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Abstract

Endocytosis and cell migration are cellular processes requiring transient localised 

remodelling of the cell cortex. Several lines of evidence suggest a key regulatory role in 

these activities for members of the Ras family of small GTPases. I have generated 

Dictyostelium cells lacking one member of this family, RasS, and the mutant cells are 

perturbed in both endocytosis and cell migration. Mutant amoebae are impaired in 

phagocytosis and strongly impaired in fluid-phase endocytosis. Conversely, the rasS~ 

cells show an enhanced rate of migration, moving 3 times faster than wild-type 

controls. The mutant cells have abnormal morphologies; they are highly polarised, 

carry many elongated microspikes and show a concomitant decrease in formation of 

pinocytotic crowns on the cell surface. 3D analysis of the movement of the mutant cells 

indicates their rapid movement is due to differences in pseudopodium behaviour. There 

are fewer pseudopodia per cell, but they have an increased volume and turn over more 

rapidly.

The rasS' phenotype correlates with significant changes in the expression and 

organisation of components of the actin cytoskeleton. Under specific conditions, the 

mutant cells show a significant elevation in the expression levels of the actin-binding 

proteins, talin and coronin. The mutant cells also have abnormal levels of the 

polymerised form of actin. The polymerisation of actin which occurs in response to 

chemoattractant stimulation is also distinct in the mutant cells, which show a stronger 

response than parental cells. The level of the PI 3-kinase product, PI(3,4)P2, is normal 

in the mutants. The rasS cells have a lowered cellular level of an unidentified lipid. 

The axenic mutations, which are known to impinge upon cell motility and endocytosis, 

can act as genetic modifiers of the rasS' phenotype.
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Chapter One

Introduction

1.1 Ras superfamily o f  small GTPases

The Ras superfamily has been implicated in the regulation of a large number of cellular 

processes in eukaryotes. These proteins have a low molecular weight (c.20-35kDa), 

bind guanine nucleotides with high affinity and hydrolyse bound GTP with a low 

catalytic activity. Ras signalling pathways have been shown to regulate cell 

proliferation and differentiation, vesicle and macromolecular transport and cell motility 

and polarity. The proteins can be classified by sequence homology into five families- 

Ras, Rho, Ran, Arf and Rab.

Ras: Following the discovery that activated Ras proteins are responsible for the 

transforming activity of certain murine tumour-inducing retroviruses (Ellis et al., 1981), 

it became clear these proteins play a fundamental role in the control of cellular growth. 

More recently, requirements for Ras in the control of differentiation and cytoskeletal 

organisation have been demonstrated. A Dictyostelium Ras family protein forms the 

subject of this thesis, therefore a more extensive introduction to the Ras family will 

follow.

Rho: The best characterised members of this group are Rho, Rac and Cdc42 proteins. 

These have been shown to control cell motility, adhesion and cell polarisation by 

modulation of the actin cytoskeleton (Hall, 1998). Requirements for the molecules as 

regulators of transcription, cellular growth and cytochrome function have also been 

demonstrated.

Ran: Ran proteins are predominantly localised to the nucleus, unlike the other small 

GTPases, which are cytoplasmic. A major role of the proteins is to regulate 

macromolecular traffic into and out of the nucleus (Moore, 1998). A key aspect of this 

regulation is the ability of Ran to assemble and disassemble nuclear transport complexes 

in response to its nucleotide state. The GTPase may also have role in regulating
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microtubule dynamics during mitosis (Kalab et al., 1999). Ran proteins do not 

undergo post-translational lipid modifications, unlike other small GTPases.

Arf: Arf GTPases are required for the formation of intracellular transport vesicles, thus 

are essential for vesicle trafficking and the maintenance of organelle integrity (Boman 

and Kahn, 1995). They also have important roles in signal transduction. For example, 

Arf is required for the activation of phospholipase D, a molecule implicated as an 

effector of several growth factors (Cockcroft et al., 1994). Arf proteins have several 

properties that distinguish them from other GTPases: GTP binding is highly dependent 

upon phospholipids; the activated protein, Arf-GTP associates with membranes, 

whereas Arf-GDP is cytosolic; purified Arf proteins have no detectable intrinsic 

GTPase activity; Arf proteins are myristoylated at an amino-terminal glycine residue, 

unlike Ras, Rho and Rab proteins, which are prenylated at their carboxy termini. Arfs 

also show strong structural homology to the a-subunits of heterotrimeric G-proteins.

Rab: Rab GTPases are key regulators of vesicle transport within the cell (Chavrier and 

Goud, 1999). With GTP bound, Rab proteins can regulate the fusion of vesicles with 

their target membranes. The fusion stimulates GTP hydrolysis and causes the 

dissociation of the GDP-bound Rab from the target membrane. The Rab is then 

recycled back to the donor membrane where exchange for GTP occurs and the cycle 

repeats. Individual Rab proteins have been assigned to specific vesicle trafficking 

events, for example, Rab5 is required for the docking and fusion of endocytic vesicles 

with early endosomes (Bucci et al., 1992).

1.2 Ras proteins as switches

Ras proteins can be viewed as simple binary switches cycling between inactive and 

active states. Moreover, they have a natural tendency to revert to the inactive state, 

ensuring downstream signal attenuation. The proteins bind the nucleotides guanosine 

diphosphate (GDP) and guanosine triphosphate (GTP). They are inactive when GDP
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GEFS

GAPS

Figure 1: The GTPase switch

The GTPase cycles between an active GTP-bound form and an inactive GDP-bound form. Only 
when GTP is bound can the GTPase interact with downstream effector molecules. The exchange 
of GDP for GTP is catalysed by GTP exchange factors (GEFs). GTPase activating proteins 
(GAPs) stimulate the hydrolysis of GTP to GDP and thus promote the inactivation of the GTPase 
protein.
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is bound and are activated and able to bind effector molecules after the GDP has been 

exchanged for GTP (Fig. 1). Ras GTPases have an intrinsic hydrolytic activity which 

removes the y-phosphate of GTP, causing the molecule to revert its inactive GDP- 

bound conformation (Barbacid, 1987).

1.2.1 In vivo regulation

The affinity of GTPases for guanine nucleotides is high (Kd values are between 10"11 

and 10'7 M). Since the cytosolic concentrations of GDP and GTP are considerably 

higher than these dissociation constants (10 5 M for GDP and 10"4 M for GTP), the Ras- 

nucleotide interaction is very stable in vivo (Bourne et al., 1991). Consequently, the 

replacement of GDP by GTP must be made kinetically feasible. The class of proteins 

that catalyse the switch, GTPase exchange factors (GEFs), bind to the GTPase in its 

GDP-bound form and stimulate GDP dissociation (Boguski and McCormick, 1993). 

The resultant nucleotide-free transition state can form a stable complex with the GEF, 

which allows the entry of GTP into the nucleotide binding site. GTP entry triggers 

GEF dissociation.

In the GTP-bound form, the Ras is competent to interact with effector 

molecules. The period of activation is limited by the intrinsic GTPase activity of the 

molecule. The GTP hydrolysis rate varies in different systems, but it is usually quite 

slow (kcat GTP< 0.03 min"1) (Bourne et al., 1991). GTP hydrolysis can be stimulated by 

GTPase activating proteins (GAPs). Both GEFs and GAPs are important regulators of 

GTPase function.

Studies of Rab and Rho family GTPases have revealed a third mechanism of 

switch regulation. Guanine-nucleotide-dissociation inhibitors (GDIs) are proteins which 

block the removal of GDP from small these GTPases (Bollag and McCormick, 1991). 

Their mechanism of action is poorly understood, and a GDI for Ras has not been 

identified. RhoGDI, which was identified as a factor capable of inhibiting dissociation 

of GDP from Rho proteins has an additional function. It is capable of binding the 

GTP-bound form of Rac (Hancock and Hall, 1993). Given that activated Rac proteins 

can replace the requirement for Rac and RhoGDI in physiological assays, this raises the 

possibility that the GDI can potentiate Rac activation. If this were the case, a single
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GDI protein could potentially regulate the GDP-GTP cycle at two points, with 

contradictary effects on the activation state of the GTPase.

1.2.2 Analogous systems

Another system that uses a GDP-GTP switch mechanism is the transduction of signals 

from transmembrane hormone receptors and photoreceptors (Neer, 1995). 

Heterotrimeric G-proteins associate with these receptors, upon receptor activation. The 

a-subunit of the G-protein binds guanine nucleotides, and the interaction of the G- 

protein and activated receptor allows replacement of GDP by GTP. With GDP bound, 

the a-subunit is associated with the py-dimer. With GTP bound, the a-subunit and the 

py-dimer separate and interact with downstream effector molecules. The intrinsic 

GTPase activity of the a-subunit limits the period of activation of the G-protein, 

although the activated receptor may interact with many apy-complexes before it 

becomes inactivated, which allows for signal amplification. The GDP-GTP switch of 

the E.coli translation elongation factor EF-Tu regulates association of aminoacyl-tRNA 

molecules with ribosomes during protein synthesis (Thompson et al., 1986). Although 

EF-Tu only shows marginal sequence homology to the Ras superfamily, the crystal 

structures of Ras and EF-Tu reveal their guanine nucleotide-binding domains are 

structurally almost superimposable. Tubulin is also a GTPase; a -p  tubulin dimers add 

to plus ends of microtubules when p-tubulin is bound to GTP. Upon hydrolysis of the 

GTP to GDP, which is promoted by inter-dimer interactions within the microtubule, the 

dimers interact less strongly with other dimers, and, in vitro, they are lost at the minus 

ends of the microtubule (Mitchison and Kirschner, 1984). An analogous switch 

underlies the polymerisation and depolymerisation of actin, although ATP rather than 

GTP is used. ATP-bound G-actin is competent for polymerisation. After hydrolysis of 

ATP to ADP, which is triggered by filament interactions, the association of the actin 

monomer with other monomers is weakened, promoting filament depolymerisation.
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1.3 Structure and biochemical properties o f  Ras

1.3.1 GTP hydrolysis

Early mutational analyses had implicated conserved motifs within Ras proteins with the 

specific properties of these GTPases. Resolution of the crystal structures of Ras bound 

to GTP and several GTP analogues has allowed the important motifs to be identified 

unequivocally (Pai et al., 1989; Pai et al., 1990). The regions of the molecule which 

coordinate a Mg2+ ion, required for nucleotide binding, and the residues which interact 

with specific moieties within the guanine nucleotides were confirmed.

Based upon the Ras crystal structures, a mechanism for the hydrolysis of GTP 

has been proposed (Pai et al., 1990). A water molecule nucleophilically attacks the y- 

phosphorus of GTP. The Gln61 residue of Ras is critical in this reaction. It is required 

for the correct postitioning of the water and also stabilises the leaving phosphate group. 

In the light of this proposed mechanism, it is surprising that Gln61 is not present in all 

GTPases. In Rap, a member of the Ras family which interacts with some Ras 

effectors, the glutamine residue is replaced by threonine (Kitayama et al., 1989). In 

EF-Tu, histidine is present. It is possible that the function of this glutamine can be 

carried out by other amino acids in the context of different polypeptide backbones.

1.3.2 Mechanism o f GAP action

The mechanism by which GAP stimulates the hydrolysis of GTP by Ras has been 

proposed following the solving of the crystal structure of the catalytic domain of p i20 

RasGAP in complex with Ras-GDP and A1F3. A1F3 was included in the complex 

because it is presumed to be structurally similar to a hydrolysed y-phosphate. Its 

incorporation should therefore allow the Ras-pl20GAP complex to mimic the transition 

state of the GTP hydrolysis reaction (Scheffzek et al., 1997).

A model of GAP activity suggested from this structure highlights the role of an 

arginine residue of the GAP protein which is inserted into the nucleotide cleft of Ras. 

This arginine, in combination with interactions between the surfaces of the two 

proteins, is believed to stabilise the positions of the catalytic water molecule and Gln61 

residue, allowing them to efficiently attack the y-phosphorus. The importance of the 

arginine residue is demonstrated by its conservation in GAP molecules that interact with
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Ras and other small GTPases, and the loss of GAP activity when the amino acid is 

substituted. The a-subunits of heterotrimeric G-proteins have a faster intrinsic rate of 

GTP hydrolysis than Ras, suggested by their crystal structures to be caused by an GAP 

domain intrinsic to the molecule. The key residue in this internal GAP domain is again 

an arginine, which stimulates a similar glutamine-primed hydrolysis of the terminal 

phosphate of GTP.

1.3.3 Mechanism o f GEF action

The crystal structure of H-Ras complexed to the catalytic domain of the exchange 

factor, Sos (Son of Sevenless), has suggested an obvious mechanism of nucleotide 

exchange (Boriack-Sjodin et al., 1998). Two structural motifs on the surface of the 

GTPase interact with the GEF, termed switch regions. In the absence of GEF, the 

switch regions are folded over the nucleotide binding pocket. Sos binds to the Switch 2 

area of Ras (residues 57-73), destabilising the coordination of the phosphate groups of 

the nucleotide and the Mg2+ ion. At the same time, a helical hairpin from the Sos 

catalytic domain is used to displace the Switch 1 domain of Ras (residues 25-40). The 

resultant opening of the molecule distorts the interaction of the guanine and ribose 

moieties with the amino acid side chains in the nucleotide cleft, permiting the exit of 

GDP. The 3D structure also allows an explanation for GTP entry. Sos does not 

occlude the regions of the nucleotide cleft responsible for coordination of guanine, 

ribose and the a  and p-phosphates. It seems feasible that the GTP can enter via these 

interacting elements then compete for the residues required for coordinating the 

magnesium and y-phosphate, whilst displacing the GEF.

1.3.4 Activating and inhibitory mutants o f Ras

From the various crystal structures of Ras proteins, the activating and inhibitory effects 

of certain mutations can be rationalised. Mutation of the Gln61 residue gives rise to a 

Ras with strong transforming potential. This glutamine is crucial for the hydrolysis of 

GTP, therefore mutations at this residue lock Ras in a constitutively active conformation 

(Bourne et al., 1991). Mutations of the glycine residue at position 12 are also potent 

activators of Ras and are commonly found in human tumours. The Glyl2 residue lies 

in the nucleotide cleft within a Van der Waal’s radius of Gln61, the catalytic water and
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the critical arginine residue of GAP. Mutation of Glyl2 causes displacement of Gln61 

and/or the water such that GTP hydrolysis is impaired. Mutations of residues close to 

Gly 12 can have a similar activating effect.

The dominant inhibitory effects of Asnl7 mutations in Ras are also readily 

explainable. These are caused by the greatly reduced affinity of these proteins for 

guanine nucleotides. With GTP having a reduced tendency to enter the nucleotide cleft, 

the likelyhood of the GEF being displaced is also reduced. Therefore the Asnl7 

proteins bind to and sequester GEFs, preventing GEF interaction with functional Ras 

molecules (Boriack-Sjodin et al., 1998).

1.3.5 Effector Binding

In addition to its role in the regulation of nucleotide exchange, the conformational 

flexibility of the Switch 1 domain of Ras has important implications with respect to 

downstream signalling. When Ras is GTP-bound, the residues 32-40, contained 

within the Switch 1 region, adopt a conformation which allows them to bind and 

activate Ras effectors. This stretch of amino acids forms what is called the “effector 

loop” and was so defined by screens for mutations affecting Ras transformation activity 

without altering the affinity of the molecule for nucleotide (reviewed by Barbacid;

1987). Confirmation that these amino acids bind effectors came with the resolution of 

the crystal structure of Rapl complexed with Rafl (Nassar et al., 1995). The sequence 

of the effector loop is highly conserved in all Ras family proteins and has subsequently 

become the subject of mutational analyses aimed at delineating the downstream 

pathways activated by Ras (White et al., 1995). Ras can bind to and activate several 

molecules but specific mutations in this domain can prevent the activation of some of 

these downstream effectors, whilst leaving the activation of other effectors intact. 

These mutants have allowed some of the many functions of Ras to be attributed to 

specific downstream signalling pathways, as will be discussed below.

1.3.6 Post-translational Modification

With the exception of Ran and Arf, the Ras superfamily proteins are post-translationally 

modified by the addition of one or more lipids to their extreme carboxy termini. These 

modifications allow association of the proteins with membranes. In the case of many
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Ras proteins this interaction is with the inner side of the plasma membrane. Other small 

GTPases, including Rapl, Cdc42 and members of the Arf and Rab sub-families, are 

localised to internal membranes. The importance of the post-translational modification 

has been demonstrated by expression of mutant Ras proteins that cannot be modified. 

These proteins are localised to the cytosol and have no transforming activity (Willumsen 

et al., 1984).

The lipid modifications are directed by an extreme carboxy terminal sequence. 

The sequence is CAAX, where C is cysteine, A is an aliphatic amino acid and X is 

usually methionine, serine or leucine. The sequence is recognised by a cytosolic prenyl 

transferase that covalently adds the lipids to the cysteine residue of the sequence 

(Seabra, 1998). Following lipid addition, the terminal three amino acid residues are 

proteolytically cleaved (Hancock et al., 1991a). CAAX famesyl transferase was the 

first prenyltransferase to be identified. This enzyme adds a famesyl lipid to the cysteine 

residue of the CAAX box. It recognises CAAX sequences where the terminal X 

residue is methionine, as found in K-Ras and N-Ras, and with reduced affinity those 

sequences which end in serine, such as H-Ras. Another enzyme, CAAX 

geranylgeranyl transferase, is responsible for the addition of a geranylgeranyl lipid to 

CAAX sequences ending in leucine. Rapl and some Rho family GTPases are 

geranylgeranylated by this alternative prenyl transferase.

Targetting of Ras to the plasma membrane proceeds via the endomembrane 

system, where the proteins become membrane associated. Prenylated CAAX 

sequences are required for targetting to the endomembrane system but these are not 

sufficient for membrane targetting of Ras. A second targeting motif is required in the 

carboxy terminus of the protein (Hancock et al., 1991b). In H-Ras and N-Ras, this 

motif comprises two palmitoylated cysteine residues at positions 181 and 184. These 

palmitoyl lipids are responsible for membrane anchoring of Ras, although the 

mechanism of anchoring is unclear. Human K-Ras 4B and the Dictyostelium Ras 

proteins lack the additional cysteine residues and are not palmitoylated. A series of 

lysine residues at the carboxy terminus of the protein mediates interaction with the 

plasma membrane, possibly via an electrostatic interaction between the positively 

charged lysines and the negatively charged head groups of membrane phospholipids. A
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recent study has demonstrated that palmitoylation and polybasic domains do not simply 

promote membrane association, but are also required for the trafficking of Ras out of 

the endomembrane system (Choy et al., 1999).

1.4 The Biological Functions o f  Ras

The H-ras and K-ras genes were identified as the oncogenes carried by the Harvey and 

Kirsten murine retroviruses (Ellis et al., 1981). After these initial studies, it became 

clear that the viral ras genes are normal cellular genes carrying activating mutations 

(Ellis et al., 1982). Biochemical analysis of the products of the viral and cellular ras 

genes demonstrated the guanine nucleotide binding capabilities of the Ras proteins and 

the failure of the mutated viral forms to hydrolyse GTP.

A large proportion of the work on Ras has been aimed at an understanding the 

growth control function of the proteins. However, the morphological changes 

associated with Ras transformation also implicate Ras in the control of cell motility, 

polarity and morphology. In addition, Ras signalling pathways are ubiquitously found 

in eukaryotes and have been shown to control processes as diverse as differentiation 

(Kayne and Sternberg, 1995), apoptosis (Kauffmann-Zeh et al., 1997), synaptic 

transmission (Brambilla et al., 1997), cell cycle arrest and senescence in mammalian 

cells (Lloyd et al., 1997), cytoskeletal rearrangements and pinocytosis (Bar-Sagi and 

Feramisco, 1986), cytokinesis (Tuxworth et al., 1997), chemotaxis (Insall et al., 

1996b) and yeast pheromone signalling (Fukui et al., 1986).

1.4.1 Cellular Transformation

Cells are widely categorised as transformed when capable of growth in the absence of 

serum and anchorage to a substratum and when they lose contact inhibition of 

proliferation. Viral ras (v-ras) genes are capable of transforming immortalised cell lines 

directly and produce highly metastatic tumours. The acute transforming effects of Ras 

weie demonstrated by micro-injection studies using recombinant v-Ras proteins. Rapid 

morphological changes were observed, including cell rounding, membrane ruffling, 

blebbing and stimulation of proliferation (Feramisco et al., 1984; Stacey and Kung, 

1984). A role for the endogenous Ras in the control of cell proliferation was
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demonstrated by injection of dominant negative Ras into non-transformed cells (Feig 

and Cooper, 1988). The molecule prevented serum-induced growth, demonstrating the 

essential nature of Ras in this process. However, the v-Ras protein was shown to be 

not sufficient for transformation of non-immortalised cells, an observation that 

supported the idea of oncogene co-operation in transformation. Activated Ras proteins 

induce senescence in primary cells, not proliferation (Lloyd et al., 1997; Ridley et al.,

1988).

1.4.2 Differentiation

Several experimental approaches have revealed a role for Ras in the regulation of 

differentiation. Treatment of PC 12 cells with nerve growth factor (NGF) leads to 

differentiation of the cells into a phenotype that resembles sympathetic neurons. NGF- 

elicited differentiation of PC 12 cells can be mimicked by oncogenic Ras and inhibited 

by Ras antibodies (Hagag et al., 1986). More recently, Rapl, a Ras-family GTPase, 

has also been implicated NGF-elicited differentiation but via a pathway distinct from 

that used by Ras (York et al., 1998). These developmental effects are paralleled by 

genetic evidence from Drosophila and C. elegans implying Ras functions downstream 

of receptor tyrosine kinases in cell fate specification. The differentiation of the R7 

photoreceptor in the ommatidia of the Drosophila compound eye dependent on a Ras 

signalling pathway (Fortini et al., 1992). Loss of function Ras mutations prevent 

differentiation of the R7 cell whereas activating Ras mutations cause all photoreceptors 

to differentiate as R7 cells. Vulval induction in C.elegans is similarly dependent upon 

Ras signalling (Han and Sternberg, 1990). Activated Ras leads to induces the 

formation of multiple vulvae, whereas worms carrying partial loss of function Ras 

alleles have no vulvae at all. Early patterning of the Drosophila embryo also requires 

Ras. Specification of the terminal regions of the syncitial embryo requires the receipt of 

an extracellular ligand by the receptor tyrosine kinase, Torso, and Ras functions 

downstream of this molecule (Lu et al., 1993).

1.4.3 Control o f Cell Motility

Ras has also been implicated in the regulation of different types of cell motility. Micro

injection of both wild-type and oncogenic Ras proteins into untransformed fibroblasts
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stimulates a pronounced ruffling of the cell cortex and a dramatic increase in pinocytosis 

(Bar-Sagi and Feramisco, 1986). These effects occur rapidly, within 30 minutes of 

injection and do not require de novo protein synthesis. The pinocytosis and motility 

effects of Ras observed here could conceivably enhance tumour progression and 

metastasis. In this context, Ras signalling is mediated by the small GTPases of the Rho 

family, as will be described below.

Transfection of cells with v-ras has also been shown to induce increased 

chemotactic and chemokinetic responses of cells, suggesting roles for Ras in the 

regulation of cell migration (Ochieng et al., 1991). More specifically, Ras has been 

implicated in the control of chemotaxis to PDGF (platelet-derived growth factor). 

Primary fibroblasts transfected with constmcts expressing dominant negative Ras 

display impaired chemotaxis towards PDGF, although their general cell motility appears 

normal (Kundra et al., 1995). Chemotactic stimulation of neutrophils causes the rapid 

activation of Ras, and a requirement for a Ras pathway in the regulation of chemotaxis 

is also apparent in Dictyostelium cells. Dictyostelium amoebae lacking the putative 

RasGEF, Aimless, have a weakened chemotaxis response (Insall et al., 1996).Other 

cell motility effects of Ras have been visualised in wound healing assays. Activated 

Ras increased the motility of primary endothelial cells in a wound assay but reduces the 

directionality of movement (Sosnowski et al., 1993). Conversely, wound margin cells 

injected with a blocking anti-Ras antibody were almost completely immobile.

1.4.4 Other Ras Functions

Genetic analysis of Ras function in mammalian cells has been complicated by gene 

compensation. Mice with inactivated N-ras genes are outwardly wild-type (Umanoff et 

al., 1995) and although K-ras is an essential gene, the defects resulting from its ablation 

are do not immediately tie in with the presumed roles of Ras proteins in proliferation 

and differentiation. Two K-ras mutant mice have been generated independently 

(Johnson et al., 1997; Koera et al., 1997). One has defects in the generation of cells in 

the haemopoietic lineage (Johnson et al., 1997), the other displays impaired cardiac 

muscle development and widespread neuronal apoptosis (Koera et al., 1997). The lack 

of cell proliferation and differentiation phenotypes in these mice presumably arises 

through gene redundancy. This is supported by the analysis of N-ras/K-ras double
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mutant mice, which display more severe phenotypes than the single mutants (Johnson 

et al., 1997). A mouse with an inactivated H-ras gene has not been published.

The functions of Ras proteins in yeasts do not always mirror the roles of Ras in 

higher organisms. In S. cerevisiae, there are superficial similarities in function; the 

RAS1 and RAS2 genes are required for proliferation. The proliferation role of Raslp 

and Ras2p is mediated by adenylate cyclase (Toda et al., 1985). Adenylate cyclase is 

activated by direct interaction with Raslp and Ras2p. Although the S. cerevisiae RAS  

genes share extensive homology with their mammalian counterparts, and H-Ras can 

functionally substitute for Raslp and Ras2p, adenylate cyclase is not an effector for Ras 

in mammalian systems, presumably because the yeast and mammalian adenylate cyclase 

proteins share no structural homology.

The single ras gene in S. pombe, encoding the Raslp protein, is not required 

for growth. Fission yeast cells lacking Raslp exhibit a defective mating response and 

an altered morphology, being more rounded than their wild-type counterparts (Fukui et 

al., 1986). In the mating response, Raslp is required for the activation of a MAP 

kinase cascade which stimulates the transcriptional activation of mating genes 

(Herskowitz, 1995). As discussed later, the ability of Ras to activate MAP kinases is 

an activity shared by higher eukaryotes. The morphology requirement for Raslp is 

mediated by the Scdl protein, which encodes an exchange factor for the Rho family 

GTPase Cdc42p. The interaction between Raslp and Scdlp is direct (Herskowitz, 

1995). A similar interaction has been reported in S. Cerevisiae, where the Rapl-related 

protein Budlp is a direct activator of the Scdl homologue, Cdc24 (Park et al., 1997). 

No such interaction has been reported in mammalian cells.

1.5 Ras signalling pathways

1.5.1 Upstream o f Ras

A  large body of evidence from different experimental systems has indicated Ras 

mediates signalling by receptor tyrosine kinases (RTKs). These molecules have been 

implicated in the control of differentiation and mitogen-regulated proliferation in 

systems where Ras function is known to be critical, and some insight into the 

mechanism of regulation of Ras by these RTKs has been gained. Activation of receptor
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tyrosine kinases by their agonists allows their dimerisation, which stimulates the 

autophosphorylation of tyrosine residues in their cytoplasmic tails. Studies of the EGF 

(epidermal growth factor) and PDGF (platelet derived growth factor) receptors, which 

is are RTKs, have identified signalling molecules which bind these phosphorylated 

tyrosines via their SH2 (Src Homology 2) domains. In mammalian cells, these 

signalling molecules include pl20GAP (Kaplan et al., 1990), regulatory subunits of 

class IA PI 3-kinases (phosphatidylinositide 3-kinase; Kazlauskas and Cooper, 1989) 

and Grb2 (Lowenstein et al., 1992). All three have been implicated in Ras signalling.

A requirement for Grb2 and its homologues in the regulation of Ras by RTKs 

has been firmly established. In addition to its two SH2 domains, the Grb2 protein 

contains an SH3 domain, which is responsible for binding a proline-rich region on the 

Ras exchange factor, Sos (Pawson and Gish, 1992). The homologues of Grb2 in 

Drosophila and C. elegans, Drk and Sem-5, have been shown genetically to act 

downstream of RTKs and upstream of Ras in developmental signalling pathways in 

these organisms (Clark et al., 1992; Simon et al., 1993). Differentiation of the R7 

photoreceptor in the Drosophila eye requires the receipt of an inductive signal by the 

Sevenless receptor, which is an RTK (Beitel et al., 1990). In addition to Ras, Drk and 

Sos were identified in Drosophila in screens for enhancers of a weak sev allele (Simon 

et al., 1991; Simon et al., 1993). These and other genetic interaction studies implied 

that Ras, Sos and Drk function downstream of the Sevenless receptor, with Sos and 

Drk required upstream of Ras. Vulval specifiation in C. elegans also requires receipt of 

an inductive signal by an RTK, the product of the let-23 gene. As in the fly eye, Sem-5 

and Let-60 (Ras) proteins operate downstream of the RTK in this differentiation 

pathway (Beitel et al., 1990; Clark et al., 1992).

A popular model for Grb2-mediated activation of Ras proposes that the 

interaction of Grb2 and Sos allows Sos to be recruited to the plasma membrane as Grb2 

binds phosphorylated tyrosine residues on RTK cytoplasmic tails. This postulated role 

of Grb2 has led its description as an “adaptor” protein. The membrane recruitment of 

Sos brings it into the same proximity as Ras, allowing Sos to activate Ras by promoting 

GDP/GTP exchange. There is much evidence supporting this hypothesis: Grb2-Sos 

complexes can be precipitated from the cytosols of quiescent cells (Buday and
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Downward, 1993) but become associated with growth factor receptors upon mitogen 

stimulation, a treatment which also leads to Ras activation. If Sos is innapropriately 

targetted to the plasma membrane by fusing a CAAX-box to its C-terminus, Ras 

becomes activated constitutively (Aronheim et al., 1994). There are some convincing 

data conflicting with proposed role of the Grb2/Drk/Sem-5 adaptors in the recruitment 

model for Ras activation. A Sos fragment lacking the Drk binding site rescues the 

Drosophila Sos mutant to the same extent as the full length Sos protein and in Drk 

mutant flies, Sos membrane localisation is unaffected (Karlovich et al., 1995).

Both Sos and the S. cerevisiae Ras exchange factor, Cdc25p, can be 

phosphorylated by kinases which operate downstream of their respective Ras 

molecules. Sos is phosphorylated by a MAP kinase (Buday et al., 1995) which 

promotes dissociation of RTK-Grb2-Sos complexes . Cdc25 is phosphorylated by a 

cAMP-dependent protein kinase, which is activated in response to elevated levels of 

cellular cAMP generated by the Ras effector adenylate cyclase. Cdc25 phosphorylation 

stimulates the release of the GEF from the plasma membrane (Gross et al., 1992) . 

These observations in yeast and mammalian cells suggest the presence of autoregulatory 

loops limiting the level of Ras activation.

The regulation of GEF proteins by cAMP and Ca2+ has been reported. The 

GEF protein, RasGRP, contains EF-hand motifs, which bind Ca2+ ions (Ebinu et al., 

1998). The molecule also has a diacylglycerol (DAG)-binding domain, which is 

required for ligand-induced Ras signalling. The recent cloning of a mammalian Rapl 

exchange factor, Epac, has indicated another mechanism by which GEFs can be 

regulated (de Rooij et al., 1998). GTP loading of Rapl can be stimulated in a variety of 

cell lines by molecules which stimulate cAMP production. This activation of Rapl is 

mediated by Epac, which has a binding site for cAMP. cAMP binding appears to 

activate Epac, allowing it to stimulate GDP/GTP exchange by Rapl.

Physiological regulation of Ras by pl20GAP has been suggested by studies 

using neutrophils. Upon stimulation of these cells by the chemotactic peptide 

formylMethionineLeucinePhenylalanine (fMLP), a rapid loading of Ras with GTP was 

observed, paralleled by a decrease in the levels of the GAP activity of pl20GAP (Zheng 

et al., 1997). Inhibition of other candidate Ras activation pathways had no effect on the
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stimulation of Ras, suggesting fMLP may activate Ras via the inhibition of pl20GAP, 

which can stimulate Ras inactivation in vitro. Signalling by fMLP is mediated by 

heterotrimeric G-proteins in neutrophils, not RTKs, and to date, no physiological 

signalling by RTKs to Ras mediated by GAP proteins has been documented.

The regulatory subunits of class IA PI 3-kinases can bind phosphorylated 

tyrosine residues on activated RTKs, which may provide another route by which RTKs 

can modulate Ras function. The regulatory subunits of these kinases are believed to act 

in a manner similar to that of Grb2, as adaptor proteins, allowing the recmitment of the 

catalytic subunit to the plasma membrane in response to receptor activation 

(Vanhaesebroeck et al., 1997). PI 3-kinase activity is required in some systems for the 

activation of Ras (Ueharaet al., 1995; Yamauchi et al., 1993), although the role of PI 

3-kinase in the regulation of Ras activity by RTKs has yet to be defined.

1.5.2 Downstream o f Ras

Many candidate downstream effectors of Ras have been proposed. These include 

RasGAP proteins, protein kinases, lipid kinases, exchange factors for other GTPases 

and adenylate cyclase. A considerable amount of research has focused on two 

downstream pathways of Ras, those involving PI 3-kinase and MAP kinase, and the 

roles of these molecules in Ras signalling will be reviewed below.

The functions of other candidate downstream effectors of Ras are less well 

characterised, It is clear that the Ras-adenylate cyclase pathway defined in budding 

yeast is not conserved in higher eukaryotes, presumably because the S. cerevisiae 

adenylate cyclase shows no structural homology to its mammalian counterparts. A 

putative Ras effector has recently been identified in C. elegans as a suppressor of 

activated Ras (Sieburth et al., 1998). The Ras binding domain of this protein, SUR-8, 

shares some homology with the Ras binding domain of S. cerevisiae adenylate cyclase, 

suggesting the Ras-effector interaction mechanism has been conserved, even though the 

downstream signalling pathway has not.

RasGAP molecules have regularly been proposed as effectors of Ras. A large 

part of this interest stems from the work on other GTPases, particularly the a-subunits 

of the heterotrimeric G-proteins. Some of the effectors of these molecules, notably 

adenylate cyclase, have GAP activity against a-subunits, thus are capable of
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inactivating the GTPase as they are stimulated (Neer, 1995). Two RasGAP proteins 

implicated as Ras effectors are pl20GAP and NF-1, the product of the 

neurofibromatosis type 1 gene. pl20GAP is capable of binding pl90RhoGAP, a 

GTPase for Rho family GTPases (McGlade et al., 1993), and overexpression of 

pl20GAP in mammalian cells can induce cytoskeletal changes. These data have 

suggested that cytoskeletal regulation by Ras may be mediated, in part, by RasGAP- 

mediated modulation of Rho GTPases. The gene encoding NF-1 is the site of 

mutations causing certain forms of neurofibromatosis, a disease characterised by the 

formation of benign tumours and an increased succeptibility to malignant tumours 

(Ballester et al., 1990). Loss of function mutations in the Drosophila NF-1 gene do not 

cause any phenotypes indicative of a role for the molecule in Ras signalling. The NF-1 

mutant flies, although reduced in size, have normal early embryonic patterning and 

ommatidial development (The et al., 1997). Furthermore, the reduced size phenotype is 

not sensitive to manipulations of Ras signalling, possibly indicating that NF-1 is not an 

important mediator or regulator of Ras function in flies. However, heterozygous loss 

of another Drosophila RasGAP homologue, Gapl, is lethal in the NF-1 mutant, 

suggesting that some of the roles of NF-1 in flies may be masked in the NF-1 mutants 

by gene compensation (The et al., 1997).

Another family of Ras effectors comprises RalGDS and two related exchange 

factors which can activate the Ras family GTPase, Ral, in response to Ras activation. 

The function of Ral is unknown, although a role in the regulation of phospholipase D 

has been suggested (Jiang et al., 1995). A RacGAP domain-containing protein has 

been shown to interact with activated Ral, suggesting the existence of another effector 

pathway by which Ras can modulate the actin cytoskeleton (Feig et al., 1996). 

Expression of dominant negative and activated forms of Ral in Drosophila results in 

defects in the cell shape changes required for particular morphogenetic movements, 

supporting the notion of a cytoskeletal role for Ral (Sawamoto et al., 1999). RalGDS 

binds to activated Rapl with a much higher affinity than it does to Ras, suggesting that 

Rapl may be the true activator of Ral signalling, not Ras.

26



1.5.2.1 MAP kinases

The exemplar MAP kinase pathway consists of 3 components, a MAP kinase, which is 

activated by phosphorylation by a MAP kinase kinase (MAPKK), which is activated by 

phosphorylation by a MAP kinase kinase kinase (MAPKKK). Multiple MAP kinase 

pathways are known to operate within individual cells (Schaeffer and Weber, 1999). In 

S. cerevisiae, five MAPK modules have been described. In mammalian systems five 

distinguishable MAPK cascades have been identified, although there are likely to be 

more. The best characterised mammalian MAP kinase cascade is that which terminates 

in the MAP kinase, Erk2. Erk2 is activated by MEK (a MAPKK) which is activated by 

Raf (a MAPKKK). This cascade is involved in the induction of gene transcription by 

the serum response factor family transcription factor Elkl (Marais et al., 1993). As 

Erk2 becomes activated by phosphorylation, it translocates to the nucleus where it 

phosphorylates and activates Elkl. Operating via this cascade, Ras activates the 

transcription of immediate early genes in response to serum stimulation. Induction of 

these genes is associated with entry into the cell cycle. One cell cycle-regulating gene 

induced by Ras-MAP kinase signalling encodes Cyclin D, which is required for the 

activation of specific cyclic-dependent kinase (CDK) isoforms that allow progression 

through the cell cycle (Aktas et al., 1997).

Ras activates the Erk2 cascade via a direct interaction with Raf, which has been 

demonstrated by two hybrid and coprecipitation experiments (Koide et al., 1993; Van 

Aelst et al., 1993; Vojtek et al., 1993; Wame et al., 1993). Raf molecules 

constitutively targetted to the plasma membrane by addition of a CAAX-box are 

oncogenic, bypassing the requirement for Ras and other upstream signalling 

components (Leevers et al., 1994). This has suggested that the mechanism of Raf 

activation by Ras-GTP may be analogous to that of GEF activation, by membrane 

recruitment.

The Ras-MAP kinase link has been highly conserved through eukaryotic 

evolution (Schaeffer and Weber, 1999). MAP kinase pathways operate downstream of 

RTKs and Ras in the induction of Drosophila R7 photoreceptors and nematode vulva, 

and a MAP kinase pathway mediates the requirement of Ras for mating gene induction 

in S. pombe and pseudohyphal growth in S. cerevisiae (Herskowitz, 1995).
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1.5.2.2 PI 3-kinase signalling

Ras binds directly to and activates the pi 10 catalytic subunits of the Class I family of PI 

3-kinases (Rodriguez-Viciana et al., 1994). The generation of Ras proteins with 

effector loop mutations has allowed assessment of the relative contributions of different 

downstream pathways to specific Ras-regulated processes. An H-Ras protein carrying 

an effector loop mutation allowing binding and activation of Raf but not PI 3-kinase or 

RalGDS is unable to transform NIH 3T3 cells. If this protein is expressed in 

combination with a Ras capable of activating only PI 3-kinase, cell transformation 

occurs (Rodriguez-Viciana et al., 1997). These and other studies have illustrated how 

multiple downstream pathways are required for the biological effects of Ras.

A major biological activity of the PI 3-kinase proteins is their ability to 

phosphorylate phosphoinositide lipids (Pis) at the 3 position of the inositol ring. The 

major substrates of the Class I PI 3-kinases are believed to be PI(4)P and PI(4,5)P2, 

and the products of their phosphorylation are PI(3,4)P2 and PI(3,4,5)P3 respectively 

(Vanhaesebroeck et al., 1997). In resting cells the these 3-phosphorylated Pis are 

barely detectable. Upon cell stimulation with a variety of ligands, their concentration 

rises sharply, a response mediated by Ras and other signalling pathways. More 

specifically, a rise in cellular PI(3,4,5)P3 levels can be brought about by transfection of 

cells with constructs expressing activated Ras (Rodriguez-Viciana et al., 1994).

A cellular target for PI(3,4)P2, and possibly PI(3,4,5)P3, is the protein kinase 

PKB (also termed Akt; Burgering and Coffer, 1995). It is thought the phospholipid 

binds to the PH (pleckstrin homology) domain of PKB (James et al., 1996), an 

interaction which, in addition to its phosphorylation by PDK1 (phosphoinositide- 

dependent kinase), is required for PKB activation (Stephens et al., 1998). One target 

of PKB is GSK3 (glycogen synthase kinase 3), a molecule required for the regulation 

of metabolism and developmental patterning (van Weeren et al., 1998). Like PKB, 

PDK1 function requires 3-phosphorylated inositide binding, again to a PH domain. 

PDK1 has other cellular targets in addition to PKB. These include S6 kinase and 

protein kinase C family molecules (Rameh and Cantley, 1999).

PI 3-kinases have also been implicated in the regulation of the actin 

cytoskeleton. Chemical inhibitors of PI 3-kinases interfere with activated Ras-induced 

membrane ruffling (Rodriguez-Viciana et al., 1997). Conversely, activated PI 3-
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kinases are potent stimulators of ruffling, an effect which can be blocked by dominant 

negative Rac proteins. These data have implicated PI 3-kinase, operating via regulation 

of Rac, as a mediator of the effects of Ras on the actin cytoskeleton. PI 3-kinase- 

mediated activation of Rac may occur via an analogous mechanism to the activation of 

PKB. Binding of PI(3,4,5)P3 to the PH domain of the RacGEF, Vav, in combination 

with the phosphorylation of Vav by the Lck tyrosine kinase, results in a stimulation of 

Vav exchange activity on Rac (Han et al., 1998). There is also some evidence that Sos 

may directly activate Rac in response to PI 3-kinase via its Dbl homology domain 

(Nimnual et al., 1998; Scita et al., 1999).

Cross-talk between Ras-regulated pathways has been reported. In response to 

heterotrimeric G-protein activation of class IB PI 3-kinases, MAP kinase activation has 

been observed (Bondeva et al., 1998). The activation of MAP kinases appears to 

depend upon a protein kinase activity exhibited by PI 3-kinase (Bondeva et al., 1998), 

unlike the activation of PKB, which requires a product resulting from the lipid kinase 

activity. These data indicate that signalling pathways which operate downstream of Ras 

are non-linear and interactive. The functional implications of this additional level of 

signalling circuitry are unclear.

1.6 Introduction to the biology o f  Dictyostelium

There will now follow an introduction to the biology and experimental utility of 

Dictyostelium, with specific embellishments applied to those topics arising from my 

research.

1.6.1 Life cycle ofD. discoideum

Vegetative wild-type Dictyostelium discoideum amoebae exist in the upper soil layers of 

forest floors. They are obligate phagocytes, feeding on detritus bacteria. The vegetative 

amoebae are chemotactic towards folate and other bacterial metabolites, which 

presumably allows them to locate their food supply. D. discoideum cells can adopt two 

different programmes of differentiation in response to environmental stress. Upon 

exhaustion of their food supply, the amoebae enter a programme of differentiation 

resulting in the aggregation of up to 100,000 cells. The resultant cell aggregate 

undergoes a series of morphogenetic changes resulting in the formation of a spore-
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containing fruiting body. These spores are resistant to environmental stress and 

germinate into amoebae when conditions become favourable. At low cell densities, an 

alternative differentiation process can occur. The amoebae, which are haploid, can fuse 

with cells of an opposite mating type to form diploid giant cells competent for genetic 

recombination. The giant cell develops into an alternative form of spore, called a 

macrocyst, which is also highly resistant to environmental stress.

The aggregation events underlying both differentiation cycles rely on 

chemotaxis towards cAMP. In the sexual cycle, the giant cell secretes cAMP, which 

acts as a chemoattractant to other amoebae. Chemotaxis of these amoebae brings them 

into the proximity of the giant cell, which promptly engulfs them. This cannabilistic 

behaviour allows the diploid to accumulate sufficient nutritional resources for macrocyst 

formation, dormancy and germination. The mechanisms regulating sexual chemotaxis 

and the development of sexual competency are poorly understood, as are the cues 

which stimulate germination. The extent to which the sexual cycle occurs in the wild is 

also unclear.

The developmental (asexual) cycle has been more extensively characterised 

(Fig. 2). Cells at the prospective centre of the aggregation field respond to depletion of 

their food supply by secreting cAMP, which is perceived by nearby cells. Reception of 

the cAMP signal causes cells to synthesize and secrete their own cAMP, and move 

chemotactically towards the initial source. The secondary release of cAMP serves to 

stimulate cells further from the aggregation centre, which in turn become competent to 

signal and perform chemotaxis. This process, termed signal relay, results in spiral or 

concentric circular wave patterns of cAMP centred on the aggregation foci, as can be 

visualised by isotopic dilution experiments (Tomchik and Devreotes, 1981). Rapidly 

moving cells are more elongated than the slow moving cells, and appear lighter in dark 

field micrographs. This has allowed the cAMP waves and cell behaviour to be 

correlated. Whilst exposed to the ascending phase of the cAMP wave, cells migrate 

towards the aggregation centre. Upon encountering the peak and descending phase of 

the wave, the cells become static.

As the cell density increases closer to the aggregation centre, the cells form 

streams, with cells within a stream adhering tightly to one another. After 8 hours of
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starvation, the streams merge into a loose aggregate, which becomes more compact, 

forming the tight mound, by about 10 hours of starvation. 2 hours later, a tip forms in 

the centre of the mound, which extends further to form a structure called the first finger. 

In the dark, or if the aggregates are exposed to a lateral source of light, the finger 

collapses onto the substratum giving rise to the pseudoplasmodium, a phototactic slug

like structure. In conditions of overhead light, many of the aggregates will form 

culminants without going through this slug phase of development. Two hours after 

pseudoplasmodium formation, the final culmination stages are initiated. The 

pseudoplasmodium rears up and a stalk tube begins to form, pushing the cells which 

are destined to become spores above the substratum. The stalk tube is constructed from 

approximately twenty percent of the cells in the initial aggregate. The stalk cells die 

during culmination by a process resembling apoptosis (Olie et al., 1998) and do not 

contribute to the next generation of amoebae. The maturation of most of the remaining 

cells into spores proceeds as the stalk elevates them off the substrate, giving rise to a 

fully mature fruiting body approximately 24 hours after the onset of starvation.

1.6.2 Dictyostelium as an experimental organism

Over the course of the last thirty years, the utility of Dictyostelium discoideum as an 

experimental model has developed profoundly. A key initial development was the 

development of axenic cell lines and the culture conditions allowing these to proliferate 

(Sussman and Sussman, 1967). Wild isolates of D. discoideum cannot grow in 

conventional liquid growth medium, since they have very little pinocytotic activity 

(Clarke and Kayman, 1987). They can be propagated solely using a bacterial food 

source, which until recently has precluded their transformation with DNA. 

Mutagenesis of these wild isolates and selection for strains capable of growth in a 

peptone-based liquid medium yielded the axenic strains. The most commonly 

commonly used axenic strains are AX2 and AX3, which were derived independently 

from the wild isolate NC4. These cell lines, and other axenic strains, carry mutations 

allowing them to macropinocytose, which allows growth in liquid culture. The 

development of transformation techniques for D. discoideum in the 1980's was made 

simple by the use of these axenic strains. Effective selection of transformants was 

permitted by the simple addition of antibiotic to the culture medium (Nellen et al.,
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Figure 2: A schematic representation of Dictyostelium  development. Upon exhaustion of 
their food supply, the amoebae enter a programme of differentiation resulting in the 
aggregation of up to 100,000 cells. The resultant cell aggregate undergoes a series of 
morphogenetic changes resulting in the formation of a spore-containing fruiting body. 
These spores are resistant to environmental stress and germinate into amoebae when 
conditions become favourable. Adapted from Embryos: A Color Atlas of Development 
(1994). Editor: J.B.L.Bard. Mosby-Year Book Europe Ltd., London.
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1984). Selection for transformants on bacterial lawns has been achieved recently, but 

required extensive optimistation because the bacteria act as a sink for the antibiotics 

(Wetterauer et al., 1996).

Following the development of transformation techniques, other useful molecular 

genetic tools were applied to Dictyostelium. Tagged mutagenesis screens (Kuspa and 

Loomis, 1992) and targetted gene disruption (De Lozanne and Spudich, 1987) have 

become widely used in the investigation of gene function and the speed with which 

these methods can be applied outpaces all other eukaryotic models except the yeasts. 

The haploid genome of Dictyostelium further facilitates the rapid screening and analysis 

of recombinants, although being haploid prevents the recovery of recombinants with 

essential genes deleted, hindering the potential of these mutagenesis tools. The use of 

the sexual cycle, for mapping and combining mutations, has been considered by some 

researchers (Wallace and Raper, 1979). However, the poor frequency of germination 

obtained in sexual crosses and the fact that NC4 and its axenic derivatives appear unable 

to form functional macrocysts has impaired the development of what might be a very 

useful technique. In the last few years, Dictyostelium research has been bolstered 

heavily by the initiation of four sequencing projects. Two, which are approaching 

completion, have aimed to sequence entire cDNA libraries obtained from several stages 

of the life cycle. The other programmes, which have begun recently, are attempting to 

sequence the entire genome. These resources have already considerably enhanced the 

experimental utility of the organism.

Dictyostelium research has contributed significantly to the literature in many 

areas of biology. As a model for the study of development, it is useful. There are very 

few cell specification and morphogenetic events required for the formation of a mature 

fruiting body, therefore the system is thought to represent a diluted version of the 

development of higher eukaryotes. The organism may have more impact on our 

understanding of the general concepts of development rather than our appreciation of 

the molecular aspects of the process. Its amenability has allowed a detailed description 

of morphogenetic events and the specification of cell fate, but the molecular 

conservation with higher eukaryotes may be limited as far as fashionable developmental 

genes are concerned. Although Dictyostelium has Hox genes (Han and Firtel, 1998),
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homologues of hedgehog, FGF and TGF|3 signalling molecules have not been 

identified.

A particularly high impact area of Dictyostelium research has been the 

investigation of the organisation and function of the actin cytoskeleton. The organism 

is considered a good model because its phagocytosis and motility resemble those of 

mammalian leukocytes, and it has become clear that the molecular events underlying 

these processes are conserved. Molecular genetic ablation of genes encoding specific 

actin-associated proteins has been very informative about the functions of these proteins 

and, unlike the developmental molecules, many of these proteins have been 

subsequently identified and assigned similar functions in higher eukaryotic cells. 

Another large focus of Dictyostelium research is the study of chemotaxis. The parallels 

between neutrophils and Dictyostelium are too great to ignore in this process. The cells 

have similar chemoattractant receptors, similar downstream effects in response to 

chemoattractant stimulation and very similar crawling motility (Devreotes and Zigmond, 

1988).

1.6.3 Dictyostelium endocytosis

1.6.3.1 Phagocytosis

Phagocytosis in Dictyostelium is driven by the actin cytoskeleton. This has been 

demonstrated by several expermental approaches. Phagocytosis is sensitive to 

cytochalasin A, an inhibitor of actin polymerisation. Phagocytic cups become coated by 

F-actin and associated proteins as they form (Maniak et al., 1995). Genetic ablation of 

some of these actin-associated proteins, notably talin, myosin IB and coronin, strongly 

impairs phagocytosis (Jung and Hammer El, 1990; Maniak et al., 1995; Niewohner et 

al., 1997). Talin is believed to couple the cytoskeleton to the membrane of the 

phagocytic cup. Members of the myosin I family are likely to contribute the dynamic 

properties of the actin cytoskeleton during particle uptake.

The accumulation of F-actin and its associated proteins at the sites of 

phagocytosis occurs after particle attachment. These molecules drive the formation of a 

cup-like vessel around the external particle, which eventually closes, withdrawing the 

particle into the cell. As the mature phagosome is encapsulated, F-actin and coronin

34



dissociate (Maniak et al., 1995). At all stages of particle uptake, the process appears to 

be reversible. Redistribution of actin and its associated proteins to other active areas of 

the cell cortex can result in the cessation of cup progression and complete dissociation 

of the external particle. One candidate molecule required for the perception of external 

particles by a Dictyostelium cell is a heterotrimeric G-protein (3-subunit. Cells lacking 

Gp are impaired in phagocytosis to a similar extent as coronin-null cells (Peracino et 

al., 1998) which implies a role for a whole receptor/G-protein pathway in the regulation 

of phagocytosis. This proposed role for Gp in particle uptake is supported by the 

finding that a Gp subunit is localised to the phagosomes of macrophages (Desjardins et 

al., 1994). A role for the small GTPase RacC in the regulation of phagocytosis has 

also been suggested. Dictyostelium amoebae overexpressing RacC show a three fold 

enhancement in the rate of particle uptake (Seastone et al., 1998).

1.6.3.2 Fluid phase endocytosis

Fluid phase endocytosis in axenic Dictyostelium strains occurs predominantly by 

macropinocytosis (Hacker et al., 1997). This is a process which strongly resembles 

phagocytosis, both morphologically and in its dependence on the actin cytoskeleton. 

The sites of macropinocytosis in Dictyostelium are crowns, which are circular ruffles of 

the plasma membrane of a similar size to the phagocytic cups which engulf bacteria. 

Crowns are cup-like structures which envelop and internalise aliquots of extracellular 

fluid. The time course of crown extension and retraction is very similar to that of 

phagocytic cups and macropinocytosis has a similar cytochalasin sensitivity to 

phagocytosis (Hacker et al., 1997). As with phagocytic cups, F-actin and its associated 

proteins coat the cytoplasmic face of crowns as they internalise their contents and the 

myosin IB and coronin-null cells are impeded in macropinocytosis to the same extent as 

they are in phagocytosis (Hacker et al., 1997; Novak et al., 1995).

The Dictyostelium class I PI 3-kinase molecules have been implicated in the 

regulation of macropinocytosis. Dictyostelium cells lacking two PI 3-kinase genes have 

a defect in fluid uptake, in addition to other problems in actin-dependent processes. 

The PI 3-kinase-null cells may also have a defect in phagocytosis, however, the two 

groups which performed this work gave conflicting reports of the phagocytic activity of 

these mutants (Buczynski et al., 1997; Zhou et al., 1998).
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1.6.3.3 The endocytic pathway

After the intake of endocytosed material, endosomes lose their cytoskeletal coat (Maniak 

et al., 1995). The endosomal lumen rapidly acidifies, as a consequence of the activity 

of a multisubunit HVATPase (Temesvari et al., 1996). After acidification, soluble 

enzymes from the secretory pathway are delivered to the endosomes (Souza et al., 

1997). These include lysosomal enzymes required for the catabolism of endocytosed 

material. In the later stages of the endocytic pathway, the endosome pH becomes more 

neutral (Padh et al., 1993), prior to exocytosis of indigestible material.

1.6.4 Dictyostelium cell migration

1.6.4.1 Models o f crawling motility

Dictyostelium amoebae, like many eukaryotic cells, exhibit crawling motility. Several 

processes have been proposed to contribute to this mechanism of locomotion. Four of 

these will be reviewed here:

1) Lipid flow

2) Retrograde actomyosin flow

3) Pseudopodium extension

4) Adhesion

The lipid flow model (Bretscher and Bretcher, 1988) postulates that endocytic vesicles 

are transported to the front of the cell, where they fuse with the plasma membrane. The 

redistribution of membrane to the leading edge allows the cell mass to spill forward. A 

requirement of this model is that there would be expected to be a rearward flow of cell 

surface lipid with respect to the cell centroid, as the cell translocates. However, studies 

following the movement of photobleached lipid tags in crawling leukocytes found no 

evidence of retrograde lipid flow (Lee et al., 1990), which argues against the lipid flow 

model. The model also requires that the fused vesicles are retrieved over the cell body 

by endocytosis, to prevent depletion of internal membranes. It is difficult to see how 

such a process might operate in Dictyostelium. Non-axenic cells, which display 

negligible levels of pinocytosis, move at very similar rates to AX3 cells, which are 

highly pinocytotic (Clarke and Kayman, 1987).
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The retrograde actomyosin flow model (Bray and White, 1988) postulates that 

rearward flow of cortical actomyosin-linked cell surface proteins drives cell propulsion. 

The continuous retrograde flow of the actin cortex, termed continuous cortical 

contraction, in combination with traction generated from cell-substrate interactions, 

extrudes the main cell mass forward. The rearward flow of cell surface proteins has 

been suggested by experiments on cells coated with charcoal or with membrane proteins 

crosslinked by antibodies. Many of these membrane tags exhibit retrograde flow, in 

support of the model. Furthermore, rearward motion of actin has been demonstrated in 

Dictyostelium amoebae (Fukui et al., 1999), and the conventional myosin, myosin n, is 

predominantly localised to the rear of Dictyostelium cells (Yumura et al., 1984). The 

role of myosin II in cortical contraction/retrograde flow has been supported by the 

analysis of amoebae devoid of the myosin II heavy chain. Myosin II-null Dictyostelium 

cells show impaired rearward flow of membrane tags (Pasternak et al., 1989). The 

myosin II-null cells migrate at a reduced velocity, possibly indicating the importance of 

retrograde flow in cell migration.

The importance of pseudopodium extension in cell migration is not in doubt. 

Pseudopodia (or lamellipodia) are particle free, F-actin rich structures, the protrusion of 

which precedes the displacement of the main cell mass. The mechanisms underlying 

pseudopodium extension are poorly defined, but clearly require the actin cytoskeleton. 

Several models explaining the role of actin and its associated proteins in pseudopodium 

extension have been proposed, notably the osmotic swelling, myosin I and actin 

polymerisation-driven models. The osmotic swelling model proposes that severing of 

actin filaments at the leading edge of the cell increases the local osmolarity (Condeelis et 

al., 1990). This promotes the influx of extracellular fluid by osmosis, which causes an 

increase in pseudopodial volume. In support of this model an actin-severing protein, 

cofilin, has been implicated in pseudopodium function. Cofilin is localised to 

pseudopodia in Dictyostelium, and overexpression of the protein triggers an increase in 

cell speed (Aizawa et al., 1996). The myosin I-driven model proposes that myosin I 

permits the movement of actin filaments relative to each other. The myosin I-mediated 

sliding of F-actin at the leading edge could conceivably cause the anterior expansion of 

the leading edge. In support of this model, myosin I family mambers are associated
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with pseudopodia (Fukui et al., 1989). However, Dictyostelium cells lacking myosin 

IB show an increase in the frequency of lateral pseudopodium extension (Wessels et 

al., 1996). This result, together with the observation that certain myosin I isoforms can 

collapse networks of actin filaments in vitro (Fujisaki et al., 1985), has suggested that 

myosin I may act to suppress rather than enhance pseudopodium expansion. The actin 

polymerisation-driven model for pseudopodium extension currently has the most 

convincing experimental support. Actin polymerisation is certainly required, as 

illustrated by the sensitivity of pseudopodia to cytochalasins (Hall et al., 1988). Fish 

keratocyte lamellipodial actin filaments, labelled by fluorescence photoactivation, 

migrate rearwards relative to the cell centroid during cell migration, whilst remaining 

static relative to the substratum (Theriot and Mitchison, 1991). The behaviour of the 

labelled F-actin in these experiments was homogeneous, which argues against the 

myosin I filament sliding model. The experimeters suggested that rearward flow of F- 

actin filaments, whilst the anterior of the lamellipodium remains F-actin rich, indicates 

that fresh F-actin polymerisation at the leading edge is responsible for lammellipodial 

extension. Studies on the kinetics of actin polymerisation in Dictyostelium (described 

below) further support the notion that actin polymerisation is a dominant force occuring 

during pseudopodium/lammellipodium extension (Hall et al., 1988).

The role of cell-substrate adhesion in crawling motility has been considered 

extensively (Egelhoff and Spudich, 1991). A popular idea is that traction is generated 

by retrograde cortical flow or pseudopodia exerting force against regions of cell- 

substrate adhesion. This traction might allow a pseudopodium to drag a cell forward or 

retrograde cortical flow to push a cell forward. A study of Dictyostelium cells lacking 

the actin-binding protein, talin, conflicts with this view. Talin-null amoebae are 

defective in cell-substrate adhesion, and stick very weakly to surfaces (Niewohner et 

al., 1997). The migration of these cells is normal, as quantified by their velocity, 

morphology during movement and directional response towards chemoattractant. 

These data imply that cell-substrate adhesion may be partially dispensible for 

Dictyostelium cell migration.
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1.6.4.2 Cell motility and chemotaxis

Dictyostelium cell motility has been intensively studied in the context of chemotaxis to 

the chemoattractants folate and cAMP. Stimulation of amoebae with these molecules 

elicits a variety of cell morphological, actin cytoskeleton and signalling responses. 

Within 20 seconds of stimulation, the cells round up, a phenomenon called the cringe 

(Hall et al., 1988). Cringing is preceded by a transient two-fold increase in the level of 

polymerised actin in the cell. The level of F-actin rapidly returns to baseline levels then 

slowly increases again, peaking at one minute after stimulation. This second peak of 

actin correlates with a second alteration in the morphology of the cells. After one 

minute of stimulation, the cringe morphology has been largely replaced by a flatter and 

more polarised cell shape, with cells extending large F-actin rich pseudopodia. After 3 

minutes of stimulation, the cell morphology has reverted back to the unstimulated state 

and the amount of F-actin in the cells has essentially returned to the baseline level (Hall 

et al., 1988).

The signalling events occuring in response to chemoattractant stimulation are 

best characterised in response to cAMP (Chen et al., 1996). In aggregation-competent 

cells, cAMP binds to the cARl molecule, which is a seven transmembrane spanning 

protein homologous to the heterotrimeric G-protein-coupled receptors. Upon ligand 

binding, activation of adenylate and guanylate cyclases occurs rapidly and there are 

rises in the levels of other signalling molecules, including inositol (1,4,5) triphosphate 

and calcium. The roles of adenylate and guanylate cyclases have been inferred by 

genetic analysis. Deletion of adenylate cyclase blocks aggregation, although the cells 

are still able to perform chemotaxis to cAMP, hence the molecule has been proposed to 

be important for signal relay rather than signal perception (Pitt et al., 1992). The 

chemotacticaily defective mutant KI-10 lacks the transient increase in cGMP occuring 

after chemoattractant stimulation (Kuwayama et al., 1993), however, this mutant is able 

to activate adenylate cyclase and polymerise its actin cytoskeleton to wild-type levels. 

One function of cGMP is to regulate the association of myosin II with the actin 

cytoskeleton, which occurs rapidly after chemoattractant stimulation (Nachmias et al., 

1989; Newell, 1995). Phosphorylation of the light chain of myosin II required for its 

association with actin, and this phosphorylation is triggered by the increase in cGMP. 

Efficient cell locomotion also requires that myosin II is lost from the actin cytoskeleton,
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and this removal is triggered by the phosphorylation of the myosin heavy chain, which 

occurs as the levels of cGMP fall. The Dictyostelium stmF mutant displays a 

prolonged cGMP peak after chemoattractant stimulation, which delays the loss of 

myosin II from the cytoskeleton. The stmF cells cringe for an extended period which 

parallels delayed removal of myosin II from the actin cytoskeleton. This has suggested 

that the cringe may be brought about, in part, by myosin II action (Insall, 1996). The 

cringe response in probably non-physiological, since it has not been observed in normal 

chemotaxis up a gradient, but it may reflect global actomyosin contraction events in 

response to a uniform change of chemoattractant concentration. The pathways between 

cARl and actin polymerisation have not been defined.

1.6.5 Cell behaviour during early development

The 8 hours from the exhaustion of their food supply to the formation of a loose mound 

see some drastic changes in Dictyostelium cell physiology. The cells switch from a 

unicellular feeding state to a state of social interaction which allows finely tuned 

morphogenesis and cell specialisation.

As their food supply becomes exhausted, Dictyostelium amoebae initiate the 

expression of early developmental markers, such as the lectin, Discoidin-1 and a set of 

lysosomal enzymes (Clarke and Gomer, 1995). This early starvation response is 

paralleled by a decrease in the velocity of the amoebae to approximately 5fim/min 

(Vamum et al., 1986). From 2 hours of starvation onwards, the expression of cARl, 

cAMP phosphodiesterase and adenlylate cyclase begins and after 3.5 hours, cells begin 

to secrete cAMP. Initially, the pulses of cAMP are unsynchronised but by 4 hours the 

pulses have synchronised within the population and occur with an interval of 

approximately 10 minutes. By aggregation time, this interval has reduced to 2-3 

minutes (Devreotes et al., 1987). After 6 hours of starvation, cell velocity gradually 

increases to about 15fxm/min as the cells begin chemotaxing efficiently towards the 

aggregation centre (Vamum et al., 1986). Around this time, the amoebae commence 

expression of the cell surface adhesion molecule, csA (contact sites A), which facilitates 

the formation of cell contacts in streams and the mound (Faix et al., 1992).
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1.7 Ras signalling in Dictyostelium

Dictyostelium has a large developmentally regulated family of Ras proteins (Fig. 3). 

The sequences and expression patterns of six of these molecules have been published 

and at least five other ras-related genes have been identified by the cDNA sequencing 

project (Morio et al., 1998). The first characterised Dictyostelium Ras protein was 

RasD. This molecule is highly homologous to mammalian H-Ras with an identical 

effector loop sequence. The expression of rasD mRNA is restricted to the later 

developmental stages, commencing around the first finger stage (Reymond et al., 

1984). RasG, like RasD, is highly homologous to H-Ras, again with an identical 

effector domain to the mammalian protein. The expression of rasG mRNA is high 

during growth and is lost by the onset of aggregation (Robbins et al., 1989). 

However, the RasG protein is very stable and is still abundant during the later stages of 

development (G. Weeks pers. comm.) A third protein, RasB, is also fairly closely 

related to the mammalian H-Ras protein and is expressed throughout the life cycle 

(Daniel et al., 1993). Two more divergent ras genes have been cloned more recently, 

rcisC and rasS. The predicted protein sequences of these molecules are, respectively, 

56% and 54% identical to H-Ras (Daniel et al., 1994). Both contain a single effector 

domain substitution; D38N in RasC and the conservative substitution, I36L in RasS. 

RasC is expressed throughout growth and development and the initial study of RasS 

suggested its mRNA expression is confined to the starvation and aggregation phases of 

the life cycle. A Dictyostelium Rapl homologue has also been cloned which displays 

87% identity to the human Rapl proteins (Robbins et al., 1990). The DdRapl mRNA 

is expressed throughout the life cycle.

1.7.1 Functional analysis o f the Dictyostelium Ras proteins

Expression of an activated RasD protein carrying a threonine substitution at postion 12 

causes a developmental block at the mound stage (Reymond et al., 1986). The arrested 

mounds of these recombinants project multiple tips. Given that prospective stalk cells 

originate from the tips of mounds and the activated molecule was also shown to 

enhance the expression of stalk cell specific genes, RasD was proposed to have a role in 

the determination of cell fates at the mound stage of development. However, a rasD-
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null line generated recently in our lab has no defects in developmental patterning, 

possibly suggesting that RasD does not have a role in cell fate specification (A. 

Wilkins, R. Insall; pers. comm.). However, the high abundance of RasG protein, 

which highly similar to RasD, during the late stages of development may allow for 

some form of compensation.

Dictyostelium cells with a disrupted rasG gene have also been generated in our 

laboratory. The mutant cells are characterised by several defects in actin-dependent 

processes, notably cytokinesis and cell movement (Tuxworth et al., 1997). Cell 

locomotion is considerably impaired in the rasG-null line, with the cells migrating at
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Figure 3: Expression profiles of four Dictyotelium ras genes. rasB and rasC  have been excluded for 
clarity and are expressed throughout the lifecycle.
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approximately half the rate of AX2 cells. This defect is likely to be caused by their 

aberrant pseudopodium behaviour. Normally migrating AX2 cells project one or two 

pseudopodia at any one time. The cells lacking RasG project the normal number of 

pseudopodia but these rapidly bifurcate, causing the cell to move on multiple fronts, a 

behaviour that precludes efficient translocation (J. Stites, R. Insall; pers. comm.). The 

cytokinesis defect of cells lacking RasG protein is manifest in the inability of the 

mutants to grow in suspension culture. Normal cytokinesis in Dictyostelium requires 

the functioning of an actomyosin contractile ring along the plane of cell division. In the 

rasG-null cells, the formation of a cleavage furrow is initially normal but the daughter 

cells fail to separate, remaining attached via a thin bridge of cytoplasm. The cells 

eventually divide by an alternative process, termed cytofission, where the cells pull 

themselves apart using traction generated against the substrate (Fukui, 1990). Traction- 

mediated cytofission is impossible in suspension culture, where the cells are not 

attached to substrate, hence the rasG-null cells, like several other mutants with defective 

actin function, cannot divide under these conditions and become large and 

multinucleate. A similar cytokinesis defect is displayed by Dictyostelium amoebae 

lacking another small GTPase, RacE. Several cytoskeletal mutants also show defective 

cytokinesis, notably the myosin II heavy chain knock-out (de Lozanne and Spudich, 

1987)

Overexpression of wild-type DdRapl protein in Dictyostelium cells caused them 

to flatten and adhere strongly to the substrate (Rebstein et al., 1993). This behaviour is 

very similar to the flattening of fibroblasts overexpressing the mammalian Rapl 

proteins. Overexpression of Rapl can also modify the developmental phenotype 

induced by activated RasD (Louis et al., 1997). In the light of studies in mammalian 

systems, where Rapl can antagonise the transforming activity of activated Ras proteins 

(Kitayama et al., 1989), these studies argue for a high level of conservation of Rapl 

function.

No functional analysis has been carried out of the other published members of 

the Dictyostelium Ras family. The functional analysis of the RasS protein is the central 

focus of this thesis.
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1.7.2 Ras signalling pathways

The molecular genetic tools of Dictyostelium have allowed the investigation of function 

of molecules functioning upstream and downstream of the Dictyostelium Ras proteins, 

suggesting additional roles for Ras signalling pathways in Dictyostelium. For the 

majority of these molecules, direct interaction with Ras has not been demonstrated and 

their presumed role in Ras signalling has been inferred from sequence homology with 

Ras interactants in other experimental systems.

The Aimless protein is a putative RasGEF, containing a domain with a high 

level of homology to the S. cerevisiae Cdc25p catalytic domain (Insall et al., 1996). 

The gene encoding Aimless, aleA was identified in a screen for aggregation defective 

mutants of Dictyostelium. The mutant cells are impaired in the activation of adenylate 

cyclase and perform chemotaxis very weakly to cAMP. The Aimless protein has not, to 

date, been shown to have exchange activity on a specific Dictyostelium Ras protein.

A mutant with a similar aggregation defective phenotype to the aleA-null has 

identified an Erk2 homologue. The erk2-nulls are defective in chemotaxis to folate and 

cAMP (Gaskins et al., 1996). The defective chemotaxis to cAMP is likely to be caused 

by the inability of the mutant cells to repolarise when exposed to high concentrations of 

the chemoattractant, which is suggestive of an impairment in the adaptation response to 

high chemoattractant concentrations. Other MAP kinase pathway homologues have 

also been identified, corresponding to the Mek and Raf levels of the cascade. Cells 

lacking DdMekl also have defects in chemotaxis, characterised by the formation of 

small multicellular aggregates (Ma et al., 1997). Dictyostelium cells lacking the Mek 

kinase homologue MEKK aggregate normally but display abnormally fast development, 

completing fruiting body morphogenesis by 18 hours of starvation, rather than the 24 

hours characteristic of wild-type cells (Chung et al., 1998).

Another protein upon which Ras function might be expected to impinge in 

Dictyostelium is PI 3-kinase. Four Dictyostelium PI 3-kinase genes have been cloned 

(Zhou et al., 1995). DdPIKl, DdPIK2 and DdPIK3 resemble the mammalian class I 

PI 3-kinases, which have been shown in mammalian cells to be responsive to Ras. The 

fourth molecule, DdPIK5, resembles the S. cerevisiae Vps34 protein, which is required 

for the trafficking of newly formed proteins from the Golgi to the yeast vacuole. The
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Class I PI 3-kinases can be knocked out singly with no perceptible phenotypes. As 

described earlier, double mutants of PIK1 and PIK2 have strong cytoskeletal defects 

(Buczynski et al., 1997; Zhou et al., 1998). They cannot grow in suspension culture, 

which is caused by an impairment in both macropinocytosis and cytokinesis. The cells 

orient to chemoattractant faster than wild-type cells and have multiple developmental 

problems. One likely target for PIK1 and PIK2 is the Dictyostelium PKB homologue. 

The phenotypes of cells lacking PKB are distinct from those displayed by the PIK1/2 

double mutant; PKB-null cells show defective polarity and chemotaxis to cAMP (Meili 

et al., 1999). However, cAMP-induced stimulation of PKB kinase activity is strongly 

impaired in the PIK1/2 mutants. These data suggest that, as in mammalian cells, the 

Dictyostelium PI 3-kinases are required for normal activation of PKB.

In summary, these candidate Ras signalling pathway members give rise to 

phenotypes, when their function is removed, which differ from those of the single 

published Ras mutant. It is therefore likely that the generation of loss of function 

mutations in the remaining Dictyostelium ras genes will yield these and possibly other 

functions for Ras in Dictyostelium.

1.8 Aims o f  this study

The aim of the work behind this thesis was to gain an insight into the biological 

function of the Dictyostelium RasS protein. A molecular genetic approach was taken to 

inactivate the rasS gene. The phenotypes of the recombinants were then examined to 

determine the cellular processes damaged by the absence of the molecule. The 

interactions of candidate signalling partners were investigated in an attempt to identify a 

RasS signalling pathway. Specific aspects of the mutant phenotype were then 

examined using a computer-assisted method to gain a greater appreciation of the 

biological role of RasS.
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Chapter Two

Materials and Methods

Unless otherwise indicated, all chemicals were obtained from Sigma Chemical 

Company (Poole, Dorset, U.K.) and all enzymes from New England Biolabs (Hitchin, 

Hertfordshire, U.K.).

2.7 Molecular biology

2.1.1 Bacterial strains

The E.coli strain, XL 1-blue [F':TnlO proA+B+ lacD A(lacZ) M l5/ recAl endAl 

gyrA96(Nalr) thi hsdR17 (rK_mK+) supE44 relAl lac] (Stratagene) was used for 

routine subcloning and large scale preparation of all plasmids. Subcloning steps 

involving restriction sites protected by DNA methylation used the methylation deficient 

E.coli strain, GM 2163 [F- ara-14 leuB6 thi-1 fhuA31 lacYl tsx-78 galK2 galT22 

supE44 hisG4 rpsL136 (Str1) xyl-5 mtl-1 daml3:: Tn9 (Cam1) dcm-6 mcrBl hsdR2 

(rK_mK+) mcrA] (New England Biolabs).

2.7.2 Bacterial growth

Bacteria were grown in culture in Luria-Bertani medium (LB: 1% bacto-tryptone 

(Difco), 0.5% (w/v) bacto yeast extract (Difco), lOmg/ml NaCl, pH7.0) sterilised by 

autoclaving at 151b/sq.inch for 20 minutes in a liquid cycle. Selection was obtained, 

where appropriate, by addition of ampicillin (100(ig/ml; Sigma). LB agar plates were 

prepared from LB containing 1.5% (w/v) bacto-agar (Difco).

2.1.3 Competent cell preparation

E.coli were grown in LB to an optical density at 600nm of 0.4. The cells were pelleted 

at4000rpmfor 15 minutes in a Model J-6B Centrifuge (Beckman), resuspended in ice 

cold sterile 0.1M CaCl2, then left on ice for one hour. The bacteria were recovered by 

centrifugation at4000rpm then resuspended in ice cold sterile 0.1M CaCl2/ 10% (v/v)
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glycerol (2ml suspension for each 50ml original culture). This suspension was 

incubated on ice for 18 hours, aliquoted, then frozen and stored in liquid nitrogen.

2.1.4 Transformation o f bacteria

Competent E.coli were transformed with ligation DNA by the following method. 10(xl 

ligation mix was added to IOOjllI competent cells. The mixture was incubated on ice for 

30 minutes, heat shocked at 42°C for 1 minute then incubated on ice for a further 2 

minutes. After addition of 1ml LB, the mixture was incubated for 1 hour at 37°C on a 

rotary shaker at 225rpm before plating on LB plates containing lOOjig/ml ampicillin.

2.1.5 DNA extraction

Small scale preparation of DNA for identifying recombinant transformants was carried 

out by boiling lysis. The bacteria from a 2ml overnight culture were pelleted and 

resuspended in 0.4 ml STET (8%(w/v) sucrose, 5% triton X-100, 50mM Tris-Cl pH 

8.0, 50mM EDTA) supplemented with 100|ig/ml lysozyme. After a 5 minute 

incubation at 37°C, the mixtures were boiled for exactly one minute then centrifuged at 

13,000rpm for 10 minutes. The precipitate was removed with a toothpick and the DNA 

precipitated from the remaining liquid by the addition of 0.6ml isopropanol and 125|xl 

7.5M ammonium acetate. The precipitate was recovered by a further 10 minute 

centrifugation at 13,000rpm in a microcentrifuge (Eppendorf), washed in 70% ethanol 

then resuspended in TE (50mM Tris-Cl pH8, lOmM EDTA).

Large scale preparation of DNA for transformation of Dictyostelium cells and 

DNA sequencing was carried out using the QIAGEN Maxi Kit (QIAGEN). This allows 

the extraction of DNA from large bacterial cultures using an alkaline lysis protocol. The 

crude DNA extract is bound to an anion exchange resin in low salt conditions, selective 

removal of most impurities is effected by a medium salt wash and the DNA is finally 

eluted by a high salt buffer. Upon completion of the protocol, the DNA was cleaned 

further using a phenol/chloroform/isoamyl alcohol (24:23:1) extraction prior to 

precipitation with 2 vols ethanol and 0.1 vols 3M sodium acetate pH5.2. After a final 

wash in 70% ethanol, the DNA pellet was resuspended in water (for sequencing) or 

TE. The DNA concentrations of the final preparations were estimated by measuring the
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absorbance at 260nm and applying the rule that 50pg/ml solutions of double stranded 

DNA have an A260 of 1 unit.

2.1.6 Digestion o f DNA

For routine sub-cloning operations, l-5|ig DNA was digested under the conditions 

suggested by the enzyme manufacturers (New England Biolabs). Blunting of 

overhanging ends was effected using T4 polymerase (3’ overhang removal and 5’ 

overhang filling) and the Klenow fragment (filling recessed 3’ ends) in the presence of 

lOOpM dNTPs. For cloning operations using a single restriction endonuclease, where 

vector-only background would normally be high, calf intestinal alkaline phosphatase 

was added to digestions to remove 5’ phosphate groups of restricted vector ends, to 

prevent self-ligation.

For digestion of DNA for transformation of Dictyostelium cells, where the 

amount of DNA in the digestion reaction was 25-100|Lig, the manufacturers instructions 

were generally used, but longer incubation times (4-16 hours) were required to 

economise on enzyme usage.

2.1.7 Agarose gel electrophoresis o f DNA

lOx agarose gel loading buffer (40% (w/v) sucrose, 0.25% (w/v) bromophenol blue, 

0.25% (w/v) xylene cyanol FF) was added to DNA samples for electrophoresis at 80V 

through 0.7-2% agarose gels (0.7-2% electrophoresis grade agarose (Gibco) and 

l|Hg/ml ethidium bromide in Tris acetate buffer (TAE: 40mM Tris-acetate, ImM 

EDTA)). A DNA ladder (^Hindlll/EcoRI, Appligene) was run in parallel with the 

DNA samples and the electrophoresed DNA was visualised by UV transillumination.

DNA fragments for chimera construction were purified following 

electrophoresis using the Bio 101 Geneclean II kit (Stratagene) according to the 

manufacturers instructions. The kit protocol requires the dissolution of agarose chunks 

containing DNA bands in a high salt solution. The DNA is bound to a silica-based 

solid then after washes in a salt/ethanol buffer, the DNA is taken up in TE. After 

purification, the concentration of the purified DNA was estimated by electrophoresis 

and comparison with the DNA ladder.
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2.1.8 Ligation o f DNA

Ligations were performed using 1 unit of T4 DNA ligase, 20ng vector DNA and 50ng 

insert DNA in ligase buffer (Gibco). The total reaction volume was lOjul. The ligations 

were allowed to proceed for 1 hour before transformation into the appropriate 

competent E.coli strain. Ligation of oligonucleotides was carried out using ljxg of 

oligo DNA. Oligos were annealed by boiling for 5 minutes followed by slow cooling 

in a water bath.

2.1.9 DNA modification by PCR

The reaction mixtures for mutagenesis PCR reactions consisted of lOng plasmid DNA, 

5 units Taq polymerase (Promega), IOOjiM dNTPs, 1 x Taq buffer (Promega) and 

0.4jiM primers in a 200|il reaction volume with the reaction mixture submerged in 40pl 

mineral oil. The reaction cycle was run on a thermal cycler (Mini Cycler, MJ 

Research). 15 cycles of the following loop were used: 94°C for 1 minute, 50°C for 1 

minute, then 72°C for 1 minute. Upon completion of the programme, the reaction 

phase was removed from the oil and ethanol precipitated. The resultant DNA pellet was 

resuspended in 10pl TE for electrophoresis.

2.1.10 DNA sequencing

DNA sequencing reactions were carried out using the ABI Prism Dye Terminator Cycle 

Sequencing Ready Reaction Kit (Perkin Elmer). The rationale behind the protocol is 

similar to that of the original Sanger dideoxy method, however, it has been developed 

for ease and speed of use. A modified Taq polymerase is used, instead of Klenow. 

Four fluorescent dye-terminator molecules are incorporated rather than one radio

labelled terminator nucleotide. The dyes have different absorption spectra, allowing all 

the sequence information to be obtained from a single reaction rather than four. The 

reactions were run according to the manufacturers instructions, then the sequences 

determined from these reactions by the Oswel Sequencing Facility (University of 

Southampton) using an ABI 373A DNA Sequencer.
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2.1.11 DNA constructs

2.1.11.1 Gene disruption constructs

The rasS gene-disruption vectors were constructed by inserting the blasticidin resistance 

and URA cassettes into the SexAI site of the coding region of a 3.5kb genomic DNA 

clone spanning the endogenous locus (obtained from G.Weeks). The 3.5kb fragment 

was cloned into pLitmus28 using Xhol and Hindlll restriction enzymes. BamHI 

linkers were inserted into the SexAI site of the resultant vector, giving rise to a vector 

containing a BamHI site in the coding region of the rasS sequence. This site was used 

to insert blasticidin resistance and URA cassettes with BamHI ends, derived from 

pA15/bsr/A88Bam (obtained from K.Sutoh) and pRHI25 (obtained from R.Insall) 

respectively. To yield fragments for gene disruption, the URA vector was cleaved with 

Xhol and Hindm and the blasticidin vector was cleaved with Ncol and Spel.

2.1.11.2 Over-expression vectors

Schematic illustrations of the expression cassettes described in this section are shown in 

Figure 4. For over-expression of the rasS cDNA, the expression vector, pVEII, was 

used. The rasS cDNA was derived from pJRC30, which contains the entire cDNA as 

an EcoRI fragment in pBluescript (pBS). A myc-tagged rasS cDNA was cloned into 

pVEII, with the 5’ end of the rasS cDNA modified by the addition of an EcoRV site 

using the following primer:

5‘ AG AG AT AT CGGTTTT AATTTT AAATTAGT ATT AGTT GG 3‘

The other primer used in this amplification reaction, T3, anneals to the pBluescript 

polylinker:

5‘ ATTAACCCTCACTAAAGGGA 3‘

The amplification product was cloned using EcoRV and Xhol into pATW27 (obtained 

from A.Wilkins). This vector consists of myc epitope DNA sequence cloned into the
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Figure 4: DNA constucts for expression of RasS protein in Dictyostelium cells. 
pVEII-myc-rasS (A-top), pVEII-myc-L61-rasS (A-bottom). Genomic rasS (B-top), 
genomic-rasS (B-bottom).
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pLitmus vector. The prospective 3’ end of the myc epitope directly abuts the EcoRV site 

of the Litmus polylinker, such that the cloning of the modified rasS sequence allows the 

generation of a continuous open reading frame between myc and rasS sequence. This 

brought the ATG, myc and rasS sequence into one open reading frame, and the 

resultant vector, pJRC40, was cut with Xbal and BamHI to yield a rasS cDNA with 

the myc epitope sequence at the 5’ end. This restriction fragment was cloned into 

pVEH digested with Xbal and Bglll, giving the final expression vector pVEII-myc- 

rasS. The sequence of the final modified 5’ junction was:

5‘ATGTCTAGAGCTGAAGAACAAAAATrAAnTCAGAAGAAGATTTAGATATC 

GGTTT 3‘

Q61L rasS cDNA was substituted for wild-type rasS cDNA in this vector to allow 

expression of a putative activated RasS protein. To generate a Q61L rasS cDNA, the 

rasS cDNA from pJRC30 was modified using a two stage PCR protocol. Two 

independent reactions were carried out using the following primers:

1) 5 ‘ GTAAAACGACGGCCAGT 3 ‘ pUC-20

5‘ GAAATCTTCTAAACCTGCGGT 3‘ reverse Q61L

2) CCGCAGGTTTAGAAGATTTC forward Q61L

with T3

The products of these two amplification reactions were added to a further reaction using 

containing only the T3 and -20 primers. The product of this round of PCR was cloned 

using BamHI and Xhol restriction enzymes into pBS. After confirmation of the 

required nucleotide substitutions, CAA(Q61) to TTA(L61), by DNA sequencing, the 

mutated portion of the rasS cDNA was spliced into the pVTE-myc-rasS using a 

BseRI/Kpnl double digest. This yielded the pVEII-myc-L61 -rasS construct for the 

expression of a putative activated RasS protein.
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For expression of RasS proteins in the DdGefB-null cells, the expression 

cassettes from the pVEII-based vectors were both cloned into the extrachromosomal 

vector, pRHI76. pVEII-myc-L61-rasS and pVEE-myc-rasS were cut with Kpnl and 

EcoRI, blunted with T4 polymerase then religated. The expression cassettes were then 

cloned using the Xho and Hindm enzymes into pLitmus. BamHI linkers were inserted 

into the Ncol site of the resultant vector. This allowed the expression cassettes to be 

released by BamHI/Bglll double digestion. The Bam/Bgin fragments were then cloned 

into BamHI-digested pRHI76. Two additional vectors were used to express RasS. 

The 3.5kb genomic fragment in pLitmus and a modified version of this vector with the 

L61 mutation spliced in using a SexAI/BclI double digestion protocol.

2.1.11.3 Yeast two hybrid vectors

N17 and L61 rasS sequences were cloned into the vector pYTH6 by the following 

protocol. The N17 mutation was engineered from pJRC30 via a two stage PCR 

protocol. The first round involved two reactions with the following primer 

combinations:

GAATTGTTAAACAATTTTTACCAACACCACC with pUC-20 

GGTGGTGTTGGTAAAAATTGTTTAACAATTC withT3

The products of these reactions were pooled and amplified with T3 and the following 

primer, which has a 5’ Ncol site

GAGACCATGGTATTTAATTTTAAATTAGTATTAGTTGGACC

The PCR product was digested with Ncol and Xhol and cloned into the pYTH6 

polylinker. This generated an in-frame fusion between the GAL4 DNA-binding domain 

and RasS. The L61 mutation was spliced in from pVEII-myc-L61 -rasS using the 

enzymes SexAI and Xhol. To modify the C-teminal CAAX-sequences of the rasS 

cDNAs, the pYTH6-rasS vectors were digested with Bell and Spel. The following 

oligonucleotides were annealed then cloned into the linearised vectors:
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GATCAACCAATTAAAAAAAAGAAATCTTGTAATTAAA

Insertion of these oligos allowed deletion of the two terminal leucine residues, and 

insertion of a new stop codon. The GAL4 transactivation domain-GefB catalytic 

domain vector was generated by A. Wilkins. Yeast transformations were carried out by 

A. Wilkins.

2.2 D ic tyoste liu m  cell culture

2.2.1 Strains

Dictyostelium discoideum strains AX3 (Loomis, 1971), AX2 (Watts and Ashworth, 

1970) and DH1 (an AX3 clone deleted for the URA gene; Insall et al 1996) were used 

for the experiments described.

2.2.2 Culture conditions

AX3, AX2 and DH1 cells were maintained axenically at 22 degrees Celsius in HL5 

medium (Sussman and Sussman, 1967). In HL5, the cells were cultured in suspension 

(in a conical flask shaken at 150 rpm) or whilst attached to tissue culture plastic. For 

DH1 cells, the medium was supplemented with lOOjig/ml uracil. For bacterially grown 

cells, SM plates were innoculated with 105-106 Dictyostelium cells plus 250j l l 1 of a 

suspension of Klebsiella aerogenes in LB. Cells were grown on bacterial plates and 

harvested prior to detectable clearance of the bacterial lawn. For harvesting, the cells 

were suspended in KK2 then centrifugated at 2000rpm in a MP4 benchtop centrifuge 

(International Equipment Company). Harvesting bacterially grown cells required 

several centrifugations to remove the bacteria.

For analysis of developmental gene expression, cells were washed thoroughly 

in KK2 buffer (20mM K P04, 2mM MgCl2, pH6.1), then resuspended and shaken in 

KK2 at a density of 5 x 107 cells/ml. After one hour of starvation, lOOnM pulses of 

cAMP were applied every 6 minutes to mimic normal developmental signalling. For 

analysis of the morphological stages of development, 2 x 107 cells were spread onto
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60mm KK2/ 2%agar plates. These were incubated in a humidified atmosphere in 

overhead light.

2.2.3 Transformation and selection

The transformation protocol was modified from Tuxworth et al (1997). Cells in log 

phase axenic growth were mixed with 25 jig of linearised DNA and electroporated in E- 

buffer (lOmM Potassium phosphate pH 6.1, 50mM sucrose) at 1.1 mV, 3(iF with a 5£2 

resistor in series, using 0.2mm cuvettes (Bio-Rad 165-2086). After 10 minutes 

incubation on ice, cells were allowed to recover for 15 minutes with a solution of 

divalent cations (500|iM CaCl2, 500pM MgCl2) before medium was added. For URA 

selection, the cells were put straight into FM medium, a minimal medium for 

Dictyostelium growth which lacks uracil (Franke and Kessin, 1977). The FM medium 

was changed every 3-4 days. For blasticidin and G418 selections, the healed cells were 

cultured for 24 hours in HL5 prior to the addition of either 20|ig/ml G418 (Calbiochem) 

or 10|Lig/ml blasticidin (ICN pharmaceuticals). For G418 selection, the medium was 

also supplemented with 108 cells/ml of heat-killed E.coli strain B/r, to enhance survival 

of transformants. Transformed colonies became visible after 10-14 days, when they 

were cloned out on lawns of Klebsiella. In general, blasticidin and URA selections 

were used when low copy number integration was desirable (ie. for gene knock-outs) 

and G418 selection was used when a high copy number was required (ie. for 

overexpression).

2.3 Analysis o f  cellular DNA, RNA, protein and lipids

2.3.1 Radio-labelled probes

Radio-probes for Northern and Southern blotting were generated by a random priming 

reaction. The reaction mixture consisted of 50ng DNA, 10jig bovine serum albumin, 3 

units Klenow polymerase, 50|iCi a -32P-dATP in lx oligonucleotide labelling buffer 

(5x stock: 250mMTris-Cl pH8, 25mMMgCl2 5mM P-mercaptoethanol, 2mM each 

dGTP, dCTP, dTTP, 1M Hepes pH6.6, 1 mg/ml oligonucleotides). The DNA and 

water are initially heated to 95°C for 5 minutes before addition of the other components,
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on ice. The reaction proceeds for 4 hours at room temperature. The mixture was again 

heated to 95°C for 5 minutes, then added to the hybridisation flask.

Probes were derived from rasS, discoidin I, coronin and cARl cDNA- 

containing vectors: for rasS, an EcoRI fragment consisting of the entire cDNA was

released from pJRC30. For coronin, a fragment for labelling was generated by PCR 

from the coronin-GFP expression vector (primers and plasmid obtained from M. 

Maniak). For discoidin /, the entire plasmid pDd812 (obtained from J. Williams), 

which contains a portion of the discoidin I  sequence, was used as a substrate for the 

labelling reaction. For cARl, a BsaBI/NcoI fragment was released from the full cARl 

cDNA.

2.3.2 Extraction o f Dictyostelium DNA

108 - 3 x 108 bacterially grown cells were harvested, washed three times in KK2, then 

shaken for 6 hours in KK2 at 150rpm to allow cellular protein levels to decline. The 

cells were pelleted then lysed in 1ml RLB (0.32M Sucrose, lOmM Tris-Cl pH 7.5, 

5mM MgCl2, 1% Triton X-100). The mixture was spun at 13,000rpm for 5 minutes in 

an Eppendorf 5415C centrifuge to pellet the nuclei, which were then washed 3 more 

times in RLB. The final pellet was resuspended in 50|il RLB. 300|il GPA (lOmM 

Tris-Cl pH 7.5, lOmM EDTA) was added followed by 300jil GPB (lOmM Tris-Cl 7.5, 

0.7% SDS, lOOjig/ml proteinase K). This mixture was incubated at 65°C for 45 

minutes, to denature cellular protein, then at 37°C for 2 hours to allow the enzymatic 

degradation of the denatured protein. Residual proteinase K was removed using two 

phenol washes and the DNA was precipitated with 2 volumes of ethanol and 0.1 

volumes of sodium acetate pH5.2. After a wash with 70% ethanol, the pellet was 

dissolved in TE.

2.3.2 Southern analysis o f Dictyostelium DNA

Genomic DNA was digested with EcoRI then separated on 0.8% agarose gels. The 

DNA in the gel was transferred onto positively charged nylon (Hybond N+, 

Amersham) by capillary blotting using 0.4M NaOH as the transfer solution. The blot 

was prehybridised at 65°C in a rotating oven (Hybaid) with 20ml of a solution 

containing 0.25 M sodium phosphate pH 7.2, 7% (w/v) SDS, ImM EDTA. The
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denatured probe was added after 30 minutes. After 16 hours to allow hybridisation, the 

solution was replaced by a wash containing 0.02M sodium phosphate pH 7.2, 1% 

(w/v) SDS. The wash solution was replaced 3 times, once every 20 minutes. Results 

of the hybridisation were visualised by autoradiography.

2.3.3 Extraction o f Dictyostelium RNA

Pellets of approximately 107 cells were accumulated, then resuspended in 500pl SDS 

buffer (50mM Tris-Cl pH 7.5, 0.1M NaCl, lOmM EDTA, 1% (w/v) SDS). 500pl 

phenol was added, the mixture was rotated gently for 10 minutes then centrifuged at 

13,000rpm for 5 minutes. The upper phase was removed then added to 1ml of ethanol. 

This mixture was centrifuged, again at 13,000rpm for 5 minutes, the supernatant was 

aspirated and the RNA pellet was dissolved in water previously autoclaved with 0.01% 

diethyl polycarbonate. The RNA solution was stored -80°C.

2.3.4 Northern Analysis o f Dictyostelium RNA

The RNA concentration was estimated by determining the absorbance of the solution at 

260nm and assuming that a solution of 40pg/ml RNA has an A260 of 1 unit. Prior to 

loading, the RNA solutions were mixed into a loading cocktail (30jil RNA solution, 

30j j ,1 formamide, 3j l l 1 formalin, 7pi agarose loading buffer). lOpg of each RNA were 

loaded to the gel (1% agarose, 0.5% formaldehyde, lpg/ml ethidium bromide, lx RNA 

gel buffer) which was electrophoresed in 1 x gel buffer (0.02M MOPS pH 7, 5mM 

sodium acetate, ImM EDTA; final pH 7). The RNA was transferred to positively 

charged nylon by capillary blotting using 20xSSPE (3.6M NaCl, 0.2M sodium 

phosphate, 20mM EDTA; final pH7.4) as the transfer buffer. The blot was fixed by 

baking at 80°C for 2 hours. Hybridisation was similar to Southern blots, except the 

hybridisation solution used consisted of 1.5xSSPE, 7% SDS and 10% PEG 8000. 

Three wash steps were used: first in 2xSSPE, 0.1% (w/v) SDS at 25°C for 20 minutes, 

second in lxSSPE, 0.1% (w/v) SDS at 65°C for 10 minutes and finally in O.lxSSPE, 

0.1% (w/v) SDS at 65°C for 10 minutes. The results were visualised by 

autoradiography.
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2.3.6 Antibodies fo r  Western blotting

9E10 (mouse anti-myc) was obtained from M. Smith at the ICRF. A purified lmg/ml 

stock was used at a 1 in 1000 dilution. Mouse csA (33-294-17) and coronin (176-3-6) 

monoclonals were obtained from J. Faix. The C-terminal talin mouse monoclonal, 

169-477-5, was obtained from A. Mueller-Taubenberger. Secondary HRP-conjugated 

mouse antibodies were obtained from Pierce (Rockford, IL).

2.3.7 Analysis o f  Dictyostelium cellular protein

106 cells were pelleted and resuspended in lx SDS sample buffer (New England 

Biolabs) supplemented with 33mM DTT. Samples and molecular weight markers 

(7708S New England Biolabs) were denatured by heating to 95°C for 5 minutes before 

vertical electrophoresis on a SDS polyacrylamide gel consisting of a 4% stacking gel 

(155mM Tris-Cl pH6.8, 0.2% (w/v) SDS, 0.05% (v/v) N,N,N’,N’-

tetramethylethylenediamine (TEMED), 0.1% (w/v) ammonium persulphate, 4% bis- 

acrylamide) and a 10% polyacrylamide separating gel (500mM Tris-Cl pH8.8, 0.2% 

(w/v) SDS, 0.05% (v/v) TEMED, 0.1% (w/v) ammonium persulphate, 10% bis- 

acrylamide). The gel was run at 40mA for 3 hours using SDS PAGE running buffer 

(25mM Tris-Cl pH8.8, 0.01% (w/v) SDS,190mM glycine).

For Western blotting the proteins were transferred to Hybond C nitrocellulose 

membrane (Amersham) by submerged Western transfer in transfer buffer (12.5mM 

Tris-Cl pH8.0, 96mM glycine, 20% (v/v) methanol) at 400mA for 2 hours using a 

Trans-blot cell (Bio-Rad). The nitrocellulose membranes were stained with Ponceau S 

(0.5% in 10% acetic acid) to check for efficient protein transfer, then blocked for 1 hour 

at room temperature in blocking buffer (5% skimmed milk (Marvel), 0.1% Tween-20 in 

phosphate buffered saline (PBS)) before incubating with primary antibody (in 1% milk/ 

PBS) for 1 hour. Unbound antibody was removed by washing 4 times for 5 minutes in 

PBST (0.1% Tween in PBS) before incubating with the horse radish peroxidase (HRP) 

conjugated secondary antibody (in 1% milk/PBST). Unbound secondary was removed 

by 4 further washes in PBST. The HRP-conjugated secondary was detected using an 

enhanced chemiluminescent kit (Supersignal substrate, Pierce).
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2.3.8 Analysis o f phospholipid levels

Cells were harvested from bacterial lawns and innoculated into axenic culture. After 24 

hours the cells were recovered and suspended in 25mM MES pH 6.1, then shaken at 

150 rpm for one hour. 0.25mCi [32P]-orthosphosphate (Amersham) was added to each 

flask and the cells were shaken with this for another hour. The cells were collected by 

centrifugation, washed twice in 25mM Mes, then taken up in 160|il Mes in a screw cap 

microcentrifuge tube. 6 6 0 jll1 of a 2:1 methanol/chloroform mix was added followed by 

10|ig/ml mixed phosphoinositides (Sigma), to prevent non-specific binding of the 

extracted lipids to the microcentriguge tube, then the mixture was vortexed vigourously. 

640jil chloroform was added followed by 150jil 2.4M HC1/ 5mM tert-butylammonium 

hydrogen sulphate. After a further vigourous vortex, the phases were separated by 

centrifugation at 7000rpm in a microcentrifuge. The bottom phase was collected in a 

separate tube and stored at -20°C.

Thin layer chromatography (TLC) analysis of these extracts was performed by 

Dr. Geraint Thomas (Department of Physiology, UCL). High pressure liquid 

chromatography (HPLC) was performed by Dr. Stephen Dove (School of Biosciences, 

University of Birmingham).

2.4 Microscopy

2.4.1 Scanning electron microscopy

Cells for scanning electron microscopy were prepared as described (Condeelis et al., 

1987) with modifications. After fixation on glass coverslips in 1% osmium tetroxide 

and 2% glutaraldehyde, the samples were progressively dehydrated through an 

increasing series of ethanol concentrations then taken into hexamethyl disilane. After 

air-drying, the cells were sputter coated in gold, and viewed on a Jeol JSM5410 

scanning microscope.

2.4.2 Fluorescence microscopy

F-actin visualisation was carried out essentially as described. Briefly, cells from 

bacterial lawns were harvested, washed and seeded onto acid-washed coverslips. 

Fixation was carried out with 1% glutaraldehyde, 0.1% Triton X-100 in KK2 for 10
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minutes. Autofluorescence was quenched using 5mg/ml NaBH4 for 10 minutes. Actin 

filaments were stained using Texas Red-conjugated phalloidin (Molecular Probes Inc., 

Eugene, OR). Cells were observed using a scanning confocal microscope (MRC1024; 

Bio Rad, Hercules, CA.

2.5 Physiological assays

2.5.1 Growth rates

Growth rates of cells in axenic medium and bacterial suspension were calculated from 

plots of the exponential growth of cells in the appropriate environment. For axenic 

growth, cells were maintained in HL5 in 90mm dishes or 100ml flasks shaken at 

150rpm, with uracil as appropriate. For growth rates in bacterial suspension, the 

method described by Witke at al (1992) was used. A suspension of live E.coli strain 

B/r at a density of 1010 cells/ml KK2 buffer was innoculated with 3 x 105 Dictyostelium 

cells/ml and shaken at 150rpm. Cells were counted using a haemocytometer.

2.5.2 Pinocytosis

Fluid-phase endocytosis experiments were carried out as described (Novak et al., 1995) 

with modifications. Bacterially grown cells were harvested, cultured in HL5 medium 

for 24h, then used to innoculate 60mm petri-plates at a density of 107 cells per plate in 

2mls HL5. The cells were allowed to settle for 2 hours, then the medium was replaced 

with 2mg/ml FITC-dextran in a total volume of 2ml HL5. The reaction was stopped by 

the addition of 10ml ice-cold KK2 buffer at the indicated times and the dishes 

immediately placed on ice. After three more washes in ice-cold buffer, the cells were 

collected, counted, lysed with 0.2% Triton and fluorescence was measured on a Perkin- 

Elmer LS-5 Luminescence Spectrometer (Perkin-Elmer Corp., Norwalk, CT) with an 

excitation wavelength of 470nm and an emission wavelength of 520nm. A standard 

curve was used to calculate the volume of fluid pinocytosed per 106 cells. Cell volume 

was estimated from pellets of axenic amoebae as described (Niewohner et al., 1997)

2.5.3 Phagocytosis

For phagocytosis assays, Dictyostelium cells were innoculated at a density of 106 

cells/ml into a suspension of E.coli strain B/r in KK2 as described (Witke et al., 1992).
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The decline in the optical density at 600nm caused by bacterial clearing was used as an 

indicator of phagocytic rate.

2.5.4 Basic motility analysis

Speed of cells during bacterial and axenic culture and early development was estimated 

using time-lapse recordings of digital phase-contrast images of the cells. At 1 hour 

intervals during starvation, a small aliquot of cells was taken, allowed to adhere to 

tissue culture plastic (Becton Dickinson, Lincoln Park, NJ) for 5 minutes then phase- 

contrast images were obtained an Axiovert 100 inverted microscope (Zeiss). Using a 

video camera and a Scion frame grabber attached to a Macintosh computer running NIH 

Image 1.62 software, 20-50 frames were captured at 5-20 second intervals, and the 

resultant series of images was used to gain an estimate of mean cell speed. Cell 

centroids were determined by eye and the mean centroid displacement per unit time was 

calculated in terms of pixels. A slide with an imprinted graticule was used to calibrate 

pixel dimensions.

2.5.5 F-actin quantification

F-actin levels of attached cells were quantified as described (Gerald et al., 1998) with a 

few modifications. 4 x 106 cells were plated in 60mm dishes in 1ml of medium (axenic 

cells) or KK2 (bacterial cells). After 30 minutes to allow the cells to settle, 1ml of fix 

buffer was added to the dishes (fix buffer: 7.4% formaldehyde, l.OjuM TRITC-

phalloidin (Sigma), 0.2% Triton X 100 in 2 x GB buffer (20mM PIPES, 20mM K P04, 

5mM EGTA, 2mM MgS04; pH 6.8)). After a 1 hour incubation in the dark, the fix 

was aspirated off and replaced by 0.1% saponin in 2 x GB. After a further hour, the 

saponin was replaced by 1ml methanol, to extract the phalloidin, and the dishes rocked 

gently. The methanol was collected after 2 hours, spun at 13,000rpm to remove the 

debris then the methanol soluble fluorescence was quantified using a fluorimeter.

For studying the effects of chemoattractant on actin polymerisation, the method 

used by Insall et al (1996) was used. ljiM folate was added to washed bacterially 

grown cells at a density of 2 x 107 cells/ml. lOOpl aliquots from this suspension were 

removed at the indicated times after folate addition. They were immediately added to 

900jxl fix buffer (with 3.7% formaldehyde instead of 7.4% and 0.5|iM TRITC
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phalloidin instead of 1 .OpM) then rotated gently for 30 minutes. The fixed cells were 

pelleted then resuspended in 0.1% saponin/2 xGB and rotated for a further hour. The 

phalloidin was then extracted in methanol for one hour. After removing debris by 

centrifugation, the level of TRITC-phalloidin was quantified by fluorimetry. For all the 

F-actin quantification experiments, the fluorescence was normalised with respect to total 

cellular protein. This was estimated from blank samples, with no fix added.

2.5.6 Three dimensional motility analysis

For analysis of cell movements in 3D, the 3D DIAS (Dynamic Image Analysis System) 

package was used (Wessels et al., 1998). Bacterially grown cells were innoculated in 

KK2 buffer into a Dvorak-Stotler chamber (Lucas-Highland, Inc., Chantilly, VA) on 

the stage of a Zeiss ICM 405 inverted microscope equipped with DIC optics. To 

generate optical sections, the fine focus of the microscope was connected to a stepper 

motor controlled by a Macintosh-based program. Using a cooled CCD video camera, 

60 optical slices spanning a 10pm interval were captured within a 2 second period. 

This was repeated every 4 seconds for 5 minutes. The optical sections were digitised as 

a Quick Time movie through a frame grabber for the Macintosh computer and this 

movie was then converted into a 3D DIAS PICT format.

The 3D DIAS software outline function was used to outline cell perimeters. 

These outlined sections were reconstructed giving a final 3D movie with a frame 

interval of 4 seconds. The reconstructed cell models were used to generate 

motility/morphology parameters descibing the cell movements over the course of the 

movie. For velocity cycle plots, the raw instantaneous velocity data were smoothed 

five times using the DIAS smooth command, which normalises values by dividing them 

by weighted averages. The weights were specified using a paremeter called the Tukey 

window, and the default DIAS weights applied. The particulate-free cytoplasm which 

defines pseudopodia was outlined manually using the DIAS draw tool, and these 

outlines were stacked to give direct image reconstructions of pseudopodia, which were 

used to estimate pseudopod volumes. Pseudopodium traces were merged with cell 

outline traces to generate cell reconstructions showing pseudopodium behaviour.
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2.5.7 Statistical Analysis o f physiological data

A statistical analysis of the apparent differences in physiology of wild-type and mutant 

amoebae was performed using two-tailed t-tests. The t statistic was calculated using the 

formula:

Y - Y  1 1 2

t=  -------------

[ a V ’ +n,-1)]05 

Where: n ^ 2 + n2s22

n, + n2 -  2

Symbols: Y - Sample mean

s -  Sample standard deviation 

n -  Sample size

The P-value was determined from table of the critical values of the t statistic for n, + n2 

-  2 degrees of freedom. The significance level was set at 0.05
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Chapter 3

Phenotypic analysis of Dictyostelium rasS' mutants 

3.1 rasS mRNA expression

Previous work has indicated that rasS mRNA expression is restricted to the starvation 

and aggregation phases of the Dictyostelium life cycle (Daniel et al., 1994). This early 

work used the non-axenic Dictyostelium strain V 12M2, whereas this study has used the 

axenic strains DH1, AX3 and AX2. AX2 (Watts and Ashworth, 1970) and AX3 

(Loomis, 1971) were derived independently from the non-axenic strain, NC4. DH1 

cells are AX3 cells with a disrupted URA gene (Insall et al., 1996). It is clear from 

Northern analysis of RNA from DH1, AX2 and AX3 cells that rasS mRNA expression 

is strongly induced during starvation and aggregation in these cells (Fig. 5). However, 

the message is also present in growing cells. It seemed possible that this observed 

difference in expression profiles reflected the different experimental strains tested. 

However, this study clearly indicates that the rasS mRNA is expressed during growth 

in V12M2 cells and another non-axenic strain, NC4 (Fig. 5). The observed differences 

in expression profiles may be caused by different sensitivities of Northern 

hybridisation.

3.2 Generation o f  Dictyostelium rasS1 mutants

The strategy used to generate rasS-nulls by homologous recombination is shown in 

Figure 6. The construct contained the URA marker, pyr5-6, inserted into the coding 

sequence of a 3.5kb rasS genomic clone (obtained from G. Weeks). Dictyostelium 

discoideum DH1 cells (Insall et al., 1996), a strain of AX3 lacking the URA gene, were 

transfected with this vector. After 14 days selection in minimal medium, transformants 

were cloned then screened for gene disruption (Fig. 7). Probing twelve transformants 

by Southern blotting revealed four independent clones in which the gene had been 

disrupted. All four lines were found to behave similarly, so for most of the work 

described here, the results for one clone (S5) will be shown. When Northern blots of 

RNA prepared from wild-type and rasS~ cells were probed with 32-P-labelled rasS
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NC4 V12M2 AX2 AX3 DH1

Figure 5: rasS mRNA expression in five Dictyostelium  cell lines. Total RNA was extracted 
from V12M2, NC4, AX2, DH1 and AX3 cells during growth and after 4 hours and 8 hours of 
starvation, run on formaldehyde-agarose gels, blotted onto nylon then hybridised to a 32-P- 
labelled rasS cDNA probe. In all cell lines, rasS mRNA is expressed during growth and 
induced strongly upon starvation.
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Figure 6: The cloning strategy employed to disrupt the rasS gene.
A 2.5kb fragment containing an expressable URA gene was inserted by homologous recombination 
into the coding region of the genomic rasS sequence of DH1 cells, which lack the URA gene. For 
rasS disruption in AX3c cells, a blasticidin-resistace cassette was substituted for URA.
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AX3c

Figure 7: Disruption at the rasS locus. A: Southern analysis of AX3c cells transformed with 
blasticidin resistance knock-out plasmid. B: DH1 cells transformed with URA knock-out plasmid. 
Correctly disrupted recombinants were revealed by the loss of the wild-type 1.1 kb band hybridising 
to the rasS cDNA probe. The appearance of bands of 3.6kb in A and 2.35kb in B indicates the 
genomic rasS locus has been successfully disrupted by the URA (2.5kb) and Blast (1.25kb) 
cassettes respectively. C: Northern blot of growth stage DH1 and rasS-null cell RNA. The mutant 
cells have lost the 0.8kb rasS mRNA band.
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cDNA probe, no signal was seen in the lane containing message from the mutant cells, 

confirming the absence of rasS expression (Fig. 1C).

The rasS-null mutation was also introduced into the Dictyostelium discoideum 

strain AX3c using a blasticidin selection scheme (Figure 7A). As far as could be 

ascertained, this cell line had similar phenotypes to the DH1 rasS-null mutant. The 

DH1 mutant was used preferentially for phenotypic analysis because parental AX3c 

cells carry a mutation which makes them adhere poorly to surfaces. This would have 

interfered with many of the experiments described in the thesis.

3.3 Defective axenic growth o f  rasS- mutants

Cells lacking the rasS gene grow very poorly in liquid medium. Figure 8 shows growth 

rates of wild-type and rasS' cells in liquid culture both in shaken suspension (Fig. 8A) 

and attached to tissue culture plastic (Fig 8B). The wild-type DH1 cells and a strain of 

DH1 transformed with the rasS knock-out plasmid, but which is not disrupted at the 

rasS locus, have doubling times of 6.7h and 8.2h respectively, during adherent growth 

(Fig. 8B). Although the rasS' cells slightly increase in number within a few days of 

being put into liquid culture, they totally cease growth thereafter. The rasS' cells cannot 

grow shaken suspension culture either (Fig. 8A). The completeness of this defect has 

prevented transformation of the mutant cells with constructs expressing wild-type rasS 

cDNA, although several methods of transformation and selection were attempted. 

Therefore to control against the possibility of the growth defect being caused by a 

secondary mutation, we have studied several independent knock-out lines. The growth 

data for two of these clones are also shown in Figure 8B. The AX3c rasS~ mutant and a 

second DH1 rasS-null clone (S7) were also defective in axenic growth.

This defect in axenic growth is unusually strong for a viable Dictyostelium 

mutant. Several Dictyostelium mutations are known which cause impaired growth in 

suspension culture (Buczynski et al., 1997; de Hostos et al., 1993; De Lozanne and 

Spudich, 1987; Larochelle et al., 1996; Lee et al., 1997; Novak et al., 1995; Tuxworth 

et al., 1997). These mutations are usually in genes required for actin cytoskeleton 

function. Suspension culture makes demands on cells that accentuate defects in actin- 

dependent processes. Most of these mutants grow at nearly wild-type levels whilst
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Figure 8: Defective axenic growth of Dictyostelium amoebae with a disrupted rasS gene. Growth 
curves wild-type (filled symbols) and rasS' cells (open symbols) in HL5 medium in shaken 
suspension (A) and whilst adhering to tissue culture plastic (B). Key to symbols: empty squares- 
S5; empty circles- S7; empty triangles- SAX3; filled circles- transformed DH1; filled squares- 
DH1; filled triangles-AX3c.
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Figure 9: Growth rates in bacterial suspension of DH1 and rasS" cells. Wild-type (open symbols) 
and rasS- cells (filled symbols) were seeded into suspensions of E.coli strain B/r. At intervals, 
aliquots were withdrawn and cells counted. Generation times: wild-type cells 3.9h, rasS' 4.0h. 
Data shown are from a typical experiment (n=2).
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Figure 10: Abnormal plaque morphology of rasS '  cells on bacterial lawns. 
rasS~ cells give rise to abnormally large plaques with extended feeding fronts. Behind the 
feeding front the bacterial lawn has only been partially cleared. Top: left- rasS' S5; right- 
rasS' SI. Bottom: left-random integrant of disruption construct; right- DH1.
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attached to surfaces. This is because their defects in pinocytosis and cytokinesis are not 

severe enough to inhibit multiplication of attached cells. Some mutations are known 

which cause a slight slowing of growth of cells attached to surfaces, notably the 

DdPIKl/2 double mutant, which has lost two of its PI 3-kinase genes. However, few 

mutants have as dramatic a growth defect as the rasS-null cells.

Growth of the rasS-null cells when fed on bacteria is essentially normal (Fig.

9). The mutant cells grew in a suspension of bacteria at a very similar rate to that of 

wild-type cells (doubling times: wt. 3.9h, rasS“ 4.0h). Furthermore, when single 

amoebae of the rasS-null strains are plated onto a lawn of bacteria, they form unusually 

large plaques. This also demonstrates their ability to use bacteria as a food source (Fig.

10). The plaques, although large, have an abnormal morphology. They have extended 

feeding fronts. Behind these feeding fronts, the plaques are characterised by only 

partial clearance of the bacterial lawn and have fewer fruiting bodies. It is likely this 

aberrant colony morphology is caused by defective regulation of cell speed in the rasS~ 

cells (see below).

3.4 Defective flu id  phase endocytosis o f  rasS- mutants

The ability of D.discoideum cells to grow in liquid culture correlates with their 

pinocytotic ability. The rasS-null cells are unable to grow effectively in liquid culture, 

and a likely cause of this is an impairment in pinocytosis. We assayed the pinocytotic 

activity of DH1 and mutant cells by following their uptake of the fluid-phase marker, 

FITC-dextran, in liquid culture. Most other researchers have carried out this 

experiment using cells in suspension culture (Buczynski et al., 1997; Hacker et al., 

1997), because the mutants they studied display a clearer growth defect in suspension. 

However, the rasS' cells cannot grow even when attached to surfaces. Therefore, to 

avoid complicating the result by putting additional stress on the cells, we carried out 

pinocytosis assays using attached cells. The results of a typical experiment are shown 

in Figure 11. The rasS-null cells are clearly defective in the uptake of fluid. The initial 

rate of uptake of fluid by the parental cells was 0.060|il/min for every 106 cells whereas 

the initial rate for the mutant cells was shown to be 0.019jLil/ml per 106 cells. The 

saturation level of uptake for the mutant cells was six-fold lower than that of DH1 cells.
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Figure 11: Impaired fluid phase endocytosis of rasS" cells. Wild-type cells (filled symbols) 
and rasS~ cells (open symbols) were cultured in petri plates in axenic medium. Uptake of the 
fluid phase marker, FITC-dextran, was assayed fluorimetrically at the intervals shown. Data 
shown are from a typical experiment and each point represents the mean of 2 independent 
samples. Error bars represent the distribution of the values around the mean.
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In their study of the pinocytosis defect of the Dictyostelium cell line lacking two 

PI 3-kinase proteins, Buczynski and coworkers (1997) normalised their pinocytosis 

data to take account of cell size, since the double mutants are smaller than wild-type. It 

seemed possible, if unlikely, that a cell size defect might account for the reduced fluid 

uptake of the rasS-null cells. However, estimations of volume of packed pellets 

(Niewohner et al., 1997) of mutant and wild-type cells suggest this is not the case. The 

wild-type cell volume estimate (0.56pl/106 cells) differs slightly from the rasS~ cell 

volume estimate (0.50pl/106 cells), an alteration of 12%. This alone cannot explain the 

observed variation in pinocytotic rates.

3.5 Defective phagocytosis o f  rasS- mutants

In order to test whether the rasS' cells have a specific impairment in pinocytosis, or a 

more generalised problem in endocytosis, the ability of the rasS-null cells to internalise 

solid particles was evaluated using a bacterial clearing assay. The ability of equal 

numbers of DH1 and rasS' cells to clear a bacterial culture over a 4 hour time period 

was observed. Both DH1 and rasS' steadily phagocytosed bacteria over the course of 

the experiment (Fig. 12), however, the rasS' cells did so at a greatly reduced rate. The 

wild-type cells caused a decline in the optical density of the culture at a rate of 0.040 OD 

units/hour, whilst the mutant cells had a rate of clearance of 0.014 OD units/hour, 

approximately one third of the wild-type rate.

The rasS-null cells have a phagocytosis defect, since they clear the bacterial 

culture at a much slower rate. This appears, at first, to conflict with their apparent 

normal growth rate in bacterial suspension (Fig. 9). Growth dependent upon 

phagocytosis is normal, despite the impairment in phagocytosis. However, the growth 

and phagocytosis experiments were carried out under different conditions. The

bacterial growth experiment was carried out with a non-limiting food supply. The

concentration of bacteria here is 10'° cells/ml. In contrast, the bacterial density in the 

phagocytosis assay is one order of magnitude lower, approximately 109 cells/ml. It is 

likely the apparent discrepancy between growth and phagocytosis rates for the rasS-null 

cells reflects slower phagocytosis of the mutant cells under non-saturating conditions
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Figure 12: Impaired phagocytosis in cells lacking the rasS gene. Wild-type (filled symbols) 
and mutant (open symbols) cells were innoculated into suspension cultures of E.coli strain 
B/r. The ability of each strain to clear the bacterial culture was measured by the decrease in 
optical density of the bacteria over the course of the experiment. Points represent the mean 
of 4 independent experiments. Bars represent population standard deviation.
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Figure 13: Enhanced locomotion of cells lacking rasS. Speeds of axenically and bacterially 
cultured wild-type (DH1) and rasS ' cells determined using time-lapse analysis of phase 
contrast images of cells. Error bars represent population standard deviation. For axenic cells: 
two-sided t-test: HQ: p s = |iwt, v=26, p<0.001.
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Figure 14: Cell speed during early development. At the indicated times following starvation of 
wild-type (filled symbols) and rasS~ (empty symbols) cells, cell speed was estimated using 
time-lapse analysis of phase contrast images of cells. Cells were pulsed with lOOnM cAMP to 
simulate normal developmental signalling. Each point represents the mean speed of 5 cells. 
Bars represent population standard deviation. An independent rasS' clone was also studied, 
but has been omitted from the figure for the sake of clarity. Its profile of cell speed was very 
similar to that of the rasS' clone shown here.
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3.7 rasS' mutant cells move abnormally rapidly

Several other studies have used plaque size on bacterial lawns as an indicator of growth 

rate (de Hostos et al., 1993), so it was surprising that the rasS~ cells are not accelerated 

in growth, since the plaques are much larger than those formed by wild-type and the 

transformed controls (Fig. 10). A possible explanation for the aberrant colony 

phenotype might be that the cells are moving unusually rapidly. Highly motile cells 

might be expected to move before they have exhausted their local food supply, which 

might explain why the plaques are both large and characterised by only partial clearance 

of the bacteria. The rasS~ cells migrate faster than wild-type cells irrespective of 

whether they were cultured bacterially or axenically. Figure 13 shows a comparison of 

the speeds of wild-type and mutant cells from axenic medium and bacterial lawns. As 

reported before (Vamum et al., 1986) bacterially grown cells move more rapidly than 

axenically maintained cells. The rasS-nulls move approximately three times faster than 

the parental cells under both conditions (Axenic cells: two-sided t-test, H0: |is = |iwt, 

v=26, p<0.001).

Although rasS-null cells are unusually fast moving under growth conditions, 

their cell speed profile becomes more wild-type-like following starvation. Figure 14 

shows a detailed analysis of their speed of locomotion at different stages during early 

development. The wild-type cells have a normal profile of cell speed through starvation 

(Vamum et al., 1986). After one hour of starvation, a slight slowing is observed, 

which persists until the 4th or 5th hour of development. Then, over the course of the 

next two hours, cell speed increases dramatically, reaching a rate of movement two or 

more times faster than the initial rate. This fast phase corresponds to the aggregative 

stage of the life cycle, when Dictyostelium cells are rapidly chemotaxing towards each 

other. In contrast, the rasS~ cells nearly three times faster than wild-type during 

growth, a state which persists for two hours after starvation commences. Then, like the 

wild-type cells, there is a period of slowing. The mutant amoebae accelerate again later 

in starvation, with a timing similar to that of the wild-type cells. These observations 

suggest that the timing of early development is normal in rasS-null cells, which may 

indicate that the rapid movement of the mutants is not caused by premature starvation.
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Figure 15: Aberrant morphology of rasS~ cells.
rasS~ cells are highly polarised, have prominent pseudopodia and are deficient in crowns. Cells were 
cultured for 24h in liquid medium, fixed then processed for scanning electron microscopy. The more 
rounded, non-polar wild-type cells (a and c) have more crowns (arrowhead in a and centre of cell in c) than 
rasS' cells (b and d). The rasS' cells have more microspike structures and often have rounded 
protuberances (arrowhead in d). Scale bars: 10pm in a and b, 1pm in c and d.
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Figure 16: rasS' cells exhibit distinct patterns of F-actin staining. Wild-type (A) and rasS' (B) 
cells were cultured in liquid medium for 24h before fixation and preparation for fluorescence 
microscopy. Images are confocal sections of these cells. rasS' cells have a more polarised F- 
actin organisation, with most of the staining localised to one prominent pseudopod. F-actin is also 
distributed into filopodium-like structures. The F-actin in the wild-type cell is less polarised and 
is localised to several different lamellae. Scale bars 10pm.
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3.8 Morphology o f  rasS' mutant cells

The cell morphology of the rasS-null cells is radically altered. These perturbations are 

consistent with the alterations in the endocytic and migratory properties of the mutant 

line. The scanning electron micrographs displayed in Figure 15 illustrate these defects. 

The parent cell line, DH1, has a characteristically non-polar morphology. The cells 

occasionally project a pseudopod-like structure, but the shapes of most amoebae do not 

suggest much directionality (Fig 15A). In contrast, the rasS~ cells are much more 

polarised and elongated, some with prominent pseudopodia (Fig. 15B).

The wild-type cells have several structures which are typical features of the cell 

cortex (Fig. 15A and C). Circular ruffles or crowns (arrowhead in Fig 15A) are 

prominent in many of the cells, usually on the dorsal surface of the cell. Many of the 

ruffles have a central indentation, giving them a cup-like appearance. The cortex also 

protrudes small microspikes (see Fig 15C) the biological relevance of which is unclear. 

High resolution images of the rasS~ cells reveal alterations in these structures (Fig. 

15D). There are a few rounded protrusions (arrowhead Fig. 15D). These protrusions 

are smaller than crowns and less cup-like. There are also fewer of them (wild-type: 31 

crowns in 46 cells, rasS-nulls: 12 "crowns" in 37 cells). There is an increased number 

of microspikes in the rasS~ cells. These are longer than those of the parental cells 

(compare Fig 15C and D). Video microscopy (not shown) suggests some of these 

projections might be retraction fibres. These structures are often seen at the trailing 

edges of rapidly migrating cells. However, not all of the microspikes are retraction 

fibres. Figures 15B and D clearly show microspikes projected from the dorsal surfaces 

of rasS~ cells, whereas retraction fibres usually emanate from the cell base.

3.9 Abnormal F-actin distribution o f  cells lacking RasS

The rasS-null cells also exhibit striking differences in the morphology of the actin 

cytoskeleton. Figure 16 shows confocal images of mutant and wild-type cells stained 

with fluorescent phalloidin. Growth-stage wild-type cells are characterised by their 

broad lamellipodia (Fig 16A). The morphology of the F-actin in the parental cells 

reveals a lack of polarity. In contrast, the F-actin in the rasS-null cells is arranged in a
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highly polarised way (Fig 16B). The cells are characterised by prominent F-actin rich 

pseudopodia, which is typical of highly motile cells. F-actin is also concentrated in the 

abundant microspikes.

3.10 Starvation response o f  cells lacking RasS

Aggregating cells of Dictyostelium are characterised by a polarised morphology and 

prominent pseudopodia. They are also highly motile (Vamum et al., 1986) and have a 

reduced phagocytic rate (Takeuchi et al., 1983). These are all properties of the rasS~ 

cells. It seemed possible that the rasS' cells behave in this fashion because they are 

prematurely aggregation-competent. The data displayed in Figure 14 show the mutant 

cells have a normal profile of cell speed around the time of aggregation, suggesting the 

timing of their early development may be normal. However, to be certain of this 

conclusion, an analysis of starvation-induced marker expression was necessary.

If the rasS~ cells were advanced to an aggregation-competent state, they would 

be expressing aggregation stage markers in growth conditions. Two proteins induced at 

different times during starvation are cARl (Sun and Devreotes, 1991), the aggregation 

stage cAMP receptor and csA (Faix et al., 1992), a cell surface adhesion molecule. 

Expression profiles of these markers during early development are shown in Figure 17. 

The Northern blot showing cARl expression indicates that in both the wild-type and 

rasS-null, the cARl mRNA is not expressed in growing cells (Fig 17A, t=0). The time 

course of cARl message induction is similar in both parent and mutant. The profiles of 

csA expression for the wild-type and rasS~ cells are also very similar (Fig 17B). The 

marker is not expressed in growth conditions in either cell line and is induced strongly 

from 6 hours of development onwards, as described by Faix et al (1996). In summary, 

the two aggregation stage markers studied are not induced in growth conditions in the 

rasS-null cells, and the timing of their induction is fairly normal. Therefore, one can 

conclude that the phenotypes of the rasS' cells are not caused by precocious 

advancement to an aggregation-competent state.
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Figure 17: Gene expression during early development of rasS' cells. Protein and RNA were 
extracted from cells at the indicated times during early development. Cells were developed by 
pulsing with lOOnM cAMP. Protein was used for Western blotting using a mouse anti-csA 
monoclonal. RNA was used for Northerns hybridised to a probe derived from the cARl cDNA. 
The profiles of induction of cARl mRNA (A) and csA protein (B) are similar in wild-type and 
rasS' cells.

84



DH1 S5

9h

14h

17h

19h

24h

Figure 18: Abnormal development of rasS.-null cells.
Bacterially grown cells washed and plated on KK2 agar plates which were incubated in the light. 
Images were captured at the indicated times using an inverted microscope. The mutant cells form 
small aggregates, which develop into tipped mounds later than wild-type aggregates. These tips 
form small fruiting bodies, and form slugs less often.
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3.11 Abnormal multicellular development o f  cells lacking  

RasS

The development of rasS~ cells on non-nutrient agar plates was studied. Development 

of the mutant cells is characterised by abnormal behaviour of the multicellular aggregate 

at several stages of morphogenesis (Figure 18). By 9 hours of development, the rasS 

cells have formed streams, which converge into mounds. However, these streams and 

mounds are much smaller than those formed by wild-type cells. There are also a higher 

frequency of mounds formed. This observation indicates that the aggregation territories 

of the mutant cells are much smaller than those of DH1.

By 14 hours of development, the wild type cells had formed mounds at the first 

finger stage. In contrast, the mounds formed by the mutant cells had not even 

initiated tip formation. Tip formation in the mutant cells had been initiated by 17 hours 

of development, by which time most of the wild-type aggregates had formed slugs. 

The rasS aggregates did not appear to form slugs under these conditions, although 

rasS' slugs can be observed when the cells develop in plaques on bacterial lawns (data 

not shown). By 19 hours of development, rasS' aggregates were in the early stages of 

culmination, whilst no culmination could be observed on the wild-type plates at this 

point. By 24 hours of development, both wild-type and mutant cells had formed full 

culminants, although the rasS' culminants were significantly smaller then the wild-type 

ones.

3.12 Expression o f  L61 RasS protein has no effect on f lu id  

phase endocytosis and cell motility

The data presented this chapter reveal a requirement for RasS protein in endocytosis and 

the regulation of cell movement. Loss of RasS signalling has profound effects on these 

cellular processes, with cells displaying a phagocytosis defect, a very strong 

pinocytosis defect and unusually rapid migration. One might predict that the 

hyperactivation of RasS signalling might cause opposite effects to this. To investigate 

this the rasS cDNA was modified using the polymerase chain reaction to encode myc- 

tagged wild-type and Q61L RasS proteins. These were expressed in wild-type DH1 

cells. The L61 mutation has been shown in other systems to block Ras GTP
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Figure 19: Expression of a myc-tagged L61 RasS does not affect pinocytosis or cell migration. A: 
Western blot of DH1 and DH1 transformed with constructs expressing myc-tagged wild-type and 
L61 RasS protein. Blot probed with 9E10 antibody. Pinocytosis (B) and cell speed (C) are not 
affected in the transformed lines. Pinocytosis graph: DH1-filled squares; myc-RasS- triangles; myc- 
L61RasS- diamonds.
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hydrolysis. This prevents the inactivation of the molecule and causes a potentiation of 

downstream signalling. The L61 mutation was chosen in preference to a mutation at 

position 12 on the basis of the crystal structures of H-Ras. The glutamine at position 

61 directly promotes the GTP hydrolysis reaction, whereas mutations at position 12 

disrupt GTP hydrolysis more indirectly. I therefore considered that the L61 mutation 

might have a more complete activating effect.

The transgenes were expressed using the promotor of the early starvation 

response gene, discoidin 1, which is repressed during bacterial growth but is fairly 

active in axenic medium and during early starvation. As can be seen in Figure 19A, 

both the wild-type and L61 forms of the molecule were expressed to similar levels 

during culture in axenic medium. However, the expression of these transgenes does 

not appear to induce changes in the pinocytotic activity or rate of migration of DH1 cells 

(Fig. 19B and C).

3.13 Summary

This study has demonstrated a key role for the rasS gene product in the regulation of 

actin-mediated events at the cell cortex. Dictyostelium DH1 cells with a disrupted rasS 

gene have defects in pinocytosis and phagocytosis. These are processes requiring the 

actin-dependent modelling of vessels for the capture of extracellular fluid and particles. 

The cells have reduced numbers of crowns, the vessels which mediate 

macropinocytosis. The few crown-like structures projected by the mutant cells have 

aberrant morphologies. The pinocytosis defect of the rasS-null cells is likely to be a 

consequence of this reduction in the number of normal crowns. The actin cortex of a 

/mS-null cell has other abnormal properties. Cells lacking a functional rasS gene are 

highly polarised, with prominent pseudopodia and elongated microspikes. These are 

characteristic features of rapidly moving cells. The mutant cells migrate significantly 

faster than wild-type cells, under growth conditions. The early differentiation response 

of the rasS-null cells is apparently normal. The mutant cells are not accelerated into an 

aggregation-competent state. Therefore the endocytosis and cell migration phenotypes 

in the rasS-null cells cannot be a secondary consequence of precocious development. 

The rasS~ cells display aberrant multicellular development. Although the timing of the
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initiation of development appears to be normal, the cells form very small aggregation 

territories. These aggregates give rise to small mounds showing delayed tip formation.

The impaired growth and colony morphology phenotypes of the rasS' cells are 

consistent with the observed defects in endocytosis and cell speed regulation. Only 

cells capable of efficient pinocytosis can grow in liquid medium. It follows that the 

rasS~ cells, which have a very strong pinocytosis defect, will be impaired in axenic 

growth. The aberrant plaque phenotype of the rasS-nu\\ cells is also readily 

explainable. The mutant cells are highly motile, thus can move faster across the 

bacterial lawn, causing an increase in colony diameter. Furthermore, the rasS-null cells 

only partially clear the bacterial lawn as they move out, a phenotype consistent with the 

impaired phagocytosis observed in the mutant line.

There are several possibilities as to why RasS overexpression had no effect on 

pinocytosis or cell speed. One explanation is that the myc-tag on the N-terminus of 

RasS renders in non-functional. However, a great deal of work in the literature has 

used N-terminal tags for detection of Ras (eg. Robertson et al., 1995). These studies 

have not reported any disruption of Ras function by such an epitope. As will be 

demonstrated in Chapter 4, the myc-RasS proteins are functional, confirming this 

earlier work. A more likely possibility is that there is saturating signalling through the 

RasS pathway in wild-type cells, so the prescence of additional RasS activity has no 

effect. Alternatively, if the RasS pathway is not saturated in wild-type cells, the levels 

of transgene expression may be insufficient to elicit a dominant effect. Another 

explanation may be that loss of glutamine at position 61 is not activating in the context 

of the RasS polypeptide backbone. There is a precedent for this; the Ras-family 

molecule Rapl does not have a glutamine at position 61, yet it is able to hydrolyse 

GTP.
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Chapter 4

Interactions of RasS with other molecules required for 
endocytosis and cell movement

4.1 Introduction

The RasS mutant phenotype is characterised by abnormalities in cellular processes 

requiring the functioning of the cortical actin cytoskeleton. To further understand the 

role of RasS in the regulation of these activities necessitates knowledge of the partners 

of RasS in signalling and a deeper investigation into the effects of the loss of RasS on 

actin cytoskeleton function.

This chapter describes four approaches to connect RasS with other work in the 

literature and our laboratory. Firstly, the genetic interactions of rasS with axenic 

mutations are described. The axenic mutations allow Dictyostelium amoebae to 

macropinocytose and might be predicted to impinge upon RasS function. Secondly, the 

role of PI 3-kinase in RasS signalling will be assessed. Dictyostelium amoebae lacking 

two PI 3-kinase proteins share some of the phenotypes reported here for the rasS 

mutants (Buczynski et al., 1997; Zhou et al., 1998). Given that PI 3-kinase is an 

effector of Ras in mammalian cells, these data are suggestive of a similar interaction 

between RasS and PI 3-kinase in Dictyostelium. Thirdly, the role of DdGefB, a 

putative Ras exchange factor, in RasS signalling will be analysed. Disruption of the 

gene encoding DdGefB results in rapid migration and poor endocytosis, as seen in cells 

lacking RasS, which raises the possibility that DdGefB may be a physiological activator 

of RasS. Finally, the effects of loss of RasS on the actin cytoskeleton will be further 

explored, with an analysis of the requirement for RasS in the actin polymerisation 

response to chemoattractant.

4.2 Genetic interactions o f  rasS with axenic mutations

Axenic mutations allow Dictyostelium amoebae to grow in liquid culture. This growth 

is dependent upon the ability of the axenic strains to macropinocytose (Hacker et al., 

1997), a phenotype conferred by the axenic mutations. Wild isolates of D. discoideum 

do not macropinocytose, and cannot grow in axenic medium (Maeda, 1983). The
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mutations also affect cell migration, which can be visualised by following cell tracks on 

gold-coated coverslips. The axenic strain AX3 gives rise to sharp distinct tracks, whilst 

non-axenic strains produce faint and fuzzy tracks (Clarke and Kayman, 1987b). AX3 

cells collect gold particles all over their surfaces, leaving a gold-free outline highlighting 

their path of migration. In contrast, non-axenic cells barely disturb the gold and leave 

an indistinct trail. These differences are suggestive of differences in cell adhesiveness 

and/or membrane flow during locomotion. The nature of the loci mutagenised during 

the selections for axenic growth is unknown. Complementation studies using diploids 

have suggested that three loci in the AX3 genome are required for axenic growth 

(Williams et al., 1974). The genome of AX3 is likely to carry more mutations than 

this, considering the experimental design of the screen. The mutagenesis consisted of 

three consecutive treatments with a chemical mutagen, and the mutagen was used at a 

concentration predicted to mutate an average of 10 loci, per cell, per round of treatment 

(Loomis, 1971).

Given that RasS is required for normal motility and endocytosis, it seems 

possible that the axenic mutations may act as modifiers of the RasS pathway and/or 

interacting signalling cascades. If this scenario were true, loss of RasS in a non-axenic 

strain might be expected to have different effects on endocytosis and cell migration than 

it has in AX3 and DH1. Gene disruption in non-axenic Dictyostelium strains has not 

been reported, although non-axenic strains have been transformed using a bacterial 

selection protocol (Wetterauer et al., 1996). The bacterial selection method favours 

high copy number transformants, therefore is poorly suited to the generation of clean 

knock-out strains.

The axenic strain AX2 was generated independently of AX3, by selection for 

variants of the non-axenic strain NC4 capable of axenic growth (Watts and Ashworth). 

Chemical mutagenesis was not used to derived AX2. The NC4 cells were simply 

passaged repeatedly until a variant capable of rapid axenic growth was isolated. AX2 

cells are more polarised than AX3 amoebae and their development is more robust 

(unpublished observations and A. Wilkins, R. Insall pers. comm.). It is conceivable 

that these differences reflect that AX2 and AX3 aquired different mutations during the 

selection for axenic growth. If RasS signalling is susceptible to modification by axenic

91



mutations, the effects of loss of RasS might be expected to differ between AX2 and 

AX3/DH1. This possibility has been addressed by the generation of an AX2 line with a 

disrupted rasS gene.

4.2.1 Growth o f AX2 amoebae lacking RasS

The rasS gene was disrupted in AX2 amoebae using a blasticidin selection scheme (Fig. 

20). The growth rate of an AX2 line lacking RasS (SAX2) was studied using attached 

and suspended cells. In contrast to the results observed for the DH1 and AX3 rasS 

disruptants, growth of SAX2 cells under both conditions is similar to that of the 

parental AX2 cells (Fig. 21). In suspension culture, SAX2 growth shows a slightly 

prolonged lag phase but this persists only a few hours longer than that of the parental 

line. In the absence of a strong growth defect, transformation of the SAX2 was 

possible. Expression of rasS mRNA in the SAX2 cells was allowed by transformation 

of SAX2 with a construct containing a 3.5kb clone spanning the genomic locus of rasS 

(Fig. 20B).

4.2.2 Motility o f AX2 amoebae lacking RasS

The rates of migration of bacterially grown AX2, SAX2 and rescued SAX2 cells were 

determined as before. In contrast to the highly motile behaviour observed in the DH1 

rasS mutant, the S AX2 cells have a reduced motility relative to their parental line, AX2 

(Fig. 22). This defect is lost in the rescued line. In this and duplicate experiments, the 

parental AX2 line consistently move with a speed of approximately 18|im/min, unlike 

bacterially grown DH1 cells, which move at a speed of 6|im/min. This difference 

further supports the notion that the AX3 (and therefore DH1) and AX2 cells have 

different mutational backgrounds.

The motility defect of the SAX2 cells suggests an explanation why these cells 

have a slightly prolongued lag phase during growth in suspension. Impaired motility 

has been documented in many cell lines with impaired actin cytoskeleton function. 

Many of these cell lines also show defective cytokinesis or macropinocytosis. The 

initial slow growth of the SAX2 cells may therefore reflect a mild impairment in these 

processes, caused by a defective actin cytoskeleton, as the cells accommodate to the 

stress of suspension culture.
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Figure 20: Disruption of the rasS locus in AX2 cells. A: Southern analysis of AX2 cells
transformed with blasticidin resistance knock-out plasmid. Correctly disrupted recombinants were 
revealed by the loss of the wild-type l.lkb  band hyridising to the rasS  cDNA probe. The 
appearance of a band at 2.35kb indicates the genomic rasS locus has been successfully disrupted by 
the Bsr (1.25kb) cassette. B: Northern blot of growth stage AX2 and SAX2 RNA. The mutant cells 
have lost the 0.8kb rasS mRNA band. The third lane (SAX2\rasS ) corresponds to RNA from SAX2 
cells transformed with a plasmid containing the genomic rasS locus.
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Figure 21: Axenic growth of Dictyostelium AX2 cells with a disrupted rasS gene. Growth curves 
of suspended (A) and attached (B) wild-type (filled symbols) and rasS" cells (open symbols) in 
axenic culture.
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Figure 22: Impaired locomotion of AX2 cells lacking rasS. Cell speed of bacterially 
cultured cells was determined using time-lapse analysis of phase contrast images of cells. 
Error bars represent population standard deviation. Sample size: 13 cells for each strain, 30 
frames per cell.
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Figure 23: Rescue of SAX2 locomotion defect by RasS expression vectors. Mean speed of 
axenically cultured AX2, SAX2 and SAX2 cells transformed with rasS expression vectors 
was determined using time-lapse analysis of phase contrast images of cells. Guide to rescue 
constructs: Gen-WT- genomic locus of rasS: Gen-L61- same as Gen-WT but with L61 
mutation; pVEII-rasS- m yc-rasS  cDNA under control of discoidin  promotor; pVEII- 
L 6\rasS -  same as pVEII-rasS' but with L61 mutation. Error bars represent population 
standard deviation. Sample size: 11 cells for each strain.
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4.2.3 Functional analysis o f RasS expression vectors

As described in Chapter 3, overexpression of wild-type and L61 RasS proteins had no 

perceptible effects on pinocytosis or cell migration. A potential explanation for these 

findings is that the myc epitopes render RasS non-functional. The SAX2 mutant has a 

strong cell migration phenotype and the cells are transformable. Transformation of the 

SAX2 cells with the constructs expressing myc-RasS proteins should therefore provide 

a convenient assay for the activity of these epitope-tagged molecules.

SAX2 cells were transformed in parallel with four vectors (Fig. 4): the genomic 

rescue construct, the genomic construct modified to carry a L61 mutation and the 

pVEII-myc-ra.yS vectors described in Chapter 3. The myc-tagged RasS proteins are 

expressed to a similar level in the SAX2 and DH1 cells (Fig. 25A). The speed defect of 

the SAX2 cells is rescued to levels similar to the wild-type parent cells by all four 

constructs (Fig. 23). The pVER-myc-rasS vectors do not rescue the motility defect if 

the speed is assayed on bacterial grown cells (AX2: 16.1|im/min; SAX2: 6.5|im/min; 

pVEII-myc-rasS: 7.2|im/min; pVEII-myc-L61-rasS: 6.4|im/min.) This is presumably 

because the discoidin promotor is suppressed during bacterial culture, and the 

transgenes should not be expressed.

These data demonstrate that the myc-RasS proteins are functional. The absence 

of obvious motility and endocytosis phenotypes in DH1 cells transformed with the 

pVEII-myc-rasS vectors is therefore likely to be a consequence of saturation (maximal 

stimulation) of the RasS signalling pathway or insufficient transgene expression to elicit 

a dominant effect.

4.2.4 Summary

The results presented in this section demonstrate that the perceived function of RasS in 

AX2 cells is very different to that in DH1 cells. Unlike the DH1 rasS' mutant, the 

SAX2 cell line grows in liquid culture at nearly wild-type rates. The SAX2 cells are 

impaired in motility, unlike the DH1 rasS' mutant cells, which are highly motile. These 

data imply that the axenic mutations can act as genetic modifiers of the rasS' phenotype. 

A detailed discussion of this conclusion can be found in Chapter 6.
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4.3 Interactions between RasS and GefB

Dictyostelium cells lacking the putative Ras exchange factor, DdGefB, display 

phenotypes very similar to those reported here for the rasS-null cells. A portion of the 

DdGefB cDNA was identified by the Dictyostelium cDNA sequencing project, in 

addition to five other putative gef cDNAs. Andrew Wilkins subsequently cloned the 

full length DdGefB cDNA, which is predicted to encode a 1476 amino acid protein with 

a C-terminal domain showing considerable homology to the catalytic domain of Sos. 

Wilkins was able to use this cDNA clone to disrupt the genomic DdGefB sequence in 

AX3 cells. The recombinants are impaired in both phagocytosis and fluid phase 

endocytosis and are highly motile, moving two fold faster than the parental cell line (A. 

Wilkins, unpublished results). These observations raised the possibility that DdGefB is 

a physiological exchange factor for RasS. The DdGefB gene was also disrupted in 

AX2 cells, although a detailed phenotypic analysis of these cells was not carried out.

It was initially decided to investigate this potential interaction using three 

methods, as a collaborative project between myself and Wilkins. Firstly, by genetic 

rescue- could an activated RasS protein rescue the DdGefB-null phenotype? Secondly, 

could a yeast two hybrid interaction be demonstrated between the two proteins? 

Finally, could DdGefB protein catalyse the exhange of nucleotides by RasS in vitro? 

The biochemical exchange assay was not possible; although I was able to efficiently 

purify a GST-RasS protein using a bacterial expression system, the GEF domain of the 

DdGefB protein was not recoverable.

4.3.1 Yeast two hybrid interactions

The yeast two hybrid approach (Vojtek et al., 1993) proceeded further but did not yield 

a conclusive result. Sequences encoding activated (L61) and dominant negative (N17) 

RasS proteins lacking the two C-terminal amino acids, were cloned into the vector 

pYTH6 to allow these proteins to be expressed in yeast fused to the Gal4 DNA binding 

domain. The C-terminus of RasS was modified to inhibit its membrane recruitment, 

which could conceivably have interfered with the nuclear localisation of the fusion 

protein. Sequence encoding putative GEF domain of DdGefB (amino acids 970-1476) 

was cloned into the vector pGAD-GH to allow this domain to be expressed in fusion
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with transactivation domain of Gal4. If the GefB and RasS fusion proteins interacted in 

yeast, the resultant close proximity of the DNA binding and activation domains would 

permit transcritional activation directed by the upstream activation sequence (UAS) of 

G ALl. The S. cerevisiae strain, Y190, has been developed such that two reporter 

genes, HIS3 and lacZ are under the control of the GALl UAS. Expression of lacZ can 

be visualised by a simple colour reaction. The expression of HIS3 is necessary for 

rapid growth on plates containing 3-aminotriazole (3-AT). If GefB and RasS proteins 

interact directly, the dominant negative RasS construct would be expected to interact 

more strongly than the activated RasS construct, since dominant negative Ras GTPases 

have the highest affinity for GEFs.

Y190 cells were successfully transformed with the pYTH-rasS and pGAD- 

GefBCAT vectors. However, these transformants grew very poorly on plates 

containing 3-AT. The positive control interactions, A15-H-Ras and Cdc25p, yielded 

several hundred colonies after three days on 3-AT-containing plates, whilst the test 

reactions (L61 RasS vs. DdGefB and N 17 RasS vs. DdGefB) showed no growth even 

after 10 days. Furthermore, lacZ expression could not be detected in any of the test 

reactions (Fig. 24). Superficially, these data indicate no interaction occurred between 

the RasS and GefB Gal4 fusion proteins. However, probing Western blots of lysates 

from these transformants with a Gal4 DNA binding domain antibody did reveal any 

expression, even in the positive control cells. The possibility exists that the expression 

levels of the Gal4-RasS fusions may be too low for an interaction to occur. 

Unfortunately, the time constraints on this work prevented us from resolving this 

problem.

4.3.2 Rescue o f the DdGefB mutant phenotype

The expression of activated Ras proteins can rescue the defects caused by the loss of 

function of upstream components of Ras signalling pathways in a variety of 

experimental systems. If an activated RasS protein were to rescue the gefB-null 

phenotype, it would be strongly suggestive of a role for DdGefB as an upstream 

activator of RasS. Earlier in this chapter, the biological activities of several RasS 

expression vectors were described: the genomic rescue construct, the genomic construct 

modified to carry a L61 mutation and the pVEII-myc-RasS and pVEII-myc-L61-RasS
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Figure 24: Yeast two hybrid interactions between RasS and GefB.

A filter was overlaid onto the yeast colonies, treated to lyse the cells, then processed to reveal 
lacZ  expression. The positive control, A15 (dominant negative) H-Ras and Cdc25 was the 
only transformant yielding a positive interaction. All other pairwise tests failed to induce lacZ  
and grew poorly on medium containing 3-AT. Expression of Gal4 fusion proteins could not 
be detected on Western blots probed with antibodies to the Gal4 DNA binding domain, 
including A15 H-Ras. Transformations and colour reaction were carried out by A. Wilkins.
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Figure 25: Expression of myc-RasS proteins. Western blots of lysates from cells transformed with 
constructs designed to express myc-tagged wild-type and L61 RasS proteins. Blot A allows 
comparison of the expression levels from the constructs pVEII-myc-nwS' (dis-rasS) and pVEII- 
myc-L61 rasS (dis 61) in DH1 and SAX2 cells. Extrachromosomal vectors carrying the expression 
cassettes from myc-rasS and pVEII-myc-L61 rasS did not express detectable amounts of protein in 
gefB-null cells (blot A right; blot B right). In A, the left lane (-ve) corresponds to DH1 cells 
transformed with an empty pVEII.
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vectors. I transfected these constructs into the DdGefB null cells, but no stable 

transformants were recovered. In parallel experiments, AX3 and DH1 cells were 

transformed with high efficiency by these vectors. The difficulties in transformation 

observed here were also observed in the DH1 rasS-null cells.

The vectors used in this preliminary experiment are all integrating vectors. 

Other plasmids for Dictyostelium transformation have been described which are 

extrachromosomal. An advantage of using an extrachromosomal vector in that one 

recovers a high frequency of transformants (up to 105 per transfection). Therefore I 

decided to try and express RasS proteins from an extrachromosomal vector. The 

functional expression cassettes from the pVEII-myc-RasS vectors were cloned into the 

extrachromosomal vector, pRHI76 and the resultant plasmids were transfected into 

DdGefB-null cells. Three transformants were recovered for both the wild type and L61 

RasS plasmids. All six were severely impaired in axenic growth, to a similar degree to 

the DdGefB-null cells. Western blotting of lysates from these cells with a mouse anti- 

myc antibody yielded no bands of the correct size for myc-RasS (Fig. 25), implying 

that these extrachromosomal vectors do not yield expression levels as high as the 

integrating vectors. It is therefore impossible to infer the absence or presence of a 

physiological link between GefB and RasS from these data.

4.4 Lipid signalling in cells lacking RasS

Loss of two the Class I PI 3-kinase homologues, PIK1 and PIK2, impairs 

Dictyostelium macropinocytosis. Cells lacking these molecules also give rise to large, 

diffuse plaques on bacterial lawns. These phenotypes are shared by the rasS-null cells. 

In addition, starved PIK1/2 mutant cells polarise to cAMP more rapidly that wild-type 

cells, which is suggestive of an increased level of motility. An analysis of cell speed of 

growth stage PIK1/2 amoebae was carried out as part of the current study. In axenic 

culture, PIK1/2 mutant cells translocate slightly faster than wild-type cells (PIK1/2: 

4.34 pm/min; DH1 2.805 pm/min; 2-tailed t-test: p<0.01). Given that Class I PI 3- 

kinases are direct downstream effectors of Ras in mammalian cells, it seemed possible 

that PIK1 and PIK2 may mediate some proportion of the signalling downstream of 

RasS. The Dictyostelium cells lacking PIK1 and PIK2 have reduced levels of the 3- 

phosphorylated phosphoinositides PI(3,4)P2 and PI(3,4,5)P3. If PIK1 and PIK2
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mediated RasS signalling, the rasS-null cells might also be expected to have a reduced 

levels of these lipids. To gain evidence of a link between RasS and PIK1/2 in 

Dictyostelium, an investigation of phosphoinositide levels in the rasS mutants was 

carried out.

4.4.1 Normal PI(3,4)P2 levels in cells lacking RasS

The 3-phosphorylated phosphoinositides, PI(3,4)P2 and PI(3,4,5)P3 mediate many of 

the effects of Type I PI 3-kinase signalling in eukaryotic cells. We analysed the levels 

of these lipids in DH1 and S5 cells cultured axenically. Phospholipids were extracted 

from cells labelled with radioactive phosphate. These were separated by thin layer 

chromatography (TLC) as described and bands corresponding to specific 

phosphoinositides were identified by their comigration with unlabelled synthetic lipids. 

In an initial study, performed by Dr. Geraint Thomas, an unnacceptable variance was 

seen in the levels of PI(3,4,5)P3 in both wild-type and mutant cells (r a s S variance= 

69%, n=2) This may have been due, in part, to the highly charged nature of the 

headgroup in this molecule. The extraction method relies upon the presence of acid to 

protonate headgroup phosphates, which reduces the overall charge of the lipids, forcing 

them to partition into the organic phase. PI(3,4,5)P3 is highly phosphorylated, with 

three headgroup phosphates. Even protonated, these phosphates carry a high density of 

negative charge, caused by the presence of four oxygen atoms for each phosphorus, 

which increases the tendency of PI(3,4,5)P3 being retained in the aqueous phase. It is 

thus likely that the partitioning of PI(3,4,5)P3 is extremely sensitive to small local 

fluctations in pH and ionic strength occuring in the extraction cocktail. Given this high 

variance, it was decided to restrict the analysis to another product of PI 3-kinase 

signalling, PI(3,4)P2. In the initial study, a low variance in the levels of the abundant 

bisphosphate PI(4,5)P2, was obtained (r a s S pop.st.dev.= 7%, n=4), indicating that 

the partitioning of bisphosphate inositides was reproducible.

TLC analysis of PI(3,4)P2 was made difficult by the expense of purchasing an 

unlabelled synthetic standard and the likely close migration of PI(3,4)P2 with 

PI(4,5)P2, which is highly abundant. However, the availability of a tritiated synthetic 

standard enabled the analysis of PI(3,4)P2 by high pressure liquid chromatography 

(HPLC). Analysis of PI(3,4)P2 in DH1 and S5 cells by HPLC, performed by Dr.
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Figure 26: Normal levels of PI(3,4)P2 in cells lacking RasS protein.
DH1 and rasS null cells were labelled with 32P-orthophosphate, and lipids were extracted as 
described in Chapter 2. The lipids were deacylated and analysed by HPLC. The peak 
corresponding to PI(3,4)P2 was identified by its cofractionation with a tritiated synthetic standard. 
One experiment was carried out. Equal initial counts were loaded for each sample. Key: DH1- 
squares; rasS null- diamonds.
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Figure 27: Reduced levels of an unidentified phospholipid in cells lacking RasS.
Cells were labelled with 32P-orthophosphate, and lipids were extracted as described in the text. The 
lipid extract was analysed by TLC, as shown in caption A. The identity of PI(4)P and PI(4,5)P2 
was confirmed by their comigration with unlabelled synthetic standards, which were visualised by 
iodine staining ofthe TLC plate. The levels of lipid X were two fold reduced in the rasS  null cells 
(Caption B). Lipid X counts were normalised to total counts in the extract. The difference is 
significant (two-tailed t-test: v=2, 0.025<p<0.05) and reproducible.
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Stephen Dove, indicates the molecule is present at similar levels in both cell lines (Fig. 

26).

4.4.2 Reduced levels o f an unidentified lipid in cells lacking RasS 

During the initial TLC studies it became clear that the intensity of a band migrating 

slightly faster that the inositide monophophosphate, PI(4)P, was reduced in the rasS- 

nulls (Fig. 27A). The intensity of the band, as judged by phosphorimager analysis, 

was 50% lower in the rasS-null lipid extracts (Fig. 27B). The identity of this band 

could not be judged by TLC, since the band did not comigrate with PI(3,4,5)P3, 

PI(4,5)P2, PI(4)P, PI(3)P, PI, PA (phosphatidic acid) or PC (phosphatidyl choline) 

lipid standards. The possibility existed that the unidentified molecule, lipid X, may 

have different acyl chains to these conventional phosphilipid standards, but may have 

one of the headgroups of these lipids. If lipid X were PI(3)P with an unconventional 

acyl chain, it might be expected to migrate differently to the PI(3)P standard. To 

address this possibility, the bands corresponding to lipid X, PI(4)P and PI(4,5)P2 were 

cut from TLC plates, the lipids eluted and subjected to methylamine-mediated 

deacylation. The PI(4)P and PI(4,5)P2 were deacylated and their identity confirmed by 

HPLC. Lipid X did not deacylate, as evidenced by the absence of radioactivity in the 

aqueous-soluble extract of the methylamine deacylation reaction, precluding HPLC 

analysis. Lipid X is therefore likely to have has at least one non-ester linkage between 

the headgroup and the acyl chains.

4.5 Further analysis o f  the actin cytoskeleton o f  cells lacking  

RasS

The data presented in Chapter 3 indicate that the rasS-null amoebae exhibit distinct 

patterns of F-actin staining. This section will describe further analysis of the actin 

cytoskeleton of the mutant cells in the hope of shedding light on the mechanism of 

action of RasS protein.

4.5.1 Abnormal levels o f F-actin in cells lacking RasS protein

The sensitivity of endocytosis and cell locomotion to cytochalasins implies that a certain 

cellular level of polymerised actin is necessary for these processes. It seemed possible 

that the changes in these activities descibed for the rasS-null amoebae may reflect
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Figure 28: Abnormal levels of polymerised actin in cells lacking RasS protein.
F-actin levels of DH1 and rasS-null cells maintained bacterially (A) and axenically (B) were 
determined. The experiment was carried out using attached cells. Bacterially grown rasS-null cells 
contained more F-actin than the parental line. Axenically maintained rasS-null cells contained less 
F-actin. Each value represents the mean of four independent data points. Bars represent population 
standard deviation. Both differences are significant (two-sided t-test: p<0.05).
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Figure 29: Enhanced polymerisation of actin in response to chemoattractant in cells lacking RasS. 
Bacterially grown DH1 (filled symbols) and rasS-null cells (open symbols) were harvested and 
shaken in KK2 buffer for 1 hour. After addition of l|iM  folate, 2 x 106 cells were removed from 
the flask at the indicated times and assayed for F-actin levels. Data shown were normalised for 
protein levels then displayed relative to the F-actin amount observed in unstimulated cells. In 
suspension, the resting F-actin level of the mutant cells was similar to that of the DH1 cells (DH1- 
235.70 units/mg protein; S5- 240.54 units/mg protein).
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alterations in the levels of F-actin in the mutants. The F-actin levels of rasS-null cells 

maintained bacterially and axenically were estimated as described (Gerald et al., 1998). 

Under both conditions, the mutant cells have different levels of polymerised actin to 

DH1 cells (Fig. 28). However, the nature of this difference varies between cells 

cultured bacterially and axenically. rasS-null cells cultured bacterially have a slightly 

higher level of F-actin than DH1 cells, whereas axenic mutant cells have only half the 

wild-type level of F-actin. These data, and those from the remainder of this chapter, 

will be discussed in detail in Chapter 6.

4.5.2 Alterations in the polymerisation of actin in response to chemoattractant

Some Dictyostelium mutations are known to cause an altered profile of F-actin 

polymerisation in response to chemoattractant stimulation, for example, the Ale mutant 

(Insall et al., 1996). These mutant lines are defective in aspects of cell movement or 

chemotaxis. Given that the rapid motility of the rasS-null cells is highly unusual, it 

seemed possible that the behaviour of the actin cytoskeleton in response to 

chemoattractant may be altered in this cell line. The cell movement phenotype of the 

rasS-null amoebae is most prominent in growth conditions, so the growth stage 

chemoattractant, folate, was used to stimulate the cells. The profile of actin 

polymerisation following folate stimulation of the mutant cells shows distinct properties 

(Fig. 29). The first peak in F-actin levels, at around 10 seconds after stimulation, was 

nearly two fold higher in the mutant cells than in the parent cell line. The second peak, 

at around 60 seconds after stimulation, was consistently broader in the mutant amoebae 

than in DH1.

4.5.3 Elevated expression of the actin-binding proteins, coronin and talin

Bacterially grown rasS' cells display a significant elevation in the expression of the 

actin-binding protein, coronin (Fig. 30A). In contrast, the levels of coronin in axenic 

mutant and wild-type amoebae are similar. Northern blots of RNA from bacterially and 

axenically maintained DH1 and rasS' cells show that the level of coronin message is 

similar in both lines under both conditions (Fig. 30C). These data indicate that the 

elevated coronin protein levels seen in the bacterially grown rasS' cells and after DH1
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Figure 30: Elevated coronin expression in bacterially grown rasS-null and gefB-null amoebae.
A shows a Western blot of protein from bacterially and axenically maintained DH1 and rasS-null cells 
(coronin band runs slightly higher than 62.5kDa marker). The Western also includes extracts from 
bacterially grown gefB-null amoebae. B shows the same blot stained with Ponceau S to confirm even 
loading(lane order same. Markers appear as empty lanes in A). C is a coronin Northern blot. The 
levels of coronin RNA are similar for all samples. D shows the loading of the RNA gel before transfer 
to nylon.
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Figure 31: Normal levels of discoidin  RNA expression in rasS-null cells.
The Northern blot displayed here is the same as shown in the previous figure reprobed for the 
expression of the discoidin I gene. The expression of this marker is similar in DH1 and mutant cells 
under both culture conditions. For loading control, see Fig. 30D.
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Figure 32: Elevated talin expression in axenic rasS-null amoebae.
A shows a Western blot of protein from bacterially and axenically maintained DH1 and rasS-null cells 
probed with a C-terminal mouse talin antibody. B shows the same blot stained with ink to confirm 
even loading.
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cells are innoculated into axenic medium are manifested via a post-transcriptional 

mechanism.

Axenically grown Dictyostelium cells express high levels of the early 

developmental marker, discoidin I  (Devine et al., 1982). This has suggested to several 

researchers that axenically grown Dictyostelium cells exist in a partially starved 

developmental state. To exclude the possibility that the increased expression of coronin 

protein in bacterially grown rasS' cells is caused by the cells existing in a similar starved 

developmental state, an analysis of discoidin I  mRNA expression was carried out. In 

axenic medium, both the mutant and wild-type cells express discoidin RNA to high 

levels (Fig. 31). Bacterially cultured DH1 and rasS' cells do not express detectable 

amounts of this molecule. This indicates that the elevated coronin expression observed 

in bacterially grown rasS' cells is not a consequence of premature starvation.

The actin-binding protein talin is also expressed at elevated levels in the rasS 

cells (Fig. 32). This effect is restricted to axenically maintained rasS' cells. Talin is 

required for cell adhesion to substrates and particles in Dictyostelium. Cells lacking 

talin migrate normally, but adhere very loosely to tissue culture plastic, which has been 

demonstrated using reflection interference contrast microscopy (RICM)(Niewohner et 

al., 1997). Given that rasS' cells overexpress talin under in axenic medium, it seemed 

possible that they might be more adherent. This seems to be true, although it was not 

possible to use RICM to confirm this. DH1 cells are easily dislodged from petri plates 

in axenic medium, whereas extensive trituration (pipetting up and down) is required to 

lift rasS' cells. This was quantified using a crude assay where 5 x 106 cells were 

allowed to adhere to 60mm petri dishes then triturated three times with a P I000 Gilson 

Pipetteman. The medium was collected and cells counted. rasS' cells were found at a 

lower density in the collected medium than DH1 cells (r a s S 1.25 x 106/ml +/-28%; 

DH1 3.07 x 106/ml +/- 21%).

4.5.4 Summary

The results described in this section indicate that the rasS' cells have several deviations 

in the expression and behaviour of components of the actin cytoskeleton. Axenic rasS' 

cells have an elevated level of the actin-binding protein talin, which correlates with an 

increase in the adhesiveness of cells to their substrate. Bacterially grown rasS' cells
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show increased expression of the actin-binding protein coronin. The F-actin levels of 

rasS' cells differ from those of wild-type cells in both axenic and bacterial culture. The 

amount of F-actin is elevated in the mutants when they are cultured bacterially and 

lowered in the mutants when they are maintained axenically. The polymerisation of 

actin in response to chemoattractant is also altered by loss of RasS, with the mutant 

cells displaying a higher first F-actin peak and a prolonged second peak following folate 

stimulation.
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Chapter 5

Three dimensional analysis of motility of rasS ‘ and gefB' cells

5.1 Introduction

Many Dictyostelium cell lines are known where motility is impaired. The mutations in 

these lines are mostly in genes encoding components of the actin cytoskeleton. The 

normal dynamic behaviour of pseudopodia requires the correct functioning of the actin 

cytoskeleton. In many cases, loss of these proteins affects the ability of a cell to 

generate, stabilise or retract pseudopodia, thus preventing efficient locomotion. In 

contrast, cells lacking RasS and GefB proteins migrate abnormally fast, which is 

suggestive of opposite but nevertheless highly organised changes in pseudopodium 

behaviour. A detailed description of the motility of these mutants should allow the 

presumed changes in pseudopodium behaviour in the rasS-null and gefB-nulls to be 

defined. This should provide insight into the true cellular functions of the RasS and 

GefB proteins.

In order to describe pseudopodium behaviour in the rasS and gefB mutant cells, 

scanning electron and phase contrast microscopy are not suitable techniques. One can 

gain an appreciation of the morphology of cells and their pseudopodia using scanning 

electron microscopy, however these techniques do not allow the visualisation of live 

ceils and give us very little insight into the motility behaviour of a cell. Although 

adequate for tracing centroid displacement to calculate cell speed, it is difficult to make 

solid conclusions about pseudopodium behaviour using 2D time-lapse phase contrast 

analysis. It is very difficult to visualise pseudopodia using phase contrast optics; the 

boundary between the particulate free cytoplasm which defines a pseudopodium and the 

particulate cytoplasm of the main cell body is very difficult to define. Furthermore, 

pseudopodium extension, movement and retraction occurs along all three Cartesian 

axes, so any changes in a pseudopodium along the z-axis of the cell would not be 

observed by this method. The 2D analysis described in Chapter 3 to estimate cell 

speeds has a strong reliance on the accuracy of the human eye in estimating centroid 

displacement. It relies on a subjective, although potentially consistent, assessment of a
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cell’s centre of mass, as a pixel coordinate. To describe the more intricate details of cell 

movement by this method would significantly amplify any human errors.

It is clear from these problems that a method for the detailed analysis of cell 

motility should allow visualisation in real time of 3D images of moving cells. Such an 

analysis would be considerably enhanced if measurement of motility parameters were 

computer assisted. The 3D DIAS package (Dynamic Image Analysis System) 

developed at Iowa State University caters for these criteria. 3D DIAS is a computer 

programme developed for the analysis of the motility of Dictyostelium amoebae 

(Wessels et al., 1998). It allows the generation of movies of 3D reconstructed cells, 

and from these movies, the programme can calculate more than twenty parameters 

describing cell motility.

Using a focus motor and a Nomarski objective, approximately 60 optical 

sections at regular intervals through a cell are captured every 4 seconds. The 3D DIAS 

software allows each set of 60 cell slices to be reconstructed, then pieces the 

reconstructed cells from each time point together to generate a 3D movie. Using basic 

mathematical tools programmed into the software, the major spatial parameters (height, 

width, length, centroid and volume) are calculated for each cell from the pixel 

occupancies. By compiling the data from all the time points, other parameters are 

calculated, such as speed and persistence. When using Nomarski optics, many sub- 

cellular compartments and organelles are clearly defined, including nuclei and 

pseudopodia. This enables the experimenter to faithfully trace the outlines of these 

structures using the 3D DIAS draw tool. These outlines can be stacked and then 

superimposed onto the cell reconstmctions, allowing the one to follow the behaviour of 

specific sub-cellular compartments during the 3D movie.

3D DIAS has been used successfully to describe the motility defects of the 

Dictyostelium myosin IB-null mutant, myoB'. Although these cells can migrate, they 

do so at a much lower velocity than wild-type cells. 3D DIAS analysis has shown that 

starved wild-type cells tend to expand only one pseudopodium, and when two are 

possessed by a cell at the same time, one is generally expanding whilst the other is 

retracting (Wessels et al., 1996). By contrast, starved myoB' cells extend multiple 

pseudopodia at the same time, and consequently have greatly increased turning
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frequencies, which precludes efficient translocation. The 3XALA mutant, which 

expresses a mutated form of the myosin II heavy chain that cannot be phosphorylated, 

performs chemotaxes very slowly under starved conditions. The pseudopodia in these 

cells are initially normal, extending up the chemotactic gradient. However, the leading 

pseudopodium rapidly bifurcates, forming two lateral pseudopodial wings projecting in 

different directions. Eventually, one pseudopodium dominates, causing a direction 

change for the cell, thus reducing chemotactic efficiency (Stites et al., 1998).

The motility parameters calculated by 3D DIAS allow a very convenient 

summary of the behaviour of a cell as it moves. As well as calculating speed and 

persistence rapidly and accurately, the programme can estimate the degree of 

overhanging cell mass, deviation of cell dimensions throughout the movie and give a 

quantification of the degree of roundness of a cell. Overhanging cell mass is defined as 

the proportion of the cell not supported by the main cell mass. A high level of overhang 

is indicative of a high level of pseudopodium activity, since pseudopodia are often 

projected and retracted from the top of the cell, creating an overhang as they move onto 

or away from the substratum. The deviation of the radius of the cell is a useful 

parameter, where the radius is defined as the maximal distance from the centroid to the 

cell periphery. A highly variable cell radius indicates the cell has a highly dynamic cell 

shape. The 3D DIAS roundness parameter is a measure of the ability of the cell outline 

to fit within a hemisphere. A high degree of cell elongation or pseudopodium extension 

will disrupt the hemisphericity of a cell and give a low roundness value.

These parameters are usually suggestive of what occurs to the pseudopodia of a 

cell as it moves. A high overhang, low roundness and high radius deviation are 

indicative of dynamic and prominent pseudopodia. Since there is a large amount of 

work required for tracing and reconstructing cells showing individual pseudopodia, the 

number of cells one can hope to analyse in this detail is small. The basic motility 

parameters, which are rapidly obtainable from a larger number of cells, thus provide a 

very good indicator of how representative the full 3D reconstructions are.

3D DIAS provides a convenient tool for analysing the patterns in the cell speed 

throughout the course of a movie. If plots of instantaneous velocity against time are 

smoothed by normalising with respect to local means, it is clear that the speed of
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Dictyostelium cells exhibits a natural periodicity (Wessels and Soil, 1998). This cyclic 

behaviour is termed the velocity cycle. The speed of starved wild-type amoebae 

migrating in buffer oscillates between 10 and 25|im/min in an approximately sinusoidal 

fashion. The average time period between peaks varies from 0.7 and 1.6 minutes, for 

aggregation-competent Dictyostelium cells. The interval for aggregation-competent 

DH1 cells is 0.75 minutes (Fig. 33). The ascending portion of the wave corresponds to 

extension of new pseudopodia onto and along the substratum, retraction of prior 

anterior pseudopodia and subsequent cell elongation. During the descending portion of 

the wave, the anterior pseudopodium lifts off the substratum and is drawn over the top 

of the cell, causing an increase in both height and overhang (Wessels et al., 1998). The 

velocity cycle behaviour of growth stage cells is poorly characterised.

It was clear that using 3D DIAS would provide a very informative description of 

the motility of cells lacking the RasS and GefB proteins, so I analysed the motility 

behaviour of the mutants using the software. Based on the supposition that 

pseudopodium behaviour is abnormal in these highly motile cell lines, one should 

expect that the DIAS would reveal these mutations to cause:

1) an abnormal velocity cycle

2) aberrant motility/morphology parameters

3) obvious perturbations in pseudopodium behaviour visible in 3D movies

The data presented in this chapter reveal that both the rasS' and gefB' cells have highly 

aberrant pseudopodium behaviour during growing conditions, reflected in the 3D 

movies of the cells and in their motility/morphology parameters.

5.2 rasS- and gefB - cells exhibit normal velocity cyc le  

frequ en cies

Reconstructions of growth stage cells moving in buffer were generated as described in 

Chapter 2. Using the DIAS data analysis functions, plots of instantaneous speed 

against time were generated. The data were smoothed to delineate velocity peaks and
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Figure 32: Caption A shows a plot of instantaneous speed of aggregation-competent DH1 cells 
Speed measurements were carried out using 3D DIAS. B shows the plot from A smoothed five 
times to delineate velocity peaks and troughs. Smoothing was carried out using the 3D DIAS 
Smooth command using the default Tukey window setting (described in chapter 2). Bar in 
caption B illustrates the velocity cycle interval. Mean interval is 0.75 minutes (Pop. St. Dev = 
0.08, n=5 cells).
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Figure 34: Smoothed plots of instantaneous speed of DH1 (A) and ra^S-null (B) amoebae. 
Speed measurements were carried out using 3D DIAS from bacterially grown cells in KK2 
buffer. Smoothing was carried out using the DIAS Smooth with the default Tukey window 
setting. C shows the mean interval between maxima of the velocity cycle of DH1 and rasS- 
null amoebae. Each mean is derived from the velocity cycles of five cells. Error bars represent 
population standard deviation.
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Figure 35: Smoothed plots of instantaneous speed of AX3 (A) and gefB-null (B) amoebae. 
Speed measurements were carried out using 3D DIAS from bacterially grown cells in KK2 
buffer. Smoothing was carried out using the DIAS Smooth command with the default Tukey 
window. C shows the mean interval between maxima of the velocity cycle of DH1 and gefB- 
null amoebae. Each mean is derived from the velocity cycles of five cells. Error bars 
represent population standard deviation. Difference between AX3 and mutant in caption C is 
non-significant (p>0.20; two sided t-test).

121



troughs then maxima identified using the DIAS graphing tools. The interval of the 

velocity cycles was calculated as the mean time between maxima.

As can be seen from the smoothed velocity plots of DH1 and rasS' cells, both 

cell lines have regular velocity cycles (Fig. 34). The mean intervals of these cycles 

were 0.69 minutes for the rasS' cells and 0.70 minutes for the DH1 cells. Given the 

sizes of the standard deviations (rasB: 0.12 minutes; DH1 0.07 minutes) it is clear that 

the rasS' cells have a normal velocity cycle frequency.

Smoothed plots of AX3 and gefB' cells also show regular velocity cycles (Fig. 

35). The mean intervals were 0.69 minutes for AX3 and 0.80 minutes for gefB' cells, 

but again the deviations are relatively high {gefB' 0.11; AX3 0.14) and a t-test 

demonstrates there is no significant difference between the two cell lines (p>0.20, H0: 

p a= |ib, v=6, two-tailed test). Therefore the gefB' mutants have no significant 

perturbation in the velocity cycle frequency under growth conditions.

5.3 Motility /morphology parameters o f  rasS- and gef B1 cells

The DIAS mathematical tools were used to generate speed and morphology parameters 

from the reconstructions. The AX3 and DH1 strains gave very similar values for all 

these parameters. This was expected, since DH1 cells are simply AX3 cells with a 

disrupted URA gene. Both the rasS’ and gefB' cells had abnormal values for several of 

these parameters (Figs. 36 and 37). As with the 2D analysis of speed described in 

Chapter 3, the 3D analysis presented here demonstrates that the cells lacking RasS 

translocate approximately three fold more rapidly than the wild-type cells. The rasS' 

amoebae display wild-type levels of persistence, indicating the turning behaviour of the 

mutants is normal. The mutant cells have a significantly increased radius deviation, 

indicating these mutants have a highly dynamic shape. The cells have a decreased value 

of the DIAS roundness parameter, suggesting a greater degree of cell elongation and/or 

pseudopodium extension. The level of overhang of the rasS' mutant amoebae appears 

slightly increased, although the difference between mutant and wild-type and mutant is 

not significant (0.10<p<0.20, H0: p^p,,, v=8, two-tailed test).

The gefB  cells have a very high degree of overhang, suggesting a high level of 

pseudopodium activity (Fig. 37). However, they show no significant alterations in the
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Figure 36: Speed (A) and persistence (B) measurements of growth stage DH1 and rasS- 
null amoebae made by 3D DIAS. Persistence is defined as the ability of a cell to 
maintain a given direction and is measured in units of time per turn. A turn is defined as 
a change in direction of 30° or greater by a cell. 5 cells were studied for each cell line. 
Error bars represent population standard deviation.
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Figure 36 (continued): 3D DIAS parameters for growth stage DH1 and rasS-null cells. 
Overhang represents the proportion of the cell not supported by the main cell mass. 
Radius variation is the variance of the maximal distance between centroid and cell 
periphery. Roundness is an estimate of the hemisphericity of a cell. Two-tailed test p 
values: overhang p>0.10 (non-significant), radius variation pcO.OOl (significant), 
roundness p<0.005 (significant). Error bars represent population standard deviation.
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Figure 37: Speed (A) and persistence (B) measurements of growth stage AX3 and 
gejB -null cells. Measurements made using 3D DIAS. Persistence is defined as the 
ability of a cell to maintain a given direction and is measured in units of time per turn. 
A turn is defined as a change in direction of 30° or greater, by a cell. 4 cells were 
studied for each cell line. Error bars represent population standard deviation.
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Figure 37 (continued): 3D DIAS parameters for growth stage AX3 and gefB-null cells. 
Overhang (C) represents the proportion of the cell not supported by the main cell mass. 
Radius variation (D) is the variance of the maximal distance between centroid and cell 
periphery. Roundness (E) is an estimate of the hemisphericity of a cell. Two-tailed test p 
values (v=6): overhang p<0.01 (significant), radius variation p>0.20 (non-significant), 
roundness p>0.05 (non-significant). Error bars represent population standard deviation.
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roundness and radius deviation parameters, indicating that the cells have a normal 

degree of elongation and do not have an abnormally dynamic cell shape. The 3D speed 

data generated here agree with the initial 2D speed measurements made by Andrew 

Wilkins, demonstrating a two fold enhancement in the rate of cell translocation. As 

with the rasS amoebae, the gefB' cells have a normal persistence.

5.4 Abnorm al pseudopodium behaviour o f  r a s S and gefB- 

ce lls

The abnormal values of the motility/morphology parameters for the rasS and gefB 

mutant cells are strongly suggestive of unusual pseudopodium behaviour in these cell 

lines. The DIAS package allows superimposition of pseudopodia onto the 3D 

reconstructed movies of the mutants and analysis of these full reconstructions confirms 

that the pseudopodia are highly aberrant in both mutants. These movies can be 

accessed at http://bcml41.bham.ac.uk/JRCmoovs.html and viewed on a PC or 

Macintosh computer using MoviePlayer software.

5.4.1 rasS' cells

Figure 38 shows stills taken at 8 second intervals from movies of a single DH1 cell. 

Throughout the course of the movie the cell projects multiple pseudopodia, from 

distinct regions of the cell cortex. These are dynamic in their morphology, changing 

shape considerably between frames. However, the pseudopodia are persistent, with 2 

of the 3 initial pseudopodia being retained through the entire sequence of stills. The 

pseudopodia of a rasS-nu\\ cell behave very differently (Fig. 39). Firstly, there are 1-2 

pseudopodia on the cell rather than the 2-3 in wild-type cells. The pseudopodia have a 

more rapid turnover. The rear pseudopodium at t=0 (arrow first caption) is quickly 

retracted as the cell elongates in the direction of the front pseudopodium (arrow t=8). 

This front pseudopodium is rapidly retracted over dorsal surface of the cell (arrow 

t=16) and replaced by a third pseudopodium. The third pseudopodium is retracted and 

replaced in a similar manner (t=32s). In general, the behaviour of the pseudopodia in 

this rasS-null cell appears highly organised, with rapid cycles of extension and 

retraction.
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Figure 38: Stills from 3D DIAS movies of reconstructed growth stage DH1 amoebae. 8 
second time interval between frames. Manually outlined pseudopodia (particulate free 
cytoplasm) shown in black. Particulate cytoplasm is shown in grey. Grid spacing is 10|im.
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Figure 39: Stills from 3D DIAS movies of reconstructed growth stage rasS-null amoebae. 8 
second time interval between frames. Manually outlined pseudopodia (particulate free 
cytoplasm) is shown in black. Particulate cytoplasm is shown in grey. Grid spacing is 
10|im.
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Figure 40: Pseudopodium volumes of growth stage DH1 (A) and /mS-null (B) amoebae. 
All pseudopodia were manually outlined using the DIAS draw tool. The outlines were 
reconstructed from the individual outlined layers and pseudopodium volumes determined 
from these reconstructions using the 3D DIAS mathematical tools. Each pseudopodium is 
illustrated in a different colour.
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The pseudopodium behaviour of these cells can also be illustrated using a 

graphical method (Fig. 40). If pseudopodium volumes of DH1 cells are plotted for 

approximately 100 seconds of the movie, one can see that the major pseudopodia are 

persistent, although dynamic in their volume. This is consistent with the behaviour 

observed in the movies. The maximum volume an individual pseudopodium attains is 

approximately 15pm3 and there are between 2 and 5 pseudopodia projected at any one 

time. In contrast, rasS-null cells have pseudopodia of volumes up to 25pm3. The 

pseudopodia are all very short lived, and for most of profile there is one dominant 

pseudopodium accompanied by a smaller emerging or retracting one.

Some more general comparisons can be made about the motility of the wild-type 

and rasS' mutant cells from these data. The DH1 cells translocate using a broad front, 

with the total pseudopodium mass spread over a large segment of the leading edge. In 

contrast, the rasS' mutant usually has a narrow front with one large pseudopodium at 

the leading edge. The cell protrusion occurs along a single vectorial path in the 

mutants, rather than being distributed between several different zones of extension. 

This behaviour of the growth stage rasS' cells resembles that of starved wild-type cells 

undergoing chemotaxis to cAMP, where migration is also very rapid. Starved wild- 

type cells also go through cycles of surging and lift-retraction as they translocate.

The 3D reconstructions of these single DH1 and rasS' cells correlate well with 

the motility/morphology parameters obtained from a larger sample size. Cells lacking 

RasS protein have a low value for the roundness parameter and a high radius deviation, 

suggesting the mutant cells are more elongated and have a highly dynamic cell shape. 

These perturbations are apparent in the cell reconstruction, where the cell is highly 

polarised and has a rapid turnover of large pseudopodia. This indicates the 

reconstruction is a fair representation of the mutant cell behaviour.

5.4.2 ge fB' cells

Movies of the gejB' mutant cells illustrate these cells also show abnormal 

pseudopodium behaviour too. Figures 41 and 42 shows single frames taken at 8 

second intervals from movies of single AX3 and gefB' cells. The pseudopodia of the 

AX3 cell behave in a similar fashion to those of the DH1 cells (Fig. 41). Most of the 

pseudopodia have dynamic shapes, but are persistent, remaining for the entire sequence
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Figure 41: Stills from 3D DIAS movies of reconstructed growth stage AX3 amoebae. 8 
second time interval between frames. Manually outlined pseudopodia (particulate free 
cytoplasm) shown in black. Particulate cytoplasm shown in grey. Grid spacing is 10p,m.

........ . .
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Figure 42: Stills from 3D DIAS movies of reconstructed growth stage g e fB -null amoebae. 8 
second time interval between frames. Manually outlined pseudopodia (particulate free 
cytoplasm) shown in black. Particulate cytoplasm shown in grey. Grid spacing is 10pm.
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Figure 43: Pseudopodium volumes of growth stage DH1 (A) and gefB-null (B) amoebae. 
All pseudopodia were manually outlined using the DIAS draw tool. The outlines were 
reconstructed from the individual outlined layers and pseudopodium volumes determined 
from these reconstructions using the 3D DIAS mathematical tools. Each pseudopodium is 
illustrated in a different colour.
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of stills. Most of the pseudopodia are arrayed along a broad leading edge, although 

they occasionally lift off the substratum onto the dorsal surface of the cell. In contrast, 

the gefB' mutant cell has a single large pseudopodium (Fig. 42). This pseudopodium is 

dynamic in its shape and direction of protrusion. Unlike the rasS' mutant cells, this 

front pseudopodium does not go through a rapid protrusion-retraction cycle.

Graphical analysis of the AX3 and gefB' pseudopodium volumes is similarly 

revealing (Fig. 43). The profile of the AX3 graph is similar to that of the DH1 cells: 

many small, dynamic and persistent pseudopodia. The gefB' mutant cells are very 

different from this. For most of the 90 second sequence, there is only one major 

pseudopodium, although other smaller pseudopodia are transiently protruded and 

towards the end of the sequence the dominant pseudopodium is replaced by a newly 

emerging one. The major pseudopodium reached a volume of over 40|im3, nearly three 

times the size of the largest wild-type pseudopodia.

The 3D reconstructions of these single DH1 and gefB cells correlate well with 

the motility/morphology parameters obtained from a larger sample size. Cells lacking 

GefB protein have a normal values for the roundness and radius deviation parameters, 

suggesting the mutant cells have wild-type levels of elongation and cell shape variation. 

These perturbations are apparent in the cell reconstruction, where the cell is not 

abnormally elongated and projects a stable anterior pseudopodium. The gefB cells have 

a high overhang value, reflected in the abnormally large pseudopodium. These 

correlations indicate the reconstructions are a fair representation of mutant cell 

behaviour.

5.5 M otility /m orphology parameters o f  AX2 cells lacking

RasS protein

The cell motility phenotypes caused by loss of RasS protein differ between DH1 cells 

and AX2 cells. In an attempt to generalise about the role of RasS in the regulation of 

cell migration, it was decided to quantify the motility/morphology parameters of the 

SAX2 (AX2: rasS-mM ) cell line.

The SAX2 cells have significant changes in several motility/morphology 

parameters (Fig. 44). The cells have a higher degree of roundness, and have a lower 

height. They also have a reduced value for the overhang parameter. These data indicate

135



Speed
(pm/min) 20 H

10H

AX2 SAX2

Height
(pm)

B

AX2 SAX2

Roundness
(%)

90 H

f!

D

Overhang
(%)

AX2 SAX2 AX2 SAX2

Figure 44: 3D DIAS parameters for growth stage AX2 and SAX2 cells. Height (B) 
represents the mean elevation of the dorsal surface of the cell. Roundness (C) is an 
estimate of the hemisphericity of a cell. Overhang (D) represents the proportion of the 
cell not supported by the main cell mass. Two-tailed test p values: speed p<0.01; 
overhang p<0.01 (significant); height p<0.01 (significant); roundness p<0.01 
(significant); radius deviation (not shown) p>0.20 (non-significant). Error bars represent 
population standard deviation.
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Figure 45: Summary of data from 3D DIAS analysis of cells lacking RasS and GefB proteins.
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that the cells are highly non-polar, flattened and have a low level of pseudopodium 

activity. The radius deviation parameter did not differ between the SAX2 cells and 

AX2 (AX2: 30.4%; SAX2: 30.3%) indicating that the mutant cells have a normal level 

of shape plasticity. Although there was insufficient time to generate direct image 

reconstructions of the cells and their pseudopodia, these data suggest few similarities 

between the SAX2 mutant and the rasS mutant in DH1 cells. The DH1 rasS cells are 

highly polarised, have an unusually dynamic cell shape and a high pseudopodium 

turnover, properties which differ greatly from those of the S AX2 mutant.

5,6 Summary

These data, summarised in Figure 45, reveal that both the rasS' and gefB' cells have 

highly aberrant pseudopodium behaviour during growth, reflected in the 3D movies of 

the cells and in their motility/morphology parameters. The velocity cycles of both 

mutant lines have approximately normal periodicities. Both mutants have a reduced 

number of pseudopodia, but pseudopodium volume is increased in both cell lines. In 

the rasS~ cells, there is a rapid turnover of pseudopodia, compared to the wild-type 

cells, where the major pseudopodia are fairly persistent. In contrast, the gefB' cells 

display a very low pseudopodium turnover, with one very large dominant 

pseudopodium. The motility/morphology parameters of the rasS' mutant in AX2 are 

also abnormal, but these changes are very different from the perturbations observed in 

the DH1 rasS' mutant.
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Chapter 6

Discussion

6.1 Summary o f  results

This study has demonstrated a key role for the rasS gene product in the regulation of 

actin-mediated events at the cell cortex. Dictyostelium cells with a disrupted rasS gene 

have defects in pinocytosis and phagocytosis. These are processes requiring the actin- 

dependent modelling of vessels for the capture of extracellular fluid and particles. The 

cells have reduced numbers of crowns, the vessels which mediate macropinocytosis, 

and the few crown-like structures projected by the mutant cells have aberrant 

morphologies. The pinocytosis defect of the rasS-null cells is likely to be a 

consequence of this reduction in the number of normal crowns. The actin cortex of 

rasS-null cells has other abnormal properties. Cells lacking a functional rasS gene are 

highly polarised, with prominent pseudopodia and elongated microspikes. These are 

characteristic features of rapidly moving cells. We find that the mutant cells migrate 

significantly faster than wild-type cells, under growth conditions. The early 

differentiation response of the rasS-null cells is normal. The mutant cells are not 

accelerated into an aggregation-competent state. The endocytosis and cell migration 

phenotypes in the rasS-null cells are therefore not a secondary consequence of 

precocious development.

The phenotypes caused by loss of RasS are sensitive to the genetic background 

of the Dictyostelium cell the mutation is made in. AX2 cells lacking RasS display 

different phenotypes to the DH1 rasS' cells. The SAX2 cells grow at nearly wild-type 

rates in axenic culture, unlike the DH1 mutants, which are strongly impaired in growth. 

The SAX2 cells display impaired motility, migrating at less than half the speed of 

parental AX2 cells, unlike the DH1 mutants, which are abnormally fast moving.

TheDHl rasS' phenotype correlates with significant changes in the expression 

and organisation of components of the actin cytoskeleton. Under certain conditions, the 

mutant cells show a significant elevation in the expression levels of the actin-binding 

proteins, talin and coronin. In bacterial culture, the rasS-null cells have a slightly
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increased level of F-actin. This phenotype is not apparent in rasS' cells maintained 

axenically. Under these conditions, the mutant cells show a two-fold reduction in the 

amount of F-actin. The actin polymerisation response to folate treatment is also 

different in the rasS-null cells. The peak in F-actin levels occuring approximately 10 

seconds after folate stimulation is greater in the mutant cells and the second peak, which 

occurs one minute after stimulation, is prolonged. The rasS' cells have a lowered 

cellular level of an unidentified molecule, lipid X. The level of the PI 3-kinase product, 

PI(3,4)P2 is normal in the mutants.

The rapid migration of the rasS' cells correlates with dramatic differences in 

pseudopodium behaviour. Pseudopodia of the mutant cells are larger, have a more 

rapid turnover and are present at a lower frequency than pseudopodia of wild-type 

amoebae. Motility analysis of a cells lacking a putative RasS exchange factor, GefB, 

indicated that these cells also have abnormal pseudopodium activity. As with the rasS 

cells, the gefB' cells are highly motile. Unlike the rasS' cells, the gefB' cells have a 

tendency to form a large and very stable anterior pseudopodium.

6.2 RasS signalling pathways

6.2.1 DdGefB,a RasS exchange factor?

The experiments aimed at demonstrating a link between RasS and GefB proteins were 

inconclusive. Based upon the major phenotypes of the two mutants, impaired 

endocytosis and rapid migration, it is very tempting to suggest that GefB is a major 

physiological exchange factor for RasS. However, there are some clear differences 

between the two mutant lines. The gefB' mutants are severly impaired in the formation 

of multicellular aggregates. Although the rasS' cells also display aberrant development, 

they reach the mound stage with normal timing. The gefB' cells can aggregate into 

mounds, but this is delayed by several hours (A. Wilkins, pers. comm.). The cell 

migration phenotypes of rasS' and gefB' cells differ as well. Cells lacking GefB are not 

as fast moving as the rasS' cells and their pseudopodium behaviour is very different. 

Even if GefB is a physiological exchange factor for RasS, these phenotypic differences 

between the mutants need further explanation. However, given the large numbers of 

Dictyostelium Ras and RasGEF proteins, it is possible that RasS and GefB have
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additional signalling partners besides each other. A requirement for GefB as an 

exhange factor for another Ras might account for the slightly different perceived 

phenotypes of the two mutants. It is also conceivable that GefB operates downstream 

of RasS. GEF proteins are known to be direct downstream effectors of Ras proteins in 

several experimental systems, notably Ras/Rapl and RalGDS (Franke et al., 1997). A 

brief description of the sequences and preliminary functional analysis of all the DdGef 

proteins so far identified can be found in the Appendix.

6.2.2 Lipid signalling and RasS

HPLC analysis of phospholipids from DH1 and rasS' cells reveals that the rasS' cells 

have normal levels of PI(3,4)P2. Superficially, these data might suggest that PI 3- 

kinase signalling is not disrupted in the rasS mutant cells, since the PIK1/2-nulls have 

reduced levels of PI(3,4)P2 and the rasS nulls do not. However, PI(3,4)P2 is not only 

a product of PI 3-kinase activity. In platelets, the molecule can be generated from 

PI(3)P by a 4-kinase (Banfic et al., 1998). Stephens and colaborators have suggested 

that PI(3,4)P2 can also be generated from PI(3,4,5)P3 by a 5-phosphatase (Hawkins et 

al., 1992). These considerations make the superficial conclusion that PI 3-kinase 

signalling is not disrupted in the rasS mutant cells untenable. In addition, PI 3-kinase 

molecules from other systems have a physiologically important protein kinase activity. 

The effects of RasS could conceivably be due to a similar property of the Dictyostelium 

PIK1/2 molecules, rather than a lipid kinase activity. The only solid conclusion to be 

gleaned from the HPLC studies is that there is no evidence to support the hypothesis 

that PIK1 and PIK2 mediate downstream effects of RasS. PI 3-kinase is required for 

Ras activation in mammalian adipocyte differentiation (Uehara et al., 1995), so it is also 

conceivable that PIK1 and PIK2 act upstream of RasS protein.

The levels of the unidentified molecule, termed lipid X, are significantly reduced 

in the rasS' cells. It is difficult to speculate on the identity of lipid X. It is likely to be a 

lipid or lipid derivative, since the extraction conditions might be expected to leave even 

the most hydrophobic protein in the aqueous phase. It runs close to PI(4)P on TLC 

plates, suggesting that if indeed it is a lipid, it may be a monophosphorylated 

phosphoinositide. However, this supposition could not be confirmed because the 

molecule did not deacylate with methylamine, precluding HPLC analysis. The acyl
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chains of many inositol lipids are attached to glycerol, via an ester linkage. Other lipids 

do not have ester linkages. Ceramide, a sphingolipid, consists of two fatty acid chains 

joined via an amide linkage. Forms of phosphatidic acid exist where the fatty acid 

chains are linked to glycerol by ether linkages. Amide and ether groups are resistant to 

methylamine-mediated deacylation. Acyl chains of lipid X may be attached by linkages 

such as these. We shall continue in our attempts to identify this lipid.

6.2.3 RasS and axenic mutations

The loss of RasS in AX2 cells has very different effects from the loss of RasS in AX3 

and DH1 cells (derived from AX3). The SAX2 cells grow in liquid culture at an 

essentially wild-type rate and are impaired in cell migration, whereas the rasS' mutant in 

the DH1 background grows very poorly in liquid culture and the cells are hyper- 

migratory. In addition, an analysis of DIAS parameters describing cell morphology and 

motility does not suggest obvious similarities between the effects of RasS loss in DH1 

and AX2, beyond a disruption of normal actin dynamics. These data indicate that the 

perceived function of RasS depends very much upon the genetic background in which 

the gene disruption has been made. The AX3 and AX2 lines were derived 

independently from the non-axenic strain NC4 and have different polarity, migratory 

and developmental properties. Based upon these phenotypic differences and the fact 

that AX2 and AX3 were derived independently, it is near certain that some of the axenic 

mutations differ between the two strains. Presumably the axenic mutations impinge 

upon either the inputs or outputs of the RasS pathway and modify the impact of RasS 

signalling, although the mechanism by which these loci exert their effect is unclear.

The axenic lesions are recessive gain-of-function mutations, as determined by 

complementation studies using diploids between axenic and non-axenic cells. They 

confer Dictyostelium amoebae with the ability to macropinocytose extracellular fluid, a 

property not shared by wild isolates such as NC4. The axenic mutations were 

generated by chemical mutagenesis and since convenient sexual genetics are not 

currently feasible in Dictyostelium, precluding the positional cloning of chemically 

mutagenised loci, the identity of the genes mutated in the axenic strains has remained a 

mystery. Based upon the modified migratory and endocytic properties of the axenic 

strains, one can speculate on the nature of the products encoded by the axenic loci.
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Macropinocytosis resembles phagocytosis, both morphologically and in its molecular 

regulation (Hacker et al., 1997), and macropinocytosis in Dictyostelium may merely be 

a form of phagocytosis which has been corrupted by the axenic mutations. A 

phagocytic cup does not form until a bacterium physically contacts the cell, so the 

“evolution” of macropinocytosis from phagocytosis would necessitate the bypass of 

this requirement for physical contact. One candidate axenic locus might encode a 

component of the system for the perception of adhesion to bacteria. This suggestion is 

reinforced by the studies of cell migration on gold-coated coverslips (Clarke and 

Kayman, 1987). AX3 cells accumulate gold particles on their surface whereas non- 

axenic cells do not, suggesting the AX3 cells display a gain-of-function adhesiveness 

phenotype. Macropinocytosis and cell migration both require the functioning of the 

actin cortex, so candidate axenic loci might also encode components of the actin 

cytoskeleton and signalling molecules which regulate F-actin organisation. Based on 

the phenotypes of the rasS' mutants, RasS protein would seem to influence both 

adhesion and the actin cytoskeleton, suggesting it may be reasonably intimately linked 

with the protein products of the axenic loci.

Axenically maintained DH1 rasS' cells have elevated levels of the actin binding 

protein, talin. This correlates with an enhanced ability of the mutants to adhere to the 

surfaces of petri plates. However, the increase in adhesiveness correlates with impaired 

rather than enhanced pinocytosis in these cells, which adds complications to the 

relationship between adhesion and macropinocytosis suggested above. RasS clearly 

has a role in the regulation of actin dynamics, as suggested by the phenotypes of both 

theDHl and AX2 rasS' cells. Two molecules which may mediate RasS regulation of 

the actin cytoskeleton are discussed in the next section.

6.2.4 Other candidate interactants

Some of the phenotypes of Dictyostelium AX2 cells lacking the 95 kDa IQGAP-related 

protein, DGAP1, resemble those reported here for the DH1 rasS' mutant. The DGAP1- 

null cells migrate two fold faster than wild-type amoebae in axenic culture, and give rise 

to large diffuse plaques on bacterial lawns (Faix et al., 1998). Unlike the rasS' cells, 

the DGAP1-nulls do not have a striking phagocytosis defect. Overexpression of 

DGAP1 in AX2 cells causes an impairment in cell motility and defective cytokinesis
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(Faix et al., 1998). DGAP1 may not be a RasS effector, since the molecule appears to 

bind Rac GTPases with a much higher affinity than it does to Ras GTPases. Based 

upon the roles of Rac in transducing signals from Ras to the cytoskeleton in mammalian 

cells, it is conceivable that DGAP1 may act downstream of RasS in the regulation of 

cell motility. Like the rasS' phenotype, the consequence to cells of DGAP1 loss is 

sensitive to modification by the axenic mutations. The hypermotility phenotype of the 

DGAPl-null cells is only apparent if the mutation is engineered into AX2 cells. In 

AX3 cells, the mutation causes defective cytokinesis, not enhanced motility (Lee et al.,

1997), a phenotype reminiscent of the AX2 DGAP1 overexpresser. Given that the 

rasS' rapid migration phenotype is only seen in the DH1 cells (derived from AX3) and 

the DGAPl-null hypermotility phenotype is only seen in the AX2 line, the idea that the 

molecules may lie on the same pathway seems tenuous. A more coherent explanation is 

that the molecules operate on different pathways with a RasS pathway controlling cell 

migration in DH1/AX3 and a DGAP1 pathway controlling cell migration in AX2.

Another molecule which may be involved in RasS and DGAP1 signalling is the 

small GTPase, RacC. Loss of function mutations have not been reported for RacC but 

overexpressers (in AX2) show a three-fold stimulation of phagocytosis (Seastone et al.,

1998). Although the experimenters did not assay cell speed, the actin cytoskeleton of 

RacC overexpressers exhibits changes consistent with an impairment in cell migration. 

F-actin in these mutants is restricted to the dorsal surface of the cell associated with 

phagocytic cups and petalopodia, flower-like arrangements of the actin cortex. Very 

little pseudopodial F-actin staining was seen. It is conceivable, based on this 

phenotype, that RacC and DGAP1 may function in the same pathway regulating the 

actin cortex in AX2 cells. In support of this hypothesis, RacC has been shown to bind 

DGAP1 (Faix et al., 1998).

6.3 Motility effects o f  loss of RasS

The pseudopodium behaviour of both rasS' and gefB' mutants suggests possible 

reasons why the cells are highly motile. Both cells types project a reduced number of 

pseudopodia, and these pseudopodia have a greater volume. Consequently, their 

locomotive force is projected along fewer vectorial paths, allowing more efficient 

translocation. The rasS' cell pseudopodium behaviour resembles that of starved wild-
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type amoebae, with a high pseudopodium turnover manifest in rapid protrusion/lift- 

retraction cycles (Wessels et al., 1998). A pseudopodium is projected from the base of 

the cell, then lifted off the substratum, carried over the back of the cell and replaced, 

from the cell base, by a new anterior pseudopodium. The behaviour of the gejB' cells 

resembles starved amoebae less, with the cell translocating using a persistent, but 

morphologically dynamic anterior pseudopodium. The rasS' mutants migrate more 

rapidly than the gefB' mutants, which suggests that their method of translocation, 

involving rapid protrusion and lift retraction, is more effective than the method 

employed by the gejB' mutants, which presumably requires the remodelling of actin 

structures at the existing anterior pseudopodium.

The velocity cycles of both mutant cells have apparently normal frequencies. 

This is surprising in the light of previous studies on the velocity cycles of starved wild- 

type amoebae. These researchers have shown that different stages of the cycle 

correspond to different stages of the pseudopodium extension-retraction cycle (Wessels 

et al., 1998). It is clear from the reconstructions of the growth stage DH1 and AX3 

cells that the pseudopodium behaviour of growth stage cells differs greatly from that of 

starved cells. Growth stage wild-type cells project multiple pseudopodia, which are 

quite persistent, whereas starved wild-type cells have rapid pseudopodium cycling and 

only project one or two at any one time. However, both starved and growth stage wild- 

type cells have regular velocity cycles, with similar periodicities. This might indicate 

that pseudopodium behaviour and the velocity are not tightly coupled for growth stage 

cells, a suggestion supported by the fixity of the velocity cycle in the rasS' and gejB' 

mutants, which clearly have abnormal pseudopodium activity during growth.

6,4 Cytoskeletal effects o f  RasS loss

The rasS' cells have different levels of F-actin to wild-type cells. During bacterial 

growth, the cells have slightly more F-actin than DH1 cells and a large increase in the 

expression of the actin-binding protein, coronin. When maintained axenically, the 

mutants have reduced level of F-actin and increased expression of the actin-binding 

protein, talin. Given that the major phenotypes of the mutants, impaired endocytosis 

and rapid migration, are retained under both culture conditions and the cytoskeletal 

effects are culture condition-dependent, it is difficult to generalise about how these
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changes in components of the cytoskeleton might contribute to the observed 

phenotypes. The possibility exists that the observed changes in talin, coronin and F- 

actin levels represent an attempt by the rasS' cells to compensate for their cell cortex 

abnormalities.

Loss of coronin in Dictyostelium impairs cell migration and gives rise to cells 

with excessively broad, flattened pseudopodia (de Hostos et al., 1993). The 

pseudopodia of rasS' cells are larger than wild-type pseudopodia and are highly 

dynamic along the z-axis of the cell. A coronin overexpresser has not been published, 

so it is difficult to speculate whether or not the abnormal pseudopodium behaviour of 

bacterially grown rasS' cells is caused by their elevation of coronin levels. Talin is 

required the adhesion of Dictyostelium to particles and substrata (Niewohner et al.,

1997). Consequently, talin-null cells are impaired in phagocytosis, although their 

motility and macropinocytosis appears normal. Effective cell-substratum adhesion is 

important in several models of cell locomotion (Egelhoff et al., 1991). It is conceivable 

that talin overexpression and the observed increase in adhesivity may contribute to the 

rapid migration of axenic rasS' cells. Again, there is no published talin overexpression 

phenotype to challenge this speculation. The changes in F-actin levels are difficult to 

interpret. Cells lacking the G-actin sequestering protein, profilin, show an increased F- 

actin content, which correlates with their reduced growth in bacterial and axenic culture 

(Haugwitz et al., 1994). These data may imply that the elevation of F-actin levels can 

impede endocytosis of bacteria and fluid, which is consistent with the data reported here 

for bacterially grown rasS' cells. However, it does not explain the impaired 

macropinocytosis of the rasS-nulls in liquid culture, which have lowered levels of F- 

actin. Dictyostelium cells lacking the WASP homologue, SCAR1, have half the wild- 

type levels of F-actin (Bear et al., 1998), like the axenic rasS' cells. Although reduced 

in size, SCARl-null cells grow at normal rates in liquid culture, indicating that two-fold 

reduced F-actin is not sufficient to impair macropinocytosis to the extent that growth is 

inhibited.

The actin response of the rasS' cells to folate differs from that of the wild-type 

cells. The first peak in F-actin levels is raised in the mutant cells, and the second peak 

appears to be slightly expanded. The chemoattractant/F-actin assay has been rarely used
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in the analysis of Dictyostelium cytoskeletal mutants, so comparison of the rasS-null 

response with the responses of other mutants is problematic. Cells lacking the putative 

Ras exchange factor, Aimless, show reduced levels of both F-actin peaks in response to 

cAMP and folate, which is likely to be a consequence of defective signalling between 

the chemoattractant receptors and actin (Insall et al., 1996b). SCAR 1-null cells appear 

to lack the first peak in F-actin levels (C. Saxe, pers. comm.). Although these mutants 

are not severely impaired in chemotaxis, the cells have abnormal morphologies, with 

small spikey pseudopodia (Bear et al., 1998). The biological relevance of this first 

peak in F-actin levels is unclear. It occurs just before the cringe, so it may be involved 

in this response. As discussed earlier, the cringe may reflect actomyosin based 

contraction in response to uniform chemoattractant application. This raises the 

possibility that the rasS' cells may have altered rear end retraction/retrograde cortex 

flow. An enhanced capacity for these actomyosin-based contraction processes could 

conceivably contribute to the rapid migration phenotype exhibited by the rasS' cells. 

The second F-actin peak is cotemporal with the extension of pseudopodia. The 

observed expansion of this peak in the rasS cells suggests that the period of 

pseudopodium extension is unusually prolongued in the mutant cells, or may simply 

reflect that the pseudopodia are larger, as indicated by the 3D DIAS studies.

6.5 Development o f  ras S' mutants

6.5.1 Normal developmental timing of cells lacking RasS protein

In several respects, growth stage rasS' cells behave like aggregation-competent 

amoebae. They are highly motile, displaying pseudopodium behaviour reminiscent of 

aggregating Dictyostelium cells. They have reduced rates of endocytosis, a property 

also shared by starved cells. It was thus surprising to find that the mutants do not 

express aggregation stage markers. In addition, the rasS' cells do not express the early 

developmental marker discoidin I, during growth on bacteria, which indicates that the 

mutants are not even slightly starved.

The transition of cells from a growth-competent to an aggregation-competent 

state is characterised by many other changes in cell physiology. The rate of progression 

through the cell cycle slows (Weeks and Weijer, 1994). Although there is a large
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decline in global protein synthesis, specific developmental genes become induced. 

Sensitivity to chemoattractants changes; the ability of cells to perform chemotaxis 

towards folate declines as their responsiveness to cAMP increases. But the rasS' cells 

are fast moving and impaired in phagocytosis in the total absence of these other 

changes. A possible rationale for these phenotypes is that there are independent rather 

than sequential developmental switches required for the progression of cells to an 

aggregation-competent state. Loss of one of these control switches, perhaps involving 

RasS, might give rise to cells that manifest a specific behaviour of starved amoebae, 

such as rapid migration, without any others. However, this view of independent rather 

than sequential switches is problematical. Several Dictyostelium strains exist which 

show accelerated development, notably cell lines overexpressing the YakA protein 

kinase (Souza et al., 1998). This mutant cell line shows precocious development, with 

cells aggregating earlier than wild-type controls. That development can be accelerated 

in a reasonably organised fashion implies the existence of a higher order control, which 

coordinates the many cellular changes which occur during the starvation response. This 

view of coordinate control may not be compatible with the idea that independent 

switches control the development of aggregation competence. A rationale for the rasS~ 

phenotype based upon the sequential switches model is possible but requires the 

additional assumption that loss of RasS uncouples the relative timing of developmental 

events. An alternative view of the rasS' phenotype is based upon ideas of competition 

between pseudopodia and endocytic structures. This will be discussed in detail below.

6.5.2 Abnormal multicellular development by rasS' cells

Although rasS' cells aggregate to form mounds with a normal timing, these mounds are 

reduced in size. Subsequent stages of multicellular development are also perturbed in 

the mutant cells, on non-nutrient agar. The mounds develop tips later than the wild- 

type mounds and the formation of fruiting bodies directly from these first fingers rather 

than via a slug phase, although rasS' slugs have been observed on bacterial lawns. The 

time constraints on this work precluded a more in depth description of the multicellular 

development of the mutants, so the causality behind these apparent defects is difficult to 

determine. It is conceivable that the delayed tip formation is a secondary consequence 

of small aggregates. It is also conceivable that the small aggregate phenotype is a

148



secondary consequence of the endocytosis and motility phenotypes reported for the 

mutant cells. Alternatively, the developmental defects of the rasS' cells make reflect 

other, currently unidentified cellular requirements for the molecule. The impaired 

endocytosis of the rasS' cells might be expected to interfere with the sensitisation 

response to cAMP during starvation, by preventing receptor down regulation. 

Although endocytosis of the cARl molecule has not been directly linked with adaptation 

to cAMP, cARl adaptation is a response independent of receptor phosphorylation (Kim 

et al., 1997). Dictyostelium amoebae lacking particular myosin I isoforms also display 

reduced rates of endocytosis and an impaired chemotaxis response (Novak et al., 1995) 

consistent with a role for endocytosis in the regulation of cAMP chemotaxis. However, 

downstream components of the cAMP pathway may be more important targets for 

desensitisation than the cARl receptor itself, as suggested by experiments using 

GTPyS. GTPyS can activate adenylate cyclase in lysates of cAMP sensitive cells but 

fails to do so in adapted cell lysates (Theibert and Devreotes, 1986). In addition, 

CRAC (cytosolic regulator of adenylate cyclase) binds membranes of adapted cells 

more poorly than it binds membranes of sensitised cells (Lilly and Devreotes, 1995), 

which further supports the notion of molecules downstream of cARl as key targets for 

adaptation. It is conceivable that RasS signalling may impinge upon this proposed 

downstream regulator.

6.6 Competition between endocytosis and cell migration

6.5.1 Similarities between pseudopodia and endocytic structures

The cortical projections which allow endocytosis and cell migration in Dictostelium, 

phagocytic cups, crowns and pseudopodia, share many similarities. They have similar 

rates of projection from the cell body, approximately 10pm per minute (Hacker et al., 

1997; Maniak et al., 1995). They are all actin-rich structures and have similar 

sensitivities to the cytochalasins, drugs which inhibit actin polymerisation (Hacker et 

al., 1997; Hall et al., 1988; Maniak et al., 1995). In addition to actin, many of the 

proteins that regulate the movement and assembly of polymerised actin filaments are 

shared between phagocytosis, pinocytosis and cell migration. These proteins include 

members of the myosin I family of molecular motors. Dictyostelium amoebae lacking
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functional myosin I genes are impaired in both cell migration and pinocytosis (Novak et 

al., 1995; Titus et al., 1993; Wessels et al., 1996). Similar defects are displayed by 

cells lacking coronin, an actin-binding protein related to the (3-subunits of the 

heterotrimeric G proteins (de Hostos et al., 1993). Coronin-null cells translocate at half 

the speed of wild-type amoebae, and have striking problems with both phagocytosis 

and macropinocytosis. Both coronin and members of the myosin I protein family 

colocalise with F-actin at the active zones involved with endocytosis and migration. 

Coronin, for example, is recruited to the leading edges of pseudopodia and coats the 

cytoplasmic face of crowns and phagocytic cups as they internalise their contents.

6.5.2 Competition between pseudopodia and endocytic structures 

There is considerable evidence to suggest that the processes of endocytosis and cell 

migration are in competition with each other. Leading edges are known to compete 

with each other (Segall and Gerisch, 1989). Observations by Maniak and coworkers

(1995) suggest a competition arises between pseudopodia and phagocytic cups as they 

are projected. The existence of both structures in the same cell at any one time can only 

be short-lived. It is likely that competition for the recruitment of coronin, myosin I and 

other cytosolic proteins occurs between the different cellular protrusions. Indeed, 

leading edges have been observed to recruit coronin from regressing phagocytic cups 

and extending phagocytic cups can acquire coronin from retracting pseudopodia. A cell 

is therefore limited to the extent to which it can phagocytose and migrate efficiently at 

the same time. From this, it should follow that a treatment causing a cell to be highly 

motile would inhibit phagocytosis and/or pinocytosis. This has been shown in several 

situations. Phagocytic cups vanish in rapidly locomoting cells (Maniak et al., 1995). 

This is striking in aggregation-competent cells, which migrate very quickly, but have 

reduced phagocytosis. DdPIKl/2 mutants are highly motile and are impaired in 

pinocytosis (Buczynski et al., 1997; Zhou et al., 1998). Cells lacking the rasS gene are 

fast moving, and they are strongly impaired in both pinocytosis and phagocytosis (this 

study). Cells lacking the GefB gene are fast moving, and they are strongly impaired in 

both pinocytosis and phagocytosis. Conversely, any treatment stimulating endocytosis 

would be expected to impair cell migration. This is observed in Dictyostelium cells 

overexpressing the RacC GTPase. These cells show a loss of F-actin from
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pseudopodia, whilst phagocytosing at three times the wild-type rate (Seastone et al.,

1998). An analogous response is seen in Dictyostelium cells cultured axenically. Over 

a period of 24 hours after innoculation into axenic culture, amoebae increase their 

pinocytotic capacity, whilst their movement becomes impaired, suggesting that a 

depression of cell locomotion is necessary for the cells to be able to feed (Clarke and 

Kayman, 1987). These reciprocal effects on endocytosis and cell migration and the 

molecular similarities between the F-actin structures which mediate these processes 

necessitate the existence of shared regulatory pathways, to allow feeding or movement 

where necessary. I propose that RasS protein is required for this regulation. RasS 

could conceivably elicit its biological effects by regulating the expression (as suggested 

here by studies on coronin and talin expression levels), sub-cellular localisation or 

function of actin-associated proteins.

One source of criticism of the competition model is that Dictyostelium DGAP1- 

nulls, derived from the AX2 strain, migrate two times faster than wild-type controls, 

and are only slightly impaired in phagocytosis (Faix et al., 1998). In addition, the 

parental AX2 cells migrate as fast as the DH1 rasS~ cells, yet are able to perform 

macropinocytosis and phagocytosis effectively. These data do not necessarily mean 

that the competition model is incorrect, but require the assumption that AX2 and DH1 

cells have different constraints on the balance between endocytosis and cell migration, 

such that AX2 cells can feed at higher speeds of migration than DH1 cells. There are 

clearly some molecular differences in the regulation of cell migration and endocytosis 

between AX2 and DH1/AX3 cells, as demonstrated by this study and the work on 

DGAP1 (Faix et al., 1998; Lee et al., 1997). The assumption that DH1 and AX2 have 

different constraints on the balance between endocytosis and cell migration may 

therefore be valid.
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Supplementary figure 1: A lignm ent o f Human H -R as and published  Dictyostelium Ras
protein sequences
D ash es indicate am ino acid residues identical to H -Ras and gaps have been inserted to op tim ise  
the aligm ent. T he grey boxes identify the highly con served  residues required for guanine  
n u c leo tid e  b ind in g  w h ilst the the clear box in d icates the C A A X  m o tif  required for  
postranslational prenylation. The sw itch-I and sw itch-II regions are indicated by * and + 
respectively . Three other cD N A s have been identified  (M orio et al., 1998) w hich  are predicted  
to en cod e Ras proteins; c lon es SSL 520, S SM 446 and S S B 3 6 0 . T h ese have been om itted for  
clarity.
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Supplementary figure 2: Alignment of Human RaplA and Dictyostelium  Rap-related 
protein sequences
Dashes indicate amino acid residues identical to RaplA and gaps have been inserted to 
optimise the aligment. The grey box identifies the site of the glutamine residue 
necessary for GTP hydrolysis in Ras but absent in Rap proteins. SSL695 and SSH872 
are the predicted protein sequences for two clones identified by the D ictyoistelium  
cDNA project (Morio et al., 1998) and their sequences are thus far incomplete. 
SSL695 shows greater sequence identity to RasD than to DdRapl, but has been 
included in this alignment by virtue of the critical glutamine substitution.
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Supplementary figure 3: Summary of current knowledge of Dictyostelium Ras and 
Rap proteins. Sequence information for clones SSH872 and SSL695 is currently 
incomplete (See previous figure).
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Supplementary figure 4: Summary of current knowledge of Dictyostelium Gef 
proteins. All sequences except aimless are unpublished. All clones obtained from the 
Dictyostelium cDNA project (Morio et al., 1998 ). CAT identity to Sos referes to the 
identity of the putative catalytic domains of these Gefs to mammalian Sos. Sequence 
identity data generated from BLAST line-up (advanced version 2.0, NCBI).


