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ABSTRACT

Rac is a member of the Rho family of low molecular weight GTPases (p21s) 

which is involved in diverse processes including regulation of the actin cytoskeleton 

and transcriptional activation. Chimaerin, a multidomain GTPase activating protein 

(GAP) downregulates Rac by increasing its intrinsic rate of GTP hydrolysis. Two splice 

variants of the chimaerin gene differ in tissue and developmental expression patterns 

and a2-chimaerin contains an N terminal SH2 domain which is absent from a l-  

chimaerin.

The distribution and morphological effects of the chimaerins, a2-chimaerin SH2 

domain mutants and potential a2-chimaerin targets in N1E 115 neuroblastoma cells 

were investigated. The distribution of al-chimaerin was predominantly cytoskeletal and 

a2-chimaerin cytosolic. In transiently transfected N1E 115 cells, al-chimaerin was 

concentrated in the perinuclear region and its expression induced cell rounding, whilst 

a2-chimaerin was expressed throughout flattened, neurite bearing cells. A point 

mutation in the SH2 domain of a2-chimaerin induced an al-chimaerin-like protein 

distribution and morphology.

The effects of long term chimaerin overexpression on cell morphology and 

potential protein interactions were also investigated. Overexpression of ot2-chimaerin 

induced an enlarged, flattened morphology and neurite outgrowth in the presence of 

serum, whilst overexpression of al-chimaerin induced a rounded morphology with 

multiple peripheral actin microspikes and inhibited neurite outgrowth. p35, the neuronal 

cdk5 regulator and also an 130 kDa tyrosine phosphorylated protein were 

immunoprecipitated with chimaerin from these cell lines. Similarly an 180 kDa tyrosine 

phosphorylated protein was identified as a potential target of the a2-chimaerin SH2 

domain. Investigation into the effects of chimaerin on activation of the transcription 

factor NFkB demonstrated cell type specific differences in NFkB signalling pathways 

between HeLa and N1E 115 cells.

These results suggest that functional differences in the chimaerin isoforms are 

specified by the divergent N terminal sequences.
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The Rho p21s are part of the Ras superfamily of small GTPases. These proteins 

function as molecular switches, cycling between an inactive GDP bound form and an 

active GTP bound form. This cycling is regulated by the intrinsic GTPase activity of the 

proteins and also three classes of regulatory proteins; the GAPs, GEFs and GDIs. The 

GTPase activating proteins (GAPs) accelerate the intrinsic GTPase activity of the p21 

resulting in its downregulation. The guanine nucleotide exchange factors (GEFs) 

promote the exchange of GDP for GTP thus activating the protein. The guanine 

nucleotide dissociation inhibitors (GDIs) inhibit the dissociation of GDP, sequestering 

the protein in an inactive complex. The Rho family proteins; Rho, Rac and Cdc42, are 

activated downstream of heterotrimeric G protein coupled receptors and receptor 

tyrosine kinases and mediate a wide variety of cellular effects including transcriptional 

activation, reorganisation of the actin cytoskeleton, the regulation of cell growth, 

motility and cell cycle progression. These effects are propagated by a variety of effector 

proteins which include protein kinases, lipid kinases and phosphatases. The effectors 

interact with the active GTP bound form of the Rho p21 and mediate their downstream 

effects, often via the formation of multi protein signalling complexes which are formed 

via the interaction of conserved modular protein domains with specific peptide target 

sequences.

There are a large number of proteins with a conserved RhoGAP domain, many 

of which are multidomain proteins. Chimaerin is a neuronally expressed RacGAP with 

tissue specific and developmentally regulated expression, a l -  and a2-Chimaerin are 

alternate splice products with divergent N terminal sequences. Their common region 

contains a cysteine rich domain (CRD) and a GAP domain. The N terminal region of 

al-chimaerin contains a potential amphipathic helix region whilst a2-chimaerin 

contains an SIC domain. The specific expression patterns of these two isoforms 

suggests the alternate N terminal regions of these proteins may have discrete functional 

or regulatory roles. The presence of an SH2 domain in a2-chimaerin suggests a role in 

tyrosine kinase signalling pathways. Interactions mediated by this domain are likely to 

have a considerable effect on protein activity and localisation, and interaction with 

different target proteins may result in activation of a variety of downstream signalling 

pathways and cellular effects which could be perturbed by mutation of the SIC domain. 

As one of the best characterised effects of the Rho p21s is their involvement in 

reorganisation of the actin cytoskeleton, the effects of the neural specific a-chimaerin 

RacGAPs on neuronal cell morphology and the contribution of the a2-chimaerin SH2 

domain were investigated.
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1.1 Receptor tyrosine kinases

The different families of receptor tyrosine kinases, including the platelet derived 

growth factor receptor (PDGFR), epidermal growth factor receptor (EGFR) and 

fibroblast growth factor receptor (FGFR) share features in common. The proteins 

contain an extracellular ligand binding domain, a transmembrane region and an 

intracellular kinase domain. The intracellular domain of these proteins contain 

regulatory sequences which are subject to autophosphorylation and act as binding sites 

for target proteins.

Binding of an extracellular ligand usually induces receptor dimerisation and 

autophosphorylation of cytoplasmic tyrosine residues, although this is not true of the 

insulin receptor which pre-exists as an a(3 dimer. Some ligands, such as PDGF are 

dimeric and simultaneously interact with two receptors, whilst other ligands such as 

EGF are monomeric and stabilise a dimeric form of their receptors. Multiple receptor 

isotypes and ligands, combined with homo- and hetero- dimerisation produces a wide 

variety of different receptor subtypes with distinct functions and ligand binding 

specificities. Tissue specific expression of various receptor isotypes adds further 

complexity and selectivity to receptor tyrosine kinases signalling pathways.

Receptor autophosphorylation occurs at conserved residues within the kinase domain of 

the receptor, which further upregulates kinase activity, or at residues outside the kinase 

domain which act as binding sites for effector molecules containing phosphotyrosine 

binding motifs such as SH2 or PTB domains.

1.1.1 Substrates of receptor tyrosine kinases

Proteins containing Src homology 2 (SH2) or phosphotyrosine binding (PTB) 

domains interact with specific phosphotyrosine containing sequences of activated 

receptor tyrosine kinases. The specificity of these interactions is determined by the 

amino acid sequence adjacent to the tyrosine phosphorylated residue (reviewed in 

Pawson et al., 1995). These protein domains are discussed in detail later. SH2 and PTB 

domains are found in kinases such as Src and PI3K and also in non catalytic adaptor or 

docking proteins like Grb2 or She which mediate specific protein interactions resulting 

in the formation of multiprotein signalling complexes. Grb2 provides a classical 

example of the involvement of SH2 domain containing proteins in signalling 

downstream from activated receptor tyrosine kinases. Grb2 exists in an inactive 

cytosolic complex with the RasGEF Sos (Bowtell et al., 1992; Chardin et al., 1993), via 

interaction of its SH3 domain with a proline-rich sequence in the C terminal of Sos
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(Rozakis-Adcock et al, 1993). The SH2 domain of Grb2 directly interacts with Tyrl068 

of activated EGF receptor, resulting in translocation of both Grb2 and Sos to the 

membrane where Sos activates p21 Ras, inducing activation of downstream signalling 

pathways. This mechanism of Ras activation is involved in vulval development in 

C.Elegans and differentiation of photoreceptor cells in Drosophila (reviewed in Dickson 

andHafen, 1994).

1.1.2 Multiple substrates of receptor tyrosine kinases

In an activated receptor tyrosine kinase, multiple potential substrate binding sites 

often exist. In the PDGFP receptor, eleven tyrosine phosphorylated sites have been 

identified and at least ten different proteins have been shown to interact, including the 

kinases Src and PI3K, adaptor proteins Grb2, She and Nek and the tyrosine phosphatase 

SHP-2, leading to activation of multiple signalling pathways involved in cell growth 

and motility (Heldin, 1997). The diverse nature of these interacting proteins implies that 

both inhibitory and stimulatory pathways may be activated at the same time. Effectors 

may also compete for the same binding site of an activated receptor. For example, upon 

stimulation with vascular endothelial growth factor (VEGF), Nek, SHP-2 and PI3K all 

bind the phosphorylated Tyrl213 residue of the activated Fit-1 receptor (Igarashi et al., 

1998). Different signalling pathways may also use common components. For example 

the adaptor protein Crk can bind both the activated PDGF receptor and also the insulin 

receptor substrate IRS-1 (Sorokin et al., 1998). Thus the net effects induced by receptor 

tyrosine kinase activation depends on the relative activities of potentially competing 

signalling pathways within the cell.

1.2 Activation of downstream signalling pathways

1.2.1 MAPK pathways

Mitogen activated protein kinase (MAPK) pathways link growth factor receptor 

activation to downstream signalling and transcriptional activation (reviewed in 

Treisman, 1996; Garrington and Johnson, 1999). These pathways are best characterised 

in yeast and are involved in regulating osmotic stability, cell integrity and mating 

response (Herskowitz, 1995) but are also conserved between yeast and mammals. The 

common feature of MAPK pathways is a three kinase cascade. A serine/threonine MAP 

kinase kinase kinase (MAPKKK) phosphorylates a threonine/tyrosine MAP kinase 

kinase (MAPKK) which in turn phosphorylates the effector of the pathway, a
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serine/threonine MAP kinase (MAPK). The MAPK proteins have different 

characteristic phosphorylation sites for different MAPKKs; ERK has a TEY sequence, 

JNK has a TPY sequence and p38 has a TGY sequence, where T and Y are the 

phosphorylated residues.

1.2.1 A ERK pathway

Activation of the ERK pathway is involved in many processes including cellular 

transformation (Mansour et al., 1994), protection from apoptosis (Xia et al., 1995; 

Gardner and Johnson, 1996) and differentiation including NGF-induced differentiation 

in PC 12 cells (Cowley et al., 1994), vulval development in C.Elegans and 

differentiation of photoreceptor cells in Drosophila (reviewed in Dickson and Hafen, 

1994).

The three kinases of this MAPK pathway are Raf (a MEKK or MAPK/ERK 

kinase kinase) which is activated by Ras, MEK1/MEK2 (MAPK/ERK kinase) and 

ERK1/ERK2 (42 and 44kDa extracellular signal regulated kinases). The serine 

/threonine kinase Mos can also activate MEK1/MEK2 in germline cells (Seger and 

Krebs, 1995). Downstream targets of ERKs include transcription factors Ets-1 and Ets-2 

(Yang et al., 1996) and also Elk-1 and SAP-1 (Price et al., 1995), whose 

phosphorylation induces gene expression. Elk-1 and SAP-1 are ternary complex 

proteins (TCPs) that form a complex with serum response factor (SRF) which binds the 

c-fos serum response element (SRE), a regulatory sequence present in the promoter 

region of many growth factor regulated genes, activating transcription (reviewed in 

Treisman, 1994).

1.2.1B JNK and p38 pathways

The c-Jun amino terminal kinases (JNKs) (Derijard et al., 1994) and stress 

activated protein kinases (SAPKs) (Kyriakis et al., 1994) are activated by cellular 

stresses, ultraviolet irradiation and inflammatory cytokines such as TNFa and IL-1. A 

large number of kinases including MEKKs (MAPK/ERK kinase kinases), GCKs 

(germinal centre kinases), MLKs (mixed lineage kinases), PAKs (p21 activated kinases) 

and TAKs (TGFp activated kinases) activate JNK in various cell types, some of which 

phosphorylate MKK4 a specific activator of JNK (reviewed in Fanger et al., 1997a). 

Upon activation, JNK translocates to the nucleus, phosphorylates the N terminal of c- 

jun and activates transcription.

A third MAPK pathway, the p38 kinase pathway, is activated by hyperosmotic
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shock and inflammatory cytokines (Raingeaud et al., 1995). p38 is the mammalian 

homologue of the S.Cerevisiae HOG1 kinase which is involved in response to osmotic 

shock (Schuller et al., 1994). Unlike the ERK pathway, JNK and p38 are not activated 

by Ras, however they are both activated by Rho family proteins (Coso et al., 1995; 

Minden et al., 1995), which is discussed in detail later.

Both JNK and p38 stimulate transcription via ATF-2 (Raingeaud et al., 1995) 

and also like ERK, via Elk-1 and the SRE (Whitmarsh et al., 1995). Thus different 

signalling pathways converge at common promoter elements.

1.2.2 Phospholipid signalling pathways

Certain phospholipids can act as second messengers. They are generated by 

phosphatidylinositol kinases such as PI3K and PIP5K and the phospholipases C and D.

1.2.2A Phospholipase C and phospholipase D

Phospholipase C (PLC) catalyses the hydrolysis of phosphatidylinositides 

resulting in the production of diacylglycerol (DAG), the physiological activator of PKC 

and also inositol-1,4,5-trisphosphate (IP3), which activates Ca2+-dependent systems via 

release of Ca2+ from intracellular stores (Berridge, 1993). Three PLC isoforms exist; p, 

y and 5 which are activated by different mechanisms. PLC-P is activated by 

heterotrimeric G protein coupled receptors whilst PLC-y is activated by receptor 

tyrosine kinases. The SH2 domains of PLC-y associate with activated receptor tyrosine 

kinases such as the PDGF and EGF receptors, which phosphorylate and activate PLC-y 

(reviewed in Lee and Rhee, 1995).

Phospholipase D (PLD) hydrolyses phosphatidylcholine (PC) to phosphatidic 

acid (PA) and choline. PLD is activated in response to a wide variety of hormones, 

growth factors and other extracellular signals. Phosphatidic acid acts as a lipid second 

messenger, although its intracellular targets have not been clearly identified. PLD1 and 

PLD2 isoforms are both dependent on PI-4,5 -P2 for activity. The PLD1 isoform is also 

stimulated by PKC and the small GTPases ARF and RhoA (reviewed in Houle and 

Bourgoin, 1999).

I.2.2B Phosphatidvlinositol-4-phosphate-5-kinase

PIP5K generates PI-4,5 -P2, an important second messenger that binds and

regulates a number of actin binding proteins (Toker, 1998). Both Rho and Rac stimulate

PIP5K activity in various cell types, which is discussed in detail later. PI-4,5-P2 also
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binds pleckstrin homology (PH) domains and on binding the PH domain of the RasGEF 

Sos inhibited its activation of Ras, suggesting a possible negative regulatory role of 

Rho/Rac activation on Ras signalling (Jefferson et al., 1998).

1.2.2C Phosphatidvlinositol-3-kinase

PI3K phosphorylates the D3 position of phosphoinositide lipids to produce PI-3- 

P, PI-3,4 -P2 and PI-3,4,5 -P3 which regulate various cellular processes (reviewed in 

Toker and Cantley, 1997). PI3K is composed of the regulatory p85 and catalytic pi 10 

subunits (Carpenter et al., 1990).

PI3K is activated by the py subunit of heterotrimeric G proteins (Kurosu et al.,

1997) and is also activated downstream of receptor tyrosine kinases such as the PDGF 

receptor, where interaction of the SH2 domains of the p85 subunit with the activated 

receptor induces PI3K activation (Pawson, 1995). PI3K is also activated by interaction 

of the pi 10 catalytic subunit with GTP bound Ras, thus PI3K acts as a Ras effector 

(Rodriguez-Viciana et al., 1994). PI3K also acts as an effector of Rho, Rac and Cdc42 

which is discussed in detail later.

PI3K mediates many different cellular effects including activation of the 

PKB/Akt anti-apoptotic pathway (Marte and Downward, 1997; Downward, 1998), 

induction of neurite outgrowth in PC12 cells (Kobayashi et al., 1997; Kita et al., 1998) 

and regulation of the actin cytoskeleton and cell motility (Van Weering et al., 1998).

1.3 The Cvtoskeleton

The cellular cytoskeleton consists of three networks - the actin cytoskeleton, 

microtubules and intermediate filaments. Together these networks enable the cell to 

change shape and move in a directed manner in response to intracellular and 

extracellular signals via rapid polymerisation and depolymerisation of their constituent 

proteins. These protein networks and the associated proteins which crosslink and 

organise these networks are all potential targets for cell signalling molecules.

1.3.1 The actin cvtoskeleton

1.3.1A Polymerisation of the actin cvtoskeleton

Actin exists in a globular monomeric (G-actin) and filamentous (F-actin) form. 

Actin filaments have a fast growing plus or barbed end and a slow growing minus or 

pointed end. Monomers undergo a conformational change on addition to a filament and
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the polymerisation process requires ATP. In a resting cell, a dynamic equilibrium exists 

where no net filament growth occurs but the rate of monomer addition at the barbed end 

equals the rate of dissociation from the pointed end, a process known as treadmilling 

(Wegner, 1976). The rate of actin polymerisation or depolymerisation is regulated by 

several types of proteins including actin monomer sequestering proteins such as profilin 

(Sun et al., 1995) and proteins which sever actin filaments such as gelsolin and cofilin, 

which also cap barbed ends and cause depolymerisation respectively (Yin, 1987; 

Maciver, 1998).

The first step in actin polymerisation is nucleation. This process has been 

studied in vivo using the invasion of pathogenic bacteria Listeria monocytogenes and 

Shigella flexneri as model systems, which upon invasion induce the host cell to initiate 

actin polymerisation via the bacterial cell surface proteins ActA and IcsA respectively, 

which propels the bacterium through the host cytoplasm (reviewed in Higley and Way,

1997). Using the Listeria system it was found that that human Arp2/3, a seven protein 

complex containing actin related proteins Arp2 and Arp3 first identified in 

Acanthamoeba (Machesky et al., 1994, reviewed in Machesky and Gould, 1999), was 

required in combination with bacterial ActA to induce actin polymerisation (Welch et 

al., 1997). It has recently been shown in vitro that the Arp2/3 complex nucleates actin 

polymerisation from the barbed end of actin dimers and also promotes both branching 

and crosslinking of actin filaments (Mullins et al., 1998; Welch et al., 1998).

1.3.1B Actin polymerisation at the leading edge

A 'dendritic nucleation' model has been proposed from in vitro data for actin 

polymerisation at the leading edge of a cell (Mullins et al., 1998). In this model, the 

Arp2/3 complex is activated and targetted to the site of lamellipodia formation where it 

caps the pointed end of an actin dimer which then rapidly elongates at the barbed end.

In addition to new filament generation, growth can be nucleated from the sides of 

existing filaments producing a branched network which drives protrusion at the leading 

edge (Mullins et al., 1998). The older ends of the actin filament nearer the centre of the 

cell become susceptible to severing by cofilin as ATP is hydrolysed and are 

disassembled (Maciver, 1998). Profilin binds the released actin monomers which are 

then recharged with ATP and incorporated into new actin filaments. This 'dendritic 

nucleation' model is supported by data in fibroblasts where actin branches in 

lamellipodia were observed (Svitkina et al., 1997).

However the discovery that the Arp2/3 complex caps the pointed ends of actin
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filaments (Mullins et al., 1998) means no dissociation of actin monomers is possible 

from this end without first severing the actin filaments, which casts doubt on the 

previously suggested treadmilling concept. Since activation of the Arp2/3 complex is 

required to initiate this capping process it may be that in an unstimulated cell the Arp2/3 

complex is inactive and treadmilling does occur but further work is required to resolve 

this question.

1.3.1C Regulation of actin depolvmerisation

The severing and depolymerisation of actin filaments by cofilin are essential for 

processes which require rapid turnover of actin (Theriot, 1997) such as the extension 

and retraction of filopodia and lamellipodia, cell movement, cytokinesis (Abe et al.,

1996) and endocytosis (Lappalainen and Drubin, 1997). Cofilin activity is regulated by 

LIM kinase which phosphorylates cofilin on serine3, inhibiting its activity, whilst LIM 

kinase itself was recently shown to be activated by both Rac (Arber et al., 1998; Yang et 

al., 1998) and the Rho effector ROK (Maekawa et al., 1999) in different cell types. In 

HeLa cells, dominant negative LIM kinase inhibited the extension of Rac-dependent 

lamellipodia suggesting that LIMK acts downstream from Rac and also implying that 

inactivation of cofilin was required for lamellipodia protrusion (Yang et al., 1998). This 

was supported by the finding that cofilin phosphorylation was increased by activated 

Rac and decreased by dominant negative Rac expression (Arber et al., 1998; Yang et al., 

1998). In a separate study, ROK phosphorylated and activated LIMK resulting in cofilin 

phosphorylation both in vitro and in COS7 cells, whilst in N1E 115 cells undergoing 

LPA-induced neurite retraction, cofilin phosphorylation was sensitive to the ROK 

inhibitor Y-27632 (Maekawa et al., 1999). LIMK also induced stress fibre formation in 

HeLa cells similar to V14Rho or ROK, which were disassembled in the presence of Y- 

27632 (Maekawa et al., 1999). Thus both Rac and Rho/ROK pathways use inactivation 

of cofilin to stabilise two different actin containing structures.

1.3.1D Actin crosslinking

Several actin containing structures are induced by the Rho p21s. Filopodia are 

thin finger like projections from the cell surface which have a sensory role and are 

induced by Cdc42 (Kozma et al., 1995; Nobes and Hall, 1995). Lamellipodia are thin 

sheet like processes which extend from the leading edge of a cell and become ruffles 

when they are swept back over the top of the cell and are induced by Rac (Ridley et al.,

1992). Stress fibres are bundles of actin filaments which traverse the cell and are
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attached to the extracellular matrix at focal adhesions at the cell periphery and are 

induced by Rho (Ridley and Hall, 1992).

Actin binding proteins such as a-actinin, fimbrin, filamin and spectrin crosslink 

actin filaments into the three dimensional networks required to form filopodia, 

lamellipodia and stress fibres, a-actinin and fimbrin bundle actin filaments together, 

filamin crosslinks them into a network and spectrin attaches them to the membrane. 

These proteins contain one or two 27kDa actin binding domains (Matsudaira, 1994) and 

those with one, like a-actinin, dimerise to form a functional crosslinking unit. The type 

of crosslinking produced depends on the proximity of the two actin binding sites; those 

which are close together result in rigid, tightly packed structures whilst those that are 

further apart result in a looser crosslinked structure. Some actin crosslinking proteins 

also bind other proteins enabling the formation of more complex structures such as focal 

adhesions which are sites of attachment between cells and the extracellular matrix that 

are induced in response to integrin clustering (Yamada and Miyamoto, 1995; Yamada 

and Geiger, 1997) and activation of Rho p21s (Hall, 1994). The interaction between 

actin binding or crosslinking proteins and actin is also regulated by PI-4,5-P2 which 

binds and regulates a number of these proteins (Toker, 1998), for example PI-4,5-P2 

promotes vinculin binding to talin and actin (Gilmore and Burridge, 1996).

1.3.1E Cross linkage of the actin cvtoskeleton and membranes bv ERM proteins

Members of the ezrin, radixin and moesin (ERM) protein family act as 

crosslinking proteins between actin filaments and the plasma membrane (reviewed in 

Tsukita et al., 1997). The ERM proteins are ~80kDa in size and contain a highly 

conserved N terminal domain which is also found in the erythrocyte membrane protein 

Band 4.1 (Arpin et al., 1994). This region of the ERM proteins binds membrane 

proteins including the cytoplasmic region of the membrane glycoprotein CD44 (Tsukita 

et al., 1994; Hirao et al., 1996). The C terminal region of the ERM proteins contains an 

actin binding domain at the last 34 amino acids which is also highly conserved 

(Turunen et al., 1994) and binds actin filaments in vitro (Turunen et al., 1994; 

Pestonjamasp et al., 1995; Roy et al., 1997).

N and C terminal fragments of ERM proteins interact in vitro masking the CD44 

and actin filament binding domains (Gary and Bretscher, 1993; Andreoli et al., 1994; 

Gary and Bretscher, 1995; Magendantz et al., 1995), suggesting an intramolecular head 

to tail association of individual ERM proteins whilst intermolecular interactions have

also been observed in vivo (Berryman et al., 1995; Bretscher et al., 1995).
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Exactly how ERM proteins are activated to induce an open conformation is 

unknown at present, however the ERM proteins bind PI-4-P and PI-4,5-P2 which 

enhances their ability to bind CD44 (Niggli et al., 1995; Hirao et al., 1996) and are also 

tyrosine and serine/threonine phosphorylated (Arpin et al., 1994) and either process may 

be involved in their activation (Chen et al., 1995; Jiang et al., 1995).

The Rho family p21s are involved in regulating the activity of ERM proteins and 

thus the attachment of actin filaments to the plasma membrane. Rho was demonstrated 

to regulate the formation of CD44-ERM complexes (Hirao et al., 1996) and the 

association of ERM proteins with the plasma membrane in MDCK cells (Takaishi et al., 

1995; Kotani et al., 1997). It also appears that moesin is required for Rho-dependent 

stress fibre formation in serum starved Swiss 3T3 cells (Mackay et al., 1997). The Rho 

effector ROK, was recently shown to weakly phosphorylate full length and strongly 

phosphorylate a C terminal fragment of ERM protein, and this threonine phosphorylated 

fragment suppressed the head to tail association of ERM (Matsui et al., 1998). This 

suggests that phosphorylation via ROK stabilises the open conformation of these 

proteins although it is not responsible for their initial activation. ERM proteins 

phosphorylated by ROK are dephosphorylated by myosin phosphatase and the myosin 

binding subunit of this phosphatase (MBS) binds the N terminal of ERM proteins 

(Fukata et al., 1998). MBS is a ROK substrate and its phosphorylation via ROK 

inactivates the phosphatase, thus the phosphorylation state of ERM proteins is regulated 

by myosin phosphatase and ROK acting downstream from Rho.

Rho guanine nucleotide dissociation inhibitor (RhoGDI), which binds the GDP 

form of Rho p21s and prevents their activation, binds an N terminal fragment but not 

full length ERM protein suggesting that ERM protein must first be activated and in an 

open conformation to enable binding (Takahashi et al., 1997). This interaction inhibits 

RhoGDI activity and releases the p21 for subsequent activation, thus ERM proteins 

promote activation of Rho proteins.

Regulation of the actin cytoskeleton and the activity of actin binding proteins is 

a complex process affected by a variety of signalling molecules which enables 

reorganisation of this network in response to multiple cues.

1.3.2 The microtubule network

The microtubule network consists of filaments which radiate out from the 

microtubule organising centre (MTOC) throughout the cytoplasm. The network is 

responsible for many functions including the control of cell polarity, shape and
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movement, organelle movement, the plane of cell division and segregation of 

chromosomes at mitosis.

The main MTOC is the centrosome which consists of two centrioles surrounded 

by a cloud of electron dense pericentriolar material (PCM), also known as the 

centrosome matrix, where y tubulin nucleates microtubule formation and stabilises the 

microtubule structure by binding its minus end (Kellogg et al., 1994; Zheng et al., 

1995b).

1.3.2A Microtubule structure

Microtubules consist of two highly homologous proteins, a  and P tubulin which 

are -450 amino acids in size. Many isotypes of these proteins exist which vary in 

sequence at their C terminal, are post translationally modified and differentially 

expressed (reviewed in Luduena, 1998). Despite this, many isotypes are partially 

interchangeable since they are still able to form tubules although usually of a somewhat 

modified structure or function, a  and p tubulin form dimers, the structure of which was 

recently solved via electron crystallography (Nogales et al., 1998) and these ap  tubulin 

dimers associate in a head to tail manner to form a polar protofilament. Microtubules 

typically consist of thirteen protofilaments associated in a hollow tube structure 25nm in 

diameter (Bryan and Wilson, 1971; Weisenberg, 1972; Maldelkow et al., 1995), the 

structure of which has recently been solved at high resolution (Nogales et al., 1999). 

Like actin filaments, microtubules are polar structures and polymerisation occurs at the 

plus end whilst the minus end is fixed at the MTOC. Both a  and P tubulin bind GTP 

and hydrolysis of GTP bound to P tubulin occurs when an ap  dimer is added to the 

growing microtubule end, hence this GTP hydrolysis is essential for microtubule 

assembly. Thus a  and P tubulin are associated with GTP and GDP respectively in 

assembled microtubules, except at the plus ends which are capped by GTP-p tubulin to 

stabilise the structure (reviewed in Downing and Nogales, 1998).

1.3.2B Microtubule associated proteins

Several types of proteins associate with microtubules. Firstly the microtubule 

associated proteins (MAPs) (Mandelkow and Mandelkow, 1995) which were identified 

via their copurification with tubulin include the ~200kDa proteins MAP-1 A, MAP-IB, 

MAP-1C, MAP-2 and MAP-4 and the smaller neuronally expressed proteins Tau and 

MAP-2C, which have axonal and dendritic distributions respectively (Maccioni and
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Cambiazo, 1995). MAPs bind to the C terminal of tubulin, stabilise microtubule 

structure and are regulated by phosphorylation. Abnormally phosphorylated Tau no 

longer binds and stabilises neuronal microtubules and is characteristic of the 

neurofibrillary tangles in the brains of patients with Alzheimers disease (Hasegawa et 

al., 1992).

Secondly, kinesin and dynein superfamily members are microtubule associated 

motor proteins which strongly bind tubulin and are involved in organelle transport along 

microtubules toward the plus and minus ends respectively, via ATP hydrolysis 

(reviewed in Hirokawa et al., 1998). Together these proteins regulate microtubule 

dynamics and organisation throughout the cell cycle (Cassimeris, 1999).

1.3.3 The intermediate filament network

Intermediate filaments are so called as they are between actin filament and 

microtubules in size at lOnm in diameter. They are fibrous proteins unlike actin and 

tubulin which are globular proteins, and their assembly is regulated by phosphorylation 

(reviewed in Inagaki et al., 1996). Intermediate filaments form a network which extends 

from a region near the nucleus throughout the cell and is responsible for the tensile 

strength of the cell. Several types of intermediate filaments exist including keratins, 

neurofilament proteins, vimentin, desmin and glial acidic fibrillary protein (G-FAP) 

which are expressed in different cell types and the nuclear lamins which are expressed 

in all cell types (Houseweart and Cleveland, 1998). Intermediate filament proteins have 

an N terminal head domain and a C terminal tail domain of variable sequence and a 

conserved central a  helical rod domain. Two monomers associate in parallel to form a 

coiled-coil homodimer and two dimers align to form an antiparallel tetramer called a 

protofilament, which is the repeating unit of intermediate filaments. Protofilaments then 

arrange themselves in a staggered manner to form an extended filament structure lOnm 

in diameter (Fuchs and Weber, 1994).

Keratins are expressed in epithelial cells and tissues and are responsible for their 

mechanical strength. They run continuously throughout tissues, crossing between cells 

at specialised junctions called desmosomes and hemidesmosomes, which are cadherin 

and integrin based junctions respectively (Green and Jones, 1996). The keratin 

intermediate filament network is anchored to the cell surface at these junctions via 

plaques containing the intermediate filament associated proteins desmoplakin, BPAG1, 

plectin and IFAP300 (Foisner and Wiche, 1991; Skalli et al., 1994, reviewed in Chou et 

al., 1997). The importance of keratins in maintaining the mechanical integrity of the cell
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is demonstrated by the effect of mutations which result in many skin disorders including 

human epidermolysis bullosa simplex (EBS), epidermolytic hyperkeratosis (EH) and 

epidermolytic palmoplantar peratoderma (EPPK) (Fuchs and Cleveland, 1998).

The neuronally expressed neurofilament proteins NF-L/M/H are essential for 

establishing proper axon diameter which is a key determinant of conduction velocity, as 

originally shown in quail mutants lacking neurofilaments (Yamasaki et al., 1991). 

Abnormal accumulation and disorganisation of neurofilaments is characteristic of motor 

neuron diseases such as familial and sporadic amyotrophic lateral sclerosis (ALS), 

infantile muscular atrophy and hereditary sensory motor neuropathy (Fuchs and 

Cleveland, 1998).

1.3.3A Intermediate filament associated proteins (IFAPs)

Intermediate filaments can be cross linked to microtubules and actin filaments. 

Microinjection of the conserved helix domain of IF proteins into fibroblasts disrupted 

EFs, microtubules and actin microfilament networks. It was suggested that the IF 

peptides competed for IFAPs which normally crosslink these networks together and 

their absence resulted in disruption of these networks (Goldman et al., 1996). IFAPs 

include desmoplakin, BPAG1, plectin and IFAP300 which in addition to anchoring IF 

networks to the cell surface also bind other cytoskeletal components, crosslinking them 

(Foisner and Wiche, 1991). Plectin is a 500kDa protein which binds keratins, vimentin, 

GFAP, all three neurofilament proteins, lamin B, microtubule associated proteins and a- 

spectrin (Foisner et al., 1988; Foisner et al., 1991). Immunoelectron microscopy has 

shown that plectin forms cross bridges between IFs and microtubules, IFs and actin 

filaments and also IFs and myosin (Svitkina et al., 1996). The importance of plectin in 

maintaining the mechanical resistance of cells via organisation of the cytoskeleton is 

illustrated by the effects of plectin loss in mice and humans, which results in the 

disorder muscular dystrophy and epidermolysis bullosa simplex (MD-EBS) typified by 

skin blistering, muscle weakness and degeneration and death (Gache et al., 1996; 

McLean et al., 1996; Smith et al., 1996; Andra et al., 1997).

1.4 Protein domains

Many different conserved protein domains exist which bind a variety of specific 

target sequences. Multiple domains are often present in single molecules which enables 

the formation of large, multiprotein complexes which produce a regulated response to 

extracellular signals (reviewed in Pawson, 1995; Bork et al., 1997; Pawson and Scott,
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1997). Some of these conserved domains are discussed below.

1.4.1 SH2 domains

Src homology 2 (SH2) domains are conserved modules of -100 amino acids 

which recognise phosphotyrosine containing peptide sequences and are involved in 

tyrosine kinase signalling pathways (reviewed in Pawson, 1995). SH2 domains bind 

their target phosphopeptides with affinities in the range of 10-lOOnM, approximately 

1 0 0 0  fold stronger than random phosphorylated sequences and have negligible affinity 

for unphosphorylated sequences. The residues C terminal to phosphotyrosine determine 

the specificity of the interaction and can affect the binding affinity three fold.

SH2 domains are divided into 2 classes on the basis of their interactions with the 

residues C terminal to phosphotyrosine. Class I SH2 domains such as Src recognise 

three C terminal residues and the preferred sequence is phosphotyrosine-hydrophilic- 

hydrophilic-hydrophobic whilst class II SH2 domains, such as those in phospholipase 

Cy-1 and the tyrosine phosphatase SH-PTP2, recognise at least five hydrophobic C 

terminal residues (Songyang et al., 1993). The structure of several SH2 domains 

complexed with their specific target sequences have been solved (reviewed in 

Schaffhausen, 1995) providing detailed information concerning the mechanism of 

ligand binding. It was found that the phosphotyrosine residue extends into a conserved 

binding pocket of the SH2 domain structure and forms two hydrogen bonds to a 

conserved arginine at its base (Waksman et al., 1992; Lee et al., 1994). This residue is 

invariant in most known SH2 domains and mutation or even conserved substitution of 

this residue abolishes phosphotyrosine binding (Bibbins et al., 1993). The residues C 

terminal to phosphotyrosine are recognised by a second less conserved binding region, 

the structure of which depends on the class of the SH2 domain. In class I SH2 domains 

the hydrophobic third residue fits into a small hydrophobic pocket whilst in class II SH2 

domains the C terminal residues fit into a hydrophobic groove (Eck et al., 1993; 

Waksman et al., 1993; Lee et al., 1994).

SH2 domains are present in many types of protein including non catalytic 

adaptor proteins like Grb2, docking proteins like She, transcription factors like ST AT 

and also kinases like PI3K and Src. Although SH2 domains usually mediate 

intermolecular interactions, examples of intramolecular SH2-phosphotyrosine 

interactions which regulate protein activity also exist. Src family non receptor tyrosine 

kinases are kept in an inactive state via interaction between the phosphorylated C 

terminal tyrosine 527 and its SH2 domain (Xu et al., 1997). The phosphotyrosine
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binding ability of SH2 domains can also be regulated by phospholipids, as in PI3K 

where binding of PIP3 to its SH2 domain inhibits the interaction of the SH2 domain 

with tyrosine phosphorylated proteins (Rameh et al., 1995).

1.4.1A Unusual SH2 domains

However, not all SH2 domains have exactly class I and II structures. Tandem 

SH2 domains which bind peptide sequences containing two phosphotyrosine residues 

are present in several proteins including ZAP70 (Hatada et al., 1995), SH-PTP2 

(Pluskey et al., 1995) and the p85 subunit of PI3K (Carpenter et al., 1993). 

Determination of the structure of ZAP-70 bound to its target phosphopeptide (Hatada et 

al., 1995) found that the C terminal SH2 domain bound the N terminal phosphotyrosine 

residue via a typical pocket structure however, the N terminal SH2 domain had an 

incomplete phosphotyrosine binding pocket which was completed via residues from the 

C terminal SH2 domain (Hatada et al., 1995; Weiss, 1995; Wandless, 1996).

SH2 domains contain several highly conserved residues, the pB5 arginine at the 

base of the phosphotyrosine binding pocket, which is invariant in all known SH2 

domains and the second most conserved residue is the (3A1 tryptophan which is the first 

residue of the SH2 domain. Only four SH2 domains have been identified where the first 

residue of the SH2 domain is not a tryptophan, these are a l-  and p2-chimaerin which 

have glutamate, EAT-2 which has tyrosine and ZAP70 which has phenylalanine (Hall et 

al., 1993; Leung et al., 1994; Thompson et al., 1996; Hatada et al., 1995 respectively). 

The effects of this on SH2 domain function are unknown, however in Src, mutation of 

the pAl tryptophan to glutamate abolished phosphotyrosine binding (Bibbins et al.,

1993).

I.4.1B Non phosphotyrosine dependent SH2 interactions

Phosphotyrosine independent SH2 domain interactions have also been

demonstrated. The SH2 domain of the adaptor GrblO interacts in a phosphotyrosine

independent manner with Rafl and MEK1 kinases, in a constitutive and insulin-

dependent manner respectively and these interactions occur via phosphoserine or

phosphothreonine residues (Nantel et al., 1998) and the SH2 domain of Fyn interacts

with a phosphoserine residue of Raf (Cleghon and Morrison, 1994). Other examples

include Bcr binding to the Abl SH2 domain in a phosphoserine/phosphothreonine-

dependent manner (Pendergast et al., 1991) and phosphoserine-dependent binding of a

62kDa ubiquitin binding protein to the p56Lck SH2 domain (Joung et al., 1996). The
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mechanisms of these phosphotyrosine independent interactions are unclear, but 

interaction of SH2 domains with phosphoserine and phosphothreonine residues would 

significantly increase the number of SH2 domain ligands and diversify the role of SH2 

domains in signalling pathways.

1.4.2 Phosphotyrosine binding domains

Phosphotyrosine binding (PTB) domains, like SH2 domains, bind 

phosphotyrosine containing sequences (Bork and Margolis, 1995). PTBs range in size 

from 1 0 0 - 2 0 0  amino acids and recognise phosphotyrosine containing peptides preceded 

by residues which form a (3 turn (Kavanaugh et al., 1995; Van der Geer et al., 1995) 

with the consensus sequence NPXpY (Trub et al., 1995). The specificity of the 

interaction is determined by 5-8 hydrophobic residues N terminal to the 

phosphotyrosine residue (Trub et al., 1995; Van der Geer et al., 1996), unlike SH2 

domains which recognise residues C terminal to the phosphotyrosine. These domains 

are mainly found in docking proteins, like She and IRS-1 which recruit proteins to 

activated receptors (Kavanaugh and Williams, 1994; Blaikie et al., 1994; Gustafson et 

al., 1995). The PTB domains of She and IRS-1 have structural similarities to PH 

domains (Zhou et al., 1995; Zhou et al., 1996) and the She PTB binds acidic 

phospholipids (Zhou et al., 1995), suggesting the possibility of membrane recruitment 

via this region. PTB domains present in the neuronal proteins Fe65 and X I1 and 

Drosophila Numb protein were also able to bind non phosphorylated sequences (Borg et 

al., 1996; Li et al., 1997), suggesting these domains act as recognition motifs rather than 

phosphotyrosine binding motifs like SH2 domains.

1.4.3 SH3 domains

Src homology 3 (SH3) domains are ~60 amino acids in size and bind proline- 

rich sequences approximately 10 amino acids in size (Ren et al., 1993; Yu et al., 1994) 

containing a core sequence of PXXP which forms a left handed polyproline type II helix 

with three residues per turn (Feng et al., 1994). SH3 domains bind their target sequences 

with affinities in the range of 5-100p,M (Pawson, 1995) and phosphorylation of 

serine/threonine residues next to these proline-rich sequences may influence SH3 

interactions (Chen et al., 1996a). SH3 binding peptides are pseudo symmetrical and can 

bind in an N to C terminal (class I) or C to N terminal (class II) orientation (Feng et al., 

1994; Lim et al., 1994; Wittekind et al., 1994) which increases the number of potential 

binding partners.
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SH3 domains are present in many types of proteins including the p47phox and 

p67phox subunits of the neutrophil NADPH oxidase system, cytoskeletal proteins such 

as spectrin and myosin, adaptor proteins like Grb2 and Nek and the Src family of 

tyrosine kinases. They are often present in combination with SH2 domains and in 

multiple copies. SH3 domains are important in determining subcellular localisation and 

cytoskeletal interactions as shown in fibroblasts where the SH3 domains of Grb2 and 

PLCy directed these proteins to ruffles and stress fibres respectively (Bar Sagi et al.,

1993).

Although SH3-polyproline interactions are usually intermolecular, examples of 

intramolecular interactions also exist. Cytosolic p47phox exists in an inactive closed 

conformation via interaction of its C terminal polyproline sequence and its first SH3 

domain (de Mendez et al., 1997) upon activation, phosphorylation of p47phox disrupts 

this interaction enabling assembly of the functional oxidase complex.

1.4.4 Pleckstrin homology domains

PH domains were first identified as domains -120 amino acids in size with 

homology to regions of pleckstrin, the major PKC substrate in platelets (Haslam et al.,

1993). PH domains are present in many proteins including Bruton's tyrosine kinase 

(Btk), the serine/threonine protein kinase B (PKB/Akt), P adrenergic receptor kinase 

(PARK), RasGAP, the RasGEF Sos, Rho family GEFs Dbl and Tiaml, Rho effectors 

MRCK and ROK and all isoforms of PLC (Musacchio et al., 1993) PH domains have 

low sequence homology but the three dimensional structures are highly conserved 

(reviewed in Lemmon et al., 1996) and they bind phosphoinositides, PKC and the Py 

subunit of heterotrimeric G proteins (reviewed in Shaw, 1996). The PTB domains of 

She and IRS-1 have structural similarities to PH domains (Zhou et al., 1995; Zhou et al., 

1996) and also bind phosphoinositides.

The specificity of phosphoinositide binding varies between proteins (reviewed in

Lemmon et al., 1997) and probably targets proteins to specific membrane locations.

Several strong interactions have been demonstrated and these include the pM binding

affinity of PI-4,5 -P2 to the PLC51 PH domain (Lemmon et al., 1995). This recruits PLC

to the membrane where its substrates are present, PI-4,5 -P2 is hydrolysed to I-l,4,5-P3

which then binds the PH domain and dissociates PLC from the membrane, thus

phosphoinositide binding regulates PLC activity via its localisation (Lemmon et al.,

1996). The PH domain of Sos also binds PI-4,5-P2 which inhibits its RasGEF activity

via an unknown mechanism (Jefferson et al., 1998). Some PH domains interact
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Domain Proteins in which 
domain is present

Liean d/function

Band 4.1 ERM proteins, band 4.1 Binds membranes
Ca2+ dependent lipid 
binding (CalB)

PKC, PLC, PLD, 
perforin

Binds calcium, 
phospholipids and 
intracellular proteins

Calponin homology 
(CH)

Dystrophin, Vav Binds actin

Cysteine rich (CRD) a- and p-chimaerins, 
PKC, Vav, Raf

Binds DAG and 
phospholipids

Dbl homology (DH) Dbl, Sos, FGD1, Lbc, 
Tiaml, Vav, Trio

Promotes exchange of GDP 
for GTP

DEATH domain focal adhesions, RIP, 
ankyrins

Causes dimerisation

Dbl homology (DH) Dbl, Sos, FGD1, Lbc, 
Tiaml, Vav,

Promotes exchange of GDP 
for GTP

Formin homology 
(FH)

MDia Binds cofilin, links Rho and 
the actin cytoskeleton

GTPase activating 
(GAP)

a- and P-chimaerins, 
Bcr, Abr, p i20 RasGAP, 
neurofibromin, PI3K

Stimulates intrinsic GTP 
hydrolysis rate

LIM Paxillin, enigma, pinch Binds Zn2+ and tyrosine 
containing sequences

PDZ IL-6 , densin-180, PTP- 
1H, LIM kinase, Dsh

Binds C terminal peptides

PTB She, IRS-1 Binds phosphotyrosine
Pleckstrin homology 
(PH)

Btk, PARK, RhoGEFs, 
PKB/Akt

Binds phosphoinositides, 
targets protein to the 
membrane

Sterile alpha motif 
(SAM)

Byr2, eph like receptor 
tyrosine kinases

Causes dimerisation

SH2 Src, She, Grb2, PI3K, 
SH-PTP2

Binds phosphotyrosine

SH3 Src, spectrin,Grb2, Nek Binds proline-rich 
sequences with PXXP 
consensus

WD40 GPy, RACK1 Binds proteins
WW Dystrophin, RSP5 Binds proline-rich sequence 

with PPXY or PPLP 
consensus

Table 1.1: Protein signalling domains
Examples of different types of protein domains, their function or ligands and 

examples of proteins which contain these domains are shown.
Abbreviations include: GPy, py subunit of heterotrimeric G protein; PK, protein kinase; 
PL, phospholipase; PTP, protein tyrosine phosphatase.
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specifically with the D3 phosphoinositides produced by PI3K, these include Akt which 

binds and is activated by PI-3,4-P2(Franke et al., 1997; Klippel et al., 1997) and Btk 

which binds PI-3,4,5-P3 and 1-1,3,4,5 -P4 (Fukudu et al., 1996; Salim et al., 1996). PH 

domains are found in many types of proteins, often in combination with SH2 and SH3 

domains and proteins which contain a Dbl homology (DH) domain, which catalyses 

guanine nucleotide exchange on Rho p21s, always contain a PH domain C terminal. 

GEFs are discussed in detail later.

1.4.5 Other protein domains

Many different protein domains with very specific substrates have been 

identified including the Cdc42/Rac interactive binding (CRIB) domain present in the 

p21 activated protein kinases (PAKs) which binds Cdc42 or Rac inducing activation of 

the kinase (Sells and Chernoff, 1997) and also the Rho binding domain present in ROK, 

Rhotekin, Rhophilin and PKN (Leung et al., 1996; Reid et al., 1996; Watanabe et al., 

1996). Examples of other protein domains identified are shown in table 1.1. The 

conserved GAP, DH and CRD protein domains are discussed in later sections.

1.5 GTPase superfamilv

Members of the GTPase superfamily regulate many diverse cellular activities. 

Three main classes of these GTP binding proteins have been identified - the initiation 

and elongation factors which are involved in protein synthesis, the heterotrimeric G 

proteins which are involved in signal transduction and the Ras family of small GTPases. 

Interactions of these GTPases with other proteins is dependent on their nucleotide state. 

The GTPases function as molecular switches, cycling between the GDP and GTP bound 

forms (inactive and active forms) and have an intrinsic GTPase activity (Bourne et al., 

1991). This cycling is regulated by proteins which affect the rate of GDP/GTP exchange 

or increase the intrinsic rate of GTP hydrolysis. The GAPs stimulate the intrinsic rate of 

GTP hydrolysis thus inactivating the GTPase, the GEFs promote exchange of GDP for 

GTP thus activating the GTPase and the GDIs inhibit the dissociation of GDP locking 

the GTPase in the inactive state, as shown in figure 1.2 (reviewed in Boguski and 

McCormick, 1993; Van Aelst and D'Souza-Schorey, 1997).

1.5.1 Heterotrimeric G proteins

Heterotrimeric G proteins bind the cytoplasmic face of transmembrane receptors 

for hormonal, sensory and neurotransmitter signals and transduce their signals
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GEFs

GTP

GDP
INACTIVE

ACTIVE
GDIs p21-GTP

p21-GDP

GAPs Neutrophil
Oxidase

Transcnptional
Activation

Figure 1.2; The GTPase cycle
Low molecular weight GTPases (p21s) cycle between an inactive GDP bound 

state and an active GTP bound state. This cycling is regulated by several types o f  
proteins; the GTPase activating proteins (GAPs) which downregulate p21 activity via 
increasing the intrinsic rate o f  GTP hydrolysis, the guanine nucleotide exchange factors 
(GEFs) which activate the p21s by catalysing the exchange o f  bound GDP for GTP and 
the guanine nucleotide dissociation inhibitors (GDIs) which prevent p21 activation by 
sequestering the inactive GDP bound p21 in a cytosolic complex.
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(reviewed in Emala et al., 1994). Their activation results in many effects including the 

regulation of various enzymes (reviewed in Neer, 1995), activation of ion channels 

(reviewed in Krapivinsky et al., 1995) and vesicular transport (reviewed in Helms,

1995).

Heterotrimeric G proteins are composed of three subunits. The a  subunit binds 

GTP and possesses intrinsic GTPase activity, whilst the J3 and y subunits associate and 

function as a Py monomer and anchor the complex to the membrane. The a  and py 

subunits associate in an inactive complex when G a is in the GDP bound form. Ligand 

stimulation of the receptor induces a conformational change which reduces the affinity 

of G a for GDP, which dissociates, enabling GTP binding. The active GTP bound Ga 

subunit dissociates from Gpy and activates an effector such as adenylate cyclase. The 

activity of G a is regulated by its intrinsic GTPase activity which hydrolyses bound GTP 

to GDP, resulting in reassembly of the inactive heterotrimeric G protein complex 

(reviewed in Neer, 1994).

Multiple isoforms of each of the three G protein subunits exist and Ga subunits 

are divided into four classes, the as, ai, aq and a  1 2 , on the basis of amino acid 

sequence (reviewed in Hamm and Gilchrist, 1996). Different combinations of subunits 

produce functionally distinct G proteins with particular specificity and characteristics, 

enabling coupling of different types and subtypes of receptors to a unique G protein.

Although the mechanism of G protein-mediated activities are usually via the 

active Ga subunit, examples of Gpy-mediated activity have also been demonstrated. 

These include activation of muscarinic gated potassium channels, PLCp isoforms, 

phospholipase A2, adenylyl cyclase, PI3K, Ras and the tyrosine kinases Tsk, Btk and 

PYK2 (reviewed in Hamm and Gilchrist, 1996). Thus activation of G protein coupled 

receptors induces activation of many different effectors, which are involved in or lead to 

activation of other cellular signalling cascades including receptor tyrosine kinase 

signalling, resulting in cross talk between these pathways (reviewed in Selbie and Hill,

1998).

1.5.2 Ras subfamilies of low molecular weight GTPases

Ras family proteins are -190 amino acids, most of which make up the GTP 

binding domain, these low molecular weight proteins are also referred to as p21s. The 

Ras family is divided into subfamilies which include Rab, Arf, Sar, Ran, and Rho 

proteins (reviewed in Boguski and McCormick, 1993). Ras proteins regulate cell growth
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and differentiation, Rab, Arf and Sar regulate intracellular vesicle and protein 

trafficking, Ran regulates nuclear transport and Rho family proteins are involved in 

many activities including regulation of the actin cytoskeleton, transcription, MAPK 

cascades and the neutrophil oxidase system which are discussed in detail later.

1.5.2A Ras

Ras proteins were identified as the transforming agents involved in Harvey and 

Kirsten sarcoma viruses (Barbacid, 1987). Four Ras proteins are expressed in 

mammalian cells - H-ras, K-rasA, K-rasB and N-ras which each function as an 

oncogene when activated via mutation and are involved in many human cancers. These 

Ras proteins are closely related to members of the Rap subfamily. A related protein R- 

ras is 55% identical to H-ras but is unable to transform cells although its C terminal can 

bind Bcl-2, a protein which regulates apoptosis (Fernandez-Sarabia and Bischoff, 1993). 

Ras proteins are involved in many processes including proliferation, differentiation and 

apoptosis.

1.5.3 The regulation of GTPase proteins

1.5.3A GAPs for heterotrimeric G proteins

The activity of heterotrimeric G proteins is regulated by RGS proteins 

(regulators of G protein coupled signalling) which bind the activated Ga subunit, 

preventing activation of downstream effectors and signalling pathways (reviewed in 

Hepler, 1999). All RGS proteins identified also act as GAPs for Ga subunits. Both the 

GAP and Ga binding domains are present within an RGS domain which varies 

considerably in sequence between proteins, pi 15 RhoGEF contains an N terminal RGS 

domain and acts as a GAP for the a  subunits of G12 and G13 heterotrimeric G proteins, 

although it is a more potent GAP for G an (Kozasa et al., 1998). The interaction 

between pi 15 RhoGEF and G an, but not G an, also stimulates the RhoGEF activity of 

pi 15 (Hart et al., 1998) whilst activated G an  inhibits Gan-induced stimulation of 

RhoGEF activity. Rho mediates signalling downstream from some Gn and Gn 

heterotrimeric G proteins, such as those coupled to the LPA receptor. Thus pi 15 

RhoGEF provides a direct link between heterotrimeric G protein and Rho-mediated 

signalling pathways.
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1.5.3B GAPs for Ras

Ras proteins have low intrinsic rates of GTP hydrolysis and their inactivation 

depends on GTPase activating proteins in vivo, p i20 RasGAP was the first such protein 

characterised (Trahey and McCormick, 1987 It contains a hydrophobic N terminal 

region, two SH2 domains, an SH3 domain, a PH domain, a region with sequence 

homology to the CalB region of phospholipase A2 and an approximately 250 residue C 

terminal GAP domain. The two SH2 domains in p i20 RasGAP are able to bind tyrosine 

phosphorylated p i90 RhoGAP (Settleman et al., 1992b) and the binding induces a 

conformational change in p i20 RasGAP which increases the accessibility of its SH3 

domain (Hu and Settleman, 1997). This interaction serves as a point of potential cross 

talk between the Ras and Rho pathways and also suggests that p i90 RhoGAP may 

promote the SH3 domain-dependent interactions of pi 20 RasGAP.

Another protein which contains a RasGAP domain is neurofibromin (Trahey and 

McCormick, 1987; Martin et al., 1990). Defects in the neurofibromin (NF1) gene result 

in the condition von Recklinghausen neurofibromatosis which is characterised by 

malignant Schwannomas and abnormal neural crest cell growth. RasGAP and 

neurofibromin are not Ras specific but can also act as a GAP for the related protein R- 

ras (Rey et al., 1994).

IQGAP1 (Weissbach et al., 1994; Hart et al., 1996a) and IQGAP2 (Brill et al.,

1996) also contain a RasGAP domain but recombinant IQGAP1 had no GAP activity 

for Ras or Rho (Weissbach et al., 1994). However, IQGAP1 and IQGAP2 bind Cdc42 

and Rac and the IQGAP1 interactions were GTP-dependent, suggesting Cdc42 and Rac 

effector functions for this protein. (Kuroda et al., 1996; McCallum et al., 1996). In 

addition to binding Cdc42 and Rac, IQGAP1 binds F-actin and cross links actin 

filaments and thus may link these p21s and actin cytoskeleton rearrangement (Bashour 

et al., 1997). IQGAP homologues Iqglp and DGAP1 have been identified in yeast and 

dictyostelium, respectively (Osman and Cerione, 1998; Faix et al., 1998).

1.5.3C GAPs for Rho family proteins

Many RhoGAPs of varying specificity have been identified (reviewed in 

Lamarche and Hall, 1994; Van Aelst and D'Souza-Schorey, 1997). The first GAP with 

activity for Rho family proteins but not Ras, was a 29 kDa protein purified from human 

spleen extracts (Garrett et al., 1989; Garrett et al., 1991), which was later found to be a 

29 kDa C terminal truncation of a 50 kDa protein, p50 RhoGAP (Barfod et al., 1993; 

Lancaster et al., 1994). Partial sequence analysis of p29 RhoGAP revealed homology
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with the C terminal regions of both al-chimaerin and Bcr, and these regions of the two 

proteins were demonstrated to possess GAP activity for Rac, but not Rho in vitro 

(Diekmann et al., 1991). Bcr is the product of the breakpoint cluster region gene. It is a 

multidomain protein which contains a serine/threonine kinase domain, a DH domain 

and a PH domain in addition to its RhoGAP domain. It was first identified as part of the 

chimaeric protein sequence present in human leukaemias which contain the Philadelphia 

chromosome translocation (Heisterkamp et al., 1985). Translocations result in a 

truncated Bcr sequence fused to the Abl tyrosine kinase sequence. In the p2 1 0  Bcr-Abl 

fusion present in chronic myelogenous leukaemia (CML), Bcr lacks the GAP domain, 

whilst both the GAP and PH domains are absent in the pl85Bcr-Abl fusion present in 

acute lymphocytic leukaemia (ALL). Full length Bcr was found to have GAP activity 

for both Rac and Cdc42 in vitro, although Rac is the preferred substrate (Ridley et al.,

1993).

p50RhoGAP was found to stimulate the GTPase activity of Rho, Rac and Cdc42 

in vitro, but Cdc42 was the preferred substrate (Barfod et al., 1993). Unexpectedly 

p50RhoGAP did not exhibit differential binding for the GTP and GDP bound forms of 

the Rho proteins, unlike p i20 RasGAP which has a hundred fold stronger affinity for 

GTP bound Ras (Schaber et al., 1989). Despite its broad specificity in vitro, 

p50RhoGAP has a more restricted specificity in vivo where the GAP domain exhibited 

only Rho-GAP activity (Ridley et al., 1993). p50RhoGAP also contains a proline-rich 

sequence which in vitro binds to the SH3 domains of c-Src and p85a, the regulatory 

subunit of PI3K (Barfod et al., 1993).

Many other proteins which have GAP activity for the Rho family proteins have 

been identified. Abr which is closely related to Bcr, contains DH and RhoGAP domains 

and also has GAP activity for both Rac and Cdc42 (Tan et al., 1993). Other proteins 

which have GAP activity for both Rac and Cdc42 in vitro include 3BP-1, CdGAP, 

MgcRacGAP which is the human homologue of Drosophila rotund (Toure et al., 1998), 

RalBPl (Cantor et al., 1995), RIP1 (Park and Weinberg, 1995) and RLIP76 (Jullien- 

Flores et al., 1995), although Cdc42 is the preferred substrate for RalBPl, RIP1 and 

RLIP76. In vivo, 3BP-1 acts as a RacGAP and inhibited Rac-induced ruffling in 

fibroblasts (Cicchetti et al., 1992; Cicchetti et al., 1995), whilst CdGAP acts as both a 

Rac and Cdc42 GAP and inhibited Rac-induced ruffling and Cdc42-induced filopodia 

formation in fibroblasts (Lamarche-Vane and Hall, 1998). The a- and p-chimaerins also 

have GAP activity in vitro for Rac and to a lesser extent for Cdc42 and are discussed in 

detail later.
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pl90GAP was first identified as a tyrosine phosphorylated protein associated 

with pl20 RasGAP in Src transformed cells (Ellis et al., 1990) and was later shown to 

contain a RhoGAP domain with GAP activity for Rho, Rac and Cdc42 in vitro, 

although Rho is the preferred substrate (Settleman et al., 1992a). Other proteins with 

GAP activity for Rho include PARG1 which has GAP activity for Rho, Rac and Cdc42 

in vitro, but exhibits a marked preference for Rho (Saras et al., 1997), Myr5 which has 

GAP activity for both Rho and Cdc42, although Rho is the preferred substrate 

(Reinhard et al., 1995) and p i22 which only has GAP activity for Rho (Homma and 

Emori, 1995). Also Graf (GTPase regulator associated with FAK) has GAP activity for 

both Rho and Cdc42 in vitro (Hildebrand et al., 1996), whereas in vivo Graf only 

exhibits GAP activity for Rho (Taylor et al., 1999).

The RhoGAP domain is also present in the p85a and p85p subunits of PI3K, 

however no GAP activity for Rho, Rac or Cdc42 has been demonstrated (Otsu et al., 

1991). Rho family GAPs have also been identified in other species including in 

Drosophila rotund (Agnel et al., 1992), in C.Elegans, CeGAP which has GAP activity 

for Rho, Rac and Cdc42 (Chen et al., 1994) and in S.Cerevisiae, BEM2 and BEM3 

which have GAP activity for Rhol and both Rhol and Cdc42Sc, respectively (Zheng et 

al., 1994a).

1.5.3D Multidomain nature of GAPs

Many p21 GAPs also contain other modular protein domains such as SH2, SH3, 

PH, DH, CRD and proline-rich SH3 binding domains, as previously described. These 

other domains have been shown to regulate GAP activity, protein structure, protein 

localisation and also mediate other enzymatic functions.

The regulation of GAP activity by other regions within the same protein has 

been demonstrated for several p2 1  GAPs. The binding of phorbol esters and 

phospholipids to the CRD of the a-chimaerins regulates the RacGAP activity of these 

proteins in vitro (Ahmed et al., 1993; M. Teo PhD thesis, 1994). Whilst in vivo, the 

Rac/Rho GAP activity of pi 90 RhoGAP is regulated by its N terminal GTP binding 

domain (Tatsis et al., 1998). The interaction of the two SH2 domains of pi 20 RasGAP 

with tyrosine phosphorylated p i90 RhoGAP, results in the downregulation of pl20 

GAP activity (Moran et al., 1991). This interaction also induces a conformational 

change in p i20 RasGAP structure which increases the accessibility of its SH3 domain 

(Hu and Settleman, 1997).

Interactions of other domains within GAPs can affect protein localisation. The
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SH3 domain of Graf, a Rho/Cdc42 GAP, interacts with a proline-rich region in the C 

terminal of focal adhesion kinase (FAK) (Hildebrand et al., 1996). FAK is a tyrosine 

kinase involved in integrin signalling pathways and its interaction with Graf recruits 

Graf to focal adhesion complexes. The N terminal SH2 domains of RasGAP interact 

with tyrosine phosphorylated PDGF p receptor. This interaction alters the protein 

localisation of pl20 RasGAP inducing its translocation to the membrane (McGlade et 

al., 1993).

The function of some interactions mediated by other regions within GAP 

proteins has not yet been determined. The proline-rich regions of p50 RhoGAP bind the 

SH3 domains of Src and the p85 subunit of PI3K (Barfod et al., 1993). Similarly, the 

proline-rich region of the Rac and Cdc42 GAP, 3BP-1, binds the SH3 domain of the 

non receptor tyrosine kinase Abl (Cicchetti et al., 1992). It is possible that these 

interactions may regulate protein localisation or function. The C terminal region of the 

RhoGAP PARG1 interacts with the fourth PDZ domain of the protein tyrosine 

phosphatase PTPL1 (Saras et al., 1997). This interaction may regulate tyrosine 

phosphorylation involved in Rho p21 signalling pathways.

Several p21 GAPs contain protein domains which mediate other functions. Abr 

and Bcr contain both a RhoGAP and RhoGEF domain which activate or inactivate Rho 

p21s, respectively (Chuang et al., 1995). Thus the net effect of these proteins on p21 

activity depends on the regulation and relative activities of these two protein domains, 

p i22 has GAP activity for Rho in vitro, however p i22 also binds PLC 51 and stimulates 

its enzymatic activity (Homma and Emori, 1995). Some p21 GAPs have also been 

demonstrated to mediate effector functions, which is discussed in detail later. Thus p21 

GAPs mediate many other functions in addition to downregulating p21s via increasing 

their intrinsic GTPase activity.

1.5.3E RasGEFs

GEFs associate with the GDP bound form of the p21 and enhance the rate of 

GDP dissociation. As cells contain much higher concentrations of GTP than GDP, free 

GTP immediately binds the available p21. This results in a loss of affinity for the GEF, 

which then dissociates leaving the p21 in its active state (Bourne et al., 1990). Dominant 

negative (N17) mutants of Ras have a reduced affinity for GTP and are unable to 

displace the GEF and replace it with GTP. This results in the sequestering of Ras in the 

inactive GDP bound form (Lai et al., 1993).

The RasGEF domain is an approximately 200 residue domain composed of 3
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SCRs (structurally conserved regions) separated by variable regions. The S.Cerevisiae 

GEFs Scd25 and cdc25 are able to bind human Ras (Bollag and McCormick, 1991), 

which suggests that the p21/GEF interaction occurs via highly conserved sequences 

which are also conserved across species.

An example of Ras activation which occurs as a result of GEF activity is 

provided by the activation of Ras via Sos upon EGF receptor stimulation The RasGEF 

Sos exists in a cytosolic complex with the adapter protein Grb2  (Bowtell et al., 1992; 

Chardin et al., 1993). Binding of EGF to its receptor induces receptor dimerisation and 

autophosphorylation of its intracellular tyrosine residues. The SH2 domain of Grb2 

binds a phosphotyrosine containing sequence (Tyrl068) of the EGF receptor (Rozakis- 

Adcock et al., 1993), which brings Sos to the membrane where it activates Ras. 

Analagous proteins are also involved in Ras activation of Drosophila eye development 

and C.Elegans vulval development (reviewed in Dickson and Hafen, 1994).

1.5.3F GEFs for Rho family proteins

The Dbl oncogene product is a large cytosolic protein containing a region with 

homology to the S.Cerevisiae cell division protein Cdc24 (activator of Cdc42) and also 

the human Bcr gene product (Ron et al., 1991). As predicted on the basis of sequence 

similarity to Cdc24, Dbl acts as a GEF for Cdc42Hs (Hart et al., 1991) and also Rho. 

The region responsible for this GEF activity was designated the Dbl homology (DH) 

domain (Hart et al., 1994) which was also found to be required for Dbl transforming 

function (Ron et al., 1991). Dbl contains an adjacent C terminal pleckstrin homology 

(PH) domain which is required for proper cellular localisation of the protein (Zheng et 

al., 1996a). Other proteins containing both DH and PH domains, many of which are 

oncogenic, have been identified as Rho family GEFs with differing specificities 

(reviewed in Cerione and Zheng, 1996; Van Aelst and D'Souza-Schorey, 1997).

1.5.3F1 Cdc42 specific GEFs

FGD1 is the product of the faciogenital dysplasia or Aarskog-Scott syndrome 

locus, is required for normal embryonic development and has GEF activity for Cdc42 in 

vitro (Pasteris et al., 1994; Zheng et al., 1996b). FGD1 and the related protein Frabin 

(FGD1 related F-actin binding protein), which also contains a RhoGEF domain, both 

produced Cdc42-induced filopodia in Swiss 3T3 fibroblasts and stimulated JNK activity 

in COS cells (Olson et al., 1996; Obaishi et al., 1998). FGD1 also induced 

transformation in NIH 3T3 cells but differences in mechanism to Cdc42-induced
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transformation were observed (Whitehead et al., 1998).

1.5.3F2 Rho specific GEFs

The oncogene Lbc has GEF activity for Rho in vitro and also in vivo, as 

microinjection of Lbc induced Rho-mediated stress fibre formation in fibroblasts 

(Toksoz and Williams, 1994; Zheng et al., 1995a; Olson et al., 1996) whilst the 

oncogenes Lfc and Lsc have in vitro GEF activity for Rho (Whitehead et al., 1995a; 

Glaven et al., 1996; Aasheim et al., 1997). pi 15RhoGEF is a Rho specific GEF both in 

vitro and in vivo, where it induced transformation of NTH 3T3 cells (Hart et al., 1996b), 

similar to V14Rho and Lbc. mNETl, the mouse homologue of the previously identified 

human NET1 protein (Chan et al., 1996), also has GEF activity for Rho A both in vitro 

and in vivo where mNETl induced stress fibre formation in NIH 3T3 cells and 

potentiated SRF-dependent transcription, both Rho-dependent processes (Alberts and 

Treisman, 1998).

1.5.3F3 Rac specific GEFs

Tiaml is a RacGEF both in vitro (Habets et al., 1994) and in vivo where it 

induces Rac-dependent ruffling in fibroblasts and COS7 cells and colocalised with F 

actin in ruffles. An N terminal PH domain rather than the RhoGEF PH domain was 

required for membrane localisation of Tiaml and both GEF activity and membrane 

localisation were essential for induction of Rac-dependent ruffling and JNK stimulation 

by Tiaml (Michiels et al., 1995; Michiels et al., 1997). InN IE  115 neuroblastoma cells, 

Tiaml induced Rac-dependent neurite outgrowth and cell spreading on laminin and 

Tiaml expressing cells were no longer sensitive to LPA-induced neurite retraction and 

cell rounding mediated by Rho, which suggests that Tiaml-induced Rac activation 

antagonises Rho signalling in these cells (Van Leeuwen et al., 1997). This is discussed 

in more detail later. PIX (Pak interacting exchange factor) has GEF activity in vitro for 

Cdc42>Rac>Rho, although in vivo PIX acts as a Rac specific GEF (Manser et al.,

1998).

1.5.3F4 Multiple specificity GEFs

Vav has GEF activity for Cdc42, Rac and Rho in vitro. Tyrosine 

phosphorylation of Vav by Lck stimulated the Cdc42 GEF activity of Vav and was 

required for Rac and Rho GEF activity (Han et al., 1997). However, Lck had no effect 

on the Cdc42 GEF activity of Dbl under similar conditions, which suggests that tyrosine
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phosphorylation is not a universal method for regulation of GEF activity (Crespo et al.,

1997). In vivo Vav-induced filopodia in rat embryonic fibroblasts (REF-52) cells (Han 

et al., 1997), whilst both Vav and Dbl-induced stress fibres, ruffles and focal complexes 

in Swiss 3T3 fibroblasts and JNK activation in COS1 cells (Olson et al., 1996).

Several GEFs couple Rho and Rac pathways. Trio has one Rho specific and one 

Rac specific GEF domain (GEFD2 and GEFD1 respectively) in vitro as well as a 

serine/threonine kinase domain (Debant et al., 1996). In vivo, the GEFD2 domain 

induced Rho-dependent stress fibres, the GEFD1 domain induced Rac-dependent ruffles 

and lamellipodia and a construct containing the two GEF domains together induced 

both Rac and Rho type morphology in Swiss 3T3 fibroblasts. Thus Trio links the Rho 

and Rac morphological signalling pathways in vivo. The GEFD1 domain also induced 

Rac-dependent JNK activation (Bellanger et al., 1998). Ost has GEF activity for both 

Cdc42 and Rho in vitro and binds GTP-Rac which suggests Ost functions as a Rac 

effector, thus linking Rho, Rac and Cdc42 signalling pathways (Horii et al., 1994). Abr 

and Bcr contain two domains involved in Rho GTPase regulation; both proteins have 

GEF activity for Cdc42, Rac and Rho in vitro and also GAP activity for Rac and Cdc42 

(Tan et al., 1993; Chuang et al., 1995).

Other RhoGEF domain containing proteins whose substrates have not yet been 

determined include Ect-2 (Miki et al., 1993), Tim (Chan et al., 1994) and Dbs 

(Whitehead et al., 1995b).

1.5.3G Guanine nucleotide dissociation inhibitors

GDIs bind the GDP form of p21s and sequester them in an inactive complex in

the cytosol. This prevents p21 activation by GEFs and their subsequent translocation to

the membrane. Three isoforms of RhoGDI have been isolated, a, P and y with different

expression patterns and specificities. RhoGDIa, previously called RhoGDI, was

originally purified from bovine brain as a soluble, ubiquitously expressed protein which

preferentially bound the GDP form of Rho A or RhoB, inhibiting GDP dissociation

(Fukumoto et al., 1990; Ueda et al., 1990) and was later found to have the same action

on Cdc42 and Rac (Abo et al., 1991; Leonard et al., 1992). This activity was inhibited

upon RhoGDIa binding to the N terminal of ERM proteins, resulting in the release of

GDP bound p21 (Takahashi et al., 1997). RhoGDIa also weakly bound the GTP forms

of Rho, Rac and Cdc42 and inhibited both intrinsic and GAP stimulated GTPase

activity (Hart et al., 1992; Chuang et al., 1993). Human and mouse RhoGDI P,

previously called Ly- or D4-GDI is only expressed in haematopoietic cells (Lelias et al.,
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1993; Scherle et al., 1993) and binds RhoA, Rac and Cdc42 (Adra et al., 1993; Scherle 

et al., 1993). Human RhoGDI y is expressed in brain and pancreas and binds Cdc42 and 

RhoA (Adra et al., 1997) whilst the mouse homologue, RhoGDI 3 is a non cytosolic 

protein which binds RhoB and RhoG but not RhoA, RhoC or Racl (Zalcman et al.,

1996). Thus, unlike RhoGAPs and RhoGEFs, only a small number of RhoGDIs exist 

which have different tissue distribution, p2 1  binding specificities and affinities.

1.5.4 p21 Effector proteins

The downstream effects of the p21 proteins are mediated by effector proteins 

which interact with the active p21. Effectors may be cell type specific and/or 

developmental^ regulated (eg WASP, chimaerin) and may have single or multiple 

specificity for p21 proteins. Multiple effector pathways may be stimulated at the same 

time and the net response (eg transcription) may be a result of several different 

interacting or competing pathways. Thus a great deal of complexity is involved in the 

signalling cascades which determine the cellular response to p2 1  stimulation.

1.5.4A Ras effectors

Both the serine/threonine kinase Raf and the lipid kinase PI3K are Ras effectors 

(reviewed in Marshall, 1996). Raf binding to GTP-Ras could be demonstrated by using 

the yeast two hybrid system (Van Aelst et al., 1993; Vojtek et al., 1993; Zhang et al., 

1993b). The exact mechanism of Raf activation is still under investigation but it is 

known that Ras binds the N terminal of Raf in vitro (Warne et al., 1993) and targets Raf 

to the membrane where it is activated by a series of events including phosphorylation by 

tyrosine kinases (Marais et al., 1995). It is suggested that the protein 14-3-3 is involved 

in regulating the Ras-Raf interaction. In the absence of GTP-Ras, 14-3-3 maintains Raf 

in an inactive form in the cytosol (Tzivion et al., 1998) and 14-3-3 is displaced from the 

Raf-14-3-3 complex after its recruitment to the membrane by Ras (Roy et al., 1998).

Activated Raf then activates MEK1 via serine phosphorylation which in turn 

activates ERK1 and ERK2 via tyrosine and threonine phosphorylation. Activation of the 

ERK pathway is involved in Ras-dependent transformation in many cell types including 

NIH 3T3, BALB 3T3 and rat kidney cells (Cowley et al., 1994; Mansour et al., 1994; 

Dudley et al., 1995; Khosravi-Far et al., 1995), vulval development in C.Elegans and 

differentiation of photoreceptor cells in Drosophila (reviewed in Dickson and Hafen,

1994), promotes neurite outgrowth (Cowley et al., 1994) and protects against apoptosis 

induced by withdrawal of neurotrophic factors in neuronal cells (Xia et al., 1995) but
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induces apoptosis in Swiss 3T3 cells (Fukasawa et al., 1995).

The pi 10 catalytic subunit of PI3K binds GTP-Ras which stimulates PI3K 

enzymatic activity (Rodriguez-Viciana et al., 1994), resulting in phosphorylation of the 

D3 position of phosphoinositide lipids to produce 3-PIP, 3 ,4 -PEP2 and 3 ,4 ,5 -PIP3 which 

regulate a wide variety of cellular processes (reviewed in Toker and Cantley, 1997; 

Leevers et al., 1999).

PI3K is involved reorganisation of the actin cytoskeleton. PI3K acts upstream of 

Rac in PDGF stimulated membrane ruffling in PAE cells (Hawkins et al., 1995), PI3K 

induces Rac-dependent JNK activation in PC 12 cells resulting in neurite outgrowth 

(Kita et al., 1997) and in SKF5 cells, PI3K activity is required for lamellipodia 

formation and cell motility (Van Weering et al., 1998). PI3K activation is required for 

Ras-dependent transformation in NIH 3T3 cells (Rodriguez-Viciana et al., 1997) and 

also results in activation of the serine/threonine kinase PKB/Akt which protects against 

apoptosis in various cell types (reviewed in Marte and Downward, 1997; Downward,

1998).

1.5.4B Rho family effectors

Many different types of proteins are effectors for the p21s, including protein 

kinases, lipid kinases, phosphatases and these proteins have different specificities for 

Rho family proteins.

1.5.4B1 Non kinase targets of Cdc42

WASP (Wiskott Aldrich syndrome protein) is a Cdc42 effector expressed in 

haematopoietic cells. WASP-induced Cdc42-dependent actin clustering in Jurkat and 

NRK cells, (Symons et al., 1996) but was unable to induce filopodia formation in 

fibroblasts (Miki et al., 1998). However, this may be due to the absence of the WASP 

interacting protein (WIP) which is required for WASP to form filopodia (Ramesh et al.,

1997). As WASP is only expressed in haematopoietic cells, it cannot be responsible for 

Cdc42 effects on the cytoskeleton in other cell lines. A related protein N-WASP that is 

ubiquitously expressed and induced filopodia in fibroblasts was identified (Miki et al.,

1998). The Cdc42 effector, CIP4 (Cdc42 interacting protein) is expressed in skeletal 

muscle, heart and placenta. Expression in Swiss 3T3 cells caused a reduction in stress 

fibres and coexpression with constitutively activated Cdc42-induced clusters containing 

both proteins (Aspenstrom, 1997).
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1.5.4B2 Non kinase targets of Rac

Several proteins which bind GTP-Rac and are involved in mediating its 

downstream effects have been identified. pl40Sra-l (140kD specifically Racl 

associated protein) binds Rac, is present in lamellipodia, co-sediments with F actin and 

is implicated in Rac-induced lamellipodia formation (Kobayashi et al., 1998). PORI 

(Partner of Racl) binds GTP-Rac and deletion mutants of PORI inhibited V12Rac- 

induced membrane ruffling in REF52 cells (Van Aelst et al., 1996). PORI also interacts 

with the GTPase ARF6  which regulates membrane trafficking and induces cytoskeletal 

reorganisation at the cell surface (D'Souza-Schorey et al., 1997). POSH (plenty of SH3 

domains) binds Rac and is able to stimulate JNK activity in COS1 cells although it has 

no kinase domain (Tapon et al., 1998) and p67phox is the component of the superoxide 

producing NADPH oxidase system which binds Rac (Diekmann et al., 1994). Rac also 

binds p35, the neuron specific regulator of cyclin dependent kinase-5 (cdk5) (Lew et al.,

1994) in a GTP-dependent manner (Nikolic et al., 1998) and in Swiss 3T3 cells, p35 

and V12Rac colocalise in membrane ruffles and at the cell periphery (Nikolic et al.,

1998).

1.5.4B3 Kinase targets of Cdc42 and Rac

The p21 activated protein kinases (PAKs) are serine/threonine kinases which are 

related to the yeast Ste20 protein involved in pheromone signalling (reviewed in Sells 

and Chernoff, 1997). Upon binding GTP Rac and Cdc42 via an 18 amino acid motif 

called the CRIB (Cdc42/Rac interactive binding) domain, PAKs become activated and 

act as Cdc42 and Rac effectors. At least three isoforms exist in mammalian cells: a, J3 

and y PAK. The 6 8 kDa aPAK (PAK1) is expressed in brain and spleen (Manser et al.,

1994), the 65kDa PPAK (PAK3) is expressed in brain but with a different expression 

pattern to that of aPAK (Manser et al., 1995) and the 62kDa yPAK (PAK2, hPak65) is 

ubiquitously expressed (Teo et al., 1995). PAK proteins have been isolated from 

Drosophila (Harden et al., 1996) and C.Elegans (Chen et al., 1996b) and related protein 

families have also been identified, the germinal centre kinases (GCK) and PH domain 

containing PAKs.

PAK proteins mediate many effects including dissolution of stress fibres and

reorganisation of focal complexes in HeLa cells (Manser et al., 1997; Zhao et al., 1998),

activate the JNK pathway but whether this is in a Cdc42/Rac-dependent or independent

manner is a point of discussion (Zhang et al., 1995; Teramoto H et al., 1996b; Westwick

et al., 1997). PAK is required for Ras-mediated transformation in Rat-1 fibroblasts
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(Tang Y et al., 1998). PAK1 also colocalises with p35/cdk5 and Rac at lamellipodial 

rich areas of axonal growth cones in primary neurons (Nikolic et al., 1998). Rac- 

induced PAK activation was abolished via hyperphosphorylation of PAK1 by the 

p35/cdk5 complex both in vitro and in primary neurons, suggesting a mechanism for 

regulation of PAK activity, which may be involved in actin remodelling in neuronal 

cells.

Several proteins which interact with PAK have been identified. The N terminal 

proline-rich region of PAK interacts with the second SH3 domain of the adaptor protein 

Nek (Bagrodia et al., 1995; Bokoch et al., 1996b; Galisteo et al., 1996) and also 

interacts with the N terminal SH3 domain of the RacGEF PIX (Manser et al., 1998). In 

PC 12 cells it was demonstrated that PAK can act upstream of Rac via PIX (Obermeier 

et al., 1998).

Other kinases which bind both Cdc42 and Rac include MLK2 and 3 (Nagata et 

al., 1998), MEKK1 and 4 (Fanger et al., 1997b) and p70S6 kinase (Chou and Blenis,

1996).

Kinases which only bind Cdc42 have also been identified. MRCKa and p are 

190kDa serine/threonine kinases which bind GTP-Cdc42. The a  isoform is brain- and 

lung-enriched and the p isoform is kidney- and lung-enriched. MRCKa modulated 

Cdc42-dependent morphology in HeLa cells consistent with a role as a Cdc42 effector 

(Leung et al., 1998). pl20Ack (activated Cdc42 binding kinase) is a non receptor 

tyrosine kinase which preferentially binds GTP Cdc42 and inhibits its GTPase activity 

(Manser et al., 1993).

1.5.4B4 Non kinase targets of Rho

Several Rho targets which contain the formin homology (FH) domain have been 

identified. These include Drosophila diaphanous (Castrillon and Wasserman, 1994) 

which is required for cytokinesis and oogenesis and the mouse homologue pl40Dia, 

whose overexpression in COS7 cells caused accumulation of polymerised actin 

(Watanabe et al., 1997). Mutation of the human homologues of Drosophila diaphanous 

is involved in non syndromic deafness (DFNA1) and premature ovarian failure (POF). 

(Lynch et al., 1997; Bione et al., 1998). The FH domain contains long proline-rich 

motifs which probably bind cofilin and are thought to be an important link between Rho 

and the actin cytoskeleton (Wasserman, 1998).

The myosin binding subunit of the myosin light chain phosphatase (MBS) is a

target of both Rho and its effector ROK (Amano et al., 1996a; Kimura et al., 1996).
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Binding of active Rho to MBS leads to increased phosphorylation of MLC (Kimura et 

al., 1996) which subsequently leads to the formation of stress fibres. The function of 

Rho binding proteins Rhotekin and Rhophilin are as yet unknown (Reid et al., 1996; 

Watanabe et al., 1996, respectively).

1.5,4B5 Kinase targets of Rho

A group of related serine/threonine kinases which bind Rho have been 

identified. ROKa (RhoA binding kinase) was isolated from rat brain (Leung et al.,

1995, 1996) and bovine brain (Matsui et al., 1996). Another isoform, ROKp was 

isolated from rat liver (Leung et al., 1996) and also isolated independently from human 

platelet cytosol (p i60 ROK) (Ishizaki et al., 1996). These Rho binding kinases contain a 

cysteine rich region within a PH domain in addition to their kinase domain which has 

homology to myotonic dystrophy kinase.

ROKa and ROKp induced stress fibre formation and the assembly of focal 

contacts in HeLa and Swiss 3T3 cells (Leung et al., 1996; Amano et al., 1997; Ishizaki 

et al., 1997) and in the presence of active Rho, ROKa was translocated to the 

membrane (Leung et al., 1995).

Rho binds both ROK and one of its substrates MBS. ROK phosphorylates MBS

(the myosin binding subunit of myosin phosphatase) inactivating the phosphatase which

leads to an accumulation of phosphorylated MLC (myosin light chain). Expression of

Rho also increased both MBS and MLC phosphorylation (Kimura et al., 1996). ROK

also phosphorylates MLC, the substrate of myosin phosphatase, at same site as MLC

kinase (Amano et al., 1996a). This causes a conformational change in myosin which

increases its binding to actin filaments, in turn leading to actin stress fibre formation.

Thus ROK provides a link between Rho activation and the actomyosin contractility

required for stress fibre formation. Most of the other ROK substrates identified so far

are cytoskeletal proteins. ROK phosphorylates the actin binding protein adducin,

regulating its association with actin (Kimura et al., 1998), the N terminal head-rod

domain of the intermediate filament protein vimentin, resulting in the collapse of the

vimentin network (Sin et al., 1998), and specifically phosphorylates Ser71 of vimentin

which usually only occurs during cytokinesis (Goto et al., 1998). ROK also

phosphorylates the ERM (ezrin/radixin/moesin) family of proteins which link plasma

membrane proteins and actin filaments (Fukata et al., 1998; Matsui et al., 1998) and

LIM kinase, resulting in its activation and the subsequent downregulation of cofilin

activity, which is required to enable stress fibre and lamellipodia formation (Maekawa
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et al., 1999).

ROK mediates the Rho activation of Na/H exchange by the NHE1 (Na/H 

exchanger) protein through an unknown mechanism. This Na/H exchange is involved in 

integrin-mediated cell adhesion and spreading in a number of cell types (Tominaga et 

al., 1998; Tominaga and Barber, 1998). ROK is also involved in Rho-mediated neurite 

retraction in neuronal cells (Amano et al., 1998; Hirose et al., 1998; Katoh et al., 1998) 

which is discussed in detail later.

Other kinase targets of Rho include the serine/threonine kinase PKN (protein 

kinase N) and the related kinase PRK2 (Amano et al., 1996b; Watanabe et al., 1996; 

Vincent and Settleman, 1997). Another is citron kinase, a splice variant of Citron which 

contains a myotonic dystrophy related kinase domain (similar to ROK and MRCK) and 

is involved in cytokinesis, where in HeLa cells it colocalises with Rho in the cleavage 

furrow (Madaule et al., 1998).

1.5.4B6 Lipid kinase tareets of Rho, Rac and Cdc42

Rho proteins bind and activate the lipid kinases phosphatidylinositol-4- 

phosphate 5 kinase (PIP5K) and phosphatidylinositol-3-kinase (PI3K). PIP5K generates 

PI-4,5-P2, an important second messenger that binds and regulates a number of actin 

binding proteins (Toker, 1998). Both Rho and Rac stimulate PIP5K activity in various 

cell types. In homogenates of murine fibroblasts, GTP-Rho but not GTP-Rac stimulated 

PIP5K activity in vitro (Chong et al., 1994). Rho also bound a 68kDa type IPIP5K in 

vitro and in vivo endogenously expressed Rho co-immunoprecipitated with a 68kDa 

type IPIP5K from Swiss 3T3 cells (Ren et al., 1996). However, in permeabilised 

human platelets recombinant V12Rac but not V14Rho stimulated PEP5K activity in a 

GTP-dependent manner and the PIP2 produced resulted in uncapping and 

polymerisation of actin filaments (Hartwig et al., 1995). Recombinant GTP-Rac (not 

Rho) bound a type IPIP5K from Rat-1 fibroblast lysates in vitro and in vivo a type I 

PIP5K co-immunoprecipitated with endogenously expressed Rac in serum starved or 

PDGF stimulated Swiss 3T3 cells (Tolias et al., 1995). Thus PEP5K interacts in vitro 

with both Rho and Rac and in vivo may act either as a Rho or Rac effector in different 

cell types.

PI3K phosphorylates the D3 position of phosphoinositide lipids to produce PI-3- 

P, PI-3,4-P2 and PI-3,4,5-P3 which regulate various cellular processes (reviewed in 

Toker and Cantley, 1997). PI3K is composed of the regulatory p85 and catalytic pi 10 

subunits. The pi 10 catalytic subunit binds GTP-Ras which stimulates PI3K enzymatic
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activity, thus PI3K acts as a Ras effector (Rodriguez-Viciana et al., 1994). PI3K also 

acts as an effector of Rho, Rac and Cdc42. Both GTP Rac and Cdc42 bind the p85 

subunit of PI3K and activate the kinase in vitro. The effector domain of the p21 and the 

RhoGAP domain of p85 are required for this interaction (Zheng et al., 1994b; Bokoch et 

al., 1996a). In vivo PI3K co-immunoprecipitated with Rac and to a lesser extent Cdc42 

in PDGF stimulated Swiss 3T3 cells whilst a significant amount of PI3K co- 

immunoprecipitated with Cdc42 in unstimulated COS7 cells (Tolias et al., 1995). In 

Swiss 3T3 cells, LPA-induced PI3K activation was inhibited by C3 treatment, 

suggesting Rho mediates this activation (Kumagai et al., 1993) whilst in platelet lysates, 

recombinant Rho but not Rac, stimulated PI3K activity which was also inhibited by C3 

treatment (Zhang et al., 1993a). Thus PI3K acts as an effector for Rho, Rac and Cdc42 

both in vitro and in vivo and since PI3K is also a Ras effector (Rodriguez-Viciana et al.,

1994), it may link Rho and Ras signalling pathways.

1.5.4B7 GAPs as potential effectors

GAPs and p21 effectors both interact with GTP bound p21. Thus it is possible 

that many GAPs may also act as p21 effectors. Several examples of the effector 

functions of p21 GAPs have been demonstrated. In Xenopus oocytes, K12 Ras-induced 

germinal vesicle breakdown was inhibited by a monoclonal antibody against the SH3 

domain of pl20 RasGAP (Duchesne et al., 1993). This confirms pl20 RasGAP as a Ras 

effector and demonstrates the role of its SH3 domain in mediating this effect. Ras- 

induced activation of the fos promoter was shown to be mediated by the N terminal 

SH2-SH3 domain containing region of pl20 RasGAP (Medema et al., 1992). This 

region of pl20 was also shown to mediate Ras-dependent inhibition of muscarinic atrial 

K+ channel currents (Martin et al., 1992). Expression of the N terminal SH2-SH3 

domain containing region of pi 20 RasGAP in Rat-2 cells induced the disruption of actin 

stress fibres and a reduction of focal contacts (McGlade et al., 1993). These 

morphological effects are characteristic of a Rac or Cdc42 effector. These effects of 

p i20 RasGAP may be mediated by its association with p i90 RhoGAP and subsequent 

regulation of the Rho p21s by this complex.

GAPs for heterotrimeric G proteins have also been shown to mediate effector

functions. PLC |31 acts as a GAP for the a  subunit of the heterotrimeric Gqn protein

(Berstein et al., 1992). However, G aqn also activates PLC P1, stimulating its enzymatic

activity. Thus PLC pi acts both a GAP and an effector for its physiological regulator.

The y subunit of phosphodiesterase also acts as both a GAP and effector of its upstream
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heterotrimeric G protein transducin (Boguski and McCormick, 1993).

Finally, GAPs for the Rho p21s have also been shown to act as effectors. Graf 

has GAP activity for Rho and Cdc42 in vitro (Hildebrand et al., 1996), but acts as a Rho 

effector in PC 12 cells where it enhances sphingosine-1-phosphate-induced Rho- 

dependent neurite retraction (Taylor et al., 1999). In Swiss 3T3 cells, microinjection of 

CdGAP promotes Cdc42-dependent filopodia extension and actin clustering (Lamarche- 

Vane and Hall, 1998). Thus CdGAP acts as both a Rac/Cdc42 GAP and a Cdc42 

effector, p i22 acts as a RhoGAP in vitro and also activates PLC 5 which catalyses the 

hydrolysis of PIP2, promoting cytoskeletal reorganisation (Homma and Emori, 1995). 

Rho activation also induces reorganisation of the actin cytoskeleton, thus pi 22 acts as 

both a GAP and an effector of Rho. The Rac/Cdc42 GAPs RalBPl, RLIP76 and RIP1 

also act as effectors for the small GTPase Ral (Cantor et al., 1995; Jullien-Flores et al., 

1995; Park and Weinberg, 1995). Microinjection of the isolated GAP domain of the 

RacGAP al-chimaerin inhibited Rac-induced lamellipodia in Swiss 3T3 cells, 

consistent with downregulation of Rac activity (Kozma et al., 1996). However, 

microinjection of full length al-chimaerin induced both filopodia and lamellipodia 

formation, which were dependent on Cdc42 and Rac activity respectively, in Swiss 3T3 

fibroblasts and the growth cones of N1E 115 neuroblastoma cells (Kozma et al., 1996). 

Thus al-chimaerin acts as both a RacGAP and a Cdc42/Rac effector. These 

morphological effects of full length al-chimaerin required p21 binding but not GAP 

activity. Together, these examples show that GAPs can also act as effector proteins and 

their effector functions are often mediated by other regions within these multidomain 

proteins, independently of GAP activity.

1.5.5 Rho proteins and transcriptional activation

Rho proteins are involved in a number of pathways leading to transcriptional 

activation and there may be cross talk between them.

1.5.5A Rho proteins and JNK/p38 dependent transcription

Rho family proteins stimulate both JNK and p38 MAPK pathways resulting in

translocation of the active MAPK to the nucleus where it phosphorylates transcription

factors and stimulates transcription. Activated Rac and Cdc42 stimulated JNK activity

but not ERK activity in COS7, NTH 3T3 and HeLa cells (Coso et al., 1995; Minden et

al., 1995) whilst RhoA, RhoB, RhoC and Cdc42 but not Rac stimulated JNK activity in

human kidney 293T cells (Teramoto et al., 1996a). Activated Racl and Rac2 were also
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shown to stimulate p38 activity in HeLa cells (Minden et al., 1995).

Proteins which regulate the activity of Rho p21s have also been shown to 

activate JNK. Rho family GEFs stimulated JNK activity in various cell types, Vav, Dbl 

and FGD1 in COS1 cells (Olson et al., 1996), Ost and Dbl in COS7 cells (Coso et al., 

1995), Tiaml in COS7 and NIH 3T3 cells (Michiels et al., 1997) and Vav in COS7 cells 

(Crespo et al., 1996; Crespo et al., 1997). In COS7 cells, tyrosine phosphorylation of 

Vav was required to induce JNK activation (Crespo et al., 1997), whilst Tiaml-induced 

JNK stimulation was Rac-dependent in COS7 cells and membrane localisation of Tiaml 

was shown to be required for JNK activation in NTH 3T3 cells (Michiels et al., 1997).

1.5.5B Rho proteins and SRE dependent transcription

Rho, Rac and Cdc42 regulate serum response factor (SRF)-mediated 

transcription. The transcription factor SRF binds the c-fos serum response element 

(SRE), which is a regulatory sequence present in the promoter region of many growth 

factor regulated genes, activating transcription. Rho is required for SRF-mediated 

transcriptional activation induced by LPA, serum and heterotrimeric G proteins whilst 

Rac and Cdc42 activate SRF in a Rho independent manner (Hill et al., 1995). Thus at 

least two separate pathways exist for SRF-mediated transcription and neither involves 

activation of MAPK pathways.

1.5.5C Rho proteins and NFkB dependent transcription 

1.5.5C1 Activation of NFkB

NFkB regulates expression of a variety of genes whose products are involved in 

immune or inflammatory responses, growth, differentiation and development (Verma et 

al., 1995; Baldwin 1996). NFkB exists as a homodimer or heterodimer of 5 possible 

family members p50, p52, p65, c-rel and rel-B (Baeuerle and Henkel, 1994; Siebenlist 

et al., 1994). In its inactive form it is bound to the a, (3 or s isoform of its inhibitor 

protein IkB in the cytosol (Thanos and Maniatis, 1995; Baeuerle and Baltimore, 1996). 

Upon activation by various factors including cytokines, growth factors, ultraviolet 

irradiation, phorbol esters or lipopolysaccharide, IxBa is phosphorylated on serine 32 

and 36 residues (Brown et al., 1995) which targets IkB for proteasomal degradation 

(Palombella et al., 1994). This releases the NFkB dimer which translocates to the 

nucleus (Baeuerle and Baltimore, 1996; Baldwin, 1996).
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Phosphorylation of serine 32 and 36 of IkBo. is mediated by the serine specific 

IkB kinase (IKK). This kinase was independently isolated by three groups 

(Chen et al., 1996c; DiDonato et al., 1997; Regnier et al., 1997) and consists of three 

subunits; the catalytic a  and P subunits and the regulatory y subunit (reviewed in Karin, 

1999). Activation of IKK itself depends on serine phosphorylation of the DCKP subunit 

(Delhase et al., 1999). IKK activity is stimulated by NFkB inducible kinase (NIK), a 

MAPKKK which binds IKKa (Regnier et al., 1997) and also MAPK/ERK kinase 

kinase-1 (MEKK1), another MAPKKK which directly activates the kinase activity of 

IKK in vitro and induced site specific phosphorylation of IkBoc in vivo (Lee et al.,

1997). TNFa and EL-1-induced NFkB activation is mediated by the TNF receptor- 

associated factors TRAF2 and TRAF6 acting downstream of the TNFa and IL-1 

receptors respectively. Both TRAF2 and TRAF6 interact with NIK (Malinin et al.,

1997; Song et al., 1997), resulting in NIK activation and subsequent activation of NFkB 

signalling (figure 1.3). MEKK1 also acts downstream of TRAF2 in TNFa-induced 

NFkB  activation (Lee et al., 1997) and has recently been shown to mediate Cdc42 and 

Rac-induced activation of NFkB in COS7 cells (Montaner et al., 1998). In addition to 

its role in NFkB signalling, MEKK1 is the upstream activator of MKK4/SEK1 in the 

JNK signalling pathway (Yan et al., 1994) (figure 1.3). Thus MEKKl enables cross talk 

between NFkB and JNK signalling pathways.

NFkB is also activated by Rho family proteins (Sulciner et al., 1996; Perona et 

al., 1997; Montaner et al., 1998) and Ras (Devary et al., 1993; Finco and Baldwin,

1993; Koong et al., 1994; Sulciner et al., 1996; Perona et al., 1997) and activation by 

many ligands is inhibited by antioxidants (Schreck et al., 1991) suggesting a role for 

reactive oxygen species (ROS) in mediating NFkB activation. In fact, several factors 

such as cytokines EL-lp, TNFa and growth factors EGF, PDGF and bFGF which are 

known to stimulate NFkB activity also stimulate production of ROS in various cell 

types (Meier et al., 1989; Lo and Cruz, 1995; Sundaresan et al., 1996).

1.5.5C2 Ras and Rho proteins in NFkB activation

Ras activation of NFkB was shown in COS7, HeLa and Jurkat T cells (Sulciner 

et al., 1996; Perona et al., 1997). However cell type specific differences in NFkB 

activation pathways exist since V12Ras-induced activation was Rho, Rac and Cdc42 

independent in COS7 cells (Perona et al., 1997; Montaner et al., 1998) but Rac-
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dependent in HeLa cells (Sulciner et al., 1996). Ras was also shown to be involved in 

ligand-induced NFkB activation; both EGF-induced activation in COS7 cells and UVC- 

induced activation in NIH 3T3 cells were Ras-dependent (Perona et al., 1997).

Wild type and constitutively activated Rho, Rac and Cdc42 stimulated N F k B  

activity in COS7 and Jurkat T cells (Perona et al., 1997) whilst V12Rac stimulated 

N F k B  activity in HeLa cells (Sulciner et al., 1996). Cdc42 and Rac-induced N F k B  

activation in COS7 cells was shown to depend on the JNK activator MEKK1 acting 

downstream, providing a link between JNK and N F k B  signalling pathways in these 

cells (Montaner et al., 1998) (figure 1.3). Rho proteins were also shown to be involved 

in ligand-induced N F k B  activation, TNFa-induced activation was Rho and Cdc42- 

dependent in COS7 cells (Perona et al., 1997) whilst IL-ip-induced activation was Rac- 

dependent in HeLa cells (Sulciner et al., 1996). In COS7 cells, N F k B  activation induced 

by Rho proteins was unaffected by dominant negative Ras or Raf suggesting Rho 

proteins either act independently or downstream from Ras and Raf (Perona et al., 1997). 

However it was also shown that V12Ras-induced N F k B  activation was unaffected by 

dominant negative Rho proteins (Montaner et al., 1998), together these results suggest 

that Ras and Rho proteins act in separate N F k B  activation pathways in COS7 cells. The 

RhoGEFs Vav, Dbl and Ost were also shown to stimulate N F k B  activity in a Rac, 

Cdc42 and Rho/Cdc42-dependent manner, respectively (Montaner et al., 1998).

1.5.5C3 Generation of reactive oxygen species in phagocytic and non phagocytic 

cells

In phagocytic cells, a specialised multi component membrane NADPH oxidase 

is responsible for production of ROS to destroy invading micro-organisms (Bokoch,

1994). In non-phagocytic cell types, NADPH oxidase components have also been 

detected (Jones et al., 1994) and inhibition of ROS production by flavoprotein inhibitor 

diphenyleneiodonium (DPI) (Griendling et al., 1994; Lo and Cruz, 1995; Sundaresan et 

al., 1996) suggests that an NADPH oxidase related protein may be involved in 

generating ROS.

In phagocytic cells, cytochrome bs58, p47phox, p67phox and GTP bound Racl 

or Rac2 isoforms are required for an active oxidase complex in guinea pig macrophages 

(Abo et al., 1991) and human neutrophils, respectively (Knaus et al., 1991). Thus Rac 

and the regulation of its nucleotide state are important in ROS production in phagocytic 

cells and also in non phagocytic cells although an NADPH oxidase related protein has
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not yet been identified.

1.5.5C4 Ras/Rac and reactive oxygen species production

Ras and Rac induce ROS production in various cell types. ROS production in 

NTH 3T3 cells transiently and permanently expressing V12Ras was shown to be Rac- 

dependent and was implicated in Ras-induced cell cycle progression (Sundaresan et al., 

1996; Irani et al., 1997). Rac-induced ROS production has been demonstrated in NIH 

3T3 (Sundaresan et al., 1996), COS1 and REF52 cells. In the latter, the Racl insert 

region was shown to be essential for ROS production (Joneson and Bar Sagi, 1998). 

ROS production was shown to be required for Rac-induced NFkB activation in HeLa 

cells (Sulciner et al., 1996). Rac is also involved in growth factor and cytokine-induced 

ROS production. PDGF, EGF, TNFa and IL-lp stimulation ofNIH 3T3 cells 

(Sundaresan et al., 1996) and EL-1 (3 stimulation of HeLa cells (Sulciner et al., 1996) 

induced ROS production was Rac-dependent.

1.5.5C5 The role of reactive oxygen species

Ligand stimulation in various cell types results in production of ROS. In rat 

vascular smooth muscle cells (VSMCs), inhibition of PDGF-induced ROS production 

by antioxidants also inhibited PDGF-induced tyrosine phosphorylation, ERK 

stimulation, DNA synthesis and chemotaxis (Sundaresan et al., 1995). Similarly, EGF- 

induced tyrosine phosphorylation in A431 cells was inhibited by the use of antioxidants 

(Bae et al., 1997).

As well as roles in tyrosine phosphorylation, ERK stimulation, DNA synthesis 

and chemotaxis, ROS also induce transcriptional activation. In rabbit epithelial cells, 

arachidonic acid-induced INK stimulation was inhibited by antioxidants whilst 

hydrogen peroxide activated INK in a dose dependent manner (Cui et al., 1997), whilst 

TNFa and bFGF-induced ROS production in chondrocytes led to stimulation of c-fos- 

dependent transcription in these cells (Lo and Cruz, 1995). There is conflicting data 

regarding the role of ROS in apoptosis, but ROS may mediate p53-dependent apoptosis 

(Johnson et al., 1996; Polyak et al., 1997). ROS have been implicated in many diseases 

including Alzheimers, hypertension and atherogenesis while antioxidants have a 

protective role in cardiovascular disease (Diaz et al., 1997).
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1.5.6 Rho proteins and cell morphology

1.5.6A The role of Rho proteins in fibroblast cell morphology

Rho, Rac and Cdc42 were found to regulate the formation of actin structures in 

fibroblasts. Microinjection of Rho-induced the formation of stress fibres (Ridley and 

Hall, 1992), Rac-induced lamellipodia and membrane ruffling (Ridley et al., 1992) and 

Cdc42-induced filopodia formation (Kozma et al., 1995; Nobes and Hall, 1995) in 

serum starved Swiss 3T3 cells.

Activated Rho-induced the formation of stress fibres and large integrin based 

focal adhesion complexes at the ends of stress fibres in serum starved Swiss 3T3 cells 

(Ridley and Hall, 1992). LPA or serum treatment both induce stress fibres via Rho 

activation, whilst the bacterial C3 toxin specifically inactivates Rho via ADP 

ribosylation (Ridley and Hall, 1992). Rho stimulates actomyosin contractility via its 

effector ROK, generating tension across the cell and the bundling of stress fibres which 

induces integrin clustering and formation of focal adhesions (Chrzanowska-Wodnicka 

andBurridge, 1996).

Microinjection of Cdc42 in serum starved Swiss 3T3 cells rapidly induced 

filopodia formation, later followed by lamellipodia and ruffling (Kozma et al., 1995). 

Activated Rac-induced actin accumulation at the cell periphery in lamellipodia and 

membrane ruffles, followed later by weak induction of stress fibres formation, 

suggesting that Rac activates Rho (Ridley et al., 1992). Rac-dependent actin 

polymerisation was induced by treatment with PMA or PDGF and by Ras activation 

(Ridley et al., 1992). Bradykinin treatment produced similar effects to Cdc42 

microinjection and filopodia formation was inhibited by pre-injection with dominant 

negative Cdc42, indicating that bradykinin acts upstream of Cdc42. Subsequent ruffling 

was inhibited by pre-injection with dominant negative Rac (Kozma et al., 1995). 

Coinjection of wild type Cdc42 with dominant negative Cdc42 or Rac inhibited 

filopodia or lamellipodia formation respectively (Kozma et al., 1995). Together this data 

suggests that Cdc42 induces filopodia formation and subsequently activates Rac to 

produce lamellipodia, which then weakly activates Rho to produce stress fibres, 

although this last link is a point of some discussion.

Both Cdc42 and Rac induce assembly of integrin based focal complexes at the 

plasma membrane in Swiss 3T3 cells. The Rac/Cdc42-induced focal complexes are 

morphologically distinct from the larger Rho-induced focal adhesions and while both 

complexes contain integrins, vinculin, paxillin and focal adhesion kinase (FAK) and
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have increased levels of phosphotyrosine (Ridley and Hall, 1992; Nobes and Hall,

1995), they may also contain other differing components. These adhesion complexes act 

as points of cellular attachment to the extracellular matrix and are targets for cell 

signalling molecules (reviewed in Schoenwaelder and Burridge, 1999).

1.5.6B Neuronal cell morphology

Neurite extension is a complex process which requires reorganisation of the 

actin cytoskeleton ( Chien et al., 1993; Bentley and O'Connor, 1994; Stirling and 

Dunlop, 1995) and directed growth requires the constant interpretation of multiple 

signals from the extracellular matrix, neighbouring cells and gradients of 

chemoattractant and chemorepellant substances (Keynes and Cook, 1995). In the 

developing nervous system, a specialised structure at the distal end of a developing 

neurite, the growth cone, is responsible for pathfinding (Bray and Chapman, 1985; 

Heidermann and Buxbaum, 1991; Bentley and O'Connor, 1994; Aletta and Greene,

1998). A growth cone extends multiple sensory filopodia (Davenport et al., 1993; Kater 

and Rehder, 1995), which are stabilised via lamellipodial membrane extension (Tanaka 

et al., 1995; Aletta and Greene, 1998) or retracted in response to the interpreted signals 

to produce directed growth. The sensory role of filopodia in growth cone guidance was 

demonstrated in grasshopper neurons where inhibition of filopodia formation via 

cytochalasin B treatment resulted in disoriented pathfinding (Bentley and Toroian- 

Raymond, 1986).

The Rho p21s were originally shown to be involved in actin cytoskeleton 

reorganisation in fibroblasts, but their effects in neuronal cell types and systems has also 

been investigated (reviewed in Luo et al., 1997; Gallo and Letoumeau, 1998).

1.5.6B1 The role of Rho proteins in N1E 115 cell morphology

In the mouse N1E 115 neuroblastoma cell line, thrombin and LPA acting 

through their respective heterotrimeric G protein coupled receptor, induced neurite 

retraction which was inhibited by treatment with C3 exoenzyme, a bacterial toxin which 

ADP ribosylates and specifically inactivates Rho (Jalink and Moolenaar, 1992; Jalink et 

al., 1994). C3 treatment itself induced cell flattening followed by neurite outgrowth in 

undifferentiated N1E 115 cells (Jalink et al., 1994; Kozma et al., 1997). This led to 

investigation of the role of Rho proteins in actin cytoskeleton reorganisation in N1E 115 

cells.

In N1E 115 cells, wild type or activated RhoA-induced growth cone collapse
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and cell rounding (Kozma et al., 1997) and neurite retraction (Gebbink et al., 1997; 

Hirose et al., 1998) conversely microinjection of C3 or dominant negative Rho-induced 

filopodia and lamellipodia formation (Kozma et al., 1997). Microinjection of wild type 

or activated Rac-induced lamellipodia formation and wild type or activated Cdc42- 

induced both filopodia and lamellipodia formation in N1E 115 cells (Kozma et al., 

1997). Coinjection of dominant negative Rac with Cdc42 inhibited lamellipodia but not 

filopodia formation, suggesting that Cdc42 activates Rac to induce lamellipodia in these 

cells. Both C3 and serum starvation-induced neurite outgrowth were inhibited by 

dominant negative Rac and Cdc42. Coinjection of C3 and N17Cdc42 inhibited both 

filopodia and lamellipodia formation whilst C3 and N17Rac coinjection inhibited 

lamellipodia but not filopodia formation, thus Cdc42 acts upstream of Rac in C3- 

induced neurite outgrowth pathway. Coinjection of Rho and Cdc42 had no net effects 

on morphology. This demonstrates that there is competition between Rho and Rac 

pathways such that Rho-induced neurite retraction and Cdc42/Rac-induced neurite 

outgrowth pathways act antagonistically in N1E 115 cells to determine neuronal 

morphology.

A screen to identify extrinsic or growth factors which mimicked the 

morphological effects of Rho p21s inN IE 115 cells, identified acetylcholine. InN IE  

115 cells, application of an acetylcholine gradient via a micropipette induced filopodia 

and lamellipodia formation and also protected against LPA-induced neurite retraction 

(Kozma et al., 1997). Dominant negative Cdc42 inhibited filopodia but not lamellipodia 

formation whilst dominant negative Rac inhibited lamellipodia but not filopodia 

formation induced by acetylcholine, suggesting these p21s are independently activated 

by acetylcholine and act in separate pathways. This response is contrary to results in 

fibroblasts where no Rac-dependent lamellipodia were formed in the presence of 

dominant negative Cdc42, suggesting Cdc42 acts upstream of Rac in fibroblasts 

(Kozma et al., 1995) and illustrating that cell type specific differences exist in p21 

regulation. However the independent action of Cdc42 and Rac in the acetylcholine 

response is contrary to C3-induced neurite outgrowth in N1E 115 cells, where Cdc42 

acts upstream of Rac. Thus even in the same cell type different regulatory pathways 

exist for responses to different stimuli.

Proteins which interact with Rho p21s have also been shown to be involved in

neuronal morphology. Rho-induced neurite retraction is mediated by its effector ROKp

(pl60ROK) in N1E 115 cells (Hirose et al., 1998). Overexpression of ROKp induced

neurite retraction similar to that observed with V14Rho and LPA, whilst LPA-induced
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neurite retraction was inhibited by treatment with the ROK inhibitor Y-27632 (Hirose et 

al., 1998). LPA-induced retraction was previously shown to be inhibited by KT5926, a 

MLC kinase inhibitor (Jalink et al., 1994) and the peak in MLC phosphorylation 

observed upon LPA-induced neurite retraction was inhibited in a dose dependent 

manner by the ROK inhibitor Y-27632 (Hirose et al., 1998), suggesting that actomyosin 

contractility is involved in ROKP-induced neurite retraction.

Inhibition of endogenously expressed ROKP activity via a dominant negative 

ROKP mutant (kinase and Rho binding deficient) induced neurite outgrowth which 

could be inhibited by dominant negative Rac or Cdc42 (Hirose et al., 1998). This 

supports other data suggesting antagonism exists between Rho and Cdc42/Rac 

pathways in N1E 115 cells (Kozma et al., 1997; Van Leeuwen et al., 1997).

Other endogenously expressed proteins in N1E 115 cells which interact with 

Rho p21s have also been shown to be involved in neuronal morphology. An 116kDa 

protein which binds both GDP and GTP forms of Rho-induced neurite outgrowth, 

similar to dominant negative Rho or C3 treatment, whilst a 190kDa RhoGEF induced 

neurite retraction like Rho itself (Gebbink et al., 1997). The RacGEF Tiaml induced 

cell spreading in the presence of serum when plated on plastic or fibronectin, but also 

induced cell polarisation, neurite outgrowth and extreme neurite branching when plated 

on laminin (Van Leeuwen et al., 1997), illustrating the importance of cell-substrate 

interactions in determining cell morphology. Tiaml expressing cells plated on laminin 

no longer responded to LPA-induced retraction and cell rounding mediated by 

Rho/ROK, but this was overcome by coexpression of V14Rho, suggesting that Rac 

activation by Tiaml antagonised Rho signalling in these cells. This supports other data 

suggesting antagonism exists between Rho and Cdc42/Rac pathways in N1E 115 cells 

(Kozma et al., 1997; Hirose et al., 1998). Inhibition of Rho activity by dominant 

negative Rho or p i90 RhoGAP induced further neurite outgrowth in Tiaml expressing 

cells. Thus proteins which regulate Rho p21 activity, such as GEFs and GAPs, as well 

as Rho p21s and their effectors are all involved in the control of neuronal morphology 

in N1E 115 cells.

1.5.6B2 The role of Rho proteins in PC12 cell morphology

As with N1E 115 cells, in the rat pheochromocytoma PC 12 cell line LPA-

induced neurite retraction is Rho-dependent (Tigyi et al., 1996) and is inhibited by the

action of C3 exoenzyme (Jalink et al., 1994) whilst inhibition of Rho activity induced

neurite outgrowth (Nishiki et al., 1990). InNGF differentiated PC12 cells,
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microinjection of the catalytic domain of ROKa induced neurite retraction similar to 

V14Rho (Katoh et al., 1998). Pre-injection with C3 had no effect on this activity thus 

ROK mediates Rho-dependent neurite retraction in these cells, however microinjection 

of kinase dead ROK did not induce retraction, thus the kinase activity of ROKa is 

required for this activity.

NGF-induced neurite outgrowth in PC 12 cells was shown to require PI3K 

activity (Kimura et al., 1994; Kobayashi M et al., 1997) and PI3K-induced outgrowth 

was later shown to depend on Rac-induced JNK activation (Kita et al., 1998). Inhibition 

of Rac activity in PC 12 cells inhibited growth cone-mediated neurite outgrowth in 

response to NGF, whilst tension-induced outgrowth was unaffected (Lamoureux et al., 

1997). Thus Rac is involved in tension generation within the growth cone, probably via 

attachment to the substratum but is not involved in the reorganisation of the 

cytoskeleton required for neurite extension.

Inhibition of Cdc42 activity, like Rac inhibition, was also shown to inhibit NGF- 

induced neurite outgrowth in PC 12 cells, whilst membrane targeting of PAK was shown 

to induce neurite outgrowth similar to the effect of NGF treatment (Daniels et al., 1998). 

The kinase activity of PAK was not required to induce neurite outgrowth but the p21 

binding domain, proline-rich and acidic regions were required. Inhibition of endogenous 

PAK activity using a construct containing these three domains resulted in inhibition of 

NGF-induced neurite outgrowth, suggesting a role for PAK in this process. Dominant 

negative Cdc42 or Rac had no effect on PAK-induced neurite outgrowth suggesting that 

PAK may act downstream from the p21s or possibly in a separate pathway (Daniels et 

al., 1998).

Thus Rho p21s and their effectors are involved in the regulation of PC 12 cell 

morphology and it seems likely that proteins which regulate p21 activity such as GAPs 

and GEFs are also likely to be involved in the this process.

1.5.6B3 The role of Rho proteins in neural systems

In the sensory neurons of Drosophila, expression of dominant positive or

negative Rac inhibited axonal but not dendritic outgrowth whilst dominant positive or

negative Cdc42 had a more general effect on neuronal migration, axonal and dendritic

outgrowth (Luo et al., 1994). More data to support the role of Rac activity in axons

rather than dendrites was found in the cerebellar Purkinje cells of transgenic mice

expressing constitutively activate human Racl. There was a severe loss of presynaptic

terminals and dendritic spines were decreased in size but increased in number (Luo et
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al., 1996).

In the C.Elegans hermaphrodite specific neuron (HSN), expression of activated 

Mig-2, a Rho family member mostly related to Cdc42 and Rac, resulted in abnormally 

long axons with disoriented pathfinding ability suggesting that overexpression of Mig-2 

interferes with the ability of these cells to interpret normal guidance cues (Zipkin et al.,

1997).

In primary cultures of cortical neurons, expression of activated Rho, Rac or 

Cdc42 increased dendritic growth whereas expression of dominant negative p21s 

reduced dendrite formation (Threadgill et al., 1997). The effect of Rac in this system 

contrasts with data from Drosophila where both dominant positive and negative Rac 

inhibited axonal but not dendritic outgrowth. In embryonic chick dorsal root ganglion 

(DRG) cells, C3 stimulated axonal outgrowth, similar to data from PC 12 and N1E 115 

cells, whilst Rac-induced growth cone collapse (Jin and Strittmatter, 1997) contrary to 

the neurite outgrowth and lamellipodia formation observed in PC 12 and N1E 115 cells, 

respectively. Collapsin, but not LPA or myelin-induced growth cone collapse was also 

shown to be a Rac-dependent process in chick DRGs (Jin and Strittmatter, 1997).

Thus Rho p21s are involved in regulating neuronal morphology in many cell 

types and systems. The roles of these proteins are established within the neuronal N1E 

115 and PC 12 tissue culture cell lines, whereas in vivo their effects vary considerably 

between systems and may be more complex than their observed effects in vitro.

1.5.6C Rho p21s and their morphological effects in other cell types

In addition to their well characterised roles in actin cytoskeleton reorganisation 

in fibroblasts and neuronal cells the Rho p21s are involved in actin remodelling in 

several other cell types.

In the budding yeast S.Cerevisiae, Rho proteins are involved in budding and 

growth regulation via reorganisation of the actin cytoskeleton (reviewed in Tanaka and 

Takai, 1998). Recent work has focused on the effects of Rho p21s in macrophages, 

where microinjection of dominant positive Rho-induced actin cable assembly and cell 

contraction, Rac-induced lamellipodia and ruffles and Cdc42-induced filopodia (Allen 

et al., 1997), similar to data in fibroblast and neuronal cells. Rac and Cdc42 were also 

required for assembly of focal complexes containing pi integrin, FAK, paxillin, 

vinculin and tyrosine phosphorylated proteins (Allen et al., 1997). The effects of the 

Rho p21s on colony stimulating factor (CSF)-induced migration and chemotaxis, which 

requires extensive actin remodelling were also investigated. Inhibition of Rho or Rac
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activity, inhibited CSF-induced cell migration whilst inhibition of Cdc42 inhibited 

chemotaxis in response to CSF, although cells were still motile (Allen et al., 1998). 

Thus Rho and Rac are essential for macrophage cell motility whilst Cdc42 is essential 

for co-ordinated motion towards a CSF gradient, but is not required for locomotion. 

Type I and II phagocytosis by macrophages differ in their mechanism of uptake but 

both require extensive actin remodelling. It was found that type I phagocytosis, 

mediated by the immunoglobulin receptor was Rac and Cdc42-dependent whilst type II 

phagocytosis, mediated by the complement receptor was Rho-dependent (Caron and 

Hall, 1998). Thus the Rho p21s are essential regulators of actin reorganisation in 

macrophages.

1.5.7 Rho proteins and cell cycle regulation

Microinjection of activated Rho, Rac or Cdc42-induced cell cycle progression 

through G1 and subsequent DNA synthesis in quiescent Swiss 3T3 cells (Olson et al.,

1995). Use of Y40C effector loop mutants demonstrated that Rac and Cdc42-induced 

cell cycle progression was independent of PAK and JNK activation, although these Rac 

and Cdc42 mutants still retained their ability to induce lamellipodia and filopodia 

respectively (Lamarche et al., 1996).

1.5.8 Rho proteins and transformation

Rho, Rac and Cdc42 are involved in Ras-induced transformation (reviewed in 

Zohn et al., 1998). Expression of activated Rac in Rat-1 fibroblasts induced malignant 

transformation (Qui et al., 1995) whilst expression of constitutively activated Rho or 

Rac in NIH 3T3 fibroblasts only weakly induced focus formation but induced tumours 

in nude mice (Khosravi-Far et al., 1995). Inhibition of the ERK pathway or expression 

of dominant negative Rho or Rac inhibited Ras-induced focus formation in NIH 3T3 

cells, however activated Rho and Rac synergised with Raf enhancing focus formation 

(Khosravi-Far et al., 1995; Qui et al., 1995) and also synergised with Ras increasing 

focus formation in NIH 3T3 cells, producing a more transformed cell morphology and 

increasing cell motility (Khosravi-Far et al., 1995). Thus the Rho, Rac and ERK 

pathways are essential for Ras-induced transformation and both Rho and Rac pathways 

synergise with the ERK pathway to induce transformation. Expression of activated 

Cdc42 in Rat-1 fibroblasts induced focus formation in soft agar and tumours in nude 

mice, but did not induce serum independent growth or overcome contact inhibition of 

cells grown under adherent conditions (Qui et al., 1997). Thus Cdc42 caused only
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partial transformation in these cells. In NIH 3T3 cells, activated Cdc42 inhibits growth 

but co-operates with activated Raf to induce focus formation (Whitehead et al., 1998) 

and thus contributes to Ras-dependent transformation.

1.6 The chimaerin family of RacGAPs

The chimaerin family of RacGAPs consist of a l- , a2-, {31- and (32-chimaerin. 

Each a  and p isoform is an alternate splice variant from the a- and p-chimaerin genes 

respectively. The isoforms share a common cysteine rich domain and a C terminal 

RhoGAP domain, whilst their N terminal sequences diverge (figure 1.4). Each protein is 

expressed in a tissue specific manner and is developmentally regulated. The conserved 

RhoGAP domain is found in many other proteins which have varying specificities for 

Rho p21s, as previously described. The RhoGAP and cysteine rich domain combination 

is also found in the Drosophila rotund RacGAP, a testis specific protein whose deletion 

leads to male sterility (Agnel et al., 1992), MgcRacGAP, the human homologue of 

rotund (Toure et al., 1998 ), the RhoGAP PARG1 (Saras et al., 1997) and the 

unconventional myosins; human myosin IXb (Wirth et al., 1996) and rat myr5 (Muller 

et al., 1997).

1.6.1 al-Chimaerin

a  1-Chimaerin was isolated from human brain and retinal cDNA library screens 

(Hall et al., 1990). The cDNA hybridised to a 2.2kb mRNA in human brain and a 2.3kb 

mRNA in rat brain but was not detected in rat kidney, heart, spleen, muscle, adrenal or 

testis tissue. In situ hybridisation showed that al-chimaerin mRNA was expressed at 

highest levels in the pyriform cortex, cortical neurons, hippocampal pyramidal neurons, 

Purkinje neurons of the cerebellum and granule cells of the dentate gyrus (Hall et al., 

1990; Lim et al., 1992). Expression of al-chimaerin mRNA is also developmentally 

regulated, with low levels detected in rat brain from embryonic day 15 until birth, when 

expression increased to a maximum at postnatal day 20, a period which coincides with 

cellular differentiation and synaptogenesis (Lim et al., 1992). Rat al-chimaerin protein 

is approximately 38kDa in size and contains a unique N terminal 35 amino acid 

sequence, not present in a2-chimaerin, which may form an amphipathic helix with 

membrane binding potential (Lim et al., 1992).
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AH CRD GAP a l  chimaerin, 38 kDa

SH2 CRD a2 chimaerin, 45 kDa

CRD GAP pi chimaerin, 30 kDa

SH2 CRD GAP p2 chimaerin, 46 kDa

Figure 1.4: Protein domain structure of the chimaerin RacGAPs
The abbreviations used are; SH2, Src homology 2 domain; CRD, cysteine 

rich/phorbol ester binding domain; GAP, GTPase activating domain; AH, contains 
region predicted to form an amphipathic helix.
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1.6.2 a2-Chimaerin

a2-Chimaerin is a splice variant containing an N terminal SH2 domain which 

was isolated from human retinal and hippocampal cDNA libraries (Hall et al., 1993). 

The cDNA hybridised to a 2.2kb mRNA in rat brain and testis but was not detected in 

rat kidney, spleen, muscle or liver tissue. In situ hybridisation showed that a2-chimaerin 

mRNA was expressed at highest levels in the early pachytene spermatocytes of rat testis 

but was not detected in spermatids, whilst in adult rat brain the highest levels were 

detected in the cortex, pyriform cortex and hippocampus, similar to al-chimaerin. a2- 

Chimaerin mRNA was detected at highest levels in embryonic rat forebrain but there 

was no developmental increase in expression, unlike al-chimaerin.

The a2-chimaerin SH2 domain has 38% identity with the SH2 domains of Src, 

Abl and RasGAP and 30% identity with the N terminal SH2 domain of the p85a 

subunit of PI3K. However unusually, a2-chimaerin has glutamate instead of tryptophan 

as the first residue of its SH2 domain. The human chimaerin gene was mapped to 

chromosome 2q3 l-2q32.1 and analysis of the intron/exon boundaries showed that a l 

and a2-chimaerin are alternate splice products from the same gene. It was also found 

that the position of the chimaerin splice sites was conserved with those of the Bcr and 

PKC genes.

1.6.3 B-Chimaerins

A novel overlay assay was developed to detect Rho family GAPs (Manser et al.,

1992) which led to the isolation of pi-chimaerin from a rat testis cDNA library (Leung 

et al., 1993). The 30kDa RacGAP pi-chimaerin has 68% overall sequence identity with 

al-chimaerin, with 93% and 77% homology in the cysteine rich and GAP domains 

respectively, pi-Chimaerin is only expressed in the testis in spermatids undergoing 

acrosomal transformation, considerably later than a2-chimaerin expression and pi 

expression is developmentally regulated, being detected in rat testis only after 30 days.

Using the GAP overlay assay, another ~46kDa RacGAP was detected in adult 

rat cerebellar extracts which cross reacted with an antibody raised against the C terminal 

of pi-chimaerin (Leung et al., 1994). The P2-chimaerin cDNA was isolated from a 

human cerebellar cDNA library and contained cysteine rich and GAP domains identical 

to pi-chimaerin and an additional N terminal SH2 domain with 82% identity to that of 

a2-chimaerin, thus suggesting that p i- and p2-chimaerin are derived by alternate

splicing from the same gene, similar to a l  - and a2-chimaerin (Leung et al., 1994).
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J32-Chimaerin is expressed mainly in the granule cells of the cerebellum and its 

expression is developmentally regulated with expression increasing postnatally from 

day 20.

In both a2- and P2-chimaerin SH2 domains, the first residue is glutamate 

instead of the usually invariant tryptophan and this unusual feature may define a new 

subclass of SH2 domains. Substitution of tryptophan with glutamate as the first residue 

in the Src SH2 domain significantly reduced binding to its phosphopeptide target 

sequences (Bibbins et al., 1993).

1.6.4 Cysteine rich domain of chimaerin

The CRD of chimaerin has 48% homology to the C lb cysteine rich region of 

PKC (Parker et al., 1986; Hall et al., 1990) which binds diacylglycerol (DAG) and 

phorbol esters in a phospholipid-dependent manner and regulates PKC activity (Ohno et 

al., 1988; Ono et al., 1989). This CX2CX13CX2CX7CX7C cysteine rich sequence is also 

found in DAG kinase and A-Raf-1 and the CX2CX13CX2C part of this sequence may 

potentially form a zinc finger structure (Freedman et al., 1988) in these proteins. The 

cysteine rich domains of a l -  and a2-chimaerin bind similar levels of phorbol ester in 

the presence of lOOpg/ml PS and act as phorbol ester receptors, with similar binding 

affinities to PKC (Ahmed et al., 1990; Ahmed et al., 1991; M. Teo PhD thesis, 1994). 

No phorbol ester binding to the al-chimaerin CRD was observed in the presence of PI, 

PC or PE (Ahmed et al., 1990) or to the a2-chimaerin CRD in the presence of PC or 

arachidonic acid (M. Teo PhD thesis, 1994). However, PA, PI-4-P or PI-4,5-P2 also 

enabled similar levels of phorbol ester binding to the a2-chimaerin CRD as PS, whilst 

PI enabled 2-3 fold higher binding (M. Teo PhD thesis, 1994). Thus although the 

sequence of the a l -  and a2-chimaerin CRD is identical, PI has opposite effects on their 

phorbol ester binding suggesting that perhaps the divergent N terminal regions of these 

proteins are somehow involved in this effect. However these studies used recombinant 

proteins which may differ in their relative activities from native protein. The CRD of 

P2-chimaerin also acts as a high affinity receptor for both phorbol esters and DAG 

(Caloca et al., 1997; Caloca et al., 1999). It was recently shown that upon binding 

phorbol ester or DAG via its CRD domain, p2-chimaerin translocates from the soluble 

to the particulate fraction of cells, which corresponded to translocation from the cytosol 

to a perinuclear region (Caloca et al., 1999). Phospholipid binding to the CRD also 

affects the RacGAP activity of a l  - and a2-chimaerin, as discussed in the next section.
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1.6.5 Re2ulation of a l -  and a2-chimaerin GAP activity

Recombinant al-chimaerin has 200 fold higher GAP activity for Rac than 

Cdc42 (Manser et al., 1992) and deletion of the cysteine rich domain from al-chimaerin 

results in higher RacGAP activity than observed with full length recombinant protein, 

suggesting that the CRD may regulate GAP activity (Ahmed et al., 1993). In fact, a l -  

chimaerin GAP activity is modulated both positively and negatively by phospholipids. 

Phosphatidic acid (PA) and phosphatidylserine (PS) stimulate the RacGAP activity of 

full length al-chimaerin via interaction with its cysteine rich domain and phorbol esters 

can synergise with low concentrations of PS/PA to enhance this GAP activity.

Inhibition of al-chimaerin RacGAP activity by phospholipids LPA, PI, PI-4-P and PI- 

4, 5 -P2 also requires the presence of the CRD whilst arachidonic acid-induced inhibition 

is independent of the CRD. PKC activity is regulated by phospholipids and phorbol 

esters in a CRD-dependent manner (Ono et al., 1988; Ono et al., 1989) and it appears 

that al-chimaerin GAP activity is similarly regulated.

Unlike al-chimaerin, full length a2-chimaerin and the isolated GAP domain 

have similar RacGAP activity which saturates at 0. lpM  protein a level ten fold higher 

than that of full length al-chimaerin (M. Teo PhD thesis, 1994). However, despite this 

a2-chimaerin RacGAP activity is also modulated by phospholipids. PS and PA 

stimulated a2-chimaerin RacGAP activity, similar to al-chimaerin (Ahmed et al.,

1993), however at the same concentration of phospholipid, the degree of stimulation 

observed was much higher with a2- than al-chimaerin (M. Teo PhD thesis, 1994).

Also, over a range of PS or PA concentrations up to lOOfjg/ml, stimulation of a2- 

chimaerin RacGAP activity became saturated at 10|ig/ml and 50(j,g/ml respectively, 

whereas al-chimaerin RacGAP activity was stimulated in a concentration dependent 

manner without reaching saturation (M. Teo PhD thesis, 1994). The PS-induced 

stimulation of a2-chimaerin RacGAP activity was observed with both recombinant and 

rat brain purified protein and similar to al-chimaerin, phorbol esters synergised with 

low levels of PS to further stimulate recombinant a2-chimaerin RacGAP activity (Hall 

et al., 1993; M. Teo PhD thesis, 1994).

a2-Chimaerin RacGAP activity was also stimulated by lOOpg/ml PI, PI-4-P and 

PI-4,5-P2, which in contrast inhibited al-chimaerin RacGAP activity and slightly 

stimulated by 100|ug/ml arachidonic acid which had no effect on al-chimaerin RacGAP 

activity (Ahmed et al., 1993; M. Teo PhD thesis, 1994). Thus although a l -  and a2-
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chimaerin are both stimulated by PS and PA, the extent and kinetics of this activation in 

vitro are very different, whilst phosphoinositide lipids have opposing effects on 

recombinant a l  and a2-chimaerin RacGAP activity. Since these two proteins only 

differ in sequence at their N terminal, it suggests that this region is responsible for their 

observed differences in RacGAP activity in vitro.

1.6.6 a2-Chimaerin target proteins

Two potential targets of a2-chimaerin have previously been identified. A yeast 

two hybrid screen isolated a 13kDa protein as a target of the a2-chimaerin SH2 domain 

which was identified as the B 13 subunit of the inner mitochondrial membrane NADH 

ubiquinone oxidoreductase, the first and largest enzyme of the mitochondrial respiratory 

chain (C.Monfries, Personal Communication).

A screen of rat brain extracts for a2-chimaerin targets identified a ~65kDa 

protein which was partly purified by chromatographic techniques and its enrichment 

monitored during purification by overlay binding assay (M. Teo PhD thesis, 1994). The 

protein was identified on the basis of peptide sequence as TOAD-64, a phosphoprotein 

involved in axonal guidance (Mintum et al., 1995a, b).

TOAD-64 was identified as one of several proteins whose expression was

upregulated during neurogenesis (Minturn et al., 1995a). It is expressed at highest levels

during late embryonic and early postnatal periods in rat brain cortex and expressed at

low levels in the adult (Minturn et al., 1995a, b). This coincides with a2-chimaerin

expression (Hall et al., 1993) and neuronal maturation. TOAD-64 has homology to the

C.Elegans unc-33 protein, mutation of which results in abnormal axonal outgrowth and

guidance (Li et al., 1992). TOAD-64 expression is induced during axon regeneration in

rats and upon NGF-induced differentiation in PC 12 cells suggesting an essential role in

axonal outgrowth or navigation (Minturn et al., 1995b). In primary cultures of rat DRG

neurons, TOAD-64 is expressed throughout the cell body, neurites and growth cones

and is present in filopodial and lamellipodial extensions from the growth cone itself

(Minturn et al., 1995b). Extraction of TOAD-64 from rat cortex homogenates

demonstrated that a proportion of protein was associated with the membrane (Minturn

et al., 1995b) which is supported by its presence in filopodial and lamellipodial

extensions. Since no transmembrane domain is present in the TOAD-64 sequence, this

suggests it tightly associates with a membrane protein. The regulated neuronal

expression of TOAD-64 and its combined cytosolic and membrane associated

distribution within neurons means TOAD-64 is well situated to play an essential role in
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the regulation of neurite outgrowth.

TOAD-64 is one member of a family of proteins with homology to the 

C.Elegans unc-33 protein. Four related proteins have been identified and have been 

called different names in different species; collapsin response mediator proteins 

(CRMPs), unc-33 like phosphoproteins (Ulips) or dihydropyrimidinase (DHPase) 

related proteins (DRPs), due to their homology with DHPases, enzymes which 

hydrolyse pyrimidine rings. Despite their homology to DHPases neither rat nor human 

CRMPs possess DHPase enzymatic activity in vitro (Hamajima et al., 1996; Wang and 

Strittmatter, 1996). However, similar to DHPases, CRMP proteins oligomerise in 

multiple possible combinations to form tetramers (Wang and Strittmatter, 1997), the 

composition of which may regulate substrate specificity. Four CRMP proteins (1-4) 

have been identified in rat which are all differentially expressed in neural tissues (Wang 

and Strittmatter, 1996), CRMP-62 was identified in chick (Goshima et al., 1995), which 

corresponds to chick CRMP2, four Ulips (1-4) have been identified in mouse (Byk et 

al., 1996; Byk et al., 1998) and three DRP proteins (1-3) have been identified in humans 

(Hamajima et al., 1996), which correspond to human CRMP 1, 2 and 4. Of these 

proteins, TOAD-64 is identical to rat CRMP2.

Collapsin is a member of the collapsin/semaphorin family and acts as a repulsive 

guidance cue (reviewed in Muller et al., 1996) which induces growth cone collapse in 

chick DRGs (Luo et al., 1993). Interestingly, chick CRMP2 was identified as a 62 kDa 

protein required for mediating the collapsin response in chick DRGs, as injection of 

anti-CRMP2 antibody inhibited this response (Goshima et al., 1995). A role for Racl in 

collapsin signalling was also recently demonstrated, as trituration of chick DRGs with 

dominant negative Racl also inhibited the collapsin response (Jin and Strittmatter,

1997). This suggests the possibility that rat CRMP2 (TOAD-64), Rac and a2-chimaerin 

may also be involved in a similar pathway. Human CRMP2 is present in neurofibrillary 

tangles which are a characteristic of Alzheimer's disease, suggesting a role for CRMP2 

in the formation of the tangle bearing neuron and disease progression (Yoshida et al.,

1998). TOAD-64 was also identified as part of an antioxidant enzyme complex isolated 

from rat and bovine synaptic plasma membranes (SPMs) and synaptic vesicles, where it 

was found in tight association with aldolase C, neuron specific enolase-y, heat shock 

cognate 70kDa protein (hsc70) and an NADH oxidoreductase homologous to 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Bulliard et al., 1997). This 

suggests a role for TOAD-64 in the cellular response to ROS and stress.
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AIMS

The aims o f my project were as follows:

1. To characterise the distribution of the a l -  and a2-chimaerin isoforms and potential 

a2-chimaerin targets in eukaryotic cells and the morphological effects of these proteins 

in N1E 115 neuroblastoma cells.

2. To examine the role of the a2-chimaerin SH2 domain in determining protein 

distribution and cell morphology using a2-chimaerin proteins mutated at residues 

within the SH2 domain predicted to affect its phosphotyrosine binding ability.

3. To investigate the interaction of a2-chimaerin with previously identified targets in 

eukaryotic cells.

4. Examine the effects of long term a l -  and a2-chimaerin overexpression on N1E 115 

cell morphology and potential protein interactions.

5. Investigate the effects of Rac and the a-chimaerins on activation of the transcription 

factor NFkB in HeLa and N1E 115 cells.
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Materials and Methods

Materials and Methods



2.1 Materials

Standard lab chemicals were from Sigma or BDH. Restriction enzymes were from 

Gibco/BRL or New England Biolabs. Tissue culture plasticware was from Nunc 

(Gibco/BRL) or Greiner. Eukaryotic expression vectors pXJ40-HA, pXJ40-GFP and 

pXJ41-HA were from Ed Manser (EMCB, Singapore). Luciferase coupled NFkB reporter 

vectors were from Jing Ming Dong (EMCB, Singapore). pXJ40HA-B13 and pXJ40GFP- 

B13 were made by Clinton Monfries, who also generated the TOAD-64 sequence by PCR. 

Rat al-chimaerin cDNA sequence was isolated by Hong Hwa Lim. Human a2-chimaerin 

DNA sequence was isolated by Wun Chey Sin. Point mutations in the SH2 domain of a2- 

chimaerin and also the B 13 and TOAD-64 antibodies were made by Giovanna Ferrari. a2- 

Chimaerin antibody was made by Greg Michael. Other reagents and equipment were from 

the sources quoted.

2.2 Microbiological and Nucleic Acid Methods

2.2.1 Bacterial media and reagents

L-Broth (Luria Bertani medium")

10g/l (1% w/v) bacto-tryptone (Difco)

5g/l (0.5% w/v) bacto-yeast extract (Difco)

10g/l (1% w/v) NaCl 

Autoclaved and stored at 4°C.

LB-agar

L-Broth plus 15g/l (1.5% w/v) bacto-agar (Difco). Autoclaved and stored at 4°C. 

Antibiotics

A stock solution of lOOmg/ml ampicillin (Sigma) dissolved in ddH20  was filter sterilised 

(0.2pm filter, ICN) and aliquots were stored at -20°C. A stock solution of 5mg/ml 

tetracycline (Sigma) dissolved in 100% ethanol was aliquotted and stored at -20°C.

LB-amp plates

LB-agar was heated in a microwave until boiling and allowed to cool to 45°C. Filter 

sterilised ampicillin (Sigma) was added to give a final concentration of lOOpg/ml, plates 

were poured and allowed to set at RT.
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2.2.2 Overnight cultures

5ml of LB-amp (lOOpg/ml) was inoculated with a single colony of transformed 

cells (or 50 j l x 1 of -70°C bacterial stock) and incubated with shaking overnight at 37°C.

2.2.3 -70°C bacterial stocks

Equal volumes of overnight culture and 100% glycerol were mixed. The resultant 

bacterial stock was then stored at -70°C where it is viable for a period of years.

2.2.4 Production of competent XLl-Blue E.Coli

8ml LB-tetracycline (50(j,g/ml) was inoculated with 50pl of -70°C XLl-Blue 

(Stratagene) bacterial stock and incubated with shaking overnight at 37°C. The overnight 

culture was diluted 1:100 into 800ml LB-tetracycline (50|ug/ml) and incubated with 

shaking until O D 6oonm was 0.8-1.0. Cells were centrifuged at 3,000rpm for 15 minutes at 

4°C (J6, Beckman), the supernatant removed and cells were resuspended in 400ml of 

lOOmM CaCl2 (pre-chilled to 4°C) on ice. Cells were re-centrifuged at 3,000rpm for 15 

minutes at 4°C, the supernatant removed and cells were finally resuspended in 50ml of 

lOOmM CaCl2 (pre-chilled to 4°C). 1ml of cells was added to 0.5ml of 30% (w/v) 

glycerol and the 1.5ml aliquots were stored at -70°C.

2.2.5 Transformation of competent E.Coli

lpi of plasmid DNA or lOpl of a ligation reaction was added to lOOpl of competent 

E.Coli XLl-Blue cells and incubated on ice for 1 hour. Cells were heatshocked at 42°C for 

45 seconds and immediately returned to ice for 5-10 minutes. 900pl of pre-warmed SOC 

(20g/l (2% w/v) bacto-tryptone, 5g/l (0.5% w/v) bacto-yeast extract, 5g/l NaCl, lOmM 

MgCl2, lOmM M gS04, 2mM glucose) was then added and cells were incubated at 37°C for 

1 hour with shaking.

After incubation, cells were centrifuged at 15,000g for 20 seconds (microcentrifuge 

5415c, Eppendorf) and the supernatant removed. Cells were then resuspended in lOOp.1 of 

warm SOC and plated out on LB-agar plates containing lOOpg/ml ampicillin (see section 

2.2.1) and incubated overnight at 37°C. Plates were then stored at 4°C.

2.2.6 Wizard™ minipreps DNA purification system

Several 5ml overnight cultures were set up for each DNA sample and a -70°C 

bacterial stock made for each. The remaining 4.5ml of culture was centrifuged at
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3,000rpm for 5 minutes at 4°C (J6, Beckman) to pellet the bacteria and the supernatant 

removed. Cell pellets were thoroughly resuspended in 200pl of Cell Resuspension 

solution (50mM Tris/HCl pH7.5, lOmM EDTA, lOOpg/ml RNase A), then lysed in 

200fjl of Cell Lysis solution (200mM NaOH, 1% (w/v) SDS) and mixed by inversion 

until the solutions cleared. 200pl of Neutralisation solution (1.32M potassium acetate 

pH4.8) was then added, samples were mixed by inversion and centrifuged at 15,000g for 

5 minutes (microcentrifuge 5415c, Eppendorf) to pellet cell debris.

lml of Wizard™ Miniprep DNA Purification Resin (Promega) was added to each 

cleared cell lysate and incubated for 2 minutes at RT. Samples were loaded onto 

minicolumns using a 2ml syringe, washed with 2ml Column Wash solution (lOOmM 

NaCl, lOmM Tris/HCl pH7.5, 2.5mM EDTA, 55% (v/v) ethanol) and excess buffer 

removed via centrifugation at 15,000g for 2 minutes. 50pl TE buffer (lOmM Tris/HCl 

pH8.0, ImM EDTA pH8.0) pre-warmed to 70°C was added to each minicolumn and 

incubated for 2 minutes at RT. DNA was then eluted by centrifugation at 15,000g for 20 

seconds. Miniprep DNA was subjected to analytical digests to determine the presence 

and orientation of insert DNA (see section 2.2.1 lc).

2.2.7 Mega plasmid DNA purification system

For each DNA sample, 5ml of LB-amp (100pg/ml) was inoculated with 50pl of 

-70°C bacterial stock and incubated with shaking for 8 hours at 37°C. Cultures were then 

diluted 1:100 into 500 ml LB-amp (lOOpg/ml) and incubated with shaking overnight at 

37°C.

Bacteria were harvested by centrifugation at 3,000rpm for 10 minutes at 4°C (J6, 

Beckman), the supernatants removed and cell pellets thoroughly resuspended in 45ml of 

Resuspension Buffer (50mM Tris/HCl pH8.0, lOmM EDTA, lOOpg/ml RNase A) 

pre-chilled to 4°C. Cells were then lysed in 45ml Lysis Buffer (200mM NaOH, 1% (w/v) 

SDS), mixed briefly and 45ml Neutralisation Buffer (3.0M potassium acetate, pH 5.5) 

immediately added. Samples were then thoroughly mixed and incubated on ice for 30 

minutes to enhance precipitation of cell debris.

Lysates were centrifuged at 30,000g for 30 minutes at 4°C (45Ti rotor in L8-M 

Ultracentrifuge, Beckman) to pellet cell debris. The cleared supernatants were removed 

promptly and re-centrifuged at 30,000g for 15 minutes at 4°C to ensure removal of all 

suspended material. During centrifugation, Qiagen 2500 columns were equilibrated with 

35ml Equilibration Buffer (750mM NaCl, 50mM MOPS pH7.0, 15% (v/v) ethanol,
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0.15% (w/v) Triton X-100) via gravity flow. The cleared cell lysates were then applied 

to the columns. Columns were washed with 200ml Column Wash Buffer (1.0M NaCl, 

50mM MOPS pH7.0, 15% (v/v) ethanol) and the DNA eluted in 35ml Elution Buffer 

(1.25MNaCl, 50mM Tris/HCl pH8.5, 15% (v/v) ethanol).

24.5ml of 100% isopropanol (0.7 volumes) was added to each eluted DNA, 

samples were mixed thoroughly, centrifuged at 25,000g for 30 minutes at 4°C (JA-20 

rotor in J2.21 centrifuge, Beckman) and the supernatants removed. Each DNA pellet 

was then washed with 7ml of 70% (v/v) ethanol, centrifuged at 25,000g for 30 minutes 

at 4°C and the supernatants removed. DNA pellets were then washed for a second time 

in 70% (v/v) ethanol and re-centrifuged at 25,000g for 30 minutes at 4°C. Finally, the 

supernatants were carefully removed and the DNA pellets air dried for 10 minutes to 

remove all traces of ethanol. DNA samples were then resuspended in 800pl of TE buffer 

(lOmM Tris/HCl pH8.0, ImM EDTA pH8.0).

2.2.8 Phenol-chloroform extraction of DNA

DNA samples were extracted with equilibrated phenol 

(Phenol:Chloroform:Isoamyl alcohol (25:24:1) stock solution) to remove protein 

contamination. Each 800fil DNA sample from the Mega Plasmid DNA Purification 

System (Qiagen) was divided into two 400pl aliquots, an equal volume of equilibrated 

phenol was added and samples were vortexed until a white emulsion formed. Aqueous 

and organic phases were separated by centrifugation at 15,000g for 2 minutes at RT 

(microcentrifuge 5415c, Eppendorf). Each upper aqueous phase containing DNA, was 

removed to a fresh eppendorf, taking care to avoid the lower phenol phase and the white 

precipitated protein at the interface. DNA samples were repeatedly extracted with phenol 

until there was no longer any precipitated protein at the interface.

An equal volume of water saturated chloroform was then added to each phenol 

extracted DNA sample to remove any phenol contamination. Samples were vortexed 

until a white emulsion formed and then centrifuged at 15,000g for 2 minutes to separate 

the aqueous and organic phases. Each upper aqueous phase containing DNA, was 

removed to a fresh eppendorf, taking care to avoid the lower chloroform phase.

2.2.9 Ethanol precipitation

The volumes of the cleaned DNA samples from the phenol-chloroform extraction 

were measured. l/10x this volume of 3M sodium acetate (pH 5.2) and 1ml of 100%
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ethanol (pre-chilled to 4°C) was added to each sample. Samples were mixed well and 

incubated at -20°C overnight to precipitate the DNA.

DNA samples were centrifuged at 15,000g for 10 minutes at 4°C 

(microcentrifuge 5415c, Eppendorf) to pellet the precipitated DNA and the supernatants 

were removed carefully. DNA pellets were washed with 70% (v/v) ethanol, dried in a 

Speedvac Concentrator (Savant) and resuspended in 500pil TE buffer (lOmM Tris/HCl 

pH8.0, ImM EDTA pH8.0), giving a final volume of 1ml per Qiagen DNA sample.

2.2.10 DNA quantification

DNA samples were diluted in ddH20 and using a spectrophotometer, the 

absorbance at 260nm and 280nm was measured. DNA concentrations were calculated 

using the fact that a 50p,g/ml solution of DNA has an absorbance value of 1.0 at 260nm. 

The purity of DNA samples was estimated with the A260nm/A280nm ratio, using the fact that 

a pure DNA sample has an A260nni/A280iun ratio of 1.8. Any significant difference from this

1.8 value suggests protein or RNA contamination.

2.2.11 Digestion of plasmid DNA with restriction endonucleases

Digests were carried out using restriction enzymes from Gibco/BRL and their REact 

buffer system. A 2-10 fold excess of enzyme was used in each reaction and the final reaction 

volume was at least 10 times the volume of enzyme used, in order to dilute the glycerol in 

the enzyme storage buffer so that enzyme works efficiently.

(al Small scale plasmid restriction

l-2(ng of appropriate vector DNA (pXJ40-HA, pXJ41-HA or pXJ40-GFP) was 

linearised by digestion with lpl of restriction enzyme (10U) in a final volume of 50pl. DNA 

and the appropriate lOxREact buffer were diluted with ddH20  to give a final concentration 

of lx REact buffer when the enzyme was added. Reactions were incubated at 37°C for 1-2 

hours or overnight. Samples were then subjected to blunt ending reactions (see section 

2.2.15).

(b) Large scale plasmid restriction

100-200pg of plasmid DNA containing the sequence of interest, was digested with 

20pl of restriction enzymes (200U) in a final volume of 200p,l. DNA and the appropriate 

lOxREact buffer were diluted with ddH20  to give a final concentration of lx REact buffer
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when the enzyme was added. Reactions were incubated at 37°C for 1-2 hours or overnight. 

Samples were then subjected to DNA fragment purification (see section 2.2.13).

(c) Analytical digests - to determine the presence and orientation of insert DNA.

5pl of miniprep DNA (see section 2.2.6) was digested with 2pl of restriction 

enzymes (20U) in a final volume of 20 |l i 1. DNA and the appropriate lOxREact buffer were 

diluted with ddH20  to give a final concentration of lx REact buffer when the enzyme was 

added. Reactions were incubated at 37°C for 1-2 hours or overnight. These digests were 

then subjected to agarose gel electrophoresis.

2.2.12 Agarose gel electrophoresis

DNA samples were separated by gel electrophoresis using 0.8-1.2% (w/v) 

agarose gels depending on the size of the DNA analysed. Electrophoresis grade agarose 

(Gibco/BRL) was dissolved in lxTBE (lOOmM Tris, 83mM Boric acid, ImM EDTA) by 

heating in a microwave until boiling. When the agarose had cooled to 40°C it was poured 

into an electrophoresis tray, a comb inserted to form the wells and the gel allowed to set.

1/5 volume of 6x DNA sample buffer (30% (w/v) glycerol, 0.25% (w/v) 

bromophenol blue in lxTBE) was added to each DNA sample prior to loading. 85ng Hind 

III digested X DNA (Gibco/BRL) and 170ng Hae III digested cpX174 DNA (Gibco/BRL) 

in lx DNA sample buffer (5% (w/v) glycerol, 0.042% (w/v) bromophenol blue in lxTBE) 

were run alongside samples as molecular weight markers. Gels were electrophoresed at 

150V for 40 minutes in lxTBE (lOOmM Tris, 83mM Boric acid, ImM EDTA). After 

electrophoresis, gels were stained in ethidium bromide (lpg/ml in lx TBE, from a stock of 

lOmg/ml in ddH20  stored at RT) for 20-30 minutes and DNA fluorescence was visualised 

using a UV transilluminator. Gels were then photographed using a Polaroid camera with a 

yellow lens filter to give a black and white photographic record.

2.2.13 DNA fragment purification from agarose gels

A 1% (w/v) agarose gel was poured, a comb with a small and large slot was inserted 

to form the wells and the gel allowed to set. 50pl of 6x DNA sample buffer (30% (w/v) 

glycerol, 0.25% (w/v) bromophenol blue in lxTBE) was added to the 200pl large scale 

plasmid restriction digest (see section 2.2.1 lb). 150-200pl of the digest was loaded in the 

large well and 15pi in the small marker well. Gels were electrophoresed at 100-120V for 1 

hour in lxTBE (lOOmM Tris, 83mM Boric acid, ImM EDTA). After electrophoresis, the
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marker lane was removed from the side of the gel and stained with ethidium bromide 

(l|iig/ml in lx  TBE, from a stock of lOmg/ml in ddH20  stored at RT) for 20-30 minutes. 

The marker lane was then viewed on a UV transilluminator and the fragment of interest 

carefully and cleanly excised with a razor blade. The strip was then re-aligned with the main 

body of the gel and the corresponding position in the large well was excised. The excised 

agarose containing the DNA fragment of interest was cut into smaller pieces and placed in 

several Micropure 0.22 separators (Amicon). The separators were then centrifuged at 

15,000g for 10 minutes at 4°C (microcentrifuge 5415c, Eppendorf) to elute the DNA. 2x 

500pl of eluted DNA fragment per DNA sample were cleaned up using the Magic™ DNA 

Clean-Up System (Promega).

2.2.14 Magic™ DNA clean-up system

DNA samples (200ng-10|ig) were diluted to 500p.l with TE buffer (lOmM 

Tris/HCl pH8.0, ImM EDTA pH8.0) and incubated with 1ml of Magic™ DNA Clean- 

Up Resin in 6M guanidine thiocyanate (Promega) for 10 minutes at RT. Samples were 

then loaded onto minicolumns using a 2ml syringe, washed with 2ml 80% (v/v) 

isopropanol and centrifuged at 15,000g for 2 minutes at RT to dry the resin. 50pl of TE 

buffer (pH8.0) pre-warmed to 80°C was added to each minicolumn and incubated for 1 

minute at RT. Finally, minicolumns were centrifuged at 15,000g for 2 minutes at RT to 

elute the DNA.

2.2.15 Blunt ending of DNA

lOOpl of cleaned DNA fragments (see section 2.2.13) and 50pl of linearised vector 

DNA (see section 2.2.11a) were blunted using the Klenow fragment of E.Coli DNA 

polymerase I (USB) to fill in the 5' overhangs resulting from digestion.

l-2|ug of DNA was blunted with ljxl of Klenow (2U) and lOp.1 of 0.5mM dNTP’s 

(Chase) in a final volume of 200 j l i 1. DNA and lOxREact buffer 2 (0.5M Tris/HCl pH8.0, 

0.5M NaCl, 0 .1M MgCl2) were diluted with ddH20  to give a final concentration of lx 

REact buffer when the enzyme was added. Reactions were incubated at 37°C for 20 

minutes. Blunted DNA samples were then cleaned using the Magic™ DNA Clean-Up 

System (Promega) (see section 2.2.14) and eluted in a final volume of 50p,l TE buffer 

(pH8.0).
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2.2.16 Analysis of DNA purification

To check the size and purity of the blunted DNA samples, 5 pi of each cleaned, 

blunted DNA sample was diluted with 5 pi ddH20  and 1/5 volume of 6x DNA sample 

buffer (30% (w/v) glycerol, 0.25% (w/v) bromophenol blue in lxTBE). 12pl of each 

large scale plasmid restriction digest (see section 2.2.1 lb) (already containing 1/5 

volume of 6x DNA sample buffer) was run alongside the corresponding purified 

fragment sample and molecular weight markers on a 0.8-1.0% (w/v) agarose gel (see 

section 2.2.12).

2.2.17 Radioactive labelling of DNA

TRandom primed DNA labelling kit’. Boehringer Mannheim)

5 pi of TE buffer (lOmM Tris/HCl pH8.0, ImM EDTA pH8.0) was added to 5pl 

of cleaned, blunted fragment DNA (~100ng), the DNA was denatured by heating at 

100°C for 3 minutes and then cooled on ice. 5 pi of reaction mix containing dATP, 

dGTP, dTTP (1:1:1) and random hexanucleotides (Boehringer Mannheim), lpl Klenow 

(2U/pl, Boehringer Mannheim) and 5pl (50pCi) a -32P dCTP (3000Ci/mmol, Amersham) 

were added and samples incubated for 1 hour at RT. Samples were then diluted with TE 

buffer (pH8.0) to give a final volume of lOOpl. 1ml Sephadex G-50 (medium) columns 

were equilibrated twice with lOOpl TE buffer (pH8.0) and the labelling mixes then 

applied. The columns were centrifuged at 2,000rpm for 5 minutes at 4°C (Mistral 4L, 

MSE) to elute the labelled DNA. Labelled DNA probes were denatured by heating at 

100°C for 5 minutes prior to use in hybridisation reactions (see section 2.2.20) or stored 

at -20°C.

2.2.18 Blunt ended T4 DNA ligation

2pl of cleaned, blunted vector DNA (~20ng) was mixed with 5pl of cleaned, blunted 

fragment DNA (~100ng) (from section 2.2.15). 2pl of 10X ligation buffer (660mM Tris/HCl 

pH7.6, 66mM MgCl2), 2pl of lOmM ATP (Pharmacia), 2pl of 50mM DTT, lpl of T4 DNA 

ligase (Amersham, 2.5U/pl) and ddH20  were added to give a final volume of 20pl. Ligation 

reactions were then incubated at 23°C for 4-5 hours.

lOpl of a ligation reaction was then used to transform lOOpl of competent E.Coli 

XLl-Blue cells (see section 2.2.5) and the resultant bacterial plates were subjected to replica 

plating.
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2.2.19 Replica plating

Nylon filters (Hybond N, Amersham) were used to lift bacterial colonies from agar 

plates to form replicas. Filters were carefully positioned on the ‘master’ agar plates and the 

orientations marked. Filters were then removed and placed colony side up on a fresh LB- 

amp plate (see section 2.2.1). Master plates were incubated at 37°C for 2-4 hours and 

replica plates for 1-2 hours, to allow the colonies to grow back.

After 1-2 hours incubation, filters were removed from the replica plates and 

placed colony side up on filter paper (grade 3, Whatman) soaked in 10% (w/v) SDS for 

3 minutes to lyse the cells. Filters were then transferred to filter paper (grade 3, 

Whatman) soaked in denaturing solution (1.5M NaCl, 0.5M NaOH) for 5 minutes, 

neutralising solution (1.5M NaCl, 1M Tris/HCl pH7.4) for 5 minutes and 2x SSC 

(300mM NaCl, 30mM Na citrate) for 5 minutes. Filters were then air dried for 5 

minutes, wrapped in Saran wrap (Dow) and irradiated for 5 minutes on a UV 

transilluminator. Irradiated filters were washed in (2x SSC, 0.1% (w/v) SDS), wiped 

firmly with wet tissue to remove bacterial debris and rinsed in 0.3x SSC (45mM NaCl, 

4.5mM Na citrate). Filters were then subjected to hybridisation reactions.

2.2.20 Filter hybridisation

Filters were placed in hybridisation tubes, washed with 6x SSC (900mM NaCl, 

90mM Na citrate) and incubated in lOmls of prehybridisation buffer (6x SSC, 5x 

Denhardts, 0.01M EDTA, 0.5% (w/v) SDS, 100|ug/ml denatured salmon sperm DNA) 

for 1-2 hours at 60°C. Filters were then incubated in lOmls of hybridisation buffer (6x 

SSC, 5x Denhardts, 0.01M EDTA, 0.5% (w/v) SDS, 100pg/ml denatured salmon sperm 

DNA, 10|_ig/ml poly A) containing the appropriate radioactively labelled DNA probe (see 

section 2.2.17) and hybridised overnight at 60°C.

After hybridisation filters were washed in (2x SSC, 0.1% (w/v) SDS) at 60°C for 30 

minutes and then (O.lx SSC, 0.1% (w/v) SDS) at 50-55°C for 30 minutes. Filters were then 

carefully wrapped in Saran wrap (Dow), placed in a film cassette and exposed to X-Omat 

AR film (Kodak) at -70°C for 1-24 hours.

The orientations of the replica filters were marked on the autoradiograph, which was 

then lined up with the corresponding master plate. Colonies on the master plates which co

localised with a positive signal on the film were marked. Selected colonies were grown as 

overnight cultures and the DNA harvested (see section 2.2.6). The miniprep DNA samples 

were then subjected to restriction analysis to determine the presence and orientation of the
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insert (see section 2.2.11c). DNA samples found to contain the insert in the correct 

orientation were then used in re-transformation reactions to obtain pure bacterial clones.

2.2.21 Re-transformation of competent E.Coli

1 pi of miniprep DNA containing the insert in the correct orientation, was added to 

lOOpl of competent E.Coli XLl-Blue cells and incubated on ice for 1 hour. Cells were 

heatshocked at 42°C for 45 seconds, returned to ice for 5 minutes and then incubated at RT 

for 5 minutes. Cells were plated out on LB-amp plates (see section 2.2.1) and incubated 

overnight at 37°C. Plates were then stored at 4°C.

Several clonal colonies were selected for overnight culture, the DNA purified (see 

section 2.2.6) and then subjected to restriction analysis to confirm the presence and 

orientation of the insert (see section 2.2.11c). Clones found to contain the insert in the 

correct orientation were then used in the TNT in vitro Transcription-Translation Assay 

(Promega).

2.2.22 In  vitro transcription-translation assay

The TNT in vitro Transcription-Translation Assay (Promega) was used to examine 

whether DNA constructs directed expression of full length protein products. Miniprep DNA 

from re-transformation clones found to contain the insert in the correct orientation was 

phenol-chloroform extracted and ethanol precipitated (see sections 2.2.8 and 2.2.9) before 

it was used in this assay.

0.5 fig of phenol-chloroform extracted DNA, 12.5fil Rabbit Reticulocyte lysate, lpl 

TNT Reaction Buffer, 0.5pl T7 RNA polymerase, 0.5pl Amino acid mix minus methionine 

(ImM), 0.5pl RNasin ribonuclease inhibitor (40U/pl) and 2pl 35S-methionine (lOOOCi/mmol 

at lOmCi/ml, Amersham) were diluted with ddH20  to give a final reaction volume of 25pl. 

Samples were then incubated at 30°C for 1.5 hours. A sample containing 0.5pg luciferase 

DNA was included as a positive control and one containing no DNA was included as a 

negative control, to see the background level of the reaction.

5pi of each reaction was diluted with an equal volume of 2x SDS sample buffer 

(125mM Tris/HCl pH6.8, 40% (w/v) glycerol, 4% (w/v) SDS, 1% (v/v) (3-mercaptoethanol,

0.1% (w/v) bromophenol blue). Protein samples were denatured by heating at 100°C for 5 

minutes, prior to loading on 10-12% SDS-PAGE gels (see section 2.6.7). After 

electrophoresis, gels were fixed in fresh destain (40% (v/v) methanol, 10% (v/v) glacial 

acetic acid, 50% (v/v) H20 ) for 30 minutes with shaking at RT and then incubated in
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Amplify scintillant (Amersham) for 30 minutes with shaking at RT. Gels were dried down, 

placed in a film cassette and exposed to X-Omat AR film (Kodak) at -70°C for 0.5-4 hours.

The clones which produced the strongest expression of full length protein for each 

DNA sample were selected and large scale plasmid DNA preparations were made (see 

section 2.2.7).

2,3 Cloning of DNA constructs

2.3.1 Eukaryotic expression vector details

pXJ40-HA, pXJ40-GFP and pXJ41-HA are epitope tagged eukaryotic expression 

vectors, which were obtained from Ed Manser (IMCB, Singapore). pXJ40-HA and pXJ40- 

GFP enable transient transfection of mammalian cells whilst pXJ41-HA enables permanent 

transfection of mammalian cells.

pXJ40-HA and pXJ41-HA differ in 2 ways - firstly in the sequence of their multiple 

cloning sites and secondly, pXJ41-HA contains the neomycin resistance gene which is absent 

from pXJ40-HA (compare figures 2. la  and 2.3). pXJ40-HA and pXJ40-GFP differ in only 

one way, and that is in the sequence of their epitope tags which are positioned N terminal 

to the multiple cloning site (compare figures 2.1a and 2.2a). Vector pXJ40-HA contains a 

small 10 amino acid HA tag which is derived from the haemagglutinin protein of the human 

influenza virus (see figure 2.1b), whilst pXJ40-GFP contains the 28kDa ‘Green Fluorescent 

Protein’ (GFP) (see figures 2.2b and 2.2c). Despite these differences, the main structural 

elements of these 3 vectors are identical as they are all derived from the eukaryotic 

expression vector pXJ40 (Xiao et al., 1991) which contains the strong hCMV enhancer- 

promoter unit.

The enhancer sequence of hCMV used in the pXJ40 vector is located upstream from 

the major immediate early gene of hCMV and was identified as a very strong transcriptional 

enhancer with little species or tissue specificity (Boshart et al., 1985). The effect of this 

hCMV enhancer in combination with its homologous promoter on gene expression was 

tested (Foecking and Hofstetter, 1986). Gene expression from the hCMV enhancer- 

promoter unit was found to be 3-18 fold higher than from the enhancer and early promoter 

of SV40 and 7-150 fold higher than from the long terminal repeat of Rous sarcoma virus 

(RSV) enhancer-promoter unit, depending upon the cell type tested. Thus the hCMV 

enhancer-promoter unit is ideal for use in a eukaryotic expression vector where very strong 

expression of an inserted gene sequence is required.
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Pvu ll/Xba I 1

HCMV promoter
,Sst I 516

Pst l/Stu I 608

Rabbit B globin intron II

promoter

SV40 1 2 9 6
EcoRI
» H A  t a g «
BamHI
Hindlll
Xhol
Notl
Smal
Pstl
S s t l
Kpnl
Bglll
1 3 5 2

Figure 2.1a: Structure of the pXJ40-HA vector

pXJ40-HA MCS

EcoRI
I------------ 1  HA tag.....................................

T7 »  GAA TTC ACC ATG TAC CCA TAC GAC GTG CCA GAC TAC GCA 
Kozak M Y P Y  D V  P D Y  A

BamHI Hind3 Xho1 Not1 Pstl Sac1
I I I I I I I I I I I I I
GGA TCC AAG CTT CTC GAG GCG GCC GCC CGG GCT GCA GGA GCT CGG 

G S K L L E  A A  A R  A A G A R
I______ I

Sma1

Kpn1 Bgl2 
 1 I  --- 1
TACCAGATC TT 

Y Q I L

Figure 2.1b: DNA sequence of the multiple cloning site of the pXJ40-HA vector
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Pvu ll/Xba I 1

HCMV promoter
,Sst I 516

Pst l/Stu I 608

Rabbit B globin intron II
p X J 4 0 - G  F P

4281 bp

T7 prom oter

SV40 1 2 9 6
EcoRI
» G F P  tag in s e r t«
BamHI
Hindlll
Xhol
Notl
Smal
Pstl
Sstl
Kpnl
Bglll
1 35 2

Figure 2.2a: Structure of the pXJ40-GFP vector

PXJ40-GFP MCS

EcoRI

I IT7 »  GAA TTC ACC ATG ............................... GFP tag .
Kozak M

BamHI Hind3 Xhol Not1 Pstl Sac1
I I I I I---------- 1 I------------ 1 I---------1 I---------- 1 I—
GGA TCC AAG CTT CTC GAG GCG GCC GCC CGG GCT GCA GGA GCT CGG 

G S K L L E  A A  A R  A A G A  R
I______ I

Sma1

Kpn1 Bgl2 
 1 I  --- 1
TACCAGATC TT 

Y Q I L

Figure 2.2b: DNA sequence of the multiple cloning site of the pXJ40-GFP vector

Figure 2.2 93



Figure 2.2c: DNA sequence of the green fluorescent protein (GFP) epitope

Ec oR I

ATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCAC 

m s k g e e l  f t g v v p i  I v e l d g d v n g h  

AAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCATGGCCAA

100

- ♦  200
k f s v s g e g e g d a t y g k l  t  t k f  i c t t g k  I p  v p w p t M 

TATGGTGTTCAATGCTTTTCAAGATACCCAGArCATATGAAACAGCArGACTTTTTCAAGAGTGCCATGCCCGAAGGTTACACTTGTCACTACTTTC TCT
300

t v t  t f S/ T y g v q c  f s r y p d h m k q h d f  f k s a m p e g  yw
I I

TGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTA
-♦ 400

v q e r r i f f k d d g n y k t r a e v k f e g d t l v n r i e l

AAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACTCACACAATGTATACATCATGGCAGACAAACAAAAGA
500

k g  i d f k e d g n i  I g h k l e y n y n s h n v y i m a d k q k n , 5# 

ATGGAATCAAAGTTAACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCC
-♦ 600

g i k v n f k i r h n i e d g s v q l a d h y q q n t p i g d g p , K

TGTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACA
-♦ 700

v I I p d n h y l s t q s a l s k d p n e k r d h m v l  l e f v t 223

BamHI
GCTGCTGGGATTACACATGGCATGGATGAACTATACAAAT

740
a a g i t h g m d e l y k .
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Pvu ll/Xba I 1 
HCMV promoter

„Sst I 516 
.Pst l/Stu

Rabbit B globin intron II

promoter

SV40

1 2 9 6
EcoRI
» H A  t a g «  
BamHI 
Sm al * 
HindllJ * 
Xhol 
Kpnl 
Bglll 
1 3 4 0

Neomycin resistance gene

Figure 2.3; Structure of the pXJ41-HA vector
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The pXJ40 eukaryotic expression vector was generated by Xiao et al., (1991) (Xiao 

et al., 1991) and is composed of fragments from plasmids pSG5 and pCMVcat. The pSG5 

vector was constructed by Green et al., (1988) (Green et al., 1988) and combines the 

eukaryotic expression vector pKCR2 and the high copy plasmid vector Bluescribe Ml 3+ 

(Stratagene). This pSG5 vector is now commercially available from Stratagene and contains 

the early S V40 promoter sequence, the rabbit P-globin gene intron II, the T7 promoter, the 

SV40 polyadenylation sequences and the Bluescribe M l3+ (BSM13+) sequence, which 

includes the ampicillin resistance gene and a bacterial origin of replication. The small PvuII 

(3984)-StuI (350) fragment of plasmid pSG5 which contains the SV40 early promoter 

sequence was removed and replaced with the Xbal-PstI fragment of plasmid pCMVcat 

(Foecking and Hofstetter, 1986) which contains the much stronger immediate early hCMV 

enhancer-promoter unit. The pSG5 derived MCS was replaced with a new polylinker 5’ 

EcoRI-BamHI-HindIII-XhoI-NotI-SmaI-PstI-SstI-KpnI-BglII-3, (Xiao et al., 1991) to 

generate the vector pXJ40.

To generate the vectors pXJ40-HA and pXJ40-GFP, a 10 amino acid HA tag 

which is derived from the haemagglutinin protein of the human influenza virus (see figure 

2.1b), or the 28kDa green fluorescent protein (GFP) (see figures 2.2b and 2.2c), was 

then inserted between the EcoRI and BamHI sites of the MCS (E. Manser). These 

pXJ40-HA and pXJ40-GFP vectors differ in only one way, and that is in the sequence of 

their N terminal epitope tags (compare figures 2.1a and 2.2a).

Vector pXJ41-HA was generated via addition of a neomycin resistance gene to 

vector pXJ40-HA, which also altered the sequence of the MCS in pXJ41-HA. Thus, 

pXJ40-HA and pXJ41-HA differ in 2 ways - firstly in the sequence of their multiple 

cloning sites and secondly, pXJ41-HA contains the neomycin resistance gene (which 

enables permanent transfection of eukaryotic cells) which is absent from pXJ40-HA 

(compare figures 2.1a and 2.3).

However despite their differences, these 3 vectors contain the following common 

structural elements (see figures 2.1a, 2.2a and 2.3):

1. The hCMV enhancer-promoter unit, which drives very strong expression of the 

inserted gene sequence

2. The rabbit P-globin intron II which facilitates splicing of the expressed transcript

3. The T7 bacteriophage promoter which enables in vitro transcription of cloned inserts

4. A multiple cloning site (MCS) which enables easy insertion of gene sequences

5. The SV40 polyadenylation sequence which greatly increases the level of protein
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expression by stabilising protein synthesis

6. BSM13+ sequence which includes a bacterial origin of replication and the ampicillin 

resistance gene

7. The N terminal HA or GFP tag which enables easy detection of expressed proteins 

with commercially available HA and GFP antibodies

2.3.2 Generation of pXJ40-GFP vector

The pXJ40-GFP vector was generated by E. Manser (IMCB, Singapore) from the 

pXJ40-HA vector. Briefly, the green fluorescent protein (GFP) was isolated from the 

jellyfish Aequorea Victoria and sequenced (Prasher et al., 1992, ‘gfpl O’ sequence (l-966bp), 

Genbank Accession number M62653). This wild type sequence was obtained by PCR and 

mutated to create an S65T mutant, which is approximately 6 fold brighter than wild type 

GFP (Heim et al., 1995). Artificial EcoRI and BamHI sites were engineered at the 5’ and 

3’ ends respectively of the GFP sequence (22-740bp) (see figure 2.2c).

The HA tag was excised from vector pXJ40-HA as an EcoRI/BamHI fragment and 

replaced with an EcoRI/BamHI fragment containing full length S65T mutated GFP (22- 

740bp) thus generating the vector pXJ40-GFP. (Both EcoRI and BamHI sites are 

regenerated).

2.3.3 Cloning of al-chimaerin into eukaryotic expression vectors

Rat al-chimaerin cDNA (1-2321 nucleotides) was isolated from a A,gtlO cDNA 

library of rat brain free poly-ribosomal mRNA by H. H. Lim (Lim et al., 1992).

A 1. lkb Fok I/Bal I fragment containing the full length coding sequence for rat 

al-chimaerin (417-1534bp) was purified from pBS-rlam631 and blunted with the 

Klenow fragment of DNA polymerase I (see appendix 1 for DNA sequence). This 

blunted Fok I/Bal I fragment was cloned into the Klenow blunted Nco I site of the 8.5kb 

pAS2 vector (Clontech), a ‘GAL4 DNA binding domain fusion cloning and expression 

vector’, to give p AS2-rlam631. Cloning of this fragment regenerates the Fok I site.

An Nde I/Pst I fragment containing the full length coding sequence for rat a l -  

chimaerin (417-1534bp) was purified from pAS2-rlam631 and blunted with T4 DNA 

polymerase. This blunted fragment contained 37 nucleotides of the yeast vector sequence 

including the restriction sites Sma I, BamHI and Sal I located at the 3’ end of the a l -  

chimaerin sequence. This blunted Nde I/Pst I fragment was then cloned into the Klenow 

blunted BamHI sites of the eukaryotic expression vectors pXJ40-HA, pXJ41-HA and
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pXJ40-GFP.

2.3.4 Cloning of q2-chimaerin into eukaryotic expression vectors

921.2 is the full length human sequence of a2-chimaerin (l-2032bp) isolated by 

W-C. Sin (composed of 5’RACE fragments plus clone 121) (Hall et al., 1993).

Artificial EcoRI and Xho I sites were engineered at the 5’ and 3’ ends of this a2- 

chimaerin sequence, respectively. The 2.0kb EcoRI/Xho I fragment containing the full 

length coding sequence for human a2-chimaerin (l-2032bp) was purified from pBS-

921.2 and blunted with the Klenow fragment of DNA polymerase I (see appendix 2 for 

DNA sequence). The blunted a2-chimaerin fragment (l-2032bp) was then cloned into 

the Klenow blunted BamHI site of the pXJ40-HA, pXJ40-GFP and pXJ41-HA vectors. 

Cloning of the fragment regenerates the Xho I site.

pBS-921.2 was mutated by G. Ferrari to produce four site directed point 

mutations in the a2-chimaerin SH2 domain -  E49W, R56L, R73L and N94H. The 2.0kb 

EcoRI/Xho I fragments containing the full length coding sequences for the four a2- 

chimaerin SH2 domain mutants (l-2032bp) were also purified and blunted with the 

Klenow fragment of DNA polymerase I. Blunted a2-chimaerin SH2 domain mutant 

fragments (l-2032bp) were then cloned into the Klenow blunted BamHI site of the 

pXJ40-HA and pXJ40-GFP vectors. Cloning of the fragments regenerates the Xho I site.

2.3.5 Cloning of TOAD-64 into eukaryotic expression vectors

Rat TOAD-64 (Turned On After Division) was isolated from a rat brain library 

screen and sequenced (Minturn et al., 1995b, full length sequence (l-2947bp), Genbank 

Accession number Z46882).

Full length rat TOAD-64 coding sequence (178-1896bp) was obtained by PCR by 

C. Monfries. Artificial BamHI and EcoRI sites were engineered at the 5’ and 3’ ends of this 

TOAD-64 sequence, respectively (see appendix 3 for DNA sequence). The 1.7kb 

BamHI/EcoRI PCR fragment containing the full length coding sequence for rat TOAD-64 

(178-1896bp) was purified and ligated into the BamHI/EcoRI digested pBSII SK(+) vector 

(Stratagene). Cloning of the fragment regenerates both the BamHI and EcoRI sites.

A 1.7kb Spe I/Kpn I fragment containing the full length coding sequence for rat 

TOAD-64 (178-1896bp) was purified from pBS-TOAD-64 and blunted with T4 DNA 

polymerase. This blunted fragment contained 48 nucleotides of the Bluescript vector 

sequence including 11 restriction sites - EcoRV, Hind III, Cla I, Bspl06 I, Sal I, Acc I, Hinc
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II, Xho I, Apa I, Dra II and Eco0109 I, located at the 3’ end of the TOAD-64 sequence. 

The blunted pBS-TOAD-64 fragment was then cloned into the Sma I site of the pXJ40-HA 

and pXJ40-GFP vectors. Cloning of the fragment regenerates the Sma I site at the 3 ’ end 

of the TOAD-64 sequence.

2.4 Cell culture

2.4.1 Frozen cell stocks

A confluent plate of cells was harvested as described (see section 2.4.3). N1E 

115, COS7 and permanently transfected N1E 115 cell pellets were resuspended in 3mls 

of a filter sterilised (0.2p,m filter, ICN) solution of 90% FCS, 10% DMSO. HeLa cell 

pellets were resuspended in 3mls of a filter sterilised (0.2|j.m filter, ICN) solution of 90% 

complete media, 10% DMSO. 1.5ml aliquots of cells were placed in cryo tubes (Nunc), 

cooled slowly in a polystyrene box at -20°C for several hours and then transferred to 

-70°C overnight. Cell stocks were finally transferred to a Dewar containing liquid 

nitrogen, for long term storage.

2.4.2 Culture from frozen cell stocks

Cell stocks were removed from liquid nitrogen and thawed quickly (2-3 minutes) at 

37°C. Each cryo tube of cells was added to lOmls of fresh media to dilute the DMSO. Cells 

were centrifuged at 900rpm for 7 minutes at RT in a benchtop centrifuge (GP centrifuge, 

Beckman), resuspended in lOmls of fresh media and seeded into 3x 90mm plates.

2.4.3 Cell culture maintenance

N1E 115 and COS7 cells were cultured in DMEM (4500mg/l D-glucose, 

Gibco/BRL) supplemented with 10% foetal calf serum (FCS, Gibco/BRL) and 1% 

antibiotic/antimycotic solution (containing penicillin, streptomycin and amphotericin B, 

Gibco/BRL). HeLa cells (ATCC CCL-2) were cultured in Eagle’s minimum essential 

medium (Eagle’s MEM, Sigma) containing Earle’s salts, non essential amino acids and 

sodium bicarbonate, supplemented with 10% FCS, 1% antibiotic/antimycotic solution and 

2mM L-glutamine (Gibco/BRL). Permanently transfected N1E 115 cell lines were cultured 

in DMEM (4500mg/l D-glucose, Gibco/BRL) supplemented with 10% foetal calf serum, 1% 

antibiotic/antimycotic solution and 800(ig/ml G418 (Gibco/BRL). All cell lines were 

incubated at 37°C with 5%CC>2.
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Media was removed from N1E 115 cells via aspiration and lOmls of media was 

added to each 90mm plate of cells. N1E 115 cells were removed from the surface of the 

plates by the action of pipetting the media and collected in a 50ml falcon tube. For COS7, 

HeLa and permanently transfected N1E 115 cells, trypsinisation is required to detach the 

cells from the surface of the plates. Media was removed via aspiration and each 90mm plate 

of cells was washed with PBS. The PBS was removed via aspiration, 0.75ml of pre-warmed 

lOx Trypsin (Gibco/BRL) was added to each plate and incubated for several minutes at 

room temperature until the cells detached. lOmls of media containing 10% FCS was then 

added to each plate to inactivate the trypsin and cells were collected in a 50ml falcon tube.

Once collected in a 50ml falcon tube, cells were centrifuged at 900rpm for 7 minutes 

at RT in a benchtop centrifuge (GP centrifuge, Beckman), media aspirated and the cells 

resuspended in lOmls of fresh media. Cells were seeded into 90mm plates at a 1/10-1/40 

dilution, twice a week or counted using a haemocytometer and plated at the desired density.

2.4.4 Treatment of slides and coverslips

Glass coverslips (22mm diameter circular coverslips, BDH) were washed in 40% 

HC1, 60% ethanol for 20 minutes at RT, rinsed thoroughly in clean water (~2 litres per 

100 coverslips), blotted dry on filter paper (3MM, Whatman) and oven baked at 121°C 

overnight, before use.

Single well glass chamber slides (45mm x 20mm, Nunc) or cleaned glass 

coverslips in individual 35mm plates, were incubated in 5pg/ml poly-L-lysine (Sigma) for 

5 minutes, washed twice with ddH20  and stored at 4°C in ddH20  until required.

2.4.5 Treatment of permanently transfected N1E 115 cells for immunocvtochemical 

analysis

Permanently transfected N1E 115 cell lines were plated out on poly-L-lysine coated 

circular coverslips (in 35mm plates) (see section 2.4.4), at 2xl05 cells per plate in complete 

G418 media and incubated for 4-5 hours at 37°C, 5% C 02 until the cells had adhered to the 

coverslips. At this point, cells were either serum starved to induce differentiation or 

incubated in complete media overnight.

For serum starvation, media was aspirated and cells were incubated in DMEM 

containing 800pg/ml G418 and 1% antibiotic/antimycotic at 37°C, 5% C 02 overnight. The 

next day, coverslips were subjected to immunocytochemistry (see section 2.6.10).
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2.5 Mammalian cell transfection

Large scale plasmid DNA preparations (see section 2.2.7) of HA and GFP tagged 

DNA constructs were phenol-chloroform extracted and ethanol precipitated (see sections

2.2.8 and 2.2.9) to remove contaminants. These cleaned DNA samples were then used in 

transfection experiments.

2.5.1 Transient transfection of COS7 cells

Two confluent 90mm plates of COS7 cells were split into lOx 90mm plates and 

incubated in complete media for 24 hours at 37°C, 5% CO2 until -70% confluent.

The next day, media was aspirated and cells were starved in 5.5ml of serum free 

DMEM (Gibco/BRL) for 1 hour at 37°C. During this incubation period, 5pg of phenol- 

chloroform extracted HA or GFP tagged DNA (Qiagen) or a total of lOpg of DNA for 

cotransfection experiments (5pg of each DNA construct) and 16pl or 32pl of lipofectamine 

(Gibco/BRL) respectively, were mixed in 1,3ml of serum free DMEM and incubated for 45 

minutes at RT. Transfection solutions were then added to the cells and incubated at 37°C, 

5% C 0 2for 5 hours. After 5 hours, 1% FCS and 1% antibiotic/antimycotic was added to 

each plate and cells were then incubated overnight. Cells were harvested at 24 hours for 

Western analysis (see section 2.6.1) or immunoprecipitation (see section 2.6.2).

2.5.2 Transient transfection of N1E 115 cells

(a) For immunoprecipitation analysis

N1E 115 cells were plated out in complete media at l-2xl06 cells per 90mm plate 

and incubated for 24 hours at 37°C, 5% C 02. Cells were transfected using the same method 

as for COS7 cells (see section 2.5.1) and harvested at 24 hours for immunoprecipitation 

analysis (see section 2.6.2).

(b) For the NFkB reporter assay

N1E 115 cells were plated out in complete media at 2xl05 cells per 35mm plate, in 

triplicate for each DNA sample and incubated for 24 hours at 37°C, 5% C 02.

The next day, each 35mm plate of cells was transfected with a total of 1.5p.g of 

DNA - 0.5pg pgal reporter vector, 0.5pg of NFkB reporter vector and 0.5 jig of HA tagged 

DNA or a total of 4.0pg of DNA -  l.Opg pgal reporter vector, 1.5pg of NFkB reporter 

vector and 1.5pg of HA tagged DNA. Firstly the complete media was aspirated and cells 

were starved in 1ml of serum free DMEM (Gibco/BRL) for 1 hour at 37°C. During this
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incubation period 3x stock transfection solutions containing 4.5pg of phenol-chloroform 

extracted DNA (Qiagen) and 12pl lipofectamine (Gibco/BRL) or 12pg of phenol- 

chloroform extracted DNA (Qiagen) and 40pl lipofectamine (Gibco/BRL) were mixed in 

650pl of serum free DMEM and incubated for 45 minutes at RT. Transfection solutions 

were then added to each triplicate plate and incubated at 37°C, 5% C 02for 5 hours. After 

5 hours, 1ml of DMEM containing 10% FCS and 1% antibiotic/antimycotic was added to 

each plate and cells were then incubated overnight. Cells were harvested at 24 hours and 

assayed for NFkB reporter activity (see section 2.7.1).

(c) For immunocvtochemical analysis

N1E 115 cells were plated out on poly-L-lysine coated chamber slides or circular 

coverslips (in 35mm plates) (see section 2.4.4), at lxlO5 cells per slide (or 35mm plate) in 

complete media and incubated for 4-5 hours at 37°C, 5% C 02. Once the cells had adhered 

to the slides (or coverslips), media was aspirated and cells were incubated overnight in 

DMEM + 1% antibiotic/antimycotic at 37°C, 5% C 02. This serum starvation causes N1E 

115 cells to differentiate.

The next day, media was aspirated and cells were starved in 1ml of serum free 

DMEM (Gibco/BRL) for 1 hour at 37°C. During this incubation period, lpg of phenol- 

chloroform extracted HA or GFP tagged DNA (Qiagen) and 6 pi lipofectamine (Gibco/BRL) 

were mixed in 200pl of serum free DMEM and incubated for 45 minutes at RT. 

Transfection solutions were then added to the cells and incubated at 37°C, 5% C 02 for 5 

hours. After 5 hours, 1ml of DMEM containing 10% FCS and 1% antibiotic/antimycotic 

was added to each slide and cells were then incubated overnight. At 24 hours post 

transfection, cells were fixed and subjected to immunocytochemistry (see section 2.6.10).

2.5.3 Transient transfection of HeLa cells for NFkB reporter assay

HeLa cells were plated out in complete media at 2x105 cells per 35mm plate, in 

triplicate for each DNA sample and incubated for 24 hours at 37°C, 5% C 02.

The next day, each 35mm plate of cells was transfected with a total of l.Opg of 

DNA - 0.5jug of NFkB reporter vector and 0.5pg of HA tagged DNA. Firstly the complete 

media was aspirated and cells were starved in 1ml of serum free Eagle’s MEM + 2mM L- 

glutamine, for 1 hour at 37°C. During this incubation period 3x stock transfection solutions 

containing a total of 3.0pg of phenol-chloroform extracted DNA (Qiagen) and 9pl
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lipofectamine (Gibco/BRL) were mixed in 650pl of serum free Eagle’s MEM + 2mM L- 

glutamine and incubated for 45 minutes at RT. A third of each 3x stock transfection solution 

was then added to each triplicate plate and incubated at 37°C, 5% C 02for 5 hours. After 

5 hours, 1ml of Eagle’s MEM containing 10% FCS, 1% antibiotic/antimycotic and 2mML- 

glutamine was added to each plate and cells were then incubated overnight. Cells were 

harvested at 24 hours and assayed for NFkB reporter activity (see section 2.7.1).

2.5.4 Permanent transfection of N1E 115 cells

N1E 115 cells were plated out in complete media at 1x10s cells per 35mm plate 

and incubated for 24 hours at 37°C, 5%C02. Six 35mm plates were transfected for each 

DNA sample. The next day, media was aspirated and cells were starved in 1ml of serum 

free DMEM (Gibco/BRL) for 1 hour at 37°C. During this incubation period, lpg of 

phenol-chloroform extracted pXJ41-HA DNA construct (al-chimaerin, a2-chimaerin or 

empty pXJ41-HA vector) and 6p.l lipofectamine (Gibco/BRL) were mixed in 200pl of 

serum free DMEM and incubated for 45 minutes at RT. Transfection solutions were then 

added to the cells and incubated at 37°C with 5%C02for 5 hours. After 5 hours, 1ml of 

DMEM containing 10% FCS and 1% antibiotic/antimycotic was added to each plate and 

cells were then incubated overnight.

Transfection mixes were removed at 24 hours and replaced with 3 mis of DMEM 

containing 10% FCS (no antibiotics) and incubated overnight. Media was removed the next 

day, cells were washed with PBS and trypsinised until the cells detached. 3ml of media 

containing 10% FCS was added to each plate to inactivate the trypsin, cells were collected 

in a 50ml falcon tube and centrifuged at 900rpm for 7 minutes at RT in a benchtop 

centrifuge (GP centrifuge, Beckman). Cells were resuspended in lOmls of complete media, 

seeded into 9x 90mm plates and allowed to recover overnight. Untransfected N1E 115 cells 

were also plated out and incubated overnight.

Media was removed the next day and replaced with complete media containing 

800pg/ml G418 (Gibco/BRL) to select for stable transfectants. Untransfected NIE 115 cells 

were also incubated in complete media containing 800pg/ml G418 as a control to ensure 

that the G418 selection was working.

G418 selection media was replaced twice a week for 2-3 weeks until the transfected 

cells grew into plaques. In order to select plaques, media was removed, cells were washed 

with PBS, well separated clones were isolated with cloning rings, trypsinised and removed 

to individual 35mm plates. Clones were grown for 1-2 weeks (until the cells filled the
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plates), then trypsinised and transferred to 90mm plates, grown for a further 1-2 weeks and 

then frozen in 2 aliquots per plate (see section 2.4.1).

2.6 Analysis of cellular proteins

2.6.1 Protein expression in transiently transfected COS7 cells

Transfection solutions were removed by aspiration from transiently transfected 

COS7 cells (see section 2.5.1) at 24 hours. COS7 cells were washed once with PBS and 

incubated in 400pl of Triton Cell Lysis buffer (25mM HEPES pH7.3, 20mM P- 

glycerophosphate, 0.3MNaCl, 1.5mM MgCb, 0.2mM EDTA pH8.0, 5% (w/v) glycerol, 

0.5% (w/v) Triton X-100 adjusted to pH7.7, containing freshly added inhibitors ImM 

PMSF, ImM Na vanadate, 0.5mM DTT, 5jag/ml pepstatin, 5pg/ml aprotinin) for 5 minutes 

at RT. Cells were harvested by scraping, thoroughly lysed via passing through a 25G needle 

(Microlance) and centrifuged at 20,000g for 10 minutes at 4°C (Microcentrifuge 154, 

Camlab). Supernatants were removed promptly and the protein concentration of the 

supernatant or ‘cell lysate’ fractions was determined (see section 2.6.6). The insoluble pellet 

fractions were resuspended in 50pl of 2x SDS sample buffer (125mM Tris/HCl pH6.8, 40% 

(w/v) glycerol, 4% (w/v) SDS, 1% (v/v) P-mercaptoethanol, 0.1% (w/v) bromophenol blue) 

by sonication (sonicator cuphorn, Heat Systems). Both cell lysates and resuspended pellet 

fractions were stored at -70°C.

In order to analyse the samples, they were subjected to SDS-PAGE gel 

electrophoresis, western blotted onto nitrocellulose and probed with antibodies (see sections 

2.6.7-2.6.9).

2.6.2 Immunoprecipitation from transiently transfected COS7 and N1E 115 cells

Transfection solutions were removed by aspiration from transiently transfected 

COS7 cells (see section 2.5.1) or N1E 115 cells (see section 2.5.2a) at 24 hours. Cells were 

gently washed once with PBS and incubated in 400pl of Immunoprecipitation Cell Lysis 

buffer (25mM HEPES pH7.3, 20mM p-glycerophosphate, 0.3M NaCl, 1.5mM MgCb, 

0.2mM EDTA pH8.0, 5% (w/v) glycerol, 1% (w/v) Triton X-100, 0.5% (w/v) Na 

deoxycholate adjusted to pH7.7, containing freshly added inhibitors ImM PMSF, ImMNa 

vanadate, 0.5mM DTT, 5|Lig/ml pepstatin, 5pg/ml aprotinin) for 5 minutes at RT. Cells were 

harvested by scraping, thoroughly lysed via passing through a 25G needle (Microlance) and 

centrifuged at 20,000g for 10 minutes at 4°C (Microcentrifuge 154, Camlab). Supernatants
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were removed promptly and placed on ice. 50pl of each supernatant or ‘cell lysate’ fraction 

was removed for later analysis, and the remaining volume then diluted 30 fold with ddH20  

(containing ImM PMSF, ImM Na vanadate, 0.5mM DTT, 5pg/ml pepstatin, 5pg/ml 

aprotinin), to give a final detergent concentration of 0.05%.

5pg of HA antibody (or 5 pi of a2 antibody) were added to the diluted COS7 or 

N1E 115 cell lysates and samples were incubated with rolling at 4°C for 1 hour. 50pl of 

protein A sepharose beads (Sigma) were then added to each sample and incubated with 

rolling at 4°C for 1 hour. Samples were centrifuged at l,000rpm for 5 minutes at 4°C (J6, 

Beckman) and the diluted cell lysates carefully removed via aspiration. The protein A 

sepharose beads were washed for 10 minutes in lOmls of wash buffer (PBS, 20mM (3- 

glycerophosphate, 0.1% (w/v) Triton X-100, 2mM Na vanadate) per sample, centrifuged 

at l,000rpm for 5 minutes at 4°C (J6, Beckman) and the supernatants carefully removed via 

aspiration. Samples were washed 3 times. After the final wash, protein A sepharose beads 

were transferred to 2ml eppendorfs, centrifuged at 0.2g for 5 minutes at 4°C 

(Microcentrifuge 154, Camlab), the supernatants removed and 50pl of 2x SDS sample 

buffer (125mM Tris/HCl pH6.8, 40% (w/v) glycerol, 4% (w/v) SDS, 1% (v/v) (3- 

mercaptoethanol, 0.1% (w/v) bromophenol blue) was added per sample. Samples were 

incubated at 100°C for 10 minutes to elute bound proteins from the beads and stored at 

-20°C.

In order to analyse samples, they were subjected to SDS-PAGE gel electrophoresis, 

western blotted onto nitrocellulose and probed with antibodies (see sections 2.6.7-2.6.9).

2,6.3 Protein expression in permanently transfected N1E 115 cells - CSK extraction

Permanently transfected N1E 115 cell lines were cultured and harvested as 

described in section 2.4.3. Cell pellets were resuspended in lOmls of PBS and counted 

using a haemocytometer. 25x106 cells for al-chimaerin and empty pXJ41-HA vector cell 

lines and 15xl06 cells for each a2-chimaerin cell line were aliquotted, re-centrifuged at 

900rpm for 7 minutes at RT in a benchtop centrifuge (GP centrifuge, Beckman), PBS 

aspirated and the cell pellets stored at -70°C.

Cell pellets were resuspended in lOOptl of Hypotonic Buffer (20mM Tris/HCl pH 

7.0, lOmM KC1, 2mM PMSF) via sonication (sonicator cuphorn, Heat Systems).

Samples were centrifuged at 100,000g for 1 hour at 4°C (TL-100 Ultracentrifuge, 

Beckman), the hypotonic supernatant fractions were removed and placed on ice. The
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pellet fractions were washed twice with 15 Opt of Hypotonic Buffer and resuspended in 

lOOpl of CSK Buffer (140mM NaCl, lOmM Tris/HCl pH 7.5, 2mM PMSF, 1% Triton 

X-100) via sonication. Samples were incubated on ice for 5 minutes and then centrifuged 

at 15,000g for 10 minutes at 4°C to pellet the cytoskeleton. The CSK supernatants were 

removed and placed on ice, cell pellets were washed twice with 150pl of CSK Buffer and 

then resuspended in lOOul of 2x SDS sample buffer via sonication. Samples were then 

stored at -70°C.

In order to analyse the samples, they were subjected to SDS-PAGE gel 

electrophoresis, western blotted onto nitrocellulose and probed with a monoclonal HA 

antibody (see sections 2.6.7 - 2.6.9).

2.6.4 Covalent coupling of HA antibody to protein A sepharose

Protein A sepharose (Sigma) was resuspended in PBS and incubated with rolling 

overnight at 4°C. The volume of protein A beads required was washed in 0.1M Tris/HCl 

pH8.0 for 30 minutes at RT, then washed again overnight at 4°C.

5pg of HA antibody and lOOpl of protein A sepharose beads per 

immunoprecipitation sample were incubated in 25mls of 0.1M Tris/HCl pH8.0 for 1 hour 

at RT. The sample was centrifuged at 800rpm for 5 minutes at 4°C (J6, Beckman) to 

pellet the beads, the supernatant removed via aspiration and the beads washed twice in 

10 volumes of 0.2M Na borate pH9.0 for 10 minutes at RT. The beads were then 

resuspended in a further 10 volumes of 0.2M Na borate pH9.0 and dimethylpimelimidate 

(DMP) coupling reagent added to give a final concentration of 20mM. The pH was 

adjusted to >8.3 and the sample incubated with rolling for 30 minutes at RT. The 

coupling reaction was stopped by washing the beads in 25mls of 0.2M ethanolamine 

pH8.0 for 10 minutes with rolling at RT. The sample was then centrifuged at 800rpm for 

5 minutes at 4°C (J6, Beckman), the supernatant aspirated and the beads washed in a 

further 25mls of 0.2M ethanolamine pH8.0 for 2 hours at RT. After a final wash in PBS, 

the beads were stored at 4°C.

2.6.5 Immunoprecipitation from permanently transfected N1E 115 cell lines

Permanently transfected N1E 115 cell lines were cultured and harvested as 

described in section 2.4.3. Cell pellets were resuspended in lOmls of PBS and counted 

using a haemocytometer. 25x106 cells for al-chimaerin, a2-chimaerin and empty pXJ41- 

HA vector cell lines were aliquotted, re-centrifuged at 900rpm for 7 minutes at RT in a
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benchtop centrifuge (GP centrifuge, Beckman), PBS aspirated and the cell pellets stored 

at -70°C.

Each cell pellet was resuspended in 400p,l of Immunoprecipitation Cell Lysis 

buffer (25mM HEPES pH7.3, 20mM P-glycerophosphate, 0.3M NaCl, 1.5mM MgCl2, 

0.2mM EDTA pH8.0, 5% (w/v) glycerol, 1% (w/v) Triton X-100, 0.5% (w/v) Na 

deoxycholate adjusted to pH7.7, containing freshly added inhibitors ImM PMSF, ImM 

Na vanadate, 0.5mM DTT, 5|ig/ml pepstatin, 5pg/ml aprotinin), thoroughly lysed via 

passing through a 25G needle (Microlance) and centrifuged at 20,000g for 10 minutes at 

4°C (Microcentrifuge 154, Camlab). Supernatants were removed promptly and placed on 

ice. The supernatants or ‘cell lysate’ fractions were then diluted 30 fold with ddH20  

(containing ImM PMSF, ImM Na vanadate, 0.5mM DTT, 5pg/ml pepstatin, 5|ng/ml 

aprotinin), to give a final detergent concentration of 0.05%.

5 jig of HA antibody coupled to 100pl of protein A sepharose beads (see section 

2.6.4) was added to each diluted cell lysate and samples were incubated with rolling at 

4°C for 1.5 hours. Samples were centrifuged at l,000rpm for 5 minutes at 4°C (J6, 

Beckman) and the diluted cell lysates carefully removed via aspiration. The protein A 

sepharose beads were washed for 10 minutes in 5mls of wash buffer (PBS, 20mM P- 

glycerophosphate, 0.1% (w/v) Triton X-100, 2mM Na vanadate) per sample, centrifuged 

at l,000rpm for 5 minutes at 4°C (J6, Beckman) and the supernatants carefully removed 

via aspiration. Samples were washed 3 times. After the final wash, protein A sepharose 

beads were transferred to 2ml eppendorfs, centrifuged at 0.2g for 5 minutes at 4°C 

(Microcentrifuge 154, Camlab), the supernatants removed and 100pl of 2x SDS sample 

buffer (125mM Tris/HCl pH6.8, 40% (w/v) glycerol, 4% (w/v) SDS, 1% (v/v) p- 

mercaptoethanol, 0.1% (w/v) bromophenol blue) was added per sample. Samples were 

incubated at 100°C for 10 minutes to elute bound proteins from the beads and stored at - 

20°C.

In order to analyse samples, they were subjected to SDS-PAGE gel 

electrophoresis, western blotted onto nitrocellulose and probed with antibodies (see 

sections 2.6.7-2.6.9).

2.6.6 Determination of protein concentration

fBiorad Microassay)

2-lOp.l aliquots of COS7 cell lysates (see section 2.6.1) were diluted in 800pl 

ddH20 , 200 j l l 1 of dye concentrate (Biorad) was added, samples were mixed by inversion
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and incubated for 5 minutes at RT. The absorbance of samples at 595nm was then 

measured using a spectrophotometer. BSA (FractionV, Sigma) samples containing 1- 

14pg/ml were used as standards and the protein concentration of the cell lysates was 

determined by comparison with the BSA standard graph.

2.6.7 SDS-PAGE gel electrophoresis

(Mini Protean II system. Biorad)

Separating gels (8.5cm x 5.5cm x 1.5mm thick) containing 7.5-12% (w/v) 

acrylamide (BDH, 30% acrylamide:0.8% bisacrylamide stock), 375mM Tris/HCl pH8.8, 

0.1% (w/v) SDS, 0.05% (w/v) APS, 0.05% (v/v) TEMED were prepared and allowed to 

polymerise. Gels were overlaid with stacker gel containing 125mM Tris/HCl pH6.8, 4% 

acrylamide, 0.2% (v/v) TEMED, 0.1% (w/v) SDS, 0.05% (w/v) APS and combs inserted 

to form the sample wells.

Protein samples were mixed with an equal volume of 2x SDS sample buffer (125mM 

Tris/HCl pH6.8, 40% (w/v) glycerol, 4% (w/v) SDS, 1% (v/v) (3-mercaptoethanol, 0.1% 

(w/v) bromophenol blue), or a 1/5 volume of 5x SDS sample buffer (312.5mM Tris/HCl 

pH6.8, 50% (w/v) glycerol, 10% (w/v) SDS, 2.5% (v/v) p-mercaptoethanol, 0.25% (w/v) 

bromophenol blue) to give a maximum final volume of 40pl. Samples and prestained 

molecular weight markers (Gibco/BRL or New England Biolabs, NEB) were denatured by 

heating at 100°C for 5 minutes, briefly centrifuged, then loaded into sample wells and 

electrophoresed at 180V for 40-50 minutes in lx SDS running buffer (192mM glycine, 

25mM Tris, 0.1% (w/v) SDS).

2.6.8 Western blotting: protein transfer to nitrocellulose membranes

Semi-dry Blotting (BioRad Trans Blot)

After electrophoresis, SDS-polyacrylamide gels were incubated in lx Western 

Transfer buffer (48mM Tris, 39mM glycine, 20% (v/v) methanol, 0.038% (w/v) SDS) 

pre-chilled to 4°C, for 10 minutes at RT. Nitrocellulose filters (Schleicher and Schuell) 

cut to the size of the gels, 2 sheets of filter paper (grade 3, Whatman) cut to size and 2 

sheets of thick blotting paper (BioRad) were all soaked in lx Western Transfer buffer. A 

stack containing a sheet of thick blotting paper, filter paper, nitrocellulose filters, gels, 

filter paper and thick blotting paper, was placed on the platinum anode of the Trans-Blot 

(Biorad), air bubbles were displaced and the steel cathode lid placed on top of the stack. 

Proteins were transferred onto nitrocellulose at a constant voltage of 15 V for 1.2 hours
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2.6.9 Immunodetection of proteins

Nitrocellulose filters were incubated overnight at 4°C, in 5% (w/v) dried 

skimmed milk powder (Marvel) in PBS to block non-specific protein binding sites. The 

next day, filters were incubated with primary antibodies - 1 pg/ml mouse monoclonal HA 

antibody 12CA5 (Boehringer Mannheim), 1:1000 dilution of mouse monoclonal GFP 

antibody (Clontech), 0.2|ag/ml mouse monoclonal phosphotyrosine (PY99) antibody 

(Santa Cruz) or 1:500 dilution of rabbit polyclonal p35 (C-19) antibody (Santa Cruz), 

diluted in 1% (w/v) dried skimmed milk powder (Marvel) in PBS, for 1 hour at room 

temperature. After 3x 10 minute washes in PBST (PBS, 0.1% (w/v) Tween-20), filters 

were incubated with secondary antibodies - 1:1000 dilution of peroxidase conjugated 

rabbit anti-mouse IgG antibody or 1:1000 dilution peroxidase conjugated swine anti

rabbit IgG antibody (Dako Patts) diluted in 1% (w/v) dried skimmed milk powder 

(Marvel) in PBS, for 1 hour at room temperature. Finally, filters were washed for 3x 10 

minutes in PBST and rinsed in PBS.

Immunoreactive bands were detected using enhanced chemiluminescence (ECL) 

reagents and film (Amersham). Briefly, equal volumes of ECL reagents A and B were mixed 

together, filters were incubated for 1 minute in this solution at RT, covered in Saran wrap 

(Dow) and exposed to Hyperfilm-ECL for 10 seconds to 30 minutes.

2.6.10 Immunocvtochemistrv

At 24 hours, transfection solutions were aspirated, cells were washed once in 

PBS and fixed with 3% paraformaldehyde in PBS for 20 minutes at RT. Cells were 

washed with PBS for 10 minutes and free paraformaldehye groups were quenched by 

incubation in lOOmM glycine in PBS for 10 minutes at RT. Cells were then 

permeabilised in 0.2% (w/v) Triton X-100 in PBS for 10 minutes at RT, rinsed once in 

PBS and blocked in 3% (w/v) BSA (FractionV, Sigma) in PBS for 10 minutes. Samples 

were then incubated with primary antibodies diluted in 1% (w/v) BSA (FractionV,

Sigma) in PBS for 1 hour at 37°C.

Primary antibodies: 5 p,g/ml HA monoclonal antibody (12CA5, Boehringer Mannheim) or 

1:50 dilution of rabbit polyclonal p35 (C19) antibody (Santa Cruz Biotechnology).

Cells were washed for 3x 5 minutes in PBS and then incubated with secondary 

antibodies and lug/ml rhodamine conjugated phalloidin (1:100 dilution from a stock of
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0.1 mg/ml in 100% methanol, Sigma) diluted in 1% (w/v) BSA (FractionV, Sigma) in 

PBS for 1 hour at 37°C.

Secondary antibody dilutions: 1:100 dilution of FITC conjugated rabbit anti mouse IgG 

antibody or FITC conjugated swine anti rabbit IgG antibody (Dako Patts).

Cells were then washed for 3x 5 minutes in PBS and mounted in 

mowiol/DABCO (10% (w/v) mowiol 40-8B (Sigma), lOOmM Tris/HCl pH8.0, 25% 

(w/v) glycerol, 2.5% DABCO (l,4-diazobicyclo-[2.2.2]-octane, Sigma)) or 

Immunofluore mountant (ICN) and incubated overnight at RT in the dark. Samples were 

examined using a fluorescence microscope (Zeiss) or confocal (Zeiss).

2,7 Reporter assays

2.7.1 NFkB reporter assay - NIE 115 and HeLa cells

The luciferase coupled NFkB reporter vectors were generated by JM Dong 

(IMCB, Singapore) from the pGL2-basic vector (Promega) (see appendix 4). The TK 

promoter sequence was inserted at the Hind III site and four copies of the functional or 

mutated NFkB binding site derived from the MHC promoter sequence were inserted at 

the Xhol site of the multiple cloning site to produce the functional NFkB and mutated 

NFkB(M) reporter vectors, respectively. The Smal site was deleted in both vectors.

When N IE 115 cells were co-transfected with the P-galactosidase reporter DNA, 

cells were harvested in the p-gal/NFKB Lysis Buffer (lOOmM K2HPO4/KH2PO4 pH7.8, 

0.2% (w/v) Triton X-100, ImM DTT). However, when this reporter vector was not 

being used, N IE 115 cells were harvested in NFkB Cell Lysis buffer (50mM 

Na2HP0 4 /NaH2P0 4  pH7.8, 0.1% (w/v) Triton X-100, ImM DTT). All HeLa cell 

samples were harvested in NFkB Cell Lysis buffer (50mM Na2HP0 4 /NaH2P0 4 pH7.8, 

0.1% (w/v) Triton X-100, ImM DTT).

Transfection solutions were removed by aspiration from transiently transfected NIE 

115 and HeLa cells (see sections 2.5.2b and 2.5.3) at 24 hours. Cells were washed once with 

PBS and incubated in 550pl of appropriate cell lysis buffer for 5 minutes at RT. Cells were 

harvested by scraping, thoroughly lysed via passing through a 25G needle (Microlance) and 

centrifuged at 15,000g for 5 minutes at 4°C (microcentrifiige 5415c, Eppendorf). 

Supernatants were removed promptly, placed on ice and assayed for luciferase activity using 

a luminometer.

N IE 115 and HeLa cell lysates were assayed (twice per triplicate sample) for
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luciferase activity using a luminometer (model 1251, LKB Wallac) in a final reaction volume 

of lml. 100 îl of cell lysate was diluted to 400pi with the appropriate lysis buffer (see above) 

and 400pl reaction buffer (125mM Na2HP0 4 /NaH2P0 4 pH7.8, 25mM MgCl2, 3.4mM ATP) 

was then added. Samples were mixed, 200pl of 0.28mg/ml luciferin (Sigma) solution 

(diluted in 5mg/ml BSA in 50mM Na2H P04/NaH2P 0 4 pH7.8) was injected and the 

luciferase activity measured using a luminometer.

Lysates of N IE 115 cells co-transfected with the p-galactosidase reporter DNA 

were also assayed for p-galactosidase activity (see section 2.7.3).

2.7.2 Processing of NFkB assay data

Measurement by the luminometer was in arbitrary units and the sample values 

generated varied considerably between experiments thus standardisation was required to 

enable comparison between experiments.

Each triplicate sample was assayed twice and the 2 values per plate were averaged, 

resulting in 1 value per plate and a total of 3 values per sample. The 'overall average' 

obtained for the empty HA vector was calculated. Each individual sample value was divided 

by the 'overall average' obtained for the empty HA vector in order to standardise results. 

This resulted in a baseline value of 1.0 for the empty HA vector (which does not stimulate 

luciferase activity) and the fold stimulation of each sample was relative to this value. 

Standardised results from several experiments were combined and the overall average and 

standard deviation for samples was then calculated. This final data is presented in figures 

5.1-5.10 and the n number associated with these results corresponds to the number of 

sample values used to calculate them. The data used to calculate the final results is presented 

in appendices 5-10.

2.7.3 Luminescent B-galactosidase detection kit

N IE 115 cells were harvested in 550pil of P-gal Lysis Buffer (lOOmM 

K2H P04/KH2P 0 4 pH7.8, 0.2% (w/v) Triton X-100, ImM DTT) and cell lysates were 

diluted lOOx in ddH20. lpl of diluted N IE 115 cell lysate was added to 100pl of 

Reaction Buffer (containing 0.2mM Galacton-Star substrate, 1 mg/ml Sapphire-II 

enhancer, Clontech) and (3-galactosidase activity was measured using a scintillation 

counter. Samples were read at a zero timepoint and results were used to correct for 

variations in transfection efficiency between samples. It was found using this method, 

that the small variations in transfection efficiency which occurred had little effect on
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overall sample values.
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CHAPTER 3: Distribution of HA- and GFP-tagged proteins in eukaryotic cells

To investigate the expression of chimaerin isoforms and potential targets in 

mammalian cell lines, cDNA sequences were cloned into haemagglutinin (HA) and 

green fluorescent protein (GFP) epitope tagged eukaryotic expression vectors (see 

Methods 2.3). These vectors direct expression of proteins with an N terminal HA or 

GFP tag, which are recognised by commercially available monoclonal antibodies. The 

HA tag is a 10 amino acid sequence derived from the haemagglutinin protein of the 

human influenza virus (figure 2.1b), whilst the GFP tag encodes a -28 kDa fluorescent 

protein isolated from the jellyfish Aequorea Victoria (figure 2.2c). The advantages of 

GFP-tagged proteins are that no staining is required to detect expression of these 

proteins via immunocytochemistry and protein expression can be studied in live cells in 

real time via fluorescence microscopy. However, due to its size it is possible that GFP 

may interfere with protein targeting. The small HA tag is commonly used and has no 

targeting function, thus comparison between the localisation of HA- and GFP-tagged 

proteins was used to assess whether GFP adversely affected chimaerin protein targeting.

3.1 Protein expression from HA- and GFP-tagged DNA constructs in an in vitro 

transcription-translation assay

cDNA sequences were cloned into the eukaryotic expression vectors pXJ41-HA, 

pXJ40-HA and pXJ40-GFP (see Methods 2.3). Restriction analysis showed the HA- and 

GFP-tagged DNA constructs all contained inserts of the correct size in the correct 

orientation. However to ensure that these DNA constructs functioned correctly and 

produced full length proteins they were subjected to an in vitro transcription-translation 

assay (Promega) (see Methods section 2.2.22). Figures 3.1 and 3.2 show the 

autoradiograms of the resultant35 S labelled proteins.

3.1.1 Protein expression from pXJ41-HA and pXJ40-HA DNA constructs

Protein expression from pXJ41-HA and pXJ40-HA DNA constructs which 

enable permanent transfection via selection with a neomycin resistance gene or transient 

transfection of eukaryotic cells respectively, are shown in figure 3 .1 .35S labelled protein 

bands were observed at -38 kDa for ocl-chimaerin (lanes 1 and 3), -45 kDa for a.2- 

chimaerin and the four a2-chimaerin SH2 domain mutants (lanes 2 and 4-8) and -65 

kDa for TOAD-64 (lane 9), which are the expected sizes for full length HA-tagged 

proteins. The lower band in lane 9 is probably a breakdown product or the protein
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Figure 3.1: Protein expression from HA-tagged DNA constructs in an in vitro 
transcription-translation assay

0.5pg o f  each DNA construct was tested in the TNT in vitro Transcript ion- 
Translation Assay (Promega) in a final reaction volume o f 25pi (see section 2.2.22). 
The resultant °S  labelled proteins were separated by SDS-PAGE, gels were incubated 
for 30 minutes in destain, 30 minutes in Amplify scintillant (Amersham), dried down 
and then exposed to X ray film. The expected sizes for full length HA-tagged protein 
products are -3 8  kDa for a  1-chimaerin, -4 5  kDa for a2-chim aerin and -6 4  kDa for 
TOAD-64. Luciferase is -61 kDa.

Lane 1: 5pl pX J41 HA a  1-chimaerin,
lane 2: 5pl pXJ41HA a2-chim aerin,
lane 3: 5pl pXJ40HA a  1-chimaerin,
lane 4: 5pl pXJ40HA a2-chim aerin,
lane 5: 5pl pXJ40HA a2-chim aerin (E49W),
lane 6: 5pl pXJ40HA a2-chim aerin (R56L),
lane 7: 5pl pXJ40HA a2-chim aerin (R73L),
lane 8: 5pl pXJ40HA a2-chim aerin (N94H),
lane 9: 5pl pXJ40HA TOAD-64,
lane 10: 5pl negative control (no DNA in reaction),
lane 11: 5pl luciferase positive control
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Figure 3.2: Protein expression from GFP-tagged DNA constructs in an in vitro 
transcription-translation assay

0.5pg o f  each DNA construct was tested in the TNT in vitro Transcript ion- 
Translation Assay (Promega) in a final reaction volume o f  25pl (see section 2.2.22). 
The resultant ,5S labelled proteins were separated by SDS-PAGE, gels were incubated 
for 30 minutes in destain, 30 minutes in Amplify scintillant (Amersham), dried down 
and then exposed to X ray film. The expected sizes for full length green fluorescent 
protein (GFP) tagged protein products are -6 6  kDa for a  1-chimaerin, -7 3  kDa for a2 - 
chimaerin and -9 2  kDa for TOAD-64. Luciferase is -61 kDa.

Lane 1: 5pl pXJ40GFP a  1-chimaerin,
lane 2: 5pl pXJ40GFP a2-chim aerin,
lane 3: 5pl pXJ40GFP a2-chim aerin (E49W),
lane 4: 5pl pXJ40GFP a2-chim aerin (R56L),
lane 5: 5pl pXJ40GFP a2-chim aerin (R73L),
lane 6: 5pi pXJ40GFP a2-chim aerin (N94H),
lane 7: 5pl pXJ40GFP TOAD-64,
lane 8: 5pl negative control (no DNA in reaction),
lane 9: 5pl luciferase positive control
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product from an internal initiation site or premature termination. Controls showed no 

labelled proteins in the absence of DNA and a -60 kDa luciferase protein synthesised 

from control DNA (Promega) (lanes 10 and 11 respectively).

3.1.2 Protein expression from pXJ40-GFP DNA constructs

Protein expression from pXJ40-GFP DNA constructs which enable transient 

transfection of eukaryotic cells are shown in figure 3 .2 .35S labelled protein bands were 

observed at -66 kDa for GFP-tagged a  1-chimaerin (lane 1), -73 kDa for GFP-tagged 

a2-chimaerin and the four a2-chimaerin SH2 domain mutants (lanes 2-6) and -92 kDa 

for GFP-tagged TOAD-64 (lane 7). These are the expected sizes for full length GFP- 

tagged proteins as GFP has a molecular weight o f -28 kDa. Controls showed no 

labelled proteins in the absence of DNA and a -60 kDa luciferase protein synthesised 

from control DNA (Promega) (lanes 8 and 9 respectively). Minor bands present in lanes 

1-7 are probably breakdown products or the protein products from internal initiation 

sites or premature termination.

3.2 Expression of HA- and GFP-tagged a l -  and a2-chimaerin in COS7 cells

Protein expression and distribution was investigated in COS7 cells as they are 

able to express high levels of protein from transiently transfected DNA. COS7 cells 

were transiently transfected, harvested at 24 hours in buffer containing 0.5% Triton X- 

100 and protein expression in the resultant cell lysate and pellet fractions was analysed 

(see Methods sections 2.6.1 and 2.6.7-2.6.9).

3.2.1 Expression of HA-tagged chimaerin DNA constructs in COS7 cells

Expression and distribution of HA-tagged chimaerin proteins in COS7 cell 

lysates was investigated. Full length HA-tagged a2-chimaerin and a2-chimaerin SH2 

domain mutant E49W, R56L and R73L proteins (-45 kDa) were detected in the 0.5% 

Triton X-100 soluble fraction of COS 7 cells (figure 3.3 A, lanes 1-4). The levels of 

expression of the E49W, R56L and R73L SH2 domain mutants detected were slightly 

higher than that of a2-chimaerin. However, these four proteins were not detected in the 

insoluble fraction of COS7 cells (figure 3.3B, lanes 1-4). As the volume of insoluble 

fraction loaded on gels was 3 fold higher than the soluble fraction, the majority of 

protein (>95%) was in the 0.5% Triton X-100 soluble fraction. However the N94H 

mutant had a different distribution in COS7 cells. It was more weakly detected in the 

0.5% Triton X-100 soluble fraction than the other a2-chimaerin proteins, but very
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Figure 3.3; Expression of HA-tagged a2-chimaerin proteins in COS7 cells
COS7 cells were transiently transfected with pXJ40HA a2-chim aerin DNA 

constructs, harvested at 24 hours in 400pl o f  buffer containing 0.5% Triton X-100 and 
cell pellets were resuspended in 50pl 2x SDS sample buffer (see section 2.6.1). 25pg o f 
0.5% Triton X-100 soluble lysate and lOpl o f  0.5% Triton X-100 insoluble pellet were 
separated by SDS-PAGE, Western blotted onto nitrocellulose and probed with the 
monoclonal HA antibody (lpg /m l, Boehringer Mannheim) (see sections 2.6.7-2.6.9). 
Immunoreactive proteins were detected using ECL reagents (Amersham). The expected 
size for full length HA-tagged oc2-chimaerin is -4 5  kDa.

A: 25pg cell lysate 
B: lOpl cell pellet 
Lane 1: HA-tagged a2-chim aerin, 
lane 2: HA-tagged a2-chim aerin (E49W), 
lane 3: HA-tagged a2-chim aerin (R56L), 
lane 4: HA-tagged a2-chim aerin (R73L), 
lane 5: HA-tagged a2-chim aerin (N94H), 
lane 6: untransfected COS7 cells
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strongly detected in the insoluble fraction where no expression of the other a2- 

chimaerin proteins was detected (figure 3.3A and 3.3B, lane 5). Approximately 10 fold 

more N94H mutant protein was detected in the insoluble fraction than the soluble 

fraction and 3 fold more insoluble fraction was loaded on the gel. Thus overall, the 

majority of HA-tagged N94H mutant protein (-75%) was distributed in the 0.5% Triton 

X-100 insoluble fraction of COS7 cells.

The 70 kDa and 105 kDa bands in the soluble fraction of untransfected COS7 

cells (figure 3.3A, lane 6) and the 20 kDa and 35 kDa bands in the insoluble fraction of 

untransfected COS7 cells (figure 3.3B, lane 6) are all non-specific background bands 

picked up by the HA antibody which are present in all the samples. Expression of HA- 

tagged a  1-chimaerin protein could not be detected by Western analysis using the anti 

HA antibody.

3.2.2 Expression of GFP-tagged chimaerin DNA constructs in COS7 cells

Expression and distribution of GFP-tagged a l -  and oc2-chimaerin proteins in 

COS7 cell lysates was investigated (figure 3.4). Full length GFP-tagged al-chimaerin 

(-66 kDa) was detected in the 0.5% Triton X-100 insoluble fraction (figure 3.4B, lane 

2) but not the soluble fraction (figure 3.4A, lane 2) of COS7 cells. Whilst full length 

GFP-tagged a2-chimaerin and a2-chimaerin SH2 domain mutants E49W, R56L, R73L 

and N94H (-73 kDa) were detected in both the 0.5% Triton X-100 soluble and 

insoluble fraction of COS7 cells (figure 3.4A and 3.4B, lanes 3-7). However 

considerably more N94H mutant protein was detected in the insoluble fraction of COS7 

cell lysates than the other a2-chimaerin proteins (figure 3.4B, compare lanes 7 and 3-6).

The volume of insoluble fraction shown in figure 3.4 is 5 fold higher than the 

soluble fraction. Considering the relative volumes present, the majority (>95%) of a l -  

chimaerin protein was detected in the 0.5% Triton X-100 insoluble fraction which 

contains cytoskeletal proteins. This distribution of a  1-chimaerin agrees with previous 

data, where a  1-chimaerin was detected in the cytoskeleton associated fraction of CSK 

extracted COS7 cells (Kozma et al., 1996). The distribution of a2-chimaerin and the 

E49W, R56L and R73L SH2 domain mutants differed greatly from that of a l -  

chimaerin, as approximately 3-5 fold more protein was detected in the soluble than the 

insoluble fraction. Considering the relative volumes present, the majority of a2- 

chimaerin and E49W, R56L and R73L mutant proteins (>95%) were distributed in the 

0.5% Triton X-100 soluble fraction of COS7 cells which contains both cytosolic and
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Figure 3.4: Expression of GFP-tagged a l -  or a2-chimaerin proteins in COS7 cells
COS7 cells were transiently transfected with pXJ40GFP a l  - or a2-chim aerin 

DNA constructs, harvested at 24 hours in 400pl o f  buffer containing 0.5% Triton X-100 
and cell pellets were resuspended in 50pl 2x SDS sample buffer (see section 2.6.1). 
25pg o f  0.5% Triton X-100 soluble lysate and lOpl o f  0.5% Triton X-100 insoluble 
pellet were separated by SDS-PAGE, Western blotted onto nitrocellulose and probed 
with the monoclonal GFP antibody (1:1000 dilution, Clontech) (see sections 2.6.7- 
2.6.9). Immunoreactive proteins were detected using ECL reagents (Amersham). The 
expected sizes for full length GFP-tagged protein products are ~66 kDa for a l -  
chimaerin and ~73 kDa for a2-chim aerin.

A: 25pg cell lysate
B: lOpI cell pellet
Lane 1: empty GFP vector,
lane 2: GFP-tagged a  1-chimaerin,
lane 3: GFP-tagged a2-chim aerin,
lane 4: GFP-tagged a2-chim aerin (E49W ).
lane 5: GFP-tagged a2-chim aerin (R56L),
lane 6: GFP-tagged a2-chim aerin (R73L),
lane 7: GFP-tagged a2-chim aerin (N94H),
lane 8: untransfected COS7 cells
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membrane associated proteins. In contrast to a2-chimaerin and the E49W, R56L and 

R73L mutants, approximately 10 fold more N94H mutant protein was detected in the 

insoluble than the soluble fraction. Considering the relative volumes present, the 

majority ofN94H protein (-66%) was expressed in the 0.5% Triton X-100 insoluble 

fraction of COS7 cells. Thus a single N94H point mutation in the SH2 domain of a2- 

chimaerin produces a protein distribution in COS7 cells which more closely resembles 

that of a  1-chimaerin than a2-chimaerin.

The 105 kDa and 165 kDa bands in the soluble fraction of untransfected COS7 

cells (figure 3.4A, lane 8) and the 55 kDa band in the insoluble fraction (figure 3.4B, 

lane 8) are all non-specific background bands picked up by the GFP antibody which are 

present in all the samples. Approximately twice as much full length GFP protein (-32 

kDa) was detected in the 0.5% Triton X-100 insoluble fraction as in the soluble fraction 

of COS 7 cells (figure 3.4 A and 3.4B, lane 1). Thus the majority of GFP protein (-70%) 

was distributed in the 0.5% Triton X-100 soluble fraction of COS7 cells.

3.2.3 Effects of GFP tagging on the distribution of chimaerin proteins

The distribution of HA- and GFP-tagged chimaerin proteins in COS7 cell lysates 

is shown in figures 3.3 and 3.4 respectively. Both HA- and GFP-tagged a2-chimaerin 

and SH2 domain mutants E49W, R56L and R73L mutant proteins were predominantly 

detected (>95%) in the 0.5% Triton X-100 soluble fraction of COS7 cells. However the 

N94H mutant had a different protein distribution, -75% of the HA-tagged protein was 

detected in the 0.5% Triton X-100 insoluble fraction, compared to -66% of the GFP- 

tagged protein.

Comparing these results, there is good agreement between the protein 

distributions ofHA- and GFP-tagged a2-chimaerin proteins. However, GFP-tagged but 

not HA-tagged a2-chimaerin and the E49W, R56L and R73L SH2 domain mutant 

proteins were also weakly detected in the insoluble fraction of COS7 cells (compare 

figure 3.3B, lanes 1-4 and figure 3.4B, lanes 3-6). This may be due to different levels of 

expression of HA- and GFP-tagged constructs or differences in the sensitivity of the HA 

and GFP antibodies. Thus it seems that the GFP tag does not appreciably affect the 

targeting of these proteins and either set of constructs may be used.

The lack of detection of HA-tagged a  1-chimaerin in COS7 cell lysates by 

Western analysis using the monoclonal HA antibody does not necessarily mean that the 

protein was not expressed, as full length HA-tagged a  1-chimaerin was produced in an 

in vitro transcription-translation assay (figure 3.1, lane 3). This lack of detection may be
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due to the protein folding in such a manner as to cause obstruction of the HA antibody 

binding site.

3.3 Expression of a l -  and q2-chimaerin in permanent NIE 115 cell lines

Permanent N IE 115 neuroblastoma cell lines expressing a l  - or a2-chimaerin 

were established to investigate the effects of long term chimaerin overexpression on cell 

morphology and potential protein interactions. Production of these permanent N IE 115 

cell lines by neomycin selection is described in Methods section 2.5.4. The distribution 

of chimaerin in the hypotonic supernatant, CSK supernatant and CSK pellet extraction 

fractions, which correspond to soluble, triton-solubilised membrane and triton-insoluble 

or cytoskeleton-associated fractions of these cell lines was analysed by Western 

immunoblotting (see Methods section 2.6.3 for CSK extraction).

3.3.1 Expression of a2-chimaerin in permanent NIE 115 cell lines

a2-Chimaerin protein was detected by the polyclonal a2-chimaerin antibody in 

both the soluble and triton-solubilised membrane fractions of permanent a2-chimaerin 

cell lines (figure 3.5), but not in the cytoskeletal fraction. A faint band at -45 kDa 

corresponds to the endogenous level of a2-chimaerin protein in the soluble fraction of 

untransfected N IE 115 cells and an empty pXJ41-HA vector cell line (lanes 1 and 4).

The a2-10 cell line showed a -20 fold stronger 45 kDa band in the soluble fraction due 

to expression of exogenous a2-chimaerin (lane 7). In untransfected, empty vector and 

a2-10 cell lines, a2-chimaerin was weakly detected in the triton-solubilised membrane 

fraction (lanes 2, 5 and 8 respectively) but not in the triton-insoluble fraction (lanes 3, 6 

and 9). Thus a2-chimaerin is a mainly soluble protein with a smaller amount associated ! 

with membranes and overexpression of a2-chimaerin in the a2-10 cell line did not 

disrupt this protein localisation, but merely increased the total amount of protein
]

present.

3.3.2 Selection of permanent NIE 115 cell line expressing high levels of a2- 

chimaerin

Since a2-chimaerin protein was detected at highest levels in the soluble fraction 

of N IE  115 cell lines, this fraction of all a2-chimaerin cell lines was analysed in order 

to select the highest expressing cell line (figure 3.6). A faint band at -45 kDa 

corresponds to the endogenous level of a2-chimaerin protein detected in untransfected
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Figure 3.5: Distribution of a2-chimaerin protein in permanently transfected NIE 
115 cells

For each cell line 1.5x107 cells were harvested and subjected to CSK extraction 
in lOOpl o f  buffer (see section 2.6.3). 30pl o f  hypotonic supernatant, 30pl o f  CSK 
supernatant and 20pl o f  CSK pellet fractions were subjected to SDS-PAGE gel 
electrophoresis, Western blotted onto nitrocellulose and probed with a polyclonal a2 - 
chimaerin antibody (see sections 2.6.7-2.6.9). Immunoreactive proteins were detected 
using ECL reagents (Amersham). The expected size for full length a2-chim aerin 
protein is -4 5  kDa.

Lane 1: 30pl untransfected N IE  115 cells HS, 
lane 2: 30pl untransfected N IE  115 cells CS, 
lane 3: 20pl untransfected N IE  115 cells CP, 
lane 4: 30pl HAv-24 empty vector HS, 
lane 5: 30pl HAv-24 empty vector CS, 
lane 6: 20pl HAv-24 empty vector CP, 
lane 7: 30pl a2-10  cell line HS, 
lane 8: 30pl a2-10  cell line CS, 
lane 9: 20pl a2-10  cell line CP

where HS represents hypotonic supernatant, CS represents CSK supernatant and CP 
represents CSK pellet
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Figure 3.6: Levels of a2-chimaerin expression in permanently transfected N1E 115 
cells

For each cell line, 1.5x107 cells were harvested and subjected to CSK extraction 
in lOOpl o f buffer (see section 2.6.3). 30pl o f hypotonic supernatant fractions were 
subjected to SDS-PAGE gel electrophoresis, Western blotted onto nitrocellulose and 
probed with a polyclonal a2-chim aerin antibody (see sections 2.6.7-2.6.9).
Immunoreactive proteins were detected using ECL reagents (Amersham). The expected 
size for full length a2-chim aerin protein is ~45 kDa.

Lane 1: untransfected N 1E 115 cells,
lane 2: HAv-24 empty vector,
lane 3: a2-6 ,
lane 4: a2-7 ,
lane 5: a2-8 ,
lane 6: a2-9 ,
lane 7: a2-10.
lane 8: a 2 - l  1,
lane 9: a2-13,
lane 10: a2-20,
lane 11: a2-22,
lane 12: a2-28.
lane 13: a2-29
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N1E 115 cells and an empty pXJ41-HA vector cell line (lanes 1 and 2). All a2- 

chimaerin cell lines showed much stronger 45 kDa bands due to expression of 

exogenous a2-chimaerin (lanes 3-13). Most cell lines expressed high levels of a2- 

chimaerin and as ot2-10 was one of the highest expressors, this cell line was chosen for 

further characterisation.

The exogenous a2-chimaerin was also detected with the HA antibody (data not 

shown). However the level of background detected by the HA antibody on Western 

analysis of these samples was very high and the a2 antibody provided a much clearer 

result.

3.3.3 Expression of al-chimaerin in permanent N1E 115 cell lines

HA-tagged al-chimaerin protein was detected by the HA antibody in the triton- 

solubilised membrane and triton-insoluble fractions of permanent al-chimaerin cell 

lines (figure 3.7). A band at -38 kDa which is the expected size for full length HA- 

tagged al-chimaerin was present in the triton-insoluble (cytoskeleton-associated) 

fraction of the a lD , a l-7 , a l-8  and a l-10  cell lines (figure 3.7C, lanes 4-7). The a lD  

cell line also appeared to contain al-chimaerin in the triton-solubilised membrane 

fraction (figure 3.7B, lane 4), however no protein was detected in the a l-7 , a l-8  and 

a l-1 0  cell lines in this fraction (figure 3.7B, lanes 5-7). In the soluble fraction, the HA 

antibody detected a faint band at approximately the same size as full length a l -  

chimaerin in untransfected N1E 115 cells and an empty pXJ41-HA vector cell line 

(figure 3.7A, lanes 2 and 3), -38 kDa bands were also present in the al-chimaerin cell 

lines (lanes 5-7). Due to the background in this fraction, al-chimaerin protein cannot be 

detected with any certainty by the HA antibody. In order to confirm the presence of a l -  

chimaerin protein in this fraction a good al-chimaerin antibody is required, which is 

not available at present.

Full length HA-tagged al-chimaerin protein was only weakly detected by the 

HA antibody in permanent N1E 115 cell lysates and not in transiently transfected cells. 

In the a lD  cell line, al-chimaerin was detected in both the triton-solubilised membrane 

and cytoskeleton-associated fractions, whereas in the a l-7 , a l-8  and a l-1 0  cell lines 

al-chimaerin was only detected in the cytoskeleton-associated fraction. This difference 

in protein localisation between a lD  and the other al-chimaerin expressing cell lines 

may be partly responsible for their differences in morphology (see chapter 6).
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Figure 3.7: Distribution of al-chim aerin protein in permanently transfected N1E 
115 cells

For each cell line 2.5x107 cells were harvested and subjected to CSK extraction 
in lOOjal o f  buffer (see section 2.6.3). 20pl o f  hypotonic supernatant, CSK supernatant 
and CSK pellet fractions were subjected to SDS-PAGE gel electrophoresis, W estern 
blotted onto nitrocellulose and probed with a monoclonal HA antibody (see sections 
2.6.7-2.6.9). Immunoreactive proteins were detected using ECL reagents (Amersham). 
The expected size for full length HA tagged al-ch im aerin  protein is -3 8  kDa.

A: Hypotonic supernatant, B: CSK supernatant and C: CSK pellet fractions 
Lane 1: 25pg a2-chim aerin (R73L) COS7 cell lysate,
lane 2: 20pl untransfected N 1E 115 cells,
lane 3: 20pl HAv-24 empty vector,
lane 4: 20pl a  ID,
lane 5: 20pl a l -7 ,
lane 6: 20 pi a l -8 .
lane 7: 20pl a l -1 0

1 2 3 4 5 6 7

B
1 2 3 4 5 6 7

C Hw
1 2 3 4 5 6 7
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3.3.4 Levels of endogenous a2-chimaerin expression in permanent N1E 115 cell

lines expressing al-chimaerin

It was found that the a lD  cell line had a morphology which differed from the 

a l-7 , a l-8  and a l-1 0  cell lines, but was very similar to the a2-10 cell line (see chapter 

6). Thus the levels of a2-chimaerin expression in these al-chimaerin expressing cell 

lines was investigated. As a2-chimaerin was most strongly detected in the soluble 

fraction of N1E 115 cell lines (figure 3.5), this fraction of al-chimaerin expressing cell 

lines was analysed for a2-chimaerin protein expression using the polyclonal a2- 

chimaerin antibody (figure 3.8). Overexpression of a2-chimaerin in the a2-10 cell line 

is shown in lane 1 which contains a strong -45 kDa band. All al-chimaerin expressing 

cell lines (lanes 3-6) showed levels of a2-chimaerin expression which were similar to 

the endogenous level present in untransfected N1E 115 cells and an empty pXJ41-HA 

vector cell line (lanes 2 and 7). Thus the similarities between the a  ID and a2-10 cell 

lines and the differences between a lD  and the other a l  lines, is not due to upregulation 

of a2-chimaerin expression in a  ID. This suggests that in the a lD  line, the a l -  

chimaerin sequence may have been mutated or a small part deleted, or the regulation of 

al-chimaerin has been altered causing it to act like a2-chimaerin in the a2-10 cell line 

or perhaps a compensatory mechanism such as up regulation of another gene may have 

occurred.

3.4 Expression of a2-chimaerin targets in COS7 cells

Two potential targets of a2-chimaerin have previously been identified. A screen 

of rat brain extracts for a2-chimaerin targets identified a ~65kDa protein which was 

partly purified by chromatographic techniques and its enrichment monitored during 

purification by overlay binding assay (M. Teo PhD thesis, 1994). The protein was later 

identified on the basis of peptide sequence as TOAD-64, a phosphoprotein involved in 

axonal guidance (Minturn et al., 1995a, b). The second potential target was isolated in a 

yeast 2 hybrid screen. This 13 kDa protein was identified as the B13 subunit of the inner 

mitochondrial membrane NADH ubiquinone oxidoreductase, the first and largest 

enzyme of the mitochondrial respiratory chain (C. Monfries, Personal Communication). 

In order to further investigate the interaction of these proteins with a2-chimaerin, HA- 

and GFP-tagged DNA constructs encoding these proteins were made and their 

expression and distribution were investigated.
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Figure 3.8: Endogenous a2-chimaerin expression in permanently transfected N1E 
115 cells overexpressing al-chim aerin

For each a l-ch im aerin  cell line 2.5x107 cells were harvested and subjected to 
CSK extraction in lOOpl o f  buffer (see section 2.6.3). 10pl o f  hypotonic supernatant 
fractions were subjected to SDS-PAGE gel electrophoresis, W estern blotted onto 
nitrocellulose and probed with a polyclonal a2-chim aerin antibody (see sections 2.6.7- 
2.6.9). Immunoreactive proteins were detected using ECL reagents (Amersham). The 
expected size for full length a2-chim aerin protein is ~45 kDa.

Lane 1: a2-10.
lane 2: untransfected N 1E 115 cells.
lane 3: a  ID,
lane 4: a l -7 ,
lane 5: a l -8 .
lane 6: a l-1 0 ,
lane 7: HAv-24 empty vector
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3.4.1 Expression of HA- and GFP-tagged B13 and TOAD-64 DNA constructs in

COS7 cells

Expression and distribution of GFP-tagged B 13 and TOAD-64 proteins in COS7 

cell lysates was investigated (figure 3.9). Full length GFP-tagged B 13 protein (-41 kDa) 

was detected in both the 0.5% Triton X-100 soluble and insoluble fractions of COS7 

cells (figure 3.9, lanes 3 and 4). Approximately 15 fold more protein was detected in the 

insoluble than the soluble fraction of COS7 cells (figure 3.9, compare lanes 4 and 3). As 

the volume of insoluble fraction loaded on the gel was 10 fold higher than the soluble 

fraction, overall the majority of GFP-tagged B 13 protein (-60%) was distributed in the 

0.5% Triton X-100 insoluble fraction of COS7 cells. Full length GFP-tagged TOAD-64 

protein (-92 kDa) was detected in the 0.5% Triton X-100 insoluble fraction (figure 3.9, 

lane 6) but not the soluble fraction (figure 3.9, lane 5) of COS7 cells. The volume of 

insoluble fraction loaded on the gel was 5 fold higher than the soluble fraction, thus the 

majority of TOAD-64 protein (>95%) was detected in the 0.5% Triton X-100 insoluble 

fraction. However it is possible that low levels of this protein may be detected in a 

larger volume of soluble fraction.

Approximately 3 fold more full length GFP protein (-32 kDa) was detected in 

the 0.5% Triton X-100 insoluble than the soluble fraction of COS7 cells (figure 3.9, 

lanes 1 and 2). As the volume of insoluble fraction loaded on the gel was 10 fold higher 

than the soluble fraction, overall the majority of GFP protein (-77%) was distributed in 

the 0.5% Triton X-100 soluble fraction of COS7 cells. This agrees well with the 

distribution of GFP observed in section 3.2.2. The 105 kDa and 165 kDa bands in the 

soluble fraction of untransfected COS7 cells (figure 3.9, lane 7) and the -55 kDa band 

in the insoluble fraction (figure 3.9, lane 8) are all non-specific background bands 

picked up by the GFP antibody which are present in all the samples. Expression of HA- 

tagged B 13 and TOAD-64 proteins could not be detected by Western analysis using the 

monoclonal HA antibody. ~

3.4.2 Detection of HA- and GFP-tagged proteins by the B13 and TOAD-64 

antibodies

Recently produced rabbit polyclonal antisera raised against B13 and TOAD-64 

were each shown to recognise the appropriate recombinant protein (G.Ferrari PhD 

thesis, 1999). However their detection of proteins produced from a eukaryotic system 

had not been characterised. GFP-tagged B13 and TOAD-64 can be detected by the GFP 

antibody (figure 3.9), but neither of these HA-tagged proteins can be detected by the
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Figure 3.9: Expression of GFP-tagged TOAD-64 or B13 proteins in COS7 cells
COS7 cells were transiently transfected with pXJ40GFP B13 and TOAD64 

DNA constructs, harvested at 24 hours in 400pl o f  buffer containing 0.5% Triton X-100 
and cell pellets were resuspended in 50pl 2x SDS sample buffer (see section 2.6.1). 
25pg o f0 .5%  Triton X-100 soluble lysate and lOpl o f 0.5% Triton X-100 insoluble 
pellet were separated by SDS-PAGE, Western blotted onto nitrocellulose and probed 
with the monoclonal GFP antibody (1:1000 dilution, Clontech) (see sections 2.6.7- 
2.6.9). Immunoreactive proteins were detected using ECL reagents (Amersham). The 
expected sizes for full length GFP-tagged protein products are ~41 kDa for B13 and ~92 
kDa for TOAD-64.

empty GFP vector - lane 1: 25pg cell lysate, lane 2: lOpl cell pellet,
GFP-tagged B13 - lane 3: 25pg cell lysate, lane 4: lOpl cell pellet,
GFP-tagged TOAD-64 - lane 5: 25pg cell lysate, lane 6: lOpl cell pellet, 
untransfected COS7 cells - lane 7: 25jug cell lysate, lane 8: lOpl cell pellet
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commercial HA monoclonal antibody on Western analysis. Specific antibodies which 

could detect these proteins in eukaryotic cells would be very useful, so the ability of 

these polyclonal antibodies to detect HA- and GFP-tagged B13 and TOAD-64 in COS7 

cell lysates was tested.

3.4.2A Detection of HA- and GFP-tagged B13 in COS7 cell lysates by the 

polyclonal B13 antibody

The polyclonal B13 antibody detected full length HA-tagged B13 (-16 kDa) in 

both the 0.5% Triton X-100 soluble and insoluble fractions of COS7 cells (figure 

3.10A, lanes 2-8). The antibody also detected full length GFP-tagged B 13 (-41 kDa) in 

both COS7 cell fractions (figure 3.10Bi, lanes 2-7). HA- and GFP-tagged B 13 had 

similar protein distributions, thus GFP tagging did not have any adverse effects on the 

targeting of B13. The sensitivity of the B 13 antibody at a 1:2500 dilution was slightly 

greater than the GFP antibody at a 1:1000 dilution in detecting GFP-tagged B13 (figure 

3.10Bi and 3. lOBii, compare lanes 2-7). However, the concentrations of these 

antibodies had not been determined and thus a quantitative comparison of their relative 

sensitivities is not possible. 250ng of recombinant B 13 protein included as a positive 

control (figure 3.10A and Bi, lane 1) was also strongly detected by the B 13 antibody.

3.4.2B Detection of HA- and GFP-tagged TOAD-64 in COS7 cell lysates by the 

TOAD-64 antibody

Full length GFP-tagged TOAD-64 was detected only in the 0.5% Triton X-100 

insoluble fraction of COS7 cells by the GFP antibody (figure 3.1 IBii, lanes 6-8 and 

figure 3.9, lane 6). However, the TOAD-64 antibody was unable to detect either HA- or 

GFP-tagged TOAD-64 in the 0.5% Triton X-100 insoluble fraction of COS7 cells 

(figure 3.11A and 3.1 IBi, lanes 6-8). The polyclonal TOAD-64 antibody strongly 

detected 350ng of recombinant TOAD-64 protein and also native TOAD-64 in rat brain 

cytosol which were included as positive controls (figure 3.11A and Bi, lanes 1 and 2). 

This suggests that the epitope recognised by the TOAD-64 antibody may be masked in 

both HA- and GFP-tagged TOAD-64. These N terminal tags may disrupt the sequence 

of the TOAD-64 antibody binding site or the tags themselves may obstruct the binding 

site in the folded protein.

3.4.3 Effects of GFP tagging on the distribution of B13 and TOAD-64 proteins

Expression of HA-tagged B13 and TOAD-64 proteins in COS7 cell lysates
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Figure 3.10: Detection of HA- and GFP-tagged B13 proteins by a polyclonal B13 
antibody

COS7 cells were transiently transfected with pXJ40HA and pXJ40GFP B13 
DNA constructs, harvested at 24 hours in 400pl o f  buffer containing 0.5% Triton X-100 
and cell pellets were resuspended in 50pl 2x SDS sample buffer (see section 2.6.1).

Varying amounts o f  0.5% Triton X-100 soluble lysate and 0.5% Triton X-100 
insoluble pellet fractions were separated by SDS-PAGE, W estern blotted onto 
nitrocellulose and probed with polyclonal B13 antibody (1:2500 dilution, G. Ferrari) 
and monoclonal GFP antibody (1:1000 dilution, Clontech) (see sections 2.6.7-2.6.9). 
Imm unoreactive proteins were detected using ECL reagents (Amersham). The expected 
sizes for full length protein products are ~13 kDa for HA-tagged B13 and ~41 kDa for 
GFP-tagged B13.

A: Detection of HA-tagged B13 by the B13 antibody 
Lane 1: 250ng recombinant B13,
B13 lysate - lane 2: 12.5pg, lane 3: 25pg, lane 4: 50pg, lane 5: 60pg 
B13 pellet - lane 6: 2pl, lane 7: 5pl, lane 8: lOpl

B: Detection of GFP-tagged B13 by (i) the B13 antibody and (ii) the GFP antibody 
Lane 1: 250ng recombinant B13,
B13 lysate - lane 2: 12.5pg, lane 3: 25pg, lane 4: 50pg, lane 5: 75jug 
B13 pellet - lane 6: 2pl, lane 7: 5pl
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Figure 3.11: Detection of HA- and GFP-tagged TOAD-64 proteins by a polyclonal 
TOAD-64 antibody

COS7 cells were transiently transfected with pXJ40HA and pXJ40GFP TOAD- 
64 DNA constructs, harvested at 24 hours in 400pl o f  buffer containing 0.5% Triton X- 
100 and cell pellets were resuspended in 50pl 2x SDS sample buffer (see section 2.6.1).

Varying amounts o f  0.5% Triton X-100 soluble lysate and 0.5% Triton X-100 
insoluble pellet fractions were separated by SDS-PAGE, W estern blotted onto 
nitrocellulose and probed with polyclonal TOAD-64 antibody (1 :2500 dilution, G. 
Ferrari) and monoclonal GFP antibody (1:1000 dilution, Clontech) (see sections 2.6.7- 
2.6.9). Immunoreactive proteins were detected using ECL reagents (Amersham). The 
expected sizes for full length protein products are -6 4  kDa for HA-tagged TOAD-64 
and -9 2  kDa for GFP-tagged TOAD-64.

A: Detection of HA-tagged TOAD-64 by the TOAD-64 antibody
B: Detection of GFP-tagged TOAD-64 by (i) the TOAD-64 antibody and (ii) the
GFP antibody

Lane 1: 350ng recombinant TOAD-64, lane 2: 15pl rat brain cytosol,
TOAD-64 lysate - lane 3: 12.5pg, lane 4: 25pg, lane 5: 45pg,
TOAD-64 pellet - lane 6: 2pl, lane 7: 5pl, lane 8: lOpl
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cannot be detected by Western analysis using the anti HA antibody. This does not 

necessarily mean that these proteins were not expressed, as full length HA-tagged 

TOAD-64 was produced in an in vitro transcription-translation assay (figure 3.1, lane 9) 

and full length HA-tagged B 13 protein was detected by the polyclonal B 13 antibody in 

COS7 cell lysates (figure 3.10). Thus the lack of detection of these proteins by Western 

analysis using the HA antibody may be due to the proteins folding in such a manner as 

to cause obstruction of the HA antibody binding site.

GFP tagging appeared to have no effect on the distribution of B13 protein. Both 

HA- and GFP-tagged B13 were similarly expressed in the 0.5% Triton X-100 soluble 

and insoluble fractions of COS7 cells (figure 3.10), as detected by the polyclonal B13 

antibody. Unfortunately, the polyclonal TOAD-64 antibody was unable to detect either 

HA- or GFP-tagged TOAD-64.

3.5 Expression of Rho p21s

Both a l  - and a2-chimaerin are RacGAPs (Manser et al., 1992; Hall et al., 1993) 

and down-regulate Rac activity by increasing its intrinsic GTPase activity. In order to 

exert this activity, the chimaerins must be present at the same location within the cell as 

Rac itself. Thus the distribution of dominant positive and dominant negative Rho p21s 

was investigated.

3.5.1 Expression of HA-tagged dominant positive and dominant negative Cdc42, 

Rac and Rho DNA constructs in COS7 cells

Expression and distribution of HA-tagged dominant positive (V12/V14) and 

dominant negative (N17/N19) Cdc42, Rac and Rho proteins in COS7 cell lysates was 

investigated (figure 3.12). Full length HA-tagged V12Cdc42, N17Cdc42, V12Rac, 

N17Rac, V14Rho and N19Rho proteins (-25 kDa) were expressed in the 0.5% Triton 

X-100 insoluble fraction (figure 3.12, lanes 4, 6, 8, 10, 12 and 14) but not the soluble 

fraction (figure 3.12, lanes 3, 5, 7, 9, 11 and 13) of COS7 cells. As the volume of 

soluble fraction loaded on the gel was 5 times less than the insoluble fraction, it is 

possible that low levels of these proteins may be detected in a larger volume of soluble 

fraction, however the majority of p21 protein (>95%) was detected in the 0.5% Triton 

X-100 insoluble fraction of COS7 cells.

The -100 kDa band in the insoluble fraction of HA vector transfected and 

untransfected COS7 cells (figure 3.12, lanes 2 and 16) is a non-specific background 

band picked up by the HA antibody which is present in all the insoluble fraction
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Figure 3.12: Expression of HA-tagged dominant positive and dominant negative 
Cdc42, Rac and Rho in COS7 cells

COS7 cells were transiently transfected with pXJ40HA Cdc42 (V I2 or N17), 
Rac (V I2 or N17) or Rho (V I4 or N19) DNA constructs, harvested at 24 hours in 400pl 
o f  buffer containing 0.5% Triton X-100 and cell pellets were resuspended in 50pl 2x 
SDS sample buffer (see section 2.6.1). 25pg o f  0.5% Triton X-100 soluble lysate and 
lOpl o f  0.5% Triton X-100 insoluble pellet were separated by SDS-PAGE, Western 
blotted onto nitrocellulose and probed with the monoclonal HA antibody (lpg /m l, 
Boehringer M annheim) (see sections 2.6.7-2.6.9). Immunoreactive proteins were 
detected using ECL reagents (Amersham). The expected size for full length HA-tagged 
Cdc42, Rac and Rho is ~21 kDa.

empty HA vector - lane 1: 25jitg cell lysate, lane 2: lOpl cell pellet,
HA-tagged V12Cdc42- lane 3: 25pg cell lysate, lane 4: lOpl cell pellet,
HA-tagged N17Cdc42 - lane 5: 25pg cell lysate, lane 6: lOpl cell pellet,
HA-tagged V12Rac - lane 7: 25pg cell lysate, lane 8: lOpl cell pellet,
HA-tagged N17Rac - lane 9: 25pg cell lysate, lane 10: lOpl cell pellet,
HA-tagged V14Rho - lane 11: 25pg cell lysate, lane 12: lOpl cell pellet,
HA-tagged N19Rho -  lane 13: 25pg cell lysate, lane 14: lOpl cell pellet, 
untransfected COS7 cells - lane 13: 25pg cell lysate, lane 14: 1 Ojul cell pellet
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samples.

3,6 Summary

Full length HA- or GFP-tagged a2-chimaerin and the E49W, R56L and R73L 

SH2 domain mutants were predominantly detected in the 0.5% Triton X-100 soluble 

fraction of transiently transfected COS7 cells, which contains both cytosolic and 

membrane associated proteins. Full length GFP-tagged al-chimaerin was detected in 

the 0.5% Triton X-100 insoluble fraction of COS7 cells, which contains cytoskeletal 

proteins. This cytoskeletal localisation of al-chimaerin agrees with previously 

published results (Kozma et al., 1996). A single N94H point mutation in the SH2 

domain of a2-chimaerin altered the protein distribution from the soluble distribution 

characteristic of a2-chimaerin, to a mainly insoluble distribution which more closely 

resembled that of al-chimaerin.

A similar difference in protein localisation between a l -  and a2-chimaerin was 

also observed in fractions derived from permanently transfected N1E 115 cell lines 

expressing a l -  or a2-chimaerin. Four permanent N1E 115 cell lines expressing full 

length al-chimaerin (aID , a l-7 , a l-8  and al-10) and eleven permanent N IE 115 cell 

lines expressing full length a2-chimaerin were established. a2-Chimaerin was detected 

mainly in the soluble fraction, with a smaller amount of protein associated with 

membranes. No a2-chimaerin protein was detected in the 1% Triton X-100 insoluble 

fraction whereas this fraction contained most of the al-chimaerin expression which 

corresponds to a cytoskeletal localisation. This agrees with the distribution observed in 

COS7 cells. All al-chimaerin expressing cell lines expressed the same level of 

endogenous a2-chimaerin, thus the similar morphology of the a2-10 and a  ID cell lines 

is not due to increased a2-chimaerin expression in the a lD  cell line (see chapter 6).

B13 and TOAD-64 are previously identified targets of the a2-chimaerin SH2 

domain. HA- and GFP-tagged B13 were detected in both the 0.5% Triton X-100 soluble 

and insoluble fractions of COS7 cells and GFP tagging had no effect on the protein 

distribution. A polyclonal B13 antibody detected recombinant protein and both HA- and 

GFP-tagged B13 in COS7 cell fractions. GFP-tagged TOAD-64 was detected in the 

0.5% Triton X-100 insoluble fraction of COS7 cells. A polyclonal TOAD-64 antibody 

detected recombinant protein and native TOAD-64 in rat brain cytosol but could not 

detect either HA- or GFP-tagged TOAD-64 in COS7 cell fractions. Full length 

dominant positive and negative Cdc42, Rac and Rho proteins were expressed in the
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insoluble fraction of  COS7 cells.
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CHAPTER 4: Investigation of a l -  and a2-chimaerin protein interactions

4.1 Localisation of chimaerin proteins

Both a l  - and a2-chimaerin stimulate the in vitro GTPase activity of Rac and to 

a much lesser extent Cdc42 (Manser et al., 1992; Hall et al., 1993; M. Teo PhD thesis, 

1994). In COS7 cells, al-chimaerin and V12Rac were expressed in the insoluble 

membrane fraction, whilst a2-chimaerin was expressed in the soluble fraction (see 

Chapter 3). To investigate whether expression of dominant positive p21s induced 

translocation of a2-chimaerin to the membrane, COS7 cells were transiently 

cotransfected with a2-chimaerin and dominant positive Rac, Cdc42 or Rho DNA 

constructs and protein expression in the insoluble membrane fraction of COS7 cells was 

examined (figure 4.1).

High levels of expression of full length Rac, Cdc42 and Rho proteins (-24 kDa) 

were detected in the insoluble fraction of COS7 cells (figure 4.1A-C, lanes 2-6), as 

previously shown in figure 3.12. Low expression of full length a2-chimaerin and the 

E49W, R56L and R73L SH2 domain mutants was detected in the insoluble fraction of 

cotransfection samples (lanes 2-5), whilst much stronger expression of the N94H 

mutant was detected in this fraction (lane 6). A similar protein distribution was 

observed when these a2-chimaerin proteins were expressed alone in COS7 cells 

(figures 3.3B & 3.4B). However in the case of V14Rho co-transfection it appears that 

expression of the N94H mutant in the insoluble fraction was reduced (figure 4.1C, lane 

6). This decreased expression may be due to poor transfection of the N94H construct or 

may represent a specific V14Rho-induced change in protein localisation. Further work 

is required to determine which is the case. Thus dominant positive Rac, Cdc42 and 

probably Rho have no significant effect on the protein distribution of a2-chimaerin. 

This is in contrast to the situation with the Rho effector ROKa which is translocated to 

the membrane by V14Rho (Leung et al., 1995). The multiple bands present at -24 kDa 

in lanes 2-6 of figure 4.1A & C may correspond to different post translationally 

modified or phosphorylated forms of Rac and Rho or possibly protein breakdown.

4.2 Investigation of a2-chimaerin protein interactions

The isolation of two potential targets of a2-chimaerin, B13 and TOAD-64, was 

described earlier. In order to investigate the in vivo interactions between a2-chimaerin 

and these two potential target proteins, cotransfection and immunoprecipitation
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Figure 4.1: Co-expression of HA-tagged a2-chimaerin and V12Rac, V12Cdc42 or 
V14Rho proteins in COS7 cells

COS7 cells were transiently cotransfected with pXJ40HA a2-chim aerin and 
dominant positive p21 DNA constructs, harvested at 24 hours in 400pl o f  buffer 
containing 0.5% Triton X-100 and cell pellets were resuspended in 50pl 2x SDS sample 
buffer (see section 2.6.1). lOjul o f  0.5% Triton X-100 insoluble pellet fractions were 
separated by SDS-PAGE, Western blotted onto nitrocellulose and probed with the 
monoclonal HA antibody (lpg /m l, Boehringer Mannheim) (see sections 2.6.7-2.6.9).
Immunoreactive proteins were detected using ECL reagents (Amersham). The expected 
sizes for full length protein products are -4 5  kDa for HA-tagged a2-chim aerin and -21 
kDa for HA-tagged Rac, Cdc42 and Rho.

A :V12Rac, B: V12Cdc42 and C: V14Rho cotransfections
Lane 1: 1 O j l i I  HA vector cell pellet,
lane 2: lOpl p21 + a2-chim aerin cell pellet,
lane 3: lOpl p21 + a2-chim aerin (E49W ) cell pellet,
lane 4: lOpl p21 + a2-chim aerin (R56L) cell pellet,
lane 5: lOpl p21 + oc2-chimaerin (R73L) cell pellet,
lane 6: lOpl p21 + a2-chim aerin (N94H) cell pellet
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experim ents were carried out in COS7 and N1E 115 cells. COS7 cells were used as they 

are able to express high levels o f protein from transiently transfected DNA and N1E 

1 15 cells were used as a2-chim aerin target proteins may be more likely to interact with

To investigate the effects o f long term chimaerin overexpression on potential 

protein interactions, immunoprecipitation experiments were also carried out in 

permanently transfected N1E 115 cell lines expressing a l  - or a2-chim aerin.

4.2.1 Immunonrecinitation of GFP-tagged q2-chimaerin in CQS7 and N1E 115 

cells

GFP-tagged a2-chim aerin could be immunoprecipitated from transiently 

transfected COS7 and N1E 115 cell lysates using the a2-chim aerin polyclonal antibody 

(figure 4.2A & B, lane 4). Immunoprecipitated protein was detected by Western 

analysis using the monoclonal GFP antibody. In COS7 cell lysates, the GFP antibody 

detected a single ~56kDa background band (figure 4.2A, lanes 1 and 3) whilst N1E 115 

cell lysates contained a series o f background bands including a major band at ~55kDa 

(figure 4.2B, lanes 1 and 3). However, in immunoprecipitates, the region below 50kDa 

was obscured because o f  the presence o f the antibody used for immunoprecipitation, 

which was detected non specifically (figure 4.2A & B, lanes 2 and 4). Having 

established a2-chim aerin could be immunoprecipitated from both COS7 and N1E 115 

cell lysates, its interactions with previously identified targets were tested.

4.2.2 Investigation of a2-chimaerin and TOAD-64 protein interactions in COS7 

cells

HA-tagged a2-chim aerin and GFP-tagged TOAD-64 were transiently co

transfected into COS7 cells (figure 4.3A & B, lane 3) and lysates were subjected to 

im munoprecipitation with the a2-chim aerin antibody. A small amount o f TOAD-64 co- 

im m unoprecipitated with a2-chim aerin in COS7 cells under the conditions used and 

was detected by Western analysis using the GFP antibody (figure 4.3B, lane 4). Similar 

results were obtained when the HA antibody was used to immunoprecipitate (data not 

shown). However, due to interference from the immunoprecipitation antibody it was not 

possible to detect HA-tagged a2-chim aerin (~45kDa) in immunoprecipitates (figure

4.3 A, lanes 2 and 4). Considering the large amounts o f both proteins present in COS7 

cells, very little TOAD-64 co-immunoprecipitated with a2-chim aerin. This suggests

a2-chim aerin  in a neuronal environment.

Chapter 4 141



1 2  3 4

83
G FP -a2

B
1 2  3 4

■ ■

Figure 4.2: Immunoprecipitation of GFP-tagged a2-chimaerin from COS7 and 
N1E 115 cells

Untransfected COS7 and N1E 115 cells and cells transiently transfected with 
pXJ40GFP a2-chim aerin, were harvested at 24 hours in 400pl o f  buffer containing 1% 
Triton X-100, 0.5% Na deoxycholate and subjected to immunoprecipitation with the 
a2-chim aerin antibody (see section 2.6.2).

Total cell lysates and immunoprecipitation samples were separated by SDS- 
PAGE, Western blotted onto nitrocellulose and probed with the monoclonal GFP 
antibody (1:1000 dilution, Clontech) (see sections 2.6.7-2.6.9). Immunoreactive 
proteins were detected using ECL reagents (Amersham). The expected size for full 
length GFP-tagged a2-chim aerin is ~73 kDa.

A: COS7 cells
Lane 1: 4pl untransfected COS7 cell lysate,
lane 2: 40pl untransfected COS7 immunoprecipitate,
lane 3: 4pl G FP-a2-chim aerin cell lysate,
lane 4: 40pl G FP-a2-chim aerin immunoprecipitate

B: N1E 115 cells
Lane 1: 25pl untransfected N1E 115 cell lysate, 
lane 2: 30pl untransfected N1E 115 immunoprecipitate, 
lane 3: 25pl G FP-a2-chim aerin cell lysate, 
lane 4: 30pl GFP-ot2-chimaerin immunoprecipitate
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Figure 4.3: Co-immunoprecipitation of TOAD-64 and a2-chimaerin in COS7 cells
COS7 cells were transiently transfected with pXJ40HA a2-chim aerin, or 

transiently cotransfected with pXJ40HA a2-chim aerin and pXJ40GFP TOAD-64 DNA 
constructs. Cells were harvested at 24 hours in 400pl o f  buffer containing 1% Triton X- 
100. 0.5% Na deoxycholate and subjected to immunoprecipitation with a 2  chimaerin 
antibody (see section 2.6.2).

Total cell lysates and immunoprecipitation samples were separated by SDS- 
PAGE. Western blotted onto nitrocellulose and probed with the monoclonal HA 
antibody (lpg /m l, Boehringer Mannheim) or monoclonal GFP antibody (1:1000 
dilution, Clontech) (see sections 2.6.7-2.6.9). Immunoreactive proteins were detected 
using ECL reagents (Amersham). The expected sizes for full length protein products are 
-4 5  kDa for HA-tagged a2-chim aerin and -9 2  kDa for GFP-tagged TOAD-64.

A: Detection of HA-tagged a2 chimaerin 
B: Detection of GFP-tagged TOAD-64

Lane 1: 30pl HA-tagged a 2  chimaerin cell lysate,
lane 2: 30pl HA-tagged a 2  chimaerin immunoprecipitate,
lane 3: 30pl HA-tagged a 2  chimaerin + GFP-tagged TOAD-64 cell lysate,
lane 4: 30 j l x 1 HA-tagged a 2  chimaerin + GFP-tagged TOAD-64 immunoprecipitate
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that some form of stimulation is required to facilitate the interaction between TOAD-64 

and a2-chimaerin. Since these proteins are usually expressed in a neuronal 

environment, specific growth factor stimulation, phosphorylation, cellular 

differentiation or interaction with other neuronal proteins may be required.

4.2.3 Investigation of a2-chimaerin and TOAD-64 protein interactions in N1E 115 

cells

GFP-tagged TOAD-64 and HA-tagged a2-chimaerin were transiently co

transfected into N1E 115 cells and lysates were subjected to immunoprecipitation. Both 

proteins were detected in total cell lysates, but TOAD-64 was not detectable in oc2- 

chimaerin immunoprecipitates (data not shown). However considering the small amount 

of TOAD-64 detected in a2-chimaerin immunoprecipitates from COS7 cells, it is 

possible that insufficient protein was present for detection in N1E 115 cells. It is also 

probable that some kind of stimulation may be required to promote their interaction in 

N1E 115 cells.

4.2.4 Investieation of a2-chimaerin and B13 protein interactions in COS7 and N1E 

115 cells

The small molecular weight of GFP-tagged B13 (~41kDa) prevents its detection 

in immunoprecipitates via Western blotting, due to interference from the 

immunoprecipitation antibody. This technical problem meant it was not possible to 

determine whether GFP-tagged B 13 co-immunoprecipitated with a2-chimaerin in 

COS7 or N1E 115 cells.

The other possible way to examine whether a2-chimaerin and B13 co- 

immunoprecipitated was to immunoprecipitate HA-tagged B13 and detect co- 

immunoprecipitation of GFP-tagged a2-chimaerin by Western blotting, as GFP-tagged 

a2-chimaerin is larger (~73kDa). However since HA-tagged B13 in COS7 cell lysates 

could not detected by the HA antibody, this experiment was not attempted. Use of the 

recently produced rabbit polyclonal B13 antibody has shown that HA-tagged B 13 is 

expressed in COS7 cells (figure 3.10), so it would now be possible to perform this 

experiment using the polyclonal B13 antibody to detect HA-tagged B13 expression. 

Another method to enable detection of small molecular weight proteins in 

immunoprecipitation samples would be to covalently couple the immunoprecipitation 

antibody to agarose, thus enabling its removal from immunoprecipitation samples.
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4.2.5 Immunoprecipitation of a l -  and a2-chimaerin from permanent N1E 115 cell

lines

Permanently transfected N1E 115 cell lines expressing a l -  or a2-chimaerin 

were established to investigate the effects of long term overexpression of these proteins 

on cell morphology and possible protein-protein interactions in a neuronal cell line. It 

was previously shown that the a lD , a l-7 , a l-8  and a l-10  cell lines express full length 

al-chimaerin (figure 3.7), whilst of the eleven cell lines expressing full length a2- 

chimaerin, a2-10 was one of the highest expressing cell lines (figure 3.6). The potential 

protein-protein interactions in these cell lines were investigated by 

immunoprecipitation.

In order to identify potential targets of the a2-chimaerin SH2 domain, the 

association of tyrosine phosphorylated proteins with chimaerin in immunoprecipitates 

from chimaerin expressing permanent N IE 115 cell lines was investigated. No strong 

immunoreactive targets were co-immunoprecipitated, however in al-chimaerin (aID  

and a l-10 ) and a2-chimaerin (a2-10) cell lines, a ~130kDa tyrosine phosphorylated 

protein co-immunoprecipitated with chimaerin (figure 4.4, lanes 2, 5 and 6). Tyrosine 

phosphorylated proteins which associated with only a l -  or a2-chimaerin isoforms were 

also weakly detected. A ~165kDa tyrosine phosphorylated protein was only detected in 

immunoprecipitates from the a l-1 0  cell line (figure 4.4, lane 5) whilst a ~180kDa 

tyrosine phosphorylated protein was specifically detected in immunoprecipitates from 

the a2-10 cell line (figure 4.4, lane 6). These results indicate that the a2-chimaerin SH2 

domain does not immunoprecipitate enriched levels of tyrosine phosphorylated proteins 

under the conditions used. However, it is possible that appropriate stimulation may 

induce tyrosine phosphorylation of a2-chimaerin substrates and promote their 

interaction with the SH2 domain of a2-chimaerin.

p35 is the neuron specific regulator of cyclin dependent kinase-5 (cdk5), which 

binds and activates the kinase (Lew et al., 1994; Tsai et al., 1994). An interaction 

between p35 and chimaerin has recently been detected (J. Wang and R. Qi, Personal 

Communication), so the association of p35 with a l -  and a2-chimaerin in 

immunoprecipitates from permanently transfected N1E 115 cells was investigated. p35 

could be detected in chimaerin immunoprecipitates in the a lD , a l-7  and a2-10 cell 

lines (figure 4.5, lanes 2, 3 and 6) and a ~32kDa background band was also present in 

all samples.

As both TOAD-64 and B 13 are previously identified targets of the a2-chimaerin
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Figure 4.4: Co-immunoprecipitation of tyrosine phosphorylated proteins with a l 
and a2-chimaerin in permanent N1E 115 cell lines

2.5x107 cells for each permanent cell line were harvested, HA-tagged a l  - or a2 - 
chimaerin was im munoprecipitated with the HA antibody and im munoprecipitates were 
eluted in lOOpl 2x SDS sample buffer (see section 2.6.5). 30pl o f  each 
im munoprecipitation sample were separated by SDS-PAGE, Western blotted onto 
nitrocellulose and probed with the monoclonal phosphotyrosine antibody (0.2pg/ml, 
Santa Cruz) (see sections 2.6.7-2.6.9). Immunoreactive proteins were detected using 
ECL reagents (Amersham).

Lane 1: untransfected N1E 115 cells,
lane 2: a lD ,
lane 3: a l -7 ,
lane 4: a l -8 .
lane 5: a l-1 0 ,
lane 6: a2-10 ,
lane 7: HAv-24 empty vector
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Figure 4.5: Co-immunopreeipitation of p35 with a l -  and a2-chimaerin in 
permanent N1E 115 cell lines

2.5x107 cells for each permanent cell line were harvested, HA-tagged a l  - or a2 - 
chimaerin was immunoprecipitated with the HA antibody and immunoprecipitates were 
eluted in lOOpl 2x SDS sample buffer (see section 2.6.5). 30pl o f  each 
im munoprecipitation sample were separated by SDS-PAGE, Western blotted onto 
nitrocellulose and probed with the polyclonal p35 antibody (1 :500 dilution, Santa Cruz) 
(see sections 2.6.7-2.6.9). Immunoreactive proteins were detected using ECL reagents 
(Amersham).

Lane 1: untransfected N1E 115 cells,
lane 2: a lD ,
lane 3: a l-7 ,
lane 4: a l-8 .
lane 5: al-10,
lane 6: a2-10.
lane 7: HAv-24 empty vector
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SH2 domain, their association with a2-chimaerin in permanently transfected N1E 115 

cell lines was investigated. However, neither endogenous TOAD-64 nor B 13 were 

detected in chimaerin immunoprecipitates from the a l  - or a2-chimaerin cell lines (data 

not shown).

Both p35 and the 130kDa tyrosine phosphorylated protein co- 

immunoprecipitated with a l -  and a2-chimaerin, which suggests that the interaction 

occurred via a common region in these two proteins, possibly either the GAP or 

cysteine rich domain or perhaps indirectly via a second protein which binds both 

isoforms of chimaerin.

The ~165kDa tyrosine phosphorylated protein detected in a l-1 0  

immunoprecipitates was not detected in control or a2-chimaerin expressing cell lines, 

whilst the ~180kDa tyrosine phosphorylated protein detected in a2-10 

immunoprecipitates was not detected in any of the control or al-chimaerin expressing 

cell lines. This suggests that the ~165kDa and ~180kDa tyrosine phosphorylated 

proteins specifically interact with only a l -  or a2-chimaerin respectively. These 

interactions may occur via the specific N terminal sequences of a l -  and a2-chimaerin; 

possibly with the SH2 domain of a2-chimaerin, or perhaps indirectly via specific 

intermediary proteins. The levels of tyrosine phosphorylated proteins and p35 detected 

in immunoprecipitation samples were low as they result from endogenous expression in 

N1E 115 cells rather than transfected proteins.

4,3 Summary

V12Rac, V12Cdc42 and V14Rho did not cause translocation of a2-chimaerin or 

the E49W, R56L and R73L SH2 domain mutants to the insoluble fraction of COS7 

cells. In permanent N1E 115 cell lines expressing a l -  or a2-chimaerin, p35 and a 

~130kDa tyrosine phosphorylated protein co-immunoprecipitated with both a l  - and 

a2-chimaerin isoforms. Two other tyrosine phosphorylated proteins of ~165kDa and 

~180kDa specifically co-immunoprecipitated with only a l  - or a2-chimaerin, 

respectively, in the a l-1 0  and a2-10 cell lines. Immunoprecipitation of HA-tagged a2- 

chimaerin using either the HA or a2-chimaerin antibody resulted in the co- 

immunoprecipitation of a small amount of GFP-tagged TOAD-64 in transiently 

transfected COS7 cell lysates. However neither B 13 nor TOAD-64 proteins were 

detected in chimaerin immunoprecipitates from any permanently transfected N IE 115 

cell lines.
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CHAPTER 5: Investigation into the role of Rho p21s and the q-chimaerins in

NFkB signalling in HeLa and N1E 115 cells

Rac is involved in a number of signalling pathways leading to transcriptional 

activation. Rac activates the JNK and p38 signalling pathways (Coso et al., 1995; 

Minden et al., 1995) and also the NFkB signalling pathway (Sulciner et al., 1996; 

Perona et al., 1997). The involvement of a2-chimaerin and its SH2 domain targets in 

these pathways was considered and their role in the NFkB signalling pathway was 

investigated.

5.1 NFkB activation

Many agents including growth factors, cytokines, lipopolysaccharide and 

ultraviolet irradiation stimulate NFkB activity. Rho proteins have been shown to 

stimulate NFkB in several cell types including COS7, HeLa and Jurkat T cells (Sulciner 

et al., 1996; Perona et al., 1997) and recently RhoGEFs Dbl, Vav and Ost were also 

shown to stimulate NFkB activity in COS7 cells (Montaner et al., 1998). In HeLa cells, 

Rac-induced NFkB stimulation was mediated via the production of reactive oxygen 

species (ROS) (Sulciner et al., 1996). The stimulatory effect of Rac on ROS production 

was recently found to depend on the insert region of Rac (Joneson and Bar Sagi, 1998).

a l -  and a2-Chimaerin are both RacGAPs which downregulate Rac by 

stimulation of its GTPase activity in vitro, but although chimaerin has also been shown 

to act as both a Rac downregulator and an effector in vivo (Kozma et al., 1996), a 

precise physiological role for the SH2 domain containing chimaerin isoform has not yet 

been determined. Rac is involved in ROS generation, B13 a potential a2-chimaerin 

target protein appears to stimulate ROS production (C. Hall, unpublished results) whilst 

TOAD-64 was identified in a trans plasma membrane oxidoreductase (PMO) complex 

purified from synaptic plasma membranes (Bulliard et al., 1997). PMOs are antioxidant 

enzymes which are activated in response to cellular stress and ROS. Thus the effects of 

the chimaerins on the ROS responsive NFkB signalling pathway were investigated.

HeLa cells were chosen to validate the NFkB assay method used^as both 

V12Rac and IL-lp showed high activation levels of NFkB in this cell line (Sulciner et 

al., 1996). As the chimaerins are neuronally expressed proteins, their effects on NFkB 

signalling in N1E 115 mouse neuroblastoma cell line were investigated. The level of 

V12Rac-induced NFkB activation observed in HeLa cells varied with increasing levels
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of DNA (Sulciner et al., 1996). Thus the effects of several DNA levels on NFkB 

activation in both HeLa and N1E 115 cells was investigated.

5.2 NFkB reporter assay

Activation of NFkB results in the translocation of the NFkB dimer to the 

nucleus where it binds a specific DNA sequence (the NFkB binding site) and stimulates 

transcription (reviewed in Baldwin, 1996). The luciferase coupled NFkB reporter 

vectors were generated by J.M. Dong (IMCB, Singapore) from the pGL2-basic vector 

(Promega) and contain four copies of the functional or mutated NFkB binding site 

derived from the MHC promoter sequence (appendix 4).

The basis of the reporter assay used is that activated NFkB binds its specific 

binding sites on the reporter vector which induces production of the enzyme luciferase. 

The amount of luciferase produced is measured indirectly via a light producing reaction, 

which occurs when luciferase is incubated with its substrate luciferin. The amount of 

light produced is measured by a luminometer and is proportional to the level of NFkB 

activity in the sample.

HeLa and N1E 115 cells were transiently transfected with both NFkB reporter 

vector and HA-tagged sample DNA in triplicate, harvested at 24 hours and cell lysates 

were assayed for NFkB induced luciferase production in a luminometer (see Methods 

sections 2.5.2b, 2.5.3 and 2.7.1). Luminometer data presented in figures 5.1-5.10 was 

processed as described in Methods section 2.7.2 and sample data is presented in 

appendices 5-10.

5.2.1 NFkB activation in HeLa cells

NFkB activity in HeLa cell lysates is shown in figure 5.1. Sample values in 

figure 5.1 were also plotted in graphical form to enable easier comparison (figure 5.2). 

At the low (0.5p,g) DNA level in HeLa cells, V12Rac typically caused -13 fold 

stimulation of NFkB activity, which agrees with previously published data (Sulciner et 

al., 1996). MEKK1 also caused -13 fold stimulation of NFkB activity above baseline 

levels. MEKK1 has not previously been shown to activate NFkB in this cell line, but 

was recently shown to stimulate NFkB activity in a Rac- and Cdc42-dependent manner 

in COS7 cells (Montaner et al., 1998). a l  - and a2-Chimaerin both decreased NFkB 

activity to -0.2, a five fold decrease in activity compared to the empty HA vector, 

which is consistent with downregulation of endogenous Rac activity. A similar decrease
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Figure 5.1: Summary Table of NFkB Reporter Assay Results in
HeLa cells (0.5pg DNA level)

Samples

Fold Stimulation 
compared to empty HA 
vector ± Standard 
Deviation of ‘Fold 
Stimulation9 values (n=9)

0.5pg NFkBv + 0.5pg HAV 0.942 ± 0.099
0.5pg NFkBv + 0.5pg MEKK 13.419 ± 3.003
0.5pg NFkBv + 0.5pg HA-V12Rac 12.810 ± 1.251
0.5pg NFkBv + 0.5pg HA-N17Rac 0.290 + 0.177
0.5pg NFkBv + 0.5pg H A-al chimaerin 0.204 + 0.119
0.5pg NFkBv + 0.5 pg HA-a2 chimaerin 0.162 + 0.061
0.5pg NFkBv + 0.5pg HA-a2 chimaerin (E49W) 0.544 + 0.179
0.5pg NFkBv + 0.5pg HA-a2 chimaerin (R56L) 0.306 + 0.124
0.5pg NFkBv + 0.5pg HA-a2 chimaerin (R73L) 0.062 ± 0.020
0.5pg NFkBv + 0.5pg HA-a2 chimaerin (N94H) 0.056 + 0.019
0.5pg NFkBv + 0.5pg HA-B13 0.405 ± 0.060
0.5pg NFkBv + 0.5pg HA-TOAD-64 0.175 ± 0.096

KEY:
NFkBv is functional NFkB reporter vector 
HAV is empty pXJ40-HA vector
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Figure 5.2: Graphical representation of NFkB activity in HeLa cells at the 0.5pg 
DNA level
Data from figure 5.1
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Figure 5.3: NFkB activation in HeLa cells stimulated with IL-1B

A
HeLa cells were transfected 
with 0.5pg NFkBv + 0.5pg 
HAV and treated as 
indicated

Fold Stimulation compared to 
empty HA vector 
± Standard Deviation of ‘Fold 
Stimulation9 values (n=3)

5%FCS ± IL-ip treatment 
for 18 hours

No additions 1.000 ± 0.563
+ 0.01 ng/ml IL-lp 0.171 ± 0.028
+ 0.1 ng/ml IL-ip 0.201 ±0.101
+ 1 ng/ml IL-ip 0.861 ± 0.539
+ 10 ng/ml IL-lp 0.913 ± 0.295
+ 50 ng/ml IL-IP 0.968 ± 0.877
+ 75 ng/ml IL-ip 5.587 ± 2.224
+ 100 ng/ml IL-ip 3.761 + 0.961

No serum ± IL-ip  
treatment for 18 hours

No additions 1.000 ± 0.269
+ 50 ng/ml IL-lp 4.451 ±0.321
+ 75 ng/ml IL-IP 3.764 ±0.831
+ 100 ng/ml IL-lp 3.843 ±1.630

B
HeLa cells were transfected 
as indicated and treated 
with IL-ip for 18 hours in 
the presence of 5%FCS

Fold Stimulation compared to 
empty HA vector 
± Standard Deviation o f ‘Fold 
Stimulation9 values (n=3)

+ 75 ng/ml IL-ip
0.5pg NFkBv + 0.5pg HAv 5.587 ± 2.224
0.5pg NFkBv + 0.5pg HA-al 
chimaerin

0.325 ±0.101

+ 100 ng/ml IL-ip
0.5pg NFkBv + 0.5j^g HAv 3.761 ± 0.961
0.5pg NFkBv + 0.5pg HA-al 
chimaerin

0.255 ± 0.035
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in NFkB activity was obtained with dominant negative Rac which should block 

endogenous Rac activity. The E49W and R56L mutations in the SH2 domain of a2- 

chimaerin resulted in slightly less inhibition of NFkB activity than observed with wild 

type a2-chimaerin, but the R73L and N94H mutations further reduced NFkB activity to 

-0.06, a seventeen fold decrease in activity compared to the empty vector. The 

previously identified a2-chimaerin targets, TOAD-64 and B13 also decreased NFkB 

activity compared to the empty HA vector. B13 decreased NFkB activity to -0.4, a 2.5 

fold decrease whilst TOAD-64 decreased it to -0.2, a 5 fold decrease similar to that 

observed with a2-chimaerin. The decreased NFkB activity in these samples may 

represent specific inhibition by these proteins, although measuring a lack of activation is 

difficult.

In order to determine whether these proteins inhibited NFkB activation, their 

effects on ligand stimulated NFkB activation were investigated. Activation of NFkB by 

EL-ip in HeLa cells was previously shown to be Rac-dependent (Sulciner et al., 1996) 

and so the effects of the chimaerin RacGAPs on IL-ip stimulated NFkB activity 

were investigated.

At low concentrations in the presence of 5% serum (0.01-50ng/ml), IL-ip 

appeared to inhibit NFkB activity and 75-100ng/ml IL-ip was required to induce NFkB 

activation (figure 5.3 A). In the absence of serum, NFkB activation was observed at the 

lower IL-ip concentration of 50ng/ml. The additional stress induced by serum 

starvation or absence of other serum factors may explain why a lower EL-lp 

concentration was required in the absence of serum than in the presence of serum to 

induce similar levels of NFkB activation. The -5.6 and -3.8 fold stimulation of NFkB 

activity induced by 75ng/ml and lOOng/ml IL-ip in the presence of 5% serum was 

reduced to -0.3 and -0.25 in the presence of al-chimaerin (figure 5.3B). This inhibition 

was probably due to the RacGAP activity of al-chimaerin, as IL-ip stimulation of 

NFkB activity is Rac-dependent in HeLa cells (Sulciner et al., 1996).

5.2.2 NFkB activation in N1E 115 cells

NFkB activity in N1E 115 cells is shown in figure 5.4. Sample values in figure

5.4 are also shown in graphical form (figure 5.5). At the low (0.5p,g) DNA level in N1E 

115 cells, V12Rac unexpectedly caused a decrease in NFkB activity to -0.2, a 5 fold 

drop in activity compared to that observed with the empty vector. In contrast, V12Rac
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Figure 5.4; Summary Table of NFkB Reporter Assay Results
in N1E 115 cells (0.5pg DNA level)

Samples

Fold Stimulation 
compared to empty HA 
vector ± Standard 
Deviation of ‘Fold 
Stimulation’ values (n=9)

0.5pg NFkBv + 0.5pg HAV 0.950 ±0.125
0.5pg NFkBv + 0.5pg MEKK 5.756 ±2.192
0.5pg NFkBv + 0.5pg HA-V12Rac 0.210 ± 0.023
0.5pg NFkBv + 0.5pg HA-N17Rac 0.416 ± 0.044
0.5pg NFkBv + 0.5pg HA-al chimaerin 0.930 ± 0.282
0.5pg NFkBv + 0.5pg HA-a2 chimaerin 1.102 ±0.221
0.5[Lg NFkBv + 0.5pg HA-a2 chimaerin (E49W) 0.305 ± 0.057
0.5pg NFkBv + 0.5pg HA-a2 chimaerin (R56L) 0.688 ± 0.302
0.5pg NFkBv + 0.5pg HA-a2 chimaerin (R73L) 1.122 ± 0.228
0.5pg NFkBv + 0.5pg HA-a2 chimaerin (N94H) 0.687 ±0.150
0.5pg NFkBv + 0.5pg HA-B13 1.209 ±0.314
0.5p,g NFkBv + 0.5pg HA-TOAD-64 1.196 ±0.216

0.5pg NFkB(M)v + 0.5pg HA-V12Rac 0.113 ±0.062
0.5pg NFkB(M)v + 0.5p,g MEKK 0.024 ± 0.003

KEY:
NFkBv is functional NFkB reporter vector 
NFkB(M)v is mutated NFkB reporter vector 
HAV is empty pXJ40-HA vector
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Figure 5.5: Graphical representation of NFkB activity in N1E 115 cells at the 0.5pg 
DNA level
Data from figure 5.4
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activates NFkB activity in a variety of cell lines including NIH 3T3 and HeLa cells 

(Sulciner et al., 1996; Sundaresan et al., 1996). However, MEKK1 caused -6  fold 

stimulation of NFkB activity in N1E 115 cells which had not previously been shown in 

this cell line.

al-Chimaerin and a2-chimaerin had no effect on NFkB activity when compared 

to the empty vector. The E49W mutation in the SH2 domain of a2-chimaerin decreased 

NFkB activity to -0.3, a 3 fold decrease from the activity observed with wild type a2- 

chimaerin. Both the R56L and N94H mutations decreased NFkB activity to -0.7, a 

slight decrease from the activity observed with wild type a2-chimaerin, however the 

standard deviation associated with the R56L decrease was high. The other proteins 

tested; the R73L a2-chimaerin mutant, TOAD-64 and B 13, had little effect on NFkB 

activity when compared to the empty vector.

Since inhibition of NFkB activity was unexpectedly induced by V12Rac at low 

DNA levels (0.5|ug), the effects of higher levels of DNA on NFkB activation in N1E 

115 cells was also investigated (figure 5.6 and in graphical form in figure 5.7).

In N1E 115 cells, similar results were obtained at both DNA levels for all 

samples except MEKK1, a2-chimaerin and B13. At low DNA levels, MEKK1 induced 

-6  fold activation of NFkB while a2-chimaerin and B 13 had no effect on NFkB 

activity. At higher DNA levels, both MEKK1 and a2-chimaerin induced -1.6 fold 

stimulation of NFkB activity, whilst B13 caused a -7  fold decrease in NFkB activity 

which was also observed with V12Rac. The smaller stimulation of NFkB activity by 

MEKK1 at the higher DNA level compared to the low DNA level may be due to the 

high baseline activity at the higher DNA level masking any stimulatory effects.

The decreased NFkB activity observed with V12Rac, N17Rac and the E49W 

a2-chimaerin mutant at both DNA levels and the decrease observed with B 13 at the 

higher DNA level in N1E 115 cells may represent inhibition by these proteins. 

Unfortunately, attempts to stimulate NFkB activity in N1E 115 cells via treatment with 

H2O2, lipopolysaccharide, ultraviolet irradiation, PMA or TNFa were unsuccessful, thus 

it was not possible to fully investigate the potential inhibitory effects of V12Rac, 

N17Rac, B13 and the E49W mutant on ligand stimulated NFkB activation.

As V12Rac unexpectedly decreased NFkB activity in N1E 115 cells, the effects 

of Cdc42 and Rho on NFkB activity were investigated since both Cdc42 and Rho were 

also previously shown to stimulate NFkB activity; Cdc42 in COS7 cells and Rho in 

both COS7 and NIH 3T3 cells (Perona et al., 1997). The activity of Rho p21s is
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Figure 5.6: Summary Table of NFkB Reporter Assay Results
in N1E 115 cells (1.5pg DNA level)

Samples

Fold Stimulation 
compared to empty 
HA vector
± Standard Deviation 

o f ‘Fold Stimulation’ 
values (n=6)

1.5pg N F kB v + 1 -5pg HAV 0.968 ± 0.026
1.5pg N F kB v + 1 -5pg MEKK 1.632 + 0.138
1.5pg N F kB v + 1.5pg HA-V12Rac 0.156 ± 0.032
l.SjLtg N F kB v + 1.5pgHA-N17Rac 0.472 ± 0.072 *
1.5pg N F kB v + 1.5pg H A-al chimaerin 0.912 ±0.117
1.5pg N F kB v + 1 - 5pg HA-a2 chimaerin 1.563 ±0.158
1.5pg N F kB v + 1.5pg HA-a2 chimaerin (E49W) 0.219 ± 0.222
1.5pg N F kB v + 1.5pg HA-a2 chimaerin (R56L) 0.970 ± 0.204
1.5|ag N F kB v + 1.5pg HA-a2 chimaerin (R73L) 0.859 ±0.163
1.5pg N F kB v + 1 -5pg HA-a2 chimaerin (N94H) 0.777 ±0.291
1.5pg N F kB v + 1 -5pg HA-B13 0.153 ± 0.050
1.5pg N F kB v + 1.5pg HA-TOAD-64 0.835 ±0.189

KEY:
NFkBv is functional NFkB reporter vector 
NFkB(M)v is mutated NFkB reporter vector 
HAV is empty pXJ40-HA vector 
* (n=3) for this sample
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Figure 5.7: Graphical representation of NFkB activity in N1E 115 cells at the 1.5pg 
DNA level
Data from figure 5.6
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Figure 5.8: Summary table of dominant positive and dominant
negative Rho family protein induced NFkB activity in N1E 115
cells (0.5pg level)

Samples

Fold Stimulation compared to 
empty HA vector 
± Standard Deviation of ‘Fold 
Stimulation9 values (n=6)

In 5% serum
0.5pg NFkBv + 0.5pg HAV 1.000 ± 0.085
0.5pg NFkBv + 0.5pg HA-V12Rac 0.362 ±0.157
0.5pg NFkBv + 0.5pg HA-N17Rac 0.485 ± 0.240
0.5pg NFkBv + 0.5pg HA-V12Cdc42 0.432 ± 0.043
0.5pg NFkBv + 0.5pg HA-N17Cdc42 0.807 ± 0.330
0.5pg NFkBv + 0.5pg HA-V14Rho 0.291 ± 0.082
0.5pg NFkBv + 0.5pg HA-N 19Rho 0.159 ± 0.078
0.5jag NFkBv + 0.5pg MEKK 6.260 ± 0.628

Serum free
0.5pg NFkBv + 0.5pg HAV 1.000 ±0.176
0.5pg NFkBv + 0.5jLtg HA-V12Rac 0.544 ±0.103
0.5pg NFkBv + 0.5pg HA-N 17Rac 0.836 ± 0.250
0.5pg NFkBv + 0.5pg HA-V12Cdc42 0.504 ± 0.092
0.5jLig NFkBv + 0.5pg HA-N17Cdc42 1.003 ± 0.359
0.5pg NFkBv + 0.5|Lig HA-V14Rho 0.365 ± 0.056
0.5pg NFkBv + 0.5p.g HA-N 19Rho 0.396 ± 0.036
0.5pg NFkBv + 0.5pg MEKK 6.695 ±1.215

KEY:
NFkBv is functional NFkB reporter vector 
HAV is empty pXJ40-HA vector
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Figure 5.9: Graphical representation of Rho family protein induced NFkB activity 
in N1E 115 cells at the 0.5pg DNA level
Data from figure 5.8
A: in the presence o f  5% serum, B: in the absence o f  serum
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Figure 5.10: Summary Table of mutated NFkB(M) Reporter Assay
Results in N1E 115 cells (1.5pg DNA level)

Samples

Fold Stimulation 
compared to empty HA 
vector ± Standard 
Deviation of ‘Fold 
Stimulation9 values (n=3)

1.5pg NFkBv + 1.5p.g HAV 0.9514 ± 0.0280

1.5pg NFkB(M)v + 1.5pg HAV 0.0100 ± 0.0009
1.5pg NFkB(M)v + 1.5|ag HA-V12Rac 0.0023 ± 0.0007
1.5pg NFkB(M)v + 1.5pg H A-al chimaerin 0.0045 ± 0.0005
1.5pg NFkB(M)v + 1.5pg HA-a2 chimaerin 0.0069 ± 0.0024
1.5jag NFkB(M)v + 1.5pg HA-a2 chimaerin (E49W) 0.0035 ± 0.0009
1.5pg NFkB(M)v + 1.5pg HA-a2 chimaerin (R56L) 0.0027 ± 0.0009
1.5pg NFkB(M)v + 1.5pg HA-a2 chimaerin (R73L) 0.003910.0017
1.5pg NFkB(M)v + 1.5pg HA-a2 chimaerin (N94H) 0.0028 10.0009
1.5pg NFkB(M)v + 1.5pg HA-B13 0.0011 ± 0.0002
1.5pg NFkB(M)v + 1.5pg HA-TOAD-64 0.0039 ± 0.0005

KEY:
NFkBv is functional NFkB reporter vector 
NFkB(M)v is mutated NFkB reporter vector 
HAV is empty pXJ40-HA vector
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dependent on serum conditions; Rho is activated by LPA present in serum, thus the 

effects of the Rho p21s on NFkB activity were investigated in the presence of 5% serum 

and in serum free conditions (figure 5.8 and graphical form in figure 5.9). No 

stimulation of NFkB activity was observed with V12Rac, V12Cdc42 or V14Rho in the 

presence or absence of serum at low (0.5p,g) DNA levels, although 6-7 fold stimulation 

was induced by MEKK1 in both conditions (figure 5.8). In fact, activated Rac, Cdc42 

and Rho appeared to inhibit NFkB activity. In the presence of serum, dominant negative 

Rac and Rho had similar effects to the activated proteins on NFkB activity whilst 

dominant negative Cdc42 had no effect. In the absence of serum, dominant negative 

Rac and Cdc42 had little effect on NFkB activity whilst dominant negative Rho 

inhibited NFkB activity as did V14Rho.

These results show that in N1E 115 cells Rho, Rac and Cdc42 do not stimulate 

NFkB activity, unlike in COS7, HeLa and Jurkat T cells (Sulciner et al., 1996; Perona et 

al., 1997). MEKK1 was shown to act downstream of Cdc42 and Rac to stimulate NFkB 

activity in COS7 cells (Montaner et al., 1998), however since none of the Rho proteins 

stimulated NFkB activity in N1E 115 cells, MEKK 1-induced NFkB activation in this 

cell line must be independent of Rho proteins. Finally, although the Rho p21s do not 

stimulate NFkB activity in N1E 115 cells they may play an inhibitory role but this 

possibility has not yet been investigated.

5.2.3 Specificity of NFkB activation

To ensure that the NFkB activation measured was specific, a mutated NFkB 

reporter vector was used as a control. In N1E 115 cells at the 1.5p,g DNA level, for all 

samples the values obtained for NFkB activity using the mutated vector ranged from 

0.0011 to 0.0100 (figure 5.10) which is between 15 and -140 fold lower than the lowest 

sample value of 0.153 for 1.5pg HA-B13 obtained using the functional NFkB vector 

(figure 5.6). At the 0.5pg level in N1E 115 cells, NFkB activity associated with 

MEKK1 stimulation using the mutated NFkB vector was 0.024 fold in comparison to 

the -6  fold stimulation obtained using the functional NFkB vector, a several hundred 

fold difference in activity (figure 5.4).

5.3 Summary

V12Rac stimulated NFkB activity in HeLa cells as previously reported (Sulciner 

et al., 1996), thus validating the assay method used. MEKK1 caused a similar level of
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NFkB stimulation to V12Rac, which had not previously been shown. In HeLa cells, a l  

and a2-chimaerin caused a five fold decrease in activity compared to the empty HA 

vector, consistent with their downregulation of endogenous Rac. Mutations in the SH2 

domain of a2-chimaerin had little effect on the NFkB activity observed with wild type 

a2-chimaerin, although the E49W and R56L mutations slightly increased NFkB activity 

whilst the R73L and N94H mutations further reduced NFkB activity. The previously 

identified a2-chimaerin targets, TOAD-64 and B 13 caused a 5 fold and 2.5 fold 

decrease in NFkB activity, respectively. IL-lp-induced NFkB stimulation in HeLa 

cells, previously shown to be Rac-dependent (Sulciner et al., 1996), was inhibited by 

al-chimaerin possibly via its RacGAP activity. The effects of a2-chimaerin on IL-ip- 

induced NFkB activation have not yet been investigated.

In N1E 115 cells, neither Rac nor the other Rho family proteins induced NFkB 

activation. In fact, V12Rac caused a 5-7 fold decrease in NFkB activity, at two different 

expression levels. This contrasts with previous reports in COS7, HeLa and Jurkat T 

cells where NFkB activity is stimulated by Rho proteins (Sulciner et al., 1996; Perona et 

al., 1997). However MEKK1 did stimulate NFkB activity in N1E 115 cells, which has 

not previously been shown. In COS7 cells MEKK1 was shown to act downstream of 

Cdc42 and Rac in NFkB activation (Montaner et al., 1998), however since Rho p21s do 

not stimulate NFkB in N1E 115 cells a different pathway must exist for MEKK1- 

induced NFkB activation in these cells.

a l -  and a2-chimaerin had no effect on NFkB activity when expressed at low 

levels in N1E 115 cells, but when expressed at higher levels, a2-chimaerin caused a 

slight increase in NFkB activity similar to that observed with MEKK1. a2-chimaerin 

SH2 domain mutants had similar effects on NFkB activity at both expression levels.

The E49W SH2 domain mutant decreased NFkB activity ~3 fold from that observed 

with the empty vector control, the N94H mutant slightly decreased NFkB activity, 

whilst the R56L and R73L mutants had no effect. The a2-chimaerin targets B 13 and 

TOAD-64 had no effect on NFkB activity at low expression levels, but at higher 

expression levels B13 caused a ~7 fold decrease in NFkB activity, which was also 

observed with V12Rac. Attempts to establish ligand stimulation of NFkB activity in 

N1E 115 cells were unsuccessful, thus it was not possible to determine whether the 

observed decreases in NFkB activity were specific inhibitory effects on the pathway.
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CHAPTER 6: The morphology of N1E 115 cells expressing al-chimaerin, a l -

chimaerin or potential a2-chimaerin targets

6.1 Rho proteins and neuronal cell morphology

The role o f the Rho p 2 1 s in neuronal development and differentiation has been 

investigated in many neural systems, primary cultures and tissue culture cell lines. PC 12 

and N1E 115 cell lines are two o f the most extensively studied to date and some o f the 

effects o f Rho, Rac and Cdc42 on morphology are established. In both PC 12 and N1E 

115 cells, Rho induces neurite retraction which is mediated by its effector ROK (Hirose 

et al., 1998; Katoh et al., 1998) and inhibition o f Rho activity by C3 exoenzyme induces 

neurite outgrowth (Nishiki et al., 1990; Jalink et al., 1994; Kozma et al., 1997). Rho- 

induced neurite retraction is opposed by the action o f Rac and Cdc42 which promote 

neurite outgrowth in both these cell lines (Kozma et al., 1997; Lamoureux et al., 1997; 

Daniels et al., 1998).

Proteins which regulate p21 activity, such as GEFs, have also been shown to 

affect neuronal morphology. In N1E 115 cells, a 190 kDa RhoGEF induced neurite 

retraction, as does Rho (Gebbink et al., 1997) whilst the RacGEF Tiaml induced cell 

spreading via Rac activation (Van Leeuwen et al., 1997). It is likely that other p21 

regulatory proteins such as GAPs and GDIs affect neuronal morphology.

Chimaerin isoforms are differentially expressed and developmentally regulated 

and their common C terminal region contains a cysteine rich domain (CRD) and a 

PvhoGAP domain (see figure 1.4). Since these proteins differ in sequence only at the N 

terminal, this region is likely to be responsible for differences in protein function. In 

order to further investigate the effects o f the N terminal SH2 domain on a2-chim aerin 

protein function, point mutations in the SH2 domain o f a2-chim aerin were made at 

positions predicted to affect its function (Bibbins et al., 1993; G. Ferrari PhD thesis, 

1999).

The morphological effects o f Rho p2Is in the N IE  115 cell line have been 

studied and these cells are more easily transfected than primary neurons and PC 12 cells. 

Thus N1E 115 cells were selected as the model system to investigate the effects o f 

transient and permanent overexpression o f the a l  - and a2-chim aerin isoforms on 

neuronal cell morphology.

6.2 Morphology of untransfected N1E 115 cells

In the presence o f  serum, N IE 115 cells are mainly rounded in appearance and
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Phalloidin

Figure 6.1: The morphology of untransfected N1E 115 cells
N1E 115 cells were plated on poly-L-lysine coated coverslips and then serum 

starved overnight. Whilst other cells were transiently transfected with DNA in the 
absence o f  serum, controls were incubated in serum free media, then all cells were 
incubated overnight in 5% serum. Control cells were fixed at the same time as 
transfected samples (24 hours post transfection), subjected to immunocytochemistry and 
analysed by fluorescent confocal microscopy (see Methods sections 2.5.2 and 2.6.10). 
Phalloidin staining o f  F-actin is shown in panels a & b. The bar represents 25pm  in both 
panels.

N 1E 115 cells (panels a & b)
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GFP Phalloidin

Figure 6.2: Expression of GFP-tagged chimaerin proteins in transiently 
transfected N1E 115 cells

N1E 115 cells were plated on poly-L-lysine coated coverslips and then serum 
starved overnight. Cells were then transiently transfected with GFP-tagged a l -  
chimaerin, a2-chim aerin or a2-chim aerin SH2 domain mutant DNA constructs in the 
absence o f  serum and incubated overnight in 5% serum. Cells were fixed 24 hours post 
transfection, subjected to immunocytochemistry and analysed by fluorescence confocal 
microscopy (see Methods sections 2.5.2c and 2.6.10). GFP-tagged proteins are shown in 
panels a, c, e, g, i, k & m and phalloidin staining o f  F-actin is shown in panels b, d, f, h. 
j, 1 & n.

GFP-tagged a2-chim aerin - (panels a-d),
GFP-tagged a2-chim aerin (E49W) - (panels e, f),
GFP-tagged a2-chim aerin (R56L) - (panels g, h),
GFP-tagged a2-chim aerin (R73L) - (panels i, j),
GFP-tagged a2-chim aerin (N94H) - (panels k, 1),
GFP-tagged al-ch im aerin  - (panels m, n)
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upon serum starvation the cells flatten and extend neurite-like processes (Jalink et al., 

1994). LPA is the active component in serum which induces neurite retraction in N1E 

115 cells and this LPA-induced retraction is a Rho-dependent process (Jalink et al., 

1994).

N1E 115 cells treated with the same serum conditions as transiently transfected 

cells plated on poly-L-lysine are shown in figure 6.1. After serum free treatment 

followed by a low serum incubation overnight, the majority of cells are flattened with 

short extensions (figure 6. la  & b), a small percentage of cells have neurites longer than 

2 cell bodies (figure 6. la & b), whilst a proportion of cells remain rounded.

6.3 Morphology of transiently transfected N1E 115 cells expressing a l -  or a l-  

chimaerin

N1E 115 cells plated on poly-L-lysine were transiently transfected with HA- or 

GFP-tagged a l -  or a2-chimaerin DNA constructs and subsequently analysed by 

immunocytochemistry. N1E 115 cells expressing al-chimaerin were rounded and 

similar to undifferentiated N1E 115 cells (figure 6.2n), although no al-chimaerin 

expressing cells were neurite bearing, unlike control untransfected N1E 115 cells under 

the same conditions (figure 6.1). al-Chimaerin was expressed unevenly through the 

cell, often concentrated within one region (figure 6.2m).

N1E 115 cells expressing a2-chimaerin were flattened and of normal size and a 

proportion of cells were neurite bearing (figure 6.2b & d), similar to control cells. 

Protein was expressed throughout the cell body (figure 6.2a & c) and in neurite bearing 

cells a2-chimaerin was also expressed throughout the length of the neurite and in the 

growth cone (figure 6.2a).

6.3.1 The effects of a2-chimaerin SH2 domain mutants on N1E 115 cell 

morphology

The E49W, R56L and R73L SH2 domain mutants produced a morphology very 

similar to wild type a2-chimaerin (figure 6.2, compare f, h & j with b & d) and were 

similarly expressed throughout the cell (figure 6.2, compare e, g & i with a & c). 

However the N94H SH2 domain mutant produced a very different morphology. All 

N94H transfected cells were rounded (figure 6.21), similar to undifferentiated N IE 115 

cells and N94H protein was unevenly expressed throughout the cells (figure 6.2k). This 

morphology very closely resembles that of al-chimaerin transfected cells (figure 6.2,
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compare k & 1 with m & n).

6.4 Morphology of permanently transfected N1E 115 cell lines overexpressing a l-  

or a2-chimaerin

pXJ41-HA DNA constructs containing a l -  or a2-chimaerin sequence and the 

neomycin resistance gene were used to establish permanently transfected N IE 115 cell 

lines (see Methods section 2.5.4). The morphological effects of long term 

overexpression of a  1- or a2-chimaerin in N1E 115 cells were investigated by 

immunocytochemistry.

Cell lines a  1-7, a  1-8, a l-10  and a lD  all expressed full length al-chimaerin, as 

established by Western analysis (figure 3.7). Of the eleven cell lines expressing full 

length a2-chimaerin, the a2-10 cell line expressed the highest levels of protein and was 

selected for further characterisation (figure 3.6). The morphology of the a l-7 , a l-8 , 

a lD  and a2-10 cell lines, in addition to the HAv-24 vector control cell line and wild 

type N1E 115 cells, were examined in detail.

6.4.1 Quantification of cell morphology

Five morphological categories were distinguished in the permanent cell lines on 

the basis of phalloidin staining of filamentous actin and are shown in figure 6.3. These 

were (1) rounded undifferentiated cells (figure 6.3a), (2) rounded cells with multiple 

filopodia or peripheral actin microspikes (figure 6.3b), (3) flattened cells (figure 6.3e), 

(4) cells with neurites longer than 2 cell bodies in length (figure 6.3c and d) and (5) 

enlarged, flattened cells with a diameter between 50pm and ~110pm (figure 6.3f). More 

than 600 cells were counted for cell lines grown in both the presence and absence of 

serum and these results are summarised in table 6.4 and in graphical form in figures 6.5 

and 6.6.

In the presence of serum, normal N1E 115 cells are predominantly rounded 

(-59%) and ~20pm in diameter (figure 6.3a), some cells are flattened (-27%) and a 

small percentage of cells have peripheral actin microspikes or neurites. In the absence of 

serum, which causes N IE 115 cells to differentiate, cells become flattened (-67%) and 

-10%  of cells extend long neurites (>2 cell bodies in length), while a smaller percentage 

of cells have microspikes and some remain rounded (-21%) (see table 6.4). The 

morphology of the HAv-24 empty vector cell line in both the presence and absence of 

serum closely resembled that of untransfected N1E 115 cells, although slightly more
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Figure 6.3: Exam ples o f  the morphology of  permanently transfected N1E 115 cell 
lines

Permanently transfected N1E 115 cell lines and untransfected N1E 115 cells 
were plated on poly-L-lysine coated coverslips and incubated overnight in complete 
media or serum free media (see M ethods section 2.4.5, 2.5.2c). Cells were then fixed, 
subjected to immunocytochemistry (see M ethods section 2.6.10) and analysed by 
fluorescence and confocal microscopy. Phalloidin staining o f  F-actin is shown in panels 
a-f. The bar represents 25pm  in all panels.

Types o f  m orphology
Rounded - N 1E 115 cells in the presence o f  serum (panel a),
Microspikes - oc 1 -7 cells in the presence o f  serum (panel b),
Neurites - serum starved N 1E 115 cells (panels c & d),
Flattened - serum starved N1E 115 cells (panel e),
Enlarged - a2 -10  cells in the presence o f  serum (panel f)
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vector cells were rounded in the presence of serum (see table 6.4). Thus the pXJ41-HA 

vector does not promote unusual morphological effects inN IE  115 cells.

The most striking feature of the al-chimaerin overexpressing permanent cell 

line (a  1-7) is that in the presence of serum most cells (-70%) are rounded with multiple 

filopodia or peripheral actin microspikes (figure 6.3b, figure 6.7a-d) which is not a 

feature of untransfected, empty vector or a2-chimaerin cell lines (table 6.4 and figure 

6.5). These fine, actin containing extensions are characteristically Cdc42-induced 

structures, suggesting upregulation of Cdc42 activity occurs in these cells. Secondly, 

neurite outgrowth induced by serum withdrawal is inhibited in this cell line since in the 

absence of serum, a l-7  cells flatten but do not extend neurites, unlike control or a2- 

chimaerin expressing cells.

The most striking feature of the a2-chimaerin overexpressing permanent cell 

line (a2-10) is the novel enlarged phenotype of -40% of the population (table 6.4). a2- 

Chimaerin expression is detected throughout these enlarged cells (figure 6.8c), which 

range from 50p,m to - 1 10pm in diameter, are unusually flat and typically round in 

appearance (figure 6.3f, figure 6.7f), although they are also able produce extensions 

(figure 6.7e, figure 6.8d). This flattened, spreading morphology is characteristic of Rac, 

although these cells did not generally exhibit the peripheral ruffling also usually 

associated with Rac activity. The contribution of Cdc42 activity to the morphology of 

the a2-10 cell line is not clear. Some enlarged a2-10 cells have small microspikes 

protruding from the upper surface and also the periphery of the cell, but there is not a 

dramatic increase in Cdc42-dependent peripheral actin microspikes, unlike in the a l -  

chimaerin expressing cell lines. The Rac-like spreading effect is much more pronounced 

than any Cdc42-like effects observed in this cell line.

As with the a l  isoform, a2-chimaerin inactivates Rac by increasing its GTPase 

activity, thus an increase in Rac type morphology is unexpected. However, the Rac-like 

cell spreading observed in the enlarged a2-10 cells suggests that in addition to its 

RacGAP function, a2-chimaerin may also act as a Rac effector, similar to results 

obtained when recombinant chimaerin is microinjected into Swiss 3T3 cells (Kozma et 

al., 1996). Alternatively it is possible that a RacGEF or another Rac effector could be 

upregulated in these a2-chimaerin expressing cells.

Unexpectedly, the morphology of a single al-chimaerin cell line, a lD , was very 

similar to that of the a2-10 cell line in both the presence and absence of serum, but had 

no similarity to the other al-chimaerin cell lines including a l-7  and a l-8 . The al-7 ,
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Figure 6.7: Examples of the morphology of permanently transfected N1E 115 cell 
lines overexpressing a l -  or a2-chimaerin

Permanently transfected N1E 115 cell lines were plated on poly-L-lysine coated 
coverslips and incubated overnight in complete media or serum free media (see 
Methods section 2.4.5, 2.5.2c). Cells were then fixed, subjected to
immunocytochemistry (see Methods section 2.6.10) and analysed by fluorescence and 
confocal microscopy. Phalloidin staining o f F-actin is shown in panels a-f. The bar 
represents 25pm  in all panels.

a l - 7  cells in the presence o f serum (panels a-d),
serum starved a2 -10  cells (panel e),
a2-10  cells in the presence o f  serum (panel f)
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a2-chim aerin Phalloidin

Figure 6.8: Expression of a2-chimaerin protein in the permanently transfected a2- 
10 cell line

T he permanently transfected cc2-10 cell line which overexpresses a2-chim aerin, 
was plated on poly-L-lysine coated coverslips and cells were incubated overnight in 
complete media or serum free media (see M ethods section 2.4.5, 2.5.2c). Cells were 
then fixed, subjected to immunocytochemistry (see M ethods section 2.6.10) and 
analysed via fluorescence microscopy. a2-chim aerin expression detected by a 
polyclonal a2-chim aerin antibody is shown in panels a & c and phalloidin staining o f  F- 
actin is shown in panels b & d. The bar represents 25pm  in all panels.

Serum starved a2-10  cells - (panels a-d)
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a l-8  and a lD  cell lines all expressed full length al-chimaerin in the triton insoluble 

fraction, as previously shown (figure 3.7). However al-chimaerin expression was also 

detected in the triton solubilised fraction of the a  ID cell line. This difference in protein 

distribution may be involved in the morphological differences observed. However, the 

differences observed are not due to increased levels of a2-chimaerin expression in the 

a lD  cell line, since a l-7 , a l-8  and a lD  cell lines all expressed similar levels of a2- 

chimaerin which corresponded to the endogenous levels observed in untransfected and 

HAv-24 vector control cells (figure 3.8).

6.5 The effects of potential a2-chimaerin targets on N1E 115 cell morphology

The N terminal SH2 domain of a2-chimaerin is likely to mediate its effects 

through binding to target proteins, such as the previously identified proteins B 13 and 

TOAD-64. The specific neuronal expression pattern of a2-chimaerin, its interaction 

with B 13 and TOAD-64, the neuronal expression pattern of TOAD-64 itself (Mintum et 

al., 1995a,b) and the involvement of CRMP-62, the chick homologue of TOAD-64, and 

also Racl in collapsin-induced growth cone collapse (Goshima et al., 1995; Jin and 

Strittmatter, 1997) suggests these proteins may play a vital role in determining neuronal 

cell morphology. Thus the effects of these a2-chimaerin target proteins on N1E 115 cell 

morphology was investigated.

6.5.1 The effects of TOAD-64 and B13 on N1E 115 cell morphology

N1E 115 cells plated on poly-L-lysine were transiently transfected with GFP- 

tagged TOAD-64 or B13 DNA constructs and subsequently analysed by 

immunocytochemistry. In both rounded and neurite bearing cells, TOAD-64 was 

expressed unevenly throughout the cell body of transfected cells. Its expression was 

punctate and it appeared to have a vesicular distribution (figure 6.9a & c). In neurite 

bearing cells, low levels of TOAD-64 expression were also detected at some regions 

down the neurite shaft (figure 6.9a). TOAD-64 expression was also concentrated in a 

perinuclear location within cells which may correspond to the Golgi apparatus (figure 

6.9e & g). Thus transiently transfected TOAD-64 has a different overall distribution to 

a2-chimaerin in N1E 115 cells, although a minor proportion of protein does localise to 

neurites.

B13 was expressed evenly throughout the cell body of transfected cells (figure 

6.9i & k). In neurite bearing cells it was also expressed throughout the length of the
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GFP B13 Phalloidin

Figure 6.9: Expression of GFP-tagged TOAD-64 and B13 proteins in transiently 
transfected N1E 115 cells

N 1E 115 cells were plated on poly-L-lysine coated coverslips and then serum 
starved overnight. Cells were then transiently transfected with GFP-tagged TOAD-64 or 
B13 DNA constructs in the absence o f  serum and incubated overnight in 5% serum. 
Cells were fixed 24 hours post transfection, subjected to immunocytochemistry and 
analysed by fluorescence microscopy (see M ethods sections 2.5.2c and 2.6.10). GFP- 
tagged proteins are shown in panels a, c, e, g, i & k and phalloidin staining o f  F-actin is 
shown in panels b, d, f, h, j & 1.

GFP-tagged TOAD-64 - (panels a-h),
GFP-tagged B13 - (panels i-1)
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neurite and in the growth cone (figure 6.9k). Transiently transfected B13 has a similar 

distribution to ot2-chimaerin in N1E 115 cells.

6.5.2 p35

p35 is the neuron specific regulator of cyclin dependent kinase-5 (cdk5), which 

binds and activates the kinase (Lew et al., 1994; Tsai et al., 1994). Cdk5 phosphorylates 

the neuronal intermediate filament proteins NF-M and NF-H and also the microtubule 

associated proteins Tau and MAP2 (reviewed in Lew and Wang, 1995) which are 

involved in regulation of neuronal cytoskeletal dynamics.

Both cdk5 and p35 promote neurite outgrowth in primary cortical neurons 

(Nikolic et al., 1996) and colocalise with Rac and PAK1 in lamellipodial rich areas of 

axonal growth cones (Nikolic et al., 1998). p35 is expressed at high levels in embryonic 

forebrain (Delalle et al., 1997) with similarities to a2-chimaerin expression (G.

Michael, unpublished results) and an interaction between p35 and chimaerin has 

recently been detected (J. Wang and R. Qi, Personal Communication). In order to 

further investigate the relationship between p35 and chimaerin, its expression in 

chimaerin cell lines was investigated.

6.5.3 Expression of p35 in N1E 115 cells

In untransfected and HAv-24 empty vector control N1E 115 cells, low levels of 

p35 expression were detected by immunocytochemistry. Although in undifferentiated, 

round N1E 115 cells little p35 expression was detected, p35 was weakly detected in a 

ring around the nucleus in flattened cells (figure 6.10c & d). This ring-like expression of 

p35 was also observed in Swiss 3T3 cells (Nikolic et al., 1998). In cells with neurites, 

p35 expression was concentrated down the shaft of the neurite and weak expression was 

typically observed at the end (figure 6.10a & b), the middle or the base of the neurite, 

but was seldom detected throughout its entire length.

In the a2-10 and otID cell lines, the levels of p35 expression detected were 

several fold higher than those observed in control cells. The relative levels of p35 

expression in untransfected N1E 115 cells and the a2-10 cell line are shown in figure 

6.10 (compare a & c with e). In some flattened a2-10 cells (as well as a  ID), p35 was 

expressed in a ring around the nucleus, similar to control cells (figure 6 .10c & d), 

although the level of expression was much higher. In other flattened a2-10 cells, p35 

expression was detected in novel coiled structures of varying length (figure 6.10e and 

figure 6. lib ). In the enlarged, flattened cells which are unique to the a2-10 (and a  ID)
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p35 Phalloidin

- j i

Figure 6.10: Expression o f  p35 in untransfected N1E 115 cells and the permanently  
transfected a2-10  cell line

Untransfected N1E 115 cells and the permanently transfected a2-10  cell line 
which overexpresses a2-chim aerin, were plated on poly-L-lysine coated coverslips and 
incubated overnight in complete media or serum free media (see Methods section 2.4.5. 
2.5.2c). Cells were then fixed, subjected to immunocytochemistry (see Methods section 
2.6.10) and analysed via fluorescent confocal microscopy. The same confocal power 
settings were used to obtain the images shown. p35 staining is shown in panels a, c & e 
and phalloidin staining o f  F-actin is shown in panels b, d & f. The bar represents 25pm 
in all panels.

Serum starved N1E 115 cells - (panels a-d),
Serum starved a2 -10  cells - (panels e & f)
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cell line, p35 was detected in short coiled structures or as a diffuse stain within the cell 

body. In neurite bearing cells in the a2-10 cell line, much stronger p35 staining was 

observed than in control cells. p35 expression was again detected at the base, middle or 

ends of neurite shafts, but sometimes throughout the entire length of the neurite (figure

6.1 lh). p35 was also detected in coiled structures which extended from the cell body 

down the neurite shaft in a2-10 cells (figure 6.1 le).

In the a l-7  and a l-8  cell lines, the levels of p35 expression detected were only 

slightly higher than in control cells and not as high as the a2-10 and a  ID cell lines. As 

with control cells, p35 was expressed in faint rings around the nucleus of flattened cells 

and little expression was detected in rounded cells or cells with multiple peripheral actin 

microspikes (no neurites were present in these cell lines even in the absence of serum). 

Occasionally, p35 was faintly detected in short coiled structures, similar to those present 

in the a2-10 (and a  ID) cell line.

The p35 detected in coiled structures in a2-10 and a lD  cell lines and also to a 

lesser extent in a l-7  and a l-8  cell lines was not observed in untransfected or empty 

vector transfected N1E 115 cells. Hence this appears to be a novel characteristic of cells 

expressing a l -  or a2-chimaerin.

6.5.4 Colocalisation of p35 and actin in the a2-10 cell line

The coiled structures detected by the p35 antibody in cell lines expressing 

chimaerin were filamentous in appearance, suggestive of cytoskeletal components such 

as microtubules, intermediate filaments or actin filaments. The distribution of p35 and 

F-actin in these structures was investigated by confocal microscopy. Z sections were 

taken throughout the entire cell, the section with the strongest p35 staining was selected 

and colocalisation of p35 and F-actin was investigated. In the a2-10 cell line, p35 

staining detected in both short and extensively coiled filamentous structures (figure

6.1 lb) colocalised with F-actin (figure 6.1 lc). However, not all of the p35 staining 

observed in the extensive coils colocalised with F-actin. In neurite bearing a2-10 cells, 

p35 staining detected in a filamentous structure which extended from the cell body 

down the neurite shaft (figure 6.1 le) strongly colocalised with F-actin (figure 6.1 If). 

When p35 staining was detected throughout the neurite shaft in a2-10 cells, again p35 

strongly colocalised with F-actin (figure 6. lli). Thus p35 staining colocalises with F- 

actin in the novel filamentous structures observed in permanently transfected N IE 115 

cells expressing a2-chimaerin.
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colncalisation

Figure 6.11: Colocalisation of p35 and F-actin in the permanently transfected a2- 
10 cell line

The permanently transfected a2 -10  cell line which overexpresses a2-chim aerin, 
was plated on poly-L-lysine coated coverslips and cells were incubated overnight in 
com plete media or serum free media (see M ethods section 2.4.5). Cells were then fixed, 
subjected to immunocytochemistry (see M ethods section 2.6.10) and analysed via 
fluorescent confocal microscopy. Z sections were performed and a single layer through 
each cell is shown. Phalloidin staining o f  F-actin is shown in panels a, d & g, p35 
staining is shown in panels b, e & h and colocalisation o f  p35 and phalloidin staining is 
shown in panels c, f  & i.

a2-10  cells in the presence o f  serum - (panels a-c),
Serum starved a2-10  cells - (panels d-i)
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6.6 Summary

In transiently transfected N1E 115 cells, a2-chimaerin and the E49W, R56L and 

R73L SH2 domain mutants were evenly expressed throughout the cell body and 

neurites of transfected cells. However, expression of al-chimaerin or the N94H SH2 

domain mutant in N1E 115 cells produced a rounded cell morphology and protein was 

expressed unevenly in the cell body. Thus a point mutation in the SH2 domain of a2- 

chimaerin changed the protein distribution and induced a morphology similar to that of 

al-chimaerin.

In the permanently transfected a l-7  (and a l-8 ) cell line, a novel rounded 

morphology with multiple peripheral actin microspikes was observed in the presence of 

serum (table 6.4, figure 6.3b, figure 6.7a-d). The presence of multiple peripheral actin 

microspikes suggests Cdc42 activity is increased in these cells. In the absence of serum, 

a l-7  cells flattened but the neurite extension induced in normal N1E 115 cells by serum 

withdrawal did not occur. Both observations are consistent w7ith overexpressed a l -  

chimaerin acting as an active RacGAP in vivo. This inhibition of neurite outgrowth was 

also observed in transiently transfected cells expressing al-chimaerin.

In the a2-10 ceil line, -40%  of cells had a novel enlarged and extremely 

flattened morphology (figure 6.3f, figure 6.7e & f, figure 6.8d). This flattened, 

spreading morphology is characteristic of Rac, suggesting its activity is increased rather 

than down-regulated in these cells. Both normal sized and enlarged a2-10 cells were 

also able to extend neurites in both the presence and absence of serum.

Unexpectedly, the morphology of a single al-chimaerin cell line, a  ID, was 

unlike other al-chimaerin cell lines but very similar to the a2-10 cell line. This was not 

due to increased levels of a2-chimaerin expression in the a lD  cell line (see section 

3.3.4, figure 3.8), which suggests that in the a lD  line, either al-chimaerin has been 

mutated or upregulation of another pathway is responsible for these morphological 

effects.

The expression of potential a2-chimaerin targets B 13, TOAD-64 and p35 in 

N1E 115 cells was investigated. In transiently transfected N1E 115 cells, B13 was 

expressed throughout the cell body, neurites and growth cones of cells, similar to a2- 

chimaerin, whilst TOAD-64 expression was punctate and concentrated mainly within 

the cell body, suggesting a vesicular distribution, with low levels of TOAD-64 

expression in neurites. In untransfected or vector transfected N1E 115 cells, weak p35 

expression was detected by immunocytochemistry. However in a2-10 and a lD  cell
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lines, greatly increased levels of p35 were detected. p35 and F-actin were found to 

strongly colocalise in coiled filamentous structures which were only detected in 

chimaerin expressing cell lines.
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DISCUSSION

7.1 Rho p21s and the chimaerin RacGAPs

Rho p21s are involved in many fundamental cellular processes regulating cell 

growth and motility. One of the best characterised is their effect on actin cytoskeleton 

reorganisation. Rho, Rac and Cdc42 are molecular switches. They cycle between the 

active GTP bound and inactive GDP bound form and this cycling is regulated by several 

classes of proteins; the GAPs, GEFs and GDIs. These regulatory proteins are vital in 

determining the balance between the GTP and GDP bound state of each p21 protein and 

the relative amounts of each active Rho p21 present in a system. Thus the actions of 

GAPs, GEFs and GDIs are essential in determining the net effects of combined Rho, 

Rac and Cdc42 activity.

GTP bound Rho p21s interact with a variety of effector proteins including 

protein kinases, lipid kinases and phosphatases. These effector proteins often mediate 

other intermolecular interactions resulting in the formation of multi protein complexes. 

For example, PAK, in addition to binding GTP bound Rac or Cdc42, also interacts with 

the RacGEF PIX (Manser et al., 1998) and the adaptor protein Nek (Bagrodia et al., 

1995).

These other binding proteins may further affect the activity or localisation of the protein 

complex. Thus the activity of Rho p21s within the cell can involve the combined effects 

of many proteins.

The chimaerins are a family of Rho p21 GAPs with tissue specific and 

developmentally regulated expression, a l -  and a2-chimaerin are alternate splice 

products with divergent N terminal sequences. The divergent N terminal region of a l -  

chimaerin is 58 amino acids in size and contains a 35 amino acid sequence which is 

predicted to form an amphipathic helix (Lim et al., 1992). The N terminal region of a2- 

chimaerin is 183 amino acids in size and contains an unusual SH2 domain of 81 amino 

acids (Hall et al., 1993). Both isoforms contain a common cysteine rich domain (CRD) 

and a C terminal RhoGAP domain (Hall et al., 1990; Hall et al., 1993). The different 

specificity of expression of these isoforms suggests that the alternate N terminal 

sequences have discrete regulatory or functional roles. The specific distribution and 

temporal expression pattern of these proteins suggests they may be involved in 

regulating the activity of Rho p21s in a neuronal environment.

The presence of an SH2 domain in a2-chimaerin suggests this protein is likely 

to be involved in a tyrosine kinase signalling pathway. A well established example of
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receptor tyrosine kinase signalling is provided by activation of the EGF receptor. 

Activation induces receptor dimerisation and autophosphorylation of cytoplasmic 

tyrosine residues. This results in recruitment of the Grb2-Sos complex from the cytosol 

to the plasma membrane, where the SH2 domain of Grb2 binds a phosphotyrosine 

containing sequence of the receptor (Rozakis-Adcock, 1993). This translocation brings 

Sos into contact with its substrate Ras, resulting in Ras activation and stimulation of 

multiple Ras-dependent pathways including vulval development in C.Elegans and 

differentiation of photoreceptor cells in Drosophila (reviewed in Dickson and Hafen, 

1994).

a2-Chimaerin, (32-chimaerin and p i20 RasGAP are the only GAPs identified to 

date which also contain SH2 domains (Settleman et al., 1992b; Hall et al., 1993; Leung 

et al., 1994). The N terminal SH2 domains of RasGAP interact with the tyrosine 

phosphorylated PDGF (3 receptor and this interaction induces translocation of pi 20 

RasGAP to the membrane (McGlade et al., 1993). It is possible that appropriate 

stimulation may similarly induce translocation of a2-chimaerin from the cytosol to the 

membrane via its SH2 domain. The two N terminal SH2 domains of pi 20 RasGAP also 

interact with tyrosine phosphorylated p i90 RhoGAP (Settleman et al., 1992b) and this 

interaction results in downregulation of pi 20 GAP activity (Moran et al., 1991). Thus in 

addition to the regulation of protein localisation, the SH2 domain of a2-chimaerin may 

also mediate interactions which affect protein function.

The interaction between p i20 RasGAP and p i90 RhoGAP provides a link 

between Rho and Ras signalling pathways and p i20 has recently been shown to 

demonstrate a Rho effector function. Microinjection of full length pl20 RasGAP 

protein induced Rho-dependent stress fibre formation in Swiss 3T3 cells (Leblanc et al.,

1998). This effect and also Ras- or PDGF-induced stress fibre formation were shown to 

depend on the SH3 domain of pi 20 RasGAP. An antibody raised against this region 

also inhibited LPA-induced neurite retraction in differentiated PC 12 cells. This SH3- 

dependent Rho effector function of pi 20 RasGAP is particularly interesting considering 

that the interaction of pi 20 RasGAP with pi 90 RhoGAP induces a conformational 

change in pl20 RasGAP structure which increases the accessibility of its SH3 domain 

(Hu and Settleman, 1997). Thus interaction with pl90RhoGAP promotes the Rho 

effector function of pi 20 RasGAP. These examples demonstrate that in addition to the 

induction of membrane translocation, SH2 domain-mediated interactions may also 

regulate the activity of other conserved domains within the protein and induce 

conformational changes in protein structure which considerably affect protein function.
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Similarly, the interactions of the a2-chimaerin SH2 domain are likely to be essential in 

determining protein function.

7.2 Distribution of a l -  and a2-chimaerin in eukaryotic cells

a l  - and a2-Chimaerin were found to have different protein distributions. In 

fractions derived from permanently transfected N1E 115 cells overexpressing a l -  

chimaerin, the protein was detected in the 1% triton insoluble cytoskeletal fraction 

(figure 3.7). In cell lines overexpressing a2-chimaerin, expression was detected 

predominantly in the cytosolic fraction with low levels in the 1% triton solubilised 

membrane fraction (figure 3.5). Similar results were obtained in COS7 cells where a l -  

chimaerin expression was detected in the 0.5% triton insoluble fraction (figure 3.4) 

whilst a2-chimaerin was detected in the 0.5% triton soluble fraction (figures 3.3 and 

3.4). The cytoskeletal localisation of al-chimaerin was recently reported by Kozma et 

al., (1996) to require its N terminal 35 amino acids, whereas the GAP domain was not 

required for protein localisation. The contribution of the CRD to determining a l -  

chimaerin protein localisation has not been determined.

It is possible that appropriate stimulation may induce translocation of a2- 

chimaerin from the cytosol to the membrane via its SH2 domain, so the effect of co

expression of activated Rho p21s on the distribution of a2-chimaerin was investigated. 

However, expression of activated Rac, Rho or Cdc42 was not sufficient to induce 

translocation of a2-chimaerin from the cytosol (figure 4.1). This situation contrasts with 

that of the Rho effector ROK, which is translocated to the membrane by V14Rho 

(Leung et al., 1995). The fractions analysed were from a2-chimaerin expressing cell 

lines grown in the presence of serum. Thus stimulation by growth factors or serum 

starvation may be required to induce chimaerin activation and subsequent translocation 

to the plasma membrane or possibly to the cytoskeletal fraction of cells.

The difference in a l -  and a2-chimaerin protein localisation was also detected 

by immunocytochemistry. In transiently transfected N1E 115 cells, al-chimaerin was 

unevenly expressed within the cell body, mainly concentrated in a perinuclear location, 

whilst a2-chimaerin was evenly expressed throughout the cell body, neurites and 

growth cones of transfected cells (figure 6.2). A similar protein distribution for a2- 

chimaerin was also observed in permanently transfected N1E 115 cell lines 

overexpressing a2-chimaerin (figure 6.8). The distribution of al-chimaerin in 

permanently transfected cell lines was not determined since an al-chimaerin specific
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antibody was not available and HA-tagged al-chimaerin was not detected by the 

monoclonal HA antibody via immunocytochemistry. However, recently produced 

monoclonal antibodies raised against al-chimaerin could now be used to investigate the 

distribution of al-chimaerin in these overexpressing cell lines.

7.3 The effects of chimaerin overexpression on N1E 115 cell morphology

Expression of a l -  or a2-chimaerin has very different effects on the morphology 

ofN IE  115 cells. Transient expression of al-chimaerin-induced cell rounding, which is 

characteristically a Rho-dependent activity in these cells, and protein was unevenly 

expressed within the cell, mainly concentrated within the perinuclear region (figure 6.2, 

panel m). InN IE  115 cells transiently expressing a2-chimaerin, cells were flattened 

with neurites, similar to control untransfected cells. Protein was expressed throughout 

the cell body, neurites and growth cones of transfected cells (figure 6.2, panels a & c).

Four permanent N1E 115 cell lines expressing full length al-chimaerin (alD , 

a l-7 , a l-8  and a l-10) and eleven permanent N1E 115 cell lines expressing full length 

a2-chimaerin were established. The permanently transfected a l-7 , a l-8  and a l-10  cell 

lines all displayed a similar morphology, which differed from that of a2-chimaerin 

overexpressing cell lines. The morphology of the a l-7 , a2-10, a lD  and empty vector 

control cell lines was quantitated in detail (table 6.4).

The a l-7  cell line displayed a rounded morphology with multiple peripheral 

actin microspikes in the presence of serum (table 6.4, figure 6.3, panel b and figure 6.7, 

panels a-d), which was not characteristic of control or a2-chimaerin overexpressing cell 

lines. Also neurite extension induced by serum withdrawal in normal N1E 115 cells was 

inhibited in the a l-7  cell line (table 6.4). In N1E 115 cells, Rac and Cdc42 are required 

for neurite outgrowth whilst Rho induces neurite retraction (Kozma et al., 1997). These 

two pathways compete in N1E 115 cells (Kozma et al., 1997; Van Leeuwen et al., 1997; 

Hirose et al., 1998) and the net morphological effects in these cells are determined by 

the relative activities of these proteins. Inhibition of neurite outgrowth in the a l-7  cell 

line suggests an inhibition of Rac or Cdc42 activity. However the presence of peripheral 

actin microspikes would suggest that Cdc42 signalling is active in these cells. These 

observations are consistent with overexpressed al-chimaerin functioning as a RacGAP 

in the a l-7  cell line, downregulating Rac activity resulting in unopposed or possibly 

increased Cdc42 activity. It is also possible that long term overexpression of a l -  

chimaerin may induce upregulation of other genes. Thus increased Cdc42 activity may
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be due to upregulation of a Cdc42 specific effector such as N-WASP (Miki et al., 1998) 

in this cell line.

In the a2-10 cell line, -40% of cells had an enlarged and extremely flattened 

morphology (table 6.4, figure 6.3, panel f  and figure 6.7, panels e & f), which was not 

characteristic of control or typical al-chimaerin expressing cell lines. Also serum 

withdrawal was not required to induce neurite outgrowth, as cells extended neurites in 

both the presence and absence of serum (table 6.4). This flattened, spreading 

morphology is characteristic of Rac, suggesting Rac activity is increased in these cells. 

As with the a l  - isoform, a2-chimaerin inactivates Rac by increasing its GTPase 

activity, thus an increase in Rac type morphology is unexpected. Neurite outgrowth in 

the presence of serum suggests that LPA-induced neurite retraction, which is mediated 

by the Rho/ROK pathway (Hirose et al., 1998) is inhibited in these cells. Together this 

data suggests that Rac activity is in fact upregulated in the a2-10 cell line and Rac 

activation antagonises Rho signalling in these cells. Increased Rac activity may be due 

to upregulation of a RacGEF such as Tiaml or PIX. Overexpression of Tiaml induced 

cell spreading and neurite outgrowth in the presence of serum in N1E 115 cells (Van 

Leeuwen et al., 1997). LPA-induced neurite retraction was inhibited in these cells and 

this effect was only overcome by coexpression of V14Rho, illustrating that Rac 

activation can antagonise Rho signalling. However increased Rac activity may also be 

due to upregulation of a Rac effector such as PORI (Van Aelst et al., 1996). It is also 

possible that a2-chimaerin may in fact act as Rac effector in this situation. The 

Cdc42/Rac effector function of chimaerin has been previously shown by microinjection 

of recombinant protein in N1E 115 and Swiss 3T3 cells (Kozma et al., 1996).

A single, atypical al-chimaerin expressing cell line, a lD , had a morphology 

very similar to the a2-10 cell line (table 6.4). The a lD  cell line appeared to express full 

length al-chimaerin protein (figure 3.7), although a small decrease in protein size 

would not be visible on the Western analysis performed. Protein expression was 

detected in both the membrane and cytoskeletal fractions of a lD  cells, unlike the other 

al-chimaerin expressing cell lines which expressed protein only in the cytoskeletal 

fraction (figure 3.7). This difference in protein localisation may be involved in the 

observed morphological differences to other al-chimaerin expressing cell lines. The 

similar morphology of the a lD  and a2-10 cell lines was not due to upregulation of a2- 

chimaerin expression in the a lD  cell line, as all al-chimaerin expressing cell lines 

expressed similar endogenous levels of a2-chimaerin (figure 3.8). This data suggests
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that the SH2 domain of a2-chimaerin is unlikely to be responsible for the observed 

morphology of a2-chimaerin overexpressing cell lines, since this region is not present 

in al-chimaerin, yet the same morphology was observed in the a  ID cell line. Thus 

protein distribution and/or regulation of the CRD and GAP domains may be responsible 

for the observed morphology of a2-chimaerin overexpressing cell lines. The difference 

in protein distribution between a lD  and other al-chimaerin expressing cell lines may 

be partly responsible for their observed differences in morphology. Alternatively, it may 

be a direct result of altered regulation of the CRD and GAP domains in the a  ID cell 

line, which produces an a2-chimaerin like effect on morphology. This suggestion of 

altered regulation is supported by the observed effects of a single N94H amino acid 

substitution in the SH2 domain of a2-chimaerin, which results in an al-chimaerin-like 

morphology and protein distribution. However it is also possible that a compensatory 

mechanism such as upregulation of a RacGEF may be responsible for the Rac-like 

morphological effects observed in the a2-10 and a lD  cell lines.

7.4 SH2 domain mutants of a2-chimaerin

SH2 domain structure has been resolved for a number of SH2 domains. The 

crystal structure of Src in combination with its phosphotyrosine peptide target 

(Waksman et al., 1992) and the effects of point mutations within the SH2 domain on its 

function have been determined (Bibbins et al., 1993). These and other studies have 

provided much useful information concerning the contribution of various residues to 

SH2 domain function. Several highly conserved residues have been identified; the pAl 

tryptophan which is the first residue of the SH2 domain, the aA l arginine, the pD4 

histidine and the invariant pB5 arginine at the base of the phosphotyrosine binding 

pocket which co-ordinates with the phosphate of the target peptide (Waksman et al.,

1992).

The a2-chimaerin SH2 domain is atypical as it has glutamate (E), not tryptophan 

(W) at the pAl position (Hall et al., 1993). It is one of only four SH2 domains identified 

in which the pAl residue is not tryptophan. The others are EAT-2 which starts with 

tyrosine, ZAP70 which has phenylalanine and p2-chimaerin which like a2-chimaerin 

has glutamate in this position (Thompson et al., 1996; Hatada et al., 1995; Leung et al., 

1994, respectively). ZAP70 is also atypical in that it has tandem SH2 domains and its N 

terminal SH2 domain requires residues from the C terminal SH2 domain to form a 

complete phosphotyrosine binding pocket (Hatada et al., 1995). In Src, mutation of the
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PAl residue from tryptophan to glutamate abolishes binding to its tyrosine 

phosphorylated peptide ligand (Bibbins et al., 1993). Mutation of the a2-chimaerin SH2 

domain p Al glutamate to the conventional tryptophan (E49W mutant) was expected to 

increase binding of the oc2-chimaerin SH2 domain to phosphotyrosine. However, in fact 

the E49W mutation had no effect on the binding of the a2  SH2 domain to 

phosphotyrosine agarose, although this is not a physiological substrate (G. Ferrari PhD 

thesis, 1999). However, it is possible that regions outside the SH2 domain of a2- 

chimaerin may also affect its target binding, as demonstrated for Src. Mutation of the 

Src pAl tryptophan to glutamate abolishes the phosphotyrosine binding ability of the 

isolated SH2 domain. However, if the Src SH3 domain is also present, this mutation no 

longer abolishes the phosphotyrosine binding ability of the SH2 domain (Bibbins et al.,

1993).

The highly conserved aA l arginine is involved in simultaneous recognition of 

the phosphate group and the aromatic ring of the phosphotyrosine residue. Surprisingly, 

mutation of the aA l arginine in Src only reduced phosphotyrosine binding by 20% 

(Bibbins et al., 1993). However, mutation of this residue in the a2-chimaerin SH2 

domain (R56L mutant) completely abolished phosphotyrosine agarose binding (G. 

Ferrari PhD thesis, 1999). Thus the aA l arginine may have a more critical role in the 

SH2 domain of a2-chimaerin than in Src.

Mutation of the invariant (3B5 arginine in Src and other SH2 domains 

completely abolished phosphotyrosine binding (Bibbins et al., 1993). Mutation of this 

residue in the a2-chimaerin SH2 domain (R73L mutant) had the same effect on 

phosphotyrosine agarose binding and in addition, abolished interaction of the a2- 

chimaerin SH2 domain with its target B13 (G. Ferrari PhD thesis, 1999). Thus the pB5 

residue is important in the function of both Src and a2-chimaerin SH2 domains.

In Src, the highly conserved (3D4 histidine is present at the mouth of the 

phosphotyrosine binding pocket. It is implicated in maintaining the geometry of the 

active site and may affect selection of specific peptide substrates. Mutation of this 

residue from histidine (H) to asparagine (N) in Src reduced phosphotyrosine binding by 

20% (Bibbins et al., 1993). In a2-chimaerin, the pD4 residue is asparagine and mutation 

of this residue to histidine (N94H mutant) had no measurable effect on the 

phosphotyrosine agarose binding of the a2-chimaerin SH2 domain (G. Ferrari PhD 

thesis, 1999). Interestingly this mutation completely abolished interaction of the a2- 

chimaerin SH2 domain with its targets B13 and TOAD-64 (G. Ferrari PhD thesis,
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1999). Thus overall, three of the four SH2 domain mutations (R56L, R73L and N94H) 

affect either phosphotyrosine interactions, target protein interactions or both. However, 

as the effects of these SH2 domain mutations have been tested on a non physiological 

phosphorylated tyrosine substrate it is possible that they may mediate different effects 

on the binding of a specific phosphotyrosine containing target peptide. Similarly, as the 

TOAD-64 and B13 interactions with a2-chimaerin are phosphotyrosine independent, 

these SH2 domain mutations may have considerably different effects on the binding of a 

specific tyrosine phosphorylated target.

7.4.1 Distribution of a2-chimaerin SH2 domain mutants in eukaryotic cells

Although E49W, R56L and R73L SH2 domain mutations had no effect on a2- 

chimaerin protein distribution (figure 3.3, lanes 2-4 and figure 3.4, lanes 4-6), the N94H 

mutation considerably altered the distribution of a2-chimaerin. In contrast to a2- 

chimaerin which was largely soluble (figure 3.3, lane 1 and figure 3.4 lane 3), the N94H 

mutant protein was detected mainly in the triton insoluble fraction of transiently 

transfected COS7 cells, with low expression in the triton soluble fraction (figure 3.3, 

lane 5 and figure 3.4, lane 7). This distribution closely resembled the protein 

distribution observed with al-chimaerin (figure 3.4, lane 2).

Similarly, immunocytochemical analysis showed a2-chimaerin and the E49W, 

R56L and R73L SH2 domain mutants were evenly expressed throughout the cell body, 

neurites and growth cones of transfected N IE 115 neuroblastoma cells (figure 6.2, 

panels a, c, e, g, & i). However the N94H mutant was unevenly expressed within the 

cell body of transfected cells, often concentrated in a perinuclear location similar to the 

expression of al-chimaerin (figure 6.2, panels k & m).

A single point mutation in the SH2 domain of a2-chimaerin alters the targeting 

of this protein so that it resembles that of al-chimaerin. The unique N terminal 35 

amino acids of al-chimaerin are essential for its cytoskeletal distribution, the GAP 

domain is not required whereas the role of the CRD in al-chimaerin targeting is 

unknown (Kozma et al., 1996). Since the distribution of the N94H mutant so closely 

resembles that of al-chimaerin, yet lacks its unique N terminal sequence, this suggests 

that the CRD may also be involved in chimaerin protein targeting.

The triton insoluble distribution of the N94H mutant may be consistent with 

activation of a2-chimaerin and its recruitment to the membrane or cytoskeleton. It is 

possible that the N94H mutation promotes a2-chimaerin translocation via disruption of

Discussion 198



the intra- or inter- molecular interactions responsible for the cytosolic distribution of the 

wild type protein. Mutation of this residue in the isolated SH2 domain does not impair 

phosphotyrosine agarose binding (G. Ferrari PhD thesis, 1999) which supports the 

possibility that this protein is active. However, it is also possible that this mutation 

causes a gross distortion of tertiary structure, affecting protein function since in the 

isolated SH2 domain, this mutation abolishes the interaction of a2-chimaerin with its 

targets B13 and TOAD-64 (G. Ferrari PhD thesis, 1999).

7.5 Potential regulation of a2-chimaerm activity by intra/inter molecular 

interactions

Full length recombinant a2-chimaerin protein does not bind phosphotyrosine 

agarose as well as the isolated SH2 domain (G. Ferrari PhD thesis, 1999). This suggests 

the possibility that a2-chimaerin may dimerise or an intra-molecular interaction may 

occur in full length oc2-chimaerin which reduces the accessibility of the SH2 domain. 

The intra-molecular interaction may involve the SH2 domain itself, as in Src, where the 

SH2 domain interacts with a phosphorylated tyrosine residue in the C terminal, 

inhibiting kinase activity (Xu et al., 1997). However intra-molecular interactions may 

involve other regions of oc2-chimaerin, resulting in inhibition of SH2 domain function.

It is possible that post translational modifications or phosphorylation are required in 

vivo to produce fully functional protein. The lack of these modifications in bacterially 

produced proteins may result in incorrect folding of the recombinant protein, leading to 

reduced accessibility of the a2-chimaerin SH2 domain. Finally, it is also possible that in 

vivo an interaction with another protein may sequester a2-chimaerin in a cytosolic 

complex, reducing its phosphotyrosine binding ability.

7.6 GAP activity of the chimaerins

Full length recombinant al-chimaerin has 10 fold lower GAP activity than full 

length recombinant ot2-chimaerin or the isolated GAP domain (Ahmed et al., 1993; M. 

Teo PhD thesis, 1994). This difference in GAP activity is due to negative regulation of 

al-chimaerin GAP activity by the CRD in vitro (Ahmed et al., 1993). The similar GAP 

activities of full length a2-chimaerin and the isolated GAP domain in vitro (M. Teo 

PhD thesis, 1994) suggests that a2-chimaerin GAP activity is not negatively regulated 

by other regions within the protein. However a2-chimaerin GAP activity can be further 

upregulated by phospholipid binding to its CRD (M. Teo PhD thesis, 1994) whilst the
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GAP activity of al-chimaerin is both positively and negatively regulated by 

phospholipid binding to its CRD (Ahmed et al., 1993).

The CRD and GAP domains of a l -  and a2-chimaerin are identical in sequence, 

thus any differences in regulation of these domains in vitro must be due to the unique N 

terminal sequences of these proteins. This suggests that the effect of the CRD in 

negatively regulating the GAP activity of a2-chimaerin is attenuated by the presence of 

its SH2 domain. However, the relative GAP activities of the chimaerins in vivo may 

differ considerably from that observed in vitro, as in vivo they may be further regulated 

by interactions with other proteins.

7.6.1 Effects of the a2-chimaerin SH2 domain on GAP activity

The E49W, R56L, R73L and N94H SH2 domain mutations had no measurable 

effect on the GAP activity of full length recombinant a2-chimaerin (G. Ferrari PhD 

thesis, 1999), which suggests that the SH2 domain does not directly regulate GAP 

activity in vitro. However it is possible that these mutations may affect the CRD- 

mediated regulation of GAP activity, although this has not been tested. This assay used 

recombinant proteins which any lack post translational modifications that may be 

required for fully functional proteins in a eukaryotic system so it is possible that these 

mutations may affect chimaerin GAP activity in vivo.

7.7 Effects of the common regions of the chimaerins on protein localisation

The common region of the chimaerins contains a cysteine rich domain (CRD) 

and GAP domain, which may also be involved in determining the protein localisation. It 

has been previously shown that the GAP domain of al-chimaerin is not required for 

localisation of the protein to the cytoskeletal fraction of cells (Kozma et al., 1996), but 

the contribution of the CRD to al-chimaerin localisation has not been established. 

However, the similar protein distribution of al-chimaerin and the a2-chimaerin N94H 

SH2 domain mutant (which lacks the unique N terminal sequence present in a l -  

chimaerin) (figures 3.4 & 6.2) suggests that the common CRD may also be involved in 

determining protein localisation.

The CRD present in both isoforms of chimaerin has homology to the Clb region 

of PKC, which binds both phorbol esters and DAG in a phospholipid-dependent manner 

and regulates PKC activity (Ohno et al., 1988; Ono et al., 1989). Both a l -  and a2- 

chimaerin bind phorbol esters in the presence of phosphatidylserine with similar binding
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affinities to PKC (Ahmed et al., 1990; Ahmed et al., 1991; M. Teo PhD thesis, 1994). 

The effects of phorbol ester treatment on the distribution of the related protein p2- 

chimaerin have recently been investigated. The P-chimaerin isoforms have a similar 

structure to the a  isoforms (figure 1.2) and the CRD of p2-chimaerin has been shown to 

act as a high affinity receptor for both phorbol esters and DAG (Caloca et al., 1997; 

Caloca et al., 1999). On stimulation with phorbol ester, p2-chimaerin translocates from 

a mainly soluble to a mainly cytoskeletal distribution in COS7 cells (Caloca et al.,

1997). Upon binding DAG via its CRD domain, P2 translocates from the soluble to the 

particulate fraction in COS1 cells, which corresponds to translocation from the cytosol 

to a perinuclear region in these cells (Caloca et al., 1999). The PKC-related Cl region of 

RasGRP has also recently been shown to regulate its protein localisation. Upon serum 

or phorbol ester stimulation, RasGRP, a GEF for Ras, is translocated from the cytosol to 

membranous regions in NIH 3T3 cells (Tognon et al., 1998). This translocation was 

mediated via the CRD of RasGRP.

Thus in addition to the unique N terminal region of the a-chimaerins, it is 

possible that the CRD may also contribute to determining the localisation of these 

proteins upon appropriate stimulation. Considering p2-chimaerin also contains an SH2 

domain with 82% homology to that of a2-chimaerin (Leung et al., 1994), it is 

interesting that it is the CRD that has been demonstrated to induce P2-chimaerin protein 

translocation.

7.8 Chimaerin target proteins

B13 and TOAD-64 are previously identified targets of the a2-chimaerin SH2 

domain (C. Monfries, unpublished results, M. Teo PhD thesis, 1994). B13 is the 13 kDa 

subunit of NADH ubiquinone oxidoreductase and TOAD-64 is a phosphoprotein 

involved in axonal guidance (Mintum et al., 1995a,b). B13 was isolated using the yeast 

two hybrid system in the absence of tyrosine kinases and its interaction with the a2- 

chimaerin SH2 domain is phosphotyrosine independent (C. Monfries, Personal 

Communication). TOAD-64 was isolated during a screen for a2-chimaerin targets in rat 

brain fractions (M. Teo PhD thesis, 1994) and has consensus sites for serine and 

threonine but not tyrosine phosphorylation (Gaetano et al., 1997). p35 was recently 

identified as a potential target of both a l -  and a2-chimaerin (J. Wang and R. Qi, 

Personal Communication). It is possible that other a2-chimaerin SH2 domain targets 

including a high affinity phosphotyrosine-dependent ligand exist which have not yet
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been identified. This high affinity interaction may be tissue specific or only occur 

during a particular expression period or under specific stimulation conditions, making 

its detection difficult. It is also possible that the a2-chimaerin SH2 domain may bind 

target proteins via the more unusual phosphoserine or phosphothreonine-dependent 

interactions as previously described for the interaction of the Abl SH2 domain with Bcr 

(Pendergast et al., 1991) and the GrblO SH2 domain with Rafl and MEK1 kinases 

(Nantel et al., 1998).

The effects of SH2 domain mutations on TOAD-64 and B13 interactions in vitro 

supports the suggestion they are phosphotyrosine independent. The R56L SH2 domain 

mutation abolished phosphotyrosine agarose binding, but had no effect on TOAD-64 or 

B13 interactions with a2-chimaerin (G. Ferrari PhD thesis, 1999). Conversely, the 

N94H SH2 domain mutation abolished the interaction of a2-chimaerin with both B13 

and TOAD-64, although this mutant was still able to bind phosphotyrosine (G. Ferrari 

PhD thesis, 1999). Mutation of the invariant pB5 arginine (R73L) of the a2-chimaerin 

SH2 domain abolished B13 and phosphotyrosine agarose binding, but had no effect on 

the interaction of TOAD-64 with a2-chimaerin (G. Ferrari PhD thesis, 1999), 

suggesting these proteins may interact with a2-chimaerin at different sites. However 

these binding sites may overlap since the N94H mutation had the same effect on both 

TOAD-64 and B13 interactions.

7.8.1 Distribution of B13 and TOAD-64 in eukaryotic cells

In order to characterise the interactions of B13 or TOAD-64 with a2-chimaerin 

in vivo, constructs encoding these potential targets in mammalian expression vectors 

were made and the expression of these proteins was investigated.

Full length GFP-tagged B13 expression was detected in both the soluble and 

insoluble fractions of COS7 cells, whilst expression of GFP-tagged TOAD-64 was only 

detected in the insoluble fraction (figure 3.9). This membranous distribution of TOAD- 

64 agrees with previous data in rat cortex homogenates (Minturn et al., 1995b). Neither 

HA-tagged B13 or TOAD-64 expression was detectable on Western analysis using the 

HA antibody. Rabbit polyclonal antibodies raised against recombinant B 13 and TOAD- 

64 were recently produced to aid further investigation of the interaction of these 

proteins with a2-chimaerin (G. Ferrari). The ability of these antibodies to detect 

eukaryotically expressed B13 and TOAD-64 was investigated. The polyclonal B 13 

antibody strongly detected full length HA- and GFP-tagged B13 in both soluble and 

insoluble COS7 cell fractions (figure 3.10). This suggests that the inability to detect
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HA-tagged B13 using the HA antibody is probably due to folding of this protein 

obstructing the HA antibody binding site. Similarly, the rabbit polyclonal TOAD-64 

antibody could not detect either HA- or GFP-tagged TOAD-64 in COS7 cell fractions, 

although it strongly detected recombinant protein and native TOAD-64 in rat brain 

cytosol (figure 3.11). As GFP-tagged TOAD-64 could be detected by the GFP antibody, 

and both the HA- and GFP-tagged TOAD-64 DNA constructs used produced full length 

protein in an in vitro transcription-translation assay (figure 3.1), it seems likely that the 

epitopes recognised by the TOAD-64 and HA antibodies are obscured in the tagged 

proteins.

7.8.2 Localisation of B13, TOAD-64 and p35 in eukaryotic cells

The localisation of potential chimaerin targets B13, TOAD-64 and p35 in N1E 

115 cells was investigated by immunocytochemistry. In transiently transfected N1E 115 

cells, B13 was present throughout the cell body, neurites and growth cones of cells 

(figure 6.9, panels i & k), similar to a2-chimaerin, whilst TOAD-64 was punctate, 

suggesting a vesicular distribution (figure 6.9, panels a, c, e & g). p35 was faintly 

detected in untransfected N IE 115 cells. In flattened cells endogenous p35 was detected 

in a ring around the nucleus, whilst in neurite bearing cells, p35 was observed at the 

end, the middle or the base of the neurite shaft (figure 6.10, panels a & c). Greatly 

increased levels of p35 expression were detected in N1E 115 cell lines permanently 

overexpressing a2-chimaerin (figure 6.10, panel e). In these cells, p35 stained discrete 

areas of actin filaments which had a novel coiled structure (figure 6.11, panels c, f  & i). 

Preliminary investigations indicate that (3-tubulin and neurofilament distribution in 

chimaerin cell lines does not colocalise with p35 (C. Hall, Personal Communication), 

although neurofilament and microtubule associated proteins are substrates of cdk5.

7.8.3 Interaction of protein targets with a2-chimaerin 

7.8.3A a2-Chimaerin interaction with TOAD-64

Low levels of TOAD-64 protein co-immunoprecipitated with a2-chimaerin in 

transiently transfected COS7 cell lysates (figure 4.3B, lane 4). This suggests that 

extrinsic stimulation may be required to induce association of oc2-chimaerin and TOAD- 

64 or other proteins may be required to enhance this interaction, which may be neural 

specific since both TOAD-64 and a2-chimaerin are neuronally expressed (Hall et al., 

1993; Minturn et al., 1995a,b). However, TOAD-64 was not detected in chimaerin
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immunoprecipitates from permanently transfected N1E 115 cell lines (data not shown). 

This lack of interaction may be explained by a low level of endogenous TOAD-64 

expression in this cell line. Unfortunately, time did not permit the transient transfection 

of ot2-10 cells with TOAD-64 to further investigate the interaction of these proteins. It 

is possible that Rac or other proteins may be required to promote association of a2- 

chimaerin and TOAD-64 in neural cells. TOAD-64 has homology to the C.Elegans unc- 

33 protein, mutation of which results in abnormal axonal outgrowth and guidance (Li et 

al., 1992), while Rac promotes neurite outgrowth in N1E 115 (Kozma et al., 1997; 

Hirose et al., 1998) and PC12 cells (Lamoureux et al., 1997). It has also been shown 

that both Rac and TOAD-64 are required to mediate collapsin-induced growth cone 

collapse in chick DRGs (Goshima et al., 1995; Jin and Strittmatter, 1997). a2- 

Chimaerin binds both Rac and TOAD-64 via its GAP and SH2 domain, respectively. 

Thus it is possible that together these proteins form a complex which is involved in 

regulating neurite outgrowth or the collapsin pathway. Thus stimuli that promote these 

responses may be required to induce association of these proteins.

7.8.3B a2-Chimaerin interaction with BI3

The co-immunoprecipitation of B13 and a2-chimaerin could not be detected in 

COS7 cell lysates due to technical difficulties. The recent production of a polyclonal 

B13 antibody which detects both HA- and GFP-tagged B13 would now enable 

investigation of this interaction. However, B13 was not detected in chimaerin 

immunoprecipitates from permanent N1E 115 cell lines using this antibody (data not 

shown). As B13 is not a neuronal-specific protein, this lack of interaction may reflect 

low levels of endogenous B13 expression in this cell line, although this is unlikely as 

B13 is a mitochondrial protein. However it is also possible that specific stimuli or 

additional proteins may be required to induce association of B13 and a2-chimaerin in 

vivo.

7.8.3C Chimaerin interactions with p35

p35, the neuronal regulator of cyclin dependent kinase-5 (cdk5) which binds and 

activates the kinase (Lew et al., 1994; Tsai et al., 1994), co-immunoprecipitated with 

both a l -  and a2-chimaerin in permanently transfected N1E 115 cell lines (figure 4.4). 

This suggests that the interaction was mediated by the common C terminal region of the 

chimaerins which contains the CRD and GAP domains or via association of p35 with a 

second protein which binds both chimaerin isoforms. Co-immunoprecipitation of p35
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with a l  - and a2-chimaerin is very interesting, as p35 and cdk5 are required for neurite 

outgrowth (Nikolic et al., 1996), a process which also requires Rac in several cell types 

(Kozma et al., 1997; Kita et al., 1998). Recently, Rac and the p35/cdk5 complex were 

shown to colocalise in neuronal growth cones together with PAK1 (Nikolic et al.,

1998). It was also demonstrated that p35 binds GTP bound Rac and thus may act as a 

Rac effector in neural cells (Nikolic et al., 1998). It is possible that association of p35 

with chimaerin may recruit chimaerin to the Rac-p35/cdk5 complex in neural cells, 

enabling chimaerin-mediated regulation of Rac activity and hence regulation of neurite 

outgrowth. Binding of p35 and chimaerin may also enable phosphorylation of chimaerin 

by cdk5, which may greatly affect protein function.

Increased expression of p35 was detected in the a2-10 cell line compared to 

control and al-chimaerin expressing cell lines (figure 6.10). Although the Rac effector 

function of p35 has not been determined, it is possible that p35 may promote Rac- 

dependent cell flattening. Thus the upregulation of p35 expression in cells 

overexpressing a2-chimaerin may be responsible for the novel enlarged, flattened 

morphology observed in this cell line. These enlarged a2-10 cells often contained novel 

coiled filaments of F-actin which colocalised with p35 staining (figure 6.1 la-c). 

Colocalisation of p35 and F-actin in filamentous structures was also observed in neurite 

bearing a2-10 cells (figure 6.1 ld-i). It would be interesting to determine whether Rac, 

cdk5, PAK1 or a2-chimaerin itself are also present in these structures, as they may 

represent a site of complex formation. However further investigation of the nature of 

these unusual structures was not possible due to time constraints.

7.8.3D a2-Chimaerin interactions with tyrosine phosphorvlated proteins

A -130 kDa tyrosine phosphorylated protein co-immunoprecipitated with both 

a l -  and a2-chimaerin in permanently transfected N1E 115 cell lines (figure 4.5). This 

protein probably interacted with the common C terminal region of the chimaerins which 

contains the CRD and GAP domains or associated with chimaerin indirectly via a 

second protein which binds both chimaerin isoforms. However, a -180 kDa tyrosine 

phosphorylated protein also co-immunoprecipitated with a2-chimaerin but was not 

detected in immunoprecipitates from any of the al-chimaerin or control cell lines 

(figure 4.4). This protein may be a specific target of the a2-chimaerin SH2 domain. The 

low level of this 180 kDa tyrosine phosphorylated protein detected in the 

immunoprecipitation sample from the a2-10 cell line represents its endogenous
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expression level. It is possible that stimulation by growth factors or other agents may be 

required to upregulate expression of this protein and promote its interaction with ot2- 

chimaerin. The only other tyrosine phosphorylated protein identified which interacts 

with a2-chimaerin is a -38 kDa protein from NGF stimulated PC 12 cells which bound 

an a2-chimaerin SH2 domain column (Hall et al., 1993). The identity of these proteins 

is unknown, however there are several possible candidates for the 180 kDa tyrosine 

phosphorylated protein.

Several proteins involved in the regulation of cytoskeletal reorganisation are 

approximately 180 kDa in size and phosphorylated on tyrosine residues including FAK, 

ROK and Ack. Other tyrosine phosphorylated proteins of an appropriate size include 

pi 90 RhoGAP, the EGF receptor, the PDGF receptor, the 2B subunit of the NMD A 

glutamate receptor and insulin receptor substrate-1 (IRS-1) (Ellis et al., 1990; Kawase et 

al., 1995; Quinones et al., 1991; Moon et al., 1994; Sun et al., 1992, respectively). The 

activated PDGF receptor is an interesting possible target of ot2-chimaerin, as PDGF 

induces Rac activation and its subsequent morphological effects in many cell types. 

Recruitment of a2-chimaerin to the activated PDGF receptor via phosphotyrosine 

interactions would provide a mechanism for the localisation of a2-chimaerin to the site 

of Rac action at the plasma membrane, in order to regulate its activity. TOAD-64 was 

also recently found to co-immunoprecipitate with an -190 kDa serine phosphorylated 

protein from PC 12 cells (Kamata et al., 1998). This protein may also be phosphorylated 

on tyrosine residues and/or the 180 kDa tyrosine phosphorylated protein which co- 

immunoprecipitated with a2-chimaerin may also be phosphorylated on serine or 

threonine residues. Thus it is possible that both a2-chimaerin and TOAD-64 may 

interact with a common phosphoprotein.

7.9 The chimaerins and NFkB signalling

Rac stimulates the production of ROS in many cell types (Sundaresan et al., 

1996; Irani et al., 1997; Joneson and Bar Sagi, 1998) and was shown to be required for 

Rac-induced NFkB activation in HeLa cells (Sulciner et al., 1996). The previously 

identified a2-chimaerin SH2 domain target B 13 is also implicated in the production of 

ROS (C. Hall, unpublished results). Whilst TOAD-64 was identified in a neural trans

plasma membrane oxidoreductase (PMO) (Bulliard et al., 1997), an antioxidant enzyme 

complex which is activated in response to cellular stress and ROS. Thus the role of the 

chimaerins and potential ot2-chimaerin targets in the ROS responsive NFkB signalling
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pathway were investigated.

7.9.1 NFkB signalling in HeLa and N1E 115 cells

As previously reported, both V12Rac and DL-ip stimulated NFkB activity in 

HeLa cells (Sulciner et al., 1996, figures 5.1 and 5.3). MEKK1 was also shown to 

stimulate NFkB activity in HeLa cells (figure 5.1) which is consistent with its 

ability to act upstream of the IkB kinase complex (IKK) and induce its activation (Lee 

et al., 1997), resulting in degradation of the NFkB inhibitor IkBoc, and activation of 

NFkB (figure 1.3). al-Chimaerin appeared to inhibit IL-ip-induced NFkB activation in 

HeLa cells (figure 5.3), which was previously shown to be Rac-dependent (Sulciner et 

al., 1996). This suggests a role for al-chimaerin in regulating Rac-induced NFkB 

activation probably via its RacGAP activity.

Unexpectedly, Rho, Rac and Cdc42 did not induce NFkB activation in N1E 115 

cells unlike in COS7, HeLa and Jurkat T cells (Sulciner et al., 1996; Perona et al.,

1997). In fact, V12Rac appeared to inhibit NFkB activation in these cells. At low DNA 

levels, V12Rac induced a 5 fold drop in NFkB activity compared to empty vector 

controls (figure 5.4), whilst at higher DNA levels, both V12Rac and B13 induced a 7 

fold drop in activity (figure 5.6). It is possible that in N1E 115 cells NFkB is 

constitutively activated and that Rac is acting as an NFkB inhibitor in these cells. 

However, as with HeLa cells, the JNK activator MEKK1 stimulated NFkB activity in 

N1E 115 cells (figure 5.4), which had not been previously reported. Rac and Cdc42 

were recently shown to act upstream of MEKK1 to induce activation of NFkB 

(Montaner et al., 1998). However since neither protein activates NFkB in N1E 115 

cells, a different pathway must exist for MEKK1-induced NFkB activation in these 

cells.

The observed decreases in activity in response to V12Rac and B13 may be due 

to specific inhibition of NFkB. However, attempts to induce NFkB activation in N1E 

115 cells via treatment with UV irradiation, TNFa, PMA, lipopolysaccharide and H2O2 

were unsuccessful, thus inhibition of NFkB activation by V12Rac and B13 could not be 

confirmed. The NFkB signalling pathway does function inN IE  115 cells, as MEKK1 

induced 5-10 fold activation (figure 5.4). However MEKK1 was presumed to act 

downstream of these potential inhibitors on the basis of previously published pathways 

(see figure 1.3). The inability of the Rho p21s to stimulate the NFkB pathway represents 

an interesting neural cell type specific difference and suggests that novel pathways exist
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for the regulation of NFkB activity in N1E 115 cells. It is possible that Rho p21s do not 

activate any stress-induced signalling pathways in N1E 115 cells. However it is also 

possible that Rho p21s may activate JNK and/or p38 pathways, rather than the NFkB 

pathway in these cells.
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CONCLUSIONS

a l  - and a2-Chimaerin are neuronally expressed isoforms of a GTPase activating 

protein (GAP) for p21-Rac, which suggests a role for these proteins in the regulation of 

Rac-mediated signalling pathways in neural cells. They are alternate splice products 

with divergent N terminal sequences. The N-terminal of al-chimaerin contains a 

predicted amphipathic helix whilst the N-terminal of a2-chimaerin contains an unusual 

SH2 domain. The distribution and morphological effects of these proteins and a2- 

chimaerin SH2 domain mutants in the N1E 115 neuroblastoma cell line have been 

investigated.

a l  - and a2-Chimaerin have different protein distributions and effects on 

morphology in transfected cells, al-Chimaerin was expressed in the cytoskeletal 

fraction whilst a2-chimaerin was mainly expressed in the cytosolic fraction of cells. In 

transiently transfected N1E 115 cells, al-chimaerin expression was concentrated in the 

perinuclear region and its expression induced cell rounding, whilst a2-chimaerin was 

expressed throughout the cell body, neurites and growth cones of cells. A single point 

mutation in the SH2 domain of a2-chimaerin (N94H) induced an al-chimaerin-like 

protein distribution and morphology in transiently transfected cells.

Permanent overexpression of al-chimaerin in N1E 115 cells induced a novel 

rounded cell morphology with multiple peripheral actin microspikes in the presence of 

serum and also inhibited neurite outgrowth in response to serum withdrawal. This 

suggests that al-chimaerin acts as an active RacGAP, resulting in downregulation of 

Rac activity and consequent upregulation of Cdc42 activity in these cells. Permanent 

overexpression of a2-chimaerin in N1E 115 cells induced a novel enlarged and 

extremely flattened cell morphology and also induced neurite outgrowth in the presence 

of serum. The increased Rac-like cell spreading morphology suggests Rac activity is 

upregulated, not down regulated in these cells, which is also supported by the enhanced 

neurite outgrowth. This may be due to upregulation of a RacGEF or a Rac effector, but 

also suggests the possibility that a2-chimaerin may function as a Rac effector rather 

than a RacGAP in these cells.

An 180 kDa tyrosine phosphorylated protein was identified as a potential target 

of the a2-chimaerin SH2 domain and p35, the neuronal regulator of cdk5, was 

confirmed as a potential target of both a l -  and a2-chimaerin. p35 expression was 

increased in N1E 115 cells permanently overexpressing a2-chimaerin and colocalised
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with F-actin in novel filamentous structures. The previously identified a2-chimaerin 

SH2 domain target TOAD-64 was expressed in the insoluble fraction of transfected 

cells, whilst B 13 was expressed in both the soluble and insoluble fractions. TOAD-64 

expression in transiently transfected N1E 115 cells was punctate, suggesting a vesicular 

distribution whilst B13 was expressed throughout the cell body, neurites and growth 

cones of transfected cells, similar to a2-chimaerin. Co-immunoprecipitation of a2- 

chimaerin and TOAD-64 was demonstrated in transiently transfected cells.

The role of the chimaerins in the ROS responsive NFkB signalling pathway 

were investigated, al-Chimaerin appeared to inhibit the Rac-dependent stimulation of 

NFkB activity induced by treatment of HeLa cells with IL-1(3, suggesting a possible 

role for al-chimaerin in regulating Rac-induced NFkB signalling in these cells. 

Unexpectedly, Rho p21s did not stimulate NFkB activity in N1E 115 cells. This 

represents a cell type specific difference in NFkB signalling.
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a g t a t c a a  aATGCCATCCAAAGAGTCCTGGTCGGGGAGGAAAACTAATAG
AGCTACAGTTCACAAATCAAACCAAGAGGGCCGTCAGCAAGATTTATTGA 517
TAGCAGCCTTGGGAATGAAACTGGGTTCTCAAAAGTCGTCTGTGACAATC -  5 67
TGGCAACCTCTGAAACTCTTTGCTTATTCGCAG|TGACATCACTTGTTAG -  617 
AAGAGCAACTCTGAAAGAAAATGAACAAATTCCAAAATATGAGAAGGTTC -  667 
ACAATT'TCAAGGTGCATACGTTCCGAGGGCCACACTGGTGTGAATACTGT -  717 
GCCAACTTCATGTGGGGCCTCATTGCTCAGGGAGTGAAATGTGCAGATTG - 7 67 
TGGGTTGAATGTTCATAAGCAGTGTTCCAAGATGGTCCCCAATGACTGTA -  817 
AGCCAGACCTGAAGCACGTGAAGAAGGTGTATAGCTGTGACCTGACAACA -  8 67 
CTCGTGAAAGCTCACATCACCAAGAGGCCCATGGTGGTAGACATGTGCAT - 917 
CAGGGAGATCGAGTCCAGAGGTCTGAATTCTGAAGGACTCTACCGAGTGT -  967 
CGGGATTTAGTGACCTAATTGAAGACGTCAAGATGGCTTTTGATAGAGAC -  1017 
GGTGAAAAGGCGGATATTTCTGTGAACATGTATGAGGACATCAACATTAT -  1067 
CACTGGAGCGCTTAAACTGTACTTCAGGGATCTGCCAATTCCTCTCATCA - 1117 
CCTACGATGCCTACCCCAAGTTCATAGAGTCTGCCAAAATTGTGGACCCT -  1167 
GATGAGCAACTGGAGACCCTTCATGAAGCACTGAGGTCTCTGCCGCCCGC -  1217 
CCACTGCGAGACGCTCCGGTACCTCATGGCACACCTCAAGAGAGTGACCC -  12 67 
TTCACGAGAAGGAGAATCTGATGAGTGCAGAGAACCTTGGGATCGTGTTT -  1317 
GGTCCAACCCTCATGAGATCACCAGAGCTAGACCCCATGGCCGCCCTGAA -  1367 
CGACATACGCTATCAGAGACTGGTGGTGGAGCTGCTTATCAAAAATGAAG -  1417 
A C A T T T T A T T T T A G a g t t t t g a c t t g a g g a g a a a a a g a a a t g g t t t a c a g  -  1467 
A t g a a g g a a t g t t t t c t a g t a a t t t a a t t a g c t t c a t t a g c t g a a t t g t t  -  1517 
t c t t g g t t a g a g g t t t g g

Appendix 1: The rat al-chim aerin DNA sequence used in the HA- and GFP- 
tagged DNA constructs

The full DNA sequence o f  a l-ch im aerin  used in HA- and GFP-tagged DNA 
constructs is shown (417-1534bp). The DNA sequence encoding the potential N 
terminal amphipathic helix region is shaded in green, encoding the cysteine rich 
domain (CRD) is marked in blue text and encoding the GTPase activating (GAP) 
domain is shaded in yellow. The DNA sequence common to both a l -  and a2 - 
chimaerin starts from the [rink shaded residue. Non coding DNA sequence is shown 
in lower case.
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GAATTC-ccgcctttacaHTQGCCCTG.ACCCTGTTTGATACAGATGAATA -  43 
TAGACCTCCTGTTTGGAAATCTTACTT.ATATCAGCTACAACAGGAAGCCC -  93 
CTCATCCTCGAAGAATTACCTGTACTTGCGAGGTGGAAAACAGACCAAAG - 143 
TATTATGGAAGAHfr’TTGATGGCATG.ATCTCC^fcAAGCAGCCGACCA “ 193 
GCTCTTGATTGTGGCTGAGGGGAGCTACCTCATC^fcGAGAGCCAGCGGC -  243 
AGCCAGGGACCTACACTTTGGCTTTAAGATTTGGAAGTCAAACCAGAHi -  293 
TTCAGGCTCTACTACGATGGCAAGCAC'TTtGTTGGGGAGAAACGCTTTGA -  343 
GTCCATCCACGATCTGGTGACTGATGGCTTGATTACTCTCTATATTGAAA -  393 
CCAAGGCAGCAGAATACATTGCCAAGATGACGATAAACCCAATTTATGAG -  443 
CACGTAGGATACACAACCTTAAACAGAGAGCCAGCATACAAAAAACATAT -  4 93 
GCCAGTCCTGAAAGAGACACATGATGAGAGAGATTCTACAGGCCAGGATG -  54 3 
GGGTGTCAGAGAAAAGG|TGACATCACTTGTTAGAAGAGCAACTCTGAAA -  5 93 
GAAAACGAGCAAATTCCAAAATATGAAAAGATTCACAATTTCAAGGTGCA -  64 3 
TACATTCAGAGGGCCACACTGGTGTGAAlTACTGTGCCAACTTTATGTGGG -  693 
GTCTCATTGCTCAGGGAGTGAAATGTGCAGATTGTGGTTTGAATGTTCAT -  743 
AAGCAGTGTTCCAAGATGGTCCCAAAT GACTGTAAGCCAGACTTGAAGCA -  7 93 
TGTCAAAAAGGTGTACAGCTGTGACCTTACGACGCTCGTGAAAGCACATA -  84 3 
CCACTAAGCGGCCAATGGTGGTAGACATGTGCATCAGGGAGATTGAGTCT -  8 93 
AGAGGTCTTAATTCTGAAGGACTATACCGAGTATCAGGATTTAGTGACCT -  94 3 
AATTGAAGATGTCAAGATGGCTTTCGACAGAGATGGTGAGAAGGCAGATA -  993 
TTTCTGTGAACATGTATGAAGATATCA_ACATTATCACTGGTGCACTTAAA -  104 3 
CTGTACTTCAGGGATTTGCCAATTCCACTCATTACATATGATGCCTACCC -  1093 
TAAGTTTATAGAATCTGCCAAAATTAT GGATCCGGATGAGCAATTGGAAA - 114 3 
CCCTTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTC - 1193 
CGGTACCTCATGGCACATCTAAAGAGAGTGACCCTCCACGAAAAGGAGAA -  1243 
TCTTATGAATGCAGAGAACCTTGGAATCGTCTTTGGACCCACCCTTATGA -  1293 
GATCTCCAGAACTAGACGCCATGGCTGCATTGAATGATATACGGTATCAG -  134 3 
AGACTGGTGGTGGAGCTGCTTATCAAAAACGAAGACATTTTATTTtaaat -  1393 
t t t t a a t t t g a g g g g a a a a g a a a t g t t t t a c a g a t g a a g g a a t g t t t t a t  -  1443 
a g t a a t t t a a t t t g c t c c t g t a g c t g c a t t a t t t c t t g a t t a g a g g t t t g  -  1493 
g g c a t a t a a c c a g a t t a a a g t g a a g g a a c t t t c t g t t g t t t t t g t a g c a c  -  1543 
c g c t c a g c t g t c t t g t a a a a c a g t g a a c a c a c g c t t t c t g g t t c t a g t a a  -  1593 
t c c t g g g t g t t t a t c a c g t t c a g a g a a a c t c a a g c t a t t g c a t g a t t a g c  -  1643 
c c c c t a t c t g g c a a g g a a a c c c c a t a c a g a a g a a a c a a c a a a c c t g c g c c  -  1693 
t g c a c c g c c t c t g c g t c c t g g g t a g t c t g t g c t t g t a a t c c a g c a t g t t t  -  1743 
c a c a g a g t a a g c c t g t t g t g a c t t t g c t t t t g g g g t c t a t g t c a t t g g t t  -  1793 
t c t g a t g c t t g t a c a a a c a c g c a c a c a c a a a t g g a t a a a a c a g c a c c t c t  -  1843 
g g c t g t t a c a t t a c c a t a a a c c a t a t c a c a t g c c t a c a t t t t a c a a a t g a  -  1893 
t t t c t g g t t t c t c t t a g t t c t t c t c t a a c a t a g t a c t t t c t t t c c a g c a a  -  1943 
a a g c a a a a t g t g t t t t c a g a t t t g t t a c t t t a a t a a a g g t t a t c c a t a c c  -  1993 
a a t a a a a a a a a a a a a a a a a a a a a a a a a - C T C G A G

Appendix 2: The human a2-ch im aerin  DNA sequence used in the HA- and GFP-  
tagged DNA constructs

The full DNA sequence o f a2-chim aerin used in HA- and GFP-tagged DNA 
constructs is shown (l-2032bp). The DNA sequence encoding the N terminal SH2 
domain is marked in red text and the positions o f  the SH2 domain mutations are 
shaded in §ed. the sequence encoding the cysteine rich domain (CRD) is marked in 
blue text and encoding the GTPase activating (GAP) domain is shaded in yellow. The 
DNA sequence common to both a l  - and a2-chim aerin starts from the pinlq shaded 
residue. Non coding DNA sequence is shown in lower case. The artificial 5' EcoRI 
site and 3' Xho I site are shown in bold and underlined
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gacgtcGGATTCATGTCTTATCAGGGGAAGAAAAATATTCCACGCATCAC -  216 
GAGCGATCGTCTTCTGATCAAAGGTGGCAAGATTGTGAATGATGACCAGT -  2 66 
CCTTCTATGCAGACATATACATGGAAGATGGGTTGATCAAGCAAATAGGA -  316 
GAAAACCTGATTGTGCCAGGAGGGGTGAAGACCATCGAAGCCCACTCCAG -  366 
AATGGTGATCCCTGGAGGAATTGACGTGCACACTCGCTTCCAGATGCCAG -  416 
ACCAGGGAATGACATCAGCTGATGACTTCTTCCAGGGAACCAAGGCAGCC -  4 66 
CTGGCCGGAGGAACCACCATGATCATCGACCATGTTGTTCCTGAGCCCGG -  516 
GACAAGCCTATTGGCAGCCTTTGATCAGTGGAGGGAGTGGGCGGACAGCA -  566 
AGTCCTGCTGTGACTATTCGCTGCACGTGGACATCACGGAGTGGCACAAG -  616 
GGCATCCAGGAGGAGATGGAAGCTCTGGTGAAGGACCACGGGGTAAACTC -  666 
CTTCCTCGTGTACATGGCTTTCAAAGATCGGTTCCAGCTGACGGATTCCC -  716 
AGATCTATGAAGTACTGAGCGTGATCCGGGATATTGGTGCCATAGCTCAA -  766 
GTCCATGCAGAGAATGGTGACATCATTGCAGAGGAACAGCAGAGGATCCT -  816 
GGATCTGGGCATCACAGGCCCCGAGGGACACGTGCTGAGCCGGCCAGAGG -  866 
AGGTCGAGGCTGAAGCTGTGAACCGGTCCATCACCATTGCCAATCAGACC -  916 
AACTGCCCGCTGTATGTCACCAAGGTGATGAGCAAGAGTGCTGCTGAAGT -  966 
CATCGCCCAGGCACGGAAGAAGGGAACTGTGGTGTATGGTGAGCCCATCA -  1016  
CTGCCAGCCTGGGGACTGATGGCTCTCATTATTGGAGCAAGAACTGGGCC -  1066  
AAGGCCGCTGCCTTTGTCACCTCTCCACCCTTGAGCCCCGACCCAACCAC -  1116 
TCCAGACTTTCTCAACTCGTTGCTGTCCTGTGGAGACCTCCAGGTCACTG -  1166  
GCAGTGCCCACTGTACCTTCAACACTGCCCAGAAGGCTGTGGGGAAGGAT -  1216  
AACTTCACCTTGATTCCAGAGGGCACCAATGGCACTGAGGAGCGGATGTC -  1266  
TGTCATTTGGGATAAAGCTGTGGTCACTGGGAAGATGGACGAGAACCAGT -  1316  
TTGTGGCTGTGACTAGCACCAACGCAGCCAAAGTCTTCAATCTTTACCCA -  1366  
CGGAAAGGTCGTATCTCCGTGGGATCTGACGCAGACCTGGTGATCTGGGA -  1416  
CCCTGACAGTGTGAAGACCATCTCTGCCAAGACGCACAACAGTGCTCTTG -  14 66 
AGTACAACATCTTTGAAGGCATGGAGTGTCGGGGCTCCCCACTGGTGGTC -  1516 
ATCAGCCAGGGCAAGATTGTCCTGGAGGACGGCACGTTGCATGTCACGGA -  1566 
AGGCTCAGGACGCTACATTCCCCGGAAGCCCTTCCCTGACTTTGTGTACA -  1616  
AACGCATCAAGGCAAGGAGCAGGCTGGCTGAGCTGAGGGGGGTCCCTCGT -  1666  
GGCCTGTATGATGGACCCGTATGCGAGGTGTCTGTGACGCCCAAGACGGT -  1716  
CACTCCGGCCTCATCAGCTAAGACATCCCCTGCCAAGCAGCAGGCGCCAC -  17 66 
CTGTTCGGAACCTGCACCAGTCTGGTTTCAGCTTGTCTGGTGCTCAGATT -  1816  
GACGACAACATTCCCCGCCGCACCACCCAGCGCATTGTGGCGCCCCCTGG -  1866  
TGGCCGTGCCAACATCACCAGCCTGGGCTAA-GAATTCgacgtc

A p pend ix  3: T he rat T O A D -6 4  D N A  sequence  used in the H A - and G F P -tagged  
DN A constructs

The full coding D NA  sequence used in HA- and G FP-tagged DNA constructs 
is shown (residues 178-1896bp). This TO A D -64 sequence was isolated via PCR by
C. M onffies. The artificial 5' Bam HI site and 3' EcoRI site are shown in bold and 
underlined. N on coding D NA sequence is show n in lower case. (G enbank accession 
number o f  rat TO A D-64 sequence: Z46882).
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pGL2-Basic DNA

D escription: The pGL2-Basic Vector lacks eukaryotic promot
er and enhancer sequences. Insertion of a functional pro
moter upstream of the luciferase gene will produce lumines
cence in extracts of transfected cells. Enhancers may be 
inserted into this vector creating the potential for further 
increases in luminescence.

S to rag e  C onditions: Store at -20°C. Store bacterial strain at 
-70°C.
GenBank®/EMBL A ccession N um ber: X65323

Amp' poly(A) signal
(tor background reduction)

Sms I 
Kpn I 
Sac I

Sal I

poly(A) signal 
(for luc reporter)

SV40

pG L2-Basic V ector m ap.

Vector Map Notes:1. Sequence reference points:
a. SV40 regions: 

promoter 
enhancer 
intron3'-untranslated region

b. luciferase (luc) coding region
c. (J-lactamase (Ampr) coding region
d. f 1 origin
e. ColE1-derived plasmid replication origin
f. GL primerl binding site

g. GL primer2 binding site

(none)
(none)1968-20331892-274376-17254674-38174806-526130525564-558078-99

Information reproduced from the Promega catalogue

Appendix 4: The structure of the pGL2 basic vector used to generate the luciferase 
coupled NFkB reporter vectors.

The luciferase coupled NFkB reporter vectors were generated by J. M. Dong 
(IMCB, Singapore) from the pGL2-basic vector. The TK promoter sequence was 
inserted at the Hind III site and four copies o f the functional or mutated NFkB binding 
site derived from the MHC promoter sequence were inserted at the Xhol site o f the 
multiple cloning site to produce the functional NFkB and mutated NFkB(M) reporter 
vectors, respectively. The Smal site was deleted in both vectors.
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Appendix 6: NFkB reporter assay results in HeLa cells stimulated with IL-1B
Data used to generate summary tables in Figure 5.3
all samples are 0.5ug NFkB + 0.5ug HAv

DATA POINTS
Overall Standard

nSamples Average Deviation
5% serum +/- IL-1B
treatment for 18 hours
no additions 0.851 0.953 1.585 1.130 0.397 3
O.Olng/ml 0.148 0.164 0.203 0.171 0.028 3
O.lng/ml 0.316 0.126 0.161 0.201 0.101 3
lng/ml 0.248 1.076 1.260 0.861 0.539 3
1 Ong/ml 0.739 1.254 0.748 0.913 0.295 3
50ng/ml 1.980 0.441 0.483 0.968 0.877 3
75ng/ml 6.540 7.176 3.046 5.587 2.224 3
1 OOng/ml 2.798 3.764 4.720 3.761 0.961 3

No serum +/- IL-1B
treatment for 18 hours
no additions 1.266 0.729 1.006 1.000 0.269 3
50ng/ml 4.334 4.378 4.910 4.541 0.321 3
75ng/ml 3.040 4.671 3.581 3.764 0.831 3
1 OOng/ml 2.641 3.191 5.699 3.843 1.630 3

5% serum + 75ng/ml IL-1B
treatment for 18 hours
0.5pg NFkB + 0.5p,g HAv 6.540 7.176 3.046 5.587 2.224 3
0.5 jig NFkB + 0.5pg HA-al chimaerin 0.268 0.441 0.265 0.325 0.101 3

5% serum + lOOng/ml IL-1B
treatment for 18 hours
0.5pg NFkB + 0.5pg HAv 2.798 3.764 4.720 3.761 0.961 3
0.5jng NFkB + 0.5pg HA-al chimaerin 0.267 0.216 0.282 0.255 0.035 3
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