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ABSTRACT

In recent years great strides have been made in our understanding o f the secretory 

pathway. Much o f the new information regarding regulated exocytosis has come from 

biochemical studies o f neuronal cells and tissues. The aim o f the work described in this 

thesis was to determine if  cells o f the haematopoietic lineage use the same granule 

docking and fusion machinery as that used for neurotransmitter release and to investigate 

the function of candidate genes involved in granulocyte degranulation. Western blotting 

across eosinophil subfractions failed to identify known components of the synaptic 

vesicle fusion machinery. cDNA library screening resulted in the isolation of VAMP2 

and cellubrevin cDNA clones from eosinophil and RBL-2H3 cDNA libraries. Tagged 

VAMP2 or cellubrevin cDNA constructs transiently expressed in RBL-2H3 cells 

localised to the endocytic pathway. To determine if key gene products thought to play a 

role in regulated exocytosis affected RBL-2H3 cell degranulation, a functional assay 

utilising flow cytometry was developed. This enabled the effect o f overexpression of 

GFP-tagged ARF and PLD lb  on RBL-2H3 degranulation to be determined. Using this 

approach the GDP-bound mutant o f ARF6  inhibited ionomycin stimulated degranulation 

while overexpression of wild-type PLD lb  increased granule fusion and localised to 

RBL-2H3 granules. Therefore PLD lb  and ARF6  are implicated in granulocyte 

degranulation.
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1. INTRODUCTION

1.1 Allergy and asthma

Allergy is defined as an abnormal response to environmental antigens such as 

pollen, animal hair and house dust. Between 15-20% of the population suffer with 

allergy, a number which is steadily rising. The production o f immunoglobulin E (IgE) 

by B cells is one o f the major factors in the development o f atopy. Once synthesized, 

IgE has a half-life in the plasma o f 2-3 days. On attachment to the high affinity IgE 

receptor, present primarily on mast cells, this half-life increases to 2-3 months.

Asthma is a syndrome typically characterized by three features: intermittent 

and reversible airway obstruction, airway hyper-responsiveness and airway 

inflammation. Allergic asthma is by far the most prevalent form of the disease, 

accounting for approximately 90% of sufferers. Allergic asthma occurs in subjects 

that exhibit immediate hypersensitivity to environmental antigens. Almost all patients 

suffering with allergic asthma experience immediate bronchospasm in response to 

inhaled antigen. This is characterized by acute airway obstruction within 15 minutes 

o f antigen exposure. In chronic asthma there is also development of the late asthmatic 

response (LAR). The late asthmatic response has a number o f features characteristic 

o f chronic asthma. These include a lowered responsiveness to bronchodilator therapy, 

increased airway responsiveness and the development o f bronchial inflammation. 

Whereas the mast cell plays a key role in the acute asthmatic response, other cells are 

recruited to the airway and function in the late asthmatic response. These include 

neutrophils, macrophages, lymphocytes, eosinophils and monocytes (Holgate, 2000).

1.1.2 Mast cells in allergy

Mast cells, like basophils are derived from haematopoietic precursors in the 

bone marrow. Mast cell precursors are distributed throughout the connective tissues 

where they differentiate into mature mast cells. They are particularly numerous 

beneath the epithelial surfaces o f the skin, in the respiratory system, in the 

gastrointestinal tract, adjacent to blood and lymphatic vessels and within the 

peripheral nervous system. Mast cells are therefore placed at sites of parasitic or 

pathogenic infection as well as near environmental antigens that are in close contact 

with the skin or mucosal surfaces. This distribution o f mast cells brings the products 

o f its activation into contact with fibroblasts, epithelial and endothelial cells, neuronal 

cells and vascular, respiratory, gastrointestinal or genitourinary smooth-muscle cells.



The anatomical site in which a mast cell resides can have dramatic effects on its 

mediator content, sensitivity to activation agents and responses to pharmacologic 

agents. Skin mast cells are more sensitive to activation by morphine and substance P 

than lung mast cells (Church et al., 1991). They also contain large amounts o f 

chymase in their granules, unlike lung mast cells, which contain little or no chymase 

(Swartz, 1989).

Mast cells express the high affinity IgE receptor (FceRI) on their surface. 

When IgE antibodies, bound to mast cell FceRI recognise specific multivalent 

antigens, the resulting cross-linking o f the receptors initiate a cascade o f events 

culminating in the regulated release o f the mast cell granule contents and newly 

formed lipid mediators. Mast cells can also be triggered to degranulate with C3a and 

C5a. Upon degranulation, the released mediators function as chemotactic agents, 

inflammatory mediators or spasmogens (table 1.1). Under normal physiological 

circumstances, the release o f mediators firom mast cells plays a critical part in the 

development o f a defensive acute inflammatory reaction. In allergic diseases however, 

a massive release of these mediators can lead to predominant bronchoconstrictive and 

vasodilatory effects that are potentially life threatening. This is known as the acute 

phase response.

Mediator Function Target cell/tissue/protein

Cytokines (11-5, TNFa, 

11-8 )

LTB4, PAF

Chemoattractant

neutrophil, eosinophil, basophil 

basophil

Histamine

PAF

Tryptase

Activator

Vasodilation/vascular permeability

Microthombi

Activates C3

Histamine

PGD2

LTC4, LTD4

Spasmogens

Bronchial smooth muscle contraction 

Mucosal oedema 

Mucus secretion

Table 1.1 Action of preformed and newly formed granule-associated lipid 

mediators



Although the bronchoconstriction and vasodilation concomitant with the acute 

phase response is a primarily a mast cell driven event, the mast cell is also intimately 

involved in the late phase response. The late phase response in both the skin and the 

lungs is characterized by the infiltration o f blood home leukocytes. Inflammatory 

cells accumulate as early as 1 hour following antigen challenge, reaching a peak 

concentration at 6  hours post challenge. These cells include eosinophils and 

neutrophils (Tsicpoulos et a l, 1994). It is the release upon activation of mast cell 

derived cytokines that are thought to play an important role in the late phase response. 

These cytokines include II-1, IL-4, IL-5 and TNFa. Because the mast cell plays such 

a central role in allergy and asthma, many o f the current therapies are targeted at 

specific mast cell functions or mediators. For example, iosoprenylene and sodium 

cromoglycate are widely used mast cell stabilizers and anti-histamines o f immense 

use as mediator antagonists.

1.1.3 Eosinophils in allergy

Eosinophils are granulocytes derived from bone marrow progenitor cells, 

which divide and differentiate principally in response to IL-5, although IL-3 and GM- 

CSF are also involved. Mature eosinophils are characterized by their granules, which 

consist o f a dense crystalloid core, which binds the dye eosin. Upon maturation they 

are released into the peripheral blood and migrate to the tissues in response to various 

chemoattractants, the most selective o f which is IL-5. Platelet activating factor (PAF) 

and C5a are also strong eosinophil chemoattractants but their effect is nonspecific 

because o f their action on neutrophils. IL-5 however can specifically prime 

eosinophils for a greater response to PAF, and also IL-8  (Sehmi et al, 1992). 

Eosinophils migrate from the vascular system to the tissues by receptor interactions 

on the cell surface with their ligands on the vascular endothelial cell surface. 

Eosinophils express VLA-4 on their surface, which is the ligand for VCAM-1, present 

on stimulated endothelial cells. Endothelial cells also express ICAM-I and the 

interaction of this receptor with LFA-I is also thought to play a role in eosinophil 

accumulation in the lungs o f asthmatics. Furthermore, both IL-5 and IL-3 have been 

shown to upregulate the binding of eosinophils but not neutrophils to unstimulated 

endothelial cells (Walsh et a l, 1991).



Eosinophils are able to produce various potent pro-inflammatory mediators, 

which can be divided into three groups. Arachadonic acid metabolites derived from 

membrane phospholipids, cytokines secreted as a result o f protein synthesis and 

preformed mediators stored in granules. It is through the release these mediators that 

the eosinophil contributes to the pathogenesis of allergic reactions in addition to its 

normal physiological role in the killing of parasites (Spry, 1988). The major granule 

components are major basic protein (MBP), eosinophil cationic protein (EC?), 

eosinophil-derived neurotoxin (EDN) and eosinophil peroxidase (EPO). The main 

characteristics of these proteins are outlined in table 1.2. The effects o f granule 

components have been demonstrated in patients suffering from bronchial asthma, 

where major basic protein has been found in elevated concentrations in sputum and is 

deposited at sites of damage (Gleich et a l, 1986). It has been suggested that it is the 

release of these eosinophil granule proteins, particularly MBP that may be responsible 

for the bronchial hyperreactivity observed in these patients. In addition to these 

observations, the asthmatic epithelium, unlike normal epithelium expresses ICAM-I 

and it is thought that the eosinophil mediated epithelial damage is due at least in part 

to eosinophils binding to epithelial cells through LFA-I/ICAM-I interactions before 

degranulation (Asakura et a l, 1996). Asthmatic patients also present with activated 

(hypodense) eosinophils in their peripheral blood supply, which are cells that have 

already degranulated. These activated eosinophils produce more leukotriene C4

(LTC4 ), demonstrate increased O2  consumption and contain less MBP than

normodense eosinophils.

Although the triggers of eosinophil mediator release in asthma are uncertain, 

eosinophils can be triggered in vitro to degranulate in a number o f ways. Certain 

granule constituents, such as ECP can be released by binding o f IgG-coated particles 

or parasites, via surface FcyRII (Martin et a l, 1996). EPO is not released in response 

to this stimulus, but may be secreted in response to the triggering o f low affinity IgE 

receptors, a stimulus that does not lead to the release of ECP. These observations 

could be representative o f different granule subpopulations within the cell. 

Eosinophils degranulate to a variety of other stimuli including: beads coated with IgG, 

IgA or secretory IgA, calcium ionophores, fMLP and PMA (Martin et a l, 1996). 

Inhibitors o f degranulation include agents which increase intracellular cAMP levels 

such as phosphodiesterase inhibitors and pertussis toxin.



Protein Site MW

(kDa)

Activities

MBP Core 14 Potent helminthotoxin & cytotoxin; causes histamine 

release from basophils & rat mast cells; bactericidal; 

causes bronchoconstriction & hyper-reactivity.

ECP Matrix 21 Potent helminthotoxin & neurotoxin; causes 

histamine release from rat mast cells; weak RNase 

and bactericidal activity.

EDN Matrix 18-19 Potent neurotoxin; potent RNase activity; weak 

helminthotoxin.

EPO Matrix 71-77 In the prescence of H2 O2  + halide: kills micro

organisms and tumour cells; stimulates histamine 

release from rat mast cells; activates leukotrienes; 

damages respiratory epithelium even in the absence 

of H2 O2 .

Table 1.2 Properties of human eosinophil granule proteins. (Hamann et a l,  1991).

1.2 Protein sorting pathways

1.2.1 The early secretory pathway

Proteins destined for the secretory pathway must travel within the cell through 

a series o f vesicular transport steps from donor to target membranes (Fig. 1.1). 

Constitutive secretion is carried out by all cells and involves the constant vesicular 

flow to deliver cargo to the plasma membrane, the extracellular environment or to 

intracellular organelles. Newly synthesised proteins destined for the secretory 

pathway travel first through the endoplasmic reticulum (ER) in an unfolded state. 

Here proteins undergo post-translational modifications such as, glycosylation, 

disulphide bond formation and oligomerization. Cargo bound for other cellular 

compartments, or ER resident proteins that have escaped their original site of function 

travel through the intermediate compartment (IC) to the cw-Golgi complex. The 

precise nature and function of the IC
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Figure 1.1: Schematic representation of the major steps along the secretory 
pathway. The arrows indicate the direction of vesicular transport along the secretory 
pathway. Endoplasmic reticulum (ER); cw-Golgi network (CGN); Golgi complex (G); 
trans-Go\%\ network (TGN); immature secretory granule (ISG); mature secretory 
granule (MSG); constitutive secretory vesicle (CV); lysosome (L); endosome (E); 
Late endosome (Le); endosomal vesicle (EV); synaptic vesicle (SV).

and the cw-Golgi complex is still a matter of debate. The IC is thought to be an early 

sorting compartment and the cw-Golgi network appears to be a port of entry into the 

Golgi stack. Although anterograde transport from the ER to the Golgi complex and 

retrograde transport back to the ER is thought to occur through vesicular transport 

steps, a model proposing continuity of ER membranes with the c/5-Golgi 

compartment has also been observed (Clermont et al., 1994).



Upon reaching the Golgi complex, cargo undergoes further carbohydrate 

modifications and proteolytic processing. The Golgi complex is composed o f discrete 

stacked membrane cistemae and there are two models addressing the question o f how 

cargo is transported through the complex to the TGN (Pelham and Rothman, 2000). 

The first is that cargo is concentrated into discrete membrane regions that then bud off 

o f the cistemae before the resulting vesicles can fuse with the subsequent 

compartment. A second model that has recently gained in popularity suggests that 

Golgi cistemae mature, gradually becoming depleted in ER and early Golgi resident 

proteins. Once depleted o f these proteins the mature cistemae are free to fuse with the 

trans-Go\%i network (TGN) (Fullekmg and Nilsson, 1998).

1.2.2 Sorting at the trans-Go\gi network

Upon arrival at the TGN, cargo can then be sorted into secretory vesicles 

destined for the plasma membrane or other intracellular organelles, for example to the 

endosomal system. The vesicular traffic that flows from the TGN is largely dependant 

on the specialized function o f that cell. The TGN therefore plays a pivotal role in the 

correct sorting o f proteins in the secretory pathway. Neuroendocrine cells contain 

dense core granules containing cargo that is released upon a specific stimulus. In these 

cells the endosomal sorting route must be modified to accommodate this requirement. 

In polarized cells however, cargo must be correctly targeted from the TGN to the 

apical or basolateral surface. The understanding o f protein sorting at the TGN, has 

been aided by a range of experimental approaches. A key discovery, which enabled 

the development o f many reconstitution assays to measure protein traffic from the 

TGN, was that export from this compartment could be reversibly blocked at 20^C. 

(Matlin and Simons, 1983). This temperature block leads to the accumulation o f cargo 

at 20°C, which upon warming to 37®C is released synchronously. The sorting of a 

range o f markers including proteins tagged with green fluorescent protein (Kaether 

and Gerdes, 1995), and viral proteins (Yoshimori et al., 1996) have been studied 

using temperature block approaches.

The fungal metabolite, Brefeldin A (BFA) has been extensively used to 

characterize the sorting machinery throughout the secretory pathway, including 

sorting at the TGN. BFA has been demonstrated to inhibit nucleotide exchange for a 

small GTP-binding protein, known as ADP-ribosylation factor (ARF) (Helms and 

Rothman, 1992). The target o f BFA has recently been identified as an ARF-GDP-



GEF (guanine nucleotide exchange factor) exchange reaction intermediate that is 

stabilised by BFA hence blocking ARF activation (Peyroche et al., 1999). One of the 

functions of ARF appears to be in regulating vesicle formation from the TGN. 

Addition of BFA at 20^C prevents the subsequent release of accumulated cargo 

proteins upon warming to 37°C (Miller et al., 1992). BFA has also been demonstrated 

to cause the collapse of the Golgi cistemae into the ER (Lippincott-Schwatz et al., 

1989). This is thought to be due to inhibition o f COPI coated vesicle formation 

mediated by activated ARFl. Inhibition o f ARFl results in the release o f the COPI 

coat into the cytosol leading ultimately to the collapse of the Golgi and its 

redistribution into the ER. The TGN however, does not appear to be incorporated into 

this merged ER/Golgi compartment (Klausner et al., 1992). The ability of BFA to 

block the release o f cargo from the TGN implies that sorting events at the TGN 

involve ARF-mediated processes. In support o f this model, ARF has been 

demonstrated to be involved in sorting o f growth hormone (Chen and Shields, 1996), 

heparan sulphate proteoglycan and secretogranin II (Barr and Huttner, 1996) into 

secretory granules at the TGN.

1.2.3 The endocytic pathway

The endocytic pathway (Fig. 1.2) is a vital process for the maintenance of 

cellular and organelle homeostasis. Internalised cell surface receptors, solutes and 

lipid, first sort into early endosomes. Early endosomes are considered to be a dynamic 

array o f vesicles, vacuoles and tubules that a distributed throughout the cytoplasm. 

Receptor ligand complexes dissociate within early endosomes as a consequence o f the 

slightly acidic pH (pH 6 .0-6.8) within the compartment. From the early endosome 

cargo such as free receptors, can be recycled back to the plasma membrane in 

recycling vesicles (Mukheijee et a l,  1997). Other cargo such as dissociated ligands, 

are transported to late endosomes and lysosomes. Here ligands are degraded at low 

pH (pH5.0) and in an environment rich in lysosomal enzymes. The endocytic pathway 

also intersects with the biosynthetic pathway. Newly synthesized lysosomal enzymes, 

bound to the mannose-6 -phosphate receptor are transported from the TGN to 

endosomes on their journey to the lysosome. Like the mannose-6 -phosphate receptor, 

lysosome-associated membrane glycoproteins (LAMPS) are also sorted into the 

endosomal system at the TGN.
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Figure 1.2 Diagrammatic representation of the endosomal pathway. Endosomal 
carrier vesicle (ECV); multivesicular body (MVB); plasma membrane (PM); trans- 
Golgi network (TGN).

1.2.4 Sorting signals and coat proteins

An essential component required for selection of cargo and the generation of 

transport vesicles are the coat proteins. To date three types of vesicle coats have been 

identified; clathrin, COPI and COPII, acting at specific points along the secretory 

pathway. The first vesicle coat to be identified was clathrin, reviewed in Pearse and 

Robinson, 1990. The sites of clathrin coated vesicle formation are the plasma 

membrane and the TGN, where they form endocytic transport vesicles and endosome 

targeted vesieles. Clathrin is thought to act as a scaffold protein that is able to form a 

cage-like structure on the membrane, initiating the formation of the budding vesicle. 

Before clathrin can bind to the membrane, adaptor proteins (AP) must first assemble



on the donor membrane. AP complexes act in both the assembly of the clathrin coat 

and the selection o f cargo. AP complexes are heterotetrameric complexes consisting 

o f two -lOOkDa subunits, one 50kDa subunit and one 20kDa subunit (Fig. 1.3). There 

are at least four types o f adaptor complexes. AP-1, which mediates the budding of 

vesicles from the TON, immature secretory granules and early endosomal 

compartments (Dittie et al., 1996; LeBorgne et ah, 1996). AP-2, which is associated 

with vesicle formation at the plasma membrane (West et al., 1997). More recently, 

AP-3 has been identified as an essential component o f cargo selective transport from 

the TGN to the mammalian cell lysosome or the yeast vacuole (Simpson et al., 1997; 

Cowles et al., 1997). It is not clear however if  clathrin is the coat protein for AP-3. 

The function of AP-4 is still to be determined, although it has been localised in the 

region of the TGN and shown to interact with tyrosine-based sorting motifs (Hirst et 

al., 1999). Recently a novel family o f proteins termed GGAs have been identified 

with homology to y-adaptin which may also function in the trafficking of proteins 

from the TGN to the yeast vacuole or mammalian cell lysosome (Hirst et al., 2000).

The incorporation of cargo into specific transport vesicles is an active process. 

Membrane proteins contain sorting signals in their cytosolic domains that recruit 

specific coat proteins. The sorting signals are degenerate, although typically they 

contain a tyrosine residue in the context o f one or more amino acids with large 

hydrophobic side chains. An alternative coated pit localisation signal is usually 

comprised of two leucine residues, or a leucine residue and a small hydrophobic 

residue. It is of interest that tyrosine based sorting motifs have a widespread 

distribution, although di-leucine sorting signals are most commonly found in the 

immune receptors o f leukocytes (table 1.3).
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Figure 1.3: Organisation of AP-1 and AP-2 clathrin adaptor complexes. Each AP 
heterotetrameric complex consists of two -lOOkDa subunits (a,P, or P’,y), one 
medium chains (p i or p2 ) and one small chain (a l  or ct2 ).

Sorting sequence motif Receptor/membrane protein

Y E N P T Y p-amyloid precursor protein

Y K Y S K V CD-mannose-6 -phosphate receptor

Y T R F Transferrin receptor

G Y Q T I LAMPl

Y S  A F Polymeric Ig receptor

Y Q R L TGN38

L L Fc receptor

L I MHC class II variant chain

Table 1.3 Consensus sequence motifs for localisation into clathrin coated pits.
Regions of conservation are highlighted in bold.

The exact mechanism of AP complex recruitment to membranes is unknown 

and until recently the identity of the AP subunits that bound to specific sorting motifs 

was also a mystery. It was the employment of a two-hybrid screening strategy (Ohno 

et al., 1995) that identified the p AP complex subunits as the coated pit signal 

interacting proteins. It was notable that proteins known to be included in both plasma
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membrane and TGN derived clathrin coated vesicles demonstrated an ability to 

interact with both |il  and p,2 subunits. Other proteins, such as the transferrin receptor 

only interacted with the plasma membrane localised p2 subunit. It is possible that 

membrane proteins gain access to specific points along the endosomal pathway by 

way of their differing affinities for specific AP-subunits.

It is not only the endocytic pathway that uses coated vesicle formation as a 

method of cargo selection. The constitutive secretory pathway also uses specific coat 

proteins to transport cargo through both the anterograde and retrograde pathways. In 

the early stages o f the secretory pathway ER resident proteins requiring further 

modifications at the Golgi complex and proteins that have escaped the ER must be 

sorted at the intermediate compartment or early Golgi, into vesicles for transport back 

to the ER. This reclamation of cargo and membrane may also be critical in the 

maintenance o f the Golgi complex. Resident proteins o f the ER lumen carry a specific 

tetrapeptide signal (KDEL or HDEL) which is responsible for retaining them within 

the ER (Munro and Pelham, 1987). The mechanism of retention of resident ER 

proteins bearing the KDEL sequence has been demonstrated to be through binding of 

the KDEL receptor, ERD2 (Semenza et al., 1990).

The first evidence that a specific motif was responsible for the retention o f a 

membrane protein in the ER came with the demonstration that a carboxy-terminal, six 

amino acid residue (DEKKMP) was necessary and sufficient for ER retention of the 

type I membrane protein E l9 (Nilsson et al., 1989). The authors demonstrated that 

transplanting the adenovirus encoded E l9 cytosolic domain onto the extreme 

carboxy-terminus of either of the T-cell glycoproteins CD4 or CD8 , resulted in the 

targeting of these chimeric proteins to the ER. Sequence comparisons and 

mutagenesis studies on many ER resident membrane proteins has confirmed that 

correct ER targeting requires two lysine residues correctly positioned relative to the 

carboxy-terminus. This m otif has therefore been termed the KKXX, or di-lysine 

motif.

The first evidence that a coat protein could interact directly with the di-lysine 

motifs came with the work of Cousson and Letoumer (1994). This group utilized a 

glutathione S-transferase fusion protein bearing a di-lysine m otif to isolate cytosolic 

proteins capable o f binding to this motif selectively. This approach demonstrated that 

coatomer bound with high affinity to this fusion protein. Coatomer, also known as

12



COPI is a protein complex comprised of seven subunits: a-coat protein (a-COP), P- 

COP, P’-COP, y-COP, Ô-COP, 8-COP and Ç-COP. COPI was first isolated from 

bovine brain cytosol (Waters et al., 1991, Kreis et al., 1995). Coatomer was 

implicated in intra-Golgi transport with the discovery that COP I subunits are bound 

to Golgi-derived transport vesicles along with the small GTP-binding protein, ADP- 

ribosylation factor I (ARFl) (Rothman and Orci, 1992, Ostermann et al., 1993). 

These observations led to the assumption that COPI was the coat involved in transport 

vesicle formation for the transfer o f material between Golgi compartments. The 

observation, that COPI could bind to ER retrieval motifs, coupled with data from 

genetic studies in yeast with mutated coatomer subunits (Letoumer et al., 1994), 

provided compelling evidence that COPI was involved in selective retrograde 

transport o f membrane proteins from the Golgi back to the ER.

With the hypothesis that COPI coated vesicles were involved primarily in 

Golgi to ER retrograde transport, it was argued that the initial anterograde ER to 

Golgi transport step was mediated solely by a different coat complex, termed COPII. 

The COPII coat complex bears little similarity to COPI. In yeast COPII coats are 

comprised o f four subunits: SecBlp, SeclSp, Sec23p and Sec24p (Barlow, et al., 

1994). COPII coats, like other coat complexes require a small GTP-binding protein 

for coat recmitment to the donor membrane. Unlike the other coat proteins however, 

COPII coats require activation o f the small GTP-binding protein Sari and the 

nucleotide exchange factor Secl2p for COPII recmitment to the membrane. Although 

the role COPII vesicles in transport from the ER has been well documented in yeast 

(Salama et al., 1995), their role in this transport step in mammalian cells is also 

generally accepted.

Data suggests that COPI and COPII coated vesicles appear to have a few 

molecular components in common. For example, they each contain the molecules 

Sec22p, Boslp and Betlp. They do however, differ in the types o f cargo they carry. 

The a-factor precursor. Gas Ip, and two amino acid permeases are also selectively 

recmited into COPII vesicles. These observations suggest that, like COPI and clathrin 

coated vesicles COPII coated vesicles are also capable o f cargo selection. Further 

evidence comes from genetic studies in yeast and suggests that COPII vesicle 

formation is linked to the sorting o f cargo (Elrod-Erikson and Kaiser, 1996). Unlike 

COPI and clathrin coated vesicles however, little is known about the sequence motifs
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required for selection into COPII-coated vesicles, although a double phenylalanine 

m otif has been shown to participate in the binding of COPII (Dominguez et al., 1998). 

The requirement for a different GTP-binding protein, Sarlp in COPII complex 

recruitment may also uncover some clues as to the mechanism of this sorting event.

1.3 Regulated exocytosis

Regulated secretion is not a universal cellular function, but is carried out by 

specialized secretory cells. Material destined for eventual secretion is stored and 

concentrated in secretory vesicles or granules. Cells capable of regulated secretion 

only release their contents in response to physiological needs and require specific 

signals before they release their cargo. Specialized secretory cells therefore use the 

regulated secretory pathway for the rapid release o f neurotransmitters, stored 

hormones and enzymes. Mast cells for example degranulate upon cross-linking o f the 

high affinity IgE receptor to release a range of inflammatory mediators. Regulated 

secretion is not limited however to the release of soluble cargo, it is also widely used 

for the regulated insertion of membrane proteins at the cell surface. The appearance of 

the glucose transporter GLUT4 on the surface o f muscle and fat cells is regulated by 

insulin (Martin et al., 2000). Therefore many cells are capable o f regulated secretion, 

although the regulated secretory organelle varies greatly between cell types.

1.3.1 Regulated secretory organelles

The dense-core granules of neuroendocrine cells begin forming at the trans- 

Golgi network. It is here that the sorting of regulated secretory cargo from the 

constitutive secretory pathway and from lysosomal enzymes begins. Components 

required for the processing of hormones also are recruited, and the granule begins the 

maturation process. Immature secretory granules (ISG) derived from the TGN 

undergo maturation by the retrieval o f excess membrane and mis-sorted proteins to 

the endosomal pathway via clathrin coated vesicles, leading to condensation o f the 

core to form mature secretory granules (Tooze, 1998).

The pathway for biogenesis o f synaptic vesicles is still a matter o f some 

debate. One possibility is that immature synaptic vesicles bud directly from the TGN. 

Alternatively, they may form through the endocytic pathway after delivery of 

vesicular components to the plasma membrane. The latter pathway for synaptic 

vesicle biogenesis would therefore be analogous to synaptic vesicle recycling
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following regulated secretion. Ultrastructural analysis studies do not support a model 

whereby synaptic vesicles bud from the TGN (Tsukita and Ishikawa, 1980). The 

neuroendocrine cell line, PC 12 has been used extensively to study the biogenesis of 

small synaptic vesicles. In this system, newly synthesized synaptophysin is 

transported through the constitutive secretory pathway to the plasma membrane, 

before being recruited into synaptic vesicles after multiple rounds o f endocytosis and 

exocytosis (Reginer-Vigoroux and Tooze, 1991).

The regulated secretory organelle o f granulocytes is neither a synaptic-like 

vesicle nor a dense-core granule. In cells o f the haematopoietic lineage, it is the 

lysosome that contains both lysosomal hydrolases and specialized proteins destined 

for regulated release upon a stimulus to secrete (table 1.4).

Cell Type Functions Secreted products

Cytotoxic T 

lymphocytes and 

natural killer cells

Target cell killing Perforin

Granzymes

Eosinophils Defense against parasites Major basic protein 

Neurotoxin

Neutrophils Inflammatory response Chemoattractants

Histaminase

Basophils Inflammatory response Histamine

Mast cells Inflammatory response Histamine

Serotonin

Macrophages Phagocytosis 

Antigen presentation

Lysosome ‘secretes into 

phagosome’

Osteoclasts Bone resorbtion Forms lysosome with bone

Platelets Inflammatory response 

Clotting

Clotting factors

Acid and neutral hydrolases

Table 1.4 Cells possessing secretory lysosomes. Modified fi*om Griffiths, (1996b).
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A number o f models have been proposed to describe lysosomal biogenesis. 

Originally lysosomes were thought to form directly from the Golgi complex This was 

known as the primary lysosome hypothesis and was a long-held view of lysosome 

biogenesis (Bainton, 1981). As our knowledge of this process increased, this model 

appeared no longer valid and other models have been suggested to describe this 

pathway. The ‘maturation model’ o f lysosomal biogenesis suggests that lysosomes 

bud from a late endosomal compartment and non-lysosomal components are removed 

from this late endosomal compartment during the maturation process (Roederer et a l,

1990). Alternatively, the ‘vesicle shuttle model’ suggests that small vesicles bud from 

late endosomes for the selective delivery of lysosomal components destined for a pre

existing lysosome. Lysosomes therefore grow by expansion o f pre-existing membrane 

and division through a fission process. However, no evidence exists to date supporting 

this hypothesis. Finally, a third model for the biogenesis o f lysosomes, termed the 

‘kiss and run’ hypothesis (Storrie and Desjardins, 1996) has been suggested. Here, 

pre-existing lysosomes undergo repeated, transient fusion and fission processes with 

late endosomes. This pathway therefore can be used to acquire newly synthesized 

molecules and components o f the endocytic pathway. A modification to this model 

has also been suggested involving direct and complete fusion between endosomes and 

lysosomes with subsequent recovery o f lysosomes for re-use (Griffiths, 1996a; Luzio 

et al., 2000). Clearly, the lysosomal biogenesis pathway is still far from understood. 

Advances in the field o f molecular cell biology and the use of animal models 

defective in lysosomal biogenesis and function such as the mouse coat colour 

mutants, with their defects in melanosome biogenesis and function should increase 

our knowledge o f this pathway.

It is not clear if  cells o f the haematopoietic lineage possess specialized 

lysosomes, or if  all cells can secrete lysosomal proteins in response to appropriate 

signals. Evidence from studies using rat kidney (NRK) fibroblasts demonstrates that 

elevation o f intracellular free calcium with calcium ionophore results in the fusion o f 

lysosomes with the plasma membrane (Rodriguez et a l, 1997). This suggests that 

fusion o f lysosomes with the plasma membrane in response to calcium may be a 

function common to all cells. Evidence that haematopoietic cells possess specialized 

‘secretory lysosomes’ comes primarily from studies o f patients with the genetic defect 

known as Chediak-Higashi syndrome (CHS) and the homologous mouse mutant 

known as beige. CHS is a complex autosomal recessive disorder characterised by
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extensive hypopigmentation o f the skin, hair and eyes. Melanocytes containing giant 

melanosomes unable to transfer to the surrounding kératinocytes seem to be 

responsible for the decreased pigmentation in CHS patients exhibiting albinism. 

These mutants have been widely used as a model system to study lysosome function 

in haematopoietic cells. Although all cell types examined from CHS patients 

exhibited giant lysosomes, only haematopoietic cells and melanocytes demonstrated a 

functional defect, with an inability to secrete their lysosomes. This suggests that cells 

o f this lineage may share a common mechanism of secretion distinct from other 

regulated secretory cell types. The gene found to be mutated in CHS has recently been 

cloned (Pérou et a l, 1996; Barbosa et a l, 1996). More recently the CHS gene product 

has been demonstrated to be a 400kDa cytosolic protein, possibly involved in 

lysosome fission (Pérou et a l,  1997), although it has also been implicated in sorting 

resident endosomal proteins into late multivesicular endosomes by a microtubule 

dependant mechanism (Faigle et a l, 1998). Neurobeachin, a neuronal homologue of 

the CHS gene has recently been identified. Like the CHS gene product it is implicated 

in membrane trafficking. It also has a high affinity binding site for the type II 

regulatory subunit o f protein kinase A (Wang et a l, 2000). As a clearer understanding 

of the function of the CHS gene product and other proteins involved in this pathway is 

gained, our insights into the formation o f the secretory lysosome, and the regulated 

secretory pathway o f these specialized secretory cells should be furthered.

1.4 GTP-binding proteins and exocytosis

Many vesicular transport steps within both the constitutive and regulated 

secretory pathway are controlled by GTP-binding proteins (Rothman & Orci, 1992). 

The first GTP-binding protein found to be involved in vesicular trafficking was SEC4, 

a 23.5kDa protein required for Golgi to plasma membrane transport in yeast 

(Salminen & Novick 1987). Since the identification of SEC4, a whole family of 

mammalian homologues have been identified, termed Rab proteins and belonging to 

the Ras superfamily o f GTP-binding proteins. At least 30 distinct Rab proteins have 

been identified to date, each possibly controlling a specific vesicular transport step. 

Table 1.5 lists some o f the Rabs identified to date and outlines their functions.

As well as a role for Rabs in vesicle docking and fusion events, there is now 

increasing evidence that Rabs are also involved in vesicle budding. In yeast, depletion 

o f Ypt31p and Ypt32p induces the accumulation o f Golgi stacks, resembling the
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mammalian Golgi complex. These observations suggest that these proteins are 

involved in intra-Golgi transport and the formation of transport vesicles from Golgi 

membranes (Jedd et al., 1997). However, the mammalian homologue o f these yeast 

proteins, Rab 11 plays a role in the recycling of transferrin receptors (Ren et al., 1998). 

This evidence could suggest that there is functional diversity o f Rab family members 

in yeast and mammals. Other Rabs involved in the endocytic pathway include Rab5. 

In mammalian cells, McLauchlan et al, (1998) have recently demonstrated that 

clathrin-coated vesicle formation from the plasma membrane is dependant on the 

function of Rab5. In support of this observation, Bucci et al, (1992) had already noted 

that overexpression of Rab5 increased the rate o f uptake o f transferrin from the 

plasma membrane. A role for Rabs in vesicle budding has also been suggested at 

earlier stages o f the mammalian secretory pathway. Rabl has also been implicated in 

the formation o f functional transport vesicles from the ER (Tisdale et al., 1992). 

Immunodepletion of R abl, or addition o f excess Rab-GDI, was demonstrated to 

inhibit vesicle formation.
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Protein Function

Mammalian

Rabl ER to Golgi; intra-Golgi

Rab2 ER to Golgi

Rab3 Regulated exocytosis

Rab4 Endocytosis

Rab5 Endocytosis

Rab8 TGN to basolateral PM

Rab9 Endosome to TGN

R ab ll Recycling endosomes, PM to

Golgi

Rab 33 Intra-Golgi

Budding Yeast ER to Golgi; intra-Golgi

Yptl Golgi to PM

Sec4 Endocytosis

Ypt7

Fission Yeast Golgi to PM

Ypt2

Table 1.5: Functions of selected members of the rab family in intracellular 
protein transport. Abbreviations: ER, endoplasmic reticulum; PM, plasma 
membrane; TGN, trans-Golgi network (Novick and Brennwald, 1993; Zerial and 
McBride, 2000).

One current model for the involvement o f Rabs in the secretory pathway is 

that they may function in vesicle targeting and fusion (Fig. 1.4). Like all GTP-binding 

proteins, Rabs exist in the GTP- or GDP-bound state. However, unlike heterotrimeric 

G-proteins, they have a low intrinsic rate o f GTP hydrolysis. They are also modified 

by one or two gerenylgerenyl (C20) prenyl moieties on one or both of their C-terminal 

cysteine residues, allowing membrane attachment. In the GDP bound state, Rab 

proteins are cytosolic, with the prenyl group(s) masked from the membrane by 

binding to a GDI protein (GDP dissociation inhibitor). The mechanism of Rab protein 

attachment to membranes is still unclear, although the observation that GDP-bound 

Rabs can be detected on membranes after delivery o f the Rab-GDI complex suggests 

GDP/GTP exchange may not be a prerequisite for membrane binding (Ullrich et ah.
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1995). Rab5-GDI has also been demonstrated to mediate in vitro binding to 

membranes (Ullrich et al., 1995). For GDP/GTP exchange to occur the Rab protein 

must therefore bind to the membrane and GDI is then released from the Rab-GDI 

complex. A GDI-displacement factor (GDF), may fulfil the function o f Rab receptor 

on the donor membrane and act to displace GDI. A GDF that acts on some members 

o f the Rab family, but which does not have exchange activity has been characterised 

(Dirac-Svejstrup et al., 1997). Evidence for the existence o f a Rab4 receptor that 

interacts with the Rab C-terminal hypervariable domain has also been documented 

(Ayad et al., 1997). On displacement o f GDI from the Rab-GDI complex, GDP can be 

exchanged for GTP through the interaction o f a guanine nucleotide exchange factor 

(GEF). Rab GEFs identified so far include a 178kDa protein specific for prenylated 

Rab3a (Wada et al., 1997) and Rabex-5 which has been shown to catalyze GDP/GTP 

exchange on Rab5 (Horiuchi et al., 1997). Upon nucleotide exchange Rabs are able to 

interact with their effectors. Rab effectors include motor proteins such as the kinesin- 

like protein Rabkinesin-6  that has been demonstrated to interact with the Golgi- 

associated Rab6  (Echard et al., 1998). The early-endosomal autoantigen EEAl has 

also been identified as a Rab5 effector (Simonsen et al., 1998). The observation that 

EEAl binds PIP3 on endosomal membranes may link PI3-kinase activity and Rab5 in 

the regulation o f the endocytic pathway. Rabphilin is a peripheral membrane protein 

thought to be a Rab3 effector (Shirataki et al., 1993). Originally suggested to mediate 

Rab3 function in secretion, Rabphilin has recently been linked to the endocytic 

pathway (Bums et al., 1998) and has now been suggested to function in coupling 

exocytosis and endocytosis (Darchen and Goud, 2000).

20



rab
GDP

Donor
membrane

rab
GDP

rab
GTP

GTP

GDP
Predocked
vesicle

I

GDP

fab
GTP

Acceptor

Docked
vesicle

Key: l^ f fe c to r  I |  GDI ; Q  GDF ;

GEF ; ^  Prenyl Group ;

membrane

GAP

Figure 1.4: A possible model for the cycling of Rab proteins in vesicle targeting 
and fusion.

Rab proteins exhibit very low intrinsic GTPase activity and therefore utilize 

GTPase activating proteins (GAPs) to stimulate GTP hydrolysis. Fewer Rab-GAPs 

than Rab-GEFs have been identified to date, although GAPs for Rab3a and Rab6 have 

been isolated (Nagano et al., 1998; Cuif et a l, 1999). On binding of the GTP-bound 

Rab to its specific GAP, GTP hydrolysis occurs leaving the Rab in the GDP-bound 

state, which may interact preferentially with GDF GDI has been shown to be able to
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extract Rab-GDP proteins from membranes, which would support this hypothesis 

(Takai et a l, 1993). Thus, the Rab cycle is complete and the Rab-GDI complex is 

available for another round of vesicular transport.

The Rab isoform thought to play a critical role in regulated secretion is Rab3. 

The Rab3 subfamily comprises Rab3a, b, c and d. Rab3a and c are most abundant in 

brain but members o f the Rab3 subfamily are also found in other cell types and tissues 

suggesting a more general role for Rab3 in regulated exocytosis (table 1.6). Rab3 is 

associated with synaptic vesicles in the GTP-bound state, but upon calcium triggered 

membrane fusion, Rab3 has been demonstrated to dissociate from the membrane 

(Fischer von Mollard et a l, 1991) implying a role for Rab3 in the final stages of 

vesicle fusion. Evidence from transgenic mice, demonstrated that mice lacking the 

Rab3a isoform were viable and healthy (Geppert et a l, 1997). This suggested that 

Rab3a was not necessary for synaptic vesicle docking and fusion. Recent evidence 

however has suggested that repetitive stimulation o f Rab3a deficient hippocampal 

synapses leads to an accelerated rundown o f hippocampal synapses. Geppert et a l , 

(1997) have demonstrated that this is due to defective regulation of fusion. Rab3a is 

therefore now considered to regulate the number o f synaptic vesicles released as a 

function o f calcium. It is also possible that Rab3a performs this function in other cells. 

The mechanism of this control is unknown, although it is likely to involve other 

members o f the docking and fusion machinery. In granulocytes there is evidence o f a 

role for Rab3 in mast cell degranulation, where peptides to the Rab3a effector domain 

have been demonstrated to stimulate exocytosis (Oberhauser et a l, 1992; Edwardson 

et a l, 1993). The peptides used in these studies however are positively charged 

suggesting that stimulation o f degranulation is an indirect effect, like other positively 

charged compounds such as mastoparan. The suggestion that Rab3a acts as a negative 

regulator of exocytosis comes from several lines o f evidence. A GTP bound mutant o f 

Rab3a inhibits regulated exocytosis in neuroendocrine and insulin-secreting cells 

(Johannes et a l, 1994; Regazzi et a l, 1996). Overexpression of the Rab3-GEP 

catalytic domain in PC I2 cells inhibits exocytosis (Oishi et a l, 1998) and Rab3a 

antisense oligonucleotides increase secretory responses upon repetitive stimulation 

(Johannes et a l, 1994). However, Rab3b antisense studies demonstrated a reduction 

o f secretion in anterior pituitary cells, suggesting a positive role for Rab3b in the 

secretory response (Lledo et a l, 1993). Furthermore, expression of a GTP-bound 

mutant of Rab3b led to inhibition o f exocytosis in P C I2 cells, or insulin-secreting
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cells (Chung et al., 1999; lezzi et al., 1999). Therefore, it would appear that Rab3 

isoforms can either stimulate or inhibit secretion depending on their cellular context.

Protein Localization Cell type

Rab3a Synaptic vesicles, 

chromaffin granules

Presynaptic neurones, chromaffin cells, mast cells, 

pancreatic acinar cells

Rab3b Pituitary vesicles Anterior pituitary cells

Rab3c Secretory vesicles Adipocytes, mast cells

Rab3d Secretory granules Pancreatic acinar cells

Table 1.6: Distribution of Rab3 protein isoforms (Darchen and Goud, 2000).

Although little is known about the secretory process in granulocytes, patch 

clamp studies have shown that the intracellular application of the non-hydrolysable 

GTP analogue, GTPyS stimulates degranulation o f guinea pig eosinophils with a 2-3 

fold increase in membrane capacitance (Nusse et al, 1990). This suggests that 

eosinophils release their granule contents via an exocytic mechanism. These 

membrane capacitance studies also demonstrated the possibility of different granule 

populations, with small vesicles fusing with the plasma membrane before fusion of 

the crystalloid granules (Lindau et al, 1993). There is no information at present 

regarding the contents o f these small vesicles, or the regulation o f exocytosis of the 

different granule or vesicle populations. In permeabilized mast cells, degranulation in 

response to GTPyS requires calcium in the absence o f ATP, but in its presence, only 

GTPyS is required, although at increased concentrations (Gomperts, 1990; Lindau and 

Gomperts, 1991). These results suggest the involvement o f a GTP-binding protein in 

regulated exocytosis, termed Ge and that, unlike neuroendocrine cells, a 

phosphorylation event may not be necessary for the terminal stages of mast cell 

exocytosis. Furthermore, addition o f anti-GjocS antibodies and Gjot3 C-terminal

peptides have been shown to inhibit compound 48/80, ALF4 " and GTPyS stimulated

exocytosis in rat peritoneal mast cells, reversibly permeabilized with ATP^- (Aridor
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et al, 1993), suggesting a role for Gj(x3 in mast cell secretion. In mast cells,

reconstitution o f degranulation in permeabilized cell systems also implicate the 

involvement o f Rac2 and Cdc42 as possible candidates for Ge (O’Sullivan et al,. 

1996; Brown et a l, 1998a). Finally, in a different system, using permeabilized 

chromaffin cells, antibodies to Gq have been shown to inhibit calcium dependant

regulated exocytosis (Oharo-Imaizumi et al, 1992). These observations, coupled with 

the inhibitory effects seen with PDE inhibitors and pertussis toxin on degranulation 

demonstrate the involvement o f heterotrimeric G-proteins as well as small molecular 

weight GTP-binding proteins of the ras superfamily in regulated exocytosis.

1.5 Synaptic vesicle proteins and regulated secretion

Although Rabs may play a role in targeting the granules to the plasma 

membrane, other granule membrane proteins are involved in the docking and fusion 

machinery. Possible components o f the fusion machinery have recently been 

identified through biochemical studies on brain synaptic vesicles and genetic studies 

in yeast. In vitro systems have shown that an N-ethylmaleimide-sensitive factor (NSF) 

and the soluble NSF attachment proteins (SNAPS) are required for intra-Golgi 

vesicular membrane fusion events. It has also been demonstrated that the NSF-SNAP 

complex is conserved in yeast and that mutations in genes homologous to NSF and 

SNAPS block the yeast secretory pathway (Schekman, 1992). The SNAP receptors 

(SNARES) have been isolated from bovine brain by an affinity purification procedure 

along with other interacting proteins and on sequencing were found to be proteins 

known to be associated with the synapse (Sollner et al, 1993a). These proteins 

included SNAP25, a protein found on the presynaptic terminals of neurons, 

synaptobrevin, a membrane bound synaptic vesicle protein thought to be the SNAP 

receptor for this membrane (v-SNARE) and syntaxins A and B which are proteins 

located on the plasma membrane to which presynaptic vesicles are docked. SNAP25 

and syntaxin were termed t-SNAREs because o f their location on the target 

membrane. It was the ability o f these proteins to come together in a complex, coupled 

with the existence o f numerous SNARE-related proteins that led Rothman’s group to 

suggest a universal model for vesicle docking involving proteins homologous to those 

isolated in these studies (Fig. 1.5).
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Figure 1.5: Initial model of the vesicle docking and fusion complex, involving 
cytosolic proteins and those bound to either the donor (vesicle) or target 
membrane The SNARE hypothesis suggests that specific t-SNARE interactions with 
specific v-SNARES are responsible for the specificity of vesicle transport through the 
secretory pathway. (Barinaga, 1993).

Central to SNARE function is their ability to form a ternary complex 

consisting of one member each of the syntaxin, VAMP (synaptobrevin) and SNAP25 

families. The presence of heptad repeat regions (SNARE motifs) in the cytoplasmic 

domains of SNAREs allow the assembly of a parallel four-helix coiled coil termed the 

SNARE core complex (Poirier et al., 1998). It is the formation of this complex that 

brings the vesicle and target membrane into close apposition. Although many of the 

components of the vesicle docking and fusion machinery are known, the exact 

function of these components during these events is still a matter of some debate. The 

original SNARE hypothesis proposed that the components of the SNARE complex 

were directly involved in the membrane fusion event. Direct evidence for this 

function came recently through reconstitution experiments in lipid bilayers which 

have demonstrated that recombinant t-SNARES and v-SNARES alone can drive 

membrane fusion (Weber et a i, 1998), and that the kinetics of this reaction are 

consistent with fusion events in physiological systems (Parlati et at., 1999). 

Furthermore evidence from intact and permeabilised neuroendocrine cells associate 

formation of the fusion complex with membrane fusion (Chen et a l, 1999).

Although direct evidence for SNARE function in membrane fusion now 

exists, the ability of SNAREs to provide specificity to membrane fusion events is still
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an area of debate. The initial SNARE hypothesis proposed that SNAREs were 

responsible for the specificity o f vesicular trafficking events, by their binding to 

specific SNARE partners (Rothman, 1994). Studies of SNARE function in yeast 

suggest that whilst a t-SNARE can define a target membrane, it is also able to interact 

with a number of v-SNARES (Tsui and Banfield, 2000). The yeast t-SNARE SedSp 

has been demonstrated to interact with the v-SNARES Sec22p, Boslp and Betlp 

during anterograde transport and the v-SNARES Sftlp  and V tilp during retrograde 

transport. However, the observations that only cognate SNAREs can rescue 

exocytosis in permeabilised cells suggest that SNAREs do contribute to the specificity 

o f the fusion process (Scales et a l, 2000).

Evidence from both genetic and biochemical studies have identified a number 

of proteins required for vesicle docking and fusion events and begin allow us to put 

together a possible model for these events (Fig. 1.6). Vesicle docking and fusion can 

be broken down into at least five separate stages. First, vesicles are targeted to the 

vicinity of the target membrane (Fig. 1.6 i). Next vesicles are recruited onto the target 

membrane, possibly through the action o f Rab proteins, their effectors and the Seel 

family o f proteins (Fig. 1.6ii). Following vesicle targeting, neuronal nSecl (nSecl) is 

released from syntaxin, enabling it to undergo the conformational changes necessary 

to form the trans-SNAKE complex with VAMP and SNAP25 and to associate with 

the synaptic vesicle protein synaptotagmin (Fig. 1.6iii). This is followed by membrane 

fusion, which occurs through an unknown mechanism (Fig. 1.6iv). After fusion the 

SNAREs are to be found in the 20s complex, on one membrane in a parallel four- 

helix bundle (Fig. 1.6v). This complex is disassembled through the action o f NSF and 

SNAPs in an ATP dependant process.
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Figure 1.6: Schematic diagram of vesicle docking and fusion process. The key
components of the process are shown although many other proteins play a role in this 
process. Adapted from Misura et al., 2000.

In solution syntaxin exists in an equilibrium between an ‘open’ form, capable 

of binding other SNAREs and a ‘closed’ form that is thought to inhibit SNARE 

complex formation through reducing the association rate of syntaxin and SNAP25
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(Dulobova et al., 1999). It has also been proposed that additional factors regulate the 

conformational changes o f SNAREs such as syntaxin that occur during vesicle 

docking and fusion. Such factors include the Seel family o f proteins. Neuronal Seel 

(nSecl) has been shown to inhibit the formation o f the SNARE complex through its 

interaction with syntaxin (Fig. 1.6). Although the function of nSecl appears to be the 

binding o f syntaxin in the ‘closed’ form, the yeast homologue o f nSecl is thought to 

bind to the SNARE complex and not to the yeast homologue o f syntaxin, Ssolp (Carr 

et al., 1999). Therefore, although Seel proteins seem to negatively regulate SNARE 

function, the mechanism of action of these proteins and the stage o f the vesicular 

trafficking cycle where they exert their effects is still unclear.

Another regulatory factor, synaptotagmin was first identified as a widespread 

synaptic vesicle protein known as p65 (Matthew et a l, 1981) and has since been 

identified in the secretory granules of endocrine tissues (Trifaro et a l, 1989). 

Synaptotagmin is a type I membrane protein with a large cytoplasmic domain. It 

possesses two C2-like domains related to those o f protein kinase-C as well as calcium 

and phospholipid binding activity. It is the C2A-domain that binds phospholipid and 

syntaxin in a Ca^^-dependant manner (Chapman et a l, 1995) and the C2B-domain that 

binds other synaptotagmin molecules. This indicates both Ca^^-dependant, but 

separate functions for these two domains. Synaptotagmin can also bind SNAP25 and 

like syntaxin, this interaction is also enhanced by Ca^^ (Gerona et a l, 2000), 

suggesting that synaptotagmin may allow the calcium regulation o f full SNARE 

complex formation. The finding that synaptotagmin can associate with N-type 

calcium channels has also implied a function for this protein in the docking o f 

synaptic vesicles by its binding to calcium channels, thereby holding the vesicle close 

to the site o f calcium entry enabling rapid exocytosis in the synapse. However, a 

synaptotagmin I deficient PC 12 cell line was still able to secrete, although the kinetics 

o f exocytosis, which may be retarded by inefficient docking were not studied (Shoji- 

Kasai et al, 1992). Unequivocal evidence that synaptotagmin is important for 

exocytosis came from microinjection experiments in drosophila and C. elegans 

(Bommert et a l,  1993; Nonet et a l,  1993). A greater understanding o f synaptotagmin 

function came from studies o f mouse mutants. Deletion o f the synaptotagmin I gene 

in mice results in a lethal postnatal phenotype. Studies o f synaptic transmission using 

cultured neurons from these mice demonstrated that the fast Ca^^-dependant 

neurotransmitter release was strongly depressed, but other stages o f the synaptic
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vesicle cycle were unaffected. Therefore synaptotagmin I appeared to be required 

solely for fast Ca^^ -triggered fusion (Geppert et a l, 1994a). Another proposed 

function of synaptotagmin is as a calcium sensor, capable o f opening a pore in the 

vesicle or target membrane through a combination o f self-association, or phospholipid 

binding (Misura et a l, 2000). There are now at least 12 synaptotagmin isoforms 

identified with varying tissue distributions, suggesting that their role in exocytosis 

may be widespread. Synaptotagmin II has been linked to insulin secretion from 

pancreatic beta-cells (Lang et a l, 1997), synaptotagmins VI and VIII have been 

detected in the pancreas and kidney (Li et a l, 1995) and synaptotagmin IX has been 

found in adipose tissue (Hudson and Bimbaum, 1995).

With the completion o f the yeast genome sequence, it has been possible to 

identify all the SNAREs in this organism. There appear to be seven yeast syntaxins, 

but only two SNAP25 homologues, Sec9 and Spo20, which function at the plasma 

membrane. This discrepancy in the t-SNARE complement has prompted a functional 

re-examination o f the yeast SNAREs and a reclassification o f two putative yeast v- 

SNAREs by demonstrating their ability to substitute for SNAP25 involved in 

homotypic fusion o f yeast vacuoles (Fukada et a l, 2000). Among the t-SNAREs, one 

yeast gene showing homology to mammalian syntaxin 5 is SED5, a multicopy 

suppressor o f loss o f ERD2 function (ERD2 is involved in retrieval o f resident ER 

proteins from the Golgi). SED5 has been shown to be necessary for ER-Golgi 

transport in yeast, where it is localised on the Golgi membrane (Hardwick and 

Pelham, 1992).

Identification o f mammalian SNARE homologues has also benefited from the 

wealth o f sequence data now available. Among the t-SNAREs, other members o f the 

SNAP25 family have been identified including SNAP23 which is expressed 

ubiquitously and functions in regulated secretion (Sadoul et a l, 1997). Numerous 

syntaxin homologues have also been identified. Syntaxins 1,2,3 and 4 are plasma 

membrane localised, syntaxin 5 functions in Golgi trafficking and syntaxin 13 and 7 

play a role in the endosomal pathway (Bock and Scheller, 1999). O f the v-SNAREs, 

cellubrevin (VAMP3), VAMP7 and VAMPS are thought to function in the endocytic 

pathway (Galli et a l, 1994; Advani et a l, 1999; Wong et a l,  1998).
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1.6 Phosphoinositides and the regulation of exocytosis

In neuroendocrine cells Ca^^-regulated secretion requires the synthesis o f 

phosphoinositides (PPIs). This requirement is at the ATP-dependant priming step for 

which phosphotidylinositol transfer protein (PITP) and phosphtidylinositol phosphate 

5-kinase (PIP 5-kinase) are required as cofactors (Hay et al, 1995). Priming is defined 

as those events that render docked vesicles competent for Ca^^ -triggered fusion. It 

has recently been demonstrated that PI 4-kinase, localized to secretory granules is also 

required for priming by allowing the site-specific synthesis of PI 4,5 bisphosphate 

(PIP2) on the granule membrane (Wiedemann et al., 1996). The exact role o f PIP2 in 

the granule fusion event with the plasma membrane is unknown, although PIP2 with 

its high spontaneous curvature would be predicted to inhibit the fusion event by 

lowering the stability o f the predicted stalk intermediate (Chemomordik, 1996). One 

prediction therefore is that PIP2 is sequestered by a binding protein prior to fusion. 

The 145kDa protein CAPS (Ca^^-dependant activator protein for secretion) has 

recently been, demonstrated to bind PIP2 (Loyet et al, 1998). CAPS is a protein 

essential for neurosecretion. It acts after the ATP-dependant priming event and is 

therefore a candidate effector molecule for PIP2 during regulated exocytosis. A 

second candidate is synaptotagmin, which has been demonstrated to bind PIP2 in a 

calcium dependant manner through its C2B domain. The importance o f this binding 

event has been demonstrated in the giant squid synapse where IPe binding to the C2B 

domain was shown to inhibit both PIP2 binding to this domain and subsequent 

neurotransmitter release (Schiavo et al, 1996).

Although some o f the proteins demonstrated to play an essential role in 

neuroendocrine cell regulated secretion such as CAPS and synaptotagmin have not 

been identified in granulocytes, other components o f this process have been shown to 

play an important part in granulocyte degranulation. Data fi*om cytosol depleted HL60 

cells have demonstrated a requirement for PITP for the restoration o f GTPyS 

stimulated secretion and PLD activity (Fensome et a l, 1996). Further evidence for the 

role o f PITP in regulated exocytosis comes from reconstitution experiments in 

permeabilized PC 12 cells. These studies were able to differentiate ‘priming’ from 

Ca^^-triggered exocytosis. PITP was identified in this system as one o f the factors 

necessary for the priming step (Hay and Martin, 1993). PITP was originally named 

because o f its ability to transfer phosphatidylinositol through the aqueous phase fi'om
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one membrane compartment to another. In vesicular transport pathways it plays a 

role, both in transport through the Golgi and in regulated secretion. In Saccharomyces 

cerevisiae, a PITP was identified as the secretion mutant SEC 14. These mutants could 

not secrete invertase, which accumulated in the Golgi and secretory vesicles. 

Morphological examination demonstrated an accumulation of secretory vesicles 

suggesting that secl4p participates in fusion o f these vesicles with the plasma 

membrane (Rambourg et a l, 1996). Experiments in mammalian cells have also 

demonstrated a role for PITP in the formation o f constitutive transport vesicles and 

immature secretory granules from the TGN (Ohashi et a l, 1995). To date, two 

mammalian isoforms of PITP have been identified. In lung, PITPa is highly 

expressed in secretory bronchial epithelial cells where it is predominantly localized to 

the apical membrane and the limiting membrane surrounding the secretory granules. 

This is consistent with a role for PITPa in regulated exocytosis (Ibrahim and 

Funkhouser, 1997). PITPp however, exhibits a perinuclear distribution consistent with 

a Golgi localization and function in Golgi transport in 3T3 fibroblasts (Snoek et a l, 

1992).

1.7 The role of ARF and PLD in membrane traffic pathways

ADP-ribosylation factors (ARFs) are small molecular weight GTP-binding 

proteins that were originally named for their ability to stimulate the ADP- 

ribosyltransferase activity of cholera toxin (Kahn and Gilman, 1986). ARF family 

members have since been demonstrated as being vital components of vesicular 

transport pathways and activators o f certain phospholipase D (PLD) isoforms (Cosson 

and Letoumer, 1997). Mammalian ARFs are divided into three classes based on 

molecular weight, sequence homology, gene stmcture and phylogenetic analysis 

(Moss and Vaughan, 1995). Class I ARFs comprise o f A RFl, 2 and 3, ARFs 4 and 5 

are in class II (a role for class II ARFs is still awaiting clarification) and ARF6  is in 

class III. The involvement of class I ARFs in ER to Golgi and intra-Golgi transport 

has been extensively documented. GTP-bound ARF recmitment to donor membranes 

is required for the formation o f transport vesicles. The spontaneous GDP release from 

ARF is very slow and must be catalyzed by guanine nucleotide exchange factors 

(GEFs). Several ARF-GEFs have now been identified (Donaldson and Jackson, 2000) 

and it is notable that all o f these GEFs contain a sec7 domain known to be sufficient
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for GEF activity. The ARF-GEFs identified to date can be divided into two classes 

depending on their sensitivity to BFA. The ARNO-like GEFs such as cytohesin-1 and 

GRP-1 are insensitive to BFA, but the larger ARF-GEFs including G ealp and BIGl/2 

are BFA sensitive. Nucleotide exchange on ARF results in exposure o f the N-terminal 

myristoylated amphipathic helix allowing ARF to interact with the membrane 

(Goldberg, 1998). ARF-GTP binding to donor membranes results in the assembly of 

coatomer complex, leading to membrane deformation and budding (Nickel and 

Wieland, 1997). This recruitment may be due to direct ARF coatomer interactions 

(Zhao et al., 1997), or through alteration o f donor membrane phospholipid levels 

(Ktistakis et a l, 1996). However, recent evidence suggests that ARF regions 

important for recruitment of coatomer do not coincide with those necessary for 

activation of PLD, effectively uncoupling PLD activation by ARF from ARF- 

mediated coatomer recruitment (Ruai et a l, 2000).

Upon formation of the coated vesicle, coat components are released from the 

membrane after inactivation of ARF through the hydrolysis o f bound GTP to GDP. 

This uncoating is vital for the correct targeting and fusion o f the vesicle with the 

donor membrane. It is the GTPase activating proteins (GAPs) that stimulate GTP- 

hydrolysis. Many ARF GAPs have now been described, all o f which share a common 

70 amino acid GAP domain containing a zinc finger m otif and a conserved arginine 

essential for GAP activity (Cukierman et a l, 1995; Randazzo et al., 2000). ARF 

GAPl acts on ARFl and has been localised to the Golgi in mammalian cells 

(Cukierman et al., 1995). However, the ARF GAP ASAPl, localises to focal 

adhesions and cycles with other focal adhesion proteins such as paxillin and the yeast 

ARF GAP Gcsl regulates the actin cytoskeleton, and can directly bind actin in vitro 

(Blader et al., 1999). ARF GAPs are also linked to G-protein-coupled receptor 

regulation. The ARF GAP Gitl has been shown to recruit to G-protein-coupled 

receptors. It was originally isolated as a binding partner o f G-protein-coupled receptor 

kinases (GRKs) (Predmont et al., 1998) and has been shown to be a PlPg-stimulated 

GAP for all ARFs including ARF6  (Vitale et a l, 2000). Therefore the function of

ARF GAPs point to the varied involvement o f ARFs in numerous membrane

trafficking pathways.

ARFs exert their functions through a range o f effectors among which is PLD.

PLD was first discovered in plants as a distinct phospholipid-specific

phosphodiesterase activity, hydrolysing phosphatidylcholine (PC) to produce
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phosphatidic acid (PA) and choline (Hanahan and Chaikoff, 1947). Roles for PLD in 

vesicle formation and membrane fusion have now been described (Ktistakis, 1998; 

Liscovich et al., 2000). Although the role of ARFs in the constitutive secretory 

pathway and the endocytic pathway have been extensively described, there is also 

increasing evidence for ARF and PLD involvement in the regulated secretory 

pathway o f haematopoietic cells. ARFs 1 and 3 have been shown to restore GTP- 

dependant exocytosis and PLD activation in permeabilized, cytosol depleted HL60 

cells, a commonly used model o f neutrophil function (Fensome et al, 1996). PLD 

activation has also been linked to IgE receptor cross-linking in mast cells (Lin et a l,

1991). In chromaffin cells, ARF6  has been localized to chromaffin cell granules and 

has been demonstrated to redistribute to the plasma membrane upon degranulation 

(Caumont et a l, 1998). In a permeabilized chromaffin cell system however, addition 

o f ARFl could not augment exocytosis. Exocytosis was also resistant to BFA and no 

ARF-stimulatable PLD activity could be determined. This evidence argues against a 

role for a BFA-sensitive ARF and a requirement for an ARF stimulatable PLD in 

chromaffin cell exocytosis (Glenn et a l, 1998). A role for a BFA-insensitive ARF 

such as ARF6  however could not be ruled out by these studies. ARF6  has also been 

implicated in the endosomal pathway, particularly at the plasma membrane (D’Souza- 

Schorey et a l, 1998) and a tubulovesicular compartment separate from previously 

described endosomes (Peters et a l,  1995). In addition, ARF6  is able to stimulate 

cortical actin rearrangements (D’Souza-Schorey et a l, 1997) leading to suggestions 

that ARF6  may link membrane trafficking pathways to the actin cytoskeleton.
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1.8 Aims

To date, very little is known about the events regulating the final stages of 

degranulation in cells of the haematopoietic lineage, with the proteins involved in 

granule docking and fusion still relatively undefined. The work described in this 

thesis is directed at gaining further insights into the mechanism of granule docking 

and fusion in cells of this lineage. The working hypothesis was that components o f the 

docking and fusion machinery would be localised to granulocyte granule membranes 

in a fashion analogous to that found in other vesicle transport steps, and that at least 

some o f this machinery would be common to both neuronal and non-neuronal cells. 

To begin to test this hypothesis a subcellular fractionation protocol for human 

eosinophils was developed to allow investigation o f the expression and the 

localisation o f key components o f the vesicle docking and fusion machinery. A 

second approach was the identification o f granule membrane proteins by direct 

sequencing using mass spectroscopy o f bands obtained from coomassie stained 

polyacrylamide gels o f granule fractions. In an effort to identify gene products 

expressed at low levels, a PCR detection strategy and cDNA library screening 

approach was taken to determine if  members o f the SNARE family o f proteins were 

expressed in granulocytes. Finally, the aim was to develop a functional system to 

allow the measurement of regulated secretion in a granulocyte model cell line, after 

transient transfection of candidate genes thought to play a role in this process.
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2. MATERIALS AND METHODS

2.1 MATERIALS

2.1.1 Suppliers

Materials were obtained from the following suppliers listed below:

Agar Scientific, Stansted, Essex, U.K.

Citifluor AFl mounting fluid

Amersham International, Little Chalfont, Bucks, U.K.

Enhanced Chemiluminescence (ECL) kit, Rainbow molecular weight markers, 

Hybond-C nitrocellulose membrane, ECL nitrocellulose membrane, [a^^P]-dATP, 

Megaprime™ DNA labeling kit, Hybond IST membrane, [^H]-serotonin (10- 

20Ci/mmol).

BDH Merk Ltd., Lutterworth, Leics, U.K.

Glass slides, ammonium persulphate, dithiothreitol, sucrose, acetic acid, ethanol, 

methanol, propan-2 -ol, urea

Biogenesis Ltd, Poole, U K

Serotonin polyclonal antibody, serotonin monoclonal antibody, anti-synapsin I 

polyclonal antibody, synaptophysin monoclonal antibody

Biorad, Kernel Hempstead, Herts, U.K.

TEMED, 2D-gel electrophoresis markers, protein assay kit

Boehringer Mannheim GmBh, Mannheim, Germany

Rapid ligation kit, T4 DNA ligase, GTPyS

Calbiochem, Nottingham, U.K.

Saponin, KLH-DNP, polyclonal antibodies to common G«, Gas, Gai, Go and Gg 

subunits
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Cambridge Research Biochemicals Ltd., Cheshire, U.K.

Mouse monoclonal antibody to c-myc oncoprotein

Clontech, Cambridge, U.K.

pEGFP-Nl & pEGFP-Cl plasmids, human brain cDNA, human brain Western blot

Dako A/S Denmark.

Anti-mouse IgG coated magnetic beads

Gibco BRL, Paisley Scotland, U.K.

DMEM + Glutamax I, heat inactivated foetal calf serum, G418, penicillin, 

streptomycin, sequencing Gel-Mix 6

Glaxo Wellcome, Stevenage, Herts, U.K.

Oligonucleotides

Invitrogen

TA cloning kit

Jackson Immunoresearch Laboratories, West Grove, PA, USA

Texas red-conjugated goat anti-rabbit and FITC-conjugated goat anti-mouse 

secondary antibodies.

New England Nuclear, Stevenage, Herts, U.K.

^32p g t p  (3000Ci/mmol), a^^P-dATP (5000Ci/mmol)

Promega, Southampton, U.K.

Restriction endonucleases, Taq polymerase, Taq polymerase lOX buffer, dNTP stock 

solutions, gel loading buffer

Quiagen Ltd., Dorking, Surrey, U.K.

Gel extraction kit, Qiagen Mini kit, Qiagen EndoFree Plasmid Maxi Kit.
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Santa Cruz Biotechnology Inc., CA, USA.

Anti-Rab peptide polyclonal antibodies.

Sigma Chemical Co., Poole, Dorset, U.K.

Brefeldin A, Calcium Chloride, gelatin, glycine, anti-DNP IgE (clone SPE-7), Hepes, 

Magnesiun chloride. Sodium Chloride, EDTA, PMA, SDS, Tris, antipain, leupeptin, 

pepstatin A, PMSF, BSA, HSA, ATP, formaldehyde, X-gal, IPTG, Tween-20, 

CHAPS, Nycodenz™, maltose, bromophenol blue, coomassie blue, ethidium 

bromide, tryptone, yeast extract, ampicillin, kanamycin, glass coverslips, streptavidin- 

R-Phycoerythrin, goat anti-mouse-SP-biotin, anti-syntaxin monoclonal antibody, anti- 

mannosidase II monoclonal antibody, HRP-conjugated goat anti-mouse and goat anti

rabbit secondary antibodies.

Strategene Ltd., Cambridge, U.K.

Strategene pCR-Script^^

M RF’, Strataclean resin

Strategene pCR-Script™SK(+) kit, ExAssist helper phage, SOLR E.coli, XLl Blue

United States Biochemical, Ohio, USA.

Sequenase™ version 2.0 kit

Wallac UK., Milton Keynes, UK.

‘Optiphase’ safe scintillation fluid.

2.1.2 Antibodies

The following antibodies were kindly provided from the following sources: 

Anti-ARF monoclonal antibody was a gift from Dr R. Kahn, National Cancer 

Institute, MD, USA. The polyclonal antibody to the ER protein calnexin was a gift 

from Dr J. Bergeron. To visualise the Golgi complex, monoclonal and polyclonal 

antibodies to TGN38 were provided by Dr G. Banting, University of Bristol, U.K., 

and HDF9 monoclonal antibody raised against p28, a cw-Golgi intergral membrane 

protein was provided by Dr V.N. Subramanian, National University o f Singapore, 

Singapore. Lysosomes were visualised using a monoclonal antibody against the 

lysosomal glycoprotein lgpl20, a kind gift from Dr I. Mellman, Yale University
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School o f Medicine, New Haven, CT, USA. Endosomes were stained with an 

antibody to the rat transferrin receptor, provided by Professor C. Hopkins, Laboratory 

for Molecular Cell Biology, U.K. Anti-HA monoclonal antibody (acites) was 

produced from the 12CA5 hybridoma (a gift from Dr P. Hissey, Glaxo Wellcome, 

U.K.). Antibodies to VAMP1WAMP2, cellubrevin and Rab3(a-d) were provided by 

Dr R. Jahn, Yale University School o f Medicine, New Haven, CT. The monoclonal 

antibody to pCOP was a kind gift from Dr T. Kreiss, Univerity o f Geneva, 

Switzerland. A polyclonal antibody to synaptophysin was provided by Dr D. Cutler, 

Laboratory for Molecular Cell Biology, U.K.

2.1.3 Stock reagents 

Extracellular medium

125mM NaCl, 5mM KCl, 1 .8mM MgCh, 0.5 mM NaHCOg, 2mM CaCl], lOmM 

glucose, 0.1% (w/v) BSA lOmM Hepes, pH7.2.

Phosphate buffered saline (PBS)

146mM NaCl, 5.4mM KCl, 9.6mM Na2HP0 4 , l.SmM K2HPO4/KH2PO4, pH7.4.

Tris(boric acid) EDTA buffer (THE)

90mMTris, pH8.0, 80mM boric acid, 2mM EDTA

SSC Buffer

0.15M NaCl, 0.015M sodium citrate 

L-Broth (LB)

0.5% (w/v) NaCl, 1% (w/v) tryptone, 0.5% (w/v) yeast extract, pH7.5 

L-Agar (LA)

1.5% (w/v) agar in LB

SOC medium

2% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.05% (w/v) NaCl, lOmM MgCL, 

lOmM MgS0 4  and 2mM glucose
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NZY medium

1% (w/v) NZ amine, 0.5% (w/v) NaCl, 0.5% (w/v) bacto-yeast extract, 0.2% MgS0 4 , 
pH7.0

2.2 METHODS

2.2.1 Purification of human eosinophils

Human eosinophils were isolated by venous puncture from healthy individuals 

as described by Fattah, et al., 1996. This method separates CD16 positive neutrophils 

from CD 16 negative eosinophils by CD 16 negative selection. To collect white blood 

cells (buffy coat), 250ml of blood in 0.38% (w/v) tri-sodium citrate as an 

anticoagulant was transferred into 50ml tubes and centrifuged at 2500rpm for 15 

minutes at 21°C. After centrifugation the huffy coat was clearly seen as an interface 

visible between the upper plasma layer and the lower layer of red blood cells. Both 

the upper and lower layers were removed by aspiration, without disturbing the 

interface. After collection o f huffy coat, contaminating red blood cells were lysed 

with ice-cold isotonic ammonium chloride solution (155mM NH4CI, lOmM KHCO3 

and 0.1 mM EDTA) for 15 minutes at 4®C with constant mixing. Following cell lysis, 

the samples were centrifuged at 1500rpm for 6  minutes at 4®C. The resulting cell 

pellets were resuspended in 50 ml 0.4% (w/v) HSA, 0.38% tri-sodium citrate in PBS 

(PBS-HSA). 8.0ml o f cell suspension was overlayed onto 20ml o f Ficoll-Paque 

solution. Samples were centrifuged at 2500rpm for 20 minutes at 21^C. The 

supernatant was carefully removed from the granulocyte pellet, which was 

resuspended in 50ml PBS-HSA. Following centrifugation at 1200rpm for 6  minutes at 

21^C the supernatant was removed and the pellet resuspended in PBS-HSA to a final 

concentration o f 10  ̂white blood cells/ml and addition o f 4pg anti-CD 16 antibody/10  ̂

cells/ml. The cells were incubated for 20 minutes on ice, then centrifuged at 1200rpm 

for 6  minutes at 4®C. The pellet was washed twice in 50ml PBS-HSA, then 

resuspended in 20ml PBS-HSA. Magnetic Dynabeads coupled to anti-mouse IgG 

were added to the cells at a final concentration o f 2 beads/cell and incubated for 30 

minutes at 4°C. To remove the beads with the CD 16 positive neutrophils, the tube was 

placed in a magnetic holder to attact the beads to one side. The CD 16 negative 

eosinophils could then be collected from the supernatant. Eosinophils were routinely 

95-98% pure as determined by histochemical staining o f cytospins with May- 

Granwald-Giemsa stain.
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2.2.2 Subcellular fractionation of human eosinophils

Purified human eosinophils were treated essentially as described by Lacy, et 

al., (1995). Briefly, 5x10^ cells were washed with ice-cold buffer A (0.25M sucrose, 

ImM  EOT A, lOmM Hepes, pH7.4), followed by resuspension in buffer A with 2mM 

MgCh, ImM  ATP and protease inhibitor cocktail (5pg/ml each o f leupeptin, 

pepstatin, antipain and PMSF) to an optimum homogenization density of 10-15x10^ 

cells/ml. Once resuspended the eosinophils were disrupted by passing the cell 

suspension 10-15 times through a ball-bearing homogeniser (EMBL, Heidelberg, 

Germany) with a clearence o f lln m . The nuclei and intact cells were removed by 

centrifugation at 400g for 10 minutes. The post-nuclear supernatant was then layered 

onto an 8ml 0-45% linear Nycodenz gradient dissolved in buffer A in a Beckman 

Ultra-Clear centrifuge tube (14mm x 89mm). The subcellular compartments were 

resolved from the post-nuclear supernatant by equilibrium centrifugation at 100 OOOg 

for 2 hours at 4°C. 0.5ml fractions were then collected from the top of the gradient 

then assayed for marker enzyme activity and protein content. The refractive index of 

each fraction was also measured and converted to density units (g/ml) by the equation 

p=3.410r|-3.555, given by the Nycodenz information sheet (where r|= refractive 

index, p=density).

2.2.3 Enzyme and protein assays for subcellular markers

2.2.3.1 Alkaline phosphatase activity

To determine plasma membrane alkaline phosphatase activity, 50pl of each fraction 

was added to 50pl Lumiphos substrate in a 96 well chemiluminescent plate. To 

disrupt subcellular membranes and release the enzyme from vesicular compartments, 

Triton X-100 was added to each well to a final concentration of 0.1%. Following 

incubation for 30 minutes at room temperature, the alkaline phosphatase activity of 

each fraction was determined using a chemiluminescent plate reader (Wallac).

2.2.3.2 Eosinophil peroxidase activity

To determine the eosinophil peroxidase activity of each subcellular fraction, 

50pl o f each fraction was incubated with substrate solution (0.4M Tris pH8.0, 0.4mM 

0-phenylenediamine, 3.75x10’̂ % H2O2, 0.1% Triton X-100) in a 96 well plate.
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Samples were incubated for 30 minutes at room temperature before termination o f the 

reaction with the addition o f lOOpl 4M sulphuric acid. The absorbance was read at 

490nm on a Molecular Devices ThermoMax plate reader against a substrate/buffer 

blank

2.2.3.3 Hexosaminidase activity

To determine the activity o f the lysosomal enzyme hexosaminidase in each 

subcellular fraction, 50pl of each fraction was added to 50pl o f substrate (2mM p- 

nitrophenyl A^-acetyl-D-glucosaminide in 0.2M citrate buffer, pH4.5) in a 96 well 

plate. To ensure that the subcellular membranes were disrupted Triton X-100 was 

added to a final concentration o f 0.1% to each well. The reaction was allowed to 

proceed for 1 hour at 37®C and stopped with the addition o f 150pl of IM Tris buffer, 

pH 9.0. The absorbance was read at 405nm on a Molecular Devices ThermoMax plate 

reader against a substrate/buffer blank.

2.2.3.4 Total protein

The total protein content of each subcellular fraction was determined using the 

BioRad protein assay kit according to the manufacturers instructions. Briefly, a 

standard curve was generated in triplicate, with increasing concentrations o f BSA 

(0.0, 0.1, 0.2, 0.5, 0.75, 1.0, 2.0 mg/ml), diluted in sucrose buffer A containing 0.1% 

Triton X-100, in a total volume of lOpl in a 96 well plate. Reagent buffer (150pl) was 

added to each well and the colour allowed to develop for 30 minutes and the 

absorbance o f each well read at 595nm on a Molecular Devices Thermomax plate 

reader.

Sample solutions were diluted 10 fold, then assayed in the same way as the 

standards in triplicate. To assess for interference o f the density gradient medium, 

nycodenz solution in buffer A was also assayed. Protein content o f each fraction could 

then be calculated against the standard curve

2.2.4 Electron microscopy of whole eosinophils and subcellular fractions

Subcellular fractions were diluted two-fold in buffer A then centrifuged at 

lOOOOOg for 1 hour at 4®C prior to fixation. Whole eosinophils were diluted in buffer 

A and centrifuged at 400g for 10 minutes. Pelleted fractions or whole eosinophils
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were fixed in situ with 2.5% gluteraldehyde in O.IM sodium cacodylate buffer 

(pH7.3), followed by cacodylate-buffered 2% osmium tetroxide. Samples were then 

bisected and washed in 30% ethanol followed by 50% ethanol, stained en bloc with 

saturated uranyl acetate in 50% ethanol, then embedded in epoxy resin via 

polypropylene oxide. Thin sections were cut and stained with uranyl acetate and lead 

citrate, followed by electron microscope examination. Electron microscopy was 

carried out by the Ultrastructural analysis group (GlaxoWellcome, Ware) on a Philips 

CMIO transmission electron microscope.

2.2.5 SDS-PAGE

Resolution o f proteins from whole cells and subcellular fractions was 

performed by SDS-polyacrylamide gel electrophoresis using a modification o f the 

Maizel method (Shapiro, et a l, 1970).

Stock solutions

Acrylamide: 30% (w/v) acrylamide, 0.8% (w/v) N 'N-methylene-bisacrylamide

Resolving gel buffer (Ila): 3M Tris-HCl pH8.9

Stacking gel buffer (Ilb): 0.5M Tris-HCl pH6.9

SDS: 20% (w/v) in water

TEMED: non-dilute (stable at 4°C)

Sucrose: 75% (w/v) in water 

Ammonium persulphate: 10% (w/v) in water
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Resolving gel

For a 1mm thick gel poured into 25x29cm plates 30 ml o f gel was prepared.

% gel 5% 7.5% 12% 13%

Acrylamide 5ml 7.5ml 12ml 13ml

Ila buffer 3.75ml 3.75ml 3.75ml 3.75ml

Sucrose - - 4ml 6ml

H2O 21ml 18.5ml 10ml 7ml

SDS 0.15ml 0.15ml 0.15ml 0.15ml

TEMED 20pl 20pl 20pl 20pl

Ammonium

persulphate

50pl 50pl 50pl 50pl

Stacking gel

For a 1mm thick gel, 20ml of gel was prepared.

% gel 4%
Acrylamide 2.6ml
lib buffer 3.75ml
Sucrose 4ml
H2O 9.3ml
SDS 0.15ml
TEMED lOpl
Ammonium persulphate 200|4l

Sample buffer

20 ml 2x non-reducing sample buffer:

2.5ml stacking gel buffer 

20% (v/v) glycerol 

10% SDS

0.45ml saturated bromophenol blue solution 

0.5ml 20mM EDTA pH 7.5

For reduced samples DTT was added to a final concentration o f 1% (w/v).

Unless otherwise stated, 7.5-13% resolving gels were prepared. To prepare 

resolving gels the solutions were made up without the addition of SDS and TEMED. 

The solutions were degassed under vacuum, and polymerization was initiated with the
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addition of TEMED and SDS solutions. Gradient gels were then poured under gravity. 

After pouring, water saturated butanol was overlayed onto the gel to prevent 

inhibition of polymerization at the gel/air interface. The stacking gel was prepared in 

the same way as the resolving gel, with polymerization initiated after degassing. After 

sample loading the a constant current o f 30mA was applied to the gel, followed by 

60mA when the dye front reached the resolving gel in 0.025M Tris-Cl pH8.3 

containing 0.192M glycine and 0.01% (w/v) SDS.

When the dye front had reached within 1cm of the bottom of the gel the 

stacking gel was removed and the proteins in the resolving gel either prepared for 

western blotting, or fixed and stained in a solution o f 0.1% (w/v) coomassie blue 

containing 20% (v/v) methanol, 10% (v/v) glacial acetic acid. The gel was destained 

in the same solution without the addition o f coomassie blue. The gel was then dried 

onto filter paper.

2.2.6 Western blotting

Proteins were transferred from polyacrylamide gels onto nitrocellulose filters 

by semi-dry blotting. Gels were sandwiched with nitrocellulose membrane soaked in 

transfer buffer (192mM glycine, 20% methanol (v/v), 25mM Tris-Cl), between 

Whatman No.l paper also soaked in transfer buffer. Proteins were transferred at 

0.5mA/cm^ membrane for 1 hour. Following transfer the membrane was incubated in 

blocking buffer (PBS, 0.1% Tween-20 and 5% (w/v) freeze-dried milk powder) for 1 

hour at room temperature with constant agitation. The membrane was incubated with 

primary antibody diluted in blocking buffer to the appropriate concentration for 1 

hour at room temperature, followed by washing four times in wash buffer (PBS, 0.1% 

Tween-20). The membrane was then incubated in the secondary antibody either a goat 

anti-mouse or goat anti-rabbit antibody, both conjugated to horseradish peroxidase for 

30 minutes at room temperature. Finally, after four further washes in wash buffer, the 

blots were revealed using the enhanced Chemiluminescence (ECL) kit as described in 

the manufacturer’s instructions.

2.2.7 Triton X-114 phase partitioning

For non-ionic detergent extraction o f integral membrane proteins and proteins 

with hydrophobic post-translational modifications, Triton X-114 phase partitioning 

was employed. An aqueous solution of Triton X-114 is homogeneous at O^C but
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separates into an aqueous phase and detergent phase at 20°C, the cloud point o f the 

detergent. This property can be used to solubilize hydrophobic membranes at low 

temperature, followed by separation o f hydrophilic proteins into the aqueous phase 

and hydrophobic proteins into the detergent phase above the cloud point (Bordier, 

1981). Subcellular fractions were diluted two-fold in buffer A then centrifuged at 100 

OOOg for 1 hour at 4®C to pellet. These pellets were diluted into 200pl of lOmM Tris- 

HCl, pH7.4, 150mM NaCl and 1.0% Triton X-114 at 0°C. For the phase separation a 

cushion o f 300pl 6% (w/v) sucrose, lOmM Tris-HCl, pH7.4, ISOmM NaCl and 0.06% 

Triton X-114 was placed in the bottom of a 1.5ml Eppendorf microcentrifuge tube. 

The clear protein sample was then overlayed onto the sucrose cushion and incubated 

at 30°C for 3 minutes, during which time clouding of the solution occurred. The tube 

was centrifuged for 3 minutes at 300g at room temperature whereupon the detergent 

phase was clearly visible as a detergent pellet at the bottom of the tube. The 

separation was repeated by removal o f the aqueous phase, followed by addition of 

fresh Triton X-114 to a final concentration of 0.5% and incubation at 0®C. The cleared 

solution was again overlayed onto the sucrose cushion, incubated at 30®C for 3 

minutes and centrifuged on the previous detergent phase. The aqueous phase was 

collected and rinsed with a final concentration of 2% Triton X-114. The condensation 

was repeated and the sample centrifuged in a fresh tube without a sucrose cushion. 

The detergent phase from this procedure was discarded. The detergent and aqueous 

phases were diluted to approximately equal salt and detergent content before analysis 

by SDS-PAGE.

2.2.8 2D-gel electrophoresis

To scan for monomeric GTP-binding proteins present in eosinophil subcellular 

fractions, Triton X-114 detergent extracts were separated by 2D-gel electrophoresis. 

Mapping o f small molecular weight GTP-binding proteins has been described by 

Huber et aL, (1994), with the production of a 2D map detailing molecular weight and 

isoelectric points o f many members o f this family. 2D-gel electrophoresis separates 

proteins depending on their isoelectric point in the first dimension and molecular 

weight in the second dimension, providing a convienient method for separation of 

large families o f proteins with similar molecular weights. 2D-electrophoresis was 

carried out using the Pharmacia Multiphore II system using the following buffers:
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Gel reswelling solution (8M urea, 2% (w/v) CHAPS, lOmM DTT, 2% (v/v) Resolyte 

pH3.5-10, trace bromophenol blue).

Solubilisation buffer (8M urea, 4% (w/v) CHAPS, 40mM Tris, 65mM DTT, trace 

bromophenol blue).

Equilibration buffer (0.05M Tris-HCl pH6.8, 6M urea, 0.3% (v/v) glycerol, 2% 

(w/v) SDS, trace bromophenol blue).

To run samples in the first dimension, the required number o f immobiline dry 

strips were swelled in re-swelling solution overnight. The following morning the gels 

were assembled in the apparatus as described in the manufacturer’s instructions, the 

loading wells applied to the gels prior to submerging under light paraffin oil. Samples 

for 2D-gel analysis were dissolved in solubilization buffer and applied to the wells. 

The gels were run at 300V for 8 hours, followed by 3000V for 17 hours at lO^C.

For the second dimension the gels were equilibrated for 5 minutes in 

equilibration buffer containing 2% (w/v) DTT, followed by 5 minutes in equilibration 

buffer containing 2.5% (w/v) iodoacetamide. The gel strips were then applied to a 

linear 7.5-13% gradient resolving polyacrylamide gel without SDS and run as 

described above.

2.2.9 Peptide sequencing

All mass spectroscopic analysis and Edman sequencing was kindly performed 

by Mr M. Ward, GlaxoWellcome, U.K. Briefly, samples from SDS-PAGE analysis 

and Western blots taken forward for peptide sequencing were cut out from the gel or 

membrane and dried. Samples were then extracted and digested with lOpl 50mM 

ammonium bicarbonate containing 1% w/v octyl glucoside and trypsin (40ng/pl). The 

digests were kept at room temperature overnight, followed by extraction in a 1:1 

mixture o f formic acid:ethanol (20pl) for 30 minutes. 0.5pl o f this extract was then 

spotted onto a stainless steel target pre-coated with a-cyano-4-hydroxy cinnamic acid. 

The targets were allowed to dry, then washed with 2% trifiuoroacetic acid. The mass 

o f the peptide fragments was then determined by matrix assisted laser desorbtion 

ionization (MALDI) mass spectrometry using a VG ToFSpec instrument fitted with a 

337nm nitrogen laser. For Edman sequencing, excised bands were dried and placed on
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a membrane compatible sequencing column. Sequence analysis was performed using 

normal chemistry on a HPG1005A protein sequencer.

2.2.10 GTP-overlays

Monomeric GTP-binding proteins were detected after transfer from 2-D or 

one-dimensional polyacrylamide gels onto nitrocellulose membranes by GTP-overlay. 

Nitrocellulose blots were incubated in 50mM Tris buffer pH7.5, llm M  ATP, 2mM 

MgCl], ImM p-mercaptoethanol and 0.3% Tween-20 and 2pCi/ml [a^^P]GTP. After 

30 minutes incubation at room temperature the blots were washed at room 

temperature in an excess o f the same buffer without label. Blots were then dried and 

analyzed for bound radioactvity by autoradiograhy using Kodak XAR5 

autoradiograph film.

2.2.11 Polymerase chain reaction (PCR)

PGR was used to screen mass excised human eosinophil or RBL-2H3 cDNA 

libraries and rat brain cDNA for components of the vesicle docking and fusion 

machinery. PCR is a powerful technique that allows amplification of a length of 

DNA, bound by two sequence-specific primers, by up to 1 million fold (Mullis et al, 

1986). PCR involves repeated cycles o f annealing, extension and dénaturation in the 

presence o f thermostable DNA polymerase.

Stock reagents for PCR:

lOX taq Polymerase buffer: lOOmM Tris-HCl, pH 8.5, SOOmM KCl, 15mM MgCh, 

0.01% (w/v) gelatin.

dNTP mix: 1 OmM dATP,dGTP, dCTP, dTTP in Taq buffer

Taq polymerase: 2.5U/ml

M gCl] : 5 OmM

6X loading buffer: 50% (w/v) glycerol, 0.05% (w/v) bromophenol blue

0.05% (w/v) xylene cyanol FF, 25mm EDTA, pH8.0

PCR was performed in a lOOpl reaction volume comprising ImM MgCl2, 

0.2mM dNTP mix, 200ng of each primer, 2.5U Taq polymerase and 2pi o f template 

DNA in Taq polymerase buffer and overlayed with paraffin oil to prevent
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evaporation. The reaction was subjected to 30 cycles o f amplification in a thermal 

cycler. The temperature o f the annealing step was commonly 45®C for 40 seconds, the 

extension step 72®C for 1 minute and the denaturing step 95^C for 40 seconds. The 

reaction was heated to 95®C for 3 minutes to denature the template DNA. The PCR 

products were then analyzed on 1% (w/v) agarose gels.

2.2.12 Agarose gel electrophoresis

Separation of DNA fragments following PCR or restriction digestion was 

performed by agarose gel electrophoresis in a flatbed gel tank. 1- 2% (w/v) agarose 

gels were prepared in 0.5X TBE buffer by boiling. Prior to pouring, gels were cooled 

to 55^C and ethidium bromide added to a final concentration o f lOpg/ml. The samples 

were diluted into 5X loading buffer, prior to loading into each lane o f the gel. A DNA 

ladder was included on each gel was included to aid determination o f the band size of 

each sample. Gels were run at 100 volts, until the dye front had migrated to a suitable 

position. The samples were visualized under an ultra-violet trans-illuminator.

2.2.13 Recovery of DNA from agarose gels

DNA bands to be isolated from agarose gels after electrophoresis were excised 

from the gel with a scalpel. DNA isolation was then performed using the Qiagen Gel 

Extraction kit according to the manufacturer’s instructions. Briefly, the agarose band 

was melted at a temperature o f 50^C for 10 minutes in solubilizing buffer. Following 

addition o f isopropanol, this solution was added to a column, then centrifuged at 10 

OOOg for 1 minute. After washing the columns in wash buffer, the DNA was eluted 

from the columns into sterile, distilled water.

2.2.14 cDNA library screening

2.2.14.1 Labeling of DNA probes for library screening

DNA probes for library screening were purified from agarose gels. The DNA 

to be labeled was dissolved to a concentration of 2.5-25ng/pl in distilled water and 

labeled using the Megaprime labeling kit according to the manufacturer’s instructions. 

Briefly, 5pi o f primer was added to the DNA in a final volume o f 50pl in water. The 

solution was denatured by boiling for 5 minutes before spinning in a microfuge 

briefly to bring the solution to the bottom of the tube. Keeping the sample at room
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temperature, 4pl of each the following unlabeled nucleotide stocks were added: 

dCTP; dGTP; dTTP prior to addition o f 5 pi reaction buffer and 5 pi a^^PdATP and 

2pl o f enzyme (DNA polymerase I Klenow Jfragment). The solution was made up to 

lOOpl with water and the reaction allowed to proceed for 20 minutes at 37®C. The 

reaction was terminated with 5pi o f 0.2M EDTA. The probe was purified by passing 

through a Sephadex G-50 column equilibrated in TE buffer. The labeled probe was 

applied to the column, which was then centrifuged at 1600g for 5 minutes to elute the 

purified probe.

2.2.14.2 Probing of cDNA libraries

The cDNA libraries used for these studies were generated from poly(A)^ 

mRNA which was used to construct an EcdRUXhol directional cDNA library in the 

lambdaZAPII vector and were a kind gift from Dr J. Armstrong, GlaxoWellcome, 

U.K (Armstrong et a l, 1996). Phage (2x10^) were plated in LB containing 0.7% (w/v) 

top agarose (NZY medium, 0.2% (w/v) maltose, lOmM MgClz, 12.5pg/ml 

tetracycline) at 250000 pfu in 23cm x 23cm bioassay dishes (NUNC) on a lawn of 

XLl Blue MRF’ plating cells. After overnight incubation at 30^C, duplicate lifts were 

taken from the plates onto Hybond N^ membrane. Membranes were denatured in 

solution D (0.5M NaOH, 1.5M NaCl) for 7 minutes followed by two, 3 minute 

incubations in neutralizing solution (1.5M NaCl, 0.5M Tris-Cl pH7.4). Any debris 

was washed from the filters in 2x SSC. The filters were then blotted dry with filter 

paper and cross-linked using a Stratalinker. The membranes were pre-hybridized in 

Hybrisol I (10% (w/v) dextran sulphate, 1% (w/v) SDS, 50% formamide, 6x SSC, 

sheared DNA and modified Denhardt’s solution) (Oncor, Inc) for at least 4 hours at 

42®C in a Hybaid Micro-4 oven. The denatured probe was then added to the 

membranes in Hybrisol I and incubated overnight at 37®C. The membranes were 

washed twice for in 6x SSC at 55^C for 20 minutes, then twice in 2xSSC at 55®C for 

20 minutes before being exposed to Kodak XAR5 film at -70°C overnight. The 

duplicate exposures were then aligned against the bioassay plates, so that phage plugs 

could be picked that contained the ‘hot-spots,’ which bound the radiolabelled probe. 

Phage plugs were mixed with 0.5ml TMG (lOmM Tris-HCl pH7.5, ImM MgClz, and 

0.1% gelatin) and incubated at room temperature for 1 hour. 0.1ml o f these phage
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plugs were transferred to Microamp tubes (Perkin Elmer) in a 96 well plate, mixed 

with lOpl o f lOx Taq buffer (lOmM Tris-HCl pH 9.0, 5OmM KCl, 0.1% Triton X- 

100), lOpl of Strataclean resin and incubated at 95°C for 3 minutes. The plate was 

cooled rapidly to 4®C then vortexed for 1 minute. Following centrifugation in a bench- 

top centrifuge for 10 minutes at 4000rpm, the supernatant was used as template for 

PCR screening o f phage plugs to determine which were taken forward to secondary 

screening.

Initial candidate plugs from the PCR screen were secondary screened by serial 

dilution, plated onto 90mm diameter plates as described for the primary screen. Lifts 

were again taken of the phage lawns and these membranes treated exactly as the 

membranes for the primary screen, then incubated with the radiolabeled DNA probe. 

Single, putative positive plugs were then in vivo excised.

2.2.14.3 Mass excision of phage vectors

Putative single phage were in vivo excised by addition o f 200pl XLl blue cells 

and Ipl Exassist helper phage to lOOpl of eluted phage plugs. The solution was 

incubated at 37^C for 15 minutes, followed by the addition of 3ml NZY medium, 

followed by 3-5 hours incubation at 37^C. The cells were then heated to 70^C for 20 

minutes, followed by centrifugation in a bench-top centrifuge at 4000rpm for 15 

minutes. The supernatant was then transferred to a fresh tube. Next, 50pl o f the 

excised supernatant was incubated with 200pl o f SolR cells in a 1.5ml Eppendorf tube 

at 37°C for 15 minutes. Following incubation, lOOpl o f cells were plated onto LA 

plates containing 50pg/ml ampicillin. After overnight incubation at 37®C, three 

colonies were picked from each plate and incubated in 5ml LB containing 50|ug/ml 

ampicillin. Plasmids were then prepared as described in 2.2.15. The plasmids were 

then analyzed by restriction endonuclease digestion and sequenced.

2.2.15 Transformation of competent E, coli

The DH5a MAX efficiency strain o f E.coli was used for all transformations 

unless otherwise stated. E.coli was transformed essentially as stated in the 

manufacturer’s instructions. Briefly, approximately 20ng o f plasmid DNA was 

incubated with 50pl of ice-thawed DH5a cells in Falcon 2059 tubes, on ice for 30 

minutes. Cells were then heat-shocked for 45 seconds at 42°C, prior to incubation on
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ice for a further 2 minutes. 0.45ml of SOC medium was added to the cells, which 

were then incubated at 37^C in a shaking incubator for 30 minutes. To enable 

selection o f transformants, 50pl of the cells in SOC medium were plated onto dried L- 

Agar plates containing the appropriate antibiotic. Plates were incubated at 37°C 

overnight. After incubation single colonies could be picked for further analysis.

2.2.16 Plasmid DNA preparation

For preparation o f vectors for sequencing, restriction digests and subcloning, 

single bacterial colonies were picked from freshly streaked selective plates and 

inoculated into 5ml LB containing the appropriate antibiotic. Cultures were incubated 

for overnight at 37°C with vigorous shaking (300rpm). Plasmids were then prepared 

using the QIAprep-spin kit according to the manufacturer’s instructions. The cells 

were centrifuged at lOOOOg and the pellet resuspended in 250pl o f resuspension 

buffer (5OmM Tris-HCl pH8.0, lOmM EDTA, lOOpg/ml Ribonuclease A). An equal 

volume o f lysis buffer (200mM NaOH, 1% (w/v) SDS) was then added. Following 

incubation at room temperature for 5 minutes, 350pl of neutralization buffer (3.CM 

potassium acetate, pH5.5) was added followed by incubation on ice for 5 minutes. 

Genomic DNA attached to the cell wall and cellular protein was precipitated by 

centrifugation at lOOOOg for 10 minutes. The plasmid-rich supernatant was applied to 

the anion exchange column which was then washed twice in wash buffer (IM  NaCl, 

5OmM MOPS pH7.0, 15% isopropanol) and eluted in 50pl nuclease free water. The 

plasmid DNA was stored at -20°C until required.

For preparation o f plasmids for transfection into mammalian cells 250ml of 

LB containing the appropriate antibiotic was inoculated with 1ml of LB containing 

the desired transformant in log phase and incubated overnight at 37®C. The plasmid 

was prepared using the Qiagen EndoFree Plamid Maxi kit. To pellet the bacteria, the 

solution was centrifuged at 6000g for 15 minutes at 4°C. The pellet was then 

dissolved in 10ml of resuspension buffer, followed by 10ml of lysis buffer and 

incubated at room temperature for 5 minutes. During the incubation, the Qiafilter 

cartridges were prepared according to the manufacturer’s instructions. After 

incubation 10 ml o f chilled neutralization buffer was added to the lysate, which was 

immediately applied to the Qiafilter cartridge. After 10 minutes incubation the cell 

lysate was filtered through the cartridge into a 50ml tube. 2.5ml o f ER buffer was
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added to the lysate followed by incubation on ice for 30 minutes at room temperature. 

The cleared lysate was applied to a Qiagen-tip 500 equilibrated in 10ml of 

equilibration buffer (75OmM NaCl, 5OmM MOPS, pH7.0, 15% (v/v) isopropanol 

0.15% (v/v) Triton X-100). Columns were washed twice in 30ml was buffer (IM  

NaCl, 5OmM MOPS pH7.0, 15% (v/v) isopropanol), followed by elution of the DNA 

in 15ml elution buffer (1.6M NaCl, 5OmM MOPS pH7.0, 15% (v/v) isopropanol). 

The DNA was precipitated in 0.7 volumes o f isopropanol at room temperature, then 

precipitated by centrifugation at 15000g for 30 minutes at 4°C. The DNA pellet was 

washed in 70% (v/v) ethanol and centrifuged at 15000g for 10 minutes. The pellet 

was air-dried for 10 minutes at room temperature prior to redissolving in TE (lOmM 

Tris pHS.O, ImM EDTA) to a final concentration o f Ipg/pl.

2.2.17 Subcloning of PCR products using the TA cloning kit

Subcloning o f PCR products for sequencing was carried out using the TA 

cloning kit (Invitrogen) following the manufacturers instructions. The ligation 

reaction was set up routinely with Ipl o f PCR product in the presence of Ipl lOX 

ligation buffer, 2pi pCR II vector, Ipl T4 DNA ligase and 5 pi water. The ligation 

reaction was performed at 14°C for at least 4 hours. Transformation into TA One Shot 

Competent cells was performed as 2.2.15, followed by plating onto LB agar plates 

containing 25pg/ml kanamycin and overnight incubation at 37®C.

2.2.18 DNA sequencing

DNA sequencing was carried out using the Sequenase V2.0 (USB) kit 

according to the manufacturer’s instructions. Before sequencing, l-5pg o f plasmid 

DNA was denatured in lOOpl o f denaturing buffer (0.2M NaOH, 0.2mM EDTA) and 

incubated for Ibour at 37^C. The DNA was precipitated with the addition o f  3 

volumes o f absolute ethanol, containing 0.1 volumes o f 3M sodium acetate. After 

incubation for 30 minutes at -70^C, the samples were centrifuged in an Eppendorf 

microcentrofuge at 14 OOOrpm for 10 minutes, followed by two washes in 70% (v/v) 

ethanol. The resulting pellets were air dried and resuspended in 6pi of water. To 

anneal the oligonucleotide primer 2pl o f Sequenase Rx buffer was added to the DNA 

with 2pi o f oligonucleotide (5pg/ml). The sample was incubated for 1 hour at 37°C, 

then chilled on ice before sequencing. The labeling reaction was set up with the
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addition of Ip l DTT, 2pl labeling mix (1:5 dilution of dGTP stock in sterile water), 

0.5|j,l a^^PdATP and 2|al diluted Sequenase enzyme (1:8 dilution in enzyme dilution 

buffer). The labeling mix was incubated for 2-5 minutes at 18-20°C. To terminate the 

reaction 3.5|al o f labeling mix was transferred into four separate wells of a Terasaki 

plate each containing 2.5pi of one termination mix per well (dATP, dGTP, dCTP, 

dTTP) per well, followed by incubation at 37®C for 5 minutes. The reactions were 

then stopped with the addition of stop solution.

Sequencing gels were prepared using Gibco BRL Gel-Mix 6 (6% sequencing 

gel solution). To initiate polymerization 0.45ml of 10% (w/v) ammonium persulphate 

solution was added to 75ml Gel-Mix. This solution was poured between the 

sequencing plates, the loading combs inserted to form the wells. Samples for 

sequencing were heated to 80°C for 2 minutes before loading onto the polymerized 

gel, assembled in the loading tank containing 0.5X TBE (44.5mM Tris, 44.5mM 

Boric acid, ImM EDTA). A voltage of 1500-2000V was applied to the gel until the 

first dye front had run off the gel. The gel was removed from the plates, soaked in 

denaturing solution for 30 minutes and dried before exposing to Kodak XAR5 film 

overnight.

2.2.19 Restriction endonuclease digestion of DNA

Digestion of DNA was performed by incubating 3-4pg o f DNA with 10-20 

units o f restriction enzyme with the appropriate buffer conditions using the Promega 

restriction enzyme sets. The incubation times and temperatures were varied according 

to the manufacturers instructions. Prior to use in ligations, all DNA was purified from 

agarose gels.

2.2.20 Sequence analysis

Analysis of amino acid and nucleotide sequences was performed using 

FASTA (Genetics Computing Co., Madison, WI) and WDNASIS (Hitatchi) 

programmes and the Genbank data base.
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2.2.21 Epitope tagging of cDNA clones

2.2.21.1 Generation of GFP and myc-tagged SNARE and Rab3a contructs

The Rab3a expression vector was a kind gift from John Armstrong and 

contained the Rab3a cDNA N-terminally tagged with the c-Myc epitope, recognised 

by the 9E10 antibody (-EQKLISEEDL-) subcloned into the pBK-RSV vector 

(Strategene) (Smith et a l, 1997). To generate N-terminal, myc-tagged VAMP II 

constructs, VAMP II cDNA clones were subcloned by restriction digestion, into the 

Ndel and Kpnl sites o f the pBKCmyc expression vector, which was a kind gift fi’om J. 

Armstrong (Armstrong, et al., 1996). The restriction sites were engineered by PCR 

using a sense oligonuceotide containing the Ndel site as follows: 5’ GGA ATT CCA 

TAT GTC TGC TAC CGC TGC CA 3’. The antisense oligonucleotide contained a 

Kpnl site: 5’ GGG GTA CCT TAA GTG CTG AAG TAA ACT A 3’. An N-terminal, 

GFP-tagged VAMP II construct was generated by subcloning the VAMP II cDNA 

into the Hindlll and BamHI sites o f the EGFP-Cl vector. Restriction sites were 

engineered by PCR, using sense and antisense oligonucleotides as follows: 5’ GCT 

CAA GCT TCG ATG TCT GCT ACC GCT GCC A 3 ’ (sense), 5’ GGT GGA TCC 

TTA AGT GCT GAA GTA ACC TA 3’ (antisense).

2.2.21.2 Generation of GFP-tagged ARF constructs

To generate wild-type ARFl and ARF6 constructs, tagged at the C-terminus 

with GFP, ARFl and ARF6 cDNA constructs were subcloned into the Hindlll and 

BamHI sites o f the EGFP-Nl mammalian expression vector. ARF-GFP constructs 

were a gift from Dr E Meldrum (GlaxoWellcome, U.K.). GFP-PLDlb constructs 

were also subcloned into the EGFP-Cl vector and were a kind gift o f Dr F. Brown 

(University of Birmingham, U.K.) (Brown et al., 1998b).

2.2.22 Culture of RBL-2H3 cells

RBL-2H3 cells (Bursumanian, et al., 1981) were cultured in DMEM 

containing 10% (v/v) FCS, 2mM glutamine, lOOU/ml penicillin and lOOpg/ml 

streptomycin. Cells were incubated at 37^C and 5% CO2 and passaged twice a week 

when 80-90% confluent. The old medium was removed and the cells were washed in 

20ml PBS. The cells were then scraped into fresh medium and removed into fresh
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flasks at a 1 in 5 dilution. Cells were seeded at an approximate concentration of 10  ̂

cells/ml

2.2.23 Determination of degranulation in RBL-2H3 cells

RBL-2H3 cells were seeded into 96 well plates at a density o f 50 000 cells per 

well in culture medium containing Ipg/ml anti-DNP IgE followed by overnight 

incubation at 37°C. To enable monitoring of ^H-serotonin release, IpCi/ml of ^H- 

serotonin was added to the medium for overnight incubation to load the RBL 

granules. Following overnight incubation, cells were washed twice in lOOpl PBS prior 

to the addition of lOOpl extracellular medium. To trigger the cells to degranulate, by 

cross-linking the high affinity IgE receptor, KLH-DNP was added to each well to a 

final concentration o f 1 pg/ml KLH-DNP. Alternatively, cells were triggered directly 

with the addition o f 50nM PMA and lOpM ionomycin (final concentration) without 

overnight priming in anti-DNP-IgE. To enable determination of the total cellular 

content o f hexosaminiase, lOOpl of extracellular medium containing 0.1% Triton X- 

100 was added to the wells. Following stimulation, 50pl of extracellular medium was 

removed from each well for quantitation of secreted hexosaminidase, or ^H-serotonin. 

Hexosaminidase content was measured as described above (2.2.3.3) with the omission 

o f 0.1% Triton X-100 to each well. ^H-serotonin was measured on a Packard 2200CA 

liquid scintillation analyzer after the addition o f 2ml of scintillation fluid to each 50pl 

sample. All assays were performed in triplicate.

2.2.24 Transient transfection of RBL-2H3 cells and stable selection

RBL-2H3 cells were grown to 60-80% confluency in 175cm^ culture flasks. 

Cells were then scraped into 25ml PBS, washed twice in the same volume of PBS 

followed by resuspension in PBS to final concentration of 10  ̂cells/ml. 150pl of cells 

were then placed into a 0.4 cm gap electroporation-cuvette with the addition of 25pg 

plasmid DNA. After incubation for 10 minutes on ice, the cells were electroporated 

(220V, 500pF, BioRad Gene-Pulser II) followed by a second 10 minute incubation on 

ice. Cells destined for indirect immunofluorescence studies were resuspended into 

12ml o f culture medium, before transferal of 2ml o f medium into each well of a 6- 

well culture plate containing a sterilized coverslip. For flow cytometry studies cells 

were resuspended into 4ml culture medium and transferred into a 25cm^ culture flask.
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All cells were incubated for 16 hours at 37°C. For the selection of stable 

transformants, the cells were grown in the presence o f Img/cm^ G418 containing 

medium for three weeks, followed by single cell cloning by using cloning rings, or by 

limiting dilution.

2.2.25 Immunocytochemistry

The cover slips were washed with PBS and fixed (3.7% formaldehyde in PBS) 

for 15 minutes at room temperature. After 3 washes in PBS, the cover slips were 

incubated in 15mM glycine in PBS, washed twice in PBS for 10 minutes before 

incubation in blocking buffer (1% gelatin, 0.2% saponin in PBS) for 30 minutes. Cells 

were then incubated with the primary antibody diluted in blocking buffer to the 

appropriate concentration for 60 minutes. Following three, 10 minute washes in 

blocking buffer, cells were incubated for 30 minutes in secondary antibody diluted in 

blocking buffer, followed by three, 10 minute washes in blocking buffer, then two, 10 

minute washes in PBS and a final rinse in water. The coverslips were mounted onto 

slides using a few drops o f Citifluor mounting fluid prior to examination.

2.2.26 Microscopy

Examination o f cells by indirect immunofluorescence was performed using a 

Leica TCS 4D confocal microscope. Single confocal slices were obtained using a 63X 

magnification oil immersion objective lens.The software package employed for image 

analysis was Scanware v l . l  (Leica). Generation o f composite images was performed 

using Adobe Photoshop V5.0 and Paint Shop Pro V4.0 (JASC Inc.).

2.2.27 Flow cytometry

Cells were transfected with plasmid DNA encoding ARF-GFP chimeras, GFP- 

PLD or GFP alone. After overnight incubation, cells were triggered with 50nM PMA 

and lOpM ionomycin for 30 minutes. Triggered and untriggered cells were incubated 

at room temperature with an antibody to lgpl20 followed by incubation with goat 

anti-mouse-SP-biotin. Finally cells were incubated with streptavidin-R-Phycoerythrin, 

before flow cytometric analysis. All incubations were carried out in the dark, for 30 

minutes on ice. Analysis was performed using the Coulter Epics XL-MCL, with 

illumination of the cells using an Argon ion laser at 488nm and detection of EGFP at
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525nm using a 515DL filter and 525BP filter (FLl). Phycoerythrin (PE) was detected 

at 598nm using a 590BP filter (FL2). Fluorescence was measured for 5000 cells 

whose forward scatter fell above the threshold used to distinguish intact from 

damaged cells. Analysis regions were set such that <1.0% negative control cells fell 

within the positive regions. Electronic colour compensation was applied to minimize 

spectral overlap as follows: FL1-44.5%FL2, FL2-14.4%FL1, based on single colour 

controls. All analysis was completed using American Megatrends Inc. software, 

version 1.5. All flow cytometry was performed be Jennifer Brooks, GlaxoWellcome, 

U.K.
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3. BIOCHEMICAL PROBING OF EOSINOPHIL GRANULE COMPONENTS 
AND CHARACTERIZATION OF RAB3A OVEREXPRESSION IN RBL-2H3

CELLS
3.1 Introduction

Eosinophils are derived from pluripotent stem cells in the bone marrow. 

Mature eosinophils reside predominantly in the submucosal tissue (Spry, 1988) where 

their perceived role is in parasite killing (Spry, 1988; Gleich, 2000). Eosinophils are 

also thought to play an important role in the immune response, particularly in allergic 

diseases such as asthma (Kay, 1985). During the inflammatory response, eosinophils 

are recruited to sites o f inflammation, in response to chemotactic factors (Gleich et al., 

1993), where they release a number of cytotoxic mediators, including the contents of 

their secretory granules.

To date our knowledge of the events underlying secretory granule docking and 

fusion in the eosinophil are derived from patch-clamp studies of permeabilised 

eosinophils. Use of these systems demonstrated that both eosinophils and mast cells 

can be triggered to release their granule contents in response to guanine nucleotides. 

These studies have also demonstrated that Ca^  ̂acts at an earlier stage in the signal 

transduction pathway, and that ATP is not required for the final fusion event 

(Cromwell et al., 1991; Lillie and Gomperts, 1992; Nusse et al., 1990). These 

observations led to the to the hypothesis that a G protein, termed Gg, regulates the 

final stages o f granule docking and fusion in these cells. Candidates for Gg include 

both monomeric and heterotrimeric GTP-binding proteins.

Biochemical studies in neuronal cells and genetic studies in yeast have 

culminated in the proposal that all vesicular fusion events are regulated by a common 

fusion complex (Sollner et al., 1993a; Ferro-Novick and Jahn, 1994). The 

identification o f an increasing number of homologues to a family o f proteins termed 

SNARES, because of their ability to bind cytosolic SNAPS and NSF, is increasing 

evidence for this SNARE hypothesis. Although evidence from neuronal, endocrine, 

exocrine cells and yeast lend support to aspects o f the SNARE hypothesis, little data 

is available determining if  components of the SNARE complex are expressed in 

haematopoietic cells, such as eosinophils and mast cells. The presence of synaptic 

vesicle protein homologues, particularly if localised to the granule would suggest that 

cells of the haematopoietic lineage use the same fusion machinery in the regulated
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release o f granule contents as in other vesicular transport events, for example 

neurotransmitter release.

The aims of this study were therefore:

The development o f a subcellular fractionation system for the human blood 

eosinophil;

To utilise this system to identify components controlling granule docking and fusion 

events;

To validate a model cell line for the functional analysis o f candidate gene products 

identified in the course of this study thought to play a role in the regulated secretory 

pathway o f granulocytes.
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3.2 Subcellular fractionation of human eosinophils

3.2.1 Introduction

Eosinophils can be purified from human blood by taking advantage o f the 

absence o f the marker CD 16 on their cell surface, which is present on the surface of 

neutrophils. Neutrophils can therefore be absorbed away from the eosinophils after 

incubation with an anti-CD 16 monoclonal antibody, using magnetic beads coated with 

sheep anti-mouse IgG (Fattah et a l, 1996). The pure eosinophils can then be disrupted 

in a ball bearing homogeniser and the subcellular fractions separated on a Nycodenz 

density gradient. The generation o f fractions enriched with specific subcellular 

organelles would allow a detailed study into the presence in granule fractions of 

components o f the vesicle docking and fusion machinery.

3.2.2 Results

In order to obtain a pure preparation o f human eosinophils, 250ml o f blood 

was taken from donors with a high eosinophil count. These donors were not 

hypereosinophilic with high numbers of hypodense eosinophils, but had higher than 

average, normodense eosinophils (Spry, 1988).

For the subcellular fractionation of eosinophils for western blot analysis o f 

specific subcellular compartments, cells were disrupted in a ball bearing homogeniser. 

A post-nuclear supernatant prepared from the disrupted cells was separated by 

equilibration centrifugation on a linear density gradient o f Nycodenz (Lacy et a/., 

1995). Figure 3.1a demonstrates protein content, density and marker enzyme content 

o f each subcellular fraction. These profiles are representative o f at least 20 similar 

subfractionations. Two clear peaks o f protein concentration were detected, one at the 

top o f the tube that did not penetrate the Nycodenz gradient, probably corresponding 

to the cytoplasmic fraction and the second at the bottom of the gradient, co- 

sedimenting with the granule fractions at a density o f 1.23g/ml. Figure 3.1b, 

demonstrates the marker activity profiles for specific subcellular compartments. These 

granules could be detected in the gradient by measurement o f the granule marker 

eosinophil peroxidase (EPO). EPO activity was concentrated in a sharp peak at the 

bottom of the gradient. The hexosaminidase activity, an enzyme marker o f the 

lysosome and secretory granule was routinely localised in two much broader peaks.
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Figure 3.1: M arker enzyme assays and protein concentration from subcellular 
fractions of human eosinophils. Protein concentration and densities of fractions 
(measured by their relative refractive indices) (a). Profiles of secretory granules 
(eosinophil peroxidase activity (EPO)), lysosomes (hexosaminidase activity (Hex)) and 
plasma membrane (alkaline phosphatase activity (AP)) (b). Immunodetection of protein 
markers: pCOP (cytosol and Golgi membranes) and calnexin (ER) (c). For 
immunoblotting, an equal volume of each fraction equivalent to 2.5-40pg of protein was 
loaded into each well and subjected to SDS-PAGE and transferred onto nitrocellulose 
membranes.

61



e

A

#

Figure 3.2. Electron microscope photographs of human eosinophils and pellets from 
pooled granule fractions produced by subcellular fractionation, (a) Purified human 
eosinophils (x6500 magnification); (b) secretory granules (equivalent to fractions 19-21 
in figure 3.1) (x25000 magnification).
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the most dense of which co-sedimented with EPO. The second peak was always 

smaller and sedimented just above the first peak in the gradient. The peak of plasma 

membrane activity sedimented at a density of approximately 1.12g/ml, well separated 

from the granule population. Figure 3.1c, illustrates the distribution o f p-COP, a 

component of Golgi coat complex that is both cytosolic and bound to budding Golgi 

membranes and demonstrates the lack of separation between plasma membrane and 

Golgi membranes. Western blotting across eosinophil subfi*actions demonstrated clear 

immunoreactivity at the top o f the gradient demonstrating the presence o f the 

coatomer subunit in cytoplasmic fractions and fi'actions co-sedimenting with the 

plasma membrane marker. Calnexin was used as a marker of the endoplasmic 

reticulum and Western blotting with an antibody to calnexin demonstrated that the 

peak o f ER immunoreactivity sedimented at a density between the peaks of plasma 

membrane and granule activity at a density of 1.15g/ml (Fig. 3.1c).

To confirm the findings of the enzyme marker analysis, electron micrographs 

were taken of the pooled granule fractions as determined by the peak of EPO activity. 

Figure 3.2a shows electron micrographs o f purified human eosinophils. The bilobed 

nucleus is clearly visible, as are the electron dense crystalloid granules. Figure 3.2b 

demonstrated that these fractions were highly enriched in electron-dense crystalloid 

secretory granules, with little damage to their surrounding membranes.

3.2.3 Discussion

The aim o f this study was to develop a fi*actionation protocol for human 

peripheral blood eosinophils. It was o f primary importance to be able to resolve the 

granule fraction to sufficient purity to allow further biochemical characterisation. The 

eosinophil was the haematopoietic cell o f choice for these studies. As with other cells 

o f this lineage, the eosinophil undergoes degranulation in response to a variety of 

extracellular stimuli and unlike mast cells, can be isolated from peripheral blood. The 

advantage o f using the eosinophil for these studies over the neutrophil, which is 

available in much higher numbers, is that eosinophils have a simpler profile of 

granules, making subsequent isolation and biochemical analysis more straightforward. 

Nycodenz was used as the density gradient forming material. It is a non-ionic, tri-
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iodonated material, which exhibits low tonicity and low viscosity throughout the 

gradient (Rickwood, 1993).

The tracking o f subcellular fractions by marker enzymes after centrifugation 

demonstrated that this gradient was not suitable for the resolution o f plasma and Golgi 

membranes (Fig. 3.1). The Nycodenz gradient was however, particularly effective at 

resolving the dense, crystalloid secretory granules, characteristic o f mature 

eosinophils from other intracellular compartments. It was also clear that the peaks for 

the granule marker EPO and the second peak of activity o f the lysosomal enzyme, 

P-hexosaminidase overlap exactly. Hexosaminidase is released upon degranulation of 

cells of this lineage and this observation demonstrated the proposed lysosomal nature 

o f this organelle (Griffiths, 1996b). The upper peak o f hexosaminidase activity, which 

overlapped with the minor peak o f EPO activity could be immature, or small 

eosinophil granules. This peak was not analysed further because o f its expected 

impurity. The purity o f the denser granule fraction was demonstrated by the electron 

micrographs (Fig. 3.2).

In summary, a reproducible subfractionation protocol has been developed that 

results in the production of gradient fractions substantially enriched in eosinophil 

granules compared to other subcellular components. This should allow further 

investigations into the composition o f the granule docking and fusion machinery.
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3.3 Western blotting across eosinophil subfractions

3.3.1 Introduction

A range o f approaches using synaptic vesicle and Golgi membranes as well as 

yeast secretion mutants have led to a model o f vesicle docking and fusion being 

proposed known as the SNARE hypothesis. Although the original SNARE hypothesis 

has undergone considerable reassessment and refinement, SNARE proteins are still 

thought to provide a core mechanism to specifically pair membrane compartments. 

Many v- and t-SNARES have been identified in yeast, plants and animals. They have 

also been localised to specific subcellular compartments including the ER, endosomes 

and plasma membrane, but little is known of their role in secretory lysosome docking 

and fusion events during regulated secretion in haematopoietic cells. Antibodies to 

key components of this complex, as well as other synaptic vesicle proteins also 

thought to play a role in regulation of membrane fusion events such as Rab3, 

synaptophysin and synaptobrevin are now available. Therefore it should be possible to 

couple subcellular fractionation techniques with western blotting to determine if  any 

of these components are present on the eosinophil granule. Identification of granule 

docking and fusion components would be an initial step in understanding the 

underlying mechanism o f regulated secretion in haematopoietic cells.

3.3.2 Results

After fractionation, ISOpl of each eosinophil subffaction was loaded onto an 

7.5-13% polyacrylamide gel, then stained with coomassie blue. A typical gel across 

an eosinophil subfractionation is shown in figure 3.3. The majority o f protein was 

present in cytosolic fractions, although granule fractions also contained high amounts 

o f a few proteins with molecular weights o f approximately, 50, 14 and 18kDa. These 

corresponded to known granule content proteins, eosinophil peroxidase large subunit, 

major basic protein and eosinophil derived neurotoxin (Hamann et al, 1991). Very 

few other bands were visible in the granule fractions. Furthermore, electron 

micrographs of eosinophil granules demonstrate the abundance of granule content and 

highlight the high ratio o f granule lumen content to membrane in these organelles 

(Fig. 3.2).
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Figure 3.3: Coomassie stained polyacrylamide gel of across eosinophil subfractions.
An equal volume of each fraction was loaded onto each lane with protein levels of 2.5- 
40pg/well.
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Figure 3.4: Synaptic vesicle protein expression across human eosinophil 
subfractions, (a) Western blot showing expression of synaptic vesicle proteins in human 
brain. VAMP (synaptobrevin) (lane 1); SNAP25 (lane 2); syntaxinl (lane 3); Rab3 (lane 
4); synapsinl (lane 5) (b) marker enzymes across human eosinophil subfractions. EPO 
(eosinophil peroxidase); AP (alkaline phosphatase), (c) Western blot showing expression 
of synapsin I across eosinophil subfractions.
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In an attempt to identify granule fusion machinery components, Western blots 

across the subfractionation were prepared. 150|ul/well of each fraction was loaded 

onto an 7.5-13% polyacrylamide gel, which was then transferred onto ECL- 

nitrocellulose as described in chapter 2. Table 3.1 details the synaptic vesicle protein 

antisera tested on eosinophil subtractions and the results obtained. These antisera all 

reacted positively when tested against a human brain western blot (Fig. 3.4a). With 

the exception o f synapsin I however, none of these antisera reacted positively with the 

eosinophil subtractions (Fig. 3.4c). Synapsin I localised to cytosolic fractions and to 

light membrane fractions corresponding to plasma membrane and Golgi membranes 

(Fig. 3.4b). No synapsin immunoreactivity however was localised to the ER, 

lysosomal or granule fractions.

Antisera to protein Specificity

Rab3(a-d) Human, rat, invertebrates

SNAP-25 Human, rat

Synaptobrevin Human, pig

Syntaxin Human, pig, hamster, rat

Synapsin I Human, bovine, rat

Table 3.1: Summary of eosmophil granule immunoblot analysis of synaptic 
vesicle complex components. Sources of antibodies are listed in chapter 2.

3.3.2 Discussion

Despite exhaustive probing for members o f the synaptic vesicle fusion 

complex, none o f those tested with the exception o f synapsin I reacted against blots of 

human eosinophil subfractions. There are a number o f possible explanations for these 

observations. The first is that the secretory lysosome o f haematopoietic cells utilises a 

different mechanism for docking and fusion with the plasma membrane. It is possible 

however that cells of this lineage use homologues of the known docking and fusion 

machinery components, that are not recognised by available antibodies. A third 

possibility is that the ratio of granule lumen contents to granule membrane and the
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number o f granules per cell means that insufficient membrane protein has been loaded 

onto the gel for detection by western blotting.

The demonstration of synapsin I immunoreactivity in eosinophil subtractions 

is intriguing. Synapsin I immunoreactivity was not observed in the granule-enriched 

fractions. Synapsins are a multigene family o f neuron-specific phosphoproteins. They 

interact in vitro with lipid and protein components o f synaptic vesicles and with 

cytoskeletal proteins including actin (Hilfiker et al., 1999). These observations have 

led to the hypothesis that synapsins tether synaptic vesicles to each other and to the 

actin-based cytoskeleton, to maintain a pool o f vesicles in the vicinity o f the active 

zone. Although synapsins are widely accepted to have neuronal specific expression, 

there is recent evidence suggesting that synapsin I is also associated with the insulin 

secretory granules o f MIN6 cells and it has also been detected by PCR in normal rat 

islets (Matsumoto et a l, 1999). Synapsin I immunoreactivity has not previously been 

observed in cells of the haematopoietic lineage, although further studies in this 

laboratory demonstrated synapsin I mRNA expression by Northern blotting (C. 

Paddon, personal communication). The absence o f synapsin immunoreactivity from 

granule fractions, but its presence in cytosolic and light membrane fractions, suggests 

that synapsins may be involved in the exocytosis o f small secretory vesicles, although 

as o f yet there is no further evidence for this.

Parallel studies using guinea pig eosinophils also demonstrate the absence of 

synaptic vesicle proteins in the eosinophil (Lacy et a l, 1995) and are in agreement 

with the observations described here. This study also noted the absence o f the synaptic 

vesicle proteins synaptotagmin and cellubrevin. During the course o f this study, the 

presence o f the t-SNARE syntaxin 4, VAMP-2 and the 39kDa isoform of the 

secretory carrier membrane protein (SCAMP) have been demonstrated in neutrophils 

(Brumell et ah, 1995). Syntaxin 4 was localised predominantly to the plasma 

membrane. VAMP-2 was present in tertiary granules and secretory vesicles, but 

largely absent from primary (lysosomal) granules and secretory vesicles. SCAMP was 

also absent from primary granules, but was localised to secondary and tertiary 

granules and secretory vesicles. The apparent difference in synaptic vesicle marker 

expression in eosinophils and neutrophils may be due to the presence of multiple 

exocytic vesicles in the neutrophil, that appear absent in the eosinophil. It is notable
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that none o f these proteins were present on the secretory lysosome o f the neutrophil. 

This suggests that either these proteins are present at undetectable levels, that 

secretory lysosomes use homologues o f these proteins, or that the secretory lysosome 

utilises a different control mechanism for membrane fusion during degranulation. In 

attempt to address these possibilities other approaches are necessary that do not rely 

upon specific antibodies.
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3.4 Direct identification of proteins from eosinophil subfractions by mass 

spectrometry

3.4.1 Introduction

The combination o f recent advances in mass-spectrometric methods and 

rapidly expanding sequence databases and searching tools have made the direct 

identification o f proteins from Western blots and polyacrylamide gels an achievable 

goal. There are two major approaches currently taken to identify proteins by mass 

spectroscopy. The first, known as the peptide-mass mapping approach, uses the mass 

o f the peptide generated from tryptic cleavage o f the protein to compare against the 

calculated peptide mass data from every protein or ORF in the database (Henzel et ah, 

1993). This method relies upon high sensitivity and mass accuracy using matrix- 

assisted laser desorption ionization (MALDI) measurement. The second method, the 

‘peptide sequence tag’ method relies on peptide sequence information as well as mass 

information to search for a protein in the database. Sequence information is obtained 

from a peptide from an unseparated mixture resulting from a trypsin digested protein 

sample. A single peptide is isolated in the mass spectrometer, then disintegrated by 

collisions with gas molecules. The resulting peptide fragments form a nested set, 

differing by one amino acid. The mass differences between them allow the alignment 

o f a partial sequence. The resulting ‘peptide sequence tag’ can then be used to search a 

sequence database (Clauser et al., 1999).

With the advances in protein sequencing techniques it is becoming possible to 

obtain sequence information directly from polyacrylamide gels. Improvements in the 

sensitivity o f these techniques, means that sequencing from silver stained gels is also 

becoming possible. In an effort to identify granule membrane proteins that may play a 

role in granule docking and fusion events, direct sequencing o f proteins derived from 

purified organelles separated by polyacrylamide gel electrophoresis was attempted.

3.4.2 Results

In an effort to determine the utility of various sequencing approaches, 

eosinophil cytosol was loaded onto a polyacrylamide gel. After electrophoresis, 

proteins were transferred onto a PVDF membrane followed by staining with
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Figure 3.5: Coomassie stained PVDF membrane of eosinophil cytosol. Bands of 
varying intensity were excised from the blot, subjected to trypsin cleavage before 
analysis by Edman sequencing. Peptide sequences were used to search a peptide database 
for subsequent protein identification. Bands a-e gave no sequence data.
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Figure 3.6: Coomassie stained gel of eosinophil granules after Triton-X114 phase 
partitioning. Aqueous fraction (lane 1); detergent soluble fraction (lane 2). Bands were 
excised from the detergent soluble fractions, cleaved with trypsin and sequenced by 
MALDI mass spectroscopy. No sequence data was obtained.
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coomassie blue (Fig.3.5). Bands 1-3 were then sequenced by Edman chemistry. Bands 

1 and 3 were identified as gelsolin and glyceraldehyde-3-phosphate dehydrogenase 

respectively. Band 2 was identified as human serum albumin, a contaminant o f the 

eosinophil purification procedure. No other sequence was obtained fi*om this blot. To 

identify granule membrane proteins aqueous and detergent soluble extracts Jfrom 

granule fractions were loaded onto a polyacrylamide gel. Staining by coomassie blue 

demonstrated the low protein levels present in these samples (Fig. 3.6). The samples 

were therefore not transferred to PVDF membrane for Edman sequencing but bands 1 

and 2 were cut out and prepared for sequencing by MALDI. Unfortunately, no 

sequence data was obtained for this preparation.

3.4.3 Discussion

Experiments shown here have demonstrated that Edman sequencing and mass 

spectroscopic approaches could be finitful approaches to identify cytosolic 

components o f eosinophils, these methodologies were not successful in identifying 

granule membrane proteins. The low protein levels in these samples were evident 

from the coomassie stained gel (Fig. 3.6), and were below the level of sensitivity of 

the sequencing approaches available at the time o f these experiments. This approach, 

although potentially valuable was not pursued at this time, because of the limitations 

in the availability o f material. Eosinophils are present at low levels in the blood of 

normal donors. However, this approach was later utilised in this laboratory for the 

identification o f granule membrane proteins from the eosinophil precursor cell line 

AML D.IO (Paul et a l, 1993). The AML cell line, contains eosinophil-like granules 

and resembles a myelocytic precursor stage o f the eosinophil. Mass spectroscopic 

sequencing of AML granule membrane proteins has resulted in the identification o f a 

number of novel proteins that have been shown by confocal microscopy to localise to 

the AML granule (C. Teahan, personal communication). No synaptic vesicle proteins 

were identified by this approach.
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3.5 Detection of GTP-binding proteins across eosinophil subfractions

3.5.1 Introduction

Although patch-clamp studies in permeabilised cell systems have implicated a 

GTP-binding protein (G^) in the final stages o f vesicle docking and fusion, the exact 

identity of this protein or proteins is unknown, nor is it known whether it is a 

monomeric, or heterotrimeric G-protein. Evidence for the involvement of 

heterotrimeric G-proteins in granulocyte exocytosis come primarily from observations 

using permeabilised mast cells. In these studies, antibodies directed against the Gjas 

subunit inhibited secretion, but antibodies to Gjai did not (Aridor et al., 1993). Among 

the monomeric G-protein families, Rab proteins are obvious candidates for the role of 

Ge, with their well documented functions in the secretory pathway, as are ARFs, 

which can restore exocytosis in permeabilised HL60 cell systems (Fensome et al., 

1996). Other candidates for Gg include Rac and Cdc42. RacI, complexed to RhoGDI 

is able to support secretion in permeabilised mast cells (O’Sullivan et al., 1996), and 

activated Rac or Cdc42 induce exocytosis in the presence of calcium (Brown et al., 

1998a). It is possible that such a Gg protein would be localised on the granule 

membrane. To address this possibility, two approaches were taken. The first was to 

probe western blots of eosinophil subffactions with antibodies to known G-proteins, 

particularly those demonstrated to be on regulated secretory organelles o f other 

professional secretory cells, for example neuronal cells. The second approach was to 

visualise small GTP-binding proteins on Western blots using ^^P-GTP (Huber et al., 

1994). The advantage o f GTP-overlays, over Western blotting is that the position of 

many small GTP-binding proteins have already been mapped on 2D-gels, allowing the 

identification o f GTP-binding proteins to be determined without specific antibodies.
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Figure 3.7 demonstrates the position of many known small GTP-binding 

proteins mapped by western blotting and GTP-overlay studies on 2D-gels (Huber et 

al., 1994).
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Figure 3.7: 2D-gei map of small GTP-binding proteins. (Huber et a/., 1994).

3.5.2 Results

The heterotrimeric G-protein subunits Gja3 and Gao have both been implicated 

in the regulated secretory pathway and are known to be present on the granule 

membranes of other secretory cells. In light of these observations, blots of eosinophil 

subfractions were prepared as described previously. These were probed with antisera 

to the alpha subunits of heterotrimeric G-proteins, and to the small GTP-binding 

protein Rab3, which has been implicated in the control synaptic vesicle exocytosis 

and regulated secretion in a range of cell types. Figure 3.8 demonstrates the presence 

of the G-protein a-subunits, Gja3 and Gas iri a position corresponding to the 

Golgi/plasma membrane. Western blotting with an antibody recognising both Gja3 

and Gao could not address if Gao was present in eosinophil sub fractions, because no 

difference in the position of a single band was observed when the blot was probed 

with the common antibody or the specific Gajg antibody. No bands were visualised in
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Figure 3.8: Heterotrimeric G-protein expression across eosinophil subfractions.
Equal volumes of each fraction corresponding to 2.5-30pg/well were subjected to SDS- 
PAGE. Gels were then transferred on nitrocellulose membranes and probed for G-protein 
expression. Specificity of antisera to G-protein subunits are indicated on the left of each 
blot.
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Figure 3.9: [^^P]-GTP overlay of human eosinophil subfractions. Eosinophil fractions 
were subjected to SDS-PAGE and Western blotting. Blots were probed with 2pCi/ml 
[a^^PJGTP, followed by detection of GTP-binding proteins by autoradiography. Equal 
volumes of eosinophil subfractions were subjected to SDS-PAGE followed by GTP- 
overlay (a). Triton X-114 extracts of light eosinophil subfractions (b) or the eosinophil 
granule peak (c) were separated by two dimensional electrophoresis, followed by GTP- 
overlay.
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the granule-enriched fractions using any of these antibodies. Therefore, i f  a 

heterotrimeric G-protein alpha-subunit localised to the granule membrane, it is either 

present at a level below the limits of detection by western blotting, or is not 

recognised by the available antibodies. The peak o f immunoreactivity for the common 

Ga antibody was broader than the specific antibodies used. This may indicate the 

presence o f other heterotrimeric G-proteins on eosinophil membranes. This antibody 

also failed to detect alpha-subunits present on granule membranes. To investigate the 

presence o f small-GTP binding proteins on eosinophil granule membranes, eosinophil 

subffactions across the gradient were again blotted onto nitrocellulose, and the blots 

probed with a  ^^P-GTP. This method revealed the presence o f multiple GTP-binding 

proteins throughout the fractions, including granule membranes (Fig. 3.9). This 

overlay also demonstrated a greater abundance and number o f small GTP-binding 

proteins in the fractions enriched in plasma membrane, Golgi and ER. In an effort to 

characterise further the small G-protein composition o f the granule fraction and the G- 

protein enriched lighter fraction, fractions 9-13 and 20-22 were pooled respectively. 

Membrane pellets from these pools were collected and the hydrophobic proteins 

partitioned into the hydrophobic phase by Triton X-114 detergent extraction. The 

detergent extracts were then separated by two-dimensional gel electrophoresis, 

followed by GTP-overlay. The major concentration of GTP-binding in the light 

fractions were concentrated in the pi range 5.5 to 7.0. The granule fraction however, 

contained two major regions of GTP-binding. The first was in the pi range 4.5 to 5.5, 

the second in the pi range 5.5 to 6.0.

3.5.3 Discussion

In light of the evidence that exocytosis in eosinophils can be initiated by GTP- 

y-S in the absence o f calcium (Nusse et al., 1990) and that both heterotrimeric G- 

proteins and Rab family members of the small GTP-binding proteins are candidates 

for Ge, subcellular fractions were probed for members of these families of proteins. 

Using this approach it was demonstrated that immunoreactivity to the a-subunits 

tested was confined to fractions enriched in plasma membrane and Golgi, not in the 

granule fractions. The absence of these subunits on granule membranes does not 

however rule out the possibility that a heterotrimeric G-protein is mediating the
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granule fusion event with the plasma membrane. It is possible that a G-protein o f this 

family is localised to the cytosolic face o f the plasma membrane and it is controlling 

the fusion event from here, after granule docking. Although no a-subunits were 

detected in the granule fraction, studies with guinea pig eosinophils have 

demonstrated the presence of p-subunits associated with the granule fractions (Lacy 

et al., 1995). In this study the y-subunit was not specifically probed for, but it would 

seem likely to be present, since they are known to fulfil the function o f membrane 

anchor for the p-subunits. It is difficult to rule out the possibility that the presence of 

the P-subunit associated with the eosinophil granule may be due to contamination 

with plasma membrane, although the absence o f a  -subunits makes this explanation 

unlikely. A role for Py subunits in granulocyte exocytosis has been suggested with the 

observation that Py subunits enhance secretion in permeabilised mast cells (Pinxteren 

et al., 1998).

The GTP-overlays performed across the eosinophil subffactions revealed that 

the majority of small GTP-binding proteins were found in the intermediate and 

plasma membrane/Golgi fractions. These overlays also demonstrated more than one 

band in a number of the fractions; this may correspond to different GTP-binding 

proteins. To address the identification of these GTP-binding proteins, further GTP- 

overlays o f 2D-gels were run of specific fractions. 2D-gel maps of GTP-overlays have 

already been published (Huber et a l,  1994), and provide a valuable source o f 

information for identifying these proteins. The concentration o f GTP-binding proteins 

present in the light fractions were in the pi range 5.5 to 7.0, a region demonstrated to 

be rich in many GTP-binding proteins, such as members o f the ARF family, Rabl 

isoforms, Ral, Rab6 and R ab ll (Huber et al., 1994), Many o f these GTP-binding 

proteins have been localised to plasma membrane and Golgi and endosomal 

membranes, which are enriched in these light fractions.

The granule fraction appeared particularly rich in GTP-binding proteins with 

p i’s of approximately 4.5, and with a molecular mass o f about 25kDa, typical of Rab3 

isoforms. Western blotting however, failed to detect the presence o f RabSa in 

eosinophil fractions, which could suggest the expression of a related, Rab3 protein 

localised to human eosinophil granules. Further work in this laboratory has resulted in
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the cloning o f a partial Rab3 cDNA, although a full-length cDNA has not yet been 

isolated. The evidence presented here and the cloning o f a partial Rab3 cDNA 

sequence implicates a Rab3 isoform in the eosinophil granule fusion event during 

degranulation in common with many other cells that perform regulated secretion. The 

exact identity o f this Rab3 isoform however is still not known. The possibility that a 

Rab3 isoform is present on the eosinophil granule could suggest similarities between 

regulated secretion in neuronal and haematopoietic cells and highlights the need for a 

model haematopoietic cell line to test this hypothesis.
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3.6 Overexpression of Rab3a in an RBL-2H3 cell line

3.6.1 Introduction

Data from 2D-gel analysis o f eosinophil subfractions have suggested that a 

small molecular weight GTP-binding protein with a pi similar to that o f the Rab3 

isoforms (Huber et al., 1994) is localised to the eosinophil granule. However, Western 

blotting has failed to detect Rab3 in this fraction. Additional evidence for the role of 

Rab3 isoforms in granulocyte exocytosis comes from studies utilising peptides from 

the Rab3a effector domain, which have been demonstrated to stimulate exocytosis in a 

range o f cell types, including mast cells (Edwardson et al., 1993; Law et a l, 1993).

Although the presence of a Rab3 isoform expressed in the eosinophil is of 

potential interest, the absence of an eosinophil model cell line demonstrating a 

functional response means that finding a suitable model haematopoietic cell line is a 

priority. This should allow functional effects on the regulated secretory pathway to be 

assessed for example in cells over-expressing gene products potentially involved in 

the regulated secretory pathway. The RBL-2H3 cell has been chosen as a model cell 

line for the functional analysis o f the regulated secretory pathway of granulocytes.

The RBL-2H3 cell line was isolated in 1981 as a clonal cell line, which 

released histamine following stimulation through the IgE receptor (Barsumanian et 

a l, 1981). It has since been utilised extensively for the analysis o f the signalling 

pathways and physiological responses o f mast cells following stimulation through the 

high affinity IgE receptor FcsRI. The RBL-2H3 cell line has been demonstrated to 

release the lysosomal enzyme hexosaminidase and the granule marker 5HT 

(serotonin) in response to activation o f the IgE receptor or triggering with a calcium 

ionophore. The release of hexosaminidase upon degranulation confirms the lysosomal 

nature o f this organelle and makes it a suitable model cell line for the study o f 

haematopoietic cell exocytosis.

3.6.2 Results

To assess the response of RBL-2H3 cells to stimulation through the IgE 

receptor and with stimulation by calcium ionophore, the cells were triggered to 

degranulate by both o f these methods and the release o f hexosaminidase and serotonin 

monitored. ^H-serotonin was incubated with the cells overnight to load the granules
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Figure 3.10: Regulated release of RBL-2H3 granule contents. Timecourse of 
release of hexosaminidase and 5HT in response to (a) triggering through the 

high affinity IgE receptor, (b) Stimulation with PMA and ionomycin.
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Figure 3.11: Lysosomal and granule markers localise to the same compartment in 
RBL-2H3 cells. Indirect immunofluorescence images of RBL-2H3 cells stained with 
antibodies to serotonin (red) and the lysosomal membrane protein lgpl20 (green). 
Incubation with primaiy antibodies was then followed by incubation with texas red 
conjugated goat anti rabbit secondaiy antibody, or a FITC conjugated goat anti-mouse 
secondaiy antibody. Figures a and b demonstiate the two most common moiphological 
phenotypes routinely observed in the cell culture populations. Areas of colocalisation are 
depicted in yellow.
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before degranulation the following day. After triggering the supernatant was removed 

from the cells for measurement of hexosaminidase and serotonin content. Both 

triggering through the IgE receptor and treatment with PMA/ionomycin resulted in the 

release of the lysosomal enzyme hexosaminidase and the granule marker serotonin 

(Fig 3.10a and b). Figure 3.10 also demonstrated that triggering with ionomycin or 

through the IgE receptor lead to the release o f granule contents over an equivalent 

timecourse. To investigate further the lysosomal nature o f the RBL-2H3 granule, 

cells were subjected to indirect immunofluorescence microscopy. Figure 3.11 

demonstrates the large, punctate vesicles stained with the granule marker serotonin 

and the lysosomal membrane protein lgpl20. Extensive overlap was observed 

between the granule marker serotonin with the lysosomal marker lgpl20, with the 

lysosomal marker clearly localised to the granule membrane surrounding the serotonin 

positive core.

With the suitability of the RBL-2H3 cell line confirmed as a model cell for 

investigating granulocyte degranulation, the effect of overexpression of the Rab3a 

isoform on RBL degranulation was assessed. Stably selected, clonal cell lines 

expressing the Rab3a isoform tagged with a single c-Myc epitope at the N-terminus 

were generated for this study. To confirm the suspected granule localisation o f a Rab3 

isoform suggested from GTP-overlay studies using eosinophil granules, indirect 

immunofluorescence studies using Rab3a overexpressing cells were performed. 

Staining of the transfected cells with the monoclonal antibody 9E10 to detect the 

Myc-tagged protein (Fig. 3.12a) demonstrated that Rab3a was localised to granules as 

determined by staining with a polyclonal antibody to serotonin (Fig. 3.12b). In 

addition Myc-tagged protein was also detected in a juxtanuclear region of the cell and 

the cytosol (Fig. 3.12a).

To determine the effect o f Rab3a overexpression on the ability o f RBL-2H3 

cells to degranulate in response to antigen or calcium ionophore, clonally selected 

stable cell lines overexpressing wild-type Rab3a were generated. Figure 3.12c shows 

that overexpression of Rab3a significantly impaired degranulation induced by antigen 

or calcium ionophore.
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3.6.3 Discussion

From the above study it was evident that RBL-2H3 cells degranulate to the 

same degree over an identical time period when triggered either with antigen, or with 

calcium ionophore. A plateau of hexosaminidase release was reached at between 30- 

40 minutes. Overexpression of Rab3a resulted in the localisation o f the Myc-tagged 

gene product to the lysosomal granule and the cytosol as well as an undefined 

perinuclear compartment. The localisation of Rab3a to the granule membrane and the 

cytosol is in keeping with our understanding of the fimction o f many members o f the 

Rah superfamily, in that they cycle on and off the membrane in a GTP-dependant 

manner. The perinuclear staining may be due to Rab3a distributed on Golgi or 

endosomal membranes, or may be an artefact due to overexpression.

It is also clear from this study that RBL clones overexpressing wild-type 

Rab3a were impaired in their exocytic response, both to antigen and to PMA and 

ionomycin. The inhibition o f degranulation by Rab3a to both o f these stimuli suggests 

that Rab3a is acting downstream of the calcium signal. Further studies by this group 

have since addressed the granule-plasma membrane fusion event. If  the upstream 

signals leading to degranulation are bypassed by stimulation o f SLO-permeabilised 

cells with the addition o f calcium and GTPyS (a non-hydrolysable analogue of GTP), 

cells can still be induced to undergo degranulation (Smith et al., 1997). Using this 

method, the inhibition of degranulation by overexpression of Rab3a was not 

significant, suggesting Rab3a acts upstream of the final fusion step.

3.7 Chapter discussion

The aim o f this study was to use biochemical approaches to identify potential 

regulators of exocytic fusion in the eosinophil and to investigate the RBL-2H3 cell 

line as a model system for studying degranulation in haematopoietic cells. Relatively 

pure preparations o f eosinophil granules were obtained by subcellular firactionation of 

purified eosinophils, but no components of the synaptic vesicle fusion complex, or 

homologues o f these components were identified by Western blotting in these 

fractions. Direct sequencing o f granule protein bands also proved to be problematic. 

Detergent extraction of the granule fraction was employed in an effort to extract
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membrane proteins, but coomassie staining of this extract after gel electrophoresis 

highlighted how little protein is present in this extract relative to the soluble fraction. 

At the time of this study protein sequencing techniques were not sensitive enough to 

identify proteins directly fi’om this sample. Accumulating enough material to attempt 

further sequencing was not an approach judged likely to be successful in the lifespan 

o f this project, given the progress of the emergent sequencing technologies. However, 

the approach outlined here has been applied to the identification o f granule membrane 

proteins from the granulocyte cell line AML-DIO. Again using this approach no 

components of the synaptic vesicle fusion complex were identified. However, novel 

proteins, localising to the endosomal-lysosomal pathway were identified (C. Teahan, 

personal communication). However, a larger proportion o f the proteins identified in 

this study proved to be mitochondial, highlighting the discrepancy between 

estimations o f purity from both enzyme marker assays and electron microscopy 

compared to the abundance of mitochondrial proteins present in the AML-DIO 

granule fraction. Clearly, the goal o f characterisation o f organelles, by the direct 

sequencing o f purified fractions, will prove challenging. To date few examples o f 

characterisation of the protein composition of organelles have been published, 

although interestingly, given the abundance o f mitochondrial proteins in the AML- 

DIO granule preparations, one o f the few examples is the identification and targeting 

analysis o f chloroplast lumenal and peripheral thylakoid proteins (Peltier et a l, 2000). 

A growing area for the use of the types o f techniques employed here is that of 

identification o f protein complexes (Pfannschmidt et a l, 2000) and key components 

o f the synaptic fusion machinery were identified using comparable approaches. The 

major problem to be overcome in the search for components o f the granulocyte 

granule exocytotic machinery is that of abundance o f source material. Brain tissue is a 

rich source o f synaptic vesicle components, but other cell types undergoing regulated 

secretion do not contain comparable numbers o f vesicles or granules undergoing 

regulated secretion.

Western blotting approaches presented here did not demonstrate the presence 

o f heterotrimeric Ga subunits on the granule membrane, but did confirm the presence 

o f Gja3, Gas possibly Gao ill the eosinophil. The presence o f small GTP-binding 

proteins associated with the granule membrane was observed by GTP-overlay.



Although detection of small GTP-binding proteins in specific subcellular fractions by 

this method could not unequivocally identify a particular G-protein, it could be used 

to narrow down possible candidates. The presence o f GTP-binding proteins with low 

pi in the granule fractions for example was strongly suggestive of Rab3 isoforms, 

already implicated in granulocyte regulated secretion. Unfortunately, efforts in this 

laboratory could not identify the specific isoform involved. This finding did highlight 

however the need for a model cell line to test the function o f any candidate gene 

involved in granulocyte regulated secretion.

The data presented here demonstrates the suitability o f the RBL-2H3 cell line 

as a model cell line for these studies. It contains lysosomal granules that can be 

stimulated to release their granule contents upon application o f the appropriate trigger 

for example activation o f the IgE receptor. Evidence presented here also suggests that 

overexpression o f wild-type Rab3a inhibits the regulated release of granule contents 

from RBL-2H3 cells. More recently Roa et al., (1997), have observed an inhibitory 

effect on regulated secretion in RBL cells by overexpression o f wild-type and N135I 

Rab3d, but no effect was observed with Rab3a. It is unclear why these discrepancies 

were observed, although it is possible that expression levels o f the Rab isoforms are 

critical to the observed phenotype. Recent evidence has suggested that the Rab3d 

isoform is implicated in exocytosis through the regulation o f actin polymerization 

around secretory granules (Valentijn et al., 2000). In contrast Rab3a, in neurons has 

been demonstrated to play a role in later fusion events possibly by a mechanism 

limiting vesicle release to a single quantum, by regulation o f the docking and/or 

fusion complex (Geppert et al., 1997). If  Rab3a performs this function in the RBL, 

changing expression levels even of wild-type protein may effect granule release.

One explanation for the inhibitory effect of wild-type Rab3a overexpression is 

the formation o f a complex o f Rab3a with the effector Rabphillin3a. It has been 

suggested that overexpression of wild-type Rab3a might be expected to increase both 

GTP- and GDP-bound Rab3a in the cell. This increase in GTP-Rab3a could sequester 

Rabphillin3a and block exocytosis by inhibiting the dissociation o f the Rab3a- 

Rabphillin3a complex thought to be a prerequisite for exocytosis. However, recent 

evidence argues against this model. Rabphillin3a knock-out mice do not display the 

same secretory defects as Rab3a knockout mice (Schluter et a l, 1999) and Rab3a
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mutants, unable to bind Rabphillin are still capable o f inhibiting exocytosis (Chung et 

a l, 1999). Other Rab3 effectors, which may play a role in granulocyte exocytosis 

include the zinc-finger protein Noc2 which binds Rab3a in a nucleotide-dependant 

manner. Overexpression o f Noc2 has been demonstrated to inhibit exocytosis in 

permeabilised PC I2 cells suggestive o f a role as a negative effector for Rab3a 

(Haynes et al., 2000). Demonstration that expression o f a GTPase deficient Rab3a, 

modified to display reduced binding to calmodulin, retained binding capacity to other 

Rab3a effectors such as RIM and Rabphillin, but failed to inhibit Ca^^-triggered 

secretion also implicates calmodulin as a possible Rab3a effector (Coppola et al., 

1999). Further work is necessary to dissect the relevance o f the interactions o f Rab3a 

with its various binding partners and their roles in regulated secretion.

Evidence presented here highlights the problems associated with searching for 

known mediators o f synaptic vesicle release or their homologues in other regulated 

secretory cell types. Biochemical approaches suffer from sensitivity problems and 

fi*om the availability o f specific antibodies. Sensitivity is a more critical issue, as is 

sample purity when attempting to directly identify components o f this machinery in 

granulocytes by mass spectrometry methodologies, even though this is a less biased 

approach. This study has however validated the RBL-2H3 cell line as a model system 

for studying putative components o f the granule docking and fusion machinery and 

eluded to the involvement o f Rab3a in granulocyte exocytosis. To gain further insight 

into this process in haematopoeitic cells, more sensitive and possibly less stringent 

molecular biological approaches should be employed.
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4. IDENTIFICATION AND LOCALISATION OF COMPONENTS OF THE 

SNARE COMPLEX IN GRANULOCYTES

4.1 Introduction

It is clear that all vesicular transport steps require close apposition between 

membranes before fusion can occur. The proteins o f the SNARE complex partially fulfil 

this function (Sollner et al, 1993a; Sudhof, 1995). The SNARE complex is composed o f a 

vesicular v-SNARE protein VAMP and two t-SNAREs localised to the target organelle, 

namely SNAP25 and syntaxin (Sollner et a l, 1993a). These proteins form a ternary 

complex through their coiled-coil domains and the formation o f this complex with the 

hydrolysis of ATP by the cytosolic NSF protein is thought to provide the energy that 

drives the fusion process (Sollner et a l, 1993b). The cytosolic components of the 

complex, NSF and a-SNAP also have the ability to dissociate the SNARE complex, 

allowing their recycling after fusion (Sollner et a l, 1993b). Throughout the secretory 

pathway, almost every vesicular transport step is carried out by a distinct SNARE 

complex and the SNAREs that mediate a given transport step are conserved from yeast to 

mammals (Ferro-Novick and Jahn, 1994). Among the t-SNARES of the SNAP25/23/29 

family, SNAP23 is ubiquitously expressed and is involved in the exocytic pathway of 

non-neuronal cells (Sadoul et a l, 1997; Low et a l, 1998). Within the syntaxin family, 

only syntaxins 1,2,3 and 4 have been detected at the plasma membrane and are reported 

to regulate exocytosis (Bennet et a l, 1993; Volchuk et a l, 1996; Tellam et a l, 1997). 

The v-SNARE homologues VAMPl and VAMP2 function in regulated exocytosis 

(Chilcote et a l, 1995) and cellubrevin (VAMP3), VAMP7 and VAMPS have been 

suggested to play a role in the endocytic pathway (Galli et a l, 1994; Advani et a l, 1999; 

Wong et al, 1998).

Biochemical approaches to the identification of haematopoietic cell secretory 

granule fusion complex components have until recently, with the possible exception of 

identification o f Rab3 isoforms in this study proved unsuccessful (Lacy et a l, 1995). The 

classical approach for testing for the involvement o f SNARE proteins in neuronal 

systems, that is toxin treatment, has not proved fruitful in studying degranulation in cells 

o f the haematopoietic lineage (Arora et a l, 1994; P. Lacy, personal communication). 

However, evidence from studies using human neutrophils has demonstrated the presence
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of components o f the fusion complex (Brumell et a l, 1995). It was notable that those 

components identified, syntaxin 4, VAMP2 and a 39kda isofoim of the secretory carrier 

membrane protein (SCAMP), were found predominantly on secondary and tertiary 

granules and secretory vesicles, but were absent from primary (lysosomal) granules. This 

evidence and the inability to identify fusion complex components in the eosinophil which 

lacks secondary and tertiary granules, raises the possibility that the secretory lysosome 

utilizes different components to regulate its fusion with the plasma membrane. The 

involvement o f SNAP23 in the regulation of compound exocytosis, linking granule 

plasma membrane and granule-granule fusion began to shed light on the involvement o f 

this SNARE family in haematopoietic cell degranulation (Guo et a l, 1998). More 

recently, syntaxin3 and VAMP7 have been shown to be expressed in RBL-2H3 cells by 

PGR (Hibi et a l, 2000). The authors suggest that both VAMP7 and syntaxin3 are 

localised to secretory granules, moving to the plasma membrane upon degranulation. 

This was presented as evidence for the involvement o f these SNARES in the 

degranulation of RBL-2H3 cells, although colocalisation and functional data was not 

presented. VAMP7 has also been shown to mediate vesicular transport from endosomes 

to lysosomes (Advani et a l, 1999), and is required for homotypic lysosome fusion in 

alveolar macrophages (Ward et a l, 2000). Given the lysosomal nature o f the secretory 

granule of haematopoietic cells this could also be a possible explanation for the 

observations o f Hibi et al, and not a role in degranulation, highlighting the need for 

functional data. Recently, VAMPS has been localised to RBL-2H3 cell granules and 

overexpression of syntaxin 4 demonstrated to inhibit degranulation (Paumet et a l, 2000).

Because o f the problems associated with protein expression levels and antibody 

specificity, a molecular biological approach was taken to try to identify components o f 

the vesicle docking and fusion machinery in eosinophils and RBL-2H3 cells, the chosen 

model system. It was hoped that this approach, probing for components o f the 

docking/fusion complex either by PGR, or library screening at low stringency could also 

enable identification of homologues to known components o f this complex.
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4.2 Identification of components of the vesicle docking and fusion machinery by 

PCR and cDNA library screening

4.2.1 Introduction

In an effort to identify components involved in the regulated release of 

haematopoietic cell granule contents, it was hoped that a molecular biological approach 

could prove successful. This approach made use o f oligonucleotides designed to regions 

o f homology of known components of the SNARE complex and the use o f SNARE PCR 

products to screen RBL-2H3 and eosinophil cDNA libraries at low stringency. This 

approach has been used with some success previously, for example to identify 

homologues o f Rab3 (Oberhauser et a l, 1994) and RabS (Armstrong et al, 1996). Since 

the initiation o f this study, numerous SNARE homologues have been identified 

predominantly through database searching (Wong et a l, 1998; Zeng et a l, 1998). 

However, for the purpose o f this study screening was limited to the major neuronal v- 

SNARE transmembrane components o f the complex identified when this study began, 

namely, VAM Pl, VAMP2 and cellubrevin.

4.2.1 Results

In order to investigate which members o f the SNARE complex were expressed in 

granulocytes, cDNA libraries were constructed from human eosinophils and the RBL- 

2H3 cell line (a gift from J. Armstrong). Libraries mass excised from the lambdaZap II 

phagemid vector were amplified with pairs o f degenerate primers (table 4.1) designed to 

correspond to highly conserved regions of members o f the v-SNARE family (Fig. 4.1). 

The resultant DNA fragments generated by PCR (Fig. 4.2, lanes 3,4) were compared to 

the PCR products obtained from a human brain cDNA template (Fig. 4.2, lanes 4,5). 

Eosinophil PCR products corresponding in size to those obtained using human brain 

cDNA were purified, subcloned into the TA cloning vector & sequenced. All clones 

generated from the eosinophil cDNA library were found to be VAMP2. The resultant 

DNA fragment obtained using the oligonucleotide primer pair 2899/2897 (Fig. 4.2, lane 

3) was then radiolabelled and used to probe the eosinophil cDNA library by plaque 

hybridization at low stringency. 20 positives were recovered from the primary screening
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of 2x10^ clones. These positives were progressed through secondary hybridization to 

single positive plaques. The cDNA inserts were in vivo excised, screened for VAMP2 by 

PCR and sequenced. Sequencing identified all o f the recovered clones as VAMP2.

SYB_TORCA
SYB1_HUMAN
SYB2_HUMAN
S63830CDS1
SYB_DROME
SNC1_YEAST
SNC2 YEAST

-QTQAQVEE
-QTQAQVEE
-QTQAQVDE
-QTQNQVDE
-QTQAQVDE
-ELQAEIDD
-ALRQEIDD

WDIIRVNVD
WDIIRVNVD
WDIMRVNVD
WDIMRVNVD
WGIMRVNVE
TVGIMRDNIN
TVGIMRDNIN

KVLERDQKLS
KVLERDQKLS
KVLERDQKLS
KVLERDQKLS
KVLERDQKLS
KVAERGERLT
KVAERGERLT

E-LDDRADAL QA- 
E-LDDRADAL QA- 
E-LDDRADAL QA- 
E-LDDRADAL QA- 
E-LGERADQL EQ- 
S-IEDKADNL AV- 
S-IEDKADNL AI-

--GASQ 80 
--GASQ 78 
--GASQ 76 
--GASQ 63 
--GASQ 92 
--SAQG 73 
--SAQG 72

CONSENSUS --QTQAQVDE W.IMRVNVD KVLERDQKLS E-L.DRAD.L .. GASQ

SYB_TORCA FESSAAKLKR KYWWKNCKMM IMLGGIGAII VIVIII-YFF T---------  12 0
SYB1_HUMAN FESSAAKLKR KYWWKNCKMM IMLGAIGAII VIVIVI-YFF T--------- 118
SYB2_HUMAN FETSAAKLKR KYWWKNLKMM IILGVIGAII LIIIIV-YFS S--------- 116
S63 83 0CDS FETSAAKLKR KYWWKNCKMW AIGISVLVII VIIIIVWCVS X--------- 104
SYB_DROME FEQQAGKLKR KQWWANMKMM IILGVIAWL LIIVLVSVWP SSSDSGSGGG 142
SNC1_YEAST FKRGANRVRK AMWYKDLKMK MCLALVIIIL LWIIVPIAV H--------- 114
SNC2_YEAST FKRGANRVRK QMWWKDLKMR MCLFLWIIL L W I I V P I W  H--------- 113

CONSENSUS FE..A.KLKR K.WWKN.KM. ..L...II.. L..IIV.... ---------

Figure 4.1: V-SNARE sequence alignments. The predicted amino acid sequences of 
yeast v-SNARES, SNCl and SNC2, D. melanogaster VAM Pl, rat cellubrevin (S63830), 
human VAMP2, human VAMPl and T. calif arnica VAMPl. Sequences were aligned 
using the PILEUP programme (Genetics Computing Co., Madison, WI). Areas of 
homology from which degenerate oligonucleotides were obtained are in bold.
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Amino acid 

sequence

Oligonucleotide sequence Number Sense/
antisense

VV(D/G)IMRVN GTI GTI G(A/G)I ATI ATG 
(C/A)GI GTI AA(C/T)

2898 Sense

WWKN(L/C/M)KM CAT (C/T)TT I(C/A)(G/A) 
(G/A)TT (C/T)TT CCA CCA

2899 Antisense

KVLERDQ AA(A/G) GTI GTI GA(A/G) 
CGI GA(C/T) CAA

2897 Sense

Table 4.1: Sequences of v-SNARE degenerate oligonucleotides and corresponding 
amino acid sequences. Bases in brackets represent oligonucleotides synthesised with 
equal ratios of each base. (I) recognizes any base (A,G,C or T).

Size (bp) 
(base pairs)

200 
100

Lane 
3 4

Figure 4.2: PCR detection of v-SNAREs using degenerate oligonucleotides.
Degenerate oligonucleotides were used to PCR probe human eosinophil cDNA or human 
brain cDNA. Samples were loaded onto 2 % agarose gels as follows: 100 base pair ladder 
(lane 1); eosinophil cDNA (lanes 2 and 3); human brain cDNA (lanes 4 and 5). 
Oligonucleotide pairs used for PCR analysis were 2899/2898 (lanes 2 and 4) and 
2899/2897 (lanes 3 and 5). Sequenced PCR products are marked by arrowheads.

To determine if other v-SNARES were expressed in the eosinophil, PCR primer 

pairs were designed to full length VAMPl, VAMP2 and cellubrevin (table. 4.2). These 

primer pairs were used to amplify cDNA from mass excised eosinophil or RBL-2H3 

cDNA libraries and human brain cDNA as a positive control (Fig. 4.3). The PCR 

reactions generated DNA fragments of the predicted size for VAMPl in the human brain 

control only, VAMP2 in the human brain control and with the eosinophil cDNA and 

cellubrevin in with the RBL-2H3 cDNA only. The cellubrevin DNA fragment was 

subcloned into the TA cloning vector, whereupon sequencing confirmed the identity of 

the insert as cellubrevin. Again the resultant DNA fragment was radiolabelled and used to 

probe the eosinophil cDNA library by plaque hybridization at low stringency, and 10
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positives were recovered from the primary screening of 2x10^ clones. These positives 

were progressed through secondary hybridisation to single positive plaques. The cDNA 

inserts were in vivo excised, screened for cellubrevin by PCR and sequenced. Sequencing 

identified all o f the recovered clones as VAMP2.

Gene product Species Primer

number

Sense/

antisense

Position (base) Sequence

VAMPl Human 3068 Sense 94 (start CDS) ATG TCT GCT 

CCA GCT CAG 

CC

VAMPl Human 3069 Antisense 450 (Stop CDS) TCA AGT AAA 

AAA GTA GA

VAMP2 Human 3070 Sense 95 (start CDS) ATG TCT GCT 

ACC GCT GCC A

VAMP2 Human 3071 Antisense 445 (stop CDS) TTA AGT GCT 

GAA GTA AAC 

TA

Cellubrevin Rat 3072 Sense 104 (start CDS) ATG TCT ACA 

GGG GTG CCT 

TC

Cellubrevin Rat 3073 Antisense 415 (stop CDS) TAA GAG ACA 

CAC CAC ACA 

AT

Table 4.2; Synaptic vesicle protein PCR and sequencing primers. Oligonucleotide 
sequences of PCR primers for detection of synaptic vesicle proteins by PCR analysis of 
human eosinophil, RBL-2H3 and human brain cDNA. CDS (cDNA sequence position).
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^ Lane 

1 2 3

300bp

Human eosinophil 
cDNA library

300bp

Human brain 
cDNA

350bp

RBL cDNA 
library

Figure 4.3: PCR detection of synaptic vesicle proteins. Agarose gels demonstrating the 
presence of synaptic vesicle proteins using human eosinophil cDNA (a), human brain 
cDNA (b) and RBL-cDNA (c) as template. Samples were loaded as follows: lOObase pair 
ladder (lane 1); VAMP2 (lane 2); VAMPl (lanc3); cellubrevin (lane 4),
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4.2.2 Discussion

Although the identity & role of the various components o f the SNARE complex is 

becoming clearer for synaptic vesicle exocytosis, the final steps that control the fusion of 

secretory granules o f cells of the haematopoietic lineage is only just beginning to be 

uncovered. Subsequent to this study, functional roles for SNAP23 in mast cell exocytosis 

(Guo et a l, 1998) and syntaxin4 in RBL-2H3 cell degranulation have been described 

(Paumet et a l, 2000). However, the role o f these SNAREs in eosinophil degranulation 

has yet to be determined. The role o f VAMP2 in regulated secretion is already well 

documented, as is the role o f cellubrevin in endocytosis. The identification of VAMP2 

from an eosinophil cDNA library, both by PCR using degenerate oligonucleotides, and 

by probing the eosinophil cDNA library at low stringency with VAMP2 and cellubrevin 

cDNA probes, suggests that VAMP2 is the major v-SNARE expressed by eosinophils. 

However, the expression o f VAMP2 by the eosinophil does not necessarily implicate 

VAMP2 in the degranulation process (Arora et a l, 1994). Indeed, the apparent inability 

o f the clostridial botulinum and tetanus toxins to inhibit regulated lysosomal granule 

fusion with the plasma membrane would argue against a role for VAMP2 in this process. 

Therefore, to gain further insight into the role of VAMP2 in granulocyte exocytosis, 

RBL-2H3 cells were transiently transfected with a vector encoding VAMP2, tagged with 

the c-myc epitope located at the N-terminus.

4.3 Overexpression of VAMP-2 in the RBL-2H3 model cell line.

4.3.1 Introduction

A number of approaches have been taken to study the function o f SNAREs. One 

o f the most fiiiitful approaches has been utilization o f yeast with the tractability of 

functional genetic approaches. In mammalian cells, genetic approaches are far less 

tractable and the complexity o f the secretory pathway is also increased to include the 

regulated secretory pathway. However the discovery that many neurotoxins act directly 

on components o f the SNARE complex to inhibit neurotransmission highlighted one 

possible approach to investigating the role of SNARES in granulocyte exocytosis 

(Montecucco & Schiavo, 1995). Another key clue to the function o f a protein is its 

subcellular localisation and this is particularly true o f the SNAREs whose function is the
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control o f membrane fusion between subcellular compartments. It has already been 

demonstrated that epitope tagged SNAREs localise to the same compartment as the 

endogenous protein (Teter et a l, 1998). Therefore, to investigate the possible role o f 

VAMP2 in the regulated exocytosis of haematopoietic cells, the model cell line, RBL- 

2H3 was transfected with an epitope tagged VAMP2 construct. The effect of 

overexpression on RBL degranulation was also investigated.

4.3.2 Results

In an effort to determine the role of VAMP2 in degranulation VAMP2 was cloned 

into the mammalian expression vector with the addition o f a c-Myc epitope tag at the N- 

terminus. RBL-2H3 cells were transiently transfected with this construct and incubated 

for 24 hours. Indirect immunofluorescence microscopy demonstrated that c-myc-VAMP2 

was associated with a large perinuclear compartment reminiscent of the Golgi (Fig. 4.4b) 

and a number smaller vesicular structures, distributed throughout the cytoplasm. 

Localisation studies with the granule marker serotonin (Fig 4.4a) and the c-Myc epitope 

revealed only partial overlap between these markers, suggesting only limited 

colocalisation (Fig. 4.4c). Indeed, the Golgi-like staining pattern and the numerous 

punctate structures distributed throughout the cytoplasm was more reminiscent o f the 

pattern observed for the transferrin receptor in this cell-type.

To investigate the significance o f the partially overlapping distributions o f 

VAMP2 and serotonin, and the apparent similarity in distribution to the transferrin 

receptor, the c-Myc epitope fused to the N-terminus of VAMP2 was replaced with green 

fluorescent protein (GFP). Tagging with GFP allowed the localisation o f GFP-VAMP2 to 

be easily compared to the transferrin receptor using a monoclonal antibody. 

Colocalisation studies with RBL-2H3 cells transiently transfected with GFP-VAMP2 

again demonstrated little overlapping distribution o f the VAMP2 positive compartment 

(Fig. 4.5a (green)) and the granule marker serotonin (Fig. 4.5a (red)), but a significant 

overlap was observed when the distribution of GFP-VAMP2 (Fig. 4.5b (green)) was 

compared to the transferrin receptor positive compartment (Fig. 4.5b (red)).
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Figure 4.4: Localisation of c Myc VAMP2 in RBL-2H3 cells by
immunofluorescence. Cells were tiansiently transfected with a cDNA encoding 
VAMP2 tagged at the N-terminus with c-Myc. Cells were then incubated with an 
antibody to serotonin, followed by texas red conjugated goat anti-rabbit secondary 
antibody (a), or c-Myc, followed by FITC-conjugated goat anti-mouse secondaiy 
antibody (b). When visualised together (c) colocalisation of VAMP2 (green) with 
serotonin (red) is marked by anows.

Figure 4.5: Localisation of GFP-VAMP2 in RBL-2H3 cells. Cells were transiently 
transfected with a cDNA containing N-terminally, GFP-tagged VAMP2. Cells were 
then stained with antibodies to the granule marker serotonin (a, red) and the 
tiansferrin receptor, an endosomal marker (b, red). Incubation with primary antibodies 
was then followed with incubation with a texas red conjugated goat anti-rabbit (a), or 
goat anti-mouse (b) secondary antibodies. GFP-VAMP2 (a and b) is displayed in 
green. Areas of colocalisation can be observed in yellow.
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To investigate further if a proportion of VAMP2 localised to RBL-2H3 fusion- 

competant granules, the distribution of GFP-VAMP2 was observed in stimulated and 

unstimulated cells transfected with GFP-VAMP2. Unstimulated cells (Fig. 4.6a) and cells 

triggered to degranulate by cross-linking of the high affinity IgE receptor showed no 

redistribution of fluorescence to the plasma membrane at 15 minutes or 45 minutes post

stimulation (Fig. 4.6 b and c respectively).

Figure 4.6: GFP-VAMP2 shows no redistribution to the plasma membrane upon 
stimulation of RBL-2H3 cells. Cells were transiently transfected with a cDNA 
containing N-terminally, GFP-tagged VAMP2. Cells were then triggered by cross-linking 
of the high affinity IgE receptor. The distribution of GFP-VAMP2 was then observed 
with a confocal microscope. No plasma membrane staining was observed in either resting 
cells (a), or in cells observed at 15 minutes (b), or 45 minutes (c) post-stimulation.
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To determine if overexpression of VAMP2, or the addition of an epitope effected 

the ability of the RBL cells to degranulate, a stable cell line expressing c-myc VAMP2 

was generated. Cells stably expressing VAMP2 and control RBL cells triggered to 

secrete through cross-linking of the IgE receptor did not display any significant 

difference in the hexosaminidase released during a timecourse of degranulation (Fig. 4.7).
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Figure 4.7: The effect of VAMP2 overexpression on receptor stimulated 
hexosaminidase release in RBL-2H3 cells. VAMP2 overexpressing or control (WT) 
cells were stimulated by cross-linking o f the high affinity IgE receptor and the released 
hexosaminidase monitored for up to Ihour.
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4.3.3 Discussion

The results o f this study have demonstrated the localisation o f epitope tagged 

VAMP2 to a range o f intracellular membrane structures, but overwhelmingly to the 

tranferrin receptor positive endosomal compartment. VAMP2 also colocalised to a subset 

o f serotonin positive granules in the RBL-2H3 cell line. However, this localisation, 

which was also observed in GFP-VAMP2 positive cells, did not redistribute to the plasma 

membrane upon addition o f an exocytic stimulus. Redistribution of GFP-VAMP2 to the 

plasma membrane would have been expected had VAMP2 localised to fusion comp étant 

granules. This observation raised the possibility that either overexpression o f VAMP2 in 

the RBL, or the addition o f an epitope tag had inhibited the cells ability to undergo 

degranulation. However, no inhibition o f degranulation was observed in RBL cells stably 

expressing c-myc-VAMP2. Together these results suggest that VAMP2 may play a role 

in the endocytic pathway of haematopoietic cells such as the RBL-2H3 cell, but does not 

appear to control granule fusion with the plasma membrane during regulated exocytosis. 

This conclusion is also supported by observations that neurotoxins fail to inhibit 

regulated secretion in RBL-2H3 cells (Arora et aL, 1994), or eosinophils (P. Lacy 

personal communication).

Cells of the haematopoietic lineage have the ability to undergo compound 

exocytosis. This is characterised by the fusion of granules with each other before fusion 

with the plasma membrane (Rohlich et al, 1971; Alvarez de Toledo and Fernandez, 

1990). It is possible that VAMP2 may play a role in this fusion event, or in lysosmal 

granule maturation. The involvement of VAMP2 in the biosynthetic pathway o f the 

lysosome could also explain the apparent endosomal-like distribution o f VAMP2 and its 

partial overlap with secretory granule staining with serotonin. Since the completion of 

this study, VAMPS has also been suggested to play a role in RBL-2H3 cell degranulation 

(Paumet et a l, 2000). In this study VAMPS was demonstrated to be tetanus toxin 

insensitive, and colocalised extensively with serotonin. It was also shown to interact with 

syntaxin 4, whose function in RBL-2H3 degranulation was demonstrated. However, in 

this study VAMP2 was also identified as a putative syntaxin 4 interacting protein. 

Therefore, although VAMP2 does not appear to be part o f the SNARE complex involved
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with lysosomal granule fusion with the plasma membrane, a role for this v-SNARE in 

some upstream function o f this process is still one possibility that could be investigated. 

However, the focus o f this study is investigating the role o f factors involved in regulated 

fusion o f the secretory lysosome with the plasma membrane during granulocyte 

exocytosis and VAMP2 appears unlikely to play a direct part in this process.

4.4 Chapter discussion

A large body o f evidence now exists confirming the role o f VAMP2 in regulated 

exocytosis of neuronal and some non-neuronal cells. However, evidence presented in this 

study suggests that VAMP2 has a function elsewhere in the secretory pathway of 

haematopoietic cells. The subcellular localisation o f epitope tagged VAMP-2 was 

reminiscent o f endosomal structures, with limited colocalisation with the granule marker 

serotonin and a cell line overexpressing this chimera was not defective in IgE mediated 

degranulation. These data do not rule out a role for VAMP2 in lysosomal biogenesis or 

granule-granule fusion, although these investigations were outside the focus o f this 

project. The expression o f VAMP2 and cellubrevin was demonstrated in human 

eosinophils and RBL-2H3 cells by cDNA library screening and PCR approaches, 

although this may not accurately reflect the levels of protein expressed by these cells, but 

may be a function o f mRNA stability. It is clear that this approach was more fimitful for 

the identification of components o f the SNARE complex in granulocytes than the 

biochemical approaches attempted previously. Since the completion o f this study, the 

involvement of VAMPS in RBL-2H3 degranulation has been suggested (Paumet et a l, 

2000), although the data presented were far fi*om unequivocal. However, the involvement 

o f VAMPS in this process is an attractive hypothesis due to its insensitivity to tetanus 

toxin and granule localisation.

Recently the t-SNARES involved in haematopoietic cell granule release have begun 

to be identified. Soon after the identification o f the non-neuronal form of SNAP25, 

namely, SNAP23 was identified came the observation that SNAP23 is involved in mast 

cell exocytosis (Guo et a l,  199S). In this study a permeabilised cell system was utilised 

to demonstrate that SNAP23 translocated from the plasma membrane to the granule in 

response to stimulation and that this translocation was a prerequisite for degranulation.

104



O f the members o f the syntaxin family known to function in regulated exocytosis, 

syntaxin 4 has been localised to the neutrophil plasma membrane (Brumell et a l, 1995) 

and has been shown to function in IgE mediated RBL-2H3 cell degranulation (Paumet et 

al, 2000). Recently another component o f the fusion complex, synaptotagmin II has been 

demonstrated to negatively regulate IgE mediated exocytosis, and this again provides 

futher evidence that haematopoietic cells use comonents o f the SNARE complex to 

regulate granule fusion with the plasma membrane.

Therefore, observations presented here suggest that VAMP2 is the major v-SNARE 

expressed by eosinophils, but do not implicate VAMP2 in the control of granule-plasma 

membrane fusion. A role in granule maturation however cannot be ruled out. It is 

possible to suggest a model for SNARE involvement based on current observations with 

VAMPS, SNAP23 and syntaxin 4 forming the core SNARE complex controlling the 

release o f granule contents.

With the identification of VAMP2 and no other v-SNARE from the eosinophil 

cDNA library and the lack of evidence to suggest its role in regulated secretion in cells of 

the haematopoietic lineage no further studies were inititiated into the role o f VAMP2 in 

the secretory pathway o f cells o f this lineage. However, the validation o f the RBL-2H3 

cell as a model sytem to study the function of candidate genes involved in degranulation 

was utilised in subsequent studies.
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5. FUNCTION OF ARFl AND ARF6 IN RBL-2H3 CELL DEGRANULATION

5.1 Introduction

ADP-ribosylation factors or ARFs are members o f a family of small guanine- 

nucleotide binding proteins. They were originally discovered as cofactors in the 

cholera-toxin catalysed ADP-ribosylation of heterotrimeric, G» subunits (Kahn and 

Gilman, 1986), but there is now growing evidence for a role for this family o f proteins 

in vesicular transport. Mammalian ARFs are divided into three classes based on 

amino acid sequence homologies, and phylogenetic analysis. ARFl, ARF2 and ARF3 

are in class I, ARFs 4 & 5 in class II and ARF6 in class III. O f the six mammalian 

ARFs identified, ARFl has been implicated in the recruitment o f COPI (Donaldson et 

aL, 1992a) and y-adaptin (Stamnes and Rothman, 1993) to the Golgi complex, in 

transport from the endoplasmic reticulum (ER) to the Golgi (Balch et aL, 1992) and in 

the regulation o f phospholipase D (PLD) activity (Cockcroft et aL, 1994). The 

function of ARF6 is less well defined, with reports o f its localisation to the plasma 

membrane alone (Cavenagh et aL, 1996), or plasma membrane and endosomes (Peters 

et aL, 1995; Radhakrishna et aL, 1997; Yang et aL, 1998). Recent data from ARF6 

overexpression studies have also implicated ARF6 as playing a role in receptor 

mediated endocytosis (D’Sousa-Schorey et aL, 1995).

The fungal metabolite, Brefeldin A (BFA) has been demonstrated to block 

secretion, causing disruption of the Golgi complex and redistribution of some Golgi 

enzymes back to the ER. BFA has also been shown to affect the endosomal system, 

the trans-Golgi network (TGN) and to a lesser extent, lysosomes (Lippincott- 

Schwartz et aL, 1991), although these effects vary between species and cell type 

(Lippincott-Schwartz et aL, 1991). The target for BFA is now known to be an ARF 

GTP-exchange protein (Peyroche et aL, 1996), and it is the inhibition o f GTP-GDP 

exchange on ARF-1 and subsequent coat recruitment to sites o f vesicle budding that is 

thought to be responsible for the dramatic effects BFA has on the secretory pathway. 

BFA is therefore a useful tool for studying the involvement o f ARF family members 

in the secretory pathway.

In addition to the well documented examples of the role o f ARF family 

members in the constitutive secretory pathway, involvement of ARFs has also been 

demonstrated in the regulated secretory pathway, with evidence that ARFs 1 and 3 can

106



restore GTP-dependant secretion and activation o f PLD in permeabilised, cytosol- 

depleted HL60 cells (Stutchfield and Cockcroft, 1993; Cockcroft et aL, 1994; 

Fensome et aL, 1996). In RBL-2H3 cells, recruitment of ARF to Golgi membranes 

has been correlated with activation through the IgE receptor and protein kinase C 

activation (De Matteis et aL, 1993), providing a link between the role of ARF in the 

control o f both constitutive and regulated secretion through membrane receptors and 

second messengers. This, coupled with data implicating ARF6 as playing a role in the 

regulated secretory pathway in chromaffin cells and the demonstration o f its 

localisation to chromaffin granule membranes (Galas et aL, 1997), make ARFs strong 

candidates as regulators of the final stages of regulated secretion in both 

neuroendocrine and hematopoeitic cells, possibly through the activation of PLD.

The rat basophilic leukaemic cell line, RBL-2H3 was chosen as a model 

system for investigating the role of ARFs in regulated secretory events. Because it can 

be stimulated to release its granule contents through cross-linking of the high affinity 

IgE receptor (FcsRI), it has been used extensively to study receptor mediated exocytic 

events in granulocytes. The green fluorescent protein (GFP) of Aquorea victoria was 

employed to generate cDNA constructs encoding mutant or wild-type ARFl and 

ARF6 tagged at the C-terminus with GFP. For these studies mutations were made in 

the ARFl or ARF6 genes resulting in the production o f proteins predominantly in the 

GDP-bound inactive state (T27N-ARF6 and N 1261-ARFl) or in the predominantly 

GTP-bound, active state because of the decreased ability of these mutants to 

hydrolyse GTP (Q71L-ARF1 and Q67L-ARF6). The phenotype and localisation of 

GFP-tagged wild type and mutant ARFs could then be studied in RBL-2H3 cells 

transiently expressing these cDNAs, with particular attention to their effect on the 

regulated secretory pathway.
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5.2 Effect of Brefeldin A on organelle morphology and secretion

5.2.1 Introduction

The fungal metabolite Brefeldin A (BFA) profoundly affects the mammalian 

secretory pathway, perturbing organelle morphology, particularly Golgi morphology 

(Lippincott-Schwartz et aL, 1991). Many studies have indicated that BFA has 

multiple species-specific effects suggesting several distinct sites o f action within the 

endomembrane system. The target for BFA action has been demonstrated to be the 

guanine nucleotide exchange activity on ARFl (Donaldson et aL, 1992b). Recently, 

the cloning o f an ARF exchange protein with homology to yeast secTp has resulted in 

the identification of other members o f this family all containing a see? homology 

domain (Peyroche et aL, 1996). The specificity of these exchange proteins for 

individual ARF family members and their relative sensitivities to BFA is still the 

subject of much debate. However, the ARF-GDP-GEF reaction intermediate has 

recently been shown to be the target of BFA, stabilizing this intermediate, thus 

blocking ARF activation (Peyroche et aL, 1999).

The morphological effects observed with BFA therefore give us insights into 

the points along the secretory pathway that ARFl acts. In the constitutive pathway 

these points are at the Golgi where COPI coated vesicles are formed and at the TGN 

and endosomal compartments, where ARFl mediates recruitment of clathrin via API 

adaptor complexes (Traub et aL, 1993). Recruitment of the recently identified AP3 

adaptor complex to the TGN in what is thought to be the transport o f lysosomal 

proteins, for example Limp-II is also inhibited by BFA suggesting the involvement of 

a BFA sensitive guanine nucleotide exchange factor (Goi et aL, 1998; Simpson et aL,

1997). These data may explain the BFA induced tubular morphology o f some 

endosomal compartments previously observed (Lippincott-Schwartz et aL, 1991). 

ARF3 and ARFl have also been implicated in the regulated secretory pathway from 

reconstitution experiments using permeabilised HL60 cells (Fensome et aL, 1996). 

Despite this information there is little evidence addressing the effect of BFA in 

regulated secretion (Nakamura et aL, 1996; Glenn et aL, 1998). Given these 

observations, determining the effect o f BFA on antigen stimulated secretion and 

organelle morphology in RBL-2H3 cells would give valuable insights into the role of 

ARFs in the secretory pathway of haematopoietic cells.
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5.2.2 Results

To determine if  RBL degranulation is an ARF mediated process, the effect of 

BFA upon IgE receptor stimulated secretion was assessed. RBL cells were incubated 

with increasing concentrations o f BFA for 30 minutes prior to stimulation. The cells 

were then triggered through cross-linking of the high affinity IgE receptor in the 

presence of BFA. Hexosaminidase release was measured one hour post stimulation. 

Figure 5.1 shows that BFA partially inhibited IgE mediated hexosaminidase release, 

but that this inhibition was not complete and was most effective at ten-fold higher 

concentrations that those normally used to study effects o f BFA on transport through 

the Golgi (Helms et aL, 1992).

Because the effect o f BFA varies between species and cell types, the effect of 

BFA on Golgi, endosomal and granule morphology was investigated. Cells were 

allowed to adhere to glass coverslips overnight, before incubation with SOpM BFA for 

15 minutes (Fig. 5.2b,e,h) and 30 minutes (Fig. 5.2c,f,i). Organelle morphology was 

assessed by indirect immunofluorescence microscopy. The compact perinuclear 

pattern typically observed in RBL cells stained with antibodies to Golgi markers is 

shown in figure 5.2a. Golgi disruption was observed at 15 minutes (Fig. 5.2b), as 

visualised with an antibody to mannosidase II. After 30 minutes mannosidase II 

staining appeared vesicular and distributed throughout the cytosol (Fig. 5.2c). Effects 

on the endosomal system were much less marked as revealed with an antibody to the 

transferrin receptor (Fig. 5.2d,e,f). The only discernible differences appeared to be that 

the perinuclear endosomal compartment became less defined after incubation with 

BFA for 15 or 30 minutes (Fig. 5.2e,f). No effect was detected on the normal, 

serotonin positive granule morphology (Fig. 5.2g) after 15 or 30 minutes treatment 

with BFA (Fig. 5.2h,i).
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Figure 5.1 The effect of increasing concentrations of Brefeldin A on receptor 
stimulated hexosaminidase release in RBL-2H3 cells. Cells were incubated in the 
presence or absence of increasing concentrations of Brefeldin A for 30 minutes prior 
to stimulation by cross-linking of the high affinity IgE receptor. Cells were incubated 
for 1 hour before measurement of the released hexosaminidase. Hexosaminidase 
release was then plotted at increasing Brefeldin A concentrations as a percentage of 
total stimulatable hexosaminidase release in the absence o f Brefeldin A but in the 
presence of 0.1% DMSO. Each point is expressed as the mean ± sem (n=3).

110



Figure 5.2 Brefeldin A effects on RBL-2H3 organelle morphology. Cells were 
incubated in the absence (a,d and g) or presence of 50pM Brefeldin A for 15 minutes (b,e 
and h) and 30 minutes (c,f and i) followed by immunofluorescence microscopy. The 
Golgi (a,b,c), endosomes (d,e,f) and granules (g,h,i) were visualized with antibodies to 
mannosidase II, the tiansferrin receptor and to serotonin respectively, followed by 
incubation with a FITC conjugated goat anti-mouse antibody.
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5.2.3 Discussion

If  regulated secretion were an ARF mediated process it would be predicted 

that BFA would inhibit the release o f granule contents like hexosaminidase. The 

limited effect o f BFA on RBL cell degranulation at concentrations comparable to 

those commonly used to disrupt the Golgi would suggest either degranulation is not 

an ARFl mediated process, or that ARFl can utilise both BFA sensitive and BFA 

insensitive exchange proteins depending on the process that it is regulating. BFA 

treatment o f RBL cells did however result in disruption o f the Golgi, as visualised 

with an antibody to mannosidase II, therefore the failure of BFA to inhibit 

degranulation is not due to insensitivity o f these cells to BFA as has been reported for 

some cell systems. Nakamura et al, (1996) have also investigated the effects o f BFA 

on antigen- and calcium ionophore-mediated secretion and PLD activation in RBL 

cells. They demonstrated that as in these studies, BFA only partially inhibited 

degranulation in RBL cells, with a maximum inhibition o f 25% at a concentration of 

0.5|ig/ml, compared to a maximal inhibition o f antigen-driven PLD activation by 

BFA of 70% at lOpg/ml. In contrast BFA has not been shown to inhibit agonist, or 

PMA induced PLD activity in HL60 cells over a comparible time-course (Guillemain 

et al., 1997). These conflicting data may reflect cell and receptor specific pathways, 

but may also demostrate the variable results obtainable with differing experimental 

designs. Data presented by Nakamura et al do not describe the controls used in 

performing the BFA dose responses. Primary alcohols are often used as a vehicle for 

BFA and are also known to inhibit PLD activity as well degranulation. It is therefore a 

concern that the vehicle carrier might be responsible for some o f the inhibitory effects 

observed, particularly at the higher concentrations o f BFA used to inhibit PLD 

activity. Antigen and PMA stimulation o f RBL cells prevents dissociation o f ARF and 

p-COP from Golgi membranes (De Matteis et al., 1993). fri light o f these 

observations, the variation observed between BFA mediated inhibition of 

degranulation and PLD activity could be explained by the involvement o f ARFl and 

PLD in the modulation o f the constitutive secretory pathway, via cell surface 

receptors. PLD may therefore function in both secretory pathways, possible under the 

control o f different regulators including protein kinase C (PKC), ARFs and ARF 

exchange factors.
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Recently a number of ARF exchange proteins have been identified from both 

yeast and mammalian systems (Donaldson and Jackson, 2000). All o f these exchange 

proteins contain a See? domain, but vary considerably in molecular weight and 

sensitivity to BFA. Geal and Gea2 in yeast and p200 from bovine brain are high 

molecular weight proteins that demonstrate BFA sensitivity. ARNO, cytohesin and 

GRP-1 are all o f lower molecular weight, do not demonstrate BFA sensitivity, and are 

therefore unlikely to operate in BFA sensitive vesicular transport steps. This makes 

these exchange factors possible candidates for ARF exchange proteins involved in 

regulated exocytosis of granulocytes. Although ARNO was originally described as an 

exchange factor for myristoylated ARFl (Chardin et al., 1996), recent evidence has 

implicated ARNO as being a BFA insensitive exchange factor for ARF6 (Frank et al.,

1998). A reasonable hypothesis to explain observations whereby ARFl and ARF3 

reconstitute GTPyS mediated degranulation of permeabilised HL60 cells and the BFA 

insensitivity o f antigen driven degranulation of RBL cells would be the involvement 

o f a BFA insensitive exchange factor, possibly ARNO, acting on ARF6. ARF6 has 

been implicated, both in the endocytic pathway and has also been localised to 

chromaffin cell granules, redistributing to the plasma membrane upon degranulation. 

Assessing the localisation o f both ARFl and ARF6 in RBL cells would be an 

informative step in studying the potential roles o f these cells on the regulated 

secretory pathway of granulocytes.
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5.3 Transient expression of wild-type and mutant GFP-tagged ARFl and ARF6 

in RBL-2H3 cells

5.3.1 Introduction

Evidence exists suggesting both ARFl and ARF6 are involved in the regulated 

secretory pathway (Fensome et al., 1996; Caumont et al., 2000; Way et al., 2000). 

ARFl however has been localised to the Golgi complex, controlling coated vesicle 

formation. In addition, ARF6 has been localised to the plasma membrane and 

endosomes in a variety of cell types, and has been implicated in the endocytic 

pathway. It is difficult to reconcile the apparent divergent roles o f these proteins 

although one possible explanation is that these proteins may perform different 

functions depending in their cellular environment. In the absence o f isoform- specific 

antibodies to the ARFs, an alternative stategy was employed to study the role of 

individual ARF family members in the RBL-2H3 cell line. A GFP-tagging approach 

was taken, coupled with transient transfection o f wild-type and mutant ARF-GFP 

chimeras. Because all ARF isoforms are N-terminally myristoylated, the ARF 

constructs were engineered with a C-terminal GFP tag. The validity of this approach 

has already been demonstrated for HA-tagged ARFl protein (Peters et al., 1995), 

where overexpression of wild-type and mutant ARFl-HA has been shown to recreate 

phenotypes observed in in vitro biochemical assays. The ARFl and ARF6 mutants 

generated for these studies were previously characterised mutants that were either 

defective in GTP-binding (T27N-ARF6 and N 1261-A RFl) and hence predominantly 

in the GDP-bound state, or defective in GTP-hydrolysis (Q67L-ARF6 and Q71L- 

ARFl) and therefore predominantly in the GTP-bound state (D’Souza-Schorey et al., 

1998; Vasudevan et a/., 1998). There are many advantages in using GFP as a tag. Co

localisation studies are more easily performed and functional assays in transiently 

transfected populations of live cells are possible, because detection o f the tag is non- 

invasive. If  either ARFl or ARF6 were involved in RBL degranulation the 

localisation o f either wild-type or mutant ARFs could provide clues to their roles in 

the secretory pathway of RBLs.
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5.3.2 Results

The localisation o f wild type, active and inactive mutants o f both ARFl and 

ARF6 in the RBL cell is an indicator o f the role o f these proteins in the secretory 

pathway o f the RBL cell. To determine the distribution o f ARFl and ARF6 in the 

RBL cell line, C-terminally GFP-tagged proteins were transiently expressed. After 

overnight expression, the localisation of the wild type and mutant ARFs were 

visualised by indirect immunofluorescence microscopy. Wild type ARFl-GFP 

localised to the cytosol and to Golgi structures that overlayed completely with both 

TGN38 (Fig. 5.3a,b) and mannosidase II (Fig. 5.3c,d). Some colocalisation was also 

observed with the transferrin receptor (Fig. 5.3e,f), in a compartment reminiscent of 

TGN staining. No colocalisation was observed at the plasma membrane or other 

tranferrin receptor positive vesicles. No colocalisation was observed in resting cells 

with the lysosomal marker lgpl20 (Fig. 5.3g,h) or the granule marker, serotonin (Fig. 

5.3ij).

The Q71L, GTP-bound mutant o f ARFl again predominantly localised to the 

Golgi (Fig. 5.4a,b). A number o f ARF-GFP positive vesicles were also clearly visible 

that were not visualised in cells overexpressing wild-type ARFl (Fig 5.4 a,c). These 

vesicles were small, appeared to radiate out ftrom the Golgi complex and did not 

colocalise with the granule marker serotonin (Fig. 5.4c,d). It is likely that these 

vesicles are Golgi derived coated vesicles in agreement with documented observations 

(Peters et al., 1995; Schekman and Orci, 1996).

N126I-ARF1-GFP appeared cytosolic, with some membrane localisation (Fig. 

5.5a,c). Cells expressing this GDP-bound mutant o f ARFl often displayed a disrupted 

Golgi, as visualised with mannosidase II (Fig. 5.5a,b). This Golgi morphology was 

reminiscent o f the Golgi disruption seen with BFA treatment (Fig. 5.2a,b,c). This 

would be expected since inhibition o f GTP-exchange upon BFA treatment holds 

ARFl predominantly in its GDP-bound state. The transferrin receptor did not 

significantly colocalise with N126I ARFl-GFP (Fig. 5.5c,d) and like BFA-treated 

cells the endosomal compartment displayed some disruption within the perinuclear 

region compared to wild-type cells (Fig. 5.2d). The localisation and phenotypes 

observed with the GFP-tagged ARFl constructs demonstrate that these chimeras 

appear to fimction similarly to the untagged versions o f the ARF proteins.
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Figure 5.3 Localisation of wild type ARFl-GFP in RBL-2H3 ceils by 
immunofluorescence. Cells were transiently transfected with a cDNA encoding wild 
type ARFl tagged at the C-terminus with GFP. Cells were then stained with 
antibodies to TGN38 (b), mannosidase II (d), transferrin receptor (f), lgpl20 (h) and 
serotonin (j) as markers for the trans-Go\%i network, Golgi, endosomes, lysosomes 
and granules respectively. Incubation with primary antibodies was then followed by 
incubation with a texas red conjugated goat anti-mouse secondary antibody. Wild type 
ARFl-GFP localised both to Golgi structures (a,c,e,g,i), colocalising with TGN38 (b) 
and mannosidase II (d) and to the cytosol.
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Figure 5.4 Localisation of the GTP-bound mutant of ARFl-GFP in RBL-2H3 cells 
by immunofluorescence. Cells were transiently tiansfected with a cDNA encoding 
Q71L ARFl tagged at the C-terminus with GFP. Cells were then stained with antibodies 
to mannosidase 11 (b) and serotonin (d) as markers for Golgi and granules respectively. 
Incubation with primary antibodies was then followed by incubation with a texas red 
conjugated goat anti-mouse secondary antibody. Q71L ARFl-GFP localised to the Golgi 
and to intracellular vesicles (a,c).



Figure 5.5 Localisation of the GDP-bound mutant of ARFl-GFP in RBL-2H3 cells 
by immunofluorescence. Cells were transiently transfected with a cDNA encoding 
N1261 ARFl tagged at the C-terminus with GFP. Cells were then stained with antibodies 
to mannosidase II (b) and the transferrin receptor (d) as markers for Golgi and endosomes 
respectively. Incubation with primary antibodies was then followed by incubation with a 
texas red conjugated goat anti-mouse secondary antibody. N1261 ARFl-GFP localised to 
the cytosol, intracellular vesicles (a,c) and appeared to disrupt the Golgi.



The intracellular distribution o f ARF6 constructs were analysed by indirect 

immunofluorescence microscopy. Wild type ARF6-GFP localised to the plasma 

membrane and intracellular vesicles (Fig. 5.6 a,c,e,g,i), many o f which were 

transferrin receptor positive endosomal structures (Fig. 5.6e,f). These endosomal 

compartments often appeared larger and vacuolar-like compared to the compact 

perinuclear structure o f this compartment, typical o f untranfected cells (Fig. 5.6e,f). 

Wild-type ARF6 also localised to lysosomes as visualised with an antibody to the 

lysosomal glycoprotein, lgpl20 (Fig. 5.6g,h). Little colocalisation was observed with 

the granule marker serotonin (Fig. 5.6ij). No colocalisation was detected with Golgi 

markers TGN38 (Fig. 5.6a,b), or mannosidase II (Fig. 5.6e,d).

Q67L ARF6-GFP was distributed at the plasma membrane and a number of 

intracellular vesicles at the cell periphery (Fig. 5.7a,c,e,g,i). The peripheral vesicles 

were endosomal, transferrin receptor positive structures (Fig. 5.7e,f). Few of these 

intracellular vesicles appeared to colocalise with lysosomal lgpl20 (Fig. 5.7g,h), 

serotonin positive granules (Fig. 5.7i,j) or to be Golgi derived as determined by 

colocalisation studies with mannosidase II (Fig. 5.7c,d), or TGN38 (Fig. 5.7a,b). The 

location o f these vesicles at the cell periphery and the observation that they stain 

positive for the transferrin receptor implies that they may be early endosomes. The 

Golgi morphology also appeared unperturbed in cells expressing the GTP-bound 

mutant o f ARF6-GFP.

The GDP-bound, T27N mutant o f ARF6-GFP localised predominantly to 

intracellular vesicles (Fig. 5.8a,c,e,g,i) many o f which were transferrin receptor 

positive (Fig. 5.8e,f). A residual amount o f plasma membrane fluorescence was 

visible, although considerably less than could be seen with wild type ARF6-GFP. A 

proportion o f T27N ARF6 vesicles also stained positive for lgpl20 (Fig. 5.8g,h), the 

lysosomal marker. There was also some overlap with the granule marker serotonin 

(Fig. 5.8i,j). These observations suggest that these vesicles are late endosomes and 

lysosomes. Golgi morphology again appeared normal in cells overexpressing T27N- 

ARF6-GFP, with no colocalisation o f the GFP-chimera with either TGN38 (Fig. 

5.8a,b), or mannosidase II (Fig. 5.8c,d).
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Figure 5.6 Localisation of wild type ARF6-GFP in RBL-2H3 cells by 
immunofluorescence. Cells were transiently transfected with a cDNA encoding wild 
type ARF6 tagged at the C-terminus with GFP. Cells were then stained with 
antibodies to TGN38 (b), mannosidase II (d), transferrin receptor (f), lgpl20 (h) and 
serotonin (j) as markers for the trans-Go\g\ network, Golgi, endosomes, lysosomes 
and granules respectively. Incubation with primary antibodies was then followed by 
incubation with a texas red conjugated goat anti-mouse secondary antibody. Wild type 
ARF6-GFP localised to the plasma membrane and intracellular vesicles (a,c,e,g,i) 
including endosomes and lysosomes.
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Figure 5.7 Localisation of the GTP-bound mutant of ARF6-GFP in RBL-2H3 
cells by immunofluorescence. Cells were transiently transfected with a cDNA 
encoding Q67L ARF6 tagged at the C-terminus with GFP. Cells were then stained 
with antibodies to TGN38 (b), mannosidase II (d), transferrin receptor (f), lgpl20 (h) 
and serotonin (j) as markers for the ^ra«5-Golgi network, Golgi, endosomes, 
lysosomes and granules respectively. Incubation with primary antibodies was then 
followed by incubation with a texas red conjugated goat anti-mouse secondary 
antibody. Q67L ARF6-GFP localised to the plasma membrane and some intracellular 
vesicles close to the plasma membrane (a,c,e,g,i).
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Figure 5.8 Localisation of the GDP-bound mutant of ARF6-GFP in RBL-2H3 
cells by immunofluorescence. Cells were transiently transfected with a cDNA 
encoding T27N ARF6 tagged at the C-terminus with GFP. Cells were then stained 
with antibodies to TGN38 (b), mannosidase II (d), transferrin receptor (f), lgpl20 (h) 
and serotonin (j) as markers for the trans-GoXgi network, Golgi, endosomes, 
lysosomes and granules respectively. Incubation with primary antibodies was then 
followed by incubation with a texas red conjugated goat anti-mouse secondary 
antibody. T27N ARF6-GFP localised to intracellular vesicles throughout the cell, with 
little plasma membrane localisation (a,c,e,g,i).
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5.3.3 Discussion
When expressed transiently, wild type ARFl-GFP was distributed throughout 

the cytosol and on Golgi membranes. This was in agreement with reported 

localisation o f endogenous ARFl and supports a role for this protein in the regulation 

o f vesicular transport through the Golgi. Neither wild type nor mutant ARFl-GFP 

chimeras could be visualised in any cellular compartments other than Golgi or 

cytosol, with the exception o f Q71L ARFl-GFP, which also localised to small 

vesicular structures, likely to be Golgi derived clathrin-, or COPI-coated vesicles. If 

ARFl was involved in the regulated secretory response, the ARF-GFP chimeras 

might have been expected to localise to either the plasma membrane or to granules as 

well as the Golgi. It is possible that the C-terminal tag effected the localisation of 

A RFl, but the Golgi distribution and phenotypes observed would suggest that this is 

not the case. Recently, studies using ARFl-GFP chimeras have demonstrated that 

both wild type ARFl-GFP and Q71L ARFl-GFP were Golgi-localised in rat 

fibroblasts and that this intracellular distribution was sensitive to BFA (Vasudevan et 

a l, 1998), providing further evidence that the GFP chimeras were functional.

ARF6-GFP chimeras localised both to the plasma membrane and to membrane 

compartments within the endocytic pathway. These observations are broadly in 

agreement with published data (Peters et al., 1996). Overexpression o f wild type 

ARF6-GFP also perturbed the morphology of transferrin receptor positive endosomal 

compartments. Cells expressing this chimera often contained large vacuolar-like 

endosomal structures that stained positive for the transferrin receptor, but the Golgi 

morphology appeared normal. It was apparent from the immunofluorescence studies 

that in both the GTP and GDP-bound forms, the majority o f ARF6-GFP was 

membrane bound. Recent data using an ARF6-specific monoclonal antibody suggests 

that ARF6 is differentially expressed in different tissues, and the ratio o f membrane to 

cytosolic localisation varies between cell and tissue type (Yang et al., 1998). This 

might suggest that ARF6 plays a cell-specific role in vesicular trafficking.

In addition to suggesting a role in the endocytic pathway, the different 

membrane locations o f Q67L ARF6-GFP and T27N ARF6-GFP may also give an 

insight into at which points along the endocytic pathway guanine nucleotide exchange 

and hydrolysis occurs. The intracellular vesicular localisation o f T27N ARF6-GFP
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and overlap with the transferrin receptor suggests that nucleotide exchange may 

necessary for protein transport from endosomes back out to the plasma membrane. 

The large intracellular vesicles observed with both wild type ARF6-GFP 

overexpression and T27N ARF-GFP could therefore be acting by inhibiting vesicle 

budding from these intracellular compartments. The increased plasma membrane 

localisation o f the Q67L ARF6-GFP mutant suggests that GTP-hydrolysis is required 

for endocytic traffic from the plasma membrane.

It has been reported that ARF6 mediates cytoskeletal rearrangements at the 

plasma membrane (Radhakrishna et al., 1996; Boshans et al., 2000) and regulates a 

novel plasma membrane recycling pathway that appears distinct from the transferrin 

receptor positive recycling pathway (Radhakrishna and Donaldson, 1997). Data 

presented here however suggests that the transferrin receptor positive recycling 

pathway is affected. These discrepancies could be explained be cell-type variations in 

the endocytic pathway. None o f the previously reported studies have investigated the 

role o f ARF6 in cells o f the haematopoietic lineage. The localisation of ARF6-GFP in 

RBL cells could suggest either a role for ARF6 in the endocytic pathway up to and 

including lysosome biogenesis, but also does not rule out a role for ARF6 in the 

regulated secretory pathway of these cells. ARF6 could act at the plasma membrane 

controlling membrane fusion by interactions with a PLD isoform, or by controlling 

cytoskeletal rearrangements, for example through interaction with an arfaptin isoform, 

highly homologous to the Racl-interacting protein PORI (D’Souza-Schorey et al., 

1997). ARF6 might also play a role at the granule membrane itself, by controlling 

granule maturation, or by interacting with other proteins of the granule docking and 

fusion machinery. In reviewing the literature addressing the role o f ARF isoforms and 

their role in the secretory pathway, the absence of a functional assay to determine the 

role o f individual ARFs in the regulated secretory pathway of intact cells is clearly 

absent. Such a system could be utilised to investigate the effects of mutant ARFs on 

this pathway.
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5.4 Role of ARFl and ARF6 in RBL cell degranulation

5.4.1 Introduction

Much o f the evidence implicating ARFs in haematopoietic cell degranulation 

has been derived from permeabilised, cytosol depleted systems using HL60 cells or 

neutrophils. Addition, o f the non-hydrolysable analogue o f GTP, GTPyS fails to 

stimulate degranulation or PLD activity after cytosol depletion (Fensome et a l, 1996). 

Both ARFl and ARF3 have been demonstrated to restore secretory function and PLD 

activity in cytosol depleted cells (Cockcroft et al., 1994; Fensome et al., 1996). Both 

ARFl and ARF3 are class I ARFs as defined by sequence homology. ARF6 is the 

only class III ARF identified to date and although there is no evidence for a functional 

involvement in the regulated secretory pathway o f granulocytes, endogenous ARF6 

has been localised to chromaffin granules and redistributes to the plasma membrane 

following stimulation to secrete (Caumont et al., 1998). By C-terminally tagging both 

wild-type and mutant ARFl and ARF6 it was possible to investigate the subcellular 

distribution o f these proteins in RBL cells. If either ARFl or ARF6 played a role in 

regulation o f stimulated secretion in RBL cells, overexpression of dominant mutants 

o f ARFl or ARF6 might be expected to perturb the regulated secretory pathway of 

these cells. Because o f the low transfection efficiencies obtainable in RBLs, it was not 

possible to assay release o f soluble granule proteins, for example hexosaminidase. 

Long-term expression of dominant, or dominant negative forms of these proteins were 

toxic to the cells making the generation o f stably expressing cell lines impossible. 

Therefore, to investigate the effect of these chimeras on RBL degranulation, a 

fluorescent assay measuring the appearance o f a surface marker in response to 

stimulation was developed to determine degranulation in a population of intact cells. 

Use o f a flow cytometor allows cells expressing the GFP-chimeras to be assayed 

separately to those cells that did not take up the plasmid.
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5.4.2 Results

Studies in rat kidney (NRK) fibroblasts have previously demonstrated that 

fusion o f lysosomes with the plasma membrane could be verified by an assay of 

hexosaminidase release, or monitored by the appearance on the plasma membrane of 

the lysosomal glycoprotein lgpl20 by flow cytometry (Rodriguez et a l, 1997). To 

determine if lgpl20 could be used as a surface marker for RBL degranulation, cells 

were grown on glass coverslips and triggered to secrete by cross-linking the high 

affinity IgE receptor. Cells were then fixed without permeabilising and the surface 

appearance o f lgpl20 monitored by confocal microscopy. Figure 5.9 demonstrates the 

increase in surface lgpl20 staining in cells stained before (Fig. 5.9a) and after (Fig. 

5.9b) triggering for 40 minutes.

To confirm the observations made by confocal microscopy by flow cytometry, 

transfected cells were either untriggered, or triggered with PMA and ionomycin for 30 

minutes, followed by incubation with anti-lgpl20 antibody. Cells were then fixed, 

incubated with an anti-mouse biotin spacer antibody, followed by a further incubation 

with streptavidin-phycoerythrin. Cells were triggered with PMA and calcium 

ionophore, because triggering through the IgE receptor appeared to inhibit binding of 

the phycoerythrin conjugate, probably because of stearic hindrance due to the size of 

the KLH-DNP conjugate and the phycoerythrin molecule. Figure 5.10a demonstrates 

the populations o f untransfected cells and cells transfected with the control vector 

expressing GFP alone visualised on the flow cytometer without triggering. The 

increase in fluorescence due to GFP expression is plotted along the y-axis and the 

increasing fluorescence due to phycoerythrin binding and hence the increase in 

surface expression of lgpl20 is plotted along the x-axis. Figure 5.10b shows the shift 

in phycoerythrin fluorescent intensity to the right upon triggering the cells to 

degranulate. Figure 5.10c demonstrates the shift o f PE fluorescent intensity of the 

GFP-expressing population in resting and triggered cells. This shift upon triggering 

the cells could then be compared between cells transfected with the vector control and 

expressing GFP alone and those transfected with ARFl-GFP, or ARF6-GFP 

chimeras. This assay could then be used to determine the effect of overexpression of 

the ARF-GFP chimeras on the regulated secretory pathway o f RBL cells. Figure 5.11 

demonstrates the effects o f these chimeras on RBL cell degranulation. Overexpression
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Figure 5.9 Surface expression of the lysosomal protein lgpl20 in untriggered and 
triggered cells. Cells were cultured on glass coverslips and triggered through the IgE 
receptor. After 40 minutes, cells were incubated with an antibody to the lysosomal 
glycoprotein lgpl20 followed by incubation with a FITC conjugated goat anti-mouse 
secondary antibody. A clear increase in surface lgpl20 expression was observed in 
tiiggered cells (b), compared to untriggered cells (a).
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Figure 5.10 Flow cytometric analysis of degranulation in populations of 
transfected and untransfected cells. Cells were routinely transfected with plasmid 
DNA encoding ARF-GFP chimeras, or GFP alone. After overnight incubation cells 
were triggered with PMA ionomycin for 30 minutes. Triggered and untriggered cells 
were incubated with an antibody to Igp 120 followed by incubation with goat anti- 
mouse-SP-biotin. Finally cells were incubated with streptavidin-R-Phycoerythrin, 
before flow cytometric analysis. The populations of cells observed using flow 
cytometry after transfection and staining for surface appearance of Igp 120 are shown 
for untriggered cells (a) and triggered cells (b). A typical shift in phycoerythrin 
fluorescence intensity in cells transfected with the GFP-vector control upon triggering 
is also shown (c). Flow cytometric analysis courtesy of J. Brooks, Cell Biology Unit, 
GlaxoWellcome.
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Figure 5.11 The effect of overexpression of ARF-GFP chimeras on RBL-2H3 
degranulation. The increase in surface expression of Igp 120 upon degranulation was 
measured in cells transiently transfected with ARF-GFP chimeras. Degranulation was 
calculated as the fluorescent shift in the phycoerythrin channel upon triggering, in 
cells transfected with ARF-GFP chimeras compared to cells transfected with a vector 
control expressing GFP alone. Each point is expressed as the mean ± sem (n=3) (p < 
0.1, Student’s t-Test when compared to WT ARF6).
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of the wild-type, or the GTP-bound mutant o f either ARFl or ARF6 chimeras had no 

significant affect on PMA and ionomycin induced RBL cell degranulation, as 

determined by surface appearance of Igp 120. The GDP-bound T27N mutant o f ARF6- 

GFP however, inhibits surface appearance o f Igp 120 upon triggering. Overexpression 

of the GDP-bound mutant of A RFl-G FP did not result in a significant inhibition of 

degranulation.
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5.4.3 Discussion

There are now many reports detailing the use of epitope-tagged ARF proteins 

expressed in a variety of cellular systems. However, these studies have largely been 

limited to investigating the role of ARFs in both the constitutive secretory pathway 

and the endocytic pathway. Studies attempting to define a role for ARF family 

proteins in the regulated secretory pathway, particularly in granulocytes have been 

limited to permeabilised cell systems. The use of GFP to tag the C-terminus of ARF 

family members has allowed a system to be developed whereby the role o f these GFP- 

chimeras in the regulated secretory pathway of a haematopoietic cell lines can be 

studied.

Using surface appearance of lgpl20 to monitor degranulation, T27N ARF6- 

GFP overexpression was able to significantly inhibit PMA and ionomycin stimulated 

secretion. This is the first functional evidence that ARF6 plays a role in granulocyte 

regulated secretion and is supported by the subcellular localisations observed for 

ARF6 in resting and triggered chromaffin cells (Caumont et aL, 1998). Conversely, 

N126I ARF 1-GFP overexpression had little impact on degranulation. These data 

therefore do not support published observations using permeabilised haematopoietic 

cell systems which suggest a requirement for ARFl and ARF3 in regulated 

exocytosis. However it is possible that the reconstitution o f GTPyS stimulated 

secretion in permeabilised HL60 cells by ARFl and ARF3 would also be observed 

with other ARF family members. ARFl and ARF3 were first identified as factors 

reconstituting degranulation in HL60 cells by their purification from a bovine brain 

cytosolic extract. The failure to identify other ARF members fulfilling this function 

may be due to the relative abundance of different ARF isoforms within the cell, rather 

than their inability to reconstitute degranulation.

The predominantly GTP-bound mutants of ARFl-GFP and ARF6-GFP did not 

appear to inhibit the surface appearance o f lgpl20 upon stimulation. These 

observations are not surprising, since regulated exocytosis is stimulated in 

permeabilised cells after addition of GTPyS and ARF protein, suggesting hydrolysis 

of GTP-bound ARF is not required for degranulation. This is another clear difference 

from the constitutive secretory pathway where GTPyS inhibits transport through the 

Golgi resulting in the production of coated vesicles unable to dock and fuse with the
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donor membrane (Rothman and Orci, 1992). Extending the studies in permeabilised 

HL60 cells with the addition of active and inactive mutants o f ARFs 1, 3 and 6 might 

enable further dissection of the mechanism of action of ARFs in regulated exocytosis.

While the evidence presented here supports a role for ARF6 in RBL 

degranulation, alternative explanations for the effect o f ARF-GFP overexpression on 

this process do exist. It is possible that expression o f mutant ARF6 protein indirectly 

effects granule fusion, by perturbing the endosomal pathway and the subsequent 

biogenesis of lysosomal granules. In an effort to address this question, uptake of the 

fluorescent dye FM I-43 has been used as a measure of endocytic traffic. FM I-43 is a 

water soluble dye that is nonfluorescent in aqueous medium, but fluorescent upon 

insertion into membranes. It is therefore a useful tool for the measurement of 

endocytosis, and has been widely used to study synaptic vesicle recycling (Cousin and 

Robinson, 1999). Using FM I-43, no significant effect on the endocytic pathway was 

observed in either resting, or triggered RBL cells overexpressing either ARE 1-GFP, or 

ARF6-GFP chimeras when compared to control cells expressing GFP alone (J. 

Brooks, personal communication). Furthermore, lysosomal lgpl20 staining appeared 

normal in cells overexpressing wild type and mutant ARF6-GFP chimeras. Therefore, 

although indirect, these observations support a role for ARF6 in the regulated release 

of granule contents rather than granule biogenesis. This hypothesis would be 

strengthened if  specific markers for monitoring transport to the lysosomal 

compartment from the cell surface and through the biosynthetic pathway in 

transfected cells were available.
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5.5 Chapter discussion

Although there is now considerable evidence implicating ARFl and BFA 

sensitive exchange factors in the constitutive secretory pathway, the function o f each 

ARF family member has still to be elucidated. Defining the role of a specific ARF 

isoform in the regulated secretory pathway would increase both our understanding of 

ARF function and of the mechanisms controlling the regulated release of secretory 

granule contents. The observation that BFA only partially inhibits RBL degranulation, 

even at concentrations tenfold higher than those used to disrupt the Golgi, implies 

ARFl does not function in RBL degranulation. In addition, the almost exclusive 

Golgi localisation of ARFl-GFP, coupled with the inability o f the N126I inactive 

mutant o f ARFl-GFP to inhibit degranulation, further supports this hypothesis. If 

ARFl is not involved in this process, the strongest candidates for this role are ARF3 

and ARF6. The overexpression of wild type ARF3-GFP produced a lethal phenotype 

in RBL cells and was therefore not pursued (data not shown). The dominant negative 

mutant of ARF6-GFP however, significantly inhibited PMA and ionomycin 

stimulated secretion, but could not completely block this event. The absence of 

specific ARF6 antibodies for this study made it impossible to compare the 

intracellular concentration of ARF6-GFP with endogenous levels of wild-type ARF6. 

Without these data it is difficult to interpret the inability o f T27N ARF6-GFP to 

completely block degranulation, as this could be a dose dependant event. Data 

presented here however, does not appear to support observations made by Fensome et 

al (1996) in the permeabilised HL60 cell system, implicating ARFl as an essential 

component in the stimulated release of granule contents. There are a number of 

explanations for these differences, the first and simplest being that intact and 

permeabilised systems behave differently. There are also clear differences in the 

methods o f triggering the cells that may account for these discrepancies. ARFl and 

ARF3 are also present at higher intracellular concentrations than other ARFs and this 

may explain the identification of ARFl and ARF3 as the components able to restore 

stimulated secretion in a permeabilised cell system, rather than any other ARF.

To date, much o f the evidence implicating ARF6 in regulated exocytosis has 

been based solely on localisation studies in chromaffin cells. Evidence presented here 

from both localisation studies and functional assays strongly implicates ARF6 in this
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pathway. It has been demonstrated previously that PLD is a downstream effector of 

ARFl in granulocytes (Cockcroft et al., 1994). Furthermore, in HL60 cells both 

ARFl and phosphatidylinositol transfer protein (PITP) act as the rate limiting factors 

for restoration of GTPyS-stimulated secretion (Fensome et a l,  1996). In common with 

all mammalian ARFs, ARF6 has also been shown to be able to regulate PLD activity 

(Massenburg et aL, 1994) and it is therefore possible that ARF6 could restore GTPyS 

stimulated secretion and PLDl activity in the same way as ARFl and ARF3. The 

activation of PLDl by GTP-bound ARF6 upon a stimulus to secrete is therefore one 

possible mechanism of controlling granule fusion during regulated secretion, possibly 

acting through the generation of phosphatidic acid. One candidate for the ARF6 

nucleotide exchange protein during this event is the BFA insensitive exchange factor, 

ARNO.

ARNO ARP 6

ARF6

ARF6
-GDP

( ^ R N O ^

SECRETION

Figure 5.12 Model of the function of ARF6 during exocytosis. In resting cells 
ARF6 is present in the GDP-bound form on the granule membrane (1). Upon a 
stimulus to secrete ARNO translocates to the plasma whereupon it can interact with 
ARF6-GDP on the docked granule membrane resulting in nucleotide exchange on 
ARF6 (2). Active, GTP-bound ARF6 is then free to interact with a downstream 
effector (E), possibly PLDl leading to the generation of PA and the final fusion event 
(3). Like ARNO, PLDl may also translocate to the plasma membrane from another 
compartment upon secretagogue stimulation.
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During the course of these studies Venkateswarlu et al (1998) have 

demonstrated using an adipocyte cell line, that ARNO translocates from the cytosol to 

the plasma membrane in an insulin-dependant manner. Addition of anti-ARNO 

antibodies to permeabilised chromaffin cells has also been shown to inhibit calcium- 

stimulated secretion, lending further weight to this model (Caumont et aL, 2000). 

Furthermore, overexpression studies have implicated ARF6 in the regulated secretory 

pathway o f adipocytes (Yang and Muekler, 1999). This could further support a model 

whereby the GTP-bound form of ARF6, having undergone nucleotide exchange at the 

plasma membrane through interactions with ARNO activates PLDl prior to the 

membrane fusion event (Fig. 5.12). If ARF6 was acting through PLDl as a 

downstream effector, then PLDl should colocalise with ARF6 at the plasma 

membrane during the regulated secretory event.
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6. FUNCTION OF PLDlb IN RBL-2H3 CELL DEGRANULATION

6.1 Introduction

Phospholipase D (PLD) is a phospholipid hydrolysing enzyme present throughout 

the evolutionary tree from bacteria to animals. It has been implicated in many 

physiological responses including cell proliferation, mitogenesis, inflammation and 

secretion. Upon activation, PLD catalyses the hydrolysis of phosphatidyl choline (PC) to 

phosphatidic acid (PA) and choline. Alternatively, PLD can catalyse a phosphatidyl 

transfer reaction in which a primary alcohol (usually ethanol or butan-l-ol) acts as the 

nucleophilic acceptor in place of H2O, resulting in the production of a phosphatidyl 

alcohol. This alternative reaction is widely used as a specific assay for PLD activity.

Much o f the evidence implicating PLD in a variety o f cellular responses has been 

based on measurements o f PLD activity. The recent cloning o f human PLDl has led to 

the identification of a family o f PLD genes in a range o f species, identified by sequence 

homology (Fig 6.1). Human PLDl was first cloned using the yeast PLD gene (SP014) to 

identify a human expressed sequence tag (EST). Using this EST as a probe, a 1072 amino 

acid cDNA with a molecular mass o f 124kDa was isolated from a HeLa cDNA library 

(Hammond et aL, 1995). Subsequently, a splice variant, PLD lb was identified with a 38 

amino acid deletion (Hammond et aL, 1997). Both splice variants are specific for the 

hydrolysis o f PC and have similar regulatory properties. Recently, a murine PLD2 gene 

has been cloned (Colley et aL, 1997). Phosphatidylinositol 4,5-bisphosphate (PIP2) is an 

essential cofactor for the in vitro activation of both PLDl and PLD2, although only PLDl 

is regulated by the small GTP binding proteins, ARF and Rho. Protein kinase C (PKC) is 

also a much more potent activator of PLDl than PLD2, but only the regulatory domain of 

the kinase appears to be required for this activity (Singer et al, 1996).

The use o f primary alcohols to generate phosphotidyl alcohols rather than PA 

demonstrates a role for PLD in a variety of cellular responses and is the only tool 

available to study PLD function in the absence of specific PLD inhibitors. Butan-l-ol 

treatment has been shown to prevent LPA-induced stress fibre formation in PAE cells 

(Cross et aL, 1996) and the transport of vesicular stomatitis virus G protein (VSVG) from 

the endoplasmic reticulum (ER) to the Golgi (Bi et aL, 1997). A role for PLD in the early 

stages o f the constitutive secretory pathway was first suggested with the finding that

140



ARFl was a regulator o f PLD activity (Brown et aL, 1993). ARFl has a role in vesicle 

budding and it has been possible to develop a convincing hypothesis to explain a role for 

both ARF and PLD in this process (Kahn et aL, 1993). A role for an ARF-stimulatable 

PLD activity in the regulated release o f preformed mediators from haematopoietic cell 

granules was first demonstrated using a permeabilised HL60 cell system (Stutchfield and 

Cockcroft, 1993; Fensome et aL, 1996). Futhermore, IgE receptor cross-linking in mast 

cells results in stimulated PLD activity and the release o f granule contents (Lin et aL, 

1991).

I I [u]-| i n | |w ] » ^  hPLD1b(10@4 aa)

U H  lU  HlV^ P L 0 2 (9 3 2 aa)

SpOl4(1683 aa) 
Saccharomyce^» PLD

IIIW IV ^  fl/c//n/sPLD(011 aa)

  SUBpUmycaa PLD (5S6 aa)

 jlj Q — Ê  CO# Cftrdk>lfpin Synthass (485 aa)

— 0 ------------   £  ©off Phoaphatidylaartna Synthaaa (452 aa)

Figure 6.1: Sequence alignment of PLDs and associated enzymes from a variety of 
species. Modified from Exton, (1997).
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Previous attempts to localise PLD have relied mainly on subcellular fractionation 

studies and assays o f PLD activity. These have suggested that PLD activity can be found 

in plasma membrane, Golgi (Ktistakis et aL, 1995; Ktistakis et al., 1996), ER (Bi et aL,

1997), nuclear and vesicular sites (Ktistakis et aL, 1995; Balboa and Insel, 1995). With 

the cloning of PLD genes, other approaches are now possible. Overexpression o f HA- 

epitope tagged PLD in the REF-52 fibroblast cell line indicated the presence of PLDl in 

a perinuclear region, thought to be the Golgi, whilst PLD2 was predominantly localised 

to the plasma membrane (Colley et aL, 1997). None o f these studies have colocalised 

PLD with known subcellular markers and none have localised specific PLD isoforms in 

haematopoietic cells. Therefore, to address this issue and in the absence o f specific and 

sensitive antibodies to PLD, a GFP-tagging approach was employed, similar to that taken 

with the ARF family o f GTP-binding proteins. The transient expression of GFP-PLDlb 

could enable its role in regulated secretion to be studied further and allow the subcellular 

localisation of a specific PLD isoform to be defined within the RBL cell.
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6.2 Overexpression and subcellular localisation of N-terminally, GFP-tagged PLDlb  

in RBL-2H3 cells

6.2.1 Introduction

With the cloning o f various PLD isoforms, tagged constructs can be expressed in 

a range o f cell types to begin to investigate the function of PLD. Previous studies have 

demonstrated that both PLDl and PLD2 are fully functional when tagged at the N- 

terminus with the influenza epitope (Colley et aL, 1997). The Saccharomyces cerevisiae 

SP014 gene which encodes a PLD that is essential for meiosis is also active when 

expressed as an N-terminally GFP-tagged fusion protein (Rudge et aL, 1998). Therefore, 

PLDlb fused at the N-terminus to GFP might be expected to be active. Expressing GFP- 

PLDlb in RBL cells will allow the subcellular localisation o f the ARF stimulatable 

PLDlb to be determined in resting and stimulated cells.

Database searches have revealed the existence o f PLD homologues in many 

species (Hammond et aL, 1995), and defined four regions of sequence conservation. Two 

of these regions contain an invariant charged motif, HxKxxxxD, thought to mediate 

catalysis, known as the HKD motif. It has been demonstrated that the K898R mutant of 

PLD la  is catalytically inactive (Sung et aL, 1997; Chen et aL, 1997). For PLDlb, the 

alternatively spliced form of PLDl, the position o f this lysine in the HKD m otif of 

domain IV is amino acid 860. Expression of both wild-type and catalytically inactive 

mutants o f PLDl have been used to demonstrate the role o f an ARF regulatable PLD 

activity in the release o f nascent secretory vesicles from the TGN (Chen et aL, 1997). 

Therefore, expression of wild-type and catalytically inactive PLD lb constructs, followed 

by colocalisation with antibodies to specific subcellular compartments should aid the 

investigation of the role of PLD isoforms in regulated exocytosis.
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6.2.2 Results

To assess if  GFP-tagged PLDlb behaved the same as HA-tagged PLDlb, the 

PLD lb cDNA was cloned into the pCMV-neo-HA and EGFP-Cl vectors. When 

expressed in COS-1 cells HA-tagged and GFP-tagged PLDlb generated an ARF 

sensitive, phosphatidyl inositol 4,5-bisphosphate (PIP2)-dependant PLD activity. Both of 

these tagged forms o f PLD localised to identical compartments that did not colocalise 

with a Golgi specific marker (Brown et aL, 1998b). When expressed in RBL-2H3 cells, 

GFP-PLDlb and HA-PLDlb displayed a punctate distribution with a small proportion of 

GFP-PLDlb localised to the cytosol (Fig. 6.2 and 6.3). No plasma membrane or nuclear 

localisation was observed. Because previous studies have suggested that PLDl is 

localised to the Golgi, cells expressing the tagged PLD lb constructs were stained with 

antibodies to the Golgi marker TGN38. Surprisingly, TGN38 (Fig. 6.2a, red) did not 

display an overlapping distribution with GFP-PLDlb (Fig. 6.2a, green). HA-PLDlb also 

failed to colocalise with TGN38 (Fig. 6.2b, green and red respectively). It was also 

notable that the Golgi, appeared normal, demonstrating that overexpression o f these 

chimeras had not disrupted the Golgi.

Because the PLDlb positive vesicles appeared larger and less numerous than 

expected for Golgi derived vesicles and in light of the evidence implicating PLD in 

regulated secretion, cells expressing GFP-PLDlb were stained with lysosomal and 

granule markers (Fig. 6.3). GFP-PLDlb fluorescence (Fig. 6.3a) when compared with the 

granule marker serotonin (Fig. 6.3b) clearly overlapped (Fig. 6.3c). Similarly, GFP- 

PLDlb fluorescence (Fig. 6.3d) and the lgpl20 positive lysosomal compartment (Fig. 

6.3e) demonstrated significant colocalisation (Fig. 6.3f).

Data firom unstimulated cells therefore suggested that a proportion o f HA-PLDlb 

and GFP-PLDlb localised to the secretory granules o f RBL-2H3 cells. No plasma 

membrane fluorescence was detected in unstimulated cells transfected with GFP-PLDlb 

(Fig. 6.4a), but stimulation o f the cells by cross-linking o f the high affinity IgE receptor 

resulted in translocation o f GFP-PLDlb to the plasma membrane (Fig. 6.4b,c). This 

translocation was detected as early as 3 minutes post-stimulation (Fig. 6.4b), with 

increased translocation visible after 20 minutes (Fig. 6.4c). It was not possible to 

determine if  GFP-PLDlb translocated with the granule to the plasma membrane, was
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Figure 6.2 PLDlb does not colocalise to the Golgi in RBL cells. Cells were transiently 
tiansfected with a cDNA containing either N-terminally HA-tagged PLDlb, or N- 
teiminally, GFP-tagged PLDlb. Cells were then stained with antibodies to HA and 
TGN38. Incubation with primaiy antibodies was then followed by incubation with a texas 
red conjugated goat anti-rabbit secondary antibody, or a FITC conjugated goat anti
mouse secondaiy antibody. Indirect immunofluorescence demonstrating: (a) GFP-PLDlb 
(green) and TGN38 (red); (b) HA-PLDlb (green) and TGN38 (red).



Figure 6.3 GFP-PLDlb colocallses to lysosomes and secretory granules in RBL cells.
Cells were tiansiently transfected with a cDNA containing N-terminally, GFP-tagged 
PLDlb. Cells were then stained with antibodies to the granule marker serotonin, or the 
lysosomal marker lgpl20. Incubation with primary antibodies was then followed by 
incubation with a texas red conjugated goat anti-mouse secondary antibody. GFP-PLDlb 
(a,d) colocalised with both serotonin (b) and lgpl20 (e). The degree of colocalisation is 
demonstiated by the composite images (c,e), where colocalisation is depicted in yellow.
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Figure 6.4 GFP-PLDlb redistributes to the plasma membrane upon stimulation 
of RBL cells. Cells were transiently transfected with a cDNA containing N- 
terminally, GFP-tagged PLDlb. Cells were then triggered by cross-linking of the high 
affinity IgE receptor in the presence or absence of butan-l-ol. The distribution of 
GFP-PLDlb was then observed with the confocal microscope. No plasma membrane 
staining was observed in resting cells (a). Upon tiiggering partial relocalisation of 
GFP-PLDlb to the plasma membrane was noticed 3 minutes (b), which increased 
after 20 minutes (c). Inclusion of 0.3% butan-l-ol had no effect on GFP-PLDlb 
redistiibution to the plasma membrane after 20 minutes triggering (d). Redistribution 
studies performed in collaboration with Fraser Brown.
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independent of granule movement, or had translocated from the cytosol to the plasma 

membrane. Figure 6.4 also showed that not all o f the GFP-PLDlb translocates to the 

plasma membrane with some punctate and cytosolic distribution of the chimera still 

visible 20 minutes after triggering. Figure 6.4d also demonstrated that inclusion of the 

primary alcohol butan-l-ol at a concentration o f 0.3% does not inhibit IgE receptor 

mediated translocation o f GFP-PLDlb. This concentration o f butan-l-ol is however 

sufficient to significantly inhibit IgE receptor mediated release of granule contents 

(Brown et aL, 1998b).

Because butan-l-ol failed to inhibit GFP-PLDlb translocation, but did appear to 

have an effect on the regulated release of granule contents, the localisation o f a 

catalytically inactive mutant of PLDlb was investigated. The K860E mutation of GFP- 

PLD lb was found to be catalytically inactive, when expressed in COS-1 cells (M.J.O. 

Wakelam, personal communication). K860E GFP-PLDlb colocalised with the granule 

marker serotonin when expressed in RBL-2H3 cells (Fig. 6.5). Initial results have 

suggested that a greater proportion of the GFP-chimera was cytosolic when compared to 

cells overexpressing the wild-type chimera and that possibly because o f this increased 

cytosolic distribution, the K860E GFP-PLDl positive intracellular organelles appeared 

less well defined than in wild-type GFP-PLDlb expressing cells.
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Figure 6.5: K860E GFP-PLDlb colocallses with the granule marker serotonin. Cells 
were tiansiently transfected with a cDNA containing N-terminally, GFP-tagged PLDlb. 
Cells were then stained with antibodies to the granule marker serotonin. Incubation with 
primary antibodies was then followed by incubation with a texas red conjugated goat 
anti-mouse secondaiy antibody. The catalytically inactive mutant displayed a cytosolic 
and punctate intiacellular distiibution (a), which colocalised with the granule marker 
serotonin (b). Areas of colocalisation can be observed in yellow from the composite 
image (c).
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6.2.3 Discussion

The data shown here demonstrates that in a granulocyte model cell line, 

overexpressed PLD lb is not detected in the Golgi, but localises to secretory granules and 

lysosomes, translocating to the plasma membrane upon a stimulus to secrete. 

Furthermore, the data presented here describing the localisation of a catalytically inactive 

mutant could suggest that activity may not be a requirement for correct subcellular 

targeting. There is now a considerable body of evidence supporting a role for a PLD 

activity in the early secretory pathway, regulating the formation of coated transport 

vesicles (Ktistakis et aL, 1996). Subcellular localisation studies have not, however, 

unequivocally demonstrated PLD in the corresponding organelles. Overexpression of 

HA-tagged PLDl in REF-52 fibroblasts resulted in a perinuclear staining pattern 

interpreted as Golgi, ER and late endosomes (Colley et aL, 1997). However, no evidence 

from colocalisation studies was presented in this study however, making it impossible to 

be certain of the exact location o f HA-PLDl in these cells.

Subcellular fractionation of human neutrophils has demonstrated a PLD activity 

in a vesicular fraction, which translocates to the plasma membrane upon stimulation with 

N-methyl-formyl-leucyl-phenylalanine (fMLP) (Morgan et aL, 1997). In light o f the 

localisation o f GFP-PLDlb in RBL-2H3 cells this activity could be either PLD la  and/or 

PLDlb. Therefore two lines o f evidence exist pointing to the localisation of PLD to a 

regulated secretory compartment, followed by its translocation upon activation. The 

secretory organelle o f the RBL cell and neutrophil is not the same in these studies, but 

this may reflect the specialized function of different secretory vesicles and granules in the 

neutrophil, or differences between primary cells and cell lines.

Although no morphological evidence was found to support a role for PLDl in the 

early secretory pathway of RBL-2H3 cells, biochemical evidence for a PLD function in 

this process is strong (Ktistakis et aL, 1997). It is possible that PLD localisation is cell or 

tissue specific, or that other PLD isoforms exist that have yet to be identified. The 

specialized nature of haematopoietic cell granules may also explain the unexpected 

subcellular distribution of GFP-PLDlb. These granules are thought to be modified 

lysosomes (Griffiths, 1996b) and are therefore derived through the endocytic pathway 

from late endosomes. The suggestion that HA-PLDl may localise to late endosomes
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(Colley et aL, 1997) is intriguing given the results presented here and the biosynthetic 

route o f the RBL-2H3 granule. The data presented here supports a model, whereby 

PLDlb, present on secretory granules and lysosomes translocates to the plasma 

membrane in response to antigen driven degranulation. The function of a granule 

localised PLDl has not been determined but there are a number o f possible roles that it 

may fulfil. The simplest explanation is that upon a stimulus to degranulate, PLD is 

activated and generates PA, which fulfils an essential role in the release o f granule 

contents, by regulating the fusion event. It is also possible that the conversion o f PA to 

diacylglycerol (DAG) is necessary for secretion as reported in yeast (Keams et aL, 1997).
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6.3 Effect of overexpression of wild-type and mutant PLDlb on the regulated 

secretory response in RBL-2H3 cells

6.3.1 Introduction

The localisation studies presented in this chapter in both resting and stimulated 

RBL cells point to a role for PLDlb in the regulated secretory pathway o f granulocytes. 

Evidence from Morgan et al, (1997) demonstrates that an ARF-stimulatable PLD 

activity translocates from neutrophil secretory vesicles to the plasma membrane upon 

fMLP stimulation, but the exact identity o f this PLD activity is unknown. Data from 

studies utilizing primary alcohols to demonstrate the involvement o f PLD in regulated 

secretion also give no insight into the identity of the PLD activity controlling this event. 

Therefore, there is still no direct evidence implicating a specific PLD isoform controlling 

the regulated release o f granule contents. Determination o f the subcellular localisation 

alone can only give clues to the function o f a protein. The localisation of GFP-PLDlb to 

the RBL cell granule, although suggesting a role for this protein in the regulated secretory 

pathway, could also be explained by alternative models. PLD lb may function during 

granule biogenesis, controlling budding from the maturing granule membrane during its 

route along the endocytic pathway. PLDlb might also play a role during endocytosis to 

reclaim membrane from the cell surface during and after regulated secretion. The 

localisation of the GFP chimeras alone are insufficient to rule out any o f these possible 

explanations.

With the cloning o f specific PLD isoforms it is now possible to generate mutant 

forms o f these genes, whose products could display dominant phenotypes upon 

expression in a given cellular system. Sung et al, (1997) have recently described a range 

o f point mutations in human PLDl, which suggest that the HKD m otif and a conserved 

serine/threonine are essential for catalytic activity. The K860E mutation o f PLDlb has 

been demonstrated to be catalytically inactive (Brown et a l, 1998b). It is not known 

however if  overexpression of either wild-type or mutant GFP-PLD could affect the 

secretory pathway o f the RBL. It has been demonstrated in the previous chapter that a 

system has been developed to measure stimulated secretion within a transiently 

transfected population o f RBL cells. This method can also be employed to investigate the 

effects o f GFP-PLD chimera overexpression on RBL cell degranulation.
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6.3.2 Results

RBL cells were transfected with either wild-type or the catalytically inactive 

(K860E) mutant of GFP-PLDlb. After overnight incubation the cells were stimulated to 

degranulate by addition of PMA and ionomycin for 30 minutes. Cells were incubated 

with the primary antibody to lgpl20, prior to fixation and incubation with anti-mouse 

biotin spacer antibody followed by a further incubation with streptavidin-phycoerythrin. 

Figure 6.6 demonstrates that overexpression of wild-type GFP-PLDlb results in a 

significant increase in surface expression of lgpl20 the marker for RBL cell 

degranulation. In contrast, overexpression of the inactive mutant had no significant effect 

on PMA and calcium ionophore stimulated exocytosis.

P=0.06
o 180

o 140

WT PLD K860E PLD

GFP-PLD chimera

Figure 6.6: The effect of overexpression of GFP-PLDlb chimeras on RBL-2H3 
degranulation. The increase in surface expression of lgpl20 upon degranulation was 
measured in cells transiently transfected with GFP-PLDlb chimeras. Degranulation was 
calculated as the fluorescent shift in the phycoerythrin channel upon triggering, in cells 
transfected with GFP chimeras compared to cells transfected with a vector control 
expressing GFP alone. Each point is expressed as the mean ± sem (n=5), (p<0.1, 
Student’s t-Test, when compared to WT PED).
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6.3.3 Discussion

The evidence presented here suggests that overexpression o f wild-type GFP- 

PLD lb augments the regulated secretory response to PMA and ionomycin. In contrast the 

catalytically inactive mutant, K860E GFP-PLDlb had no effect on this process. This 

strengthens the hypothesis that PLDlb is the PLD isoform involved in the regulated 

exocytic pathway o f granulocytes. Data from experiments in yeast have suggested that a 

catalytically inactive mutant of the yeast PLD gene, SP014 is unable to restore meiosis in 

a SP014 deletion (Rudge et aL, 1998). Evidence from mammalian cells is from 

permeabilised cell systems, where addition o f wild-type PLD la  stimulated the budding of 

nascent secretory vesicles from the TGN, but addition of the K898R mutant failed to 

stimulate the release of vesicles (Chen, 1997). The inability o f the K860E GFP-PLDlb 

mutant to perturb the regulated secretory response is therefore unsurprising. The increase 

in the stimulated release o f granule contents from RBL cells upon overexpression o f the 

wild-type chimera, suggests that endogenous PLD levels are limiting and that increased 

production of PA may result in increased fusogenic activity between the granule and 

plasma membrane. Alternatively, PA may be regulating a downstream effector, although 

there are few candidates for the role o f effector.

The role o f PLD in regulated secretion may not be universal however. Evidence 

from permeabilised chromaffin and PC I2 cells does not support a requirement for PLD 

or ARFl in cytosol depleted cells (Glenn et aL, 1998). It should be noted that for these 

experiments, bacterial PLD was used, which may not localise to the required site for 

mediation o f the fusion event. This has been demonstrated to be the case in yeast, where a 

catalytically active, N-terminal truncated form of SP014 failed to relocalise correctly and 

to complement a spol4  mutant indicating both activity and correct subcellular 

distribution are necessary to spol4 function (Rudge et aL, 1998). Clearly utilizing 

catalytically inactive PLD isoforms, while valuable controls for the function of wild-type 

proteins, can only provide limited information into the roles o f PLD in cellular systems. 

The identification and expression of other PLD mutants, possibly with different 

regulatory phenotypes will be valuable tools for dissecting the function o f PLD not only 

in regulated secretion but also in a host o f other cellular events.
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6.4 Chapter discussion

Evidence from both localisation studies and functional assays imply a role 

for PLD lb in the regulated secretory pathway o f RBL-2H3 cells. Although there is 

considerable support from the literature for a role for PLD in the secretory pathway, 

much o f the evidence points to a role for PLD in the constitutive pathway, particularly in 

the budding o f vesicles from donor membranes. One model for which there is support 

suggests the PLD derived PA mediates the ARF-dependant recruitment o f AP I adaptors 

to the TGN (Liscovitch and Cantley, 1995), this would also support a role for PLD la  in 

the formation of nascent secretory vesicles from the TGN (Chen, et aL, 1997). PLD has 

also been implicated in the recruitment o f AP-2 adaptors to endosomes and the plasma 

membrane (West et aL, 1997). Thus, there appears to be a strong case for the 

involvement o f PLD on the formation and budding of clathrin coated vesicles. The 

evidence that PLD also mediates coatomer binding to Golgi membranes is primarily 

derived from in vitro assays of Golgi derived vesicle budding, in which coatomer 

recruitment is inhibited by ethanol and enhanced by the addition o f bacterial PLD 

(Ktistakis et aL, 1996).

The evidence that an ARF-stimulatable PLD was involved in the secretory 

pathway of granulocytes was first eluded to with the observation that phospholipase D 

was a downstream effector o f ARF in HL60 cells (Brown et aL, 1993; Cockcroft et aL, 

1994). This evidence was strengthened further with the correlation between secretion and 

PLD activation in HL60 cells (Stutchfield and Cockcroft, 1993). ARFl was then 

demonstrated as being able to restore GTP and Ca^^ stimulated PLD activity and 

secretion in permeabilised, cytosol depleted HL60 cells (Fensome et aL, 1996). Recently, 

PLD activity has been shown to relocalise from secretory vesicles to the plasma 

membrane upon stimulation with fMLP (Morgan et aL, 1997). Experiments in RBL-2H3 

cells have also demonstrated that PLD activity is stimulated in response to IgE receptor 

or PMA and calcium ionophore induced activation (Lin et aL, 1991), suggesting that PLD 

is downstream of the IgE receptor and PKC. Further support for the data presented here 

has also recently come from studies using Vero and Hela cells, suggesting that PLD la  

and PLD lb localise to the late endosomes and lysosomes o f these cells (Toda et aL, 

1999). In addition, PLDl-like activity has been localised to rat liver lysosomal
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membranes (Ameson et a l,  1999). Work from this laboratory has also demonstrated that 

PA derived from PLD is required for IgE receptor mediated exocytosis in RBL cells 

(Brown et aL, 1998b). Therefore in light of the evidence from the literature and the data 

presented here it is possible to generate a model for the proposed role of PLD in the 

regulated secretory pathway of granulocytes.

stimulus
FceR l/calcium

ionophore V.
Y

PA mediated fusion  
events

J

Figure 6.7 Function of PLDlb in RBL-2H3 cell dcgranulation. Upon a stimulus to 
secrete, PLD in its inactive state translocates from either the granule membrane or the 
cytosol to the plasma membrane. PLD is then activated by an active, small GTP-binding 
protein. Upon activation PLD catalyses the production of PA from PC, resulting in 
membrane fusion. ( ^  =inactive PLD;0 = active PLD;^ =PA;0 = GTP-binding protein)

The model presented here describes how PLDlb redistributes to the plasma 

membrane upon a stimulus to secrete. The inability of butan-l-ol to inhibit this 

redistribution suggests that PLD activation occurs after translocation to the plasma 

membrane. The observation that PMA is sufficient to cause PLD translocation and 

activation, but is insufficient to stimulate secretion suggests that PLD translocation and 

activation through PKC are insufficient to generate the complete secretory response. It is 

notable that PKC stimulation, while activating PLD, does not generate an increase in 

intracellular calcium. However, both application of PMA with the calcium ionophore 

ionomycin and the activation of RBL cells through IgE receptor cross-linking, does 

however result in raised intracellular calcium levels and both methods of stimulation 

result in RBL cell degranulation. Therefore it seems likely that the calcium signal is
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downstream of PLD activation and that PA generation alone is insufficient for granule 

fusion. The exact mechanism of calcium regulation o f the secretory response is still a 

matter o f debate. There are however, a number of candidate proteins whose role has been 

demonstrated in the regulated secretory response and are regulated by calcium.

Synaptotagmin, a calcium-regulated synaptic vesicle protein known to be 

essential in the final stages o f vesicle fusion is one possible candidate downstream 

effector of calcium during granule fusion. In addition to being regulated by calcium 

synaptotagmin has also been demonstrated to bind PIP3 at resting calcium levels and PIP2 

at raised calcium levels comparable to the concentrations seen during the regulated 

secretory response (Schiavo et aL, 1996). The exact role of PIP2 during the regulated 

secretory response is unknown, although one hypothesis is that PIP2, because o f its 

propensity for spontaneous curvature, could act to inhibit fusion o f the secretory granule, 

and that sequestering o f PIP2 by a binding protein would allow the fusion event to 

proceed. A second candidate calcium effector during granule fusion is CAPS (Câ "̂ - 

dependant activator protein for secretion). CAPS preferentially binds PIP2 and is known 

to be essential for Ca^^-regulated secretion o f neuronal cells (Loyet et aL, 1998). It is 

therefore possible to extend the model outlined above to include regulation of the fusion 

event by calcium binding proteins and phosphoinositide levels.

In conclusion, the evidence from these studies suggests that PLDlb localises to 

RBL cell secretory granules and plays a role in the regulation of the granule to plasma 

membrane fusion events. PLD translocation and activation alone are insufficient to cause 

granule fusion and translocation o f GFP-PLDlb to the plasma membrane can occur 

independently o f activation and membrane fusion. Other signals, particularly calcium and 

phosphatidyl inositol mediated events may be crucial to the fusion process. The challenge 

will be to determine if  the proteins identified in neuroendocrine cells as downstream 

effectors o f calcium perform the same functions in granulocytes.
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7. DISCUSSION

7.1 Summary

The aim o f this study was to identify and analyze the function of components 

involved in the regulated release o f granule contents upon haematopoietic cell 

stimulation. The eosinophil was chosen as the primary cell line for many of these studies, 

both for the relative ease o f its purification from human blood and the ability to obtain 

relatively pure preparations o f it’s large crystalloid lysosomal granules. Despite these 

advantages, scanning the granule membranes for known components o f the synaptic 

vesicle docking and fusion machinery proved to be o f limited use. However, a more 

unbiased approach, scanning granule membranes for small GTP-binding proteins 

demonstrated the possible presence of a Rab3 isoform associated with the granule 

membrane and a clear difference in the profile o f GTP-binding proteins present on 

granule membranes compared to the light vesicle fraction. Expression of the synaptic 

vesicle protein VAMP2 by the eosinophil was demonstrated from cDNA library 

screening, although no other v-SNARE was detected despite utilizing PCR approaches 

and cDNA library screening at low stringency. These approaches also demonstrated 

expression of cellubrevin by the rat basophil leukaemic cell line, RBL-2H3

The model cell line chosen to investigate the function o f candidate genes, whose 

products may play a role in haematopoietic cell degranulation was the RBL-2H3 cell line. 

This cell line was demonstrated to release the lysosomal enzyme hexosaminidase from its 

granules in response to external stimuli. These stimuli included cross-linking of the high 

affinity IgE receptor and triggering with the calcium ionophore, ionomycin. The 

lysosomal nature o f its regulated secretory organelle was also demonstrated by the 

colocalisation o f the granule marker serotonin with the lysosomal membrane marker 

lgpl20 using confocal microscopy. In addition this cell line was readily transfected, 

enabling the function of candidate genes to be assessed by overexpression o f wild-type or 

mutant genes. Epitope-tagged VAMP2 when stably expressed in the RBL localised to 

membranes of the endosomal pathway with a partially overlapping distribution with 

secretory granules. However, overexpression of VAMP2 did not effect RBL cell 

degranulation and VAMP2 did not redistribute to the plasma membrane upon 

degranulation. These data argued against a role for VAMP2 in granulocyte exocytosis.
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Overexpression of wild-type Rab3a however inhibited the regulated release o f 

hexosaminidase from the RBL, implicating this isoform in RBL cell exocytosis.

Although where possible, the function of candidate genes was assessed in cells 

stably overexpressing that gene product, this approach was not always feasible due to 

toxicity effects o f overexpression of some genes. To enable the effects o f overexpression 

o f these proteins to be studied, a method for measuring degranulation in transiently 

transfected cell populations was devised. This method utilized flow cytometry to analyze 

a subpopulation o f cells transiently transfected with the gene o f interest, tagged with 

green fluorescent protein (GFP) from the whole population o f cells containing transfected 

and untransfected cells. Upon stimulation, the appearance o f the lysosomal membrane 

marker lgpl20 was measured with a monoclonal antibody to that marker, followed by 

incubation with a SP-biotin-conjugated goat anti-mouse secondary antibody, then 

streptavidin-R-Phycoerythrin for detection by flow cytometry. Using this approach the 

role o f A RFl, ARF6 and PLDlb in granulocyte exocytosis was investigated. ARF6 and 

PLDlb but not ARFl appeared to play a role in RBL cell degranulation with ARF6 

localising throughout the endocytic pathway and plasma membrane and PLDlb localising 

to RBL granules, redistributing to the plasma membrane upon degranulation. 

Furthermore, the dominant negative mutant of ARF6 inhibited ionomycin stimulated 

degranulation o f RBL cells as measured by the surface appearance o f lgpl20, although 

overexpression of wild-type PLDlb appeared to increase secretion.

7.2 The role of SNARES in granulocyte exocytosis.

In setting out to identify key proteins involved in regulating the release of 

secretory lysosomes o f cells of the haematopoietic lineage, proteins involved in the 

secretion o f conventional granules and secretory vesicles were obvious candidates 

expected to fulfil this role. This study found that VAMP2, and possibly a Rab3 isoform 

was expressed by the eosinophil and cellubrevin was expressed by RBL-2H3 cell cells. 

Since the commencement o f this study, other v- and t-SNAREs, as well as 

synaptotagmins and Rah proteins have been found to be expressed by cells o f the 

haematopoietic lineage (Table 7.1).
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Cell type Secretory proteins identified

Mast cell SNAP23 (Guo et al., 1998)

Rab3d (Tuvim et al., 1999)

Synaptotagmins II,III and V (Baram et a l, 

1999)

VAMP8 (Paumet et al., 2000)

Rab37 (Masuda et al., 2000)

Neutrophil Syntaxin 4, VAMP2, SCAMP (Brumell et 

a l, 1995)

Eosinophil -

Platelet SNAP23, syntaxin 2, syntaxin 4 (Chen et 

al., 2000)

Table 7.1: Secretory proteins identified in cells of the haematopoietic lineage.

From the observations outlined in table 7.1 and from data presented in this thesis 

it is possible to begin to suggest roles for some of these proteins in regulated granule 

release. Preliminary evidence that proteins o f the synaptic vesicle fusion machinery were 

involved in the regulated exocytosis o f granulocytes was derived from the studies in 

neutrophils (Brumell et ah, 1995). This study demonstrated the presence o f syntaxin 4 at 

the neutrophil plasma membrane and VAMP2 in tertiary granules and secretory vesicles. 

It was also noted that VAMP2 was largely absent from the primary (lysosomal) granules. 

More recently, SNAP23 has been shown to localise to the plasma membrane of mast cells 

relocating to the mast cell granule upon stimulation with GTPyS or calcium (Guo et al.,

1998). Relocation of SNAP23 was also shown to be required for compound exocytosis, a 

process known to occur in many cells o f the haematopoietic lineage including 

eosinophils. Furthermore, this study highlighted the presence o f VAMP2 and syntaxin 3 

in a granule enriched fraction as well as other membrane fractions. However, syntaxin 4 

was shown to be absent from the granule membrane consistant with studies in the
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neutrophil. Recent findings have implicated VAMPS and syntaxin 4 in RBL-2H3 cell 

degranulation (Paumet et al., 2000) and demonstrated that SNAP23 can form a complex 

with syntaxin 4 and either VAMP2, VAMPS or cellubrevin. Taken together, these 

observations begin to suggest a possible model for the roles on these SNAREs in 

granulocyte exocytosis (Fig. 7.1). This model suggests that VAMPS, SNAP23 and 

syntaxin 4 come together to form the fusion complex controlling granulocyte exocytosis. 

However, role for syntaxin 3 and VAMPS or VAMP2 can also not be ruled out in 

granule-granule fusion.
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Figure 7.1: Localisation and possible site of action of secretory proteins involved in 
the regulated exocytosis of granulocytes. Syntaxin3 (SYN3) and VAMPS (VS)are 
localised to secretory granules. VAMP2 appears to be localised to endosomes and 
granules. SNAP23 (S23) and syntaxin 4 is localised to the plasma membrane with 
SNAP23 redistributing to the granule before the final fusion event.

7.3 Rab proteins in granulocyte exocytosis

There is now considerable evidence implicating members of the Rab3 family of 

GTP-binding proteins in the regulated secretory pathway (Fischer von Mollard et a l, 

1994). Of the four members of the Rab3 family (Rab3a-d), Rab3a is the most abundant 

member, predominantly expressed in neuronal and neuroendocrine tissues. Evidence of a 

role for Rab3a in granulocyte exocytosis came predominantly from the ability of the 

peptide corresponding to Rab3a to stimulate mast cell exocytosis (Edwardson et al..
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1993). In neuroendocrine cells, overexpression o f Rab3a has been shown to negatively 

regulate exocytosis (Johannes et al., 1994). Therefore, on finding that a Rab3 isoform 

appeared to localise to the eosinophil granule by GTP-overlay studies, the role o f Rab3a 

in granulocyte exocytosis was investigated. Using the RBL as a model system, 

overexpression o f Rab3a was demonstrated to inhibit RBL degranulation (Smith et al., 

1997). More recently, Rab3d has been localised to RBL-2H3 secretory granules, 

redistributing to the plasma membrane upon degranulation (Tuvim et al., 1999) and 

Rab3d overexpression has also been shown to inhibit RBL-2H3 degranulation (Roa et al., 

1997). Overexpression of Rab3a and Rab3d inhibits regulated secretion in a range o f cell 

types, but the exact role o f these isoforms remains unclear. The observation that both 

Rab3a and Rab3d overexpression inhibits RBL-2H3 degranulation may suggest a level of 

redundancy in this model system, since Rab3 isoforms have now been detected by 

immunoblotting in the RBL, with levels o f Rab3a suggested to be twofold higher than 

Rab3d (Tuvim et al., 1999). A novel mast cell specific Rab, Rab37 has also been 

identified recently from the mast cell line MC-7 and localised to secretory granules when 

overexpressed (Masuda, et al., 2000). Therefore, Rab37 joins Rab3a and Rab3d as 

candidate Rabs regulating the release of granule contents in mast cells and possibly other 

haematopoietic cells. Determining the exact function o f these Rab proteins in granulocyte 

exocytosis and identifying their downstream effectors from the increasing list of 

candidates will be an important step forward in our understanding of the control of 

regulated secretion in these cell types.

7.4 ARF family members and PLD in the secretory pathway of granulocytes

There is now substantial evidence for the role of ARFs in the regulation of 

membrane traffic and organelle structure. Although very little is known about the 

function o f class II ARFs (ARF 4 and ARF5), class I ARFs (ARF1-ARF3) are known to 

function in ER-Golgi traffic and in the endosomal pathway. The class III ARF, ARF6 

plays a role in the endosomal system, in cytoskeletal changes at the plasma membrane 

and has been implicated in the regulated secretory pathway o f adipocytes (Chavrier and 

Goud, 1999). Evidence that ARFs play a role in granulocyte exocytosis has been derived
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from permeabilised cell systems, but has not unequivocally identified the ARF isoform 

involved. This study set out to determine which ARF isoform functions in the regulated 

exocytosis o f granulocytes. The finding that the fungal metabolite Brefeldin A failed to 

inhibit RBL-2H3 degranulation at concentrations known to disrupt the Golgi structure 

and the failure o f a dominant negative mutant of ARFl to inhibit RBL-2H3 degranulation 

strongly argued against a role for ARFl in this process. Overexpression of a dominant 

negative ARF6 however inhibited the stimulated release of granule contents implicating 

ARF6 as the ARF isoform involved in granulocyte exocytosis. This evidence supports a 

model implicating ARF6 in the regulation o f lysosomal granule fusion events a function 

that ARF6 has been demonstrated to perform in non-haematopoietic cells.

Evidence of a role for ARF6 in regulated secretion in haematopoietic and non- 

haematopoietic cells, and suggestions that ARF6 may link membrane traffic with the 

organization of the actin cytoskeleton may provide clues to the function of ARF6 in 

regulated secretion. The regulated release of granule contents has been demonstrated to 

require reorganization of the cortical actin ring in many cell types including mast cells 

and chromaffin cells (Caumont et al., 1998). Therefore, a possible role for ARF6 may be 

in the reorganization o f the actin ring during the regulated exocytic process. The 

demonstration that ARF6 plays a role in RBL-2H3 degranulation may also serve to 

implicate other proteins in this pathway known to regulate the function of ARF6. 

Although the specificity of the ARF guanine nucleotide exchange factors (ARF GEFs) 

have not been fully determined, both ARNO and GRPl have been shown to function in 

the activation o f ARF6 (Frank et al., 1998; Langille et al., 1999). Furthermore, 

Expression of a catalytically inactive mutant of ARNO has recently been shown to inhibit 

the regulated release o f growth hormone from chromaffin cells (Caumont et al., 2000). A 

number o f ARF GTPase activating proteins (ARF GAPs) have also been demonstrated to 

catalyse ARF-bound GTP hydrolysis and may therefore function in the regulated 

secretory pathway. These include, G itl, Git2, PAP and A SAPl, although the exact 

specificity o f these ARF GAPs, like the ARF GEFs awaits determination.

ARF6 is also capable o f activating PLD, which has itself been implicated in 

granulocyte exocytosis (Cockcroft et ah, 1994). Evidence presented here demonstrated 

that tagged PLD lb  associated with RBL-2H3 cell granules and that overexpression of
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wild-type PLD lb  increased the regulated release o f RBL-2H3 granule contents. These 

data support much of the biochemical evidence from neutrophils and HL60 cells 

(Cockcroft et al., 1994; Fensome et a l, 1996). Furthermore, these data and evidence from 

neuroendocrine cells, supports a model where Brefeldin A insensitive ARF6, possibly 

regulated by ARNO is required for the activation o f granule associated PLD lb. It is 

possible that the activation o f an ARN0/ARF6/PLDlb cascade may perform a dual role 

in the regulated secretory pathway, namely the production o f fusogenic lipids to allow 

membrane fusion upon activation of PLD lb, and the rearrangement o f the cortical actin 

cytoskeleton, mediated by ARF6. These cytoskeletal rearrangements would be a 

prerequisite for granule docking and fusion events and are required for the relocation of 

SNAP23, an event also necessary for mast cell exocytosis (Guo et al., 1998), providing a 

link between cytoskeletal changes, the generation o f fusogenic lipids and SNARE 

function during granulocyte exocytosis.

7.5 Conclusions and future perspectives

Using the RBL-2H3 cell as a model system, data presented in this thesis points to 

a role for ARF6, Rab3 and PLD lb  in the regulated secretory pathway o f granulocytes. 

The presence o f SNARE proteins was detected both in the eosinophil and in the RBL- 

2H3 cell, although evidence from this study did not suggest the involvement o f VAMP2 

in granulocyte regulated exocytosis. This does not rule out the possibility of other 

SNARE proteins, which were not detected in this study functioning in granule docking 

and fusion events.

Although this study has demonstrated the possible involvement of ARF6, PLD lb  

and Rab3a in granulocyte exocytosis and expression o f the v-SNAREs VAMP2 and 

cellubrevin by granulocytes, clues to the identity and function o f other proteins involved 

in the haematopoietic cell exocytosis are emerging from other avenues o f work. One 

intriguing approach to understanding secretory lysosome function is the study o f human 

diseases characterized by abnormal lysosomal function. Because melanocytes also use a 

secretory lysosome, known as a melanosome for the regulated release o f the pigment 

melanin into the keratinocyte, these diseases and their mouse counterparts are 

characterized by albinism. In these diseases, in addition to the melanocyte, other cell
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types that are functionally impaired include cells o f the haematopoietic lineage and renal 

tubular cells, responsible for the secretion o f lysosomal hydrolases, all cells that utilize 

the secretory lysosome.

The gene that is defective in the human autosomal recessive disease Chediak- 

Higashi syndrome (CHS) and the beige mouse has been identified as a 400kDa cytosolic 

protein, thought to play a role in lysosome fission (Pérou et al., 1997). Other related 

diseases include Gricelli’s syndrome, the mouse homologue o f which is dilute. Here the 

defective gene is known to be the myosin Va heavy chain (Mercer et al., 1991). Another 

disease o f lysosomal function is Hermanski-Pudlack syndrome (HPS), which has several 

mouse models. A defect in the novel 79kDa transmembrane protein has been shown to 

result in HPSl (Oh et al., 1996), and the genes known to be defective in the related 

mouse models, mocha and pearl have been identified as the A and P3A subunits o f AP3 

respectively (Kantheti et a l, 1998; Dell’Angelica et al., 1999). Understanding the 

function of many o f these genes should aid our understanding o f secretory lysosome 

function.

The direct identification of lysosomal associated proteins by utilizing mass 

spectrometry approaches to sequence purified secretory lysosomal components resolved 

from SDS-PAGE is also an approach that is likely to identify proteins that play a role in 

degranulation. Although this was not a fruitful approach for this study, probably due to 

insufficient quantity of granules and the sensitivity o f early mass spectroscopy 

techniques, this technology is becoming an increasingly sensitive approach for protein 

identification. Examples o f the use of this technology to characterize organelle-associated 

proteins are beginning to emerge. One such example is the proteomics characterization of 

abundant rat liver Golgi membrane proteins (Bell et al., 2000), which highlights both the 

strengths o f this approach and its current limitations, particularly with respect to the 

identification o f proteins expressed at low levels from complex mixtures. However, with 

sufficient quantity and purity o f any given organelle, this emerging technology should 

eventually provide further insights into not only granulocyte exocytosis, but many other 

complex cellular processes also.
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SUMMARY

We set out to identify potential key regulators of exocytotic 
fusion in the eosinophil, in the knowledge that granule exo
cytosis can be stimulated in these cells by intracellular 
application of nonhydrolyzable analogues of guanosine 
triphosphate, with Câ + acting as a modulator of guanine 
nucleotide-dependent secretion. To screen for GTP- 
binding proteins, guinea pig eosinophils were purified from 
peritoneal washings and subjected to western blotting 
analysis using specific immune sera raised against recom
binant proteins or consensus peptide sequences within 
proteins of interest. We found a number of heterotrimeric 
G proteins (Gais, Go©, Gocqii, Gos and Gp subunits) and 
members of the small GTP-binding proteins expressed in 
eosinophils. Two subtypes of G-protein alpha subunits 
(Ga,i and Ga%) could not be detected. Separation of sub- 
cellular organelles from homogenized eosinophils by 
density gradient centrifugation revealed that all of the 
detected GTP-binding proteins were mainly expressed in 
fractions containing peak plasma membrane and Golgi

marker enzyme activities, while GP subunits were also 
detected in secretory granule fractions. However, isoforms 
of Rab3, a putative GTP-binding regulator of exocytotic 
fusion, were undetectable in eosinophils. Neither, with the 
exception of syntaxin-3, could we detect any of the proteins 
belonging to the proposed synaptic vesicle fusion complex 
(SNAP-25; synaptobrevin (VAMP) and its non-neuronal 
homologue, cellubrevin; synaptophysin; synaptotagmin). 
The results from this study, based on western blotting, 
suggest that eosinophils express a different class of exocy
totic fusion complex proteins from those found in neuronal 
tissues, although a number of potential candidates fulfill
ing the role of Ge were identified in this important inflam
matory cell.

Key words: guinea pig eosinophil, exocytosis, G protein, Rab 
protein, synaptotagmin, synaptobrevin/V AMP, cellubrevin, syntaxin, 
SNAP-25

INTRODUCTION

Eosinophils constitute one o f the first lines o f defence in the 
immune system, residing predominantly in submucosal tissue 
(Spry, 1988). Their perceived physiological function is in the 
Killing and elimination o f metazoan (but not protozoan) 
parasites (Spry, 1988; Scepek et al., 1994). During specific 
immune reactions, however, particularly those occurring in 
asthma (Kay, 1985), chronic inflammatory bowel disease 
(Walsh and Gaginella, 1991; Choy et al., 1990) and other 
allergic disorders, eosinophils are recruited to sites o f inflam
mation in response to locally released soluble chemotactic 
signals (Gleich et al., 1993) and proceed to discharge a number 
o f cytotoxic mediators, including some or all o f the contents 
o f their secretory granules. This occurs by exocytotic secretion.

The crystalloid secretory granules characteristic o f these

cells contain four cationic proteins (major basic protein (Gleich  
and Adolphson, 1986), eosinophil cationic protein (Olsson and 
Venge, 1974), eosinophil-derived neurotoxin (Peters et al.,
1986) and the cyanide (and azide) insensitive (Archer and 
Broome, 1963) eosinophil peroxidase (Bainton and Farquhar, 
1970)) and numerous other granule proteins, including 
cytokines (e.g. IL-5 (Dubucquoi et al., 1994) and GM-CSF 
(Levi-Schaffer et al., 1995)), which are collectively capable o f  
inflicting tissue damage and dysfunction (Weller, 1994). The 
role o f eosinophils in the pathogenesis o f tissue injury in 
asthma, Crohn’s disease and related conditions has made it 
increasingly important to characterise the intracellular mecha
nisms regulating the release o f eosinophil granule contents.

Our knowledge o f the events underlying the final steps o f  
regulated secretion in these cells is derived from findings 
generated with permeabilized eosinophils and patch-clamp

mailto:rmka101@ucl.ac.uk


3548 P. Lacy and others

studies in which the internal milieu is open to direct manipu
lation from the external or patch pipette solution. Using these 
systems, it was discovered that exocytosis in these cells (and 
also in mast cells) can be directly activated by guanine 
nucleotides, with Ca^+ apparently acting at another (possibly 
earlier) stage in the signal transduction pathway (Niisse et al., 
1990; Cromwell et al., 1991; Lillie and Gomperts, 1992a). The 
requirement for ATP is evidently external to the process o f  
membrane fusion. The conclusions from these experiments led 
to the postulation o f a G protein, termed G e ,  that is involved  
in regulating exocytotic fusion at a point distal to receptor- 
associated G proteins (Gomperts, 1990). W e set out to inves
tigate the types o f GTP-binding proteins, both monomeric and 
heterotrimeric, present in eosinophils as a means o f  identify
ing potential candidates for the role o f G e .

In particular w e have paid special attention to the 
monomeric GTP-binding proteins belonging to the rab family 
which have been suggested to act as regulators o f intracellular 
membrane trafficking (Simons and Zerial, 1993). Isoforms o f  
RabB have been proposed to control the final steps o f Ca^+- 
dependent membrane fusion between secretory vesicles and 
target sites in the plasma membrane in a number o f neuronal 
(Fischer von Mollard et al., I99I), exocrine (MacLean et al., 
1993; Jena et al., 1994) and endocrine (Lledo et al., 1993) 
tissues as well as mast cells (Oberhauser et al.. 1994).

In addition, considerable interest has been generated by the 
recent proposal that a ‘fusion com plex’ o f proteins exists in 
common for all forms o f vesicular fusion (Sollner et al., 1993; 
Ferro-Novick and Jahn, 1994). The finding o f homologous and 
functionally interchangeable proteins, known as SNAREs for 
their ability to bind cytosolic SNAPs and NSF, in neuronal, 
endocrine, exocrine and even yeast cells is strong evidence for 
this. W e were interested, therefore, in determining whether such 
proteins are expressed in eosinophils, which are specialised 
secretory cells.

In this investigation, we surveyed for these proteins in 
guinea pig eosinophils by western blot analysis. The intracel
lular localization o f positively identified proteins was also 
determined using subcellular fractionation techniques by sep
aration o f organelles on a linear density gradient o f Nycodenz 
and analysis o f collected fractions. Our observations have 
shown the presence o f a number o f heterotrimeric G proteins 
and small GTP-binding proteins in eosinophils, mainly in 
fractions possessing peak Golgi and plasma membrane activi
ties. However, most o f the proteins belonging to the proposed 
fusion complex, as well as all known isoforms o f RabB, were 
undetectable by western blotting in these cells.

MATERIALS AND METHODS 

S ources of antisera
All antisera used in this investigation were rabbit polyclonals unless 
otherwise mentioned. Antibodies to the following protein epitopes 
were generously supplied as follows:
Monomeric GTP-binding proteins
Recombinant Rab3, François Darchen (Institut de Biologie Physico- 
Chimique, CNRS, Paris); recombinant Rabl, Rab2, Rab4 and Rab6, 
Bruno Goud (Institut Pasteur, Paris); recombinant Rab3(a-d), 
Reinhard Jahn (Howard Hughes Medical Institute, Yale University 
School of Medicine), recombinant Rabl 1, Robert Parton (EMBL,

Heidelberg, Germany); internal peptide sequence from smg p25A 
(Rab3a), Yoshimi Takai (Kobe University School of Medicine, 
Japan).
Heterotrimeric GTP-binding proteins
Consensus internal peptide sequences from Gas (1190), Gai (0116) 
and Goo (9702), David Manning (University of Pennsylvania School 
of Medicine, Philadelphia); a common internal peptide sequence from 
GP (B-600), Susanne Mumby (University of Texas Southwestern 
Medical Center, Dallas); purified rat brain G c c q i i  (Z808-I2), Paul 
Stemweis (University of Texas Southwestern Medical Center, 
Dallas), commercially supplied antibodies recognising internal 
peptide sequences from Gaii/Ga,], Gais and Gais/GOo (Calbiochem) 
were also used in this study.
Fusion complex-related proteins
Purified rat brain SNAP-25, Stephan Catsicas (Glaxo Institute for 
Molecular Biology, Geneva); recombinant cytosolic domain of synap
tophysin, Dan Cutler (MRC Laboratory for Molecular Cell Biology, 
University College, London); conserved central region common to 
VAMP-1 and VAMP-2 and cellubrevin from Thierry Galli (Howard 
Hughes Medical Institute, Yale University School of Medicine), 
Thomas Sudhof (Howard Hughes Institute, University of Texas 
Southwestern Medical Center, Dallas) and Patrick Foran (Imperial 
College, London); recombinant synaptobrevin and cellubrevin (both 
monoclonals), Reinhard Jahn (Howard Hughes Medical Institute, 
Yale University School of Medicine); amino terminal peptide 
common to VAMP-1 and VAMP-2 from rat brain, Cesare Monte
cucco (Université di Padova, Italy); purified chick brain synaptotag
min and syntaxin (both monoclonals), Masami Takahashi (Mitsubishi 
Kasei Institute of Life Sciences, Tokyo); syntaxin-3, Mark Bennett 
(University of California at Berkeley).
Preparation of guinea pig eosinophiis
Male Dunkin Hartley guinea pigs (>400 g) were injected i.p. with I 
ml sterile horse serum (Gibco-BRL) three times weekly, with a 
minimum of six injections carried out before collection of eosinophils 
by peritoneal lavage using a modification of the technique previously 
described (Cromwell et al., 1991). Briefly, peritoneal cells were 
collected by lavage with 100 ml HBSS containing 10 U ml“* heparin 
(Sigma) and BSA (0.1%) before washing cells once with HBSS con
taining deoxyribonuclease-1 (25 |Xg ml~̂ ) and BSA (0.25%). The final 
pellet was resuspended in 3 ml HBSS-DNase-BSA and layered over 
two discontinuous three-step Percoll gradients, each consisting of a 
top 2.5 ml step of 1.080 g ml"', an intermediate 3 ml step of 1.090 g 
ml“* and a bottom step of 2.5 ml 1.100 g ml“*. Gradients were 
subjected to centrifugation at 1,500 g for 20 minutes at room tem
perature. Eosinophils were collected from the 1.090/1.100 g ml”* 
interface with a minimum purity of 98% of the white blood cell count, 
and typical yields of 5xI0̂ /animal were recovered as judged by 
Kimura’s stain using toluidine blue/light green (Kimura et al., 1975). 
The main contaminating cell types were mast cells and macrophages. 
Cells were washed twice in HBSS supplemented with 10 mM Hepes, 
pH 7.4, and 0.25% BSA before further use.
Fractionation of eosinophiis
Purified peritoneal eosinophils (>5x10̂  cells) were treated with 2 mM 
di-isopropyl fluorophosphate (Sigma) for 5 minutes at room temper
ature before pelleting at 240 g for 5 minutes. Cells were then washed 
with ice-cold 0.25 M  sucrose-1 mM EGTA buffered with 10 mM 
Hepes, pH 7.4, and resuspended in the same buffer supplemented with 
2 mM MgCb, 1 mM ATP and protease inhibitor cocktail (5 (xg ml”' 
each of leupeptin, aprotinin and A-a-p-tosyl arginine methyl ester) to 
an optimal homogenization density of 10-15x10̂  cells ml”'.
Resuspended eosinophils were subjected to 10-15 passes on ice 

through a ball-bearing homogenizer (EMBL, Heidelberg, Germany) 
with a clearance of 11 nm. In the early stages of the work, the extent



»A of cell disruption was monitored by measurement of released lactate 
e, dehydrogenase; latterly we found it sufficient to monitor this by exam
ination of the homogenate under the light microscope. The homogenate 
was centrifuged at 400 g for 10 minutes to remove nuclei and residual 
intact cells. The resulting postnuclear supernatant was layered onto a 

>) 8 ml of a linear 0-45% Nycodenz gradient (Nycomed AS Pharma, 
>1 Oslo, Norway) dissolved in homogenization buffer without MgCh and 
1 ATP) in a Beckman Ultra-Clear centrifuge tube (14 mm x 89 mm).
? Subcellular compartments were resolved from the postnuclear super- 
I natant by equilibrium centrifugation at 100,000 g for 2 hours at 4°C. 
'I A total of 24x 0.4 ml fractions were collected starting from the bottom 
of the gradient, stored at -30°C and later analysed for marker enzyme 
activity and protein content. The refractive index of each fraction was 
also measured and converted to density units (g ml"') by the equation 
p=3.410ri-3.555, given by the Nycodenz specification sheet, where T| 
represents the refractive index and p represents the density.
Marker enzym e a ssa y s
Alkaline phosphodiesterase I activity, taken as a marker for plasma 
membrane, was measured in microtitre plates using a method adapted 
from Storrie and Madden (1990). A volume of 30 |i,l of each fraction 
(lOx diluted) was added to 120 p.1 substrate mixture containing 2 mM 
sodium thymidine 5'-monophosphate p-nitrophenyl ester (Sigma) in 
20 mM Tris buffer and 0.1% Triton X-100, pH 9.0. After incubation 
at 37°C for 2 hours, the reaction was terminated with 100 p,l 0.2 M  
Tris and the resulting absorbance measured at 410 nm in a Titertek 
Multiskan spectrophotometric microplate reader.
The measurement of arylsulphatase activity as a marker for 

granules and lysosomes was modified from the technique described 
by Chang et al. (1981). Fractions were diluted lOx before transferring 
50 |il to a black microplate and mixing with 50 |il arylsulphatase 
substrate solution (10 mM 4-methylumbelliferyl sulphate in 0.2 M  
acetate buffer, 6 m M  lead acetate and 0.1% Triton X-100, pH 5.6), 
followed by incubation at 37°C for 1 hour. The reaction was termi
nated by alkalinization by addition of 150 p.1 of 0.2 M  Tris and fluo
rescence was measured using a Titertek Fluoroskan microplate reader 
(excitation 340 nm, emission 450 nm). Hexosaminidase activity, 
which can also mark granular and lysosomal compartments, was 
measured as previously described (Cromwell et al., 1991). We 
adapted a previously described method to measure eosinophil perox
idase activity (White et al., 1991) for microtitre plates. Galactosyl 
transferase activity was assessed as a marker for Golgi compartments, 
using the procedure as described (Elhammer and Komfeld, 1984). 
Protein quantitation was carried out using the Bradford dye-binding 
protein assay (Bradford, 1976).
SDS-polyacrylamide gel electrophoresis and w estern  
blotting
The first 20 fractions collected from each density gradient were 
diluted with 5-fold concentrated sample buffer (final concentration 60 
mM Tris-HCl, pH 6.8, 10% glycerol, 1% SDS, 0.01% bromphenol 
blue and 2% P-mercaptoethanol) and boiled for 2 minutes. Fractions 
were loaded at a constant volume (containing between 2.5-30 |Xg 
protein/well) onto discontinuous 1 mm thick 12% SDS-polyacry
lamide gels (Bio-Rad) and subjected to electrophoretic separation. In 
order to improve separation in the low molecular mass region (i.e. cel
lubrevin, 14.3 kDa) we used the tricine gel method (Schagger and von 
Jagow, 1987) as an alternative to standard SDS-PAGE. In some 
experiments, in order to increase the proportion of integral membrane 
proteins, we extracted the crude membranes firstly by treatment with 
NazCO] (1 M) at pH 11 (1 hour at 4°C) and then by partition into the 
hydrophobic phase of Triton X-114 (Bordier, 1981). Two-dimen
sional electrophoresis was carried out by the methods discussed by 
Dunbar (1990) and the publications provided by Pharmacia for use of 
Immobiline Dry Strip for the first (lEF) dimension and Excel Gel 
(gradient 8-18% polyacrylamide) for the second dimension. Elec
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trophoretic separations were carried out using a Pharmacia flat bed 
apparatus.
Proteins were transferred from the electrophoresed gel to an 

Immobilon PVDF membrane blot (Millipore) using the Multiphor II 
Novablot system according to the instructions of the manufacturer 
(LKB Produkter). Immediately after transfer, the membrane blot was 
placed in blocking solution (5% milk powder and 5% goat serum) and 
later exposed to relevant primary antibodies. Optimal working con
centrations of primary antibodies were determined beforehand by dot 
blot analysis. Detection of primary antibody binding was performed 
using peroxidase-conjugated secondary antibodies (Amersham and 
Dako) and the Amersham ECL detection technique. Blots were 
stripped and reprobed up to three or four times with different primary 
antibodies following the procedure outlined in the Amersham ECL 
Western blotting protocols.
To detect monomeric GTP-binding proteins, GTP overlay was 

performed by incubating blots after semi-dry transfer with 2 p,Ci ml"' 
[a-̂ P̂]GTP (NEN-Dupont) in 50 mM Tris buffer, pH 7.5,11 m M  ATP, 
2 m M  MgClz, 1 mM P-mercaptoethanol and 0.3% Tween-20. Blots 
were then washed extensively in the same buffer without label and 
analysed for bound radioactivity on a phosphorescence imager (Fuji 
Instruments).
Pooling of fractions for EM analysis
We examined the pellets of pooled fractions from one preparation by 
electron microscopy. Freshly prepared fractions containing secretory 
granules (nos 4-7, equivalent densities = 1.19-1.22 g ml"'), inter
mediate peak of hexosaminidase activity (nos 10-13, equivalent 
densities = 1.12-1.15 g ml"') and peak plasma membrane/Golgi activ
ities (nos 14-17, equivalent densities = 1.07-1.1 g ml"') were pooled 
and diluted 2.2x in Hepes-buffered sucrose-EGTA. All three pools 
were centrifuged at 100,000 g for 1 hour at 4°C before fixation.
Electron m icroscopy
Pelleted fractions were fixed in situ in the centrifuge tube with 2.5% 
glutaraldehyde in 0.1 M  sodium cacodylate buffer (pH 7.3) followed 
by cacodylate-buffered 2% osmium tetroxide. The hardened pellet 
was then detached intact from the base of the tube, bisected and 
washed in 30% ethanol followed by 50% ethanol. Samples were 
stained en bloc with saturated uranyl acetate in 50% ethanol and, after 
completion of ethanol dehydration, embedded in epoxy resin via 
propylene oxide. Ultrathin sections were cut using a Reichert Ultracut 
E ultramicrotome, stained with uranyl acetate and lead citrate and 
examined in a Philips EM 301 electron microscope.

RESULTS 

Eosinophil subfractionation
In order to separate intracellular compartments in eosinophils 
and to identify specific expression sites o f regulatory proteins, 
cells were disrupted by repeated shearing using a ball-bearing 
homogenizer and the resulting subcellular organelles in a post
nuclear supernatant were separated by equilibrium centrifuga
tion on a linear density gradient o f Nycodenz. Fig. 1 shows 
marker enzyme activity profiles o f a representative prepara
tion; we carried out more than 20 similar subfractionations 
during the course of this work. A number o f intracellular com 
partments could be resolved by this gradient. In particular, the 
crystalloid secretory granules were well separated from other 
cell compartments at higher densities, as determined by assays 
for the secretory granule markers eosinophil peroxidase (EPO), 
arylsulphatase and hexosaminidase.

Activity o f EPO was nearly always confined to a single
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Fig. 1. Marker enzyme assays from subcellular fractionation of 
purified guinea pig peritoneal eosinophils. The post-nuclear 
supernatant of homogenised guinea pig eosinophils was run on a 
linear Nycodenz gradient (0-45% in 0.25 M  Hepes-buffered sucrose) 
at 10̂  g for two hours. (A) Profiles of secretory granules (indicated 
by eosinophil peroxidase activity), plasma membranes (alkaline 
phosphodiesterase I) and protein concentration, including densities 
of fractions as measured by their respective refractive indices.
(B) Profiles of secretory/small granules (arylsulphatase), 
secretory/small granules and lysosomes (hexosaminidase) and Golgi 
(galactosyltransferase) from the same preparation shown in (A). 
Enzyme activities and protein concentrations are presented as a 
percentage of total activity across the 24 fractions.

sharp peak close to the bottom of the gradient, while arylsul
phatase occasionally produced two peaks o f activity. Hex
osaminidase assays consistently revealed at least two peaks o f  
activity, one co-sedimenting with EPO and arylsulphatase and 
the second appearing more broadly distributed in the interme
diate fractions o f the gradient (ranging in density from 1.12 to 
1.15 g ml“ )̂. It is likely that the low density peak o f hex
osaminidase activity is associated with a separate population 
o f small granules in eosinophils, although the contents o f the 
intermediate fractions have not been well characterised in this 
study.

The plasma membrane sedimented at around 1.09 g m l" \ as 
determined by measurement o f alkaline phosphodiesterase 
activity (Fig. 1) and presented as a single peak which co-sed- 
imented with Golgi membranes, assayed by galactosyl trans
ferase activity. Plasma membrane and Golgi-associated 
membranes could not be separated using this gradient which 
was formulated to optimise the resolution o f the secretory

granule fraction. A small proportion (1.6-1.8% o f total activity 
across the gradient) o f plasma membrane and Golgi activities 
were detected in fractions containing secretory granules. Two 
peaks o f protein concentration were detected, one in fractions 
containing secretory granules and the second in cytoplasmic 
fractions in the upper region o f the gradient. Lactate dehydro
genase activity, indicative o f the soluble components o f  the 
cytoplasm, failed to penetrate the Nycodenz gradient and 
coincided with the cytosolic peak o f protein concentration 
(data not shown).

Electron micrographs o f pooled fractions taken from three 
regions o f the density gradient confirm the findings o f  the 
marker enzyme analysis and are illustrated in Fig. 2. The 
fractions containing peak granule activity at the base o f  the 
gradient (nos 4-7) were found to be enriched in the character
istic mature crystalloid secretory granules (Fig. 2B). The inter
mediate fractions (Fig. 2C) appeared to contain a mixture o f  
different subcellular compartments, including mitochondria, 
endoplasmic reticulum and small granules. Fractions contain
ing peak plasma membrane and Golgi activities were devoid 
o f secretory granules and consisted o f numerous characteristic 
intact Golgi bodies and plasma membrane vesicles (Fig. 2D), 
which are typically produced by the use o f ball-bearing devices 
for homogenization o f cells (Balch and Rothman, 1985).

In conclusion, the subcellular fractionation technique that 
we have used generated a reproducible separation o f subcellu
lar organelles and resulted in the isolation o f a highly purified 
preparation o f secretory granules with little evident contami
nation by other structures. We have used this technique to 
survey proteins present in secretory granules as well as 
producing a generalised biochemical map o f protein expression 
throughout the eosinophil.

GTP-binding proteins
W e set out to determine the expression o f a panel o f het
erotrimeric and monomeric GTP-binding proteins in 
eosinophils, prompted by the knowledge that exocytosis in 
these cells can be initiated by GTF-y-S in the absence o f Ca^+ 
(Niisse et al., 1990). In addition, we were interested in knowing 
whether heterotrimeric GTP-binding proteins are expressed at 
detectable levels on the membranes o f eosinophil secretory 
granules, since these are known to be present on the granule 
membranes o f other secretory cells. To detect such proteins, 
antisera directed against peptide sequences common to 
subtypes o f GTP-binding proteins were collected from a 
number o f sources (described in Materials and Methods) and 
tested by immunoblotting procedures on eosinophils.

Three types o f eosinophil preparations were then screenjed 
for immunoreactive components by western blot analysis: 
whole eosinophils, crude eosinophil membranes prepared from 
high-speed centrifugation pellets o f sonicated postnuclear 
supernatant and purified secretory granules from Nycodenz 
separation (5-10 |ig  o f protein/well in mini-gel electrophor
esis). In all cases, positive controls o f both rat and guinea pig 
(and sometimes bovine) brain membranes (5 jig protein/well) 
were included to check for antibody reactivity. All antibodies 
which tested positive in eosinophils were then used again on 
subfractions to determine the intracellular location of 
immunoreactive proteins.

Fig. 3 shows a summary o f different subtypes o f het
erotrimeric G proteins detected in each eosinophil subfraction.
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ty starting on the left with fractions collected from the base of the 
is gradient and decreasing in density from left to right. Positions 
0 of fractions in this figure are equivalent to those shown in Fig. 
s 1. Slight variations in the rate of fraction collection resulted in 
c some displacement of peak plasma membrane activity from 
- experiment to experiment, due to differences in pumping speed 
: for fraction collection, although plasma membrane and Golgi

always sedimented at equivalent densities in all preparations.
Immunoreactivity to a subunits was mainly confined to 

fractions testing positive for plasma membrane and Golgi 
activities in the upper region of the gradient (fraction nos 13- 
18), while no reactivity could be detected in the denser 
secretory granules. In addition, Gtti was found in the fractions 
of intermediate density which are nearly devoid of plasma 
membrane or Golgi marker enzyme activities, suggesting the 
existence of a separate intracellular expression site for Gtti. 
Anti-Goqii and anti-Gtts recognised protein bands at approx
imately 43 kDa, while bands co-migrating with molecular mass 
markers of around 40 kDa were detected on blots incubated 
with antisera to Goco and all subtypes of Gttj. Antisera binding 
to Gttii and Gttz could not be detected in eosinophil extracts 
or subfractions. The primary locus of expression of Gocqii, 
Gets, Gtti3 and Goto subunits is likely to be the plasma

membrane; however, on the basis of our results we cannot 
exclude the possibility of these being similarly present in the 
Golgi membranes. Although the intensity of reaction depends 
upon the relative affinities of antibodies for their respective 
epitopes, it would appear that Gtti is the most abundant G 
protein a subunit present in eosinophils.
Antibody binding to a consensus sequence of peptides from 

[3 subunits was found to be more widespread than Got. We 
detected anti-(3 subunit binding in plasma membrane/Golgi 
fractions, intermediate fractions and also in the densest 
fractions containing secretory granules.
A number of rab proteins for which we tested, including 

rabl, rab2, rab4, rabl 1 were clearly positive (data not shown) 
giving reactions mainly in the plasma membrane and Golgi 
enriched fractions. Bands were detected in the range of 
molecular masses between 21 and 28 kDa for each rab protein. 
In blots incubated with rabl antibody, two protein bands 
migrating at different molecular masses were evident, probably 
corresponding to the isoforms of rabl A and rab IB. Antibody 
binding to rab6 was also detected in eosinophils, but the signal 
was much weaker and could only be detected in high speed 
membrane preparations. As little as 2 ng of recombinant rab 
protein loaded per well could be detected using this procedure.

Fig. 2. Electron m icroscope photographs o f  
guinea pig eosinophils and pellets from pooled  
fractions produced by subcellular fractionation. 
(A ) Purified guinea pig peritoneal eosinophils; (B) 
secretory granules (equivalent to fractions 4-7 in 
Fig. 1); (C) intermediate fractions (equivalent to 
fractions 9-13), show ing two sections taken from 
different regions in the same pellet; (D ) G olgi and 
plasma membranes (equivalent to fractions 14- 
17). Bars, 1 pm.

m
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Fig. 3. Heterotrimeric G protein expression across eosinophil 
subfractions. An equal volume from each fraction was subjected to 
SDS-PAGE. Protein loading ranged from 2.5-30 p.g/well, with 
maximum protein levels present in fractions 4-6 and 19-20. GTP- 
binding proteins were detected by western blotting on PVDF 
membranes and probed with immune sera as described in Materials 
and Methods. Denser fractions on the left contain secretory granules 
(nos 3-4), while lighter fractions contain Golgi and plasma 
membrane activities (nos 12-19). Specificity of antisera to G-protein 
subunits are indicated on the left and positions of molecular mass 
standards are shown on the right.

None of the rab proteins tested could be detected in the dense 
secretory granule fractions.

Using antibodies obtained from three independent sources 
we have been unable to detect any of the known Rab3 isoforms 
in eosinophils (Fig. 4). This finding was supported by western 
blotting results by an independent laboratory using anti- 
RabS(a-d) from yet another source (R. A. Chavez, personal 
communication). The control material, guinea pig or rat brain 
membranes, tested positive for Rab3 expression with each of 
the antibodies on all occasions. When purified eosinophil 
granules prepared from Nycodenz separation were mixed with 
guinea pig brain membranes and incubated on ice for 15 
minutes before western blot analysis, the reactivity of brain 
extracts with anti-Rab3(a-d) was not affected and so it is 
unlikely that the failure to detect rab3 immunoreactivity could 
be due to damage of the antigen by proteolytic enzymes 
contained in the granules.

The available antisera represent only a small and random 
sample of the rab family so in order to reveal the profile of 
small GTP-binding proteins we performed GTP-overlay assays 
on the subcellular fractions. As shown in Fig. 5, [^^PjGTP 
binding was clearly evident in fractions possessing peak 
secretory granule activity in the molecular mass range of 25- 
28 kDa (Fig. 5A). The majority of GTP-binding proteins were

2 8 -

18-
B

Fig. 4. Failure to detect Rab3 expression in extracts of eosinophils. 
Membrane extracts of guinea pig eosinophils (lane A), rat brain (lane 
B) and guinea pig brain (lane C) were separated by SDS gel 
electrophoresis and probed with an immune serum to detect rab3(A- 
D) proteins; 30 pg protein were loaded in each well. Approximate 
positions of molecular mass standards shown on the left.

found in intermediate and plasma membrane/Golgi fractions, 
with some differences in the pattern of relative molecular 
masses. Although the identity of secretory granule GTP- 
binding proteins remains to be elucidated it is clear that they 
differ from those present in the light membrane fractions. Fig. 
5B,C illustrates [^^PJGTP-binding to proteins prepared from 
light membranes (100x10^ g  pellet) and granules (10x10^ g 
pellet) and then separated by two-dimensional gel elec
trophoresis. The main component of the GTP-binding in the 
light membrane extract involves proteins which focus in the 
region pi 5.2 to pi 7.0; the granule derived GTP-binding 
proteins are mainly expressed in the region pi 5.2 to pi 5.8, 
with the region pi 6 to pi 8 relatively empty. In addition, the 
light membrane fraction especially, contains some acidic 
proteins in the region pl<4. A highly basic component, pi 8.5, 
is present in both fractions.

Synaptic vesicle fusion complex proteins
The ubiquity and functional homology of synaptic vesicle 
fusion complex proteins have generated the notion that a 
universal mechanism for secretion exists utilizing homologues 
of these proteins (Ferro-Novick and Jahn, 1994). We have 
investigated the possibility that these proteins may be 
expressed in eosinophils, which are specialised in regulated 
secretion. Antisera were collected from several sources and 
their optimal titres determined before testing on eosinophils as 
described above.

With the single exception of syntaxin-3 (result not shown), 
we have been unable to detect any of the components of the 
vesicle fusion complex in extracts prepared from eosinophils. 
Table 1 displays the list of results obtained with antisera 
specific for SNAP-25, synaptobrevin (VAMP-1, VAMP-2 and 
the non-neuronal homologue, cellubrevin), synaptophysin and 
synaptotagmin. Membranes from guinea pig brain and rat 
brain, prepared in a similar manner described for eosinophil 
membranes, consistently produced strong positive reactions 
with all the antisera tested (see Fig. 6) at equivalent protein 
concentrations to those used for eosinophil samples (5-10 pg 
protein/well in mini-gel electrophoresis).
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Table 1. Synaptic vesicle fusion complex proteins negative 
for detection in guinea pig eosinophils
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Fig. 5. [32p]GTP overlay of eosinophil subfractions. (A) Fractions 
were separated and analysed as described in the legend for Fig. 3, but 
instead of adding immune sera, blots were probed with 2 pCi ml“* 
[a-̂ 2p]GTP before analysis by phosphorescence imaging. The 
molecular masses of [̂ P̂]GTP-binding proteins detected are shown 
on the right. (B and C) Membrane pellets resulting from 
centrifugation at 10̂  g (B: light membranes) and 10"̂g (C: dense 
fraction, predominantly secretory granules) were extracted with 
NaiCOa followed by partition into the hydrophobic phase of Triton 
X-114 and then separated by two dimensional gel electrophoresis. 
The relative molecular masses and the pi values are shown.

We have checked and then rechecked the absence of cellu
brevin in these cells. We have used antibodies provided by four 
laboratories, one of which is a monoclonal raised against the 
recombinant protein, the others polyclonals raised against the 
conserved central region common to VAMP-1 and VAMP-2 
and cellubrevin. In these experiments, we extracted the 
membrane proteins from the isolated light membranes and the 
secretory granules by washing with 1 M NaiCOs (pH 11, 1 
hour at 4°C) followed by partition into the organic phase of 
Triton X-114 in order to concentrate up the proteins of 
relevance. Fig. 7A demonstrates positive immunoreactivity of 
the anti-cellubrevin serum (provided by T. Galli) against 
extracts o f mast cells (2x10^ cells) and RBL-2H3 (4x10^ rat 
basophilic leukaemia cells) as examples of cells having well 
established pathways for regulated secretion activated by 
guanine nucleotides (Gomperts, 1990) and CHO cells as an 
example of cells lacking a regulated secretory mechanism. No

A ntisera to protein S pecificity

rab3(a-d) R ecom binant protein
S N A P -25 Purified protein (am ino terminal)
C eliubrevin/synaptobrevin R ecom binant protein and com m on peptide
Synaptobrevin /V  A M P Peptide (am ino term inal)
Synaptophysin Peptide (cytop lasm ic dom ain)
Synaptotagm in Purified protein (ch ick  brain)

Sum m ary o f  im m unoblot analyses o f  synaptic ves ic le  fusion com p lex
proteins. T he specificity  o f  each antibody tested is also show n.

reactivity to cellubrevin was detectable in an extract prepared 
from 4x10^ eosinophils. The experiment illustrated in Fig. 7B 
was set up in order to test the lower limit of detection for cel
lubrevin reactivity using extracts (prepared as above) of CHO 
cells as a scale for calibration. Reactivity was detectable down 
to lO'̂  CHO cells and the antigen is well expressed in mast cells 
and RBL cells. None was detectable in extracts made up from 
up to 27x10^ eosinophils. Fig. 7C illustrates the result of an 
experiment in which we ran mixed extracts o f CHO cells 
(2x10^ cells) together with eosinophil extracts (2x10^ cells) in 
order to check the possibility that the antigen might be 
occluded or obscured on the Immobilon transfer membrane by 
the very profuse eosinophil granule ‘major basic protein’. 
(These two proteins have about the same mobility and the 
major basic protein tends to cause overload in this region on 
SDS gels.) This procedure also controlled against the pos
sibility of proteolysis by the eosinophil extracts. In these exper
iments we used a tricine gel system (Schagger and von Jagow,
1987) in order to improve the resolution in the relevant range 
for proteins of low molecular mass (14 kDa) and we also 
separated proteins by iso-electric focussing (data not shown) 
in order to shift the eosinophil basic proteins away from any 
cellubrevin reactivity. In no case did we ever obtain evidence 
for cellubrevin immunoreactivity in guinea pig eosinophils.

DISCUSSION

This paper describes a procedure in which eosinophils were 
purified from guinea pig peritoneum and their subcellular 
organelles isolated by equilibrium density centrifugation on a 
linear Nycodenz gradient. Although Golgi and plasma 
membranes could not be resolved, highly purified secretory 
granules were reproducibly obtained, allowing biochemical 
characterisation of proteins expressed in these organelles.

The aim of this investigation was to survey for potential key 
regulators of exocytotic secretion in a specialised secretory cell 
known to be responsive to activation of GTP-binding proteins 
in the late stages of the pathway. The eosinophil is a good 
example of this form of regulation, sharing with mast cells 
(Howell et al., 1987) and neutrophils (Cockcroft, 1991) the 
ability to undergo extensive degranulation in response to non- 
hydrolysable analogues of GTP in the absence of Ca^+ 
(Cromwell et al., 1991; Lindau and Gomperts, 1991) and has 
the virtue for biochemical work of being available in large 
quantities from suitably primed animals (up to 2x10^ 
cells/animal). Because we wanted to concentrate attention par-
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Fig. 6. Apparent absence of synaptotagmin and synaptophysin in 
eosinophils. In both blots, lane A contains purified eosinophil 
secretory granules, lane B, rat brain membranes and lane C, guinea 
pig brain membranes (5 |ig protein/well loaded for each sample). 
(A) Anti-synaptotagmin binding, (B) anti-synaptophysin binding. 
Each blot shows positions of molecular mass standards on the left 
and the antibody-specific protein on the right.

ticularly on the dense granule fraction, we chose to use 
Nycodenz as the material to form density gradients. This is a 
non-ionic tri-iodinated material which, unlike some other 
density gradient media commonly used for isolating subcellu
lar organelles (e.g. sucrose), exhibits relatively low tonicity 
and low viscosity throughout the gradient (Rickwood, 1993).

In this study, we have probed for three main classes of 
proteins implicated in regulated exocytosis in eosinophils: (1) 
a  and P subunits of heterotrimeric G proteins; (2) monomeric 
GTP-binding proteins; and (3) proteins homologous to those 
of the synaptic vesicle fusion complex. The a  subunits of het
erotrimeric G proteins found are those belonging to the 
subtypes of Gi, Go, Gq and Gs and, unlike a number of other 
secretory cell types, their expression appears to be confined to 
fractions containing light membranes (plasma membrane and 
Golgi). That the a  subunits belonging to the Gi subclass are 
apparently the most abundant species is in agreement with
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Fig. 7. Immunoblots prepared from tricine gels showing the failure 
to detect cellubrevin in guinea pig eosinophils. (A) Immunoreactivity 
to cellubrevin at molecular mass 14 kDa in (1) CHO cells (from left 
to right, three lanes loaded with extracts of 1x10̂  2x10̂  and 2x10̂  
cells); (2) RBL cells (4x10̂  cells, both lanes); (3) eosinophils 
(27x10̂  cells, two lanes); (4) mast cells (2x10̂  cells, both lanes). 
Extracts were prepared by treatment of cell membranes with NasCOg 
followed by partition into the hydrophobic phase of Triton X-114.
No immunoreactivity was detectable in extracts prepared from 
guinea pig eosinophils. (B) Serial dilutions of CHO cells. Loading:
(1) 9,600; (2) 48,000; (3) 240,000; (4) and (5) 1-2x10̂  cells.
(C) Illustration of the persistence of cellubrevin immunoreactivity in 
mixed extracts of CHO cells and eosinophils. (1) 2x10̂  eosinophils;
(2) 2x10̂  CHO cells; (3) eosinophils plus CHO cells (2x10*’ each).

observations on human eosinophils (Agrawal et al., 1992). In 
other secretory cells such neutrophils (Rotrosen et al., 1988; 
Volpp et al., 1989) chromaffin cells (Toutant et al., 1987), 
parotid cells (Watson et al., 1992) and pancreatic acinar cells 
(Schnefel et al., 1992) G-protein a-subunits have been reported 
to be associated with the secretory granule membranes, though 
in most cases it has not been determined whether these exist 
in association with Py subunits. For the secretory granules of 
adrenal chromaffin granules and the small synaptic vesicles of 
rat brain, Gott has been shown to exist as a fully functional het
erotrimeric complex (Ahnert-Hilger and Wiedenmann, 1994). 
For the eosinophils we have the situation that while a-subunits 
are seemingly absent at this location, P-subunits are clearly 
expressed. Although we did not probe specifically for y- 
subunits, it may be inferred that they are also present since they 
are known to provide the membrane anchor for the p-subunits 
(Stemweis, 1986; Muntz et al., 1992), It could of course be 
argued that the finding of GP in secretory granules represents 
contamination by plasma membrane and Golgi-derived 
material, but the absence of a  subunit detection in these 
fractions must dispute this possibility.

Heterotrimeric G proteins have been implicated as regu
lators of the final step of exocytotic fusion in mast cells 
(Gomperts, 1990) and recently two candidates have emerged 
which may fulfil different roles for the hypothetical exocytotic 
G protein, Ge- These are Gais, which may act as a stimulatory 
form of Ge in rat mast cells (Aridor et al., 1993) and GOo, 
which has been proposed to act as an inhibitory Ge in bovine 
adrenal chromaffin cells (Vitale et al., 1993). Our work reveals 
the presence of both of these in eosinophils, although it remains 
to be seen what function (if any) they may serve in the final 
steps of regulated secretion. The exclusive expression of a  
subunits in the plasma membrane/Golgi fractions presents an 
interesting possibility in which Ge may mediate exocytotic 
fusion from the cytoplasmic face of the plasma membrane, 
possibly after granule docking. Indeed, this is supported by 
observations that secretion induced by the receptor-mimetic 
compound 48/80 is unaffected in brefeldin A-treated mast 
cells; anti-Gai3 immunofluorescence revealed the absence of 
staining in Golgi-associated (and possibly other internal com
partments) in treated cells while staining in the plasma 
membrane was unaffected (Aridor et al., 1993).

In the search for monomeric GTP-binding proteins, we were 
unable to detect any proteins belonging to the Rab3 family, 
suggested as important regulators of exocytosis in rat mast 
cells which express Rab3b and d (Oberhauser et al., 1994). 
Rab3a appears to act as a negative regulator of secretion when 
overexpressed in other cell types (Holz et al., 1994; Johannes 
et al., 1994). The sensitivity of the detection system in our 
work was confirmed by parallel tests with recombinant 
proteins, of which as little as 2 ng could easily be detected. The 
absence of Rab3(a-d) immunoreactivty in eosinophils is not 
due to species difference, since guinea pig brain tested positive 
for this protein. Furthermore, the reactivity of the brain extracts 
survived when mixed with eosinophil granules. The apparent 
absence (or very low expression) of Rab3 in eosinophils is 
supported by the findings of others (Aizawa et al., 1992), who 
were unable to find any appreciable expression of mRNA 
encoding smg p25A (Rab3a) by northern blot analysis in 
guinea pig (and also human) eosinophils. Our results are also 
supported by western blot analysis of human eosinophils,
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showing no apparent Rab3 expression (N. Thompson and R. 
Solari, unpublished results). A role for Rab3 in secretion has 
been implicated in numerous experiments using synthetic 
peptides of the effector domain o f Rab3, such as Rab3AL, in 
permeabilized cells, although the stimulatory effects of  
scrambled Rab3AL have cast doubt on the interpretation o f  
these results (MacLean et al., 1993). Indeed, Rab3a is no 
longer regarded as an essential mediator o f exocytotic fusion 
in neuronal tissue and instead appears to be involved at the 
earlier step o f recruitment o f synaptic vesicles for exocytotic 
fusion in results from Rab3a-deficient mice (Geppert et al., 
1994).

Finally, with the single exception o f syntaxin-3, we have 
been unable to detect antibody reactivity for any o f the com 
ponents o f the synaptic vesicle fusion com plex recently 
described (Sollner et al., 1993) or the ‘synaptosecretosome’ 
identified by isolation o f a-latrotoxin receptor binding 
complexes (O’Connor et al., 1993). Even cellubrevin, which 
has so far been suggested to be a ubiquitous non-neuronal 
homologue o f synaptobrevin (McMahon et al., 1993), could 
not be detected. Apart from the simple conclusion that these 
proteins are absent, there are three other reasons which could 
explain why we have failed to detect them: (1) copy numbers 
could be vanishingly low - but this must prompt questions 
about how fusion events can be possible with so few vesicular 
binding sites available. It would necessitate rotation o f the 
granule or transverse movement o f the protein in the lipid 
bilayer of the granule membranes to enable effective contact 
with the inner leaflet o f the plasma membrane in order to 
proceed with docking and fusion. Exocytosis would then be 
grossly limited by the dimensions o f the granule, which in 
eosinophils is rather large (up to 2 |im  in diameter; Lindau et 
al., 1993); (2) the antibodies, mainly raised against proteins o f  
neuronal origin, may not recognise their non-neuronal coun
terparts; or (3) a combination o f the above two reasons, 
namely, low copy numbers and low affinity o f the antibody- 
antigen reaction. Although we were unable to calibrate the sen
sitivity o f the system by the use o f purified or recombinant 
fusion complex proteins, we estimate that we would have 
detected amounts as low as 2 ng (i.e. this amount o f the recom
binant rab proteins was easily detectable by ECL and assuming 
equivalent antibody affinity). This would represent about 
1/2,500 o f the cellular protein loaded in each w ell from 
eosinophil membrane extracts (generally 5 pg or more). 
Therefore, it should have been possible to detect protein 
epitopes even if  the protein is present at 1/40 o f the levels 
found in brain tissue, as in the case o f some synaptic vesicle 
fusion proteins in bovine adrenal chromaffin cells (R. D. 
Burgoyne, personal communication). This argument also 
applies to other proteins which could not be detected in the 
secretory granule membranes o f eosinophils.

Although it is intended to continue testing further antibodies 
submitted for this study and a cDNA library from eosinophils 
will be screened for appropriate messengers, it is now being 
seriously considered that the proteins regulating and determin
ing the exocytotic fusion mechanism in eosinophils (and, by 
implication, probably also in mast cells, neutrophils, etc.) 
might be very different from those that control similar events 
in neural and several endocrine tissues. Unlike many other 
secretory tissues, the terminal events in eosinophils are 
probably regulated by GTP-binding proteins o f both the het

erotrimeric and monomeric families (Niisse et al., 1990; 
Cromwell et al., 1991; Aizawa et al., 1992). The role o f Ca^+ 
is probably upstream, acting to regulate the guanine nucleotide 
exchange (Lillie and Gomperts, 1992a,b). For now, the 
challenge is to discover alternative proteins which could 
mediate exocytosis in this important class o f  cells, which 
includes mast cells, neutrophils and lymphocytes.
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The rat basophilic leukaemia (RBL) cell line has been widely 
used as a convenient model system to study regulated secretion 
in mast cells. Activation of these cells through the high-affinity 
receptor for IgE (Fce-RI) results in degranulation and the 
extracellular release o f mediators. There is good evidence of a 
role for GTPases in mast cell degranulation, and a number of 
studies with peptides derived from the RabSa effector domain 
have suggested that Rab3a may function in this process. However, 
in neuroendocrine cells, overexpression of Rab3a can act as a 
negative regulator o f stimulated exocytosis [Holz, Brondyk, 
Senter, Kuizon and Macara (1994) J. Biol. Chem. 269, 10229- 
10234; Johanes, Lledo, Roa, Vincent, Henry and Darchen (1994) 
EMBO J. 13, 2029-2037). In order to study the function of 
Rab3a in RBL degranulation, we have generated clones of RBL 
cells stably expressing Rab3a, and show that in these haemato

poietic cells Rab3a can also function as a negative regulator 
of exocytosis. Overexpression of a mutant form of Rab3a (Asn- 
135 to He), which is predicted to be predominantly GTP-bound, 
also inhibited degranulation. However, overexpression o f a 
mutant form of Rab3a that was truncated at the C-terminus to 
remove the sites for geranylgeranylation failed to inhibit 
degranulation. The effect o f Rab3a is specific to secretion, and 
we observe no effect o f Rab3a on receptor-mediated endocytosis. 
The Rab3a-induced block in degranulation can be bypassed by 
stimulation of streptolysin-O-permeabilized cells with guanosine 
5'-[y-thio]triphosphate. We conclude from these studies that 
Rab3a is implicated in an early stage of granule targeting, 
whereas fusion of granules with the plasma membrane is 
regulated by a distinct downstream GTP-binding protein or 
proteins.

INTRODUCTION

Regulated secretion is an essential process in neuronal com
munication, the control o f glucose uptake and the release of 
hormones and digestive enzymes. In addition to these processes, 
it is o f fundamental importance to host defence mechanisms, 
which include the immune system, haemostasis and inflam
mation. One o f the primary functions of many haematopoietic 
cell lineages is to release preformed mediators upon activation by 
specific stimuli. Despite the central importance o f regulated 
secretion to the effective functioning of granulocytes, relatively 
little is known about the mechanism of exocytosis when compared 
with cells o f the neuroendocrine system. A combination o f yeast 
genetics and biochemical in vitro assays that reconstitute vesicle 
fusion have provided a powerful mechanistic working model for 
how the secretory pathway operates. This ‘SNARE’ hypothesis 
seeks to provide a model to explain protein transport between 
membrane compartments in the cell, and appears to relate to 
both the constitutive and regulated secretory pathways [1-4]. 
One molecular component of the vesicle budding and fusion 
process is a large family o f small GTP-binding proteins known as 
the Rabs [5-8]. Members of the Rab family, of which there are 
approximately 30, are thought to regulate the docking and 
possibly fusion o f transport vesicles with their specific target 
membrane. A number of different Rabs have been shown to have 
specificity in terms of both their tissue distribution and within the

cell, where they are known to be localized to specific intracellular 
organelles. Based on the organelle-specific distribution of Rabs, 
it has been suggested that they may regulate in some way the 
fidelity of vesicular traffic within the cell. Functional studies in 
both yeast and mammalian cells have largely confirmed the role 
of Rabs as one of the key regulators of specific vesicle traffic
[9,10].

In the regulated secretory pathway, there is substantial evi
dence that members o f the Rab3 family play an important role 
in vesicle docking and/or fusion with the plasma membrane [11]. 
The Rab3 family has at present four members: Rab3a, b, c and 
d. These four proteins share between 77 and 85 % amino acid 
identity and appear to be localized to secretory vesicles involved 
in regulated exocytosis. Rab3a is the most abundant member of 
the family and is predominantly expressed in neuronal and 
neuroendocrine tissues. The exact tissue distributions and func
tions o f all four members are not known, and many cell types 
express more than one Rab3 isotype [11,12]. Despite considerable 
circumstantial evidence implicating the Rab3 family in regulated 
exocytosis, there is still little clear evidence for their mode of 
action. In a number of cells that perform regulated secretion, 
including mast cells, a peptide corresponding to the effector 
domain o f Rab3a has been shown to stimulate exocytosis, 
suggesting that Rab3a functions to activate secretion [13-19]. 
Experiments in which an antisense RNA to Rab3b was micro
injected into anterior pituitary cells have demonstrated that the

A bbreviations u sed : RBL cells, rat b asophilic  leukaem ia cells; S L -0 , strep to lysin -0 ; wt-3a, wild-type R ab3a; N 135l-3a, site-d irected  m utant of R ab3a  
with A sn -135 c h a n g e d  to lie; ACAC-3a, truncated m utant of R ab3a w hich h a s  the C-terminal se q u e n c e  Cys-A la-C ys rem oved; DNP, din itrophenol; 
KLH-DNP, keyhole-lim pet h a em ocyan in  con ju gated  to DNP; GTP[S], g u a n o s in e  5 '-[y -th io ]tn p h osp h ate.

Î  To w hom  co rr esp o n d e n ce  sh ou ld  be a d d essed .
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The rat basophilic leukaemia (RBL) cell line has been widely 
used as a convenient model system to study regulated secretion 
in mast cells. Activation o f these cells through the high-affinity 
receptor for IgE (Fce-RI) results in degranulation and the 
extracellular release o f mediators. There is good evidence of a 
role for GTPases in mast cell degranulation, and a number of 
studies with peptides derived from the Rab3a effector domain 
have suggested that Rab3a may function in this process. However, 
in neuroendocrine cells, overexpression of Rab3a can act as a 
negative regulator of stimulated exocytosis [Holz, Brondyk, 
Senter, Kuizon and Macara (1994) J. Biol. Chem. 269, 10229- 
10234; Johanes, Lledo, Roa, Vincent, Henry and Darchen (1994) 
EMBO J. 13, 2029-2037]. In order to study the function of 
Rab3a in RBL degranulation, we have generated clones of RBL 
cells stably expressing Rab3a, and show that in these haemato

poietic cells Rab3a can also function as a negative regulator 
of exocytosis. Overexpression of a mutant form of Rab3a (Asn- 
135 to He), which is predicted to be predominantly GTP-bound, 
also inhibited degranulation. However, overexpression o f a 
mutant form of Rab3a that was truncated at the C-terminus to 
remove the sites for geranylgeranylation failed to inhibit 
degranulation. The effect o f Rab3a is specific to secretion, and 
we observe no effect o f Rab3a on receptor-mediated endocytosis. 
The Rab3a-induced block in degranulation can be bypassed by 
stimulation of streptolysin-O-permeabilized cells with guanosine 
5'-[y-thio]triphosphate. We conclude from these studies that 
Rab3a is implicated in an early stage o f granule targeting, 
whereas fusion of granules with the plasma membrane is 
regulated by a distinct downstream GTP-binding protein or 
proteins.

INTRODUCTION

Regulated secretion is an essential process in neuronal com
munication, the control o f glucose uptake and the release of 
hormones and digestive enzymes. In addition to these processes, 
it is o f fundamental importance to host defence mechanisms, 
which include the immune system, haemostasis and inflam
mation. One o f the primary functions of many haematopoietic 
cell lineages is to release preformed mediators upon activation by 
specific stimuli. Despite the central importance of regulated 
secretion to the effective functioning of granulocytes, relatively 
little is known about the mechanism of exocytosis when compared 
with cells o f the neuroendocrine system. A combination o f yeast 
genetics and biochemical in vitro assays that reconstitute vesicle 
fusion have provided a powerful mechanistic working model for 
how the secretory pathway operates. This ‘SNARE’ hypothesis 
seeks to provide a model to explain protein transport between 
membrane compartments in the cell, and appears to relate to 
both the constitutive and regulated secretory pathways [1-4]. 
One molecular component o f the vesicle budding and fusion 
process is a large family of small GTP-binding proteins known as 
the Rabs [5-8]. Members o f the Rab family, o f which there are 
approximately 30, are thought to regulate the docking and 
possibly fusion o f transport vesicles with their specific target 
membrane. A number of different Rabs have been shown to have 
specificity in terms of both their tissue distribution and within the

cell, where they are known to be localized to specific intracellular 
organelles. Based on the organelle-specific distribution of Rabs, 
it has been suggested that they may regulate in some way the 
fidelity o f vesicular traffic within the cell. Functional studies in 
both yeast and mammalian cells have largely confirmed the role 
of Rabs as one o f the key regulators o f specific vesicle traffic
[9,10].

In the regulated secretory pathway, there is substantial evi
dence that members of the Rab3 family play an important role 
in vesicle docking and/or fusion with the plasma membrane [11]. 
The Rab3 family has at present four members; Rab3a, b, c and 
d. These four proteins share between 77 and 85 % amino acid 
identity and appear to be localized to secretory vesicles involved 
in regulated exocytosis. Rab3a is the most abundant member of 
the family and is predominantly expressed in neuronal and 
neuroendocrine tissues. The exact tissue distributions and func
tions of all four members are not known, and many cell types 
express more than one Rab3 isotype [11,12]. Despite considerable 
circumstantial evidence implicating the Rab3 family in regulated 
exocytosis, there is still little clear evidence for their mode of 
action. In a number of cells that perform regulated secretion, 
including mast cells, a peptide corresponding to the effector 
domain o f Rab3a has been shown to stimulate exocytosis, 
suggesting that Rab3a functions to activate secretion [13-19]. 
Experiments in which an antisense RNA to Rab3b was micro
injected into anterior pituitary cells have demonstrated that the

A bbreviations u sed : RBL cells, rat b asophilic  leukaem ia cells; S L -0 , s trep to lysin -0; w t-3a, wild-type R ab3a; N135!-3a, s ite-d irected  m utant of R ab3a  
with A sn -135 ch a n g e d  to lie; ACAC-3a, truncated m utant of R ab3a w hich h a s  the C-terminal seq u e n c e  Cys-A la-C ys rem oved; DNP, din itrophenol; 
KLH-DNP, keyhole-lim pet h aem o cy a n in  con ju gated  to DNP; GTP[S], g u a n o s in e  5 '-ly-th io]tr iph osph ate. 

f  To w hom  c o r resp o n d e n c e  shou ld  be a d d essed .
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decrease in Rab3b expression was correlated with an inhibition 
of exocytosis [20], and studies in which Rab3b was overexpressed 
in PCI2 cells showed that noradrenaline exocytosis was greatly 
enhanced [21]. However, not all evidence is consistent with this 
active function for Rab3. Studies with transgenic mice in which 
the Rab3a gene was knocked out showed that expression of this 
protein was not essential for synaptic vesicle exocytosis [22], and 
overexpression of Rab3a in neuroendocrine cells appeared to 
have a suppressive effect on regulated secretion [21,23,24],

Our main interest is in the study of granulocyte exocytosis, and 
we use the rat basophilic leukaemia (RBL) cell line as a convenient 
model. This cell performs regulated exocytosis o f 5-hydroxy- 
tryptamine (serotonin) and hexosaminidase in response to cross- 
lin in g  of cell-surface IgE receptors. It is not known which Rab3 
isotypes are expressed in RBL cells, although a PCR-based study 
suggested that the predominant isotypes expressed in rat per
itoneal mast cells are Rab3b and Rab3d [25]. However, despite 
a concerted effort, we have been unable to obtain Rab3 clones by 
hybridization o f an RBL cDNA library [26]. Nevertheless, we 
wished to determine the effects of Rab3a overexpression in RBL 
cells for two reasons. Firstly, a previous study has shown that 
Rab3a effector domain peptides were capable of inducing mast 
cell degranulation [13], suggesting a possible role for Rab3a in 
these cells. Secondly, and most significantly, the RBL cell 
provides a convenient and experimentally tractable system for 
the study of Rab3a function. The various stages of regulated 
exocytosis from receptor activation to granule-plasma-mem- 
brane fusion are amenable to biochemical analysis, and this has 
allowed us to define a step at which Rab3a is functioning prior 
to granule-plasma-membrane fusion. From our studies we 
conclude that there is a GTP-dependent step downstream of 
Rab3a that is required for granule-plasma-membrane fusion.

MATERIALS AND METHODS 

M ateria ls
All materials were obtained from the following suppliers unless 
specifically stated otherwise. Chemicals were obtained from 
Sigma (Poole, Dorset, U.K.), cell culture reagents from HyClone 
and molecular biology reagents from Pro mega. The 9E10 anti- 
Myc monoclonal antibody was purchased from Babco (Berkley 
Antibodies), the anti-Rab3 antibody (clone 42.1; anti-Rab3a/ 
b/c) was purchased from Dr. R. Jahn (Yale University School of 
Medicine), and the anti-phosphotyrosine monoclonal antibody 
(clone 4010) was from Upstate Biotech Inc.

cDNA clon in g
A cDNA clone for rat rab3a was generated by PGR as 
follows. Rat brain poly(A)+ mRNA (Clontech) was reverse- 
transcribed into cDNA using a reverse transcriptase kit according 
to the manufacturer’s instructions (Promega). The cDNA was 
amplified by PCR with primers designed from the published 
sequence for rat rab3a, and the PCR product was cloned into the 
pCRscript vector (Stratagene). The 5' sequence of the rab3a 
insert was modified by single-stranded overlap extension PCR, 
which incorporated an Ndel site in-frame over the initiating 
methionine. The rab3a cDNA was excised from the pCRscript 
vector by digestion with Ndel and Xhol and cloned into a 
modified pBK-RSV vector (Stratagene). The pBK-RSV vector 
was modified by insertion of an oligonucleotide cassette con
taining a Kozak sequence followed by an initiating methionine 
and then a sequence encoding the c-Myc epitope, recognized by 
the 9E10 antibody (-EQKLISEEDL-). This cassette was flanked 
by unique restriction sites, a Notl site at the 5' end and an Ndel

site at the 3' end. This recombinant phagemid vector was termed 
pBKCmyc, and cloning inserts into the Ndel site added an in
frame Myc-tag to the extreme N-terminus of the encoded protein 
sequence. The Asn-135 to He mutation (N135I) was generated by 
sequence overlap extension PCR using an overlapping pair of 
primers that both encoded the base pair change: 5' CTGGTG- 
GGGX/ICAAGTGCGAC 3' (Asn-135); 5' CTGGTGGGG/1T- 
CAAGTGCGAC 3' (He-135 sense primer); 5' GACCACCCC- 
T/4GTTCACGCAG 3' (He-135 antisense primer).

A truncated form of Rab3a was produced by removal of the 
three C-terminal amino acids, Cys-Ala-Cys (ACAC). The ACAC 
mutant was made by amplification of a rab3a cDNA template 
using a 3' antisense primer in which the codons for Cys-Ala-Cys 
were replaced by two stop codons and a Smal site as follows: 
5' TCCCCCGGGTTATACATCCTGATGAGGTGGTGC 3'. 
The truncated Rab3a cDNA PCR product was cloned into the 
pCRscript vector then subcloned into the pBKCmyc vector 
using the Ndel and Smal sites.

A cDNA clone for human Rac2 was obtained by screening a 
human eosinophil cDNA library and subcloned into the 
pBKCmyc vector as described above.

All cDNA clones were checked by double-stranded sequencing 
using standard protocols.

T ransfection  and g en era tio n  of s ta b le  c e ll lin es
RBL.2H3 cells (hereafter called RBL cells) were transfected by 
electroporation using a Bio-Rad GenePulser as follows. Cells 
were trypsinized, washed once in complete medium [RPMI 1640, 
10% (v/v) foetal calf serum, 2 mM glutamate] and once in 
serum-free complete medium, and then resuspended at a density 
of 10’ cells in 0.4 ml of RPMI 1640 and placed in an electro
cuvette with 20 /ig o f plasmid prepared using QIAGEN Mega- 
prep columns as described by the manufacturer’s protocol. After 
incubation at 4 °C for 10 min, the cells were electroporated at 
250 mV/960 //F and then incubated again at 4 °C for 10 min. 
The cells were washed in 10 ml of warm complete medium and 
then transferred to tissue culture flasks and incubated at 37 °C. 
After 24 h, the cells were washed and incubated with fresh 
medium containing 1 mg/ml G418 (Gibco-BRL). Control trans
fections were performed either with no plasmid (mock trans
fections) or with the pBKCmyc plasmid containing no cDNA  
insert (vector controls). Transfected cells were incubated for a 
period of approx. 3 weeks in G418-containing medium, by which 
time the mock-transfected cells had all died. Single-cell cloning of 
stable cell lines was performed in two rounds. The first round 
was by using cloning rings, and the second round was by limiting 
dilution in Terasaki plates (Nunc).

A n alysis of se c r e tio n  and e n d o c y to s is
Degranulation of RBL cells was quantified by release of the 
enzyme hexosaminidase. Release was always measured as a 
percentage of the total cellular content of the enzyme, which was 
determined by lysis of the cells in 0.1% Triton X-100. For 
antigen stimulation, the cells were seeded into 96-well plates at a 
density of 50000 cells per well in RPMI medium containing 10 % 
foetal calf serum and 1 /*g/ml anti-dinitrophenol (DNP) IgE 
(Sigma clone SPE-7), and incubated overnight. The adherent 
cells were washed in PBS prior to addition of 100 [i\ of K LH - 
DNP antigen (keyhole-limpet haemocyanin conjugated to DNP; 
usually at 1 //g/ml final concentration) in Phenol Red-free RPMI 
containing 1 mg/ml BSA and 2 mg/ml glucose. The cells were 
stimulated for various periods of time prior to the removal of 
50 /d of cell supernatant for quantification of hexosaminidase
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release. In order to determine the level of hexosaminidase release 
in unstimulated controls, all steps were identical to the above 
with the omission of the KLH-DNP antigen. To determine the 
total cellular content o f hexosaminidase, 100 fâ of Phenol Red- 
free RPMI containing I mg/ml BSA, 2 mg/ml glucose and 0.1 % 
Triton X-100 was added to the wells.

To determine the hexosaminidase enzyme activity, 50 /d of cell 
supernatant or 50 fi\ of cell lysate was added to 50 /d of substrate 
in a 96-well plate, and the reaction was allowed to proceed for 3 h 
at 37 °C. The substrate was 2 mM /?-nitrophenyl A^-acetyl-o- 
glucosaminide in 0.2 M citrate buffer, pH 4.5. The reaction was 
stopped by the addition of 150 ;tl of I M Tris buffer, pH 9.0, and 
the absorbance was read at 405 nm on a Molecular Devices 
ThermoMax plate reader against a substrate/buffer blank.

To measure receptor-mediated endocytosis, anti-DNP IgE 
(Sigma; clone SPE-7) was conjugated to the Cy5 fluorescent dye 
using a Fluorolink antibody labelling kit (Biological Detection 
Systems Inc., Pittsburg, PA, U.S.A.) according to the manufac
turer’s instructions. Conjugation of Cy5 to the IgE resulted in 
cross-linking of the IgE, as determined by liquid chromatography 
(results not shown). RBL cells were grown in chamber slides 
(Nunc) and incubated at 4 °C for 2 h in the dark with the Cy5- 
conjugated IgE at a concentration of 10/&g/ml. Unbound 
Cy5-IgE was washed with ice-cold medium prior to warming the 
cells to 37 °C for various periods of time. The time course was 
terminated by removal o f the culture medium and the addition of 
fixative (3.7 % formaldehyde in phosphate buffer). The fixed cells 
were washed three times, mounted and analysed by scanning 
laser confocal microscopy using a Leica TCS4D microscope with 
the 63 X objective, which revealed about 20 cells per field. The z 
plane of the microscope was adjusted to take images through the 
centres of the cells, and the pinhole was adjusted to give confocal 
sections about 0.4 [im thick. For each time point the microscope 
captured images of the Cy5 fluorescence at 647 nm excitation 
and 680 nm emission. The images were transferred to a Leica 
Q500MC image analyser in order to automatically count the 
number of Cy5-fluorescent endosomes per cell. The fluorescence 
was detected from the background by grey thresholding in the 
image analyser, and the resulting binary image was edited where 
necessary so that only vesicles were present in the binary image. 
The number of vesicles per microscope field was then counted 
automatically by the image analyser, and the number o f cells per 
microscope field was counted interactively.

D egranulation  o f s tr e p to ly s in -0  (SL -O )-perm eabiiized  c e ils
RBL cells were plated into 96-well plates on the day preceding 
the degranulation experiment, at an appropriate density to give 
50-70 % confluence by the following day. On the morning of the 
experiment, the ccHs were washed with Pipes/Cl buffer (50 mM 
KCl, 50 mM NaCI, 2 mM MgCl^, 20 mM Pipes, 1 mg/ml BSA, 
pH 6.8) and placed on ice. To each well was immediately added 
50 [i\ o f ice-cold Pipes/Cl buffer containing 0.5 unit/ml SL-O 
(Murex). After an 8 min preincubation on ice to allow the 
SL-O to bind, the cells were washed twice with ice-cold Pipes/CI 
buffer to remove unbound SL-O and contaminants in the SL-O 
solution. Still on ice, stimulation buffers were added to the 
appropriate wells.

Different calcium concentrations were achieved by using 
calcium/EGTA I iffers at a final concentration of 3 mM EGTA 
in Pipes/Cl buffer supplemented with 5 mM ATP. A range of  
guanosine 5'-[y-fhio]triphosphate (GTP[S]) concentrations was 
obtained by diluting a 100 mM stock of GTP[S] (Gibco-BRL) in 
Pipes/CI buffer supplemented with 5 mM ATP. To obtain values 
for 100% secretion, 1 ”o Triton X-100 was added to some wells.

QrF '< X x jr d ‘ -  3.>=v

Cells were placed in a water bath at 37 °C to trigger the 
permeabilizing activity of SL-0 and to allow entry of the 
secretogogues. Exocytosis was terminated after 20 min by ad
dition of 100 /d of 95.6 mM EDTA. The 96-well plates were then 
centrifuged at 5000 g  for 5 min to pellet any detached cells. 
Samples of 50 /d o f supernatant from each well were transferred 
to a clean black 96-well microtitre plate, to which was added 
50 ji\ o f the fluorogenic hexosaminidase substrate 4-methyl- 
umbelliferyl A-acetyl-D-glucosaminide in citrate buffer, pH 4. 
The plate was incubated at 37 °C for 2 h before the reaction was 
terminated by the addition of 300 /tl o f 0.2 M tris(hydroxy- 
methyl)methylamine. Fluorescence was measured by excitation 
at 355 nm and emission at 460 nm in a microtitre plate fluori- 
meter.

A nalytica l tech n iq u es
SDS/PAGE was performed using precast gels (Novex) and 
proteins were transferred to nitrocellulose filters electro- 
phoretically by standard techniques. For Western blotting, 
nitrocellulose filters were first incubated in blocking buffer [PBS, 
0.1 % Tween-20 and 5% (w/v) freeze-dried milk powder] prior 
to incubation with specific primary antisera. Filters were washed 
four times in PBS containing 0 .1 % Tween-20, followed by 
incubation with a goat anti-mouse second antibody conjugated 
to horseradish peroxidase. After washing, the blots were revealed 
using the ECL reagent as directed by the manufacturer (Amer
sham International).

RESULTS 

G eneration  of RBL c e ll lin e s  s ta b ly  ex p r e ss in g  R abSa
A cDNA clone for rat Rab3a was generated by PCR and cloned 
into a modified pBK-RSV expression vector. The cloning strategy 
introduced a 10-amino-acid tag at the extreme N-terminus of the 
reading frame, corresponding to the c-Myc epitope that is 
recognized by the 9EI0 monoclonal antibody. Two variants of 
the wild-type Rab3a clone (wt-3a) were produced by mutagenesis. 
The first mutant converted Asn-135 to He (NI35I-3a), which is 
analogous to codon 116 in Ras. Based on biochemical studies, 
this mutant form of Rab3a was expected to act in a dominant 
fashion, i.e. to be predominantly GTP-bound in vivo [27]. The 
second mutant removed the C-terminal tripeptide -Cys-Ala-Cys 
(ACAC-3a), which is the site for post-translational modification 
by geranylgeranylation [28]. As an additional control, we also 
cloned human Rac2 into the Myc-tagged expression vector.

RBL cells were transfected by electroporation with vectors 
containing cDNAs for wt-3a, NI35I-3a, ACAC-3a or Rac2 and, 
as controls, were also either transfected with an empty vector or 
mock-transfected with no vector at all. The transfected cells were 
selected in G4I8 for approx. 2 weeks, by which time the mock- 
transfected cells had all died, and were then analysed for their 
ability to degranulate following the cross-linking of high-affinity 
IgE receptors (Fce-RI). Our preliminary findings were that RBL 
cells transfected with wt-3a and N135I-3a were impaired in their 
ability to degranulate following antigenic stimulation, whereas 
cells transfected with ACAC-3a, Rac2 or the empty vector all 
degranulated similarly to untransfected controls (Table I). In all 
cases, protein expression was confirmed by Western blotting 
(results not shown).

Following these initial studies, we proceeded to generate single
cell clones from the mixed population o f RBL cells transfected 
with wt-3a (clones called RBL.wt-3a). Six clones were isolated, 
and expression of the Myc-tagged wt-3a was confirmed by 
probing Western blots of cell extracts with the anti-Myc (9EI0)
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Table 1 Degranulation of RBL cells expressing RabSa

RBL cells w ere transfected  with exp ressio n  vectors encoding wt-3a, A CAC-3a, N 135l-3a and 
wild type Rac2 (wt-rac2). Also included w ere u ntranstected  RBL cells (Control) and cells 
transfected  with an  em pty  exp ress io n  vector (Vector). The cells w ere preincubated  with IgE anti- 
DNP and sub seq u en tly  triggered  to d egranu late  by the addition of the cross-linking  reagen t 
K LH -D N P. The resu lts  show  degranulation, ex p re ssed  a s  a  percen tag e of the  total cellular 
h ex osam in id ase  re leased  (m e a n s +  S.D. of q uadruplicate  determ inations), with and  without the 
addition  of K LH -D N P antigen.

Cell type K L H -D N P antigen D egranulation (%)

Control -1- 4 5.4  ± 1 . 9
— 2.4 ± 0 . 2

Vector - f 35.4  ± 0 . 7
— 1 .7 ± 0 .1

wt-3a -1- 1 0.2  ± 0 . 4
— 1.6  ± 0 .1

N135l-3a + 1.9  ± 0 . 2
— 1.6  ± 0 .1

ACAC-3a - f 35.7  ± 0 . 7
— 1.9 ± 0 .1

w t-rac2 -P 3 0.5  ± 0 . 7
1 .6  ± 0 . 2
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Figure 1 Western blot analysis of RBL clones stably expressing w t-3a

Extracts were prepared from the six c lo nes indicated  and from a control clone tran sfected  with 
an  em pty  exp ressio n  vector (V). Duplicate extracts  w ere run on SD S/polyacrylam ide g els  and 
transferred  to n itrocellulose filters. The filters w ere probed either with the m onoclonal anti-M yc 
antibody 9E10 or with a polyclonal antibody  to Rab3.

and anti-Rab3 antibodies (Figure 1). The vector control cells 
(lane V) clearly expressed endogenous Rab3 but not any trans
fected Myc-tagged protein, whereas all six of the wt-3a-trans- 
fected clones expressed protein that was detected by both the 
9E10 and anti-Rab3 antibodies. Although RBL cells clearly 
express Rab3, as shown by this Western blotting, the antibody 
used is not isotype-specific, and we have been unable to confirm 
the endogenous expression of Rab3a. To further characterize the 
Rab3a-transfected cells, we examined the intracellular distri
bution by immunofluorescence confocal microscopy [26]. Stain
ing of transfected cells with the 9E10 monoclonal to detect the 
Myc-tagged protein showed that Rab3a was localized to the 
granules but, in addition, there was staining in the juxtanuclear 
region of the cell and the cytosol.
Analysis of degranulation in RBL c lon es stably exp ressin g  wild- 
type RabSa
The six RBL clones overexpressing wt-3a were analysed for their 
ability to degranulate in response to antigen. Figures 2(a) and
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Figure 2 Degranulation tim e courses (a, b) and dose-response curves (c, 
d) for RBL cells stably expressing RabSa

(a, b) The resu lts  show n a re  for six RBL.wt-3a c lo nes (A l, A5, B1. B2, B3 and  D I) which s tably  
ex p ress  Rab3a, p lus a clone transfected  with em pty  vector (vector) and  un tran sfected  RBL cells 
(control). Cells w ere p re incubated  with IgE anti-DNP and triggered  at tim e zero  with K LH -D N P. 
The resu lts  show  degranu lation  ex p re ssed  a s  a  percen tag e  of the  total cellular h ex osam in id ase  
(Hex.) re leased  (m ean s  ± S .E .M . of triplicate d eterm inations), (c, d) The sam e c lo n es  w ere 
triggered with increasing  d o ses  of K L H -D N P and d egranu lation  w as quantified a s  for (a) and 
(b). 1 e-0 05  =  1.0 x  1 0 ' : .
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Table 1 Degranulation of RBL cells expressing RabSa

RBL cells w ere transfected  with exp ressio n  vectors  encoding wt-3a, ACAC-3a, N 135l-3a and 
wild-type Rac2 (wt-rac2). Also included w ere untransfected  RBL cells  (Control) and  cells 
transfected  with an em pty  exp ress io n  vector (Vector). The cells were preincubated  with IgE anti- 
DNP and  sub seq u en tly  triggered  to d egranu late  by the addition  of the cross-linking  reagen t 
K LH-D NP. The resu lts  show  degranulation, ex p re ssed  a s  a  percen tag e of the total cellular 
h ex osam in id ase  re leased  (m eans ± S .D .  of q uadruplicate  d eterm inations), with and  w ithout the 
addition  of KLH -D N P antigen.

Cell type K L H -D N P antigen Degranulatlon (%)

Control -f- 4 5 .4 -E 1.9
— 2 .4  ± 0 . 2

Vector -t- 3 5.4  +  0.7
— 1.7 ± 0 .1

wt-3a -t- 10.2 +  0.4
— 1.6  ± 0 .1

N 135l-3a 4- 1 .9  ± 0 . 2
- 1.6  ± 0 .1

ACAC-3a - f 3 5 .7  +  0.7
— 1.9  ± 0 .1

wt-rac2 4- 3 0.5  +  0.7
1 .6  ± 0 . 2

M ,X 10-» A1 A5 B1 B2 B3 DI Al AS B1 B2 S3 01 V

66

46

30

21.5
14.3

9 E 1 0

Figure 1 Western blot analysis of RBL clones stably expressing w t-3a

Extracts w ere p repared  from the six c lo nes Indicated and from a control clone transfected  with 
an  em pty  expression  vector (V). Duplicate extracts  were run on SD S/polyacrylam ide g els  and 
transferred  to n itrocellulose filters. The filters w ere probed either with the m onoclonal anti-M yc 
antibody 9E10 or with a  polyclonal antibody to  Rab3.

and anti-Rab3 antibodies (Figure 1). The vector control cells 
(lane V) clearly expressed endogenous Rab3 but not any trans
fected Myc-tagged protein, whereas all six of the wt-3a-trans- 
fected clones expressed protein that was detected by both the 
9E10 and anti-Rab3 antibodies. Although RBL cells clearly 
express Rab3, as shown by this Western blotting, the antibody 
used is not isotype-specific, and we have been unable to confirm 
the endogenous expression of Rab3a. To further characterize the 
Rab3a-transfected cells, we examined the intracellular distri
bution by immunofluorescence confocal microscopy [26]. Stain
ing of transfected cells with the 9E10 monoclonal to detect the 
Myc-tagged protein showed that Rab3a was localized to the 
granules but, in addition, there was staining in the juxtanuclear 
region of the cell and the cytosol.
A nalysis of degranulation in RBL c lon es stably exp ressin g  wild- 
type RabSa
The six RBL clones overexpressing wt-3a were analysed for their 
ability to degranulate in response to antigen. Figures 2(a) and
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Figure 2 Degranulation tim e courses (a, b) and dose-response curves (c, 
d) for RBL ceils stably expressing RabSa

(a. b) The resu lts  show n a re  for six  RBL.wt-3a c lo nes (A l, A5, B1, B2, B3 and  D I) w hich stably  
ex p re ss  Rab3a, p lus a clone transfected  with em pty  vector (vector) and un tran sfected  RBL cells 
(control). Cells w ere p reincubated  with IgE anti-D NP and triggered  at tim e zero  with KLH -D N P. 
The resu lts  show  degranu lation  ex p re ssed  a s  a  percen tag e of the  total cellular h ex osam in id ase  
(Hex.) re leased  (m eans ± S ,E .M . of triplicate d eterm inations), (c, d) The sam e c lo nes  w ere 
triggered with increasing  d o s es  of KLH -D N P and d egranu lation  w as quantified  a s  for (a) and 
(b). le -0 0 5  =  1.0 x  1 0 '^ .



RabSa inh ib its e x o cy to sis  in rat baso p h ilic  leuk aem ia  cells 325

Table 2 Degranulation by transfected RBL cells in response to various 
stimuli

Untranslected  RBL cells (Control), RBL cells  transfected  witfi an em pty vector (Vector) or cells 
stably  exp ress in g  R ab3a (wt-3a) w ere triggered  to degranu late  by cross-linking of cell-surface 
IgE recep to rs  (antigen stim ulation) or by treatm ent witti 1 0 /rlv f ionom ycin +  50 nfvl PMA, 
U nstim ulated  cells are show n a s  a control (None). The resu lts  show  degranu lation , exp ressed  
a s  a p ercen tag e  of the total cellular h ex osam in id ase re leased  (m eans ±  S . D.  of  quadruplicate  
d eterm inations), 30  min after adm inistration  of the  stim ulus.

Cell type Stim ulus D egranulation (%)

Control None 1.8 ± 0 . 5
Antigen 82.1 ± 4 . 4
Ionomycin +  PfVlA 86.0  ± 7 . 0

Vector None 2.5 ± 0 . 2
Antigen 79.3 ± 3 . 4
Ionomycin +  PtvlA 85.0  ± 7 .1

wt-3a None 0.8  ± 0 . 2
Antigen 14.5  ± 2 . 2
Ionom ycin +  PIVIA 23.2  ± 1 . 3 J

2(b) show typical time courses of degranulation of untransfected 
RBL cells, in which exocytosis routinely peaks 30 min after 
stimulation and between 40-80% of the total cell content of 
hexosaminidase is released, (There was some variability between 
experiments in the extent of RBL degranulation, and conse
quently each experiment was always internally controlled; in 
addition, where comparisons were to be made, all assays were 
performed with tlr .ame batch of cells at the same time.) In these 
studies, cells tran ected with an empty vector showed a slight 
decrease in degranulation compared with untransfected cells; 
however, all of the wt-3a-expressing clones (RBL.wt-3a) showed 
a dramatic decrease to below 20 % release. We also analysed the 
response of these clones to increasing doses of antigen (Figures 
2c and 2d). At very high concentrations of antigen, some of the 
clones, particularly RBL.wt-3a.Dl, showed a partial degranu
lation response, whereas other clones such as RBL.wt-3a.Al 
showed no response even at the highest doses.
From the abc study it was evident that the RBL clones; 

overexpressing v 3a were impaired in their degranulation re
sponse following triggering of the IgE receptor. This may have 
been caused by some defect in the signal transduction cascade 
downstream from receptor activation. To test this hypothesis, we 
stimulated exocytosis by addition of PMA and ionomycin, which 
is known to mimic the signals generated by IgE receptor cross- 
I linking (Table 2). These results clearly demonstrate that, whereas 
the control and vector-transfected RBL cells degranulated effec
tively in response to such stimulation, the cells transfected with 
" wt-3a showed gr tly reduced degranulation. The second charac
teristic signallin cascade that is triggered upon IgE receptor \ 
cross-linking is the stimulation of tyrosine kinase activity. To 
determine if this activity was altered following overexpression of 
Rab3a, cell extracts were prepared from cells 5 min after receptor 
stimulation and analysed by Western blotting with an anti- 
phosphotyrosine antibody (Figure 3). Comparison of RBL.wt- 
3a cells with control cells showed that there were no qualitative 
or quantitative differences detectable in the pattern of tyrosine 
phosphorylation.
Having estai: 1-died that the upstream signals were unlikely to 

be the cause ol le blocked degranulation, we chose to examine 
the granule-phiMiia-membrane fusion event. It is possible to 
bypass the upstream signals that trigger degranulation by using 
cells that have been permeabilized with SL-O. In these semi
intact cells, degranulation can be induced by the addition of

CELL LINE 
ANTIGEN

M,X 10’ 

97.4

66

W.T. V ai

+ |- M'

Figure 3 Effect of RabSa overexpression on tyrosine kinase activity

U ntransfected  RBL cells (W.T.), RBL cells tran sfected  with an  em pty  vector (V) or RBL cells 
exp ress in g  R ab3a (A l) w ere preincubated  with IgE anti-D NP and su b seq u en tly  treated  with 
( - t-  ; lanes 1, 3 and  5) or without ( -  : lan es 2, 4  and  6) an tig en  (K LH -D N P). Cell extracts  
w ere p repared  5 min after antigen stim ulation  and analysed  by SD S/PA GE and W estern  blotting. 
The nitrocellulose filter w as probed with an anti-p ho sh otyro sine antibody, and the  m ajor 
inducible tyro'sine-phosphorylated  s u b s tra te s  are  indicated  by arrow heads.
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Figure 4 Degranulation of SLO-permeabilized cells triggered by GTP[S]

U ntransfected  RBL cells (a) or cells s tab ly  exp ress in g  Rab3a (b) w ere perm eabilized  with SL- 
0 , a s  describ ed  in the kilaterjals and  m eth od s  section , and  triggered  to d eg ranu la te  by the 
addition  of GTP[S] in the  p resen ce  of increasing  con cen tra tion s of calcium  in the buffer. A range 
of GTP[S] con cen tra tion s w as u sed  a s  indicated , from 50 //fyi ( O )  dow n to 0 / / M  ( A ) -  The 
resu lts  show  degranu lation , exp ressed  a s  a percen tag e  of the total cellular h ex osam in id ase 
re leased  ( m e a n s +  S.E.M. of triplicate d eterm inations).

calcium and non-hydrolysable analogues of GTP, which provide 
a sufficient stimulus for granule-plasma-membrane fusion 
[29,30]. Figure 4 shows that SL-O-permeabilized untransfected 
cells, when triggered with 50 ̂.M GTP[S] and at optimal pCa, 
can release approx. 50 °o of their stored hexosaminidase. The 
SL-O-permeabilized RBL.wt-3a cells can also be induced to

_s
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degranulate by GTP[S], and at a concentration of 50 //,M almost 
4 0 release can be achieved.

Analysis of receptor-m ediated endocytosis in RBLwt-3a.A1 ce lls
Having established that the RBL.wt-3a.Al clone was blocked in 
antigen-triggered degranulation, we proceeded to investigate 
another membrane traffic event in these cells to determine if the 
defect was sele c tiv e  for the secretory pathway or whether 
endocytosis was also affected. To measure receptor-mediated 
endocytosis, we prepared a fluorescent conjugate of IgE coupled 
to the fluorophore Cy5. The conjugation protocol resulted in the 
formation of cross-linked IgE which was capable of inducing 
RBL cell degranulation without the addition of antigen. This is 
significant, because monomeric IgE is internalized very slowly by 
Fee receptors. Consequently, the IgE-Cy5 conjugate was bound 
at 4 °C to the surface of untransfected cells, vector controls or 
RBL.wt-3a.Al cells which were growing adherent to glass slides. 
Unbound IgE-' vS was washed off and receptor-bound ligand 
was allowed to .crnalize by warming the cells to 37 °C for up 
to 90 min. At umed intervals the cells were fixed and ligand 
internalization was monitored by scanning laser confocal mi
croscopy (Figure 5). There were no detectable differences in the 
rate, quantity or pattern of receptor-mediated endocytosis. These 
data also confirm that the RBL.wt-3a.Al cells express high- 
affinity IgE receptors on their surface, and consequently that the 
observed defect in antigen-triggered exogytosis cannot be due to 
a loss of surface receptors.

DISCUSSION ^  ’

From early studies on regulated secretion in mast cells, it was 
observed that degranulation could be induced when a non- 
hydrolysable analogue of GTP (GTP[S]) was introduced into 
cells either via a patch pipette [29] or by permeabilization with 
SL-O [31,32]. These observations clearly placed a GTP-binding 
protein late in the granule-plasma-membrane fusion event, and 
the unidentified protein was termed Gg [30]. Circumstantial 
evidence predi d̂ that Gg would be a heterotrimeric G-protein, 
and previous ̂ dies have shown that G,; functions to stimulate 
the final steps ui exocytosis in mast cells [33], whereas Ĝ  may act 
to suppress exocytosis in adrenal chromaffin cells [34]. There is 
also a substantial body of evidence that implicates low-M̂  GTP- 
binding proteins of the Rab family in the secretory pathway; in 
particular, members of the Rab3 family are thought to be 
involved in regulated secretion (for reviews, see [11,12]).
Exactly what role Rab3 plays in regulated secretion is still 

unclear. Peptides derived from the effector domain of Rab3a 
have given ĉ'idieting results, as they have been shown to 
stimulate [13- ,35] or inhibit [36] exocytosis. The stimulation of
mast cell exoc\ losis by the Rab3a effector domain peptide clearly 
raised the possibility that Rab3a may play an important role in 
these cells [13]. However, the validity of all of these studies has 
been called into question [37,38]. Antisense experiments have 
been used to deplete cells of Rab3a. and it was concluded that 
there was a reduction in response habituation or desensitization 
in adrenal chromaffin cells [24], whereas similar experiments with 
Rab3b antisense oligonucleotides in anterior pituitary cells

appeared to inhibit secretion [20]. A transgenic mouse in which 
the Rab3a gene was knocked out was still capable of neuro
transmitter release, and the only clear defect that could be 
detected was in synaptic function following repetitive stimulation 
[22]. The conclusion drawn from these studies was that Rab3a 
was not essential for synaptic vesicle exocytosis, but probably 
played a role in the recruitment or recycling of synaptic vesicles. 
Perhaps the most convincing evidence to date that sheds light on 
the role of Rab3a in exocytosis has come from studies in which 
the protein was transiently transfected into adrenal chromaffin 
cells or PC 12 cells, which resulted in a significant inhibition of 
exocytosis [21,23,24], whereas overexpression of Rab3b enhanced 
exocytosis [21]. Recently, a complementary study has demon
strated that overexpression of the Rab3a binding protein Rabphi
lin had the opposite effect and enhanced exocytosis [39]. However, 
these studies were performed on transiently transfected cells, and 
consequently there was only limited analysis of the phenotype 
resulting from Rab3a or Rabphilin overexpression.
The Rab3 family has four known members at present, Rab3a, 

b. c and d, and there is some limited evidence for tissue-specific 
distribution of these isotypes. Rab3a and Rab3c are shown to be 
predominantly expressed in neuroendocrine tissue [40,41], and 
Rab3d was originally found in adipocytes [42,43]. A PCR-based 
analysis of peritoneal mast cells revealed that these cells express 
Rab3b and Rab3d, but the authors were unable to detect Rab3a 
or Rab3c [25]. From our own studies, we can clearly detect Rab3 
expression in RBL cells by Western blotting; however, the 
antibody used is not isotype-specific. This is unlike the situation 
in eosinophils, where it was impossible to detect Rab3 expression 
by Western blotting [44]. We have generated a cDNA library 
from RBL cells and undertaken an extensive Rab cloning exercise 
[26]. However, we failed to isolate any Rab3 clones from the 
library, and consequently we were unable to confirm the Rab3 
isotype expression pattern suggested by previous studies on mast 
cells [25].
Although uncertain as to whether RBL cells express Rab3a, 

we proceeded to study the effects of Rab3a overexpression. 
Firstly, there was clear evidence that this protein may be a 
negative regulator of exocytosis, whereas the only available 
information on Rab3b suggested that it is a positive regulator 
[20.21]. Secondly, the evidence from Rab3a-derived peptides 
suggested a link with mast cell exocytosis. Finally, the RBL 
cell is an excellent experimental model to study the mechanism 
of action of Rab3a. From our studies and from published 
observations [23,24], there is now strong evidence to support the 
conclusion that overexpression of Rab3a can act as a negative 
regulator of exocytosis. However, in previous studies using 
transient transfection of Rab3a into chromaffin cells, the in
hibitory effect was mainly seen on the early rate of secretion in 
the first 5 min following stimulation [23], whereas in our stable 
transfections in RBL cells the block of exocytosis persisted 
throughout the whole time course of degranulation. The pro
duction of stable cell lines was also important because it enabled 
us to validate biochemically that other membrane traffic events, 
such as receptor-mediated endocytosis, are not altered by over
expression of Rab3a. We were also able to confirm that the block 
in degranulation was not due to defective signal transduction or 
to a lack of cell-surface IgE receptors. However, most im

Figure 5 Receptor-mediated endocytosis of CyS-conjugated IgE by control RBL cells (top), RBL cells stably expressing Rab3a (m iddle) or RBL cells 
transfected with an empty vector (bottom)

C y 5 -lg E  w as incubated with the cells at 4 °C  for 1 h. followed by extensive w ashing  to rem ove unbou-'d  ligand. The cells w ere sub seq u en tly  w arm ed to 37  °C for tim ed p eriods of 10. 20 , 30, 
60  and  9 0  min, a s  indicated. Following the w arm -up period, the cells w ere w ashed  in Ice-cold buffer and fixed prior to ana lys is  by laser scan n in g  confocal m icroscopy. M agnification x  400.
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portantly, it allowed us to show that the block was reversible by 
the addition of GTP[S] and Ca^  ̂to SL-O-permeabilized cells. At 
the highest dose of GTP[S] (50 /^M) there was slightly less 
exocytosis from Rab3a-overexpressing cells, although it was 
quite clear that the granules were capable of fusion. However, at 
lower doses of GTP[S] the difference between the cell lines 
became more marked. If our observations are valid, over
expression of the GTP-bound form of Rab3a effectively blocks 
exocytosis, so why does administration of GTP[S] to SL-O- 
permeabilized secretory cells induce degranulation? The simplest 
explanation is that there is another GTP-binding protein acting 
downstream of Rab3a which is responsible for regulating the 
final stage o f granule fusion. Taken together, our data suggest 
that overexpression of Rab3a in RBL cells does not inhibit the 
final step of plasma-membrane-granule fusion and that this final 
fusion step may be regulated by another GTP-binding protein.

There are two other significant observations from the trans
fection studies that help us to understand the mechanism of the 
Rab3a block of exocytosis; firstly, the NI35I mutant o f Rab3a 
is profoundly inhibitory and, secondly, the mutant lacking the C- 
terminal -Cys-Ala-Cys motif (ACAC) required for geranyl- 
geranylation is not inhibitory. The proposed cycle for Rab3 
predicts that, when associated with the vesicle membrane, Rab3 is 
loaded with GTP; following hydrolysis of the nucleotide, the 
GDP-bound form is removed from the membrane by the action of 
GDP dissociation inhibitor [11,12]. Since the N1351 mutant is 
predicted to be preferentially GTP-bound and the ACAC mutant 
is unable to insert into membranes, the data from transfection of 
these mutants suggest that it is the membrane-associated, GTP- 
bound form of the Rab3a that is exerting the inhibitory effect. 
This is further supported by the findings that the Thr-36 Asn 
mutant of Rab3a, which is predicted to be preferentially GDP- 
bound, does not inhibit exocytosis in chromaffin or PC 12 cells, 
whereas the GTP-loaded Gln-81 Leu mutant is strongly in
hibitory [24]. One potential effector for the GTP-bound form of 
Rab3a is Rabphilin3a [45,46], and increasing the concentration 
of GTP-Rab3a on the granule membrane would be expected to 
recruit Rabphilin3a to the membrane [47]. Recent studies 
showed that overexpression of full-length Rabphilin3a enhanced 
secretion, whereas expression of the Rab3a binding domain alone 
was inhibitory [39]. One working hypothesis that can account for 
these data is that exocytosis is a multistep process that requires 
the formation of the Rab3a-Rabphilin3a complex on the vesicle 
membrane, and that for exocytosis to occur this complex must 
subsequently disassociate. Since Rab3a exists in a dynamic 
equilibrium between a GDP-bound cytosolic form and a GTP- 
bound vesicular-associated form, one would expect that over
expression o f Rab3a will increase the concentrations of both cyto
solic Rab3a-GDP and Rab3a-GTP on the vesicle membrane. 
Increasing the concentration of GTP-Rab3a on the vesicle 
membrane may effectively sequester Rabphilin3a, so blocking 
exocytosis.
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Phosphoiipase D1 iocaiises to secretory granuies and iysosomes 
and is piasma-membrane translocated on cellular stimulation
Fraser D. Brown*, Nicola Thompson'*', Khalid M. Saqib*, Joanna M. Clark*, 
Dale Powner*, Neil T. Thompson'*', Roberto SplariTand Michael J.O. Wakelam*

Phospho iipase D (PLD) activity has been  im plicated in 
th e  reguiation of m em brane trafficking [1,2], superoxide 
generation  and cytoskeletai rem odeiiing [3,4]. Several 
PLD g en es have now been  identified and it is p robab ie  
th a t different isoform s reguiate  d istinct functions. 
Defining th e  subcellu lar localisation of each  isoform  
would facilitate understanding of their roles. Previous 
PLD localisation stu d ies  have been  based  largely on 
enzym e activity m easurem ents, which cannot 
distinguish betw een isoform s [2,5]. W e have cloned th e  
cDNAs encoding hum an PLDIa and PLDIb from  an 
HL60 cell cDNA library and expressed  them  as  
catalyticaliy active fusion proteins with green 
fluorescent protein (GFP) in COS-1 celis and RBL-2H3 
ceils, a m ast cell m odel which d eg ranu la tes upon cross- 
linking of th e  high-affinity im m unogiobulin E (IgE) 
receptor, in unstim ulated cells, GFP-PLD Ib colocalised 
with secretory  g ranule and lysosom al m arkers; it w as 
not found a t th e  piasm a m em brane or nucieus and did 
not coiocalise with m arkers for th e  Golgi. Stim ulation 
of RBL-2H3 cells through IgE receptor cross-linking 
caused  piasm a m em brane recruitm ent of G FP-PLDIb. 
Inhibition of IgE-receptor-stim uiated, PLD-cataiysed 
phosphatida te  form ation suppressed  secretion  of 
granule and lysosom al contents, but did not affect 
translocation of GFP-PLDIb. These experim ents 
su g g est th a t PLD1 plays a role in reguiated  exocytosis 
rather than  endopiasm ic reticulum (ER) to  Golgi 
m em brane transport.
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Results and discussion
T h e cD N A s encoding P L D la  and P L D lb  were isolated 
from an H L60 cell cD N A  library and cloned into the 
pC M V -neo-H A  (provided by Onyx Pharmaceuticals) and 
pE G FP-C l (Clontech) vectors. T h e P L D  sequences were

identical to those reported previously [6] except for a 
three amino acid insertion (EAV, in the single-letter 
amino-acid code) at position 1026. Expression o f hem ag
glutinin (HA)-tagged and GFP-tagged P L D lb  in COS-1 
cells generated an AD P ribsolylation factor (ARF)-sensi- 
tive, phosphatidylinositol 4,5-bisphosphate (PIP 2 )-depen- 
dent P L D  activity (Figure la), which was stimulated by 
the inclusion o f the Rho G TPase family member Rac 
(data not shown). Expression plasmids containing P L D la  
generated similar P L D  activities (data not shown).

T o  confirm that the tagged versions o f P L D  behaved  
identically in terms o f intracellular localisation, COS-1 
cells were co-transfected with both H A -P L D lb  arid 
G F P -P L D Ib . Considerable overlap o f the fusion proteins 
was observed (Figure lb); distribution o f tagged P L D lb  
was usually punctate but, occasionally, a more diffuse dis
tribution including som e perinuclear staining was seen. 
Essentially no overlap o f G F P -P L D Ib  expression was 
detected with an antibody (H FD9; [7]) directed against a 
cis Golgi protein (Figure Ic).

P L D lb  expression has been detected in RBL-2H3 cells 
by northern blot hybridisation analysis (P.J. Parker, per
sonal communication) and it is likely that this isoform is 
responsible for som e o f the IgE-receptor-stimulated activ
ity [8]. In transfected RBL-2H3 cells, both G F P -P L D Ib  
and H A -P L D lb  displayed a punctate distribution with no 
plasma membrane or nuclear localisation. From published  
studies, a possible location for PL D  would be the Golgi 
[2]. However, neither T G N  38 (Figure 2a), a marker for an 
integral membrane protein predominately found in the 
trans-Go\g\ network, nor mannosidase II (Figure 2b), 
which is expressed in the medial compartment o f the 
Golgi stack, colocalised with G F P -P L D Ib . H A -P L D  also 
did not coiocalise with T G N  38 in RBL-2H3 cells (Figure 
2c). T h e  Golgi markers displayed peri-nuclear staining 
identical to that in non-transfected cells, demonstrating 
that transfection had not disrupted Golgi structure.

There is evidence of a role for PL D  in regulated exocytosis 
[9]. Therefore, PL D  localisation was determined in compar
ison with secretory granule and lysosomal markers 
(Figure 3). G F P -P L D Ib  fluorescence (Figure 3a) and stain
ing for 5-hydroxytryptamine (5HT; Figure 3b), a marker of 
secretOTy granules, clearly overlapped (Figure 3c). Similarly, 
G F P -P L D Ib  fluorescence (Figure 3d) and staining for 
L gpl20 (Figure 3e), a glycoprotein found in Iysosomes, 
demonstrated considerable colocalisation (Figure 3f). T h e

http://biomednet.eom/elecref/0960982200800835
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Expression of PLDlb in COS-1 cells.
(a) Activity of GFP-PLD1 b expressed in 
COS-1 cells is PIPj-dependent and ARF- 
dependent. (b,c) GFP-PLDIb (green) co
localised with HA-PLDlb (red, panel b), but 
not with HFD9 antibody staining (red, panel c).

Lys860^Glu (K860E) mutation of PL D lb  was also gener
ated and found to be catalyticaliy inactive when expressed 
in COS-1 cells (data not shown). GFP-PLDlb-K860E also 
colocalised with 5H T (Figure 4e), demonstrating that asso
ciation was not a consequence of the elevated PLD activity 
induced by the GFP-tagging of PLD lb.

In unstimulated cells, no plasma membrane fluorescence 
was observed (Figure 4a). Stimulation of RBL-2H3 cells 
through IgE receptor ligation (Figure 4b,c), or with 
phorbol 12-myristate 13-acetate (PMA; 100 nM) for 
20 minutes (data not shown) induced the translocation of 
G FP-PL D Ib to the plasma membrane. Partial transloca
tion could be observed within 1 minute. Figure 4b shows a 
cell in which only a proportion of the secretory vesicles 
had translocated to the plasma membrane following a 
3 minute stimulation. Not all of the G FP-PL D Ib translo
cated to the plasma membrane, indeed in some cells con
siderable punctate G FP-PL D Ib fluorescence remained 
observable after 40 minutes, the longest time point exam
ined. T o determine if the phosphatidic acid derived from 
stimulated PLD activity was required for translocation, its

Figure 2

formation was inhibited by incubating cells with 0.3% 
butan-l-ol before IgE receptor ligation. No difference was 
observed in the stimulated relocation of G F P -PL D l 
between the control and alcohol-treated cells (Figure 4d). 
An identical pattern of staining was detected with 
G F P -PL D la (data not shown).

Cross-linking of the IgE receptor on RBL-2H3 cells 
induces the release of secretory granule and lysosomal 
contents. A critical role for PLD in this process was 
demonstrated by a greater inhibition of degranulation 
when the cells were stimulated in the presence of butan- 
l-ol than butan-2-ol (Figure 4f). Primary alcohol (0.1%) 
inhibited the release of about 45% of 5H T  and about 35% 
of hexosaminidase; 0.1% butan-2-ol was without effect. 
Butan-l-ol (0.3%) inhibited hexosaminidase and 5H T  
release by 70% but the same butan-2-ol concentration

Figure 3
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PLD1 b is not localised to the Golgi in RBL-2H3 cells. Localisation of (a) 
GFP-PLDIb (green) and TGN 38 (red); (b) GFP-PLDIb (green) and 
mannosidase II (red); and (c) HA-PLDlb (green) and TGN 38 (red).

PLD1 b is localised to secretory granules and Iysosomes.
(a,d) GFP-PLDIb co-localised with antibodies against (b) a granule 
marker, 5HT, and (e) a lysosomal marker, Lgpl 20. (c,f) Composite 
images showing GFP-PLDIb in green and antibody staining in red.
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Figure 4

GFP-PLD1 b localises te the plasma 
membrane in stimulated RBL-2H3 cells, and 
PLD activity is required for secretion of 
granule and lysosomal contents, (a) No 
plasma membrane staining was observed in 
untreated cells, (b) Cross-linking of the high- 
affinity IgE receptor caused partial plasma 
membrane translocation of GFP-PLDl b after 
3 min and (c) increased translocation after 
20 min. (d) The inclusion of 0.3% butan-1-ol 
had no effect on stimulated re-localisation.
(e) GFP-PLD1 b-K860E (green) colocalised 
with 5FIT (red) in RBL-2FI3 cells, (f) Secretion 
of hexosaminidase (grey bars) and 5FIT (white 
bars), stimulated by cross-linking of the high- 
affinity IgE receptor, was inhibited to a greater 
extent by butan-1-ol than butan-2-ol.
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only inhibited degranulation by 30%. The dose depen
dency of stimulated phosphatidylbutanol formation in 
these cells correlated with the ability of the alcohol to 
block secretion, both being maximal at 0.1% butan-l-ol 
(data not shown and Figure 4f). No phosphatidylbutan-2- 
ol was formed, suggesting that the inhibitory effects of 
butan-2-ol were non-specific. In contrast to receptor cross- 
linking, PMA did not stimulate the release of hex
osaminidase (data not shown). Thus, whilst PLD 
activation is necessary for secretion, its plasma membrane 
recruitment and stimulation by protein kinase C (PKC) 
represent only two components of a complete secretory 
response. There are multiple steps in the exocytotic 
pathway and PMA clearly does not activate them all. For 
instance, an increase in intracellular Câ  ̂concentration is 
not generated by PMA and thus Câ +-dependent proteins 
involved in secretion will not be activated.
The results presented in this paper clearly demonstrate 
that, in the RBL-2H3 cell line, PLDl is present on the 
secretory granules and Iysosomes and not, as might have 
been expected from published studies, on the Golgi 
[4,10,11], ER [1] or nucleus [2,5]. Secretory granules of cells 
in the haematopoietic lineage are ‘secretory Iysosomes’ [12], 
which contain lysosomal hydrolases and secretory proteins.
Substantial biochemical evidence exists to support a role 
for a PLD activity in the formation of coated vesicles 
during membrane transport through the secretory pathway 
[12]. Subcellular localisation studies have not, however, 
unequivocally demonstrated PLD in the corresponding

organelles. The overexpression of an HA-epitope-tagged 
PLDl in serum-starved REF-52 fibroblasts resulted in a 
staining pattern consistent with the Golgi, ER and late 
endosomes, but the lack of colocalisation data using 
markers to these or other subcellular compartments left 
the exact location of PLDl undetermined [4]. Other local
isation studies have been based on subcellular fractiona
tion and subsequent assay of PLD activity, which does not 
distinguish between isoforms. These were largely unable 
to detect any PLD activity in fractions corresponding to 
granules and Iysosomes.
Recently, a PLD activity was detected associated with 
neutrophil vesicles that can, following stimulation, be 
found at the plasma membrane [13]; our results suggest 
that this activity may be composed of PLDlb and/or 
PLDla. We found no evidence for localisation of PLDla 
or PLDlb to the Golgi or ER, and therefore must ques
tion the role of these particular isoforms in ER to Golgi 
transport events. Nevertheless, the biochemical evidence 
for a PLD activity in this process is strong [1]. PLD2, 
because of its constitutively active state, is a potential can
didate for this function, although recent data suggest that 
it is localised to the plasma membrane [4]. Thus, the PLD 
isoforms involved in other vesicle transport steps remain 
to be identified. It is possible that the localisation of PLD 
isoforms is cell specific or that additional PLD isoforms 
remain to be identified.
The data presented in this paper support a model whereby 
PLDl, present on secretory granules and Iysosomes, is
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recruited to the plasma membrane in response to antigen 
stimulation. During this process, P L D  is activated and 
generates phosphatidic acid, which fulfils an essential role 
in the secretion o f the contents o f the vesicles with which 
P L D l colocalises. W e do not rule out the possibility that 
the conversion o f phosphatidic acid to diacylglycerol is 
necessary for secretion as reported in yeast [14]. There is, 
however, increasing evidence to indicate that phosphatidic 
acid is the signal generated by P L D  [15].

Materials and m ethods
Culture and transfection of cells
COS-1 and RBL-2H3 cells were transfected by electroporation and 
allowed to adhere to coverslips or dishes overnight iij fresh medium. 
Anti-DNP IgE (1 |xg/ml) was included for at least 1 h prior to PBS 
washing and stimulation with 1 pg/ml KLH-DNP (Calbiochem). Identi
cal data were obtained when cells were examined 48 h post-transfec
tion. For secretory experiments, cells were incubated overnight with 
1 pCi/ml PH15HT.

Confocal microscopy
Golgi membranes were stained with monoclonal antibodies against 
TGN 38, mannosidase II (both kindly provided by G. Banting) or with 
HFD9 monoclonal antibody (kindly provided by V.N. Subramaniam) [7]. 
Endosomes were stained with a monoclonal antibody to the transferrin 
receptor (kindly provided by C. Hopkins). Lysosomes were visualised 
with a monoclonal antibody against the lysosomal glycoprotein Lgpl 20 
(kindly provided by I. Mellman) and secretory granules visualised using 
a monoclonal antibody to 5HT (Biogenesis).

Analysis of regulated secretion
Secretion from RBL-2H3 cells was quantified by determining the 
release of hexosaminidase enzymatically using p-nitrophenyl-A/-acetyl-o- 
glucosamine as a substrate and the release of pH]5HT, measured by 
scintillation counting.

Determination of PLD activity
Transfected 0 0 8 -1  cells were lysed and PLD activity determined using 
a pHJphosphatidylcholine-containing substrate micelle with pHJcholine 
generation determined as described [16].
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