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ABSTRACT

Phagocytosis is the process whereby cells bind and engulf particulate materials via the 

localised remodelling of the actin cytoskeleton. Small GTPases of the Rho family have been 

widely implicated in co-ordinating actin dynamics during diverse cellular processes, including 

phagocytosis, yet the signalling mechanisms controlling their recruitment and activation 

remain unclear. This thesis investigates the signalling pathways involved in regulating small 

GTPase function during phagocytosis via two distinct receptors, the FcyR, which is known to 

require Cdc42 and Rac and the complement receptor 3 (CR3, aMPz, GDI lb/CD 18), which is 

known to couple to Rho.

Data is presented showing that in response to FcyR ligation, Cdc42 and Rac are activated. 

Moreover, the guanine nucleotide exchange factor, Vav translocates to nascent phagosomes 

and promotes GTP-loading on Rac, but not Cdc42. The Vav induced Rac activation proceeds 

independently of Cdc42 function suggesting distinct roles for each GTPase during engulfment. 

Moreover, inhibition of Vav exchange activity or of Cdc42 activity does not prevent Rac 

recruitment to sites of particle attachment. This suggests that Rac is recruited to Fey 

membrane receptors in its inactive, GDP-bound state and that Vav regulates phagocytosis 

through subsequent catalysis of GDP/GTP exchange on Rac.

In contrast, phagocytosis via the integrin receptor CR3 (aMpz) proceeds via a two-step 

mechanism involving inside-out signalling to activate the receptor and ligand directed 

engulfment. Evidence supporting independent roles for the cytoplasmic tails of CR3 in 

regulating these activities is presented, with the P2 (CD 18) tail directing receptor activation 

and the Qm (GDI lb) tail promoting the activation of Rho, necessary for engulfinent.
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OVERVIEW

The term “phagoeytosis” was originally coined by Elie M etchnikoff in 1893, following his 

seminal observations o f  amoeboid cell behaviour (Metchnikoff, 1893). It defines the process 

whereby cells co-ordinate the receptor driven recognition and engulfment o f targets, typically 

>0.5pm in diameter. The process has been very well conserved throughout evolution and 

plays a crucial role in diverse functions ranging from feeding in Dictyostelium  to removal o f  

apoptotic cells and host defence mechanisms in higher eukaryotes. In mammals, phagocytosis 

is primarily undertaken by cells o f  the haematopoietic lineage such as macrophages and 

neutrophils (Aderem and Underhill, 1999). These “professional” phagocytes bear multiple cell 

surface receptors which orchestrate specific signal transduction mechanisms according to their 

target ligands.

In general the receptors for phagocytosis can be categorised into two groups based on their 

binding properties; either target spécifié receptors or opsonic receptors (Kwiatkowska and 

Sobota, 1999). The former class comprises receptors which directly bind to integral surface 

components o f  the target, typically invariant signature motifs associated with invading 

pathogens or apoptotic cells (Medzhitov and Janeway, 2000). Examples include the family o f  

Scavenger receptors and the Mannose receptor. In contrast, the opsonic receptors offer greater 

flexibility by binding targets coated or “opsonised” with host proteins. This indirect binding 

greatly extends the target range and accelerates the rate o f  uptake. The best-characterised 

opsonic receptors are the FcyR and the Complement receptor 3, CR3, two receptors which 

elicit striking yet distinct morphological changes during particle uptake, as shown in Figure

1.1 (Allen and Aderem, 1996).

FlGliRE 1.1 Phagocytosis through (A) the FcyR and (B) the CR3 receptor is accompanied by 

distinct morphological changes as shown by transmission electron microscopy. Uptake through 

the FcyR involves extension o f  pseudopods from  the phagocyte which capture the target and 

draw it in. In contrast CR3 directed engulfment appears to be a more passive event in which 

the targets “sink" into the cell. Adapted from  L.A Allen and A. Aderem, 1996.
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Once internalised, targets become encapsulated within membrane-bound phagosomes which 

begin to mature as they proceed through the endocytic pathway (Tjelle et al., 2000). 

Phagocytic receptors are either recycled or selectively degraded as the phagosomes 

sequentially fuse with endosomes and lysosomes on their way to becoming mature, acidified 

phagolysosomes (Mellman et al., 1983; Bretscher, 1992). In professional phagocytes 

engulfment is usually accompanied by distinct effector responses, often involving the secretion 

of inflammatory components such as cytokines and cytotoxic oxygen and nitrogen radicals. In 

macrophages, the exact nature of the response is dictated by the stimulus and type of 

phagocytic receptor engaged. For example, target internalisation through the FcyR is 

characterised by a pro-inflammatory response involving activation of the NADPH oxidase 

complex and synthesis of oxygen radicals (Huizinga et al., 1989; Moslen, 1994). In contrast 

ligation of the CR3 receptor appears to be more immunosuppressive, correlating with a down 

regulation of inflammatory cytokine production in human monocytes (Marth and Kelsall, 

1997). Phagocytosis is also important for the induction of appropriate immune responses, 

since it delivers exogenous antigens for presentation by MHC class II molecules to T cells 

(Watts, 1997). Thus, in higher eukaryotes, phagocytosis has much broader consequences and 

collectively serves multiple functions to maintain host homeostasis.

The study of phagocytosis has benefited greatly from the fact that most cells have some 

phagocytic capacity. This coupled with the combined use of pharmacological inhibitors, gene 

knock-outs and dominant negative approaches have helped identify some of the core 

components crucial for internalisation. An underlying feature is that despite the diverse 

repertoire of phagocytic receptors they all drive engulfinent via the reorganisation of the 

underlying cellular actin cytoskeleton, thereby strongly implicating the Rho family of small 

GTPases as key signalling intermediates (Chimini and Chavrier, 2000; May and Machesky, 

2001). This subgroup of the Ras superfamily is known to play a pivotal role in controlling 

aspects of cytoskeletal rearrangements (Hall, 1998). Indeed the three prototypic family 

members, Rho, Rac and Cdc42 are now firmly established as critical regulators of 

phagocytosis (Cox et al., 1997; Caron and Hall, 1998; Massol et al., 1998). Their importance 

is emphasised by the multiple toxins produced by bacterial pathogens to modulate tiieir 

function (Boquet, 1999). More remarkably, some pathogens have evolved proteins to directly 

engage and temporally regulate specific Rho GTPases within host cells that are normally non- 

phagocytic, to facilitate their invasion. In doing so they can colonise cells and seek shelter 

fi*om host immune responses. For example. Salmonella encodes two proteins (SopE and SptP)
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which co-ordinate their uptake by sequentially activating and then antagonising die function of 

host cell Cdc42 and Rac (Hardt et al., 1998; Fu and Galan, 1999). Finally, the Rho GTPases 

are also emerging as critical components for the engulfinent of apoptotic cells in organisms 

ranging fi*om C.elegans to mammals (Reddien and Horvitz, 2000; Leverrier and Ridley, 2001). 

However, despite the overwhelming evidence detailing Rho GTPase involvement in 

phagocytosis, the signalling pathways linking phagocytic receptors (or for that matter most cell 

surface receptors) to the control of Rho GTPase function remain unclear.

This thesis describes the signalling mechanisms regulating small GTPase activity during FcyR 

and CR3 receptor mediated uptake. The introduction thus reviews the current models for 

engulfinent via these two receptors. This is followed by an overview on small GTPases, with 

particular emphasis on the Rho subfamily and their activation by guanine nucleotide exchange 

factors (GEFs). It concludes with a description of Vav, a particular GEF which, from results 

presented in this work, functions as a key regulator of FcyR directed phagocytosis.

1.1 F c-r e c e p t o r  m e d ia t e d  P h a g o c y t o s is

The Fc domains of immunoglobulins (Ig) are recognised by a family of membrane receptors 

termed the Fc receptors, which are expressed on many haematopoietic cells (Ravetch, 1994; 

Sanchez-Mejorada and Rosales, 1998). There are four main groups, classified according to 

their cognate immunoglobulins; FcaR for IgA, FceR for IgE, FcyR for IgG and FcjiR for IgM. 

Each class has the potential to internalise opsonised targets through phagocytosis. However, 

the most abundant and best-characterised group are those that bind IgG, the Fey receptors.

1.1.1 T he Fey receptors

The Fey receptors (FcyR) are members of the immunoglobulin gene superfamily. They all 

comprise a ligand binding a  subunit containing the characteristic extracellular Ig folds found 

in diverse immune receptors. The a  subunits wifiiin tiie FcyR family m"e highly conserved in 

their extracellular domains, typically sharing between 70-98% sequence identity. In humans, 

tiiere are three types of FcyR, which vary depending on their structure and affinity for IgG 

(Capel et al., 1994). They are encoded by a cluster of 8  genes on chromosome 1 and include 

three genes for the high affinity FcyRI (FcyRIA, FcyRIB and FcyRIC) and five genes for the 

low affinity receptors FcyRII (FcyRIIA, FcyRIIB and FcyRIIC) and FcyRIII (FcyRIIIA and
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FcyRIIIB) (see Figure 1.2) (Raveteh, 1994). In miee, single genes encode FcyRI, FeyRIIB and 

FcyRIII; there is no murine FeyRIIA counterpart. In both species, all FcyR, with the exception 

o f  FeyRIIB promote phagocytosis (see 1.1.2 Early signalling events).

G PI-
linked

a  y /ç

A,B,C

F ig u r e  1.2 Structure o f  the FcyR fam ily members. All are transmembrane proteins, with the 

exception o f  FcyRIIIB, which is GPI-linked. Some receptors are associated with y  or f  subunits 

which are essential fo r  surface expression and signalling. Extracellular IgG domains are shown 

as grey spheres. ITAM and ITIM regions within the cytoplasmic tails are represented as green 

and red cylinders respectively.

FeyRl (CD64) is a 72kDa sialoglyeoprotein expressed primarily on monocytes, macrophages 

and IFNy stimulated neutrophils.

FcyRI 1 (CD32) is a 42kDa sialoglyeoprotein, with multiple isoforms generated by alternative 

splicing. FeyRIIA is expressed predominantly in phagocytic cells, such as monocytes and 

macrophages, whereas FcyRIIB is expressed on monocytes, macrophages and T and B 

lymphocytes.

FcyRIII (C D l6) is a 50-70kDa protein which exists as 2 isoforms, FcyRIIIA found 

predominantly on natural killer (NK) cells and macrophages and FcyRIIIB, a GPI linked
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receptor, (believed to signal in co-operation with other phagocytic receptors including CR3) 

found exclusively on neutrophils.

The FcyRI class is unique in that the receptors possess an additional extracellular IgG domain, 

which accounts for their higher affinity for IgG and allows them to bind monomeric IgG 

(Allen and Seed, 1989). In contrast both FcyRII and FcyRIII have a lower affinity for IgG 

ensuring that under physiological conditions they only recognise multivalent complexes, i.e. 

they are the main receptors driving phagocytosis of IgG coated targets.

Some of the FcyRs exist as hetero-oligomeric complexes and require the presence of an 

additional protein chain for efficient surface expression and signalling. In particular, the FcyRI 

and FcyRIII receptors both associate with dimers of homologous disulphide linked gamma (y) 

or zeta (Q subunits (Kurosaki et al., 1991; Ernst et al., 1993).

1.1.2 Early signalling events: Receptor activation

Early inhibitor studies revealed that protein tyrosine kinases play a central role in directing 

membrane remodelling and actin polymerisation during FcyR mediated phagocytosis 

(Greenberg et al., 1993). Following tm-get binding and receptor clustering, several tyrosine- 

phosphorylated proteins, including the FcyR itself, transiently accumulate at the forming 

phagosome (Greenberg et al., 1994). In particular, most FcyR have been shown to become 

phosphorylated on 2  specific cytoplasmic tyrosine residues arranged within a short consensus 

sequence, YxxL(x)7/i2 YxxL called the Immunoreceptor Tyrosine based Activation motif 

(ITAM) (Van den Herik-Oudijk et al., 1995). This motif is common to many Immune 

receptors, including the T-cell receptor (TCR) and B-cell receptor (BCR), and underlies the 

analogous early signalling pathways evoked in these cells by antigen stimulation (Cambier,

1995). In FcyRI and FcyRIII, the ITAMs are present on the y and Ç chains, whereas the FcyRII 

class are monomers comprising both ligand binding and ITAM signalling domains within the 

same chain (see Figure 1.2)

The phagocytic capacity of FcyRs depends on their ITAMs. This has been best characterised in 

“non-professional phagocytic” cell lines, such as COS cells, which become capable of 

ingesting IgG opsonised targets following transfection with some FcyRs (Indik et al., 1991). 

The lack of endogenous Fc chains in these cells makes them an ideal model system for
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investigating the signalling properties of individual FcyR without concerns over functional 

redundancy. Such studies have shown that substitution of one tyrosine residue within the 

ITAM of FcyRIIA is sufficient to reduce phagocytic ability by 50-60%, whilst replacement of 

both tyrosines completely abrogates uptake (Mitchell et al., 1994). Moreover, both FcyRI and 

FcyRIII bind IgG coated targets but fail to internalise them if expressed without their ITAM 

containing accessory y/Ç subunits (Park et al., 1993).

In contrast to most FcyRs, the FcyRIIB class receptors are unique in that they possess only a 

single YxxL sequence in their cytoplasmic tail, referred to as an Immunoreceptor Tyrosine 

based Inhibitory Motif (ITIM) (Muta et al., 1994; Van den Herik-Oudijk et al., 1995). These 

receptors bind targets avidly yet are non-phagocytic and function to negatively regulate 

engulfinent. Upon phosphorylation they recruit and activate the SH2 domain containing 

inositol 5’ phosphatase SHIP, which catalyses the dephosphorylation of PI-3,4,5P]. 

Macrophages lacking SHIP or expressing a catalytic inactive SHIP exhibit enhanced FcyR 

mediated phagocytosis. Interestingly, these receptors can be converted to phagocytic receptors 

by mutating their cytoplasmic tails to resemble an ITAM via the addition of a second 

cytoplasmic YxxL sequence (Indik et al., 1994).

The role o f Src and Syk tyrosine kinases

The Src family of protein tyrosine kinases (PTKs) have emerged as the best candidates for the 

initial tyrosine phosphorylation of ITAMs. These kinases, which are anchored at the 

membrane via N terminal acylation exhibit increased activity following FcyR cross-linking and 

have been co-immunoprecipitated with FcyRs on unchallenged phagocytes (Ghazizadeh et al., 

1994; Durden et al., 1995; Duchemin and Anderson, 1997). They are maintained in an 

inactive state via an intramolecular interaction involving a phosphorylated tyrosine residue in 

their tail and their SH2 domain (Erpel and Courtneidge, 1995) (see Figure 1.3). The clustering 

of FcyRs is believed to relieve the auto-inhibitory conformation by inducing Src 

dephosphorylation and unmasking of the catalytic kinase domain. However, the signalling 

mechanisms mediating déphosphorylation are unclear, although the cell surface phosphatase, 

CD45 has been implicated in leukocytes (Adamczewski et al., 1995).

The contribution of individual Src kinases to phagocytosis has been difficult to assess given 

the multiple isoforms present in phagocytes (Bolen, 1991); professional phagocytes express
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five members o f  the Src family -  Sre, Hck, Fgr, Lyn and Fyn. Macrophages lacking the three 

most prominent Sre kinases, Hck, Fgr and Lyn are still capable o f  FeyR mediated 

phagocytosis, albeit with a severe delay (Fitzer-Attas et al., 2000). Interestingly, Fgr has been 

implicated in negatively regulating engulfment, arguing against a simple case o f  functional 

redundancy amongst Src family members (Gresham et al., 2000).

Once phosphorylated the ITAMs act as docking sites for SH2 domain containing proteins. 

One such substrate is the haematopoietic-specific family o f  Syk tyrosine kinases (Agarwal et 

al., 1993; Ghazizadeh et al., 1995). Syk (p72syk), a non-myristoylated, and thus exclusively 

cytosolic kinase, is phosphorylated upon recruitment to ITAMs resulting in its activation 

(Darby et al., 1994; Greenberg et al., 1994). This activation is essentially abrogated in mice 

lacking the kinases Hck, Fgr and Lyn suggesting a Src kinase dependent phosphorylation 

mechanism (Fitzer-Attas et al., 2000) (Figure 1.3).

Particle

FcyR

C D 45

Syk
Y 0

Src

Phagocytosis

F i g u r e  1.3 Early signalling events during FcyR m ediated phagocytosis. In resting phagocytes 

the FcyRs are associated with inactive Src tyrosine kinases. Ligand binding triggers clustering o f  

the receptor and activation o f  Src tyrosine kinases via a conformation change involving 

dephosphorylation (see text). The activated Src kinases phosphorylate the ITAM o f  the FcyR 

thereby generating docking sites fo r  itself and Syk. Binding and subsequent activation o f  Syk is 

sufficient to trigger phagocytosis. (Syk has been shown to be capable o f  auto-activation, thus 

possibly accounting fo r  the delayed phagocytosis observed in Hck, Fgr and Lyn deficient 

macrophages).
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There is compelling evidence for a critical role for Syk in FcyR mediated phagocytosis. For 

example it has been co-immunoprecipitated with the y chain of FcyRI and FcyRIIIA in 

macrophages and recruitment of Syk to clustered FcyR receptors has been visualised by 

immunostaining (Darby et al., 1994; Durden and Liu, 1994; Strzelecka et al., 1997). 

Moreover, co-transfection of Syk with FcyRIA or FcyRIIIA (but interestingly not FcyRIIA), in 

COS cells increases their phagocytic potential (Indik et al., 1995). However the precise 

function of Syk during phagocytosis remains controversial. Cox et al reported a need for Syk 

activity in directing F-actin remodelling beneath attached particles in DT40 lymphocytes, 

whilst results from Syk " macrophages describe a phagocytic defect post actin rearrangements 

(Cox et al., 1996; Crowley et al., 1997). The reasons for these discrepancies are unclear, 

although the ability of non-haematopoietic cells to phagocytose following transfection with 

FcyR suggests that there is redundancy in some of the signalling components. Nevertheless, it 

is clear that Syk plays a pivotal role in co-ordinating the function of multiple downstream 

effectors to complete engulfinent.

1.1.3 Signals leading to membrane remodelling

The dramatic morphological changes that accompany engulfinent through the FcyR (see Figure 

1 .1 ) indicate that extensive membrane remodelling must occur for phagocytosis to proceed 

efficiently. Indeed, electrophysiological and spectroscopic studies have demonstrated that the 

equivalent of - 1 0 0 % macrophage surface area may be internalised during active phagocytosis, 

without any marked reduction in exposed membrane (Werb and Cohn, 1972; Petty et al., 

1981). Moreover, phagocytosis in J774, a mouse macrophage cell line, is associated with an 

actual increase in surface membrane (Holevinsky and Nelson, 1998). Accumulating evidence 

suggests that the overall surface equilibrium is preserved by the co-ordinated exocytosis of 

membranes from intra-cellular endosomal compartments (Hackam et al., 1998). A number of 

signalling components have been implicated in regulating this exocytosis (see Figure 1.4).

Phosphatidylinositol 3-kinases (PI3K) - These kinases phosphorylate phosphatidylinositol at 

the D3 position of the inositol ring, catalysing for example the conversion of 

phosphatidylinositol 4,5-bisphosphate (PI-4 ,5 P2) to phosphatidylinositol 3,4,5-triphosphate 

(PI-3,4,5Pg). In contrast to many signalling components involved in FcyR mediated 

phagocytosis, PI3K is not enriched at nascent phagosomes (although this has been attributed to 

its low affinity for its product PIP3 , which may displace PI3K from its binding partners at the 

phagosome) (Strzelecka et al., 1997). However, PI3K is activated following FcyR ligation and
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its inhibition with either the fungal metabolite Wortmannin or the pharmacological drug 

LY294002 prevents FcyR mediated phagocytosis (Ninomiya et al., 1994; Cox et al., 1999). A 

role for PI3K in membrane remodelling is likely given that its inhibition prevents phagosome 

closure around IgG coated targets, but not the actin rearrangements at sites of attachment 

(Araki et al., 1996). Interestingly, the defect is not attributable to insufficient membrane, since 

reducing the overall number of targets fails to relieve the Wortmannin block. Instead PI3K 

function appears to regulate optimal extension of FcyR-induced pseudopodia, since decreasing 

the size of targets, and thus the magnitude of pseudopod extension required for engulfment, 

reduces the sensitivity to Wortmannin (Cox et al., 1999).

Phospholipase A 2 (PLA2) - This family of hydrolytic enzymes cleave phospholipids to 

generate arachidonic acid (AA), a derivative formed during FcyR mediated uptake, which is 

central to subsequent inflammatory responses (Lennartz and Brown, 1991; Lennartz, 1999). 

Studies by Lennartz et al showed that inhibition of PLA2  with bromoenol lactone (BEL) 

suppressed AA release and blocked FcyR directed uptake. Moreover, the inhibition was 

accompanied by the accumulation of electron lucent vesicles (ELV) beneath bound targets 

suggesting that PLA2  and AA facilitate membrane fusion to the developing phagosome 

(Lennartz et al., 1997). Other phospholipases, including phospholipase Cy(PLCy) and 

phospholipase D (PLD) have also been associated with FcyR mediated phagocytosis, although 

their precise functions remain unclear (Azzoni et al., 1992; Kusner et al., 1999; Botelho et al., 

2000).

Further data regarding the mechanisms and source of replenishing internalised membranes 

have recently begun to emerge. Dominant negative forms of dynamin 2 (a GTPase involved in 

scission of vesicles from membranes) and amphiphysin Ilm (a protein implicated in receptor- 

mediated endocytosis) induce phenotypes resembling PI3K inhibition, namely incomplete 

phagosome closure (Gold et al., 1999; Gold et al., 2000). Both localise to nascent FcyR 

phagosomes, in a PI3K dependent manner, suggesting a role in regulating pseudopod 

extension. Finally, in accordance with a central role for exocytosis, mutants of Rabll, a small 

GTPase involved in vesicle trafficking from recycling endosomes, reduce phagocytic 

efficiency (Cox et al., 2000). Similarly, injection of tetanus toxin (TeTx) which cleaves 

certain isoforms of VAMP (a vesicle associated fusion protein) inhibits phagocytosis (Hackam 

et al., 1998). In particular, Bajno et al have shown the polarised insertion of exocytic vesicles 

enriched in VAMP3, a TeTx substrate commonly associated with recycling endosomes, at
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nascent FcyR phagosomes (Bajno et al, 2000). This pool of vesicles, maintained by COPI 

trafficking (Hackam et al., 2001), is believed to provide the membrane source for pseudopod 

extension during FcyR mediated phagocytosis.

1.1.4 Signals leading to actin remodelling

Early studies showing inhibition of FeyR mediated phagoeytosis by cytoehalasin, (fungal 

metabolites which prevent actin polymerisation) emphasised the importance of actin 

remodelling for engulfinent; a dependency now apparent for all phagocytic receptors (Kaplan, 

1977). Subsequent studies revealed that during uptake targets are tightly coupled to the 

assembly of underlying F-actin “cups” (Greenberg et al., 1990). This localised polymerisation 

of F-actin beneath attached targets is a very early marker for phagocytosis; it is absent when 

cells are fed targets at 4°C, but becomes evident as early as 1 min after warming to 37”C. 

However, the mechanisms linking phagocytic receptors to actin rearrangements remain unclear 

despite evidenee for the involvement of multiple cytoskeletal proteins (see Figure 1.4).

Rho GTPases - This subgroup of the Ras superfamily control the reorganisation of the actin 

cytoskeleton in all eukaryotic cells (see later) and thus represent prime candidates for 

regulating phagocytosis (Hall, 1998). A central role for these proteins in FcR mediated 

phagocytosis was confirmed following inhibitory studies using bacterial toxins. In particular. 

Toxin B fi*om Clostridium difficile, which glycosylates and inactivates Rho GTPases, 

including the three prototypic family members, Rho, Rac and Cdc42, completely abolishes 

uptake. Subsequent, selective inhibition of individual Rho GTPases using dominant negative 

mutants firmly established a role for Cdc42 and Rac during engulfment but not binding to the 

FeyR and FceR (Cox et al., 1997; Caron and Hall, 1998; Massol et al., 1998). However, the 

relative contribution of each GTPase remains unelear. Castellano et al showed that elustering 

of active Cdc42, or its effector WASP, beneath membrane bound beads triggered actin 

polymerisation and membrane protrusions around the particle (Castellano et al., 1999). 

Similarly, localised reeruitment of active Rae also led to actin polymerisation and was 

sufficient to trigger phagocytosis, albeit minimal membrane protrusions (Castellano et al., 

2000). Together with data fi*om FceR mediated phagocytosis (Massol et al., 1998) these 

results suggest that each GTPase may regulate distinct aspects of phagosome formation, 

namely pseudopod extension for Cdc42 and phagosome closure for Rac. The role of Rho 

remains somewhat controversial. Although recruited to nascent FcyR phagosomes there is 

conflicting data regarding its function. Hackam et al reported a role for Rho in FcyR
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clustering (Hackam et al., 1997) and thus inevitably engulfinent, whilst others have shown no 

adverse effects following its inhibition (Caron and Hall, 1998; May et al., 2000).

The mechanisms regulating Rho GTPase function during FcyR mediated phagocytosis remain 

elusive. Obvious candidates are the large families of guanine nucleotide exchange factors 

(GEFs) and GTPase activating proteins (GAPs) which control activation and inactivation of 

small GTPases respectively (see sections 1.3 and 1.4). Interestingly, two gene products acting 

upstream of Rac, Ced2 and Ced5 (orthologs of the mammalian adapter proteins Crkll and 

DOCK 180), have been identified through the genetic analysis of apoptotic cell uptake in C. 

elegans (Nolan et al., 1998; Wu and Horvitz, 1998; Reddien and Horvitz, 2000). However, 

neither is a known exchange factor and so far, no GEF has been isolated using the genetic 

screens.

Arf6 - The ADP ribosylation factor (Art) family of small GTPases are important regulators of 

vesicle coat assembly during membrane trafficking (Chavrier and Goud, 1999). Arf6 , the most 

divergent family member, has additionally been implicated in cytoskeletal rearrangements. 

Expression of an activated Arf6  mutant (Arf6Q67L) in CHO cells induces F-actin rich 

membrane protrusions (D'Souza-Schorey et al., 1997). Moreover, expression of either 

activated or dominant negative (Arf6T27N) mutants of Arf6  in macrophages inhibits FcyR 

mediated phagocytosis by preventing assembly of F-actin cups beneath attached particles 

(Zhang et al., 1998). This phenotype resembles that seen with inactive Rac mutants suggesting 

that both proteins may signal to the same effector pathway, (a tie further strengthened given 

that Arf6  mutants can block Rac induced ruffling but not Cdc42 mediated filopodia formation 

(Zhang et al., 1999)), possibly being linked via their common binding partner PORl/Arfaptin2 

(D'Souza-Schorey et al., 1997). Arf6  is also capable of activating PLD (Brown et al., 1993) 

and so an additional role may be to couple PLD induced PIP5K activation to actin nucléation 

(Honda et al., 1999) (see below) via WASP/Arp2/3 (Higgs and Pollard, 2000).

Arp2/3 - This complex of two actin-related proteins (Arp2 and Arp3) and 5 additional subunits 

(p40, p35, pl9, p l 8  and p i4) acts as a multi-functional actin organiser in all eukaryotic cells 

(Machesky and Gould, 1999). Its three principal activities on actin filaments (nucléation, 

branching and cross-linking) together with its localisation at actin-rich regions (i.e. 

lamellipodia in mammalian cells, cortical actin patches in budding yeast and the actin tails of 

the motile intracellular pathogen Listeria monocytogenes), strongly advocate its central role in
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controlling actin polymerisation (Machesky et al,, 1997; Welch et al., 1997; Morrell et al., 

1999). Evidence linking it to phagocytosis was provided by May et al, following data showing 

Arp2/3 localisation to nascent FcyR phagosomes and its requirement for both actin 

polymerisation at phagosomes and target uptake (May et al., 2000). More recently the 

mechanisms regulating Arp2/3 function have begun to emerge. The WASP family of proteins, 

(WASP and the more ubiquitously expressed N-WASP) named after their underlying role in 

the hereditary condition Wiskott-Aldrich Syndrome (WAS), are capable of stimulating Arp2/3 

(Machesky and Insall, 1999). These proteins, which are maintained in an inactive 

conformation through intra-molecular interactions, are unfolded and activated by the 

synergistic binding of Cdc42 and the PIP5K product phosphatidylinositol 4,5-bisphosphate 

(PI-4,5Pz) (Higgs and Pollard, 2000; Rohatgi et al., 2000). The closely related Scar/WAVE 

(WASP family Verprolin-homologous) proteins are believed to play a similar role in bridging 

Rac ftmction to Arp2/3, via the intermediate IRSp53 (Miki et al., 2000).

Possible Arp2/3 independent mechanisms for actin remodelling have also been proposed based 

on the effects of other actin modulating proteins on phagocytosis. These include: gelsolin, (a 

Ca^  ̂dependent actin severing and capping protein) which is important for target binding and 

internalisation through FcyR in neutrophils (Serrander et al., 2000), profilin (a protein which 

sequesters globular (G) actin preventing F-actin polymerisation) which acts as a negative 

regulator of phagocytosis in Dictyostelium (Temesvari et al., 2000) and cofilin (an actin 

severing protein), possibly involved via the Cdc42/Rac effector PAKl and LIM kinase in actin 

disassembly after particle engulfment (Aizawa et al., 1997; Dharmawardhane et al., 1999; 

Edwards et al., 1999). Finally, phosphorylated phosphoinositide lipids have also been shown 

to generate free actin filament barbed ends, presumably through some uncapping mechanism 

(Hartwig et al., 1995). A number of additional cytoskeletal proteins, including talin, vinculin, 

paxillin and a-actinin have also been implicated in phagocytosis through the FcyR, although 

their roles remain unclear (Allen and Aderem, 1996).

In addition to actin remodelling, motor proteins of the myosin superfamily are thought to 

contribute to the contractile force necessary to drive engulfinent (Stendahl et al., 1980). The 

broad myosin inhibitor 2,3-butanedione monoxime (BDM) prevents FcyR mediated uptake 

without perturbing actin cup formation. Moreover, multiple myosin isoforms, including -Ic, - 

11, -V and -IXb are recruited to phagosomes as they form and mature (Swanson et al., 1999).
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Some, such as myosin V may aid the delivery o f  membrane vesicles to the protrusion site 

(Mermall et al., 1998).

Activated
FcyR[Arp2/3

dc42
F-actin
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PLDIRSp53
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FlGliRE 1.4 A speculative model for FcyR mediated phagocytosis. Ligand binding induces 

FcyR clustering and activation o f  Src and Syk tyrosine kinases. Events downstream o f  Syk are 

less well understood (dotted arrows), although multiple signalling components, some o f  which 

are shown, are believed to co-ordinate engulfment via membrane and actin remodelling (see 

text). PI3K may co-operate with a GEF to activate Rac and Cdc42, (see section 1.4 

RhoGEFs), although note wortmannin does not block actin polymerisation beneath bound 

targets (see section 1.1.3 Signals leading to membrane remodelling). Cdc42 has been shown 

to activate Rac in some systems (see section 1.3.4.2 The Rho GTPases)

1.2 C o m p l e m e n t  R e c e p t o r  m e d ia t e d  p h a g o c y t o s is

The complement system represents an essential branch o f  the innate immune system, which 

functions to lyse foreign cells (complement fixation), activate leukocytes and opsonise targets 

for phagocytosis (reviewed in Alberts et al., 1994). In higher vertebrates it consists o f -2 5  

serum proteins that can be activated in a proteolytic cascade by binding to organic surfaces, for
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example microbial pathogens, either directly to surface carbohydrates or indirectly via 

immunoglobulins (primarily IgM and IgG). A central intermediate formed during complement 

activation is C3b, an opsonin recognised by the complement receptor CRl, or (following its 

conversion to C3bi by plasma factors H and I) by CR3 and CR4. These receptors have all 

been implicated in phagocytosis, although the best characterised to date is CR3. As shown in 

Figure 1.1, engulfment through the CR3 receptor is morphologically distinct from that directed 

through the FcyR. It proceeds with minimal membrane protrusion and is generally not 

accompanied by an inflammatory response (Allen and Aderem, 1996).

1.2.1 The Complement Receptor 3 (CR3)

The CR3 receptor is an integrin heterodimer composed of two non-covalently linked a  and p 

chains (Gahmberg et al., 1997; Harris et al., 2000). It belongs to the family of P2 integrins 

which are all leukocyte specific. To date four different a  chains have been identified which 

can combine with the P2  chain to form different integrins. These complexes commonly 

referred to by their cluster of differentiation nomenclature GDI 1/CD18 include: GDI la/GD18 

(LFAl, ttLp2 ) primarily expressed in lymphocytes, GDllb/GD18 (GR3, Mac-1, aMPi) 

expressed in macrophages and neutrophils, GDllc/GD18 (axPi) found in monocytes and 

macrophages and finally GDlld/GD18 (aopz) found in macrophages. The two chains are 

encoded on different chromosomes (the a  chain genes on chromosome 16 and the P chain 

gene on chromosome 2 1 ), and in common with most integrins are believed to assemble in the 

Endoplasmic Reticulum (ER) (Marlin et al., 1986). Interestingly, Sengelov et al revealed that 

in human neutrophils a large pool of GDllb/GD18 is present in intracellular granules which 

translocate to the cell surface upon stimulation (Sengelov et al., 1993).

The P2 integrins all share a similar structure (see Figure 1.5) (Gahmberg et al., 1997). Both 

chains are type 1 glycosylated membrane proteins with large N terminal extracellular domains 

and veiy small cytoplasmic tails. The a  chains comprises seven homologous repeat regions 

including three characteristic divalent cation binding sites (EF-hand-like), analogous to those 

found in Gâ  ̂ binding proteins such as calmodulin (Amaout, 1990). In addition, they also 

contain an inserted domain of around 2 0 0  amino acids called the I-domain, which has been 

shown by mutagenesis and crystallographic studies to be important for ligand binding 

(Diamond et al., 1991; Landis et al., 1994; Oxvig et al., 1999).
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The p chain contains four cysteine rich regions near the membrane which are believed to help 

maintain a rigid tertiary structure. Studies utilising CD l la/CD18 suggest that both chains are 

interdependent for surface expression in LFA deficient T cell lines (Weber et al., 1997). 

Similar results were apparent in COS-7 cells, (although low surface expression o f  the p2 chain 

alone was evident in some cells), implying that the individual chains fail to form hybrid 

heterodimers with endogenous COS-7 cell integrins (Pardi et al., 1995). Moreover, both 

chains appear to be at least partly held together by extracellular non-covalent interactions since 

it is possible to make soluble recombinant p2 integrins which lack the transmembrane and 

cytoplasmic sequences (Berman et al., 1993).

CD18
(95kDa) N cys-rich

CD11b 1 II I-domain III IV VVIIVM
(165 kDa) N Divalent cation 

bincjing motifs

F ig u r e  1.5 Structure o f  the leukocyte integrin CR3. The a  chain (C D l lb) contains the 

ligand binding I domain and 7 repeat regions (I-VIl). It is non-covalently associated with the 

cysteine rich f i  chain (CD 18)

In contrast to the Fc family o f  immunoglobulin receptors, the CR3 receptor is capable o f  

binding to several different ligands through distinct recognition sites, a feature which 

contributes to its functional diversity. For example, in addition to mediating phagocytosis via 

C3bi binding, the CR3 receptor can also elicit cell adhesion, spreading and chemotaxis through 

its interactions with intracellular adhesion molecules ICAM-1 (CD54) (Diamond et al., 1990), 

lCAM -2 (CD 102) (X ie et al., 1995), iCAM-4 (LW) (Bailly et al., 1995) or extracellular matrix 

components such as fibrinogen (Wright et al., 1988), collagen (W alzog et al., 1995) or heparin 

sulphates (Diamond et al., 1995). The receptor ean discriminate between these disparate 

ligands to induce appropriate effector responses. Moreover, the CR3 receptor has been shown 

to physically and functionally associate with various GPI-linked cell surfaee proteins, such as 

CD 14 (LPS receptor), CD 16b and CD87 (uPAR) further augmenting its binding diversity 

(Stockinger, 1997).
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Defects in P2 receptor signalling have been implicated in a range of hereditary diseases. In 

particular, mutations in the P2 chain which prevent association with the a  chain and thus 

integrin surface expression result in Leukocyte Adhesion Deficiency type I (LAD), a severe 

condition in which patients are prone to repeated bacterial infections (Amaout et al., 1982; 

Springer, 1985). Interestingly, an analogous phenotype is evident in patients with Downs 

Syndrome (trisomy of chromosome 21), in which leukocytes express increased levels of 

CDl 1/CD 18, (given the position of the p-chain gene on chromosome 21). Thus the regulated 

expression of p2  integrins is essential for correct function.

1.2.2 CR3 Receptor activation: Inside-out signalling

Early studies investigating the adhesive role of integrins showed that their ligand binding 

activity was subject to dynamic regulation. In the case of P2 integrins this was most clearly 

evident in resting leukocytes which circulate in the bloodstream in a non-adherent, inactive 

state until stimulated to bind endothelial cells (Dustin and Springer, 1989). A number of 

agonists, including inflammatory cytokines, matrix components and phorbol esters such as 

phorbol myristate acetate (PMA) have been shown to potently activate leukocyte integrins 

(Pommier et al., 1983; Patarroyo et al., 1985; Danilov and Juliano, 1989; Laudanna et al.,

1996). In the case of CDl lb/CD 18, Wright et al showed that PMA transiently activates the 

receptor and that this is a pre-requisite for binding and thus engulfinent of C3bi-opsonised 

targets (Wright and Meyer, 1986). This process of modulating integrin binding is commonly 

termed “inside-out signalling” and extends to other non-leukocyte integrins. The mechanisms 

responsible are slowly beginning to emerge. However, there are numerous ambiguous and 

contradictory reports published thus far, resulting primarily from the use of different model 

systems. For example, K562 cells (a erythroleukemia cell line) transfected with CDl 1/CD18 

integrins are non adhesive even following stimulation with PMA, whilst transfected COS cells 

are highly adhesive without stimulation and fail to be further activated by adhesion agonists 

(Hibbs et al., 1991b; Rabb et al., 1993). Thus the cellular environment is critical to integrin 

function.

Two distinct models for integrin activation have been proposed (Diamond and Springer, 1994; 

Hughes and Pfaff, 1998). The change in ligand binding efficiency may result from an 

increased affinity for the ligand caused by the integrin subunits altering their structural 

conformation (see Figure 1.6 a). This is the consensus view, given that integrins appear to 

adopt new “activation epitopes” which are coincident with the kinetics of stimulation, and
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antibodies to these new epitopes map to the ligand-binding region (Diamond and Springer, 

1993; Elemer and Edgington, 1994). Also some integrins display an increased affinity (lower 

Kd) for monomeric ligands following activation (Altieri and Edgington, 1988). However, 

structural studies o f  the I-domain from C D l lb, believed to constitute the main ligand binding 

site, have revealed conflicting data regarding conformational changes (Lee et al., 1995; 

Baldwin et al., 1998).

Alternatively, the stronger ligand binding may occur due to activation induced receptor 

clustering (increased avidity; Figure 1.6b). This would increase ligand binding, and could also 

account for the creation o f  new “activation epitopes” caused by integrin multimerisation. 

Indeed, EM studies have shown that PMA induces clustering o f  CDl lb/CD18 on human 

polymorphonuclear leukocytes (PMN) (Detmers et al., 1987). However this model fails to 

explain the change in affinity for monomeric ligands seen with some integrins. Other changes, 

such as increased expression o f  receptors at the cell surface and modification o f  cytoskeletal 

interactions may also play a role in activation.

activation'

CD11b CD18

F ig u r e  1.6 Activation o f  leukocyte integrins may involve (a) a conformational change in the 

receptor thus altering the “affinity” fo r  the monomeric ligand or (b) clustering o f  receptors 

thus increasing the “avidity "for ligands. A combination o f  both models is most likely.

1.2.2.1 M olecu lar basis o f  activation

Two approaches have proved crucial in helping to delineate the signalling mechanisms 

directing integrin activation, (a) mutational analysis and (b) identification o f  interacting 

proteins. The majority o f  data available concerns activation o f  LFA-1 (C D l 1 a/CD 18), 

although much can be extrapolated to the CR3 receptor (C D l lb/CD 18) based on sequence 

homology (see Figure 1.7).
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CD11a KV 

CD11b t a  

CD11C KV 

CD11d KL

3FF KR

SFF KFQYK AMMSE G G PPG  AEPQ

NLK EKMEA GRGVP NGIPA EDSEQ LASGQ EAGDP GCLKP LHEKD SE SG G  GKD

SFF KRQYK EMMEE ANGQI APENG TQTPS PPSE K  

3FFK RH Y K EM LED K PED T ATFSG DDFSC VAPNV PLS

CD18 KÀLÎH LSPgR EYRRF EKEKL KSQWN N D jE a  KC AT •QyM jri^^ /A E  S
724 769

F ig u r e  1.7 Amino acid sequence o f  leukocyte integrins. The chains fo r  the CR3 receptor 

(C D llb /C D I8) are highlighted, together with the conserved GFFKR m otif within the a  chains 

(red box). Potentially important amino acids within the f  chain, labelled white, yellow  and red) 

are discussed in the text.

The a-chain  - the cytoplasmic tail o f  all integrin a  chains comprises a membrane proximal 

GFFKR motif. This sequence, putatively assigned the “hinge region”, is believed to maintain 

integrins in a default low affinity state. Hughes et a l showed that alanine substitutions o f  

either the phenylalanines (F) or the arginine (R) residue within this m otif led to constitutive 

activation o f  the integrin anbPa in CFIO cells, as judged by binding o f  the activation specific 

antibody, PACl. They propose that the activating mutations disrupt a potential salt bridge 

between the membrane proximal regions o f  both chains, thereby relieving the default “o f f ’ 

state (Hughes et al., 1996). Similar results were reported for a chimeric integrin in which an 

ai tail lacking the amino acids LGFFK was fused to the extracellular and transmembrane 

portions o f  anbPs and tested for PACl binding in CHO cells (O'Toole et al., 1994). Finally, 

expression o f  a variant anbp3 integrin in CHO cells, replacing the a  chain tail with a sequence 

o f  24 random amino acids also conferred high affinity status, thus excluding contributions 

from regions downstream o f  the GFFKR m otif (O'Toole et al., 1994). However, a report by 

Rabb et a t questions whether the GFFKR motif is sufficient to maintain integrins in a low  

affinity state (Rabb et al., 1993). They find that expression o f  a mutant CR3 in COS cells, in 

which the a  chain is truncated immediately after the GFFKR region, still increases binding o f  

C3bi coated targets by >300% with respect to the wildtype receptor.

The GFFKR region has also been implicated in directing heterodimerisation o f some integrins 

(ObApi and ai P2), but not others (a ip i) (Pardi et al., 1995; De Melker et al., 1997; Vossmeyer 

et al., 2000). In the case o f  a iP i, mutants lacking the GFFKR m otif were further linked to
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defects in spreading, stress fibre formation and migration but not adhesion, when plated on 

collagen IV (Vossmeyer et al., 2000).

The p-chain - The cytoplasmic tails of integrin p chains share few regions of sequence 

homology. However, all p chains, with the exception of P4 and pg contain the sequence 

NPXY/F (Dedhar and Hannigan, 1996). This sequence which appears twice in p% chains 

(marked in yellow in Figure 1.7) is also present in the cytoplasmic tails of the insulin receptor, 

EGF receptor and the LDL receptor (Chen et al., 1990). It has been linked to receptor 

internalisation, possibly by adopting a critical reverse-tum conformation required for the 

binding of adapter molecules (Bansal and Gierasch, 1991). Accordingly, Rabb et al showed 

mutations in one of the two motifs within ŒmP2 abolished its endocytosis through coated pits 

following cross-linking (Rabb et al., 1993). However, studies concerning other p chain 

integrins appear to contradict this, and implicate a role for the motif in directing recruitment to 

focal adhesions and associating with the cytoskeletal protein talin or in regulating ligand 

affinity (Vignoud et al., 1994; O'Toole et al., 1995; Vignoud et al., 1997).

Not withstanding the NPXF motif, a central role for the p chain in regulating integrin 

activation is clear from numerous studies (Gahmberg et al., 1997; Harris et al., 2000). 

Truncation of the cytoplasmic tail of the P2 chain but not the a  chain of a tp 2  mutants was seen 

to abolish binding to ICAMl in COS cells and sensitivity to PMA in LAD derived lymphoid 

cells (Hibbs et al., 1991a; Hibbs et al., 1991b). Interestingly, the defect in ICAM-1 binding 

was least apparent for the most severe P2 truncation mutant (P2 A7 3 1-769) tested. Moreover, 

van Kooyk et al found that expression of œlP2 mutants containing tailless p2 chains in K562 

cells led to constitutive binding of ICAM-1 and interestingly show a clustered distribution 

suggesting a connection to avidity regulation (see Figure 1.6b) (van Kooyk et al., 1999). 

Indeed, Bleijs et al singled out an individual amino acid, leucine 732 (shown in white in Figure 

1.7), as critical for regulating ligand avidity. They favour a model in which aLpz is linked to 

the actin cytoskeleton in its default “off’ state and that this connection becomes temporarily 

severed to facilitate increased avidity (but not affinity) in response to activation agonists or 

treatment with cytochalasin D (Bleijs et al., 2001).

An important role for phosphorylation in integrin activation has also been proposed. Unlike 

the a  chains which are constitutively phosphoiylated, the p2  chain becomes phosphorylated on
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Ser756 (shown in red in Figure 1.7) by protein kinase C (PKC) upon treatment with phorbol 

esters (Chatila et al., 1989; Valmu et al., 1991). Surprisingly though, mutagenesis data fail to 

substantiate this, since substitution of Ser̂ ^̂  fails to effect adhesion of ttLp2  to ICAM-1 or 

binding of aMp2 to C3bi coated erythrocytes (Hibbs et al., 1991a; Diamond and Springer,

1994). Instead the three contiguous threonine residues (marked in red in Figure 1.7), also 

phosphorylated albeit substantially less upon PMA induction, appear more important in 

regulating ligand binding, given that substitutions reduce basal adhesion of ŒlP2 to ICAM-1. 

However, these mutants still respond to PMA with increased adhesiveness, implying that 

integrin activation is dissociable from the direct phosphorylation of the p% tail (Hibbs et al., 

1991a). The reasons for these discrepancies are unclear at present.

1.2.2.2 Role of Ras GTPases

The Ras family of small GTPases (see 1.3 Small GTPases) have recently emerged as key 

components involved in regulating integrin activation. Zhang et al found that transfection of 

myeloid cells (U937 and 32D.3) with activated R-Ras (R-Ras^^^) significantly enhanced 

integrin dependent adhesion to extracellular matrix substrates, without altering cell surface 

expression of integrins (Zhang et al., 1996). Moreover, R-Ras and the related GTPase, Rapl 

were seen to regulate agonist induced functional activation of ŒmP2  in macrophages, thus 

permitting phagocytosis of C3bi opsonised targets (Caron et al., 2000; Self et al., 2001). 

However, the signalling mechanisms involved are unclear. Interestingly, both affinity and 

avidity changes in aLp2  promoted by Rapl have been proposed (Katagiri et al., 2000; 

Reedquist et al., 2000). These changes may involve direct binding of Rapl to integrins; 

alternatively, activation may be indirect via adapter proteins, such as the Rapl binding partners 

Kritl (Serebriiskii et al., 1997) or AF6 (Linnemann et al., 1999).

Conversely, Ras proteins have also been implicated in negatively regulating integrin function 

through outside-in signalling mechanisms. Using a screen to identify suppressors of integrin 

activation, Hughes et al found that H-Ras and its kinase effector Raf-1 could negatively 

regulate integrin activation in CHO cells (Hughes et al., 1997). Suppression correlated to 

activation of the ERK MAP kinase pathway but was independent of mRNA transcription and 

protein synthesis. Moreover, it was restricted to H-Ras (and not R-Ras or Rho GTPases) and 

common to diverse integrin cytoplasmic tails (aeA, «ôb, ots, Pi, Ps; p2  tails were not tested).

31



1.2.2.3 Integrin associated proteins

A combination of yeast-2-hybrid, immunoprécipitation and immunofluorescence data has 

identified multiple proteins that interact directly with the cytoplasmic tails of leukocyte 

integrins (Yamada and Miyamoto, 1995; Dedhar and Hannigan, 1996; Hemler, 1998). 

Surprisingly, the majority of integrin-associated proteins described to date interact with the 

membrane proximal regions of both chains (see Table 1 and Figure 1.8).

T a b l e  1 C D l lb /C D  18 integrin associa ted  proteins

Protein Function

Cytoskeletal Talin An actin binding protein constitutively bound to p2

proteins chains in neutrophils. Believed to link integrins to the 

cytoskeleton at focal adhesions. Possibly regulated by 

phosphoinositides.

a-actinin An actin bundling protein which associates with the P2  

chain upon activation in PMNs. Recruited to punctate 

structures at nascent CR3 phagosomes.

Filamin An actin binding homodimer capable of cross-linking 

actin filaments.

Signalling Cytohesin A novel protein comprising SEC7 and PH domains

proteins which binds specifically to P2  tails and encodes GEF  

activity for Arf. Capable of activating LFA-1 via a PI3K  

dependent recruitment mechanism.

Rack1 Receptor for activated PKC (Rack-1). Associates with 

integrins upon phorbol ester stimulation. However, 

specificity of interaction unclear.

Chaperone Calreticulin A Ca^^ dependent chaperone implicated in integrin

proteins activation (although a-chain mutants in GFFKR region 

expected to abolish its binding cause integrin 

activation).
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C alreticu lin

1129 1135

C D 11 b ■  KLGFF KRQYK AMMSE G G PPG  AEPQ

CD18 B kALIH LSD ^g.EY RRF EKEKL KSQWN N D ^E B EK  A V M ifc iliiAE S

723 731 733 742

Cytohesin a-actinin

724________________________________ ^ 3

Rack-1

724_________________________________________ ^ 7

Filamin

F ig u r e  1.8 A number o f  proteins have been shown to directly bind C D IIb/C D lS. See Table 1 

for details

1.2.2.4 M od els for in tegrin  activation

Despite the wealth o f  signalling data, the effector mechanisms responsible for integrin 

activation remain unclear. Figure 1.9 illustrates possible models which may account for the 

evidence gathered thus far (Diamond and Springer, 1994). Activation may result from direct 

covalent modification o f  the integrin subunits, given that sequences in both tails appear 

essential for ligand binding (see Figure 1.9a). However, as detailed above, activation is 

unlikely to be coupled to phosphorylation. Alternatively, activation agonists may induce 

binding o f  an intracellular “activator” to the integrin tails (see Figure 1.9b). A number o f  

potential candidates exist as deseribed in Table 1. Finally, integrin activation may arise from 

the removal o f  a “repressor” component which remains eonstitutively bound to the integrin in 

resting cells and maintains it in a default non-binding state (see Figure 1.9c). This could 

explain why truncation o f  certain cytoplasmic regions within each tail results in constitutive 

activation. However, as with all o f  these models, how these signals would be transmitted to 

increased affinity/avidity changes is unknown.

Interestingly, Hermanowski et a l advocate a possible role for lipids in modulating integrin 

adhesion. They show that Integrin modulating factor-1 (IMF-1), an unsaturated fatty acid or 

isoprenoid acid, transiently accumulates upon PMN stimulation and is capable o f  increasing 

binding o f  C3bi coated targets to (Hermanowski-Vosatka et al., 1992; Pande, 2000).
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This is consistent with reports describing changes in the lipid composition o f  platelet plasma 

membrane following cell activation (Lupu et al., 1986).

‘activation’

CD115 CD18

activator repressor

F i g u r e  1.9 Possible effector mechanisms fo r  integrin activation. All are shown as 

conformational (affinity) changes fo r  simplicity. Activation may involve (a) covalent 

modification, i.e. phosphorylation o f  integrin subunits, (b) binding o f  an activator or (c) 

dissociation o f  a repressor molecule.

1.2.3 S ign a ls lead in g  to m em brane and actin  rem odellin g

The signalling pathways coupling integrin engagement to CR3 mediated phagocytosis 

(outside-in signalling) are much less clear than that for FcyR mediated uptake. A number o f  

components have been proposed to participate in the process based on spatial localisation and 

pharmacological inhibitor studies. In particular, multiple cytoskeletal proteins, including talin, 

vinculin, a-actinin and paxillin appear to accumulate at nascent CR3 phagosomes although 

their roles in the context o f  phagocytosis remain unknown (Allen and Aderem, 1996). 

Moreover, unlike engulfment through the FcyR, CR3 mediated uptake appears to be sensitive 

to nocodazole, a microtubule destabilising agent, yet insensitive to inhibitors o f  tyrosine 

kinases and P13K (Newman et al., 1991; Allen and Aderem, 1996; Celli et al., 2001).

Rho GTPases - Uptake through the CR3 receptor is sensitive to Toxin B 10463 from 

Clostridium difficile suggesting a central role for the Rho family o f  small GTPases. However, 

in contrast to FcyR signalling, Rho and not Cdc42 or Rac function is critical for engulfment in 

both macrophages and COS cells. Moreover, only Rho is recruited to the forming phagosomes 

(Caron and Hall, 1998). This mutually exclusive role o f  Rho GTPases may suggest a possible 

explanation for the distinct morphological features which accompany FcyR and CR3-mediated 

phagocytosis, since activation o f  each GTPase elicits unique cytoskeletal rearrangements in 

Swiss 3T3 fibroblasts (Nobes and Hall, 1995). For example, activated Rho is known to induce
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acto-myosin based contractility and integrin clustering which may underlie the localised 

sinking of targets into cells seen during CR3 uptake (Ridley and Hall, 1992; Chrzanowska- 

Wodnicka and Burridge, 1996) (see Figure 1.1).

Arp2/3 - The Arp2/3 complex is recruited via a Rho dependent mechanism to nascent CR3 

phagosomes and is essential for phagocytosis in both macrophages and COS cells (May et al., 

2000). Interestingly, it accumulates as punctate foci around the bound particle, akin to the 

localisation of F-actin and other cytoskeletal proteins during CR3 engulfinent. This distinct 

recruitment of cytoskeletal elements is also likely to play a significant role in the distinct 

morphology of CR3 phagocytosis. To date, the signalling mechanisms whereby Rho couples 

to Arp2/3 and actin remodelling remains unclear. However, the involvement of Rho kinase (E. 

Caron, unpublished results), a Rho effector which can modulate PIP5K activity and thus PIP2 

production may play a role in regulating the actin dynamics (see 1.1.4 -Arp2/3).

Protein Kinase C (PKC) - This family of serine/threonine kinases are activated by phorbol 

esters and are believed to phosphorylate Ser̂ ^̂  on the cytoplasmic tail of CD 18 upon integrin 

activation (Valmu et al., 1991). In addition, PKCa accumulates at forming CR3 phagosomes 

and its inhibition prevented the subsequent, punctate recruitment of cytoskeletal elements and 

phagocytosis (Allen and Aderem, 1996). However, its role downstream of CR3 ligation is still 

disputed given that CR3 phagocytosis is not accompanied by an increase in PKC activity 

(Brozna et al., 1988) and that inhibitor studies are believed to perturb the initial receptor 

activation step (thought to be PKC dependent) in most model systems.

Microtubule dynamics - In contrast to FcyR mediated phagocytosis, CR3 uptake is dependent 

on microtubule (MT) dynamics. Both nocodazole (a drug which binds tubulin and destabilises 

MT) and taxol (a drug which lowers the critical tubulin concentration required for microtubule 

polymerisation and thus causes random MT assembly) inhibit engulfinent of C3bi opsonised 

targets in macrophages (Newman et al., 1991). Interestingly, this need for MT may be coupled 

to the involvement of Rho GTPases. Cook et al showed that the GTPase Rho is necessary and 

sufficient for stabilisation of microtubules induced by lysophosphatidic acid (LPA) (Cook et 

al., 1998). This occurs via a mechanism involving the Rho effector mDia, a member of the 

diaphanous-related formins (DRF) family (Palazzo et al., 2001). In contrast, Cdc42 and Rac, 

which are not required for CR3 uptake have been shown to regulate MT stabilisation via PAK
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induced phosphorylation of stathmin, a MT catastrophe promoting protein (Daub et al., 2001; 

Walczak, 2000).

Summary

A prevailing theme in both of the phagocytosis pathways described above is the central role 

played by small GTP binding proteins of the Ras superfamily. However, the mechanisms 

controlling their recruitment and fonction are unclear. The following sections review the 

current literature regarding these key regulators and focus in particular on their activation by 

the large family of guanine nucleotide exchange factors.

1.3 T h e  R a s  S u p e r f a m il y  o f  GTP b in d in g  p r o t e in s

The Ras Superfamily of GTP binding proteins, also called small GTPases, comprises a diverse 

array of 20-3 OkDa monomeric proteins, which regulate a plethora of intracellular pathways in 

all eukaryotic cells (reviewed in M. Zerial and L. Huber, 1995 and A. Hall, 2000). Named 

according to the prototypic member Ras, they currently number in excess of 100 proteins, each 

categorised into distinct families based on sequence and function (Takai et al., 2001). The 

best-characterised families include the Ras, Rho, Rab, ARF and Ran proteins (see Table 2). 

Each GTPase fonctions as a binary molecular switch, cycling between an active GTP-bound 

state and an inactive GDP-bound state (Bourne et al., 1991; Bokoch and Der, 1993). The 

cycling is influenced by three classes of regulatory proteins (see Figure 1.11 and text below), 

(a) guanine nucleotide exchange factors (GEFs) which catalyse the release of bound GDP for 

GTP thereby inducing the active state, (b) GTPase activating proteins (GAPs) which stimulate 

the slow intrinsic GTP hydrolysis activity of small GTPases thus accelerating the return to the 

inactive conformation, and finally (c) guanine nucleotide dissociation inhibitors (GDIs) which 

bind and stabilise GTPases in either conformation and have a role in extracting GTPases 

bound to lipid membranes. In their active conformation, small GTPases exert their cellular 

functions by interacting with specific effector proteins.

Crystallographic and NMR analysis fi*om various small GTPases, including Ha-Ras, N-Ras, 

Rap2A, RhoA, Racl, Rab3A, Rab7, Arfl and Ran have revealed a conserved topology for all 

GDP/GTP-binding domains (Takai et al., 2001). In particular, specific invariant amino acids 

are spatially orientated to facilitate hydrolysis of bound GTP and control the conformational
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switch (Kjeldgaard et al., 1996). These sites include three regions which are involved in the 

binding o f  the phosphate/Mg^^ ion and two regions involved in binding to the guanine 

nucleotide base (see Figure 1.10) (Pai et al., 1989). The switch region 1 (amino acids 30-37) 

and 2 (amino acids 60-76) encompass exposed residues, which adopt significant 

conformational changes upon transition between inactive and active states (Milbum et al., 

1990). The former is situated within the “effector loop” since it is the region which interacts 

with effector proteins, and unsurprisingly displays large variability in different small GTPases.

sw itch  sw itch 
region region 

1 2

Lipid
m odification

site
CAAX

■  fl)
GxxxxGKS/T T 

12 35
DxxGQ N/TKxD ExSAK/L 

57 116 143

F ig u r e  1.10 (a) Crystal structure ofp21  Ras.GppNHp (pdb file  5p2I), adapted from  Pai et al.

It is an a, p  protein comprising a 6 stranded f  sheet and 5 a  helices. The position o f  the 

guanine analog GppNH p/M ^' and the switch regions are shown, (b) Schematic o f  Ras 

structure showing consemus amino acid sequences involved in binding to the phosphate/M ^ ' 

group (yellow, also shown in crystal structure in yellow) and to the guanine nucleotide base 

(blue) o f  GDP and GTP. Invariant amino acids are shown in bold, together with their relative 

positions in Ras. The C terminal region o f  most GTPases contains a consensus sequence fo r  

lipid modifications and processing, which mediate association with membranes (see text).

The affinity o f  most small GTPases for guanine nucleotides is high, with dissociation constants 

typically in the picomolar to nanomolar range (Bourne et al., 1991). They display relatively 

slow spontaneous dissociation and GTP hydrolysis kinetics, ensuring essentially no turnover o f  

bound nucleotide at steady state. The nucleotide free state o f  small GTPases is quite unstable.
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T a b le  2 The Ras superfamily o f small GTPases.

Su b f a m il y  R a s Rh o R a b A R F R a n

S t r u c t u r a l

I n f o r m a t io n

H-Ras

186 aa (human)

Rho A

193 aa (human)

Rab la  

202 aa (rat)

ARF 1 

181 aa 

(human)

Ran 

216 aa 

(human)

M a m m a l ia n

M e m b e r s

Ras (H-, K-, N-) 

R-Ras (1,2,3) 

Ral (A,B)

Rap 1 (a, b)

Rap 2 (a,b)

Rlt

Rin

Rad

Rho (A, B, C) 

Rac (1 ,2 ,3 ) 

Cdc42 (G25K) 

RhoD 

Rho E/Rndl 

Rnd 2 

Rnd 3 

Rho G 

TCIO 

TCL 

TTF

Rab (1 to >35) ARF (1-6) Ran/TC4

P o s t - Famesylation &

T r a n s l a t io n a l  palmitoylation 

M o d if ic a t io n

Famesylation & 

geranylgeranylation

Geranylgeranylation Myristoylation None

I n h ib it o r y

B a c t e r ia l

T o x in s

Clostridium 

sordellii lethal toxin 

(Cdc42 and Rac 

also).

Clostridium difficile 

toxin B1470 (Rac 

also, not Ras)

Clostridium difficile 

toxin B10463. 

Clostridium 

botulinum C3 

exoenzyme (Rho 

only)

A c t iv a t in g

B a c t e r ia l

T o x in s

Escherichia coli 

cytotoxic necrotizing 

factor (CNF) 1 and 2. 

Bordetella pertussis 

dermonecrotizing 

toxin (DNT)

F u n c t io n Control of 

proliferation and 

differentiation

Control of actin 

cytoskeleton

Control of vesicle 

transport

Control of

vesicle

budding

Control of 

nuclear 

import and 

export
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1.3.1 Post-translational modifications

Most small GTPases undergo a post-translational lipid modification, termed prénylation, 

which is central to their ability to associate with membranes and thus biological activity (Kim 

et al., 1990; Cox and Der, 1992). This typically involves the covalent addition of isoprenoid 

groups to distinct carboxy terminal cysteine motifs via a thioether linkage (Seabra, 1998). In 

the case of Ras and Rho proteins the target for prénylation is a “CAAX box”, where C is 

cysteine, A is a small aliphatic residue and X is any amino acid (see Figure 1.10b). Ras 

proteins (where X tends to be serine or methionine) are modified by the addition of a 15- 

carbon famesyl lipid moiety, whilst Rho proteins (where X tends to be leucine, isoleucine or 

phenylalanine) usually undergo addition of a 20-carbon geranylgeranyl group (Adamson et al., 

1992a). These reactions are catalysed by heterodimeric famesyl transferase (FTase) or 

geranylgeranyl transferase (GGTase) enzymes respectively (see Figure 1.11) (Casey and 

Seabra, 1996).

Following prénylation, the CAAX box of Ras and Rho GTPases is targeted by endopeptidases 

which proteolytically cleave the AAX residues and allow subsequent méthylation of the newly 

prenylated cysteine residue (Clarke, 1992). Membrane interactions may be further augmented 

by additional lipid modifications, such as palmitoylation of cysteines upstream of the CAAX 

box (Ha-Ras, N-Ras and RhoB) or the presence of polybasic sequences near the CAAX box 

(Seabra, 1998).

1.3.2 Regulatory proteins: the GTPase cycle

The activity of small GTPases is dictated by the ratio of their GTP:GDP bound forms within 

the cell. The transition between these two forms is therefore critical and is tightly controlled 

by at least three classes of regulatory proteins (see Figure 1.11).

GTPase activating proteins (GAPs) - These proteins stimulate the slow intrinsic GTP 

hydrolysis activity of small GTPases (i.e. conversion to GDP-bound form), causing their rapid 

inactivation under physiological conditions (Downward, 1992; McCormick, 1998). The first 

example, pl20RasGAP, was isolated by Trahey and McCormick as a cytosolic protein capable 

of accelerating the GTPase activity of wildtype Ras by more than 200 fold (Trahey and 

McCormick, 1987). Currently over 70 different GAPs have been identified in the human 

genome, spanning each of the Ras families (Lander et al., 2001). The GAP proteins from each 

family display little homology with one another (Boguski and McCormick, 1993), for instance
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all RhoGAPs share a similar GAP motif o f  approximately 140 amino acids, which is unrelated 

to that found in RasGAP proteins. Moreover, the in vivo  substrate specificity o f  GAPs tends to 

be confined to distinct members within each family. The signalling pathways regulating GAP 

function are unclear. However, the central role played by GAP proteins in vivo  is illustrated 

by the variety o f  disease states associated with their loss o f  function. For example, mutations 

in the RasGAP neurofibromin predispose patients to benign neurofibromas (Neurofibromatosis 

type I) (Viskochil et al., 1993), whilst mutations in the RhoGAP Oligophrenin-1 can cause X- 

1 inked mental retardation (MRX) (Billuart et al., 1998).

RhoGDIn
RhoGDI

GGTase

F ig u r e  1.11 The GDP/GTP exchange cycle fo r  small GTPases.

The catalytic mechanism mediating GTP hydrolysis by GAPs was recently determined 

following structural data o f  Ras complexed in the presence o f  aluminium fluoride to the 

catalytic domain o f  p i 20-GAP (Scheffzek et al., 1997). Aluminium fluoride binds to the y- 

phosphate binding site o f  most GTP/ATP phosphoryl transfer enzymes, where it mimics the 

phosphate oxygen ions generated during the transition state o f  the reaction. The crystal 

structure revealed that GAP proteins juxtapose an invariant arginine residue, termed the 

“arginine finger” into the active site o f  the GTPases thereby neutralising and stabilising the 

transition state. Hence GAPs actively participate in the GTPase reaction rather than merely 

helping the GTPase adopt a conformation competent for GTP hydrolysis, as originally 

believed.
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In addition to downregulating the activity of small GTPases, GAP proteins have also been 

implicated as possible effectors. In particular, tyrosine phosphorylation of pl90RhoGAP 

allows it to bind the SH2 domain of pl20RasGAP (Settleman et al., 1992) suggesting an 

effector role for the latter and providing a potential means for crosstalk between different 

families of small GTPases. Moreover, the GAP domain of the RhoGAP, N-Chimerin opposes 

the function of Cdc42 and Rac in fibroblasts, yet full-length N-Chimerin or mutants lacking 

GAP activity elicit actin remodelling typical of Cdc42 and Rac activation, suggesting a dual 

function (Kozma et al., 1996).

Guanine nucleotide exchange factors (GEFs) - These proteins antagonise the function of 

GAPs by catalysing the conversion of small GTPases from the inactive GDP bound form to 

the active GTP bound state (Feig, 1994). They function by facilitating release of GDP and 

transiently stabilising the nucleotide free form of the GTPase. The high inti acellular ratio of 

GTP:GDP (approximately 10:1) ensures that the “empty” GTPase is rapidly loaded with GTP 

(Bourne et al., 1991). Structural studies have revealed that the catalytic mechanisms directing 

nucleotide exchange vary for different GEFs (A. Wittinghofer; GTPases 2000). Unlike most 

GAPs, the GEFs appear to utilise an array of hydrophobic and hydrophilic residues to 

destabilise the nucleotide-binding site. Many groups have analysed the substrate specificity of 

GEFs, either in vitro by their ability to stimulate dissociation of [^H]GDP and by exchange of 

bound GDP for [^^SJGTPyS with different GTPases (Self and Hall, 1995) or in vivo by 

examining downstream effects following overexpression.

Examples of GEFs have been characterised for each family of small GTPases and like GAPs 

most share sequence homology within, but not between families. To date, the largest number 

of GEFs, currently exceeding 60 in the human genome, has been identified for the Rho family 

alone (see 1.4 RhoGEFs). The reasons for this complexity are unclear, although distinct 

expression profiles and the ability to promote or influence specific downstream signalling 

pathways via identical small GTPases may account for the vast GEF repertoire. Indeed, Zhou 

et al demonstrated that Tiaml, a potent Rac GEF, triggers strong activation of p21 activated 

kinase (PAKl) but only weak induction of Jun N-terminal kinase (INK), despite both effectors 

being strongly induced by activated Rac mutants (Zhou et al., 1998).

The signalling pathways regulating GEF activity have only recently begun to emerge. In 

particular, the activity of the RhoGEF, Vav is regulated by tyrosine phosphorylation and
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phosphorylated phosphatidylinositol lipids (see 1.5 Vav), whilst pll5RhoGEF is activated by 

interactions with the Gan heterotrimeric G protein subunit (Hart et al., 1998; Kozasa et al., 

1998; Mao et al., 1998).

Guanine nucleotide dissociation inhibitors (GDIs) - In contrast to GAPs and GEFs these 

proteins demonstrate three distinct biological activities; the ability to (a) inhibit GDP 

dissociation from small GTPases, hence their name, (b) prevent the intrinsic and GAP 

catalysed GTP hydrolysis and (c) extract membrane anchored GDP-bound forms of small 

GTPases and sequester them in the cytosol (Olofsson, 1999). To date, examples have only 

been identified for the Rho and Rab families. The best-characterised group, the RhoGDIs, 

comprises three isoforms in mammals, GDI-l/RhoGDIa which is ubiquitously expressed 

(Ohga et al., 1989), GDI-2/Ly-GDI/RhoGDIp expressed in haematopoietic cells (Leffers et al., 

1993) and GDI-3/RhoGDIy found primarily in brain, kidney and pancreas (Adra et al., 1997). 

They can be isolated as complexes with Rho GTPases and appear to show distinct specificities, 

with GDI-1 able to bind to Cdc42, Racl, Rac2 and RhoA whilst GDI-3 preferentially binds 

RhoB and RhoG (Gorvel et al., 1998; Zalcman et al., 1996). Lipid prénylation of GTPases is 

an essential pre-requisite for GDI binding and the affinity is generally assumed to be greater 

for the inactive GDP bound GTPase (Ueda et al., 1990; Hori et al., 1991; Sasaki et al., 1993), 

although contrary results showing near identical binding of Cdc42.GDP and Cdc42.GTP to 

GDI-1 using direct quenching studies have been reported (Nomanbhoy and Cerione, 1996).

Biochemical studies and recent structural data of RhoGDI complexed to Cdc42.GDP or 

Rac2.GDP (Gosser et al., 1997; Hoffinan et al., 2000; Scheffzek et al., 2000) have begun to 

address the mechanistic details of RhoGDI function. These proteins comprise two prominent 

domains, (i) a large C-terminal IgG-like motif which forms a hydrophobic binding pocket for 

the prenylated lipid group and underlies their ability to solubilise membrane bound GTPases 

and (ii) a smaller N-terminal region, termed the “regulatory arm”, which is thought to mediate 

both inhibition of GDP dissociation and GTP hydrolysis. In the case of Cdc42, the kinetics of 

GDI binding and membrane extraction have been analysed in real time using fluorescence 

resonance energy transfer (FRET). It revealed a two-step mechanism, involving the rapid 

association of GDI with the GTPase at the membrane, followed by the slower isomérisation of 

the geranylgeranyl moiety from the membrane to the hydrophobic cleft of RhoGDI 

(Nomanbhoy et al., 1999).
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The binding of Rho GTPases to RhoGDI has been shown to prevent their association and 

activation by GEFs (Kikuchi et al., 1992; Yaku et al., 1994), raising two intriguing questions. 

Firstly, how the GDI-GTPase complex is disrupted and secondly whether the GTPase is 

activated prior to or after translocation to the membrane. Takahashi et al have shown that the 

family of ezrin, radixin and moesin (ERM) proteins implicated in coupling membranes to the 

actin cytoskeleton can displace GDP bound Rho GTPases from RhoGDI in vitro (Takahashi et 

al., 1997). In particular, the amino terminal fi*agment of ERM proteins could bind RhoGDI 

and reduce its ability to inhibit GEF (Dbl) stimulated GDP/GTP exchange on RhoA, Racl and 

Cdc42. Interestingly, radixin can also bind to Dbl, thus possibly coordinating the negative and 

positive regulation of RhoGTPases (Takahashi et al., 1998). Alternatively, lipid metabolites 

such as arachidonic acid (Chuang et al., 1993) or déphosphorylation may induce dissociation 

of the GDI-GTPase complex (Chuang et al., 1993; Bourmeyster and Vignais, 1996). The 

second aspect of whether GTPase activation occurs pre or post membrane association remains 

unclear (Bokoch et al., 1994), although Read and colleagues appear to contradict Kikuchi et al, 

speculating that GDP/GTP exchange on RhoA precedes its dissociation from RhoGDI in vitro 

and is sufficient for translocation to liposomes (Read et al., 2000).

1.3.3 Biological tools to study small GTPases

Our understanding of small GTPase fimction has benefited greatly from the ability to modulate 

their activity using various experimental tools. One common approach is to use mutant 

proteins. For example amino acid substitution at position 17 in Ras, or at comparable sites in 

other small GTPases, leads to a dominant negative derivative (Feig, 1999). This amino acid 

plays a central role in coordinating to the Mg^  ̂ ion required for both GDP and GTP binding 

(see Figure 1.10b) and thus mutants are believed to cycle poorly. However, they are still 

capable of competing with their endogenous counterparts for binding to GEFs. The resulting 

sequestration of GEFs into “dead-end” complexes indirectly prevents activation of the 

endogenous GTPases. Conversely amino acid substitutions at position 12 or 61 in Ras (or 

equivalent sites in other small GTPases) produce a constitutively active protein. A change at 

these sites, commonly associated with human tumours (Seeburg et al., 1984) interferes with 

the geometry of the transition state induced upon GAP binding (Scheffzek et al., 1997).

A potential drawback of using GTPase mutants arises from their action on regulatory proteins 

rather than on the GTPase directly. In particular sequestration of a broad specificity GEF by 

expression of a certain dominant negative GTPase may block the function of other family
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members. Moreover, the cycling of GTPases between active and inactive states, which is 

important for the normal function of these proteins, may be overlooked. However, this has 

proved not to be the case with most Rho mutants, which produce surprisingly specific 

phenotypes.

In addition to mutant proteins, a number of natural bacterial toxins have been identified which 

act on members of the Ras and Rho family to alter their activity (see Table 2) (Aktories et al., 

2000). These range from highly specific toxins, such as C3 transferase from Clostridium 

botulinum which ADP ribosylates (asparagine"*') and inactivates only Rho (A, B and C 

isoforms) (Sekine et al., 1989) to broad acting toxins such as Toxin B from Clostridium 

difficile strain 10463 which glycosylates (threonine^^ in Rac) and inactivates all Rho GTPases 

and Toxin B also from Clostridium diffiicile strain 1470 which acts across subfamilies blocking 

R-Ras, Rap, Ral and Rac function (Just et al., 1995a; Just et al., 1995b). In addition bacterial 

toxins capable of activating small GTPases, such as cytotoxic necrotizing factor (CNF) from 

enteropathogenic Escherichia coli which deamidates (glutamate^' in Rac) and activates Rho, 

Rac and Cdc42, have also been identified (Schmidt et al., 1997). However, as with GTPase 

mutants, results with toxins must be interpreted with caution given that specific modification 

of GTPases may not abolish all associated activities. For example, C3 transferase treatment 

blocks Rho induced stress fibres but not its activation of phospholipase D (PLD) and indeed 

enhances Rho binding to PIP5K (Malcolm et al., 1994; Sehr et al., 1998). An obvious 

advantage though is the ability to work on endogenous proteins rather than on overexpressed 

ones.

1.3.4 Small GTPases implicated in phagocytosis

As previously mentioned, the Ras superfamily plays a fundamental role in phagocytosis 

through both the FcyR and the CR3 receptor. In particular, members of the Ras, Rho and Arf 

family are crucial for events leading to engulfinent, whilst the Rab proteins are involved in 

phagosome maturation. The following section highlights the signalling characteristics of some 

of these key regulators, namely Rapl (from the Ras family) and Cdc42/Rac/Rho (from the Rho 

family).

1.3.4.1 The Rap proteins

Four members of the Rap family have been identified thus far in mammals, termed Rap la, lb, 

2a and 2b based on amino acid sequence. The two isoforms of Rapl share -95% sequence
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identity to each other and -50% to Ras (Altschuler et al., 1995). The Rap 2 isoforms show 

sequence identities of -90% to each other, -60% to Rapl proteins and -50% to Ras proteins 

(Lerosey et al., 1991).

The Rapl proteins, also called Krevl, are the best characterised to date. They were originally 

isolated based on their homology to Ras by hybridisation (Pizon et al., 1988) and 

independently via a screen for cDNAs capable of reverting K-Ras transformed cells (Kitayama 

et al., 1989). Sequence analysis revealed that they shared a near identical effector region to 

Ras, suggesting their antagonistic effects on Ras could arise from sequestration of Ras 

effectors. Indeed, overexpressed Rapl is capable of binding to, but not activating the Ras 

effectors, Raf-1 and RalGEF (Urano et al., 1996; Hu et al., 1997). A characteristic feature of 

Rapl is its lower (-10 fold) intrinsic GTPase activity (Noda, 1993) which is attributable to a 

theronine residue at position 61 (unlike Ras and most other GTPases which contain a 

glutamine residue at this site). To date, a number of GEFs including C3G (Gotoh et al., 1995), 

CalDAG-GEFI (Kawasaki et al., 1998), Exchange protein activated by cAMP (EPAC) (de 

Rooij et al., 1998) and PDZ-GEF (de Rooij et al., 1999) and GAPs such as Rapl GAP 

(Rubinfeld et al., 1991), tuberin (Wienecke et al., 1995), Spa-1 (Kurachi et al., 1997) and 

GAP̂ "*®̂  (Cullen et al, 1995) have been identified for the Rap proteins.

Rapl is prenylated with a geranylgeranyl moiety and exhibits a ubiquitous expression profile, 

particularly enriched in platelets, neutrophils and brain (Maridonneau-Parini and de Gunzburg, 

1992; Quinn et al, 1992; Farrell et al, 1993). Its localisation varies according to cell type 

ranging from mid-Golgi/endosomes in fibroblasts to secretory granules in neutrophils 

(Beranger et al, 1991; Maridonneau-Parini and de Gunzburg, 1992; Pizon et al, 1994). A 

diverse array of stimuli, including thrombin (Franke et a l, 1997), T-cell and B-cell activation 

(McLeod et al, 1998; Reedquist and Bos, 1998), PDGF, EGF, LPA (Zwartkruis et a l, 1998), 

PMA, PAF, LPS and TNFa (Caron et al, 2000) have been shown to induce GTP loading on 

Rapl in different cells. In most cases the activation occurs very rapidly indicative of a 

receptor proximal event, is often mediated by second messengers such as Ca^ ,̂ DAG, cAMP 

(Altschuler et a l, 1995; Zwartkruis et al, 1998) and is blocked by inhibitors of phospholipase 

C in platelets and fibroblasts (Franke et al, 1997; Zwartkruis et a l, 1998), Recent work by 

Mochizuki et al investigated the spatio-temporal activation of Ras and Rapl following growth 

factor stimulation (Mochizuki et al, 2001). By utilizing a probe comprising yellow 

fluorescent protein (YFP) tagged-Ras or Rapl coupled to cyan fluorescent protein (CFP)
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tagged Raf they were able to monitor GTPase activation induced by association of the two tags 

in real time using FRET. In COS cells EGF induced Ras activation occurred at the cell 

periphery in contrast to Rapl, which occurred at internal perinuclear regions and required 

clathrin mediated endocytosis. Similarly in PCI2 cells, NGF induced Ras activation was 

initiated at the cell periphery accumulating in extending neurites over time, whilst Rapl 

activation was confined to intracellular regions. This mutually exclusive distribution of Ras 

and Rapl proteins may account for their ability to induce different cellular responses.

Although originally described to antagonise Ras function, evidence indicating independent 

signalling roles for Ras and Rap is beginning to emerge. In particular, signals that activate Raf 

such as EGF and PDGF activate rather than inhibit Rap. Furthermore, increasing endogenous 

Rap-GTP levels fails to block Ras mediated activation of ERK (Zwartkruis et al., 1998). 

Rather a role for Rap proteins in directing integrin mediated adhesion appears more likely. 

Indeed, the original Ras reversion experiments showed that introduction of Rap into cells 

induced a flattened morphology (Kitayama et al., 1989). Moreover, the RapGAP Spa-1 

prevents G-CSF induced adhesion in promyelocytic 32D cells (Tsukamoto et al., 1999). 

Finally Rapl has been shown to play a central role in directing P2 integrin activation during 

both CD31 induced adhesion of T cells to ICAMl (Reedquist et al., 2000) and CR3 receptor 

mediated phagocytosis (Caron et al., 2000). However, the signalling mechanisms regulating 

Rap activity and integrin activation remain unclear (see 1.2.2.2 Role of Ras GTPases).

1.3.4.2 The Rho Proteins

The Rho family of small GTPases comprises 11 members in mammals, some with multiple 

isoforms (see Table 2). The prototypic members Cdc42, Rac and Rho, which share -50% 

sequence identity to each other and -25% to Ras, are essentially expressed across all 

eukaryotic species and are the best characterised to date (Hall, 1994). All three members are 

prenylated by a geranylgeranyl group (RhoB is unique in that it can alternatively be 

famesylated (Adamson et al., 1992a). Generally Rho GTPases are ubiquitously expressed in 

most tissues, an exception being Rac2 which is specific to haematopoietic cells (Shirsat et al., 

1990). In contrast to Ras GTPases, most Rho proteins are predominantly cytosolic, in 

complexes with RhoGDIs, and translocate to membrane fractions upon activation (Adamson et 

al., 1992b; Bokoch et al., 1994). Cdc42 and RhoB have been localised to ER/Golgi regions 

and endosomal compartments respectively (Adamson et al., 1992b; Abo et al., 1998; Mellor et 

al., 1998)
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Signalling to Rho GTPases may occur via a diverse array of cell surface receptors including 

heptahelical G-protein coupled receptors (GPCRs), growth factor receptors, cytokine 

receptors, immune receptors and integrins (Kjoiler and Hall, 1999). The mechanisms 

triggering activation remain largely unclear but inevitably involve the vast repertoire of GEFs 

(see 1.4 The RhoGEFs). Once activated Rho GTPases can interact directly with a large 

number of downstream effector proteins which mediate their multiple functions (see Table 3).

T a b l e  3  Effector proteins fo r  the Rho fa m ily  o f  sm all GTPases. M any have been identified using the yeast-2 - 

h ybrid  system  and affinity purification. A dapted  from  Bishop and H all (2000). ‘interactions show n to  be G TP 

independent.

E f f e c t o r G T P a s e E f f e c t o r G T P a s e

SPECIFICITY SPECIFICITY

Ser/Thr kinases Scaffold proteins

ROKa, R0K(3 Rho, Rae? Rhophilin Rho

PKN/PRKl, PKR2 Rho Rhotckin Rho

Citron kinase (Citron) Rho Kincctin Rho
p-yQ S6 kinase Rac, Cdc42? Dial, Dia2 Rho

Mlk2, Mlk3 Rac, Cdc42 POSH Rac

MEKK1,MEKK4 Rac, Cdc42 POR-1 Rac, (Arf6)

PAKl, PAK2, PAK3 Rac, Cdc42 pl40Sra-l Rac

PAK4 Cdc42 p 6?phox Rac

MRCKa, MRCKp Cdc42 WAVE/Scar Rac

WASP, N-WASP Cdc42

Lipid kinases MSE55, BORGs Cdc42

PI-4,5 Kinase Rho% Rae* CIP-4 Cdc42

PI-3 Kinase Rac, Cdc42 IQGAPl, IQGAP2 Rac, Cdc42

DAG Kinase Rho, Rac*

Upases

Tyr kinase PLD Rho, Rac, Cdc42

A ckl, Aek2 Cdc42 PLC-P2 Rac, Cdc42

Phosphatase subunit

MBS Rho
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The binding of effector proteins exclusively to activated Rho GTPases has been exploited as 

an efficient assay to monitor GTP-loading (Sander et al., 1999). In particular fragments of 

Rhotekin or PAK have been used in “pulldown” assays to precipitate activated Rho and 

Rac/Cdc42 respectively from cell lysates. Alternatively, activation of Rho proteins may also 

be assayed indirectly by studying the consequences of GTPase function, although in this case 

one must be cautious of cell specific effects and overexpression artefacts. In practice many of 

the diverse functions attributed to Rho GTPases may be utilised as a downstream readout of 

activation, some of which are discussed below.

Actin rearrangements - The remodelling of F-actin was the first characterised response of Rho 

GTPases in mammalian cells (Hall, 1994). These changes were originally described using 

early passage S3T3 fibroblasts, a cell line particularly amenable to studying cytoskeletal 

effects given their tendency to lose most of their organised F-actin upon serum starvation. The 

three prototypic Rho GTPases were each seen to elicit distinct actin rearrangements in these 

cells (see Figure 1.12). Activation of Rho via lysophosphatidic acid (LPA) or serum results in 

the formation of acto-myosin contractile stress fibres anchored to the extracellular matrix by 

focal adhesions (Ridley and Hall, 1992). Activation of Rac in response to growth factors such 

as PDGF, EGF and insulin induces a meshwork of actin polymerisation at the plasma 

membrane resulting in protrusions (lamellipodia) and ruffling accompanied by new adhesive, 

integrin based focal contacts (Ridley et al., 1992). Finally, activation of Cdc42 by 

inflammatoiy mediators such as TNFa and bradykinin caused the formation of peripheral 

actin-rich microspikes or filopodia, also accompanied by focal contacts (Kozma et al., 1995; 

Nobes and Hall, 1995; Puls et al., 1999). Each of these effects could be blocked by pre

expression of the corresponding dominant negative GTPase mutants or treatment with 

appropriate bacterial toxins, confirming the specificity of GTPase ftinction. Moreover, an 

elegant mechanism of hierarchical crosstalk was seen to operate, whereby Cdc42 could trigger 

Rac activation and Rac activation could subsequently trigger Rho function (Nobes and Hall, 

1995).

Much progress has been made in delineating the signalling pathways directing Rho GTPase 

dependent actin remodelling (see Figure 1.12). Activated Cdc42 is believed to synergise with 

the PIP5 kinase lipid product PIP2 to unfold and activate WASP and N-WASP (Higgs and 

Pollard, 2000). These proteins act as scaffolds and have been reported to induce Cdc42 

dependent filopodia following overexpression in several cell types (Miki et al., 1998a; Symons
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et al., 1996). They comprise a consensus sequence termed the Cdc42/Rac-interactive binding 

(CRIB) motif, which is commonly found in many Cdc42/Rac effectors and is necessary but 

not sufficient to direct GTPase binding. WASP binding to active Cdc42 allows activation of 

the multi-functional actin nucleating complex Arp2/3 (Machesky and Insall, 1998). Rac 

stimulated lamellipodia formation is thought to also involve Arp2/3 triggered actin nucléation 

and indeed EM studies have shown lamellipodia to comprise an intricate network of Arp2/3 

branched actin filaments (Svitkina and Borisy, 1999). However, in this case the WASP related 

protein WAVE/Scar and the adapter Insulin receptor substrate p53 (IRSp53) protein have been 

implicated in co-ordinating Arp2/3 recruitment (Miki et al., 1998b; Miki et al., 2000), although 

this remains controversial (Govind et al., 2001; Krugmann et al., 2001). An additional Rac 

effector, Por-1 may also play a crucial role given that mutants act as dominant negatives in 

Rac triggered lamellipodia formation (Van Aelst et al., 1996). Aside from the Arp2/3 

complex, a number of F-actin modulating proteins may also facilitate cytoskeletal 

rearrangements by severing existing filaments to provide free barbed ends that act as new sites 

for actin nucléation or by stabilising newly polymerised filaments. For example, the common 

Cdc42/Rac effector PAK can phosphorylate LIM kinase, which in turn can phosphorylate and 

inhibit the actin depolymerising protein Cofilin (Arber et al., 1998; Yang et al., 1998; Edwards 

et al., 1999). The net result of this is to reduce actin filament disassembly when Rac is active. 

Interestingly this signalling cascade appears specific for Rac, since LIM kinase mutants block 

Rac induced lamellipodia but not Cdc42 induced filopodia (Yang et al., 1998). However, the 

story is complicated by conflicting data regarding PAK function in actin reorganisation. 

Lamarche et al reported that constitutively active PAK failed to elicit actin filament assembly 

in serum starved S3T3 cells (Lamarche et al., 1996). In contrast others have reported PAK 

triggered actin remodelling (Sells et al., 1997; Daniels et al., 1998), although Obermeier et al 

showed that this was independent of a functional kinase or CRIB domain yet dependent on 

downstream Rac function, implying PAK fimction upstream of Rac, i.e. not as an effector 

(Obermeier et al., 1998).

The signalling mechanisms responsible for Rho induced, acto-myosin contractile stress fibres 

have also been dissected. Two Rho effectors, Rho kinase (ROCK, ROK) and the formin- 

related protein Diaphanous (Dia) are thought to co-ordinate the assembly of actin and myosin- 

11 filaments (Watanabe et al., 1999). ROCK can phosphorylate and thus inactivate myosin 

light-chain phosphatase (MLC Ptase), promoting an accumulation of phosphorylated MLC 

(MLC-P), an integral component of myosin filaments. Concurrently, Rho can activate Dia by
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relieving intramolecular constraints allowing association with profil in, a regulator o f  actin 

dynamics which can facilitate F-actin polymerisation. The combination o f  myosin and actin 

filaments provides the building blocks for stress fibre formation. Once again additional actin 

modulating proteins arc believed to aid the process. Indeed, ROCK has been implicated in 

phosphorylating cofilin via LIM kinase and thus stabilising F-actin filaments in a manner 

analogous to PAK (not shown in Figure 1.12) (Maekawa et al., 1999). Moreover a reciprocal 

balance between stress fibres and lamellipodia may occur given that PAKl can phosphorylate 

and inhibit the function o f  MFC kinase, the generator o f  phosphorylated MFC subunits for 

myosin filaments (Sanders et al., 1999). Accordingly expression o f  activated Cdc42, Rac or 

PAK mutants has been shown to cause loss o f  stress fibres in fibroblasts and Hela cells 

(Manser et al., 1997).

Arp2/3

( g )
/

( P A K ^  1

IRSp53

MLC-P

( R ^
ROCK

Profilin

i
MLC MLC
Ptase kinase

111 -C

actin  
polym erisation

F ig u r e  1.12 Some o f  the components implicated in actin remodelling by Rho, Rac and Cdc42.

See text fo r  details. Images show actin changes induced by recombinant active Cdc42, Rac and 

Rho in subconfluent quiescent serum starved S3T3 fibroblasts (courtesy o f  Kate Nobes).

The ability o f  Rho GTPases to regulate actin remodelling makes them integral components in 

diverse cytoskeletal processes including cell motility (Nobes and Hall, 1999), axon guidance
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(Luo et al, 1997), cytokinesis (Drechsel et al., 1997) and phagocytosis (Chimini and Chavrier, 

2000). They also have roles in processes not directly related to the actin cytoskeieton.

Adhesion - Rho GTPases are crucial signalling components involved in the formation and 

maintenance of integrin-extracellular matrix (ECM) based adhesion sites (Hotchin and Hall,

1995) and cadherin based cell-cell contact sites (Braga, 2000).

Cell cycle control - Cdc42, Rac and Rho are required for cellular transformation of fibroblasts 

by different oncogenes and can stimulate serum induced cell cycle progression through G1 

when overexpressed in S3T3 cells (Olson et al., 1995). Moreover, many of the GEFs for Rho 

GTPases can act as oncogenes in experimental transformation assays (Van Aelst and D’Souza- 

Schorey, 1997).

Transcriptional regulation - The Rho family of small GTPases play a central role in 

conveying extracellular stimuli to gene transcription in the cell nucleus (Van Aelst and 

D'Souza-Schorey, 1997). For example, a diverse array of cellular stresses (UV, heat shock, 

ionising radiations) and inflammatory cytokines are believed to signal through Cdc42 and/or 

Rac to activate transcription factors via the Jun NH2-terminal kinase (JNK) and p38 mitogen- 

activated (MAP) kinase cascades (Coso et al., 1995; Kyriakis and Avruch, 1996), whilst 

Cdc42, Rac and Rho can trigger transcription via the c-fos serum response factor (SRF) (Hill 

et al., 1995) and NFkB (Perona et al., 1997).

Membrane Trafficking - Rac and Rho proteins have been implicated in the regulation of 

endocytosis and secretion (Price et al., 1995; Lamaze et al., 1996). Interestingly, and contrary 

to phagocytosis, activated mutants of Rac and Rho partially inhibit transferrin mediated 

endocytosis (Lamaze et al., 1996) though whether this involves altering cytoskeletal 

constraints or modilying membrane phospholipid compositions through their action on lipid 

kinases and lipases is not clear.

NADPH Oxidase activation - Rac is a key component of the NADPH oxidase complex, which 

assembles in phagocytic cells to generate toxic superoxide radicals to combat invading 

pathogens in phagosomes (Segal and Abo, 1993; Diekmann et al., 1994).
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1.4 R h o  G u a n in e  n u c l e o t id e  E x c h a n g e  F a c t o r s  (R h o G E F s)

The complexity of Rho GTPase signalling is further amplified by the large family of 

RhoGEFs, which catalyse their activation via GDP/GTP exchange. The prototypical 

mammalian member was identified following a screen to isolate transforming oncogenes from 

DNA derived from a human (Affrise B-cell /ymphoma (Eva and Aaronson, 1985). The gene, 

designated Dbl, was found to share strong sequence identity with Cdc24, a protein from 

Saccharomyces cerevisiae which functions upstream of yeast Cdc42 to control budding during 

cell division. This suggested that Dbl might regulate human Cdc42 activity; a prediction 

which was later substantiated following biochemical studies. Deletion analysis identified a 

-200 amino acid region within the protein, termed the Dbl homology (DH) domain, which was 

necessary and sufficient to transform fibroblasts and induce GTP loading on Cdc42 and Rho in 

vitro (Hart et al., 1994). An expanding family of proteins comprising homologous DH 

domains have since been identified, many through similar screens to isolate novel 

transforming oncogenes. Although as yet none appear to be mutated or amplified in human 

tumours, some are associated with severe human disease states. For example, the gene for the 

RhoGEF bcr (break point cluster region) is disrupted in a reciprocal translocation event 

between chromosomes 9 and 22 (generating the Philadelphia chromosome) and underlies the 

pathogenesis of many lymphocytic leukemias (Groffen et al., 1984; Lifshitz et al., 1988). 

Another reciprocal translocation event involving the RhoGEF, fgd l, is responsible for 

Aarskog-Scott syndrome (faciogenital dysplasia), an X-linked disorder associated with 

developmental defects (Pasteris et al., 1994).

To date, more than 50 distinct RhoGEFs have been isolated, far more than the number of target 

Rho GTPases available (see Figure 1.13). All are characterised by the presence of a catalytic 

DH domain invariably coupled at its carboxy terminus to a pleckstrin homology (PH) domain. 

The PH domains display little sequence homology amongst family members but are believed 

to adopt a common tertiary fold and facilitate membrane recruitment via their association with 

specific phosphatidylinositol lipids (Lemmon et al., 1996). In addition to this tandem 

arrangement of DH/PH motifs, most RhoGEFs contain additional structural and signalling 

domains indicative of multifunctionality. Of particular interest are the 3 members of the Vav 

family which are the only RhoGEFs so far to comprise an SH2 domain. Some members of the 

Tiam, Fgd and RasGRF members are unique in containing two PH domains, whilst 

KIAA0337, KIAA0924 and KIAA1626 are conspicuous by their absence of a PH domain (the
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DH PH SH3

TIM / ArhgefS 

N euroblastom a / Arhgef16 

KIAA0915/Artigef15

-CD-

-o-

Lfc / G ef-H 1 1 KIAA0651 

FLJ21817/HRIP2 

B R X /L bc 

KIAA0521

p115RhoGEF I  Lsc I  Arhgeft 

KIAA0380 / PDZ-RhoGef / ArtigefH 

KIAA0382 / A rhgeft 2

*  * * -  *

In tersectin  1 

Intersectin 2 / KIAA1256

NET1 / Arhgef8 

Artigef3

cDEP

KIAA0793

F gd l 

Fgd2 

Fgd3 

Frabin (rat) 

KIAA1362

hEct2 / FLJ13205

Cdc25 / GRNP 

rasGRF2

KIAA0337

F ig u r e  1.13 Schematic representation o f  RhoGEFs, drawn to scale and categories according to 

sequence homology in boxes. All comprise a catalytic Dbl homology (DH) domain invariably 

attached to a pleckstrin homology (PH) domain. Other motifs include: Src homology 3 (SH3) 

domain, Src homology 2 (SH2) domain. Protein kinase C conserved region (C l), regulator o f  G- 

protein signalling (RGS) motif, Psd95/Dlg/ZO-I (PDZ) homology domains, EF hand domain 

(EF), transmembrane (TM) domain, ezrin/radixin/moesin-like (ERM) motif,

Fabl/YO TB/Vacl/EEAl homology domain (FYVE), Breast cancer carboxy terminal (BRCT) 

domain. Calmodulin binding (IQ) motif, VSP-9 homology domain (VSP9), Calponin homology 

(CH) domain, SecI4 homology domain (Secl4), Spectrin-like (spec) motif, immunoglobulin-like 

(IGc2) domain, Fibronectin 3 type domain (FN3) and Raf-like Ras binding (RBD) domain. 

Courtesy o f  Anja Schmidt.
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F i g u r e  1.13 continued

latter two proteins do eontain transmembrane domains however, which may negate the 

need for membrane recruitment motifs). Finally, the structure o f  some RhoGEFs suggests a 

role in co-ordinating GTPase function. For example Trio possesses two DH/PH motifs, one 

active on Rac and the other on Rho (Debant et al., 1996), whilst Sos and RasGRF additionally 

encode exchange activity for members o f  the Ras family (Fan et al., 1998; Nimnual et al., 

1998). Many recent additions to the Rho GEF family are the result o f  clones derived from the 

human genome sequencing project and as yet remain uncharacterised. In particular the 

proteins denoted by the prefix KIAA are part o f  the Human Unidentified Gene-Encoded large 

proteins (HUGE) database available from a Japanese sequencing consortium 

(http://www.kazusa.or.ip/huge). Further additions to the family may yet arise, for example the
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mammalian homolog of myosin M (MyoM) from Dictyostelium discoideum, which was shown 

to encode GEF activity for Rac (Geissler et al., 2000).

The Dbl homology domain

Structural studies of a number of RhoGEF reveal that the Dbl homology domains adopt a 

highly conserved a-helical topology. Three regions in particular, termed conserved regions 1- 

3 (CRl-3) are believed to contribute critical residues for GTPase binding and exchange 

activity (see Figure 1.14). However there appears to be little correlation between amino acid 

sequence and substrate specificity.

F ig u r e  1.14 {overleaf). Sequence alignment o f  the D b l hom ology dom ain from  a selection o f  

RhoGEFs. Three regions o f  high sequence sim ilarity are labelled  C R l, CR2 and CR3. 

Invariant (* ) , highly hom ologous ( • )  and hom ologous (■ )  amino acids are shown. A dapted  

fro m  (I W hitehead et a l 1997).
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CDC24
T ia m l
RasGRF
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Vav
F g d l
n S o s l
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CRl

GNSLDVLKNHVUJELIQTERVYVRELYTVliLGYRAEÎÎDKPEMFD
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 LITSEELYMLFPNIiGDAIDFQRRFLISLEINALVEPSKQR--------------------------- IGALF
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LRLDSYDLKPVQRXTKYQLDIiKELLKYSRD-CEGSALLKKALDAMLDLLKSVIJDSEHQ—  
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-  SISSYLIKPVQRl TKYQLLLKELLTCCÊ----- EGKGEIKDGLEVMLSVPKRANDAMHLSM
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1.5 The Vav proto-oncogene

The Vav gene was identified in 1989 during a screen to isolate transforming DNA sequences 

from human esophageal carcinomas (Katzav et al., 1989). Its oncogenic derivative, lacking 

the amino terminal 67 amino acids, was shown to elicit potent foci formation in transfected 

NIH3T3 fibroblasts and was sufficient to induce tumorigenicity in nude mice models. 

Characterisation o f  the corresponding cellular gene, proto-vav, showed it encoded a 97kDa 

protein expressed exclusively in cells o f  the haematopoietic lineage.

1.5.1 Structural features of Vav
The nucleotide sequence o f  the human proto-oncogene Vav translates a protein o f  845 amino 

acids containing a diverse array o f  modular domains, commonly associated with signal 

transduction molecules (see Figure 1.15). These include an amino terminal Calponin 

Homology (CH) domain, a central Dbl Homology (DH)/ Pleckstrin Homology (PH) cassette 

and carboxy terminal SH3 and SH2 domains (Bustelo, 2000).

I ► O ncogenic form of Vav

|SH3HLH LZ acidic DH PH Cys-
rich SH3 SH2

CH NLS NLS

F i g u r e  1.15 Structural motifs present in proto-one ovav. See text fo r  domain descriptions.

The Calponin H om ology dom ain - The CH domain o f  Vav was assigned based on its 

sequence similarity to calponins, a family o f  proteins involved in regulating smooth muscle 

contraction through their association with filamentous actin (F-actin) (Kolakowski et al.,

1995). This domain is present in a variety o f  cytoskeletal proteins including spectrins and 

filamins. It was therefore originally proposed to link Vav with the actin cytoskeieton 

(Castresana and Saraste, 1995). Indeed, oncogenic activation o f Vav following partial 

truncation o f  the CH domain was believed to be due to inappropriate localization. However 

closer inspection o f  these actin binding modules in other proteins revealed the need for tandem 

arrays, containing >2 CH domains, for efficient association with F-actin (Gimona and Winder, 

1998). Consistent with this, the localisation o f  Vav with the cytoskeieton or focal adhesions 

has not been reported. Hence, the exact role o f  this domain is unclear.
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The acidic domain - The CH domain is followed by a stretch of acidic amino acids 

particularly rich in glutamate and aspartate residues. Such acidic domains are often involved 

in protein-protein interactions (Sigler, 1988).

The Dbl Homology domain - The DH domain spans -230 amino acids and is responsible for 

encoding the guanine nucleotide exchange activity of Vav. It was originally reported to 

catalyse the exchange activity of Ras in T cells and mediate activation of MAP kinases 

following transfection into fibroblasts (Gulbins et al., 1993; Gulbins et al., 1994). However, 

subsequent studies failed to substantiate this and indeed revealed contradictory results. 

Bustelo and colleagues showed that Vav failed to exhibit Ras GEF activity in standard 

GDP/GTP exchange assays and did not increase the levels of GTP-bound Ras following 

overexpression in cells. Moreover, the morphology of Vav-transformed NIH3T3 cells was 

significantly different from that induced by Ras and its well characterised GEF RasCDC25 

(Bustelo et al., 1994).

The DH domain of Vav is now firmly established as catalysing guanine nucleotide exchange 

on the Rho family of small GTPases. It shares considerable homology with other Rho GEFs 

(see Figure 1.14), although the specific Rho GTPase targets for Vav remain unclear. Crespo et 

al demonstrated the preferential activation of Rac and Rho in vitro (Crespo et al., 1997), 

whereas in vivo studies have shown equivalent activation of Rho, Rac and Cdc42 (Olson et al., 

1996). In addition, Vav is able to complement a Cdc24*® mutant of S. cerevisiae, known to 

control activation of yeast Cdc42 (Han et al., 1997).

The Pleckstrin Homology domain - The PH domain is -100 amino acids in length and part of 

the canonical DH/PH cassette found in most Rho GEFs. These domains can mediate 

interactions with specific phosphorylated phosphoinositides and thus facilitate targeting of 

proteins to appropriate cellular compartments. Alternatively, PH domains can mediate 

protein/protein interactions and thus recruit proteins to signalling complexes at the plasma 

membrane (Lemmon et al., 1996). In the case of Vav, the PH domain has been shown to play 

a pivotal role in regulating its exchange activity (see 1.5.2 Regulation of Vav GEF activity).

Nuclear localisation sequences - Vav contains two putative nuclear localisation sequences 

(NLS) (Katzav et al., 1989). However, their significance is unclear, despite several studies 

demonstrating the presence of Vav in the nucleus (Clevenger et al., 1995; Romero et al..
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1996). Moreover, Vav contains additional domains commonly associated with transcription 

factors, such as helix-loop-helix (HLH) and leucine zipper (LZ) motifs located within the CH 

domain and a cysteine rich region that may adopt DNA binding zinc finger (ZF) like domains.

Src homology 3 (SH3) domains - Vav contains two carboxy terminal SH3 domains, both -50 

amino acids in length. These domains are widespread amongst signalling molecules and 

mediate binding to specific proline-rich sequences (Pawson, 1995). A number of proteins are 

reported to bind to the SH3 domains of Vav, including the focal adhesion protein zyxin and 

heterogenous ribonucleoprotein K (hnRNPK).

Src homology 2 (SH2) domain - Vav is unique amongst all known Rho GEFs in that it 

contains an SH2 domain. These SH2 modules typically span -100 amino acids and facilitate 

interactions with phosphorylated tyrosine residues in activated receptors or downstream 

effectors (Bustelo et al., 1992). The binding specificity is generally dictated by amino acid 

residues situated carboxy-terminal to the P-Tyr (Songyang et al., 1993). Vav has been shown 

to associate with multiple growth factor receptors and non-receptor tyrosine kinases, such as 

members of the Syk family via its SH2 domain (Deckert et al., 1996).

1.5.2 Regulation of Vav GEF Activity

The observation that Vav is rapidly and transiently phosphorylated following stimulation of 

various receptors in haematopoietic cells provided the first insights into its regulation. 

Subsequent in vitro studies directly comparing the exchange activity of phosphorylated and 

non-phosphorylated Vav demonstrated the importance of this post-translational modification 

(Crespo et al., 1997). Recombinant Vav was seen to stimulate GTP loading of Rac and to a 

lesser extent Rho, only when phosphorylated by pre-incubation with the protein tyrosine 

kinase Lck. No exchange activity on Cdc42 or Ras proteins was observed. Similar exchange 

activity could be reproduced in vivo following coexpression of Vav and different Src tyrosine 

kinases.

Further analysis of Vav phosphorylation revealed that three conserved tyrosine residues 

located within the acidic domain, Tyrl42, Tyrl60 and Tyrl74, are central to inducing its latent 

GEF activity (Lopez-Lago et al., 2000). Of these, Tyrl74 plays a crucial role and as such was 

found to be the substrate for Lck phosphorylation in vitro (Deckert et al., 1996). The spatial 

arrangement of these tyrosine residues correlates well with established “gain of function” Vav
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mutants. Indeed, Vav mutants lacking the CH domain plus the acidic region, and thus missing 

Tyrl74 (Vav Al-186) exhibit constitutive, phosphorylation-independent exchange activity in 

vitro and in vivo. In contrast, shorter truncations missing the other prominent tyrosine 

phosphorylation sites (VavAl-127 and VavAl-168) potentiate the oncogenic activity to a 

lesser degree (Bustelo, 2000). Together these findings suggest a mechanism whereby the 

amino terminus of Vav is autoinhibitory and that this can be relieved by either truncation or 

post translational phosphorylation events (Aghazadeh et al., 2000).

The regulation of Vav function is further complicated by recent reports describing the action of 

phosphorylated phosphoinositides (PIP) on its GEF activity (Han et al., 1998). This regulatory 

property is not unprecedented and indeed has been previously shown for a number of other 

GEFs including SOS and ARNO (Jefferson et al., 1998; Macia et al., 2000). With regards to 

Vav, Han and colleagues demonstrated that PI-3,4P2 and PI-3,4,5P], two products of the lipid 

kinase Phosphatidylinositol (PI) 3-kinase, could stimulate the exchange activity of Lck- 

phosphorylated Vav on Rac by approximately two fold. Moreover, PI-3,4P% could enhance 

GEF activity indirectly by promoting Lck dependent phosphorylation of Vav. Conversely, the 

substrate of PI 3-kinase, PI-4,5P2 inhibited the exchange activity normally catalysed by 

phosphorylated Vav (Han et al., 1998). Hence PI 3-kinase may represent an integral 

component of Vav regulation by converting PIP inhibitors into activators.

The dual effects of these PIP lipids are mediated by their binding to the PH domain of Vav. 

Indeed the binding of lipids, often promiscuously to PH motifs has been well documented 

(Lemmon and Ferguson, 2000). In the case of Vav, the regulation of GEF function could be 

abolished by specific point mutations targeted against charged amino acids in the PH domain 

(Han et al., 1998). Hence the GEF activity of Vav is modulated by both phosphorylation and 

PI 3-kinase activity in vitro, a coupling that may serve to fine tune optimal Vav function in 

vivo.

Structural mechanism fo r Vav activation

The mechanisms by which phosphorylated phosphoinositol lipids and phosphorylation trigger 

Vav GEF activity have recently begun to emerge. Biochemical studies by Das et al revealed 

that inhibitory lipids, such as PI-4,5P2, potentiate the binding of isolated DH and PH domains 

from Vav to each other thereby sterically restricting access to Rho GTPases. Conversely, 

stimulatory lipids, such as PI-3,4P2 alleviate this binding allowing interaction and GDP/GTP
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exchange on Rho proteins. Moreover, Lck induced phosphorylation o f Vav also reduces the 

affinity between DH and PH domains (Das et al., 2000).

These findings were substantiated by recent NMR structural data showing that an amino 

terminal fragment o f  Vav containing Tyrl74 forms an a-helical structure, which is packed 

tightly opposed to the DH and PH domains. In particular, Tyrl74 is buried deep within the 

interface between these two domains. Upon phosphorylation, the Tyrl74 auto-inhibitory helix 

becomes unstructured exposing the active site for GDP/GTP exchange on Rho GTPases 

(Aghazadeh et al., 2000).

Although the structural consequences o f PIP binding weren’t addressed, Aghazadeh and 

colleagues speculate a model that incorporates the existing biochemical data (see Figure 1 .16).

PIP;PIP;

PIP
PHPH PI 3-kinase

DH DH

RacLck

DH

F ig u r e  1.16 Model fo r  the regulatory role o f  phosphorylated phosphoinositide binding and 

tyrosine phosphorylation in the activation o f  Vav GEF activity (adapted from  Das et al 2000 

and Aghazadeh et al 2000).

Thus in its latent state, non-phosphorylated Vav is bound to PI-4,5P2. This promotes a folded 

conformation in which the PH domain masks the catalytic DH domain, preventing access to 

Rho targets. Activation o f  PI 3-kinase replaces the PI-4,5P2 with PI-3,4,5P3, which binds to 

the PH domain with higher affinity, promoting a disruption o f the DH-PH interface. This can 

allow entry o f  Src tyrosine kinases, such as Lck, which can phosphorylate Tyrl74 thereby 

relieving the auto-inhibitory amino terminal and exposing the DH active site.
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1.5.3 Roles of Vav in ceil signalling

The complexity of Vav regulation is reflected in its diverse roles during signal transduction. 

To date Vav involvement has been implicated downstream of more than 35 different 

membrane receptors, ranging from growth factor receptors to G-protein coupled receptors 

(Bustelo, 2000). Fortunately the generation of Vav deficient mice and the use of various 

dominant negative constructs have helped accelerate our understanding. Mice lacking Vav are 

viable, healthy and fertile. Moreover, they display few obvious developmental and functional 

defects in most haematopoietic lineages, the notable exception being lymphoid cells (Turner et 

al., 1997). Given the exclusive expression of Vav in haematopoietic cells, it comes as little 

surprise that most fimctional data on Vav comes from studies on the signalling of immune 

receptors.

Positive Selection in Thymocytes (T cells) - Thymocytes are a lymphoid derived cell lineage 

central to antigen recognition for adaptive cell mediated immunity (reviewed in Roitt et al.,

1998). The adult repertoire is shaped during development by the positive and negative 

selection of CD4+/CD8+, double positive (DP) thymocytes. These immature DP cells are 

chosen based on the reactivity of their newly expressed T cell receptors (TCR). Weak 

interactions between TCRs and peptide antigens presented by Major Histocompatibility 

Complex (MHC) Class I or II molecules result in the positive selection of CD8+/CD4- or 

CD4+/CD8-, single positive (SP) cells respectively. In contrast, thymocytes expressing TCRs 

which exhibit high affinity interactions or recognise self-MHC molecules directly and thus 

likely to cause autoimmunity, are deleted by apoptosis in a process called negative selection.

A role for Vav during T cell development was initially proposed based on its rapid and 

transient phosphorylation following TCR stimulation (Bustelo et al., 1992). Subsequent 

studies using mice deficient in Vav revealed that the population of SP CD4+/CD8- and CD4- 

/CD8+ thymocytes was dramatically reduced, indicative of a defect in positive selection 

(Fischer et al., 1995; Turner et al., 1997). Moreover, thymocytes from Vav-/- mice also 

showed a decreased efficiency for negative selection (Turner et al., 1997). Together with work 

by Smyth et al, demonstrating quantitative differences in Vav phosphorylation depending on 

TCR ligands (Smyth et al., 1998), the data suggest that Vav may help determine the signalling 

thresholds for positive and negative selection.
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The defects in TCR signalling remain evident in the decreased population of mature T cells 

produced in Vav-/- mice. In particular, these peripheral T cells display a significantly reduced 

proliferative capacity in response to TCR engagement (Fischer et al., 1998). Studies using 

Jurkat cells, a cultured T cell line, showed that this arrest was due to a failure to drive 

interleukin 2 (IL2) synthesis via transcriptional activation of the nuclear factor of activated T 

cells (NFAT) (Wu et al., 1995). Indeed proliferation could be partially reconstituted through 

the addition of exogenous IL2 to stimulated cultures of Vav-/- T cells (Fischer et al., 1998). 

Hence, Vav plays an important role in T cell development and regulation of proliferation. In 

contrast the lack of Vav had negligible effect on the overall number of B cells (Zhang et al., 

1995).

Regulation o f TCR mediated cytoskeletal reorganisation - An additional consequence of TCR 

ligation in cultured T cells is the actin dependent clustering of receptors and signalling 

molecules into patches or caps (de Pétris and Raff, 1973). The precise role of this “capping” 

process is unclear but it has been implicated in coordinating downstream signalling events or 

receptor recycling. It is interesting to note that capping is reminiscent of the F-actin 

polymerisation which occurs at the interface between T cells and antigen presenting cells 

(APCs).

The mechanisms underlying capping were recently addressed by Fischer et al and Holsinger et 

al. Both groups revealed that T cells from Vav-/- mice were defective in the actin 

rearrangements required for TCR capping. The block appeared specific for antigen receptors 

since clustering of the GPI-linked surface molecules Thy-1 was unaffected (Fischer et al., 

1998; Holsinger et al., 1998).

The Vav-/- phenotype was analogous to cells treated with Cytochalasin D, an inhibitor of F- 

actin polymerisation, even extending to the block in IL2 synthesis and proliferation (see 

earlier). These findings correlate well with Vav’s link to the cytoskeieton via its GEF activity 

for the Rho family of small GTPases. Indeed TCR patches colocalised with R ad, RhoA and 

Cdc42, as well as the cytoskeletal membrane anchors talin and vinculin, in wildtype but not in 

Vav-/- cells (Fischer et al., 1998). Despite the capping defects, early signalling events such as 

tyrosine phosphorylation and MAPK or JNK activity were still induced by non-clustered TCRs 

(Fischer et al., 1998; Holsinger et al., 1998). Hence, Vav directed TCR clustering is believed
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to allow sustained signalling for activation of late events such as cytokine production and 

proliferation.

Cell mediated Cytotoxicity - Natural Killer (NK) cells and Cytotoxic T Lymphocytes (CTL) 

are lymphoid cells responsible for destroying virally infected cells and tumour cells 

extracellularly, i.e. not through phagocytosis. Upon encountering a target cell they are rapidly 

activated and initiate a signalling cascade resulting in the polarised release of cytolytic 

granules directed against the target (reviewed in Roitt et al., 1998).

Many lines of evidence indicate a role for Vav in this process. For example, activation of NK 

cells coincides with a rapid and transient phosphorylation of Vav (Galandrini et al., 1999). 

Moreover, overexpression of Vav, but not a mutant lacking exchange activity, enhanced 

polarisation of cytolytic granules and cytotoxicity, via GTP loading on Racl (Billadeau et al.,

1998). Results by Billadeau e t a l  suggest that specific subdomains of Vav may differentially 

affect T cell and NK cell activation (Billadeau et al., 2000).

1.5.4 The Vav protein family
Since the initial discovery of Vav in 1989 two other closely related genes have been 

characterised in humans (Henske et al., 1995; Schuebel et al., 1996; Movilla and Bustelo,

1999). They each map to different locations within the genome: human Vav to chromosome 

19 (region 19pl3.2), human Vav2 to chromosome 9 (region 3q34.1) and human Vav3 to 

chromosome 1. Moreover, following completion of various other genome sequencing 

projects, orthologues have also been identified in Caenorhabditis elegans (CelVav) and 

D rosoph ila  m elanogaster  (DroVav) (Wilson et al., 1994; Dekel et al., 2000). However, no 

family members exist in Saccharom yces cerevisiae, despite the presence of several Rho 

GTPases.

The three human Vav proteins share considerable sequence similarity and domain organisation 

(see Figure 1.17). However, their expression profiles vary significantly with Vav2 and Vav3 

exhibiting a much broader, almost ubiquitous distribution in contrast to the haematopoietic 

nature of Vav. Indeed transcripts for all three members are expressed in haematopoietic cells 

although Vav mRNA is present at significantly higher levels (Bustelo, 2000).
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To date, Vav2 is the only other family member that has been characterised in any detail. It 

shows properties very similar to Vav including increased oncogenic potential following amino 

terminal truncation and phosphorylation dependent GEF activity (Schuebel et al., 1996). 

Moreover, it too appears to be activated by a similar array o f  cell surface receptors. However 

its specificity for Rho targets remains somewhat controversial. Initial studies reported that 

activated Vav2 induced transformed phenotypes different to oncogenic Vav when expressed in 

NIH3T3 cells and consistent with this exhibited in vitro exchange activity for a distinct subset 

o f  Rho GTPases; RhoA, RhoB and RhoG, but not Racl or Cdc42 (Schuebel et al., 1996). 

However, more recent work from two groups revealed contradictory data, suggesting Vav2 has 

a similar substrate specificity to Vav, namely for Cdc42 and Racl (and RhoA to a lesser 

extent), in addition to inducing identical cellular morphologies upon transformation (Abe et 

al., 2000; Liu and Burridge, 2000). The reasons for these discrepancies are not clearly 

understood.
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F ig u r e  1.17 Comparison o f  the Vav fam ily ofproteins.

Compensation o f Vav function by Vav2
The recent engineering o f  mice deficient in both Vav and Vav2 has allowed the question o f  

compensation between family members to be assessed (Doody et al., 2001; Tedford et al..

65



2001). Such mice are severely compromised in their development o f  mature B cells, in 

addition to potentiating the restricted T cells repertoire observed in Vav-/- mice (see earlier 

1.5.3). In particular, they showed a substantial reduction (-85% ) in peripheral B cell numbers 

and a failure to proliferate in vitro or generate antibodies following antigenic challenge. 

Surprisingly, mice lacking Vav2 alone showed only a moderate B cell phenotype, albeit 

distinct from Vav-/- mice. Hence, given the minimal disruption o f  B cell maturation in Vav-/- 

mice these results suggest that Vav2 can compensate for Vav function in vivo, to some degree. 

Indeed the authors speculate that the lack o f  earlier B cell developmental defects in the double 

knock-out may be attributed to compensation by Vav3.

1.5.4 Vav Binding Proteins
A diverse array o f  cytoskeletal and nuclear proteins has been shown to associate with Vav. 

This is not altogether surprising given its range o f protein motifs and its tendency for 

activation by multiple membrane receptors. However the majority o f  these interactions have 

been identified using Yeast 2-Hybrid screens or immunoprécipitation studies using Vav 

fragments and hence their directness and physiological occurrence is generally untested (see 

Figure 1.18). A notable exception is the association o f Vav and the adaptor protein Slp-76. 

Activated Vav appears to co-operate with Slp-76 to synergistically enhance the basal and TCR 

induced transcription o f 1L2 via NFAT (Wu et al., 1996).
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F ig u r e  1.18 Vav has been implicated in multiple protein-protein interactions. The tyrosine- 

phosphorylated sites on Vav (only TyrI 74 is shown) mediate binding to the SH2 domain o f  a 

number o f  proteins, as shown.
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In addition to its intrinsic catalytic activity, the multiple structural domains of Vav suggest it 

may also serve as a docking protein or adapter to direct signalling from membrane associated 

complexes.

Summary

There is accumulating evidence implicating a role for the RhoGEF Vav, downstream of 

different immune receptors, in cytoskeletal remodelling and transcriptional regulation. Future 

challenges will involve functionally characterising the recently identified isoforms and 

establishing the mechanisms and physiological consequences of their activation.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 M o l e c u l a r  B io l o g y

2.1.1 Molecular cloning

Plasmid DNA and PCR products (2-5 jag per reaction) were normally digested in a volume of 

25 pi, using 0.5 pi (approx. 10 units) of each restriction enzyme (New England Biolabs), with 

NEB buffers, for 1 hr at 25-37°C. Fragments for ligation were purified by phenolxhloroform 

extraction (Sambrook et al., 1989) or by gel purification (as manufacturers instructions). DNA 

purity and integrity were assessed by running samples resuspended in Ix loading buffer (6x: 

30% glycerol (v/v), 0.25% bromophenol blue (w/v), 0.25% xylene cyanol FF (w/v)) on TAE 

(Ix: 40 mM Tris-acetate, 10 mM EDTA) agarose gels. Small DNA fi*agments, such as 

oligonucleotides, were detected by running samples in Ix loading buffe* on polyacrylamide 

gels (7.5% polyacrylamide solution, 0.08% APS, 0.001% TEMED in Ix TAE). 

Electrophoresis was routinely carried out at 120-130 mA for 1 hr and DNA visualised by 

staining gels using 0.8 pg/ml ethidium bromide.

PCR reactions used a final volume of 50 pi, containing 50 ng DNA template, 10 pmol of each 

oligonucleotide primer, 0.2 mM dNTPs, 1 pi Pfu polymerase (2.5 U/pl, Stratagene) in Ix PCR 

buffer. Cycling conditions were typically as follows, 1 x at 94°C for 1 min, 30x at [94®C for 1 

min, 55-60°C for 1-2 min, 72°C for 1-3 min] and Ix at 72°C for 10 min. All oligonucleotide 

primers were ordered from MWG-Biotech.

Ligation reactions were performed using a molar ratio of vector:insert of 1:5 or 1:10. 

Reactions were carried out in a final volume of 10 pi containing 1 pi T4 DNA ligase (5 U/pl, 

Roche) and 1 pi lOx DNA ligase buffer by incubation for 3-4 hrs at room temperature or 

overnight at 4°C. The entire ligation mix was used to trmsform CaClz competent E.coli by 

heat shock (see below).

2.1.2 DNA constructs 

Vav constructs

Full-length murine proto-oncoVav was cloned using pSK-Vav (a generous gift from S. Katzav, 

Hebrew University, Israel) as a template. A 3 fiagment ligation was performed with (1) a 5’ 

fragment generated by PCR using pSK-Vav as the template, the sense primer 

CGGATCCGAGCTCTGGCGACAGTGC. incorporating a BamHI site as underlined and the 

antisense primer CCGCAAGTTAACCTCGCGAAG. incorporating a Hpal site as underlined
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(2) a 3’ fragment generated by Hpal/Hindlll restriction digest of pSK-Vav and (3) pRK5-myc 

cleaved BamHI/Hindlll to produce pRK5-myc-pVav.

Vav-C (murine amino acids 538-845) was cloned by PCR using pRK5-myc-pVav as a 

template, the sense primer GCTCTAGAGTACCTATGCAGCGGGT, incorporating an 

internal Xba site as underlined and the pRK5 antisense primer (W28) 

GCAATAAACAAGTTGGGC. The PCR fragment was gel purified, cleaved and ligated into 

Xbal/Hindlll cut pRK5-myc, to produce pRK5-myc-Vav-C.

HA tagged pCMV-VavA342-348 was a kind gift from Charles Abrams (University of 

Pennsylvania, Philadelphia). A pRK5-myc version was generated by replacing a BgUI 

fragment from pRK5-myc-pVav with the corresponding fragment from pCMV-VavA342-348, 

incorporating the 7 amino acid deletion in the DH domain. The new construct was termed 

pRK5-myc-VavADH.

pRK5-myc-oncoVav (murine amino acids 145-598) was cloned by Mike Olson, a former Post

doc in the lab. PCMV3-myc-Vav2 was a kind gift from G.Doody (Babraham Institute, 

Cambridge).

GTPase constructs

GFP tagged wildtype Rac and Rho were generated by subcloning BamHI/Hindlll cut small 

GTPases from pGEX-Rac and pGEX-Rho (provided by A. Self, Hall Lab) into the 

Bglll/Hindlll site of pEGFP-Cl (Clontech). pEGFP-wtCdc42 was a kind gift from Alan Wells 

(University of Alabama, Birmingham).

CDllb/CD18 constructs

CD lib  mutants were constructed by replacing a Xhol/Hindlll fragment of pRK5-human 

CD llb with different Xhol/Hindlll PCR fragments, amplified to introduce premature stop 

codons within the cytoplasmic tail. PCR fragments were generated using pRK5-CDl lb as a 

template, the sense primer GCTCTAGACTCTCGAGTACGTGCCACACC. incorporating an 

internal Xhol site as underlined and antisense primers as indicated in Table 4. CD 18 mutants 

were generated in an analogous manner, but due to unfavourable restriction sites, required 

initial subcloning of the full length CD 18 sequence, cut Xbal/Hindlll from pRK5-CD18, into 

pUC19. Mutants were cloned by replacing a Sacll/Hindlll fragment of pUC19-CD18 with
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different SacII/Hindlll PCR fragments, amplified using pUC19-CD18 as a template, the sense 

primer GCTCTAGAACCCCGCGGCGTGTTGAGTG. incorporating an internal SacII site as 

underlined, and antisense primers as indicated in Table 4. The different GDI 8 mutants were 

subsequently removed from pUC19 and cloned into pRK5 using Xbal/Hindlll sites.

GFP tagged CD18-01igo was generated by annealing 200ng each of sense (CGGGA 

TCCAGCGCCACCACGACGGTCATGAACCCCAAGTTTGCTGAGAGTTAGGAATTCC 

G; containing an internal BamHI site as underlined) and antisense (CGGAATTCCTAACT 

CTCAGCAAACTTGGGGTTCATGACCGTCGTGGTGGCGCTGGATCCCG; containing an 

internal Hindlll site as underlined) oligonucleotides by incubation at 80®C for 15 min in 

annealing buffer (50 mM NaCl, 10 mM Tris pH8), followed by cooling slowly to room 

temperature. Annealed oligos were cleaved by BamHI/Hindlll digestion, phenol/chloroform 

precipitated and ligated into Bglll/Hindlll cleaved pEGFP-Cl.

T a b l e  4 PCR primers used to generate CR3 receptor mutants. H indlll restriction sites are underlined. Stop 

codons are shown in bold.

C o n s t r u c t  A n t ise n se  p r im e r  (5 ’->  3 ’)

C D llb A l CTTGAAAAGCTTCTACTTGTACAGCGCGGCGGT

C D llb A l TTCACTAAGCTTCTACTTGTATTGCCGCTTGAA

C D llbA 3 TTCGGCAAGCTTCTAACCCCCTTCACTCATCAT

C D llb A l.l CTTGTAAAGCTTCTAGAAGAAGCCGAGCTTGTA

C D llb A l.2  CATGTCAAGCTTCTACCGCTTGAAGAAGCCGAG

CD18A1 CAGGTGAAGCTTCTACTTCCAGATGACCAGCAG

CD18A2 CCACTGAAGCTTCTACTTCTCCTTCTCAAAGCG

CD18A3 CGTCGTAAGCTTCTACTTGAAAAGGGGATTATC

Other constructs

pRK5-HA-C1199Tiaml, (a constitutively active mutant of Tiaml) was a kind gift from John 

Collard (The Netherlands Cancer Institute, Amsterdam). All other constructs used were 

previously cloned within the Hall lab.
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2.1.3 Preparation of CaCh competent E.coli

Heat shock competent DH5a E.coli were prepared by growing a single colony of DH5a in 10 

ml SOB (-Mg) (L-broth (2% bacto tryptone, 0.5% bacto yeast extract, 10 mM NaCl) + 2.5 mM 

KCl) overnight at 37°C. The overnight culture (2 ml) was diluted into 100 ml SOB (+Mg) 

(SOB + 10 mM MgCl2/MgS0 4 ) and grown at 37"C until reading an ODôoo Cells were 

chilled on ice for 15 min prior to centrifugation at 3000 rpm for 15 min at 4°C. The cell pellet 

was drained thoroughly, resuspended in 16 ml cold, sterile filtered RFl solution, pH5.8 (15% 

w/v glycerol, 100 mM KCl, 50 mM MnCl2 .4 H2 0 , 30 mM KAc, 10 mM CaCl2 .2 H2 0 , pH 

corrected with acetic acid) and incubated on ice for 20 min. Cells were centrifuged again, the 

pellet resuspended in 4 ml cold, sterile filtered RF2, pH6 . 8  (15% w/v glycerol, 10 mM PIPES 

pH6 .8 , 10 mM KCl, 75 mM CaCl2 .2 H2 0 , pH corrected with NaOH) and further incubated on 

ice for 15 min. Aliquots (0.5-1 ml) were snap frozen in liquid nitrogen and stored at -80°C.

2.1.4 Transformation of E.coli

Competent cells (75-100 pi cells/transformation) were thawed on ice, mixed gently with DNA 

and incubated on ice for 30 min. Cells were subsequently “heat shocked” by incubation at 

42°C for 90 sec followed by returning immediately to ice for 2 min. 800 pi prewarmed SOC 

(SOB (+Mg) + 20 mM glucose) was added to each sample and cells shaken gently at 37°C for 

1 hr. Cells (100-200 pi) were plated onto L-Broth-Agar plates containing antibiotic for 

selection of transformed cells (typically 100 pg/ml ampicillin or 50 pg/ml kanamycin). Plates 

were incubated overnight at 37°C to allow colony growth.

2.1.5 DNA purification 

Minipreps

A single colony of E.coli was grown in 3 ml L-Broth, in a 15 ml round bottom tube (Falcon), 

overnight at 37°C with vigorous agitation. DNA was prepared from 1.5 ml of the culture by 

pelleting cells at 13000 rpm, 5 min, and resuspending in 100 pi STET buffer (8 % sucrose, 5% 

Triton X-100, 50 mM Tris-HCl pH8 , 50 mM EDTA) containing fresh lysozyme (1 mg/ml). 

Samples were boiled for 1 min and centrifuged at 13000 rpm, 5 min. The resulting pellet was 

removed using a Gilson pipette tip and discarded. DNA was precipitated by adding 100 pi ice- 

cold iso-propanol and centrifugation at 13000 rpm for 10 min at 4®C. The DNA pellet was 

washed with 1 ml 70% ethanol, air dried and resuspended in 50 pi TE pH8 . DNA (5 pi) was 

digested and analysed by gel electrophoresis.
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CsCl maxipreps

DNA for microinjection was prepared by CsCl gradient purification. E.coli from a 500 ml 

overnight culture were pelleted by centrifugation at 4000 rpm for 15 min and cells resuspended 

in 10 ml ice-cold solution I (25 mM Tris-HCl pH8 , 10 mM EDTA, 50 mM glucose). Bacterial 

lysis was performed by adding 20 ml freshly prepared solution II (1% SDS, 200 mM NaOH), 

mixing by gently inverting the tube 3x and incubation on ice for 10 min. The solution was 

neutralised by adding 15 ml ice cold solution III (5 M KAc pH4.7), mixing by inverting the 

tube 6 x and incubation on ice for 10 min. Debris was pelleted by centrifugation at 4000 rpm 

for 20 min and the supernatant filtered through muslin. DNA was precipitated by adding 1 

volume ice-cold iso-propanol, pelleted at 4000 rpm for 20 min, resuspended in 10 ml TE pH8  

and precipitated again in 10 ml 5 M NH4AC pH5.2 plus 2 volumes 95% ethanol. The pellet, 

recovered after centrifugation at 4000rpm for 20 min, was resuspended in 7 ml lOxTE pH8  

and 1.05 g CsCl/ml added together with 100 pi ethidium bromide (10 mg/ml). This solution 

was transferred to a heat-sealable ultracentrifuge tube (Beckman) and centrifuged for >4 hrs at

100,000 rpm. The supercoiled plasmid DNA (lower band) was removed using a wide bore 

needle (19G2 gauge) and syringe. It was diluted to 4 ml with water and ethidium bromide was 

extracted by washing 3-4x with 8  ml water-saturated isobutanol. The DNA was precipitated 

with 2 volumes of ethanol, centrifuged 4000 rpm 20 min and resuspended in 500 pi TE pH8 . 

It was further purified by 2x 1/2 volume phenol : chloroform extraction steps and precipitated 

again by incubation on dry ice in 1/10 volume NaAc pH5.2 and 1 ml ice cold ethanol for 5 

min. DNA was pelleted by centrifugation 13000 rpm 10 min, 4®C and washed using 1 ml 70% 

ethanol. The DNA pellet was air dried and finally resuspended in 350-500 pi TE pH8 . DNA 

concentration and purity were analysed by optical density (Abs2 6 0nm/2 8 0nm) and gel 

electrophoresis.

All cloned constructs were verified by DNA sequencing (Hammersmith Hospital).

2.2 C e l l  B io l o g y

2.2.1 Reagents 

Antibodies

Rat anti-mouse FcyRIII/II (clone #2.4G2, 0.5 mg/ml. Cat. #0124ID), rat anti-mouse CDllb 

(clone Ml/70, 0.5 mg/ml. Cat. #0171 ID), mouse anti-human CD llb (clone ICRF44, 0.5 

mg/ml. Cat. #555386) and mouse anti-human CD18 (clone 6.7, 0.5 mg/ml. Cat. #555922) were
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purchased from Pharmingen. Mouse anti-human Vavl (Cat. #05-219) and mouse anti-Rac 

(clone 23A8, 1 mg/ml, Cat. #05-389) were from Upstate Biotech. Mouse anti-Cdc42 (250 

pg/ml, Cat. #C70820) was from Transduction Laboratories. Rabbit anti-RhoA (200 pg/ml, 

Cat. #sc-179) was from Santa Cruz. Rat anti-HA (clone 3F10, 100 pg/ml. Cat. #1867423) was 

from Roche. Mouse anti-Flag (clone M2, 4mg/ml, Cat. #F-3165) was from Sigma. Mouse 

anti-myc (clone 9E10) was purified in house. Goat anti-mouse FITC (625 pg/ml. Cat. #115- 

095-100), donkey anti-mouse FITC (500 pg/ml, Cat. #715-095-151), donkey anti-mouse 

Rhodamine (625 pg/ml. Cat. #715-295-151), donkey anti-mouse Texas Red (625 pg/ml. Cat. 

#715-075-151), donkey anti-rabbit FITC (625 pg/ml. Cat. #711-095-152), donkey anti-rabbit 

Texas Red (625 pg/ml. Cat. #711-075-152), donkey anti-rabbit Cy5 (625 pg/ml. Cat. #711- 

175-152), donkey anti-rat Cy5 (625 pg/ml. Cat #712-175-153), donkey anti-mouse IgG (1.3 

mg/ml. Cat. #715005150) and donkey anti-rat IgG F(ab’ ) 2  (0.8 mg/ml. Cat. #712006153) were 

purchased from Jackson Immunochemicals. Rhodamine-phalloidin (50 pg/ml. Cat. #P-1951) 

was from Sigma. AMCA-streptavidin (1 mg/ml. Cat. #S-11249) was from Molecular Probes.

Inhibitors

Wortmannin (Cat. #W1628) was purchased from Sigma, PPl (Cat. #529572) from 

Calbiochem and Herbimycin (Cat. #13201-013) from Gibco. Leptomycin B was a kind gift 

from Dr M Yoshida (Tokyo). Toxin B1470 and toxin B10463 were generously donated by Dr 

C von Eichel Streiber (Gutenburg University, Mainz) and Dr Klaus Aktories (Freiburg, 

Germany).

All other reagents were from Sigma, unless otherwise stated. Tissue culture plasticware was 

purchased from Nunc, unless otherwise stated.

2.2.2 Cell lines and culture conditions

All cell lines were grown in a temperature (37”C) and CO2 (10%) controlled incubator. 

1774^1 and COS-7 cells

The murine macrophage cell line J774.A1 and monkey fibroblast cell line COS-7 cells were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% 

heat inactivated fetal calf serum (FCS, PAA laboratories) and penicillin/streptomycin (P/S, 

100 U/ml and 100 pg/ml, Gibco).
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CHO cells

Chinese Hamster Ovary (CHO) cells were cultured in DMEM/F12 supplemented with 

glutamine (Gibco), 10% complete FCS and P/S, as above.

S3T3 cells

The murine fibroblast cell line S3T3 was cultured in DMEM, in the presence of 10% complete 

FCS and P/S, as above. Quiescent, serum-starved sub-confluent S3T3 cells for microinjection 

were prepared by seeding 2x10  ̂ cells on a 6  cm dish in 4 ml DMEM, 5% FCS, P/S and 

growing till quiescent (8-9 days). Two days prior to microinjection, cells were plated on to 

acid washed coverslips (preparing coverslips: swirl 5 min nitric acid, 10 min under running tap 

water, 5 min ddH2 0 , 2x wash in ethanol, Ix wash in methanol and bake to dry) pre-coated 

with fibronectin (Sigma, 20 pg/ml fibronectin in PBS at 37°C for 1 hr or overnight at 4°C. 

Wash 2x PBS-A). This involved collecting culture medium fi-om quiescent cells, washing 

cells 2x 1 ml pre-warmed PBS-A and trypsinising with 500 pi trypsin/EDTA (Gibco) 1 min 

37°C. Trypsin was neutralised by resuspending cells in 10 ml serum free medium (SFM, 13.6 

g/1 DMEM powder, 2 g/1 NaHCOg, 1 mM sodium pyruvate, and P/S; all components fi-om 

Gibco) containing 0.5 mg/ml soybean trypsin inhibitor and cells pelleted by centrifugation at 

1000 rpm for 3 min. Cells were finally resuspended in 1 ml SFM and seeded onto coverslips 

at a density of 5x10 "̂ cells (-70 pl)/ml SFM containing 20 pi collected quiescent cell medium. 

Cells were maintained in SFM throughout microinjection. For microinjection of quiescent, 

serum-starved confluent S3T3, cells were prepared by seeding 4x10^ cells onto acid washed 

coverslips, containing DMEM/5% FCS and allowed to quiesce for -8-10 days. 16 hrs prior to 

microinjection cells were starved by removing most of the cell medium and replacing with 1  

ml SFM (no rinse step).

2.2.3 Microinjection of S3T3 fibroblasts and J774 macrophages

Immediately prior to microinjection, cells on coverslips were transferred to a 60 mm petri dish 

containing 7 ml culture medium (typically SFM for serum starved S3T3 or SFM containing 10 

mM Hepes for J774). Cells were microinjected using an Eppendorf micromanipulator 5171 

and transjector 5246 on a Zeiss Axiovert 135M microscope in a temperature (37"C) and CO2  

(10%) controlled chamber. CsCl purified DNA constructs were injected (usually at 0.1 mg/ml 

filtered PBS-A) into the nuclei of 50-100 cells, as required. Biotin dextran (10000 MW, 

lysine-fixable. Molecular Probes; final concentration 5 mg/ml) was often co-injected as a
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marker and detected using an AMCA-streptavidin conjugate (see below). Cells were returned 

to the incubator to allow expression, usually 3 hrs.

2.2.4 COS cell transfection 

Lipofectamine transfection

Small scale transfection of COS-7 cells was performed using lipofectamine (Gibco). COS-7 

cells were seeded in a six-well plate, at a density of 2x10^ cells/well in 2 ml DMEM/10%FCS 

containing P/S, 16-20 hr prior to transfection. For each transfection, 1 pg total DNA 

resuspended in 100 pi SFM without P/S was mixed gently by pipetting with 8  pi 

Lipofectamine reagent resuspended in 100 pi SFM without P/S. Lipid complexes were 

allowed to form by incubation at room temperature for 30 min. 800 pi pre-warmed SFM 

lacking P/S was added gently to each transfection samples and the complete mix (1 ml) added 

to COS cells (pre-washed 2x SFM lacking P/S). Cells were incubated for 4 hr at 37®C prior to 

addition of 1 ml DMEM/20%FCS containing 2x P/S. Transfectants were harvested 24-48 hr 

later as required, or serum starved prior to use in phagocytosis assays, as described below.

Electroporation

Larger scale transfection of COS-7 cells were performed by electroporation. COS-7 cells 

seeded on a 1 0  cm dish in 10 ml DMEM/10% FCS, were used at 80-90% confluency. Cells 

were washed Ix PBS-A, prior to tiypsination and pelleting in 10 ml DMEM/10%FCS. 

Approximately 2x10^ cells were used per transfection. Cells were washed 2x in cold HEBS 

buffer (20 mM HEPES pH7.05, 137 mM NaCl, 5 mM KCl, 0.7 mM Na2HP0 4 , 6  mM D- 

glucose) and resuspended in 250 pi HEBS/transfection. Cells were added to electroporation 

cuvettes (4 mm, Equibio) containing 20-25 pg total DNA. Transfections were performed 

using a Biorad electroporator, with settings 250 pF, 270-280 V and infinite ohms. Cells were 

rapidly but thoroughly resuspended in 10 ml DMEM/10%FCS and seeded in 10 cm dishes, for 

use 24-48 hr later.

2.2.5 Fluorescence activated cell sorting (FACs)
COS cells transfected with different CR3 constructs were analysed for surface expression 

using FACs. Cells on a 10 cm dish were washed Ix cold wash buffer (0.5% BSA, 0.02% azide 

in PBS-A) and scraped gently into 1 ml wash buffer, on ice. Cells were washed by 

centrifugation, 1500 rpm for 5 min at 4°C, and resuspended in wash buffer. Surface 

expression was analysed by staining cells (2.5-5x10^ cells per sample) in a final volume of 50
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|il cold wash buffer, containing mouse anti-CD 11b, mouse anti-CD 18 or control antibodies 

(final concentration 10 p,g/ml) and incubating on ice for 30 min. Cells were pelleted, washed 

2x 500 pi cold wash buffer and incubated in a final volume of 100 pi cold wash buffer with 

the secondary antibody, goat anti-mouse FITC (final concentration 6.25 pg/ml) on ice for 30 

min. Finally cells were washed 2x in cold wash buffer and resuspended in a final volume of 

500 pi cold wash buffer. The relative fluorescence of gated COS cells was analysed by FACs.

2.2.6 Toxin and Inhibitor studies

A number of different toxins and inhibitors were used in this study (Table 5).

T a b l e  5  Different inhibitors used. All treatment conditions refer to J774 macrophages.

In h ib it o r F u n c t io n St o c k  s o l u t io n T r e a t m e n t

L e p t o m y c in  B Inhibitor of nuclear 1 0  pg/ml in ethanol 4ng/ml in SFM/H for

export 6 hr-ovemight

T o x in  BI0463 Inhibitor of Cdc42, Rac 4 pg/ml in 40 mM 1 0 "̂ -1 0 "̂  fold dilution

and Rho (Rho GTPases) Tris-HCl pH7.5 in SFM/H for 2 hr

T o x in  B1470 Inhibitor of Rac, R-Ras, 1.6 pg/ml in 40 mM 1 0 "̂ -1 0 "̂  fold dilution

Rap and Ral Tris-HCl pH7.5 in SFM/H for 2 hr

WORTMANNEV Inhibitor of PI-3 kinase 100 pM in DMSO <100 nM for 30 min

in SFM/H

P P I Inhibitor of Src tyrosine 20 mM in DMSO <20 pM in SFM/H

kinases for 4-8hr

H erbim y ccv Broad inhibitor of 0.5 mg/ml in ~ 2.5 pg/ml in

tyrosine kinases DMSO SFM/H for 6 hr

2.2.7 Phagocytosis Assay

Phagocytosis assays using J774 macrophages were performed as previously described (Patel et 

al., 2000). Briefly, J774 macrophages seeded onto acid washed glass coverslips at a density of 

SxloVml DMEM/10% heat inactivated FCS were used. Fresh sheep red blood cells (RBC) 

(ICN) were opsonised with a sub-agglutinating concentration of IgG (ICN), for FcyR mediated 

phagocytosis assays, or IgM (ICN), for CR3 mediated phagocytosis assay. The latter required 

further opsonisation with C5-deficient serum, to coat RBC with the complement component 

C3b, (which is subsequently converted to C3bi, the ligand for the CR3 receptor). Opsonised 

RBC were resuspended in pre-warmed SFM, containing 10 mM Hepes, and added at a ratio of
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~10 RBC/macrophage. For phagocytosis of C3bi-coated RBC, macrophages required pre

activation for 15 min at 37®C with the phorbol ester, PMA (150 ng/ml SFM/Hepes). Targets 

were allowed to sediment onto adherent macrophages by incubation at 37®C for 30 min, 

sufficient time to initiate binding and engulfment. The assay was terminated by rinsing 

macrophages with SFM and fixing cells with cold 4% paraformaldehyde (PFA in PBS-A). 

The fixing of cells with cold PFA is crucial for inducing the morphological differences 

between bound and internalised RBC. In the case of FcyR mediated phagocytosis, engulfment 

could be approximately synchronised by adding targets, resuspended in cold SFM/Hepes, to 

macrophages and allowing binding to occur for 15 min at 4°C, prior to inducing uptake by 

replacing medium with prewarmed SFM/Hepes and incubating at 37”C for 15 min.

COS cell phagocytosis assays were performed by electroporation of cells (as described above), 

with cDNA encoding human FcyRIIA or a combination of human CD 1 lb/CD 18 in 

conjunction with other constructs, as required. Cells were seeded onto acid washed glass 

coverslips and challenged with opsonised RBC, as described above. However, in the case of 

CR3 mediated phagocytosis, COS cells did not require a PMA pre-activation step, since the 

receptor is competent to bind particles.

CHO and S3T3 cell CR3 phagocytosis assays were carried out as described for COS cells.

2.2.8 CR3 cross-linking studies in S3T3 fibroblasts

Sub-confluent quiescent serum starved S3T3 fibroblasts were microinjected and allowed to 

express different CDl lb/CD 18 constructs to assess stress fibre formation upon receptor cross- 

linking. Cells were incubated for 20 min at 4°C with mouse monoclonal antibodies directed 

against human CDl lb (final concentration 10 pg/ml) or human CD 18 (final concentration 10 

pg/ml) as required, washed Ix in cold SFM and further incubated at 37“C with donkey anti

mouse IgG (final concentration 15 pg/ml). Cells were finally washed Ix in SFM and fixed 

with cold 4% PFA, ready for immunofluorescence. To visualise surface, antibody-induced, 

receptor cross-linking, cells were stained using FITC conjugated anti-mouse antibodies. F- 

actin was detected by staining cells with rhodamine-phalloidin following cell permeabilisation 

(see 2.2.9 immunofluorescence microscopy).
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2.2.9 Immunofluorescence microscopy

Ceils seeded on coverslips were fixed in cold 4% (w/v) paraformaldehyde for 20 min at 4“C 

prior to permeabilisation with 0.1% Triton X-100 (TX-100)/PBS for 5 min and quenching in 

NH4 CI/PBS (2.7 mg/ml) for 10 min. For immunostaining, cells were incubated with 

antibodies diluted in PBS for 30 min at room temperature. Where appropriate all antibody 

mixes contained excess human IgG to prevent non-specific binding to the FcyR. Rhodamine- 

conjugated or Cy5-conjugated donkey anti-rabbit IgG were used to detect opsonised RBC. 

Myc-tagged constructs were visualized using mouse monoclonal anti-myc (9E10) followed by 

Rhodamine or FITC-conjugated anti-mouse IgG. Flag-tagged constructs were detected using 

mouse monoclonal anti-Flag M2 followed by Rhodamine conjugated anti-mouse IgG. F-actin 

was stained using rhodamine-conjugated phalloidin. Cells microinjected with biotin dextran 

were detected with AMCA-coupled streptavidin. Coverslips were mounted in mowiol 

mountant (Calbiochem) containing p-phenylenediamine as an antibleaching agent and images 

captured using a Biorad MRC 1000 confocal microscope.

2.2.10 Video Time-lapse microscopy

Time-lapse movies were recorded using a CCD camera (Panasonic BL-22) and time-lapse 

controller (Eos electronics), attached directly to a Zeiss Axiovert 135M microscope. Cells 

were maintained in a temperature (37°C) and CO2 (10%) controlled chamber (10 mM Hepes 

buffered SFM was also used for J774 macrophages). Images were captured under phase- 

contrast, at 10 frames/min on a Betacam video recorder (Sony).

2.3 P r o t e in  B io c h e m is t r y

2.3.1 Preparation of G ST  fusion proteins

GST-PAK CRIB (pGEX-PAK-CRIB, in BL21 E.coli) for pulldown assays was prepared by 

inoculating 50 ml L-Broth, containing 100 pg/ml ampicillin, and growing overnight, shaking 

at 37°C. Cultures were diluted into 500 ml L-Broth containing ampicillin (ODôoonm -0.1) and 

grown shaking at 37°C, to an ODaoonm -  0.8. Expression of the fusion protein was then 

induced by addition of isopropyl (3-D-thiogalactopyranoside (IPTG, 500 mM stock solution 

prepared in ddHiO) to a final concentration of 0.5 mM and growing for a further 2 hr at 37®C. 

Cells were pelleted by centrifugation at 4000 rpm for 10 min at 4°C and resuspended in 10 ml 

cold lysis buffer (50 mM Tris-HCl pHS, 20% sucrose, 10% glucose, 0.2 mM NaiSzOg, 2 mM 

MgClz, 2 mM DTT, 0.2 mM PMSF, 1 mM benzamide, 10 pg/ml aprotinin/leupeptin). The
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bacteria were lysed by sonication on ice (4-6x 30 sec bursts with 30 sec breaks inbetween; 

amplitude 15) and the lysates cleared by high speed centrifugation; 1 0 0 0 0  rpm, for 2 0  min at 

4®C. The supernatant was decanted carefully into 15 ml falcon tubes and incubated on a 

rotating wheel at 4°C with 1 ml 50% glutathione agarose bead slurry for 1 hr. (Bead slurry 

was prepared by pre-swelling glutathione agarose beads in PBS-A for ~10 min at room 

temperature, washing beads 3x with 5 ml PBS-A and finally resuspending to a 50% slurry in 

lysis buffer). Beads were recovered by pelleting at 1500 rpm for 2 min at 4°C in a benchtop 

centrifuge and washed 3x with 5 ml cold lysis buffer followed by 2x 5 ml cold resuspension 

buffer (50 mM Tris pH7.6, 0.5% TX-lOO, 150 mM NaCl, 5 mM MgCb, 1 mM DTT, 0.2 mM 

PMSF, 10 pg/ml aprotinin/leupeptin) to remove unbound proteins. Finally, beads were 

resuspended to a 50% slurry in resuspension buffer, containing glycerol at a final 

concentration of 40%, aliquoted (50-100 pi), snap frozen and stored at -80°C.

GST-Rhotekin RBD (pGEX-2T-TRBD, in DH5a) was prepared in an analogous way, but 

bacterial cultures were grown for 5 hr at 30"C prior to induction of protein expression with 

IPTG.

Protein concentration and quality was assessed by comparing to BSA standards using SDS 

PAGE and the Bradford Protein assay (Biorad).

2.3.2 GTPase Pulldown Assays

COS cells were electroporated with phagocytic receptors and additional constructs, as 

required. Cells were seeded onto 10 cm dishes and 16 hr following transfection were serum 

starved for 5 hr prior to eliciting phagocytic challenge.

For Fey receptor pulldown assays, 15 pi RBC, opsonised with IgG (Patel et al., 2000), were 

resuspended in 3 ml cold SFM and allowed to adhere to cells for 15 min at 4°C. COS cells 

were washed once to remove unbound particles prior to incubation at 37“C. At different time 

points, COS cells were washed twice in ice cold TBS (50 mM Tris, 150 mM NaCl, pH8 ) and 

lysed by scraping on ice in RIPA Buffer (50 mM Tris, 150 mM NaCl, 1% TX-lOO, 0.5% 

Sodium Deoxycholate, 0.1% SDS, lOmM MgCli, 0.2 mM PMSF, 10 pg/ml 

aprotinin/leupeptin, pH8 ). Lysates were cleared by centrifiigation at 14000rpm for 2 min at 

4°C, an aliquot saved to assess total GTPase levels, and the remaining lysates divided in two to 

assess levels of active Cdc42 and Rac. Lysates were incubated for 45 min at 4°C with 20 pg of
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a 50% slurry of PAK CRIB coupled to glutathione agarose beads to precipitate GTP-bound 

Cdc42 and Rac. Beads were subsequently washed three times in cold Wash buffer (50 mM 

Tris, 150 mM NaCl, 1% TX-lOO, 10 mM MgCb, 0.2 mM PMSF, 10 pg/ml 

aprotinin/leupeptin, pH8 ). Equal amounts of beads and total cell lysates were analysed by 

SDS PAGE and immunoblotting, using either mouse monoclonal anti-Cdc42 or mouse 

monoclonal anti-Rac (clone 23 A8 ). Fold activation of Cdc42 and Rac was assessed, relative to 

levels of Cdc42 and Rac in the total cell lysates, by quantification of autoradiographic 

exposures using Quantity One software (Biorad).

For CR3 receptor pulldown assays, 20pl RBC, opsonised with C3bi (Patel et al., 2000), were 

resuspended in 3 ml pre-warmed SFM and added to cells. Dishes were incubated for different 

periods of time at 37°C, prior to washing and lysis as described above (RIPA buffer as above, 

except 350 mM NaCl instead of 150 mM). Samples were processed as above, but probed for 

Rho activation using Rhotekin RBD coupled to glutathione agarose beads and rabbit 

polyclonal anti-Rho for immunoblotting.

2.3.3 Vav Tyrosine Phosphorylation and Immunoprécipitation

Immunoprécipitation of endogenous Vav, following FcyR cross-linking, in J774 macrophages, 

was performed to assess its tyrosine phosphorylation. J774 macrophages were harvested from 

a flask by gently scraping in cold PBS-A and washed 2x with 10 ml cold PBS-A. For antibody 

induced cross-linking, cells (1.5x10^ per time-point) resuspended in a final volume of 200 pi 

cold PBS-A were incubated with rat anti-FcyRII/III antibody (clone 2.4G2, final concentration 

10 pg/ml) plus excess hIgG and incubated rotating at 4°C for 30 min. Cells were washed Ix in 

cold PBS-A and resuspended in 200 pi pre-warmed PBS-A containing donkey anti-rat IgG 

F(ab’ ) 2  (final concentration 10 pg/ml). Receptor cross-linking was performed by further 

incubation at 37®C for different time points. Reactions were terminated by pelleting cells, 

washing Ix with cold PBS-A containing 1 mM NaV0 4 , and resuspension of cells in 500 pi 

lysis buffer (10 mM Tris-HCl pH8 , 150 mM NaCl, 0.1% SDS, 1% NP40, 1% TX-lOO, 1% 

sodium deoxycholate, 2 mM EDTA, 1 mM PMSF, 1 mM NaF, 100 pM NaV0 4 , 10 pg/ml 

aprotinin/leupeptin, 1 mM DTT) for 30 min, rotating at 4°C. Samples were pelleted by 

centrifugation at 13000 rpm for 10 min at 4°C and the supernatant incubated with Protein G 

beads presorbed with anti-Vav, for 1-2 hr rotating at 4°C (Presorbing Protein G beads: wash 

200 pi packed volume of beads 3x with 1 ml cold PBS-A. Add a 1/50 dilution of monoclonal 

anti-human Vav antibody and incubate rotating at 4°C for 1-2 hr. Wash beads 2x with cold
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PBS-A followed by 2x 1 ml lysis buffer and use 50 îl packed volume of beads per 

immunoprécipitation). Following immunoprécipitation, beads were washed 2x with cold PBS- 

A, resuspended in Ix SDS PAGE loading buffer and analysed by SDS PAGE and western 

blotting.

2.3.4 Cell Membrane preparation

Membrane extracts from different cell lysates were prepared to probe surface expression of 

endogenous integrins. Different adherent cell lines seeded on 10 cm dishes (-1x10^ cells per 

dish) were washed with cold PBS-A on ice and harvested by adding 500 pi cold hypotonic 

buffer (20 mM Tris-HCl pH7.5, 2 mM MgCli, 1 mM EDTA, 1 mM PMSF, 10 pg/ml 

aprotinin/leupeptin) for 10-15 min on ice prior to gently scraping. Cells were lysed using a 

Dounce Homogeniser, and the homogenate centrifuged at 2000 rpm for 5 min at 4®C to pellet 

nuclei. The supernatant was further centrifuged at 40000 rpm for 40 min at 4®C using a 

Beckman ultracentrifuge with a pre-cooled rotor. The resulting supernatant, corresponding to 

the cytosol, was recovered and the pellet, corresponding to the membrane fraction, 

resuspended in Ix SDS PAGE sample buffer/hypotonic buffer. Samples were analysed by 

SDS PAGE and western blotting using antibodies to different integrin subunits.

2.3.5 SDS Polyacrylamide gel electrophoresis (SDS-PAGE)

Protein samples were boiled for 5 min in Ix sample buffer and loaded onto a polyacrylamide 

gel (4% stacking gel: 125 mM Tris-HCl pH6.8, 0.04% SDS in 4% acrylamide solution and 10- 

14% resolving gel: 375 mM Tris-HCl pH8.8, 0.1% SDS in acrylamide solution as required) 

Rainbow protein molecular weight markers (14-220 kDa, Amersham) were also loaded, 

according to manufacturers direction, for reference. Electrophoresis was carried out in Ix 

running buffer (lOx stock: 30.3 g/1 Tris base, 144.12 g/1 glycine, 10 g/1 SDS) at 100-150 V, 

using Biorad minigel apparatus. Proteins were detected by staining the gel in coomassie blue 

stain (1% coomassie blue in 10% acetic acid, 12% methanol) followed by destaining (10% 

acetic acid, 30% methanol), as required. Alternatively, proteins were transferred to PVDF 

membrane (Millipore) for western blotting.

2.3.6 Western blotting

Transfer of proteins from a polyacrylamide gel to PVDF membrane (pre-soaked in methanol) 

was performed, in a cold room, using Biorad “wet” apparatus in cold Ix transfer buffer (lOx 

stock: 30 g/1 Tris base, 144 g/1 glycine) at 80 V for 1 hr or at 30 V, overnight. The PVDF
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membrane was incubated in block (5% Marvel, 7.5% glycine, 1% ovalbumin in TBS) for 1 hr, 

shaking at room temperature. Primary antibodies were applied for 2-3 hr at room temperature 

or overnight at 4®C in 2% Marvel/0.05% Tween20/TBS (2%MTBS-T). Membranes were 

washed 3x for 10 min in 2%MTBS-T at room temperature and incubated with the secondary 

HRP-conjugated antibody in 2%MTBS-T. Finally membranes were washed 3x10 min in 

2%MTBS-T, followed by 2x 5 min in TBS-T and developed using ECL (Amersham) HR? 

substrate detection kit, according to manufacturers directions. Blots were exposed to ECL film 

(Amersham) in the dark, as required.

Due to problems associated with high background, tyrosine phosphorylation blots were 

blocked in a solution of TBS-T containing 0.25% gelatin (TBS and gelatin were heated to 

dissolve the gelatin, prior to adding Tween-20).

2.4  C o m p u t a t io n a l  s o f t w a r e

All image analysis was performed using Adobe Photoshop, version 5.5. Quantitative data was 

expressed using Microsoft Excel. Sequence alignments were performed using Macvector, 

version 7 (Oxford Molecular Group).
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CHAPTER 3

VAV AND PHAGOCYTOSIS
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3.1 In t r o d u c t io n

Phagocytosis is the process whereby cells bind and engulf targets via the localised remodelling 

of the actin cytoskeleton. There is overwhelming evidence to suggest that the Rho family of 

small GTPases co-ordinate the cytoskeletal rearrangements necessary for uptake, yet the 

signalling mechanisms regulating their function remain unclear (Chimini and Chavrier, 2000). 

An attractive candidate for coupling phagocytic receptors to Rho GTPases is the guanine 

nucleotide exchange factor, Vav. It encodes a 97kDa multi-domain protein comprising an 

amino terminal calponin homology (CH) domain, a central Dbl homology (DH)/Pleckstrin 

homology (PH) domain and a carboxy terminal SH3-SH2-SH3 module (Bustelo, 2000). 

Expression of Vav is restricted to cells of the haematopoietic lineage, which give rise to all 

professional phagocytes (Katzav et al., 1989). Moreover, it is well documented to catalyse 

guanine nucleotide exchange on Rho GTPases both in vitro and in vivo (Olson et al., 1996; 

Crespo et al., 1997). Finally, a role for Vav during phagocytosis has been proposed based on 

the observation that it is one of several proteins which become tyrosine phosphorylated upon 

FcyR cross-linking (Darby et al., 1994).

This chapter investigates whether Vav plays any role during FcyR and CR3 receptor mediated 

phagocytosis. These two receptors utilise distinct signalling mechanisms and have been 

shown to engage different members of the Rho family (Caron and Hall, 1998).

3.2  R e s u l t s

3.2.1 C lon in g  and characterisation  o f  proto-oncoV av

Expression of a truncated Vav mutant, termed oncoVav (oVav), comprising the adjacent DH 

and PH domains alone was previously reported to elicit actin rearrangements in serum starved 

Swiss 3T3 (S3T3) fibroblasts indicative of Cdc42, Rac and Rho activation (Olson et al., 1996). 

To confirm that full length proto-oncoVav (pVav) protein and oVav exhibit a similar 

activation of all 3 Rho GTPases, their effects on actin remodelling were studied in the S3T3 

model system.

Full-length, murine pVavl was subcloned from the bacterial expression vector pSK-pVav (a 

kind gift from S. Katzav; Hebrew University, Israel) into the mammalian expression vector 

pRKSmyc and verified by sequencing. Transient transfection followed by immunoblotting of 

COS-7 cell lysates, with either an anti-mVav or an anti-myc antibody (data not shown).
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revealed a single band o f  the expected size, 97kDa with no apparent degradation products (see 

Figure 3.1a). To assess the effects on actin rearrangements, the nuclei o f  approximately 100 

serum starved, sub-confluent, quiescent S3T3 fibroblasts were microinjected with biotin 

dextran (as a marker) either alone or with cDNAs encoding myc-tagged pVav or oVav. Cells 

were allowed to express constructs for 3hrs prior to fixing and processing for 

immunofluorescence. The results presented below show that the anti-Vav antibody is suitable 

for detection o f  Vav by both western blotting and immunofluorescence.

F i g i i r e  3 ,1  Characterisation oj 

proto-oncoVav. COS-7 cells were 

transiently transfected with either 

mock pRKSmyc vector (lanel) or 

pRK5myc-pVav (lane2) and 

allowed to express ~18hrs. Cell 

lysates were prepared and probed  

on western blots with anti-m Vav.

97 kDa

F i g u r e  3 .2  Ejfects o f  proto-oncoVav and oncoVav on F-actin remodelling. Quiescent, serum  

starved S3T3 fibroblasts were microinjected with biotin dextran alone (a and b) or in addition  

to cDNAs encoding m yc-tagged pVav (c-e) or oVav (f-h). Cells were stained fo r  biotin dextran 

(a, c , f ,  F-actin (b, d, g) and Vav (e and h). Scale bar represents 10pm.

86



Cells injected with biotin dextran alone were largely devoid of any F-actin structures and 

appeared identical to surrounding non injected cells, thus confirming that the injection process 

per se did not induce F-actin remodelling. Injection and expression of pVav induced weak 

ruffling and stress fibres (see Figure 3.2d) in approximately 50-60% of expressing cells, while 

expression of oVav stimulated potent ruffling and stress fibres, in the majority (85-90%) of 

expressing cells, suggesting Rac and Rho activation (see Figure 3.2g). The ability of either 

Vav construct to activate Cdc42 and induce filopodia was difficult to assess in these fixed cells 

given the degree of peripheral lamellipodia. However, time-lapse video microscopy of cells 

expressing oVav, but not pVav, revealed filopodia formation (data not shown). These 

filopodia were highly dynamic structures emanating from the cell periphery and rapidly 

engulfed by extending lamellipodia.

Interestingly, the two Vav proteins showed markedly different distributions. pVav displayed a 

diffuse peri-nuclear localisation, but was completely excluded from the cell nucleus, while 

oVav was clearly enriched in the nucleus. This may simply reflect the difference in size 

between the two proteins, (pVav is 97 kDa, whereas oVav is approximately 50 kDa), although 

this is unlikely given that only proteins <40 kDa are thought to diffuse freely into and out of 

the nucleus (Henderson and Eleftheriou, 2000). Alternatively, oVav may lack essential 

nuclear export sequences (NES) required to exit the nucleus efficiently (see 3.3 Discussion and 

Chapter 4).

3.2.2 Vav independently activates Cdc42, Rac and Rho in S3T3 fibroblasts

To analyse further the relationship of Cdc42, Rac and Rho, downstream of Vav, actin 

remodelling was analysed in the presence of specific GTPase inhibitors. Serum starved S3T3 

cells were co-injected with oVav and an inhibitor of either Cdc42 (N17Cdc42), Rac (N17Rac) 

or Rho (C3 transferase). As before, cells were allowed to express for 3hrs prior to fixing and 

staining for myc-tagged constructs and F-actin. It was possible to distinguish between 

dominant negative GTPases and oVav, despite their common myc-tag, because of their distinct 

localisation patterns, cytoplasmic and nuclear respectively. As shown in Figure 3.3, 

expression of oVav alone induced pronounced ruffling and stress fibres. Blocking Cdc42 

function appeared to have little effect, suggesting independent activation of Rac and possibly 

Rho (see Figure 3.3c). Blocking Rac activity resulted in cells showing only stress fibres and 

some filopodia (see Figure 3.3d; arrows indicate filopodia). The lack of lamellipodia was a 

clear indication of Rac involvement in the Vav induced phenotype. Finally, blocking Rho
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activity caused cells to form striking ruffles but no stress fibres (see Figure 3.3e), a clear sign 

o f  Rlio involvement in actin changes.

S

F i g u r e  3 .3  OncoVav can activate Cdc42, Rac and Rho independently. Quiescent, serum 

starved S3T3 fibroblasts were microinjected with either biotin dextran alone (a) or together 

with cDNAs encoding oVav and mock vector (b), N l7Cdc42 (c), N 17Rac (d) or C3 transferase 

(e). All cells were stained fo r  F-actin and myc, although only the form er is shown. Arrows 

indicate regions o f  filopodia (see text). Scale bar represents 10pm.

These results confirm and extend those o f  Olson el al, demonstrating that Vav can potentially 

activate the three GTPases Cdc42, Rac and Rho independently (Olson et al., 1996).
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3 .2 .3  E n d ogen ou s V av co loca lises w ith  F-actin at lam ellip od ia  in J774  m acroph ages

To further study the function o f  Vav, different cell lines were probed for expression o f  

endogenous Vav protein. Total cell extracts from four different cell lines were analysed: Baby 

Hamster Kidney (BHK) cells, COS-7 monkey kidney epithelial cells, S3T3 murine fibroblasts 

and J774.A1 murine macrophages. As expected, expression o f  Vav was restricted to 

macrophages, a haematopoietic derived cell lineage (see Figure 3.4). Upon overexposure (~30  

min), very faint bands could be detected in BHK and COS-7 cells, but not S3T3 fibroblasts, 

presumably a result o f  weak cross-reactivity between the Vav antibody and other ubiquitously 

expressed Vav isoforms (Vav2 and Vav3). Preliminary studies using Vav2 antisera revealed 

the presence o f  a band corresponding to the size o f Vav in COS cells, but not J774 cell lysates 

(data not shown).

<4- 97 KDa

FigiîRK 3.4 Expression o f  endogenous Vav in 

different cell lines. Equivalent amounts o f  total cell 

extract were loaded in each lane prior to 

immunoblotting with anti-m V avI antibody. Lane 1 

BHK cells. Lane 2 COS-7 cells, Lane 3 growing 

S3T3 cells, Lane 4 J774.AI macrophages.

The murine macrophage cell line J774.AI has been extensively utilised to investigate both 

FcyR- and CR3- mediated phagocytosis. ImmunoHuorescence studies showed that Vav was 

very abundant in these cells (see Figure 3.5), as indicated by the blotting data.

In resting cells, endogenous Vav was distributed throughout the cytosol and enriched along 

with F-actin in lamellipodia at the leading edge (see Figure 3.5a-c). Mild pre-permeabilisation 

o f  cells with digitonin, prior to fixation, removed some cytosolic Vav but failed to extract 

peripheral lamellipodia-associated Vav suggesting a likely cytoskeletal association for the 

latter (data not shown).
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F ig i'R E  3.5 Fav (a) and F-actin (b) co-localise mainly at lamellipodia and dorsal ruffles in 

resting J774.A l macrophages, (c). Merged image showing Vav in green and F-actin in red, co

localisation is seen in yellow. Scale bar represents 10 pm.

3.2.4 Vav is recruited to FcyR- but not CR3 phagosomes in J774 macrophages

To examine the role o f  Vav in phagocytosis, its distribution in response to challenge by sheep 

red blood cells (RBC) was studied. The RBC were coated with either IgG or C3bi 

complement fragments, to direct phagocytosis specifically through the Fey or CR3 receptors 

respectively (Caron and Hall, 1998). Opsonised targets were allowed to sediment onto 

macrophages and phagocytosis was induced by incubation at 37°C for 20 mins. Macrophages 

were subsequently fixed and stained for RBC, endogenous Vav and F-actin. As shown in 

Figure 3.6 most macrophages typically engage in multiple phagocytic events and this is 

evident by the local underlying actin rearrangements which accompany engulfment and by the 

morphology o f  the RBC (bound particles appear small and crenated whilst internalised targets 

appear large and swollen within vacuoles; see material and methods).

During FcyR mediated phagocytosis, endogenous Vav was recruited to nascent phagosomes, 

where it co-localised with F-actin (see Figure 3.6a-d). This local enrichment o f  Vav was 

transient and coincided with RBC engulfment since macrophages incubated at 4“C, and thus 

unable to signal downstream o f  ligated FcyR (Griffin et al., 1975), failed to recruit Vav to sites 

o f  particle attachment (data not shown). Similar studies were done using C3bi coated RBC to 

investigate CR3 mediated uptake. As before, engulfment was accompanied by local 

polymerisation o f  F-actin beneath bound targets (see Figure 3.6e-h). However no specific 

enrichment o f  Vav around bound targets could be seen at any stage o f  phagocytosis. This 

suggested a possible role for Vav during FcyR, but not CR3 mediated phagocytosis in 

macrophages.
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F i g u r e  3.6 Endogenous Vav is recruited to phagosomes during FcyR hut not CR3 mediated  

phagocytosis in J774.A1 macrophages, a-d, FcyR mediated phagocytosis o f  RBC (a) triggers a 

localised recruitment o f  Vav (h) to nascent phagosomes where it co-localises with F-actin (c). 

In contrast, during CR3 phagocytosis (e-h) RBC (e) fa il to accumulate Vav (f) at the sites o f  

attachment, despite inducing F-actin (g) reorganisation, d  and h, merged images showing RBC 

in blue, Vav in green and F-actin in red. Arrows indicate sites o f  localised actin remodelling. 

Scale bars represents 10pm.
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3 .2 .5  C lon in g  and ch aracterisa tion  o f  dom inant n egative V av

A dominant negative approach was used to establish whether Vav nucleotide exchange activity 

was necessary for FcyR mediated phagocytosis. This strategy has an advantage over knockout 

studies in that it should block the function o f all Vav isoforms thus eliminating possible effects 

o f  compensation. The disadvantage is that inhibition is unlikely to be complete, given the 

macrophage endogenous levels o f  Vav. A report published by Wu et a l described an effective 

dominant negative Vav construct, which had been engineered to comprise the carboxy 

terminal SH3-SH2-SH3 domains (Wu et al., 1996) (see Figure 3.7). This construct abolished 

Vav induced NFAT transcription in antigen challenged T cells (see 3.3 Discussion). This 

portion o f Vav, designated Vav-C, was therefore cloned into the mammalian expression vector 

pRK5myc, verified by sequencing and immunoblotting, and used to investigate Vav function 

during phagocytosis. Interestingly, Vav-C appeared to be unstable when expressed in J774 

macrophages, forming small punctate aggregates when expressed for >2 hr (data not shown). 

This was not seen in COS-7 cells, even following 48hrs expression.

An alternative dominant negative Vav construct has been described by Ma et a l (Ma et al., 

1998). It comprises a 7 amino acid deletion in the catalytic DH domain and was reported to 

block Vav induced cytoskeletal remodelling in COS-7 cells (see 3.3 Discussion). ITiis 

construct was generously provided by Charles Abrams (University o f  Pennsylvania, USA) and 

was also used in phagocytic studies, following subcloning into pRKSmyc.

pVav

Vav-C

VavADH HLH

HLH LZ acid ic DH 1 PH
Cys-
rich SH3 SH2 SH3

3 4 2  y  3 4 8

SH3 SH2 SH3

HLH LZ ac id ic F 1 Cys-
rich SH3 SH2 SH3

F i g i i r e  3 .7  Schematic o f  different dominant negative Vav constructs.

F i g u r e  3 .8  overleaf. Sequence alignment o f  different murine Vav isoforms. The region 

corresponding to Vav-C are indicated in blue. The amino acids missing from  VavADH are 

shown in red. Murine Vav] (Acc No. P27870), Vav2 (Acc No. Q60992) and Vav3 (Acc No. 

Q9R0C8) aligned using Clustal-W method with MacVector™. Domains are coloured as 

Fig. 3.7. Regions o f  homology are shaded.
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Vav mouse 1
Vav2 mouse 1
\ ' 3 v 3  mouse 1

Vav mouse 51
Vav2 mouse 51
Vav3 mouse 51

Vav mouse 101
Vav2 m ouse 101
VavG m ouse 101

Vav mouse 151
Vav2 m ouse 151
Vav3 mouse 150

Vav m ouse 199
Vav2 mouse 198
VavG mouse 197

Vav mouse 249
VavG mouse 248
VavG m ouse 247

Vav mouse 299
Vav2 mouse 297
VavG mouse 297

Vav m ouse 349
Vav2 mouse 347
VavG mouse 347

Vav m ouse 399
Vav2 m ouse 397
VavG m ouse 397

Vav mouse 449
Vav2 mouse 447
VavG mouse 447

Vav m ouse 499
Vav2 mouse 497
VavG mouse 497

Vav mouse 549
Vav2 mouse 547
VavG mouse 547

Vav m ouse 597
Vav2 mouse 581
VavG m ouse 597

Vav mouse 647
Vav2 mouse 629
VavG mouse 647

Vav m ouse 687
Vav2 mouse 679
VavG mouse 688

Vav m ouse 737
Vav2 mouse 729
VavG m ouse 738

Vav m ouse 784
Vav2 m ouse 779
VavG m ouse 785

Vav m ouse 805
Vav2 m ouse 829
VavG mouse 811
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The three murine isoforms o f Vav display extensive sequence homology (see Figure 3.8). The 

region encoding Vav-C (amino acids 538-845) lacks the DH domain and thus cannot catalyse 

nucleotide exchange or bind Rho GTPases. The VavADH mutant lacks a region o f  seven 

amino acids, which lie in the conserved region 3 (CR 3) o f  the Vav DH domain (see Figure 

1.14). The DH domain is very similar in all three isoforms (see Figure 3.8); hence this too is 

likely to be defective in signalling to Rho GTPases.

The effects o f  Vav-C on F-actin were initially studied by microinjection o f  J774 macrophages. 

Cells were allowed to express for 90 min prior to fixing and staining. As shown in Figure 3.9 

expression o f  Vav-C, which localised diffusely within the cytosol, appeared to reduce the 

overall F-actin content and induce cell spreading when compared to control macrophages 

injected with biotin dextran alone. Interestingly, the phenotype was analogous to cells 

expressing a dominant negative mutant o f  Rac (N17Rac), (compare 3.9e with 3.9h).

F ig u r e  3 .9  Vav-C induces cell spreading in J774.A1 macrophages. Cells were microinjected  

with biotin dextran alone (a and b) or in addition to cDNAs encoding m yc-tagged Vav-C (c-e) 

or myc tagged N17Rac (f-h). Cells were stained for biotin dextran (a, c ,f) , myc (d and g) and 

F-actin (b, e, h). Scale bar represents 10pm.
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This indicated a functional role for Vav in cytoskeletal morphology and remodelling.

3.2.6 Vav is required for FcyR but not CR3 mediated phagocytosis

The two dominant negative Vav constructs were used to determine whether Vav activity was 

necessary for FcyR and CR3 mediated phagocytosis. Macrophages microinjected with Vav 

DNA constructs were challenged with IgG or C3bi opsonised RBC and scored for their ability 

to bind and internalise targets.

Macrophages expressing full-length, wildtype Vav were as competent as control cells in 

binding and internalising IgG (see Figure 3.10a) or C3bi (see Figure 3.10c) coated RBC. In 

contrast, cells expressing Vav-C or VavADH exhibited a marked reduction in their FcyR- 

dependent phagocytic potential. The degree of inhibition was comparable to that seen when 

inhibiting endogenous Cdc42 (data not shown) or Rac function (see Figure 3.10a), which have 

previously been shown to be essential for FcyR directed uptake (Cox et al., 1997; Caron and 

Hall, 1998; Massol et al., 1998). Despite the phagocytic defect, the target binding capacity of 

macrophages was unaffected suggesting that Vav function is not necessary for efficient 

clustering of the FcyR. Similar results were observed in COS cells, which have been 

extensively used as an alternative model for studying phagocytosis following transfection with 

the FcyR (Downey et al., 1999) (see Figure 3.10b). Although the haematopoietic specific form 

of Vav (Vavl) is not expressed in COS cells (Bustelo, 2000 and Figure 3.4), it has been 

proposed that VavADH can interfere with the activity of the very closely related GEFs Vav2 

and Vav3 (Ma et al., 1998).

To assess the specificity of the dominant negative Vav constructs, their effects on CR3 

dependent phagocytosis in macrophages were examined (see Figure 3.10c). Consistent with a 

lack of Vav recruitment to phagosomes, expression of the dominant negative Vav-C mutant 

had no effect on CR3 mediated phagocytosis. In contrast, blocking Rho function effectively 

abolished engulfment as previously reported (Caron and Hall, 1998). These results suggest 

that the exchange activity of Vav is necessary for efficient FcyR mediated phagocytosis in both 

J774 macrophages and transfected COS cells but is not required for CR3 directed uptake.
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F ig u r e  3.10 Vav is required fo r  FcyR but not CR3 mediated phagocytosis. The effect o f  

expressing different Vav or GTPase constructs on the attachment (right) and phagocytosis (left) 

o f  IgG or C3bi opsonised RBC was analysed. Results are shown relative to expression o f  a 

control vector (-). Dominant negative Vav constructs (Vav-C and VavADH) but not fu ll length 

Vav (pVav) inhibited FcyR mediated phagocytosis in macrophages (a) and COS cells (b) to 

levels comparable to blocking Rac (N17Rac) or Cdc42 (N17Cdc42) function. In contrast 

dominant negative Vav had no effect on CR3 phagocytosis in macrophages (c). Data shown are 

the mean ±SE M  o f  at least three independent experiments.
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3.2.7 Dominant negative Vav does not affect FcyR proximal signalling

The polymerisation and remodelling o f F-actin necessary for FcyR mediated phagocytosis is 

absolutely dependent on tyrosine phosphorylation (Greenberg et al., 1993). Following target 

binding and receptor clustering, several tyrosine-phosphorylated proteins, including the FeyR 

itself, transiently accumulate at the forming phagosome (Greenberg et al., 1993; Strzelecka et 

al., 1997). Biochemical studies have shown that tyrosine phosphorylation o f  Vav also 

accompanies FcyR mediated phagocytosis. This was confirmed in J774 macrophages using 

cross-linking assays to mimic phagocytosis, as described by Darby et a l (Darby et al., 1994). 

Cells were incubated at 4°C for 20 min with a primary antibody directed against surface FeyR 

followed by a secondary cross-linking antibody at 37"C for 5 min (see Figure 3.11). Cell 

extracts were prepared and used to probe tyrosine phosphorylation o f  immunoprecipitated 

endogenous Vav. Basal Vav phosphorylation was seen in cells incubated without either the 

primary or secondary antibodies (see Figure 3.11 ; lanes 1 and 2). In contrast, cross-linking for 

5 min induced a clear increase in Vav tyrosine phosphorylation levels (see Figure 3.11; lane 

3). Similar results, albeit weaker phosphorylation, were observed when using IgG opsonised 

RBC to cluster surface FcyR on macrophages (data not shown).

Fig i RK 3.11 Vav is tyrosine phosphorylated after

FcyR cross-linking in J774.AI macrophages. Cell

IP* a  V av  extracts following antibody cross-linking were used to

B lo t: T y r -P  immunoprecipitate Vav and probe tyrosine

phosphorylation. Cross-linking antibodies: Lane 1 no

primary antibody. Lane 2 no secondary antibody. Lane

IP : a - V a v  j  primary and secondary antibody (5 min cross-
B lo t: a -V a v

linking).

To determine the effects o f  dominant negative Vav on receptor proximal signalling, early 

tyrosine phosphorylation events were analysed in macrophages expressing Vav-C (see Figure 

3.12). As previously shown, bound RBC (evident by their crenated morphology, see open 

arrowhead in Figure 3.12b; Greenberg et al., 1991) undergoing FeyR mediated phagocytosis 

were accompanied by the underlying punctate accumulation o f  tyrosine phospho-proteins (see 

Figure 3.12a-e). In contrast, fully internalised RBC, which appear as swollen particles within 

vacuoles (see closed arrowhead in Figure 3.12b; Greenberg et al., 1991), no longer displayed 

the focal enrichment o f tyrosine phosphorylated proteins (see Figure 3.12d-f). ]  he vertical 

section o f  a macrophage actively engaged in RBC engulfment, clearly illustrates the tight
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union o f tyrosine phosphorylated proteins with two bound RBC, whilst completely absent 

from the internalised RBC (vertical section taken at the plane o f  the arrow shown in Figure 

3.12a). Expression o f Vav-C failed to reduce the localised staining for phosphotyrosine 

proteins despite blocking engulfment (see Figure 3.12d-f). This punctate distribution o f  

tyrosine phosphorylated proteins persisted for up to 20 min. Thus the inhibitory effects o f  

Vav-C were not attributable to defects in the proximal signalling events downstream o f  ligated 

FcyR, that is they appear to lie downstream o f  initial FcyR tyrosine phosphorylation events.

vertica section

F ig u r k  3 .12  FcyR mediated phagocytosis o f  RBC in macrophages is accompanied by the 

underlying local accumulation o f  phosphotyrosine proteins. Endogenous phosphotyrosine 

proteins (a and d), RBC (h and e), merged image showing RBC in red  and endogenous tyrosine 

phosphorylated proteins in green (c), expression o f  Vav-C (f). In panel (b) open arrowhead 

indicates bound RBC whilst closed arrowhead shows fully internalised RBC. A vertical section 

taken at the plane indicated by the arrow in panel fa) is shown below panels (a-c). Scale bars 

represents 10pm.

3.3 D isc u ssio n

The engulfment o f  targets by phagocytic cells involves a complex signalling cascade that 

drives localized actin remodelling in a manner controlled by Rho GTPases. Previous studies 

have shown that both Cdc42 and Rac are essential for FcyR induced phagocytosis (Cox et al.,
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1997; Caron and Hall, 1998; Massol et al., 1998), yet the mechanisms regulating their function 

remain unclear. This chapter reveals that the guanine nucleotide exchange factor Vav is 

required for FcyR mediated phagocytosis.

3.3.1 Vav and actin remodelling in S3T3 fibroblasts

Studies using S3T3 fibroblasts demonstrated that full length proto-oncoVav (pVav) was 

capable of activating Cdc42, Rac and Rho to induce filopodia, lamellipodia and stress fibres 

respectively. These distinct actin rearrangements were significantly more pronounced, and 

found to occur independently, in cells expressing the Vav DH/PH domains alone (oVav). This 

supports recent NMR and biochemical data showing that the full-length Vav protein adopts an 

inactive conformation, in which the catalytic DH domain is masked by the amino terminus 

(Aghazadeh et al., 2000; Das et al., 2000). Thus the oVav construct, which lacks the auto- 

inhibitory amino terminus, acts as a constitutively active exchange factor for Rho GTPases. 

The effects appear to extend beyond the actin cytoskeleton, since pVav and oVav have been 

reported to respectively induce partial and potent activation of JNK, following overexpression 

in COS cells (Crespo et al., 1996). The fact that pVav induces weaker cytoskeletal and 

transcriptional effects is most likely a consequence of limited activation by endogenous 

tyrosine kinases and phosphatidylinositol lipids (Crespo et al., 1997; Han et al., 1998) or 

inappropriate localisation of the overexpressed protein.

Calponin homology (CH) domains have been proposed to act as F-actin binding modules. 

However, despite containing a CH domain, the full length Vav construct failed to co-localise 

with F-actin when overexpressed in S3T3 cells (Castresana and Saraste, 1995). Instead, it 

displayed a diffuse cytoplasmic distribution, suggesting that either the CH domain is not 

available for F-actin binding when overexpressed or that multiple CH domains are required for 

association to actin (Gimona and Winder, 1998). In contrast, the oVav construct was 

particularly enriched in the nucleus. This truncated derivative of Vav still harbours a predicted 

nuclear localisation sequence (NTS) within the PH domain (Katzav et al., 1989), which may 

become functionally dominant following the loss of flanking motifs, i.e. potential nuclear 

export sequences may have been lost in generating the construct (see Chapter 4).

3.3.2 Vav localisation in J774 macrophages

In a variety of cell lines tested, endogenous Vav expression was restricted to J774.A1 

macrophages, a haematopoietic derived cell lineage (Katzav et al., 1989). Further studies
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using Vav2 anti-sera revealed that these macrophages lacked endogenous Vav2, which could 

be detected in COS cells (data not shown). Unfortunately this antibody failed to detect Vav2 

by immunofluorescence and so was limited to immunoblotting studies in COS cells. The 

expression pattern of Vav3 has not been explored in detail, but it appears to be rather 

ubiquitous. This emphasises the potential for functional redundancy in Vav signalling, in 

different cell lines, especially given their predicted similarity in substrate specificity (Abe et 

al., 2000; Liu and Burridge, 2000). Moreover, the presence of Vav2 within COS cells further 

justified its use as an alternative model system for investigating the role of Vav in 

phagocytosis.

In J774 macrophages, endogenous Vav appeared to partly associate with cytoskeletal elements 

present at the leading edge. This may reflect its link to Cdc42 and Rac activation at the plasma 

membrane leading to the formation of filopodia and lamellipodia. Such an association is 

further strengthened by the enrichment of endogenous Vav and F-actin at nascent FcyR 

phagosomes in macrophages; a process dependent on Cdc42 and Rac function (Cox et al., 

1997; Caron and Hall, 1998; Massol et al., 1998). In contrast, there is a complete absence of 

Vav localisation to phagosomes during any stage of Rho mediated CR3 phagocytosis, despite 

polymerisation of F-actin. This clearly defines a way of regulating GTPase fimction 

downstream of a defined receptor and more specifically implicates Vav as the first exchange 

factor to control phagocytosis of targets. However, the multiple structural domains present 

within Vav make deciphering the mechanisms of its recruitment complicated. Moreover, it is 

difficult to assess whether Vav catalysed GTP loading precedes membrane association of 

GTPases. These issues are addressed further in chapter 4.

3.3.3 Inhibiting endogenons Vav function

Although expression of Vav is confined primarily to haematopoietic cells, two further 

isoforms displaying more ubiquitous expression profiles have been identified (Schuebel et al., 

1996; Movilla and Bustelo, 1999). All three proteins are very homologous by sequence and 

the current consensus suggests that they catalyse nucleotide exchange on similar, if not 

identical, Rho GTPases. Hence there is obvious potential for functional redundancy and 

indeed this has been demonstrated recently in the case of B cell development, where Tedford 

et al showed that Vav2 could compensate for Vavl function during antigen signalling 

(Tedford et al., 2001). Given this scope for functional overlap a dominant negative approach 

was chosen to fiirther characterise the role of Vav in FcyR mediated phagocytosis.

100



One particular dominant negative Vav construct (designated Vav-C), described by Wu et al, 

was identified fortuitously as the region of Vav which bound to SLP-76, an adapter protein 

believed to co-operate with Vav in NFAT activation and IL2 gene transcription (Wu et al., 

1996). This region of Vav, comprising the C terminal SH3-SH2-SH3 domains was sufficient 

to abolish TCR induced IL2 production when overexpressed in T cells. An independent study 

by Gringhuis et al used an identical construct to delineate the signalling pathway downstream 

of the CD5 receptor in T cells (Gringhuis et al., 1998). This receptor associates with the TCR 

and participates in signalling leading to IL2 secretion. In common with many immune 

receptors, including the FcyR, it contains intracellular tyrosine phosphorylation sites 

positioned within an ITAM-like region. With the aid of Vav-C, CD5 signalling was found to 

proceed via a pathway involving phosphatidylinositol 3-kinase, Vav and Rac. Given its ability 

to inhibit Vav function downstream of immune receptors, this construct was chosen to 

investigate the role of Vav in FcyR signalling.

Another dominant negative Vav construct, termed VavADH was also used. This construct 

lacked 7 well-conserved amino acids within the catalytic DH domain, analogous to a known 

inactivating mutation in the GEF Dbl (Ma et al., 1998). It was reported to block cytoskeletal 

rearrangements induced by a G protein coupled receptor (the chemoattractant formyl peptide 

receptor; fPR) in transfected COS cells, suggesting that it can inhibit Vav2 and/or Vav3.

Expression of Vav-C in macrophages revealed a morphological phenotype similar to dominant 

negative Rac, i.e. cell spreading. This appears to contradict the general dogma implicating Rac 

function in inducing lamellipodia and spreading. Indeed, recent findings have proposed a role 

for Vav2 in stimulating cell spreading in NIH3T3 fibroblasts, although in this case Vav2 was 

specific for integrin (fibronectin) dependent spreading but not growth factor induced spreading 

(Marignani and Carpenter, 2001). The different cell types are likely to be a key factor in these 

phenotypic differences, i.e. macrophages, unlike fibroblasts, have extensive dorsal ruffles, 

which if inhibited by dominant negative Rac or Vav could conceivably provide excess 

membrane causing spreading. An alternative interpretation may be that Vav function is 

necessary to maintain cortical tension and thus inhibiting it relieves membrane stress and 

causes cell spreading.
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3.3.4 Vav nucleotide exchange activity is essential for FcyR, but not CR3 mediated 

phagocytosis

Inhibiting Vav function with either Vav-C or VavADH clearly diminished FcyR mediated 

phagocytosis, whilst leaving CR3 directed uptake unaffected. This agrees with the 

immunofluorescence data showing a unique recruitment o f  endogenous Vav to FcyR but not 

CR3 phagosomes. Moreover, the similar effects observed in transfected COS cells suggest 

that in these cells one or both o f  the close relatives, Vav2 or Vav3, fulfil the same function as 

Vav in coupling FcyR to engulfment. Together the data suggest a model as illustrated in 

Figure 3.13.

IgG
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Vav?Cdc4
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F ig u r e  3.13 The nucleotide exchange activity o f  Vav is essential fo r  FcyR but not CR3 

m ediated phagocytosis.

In conclusion, this work identifies a unique role for the guanine nucleotide exchange factor 

Vav in FcyR mediated phagocytosis. In response to FcyR ligation and proximal tyrosine
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phosphorylation events, Vav translocates to the sites of particle attachment where it 

presumably regulates activation of Cdc42 and/or Rac to induce engulfment (see Figure 3.13). 

The precise mechanism of recruitment and its substrate specificity in vivo warrant fiirther 

investigation. Moreover the identity of the exchange factor regulating Rho-mediated CR3 

phagocytosis remains unclear.
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CHAPTER 4

MECHANISMS OF VAV FUNCTION
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4.1 In t r o d u c t io n

Having established a role for the guanine nucleotide exchange factor Vav during FcyR 

mediated phagocytosis, this chapter investigates the signalling mechanisms linking ligated Fc 

receptors to Rho GTPases. Many questions remain unresolved. For example, are Rho 

GTPases activated directly in response to phagocytic challenge and if so, how does this relate 

to the substrate specificity of Vav? Moreover, where does Vav function with regards to the 

established signalling cascade downstream of clustered FcyR? Vav comprises multiple 

structural motifs and thus has the potential to interact with a plethora of signalling 

intermediates. Some insight has been provided by biochemical and structural studies, which 

have shown that the GEF activity of Vav can be modulated by tyrosine phosphorylation and 

phosphatidylinositol lipids; two signals which synergise to relieve the latent auto-inhibitory 

state of Vav. However, little is known about how this is co-ordinated downstream of any 

surface receptor. Because of its spatially localised signalling, phagocytosis offers an ideal 

biological assay to delineate pathways linking surface receptors to actin remodelling via Rho 

GTPases. Given the structural heterogeneity of phagocytic receptors, i.e. immune receptors, 

growth factor receptors and integrins, this may also provide a greater understanding of more 

complex cytoskeletal processes such as adhesion and migration.

4.2 R e s u l t s

4.2.1 Activation of cellular Cdc42 and Rac

Pulldown assays were performed to investigate GTP-loading on endogenous Rho GTPases. 

These assays exploit the fact that effector proteins specifically interact with the active, GTP 

bound form of small GTPases and so can be used to affinity precipitate activated GTPases 

directly from cellular lysates, in response to diverse stimuli. In the case of Cdc42 and Rac, 

previous studies have effectively utilised the Cdc42/Rac interactive binding (CRIB) motif of 

the serine/threonine kinase effector PAK (Sander et al., 1998). Hence, a similar approach was 

employed to monitor Cdc42 and Rac activation in response to phagocytic challenge.

GST-tagged PAK CRIB was expressed in E.coli BL21 using an inducible promoter system, 

purified and tested for its binding activity. The protein yield was routinely high 

(approximately 3 mg PAK CRIB/litre bacterial culture) when compared to BSA standards by 

SDS PAGE. Three minor additional bands below the GST-PAK CRIB band were often seen, 

presumably the result of protein degradation during purification (see Figure 4.1).
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F i g i 'RK 4.1 Purification o f  GST-PAK CRIB. Protein expression was induced by addition o f  

IPTÜ and purified from  bacterial lysates using glutathione agarose beads.

To ensure the binding specificity o f  PAK CRIB, its ability to precipitate activated mutants o f  

Cdc42 and Rac was analysed. COS cells transiently transfected with dominant negative (N17 

Cdc42/Rac; which mimic the GDP-bound form) or constitutively active (L61Cdc42/Rac; 

which mimic the GTP-bound form) GTPases were used to prepare cell lysates and incubated 

with GST-PAK CRIB, precoupled to glutathione beads. Proteins bound to beads following 

washes were detected by Western blotting, using an antibody specific for Cdc42 or Rac.

As shown in Figure 4.2 GST-PAK CRIB specifically bound to the activated mutants o f  both 

Cdc42 and Rac. A lower band was often detected in both L6I Cdc42 and L61 Rac transfected 

cell lysates. This most likely corresponds to degradation products o f  the activated mutants, 

given its absence from the adjacent lanes. Limited binding o f  GST-PAK CRIB to wildtype 

GTPases was also apparent, although this was always -1 0  fold less than for the L6I mutants, 

(shown for Rac in Figure 4.1; note comparatively less L61 Rac total protein in cell lysates). 

This association with over expressed wildtype protein may be attributed to the proportion 

which is bound to GTP within the cell. Finally, none o f the over expressed proteins were seen 

to associate with glutathione beads alone (data not shown). These results demonstrated that 

the GST-PAK CRIB preparation was highly specific for precipitating activated Cdc42 and Rac 

from cellular lysates, consistent with published data (Sander et al., 1998; Sander et al., 1999).
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F k j i 'RE 4.2 Binding specificity o f  GST-PAK CRIB. Cell lysates from  COS cells, transiently 

transfected with different Rho GTPase constructs, were used in pulldown assays with GST-PAK  

CRIB. See text fo r details.

4.2.2 Vav regulates Rac but not Cdc42 activation during FcyR mediated phagocytosis

It has previously been shown that FcyR mediated phagocytosis requires both Cdc42 and Rac 

function (Cox et a!., 1997; Caron and Hall, 1998; Massol et al., 1998). However, their 

individual contributions to the process are unknown. In particular, it is unclear whether 

phagocytosis elicits GTP-loading directly or simply recruits pre-activated GTPases within the 

cell. Since when overexpressed Vav is capable o f activating both Cdc42 and Rac (Olson et al.,

1996) and Cdc42 is capable o f  activating Rac in some cell types (Nobes and Hall, 1995; 

Wojciak-Stothard et al., 1998), the link between Vav, Cdc42 and Rac was examined during 

FcyR mediated phagocytosis.
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To study the possibility of Cdc42 and/or Rac activation and the associated kinetics upon FcyR 

mediated phagocytosis, cells were challenged with IgG opsonised RBC for different periods of 

time. Cell lysates were divided in two and endogenous GTP loaded Cdc42 and Rac were 

precipitated using GST-PAK CRIB, as described above (Sander et al., 1999). Initial studies in 

J774 macrophages revealed high basal levels of GTP-bound Cdc42 and Rac prior to 

stimulation with RBCs; presumably a reflection of their prominent lamellipodia (see Figure 

3.4) and motile phenotype. This presented problems when assessing changes upon RBC 

stimulation, making GTPase activation during phagocytosis difficult to assess (data not 

shown). As a result, experiments were performed in COS cells transiently transfected with the 

FcyR. These cells behave identically to macrophages with regards to their dependency on Rho 

GTPases and Vav for FcyR mediated phagocytosis (see Figure 3.10; Caron and Hall, 1998). In 

order to synchronise the onset of phagocytosis, targets were allowed to bind to transfected 

COS cells at 4°C, prior to inducing engulfment by transferring cells to 37°C.

As shown in Figure 4.3, progression of FcyR directed phagocytosis correlated with a transient 

increase in GTP loading of endogenous Rac and Cdc42. The level of Rac activation peaked 

after 10 min at 37®C, resulting in a four-fold increase, before returning to basal levels by 20 

min (see Figure 4.3a and 4.3b). Cdc42 also showed a transient activation following addition of 

IgG opsonised RBC (see Figure 4a), with an indistinguishable time course from that of Rac, 

although the fold activation was consistently lower (see Figure 4.3c). The rise in the levels of 

GTP-bound GTPases was not a consequence of the temperature shift during the experiment, 

since cells warmed in the absence of targets failed to elicit significant GTPase activation (see 

Figure 4.3a, compare lanes 1 and 3).

To determine the role of Vav in FcyR phagocytosis, the receptor was co-expressed with 

dominant negative Vav in COS cells. As shown in Figure 4.3a and 4.3b, co-expression of Vav- 

C completely abolished the FcyR-induced Rac activation seen at the 10 min time point. 

Similar results were apparent with the alternative dominant negative Vav construct, VavADH 

(data not shown). This inhibition was not a result of reduced surface expression of the Fey 

receptor, as shown by the similar RBC attachment index in cells expressing empty vector or 

either dominant negative Vav (see Figure 3.10b). Surprisingly, expression of Vav-C did not 

prevent the simultaneous activation of Cdc42 seen upon phagocytic challenge (see Figure 4a 

and 4c).
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F i g u r e  4 .3  F a v  activates Rac hut not Cdc42 in response to FcyR m ediated phagocytosis in 

COS cells, (a) Kinetics o f  GTP loading on Rac and Cdc42 in COS cells follow ing induction o f  

FcyR directed phagocytosis. Co-expression o f  Vav-C blocks activation o f  Rac but not Cdc42. 

Fold activation o f  Rac (b) and Cdc42 fc) based on the 10 min time point are shown relative to 

levels o f  Rac and Cdc42 in the total cell lysate. Data shown are the mean ±  SEM o f  at least 

three independent experiments.
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From these results it is possible to conclude that Vav functions as a Rac specific GEF during 

FcyR mediated phagocytosis. Although Cdc42 is also activated, with similar kinetics, the 

exchange factor responsible remains unknown.

4.2.3 VavADH does not function by titrating endogenous Rac

Guanine nucleotide exchange factors are believed to interact with their target Rho GTPases via 

their DH domains (Aghazadeh et al., 1998; Soisson et al., 1998). Thus one concern when 

using the dominant negative VavADH mutant (which harbours just a 7 amino acid deletion) 

was the possibility that it may simply bind to and sequester endogenous Rac when 

overexpressed, causing non-specific effects on Rac induced actin polymerisation. Therefore, 

to ensure that the phagocytic defects apparent when using VavADH were due to a block in Vav 

exchange activity, its ability to block Rac activation in response to a Vav independent Rac 

stimulus was tested (see Figure 4.4).

A constitutively active mutant of Tiaml (TiamlC1199), an alternative exchange factor known 

to function as a Rac specific GEF and induce lamellipodia when expressed in fibroblasts 

(Michiels et al., 1995) was used as the Vav independent stimulus. Hence, Tiaml and VavADH 

were coinjected (1:1 ratio) into quiescent serum starved Swiss 3T3 fibroblasts, which lack 

organised actin filaments. Cells were seen to elicit cytoskeletal changes indicative of Rac 

activation, namely peripheral ruffling (see Figure 4.4f) (Ridley et al., 1992). Indeed the 

phenotype was indistinguishable from control cells expressing Tiaml and empty pRK5myc 

vector (see Figure 4.4d). In contrast, co-expression of a dominant negative Rac mutant 

(NlTRac) completely inhibited, as expected, the Tiaml induced lamellipodia (see Figure 4.4i) 

with cells appearing identical to control, biotin dextran injected fibroblasts (see Figure 4.4b).

Similar results were observed when using PMA to induce Rac dependent ruffling in S3T3 

fibroblasts, i.e. N17Rac but not VavADH (or Vav-C) was capable of inhibiting PMA induced 

ruffling (E. Caron; unpublished results). Finally, VavADH was also seen to block Rac- 

dependent protrusions formed by HUVEC cells in response to plating on matrix proteins but 

not Rac-dependent ruffling induced by VEGF treatment (J. Connolly; unpublished results).
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F i g i 'RK 4 ,4  VavADH does not act by sequestering endogenous Rac protein or inhibiting Rac 

induced actin polymerisation. Quiescent serum starved S3T3 fibroblasts were microinjected 

with Biotin dextran (a and h), or cDNAs encoding HA tagged Tiaml and either empty pRKSmyc 

vector (c and d), myc tagged VavADH (e-g) or myc tagged N 17Rac (h-j). Cells were stained  

for F-actin (b, d, f  i), HA tagged constructs (c, e, h) and myc tagged constructs (g and j). 

Representative images from 3 independent experiments are shown, (k) Quantitation o f  cells 

showing a ruffing phenotype follow ing expression o f  the indicated constructs. Data shown are 

the mean ±  SEM o f  at least three independent experiments. Scale bar represents 10pm.
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Together, these results indicate that the effects of the VavADH construct on FcyR mediated 

phagocytosis were not attributable to titration of endogenous Rae protein or non-specific 

effects on actin assembly.

4.2.4 Inactive Rac is recruited to phagosomes

The spatially localised remodelling of the actin cytoskeleton that accompanies phagocytosis 

provides an ideal opportunity for investigating the recruitment of signalling components. 

Although the accumulation of Rho GTPases at nascent phagosomes has been previously 

shown, the mechanisms of recruitment remain unclear (Caron and Hall, 1998). To examine 

whether membrane targeting of Cdc42 or Rac is dependent on Vav exchange activity, the 

recruitment of GFP-tagged wildtype GTPases to nascent phagosomes in COS cells co

expressing FcyR and dominant negative Vav was studied.

In control cells, not challenged with RBC, GFP-Cdc42 and GFP-Rac showed a diffuse 

cytosolic distribution with some accumulation at lamellipodia (data not shown). In contrast, 

upon phagocytosis GFP-tagged Cdc42 showed clear enrichment at nascent FcyR phagosomes 

(see Figure 4.5a-d), where it colocalised with F-actin, as previously described (data not shown 

and Caron and Hall, 1998). Despite attempts to synchronise engulfinent, by allowing RBC to 

bind at 4°C prior to inducing phagocytosis, the intensity and ratio of GlTase recruitment to 

bound RBC varied with each transfected cell. Moreover, membrane targeting was clearly 

transient since fully internalised particles were no longer associated with GFP-Cdc42 or F- 

actin (data not shown). Co-expression of either Vav-C (see Figure 4.5e-h) or VavADH (data 

not shown) failed to affect the recruitment of GFP-Cdc42 to nascent phagosomes. 

Interestingly, both Vav mutants co-localised with Cdc42 at sites of RBC attachment (see 

Figure 4.5f and data not shown). The SH2 domain of Vav, present in both Vav mutants, has 

been proposed to play a key role in receptor complex association (Arudchandran et al., 2000) 

and thus may account for the accumulation of these mutants at sites of RBC attachment. 

These results suggest that although Cdc42 is recruited and activated in response to FcyR 

mediated phagocytosis, both functions are independent of Vav exchange activity.

Similar results were apparent in cells expressing GFP-tagged Rac, i.e. recruitment to nascent 

FcyR phagosomes (see Figure 4.6a-d) was unaffected by co-expression of either dominant 

negative Vav construct (see Figure 4.6e-h). However, in this case the results are of greater 

significance given that GTP-loading and thus activation of Rac is dependent on Vav exchange
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F i g u r e  4 .5  FcyR induced Cdc42 recruitment to phagosomes occurs independently o f  Vav 

exchange activity. Recruitment o f  GFP-Cdc42 to sites o f  RBC attachment in COS cells co

transfected with FcyR and either control vector (a-d) or myc tagged Vav-C (e-h). GFP-Cdc42 

(a and e), myc (b and f)  and RBC (c and g). Merged images showing GFP-Cdc42 in green, 

RBC in blue and myc in red (d and h). Images are representative o f  cells from  at least three 

independent experiments. Scale bar represents 10pm.
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FlGl RK 4.6 FcyR induced Rac recruitment to phagosomes occurs independently o f  Vav 

exchange activity. Recruitment o f  GFP-Rac to sites o f  RBC attachment in COS cells co

transfected with FcyR and either control vector (a-d) or myc lagged Vav-C (e-h). GFP-Rac (a 

and e), myc (b and f)  and RBC (c and g). Merged images showing GFP-Rac in green, RBC in 

blue and myc in red (d and h). Images are representative o f  cells from  at least three 

independent experiments. Scale bar represents 10pm.
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activity (see Figure 4.3). They suggest that the recruited Rac, seen in Figure 4.6e is in the 

inactive GDP bound form. It is important to note that although GTPase recruitment persists in 

the absence of Vav exchange activity, the carboxy terminal SH3-SH2-SH3 module (present in 

both Vav mutants and also recruited to phagosomes) may still have a role in bringing Cdc42 

and Rac to the membrane.

4.2.5 FcyR induced Rac recruitment and activation are Cdc42 independent

Cdc42 has been shown to be a potent activator of Rac in several cell types (Nobes and Hall, 

1995; Wojciak-Stothard et al., 1998). Indeed in J774 macrophages Cdc42 was proposed to 

induce a Rac-Rho signalling cascade resulting in the association of all three GTPases to FcyR 

phagosomes (Caron and Hall, 1998). To determine whether activation of Cdc42 leads to a 

sequential localisation and/or activation of Rac during phagocytosis, FcyR induced recruitment 

and GTP loading of Rac was investigated in the presence of a dominant negative Cdc42 

mutant.

Once again, in control cells, GFP-Rac localized to discrete foci beneath FcyR-attached 

particles in COS cells (as shown in Figure 4.6a-d). Recruitment was transient and maximal at 

10 min, coincident with GTP loading (data not shown). Co-expression of a dominant negative 

Cdc42 mutant (N17Cdc42), which also accumulated at sites of RBC attachment (see Figure 

4.7b), failed to prevent recruitment of Rac (see Figure 4.7a). It was difficult to establish 

whether N 17Cdc42 preceded recruitment of Rac by their relative fluorescent intensities, given 

that the former was detected by staining for its epitope tag and thus reliant on antibody 

affinity, whilst the latter was GFP tagged. Nevertheless, these results suggest that Rac 

recruitment is independent of Cdc42 function, strengthening the notion that both GTPases 

mediate distinct steps in the engulfment process.

Similar studies were performed to monitor recruitment of myc-tagged full length pVav to sites 

of RBC binding (see Figure 4.7e-h). As in J774 macrophages (see Figure 3.6), Vav 

specifically decorated nascent FcyR phagosomes where it co-localised with actin (see Figure 

4.9). Moreover, co-expression of N17Cdc42 failed to block Vav recruitment, despite also 

accumulating at phagosomes.

Finally to investigate the role of Cdc42 in Rac activation, GST-PAK CRIB pulldown assays 

were performed as described earlier. Cells were transiently transfected with FcyR, and either
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F ig u r e  4.7 Fc//?  induced recruitment o f  Rac and Vav is independent o f  Cdc42 function. 

Recruitment o f  GFP-Rac (a-d) or myc tagged pVav (e-h) to nascent phagosomes in COS cells 

co-expressing FcyR and fla g  tagged N17Cdc42. GFP-Rac (a), myc-pVav (e), fla g  (b and J) and 

RBC (c and g). M erged images showing GFP-Rac or myc-tag in green, flag-tag  in red and 

RBC in blue (d and h). Images are representative o f  cells from at least three independent 

experiments. Scale bar represents 10pm.
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N17Cdc42 or a fragment o f  the Cdc42 effector WASP (amino acids 201-310; an alternative 

inhibitor o f  Cdc42 function, shown to block FcyR directed uptake (Caron and Hall, 1998)) and 

used to probe GTP-loading on endogenous Rac following addition o f  IgG opsonised RBC. As 

shown in Figure 4.8, inhibition o f  Cde42 function, using either N17Cdc42 or the WASP 

fragment, failed to block Rae activation in response to phagocytic stimuli. In some eases the 

WASP fragment appeared to actually increase GTP-loading on Rac (see Figure 4.8; lane 4).

Thus ligation o f  the Fey receptors triggers the independent recruitment and activation o f  Cde42 

and Rae. Moreover, together with the fluorescence data, these results reiterate the Rac specific 

role o f  Vav in FcyR mediated phagocytosis.

+

+

rbc

N17Cdc42  

Wasp (201-310)

Rac-GTP 

Rac total

F ig u r e  4.8 Rac activation during FcyR mediated phagocytosis is Cdc42 independent. GTP- 

loading on Rac in response to FcyR induced phagocytosis is not blocked by inhibiting Cdc42 

function with N17Cdc42 or the Cdc42 binding domain o f  WASP (amino acids 201-310).

4.2 .6  C on tro l o f  V av recru itm en t and activation  at p hagosom es

The results thus far have shown that Vav translocates to nascent FcyR phagosomes upon 

phagocytic stimuli where it functions to specifically catalyse GTP loading on inactive Rac. To 

further characterise the role o f  Vav, its function relative to established signalling components 

o f  the FcyR pathway was studied.
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Vav and actin
The polymerisation and remodelling o f F-actin is essential for phagocytosis (Kaplan, 1977). 

Endogenous Vav in J774 macrophages and epitope tagged Vav in COS cells were both seen to 

co-localise with F-actin during RBC engulfment (see Figure 3.6 and 4.9), although their 

recruitment kinetics proved difficult to distinguish. However, limited F-actin polymerisation 

at phagosomes is evident in J774 cells expressing dominant negative Rac (May et al., 2000), 

suggesting that some aetin remodelling, presumably mediated via Cdc42 function, may 

precede Vav signalling. Interestingly, Vav recruitment appeared to persist at phagosomes in 

COS cells following target internalisation and F-actin depolymerisation (see Figure 4.9; 

arrowheads in panel d indicate fully engulfed RBC). The significance o f  this is unclear, 

although it may be attributed to overexpression of pVav in COS cells since prolonged Vav 

distribution at phagosomes was not apparent in macrophages.

F ig u r e  4 .9  Vav enrichment at FcyR phagosomes persists following target internalisation and 

F-actin de-polymerisation. Recruitment o f  F-actin (a) and myc-tagged pV av (b) during 

phagocytosis o f  IgG opsonised RBC (c). Merged image showing F-actin in red, pVav in green 

and RBC in blue (d). In panel (d) arrowheads indicate completely internalised targets devoid  

o f  F-actin but still associated with Vav, whilst arrows show RBC in the process o f  engulfment, 

surrounded by F-actin and Vav. Images are representative o f  cells from  at least three 

independent experiments. Scale bar represents 10pm.
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Vav and nuclear localisation

An intriguing observation apparent when studying endogenous Vav distribution in 

macrophages was its occasional enrichment in the nucleus. This parallels reports for other 

GEFs, such as Ect2, Cdc24 and Netl where nuclear localisation plays a key role in functional 

regulation (Tatsumoto et al., 1999; Shimada et al., 2000 and A. Schmidt, unpublished results). 

Nuclear cycling of proteins typically requires consensus amino-acid motifs called nuclear 

localisation sequences (NLS) and nuclear export sequences (NES). Vav contains two 

predicted NLS, although their function is as yet uncharacterised. However, Vav appears to 

lack a familiar leucine rich (i.e. LxxxLxxLxL) NES.

To investigate whether Vav cycles through the nucleus, macrophages were treated with 

leptomycin B (LMB), an anti-fungal antibiotic, which abolishes nuclear export of proteins by 

covalently modifying the export receptor Exportin/Crml present on nuclear envelopes. 

Treatment with LMB caused a striking accumulation of endogenous Vav in the nucleus, 

indicative of a nuclear cycling protein (see Figure 4.11). However redistribution was never 

complete, despite pre-treatment for up to 24 hr, unlike the transcription factor NFkB, which 

was used as a control (data not shown). Moreover, macrophages displayed little 

morphological changes by timelapse video microscopy or by staining for F-actin (see Figure

4.1 Id).

Preliminary results indicated that leptomycin B treatment reduced FcyR but not CR3 mediated 

phagocytosis (data not shown). However, the inhibition proved less effective than either of the 

dominant negative Vav mutants, (typically 30-40% inhibition). Presumably this reflected the 

partial sequestration of endogenous Vav within the nucleus and thus its inability to catalyse 

GDP/GTP exchange on Rac at phagosomes. This is difficult to interpret conclusively given 

the global block on nuclear export caused by LMB pre-treatment. Results were further 

complicated by the fact that control cells incubated in solvent (ethanol) alone also displayed a 

lower phagocytic capacity, compared to previous data with cells in serum free medium. This 

was consistent with previously published data showing reduced FcyR mediated phagocytosis, 

(but significantly, no changes in morphology or spreading) in monocytes/macrophages 

exposed to ethanol in vitro (Morland and Morland, 1984). Given these difficulties, coupled to 

the incomplete re-localisation of Vav upon LMB treatment, these studies were not extended 

further.
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F i g i 'RK 4.11 Leptomycin B triggers redistribution o f  endogenous Vav to the cell nucleus in 

J774.AI macrophages (a-c) control cells, (d-f) 3hrs treatment with leptomycin B. Cells were 

stained for F-actin (a and d) and endogenous Vav (h and e). M erged images showing F-actin 

in red and Vav in green (c and f). Scale bar represents 10pm.

4.3 D isc u ssio n

The engulfment o f targets by phagoeytic cells involves a complex signalling cascade that 

drives localized actin remodelling in a manner controlled by Rho GTPases. In previous work it 

has been reported that both Cdc42 and Rac activities are essential for engulfment through the 

FcyR (Caron and Hall, 1998; Cox et al., 1997; Massol et al., 1998). This work (chapters 3 and 

4) now shows that Cdc42 and Rae are activated in response to FcyR ligation and identifies a
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unique role for the guanine nucleotide exchange factor Vav during FcyR mediated 

phagocytosis. In response to FcyR ligation, Vav translocates to sites of particle attachment, 

where it specifically regulates the activation of Rac to induce engulfment. Although Vav has 

been reported to be capable of activating other Rho GTPases, it does not regulate Cdc42 

during FcyR mediated phagocytosis (this study), nor does it regulate Rho in CR3 directed 

uptake (see chapter 5).

4.3.1 Functional redundancy for Vav?

It is currently thought that upon ligand binding, the FcyR is phosphorylated on tyrosine 

residues at immunoreceptor tyrosine based activation motifs (ITAMs) by Src family kinases. 

This allows docking and activation of the tyrosine kinase p72^\ which subsequently triggers 

signalling events leading to engulfinent (Darby et al., 1994; Greenberg et al., 1996) (see Figure 

1.3). Vav is a complex 95kDa, multidomain molecule that can interact, through its SH2 

domain, directly with Syk (Deckert et al., 1996). Vav can be phosphorylated by Syk or the Src 

kinase Lck leading to increased exchange activity in vitro and following overexpression in 

vivo (Crespo et al., 1997). A similar pathway has been reported in T cell receptor signalling 

where the Syk homolog Zap 70 targets Vav to clustered receptors at the membrane (Salojin et 

al., 2000). However, Vavl, Syk and Zap70 are haematopoietic-specific (Law et al., 1994; 

Bustelo, 2000), yet FcyR will promote efficient tyrosine kinase dependent phagocytosis when 

expressed in COS cells (Indik et al., 1995). Furthermore, FcyR clustering still induces tyrosine 

phosphorylation of Vav in macrophages derived fi*om Syk deficient mice (Crowley et al., 

1997). These results suggest that signalling pathways used by FcyR to activate Rac and Cdc42 

are essentially conserved in non-haematopoietic cells and that there is redundancy in some of 

the components of the pathways. The results presented here show that Vav is recruited to 

nascent phagosomes and that its activity is essential for FcyR phagocytosis in macrophages 

and in COS cells expressing FcyR. This suggests that in COS cells one or both of the close 

relatives, Vav2 or Vav3, fulfil the same function as Vav in coupling FcyR to Rac. These two 

additional Vav family members both have high sequence homology to Vav (and so are 

expected to be sensitive to inhibition by dominant negative Vav), but they exhibit a broader 

expression profile (Bustelo, 2000). The idea of redundancy is further supported by recent 

work with Vav knock-out mice showing partial functional compensation by Vav2 during 

immune receptor (BCR) signalling in B cells (Tedford et al., 2001). Moreover, this highlights
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the advantages of using macrophage and COS cell systems, rather than single knock-out 

animal cell models, to investigate signal transduction mechanisms.

4.3.2 Vav exchange activity during phagocytosis

The exchange activity of Vav for Rho GTPases has been well documented, although its 

specificity in vivo remains unresolved. Expression of truncated versions of Vav in Swiss 3T3 

fibroblasts leads to independent activation of Cdc42, Rac and Rho (see Chapter 3 and Olson et 

al., 1996) whilst in vitro GEF assays suggest a preference for Rac and Rho (Crespo et al.,

1997). In T cells Vav is essential for TCR-dependent activation of Rac, though it is unknown 

whether it also activates Cdc42 and/or Rho in this context (Salojin et al., 1999). In this study 

GTP pulldown assays were used to investigate the substrate specificity of Vav downstream of 

ligated FcyR. These assays have been applied extensively as an alternative to conventional 

phenotypic readouts, given their ability to detect transient changes in Rho GTPase activation, 

directly in a variety of cell types. They revealed a four-fold activation of endogenous Rac in 

response to FcyR mediated phagocytosis in transiently transfected COS cells. However, the 

“true” extent of GTP-loading is likely to be higher since the Rac activation seen reflects only 

the fraction of cells transfected with the FcyR and thus able to bind targets (typically 35-50%, 

depending on transfection efficiency), whilst the relative total Rac levels used for quantitation 

represent all cells. Most significantly, Rac activation was completely abolished by co

expression of dominant negative Vav mutants, suggesting a role for Vav in coupling FcyR to 

Rac.

Although the FcyR also induces GTP-loading on endogenous Cdc42, this is not mediated by 

Vav and the exchange factor responsible is unknown. It is difficult to speculate which Rho 

GEF is involved given the vast array of candidates (see Figure 1.14) and little indication by 

expression patterns. Nevertheless, it is clear that the function of this Cdc42 GEF must be 

tightly regulated and coupled to Vav function, to ensure a co-ordinated response leading to 

engulfment following FcyR ligation.

Finally, this study also shows that Cdc42 function is not required for FcyR-induced Rac 

activation, or Vav/Rac translocation to phagosomes. Similar results were described by Massol 

and colleagues, with FcsR induced translocation of Rac to a TX-lOO insoluble pool 

(presumably indicating cytoskeletal association) unaffected by co-expression of a dominant
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negative Cdc42 mutant (Massol et al, 1998). Together, this rules out the possibility that the 

only role of Cdc42 is to activate Rac and suggests that Rac and Cdc42 control distinct 

biochemical steps in the phagocytic process as postulated by Massol et al (Massol et al., 1998) 

(see Figure 4.12). This is further supported by elegant studies showing that artificial clustering 

of active Cdc42 beneath membrane bound beads triggers actin polymerisation and membrane 

protrusions, whilst clustering active Rac also induces actin polymerisation and significantly, 

despite the absence of protrusions, is sufficient for particle internalisation (Castellano et al., 

1999; Castellano et al., 2000).

4.3.3 Regulation of Vav activity

Despite overwhelming evidence supporting a role for PI-3 kinase during FcyR mediated 

phagocytosis, its function relative to Rho GTPase function remains ambiguous. Its ability to 

modulate the guanine nucleotide exchange activity of Vav, via its substrates and products, 

provides an attractive mechanism for upstream regulation of Rho GTPases (Han et al., 1998). 

However, inhibition of PI-3 kinase fails to block the remodelling of F-actin beneath bound 

targets (Ninomiya et al., 1994; Araki et al., 1996; Cox et al., 1999) suggesting a role 

downstream of Rho GTPases, possibly in controlling lipid dynamics. Alternatively, PI-3 

kinase may have a dual role in co-ordinating responses pre and post GTPase function.

Unfortunately, the role of PI-3K during FcyR mediated phagocytosis, and in particular towards 

Vav regulation, proved difficult to address in macrophages due to problems associated with 

quantitating Vav recruitment to phagosomes by immunofluorescence (data not shown). Given 

hindsight a more finitflil approach may have been to extend the GTPase pulldown assays to 

simultaneously monitor GTP-loading of Cdc42 and Rac, following pre-treatment of cells with 

wortmannin or LY294002. Moreover, these studies could have been extended to assess the 

effects of PI-3 kinase inhibitors on Rac, pVav and Arp2/3 recruitment in COS cells by 

immunofluorescence.

Interestingly, a further means of Vav regulation became apparent during the course of these 

studies. Treatment of macrophages with leptomycin B, an inhibitor of nuclear export, caused a 

dramatic nuclear accumulation of endogenous Vav, indicative of nuclear cycling. Similar 

nuclear enrichment was evident following overexpression of a truncated Vav mutant (oVav) in 

fibroblasts (see Figure 3.2), suggesting that this construct may lack sequences required for 

efficient nuclear export. Despite containing multiple predicted motifs commonly associated
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with transcription factors, such as helix-loop-helix, leucine zipper and zinc finger domains, the 

nuclear role of Vav is unclear. It could conceivably influence Vav function indirectly by 

sequestration, as illustrated by Cdc24, the yeast GEF for Cdc42, which is anchored in the 

nucleus by the adapter protein Farl. In response to mating pheromones, the Cdc24-Farl 

complex is exported from the nucleus and facilitates polarisation of the actin cytoskeleton 

towards the mating partner (Shimada et al., 2000). Alternatively, nuclear cycling of Vav may 

simply arise by its binding to a nuclear protein, such as Ku-70 (Romero et al., 1996). Further 

studies, probably involving mutational analysis of Vav rather than broad spectrum inhibitors, 

will be required to decipher the link, if any, between nuclear cycling of Vav and physiological 

functions such as phagocytosis.

4.3.4 Recruitment of inactive Rac to phagosomes

The experiments described here also begin to address another, poorly understood aspect of 

Rho GTPase activation. During phagocytosis, Rac recruitment to sites of particle attachment 

occurs prior to activation by Vav, suggesting that there is a receptor-mediated mechanism for 

recruiting the inactive, GDP-bound form of Rac. How this occurs is unknown. Two gene 

products acting upstream of Rac, Ced2/CrkII and Ced-5/DOCKl 80 have been identified 

through the genetic analysis of apoptotic cell uptake in C. elegans (Reddien and Horvitz, 

2000). Crkll and DOCK180 (180kDa protein downstream of CRK) both are adapter proteins 

(Hasegawa et al., 1996; Kiyokawa et al., 1997). Neither is capable of activating Rac directly 

and so far, no GEF has been isolated using the genetic screens for phagocytosis mutants. 

However, DOCK 180 has been reported to couple the integrin Oyps to Rac activation during 

uptake of apoptotic cells in mammalian cells (Albert et al., 2000). What is very interesting is 

that DOCK180 can interact directly with Rac (Nolan et al., 1998). Therefore, one possibility 

is that DOCK 180 mediates recruitment of Rac.GDP to FcyR where it is activated by Vav. 

Alternatively, the SH3-SH2-SH3 domains of Vav (i.e. Vav-C, which colocalises with Rac and 

Cdc42 at phagosomes) may recruit Rac.GDP indirectly, perhaps via DOCK 180 or another 

protein interaction. Several groups have shown that the inactive form of Rac exists in a 

cytosolic complex with RhoGDl and that GEFs are unable to promote nucleotide exchange 

whilst Rac is in this complex (Hancock and Hall, 1993; Longenecker et al., 1999). Whether 

RhoGDl transiently remains bound to Rac at phagosomes, or is induced to dissociate, for 

example by the interaction with ERM (Ezrin/Radixin/Moesin) family proteins (Takahashi et 

al., 1997) which are found at phagosomes (Defacque et al., 2000), is unknown. Moreover, it 

has recently been reported that the amino terminus of Vav can interact directly with RhoGDl
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(Groysman et ai., 2000), although since Rac.üDP is still recruited to nascent phagosomes in 

the presence o f  Vav-C (which lacks the amino terminus), this is unlikely to be the mechanism  

involved here.

Delineating the signalling pathways responsible for recruiting inactive Rac to phagosomes and 

whether this is a universal strategy used by cells for other small GTPases is obviously an 

important future goal. The results presented here demonstrate that phagocytosis provides an 

ideal assay to explore the mechanisms involved.

igG
op so n ised  
RBC

Cdc42

phagocytosis

F i g u r e  4 .12  Model fo r  the role o f  Vav in FcyR mediated phagocytosis. Activation and  

recruitment o f  Cdc42 and Rac during FcyR mediated phagocytosis occur via independent 

mechanisms. Rac is recruited to nascent phagosomes in its GDP-bound form  where it is locally  

activated by Vav. Rac recruitment may occur independently o f  Vav (as shown) or via an 

indirect association with the SH3/SH2 domains o f  Vav. Once activated both Rac and Cdc42 

direct the actin remodelling required to complete phagocytosis.
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In summary, the results from chapters 3 and 4 show that Vav exchange activity is essential for 

FcyR, but not CR3 mediated phagocytosis. In response to FcyR clustering, Vav translocates to 

nascent phagosomes where it specifically regulates the activation of Rac, but not Cdc42. 

Moreover, both Vav recruitment and Vav induced Rac activation occur independently of 

Cdc42 function suggesting that each GTPase mediates distinct stages of the phagocytic 

process. Finally Rac recruitment to phagosomes occurs in the absence of Vav exchange 

activity suggesting that the GTPase is targeted to activated FcyR in its inactive, GDP-bound 

conformation.
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CHAPTER 5

SIGNALLING MECHANISMS INVOLVED IN 

CR3 MEDIATED PHAGOCYTOSIS
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5.1 In t r o d u c t io n

The complement receptor CR3 (aMpi) is an integrin heterodimer, which in its active 

conformation, is capable of directing the phagocytosis of C3bi opsonised targets. Engulfinent 

through the CR3 receptor differs significantly from that directed through the FcyR. Each 

pathway promotes distinct morphological changes (see Figure 1.1), requires different Rho 

GTPases and typically elicits opposing effector responses. As described in chapter 3, CR3 

mediated phagocytosis requires Rho, but not Cdc42 or Rac and occurs independently of Vav 

exchange activity. The Rho connection is further strengthened by CR3 receptor cross-linking 

studies in S3T3 fibroblasts showing C3 transferase sensitive stress fibre formation. However, 

as with all integrins the signalling mechanisms linking ligand binding to Rho GTPase function 

remain unclear.

This chapter investigates CR3 receptor signalling, in particular how Rho is activated in 

response to CR3 clustering and the mechanism by which Ras-like small GTPases control p% 

integrin activity through “inside-out” signalling.

5.2 R e su l t s

5.2.1 CR3 phagocytosis induces GTP-loading on Rho

Pulldown assays were performed to directly investigate GTP-loading on endogenous Rho 

GTPases, in response to CR3 mediated phagocytosis. This technique was successfully applied 

to establish Cdc42 and Rac activation during FcyR directed engulfinent (see chapter 4). In this 

case, the Rho binding domain (RED) of Rhotekin, a Rho effector, was used to precipitate 

GTP-loaded Rho from COS cell lysates. This effector has been shown to specifically interact 

with RhoA and RhoC and weakly with RhoB (Reid et al., 1996). GST-tagged Rhotekin RED 

was expressed and purified from bacterial cell lysates, typically yielding ~2mg/litre bacterial 

culture. Its binding specificity was tested using Rho mutants, in a manner analogous to that 

described for PAK CRIE (see 4.2.1 Assaying activation of cellular Cdc42 and Rac). As shown 

in Figure 5.1, GST-rhotekin RED bound strongly to an activated mutant of Rho (myc-L63 

Rho), but only weakly to wildtype Rho (myc-wt Rho). A weak band migrating just below the 

myc-tagged constructs was apparent in all lanes upon longer exposure of blots (~10 min), 

presumably corresponding to endogenous Rho. In contrast, no binding to dominant negative 

Rho (N19 Rho) or constitutively active Cdc42/Rac mutants was evident, consistent with 

published data (data not shown) (Ren and Schwartz, 2000).
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F i g I ' R K  5.1 Binding specificity o f  GST-rhotekin RBD. Cell lysates from  COS cells transiently 

transfected with wildtype Rho (wt Rho) or constitutively active Rho (L63 Rho) constructs were 

used in pulldown assays with GST-rhotekin RBD. See text fo r details.

GST-rhotekin RBD was used to analyse activation o f  endogenous Rho in COS cells transiently 

transfected with the CR3 receptor (wtCDl lb/wtCD18) and challenged with C3bi opsonised 

RBC. In contrast to the FcyR pulldown assay, phagocytic onset could not be synchronised by 

allowing targets to sediment onto COS cells at 4"C, since ligand binding to the CR3 receptor is 

dramatically reduced at lower temperatures (Van Strijp et al., 1993).

As shown in Figure 5.2, CR3 mediated phagocytosis was accompanied by a transient increase 

in Rho aetivation. GTP-loading on endogenous Rho peaked 20 min post RBC feeding, 

resulting in ~  3.7 fold increase (see Figure 5.2b). This appeared somewhat delayed compared 

to Rac and Cdc42 activation during FcyR uptake (see Figure 4.3), but presumably reflects the 

time taken for targets to settle onto COS cells at 37°C, prior to eliciting phagocytosis. Co

expression o f  Vav-C failed to block this Rho activation, thus supporting data from phagocytic 

assays done in macrophages (see Figure 3.10c) and further highlighting the signalling 

difference between FcyR and CR3 directed engulfment. By comparison, similar studies using 

GST PAK-CRIB, showed negligible Rac activation (approximately 1.3 fold) upon CR3 

stimulation (see Figure 5.2a and 5.2c), supporting evidence for the lack o f  Rac involvement in 

CR3 mediated phagocytosis (Caron and Hall, 1998).
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F i g i i r k  5 . 2  CR3 m ediated phagocytosis correlates with an activation o f  endogenous Rho, hut 

not Rac in COS cells, (a) Kinetics o f  GTP-loading on Rho and Rac follow ing CR3 stimulation. 

Co-expression o f  Vav-C had negligible effect. Fold activation o f  Rho (b) and Rac (a) at the 20 

mins time point are shown relative to levels o f  Rho and Rac in the total cell lysate. Data shown 

are the mean ±S E M  o f  at least three independent experiments.
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Together, these studies support and extend those of Caron et al, demonstrating that the CR3 

receptor can directly activate Rho upon ligand binding. This strongly implicates the 

involvement of a RhoGEF, although no such candidates have been linked to integrins to date.

A CR3 receptor mutagenesis strategy was undertaken to identify which regions of the CR3 

receptor were responsible for Rho activation and possible Rho GEF(s) association. Three 

different assays for monitoring CR3 coupling to Rho were considered. First, analysing Rho 

dependent stress fibre formation following antibody induced cross-linking of CR3 receptor 

mutants expressed in quiescent, serum starved S3T3 fibroblasts (Caron and Hall, 1998). 

Second, scoring the phagocytic capacity of COS cells expressing CR3 receptor mutants, an 

established Rho dependent mechanism (Caron and Hall, 1998). Finally, using pulldown 

assays to directly quantitate GTP-loading on Rho by different CR3 receptor mutants expressed 

in COS cells, in response to C3bi opsonised RBC (see Figure 5.2). It was hoped that the same 

receptor mutants could be exploited to identify domains directing CR3 surface expression and 

“inside-out” signalling mediated activation.

5.2.2 Generating GDI lb (œm) and GDIS (pi) chain mutants

Three different truncation mutants of the cytoplasmic tails from both GDI lb and CD 18 were 

constructed by engineering translation stop codons at different sites (see Figure 5.3). In the 

case of CD lib , the first mutant, CDllbAl lacked the entire cytoplasmic tail except the 

membrane proximal lysine residue. The second mutant, CDllbA2, comprised 10 membrane 

proximal amino acids, including the highly conserved GFFKR motif (see 1.2.2.1 Molecular 

basis of activation). Finally the last mutant, CDllbA3, contained 17 residues, including a 

potential serine phosphorylation site lacking in the other two constructs. With the GDI8 tail, 

the first construct, CD18A1 again lacked the entire cytoplasmic portion, bar the initial lysine 

residue. The second mutant, CD18A2, comprised 18 amino acids, approximately bisecting the 

tail. The last construct CD 18A3 comprised 32 residues, including one of the putative 

internalisation sequences (NPXY/F, shown in yellow in Figure 5.3), but lacked all the 

phosphorylation sites thought to be implicated in regulating CD 18 function (shown in red, in 

Figure 5.3, see 1.2.2.1 Molecular basis of activation). All constructs were verified by DNA 

sequencing.
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C D 11b 11 KLGFF KRQYK AMMSE GGPPG AEPQ

CD11bA1 -K

CD11bA2 
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CD18A1

CD18A2

CD18A3 ■ K

F ig u r e  5.3 Schematic o f  different C D llh  and CD 18 truncation mutants Putative 

internalisation sequences are shown in yellow. Phosphorylation sites are shown in red (see 

1.2.2.1 Molecular basis o f  activation).

5.2.3 Surface expression of CDllb/CD18 constructs
To analyse the effects o f  the truncations, each mutant chain was transiently co-expressed with 

its wildtype partner in COS cells. ImmunoHuorescent staining o f  detergent permeabilised 

cells, using antibodies specific for the mutant chain, showed that each construct was expressed 

well, typically displaying a peri-nuclear, cytosolic distribution (as shown for the wildtype 

C D llb /C D 1 8 in  Figure 5.4b).

These studies were extended to monitor surface expression o f  the different mutants, by staining 

cells pre-permeabilisation. Control cells transfected with the wildtype C D llb /C D 18 chains 

showed a diffuse, evenly distributed surface localisation, irrespective o f  staining for either 

subunit (see Figure 5.4d). O f the C D llb  mutants tested, the combination o f  

C D llb A l/w tC D 18 failed to display surface expression (see Figure 5.4f), whilst both 

C Dl lbA2/wtCD18 and C D llbA3/wtCD18 were indistinguishable from control cells. This 

indicated that the membrane proximal 10 residues of C D llb  were important in directing 

surface expression.

Surface staining o f  mutant CD 18 chains revealed an intriguing result. The combination o f  

w tC D llb  and CD18A1 showed surface expression suggesting that the C D l8 tail was
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dispensable for targeting receptors to the plasma membrane. However, cells transfected with 

wtCDl lb  and CD18A2 appeared to lack surface staining, despite high expression levels seen in 

permeabilised cells (data not shown). A possible explanation to account for this may be the 

inadvertent creation o f an ER retention or retrieval signal (the terminal residues o f  CD18A2 are 

..FEKE), although it differs to established sequences such as KDEL and KKxx (Pelham, 1990).

F i g u r e  5 .4  Expression o f  C D l lb /C D  18 constructs in COS cells, (a and b) Expression o f  wt 

C D l Ib/wtCDlS, follow ing permeabilisation. Surface expression o f  constructs, (c and d) wt 

C D l lb/w tCD 18 and (e and f )  C D llbA l/w tC D 18, was visualised by staining prior to 

permeabilisation. All cells were stained fo r  F-actin (a, c, e) and individual receptor chains 

using anti-CD 11b (b, d. f )  or anti-CD 18 (data not shown). Scale bar represents 10pm.

133



Finally, to assess the interdependency of each subunit for surface expression, COS cells were 

transfected with individual wildtype CDllb or CD 18 chains alone. Transfection of CDl8 

alone failed to show any significant signs of surface expression (data not shown). In contrast, 

and contrary to data on LFA-1 (CDUa/CD 18) (Weber et al., 1997), expression of CDllb 

alone resulted in surface expression, detectable by immunofluorescence, although at levels 

lower than when expressed with CD 18 (data not shown). It is unclear whether this population 

of surface CDl lb was present as a monomer or associated with another endogenous p chain 

present in COS cells. Attempts to identify alternative p chains in COS cell lysate by western 

blotting or by immunoprecipitating CDllb following overexpression, to study possible 

binding partners, proved unsuccessful with the antibodies tested (data not shown).

An identical pattern of surface expression, with all the mutant CR3 receptors, was seen 

following microinjection and expression in S3T3 fibroblasts (data not shown). This was 

important for future cross-linking assays to investigate Rho activation (see 5.2.5 Rho 

activation by CDl lb/CD 18 constructs).

In order to quantitate differences in surface expression between the different receptor mutants 

(and thus correlate these to function), cells were analysed by fluorescence activated cell 

sorting (FACs), a technique capable of measuring the mean fluorescence intensity of 

individual cells within a suspension. COS cells transiently transfected with mutant chains plus 

their wildtype partners were stained in suspension using a primary antibody specific for the 

mutant subunit (either anti-CDllb or anti-CD 18), followed by a secondary FITC conjugated 

antibody and applied to FACs. Cells transfected with wtCD 11 b/wtCD 18 were stained with 

secondary antibody alone and used as a negative control, to assess background/non-specific 

fluorescence. As shown in Figure 5.5, the results correlated to those seen by fluorescence 

microscopy, namely all combinations were capable of surface expression, except 

CDl lbAl/wtCD18 and wtCDl lb/CD18A2, which showed surface expression levels similar to 

negative control cells. The CDllb tail was again shown to be necessary and sufficient to 

target surface expression of CR3 (see FACs profile of wtCDllb/CD18Al, i.e. the mutant 

receptor lacking CD 18 tail, which interestingly showed higher surface staining than the 

wildtype receptor; see Figure 5.5k).
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F i g u r e  5.5 Flow cytom etry analysis 

o f  C D l lb /C D  18 surface expression. 

COS cells transiently transfected with 

C D l Ih/CDIS mutants, as shown, 

were analysed by FACs using either 

an anti-CD 1 lb  (a-e) or anti-CD 18 

(g-j) F  antibody (as appropriate fo r  

the mutant chain) fo llow ed  by a FITC 

conjugated 2" antibody. As a 

negative control, cells transfected 

with WtCDl lb /w tC D l8  were stained 

with the 2" antibody alone (j). FLl-H  

corresponds to fluorescence intensity. 

Histograms are representative 

examples from  three independent 

experiments, (k) Surface expression 

o f  different C D l lb /C D  18 mutants. 

Quantitation o f  data from  histograms 

(a-j), with results expressed relative 

to wildtype CR3. Similar results were 

apparent in two further independent 

experiments.
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FigI!RE 5 .5 continued.

To further refine which regions o f  CD l lb were necessary for surface expression, two further 

mutants (C D llb A l.l  and C D llb A l.2) were generated (see Figure 5.6). These constructs 

bisected the 10 membrane proximal amino acids present in C D l lbA2, previously shown to be 

sufficient for membrane targeting when co-expressed with w tC D lS (see Figure 5.5). Results 

from both fluorescent microscopy and FACs revealed that neither o f  these mutants could 

reconstitute surface expression o f  the receptor (data not shown). Hence, residues extending 

beyond the conserved GFFKR m otif appear necessary for efficient targeting o f  the CR3 

receptor to the plasma membrane.
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F ig u r e  5 .6  Surface expression o f  different C D llh  mutants in COS cells, follow ing co

expression with wtCDlS. Surface expression was monitored by fluorescence microscopy and 

FACs analysis.

5.2 .4  Id en tifica tion  o f  regions on C D llb /C D 1 8  required  for “ in sid e-ou t” sign a llin g

The cellular environment is critical for integrin function. In leukocytes, the CR3 receptor is 

competent to bind ligands only when activated, in a Rapl dependent manner, by agonists such 

as cytokines or phorbol esters (Caron et al., 2000). The panel o f  receptor mutants, described 

above, provided an opportunity to study the mechanisms by which the cytoplasmic domains o f  

C D llb /C D 18 mediate integrin activation. However, examining integrin aetivation by

introducing mutant receptors into leukocytes is difficult because o f  poor cell transfection 

efficiency and functional compensation by endogenous integrins.

Previous studies have shown that heterologous cells, such as Chinese Hamster Ovary (CHO) 

cells, can be used to study integrin activation, l b  determine whether CHO cells would allow  

regulatable activation o f  a transfected CR3 receptor, cells were transiently transfected with 

wildtype C D llb /C D 18 and tested for their ability to bind C3bi-opsonised RBC, pre and post 

stimulation with the phorbol ester PMA. Surprisingly, the CR3 receptor appeared to be 

constitutively active following expression in CHO cells and bound significant numbers o f  

RBC irrespective o f  PMA pre-treatment (data not shown). This assay was therefore not 

continued.

The CR3 receptor is known to be constitutively competent for target binding and phagocytosis 

when expressed in COS cells (Rabb et al., 1993; Caron and Hall, 1998). Despite this, 

unpublished studies by E. Caron have shown that in COS cells, ligand binding to CR3 remains 

sensitive to Rapl inhibition suggesting that the receptor is still subject to functional regulation. 

It is likely that endogenous Rapl activity maintains the transfected CR3 integrin in an
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activated state. The activation properties o f the different mutants were therefore tested in COS 

cells, a familiar model system previously used for phagocytosis assays (see chapter 3 and 4) 

and for analysing surface expression o f CDl lb/CD 18 mutants (see Figure 5.4 and 5.5).

COS cells transiently transfected with different CDl lb/CD 18 mutants were scored for their 

ability to bind C3bi opsonised RBC. As shown in Figure 5.7, cells expressing C D llb  alone 

were capable o f  binding RBC, although at lower levels than eontrol cells, expressing wildtype 

CR3 reeeptor. This reduced binding capacity can in part be explained by its comparatively 

lower surface expression (see Figure 5.5k). With regards to the C D l lb and C D l8 truncation 

mutants, the latter seemed most interesting. The combination o f  wtCDl lb/C D  18A3 was 

defective in target binding, despite normal surface expression levels, suggesting that the 

earboxy terminal 14 residues were required for CR3 activity (see Figure 5.5k and 5.7). 

However, w tCDl lb/CD 18A1, which lacked all o f the cytoplasmie domain o f  CD18 was as 

competent as the wildtype receptor, with a slightly higher basal degree o f  target binding, in 

line with inereased surface expression (see Figure 5.5k and 5.7).

w tC D 11b/
wtCD18

w tC D 11b
a lo n e

CD11bA2/
wtCD18

CD11bA3/
w tCD18

w tC D 11b/
CD18A1

w tC D 11b/
CD18A3

20 40 60 80

% binding

100 120

F ig u r e  5 .7  Effect o f  C D l lb/C D 18 mutants on binding o f  CSbi-opsonised RBC to COS cells. 

Results are expressed relative to wtCDIlb/w tCDlS. Simdar results were apparent in two 

further independent experiments.
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One possible model to account for these apparently contradictory results is that the first 32 

amino acids o f  the C D l8 cytoplasmic domain contain an inhibitory sequence and that this 

inhibition can be regulated by the C-terminal 14 amino acids (see 5.3 Discussion).

If the C-terminal 14 residues o f  C D l8 are in fact the site o f  positive regulation by cellular 

activities, then overexpression o f  this region might be expected to interfere with the activities 

o f  the wildtype CR3 receptor. To test this idea, a chimera comprising GFP fused to the 

earboxy terminal 14 residues o f  C D l8 was generated. This construct, termed GFP-CD18 

Oligo, was expressed in COS cells and yielded a protein band o f  ~30kDa, by Western blotting, 

slightly larger than control cells transfected with mock pEGFP vector alone (see Figure 5.8a). 

The fusion protein appeared stable with no apparent signs o f  degradation.

30 kDa

a-G F P

F i g u r e  5.8 Characterisation o f  GFP- 

CD18 Oligo construct, (a) Western blot 

analysis o f  GFP~C1 mock vector (lane 

1) or GFP-CD18 Oligo (lane 2) 

expression in COS-7 cells. Effect of 

GFP alone (b) and GFP-CD18 Oligo (c) 

on CR3 phagocytosis in COS cells. 

Images show GFP in green, C D llb  in 

red and RBC in blue. The specificity oj 

RBC binding is clearly illustrated by the 

absence o f  bound targets on cells 

lacking C D llb  expression (see arrow in 

panel b). Scale bars represent 10pm.

—  %
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However, as shown in Figure 5.8b and c, preliminary studies showed negligible effect of GFP- 

CD18 oligo expression on CR3 mediated phagocytosis im COS cells. Both RBC binding (CR3 

activation) and phagocytosis (Rho activation) appeared indistinguishable in cells expressing 

GFP alone (see Figure 5.8b) or GFP-CD18 Oligo (see FEgure 5.8c).

The failure of the CD 18 Oligo fragment to interfere with engulfment in COS cells may be 

attributed to either inappropriate folding of the fragment, use of an incomplete or wrong 

fragment, or an incorrect hypothesis for the mechanism of CDllb/CD18 regulation. Evidence 

arguing against the latter was obtained by preliminary studies investigating the sensitivity of 

the tail-less CD 18 chain to Rapl inhibition, when expressed with wildtype CDllb (data not 

shown). COS cells co-expressing wtCDllb/CD18Al and RapGAP (which promotes GTP 

hydrolysis and thus inactivation of Rapl) were unaffected in their capacity to bind CSbi- 

opsonised RBC. In fact they displayed a slightly elevated level of RBC binding compared to 

cells expressing the wildtype CR3 receptor alone. In contrast, COS cells co-expressing 

WtCDl Ib/wtCD 18 and RapGAP showed a significant reduction (-50%) in target binding. 

This suggests that Rapl mediated regulation of CR3 activation is via the cytoplasmic tail of 

CD 18. Given hindsight, a better approach for investigating CD 18 regulation may have been to 

utilise the entire CD 18 tail and test its ability to perturb binding or phagocytosis by the 

wildtype CR3 receptor, when overexpressed. This would presumably minimise the chances of 

incorrect folding or incomplete selection of a CD 18 regulatory fragment.

5.2.5 Identification of regions in CDllb/CDI8 required for Rho activation

Having established that CR3 induced Rho activation during phagocytosis (see Figure 5.2), the 

different receptor mutants were used to investigate the relative roles played by the cytoplasmic 

tails of both subunits. Different receptor combinations were injected into sub-confluent, 

quiescent S3T3 fibroblasts and surface expressed constructs induced to cluster by antibody 

cross-linking. Cells were subsequently analysed for stress fibre formation as a readout for Rho 

function, as previously described (Caron and Hall, 1998).

Incubation with either anti-CD 1 lb or anti-CD 18 antibodies caused diffuse, punctate clustering 

of receptors over the entire cell surface (see Figure 5.9e). However, results with the wildtype 

CR3 receptor proved to be extremely inconsistent. The magnitude of stress fibres induced by 

cross-linking varied from very strong, reminiscent of Rho activation by a Rho-specific GEF, 

Netl (see Figure 5.9c and 5.9d) to exceptionally weak, akin to actin cables present in some
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background cells (see Figure 5.9e and 5.9f). Moreover, the spectrum of actin rearrangements 

did not correlate with the degree of clustering seen by staining. Changes in the protocol, to 

minimise injection times, alter clustering kinetics or use different cross-linking antibodies had 

negligible effect on result variability (data not shown). Hence, given the inconsistency in 

stress fibre formation in control cells expressing wildtype CR3 receptor, the assay was felt to 

be inappropriate for comparing the different receptor mutants.

As an alternative to antibody induced cross-linking, S3T3 fibroblasts expressing wildtype CR3 

receptor were challenged with C3bi-opsonised RBC and Rho-dependent actin “cup” formation 

was visualised, at sites underlying bound targets. Stress fibres were not expected given the 

limited receptor clustering and the spatially restricted nature of the stimulus. However, as 

shown in Figure 5.9g and 5.9h, this alternative S3T3 assay also proved disappointing. Actin 

remodelling beneath attached RBC was extremely rare with correspondingly low levels of 

engulfinent (see Figure 5.9h, notice absence of F-actin beneath RBC). Similar results were 

apparent in growing S3T3 fibroblasts (data not shown) where the levels of endogenous active 

Rho are higher (Ren et al., 1999).

To overcome these difficulties, Rho activation was assayed by analysing CR3 directed 

phagocytosis of C3bi opsonised RBC in COS cells, a proven Rho dependent mechanism 

(Caron and Hall, 1998). This was essentially an extension of the integrin activation studies 

(see 5.2.4 Integrin activation by CDl lb/CD 18 constructs), involving additional quantitation of 

target internalisation. Hence, the phagocytic capacity of cells transiently transfected with the 

different receptor mutants was quantitated, relative to cells expressing wildtype CR3 receptor 

(see Figure 5.10 and 5.11). Despite some surface expression and binding, cells expressing 

CDl lb alone were unable to internalise targets, suggesting that the CD 18 chain plays a central 

role in the activation and engulfinent phase of phagocytosis (see Figure 5.5k and 5.11). The 

latter is most likely an indirect consequence of increasing ligand binding since CD 18 lacking 

all the cytoplasmic tail (CD18A1) was as competent as wildtype CD 18 in inducing 

phagocytosis, when expressed with wildtype CDllb, i.e. the contribution of the CDl 8 tail is 

likely to be at the level of particle binding rather than intracellular signalling (see below).
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F i g u r e  5 .9 Determining Rho activation in quiescent serum starved S3T3 fibroblasts. Cells 

m icroinjected with the wildtype CR3 receptor were stimulated in a variety o f  ways to develop 

an assay fo r  monitoring Rho function. See text, (a and b) negative control; non-stimulated, 

injected cells, (c and d) positive control, cells expressing constitutively active myc tagged N etl, 

a specific GEF, and thus activator, fo r Rho. (e and f  antibody cross-linking assay, (g and h) 

C 3bi opsonised RBC phagocytosis assay. Cells were stained fo r biotin dextran (a), myc (c), 

C D llb  (e), RBC (g) and F-actin (b, d . f  h). Scale bars represent 10pm.
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With regards to phagocytosis, the two CDl lb mutants expressed at the cell surface, C D l lbA2 

and C D l lbA3, appeared most interesting. Both showed! a reduced phagocytic capacity (-50%  

reduction) despite normal surface expression and binding kinetics. Hence the cytoplasmic tail 

o f  C D llb  (in particular the earboxy terminal 7-14 amino acids), appears to be necessary for 

coupling to intracellular signalling pathways and thus a likely candidate for signalling to a Rho 

GEF, to induce CR3 mediated phagocytosis.

Also o f  interest, the two CDl 8 mutants examined failed to influence target engulfment. The 

tailless C D l8 construct, CD18A1, was fully competent for phagocytosis when expressed with 

wildtype C D llb . This strengthens the notion that the C D llb  tail alone is responsible for 

signalling to Rho. The lack o f  phagocytosis by CDl lb alone suggests that inereased binding 

capacity provided by the CD 18 extracellular domain or conformational changes in C D llb  

induced by interacting with the extracellular or transmembrane domains o f  CDl 8 are crucial 

for target engulfment. The other CD 18 mutant combination, wtCDl lb/CD18A3 was, as 

expected, defective in phagocytosis, given its inability to bind targets. Indeed, its functional 

properties can be attributed solely to the CDl lb chain alone (see Figure 5.11).

F ig i  r e  5 .10  CR3 m ediated phagocytosis in COS cells transfected with different CR3 receptor 

mutants. Shown are examples o f  cells expressing (a and h) w tC D l Ih/w tC D lS or (c and d) 

WtCDl lb/CD18A3. Cells were stained fo r  RBC (a and c) and CD 18 (b and d). Scale bars 

represent 10pm.
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F ig u r e  5.11 Effect ofC R S mutants on binding ( ■ )  and phagocytosis ( □ )  o / C3bi opsonised 

RBC. Results are expressed relative to control cells expressing wildtype CR3 receptor and 

correlate to expression data shown in Figure 5.5k. Similar results were apparent in 2 further 

independent experiments.
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5.3 D isc u s sio n

Phagocytosis through the integrin receptor CR3 (ocMpz; CDl lb/CD 18) proceeds via a complex 

signalling cascade involving receptor activation (inside-out signalling) followed by engulfinent 

(outside-in signalling). Small GTPases of the Ras and Rho families have been shown to play 

an integral role in both processes, yet the mechanisms connecting them to surface reeeptors 

remain unclear. This chapter describes data supporting distinct roles for the eytoplasmic tail of 

each subunit within the CR3 heterodimer. The CDllb tail speeifies surface expression and 

engulfinent, the latter leading to activation of Rho, presumably via a Rho GEF (although no 

eandidates associated with integrins have yet emerged). In eontrast, the GDIS tail appears 

essential for receptor activation and thus ligand binding.

5.3.1 Surface expression of the CR3 (CDllb/CDlS) receptor

Surface expression of leukocyte integrins is crucial for appropriate immune responses. This is 

clearly illustrated by the defects apparent in leukocyte adhesion defieieney (LAD) type I, a 

genetic disorder in which patients fail to efficiently express leukoeyte P2  integrins at the cell 

surface, resulting in a pre-disposition to recurrent bacterial infections (Springer, 1985). A 

number of studies have proposed that dimérisation of integrin subunits within the cytoplasm is 

an essential pre-requisite for correct glyco-processing and targeting to the plasma membrane 

(Ho and Springer, 1983; Pardi et al., 1995; Weber et al., 1997). This is evident in LAD 

patients, where individual CDl 1 chains are not seen at the cell surface, despite mutations being 

confined to the CD 18 chain (Kishimoto et al., 1987). Moreover, T cell clones seleeted to lack 

either subunit of LFA-1 (œlPi; CDU a/CD 18) fail to express their partner ehain at the cell 

surface (Weber et al., 1997). Similar results are also apparent following overexpression 

studies, involving individual LFA-1 subunits in COS eells (although low surface expression of 

the CD 18 chain alone was noted) (Pardi et al., 1995).

In this study, transient transfeetion of COS cells with individual subunits of the CR3 receptor 

revealed that the CDllb chain alone, but not CD 18, was sufficient for membrane targeting. 

The extent of surface expression was significant, equivalent to -60% that of the heterodimer. 

These results are eonsistent with surface biotinylation studies of CDl lb/CD 18 chains 

following overexpression in COS cells, suggesting that the differenees seen with LFA-1 may 

be speeifically attributed to the CDl la chain (Tan et al., 2000). Interestingly, studies by Lu et 

al showed that surfaee iodinated CDl lb, fi*om COS cells transfected with CDl lb alone, could 

be preeipitated fi*om cell lysates using only a specific subset of antibodies (generally those
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with epitopes mapped to the I-domain, but not to flanlking regions) (Lu et al., 1998). This 

indicates that although expressed at the cell surface, the CDllb chain may fail to adopt its 

correct tertiary fold in the absence of GDIS and thus appear sub-optimal for ligand binding 

and phagocytosis (see Figure 5.11). An alternative explanation may be that the CDllb chain 

associates with another endogenous P-chain, present in COS cells, to establish surface 

expression (although attempts to identify candidates were unsuccessful, with the antibodies 

tested).

The significance of the CDllb subunit for surface expression was finther evident in CR3 

mutagenesis studies. Expression of different CDllb/CDlS truncation mutants in COS cells 

showed that the cytoplasmic tail of CDllb is required for surface expression of the CR3 

receptor. In particular, the 8-10 membrane proximal residues, extending beyond the highly 

conserved GFFKR motif, were found to be essential. This is consistent with studies for LFA- 

1, showing a similar fragment of CDl la is sufficient for surface expression when expressed 

with WtCDl 8 (Pardi et al., 1995), yet contrary to reports by Rabb et al, showing that only the 

GFFKR motif of CDllb (essentially CDl IbAl.2/wtCDl8; see Figure 5.6) is necessary (Rabb 

et al., 1993). Interestingly, calreticulin, a Ca2+ dependent chaperone, has been shown to bind 

to this region of a  chains and may play a key role in ensuring correct folding and dimérisation 

of integrin subunits (Rojiani et al., 1991).

The region of CDllb necessary for surface expression requires no counterpart on the CD 18 

chain. Indeed, the entire cytoplasmic tail of CD 18 is dispensable for targeting to the plasma 

membrane, when co-expressed with CDllb, suggesting that interactions between the 

extracellular and/or trans-membrane regions of both chains play an important role in 

heterodimerisation. This is supported by data from Dana et al, showing that soluble dimers of 

CDl lb/CD 18, capable of binding its ligand C3bi, can be synthesised by expression of subunits 

comprising just their extracellular domains (Dana et al., 1991).

5.3.2 Activation of the CR3 (CDllb/CD18) receptor

CR3 receptor activation is essential for ligand binding and thus phagocytosis. In COS cells, 

the wildtype receptor is fully competent for target binding, via a Rapl dependent mechanism 

(E. Caron, unpublished observations showing that inhibition of Rapl in COS cells leads to 

inactivation of surface expressed CR3). Consistent with previous work, additional studies 

investigating the ligand binding capacity of surface expressed CDl lb/CD 18 mutants in COS
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cells, revealed that receptor activation is regulated prinnarily by the C D l8 tail (Gahmberg et 

al., 1997). Most significantly, removal o f the carb>oxy terminal 14 residues o f  GDIS 

(WtCDl lb/CD18A3), but surprisingly not the entire tail ( wtCDl lb/C D 18A l), was sufficient to 

reduce binding o f  C3bi-opsonised RBC, to levels seen with the C D llb  chain alone. One 

model to account for these results would be that the cytoplasmic tail o f C D l 8 encodes an auto- 

inhibitory function, which can be relieved by a Rapl-dependent activity acting on the earboxy 

terminal 14 amino acids (see Figure 5.12). Hence, in the context o f  w tCDl lb/CD 18A3, the 

receptor is repressed in ligand binding since it lacks the m otif (regulatory region) necessary for 

alleviating the latent auto-inhibitory state. In contrast, w tC D llb/C D 18A l and the wildtype 

CR3 receptor seem to adopt a constitutively active form in COS cells, since the former lacks 

the entire tail, including the intrinsic auto-inhibitory domain, whilst the latter comprises the 

‘'regulatory region”. The implications o f  this model are that the “inside-out” signalling 

pathway regulated by Rapl acts on the earboxy temiinal 14 amino acids o f  C D l 8.

surface Rho
expression activation

w tC D U b  0  KLGFFKRQYKAMMSEGGPPGAEPQ

w tC D 18 ^  KALIH LSDLR EYRRF EKEKLKSQWNNDiflaÉ«K-A VMjîiaFAE S
724 769

auto-inhibitory

regulatory region

Rap?

F ig u r e  5 .12 Model fo r  CR3 receptor signalling. Each chain appears to control distinct 

function, as shown. See text fo r  details.

Such a mechanism is particularly attractive since the “regulatory region” harbours multiple 

phosphorylation sites, providing the potential for controlling integrin activation through 

different stimuli and the cellular environment. Indeed, the three contiguous threonine residues 

shown to be phosphorylated, albeit weakly, upon PMA treatment and implicated in regulating 

adhesion o f  LFA-1 are contained within this region (Hibbs et al., 1991a). However, the links
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between adhesion and phosphorylation are not obvious (see 1.2.2.1 Molecular basis of 

activation) and there are no protein kinase candidates that are Rapl targets.

These results are strongly supported by data on LFA-1 in COS cells, showing that progressive 

tinncation of the CD 18 tail, from the earboxy terminus, diminishes adhesion to its ligmid 

ICAM-1 (Hibbs et al., 1991b). Significantly however, the most severe deletion tested 

(wtCD 11 a/CD 18A731-769, comprising 8 membrane proximal residues) was the least affected 

with only slightly reduced ligand binding compared to the wildtype LFA-1 receptor. 

Furthermore, Hibbs et al found that CDl la truncations, when combined with wtCD18, had 

negligible binding defects, in common with the results in this study using truncations of the 

CD llb cytoplasmic tail (CD 11 bA2/wtCD 18 and CD 11 bA3/wtCD 18). Hence both chains of 

the receptor appear to have distinct roles. However, these results must be interpreted with 

some caution, since COS cells fail to mimic the native cellular environment of leukocyte 

integrins, in which the wildtype LFA-1 and CR3 receptors adopt an inactive state and ligand 

binding is subject to dynamic regulation (Gahmberg et al., 1997). In particular, removal of the 

CD 18 tail would be predicted to generate a constitutively active phenotype in all cellular 

backgrounds, according to the proposed model (see Figure 5.12), yet studies by Hibbs et al 

showed that this was not necessarily the case, i.e. the high adhesive capacity of 

wtCDl 1 a/CD 18A731-769 evident in COS cells was not apparent when transfected into a LAD 

lymphoid cell line (Hibbs et al., 1991b). Hence, for future studies it will be important to 

address the effects of the CDl lb/CD 18 mutants described in this study in a more 

physiological, inducible integrin background. Moreover, the role of Rapl and its possible 

links to the CD 18 tail warrant further investigation, particularly since preliminary studies show 

that ligand binding to the tailless CD 18 mutant (wtCD 11 b/CD 18A1 ) is no longer sensitive to 

Rapl inhibition in COS cells (data not shown).

The surface distribution of different CD 11 b/CD 18 mutants in COS cells was consistently 

diffuse, irrespective of the binding phenotype and thus doesn’t favour an avidity regulation 

model for integrin activation. This contrasts results reported by van Kooyk et al, showing a 

correlation between constitutively active LFA-1 receptor mutants and a clustered surface 

appearance in haematopoietic K562 cells (van Kooyk et al., 1999). However, like many of the 

inconsistencies in the literature, this may be attributed to the different cell types.
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Hence, from the data presented in this study, it is temptiing to speculate an affinity regulation 

model for P2 integrin activation, involving removal olf a repressor component (see Figure 

5.13a). In this case the regulatory region may act, via a Rapl dependent mechanism, as an 

activator o f  CR3 receptor ligand binding. Alternatively, Rapl may regulate an activator 

component, which induces the regulatory region to relieve the auto-inhibitory region (see 

Figure 5.13b).

INACTIVE

CD11b

©CD18

repressor0 0

auto-inhibitory
region

regulatory
region

ACTIVE
ligand,

Rap1 ?

b
ACTIVEINACTIVE

ligand
C D llb

CD18

‘a c tiv a tio n ’
auto-inhibitory
region

regulatory
region Rap1 ?

activator

F i g u r e  5 .13 Model fo r  CR3 receptor activation in leukocytes, (a) Repressor model: in its 

latent state, the CR3 receptor associates with a repressor molecule, which masks the 

“regulatory region As a result, the autoinhihitory region is dominant and the integrin adopts 

an inactive conformation. Upon activation, the repressor dissociates, possibly via a R apl 

dependent mechanism, allowing the regulatory region to relieve the auto-inhibitory state and 

direct integrin activation, (b) Activator model: in its latent state, the CR3 receptor is inactive 

due to the dominant auto-inhibitory region. Upon activation, an activator molecule associates 

with the regulatory region, possibly via Rapl, allowing it to relieve the auto-inhibitory state.
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Preliminary studies, expressing the predicted regulatory region (GFP-CD18 Oligo) in COS 

cells revealed little effect on binding and phagocytosis of C3bi opsonised RBC. If endogenous 

Rapl activity in COS cells is sufficient to maintain the transfected CR3 receptor in an 

activated state, then, in the case of the activator model (see Figure 5.13a), overexpression of 

the regulatory fragment may be expected to sequester the activator component and abolish the 

default ligand binding state. In the case of the repressor model (see Figure 5.13b), the 

regulator fragment would not be expected to have an effect. However, many variables 

including correct folding, binding affinity of the fragment and whether additional residues are 

required, would all influence the effect. It would be informative to test the fragment in resting 

macrophages, in which case it may sequester a repressor component and lead to constitutive 

activation of endogenous CR3.

If the fragment induced an effect in macrophages, it would be interesting to use the “regulatory 

region” as a probe to try and identify possible interacting proteins from leukocyte cell lysates, 

particularly since no candidates for binding to this region of CD 18 have yet emerged.

5.3.3 Engulfment via the CR3 (CDllb/CDlS) receptor

CR3 mediated phagocytosis is accompanied by a transient activation of Rho (see Figure 5.2). 

This GTP-loading was shown to occur independent of Vav exchange activity, further 

highlighting the contrasting signalling pathways triggered downstream of CR3 and FcyR 

ligation. Another candidate Rho GEF, Netl, which catalyses nucleotide exchange specifically 

on Rho, was also tested and excluded by GTPase pulldown studies, using a dominant negative 

approach (data not shown). However, there remains a vast array of prospective Rho GEFs 

which could be tested, although as yet, there are no obvious candidates based on GTPase 

specificity, expression profile or association to (any) integrins.

CR3 mutagenesis data, presented in this study, suggest that the cytoplasmic tail of GDI lb is 

sufficient for directing engulfment in COS cells (see comparable binding and phagocytosis 

ability of the wildtype receptor and wtCDl lb/CD18Al in Figure 5.11). The reduced 

phagocytic, but not binding, capacity of surface expressed GDI lb mutants, strongly indicates 

that the carboxy terminal 7-14 residues, lacking in GDllbA2, are central to target 

internalisation, possibly via signalling to Rho. However, these mutants appear to reduce 

phagocytosis by only -50%, substantially less than the inhibitory effects seen by blocking Rho 

function, (typically 75%-80% inhibition, see Figure 3.10). The reasons for these discrepancies
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are unclear, at present. It would be interesting to relate these differences by investigating the 

fold Rho activation induced by CDl lbA2/wtCD18 and CDl lbA3/wtCD18 in response to CR3 

phagocytosis by GTPase pulldown assays.

Having established a region of the CDl lb tail potentially important in signalling to Rho, an 

obvious future goal would be to determine possible interacting factors from leukocyte cell 

lysates. The region comprises no conspicuous signalling motifs and to date, very few proteins 

have been shown to interact with the CDl lb tail, especially the carboxy terminal region.

In conclusion, this work extends the current views on CR3 receptor signalling, showing that 

the cytoplasmic tails of CDl lb and CD 18 can regulate integrin expression, activation and 

phagocytosis, essentially independently. The CDl8 tail is dispensable for CR3 surface 

expression and engulfinent of C3bi-opsonised targets, whilst it is crucial for regulating integrin 

activation in COS cells. Thus the co-ordinated function of both chains seems necessary for 

efficient CR3 mediated phagocytosis. Perspectives for future studies include delineating how 

the CDl lb tail couples to Rho activation and how the CD 18 tail ties into Rapl mediated 

integrin activation.
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CHAPTER 6

FINAL DISCUSSION
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Small GTPases o f  the Ras superfamily, and Rho GTFas.es in particular, have emerged as key 

components o f  phagocytosis in all species, yet the signalling mechanisms regulating their 

function remain unclear. This thesis examines the signallling pathways involved in controlling 

Cdc42, Rac, Rho and Rap GTPase function during phagocytosis via two distinct receptors; the 

immunoglobulin based FcyR and the integrin based Complement receptor 3 (CR3).

The results presented in chapters 3 and 4 demonstrate that upon FcyR phagocytosis, Cdc42 and 

Rac are recruited to nascent phagosomes independently and exhibit transient GTP-loading, 

coincident with engulfment (see Figure 6.1). During phagocytosis, the guanine nucleotide 

exchange factor, Vav, is also recruited to FcyR phagosomes where it mediates activation o f  

Rac, but not Cdc42. However, the exchange activity o f  Vav is not necessary for Rac 

translocation to phagosome membranes, suggesting a mechanism for recruiting the inactive, 

GDP-bound form o f Rac. Chapter 5 focuses on CR3 (C D llb /C D 18, mediated

phagocytosis, and shows that target engulfment is accompanied by a transient, Vav 

independent, activation o f  Rho. The mechanisms directing GTP-loading on Rho remain 

unclear, but significantly, appear to be transduced by the cytoplasmic tail o f the a-chain  

(CDl lb ) alone. In contrast, the cytoplasmic tail o f the |3-chain (C D l8) regulates receptor 

activation and thus target binding, in a manner regulated by the small GTPase, Rapl. This 

model represents a unique mechanism whereby individual subunits o f  a single receptor can co- 

ordinately couple disparate Ras GTPases to accomplish a common function, phagocytosis (see 

Figure 6.1).

IgG
opsonised
RBC

C3bi
opsonised
RBC

C D llb CD18FcyR
activation

G E F  YG E F X

actin

10,
I

actin

phagocytosis phagocytosis

F ig i RE 6.1 Model fo r  phagocytosis through the FcyR and the CR3 receptor.
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In addition to phagocytosis, the temporal and spatial regulation of Rho GTPases is central to 

cytoskeletal rearrangements during many other complex developmental and cellular functions, 

ranging from morphogenesis to spreading and motility (Hall, 1994). Strong analogies can also 

be drawn to lower eukaryotes, such as the yeast Saccharomyces cerevisiae, where the 

polarised recruitment and activation of small GTPases, which is essential for growth and 

mating, has been studied in great detail (Schmidt and Hall, 1998). S. cerevisiae encode only 

three RhoGEFs in total, one for CDC42 termed CDC24 and two for RHO 1-4 called ROMl 

and R0M2 (there is no yeast equivalent of Rac). Entry into the cell cycle relieves nuclear 

sequestration of CDC24, allowing it to activate CDC42 and promote bud emergence by actin 

remodelling and assembly at the selected bud site. Subsequent activation of Rho proteins by 

ROM 1/2 regulates bud growth by controlling rearrangement of the actin cytoskeleton and cell 

wall synthesis.

The mechanisms mediating recruitment of Vav to the FcyR remain unclear, although as 

detailed in chapter 4, Vav-C displays enrichment at FcyR phagosomes suggesting that the 

carboxy terminal SH2/SH3 domains play a significant role. This is supported by results in 

RBL-2H3 mast cells, showing that Vav targeting to the plasma membrane requires its SH2 

domain (Arudchandran et al., 2000). However, a significant proportion of endogenous Vav in 

resting macrophages localises at the plasma membrane, with F-actin (see Chapter 3) and thus 

may suffice to regulate phagocytosis at forming phagosomes, without the need for further 

recruitment. Time-lapse video-microscopy of fluorescently tagged Vav should help address 

the mechanisms involved.

Activation of Rac by Vav during FcyR mediated phagocytosis shares the same kinetics as 

Cdc42 activation. Interestingly, this coupling of GTPases may parallel transcripitional 

activation in T cells, given that activated mutants of Vav and the Cdc42 effector, WASp, can 

potentiate NFAT transcription following TCR activation (Silvin et al., 2001). In the case of 

WASp, the regulation of TCR mediated transcriptional activation is independent of its role in 

actin polymerisation. Hence, both immune receptors are capable of triggering cytoskeletal 

changes (phagocytosis in the case of the FcyR and TCR capping in the case of the T cell) and 

transcriptional pathways (cytokine synthesis), possibly via a similar spectrum of Rho GTPases.

In addition to co-ordinating the activation of two distinct GTPases, further complications arise 

from the need for GEF regulation. In the case of Vav, tyrosine phosphorylation and
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phosphorylated phospholipids have been shown to play a critical role in relieving its latent 

auto-inhibitory state. Thus, the recruitment and regulatiion of tyrosine/lipid kinases, and their 

affects on Vav mediated Rac activation during FcyR mediated phagocytosis also needs to be 

investigated.

Understanding how Vav and GTPases are stabilised amd subsequently inactivated at FcyR 

phagosomes also represents a major future challenge. In S. cerevisiae, the adapter protein 

BEMl, comprising two SH3 domains, is required to stabilise active CDC24 at the membrane 

(Gulli and Peter, 2001). Interestingly, BEMl recruitment to the polarised bud site requires 

active CDC42, thereby providing an elegant positive feedback mechanism for maintaining 

active CDC24, locally, at the membrane. The results presented in Chapter 4 suggest the 

situation with Vav and Rac is different, given that its recruitment to phagosomes is 

independent of Vav GEF activity. In the case of Vav, the adapter protein, EAT (linker for 

activation of T cells) has been shown to bind and target it to glycolipid-enriched micro

domains in activated T cells (Salojin et al., 2000). However its prospective role in Vav 

stabilisation at membranes is untested. In addition, the signalling pathways responsible for 

terminating Vav function and dissociating it from membranes remain unknown. Antagonising 

the tyrosine and lipid kinase functions driving Vav activation would be an obvious mechanism 

for diminishing Rac activation. Indeed the Src homology 2 domain-containing inositol 5'- 

phosphatase (SHIP), which can suppress some PI-3 kinase dependent pathways, is recruited to 

FcyR and CR3 dependent phagosomes and reduces the phagocytic capacity of both pathways 

(Cox et al., 2001). Alternatively Vav may be targeted for proteasome degradation via 

ubiquitination, as apparent in negative regulation of cytokine signalling during thymic 

development (De Sepulveda et al., 2000).

There is accumulating evidence to indicate cross-talk between different families of Ras 

GTPases (Bar-Sagi and Hall, 2000). Co-operation between Ras and Rho GTPases is evident 

during cell proliferation and oncogenic transformation. Moreover, the heterodimeric integrin 

receptor CR3 (aM^i) must clearly integrate inside-out signalling via the GTPase, Rapl with 

outside-in signalling through Rho, in order to achieve phagocytosis. From results presented in 

this study, it appears that each activity is mediated via separate cytoplasmic tails of the two- 

chain receptor, although the mechanisms remain unclear. Interestingly, parallels in 

S. cerevisiae are also apparent, where the Rapl-like GTPase, BUDl, is required to define the 

site of bud formation during growth (Gulli and Peter, 2001). The GEF for BUDl, called
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BUD5, co-localises with BUD 10, a putative transmembrane protein, which lacks similarity to 

any known proteins. This mechanism thus provides a means to spatially recruit and activate 

BUDl, as required. Moreover, there is evidence to suggest that BUDl may partake in 

activation of CDC24, by binding to its amino terminus and sterically relieving its default auto- 

inhibitory conformation. Hence, the pathway in yeast appears to proceed via a sequential 

cascade, involving cross-talk between Ras-like (BUDl) and Rho (CDC42) GTPases, to select 

and establish a site for budding. Whether a similar mechanism operates between Rap and Rho 

to promote activation and internalisation via the CR3 receptor requires further investigation.

In addition to the role of GEFs, the temporal and spatial regulation of small GTPases during 

phagocytosis will no doubt also involve the function of GAPs and GDIs. It is interesting that 

immune cells often harbour specific isoforms of these regulatory proteins, as is the case with 

Vavl and the RhoGDI, LyGDI. To date, there is very little data regarding the role of these 

regulatory proteins in engulfinent by phagocytic receptors. However, RhoGAPs have been 

shown to be essential phagocytic virulence factors for bacterial pathogens. For example. 

Salmonella show a remarkable capacity to exploit cells, by injecting two proteins (SopE, a 

RhoGEF and SptP, a RhoGAP) which co-ordinate their engulfinent by activating and then 

antagonising host cell Rac and Cdc42 (Fu and Galan, 1999). Understanding how these 

regulators co-ordinate GTPase function during phagocytosis will be a key challenge for the 

future and may provide opportunities for therapeutic intervention in various inflammatory and 

infectious diseases, as well as new paradigms for GTPase regulation.
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