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Abstract

Activities o f small, Rho-related proteins are essential for the secretory function 

of mast cells. In addition, these GTPases also regulate distinct and specific steps in 

the reorganisation o f actin cytoskeleton: Rho controls de novo actin polymerisation, 

while Rac is required for relocalisation o f the released cortical filaments.

Here I have shown that in the presence o f calcium, Rho has an additional role, 

that o f promoting cortical F-actin disassembly. When actin cortex is stabilised by 

phalloidin, Rho-induced enhancement of secretion is still apparent. This suggests that 

secretion and cortical F-actin disassembly are regulated independently.

Another mechanism that controls actin cortex is dependent on calmodulin. 

Calmodulin is mandatory for calcium induced cortical F-actin disassembly. Inhibition 

of calmodulin by specific calmodulin-binding peptides prevents the calcium-induced 

loss of F-actin from permeabilised mast cells. On the other hand, addition o f 

exogenous calmodulin greatly promotes this effect. Inhibition of endogenous Rho 

does not prevent calmodulin-induced enhancement of F-actin disassembly. Results 

suggest that Rho and calmodulin control a common target via independent pathways. 

This target is likely to be myosin light chain since inhibitors of myosin light chain 

kinase prevented cortical disassembly. A model is proposed in which myosin-based 

contractility, activated by Rho and/or calcium-calmodulin, is required for the cortical 

F-actin disassembly.

Calmodulin or its inhibitors have no effect on secretion from permeabilised 

mast cells. This confirms the independence of regulatory pathways leading to the 

final steps o f exocytosis and to the cytoskeleton. However, secretory responses of 

intact cells to activation by antigen or polycationic compounds are inhibited by cell 

permeant calmodulin inhibitors (W7 and myristylated calmodulin-binding peptides). 

This is not due to inhibition of calcium influx or IP3 production. Thus, signal 

transduction from the activated receptor to exocytosis does require calmodulin.
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INTRODUCTION

A REVIEW OF CALMODULIN AND SIGNAL 

TRANSDUCTION IN MAST CELLS



1.1 Mast Cells - general physiology and activation

An overview o f  their in vivo role

Mast cells were first described in the mesentery of frogs by von Recklinghausen 

in 1879. Their characteristic metachromatic staining, wide tissue distribution and their 

central role in the mediation of the acute inflammatory reaction have earned them 

considerable attention. Before embarking on any discussion of mast cells, it is 

important to emphasise that they are not a well defined, uniform cellular entity. Mast 

cells derived from different tissues in the same species can vary in phenotype and 

function, including morphology, histochemical characteristics, mediator content, 

responsiveness to growth factors, and sensitivity to drugs and various stimuli.

Although it has been assumed that once maturity is reached mast cells remain 

terminally differentiated, it is apparent that changes to the cellular microenvironment 

can lead to trans-differentiation (Kanakura et al. 1988).

Pluripotent haem atopoietic cell

Differentiation 

M ast cell-com m itted progenitor 

Migration

CIRCULATORY SYSTEM

Migration Migration ^
MUCOSAL TISSUE CONNECTIVE TISSUE

Immature mast ce ll Immature mast ce ll

P roliferation P ro life ration
1 and differentiation y and differentiation

Mature m ucosal type Mature connective tissue type
mast cell m ast cell

Figure. 1.1 Stages of mast cell development

Although these stages have been worked out in rodents, they are believed to be similar for 

humans.



The role of mast ceils in mediating allergic hypersensitivity (type I or 

immediate) has been well described. However, recent interest in this remarkable cell 

points to a number of seemingly unrelated pathophysiologies. These include 

inflammatory bowel disease, rheumatoid arthritis, scleroderma, various neoplasias and 

immunity (Dimitriadou & Koutsilieris, 1997; Malaviya et al. 1999). Mast cells are 

now being recognised as central immune modulators. Not only do they act as immune 

conductors by virtue of their ability to modulate the various arms of the immune 

system, e.g. complement pathway (Regal, 1997), but they also have innate anti

bacterial activity against both Gram negative and positive organisms (Abraham,

1997).

In experimental work, has been customary to use mast cells isolated from the 

peritoneum of rats or mice. Under electron microscopic examination, these have an 

average size of 6-13 p,m and contain 1000 to 1500 granules. The intra-granular 

structural integrity is maintained by the proteoglycans, heparin and chondroitin. The 

preformed mediators include histamine, serotonin, the acid hydrolases p 

-hexosaminidase and p-galactosidase, neutral proteases such as chymase and tryptase 

and preformed TNFa (Castells, 1997). Mast cells also produce an extended repertoire 

o f cytokines (various growth factors, numerous interleukins, macrophage 

inflammatory proteins and interferons) and newly synthesised mediators such as 

prostaglandins, thromboxanes and various reactive species of oxygen (reviewed in 

(Galli & Wershil, 1995)). Regulated secretion by exocytosis of the preformed 

mediators (Lindau & Gomperts, 1991), and the activation of synthesis o f other 

inflammatory mediators is triggered through the interaction of various ligands with 

their respective receptors as discussed in the next section.

Mast cells as biolo2ical models

Intact mast cells have long been utilised in vitro to study stimulus-secretion 

coupling (Foreman & Mongar, 1973; Assem et a l 1989). Various methods o f for 

sensitisation o f the FceRI receptors with IgE have been used with varying degrees of



success. FceRI receptor-mediated responses can then be enhanced by activation o f A 3  

receptors by adenosine (Lohse et al. 1988).

Over a decade ago it was found that mast cells permeabilised by treatment 

with the bacterial toxin Streptolysin-0 could still undergo secretion if appropriate 

intracellular stimuli were supplied. These include Ca^  ̂(at concentrations buffered in 

the micromolar range), ATP and a guanine nucleotide(such as the non-hydrolysable 

GTP-y-S) (Cockcroft et al. 1987). O f these, only the guanine nucleotide is essential, 

ATP and Ca^  ̂better being regarded as modulators (Lillie & Gomperts, 1992). Later 

work explored the effects o f various exogenous toxins (Mohr et al. 1992), proteins 

(Norman et al. 1996), antibodies (Aridor et al. 1993) etc. that are otherwise membrane 

impermeant. This work has established SL-0 permeabilised mast cells as an excellent 

model for the investigation of regulated exocytosis. Later, this system was extended to 

the investigation of the actin cytoskeleton (Koffer et al. 1990). Although there are 

limitations to using permeabilised cells, not least in the varying run-down responses 

(discussed at length in Graham et al. 1997), the secretory responses and the actin 

responses of intact and SL-0 permeabilised mast cells are similar. Other techniques of 

cell permeabilisation including digitonin (Graham et al. 1997), electroporation, a  

-toxin (Ahnert-Hilger et al. 1989), amongst others, have been applied to a variety of 

cell types. In general, the use of SL-0 provides the best access to the cell interior and 

the most ready exchange of soluble proteins. SL-0 permeabilised mast cells have 

been extensively used to study the terminal steps of the secretory mechanism or 

exocytosis.

The difficulty of sensitising primary mast cells which would secrete in 

response to specific antigens necessitated the use of a cell line model developed from 

a rat basophilic line RBL-2H3. These possess high affinity receptors for IgE, and over 

time through multiple passages in numerous laboratories they have developed as a 

partially differentiated cell capable of releasing mediators by exocytosis (Beaven & 

Kassessinoff, 1997). Like primary mast cells, RBLs are sensitive to their 

microenvironment (Swieter et al. 1993), however, mutated sublines have been 

generated to study specific elements of the signal transduction pathways form the Fes



RI receptor (reviewed in Beaven & Kassessinoff, 1997). As with all model systems, 

caution needs to be exercised when interpreting results, as they may not fully 

represent the primary mechanisms in natura (Mayr, 1982).

Activation o f  mast cells

Regulated exocytosis can be triggered in mast cells through the cross-linking 

of the receptors for IgE and also by the application of receptor-mimetic substances 

such as the polycationic compounds 48/80, mastoparan and substance P. Mast cells of 

some species can also be triggered by ligands such as C3a and C5a (anaphylatoxins 

derived from complement), IgG (binding to FcyR). Stimulation o f the adenosine A 3 

receptors synergises with antigen (via the Fee receptor)-induced activation (Lohse et 

al. 1988). In chapters 3 and 5 I examine aspects of signal transduction from both the 

type I high affinity IgE receptor (FceRI), and the effects of polycations. The 

remainder of this section concentrates on these two physiological activation pathways.

The FcsRI receptor

The FceRI receptor is a heterotetrameric glycoprotein, consisting of one a  

-chain, a p-chain and a dimer of disulphide linked y-chains (Ravetch & Kinet, 1991). 

A model for the interactions between the transmembrane domains of the FceRI 

subunits has been proposed on the basis of immunoprécipitation and transfection 

experiments (reviewed in (Kinet et al. 1989)). The y subunits interact directly with p 

and a  subunits, although the a p  complex seems to be the first to be synthesised 

(Kinet et al. 1989). Prior to sensitisation, the FcsRI receptors are randomly mobile 

within the plasma membrane (Myers et al. 1992). IgE binds to the receptor in a 1:1 

ratio, via the extracellular domain of the a-chain (Basu et al. 1993). This initial 

sensitisation is metabolically silent (Furuichi et al. 1984). Activation occurs when the 

receptors for IgE are crosslinked. The IgEiFcsRI complex can be challenged by 

multivalent antigens, lectins (such as concanavalin-A) and antibodies raised against 

the IgE or the receptors. Initially two adjacent IgErFcsRJ complexes bind to one 

molecule of antigen. This cross-linking (or dimérisation) progresses to receptor 

immobilisation and aggregation (Seagrave & Oliver, 1990). Recent work has



proposed a model whereby as few as two FceRI’s immobilised at van der Waal’s 

contact can constitute an “elementary stimulatory unit” leading to a mast cell 

secretory response (Schweitzer Stenner et al. 1997).

The early events following FceRI receptor dimérisation have been well 

documented (reviewed in Beaven & Kassessinoff, 1997). Following receptor cross- 

linking, phosphorylation by Lyn of a conserved sequence motif, termed the 

immunoreceptor tyrosine-based activation motif (ITAM) (Johnson et al. 1995), leads 

to activation of the soluble tyrosine kinases Syk and Lyn (Kihara & Siraganian, 1994). 

There are at least two isoforms of Syk, although their functional differences are 

unclear (Yamashita et al. 1998). Syk activation results in the phosphorylation of a 

number o f receptor-associated proteins, PLCyl and y2 (Park et al. 1991) and the 

SSkDa subunit o f PI 3-kinase (Barker et al. 1995). Recruitment of the adapter protein 

Grb2 leads to the activation of other proteins, including Vav, p75, pl25FAK, C3G 

(Ras GEF), dynamin and Sos (another Ras GEF) (reviewed in Koffer, 1997). 

Activation o f PLC and PLD generate diglycerides for the activation of PKC, and the 

generation o f IP3  which releases Ca^  ̂from intracellular stores. The elevation in Ca^  ̂

and the activation of PKC have both been shown to provide necessary signals for 

secretion (reviewed in Beaven & Kassessinoff, 1997).

The pathways that connect activation of the FceRI receptor to biological 

‘outputs’, such as secretion and cytoskeletal reorganisation are multiple. Recent 

progress has been made in defining the various regulatory pathways from receptor 

activation. Transfection studies of RBL cells using dominant negative forms of the 

Rho GTPases, cdc42 and R a d  have shown that these GTPases are essential for 

mediating FcsRI-induced cytoskeletal reorganisation (Guillemot et al. 1997). Another 

protein that couples FceRI dimérisation to the secretory process is PI-3 kinase and the 

response can be inhibited by the selective PI-3 kinase inhibitor wortmannin (Hirasawa 

et al. 1997). Further aspects of signal transduction via activation of phospholipases, 

the mobilisation of Ca^  ̂and activation o f serine/threonine kinases via the FceRI 

receptor are dealt with at length in (Beaven & Kassessinoff, 1997).



Activation o f  mast cells by volvcationic receptor-mimetic substances

Mast cells may also be activated by polycationic substances such as 

mastoparan, substance P and compound 48/80, all o f which are understood to bypass 

the cell surface receptors, directly activating G-proteins (Ross & Higashijima, 1994; 

Cross et al. 1995). For mastoparan, basic residues at the N-terminus and hydrophobic 

residues at the C-terminus are essential for Ptx-sensitive G-protein activation (Tasaka, 

1991). For substance P, there is a marked impairment of the cell responses when 

D-aminoacids are substituted in the N-terminal region (Cross et a l  1995). These 

compounds accelerate guanine nucleotide exchange on Ptx sensitive G-proteins 

(Aridor et a l 1990). In mast cells, these polycationic compounds are thought to 

activate secretion through the involvement of Gjj probably acting at a late stage in the 

secretory pathway (Aridor et a l 1993).

In mast cells and RBL cells the activation of Ĝ  ̂ leads to secretion by an, as 

yet, undefined mechanism. In contrast to FceRI-mediated secretion it appears not to 

require extracellular Ca^  ̂(Aridor et al. 1993). However, in rat mast cells, substance P 

and compound 48/80 induces an elevation Ca^  ̂from intracellular stores which is 

preceded by activation of PLC (Wu et al. 1993; Tasaka, 1991).

1.2 Secretion

C a^^ requirements

Ca^  ̂is a major regulator o f secretion in both excitable and non-excitable cells 

(Douglas, 1968). In 1972, antigen induced secretion was found to be absolutely 

dependent on the presence o f extracellular Ca^  ̂(Foreman & Mongar, 1972). Further 

work, mainly with the then novel Ca^^-ionophores, demonstrated that an increase in 

intracellular Ca^  ̂is a requirement (Foreman et a l 1973; Bennett et a l  1980). In mast 

cells the stimulation through receptors leads to activation o f PLC, generation of 

inositol 1,4,5-triphosphate (IP3), and activation of PKC (Cockcroft & Gomperts,



1979). The elevation in intracellular Ca^  ̂upon stimulation is maintained by influx of 

external Ca^^ via non-voltage activated Ca^  ̂channels (Penner et a l 1988). There are 

also some indications that sphingosine kinase stimulates intracellular Ca^  ̂

mobilisation. This suggests that there is also a gated Ca^  ̂channel which is regulated 

by sphingolipids (Choi et a l  1996).

In SL-0 permeabilised mast cells the activation of G-proteins by the non- 

hydrolysable analogue of GTP, GTP-y-S, in the absence of Ca^^, is a sufficient 

stimulus for secretion (Lillie & Gomperts, 1992; Lillie & Gomperts, 1993; Gomperts, 

1990). This suggests that Ca^  ̂signal is upstream of the late steps of secretion in mast 

cells. The putative Ca^^-binding protein (Ce) in this regulatory mechanism has yet to 

be identified (Lillie & Gomperts, 1992)

In contrast to mast cells, and other secretory cell o f the myeloid and 

haematopoietic lineage, the secretory response of neural and neuro-endocrine cells 

relies absolutely on the presence of Ca^ .̂ Here, Ca^  ̂alone is not only mandatory but 

sufficient to trigger secretion. Within this group there are also differing Ca^  ̂

requirements indicating the actions of different Ca^^-sensing proteins. Synaptic vesicle 

secretion undergoes half maximal stimulation in response to 190 pM Ca^ ,̂ implicating 

a Tow affinity’ Ca^  ̂sensor (Heidelberger et a l 1994). For adrenal chromaffin cells 

half maximal secretion is elicited by 10-20 pM Ca^ ,̂ implying a ‘high affinity’Ca^  ̂

sensor (reviewed in Burgoyne & Morgan, 1995).

Guanine nucleotide requirements

Stimulus-secretion coupling mediated by the FceRI receptor or polycationic 

compounds is inhibited when cells are depleted of GTP by treatment with 

mycophenolic acid (inhibitor of IMP dehydrogenase) (Yamada et a l 1988; Mulkins et 

a l 1992). Historically Gg was first implicated by experiments which showed that 

permeabilised neutrophils secrete in response to GTP-y-S in the absence o f Ca^ .̂ The 

guanine nucleotide was proposed to act at an early step by activating PLC, and then 

again at a late stage via Gg (Barrowman et a l 1986). This work was supported by



further studies on permeabilised HL60 cells (Stutchfield & Cockcroft, 1988), 

pancreatic acinar cells (Padfield et al. 1991) and platelets (Knight & Scrutton, 1985). 

However, the role of GTP-binding proteins in regulation of secretion from adrenal 

chromaffin cells is controversial. Depending on the who and how, GTP-y-S merely 

enhances Ca^^-dependent secretion (Burgoyne & Morgan, 1989), induces Ca^ -̂ 

independent secretion (Morgan & Burgoyne, 1990) or even . inhibits Ca^^-dependent 

secretion (Knight & Baker, 1985). In conclusion it appears that the regulation of 

secretion by GTP-binding proteins differs according to cell type.

A TP requirements

Mast cells treated with metabolic inhibitors, understood to deplete ATP, fail to 

respond to stimulation through the IgE system, to polycationic agents or 

Ca^-ionophores. In contrast, secretion from permeabilised cells triggered by the dual 

effectors Ca^  ̂and GTPyS is unaffected (Tatham & Gomperts, 1991; Howell et al. 

1987). However, when Ca^  ̂ is applied as the sole stimulus ATP is required which 

suggests that its role is to maintain GTP by transphosphorylation of GDP (Lillie et al. 

1991; Lillie & Gomperts, 1992).

Recent work in digitonin-permabilised adrenal chromaffin cells have resolved 

the signal transduction pathway to secretion in two steps. The first ‘priming’ step is 

Mg.ATP-dependent, whilst the following ‘triggering’ step is Ca^^-dependent and 

independent of ATP (Bittner & Holz, 1992). Both these steps require a distinct set of 

regulatory proteins. In particular, the Ca^^-dependent step requires the Ca^^-binding 

protein, calmodulin (CaM) (Chamberlain et al. 1995). Furthermore in chromaffin and 

PC 12 cells, ATP is essential in maintaining polyphosphoinositide levels, via inositol 

lipid kinases. In particular PI4P-5K regulates the ATP-dependent ‘priming’ step in 

semi-intact PC 12 cells (Hay et al. 1995).

The various target proteins, Ca^^-binding proteins, G-proteins and a selection 

of lipid regulatory proteins that regulate not only secretion but also the cytoskeleton 

will be considered in the following sections, after an introduction to the actin 

cytoskeleton.



1.3 The Actin Cytoskeleton

An overview

The cytoskeleton plays a central role in the majority of cellular processes. As 

well as forming a cellular ‘scaffolding’, it determines polarity and mediates mitosis, 

cytokinesis, organelle transport and secretion. The various isoforms o f actin account 

for 5-20% of total cellular protein (Korn, 1982). Actin exists in monomeric forms 

(G-actin) and as filaments (F-actin) which are formed through the polymerisation of 

G-actin in a mechanism promoted by nucleating proteins. The intrinsic capacity o f G- 

actin to nucleate and F-actin to dissociate into subunits dictates the steady state 

condition. The majority of the G-actin is complexed with various sequestering 

proteins (to be further discussed shortly). Filament dynamics are determined by its 

interactions with various components. These include capping proteins, the actin 

related protein 2/3 (Arp 2/3) complex, ADF/cofilins, profilins, scaffolding proteins. 

Actin is further regulated by its interactions with myosin

The actin cytoskeleton is arguably best described in terms of its associated 

actin-binding proteins, biophysical states and ability to regulate various cell processes.

Stabilisation o f  actin filaments and seneration o f  suvramolecular structures

Although not central to the work presented in this thesis, and therefore not 

discussed at length, we should not lose sight of the fact that the Tropomyosins are 

perhaps the best characterised of the proteins that allow filaments to stabilise and thus 

enable cells to produce higher order structures. (Liu & Bretscher, 1989).

Actin-bundling and cross-linking proteins: Proteins such as a-actinin to actin and then 

self-associate to cause bundling (Goldmann & Guttenberg, 1998). This property is 

shared by another class of actin binding proteins termed ABP-120. In contrast, 

fimbrin, cross-links and bundles actin filaments by virtue o f its possessing two actin 

binding sites (Way et a l 1991).
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Some, but not all forms of the non-muscle a-actinins are regulated by Ca^  ̂

(Fukami et al. 1994; Pacaud & Harricane, 1993). PIP2  also acts to regulate a-actinin 

causing its association with F-actin (Seagrave & Oliver, 1990). A further level of 

regulation may be due to the ability of PIP2  to regulate the binding PI-3 kinase (p85 

subunit) to a-actinin (Shibasaki et a l 1994). Double mutations of the genes encoding 

a-actinin and ABP-120 in Dictyostelium cause larger, more rounded and osmotically 

sensitive cells, as well as a reduced rate of phagocytosis (Rivero et a l  1996).

Fodrin is another important actin-cross linking protein. Interestingly it is 

regulated through proteolytic cleavage by the Ca^  ̂-dependent protease calpain I 

(Harris & Morrow, 1990). It is present in the sub-plasma membrane region, and by 

virtue of its membrane and actin binding properties it acts as a supramolecular 

scaffold. Fodrin, related to the spectrin super-family o f proteins (Kahana & Gratzer, 

1991 ; Dhermy, 1991) is believed to bind to ankyrin which locks it onto the 

membrane. In vivo fodrin redistributes together with actin following stimulation with 

Ca^  ̂ionophores (Perrin & Aunis, 1985). As well as acting as a cortical cytoskeletal 

scaffolding protein it may also directly regulate downstream targets. In vitro assays 

have demonstrated that fodrin can inhibit PLD activity, whereas actin and vimentin 

are without effect. The mechanism for this inhibition remains, however, opaque 

(Lukowski et a l  1996).

Resulation o f  actin filament dynamics by actin-bindin2 proteins

The assembly and disassembly o f actin filaments (actin dynamics) is required 

for many processes, not least locomotion, polarised secretion, etc. It is regulated, 

directly, by the proteins that interact with actin to effect its assembly / disassembly, 

and by the regulators o f these actin-binding proteins. From investigations on cellular 

locomotion three distinct, but interacting processes have been perceived - actin 

polymerisation, retrograde flow, and actin depolymerisation.

Actin polymérisation'. To maintain the pool of monomeric G-actin, cells employ 

monomer-sequestering proteins (profilin and thymosin P4) and barbed end capping
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proteins (CapZ and gelsolin). Based on investigations of filopodium formation in 

Acanthamoeba (Kelleher et al. 1995) and Saccharomyces cervisiae (Balasubramanian 

et al. 1996), polymerisation is thought to be initiated through a nucléation reaction 

which occurs on a template formed from the complexes of two actin-related proteins, 

Arp2 and Arp3.

Profilin is a small (12-15 kDa) actin sequestering protein first identified in 

1977 (Carlsson et al. 1977). Its roles in vivo are still unclear. By over-expressing 

profilin in CHO or BHK cells actin polymerisation is stimulated(Theriot & Mitchison, 

1993), whilst in vitro experiments have demonstrated a sequestering role for G-actin 

(Wasserman, 1998). The finding that there are several isoforms of profilin strongly 

suggests that certain isoforms promote polymerisation while others act as sequestering 

agents (Haugwitz et al. 1991). Proteins that contain the formin homology domain 

(FH) have been considered as possible profilin regulators. An FH-containing protein 

from Saccharomyces cerevisiae, Bnilp, appears to be a downstream target of Rho 

(Imamura et al. 1997a), suggesting a novel way by which this monomeric G-protein 

regulates actin polymerisation. Regulation of profilin may not be confined to FH 

domain containing proteins. The Enabled/vasodilator-stimulated phosphoprotein 

(Ena/VASP), which contains polyproline stretches binds and co-localises with profilin 

in vivo (Gertler et al. 1996).

Thymosin p4 is an abundant cytosolic actin sequestering protein and ensures 

the availability of readily polymerizable actin (Fechheimer & Zigmond, 1993). Rather 

than being regulated by either Ca^  ̂or polyphosphoinositides, thymosin P4 releases its 

actin when the critical concentration at the barbed filament ends, drops (Sun et al. 

1995). The presence o f myosin I promotes the release of actin from the thymosin 

complex and its subsequent polymerisation (Ballweber et al. 1994).

Uncapping of pre-existing actin filaments is an important source o f G-actin 

for de novo polymerisation. CapZ is a barbed end capping protein which is regulated 

by polyphosphoinositides via a Rac-dependent pathway in platelets (Hartwig et al.
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1995) and neutrophils (Barkalow & Hartwig, 1995). Interestingly overexpression of 

CapZ in Dictyostelium increases cell motility (Hug et a l 1995).

In comparison with CapZ, the gelsolin family of actin binding proteins not 

only caps the barbed ends o f F-actin but also severs them. Other members of this 

family include villin, fragmin/severin and are ubiquitous throughout the animal 

kingdom. Gelsolin activity, and partitioning is modulated by Ca^  ̂and 

polyphosphoinositides (reviewed in Weeds & Maciver, 1993). In vivo data supports a 

role for PLC (Baldassare et a l 1997), PI-3 kinase (Herman et a l 1997) and PIPj 

phosphatase (synaptojanin) (Sakisaka et a l 1997) in the regulation of gelsolin after 

agonist-induced actin reorganisation. Similar to CapZ, overexpression of gelsolin 

increases cell motility, though in this case it is a consequence o f increased severing 

activity (Cunningham et a l  1991).

Retrograde flow: The movement of F-actin from the leading edge seems to be a 

ubiquitous feature of leading-edge dynamics. In Aplysia, an inhibitor o f acto-myosin 

based contraction, butane dione monoxime (BDM), prevents retrograde flow and 

stimulates cell edge protrusion (Baldassare et a l 1997). This suggests that myosin 

activity (via acto-myosin contraction) drives retrograde flow. However, because acto- 

myosin based cell extension in locomoting cells is spatially asynchronous there have 

been many technical problems in defining the exact role of acto-myosin contraction. 

How cortical flow or disassembly is regulated remains unclear. Microtubules appear 

to play a role in antagonising acto-myosin based cortical contraction, as indicated by 

studies on Xenopus oocytes (Canman & Bement, 1997). Whether this effect is due to 

the modulation of acto-myosin contraction (via phosphorylation of light and heavy 

chains) or as a result o f a physical mechanism is not known. A succinct piece of 

biophysical research on acto-myosin contraction in XTH-2 cells demonstrated that 

elevation o f intracellular Ca^  ̂(by ionomycin) causes cortical actin contraction, 

followed by disassembly (Luers et a l 1991). This acto-myosin contraction is thought 

to be mandatory for the subsequent actin disassembly.
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Actin depolymehsation: The requirement for continuous polymerisation in the leading 

edges of motile cells implies that actin must be constantly de-polymerised and the 

subunits recycled. Steady state in vitro systems show that monomers (G-actin) 

dissociate from pointed end actin filaments. However, pure actin treadmilling is far 

too slow to be useful. Cells have managed to get round this problem by having two 

class o f proteins that promote disassembly from pointed F-actin ends and sever the 

filaments. The second class of these proteins, the gelsolin ,s, have already been 

considered.

The ADF (actin-depolymerizing factor)/cofilin family mainly function as actin 

monomer binding proteins (Moon & Drubin, 1995). These proteins are regulated by 

phosphorylation of Ser3 at the NH2 terminus which prevents binding to monomeric 

actin (Agnew et al. 1995). Little is known about the relevant ADF/cofilin 

phosphatases and/or kinases. One interesting element of spatial regulation is based on 

the preference of dephosporylated ADF/cofilin proteins to sever ADP-actin and spare 

ADP.Pi-actin (Maciver et al. 1991). Determining the in vivo role o f ADF/cofilin has 

been hampered by the fact that all genetic knockouts have so far proved to be lethal 

(reviewed in Moon & Drubin, 1995). For a summary of the various interactions 

between actin and associated binding proteins see following figure (1.3).
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Figure. 1.3 Functions of actin-binding proteins

Most of the data shown has been determined from in vitro research. Specific functions of the 

actin-binding proteins are shown and how each protein may interact with F-actin.

The cortical cvtoskeleton as a barrier to secretion

Electron microscopy and fluorescence studies in mast cells demonstrate that 

actin is the major component of the dense irregular filamentous sub-plasmalemmal 

network (Kofifer et al. 1990; Nielsen et al. 1989). This crosslinked mesh is found in 

most secretory cells such as macrophages (Bennett et al. 1994), chromaffin cells 

(Nakata & Hirokawa, 1992) and pancreatic acinar cells (O'Konski & Pandol, 1990). 

This network is directly regulated by a number of proteins, previously discussed in this 

chapter. A great deal of research suggests that cortical network acts as a barrier to 

secretion by preventing access of the granules to the plasma membrane (reviewed in 

Cheek & Burgoyne, 1991). In particular a correlation has been found between a global 

decrease in cortical F-actin and secretion in many neuro-endocrine and immune cells 

(KofTer et al. 1990, Vitale et al. 1995), as well as in sperm (Spungin et al. 1995). 

However, therey also contradictory studies that have found either no change in 
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cortical actin (Burgoyne & Cheek, 1987) or only localised changes following 

secretory stimulation (Nakata & Hirokawa, 1992).

Various pieces of experimental data further support an important role for 

cortical actin acting as a barrier to secretion. Stabilising cortical actin with phalloidin 

inhibits secretion in chromaffin cells (Lelkes et al. 1986), while disrupting the cortical 

network by adding gelsolin to permeabilised mast cells enhances Ca^^-induced 

secretion (Borovikov et al. 1995). In neurons cortical disassembly induced by a 

similar actin severing protein, scinderin, is important for Ca^  ̂induced secretion 

(Zhang et al. 1995; Zhang et al. 1996). Furthermore addition o f thymosin plO (a G- 

actin sequestering protein that can depolyimerise F-actin) to permeabilised pancreatic

acinar cells induced secretion (Muallem et al. 1995). In contrast we and others have
/

found that disassembling the actin cortex is not^ sufficient to induce secretion by 

itself (Borovikov et al. 1995; Cheek & Burgoyne, 1991). In conclusion, the evidence 

for the cortical actin cytoskeleton acting as a negative barrier to secretion remains 

equivocal. Many other components of the cortical cytoskeleton other than actin may 

regulate secretory granule access to the membrane in non-secretory cells.

1.4 Calcium-Binding Proteins

Changes in cytosolic Ca^  ̂concentrations evoke a wide range of cellular 

responses and intracellular Ca^^-bindj>iÿ3roteins are the key molecules to transduce 

Ca^  ̂signalling via enzymatic reactions or modulations of protein/protein interactions. 

This section will briefly introduce members of the EF hand and Ca^Vphospholipid 

binding proteins , with the following section dedicated to the EF hand protein 

calmodulin (CaM). Ca^  ̂storage proteins such as calsequestrin, calreticulin, 

endoplasmin and CSLP (calsequestrin-like protein) will not be discussed further, 

except to direct the reader to more extensive reviews of this subject in (Niki et al.

1996)and (Williams, 1996).
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EF hand proteins

The EF hand domain is composed of 40 amino acid residues with a 12 amino 

acid loop structure, which binds Ca^  ̂, sandwiched between a pair of a  helix domains 

(helix-loop-helix structural motif) (Ikura, 1996). Although each domain has a 

reasonably high affinity for Ca^  ̂(K^ ~ 10'  ̂M'^), co-operative binding between the 

pairs increases this dramatically. Kretsinger originally found and described this 

structure in carp muscle parvalbumin (Kretsinger, 1980). In theory each EF hand 

domain binds a Ca^  ̂ion however, the exceptions to this rule are yeast CaM (4 EF 

hands) which only binds 3 Ca^  ̂(Luan et al. 1987), and SIOOAIO (calpain, a 2 EF 

hand) (Jost & Gerke, 1996) which has no binding activity. Ca^^-binding proteins of 

this group are described according to the number of EF hand motifs (i.e. 4, 3 2 and 6). 

The essential feature o f EF hand proteins is their ability to link Ca^  ̂binding to an 

“output” regulatory signal through their unique biophysical properties (reviewed in 

Williams, 1986)

Calmodulin is the most prominent member o f the 4 EF class, and will be dealt 

with in the next section (see section 1.5). Troponin C is found in skeletal and cardiac 

muscle. Binding of Ca^  ̂to its 4 EF hand domains overcomes the inhibition of 

troponin I o f acto-myosin ATPase activity, a crucial event for stimulus-contraction 

coupling (Farah & Reinach, 1995). Both the regulatory and essential light chains of 

myosin contain 4 EF domains. Although both heavy and light chains are regulated by 

phosphorylation, in non-muscle cells the critical regulation is believed to be via the 

regulatory light chains (Kanda et a l 1985). Two members o f the 4 EF hand family 

possess intrinsic enzymatic activities. Calpain (composed o f three isoforms p., m and 

n) is a Ca^^-dependent protease, which is probably regulated by other acidic 

phospholipids which reduce its Ca^  ̂requirements (Murachi, 1989). Calpain has been 

linked to the regulation of cell differentiation/development as well as processing of 

cytokines (Gilchrist et a l  1994). Interestingly, calcineurin, as well as being a Ca^  ̂

/CaM-dependent phosphatase also contains 4 EF hand domains in its non-catalytic 

domain (B subunit). Binding of both Ca^VCaM and Ca^  ̂to the EF domains is required 

for maximal activation (Perrino et a l 1995).

Little is known about the function of Ca^  ̂-binding proteins containing 3 EF 

hand domains. They have been widely held to be, in the main intracellular Ca^^

17



buffers. However, the 3 EF hand proteins recoverin and S-modulin have been 

proposed as endogenous inhibitors of rhodopsin kinase/light adaptation (Matsuda et 

al. 1998). A homologue of these proteins, neurocalcin has been found in a number of 

sensory cells e.g. olfactory and retinal (lino et al. 1995), which suggests that 3 EF 

hand proteins may be restricted to transducing Ca^  ̂signals in cell o f the sensory 

system.

Ca^^-binding proteins with 2 EF hand domains are collectively known as S I00 

proteins, as they remain soluble after precipitation with saturable (100%) ammonium 

sulphate. Only SlOOAl and SIOOB have been relatively well studied in terms of their 

roles and potential targets (Schafer & Heizmann, 1996). Both have been shown to be 

important for cell growth, cell proliferation and the phenomenon of long term 

potentiation. S I00 proteins also interact with cytoskeletal proteins such as tubulin, tau 

protein, and intermediate filament proteins (reviewed in Niki et al. 1996).

Furthermore they may modulate the interaction o f CaM with its target proteins, by 

modulating phosphorylation (Patel et al. 1983). In summary, S I00 proteins influence 

cellular response along the Ca^^-signal-trasnduction pathway, probably by acting at 

different points in the cascade (reviewed in Schafer & Heizmann, 1996).

Ca -̂  ̂/  phospholipid bindins proteins

Two classes o f proteins bind phospholipids in a Ca^^-dependent manner - the 

aimexins and C2 domain containing proteins, which include the conventional PKCs. 

Binding o f Ca^  ̂increases activity and translocates these proteins to the plasma 

membrane.

Annexins possess four repeats of the “endonexin” fold which actually binds 

the Ca^  ̂ion. Over thirteen members of this group have been identified in mammals 

(Raynal & Pollard, 1994), containing the highly conserved endonexin motif 

GXGTDE. Annexins have been found in a wide variety of tissues and it has been 

suggested that their biological function is to mediate membrane fusion. Some annexin 

isoforms (I and II) inhibit PLA 2  activity,(Kim et al. 1994) whereas others (I, II and IV) 

may participate in cross-regulatory pathways by virtue of their ability to undergo 

phosphorylation by PKC (Weber et al. 1987). Furthermore, for example, 

phosphorylation of annexin XI changes its intracellular distribution, which implies
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this annexin transduces stimuli for cell differentiation under protein kinase control 

(Mizutani et al. 1993).

M. W. (kDa) Proposed function

Conventional protein kinase C 

(a, P, Y)

76-78 Cell cycle / differentiation, 

cell growth, gene expression, 

endocytosis / exocytosis

Synaptotagmins 43-65 Exocytotic events

Cytosolic PLA2 85 Eicosanoid production

Phospholipase C (P, y, 5) 150-154 (P), 145-148 (y ), 

85-88 (Ô)

Generation o f phospholipid- 

derived messengers

Rabphilin 3A 78 Adapter protein for vesicle 

transport

GAP 120 Modulation o f cellular functions 

regulated by small G-proteins

Table 1.4 Proteins containing the C2 region

The C2 domain was originally described as the constant region of 

conventional PKCs (isoforms a,pand y) that bound Câ " and activated the 

phospholipid binding sites (Quest, 1996). Upon Câ  ̂binding these cytosolic PKCs 

associated with membrane structures via receptors for activated PKCs (RACKs) 

(Mochly Rosen & Gordon, 1998). RACKs have also been proposed as membrane 

anchors for other C2 domain containing proteins such as synatotagmin and PLC 

(Lardans et a l 1998). Other proteins containing a C2 region are summarised in the 

table below, and extensively reviewed in (Niki et a l 1996).

1.5 Calmodulin

In evolutionary terms CaM arose as a result of the need of cells to translate 

intracellular Ca^  ̂ into a homeostatic device for the cytoplasm, and a trigger for various 

cytoplasmic and nuclear activities (Williams, 1996). CaM is considered a prototype 

for eukaryotic cell Ca^  ̂signal transduction and homeostasis. CaM can act as a 

biological amplifier by transducing Ca^  ̂signals to multiple enzymatic and structural 

targets. The latfer through newly defined cytoskeletal targets. This allows CaM to act 

as both a biochemical and physical signal transducer.
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Cheung and Kakiuchi independently discovered CaM in the early 1970’s, as 

an activating factor for cyclic nucleotide phosphodiesterase (Cheung, 1970; Kakiuchi 

& Yamazaki, 1970). By the end of this decade CaM had been recognised as activator 

o f several enzymes, including adenylyl cyclase, myosin light chain kinase and 

phosphorylase kinase. To reflect the multifunctional nature of this protein Cheung 

proposed the name calmodulin, from the term calcium regulatory protein. It is an 

impossible task to cover in its entirety CaM biology. Many excellent books and 

review articles have been published and the author commends those for further 

reference (Gnegy, 1995; Means et al. 1991; Vogel, 1994; Babu et al. 1988).

CaM  as a transducer o f  C a^^ sisnals

CaM’s unique biophysical properties allow it to respond rapidly and 

effectively to transient variations in Ca^  ̂concentrations. In vivo where a target protein 

is present the only two species of CaM found are apo-CaM (CaM free o f bound Ca^^) 

and the 4Ca^V CaM - target protein complex (Ikura et al. 1989). A consequence o f the 

positive cooperativity of all four Ca^^-binding domains means that CaM can 

effectively function as an on/off switch over the narrow range of Ca^  ̂concentrations 

that distinguishes resting from stimulated cells. The majority of CaM-dependent 

enzymes are activated following a 1:1 stochiometric binding of Ca^VCaM to target 

protein . However, some target proteins can bind two or three CaMs e.g. synapsin I 

(Goold & Baines, 1994). As a result of its inherent biophysical plasticity CaM binds 

to its targets very tightly with values in the range of 10'  ̂to 10'’  ̂ (Crivici & Ikura, 

1995). A variety of techniques, including cassette mutagenesis and spectroscopy 

studies have revealed that the hydrophobic regions function as contact regions with 

target proteins. A substantial proportion of this hydrophobic surface is composed of 

methionine residues which create ideal conditions for non-specific van der Waals 

interactions required for the binding of CaM to the multitude of receptors (Vogel & 

Zhang, 1995).

CaM has been shown to activate protein kinases such as MLCK and CaMK-II 

by binding to a site near to or overlapping the autoinhibitory domain, causing it to 

dissociate from the enzyme active site (Smith et al. 1990). A similar mechanism is
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believed to underlie the CaM-dependent activation o f other second messenger systems 

such as CaM-dependent cyclic nucleotide phosphodiesterase (PDE) and nitric oxide 

synthase (NOS). However, much less is understood as to how CaM regulates 

cytoskeletal proteins, especially where this regulation is apparently Ca^  ̂independent. 

Ca^^-independent binding of CaM to target proteins may be mediated via the “semi

open” conformation of this protein with an IQ motif on the target protein (Houdusse 

et a l 1996). Further structure-function studies utilising models of CaM-peptide 

interactions will hopefully shed further light on this important interaction. It is 

becoming clear that the structures determined for CaM in the presence or absence of 

ligands are essential for its role as a transducer of Ca^  ̂signals.

CaM and secretion

The role o f CaM in the regulation o f secretion has been widely investigated, 

and research suggests multiple roles. One such role is through the regulation of 

synapsin I, a neurone-specific synaptic vesicle-associated phosphoprotein, by 

calcium/CaM-dependent protein kinase II (Llinas et a l 1991). Phosphorylation of 

synapsin I by CaMK-II frees the secretory vesicles from their attachment to 

presynaptic cytoskeleton, increasing their availability for release. In addition, CaM 

interacts with synapsin directly and this also modulates synapsin’s actin binding and 

bundling characteristics (Goold et a l 1995). Other synaptic vesicle-specific proteins, 

such as synaptotagmin (a major synaptic Ca^  ̂sensor), synaptobrevin (VAMP) and 

rabphilin-3 A (a putative target protein for a small GTPase Rab3A) have all been 

reported as substrates for CaM kinase II (Popoli, 1993; Nielander et a l  1995; Kato et 

a l  1994; Fykse et a l  1995). This provides a potential mechanism for regulation of the 

final fusogenic steps o f exocytosis. Synaptotagmins and rabphilins may also be 

regulated by direct interaction with CaM (Perin, 1996). Calcineurin, a Ca^VCaM- 

dependent protein phosphatase, has also been implicated in regulation of secretion via 

its effects on both ion channels and/or the components of the exocytotic machinery 

(Yakel, 1997). CaM was found to enhance calcium-induced secretion from 

permeabilised adrenal chromaffin cells, an effect inhibited by Tetanus toxin (which 

specifically cleaves synaptobrevin) (Matsuda et a l 1994). When dialysed into these
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cells via the patch-pipette, CaM increased the initial rate of exocytosis following cell 

depolarisation, suggesting that it may regulate the late steps (docking and/or fusion) in 

Ca^^-dependent exocytosis (presumably via CaMK-II) (Kibble & Burgoyne, 1996). 

However experiments with digitonin permeabilised adrenal chromaffin cells, in which 

the ATP-dependent priming steps and the ATP-independent triggering steps could be 

distinguished, showed that CaM only regulated the latter steps (Chamberlain et al. 

1995).

There are a number of CaM-dependent enzymes that have been implicated in 

the regulation of secretion. In PC 12 cells KN-62 (a selective CaMK II inhibitor) 

partially inhibit Ca^^-dependent secretion. The authors concluded that 50% of the 

vesicles required a Ca^  ̂/ CaMK-II dependent step for membrane fusion (Schweitzer 

et al. 1995). CaMK-II may regulate a pre-exocytosis step. Li and colleagues found 

that KN-62 inhibited secretagogues-stimulated insulin secretion (despite intracellular 

Câ  ̂elevation) in intact HIT-T15 cells. However, in permeabilised cells Ca^^-induced 

secretion was unaffected (Li et al. 1992). In RBL-2H3 cells a correlation between the 

phosphorylation of MLC by MLCK and PKC and secretion has been demonstrated. 

The report suggested that this phosphorylation might be confined to a second, myosin- 

dependent pool of vesicles which required active transport to the membrane (Choi et 

al. 1994). However, although this may be a requirement for exocytosis of preformed 

vesicles from RBL cells, in mast cells once membrane bound vesicles exocytose 

compound fusion with deeper vesicles occurs (Price, 1995).

Calmodulin and the cvtoskeleton

The interaction of cytoskeletal proteins with CaM can take many forms. The 

cytoskeleton can be modified by CaM-dependent enzymes such as MLCK or 

calcineurin, or by nonenzymatic protein-protein interactions that require CaM. This 

section provides an overview of some of the more important CaM-cytoskeletal 

interactions, for a more comprehensive review see (Bonafe & Sellers, 1998).

There are several CaM-binding proteins expressed in smooth and striated 

muscle. There are a number of large skeletal muscle proteins that have CaM-binding 

consensus sequences, including titin (3000 kDa) and its related proteins, nebulin, a 

giant actin-binding protein of 600-900 kDa, and dystrophin / utrophin. Whose role is
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probably to anchor actin filaments to the membrane. However, it is the homolgs of 

certain smooth muscle CaM-binding proteins that have been found in non-muscle 

cells. Caldesmon’s role in non-muscle cells is thought to regulate CaM-actin 

interactions. It is found to localise to stress fibres (Yamashiro Matsumura & 

Matsumura, 1988)and may play a role in regulating cytoskeletal activity during 

mitosis. Cdc2kinase effects a mitosis-specific phosphorylation of caldesmon 

(Yamakita et a l  1992). There is also controversial evidence that the recently 

discovered protein Calponin ( a CaM-dependent actin binding protein) is an acto- 

myosin regulatory protein. Although calponin has affinity for CaM in the order of 

80nM, its rate o f CaM-binding in vitro appears to be too slow to act as an effective 

switch (reviewed in (Winder et a l 1993)).

The most abundant CaM-binding motor proteins belong to the myosin 

superfamily, which is organised into at least 12 distinct classes (Mooseker & Cheney, 

1995; Wolenski, 1995). Most myosin proteins have a relatively well conserved motor 

domain, a light chain-binding neck region and a tail portion. Conventional myosin has 

both regulatory and essential light chains that bind to the heavy chain. The light chain 

(CaM)-binding site on the heavy chain is an extended a  helix containing the IQ motif 

(IQXXXRGXXXR) (Cheney & Mooseker, 1992). Depending on the myosin class this 

IQ m otif is repeated up to six times. CaM binding to these motifs is, in some cases, 

Ca^^-independent. Ca^ ,̂ depending on the myosin isoform, can be activating or 

inhibitory by its differential effects on the CaM-IQ complexes. A further level of 

CaM-dependent regulation of myosin is added by the phosphorylation o f one of the 

light chains (RGL) of myosin II by CaM-dependent MLCK (Kohama et a l  1996). In 

contrast Ca^^, by dissociating CaM from the light chain IQ motifs of the 

unconventional myosin I inhibits its enzymatic activity (Kohama et a l 1996). This 

finding suggests that CaM-dependent myosins may be differentially regulated 

according to their isoform/subtype and localisation. CaM provides a useful Ca^  ̂

sensor to transduce the Ca^  ̂signal, but it is the intrinsic properties of the myosin 

proteins that determine the functional output. The diversity of myosin IQ domain 

compositions is shown in the table below (taken from Bonafe & Sellers, 1998).
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Myosin Source Number o f  IQs Evidence fo r  

CaM  binding

I Rat myr4 1-4 1,2

Rat myr3 3-6 3

Rat myri 2 3

Chicken brush border 3-4 2,5

III Drosophila

pl74 2 4

pI32 1 4

IV Acanthamoeba 1 0

V Chicken p i90 6 2

VI Porcine I 1,2

Drosophila 1 0

VII Human 5 0

VIII Arabidopsis 4 0

IX Rat myr5 4 0

X Rana catesbeina 3 0

XI Arabidopsis 6 0

XII Caenorhabditis elegans 3 0

Table 1.5 Myosins containing IQ domains

Key: 0, none; 1, immunoprécipitation; 2, gel shift; 3, overlay; 4, affinity chromatography; 

and 5, sequencing.

Other cytoplasmic CaM-binding proteins include synapsin and the 

myristoylatcd alanine-rich C kinase substrate (MARCKS). The importance of 

synapsin I as a regulatory protein for neuronal exocytosis has already been discussed 

(see previous section). Synapsin I binds a number of cytoskeletal elements, in addition 

to actin, including tubulin, spectrin, and neurofilaments (Baines & Bennett, 1985). 

However, it has been primarily characterised as an actin-bundling protein (Petrucci & 

Morrow, 1987).Phosphorylation of synapsin I by CaMK-II at the serine-9 residue (site 

I) reduces its bundling effect. Furthermore direct binding of Ca^^/CaM to the head 

region of synapsin I also inhibits F-actin bundling (Goold et a i 1995).

MARCKS is of particular interest as it appears to mediate interactions between 

PKC- and CaM-mediated signalling pathways (reviewed in Aderem, 1992). In its
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unphosphorylated state MARCKS is bound to the cell membrane where it acts as a 

CaM sink. PKC phosphorylates MARCKS which allows it to dissociate from the 

membrane and release the bound CaM (Taniguchi & Manenti, 1993). Some authors 

have suggested that the primary function of this mechanism is to control the 

availability o f free CaM through a PKC-mediated pathway (Qin & Cafiso, 1996).

CaMs associates and regulates with a plethora of cytoskeletal proteins. These 

CaM-cytoskeletal complexes with their inherent unique properties allow a dynamic, 

flexible response to changes in intracellular Ca^ .̂ A further level o f regulation / 

complexity is created by the various CaM-dependent phosphorylation / 

dephosphorylation mechanisms that operate on the cytoskeleton.

1.6 Rho family GTPase proteins

Introduction

The Rho family of GTPases (or monomeric G-proteins) belongs to the Ras- 

related superfamily of proteins (which include the Ras, Rab, Arf, Rap, Ral, and Ran 

families). The Rho family is composed of Rho (A, B, C), Rac (1 & 2), cdc42, RhoE, 

RhoG and TCIO. It has become increasingly clear that these proteins control a wide 

variety of cellular processes. As with their heterotrimeric counterparts, these GTPases 

cycle between “active”, GTP-bound state and an “inactive” GDP-bound state. This 

cycling is regulated by proteins termed GEFs (guanine nucleotide exchange factor), 

GAPs (GTPase activating protein), and GDI (guanine nucleotide dissociation 

inhibitors).

Rho family proteins posses a C-terminus motif (-CAAX) which is a signal for 

post-translational modification. Rho proteins undergo geranylgeranylation (Boguski 

& McCormick, 1993), the exception to this rule is RhoE which is famesylated (Foster 

et a l 1996). These post translational lipid modifications are crucial for membrane 

localisation. Both Rab and Rho proteins are regulated by GDI proteins which facilitate 

movement between cytosol and membrane. GDI proteins only bind lipid-modified 

proteins (Hancock & Hall, 1993), where they effectively ‘mask’ the lipid moiety 

which partitions the GDI-protein complex into the cytosol. Cell stimulation leads to 

the translocation of the Rho.GDI complex to the cell membrane where the GDI

25



dissociates. Re-association of Rho and GDI occurs after GTP hydrolysis (Pfeffer, 

1992).

The interconversion of Rho family proteins between GDP and GTP bound 

states is under the control of specific GEFs and GAPs. Specific Rho GEFs promote 

GTP binding by catalysing GDP dissociation (Michiels et al. 1997), and GAPs 

promote inactivation o f GTP-bound protein by stimulating the intrinsic GTPase 

activity o f the protein (Lancaster et al. 1994). GAPs may also act as effector proteins. 

Sequence analysis of a RasGAP reveals putative sequences for two SH2 domains, one 

SH3 domain, a pleckstrin-homology (PH) domain, proline-rich sequences ,and a motif 

that is expressed in proteins such as PLAj which binds phospholipids in a Câ "̂ - 

dependent manner (reviewed in (McCormick, 1989)).

Rho and secretion

There is some controversy over which members of the Rho family regulate 

secretion. Constitutively active mutants of Rho A and Racl stimulate secretion in 

washed permeabilised mast cells, whilst dominant negative Racl inhibits (Price et al. 

1995). Inhibition of Rho by ADP-ribosylation with the Clostridium botulinum toxin 

C3 transferase, prevents mast cell secretion (Price et al. 1995). The role of Rho as a 

regulator of secretion is still controversial. Treatment of RBL-2H3 cells with C3 has 

no effect on secretion (Prepens et al. 1997), likewise treatment of patch-clamped mast 

cells with C3 (together with NAD^) had no effect on GTP-y-S-induced secretion, in 

the absence of Ca^  ̂ (Mariot and Tatham, unpublished observations). Strong evidence 

has been presented to show both Racl and Rac2 are important regulators of secretion. 

Purified Rac-Rho.GDI complex retards the loss of secretory responsiveness to GTP-y- 

S in permeabilised mast cells (O'Sullivan et al. 1996). Furthermore microinjection of 

Rho.GDI into patch clamped mast cells inhibits GTP-y-S-induced secretion (Mariot et 

al. 1996). Recent work has also shown that a dominant negative form of Rac2 inhibits 

secretion (Brown, 1997). There is now good evidence that cdc42, another Rho-related 

GTPase also regulates exocytosis. Pre-activated cdc42 retards the loss o f secretory 

responsiveness to GTP-y-S in permeabilised mast cells and dominant negative cdc42 

inhibits secretion (O’Sullivan et al., manuscript in press).
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Rho functions in mast cells as an integration point for several pathways 

regulating secretion (Yonei et al. 1995).Rho, and other monomeric GTPases, may act 

as spatial regulators of secretion by controlling phosphoinositide turnover (Martin,

1997). Isoform 1 of Phospholipase D (PLDl) (Colley et al. 1997), phosphoinositide 

3-kinase (PI3-K) (Zhang et al. 1993) and phosphatidylinositol 4-phosphate 5-kinase 

(Chong et al. 1994) are all regulated by Rho. However, their relative contributions to 

the control of the secretory process remain to be elucidated. In transfected COS cells 

it appears that the Racl/RhoGDI heterodimer is associated with an unknown 

Diacylglycerol Kinase (DGK) and PIP5K forming a macromolecular signalling 

complex (Tolias et al. 1998). This holds out the possibility that such a complex may 

also exist for a Rho signalling pathway that regulates secretion.

Rho as a regulator o f  the actin cvtoskeleton

There is an abundance of data on the function and regulation of the 

cytoskeleton by Rho-related GTP-binding proteins. Rho-family proteins are involved 

in several diverse signalling cascades to the cytoskeleton. These include cell adhesion, 

actin filament organisation, and the control of phospholipid synthesis and turnover 

(Cross et al. 1996; Machesky & Hall, 1996). In 1989 C3 microinjected into fibroblasts 

caused disappearance of stress fibres (actin filaments) and led, for the first time, to the 

suggestion that Rho regulated the dynamic organisation of the actin cytoskeleton 

(Chardin et al. 1989). The finding that Rho regulated several key lipid enzymes (e.g. 

PIP-3K, PIP-5K, and PLD) whose metabolites were known to regulate the actin 

cytoskeleton, suggested that it was through these lipid intermediates that Rho exerted 

its effects on actin. For example, p i 22, an activator of the ô isoform of PLC, has Rho- 

specific GAP activity (Homma & Emori, 1995), and it is believed that PI turnover 

leads to release o f actin-binding proteins from the membrane during cytoskeletal 

reorganisation (Cunningham et al. 1992).

Two other downstream protein kinase targets that may regulate actin have 

been identified by yeast two-hybrid system and affinity chromatography. LPA- 

induced stress fibre formation is associated with an increase in Ser/Thr kinase activity 

(Kumagai et al. 1995). Although the substrate is unknown protein kinase N (PKN) a 

Ser/Thr kinase is activated by Rho (Watanabe et al. 1996). The other potential Ser/Thr
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kinase is pl64Rho-kinase. This kinase is known to bind to and phosphorylate the 

myosin binding subunit (MBS) of myosin light chain phosphatase. Furthermore 

GTP.RhoA has been found to directly bind to MBS (Kimura et al. 1996). Overall this 

regulates the acto-myosin interaction via the regulation of myosin light chain 

phosphorylation state. If this pathway exists in vivo then it will be the first direct link 

from Rho to the actin cytoskeleton. Tyrosine kinases may also be Rho-dependent 

regulators o f the actin cytoskeleton. A broad spectrum inhibitor of tyrosine kinases, 

genistein, has bee shown to prevent V14RhoA (dominant active Rho mutant)-induced 

actin fibre and focal adhesion formation (Ridley & Hall, 1994b).

2 8



LPA

hxtracellular

Intracellular

*
(FAK,paxillm, 
integrin clustering, talin 
actinin, actin bundles, 
vinculin, etc.)

(Heterotrimenc 
G protein ?)

(Unknown)

(Dbl homology)

(RhoA,
RhoB
RhoC)

Rho-GDP
( in a c tiv e )

Myr 5: myosin motility/ 
vesicle transport; PI 22: PLC 
activation; PI 90: Ras-crosstalk/ 
stress fibre dynamics

Rho-GTP

Phosphalipid turnover 
and s\ nthcsis. cvtoskeleton

[Phosphatidylinositol 
(4>phosphate 5 kinase, PLD}

Ser/Thr kinase : '
fstaivrosponne scTisiiivc)

(PKN?)

(Actin bundles, myosin-II, 
actinin, etc.)

t
Rho-kinase inhibjiion o f myosin light-chain 
phosphatase.
Rho activation o f polyphosphoinositide 
s\ nthcsis and turnover

Binding proteins

(Citron, rhophilin)

Figure 1.6 A model for Rho-mediated signalling

Lysophosphatidic acid (LPA) is thought to activate a heterotrimeric G-protein-coupled 

receptor. Rho is activated in cells by LPA through a putative tyrphosfm-sensitive tyrosine 

kinase. Dbl-family proteins act as GTPase exchange factors for Rho and release it from 

GDP-dissociation inhibitors. Active Rho (Rho.GTP) causes activation of phospholipid 

synthesis and turnover, kinase activation, as well as the formation of stress fibres and focal- 

adhesion complexes. Rho is returned to its inactive state by the action of GTPase-activating 

proteins, which in turn may also cause downstream effects themselves.

FAK, focal adhesion kinase; GEF, GDP-GTP exchange factor; PKN protein kinase N; PLD, 

phospholipase D; R, transmembrane receptor for LPA.



Another potential mechanism by which Rho may regulate the actin 

cytoskeleton is through the recently discovered members of the ERM (ezrin, radixin, 

moesin) family. Through their association with a cell surface glycoprotein CD44 they 

are believed to be important regulators of F-actin-plasma membrane interactions, and 

ultimately cell-cell and cell-substratum interactions (Tsukita et al. 1994). 

Reconstitution of permeabilised fibroblasts with ERM proteins can restore Rho- 

induced stress fibre formation, cortical actin polymerisation and focal complex 

formation (Mackay et al. 1997). Other research has revealed that ERM proteins are 

rapidly phosphorylated by a Rho-dependent kinase. This prevents intra- and inter- 

molecular association of the ERM proteins (Matsui el al. 1998). In vivo this may 

allow actin to detach from the membrane during cytoskeletal reorganisation. Further 

data which showedÔiat phosphorylating ERM proteins induced their relocalisation 

into various actin structures reaffirms this hypothesis (Shaw et al. 1998). Further data 

on the evidence for Rho’s role in the regulation of cell adhesion, motility, and the cell 

cycle (through the cytoskeleton) is reviewed in (Machesky & Hall, 1996; Takai et al. 

1995; Hall, 1992) and (Ridley, 1995).

1.7 Thesis Aims

It has been demonstrated by this laboratory that Rho is an important regulator 

of Ca^^-induced secretion. V 14RhoA promotes and C3 transferase inhibits Ca^ -̂ 

induced secretion (Price et al. 1995). Rho has also been shown to be a regulator of de 

novo actin polymerisation in mast cells (Norman et al. 1996). However, its role in the 

regulation of cortical actin is unknown. What is  ̂^ clear is that cortical actin 

undergoes profound Ca^  ̂-induced disassembly. Other research has shown that a 

heterotrimeric G-protein may also regulate the actin (Norman et al. 1994).

This laboratory has further investigated the relationship between actin and 

secretion - it has been proposed that the cortical actin cytoskeleton acts as a barrier. 

Data from FACS experiments show that disassembly occurs in secreting and non

secreting cells, indicating that this is not sufficient for secretion to occur (Norman et 

al. 1996). Depolymerisation with cytochalasins also has no effect on secretion.
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However, addition of gelsolin to mast cells promotes Ca^^-induced disassembly and 

secretion (Borovikov et al. 1995).

This thesi^ im s are:

•  to investigate the role of Rho in cortical actin regulation

•  to further characterise Rho’s role in secretion

•  to determine whether a heterotrimeric G-protein(s) regulate cortical actin

•  to look for the Ca^^-binding protein that regulates cortical actin and secretion to 

further investigate whether cortical actin regulates secretion
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CHAPTER 2

MATERIALS AND METHODS
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MATERIALS

2.1 Chemicals

Streptolysin-0 (SL-0) was obtained from Murex Diagnostics (Dartford, Kent, 

UK). GTPyS was obtained as a lOOmM stock solution of the lithium salt from 

Boehringer Mannheim (Mannheim, Germany). All calmodulin and calmodulin- 

binding protein inhibitors (plus their control compounds) were from Calbiochem (San 

Diago, USA). Jasplakinolide and Phalloidin were obtained from Molecular Probes. 

FACS calibration beads were Standard Brite type from Coulter Electronics Inc. (Ohio, 

USA). pH]-GTP and pH]-GDP solutions were obtained from DuPont NEN 

(Stevenage, UK).

All other chemicals and reagents were of the highest quality available from 

standard commercial sources.

2.2 Proteins and peptides

Transformed E.c oli expressing V14RhoA and V12Racl were obtained from 

Dr. Anne Ridley (Ludvig Institute, London). Professor Alan Hall (Dept Molecular 

Cell Biology, UCL) kindly supplied the C3-transferase. Human thrombin was 

obtained from Sigma as a frozen solution. Porcine CaM, FITC-labeled porcine CaM 

were gifts from Dr. Kati Torok (Newcastle University, UK) and commercial 

preparations were purchased from Boehringer Mannheim (Mannheim, Germany). 

MLCKP (Trp) (^c-R-R-K-W-Q-K-T-G-H-A-V-R-A-I-G-R-L-COAT/2 ) and control 

(yf c-R-R-K-E-Q-K-T-G-H-A-V-R-A-I-G-R-E-COA/7i^) peptides were a gift o f Dr. 

Kati Torok, cNOS peptide (K-R-R-A-I-G-F-K-K-L-A-E-A-V-K-F-S-A-K-L-M-G-Q) 

was a gift from Professor Hans Vogel (Calgary University, Canada). CaM 

radioimmunoassay kit and [*^^I]-Bolton Hunter labeled CaM were obtained from NEN 

DuPont (Stevenage, UK).
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2.3 Antibodies

Commercial preparations of anti-CaM antibody (mouse) were from Sigma 

Immunochemicals (St.Louis, USA). Anti-MLCK antibody was purchased from Sigma 

Immunochemicals (St.Louis, USA). Anti-mouse IgG Peroxidase Conjugate and anti

goat IgG Alkaline Phosphatase Conjugate were both from Sigma Immunochemicals 

(Ohio, USA). Anti-rat IgE and FITC-conjugated anti-rat IgE / anti-rat Ig were 

obtained from Nordic Immunological Laboratories b.v. (Tilburg, Netherlands). Rat 

myeloma IgE IR162 was a kind gift o f Dr. Richard Bell (Cornell University, USA). 

Anti-DNP IgE was a gift o f Gemma Way (Dept Physiology, UCL) and BSA-DNP^^ 

was obtained from Molecular Probes Europe b.v. (Leiden, Netherlands).
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METHODS

2.4 Cells

(a) Rat peritoneal mast cells

RPMC were obtained by peritoneal lavage with Tyrode's solution (pH 7.4) of 

Sprague-Dawley rats (>300g). Cells were transferred to chloride buffer (CB: 137mM 

NaCl, 2.7 mM KCl, 20 mM NaPIPES, 5.6 mM glucose, 1 m g.m f'-l BSA) at pH 6.8 

and centrifuged at 296g over a cushion of percoll, washed, and resuspended in CB 

until required (<2 hr.) as previously described (Cockcroft et al. 1987).

(b) Rat basophilic leukemia-2H3 cell line

RBL-2H3 cells were obtained from Dr Gemma Way (Physiology, UCL). Cells were 

passively sensitised as previously described (Orida et al. 1983).

(c) Sensitised rat peritoneal mast cells

Active IgE sensitisation was carried in the laboratory of Professor Fred Pierce 

(Chemistry, UCL) according to previously established protocols (Peachell & Pearce, 

1989a). After purification cells were transferred to Modified Dulbecco Eagle 

Medium with 2mM L-glutamine, 10% low endotoxin decompkmented fetal calf 

serum (Sigma), SOU.mf' penicillin and SOpg.ml ’ streptomycin (supplemented 

DMEM) under sterile and low endotoxin conditions.

RPMCs were passively sensitised by modification of previously described protocols 

(Okada et al. 1996a). Briefly, RPMCs were obtained by peritoneal lavage and purified 

as described. After suspension in supplemented DMEM ,at a density of-lO ^m l ', 

cells were sensitised with 1 pg.mf' ascitic IgE (IR 162) for 24 hours at 37°C in 5% 

CO; and challenged with 1:50 dilution of anti-IgE antibody (optimum concentrations 

and conditions were determined as described in chapter 5).

For analysis by flow cytometry cells were kept in suspension whereas for experiments 

requiring confocal microscopy cells were attached to glass.
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2.5 Permeabilisation and secretion assay for cells in suspension

Cells were resuspended in glutamate buffer (GB: 137 mM Na-glutamate, 2 mM 

MgClj, 20 mM NaPIPES, Img.mf* BSA) at pH 6.8 and permeabilised with GB 

containing 0.4 lU.ml ' streptolysin-0 and 3mM EGTA for 2 min. at 30°C. 7 ml of GB 

was then added. After centrifugation ( 5 min at 296g) cells were resuspended in GB 

containing lOOpM EGTA. Permeabilised cells were then pre-treated as indicated and 

stimulated (triggered) with the stated combinations of buffered Ca^ ,̂ GTPyS, and 

MgATP in GB at 30°C for 20 min. Calcium concentration (pCa) using Ca.EGTA 

buffers was calculated using the computer program Ligandy (Gomperts & Tatham, 

1992). After triggering cells were quenched with ice-cold PBS or GB and sedimented 

by centrifugation. Supernatants were assayed for released N-acetyl-p-D- 

glucosaminidase (hexosaminidase) as previously described (Gomperts & Tatham, 

1992). Secretion is expressed as the % total cellular content of hexosaminidase, where 

100% was determined by cell lysis using 0.2% Triton X-100.

2.6 Cell treatments

Permeabilised cells were treated with various inhibitors, toxin^exogenous proteins 

prior and/or during triggering. In some cases intact cell were also treated with cell 

permeant compounds.

(a) Depletion and/or inhibition o f CaM

Permeabilised cells were preincubated for 5 min. on ice with GB containing MLCK, 

Control or cNOS peptides in the presence of pCa 6.5. Peptide concentrations were 

kept constant throughout the experiment.

Permeabilised cells were preincubated with GB containing indicated concentrations of 

W5, W7 or calmidazolium as described above. However, no washes were performed 

and antagonist concentrations were kept constant during triggering.
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(b) Treatment with exosenous proteins

Rac and Rho mutants (8 fig.ml ’ final concentration) were preincubated with 

permeabiiised cells in GB for 5 min. on ice prior to triggering. Cells were incubated 

with CaM in the presence of calcium (pCa 6.5). Protein concentrations were kept 

constant throughout pre-treatment and stimulation.

(c) Pre-incubation with toxins

Ipg.ml ' C3-transferase and 0.5 mM NAD^ were added at room temperature for 8 

min. prior to triggering.

Intact cells were incubated for 2 hr. with pertussis toxin (Ptx) at room temperature in 

supplemented DMEM and washed with GB prior to permeabilisation.

Unlabeled phalloidin in GB was incubated with permeabiiised cells at the indicated 

concentration for 5 min. on ice prior to triggering. Jasplakinolide was incubated in CB 

with intact cell for 1 hr. at room temperature. Cells were then washed and triggered. 

Jasplakinolide treatment o f permeabiiised cells was the same as that with unlabeled 

phalloidin.

2.7 Staining protocols

In order to visualise F-actin and secretion by flow cytometry and confocal microscopy 

cells were treated with specific fluorescently labelled toxins. Phalloidin binds 

specifically to F-actin and was labelled with TRITC (Rhodamine-Phalloidin or RP). 

Various protocols allowed visualisation of selective changes to F-actin, such as 

cortical disassembly, filament relocalisation or de novo polymerisation. Succinyl-Con 

A binds to the intragranular matrix of secretory vesicles when exposed following 

triggering. This compound was labelled with FITC (FITC-S-con A) to allow dual 

labelling o f cells.

Immunolocalisation (immunostain) protocols for calmodulin and myosin light chain 

kinase were variations of those previously described (Greene & Lloyd, 1989; Edelman 

et al. 1992).
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(a) Stainins o f  F-actin

Rhodamine-phalloidin (RP) was used to visualise F-actin in cells. Three separate 

protocols were employed.

i. Low Rhodamine-Phalloidin Pre-Label ( at low concentrations of RP [< 0.2 pM] 

actin filaments are not stabilised, only labelled. This allows us to follow the fate of 

existing F-actin, be it disassembly or relocalisation, but does not detect de novo 

polymerisation)

- cells were relabeled with 0.1 pM RP in GB for 20 min at 4°C (in suspension) or for 

10 min at 4°C (attached) prior to permeabilisation.

ii. High Phalloidin Pre-Label and RP Post Label (High concentrations of unlabeled 

phalloidin [>1.5 pM] stabilises existing F-actin. This prevents cortical disassembly 

and/or relocalisation so when RP is added only de novo polymerisation is visualised)

- cells (in suspension and attached) were incubated with unlabelled phalloidin (2 pM) 

for 5 min on ice prior to permeabilisation and washed. After activation cells were 

post-labeled with 0.1 pM RP for 20 min at 4°C prior to fixation (suspension) or, after 

fixation, with 0.1 pM RP and 80 pg.ml'* LPC for 20 min at RT (attached).

iii. RP Post-Label (if cells are stained after triggering with RP the relative changes in 

cortical and interior F-actin can be visualised. However, for increases in interior F- 

actin this method cannot distinguish between relocalisation and de novo 

polymerisation)

- after triggering cells are post-labeled with 0.1 pM RP for 20 min at 4°C prior to 

fixation (suspension) or, after fixation, with 0.1 pM RP and 80 pg.m f’ LPC for 20 

min at RT (attached).

(b) Stainin2 o f  secretory vesicles

For attached cells incubation with 50pg.ml * FITC-S-con A for 10 min. at 4°C was 

carried out, and then cells were washed at least four times prior to fixation.

For analysis o f the secreting population of suspended cells were incubated with 100 

pg.ml * succinyl con A for 10 min at RT in GB to reduce background staining, washed 

and then permeabiiised as described. After activation cells were labeled with 64 

pg.ml ’ FITC-S-con A (optimum concentration determined by FACS - not shown), to
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label exposed granule glycoproteins for 8 min. at RT, and then quenched with 10-fold 

dilution of ice cold GB-lOOpM EGTA, sedimented and resuspended.

(c) Immunostainins

Cells were attached to glass for 1 hr and either permeabiiised or left intact. After 

washing twice with GB-100 pM EGTA (GB-E) cells were then fixed for 20 min. at 

RT with 3% paraformaldehyde in GB-E-PEG (polyethelene glycol) (no BSA). Cells 

were washed x4 with GB-E-PEG and then treated with 0.5% TritonX-100 for 3 min at 

RT, and again washed x4 with GB-E-PEG. Cells were blocked with 5% PCS in GB- 

E-PEG for 1 hr at RT, washed (x3, GB-E-PEG) and treated with the appropriate 

primary antibody (in 1% PCS GB-E-PEG) for 45 min at RT. The antibodies used 

were, a) 6D4 mouse monoclonal anti-CaM (1/100) (Sigma, C-3545), b) mouse 

monoclonal IgG2b anti-MLCK (1/100) (Sigma, M7905) and mouse monoclonal IgG 

anti-CaM-dependent kinase II (1/50) (Sigma, B8774). Primary antibody binding was 

visualised using a second layer of biotinylated anti-mouse IgG, absorbed with rat 

serum proteins (1/100) (Sigma, B8774), followed by streptavidin-fluorescein (1/500). 

Appropriate controls, i.e. no primary antibody, preimmune serum as primary antibody 

were carried out. Various protocols and antibody titres were tested to establish 

optimum conditions as given.

(d) Fluorescent-Calmodulin

PITC conjugated CaM was obtained from Dr Kati Torok. Calmodulin was 

fluorescein-labelled (Pl-CaM) as described (Torok & Trentham, 1994). Briefly, pig 

brain calmodulin was conjugated with fluorescein by reaction with 5-DTAP (5-(4,6- 

dichlorotriazinyl) aminofluorescein (Molecular Probes). Information on similar 

reactions show that the Lys75 residue of calmodulin is the conjugation site. The 

fluorescence of Pl-CaM is insensitive to binding of Ca^  ̂or other proteins, and so these 

do not contribute to the changes in fluorescence observed. Purthermore Pl-CaM binds 

to targets proteins with an affinity similar to calmodulin (Torok & Trentham, 1994). 

Mast cells were attached and permeabiiised as described. They were then exposed to 4 

pM fiuorescein-calmodulin (Pl-CaM) in the presence of calcium (pCa5) for 20min at
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4 °C. Cells were then washed with calcium (pCa6)-GB three times and treated with or 

without the indicated concentrations o f W-compounds or peptides (in GB-pCa6) for 

10 min at room temperature. Cells were then washed with calcium (pCa6)-GB three 

times and fixed in 3.8% formaldehyde in phosphate buffered saline (PBS) containing 

2mM MgClj (PBS-M) for 20 min. After washing with PBS-M cells were mounted 

under coverslips in Mowiol. Visualisation and analysis was carried out using confocal 

laser scanning microscopy as described.

2.8 Flow cytometry

(a) Principles

FACS allows not only the analysis of mean cell fluorescence but also, simultaneously, 

the light-scattering properties of the cells. Forward light-scattering (FLS) can be 

related to cell size, and 90°LS related to internal cell structure in fixed cells 

(Terstappen et al. 1990). In mast cells the differences in size and internal refractory 

index after degranulation means that two distinct cell populations can be visualised. 

FACS has been used to measure the changes in light-scattering o f intact mast cells 

stimulated by secretagogues (Perretti et a l  1990) and of permeabiiised washed mast 

cells activated by Ca^^, GTPyS and MgATP (Price et a l  1995).

Flow cytometry (FACS) was carried out using an EPICS Elite flow cytometer 

(Coulter Electronics Inc.) equipped with an argon ion laser (courtesy of Professor 

Lynch, Department o f Haematology, UCLH). The excitation of the argon ion laser 

was 488nm line at 150mW, and emission was recorded at 525nm for FITC- 

conjugated probes (e.g. FITC-S-con A) and 575nm for TRITC-conjugated probes (e.g. 

rhodamine-phalloidin). The nozzle diameter was 65pm. Forward light scatter (FLS) 

was detected by a photodiode and for 90°LS 10% of scattered light was deflected at a 

90° angle using a beam splitter. 10 000 cells per sample were analysed in triplicate. 

Data collected by FACS was then analysed using EPICS coulter software on a 

standard PC. Histograms for fluorescence and/or light scatter were plotted for all cells 

and gates were drawn to exclude noise and cell debris. Sub-populations o f secreting
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and low-non-secreting cells were defined by gates as previously described (Price et al. 

1995) and fluorescence measurements for these sub-populations made where required. 

Experiment-to-experiment variation was limited by standardising light scattering and 

fluorescence detector sensitivity at the beginning of each experiment using calibration 

beads ( gain and voltage). Calibration beads were also used to eliminate intra- 

experimental variation by checking size / fluorescence at regular intervals ( maximum 

4 per experiment).

(b) Protocol

Cells were permeabiiised as described and resuspended at a density o f approximately 

0.5 X 10  ̂cells.ml'\ Staining o f F-actin and secretory vesicles was as described. In 

both cases, after activation, cells were quenched with ice cold GB-lOOpM EGTA , 

sedimented and supernatant taken for determination o f hexosaminidase release. For 

analysis by FACS cells were fixed in GB ( without BSA) containing 0.5% 

formaldehyde and filtered through a 100 pm nylon mesh. Samples could be kept at 

4°C for up to three days without any deleterious effects to morphology or fluorescence 

prior to analysis.

2.9 Confocal microscopy

(a) Permeabilisation o f  attached cells

Cells at a density o f 0.5 x 10  ̂cells.mf* in CB were attached to 8-well Multitest slides 

(25 pi per well) for 1 hour at room temperature and washed with GB-lOOpM EGTA. 

Cells were permeabiiised in GB with 0.4 lU .m f’ SL-0 and 3mM EGTA for 8 min. at 

room temperature and washed again Avith GB-lOOpM EGTA. Cell treatments and 

activation with calcium / nucleotides were as described for suspended cells. Cells 

were then fixed in 3% formaldehyde in GB-3mM EGTA for 20 min. at room 

temperature and washed. Staining for F-actin and exposed secretory granules was as 

described in section 2.7. Secretion was also determined by assay of released 

hexosaminidase. After staining cells were washed and sealed with Mowiol (Harlow 

Chemical Company, Essex) under glass coverslips. Slides were kept at 4°C until 

analysis (<24 hr.).
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(b) Analysis

Images of RP or FITC-S-con A labeled cells were obtained using a confocal laser 

scanning microscope equipped with an argon ion laser attached to a Leitz Fluovert-FU 

microscope (Leica). For visualisation of FITC-S-con A labeled cells excitation was at 

418nm and emission at 550nm. RP labeled cells were visualised at an excitation of 

514nm and emission at 590nm. Digital images (equatorial slices) were displayed 

using the 'glowuvon' colour look-up table from Leica.

A quantitative estimate of F-actin distribution changes following various treatments 

was obtained by radial line scan analysis o f the images of the equatorial slices. A 

radial line was described projecting from the cell exterior to a depth of 35 pixels 

within the cell. This represents a penetration o f 8.575 pm into the cytoplasmic space. 

The nucleus was normally >8.5 pm from the cell edge and therefore not included in 

this analysis. Three such lines were obtained per cell for a total o f at least 40 cells.

To obtain the distribution plots the lines obtained for each set of experimental 

conditions were averaged to form a mean profile ± S.E.M. (the statistic is appropriate 

for the cell number and not the number of lines). Changes in the regions designated as 

cortical (pixels 1-10) and internal (pixels 11-35) were calculated as percentages of the 

total F-actin content in both regions from control cells (the sum of intensities of pixels 

1-35 for EGTA treated cells). Thus relative changes in distribution of F-actin induced 

by treatments and triggers could be evaluated

2.10 Assessment of calmodulin content in mast cells

(a) Western blot

Mast cells were permeabiiised by modification of SL-0 "prebind" method as 

described in (O'Sullivan et a l  1996). Briefly, mast cells were treated with 0.8 lU .m f’ 

SL-0 on ice for 5 min (SL-0 binds but does not permeabilise membrane), sedimented 

at 4°C and resuspended at a density of ~ 1 x 10  ̂cells.ml'* in ice cold GB containing 

Ca^  ̂chelators and protease inhibitors (EGTA 1 mM; EDTA 1 mM; PMSF 0.1 mM; 

pepstatin 1 pg.ml’’; leupeptin 1 pg.ml'^). permeabilisation was started by incubating 

cells at 30°C for 10 min. in GB-EGTA (3mM) at pH 7.4 (optimum pH for EGTA
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calcium chelation) and then sedimented for 10 min. at 1200g. Pellets were 

resuspended in 200pi GB and, along with total and supernatant samples treated for 5 

min on ice with 1 % Triton X-100 and then centrifuged to sediment nuclei (5 min at 

10 OOOg). Cell proteins and CaM standards were dissolved by adding 50 pi of 

Laemmli sample buffer and separated by discontinuous SDS-PAGE according to the 

method of (Laemmli, 1970) using a Mini-Protean II electrophoresis cell (Bio-Rad, 

California). Acrylamide concentrations were 4% and 12 % in the stacking and running 

gels, respectively. Proteins were transferred to nitrocellulose membranes as described 

in (Towbin et a l 1979) using a Mini Trans-Blot cell (Bio-Rad, California) at 90 volts 

for 30 min.

Membranes were treated according to the protocol o f (Ridley et a l  1993) with 

modifications. Nitrocellulose membranes were blocked overnight at 4°C in Tris- 

buffered saline containing 0.1% Tween 20 (TBST), and 2% dried milk powder. 

Membranes were then probed with 6D4 monoclonal mouse anti-CaM antibody 

(1/700) (Sigma) at room temperature and washed 4 times over 30 min. Membranes 

were then treated with anti-mouse IgG peroxidase conjugate (1:5,000) for 1 hr at room 

temperature in TBST with 2% milk powder, washed as above and developed using 

ECL reagents according to manufacturers instructions and exposed to photographic 

paper. Various other antibodies were tested against bovine and porcine CaM, other SF 

family proteins (TnC, Parvalbumin) and in the presence and absence o f Ca^  ̂on SDS- 

denatured samples by dot-blot assay because of the batch-to-batch variability in 

antibody titres, and specificity , ^following page - table 2 . 1 0 ).
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Dependent Specificity Titre

SIGMA (Mo)

monoclonal 6D4 no bovine, porcine 1/700++

monoclonal 2D1 no bovine, porcine, TnC 1/50+

monoclonal IFl 1 no bovine, porcine 1/ 100++

polyclonal 6D4/2D1/1F11 no bovine, porcine, TnC 1/ 100+

ICN (Gt)

monoclonal slight bovine, porcine 1/400++

Gift of David Sacks

polyclonal (rabbit) no bovine, porcine 1/500++

monoclonal (mouse) no bovine, porcine 1/500++

Table 2.10 Characterisation of anti-calmodulin antibodies

Samples of bovine and porcine CaM, as well as  TnC and Parvalbumin were boiled in SDS- 

sample buffer with protease inhibitors for 1 hour. After cooling sam ples were dotted onto a 

nitrocellulose membrane, followed by a Western blot with various titres of anti-CaM antibodies 

in the presence of 1mM CaClj as  previously described (2.10a). Titres of anti-CaM antibodies 

given are the lowest for a visible positive reaction. At least two separate experiments were 

carried out for each antibody. + : weak reaction ++: strong reaction

(b) Radioimmunoassay

RIA for CaM was carried out essentially according to the protocol from NEN

Research Products with modifications. Briefly, samples were obtained as above and

totals, pellets and supernatants resuspended in 10 mM imidazole, pH 7.5 containing 1

mM 2-mercaptoethanol, 10 mM MgClj, 0.15 M NaCl as described in (Chafouleas et

al. 1984) and heated to 80 °C for 1 hour to enhance immunogenicity of CaM.

CaM and bovine brain CaM standards were treated likewise. The protocol given by

the manufacturers was then followed. The normalised percent bound (% B/BJ for

each sample and standard was calculated from the formulae -

% B /B q = Net CPM of Standard or Sample x 100 
Net CPM or "0" Standard

Standards were plotted against the corresponding ng protein added and samples 

calculated by interpolation from the standard curve, correcting for aliquots and 

dilution factors.
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2.11 Assessment of peptide activity

Inhibition of the CaM-dependent activation of PDE by the indicated peptides was 

assayed colo rimetrically by determining the amount of phosphate which was 

released from cyclic AMP as described (Sharma & Wang, 1979). Variable quantities 

of peptide were added to 4 ml of the reaction buffer (20 mM Tris, 2 mM imidazole, 3 

mM MgClj, 0.1 mM CaClj, 18 nmol CaM, 0.4 nmol PDE at pH 8.0) for 30 min. at 

30°C. cAMP (at final concentration of ImM) was added to initiate the reaction. At 3 

min intervals 400 pi aliquots were withdrawn and the reaction stopped with lOOpl 

60% TCA. The PDE activity was calculated from the slope of the curve giving the 

time course of the amount of phosphate released. The activity of PDE in the presence 

of 3 mM EGTA was defined as 0% activation (basal).

2.12 Preparation or Rac and Rho mutants

(a) Purification

E.coli transfected with expression vectors containing GST-V12Racl and -V14RhoA 

DNA were kindly provided by Dr. Anne Ridley and essentially prepared as described 

in (Ridley & Hall, 1992). Expression and purification of proteins were according to 

the protocols described in (Ridley & Hall, 1992) with modifications. The buffer used 

throughout the preparation was 50 mM NaCl, ImM DTT, 4 mM MgClj, 0.02% NaN^, 

20 mM Tris-HCl pH 7.4 - buffer RB. Bacteria were grown overnight at 37°C in 

Terrific broth (Sigma) supplemented with SOpg.mf’ ampicillin with agitation, then 

diluted 1 in 10 in fresh broth and grown for a further 1 hr at 37°C with agitation. 

Protein production was induced by 100 pM IPTG for 3 hours. Bacterial cells were 

then sedimented at 4 400x g for 10 min. at 4°C and resuspended in a volume equal to 

4% of the final culture volume. Cells were disrupted by sonication on ice and then 

centrifuged at 12 OOOx g, 10 min. at 4°C. The supernatant was then incubated with 

pre-washed Glutathione Sepharose beads (2 ml of a 1:1 suspension of beads in RB 

buffer per litre of culture) at room temperature for 1 hr with agitation. Beads were 

then sedimented at 500x g 5 min. and washed three times in buffer supplemented with
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2.5 mM CaClj. To cleave the protein beads were resuspended in ~ 5 times the bead 

volume of RB buffer containing 2.5 mM CaCl2 , 25 mM (3-octyl glucoside and 20 

U.ml ' thrombin for 2 hr. at room temperature. Beads were washed three times to 

remove residual cleaved protein and the supernatants were pooled and treated with 30 

pi p-aminobenzamidine A^nn^fbr 30 min. at room temperature to remove residual 

thrombin.

(b) Preactivation

The protocol of (Ridley et al. 1995) was modified to bind GTP to the purified proteins 

and remove excess GTP. Using calculations from CaMg.bas software (World 

Precision Instruments, Conneticut) EDTA was added to the supernatant to reduce the 

concentration of Mg“̂  to below 1 pM thus decreasing the affinity of the protein for the 

bound guanine nucleotide (Hall & Self, 1986). GTP at 1 mM was incubated with the 

proteins for 10 min. at 30°C to allow GDP to exchange for GTP. The activated protein 

was stabilised by addition of MgCLj to give a final Mg^  ̂concentration of 2mM as 

described. Proteins were dialysed against buffer RB containing protease inhibitors 

(0.1 mM PMSF, 1 pg.mf' pepstatin A 1 pg.ml ' leupeptin) for 4 hours with 3 changes 

of buffer. Finally proteins were dialysed against GB (-BSA) as above and 

concentrated in GB (-BSA) using the Microsep lOKDa cut-off centrifugal 

concentrators ( Filtron, Massachussetts). The final dialysate was used in controls. 

Samplàfrom different stages were taken and analysed by SDS-PAGE for a single 

band to ensure thrombin cleavage. Total protein concentration was determined using a 

colloidal Coomasscblue staining protocol according to the method of (Neuhoff et al 

1988) and compared against BSA standards.

(c) Assessment o f  active protein by 2uanine nucleotide bindins assay 

Concentrations of proteins were expressed as their active concentrations assessed 

according to their ability to bind pH]-GDP using a standard filter assay (Hall & Self,

1986). Briefly, serial protein dilution's were made and 2 pi of protein were incubated 

in a buffer containing 50mM NaCl, 5mM MgCl2 , 5mM DTT, 50 mM Tris-HCl at pH 

7.6, with lOmM EDTA and 0.25 nmoles ['H]-GDP (38.4 Ci.mmol', Im C i.m f) for 10 

min. at 30°C. Samples were diluted to 10ml with cold buffer (without DTT) and
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filtered through pre-wetted 0.45pm nitrocellulose filters (Whatman) and washed with 

cold buffer. After air drying radioactivity was determined by scintillation counting. 

The concentration of active protein binding nucleotide was calculated as follows -

Assuming 1 mol of Rho binds 1 mol of pH]-GDP, then 1 pg Rho should yield 

lO^dpm: [Protein] mg.ml'' - cpm/ul x 100

1 0  ̂ counting efficiency

2.13 uptake studies

"̂ Câ  ̂uptake studies were performed essentially as described in (Maurer et a l 1996), 

with certain modifications. Intact anti-DNP IgE- or IR162 primed RPMC in 

supplemented DMEM were pre-treated ± W7, or the control W5, at the indicated 

concentrations for lOmin at room temperature. Cells were then incubated in BSA-free 

supplemented DMEM containing 20 pCi.ml ' in the absence and presence of 

the indicated concentrations of anti-lgE or DNP-BSA. After incubation for 20 min at 

37°C the supernatant was aspirated for released hexosaminidase determination and the 

cells were washed twice with supplemented DMEM. Radioactivity in the remaining 

cells was determined by extraction with 1 0 % trichchloroacetic acid and counted by 

liquid scintillation spectroscopy. Results expressed are as a percentage of the net 

stimulated control response, where basal (non-stimulated) uptake been subtracted 

from all groups.

2.14 Assaying for PLD activity (carried out by Gemma Way)

Confluent RBL-2H3 cells were labelled with [^H]-choline chloride at a final 

concentration of 0.5 pCi.ml 'for 48 hours.

For parallel secretion / PLD activity studies a sample of supernatant was first 

taken after the experiment for determination of released hexosaminidase. The 

remainder of the sample was quenched with chloroform/methanol (1:1) (lOOpl to 

500pl chloroform/methanol), and vortexed to produce a single phase. After 

centrifugation (5mins at 4°C), 400ml of the aqueous top phase was applied to BioRex
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columns to separate free fH]-choline from other aqueous metabolites. The 10ml 

columns contained 1ml of slurry, 50% BioRex 70 cation exchanger in water. 

Phosphorylcholine, glycero-phosphocholine and CDP-choline were eluted with 3ml 

50mM glycine/5OOnM NaCl (pH 3), directly into scintillation vials. 3ml of Ultima 

Gold XR scintillation cocktail was added, and samples vortexed. The increase in 

labelled choline was expressed as a function of the total radioactivity (DPM) 

incorporated in the choline lipids. From control samples the total lipid chloroform 

extract was transferred to scintillation vials and the chloroform evaporated overnight 

on the bench. 500ml o f methanol was added to the dried lipids, followed by 4ml of 

scintillation cocktail. The BioRex resin was regenerated by washing the resin with 

3ml 0.5M NaOH (pH 9) followed by 10ml water.

2.15 Assaying for IP3 production

Cells were labelled for 48 hours in supplemented DMEM with pH]-myo-inositol 

(final concentration 1 pCi.ml'^) during sensitisation. After washing and treatment with 

antigen (± CaM inhibitors), 100 pi samples were treated with chloroform/methanol 

mixture (1:2 ratio) and vortexed to obtain a single phase. Two phases were then 

obtained by addition of 125 pi chloroform and 125 pi o f water. Samples were then 

mixed and centrifuged (500 g, 5 min).

Inositol phosphates were separated from free inositol and 

glycerophosphoinositol using Dowex 1-X8 anion exchange resin (formate form), 

packed into Pasteur pipettes (0.5 ml bed volume). The aqueous phase from the 

extraction was applied to the column. The column was then washed with 4ml water to 

elute pH]-inositol. Glycerophosphoinositol was removed with 3ml of 5mM sodium 

tertraborate/5mM sodium formate. Finally IP3 was eluted with 3ml of IM  ammonium 

formate/0. IM  formic acid directly into scintillation vials. The radioactivity was 

measured after addition of 3ml Ultima Gold scintillation cocktail.

4 8



2.16 Statistics

Where indicated data was analysed by Student t test using Instat software. Unless 

otherwise stated in figure legends the experiments shown are representative of at least 

three similar experiments.
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CHAPTER 3

REGULATION OF ACTIN AND SECRETION BY 

CALCIUM AND G-PROTEINS
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INTRODUCTION

The work described in this chapter is a development o f previous research 

carried out in, amongst many others, the laboratories of Anna Koffer and Bastien 

Gomperts. Besides demonstrating a correlation between disassembly o f cortical 

F-actin and the secretory response (Norman et al. 1996), their work also revealed 

important roles for the monomeric G-proteins Rho and Rac in the regulation of 

secretion (Price et al. 1995; O'Sullivan et al. 1996) and the organisation of 

filamentous actin (Norman et al. 1994). Furthermore preliminary results also 

suggested that the cortical F-actin cytoskeleton is regulated by a heterotrimeric 

G-protein(s) (Norman et al. 1994).

This and following chapters exploit the well characterised streptolysin-0 

permeabiiised mast cell as a model system for investigation (Howell & Gomperts,

1987). Where possible comp’ mentary experiments using intact cells have also been 

carried out. Confocal microscopy and flow cytometric (FACS) methods (Norman et 

al. 1992) have been used to address a number o f issues and hypotheses relating to the 

regulation o f the actin cytoskeleton and secretion.In resting mast cells there is a 

prominent F-actin cortex, and this undergoes profound disassembly in the presence of 

calcium and ATP (Koffer et al. 1990; Borovikov et al. 1995). Since RPMCs maintain 

their round shape after activation at room temperature they provide an ideal model 

system with which to quantify cortical F-actin disassembly, without the complications 

of ruffling and spreading that occurs in activated RBL cells (Apgar, 1994). This 

profound cortical disassembly provides the basis of a well characterised bioassay that 

utilises rhodamine-phalloidin staining of F-actin vdth subsequent quantification by 

confocal microscopy or flow cytometry (Antony et al. 1992; Perretti et al. 1990). 

Furthermore, secretion assays can be carried on the same cell population.

Cortical F-actin disassembly occurs following activation in both intact and 

permeabiiised RPMC (Koffer et al. 1990; Norman et al. 1994). It is under the 

regulation of Ca^^-dependent (Borovikov et al. 1995) and -independent pathways 

(Norman et al. 1994). When permeabiiised RPMCs are exposed to high calcium (>
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lOfiM, pCa5) there is a disassembly of cortical F-actin coupled to a loss of cellular 

F-actin. This is the so-called Ca^^-dependent pathway. By contrast, activation of 

G-proteins (by GTP-y-S) in the presence of a calcium chelator (EGTA) leads to 

disassembly of cortical F-actin coupled to an increase in internal F-actin. This is the 

Ca^^-independent pathway. The GTP-y-S-induced redistribution of F-actin is a 

consequence of at least three events - cortical F-actin disassembly, relocalisation of 

cortical filaments to the interior, and de novo actin polymerisation within the interior.

Rac and Rho, small GTP-binding proteins have been identified as regulators of 

F-actin in these cells (Price et al. 1995). Although Rho is responsible for the 

Ca^^^-independent induction of de novo polymerisation its role in the regulation of the 

cortical F-actin pool remains unknown (Norman et a l 1994). In permeabiiised RPMC 

these two Rho-related GTPases are important regulators of secretion (Price et al 

1995; O'Sullivan et a l 1996). It appears that a substantial proportion of the 

endogenous Rho and Rac is retained by mast cells following permeabilisation 

(Norman et a l 1996). ADP-ribosylation (inactivation) of the endogenous Rho inhibits 

secretion (Aktories et a l 1989) and addition of RhoGDI (an inhibitor of Rho function) 

to patch-clamped RPMCs also inhibits Ca^^-independent secretion (Mariot et a l 

1996).

This chapter seeks to address a number of these issues which hav^been 

addressed as yet. It begins by examining the role of Rho in Ca^^-dependent secretion 

and F-actin regulation, and concludes with studies of the heterotrimeric G-protein 

implicated in Ca^^-independent cortical F-actin regulation. Furthermore the prevailing 

hypothesis, that cortical F-actin disassembly is required for secretion, is examined 

using various F-actin stabilising agents
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RESULTS

3.1 The effect of Rho on the calcium sensitivity of secretion

Introduction o f a non-hydrolysable analogue of GTP (GTP-y-S) into 

permeabiiised mast cells induces secretion (Lillie & Gomperts, 1992). The extent of 

secretion can be greatly enhanced, even to 100% by providing Ca^  ̂and ATP (Lillie & 

Gomperts, 1992; Koffer, 1993; Churcher & Gomperts, 1990; Howell et a l  1987). 

Introduction o f the constitutively active mutant of Rho, V14RhoA, into permeabiiised 

mast cells (for definition see chapter 2.5) also induces secretion but this has a 

requirement for both Ca^  ̂and ATP (Price et a l 1995). To elucidate the mechanism by 

which Rho promotes Ca^^-dependent secretion 1 have treated permeabiiised mast cells 

with V14RhoA in the presence of increasing concentrations of buffered Ca^ .̂ For 

comparison, cells have also been treated with the exoenzyme C3-transferase to inhibit 

endogenous Rho.

100

+ GTP-y-S

80

60 + V14RhoA

w/o addition
40
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0

EGTA 6.5 6
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Figure 3.1 Rho reduces calcium requirements for secretion

Permeabiiised m ast cells w ere pre-treated for 5 min. on ice without (w/o) addition (control 

buffer), or with C3 transferase (Igg .m P ) + NAD^ (0.5 mM), or V14RhoA (8 pg.mM), and then 

triggered with the indicated concentrations of calcium with ( ♦ )  or without (▲ T # )  30 pM 

GTP-y-S / 3 mM ATP. After 20 min. at 30°C, supernatant aliquots were removed for assay  of 

the released hexosam inidase. The figure is representative of 3 experiments. V14RhoA 

sam ples were loaded with GTP and dialysed. The final dialysate w as used for the control (■). 

Data shown are m eans ± S.E. (n = 3).
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Fig. 3.1 shows that the effects of Rho on secretion are similar to GTP-y-S. 

However, unlike GTP-y-S induced secretion, secretion induced by VMRhoA has an 

absolute requirement for the presence of Ca^  ̂at concentrations above 0.3 pM 

(pCa6.5). It is also possible to induce secretion in the absence of either GTP-y-S or 

the GTPase by elevating Ca^  ̂at concentrations in excess of pCa6 . In the range 

pCa6.5-pCa5, the presence o f VMRhoA causes a consistent elevation of secretion of 

the order of 15-25%. VMRhoA appears to enhance the Ca^  ̂sensitivity of secretion. 

However, since it was not possible to achieve saturation of the various responses I 

cannot say for certain whether the presence of the GTPase sensitises the system to 

operate at reduced concentrations o f Ca^ .̂ At the highest concentration o f Ca^  ̂(pCa5) 

the presence of the GTPase caused a further increment of 10% secretion over the (no 

additions) control. It is likely, as discussed by others (Lillie et al. 1991) that the 

secretion induced by Ca^  ̂alone arises from the surreptitious activation of GTPases 

due to generation o f GTP through the reaction catalysed by nucleoside diphosphate 

kinase. A better control for Rho function is therefore provided by treating the cells 

with the C3 exotoxin o f C. botulinum. and. as can be seen, these cells were completely 

unresponsive to Ca^  ̂alone. As shown, GTP-y-S supports secretion even in the 

absence of calcium and this suggests that GTPases other than Rho can also regulate 

secretion. As previously reported, inhibition of the endogenous Rho by C3 exotoxin 

abolishes Ca^^-induced secretion (Price et al. 1995). Overall this experiment 

demonstrates that Rho can mimic GTP-y-S-induced secretion , demonstrating that it is 

regulator of secretion.

In a separate experiment (not shown) I find that the constitutively active 

mutant of Rac, V12Racl, also induces secretion in the presence o f Ca^  ̂and this 

reinforces the idea (Norman et al. 1994) that these two Rho-related GTPases share a 

common downstream target on the pathway to exocytosis.
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3.2 The rate of calcium-induced secretion: effects of Rho

A delay in the onset o f secretion is characteristic for the secretory response of 

permeabiiised mast cells to Ca^  ̂(Koffer, 1993). Since this delay can be abolished by 

GTP-y-S (Knight et al. 1989) there is the possibility that it may be similarly 

modulated by the activated GTPase. I have examined the effect of adding the 

constitutively active Rho mutant (VMRhoA) on the time course of Ca^^-induced 

secretion.
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Figure 3.2 Rho enhances the rate and extent of calcium-induced secretion

Permeabiiised m ast cells were pre-treated for 5 min. on ice with control buffer, C3 transferase 

(1|ng.mM) + NAD^ (0.5 mM), or VMRhoA (8 pg.mP) and then triggered with calcium (pCa 5) /

3 mM ATP (A ■ ▼) or with calcium (pCa5) / 3mM ATP / 30 pM GTP-y-S (♦ ) and incubated 

at 30°C for 20 min. Duplicate aliquots were removed at the indicated time intervals for assay  

of the released hexosam inidase. The figure is representative of 3 experiments. VMRhoA 

sam ples w ere loaded with GTP and dialysed. The final dialysate w as used for the control (■).

In the experiment illustrated, for cells stimulated by GTP-y-S, secretion 

commenced within one minute and proceeded for a further lOminutes (90% release). 

By contrast, for cells stimulated by Ca^  ̂and ATP (control, w/o addition) there was a 

delay o f 10 mins before secretion commenced. Secretion then continued for a further 

15 minutes (50% release). As shown, this delay is not manifest for cells stimulated in
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the presence o f VMRhoA, and although the secretion never achieved the same rate as 

that due to

GTP-y-S, it does indicate that the endogenous Rho determines the duration o f the 

onset delay. C3-transferase inhibits Ca^^-induced secretion at all time points.

As before, I also tested the effect of V12Racl (constitutively active Rac 

mutant) in this form of experiment (not shown). This GTPase also induces an 

immediate onset o f Ca^^-dependent secretion,

3.3 The regulation of actin by Rho

The previous two experiments show that Rho is an important regulator o f 

Ca^^-dependent secretion. What is not yet known is whether this GTPase also 

regulates cortical actin. Previous research has shown that in mast cells, Rac is 

responsible for the entrapment and retention of cortical F-actin (Norman et a l  1996). 

In contrast, Rho is primarily responsible for de novo F-actin polymerisation within the 

cell interior. Ca^  ̂-induced cortical F-actin disassembly has also been well 

characterised. If indeed the regulation of secretion and cortical F-actin disassembly 

are tightly coupled, then it may be that Rho and Ca^  ̂will induce cortical F-actin 

disassembly in a synergistic manner. In order to test this idea and to characterise the 

changes in actin induced by Rho, in the presence and absence of Ca^ ,̂ permeabiiised 

RPMCs have been treated with VMRhoA (constitutively active mutant). The changes 

in actin morphology have been measured as previously described (see chapter 2.9b).
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(c) Relative changes in distribution of 

F-actin induced by V14RhoA.

Changes in the levels of F-actin in the 

cortical (shaded bars, pixel numbers 1-15) 

and the interior (hollow bars, pixel 

numbers 16-35) regions expressed as 

percentages of the total F-actin content in 

both regions from control cells 

(EGTA/ATP).

Figure 3.3 Changes in the F-actin 

distribution induced by V14RhoA in 

attached permeabiiised mast cells in 

the absence and presence of calcium

(a) and (b) Glass attached mast cells were 

permeabiiised, pre-treated with (■) or 

without (#,A) V14RhoA (8 pg.mM) and 

then exposed to EGTA (3mM)/3 mM ATP 

or to calcium (pCa 5) / 3 mM ATP as 

indicated. Densitometric line scan 

analyses were performed on confocal 

images (equatorial slices ) of the RP 

stained cells (post-labelled). Three radial 

scan lines were obtained per cell, each 

extending from the exterior to the centre of 

the cell. The intensity profiles of these lines 

were pooled to form a mean profile ± S.E, 

{n = 50).
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Fig. 3.3(a) shows that addition of VMRhoA to control cells (i.e. in the 

presence o f EGTA) causes the characteristic de novo polymerisation of internal actin. 

This can be seen from the increase in RP intensity between pixels 14 and 30, and is 

quantified in (c). There is also a small, but significant, cortical disassembly, as 

measured by a decrease in RP intensity between pixels 9 to 12.

Fig. 3.3(b) shows that Ca^  ̂induces a prominent cortical F-actin disassembly . 

Addition o f VMRhoA enhances this still further (compare RP intensities between 

pixels 9 and 12). Again, VMRhoA promotes internal de novo actin polymerisation.

Fig. 3.3(c) illustrates the percentage change in F-actin levels relative to control 

cells induced by VMRhoA. Rho and Ca^" act together to induce profound cortical 

actin disassembly, which, as calculated below, is synergistic.

Synergy requires that the consequence o f stimulation by the two reagents 

together is greater than the sum of individual responses.

So, if  cortical disassembly  ̂ to the combined stimulus (VMRhoA + Ca^VATP) is 

taken as Z

and the individual responses as X (VMRho + EGTA/ATP) and Y (Ca^VATP) 

then

synergy requires that Z > X + Y.

In this case, Z = 44.9% ± 2.6 % (change in F-actin level), 

with Y = 22.8 %± 2.1%, and X = 8.7% ± 3.6 %{n= 4),

Z > X+Y (= 31.5 ± 4.7), clearly satisfying the condition.

Rho acts in synergy with Ca^  ̂to promote cortical disassembly. However, the 

induction of de novo polymerisation by VMRhoA remains Ca^^-independent.

3.4 Inhibition of endogenous Rho by the exoenzyme C3-transferase

The previous experiment (Fig 3.3.) shows that cortical actin is regulated by 

Rho. To further investigate this and to relate it to secretion I have examined the effect 

of the Rho inhibitor C3 onCa^^-induced cortical actin disassembly and secretion. I 

have previously shown that inhibition o f secretion can be achieved by inactivating
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endogenous Rho with C3 (Fig 3.1).. By comparing the effects of C3 on secretion and 

cortical disassembly common and/or divergent regulatory pathways might become 

apparent. Because of the variability in the effectiveness of C3 the results of several 

experiments are shown. This section also shows, by confocal microscopy, the effect 

on F-actin morphology of C3 and VMRhoA.

Relative inhibition of cortical 
F-actin disassembly (%)

+ C3 (0.1 + C3(1 gg.ml-')

Relative inhibition of secretion (%)

+C3 (0.1 gg.ml ') + C 3(1 gg.ml-')

8.4

7.2

18.2

17.6

27.4

20.7

83

83.9

11.9 14.7 19.7 81.1

14.3 22.3 29.3 1.3

10.3 19.8 24.5 90.5

6.5 18.7 25.6 83.2

8.6 23.1 19.3 82.6

10.1 22.9 19.4 71.7

11.0 19.6 22.4 80.4

Mean ± S.E.* 
(M = 9)

'  ̂ 9.8 ± 3.3'
#

19.7 ± 2 .8 23.1±3.7 82.7 ± 5 .2

Table 3.4 Effect of C3 on -dependent cortical F-actin disassembiy 

and secretion

For each experiment, duplicate sam ples of permeabiiised RPMC were preincubated with or 

without 03  (0.1 |ig ml '' and 1 gg ml ') in the presence of NAD"̂  (0.5 mM) as described in 

methods (2.6c). Cells were then exposed to EGTA / ATP or calcium (pCa5 / ATP) for 20 min. 

at 30°C. Supernatants were taken for assay of % released hexosaminidase and the cell 

pellets were stained with RP (post label), fixed and relative F-actin content determined by flow 

cytometry. Relative inhibitions of secretion and disassembly (± C3) were calculated by 

subtracting basal levels (i.e. cells exposed to EGTA/ATP) from control cells (Ca^VATP).
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Figure 3.4 Ca^^-dependent F-actin morphology: effect of C3 and V14RhoA

Confocal micrograph of glass-attached permeabiiised RPMC which were pre-treated with (A & 

B) buffer (Con), (C & D) Ipg.mM C3 (C3), or(E & F) ) 8pg.mM V14RhoA (Rho) a s  previously 

described, in the presence (B, D & F) or absence (A, C & E) (EGTA / ATP) of calcium (p C a5 1 

ATP) for 20min. at room temperature. Cells were then post-labelled with RP as  described.

This figure is representative of five separate  experiments.

Whereas Ca^^-induced secretion is almost abolished by C3 at lpg.m T\ cortical 

F-actin disassembly is only inhibited to a small extent (14-23%, Table 3.4, col. 3 &

4). This suggests that mast cells are able to regulate secretion and cortical F-actin 

differentially. Higher concentrations of C3, known to ADP-ribosylate other members 

of the Rho-family of GTPases, were not tested.

Fig. 3.4 illustrates the distribution of F-actin when permeabiiised RPMCs are 

activated with calcium in the presence or absence of C3 or VMRhoA. Micrografts in 

the left column are without Ca^\ whereas those in the right Ca^  ̂is present. The 

disassembly of cortical F-actin by Ca^  ̂(panel B) is inhibited by C3 (panel D) but
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strongly promoted by VMRhoA (panel F). The increase in interior F-actin {de novo 

polymerisation) is independent of Ca^  ̂(panels E and F). Quantification of the changes 

shown in these micrografts can be referred to in the previous experiment (Fig. 3.3)

3.5 The effects of stabilising F-actin on the enhancement of calcium-induced 

disassembly and secretion by Rho

These experiments demonstrate that although Rho regulates both secretion and 

cortical actin it does so via divergent pathways. However, they do not reveal whether 

the cortical actin or the de novo polymerisation of actin , may effect secretion 

selectively.

I have used the fungal toxin phalloidin to prevent the disassembly o f cortical 

F-actin. Phalloidin is a heptapeptide isolated from the mushroom Amanita phalloides. 

It binds tightly and specifically to F-actin (Cooper, 1987; Miyamoto et al. 1981) and 

prevents monomer (G-actin) dissociation at both the pointed and barbed ends o f the 

polymer (Dancker et a l  1975). By stabilising cortical F-actin prior to cell activation I 

have further dissected the Rho-dependent pathways regulating secretion and actin 

organisation.
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Figure 3.5(a) Rho enhances calcium-induced cortical F-actin disassem bly and 

secretion

Permeabilised m ast cells were suspended in buffer and pre-labelled with 0.1 p,M RP before 

pre-treatm ent with or without V14RhoA (8 pg.mM) (again, a s  indicated). Cells w ere then 

exposed to 3 mM EGTA / SmMATP (open bars) or to calcium (pCa 5) / 3mM ATP (closed 

bars) and incubated for 20 min. a t 30 °C. Supernatants taken and cells were fixed. Secretion 

w as determined by hexosam inidase assay  and RP RFI by flow cytometry. The values of RP 

RFI are related to control cells, i.e. cells exposed to 3 mM EGTA-ATP, thus reflecting relative 

F-actin content. Data shown are m eans ± S.E. {n = 3). * denotes that the enhancem ent of 

Ca^"^-induced secretion by V14RhoA is significant (P<0.001, t-test).

Figure 3.5(b) Rho enhances secretion in ceils with stabilised actin cortex

Permeabilised m ast cells were suspended  in buffer and pre-treated for 5 min. on ice with 2pM 

phalloidin and then w ashed with buffer. This w as followed by a further pre-treatm ent with or 

without V14RhoA (8 pg.m M ). Cells were then exposed to 3 mM EGTA / ATP or to calcium 

(pCa 5) / 3mM ATP a s  indicated in the legend, incubated for 20 min. at 30 °C and then post

labelled with 0.1 pM RP and fixed. Secretion and F-actin were determined a s  above. Data 

shown are m eans ± S.E. {n = 3). ** denotes that the enhancem ent of Ca^^-induced secretion 

by V14RhoA is significant (P<0.001, t-test).
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Fig. 3.5(a) shows the relative F-actin content of mast cells pre-labelled with 

low concentrations o f RP to examine, simultaneously, the fate o f the existing cortical 

F-actin and secretion. Addition of VHRhoA enhances both Ca^^-induced cortical 

F-actin disassembly and secretion. Population sub-analysis of the secreting and 

non-secreting cells shows that cortical F-actin disassembly is inhibited throughout 

(not shown).

Fig. 3.5(b) shows the effects of phalloidin treatment on Rho. Cells have been 

pre-treated with high levels of phalloidin ( 2 pM). This stabilises the F-actin cortex 

and prevents Ca^  ̂-induced disassembly. Cells have also been labelled with RP after 

triggering with Ca^  ̂(± V14RhoA) to visualise de novo polymerisation. This 

experiment shows that V H RhoA  can still enhance Ca^^-induced secretion despite the 

inhibition of cortical actin disassembly. Rho also induces de novo polymerisation, as 

has been previously demonstrated ( see confocal micrograft. Fig 3.4).

3.6 Stabilisation of cortical F-actin by phalloidin and jasplakinolide -

effects on secretion

The experimental evidence presented so far suggests that Rho regulates 

secretion and cortical F-actin by divergent pathways. Furthermore, stabilisation of 

cortical F-actin prevents Ca^  ̂-dependent (see section 3.5 above) and independent 

cortical disassembly and filament relocalisation (Norman et al. 1996), whilst leaving 

secretion unaffected. In the following experiment I have investigated both intact and 

permeabilised mast cells in order to find out whether cortical actin disassembly is 

required for secretion.

This experiment uses a toxin fi'om the marine sponge Jasvis iohnstoni, 

jasplakinolide. The work of others suggests that jasplakinolide competes with 

phalloidin for binding to F-actin (K  ̂of 15 nM) (Bubb et a l  1994). It not only 

stabilises F-actin but it also induces de novo polymerisation of actin in neutrophils 

(Sheikh et al. 1997) and PC-3 (prostatic carcinoma cell line) (Duncan et al. 1996;

64



Senderowicz et a l  1995). Although its structure (a cyclic decapeptide) and its mode 

of action in stabilising F-actin is similar to phalloidin, jasplakinolide has the 

advantage that it can permeate cells.

(a) (b)
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c
8
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60 fl)
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Figure 3.6 Effect of (a) phalloidin and (b) jasplakinolide on secretion ( ■) and 

F-actin disassem bly ( • )  In permeabilised and intact cells

Permeabilised m ast cells w ere pre-treated for 5 min. on ice with the indicated concentrations 

of unlabelled phalloidin before addition of calcium (pCa 5) / 3mM ATP. After 20 min. incubation 

at 30 °C, secretion w as determined by hexosam inidase assay. The cells were then stained 

with 0.2 pM RP (30 min. at 4°C) and analysed by flow cytometry. The values of RP RFI were 

related to control cells, i.e. cells pre-treated with the appropriate (unlabelled) phalloidin 

concentration and exposed to 3 mM EGTA/ATP. Data shown are m eans ± S.E. {n = 4).

In permeabilised cells (figure 3.6a), phalloidin abolishes Ca^^-induced cortical 

disassembly at concentrations > 2 pM (IC5 0  =1 .4  pM) without affecting secretion. 

Under the same conditions, jasplakinolide is also without effect on secretion. It fails to 

inhibit Ca^^-dependent or Ca^^-independent secretion when applied at concentrations < 

500 nM. However, pre-treatment of intact RPMC with 80 nM jasplakinolide for 1 hr 

inhibits 48/80-induced secretion to a limited degree (by 7.9 ± 14.1%, « = 4). I have 

also found that there does not appear to be any 48/80-induced cortical disassembly in
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the presence o f jasplakinolide (80 nM) (not shown). However, these experiments used 

RP to stain F-actin and are thus difficult to quantify for the reasons given below

A major problem of working with this compound is that the measurement of 

F-actin using the RP method is not possible because the relative fluorescence intensity 

varies as a result o f the competitive nature of the two reagents.

Further experiments (not shown) reveal that permeabilised RPMCs become 

fragile when treated with jasplakinolide at concentrations >350  nM. They rupture 

easily during experimental manipulation and a significant percentage (30-45%) 

become detached after adherence to glass.

To summarise, in permeabilised mast cells cortical actin disassembly does 

seem to be a requirement for secretion. However, in intact mast cells at least, the 

results suggest that secretion is partially dependent on some element o f cortical 

cytoskeletal reorganisation.

3.7 Addition of exogenous gelsolin - effect on secretion and cortical F-actin in 

the presence of phalloidin

We have learned that Ca^^-dependent secretion can proceed in the presence of 

an intact F-actin cortex in permeabilised mast cells. However, this does not eliminate 

the possibility that Ca^^-dependent mechanisms, which might be catalysed by severing 

enzymes such as gelsolin, may still rupture the F-actin network forming short capped 

filaments which retain the appearance (RP staining) o f an intact cortex. Exogenous 

gelsolin applied to permeabilised mast cells causes Ca^^-dependent severance of 

F-actin to short filaments and/or monomers (Kinosian et a l  1996), and this enhances 

the extent of Ca^^-dependent secretion (Borovikov et a l 1995). The following 

experiment has been designed to examine whether the enhancement o f Ca^^-dependent 

cortical disassembly by exogenous gelsolin can be inhibited by stabilising the F-actin 

network by phalloidin.
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Figure 3.7 Phalloidin inhibits gelsolin-induced enhancement of Ca^^-dependent

(a) secretion and (b) cortical F-actin disassem bly

Permeabilised m ast cells were pre-incubated with (T, V) or without ( # ,0 )  2 pM unlabelled 

phalloidin (5 min. on ice) followed by a similar treatm ent with the indicated concentrations of 

gelsolin. T hese concentrations were kept constant throughout the experiment. Cells w ere then 

incubated without (3mM EGTA / ATP) (#,T) or with calcium (pCa5 / ATP) (0 ,V ) for 20 min. at 

30 °G. Cells w ere then quenched with cold buffer and aliquots taken for assay  of released 

hexosam inidase (a). The cell pellets were labelled with RP, fixed and relative F-actin content 

assayed  (b). Data shown are m eans ± S.E. {n = 3).

As shown in Fig. 3.7a exogenous gelsolin enhances the extent of 

Ca^^-dependent secretion. This effect is abolished by phalloidin. As well as enhancing 

secretion, exogenous gelsolin promotes Ca^^-induced cortical F-actin disassembly 

(EC5 0  = 0.2 pM) (Fig. 3.7b) and again, this is abolished by phalloidin. The effect of 

gelsolin on cortical disassembly occurs at lower concentrations than its promotion of 

secretion. Note that neither exogenous gelsolin nor phalloidin have any effects in the 

absence of Ca^ .̂
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3.8 The regulation of actin by heterotrimeric G-protein(s)

Rho-related GTPases are involved in the regulation of actin and secretion. 

However, it is evident that the regulation of cortical F-actin in mast cells is also under 

the control heterotrimeric G-proteins. The effect of GTP-y-S on cortical F-actin (but 

not its effect on the content of internal F-actin) can be mimicked by A IF/ (Norman et 

al 1994). However, this result has to be interpreted with care. Although A IF/ has 

been widely used as an activator of heterotrimeric G-proteins (Kahn, 1991) it has 

other diverse effects acting as a phosphate mimic on many proteins including actin 

(Chabre, 1990). There is another source o f artefacts in such experiments. The stability 

of the complex o f AF^ with EGTA is so strong that it is not possible to use this 

compound to buffer the concentrations of free Ca^ .̂ As a consequence, free Ca^^ at 

concentrations as high as 1 pM may be present in nominally Ca^^-free solutions used 

in such experiments.

The degree o f cortical disassembly induced by Rho (in the absence of Ca^^) is 

certainly insufficient to account for the level of disassembly induced by GTP-y-S (fig 

3.3) and the ability o f  ̂ dFf to mimic GTP-y-S (despite the limitations of this 

compound) suggests the involvement of a heterotrimeric G-protein (Norman et a l 

1994). Stimulation of secretion by polycationic agonist, such as compound 48/80, is 

understood to be mediated by G-proteins o f the G; class (Aridor et a l  1993). As well 

as inducing secretion, 48/80 also causes cortical F-actin disassembly and de novo 

polymerisation (Norman et a l  1994). To test whether Gj proteins also regulate cortical 

F-actin I have used pertussis toxin (Ptx), a G-selective inhibitor.
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Figure 3.8 Pertussis toxin sensitive G-protein regulates calcium-independent 

cortical F-actin disassembly

Intact cells w ere incubated with Ptx (2 mg.mM) as  described in Materials and Methods, and 

then triggered for 20 min. at 30 °C either intact with compound 48/80 (10 mg.mM), or after 

permeabilisation with 50 mM GTP-y-S / ATP (GA), or with calcium (pCa 5) / ATP (CA). Control 

cells (con) w ere exposed to EGTA (3mM) / ATP, all in GB.

(a) Confocal im ages of RP stained cells, post-labelled with 0.1 pM RP. Only permeabilised 

control cells a re  shown (Con); intact control cells are of a similar appearance. The bar 

represents 20 mM.

(b) Ptx inhibits GTP-y-S- induced F-actin disassem bly and relocalisation, but not de novo 

polymerisation. C hanges in the levels of F-actin in the cortical (full bars, pixel num bers 1-15) 

and the interior (hollow bars, pixel numbers 16-35) regions are expressed a s  percentages of 

the total F-actin content in both regions from control cells. The data were obtained from 

densitometric line scan analyses a s  described previously ( chapter 2.9b). The RP labelling 

protocols were as  described in the m ethods (see chapter 2.7a). Data shown are m eans ± S.E. 

(n = 3)

(c) The extent of secretion w as determined by hexosam inidase assay. Control levels (-5%  

from both intact and permeabilised cells were unaffected by Ptx. Data shown are m eans ±

S.E. (n = 3)
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Fig. 3.8(b) shows the analysis o f data obtained by various RP labelling 

protocols. The ability o f high concentrations of phalloidin to stabilise the F-actin 

cortex has been used to dissect the pathways that lead to F-actin disassembly and de 

novo polymerisation and/or entrapment of released cortical filaments.

As can be seen, in intact mast cells, 48/80 induces both cortical disassembly 

and an increase in internal F-actin {3.8b, top panel), both of which are abolished by 

the Ptx treatment. Secretion induced by 48/80 is clearly sensitive to Ptx but the 

inhibition is never total. In order to leam about the position of the Ptx sensitive 

G-protein in the regulatory pathway and to discern the extent of involvement o f other 

GTP-binding proteins it was necessary to work with permeabilised cells. While Ptx is 

without effect on GTP-y-S induced secretion, it inhibits GTP-y-S induced cortical 

disassembly by 84 ± 7% and the increase in interior F-actin by 53 ± 8 %. {3.8b, middle 

panel. Post). To discriminate between effects on relocalisation and de novo 

polymerisation, these cells were labelled with RP prior to triggering with GTP-y-S. 

When only pre-existing F-actin is followed, without cortical stabilisation {3.8b, 

middle panel, Lo-Pre), the extent of Ca^^-independent cortical disassembly and 

relocation of filaments into the interior is clearly evident. Both disassembly and 

relocalisation are almost abolished by the toxin. By stabilising existing F-actin with 

high concentrations o f phalloidin ( > 2pM ) de novo polymerisation of actin alone can 

be studied {3.8b, middle panel, High-Pre + Post). Pertussis toxin has no effect on 

GTP-y-S-induced de novo polymerisation and nor does it affect Ca^^-dependent 

cortical F-actin disassembly {3.8b, bottom panel).

This final experiment demonstrates that,

(a) Cortical actin is also regulated by a heterotrimeric G-protein

(b) Inhibition of Ca^^-independent cortical disassembly (GTP-y-S-induced) does not 

effect secretion. Again, this indicates that cortical actin may not act as a negative 

clamp to secretion in mast cells.
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Discussion

In summary, work presented in this chapter supports the conclusions that,

(i) Rho, in synergy with Ca^^, regulates cortical actin by two possible pathways (see 

below Fig. 3.9)

(ii) Rho also regulates Ca^^-induced secretion, although the pathway by which it does 

this appears distinct from cortical actin.

(iii) Rho further regulates de novo actin polymerisation by a distinct Ca^^-independent 

pathway.

(iv) Cortical actin is regulated by other G-proteins - my work has shown that at least 

one of these is a member of the Gj-heterotrimeric family.

(v) Cortical actin does not appear to be a barrier to secretion in permeabilised cells. 

However, in the intact cell the cortical cytoskeleton may modulate the secretory 

response.

(a)

Rho — ► Ca:+
Cortical F-actin 

Disassembly

(b)

Ca2+

Cortical F-actin 
Disassembly

Rho

Figure 3.9 Pathways for the regulation of cortical actin by Rho and Câ *

(a) show s a schem e whereby Rho acts upstream  of Ca^'’ to promote actin disassem bly, (b) 

shows a  pathway by which Rho and Ca^'’ act on a common downstream  target to regulate 

cortical F-actin. From the evidence presented in this chapter (b) is the more likely pathway.

These conclusions are discussed in the following sections.

7 2



The regulation o f cortical actin by Ca^+and Rho

In mast cells 1 observed a marked synergism o f Câ  ̂ and Rho in the induction 

o f cortical F-actin disassembly (Fig. 3.3b). The diverse targets o f  Rho and Câ  ̂ on 

proteins that regulate the dynamics o f  the actin cytoskeleton have already been 

discussed in some detail (see Introduction). A number o f  options are available to 

explain the observed effects. Rho activates polyphosphoinositide turnover and its 

synthesis through its effects on Pl-5 kinase (Colley et al. 1997), Pl-3 kinase and PLD 

(Chong et al. 1994). Increased levels o f  Câ  ̂and decreased levels o f  PlPj both cause 

F-actin disassembly due to the capping o f  barbed ends and G-actin sequestration 

(Bomfeldt et al. 1995). PIP2 binds to and regulates several actin regulatory proteins, 

including gelsolin, profilin, a-actinin and capZ (reviewed in Stossel, 1993). Rho may 

also «effect acto-myosin interaction by activating pl60Rho-kinase which inhibits 

myosin light-chain phosphatase (Kureishi et al. 1997). Elevation o f intracellular Câ  ̂

can also activate a number o f  Câ  ̂ -binding proteins such as calmodulin, and through 

these, the actin cytoskeleton (Mangeat, 1988). Furthermore my experiments indicate 

that it is unlikely that Câ  ̂ induces cortical F-actin disassembly purely by activating 

Ca^^-dependent actin severing proteins. Inhibition o f  endogenous gelsolin in RPMCs 

with antibodies had no effect on Ca^^-induced cortical actin disassembly, although 

addition o f  exogenous gelsolin enhanced this process (Fig. 3.7b) (Borovikov et al.

1995).

Rho and secretion

My finding that Rho is an important regulator o f  secretion has been confirmed 

by other research (Price et al. 1995; Mariot et al. 1996). However, more interesting is 

the mechanism by which it accomplishes this function. My results support a model 

whereby Rho acts in parallel with Câ  ̂on a downstream target to regulate secretion. 

The evidence for this can be summarised:

1 ) The constitutively active mutant o f  Rho (V 14RhoA) is able to enhance both the 

rate and extent o f  Ca^^-dependent secretion (Figs. 1 & 2), presumably by 

bypassing the endogenous Rho and directly activating a downstream target. The 

abolition o f the lag phase o f  Ca^^-induced secretion by V H R hoA  strongly
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suggests that it is the activation of endogenous Rho, possibly by nucleoside 

diphosphate kinases, that is the rate limiting step.

2) Physiological activation of secretion occurs at intracellular Ca^  ̂concentrations 

between 1 and 10 pM (Neher & Aimers, 1986; Pearce, 1982). My results suggest 

(Fig. 3.1) that by itself activation of Rho is not sufficient to induce secretion 

without Ca^ ,̂ and vice-versa i.e. when endogenous Rho is inhibited by C3 (Table 

3.4a) then Ca^^-dependent secretion is abolished. Furthermore, when the Rho 

guanine nucleotide dissociation inhibitor protein (RhoGDI) is introduced into 

patch-clamped mast cells, Ca^^-independent (GTP-y-S -induced) secretion is 

inhibited (Mariot et al. 1996).

All this reaffirms the central role of GTPases o f the Rho family in the regulation of 

the secretory mechanism of mast cells. Furthermore, it is in agreement with studies of 

PC 12 cells in which overexpression of dominant active mutants of Rho A and Racl 

enhanced the extent o f Ca^^-induced secretion, but were insufficient to induce 

secretion by themselves (Komuro et al. 1996). However, not all experimental findings 

agree with the identification of Rho as one of the G^ proteins (G-proteins that regulate 

secretion). In RBL-2H3 cells, treatment with C3 toxin causing 90% ADP-ribosylation 

of the endogenous Rho failed to inhibit antigen-stimulated secretion (Prepens et al.

1996). Why this difference exists remains unclear.

Rho and actin polymerisation

My results demonstrate that the regulation of de novo polymerisation and 

cortical F-actin are quite distinct processes (Fig. 3.3c). Thus, actin stress fibres which 

are so evident in fibroblasts (Ridley & Hall, 1994b) are absent from mast cells and 

while de novo polymerisation of actin is easily monitored in mast cells it is not 

apparent in fibroblasts (Shaw et al. 1998). However, there is a problem since no 

account was taken of the potential contribution of the pool of endogenous monomers. 

In mast cells, this pool is substantial and is the source for the observed 

V 14RhoA-induced de novo actin polymerisation (Unpublished observations, A-M 

Pendleton).
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How Rho induces actin polymerisation is unknown. There are a number of 

potential downstream targets that may facilitate this process. In Swiss 3T3 cells the 

Ezrin/Radixin/Moesin proteins act as important targets for Rho which enables their 

phosphorylation thereby relocating them to dynamic actin structures which they 

appear to stabilise (Shaw et a l 1998). Another potentially interesting target is Bnilp. 

This protein, which contains a formin homology domain, binds to profilin in yeast 

(Imamura et a l  1997b). Although it is unclear how it regulates profilin, if  B nilp is 

stimulatory then this would induce actin polymerisation. B nilp also binds to the 

elongation factor E F la  which also has F-actin binding and bundling activity 

(Imamura et a l 1997a). Although in my system, addition o f VHRhoA induces de 

novo polymerisation o f actin, the endogenous Rho in the intact cell may be 

insufficient to induce polymerisation. In Xenopus extracts actin assembly requires not 

only members of the Rho family of proteins but also PIPj or PIP3, which presumably 

interact with GEFs rather than as translocation signals. Furthermore Rho-dependent 

signalling is unlikely to be the only pathway to actin polymerisation. Other members 

of the Rho family of proteins, including Rac induces polymerisation in other cell 

types (Tolias et a l  1998). As to what role Rho-induced polymerisation may play, the 

most obvious is the control of cell motility. Although this is also important for 

cell-cell and cell-substratum interactions. Rho is involved in the regulation of 

cadherin-dependent cell-cell contacts (Braga et a l  1997) and formation of focal 

adhesion complexes (Kotani et a l 1997). Clustering of phosphotyrosine-containing 

proteins at focal adhesions and the tyrosine phosphorylation of several proteins 

including paxillin and ppl25FAK(Ridley & Hall, 1994a), as well as the association of 

vinculin with focal adhesions (Kotani et a l  1997) are all Rho-dependent.

The regulation o f  cortical actin by heterotrimeric G-protein(s)

In addition to Rho and Ca^  ̂it is likely that members o f the Gi family of 

heterotrimeric G-proteins also regulate cortical F-actin (see Fig. 3.7) and (Norman et 

a l 1994). The Ca^^ -independence of de novo synthesis finds a corollary in U937 cells 

in which F-actin polymerisation induced by C5a or thrombin is again independent of 

Ca^  ̂(Joseph & MacDermot, 1992).The additional enhancement o f Ca^^-independent 

cortical disassembly by GTP-y-S compared with 48/80 may be due to activation of
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other G-proteins. In CHRF-288 cells two forms of PI 3-kinase, PI-3Ky and 

p85/PI-3Ka are regulated respectively by Py subunits of heterotrimeric G-proteins and 

by the monomeric G-protein Rho, both of which are essential for thrombin-stimulated 

actin changes (Vemuri et al. 1996). In contrast, in Swiss 3T3 cells only the a  subunits 

of Ptx-insensitive G-proteins (G12 & G13) mediate Rho-dependent stress fibre and 

focal adhesion assembly (Chrzanowska Wodnicka & Burridge, 1994; Buhl et al.

1995). It has been suggested that de novo F-actin polymerisation can be induced 

through increased levels of phosphatidic acid following activation of PLD by a 

Ptx-sensitive G-protein (Ha et al. 1994). In addition, my results support a role for a 

Ptx-sensitive G-protein activating cortical disassembly due to Rac-mediated retention 

and relocalisation (Fig. 3.7b) and (Norman et al. 1994). The pathway that induces 

disassembly may require PIPj and PIP3, which increase in human neutrophils 

following stimulation with mastoparan (Norgauer et al. 1992) and which may in turn 

then activate gelsolin and profilin (Dufort & Lumsden, 1993). Alternatively they may 

exert their effect by other actin-associated proteins such as ankyrin and fodrin, both of 

which are present in mast cells (Tasaka et al. 1994).

Cortical actin -is it a barrier to secretion?

It is my hypothesis that cortical F-actin disassembly may be essential (though 

not sufficient) for secretion to occur (Koffer et al. 1990). It is a long-held belief that 

cortical actin acts as a negative clamp to prevent inappropriate secretion until 

appropriate signals are received. The literature supporting this hypothesis is vast (see 

chapter 1.3). In permeabilised RPMC inhibition of GTP-y-S -induced cortical F-actin 

disassembly by phalloidin does not effect secretion (Norman et al. 1996). Likewise 

my results with Ptx illustrate that Ca^^-independent secretion is not dependent on 

cortical disassembly in permeabilised RPMC (Fig. 3.8b&c). Although Ca^  ̂and Rho 

regulate the secretory and cortical processes in synergy they appear to do so by 

divergent pathways. Furthermore stabilisation of the F-actin cortex has no effect on 

Rho-enhancement o f Ca^^-dependent secretion (Fig. 3.5a) nor does C3 exotoxin 

abolish cortical F-actin disassembly when secretion is almost totally inhibited (Table 

3.4a). Furthermore phalloidin-stabilisation of the cortex also has no effect on 

Ca^^-dependent secretion (Fig. 3.6a). These discrepancies in correlating the degree of
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cortical disassembly and secretion induced by Ca^^ suggest that cortical F-actin 

disassembly is not essential for secretion, at least in permeabilised RPMC. However, 

the Ca^  ̂-dependent severing of the cortex by gelsolin certainly, at high 

concentrations, leads to enhancement of secretion (Fig. 3.7). This suggests that 

disruption, rather than disassembly, o f the cortex may be what is required.

My evidence certainly rules against any role for de novo polymerisation as a 

regulator of secretion (Fig. 3.5b & 3.8b&c) (Norman et al. 1996). However, others 

have found that inhibition of polymerisation in suspended RPMC partially inhibits 

secretion, whereas once the cells are attached, secretion is enhanced by polymerisation 

(Wex et al. 1997).It is these Ca^^-dependent and Rho-dependent cortical pathways that 

are examined in the next chapter.
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CHAPTER 4

THE REGULATION OF ACTIN AND SECRETION BY

CALMODULIN
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INTRODUCTION

This chapter investigates the role of calmodulin (CaM ) in the regulation of 

Ca^  ̂-induced cortical F-actin disassembly and secretion. Eukaryotic cells contain a 

number of Ca^  ̂-binding proteins that may regulate either secretion and / or the actin 

cytoskeleton (reviewed in Arellano et al. 1997 and Introduction). In chapter 3 I found 

that Ca^  ̂regulated cortical actin and secretion, but with different requirements for the 

small GTPase Rho. Although the evidence suggests that cortical actin is not a 

negative clamp for secretion CaM-dependent processes may still regulate both 

processes by differential pathways.

In addition to previously described procedures (see introduction chapter 3) 

novel probes have also been used to investigate CaM’s role in regulating mast cell 

actin and secretion. In particular, the ability of CaM-binding domain peptides to 

inhibit CaM is used (Torok et al. 1998; Brown et al. 1997). We have also applied a 

novel FITC-labelled CaM to examine CaM localisation within permeabilised mast 

cells (Torok et al. 1998). The techniques o f reconstitution o f a permeabilised model 

system with exogenous proteins, and the treatment with synthetic CaM inhibitors has 

already been described (see methods, chapter 2.6). Synthetic CaM inhibitors have 

chosen on the availability of control compounds and lack o f non-specific lipid 

interactions (Grosman, 1986)

This chapter address’s three issues,

a. what role does CaM play in the regulation of cortical actin and secretion in mast 

cells?

b. what possible targets of CaM are important in these regulatory mechanisms.

c. and thirdly, the continuation of research into the hypothesis that cortical actin is a 

negative regulator o f secretion.
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RESULTS

4.1 Calmodulin in mast cells

Previous determinations o f  cellular CaM content have suffered from the lack 

o f specific, high affinity antibodies (Pochet et a l 1994).. To overcome this we have 

tested different anti-CaM antibodies (see methods, table 2.10) and used two separate 

techniques to determine the content o f  CaM in mast cells - Western blot and radio- 

immuno assay. Furthermore, to our knowledge , only a single study has measured 

CaM content in mast cells

The localisation o f  CaM within living cells has been achieved using 

physiological indicators and fluorescent analogs. These have helped to established a 

temporal-spatial relationship between Câ  ̂ fluctuations, binding to CaM and 

contraction o f  stress fibres. This experiment is designed to show by 

immunolocalisation what the distribution o f  CaM is within quiescent, intact and 

permeabilised mast cells. Previous research has shown CaM concentrations at the 

leading edges o f cells (Gough & Taylor, 1993) and within the nucleus (Santella & 

Kyozuka, 1997).

CaM 

(ng/106 cells)

Cytosolic 

cone (pM)

Immunoblots

n = 3

%

(mean)

Total 170.6 ± 15.3 184.7 ± 8 .7 100 n.a.

Permeabilised

cells

28.9 ± 12.8 23 n.a.

Supernatant 149.3 ± 10.2 144 ±9 .8  . 83 15-16

Table 4.1 Determination of CaM content by Western blot and RIA

CaM levels as determined by immunoblot (col. 2) and radioimmunoassay (RIA) (col. 3) were 

carried as described in section 2.10 (a & b) in Methods. In both techniques a 6D4 mouse 

monoclonal anti-CaM antibody was used (Sigma, C-3545). Cytosolic CaM concentration was 

determined as described below (col. 4). Results shown are ± S.E.M., where n = 3 and 6, 

respectively.
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Figure 4.1 CaM content and localisation in intact and permeabilised mast cells

Mast cells were immunostained with an anti-CaM antibody (Sigma, 0-3545) after fixation of A) 

intact cells, B) cells permeabilised by SL-0 in the presence of EGTA and 0) cells 

permeabilised by SL-0 in the presence of EGTA and subsequently treated for 10 min at 4°C 

with 10 mM MLCKP in the presence of calcium, pCa6.5. The images are equatorial slices 

obtained by confocal microscopy. The secondary antibody was a biotinylated anti-mouse IgG, 

absorbed with rat serum proteins (1/100) (Sigma, 88774), followed by visualisation with 

streptavidin-fluorescein (1/500). The bar represents 20 pM. Permeabilised cells retain EGTA- 

resistant CaM primarily at the cortical region and this is removed by the CaM-inhibitory 

peptide, MLCKP.

In table 4.1 we can see that RPMC contain 170-185 ng CaM per million cells, 

o f which 80 % leaks out after permeabilisation (EGTA and pH 6.8). Since EGTA is a 

better calcium chelator at higher pH values (Martell & Smith, 1974), we have tested 

CaM leakage in at pH 7.4. The same amount o f  CaM (-20% ) remained in the cells 

under these conditions (not shown). The remaining CaM must be bound to 

intracellular targets by a calcium-independent, EGTA resistant mechanism.

Assuming that the cytosol volume comprises -42%  o f the total mast cell 

volume (Bennett et al. 1981; Helander & Bloom, 1974), cytosolic concentration o f  

CaM was calculated as about 15-16 pM, similar to the previously published value 

(Chakravarty & Nielsen, 1985). In comparison, the total content o f actin in mast cells 

was estimated as at least 2.5 pg per million cells and -7 0  % o f this actin leaks out 

after permeabilisation (Koffer et al. 1990). Thus, the cytosolic concentration o f actin 

is at least 77 pM and in permeabilised cells, the actin/CaM ratio is -  . /  /
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Rat basophilic leukaemia cells (RBL-2H3) were also assayed by RIA for CaM 

content before and after permeabilisation, and found to have a similar CaM content 

(total = 163.5 ± 5.1 ng/10^, not shown).

Fig. 4.1 (panels A and B) shows confocal images o f intact and permeabilised 

RPMC, respectively, stained with a monoclonal anti-CaM antibody. While intact cells 

exhibit diffuse staining throughout with some intracellular foci, the staining of 

permeabilised cells is primarily cortical. This cortical CaM in permeabilised cells 

could be removed with the MLCK peptide (MLCKP) (panel C).

4.2 Characterisation of CaM-binding domain peptides

Many CaM inhibitors, especially o f the thiazine antipsychotics class, have 

non-specific effects on other proteins, enzymes and lipid metabolism (Caldirola et al. 

1992). Others do not have control compounds e.g. calmidazolium. This experiment 

uses a well characterised inhibitor W7, which, with its chloride deficient analog W5 is 

a suitable synthetic CaM inhibitor. Also used in this experiment are the recently 

described inhibitory properties o f CaM-binding domain peptides. These peptides are 

based on sequence motifs from such diverse CaM-regulated enzymes such as alpha 

s2-casein (Kizawa et a l  1996) and myosin light chain kinase (Chabbert et al. 1991), 

and are potent inhibitors of CaM function. Some peptides have differential inhibitory 

effects on the various CaM-dependent enzymes (Nevalainen et al. 1997), whereas 

others are general inhibitors of CaM function (Chabbert et a l 1991).

Two putative general CaM inhibitory peptides have been used. The first is a 

17 residue peptide based on the myosin light chain kinase (MLCK) binding domain of 

CaM, and its double substitution peptide control(Torok et a l  1998). This peptide has 

already been shown to be a potent inhibitor of MLCK (Torok et a l 1998). The second 

is a 23 residue peptide corresponding to the binding domain of constitutive CaM- 

dependent nitric oxide synthatase (cNOS) (see materials, chapter 2.2 for sequences) 

(Zhang et a l  1995).In these experiments the MLCK and cNOS peptides were 

examined for their potential use as CaM inhibitors, by testing them on a CaM- 

dependent cyclic nucleotide phosphodiesterase (PDF) activation assay.
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Figure 4.2 CaM-binding domain peptides inhibit the in vitro activation 

of CaM in a Câ * -dependent manner

Inhibition of CaM-dependent activation of PDE by the indicated peptides was assayed 

colo '^rimetrically by determining the amount of phosphate which was released from cyclic 

AMP as previously described (see Methods, chapter 2.10b).

Fig 4.2 (a): variable quantities of Control (A), MLCK (■), and cNOS ( • )  peptides were added 

to 4ml of the reaction buffer for 30 min. at 30°C. cAMP (ImM final concentration) was added to 

initiate the reaction and aliquots were drawn at 3 min. intervals. The PDE activity was 

calculated from the slope of the curve. The activity of PDE in the presence of 3mM EGTA was 

defined as basal (0% activation). Results shown are duplicates.

Fig 4.2 (b); the indicated peptides are all at 10 pM were incubated with (open bars) or without 

(closed bars) calcium, pCa 6.5 (free calcium = 0.3 pM ) and CaM for 10 min at room 

temperature. The PDE activation assay was then carried out as described above. Values 

given are relative to PDE with CaM (100%) in the absence of added peptides (w/o addition). 

Results shown are ± SEM {n = 3).

Fig.4.2(a) shows the effect o f  increasing concentrations o f  both calmodulin 

binding peptides on calmodulin dependent PDE activity. Both the cNOSP and 

MLCLP essentially completely inhibited the PDE activity at concentrations 

below IpM , the calculated IĈ gS were found to be 0.04pM  ± 0.01 (n=3).

(b) clearly shows that the addition o f  10 pM o f the peptides without calcium results in 

no significant inhibition. The peptides (but not the Control peptide) depend on 

calcium for their action.
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4.3 Depletion of endogenous CaM by CaM inhibitors

The MLCK and cNOS peptides are potent inhibitors o f CaM activity (Fig 4.2) 

and (Torok et a l 1998). Furthermore from the immunolocalisation studies I had 

observed that the MLCKP peptide could remove endogenous EGTA-resistant CaM 

from permeabilised mast cells (Fig 4.1c). This removal of the endogenous CaM is 

probably a consequence of the inhibitory mechanism of these peptides. In this 

experiment these peptide and synthetic CaM inhibitors are tested, by Western blot and 

RIA, for their ability to deplete CaM from permeabilised RPMCs.
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Figure 4.3 CaM inhibitors can remove endogenous EGTA-resistant CaM: 

anaiysis by RIA and Western biot

Fig 4.3 (a) and (b): am ount of endogenous CaM remaining in permeabilised cells after 

treatm ent with inhibitors. Permeabilised cells w ere treated with the indicated concentrations of 

control buffer (■), MLCK ( • )  and cNOS (▲) peptides in the presence of Ca^* (pCa6), w ashed 

in GB-pCa6.5 and assay ed  for remaining endogenous CaM by RIA (a). In Fig 4.3(b) 

permeabilised cells were treated in a similar m anner with the non-peptide inhibitors W7 (■), 

calmidazolium (A) and the control W 5(#), and assayed  for CaM as  described in (a). Results 

given are ±SEM {n = 4).

Fig 4.3 (c):an immunoblot of EGTA-resistant CaM from permeabilised cells.

Permeabilised cells were treated with (lanes c to-e) or without (lane b) increasing 

concentrations of MLCK peptide in GB-pCa6, w ashed with GB-pCa6 prior SDS-PAGE and 

immunoblot a s  previously described. Lane a is 100ng CaM standard and lane f is 

permeabilised cells treated with 10 pM control peptide.

85



60 Control P

g  40
ID

O)
MLCKP20

cNOSP

0

0.001 0.01 0.1 1 
[peptides] pM

W5 calmidazolium60

40

20
W7

10

' ' " " I --------   I I I I I I , I

10 100 
[inhibitors] pM

c)
b e d

8 6



MLCK and cNOS peptides, but not the control peptide, deplete endogenous 

CaM from mast cells. Peptide concentrations o f ~0.1 pM deplete 50% of the 

endogenous CaM with no difference between the two peptides (Fig 4.3a). This 

observation suggest that both peptides complex with Ca^VCaM in a similar manner. 

Although both W7 and calmidazolium are potent inhibitors o f CaM, the inhibitory 

mechanisms are different from the peptides. W7 depletes a maximum of 60% of the 

endogenous CaM, but calmidazolium has no effect. This suggests that although W7 

may exert some of its CaM inhibitory effect through CaM removal, this mechanism 

cannot account for all its inhibitory activity.

4.4 Fl-CaM localisation in mast cells: sensitivity to CaM inhibitors

To investigate the localisation of endogenous calmodulin-binding proteins 

(CaMBPs), we have introduced fluorescein-calmodulin (Fl-CaM) into permeabilised 

RPMC. The pig brain CaM was conjugated with fluorescein by reaction with 5-DTAF 

(5-(4,6-dichlorotriazinyl)aminofluorescein (Molecular Probes). The Lys^  ̂residue of 

CaM is the site o f conjugation (Torok & Trentham, 1994). The fluorescence of the Fl- 

CaM is insensitive to Ca^  ̂or CaMBP, and so these do not contribute to the changes in 

fluorescence.

Furthermore, Fl-CaM binds to targets proteins with an affinity similar to that of CaM 

(Torok & Trentham, 1994).
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Figure 4.4 CaM Inhibitors remove Fl-CaM from mast cells

Mast cells were attached to glass, permeabilised and incubated for 10 min at 4°C with 4 pM 

Fl-CaM in GB, pCa 6.5. Cells were then treated for further 10 min at 4°C with the following: 

no addition (Con); 1 and 10 pM MLCKP; 50 and 100 pM W7, all in GB, pCa 6.5. Cells were 

washed with GB, pCa 6.5, fixed and the bound Fl-CaM visualised as described. Fl-CaM 

labelled cells were unaffected by exposure to the control peptide (10 pM) or to W5 (100 pM), 

not shown. No fluorescence was seen after exposure of permeabilised cells to 5-10 pM 

fluorescein-dextran. Bar = 20pm.

Fig 4.4 shows that Fl-CaM localises to the cortical and nuclear regions of 

permeabilised mast cells. Fl-CaM binding to the permeabilised cells was calcium- 

dependent. A 20 min treatment with EOT A removed most but not all the staining (not 

shown). Fl-CaM binding was particularly strong in the nuclei, and while this staining 

was extremely sensitive to EGTA, the cortical staining was more resistant. Moreover, 

some staining of the cortex with Fl-CaM was apparent even in the absence of Ca^^

(not shown). Both MLCKP and W7 inhibitors depleted the cells of their Fl-CaM in a 

dose-dependent manner. Again, the nuclear staining was more sensitive than that in 

the cortex.



4.5 The effect of exogenous CaM and inhibitors on secretion and the 

actin cytoskeleton

Experiments presented so far in this chapter show that exogenous CaM binds in 

a Ca^  ̂-dependent manner and endogenous CaM can be depleted / inhibited by novel 

peptides. I have used this characterised tools to investigate the role of CaM in the 

regulation of Ca^  ̂-dependent cortical F-actin disassembly and secretion in 

permeabilised mast cells

In some cells the evidence for CaM fulfilling an essential role in the regulation 

of secretion is strong. In chromaffin cells CaM is important for ATP-independent step 

in Ca^^-induced secretion (Chamberlain et al. 1995), regulating the initial rate of 

secretion (Kibble & Burgoyne, 1996).However, in other cells, particularly o f the 

haematopoietic lineage the importance of CaM in regulating the terminal steps of 

secretion remains equivocal

To examine the importance o f CaM in the regulation o f both Ca^^-induced 

secretion and cortical F-actin disassembly we have introduced the previously 

described peptide and non-peptide CaM inhibitors, as well as exogenous CaM, into 

permeabilised RPMCs.
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Figure 4.5 CaM promotes and inhibitors prevent Câ * -induced corticai 

F-actin disassem bly in the absence of an effect on secretion

Permeabilised m ast cells in suspension were pre-treated (5 min on ice) with the indicated 

concentrations of (a) CaM, (b) MLCKP, cNOSP and the control peptide, and (c) W7 and W5, 

all in GB, pCa 6.5. Cells were then exposed to calcium (pCa 5) - 3mM ATP, maintaining the 

indicated concentrations of the added agents. After for 20 min at 30®C, aliquots of the 

supernatants w ere taken for hexosam inidase release and the cells were stained with 0.1 pM 

RP (20 min on ice), w ashed with GB, fixed and finally rhodamine fluorescence (indicative of 

the relative F-actin content) of triplicate sam ples w as determined by flow cytometry. The F- 

actin level in control cells exposed to EGTA/ATP w as taken a s  100%. Results shown are 

m eans ± S.E. {n = 3). CaM, MLCKP, cNOSP and W7 had no effect on secretion.
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-induced cortical F-actin disassembly is promoted by exogenous CaM 

(Fig.4.5a) (EC 5 0  = 4.5 pM) The control calcium-binding proteins, troponin C and 

parvalbumin (at concentrations > 2 0 0  pg.ml'^), were without effect on disassembly 

(not shown). Exogenous CaM had no effect on secretion (not shown), indicating that 

the profound loss of F-actin is, by itself, not sufficient to either induce or enhance 

exocytosis.

Fig.4.5(b) shows the CaM inhibitory peptides, MLCKP and cNOSP, prevented 

cortical F-actin disassembly (both with IC 5 0  ~ 2.5 pM). W7 inhibited disassembly 

(Fig.4.5c) with anlC^o = 50 pM. However, the control compound (W5) had no effect 

on disassembly. Again, CaM inhibitors did not affect secretion (not shown).

This experiment demonstrates that Ca^^-induced disassembly can be abolished 

without affecting secretion. Furthermore up to 80% of F-actin from permeabilised 

cells can be removed, again without affecting secretion.

4.6 CaM enhances the sensitivity of Câ  ̂-induced cortical disassembly

The experiment shown in Fig. 4.5 reveals CaM to be an important regulator of 

cortical actin. However, it is not the putative Ca^  ̂-binding protein(Cg) which 

regulates the terminal events of secretion. In this experiment I have further 

investigated the observed effect o f CaM on cortical actin disassembly, by studying the 

Ca^  ̂requirements o f this reaction. In resting mast cells Ca^  ̂remains below 0.1 pM 

(<pCa6.5), but when activated intracellular levels may reach as high as 10 pM 

(pCa5).
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Figure 4.6 CaM increases the calcium sensitivity of cortical actin disassem bly  
without effecting secretion

Permeabilised m ast cells in suspension were incubated with (open symbols ) or without

(closed symbols ) 15 pM CaM in GB, pCa 6.5 (5 min at 4°C). Cells were then exposed to the 

indicated concentrations of calcium in the presence of 3 mM ATP. After 20 min a t 30°C 

aliquots w ere removed for assay s  of the released hexosam inidase (▲, A) and of F-actin 

content (# , O  ). Results for relative F-actin content are m eans ± S.E. (n = 3) and for secretion 

results are duplicates.

Fig 4.6 shows that cortical actin disassembly is sensitive to Ca^  ̂

concentrations > 0.32 pM (pCa 6.5). Maximum disassembly occurs at concentrations 

> 1 pM Ca^ .̂ The sensitivity o f secretion to Ca^  ̂is similar to that of cortical 

disassembly. However, concentrations of Ca^  ̂>10 |iM  are required for maximum 

secretion.

Addition o f exogenous CaM increases the Ca^  ̂sensitivity of cortical 

disassembly. Addition of exogenous CaM also promotes disassembly over a wide 

range of Ca^  ̂concentrations. In the presence of exogenous CaM maximum cortical 

disassembly requires > 3 .2  pM Ca^  ̂ . These observed Ca^  ̂requirements are within 

physiological limits which strongly supports CaM as a regulator o f cortical F-actin.

9 2



4.7 Time course of disassembly and secretion in the presence of CaM 

and its inhibitors

In the previous experiment (Fig 4.6) exogenous CaM enhanced Ca^^- 

dependent cortical disassembly without affecting secretion. Furthermore peptide and 

synthetic CaM inhibitors abolish cortical disassembly without^ffecting secretion (Fig 

4.5b&c). This suggests that mast cells may not require cortical actin disassembly for 

secretion to proceed.

To further investigate the regulation of cortical disassembly by CaM and the 

hypothesis that this cortical actin acts as a barrier to secretion, I have examined the 

time course o f disassembly and secretion in the presence and absence of CaM. The 

first experiment examines the rate at which CaM-enhances cortical disassembly. The 

second is designed to dissect further the Ca^  ̂-dependent pathways of actin and 

secretion.
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Figure 4.7 CaM enhances the rate of cortical disassembly without 

effecting secretion

(a) Effect of CaM on the time course of secretion and of cortical F-actin disassembly. 

Permeabilised mast cells in suspension were incubated either without addition (# , O  ) or with 

15 pM CaM (T, V) or 10 pM MLCKP ( □ ,■ ) ,  all in GB-pCa 6.5 (5 min at 4 °C). Cells were 

then exposed to calcium (pCa 5) - 3 mM ATP at 30°C and cell aliquots were removed at the 

indicated intervals. Supernatants were used for assay of the released hexosaminidase. Cells 

were stained with 0.1 pM RP (20 min on ice) and F-actin content determined by flow 

cytometry from duplicate samples. CaM had no effect on actin in the absence of calcium 

(EGTA-ATP), not shown. This figure is representative of three separate experiments.

(b) Permeabilised mast cells in suspension were pre-treated (5 min on ice) with MLCKP (10 

pM) in GB, pCa 6.5, and washed (GB-pCa6.5, at 4°C) to deplete the endogenous CaM. Cells 

were then exposed at 30°C to calcium (pCa 5) - 3 mM ATP and aliquots were removed at the 

indicated times for assays of the released hexosaminidase ( • )  and of F-actin content

(■ ▲ T). After 15 min of this incubation, CaM was added to the incubation mixture at 3 ( V),

6 (A) and 15 ( ■) pM final concentration, and the experiment continued for further 15 min.

The time course of secretion ( • )  was not significantly different for all the above conditions, as 

well as for the cells that were pre-treated with the control peptide (not shown). Results are 

duplicates.
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Fig. 4.7a shows that although the addition of CaM increases both the rate and 

of Ca^  ̂-induced cortical disassembly, there was no effect on secretion.

Furthermore figs. 4.7(a&b) show that the delay in the onset of secretion was 

unaffected by depleting the endogenous CaM with the MLCKP. However, the peptide 

(but not its control) prevented F-actin disassembly.

In fig 4.7b reconstitution of cells , depleted of CaM by the MLCK peptide, 

with the exogenous protein induces Ca^  ̂-dependent cortical disassembly at the time 

of addition. Furthermore the extent of exogenous CaM-induced disassembly is dose- 

dependent.

4.8 Combined effects of CaM and Rho on actin and secretion

In chapter 3 I found that Ca^  ̂and Rho induce cortical actin disassembly in 

synergy. Further experiments presented in this chapter reveal CaM to be an important 

Ca^  ̂-binding protein regulating cortical disassembly. To further examine how Rho 

and Ca^  ̂/CaM regulate the cortical actin cytoskeleton I have used inhibitors of Rho 

and CaM function (C3 toxin and MLCK peptide, respectively), as well as exogenous 

proteins. In fibroblasts acto-myosin based contraction is regulated by myosin light 

chain kinase, which is in turn both dependent on Ca^  ̂/CaM and further regulated by 

Rho (Narumiya et a l 1997). My results suggest a similar mechanism ,whereby Ca^  ̂

/CaM and Rho converge on a downstream target to regulate the actin cytoskeleton.

For completion this experiment also examines the importance o f CaM on Rho 

regulated secretion, and vica-versa. It is expected that manipulation o f mast cell CaM 

will not effect the enhancement o f secretion by V14RhoA.
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Figure 4.8 Rho and CaM regulate cortical actin but CaM has no effect on Rho- 

enhanced secretion

(a & b): Permeabilised mast cells in suspension were incubated ± 03  (Ipg.mM) - O.SmM NAD^ 

(5 min on ice). Cells were further pre-incubated ± CaM (12 pM, 5 min on ice) and 

subsequently exposed to 3 mM EGTA - 3mM ATP (EGTA/ATP) or to calcium (pCa5) - 3 mM 

ATP (Câ "̂  /ATP). After 20 min at 30°C, aliquots were taken for assay of hexosaminidase 

release (b) and cells were then RP stained, fixed and analysed by flow cytometry.

** denotes that +C3/+CaM differs significantly from -C3/+CaM (P<0.002, t-test, where r?=4).

# denotes that +V14RhoA/+MLCKP differs significantly from -V14RhoA/+MLCKP (P<0.002, 

t-test, where n = 5).

(c & d): Permeabilised mast cells in suspension were pre-incubated (5 min ice) with calcium 

(pCa 6.5) and MLCKP (10 pM). Cells were further pre-incubated ± V14RhoA (8 pg.mM final 

concentration, 5 min at room temperature) and then exposed to 3 mM EGTA - 3mM ATP or to 

calcium (pCa 5) - 3mM ATP. After 20 min at 30°C, secretion and F-actin content were 

analysed as above. All results shown are m eans ±S.E. {n = 4).

9 7



CaM significantly enhances Ca^  ̂-induced F-actin disassembly (a). A small but 

significant inhibition of this disassembly is seen with C3. Treatment of cells with 

MLCK peptide (MLCKP) abolishes Ca^^-induced cortical disassembly (b). Addition 

o f VMRhoA causes a small but significant disassembly in the presence of MLCKP ( 

-5-10%).

Figs (b) and (d) show secretion data. Addition of CaM does not affect 

secretion (b). However, C3 substantially inhibits secretion (by -80% ). (d) shows that 

MLCKP has no effect on secretion (either Ca^^-induced or Rho-enhanced). VMRhoA 

enhances secretion (with only a small effect on disassembly): compare with (c).

These results show that Rho and CaM regulate the actin cortex by divergent 

but parallel pathways. In contrast, Ca^^-induced secretion is regulated by Rho but not 

by CaM.

4.9 Potential targets for CaM

Immunostaining, and experiments which indicate that Ca^  ̂/CaM and Rho 

converge to regulate the same effector, suggest MLCK a potential regulator o f the 

actin cortex. In order to investigate this putative regulator o f disassembly, a well 

characterised MLCK inhibitor (ML-7) has been used. (Saitoh et al. 1986). However, 

similarly to many kinase inhibitors, its use must be judicious. At high concentration 

(>30 pM), ML-7 induces the release of Ca^  ̂from intracellular stores in platelets by 

activating PLC (Ohkubo et a l  1996). Furthermore, it also enhances agonist mediated 

GTPase activity (Ohkubo et al. 1996). This effect appears similar to that o f the 

membrane perturbing agent, benzyl alcohol (Spence & Houslay, 1993). These 

findings may explain why in some studies MLCK inhibitors appear to block Ca^  ̂

influx in physiologically stimulated cells (Watanabe et a l 1998).

ML-7 has been used at concentrations (< IpM ), below the Ki’s o f PKC and 

PKA. Other selective inhibitors o f the CaM-dependent enzymes, CaMK-II and 

calcineurin have also been tested. In the first experiment the potential role o f MLCK, 

CaMK-II and calcineurin in the regulation of cortical disassembly is examined. The 

effect o f ML-7 on Ca^^-induced disassembly and secretion were simultaneously 

examined. A number of studies have implicated MLCK in the regulation of secretion.

9 8



mostly by correlating the amount of MLC phosphorylation with the extent of 

secretion (Choi et al. 1994; lida et a l 1997).
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Figure 4.9 Inhibition of MLCK prevents Câ * -induced cortical disassembly 

at concentrations where no effect is observed on secretion

(a) Permeabilised mast cells in suspension were pre-treated (5 min on ice) with either the 

control buffer, ML-7 (1 pM), KN-62 (10 pM) or Cyclosporin A (1 pM) and this was followed by 

another treatment with (+) or without (-) 15 pM CaM ( 5 min. on ice). Cells were then exposed 

to calcium (pCaS) - 3 mM ATP (open bars), maintaining the above concentrations of the 

added agents. After 20 min at 30°C, aliquots of the supernatants were taken for the assay  of 

hexosaminidase and the cells were stained with 0.1 pM RP (20 min on ice), washed with GB, 

fixed and the relative F-actin content of triplicate sam ples was determined by flow cytometry. 

CaM, ML7, KN-62 or CsA had no effect on F-actin content of control cells (exposed to 3 mM 

EGTA - 3mM ATP) or on secretion.

(b) Permeabilised m ast cells in suspension were pre-treated (5 min on ice) with the indicated 

concentrations of ML-7 followed by the incubation with calcium (pCa 5) - 3mM ATP. F-actin 

content ( • )  and secretion, mean from duplicate samples, ( ■) were obtained as above.
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ML-7 abolishes Ca^^-induced actin disassembly in the absence and presence of 

exogenous CaM (Fig. 4.1 la). In comparison no effect o f KN-62 (CaMK-II inhibitor) 

or CsA (calcineurin inhibitor) on disassembly was observed. No effect on secretion 

was observed using any of these inhibitors (not shown).

F-actin disassembly in permeabilised mast cells was very sensitive to ML-7; 

(IC5 0  = 0.7 pM) (Fig. 4.11b). ML-7 also had an inhibitory effect on secretion but this 

was apparent only at higher concentrations (> 1 pM). Results suggest that Ca^VCaM- 

MLCK dependent process is a major component o f the cortical actin disassembly 

regulation.

Recent use o f other MLCK inhibitors (M L-12 and H7) have shown a partial 

inhibition of Ca^^^-induced cortical disassembly (35-41%, n=2) (not shown).

4.10 CaM-binding proteins in mast cells

The previous experiment suggests that MLCK is a CaM-binding protein which 

regulates cortical actin (Fig.4.9). It investigate whether MLCK is present in the cortex 

we have immunostained permeabilised RPMC with an anti-MLCK antibody. CaMK- 

II is also an abundant CaM-binding protein and parallel immunostains for this protein 

have also been carried out.
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Figure 4.9 MLCK Is localised to the cortex and CaMK-II to the nucleus

Permeabilised m ast cells were immunostained with anti-MLCK (A, B) and anti- CaM-kinase II 

(C) antibodies before (A, 0) and after (B) treatment with 10 |iM MLCKP. The images are 

equatorial slices obtained by confocal microscopy. The bar represents 20 pm. MLCK is 

primarily associated with the cortical region, while CaM-kinase II is in the nuclei. MLCKP had 

no effect on anti-CaM-kinase II staining (not shown).

MLCK immunostain is prominent in the cortical region of permeabilised mast 

cells (Fig. 4.10A) and it is unaffected by treatment with the MLCK peptide (Fig.

4.1 OB). In contrast, anti- CaM kinase II antibody immunostains the nucleus (Fig.

4. IOC).
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Western blots for MLCK have found that it does not leak out of permeabilised 

mast cells (not shown). Furthermore work by a student in this laboratory (M. 

Burnham) demonstrated that although calcium (pCa5-ATP) had no effect on MLCK 

localisation activation with GTP-y-S (+ATP) greatly reduced the cortical staining. 

There was no effect of either treatment on CaMK-II localisation (not shown).

These results suggest that MLCK, present in the actin cortex of permeabilised 

mast cells is a potential target for Ca^  ̂/CaM dependent pathway that regulates 

disassembly.

4.11 Confocal images of mast cell treated with CaM and MLCK inhibitors

The results presented in this chapter show that actin disassembly is regulated by 

CaM-dependent mechanism(s).In the following experiment I have visualised F-actin 

morphology in the presence of CaM and MLCK inhibitors.

CA-FCaM

CA+MLCKP CA+W7 CA+ML7

Figure 4.11 CaM enhances and the inhibitors prevent Ca^Mnduced cortical 

actin disassembly

Glass-attached permeabilised mast cells were preincubated for 5 min at 4°C with GB, pCa 

6.5, with no addition (EA, CA); 15 pM CaM (CA + CaM), 10 pM MLCKP (CA + MLCKP), 100 

pM W7 (CA + W7) or 1 pM ML-7 (CA + ML-7), all in GB-pCa6.5. Cells were then exposed to 

either 3 mM EGTA - 3mM ATP (EA) or to calcium (pCa 5) - 3mM ATP (CA) maintaining the 

above concentrations of the added agents. After 20 min at 30°C, cells were fixed, stained 

with 0.1 fiM RP and visualised by confocal microscopy. Bar = 20pm.
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Fig. 4.12 shows images of glass- attached permeabilised mast cells stained with 

rhodamine phalloidin (RP) to visualise F-actin. Control cells (EA) exposed /  ̂  

EGTA/ATP exhibited typical prominent actin cortices. Addition of calcium/ATP 

(CA) induced a significant decrease in cortical staining (~ 35% ± 12, « = 25). This 

decrease was enhanced (~ 60-75%) by addition of exogenous CaM (CA + CaM), 

while it was inhibited by MLCKP (CA + MLCKP) and by W7 (CA + W7). Neither 

exogenous CaM nor the CaM inhibitors had any effects on calcium-induced secretion 

from attached cells (not shown).
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Discussion

Calmodulin in mast cells

The levels o f CaM detected in mast cells agrees well with previously 

published data. Using RIA it has been previously found that RPMCs contain 160 ±

14 ng/million cells of CaM. 6 8 % was cytosolic, the remainder being in the fraction 

containing the mitochondria, ER, Golgi vesicles and plasma membrane (Chakravarty 

& Nielsen, 1985). A largely unanswered question is whether CaM is free or bound in 

the cell at resting Ca^  ̂levels, and what distribution this bound CaM has within the 

various intracellular compartments. The experimental evidence gathered so far has 

been equivocal. Our results show that in mast cells the majority o f CaM is cytosolic 

but a significant (up to 20%) proportion remains bound in a Ca^^-independent maimer, 

possibly to elements of the cytoskeleton. This is in general agreement with a study of 

CaM localisation in serum-deprived fibroblasts. By utilising an environmentally 

sensitive fluorescent analog o f CaM, MeroCaM the authors demonstrated that up to 

90% of the CaM was unbound at resting Ca^  ̂levels (Gough & Taylor, 1993). 

However, another study that immuno-precipitated CaM/CaM-binding protein 

complexes from 35S labelled chick embryo fibroblasts found no such large excess of 

free CaM in these cells (Van Eldik et a l 1990).

Our results indicate that Ca^^-independent binding of endogenous CaM in 

permeabilised mast cells occurs to elements of the cortical cytoskeleton. Furthermore 

the data from the Fl-CaM study indicates that in permeabilised mast cells the Ca^^- 

dependent CaM-binding proteins are localised to the nucleus and the cortex. However, 

there are still elements of the cortex that bind, in a Ca^^-independent manner Fl-CaM. 

This suggests that at least some of the EGTA-resistant CaM is lost from the cortex 

during the permeabilisation procedure and/or that the CaM fluorophore partially 

exchanges with the endogenous CaM.

The presence o f EGTA-resistant CaM within permeabilised RPMC is 

interesting. A number of proteins bind CaM in the absence of Ca^  ̂, including 

neuromodulin, neurogranin, and unconventional myosii{ys (e.g. intestinal brush border 

myosin I) (Grand & Perry, 1979). These contain the consensus sequence (IQ motif) 

IQXXXRGXXXR, which serves as a binding site for different EF-hand proteins
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including the essential and regulatory myosin light chains, CaM and CaM-like 

proteins. However, not all CaM-binding proteins that bind CaM independently of Ca^  ̂

,e.g. macrophage NO synthase and the y-subunit of phosphorylase b kinase contain an 

IQ motif (reviewed in (Rhoads & Friedberg, 1997)). B50 (or neuromodulin) is an 

abundant neuronal phosphoprotein located on the cytoplasmic face of the neuronal 

plasma membrane. It contains a single Ser41 residue that can be phosphorylated by 

PKC (Baudier et a l  1991) or phosphorylase kinase (Johnson et a l  1998), leading to 

dissociation o f CaM from B50. What makes this CaM-binding protein remarkable is 

its ability to bind apo-CaM with higher affinity than Ca^VCaM (Zhang et a l  1994). 

NMR studies have confirmed the model that B50 binds to apo-CaM in an a  helical 

fashion (Zhang et a l 1994). A mast cell homologue o f this protein would make an 

ideal cortical CaM sequester. However, to date none has been identified.

Novel inhibitors o f  calmodulin

Although there are a number of well defined pharmacological agents that bind 

to the Ca^^-CaM complex and serve as competitive in vitro inhibitors their in vivo 

specificity’s are not absolute(Liu et a l 1990). We have used two novel peptides based 

on the CaM-binding domains o f the CaM-dependent enzymes smMLCK and cNOS. 

These act as global inhibitors of CaM-dependent enzymes. The MLCK peptide (or 

Trp peptide) is the only one o f its type which has N-and C-terminal amino acids 

derivatized as amides, with a Kd = O.OOObnM (Torok & Trentham, 1994). This makes 

the peptide a more effective inhibitor of in vivo CaM than larger peptides (Lorca et a l 

1991; Itoh et a l  1989). The cNOS peptide corresponds to the amino acid sequence of 

residues 725-747 in rat cerebellar NOS (Bredt et a l 1991). It forms a 1:1 a  helical 

conformation complex with Ca^  ̂/CaM (Zhang & Vogel, 1994).. As both the MLCK 

and cNOS peptides bind to CaM in a similar fashion (Zhang et a l  1995) our finding 

that they have similar IC 5 0  could be explained by this biophysical data. Not only are 

the MLCK and cNOS peptides potent in vitro inhibitors but they are also capable of 

complexing with the remaining endogenous CaM in permeabilised cells in the 

presence o f Ca^  ̂ . The peptide-CaM complex, which is Ca^^-dependent, removes this 

EGTA-resistant CaM from its Ca^^-independent target(s). These amphiphilic CaM- 

binding peptides are well documented in vitro (Kizawa et a l  1996) and in vivo
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(Artalejo et al. 1996) inhibitors of CaM-dependent processes. They derive this 

function from their ability to bind both lobes simultaneously as a consequence of 

spanning the hydrophobic binding surface of CaM (Graff et al. 1991). Some novel 

peptides synthesised exhibit differential inhibition o f CaM-dependent enzymes which 

could be very useful in untangling the web of CaM-dependent processes (Nevalainen 

et al. 1997).

Certain biophysical data support our use of these peptides as inhibitors o f all 

CaM-target interactions. CaM-binding peptides with distinct inhibitory effects on 

CaM-dependent enzymes are shorter (<10 residues) than either the MLCK or cNOS 

peptides (Nevalainen et al. 1997). By spanning the entire central hydrophobic domain 

of the Ca^VCaM complex the MLCK and cNOS peptides induce a conformational 

change involving the helical portions of the central linker region (reviewed in (Vogel,

1994)). This conformational change to the Ca^VCaM complex is likely to be the cause 

of the dissociation of the CaM from its Ca^^-independent binding within the 

permeabilised cell that we observe. One caveat that needs to be mentioned is that it is 

unknown exactly how specific these peptides are for CaM - other adventitious 

interactions may occur within the cell. Our results indicate that by using these novel 

inhibitor peptides (plus their controls) and one of the pharmacological inhibitors W7, 

derived from napf^ene sulphonamide compounds (plus its control), these problems 

of specificity and selectivity can be kept to a minimum, and at the very least 

controlled. The reconstitution / inhibition approach in a permeabilised system should 

be a useful tool in probing CaM’s role in various signal transduction pathways.

Calmodulin and secretion

Since many lines of evidence have found a role for CaM in the terminal steps 

of exocytosis, we were surprised to find that reconstituting permeabilised mast cells 

with CaM had no effect on Ca^^-induced secretion. CaM has been suggested as the 

Ca^^-sensor o f the terminal steps of secretion in a number of cells. Studies of 

Paramecium showed CaM to be an essential component of Ca^^^-dependent steps of 

secretion-stimulus coupling (Kerboeuf et al. 1993). In neurons CaM has been shown 

to be important in secretion (exocytosis) via the regulation o f the synapsin family 

proteins (Nicol et al. 1997) by CaMK-II (Schweitzer et al. 1995; Sitges et al. 1995).
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CaM has also been suggested to regulate secretion in pancreatic islets via CaMK-II 

(Easom et al. 1997; Babb et al. 1996).In permeabilised adrenal chromaffin cells 

reconstitution with CaM increases the initial rate o f secretion (Kibble & Burgoyne,

1996) via an ATP-independent stage (Chamberlain et al. 1995). But another study in 

adrenal chromaffin cells has suggested that CaM ,via calcineurin, only regulates 

endocytosis (Artalejo et al. 1996). However, CaM has not been found to regulate 

either exocytosis or endocytosis in two other studies(Fujii et al. 1994; O'Sullivan et 

al. 1996).

Why then has no role for CaM been found in exocytosis from mast cells? Most 

of the experimental evidence to support a role for CaM in the regulation of secretion 

is derived from studies of neuro-endocrine cells. There are major differences in the 

Ca^  ̂requirements for secretion between excitable and non-excitable cells. In excitable 

cells Ca^  ̂concentrations in sub-membrane domains required for half maximal 

secretion range from 50 pM in chromaffin cells (Augustine & Neher, 1992) to 200 

pM in retinal bipolar neurones (Heidelberger & Matthews, 1992).However, in the 

non-excitable cells Ca^  ̂requirements are much lower, typically between 1 to 10 pM. 

(Muallem et al. 1995). Because of this difference cells of haematopoietic lineage 

(such as mast cells) may utilise a different Ca^  ̂sensing protein to regulate secretion . 

In mast cells the Ca^^ sensor could be a member o f the 2 EF hand Ca^^-binding protein 

family (S I00 proteins). S100A6 enhances Ca^^-induced insulin release from 

permeabilised pancreatic islet cells (Okazaki et al. 1994) and SIOOAIO may regulate 

Ca^^-induced catecholamine release from chromaffin cells (Regnouf et al. 1995). 

Alternatively this Ca^  ̂sensor may be a member of the annexin family or a C2 domain 

containing protein (reviewed in Niki et al. 1996). Further work will be required to 

establish whether CaM regulates the terminal steps of Ca^^-induced secretion (C^) in 

other myeloid cells, and further, to elucidate the target of Ca^  ̂in the regulation of 

mast cell secretion. Interestingly Okazaki and colleagues have found that the Ca^^- 

binding protein calcyclin enhanced Ca^^-stimulated insulin release in permeabilised 

pancreatic beta cells in a dose-dependent manner (Okazaki et al. 1994).
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Calmodulin as a regulator o f  cortical actin

Although CaM has been shown to modulate many elements o f the 

cytoskeleton either structurally or by modulating phosphorylation states (reviewed in 

Babu et al. 1988), the work described in this chapter is the first demonstration, to our 

knowledge, that it plays an important role in regulating cortical F-actin in mast cells. 

Both peptide and pharmacological inhibitors abolish Ca^^-induced cortical actin 

disassembly demonstrating that endogenous CaM remaining in permeabilised mast 

cells participates in the Ca^^-induced disassembly. This suggests that EGTA-resistant 

CaM is being sequestered by Ca^^-independent elements of the cortex for the express 

purpose of targeting to downstream CaM-dependent proteins that regulate the cortical 

F-actin cytoskeleton. The profound enhancement of Ca^^-induced disassembly by 

exogenous CaM suggests that the downstream CaM-dependent does not leak out of 

the permeabilised cell.

Other research has shown that CaM is present in the stress fibres of interphase 

fibroblasts (Luby Phelps et al. 1985), and may be responsible for regulating actin 

filaments through an interaction with filamin or caldesmon(Sobue et al. 1982).Mast 

cells cortical disassembly requires not only Ca^  ̂but high levels of ATP as w e ll. This 

suggests that a phosphorylation step or cross-bridge cycling is required for Ca^^- 

induced cortical disassembly. However, actin disassembly may occur as a secondary 

result of the phosphorylation o f some other cortical cytoskeletal element.

CaM may regulate the actin cortex in mast cells via structural elements, such 

as fodrin (non-erythroid cells) or spectrin (erythroid lineage) (Dhermy, 1991). This 

ubiquitous cytoskeletal protein is involved with organising receptor domains and 

possibly the control of vesicle traffic at the plasma membrane (Coleman et al. 1989). 

Central to its action is its ability to link cortical actin to integral membrane proteins. 

Research has shown that after the initial interaction between Ca^^-dependent protease 

I (CDP I) with fodrin-fodrin and fodrin-actin complexes, CaM binds to the a  subunit 

thereby allowing CDP I to bind to the B subunit and inhibit the cross-linking of actin 

by fodrin (Harris & Morrow, 1990). Filamin is another protein that plays a key role in 

stabilising membrane-cytoskeleton interactions in a variety of eukaryotic cells 

(Hartwig & Kwiatkowski, 1991). A possible CaM-dependent regulatory pathway via
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filamin involves CaMK-II. This kinase can phosphorylate filamin inducing cytosolic 

translocation and disruption of the dense cortical actin network (Wang et a l 1996).

But as the authors o f this work are at pains to point out this is by no means the only 

possible, nor for that matter the most essential filamin regulatory mechanism -  filamin 

contains at least 1 2 1  potential protein kinase phosphorylation sites.

MARCKS is another potential non-enzyme target of CaM that regulates F- 

actin. Unphosphorylated MARCKS binds to membrane F-actin and cross-links it.

This activity is inhibited by the binding of CaM (Hartwig et a l 1992). A separate 

mechanism also exists where PKC phosphorylates MARCKS leading to its cytosolic 

translocation and disruption o f actin cross-linking (Thelen et a l 1991). Once 

MARCKS is phosphorylated it can no longer bind CaM (Aderem, 1992). However, 

the situation is undoubtedly more complex. Recent reports have shown that MARCKS 

is also phosphorylated by at least two proline-directed protein kinases, cdc2  kinase 

and tau protein kinase II (Ono et a l 1995). MARCKS could also potentially act as a 

CaM reservoir in resting cells (Zhao & Davis, 1996).

Calmodulin-binding proteins

Our results suggest that the most likely CaM-dependent target that regulates 

cortical disassembly is myosin light chain kinase (MLCK) (Kilhoffer et a l  1992). 

However, another ubiquitous Ca^VCaM-dependent kinase found in mast cells needs 

also to be considered. This is the multisubstrate protein kinase II (CaMK-II) My 

experiments do not support a role for the this kinase for the following reasons. 

Reconstitution with exogenous CaM lowers the Ca^^ requirements for cortical 

disassembly. CaMK-II is half maximally activated at 0.1-1 pM Ca^  ̂while MLCK can 

be half maximally activated at 170nM to 250 nM Ca^  ̂depending upon the 

phosphorylation state o f the protein (Stull et a l 1993), suggesting that the CaM- 

dependent enzyme in question might be MLCK. However, the activation of MLCK is 

unlikely to be the rate limiting step of disassembly. The process o f light chain 

phosphorylation is so sensitive to Ca^  ̂that it is maximal by 230ms, however, our 

results show that, even in the presence of exogenous CaM, Ca^^-induced disassembly 

is only half complete by ~ 150s. This suggests that there is another Ca^^-dependent 

process that is required for cortical disassembly following activation o f MLCK.
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Alternatively, if  disassembly is dependent on contractility, then it may be the time and 

extent o f  contraction which is rate limiting.

Ca2+/CaM-MLCK regulate cortical actin

Previous studies o f  MLC phosphorylation by MLCK have elegantly shown a 

correlation between the amount o f myosin phosphorylation and antigen-stimulated 

secretion in RBL cells (Choi et a l 1994). One o f  the strict criteria laid down by Philip 

Cohen and Claude Klee in their seminal overview o f  calmodulin biology was that, “

CaM-dependent protein kinases must be shown to phosphorylate....their substrates

in vitro at the same sites phosphorylated....m vivo in response to Câ  ̂” (Babu et a l 

1988). However, previous attempts to immunoprecipitate myosin from mast cells has 

been unsuccessful, probably because o f the action o f  mast cell proteases (A.Koffer, 

unpublished observations). Because o f this we have approached the elucidation o f  the 

CaM-dependent target in the regulation o f  Ca^^-induced cortical disassembly by a 

pharmacological approach. Our results show that indeed the likely target o f  activated 

CaM is MLCK. This enzyme is present in mast cells and my initial Western blot 

results show that it does not leak out o f  the permeabilised cells. However, because o f  

the lack o f  suitable standards we have been unable to quantify the ratio o f endogenous 

CaM:MLCK. One would expect this to be suitably low to account for the dramatic 

enhancement o f  Ca^^-induced disassembly by addition o f  exogenous CaM if  this is the 

only CaM-dependent signal transduction pathway that regulates cortical disassembly. 

The conclusion that activation o f MLCK by Ca^VCaM is an essential signal for 

cortical actin disassembly is based on the use o f a single inhibitor (ML7). This could 

be argued, rightly, to be insufficient. Further initial work with other synthetic MLCK 

inhibitors demonstratJthat although this mechanism certainly seems to be a major 

component o f  cortical actin regulation, it is not the only one.

ML-7 (MLCK inhibitor) also partially inhibits secretion at concentrations > 1 

pM (IC50 ~  9.5 pM). This is in contrast to a previously published study o f  antigen- 

stimulated secretion from RBL cells where ML-7 completely inhibited secretion but 

with an IC50 ~  20-30 pM. As M L-7’s IC50 for MLCK is 0.3 pM this result is more 

likely to be due to the inhibition o f other kinases (e.g. PKA or PKC) (Saitoh et al 

1987). Other research utilising either pharmacological and/or phosphorylation studies
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have found a correlation between activation of MLCK and secretion (lida et a l 1997; 

Niki et a l  1993). However, our results show that activation of MLCK is unnecessary 

for the final steps of Ca^^-induced secretion in permeabilised RPMCs.

In mast cells then the activation of MLCK by Ca^VCaM and subsequent acto- 

myosin contraction seems important for Ca^^-induced cortical F-actin disassembly. 

This novel mechanism for regulating cortical actin is not completely without 

precedence. In syncytial Drosophila embryo the network of F-actin fibres undergoes 

contraction prior to disassembly during axial expansion (von Dassow & Schubiger,

1994).In saponin permeabilised platelets the F-actin is first separated from the plasma 

membrane by Ca^^-dependent contraction prior to disassembly, by a mechanism 

thought to involve other actin-binding proteins (Stark et a l 1991). Filamentous actin 

is not the only cortical cytoskeletal element that has been shown to undergo 

contraction followed by disassembly. Stimulation of the marine heliozoan 

Actinocoryne contractilis leads to cell contraction and microtubule disassembly 

(Febvre Chevalier & Febvre, 1992).

The role o f  Rho

Rho acts synergistically with Ca^  ̂to promote cortical disassembly. Work 

presented in this chapter shows that this process can be separated from the Ca^VCaM- 

MLCK pathway. However, our results strongly suggest that Rho and Ca^  ̂signal 

pathways converge, probably onto MLCK. In smooth muscle, myosin light chain 

phosphorylation by a Rho-associated kinase induces contraction (Kureishi et a l

1997). This Rho-associated kinase is another serine/threonine kinase, p i 60 Rho- 

associated coiled-coil-containing protein kinase (ROCK) and its close relative is p i64 

Rho-associated kinase (Rho-K). The myosin-binding subunit (MBS) of MLC 

Phosphatase is a substrate for these kinases in vitro which leads to a decrease in MLC- 

phosphatase activity and a subsequent increase in the level of MLC phosphorylation 

(Kimura et a l 1996). This is certainly a promising hypothesis which would fit our 

observations. However, in NIH 3T3 cells Rho-K is cytosolic and is only recruited to 

the plasma membrane upon activation by Rho.GTP. In our permeabilised model if  this 

is to be a potential regulatory pathway then a mast cell isoform of the serine/threonine
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Rho-kinases must be found at the cortex. However, leakage of the majority of cortical 

actin-associated Rho-kinase may also explain why addition of saturating 

concentrations of VMRhoA only induces a moderate amount of cortical actin 

disassembly. Our conclusion that Rho and Ca^VCaM regulate cortical actin 

disassembly via MLCK is supported by the recent report that Rho-dependent actin 

contraction in fibroblasts could be blocked with the MLCK inhibitor KT5926, 

resulting in decreased MLC phosphorylation with loss of focal adhesions and stress 

fibres (Chrzanowska Wodnicka & Burridge, 1996). If one accepts the relative 

specificity of this inhibitor for MLCK then this report confirms our finding that the 

Ca^VCaM and Rho-MLCK pathway are important regulators of cortical actin.

The physiological role of this pathway may well be to link extracellular 

signals to motile responses. However, the pathways linking chemoattractants to motile 

responses are numerous. Furthermore they do not necessarily have to involve Ca^  ̂- 

dependent mechanisms. In neutrophils stimulation with the chemoattractant N- 

formly-methionyl-leucyla-phenyalalnine (fMLP) at concentrations of < 10'® M 

stimulates pseudopodia formation without an increase in free cytosolic Ca^  ̂(Alteraifi 

& Zhelev, 1997).

Our results suggest a model (see final chapter Fig 6.1) whereby Rho and Ca^  ̂

regulate cortical actin disassembly by influencing the phosphorylation state of myosin 

light chain. The former probably involving a Rho-kinase and the later via the 

Ca^/CaM-MLCK complex.

Cortical actin - is it a barrier to secretion?

Final comments must be reserved for the working hypothesis that the cortical 

actin network acts as an important negative clamp to secretion. Research, ostensibly 

using neuro-endocrine cells as the model system, has shown a strong correlation 

between the dependent regulation of the actin cortex and secretion (Trifaro et al. 

1997; Vitale et al. 1995). In particular the disassembly of the actin cortex has been 

shown to be regulated by a Ca^^-dependent F-actin severing protein, scinderin (Zhang 

et al. 1996; Zhang et al. 1995). Furthermore there is some evidence that actin filament 

disassembly is a sufficient final trigger for secretion (Muallem et al. 1995). However, 

we have shown from our work on CaM inhibitors, cortical actin stabilisers etc., that
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the regulatory pathway to the disassembly of the majority o f the F-actin cortical 

network is distinct from the regulation o f secretion. The caveat is, o f course, that there 

is data from our own studies of intact and permeabilised RPMCs as well as gelsolin 

that suggests there may be a role for the cortical cytoskeleton in the regulation of 

secretion from the intact cell. However, the conclusion must be that certainly within 

mast cells, and perhaps in other non-excitable cells the cortical actin does not 

primarily function as a barrier to secretion.
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CHAPTER 5
A ROLE FOR CALMODULIN IN STIMULUS 

SECRETION COUPLING
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INTRODUCTION

The release of preformed mediators from mast cells in response to specific 

immunological (via the high affinity type I Fee receptor) or non-immunological (such 

as polycationic compounds) challenge has been termed stimulus-secretion coupling 

(Chock & Schmauder Chock, 1992). Mast cells respond to antigen via the FceRI 

through sequential activation o f the tyrosine kinases, Lyn and Syk (Kihara & 

Siraganian, 1994). This leads to activation of PLC and PLD with the generation of 

inositol phosphates and diglycerides (Gruchalla et al. 1990). In turn intracellular Ca^  ̂

is released with activation o f PKC and MLCK (Sagi-Eisenberg et a l 1985; Kitani et 

a l 1992). A second signalling cascade from FccRI stimulates Ras-induced 

phosphorylation and activation of the MAP kinase/PLA 2  pathways (Narasimhan et a l  

1990). In mast cells the receptor for polycationic compounds is unknown but they do 

directly activate the class of heterotrimeric G-proteins (Mousli et a l 1994), which 

subsequently leads to the activation o f PLC and the release of intracellular Ca^  ̂stores 

by IP 3 (Wu et a l 1993). One important difference that exists between theses two types 

of stimulus-secretion coupling is their requirements for extracellular Ca^  ̂ . FcsRI- 

mediated secretion is absolutely dependent on the presence of extracellular Ca^  ̂, 

whereas that of polycationic compounds is not. However, both stimuli lead to release 

of intracellular Ca^  ̂stores (Douglas & Nemeth, 1982; Wu et a l  1993). As both these 

pathways require Ca^  ̂this suggests a Ca^^-binding protein(s) is involved in both these 

signalling cascades.

Work presented in the previous two chapters demonstrates that although CaM 

is an important regulatory Ca^^-binding protein for cortical actin, it does not regulate 

the terminal steps o f secretion in mast cells. However, a number o f studies have 

suggested that CaM is an important link between the generation of the Ca^  ̂signal and 

stimulus-secretion coupling (Gigl et a l  1987; Wilson et al. 1991a). It is believed that 

Ca^VCaM regulates phosphorylation/dephosphorylation states o f key downstream 

targets as both CaM-dependent phosphatases and kinases have been implicated. 

Inhibition o f the CaM-dependent phosphatase calcineurin by the selective inhibitor 

FK506 prevents FcsRI-mediated secretion (Ezeamuzie & Assem, 1990; Fruman et a l

1995). Phosphorylation o f myosin light chain by the CaM-dependent enzyme MLCK
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and PKC has also been shown to be temporally correlated with antigen-induced 

secretion (Choi et a l  1994).

Although the signalling links between FceRI and PLC and Ras have been 

established (Deanin et a l 1991) those with the activation of PLD have not. In RBL- 

2H3 PLD appears to be activated indirectly through the rise in intracellular Ca^^ and 

the action of PKC to produce sustained increases in PA and diglycerides (Dinh & 

Kennerly, 1991). The activation of PLD is believed to be an important component o f 

FcsRI-mediated secretion (Lin et a l 1994). Furthermore this enzyme may play a key 

role in integrating small G-protein and lipid signals generated by FcsRI dimérisation. 

These results suggest that CaM may regulate an early step(s) in the secretory pathway 

from receptor activation. To investigate whether CaM is a regulatory Ca^^-binding 

protein for stimulus-secretion coupling in mast cells I have a passively sensitised 

model.

FcsRI-mediated secretion in purified RPMC is difficult to reproducibly 

achieve, and usually requires the concomitant activation o f the adenosine A 3 receptor 

(Marquardt et a l 1978) or sensitisation by an active in vivo method (Pearce, 1982). 

This is in contrast to the ease with which secretion can be stimulated with 

polycationic compounds (e.g. 48/80). To overcome these limitations I have developed 

and characterised an in vitro RPMC model that responds to passive sensitisation. 

However, as this model does not respond to IgE receptor cross-linking after 

permeabilisation I have also used antigen-stimulated RBL-2H3 cells. These have been 

found to remain secretory competent after permeabilisation. To study FceRI 

occupancy I have used an indirect immunofluorescence protocol with flow cytometric 

analysis. This examines the amount o f IgE receptor occupancy by using FITC- 

conjugated immunoglobulins directed against the Fc portion o f the bound IgE (Chen 

et a l 1994). Determining the mean florescence of the sample population gives a 

relative indication o f receptor occupancy. I have used various sources o f IgE and 

FITC-conjugated anti-Ig and anti-IgE in the experiments described below (see 

materials, chapter 2.3).

This chapter describes the characterisation of the passively sensitised RPMC 

model, the elucidation o f a role for CaM in antigen and 48/80 induced secretion and 

potential lipid targets.
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RESULTS

5.1 Characterisation of two models of passive sensitisation

Terminology for the different mast cell sensitisation methods is not universally 

concordant. For the purposes of this chapter the term ‘active sensitisation’ applies to 

protocols that employ live animals to sensitise mast cells to specific antigens. ‘Passive 

sensitisation’ refers to those protocols that sensitise mast cells in vitro (i.e. without the 

use of live animals).

Two of the most commonly used protocols for active sensitisation are intra- 

peritoneal injections o f Bordetellapertussis (Okada et a l 1996b), and infection with 

the nematode Nippostrongylus brasiliensis (Peachell & Pearce, 1989a). Both produce 

mast cells with a good response to antigen but their limiting factors are, a) use of 

expensive live animals and b) the time factor - it takes up five days for the former 

method and a life cycle of six weeks for the latter. Other protocols utilise the intra- 

peritoneal injections o f strongly allergenic compounds such as ovalbumin 

(Wyczolkowska et a l 1986). But again these suffer from the drawbacks already listed.

Passive sensitisation o f the immortalised mast cell line RBL-2H3 with IgE 

directed against dinitrophenol (anti-DNP IgE) is a relatively simple and reproducible 

procedure (Collins et a l  1995). Whereas that with purified rat peritoneal mast cells is 

notoriously difficult and unreliable (Inagaki et a l 1995). Furthermore, antigen- 

induced secretion from passively sensitised RPMC is generally poor (Inagaki et a l

1995). This is in contrast with reports that mouse, guinea pig and Sabre RPMC 

[(Desquand et a l  1989) and (R. Sagi-Eisenberg, personal communication)] can be 

passively sensitised with ease. The work described in previous chapters utilises 

RPMC purified from Sprague Dawley as the model system. In order for this work to 

be comparable we needed to develop an intact RPMC model that could respond to 

antigen. The aim is to develop a passive sensitisation model with a good, reproducible 

secretory response. This section describes the characterisation of two models of 

passive sensitisation.

117



Figure. 5.1 Secretion from passiveiy sensitised RPMC:

RPMC w ere passively sensitised with either anti-DNP IgE (a,c,e) or IR 162 (b,d,f) a s  

described in m ethods (2.4c).

(a) and (b) dose  response for sensitising IgE: cells w ere incubated with the indicated 

concentrations of IgE for 28 hours at 37 °C and then challenged for a  further 20 min with 50 

pg/ml of BSA-DNP or anti-IgE (1:10 dilution), respectively.

(c) and (d) dose response for trigger: cells were sensitised a s  described above with the 

optimum concentrations of anti-DNP IgE (5 pg/ml) and IR 162 (10 pg/ml), respectively, and 

challenged with the indicated concentrations of BSA-DNP and anti-IgE for 20 min at 37 °C.

(e) time course of sensitisation: cells were incubated with the optimum concentrations of anti- 

DNP IgE ( • )  or IR 162 ( O). At the indicated times of such sensitisation, cells were 

challenged with BSA-DNP ( 50 mg/ml) and anti-IgE (1:100 dilution), respectively.

(f) pH dependence: cells were sensitised for 28 hours at 37 °C by optimum concentrations of 

anti-DNP IgE ( • )  or IR 162 ( O) at the indicated pH, and then challenged with BSA-DNP ( 50 

mg/ml) and anti-IgE (1:100 dilution), respectively.

Supernatants w ere taken for determination of released hexosam inidase after 20 min 

incubation with the appropriate trigger. Data shown are m eans ± S.E. (n = 3).
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This experiment was designed to characterise and compare two models of 

passively sensitised mast cells. The first model uses IgE raised against the chemical 

antigen DNP (anti-DNP IgE) to sensitise RPMC. Cross-linking the receptor is 

achieved by challenge with the antigen DNP-BSA. The second model is sensitised 

with myeloma IgE in ascitic fluid (designated IR 162). Here cross-linking is achieved 

by a specific anti rat IgE.

RPMC sensitised with anti-DNP IgE had a bell shaped response curve to 

antigen challenge (panel a). The optimum concentration of anti-DNP IgE for secretion 

was ~5 pg.ml'^ . In contrast, RPMC sensitise with IR 162 secreted in a dose- 

dependent manner with an EC 5 0  = 0.4 ±0.1 pg.ml’’ (panel b). The optimum 

concentration for sensitisation with IR 162 was >5 pg.m l'\

RPMC sensitised with anti-DNP IgE and IR 162 had similar secretory profiles 

when challenged with BSA-DNP and anti-IgE, respectively. When challenged with 

BSA-DNP the apparent was EC5 0  = 0.5 ± 0.2 pg.m f’ (panel c). Challenge with anti- 

IgE was optimum at dilution’s > 1/100 (EC5 0  ~ 1/800) (panel d).

Both models exhibited similar sensitisation times. Both reached maximal 

levels of secretion after at least 22 hours incubation with IgE (panel e). No significant 

deterioration in response was seen up to 48 hours incubation (not shown). Optimum 

pH for both models was, again, similar (pH range 13-1.5) (panel f). RPMC sensitised 

with anti-DNP IgE were inhibited to a greater extent at high pH compared with IR 

162. Further results using Trypan Blue exclusion method found that after 48 hr 

incubation RPMC viability was 81.3 ± 5.8% {n =3).

From this series of experiments I found that sensitising RPMC with IR 162 

and challenging with anti-rat IgE was a more robust and reproducible system. The IR 

162 passive sensitisation model was chosen for the remainder o f the intact cell studies 

described in this chapter.
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5.2 Comparison of different types of IgE used for sensitisation.

The following types of IgE were compared for their effectiveness to sensitise 

RPMC to antigens: IR 162 is a myeloma cell line which produces IgE when 

inoculated into rat peritoneal cavity (Butchko et a l 1984). Ascitic fluid with this IgE 

was collected and used in these experiments. As shown above, passive sensitisation 

with IR 162 results in a strong secretory response when cells are challenged with anti- 

IgE.

Previous research has investigated the genetic and environmental factors that 

determine surface expression and occupancy of IgE receptors (FcsRI) (Chen & 

Enerback, 1995). Although IgE-FcsRI complexes are an important determinative of 

secretory capacity it is not known to what extent IgE typefiÿfects secretory capacity.

The type I receptor for the Fee domains (FcsRI), present not only on RPMCs 

but on basophils as well (Miller et a l  1989), is known to bind a single IgE molecule 

in an apparent asymmetric and bent conformation (Zheng et a l  1991). The specificity 

for FcsRI and IgE from various sources and species is unknown. However, various 

protocols utilising cytofluorometric methods have been used to determine IgE load on 

mast cells (Chen et a l 1994).

We have studied the relationship between the type of IgE load on RPMCs and 

their secretory capacity when challenged with anti-IgE utilising just such a 

cytofluorometric method. This experiment is designed to examine the occupancy of 

the FcsRI by different IgE molecules, relating this to secretory capacity, to determine 

whether IR 162 (myeloma IgE) is particularly potent at inducing secretion.
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Figure. 5.2 Relationship between the relative FcsRI occupancy and secretion

(a); purified RPMCs were incubated for 28 hours at 37°C in DMEM+ at pH 7.35 with the 

indicated concentrations of IR 162 (• ) , rat IgE (Rt IgE, ■), human IgE (Hu IgE, A) and rat 

IgG (Rt IgG T). Cells were then challenged for 30 min at 37°C with rabbit anti-rat IgE 

(#,B,T), or goat anti-human IgE (A), both at 1/50 dilution. Aliquots of supernatant were taken 

for determination of released hexosaminidase.

(b): Ig receptor occupancy determined by flow cytometry. Control RPMCs (open bars), were 

incubated for 28 hrs without any added Ig (w/o addition), followed by a brief incubation (2 min ) 

with (+LA) or without (no LA) 0.2M lactic acid (pH 3.4) and two washes. The sensitised cells 

(shaded bars) were incubated for 28 hrs with 60 pg.mM of the appropriate Ig, followed by two 

washes. Subsequently, all cells were incubated with FITC-conjugated goat anti-Ig (1:80 

dilution) for 30 min at 37°C, washed three times, removed by a brief (1 min) trypsin treatment, 

washed again and fixed. Ig receptor occupancy was evaluated by flow cytometry. Trypsin 

had no effect on the amount of bound FITC-anti-lg.

Results for panel (a) are duplicates, and for (b) m eans ± S.E. {n = 3).
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Fig 5.2(a) shows that secretory competence is greatest when RPMCs are 

sensitised with myeloma IgE (IR 162), with a similar EC 5 0  (~ 0.4 pg.ml'^) from that 

determined in the previous experiment (Fig. 5.1b). Commercially purified rat IgE (Rt 

IgE) also supports anti-IgE-induced secretion with a similar EC 5 0  but the maximum 

extent of secretion is less than that of IR 162 (at 10 pg.ml ' secretion induced by Rt 

IgE = 23.7 ± 4.8% cf. IR 162 = 50.3 ± 5.6%). High concentrations Hu IgE (> 10 

pg.ml'^ ) also support minimal FceRJ-mediated secretion (~ 5-10 %), whereas Rt IgG 

does not.

To relate these data to the relative FceRI occupancy, cells sensitised by the 

described IgE/IgG were analyse by flow cytometry following their incubation with 

FITC-goat anti Ig (Fig. 5.2 B ) . Results show that RPMC bound similar levels of IR 

162, Rt IgE and Hu IgE despite their differences in their ability to support anti-IgE- 

induced secretion. Furthermore FceRI were also able to bind a significant amount of 

Rt IgG. For comparison untreated and cells treated with lactic acid are shown. The 

latter treatment is known to remove any endogenous bound IgE (Vally et al. 1995a). 

These results demonstrate that the degree of F ceR I occupancy is not a factor that 

determines secretory competence.

5.3 Lactic acid and passive sensitisation

Although RPMC passively sensitised with IR 162 produce a good secretory 

response when challenged (-40-50%) in occasional experiments (~ 1 in 6 ). the 

response was poor ( < 25%). Furthermore secretion elicited by this method was 

certainly not as robust as that induced by polycationic compounds. It has been found 

that RPMC obtained from non-barrier housed rats, a significant number o f FceRI were 

occupied by non-specific endogenous IgE molecules as a result o f exposure to animal 

house pathogens (Chen & Enerback, 1995). It is likely then that this is also the case 

with RPMC obtained from Sprague-Dawaley rats. Although, polyclonal rat anti-IgE 

should be able to cross-link all surface IgE molecules regardless of specificity, it is 

has been suggested that the endogenous FcERI-IgE complexes are unable to achieve 

correct conformational orientation to allow cross-linking (Stump et a l 1988). By
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removing this endogenous IgE from RPMC and replacing it with IR 162 (myeloma 

IgE) we hoped to achieve more consistent and higher levels o f secretion. In order to 

achieve this I have utilised lactic acid treated RPMC

Lactic acid (LA) has been reported to reversibly dissociate IgE from human 

basophils without compromising cellular activity (Pruzansky et al. 1983). The 

mechanism by which it achieves this is not known, however, it is believed to involve 

the disruption o f bonds between IgE and FceRI (Vally et al. 1995b). I have used 

FITC-conjugated goat anti-IgE (Fc) and flow cytometry to evaluate the occupancy of 

FceRI by IgE in both actively and passively sensitised cells, both before and after LA 

treatment. Receptor occupancy has been related to the secretory competence o f these 

cells.
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Figure 5.3 LA removes endogenous IgE but compromises secretion

Ig receptor occupancy (a,c) and secretory responsiveness (b,d) were examined in actively 

(a,b), or passively (c,d) sensitised RPMCs. Where indicated, cells were pre-treated with 

lactic acid before sensitisation (+LA). Cells were incubated for the indicated time (i.e. 28 hrs or 

1 hr) at 37°C without any addition (w/o addition) or with with 60 pg.ml'^ IR 162 (+IR 162).

Lactic acid treated cells (0.2 mM LA, 2 min at 30°C, pH 3.4, followed by a wash and a 20 min 

recovery period) were either incubated without any addition (closed bars, +LA) or with 60 

pg.mM IR 162 (+LA/IR 162).

(a, c) Cells were then incubated with FITC-conjugated goat anti-IgE (Fc) (1:80 dilution) for 60 

min at 37°C, and Ig receptor occupancy was evaluated by flow cytometry as above. The 

fluorescence value obtained from control cells (w/o addition) was taken as 100%. Results 

shown are m eans ± S.E. {n = 3).

(b, d) Cells were then challenged with goat anti-rat IgE (1/100 dilution) or with compound 

48/80 (10 pg.mM'as indicated. Supernatants were taken for determination of released 

hexosaminidase. Basal levels of secretion were 5-10 %.

Experiment shown is representative of two different experiments.
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Actively sensitised RPMC were obtained from rats infected with the parasite 

Nippostrongolyodis. As expected, these cells have most of their high affinity Fee 

receptors occupied since addition o f exogenous IgE (IR 162) did not significantly 

enhance binding of FITC- anti-IgE (Fig. 5.3a). Upon treatment with LA, this 

endogenous IgE is dissociated as shown by the almost complete absence o f FITC- anti- 

IgE binding. After addition of IR 162 to LA-treated cells, most of the receptors are 

again occupied (Fig. 5.3 a).

Fig. 5.3 c shows results obtained with passively sensitised RPMC. In control 

(unsensitised) cells, about 40-50% of FcsRI seem to be occupied by endogenous IgE. 

In this case, addition of exogenous IgE (IR 162) resulted in approximately twofold 

increase in FITC- anti-IgE binding. Again, this endogenous IgE was almost totally 

removed by LA treatment. Addition of IR 162 to LA treated cells resulted in FcsRI 

occupancy similar to that obtained with untreated cells.

When challenged with anti-rat -IgE, actively sensitised RPMCs respond 

without any requirements for sensitisation, secreting -70%  of their total 

hexosaminidase content (Fig. 5.3 b, w/o addition). Incubation of actively sensitised 

cells with IR 162 (1 or 28 hrs) did not improve their secretory responsiveness. 

Treatment with LA abolishes secretion. This effect is not reversed by incubation of 

LA-treated cells with IR 162 (for 1 or 28 hrs) although the receptors are now occupied 

to the same extent as those in untreated cells (Fig. 5.3a). In contrast, all cells were 

able to respond to compound 48/80, indicating that LA treatment does not interfere 

with the secretory mechanism but with the receptor.

Unsensitised RPMCs do not secrete when challenged with anti-IgE 1 hr after 

their purification (Fig. 5.3 d). Small response to anti IgE ( -  20%) was apparent after 

28 hrs incubation in the supplemented DMEM, in agreement with previous 

observations that autocrine (and possibly paracrine) signalling/conditioning is 

involved (Coleman et al. 1993). Passive sensitisation for 28 hrs improved secretory 

competence 2-3 times; 1 hr sensitisation was ineffective. Again, cells treated with LA 

were unresponsive even after sensitisation. All cells were ftilly competent to respond 

to compound 48/80.
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In conclusion, results presented in 5.2 and 5.3 show that occupancy of FcsRI 

does not determine secretory competence: but both the type of IgE and the state o f the 

receptor are important factors.

5.4 Effect of CaM inhibitors on antigen-induced secretion and Ca uptake

Mast cells are dependent on external Ca^  ̂and cross-linking of the FcsRI is 

associated with an influx of extracellular Ca^  ̂(Ishizaka et a l 1979). Ca^  ̂is also 

released from IP^-sensitive intracellular stores (Irvine, 1990). Both these Ca^  ̂signals 

contribute to a sustained increase in intracellular Ca^  ̂(Heaven et a l  1984). Although 

out previous work (chapter 4) on permeabilised RPMC found no role for CaM in 

regulating the terminal steps of Ca^^-induced secretion, a number of studies suggest 

that CaM is an essential Ca^  ̂-binding protein for antigen-induced secretion (Gigl et 

a l 1987; Marone e/ûr/. 1986).

This experiment tests the ability o f passively sensitised RPMC (IR 162 model) 

to secrete in response to antigen challenge in the presence of cell permeable CaM 

inhibitors. The W7-compound has been used as it is the only inhibitor with a control 

(W5) (Chan et a l  1987). I have also tested the MLCK peptide that has been rendered 

cell permeable by means of a myristylation tag. Two other documented CaM 

inhibitors that are cell permeable, Ophiblion A (Leung et a l 1988) and calmidazolium 

(Burgoyne & Norman, 1984) have also been included for comparison. Various reports 

suggest that these compounds may inhibit secretion by inhibiting extracellular Ca^  ̂

influx. This may be a product either of a CaM regulation o f Icrac receptors (calcium 

release-activated calcium current) (Lee & Oliver, 1995) or a non-specific effect on 

these receptors by the agent partitioning into the lipid bilayer (Landry et a l 1981; 

Caulfield et a l  1991). To broadly examine this question "̂ Ĉâ  ̂uptake has been 

simultaneously measured
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Figure. 5.4 Effect of CaM inhibitors on FceRi-mediated secretion and Câ * influx.

(a) RPMCs were passively sensitised for 28 hrs with IR 162 (60 pg.mM). One hour prior to 

challenge, cells were incubated with the indicated concentrations W7 compound and then 

washed. Cells were then exposed to anti-IgE for 30 min at 37°C at the indicated dilution. 

Supernatant aliquots were taken for assay of released hexosaminidase.

(b) Passively sensitised cells were treated at 37°C with or without (w/o) the indicated agents 

for one hour before challenge. The following concentrations were used: Myr-MLCK (10 pM), 

W7 (100 pM), W5 (100 pM), Ophiblion A (30 pM), calmidazolium (1 pM). Cells were then 

challenged with anti-IgE (1/100) for 30 min at 37°C. Secretion was assayed as above (open 

bars) and ^^Ca^* uptake was determined as described in methods (chapter 2.13) (shaded 

bars).

Treatment with inhibitors had no effect on binding of IR 162 to FceRI (as measured by flow 

cytometry of cells exposed to FITC-anti IgE) or on cell viability (as measured by trypan blue 

exclusion), not shown. Results shown are m eans ± S.E. {n = 3).
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The CaM inhibitor W7 prevents anti-IgE induced secretion in a dose- 

dependent manner (Fig. 5.4a). In later experiments we found that the long incubation 

before challenge had been unnecessary. W7 was able to inhibit anti-IgE induced 

secretion after 10-15 min. incubation at 37°C. Furthermore, at 100 pM W7 RPMC 

were able to recover their secretory competence within 1 - 1 V2  hours after the agent had 

been washed off (not shown). From the dose-response curve W7 was calculated as 

having an IC 5 0  o f 67.8 ± 5.9 pM. A similar result was found for actively sensitised 

cells challenged with anti-IgE, and RPMC passively sensitised with anti-DNP IgE 

(now shown).

Fig. 5.4b shows that W7 can partially inhibit extracellular Ca^  ̂influx (as 

measured by "̂ Ĉâ  ̂uptake). However, this was not a result o f CaM inhibition as a 

similar degree o f Ca^  ̂influx inhibition is seen with the control, W5. As W5 had no 

effect on secretion compared with control (w/o addition) this small inhibition o f Ca^  ̂

influx does not appear to ^ fe c t secretion. Ophiblion A inhibits secretion (IC5 0  ~15 

pM, not shown) as well as partially inhibiting Ca^  ̂influx. Calmidazolium is the 

greatest suppresser o f Ca^  ̂influx (-40-62%), and the least effective in inhibiting 

secretion. Myr-MLCK ,as well as abolishing the secretory response to anti-IgE also 

had no effect on Ca^  ̂influx. These results demonstrate that the activation o f CaM is 

an obligate step in signal transduction from F ceRI to the secretory process. It also 

further shows that some CaM ‘inhibitors’ may non-specifically interfere with other 

mechanisms. Caution therefore needs to be exercised when interpreting data from 

such inhibitors.
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5.5 Effect of CaM inhibitors on polycationic compound-induced secretion

Evidence for CaM regulation of polycationic stimulus-secretion coupling by is 

equivocal. Selective and non-selective CaM inhibitors prevent 48/80-induced 

secretion in RPMC but the conclusions as to the mechanism have been very different. 

Some suggest that it is an intracellular artifact (Peachell & Pearce, 1989b), others that 

extracellular artifacts play a role (Grosman, 1986) or that 48/80 itself contributes to 

the inhibition o f CaM (Adamczyk Engelmann & Gietzen, 1989). Finally there are the 

reports that claim to show CaM is an important regulator of 48/80 induced secretion 

(Gigl et a l  1987) or to the contrary has absolutely no role (Wan et a l 1991). In an 

attempt to bring some order to these conflicting results I have used cell permeable 

CaM inhibitors and designed an experiment to examine the question - is CaM 

involved in the regulation of stimulus-secretion coupling by polycationic compounds?

Three different types of polycationic compound were used, all o f which had 

been commercially purified to the two oligomers known to have only minimal in vitro 

CaM antagonism (Adamczyk Engelmann & Gietzen, 1989). To eliminate possible 

aggregation o f the polycationic compounds with serum products stimulation was 

carried out on cells that had been washed in protein free medium. Two different types 

of CaM inhibitor have also been used - W7 (with its control W5) and the cell 

permeable CaM peptide inhibitor Myr-MLCKP.
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Figure 5.5 Effect of CaM Inhibitors on secretion induced by basic secretagogues.

(a) Cells were incubated for 28 hrs at 37°C, followed by a 15 min incubation with the indicated 

concentration of W7.  Cells were then challenged for 20 min at 37°C with the indicated 

concentrations of 48/80. Supernatants were taken for determination of released 

hexosaminidase. W5 had no effect on secretion (not shown).

(b) Cells were treated as above without any inhibitor (con), with 100 pM W7 or with 10 pM 

Myr-MLCK and then exposed for 20 min. at 37°C to 48/80 (1 pg.ml'\ open bars), mastoparan 

(20pg.ml‘\  MP, shaded bars) and substance P (100 pM, SP, closed bars). Results are m eans 

± S.E. {n = 3) and are representative of three different experiments.

Increasing concentrations of W7 shift the 48/80 secretory dose-response curve 

to the right ( Fig. 5.5a). However, at concentrations of 48/80 > 20 pg.ml ' W7 had no 

effect. A similar inhibitory pattern is seen with Myr-MLCK and ophiblion A (not 

shown). W7 also shifts the secretory dose-response curve of mastoparan to the right 

(not shown). Although polycationic-induced secretion is partially sensitive to CaM 

inhibitors at low levels of stimulation this dependence can be overcome.

Fig. 5.5b shows that sub-maximal stimulation by different basic secretagogues 

is significantly inhibited by cell permeable CaM inhibitors . Although the polycationic 

compounds are not strictly comparable (because of effective concentration 

differences), a similar degree of inhibition is seen with MP and SP. These results 

suggest that a Ca^V CaM-dependent mechanism is a contributory signal at sub- 

maximal polycationic stimulation.
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5.6 Antigen-stimulated secretion in permeabilised RBL cells: a role for CaM?

Although post-receptor signalling pathways to secretion and the actin 

cytoskeleton remain competent in permeabilised RPMC, FceRI-mediated signalling to 

secretion and/or actin is not (not shown). In order to study CaM’s role in FceRI- 

mediated secretion in a permeabilised system we have utilised the mast cell model, 

RBL-2H3. This permeabilised model will allow addition of proteins, toxins etc. 

directly into the intracellular environment. Although many studies have used primary 

mast cells our understanding of the signalling pathways from the FceRI is mainly 

based on RBL-2H3 cells. This rat mast cell line can be sensitised with DNP-specific 

mouse IgE from rat immunocytomas such as HI-DNP-e-36.83. Challenge with 

antigen (DNP conjugated to an appropriate carrier) induces secretion.

In this experiment this permeabilised model system has been used to 

investigate the effect o f the CaM inhibitors W7 and MLCKP (non-permeable peptide) 

on FceRI-mediated secretion. Permeabilised RBL-2H3s require Ca^  ̂(> 3pM) and 

ATP for antigen-induced secretion (Way, 1998). This has been achieved by buffering 

Ca^  ̂levels at pCa 5.5 and adding ImM MgATP to support antigen-induced secretion.
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Figure 5.6 CaM inhibitors suppress antigen-induced secretion from 

permeabilised RBL ceils.

RBL-2H3 cells w ere sensitised by anti-DNP-lgE as  described in methods, permeabilised with 

SL-0 (0.2 i.u.mM) for 2 min. at room tem perature, w ashed with glutamate buffer and incubated 

for 5 min at 4°C with the indicated concentrations of W7 (a) or MLCKP (b), in the p resence of 

calcium (pCa 6.5). Cells w ere then exposed for 20 min at 30“C to calcium (pCa 5.5) / 3mM 

ATP alone (# ) or together with 50 ng.mM of DNP-BSA (o). Supernatant aliquots w ere taken 

for determination of released hexosaminidase. Results shown are m eans ± S.E. {n = 3). 

Neither W5 nor control peptide had any effects on secretion (not shown).

Figs. 5.6(a) and (b) demonstrate that Ca^VATP-induced secretion is unaffected 

by either W7 or MLCKP. This result confirms previously described experiments with 

permeabilised RPMC - CaM is not a Ca^^-binding protein that regulates the terminal 

steps o f secretion. Cross-linking the F ceR I by antigen enhances secretion. However, 

compared to antigen-induced secretion from intact cells (either RBL-2H3 or primary 

mast cells) this level o f secretion is considerably less (not shown). This probably 

reflects the leakage of essential mediators of FcsRI-signalling from the permeabilised 

cells.

Both CaM inhibitors abolished the enhancement of secretion by antigen. From 

these results ICjo’s for both W7 and MLCKP were calculated. W7, IC 5 0  = 48.7 ±4.9 

pM (panel a), and MLCKP, IC 5 0  = 2.3 ±0.8 pM (panel b). These results support the
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results from intact RPMC, demonstrating CaM is essential for FceRi-mediated 

secretion.

5.7 Reconstituting RBL-2H3 w ith CaM

The previous experiment showed that inhibiting endogenous CaM in 

permeabilised RBL cells prevents FceRi-mediated secretion. In this experiment I have 

studied both the Ca^^ requirements for antigen-induced secretion and the effect of 

reconstituting this system with exogenous CaM. Other investigators have used 

permeabilised RBL cells to study the effects of reconstitution with the small GTPases 

Rho and ARF, as well as lipid transfer proteins such as PITP (Cunningham et al. 

1996).

My results from Western blot analysis of CaM leakage show that, similar to 

RPMC, RBL cells lo ^̂ se 60-70 % of their endogenous CaM in 5-8 min. (not shown). 

This remaining CaM is also EGTA-resistant.
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Figure 5.7 Exogenous CaM enhances antigen-induced secretion in permeabiiised 

RBL ceiis.

RBL cells w ere sensitised with anti-DNP IgE, permeabilised by SLO (0.2 iu.mM) for 2 min. at 

30°C, w ashed with glutam ate buffer and then exposed for 20 min at 30°C to the indicated 

concentrations of calcium in the p resence of 3 mM ATP with (■ T) or without ( • )  50 ng.mM 

DNP-BSA, and with (■  ) or without (#V)15 pM CaM. Supernatant aliquots w ere taken for 

determination of released hexosaminidase. Results shown are m eans ± S.E (/? = 3). CaM had 

no effect on secretion in the absence  of DNP-BSA (not shown).
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In the absence of antigen Ca^VATP (at concentrations > pCa6 ) induces 

secretion (-20-25%  of total). Antigen enhances secretion at low levels o f Ca^^

(pCa 7), but maximal response requires buffered Ca^  ̂levels of > pCa 5.5. 

Reconstituting the system with 15 pM CaM enhances antigen-induced secretion 

without effecting Ca^^/ATP-induced secretion (not shown). In this experiment 

reconstitution with 15 pM CaM enhanced antigen-induced secretion by -20% . Further 

experiments show that the EC 5 0  for CaM enhancement of antigen-induced secretion is

6 . 8  pM ± 0.4 {n = 3). This result confirms the inhibitor studies - CaM is important for 

stimulus-secretion coupling via F ceR I.

5.8 CaM  and PLD

Although my primary interest has been focused on the regulation o f FceRi-mediated 

secretion by CaM a member of the Lipid Signalling Group at UCL (Dr Gemma Way) 

was studying the role of PLD in antigen-stimulated secretion. Dr Way had found that 

antigen-induced PLD activation was dependent on Ca^  ̂(Way, 1998). This led us to 

consider the potential role o f CaM as the Ca^^-binding protein that regulated PLD.

FceRI dimérisation leads to an increase in inositol phosphates, phosphatidic 

acid and diglycerides through the actions o f PLC and PLD (Lin & Gilfillan, 1992). 

PLD appears to be responsible for the bulk of the diglycerides formed upon antigen 

stimulation. The isoform PLDl is dependent on PIP2 , ARF-1 (Cockcroft et al. 1994), 

and Rho (Malcolm et al. 1994) for its activity. Phosphatidylcholine is the major 

substrate for this enzyme in mast cells (Dinh & Kennerly, 1991) and it appears to be 

activated by a rise in intracellular Ca^ .̂ Recent research on permeabilised rabbit 

peritoneal neutrophils has suggested that CaM does indeed regulate PLD (Takahashi 

et al. 1996). This experiment was designed to measure PLD activity and secretion 

simultaneously from antigen triggered RBL cells in the presence of exogenous CaM. 

Although assaying for ['"‘Cj-phosphatidyl ethanol formation is a more sensitive 

measure of PLD activity, ethanol is inhibitory to secretion (Benistant & Rubin, 1990). 

This has been overcome by using a tritiated choline protocol described in methods 

(chapter 2.14).

135



EGTA
EGTA + MgATP  
pCa5
pCa5 + MgATP  

pCa5 + MgATP + DNP-BSA10

8

X ♦
6

4

50 100 150 200

[Calmodulin] ug.mM

250 300

b)

40

50 100 150 200

[Calmodulin] ug.ml"’

250 300

Figure. 5.8 CaM regulates PLD activity distinct from secretion

RBL-2H3 cells w ere labelled with [^H]-choljne and sensitised a s  previously described 

(chapter 2.14). After permeabilisation with SL-0, cells were pre-incubated for 5 min at 4°C with 

the indicated concentrations of calmodulin and then exposed for 20min a t 30°C to EGTA (• ) ,  

EGTA with 3 mM ATP (V), calcium, pCa 5 (■), calcium with 3 mM ATP (♦ ) and DNP-BSA 

(50 mg.mM) with calcium (pCa5) and ATP (3mM) (A). Supernatants w ere taken for 

determination of released hexosam inidase (b) and the remaining cells w ere assayed  for PLD 

activity (a) a s  described in chapter 2.14
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In the absence of calcium no PLD activity is measurable (Fig 5.8a). Addition 

o f calcium alone (pCa5) moderately stimulates PLD activity. Increasing 

concentrations of CaM appear to enhance this effect although with such a small 

increase it is not possible to determine whether this is significant. In the presence of 

calcium and ATP (pCaS + ATP) PLD activity is enhanced. Addition o f exogenous 

CaM enhances this response with an EC 5 0  ~ 155pg.ml'\ Similar enhancement is seen 

with antigen-induced PLD activity

Secretion data is shown in Fig5.8b. Addition o f CaM has no effect on calcium- 

induced secretion, despite enhancing PLD activity. CaM does, however, enhance 

antigen-induced secretion. This data suggest that the regulation of PLD is mediated 

through a CaM-dependent mechanism, possibly a kinase. Furthermore although the 

antigen-stimulated PLD activity is distinct from secretion.

5.9 A role for CaM in regulating IP3 production

Previous chapters have shown that CaM inhibitors reduce FcERI-mediated 

secretion, but do not affect Ca influx (Fig.5.4a ). It is known that IP3 receptors 

involved in Ca release from IPg-sensitive stores intracellular stores are regulated by 

CaM (Ferris et a l 1991). This experiment investigates whether the reduction in 

secretion, following inhibition of CaM in intact cells, is in any way related to changes 

in IP3 production. We have measured total IP3 generation in intact RPMC in the 

presence and absence o f extracellular Ca^  ̂and the CaM inhibitor W7 or its control, 

W5.
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Figure. 5.9 FcERI-medlated IP3 production and secretion

RPMC were incubated with 10 pg.ml-^ IR 162 for 28 hrs at 37°C, washed and exposed to 

100 pM W 7 (T  V) or 100 pM W 5 ( •  O) for 30 min at 37°C. Cells were then washed, 

resuspended in supplemented DMEM, either with (closed symbols) or without (open symbols) 

2 mM Ca *̂, and challenged with anti-rat IgE (1/10 dilution) for 20 min at 37°C. (a) Cell 

sam ples were taken at the indicated times for determination of total IP3  (as described in 

methods, 2.15). (b) Supernatant aliquots were taken for determination of released 

hexosaminidase. Relative to control buffer, W5 had no effect on total IP3  or secretion.

The time course of FccRI-mediated IP3 production is shown in Fig 5.9(a). In 

the presence of extracellular Ca^  ̂ , IP3 rises slowly to a plateau and this is associated 

with secretion (Fig 5.9b). In the absence of extracellular Câ % there is a sharp and 

much greater rise in IP3 production which rapidly declines to levels induced in the 

presence of extracellular Ca^^. As expected, cross-linking of FcsRl in the absence of 

extracellular Ca^  ̂fails to elicit secretion (Fig 5.9b).

Treatment of RPMC with W7 causes a rapid and sustained rise in IP3 

production. In the presence of this CaM Inhibitor, this enhancement is insensitive to 

extracellular Ca^  ̂(Fig 5.9a). This result has been confirmed with other CaM inhibitors 

including Myr-MLCK peptide (not shown). As expected, addition of W7 inhibited 

FcsRl-mediated secretion (Fig 5.9b).
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In one experiment, I have shown that the intracellular Ca^  ̂transients 

(measured by FURA2) were unaffected by these CaM inhibitors. These results 

suggest that CaM not only regulates FccRI-mediated secretion downstream to the 

generation o f IP 3 , but also regulates IP3 production by a further unknown mechanism. 

The data suggests that CaM regulates IP3  turnover, rather than its receptor (IP3 -R).
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DISCUSSION

Passive sensitisation o f  RPMC

This chapter describes the characterisation of a passive sensitised RPMC 

model.. Although previous research had suggested that during purification by the 

density gradient method up to 70% of the unoccupied IgE receptors were lost (Coutts 

et al. 1980), I did not find this to be a limiting factor. As a different density medium 

and protocol from Coutts has been used this may explain why my RPMC do not lo se 

their response to antigen. What is interesting about this observation is that it may go 

some way to explain why some authors have reported such difficulties passively 

sensitising RPMC. The damage or removal of FcsRI during the purification procedure 

means that mast cells have to regenerate these receptors, which can take up to 40 

hours (Kuriu et al. 1989). In the past some authors have advocated using non- 

synchronous coil planet centrifuge to purify RPMC to avoid just this type of problem. 

However, my results show that this laborious protocol is unnecessary. The finding 

that percoll density purification does not qffect histamine release has also been 

confirmed by others (Inagaki et al. 1995).

Sensitisation with IR 162 (ascitic myeloma IgE) elicits a greater and more 

robust secretory response upon antigen challenge. The reason for this may well be 

related to the finding that contaminating non-RPMC in the culture are important for 

secretory responsiveness (Inagaki et al. 1995). Our RPMC preparations have between 

a 5-8% contamination by other cells. This may be an important factor in the 

development of secretory competence in culture. Although additional research is 

required, it is ‘ possible that additional cytokine factors are required for secretory 

responsiveness. Many cytokines have been reported to modulate the secretory 

response of mast cells (reviewed in( Abraham, 1997)). These factors can be produced 

by macrophages, neutrophils and eosinophils, which may well be present in the IR 

162 medium (which is an extract of peritoneal fluids).

I also found that RPMC require at least 15 hours of incubation with IR 162 to 

become responsive to anti-IgE challenge. In John Coleman’s studies of mouse 

peritoneal mast cells he also found a period of delay between the binding of IgE to 

receptors and functional sensitisation (Coleman, 1988). In this study, unlike RPMC,
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secretory responsiveness to passive sensitisation was linear and had still not plateaued 

after 48 hr incubation. However, what is clear from this and our results is that 

sensitisation does not proceed at the rate of binding of IgE to FcsRI. The binding 

studies of Kulczycki & Metz ger (Kulczycki, Jr. et a l 1974) and, more recently, 

Pruzansky & Patterson (Pruzansky & Patterson, 1986) demonstrate that binding was 

maximum by 90 min. This discrepancy may be due to different cellular model, or, 

more likely, the requirement for additional factors to overcome a refractory period 

between IgE binding and stimulus-secretion coupling. There may in fact be good 

physiological reason why this happens. In vivo control of mast cell sensitisation to 

antigens needs to be carefully controlled otherwise inappropriate secretion harmful to 

the organism may occur, i.e. hypersensitivity reactions. This refractory period is an 

idle safety margin to mast cell secretion, preventing as it would mast cells functioning 

outside the regulation of the immune networks.

Although unsensitised RPMC did exhibit some degranulation upon anti-IgE 

challenge after 28 hours incubation, the response was small (Fig. 5.3d). In contrast, 

Taylor and colleagues find that mouse (Coleman, 1988) and Wistar peritoneal mast 

cells (Taylor et a l 1995) become sensitised in the absence of exogenous IgE 

(Coleman, 1988). Although they dismiss the role of exogenous cytokines in the 

development of FcsRI-mediated secretory responsiveness their RPMC preparations 

still contained 5-7% contaminating cells.

By using lactic acid to dissociate enodegnous IgE I had hoped to resensitise 

RPMC completely with IR 162. This should have given a greater secretory response 

when challenged. However, although lactic acid dissociates IgE from its receptor, no 

further secretion can be elicited (Fig 5.3). This is despite the ability of IgE to rebind to 

the receptor. This result has been subsequently confirmed by Vally and colleagues 

(Vally et a l 1995a) using both RBL cells and RPMC. Exogenous IgE could be bound 

to lactic acid-treated receptors but challenge with anti-IgE did not elicit secretion. 

However, I have found that prior removal of endogenous IgE is unnecessary, as cells 

sensitised with myeloma IgE (Ir 162) adequately respond to anti-IgE challenge.
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A role fo r  CaM in stimulus-secretion coupling

Inhibition o f CaM prevents FceRI-mediated secretion (Figs. 5.4b). The 

mechanism by which they achieve this is not via the inhibition of Ca^  ̂influx, as some 

studies have suggested (Li et a l 1992). Although my results do show that the use of 

certain inhibitors on intact cells will indeed pffect Ca^  ̂influx via a non-specific 

mechanism. The reason for this may lie in the compounds ability to partition into the 

plasma membrane in sufficiently high concentrations to disrupt Ca^^

conductance channels. I have also shown that exogenous CaM enhances FceRI- 

mediated secretion from RBL cells (Fig. 5.7). This further demonstrates that the 

activation o f CaM is an essential signalling link from FceRI to the secretory process. 

Much o f the previous research work on FceRJ-signalling and CaM has relied upon 

relatively non-specific cell permeable CaM inhibitors. The use o f the novel 

myrist lated (cell permeable) peptides with suitable controls, as well as the use of 

permeabilised systems, will help further to dissect the role of CaM in FceRI stimulus- 

secretion coupling

Although not formally presented in this thesis, some initial work found that 

FceRJ-mediated secretion is unaffected by pharmacological inhibitors of MLCK and 

calcineurin. In RBL cells calcineurin has been shown to regulate FcsRI-mediated 

induction of NFAT. This suggests that this CaM-dependent protein may be selective 

for certain regulatory pathway. It has also been suggested that MLCK modulates 

FcsRI-mediated stimulus-secretion coupling (Choi et a l  1994). However, some 

studies have suffered from in the injudicious use o f wortmannin as a specific MLCK 

inhibitor. This compound, isolated from the culture broth of Eschiromyces 

wortmannii K Y I2420 (Nakanishi et a l  1992) inhibits PI3-kinase with an IC 5 0  = 3 nM 

but also inhibits MLCK with an IC 5 0  = 200 nM. New work using structural analogs of 

wortmannin with different ICjo’s for PI3-kinase and MLCK have shown that PI-3 

kinase ,but not MLCK, is essential for the signalling pathway from FceRI cross- 

linking secretion (Yano et a l 1995). What CaM-binding protein then is involved 

awaits discovery.

The regulation o f polycationic compound stimulus-secretion coupling by CaM 

is more complex. I have found that , . at low levels of stimulus inhibition of 

CaM partially suppresses secretion. However, this can be overcome by higher levels
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of stimulation by the polycationic compounds. It is likely that a low levels of 

stimulation activation of a CaM-dependent pathway enhances secretion. However, 

when there is full activation o f the heterotrimeric G-proteins this is a sufficiently 

strong enough signal to bypass ca/CaM requirements. Other research has 

demonstrated that certain CaM inhibitors suppress substance-P-induced histamine 

release from RPMC (10119}. However, caution needs to be exercised when 

interpreting these results. Gehm and colleagues found that many of the CaM-specific 

effects ascribed to traditional CaM inhibitors (e.g. TFP, and calmidazolium) could be 

mimicked by octyl glucoside, a non-ionic detergent (Gehm et a l  1991).

CaM as a regulator o f  lipid signalling

CaM may have a regulatory role after the rise in intracellular Ca^  ̂(a product 

of the release of intracellular stores by IP3 and extracellular Ca^  ̂influx), and / or as 

part o f a structural subunit for the FceRI signalling complex. I have found that CaM 

inhibitors prevent FceRI-mediated secretion, however, they elevate total IP3  levels. 

Furthermore recent work by other colleagues has shown that intracellular[Ca^^] 

remains high in the presence of CaM inhibitors, although secretion remains inhibited 

(unpublished observations).

FceRI- and polycationic-mediated secretion is associated with the production 

of IP3  (Lee & Oliver, 1995; Perianin & Snyderman, 1989) by PLCy and p, 

respectively (Beaven & Kassessinoff, 1997). This inositol phosphate induces release 

of Ca^  ̂from intracellular IP3 -sensitive stores. In the absence of extracellular Ca^ ,̂ 

cross-linking FceRI causes a transient increase in intracellular Ca^  ̂level, but no 

secretion (Millard et a l  1989). Secretory response to antigen can only be obtained in 

the presence o f extracellular calcium (Mongar & Schild, 1958). Under such 

conditions, sustained increase in intracellular Ca^  ̂level is seen. In contrast, 

polycationic-induced secretion occurs independently of extracellular Ca^  ̂until the 

point when intracellular calcium stores become exhausted. In agreement with the 

above results, FceRI-mediated IP3  generation in the presence of extracellular Ca^  ̂

reaches a rapid peak followed by a sharp decline to plateau levels and in the absence 

of extracellular Ca^ ,̂ this rapid phase in IP 3 production is followed by a much slower 

decline (Zhang et a l  1993). If  CaM is a regulator o f FcsRI-mediated secretion, then
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its action should be downstream of the IP^-induced Ca^  ̂transient. CaM may also have 

a feedback role on the signalling cascade to secretion.

In Dictyotelium calmidazolium also elevates cytosolic Ca^  ̂(Schlatterer & 

Schaloske, 1996),The authors of this study concluded that CaM negatively regulated 

both the IPg-sensitive and acidosome Ca^  ̂stores. Both our results and this study may 

be explained by two other groups which have investigated the regulation of IP3 

metabolism and the IPg-sensitive receptor. Ca^/CaM has been shown to bind to the 

IPj-sensitive receptor (IP3 -R) at the N-terminus thereby inducing a conformational 

change to the autoinhibitory region and activating the kinase (Thomas et al. 1996). Its 

substrate IP3 undergoes phosphorylation to IP4. Inhibition of this enzyme by CaM 

inhibitors may explain our observed elevation of IP3 if this is the major route of IP3 

regulation in RPMC. Furthermore the IP3 -R has been found to bind both FKB12 and 

the CaM-dependant phosphatase calcineurin. FKBP12 acts as a target for the inhibitor 

FK506 and this complex in turn is able to bind to and inhibit calcineurin (Cameron et 

al. 1995). This prevents dephosphorylation and hence inactivation of the IP3 -R so 

allowing Ca "̂ to continue to leave the intracellular store. However, these regulatory 

mechanisms are further complicated by research which has shown that at low 

concentrations of intracellular Ca^  ̂(found during the initial stages of IP3 -induced 

release of intracellular stores) a feedback mechanism utilising CaM-dependant protein 

kinase-II actually enhances Ca^  ̂release, presumably via an effect on the IP3 -R (Zhang 

g/a/. 1993).

In the signalling cascade from FceRI to secretion CaM not only regulates IP̂  

production, but also must act at another point distal to the release of the intracellular 

ca stores. What protein(s) or lipid(s) are regulated remains to be elucidated.

Many receptor-mediated agonists such as fMetLeuPhe, C5a, ATP and UTP 

activate PLD. In HL60 cells this activation is accompanied by secretion (Stutchfield 

& Cockcroft, 1993). However, it is also becoming clear that PLD mediates and 

regulates many other cellular processes, including proliferation and cytoskeletal 

organisation (Cross et al. 1996). Previous studies by the group of Cockcroft 

demonstrated that in permeabilised neutrophils and HL60 cells GTP-y-S -induced 

secretion was dependent on ARF regulated PLD activity (Fensome et al. 1996).
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Furthermore this group also developed a permeabilised RBL-2H3 model o f FceRI- 

mediated activation of PLD (unpublished results). We have used this model system to 

study the role of CaM in IgE signalling to downstream effectors and processes. 

Although it is clear that FcsRI-mediated secretion in RBL and mast cells is dependent 

on Ca^ ,̂ what second messengers transmit this signal, and at what regulatory nidi they 

act is unclear. My results show that the activation of PLD is dependent on Ca^VCaM 

complex. This finding is confirmed by work on permeabilised rabbit peritoneal 

neutrophils which demonstrated that GTP-y-S / Ca^^-stimulated PLD activity could be 

inhibited by the CaM antagonist W7 (Takahashi et a l 1996), This same study showed 

that using a similar reconstitution approach exogenous CaM could also enhance the 

Ca^^-stimulated PLD activity. The requirements for both Ca^  ̂and GTP-y-S in this 

system suggest that PLD activity is dependent on the dual stimulus of a Ca^^-binding 

and G-protein. This was a similar conclusion reached by Janet Oliver and colleagues 

with respect to FceRI-mediated secretion from RBL-2H3 (Wilson et a l 1991b). My 

work has shown that the Ca^^-binding protein is CaM the target CaM-binding protein 

remains unidentified. However, there are one group of CaM-binding proteins that may 

regulate the GTP-y-S -dependent step of PLD activation. Research has shown that the 

monomeric G-protein ARFl regulates PLD activity (Ojio et a l 1996; Fensome et a l 

1996), and that there is a strong correlation between activation of PLD and secretion 

in a number o f model systems (Haslam & Coorssen, 1993; Roldan & Dawes, 1993). 

Although not all studies agree that PLD has an essential role in secretion (Coorssen, 

1996). However, the point is that PLD may be regulated by a CaM-binding protein 

that acts as an ARF GEF. What is not clear at the moment is whether PLD activation 

requires both Ca^  ̂and GTP-y-S for full activation. In our proposed scheme Ca^VCaM 

is upstream o f ARF and the subsequent activation of PLD.

My data on the regulation o f stimulus-secretion coupling by CaM suggests 

multiple sites for the Ca^VCaM to regulate secretion. However, this ubiquitous Ca^^- 

binding protein is likely to be involved in the regulation o f many other FceRI and 

48/80-induced processes, including motility.

145



CHAPTER 6

FINAL DISCUSSION
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6.1 Secretion

Work presented in this thesis demonstrates that Ca^^-induced secretion is 

dependent on the small GTPase Rho. Inhibition of endogenous Rho prevents Ca^^- 

induced secretion and the constituvely active Rho mutant VMRhoA significantly 

enhances it. Furthermore it appears that activation of endogenous Rho may be the rate 

limiting step in Ca^^-induced secretion. It is now clear that the Rho family of GTPases 

(Rho, Rac, cdc42 etc) are important regulators of the terminal steps o f exocytosis in 

mast cells (Price et a l 1995; O'Sullivan et a l 1996). However, their downstream 

target remains elusive.

CaM has been suggested as the Ca^^-binding protein that regulates exocytosis. 

In particular it had been found in permeabilised adrenal chromaffin cells that 

exogenous CaM promoted Ca^^-dependent secretion (Kibble & Burgoyne, 1996; 

Chamberlain et a l  1995). However, my work on permeabilised mast cells found that 

Ca^^-dependent secretion was unaffected by either CaM inhibitors or exogenous CaM. 

Mast cells thus have a different Ca^^-binding protein that regulates the terminal steps 

of exocytosis. It would be interesting to test other immune cells such as neutrophils 

and macrophages to discover whether this is a mechanism unique to myeloid lineage 

cells. Certainly the regulation of exocytosis by G-proteins in mast cells and 

eosinophils is the same (Cromwell et a l 1993) As to what this Ca^^-binding protein 

may be is unknown. There are a variety o f Ca^^-binding proteins (discussed in 

introduction, chapter 1.4) that have the potential to fulfil this role. It appears at first a 

surprise that CaM has no role in regulating exocytosis. However, as work presented in 

this thesis and others has made clear, the terminal steps of exocytosis in myeloid cells 

are primarily regulated by G-proteins (Lillie & Gomperts, 1993). Ca^  ̂is a modulatory 

signal in mast cells, whereas in neuro-endocrine cells it is an essential trigger 

(Burgoyne et a l  1994). This difference in the role of Ca^  ̂may have given rise to two 

distinct mechanisms for sensing and transmitting this signal.

CaM does, however, play an important role in stimulus-secretion coupling in 

mast cells. Its role in FcsRI-mediated secretion has been alluded to by the use of 

various cell permeable CaM inhibitors (Douglas & Nemeth, 1982), mainly using 

actively (in vivo) sensitised mast cells. This thesis describes a new passively sensitised
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mast cell model. Using this I have found that FcsRI-mediated secretion is prevented 

by new cell permeable CaM inhibitors. However, the limitation to this model is its 

loss of responsiveness following permeabilisation. To overcome this permeabilised 

RBL cells have also been used. The data from this system also supports the 

conclusion that CaM is an essential Ca^^-binding protein for FcsRI-mediated 

secretion. Although I have been unable to determine the potential CaM-binding 

target(s) in this signalling pathway a number of interesting results have beenproduced. 

Firstly it is clear that CaM is likely to regulate a number of steps in the signalling 

pathway from the FcsRI to secretion. It appears to regulate IP3 . However, as secretion 

remains inhibited in the presence of CaM inhibitors despite high levels of IP3 (and 

sustained intracellular Ca^ )̂ then there must be a further step that is also CaM- 

dependent. PLD is another lipid enzyme that is regulated by CaM. However, my 

initial results suggest that this is distinct from secretion. Exogenous CaM promotes 

Ca^^-dependent PLD activity without effecting secretion. Substantial work remains to 

investigate both these regulatory pathways. How is IP3 metabolism regulated by 

CaM? Is it directly via regulation of enzymes such as IP3 -kinase (Thomas et al. 1996) 

or via CaM-binding proteins such as calcineurin or CaMK-II (Zhang et al. 1993) ?

A final comment needs to be made about the passively sensitised mast cells 

described in chapter 5. Although a model was eventually characterised using ascitic 

myeloma IgE (IR 162) to sensitise RPMC, the whole process is still time and labour 

intensive. Ideally it should be possible to sensitise in vitro in a few hours, and obtain 

good, reproducible secretion after challenge with the appropriate antigen. It is still a 

truism to point out that the most physiologically relevant sensitised mast cell is one 

that has occurred in vivo. In future work it is likely that I would return to using an 

actively sensitised mast cell model.

6.2 Actin cytoskeleton

Ca^  ̂and Rho have both been found to be important regulators of the actin 

cytoskeleton. Results presented in this thesis show that both Ca^  ̂and Rho regulate 

cortical actin, however, Rho-induced polymerisation is Ca^^-independent. It is 

apparent that this regulatory pathway is distinct from that of secretion. 1 have found
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that the Ca^^-binding protein that regulates cortical actin is CaM. This protein remains 

within permeabilised mast cells despite the presence of EGTA. Immunolocalisation 

shows that it is particularly abundant in the cortex and nucleus. Exogenous Fl-CaM 

also prominently binds to these two cellular regions. CaM appears to be bound in a 

Ca^^-independent manner to elements of the cortex. Two mechanisms may be 

regulating the actin cytoskeleton. The first is enzymatic and the other structural. Upon 

activation with Ca^  ̂CaM becomes available for activation of CaM-dependent 

enzymes or else it inhibits CaM acting as a cortical structural subunit. However, this 

latter possibility has not been tested. One straight forward experiment would be to 

permeabilise cells in the presence o f Ca^ ,̂ and then Western blot for CaM in the 

Triton insoluble fraction. It was notable that Ca^^-induced actin disassembly was 

particularly resistant to rundown after cell permeabilisation, indicating that all the 

required signalling mechanisms remained intact within the cortex. This is contrast to 

Ca^^-induced secretion which generally ‘runs down’ low response after 15 min, as 

essential proteins leak out of the cell.

Initial experiments demonstrated that the CaM binding protein which 

regulated cortical actin was MLCK. This conclusion was supported by the finding that 

MLCK was present in mast cells, did not leak out following permeabilisation and was 

localised to the cortex. Furthermore using the pharmacological inhibitor ML7 a strong 

inhibition o f Ca^^-induced cortical disassembly was seen. However, the naphthalene 

sulphonamide derivatives have been shown to have other effects attributable to other 

protein kinases (Inoue et al. 1993) or inhibition of ion channels (Yakel, 1997). 

Although the latter is not a problem in permeabilised systems the former certainly is. 

Although the use o f other pharmacological inhibitors suggest that the activation of 

MLCK is important for Ca^^-induced cortical disassembly until more selective 

inhibitors/activators are available the importance of this CaM-dependent pathway for 

the regulation o f cortical actin remains unclear. Further work that needs attention is to 

quantify the levels o f myosin light chain phosphorylation to adequately demonstrate 

that manipulating CaM / MLCK does indeed change its phosphorylation state. This 

technique has already been applied with good results to RBL cells (Choi et al. 1994). 

However, previous work has found that myosin when added to permeabilised mast 

cells undergoes proteolysis (A.Koffer, unpublished observations). Any future work on
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phosphorylation states in mast cells would first have to overcome this technical 

obstacle to become feasible.

As Rho regulates the actin cortex in synergy with Ca^  ̂I have hypothesised 

that it does this through the regulation of the myosin regulatory light chains. As 

discussed in chapter 3 the potential Rho target could be p i60 Rho kinase which 

regulates both the light chains directly and MLC phosphatase (Narumiya et a l  1997). 

We have now obtained a novel p i 60 Rho kinase inhibitor developed by Yoshimoto 

pharmaceuticals to test whether this is indeed the case (Uehata et a l 1997). A model 

for the proposed pathways by which Rho and Ca^  ̂regulate actin and secretion is 

shown in Fig. 6.2.
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Figure 6.2 The regulation of actin and secretion by Rho and Câ *

This schem e shows the proposed pathways by which Rho and Ca^^ may regulate actin and 

secretion. The site of action of various inhibitors is shown. MBS - myosin binding subunit. 

MLCp - phosphorylated myosin light chain. X - putative Ca^^’-binding protein. Y - Rho target for 

secretion.
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6.3 Does the actin cortex act as a barrier to secretion?

Research to date as to whether the cortical actin acts as a barrier to secretion 

has been equivocal ( for discussion see introduction, chapter 1.3). I have found that in 

permeabilised mast cells, Ca^^-induced cortical disassembly can be abolished (by 

CaM inhibitors) without affecting secretion. Furthermore massive cortical actin 

disassembly can be induced by CaM without any effect on secretion, VMRhoA can 

also enhance (^induced  secretion in the absence of cortical disassembly (cells treated 

with MLCK peptide). Furthermore, the F-actin stabilising agent phalloidin can also 

inhibit cortical disassembly, without an effect on secretion. The work presented also 

confirms previous studies that found no role for de novo actin polymerisation in the 

regulation o f secretion (Norman et al. 1996). This data seems to provide compelling 

evidence that actin < . js  not a barrier to secretion.

However, I have found that gelsolin will enhance both Ca^^^-induced secretion 

and cortical disassembly. In intact cells prevention of cortical disassembly by agents 

such as jasplakinolide is also correlated with an inhibition of secretion. It seems that 

although cortical F-actin by itself is not a regulator of secretion, other elements of the 

cortical cytoskeleton probably play a role in regulating granule exposure to the 

membrane.

Fin

152



CHAPTER 7

BIBLIOGRAPHY

153



Bibliography

Abraham, S.N. (1997). Discovering the benign traits of mast cell. Science & Medicine 4, 
46-55.

Adamczyk Engelmann, P. & Gietzen, K. (1989). Induction of histamine release and 
calmodulin antagonism are two distinct properties of compound 48/80. Cell Calcium 10, 
93-99.

Aderem, A. (1992). Signal transduction and the actin cytoskeleton: the roles of MARCKS 
and profilin. Trends. Biochem. Set 17, 438-443.

Agnew, B.J., Minamide, L.S. & Hamburg, J.R. (1995). Reactivation of phosphorylated actin 
depolymerizing factor and identification of the regulatory site. J. Biol. Chem. 270, 17582- 
17587.

Ahnert-Hilger, G., Mach, W., Fohr, K.J. & Gratzl, M. (1989). Foration by a-toxin and 
streptolysin O: An approach to analyze intracellular processes. Meth. Cell Biol. 31, 63-90.

Aktories, K., Braun, S., Rosener, S., Just, I. & Hall, A. (1989). The rho gene product 
expressed in E. coli is a substrate forbotulinum ADP-ribosyltransferase C3.
Biochem. Biophys. Res. Commun. 158, 209-213.

Alteraifi, A.M. & Zhelev, D.V. (1997). Transient increase of free cytosolic calcium during 
neutrophil motility responses. J. Cell Sci. 110, 1967-1977.

Antony, C., Cibert, C., Geraud, G., Maria, A.S., Maro, B., Mayau, V. & Goud, B. (1992).
The small GTP-binding protein rab6 p is distributed from medial Golgi to trans-Go\g\ 
network as determined by a confocal microscopic approach. J. Cell Sci. 103, 785-796.

Apgar, J.R. (1994). Polymerization of actin in RBL-2H3 cells can be triggered through either 
the IgE receptor or the adenosine receptor but different signaling pathways are used.
Mol. Biol. Ce//5, 313-322.

Arellano, M., Duran, A. & Perez, P. (1997). Localisation of the Schizosaccharomyces pombe 
rho Ip GTPase and its involvement in the organisation of the actin cytoskeleton.
J. Cell Sci. 110, 2547-2555.

Aridor, M., Traub, L.M. & Sagi-Eisenberg, R. (1990). Exocytosis in mast cells by basic 
secretagogues: Evidence for direct activation of GTP-binding proteins. J. Cell Biol. I l l ,  
909-917.

Aridor, M., Rajmilevich, G., Beaven, M.A. & Sagi-Eisenberg, R. (1993). Activation of 
exocytosis by the heterotrimeric G protein Gi3. Science 262, 1569-1572.

Artalejo, C.R., Elhamdani, A. & Palfrey, H.C. (1996). Calmodulin is the divalent cation 
receptor for rapid endocytosis, but not exocytosis, in adrenal chromaffin cells. Neuron 16, 
195-205.

Assem, E.S.K., Ghanem, N.S., Abdullah, N.A., Repke, H., Foreman, J.C. & Hayes, N.A. 
(1989). Substance P and Arg-Pro-Lys-Pro-NH- C12H25-induced mediator release from 
different mast cell subtypes of rat and guinea pig. Immunopharmacology 17, 119-128.

154



Augustine, GJ. & Neher, E. (1992). Calcium requirements for secretion in bovine 
chromaffin cells.. J. Physiol. Land. 450, 247-271.

Babb, E.L., Tarpley, J., Landt, M. & Easom, R.A. (1996). Muscarinic activation of 
Ca2+/calmodulin-dependent protein kinase II in pancreatic islets. Temporal dissociation of 
kinase activation and insulin secretion. Biochem. J. 317, 167-172.

Babu, Y.S., Baines, A.J. & et al. (1988). Calmodulin. Elsevier Amsterdam-New York- 
Oxford, pp. 1-371.

Baines, A.J. & Bennett, V. (1985). Synapsin I is a spectrin-binding protein immunologigally 
related to erthrocyte protein A.\. Nature 315, 410-413.

Balasubramanian, M.K., Feoktistova, A., McCollum, D. & Gould, K.L. (1996). Fission yeast 
Sop2p: a novel and evolutionarily conserved protein that interacts with Arp3p and modulates 
profilin function.. EMBOJ. 15, 6426-6437.

Baldassare, J.J., Henderson, P.A., Tarver, A. & Fisher, G.J. (1997). Thrombin activation of 
human platelets dissociates a complex containing gelsolin and actin from 
phosphatidylinositide-specific phospholipase Cgammal.. Biochem. J. 324, 283-287.

Ballweber, E., Hannappel, E., Niggemeyer, B. & Mannherz, H.G. (1994). Induction of the 
polymerization of actin from the actinithymosin beta 4 complex by phalloidin, skeletal 
myosin subffagment 1, chicken intestinal myosin I and free ends of filamentous actin.
Eur. J. Biochem. 223, 419-426.

Barkalow, K. & Hartwig, J.H. (1995). The role of actin filament barbed-end exposure in 
cytoskeletal dynamics and cell motility.. Biochem. Soc. Trans. 23, 451-456.

Barker, S.A., Caldwell, K.K., Hall, A., Martinez, A.M., Pfeiffer, J.R., Oliver, J.M. & Wilson,
B.S. (1995). Wortmannin blocks lipid and protein kinase activities associated with 
PI 3-kinase and inhibits a subset of responses induced by FceRI receptor cross-linking.
Mol. Biol. Cell 6,1145-1158.

Barrowman, M.M., Cockcroft, S. & Gomperts, B.D. (1986). Two roles for guanine 
nucleotides in the stimulus secretion sequence of neutrophils. Nature 319, 504-507.

Basu, M., Hakimi, J., Dharm, E., Kondas, J.A., Tsien, W.H., Pilson, R.S., Lin, P., Gilfillan, 
A., Haring, P., Braswell, E.H. & et al. (1993). Purification and characterization of human 
recombinant IgE-Fc fragments that bind to the human high affinity IgE receptor.
J. Biol. Chem. 268, 13118-13127.

Baudier, J., Deloulme, J.C., Van Dorsselaer, A., Black, D. & Matthes, H.W. (1991). 
Purification and characterization of a brain-specific protein kinase C substrate, neurogranin 
(pi 7). Identification of a consensus amino acid sequence between neurogranin and 
neuromodulin (GAP43) that corresponds to the protein kinase C phosphorylation site and the 
calmodulin-binding domain.. J. Biol. Chem. 266, 229-237.

Beaven, M. & Kassessinoff, T. (1997). Role of phospholipases, protein kinases and calcium 
in FcepsilonRI-induced secretion. In IgE receptor function in mast cells and basophils 
(Hamawy, M.M. ed.), RG Landes Company, pp. 55-73.

155



Beaven, M.A., Rogers, J., Moore, J.P., Hesketh, T.R., Smith, G.A. & Metcalfe, J.C. (1984). 
The mechanism of the calcium signal and correlation with histamine release in 2H3 cells. J. 
Biol Chem. 259, 7129-7136.

Benistant, C. & Rubin, R. (1990). Ethanol inhibits thrombin-induced secretion by human 
platelets at a site distinct from phospholipase c or protein kinase C. Biochem. J. 269,
489-497.

Bennett, J.P., Cockcroft, S. & Gomperts, B.D. (1980). lonomycin stimulates mast cell 
histamine secretion by forming a lipid soluble calcium complex. Nature 282, 851-853.

Bennett, J.P., Cockcroft, S. & Gomperts, B.D. (1981). Rat mast cells permeabilised with ATP 
secrete histamine in response to calcium ions buffered in the micromolar range. J. Physiol 
(Lond) 317, 335-345.

Bennett, J.P., Hartwig, J.H. & Stossel, T.P. (1994). The cellular contractile machinery and 
vesicle movement. In Lysosomes. in Biology, and. Pathology.(K. T. Dean,, ed); Elsevier, 
Amsterdam vol. 7.

Bittner, M.A. & Holz, R.W. (1992). Kinetic analysis of secretion from permeabilized adrenal 
chromaffincells reveals distinct components. J. Biol Chem. 267, 16219-16225.

Boguski, M.S. & McCormick, F. (1993). Proteins regulating Ras and its relatives.
Nature 366, 643-654.

Bonafe, N.M. & Sellers, J.R. (1998). Calmodulin-Binding Proteins of the Cytoskeleton. In 
Calmodulin and Signal Transduction (Van Eldik, L. and Watterson, D M. eds.). Academic 
Press, London, pp. 347-396.

Bomfeldt, K.E., Raines, E.W., Graves, L.M., Skinner, M.P., Krebs, E.G. & Ross, R. (1995). 
Platelet-derived growth factor. Distinct signal transduction pathways associated with 
migration versus proliferation. Ann. N. Y. Acad. Sci 766, 416-430.

Borovikov, Y.S., Norman, J.C., Price, L.S., Weeds, A. & Koffer, A. (1995). Secretion from 
permeabilised mast cells is enhanced by addition of gelsolin: contrasting effects of 
endogenous gelsolin. J. Cell Sci 108, 657-666.

Braga, V.M., Machesky, L.M., Hall, A. & Hotchin, N.A. (1997). The small GTPases Rho and 
Rac are required for the establishment of cadherin-dependent cell-cell contacts.
J. Cell Biol 137, 1421-1431.

Bredt, D.S., Hwang, P.M., Glatt, C.E., Lowenstein, C., Reed, R.R. & Snyder, S.H. (1991). 
Cloned and expressed nitric oxide synthase structurally resembles cytochrome P-450 
reductase.. Nature 351, 714-718.

Brown, A.M. (1997). Small GTP-binding proteins in the regulation of exocytosis in mast 
cells. PhD thesis UCL, 1-199.

Brown, S.E., Martin, S.R. & Bayley, P.M. (1997). Kinetic control of the dissociation 
pathway of calmodulin-peptide complexes. J. Biol Chem. 272, 3389-3397.

156



Bubb, M.R., Senderowicz, A.M., Sausville, E.A., Duncan, K.L. & Kom, E D. (1994). 
Jasplakinolide, a cytotoxic natural product, induces actin polymerization and competitively 
inhibits the binding of phalloidin to F-actin. J. Biol. Chem. 269, 14869-14871.

Buhl, A.M., Johnson, N.L., Dhanasekaran, N. & Johnson, G.E. (1995). G alpha 12 and G 
alpha 13 stimulate Rho-dependent stress fiber formation and focal adhesion assembly. J. 
Biol. Chem. 270, 24631-24634.

Burgoyne, R.D., Morgan, A. & Roth, D. (1994). Characterization of proteins that regulate 
calcium-dependent exocytosis in adrenal chromaffin cells. Ann. N. Y. Acad. Sci. 710, 
333-346.

Burgoyne, R.D. & Cheek, T.R. (1987). Reorganisation of peripheral actin filaments as a 
prelude to exocytosis. Biosci. Rep. 7, 281-288.

Burgoyne, R.D. & Morgan, A. (1989). Low molecular weight GTP-binding proteins of 
adrenal chromaffin cells are present on the secretory granule. FEBS Lett. 245,122-126.

Burgoyne, R.D. & Morgan, A. (1995). Ca^+ and secretory vesicle dynamics. Trends in 
Neurosci. 18, 191-196.

Burgoyne, R.D. & Norman, K.M. (1984). Effect of calmidazolium and phorbol ester on 
catecholamine secretion from adrenal chromaffin cells.. Biochim. Biophys. Acta 805, 37-43.

Butchko, G.M., Aspinall, R.L. & Smith, W.G. (1984). Inhibition of anaphylactic histamine 
release and pulmonary distress in rats by nonspecific IgE. Int. Arch. Allergy Appl. Immunol. 
75, 27-31.

Caldirola, P., Schmidt, B.H. & Timmerman, H. (1992). Radiolabelled calmodulin ligands: 
their low affinity and high lipophilicity may lead to artefacts in binding studies.
Methods Exp. Clin. Pharmacol. 14, 759-765.

Cameron, A.M., Steiner, J.P., Roskams, A.J., Ali, S.M., Ronnett, G.V. & Snyder, S.H. 
(1995). Calcineurin associated with the inositol 1,4,5-trisphosphate receptor-FKBP 12 
complex modulates Ca2+ flux. Cell 83,463-472.

Canman, J.C. & Bement, W.M. (1997). Microtubules suppress actomyosin-based cortical 
flow in Xenopus oocytes. J. Cell Sci. 110, 1907-1917.

Carlsson, L., Nystrom, L.E., Sundkvist, I., Markey, F. & Lindberg, U. (1977). Actin 
polymerizability is influenced by profilin, a low molecular weight protein in non-muscle 
cells.. J. Mol. Biol. 115, 465-483.

Castells, M. (1997). Update on mast cells and mast cell precursors and hypersensitivity 
responses. Allergy Asthma Proc. 18, 287-292.

Caulfield, M.P., Robbins, J., Sim, J.A., Brown, D.A., Mac Neil, S. & Blackburn, G.M.
(1991). The naphthalenesulphonamide calmodulin antagonist W7 and its 5-iodo-l-C8 
analogue inhibit potassium and calcium currents in NG108-15 neuroblastoma x glioma cells 
in a manner possibly unrelated to their antagonism of calmodulin.. Neurosci. Lett. 125, 
57-61.

157



Chabbert, M., Lukas, T.J., Watterson, D M., Axelsen, P.H. & Prendergast, F.G. (1991). 
Fluorescence analysis of calmodulin mutants containing tryptophan: conformational changes 
induced by calmodulin-binding peptides from myosin light chain kinase and protein kinase 
II. Biochemistry 30, 7615-7630.

Chabre, M. (1990). Aluminofluoride and beryllofluoride complexes: a new phosphate 
analogs in enzymology. Trends. Biochem. Sci. 15, 6-10.

Chafouleas, J.G., Lagace, L., Bolton, W.E., Boyd, A.E. & Means, A.R. (1984). Changes in 
calmodulin and its mRNA accompany reentry of quiescent (GO) cells into the cell cycle.. 
Cg//36, 73-81.

Chakravarty, N. & Nielsen, E.H. (1985). Calmodulin in mast cells and its role in histamine 
sQcxQÛon. Agents Actions 16, 122-125.

Chamberlain, L.H., Roth, D., Morgan, A. & Burgoyne, R.D. (1995). Distinct effects of alpha- 
SNAP, 14-3-3 proteins, and calmodulin on priming and triggering of regulated exocytosis.
J. Cell Biol. 130, 1063-1070.

Chan, K.M., Delfert, D M., Koepnick, S.L. & McDonald, J.M. (1987). Effect of W7 on Ca2+ 
uptake and Ca2+-ATPase activities of the endoplasmic reticulum of rat liver.
Arch. Biochem. Biophys. 256, 472-479.

Chardin, P., Boquet, P., Madaule, P., Popoff, M.R., Rubin, E.J. & Gill, D.M. (1989). The 
mammalian G protein rhoC is ADP-ribosylated by Clostridium botulinum exoenzyme C3 
and affects actin microfilaments in Vero cells.. EMBOJ. 8 , 1087-1092.

Cheek, T.R. & Burgoyne, R.D. (1991). Cytoskeleton in secretion and neurotransmitter 
release. In The. neuronal. cytoskeleton.{ Burgoyne. RD. ed);. Wiley-Liss. Inc;. Chichester. 
pp309-325

Chen, X.J., Juliusson, S., Aldenborg, F. & Enerback, L. (1994). Cytofluorometric 
quantification of IgE and IgE receptors on individual mast cells. J. Immunol. Methods 177, 
139-150.

Chen, X.J. & Enerback, L. (1995). Influence of genetic and environmental factors on surface 
expression and occupancy of IgE receptors and on histamine releasability of mast cells. Int. 
Arch. Allergy Immunol. 106, 241-249.

Cheney, R E. & Mooseker, M.S. (1992). Unconventional myosins. Curr. Opin. Cell Biol. 4, 
27-35.

Cheung, W.Y. (1970). Cyclic 3', 5'-nucleotide phosphodiesterase. Demonstration of an 
activator. Biochem. Biophys. Res. Commun. 38, 533-538.

Chock, S.P. & Schmauder Chock, E.A. (1992). The secretory granule and the mechanism of 
stimulus-secretion coupling. Curr. Top. Cell Regul. 32, 183-208.

Choi, O.H., Adelstein, R.S. & Beaven, M.A. (1994). Secretion from rat basophilic RBL-2H3 
cells is associated with diphosphorylation of myosin light chains by myosin light chain 
kinase as well as phosphorylation by protein kinase C .. J. Biol. Chem. 269, 536-541.

158



Choi, O.H., Kim, J.H. & Kinet, J.P. (1996). Calcium mobilization via sphingosine kinase in 
signalling by the Fc epsilon RI antigen receptor. Nature 380, 634-636.

Chong, L.D., Traynor Kaplan, A., Bokoch, G.M. & Schwartz, M.A. (1994). The small GTP- 
binding protein Rho regulates a phosphatidylinositol 4-phosphate 5-kinase in mammalian 
cells. Ce//79, 507-513.

Chrzanowska Wodnicka, M. & Burridge, K. (1994). Tyrosine phosphorylation is involved in 
reorganization of the actin cytoskeleton in response to serum or LPA stimulation. J. Cell Sci. 
107, 3643-3654.

Chrzanowska Wodnicka, M. & Burridge, K. (1996). Rho-stimulated contractility drives the 
formation of stress fibers and focal adhesions.. J. Cell Biol. 133, 1403-1415.

Churcher, Y. & Gomperts, B.D. (1990). ATP dependent and ATP independent pathways of 
exocytosis revealed by interchanging glutamate and chloride as the major anion in 
permeabilised mast cells. Cell Regul. 1, 337-346.

Cockcroft, S., Howell, T.W. & Gomperts, B.D. (1987). Two G-proteins act in series to 
control stimulus-secretion coupling in mast cells: Use of neomycin to distinguish between G- 
proteins controlling polyphosphoinositide phosphodiesterase and exocytosis. J. Cell Biol.
105, 2745-2750.

Cockcroft, S., Thomas, G.M.H., Fensome, A., Geny, B., Cunningham, E., Gout, I., Hiles, I., 
Totty, N.F., Troung, O. & Hsuan, J.J. (1994). Phospholipase D: A downstream effector of 
ARF in granulocytes. Science 263, 523-526.

Cockcroft, S. & Gomperts, B.D. (1979). Evidence for a role of phosphatidylinositol turnover 
in stimulus-secretion coupling: studies with rat peritoneal mast cells. Biochem. J. 178, 
681-687.

Coleman, J.W. (1988). A kinetic analysis of the in vitro sensitization of murine peritoneal 
mast cells with monoclonal IgE anti-DNP antibody. Immunology 64, 527-531.

Coleman, J.W., Holliday, M.R., Kimber, I., Zsebo, K.M. & Galli, S.J. (1993). Regulation of 
mouse peritoneal mast cell secretory function by stem cell factor, IL-3 or IL-4. J. Immunol. 
150, 556-562.

Coleman, T.R., Fishkind, D.J., Mooseker, M.S. & Morrow, J.S. (1989). Functional diversity 
among spectrin isoforms.. Cell Motil. Cytoskeleton 12, 225-247.

Colley, W.C., Sung, T.C., Roll, R., Jenco, J., Hammond, S.M., Altshuller, Y., Bar Sagi, D., 
Morris, A.J. & Frohman, M.A. (1997). Phospholipase D2, a distinct phospholipase D isoform 
with novel regulatory properties that provokes cytoskeletal reorganization. Curr. Biol. 7, 
191-201.

Collins, A.M., Thelian, D. & Basil, M. (1995). Antigen valency as a determinant of the 
responsiveness of IgE-sensitised rat basophil leukemia cells. Int. Arch. Allergy Immunol.
107, 547-556.

Cooper, J.A. (1987). Effects of Cytochalasin and Phalloidin on actin. J. Cell Biol. 105; 
1473-1478.

159



Coorssen, J.R. (1996). Phospholipase activation and secretion: evidence that PLA2, PLC, and 
PLD are not essential to exocytosis.. Am. J. Physiol. 270, 1153-63.

Coutts, S.M., Nehring, R.E., Jr. & Jariwala, N.U. (1980). Purification of rat peritoneal mast 
cells: occupation of IgE-receptors by IgE prevents loss of the receptors. J. Immunol. 124, 
2309-2315.

Crivici, A. & Ikura, M. (1995). Molecular and structural basis of target recognition by 
calmodulin.. Annu. Rev. Biophys. Biomol. Struct. 24, 85-116.

Cromwell, O., Gomperts, B.D. & Lindau, M. (1993). G-protein regulation of eosinophil 
exocytosis. In Eosiniphils in Allergy and Inflammation (Gleich, G.J. and Kay, A.B. eds.), 
Marcell Dekker Inc, NY, pp. 55-67.

Cross, L.J., Ennis, M., Krause, E., Dathe, M., Lorenz, D., Krause, G., Beyermann, M. & 
Bienert, M. (1995). Influence of alpha-helicity, amphipathicity and D-amino acid 
incorporation on the peptide-induced mast cell activation.. Eur. J. Pharmacol. 291, 291-300.

Cross, M.J., Roberts, S., Ridley, A.J., Hodgkin, M.N., Stewart, A., Claesson Welsh, L. & 
Wakelam, M.J.O. (1996). Stimulation of actin stress fibre formation mediated by activation 
of phospholipase D .. Curr. Biol. 6 , 588-597.

Cunningham, C.C., Stossel, T.P. & Kwiatkowski, D.J. (1991). Enhanced motility in NIH 3T3 
fibroblasts that overexpress gelsolin. Science 251, 1233-1236.

Cunningham, C.C., Gorlin, J.B., Kwiatkowski, D.J., Hartwig, J.H., Janmey, P.A., Byers, H.R. 
& Stossel, T.P. (1992). Actin-binding protein requirement for cortical stability and efficient 
locomotion.. Science 255, 325-327.

Cunningham, E., Tan, S.K., Swigart, P., Hsuan, J., Bankaitis, V. & Cockcroft, S. (1996). The 
yeast and mammalian isoforms of phosphatidylinositol transfer protein can all restore 
phospholipase C-mediated inositol lipid signaling in cytosol-depleted RBL-2H3 and HL-60 
cells. Proc. Natl. Acad. Sci. U. S. A. 93, 6589-6593.

Dancker, P., Low, L, Hasselbach, W. & Wieland, T. (1975). The interaction of actin with 
phalloidin: polymerization andstabilization of F-actin. Biochim. Biophys. Acta 400, 407-414.

Deanin, G.G., Cutts, J.L., Pfeiffer, J.R. & Oliver, J.M. (1991). Role of isoprenoid metabolism 
in IgE receptor-mediated signaltransduction. J. Immunol. 146, 3528-3535.

Derman, M.P., Toker, A., Hartwig, J.H., Spokes, K., Falck, J R., Chen, C.S., Cantley, L.C. & 
Cantley, L.G. (1997). The lipid products of phosphoinositide 3-kinase increase cell motility 
through protein kinase C .. J. Biol. Chem. 272, 6465-6470.

Desquand, S., Lefort, J., Liu, F.T., Mencia Huerta, J.M. & Vargaftig, B.B. (1989). Antigen- 
induced bronchopulmonary alterations in the guinea pig: a new model of passive 
sensitization mediated by mouse IgE antibodies. Int. Arch. Allergy Appl. Immunol. 89, 71-77.

Dhermy, D. (1991). The spectrin super-family. Biol. Cell 71, 249-254.

160



Dimitriadou, V. & Koutsilieris, M. (1997). Mast ceil-tumor cell interactions: for or against 
tumour growth and metastasis?. Anticancer Res. 17, 1541-1549.

Dinh, T.T. & Kennerly, D.A. (1991). Assessment of receptor-dependent activation of 
phosphatidylcholine hydrolysis by both phospholipase D and phospholipase C. Cell Regul. 2, 
299-309.

Douglas, W.W. (1968). Stimulus-secretion coupling: The concept and clues from chromaffin 
and other cells. Brit. J. Pharmacol. 34, 451-474.

Douglas, W.W. & Nemeth, E.F. (1982). On the calcium receptor activating exocytosis: 
inhibitory effects of calmodulin-interacting drugs on rat mast cells. J. Physiol. (Lond) 323, 
229-244.

Dufort, P. A. & Lumsden, C.J. (1993). Cellular automaton model of the actin cytoskeleton.. 
Cell Motil. Cytoskeleton 25, 87-104.

Duncan, M.D., Harmon, J.W. & Duncan, L.K. (1996). Actin disruption inhibits bombesin 
stimulation of focal adhesion kinase (ppl25FAK) in prostate carcinoma. J. Surg. Res. 63, 
359-363.

Easom, R.A., Filler, N.R., Ings, E.M., Tarpley, J. & Landt, M. (1997). Correlation of the 
activation of Ca2+/calmodulin-dependent protein kinase II with the initiation of insulin 
secretion from perifused pancreatic islets. Endocrinology 138, 2359-2364.

Edelman, A.M., Higgins, D M., Bowman, C.L., Haber, S.N., Rabin, R.A. & Cho Lee, J.
(1992). Myosin light chain kinase is expressed in neurons and glia: immunoblotting and 
immunocytochemical studies.. Brain Res. Mol. Brain Res. 14, 27-34.

Ezeamuzie, C.I. & Assem, E.S. (1990). Anti-allergic properties of cyclosporin A: inhibition 
of mediator release from human basophils and rat basophilic leukemia cells (RBL-2H3). 
Immunopharmacology 20, 31-43.

Farah, C.S. & Reinach, F.C. (1995). The troponin complex and regulation of muscle 
contraction.. FASEBJ. 9, 755-767.

Febvre Chevalier, C. & Febvre, J. (1992). Microtubule dissassembly in vivo: intercalary 
destabilization and breakdown of microtubules in the heliozoan Actinocoryne contractilis. J. 
Cell Biol. 118, 585-594.

Fechheimer, M. & Zigmond, S.H. (1993). Focusing on unpolymerized actin. J. Cell Biol 123, 
1-5.

Fensome, A., Cunningham, E., Prosser, S., Tan, S.K., Swigart, P., Thomas, G., Hsuan, J. & 
Cockcroft, S. (1996). ARF and PITP restore GTP gamma S-stimulated protein secretion from 
cytosol-depleted HL60 cells by promoting PIP2 synthesis.. Curr. Biol. 6 , 730-738.

Ferris, C D., Huganir, R.L., Bredt, D.S., Cameron, A.M. & Snyder, S.H. (1991). Inositol 
trisphosphate receptor: phosphorylation by protein kinase C and calcium calmodulin- 
dependent protein kinases in reconstituted lipid vesicles. Proc. Natl. Acad. Sci. U. S. A. 8 8 , 
2232-2235.

161



Foreman, J.C., Mongar, J.L. & Gomperts, B.D. (1973). Calcium ionophores and movement 
of calcium ions following the physiological stimulus to a secretory process.
Nature 245, 249-251.

Foreman, J.C. & Mongar, J.L. (1972). The role of the alkaline earth ions in anaphylactic 
histamine secretion. J. Physiol. (Land) 224, 753-769.

Foreman, J.C. & Mongar, J.L. (1973). The action of lanthanum and manganese on 
anaphylactic histamine secretion. Brit. J. Pharmacol. 48, 527-537.

Foster, R., Hu, K.Q., Lu, Y., Nolan, K.M., Thissen, J. & Settleman, J. (1996). Identification 
of a novel human Rho protein with unusual properties: GTPase deficiency and in vivo 
famesylation.. Mol. Cell Biol. 16,2689-2699.

Fruman, D.A., Bierer, B.E., Benes, J.E., Burakoff, S.J., Austen, K.F. & Katz, H R. (1995). 
The complex of FK506-binding protein 12 and FK506 inhibits calcineurin phosphatase 
activity and IgE activation-induced cytokine transcripts, but not exocytosis, in mouse mast 
cells. J. Immunol. 154, 1846-1851.

Fujii, T., Kuzumaki, N., Ogoma, Y. & Kondo, Y. (1994). Effects of calcium-binding proteins 
on histamine release from permeabilized rat peritoneal mast cells. Biol. Pharm. Bull. 17, 
581-585.

Fukami, K., Endo, T., Imamura, M. & Takenawa, T. (1994). alpha-Actinin and vinculin are 
PIP2-binding proteins involved in signaling by tyrosine kinase. J. Biol. Chem. 269, 
1518-1522.

Furuichi, K., Rivera, J. & Isersky, C. (1984). The fate of IgE bound to rat basophilic 
leukemia cells. III. Relationship between antigen-induced endocytosis and serotonin release. 
J. Immunol. 133, 1513-20X.

Fykse, E.M., Li, C. & Sudhof, T.C. (1995). Phosphorylation of rabphilin-3A by 
Ca2+/calmodulin- and cAMP-dependent protein kinases in vitro. J. Neurosci. 15, 2385-2395.

Galli, S.J. & Wershil, B.K. (1995). Mouse mast cell cytokine production: role in cutaneous 
inflammatory and immunological responses.. Exp. Dermatol. 4, 240-249.

Gehm, B.D., Pinke, R.M., Laquerre, S., Chafouleas, J.G., Schultz, D.A., Pepperl, D.J. & 
McConnell, D.G. (1991). Activation of bovine rod outer segment phosphatidylinositol-4,5- 
bisphosphate phospholipase C by calmodulin antagonists does not depend on calmodulin.. 
B io c h e m is tr y 11302-11306.

Gertler, F.B., Niebuhr, K., Reinhard, M., Wehland, J. & Soriano, P. (1996). Mena, a relative 
of VASP and Drosophila Enabled, is implicated in the control of microfilament dynamics.. 
Ce//87, 227-239.

Gigl, G., Hartweg, D., Sanchez Delgado, E., Metz, G. & Gietzen, K. (1987). Calmodulin 
antagonism: a pharmacological approach for the inhibition of mediator release from mast 
cells. Cell Calcium 8 , 327-344.

Gilchrist, J.S., Czubryt, M.P. & Pierce, G.N. (1994). Calcium and calcium-binding proteins 
in the nucleus. Mol. Cell Biochem. 135, 79-88.

162



Gnegy, M E. (1995). Calmodulin: effects of cell stimuli and drugs on cellular activation. 
Prog. Drug Res. 45, 33-65.

Goldmann, W.H. & Guttenberg, Z. (1998). Examination of temperature-induced 'gel-sol' 
transformation of alpha-actinin/cross-linked actin networks by static light scattering.. FEES 
Lett. 426, 255-259.

Gomperts, B.D. (1990). G^: A GTP-binding protein mediating exocytosis. Annu. Rev. 
Physiol. 52, 591-606.

Gomperts, B.D. & Tatham, P.E.R. (1992). Regulated exocytotic secretion from 
permeabilized cells. In Methods in Enzymology (Rothman, J. ed.). Academic Press, NY, pp. 
178-189.

Goold, R., Chan, K.M. & Baines, A.J. (1995). Coordinated regulation of synapsin I 
interaction with F-actin by Ca2+/calmodulin and phosphorylation: inhibition of actin binding 
and bundling. Biochemistry 34, 1912-1920.

Goold, R. & Baines, A.J. (1994). Evidence that two non-overlapping high-affmity 
calmodulin-binding sites are present in the head region of synapsin I. Eur. J. Biochem. 224, 
229-240.

Gough, A.H. & Taylor, D.L. (1993). Fluorescence anisotropy imaging microscopy maps 
calmodulin binding during cellular contraction and locomotion. J. Cell Biol. 121, 1095-1107.

Graff, J.M., Rajan, R.R., Randall, R.R., Naim, A C. & Blackshear, P.J. (1991). Protein kinase 
C substrate and inhibitor characteristics of peptides derived from the myristoylated alanine- 
rich C kinase substrate (MARCKS) protein phosphorylation site domain.. J. Biol. Chem.
266, 14390-14398.

Graham, M.E., Gerke, V. & Burgoyne, R.D. (1997). Modification of annexin II expression in 
PC 12 cell lines does not affect Ca(2+)-dependent exocytosis. Mol. Biol. Cell 8 , 431-442.

Grand, R.J. & Perry, S.V. (1979). Calmodulin-binding proteins from brain and other tissues.. 
Biochem. J. 183, 285-295.

Greene, R.M. & Lloyd, M R. (1989). Calmodulin quantification and immunolocalization in 
developing embryonic orofacial tissue.. J. Craniofac. Genet. Dev. Biol. 9, 161-172.

Grosman, N. (1986). Effect of calmidazolium (R24571) on histamine release from isolated 
rat mast cells. Agents Actions 17,427-435.

Gmchalla, R.S., Dinh, T.T. & Kennerly, D.A. (1990). An indirect pathway of receptor- 
mediated 1,2-diacylglycerol formation in mast cells. I. IgE receptor-mediated activation of 
phospholipase D. J. Immunol. 144, 2334-2342.

Guillemot, J.C., Montcourrier, P., Vivier, E., Davoust, J. & Chavrier, P. (1997). Selective 
control of membrane ruffling and actin plaque assembly by the Rho GTPases Racl and 
CDC42 in FcepsilonRI-activated rat basophilic leukemia (RBL-2H3) cells.. J. Cell Sci. 110, 
2215-2225.

163



Ha, K.S., Yeo, EJ. & Exton, J.H. (1994). Lysophosphatidic acid activation of 
phosphatidylcholine-hydrolysing phospholipase D and actin polymerization by a pertussis 
toxin-sensitive mechanism. Biochem. J. 303, 55-59.

Hall, A. (1992). Ras-related GTPases and the cytoskeleton. Mol. Biol. Cell 3, 475-479.

Hall, A. & Self, A.J. (1986). The effect of Mg2+ on the guanine nucleotide exchange rateof 
p2 iN-ras, J. Biol. Chem. 261, 10963-10965.

Hancock, I.E. & Hall, A. (1993). A novel role for RhoGDI as an inhibitor of GAP proteins. 
EMBOJ. 12, 1915-1921.

Harris, A.S. & Morrow, J.S. (1990). Calmodulin and calcium-dependent protease I 
coordinately regulate the interaction of fodrin with actin.. Proc. Natl. Acad. Sci. U. S. A. 87, 
3009-3013.

Hartwig, J.H., Thelen, M., Rosen, A., Janmey, P.A., NaimAC & Aderem, A. (1992). 
MARCKS is an actin filament crosslinking protein regulated byprotein kinase C and 
calcium-calmodulin. Nature 356, 618-622.

Hartwig, J.H., Bokoch, G.M., Carpenter, C.L., Janmey, P.A., Taylor, L.A., Toker, A. & 
Stossel, T.P. (1995). Thrombin receptor ligation and activated Rac uncap actin filament 
barbed ends through phosphoinositide synthesis in permeabilized human platelets.. Cell 82, 
643-653.

Hartwig, J.H. & Kwiatkowski, D.J. (1991). Actin-binding proteins. Curr. Opin. Cell Biol. 3, 
87-97.

Haslam, R.J. & Coorssen, J R. (1993). Evidence that activation of phospholipase D can 
mediate secretion from permeabilized platelets.. Adv. Exp. Med. Biol. 344, 149-164.

Haugwitz, M., Noegel, A.A., Rieger, D., Lottspeich, F. & Schleicher, M. (1991). 
Dictyostelium discoideum contains two profilin isoforms that differ in structure and function. 
.J. Cell Sci. 100, 481-489.

Hay, J.C., Fisette, P.L., Jenkins, G.H., Fukami, K., Takenawa, T., Anderson, R.A. & Martin, 
T.F.J. (1995). ATP-dependent inositide phosphorylation required for Ca2+-activated 
secretion. Mz/wre 374, 173-177.

Heidelberger, R., Heinemann, C., Neher, E. & Matthews, G. (1994). Calcium dependence of 
the rate of exocytosis in a synaptic terminal. Nature 371, 513-515.

Heidelberger, R. & Matthews, G. (1992). Calcium influx and calcium current in single 
synaptic terminals of goldfish retinal bipolar neurons.. J. Physiol. Lond. 447, 235-256.

Helander, H.F. & Bloom, G.D. (1974). Quantitative analysis of mast cell structure. J. 
Microscopy. 100, 315-321.

Hirasawa, N., Sato, Y., Yomogida, S., Mue, S. & Ohuchi, K. (1997). Role of 
phosphatidylinositol 3-kinase in degranulation induced by IgE-dependent and -independent 
mechanisms in rat basophilic RBL-2H3 (ml) cells.. Cell Signal. 9, 305-310.

164



Homma, Y. & Emori, Y. (1995). A dual functional signal mediator showing RhoGAP and 
phospholipase C-delta stimulating activities.. EMBOJ. 14, 286-291.

Houdusse, A., Silver, M. & Cohen, C. (1996). A model of Ca(2+)-free calmodulin binding to 
unconventional myosins reveals how calmodulin acts as a regulatory switch.. Structure. 4, 
1475-1490.

Howell, T.W., Cockcroft, S. & Gomperts, B.D. (1987). Essential synergy between Ca^+ and 
guanine nucleotides in exocytotic secretion from permeabilised mast cells. J. Cell Biol. 105, 
191-197.

Howell, T.W. & Gomperts, B.D. (1987). Rat mast cells permeabilised with streptolysin-O 
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