing 

granules.

The majority of receptors on neutrophils/HL60 cells are coupled to G-proteins. In order 

to investigate the G-protein regulated PLD pathway and secretion, the non- 

hydrolysable GTP analogue, GTPyS, has been used as an agonist in streptolysin O 

(SLO)-permeabilised cells. GTPyS activates both heterotrimeric and monomeric G- 

proteins and is a potent activator of all three phospholipases (A%, C and D) (3) as well 

as secretion from azurophilic granules (8).

1.1 G Proteins.

1.1.1 Heterotrimeric G-proteins.

Heterotrimeric GTP binding proteins act as molecular switches to relay information 

between activated receptors and their intracellular effectors. G-proteins consist of three 

subunits -a,p and y. The p and y subunits form a non-covalent tightly associated dimer 

which associates with the a  subunit. The a  subunit binds the guanine nucleotide, 

possess intrinsic GTPase activity and many are substrates for ADP-ribosylation by 

various bacterial toxins (9). Ligand-activated receptors act as guanine nucleotide 

exchange factors and catalyse the exchange of GTP for GDP (10). The activated
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a-subunit can then modulate various effectors such as adenyl cyclase and 

phospholipase C. The intrinsic GTPase activity hydrolyses GTP, inactivating a  and 

allowing the reassociation of this subunit with py (1 0 ).

The promotion and maintainence of the inactive state of the a-subunit in the absence 

of receptor stimulation was the considered role of py-subunits. However, evidence has 

begun to emerge which demonstrates that py plays a regulatory role in some 

intracellular signalling pathways. For example, py can activate or inhibit adenyl 

cyclase depending on the isozyme involved and similarly, py have been shown to 

stimulate PLCp isoforms (11).

20 a-subunits, 4-p and 6 -y subunits have so far been identified (12). G-proteins are 

divided into four classes on the basis of their a-subunit : Gs, Gq, Gi and G 12. 

Representatives of all four classes are present in HL60 cells / neutrophils. The G, 

family is represented by Gi2 and G.g both of which are ADP-ribosylated by pertussis 

toxin (13). Various members of the Gq family are present in these cells -Gq, Gn, G 15 

and Gi6 of which G15 and Gie are specifically expressed in haematopoietic cells ( 1 2 ). 

On differentiation of HL60 cells towards a neutrophil-like cell, the level of G 16 

decreases and therefore this G-protein may regulate a cell-type specific pathway and 

may not therefore operate in the terminally-differentiated neutrophil (14).

The association of G-proteins with cellular membranes is vital for efficient signal 

transduction. Lipid modification of the subunits appear to target the G-proteins to 

membranes and to be important for subunit association. All the a-subunits studied so 

far are modified at or near their N-termini by the covalent attachment of palmitate. 

Palmitoylation is considered to be important for membrane association as non- 

palmitoylated mutants of various a-subunits were not targeted to the membranes (15). 

The Gai and Gao subunits are myristoylated at their N-terminus. Myristoylation in 

addition to aiding membrane association, increases the affinity of these a-subunits for 

py (16). Whilst no lipid modifications have been identified on P subunits, all y subunits 

are modified at their C-terminus by prénylation. Except for retinal-specific y, which is 

famesylated, y subunits have geranylgeranyl at the C-terminus (15). This lipid
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modification on the y-subunits is not required for association with p, but is required for 

the association of py with a, effector coupling and for membrane targeting of py (16). 

G-proteins are traditionally thought to be localised to the intracellular face of the 

plasma membrane and to initiate intracellular signalling following receptor occupation 

and subsequent activation. More recently roles for G-proteins targeted to intracellular 

membranes have begun to emerge. G«i3 has been shown to be involved in secretion 

(17) and a Gs-like protein stimulates vesicle budding (18) and regulates apical 

transport in MDCK cells (19). Both these a  subunits were localised to the trans Golgi 

Network (18,20). Increasing evidence is emerging which links G-proteins functionally 

and physically to intracellular transport therefore, the role and localisation of 

heterotrimeric G-proteins is more diverse than originally anticipated.

1.1.2 Monomeric G-proteins.

The Ras-related superfamily of monomeric (20-25KDa) GTP-binding proteins are 

involved in a variety of cellular functions and can be divided into four sub-groups - 

Ras, Rho, Rab and ARF (ADP-Ribosylation Factor) (21). These proteins cycle 

between active GTP-bound, and inactive GDP-bound states. Nucleotide exchange is 

catalysed by guanine nucleotide exchange factors (GEFs) which are analogous to the 

receptor for heterotrimeric G-proteins (22). Monomeric G-proteins are inactivated by 

the hydrolysis of GTP. Whilst monomeric G-proteins do possess intrinsic GTPase 

activity, the reaction is very slow unless it is catalysed by GTPase activating proteins 

(GAPs) (23).

The Ras and Rho families function in signal transduction pathways that link plasma 

membrane receptor activation with physiological function whilst the Rab and ARF 

families appear to be involved in regulating vesicular transport.

Ras is required for cell growth and differentiation and acts as an intermediate between 

plasma membrane tyrosine kinase receptors and the MAP kinase cascade (21). The 

Rho family of monomeric G-proteins are also linked to tyrosine kinase receptors and 

have been shown to be involved in the organisation of the actin cytoskeleton. Rac

20



controls a signal transduction pathway that is involved in actin polymerisation in the 

plasma membrane (24) whilst Rho is involved in the regulation of focal adhesions and 

the formation of actin stress fibres. (25) Ras and Rho are also linked to G-protein 

coupled receptors where they are required for the activation of the MAP kinase 

pathway (26) and integrin-mediated leukocyte adhesion (27) respectively. Rho has 

more recently been shown to stimulate both phosphatidylinositol 4 phosphate 5-kinase 

(28) and phospholipase D (29); whilst both Rac and Rho have been implicated in 

regulated secretion from mast cells (30).

ARF proteins are required for vesicular transport of proteins within the Golgi in yeast 

(31,32) and various vesicular transport events in mammalian cells (33-36). A role in 

the formation and subsequent fusion of non-clathrin coated vesicles has been described 

(37,38) and more recently evidence for the involvement of ARF6 in endocytosis has 

been documented (39,40). The Rab family of monomeric G-proteins is also involved in 

intracellular transport. This family consists of more than 30 members which all have 

distinct locations in both the exocytic and endocytic pathways. Various Rabs have been 

shown to be involved in different transport steps but the diversity and localisation of 

Rabs indicate that they are involved in the regulation of almost every vesicular 

transport step of these pathways (41).

Like heterotrimeric G-proteins, monomeric G-proteins are also modified by the 

addition of lipids. Almost all of the monomeric G-proteins (except ARF) are 

prenylated at their C-terminus (15). This modification has been shown to be required 

for membrane association and for the interaction of at least two monomeric G-proteins 

(Ras and Rac) with their effectors.(15). ARF proteins are not C-terminally modified 

but are modified at their N-termini by the addition of myristic acid which like 

prénylation allows membrane association (15).

Neutrophils/HL60 cells contain members from the four major groups of monomeric G- 

proteins and a specialised function for Rac has been identified in these cells. 

Activation of the NADPH oxidase leads to the production of superoxide which is 

involved in the killing of micro-organisms. A requirement for Rac in the activation of
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the NADPH oxidase has been demonstrated, but whilst both Racl and Rac2 are 

functional, Rac2 is more active than Racl when cytosol is also present and appears to 

be the dominant form in neutrophils (42).

1.2 Phospholipase D

Phospholipase D catalyses the hydrolysis of the phosphodiester bond (43) of PC to 

produce the potential second messenger phosphatidic acid and free choline. If the 

nucleophile is a primary alcohol such as ethanol, rather than water then PLD can 

catalyse a unique transphosphatidylation reaction where the phosphatidyl moiety of PC 

is transferred to the alcohol, forming phosphatidylalcohols (44) (Fig. 1.2). PA can be 

further metabolised to diacylglycerol (DAG) by the enzyme phosphatidate 

phosphohydrolase but the phosphatidylalcohols are poorly metabolised. Due to the 

greater stability of phosphatidylalcohols in comparison to PA, they are routinely used 

to monitor PLD activity.

PLD was first identified in plants but the demonstration of a mammalian PLD did not 

occur until 1973 (45). In 1984 Cockcroft (46) showed that when neutrophils are 

stimulated with FMLP, PA is produced in a PLC-independent pathway. Neutrophils 

were incubated in the presence of ^̂ Pi which was primarily incorporated into the y- 

phosphorus of ATP. If the observed increase in PA was due to the phosphorylation of 

DAG produced via PLC activity then the PA should have the same specific activity as 

[^^P] ATP. The specific activity of PA was less than one tenth of ATP indicating that it 

must have been produced via an alternative pathway i.e. phospholipase D. In these 

experiments the specific activity of PA closely resembled that of phosphatidylinositol 

and therefore this phospholipid was proposed to be the substrate for PLD in 

neutrophils.

Subsequent experiments demonstrated that newly synthesised PA is a product of PC 

rather than PI hydrolysis indicating that this phospholipid is the preferred substrate. Pai 

et al provided the first direct evidence that receptor-linked PLD activation was 

responsible for the production of PA in intact, differentiated HL60 cells (47). Cellular
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Fig 1.2 Schematic diagram of phospholipase D activity

PLD hydrolyses PC to produce PA and choline. If short chain primary alcohols such as 

ethanol are present then a unique transphosphatidylation reaction occurs resulting in 

the formation of the corresponding phosphatidylalcohol and choline. The 

phosphatidylalcohols are very stable products and are therefore a reliable monitor of 

PLD activity.
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alkyl-PC was labelled with The majority of the radioactivity was associated with 

this phospholipid and minimal radioactivity was associated with ATP. On stimulation 

with FMLP, the production of alkyl-[^^P]PA was observed. This product could not be 

formed via the PLC-DAG kinase pathway because of the neghgible labelling of ATP. 

In addition, the production of alkyl-[^^P]PEt was observed when cells

were stimulated in the presence of ethanol and was produced at the expense of PA.

l-['

action of PLD on alkyl-[^^P]PC.

The production of alkyl-[^^P]PA and alkyl-[^^P]PEt could only have arisen from the

The production of PA in FMLP-stimulated neutrophils is extremely rapid (maximal at 

20s). PA levels start to fall after approximately 30s as PA is dephosphorylated to DAG 

(46). In many cells the production of DAG is biphasic and has been shown to be the 

consequence of the activation of two pathways. The initial transient rise in DAG is the 

result of the activation of PLC, whilst the second sustained phase of DAG formation 

is due to PLD activation. PC hydrolysis by PLD produces PA which is then 

dephosphorylated to DAG (reviewed in (48)). This sustained elevation of DAG which 

will result in sustained PKC activation, is required for long-term responses such as cell 

growth and differentiation (49).

1.2.1 Substrate specificity

Most available evidence indicates that PC is the preferred substrate for PLD. However 

other phospholipids have also been shown to be hydrolysed by PLD. A partially 

purified PLD preparation from rat brain was demonstrated to catalyse the hydrolysis of 

PE in addition to PC (50). Similar results were observed when NIH-3T3 fibroblasts 

were stimulated by growth factors (51). A PLD activity from bovine lung was shown 

to hydrolyse PE in preference to PC. This enzyme also hydrolysed PI to a lesser extent 

(52). Huang et al (53) have demonstrated the presence of two PLD activities in MDCK 

cells; one which preferentially hydrolyses PC and the other PI. These two isozymes are 

stimulated by different agonists (PC-PLD by PMA and PI-PLD by bradykinin) and are 

proposed to have different locations.
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1.2.2 Location of PLD

Both membrane-bound (50,53-59) and cytosolic PLD activities (52,53,60) have been 

described. Low (Zâ * concentrations enhance these PLD activities but is not necessary 

for activation whilst high concentrations (> ImM) inhibit the enzymatic activity. The 

molecular weight of membrane-bound PLD determined by gel filtration 

chromatography has been reported as 200kDa from rat brain (50) and 400kDa in 

bovine lung (52). The purification of PLD has eluded scientists until recently. 

Okamura and Yamashita (56) have purified a membrane-bound PLD from porcine lung 

which has a molecular weight of 190kDa as assessed by SDS-PAGE. An estimation of 

the native molecular weight of this PLD has remained elusive due to anomalous 

behaviour of the enzyme on various gel filtration columns. This enzyme has a pH 

optima of 6.6 which is similar to that described for bovine lung (52) and is stimulated 

by oleate as is the neutral rat synaptic membrane enzyme (54). Two PLD activities 

have been demonstrated in rat brain membranes; one is stimulated by oleate whilst the 

other is G-protein dependent (55). Brown et al have recently partially purified a G- 

protein regulated PLD activity from porcine brain membranes which has an apparent 

molecular weight of 95kDa (57).

Membrane-bound PLD is thought to reside at the plasma membrane due to the 

activation of PLD in response to cell-surface receptor occupation. Whilst PLD has 

indeed been demonstrated to reside at the plasma membrane (53,54,58), recent 

investigations utilising subcellular fractionation techniques have demonstrated that G- 

protein regulated PLD activity is also present on Golgi membranes in HL60 cells (58) 

and CHO, MA104 and PtKl cells (59).

Cytosohc PLD activities have also been described (52,53,58,60). Cytosolic PLD 

activity was first demonstrated by Wang et al (52) in bovine lung. Higher PC 

concentrations ( 160|iM) were required for activation of this enzyme compared to the 

membrane-bound form (16|iM) in the same tissues. Unlike most membrane-bound 

PLD activities which are PC-specific (52,53,55,56), cytosolic PLD from bovine lung 

can also hydrolyse PE and to a lesser extent PI whilst that from MDCK cells is PI- 

specific (53). When cytosohc PLD activity from bovine lung is examined by gel
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filtration chromatography two peaks of activity are observed with apparent molecular 

weights of 80 and 30 kDa. Both peaks exhibited identical characteristics leading to the 

suggestion that they represent a single enzyme entity with varying extents of 

aggregation (52). A cytosolic PLD from HL60 cells also chromatographed into two 

peaks (60). Whilst one peak approximately corresponded to the 30kDa peak from 

bovine lung, the other peak eluted with an apparent molecular weight of approx. 

ISOkDa which was again attributed to aggregation of the enzyme.

The demonstration of various characteristics and locations for PLD indicate that there 

are likely to be different PLD isozymes, which may be both location and cell specific.

Hammond et al (61) have recently cloned the first mammalian PLD -hPLDl- from 

HeLa cells. The identified sequence encodes a 1072 amino acid protein which contains 

no recognised domain structures. A database search using hPLDl identified numerous 

homologues in diverse organisms demonstrating that hPLDl is a member of a novel 

but highly conserved gene family. The sequence contained no signal peptides or 

hydrophobic spanning domains indicating that PLD is likely to be cytosolic or 

membrane-associated rather than an integral membrane protein. hPLDl was expressed 

in Sf9 cells. The recombinant protein had a molecular weight of 120kDa as assessed by 

SDS-PAGE which is close to the predicted Mwt of 124kDa indicating that very little 

post translational modification occurs. The enzyme was demonstrated to be G-protein 

regulated, inhibited by oleate and specifically utilised PC as a substrate. Cytosolic and 

membrane-associated PLD activity was demonstrated. The appearance of PLD activity 

derived from a single gene product in both particulate and soluble fractions implies 

that membrane association of PLD must be internally regulated and may be of 

physiological importance in the control of this enzyme.

1.2.3 Regulation of PLD

Cell surface receptor activation in response to the binding of various ligands such as 

FMLP (62-64), ATP (63), endothelin-1 (65), leukotriene B4 (64) C5a (6 6 ), carbachol 

(67) and PDGF (68,69) results in the activation of PLD. PLD stimulation in response

26



to receptor occupation can be mediated via G-proteins and/or tyrosine kinase 

mechanisms.

1.2.3.1 G-protein regulated PLD activity

A role for G-proteins in activating PLD was identified due to the observation that non- 

hydrolysable GTP analogs such as GTPyS robustly stimulated PLD in permeabilised 

cells and cell-free preparations from a variety of cells including HL60 cells (62,70,71), 

neutrophils (72,73) and platelets (74).

Receptor-mediated PLD activity in FMLP stimulated neutrophils (47), a 2-adrenergic 

stimulated fibroblasts (75) and human erythroleukemia cells stimulated with 

prostaglandins (76), is inhibited by pretreatment with pertussis toxin. This agent ADP- 

ribosylates the a  subunits of the Gi family (13) which results in the uncoupling of the 

G-protein from the receptor. These results imply that a receptor-coupled heterotrimeric 

G protein of the Gi family is involved in PLD activation. Since PLD is not coupled 

directly to a pertussis toxin-sensitive G protein, prior activation of a receptor-mediated 

pathway such as PLC or PI3K may be required.

Elevated Câ "̂  levels greatly enhance GTPyS-stimulated PLD activity (70-72,77). A 

requirement for Câ "̂  for PLD activation has been demonstrated in many cells through 

the use of Câ "̂  chelators which inhibit PLD activity (reviewed in (78)). In addition, the 

calcium ionophore A23187 stimulates PLD activity in a variety of cells (78) including 

intact HL60 cells (79) and rat hepatocytes (80). The requirement for increased 

cytoplasmic Ca^^ levels for PLD activity has led to the proposal that PLD activation 

may require the prior stimulation of PLC, which mobilises intracellular Câ "̂  (3).

Mg ATP greatly potentiates GTPyS-dependent PLD activity in permeabilised cells 

(70,71,73,81). Although extracellular ATP has been shown to stimulate PLD via P2 

purinergic receptors (82), it is more likely that ATP is exerting an intracellular effect in 

permeabilised cells because potentiation is observed with milhmolar concentrations of 

MgATP whereas the receptor-mediated effects of ATP occur at much lower 

concentrations (l-100|iM) (71). The effects of ATP on GTPyS-dependent PLD activity
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are nucleotide specific (81). The enhancing effect of ATP indicates that a kinase and 

therefore phosphorylation maybe involved in the stimulation of GTPyS-dependent 

PLD activity.

GTPyS-stimulated PLD activity has been shown to require protein factors from both 

the cytosohc and membrane fractions in neutrophils (72) and HL60 cells (83). Several 

reports have demonstrated that permeabilisation of cells for increasing lengths of time 

before agonist addition (GTPyS), diminishes the ability of GTPyS to stimulate PLD 

(62,70,71). These results indicate that essential cytosohc factors leak out of the ceUs 

which results in the loss of PLD activity. If permeabilisation occurs in the presence of 

GTPyS, the loss of activity is greatly retarded (70,71,73) implying that the required 

component(s) are recruited to membranes and thus prevented from leaking out of the 

cells. Membranes isolated from GTPyS-treated U937 cells had greater PLD activity 

than control membranes (84). When GTPyS-treated and un-treated cytosol were added 

to control membranes, the GTPyS-treated cytosol consistently supported less PLD 

activity than un-treated cytosol. These results indicate that GTPyS treatment causes the 

membrane translocation of a cytosohc factor required for activation of PLD.

GTPyS activates both heterotrimeric and monomeric G proteins, so it was necessary to 

identify which type of G-protein was involved in this response. Low levels of Mĝ "̂  

were requirement for increased PLD activity in GTPyS-treated neutrophil membranes 

(85). GTPyS binding to heterotrimeric G proteins generaUy requires quite high Mĝ "̂  

whereas binding to monomeric G-proteins requires low concentrations. This result was 

therefore consistent with a requirement for a monomeric G protein for increased 

membrane- associated activity.

Aluminium fluoride (AIF4 ) activates heterotrimeric G proteins but not monomeric G- 

proteins (8 6 ). AIFT treatment did not increase PLD activity in membranes i.e. it did not 

cause the translocation of a cytosohc factor. (84,85). The available evidence therefore 

suggests that a monomeric GTP binding protein rather is required for the increased 

activity in GTPyS-treated membranes.
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RhoGDI (GDP dissociation inhibitor) binds to members of the Rho family of 

monomeric G-proteins and inhibits the exchange of GDP for GTP. Bowman et al 

incubated membranes and cytosol with RhoGDI followed by GTPyS. RhoGDI 

inhibited the GTPyS stimulation of PLD indicating that a member of the Rho family is 

required (85). Rat liver plasma membranes contain a GTPyS-dependent PLD activity, 

which is inhibited on incubation of the membranes with RhoGDI (29). RhoGDI was 

demonstrated to extract RhoA and Cdc42 from the membranes. The extraction of these 

G proteins coincided with the inhibition of PLD. Addition of purified recombinant 

RhoA restored PLD activity in RhoGDI treated membranes indicating that this G- 

protein is required for activation of membrane-bound PLD. Siddiqi et al have 

demonstrated the presence of G-protein-dependent membrane-associated and cytosolic 

PLD activities in HL60 cells (60). RhoA was able to stimulate the membrane-bound 

form of the enzyme but not the cytosohc form. Therefore whilst there is increasing 

evidence that RhoA is required for membrane-associated PLD activity, different G- 

proteins are required for the cytosolic form of the enzyme.

1.2.3.2 Regulation Involving Protein Kinase C (PKC)

Phorbol esters such as PMA which stimulate PKC activity (87) also stimulate PLD 

activity in most cells studied. In many cell types, PKC inhibitors (e.g staurosporine, 

K2522a, Ro31-8220 and H-7) inhibit phorbol ester-stimulated PLD activity to varying 

degrees (71,77,79,88-91); however, these inhibitors have also been reported to be 

ineffective (92-95). PKC activity can be down-regulated by prolonged exposure to 

phorbol esters (96), which also inhibits PLD activity (88,90,97,98). Receptor-mediated 

activation of PLD via purinergic agonist (97), EGF, and PDGF (90) is also inhibited by 

PKC inhibitors and by down-regulation of PKC, indicating that phorbol esters 

stimulate PLD through a mechanism involving PKC.

PMA-stimulated phosphorylation of a variety of proteins in HL60 granulocytes and 

platelet membranes can be completely inhibited by K252a (79) and staurosporine (77) 

respectively; but under these conditions only partial inhibition of PMA-induced PLD 

activity is observed. The ability of PMA to stimulate PLD in the absence of protein 

kinase activity implied that PMA may have direct effects on PLD. Alternatively, PMA
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may act directly on PKC which then activates PLD by a phosphorylation-independent 

mechanism. Conricode et al (93) demonstrated that in CCL39 cells, a partially-purified 

PKC fraction stimulated PLD activity in the absence of ATP. The kinase inhibitor H-7 

had no effect on PMA-induced PLD activity and in the presence of apyrase which 

totally inhibited both autophosphorylation of PKC and phosphorylation of other 

proteins, PLD activity was still observed. These results demonstrated for the first time 

that PKC was directly involved in the stimulation of PLD (PMA had no effect in the 

absence of the partially-purified PKC fraction) and that a phosphorylation-independent 

mechanism is involved. Further evidence for this mechanism has been obtained 

through the use of specific protein kinase C inhibitors. Staurosporine has been widely 

used to investigate the role of PKC in PLD signalling. This inhibitor however, acts by 

competing with ATP at the catalytic site and is therefore a general kinase inhibitor. 

Calphostin C however, interacts with the regulatory domain of PKC. Guillemain and 

Rossignol (94) have recently demonstrated that whilst staurosporine had no effect on 

PMA-induced PLD activity in rat parotid glands, calphostin C which competes for the 

binding site of PMA completely inhibited PLD activity further demonstrating that the 

effects of PKC on PLD activity in this case are likely to be phosphorylation- 

independent.

Whilst it was established that PKC was involved in the regulation of PLD, the specific 

isoforms of the enzyme (of which there are at least 10 (99)) involved needed to be 

identified. Pai et al (89) overexpressed PKCpi in a rat fibroblast line. Both PMA (89) 

and a-thrombin (100) stimulated PLD activity were greatly enhanced in the cell line 

overexpressing PKCpi compared to control cells.

Recent reports from Balboa et al (97) and Liu et al (98) indicate that PKC« is also 

involved in the regulation of PLD activity. Balboa et al transfected MDCK cells with 

PKC antisense for PKCa and PKCp. PLD activity was decreased in cells transfected 

with PKCa antisense whilst those transfected with PKCp antisense were unaffected 

(97). Liu et al detected representatives from the three classes of PKC in CHO cells - a  

(classical PKC), e (novel) and (atypical). In response to prolonged PMA treatment 

the three PKCs were down-regulated with differing kinetics. The correlation between
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the decrease in PLD activity and PKC down-regulation were examined. Only the 

down-regulation of PKCa correlated with the inhibition of PLD activity (98).

In CCL39 fibroblasts, activation of PLD by Ca^^ was dependent on the presence of 

PKC (101). Only the classical PKCs (a, pi, p2 , and y) are dependent on Ca^  ̂ (99). 

Representatives from the three classes of PKC were utilised to investigate their 

involvement in PLD activation. PKCa was the most potent activator of PLD; both 

PKCpi and PKCpi stimulated PLD while PKCy and the non-classical PKCs (5, e and Q 

were ineffective (101). A slightly different pattern of potency was observed in 

neutrophils where PKCy was active and PKCpi inactive (102). As in CCL39 cells only 

the classical PKCs were able to stimulate PLD activity and the order of potency is as 

follows: PKCpi>PKCa>PKCy (102).The evidence demonstrates that only the classical 

isoforms of PKC are involved in the regulation of PLD.

1.2.3.3 Regulation by Tyrosine Kinase

Through the use of tyrosine kinase and phosphatase inhibitors a role for tyrosine kinase 

in the regulation of PLD has begun to emerge. Uings et al demonstrated that FMLP, 

PAP and LTB4  stimulated PLD activity in neutrophils was inhibited by protein tyrosine 

kinase inhibitors such as ST271 and erbstatin (103). Peroxides of vanadate (V"^ -̂OOH) 

inhibit tyrosine phosphatases and therefore promote phosphotyrosine accumulation 

(104). In both intact neutrophils (103) and electropermeabihsed HL60 cells (105) an 

increase in tyrosine phosphorylated proteins in response to V^^-OOH has been 

accompanied by the stimulation of PLD activity. Permeabilised U937 cells exhibit a 

similar response to V^^-OOH, but if GTPyS is also included in the incubation then a 

synergistic activation of PLD is observed (73).

Through the use of a cell free assay, Kusner et al demonstrated that ATP potentiated 

GTPyS-dependent PLD activity (81). To investigate the ATP requirement, a tyrosine 

kinase inhibitor -Genistein- (106) was utilised. Whilst the GTPyS-dependent activity 

was unaffected by genistein, the ATP potentiated response was inhibited. Similarly 

GTPyS+ATP PLD activity was enhanced by V"* -̂OOH whilst the GTPyS alone
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response was not. These results demonstrate that both G-protein and tyrosine kinase 

mediated reactions are involved in the stimulation of PLD activity.

Jiang et al have demonstrated that non-receptor tyrosine kinases of the src family are 

involved in the activation of PLD (107). Membranes from v-src transformed cells 

activate PLD in a cytosol and GTP-dependent manner whilst those from control cells 

do not exhibit this activity. In addition they have shown that the small GTP binding 

protein Ras is required for stimulation of v-src mediated PLD activity (107).

PDGF (68,69) and EGF (108) have been shown to activate PLD activity on binding to 

their receptors, indicating that receptor tyrosine kinases are also likely to be involved 

in PLD activation. Two recent reports have illustrated that PDGF stimulated PLD 

activity requires PLCyl. Through the use of mutant PDGF receptors, Yeo et al 

demonstrated that the ability of PLCyl to interact with the PDGF receptor is required 

for PLD activation (69). Lee et al (6 8 ) observed increased PLD activity in cells which 

overexpressed PLCyl. Genistein inhibited PDGF-induced tyrosine phosphorylation of 

PLCyl, autophosphorylation of the PDGF receptor itself and also PLD activity (6 8 ). In 

both reports, PKC activation was also shown to be required for PLD activity. The 

proposed mechanism for PDGF-stimulated PLD activity is therefore as follows: the 

activation and autophosphorylation of PDGF receptors, results in the interaction of 

PLCyl with the receptor which is then activated via tyrosine phosphorylation. 

Activation of PLCyl produces DAG which in turn stimulates PKC which then 

activates PLD.

1.2.3.4 PIP2 is Required for PLD Activation

The first indication that the acidic phospholipid-phosphatidylinositol 4,5 bisphosphate 

(Pfp2)-was important in the PLD signalling pathway was demonstrated by Brown et al 

(109) who showed that PIP2 was required for in vitro PLD activity. PIP2 stimulated 

partially-purified PLD activity in a dose dependent manner (110). In the presence of 

MgATP, GTPyS-dependent PLD activation is greatly enhanced as described above. In 

U937 cells these two agents also exhibited synergistic effects in promoting the 

synthesis of polyphosphoinositides and in particular PIP2 (111). Phosphatidylinositol 4
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kinase (PI4K) phosphorylates PI to produce PIP which can be further phosphorylated 

to PIP2 . In the presence of an antibody raised against PI4K, the production of PIP and 

PIP2 was completely inhibited (111). GTPyS+ATP stimulated PLD activity was 

inhibited in a dose-dependent manner by the antibody (111), and PMA-induced PLD 

activity was inhibited by approximately 60%. Stimulation of PLD is suggested to be 

secondary to PLC activation due to the stimulatory effect of PKC on PLD. As 

described above, PKC is activated by the second messengers which are produced 

through hydrolysis of PIP2 by PLC. In the presence of PMA, PKC is activated directly 

and therefore bypasses the need for prior PLC activation. The inhibition by the 

antibody of PMA-stimulated PLD activity indicates that PIP2 is required for PLD 

activation and not for prior activation of PLC.

As described above, PLD is regulated by many factors and synergistic activation of 

PLD can be observed particularly when G-protein and PKC or tyrosine kinase 

pathways are both stimulated. There may be many isoforms of PLD which may be 

differentially regulated by the factors described here. The availability of pure 

recombinant enzymes will aid in the clarification of the regulatory pathways and 

mechanisms by which PLD activation is controlled.

1.2.4 Physiological Role of PLD

Whilst no clearly defined role for PLD is presently apparent, it is thought that it’s role 

is to provide an intracellular signal which allows the activation of some cellular 

processes. PA is one of the products formed as a result of PLD activation and it is 

postulated that this lipid acts as a second messenger.

PA has been demonstrated to have stimulatory effects on both lipid and protein kinase 

activities. Moritz et al (112) showed that PA specifically stimulates 

phosphatidylinositol-4-phosphate-5-kinase (PIP5K), the enzyme responsible for the 

production of PIP2 . Incubation of synaptosomal plasma membranes with PLD to 

increase PA production also stimulated PIP2 synthesis indicating that this reaction also 

occurs in vivo. There are two forms of PDP5K, and recently Jenkins et al have provided 

evidence which shows that PA specifically activates the Type I enzyme (113). The
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localisation of these enzymes has not been thoroughly characterised but PA-stimulated 

type! enzymes have been purified from both erythrocyte membranes and rat brain 

cytosol (113).

A role for PA in the stimulation of PKC has also been described (114). PA stimulated 

protein phosphorylation in COS cells overexpressing PKCg, PKC; and PKCa. 

Stimulation of PKCa required Câ ' ,̂ but PKC; was inhibited in the presence of Ca^  ̂

whilst activation of PKCe was independent of Câ "̂  (114). PA was also demonstrated 

to tightly bind to PKC;. PKC; has been implicated to be important in mitogenic 

signalling and it would appear that PA is likely to be required for the regulation of this 

enzyme.

Using an in vitro assay, Lauener et al (115) have shown that phosphoinositide-3-kinase 

(PI3K) activity is inhibited in a dose dependent manner by PA. There may therefore, be 

‘cross talk’ between the PI3K and PLD pathways although further studies in vivo will 

need to be carried to establish the role PLD plays in PI3K regulation.

Activation of the respiratory burst in neutrophils is essential for the effective killing of 

bacteria. Stimulation of the respiratory burst requires the assembly of the ‘NADPH 

oxidase’ which is a multi component complex. Activation of NADPH oxidase results 

in the generation of superoxide (O2 ) (116). FMLP stimulation of the respiratory burst 

in intact neutrophils (117) and GTPyS-stimulated activity in permeabilised neutrophils 

(116) can be partially inhibited in the presence of primary alcohols such as ethanol. As 

previously described PLD can uniquely utilise primary alcohols in a 

transphosphatidylation reaction which produces phosphatidylalcohols at the expense of 

PA and therefore PLD signalling is indicated to be involved in superoxide production. 

The production of PA correlates with the production of superoxide (116) and further 

evidence was provided by the stimulation of superoxide production by exogenously 

added PA (118,119). The stimulation of the respiratory burst is biphasic consisting of 

an initial phase with maximal activity occurring within 1 minute and a second 

sustained phase of activation (120).The initial phase of superoxide production is 

unaffected by primary alcohols whereas the sustained activation is partially inhibited.
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Once the oxidase complexes have been assembled they have a finite life and therefore 

continuous assembly of new complexes is required for sustained superoxide 

production. The ability of primary alcohols to inhibit only the sustained activation of 

NADPH oxidase implies that PLD activation may be involved in the recruitment of 

components to the plasma membrane to allow assembly of new complexes and 

therefore sustained superoxide production ( 1 2 0 ).

A role for PLD in secretion was one of the first physiological roles postulated for this 

enzyme. Cockcroft showed that the production of PA in FMLP stimulated neutrophils 

correlated with the secretion of p-glucuronidase (46). In the presence of ethanol, 

secretion was partially inhibited in neutrophils, (64,121) differentiated HL60 cells 

(62,63) and platelets (74) providing further evidence for the involvement of PLD in the 

secretory response.

PLD activation is implicated in various physiological functions (Fig. 1.3). Most of the 

evidence to date indicates that PA generated by PLD activation is acting as a second 

messenger. Much of the data is correlative or relies on the inhibitory effects of primary 

alcohols. Whilst this data does provide good evidence for the roles of PLD, 

purification of the enzyme will enable the effects of the activation of PLD on various 

functions to be more closely monitored and the regulatory role of PLD to be evaluated.

1.3 Phospholipase C (PLC)

Phospholipase C hydrolyses phosphatidylinositol 4,5 bisphosphate to generate the two 

established second messengers diacylglycerol (DAG) and IP3 . DAG activates protein 

kinase C whilst IP3 binds to a receptor on the endoplasmic reticulum resulting in the 

release of Ca^^ from internal stores (reviewed in (1 2 2 )).
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Fig. 1.3 The potential second messenger affects many physiological responses

The product of PLD activation -PA- exerts both stimulatory and inhibitory effects on a 

variety of physiological responses.
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1.3.1 Isoforms of PLC

PLC enzymes are grouped into three classes based on structure and molecular weight - 

P (148 kDa), Y (150kDa) and 5 (85kDa). Currently, ten mammalian PLCs have been 

identified - four p, two y and four Ô (123). There are two domains of high homology 

which are present in all three enzyme classes and are designated X and Y. These 

regions constitute the catalytic domain (123). PLCy isozymes also contain two regions 

known as the src homology domains -SH2 and SH3 which regulate protein-protein 

interactions. SH2 domains target proteins to tyrosine-phosphorylated sequences (124) 

while SH3 domains target the protein to proline-rich sequences in cytoskeletal 

components (125). In addition, all PLCs contain at least one PH domain (PLCy has 

two), (PH domains have recently been identified and located in many proteins involved 

in signalling (126)).

1.3.2 Regulation of PLCs

Receptor activation results in the stimulation of PLC activity. The PLCp class are 

regulated via G-protein-regulated mechanisms while tyrosine kinase activation 

regulates PLCys. Currently the regulation of PLCô is unknown.

The a  subunits of the Gq class of G-proteins were first shown to stimulate PLCpl 

(127,128). PLCp2 was not stimulated by Gttq but another member of the Gq family - 

Gi6 was very effective in promoting PLCp2 activity (129). PLCp isozymes are also 

activated by py subunits of G proteins (130-132). Different regions of PLCp isozymes 

are proposed to interact with GcXq and Py subunits (133). The C-terminal region is 

important for activation by GOq, whereas the N-terminal region containing the PH 

domain is required for the interaction with py subunits (133).

The sensitivity of PLCp isozymes to either GoCq or py is very different. Gccq subunits 

activate the PLCp class in the following order PLCpl>PLCp3 >PLCp4 >PLCp2 

(133,134)whilst the sensitivity to py subunits decreases in the order PLCP3 > PLCp2 

>PLCpl (132) while PLCp4 is not activated by py subunits (133). These results 

indicate that cell-specific expression of both G protein subunits and PLCp isozymes 

may increase the diversity of PLC-mediated responses.
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Activation of tyrosine kinase-regulated receptors such as those for PDGF and EGF 

stimulate PIP2 hydrolysis by PLCy (123). Ligand binding results in the 

autophosphorylation of the receptor at specific tyrosine residues, creating binding sites 

for various proteins including PLCy. In order for PLCy to be stimulated it must 

associate with the receptor (via it’s SH2 domain) and must itself be phosphorylated on 

tyrosine residues. Non-receptor tyrosine kinases can also phosphorylate tyrosine 

residues on PLCy resulting in the activation of the enzyme (reviewed in (123).

1.3.3 A Requirement for PITP in PLC Signalling

Recently Thomas et al (135) have shown that the cytosolic protein - 

phosphatidylinositol transfer protein (PITP) is essential for the reconstitution of G- 

protein-dependent PLCp activity in cytosol-depleted HL60 cells. In addition to 

reconstituting GTPyS-dependent PLC signalling, PITP also restored the receptor- 

mediated FMLP response in cytosol-depleted differentiated HL60 cells (135). EGF- 

mediated activation of PLCy in A431 cells also required PITP (136). In the presence of 

PITP (+GTPyS), the production of IP3 exceeds the amount of PIP% present in the cells. 

The PIP2 levels are not significantly reduced despite the extensive production of IP3 , 

however PI levels do decrease (137). This implies that endogenous substrate is not 

utilised but rather that newly synthesised PIP2 is preferentially used. PITP- 

reconstituted PLC activity is totally dependent on the presence of MgATP (135) which 

is consistent with the requirement for PIP2 synthesis and further demonstrates that 

resident PIP2 is not used as a substrate. PITP was shown to stimulate the production of 

PIP2 in both HL60 cells (137) and A431 cells (136). It is proposed that PITP promotes 

PLC activity by stimulating the production of PIP2 (137). It is postulated that PITP 

exerts this ability by sequentially presenting substrate to the inositol lipid kinases 

(PI4K and PIP5K) and finally to PLC itself. The preferred substrate for all the enzymes 

is therefore proposed to be that which is associated with PITP rather than that which is 

resident in the membrane (137). Consistent with this proposal is the observation that 

PITP can be immunoprecipitated with anti-PI4K antibodies in EGF-stimulated A431 

cells (136). The role of PITP in PLC signalling is therefore to provide newly 

synthesised substrate for PLC.
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1.4 Inter-relationships between the phospholipases and secretion in 

neutrophiIs/HL60 cells

In addition to stimulating the three phospholipases (A%, C & D) GTPyS also promotes 

secretion in neutrophils (2,8,138) and HL60 cells (62,139). An essential role for the 

products of PLA2 activation can be eliminated because GTPyS does not stimulate this 

enzyme in undifferentiated HL60 cells (stimulation is observed in neutrophils and 

differentiated HL60 cells) whilst it does induce secretion (3). GTPyS-stimulated 

secretion is optimal in the presence of micromolar Ca^  ̂ and MgATP, however a 

MgATP independent component (requires GTPyS and 10|iM Ca^^) can also be 

observed (62,139). Under these conditions PLC would not be stimulated because this 

response is totally dependent on the presence of MgATP indicating that activation of 

this phospholipase is not essential for secretion in permeabilised cells. The release of 

p-glucuronidase from FMLP-stimulated neutrophils correlates with the production of 

PA-the product of PLD activation (46). In the presence of ethanol - which is utilised by 

PLD to produce PEt at the expense of PA - the secretory response is partially inhibited 

(62,64,82,121). Both PLD activation and secretion elicited similar responses with 

regard to stimulation by various agonists e.g. FMLP and C5a and with regard to their 

requirements for Ca^  ̂ and MgATP (62). It would appear that activation of PLD is 

linked to secretion at least in neutrophils and HL60 cells.

The secretory response elicited by FMLP is inhibited by pertussis toxin whilst that 

elicited by GTPyS is not (8 ). This result demonstrated that GTPyS is acting at two sites 

- the receptor-coupled G-protein (Gii/Gis) and a second as yet unidentified site which is 

termed G e. In vivo, PLD activation is likely to require the prior activation of the PLC 

pathway which will result in increased Ca^  ̂ levels which is required for optimal PLD 

activity. PLC activation also results in the activation of PKC which enhances PLD 

activity (this chapter section 1.2.3.2.). Activation of Ge may directly stimulate PLD 

(Fig 1.4a) (optimal activity could be achieved due to the increased Ca^^ levels) which 

can then stimulate secretion or alternatively, PLD activation may stimulate Ge which 

then promotes secretion (Fig 1.4b).
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Fig. 1.4 Potential pathways for the stimulation of secretion

The stimulation of secretion in neutrophils involves two G-proteins. The first is a 

receptor-coupled heterotrimeric G-protein. The stimulation of this G-protein results in 

the activation of PLC and increased Ca^  ̂ levels. Activation of PLD either directly by 

the second G-protein -GR-[a] or via prior PLC activation [b] leads to the production of 

PA which is proposed to promote secretion.
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1.5 Secretion

Proteins are packaged into vesicles and either secreted constitutively or in a regulated 

fashion. Constitutive secretion occurs constantly and is unaffected by the levels of 

second messengers or Câ "̂ . On the other hand regulated-secretion is coupled to 

external stimuli and is triggered by changes in Câ "̂  and/or second messengers. Cells 

with a regulated-secretory pathway can be distinguished from ‘non-secretory’ cells by 

the presence of large electron-dense vesicles. Proteins destined to be secreted such as 

hormones, neurotransmitters and lysosomal enzymes are concentrated and specifically 

packaged into these secretory vesicles and stored until the cell is stimulated to secrete, 

when their contents are released externally following membrane fusion, (reviewed in 

(140,141)).

During fusion of the secretory vesicle with the plasma membrane, an aqueous 

connection must be formed between the vesicle lumen and the extracellular space and 

this is called the fusion pore. The initial connection is very small -often the size of an 

ion channel- but it expands thus releasing the full contents of the vesicle. At the 

moment there are two hypotheses as to how this fusion pore forms although there is 

insufficient evidence to fully support either model. The first is the ‘proximity model’ 

which states that the two lipid bilayers are brought close together by proteins, and once 

they are close enough the bilayers fuse on their own. The second hypothesis is the 

‘fusion pore model’ which suggests that a protein bridges the gap between the two 

bilayers by inserting into the membranes. On stimulation, the protein undergoes a 

conformational change so that an aqueous channel is formed allowing the release of 

the vesicle contents (reviewed in (142)).

Fusion of vesicles with the plasma membrane is the final vesicular transport event in 

the secretory pathway and is known as exocytosis. Regulated exocytosis has been 

extensively studied and a requirement for Câ "̂ , ATP, cytosolic proteins and G-proteins 

are among the factors described to be involved in this process (reviewed in (141)).
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1.5.1 Regulation by Calcium.

Exocytosis is stimulated by an increase in intracellular Ca^  ̂ levels in a variety of cells 

including adrenal chromaffin cells (143-145), neutrophils (8 ) and mast cells (146). 

Exocytosis can be stimulated by elevated Ca^  ̂ levels whether these are generated from 

the stimulated release of Ca^  ̂ from internal stores (147,148) or as a result of influx 

through activated Câ "̂  channels (147). Exocytosis appears, at least in adrenal 

chromaffin cells to only occur at sites where a localised increase in Ca^  ̂has occurred: 

if there is an overall increase in the internal Câ "̂  concentration then regulated release is 

observed from the whole cell, however if an increase occurs in distinct locations within 

the cell, then exocytosis is only observed from these areas thus allowing directional 

release of protein (147).

Neurotransmitter release from synapses induced by an influx of Câ "̂  as a result of 

voltage-dependent Ca^  ̂ channels opening is extremely fast. It is assumed that the 

synaptic vesicles are docked on the synaptic membrane in contact with or very close to 

the Câ "̂  channels in order for Câ '̂  stimulated neurotransmitter release to occur so 

rapidly (reviewed in (149)). On the other hand, release from cells such as adrenal 

chromaffin cells is much slower. Chow et al (150) have recently shown that the 

increase in intracellular Ca^  ̂ in response to depolarisation occurs over a much longer 

time period than in synapses (milliseconds in comparison to |is). The evidence 

indicates that secretory granules are not in close contact with Câ "̂  channels unlike 

synaptic vesicles at the nerve terminal.

In addition to regulating exocytosis, Ca^  ̂ also plays a role in the recruitment of 

secretory granules. It is assumed that there is a ‘release-ready poof of granules which 

are recruited to the plasma membrane on cell stimulation. Increases in intracellular 

Câ "̂  resulted in the enlargement of this pool and an increased rate of exocytosis. High 

Ca^  ̂ levels however, resulted in the depletion of ‘release-ready’ granules so rapidly 

that the secretion rate decreased as it surpassed the rate at which the granules could be 

supplied (151).
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Recently, yet another role for in exocytosis has been highlighted. There is a lag 

time between the formation of the fusion pore and the release of granule contents to the 

extracellular milieu. Exocytotic release can only occur once the fusion pore has 

expanded. In both eosinophils (152) and mast cells (153) the lag time between the 

formation of the fusion pore and secretion declined in the presence of Ca^ .̂ The 

evidence presented in these two reports indicate that the expansion of the fusion pore is 

regulated by intracellular Ca^  ̂levels.

1.5.2 Regulation by MgATP

Calcium-dependent secretion is greatly enhanced in the presence of MgATP in a 

variety of cells including, chromaffin cells (143-145), RINm5F cells (154) neutrophils 

(2) and differentiated HL60 cells (62). Elevated exocytosis in the presence of MgATP 

is also observed in G-protein stimulated cells (139,155). The presence of MgATP 

reduces the requirement for Câ "̂  and the G-protein activator, GTPyS (139,155). Non- 

hydrolysable analogues of ATP are unable to elicit a similar response indicating that a 

phosphorylation-dependent event is involved (156,157)

A small amount of Ca^"^-dependent, MgATP-independent secretion can occur. In 

adrenal chromaffin cells, the MgATP-independent component of exocytosis is 

completed very quickly (approx. 2  min) and further release is dependent on the 

presence of MgATP. If intact cells are metabolically inhibited to deplete intracellular 

ATP levels, prior to permeabilisation and stimulation with Ca^^, the MgATP- 

independent component of exocytosis is lost. These results indicate that a MgATP- 

dependent process is required before Ca^  ̂ can trigger release (157). Hay and Martin

(158) showed that an increased rate of Ca^^-dependent secretion from PCI2 cells could 

be observed if they had been preincubated in the presence of MgATP. The triggering 

of release by Câ "̂  was totally independent of MgATP. The ‘priming’ action of MgATP 

was lost if the cells were then transferred to MgATP-free conditions and regulated 

release by Ca^  ̂could no longer be achieved. Exocytotic release is therefore regulated 

by at least two steps: a priming reaction which is MgATP-dependent and Ca^^- 

independent and a triggering reaction which is MgATP-independent and Ca^^- 

dependent.

43



Several general protein kinase inhibitors were utilised to investigate the role that ATP 

plays in the priming reaction. All of the inhibitors tested, inhibited the priming 

capability of the cells indicating that a protein phosphorylation event is involved (158). 

A recent report has demonstrated that the phosphorylation state of four proteins 

(although others may also be involved) is correlated to serotonin release in platelets

(159). Conditions under which the phosphorylation level of these proteins is decreased, 

results in a reduction in secretion. Secretion is completely abolished if the level of 

MgATP is dramatically reduced (to approx. O.lmM). When Câ "̂  is added to such cells, 

the formation of bridge-like structures between the granule membrane and plasma 

membrane which are required for the formation of the fusion pore (160) are not 

formed. One role for ATP in priming therefore, seems to be to maintain the 

phosphorylated state of proteins which enables the Câ "̂  trigger to form bridge-like 

structures that are required before membrane fusion and release of granule contents can 

occur (159).

1.5.3 Regulation by G-proteins

Proteins are packaged into vesicles which proceed through the secretory pathway by 

budding from one compartment and fusing with the next until their destination is 

reached. Intracellular transport was found to be blocked by GTPyS (161) which 

indicated that G-proteins were involved in this process. Monomeric G-proteins have 

now been shown to be involved in almost every vesicular trafficking event (reviewed 

in (41)).

Whilst constitutive secretion is inhibited by GTPyS (162), the fusion of regulated 

secretory granules has been shown to be stimulated by guanine nucleotides in a variety 

of cells including neutrophils (8 ), mast cells (156), gastric chief cells (163), HL60 

cells (139), adrenal chromaffin cells (164) and eosinophils (155). Stimulation of 

exocytosis by GTPyS occurs in the presence of MgATP and is independent of Câ "̂  

(8,139,154,163); but in the absence of MgATP, Ca^  ̂ is required (139,165,166). 

Enhanced release is observed if both Ca^^ and GTPyS are present (139,154,163). 

GTPyS-stimulated secretion can not be accounted for by the activation of known
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signal-transducing G-proteins, which has led to the hypothesis that a novel G-protein 

referred to as Ge regulates exocytosis (165).

Until recently a role for heterotrimeric G-proteins in regulated secretion had not been 

demonstrated however evidence is now emerging that these proteins are required for 

regulated secretion.

Histamine release from mast cells can be stimulated by AIF4 ' which specifically 

stimulates heterotrimeric G-proteins (86). Through the use of specific peptides and 

antibodies against G-protein a  subunits it was shown that inhibition of Gccis (which is 

also involved in constitutive secretion (17,167)) resulted in the inhibition of histamine 

release. GcCis was localised to both the plasma membrane and Golgi membranes. 

Agents which disrupt the Golgi resulted in the delocalisation of the Golgi associated 

Go(i3 , but no effect was observed on secretion and the plasma membrane locahsation 

remained intact. The authors therefore speculate that plasma membrane-bound G0(^3 

regulates exocytosis whereas Golgi-bound Goti3 is not involved (168).

A requirement for Gi (the specific a  subunit is as yet unknown) is also observed for 

insulin secretion from p-cells (169). Mastoparan, a known activator of heterotrimeric 

G-proteins (170) stimulates insulin secretion and causes increased GTPase activity on 

insulin secretory granules (ISGs). ISGs are enriched in Gi; and pertussis toxin 

treatment which inactivates Gi and Go inhibited secretion. It is therefore postulated that 

activation of Gi is required for the fusion of ISGs with the plasma membrane.

Alternatively, an inhibitory effect of heterotrimeric G-proteins has been observed in 

adrenal chromaffin cells (171). GAP-43 activates Go by increasing guanine nucleotide 

exchange. In the presence of GAP-43 the rate of GTPyS binding to granule membranes 

was increased whilst noradrenaline secretion was inhibited. Antibodies raised against 

Go reduced the inhibitory effect of GAP-43 indicating that secretion from chromaffin 

cells is under the regulation of Go.
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Monomeric GTP-binding proteins play a well-established role in regulated exocytosis. 

The Rab family of small GTP-binding proteins regulate many transport steps in both 

the secretory and endocytic pathways. Only one member of the family -Rab3A- so far, 

has been shown to be involved in the control of regulated exocytosis.

The localisation of Rab3A specifically to cells containing regulated secretory pathways 

(172) provided the first indication that this protein maybe involved in regulated 

exocytosis. Further localisation studies have demonstrated that Rab3A associates with 

secretory granules in adrenal chromaffin cells (172) and synaptic vesicles in nerve 

terminals (173) thus emphasising a potential role for Rab3A in exocytosis.

Studies utilising a peptide which corresponds to the proposed effector domain of 

Rab3A have provided much of the evidence for the role of Rab3A. In the presence of 

this peptide, exocytotic release is stimulated in several cells including pancreatic p- 

cells (174), mast cells (175), adrenal chromaffin cells (176) and pituitary cells 

(174,177). Recent evidence from Stahl et al (178) has demonstrated that Rab3A which 

is associated with synaptic vesicles is predominantly in the GTP bound form. Stimuli 

which induce exocytosis results in GTP hydrolysis and therefore a shift to the GDP 

bound form. These observations are specific to Rab3A localised at the synaptic vesicle 

membrane with no observable changes in the cytosolic pool of Rab3A. The authors 

therefore propose that GTP hydrolysis by Rab3A is associated with vesicles docking or 

fusion.

Through the use of a photoactivated cross linking Rab3A peptide Olszewski et al (174) 

have provided evidence which suggests that Rab3A interacts specifically with two 

proteins (REEPl & 2) and that this interaction is perhaps important for the regulation 

of exocytosis in pancreatic p-cells. Both REEPl & 2 are predominantly membrane- 

associated in unstimulated cells but redistribute to the cytosol when release of insulin 

is maximal. It is postulated that these proteins and Rab3A may form an inhibitory 

complex which, once dissociated allows exocytosis to occur. A similar inhibitory role 

for Rab3A has been implicated in studies from adrenal chromaffin cells (176)
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Recently, the involvement of Rho and Rac have been implicated in the regulation of 

secretion in mast cells (30). Constitutively-active mutants of these proteins enhanced 

secretion whilst specific inhibitors of endogenous Rac and Rho- N17Racl and C3 

transferase respectively- inhibited secretion. Similar evidence was demonstrated for the 

regulation of exocytosis by Rho in RBL cells (179).

Rho and Rac are involved in the regulation of the actin cytoskeleton (24,25). It is 

proposed that the cytoskeleton forms a barrier to the docking of secretory vesicles and 

that localised disassembly of the cytoskeleton is required for exocytosis to occur. 

Preliminary results suggest that exocytosis from mast cells in response to Rho and Rac 

occurs in the absence of their observed effects on the actin cytoskeleton and vice versa 

although the interdependence of these pathways need to be fully established (30).

1.5.4 Involvement of the Actin Cytoskeleton in Exocytosis

The actin cytoskeleton is proposed to act as a barrier, preventing non-regulated fusion 

of secretory vesicles (141). Cheek and Burgoyne (180,181) demonstrated that nicotine 

stimulation promoted both secretion and cortical actin filament disassembly with 

similar time courses in adrenal chromaffin cells. Histamine secretion in mast cells was 

also accompanied by the disruption of cortical actin filaments (182). Various well- 

known promoters of secretion such as Ca^^, GTPyS and phorbol esters also stimulate a 

decrease in cortical actin (182,183).

The actin-binding protein, gelsolin severs actin filaments in a Ca^^-dependent manner. 

The addition of gelsolin to permeabilised mast cells resulted in a decrease in 

filamentous actin which was accompanied by an increase in exocytosis. The proportion 

of degranulating cells was not increased, which implies that the disassembly of the 

actin cytoskeleton enhances the recruitment of secretory granules resulting in the 

observed increase in exocytotic release (184).

Scinderin, another actin-binding protein has been implicated in the regulation of the 

actin cytoskeleton and subsequent exocytosis in adrenal chromaffin cells. Scinderin 

depolymerises actin filaments via a Ca^^-dependent mechanism. Both filamentous
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actin and scinderin show a similar cortical distribution which is disrupted in response 

to both nicotine (185) and histamine (186) stimulation. Scinderin redistribution was 

observed before (15-20 seconds) noradrenaline release indicating that the redistribution 

of this protein and actin disassembly was required before exocytosis could occur. 

Localised exocytotic sites were observed where filamentous actin disassembly had 

occurred (185). Histamine acting on Hi receptors promotes scinderin and actin 

filament redistribution and catecholamine release (186). PKC inhibitors were shown to 

inhibit all three responses. This inhibition was observed at Ca^  ̂ concentrations which 

would promote exocytosis. Therefore Ca^  ̂ cannot stimulate exocytosis in the absence 

of cortical actin filament disassembly (promoted by scinderin) and PKC activation 

appears to be involved in this response. (186).

1.5.5 Cytosolic Factors Involved in Exocytosis

Permeabihsation studies have revealed that exocytosis requires the presence of 

cytosolic proteins (e.g (146,187). No exocytosis was observed from permeabilised 

pituitary cells in the absence of added cytosol (187). As the permeabilisation interval 

before stimulation was increased in mast cells, the secretory response diminished in a 

time-dependent manner which corresponded with the leakage of proteins from the cells 

(146). In addition to elucidating a role for cytosolic proteins in regulated exocytosis, 

permeabilisation studies can be utilised to identify the proteins required by ‘adding 

back’ specific proteins and investigating their effects on exocytosis in cytosol-depleted 

cells.

Calpactin, or annexin II is localised on the inner surface of the plasma membrane (188) 

and whilst it is not strictly a cytosohc protein, it is lost from cells on permeabilisation 

(141). Exogenously-added annexin H supported Ca^'^-dependent exocytosis in 

permeabilised adrenal chromaffin cells (189). Annexin H is a tetramer consisting of 

two heavy chains (36kDa) and two light chains (lOkDa). The heavy chain (p36) was 

sufficient to restore exocytosis and a peptide corresponding to the conserved region of 

annexin proteins antagonised the response (189). Annexin II, promotes the 

aggregation of chromaffin vesicles (188). Fine strands connecting vesicles and the 

plasma membrane were observed following cell stimulation. These strands were
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proposed to be composed of annexin II which has undergone a conformational change 

resulting in the formation of these structures. Therefore, annexin II is proposed to 

cross-link vesicles with the plasma membrane thereby promoting the docking of 

vesicles and enhancing release of their contents (188).

When cells are permeabilised for increasing amounts of time, the ability of annexin II 

to restore exocytosis is lost indicating that other cytosolic proteins are also involved 

(141). Chromatography of sheep brain cytosol identified the presence of two proteins- 

Exol & Exo2- which stimulated exocytosis in permeabilised adrenal chromaffin cells 

(190). Exol was identified as a member of the 14-3-3 protein family (190), whilst 

Exo2 was identified as the catalytic sub-unit of protein kinase A (191). Restoration of 

exocytosis by Exol was greater than that elicited by Exo2 and was also enhanced in 

the presence of PMA indicating a possible role for PKC (190). Exogenously added 

PKC was able to promote Ca^^-dependent exocytosis, but in the additional presence of 

Exol synergistic effects were observed (192).

Further evidence that 14-3-3 proteins are involved in exocytosis was demonstrated by 

the ability of an antibody raised against 14-3-3 to partially inhibit exocytosis from 

adrenal chromaffin cells. Recent evidence has illustrated that 14-3-3 proteins are 

involved in the ATP-dependent priming stage of exocytosis (193).

The conserved domain of 14-3-3 proteins exhibits quite a high degree of sequence 

homology with the C-terminal domain of annexins. A 16 amino acid peptide 

corresponding to the C-terminus of annexin II was able to partially inhibit exocytosis 

stimulated by 14-3-3 protein. Therefore, it would appear that this domain which is 

present in both annexin II and 14-3-3 proteins is required for Ca^^-dependent 

exocytosis in adrenal chromaffin cells (194).

The calcium binding protein, calmodulin is also able to stimulate Ca^^-dependent 

noradrenaline release from permeabilised adrenal chromaffin cells (195). Calmodulin 

has been shown to be involved in the Ca^^-dependent triggering stage of exocytosis 

(193). Through membrane capacitance measurements. Kibble & Burgoyne (196) have
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demonstrated that calmodulin increases the initial rate of exocytosis. These results 

indicate that calmodulin is unlikely to act by increasing the size of the ‘release-ready’ 

pool of vesicles because it does not significantly increase the actual extent of 

capacitance change but rather the initial rate. Therefore it is likely that calmodulin acts 

to increase the rate of exocytosis of ‘primed’ vesicles in adrenal chromaffin cells (196).

The action of phorbol esters (e.g. (8,139,163,197) and PKC inhibitors (e.g (186) on 

exocytosis indicate that PKC plays a role in this response. Luteinizing hormone 

release from pituitary cells (198) and dopamine release from PCI2 cells (199) were 

stimulated by the addition of PKCs to permeabilised cell preparations. In both cases, 

PKCa and p were capable of restoring exocytosis but PKCy could not. PKCa elicited a 

greater exocytotic release then PKCp. These reports demonstrate that two of the three 

classical PKCs are able to stimulate exocytosis.

Walent et al have identified a requirement for a 145kDa protein for exocytosis from 

PC 12 cells (200). Only cytosols prepared from tissues which primarily contain cells 

with a regulated-exocytic pathway expressed pl45. Native pl45 is a 290kDa dimer of 

145kDa subunits. PM A-treated cytosol was less capable of restoring secretion than 

control cytosol, but this deficiency could be overcome by the addition of PKC (197). 

An antibody against pl45 inhibited the potentiation of exocytosis by PKC in PMA- 

treated cytosol. This implies therefore, that PKC stimulation can promote exocytosis 

but requires functional p i45. p i45 was identified as a substrate for PKC and PKC- 

mediated, Ca^^-dependent exocytosis was accompanied by an increase in pl45 

phosphorylation (197). p i45 was demonstrated to be the major factor involved in the 

triggering stage of exocytosis (158) Another as yet unidentified 37kDa factor was also 

illustrated to be required for Ca^^-dependent triggering.

ATP-dependent priming activity could be stimulated by three proteins from rat brain 

cytosol -PEPl, 2 & 3- with apparent molecular weights of -500, 120 and 20kDa 

respectively. (158). PEP3 has been identified as the 35kDa phosphatidylinositol 

transfer protein (PITP) (201). Small amounts of PITP potentiate the activity of limiting 

amounts of the 500kDa factor (PEPl). An increase in PIP2 formation is observed when
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PC 12 cells are primed by PITP and PEPl. PEPl was recently identified as 

phosphatidylinositol 4 phosphate 5 kinase (PIP5K) the enzyme which catalyses the 

formation of PIP2 (202). The identification of this enzyme as PEPl, now explains the 

ATP-dependence of the priming reaction. PITP also stimulates the production of PIP2, 

(136,137). Two of the three PEPs described are concerned with the production of PIP2 

and therefore the identification of PEP2 is eagerly awaited to determine if it too is 

involved in polyphosphoinositide synthesis.

1.5.6 Involvement of Phosphoinositides in Regulated Exocytosis

Eberhard et al (203) demonstrated that a correlation existed between phosphoinositide 

(PI, PIP, PIP2) levels and exocytosis. Incubation in the presence of PI-PLC, decreases 

the levels of all three phosphoinositides and also inhibits the ATP-dependent 

component of exocytosis with a similar dose dependence. Permeabilisation of cells in 

the absence of Mg ATP depletes the levels of the phosphoinositides. When these cells 

are then incubated in the presence of increasing concentrations of MgATP, the levels 

of the phosphoinositides increases with a concomitant increase in exocytosis. The 

marked correlation between phosphoinositide levels and exocytosis, both of which are 

ATP-dependent, indicates that the maintenance of phosphoinositide levels by ATP is 

required for exocytosis.

Recently more evidence for the role of phosphoinositides and in particular PIP2 has 

begun to emerge. The phosphatidylinositol transfer protein (PITP) (201) and 

phosphatidylinositol 4 phosphate 5 kinase (PIP5K) (202) were identified as factors 

which are required for the ATP-dependent priming stage of exocytosis. PITP has been 

shown to promote PIP2 synthesis (136,137) and is thought to act by sequentially 

presenting substrate to the enzymes (PIPK and PIP5K) required for PIP2 synthesis 

(137). PIP5K is the last enzyme in the pathway leading to the production of PIP2 and is 

responsible for phosphorylating PIP thus making PIP2 . The identification of these two 

factors implies that the production of PIP2 is required for exocytosis. This was 

demonstrated through the use of PIP2 antibodies which inhibited exocytosis in a dose- 

dependent manner (202). Therefore the ATP dependence of exocytosis is at least in 

part due to the requirement of sequential phosphorylation of PI to produce PIP2 .
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1.5.7 Factors Regulating Membrane Fusion.

Recent evidence has suggested that the fusion machinery for constitutive and regulated 

secretion are essentially identical except, that inhibitory factors are required in 

regulated secretion to prevent uncontrolled fusion.

One of the first proteins to be identified as part of the fusion machinery was N- 

ethylmaleimide (NEM) sensitive fusion protein (NSF). The presence of this factor was 

required for the fusion of transport vesicles with the Golgi (204). NSF-dependent 

fusion requires ATP hydrolysis. NSF has two ATP binding sites and has intrinsic 

ATPase activity which is inhibited by NEM (205). These observations have led to the 

hypothesis that ATP hydrolysis catalysed by NSF leads to membrane fusion (206). In 

order to catalyse membrane fusion, NSF would be expected to be localised to the 

membrane. Analysis of the primary amino acid sequence however reveals no 

hydrophobic domains which would be consistent with a membrane location (207). The 

yeast homologue of NSF -SeclSp- has also been found to be cytosohc (207). NSF can 

be isolated in a membrane-bound form which is released to a soluble form on ATP 

hydrolysis (208). This implies that other factors are required to localise NSF to the 

membrane.

In order to reconstitute transport, cytosol was required in addition to NSF. 

Chromatography of bovine brain cytosol revealed the presence of three proteins which 

were able to restore transport (209). These proteins can all directly bind NSF in the 

absence of membranes and have therefore been termed a,p  and y SNAP (soluble NSF 

attachment protein) (210). a-SNAP can be immunoprecipitated by an antibody against 

myc-tagged NSF. Immunoprécipitation of a-SNAP required NSF and also the presence 

of Golgi membranes (211) implying that an assembly factor which binds to SNAP is 

present in the membrane and that a complex of these three factors is formed. Velocity 

sedimentation studies confirmed this prediction by showing that both a-SNAP and 

assembly factor activity were incorporated into a particle with a sedimentation 

coefficient of 20S. Consistent with the proposed role of NSF, this complex was 

disassembled on ATP hydrolysis (211).
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Purification of the factors in the 20S particle, identified the presence of three additional 

proteins:- Syntaxin A and B, SNAP25 (synaptosome-associated protein of 25kd - not 

related to the NSF attachment proteins) and synaptobrevin or VAMP (vesicle 

associated membrane protein) . All three proteins act as SNAP receptors (SNAREs), 

allowing NSF to associate with the membranes via it’s interaction with SNAP. In the 

absence of NSF and SNAP, SNAREs can associated with one another (212). A stable 

complex therefore may be formed between the vesicle and target membrane prior to 

NSF-SNAP binding and subsequent ATP hydrolysis by NSF causes the complex to 

disassemble allowing fusion to occur.

The three identified SNAREs have been localised to synaptic membranes. SNAP-25 is 

found at the presynaptic terminals of neurons (213) and syntaxin is localised to ‘active 

zones’ on these membranes (214). Unlike the other two, VAMP/synaptobrevin is 

localised in the synaptic vesicle membrane (215). All of these proteins are substrates 

for various toxins which block neurotransmitter release (216) which implies that they 

play a very important role in regulated exocytosis. The identification that these proteins 

of the regulated secretory pathway were required for in vitro vesicular transport, has 

led to the hypothesis that vesicle targeting and fusion events are controlled in similar 

ways in both the constitutive and regulated secretory pathways. The ‘SNARE 

hypothesis’ assumes that vesicle targeting is generated by complexes that form 

between SNAREs on the vesicle membrane (v-SNAREs e.g VAMP) and the target 

membrane (t-SNARES e.g. SNAP-25). Once this specific interaction has occurred 

NSF and a-SNAP can be recruited. ATP hydrolysis catalysed by NSF then 

disassembles the ‘SNARE complex’ and leads to fusion (217). If the fusion machinery 

is basically the same for both secretory pathways, uncontrolled fusion of secretory 

vesicles must be prevented and it is proposed that a ‘fusion clamp’ exists which is 

released on stimulation of regulated exocytosis.

Synaptotagmin, is an integral membrane protein of synaptic vesicles which binds to 

phospholipids and Câ "̂ , the binding of which induces a conformational change (215). 

Due to the location and properties of synaptotagmin, it has been proposed that it may 

play a role in vesicle docking and fusion by acting as a Ca^  ̂ sensor and in fact has
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become the primary candidate for acting as a ‘fusion clamp’. SNAREs which associate 

in the absence of NSF and a-SNAP, can be precipitated by anti-synaptotagmin 

antibodies. Incubation of the synaptotagmin-SNARE complex in the presence of a- 

SNAP results in the displacement of synaptotagmin from the complex as a-SNAP 

binds (140). These results provided evidence that synaptotagmin may act as a ‘fusion 

clamp’ and therefore it was assumed that the SNARE hypothesis was also applied to 

regulated exocytosis.

Evidence is beginning to emerge however, that the ‘SNARE hypothesis’ may need to 

be amended in the case of regulated exocytosis. Experiments utilising mutant forms of 

synaptotagmin have identified a requirement for this protein for Ca^^-dependent 

exocytosis which strengthens the proposal that synaptotagmin acts as a Ca^^ sensor in 

regulated exocytosis (reviewed in (218)). If synaptotagmin acts as the proposed 

exocytotic ‘fusion clamp’, then in the presence of mutant forms of the protein, an 

increase in uncontrolled, spontaneous fusion of regulated secretory vesicles should be 

observed however, no such increase is observed (218). In addition, the presence of 

Ca^  ̂has no effect on the interaction of synaptotagmin with the SNARE complex (212) 

which is unexpected because the conformational change on Ca^  ̂ binding is proposed 

to cause dissociation of synaptotagmin allowing a-SNAP to bind. These results 

indicate that synaptotagmin acts as a Ca^  ̂ sensor for exocytosis, but can not act as a 

‘fusion clamp’.

Priming and triggering events in regulated exocytosis have distinct requirements. 

Priming is ATP-dependent and Ca^^-independent whilst triggering is Ca^^-dependent 

and ATP-independent (158). The proposed requirement of NSF-dependent ATP 

hydrolysis for fusion is inconsistent with this observation. Recently a-SNAP has been 

demonstrated to be required at the priming stage of exocytosis in permeabilised 

chromaffin cells (193) and also to stimulate the ATPase activity of NSF (219). These 

results are consistent with the known requirements for priming of exocytosis.

NSF binding is proposed to occur following vesicle docking via the interaction of 

SNAREs, however Hong et al (220) have demonstrated that NSF is bound to undocked
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synaptic vesicles. The plasma membrane proteins, syntaxin and SNAP-25 have also 

been shown to be present in synaptic vesicles (221,222). The identification of both v- 

SNAREs and t-SNAREs at the same localisation implies that the fusion particle may 

assemble on the un-docked vesicle (223). These results contradict the proposals of the 

‘SNARE hypothesis’.

Two alternative models, consistent with the available evidence have been put forward. 

The first model suggests that NSF-dependent ATP hydrolysis results in the release of 

SNAPs and NSF from the docked vesicle which allows synaptotagmin (& potentially 

other Ca^  ̂ sensors) to associate with the docked vesicle in a pre-fusion complex. On 

Ca^  ̂ entry, synaptotagmin &/or other Ca^  ̂ sensors detect the increase which triggers 

membrane fusion (223,224).

A role for NSF as a chaperone protein has been proposed by Morgan & Burgoyne 

(223). They propose that SNAP-mediated NSF binding to the three identified SNAREs 

(now shown to all be present on synaptic vesicles) targets NSF to undocked vesicles. 

ATP hydrolysis may induce a conformational change in at least one of the SNAREs, 

resulting in the vesicle being in a primed state. This conformational change may confer 

‘docking-competence and /or fusion-competence’. The factors involved in fusion are 

still not defined by this model although Câ "̂  sensors such as synaptotagmin are good 

candidates.

1.5.8 Summary

The regulation of secretion is complex. It can be stimulated by a variety of agonists 

and involves the presence of various cytosolic proteins. The disassembly of the 

cytoskeleton allows secretory vesicles access to the plasma membrane for fusion to 

occur. Association of vesicles with the plasma membrane is considered to be promoted 

by protein-protein interactions (e.g. SNAREs). Vesicles are primed for fusion via an 

ATP-dependent mechanism but an increase in Câ "̂  is generally required for fusion to 

occur.
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1.6 Reconstitution of the Phospholipase D Signalling Pathway in Cytosol-depleted 

HL60 Cells.

The subject of this thesis was to examine the involvement of the PLD signalling 

pathway in secretion from azurophilic granules of HL60 cells.

The addition of GTPyS to permeabilised neutrophils/HL60 cells stimulates both 

secretion and PLD activity (8,62). Both responses are optimal in the presence of pCa5 

and lOp-M GTPyS (62,71). The primary observation which links these two responses 

is that in the presence of ethanol, secretion is partially inhibited (62,64,74,82,121) 

indicating that the product of PLD stimulation -PA- is required for secretion.

In order to study these responses, SLO-permeabilised cells have been utilised. SLO 

generates holes in the plasma membrane which allows access to the intracellular 

environment such that small molecules such as GTPyS can rapidly enter. The holes are 

sufficiently large to allow cytosolic proteins such as lactate dehydrogenase to leak from 

the cells (139).

When SLO and GTPyS are added simultaneously (referred to as acutely-permeabilised 

cells), a robust stimulation of PLD activity is observed (62,71,225). When GTPyS is 

added following permeabilisation, GTPyS-dependent PLD activation diminishes in a 

time-dependent manner (71,225). The loss of responsiveness indicated that cytosolic 

factors are required for GTPyS-dependent PLD activation. A requirement for both 

cytosolic and membrane proteins for PLD activation has been previously demonstrated 

(72,83).

In order to identify the cytosolic factor(s) which is required for G-protein-dependent 

PLD activity (and potentially secretion) a reconstitution system was employed. Intact 

HL60 cells were permeabilised with SLO to make them refractory to stimulation of 

PLD by GTPyS. Following washing, cytosohc proteins were then added back to these 

cytosol-depleted cells to see if GTPyS-dependent PLD activity could be restored.

56



Rat brain cytosol was shown to restore G-protein-dependent PLD activity to cytosol- 

depleted cells (225) and therefore this material was used to identify the proteins 

required for the restoration of PLD activity. Sequential chromatography of rat brain 

cytosol on heparin sepharose and then Superose-12 revealed that fractions 

corresponding to a molecular weight of 16kDa could restore G-protein-dependent PLD 

activity (225). Due to the availability of larger amounts of material, bovine brain 

cytosol was then used to purify the factor(s) to homogeneity. The following chapters 

describe the purification and characterisation of this factor.

In view of the correlation between PLD activation and secretion (62) the effect of the 

PLD activating factor on GTPyS-stimulated secretion was also investigated. The 

characteristics of this response and the relationship between PLD signalling and 

secretion are discussed.
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Chapter 2 

Materials and Methods

2.1 Materials

Amersham

[methyl-^H]-choline chloride
tS t t i  1______/  r 3["H]-alkyl-lyso-PC ( ["H] lyso-PAF) 

[^H]-inositol

ECL Western blotting detection kit

Murex Diagnostics 

Streptolysin O

Boehringer Mannheim

GTP

GDP

GTPyS and GTP analogues 

Bio-rad

SDS-PAGE reagents

Bio-rex 70 cation exchange resin

Mini-Protean dual slab cell electrophoresis apparatus

Trans-blot electrophoretic transfer cell

Whatman

DE-52, weak anion exchange resin
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Flow Laboratories

Tissue culture reagents including RPMI-1640 and Medium 199 

Pharmacia

Hi-trap Heparin Sepharose column (custom made)

Superdex-75 (16/60 and 26/60) gel filtration column 

Phenyl superose (5/5) hydrophobic interaction column 

Sephadex G-25 columns

LKB Bromma GlasPac 

Mono-S cation exchange column

Oiagen

Ni^^-NTA resin

Millipore

Immobilon

Sigma

PIPES

4-methylumbelhferyl-N-acetyl-p-D-glucosaminide 

Routine laboratory reagents

Canberra Packard

Scintillation fluid (Ultimagold and Ultimagold-XR)

Gifts

pH domain of PLCg (1-175 amino acids) M. Katan, Chester Beatty Laboratories

London, UK

SEC14p V.Bankaitis, University of Alabama,

Birmingham, Alabama, USA
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2.2 Cells

2.2.1 Culturing of HL60 Cells

HL60 cells were grown in suspension in RPMI-1640 medium (4) supplemented with 

12.5% heat-treated foetal calf serum (PCS), 50iu/ml penicillin, 50pg/ml streptomycin 

and 4mM L-glutamine. Cells were seeded at 0.3xl0*^/ml and grown to confluency (2-3 

days) at 37°C in humidified 95% air and 5% CO2 following which they were diluted 

once more to 0.3x1 oVml.

2.2.2 Labelling of HL60 Cells

Two separate protocols were used to label the PC pool of phospholipids.

2.2.2.1 [^H]-choline labelling

To label phosphatidylchohne, cells were pelleted by centrifugation and resuspuended 

at 0.3xl0^/ml in medium 199 supplemented with PCS, penicillin, streptomycin and 

glutamine as for RPMI-1640 above, [methyl-^H]-choline chloride was added at 

0.5pCi/ml. The cells were grown for 48hrs at 37°C in humidified 95% air and 5% CO2 

to reach equilibrium.

2.2.2.2 [^H]-alkyl-lyso-PC labelling

Cells were harvested by centrifugation and then washed twice in 20mM Pipes, 137mM 

NaCl, 3mM KCl. 0.1 mg/ml BSA and 1 mg/ml glucose, pH6.8 (PIPES buffer). Cells 

(5x10^) were resuspended in 1ml of PIPES buffer and incubated for Ihour at 37°C in 

the presence of 10|lCi [^H]-alkyl-Iyso-PC. Lyso-PC is rapidly incorporated into the 

cells and acylated to PC, where the majority of the label is found (226). Prior to use, 

the cells were washed in 50mls PIPES buffer to remove unincorporated radiolabel.

2.2.3 Preparation of Neutrophils

Neutrophils were prepared according to established procedures (227). 50mls of anti

coagulated blood was obtained from healthy volunteers and dispensed into a 2% 

solution of dextran in phosphate buffered saline (PBS) (pH7.2) to aggregate the 

erythrocytes. After 20mins at room temperature the majority of erythrocytes have 

sedimented. The leucocytes were layered onto lOmls Ficoll-hypaque and spun at

60



2,000rpm for 20mins to separate neutrophils from other white cells. The supernatant 

was removed and the pellet resuspended in 5mls H%0 to lyse any contaminating 

erythrocytes. Isotonicity was restored within 20 seconds by the addition of saline. 

Following centrifugation, the neutrophils were washed twice in PIPES buffer before 

use. Typically, 5-8x10^ neutrophils were obtained from 50mls of blood (226).

2.3 Reconstitution Assays

2.3.1 Permeabilisation of cells

50mls of HL60 cells (lO^cells/ml) were centrifuged at 450g for 5mins. The media was 

decanted and the cells resuspended and washed twice in 50mls PIPES buffer. Cells 

were then resuspended in 4.5mls PIPES buffer and equilibrated at 37°C for 15mins. To 

permeabilise the cells, 0.5ml of a lOx concentrated permeabilising cocktail (0.6 or 

0.4iu/ml SLO final, pCa7) was added. For the early PLD experiments, cells were 

permeabilised for SOmins at 37°C. The latter experiments in which secretion was 

monitored (chapters 5 & 6), the cells were permeabilised for lOmins in the presence of 

0.4iu/ml SLO. This permeabilisation period was sufficient to ‘run down’ both the 

GTPyS-stimulated PLD and secretory responses.

2.3.2 Reconstitution of cytosol-depleted cells

Following permeabilisation, the cells were washed with 50mls PIPES buffer and 

centrifuged to remove the cytosol. These cells are therefore referred to as cytosol- 

depleted cells. The cells were then resuspended in the required volume of PIPES buffer 

(typically 2-3mls).

Cells were added to reaction tubes on ice which contained assay cocktail, ±10|_iM 

GTPyS and the fraction or other sample to be tested. The assay cocktail consisted of 

ImM MgATP, 2mM MgCL and pCa5 unless otherwise indicated. The free calcium 

concentration was maintained at 10|xM (except where indicated) with calcium-EGTA 

buffers with 3mM EGTA. All concentrations reflect the final concentration in the 

assay. The assay volume was typically 50p.l (of which 20|il would be cells) for PLD 

assays, particularly when analysing chromatography runs, but was increased to lOOfil 

when both PLD and secretion were monitored from the same assay.
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The reaction was initiated by transferring the tubes from 4°C to 37°C. Incubations 

were typically 20mins for assaying column fractions and PLD alone, but 45mins when 

both secretion and PLD were monitored. The reaction was quenched in one of two 

ways:- a) If secretion and PLD were monitored then the tubes were transferred to ice 

and immediately centrifuged at 4°C to pellet the cells. Following centrifugation, 50|il 

of the supernatant was removed and analysed for p-hexosaminidase release, whilst 

250|il CHCbiMeOH (1:1) was added to the remaining 50|il. After phase separation, 

with 125|l i 1 H2O, the aqueous phase was used to assess [^H]-choline release, b) 

CHCl3 :MeOH was added immediately to the reaction tubes following the incubation if 

only PLD activity was being investigated.

2.3.3 Measurement of the reduced responsiveness of GTPyS-stimuIated PLD 

activity and secretion with increasing permeabilisation time

Cells were permeabilised with streptolysin O in the presence of pCa7 (buffered with 

lOOpM EGTA) at 37°C. At the required times, aliquots (50|il) were removed and 

added to reaction tubes containing an equal volume of assay cocktail- MgATP (ImM 

final), MgClz (2mM), ± GTPyS (lOqM final) at pCa5 (buffered with 3mM EGTA). 

Following a 20mins incubation, the reaction was quenched as described above.

2.3.4 Metabolic Inhibition of cells

In order to investigate MgATP dependence, the intact cells were metabolically 

inhibited to deplete the intracellular MgATP pool prior to permeabilisation. Intact cells 

were incubated for 5mins at 37°C in 4.5mls with the metabolic inhibitors antimycin A 

(5|iM) and deoxyglucose (1 mg/ml) (228). In such experiments cells were incubated 

and washed in glucose-free buffer and reagents were also made up in glucose-free 

buffer.

2.3.5 PMA treatment of intact cells

Prior to permeabilisation, intact cells were treated with lOOnM PMA for 5mins at 37°C 

in 4.5mls. The cells were then permeabilised, washed and utilised as described above.
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2.3.6 Preparation of Calcium Buffers

In order to accurately control calcium concentrations, Ca^  ̂ buffers were made. The 

buffer of choice for Ca^  ̂ is EGTA which has a high affinity for Ca^  ̂ over other 

divalent metal ions. In order to prepare Câ "̂  buffers, two stock solutions are required: 

i) lOOmM EGTA in 20mM PIPES (pH6.8) and ii) lOOmM Ca^^-EGTA in 20mM 

PIPES. Different ratios of these solutions are then added together according to the 

method of Tatham and Gomperts (229) to generate a series of solutions containing the 

same concentration of EGTA (lOOmM) and different free Câ "̂  concentrations. The 

buffers are stored at -20°C and then used at a final concentration of 3mM EGTA in the 

assays.

2.3.7 Preparation of MgATP

lOOmM stock solutions of MgATP are made and stored at -20°C until required. To 

make a lOmI solution, 605mg of Na.ATP, Iml IM MgCb and 2mls IM Tris were 

added to give lOOmM MgATP stock in 20mM. The pH was adjusted to ensure that it 

was neutral. Assays were typically performed in the presence of ImM MgATP.

2.4 Analysis of [^H]-choline Release

The assay was quenched with 250p.l CHCEiMeOH (1:1) / 50)il assay volume, and a 

two phase system was obtained by the addition of 125|il H2O followed by 

centrifugation. Choline was separated from phosphocholine and 

glycerophosphocholine by passage through Bio-rex 70 cation exchange resin. 200|j.l of 

the aqueous phase was added to a 1ml bed volume Bio-rex 70 column. The column 

was rinsed with 3ml of H2O to elute phosphorylated choline metabolites (225). Choline 

was then eluted into scintillation vials with 1.5mls 0.05M Glycine, 0.5M NaCl (pH3). 

Radioactivity was counted following the addition of 4mls of scintillation fluid 

(Ultimagold-XR)

2.4.1 Regeneration of Bio-rex 70 Resin

After use, the resin was regenerated by the addition of 3 bed volumes of 0.5M NaOH 

followed by 10 bed volumes of deionized H2O.

63



2.5 Analysis of [^H]-phosphatidylethanoI (PEt) Formation

In order to assess [^H]PEt formation a 50|il assay volume was quenched with 250pl 

CHCl3 :MeOH:HCl (50:50:1) and vortexed. A two phase system is obtained by adding 

125pi of IM HCl. The two phases were separated by centrifugation. The organic phase 

was removed and 5pl of a PEt standard (also contains PA and PC) was added so the 

location of this lipid could be accurately determined when the samples were run on 

TLC plates. The samples were then dried under vacuum and redissolved in 50pl 

CHCI3 . Samples were spotted onto Whatman LK6TLC silica plates which had been 

previously impregnated with 1% potassium oxalate solution (2g potassium oxalate 

+120mls H2O +80mls MeOH), dried overnight and activated for at least one hour at 

110°C. The plates were developed in chloroform / methanol / acetic acid / water 

(75:45:3:1), dried at room temperature and the lipid spots visualised with iodine 

vapours. The spots corresponding to PEt were marked and following iodine 

sublimation at room temperature they were excised and put into scintillation vials. The 

lipids were extracted with 250|il of MeOH and counted for radioactivity following the 

addition of 4mls scintillation fluid (Ultimagold).

2.5,1 Preparation of PEt standard

Approximately lOmg of PC (lOOmg/ml CHCI3 solution) was dried down under 

nitrogen and then redissolved in SOOfil 0.2M sodium acetate (pH5.6). To the PC 

solution, 200|il CaClz, 800|il phospholipase D (PLD from peanut dissolved in acetate 

buffer and containing approx. lOOOunits), 800|il ether and 2% EtOH were added. This 

solution was then vortexed well and left overnight at room temperature. The following 

day, the ether was evaporated and 3.75ml CHCl3 :MeOH (1:2) / ml of sample was 

added; followed by 1.25mls water /ml of original sample and vortexed. The organic 

phase containing, PC, PA and PEt was extracted and used as the standard for 

visualisation of these hpids.

2.6 Analysis of p-hexosaminidase Release

Secretion of p-hexosaminidase was determined by a previously established method 

(62). Following quenching on ice and centrifugation, a 50|il sample of the assay 

supernatant was removed and incubated with an equal volume of the fluorescent
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hexosaminidase substrate -4-methylumbelliferyl-N-acetyl-p-D-glucosaminide 

(dissolved in 0.2M citrate pH4.8), in a black 96 well plate for Ihour at 37°C or 

overnight at room temperature. The reaction was quenched by the addition of ISOjil 

IM Tris and the resulting fluorescence was measured at 460nM (emission wavelength 

is 447nm, excitation 355nm) with a Fluoroskan fluorescence plate reader.

2.7 Preparation of Rat Brain Cytosol

8g of frozen rat brains were homogenised in 16mls of 20mM Pipes, 3mM KCl, 

137mM NaCl, 0.02% w/v sodium azide, pH 6.8 with 5mM EGTA, 5mM EDTA, 

lOmM benzamidine, ImM DTT, Ipg/ml soyabean trypsin inhibitor, 5|ig/ml aprotonin, 

2pM pepstatin A,100fiM TLCK, O.lmM leupeptin and ImM PMSF in a glass 

homogeniser. The homogenate was then centrifuged at 100,000 x g for 1 hour at 4°C, 

and the supernatant decanted. Cytosol was stored in aliquots at -70°C until required.

2.8 Purification of ARF

The ARF purification protocol was originally devised by Dr. Geraint Thomas (230).

2.8.1 Preparation of Bovine Brain Cytosol and Ammonium Sulphate Precipitate

One frozen bovine brain was thawed and homogenised in a Waring blender in cold 

20mM Tris, 3mM KCl, 0.02% w/v sodium azide, pH 7.6 with 5mM EGTA, 5mM 

EDTA, lOmM benzamidine, ImM DTT, Ipg/ml soyabean trypsin inhibitor, 5|ig/ml 

aprotonin, 2p,M pepstatin A, lOOjiM TLCK, O.lmM leupeptin and ImM PMSF in a 

total volume of approximately 1 litre. The homogenate was centrifuged overnight at 

10,000 X g at 4°C. A 40-70% ammonium sulphate precipitate was prepared from the 

supernatant. The precipitated proteins were resuspended and extensively dialysed in 

Tris buffer at 4°C. Dialysis continued until the conductivity of the sample was 

equivalent to or below 90mM NaCl (Typically it was equivalent to approximately 10- 

20mM NaCl).
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2.8.2 DE-52 Weak Anion Exchange Chromatography

BUFFER A: 20mM Tris, 3mM KCl, 0.02% w/v sodium azide pH 7.6 at 4°C.

BUFFER B: 20mM Tris, 3mM KCl, 2M NaCl,0.02% w/v sodium azide pH 7.6 at 4°C.

The ammonium sulphate precipitated proteins were loaded at onto a 200ml DE-52 

weak anion exchange column. Proteins were eluted with an increasing NaCl gradient 

at 4°C. The active fractions were pooled and concentrated by ultrafiltration to 25ml.

Column Conditions Gradient

Flow rate: Iml/min 0-100 min 0% B

Fraction size: 7.5ml 100-600 min 0-50%B

2.8.3 Hi-Trap Heparin Sepharose Affinity Chromatography

BUFFER: 20mM Tris, 3mM KCl, 0.02% sodium azide pH 7.6 at room temperature

The conductivity of the 25ml concentrated sample from DE-52 was checked to ensure 

that it was equivalent to less than lOOmM NaCl. The sample was filtered through a 

45|im filter and loaded onto a 100ml Hi-trap Heparin Sepharose affinity column 

(custom made- Pharmacia). Proteins were then eluted isocratically.

Column Conditions Gradient

Flow rate lOml/min 0-30min 0% B.

Fraction size: lOmls

2.8.4 Gel Filtration Chromatography

BUFFER: 20mM Pipes, 3mM KCl, 137mM NaCl, 0.02% sodium azide pH 6.8

The active fractions eluted from the heparin sepharose column were concentrated by 

ultrafiltration to 2ml and filtered. The sample was loaded onto a Superdex-75 (HR 

16/60) column at 4°C. Sixty fractions were collected following a void volume of 

40mls.
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Column Conditions 

Flow rate: 0.12ml/min 

Fraction size: 0.8ml

2.8.5 Phenyl Superose Hydrophobic Interaction Chromatography

BUFFER A: 20mM Tris, 3mM Kcl, 0.02% sodium azide pH 7.6 at room temperature 

BUFFER B: 20mM Tris, 3mM Kcl, IM (NH4)2S0 4 , 0.02% sodium azide pH 7.6 at 

RT.

The active fractions from superdex-75 were pooled and (NH4)2S0 4  added to a final 

concentration of 340mM. This sample was filtered and loaded onto a phenyl superose 

column (HR 5/5). ARF proteins were eluted at 340mM (NH4)2S0 4  to separate them 

from retained material. The gradient was maintained at 34%B until an initial peak in 

U.V. absorbance was observed. This corresponded to the elution of ARF proteins and 

therefore once this was completed, the gradient was reduced to 0% B to remove any 

retained material.

Column Conditions 

Flow rate: 0.5 ml/min 

Fraction size 3ml

The ARF containing fractions were then brought to SOOmM (NH4)2 S0 4  and loaded 

back onto the phenyl superose column which had been equilibrated with 80%B and 

eluted with a decreasing (NH4)2S0 4  gradient.

Column Conditions Gradient

Flow rate: 0.5 ml/min 0-20min 80%-40% B

Fraction size: 1ml 20-25min 40%-0% B

25-36min 0% B

The fractions were buffer exchanged using sephadex G-25 columns. A 1ml fraction 

was loaded onto the column and was then eluted with 1.5ml 20mM Pipes, 3mM KCl,
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137mM NaCl, 0.02% sodium azide pH 6.8. Once the active fractions were identified 

by the reconstitution of PLD activity (section 2.3.1) (2 peaks -ARFl and ARF3) they 

were concentrated in centricons for 1-2 hours. At this stage the ARF proteins were 

apparently pure when assessed by SDS-PAGE.

2.8.6 Mono-S Cation Exchange Chromatography

BUFFER A: 50mM Malonic acid. 0.02% sodium azide, pH 5.35 at room temperature. 

BUFFER B: 50mM Malonic acid, IM NaCl, 0.02% sodium azide, pH 5.34 at RT.

ARF 1 and 3 can be separated by cation exchange chromatography (231)as an 

alternative to the second phenyl superose step. Eluted fractions from the initial phenyl 

superose chromatography step were buffer exchanged into 50mM Malonic acid, pH 

5.35. The sample was then loaded onto a Mono-S column. Proteins were eluted with 

an increasing NaCl gradient (0-400mM).

Column Conditions Gradient

Flow rate: Iml/min 0-5min 0% B

Fraction size: 1ml 5-30min 0-40% B

The fractions were buffered exchanged into Pipes buffer as described above and 

concentrated in centricons.

2.9 Purification of rARFl

ARFl was expressed in E.coli by I.Gout at the Ludwig Institute. Bacteria were grown 

in 2 X 200mls Luria Broth with 50fig/ml ampicillin at 37°C overnight. The overnight 

culture was then diluted 10 fold (into 41) and allowed to grow for a further 2 hours. 

rARFl expression was then induced by the addition of 0.2mM IPTG. Following a 

further 3 hours of growth the bacteria were harvested by centrifugation (4000 x g, 4°C, 

15min). The bacterial pellets were stored at -20°C until required.
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The purification of rARFl is based on the method of Randazzo and Kahn (232).The 

pellet was resuspended in 80mls 50mM Tris, 40mM EDTA, 25% w/v sucrose, 0.02% 

sodium azide, pH 8.0 supplemented with 1 mg/ml lysozyme. Following SOmins at room 

temperature, 32mls of 50mM Tris, lOOmM MgClz, 0.2% w/v Triton-x-100, 0.02% 

sodium azide, pH 8 was added. The bacterial suspension was then placed at 4°C for 

15mins. The sample was then centrifuged at 100,000 x g at 4°C for 1 hour. The 

supernatant was decanted and applied to a 200ml DE-52 column. The breakthrough 

was collected. Proteins were batch eluted at 4°C with 200mls 20mM Tris, 50mM 

NaCl, ImM EDTA, ImM DTT, 0.02% sodium azide, pH8. The eluate and 

breakthrough were pooled and concentrated by ultrafiltration to 5mls.

2.9.1 Gel Filtration Chromatography

BUFFER: 20mM Pipes, 3mM KCl, 137mM NaCl, 0.02% sodium azide pH 6.8

The concentrated sample was filtered and loaded onto a Superdex-75 (HR 26/60) 

column. Forty fractions were collected following a void volume of 158mls.

Column Conditions 

Flow rate: 1.5 ml/min 

Fraction size 2ml

2.9.2 Mono-S Chromatography

BUFFER A: 50mM Malonic acid, 0.02% sodium azide, pH 5.35 at room temperature. 

BUFFER B: 50mM Malonic acid, IM NaCL, 0.02% sodium azide, pH 5.35.

The active fractions which eluted from the superdex-75 column were buffer exchanged 

using sephadex G-25 columns. 3mls of sample were loaded onto the column and eluted 

with 4mls 50mM malonic acid pH 5.35. This material was then loaded onto a Mono-S 

column. Following loading, chromatography was carried out exactly as for native ARF 

(section 2.8.6). The active fractions were then buffer exchanged into 20mM Pipes, 

3mM KCl, 137mM NaCl, 0.02% sodium azide, pH 6.8 and concentrated in centricons.
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rARFl was apparently pure when assessed by SDS-PAGE. In order to stabilise the 

protein, ImM MgCli and l|iM GDP were added (109)prior to storage at -70°C.

2.10 Purification of PITP

The purification protocol for PITP is almost identical to that described for ARF 

(section 2.8), except a 40-60% ammonium sulphate precipitate was prepared from 

bovine brain cytosol. The chromatography steps are identical until the last step which 

is phenyl superose chromatography.

2.10.1 Phenyl Superose Hydrophobic Interaction Chromatography

BUFFER A: 20mM Tris, 3mM KCl, 0.02% sodium azide, pH 7.6 at room temperature. 

BUFFER B: 20mM Tris, 3mM KCl, IM (NH4)2S0 4 , 0.02% sodium azide, pH 7.6

The active fractions from superdex-75 were pooled and brought to 340mM (NH4)2S0 4 . 

The sample was then loaded onto a phenyl superose (HR 5/5) column which had been 

previously equilibrated with 340mM (NH4)2S0 4 . Once unretained material had eluted 

completely, the salt concentration was immediately reduced to zero. A second peak of 

U.V. absorbance was then observed as retained material eluted.

Column Conditions Gradient

Flow Rate: 0.5ml/min 0-25min 34%B

Fraction Size: 3ml 25-60min 0%B

The eluted fractions were loaded onto sephadex G-25 columns and eluted with 4mls 

20mM Pipes, 3mM KCl, 137mM NaCl. 0.02% sodium azide, pH 6.8. The active 

fractions as assessed by an in vitro [^H]-transfer assay (section 2.12) were pooled and 

concentrated in centricons at 9,000 x g for 1-2 hours. At this stage PITP appears to be 

pure by SDS-PAGE analysis.
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2.11 Purification of Recombinant PITPa and PITPp

rPITFot and rPITPp were cloned and expressed as His-tagged fusion proteins by Siow

Khoon Tan at the Ludwig Institute (233) and the purification protocol was devised by 

Philip Swigart (233).

Bacteria were grown overnight at room temperature in Luria broth supplemented with 

100p,g/ml ampicillin. The overnight culture was diluted 10 fold and allowed to 

continue to grow for 1 hour. Protein expression was then induced by the addition of 

O.lmM IPTG. After 4 hours, the bacteria were harvested by centrifugation (4,000 x g, 

15mins at 4°C).

The bacterial pellet was resuspended in 50mM sodium phosphate, 300mM NaCl, pH 

8.0. 1 mg/ml lysozyme was then added and incubated for 30mins at 4°C. The sample 

was sonicated 6 x Imin on ice (with 1 min between each burst for cooling) and then 

centrifuged at 10,000 x g for 30mins at 4°C. The supernatant was mixed with Nî "̂ - 

NTA agarose resin (4ml of a 50% slurry)- which had been previously equilibrated in 

50mM sodium phosphate, 300mM NaCl, pH 8- for 30mins at 4°C and then transferred 

to a prepared column.

The column was washed with 12 bed volumes of 50mM sodium phosphate, 300mM 

NaCl, 10% glycerol at pH 6 (Wash buffer) followed by 6 bed volumes of wash buffer 

containing 525mM NaCl.A further 6 bed volumes of wash buffer containing 525mM 

NaCl plus 25mM imidazole was added to the column. Protein was eluted with 1.5mls 

of wash buffer supplemented with 525mM NaCl and 250mM imidazole. The sample 

was then buffer exchanged into 20mM Pipes, 3mM KCl, 137mM NaCl, 0.02% sodium 

azide pH 6.8, filtered and loaded onto a superdex-75 gel filtration column.

2.11.1 Superdex-75 Gel Filtration Chromatography

BUFFER: 20mM Pipes, 3mM KCl, 137mM NaCl, 0.02% sodium azide, pH 6.8
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The sample was loaded onto superdex-75 and thirty fractions were collected following 

a void volume of 150mls.

Column Conditions 

Flow rate: 1.5 ml/min 

Fraction size: 5mls

The presence of PITP was detected by measuring the transfer of [^H]PI from 

microsomes to liposomes (section 2.12). Two peaks of activity were observed, but only 

the second peak which eluted at a similar volume to native PITP was pooled and 

concentrated in centricons at 9,000 x g at 4°C for 1-2 hours. Analysis of the fractions 

by SDS-PAGE revealed that a single contaminating protein of lower molecular weight 

than PITP was present.

2.12 Pl-transfer Assay

To identify the presence of PITP an in vitro assay was used which monitors the transfer 

of [^H]-PI from microsomes to liposomes (234).

2.12.1 Preparation of microsomes

Three rat livers were homogenised in a Waring blender in 0.25M sucrose, ImM 

EDTA, lOmM Tris pH 7.4 (SET buffer) to give a final volume of approximately 

200mls. The homogenate was then centrifuged at 2000 x g at 4°C to sediment 

unbroken cells. The supernatant was decanted and further centrifuged at 10,000 x g for 

15mins at 4°C to pellet mitochondria. In order to isolate the microsomes, the 

supernatant was centrifuged at 100,000 x g for 1 hour at 4°C. The pellet was 

resuspended in 50mM Tris, 2mM manganese chloride, pH 7.4 to give a final volume of 

40mls. This suspension was then homogenised in a glass homogeniser and 300|iCi of 

[^H]-inositol added. Following a 90min incubation at 37°C, the sample was 

centrifuged at 100,000 x g for 90mins at 4°C. The pellet was resuspended in lOmM 

Tris, 2mM inositol, pH 8.6 and homogenised in a final volume of lOOmls in a glass 

homogeniser. Following centrifugation at 100,000 x g for 60mins at 4°C, the pellet 

was washed and homogenised in ImM Tris, 2mM inositol, pH 8.6 (lOOmIs) and
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subjected to a final centrifugation step at 100,000 x g for 60mins at 4°C. The pellet 

was resuspended in SET buffer (approximately 20mls). For use microsomes were 

diluted to a protein concentration of 1.25mg/ml. Microsomes were aliquoted and stored 

at -70°C until required.

2.12.2 Preparation of liposomes

To prepare PC:PI (98:2) liposomes, 235fxl of PC (lOOmg/ml in chloroform) and lOOjil 

of PI (lOmg/ml in chloroform) were dried down under nitrogen. The lipids were then 

extensively sonicated in 30mls of SET buffer until they were in solution. The prepared 

liposomes could be stored at 4°C for approximately one week with no deterioration.

2.12.3 In vitro assay for PI transfer

Typically, 25|il of the sample to be tested was incubated with 50p.l each of microsomes 

and liposomes for 30mins at 25 °C. The incubation was quenched with 25fil of cold 

0.2M sodium acetate, 0.25M sucrose at pH 5.0 and vortexed. Microsomes were 

pelleted by centrifugation at 11,500 x g for 15mins at 4°C. 50|il of the supernatant was 

transferred to scintillation vials and 3mls of scintillation fluid (Ultimagold) was added. 

Radioactivity associated with the liposome fraction was then counted on a liquid 

scintillation counter.

2.13 Protein Quantitation -Bradford Assay

Protein concentration was calculated from a standard curve generated from BSA 

standards (50|ig/ml-l mg/ml) using a Bradford assay (235). 200|il of Bradford reagent 

(lOOmgs G250 Coomassie Brilliant Blue, 50mls 95% EtOH, lOOmIs phosphoric acid, 

50mls H2O - diluted 1:5 with water before use and filtered ) was added to 5|il of the 

sample to be analysed on a 96 well plate. After a lOmin incubation at room 

temperature, the absorbance of the samples was read at 620nm. With increasing protein 

concentrations, the colour changed from light brown to blue.

2.14 Gel Electrophoresis

Discontinuous polyacrylamide gels were made based on the method of Laemlli (236). 

A running gel solution was made by adding the required percentage of
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30%acrylamide/0.8% bis-acrylamide to 375mM Tris at pH8.8. To 12mls of solution 

125|il of 10% SDS, lOOjil of freshly prepared 10% ammonium persulphate and 10|il of 

Temed were added. The gel was cast on a Biorad casting stand and overlaid with 

water-saturated isobutanol. The gel was allowed to set for approximately 30mins. A 

4% acrylamide stacking gel was prepared in 250mM Tris at pH 6.8. To this solution, 

50|il of 10% SDS, 25|il of 10% ammonium persulphate and 5p.l of Temed were added. 

The isobutanol was washed off the running gel with distilled water and the stacking gel 

overlaid. A welled comb was added immediately and then the gel was left to set for 

approximately 20mins. The set gel was transferred to the cooling core and placed in the 

buffer chamber. The buffer chamber was filled with running buffer (25mM Tris, 

193mM glycine, 0.1% SDS at pH 8.3), the comb was then removed from the stacking 

gel and the samples loaded into the wells. Electrophoresis was carried out at 150V 

until the dye-front reached the bottom of the running gel (Note: large gels were run at 

200v). The gels were removed and stained with either coomassie blue, or silver.

2.14.1 Sample preparation for SDS-PAGE analysis

A 4x concentrated sample buffer solution was used : 0.5ml Im Tris pH 6.8, 0.8ml 

glycerol, 1.6 mis 10% SDS, 0.1ml 0.1% w/v bromophenol blue and 0.4ml 2-(3- 

mercaptoethanol in a total volume of 8mls. Sample buffer was added to both molecular 

weight markers and protein samples, which were then boiled at 95°C for 

approximately 3 mins prior to loading.

2.14.2 Coomassie Blue Staining

The gel was placed in coomassie stain (0.1% w/v Coomassie blue R250 in 40%MeOH, 

10% acetic acid, 50% H2O) and left on a tilting plate for 1-2 hours. To visualise stained 

protein bands, the gel was destained with 40% MeOH, 10% acetic acid and 50% H2O 

for 3-4 hours until the background staining was reduced.

2.14.3 Silver Staining

The gel was placed in fixing solution (40% MeOH, 10% acetic acid, 50% H2O) on a 

tilting plate for a minimum of 30mins to precipitate proteins and allow SDS to diffuse 

from the gel. A 30mins incubation (it can be incubated overnight at this stage) in 30%

74



EtOH, 0.5M sodium acetate, 0.125% v/v glutaraldehyde (24% w/v) and 8mM sodium 

thiosulphate was followed by 3 x 5min washes in distilled water. The gel was then 

incubated for 40mins in 0.1% w/v sodium nitrate, 0.02% v/v formaldehyde and then 

developed for approximately 15min or until the protein bands can be visualised in 

232mM sodium carbonate, 0.01% v/v formaldehyde. The reaction was stopped by the 

addition of 40mM EOT A.

2.15 Western Blotting

2.15.1 Transfer of Proteins to PVDF

The protocol for protein transfer is based on that of Towbin et al (237). Proteins were 

run on a polyacrylamide gel as described above. The unstained gel was then incubated 

in blotting buffer (25mM Tris, 192mM Glycine, 10% MeOH pH 8.3) for 30 mins. The 

PVDF Tmmobilon’ membrane was immersed in methanol, washed in distilled water 

and then equilibrated in blotting buffer. Filter paper and fibre pads which are required 

to make a blotting ‘sandwich’ were also soaked in blotting buffer prior to use. Once the 

gel was equilibrated, a ‘sandwich’ was assembled which consisted of a fibre pad, filter 

paper, gel, PVDF, and then more filter paper and a final fibre pad. The ‘sandwich’ was 

then placed in an electrophoretic transfer cell. The chamber was filled with blotting 

buffer, and transfer was carried out at 60v for 1 hour for small gels or for Ihr 15mins 

for large gels. The blotting ‘sandwich’ was disassembled and the membrane placed in 

PBS/Tween (phosphate buffered saline, 0.02% v/v Tween). To ensure efficient 

transfer, the blot was probed with indian ink (1:1000 dilution) to visualise the 

transferred proteins.

2.15.2 Antigen Detection

The indian ink solution was removed and the blot washed in PBS/Tween. The 

membrane was then incubated in blocking buffer (5% w/v dried milk powder, 2% v/v 

goat serum in PBS/Tween) for 1 hour. The primary antibody was diluted in PBS/tween 

and added to the blot. Following an incubation period; the secondary antibody which is 

conjugated to horseradish peroxidase (HRPO) was diluted in blocking buffer and 

added to the blot for 30mins. Finally the blot was extensively washed (at least 6 x 5 -  

lOmin washes) with PBS/Tween.
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Detection of ARF

Primary Antibody: A mixture of five anti-ARF rat monoclonal antibodies (prepared in 

collaboration with K. Willison at the Chester Beatty laboratory) were diluted 1:2 with 

PBS/Tween. The blot was incubated with the antibodies for 3hours at room 

temperature.

Secondary antibody: anti-rat, goat-HRPO conjugated antibody. Used at 1:4000 

dilution.

PIT? Detection

Primary antibody: The blot was incubated for 1 hour with a 1:500 dilution (in 

PBS/Tween) of an anti-PITP rabbit polyclonal antibody.

Secondary antibody: anti-rabbit-goat HRPO conjugated antibody. Used at 1:4000 

dilution.

2.15.3 ECL Detection

ECL-western blotting is a light emitting method for detecting antigens which are 

conjugated directly or indirectly to HRPO-labelled antibodies. The ECL detection kit 

consists of 2 solutions. One contains luminol which is oxidised by HRPO and 

hydrogen peroxide to generate an excited state, resulting in the emission of light. The 

second solution acts as an enhancer to amplify the light signal. The light signal can be 

detected by exposure to blue-tight sensitive autoradiography film (Hyperfilm ECL).

Equal volumes of the two solutions (2mls of each) in the ECL kit were added to the 

blot for Imin. The solution was drained and the blot wrapped in ‘clingfilm’. The blot 

was exposed to hyperfilm ECL for varying lengths of time (l-5min) to ensure a strong 

signal is observed, whilst background, non-specific detection is kept to a minimum.

2.15.4 Detection of ARF Release from Permeabilised Cells

HL60 cells were permeabilised in 8 mis for varying lengths of time with 0.4iu/ml SLO. 

At the required time points 1ml aliquots (2.4 x 10̂  cells) were removed and
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centrifuged at 2000 x g for 5mins at 4°C. The supernatant was removed and 100|il of 

100% TCA was added to it. Samples were then vortexed thoroughly and left on ice for 

30mins to allow the proteins to precipitate. The supernatant was removed following 

centrifugation at 11500 x g for 15mins at 4°C, and the precipitated proteins 

resiispended in 50|il of IM NaOH (bringing the total volume to 120|il). 120|il of IM 

Tris, pH 6.8 was then added to neutralise the sample.

In order to monitor the amount of ARF in the cells before and after permeabilisation, 

the cell pellet was resuspended in 900|il of PIPES buffer. Protease inhibitors were 

added (lOmM benzamidine, ImM DTT, Ifig/ml soyabean trypsin inhibitor, 5p.g/ml 

aprotonin, 2|iM pepstatin A, 100|iM TLCK, O.lmM leupeptin) and the samples were 

sonicated in 3 x 10 second bursts, followed by centrifugation at 2000 x g for 5mins at 

4°C to pellet the nuclei (Note: no ARF proteins were detected in the nuclei fractions, 

but the samples ran on SDS-PAGE and transferred better in their absence. Therefore 

the absence of the nuclei did not affect the observed quantities of ARF released from 

or remaining in the cells) The post nuclear supernatant was TCA treated as above to 

precipitate the proteins which remained in the cells after permeabilisation.

Sample buffer was added, and the samples loaded onto a 14% gel at 10  ̂ cells/lane. 

Proteins were transferred to PVDF and probed with anti-ARF monoclonal antibodies.

2.16 Expression of Data

The results illustrated are representative of at least three experiments. All 

determinations were carried out in duplicate except the assaying of column fractions.

The increase in [^H]-choline release is expressed as a percentage of the total 

radioactivity incorporated into the cells (effectively into PC). In order to monitor the 

amount of radioactivity incorporated into the lipids, 250|il CHCEiMeOH (1:1) was 

added to an aliquot of the cells used in the assay to generate a single phase system. A 

two phase system was obtained by the addition of 125|il H%0. Folowing centrifugation 

at 2000 X g for 5mins, the lipid phase was removed and transferred to a scintillation 

vial. The chloroform was evaporated overnight at room temperature. 4mls of
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scintillation fluid (Ultimagold-XR) was added to the dried lipid and radioactivity was 

then counted on a liquid scintillation counter.

p-Hexosaminidase release is expressed as a percentage of the total p-hexosaminidase 

in the cells. 100% p-hexosaminidase was measured by lysing an aliquot of cells with 

0.5% Triton-X-100 and monitoring the resulting fluoresence on incubation with the 

enzyme substrate. Secreted hexosaminidase was then expressed as a percentage of the 

total.
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Chapter 3

Purification and Identification of ADP-Ribosylation 

Factor (ARF) as the Cytosolic Factor Required to 

Restore GTPyS-dependent PLD Activity.

3.1 Introduction

In neutrophils and differentiated HL60 cells, there are several receptors which are 

coupled to heterotrimeric G-proteins. Activation of some of these receptors including 

those for fMLP (47,62,64,82), ATP (82), leukotriene B4 (64) and C5a (6 6 ) result in the 

stimulation of PLD activity. Non-hydrolysable OTP analogues such as GTPyS (which 

activates both heterotrimeric and monomeric G-proteins) robustly stimulate PLD 

activity in permeabilised cells and cell-free preparations from both HL60 cells

(62.70.71) and neutrophils (72,73); further demonstrating a requirement for G-proteins 

in the regulation of PLD.

Protein factors from both cytosolic and membrane fractions are required for GTPyS- 

stimulated PLD activity in neutrophils (72) and HL60 cells (83). Permeabilisation 

studies have demonstrated that GTPyS-stimulated PLD activity diminishes when cells 

are permeabilised for increasing lengths of time before agonist (GTPyS) addition

(70.71). This indicates that essential cytosolic factors leak from the cells which results 

in the observed loss of PLD reponsiveness. If the cells were permeabilised in the 

presence of GTPyS, the loss of activity was retarded, indicating that the protein factors 

required are prevented from leaking out of the cells (70,71).
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When this study was initiated, the G-proteins and cytosohc factors which are involved 

in the activation of GTPyS-dependent PLD activation were unknown. In order to 

identify the cytosolic component(s) required for PLD activation, a permeabilised cell 

system was used. The cytolytic toxin streptolysin O (SLO) generates lesions in 

membranes which allows cytosolic macromolecules such as lactate dehydrogenase to 

leak out of the cell and smaller molecules such as GTPyS to rapidly enter (139), thus 

allowing the intracellular environment to be manipulated. When SLO is added in the 

presence of the agonist GTPyS, the cells are referred to as ‘acutely permeabilised’ and 

a robust stimulation of PLD activity is observed (Fig 3.1, time 0). As the time of 

permeabilisation before agonist addition increases there is a corresponding decrease in 

GTPyS-dependent activation of PLD (Fig 3.1 and (62,225)).

A reconstitution system was employed, where HL60 cells were permeabilised with 

SLO to allow cytosolic proteins to leak from the cells. The cell preparation was then 

washed, to remove the cytosol and these cells are then referred to as cytosol-depleted 

cells. Cytosolic components can then be added in order to establish whether they can 

support GTPyS-stimulated PLD activity. A reconstituting cytosohc factor was 

identified as the monomeric G-protein, ADP-ribosylation factor (ARF) and the 

purification and characterisation of this entity is described in this chapter.

3.2 Cytosol restores GTPyS-stiniulated PLD activity in cytosol-depleted cells

When cytosol prepared from rat brain (Fig 3.2a) or HL60 cells (Fig 3.2b) is added to 

cytosol-depleted cells GTPyS-dependent PLD activity is restored in a dose-dependent 

and Ca^  ̂ dependent manner. The observation that both homologous and heterologous 

reconstitution results in the stimulation of GTPyS-dependent PLD activity indicates 

that the cytosolic factor which restores PLD activity is a ubiquitous protein.

The reconstituting factor was partially purified from rat brain cytosol and found to 

have an apparent molecular mass of 16kDa (225). The cytosol-depleted cell system 

was then used to purify the factor to homogeneity from bovine brain.
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Fig.3.1 GTPYS-dependent PLD Activity Diminishes as the Time of 

Permeabilisation Increases.

-choline labelled HL60 cells were washed in PIPES buffer and permeabilised with 

0.6 i.u./ml SLO at pCa7. At the indicated time points 50fil aliquots were removed and 

incubated for a further 20 mins with an equal volume of cocktail (2mM MgCli, ImM 

Mg ATP, 10|iM Calcium), in the absence (open circles) or presence (filled circles) of 

lOfiM GTPyS. The reaction was terminated and assessed for the release of [^H]- 

choline.
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Fig.3.2 Cytosol From Both Rat Brain [a] and HL60 Cells [b] Is Able To 

Reconstitute PLD Activity.

HL60 cells were permeabilised with 0.6 i.u./ml SLO for 30mins. The cells were then 

incubated for 20mins at 37°C at either pCa7 or pCa5 and in the presence or absence of 

GTPyS (10|iM). [a] Rat brain cytosol or [b] HL60 cytosol (HL60 cytosol prepared by 

B.Geny) were added at the indicated concentrations in a lOOjil assay volume

82



3.3 Purification of the reconstituting factor

The reconstituting factor was purified according to a protocol devised by G.M.H. 

Thomas, (Fig. 3.3) and the initial chromatography was carried out by him. Bovine 

brain cytosol was prepared and a 40-70% ammonium precipitation performed. 

Following suspension and extensive dialysis the precipitated proteins were 

chromatographed on an anion exchange (DE-52) column. The eluted fractions were 

assayed for their ability to reconstitute GTPyS-dependent PLD activity in cytosol- 

depleted cells (Fig.3.4).

Two complementary methods were used for monitoring PLD activity 1) [^H]-choline 

release and 2) the production of -phosphatidylethanol (PEt). To monitor [^H]PEt 

production, the cells were labelled with [^H]-lyso-PAF. When PLD is activated, 

phosphatidylcholine (PC) is hydrolysed to produce phosphatidic acid (PA) and free 

choline (47). In the presence of alcohols, such as ethanol, a transphosphatidylation 

reaction takes place where ethanol acts as the nucleophile instead of water and PEt is 

produced at the expense of PA (44). PEt is a more stable product than PA and therefore 

is a very reliable monitor for PLD activity. Initially PEt production was used to 

monitor PLD activation, but the choline release assay gave identical results (Fig. 3.4- 

3.6a (230)) and was therefore an equally reliable method for monitoring PLD activity. 

The choline release assay is a far less time-consuming assay and was therefore used to 

assay the majority of purification runs.

Thî active fractions from the DE-52 column were pooled and sequentially 

chromatographed on Heparin Sepharose (Fig 3.5) and Superdex-75 (Fig 3.6a). In both 

cases a single peak of reconstituting activity was observed. The active fractions which 

eluted from Superdex-75 were further chromatographed in a 2 step process on a 

hydrophobic interaction (Phenyl- Superose) column. Initially a step gradient was used 

to separate the active fractions from the major contaminating proteins (Fig.3.6b). These 

fractions were then pooled and chromatographed once again on the phenyl superose 

cobmn using a decreasing ammonium sulphate gradient. Two peaks of activity were 

observed (Fig. 3.7a) Analysis by SDS-PAGE showed that the activities corresponded 

to homogenous proteins with a molecular weight of ~20kDa. The proteins were
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Bovine Brain Cytosol

Ammonium Sulphate Precipitation (40-70%)

DE52 weak anion exchange

Heparin Sepharose

1

Superdex-75 (gel filtration)

1
Phenyl Superose (hydrophobic interaction)

1

Phenyl Superose or Mono-S (cation exchange)

Fig. 3.3 Purification scheme for the PLD reconstituting factor from bovine brain 

cytosol.
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Fig. 3.4 Chromatography on a weak anion exchange-DE-52-coIumn.

Ammonium sulphate precipitated proteins were loaded onto a DE-52 column and 

eluted with an increasing NaCl gradient. Eluted fractions were assayed for their ability 

to support GTPyS-dependent PLD reconstitution. Permeabilised cells (30 mins) were 

incubated for 20mins in the presence of the indicated fractions and 10|iM GTPyS at 

pCa5 in the presence of ImM MgATP. PLD activity was monitored by the production 

of [^H]-choline (filled circles) or [^H]-PEt production (open circles). Elution of 

proteins is indicated by the dotted line.
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Fig. 3.5 Heparin Sepharose chromatography.

Active fractions from the DE-52 column were concentrated and chromatographed on a 

Hi-Trap Heparin Sepharose column. Proteins were isocratically eluted at zero salt and 

the fractions assayed for GTPyS-dependent PLD reconstitution as in the legend to 

Fig. 3.4.
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[a] Superdex-75 Gel Filtration Chromatography.

Active fractions eluted from the Heparin Sepharose column were concentrated and 

loaded on a Superdex-75 column. Eluted fractions were assayed for PLD 

reconstitution.

[b] Phenyl Superose (First Step) Chromatography.

Reconstituting fractions eluted from Superdex-75 were pooled. (NH4)2S0 4  was added 

to the sample to give a final concentration of 340mM. Proteins were eluted at 340mM 

(NH4)2S0 4 . Once the initial large peak of proteins (dotted line) had eluted, the 

remaining proteins were eluted at zero salt. [^H]-choline release was measured.
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[a] Phenyl Superose (second step)

Active fractions eluted from the initial phenyl superose run were pooled and 

(NH4)2S0 4  was added to a final concentration of 800mM. Proteins were eluted with a 

decreasing (NH4)2S0 4  gradient. Fractions were assayed for [^H]-choline release. The 

reconstituting activity which was monitored by the release of [^H]-choline, eluted as 

two distinct peaks.

[b] SDS-PAGE Analysis of the Phenyl Superose Fractions.

This 14% gel was run by G.M.H. Thomas and stained with Coomassie Brilliant Blue. 

The reconstituting activities correspond to homogenous proteins of 2()kDa.
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excised from the gel and sequenced by J.Hsuan and N.Totty at the Ludwig 

Institute. The proteins were identified as the small GTP-binding proteins ADP- 

ribosylation Factor 1 (ARF 1) (the first peak of activity) and ARF3 (second peak) 

(Fig.3.8). ARF was originally identified as a protein cofactor required for the ADP- 

ribosylation of Gsa by cholera toxin (238), but more recently has been shown to be 

involved in vesicular trafficking (33-35) and to be required for secretion in yeast (31).

ARF 1 and ARF3 have previously been separated by cation exchange chromatography

(231), therefore to further confirm the identity of the reconstituting factors, material 

from the first phenyl superose step were chromatographed on a cation exchange 

column (Mono-S) and as expected two peaks of GTPyS-dependent activity were 

observed (Fig.3.9).

3.4 Characterisation of ARF-dependent PLD activation

The characterisation of the ARF-dependent stimulation of GTPyS-dependent PLD 

activation was carried out using ARFl. Due to very low yields of ARF3 it was not 

possible to significantly characterise the effect of this protein on PLD activation. 

Reconstitution of GTPyS-dependent PLD activity was dependent on the concentration 

of ARFl (Fig.3.10). Saturation of the response was not observed at the concentrations 

used. It was not possible to test significantly higher concentrations of ARFl due to a 

limited amount of available protein and therefore the response may be saturable.

Activation of PLD by ARFl is dependent on the concentration of GTPyS added 

(Fig.3.1 la) and was maximal at 10p.M. Other GTP analogues were also effective in 

stimulating ARF-dependent PLD activity (Fig.3.1 lb).The order of potency for the 

nucleotides is: GTPyS »GMP-PCP>GMP-PNP while GTP is essentially ineffective.

ARFl-dependent PLD activation was stimulated at lOOnM Câ "̂  (Fig 3.10 & Fig. 

3.12a) but was greatly enhanced in the presence of 10p,M Ca^^ (Fig.3.10 & Fig.3.12b). 

The response was linear for at least 1 hour irrespective of the Ca^^ concentration 

(Fig.3.12).
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1 50

ARF 1 MGNIFANLFKGLFGKKEMRILM VGLDAAGKTTILYKLKLGEIVTTIPTIG
ARF3  G N - L — S -I ................................................................................................................

ILMVGLDAAGK LGEIVTTIPTIG
TTILYK LGEIVTTIPTIG

51 100
ARF 1 FN VETVEYKNISFT VWDVGGQDKIRPLWRH YFQNTQGLIF V VDSNDRER V
ARF3 .............................................................................................................

FNVETVEYK IRPLWR
NISFTVWDVGGQDK HYFQNTQGLEFVVDSNDRER

FNVETVEYK
NISFTVWDVGGQDK HYFQNTQGLIFWDSNDRER

101 150
ARF 1 NEAREELMRMLAEDELRDAVLLVFANKQDLPNAMNAAEITDKLGLHSLRH
ARF3 -----------------------------------------------------------------------------------

MLAEDELRDACLLVFANK
QDLPNAMNAAEITDK

LGLHSLR
QDLPNAMNAAEITDK

151 181
ARF 1 RNW YIQATCATSGDGLYEGLDWLSNQLRNQK

NWYIQATCATSGDGLYEGLDWLSNQL
DWLANQLKNKK

Fig. 3.8 Identification of the Two Reconstituting Activities as ARFl and ARF3.

Samples from both of the peaks of activity eluted from the phenyl superose column 

were sequenced by J.Hsuan and N.Totty at the Ludwig Institute. Peptides derived from 

peak 1 protein are shown in plain and those from peak 2 in italics. Identical sequence is 

denoted by a dashed line and differences between ARFl & ARF3 are shown in bold 

type.
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Fig. 3.9 Mono-S Chromatography.

Active fractions from the initial phenyl superose stage were pooled and buffer 

exchanged into 50mM Malonic acid at pH5.35. Proteins were eluted (dotted line) with 

an increasing NaCl gradient. Fractions were assayed for [^H]-choline release.
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Fig. 3.10 Dependence of GTPyS-dependent PLD activity on ARFl Concentration.

[^H]-choline labelled cells were permeabilised for SOmins with 0.6 i.u./ml SLO. Cells 

were then incubated in the presence of the indicated concentrations of ARFl (50p.l 

assay volume) at pCa7 (circles) or pCa5 (triangles) in the absence (open symbols) or 

presence (filled symbols) of 10p.M GTPyS. After a 20min incubation at 37°C the 

samples were quenched and processed to assess [^H]-choline release.
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[a] Stimulation of ARFl-dependent PLD Activity is Dependent on the 

Concentration of GTPyS.

Permeabilised (30 mins) cells were incubated for 20mins with increasing 

concentrations of GTPyS as indicated. Incubations were at pCa5 in the absence (open 

circles) and presence (filled circles) of 7|ig/ml ARFl (assay volume of 5()|il). 

Following quenching, samples were assayed for release of [^H]-choline.

[b] Effect of GTP Analogues on ARF-dependent PLD Activity.

Cells were incubated with various GTP analogues. All the analogues were used at 

lOOpM except GTPyS which was used at lOpM. Assay conditions were as in (a).
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Fig. 3.12 Time Dependence of ARFl-stimuIated PLD Activity at pCa7 [a] and 

pCa5 [b].

Permeabilised cells were incubated for 20mins at 37°C for increasing lengths of time 

as indicated. Incubations were at [a] pCa7 or [b] pCa5 in the absence (circles) or 

presence (triangles) of 7|ig/ml ARFl (50|il assay) and with (filled symbols) or without 

(open symbols) 10|iM GTPyS. Incubations were assayed for [^H]-choline release.
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3.5 Effect of Brefeldin A on ARF-dependent PLD Activation

The fungal metabolite Brefeldin A (BFA) has been shown to prevent the interaction of 

ARF proteins with membranes (37). BFA prevents this association by preventing 

guanine nucleotide exchange(239,240). As expected for an ARF dependent reaction, 

BFA was able to inhibit reconstituted PLD activity (Fig. 3.13). 75% ± 5% (n=3) 

inhibition was observed withlOOpM BFA

3.6 Inhibition of PLD Activity by PC Liposomes

Two pools of A R F g tp , associated with membranes have been identified (241). One 

pool can be extracted by PC liposomes and is said to be ‘loosely bound’. The second 

pool is ‘tightly bound’ and is thought to be associated with a target protein resulting in 

the inability to extract this population. ARFl added to cytosol-depleted cells is inactive 

(i.e. A R F g d p )  as indicated by the requirement for GTPyS for ARF-dependent PLD 

reconstitution. Once guanine nucleotide exchange and membrane association has 

occurred, PLD can be stimulated. Therefore, as further evidence that PLD stimulation 

is dependent on the presence of ARF, PC liposomes were utilised. PC liposomes 

should compete with the cellular membranes for ARFgtpyS which would result in the 

inhibition of ARF-dependent PLD activity. ARFl-dependent PLD activity was 

inhibited as the concentration of PC liposomes was increased (Fig.3.14).

3.7 Purification of recombinant ARFl (rARFl).

Due to the limitations imposed by small amounts of purified protein and the lengthy 

procedure required for purification, rARFl was produced. E.coli expressing rARFl 

were used. Purification of rARFl was based on the method of Randazzo and Kahn

(232).Following lysozyme and Triton-X-100 treatment, a high speed supernatant was 

obtained which was loaded onto a DE-52 column. After batch elution with 50mM 

NaCl, the sample was chromatographed on a Superdex-75 gel filtration column. 

Eluted fractions were assayed for their ability to reconstitute GTPyS-dependent PLD 

activity in cytosol-depleted cells (Fig.3.15a). The active fractions are relatively pure 

(approx.85-90%) when assessed by SDS-PAGE (Fig.3.15b). The active fractions 

obtained after subsequent chromatography on Mono-S (Fig. 3.16a) were analysed by 

SDS-PAGE and shown to contain pure rARFl (Fig. 3.16b).
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Fig. 3.13 Effect of Brefeldin A on ARFl-dependent PLD Reconstitution.

Permeabilised cells were incubated ±10|iM GTPyS, ± 7|ig/ml (lOOpl assay volume) 

ARFl at pCa5 in the absence (open bars) and presence (filled bars) of lOOpM BFA. 

Following a 20mins incubation samples were analysed for [^H]-choline release.

96



1 /5

T3
X

2

1

+ARF1

O  Control

0

20 1

[PC Liposomes] (mM)

Fig. 3.14 Inhibition of ARF-Dependent PLD Activity By PC Liposomes.

Permeabilised cells were incubated in the presence of increasing concentrations of PC 

liposomes as indicated. Incubations were performed at pCa5, in the presence of 10p,M 

GTPyS in the presence (filled symbols) or absence (open symbols) of 7|ig/ml (50|il 

assay) ARFL After a 20 mins incubation [^H]-chohne release was monitored.
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Fig. 3.15

[a] rARFl Purification -Superdex-75.

Following batch elution from a DE-52 column the sample was concentrated and 

loaded onto Superdex-75. Eluted protein is indicated by a dotted line. Eluted fractions 

were assayed for [^H]-choline release in the presence of pCa5 and lOjiM GTPyS.

[b] SDS-PAGE Analysis of Superdex-75 Fractions. Active fractions eluted from 

Superdex-75 were run on a 14% gel and stained with Coomassie Brilliant Blue. 

Staining reveals that rARFl is 85-90% pure at this stage.
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[a] rARFl Purification- Mono-S.

Active fractions eluted from Superdex-75 were pooled and buffer exchanged into 

50mM Malonic acid at pH5.35 and loaded onto Mono-S. Proteins were eluted (dotted 

line) with an increasing NaCl gradient. Fractions were assayed for [^H]-choline release 

as described in the legend to Fig.3.15a.

[b] SDS-PAGE Analysis of Mono-S Fractions.

Active fractions from the Mono-S column were run on a 14% gel and stained with 

Coomassie Brilliant Blue.

99



The active fractions were pooled and buffer exchanged into 20mM Pipes, 137mM 

NaCl and 3mM KCl and concentrated. In order to stabilise the protein ImM MgCl2 

and l|iM  GDP were added before storage at -70°C.

3.8 Characterisation of rARFl-dependent PLD Activation

Like the native protein, the reconstitution of PLD activity was dependent on the 

concentration of rARFl added (Fig. 3.17a) although higher concentrations were 

required in comparison to the native protein. The response rARFl elicited was GTPyS- 

dependent (Fig.3.17a) and also showed the same time dependence (Fig.3.17b) as the 

native protein.

3.9 Conclusion

When HL60 cells are permeabilised with SLO for increasing lengths of time the abihty 

of GTPyS to stimulate PLD activity is diminished implying that a cytosohc factor is 

required.(225)(62). Activity could be restored by the addition of cytosol from rat brain 

or HL60 cells (225) indicating that the factor is a ubiquitous protein . The cytosolic 

factor required for the reconstitution of GTPyS-dependent PLD activity was purified to 

homogeneity from bovine brain cytosol, sequenced and identified as the small GTP- 

binding protein, ADP-ribosylation factor (ARF) (230). Recently using an in vitro 

system Brown et al have also shown that ARF is required for PLD activity (109).

Both ARFl & ARF3 -which are 96% homologous (242)- were shown to reconstitute 

PLD activity. ARFl was used to characterise PLD reconstitution due to limited 

amounts of ARF3 being available. Reconstitution of PLD activity was dependent on 

the concentration of ARFl added, and required the presence of a guanine nucleotide 

for activation. Activation was linear for one hour and elevated Câ "̂  levels elicited a 

greater response.
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Fig. 3.17

[a] Dependence of PLD Reconstitution on rARFl Concentration.

HL60 cells were permeabilised for SOmins and then incubated with increasing 

concentrations of rARFl as indicated (50|il assay). Incubations were for 20mins at 

37°C at pCa5, ± lOpM GTPyS. Following quenching, samples were analysed for [^H]- 

choline release.

[b] Time Dependence of rARFl Reconstituted PLD Activity.

Permeabilised cells were incubated for varying lengths of time as indicated. Assay 

conditions were as described in [a]. Incubations were in the absence (circles) or 

presence (triangles) of 1.44mg/assay rARFl.
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To further show that ARF is indeed the factor required for the reconstitution of PLD, 

brefeldin A, an inhibitor of the ARF guanine nucleotide exchange factor, (239,240) 

and PC liposomes, which can extract ‘loosely bound’ ARF from membranes (241) 

were utilised. As expected, both these reagents inhibited ARF-dependent PLD activity.

Recombinant non-myristoylated ARFl (non-myr-rARF 1 ) was prepared and shown to 

reconstitute GTPyS-dependent PLD activity. Results obtained with the recombinant 

protein were similar to those produced by native ARFl except higher concentrations of 

rARFl were required compared to the native protein to elicit a similar response. This is 

attributed to the lack of N-terminal myristoylation on the recombinant protein which 

has been shown to be required for the interaction of ARF with membranes (243) but 

not the in vitro cholera-toxin catalysed ADP-ribosyltransferase activity (243). Other 

studies have also demonstrated that PLD can be activated by non-myristoylated ARF 

proteins (55,57), indicating that this lipid modification is not essential for the 

stimulation of PLD.

In conclusion, ARFl & ARF3 have been purified to homogeneity from bovine brain 

and shown to be required to restore GTPyS-dependent PLD activity in cytosol-depleted 

HL60 cells.
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Chapter 4

An N-terminal peptide of ARFl -(ARFl (2-17)) 

Inhibits PLD Activity and Secretion.

4.1 Introduction

The small GTP-binding protein ARF, was shown to be required for PLD stimulation in 

HL60 cells (Chapter 3 (109,230). Through the use of a peptide corresponding to the 

first 16 amino acids of ARFl, ARF has been implicated in various vesicular trafficking 

events including ER-czj-Golgi transport (35), endosome-endosome fusion (34), the 

budding of coated vesicles from the Golgi (33) and in exocytosis in chromaffin cells 

(244).

In addition to stimulating PLD activity, GTPyS also stimulates exocytosis in a variety 

of ceUs including neutrophils (8 ), differentiated HL60 cells (62), mast cells (156,165) 

and eosinophils (155). In many cells, exocytosis is inhibited by the presence of primary 

alcohols such as ethanol (62,64,74,82,121). Alcohols interfere with the production of 

PA by PLD, by diverting it to form phosphatidylalcohols. The time course of PA 

production also closely correlates with exocytosis in neutrophils (46). These 

observations indicate that there maybe a link between PLD activity and exocytosis.

Alcohols are not very specific in their actions, and therefore it was important to find an 

alternative method for inhibiting PLD activation, in order to determine whether or not 

PLD activation and therefore the production of PA is involved in exocytosis.

The identification of ARF as an activator of PLD provided us with a potential 

inhibitory tool in the previously characterised inhibitory ARFl(2-17) N-terminal
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peptide. The 16 amino acid peptide -ARFl (2-17)- was produced by Oanh Troung at 

the Ludwig Institute and utilised to investigate the effect of this protein on PLD 

activity and regulated secretion.

4.2 ARF1(2-17) Inhibits PLD Restoration by ARF

ARFl-reconstituted PLD activity was inhibited by ARFl (2-17) in a concentration- 

dependent manner (Fig.4.1). Maximal inhibition was observed with 30p,M peptide. 

The small response elicited by GTPyS in the absence of added ARF proteins was also 

inhibited by the peptide.

Stimulation of PLD activity by GTPyS in acutely permeabilised cells is presumed to 

utilise endogenous ARF proteins and therefore it would be predicted that ARFl (2-17) 

would also inhibit this response. In addition to stimulating PLD activity, GTPyS also 

stimulates secretion in acutely permeabilised HL60 cells and a correlation between 

these two responses has been reported (62). In view of this observation and the well 

documented roles for ARF in vesicular trafficking the effect of ARF 1(2-17) on 

secretion was also investigated.

4.3 ARF1(2-17) Inhibits Endogenous PLD Activity and Secretion

ARFl (2-17) inhibited both PLD activity and secretion with a similar concentration 

dependence (Fig. 4.2) and in both cases, maximal inhibition was observed at 30pM . 

Various components of secretion can be identified in acutely permeabilised HL60 cells 

(62,139). Both Câ "̂  (pCa5) and GTPyS alone can promote sub-maximal secretion but 

only in the presence of MgATP. If these activators are added together then MgATP 

independent secretion is observed whilst maximal secretion occurs in the presence of 

Câ "̂ , GTPyS and MgATP. ARFl (2-17) was able to inhibit all these components of 

secretion indicating a potential role for ARF proteins in secretion (Table 4.1).
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Fig. 4.1 Inhibition of ARFl-reconstituted PLD Activity in Cytosol-depleted Cells 

by ARFK2-17).

[^H]-choline labelled HL60 cells were permeabilised for 30 minutes. The washed cells 

were incubated in the presence of the indicated concentrations of ARFl (2-17) in the 

absence (open symbols) and presence (filled symbols) of GTPyS (10|iM) for 30 

minutes at 37 °C. Assays were performed in the presence (triangles) and absence 

(circles) of 12.5|ig/ml ARFl. [^H]-choline release was assayed as previously described.
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Fig. 4.2 Effect of ARF1(2-17) on [a] PLD Activity and [b] Secretion in Acutely 

Permeabilised Cells.

[^H]-choline labelled cells were incubated with increasing concentrations of ARFl(2- 

17) in the absence (open circles) and presence (filled symbols) of 10|iM GTPyS and

0.6i.u/ml SLO, for 10 minutes. Following quenching, a 50|il aliquot was removed and 

assayed for hexosaminidase secretion. The remaining 50|il was monitored for the 

release of [^H]-choline.
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% Hexosaminidase release

-MgATP +MgATP

Control +ARF1(2-17) Control +ARF1(2-17)

pCa7 6 6 6 9

pCa7+GTP7S 7 6 18 9

pCaS 6 6 12 9

pCaS+GTPyS 27 7 50 10

Table 4.1 Inhibition of All the Components of Secretion in HL60 Cells by 

ARF1(2-17).

HL60 cells were washed twice and equilibrated for 15 minutes at 37°C. The cells were 

metabolically inhibited with 1 mg/ml deoxyglucose and 0.5|il/ml 5mM Antimycin A 

for 5 mins and then incubated for 10 minutes in the presence of streptolysin O (0.6

i.u./ml) with Ca^* buffers, GTPyS (10(lM), MgATP (ImM) and ARF1(2-17) (30^tM) 

as indicated. Incubations were quenched on ice and then centrifuged. 50|il of the 

supernatant was analysed for the release of hexosaminidase.
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A 14 amino acid control peptide from the EGF receptor phosphorylation site (referred 

to as EGF-Rc) with no sequence homology to ARFl (2-17) (see Table 4.3) was made 

by Oanh Troung from the Ludwig Institute. This peptide was unable to inhibit either 

PLD activity or secretion in acutely permeabilised cells (Table 4.2). This result implies 

that the inhibition observed with ARF 1(2-17) is specific and that ARF is important for 

secretion in HL60 cells. However, the structure that ARF 1(2-17) adopts has been 

suggested to be more important than the primary sequence of this peptide (33).

ARFl(2-17) is an amphipathic peptide which has been shown to adopt an a-helical 

structure in hydrophobic environments. Kahn et al (33) illustrated that the N-terminal 

residues of hARFl and hARF4 were both able to inhibit ER to Golgi transport. Both 

peptides are amphipathic and form a-helices; however they only share 50% sequence 

homology which indicates the possible importance of the secondary structure of these 

peptides in their observed effects. As a result of this observation, another 

amphipathic peptide which is known to adopt an a-helical structure (245,246) - 

Mastoparan- was utilised to investigate the specificity of ARF 1(2-17) inhibition.

Two forms of Mastoparan were used - Mastoparan Vespula lewisii (referred to as 

mastoparan V.) and mastoparan Polistes jadwagae (referred to as mastoparan P.) A 

comparison of the amino acid composition of the mastoparans and ARF 1(2-17) is 

shown in Table 4.3.

4.4 Inhibition of Secretion and PLD Activity by Mastoparan

Like with ARFl (2-17), both forms of mastoparan inhibited both PLD activity 

(Fig.4.3a) and secretion (Fig.4.3b) in a concentration dependent manner. Although all 

3 peptides inhibited secretion, mastoparan P. was not quite as effective as the other 2 

peptides. The inhibition of PLD activity and secretion by mastoparan implies that the 

secondary structure of the peptide rather than the primary sequence is important for the 

observed inhibition and therefore brings the specificity of ARFl(2-17) into question.
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PLD Activity - % Hydrolysis (PC)

Control +GTPyS

Pipes buffer 2.78 9.6

EGF-Rc 2.21 9.26

ARF1(2-17) 1.18 1.68

Secretion - % Hexosaminidase release

Control +GTPyS

Pipes buffer 20 43

EGF-Rc 18 41

ARFK2-17) 14 19

Table 4.2 A 14 Amino-acid Peptide From The EGF Receptor Is Unable To 

Inhibit PLD Activity and Secretion in Acutely Permeabilised Cells.

[^H]-choline labelled cells were equilibrated at 37°C for 20 minutes. Cells were 

incubated in the presence of streptolysin O (0.4 i.u./ml) for 10 minutes at pCa5 with 

ImM MgATP. Incubations were in the presence or absence of lOpM GTPyS with the 

indicated peptide at 30|iM. Assays were quenched on ice and centrifuged. 50^il of the 

supernatant was analysed for hexosaminidase release and the remaining 50|il was 

quenched with CHClgzMeOH and monitored for [^H]-choline release.
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Peptide Sequence

ARFK2-17) G N I F A N L F K G L F G K K E

Mastoparan V. I N L K A L A A L A K K I L

Mastoparan P. V D W K K I G Q H I L S  V

EGF-Rc D D T F L P y P E Y I N Q S

Table 4.3 Comparison of peptide sequences.

Letters that are in bold and underlined indicate hydrophobic residues.
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Fig. 4.3 Inhibition of [a] PLD Activity and [b] Secretion by Mastoparan Peptides 

in Acutely Permeabilised Cells.

Washed [^H]-choline labelled cells were incubated for 10 minutes at 37°C in the 

presence of streptolysin O, pCa5, ImM MgATP and in the presence (filled symbols) 

and absence (open symbols) of 10|iM GTPyS. The presence and concentration of 

added peptides is as indicated. Following quenching on ice, half the assay volume was 

monitored for hexosaminidase release and the other half for [^H]-choline release.



4.5 Conclusion

ARFl(2-17) has been extensively used to elucidate the role of ARF in vesicular 

trafficking and was used to investigate it’s role in PLD signalling. PLD activity 

reconstituted by ARFl, and GTPyS-dependent PLD stimulation in acutely 

permeabilised cells were both inhibited by ARFl (2-17). In addition a role for ARF in 

secretion in HL60 cells was suggested by the inhibition of this response by ARFl (2- 

17).

Specific inhibition by ARFl(2-17) was suggested by experiments utilising a control 

peptide (EGF-Rc) with no primary sequence homology to ARFl (2-17). Inhibition of 

PLD activity and secretion by mastoparan peptides however, indicated that the 

secondary structure of the peptides was important. The equally spaced hydrophobic 

residues in ARFl (2-17) (Ileu-Phe-X-X-Leu-Phe-X-X-Leu-Phe) result in the formation 

of an a-helix with all the charged residues aligned on the same face of the helix (33). 

Mastoparan peptides also form a-helices (245) (246). Mastoparan V. has regularly 

spaced hydrophobic residues (Leu-X-X-Leu-X-X-Leu) like ARFl (2-17) whilst those in 

mastoparan P. are not so regularly spaced. Mastoparan V. is therefore more likely to 

adopt an a-helical conformation that is very similar to ARFl(2-17) whereas that 

adopted by mastoparan P. may not be so similar This could account for the observed 

differences in behavior of mastoparan P. with respect to secretion compared to 

mastoparan V. and ARF 1(2-17) although all three peptides behaved similarly with 

regard to PLD activity.

Mastoparan has been shown to promote nucleotide exchange by G proteins (247) 

(170). A variety of responses are affected by mastoparan in Swiss 3T3 cells including 

stimulation of DNA synthesis (although high concentrations were cytotoxic) and the 

promotion of arachidonic acid release (248). PLC activity is stimulated by the peptide 

in intact differentiated HL60 cells but inhibited in permeabilised cells (249). Effects on 

membrane permeability have also been reported (250,251). Although ARFl (2-17) has 

not been shown to have such diverse effects as Mastoparan, it can not be ruled out as 

the effects of both these peptides seem to be related to their structure.

112



ARF proteins are unable to reconstitute PLCp activity under conditions where 

maximal stimulation can be obtained by the addition of PITP and PLCpl (E. 

Cunningham personal communication). Reconstituted PLCp activity with PITP 

however, can be inhibited by ARFl (2-17) (252). The effect of ARF 1(2-17) on an ARF- 

independent pathway illustrates that this peptide may not be as specific as originally 

thought and that results obtained with this peptide should be interpreted with caution.
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Chapter 5 

ARF Restores GTP7S-dependent Secretion 

in Cytosol-depleted HL60 Cells

5.1 Introduction

Activation of regulated secretion has been shown to require the stimulation of GTP- 

binding proteins in a variety of cells including neutrophils (8 ), mast cells (165), HL60 

cells (139) and adrenal chromaffin cells (164). It is postulated that in addition to a 

receptor-hnked heterotrimeric G-protein, a second G-protein (G e) was required which 

acts at a late stage in regulated secretion (165). In recent years, it has been shown that 

G-proteins are not only required in the initial and final stages of secretion but are 

required for almost every membrane trafficking event that takes place in both the 

exocytic and endocytic pathways (reviewed in (41)).

The small GTP-binding protein ARF, has been shown to be a vital component of the 

secretory pathway in yeast (31) and has been implicated in various vesicular transport 

events (33-35). The N-terminal peptide of ARF has been shown to inhibit GTPyS- 

dependent secretion in HL60 cells (252) and also Câ "̂  regulated secretion in 

chrom^fin cells (244). In addition to stimulating GTPyS - dependent PLD activity 

(109,230), these results indicate that ARF also plays an important role in the secretory 

pathway.

A correlation between the stimulation of secretion and PLD activity - indicated by the 

partial inhibition of secretion by ethanol- has been observed in both intact (82) and 

acutely-permeabilised (62) differentiated HL60 cells and also in electropermeabilised 

platelets (74). Inhibition of secretion is attributed to the reduction in PA levels and

114



consequent increase in PEt which would occur under these conditions. In view of this 

correlation between PLD activity and secretion, and the fact that ARF plays a role in 

both of these pathways, the ability of ARF to reconstitute secretion in cytosol-depleted 

HL60 cells was investigated.

5.2 Loss of GTPyS-dependent PLD Activity and Secretion Corresponds to the 

Loss of ARF Proteins From the Cells

When HL60 cells are stimulated with both GTPyS and Câ "̂  in the presence of the 

permeabilising agent SLO, there is a strong stimulation of both secretion and PLD 

activity (Fig. 5.1 time 0, (62)). As the time before agonist addition increases there is a 

concomitant loss of both PLD activity and secretion (Fig.5.1a) indicating a requirement 

for cytosolic factors for these reponses. ARF has been identified as a factor which is 

required for GTPyS-dependent PLD activity (230). The loss of PLD activity as the time 

of permeabilisation increases corresponds to the release of ARF from permeabilised 

cells (Fig. 5.1b). The similarity of the profiles for the loss of PLD activity, secretory 

competence and ARF release, and the discussed correlation between secretion and 

PLD activity discussed above, suggest that ARF could be one of the factors required 

for secretion in HL60 cells.

5.3 ARF Stimulates GTPyS-dependent Secretion

The fractions from the gel filtration stage of the ARF-purification scheme were tested 

for their ability to reconstitute both G-protein regulated PLD activity and secretion. A 

almost identical peak was observed for both responses (Fig.5.2a). The stained SDS- 

PAGE gel (Fig.5.2b) shows that there are two major proteins present in the active 

fractions. The 20kDa protein band is ARF proteins (ARFl and 3). The second protein 

has a molecular weight of 35kDa and is the phosphatidylinositol transfer protein 

(PITP) (135) . PITP was identified because of it’s ability to transfer PI or PC between 

different membranes (234). Recently, activation of GTPyS-dependent phospholipase C 

(PLC) has been shown to require PITP (135) and Hay and Martin identified a 

requirement for this protein in the priming stage of exocytosis in PC 12 cells (201). To 

establish that these fractions do contain PITP, they were assayed for their ability to 

transfer [^H]-PI. The profile of activity is shown in the inset of Fig.5.2a.
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[a] Loss of GTPTS-dependent PLD Activity and Secretion As the Permeabilisation 

Time Increases.

[^H]-choline labelled cells were incubated with streptolysin O. At the indicated time 

points, 50pl of cells were removed and incubated for a further 20 minutes in the 

presence of lOjiM GTPyS. Samples were quenched on ice and aliquots were monitored 

for hexosaminidase release and [^H]-choline release.

[b] Time-dependent Release of ARF Proteins From Permeabilised Cells.

HL60 cells were permeabilised and at the indicated time points, 1ml aliquots were 

removed and centrifuged. The proteins in the supernatants (released proteins) and the 

membrane fractions were precipitated with TCA. The proteins were redissolved in 

sample buffer. Equivalents of 10  ̂ cells per lane were run on a 14% SDS-PAGE gel, 

blotted and probed with anti-ARE antibodies.
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[a] Reconstitution of Secretion and PLD Activity by Superdex-75 Fractions.

Fractions eluted from Superdex-75 were assayed for their ability to support GTPyS- 

dependent secretion and PLD activity in the presence of pCa5 and 10|iM GTPyS. 

Fractions were also assayed for Pl-transfer activity (inset).

[b] SDS-PAGE Analysis Superdex-75 Fractions.

Active fractions from Superdex-75 were run on a 14% SDS-PAGE gel and stained 

with Coomassie Brilliant Blue. The location of ARF and PITP are indicated.
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Purified ARF and PITP were tested for their ability to reconstitute GTPyS-dependent 

secretion. Both ARF (a mixture of 90% ARFl and 10% ARF3) and PITP were able to 

stimulate the release of hexoseaminidase (Table 5.1.). Characterisation of the PITP 

response is presented in chapter 6 .

5.4 Characterisation of the ARF-regulated response

Due to the limited amount of native protein available, rARFl was utilised to 

characterise the effect of ARF on, GTPyS-dependent secretion. rARFl was purified as 

previously described in Chapter 3. For most of the experiments, PLD activity and 

secretion were monitored from the same assays in order to establish if there was any 

correlation or indeed discrepancies between these two responses.

The reconstitution of both secretion and PLD activity was dependent on the 

concentration of rARFl added (Fig. 5.3). An almost identical profile was observed for 

both responses. The time course for ARF-stimulated secretion increased steadily for 1 

hour although linearity was lost at later time points (Fig.5.4a). ARF-dependent PLD 

activity remained hnear for up to 1 hour (Fig.5.4b).

MgATP was required for optimal responses to both secretion and PLD activity (Fig. 

5.5), but rARFl stimulated GTPyS-dependent secretion showed a greater dependence 

on MgATP than PLD activation. If the cells were permeabilised for 30 minutes, the 

ability of rARFl to restore PLD and secretion in the presence of MgATP was 

dramatically reduced. Whilst some restoration of PLD was observed with rARFl plus 

GTPyS, this was not observed for secretion. This indicates that other factors are also 

required for optimal restoration of secretion and PLD. A requirement for MgATP for 

both PLD activity and secretion in acutely permeabilised HL60 cells has been 

previously described (62). Regulated secretion is known to be partly MgATP 

dependent (2,62,144,145) and more specifically, the priming stage of secretion in 

PCI2 cells was identified as the MgATP dependent step in Ca^^ regulated secretion 

(158).
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% Hexosaminidase secretion

Control +ARF +PITP

pCa7 2 2 2

pCaS 3 2 2

pCaS+GTPyS 11 22 18

Table 5.1 Reconstitution of GTPyS-dependent Secretion by ARF and PITP.

HL60 cells were permeabilised for 10 minutes with 0.6 i.u./ml streptolysin O. The cells 

were then washed and incubated for 10 minutes at 37 °C in the presence of the 

indicated Ca^  ̂ buffers; with or without lOpM GTPyS. Incubations were performed in 

the presence and absence of the indicated purified proteins. Purified ARF is a mixture 

of 90% ARFl and 10% ARF3. 42.5|ig/ml of ARF and 13.75|ig/ml of PITP were 

utilised in a total assay volume of 100|il. The incubations were quenched on ice and 

centrifuged. An aliquot (50|xl) of the supernatant was monitored for the release of 

hexosaminidase.

119



[a] Secretion

§

I
00

[b]

20
GTPyS

16

12

8

Control

4

1.50.5 1.00.0

[rARFl] (mg/ml)

PLD

20

15

10

5

Control
0

0.0 1.0 1.50.5

[rARFl] (mg/ml)

Fig. 5.3 Reconstitution of [a] Secretion and [b] PLD Activity is Dependent on the 

Concentration of rARFl.

[^H]-choline labelled cells were permeabilised for 1 0  minutes, washed and then 

incubated for 45 minutes at 37°C in the presence (filled circles) and absence (open 

circles) of lOfiM GTPyS with the indicated concentrations of rARFl in a total assay 

volume of 100|il. Following quenching on ice and centrifugation, aliquots of the 

supernatant were monitored for hexosaminidase and [^H]-choline release.
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Fig. 5.4 Time Dependence of rARFl Stimulated Secretion [a] and PLD Activity 

[b] in Cytosol-depleted Cells.

[^H]-choline labelled cells were permeabilised for 1 0  minutes and then incubated for 

the indicated time in the presence and absence of 0.75mg/ml rARFl and 10|iM 

GTPyS as indicated. Following quenching, samples were monitored for 

hexosaminidase and [^H]-choline release.
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Fig. 5.5 MgATP Dependence of Secretion [a] and PLD Activity [b].

Cells were metabolically inhibited and then permeabilised for 10 or 30 minutes. 

Washed cells were then incubated for 45 mins, ± ImM MgATP, 0.75mg/ml rARFl 

and lOfiM GTPyS as indicated. Hexosaminidase and choline release were monitored.
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The restoration of secretion (Fig.5.6 a) and PLD (Fig.5.6b) activity by rARFl were 

dependent on Câ "̂ . Both responses showed an identical profile when stimulated with 

increasing concentrations of Ca^  ̂which is comparable to results obtained with acutely 

permeabilised cells (62,71). Pretreatment of intact cells with PMA, an activator of 

PKC (87) has been shown to reduce the Ca^  ̂ requirement for secretion (139) and 

PLD (71) in acutely permeabilised cells and therefore the effect of PMA on 

reconstitution was investigated. Intact cells were pretreated with PMA prior to 

permeabilisation and then incubated with rARFl in the presence or absence of GTPyS. 

The Câ "̂  requirement for both responses was reduced (Fig. 5.7).

A strong correlation between secretion and PLD was observed in all the 

characterisation experiments. Presently, it is not possible to ascertain whether these 

two pathways are linked or whether they are actually distinct pathways that are 

stimulated in identical ways.

The observed effects of rARFl on secretion were examined in human neutrophils. 

ARF has been previously shown to restore PLD activity in these cells (226). 

Neutrophils were prepared and permeabilised for 10 minutes. rARFl was able to 

restore secretion in these cells (Fig.5.8) The response appears less marked than in 

HL60 cells because the GTPyS alone response is in itself quite high. Conditions to 

diminish the GTPyS response further were not attempted. The response is however 

significantly increased in the presence of rARFl indicating that the restoration of 

secretion by rARFl is also seen in terminally differentiated cells.

The fungal metabolite Brefeldin A inhibits ARF-dependent reactions by inhibiting the 

ARP guanine nucleotide exchange factor (239,240). BFA was shown to inhibit ARF- 

dependent PLD activity in cytosol-depleted HL60 cells (chapter 3). The effect of BFA 

or ARF-dependent secretion was therefore investigated. BFA was able to inhibit 

restored secretion by rARFl to almost basal levels (comparing GTPyS alone response) 

(Fig.5.9). lOO l̂M BFA elicited 61% ± 1% inhibition and 300fiM inhibited the response 

by88% ±l% (n=3).
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Fig. 5.6 Ca^'^-dependence of rARFl Reconstituted Secretion [a] and PLD Activity

[b].

[^H]-choline labelled cells were permeabilised for 10 minutes, then incubated for 45 

minutes in the presence of the indicated Ca^^ buffers. Assays were performed ± GTPyS 

(lOjiM) and rARFl (0.75mg/ml) in a total assay volume of lOOp.1. Hexosaminidase 

release and the production of [^H]-choline were monitored from the same cell 

preparation.
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Fig. 5.7 Effect of PMA Pretreatment on rARFl Stimulated Secretion [a] and PLD 

Activity [b].

Cells were washed and split into two aliquots. Prior to permeabilisation 1 aliquot of 

cells was pretreated with lOOnM PMA for 5 minutes at 37°C. Both aliquots of cells 

were permeabilised for 10 minutes. Incubations were in the presence and absence of 

0.75mg/ml rARFl, ± 10|iM GTPyS and either EGTA (3mM) or pCa5 as indicated. 

Hesoxaminidase and [^H]-choline release were monitored.
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Fig 5.8 rARFl Reconstitutes Secretion in Human Neutrophils.

Human neutrophils were prepared from a 50ml blood sample. The neutrophils were 

permeabilised for 10 minutes (0.4 i.u./ml SLO). The washed cells were then incubated 

for 45 minutes at 37°C in the presence of ImM MgATP, 2mM MgCli and the 

indicated calcium buffers. rARFl (0.75mg/ml) and GTPyS (lOpM) were present as 

indicated. Samples were quenched on ice and centrifuged. A 50|il aliquot of the 

supernatant was monitored for hexosaminidase release.
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Fig. 5.9 Brefeldin A Inhibits rARFl Reconstituted Secretion.

HL60 cells were permeabilised for 10 minutes at 37°C. Washed cells were incubated 

in the presence of the indicated concentrations of brefeldin A (BFA). GTPyS (10|iM) 

and rARFl (0.75mg/ml) were present as shown. Following a 45 minute incubation at 

37°C the samples were transferred to ice and centrifuged. Hexosaminidase release was 

monitored from the supernatant.
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The effect of ethanol -which causes a reduction in the formation of PA- on rARFl- 

restored secretion was investigated. Ethanol partially inhibited the reconstitution of 

GTPyS-dependent secretion by rARFl (Fig.5.10) indicating that as previously 

suggested, the production of PA may be required for secretion.

5.5 Conclusion

When HL60 cells are permeabilised for increasing lengths of time, GTPyS-dependent 

secretion and PLD activity diminish with almost identical time courses. In addition to 

restoring GTPyS-stimulated PLD activity, ARF has also been shown to reconstitute 

GTPyS-dependent secretion from cytosol-depleted cells. Similar characteristics for 

ARF reconstituted secretion and PLD activation were observed with regard to 

concentration dependence, time course of activity, MgATP dependence, Câ "̂  

requirement and PMA pretreatment, thus strengthening the proposed link between 

these two responses.

In all experiments a small basal response to GTPyS alone is observed for both PLD 

activity and secretion. This response is quite variable and may be due to the presence 

of the small GTP-binding protein Rho. Rho has been shown to stimulate both PLD 

activity (29,60) and secretion (30,179), but this protein does not substantially leak from 

HL60 cells which have been permeabilised for up to 15 minutes (J.Whatmore- 

personal communication).

Both rARFl restored PLD activity and secretion were greatly enhanced by the presence 

of MgATP. MgATP has previously been shown to enhance GTPyS-dependent PLD 

activity in acutely permeabilised HL60 ceUs (62), and the priming stage of secretion in 

PCI2 cells is dependent on MgATP (158).

PLD was partially activated in the absence of MgATP (i.e. rARFl + GTPyS), but this 

was not observed for secretion, indicating that PLD activation per se is not required for 

secretion to occur. If the cells are permeabilised for 30 minutes as opposed to the
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Fig 5.10 Ethanol Partially Inhibits rARFl Stimulated Secretion.

HL60 cells were permeabilised for 10 minutes and then incubated in the presence or 

absence of rARFl (0.75mg/ml) and GTPyS (lOfiM). Fthanol (2%) was added as 

indicated. Following quenching, hexosaminidase release was monitored.
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typical 10 minutes, the ability of rARFl to restore either response in the presence of 

MgATP is greatly reduced. Practically no secretion can be observed in response to 

rARFl and GTPyS in the presence or absence of MgATP. Some PLD activation is 

observed in response to rARFl + GTPyS whether the cells are permeabilised for 

10 or 30 minutes, but the response in 30 minute permeabilised cells can no longer be 

enhanced by the presence of MgATP. These results indicate that other cytosolic factors 

which are required for optimal secretion and the enhanced PLD activation in response 

to MgATP, are lost from cells over greater permeabilisation times. The factor(s) are 

therefore unlikely to be ‘true’ cytosolic proteins which generally leak from cells within 

approximately 5-10 minutes (228), but are more probably loosely membrane associated 

factors which leak out over a longer period of time.

PMA pretreatment of intact cells has previously been demonstrated to decrease the 

requirement for Ca^  ̂ for GTPyS-stimulated secretion (139) and PLD activity (71) in 

acutely permeabilised HL60 cells. Similar effects of PMA were observed for rARFl 

reconstituted GTPyS-dependent secretion and PLD activity. Increased ARF-dependent 

PLD activity requires the PMA mediated translocation of PKC prior to 

permeabilisation (226). Recently it has been shown that PKCa and p enhance ARF- 

dependent (253) and Rho-stimulated (254)PLD activity. In the presence of PMA and 

GTPyS, ARF (255) and Rho (254)are translocated to membranes and it is suggested 

that the PKC-mediated translocation of these G-proteins may allow them to then 

interact with membrane-bound PLD (253,254). Increased translocation of ARF to 

membranes in the presence of PMA and GTPyS would therefore result in enhanced 

PLD activity and subsequent secretion. This mechanism may explain the observed 

increase in activity for both responses when the cells are pretreated with PMA before 

permeabilisation and GTPyS stimulation.

The proposed links between PLD activation and subsequent secretion were postulated 

primarily as a result of the observed partial inhibition of secretion in the presence of 

ethanol (62,64,74,82,12l)which results in the decreased production of 

PA. Consistent with these observations, ethanol also partially inhibits rARF restored 

GTPyS - dependent secretion in cytosol-depleted cells.

130



Throughout the characterisation of rARFl-dependent secretion a strong correlation has 

been observed between this response and PLD activation. If PA is indeed required for 

secretion as has been previously discussed, then this may account for the observed 

correlation and why the correlation has as yet remained unbroken.
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Chapter 6 

PITPa, PITPp and SEC14p Restore 

GTPyS-dependent Secretion

6.1 Introduction

Analysis of the secretion-restoring fractions from the penultimate step (gel filtration) of 

the ARP purification protocol by SDS-PAGE revealed the presence of two major 

proteins- ARF and PITP (Chapter 5), which were able to individually restore GTPyS- 

dependent secretion to cytosol-depleted cells (see Table 5.1).

PITP binds and transfers PI or PC between membranes (234). A physiological function 

for this protein remained elusive until recently. Thomas et al (135) demonstrated that 

PITP was essential for the reconstitution of the GTPyS-dependent PLCp signalling 

pathway in cytosol-depleted HL60 cells. This protein is also able to restore EGF 

signalling via PLCy (136). PITP was shown to stimulate the production of the 

susbstrate for PLC -PIP2 (136,137). It is proposed therefore, that PITP acts as a 

cofactor in inositol lipid signalling and may act on the inositol hpid kinases to promote 

PIP2 synthesis.

PITP also plays a role in secretory function. The yeast equivalent of PITP is SEC14p 

and this protein is involved in protein transport from the Golgi complex (256,257). 

Recently PITP has also been shown to promote secretory vesicle formation (258). In 

addition to being involved in constitutive exocytosis. Hay et al have now demonstrated 

a requirement for PITP in regulated secretion (201). PITP is required for the MgATP 

dependent priming stage of regulated exocytosis. For most of these responses, SEC14p 

or PITP can be utilised, indicating the functional conservation of these proteins.
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In the light of these findings and the observation that PITP restored secretion in 

cytosol-depleted HL60 cells, the restoration of secretion by PITP was further explored 

through the use of recombinant forms of the two isoforms of PITP (PITPa and PITPp) 

and the yeast homologue, SEC14p.

6.2 Purification of PITP

PITP was purified from bovine brain according to the method of Thomas et al (Fig. 6.1) 

(135). The purification scheme for PITP is identical to that for the purification of ARF 

until the latter stages. Bovine brain cytosol was obtained and subjected to a 40-60% 

ammonium sulphate precipitation. The precipitated proteins were dialysed and then 

loaded onto a DE-52 column. The eluted fractions were tested for their abilitŷ  to 

transfer [^H]-PI from microsomes to liposomes (Fig.6.2). The active fractions were 

pooled and subsequently chromatographed on heparin sepharose. Two peaks of transfer 

activity were observed (Fig.6.3). The second peak contains the bulk of the PITP protein 

and was pooled for further chromatography. Recently, a second isoform of PITP - 

PITPp- was identified (259). Chromatography on heparin sepharose separates the two 

isoforms of PITP (259). PITPp has no affinity for heparin and immediately elutes from 

the column and therefore corresponds to the first peak of activity observed. PITPa has 

a greater affinity for heparin and elutes later corresponding to the second peak of 

activity. The restoration of secretion by PITP was originally identified using PITPa 

(Chapter 5 Table 5.1) therefore PITPa was purified to homogeneity.

Following heparin sepharose chromatography, the active fractions were loaded onto a 

gel filtration column (Superdex-75). A single peak of transfer activity was eluted (Fig. 

6.4a). The active fractions were analysed by SDS-PAGE (Fig.6.4b). As expected, the 

activity profile closely matched the abundance of a 35kDa protein in the fractions which 

corresponds to PITP. The major contaminating proteins in these fractions are ~20kDa 

of which are the ARF proteins. The active fractions were pooled and ammonium 

sulphate was added to a final concentraion of 340mM. The sample was loaded onto a 

phenyl superose column and proteins were eluted in a step gradient. Once an initial 

peak of U.V. absorbance had been observed when running at 340mM (NH4)2S0 4 , the 

concentration of (NH4)2S0 4  was reduced to zero. A second peak in U.V. absorbance

133



Bovine Brain Cytosol

Ammonium Sulphate Precipitation (40-60%)

DE52 weak anion exchange

Heparin Sepharose

Superdex-75 (gel filtration)

Phenyl Superose (hydrophobic interaction)

Fig. 6.1 Purification scheme for the purification of PITP from bovine brain 

cytosol
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Fig. 6.2 Chromatography on a DE-52 Column.

Dialysed proteins from a 40-60% ammonium sulphate precipitation were loaded onto a 

DE-52 column. Proteins were eluted with an increasing NaCl gradient. Eluted protiens 

are represented by the dotted line and the salt gradient by the solid line. Fractions were 

assayed for their ability to transfer [^H]-PI from microsomes to liposomes (filled 

circles).
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Fig. 6.3 Heparin Sepharose Chromatography.

Active fractions eluted from the DE-52 column were concentrated to 25mls and tested 

to ensure that < lOOmM NaCl remained in the sample. This sample was then loaded 

onto a 100ml Hi-Trap Heparin Sepharose column. Eluted fractions were assayed for 

[^H]-PI transfer activity. Eluted proteins are indicated by the dotted line.
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[a] Superdex-75 Gel Filtration Chromatography.

Fractions from the second more active peak on Heparin Sepharose were pooled, 

concentrated and loaded onto a Superdex-75 column. Eluted fractions were assayed for 

Pl-Transfer activity.

[b] SDS-PAGE Analysis of Superdex-75 Fractions.

Samples of the active fractions were run on a 12% gel which was then silver stained . 

Staining revealed that transfer activity most closely correlated with a protein of 35kDa 

(PITP).
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was then observed which corresponds to PITP eluting. The fractions were assayed for 

transfer activity (Fig. 6.5a). The active fractions were concentrated using centricons. 

The concentrated sample was loaded onto a 12% gel and silver stained (Fig.6.5b). It 

can be seen that following concentration, the PITP preparation was homogenous. To 

confirm the identity of PITP the concentrated sample was immunoblotted with a 

polyclonal antibody against PITP (Fig.6.5c). The fractions were also immunoblotted for 

the presence of ARF using monoclonal antibodies to ensure that there was no 

contamination (Fig. 6.5d). It can be seen that the purified protein does indeed 

correspond to PITP and that it is uncontaminated by ARF. This was important to assess 

since ARF has already been shown to restore secretory competence as described in the 

previous chapter.

The ability of purified PITPa to reconstitute GTPyS-dependent secretion was 

examined. PITPa was found to stimulate secretion in a concentration dependent 

manner (Fig. 6 .6 )

In order to confum that PITP was indeed responsible for the observed restoration of 

secretion, recombinant proteins were used. E.coli expressing His-tagged PITPa and 

PITPp were made by Siow Khoon Tan and J. Hsuan at the Ludwig Institute(233).

6.3 Purification of rPITF

Both isoforms of PITP were purified in identical ways using a protocol estabhshed by 

Phüip Swigart. The bacteria were grown at 30°C and PITP production was induced by 

the addition of IPTG. Following harvesting by centrifugation, the cells were subjected 

to lysozyme treatment and then sonicated. Following centrifugation, the supernatant 

was mixed with Nî "̂ - NTA agarose resin and then transferred to a column. Following 

extensive washing, PITP was eluted with 250mM Imidazole. The sample was then 

loaded onto a gel filtration (Superdex-75) column and eluted fractions were assayed for 

transfer activity.
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[a] Phenyl Superose Chromatography

Active fractions from the Superdex-75 column were pooled and loaded onto a phenyl 

superose column.Eluted fractions were assayed for Pl-transfer activity.

[b] SDS-PAGE Analysis and [c&d] Immunoblotting Of Concentrated PITP

The concentrated PITP sample was run on a 12% gel and silver stained [b]. Similar gels 

were run, the proteins transferred and immunoblotted with anti-PITP [c] and anti-ARF 

[d] antibodies. lOng rARFl was used as a positive control for the ARF blot and rat 

brain cytosol (RBC) was utilised as a positive control for both antibodies. rARFl is 

present on the silver stained gel, but this protein stains poorly with silver, hence it’s 

apparent absence.
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Fig. 6.6 nPITPa Stimulates GTPyS-dependent Secretion in a Concentration 

Dependent Manner.

HL-60 cells were permeabilised for 10 minutes. Increasing concentrations of nPITPaas 

indicated were added to the cells in a total assay volume of 100|il. Incubations were 

carried out at pCa5, ImM MgATP, 2mM MgClz and in the presence (filled circles) and 

absence (open circles) of lOfxM GTPyS. After 45 minutes, samples were transferred to 

ice and centrifuged and hexosaminidase release was monitored.
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6.3.1 rPITPa

Two distinct peaks of transfer activity were observed (Fig. 6.7a). On this gel filtration 

column, native PITP would be expected to elute in fractions 15-20. The second peak of 

transfer activity corresponds to this area. From the silver stained gel (Fig. 6.7b), it can 

be seen that the active fractions from the second peak contain a substantial fraction of 

the rPITPa. The fractions corresponding to the second peak of activity were pooled 

and concentrated for use. The first peak of activity was discarded despite being active 

for Pl-transfer as it represents aggregated PITP. No attempts were made to test this 

material in the restoration of secretion assay.

6.3.2 rPITPp

Two peaks of transfer activity were also observed when rPITPp was run on Superdex- 

75 (Fig. 6 .8 a) although the first peak eluted slightly later than was seen with rPITPa. 

Unlike rPITPa, it can been seen from the gel (Fig. 6 .8 b) that the majority of rPITPp is 

present in the first peak of activity and not in the fractions where native PITP would be 

expected to elute (fractions 15-20). As for rPITPa, the early eluting peak of activity 

may be as a result of rPITPp aggregating; resulting in the elution of activity in fractions 

corresponding to higher molecular weights than would be expected. rPITPp is almost 

pure in these fractions and therefore interactions with other proteins which would 

result in early elution are unlikely although possible. Whether interactions with other 

proteins or aggregation are responsible for the first peak of activity, the function of 

rPITPp may be affected by this, therefore the first peak was discarded and the second 

peak of activity (fractions 15-19) only was concentrated for use.

It has not been possible to purify either isoform to homogeneity. It can be seen that in 

the active fractions from the second peak of both isoforms, there is a contaminant of a 

lower molecular weight than PITP. In the case of rPITPa the contaminant represents a 

small percentage of the total protein, however with rPITPp the contaminant is not an 

insignificant proportion of the total protein.

141



[a]

X

s
CL
Q

[b]

4 -

3 -

2  -

1 - j

66 -

45-
36-
29-
24-
20 - I

T 1r
0

1 2

10

Fraction No.

20

r  1.0

-  0.5

30

6 7 14 15 16 17 18 19 20

Fraction No.

-rPITPa

Fig. 6.7

[a] Superdex-75 Chromatography of rPITPa.

The eluate from the Ni"" -̂NTA agarose column was loaded onto Superdex-75. Eluted 

fractions were assayed for their ability to transfer [^H]-PI (circles). Eluted proteins are 

indicated by a dotted line.

[b] SDS-PAGE Analysis of Superdex-75 Fractions.

Samples of the eluted fractions from both peaks of activity were run on a 1 2 % gel and 

stained with silver.
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[al Superdex-75 Chromatography of rPITPp.

The rPITPP sample eluted from the Ni^^-NTA resin was loaded onto Superdex-75. 

Eluted fractions were assayed for Pl-transfer activity.

[b] SDS-PAGE Analysis of Eluted Fractions.

Samples of the fractions from both peaks of activity were run on a 1 2 % gel and stained 

with silver.
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6.4 Restoration of Secretion by Recombinant PITPa, PITPp and SEC14p

Both rPITPa (Fig. 6.9a) and rPITPp (Fig.6.9b) reconstiuted GTPyS-stimulated 

secretion in cytosol-depleted cells in a concentration dependent manner. rPITPp 

appears to be the more potent isoform. This observation is further confirmed due to the 

higher level of impurity present in the rPITPp sample and therefore the concentration of 

this protein is over estimated .

SEC14p is the yeast equivalent of PITP (257)and can substitute for PITP in both 

MgATP-dependent priming of exocytosis(201) and secretory vesicle formation from 

the /ranj-Golgi-network (258). Despite their functional equivalence, PITP and SEC14p 

bear no primary sequence homology (260). SEC14p was therefore utihsed to see if it 

could also restore secretory competence to cytosol-depleted HL60 cells.

SEC14p was a gift from V.Bankaitis and was able to restore GTPyS-dependent 

secretion in cytosol-depleted HL60 cells (Fig. 6.10a). The response was equivalent to 

that elicited by maximal concentrations of either rARFl or rPITPa (Fig. 6.10b). This 

result provides further confirmatory evidence that PITP restores GTPyS-dependent 

secretion in cytosol-depleted HL60 cells.

6.5 Conclusion

PITP, a protein which has been recently shown to be involved in regulated exocytosis 

(201), was also able to restore secretion to cytosol-depleted HL60 cells. Two forms of 

PITP have been identified -a  and (3 (261). The a  form was purified from bovine brain 

cytosol and reconstituted GTPyS-dependent secretion in a concentration dependent 

manner.

Both PITPa and PITPp were expressed as recombinant His-tagged proteins (233) and 

purified. Both preparations contained a low molecular weight contaminant, which 

represented a substantial amount of the total protein in the rPITPp preparation. Whilst 

both proteins restored secretion, rPITPp was more potent. A similar concentration 

dependence was observed for nPITPa and rPITPa with maximal activation occurring
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Fig. 6.9 Restoration of GTPyS-dependent Secretion by [a] rPITPa and [b] 

rPITPp.

Permeabilised cells were incubated with increasing concentrations of recombinant 

PITP as indicated. Assays were performed ± lOjiM GTPyS in the presence of pCa5, 

2mM MgClz and ImM MgATP. Following a 45 minute incubation, assays were 

quenched and monitored for hexosaminidase release.
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Fig.6.10 [a] Restoration of Secretion by SEC14p and [b] Comparison of SEC14p, 

rP IT Pa and rARFl.

[a] Permeabilised cells were incubated in the presence and absence of lOpM GTPyS 

with the indicated concentrations of SEC14p in the presence of pCa5, 2mM MgCli and 

ImM MgATP. Following a 45 minute incubation, assays were quenched and 

monitored for hexosaminidase release, [b] Assays was performed as in [a] in the 

presence of the following proteins: SEC14p (lOOfig/ml), rPlTPa (200fig/ml) and 

rARFl (0.75mg/ml) in a total assay volume of lOOfil.
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between 5-10|ig/ml of protein. In comparison, maximal stimulation by rPITPp was 

obtained at l-2|ig/ml. The increased potency of rPITPp compared to PITPa is even 

more marked given the level of contamination in the preparation.

The yeast homologue of PITP- SEC14p was also able to restore GTPyS-stimulated 

secretion. At lOOjig/ml the response elicited by SEC14p was equivalent to that 

produced by maximal concentrations of rPITPa and rARPl. SEC14p was able to 

stimulate GTPyS-independent secretion although the level of secretion is markedly 

lower than that observed in the presence of GTPyS. A small GTPyS-independent 

response is also observed with PITPa (but not rPITPp). This is typically only 2-3% 

above the control level (although in Fig. 6.10b it is greater than this) and is therefore 

normally relatively insignificant in comparison to the GTPyS-independent response 

which is elicited by SEC14p. This response was not further investigated.

Consistent with the requirement for PITP in regulated exocytosis observed in PCI2 

cells (201), PITP (a  and p) and SEC14p are also able to promote regulated secretion in 

cytosol-depleted HL60 cells.
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Chapter 7 

ARF and PITP Restore GTPyS-stimulated 

Secretion Via a Common Mechanism

7.1 Introduction

ARF and PITP have been shown to individually restore GTPyS-stimulated secretion in 

cytosol-depleted HL60 cells (chapters 5 & 6 ). Maximal reponses elicited by the 

individual proteins are comparable indicating that they restore secretory competence to 

a similar degree. Whilst both proteins stimulate secretion, they are involved in different 

signalling pathways within HL60 cells. ARF stimulates GTPyS-dependent PLD activity 

(Chapter 3 and (230)), whilst PITP is essential for PLC signalling (135,136) and 

promotes the synthesis of P1P% (136,137).

It was therefore of interest to investigate the effect these proteins would have on the 

restoration of secretion when they were added simultaneously. This would provide 

some insight into whether they stimulate secretion by two disparate mechanisms or 

whether a single common mechanism is involved. A synergistic response in the presence 

of both ARF and PITP would indicate that two distinct pathways which converged in 

their effects on secretion would be involved, whereas additivity would indicate a 

common mechanism of action.

7.2 Effect of simultaneous addition of ARF and PITP on the restoration of 

secretion.

Restoration of GTPyS-stimulates secretion was investigated with regard to the addition 

of ARF and PITP individually and simultaneously. Fig.7. la, illustrates that when native
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ARF (90% ARFl, 10% ARF3) and PITPa are both present, at non-saturating 

concentrations, additivity is observed. An additive response is also observed when 

recombinant proteins are used (Fig.T.lb) At low concentrations of rARFl, the addition 

of rPITPa ehcits a response which is similar to that produced by maximal 

concentrations of rARFl. However, if a maximal concentration of rARFl is used, the 

addition of rPITPa does not further increase the observed response (Fig. 7.1b). The 

stimulation of GTPyS-dependent secretion by non-saturating concentrations of both 

proteins is additive rather than synergistic which imphes that their effects occur via a 

common mechanism.

PITP has been shown to stimulate the production of PIP% (136,137) and Eberhard et al 

provided evidence that polyphosphoinositides were required for Ca^^-dependent 

secretion in adrenal chromaffin cells (203). More recently, a requirement for both PITP

(201) and PIP-5-Kinase (202) has been identified for the priming step in Ca^ -̂ 

dependent secretion from PC 12 cells indicating that PIP% is required for secretion. A 

requirement for PIP% could explain the requirement for PITP in the system studied here.

The requirement for ARF for secretion, and the observed correlation between the 

restoration of secretion and PLD activation could also potentially be explained by a 

requirement for PIP%. The product of PLD activation -PA- stimulates PIP-5-Kinase 

(112,113), indicating that activation of PLD by ARF would promote PIP2 synthesis and 

hence regulated secretion.

To investigate whether PIP2 is required for ARF or PITP reconstituted GTPyS- 

stimulated secretion, the influence of PIP2 binding molecules on this response was 

investigated.

7.3 Neomycin inhibits ARF and PITP dependent reconstitution of secretion

Neomycin, an aminoglycoside that binds to PIP2 with high affinity,(262)(263) has 

been shown to inhibit both PLD activity (71,110,226,264) and Ca^^-dependent 

secretion (265). Neomycin totally inhibited rARFl- stimulated
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Fig. 7.1 Combined Effect of ARF and PITP is Observed With Both [a] Native and

[b] Recombinant Proteins.

[a] Permeæilised cells were incubated for 10 minutes in the presence of the indicated 

proteins : ARF (90% ARFl & 10% ARF3) 42.5|ig/ml, PITPa 13.75pg/ml and ± 

GTPyS (KuM). Following quenching hexosaminidase release was monitored.

[b] Permeatilised cells were incubated for 45 minutes in the presence of lOpM GTPyS. 

Proteins w;re added as indicated. Numbers in brackets reflect the |ig/ml of protein 

added in a OOpl total assay volume.
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reconstitution of GTPyS-dependent secretion (Fig. 7.2). A similar response was 

observed when PITPa was used to restore secretion (Fig. 7.2). These results indicate 

that by sequestering PIP2 , neomycin is inhibiting secretion restored by both proteins.

7.4 The PH domain of PLCs inhibits secretion

Pleckstrin Homology (PH) domains have been identified in various proteins, many of 

which are involved in signal transduction (266). Harlan et al. recently showed that PH 

domains from several proteins were able to bind PIP2 (267). The PH domain of PLCg 

also has this capability (268). A peptide comprising of the N-terminal 175 amino acids 

of PLCs which is essentially the PH domain (residues 1-175) was provided by M.Katan 

from the Chester Beatty Laboratories. The PH domain inhibited secretion restored by 

rARFl in a concentration-dependent manner (Fig. 7.3a). Almost complete inhibition of 

both rARFl and rPITPa restored GTPyS-dependent secretion was observed with 

150|ig/ml PH domain. (Fig. 7.3b).

7.5 Conclusion

When sub-maximal concentrations of ARF and PITP are added simultaneously, an 

additive response was observed which indicated that they were stimulating secretion via 

a common mechanism.

The PH domain of PLCg (268)and neomycin (262)(263) which both bind to PIP2 , 

thereby reducing the availability of this phospholipid, inhibited GTPyS-dependent 

secretion whether it was restored by the addition of ARF or PITP. The PH-domain 

inhibited the ARF and PITP stimulated response, but only partially inhibited the GTPyS 

alone response. In contrast, neomycin inhibited all the responses including the GTPyS 

alone response down to control i.e. unstimulated levels.

These results are consistent with a requirement for PIP2 for secretion, but they do not 

provide absolute proof, because these inhibitors may have some non-specific effects. 

However, the use of two such different reagents as neomycin (an aminoglycoside of 

<lkDa) and a protein (175 amino acids; approx.20kDa) which both sequester PIP2 are 

unlikely to have identical non-specific effects.
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înri
no3
§

Fig. 7.2 Neomycin Inhibits Both rARFl and PITPa Stimulated Secretion.

Permeabilised cells were incubated in the presence and absence of ImM MgATP and 

lOpM GTPyS. Protein concentrations in a total assay volume of lOOfil are as follows: 

PITPa 52pg/ml; rARFl 0.75mg/ml. After 45 minutes, incubations were quenched and 

hexoseaminidase release was monitored.
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[a] PH Domain of PLCg Inhibits rARFl Stimulated Secretion in A Concentration 

Dependent Manner.

Permeabilised cells were incubated ± lOfiM GTPyS, ± 0.75mg/ml rARFl in the 

presence of the indicated concentrations of PH domain (51-175). Incubations were 

quenched after 45 minutes and assayed for hexosaminidase release.

[b] 51-175 Inhibits rARFl and rPITPa Stimulated Secretion.

The assay was performed as in [a] except 51-175 was added at a concentration of 

15()|ig/ml and rPITPa was added at 200|ig/ml.
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Evidence of a role for PIP2 in secretion has also recently been produced by Hay et al

(202), who demonstrated a requirement for PIP-5-kinase for Ca^'^-dependent secretion 

in PC 12 cells. The addition of recombinant PLCg or PIP2 specific monoclonal antibodies 

to these cells inhibited exocytosis. The requirement for PIP2 in both GTPyS-dependent 

and Ca^^-activated secretion indicates that this phosphohpid is likely to be an important, 

conserved component of the secretory pathway in mammalian cells.

A requirement for PIP2 for the restoration of secretion by ARF or PITP has been 

demonstrated. It is proposed that these two proteins stimulate GTPyS-dependent 

secretion by promoting the synthesis of PIP2. PITP is known to promote the synthesis 

of PIP2 (136,137)and ARF has also recently been shown to stimulate it’s 

production.(233). ARF stimulated PIP2 synthesis is proposed to result from the 

activation of PLD by this G-protein, which results in the production of PA, which is 

known to stimulate PIP-5-K (112,113).
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Chapter 8

Discussion

G-protein stimulated PLD activity has been shown to require cytosolic factors in both 

neutrophils (72) and HL60 (83)cells. The identification of the cytosolic factor(s) was 

the subject of this thesis. The data presented here demonstrate that ADP-ribosylation 

factor 1 (ARF) and ARF3 are required for the activation of PLD.

A reconstitution system was employed in order to identify the cytosolic component(s) 

which is required for G-protein dependent PLD activity. HL60 cells were permeabilised 

with SLO, enabling cytosolic proteins to leak from the cells. Following cytosol- 

depletion, the ability of the cells to support GTPyS-stimulated PLD activity was 

substantially reduced. Cytosolic proteins were then added to the cytosol-depleted cells 

and their ability to restore GTPyS-dependent activity was examined.

Bovine brain cytosol was utilised as the starting material for purification of the 

reconstituting factor(s). Following sequential chromatography, two apparently 

homogenous factors of 20kDa were shown to restore GTPyS-stimulated PLD activity. 

Sequence analysis identified these factors as the monomeric G-proteins, ADP- 

ribosylation factor 1 (ARFl) and ARF3. The dependence of ARF 1 -reconstituted 

GTPyS-dependent PLD activity with regard to GTPyS and Ca^  ̂ were almost identical 

to those observed for PLD stimulation in acutely permeabilised HL60 cells (71).

A correlation between GTPyS-stimulated PLD activity and regulated secretion had 

been observed in acutely-permeabihsed differentiated HL60 cells. (62). In addition to
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being refractory to PLD activation, cytosol-depleted HL60 cells also lose their ability to 

secrete in response to GTPyS. Fractions which eluted from the gel filtration stage in the 

ARF purification scheme were tested to see if they could also restore GTPyS-stimulated 

secretion in cytosol-depleted cells. Fractions from earlier purification steps could not be 

used to see if similar fractions were able to restore both PLD activity and secretion, due 

to the presence of hexosaminidase in the active fractions. The gel filtration fractions 

which restore GTPyS-dependent PLD activity also restored GTPyS-stimulated 

secretion, and restoration of secretion correlated with the presence of ARF. In addition, 

however, restoration also coincided with the presence of a second protein-PITP-. Both 

ARF and PITP were purified to apparent homogeneity and shown to individually 

restore GTPyS-stimulated secretion to cytosol-depleted HL60 cells.

Although both ARF and PITP were purified to apparent homogeneity, the possibihty 

always remained that an undetectable contaminant was responsible for the observed 

responses. In order to remove this doubt, recombinant proteins were also used. 

Recombinant ARFl restored both GTPyS-stimulated PLD activity and secretion, 

although higher concentrations were required in comparison to the native protein to 

ehcit similar responses. This is likely to be due to the absence of N-terminal 

myristoylation on the recombinant protein, which is considered to be required for 

membrane association and subsequent nucleotide exchange (269).

Both native and recombinant forms of PITPa restored GTPyS-stimuIated secretion 

with similar dose dependencies. Recombinant PITPp also restored secretion, as did the 

yeast homologue of PITP- SEC14p.

8.1 Introduction to ARF

ARF was originally identified as the cofactor required for efficient cholera toxin 

catalysed ADP-ribosylation of the a  subunit of Gs (238). ARF was first purified by 

Kahn and Gilman and revealed to be a 21kDa GTP-binding protein (270). ARF is a 

unique member of the ras superfamily of GTP binding proteins in that in addition to 

sharing sequence homology with this group of proteins, there is significant homology
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with the a  subunits of heterotrimeric G-proteins (271). ARF was also shown to be 

myristoylated at the N-terminus (272). Six ARF proteins have now been identified 

which fall into three classes: ARFl, ARF2 and ARF3 form class I; ARF 4 and ARF5 

form class II and class III consists of ARF6  (273).

ARF exists in one of two states: an inactive GDP-bound and an active GTP-bound state 

(Fig. 8.1). The GDP-bound form of ARF is cytosohc, but following nucleotide 

exchange resulting in bound GTP (or GTPyS), ARF has been shown to associate with 

membranes (274,275) and phosphohpid vesicles (8 6 ). ARF does not readily release 

GDP for GTP, and has no intrinsic GTPase activity (270), indicating that other factors 

(i.e. a guanine nucleotide exchange factor-GEF and GTPase activating protein-GAP) 

are likely to be required for ARF activity.

The demonstration of a requirement for a guanine nucleotide exchange factor has been 

greatly facilitated through the use of the fungal metabohte Brefeldin A (BFA). In the 

presence of BFA, ARF cannot associate with Golgi membranes (239,240). Through the 

use of labelled nucleotides, it was shown that BFA inhibits nucleotide binding to ARF 

indicating that it’s action maybe directed against a GEF. Trypsin treatment of the Golgi 

membranes also prevented ARF binding in the presence of GTPyS indicating that ARF- 

GEF is a BFA-sensitive Golgi membrane protein (239,240).

Purification of GEF from bovine brain indicated that the BFA inhibition of ARF-GEF 

activity was dependent on the presence of other proteins- as GEF became purer, it 

became less sensitive to BFA (276). Recently Tsai et al (277) have purified a GEF from 

spleen cytosol, which is a 55kDa BFA-insensitive protein which preferentially promotes 

nucleotide exchange on class I ARFs. The polyphosphoinositide, PIP2 stimulates the 

activity of GEF (278) (Fig.8.1).

Randazzo and Kahn (279) identified ARF-GAP activity in both the soluble and 

particulate fractions of bovine brain homogenates. ARF-GAP activity was shown to 

coincide with a 49kDa protein from rat liver cytosol (280). GAP activity is absolutely 

dependent on the presence of acidic phosholipids (279,280). The presence of PIP%
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GTPase Activating 

Protein
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GDP
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Guanine Nucleotide 

ARF Exchange Factor

GTP

Fig. 8.1 The guanine nucleotide bound to ARF dictates the cellular localisation of 

this protein.

Nucleotide exchange is enhanced by the presence of PIP2. Once activation of ARF 

(GTP-bound) results in the stable association of the protein with membranes. ARF.GAP 

activity is maximal in the presence of PIP2 and PA. Inactivation of ARF (GDP-bound) 

due to ARF.GAP activity results in the return of ARF to the cytosol.
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and PA most effectively promote GAP activity (279) (Fig.8.1). Analysis of the primary 

structure of ARF-GAP revealed a hydrophilic protein of 45.5kDa which has multiple 

PKC phosphorylation sites and an N-terminal sequence corresponding to a zinc-finger 

structure (281). The N-terminus and in particular the formation of the zinc-finger 

appear to confer GAP activity. GAP is associated with Golgi membranes, but in a 

similar manner to ARF, is redistributed to the cytosol in the presence of BFA (281). 

This suggests that ARF-GAP is recruited to the membranes in an ARF-dependent 

mechanism (281).

Myristoylation of ARF proteins has been proposed to be required for membrane 

association of activated ARP by acting as a membrane-anchor (243,282). Evidence has 

recently begun to emerge however indicating that myristate is not required solely for 

this purpose. The identification of two populations of ARF which are characterised by 

the ability of PC liposomes to extract them has led to the postulation that whilst 

myristoylation maybe required for a loosely bound membrane association, stable 

membrane localisation requires the interaction of ARF with another protein(s) (241). 

Consistent with this prediction is the demonstration by Peitzsch and McLaughlin (283) 

that myristate provides barely enough energy for membrane association of a cytosolic 

protein, implying that other factors which enhance the interaction with the 

myristoylated protein are required for stable membrane localisation.

GTPyS loaded, non-myristolyated ARF is able to associate with phospholipid vesicles 

(284), indicating that myristoylation is not required for the targeting of activated ARF 

to membranes. Myristoylation of ARF does however stabilise the association of GTPyS 

with ARF, which was demonstrated by the increased dissociation of GTPyS from 

rARFl in comparison to myr-rARFl (285,286). Similarly myristoylation results in 

increased GDP dissociation in comparison to non-myristoylated proteins (286). These 

results indicate that myristoylation is required for efficient nucleotide exchange.

GTPyS enhanced the binding of myr-rARFl to bovine rod outer segment (ROS) 

membranes (269). Binding was decreased if the membranes were extensively washed 

indicating that a necessary membrane-associated soluble factor was extracted. Whilst
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some nucleotide exchange occurred in the absence of this extract, readdition resulted in 

increased GTPyS association. The extract has no effect however, on the association of 

GTPyS with non-myristoylated ARF. Dissociation of GDP from myr-ARF was 

stimulated by the extract and required the presence of phosphohpids for optimal effect. 

Neither the presence of the extract or phospholipids could stimulate the release of GDP 

from non-myr ARFl. Consistent with these results, the partially purified GEF of Tsai et 

al (277) could only catalyse nucleotide exchange on myristoylated proteins. These 

recent reports therefore indicate that myristoylation is required to ‘loosely’ associate 

A R Fgdp with phospholipids in the membrane, where the nucleotide exchange factor can 

interact with ARF. Nucleotide exchange and activation results in the stable interaction 

of ARF, probably through it’s N-terminal amphipathic a-helix with the membrane 

bilayer (269)

Although ARF was identified as a result of it’s role in ADP ribosylation of Gô , a major 

role for this protein in vesicular transport has been established. Initial evidence was 

provided from studies in yeast. ARF is encoded by two genes in yeast - ARFl and ARF2 

which are >96% homologous (31). ARFl mutations cause a secretory defect , whilst 

deletion of both genes is lethal (31). Overexpression of myristoylated ARFl (myr- 

ARF 1) or ARF4 was able to rescue the double mutants (32). Consistent with a role in 

the secretory pathway, ARF was localised to the Golgi apparatus and analysis of 

constitutive secretory proteins from ARFl deficient yeast mutants indicated that ARF is 

involved in the transport of proteins to and within the Golgi complex (31). In vitro 

transport studies also indicated that ARF was required for various vesicular transport 

events including intra-Golgi transport (33), endosome-endosome fusion (34), ER to cis- 

Golgi transport (35)and post trans-Golgi network (TGN) transport (36).

Transport between the ER and Golgi, and through the Golgi apparatus involves non- 

clathrin coated vesicles. These vesicles are coated with a complex of coat proteins 

(COPs). In the presence of GTPyS, these vesicles have been demonstrated to 

accumulate in the Golgi and transport is arrested which imphes that GTP-hydrolysis is 

required (161).
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The first mechanistic insight into the role of ARF in vesicular transport was 

demonstrated by Serafmi et al (287) who demonstrated that ARF bound to Golgi 

cistemae in a GTP dependent manner and was a component of COP-coated vesicles. 

Donaldson et al showed that GTP dependent binding of ARF to Golgi membranes was 

required for subsequent p-COP binding (37). Only ARF and COP proteins are required 

for the budding of non-clathrin coated vesicles from Golgi membranes (Fig.8 .2) (288). 

A mutant form of ARF which can bind to GTP, but prevents the hydrolysis of the 

nucleotide (probably by preventing the interaction of ARF with ARF-GAP because 

ARF has no intrinsic GTPase activity) inhibits vesicular transport (38,289,290). This 

indicates that inactivation of ARF is required for uncoating of the vesicles which then 

allows fusion (38).

Clathrin-coated vesicles are also formed from the TGN. The coats on these vesicles are 

comprised of clathrin and adaptor proteins. The adaptor complex API, is localised to 

the Golgi. One of the proteins associated with this complex is y-adaptin. Binding of y- 

adpatin to Golgi membranes is promoted by GTPyS and prevented by BFA (291 ). The 

binding of AP I was later shown to be controlled by ARF (292,293). Immature 

secretory granules (ISGs) which bud from the TGN are partially clathrin-coated, but as 

they are processed to mature secretory granules, the coat is removed. Recently the 

binding of the AP I adaptor complex to ISGs was also demonstrated to be regulated by 

ARF (294).

One of the functions of ARF (the majority of work has utilised ARFl) therefore is to 

regulate the association of cytosolic coat proteins onto Golgi membranes to produce 

coated vesicles which are then able to bud from the Golgi. GTP hydrolysis allows the 

dissociation of the coatomer resulting in fusion.

Recently, a role for ARF6  has been demonstrated in endocytosis. ARF6  is localised to 

the plasma membrane and internal punctate endosomal like structures (39,40). Mutant 

forms of ARF were utilised to investigate the role of ARF6 . ARF6(Q67L), is defective 

in GTP hydrolysis whilst ARF6(T27N) cannot bind GTP. ARF6(T27N) was localised 

to the internal structures whilst ARF6(Q67L) was limited to the cell surface,
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Membrane Vesicle

•  ARF lÉ Coatomer

Fig. 8.2 Model illustrating the role of ARF in the budding of coated vesicles from 

the Golgi.

Activation of ARF (GTP-bound) results in the translocation of this protein to the 

membrane. The association of ARF with the membranes allows coatomer proteins to 

bind. The binding of ARF and coatomer is sufficient to induce budding. Following 

GTP-hydrolysis, ARF and consequently coatomer proteins return to the cytosol, 

allowing fusion of the vesicle with it’s target membrane.
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indicating that the GTP cycle of ARP6  may be coupled to it’s localisation. Similar 

distributions of the transferrin receptor (Tfn-R) were also observed suggesting that 

ARF6  is involved in endocytosis. (40,295). Overexpression of wild type ARF6  or 

ARF6(Q67L) resulted in increased Tfn-R binding to the cell surface, while in contrast, 

ARF6(T27N) decreased binding (39). ARF6(Q67L) localised Tfn-R to the cell surface 

and reduced the rate of internalisation of Tfn-R. ARF6(T27N), caused a prolonged 

accumulation of intracellular Tfn-R which dramatically reduced the recycling rate of 

Tfn-R, resulting in the protein being trapped in the cells (39). These results demonstrate 

that ARF6  and it’s GTP cycle is involved in the regulation of endocytosis, although 

more data is required to identify the compartment(s) involved the mechanism of action.

ARF6  was ineffective at promoting transport through the secretory pathway, and 

similarly ARFl was unable to affect endocytosis (39,40). It would appear therefore, 

that like Rabs, specific ARFs and probably regulatory proteins such as GEFs and GAPs 

regulate specific transport steps.

8.2 ARF restores GTPyS-stimulated PLD activity and secretion

The demonstration that ARF activates GTPyS-dependent PLD activity in both cytosol- 

depleted HL60 cells (230) and in an in vitro assay (109) established a new and 

unexpected role for this protein. Although ARF is required in the constitutive secretory 

pathway where it is essential for the budding of non-clathrin coated vesicles from the 

Golgi, a role for ARF in regulated secretion has not been previously established. 

Studies which utilised a peptide corresponding to the N-terminal 16 amino acids 

indicated that ARFl may be involved in regulated secretion from HL60 cells (chapter 4 

(252)) and adrenal chromaffin cells (244), however non-specific effects are also 

observed with this peptide (252) and therefore data involving this peptide need to be 

interpreted with caution. The data presented here demonstrate for the first time the 

ability of ARFl to restore GTPyS-stimulated secretion to cytosol-depleted cells. It is 

postulated that ARF-dependent secretion is a result of prior PLD activation . When this 

work was initiated the G-proteins required for both PLD activation and regulated 

secretion (the postulated G e) were unknown. The monomeric G-protein ARF restores 

both these activities. Whilst the two responses may be independently regulated by ARF,
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almost identical results were obtained for both ARF-stimulated PLD activation and 

secretion throughout the characterisation, and the correlation between them remained 

unbroken indicating that they are probably linked.

ARF-dependent PLD activity has been identified in both membrane (55,57,58,60) and 

cytosolic fractions (58,60). Recently, Hammond et al (61) have identified human PLD 

cDNA (hPLDl). No recognised domain structures were identified from the sequence, 

but homologues were identified in a wide range of organisms indicating that hPLDl is a 

member of a novel but highly conserved gene family. Whilst both cytosolic and 

particulate PLD activities have been described, no hydrophobic domains are present 

indicating that hPLDl does not encode an integral membrane protein. The particulate 

distribution of the enzyme therefore, imphes that it associates with membranes. Indeed, 

in cells expressing hPLDl, activity was observed in both the cytosol and membrane 

fractions. hPLDl encodes a 120kDa protein (analysed by SDS-PAGE) which is ARF- 

dependent and specifically utihses PC as a substrate (61).

Membrane-associated ARF-dependent PLD activity has been locahsed to both the 

plasma membrane (58) and Golgi (58,59). Brefeldin A (BFA) prevents the association 

of ARF with membranes by inhibiting nucleotide exchange (239,240). If ARF is 

required to translocate to the membranes in order to be activated (ie exchange GDP for 

GTP) and to associate with PLD, then in the presence of BFA, ARF-dependent PLD 

activity should be inhibited. The inhibition of ARF-stimulated PLD was observed in the 

presence of BFA. Consistent with the data presented, in BFA resistant Golgi 

membranes where ARF binding is not prevented by BFA (59), the activation of PLD is 

unaffected, indicating that the translocation of ARF to Golgi membranes is required for 

the activation of Golgi-associated PLD (59).

BFA also inhibited ARFl-restored secretion. In this case, ARF is stimulating the release 

of pre-formed secretory granules. It is proposed that ARF-dependent secretion is a 

result of prior PLD activation. The release of stored secretory granules would not be 

expected to require the activation of a Golgi-localised enzyme. The effect of BFA on 

other ARFl-dependent PLD activities including the cytosolic (61) and plasma
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membrane forms (58) has not been investigated. BFA is known to inhibit the action of 

ARF-GEF (239,240). Whilst purified GEF is BFA-insensitive, it is proposed that in 

vivo, GEF forms part of a complex which is sensitive to BFA treatment (276). The 

GEF that has been purified by Tsai et al only activates class I ARFs (i.e. ARFl and 

ARF3-ARF2 has not been examined) (277). Whilst, other GEFs may exist which 

activate ARFl, the purified class I activating GEF, represents the major GEF activity in 

rat spleen cytosol. This protein may generally stimulate ARFl wherever it’s site of 

action is. Assuming that this is true then BFA would be expected to inhibit membrane- 

associated ARFl-dependent PLD activities wherever they are locahsed by inhibiting the 

binding of ARF to the membranes, and therefore the interaction with PLD. Inhibition of 

PLD by BFA would also be expected to result in the inhibition of ARF-dependent 

regulated secretion due to the proposed relationship between these two responses. 

Indeed, BFA inhibits both rARFl-restored PLD activity and secretion.

Although ARFl and ARF3 were first illustrated to stimulate PLD activity (230), 

members of all three classes of ARF proteins can stimulate this enzyme (55,57). ARF 

stimulated PLD activity is dependent on the presence of the acidic phospholipid PIP% 

(55,57,60,61,109). A requirement for this phospholipid has also been demonstrated for 

efficient guanine nucleotide exchange on ARF proteins (278) and for ARF-GAP activity 

(279,280). Recently, Rho-stimulated PLD activity has also been shown to be dependent 

on the presence of PIP% (296) indicating that this phosphohpid may be generally 

required for G-protein dependent PLD signalling.

Although ARF proteins are able to stimulate substantial PLD activity alone, recent 

reports have demonstrated the presence of other cytosolic factors which augment the 

ARF response. A 50kDa factor was identified in neutrophils which stimulated GTPyS 

dependent PLD activity (85). In the presence of both this factor and ARF, synergistic 

activation of PLD is observed (296-298). This factor also acts synergistically with 

RhoA in stimulating PLD (299). Recently, ARF and RhoA have been demonstrated to 

activate PLD in a synergistic manner (300,301). It will be of interest to see if the 50kDa 

factor further stimulates PLD activity in the presence of both G-proteins. The
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identification of this factor will hopefully provide more insight into the proteins and 

mechanisms involved in the PLD signalling pathway.

The residual and variable GTPyS response which is observed in cytosol-depleted cells 

for both the PLD and secretory responses, is postulated to be as a result of the presence 

of RhoA which does not substantially leak from HL60 cells during a 10 minute 

permeabihsation (J.Whatmore-personal communication) The proposed requirement for 

PA for secretion, would imply that RhoA stimulation of PLD, would also be expected 

to stimulate GTPyS-stimulated regulated secretion. Given the synergistic activation of 

PLD by ARF and RhoA it will be of interest to see if a similar response is observed for 

secretion and whether the 50kDa factor also exerts a stimulatory effect on this response 

which would further strengthen the role of PLD in the regulated secretory pathway.

Addition of PKC« has synergistic effects on both ARF (253) and RhoA (253,254) 

stimulated PLD activity. If all three proteins are present, even greater activity is 

observed (253). Protein kinase activity is not required for PLD activation. Ohguchi et 

al (254) demonstrated that whilst MgATP was required for activation of PLD, it was 

not required for phosphorylation, but rather to maintain PIP2 levels. Further 

confirmatory evidence that PKC stimulated PLD activity via a protein phosphorylation 

independent mechanism was shown by Singer et al (253). This report demonstrated that 

following tryptic cleavage (which separate that catalytic and regulatory domains of 

PKC) and chromatography on a gel filtration column, PLD activity co-eluted with the 

regulatory domain. PKC« (and PKCp to a lesser extent) also stimulates regulated 

secretion in pituitary cells (198) and PC 12 cells (199). Members of the classical PKC 

class of enzymes are therefore involved in both the stimulation of PLD activity and 

regulated secretion.

Both ARF-dependent PLD activity and secretion show a similar dependence on Câ "̂ . 

The Câ "̂  requirement for both responses is dramatically reduced if the cells are 

pretreated with PMA. PMA is a direct activator of PKC which greatly reduces the Câ "̂  

requirement for the enzyme such that activation can be observed in the absence of any 

detectable Ca^  ̂ mobilisation (87). PKC is translocated to membranes and therefore
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activated in a Ca^^- dependent fashion however phorbol ester treatment results in 

membrane association at resting Câ "̂  levels (302). PMA has been shown to stimulate 

the translocation of PKC» to the membranes in HL60 cells (254) indicating that it is 

likely to be this isoform which is utilised in the system studied here.

Activation of ARFl-stimulated PLD requires the translocation of ARF to the 

membranes where nucleotide exchange and activation of PLD can occur. Membrane- 

association of both ARF (in the presence of GTPyS) and PKC (due to PMA 

pretreatment) will therefore result in the synergistic activation of PLD. The Ca^*- 

independent translocation of PKC to the membranes of PMA-pretreated cells accounts 

for the observed activation of ARFl-dependent PLD and secretion in the presence of 

EGTA which is not observed in control cells.

PMA also stimulates the membrane-association of both ARF (255) and RhoA (254) 

with membranes, although very httle protein is translocated in comparison to membrane 

association stimulated by GTPyS (254,255). Whilst the mechanism by which PMA 

promotes membrane association of these monomeric G-proteins is unknown it is likely 

to be via a PKC-dependent mechanism. PKC-mediated translocation of ARF could 

account for the observed increase in both PLD activity and secretion in response to 

GTPyS alone in PMA-pretreated cells in the presence of both EGTA and pCa5. This 

response reflects the PKC-mediated translocation of endogenous ARF to the 

membranes, where upon GTPyS addition, PLD activity could be stimulated.

The data indicates that the synergistic effects of ARF and/or RhoA in the presence of 

PKCa on PLD activity (253,254) and secretion may be as a result of increased PKC- 

mediated translocation of the small G-proteins to the membranes where they can 

interact with membrane-associated PLD.

8.3 PITP also restores GTPyS-stimulated secretion

The presence of a second protein which corresponded to the restoration of secretion by 

fractions from the gel filtration stage of the ARF-purification scheme, led to the 

identification of a second protein -PITP- which could restore GTPyS-stimulated
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secretion in cytosol-depleted HL60 cells. Concentration-dependent stimulation of 

secretion was observed for PITPa (both native and recombinant), rPITPp and the yeast 

homologue, SEC14p.

8.4 Introduction to PITP

PITP is able to bind and transfer PI or PC (234). Analysis of PITP by isoelectric 

focusing identified the presence of two forms of the protein with isoelectric points of

5.5 and 5.7. The difference in isoelectric point reflects lipid binding, with the more 

acidic form isolated in a Pl-bound state whilst the pi of 5.7 represents PC bound 

protein (303). PITP transfers hpids between membranes (Fig.8.3) (304). There is only 

one lipid binding site (303)which cannot be unoccupied (305) and PITP exhibits a 16 

fold greater affinity for PI over PC (304). The dual specificity and high affinity for PI 

exhibited by PITP, allows the net transfer of PI to a PI-deficient membrane, where 

phospholipid exchange can occur resulting in the hpid binding site being occupied by 

PC (304).

PITP is found in most tissues with brain exhibiting the highest activity (306). Analysis 

on SDS-PAGE of rat PITP reveals a protein of ~35kDa (306) whilst DNA sequence 

analysis predicts a protein of ~32kDa. (307). Whilst no sequence homology with other 

lipid binding proteins could be ascertained, PITP is a highly conserved protein which is 

illustrated by the abihty of a rabbit antibody against bovine PITP to cross react with a 

35-36kDa protein present in mammalian, avian, reptile, amphibian and insect cytosol 

(307).

Snoek et al. studied the localisation of PITP in 3T3 fibroblasts (308). PITP was found 

distributed throughout the cytoplasm and associated with structures around the nucleus. 

Double labelling experiments, illustrated that the labelling around the nucleus was 

representative of the Golgi. Fractionation of the cells revealed that immunoreactivity to 

PITP was exclusively found in the cytosohc fraction, indicating that PITP is only
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Fig. 8.3 In vitro activity of PITP

PITP transfers PI or PC between membranes. No net transfer of lipids can occur i.e. 

equivalent numbers of molecules are accepted and donated by each membrane. PITP 

must always be occupied by phospholipid.
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loosely associated with the Golgi (308). The PITP content of exponentially growing 

cells was doubled and showed increased association with the Golgi when compared to 

quiescent cells implying that functionally, PITP is very important. PMA and bombesin 

stimulation also results in increased association of PITP with the Golgi (309). PITP 

contains five potential PKC phosphorylation sites (309), and incubation of cells with 

PMA led to PITP becoming phosphorylated. Similar results were obtained from an in 

vitro assay utihsing purified PITP and PKC. Whilst bombesin also promoted increased 

PITP association with the Golgi, no elevation of PITP phosphorylation was observed 

(309). Therefore the mechanism via which PITP is stimulated to associate with the 

Golgi remains elusive, although phosphorylation of PITP maybe one mechanism.

Two forms of PITP were identified in 3T3 fibroblasts, with molecular weights of 35 

and 36kDa (261). The well estabhshed PITP activity (35kDa protein) was renamed as 

PITPa, and the 36kDa form was named PITPp. PITPp, shares 77% sequence identity 

with PITPa but 94 % similarity (310). Unlike PITPa, PITPp is able to transfer 

sphingomyelin in addition to PC and PI and is not a substrate for PKC (259). This 

isoform appears to preferentially localise to the Golgi (259).

The conserved nature and wide tissue distribution of PITP indicate that it is likely to 

play an important functional role. Until recently, evidence for a physiological function 

for PITP remained elusive. Thomas et al (135) demonstrated that PITP reconstituted 

GTPyS-dependent PLCp signalling in cytosol-depleted HL60 cells. PITP could also 

restore EGF signalling via PLCy which is regulated by tyrosine phosphorylation (136). 

In both these signalling pathways, PITP was demonstrated to increase PIP% synthesis

(136,137). PIP2 levels do not decrease with PLC stimulation indicating that PLCp 

probably preferentially utilises newly synthesised PIP2 rather than hpid already resident 

in the membrane. Therefore it appears that PITP acts as a cofactor in inositol hpid 

signalhng and may exert it’s action on the inositol hpid kinases to stimulate PLC 

substrate (PIP2) production (137).
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8.5 Yeast PITP is Involved in Vesicular Trafficking

Yeast PITP, encoded by the PITl gene, is a 35 kDa protein with similar properties to 

mammalian PITPs (311) (312). Disruption of PITl resulted in the production of non 

viable spores indicating that the PITl gene is essential for cell growth (260). Yeast 

PITP is identical to the protein encoded by the SEC 14 gene -SEC14p (257), which is 

required for transport of secretory proteins from the yeast Golgi (256). SEC 14 mutants 

could be rescued by a single copy of the PITl gene, thus demonstrating that SEC14p 

and PITP are identical (257). Consistent with it’s role in vesicular transport, SEC14p 

was shown to associate with the Golgi (313).

Mammalian and yeast PITP share no sequence homology despite sharing phospholipid 

transfer properties (260). Rat PITP cDNA was placed under transcriptional and 

translational control of the SEC 14 gene. The expressed protein exhibited the 

immunological and biochemical properties of rat PITP (314). Expression of this protein 

restored growth and secretion to temperature-sensitive SEC 14 mutants which normally 

exhibit defects in these responses, however it could not rescue the lethal SEC 14 null 

mutations. The abihty of rat PITP to rescue non-lethal SEC 14 function illustrates the 

functional equality of these proteins despite the disparity in primary sequence (314).

A mechanism of action for SEC14p has been postulated following the identification of 

various genes which when disrupted bypass the SEC14p requirement of cells. 

Disruption of genes encoding enzymes involved in the CDP-Choline pathway which is 

one of the pathways responsible for PC synthesis eliminates the requirement for 

SEC14p (313). McGee et al demonstrated that Golgi membranes from SEC 14*̂  mutants 

have an increased PC content indicating that the function of SEC14p is to maintain a 

reduced PC content in yeast Golgi membranes (315). Disruption of genes required for 

the CDP-chohne pathway, also depresses the PC content, and therefore SEC14p 

function is no longer required and wild type growth and secretion are observed (315). 

Recently Skinner et al demonstrated that the site of action of SEC14p is on the second 

enzyme in the pathway -chohne-phosphate cytidyltransferase (CCTase) (316). 

Overproduction of SEC14p decreases the bulk membrane PC content and this 

reduction can be reversed by the expression of CCTase. In vitro SEC14p inhibited
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CCTase activity but had no effect on the other two enzymes in the pathway (316). 

Therefore the ability of SEC14p to maintain reduced PC levels in Golgi membranes 

ensures secretory competence. To date no equivalent function for PITP has been 

demonstrated in mammahan cells.

8 . 6  PITP is involved in regulated secretion and the budding of secretory granules.

A role for PITP in regulated exocytosis from mammalian cells has now been 

documented. Hay et al (201) demonstrated that PITP was required for the ATP- 

dependent priming stage of exocytosis from PC 12 cells. SEC14p also exhibited priming 

activity illustrating the conserved functionality of these proteins. PITP was also shown 

to promote the formation of immature secretory granules (258), and in addition 

SEC14p stimulated this response although it was less effective.

The physiological function of PITP remained a mystery for many years, however 

recently several roles for this protein have been identified. PITP is required as a 

cofactor for PLC signalling, it is involved in regulated secretion in mammahan cells and 

in the budding of secretory granules from the Golgi.

8.7 ARF and PITP restores secretion by promoting the synthesis of PIP2

Simultaneous addition of sub-maximal concentrations of ARF and PITP stimulated 

GTPyS-dependent secretion in an additive manner indicating that these proteins act via 

a common mechanism. PITP promotes PIP2 synthesis (136,137), and a potential role 

for this lipid in exocytosis has been imphcated (Chapter 1.6.6). Recent evidence from 

Hay et al have demonstrated that in addition to PITP, type 1 phosphatidyhnositol 4 

phosphate 5 kinase (PIP5K) - the enzyme catalysing the last step in PIP% synthesis- is 

also required for ATP-dependent priming of exocytosis (202). PIP% synthesis stimulated 

by PITP and PIP5K, was closely correlated with noradrenahne release (202). PA 

activates type I PIP5Ks (112,113) and therefore ARF stimulation of PLD could result 

in the synthesis of PIP2. The PIP2 requirement for PITP/ARF stimulated secretion was 

therefore examined.
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Neomycin (262,263) and the PH domain of PLC8  (268)both bind PIP2 with high 

affinity. Both reagents inhibited ARF/PITP GTPyS-stimulated secretion, indicating that 

PIP2 is required for this response.

Synthesis of PIP2 requires MgATP. Further evidence for a requirement for PIP2 is 

highlighted by the observation that ARF-stimulated secretion is dependent on the 

presence of MgATP. The MgATP dependence of ARF-stimulated PLD activity and 

secretion do not completely correlate. PLD activation can be stimulated by ARF and 

GTPyS in the absence of MgATP whereas secretion is not, demonstrating that PLD 

activation per se is not sufficient for secretion to occur, but that other MgATP 

dependent intervening reactions i.e stimulation of inositol hpid kinases- are required. 

The type I PIP5Ks which are stimulated by PA (113) and are required for MgATP 

dependent priming of exocytosis in PCI2 cells(202) have both membrane and cytosolic 

locations (113). The loss of cytosolic PIP5K when the time of permeabihsation was 

increased to 30 minutes may explain the inabihty of ARF in the presence of MgATP to 

restore secretion to these cells. MgATP enhanced PLD activity was also not observed 

in these ceUs. This result could also be explained by the loss of PIP5K because PLD 

activation has been demonstrated to require PIP2 (55,57,60,61,109).

The data presented indicate that ARF/PITP restore secretion by feeding into the 

common pathway of PIP2 synthesis (Fig.8.4). PITP is known to promote PIP2 synthesis

(136,137), and conclusive evidence has now been produced which demonstrates that 

ARF also stimulates the production of this polyphosphoinositide (233). Fig 8.5 

illustrates that the addition of ARF or PITP to cytosol-depleted HL60 cells restores 

PIP2 synthesis.

In addition to the PIP2 requirement for ARF-dependent exocytosis, PIP2 is also 

required for optimal PLD activity (55,57,61,109-111). This phospholipid stimulates 

both ARF-GEF activity (278) and ARF-GAP activity (280) (279). The presence of PA 

in addition to PIP2 substantially increases ARF-GAP activity (279). The requirement for 

PIP2 in all of these reactions and the ability of PA
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Fig. 8.4 A Model of the proposed role of ARF and PITP in stimulating secretion 

ARF and PITP are proposed to stimulate regulated secretion by promoting the 

synthesis of PIP2 . PITP has been proposed to stimulate PIP2 synthesis by presenting 

substrate to the inositol lipid kinases. The product of PLD activation, stimulates PIP5K. 

Therefore ARF is proposed to stimulate PIP2 synthesis by stimulating PLD which 

results in the subsequent activation of PIP5K.
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Fig. 8.5 ARF and PITP stimulate PIP2 synthesis

rARFl and PITP stimulated PIP2 synthesis in cytosol-depleted HL60 cells. This 

experiment was performed by S.Cockcroft.
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to stimulate ARF-GAP indicate that a feedback mechanism is likely to exist whereby 

the products of PLD activation terminate this response and consequently PIP2 synthesis 

and secretion.

A model (Fig 8 .6 ) is predicted where ARF-GTP ( or GTPyS) activates PLD which in 

turn results in the activation of PIP5K and the stimulation of PIP2 synthesis which 

results in exocytosis. Increased PIP2 levels wül enhance the exchange of GDP for GTP 

on ARF which will result in further stimulation of PLD and production of PIP2. As PIP2 

and PA levels increase, ARF-GAP will be activated. The return of ARF to the GDP 

bound form will result in the cessation of PLD activity and PIP2 synthesis.

RhoA also stimulates PEP5K activity (28)and maybe exerting this effect by stimulating 

PLD activity (29). Rho is also involved in exocytosis from mast cells (30), and RBL 

cells (179), and therefore may have similar effects to those illustrated for ARF in this 

thesis. If this is so, it imphes that activation of PLD and subsequent PIP2 synthesis, may 

be a common mechanism by which regulated secretion is promoted in a variety of cells.

ARF-dependent PLD has been locahsed to the cytosol (58,60), Golgi (58,59) and the 

plasma membrane(58). Regulated secretion in neutrophils (46) and differentiated HL60 

ceUs (62)occurs in response to the binding of extracellular ligands such as fMLP to cell- 

surface receptors. Close proximity to the receptors, and the site of exocytosis would 

place plasma-membrane locahsed PLD in an ideal localisation. Similarly the enzymes 

responsible for PIP2 synthesis -PI4K and PIP5K- are also present at the plasma 

membrane in HL60 cells (58). The close locahsation of PLD, with these enzymes could 

result in relatively rapid changes in PIP2 levels which are required for secretion. The 

presence of ah the required components in close proximity at the plasma membrane is 

similar to the proposed mechanism of PIP2 synthesis by PITP, where this protein is 

proposed to sequentially present substrate to the inositol hpid kinases (137).
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Fig. 8 . 6  A model illustrating the potential feed-back mechanism where product 

inhibition terminates PLD activity.

ARF.GEF stimulates nucleotide exchange resulting in the production of ARF.GTP, 

which will stimulate PLD. Stimulation of PLD results in the production of PA and the 

subsequent synthesis of PIP2. PIP2 further stimulates ARF.GEF resulting in increased 

PLD activity. As PIP2 and PA levels increase, ARF.GAP is stimulated which returns 

ARF to the GDP-bound form, resulting in the termination of PLD activation and 

therefore subsequent PIP2 synthesis and secretion. The enhancing effects of PIP2 and 

PA are illustrated by the grey arrows.
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A second potential site for PIP2 synthesis is on the secretory granule itself. The 

importance of polyphosphoinositides in regulated secretion is highhghted by the 

presence of PI4K on GLUT4 vesicles (317) and secretory granules from adrenal 

chromaffin cells (318). Whilst the locahsation of this enzyme to HL60 secretory 

granules has not been conclusively demonstrated, fractionation studies demonstrate that 

this activity is found in fractions which consist of Golgi, ER and azurophihc granules 

(58). PI4K may therefore be present on secretory granules in HL60 ceUs, but further 

fractionation studies would be required in order to definitively establish this.

The production of PIP, may therefore occur on the secretory granules of HL60 cells. In 

addition to having a membrane localisation, type I PIP5K is also present in the cytosol 

(113). Association of PIP5K with secretory granules and activation of the enzyme by 

PA would result in the phosphorylation of PIP and therefore locahsed changes in the 

levels of PIP2.

Potentially, therefore there are two sites where locahsed PIP2 levels can be dramatically 

altered -the plasma membrane and the secretory granule membrane. For exocytosis to 

occur, these membranes must fuse. Fusion competence may therefore be promoted by 

the actions of ARF and PITP on PIP2 synthesis.

8.8 What is the Function of PIP2 in Exocytosis?

PLD activation results in the hydrolysis of PC and the production of PIP2 and PA. 

Locahsed changes in the membrane phosphohpid content therefore occur. In yeast, 

secretory competence (constitutive secretion) is conferred by the maintenance of a 

reduced PC content in Golgi membranes (315,316). A similar mechanism may be 

involved in regulated exocytosis. Increases in PIP2 and PA are likely to occur at the 

plasma membrane and potentiahy changes in PIP2 may occur on the secretory granule 

itself, as discussed in the previous section. Changes in hpid composition of both the 

membranes involved in regulated exocytosis may be sufficient to confer secretory 

competence.
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It is more likely however that PIP2 functions by interacting with other proteins to 

regulate exocytosis. Cytoskeletal proteins are a prime candidate for such a role. The 

majority of actin binding proteins bind to and are regulated by polyphosphoinositides 

(319). Exocytosis requires the disassembly of cortical actin filaments to enable 

secretory granules to move and fuse with the plasma membrane (Chapter 1.5.4). 

However, whilst calcium stimulates such a response, the polyphosphoinositides exert 

antagonistic effects (319). One actin binding protein, which is not involved in the 

disassembly of the actin cytoskeleton however, appears to be required for Ca^  ̂

triggered catecholamine release from chromaffin cells (320). Fodrin, is associated with 

the cell periphery and secretory granule membranes (320)and has been proposed to be 

involved in vesicle docking. This protein contains a PH domain (267). These domains 

bind to PIP2 with high affinity (267) and can therefore result in the translocation of PH 

domain containing proteins to membranes. A potential role for PIP2 in chromaffin cells 

at least may be to associate with fodrin and promote vesicle docking.

Whilst fodrin may not be involved in the regulation of secretion in HL60 cells, protein- 

PIP2 interactions are likely to be required to promote the association of secretory 

granules with the plasma membrane, or to confer fusion competence to a pre-docked 

vesicle.

The mode of action of PIP2 in exocytosis remains speculative. Interaction of PIP2 with 

PH domain containing proteins may be required, or perhaps this phosphohpid acts via a 

completely novel mechanism to promote exocytosis.

8.9 Summary

ARF has been demonstrated to restore GTPyS-dependent PLD signalling in cytosol- 

depleted HL60 cells. This protein was also capable of reconstituting regulated 

secretion. A correlation between PLD activation and secretion has been previously 

described (62), and is further strengthened by the data in this thesis. Whilst the data do 

not demonstrate that ARF-stimulated secretion is a consequence of PLD activation by 

this G-protein, there is nonetheless a good correlation.
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The phospholipid, PIP2 is required for the restoration of GTPyS-stimuIated secretion by 

either ARF or PITP. Both PITP (136,137) and ARF (233) stimulate PIP2 synthesis. 

PIP2 synthesis is proposed to be the common mechanism by which these two proteins 

stimulate GTPyS-dependent secretion. ARF-stimulation of PIP2 synthesis is proposed 

to be a consequence of the activation of PLD which results in the production of PA 

which activates type I PIP5K (112,113). The observed correlation between ARF- 

stimulated PLD activity and secretion unlikely therefore to be due to ARF stimulating 

both activities by disparate mechanisms, but rather it has been demonstrated that the 

most likely reason for the correlation is that ARF-stimulated PLD activity is required 

for secretion in HL60 cells by promoting PIP2 synthesis.
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