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Abstract

Activities of 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 of actin cytoskeleton: Rho controls de novo actin polymerisation,

while Rac is required for relocalisation of the released cortical filaments.

Here I have shown that in the presence of calcium, Rho has an additional role,
that of 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 of
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 of 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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The role of mast cells 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 um 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 3
-hexosaminidase and B-galactosidase, neutral proteases such as chymase and tryptase
and preformed TNFa (Castells, 1997). Mast cells also produce an extended repertoire
of 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 of other
inflammatory mediators is triggered through the interaction of various ligands with

their respective receptors as discussed in the next section.

Mast cells as biological models

Intact mast cells have long been utilised in vitro to study stimulus-secretion
coupling (Foreman & Mongar, 1973; Assem et al. 1989). Various methods of for

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



success. FceRI receptor-mediated responses can then be enhanced by activation of A,

receptors by adenosine (Lohse ef al. 1988).

Over a decade ago it was found that mast cells permeabilised by treatment
with the bacterial toxin Streptolysin-O 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). Of these, only the guanine nucleotide is essential,
ATP and Ca” better being regarded as modulators (Lillie & Gomperts, 1992). Later
work explored the effects of various exogenous toxins (Mohr et al. 1992), proteins
(Norman et al. 1996), antibodies (Aridor ef al. 1993) etc. that are otherwise membrane
impermeant . This work has established SL-O 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 ef 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-O permeabilised mast cells are similar. Other techniques of
cell permeabilisation including digitonin (Graham et al. 1997), electroporation, o
-toxin (Ahnert-Hilger ef al. 1989), amongst others, have been applied to a variety of
cell types. In general, the use of SL-O provides the best access to the cell interior and
the most ready exchange of soluble proteins. SL-O 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 Fce



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 of 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 of the adenosine A,
receptors synergises with antigen (via the Fce 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 FcgRI receptor

The FceRI receptor is a heterotetrameric glycoprotein, consisting of one a
-chain, a 3-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 immunoprecipitation and transfection
experiments (reviewed in (Kinet ez al. 1989)). The y subunits interact directly with 3
and o subunits, although the aff complex seems to be the first to be synthesised
(Kinet et al. 1989). Prior to sensitisation, the FceRI receptors are randomly mobile
within the plasma membrane (Myers et al. 1992). IgE binds to the receptorin a 1:1
ratio, via the extracellular domain of the o-chain (Basu et al. 1993). This initial
sensitisation is metabolically silent (Furuichi ez al. 1984). Activation occurs when the
receptors for IgE are crosslinked. The IgE:FceRI complex can be challenged by
multivalent antigens, lectins (such as concanavalin-A) and antibodies raised against
the IgE or the receptors. Initially two adjacent IgE:FceRI complexes bind to one
molecule of antigen. This cross-linking (or dimerisation) 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 dimerisation 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 of receptor-associated proteins, PLCyl and y2 (Park et al. 1991) and the
85kDa subunit of PI 3-kinase (Barker et al. 1995). Recruitment of the adapter protein
Grb2 leads to the activation of other proteins, including Vav, p75, p125FAK, C3G
(Ras GEF), dynamin and Sos (another Ras GEF) (reviewed in Koffer, 1997).
Activation of PLC and PLD generate diglycerides for the activation of PKC, and the
generation of IP, 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 Racl have shown that these GTPases are essential for
mediating FceRI-induced cytoskeletal reorganisation (Guillemot ef al. 1997). Another
protein that couples FceRI dimerisation 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 of serine/threonine kinases via the FceRI

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



Activation of mast cells by polycationic receptor-mimetic substances

Mast cells may also be activated by polycationic substances such as
mastoparan, substance P and compound 48/80, all of 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 al. 1995). These
compounds accelerate guanine nucleotide exchange on Ptx sensitive G-proteins
(Aridor et al. 1990). In mast cells, these polycationic compounds are thought to
activate secretion through the involvement of G;; probably acting at a late stage in the

secretory pathway (Aridor et al. 1993).

In mast cells and RBL cells the activation of G, 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

Ca?t requirements

Ca*" is a major regulator of secretion in both excitable and non-excitable cells
(Douglas, 1968). In 1972, antigen induced secretion was found to be absolutely
dependent on the presence of 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 al. 1973; Bennett et al. 1980). In mast
cells the stimulation through receptors leads to activation of PLC, generation of

inositol 1,4,5-triphosphate (IP,), 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 ef al. 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 al. 1996).

In SL-O 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 (Cg) in this regulatory mechanism has yet to

be identified (Lillie & Gomperts, 1992)

In contrast to mast cells, and other secretory cell of 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 ‘low affinity’ Ca®* sensor (Heidelberger et al. 1994). For adrenal chromaffin cells
half maximal secretion is elicited by 10-20 uM 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 al. 1988; Mulkins et
al. 1992). Historically Gg was first implicated by experiments which showed that
permeabilised neutrophils secrete in response to GTP-y-S in the absence of Ca*. The
guanine nucleotide was proposed to act at an early step by activating PLC, and then

again at a late stage via G (Barrowman et al. 1986). This work was supported by
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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 of 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 of 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 of actin filaments and generation of supramolecular 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 of its possessing two actin

binding sites (Way et al. 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). PIP, 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 PIP, to regulate the binding PI-3 kinase (p85
subunit) to a-actinin (Shibasaki et al. 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 al. 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 of proteins (Kahana & Gratzer,
1991; Dhermy, 1991) is believed to bind to ankyrin which locks it onto the
membrane. /n 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 al. 1996).

Regulation of actin filament dynamics by actin-binding proteins

The assembly and disassembly of 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 of 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 polymerisation: To maintain the pool of monomeric G-actin, cells employ

monomer-sequestering proteins (profilin and thymosin $4) 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 nucleation 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 ef 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 (4 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 of 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 of 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 al. 1995).

In comparison with CapZ, the gelsolin family of actin binding proteins not
only caps the barbed ends of 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 al. 1997), PI-3 kinase (Derman et al. 1997) and PIP,
phosphatase (synaptojanin) (Sakisaka ef al. 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 of increased severing

activity (Cunningham et al. 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 of acto-myosin
based contraction, butane dione monoxime (BDM), prevents retrograde flow and
stimulates cell edge protrusion (Baldassare ef al. 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 of a physical mechanism is not known. A succinct piece of
biophysical research on acto-myosin contraction in XTH-2 cells demonstrated that
elevation of intracellular Ca** (by ionomycin) causes cortical actin contraction,
followed by disassembly (Luers ef al. 1991). This acto-myosin contraction is thought

to be mandatory for the subsequent actin disassembly.
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Actin depolymerisation: 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 of 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 of 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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