
The Function of Ras Proteins in Dictyostelium discoideum

Andrew Wilkins

MRC LMCB and Department of Physiology 

University College London 

Gower Street 

London 

W C1E6BT

A thesis submitted to the University of London 
for the Degree of Doctor of Philosophy

February 2000



ProQuest Number: 10042762

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10042762

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Acknowledgements
A great many people deserve acknowledgement for their help during the course of my Ph.D. I 

thank Marcus Maniak, Geraint Thomas, Hans Faix, Anne Early, Juliet Coates, Dirk Weinke, Robin 

Williams, Jon Chubb and Richard Tux worth for many useful discussions (some of them scientific) 

and the use (sometimes unwittingly) of their reagents. Thanks to Mark Turmaine for his help with 

SEM. A special thanks must go to Joey Deacon for providing a never ending source of 

entertainment. I thank my supervisor Robert Insall for allowing me to make my own scientific 

mistakes and convincing me of the worthless nature of role-playing games. An enormous amount 

of gratitude goes to Adrian Harwood who shouldered the costly responsibility of being my 

surrogate supervisor in my final year -  I hope your grant recovers! The final month of lab work 

would not have been possible (well, actually it would, but sleeping in the LMCB is not very 

pleasant) without the kindness and hospitality of Robin Williams, Natalie Signoret and Karen Irwin. 

The last three years would not have been quite so pleasant without the constant support of Dr Jane 

Brock (and of course the MRC). Finally I must thank my mother for free board and lodgings 

throughout the writing of this thesis -  although I may have written-up faster on the dole, that is one 

hypothesis I’m glad I did not have to test.



Abstract
The Ras family of GTP-binding proteins has been implicated in the control of cellular growth, 

differentiation and motility. They are molecular switches which are active when bound to GTP and 

inactive when GDP-bound. Dictyostelium  cells express five different Ras family members. Ras 

activation is mediated by guanine nucleotide exchange factors (RasGEFs) which facilitate exchange 

the of GDP for GTP by Ras proteins. The identification and molecular genetic characterisation of 

novel Dictyostelium RasGEFs is the main subject of this thesis. The discovery of a physiological 

function for the Dictyostelium RasD protein is also described.

I have identified five partial cDNAs from the Tsukuba Dictyostelium cDNA project which have 

strong sequence homology to known RasGEFs. To inj^estigate the function of these proteins, 

Dictyostelium cells with single ge/gene disruptions were generated by homologous recombination. 

Four of the five mutants appeared to grow and develop normally but one mutant, gefB\ showed 

growth and developmental abnormalities. gefB' cells are unable to proliferate in axenic culture and 

are impaired in phagocytosis and fluid-phase endocytosis. Conversely, gefB' cells show an 

enhanced rate of migration, moving twice as fast as wild-type cells. The mutant cells have 

abnormal morphology; they are highly polarised, have many elongated microspikes and have an 

absence of pinocytic crowns on the cell surface. In addition, gefB' cells show a cell autonomous 

impairment in multicellular development. Although the phenotype of vegetative gefB' cells is 

similar to that of rasS' cells, it was not possible to show a direct interaction between RasS and 

GefB. However, GefB does exhibit the catalytic properties of a RasGEF in vivo, since it is able to 

complement the temperature sensitive cdc25-5 S.cerevisiae mutant.

The Dictyostelium  RasD protein is a small GTP-binding protein closely related to the 

mammalian Ras proteins Ha-, Ki- and N-Ras, and is maximally expressed during the multicellular 

stage of Dictyostelium  development. Previous work had predicted that RasD was essential for 

correct differentiation and pattern formation in Dictyostelium aggregates. To further investigate the 

function of RasD, Dictyostelium  cells containing a disrupted rasD  gene were generated by 

homologous recombination. Surprisingly, rasD' cells proliferate, aggregate and develop 

indistinguishably from wild-type cells. However rasD' slugs exhibit a clear defect in phototaxis and 

thermotaxis exhibiting an approximately thirty-fold decrease in the efficiency of orientation towards 

a light or heat source relative to wild-type slugs. RasD is the first signalling protein shown to be 

necessary for phototaxis in Dictyostelium slugs.
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1 Introduction

1.1 The Ras Superfamily of Small GTPases
Members of the Ras superfamily have been implicated in the regulation of a large number of 

eukaryotic cellular processes. These include cell proliferation and differentiation, vesicle and 

macromolecular transport and cell motility and polarity. These proteins have a low molecular 

weight (between 20 and 35kDa), bind guanine nucleotides with high affinity and hydrolyse bound 

GTP with a low catalytic rate. The superfamily can be classified by sequence homology into five 

subfamilies; Ras, Rho, Ran, Rab and Arf.

Ras: Mammalian Ras proteins were originally discovered in an activated form as oncogenic 

agents of certain murine tumour-inducing retroviruses (Ellis et al., 1981). The cellular homologues 

of Ras were subsequently found to play a fundamental role in the control of cellular proliferation 

and more recently, requirements for Ras in the control of differentiation and processes requiring 

cytoskeletal reorganisation have been demonstrated. The Ras subfamily consists of the closely 

related prototypic Ha-Ras, Ki-Ras and N-Ras; Rapl A and Rap IB; Rap 2 A and Rap2B; R-Ras, R- 

Ras2 and R-Ras 3; RalA and RalB; Rheb; Dex-Ras; Rin and Rit. The function of Ras signalling in 

the cellular slime mould Dictyostelium discoideum is the subject of this thesis and, therefore, a more 

detailed account of Ras will follow.

Rho: The Rho subfamily (Madaule and Axel, 1985) is further subdivided into groups. The Rho, 

Rac and Cdc42 protein families are the best characterised and have been shown to control 

phagocytosis, cell motility, adhesion and polarity through modulation of the actin cytoskeleton. 

Roles for these proteins in transcriptional activation and cellular transformation have also been 

described (Hall, 1998).

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

1999). GTP-bound Rab proteins can induce the fusion of vesicles with their target membranes. 

Individual Rab proteins have been assigned to specific vesicle trafficking events e.g. Rab5 is 

required for the docking and fusion of endocytic vesicles with early endosomes (Bucci et al., 1992).

R an: Ran proteins are predominantly found in the nucleus, unlike the other Ras superfamily 

members, which are cytoplasmic. They have been shown to regulate macromolecular traffic into
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and out of the nucleus (Moore, 1998). Underlying this regulation is the ability of Ran to assemble 

and disassemble nuclear transport complexes in response to its nucleotide state. This GTPase has 

also been implicated in the regulation of microtubule dynamics during mitosis (Kalab et al., 1999). 

Ran proteins do not undergo post-translational lipid modifications, unlike other small GTPases.

Arf; The Arf subfamily is the most distantly related of all the Ras subfamily GTPases. The 

proteins share sequence and structural homology with other Ras superfamily members but also with 

the a-subunits of heterotrimeric G-proteins. Arf proteins are required for the formation of 

intracellular transport vesicles and are therefore 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; 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) (Kahn, 1995).

1.2 Structure and Biochemical Properties of Ras Proteins

1.2.1 Biochemical Properties

Ras proteins bind guanine nucleotides with high affinity (Kj values are between 10 “ and lO'^M). 

Since the cytosolic concentrations of GDP and GTP are considerably higher than these dissociation 

constants (lO'^M for GDP and lO '̂ M for GTP), Ras proteins are predominantly found bound to 

guanine nucleotides in vivo (Bourne et al., 1991). A class of proteins can catalyse the replacement 

of GDP with GTP. These Guanine-nucleotide Exchange Factors (GEFs) bind to the GTPase and 

stimulate nucleotide dissociation (Boguski and McCormick, 1993). The resultant nucleotide-free 

Ras can form a stable complex with the GEF. The complex is disrupted by the subsequent 

association of guanine nucleotide with the Ras protein; the differential cytosolic concentrations of 

GTP and GDP favour GTP-Ras association (Lai et al., 1993). The GTP-bound form of Ras is 

considered the biologically active form. It can interact with and stimulate the activity of various
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“effector” molecules that include protein kinases, lipid kinases and GEFs for other small GTPases. 

The period of activation is limited by the intrinsic GTPase activity of Ras which removes the y- 

phosphate of GTP, causing the molecule to revert to the inactive, GDP-bound conformation 

(Barbacid, 1987). The GTP hydrolysis rate varies between Ras proteins, but it is usually slow 

(kcat.GTP< 0.03 m in ‘) (Bourne et al., 1991). This GTP hydrolysis can be stimulated by the auction of 

GTPase Activating Proteins (GAPs). Studies of Rho family GTPases have revealed a third 

mechanism of GTPase regulation. Guanine-nucleotide Dissociation Inhibitors (GDIs) are proteins 

that block the dissociation of nucleotide from small these GTPases (Fukumoto et al., 1990; Mackay 

and Hall, 1998). The mechanism of action is poorly understood and a GDI for Ras has not yet been 

identified.

The ability of Ras proteins to cycle between a GTP-bound active state and a GDP-bound 

inactive state has resulted in them being likened to a “molecular switch” (Bourne et al.. 1990). 

Several other biological processes employ this GDP-GTP switch mechanism. For example, 

heterotrimeric G-proteins are associated with many transmembrane hormone and photo-receptors 

and are responsible for transduction of signals from these receptors, upon receptor activatioo (Neer, 

1995). The a-subunits of these apy-trimers bind guanine nucleotide, and the interaction off the G- 

protein with an activated receptor results in replacement of GDP with GTP. With GDP boximd, the 

a-subunit is associated with the (3y-dimer. With GTP bound, the a-subunit and the Py-dimer 

separate and interact with downstream effector molecules. The intrinsic GTPase activity off the a- 

subunit limits the period of activation of the G-protein. Another example is the GDP-GTP switch 

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

molecules with ribosomes during protein synthesis (Thompson, 1988; Thompson et al., 1986). Only 

with GTP bound, are EF-Tu molecules able to bind the aminoacyl-tRNA. When an EF-Tu-GTP- 

tRNA complex forms the aminoacyl-tRNA is brought to the mRNA in the ribosome where the 

anticodon can associate with the mRNA codon. The association of EF-Tu with the ribosome 

triggers GTP hydrolysis. The speed of GTP hydrolysis is slow, allowing a kinetic proof-reading step 

to take place -  any mismatched anticodons and codons will usually dissociate before hydrolysis is 

complete thus rejecting the incorrect aminoacyl-tRNA. Tubulin is also a GTPase; aP  tubulin 

dimers polymerise to form microtubules when P-tubulin is GTP-bound. GTP hydrolysis is
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promoted by inter-dimer interactions within the microtubule. GDP-bound aP  tubulin dimers then 

dissociate resulting in depolymerisation of microtubules (Mitchison and Kirschner, 1984).

1.2.2 The Structure of Ras

A highly refined, 1.35Â resolution crystal structure of Ras bound to the non-hydrolysable GTP 

analogue GppNp was obtained in 1990 (Pai et al., 1990). Ras comprises a single globular domain 

consisting of a central six stranded, P-sheet and five associated a-helices. The guanine nucleotide 

is bound by three motifs ‘°GXGXXGKS/T, *'^NKXD and (where X is any amino acid and

the residue number is prefixed) which are found in the vast majority of guanine nucleotide binding 

proteins (see Figure 1.1). The '°GXGXXGKS/T motif forms a tight loop that binds to the 

phosphate groups of GTP. The main chain NH groups of this region plus the side chains of S17 and 

K16 are hydrogen bond donors to the oxygen atoms of the GTP phosphate groups and to the Mg^^ 

ion which co-ordinates between the p and y phosphate groups of GTP. Previous mutagenesis 

studies had identified two regions important for Ras signalling: Switch-I (residues 32-40) and 

Switch-II (residues 57-73) (Moodie et al., 1995; Sigal et al., 1986)(see Figure 1.1). The crystal 

structure and NMR studies suggest that these regions change conformation in response to changes 

in the bound nucleotide (Milbum et al., 1990).

1.2.3 Mechanism of GTP Hydrolysis

The crystal structure has suggested a possible mechanism for the intrinsic GTPase activity of 

Ras. In the crystal, the side chain of Q61 hydrogen bonds with the side chain of E63 and a water 

molecule which is adjacent to the phosphorus atom of the y-phosphate of GTP. In this model the 

water molecule performs an in-line nucleophilic attack on the y-phosphate. Q61 and E63 combine 

to abstract a proton from the water molecule and stabilise the developing charge on the leaving 

phosphate group catalysing the reaction. In support of this model, the E63 residue is absolutely 

conserved in all Ras proteins and the Q61 is conserved in every Ras protein except Rapl, which has 

T61. Rapl has a slower intrinsic rate of GTP hydrolysis and if T61 in Rap is mutated to Q61 it 

increases the hydrolytic rate of Rap to that of Ras (Freeh et al., 1990). Mutation of Q61 to E61 

increases the rate of intrinsic GTP hydrolysis 20-fold whereas mutation to any other residue 

drastically reduces the GTPase rate constant of Ras (Der et al., 1986; Freeh et al., 1994).
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Figure 1.1 Alignment of human Ha-Ras and Dictyostelium Ras protein sequences 
Dashes indicate amino acid residues identical to Ha-Ras and gaps have been inserted to 
optimise the aligment. The red boxes identify the highly conserved residues required for 
guanine nucleotide binding whilst the the black box indicates the CAAX motif required for 
post-translational prénylation. The switch-I and switch-II regions are indicated by * and + 
respectively.
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1.2.4 Mechanism of GEF Action

The crystal structure of Ha-Ras complexed with the catalytic domain of the exchange factor, Sos 

(Son of Sevenless), has suggested an obvious mechanism of nucleotide exchange (Boriack-Sjodin et 

al., 1998), The structure of the Ras-Sos complex confirms biochemical and genetic data that 

suggested that GEFs interact with the same region of Ras as do effectors (Quilliam et al., 1996). 

Sos disrupts the tight interaction of GTP and Ras in two ways. Firstly, the insertion into Ras of an 

alpha-helix from Sos results in the displacement of the Switch-I region of Ras, opening up the 

nucleotide binding site. Secondly, side chains presented by this helix and by a GEF-induced 

distorted conformation of the Switch-II region of Ras alter the chemical environment of the 

nucleotide binding site, destabilising the co-ordination of the phosphate groups of the nucleotide 

and the Mg^^ ion so that their binding is no longer favoured. Sos does not impede the binding sites 

for the base and the ribose of GTP or GDP, so the Ras-Sos complex adopts a structure that allows 

nucleotide release and rebinding. It seems feasible that GTP can enter and compete for the residues 

required for co-ordinating the Mĝ "̂  ion and y-phosphate group, resulting in GEF displacement.

1.2.5 Mechanism of GAP Action

The crystal structures of p i 20 RasGAP alone and in complex with Rapl-GTP and subsequently 

of p l20 RasGAP in complex with Ras-GDP and AIF^' have been solved (Scheffzek et al., 1996; 

Scheffzek et al., 1997). AIF^' was included in the Ras/RasGAP complex because it is presumed to 

be structurally similar to a hydrolysed y-phosphate thus mimicking the transition-state of the 

reaction. These structures have suggested a mechanism whereby GTPase Activating Proteins 

(GAPs) stimulate GTP hydrolysis by Ras. An arginine side chain (R789) of RasGAP is supplied 

into the phosphate binding pocket of Ras forming salt bridges with the conserved, negatively 

charged residues in the Ras Switch-I region and acts to neutralize developing negative charges in 

the transition state of the phosphoryl transfer reaction. The Switch-II region of Ras is stabilized by 

GAP, positioning Q61 of Ras to participate in catalysis more effectively. The interaction with Q61 

in Ras is supported by data from mutational studies where mutation of Q61 to any other amino acid 

prevents GAP activity on Ras (Gales et al., 1988; Vogel et al., 1988).
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1.2.6 Dominant Alleles of Ras

Mutational studies and analysis of naturally occurring, oncogenic forms of Ras have revealed 

activating and inhibitory mutations (Bos et al., 1987; Feig et al., 1987). Amino acid substitutions at 

position 12 and 61 create constitutively active Ras proteins which are unable to hydrolyse GTP, 

whilst the mutation of S17 to N17 produces a protein with dominant inhibitory characteristics in 

vivo (Feig and Cooper, 1988; Jung et al., 1994; Krengel et al., 1990; Sigal et al., 1986). The various 

Ras crystal structures provide explanations for these phenomena. It is clear that Q61 is essential 

both for the intrinsic GTPase activity of Ras and that catalysed by GAP. Although G12 is not 

directly involved in catalysis, it is within one Van Der Waals distance of Q61 and even its mutation 

to A 12 would disturb the arrangements of residues required for correct positioning of Q61 in 

catalysis. In fact mutation of the residues adjacent to G 12 has a similar, activating affect. As 

previously mentioned S17 is involved in co-ordination of the (3 and y phosphate groups of GTP and 

N17 Ras mutants have a very low affinity for nucleotide. The N17 Ras can bind RasGEFs with 

extremely high affinity since the GEF is not displaced by nucleotide following GDP release (Jung et 

al., 1994). These unproductive Ras/GEF complexes sequester RasGEFs preventing activation of 

normal cellular Ras, and thus have a dominant inhibitory effect on Ras signalling.

1.2.7 Effector Binding

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

the Switch-I domain of Ras has important implications for downstream signalling. When Ras is

GTP-bound, the residues 32-40, contained within the Switch-I 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 (Barbacid, 1987). Confirmation that

these amino acids bind effectors came with the resolution of the crystal structure of Rapl

complexed with the Ras-binding domain of Rafl (Nassar et al., 1995). The sequence of the effector

loop is highly conserved in all Ras family proteins (see Figure 1.1) 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 and specific mutations in the

Switch-I domain can prevent the activation of some of these downstream effectors, whilst leaving
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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 (Joneson et al., 1996; Rodriguez- 

Viciana et al,, 1997),

1.2.8 Post-Translational Modification

Ras superfamily proteins, with the exception of Ran, Arf, Rin and Rit are post-translationally 

modified by the addition of one or more lipid moieties to their carboxy termini (Hancock et al,, 

1989), These lipids partition into lipid bilayers allowing association of the proteins with cellular 

membranes. For Ras subfamily proteins this interaction is ultimately with the cytosolic face of the 

plasma membrane. The importance of the post-translational lipid modification has been 

demonstrated by expression of mutant Ras proteins that cannot be modified. These proteins are 

localised to the cytosol and have no detectable in vivo biological activity (Willumsen et al,, 1984),

The initial lipid modification is directed by a consensus sequence at the extreme carboxy 

terminal of Ras proteins. This sequence is CAAX, where C is cysteine, A is an aliphatic amino acid 

and X is usually methionine, serine or leucine (see Figure 1.1), The sequence is recognised by a 

cytosolic prenyl transferase that covalently adds a prenoid lipid moiety to the cysteine residue of the 

sequence. Lipid addition is followed by proteolytic cleavage of the terminal three amino acids and 

carboxymethylation of the, now terminal, cysteine (Hancock et al,, 1991a), CAAX farnesyl 

transferase adds a farnesyl moiety to the cysteine residue of the CAAX motif (Seabra et al,, 1995a), 

It recognises CAAX sequences where the terminal X residue is methionine, as found in K-Ras and 

N-Ras, and with reduced affinity, sequences that end in serine, such as H-Ras, CAAX 

geranylgeranyl transferase is responsible for the addition of a geranylgeranyl moiety to CAAX 

sequences ending in leucine (Seabra et al,, 1995b), Geranylgeranylated Ras proteins bind with 

higher avidity to biological membranes than the Ras proteins modified with the shorter farnesyl 

moiety although the functional significance of this is not yet clear (Hancock et al,, 1991b),

Targeting of Ras to the plasma membrane is not direct; proteins are trafficked via the 

endomembrane system, where the proteins first become membrane associated (Choy et al,, 1999), 

Prenylated CAAX sequences are required for targeting to the endomembrane system but these are 

not sufficient for plasma membrane targeting of Ras, A second targeting signal is required at the 

carboxy terminus of the protein (Hancock et al,, 1991b), In Ha-Ras and N-Ras, this comprises two
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palmitoylated cysteine residues at positions 181 and 184. These palmitoyl lipids are added by a 

palmitoyltransferase that only recognises Ras proteins that have first been prenylated and 

carboxymethylated (Liu et al., 1996). The palmitoyl moieties can be removed by a palmitoyl 

thioesterase (Camp and Hofmann, 1993) and cycles of acylation/deacylation have been shown in 

vivo although the functional significance of this is not yet clear (Magee et al., 1987). Human Ki- 

Ras lacks the additional cysteine residues and is not palmitoylated (Hancock et al., 1989). Instead, 

a series of lysine residues at the carboxy terminus of the protein are sufficient for interaction with 

the plasma membrane, possibly via an electrostatic interaction between the positively charged 

lysines and the negatively charged head groups of membrane phospholipids (Hancock et al., 

1991b). A recent study has demonstrated that palmitoylation and poly basic domains do not simply 

promote plasma membrane association, but are necessary for the trafficking of Ras out of the 

endomembrane system (Choy et al., 1999).

1.3 The Biological function of Ras
The Ha-ras and Ki-ras genes were first identified as the oncogenes carried by the Harvey and 

Kirsten murine retroviruses (Shih et al., 1979). After these initial studies, it became clear that the 

viral ras genes are normal cellular genes carrying activating mutations (Ellis et al., 1981). The 

closely related N-ras was cloned soon afterwards (Taparowsky et al., 1983). The vast majority of 

the work on mammalian Ras function has centred around understanding the functions of the 

prototypic Ha-Ras, Ki-Ras and N-Ras. They share many of the same biological properties and it is 

these properties that will be discussed in this section. The biological functions of the other 

members of the Ras subfamily are poorly understood and what is known is briefly summarised at 

the end of this section.

Much of the work on Ras has been aimed at an understanding of its proliferation control 

function. However, the morphological changes associated with Ras cellular transformation also 

implicate Ras in the control of cell motility, polarity and morphology. Moreover, Ras signalling 

pathways are found in all 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, 

1998), cytoskeletal rearrangements and pinocytosis (Bar-Sagi and Feramisco, 1986), cytokinesis
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(Tuxworth et al., 1997), chemotaxis (Insall et al., 1996) and yeast pheromone signalling (Fukui et 

al., 1986).

1.3.1 Cellular Transformation and Proliferation

Transformation of cells is broadly defined by the ability to grow in the absence of serum and 

substratum anchorage, combined with a loss of contact inhibition of proliferation. Viral ras (v-ras) 

genes are capable of transforming immortalised cell lines directly and produce aggressive, highly 

metastatic tumours (Partin et al., 1988). The ability of Ras proteins to transform cell lines was 

directly demonstrated by microinjection studies using purified, recombinant Ras proteins in the 

mid-1980s (Feramisco et al., 1984; Stacey and Kung, 1984). Microinjection of viral Ras protein 

caused rapid morphological changes including rounding of the cells, membrane ruffling and 

blebbing and also stimulated cell proliferation. Microinjection of normal cellular Ras proteins 

failed to produce these effects. The viral Ras protein was only able to transform immortalised cell 

lines and not primary cells. This observation supported the theory of oncogene co-operation in 

transformation (Land et al., 1983). In fact, activated Ras proteins have been shown to induce 

senescence and not proliferation in primary cell cultures (Lloyd, 1998; Ridley et al., 1988; Serrano 

et al., 1997).

A role for cellular Ras proteins in the control of cell proliferation was demonstrated by 

microinjection of the anti-Ras Y13-259 blocking antibody into untransformed cells. Serum induced 

proliferation was blocked by the antibody (Mulcahy et al., 1985). Microinjection of a dominant 

negative Ras protein has a similar effect (Feig and Cooper, 1988). A similar proliferation block can 

be seen in whole organisms. Mouse embryos at the two cell stage are prevented from further 

development by the microinjection of dominant negative Ras expression constructs (Yamauchi et 

al., 1994). Early Xenopus development is also blocked by inhibiting Ras function. Injection of the 

anti-Ras Y 13-259 blocking antibody prevents the rapid cleavage events that occur immediately after 

fertilisation of the oocyte (Miron et al., 1990). The budding yeast Saccharomyces cerevisiae also 

illustrates a role for Ras in control of proliferation. It has two RAS genes (DeFeo-Jones et al., 1983; 

Powers et al., 1984), RASl and RAS2 that share extensive homology with their mammalian 

counterparts although have extended C-termini. They are redundant such that either can be 

disrupted without any obvious effect. However, the RAS1/RAS2 double null mutant is incapable of
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proliferation or spore germination (Kataoka et al., 1985; Tatchell et al., 1984). Although human 

Ha-Ras is capable of substituting for the yeast Ras proteins (Kataoka et al., 1985), the signalling 

pathways downstream of Ras differ; adenylate cyclase is the direct target of the Ras Ip and Ras2p 

proteins (Toda et al., 1985) but it is not an effector of Ras in mammalian cells.

Changes in cell morphology seen during transformation by v-ras have not been demonstrated to 

be due directly to the mutated Ras protein as opposed to an indirect consequence of the 

transformation process. However, a direct morphological response to Ras in untransformed cells 

has been demonstrated by microinjection of either normal Ras or oncogenic viral Ras protein. 

Rapid morphological changes, including ruffling of the cell cortex and an increase in pinocytosis 

were observed, even in the presence of cycloheximide which prevents de novo protein synthesis 

(Bar-Sagi and Feramisco, 1986). The morphological effects of Ras are thought to mediated by Rho 

subfamily GTPases (Ridley et al., 1992) and the pinocytotic changes by GTPases of the Rab 

subfamily (Li et al., 1997).

1.3.2 Differentiation

A role for Ras in control of differentiation and cell fate specification has been identified in 

several systems. PC12 cells can differentiate in culture in response to neural growth factor (NGF) 

and adopt a morphology resembling that of sympathetic neurones. Microinjection of viral Ras 

induces differentiation in the absence of NGF (Bar-Sagi and Feramisco, 1985) whereas addition of 

the anti-Ras antibody, Y 13-259, inhibits NGF induced differentiation (Hagag et al., 1986). More 

recently, the Ras subfamily GTPase, Rapl has been implicated in the differentiation of PC I2 cells 

and it now appears that Rap and Ras regulate different aspects of the response to NGF (York et al., 

1998). Genetic evidence from D.melanogaster and C.elegans suggests Ras functions downstream 

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

the ommatidia of the D.melanogaster compound eye involves Ras (Fortini et al., 1992). Loss of 

function Ras mutations prevent differentiation of R7 cells whereas activating Ras mutations cause 

all photoreceptors to differentiate into R7 cells. Similarly, in C.elegans the Ras protein, Let-60, is 

required for Vulval induction (Han and Sternberg, 1990). Activated Ras induces the formation of 

multiple vulvae, whereas worms carrying partial loss of function Ras alleles have no vulvae at all 

(Beitel et al., 1990). Early patterning of the D.melanogaster embryo also requires Ras.

21



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). A role for Ras in the differentiation response of S.cerevisiae was demonstrated by 

expression of an activated Ras mutant which blocked sporulation in response to starvation (Kataoka 

et al., 1984).

1.3.3 Cell Motility and Chemotaxis

Cells transfected with v-ras  exhibit increased chemotactic and chemokinetic responses 

suggesting a role for Ras in cell migration (Ochieng et al., 1991; Varani et al., 1986). Direct 

evidence for an effect of Ras on cell motility was provided using wound healing assays. An 

important aspect of the wound healing response is an increase in the motility of fibroblasts and 

endothelial cells that enables rapid closure of the wound. Dominant active Ras was shown to 

increase the motility of primary endothelial cells in this assay and also to increase the randomness 

of movement, as if the controls that allow the cells to migrate in a co-ordinated manner in the 

wound had been disrupted (Sosnowski et al., 1993). Conversely, cells injected with the anti-Ras 

Y 13-259 blocking antibody were almost completely immobile. More specifically, Ras has been 

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

fibroblasts transfected with constructs expressing dominant negative Ras displayed impaired 

chemotaxis towards PDGF, although their general cell motility appeared normal (Kundra et al., 

1995). The chemoattractants C5a, FMLP and interleukin- 8  activate Ras in neutrophils (Buhl et al., 

1994; Knall et al., 1996; Worthen et al., 1994; Zheng et al., 1997) although a direct role for Ras in 

control of chemotaxis has not been demonstrated. Dictyostelium cells lacking the putative RasGEF, 

Aimless, show a defective chemotactic response to cAMP (Insall et al., 1996).

1.3.4 Other Functions for Ras

Genetic analysis of Ras function in mice has not confirmed the expected roles of Ras proteins in 

proliferation and differentiation. Mice with a disrupted N-ras gene develop entirely normally and 

are fully fertile (Umanoff et al., 1995). Two Ki-ras null mice strains have been generated 

independently and have shown Ki-ras to be an essential gene, with mice dying between embryonic 

days 12 and 15. One mutant has defects in the generation of cells in the haematopoietic lineage
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(Johnson et al., 1997) whilst the other displays impaired cardiac muscle development and 

widespread neuronal apoptosis (Koera et al., 1997). N-ras!Ki-ras double null mice display more 

severe phenotypes than the single mutants (Johnson et al., 1997) suggesting at least partial overlap 

of function. The phenotype of an Ha-ras null mouse has not been published but the phenotype is 

reported to be outwardly wild-type (Johnson et al., 1997). The potential role for Ras in control of 

apoptosis identified in Ki-ras null mice has also been demonstrated in cell culture experiments. 

Withdrawal of serum from Ki-Ras transformed thyroid cells induces apoptotic cell death (Di Jeso et 

al., 1995). It has subsequently been demonstrated that Ha-Ras can induce or inhibit apoptosis in 

cultured fibroblasts depending on which effector it activates (Kauffmann-Zeh et al., 1997).

The fission yeast Schizosaccharomyces pombe has a single ra s  gene which shares greater 

homology with its counterparts in higher eukaryotes than do the two S.cerevisiae genes (Fukui and 

Kaziro, 1985). Fission yeast cells lacking Ras Ip can proliferate normally but exhibit a defective 

mating response and a rounded morphology (Fukui et al., 1986). In the mating response, Ras Ip is 

required for the activation of a MAP kinase cascade which stimulates the transcriptional activation 

of mating genes (Herskowitz, 1995; Hughes, 1995; Nielsen et al., 1992). Ras Ip controls cellular 

morphology through the Scdl protein, which encodes a putative exchange factor for the Rho family 

GTPase Cdc42p. The interaction between Ras Ip and Scdlp is direct (Chang et al., 1994). 

Although a similar interaction has been reported in S.cerevisiae, where the Ras-related protein Budl 

is a direct activator of the Scdl homologue, Cdc24 (Park et al., 1997), no such interaction has been 

found in mammalian cells. The ability of Ras to activate MAP kinases is an activity shared by Ras 

in most eukaryotes and will be discussed below.

1.3.5 O ther M embers of the Ras Subfamily

Activated mutants of R-Ras and R-Ras2 can both induce transformation in some cells (Cox et 

al., 1994; Graham et al., 1994). An activated mutant of R-Ras3 has a similar effect on cellular 

transformation and differentiation to Ha-Ras (Quilliam et al., 1999). R-Ras also plays a role in 

control of apoptosis and can associate with the anti-apoptotic protein Bcl-2 (Femandez-Sarabia and 

Bischoff, 1993; Suzuki et al., 1997; Wang et al., 1995). Overexpression of Rapl A can cause 

cellular transformation in systems in which cAMP stimulates cell proliferation (Altschuler and 

Ribeiro-Neto, 1998) but more typically acts as an antagonist of Ras signalling by forming
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nonproductive complexes with Ras effectors (Kitayama et al., 1989; Wittinghofer and Nassar, 

1996; Zhang et al., 1990). Rheb can similarly inhibit Ras-induced transformation (Clark et al.,

1997) but both Rheb and Rapl A may have other physiological functions, for example Rapl A 

contributes to the differentiation of PC I2 cells into neurites via activation of B-Raf and has been 

linked to superoxide generation in phagocytes (Bokoch et al., 1991; Vossler et al., 1997). Most 

recently, a function for Rapl in regulating normal morphogenesis in the D.melanogaster eye disk, 

the ovary and the embryo has been found (Asha et al., 1999). Expression of dominant mutants of 

Ral in D.melanogaster results in defects in the cell shape changes required for particular 

morphogenetic movements (Sawamoto et al., 1999). Ral has been shown to act downstream of Ras 

in a pathway regulating phospholipase D activity (Luo et al., 1998). The neuronally specific Rin 

and Rit both lack CAAX motifs and Rin binds calmodulin through a C-terminal binding motif (Lee 

et al., 1996). The gene for Dex-Ras 1 is induced by dexamethasone in AT-20 cells (Kemppainen 

and Behrend, 1998).

1.4 Ras Signalling Pathways

1.4.1 Activation of Ras

1.4.1.1 Cdc25, the Prototypic RasGEF

The first RasGEF to be identified was Cdc25 of S.cerevisiae. Initial genetic evidence suggested

it was a component of the Ras/adenylate cyclase pathway and likely to act as an activator of Ras

(Broek et al., 1987; Robinson et al., 1987). It was subsequently demonstrated to be an exchange

factor for Ras in vitro (Jones et al., 1991). Cdc25 has since become the prototypic member of the

RasGEF family and the temperature sensitive cdc25-5 strain, which suffers a growth arrest at the

non-permissive temperature, has been used for the cloning of novel RasGEFs from other species

(Goldberg et al., 1993; Martegani et al., 1992). The cdc25-5 strain is also commonly used to

determine if a putative GEF has RasGEF activity in vivo (Coccetti et al., 1995; Liu et al., 1993).

Cdc25 is a large protein (1589 amino acids) but the minimal domain required for exchange

factor activity is a region of approximately 450 amino acids near the C-terminus of the protein (Lai

et al., 1993). This domain is highly conserved in RasGEFs from other species and consists of two

distinct regions of homology: one of approximately 200 amino acids, the Cdc25 box, found in both
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Ras-specific exchange factors and the more distantly related Bud5 and Ltel proteins; the other, a 

smaller segment of 48 amino acids found only in the Ras-specific exchange factors, called a REM 

(Ras Exchange Motif) box (Lai et al., 1993). Cdc25 also contains a SH3 domain near the N- 

terminus of the protein which has been shown to bind the C-terminal catalytic region of adenylate 

cyclase (Mintzer and Field, 1999). Cdc25 is localised to cell membranes and residues 1441-1552 

are required for this association (Garreau et al., 1996). Cdc25 can be 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. Phosphorylation of Cdc25 stimulates the release 

of the GEE from the plasma membrane reducing its accessibility to membrane-bound Ras (Gross et 

al., 1992).

1.4.1.2 Tyrosine Kinase Receptors and the RasGEF Sos

The best characterised mechanism of Ras activation is that mediated by tyrosine kinase growth 

factor receptors (RTKs) via the Son of Sevenless (Sos) family of RasGEFs. Activation of RTKs by 

their agonists promotes receptor dimérisation, allowing trans-autophosphorylation of the 

cytoplasmic domains (Ullrich and Schlessinger, 1990). The resultant phosphotyrosine residues act 

as binding sites for the Src homology 2 (SH2) domains of a number of signalling molecules. 

Studies of the EGF (epidermal growth factor) and PDGF (platelet derived growth factor) receptors, 

have identified p i20 RasGAP, p85 regulatory subunits of class 1̂  phosphatidylinositide 3-kinases 

(PI 3-kinases), phospholipase Gy, kinases of the Src family and the adapter molecule Grb2 as 

among the many interacting proteins (Fantl et al., 1992).

A requirement for Grb2 and its homologues in the activation of Ras by RTKs has been firmly 

established. In addition to its SH2 domain, the Grb2 protein contains two Src homology 3 (SH3) 

domains, which are responsible for binding a proline-rich region on the RasGEF, Sos (Rozakis- 

Adcock et al., 1993). The homologues of Grb2 in D.melanogaster 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 D.melanogaster eye requires the receipt of an inductive signal by the 

Sevenless receptor, which is an RTK (Hafen et al., 1987; Tomlinson et al., 1987). In addition to 

Ras, Drk and Sos were identified in D.melanogaster screens for enhancers of a weak sev allele
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(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 specification in C.elegans also requires the activation of 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).

The N-terminal region of Sos contains a Dbl homology (DH) and a pleckstrin homology (PH) 

domain. The central region of Sos contains the RasGEF catalytic domain (Bonfini et al., 1992; Liu 

et al., 1993) whilst the proline rich, C-terminal region contains the binding sites for the SH3 

domains of the adapter molecule Grb2 and its homologues (Chardin et al., 1993). DH domains 

have been shown to act as GEFs for Rho family GTPases and are often associated with and 

regulated by PH domains, which have been shown to bind various phospholipids and the Py  

subunits of heterotrimeric G-proteins. The in vivo function of these domains has not yet been 

determined, however functional analysis of human Sos revealed that regulation of the GEF activity 

is mediated through both the N-terminal and C-terminal domains (Byrne et al., 1996; McCollam et 

al., 1995). Sos mutants lacking the N-terminal domains behave as potent dominant negative 

proteins in D.melanogaster (Karlovich et al., 1995). Overexpression of the PH domain of human 

Sos also has a pronounced dominant-negative effect on serum-induced activation of the Ras 

signalling pathway tissue culture cells (Chen et al., 1997). In addition, inhibition of human Sos 

RasGEF activity by binding of PI(4,5)P2 to the PH domain has been demonstrated (Jefferson et al.,

1998).

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

Sos allows recruitment of Sos to the plasma membrane as Grb2 binds phosphorylated tyrosine

residues on RTK cytoplasmic tails. This postulated role of Grb2 has led to its description as an

“adapter” protein. The membrane recruitment of Sos brings it into close proximity with 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 Downward, 1993) but become associated with growth factor receptors upon

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

inappropriately targeted to the plasma membrane by addition of either myristoylation or

farnesylation signals, Ras becomes activated constitutively (Aronheim et al., 1994) and this confers
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transforming potential to the Sos hybrid (Quilliam et al., 1994), However, there is convincing data 

conflicting with the proposed role of the Grb2/Drk/Sem-5 adapters in the recruitment model for Ras 

activation. A Sos fragment lacking the Drk binding site rescues the D.melanogaster Sos mutant to 

the same extent as the full length Sos protein and in Drk mutant flies, Sos membrane localisation in 

response to receptor activation is unaffected (Karlovich et al., 1995). Therefore, at present, the 

importance of Grb2 and its homologues in Ras activation by RTKs is uncertain.

1.4.1.3 Other Methods of Ras Activation

In addition to Sos, two other types of neuron-specific, mammalian RasGEFs have been 

identified; the closely related Ras-GRFl (Farnsworth et al., 1995) and Ras-GRF2 (Fam et al., 1997) 

proteins and RasGRP (Ebinu et al., 1998).

The C-terminal region of both RasGRFl and RasGRF2 contains the RasGEF domain whilst the 

N-terminal region contains two PH domains, a DH domain and an IQ-motif domain. The IQ-motif 

binds to the Ca^^ binding protein, calmodulin. RasGRF is activated by Ca^^ both in vivo and in vitro 

(Farnsworth et al., 1995). Structure/function analysis has demonstrated that the N-terminal region 

of RasGRF controls the activity of the catalytic domain and that calmodulin binding is required for 

activation (Baouz et al., 1997). Interestingly Ras-GRFl activates Ha-Ras, but not N-Ras or Ki-Ras 

proteins in vivo (Jones and Jackson, 1998). There is some evidence that RasGRFl mediates signals 

from G-protein coupled receptors rather than RTKs since both serum and lysophosphatidic acid 

(LPA)-induced Ras activation in RasGRF overexpressing cells can be completely inhibited by 

pertussis toxin (Zippel et al., 1996). In addition, experiments using rat brain explants suggest that 

Ras activation by muscarinic receptors requires Py-subunits of heterotrimeric G-proteins and 

phosphorylation of RasGRFl (Mattingly and Macara, 1996). Mice lacking Ras-GRFl are impaired 

in the process of memory consolidation. Electrophysiological measurements in the basolateral 

amygdala reveal that long-term plasticity is abnormal in mutant mice. In contrast, Ras-GRFl 

mutants do not reveal major deficits in spatial learning tasks. These results implicate Ras-GRFl- 

mediated Ras signaling in synaptic events leading to formation of long-term memories and is 

consistent with its localisation to synaptic junctions (Brambilla et al., 1997; Sturani et al., 1997). 

Membrane localisation of RasGRF has not been demonstrated to occur or to be necessary for its
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activation. If, as in the case with Sos, membrane recruitment is required, a possible mechanism is 

via binding of Py subunits of heterotrimeric G-proteins to either of the N-terminal PH domains.

RasGRP has a different domain structure to the RasGRF proteins. In addition to its central 

RasGEF domain, it contains two, Ca^^-binding, EF-hand motifs and a putative diacylglycerol 

(DAG) binding motif at the C-terminus. A DAG analogue caused sustained activation of GEF 

activity in vivo. This was associated with partitioning of RasGRP protein into the plasma 

membrane fraction. Sustained ligand-induced signaling and membrane partitioning were absent 

when the DAG-binding domain was deleted. RasGRP activated Ras and caused transformation in 

fibroblasts including MAP kinase activation and changes in cell morphology (Ebinu et al., 1998).

GEFs for other members of the Ras superfamily illustrate other possible methods of GEF 

activation. A family of mammalian RapGEFs has been identified which directly bind and are 

activated by cAMP (Kawasaki et al., 1998). The catalytic activity of mammalian RhoGEF, p i 15 

RhoGEF is modulated by heterotrimeric G-protein a-subunits. Activated G a ^  binds tightly to 

p i 15 RhoGEF and stimulates its capacity to catalyze nucleotide exchange on Rho proteins. In 

contrast, activated G a ,2 inhibited stimulation by GcXia (Hart et al., 1998; Kozasa et al., 1998). Thus, 

p i 15 RhoGEF can directly link heterotrimeric G-protein alpha subunits to activation of Rho 

proteins. In addition to modulation of GEF activity the, association with heterotrimeric G-protein 

a-subunits presumably recruits the RhoGEF to the plasma membrane and brings it into close 

proximity with its target. A similar mechanism may operate for PDZ-RhoGEF which also binds 

G a ,2 and G a ,3 (Fukuhara et al., 1999). The RacGEF, Vav, is activated by tyrosine phosphorylation 

by the Lck tyrosine kinase. This activation is inhibited by PI(4 ,5 )P2 and enhanced by PI(3 ,4 ,5 )P3, a 

product of PI 3-kinase (Han et al., 1998). These methods of GEF regulation may be employed by 

other, as yet undiscovered, RasGEFs.

Activation of Ras by modulation of pl20GAP activity has been suggested by a study of 

neutrophil chemotaxis. Upon stimulation of these cells by the chemotactic peptide FMLP, a rapid 

increase in GTP-bound Ras was observed, paralleled by a decrease in the levels of the GAP activity 

of pl20 RasGAP (Zheng et al., 1997). Inhibition of other candidate Ras activation pathways had no 

effect on the stimulation of Ras, suggesting FMLP may activate Ras via the inhibition of pl20GAP.
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Signalling by FMLP is mediated by heterotrimeric G-proteins in neutrophils, not tyrosine kinase 

receptors (RTKs). To date, GAP-mediated Ras activation by RTKs has not been described.

1.4.2 Ras Effectors

1.4.2.1 Raf and the MAP Kinase Cascade

The first bona fide  Ras effector to be identified was the product of the proto-oncogene, raf. Raf 

is a serine/threonine kinase of approximately 67kDa that binds directly to Ras. The first evidence 

that Raf was involved in Ras signalling came from studies of the oncogenic, viral Raf protein, v-raf 

was shown to be capable of inducing many of the same phenotypes as v-ras, including the 

differentiation of PC-12 cells and induction of Xenopus oocyte maturation. (Fabian et al., 1993; 

Wood et al., 1993). Additionally, Raf-1 was shown to be required for cell proliferation in response 

to mitogenic stimuli (Kolch et al., 1991). Genetic evidence from the development of the 

D.melanogaster eye placed Raf downstream of Ras (Dickson et al., 1992) as did genetic evidence 

from vulva development of C.elegans where the Raf homologue is encoded by the lin-45 gene (Han 

et al., 1993). Direct binding of GTP-bound Ras to Raf was first demonstrated using the yeast two- 

hybrid system, whereupon several reports simultaneously demonstrated the interaction by 

biochemical methods (Koide et al., 1993; Vojtek et al., 1993; Wame et al., 1993).

One important feature of the Ras/Raf interaction is the sub-cellular localisation of the two 

proteins. Raf is primarily cytosolic in quiescent cells whereas Ras is at the plasma membrane. A 

fundamental part of the activation of Raf by Ras is the recruitment of Raf to the plasma membrane. 

The importance of this was demonstrated by targeting Raf to the membrane by fusing a Ras CAAX 

motif to the C-terminus of the protein. This results in a constitutively active Raf protein (Leevers et 

al., 1994). However, membrane recruitment is not the sole requirement for Raf activation. 

Phosphorylation of Raf and binding to 14-3-3 family proteins are also required. In addition, Raf has 

been shown to dimerise in a Ras-dependent manner (Luo et al., 1996). However, the exact 

mechanism of Raf activation is far from clear.

Raf is at the head a highly conserved cascade of protein kinases, known as the MAP kinase 

pathway, that ultimately activate transcription factors regulating genes required for proliferation and 

differentiation. The cascade consists of three kinases that successively phosphorylate and activate
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the next. Starting at the bottom, a mitogen activated protein (MAP) kinase is phosphorylated by a 

MAP kinase kinase (MAPKK or MEK) which m turn is phosphorylated by a MEK kinase 

(MAPKKK or MEKK). The MAP kinase pathway has been conserved throughout evolution. In 

both budding and fission yeast the pathway mediates the pheromone response and is activated by 

Ras (Herskowitz, 1995). In D.melanogaster and C.elegans Ras activates a MAP kinase pathway 

that regulates the differentiation of the photoreceptors and the vulva respectively (Kayne and 

Sternberg, 1995; Wassarman et al., 1995). Multiple MAP kinase pathways are known to operate 

within individual cells (Schaeffer and Weber, 1999). In S.cerevisiae and mammalian systems five 

distinguishable MAPK cascades have been identified. The best characterised MAP kinase cascade 

is headed by Raf (a MEKK) which activates MEK and in turn the MAP kinases Erkl and Erk2. 

The Erks translocate from the cytosol to the nucleus when activated by phosphorylation whereupon 

they can phosphorylate and activate the transcription factor Elk-1, a member of the serum response 

factor family (Marais et al., 1993). The activation of this MAP kinase cascade by Ras results in 

transcription of immediate early response genes which are associated with entry into the cell cycle.

Recently the interaction of Ras signalling pathways with the cell cycle machinery has come 

under scrutiny. Activation of Ras and the MAP kinase pathway has been demonstrated to be 

essential for the induction of cyclin D by growth factors and for the phosphorylation of the 

retinoblastoma (Rb) protein that results from cyclin D induction. Cells from mice lacking Rb do 

not require Ras activity for cell cycle progression (Mittnacht et al., 1997; Peeper et al., 1997). The 

cyclin dependent kinase inhibitors (CDKIs) are also involved in the mediation of Ras signalling in 

the cell cycle. Based on the observations that activated Ras induces senescence rather than 

proliferation in primary cells (Ridley et al., 1988), many studies have been aimed at understanding 

how Ras induces the cell cycle arrest, and how this control is altered in immortalised cell lines. 

What is now clear is that activated Ras increases the levels of the CDKIs, p l 6 '^^\ pZl^''' and p27 

thus blocking the induction of cyclin D and causing a cell cycle arrest, although the exact 

interactions vary from cell type to cell type (Lloyd et al., 1997; Serrano et al., 1997). Also, 

emerging from these studies is the understanding that a common step in the cell immortalisation 

step is the deletion of CDKIs. For example the commonly used NIH3T3 cells have lost expression 

of p i 6  (Lloyd, 1998). This allows the cells to react to a signal from Ras (via the MAP kinase

cascade) by entering the cell cycle rather than arresting in G,.
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1.4.2.2 PI 3-Kinase and Downstream Lipid Signalling

The discovery that activated Raf could not elicit all the effects of Ras transformation suggested 

that Raf was not the only effector of Ras (Thorburn et al., 1994; White et al., 1995). The 

subsequent generation of Ras proteins with effector loop mutations has allowed the relative 

contributions of different downstream pathways to Ras-regulated processes to be assessed (Joneson 

et al., 1996). An activated Ha-Ras protein carrying an effector loop mutation allowing binding and 

activation of Raf but not PI 3-kinase or RalGDS is not able to transform NIH 3T3 cells. If this 

protein is expressed in combination with a Ras capable of activating only PI 3-kinase, cell 

transformation is effected (Rodriguez-Viciana et al., 1997). These studies illustrate how the co

operation of multiple downstream pathways is required for the full biological effects of Ras.

Ras binds directly to and activates the catalytic subunits of the Class-I family of 

phosphatidylinositide 3-kinase (PI 3-kinases) (Rodriguez-Viciana et al., 1994; Rodriguez-Viciana et 

al., 1996). PI 3-kinases phosphorylate phosphatidylinositol (PI) at the 3’ position of the inositol ring 

and can produce phosphatidylinositol 3-phosphate (PI(3)P), phosphatidylinositol 3, 4-bisphosphate 

(PI(3,4)Pj) and phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)-P]) (Vanhaesebroeck et al., 

1997). In resting cells PI(3 ,4 )P2 and PI(3,4,5)-Ps) are barely detectable. Upon stimulation of cells 

with a variety of ligands, their concentrations rise 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).

An important cellular target for the lipid products of PI 3-kinases is the PH domain. This 

domain is present in many signalling molecules and has been shown to bind 3-phosphorylated Pis. 

One such PH domain containing protein, and the best characterised downstream target of PI 3- 

kinase is protein kinase B (PKB). PKB binds PI(3 ,4 ,5 )P3 via its PH domain but this has no affect 

on the kinase activity. Instead, this interaction serves to recruit PKB to cellular membranes 

(Andjelkovic et al., 1997). For activation, PKB requires PI(3 ,4 ,5 )P3 binding plus phosphorylation 

on serine and/or threonine residues (Alessi and Cohen, 1998; Currie et al., 1999). This appears to 

be mediated by one kinase called phosphoinositide-dependent kinase 1 (PDKl) (Alessi et al., 1997; 

Balendran et al., 1999). PDKl also contains a PH domain and PDKl kinase activity is directly
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activated by binding PI(3 ,4 ,5 )P3 (Alessi et al., 1997). Hence PI 3-kinase activity results in PKB 

activation (Galetic et al., 1999; Stephens et al., 1998).

PKB activation is required for Ras-mediated inhibition of apoptosis in a number of cell lines 

(Kauffmann-Zeh et al., 1997; Khwaja et al., 1997). For example the loss of adherence of epithelial 

cells to the extracellular matrix results in anoikis (a form of apoptosis) but this can be prevented by 

Ras-induced activation of PI 3-kinase and PKB but not by a Ras-induced activation of Raf and the 

MAP kinase pathway (Khwaja et al., 1997). PKB promotes anti-apoptotic cell survival, at least in 

part, by stimulating the expression of cellular genes via the transcription factors CREB/CBP and 

NF-kB (Du and Montminy, 1998; Romashkova and Makarov, 1999) and inhibits pro-apoptotic gene 

expression by phosphorylation and subsequent nuclear exclusion of the forkhead/winged-helix 

family of transcription factors (Biggs et al., 1999; Brunet et al., 1999). PKB also phosphorylates 

and inactivates the pro-apoptotic proteins BAD (Datta et al., 1997). Another target of PKB is 

glycogen synthase kinase 3 (GSK3), a protein required for the insulin-mediated regulation of 

metabolism and also developmental patterning (van Weeren et al., 1998). Insulin stimulation of 

cells results in PKB-mediated phosphorylation and inhibition of GSK3, leading to an increase in 

glycogen and protein synthesis (Cross et al., 1995).

PDKl has other cellular targets in addition to PKB. The S6  kinase is directly phosphorylated 

and activated by PDKl and has been shown to be required for cell cycle progression from G1 to S 

phase (Lane et al., 1993). Protein kinase C (PKC) isoforms are also controlled by PI 3-kinase 

through direct activation by PDKl (Le Good et al., 1998). Interestingly, PKC is a negative 

regulator of PKB thus it seems that PDKl can both activate and indirectly inhibit PKB activity 

(Doornbos et al., 1999).

PI 3-kinase has also been implicated in mediating the cytoskeletal changes induced by activated 

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

(Rodriguez-Viciana et al., 1997). Conversely, activated PI 3-kinase and activated Ras mutants 

which specifically activate PI 3-kinase are potent stimulators of membrane ruffling (Rodriguez- 

Viciana et al., 1997). This effect can be blocked by dominant negative Rac proteins (Ridley et al.,

1992) and does not involve PKB (van Weering et al., 1998). There is evidence that binding of 

PI(3 ,4 ,5 )P3 to PH domain of the RacGEF, Vav, in synergy with the tyrosine phosphorylation of Vav

by the Lck kinase, results in a stimulation of Vav exchange activity on Rac (Han et al., 1998).
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There is also some evidence that the Sos RasGEF may directly activate Rac in response to PI 3- 

kinase via its Dbl homology domain (Nimnual et al., 1998). These data have implicated PI 3- 

kinase, operating via regulation of Rac, as a mediator of activated Ras-induced membrane ruffling. 

However, the increase in pinocytosis associated with expression of activated Ras, although blocked 

by inhibitors of PI 3-kinase is unaffected by dominant negative Rac proteins (Li et al., 1997). 

Instead, pinocytosis requires PKB and Rab5 activity (Barbieri et al., 1998; Li et al., 1997). It 

seems, therefore, that the control of these different cytoskeletal processes bifurcates after PI 3- 

kinase activation.

PI 3-kinase-y has recently been demonstrated to directly phosphorylate and activate MAP kinase 

in vivo (Bondeva et al., 1998). This provides another mechanism for Ras activation of MAP kinase.

1.4.2.3 RasGAPs

p i20 RasGAP was the first protein to be identified that interacted only with GTP-bound Ras 

(Trahey et al., 1988). The existence of a GTPase-activating activity in cells was apparent from 

work on the maturation of Xenopus oocytes. Dominant activated N-Ras but not wild-type N-Ras is 

capable of inducing oocyte maturation. The wild-type N-Ras protein was shown to be almost 

exclusively GDP-bound in oocyte extracts, despite the 10-fold excess of GTP over GDP. This was 

shown to be due to the action of a cytoplasmic protein that stimulated the GTP hydrolysis rate of 

wild-type Ras, promoting the switch to the GDP-bound form. Importantly, the protein (p i20 

RasGAP) was shown to be incapable of performing a similar function on dominant activated Ras, 

resulting in its permanent, activated, GTP-bound state (Trahey and McCormick, 1987). p i 20 

RasGAP was later shown by mutational analysis to bind to the Switch-I region of Ras in a similar 

manner to Ras effectors (Adari et al., 1988). To date, two other types of GAP protein have been 

identified in mammalian cells: neurofibromin (the product of the human tumour suppressor gene 

N Fl) (Martin et al., 1990) and the closely related, Gapl"* (Cullen et al., 1995) and Gapl' "̂̂ ® 

(Maekawa et al., 1994).

NF-1 and pl20 RasGAP will bind to and stimulate GTP hydrolysis on all of the mammalian Ras 

proteins including the more divergent R-Ras. They also bind Rapl but exhibit no RapGAP activity 

(Freeh et al., 1990; Hata et al., 1990). The N-terminal region of p l20 RasGAP contains 2 SH2 and 

SH3 domains plus a PH domain and a C2 phospholipid binding domain. The PH domain of pl20
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RasGAP is sufficient for in vitro binding to Py subunits of heterotrimeric G proteins (Xu et al.,

1996). The SH2 domains of pl20 RasGAP facilitate binding to activated tyrosine kinase receptors, 

and to the cytosolic proteins p i90 RhoGAP and p62dok although the biological significance of 

these interactions is not fully understood. Less information is known about the interactions o f NF-1 

with other signalling molecules. NF-1 interacts with tubulin (Gregory et al., 1993) and arachidonic 

acid inhibits its GAP activity (Han et al., 1991). Gapl"™ and Gapl̂ **"̂ ® contain inositol 1,3,4,5- 

tetrakisphosphate (Ins(l,3 ,4 ,5 )P4) binding domains. Gapl'*’'̂ ® shows GAP activity against both Rap 

and Ras proteins, and the RasGAP activity is inhibited by phospholipids and is specifically 

stimulated by Ins(l,3 ,4 ,5 )P4 .

Genetic analysis shows that both NF-1 and p i20 RasGAP are essential genes in mice. NF-1 

knock-out mice die during embryonic development due to cardiac defects and exhibit hyperplasia of 

the neural crest cells (Brannan et al., 1994). p l20 RasGAP deficient mice also die in utero with 

abnormal vasculature and increased neural apoptosis. Since Ki-ras null mice exhibit neural 

apoptosis, this may indicate an effector function for p i20 RasGAP. A loss of function mutation in 

the gene for D.melanogaster NF-1 does not cause any phenotype 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 size 

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

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

D.melanogaster p i20 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 partial overlap of function 

(The et al., 1997). However, overexpression of pl20 RasGAP in D.melanogaster wing imaginai 

discs downregulates signalling through receptor tyrosine kinases and inhibits wing growth 

(Feldmann et al., 1999). This is consistent with the attenuation of Ras activity mediated by the 

GAP activity of p i20 RasGAP.

There are several other indications that RasGAPs have a physiological function distinct from

their GAP activity. Activated Ras blocks the heterotrimeric G-protein coupled opening of

channels in atrial cells. This is dependent on p i20 RasGAP, in particular the N-terminal, non-

catalytic region (Martin et al., 1992; Yatani et al., 1990). pl20 RasGAP is required for activated

Ras-induced gene expression in cardiac myocytes (Abdellatif and Schneider, 1997). The N-
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terminus of RasGAP will induce cytoskeletal changes in cells when overexpressed (McGlade et al.,

1993). Transformation of fibroblasts by activated Ras, whose protein product is resistant to GTPase 

stimulation by N Fl, was inhibited in a cell line overexpressing N Fl, suggesting inhibition of Ras- 

dependent growth by a regulatory mechanism that is independent of NFl RasGAP activity (Johnson 

et al., 1994). G apl’̂ *̂® has been implicated in Ras-dependent modulation of Ca^^ mobilization by 

Ins(l,3 ,4 ,5 )P4 , suggesting it has a Ras effector function (Loomis-Husselbee et al., 1998).

1.4.2.4 Other Putative Ras effectors

Another family of Ras effectors comprises RalGDS and two related exchange factors which can 

activate the Ras family GTPases, RalA and RalB, in response to Ras activation (Kikuchi et al., 

1994; Urano et al., 1996). The function of Ral is unknown, although a role in the regulation of 

phospholipase D has been suggested (Jiang et al., 1995). Activated Ral interacts with a RacGAP 

domain-containing protein suggesting the existence of another effector pathway by which Ras can 

modulate the actin cytoskeleton (Feig et al., 1996).

In addition to Raf, two other serine-threonine kinases have been shown to interact specifically 

with Ras-GTP. PKCÇ,, whose function is not understood, has been shown to associate with Ras 

after PDGF stimulation and so may play a role in mitogenic stimulation (Diaz-Meco et al., 1991). 

Ras can also activate MEK kinase (MEKK) which lies at the head of the stress-activated protein 

kinase (SAP Kinase) pathway at the same level as Raf (Lange-Carter and Johnson, 1994). The SAP 

Kinase pathway is homologous to the MAP kinase pathway and involves a similar cascade of 

serine-threonine kinases that eventually activate transcription factors.

The N-terminal portion of AF-6 , a protein purified from bovine brain, forms part of a fusion 

protein caused by the t(6 : l l )  chromosome abnormality associated with some human leukemia. AF- 

6  is homologous to D.melanogaster Canoe, which is assumed to function downstream from Notch 

in a developmental signaling pathway. The N-terminal domains of AF- 6  and Canoe specifically 

interact with GTP-bound Ha-Ras via the Ras effector domain (Kuriyama et al., 1996).

The Nor el protein interacts with Ras in vitro in a GTP-dependent manner, and the interaction 

requires an intact Ras effector domain. Norel becomes associated with Ras in vivo following 

activation of the EGF receptor. It has no significant sequence similarity to known mammalian
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proteins and lacks an identifiable catalytic domain, but contains sequence motifs that predict a DAG 

binding site and SH3 domain binding (Vavvas et al., 1998).

One D.melanogaster and two C .elegans  screens for genetic suppressors of activated Ras, 

identified the same protein, KSR (Kornfeld et al., 1995; Sundaram and Han,' 1995; Therrien et al., 

1995). KSR is a kinase with similarities to conserved regions of Raf kinases, especially within the 

kinase domain. It appears to inhibit activation of MAP kinase by binding to its direct upstream 

activator, MEK, and preventing Raf-mediated MEK activation (Denouel-Galy et al., 1998).

Another putative effector of Ras was identified in a C.elegans screen for genetic modulators of 

activated Ras. This protein, Sur-8 , shares some homology with the Ras binding domain of 

S.cerevisiae adenylate cyclase and has homologues in other species including human, mouse and 

Dictyostelium (Sieburth et al., 1998). Sur- 8  binds to activated Ki-Ras and N-Ras but not Ha-Ras. It 

positively modulates Ras activity and binds to the effector region of Ras while epistasis experiments 

suggest it acts at, or above the level of Raf.

A screen for human proteins which can interfere with the Ras signal transduction pathway in the 

yeast S.cerevisiae identified another putative Ras effector, Rinl (Han and Colicelli, 1995; Han et 

al., 1997). Rinl interacts with GTP-bound Ha-Ras via the Ras effector domain but no biological 

function has yet been ascribed.

The most recently discovered putative Ras effector was detected in a yeast two-hybrid screen 

using the C.elegans Let-60 Ras homologue. The screen identified a cDNA encoding a 

phosphoinositide-specific phospholipase C (PI-PLC) with a predicted molecular mass of 210kDa, 

designated PLC210 (Shibatohge et al., 1998). PLC210 possesses two additional functional domains 

unseen in any known PI-PLCs. One is the C-terminal Ras-binding domain with structural 

homology to those of RalGDS and AF-6 . This domain associates with human Ha-Ras in a GTP- 

dependent manner in vitro. The other functional domain is an N-terminal Cdc25-like domain, 

which possesses structural homology to RasGEFs. No biological function has yet been ascribed.

1.5 The Biology of Dictyostelium discoideum
The following sections discuss the biology and experimental use of Dictyostelium discoideum, 

with specific emphasis placed upon areas relevant to my research.
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1.5.1 The Life Cycle of Dictyostelium discoideum

Although lacking vegetative hyphae it is clearly not a true fungus, Dictyostelium has been 

classified in the Kingdom Mycetae (Raper, 1984). The high A-T base content of the D.discoideum  

genome (approximately 85%) has made phylogenetic analysis difficult. Based on comparisons of 

the 18S rRNA, D.discoideum is predicted to have diverged from the eukaryotic evolutionary line to 

mammals prior to divergence of the yeasts (McCarroll et al., 1983). However, the A-T base content 

of the DNA encoding 18S rRNA is much higher than that of most other eukaryotes and may 

therefore not be a reliable measure with which to determine phylogeny. More recently, the protein 

sequences of several metabolic enzymes were compared with those of other eukaryotes. This 

analysis predicted that Dictyostelium diverged from the evolutionary line to mammals subsequent to 

the divergence of the yeasts but prior to that of the worm C.elegans (Loomis and Smith, 1995; 

Loomis and Smith, 1990).

Dictyostelium discoideum amoebae exist in the upper soil layers of forest floors. They are 

obligate phagocytes with bacteria as their preferred food. Vegetative amoebae are chemotactic 

towards the bacterial metabolite folate, which presumably allows them to locate their food. In a 

non-limiting nutritive environment D.discoideum cells proliferate with a doubling time of 

approximately 4h. Upon exhaustion of their food supply, the amoebae can adopt two different 

programmes of differentiation. An asexual programme of differentiation results 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 under favourable environmental conditions. At 

low cell densities, an alternative, sexual 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 the sexual and asexual differentiation processes 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 phagocytoses them. This cannibalistic behaviour allows the diploid
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to accumulate sufficient nutritional resources for macrocyst formation, dormancy and subsequent 

germination. The mechanisms regulating sexual chemotaxis, the development of sexual 

competency and the stimuli for macrocyst germination are poorly understood. It is not known to 

what extent the sexual cycle occurs in the wild.

The asexual developmental life cycle has been more extensively characterised. Cells at the 

prospective centre of an 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 synthesise 

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 brighter when visualised by dark field 

microscopy. This has allowed the cAMP waves and cell behaviour to be correlated. During the 

ascending phase of the cAMP wave, cells migrate towards the aggregation centre whereas during 

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. Cells within

a stream adhere tightly to one another in a head to tail fashion. After 8 h of starvation, the streaming

amoebae converge to form a loose aggregate containing essentially identical cells. The loose

aggregate gradually becomes more compact, forming the tight mound, by about lOh of starvation.

At this stage the cells begin their differentiation into distinct cell types. Two hours later, a tip forms

in the centre of the mound which extends further to form a structure called the first finger. By this

stage cells have differentiated into two classes: the prestalk cells and prespore cells, precursors of

the stalk and spore cells of the final fruiting body. 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 culminate to form fruiting bodies without going through this slug phase of

development. Two hours after pseudoplasmodium formation, the final differentiation 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
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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 remaining cells differentiate into a mass of spores as the stalk elevates 

them off the substrate, giving rise to a fully mature fruiting body approximately 24h after the onset 

of starvation.

1.5.2 D.discoideum as an Experimental System

During the last thirty years, the utility of Dictyostelium discoideum as an experimental model has 

developed profoundly. The first major development was the generation of axenic cell lines and the 

culture conditions allowing these to proliferate (Watts and Ashworth, 1970). Wild isolates of D. 

discoideum cannot grow in conventional liquid growth medium, since they have very little pinocytic 

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 used axenic strains are AX2 and AX3, which were derived 

independently by serial passage of the wild isolate NC4 (Loomis, 1971; Raper, 1935; Watts and 

Ashworth, 1970). These cell lines and their derivatives carry mutations allowing them to 

macropinocytose and consequently proliferate 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 addition of antibiotic to the culture 

medium (Nellen et al., 1984). Selection for transformants on bacterial lawns has also been achieved 

recently, but required extensive optimisation since the bacteria act as a sink for the antibiotics 

(Wetterauer et al., 1996). Subsequently, tagged mutagenesis screens (Kuspa and Loomis, 1992) and 

targeted 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

39



sexual crosses and the fact that NC4 and its axenic derivatives appear unable to form functional 

macrocysts has impaired the development of what mi^ht be a very useful technique. In the last few 

years, Dictyostelium research has been aided by the initiation of a number of sequencing projects. 

Two, which are approaching completion, have aimed to sequence entire cDNA libraries obtained 

from several stages of the life cycle (Morio et al., 1998). The other programmes are attempting to 

sequence the entire D.discoideum genome and are an international collaboration between the 

University of Cologne, Germany, the Institute of Molecular Biotechnology in Jena, Germany, the 

Baylor College of Medicine in Houston, USA, the Pasteur Institute in Paris, France, and the Sanger 

Centre in Hinxton, England. These resources have already considerably enhanced the experimental 

utility of the organism.

Arguably the most generally applicable area of Dictyostelium research has been the investigation 

of the organisation and function of the actin cytoskeleton. The organism is considered a good 

model system since its phagocytosis and motility resemble those of mammalian leukocytes, and it 

has become clear that the molecular events underlying these processes are conserved. Disruption of 

genes encoding specific actin-associated proteins has been very informative about the functions of 

these proteins and some of these proteins have been subsequently identified and assigned similar 

functions in higher eukaryotic cells (de Hostos et al., 1993; Niewohner et al., 1997). Another large 

focus of Dictyostelium research is the study of chemotaxis. The parallels between neutrophils and 

Dictyostelium are great. The cells have similar chemoattractant receptors, similar downstream 

effects in response to chemoattractant stimulation and very similar crawling motility (Devreotes and 

Zigmond, 1988)

1.5.3 Cell Behaviour During Early Development

As their food supply becomes exhausted, Dictyostelium amoebae initiate the expression of early

developmental markers, such as the, discoidin- 1  family of lectins 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 5/rm/min (Varnum et al., 1986). During the first 2h of starvation 

there is also an increase in the number of filopods and phagocytic cups visible on the cell surface 

correlating with an approximately four fold increase in the phagocytic rate (De Chastellier and 

Ryter, 1977). From 2h of starvation onwards, the expression of cARl, cAMP phosphodiesterase

40



and adenylate cyclase begins and after 3.5h, cells begin to secrete pulses of cAMP. Initially, the 

pulses of cAMP are unsynchronised but by 4h the pulses have synchronised within the population 

and occur with an interval of approximately lOmin. By the time of aggregation, this interval has 

reduced to 2-3 minutes (Devreotes et al., 1987). After 6 h of starvation, cell velocity gradually 

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

centre (Varnum et al., 1986). Around this time, the amoebae commence expression of the cell 

surface adhesion molecule contact sites A (csA), which facilitates the formation of cell contacts in 

streams and the mound (Faix et al., 1992). Also during the period from 2h to 6 h of starvation, the 

number of cell surface filopods increases dramatically whilst phagocytic cups disappear and there is 

a decrease in the phagocytic rate (De Chastellier and Ryter, 1977).

1.5.4 Starvation Response and Early Signalling Events

The switch from growth to development involves changes in gene expression. Many of the 

genes expressed during growth are downregulated and others are expressed specifically during the 

multicellular stages. Most of the components of the aggregation system, for example the cARl 

receptor, the extracellular phosphodiesterase and adenylate cyclase are not expressed during growth 

but expression begins soon after the onset of starvation. It is important that all cells within the 

starving population should induce the aggregation stage genes together lest some cells be unable to 

aggregate at the appropriate time. It is also important that aggregation does not begin before 

enough cells have reached the appropriate stage. The result of too few cells aggregating into a 

mound would be a smaller final culminant that presumably would be less able to distribute spores. 

The mechanism by which Dictyostelium cells ensure synchrony of the starving population involves 

the secretion of at least two autocrine factors that are used to assess population size and to induce 

the aggregation genes.

Pre-Starvation Factor (PSF) is secreted constantly by growing Dictyostelium  cells, whatever the 

density of the population. It can therefore be used to assess the population density since it 

accumulates in proportion to cell number. PSF activity is first detectable in a population of cells in 

log phase growth approximately four generations before the start of stationary phase, although 

medium taken from cells growing at lower densities does contain PSF (Clarke et al., 1988). PSF 

induces early developmental gene expression, most notably expression of the genes encoding the
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discoidin-1 family of lectins, but also of other genes including lysosomal enzymes (Clarke et al., 

1987). The pre-starvation response mediated by PSF is not strictly dependent on its concentration. 

Instead it is governed by the presence of bacteria, with high bacterial densities inhibiting PSF 

activity as judged by discoidin-ly induction; (Clarke et al., 1987; Rathi et al., 1991). Hence, PSF 

secretion appears to be a mechanism of preparing the population for development as the nutrient 

supply becomes short.

PSF secretion ceases as soon as the food supply is exhausted and is replaced by a second 

starvation factor. Conditioned Medium Factor (CMF). In contrast to PSF, CMF has been purified 

and the gene encoding it cloned (Jain et al., 1992). Medium taken from cells starving at high 

density is able to induce the development of cells at low density, hence the name CMF (Mehdy and 

Firtel, 1985). CMF is an entirely novel glycoprotein with no homology to known proteins. It is 

secreted at a constant rate throughout at least the first lOh of development. Interestingly, it is also 

produced in growth phase cells but then sequestered until the onset of starvation at which time the 

slow secretion begins (Gomer et al., 1991). There is convincing data that CMF is required for 

multicellular development. An antisense RNA construct blocks development by preventing 

aggregation (Yuen et al., 1995). The proposed role of CMF is to allow cells to sense the density 

and size of a starving population and thereby allow the population to synchronise its development 

so that aggregation will only occur with the number of cells sufficient to form an effective fruiting 

body (usually 1x10^ cells) (Gomer, 1997; Jain et al., 1997; Yuen et al., 1995). CMF has many of 

the same properties as PSF. Both induce expression of the d is ly  gene and other early 

developmental genes such as those encoding the cAMP receptor, cARl, and phosphodiesterase that 

are required for aggregation.

1.5.5 cAMP Signalling

1.5.5.1 cAMP Receptors

The cAMP receptors that perceive the extracellular cAMP pulses belong to the seven 

transmembrane spanning (7-TM) G-protein coupled receptor family and are termed cARs. Of these 

the expression patterns of cARl and cAR3 overlap and they share partial functional overlap. cARl 

is expressed and functions predominantly during aggregation and disruption of the gene blocks the
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process (Sun and Devreotes, 1991). Development can still proceed, however, if extracellular cAMP 

pulses are provided. cAR3 provides residual cAMP signalling in the cARl null cells but appears to 

activate the cAMP relay through activation of adenylate cyclase only very poorly. A double mutant 

cannot aggregate even when provided with extracellular cAMP pulses (Insall et al., 1994a). 

Recently cAR3 has been shown to mediate the activation of Glycogen Synthase Kinase-3 (GSK-3) 

by extracellular cAMP and hence play a role in regulating cell type patterning during the initial 

stages of multicellular development (Plyte et al., 1999). cAR2 is expressed only after cells have 

aggregated and, then, preferentially in prestalk cells. cAR2 null cells proceed normally through 

early development, but arrest at the tight mound stage. Although prestalk-specific genes are 

expressed normally in these aggregates, they exhibit an enhanced expression of prespore-specific 

genes. cAR2 may be required for cAMP-directed sorting of prestalk cells during pattern formation 

within the mound (Saxe III et al., 1993). cAR4 is initially expressed during tip elongation and 

becomes maximally expressed in the anterior of pseudoplasmodia. Although cAR4 null cells 

progress unperturbed through early development, they exhibit major patterning aberrations as the 

anteroposterior axis becomes established. Prestalk gene expression is significantly reduced in 

cAR4 null aggregates, whereas prespore-specific markers are overexpressed and detected in zones 

normally restricted to prestalk cells. Patterning defects are similarly apparent in terminally 

differentiated fruiting bodies (Louis et al., 1994). Hence cAMP signalling is important at every 

stage of the development of Dictyostelium.

1.5.5.2 Heterotrimeric G-proteins

The heterotrimeric G-proteins which mediate signalling through 7-TM receptors consist of three 

associated subunits, a ,  P and y (Neer, 1995). It is the G a  subunit which can bind and hydrolyse 

GTP. Activation of the 7-TM receptor by ligand results in the exchange of GDP for GTP by the 

G a  subunit and subsequent dissociation of the G-protein into free G a and G^y subunits which are 

both capable of eliciting cellular responses (Neer, 1995). So far, eight G a  subunits (Ga, to Gag) 

have been cloned from Dictyostelium which share 35-50% amino acid identity with each other and 

their mammalian counterparts (Pupillo et al., 1989; Wu et al., 1994). The Dictyostelium  G a  

subunits cannot be divided into subfamilies such as the G ,̂ G, and Gq subfamilies of mammalian 

cells. G a ,, Gaj, Ga;, Ga^, Ga^ and Gag are expressed throughout growth and development
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whereas Gttj is expressed in the multicellular stages of development and Gag expression is 

restricted to vegetative growth. With the exception of Ga^, Dictyostelium null mutants of all the 

G a  subunits have been generated (Brandon et al., 1997; Hadwiger et al., 1994; Kumagai et al., 

1991; Wu et al., 1994). Only Gag, Gag and Ga^ null mutants exhibit striking phenotypes. ga2' 

cells are unable to aggregate or differentiate upon starvation and show no cAMP-induced 

stimulation of adenylate cyclase, guanylate cyclase, PLC or actin polymerisation. However, 

chemotaxis to folate and folate activation of guanylate cyclase is normal in vegetative gocZ cells 

(Bominaar et al., 1994; Kumagai et al., 1991). It is likely that Gag is coupled to cARl and cAR3 

and mediates cAMP-dependent events in aggregating cells. Similarly, ablation of Ga^ prevents 

aggregation and subsequent multicellular development. ga3' cells fail to express cARl, adenylate 

cyclase and cAMP phosphodiesterase upon starvation. However, expression of these genes can be 

restored by starving the go3' cells in the presence of exogenous cAMP pulses. It therefore appears 

that Gttj is required for initiating the expression of components of the transmembrane cAMP 

signaling system but is not essential for cAMP-mediated signaling events. (Brandon and Podgorski,

1997). In contrast, ga4' cells are defective in folate chemotaxis but show normal chemotaxis to 

cAMP and normal cAMP-mediated adenylate cyclase and guanylate cyclase activation (Hadwiger 

et al., 1994). The ga4 ' cells develop normally to the mound stage but show abnormal late 

development and a low spore count. Dictyostelium has only one G(3 subunit which shares 90% 

identity with those of other species. Loss of GP following gene disruption blocks chemotaxis, 

aggregation and most of the intracellular responses to extracellular cAMP (Lilly et al., 1993; Wu et 

al., 1995).

1.5.5.3 Cellular Responses to Extracellular cAMP

Exposure of cells to cAMP results in three main intracellular responses -  rises in the second 

messengers cAMP, cGMP and Ca^ .̂ cAMP synthesis results from the activation of adenylate 

cyclase and serves several functions. Secreted cAMP propagates the cAMP chemotactic signal, 

whilst intracellular cAMP activates Protein Kinase-A (PKA). Adenylate cyclase is activated by the 

free py subunits of the heterotrimeric G-proteins which are released upon cAMP receptor activation 

(Wu et al., 1995). Activation requires a cytosolic protein, CRAG (Cytosolic Regulator of Adenylate
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Cyclase), that translocates to the plasma membrane following cARl activation although its 

mechanism of action is unknown (Insall et al., 1994b; Lilly and Devreotes, 1994).

cAMP stimulation of cells also results in synthesis of cGMP, mediated by GOz activation of 

guanylate cyclase. The rise in cGMP has several functions including regulation of myosin function 

during chemotaxis and migration (Liu and Newell, 1988). A “streamer” cell line that carries a 

mutation in an intracellular cGMP phosphodiesterase is unable to break down the cGMP that is 

synthesised in response to extracellular cAMP and consequently displays increased association of 

myosin with the cytoskeleton. The myosin heavy-chain remains phosphorylated for longer and the 

cells remain polarised for extended periods (Liu and Newell, 1991). Further evidence for the 

function of cGMP in the regulation of the cytoskeleton during chemotaxis is provided by a several 

chemically mutagenised cell lines defective in chemotaxis to both cAMP and the growth phase 

chemoattractant, folate. Two of the mutant cell lines, Kl- 8  and Kl-10, are defective in cGMP 

synthesis. Kl- 8  synthesises very little cGMP and Kl-10 fails to elevate cGMP in response to either 

chemoattractant (Kuwayama et al., 1993; Liu et al., 1993). The response to each of these 

chemoattractants is mediated by different G a subunits downstream of the receptors suggesting 

convergence upon a single cGMP signalling pathway is required for chemotaxis (Kesbeke et al., 

1990).

A rise in intracellular Ca^^ is also seen in response to extracellular cAMP. The function of Ca^  ̂

is a source of debate and many studies provide contradictory evidence. The Ca^  ̂ rise would seem 

likely to be responsible for the concomitant rise in inositol trisphosphate (IP 3 ) levels since the only 

phospholipase C (PLC) identified thus far in Dictyostelium  belongs to the PLCÔ family which is 

partially activated by Ca^^ in mammalian cells (Singer et al., 1997). Although the Câ "̂  influx is 

independent of G-protein activity (Milne and Coukell, 1991), the IP 3  rise (and the cAMP and cGMP 

rises) are mediated by G-proteins and is prevented when G a 2 or Gp are ablated. Several studies 

have indicated a potential role for Ca^  ̂ in stalk cell differentiation. Câ "" levels appear to rise 

preferentially in the prestalk cell area of the mound and slug (Cubitt et al., 1995; Saran et al., 1994).

1.5.5.4 Adaptation of the cAMP Response

Chemotaxis of cells following a pulse of cAMP is not continuous. The cells migrate towards the 

aggregation centre for only one or two minutes immediately following the cAMP pulse and move
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randomly or remain static for the remaining five or six minutes before the next pulse. This results 

in the visible waves of movement seen during aggregation. This short period of movement is due to 

adaptation of the cAMP signalling pathway to the cAMP signal. In this period no further cAMP is 

secreted from the adapted cells and the extracellular concentration of cAMP is lowered by the 

action of a secreted phosphodiesterase. The phosphodiesterase is an essential component of the 

aggregation system since it allows the cAMP concentration to drop to the point where the cells can 

respond to the next pulse. Loss of the phosphodiesterase prevents aggregation (Sucgang et al.,

1997). A prolonged stimulation of cells with cAMP results in a reduction of both adenylate cyclase 

and guanylate cyclase activities. The kinetics of adenylate cyclase adaptation parallel the increase 

in phosphorylation of the intracellular loop of the cARl receptor. This correlation suggested that 

phosphorylation may be the mechanism of adaptation, however mutation of the phosphorylated 

residues to ones that cannot be phosphorylated has no effect on the adaptation response (Kim et al.,

1997). Adaptation may therefore not occur by modification of cARl but by modulating the activity 

of downstream signalling components such as CRAC. Indeed, membranes from adapted cells show 

a reduced ability to bind CRAC (Lilly and Devreotes, 1995).

The cARl and cAR3 receptors have an higher affinity for cAMP than cAR2 (Johnson et al., 

1992). In the developing mound the levels of cAMP are higher than the nanomolar concentrations 

that direct aggregation with the consequence that the cARl and cAR3 receptors will be constantly 

in an adapted state. The lower affinity of the cAR2 receptor may allow the chemotaxis of pstA cells 

to the anterior tip to proceed despite the adaptation of the other receptors.

1.5.6 Differentiation

1.5.6.1 Pattern Formation and Cell Fate Specifîcation

The Dictyostelium fruiting body consists of approximately 20% stalk cells and 80% spores. The 

cells that aggregate into the mound are essentially identical. However, within 12-14 hours these 

identical cells have differentiated into several different cell types that will eventually become 

mature spores and stalk cells. The choice of cell type for the initially, identical cells may be 

governed by the stage of the cell cycle at the time of differentiation. The Dictyostelium  cell cycle 

appears to have little or no G,-phase (Weijer et al., 1984a). Cells in S-phase or early in Gj-phase at
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the time of differentiation have a greater tendency to adopt a prestalk fate, whereas cells late in 0 2 - 

phase will tend to adopt a prespore fate (Gomer and Firtel, 1987; Weijer et al., 1984b).

Prespore cells, and prestalk cells, show a scattered distribution in the early aggregate. Cell 

sorting begins when a concentration gradient of cAMP develops in the mound with the greatest 

concentration at the top. A population of prestalk cells then moves to the top of the aggregate to 

form a tip, due to their increased chemotactic motility to cAMP (Early et al., 1995; Williams et al., 

1989). These prestalk cells migrate towards the tip preferentially, ahead of the prespore cells, with 

resultant sorting of the two cell types (Williams et al., 1989). If the gradient of cAMP is reversed, 

by soaking the substratum in high concentrations of cAMP, the prestalk cells migrate to the base of 

the slug rather than to the tip (Traynor et al., 1992). cAMP is released from the tip of the mound in 

waves which result in concentric circular and spiral waves of cell movement that can be seen in the 

developing mound by use of dark-field microscopy (Siegert and Weijer, 1995). The tip secretes 

cAMP throughout development and its importance as an organising centre for morphogenesis is 

clear. For example, tips from slugs and fruiting bodies can direct the movement of amoebae or 

disaggregated slug cells (Rubin, 1976; Rubin and Robertson, 1975; Sternfeld and David, 1981). 

The tip of the aggregate elongates forming a standing slug, which falls over and migrates under 

conditions of low light, high humidity and high ionic strength. The prestalk cells from the tip of the 

aggregate form the anterior one fifth of the slug, which stain with vital dyes such as neutral red 

(Sternfeld and David, 1982), while most of the posterior four fifths of cells are prespore. The tip of 

the slug is proposed to emit a signal which inhibits the formation of secondary tips (Durston, 1976; 

Sternfeld and David, 1981). At the slug stage differentiation is regulative and a cell's fate is 

reversible (Abe et al., 1994; Harwood et al., 1991; Rubin and Robertson, 1975; Sternfeld and 

David, 1981; Sternfeld and David, 1982). Around 10% of scattered cells in the prespore region of 

the slug have some prestalk cell characteristics. These are called the Anterior-Like Cells (ALCs) 

(Sternfeld and David, 1981; Sternfeld and David, 1982). If the tip of a slug is removed, these ALCs 

move forward to form a new tip (Sternfeld and David, 1981).

The prestalk cells of the slug are heterogeneous, as shown by analysis of the regulated

expression of two prestalk-specific genes, ecmA and ecmB. By transforming Dictyostelium  with

reporter genes driven by promoter sequences from these genes, a variety of distinct prestalk cell

populations was discovered (Jermyn et al., 1989; Williams et al., 1989). EcmA is an extracellular
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matrix protein which is secreted into the slime sheath of the slug and the stalk tube of the culminant 

(McRobbie et al., 1988). The ecmA gene is expressed by scattered cells in early aggregates but 

later the ecmA-expressing cells move to the apex of the mound to form a tip. ecmA is highly 

enriched in the anterior 10% of slug cells which are called the prestalk-A cells (Early et al., 1995; 

Early et al., 1993; Jermyn et al., 1989; Jermyn and Williams, 1991; Williams et al., 1987). The rear 

half of the prestalk zone of the slug contains cells that express ecmA, but at a much lower level than 

the extreme tip, driven by a distinct part of the ecmA promoter (Early et al., 1995; Early et al., 1993; 

Jermyn et al., 1989; Jermyn and Williams, 1991). These cells have been named prestalk-0 cells. A 

further subset of prestalk cells express a matrix protein highly related to ecmA, called ecmB 

(Gaskell et al., 1992; Jermyn et al., 1989). The ecmB-expressing cells, termed prestalk-B cells, 

arise in a scattered fashion in the early aggregate but become concentrated at the base of the mound 

as the tip forms (Williams et al., 1989). In the slug there is a band of prestalk-B cells situated in the 

front half of the prespore zone tightly opposed to the substratum (Jermyn et al., 1996). A second 

population of ecmB-expressing cells, known as prestalk-AB cells, arise later in development.. 

These cells form a cone-shaped stalk tube primordium within the prestalk-A/O region of the slug, 

and initiate stalk tube formation during fruiting body formation (Ceccarelli et al., 1991; Gaskell et 

al., 1992; Jermyn et al., 1989; Jermyn and Williams, 1991; Sternfeld, 1992). ALCs are 

heterogeneous with respect to ecmA and ecm B  expression, expressing ecmA and/or ecm B  to 

different degrees (Gaskell et al., 1992). Interestingly, all reporter constructs that are expressed in 

prestalk-O cells are also expressed in ALCs (Early et al., 1993). ALCs have been implicated in the 

maintenance of cell-type proportioning due to their ability to transdifferentiate between prestalk and 

prespore cells (Abe et al., 1994). The extreme posterior of the slug is enriched in ALCs which are 

periodically lost during slug migration. This group of cells is termed the “rearguard”.

At culmination, the slug stands on end and prestalk cells in the tip migrate down through the

developing prespore mass whilst secreting cellulose in a process similar to gastrulation of embryos.

The prestalk-AB cells, which form the stalk tube primordium, migrate first, followed by the

prestalk-A cells and some of prestalk-0 cells (Early et al., 1993; Jermyn and Williams, 1991;

Sternfeld, 1992). Entry of these cells into the developing stalk tube results in the induction of ecmB

expression. In this manner the cellulose-encased stalk elongates, lifting the spore mass away from

the substratum. Two populations of ALCs migrate in opposite directions through the spore mass to
48



A: Tipped Aggregate
PstA

Prespore region 

PstB

ALCs
B: Slug

Rearguard

C: Fruiting Body
PstO

PstAB

upper cup[^

ALCs
PstO

Prespore region Prestalk region

Spore mass

lower cup

stalk
tube

basal
disc

ALCs
PstB

PstA
PstAB

O ecmA only 

O ecmA and ecmB

ALCs
Rearguard
PstB

Figure 1.2 Cell-type differentiation and patterning during Dictyostelium development
A) The Tipped Mound.
Early aggregates consist of 80% scattered prespore cells and 20% prestalk cells. The prestalk-A 
cells, defined by high levels of ecmA mRNA expression, migrate to the top of the aggregate to form a 
tip whereas the ecmB expressing prestalk-B cells migrate to the bottom of the aggregate.
B) The Slug.
The anterior one fifth (tip) of the slug consists of prestalk-A cells and prestalk-0 cells. Prestalk- O 
cells express lower levels of ecmA than the prestalk-A cells in the extreme tip. In addition a cone of 
cells is present which expresses ecmA and ecmB. These prestalk-AB cells initiate stalk tube 
formation at culmination. The posterior four fifths of the slug contain prespore cells, prestalk-B cells 
and a population of anterior-like cells (ALCs). The prestalk-B cells are tightly apposed to the 
substratum within the anterior portion of the prespore zone. The prestalk-like ALCs express ecmA 
and/or ecmB and are scattered throughout the prespore region. A population of ALCs at the rear of 
the slug are called the "Rearguard" and are shed during migration.
C) The Fruiting body
At culmination, prestalk-A cells, and later some prestalk-O cells, move from the tip down into the 
stalk tube and induce stalk-specific ecmB expression. ALCs move to surround the developing spore 
mass, forming the upper and lower cups and part of the basal disc which anchors the culminant to the 
substratum. The prestalk-B cells contribute to the basal disc and the lower cup whereas, the 
remaining prestalk-O cells contribute to the tip and upper cup. The origin of the cells in each part of 
the fruting body and the regions expressing ecmA and ecmB are indicated.
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form the basal disc (which anchors the fruiting body to the substratum) and the upper and lower 

cups, which cradle the top and bottom of the spore mass (Dormann et al., 1996; Jermyn et al., 1996; 

Jermyn and Williams, 1991; Stemfeld and David, 1982). The prestalk-B cells and rearguard cells 

also form part of the basal disc and lower cup (Jermyn et al,, 1996) whilst some prestalk-O cells 

also become part of the upper cup (Early et al., 1993). Once cells enter the stalk tube, they begin to 

terminally differentiate into vacuolated stalk cells by a process resembling apoptosis ( d i e  et al.,

1998) and the surrounding prespore cells differentiate into mature spores. A schematic illustration 

of cell type patterning and gene expression during development is shown in Figure 1.2.

1.5.6.2 Developmental Signalling Pathways

The rise in cAMP level that occurs during mound formation produces a switch in gene 

expression. Aggregation specific genes such as cARl and G a 2 that are induced by starvation 

factors and by pulses of cAMP are downregulated whilst post-aggregative and eventually cell-type 

specific gene expression is upregulated. One of the first genes to be expressed in response to the 

rising cAMP levels is the transcription factor G-box factor (GBF), named because of its ability to 

bind to G-box regulatory sequences within the promoters of some post-aggregative and cell-type 

specific genes (Schnitzler et al., 1994). Disruption of the g b f  gene does not prevent mound 

formation but does prevent further development and post-aggregative gene expression is lost, g b f 

mounds then disaggregate, thereby reducing the levels of cAMP and presumably allowing the 

adapted cARl and cAR3 signalling pathways to function once again. As a consequence aggregation 

reoccurs. The cycle of aggregation and disaggregation then continues until the cells eventually die 

(Schnitzler et al., 1994). Expression of GBF alone is not sufficient to induce the post-aggregative 

gene expression; cAMP is also required.

The serine/threonine kinase. Protein kinase A (PKA), is a crucial component of the signalling 

pathways that control multiple aspects of development. In Dictyostelium, PKA is a heterodimer 

composed of a single catalytic subunit associated with a single regulatory subunit (De Gunzburg et 

al., 1984). PKA is activated by intracellular cAMP, which binds to the regulatory subunit and 

causes it to dissociate from the catalytic subunit (De Gunzburg and Veron, 1982). The catalytic 

subunit now translocates to the nucleus where in mammalian cells it can phosphorylation 

transcription factors. The downstream targets of PKA in Dictyostelium have not yet been identified
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and no homologues of the most significant mammalian targets have been identified. Disruption of 

the gene encoding the PKA catalytic subunit demonstrates that it is required early in development 

for the relay of cAMP during aggregation (Mann et al., 1992). It does not function directly in the 

relay process but is required for expression of the adenylate cyclase, AC A (Mann et al., 1997). 

Cells expressing dominant inhibitory forms of the regulatory subunit also fail to aggregate 

(Schulkes and Schaap, 1995) and when mixed with wild-type cells fail to induce post-aggregative 

gene expression suggesting that PKA lies upstream of GBF (Harwood et al., 1992). PKA acts as an 

inhibitor of stalk cell differentiation and as an activator of spore cell differentiation. 

Overexpression of the catalytic subunit in prespore cells results in a dramatic increase in spore 

number with spores being formed precociously in development (Hopper et al., 1993). The use of a 

prestalk cell promoter to express the catalytic subunit blocks development at the mound stage. The 

prestalk cells still migrate to the top of the mound in these cell lines but no tip is formed (Hopper et 

al., 1993). Loss of the regulatory subunit has a similar effect as overexpression of the catalytic 

subunit and causes precocious spore production (Simon et al., 1992). In fact, the mutant will 

differentiate into spores in low density monolayer culture in response to cAMP, in contrast to wild- 

type cells which require the cell-permeant PKA agonist 8 -Br-cAMP for induction of spore 

differentiation (Simon et al., 1992).

Mutations in an intracellular histidine kinase, RdeA, or a phosphodiesterase, RegA, cause 

accelerated terminal differentiation due to permanently elevated levels of intracellular cAMP 

(Chang et al., 1998; Thomason et al., 1998). When activated, RdeA phosphorylates, and is likely to 

activate, RegA (Thomason et al., 1999). Thus activation of RdeA would be expected to inhibit 

culmination and terminal differentiation.

A second protein involved in the promotion of spore cell differentiation is glycogen synthase 

kinase-3 (GSK-3). In D.melanogaster and Xenopus GSK-3 regulates the choice of cells between 

two developmental fates during embryogenesis and plays a similar role in the choice between the 

spore and stalk fate in Dictyostelium. A gsJcA null cell line develops with a dramatically increased 

number of stalk cells and a concomitant decrease in spore number (Harwood et al., 1995). GSK-3 

represses prestalk cell specific gene expression in response to extracellular cAMP and appears to 

operate downstream of the cAR3 receptor (Plyte et al., 1999).
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Late in the morphogenetic process when PKA appears to be acting to promote spore cell 

differentiation a cell permeant chlorinated alkyl phenone molecule known as Differentiation 

Inducing Factor (DIF) acts as an antagonist of PKA and promotes stalk cell differentiation (Berks 

and Kay, 1990). DIF synthesis can be stimulated by extracellular cAMP and DIF is present in 

aggregates and slugs but not vegetative cells (Brookman et al., 1982). Levels of DIF are controlled 

by the enzyme DIFase, synthesis of which is induced by DIF (Insall et al., 1992). DIF induces the 

transcription of prestalk-specific (Berks and Kay, 1990; Jermyn et al., 1987; Williams et al., 1987) 

and inhibits prespore-specific gene expression (Berks and Kay, 1990; Early and Williams, 1988). 

The mechanism of action of DIF is not clear but one theory suggests that it may function as a 

mitochondrial uncoupler in stalk cells (Shaulsky and Loomis, 1995). Uncoupling would lead to a 

rise in intracellular Ca^  ̂levels (since the active processes that maintain the usual low concentrations 

would run out of an ATP) and presumably apoptosis. Prestalk cells have been demonstrated to have 

higher intracellular Ca^  ̂ levels than prespore cells and a rise in Câ "̂  has also been shown to promote 

stalk cell differentiation (Cubitt et al., 1995; Kubohara and Okamoto, 1994). In support of this 

theory, DIF will raise Ca^  ̂ levels and induce apoptosis in mammalian tissue culture cells (Kubohara 

et al., 1995b; Kubohara et al., 1995a). However, the high concentrations of DIF required to elicit 

this response in mammalian cells brings into question the physiological significance of the data.

A second more recently identified promoter of stalk cell differentiation is a STAT (Signal 

Transducer and Activator of Transcription) (Kawata et al., 1997). STATs are SH2 domain 

containing proteins first identified as components of interferon signalling pathways (Liu et al.,

1998). The Dictyostelium STAT appears to be regulated by tyrosine phosphorylation in the same 

manner as mammalian STATs and can be seen to translocate to the nucleus in prestalk cells during 

the mound stage, at the time of initial differentiation into pre-stalk and pre-spore cells (Araki et al.,

1998). STATa null cells show little or no terminal stalk cell differentiation. Paradoxically, STATa 

appears to be the in vivo repressor of ecmB, since STATa mutants express ecmB throughout the tip 

of the slug instead of being restricted to the normal small core (Mohanty et al., 1999).

Ammonia produced by the catabolism of cellular proteins also inhibits stalk cell differentiation

and so blocks the culmination of slugs (Gross et al., 1983). Ammonia has been demonstrated to

antagonise the effects of DIF and inhibit culmination; this may be due to its elevating the

intracellular pH of prestalk cells, as stalk cell maturation can be induced by lowering the
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intracellular pH (Gross et al., 1983; Inouye, 1988; Schindler and Sussmann, 1977). Ammonia also 

antagonises intracellular cAMP synthesis and could consequently affect PKA activity (Schindler 

and Sussman, 1979).

1.5.7 Phototaxis and Thermotaxis

Dictyostelium discoideum cells form migrating slugs after aggregation presumably to seek out an 

optimal environment for the fruiting body. This is achieved by phototaxis and thermotaxis, in 

which the slugs move with great sensitivity towards sources of light and heat. When provided with 

a lateral light source of as little as 1 0  "̂ lux white light the slug migrates toward the source of light 

(Francis, 1964; Poff and Butler, 1974). The phototaxis is not direct but at an angle to the light 

source. Slugs exhibit bi-directional phototaxis, either turning away from or toward the light in 

order to maintain this preferred angle of migration (Fisher and Williams, 1981). In wild-type slugs 

the two angles either side of the source are normally so close to the direct route to the source that 

the bi-directional movement cannot be distinguished form simple unidirectional tactic movement. 

In phototaxis mutants the bi-directional nature of phototaxis becomes clear (Fisher and Williams, 

1981). Mutants that orient poorly to the light source migrate at large angles either side of the source 

and exhibit obvious wide turns as they try to orient correctly. At temperatures around which the 

amoebae were grown, the slugs migrate towards warmth (Bonner et al., 1950). The slugs are 

exquisitely sensitive to shallow temperature gradients, being able to respond to as little as 

0.04°C/cm (Poff and Skokut, 1977). The accuracy of orientation in this response declines at higher 

and lower temperatures until a point is reached when the slugs switch to negative thermotaxis. The 

transition temperatures seem to be under the control of the same signalling pathway as those 

employed for phototaxis, since mutants exhibiting more extreme bi-directional phototaxis always 

have altered transition temperatures in phototaxis (Fisher and Williams, 1982).

The slug responds to vertical beams of light only if they are directed at the slug tip (Francis, 

1964; Poff and Loomis, 1973). This strongly suggests that the slug tip is the organising centre for 

tactic movements. Further evidence for this is supplied by tip transplant experiments between slugs 

of wild-type and phototaxis mutants which showed that phototaxis was normal only with wild-type 

tips and was defective when the tips were from a phototaxis mutants (Poff and Loomis, 1973; 

Raper, 1940). It is thought that light or temperature induce lateral differences in signalling across
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the tip resulting in a change of tip position and thus direction of slug movement (Fisher et al,, 

1984). Two mechanisms for this change of tip position have been proposed. The first involves cell 

speed differentials on either side of the slug tip resulting in a turn. The other mechanism requires a 

wholesale rearrangement of cells in the tip such that it points in a different direction. This second 

mechanism is supported by analysis of the motility of individual cells in 2D slugs (Bonner, 1998). 

In these slugs there appears to be no speed differentials in the tip cells during slug turning, instead 

there is wholesale rearrangement of cells in the tip. However, these observations are of 

spontaneous slug turning and may not represent the mechanism of tactic slug movement.

Two candidate diffusible factors have been implicated in control of slug tactic movement. NH3 

is produced constitutively by the slug as a by-product of catabolism (Gregg et al., 1954). It has 

been shown to be a slug repellent when applied exogenously (Feit and Sollitto, 1987; Kosugi and 

Inouye, 1989). Cell speed has been shown to increase in response to NH3 (Bonner et al., 1988; 

Bonner et al., 1989; Bonner et al., 1986). Scroll waves of cAMP control cell movement in the tip 

and NH3 antagonises cAMP signalling (Siegert and Weijer, 1989). Taken together these data make 

a strong case for the involvement of NH3 in tactic movement and also support the differential speed 

hypothesis of slug turning. However, an average slug secretes 2-20fmol NH3 per second (Bonner et 

al., 1988). Even if all of this NH3 were produced on one side of the slug tip the secretion rate would 

only maintain a steady-state gradient across the tip that is 1 0 0 -fold shallower than the minimum 

slugs can detect (Kosugi and Inouye, 1989). This is due to the rapid diffusion rate of NH3 -  it takes 

only 15 milliseconds to diffuse 100pm (Fisher, 1991). It seems likely that lateral NH3 gradients 

leading to slug turning are only significant when diffusion of the gas is restricted by the close 

proximity of a barrier. The second candidate molecule is Slug Turning Factor (STF). STF is a 

small (<500Da) non-volatile, molecule able to repel slugs, impair slug tactic movements and whose 

secretion by the slug is stimulated by light (Fisher et al., 1981). It has been demonstrated that 

disorientation of slugs at high cell densities is entirely due to non-volatile, diffusible molecules with 

no contribution form NH3 (Fisher, 1991). Aside from the debate about the diffusible molecules 

involved, the signalling pathways involved in slug tactic behaviour are as yet unidentified. Several 

reports, based on pharmacological data, have implicated cAMP (Darcy and Fisher, 1990), cGMP 

(Darcy et al., 1994), Ca^+ (Dohrmann et al., 1984), IP3 and G-proteins (Darcy and Fisher, 1989) but, 

as yet, no coherent pattern has emerged.
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Many photo- and thermotaxis mutants exist, but these were generated by chemical mutagenesis 

and at present the genes involved have not been identified (Darcy et al., 1994). However, many of 

these mutants show defects in cGMP signalling. Recently, three genes required for tactic responses 

have been discovered by targeted gene disruption. These are the genes for, the actin binding 

proteins ABP120 (Fisher et al., 1997; Wallraff and Wallraff, 1997) and GRP 125 (Stocker et al.,

1999) and for the mitochondrial large subunit rRNA (McMahon et al., 1996). The exact role for 

these molecules in slug tactic movement is far from clear.

1.5.8 Endocytosis

Phagocytosis in Dictyostelium, as in other species, is driven by the actin cytoskeleton, as 

demonstrated by several experimental approaches. Phagocytosis is sensitive to cytochalasin-A, an 

inhibitor of actin polymerisation (Temesvari et al., 1996). 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 III, 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 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. Cells lacking GP, and consequently 

all heterotrimeric G-protein function, are impaired in phagocytosis to a similar extent to coronin- 

null cells implying a role for a whole receptor/G-protein pathway in the regulation of phagocytosis 

(Peracino et al., 1998). This proposed role for the heterotrimeric G-proteins in particle uptake is 

supported by the finding that G(3y-subunits are localised to the phagosomes of macrophages 

(Desjardins et al., 1994).
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Fluid phase endocytosis in axenic Dictyostelium cells is thought to occur primarily by 

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

both morphologically and in its dependence on the actin cytoskeleton (Hacker et al., 1997). 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-A 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. The myosin I double null and coronin null cells are defective 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 the two class I 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 independently performed 

this work gave conflicting reports of the phagocytic activity of these mutants (Buczynski et al., 

1997; Zhou et al., 1998).

Recently, roles for the Dictyostelium Rapl homologue and for a novel Rho subfamily GTPase, 

RacC, in endocytosis have been identified (Seastone et al., 1998; Seastone et al., 1999). 

Overexpression of the wild-type RacC protein caused an increase in the rate of phagocytosis and a 

concomitant decrease in the rate of fluid-phase endocytosis. Expression of an inhibitory RacC 

mutant protein had the opposite effect, increasing the rate of fluid-phase endocytosis at the expense 

of phagocytosis. Overexpression the wild-type and dominant active Rapl protein had the same 

effect as wild-type RasC whereas a dominant negative Rapl protein had no obvious effect on 

endocytosis. The effects of Rapl required phospholipase C activity whereas the RacC-mediated 

effects required activation of diacylglycerol-binding proteins.
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1.6 Ras Signalling in Dictyostelium,

1.6.1 Dictyostelium ras Genes

Dictyostelium expresses at least six ras subfamily genes at different tim^s during through the life 

cycle: rasB, rasC, rasD, rasG, rasS and rapl. rasD was the first ras gene identified and the initial 

characterisation of its expression profile indicated that the gene was expressed during vegetative 

growth, was downregulated as the cells experienced starvation and finally upregulated during the 

multicellular stage of development (Reymond et al., 1984). However, this expression profile was 

demonstrated to be incorrect several years later. rasD expression is restricted to the multicellular 

stage of development being first detectable around the tipped mound stage and maximal during the 

slug stage (Robbins et al., 1989). Although rasD expression initially occurs in all cell types, it 

eventually becomes enriched in prestalk cells (Jermyn and Wiliams, 1995). The original studies of 

rasD  expression presumably failed to distinguish rasD  mRNA from that of rasG, which is 

expressed maximally during vegetative growth and is undetectable by the onset of aggregation 

(Robbins et al., 1989). rasB, rasC, rasS and rapl are expressed throughout the life cycle of 

Dictyostelium (Daniel et al., 1994; Daniel et al., 1993; Robbins et al., 1990).

RasD and RasG are most similar to the prototypic human H-Ras, 62% and 69% identical at the 

amino acid level respectively, and both have only 6  conservative changes in the first 80 residues 

relative to H-Ras - the region thought to contain all residues important in effector interaction. RasD 

and RasG are 82% identical with only 2 conservative changes in first 80 residues. RasB, RasC and 

RasS are more distantly related to the prototypic Ras with the predicted protein sequences of these 

molecules being respectively, 52%, 56% and 54% identical to H-Ras. Interestingly, the effector 

region of human Ha-Ras (amino acids 32-40) is identical in all Dictyostelium  Ras proteins except 

RasS and RasC. Both contain a single effector domain substitution, D38N in RasC and the 

conservative substitution, 136L in RasS. The significance of this is unclear but may confer highly 

specialised functions to these proteins mediated by interaction with effectors distinct from those of 

the other Ras proteins. The Dictyostelium Rapl homologue shares 87% amino acid identity with the 

human Rapl protein. Figure 1.1 shows an alignment between the five Dictyostelium Ras proteins 

and human H-Ras
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1.6.2 Functional Analysis of the Dictyostelium ras Genes

At present, only rasD, rasG, rasS and rapl have been functionally analysed,

1.6.2.1 rasD

Although RasD is the most extensively researched Dictyostelium Ras protein, its biological 

function has remained unclear. Dictyostelium cells overexpressing an activated RasD protein 

(G12T), although unable to form normal aggregation streams, are able to aggregate upon starvation 

but arrest development after forming multi-tipped mounds (Louis et al., 1997; Reymond et al., 

1986). These structures express enhanced levels of the prestalk cell specific genes, ecmA and tagB, 

and very low levels of the prespore cell specific gene, cotC, relative to wild-type aggregates but 

contain no mature spore or stalk cells. The mutant cells are able to differentiate into stalk and spore 

cells in low density monolayers although severely impaired relative to wild-type, suggesting that 

inhibition of mature stalk and spore formation is at least in part due to cell-cell interactions in the 

aggregates. When mixtures of mutant and wild-type cells are allowed to develop, mutant cells 

appear at the periphery of the mounds and are excluded from all subsequent developmental 

structures. Chemotaxis is also slightly impaired in the mutant cells explaining the lack o f normal 

aggregation streams. This may be due to a downregulation of the number of cAMP receptors 

(Luderus et al., 1992; Luderus et al., 1988), in addition to an increased desensitisation of guanylate 

cyclase in response to cAMP pulses (Van Haastert et al., 1987). Abnormal changes in 

phosphatidylinositol levels have also been observed (Europe-Finner et al., 1988; Van der Kaay et 

al., 1990). Experiments to ablate rasD  using an antisense cDNA driven by a rasD  promoter 

fragment produced no transformants (Reymond et al., 1985). As a result of these data, it was 

suggested that RasD controlled cell fate specification and was essential for growth and development 

(Esch and Firtel, 1991).

The generation and characterisation of a rasD' cell line is described in Chapter 5 of this thesis.

1.6.2.2 ra^G

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

mutant cells have several defects in actin-dependent processes, notably cytokinesis and cell 

movement (Tuxworth et al., 1997). Cell motility is impaired in the rasG' cells, with the cells
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migrating at approximately half the rate of the parental strain. The cells also have a noticeable loss 

of polarity, appearing flat and round when viewed by phase contrast microscopy. In the rasG' cells, 

cytokinesis begins normally with the formation of a cleavage furrow but the daughter cells 

ultimately fail to separate, remaining attached via a thin cytoplasmic bridge. The cells eventually 

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

themselves apart using traction generated against the substrate (Fukui et al., 1990). Since traction- 

mediated cytofission is impossible in suspension culture the rasG' cells, like several other mutants 

with defective actin function, cannot divide under these conditions becoming large and 

multinucleate. Contrary to predictions, RasG does not appear to be required for cell proliferation 

since the doubling time of cells in tissue culture dishes is normal.

Low level expression of a RasG protein containing the activating mutation, G12T, from the rasG 

promoter prevents the formation of aggregation streams but does not impair subsequent 

development of Dictyostelium cells (Thiery et al., 1992), whereas high level expression from the 

d isly  promoter inhibits both aggregation and multicellular development (Khosla et al., 1996). 

These effects appear to be due to a defect in the cAMP relay such that cells are unable to respond to 

the cAMP pulses required for the initiation of development. The overexpression of wild-type RasG 

or a dominant negative S17N RasG protein has no apparent effect on these processes (Khosla et al., 

1996).

1.6.2.3 rasS

Dictyostelium cells with a disrupted rasS gene have been independently generated, in our 

laboratory, by J Chubb and me. Disruption of the rasS gene has multiple effects. Mutant amoebae 

are unable to proliferate in liquid culture medium and this correlates with impaired phagocytosis 

and fluid-phase endocytosis. Vegetative amoebae are highly polarised, with prominent pseudopods 

and elongated microspikes and migrate three times faster than wild-type cells. 3D analysis of the 

movement of the mutant cells indicates their rapid movement is due to differences in pseudopodium 

behaviour; there are fewer pseudopods per cell, but they have an increased volume and turn over 

more rapidly. Although the early starvation responses of the rasS' cells are apparently normal, the 

cells display aberrant multicellular development forming very small aggregation territories and
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small mounds which are delayed in tip formation. They are, however, able to form morphologically 

normal fruiting bodies.

\.6.2Arapl

Overexpression of wild-type Rapl protein in Dictyostelium  cells results in a flattened 

morphology and an increase in peripheral F-actin (Rebstein et al., 1993). This behaviour is similar 

to the flattening of fibroblasts overexpressing the mammalian Rapl protein. Overexpression of the 

activated G12V Rapl protein produced similar results to that of wild-type Rapl overexpression 

whereas an S17N dominant inhibitory Rapl mutant resulted in an increase in cell polarity (Rebstein 

et al., 1997). Recently, overexpression of the wild-type or activated G 12V Rapl proteins has been 

shown to increase the rate of phagocytosis and impair fluid-phase endocytosis in phospholipase C 

dependent manner (Seastone et al., 1999). Overexpression of wild-type Rapl can also modify the 

developmental phenotype induced by an activated RasD protein (Louis et al., 1997). This is 

reminiscent of studies in mammalian systems, where Rapl can antagonise the transforming activity 

of activated Ras proteins (Kitayama et al., 1989) and argues for a conservation of Rapl function. 

Our lab has repeatedly attempted to disrupt the Dictyostelium rapl gene, without success, 

suggesting it may be essential (R.Insall and J.Chubb personal communication).

1.6.3 Ras Signalling Pathways

Only a small number of putative Ras effectors and signalling pathway components have been 

identified in Dictyostelium. For the most part, direct biochemical interaction of theses molecules 

with Ras signalling pathway components has not been demonstrated and their presumed role in Ras 

signalling has been inferred from sequence and, in some instances, genetic interaction. At present 

no tyrosine kinase receptors have been identified in Dictyostelium and all transmembrane receptor- 

mediated signalling so far characterised is via G-protein couple serpentine receptors.

The Aimless protein is a putative RasGEF, containing a domain with a high level of homology 

to the S.cerevisiae Cdc25 catalytic domain (Insall et al., 1996). The ale A gene was identified in a 

screen for aggregation defective mutants of Dictyostelium. aleA null cells are impaired in cAMP 

induced activation of adenylate cyclase and perform chemotaxis very weakly to cAMP. To date, no
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GEF activity has been demonstrated towards any of Dictyostelium Ras protein by the Aimless 

protein. No other Dictyostelium Ras GEFs have yet been published.

The ubiquitous MAP kinase pathway seems to be present in Dictyostelium although not all the

components have been identified. Homologues of the mammalian MAP kinases ERKl and ERK2

are present (Gaskins et al., 1994; Segall et al., 1995). Antisense mutagenesis from a derepressible

promoter indicates that ERKl may essential for vegetative growth. Overexpression of ERKl

results in abnormal morphogenesis starting at the slug stage (Gaskins et al., 1994). erk2 null cells

have a phenotype similar to the aleA null mutant exhibiting defective chemotaxis to folate and

cAMP (Gaskins et al., 1996; Segall et al., 1995). Although required for activation of adenyl

cyclase, ERK2 is not essential for aggregation-stage, cAMP pulse-induced gene expression, or for

the expression of postaggregative genes, which are induced at the onset of mound formation in

response to cAMP in wild-type cells. Experiments using a temperature-sensitive ERK2 mutant

have shown that ERK2 is essential for proper morphogenesis and for the induction and maintenance

of prespore but not prestalk gene expression (Gaskins et al., 1996). The mutant cells also exhibit an

inability to repolarise when exposed to high concentrations of the chemoattractant, suggesting an

impairment in the adaptation response to high chemoattractant concentrations (Wang et al., 1998).

There is evidence that RasD and/or RasG are involved in modulating the activity of ERK2

downstream of chemoattractant receptors. Exposure of cells to the growth phase chemoattractant,

folate, or to cAMP leads to a rapid increase in the activity of the Dictyostelium ERK2 homologue.

Phosphorylation of ERK2 occurs within 10 seconds if exposure to the chemoattractant and remains

so for 1-2 minutes (Aubry et al., 1997; Kosaka et al., 1998; Maeda and Firtel, 1997). Cells lacking

RasG or overexpressing a dominant negative RasD protein show an increased activation of ERK2 in

response to chemoattractant whereas, cells expressing an activated RasD protein show a reduced

and delayed activation of ERK2. This suggests that in contrast to mammalian systems Ras is a

negative regulator of MAP kinase. In support of this, aleA null cells which lack a putative RasGEF

also show a potentiation of ERK2 activation when exposed to cAMP (Aubry et al., 1997). Kinases

corresponding to the MEK and Raf levels of the MAP kinase cascade have also been identified.

Cells lacking the Dictyostelium MEK homologue, M EKl, also have defects in chemotaxis,

characterised by the formation of small multicellular aggregates (Ma et al., 1997). Cells are able to

produce cAMP waves that move through the aggregation domains. However, these cells are unable
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to activate guanylate cyclase, a known regulator of chemotaxis in Dictyostelium. Analysis of a 

temperature-sensitive M EKl mutant suggests that M EKl activity is required throughout 

aggregation at the time of guanylate cyclase activation, but is not essential for proper 

morphogenesis during the later multicellular stages. Significantly, the activhtion of the MAP kinase 

ERK2, which is essential for chemoattractant activation of adenylate cyclase, is not affected in 

mekl null strains, indicating that MEKl does not regulate ERK2 and suggesting that at least two 

independent MAP kinase cascades control Dictyostelium aggregation, Dictyostelium cells lacking 

the MEK kinase homologue, M EK K a, aggregate normally but display abnormally fast 

development, completing fruiting body morphogenesis after 18h of starvation, rather than the 24h 

characteristic of wild-type cells (Chung et al., 1998). They also exhibit abnormal cell-type 

patterning with an increase in one of the prestalk compartments (pstO), a concomitant reduction in 

the prespore domain, and a loss of the sharp compartment boundaries, resulting in overlapping 

prestalk and prespore domains. Sequence analysis of MEKKa does not reveal an obvious Ras 

binding domain as seen in mammalian Raf.

The Ras effector PI 3-kinase is also represented in Dictyostelium. Four Dictyostelium  PI 3- 

kinase genes have been cloned (Zhou et al., 1995). The PIKl, PIK2 and PIK3 proteins resemble 

mammalian class-I PI 3-kinases, which have been shown to bind and be activated by Ras. 

Sequence homology suggests that all three have a binding site for Ras at their N-termini and 

recently the binding of the putative Ras binding site of PIKl to activated mutants of RasD and 

RasG has been demonstrated in the yeast 2-hybrid system (Lee et al., 1999). However there is no 

obvious binding site for the adapter molecules that associate with class-I PI 3-kinases in other 

systems and mediate the interaction of PI 3-kinases with activated tyrosine kinase receptors. The 

PIK5 protein resembles the S.cerevisiae Vps34 protein, which is required for the trafficking of 

nascent proteins from the Golgi to the yeast vacuole. Null mutants of each of the three Class I PI 3- 

kinases have no perceptible phenotypes and attempts to disrupt either PIKl or PIK2 together with 

PIK3 failed. However PIK1/PIK2 double null mutants have strong cytoskeletal defects (Buczynski 

et al., 1997; Zhou et al., 1998). They cannot grow in suspension culture, due to defects in both 

macropinocytosis and cytokinesis. The cells orient to chemoattractant faster than wild-type cells 

and exhibit an aberrant developmental morphology.
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One likely target for lipid products of the PI 3-kinases is the Dictyostelium  PKB homologue. 

The phenotypes of cells lacking PKB are distinct from those displayed by the PIKl/2 double 

mutant; PKB-null cells exhibit defective cell polarity and chemotaxis to cAMP (Meili et al., 1999). 

However, cAMP-induced stimulation of PKB kinase activity is strongly impaired in the PIKl/2 

mutants. These data suggest that, as in mammalian cells, the Dictyostelium  PI 3-kinases are 

involved in PKB activation.

A yeast two-hybrid screen using activated murine Ha-Ras identified two putative effectors for 

Dictyostelium Ras proteins (Lee et al., 1997; Lee et al., 1999)). One of the proteins, RIP3, binds 

specifically to the activated RasG protein. RIP3 null cells exhibits a phenotype almost identical to 

that of the Erk2 and Aimless mutants suggesting all three molecules may be components ot the same

signalling pathway (Lee et al., 1999). The R1P3 protein has no obvious catalytic activity but 

contains a region of homology to a mammalian protein previously identified in a screen in for 

suppressors of activated Ras in S.cerevisiae (Colicelli et al., 1991). The other protein, RasGAPl, is 

related to the mammalian IQGAP proteins, which are potential effectors of Rho subfamily GTPases 

(Faix and Dittrich, 1996; Lee et al., 1997). IQGAPs bind activated Rac and CDC42 but not Ras or 

Rho proteins, can interact with F-actin and exhibit no GAP activity (Kuroda et al., 1996). 

Similarly, RasGAPl binds activated Dictyostelium RaclA without modulating its intrinsic GTPase 

activity. RasGAPl binds to only Dictyostelium RasD and RasB in the yeast 2-hybrid system 

although this interaction takes place outwith the Rac-binding GAP homology domain (Lee et al., 

1997; Lee et al., 1999). Two independently generated RasGAPl null mutants exhibit different 

phenotypes. One mutant exhibits normal development but amoebae show increased cell motility 

and extensive perturbation of the actin cytoskeleton (Faix et al., 1998). The other mutant has a 

defect in cytokinesis with amoebae consequently become multinucleate when grown in suspension 

culture. Multicellular development is normal until the mid-slug stage, after which, cell type 

patterning becomes aberrant. No fruiting-body is formed and the final structure contains no stalk 

cells and very few spores (Lee et al., 1997).

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 null mutants for the remaining Dictyostelium ras genes will reveal these and possibly 

other functions for Ras in Dictyostelium.
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1.7 Aims of this Thesis
The aims of the work described in this thesis were two fold:

1) to identify a physiological function for the RasD protein

2) to identify and functionally analyse novel Dictyostelium  RasGEFs in an attempt to determine 

factors controlling specific aspects of the multiple and distinct phenotypes of the rasS and rasG null 

mutants

A molecular genetic approach was taken in both cases. Gene disruption mutants were generated 

and the phenotypes of the recombinants examined to determine which cellular processes were 

affected.
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2 Materials and Methods
Unless otherwise stated all chemicals were obtained from The Sigma Chemical Company, all 

restriction and DNA modifying enzymes (and appropriate buffers) were from New England 

Biolabs, all DNA oligonucleotides from were from MWG Biotech, all polypropylene and 

polycarbonate tubes and tissue culture plates were from Falcon and all microcentrifuge tubes were 

from Eppendorf. Recipes for all media and reagents used are listed in section 2.4,

The cell-type specific reporter constructs, actl5-lacZ, ecmAO-lacZ, ecmO-lacZ, ecmB-lacZ and 

pspA-lacZ and the DNA probes for disly, ecmA, ecmB, pspA, spiA and IG7 were a kind gift from Dr 

A Harwood. The ESTs from the Tsukuba Dictyostelium cDNA (Morio et al., 1998) project which 

were used as the basis for the gc/gene disruption vectors were a gift from Dr Morio. Yeast two- 

hybrid vectors for human RasGRF and Ha-Ras and the temperature sensitive cdc25-5 S.cerevisiae 

mutant (including all vectors required for its complementation) of were a kind gift from Dr D 

Broek.

2.1 Molecular Biology

2.1.1 Bacterial Strains and Growth

The E.coli strain, XL 1-blue (Stratagene) was used for all subcloning and preparation of plasmid 

DNA and for propagation of the ÀZAPII vector (Stratagene). The E.coli strain SOLR (Stratagene) 

was used during the excision of the pBluescript phagemid (Stratagene) from the ÀZAPII vector. 

The E.coli strain Y 1090 was used as the host for propagation of the Xgtl 1 vector.

Bacteria were grown in LB medium or on LB agar plates at 37°C unless otherwise stated. 

Selection was obtained, where appropriate, by addition of ampicillin (lOOpg/ml), tetracyclin 

(20pg/ml) or Kanamycin (50pg/ml).

2.1.2 Preparation of Competent Bacteria and Transformation

Subcloning grade competent cells were generated using the CaCl2 method exactly as described 

in (Sambrook et al., 1989). Transformation was performed by addition of lOpl ligation reaction or 

Ip] supercoiled plasmid to lOOpl chemically competent E.coli in a 1.5ml tube. The mixture was 

incubated on ice for 30min, heat shocked at 42°C for Imin then incubated on ice for a further 2min.
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After addition of 1ml LB, the mixture was incubated for Ih at 37°C on a rotary shaker at 225rpm 

before plating on LB plates containing an appropriate-antibiotic.

Electro-competent cells were prepared exactly as described in (Harwood, 1996). To transform 

the cells, 50/xl bacteria were added to a chilled 0.1cm electroporation cuvette (Flowgen) with 2/d of 

DNA in ddHjO. The mixture was agitated and left on ice for Imin before electroporating at 1.8kV, 

25/tF, 2000  in a BioRad GenePulsell electroporator. 1ml LB was immediately added and the 

mixture incubated for Ih at 37°C before plating on LB plates containing an appropriate antibiotic

2.1.3 Plasmid DNA Preparation

Small-scale preparation of plasmid DNA was carried out by boiling lysis. The bacteria from a 

2ml overnight culture were pelleted and resuspended in 0.4 ml STET supplemented with lOOpg/ml 

lysozyme. After a 5min incubation at 25°C, the mixtures were boiled for exactly one minute then 

centrifuged at 13,000rpm in a microcentrifuge (Eppendorf) for lOmin. The fluffy precipitate was 

removed with a toothpick and 0.6ml isopropanol and 120p,l 7.5M ammonium acetate added to the 

supernatant. After a further lOmin centrifugation at 13,000rpm, the resultant DNA precipitate was 

washed in 70% ethanol then resuspended in 100p,l TE.

Large-scale preparation of DNA for transformation of Dictyostelium cells, S.cerevisiae cells and 

for DNA sequencing was carried out using the Qiagen Maxi Kit (Qiagen) according to the 

manufacturer’s instructions. The DNA concentrations of the final preparations were estimated by 

measuring the absorbance at 260nm using a spectrophotometer (Amersham Pharmacia Biotech) and 

applying the rule that a SOpg/ml solution of double stranded DNA has an A260 of 1 unit.

2.1.4 Restriction Enzyme Digestion and Enzymatic Modification of DNA

All restriction enzyme digests and enzymatic modifications of DNA were performed under the 

conditions recommended by New England Biolabs. For routine sub-cloning operations, l-Spg 

DNA was digested in 40pl of the appropriate buffer for Ih. T4 DNA polymerase or the Klenow 

fragment of DNA polymerase-I were used to blunt DNA fragments with overhanging ends where 

appropriate. For large scale digestion of plasmid DNA used for transfection of Dictyostelium cells, 

lOOpg DNA was digested in 400pl of the appropriate buffer for 4-16h. In each case RNA was 

digested by the addition of RNaseA to 10/tg/ml.
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Where necessary restriction enzymes and buffer were removed from the DNA by extraction with 

phenol/chloroform/isoamyl alcohol (24:23:1) and precipitation with 2vol. ethanol and 0.1vol. 3M 

sodium acetate pH5.2. After a final wash in 70% ethanol, the DNA pellet was resuspended in an 

appropriate volume of TE. Plasmid DNA for transfection of Dictyostelium c'ells was resuspended at 

1 mg/ml whilst recombinant genomic DNA fragments were resuspended in 50^1.

2.1.5 Agarose Gel Electrophoresis and Gel Purification of DNA Fragments

Intact plasmid DNA or restriction fragments of DNA were separated for sub-cloning or 

analytical purposes by electrophoresis through agarose gel. Gels were cast by dissolving 0.7-2% 

general purpose agarose (Gibco) in TAB. 0.1/xg/ml ethidium bromide was included in gels for 

visualisation of DNA under UV light. DNA samples were loaded in 10% v/v DNA loading buffer 

and a Ikb DNA ladder (New England Biolabs) run in parallel. Electrophoresis of samples was at 

90V in Hybaid horizontal gel apparatus. DNA was visualised by UV trans-illumination, images 

captured by CCD camera and printed on thermal paper (Sony).

Specific DNA fragments for sub-cloning purposes were purified from the gel following 

electrophoresis using the QiaExII kit (Qiagen) used according to the manufacturer’s instructions.

2.1.6 Ligation of DNA Fragments

For routine sub-cloning operations, ligations were performed using 40units of T4 DNA ligase, 

50ng vector DNA and 150ng insert DNA in a PEG containing ligase buffer (Gibco). The total 

reaction volume was 10p,l. The ligations were allowed to proceed for Ih at 25°C before 

transformation into the appropriate competent E.coli strain.

Ligation of oligonucleotides was performed in a similar manner except that Ipg of oligo DNA 

and 50ng vector DNA was used. The complementary oligos were annealed by boiling for 5 minutes 

followed by slow cooling to room temperature prior to ligation

2.1.7 Polymerase Chain Reaction

Polymerase chain reaction (PCR) to amplify specific DNA fragments was carried out using a MJ 

Research thermal cycler. 50/^1 reactions were set up in thin-walled 200/xl tubes (MWGBiotech) as 

follows: forward and reverse primers each at 0.1/xM final, dATP, dCTP, dTTP and dGTP

67



(Promega) each at 100/tM final, 1 unit of Taq polymerase (Promega) in ThermoPolymerase buffer 

(New England Biolabs). Templates were lOOng Dictyostelium genomic DNA, 3/tl of X phage stock 

or Ing plasmid DNA. After a 5min incubation at 94°C, cycles of (94°C for 30s, 50°C for 30s, 

60°C for Imin} were used for DNA amplification. A final extension step at 60°C for lOmin 

concluded the reaction. 15 cycles were used for preparative mutagenesis reactions to reduce the 

frequency of errors whereas 35 cycles were used for analytical purposes.

2.1.8 Oligonucleotides for Analytical PCR

The following primers were used to confirm that the gefB cDNA represented a single contiguous 

region of the genome:

gefB-F2 GTTAACATGTGAATCAAATACCG
gefB-F3 CCTCAACCTCAATTACAACAAAG
gefB-R3 CAGGTTTTGACCAAGCTTGATTC
gefB-F4 CTACCCAACAATTATTCCC
gefB-R4 GAAGGGAATAATTGTTGGG
gefB-F5 CCACACTATTCCTCAATCTCGCC
gefB-R5 GGCGAGATTGAGGAATAGTGTGG
gefB-R6  GTTTTTGTGAATCTTAATTCGG
gefB-F7 CCATCGATTTCATCACCAAG
gefB-R7 CTTGGTGATGAAATCGATGG
gefB-F9 GAGCACATGTGAAAACAC

2.1.9 DNA Sequencing

For routine sequence determination, DNA sequencing reactions were carried out using the ABI 

Prism Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer) according to the 

manufacturer’s instructions. Sequence data was determined from these reactions by Oswel, 

University of Southampton using an ABI 373A DNA Sequencer (Perkin Elmer). For high quality 

long-range sequence determination (>800bp), 20|ig of plasmid DNA was sent to MWG Biotech for 

analysis. Sequences were analysed using DNAStrider, DNAStar and MACAW computer software 

for the Apple PowerMac.

2.1.10 cDNA Library Screening

A ÀZAPII cDNA library (Stratagene) provided by Dr A. Harwood and a Xgtll cDNA library 

(Clontech) were screened.



XL 1-blue (XZAPII host) and Y1090 (Xgtll host) plating bacteria were prepared exactly 

according to Sambrook et al 1989. Both phage libraries were prepared for screening as follows: LB 

agar plates were poured (300ml in a 250mm square bioassay dish (Nunc)) and allowed to set and 

dry. The bacteriophage (2x10^ pfu/plate) were incubated with 2ml of plating bacteria for BOmin, 

mixed with 50ml top agarose at 50°C then quickly poured onto the LB agar plates prewarmed to 

37°C. After the top agarose had set, plates were inverted and incubated for 8-12h at 37°C until 

discreet plaques could be seen in the bacterial lawn, at which point the plates were transferred to 

4°C for BOmin. At this stage 200mm squares of Hybond membrane (Amersham Pharmacia 

Biotech) were placed carefully onto the top agarose to adsorb the Xphage, and the orientations of 

the filters marked by making holes through the membranes into the agar. The membrane was lifted 

after Imin, then a second (duplicate) lift was carried out for Bmin. X phage DNA was denatured 

and fixed to the membrane by placing the filter, DNA side up, onto a pad of BMM paper (Whatman) 

soaked in 1.5M NaCl, 0.5M NaOH for 7min. Filters were then neutralised by placing on a pad 

soaked in 1.5M NaCl, 0.5M Tris-HCl pH7.2, ImM EDTA for 5min. Membranes were now 

screened with radiolabaWeol probes in an identical fashion to that employed for Southern blotting 

(2.1.13).

Positive plaques were picked by aligning the black spots on the autoradiograph with the library 

plate and excising the plaque and surrounding area of the agar with the open end of a 1 ml 

micropipette tip (Gilson). At this stage X phage particles from the agar plugs were not clonal so 

second and third rounds of screening were needed. These were carried out on 90mm plates (with 

3ml top agarose and 2 0 0 /xl host bacteria) using serial dilutions of the X phage isolated in the 

primary screen and resulted in the isolation of positive, clonal Àphage.

The cDNAs from positive ZAPII clones were excised according to the manufacturer’s 

instructions. This yields the cDNA cloned in the EcoRI site of pBluescriptSK(-). In order to 

recover the cDNAs from positive Àgtl 1 clones, X phage DNA was first prepared using the Lambda 

DNA Mini Kit (Qiagen) according to the manufacturer’s instructions. From the 20|ig of DNA 

obtained, 5|Lig was digested with EcoRl. The cDNA insert gel purified away from the rest of the 

vector and ligated into the EcoRI site of pBluescriptKS(+).

69



2.1.11 DNA Constructs

2.1.11.1 Gene Disruption Plasmids

gefB: To obtain more gefB sequence a Xgtl 1 cDNA library (Clontech) was screened (see 2.1.9), 

One round of screening was performed using the cDNA insert from clone SSK260 from the 

Tsukuba Dictyostelium cDNA project (excised by NotllSall digestion and agarose gel purification) 

as a probe. The inserts from positive clones were amplified by PCR using a Àgtl 1 forward primer 

(G G T G G C G A C G A C T C C T G G A G C C C G ) o r a À g t l l  r e v e r s e  p r im e r  

(TTGACACCAGACCAACTGGTAATG) in combination with a gefB  reverse primer 

(CAGGTTTTGACCAAGCTTGATTC). PCR products were cloned into the EcoRV site of pZERO 

(Invitrogen) according to the manufacturers instructions and the DNA sequences determined. The 

longest clone (pATW6 8 ) contained an additional TOObp of gefB sequence.

Clone SSK260 from the Tsukuba Dictyostelium cDNA project was digested with B stZ ll?  and a 

blasticidin resistance cassette (Sutoh, 1993) with EcoRV ends, excised from pRHI148, was inserted 

to create plasmid, pATW61. The more 5’ gefB sequence was excised EcoRI/ BstZl 17 from 

pATW6 8  and ligated into the EcoRI and Smal of pATW61. The resultant plasmid, (pATWTl), was 

digested with EcoRI and Notl prior to electroporation.

gefC: Clone SLB595 from the Tsukuba Dictyostelium  cDNA project was digested with Bglll 

and a Blasticidin resistance cassette with BamHI ends, excised from pRHIlOS, was inserted. This 

plasmid, pATW69, was digested with Notl and Sail prior to electroporation.

gefD: To obtain more gefD  sequence a X gtll cDNA library (Clontech) was screened (see 

2.1.9). One round of screening was performed using the cDNA insert from clone SSH128 from the 

Tsukuba Dictyostelium cDNA project (excised by Notl!Sail digestion and agarose gel purification) 

as a probe. The inserts from positive clones were amplified by PCR using a Xgtll forward primer 

(G G T G G C G A C G A C T C C T G G A G C C C G ) or a À g t l l  r e v e r s e  p r im e r  

(TTGACACCAGACCAACTGGTAATG) in combination with a gefD  reverse primer 

(CCACCAACGATTGCATTGGCAGC). PCR products were cloned into the EcoRV  site of 

pZERO (Invitrogen) according to the manufacturers instructions and the DNA sequences 

determined. The longest clone (pATW65) contained an additional 500bp of gefB sequence.
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Clone SSH128 from the Tsukuba Dictyostelium cDNA project was digested with H in d i  and a 

Blasticidin resistance cassette with EcoRV  ends, excised from pRHI148, was inserted to create 

plasmid, pATW60. The more 5’ gefD sequence was excised EcoRI/BspHI from pATW65 (after 

blunting of the BspH I site with T4 DNA polymerase) and ligated into the EcoRI and Sm al of 

pATW60. The resultant plasmid (pATWVO), was digested with E coR I and N o tl  prior to 

electroporation.

gefB: Clone SLA704 from the Tsukuba Dictyostelium cDNA project was digested with B stZ ll?  

and a Blasticidin resistance cassette with EcoRV ends, excised from pRHI148, was inserted. This 

plasmid, pATW57, was digested with Notl and Sail prior to electroporation.

gefG: Clone SLD476 from the Tsukuba Dictyostelium cDNA project was digested with Clal, 

blunted with T4 polymerase and a Blasticidin resistance cassette with EcoRV  ends, excised from 

pRHI148, was inserted. This plasmid, pATW72, was digested with N o tl  and S a il  prior to 

electroporation.

rasD: A 2.0kb, EcoRl/Bcll fragment of rasD genomic DNA cloned into the EcoRI and BamHI 

sites of pBluescriptKS^+) was digested with PstI, blunted with T4 polymerase and BamHI linkers 

inserted giving rise to a vector, containing a BamHI at the 5’ end of the rasD gene. This BamHI site 

was used to insert a Blasticidin resistance cassette with BamHI ends, excised from pRHI103. This 

plasmid, pATWl, was digested with EcoRI and Spe/prior to electroporation.

2.1.11.2 Assembly of the gefB  cDNA

Two partial cDNA clones were isolated from a XZAPII cDNA library (Stratagene) which 

encompassed the entire gefB ORF. pATW99 contained the 3’ end and pATWl 16 contained the 5’ 

end. To assemble the full-length cDNA, the 3’ end was excised BsrGl/EcoRV  from pATW99 and 

cloned into the BsrGl and Smal of pATW116 creating pATW117.

2.1.11.3 Expression Plasmids

gefB: The complete gefB  cDNA was excised from pATWl 17 by EcoRV/Xbal digestion and 

ligated into the Kpnl and Hindlll sites of pDXA (Manstein et al., 1995) after blunting all ends with 

T4 DNA polymerase. This plasmid, pATWl 18, puts the gefB cDNA under the control of the strong 

constitutive actlS  promoter. pATWl 18 was linearised by Seal digestion prior to electroporation.
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rasDi An EcoRI/Xbal fragment of the rasD genomic clone containing the complete ORF with 

putative transcriptional promoter and terminator sequences was ligated into EcoRI and Xbal sites of 

pBluescriptKS(+). This plasmid, pATW 8 , was digested with X bal and a neomycin resistance 

cassette with Xbal ends, excised from pDNEO, was inserted, '

The resultant plasmid, pATW9, was linearised by Seal digestion prior to electroporation.

2.1.11.4 Yeast Two-Hybrid Vectors

gefB : pATW99 was digested BstBI/Notl and a double stranded oligonucleotide inserted 

(CGAATGATTCTAGAGATCT and GGCCAGATCTCTAGAATCATT) to create pATW112. 

This resulted in the creation of a Xbal before the catalytic domain of gefB. The modified GEF 

domain was excised from pATWl 12 by Xbal/Xhol digestion and inserted into the Spel/Sall sites of 

pGADGH (Clontech) to create pATWl 13. This vector expresses a fusion of the yeast Gal4 

activation domain and the GefB catalytic domain using the strong constitutive ADHl promoter.

aleA: The catalytic domain of aimless was excised by Ndel/EcoRI digestion of the cDNA 

(obtained from Dr R Insall) and inserted into the BamHI site of pGADGH after blunting of all DNA 

ends with Klenow DNA polymerase. This plasmid, pATW24, expresses a fusion of the yeast Gal4 

activation domain the aimless catalytic domain

rasG :  A rasG  cDNA with the S17N mutation was obtained from Dr G Weeks. This was 

amplified by PCR to remove the CAAX prénylation signal and add Ncol sites at each end using the 

fo llow ing  pair o f prim ers: CCA G G A TCCTTAA GCTTTTA ATG GTCTCTTC and

CCAGAATTCAATGACAGAATACAAATTAG. The PCR product was digested with Ncol and 

ligated into the Ncol site of pAS2 (Durfee et al., 1993). The resultant plasmid pATW122 expresses 

a fusion of the yeast Gal4 DNA binding domain and the RasG protein using the strong constitutive 

ADHl promoter.

rasS: A pAS2 based vector expressing the Gal4 DNA binding domain fused with a dominant 

negative (N17) RasS protein was provided by J Chubb. This fusion had the CAAX prénylation 

signal removed.

72



2.1.11.5 Yeast Complementation Vector

pATW99 was digested with B stB I/N o tl and a double stranded oligonucleotide inserted 

(GGCCTGCAGATGTT and CGAACATCTGCA) to create pATW123. This resulted in a PstI and 

in-frame ATG translational initiation codon being added before the catalytic domain of gefB. The 

modified GEF domain was excised from pATW123 by PstllSall digestion and inserted into the 

PstllXhoI sites of pAD4 (Park et al., 1994) to create pATW124. This vector expresses the 

transgene using the strong constitutive ADHl promoter.

2.1.12 Preparation of Dictyostelium Genomic DNA

Approximately 10  ̂ Dictyostelium cells were harvested from shaking axenic culture or SM 

agar/Klebsiella plates, washed and shaken in KK2 at 5xlOVml for at least 6 h. Starved cells were 

pelleted and lysed to release intact nuclei by adding 40ml of ice-cold Cell Lysis Buffer and mixing. 

Nuclei were pelleted at 4000g for lOmin at 4°C, washed with a further 40ml lysis buffer and 

resuspended in 0.3ml lysis buffer. 10ml Digestion Buffer, containing lOOpg/ml Proteinase K, was 

added and the mixture incubated at 56°C for at least 4h. Genomic DNA was extracted with 10ml 

phenol pH7.5. The aqueous layer was further extracted with 5ml phenol/chloroform/isoamyl 

alcohol (24:23:1), precipitated with 2vol. ethanol and 0.1vol. 3M sodium acetate pH5.2 and spooled 

out on a plastic loop. After washing with 70% ethanol, the DNA was dissolved in TE and the 

concentration estimated by measuring the absorbance at 260nm on a spectrophotometer (Amersham 

Pharmacia Biotech).

2.1.13 Southern Analysis of Dictyostelium DNA

Genomic DNA was digested with appropriate restriction enzymes (see 2.1.4) then separated on a 

0.8% agarose gel. Restriction digests were as follows: gefB  DNA with B c lf  gefC DNA with 

BsaBI/Hindlll, gefD  DNA with BsaBI/BsrGI, gefE  DNA with EcoRI, gefG  DNA with BsrGI and 

rasD DNA with EcoRI/BclI. The DNA in the gel was transferred onto Hybond N"̂  (Amersham) by 

capillary blotting using 0.4M NaOH as the transfer solution. The membrane was prehybridised for 

Ih  at 65°C in bottles in a rotating oven (Hybaid) with 20ml of Church Hybridisation Buffer. 

Denatured radiolabelled probe (see 2.1.16) was added and allowed to hybridise for 4-16h. The 

membrane was then washed 3 times with Church Wash B uffer changing every 20min. The
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membranes were then sealed in plastic bags and exposed to XOMAT film (Kodak), Where 

necessary, membranes were stripped with boiling 0.5% SDS.

2.1.14 Preparation of Dictyostelium RNA

5x10^ Dictyostelium  cells were placed on dry ice and lysed immediately into 500/xl RNA 

Extraction Buffer. 500|li1 phenol pH7.5 was added, the mixture vortexed vigorously for 15min then 

centrifuged at 13,000rpm for 5min. The upper phase was removed and added to 1ml of ethanol. 

This mixture was centrifuged at 13,000rpm for 5min, the supernatant aspirated and the RNA pellet 

dissolved in DEPC-treated ddH2 0 . The RNA solution was stored -80°C. The RNA concentration 

was estimated by determining the absorbance of the solution at 260nm and assuming that a solution 

of 40|uig/ml RNA has an Ajeo of 1 unit.

2.1.15 Northern Analysis of Dictyostelium RNA

RNA was prepared for electrophoresis in Ix MOPS buffer, 0.2M formaldehyde, 50% v/v 

formamide and 10% v/v sterile RNA loading dye, denatured at 60°C for 15min and cooled on ice. 

10/ig RNA per lane was loaded on a 1% agarose gel containing IxMOPS buffer, 0.65M 

formaldehyde and O.Olpg/ml ethidium bromide. The gel was run in IxMOPS buffer at 105V for 4h 

and visualised under UV light before equilibrating in lOxSSC and blotting onto Hybond N"̂  nylon 

membrane (Amersham Pharmacia Biotech) by capillary transfer in lOxSSC. The RNA was 

subsequently UV-crosslinked to the membrane using a Stratalinker (Stratagene). Membranes were 

prehybridised at 42°C for 2h in bottles in a rotating oven (Hybaid) with 20ml RNA Hybridisation 

Buffer. Denatured radiolabelled probe (see 2.1.16) was added and allowed to hybridise for 4-16h. 

The membranes were then washed with 2xSSC/0.5% SDS at room temperature, followed by four 

15min washes at 67°C. After one final wash with 0.5xSSC/0.5% SDS at 67°C the membranes were 

sealed in plastic bags and exposed to XOMAT film (Kodak).

2.1.16 Radiolabelled Probes

Radiolabelled probes for Northern blotting. Southern blotting and X phage library screening 

were generated by a random priming reaction. The reaction mixture consisted of 50ng of agarose 

gel purified DNA, lOpg bovine serum albumin, 3units Klenow polymerase, 50pCi a-^^P-dATP

74



(specific activity of 6000Ci/mmol) in 50pl of OLB. The DNA and water are initially heated to 

95°C for 5min before addition of the other components, on ice. The labelling reaction was 

incubated for Ih at 37°C then the probe purified using a G50 spin column (Amersham Pharmacia 

Biotech) according to the manufacturer's instructions. The mixture was again heated to 95°C for 

5min, then added to the hybridisation buffer.

gefB: A 671 bp probe, amplified from the 3’ end of the gefB cDNA using the primers 

CAGGTTTTGACCAAGCTTGATTC and GTTAACATGTGAATCAAATACCG was used for 

both Southern/Northern analysis and first round screening of the ÀZAPII cDNA library. A 500bp 

EcoRI/PstI fragment from the extreme 5’ end of pATW99 (see 2.1.10.2) was used for the second 

round of screening of the ÀZAPII cDNA library.

gefC :  A BsaBI/Hindlll fragment of clone SLB595 from the Tsukuba Dictyostelium  cDNA 

project was used as probe in Southern analysis.

geJV: A 571 bp probe, am plified  from  the g e f D  cDNA using the primers 

GACTCTGTACCACAGGTACCACC and CCACCAACGATTGCATTGGCAGC was used for 

Southern analysis.

gefE: A 633bp probe, am plified from the g e f E  cDNA using the prim ers

CCTTTACCCAGGGCCCGCCAACAC and GTTGTAGTATTGGTTGTTGTTGC was used for 

Southern analysis.

gefG: A BsrG l fragment of clone SLD476 from the Tsukuba Dictyostelium cDNA project was 

used as probe in Southern analysis.

rasD: A Clal/Bcll fragment of rasD genomic DNA was used as probe in Southern analysis.

O ther probes: To generate probes for ecmA, ecmB, pspA, spiA, IG7 and disly, entire plasmids 

containing the cDNAs of each these genes were used as the template for the radiolabelling reaction.

2.1.17 Yeast Transform ation and Two-Hybrid Assay

S.cerevisiae strains Y 190 or LV25-5 (Broek et al., 1987)(a strain carrying a temperature 

sensitive CDC25 allele) were maintained at 30°C in YPD medium or on YPD agar plates. Leu, 

Trp, Leu-Trp and Leu-Trp-His drop-out media were obtained as powders from BiolOl. Both liquid 

drop-out media and agar plates were prepared according to the manufacturers instructions. Yeast 

transformations were performed according to the TRAFO protocol (Agatep et al., 1998) and the
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Yeast two-hybrid assays performed according to (Geitz et al., 1997) and (Parchaliuk et al., 1999). 

Both growth of transformants on L e u , Trp', His'-^ynthetic agar plates containing 25mM 3- 

aminotriazole (3-AT) and expression of P-galactosidase were taken as indicating a positive two- 

hybrid interaction.

2.2 Cell Biology

2.2.1 Dictyostelium Strains, Cell Culture and Development

Dictyostelium discoideum strains AX2, AX3 are the parents of all the mutants described in this 

thesis.

Vegetative cells were maintained at 22°C on SM agar plates in association with Klebsiella 

aerogenes, or axenically in HL5 medium (Sussman and Sussman, 1967) supplemented with 

appropriate antibiotic selection either in 90mm tissue culture plates or shaking in flasks at ISOrpm.

Growth rates of cells in axenic medium and bacterial suspension were calculated from semi-log 

plots of cell proliferation against time. The gradient of the best-fit straight line through points taken 

in the exponential phase of growth was determined and taken as the mean growth rate. For axenic 

growth, 3x10^ Dictyostelium cells were added to HL5 in 90mm dishes or 100ml flasks shaken at 

150rpm. For growth rates in bacterial suspension, the method described by (Witke et al., 1992) was 

used. A suspension of E.coli strain B/r at a density of 10'° cells/ml KK2 buffer was inoculated with 

3x10^ Dictyostelium cells and shaken at ISOrpm. Cells were counted using a haemacytometer.

Development was initiated by plating vegetative cells at a density of 3xlOVml on KK2 agar 

plates or on 47mm 0.2/xm nitrocellulose filters (Millipore) on top of 3 layers of 3MM paper 

(Whatman) soaked in KK2. These were incubated in a humidified atmosphere in overhead light. In 

most cases bacterially grown cells were used. To obtain large quantities of cells, SM agar plates 

were inoculated with 10^-10^ Dictyostelium cells plus 500|xl of a suspension of Klebsiella aerogenes 

in KK2. Cells were harvested into KK2 prior to detectable clearance of the bacterial lawn and 

pellet at 2000g for 2min. Several more KK2 washes were performed until the cells were free of 

bacteria. In the case of cells transformed with lacZ reporter constructs, which need constant 

selection with 2 0 /ig/ml G418, exponentially growing axenic cells were used. Aggregates were
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photographed using a dissecting microscope (Wild M 8  with M P S ll camera) and Kodak 

Ektachrome 160T 35mm slide film.

To assess development in the presence of exogenous NH3, vegetative cells were plated at a 

density of BxlOVml on nitrocellulose filters (as above) and allowed to develop to tipped-mounds. 

The filters were then transferred on to 3 layers of 3MM paper (Whatman) soaked in 25mM 

MES(pH6.3) containing various concentrations of NH4CI.

2.2.2 Transfection of Dictyostelium Cells

Electroporation was used for generating gene knockout strains and for the réintroduction of gefB 

and rasD  genes into the null cell lines since it results in a high percentage of transformants 

containing only a single copy of introduced vector.

Transformation was performed by a modification of the method of (Howard et al., 1988). 2x10’ 

exponentially growing cells were pelleted at 2000g for 2min resuspended in 400jLil ice cold 

KK2/50mM sucrose, mixed with 25gig of linearised DNA and electroporated in a 0.2cm cuvette 

(Biorad) in a BioRad Genepulser at I.IV , SjxF with a 5Q resistance in series. After 10 minutes 

incubation on ice ImM M gC yim M  CaCl2 was added and the cells placed at 22°C for 15min before 

addition of 10ml HL5 supplemented with heat killed E.coli B/r. 10/xg/ml Blasticidin-S (ICN) or 

10/xg/ml G418 (Calbiochem) was added 16h after electroporation. After 7 days antibiotic selection, 

transformants were cloned on lawns of Klebsiella aerogenes on SM agar plates

CaP0 4 -mediated transfection was used to introduce lacZ reporter constructs since it generates 

high copy number random integrations of plasmid DNA into the Dictyostelium genome. 10ml of 

axenically growing cells (lOVml) were plated onto 90mm tissue culture dishes and allowed to attach 

for 30min. The axenic medium was then replaced with HEPES-HL5 medium and cells were left to 

equilibrate for a minimum of 2h. A DNA precipitate was obtained by the addition of SSfil of 2M 

CaClj to 600/d HBS containing 12jUg plasmid DNA whilst vortexing vigorously. The mixture was 

left for 30min at 22°C before being added dropwise to the plate of cells and incubated for at least 

4h. Cells were then osmotically shocked with 2ml of 15% glycerol in HBS for 2min. The 

glycerol/HBS was then replaced with HL5 supplemented with heat killed E.coli B/r and incubated 

for 16h. Transformants were selected by the addition of 50/tg/ml G418. After 7 days selection 

transformant colonies were picked with a Ijxl micropipette (Gilson) and cloned out by serial
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dilution on lawns of Klebsiella aerogenes on SM agar plates. Clones were picked into HL5 and 

stable transformants were maintained at 20/ig/ml G418.

Sterile heat-killed bacteria were made as follows: a 500ml stationary culture of E.coli B/r was 

pelleted at 5000g for 5min and washed three times in 500ml KK2, Cells were resuspended in 50ml 

KK2, heat-killed at 80°C for 20min and stored in aliquots at -20°C for use. 20/il was used for each 

transfection.

2.2.3 Pinocytosis Assays

This assay was modified from that designed by Dr M Maniak (Hacker et al., 1997; Maniak et al., 

1995). Bacterially grown cells were pelleted at 2000g for 2min, washed free of bacteria with KK2 

and plated at 5xl0^cells/plate in HL5 on 90mm tissue culture plates for 24h. Cells were harvested 

by trituration, pelleted then resuspended at 5xl0^cells/ml in 10ml HL5 containing 2mg/ml TRITC- 

dextran (MW 70000) and shaken at 150rpm. 1ml of culture was removed at regular intervals and 

100/d of Trypan Blue added to quench extracellular fluorescence. Cells were then washed once, 

resuspended in 1ml KK2 and intracellular fluorescence measured by Fluorimeter (Kontron SFM25). 

Excitation was at 544nm and emission read at 574nm. For each cell line, the assay was performed 

on 3 separate occasions using the same batch of TRITC-dextran. Results are presented in terms of 

relative fluorescence with the data points from each separate experiment and their mean value 

displayed on the same graph.

2.2.4 Phagocytosis Assays

Phagocytosis of bacteria was performed as described previously (Witke et al., 1992). 

Dictyostelium  cells were inoculated at a density of lO^cells/ml into a 20ml suspension of E.coli 

strain B/r at lO^cells/ml in KK2. 1ml of culture was removed at regular intervals and the optical 

density at 600nm measured. Each assay was performed in triplicate, the mean and SD plotted 

against time and an estimate of phagocytic rate calculated from the best fit straight line.

Phagocytosis of TRITC-labelled yeast was performed in a similar manner to the pinocytosis 

assay described in 2.2.3 except that cells were assayed at 2x10^ in 10ml of HL5 containing TRITC- 

dextran labelled yeast at lO^cells/ml (a gift from Dr M Maniak) (Niewohner et al., 1997).
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2.2.5 Stalk and Spore Assays

Stalk and spore monolayer assays were performed as described previously in (Harwood et al., 

1995). To induce stalk cell formation, cells were washed in Stalk Medium and plated at a density of 

1.5x10"  ̂cells/cm^ in 30mm tissue culture plates containing Stalk Medium supplemented with 5mM 

cAMP. After 20h, the medium was removed, the cells washed three times and replaced with fresh 

medium supplemented with lOOnM DIF alone or lOOnM DIF plus 5mM cAMP. To induce spore 

cell formation, cells were washed in Spore Medium and plated at a density of 1.5x10'* cells/cm^ in 

30mm tissue culture plates containing Spore Medium supplemented with 15mM 8 -bromo-cAMP or 

5mM cAMP. The numbers of vacuolated stalk cells and phase bright spore cells were counted using 

a phase-contrast microscope (Zeiss) after 48h and expressed as a percentage of the total cell count. 

Each experiment was performed three times, counting a minimum of 500 cells from five separate 

dishes on each occasion.

In vivo spore cell formation was assessed following differentiation of 2 x 1 0  ̂cells at 3xlOVcm^ on 

Millipore filters soaked in KK2. The number of spores formed during differentiation was 

determined by haemacytometer after harvesting of mature fruiting bodies with 10ml of KK2 

containing 0.5% Triton X-100. The total number of spores formed during the development of 1:1 

mixtures of mutant and wild-type amoebae was determined in a similar manner. To determine the 

relative contribution of each cell type to the spore mass in these chimeras, spores were plated at 

serial dilutions onto SM agar in association with Klebsiella aerogenes. Cells from plaques formed 

in the bacterial lawns were transferred to HL5 containing 10/rg/ml blasticidin, the resistant clones 

(which represent the spores from mutant amoebae) counted and expressed as a percentage of the 

total number of clones assayed. The assay was repeated 3 times; at least 200 colonies were assayed 

each time. The viability of in vivo derived spores was determined by resuspending them in lOmM 

EDTA (pH 7.5), heating for 30min at 37°C and plating at serial dilutions onto SM agar in 

association with Klebsiella aerogenes. The percentage viability was calculated by comparing the 

number of colonies formed to the number of phase-bright spores plated.

In all in vivo spore assays, 2x10^ vegetative cells were subject to the same assay conditions. In 

each case they yielded no phase bright spores or colonies on SM plates.
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2.2.6 B-Galactosidase Staining of Aggregates

Aggregates were developed on nitrocellulose filters or on KK2 agar and fixed for 15min in Z- 

buffer containing 1% glutaraldehyde. Samples were washed twice in Z-buffer then incubated in X- 

Gal Staining Solution at 37°C until sufficient staining was achieved (Dingermann et al., 1989), 

Stained structures were photographed at 50x magnification on the filters using a dissecting 

microscope (Wild MS with M PSll camera). Alternatively, structures were mounted onto glass 

slides and photographed at high magnification (200x) on a Zeiss Axioscope fluorescence 

microscope with M CI00 camera using Kodak Ektachrome 160T 35mm slide film.

2.2.7 Fluorescence Microscopy

Cells from bacterial lawns or axenic culture were harvested, washed and seeded onto glass 

coverslips. Fixation was carried out with 1% glutaraldehyde, 0.1% Triton X-100 in KK2 for lOmin. 

Autofluorescence was quenched using 5mg/ml NaBH^ for lOmin. Actin filaments were stained 

using Texas Red-conjugated phalloidin (Molecular Probes). Cells were observed using a scanning 

confocal microscope (MRC1024; BioRad, Hercules, CA).

2.2.8 Scanning Electron Microscopy

The protocol described by (Condeelis et al., 1987) was used with modifications. Cells were 

fixed on glass coverslips using 1% osmium tetroxide in KK2 for 5s followed by 2% glutaraldehyde 

in KK2 for 2h. The fix was removed and the samples were progressively dehydrated through an 

ethanol series of 30-100% ethanol then taken into hexamethyl disilane. After air-drying, the cells 

were sputter coated in gold, and viewed on a Jeol JSM5410 scanning electron microscope.

2.2.9 Motility Analysis

The mean speed of bacterially grown cells was estimated using time-lapse recordings of digital 

phase-contrast images of the cells. Cells were washed free of bacteria, plated in KK2 onto 90mm 

tissue culture plates and allowed to adhere for 15min. Phase-contrast images of the cells were 

obtained using an Axiovert 100 inverted microscope (Zeiss). Using a CCD camera and a Scion 

frame grabber attached to an Apple PowerMac computer running NIH Image 1.62 software, 40 

frames were captured at 20s intervals. Cell centroids were determined by eye and the mean
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centroid displacement between each frame was calculated by the software in terms of pixels. A 

graticule slide was used to calibrate pixel dimensions and hence the series of images was used to 

gain an estimate of mean cell speed.

2.2.10 Phototaxis and Thermotaxis Assays

All phototaxis and thermotaxis assays were performed by Dr P Fisher.

Qualitative phototaxis tests were performed by using sterile spatula-style toothpicks to transfer 

cells to charcoal agar plates from the edges of colonies growing on Klebsiella aerogenes lawns. 

Phototaxis was scored after 48h incubation at 21°C with a lateral light source. For quantitative 

phototaxis experiments, washed amoebae were inoculated onto the centres of charcoal agarose 

plates at various densities and incubated with a lateral light source for 48h at 21°C. For quantitative 

thermotaxis experiments, washed amoebae were inoculated onto the centres of water agarose plates 

(~ 2.4 X 10® cells/cm^) and incubated for 72h in darkness on a heat bar producing a 0.2°C/cm 

temperature gradient at the agarose surface. Arbitrary temperature units correspond to a 

temperature range of 14°C (T l) to 28°C (T8 ), as measured at the centre of plates in separate 

calibration experiments. Slug trails were transferred to PVC disks, stained with Coomassie Blue, 

and digitised. Slug orientation behaviour was analysed using directional statistics.
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2.2.11 Statistical Analysis of Physiological Data

A statistical analysis of the apparent physiological differences between mutant amoebae and the 

parental strain was performed using two-sided t-tests. The t statistic wa§ calculated using the 

formula:

Xj -  X2

t =

[S'(nr'+n2-')r

Where: UiSĵ  + UjSĵ
S" = -----------------

Uj +  U2 ~  2

Symbols: X = Sample mean
s = Sample standard deviation 
n = Sample size
S = Common standard deviation 

The P-value was determined from a table of the critical values of the t statistic for n,-f-n2 - 2

degrees of freedom. The significance level was set at 0.05

2.3 Biochemistry

2.3.1 SDS PAGE and Western Blotting

For SDS-PAGE, cells were pelleted at 2000g for 2min and resuspended in Ix Laemmli Buffer. 

After boiling for 5min the cellular debris was pelleted at 15000g for 5min. 10  ̂cell equivalents per 

lane and molecular weight markers (7708S New England Biolabs) were loaded on 10% 

resolving/4% stacking polyacrylamide gel (37.5:1 acrylamide:bisacrylamide, Protogel, National 

Diagnostics Corporation), and run at 150V for 1.5h using standard procedures (Sambrook et al., 

1989). Some gels were then stained with Coomassie Blue overnight and destained over several 

hours with 4-5 changes of Coomassie Destain to visualise total protein.

For Western blotting gels were equilibrated in Western Transfer Buffer and protein 

electrophoretically transferred to Hybond C-extra nitrocellulose membrane (Amersham Pharmacia 

Biotech) by semi-dry blotting in a BioRad transfer cell according to the manufacturer’s instructions. 

The membrane was rinsed in PBS and proteins were visualised using 2% PonceauS in 1% acetic
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acid to ensure even transfer and loading. Membranes were blocked for Ih at room temperature or 

overnight at 4°C in 10% dried skimmed milk, 0.1% Tween-20. After five washes in PBS/0.1% 

Tween-20 (PB ST) membranes were incubated in primary antibody diluted in PB ST for l-2h at 

room temperature washed four times in PB ST and incubated in secondary antibody diluted in PB ST 

for a further hour. After further washing with PB ST the membrane was sealed in Saranwrap (Dow 

Chemical); the secondary antibody was detected using enhanced chemiluminescence (ECL, Pierce) 

according to the manufacturer's instructions and exposure to Biomax (Kodak) film. To strip 

membranes for reprobing, they were incubated at room temperature for lOmin in O.IM glycine pH

2.5 followed by neutralisation in IM Tris pH 8.0.

Recipes

2.3.2 Cell Biology

HL5 axenic medium 1.43% peptone (Oxoid, L34) 
0.72% yeast extract (Oxoid L21) 
3.6mM Na2HP04, 3mM KH^PO^ 
30% glucose,
0.5mg/ml vitamin B12 
1 mg/ml folic acid pH9.0 
Final pH 6.4

HEPES-HL5 20mM HEPES pH 7.05 
0.5% yeast extract (Oxoid L21) 
1% peptone (Oxoid L34)
1 % glucose

HBS 270mM NaCl 
lOmM KCl 
12mM Na2HP0 4  

40mM HEPES pH7.05 
0 .2 % glucose

KK2 15.5mM KH2PO4 

3.8mM K2HPO4 

Final pH 6.2

KK2 Agar KK2
1.5% Bacto-agar (Difco)
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LB 1% Bacto-tryptone (Difco)
0.5% Bacto-yeast extract (Difco) 
17mM NaCl 
Final pH 7.0

LB Agar L-broth
1.5% Bacto-agar (Difco)

LB Top Agarose L-broth
0.7% agarose (Boehringer Mannheim)

PBS 137mM NaCl 
2.68mM KCl 
7.98mM NazHPO^ 
1.47mM KH2PO4 

Final pH 7.2

Slide Mountant PBS
140mM NaCl
0.04% Na azide
25% w/v polyvinyl alcohol
2.5% DABCO anti-fading agent
25% v/v glycerol
centrifuge at 5500g, 15 min, 4°C

SM Agar 1 % glucose
% peptone (Oxoid L34)
0.1% yeast extract (Oxoid L21) 
2% agar (Difco)

4mM MgSO^

4mM KH2PO4 

6 mM K2HPO4

Spore Medium lOmM MES pH 6.2 
20mM NaCl,
20mM KCl 
ImM MgCl2 

ImM CaCl2

2 0 0 jag/ml streptomycin, 2 0 jag/ml tetracycline

Stalk Medium lOmM MES pH 6.2 
2mM NaCl 
lOmM KCl,
ImM CaCl2
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200/ig/ml streptomycin, 20/tg/ml tetracycline

X-gal Staining Solution

YPD yeast medium

Z-buffer 
5mM K4Fe(CN)6  

5mM KjFeCCN)^
0.1% 5-bromo-4-chloro-3-indoyl-6-D-galactopyranosidase

2 % Lucos^
2% Bacto-tryptone (Difco)
1% Bacto-yeast extract (Difco)

YPD agar YPD medium
1.8% Bacto-agar (Difco)

Z-buffer

2.3.3 Molecular Biology

Church Hybridisation Buffer

PBS
ImM MgClz

500mM Na^HPO^/NaHzPO^ pH 7.2 
7% SDS

Church Wash Buffer 40mM NazHPO^/NaH^PO^ pH 7.2 
1% SDS

50x Denhardt’s Solution 1% BSA (FractionV)
1% Ficoll
1% Polyvinylpyrollidine

DNA Loading Buffer 0.25% bromophenol blue 
0.5% xylene cyanol 
15% Ficoll-400

Genomic DNA Lysis Buffer 20mM Tris-HCl pH7.5 
5mM MgClz 
0.32M sucrose 
0.02% sodium azide 
1% Triton X-100

Genomic DNA Gigestion Buffer lOmM Tris-HCl pH 7.5
5mM EDTA 
0.7% SDS

ÀSM lOOmM NaCl 
13mM MgSO4.2H20 
50mM Tris-HCl pH7.5 
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0.01% gelatin

MOPS RNA Gel Buffer 20mM MOPS pH7.0 
5mM Na Acetate 
ImM EDTA

OLB (5x) 250mMTris-Cl pH8 
25mMMgCl2 
5mM P-mercaptoethanol 
2mM each dOTP, dCTP, dTTP 
IM Hepes pH6.6
1 mg/ml Random hexadeoxyribonucleotides (Pharmacia)

RNA Extraction Buffer lOOmM Tris-HCl, pH 7.5 
200mM NaCl,
20mM EDTA 
1% SDS

RNA Hybridisation Buffer 43% v/v formamide 
5x SSC
lOx Denhardt's solution 
lOmM NazHPO^/NaHzPO^ pH 6.8 
200mg/ml boiled, sheared herring sperm DNA 
0.5% SDS

RNA Gel Loading Buffer 50% v/v glycerol 
ImM EDTA
0.4% w/v bromophenol blue 
0.4% w/v xylene cyanol

SSC 150mM NaCl 
15mM Na^citrate

STET 50mM Tris-HCl pH8 
50mM EDTA 
8% sucrose 
5% Triton-X 100

TAE 40mM Tris-acetate 
ImM EDTA

TE lOmM Tris-HCl pH 7.5 
ImM EDTA
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2.3.4 Biochemistry

CLAP lOOOx 5mg/ml Chymostatin 
lOmg/ml Leupeptin 
5 mg/ml Antipain 
5mg/ml Pepstatin A 
dissolved in DMSO

Coomassie Stain 0.25% Coomassie Brilliant Blue 
10% acetic acid 
45% methanol

Coomassie Destain 25% methanol 
16% acetic acid

Laemmli Buffer

Western Transfer Buffer

10% glycerol 
lOOmM DTT 
2% SDS
50mM Tris-HCl pH6.8 
0.1% bromophenol blue 
48mM Tris-Cl pH8.0 
96mM glycine 
20% v/v methanol

SDSPAGE 4% Stacking Gel 55mM Tris-Cl pH6.8 
0.2% w/v SDS 
0.05% v/v TEMED 
0.1% w/v APS 
4% acrylamide

SDSPAGE 10% separating gel 500mM Tris-Cl pH8. 
0.2% w/v SDS 
0.05% v/v TEMED 

0.1% w/v APS 
10% acrylamide
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3 Identification and Molecular Genetic Analysis of Five Novel 
RasGEFs from Dictyostelium discoideum

3.1 Introduction
Dictyostelium cells lacking RasG are unable to proliferate in shaking axenic culture and 

exhibit a number of defects associated with cytoskeletal disfunction (Tuxworth et al., 1997). 

These include impairment of cytokinesis and cell motility and a loss of cell polarity. rasS^ cells 

have increased motility and a highly polarised cell morphology. They are also are unable to 

grow in shaking axenic culture and recently this has been found to correlate with an inability to 

perform pinocytosis (J Chubb and A Wilkins, in press). The phenotype of the only published 

Dictyostelium RasGEF mutant, aimless, is unrelated to those of the rasG' and rasS' mutants. 

aimless null cells have no apparent defects in growth or cell morphology but are defective in 

chemotaxis and activation of adenylate cyclase in response to exogenous cAMP, resulting in a 

failure to aggregate upon starvation (Insall et al., 1996). It therefore, seemed likely that 

additional RasGEFs must exist which regulate the Ras activity required for correct cytoskeletal 

function. The aim of the work in this chapter was, firstly, to identify novel Dictyostelium  

RasGEFs from the Tsukuba cDNA sequencing project databases (Morio et al., 1998). 

Secondly, using targeted gene disruption, it was hoped to generate RasGEF mutant cell lines, 

which had some or all of the phenotypic properties of the rasG' and ras S' mutants. In this way 

it was hoped to begin the identification of the upstream elements of Ras signalling pathways 

controlling specific aspects of Ras function in Dictyostelium. The aim of this chapter was not to 

fully characterise any RasGEFs identified but to determine quickly which, if any, RasGEFs 

were involved in the Ras signalling processes identified in the rasG' and rasS' mutants.

3.2 Results

3.2.1 IdentiHcation of Five Novel RasGEFs

The Tsukuba, Dictyostelium cDNA sequencing project databases (Morio et al., 1998) were used 

to identify novel RasGEFs from Dictyostelium. The tBLAST-n search engine identified five 

cDNA clones with homology to the GEF domain of the putative RasGEF, aimless (Insall et al.,

1996). The partial cDNA clones were obtained from Dr T Morio and the full DNA sequence of 

each clone was determined. The genes represented by clones SSK260, SLB595, SSH128,



REM box
h S o s
A l e A
G E F B
G E F C
G E F D
G E F E
GEFG

h S o s
A l e A
G E F B
G E F C
G E F D
G E F E
GEFG

h S o s
A l e A
GE F B
GE F C
GE F D
G E F E
GEF G

h S o s
A l e A
GEF B
GE F C
GE F D
G E F E
GEFG

h S o s
A l e A
G E F B
GEF C
GE F D
G E F E
GEFG

h S o s
A l e A
GE F B
G E F C
GE F D
GE F E
GEF G

I K A G T V I K L I E R L T Y H M Y A D P N F V R T F L T T Y R S F C K P Q E L L S L I I E R F  
VKF AS L NKL V E HL T H D S K H D L Q F L K T F L MT Y Q S F CT P E K L MS K L Q Q RY  
I K Y A S L N Q L I L K L T C E S N T E L R F T K T F I T T Y R S F T T G D I F L M K L I Q R Y  
------------------------------------------- S D P N F R D V F L L T F R A F T T P C N L F D L L V E T F

V K G G T I E K L V N R L I - - A K H D P D F T S A F L L T H K S F T T S I E L L D L L I E F Y  
-----------------------------------------------------------------L A T Y R T F I S T S Q L V E K L F Q R Y

V N N K D S S S I N S N S S S S S S S A V A S S S F S N I N C

------------------------------------------------------------ E I P E P E P T E A D R I A I E N G D Q P L S A E L K R F R K E Y I Q P V Q L R V L N V C R H W V E H H F Y D F
--------------------------------------------------------------------------------------------------------------------NCP SGHD E MA T R N I Q I R V I N V L K G WV D N Y Y S D F
--------------------------------------------------------------------------------------------------- F T P N L K N I V P Y Q F V Q K I Q I P I Q L R V L N V L R L W I E Q Y P S D F
-------------------------------------------------------------------------------------------------------------------------------------QRQKHL KNGRVVNVI TSWVVHHFYDF
------------------------------------------------------------------------------------ T S V E L L G K I V H Y Y R I A C T L T T K L Q ME V S I T I L S V A M F W M K I H H N H L
N I S D L S S S T S S T N S L L I N S I T N S P I I N S N N Q N N Q N N N N N N N N N N N N N N N Q L E I N G D K K K K A I R L K I T N V I K S W V D K H Y Y D F  
-------------------------------------------------------------------------------------------------H I P R A S N I K S I L D W K Q R I E T P I Q V K V C K V F K K W I D D H F D D F

--------------------------------------------------------------------------------------------------------------- Q Q P P Q I T T Q S T Q P I Q N S T T Q P Q P Q P Q P Q Q P Q P Q L Q
E K D K L S D F T Q D P N H N P Q L L S E K L E Q F I Y S E D H Q S V S Q I K L Q Y F S H R K R L E S S I N L I D N Q K L T Q N E I T T P P P L Q I Q N N N Q N N  
----------------------------------------------------------------------------------------------------------------------------- MT D L Q F L Q K L K I F L D S V P Q V P P T Q V T Y F T

- N G T I X E L F K V F L L H I I D K Q S P L T N H L I

------------E R D A Y L L Q R M E E F I G T V R G K A M K K W V E S I T K I I Q R K K I A R D N G P G H N I T F Q S S P P T V E W H I S R P G H I E T F D
------------------------D D K L I A M L R T F I D Q I Q I K F P A P A S A V N K S L T K M V E K L S P V N D S K H I F N E K T P E P M V P K N I F S N N L S
Q S T N L Q N S T I Q Q P S L F K M L T A F L N S T R R N G H G Q Y S D L I L K K F K Q Q K Q K D R L Q L P I I N N G Q G I P K A K I F W M K Y S T E F
NL E N NNNN N N N N N T T T T T T T P N D N I N D I N N N N N N N N N N N N N N N N N N N N N N N N N N N N N L T N S T I K L V V Q P P I P I N F N
Y F Q T F F K P V I E P L K P L Y E R G N S F L G P N L T Q S S G T S K K K N Q L I E K M M I N N N I N N N N N I N N N V N S N S N N N F N N N I D I D
-----------------------------S E D K Q L T L K L D Q F I T N H I M F D M D K I G F N L K R L L T N D R V V P V P T F T Q G P P T P I P P K M K S N G S E I N
R S F S R K L S G E N G S T G S V I G I T G G K S S R K G G G S G S G S G S G G G S G S S I I G G A V G G T I K A S Q S K I G R M M S V R K A Q Q F N D

L L T L H P I E I A R Q L T L L E S D L Y R A V Q P S E L V G S V W T K E D K E I N S
l Y D I D E E E I A R Q L T L I E F E I Y R N I K P P E L L N Q S W N K T K L K S R A
I F S Q S S T D I A E Q L T L L D F D S Y K S I E E I E L L N Q A W S K P D Q K T N T
L L D S Q P I E V A Q T L T I M D H H Y F A M I D K R E F L G Q R W A K  NKS
l Y N I G S N I I A Q Q I T I I D N E M Y M A I P P S Q F L H K S F S K  E S KS
FK D L D P T E I A R Q L T L Y E S D L F R K I G A K E C L G Q A WN K D G K E E N A
I2SLPAEEIAKQLTL_IEFEI_FGI^^

P N L L K M I R H T T N L T L W F E K C I V E T E N L E E R V A V V S R I I  
P N VL KMI DRF NS VS MWVAT MI I QT T K VKARARMMT RFI  
P N I A S M V N R F N S F S S F V S WA I L R E N D I K Q R S K M M L K M I
p n i q i s t d h f n r t s q v v v t e i l k s k n s k q r s a t l g y f i

P Q F H D M V S K F N E W A R W T S S E I L S K E K L V E R V V T L S F F I
P N I V S F I K R F N Q V S S W V A T E I V R Q E K L K D R V S Y I K R F I
P N I R A S I D R F N T V T K W V C T I I L K E E K I R T R T K I M S K L L

E I L Q V F Q E L N N F N G V L E V V S A M N S S P V Y R L D H T F E Q I P S R Q K K I L E E A H E - - L S E D H - - Y K K Y L A K L R S I N P - - P C V P F F G  
K I A D H L K N L N N Y N S L M A I I A G L N F S S V Y R L K Y T R E E L S A Q T M R T Y S D L E K I M N S E G S - - F K T Y R T R L Q N V - P - - P M L P Y L G  
K I C Y A L Y K L S N F N G L L A G L S G L M A S G V Y R L N H T K S L I S K Q Y Q K K F D F L C K F L D T K K S - - H K V Y R D I I H S T C P - - P L I P Y L G  
S V A Y C C F E L N N L S G T A S I I Y G L N S A S I Q R I . K K S W S K L P K E S M I A F E Y L D K I V T P M K N - - Y I S L R H L M T T I Q P - - P C V P F L G  
D L A K S C V E L G N Y N A A N A I V G G L N H S S I S R L K L T W E R L S T K V T Q D Y D R L L S L F D L S M N - - Y K N Y R D E I K S T K A - - K I 1 P Y L G  
L V A Q E C R K L N N F N A T M E I L S G L Q N S S V Y R L R K T W E R V E S K P L L K N T L D E L M S L M S S G A N Y K N Y I Q E L H N I H P - - P C I P Y L G  
K V A K N L R S Y S N F H T L M A I L S G L N E I H I Y R L K F T Q Q E L - - K P K I Q K X S S E L Q T L M S V E G N H E A Y R T E L S N V D P K Q S C I P Y L G

h S o s
A l e A
G E F B
GEF C
G E F D
G E F E
GEF G

h S o s
A l e A
GE F B
GE F C
GE F D
G E F E
GEF G

XYL TNXLKTE EGN 
V HL T DL T F XDE GN 
X YL TDLTF XEDGN 
T YL K D L T F X E E G N  
L F P K D L X A I E E G N  
VYLTHLTFXEDGM 
VYLKDLTFXQDDT

P E V L K R H - - G K E L -------------------------------------------------------------------------------------------XNFSKRRKVAEXTGEX
P NNF VT DVG GKQVS L --------------------------------------------------------------------------------------X N F T KR T L VF K X X S L  X
Q DE XKGL --------------------------------------------------------------------------------------------------------- X NF K K R E MX F N T I L E X
P S X X G G L --------------------------------------------------------------------------------------------------------- XNFYKQRKXAEVXFQX
D N F T N N N L -------------------------------------------------------------------------------------------------------I N T E K F RL L Y Q T X K K X
K N V L T T T T A T T T N T T T T T T T T T T T T T T N T T T S N N N N Q Q Q L N G A N R S F D D V X X N F E K C R K X S V V X R E X  
NKKGDG----------------------------------------------------------------------------------------------------------- XNXKQSLNLYNXLKTX

Q Q Y Q N Q P Y C L R V E S D X K R - F F E N L N P MG N S ME K E F T D Y L F N K S L E X E
QE T Q VV P Y N L Q P V H Q X Q E - F L L N X RS D L K A H T L D Q Y Q Q E L Y RE S L K R E P K K A Q RS D V L
Q Q Y Q Q Q G Y T X K P K P S V L G - F L C E L P H MS D K K K F E D D T Y E Q S X L L E P K N S T K L E V MN A K K
QQH QQVV YSA XRS NP T XKA FL MS S HT FD DKQA QKXS SE A E
Q S Y Q Q P L F T F K T S E P X K Q - Y L K N X S N G L S E E K D F H S X S H K L E P R Q Q Q T Q
K Q Y Q Q Q Q Y H L H T E E F T L R - Y L S N L P S X Q T Q K S M Y K L S L X C E P K E K E T S S F D S G Y G S V S D R P S K K E F S V T S L L N S F K S
Q N F Q K N P Y S F E E F P K X K E T - L L N L P V WT E D N L Y R V S MQ R E P R N C K R S D L X

Figure 3.1 Alignment of the protein sequence of the catalytic domain of the human RasGEF, Sos, 
against the predicted protein sequences of five partial cDNAs from D.discoideum. The Cdc25 box 
homology region found in all Ras subfamily GEFs is boxed in black and the REM box homology 
region found only in Ras-specific GEFs is boxed in red. Residues conserved in more than 50% of 
the sequences are coloured red whilst gaps are inserted to aid alignment.
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SLA704 and SLD476 were named gefB, gefC, gefD, gefE and gefG  respectively. The predicted 

protein sequences of these clones suggest that they will function as RasGEFs. All clones 

contain a Cdc25 homology domain at the C-terminus - this region of homology is found in the 

catalytic domains of known GEFs for Ras and Ral subfamily proteins. Also, with the exception 

of gefD, the predicted protein sequences all clones possess a region of sequence homology 

known as a REM box found only in Ras-specific GEFs (Lai et al., 1993). Figure 3.1 shows an 

alignment of the predicted coding sequences of these cDNA clones against the catalytic domain 

of the human RasGEF, Sos. Although the partial gefD cDNA is too short to determine if it 

contains a REM box homology region, the predicted protein sequence of the putative GefD 

catalytic domain is more similar to RasGEFs than to GEFs for other small GTPases and is 

therefore likely to function as a RasGEF in vivo.

Two further ge/genes, gefA (clone SSD492) and gefF (clone FCBL15), were identified in 

the Tsukuba, Dictyostelium cDNA sequencing project databases by Dr Robert Insall. The 

molecular genetic analysis of the gefA and gefF genes is not discussed in this chapter although a 

summary of the unpublished findings of Dr Robert Insall is presented in 4,3.1.

3.2.2 Generation of gef Null Mutants

To determine the biological function of these putative RasGEFs, the generation of five 

separate Dictyostelium mutants, each with a single, targeted RasGEF gene disruption, was 

attempted. In each case gene-replacement vectors were generated in which the RasGEF 

homology region of the cDNA was disrupted by insertion of a Blasticidin resistance cassette 

(Sutoh, 1993). The partial cDNA clones of gefB  and gefD  were too small, 0.9kb and 0.7kb 

respectively, to facilitate vector construction so longer cDNA clones were obtained by 

screening a À gtll phage library (an additional 0.7kb and 0.5kb of cDNA sequence were 

obtained for gefB  and gefD  respectively). The construction of all of these vectors is precisely 

detailed in section 2.1.11.1 The gene disruption constructs were transfected into AX3 

Dictyostelium cells, and transformants cloned out following seven days of Blasticidin selection. 

Dictyostelium transformants were screened by Southern blotting. For each gene-replacement 

vector, ten transformants were examined and four gefB, five gefC, three gefD, nine gefF and 

five gefG cell lines were identified in which homologous recombination had replaced the 

endogenous gef gene with a single copy of the disrupted version. Schematic diagrams of the
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Figure 3.2 Disruption of the gefB gene
A) Schematic representation of the strategy employed to disrupt the 
gejB gene. A 1.6kb fragment of gefB cDNA disrupted with a 1.3kb 
blasticidin resistance cassette was constructed. The 2.9kb construct 
was used to disrupt the gejB gene by homologous recombination. A 
probe from the geJB cDNA was used to screen recombinants by 
Southern blotting. The sizes of the expected hybridising fragments 
from AX3 cells and gefB disruptants are indicated.
B) Southern blot of gejB mutant and parental AX3 DNA. Genomic 
DNA from gejB' and AX3 cells was digested with B clf separated on a 
0.8% agarose gel, tranferred to a nylon membrane and probed with a 
radiolabelled fragment of gejB DNA generated by PCR (see 2.1.16) 
Bands representing the wild type (2.3kb) and disrupted (3.6kb) gejB 
genes are indicated.
C) AX3 and gefB' cells were harvested at the indicated times of 
development (in hours) and total RNA was prepared. 20/^g of RNA 
was separated on an agarose gel and transferred to a nylon membrane. 
The membrane was cut horizontally and simultaneously hybridised to a 
radiolabelled fragment of gejB DNA generated by PCR (see 2.1.16) 
and a radiolabelled 107 probe used as a loading control.
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Figure 3.3 Disruption of the gefC gene
A) Schematic representation of the strategy employed to 
disrupt the gefC gene. A I.5kb fragment of gefC cDNA 
disrupted with a 1.3kb blasticidin resistance cassette was 
constructed. The 2.8kb construct was used to disrupt the 
gefC gene by homologous recombination. A probe from 
the gefC cDNA was used to screen recombinants by 
Southern blotting; the sizes of the expected hybridising 
fragments from AX3 cells and gefC disruptants are 
indicated.
B) Southern blot of gefC mutant and parental AX3 DNA. 
Genomic DNA from gefC' and AX3 cells was digested 
with BsaBI and Hindlll, separated on a 0.8% agarose gel, 
tranferred to a nylon membrane and probed with a 
radiolabelled BsaBllHindlll fragment of gefC cDNA (see 
2.1.16). Bands representing the wild type (1.0 kb) and 
disrupted (2.3kb) gefC genes are indicated.

93



A:
BsrGIBsaBI

Knockout Construct

BsaBI Sty! BsrGl

I ^  W ild type gene locus

1 V / I W  v v '.-  .

0 .7 k b4--------------------------- ►

BsaBI

4--

blasticidin

2 .0 k b
BsrGI 

— ►

I ^  Recom binant

B: AX3 gefD '

2.0kb

0.7kb

Figure 3.4 Disruption of the gefD gene
A) Schematic representation of the strategy employed to disrupt the gefD gene. A 1.2kb 
fragment of gefD cDNA disrupted with a 1.3kb blasticidin resistance cassette was 
constructed. The 2.5kb construct was used to disrupt the gefD gene by homologous 
recombination. A probe from the gefD cDNA was used to screen recombinants by 
Southern blotting; the sizes of the expected hybridising fragments from AX3 cells and 
gefD disruptants are indicated.
B) Southern blot of gefD mutant and parental AX3 DNA. Genomic DNA from gefD' and 
AX3 cells was digested with BsaBI and BsrGI, separated on a 0.8% agarose gel. 
tranferred to a nylon membrane and probed with a radiolabelled fragment of gefD DNA 
generated by PCR (see 2.1.16). Bands representing the wild-type (0.7 kb) and disrupted 
(2.0kb) gefD genes are indicated. The central lane of the blot represents a transformant in 
which the gene disruption construct has integrated randomly into the genome.
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Figure 3.5 Disruption of the gefE gene
A) Schematic representation of the strategy employed to) 
disrupt the gefE gene. A 1.2kb fragment of gefE cDNA 
disrupted with a 1.3kb blasticidin resistance cassette was. 
constructed. The 2.5kb construct was used to disrupt the 
gefE gene by homologous recombination. A probe frorm 
the gefE cDNA was used to screen recombinants by 
Southern blotting; the sizes of the expected hybridising 
fragments from AX3 cells and gefD disruptants are 
indicated.
B) Southern blot of gefE mutant and parental AX3 DNA 
Genomic DNA from gefE' and AX3 cells was digested! 
with EcoRI, separated on a 0.8% agarose gel, tranferred! 
to a nylon membrane and probed with a radiolabelled! 
fragment of gefE DNA generated by PCR (see 2.1.16^; 
Bands representing the wild-type (5.0 kb) and disrupted! 
(4.0kb and 2.3kb) gefE genes are indicated.
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Figure 3.6 Disruption of the gejG gene
A) Schematic representation of the strategy 
employed to disrupt the gefG gene. A 1.5kb 
fragment of gefG cDNA disrupted with a 1.3kb 
blasticidin resistance cassette was constructed. 
The 2.8kb construct was used to disrupt the gefG 
gene by homologous recombination. A probe 
from the gefG cDNA was used to screen 
recombinants by Southern blotting; the sizes of 
the expected hybridising fragments from AX3 
cells and gefG disruptants are indicated.
B) Southern blot of gefG mutant and parental 
AX3 DNA. Genomic DNA from gefG' and AX3 
cells was digested with BsrGI, separated on a 
0.8% agarose gel, tranferred to a nylon 
membrane and probed with a radiolabelled 
BsaBUHindlll fragment of gefG cDNA (see 
2.1.16). Bands representing the wild type (1.1 
kb) and disrupted (2.4kb) gefG  genes are 
indicated.
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gene disruption strategies employed and Southern blots of single ge/gene disruptants are shown 

in Figure 3.2 ,3 .3 ,3 .4 ,3 .5  and 3.6.

To confirm that the gef gene-disruptant cell lines no longer expressed mRNA from the 

disrupted gene, total RNA was extracted from cells at various times during development and 

Northern blots were prepared. In the case of gefC, gefD, gefE and gefG the radiolabelled probes 

cross-reacted so extensively with the largest Dictyostelium rRNA band that it was impossible to 

identify the g e f  mRNA or to determine if it were absent in the RasGEF disruptant cells. 

However, under the same conditions of stringency a Northern blot probed for gefB mRNA was 

obtained (Figure 3.2C). The approximately 5kb gefB  mRNA is expressed throughout growth 

and development with maximal expression between 8h and 12h of development, whilst no gefB  

mRNA is detectable in the gefB disruptant. Since all of the other ge/disruptants were generated 

using a similar scheme to that employed to generate the gefB' cells and since the Southern blots 

indicate only one copy of each gene is present in the genome, it is likely that the targeted gef 

genes in these cell lines will not express functional mRNA. Due to time constraints I decided to 

assume that gene disruption had resulted in ablation of mRNA expression in all the mutants. 

However, the slim possibility still remains that they express functional RasGEF mRNA.

3.2.3 Proliferation of AX3 and g e f NuU M utant Cells in Shaking Axenic

Dictyostelium cells lacking RasG or RasS are unable to proliferate in shaking axenic culture. 

rasG cells have a cytokinesis defect and become large and multinucleate (Tuxworth e t al.,

1997) whereas ras S' cells are unable to perform pinocytosis (J Chubb and A W ilkins, 

unpublished data). To determine if any of the g e f  mutants shared this phenotype, the 

proliferation rates in shaking axenic culture of each ge/m utant relative to the AX3 parent were 

assessed (Figure 3.7). The mean doubling time of the gefC , gefD', gefE  and gefG' cells was 

similar to the parental AX3 cells - approximately 8h. However, gefB' cells were unable to 

proliferate. When viewed under a haemacytometer, gefB' cells kept in axenic culture for several 

days did not exhibit the huge increase in size seen in shaking, axenic rasG' cells (data not 

shown). As a consequence of this defect gefB' cells have to be maintained on bacterial lawns 

where they are able to proliferate.
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Figure 3.7 Proliferation of AX3 and ^e/null cells in shaking axenic culture 
AX3 and gef mxW mutant cells were seeded into HL5 medium at 3xl0^cells/ml and the cell 
number determined at various time intervals using a haemacytometer. The mean and range of 
two separate cultures are displayed.
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Figure 3.8 Morphology of AX3 and gef nwW cells
Vegetative AX3 and gef mxW cells were placed in axenic medium in tissue culture dishes for 24h and 
visualised by phase contrast microscopy. The white bar repesents 20pm.
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Figure 3.9 Development of AX3 and ^e/null cells
AX3 and ^e/nu ll cells were developed at 3xl0^cells/cm^ on nitrocellulose filters for 24h. 
The white bar repesents 2mm.
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3.2.4 Morphology of AX3 and gef Null Mutant Cells

Dictyostelium cells lacking RasG or RasS have aberrant cellular morphology on surfaces, 

rasG  cells appear phase dark, flattened and non-polar (Tuxworth et al,, 1997) whereas rasS^ 

cells are highly polarised (J Chubb and A Wilkins, in press). The cellular morphology of the 

RasGEF mutants from axenic culture was examined by phase contrast microscopy (Figure 3.8), 

gefC, gefD', geJE and gefC  c t\h  had a phase bright, polar morphology similar to the parental 

AX3, However, gefB' cells had a strikingly flattened, polarised morphology similar to that of 

rasS' cells,

3.2.5 Development of AX3 and ge/NuIl Mutant Cells

The development of the ge/m utant cells on nitrocellulose filters was assessed, gefC, gefD', 

gefD m d g e fG ' cells exhibited development that was temporally and morphologically 

indistinguishable from the AX3 parent (Figure 3.9), However, gefB' cells were delayed in 

aggregation, formed extremely small aggregates and formed aberrant final structures, gefB' 

cells took 36h to complete development as opposed to the 24h taken by the other cell lines. 

This phenotype is not exhibited by either rasG' or rasS' cells.

3.3 Discussion

3.3.1 Summary of Findings

I have identified five partial cDNAs with strong sequence homology with known RasGEFs. 

Dictyostelium cell lines were generated each with a single g e f gene disrupted by homologous 

gene replacement. Cells with single disruptions in gefC, gefD, gefE  and gefG have no apparent 

cellular or developmental abnormalities. However, gefB' cells are unable to proliferate in 

shaking axenic culture, exhibit a highly polar morphology and show delayed and aberrant 

development. The cell morphology and proliferation defect of gefB' cells is very similar to that 

of the rasS' mutant. Further characterisation of the gefB' mutant and a possible link between 

GefB and RasS are the subject of Chapter 4. Two further ge f genes, ge f A (clone SSD492) and 

gefF  (clone FCBL15), were identified in the Tsukuba, Dictyostelium cDNA sequencing project 

databases by Dr Robert Insall. A gefA' mutant has been generated which has no apparent 

phenotype but repeated attempts to generate a gefF  mutant have failed (Dr Robert Insall 

personal communication)
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3.3.2 Seven ge/N ulls but Only Two have Phenotypes!

Although the aleA' (Insall et al., 1996) and gefB' mutants have clear phenotypes the 

remaining gef null mutants, gefA', gefC, gefD', gefE' and gefG', have no obvious phenotypes. 

There are a number of explanations for this. Firstly, partial overlap of function or functional 

redundancy amongst the Dictyostelium RasGEFs may allow the cell to compensate for the loss 

of a single gef gene. The generation of strains containing various multiple g e f gene disruptions 

may help to address this question. Secondly, the RasGEFs may have highly specialised roles, 

unable to be compensated for by other RasGEFs, but the phenotypes resulting from g e f  gene 

disruption may be subtle or not apparent under the laboratory conditions used. Investigation of 

this will take some time, requiring detailed examination of growth and development under a 

variety of different laboratory conditions. A good starting point would be to determine the 

mRNA expression profile of the remaining gef genes and hence determine at which stage of the 

Dictyostelium life cycle the RasGEF may be active.

3.3.3 Unresolved Question

I was unable to demonstrate by Northern blotting that the apparent disruption of gefC, gefD, 

gefE and gefG had resulted in ablation of functional mRNA expression from these genes. The 

cross reactivity of the radiolabelled probes for these genes with the large rRNA band made this 

impossible. The use of polyA+ RNA would have circumvented this problem. However, 

Northern blotting demonstrated that the gefB disruptants did not express gefB  mRNA. This 

demonstrates that, in principle, the insertion of a Blasticidin resistance cassette, containing the 

strong acts  transcriptional termination sequence, into the middle of the GEF homology region 

of the genes would be capable of ablating gene function. Although Southern blotting had 

produced apparently correct patterns of restriction fragments for each RasGEF mutant, it was 

still possible that some aberrant recombination event had occurred which had not resulted in 

disruption of the endogenous gene. To confirm the disruption of the endogenous g e f genes, 

PGR was performed on genomic DNA using RasGEF-specific primer-sets that anneal to the 

RasGEF coding sequence either side of the spot where the Blasticidin resistance cassette should 

disrupt the gene. PGR using these primer-sets should only amplify a product if the undisrupted 

gene is present in the genome. For each RasGEF mutant a gene specific primer-set only 

amplified a product from AX3 DNA or from the other different RasGEF mutant cell lines (data
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not shown). It therefore seems unlikely that gefC, gefD, gefE  and gefG disruptants express 

functional gefC, gefD, gefE and gefG mRNA respectively.
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4 Characterisation of gefB' Dictyostelium Mutants

4.1 Introduction
C hap ter 3 describes the identification of five novel D ictyoste lium  RasGEF ^ m es. 

Disruption of only one of these, gefB, resulted in a phenotype similar to that of the prevminsly 

characterised rasS" mutant. This chapter describes the cloning of the full length gefB cDNIA. and 

a more extensive characterisation of the phenotype of gefB' cells. It also describes an attemqpt to 

demonstrate that GefB functions as a RasGEF in vivo and that GefB is a GEF for RasS.

4.2 Results

4.2.1 Cloning of the gefB  cDNA

Two separate rounds of screening of a ÀZAPII cDNA library yielded two overlapping (dDNA 

fragments which together encoded a single contiguous open reading frame. The probes msfsd to 

clone these partial cDNAs and the exact details of the assembly of the full length cDNA are 

described in 2.1.16 and 2.1.11.2 respectively. Figure 4.1A schematically illustrates the ndkative 

positions of the cloned cDNA fragments and the probes used for their isolation. The pr®fficted 

open reading frame of the gefB  cDNA encodes a protein of 1529 amino acids with a raoiss of 

174kDa (Figure 4.1B) The C-terminal region of this protein contains the putative RaaSGEF 

catalytic domain whilst the remainder of the protein has no obvious sequence hom ologj with 

known proteins. The protein sequence is characterised by stretches of repeated glutamiauc and 

asparagine residues. Although this is a feature of many Dictyostelium  proteins, its fumcttiional 

significance has not been determined.

During the construction of X phage cDNA libraries it is possible that more than one dDNA 

species can be ligated together in tandem into the X phage vector. It was therefore possibte that 

the putative gefB cDNA did not represent the entire gefB gene but instead was a fusion o f  tflie 3’ 

end of gefB with the 5’ end of another gene. To exclude this possibility PCR was perfonmed on 

the gefB  cDNA and AX3 genomic DNA using overlapping sets of oligonucleotide praimers 

spanning the entire length of the cDNA (Figure 4.2). With the exception of one priimsr set, 

PCR products of the expected size were amplified from both the gefB  cDNA and geaomic 

DNA. The primer set used at the extreme 5’ end of gefB also produced PCR products fromi both 

the cDNA and genomic DNA. In this case, although the PCR product amplified froxm the
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Figure 4.1 Cloning of the gefB cDNA
A) Schematic scale diagram of the gefB cDNA showing (i) the complete 4911bp gefB cDNA with unique 
EcoRI and BsrGI restriction sites; (ii) the probe used for the first round phage library screening; (ill) the 3’ 
cDNA fragment isolated from the first round of phage library screening; (iv) the probe used for the second 
round of phage library screening; (v) the 5’ cDNA fragment isolated from the second round of phage library 
screening. The BsrGI site was used to assemble the full length gefB cDNA.
B) The gefB cDNA sequence and predicted translation. The putative catalytic domain is coloured red.

A:

B:

BsrGI EcoRI

ii)

iv) 500bp
v) I_________

1 TTTTGTAGAGTTTTAAAAATAATTCGATAAAATTAAAAATAGCATTGCCAAATAAATTAATTTAGAATAGATTAAATTTAGTTGAAAATTAAGAGCAC 9 8 
9 9 ATGTGAAAACACTTTAAAGAGATTATTTTTAAAAAAAAGAATAAAAAAaGAATAAAAAAAAAAAAAAAAAAAAAAAAATAATAATAAAAAAAACAAAA 196 

197  AATAAAAAAAACAAAACAAAACAAACAGAAATAAAAAAAAAGTAATAAAAAAAGAAAAAAAATTTCCTCTTGAGGAAAGAAATTATAGAAATCAATAAA 2 9 5

29 6  ATG GTT GTA ATT TTA TGG GGT TGG AAT GAA AAT AGA TTC AAT ACC TTA GAT CAA GTA ATT TCT TTC GAC TTT ATA 370  
I M V V I L W G W N E N R F N T L D Q V I S F D F I  25

44 6  ATA GGT AGA AGO ATG GAT AAT TAT AGG GAT AAT AAT AAT AAT AAT GGA AAT GGT AGT AAT ATT AAT AAC AAT GGT 5 2 0

74  6 AAT ACA ACT GAA CAA ACT GAT AGA AAA TAT AAA ACA AAT TTA ATT GAT TTT AAA GAA TCA ATT ATT CAA TTA GAA 
1 5 1 N T T E Q T D R K Y K T N L I D F K E S I  I Q L E

8 2 1  AAA GAT TGT AAA AAT TTA TTA AAA CAA TCA AAT TTA ATA AAT CCA TCT ATA AAA TAT AGT GTT GTA AAA TCT GTA 
1 7 6 K D C K N L L K Q S N L I N P S I K Y S V V K S V

9 7 1  CAA TTA AAA AAG TTT TTG AAA ATC CAT TTT TGG AAT AAT CCA AAT TTA ATT TTA AAT AGT GGT TCG AAT ATC GAT 
2 2 6  Q L K K F L K I H F W N N P N L I L N S G S N I D

1 3 4 6  TCA AAT AAT ATA AGT ATT AAT GTC AGT AAA ACT GGT AAT AAT AGT GTA ATT AAT AGT CCA ACT CAA TCA TCA TCA 
3 5 1 S N N I S I N V S K T G N N S V I N S P T Q S S S

1 7 9 6  AAT ACA TCC TAT TGT ATA GCA CAA GAG ATA TTC ATA TCT CTA ATA AAG AAT TCA AAT GAT TTC TTA TAC CAA GTT 
5 0 1  N T S Y C I A Q E I F I S L I K N S N D F L Y Q V

1 8 7 1  CAA TTA ATT GAT TTA ACA GAT ACA AGA AAG AAA AGT AAA GAA TTA AGT GAA GTT TCA AAC CAA TTG TTT TAT TCT 
5 2 6  Q L I D L T D T R K K S K E L S E V S N Q L F Y S

2 3 9 6  TCA GCT TCC CTA TCA TTT TCA TCC TCA ACT CAA ACT CCA TCA TCT GCT GCC TCA CAA CAT CAT ATT CAA CAA ATT 
7 0 1 S A S L S F S S S T Q T P S S A A S Q H H I Q Q I
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2 4 7 1  TTA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CCA CAA CAA ATA CAA TCT 2 5 4 5  
72 6  L Q Q Q Q Q Q O Q Q O Q O O O Q Q Q Q P Q O I O S  7 5 0

2 5 4 6  CAA TCT CAA CAA CAA CAT CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA CAA 2 6 2 0  
7 5 1 Q S Q Q Q H Q Q Q Q Q Q Q Q Q Q 0 Q Q Q Q 0 Q Q Q  7 7 5

2 6 2 1  CAA CAA CAA CAA CAA CAA CAA CAA CAA ATA CAA TCT CAA TCT CAA CAA CAA CAA CAA TTA AAT AGA AAA CCA CAC 2 6 9 5  
7 7 6  Q Q Q Q Q Q Q Q C I Q S Q S Q Q Q O O L N R K P H  8 0 0

2 7 7 1  AAT AAC TCT GCT GAA TCA ACA CCA ACC TTT CAA TTA AAT ACA ATG GAT ATA TTA AAT TCA TTA ATG GGA AAA GAA 2 8 4 5  
8 2 6  N N S A E S T P T F Q L N T M D I L N S L M G K E  8 5 0

2 9 9 6  CAT AAT TAT AAT AAT TCA TCA ACA TCA ACA TTA TCA AGT TCA ACA ACA ATT GGT GAT TTA GCA AAT GTA TCA TCA 3 0 7 0  
9 0 1  H N Y N N S S T S T L S S S T T I G D L A N V S S  9 2 5

3 0 7 1  ACA AAT TCA CCA AAT TCA TCA ACA CCA AAT CTA TTA TTA CCA CCA CAC CAA TTT CAT AAT CAT AAT CGT GAA TAT 3 1 4 5  
9 2 6  T N S P N S S T P N L L L P P H 0 F H N H N R E Y  9 5 0

3 2 2 1  TTT TCA ACT GGT AAT TTC TCA CAA CCT CAA CCA ATA ATG CCT TCA AAT GGT ATT GGT GGA AGT GGT GGC GGT GGA 3 2 9 5  
9 7 6  F S T G N F S Q P Q P I M P S N G I G G S G G G G  1 0 0 0

3 6 7 1  TAT TTT ACA CCA AAT CTA AAG AAT ATT GTA CCA TAT CAA TTT GTT CAA AAA ATT CAA ATT CCA ATA CAA TTA AGA
1 1 2 6  y f t p n l k n i v p y q f v o k i o i p i o l r

3 8 2 1  TCA ACT CAG CCA ATA CAA AAC TCA ACG ACA CAA CCA CAA CCA CAA CCT CAA CCA CAA CAA CCT CAA CCT CAA TTA 
1 1 7 6  S T Q P I Q N S T T O P Q P Q P O P Q Q P O P Q L

4 7 2 1  CAA CAA GGT TAT ACA ATT AAA CCA AAA CCT TCA GTA TTA GGT TTC CTT TGT GAA TTA CCT CAT ATG AGT GAT AAG 
1 4 7 6  Q Q G Y T I K P K P S V L G F L C E L P H M S D K
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0.9kb 0.9kb

5'-

0.95kb 0.75kb

■3'
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F9/R7 F7/R4 F4/R5

B:
F5/R6 F6/R3

1.5kb

l.Okb

0.5kb

Figure 4.2 PCR analysis of gefB
A) Schematic diagram of the strategy used for PCR analysis of the gefB cDNA and 
genomic locus. The central thick and thin black lines represent the coding and non-coding 
regions of the gefB cDNA respectively. The relative positions of oligonucleotide primers 
(red arrows) and the sizes of the PCR products expected to be amplified by each primer-set 
are indicated. The sequences of all these gefB primers are detailed in section 1.1.8.
B) Agarose gel of the amplified DNA products obtained from PCR analysis of the gefB 
cDNA and genomic locus. The templates for PCR were 1) the gefB cDNA; 2) AX3 
genomic DNA; 3) water as a negative control. The primer-sets used for each reaction are 
printed above the lanes.
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cDNA was of the predicted size, the PCR product amplified from genomic DNA was 

approximately 150bp larger. This may represent an intron present at the 5’ end of gefB. From 

these results it seemed likely that the cloned cDNA represented a continuous stretch of genomic 

DNA sequence and as such was the full length gefB cDNA. This has subsequently been 

confirmed by analysis of overlapping clones from the Dictyostelium genome sequencing project 

(data not shown).

4.2.2 The Proliferation Defect of gefB' Cells

The preliminary experiments performed in Chapter 3 indicated that gefB' cells were unable 

to proliferate in shaking axenic culture. To confirm that this phenotype is a general property of 

cells lacking gefB and not caused by a secondary mutation specific to the clone previously 

analysed, the growth of four other independently generated gefB' clones was examined. In all 

cases the gefB' cells were unable to proliferate in shaking axenic culture. Figure 4.3A shows 

the proliferation of two of these gefB' cell lines in shaking axenic culture relative to that of AX3 

cells. The AX3 cells proliferated with a doubling time of approximately 8h whereas even after 

lOOh the gefB' cell lines failed to proliferate. In addition, all clones in which the gefB gene 

replacement construct had integrated randomly into the genome, without disrupting the 

endogenous gefB gene, have no obvious proliferation defect (data not shown). It therefore 

seems likely that the proliferation defect is a function of the disruption of gefB. However, to 

demonstrate completely that gefB is required for proliferation in shaking axenic culture, the 

gefB gene must be reintroduced into gefB' cells and result in correction of the proliferation 

defect. Several attempts were made to transfect gefB' cells with a gefB cDNA under the control 

of the constitutive actl5  promoter (see 1.1.1.3 for details of construct used). To date it has not 

been possible to transform gefB' cells.

Several Dictyostelium mutants exhibit conditional proliferation defects - although severely 

impaired in their ability to proliferate in shaking axenic culture, they are capable of normal 

proliferation when attached to surfaces. Two examples of this phenomenon are rasG' cells 

which are defective in cytokinesis (Tuxworth et al., 1997) and cells lacking two myosin-I genes, 

which are severely impaired in pinocytosis (Novak et al., 1995). The proliferation defect of 

gefB cells in axenic culture is not conditional -  gefB' cells are unable to proliferate in axenic 

culture even when attached to the surface of a tissue culture dish (Figure 4.3B).
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Figure 4.3 Proliferation of AX3 and gefB' cells in axenic culture and bacterial suspension
A) Cell Proliferation in Axenic Suspension Culture. AX3 and gefB' cells were seeded at 
approximately 2xl0^/ml into flasks of HL5 medium and shaken at 150rpm. At various tim es the 
cell number was determined using a haemacytometer.
B) Cell Proliferation in Axenic Medium whilst Attached to a Substratum. As in A), except that 
cells were plated in 90mm tissue culture dishes.
C) Cell Proliferation in Bacterial Suspension. AX3 and gefB ' cells were seeded at 
approximately 2xl0^/ml into flasks containing a suspension of E.coli B/r in KK2 and shaken at 
150rpm. At various times the cell number was determined using a haemacytometer.
D) Cell Proliferation in Bacterial Suspension in Axenic Medium. As in C), except that cells 
were seeded into a suspension of heat-killed E.coli B/r in HL5 axenic medium.
In all cases the the mean ± SD of three independent cultures was plotted against time on a semi
log graph.

108



Although unable to proliferate in axenic culture gefB' cells can proliferate when shaken in a 

dense bacterial suspension, albeit at a reduced rate relative to AX3 cells. Two independent 

gefB' cell lines had doubling times of 6h and 7h whereas AX3 cells doubled every 4h (Figure 

4.3C).

gefB' cells were capable of proliferation in a suspension of bacteria but not when cultured in 

axenic medium. The osmolarity of HL5 axenic medium is five-fold higher than that of the KK2 

buffer used for the bacterial suspension experiments (Hacker et al., 1997). It was therefore 

possible that the inability of gefB' cells to proliferate when added to axenic medium was as a 

consequence of osmotic shock. To address this, the ability of gefB' cells to proliferate in axenic 

medium containing a dense suspension of heat-killed bacteria was assessed. As in the previous 

set of experiments the two independent gefB' cell lines had doubling times of 6h and 7h whereas 

AX3 cells doubled every 4h (Figure 4.3D). It therefore seems likely that the proliferation 

defect of gefB' cells in axenic medium was not a consequence of the change in osmolarity 

experienced by the cells when transferred to axenic medium.

4.2.3 ge/B Cells are Defective in Both Phagocytosis and Pinocytosis

Only cells capable of efficient pinocytosis can proliferate in liquid medium. A number of 

Dictyostelium mutants which have impaired axenic growth show a corresponding impairment in 

pinocytosis (Hacker et al., 1997). To investigate the fluid phase endocytosis of gefB' cells, their 

ability to take up TRITC-dextran in axenic culture was assessed (Figure 4.4A). AX3 cells 

rapidly take up TRITC-dextran reaching a maximum after approximately 125min, whereas both 

gefB' cell lines analysed showed almost no accumulation of the marker during this time. It 

therefore seems that gefB' cells are incapable of normal fluid phase endocytosis in axenic 

medium. This strong pinocytosis defect is consistent with the impaired proliferation of gefB' 

cells in axenic medium.

Since gefB' cells showed a reduced proliferation rate in bacterial suspension, it was possible 

that they were also impaired in phagocytosis. Accordingly, the ability of gefB ' cells to 

phagocytose live bacteria was assessed (Figure 4.4B) The two gefB ' cell lines reduced the 

optical density of a bacterial suspension at least 50% slower than AX3 cells. gefB' cells were 

also severely impaired in phagocytosis of, the much larger, yeast cells -  AX3 cells rapidly take 

up the yeast cells reaching a maximum after approximately 150min, whereas both gefB' cell 

lines analysed showed almost no accumulation of yeast during this time (Figure 4.4C).
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Figure 4.4 Pinocytosis and phagocytosis of AX3 and gefB' cells
A) Pinocytosis. AX3 and gefB' cells were seeded at approximately 5xl0^/ml into flasks of HL5 
medium containing 2mg/ml TRITC-dextran and shaken at 150rpm. 1ml of culture was removed 
at various times and the relative fluid uptake determined using a fluorimeter. The graph shows 
the data points from three separate experiments, the best-fit curve being fitted to their mean 
value.
B) Phagocytosis of Bacteria. AX3 and gefB' cells were seeded at approximately IxlO^/ml into 
flasks containing a suspension of E.coli B/r in KK2 and shaken at 150rpm. 1ml of culture was 
removed at various times and the optical density at 600nm determined using a 
spectrophotometer. The decrease in the density of the bacterial culture was taken as a measure of 
phagocytosis. The graph shows the mean ± SD of three independent cultures.
C) Phagocytosis of S.cerevisiae. AX3 and gefB' cells were seeded at approximately 2xl0^/ml 
into flasks of HL5 medium containing a suspension of TRITC-dextran labelled yeast 
(lO^cells/ml) and shaken at 150rpm. 1ml of culture was removed at various times and the 
relative uptake of yeast determined using a fluorimeter. The graph shows the data points from 
three separate experiments, the best-fit curve being fitted to their mean value.
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Therefore, the reduced proliferation rate of gefB' cells in bacterial suspension correlates with an 

impairment in phagocytosis. It should be noted that the concentration of bacteria used for these 

phagocytosis experiments is at least ten-fold less than that used for the proliferation assays in 

4.2.2.

4.2.4 gefB' Cells have a Highly Polarised Morphology

As mentioned in 3.2.4, gefB' cells have a more polar morphology than the parental AX3 

cells. To examine this more closely. Scanning Electron Microscopy was performed on gefB' 

and AX3 cells (Figure 4.5). AX3 cells have a rounded morphology with some membrane 

ruffles but few filopods. Circular ruffles or crowns were prominent on the majority of the cells, 

usually on the dorsal surface. These crowns are the sites of macropinosome formation, the 

vesicles responsible for fluid phase uptake by axenic cells (de Hostos et al., 1991). In contrast 

gefB' cells were strikingly more flattened and polarised. There is an increased number of 

membrane protrusions in the gefB' cells and, although some of these are retraction fibres, many 

are protruded in the apparent direction of movement suggesting that they are filopods. None of 

the gefB' cells examined possessed the dorsal circular ruffles typical of normal crowns. The 

absence of normal crowns correlates well with the severe, fluid phase endocytosis defect of 

gefB' cells. The morphology of gefB' cells is similar to that of rasS' cells although the polarity 

of gefB' cells is more pronounced. It is also similar to normal Dictyostelium  cells which have 

developed to an aggregation competent state (De Chastellier and Ryter, 1977).

4.2.5 Development of gefB' Cells

When spotted onto a lawn of bacteria, AX3 cells phagocytose the bacteria, clearing a plaque 

in the lawn which increases in size as the Dictyostelium cells proliferate. Roughly two zones 

are visible in the plaque; a zone on the periphery where the bacterial lawn has thinned but is not 

completely cleared called the “feeding front” and a central zone in which the bacteria have been 

cleared and the Dictyostelium cells are in various stages of multicellular development. When a 

similar amount of gefB' cells was spotted onto a bacterial lawn the plaque formed was strikingly 

different from that of AX3 cells (Figure 4.6A). The plaques of gefB' cells were two or three 

times larger than those of AX3 cells. Although the bacterial lawn was thinned, gefB' plaques 

were never fully cleared of bacteria. In addition, although some loose aggregates o f cells 

appeared, the gefB' plaques contained no fruiting bodies or even partially developed structures.
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Figure 4.5 Scanning electron micrographs of AX3 and gefB' cells
Vegetative AX3 and gefB' cells were prepared for Scanning Electron Microscopy as described 
in 2.2.8. The white arrow indicates the dorsal, circular ruffles known as "crowns" which are 
the site of macropinosome formation. Although present on the vast majority of AX3 cells, 
these structures were never seen on gefB' cells. The white bar indicates 5pm.
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Figure 4.6 Development of AX3 and gefB' cells
A) 10  ̂ vegetative AX3 and gefB' cells were spotted onto lawns of K.aero genes in a 5 pi 
drop of KK2. After seven days incubation at 22®C the resultant plaques were 
photographed.
B) Vegetative AX3 (!) and gefB' cells (ii-v) were plated at a density of 3xl0^cells/cm^ on 
nitrocellulose filters. Cells were initially photographed after 24h, (i, 11). Due to the small 
size and delayed development of gefB' aggregates, higher magnification pictures were 
taken at 24h, (111, Iv), and 36h, (v). The white bar repesents 1mm.
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The size of plaques formed by gefB' cells is strikingly similar to that of plaques formed by rasS' 

cells however, the multicellular development of rasS' cells on bacterial lawns is apparently 

normal.

As mentioned in 3.2.5 the development of gefB' cells on nitrocellulose filters was also 

aberrant. AX3 cells completed multicellular development within 24h forming spore containing 

fruiting bodies (Figure 4.6Bi). After 24h, gefB' cells produced very small aggregates with 

aberrant structure (Figure 4.6Bii-iv). These structures did not contain mature, detergent- 

resistant spores (data not shown). After 36h, the gefB' aggregates appeared more like mature 

fruiting bodies although twisted and small (Figure 4.6Bv). They now contained mature, 

detergent-resistant spores with a similar viability to AX3 spores (data not shown). The ordered 

aggregation of cells into mounds and the subsequent tipped mound and slug stages of 

multicellular development were not apparent during the development of gefB' cells. Moreover, 

aggregation streams are never formed by gefB' cells when developed on non-nutrient agar (data 

not shown).

Several mutants exist which are unable to initiate development but when starved in shaking 

suspension and given pulses of exogenous cAMP they are subsequently able to complete 

multicellular development (Pitt et al., 1993; Soede et al., 1994). gefB' cells were shaken in KK2 

with pulses of 50nM cAMP given every 6min. After 8h, cells were removed and transferred to 

nitrocellulose filters to assess multicellular development. After 24h the extent of development 

was similar to gefB' cells which were plated directly onto filters and not pulsed with cAMP 

(data not shown).

4.2.6 The Developmental Defect of gefB' Cells is Cell Autonomous

To investigate further the nature of the developmental defect of gefB' cells, mutant cells were 

mixed in a 1:1 ratio with AX3. Although able to develop morphologically normally, the mixed 

population took 4h longer to complete development. This was most striking after 14h of 

development when the homogeneous AX3 aggregates had reached the slug stage whereas the 

mixed population had only formed tight mounds (Figure 4.7A). To determine if the presence 

of AX3 cells had stimulated development of the gefB' cells, the number of Triton X-100 

resistant spores produced by homogeneous and 1:1 mixed populations of AX3 and gefB' cells 

during development was determined using a haemacytometer (Figure 4.7B). The proportion of 

spores in the mixed aggregates derived from the gefB cells, was determined by their resistance
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A:

B:
% spores formed % Blasticidin 

resistant spores
AX3 68 ± 5 0

9.0 ± 2 100

AX3lgefB' 1:1 mix 3 8 ± 4 11 ± 2

Figure 4.7 Development of mixed populations of AX3 and gejB' cells
A) 2x10^ vegetative AX3 cells (I), gefB' cells (ii) or a 1:1 mix of AX3 and gefB' cells (iii) 
were developed at a density of 3xl0^cells/cm^ on nitrocellulose filters for 36h. Pictures 
were taken after 14h of development. The white bar represents 1mm.
B) 2x10^ vegetative AX3 cells, gefB' cells or a 1:1 mix of AX3 and gefB' cells were 
allowed to develop at a density of 3xl0^cells/cm^ on nitrocellulose filters for 36h. 
Culminants were then washed with 1% Triton X I00 and the number of phase bright spores 
determined using a haemacytometer. Spore numbers are presented as a mean (±SD) 
percentage of the number of amoebae plated. To determine the number of spores which 
were derived from gefB' cells, serial dilutions of spores were plated onto bacterial lawns 
and the blasticidin resistance of the resultant colonies determined. The number of 
blasticidin resistant spores are presented as a mean (±SD) percentage of the total spore 
number.
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to blasticidin. The percentage of spores produced relative to the number of plated amoebae 

was 68±5% for homogeneous aggregates of AX3 cells, 9.0±2% for homogeneous aggregates of 

gefB' cells and 38±4% for 1:1 mixtures of AX3 and gefB' cells. If the developmental defect of 

gefB' cells was not corrected by the presence of AX3 cells then, from these figures, the 

percentage of the spores in the mixed populations derived from gefB' cells should be 

approximately 13%. In fact, in the chimeric aggregates the percentage of spores which were 

derived from gefB' cells was 11±2%. From these data, it appears that the developmental defect 

of gefB' cells is unaffected by synergistic development with AX3 cells and is, therefore, cell 

autonomous.

4.2.7 gefB' Cells Have Increased Motility

As previously mentioned, the plaque morphologies of gefB' and rasS' cells on bacterial lawns 

are strikingly similar. In the case of rasS' cells, this correlates with a three-fold increase in the 

speed of vegetative cells. To determine whether this was also true of gefB' cells, bactm ally 

grown cells were transferred to tissue culture plates and time lapse images collected to allow 

analysis of cell speed. AX3 cells move at a rate of 6±1.6fim/min whereas gefB' cells move at 

13.3±2.1^m/min. Although not as fast as rasS' cells, the speed of gefB' cells is still significantly 

greater (two sided t-test, P<0.001) than that of AX3 cells. The increased speed of vegetative 

gefB cells coupled with their reduced phagocytic rate provides an explanation for the large 

diffuse plaques formed by gefB' cells on bacterial lawns. The mutant cells are highly motile, 

thus can move faster across the bacterial lawn, causing an increase in colony diameter. 

Furthermore, the gefB cells only partially clear the bacterial lawn as they move out, a 

phenotype consistent with the impaired phagocytosis observed in the mutant line.

4.2.8 Expression of Early Developmental Genes

Aggregating Dictyostelium cells are characterised by a highly polarised morphology, a large 

number of filopods and a dramatic decrease in the rate of phagocytosis correlating with a virtual 

disappearance of phagocytic cups (De Chastellier and Ryter, 1977; Takeuchi et al., 1983). They 

are also highly motile, moving approximately three times faster than vegetative cells (Vamum 

et al., 1986). These are all properties of gefB' cells. It therefore seemed possible that the gefB' 

cells behave in this fashion because they are prematurely advanced into development to an 

aggregation-competent state. If this were the case the gefB cells would probably be expressing
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Figure 4.8 ACA and cARl expression during early development of AX3 and gejB' cells
A) AX3 and gejB' cells were starved in suspension, samples were taken at the indicated times 
(hours), separated on 10% SDS-PAGE gels and transferred onto PVDF membranes. Western 
Blots were cut horizontally and the appropriate halves probed with polyclonal antisera against 
the Dictyostelium ACA and cARl proteins.
B) As in A), except that cells starved in suspension were given pulses of 50nM cAMP every 
6min.
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Figure 4.9 disly  expression during early development of AX3 and gejB' cells 
AX3 and gefB' cells were developed on nitrocellulose filters at a density of 3xlO^/cm^. At 
the indicated times (hours), cells were removed and total mRNA was extracted, separated 
on a 1% agarose gel and transferred to a nylon membrane. The membrane was cut 
horizontally and the appropriate halves probed with radiolabelled DNA probes for disly  
and the loading control IG7.
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early developmental or aggregation stage genes under growth conditions. One of the

earliest genes expressed during Dictyostelium development is that encoding the lectin discoidin-

ly. y expression is first detectable after two hours of starvation and expression is maximal

after approximately five hours, thereafter its expression is repressed by the pulses of

extracellular cAMP which constitute the aggregation stimulus (Vauti et al., 1990). AX3 cells

show the expected induction and repression of d is ly  during development whereas d isly

expression is barely detectable throughout the early development of gefB' cells (Figure 4.8).

The absence of i/wi y expression in gefB' cells suggested that either the cells could not initiate

the developmental program or that they were advanced in development to a stage where d is ly

expression was repressed. The repression of y expression normally requires the cells to be

secreting pulses of cAMP. Two proteins whose expression is induced by starvation and which

are essential for cAMP signalling during aggregation are the cAMP receptor, cARl and the

adenyl cyclase, ACA. Accordingly, the ability of bacterially grown AX3 and gefB' cells to

express cARl and ACA when starved in shaking suspension with or without the addition of

cAMP pulses was determined (Figure 4.9). These experiments were performed by Dr C Parent

in the lab of Dr P Devreotes. They have, at the time of writing, been performed only once and

therefore the data must be treated as preliminary. Cells were starved in KK2 to determine if

they were able to initiate development and express ACA and cARl normally (Figure 4.9A).

The timing of development and gene expression using this method is highly variable so to

obtain more reproducible data on developmental timing and gene expression cells were starved

in KK2 and given pulses of 50nM cAMP every 6min (Figure 4.9B). It is possible that cells can

respond normally to exogenous cAMP stimulation but are defective in some aspect of cAMP

production. Pulsing allows analysis of the response of cells to cAMP without the extra variable

of the cells intrinsic ability to make cAMP. Bacterially grown AX3 cells took more than 8h to

induce expression of both cARl and ACA upon starvation and this time was reduced to 6h

when cells given pulses of cAMP. The gefB' cells, however, showed expression of both

proteins after 5h of starvation in KK2 but the proteins were only barely detectable when

starvation was accompanied by pulses of exogenous cAMP. These results are currently hard to

interpret and the experiments are being repeated with several different gefB' clones to confirm

this data. However, it appears that gefB' cells are able to induce the expression of cARl and

ACA much more rapidly than AX3 cells when starved. Strangely, it appears as if pulses of

cAMP serve to inhibit the expression of cARl and ACA, suggesting fundamental problems in

the functioning of the cAMP signalling system in gefB' cells. One thing that is clear from this
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preliminary data is that gefB' cells do not express the aggregation stage markers cARl and ACA 

during vegetative growth (time=0). Therefore, although they do not express d is ly  dunng early 

development, this is unlikely to be due to the cells being advanced in development to an 

aggregation competent state where d isly  expression would be repressed by cAMP. The 

endocytosis and cell migration phenotypes of the gefB' cells are, therefore, unlikely to be a 

secondary consequence of precocious development.

4.2.9 Interaction of GefB with RasS

The phenotypes of vegetative gefB' and rasS' cells are strikingly similar. Both have defects 

in pinocytosis and phagocytosis correlating with a lack of cell proliferation in axenic medium. 

They also both have enlarged plaque sizes on bacterial lawns and this correlates with increased 

cell motility. These phenotypic similarities suggest that GeFB may function as a physiological 

activator of RasS.

The most direct demonstration that GefB can act as a GEF for RasS would be to show that 

recombinant GefB can catalyse guanine nucleotide exchange on recombinant RasS in vitro. 

Although a bacterially expressed GST-RasS fusion protein was successfully generated by 

J.Chubb, I was unable to express soluble, recombinant GefB protein in bacteria either as a GST 

fusion protein or with a nickel-binding six-histidine tag fused to the N-terminus (data not 

shown).

Another possible way to demonstrate an interaction between GefB and RasS would be to 

employ the yeast two-hybrid system (Durfee et al., 1993). The two proteins of interest are 

expressed as fusions with either the DNA binding domain (DNA-BD) or the transcriptional 

activation domain (AD) of the S.cerevisiae transcription factor Gal4. The S. cerevisiae strain, 

Y190, has been developed such that two reporter genes, H1S3 and lacZ are under the control of 

the GALl UAS. If the two fusion proteins interact, the two separate elements of Gal4 are 

brought into close proximity and allow transcription of the two reporter genes. Expression of 

lacZ can be visualised by a simple colour reaction. The expression of H1S3 allows rapid growth 

on His plates containing 3-aminotriazole (3-AT). The strong interaction of dominant negative 

Ha-Ras with the catalytic domain of RasGRF has successfully been demonstrated using this 

system (Mosteller et al., 1995). Four two-hybrid vectors were constructed which express the 

following fusion proteins; dominant negative (N17) RasS fused to the Gal4 DNA-BD, dominant 

negative (N17) RasG fused to the Gal4 DNA-BD, the GefB GEF domain (residue 1078 to 1463)
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fused to the Gal4 AD, the aimless GEF domain (residue 170-590) fused to the Gal4 AD (see

2.1.1.4 for full details). The dominant negative Ha-Ras/Gal4 DNA-BD and the catalytic 

domain of RasGRF/Gal4 AD constructs were used as positive controls (Mosteller et al., 1995) 

whilst the empty plasmids pGADGH (Clontech) and pAS2 (Durfee et al., 1993) as negative 

controls. Plasmids to be tested were cotransfected into Y 190 and transformants selected on 

both Leu/Trp' or LeuTTrpVHis' + 3AT synthetic medium agar plates (Figure 4.10). The 

Dictyostelium rasS and rasG  constructs showed no interaction with any of the RasGEF 

constructs. Similarly, the aimless and gefB constructs both showed no interaction with the Ha- 

Ras construct. As expected, a strong interaction between the Ha-ras and the rasGRF constructs 

was observed. Although these data suggests that GefB and RasS are unable to interact, it is not 

clear that the transformed yeast were expressing the fusion proteins. Western blots of lysates 

from these transformants probed with antibodies (Clontech) specific for either the Gal4 DNA- 

BD or Gal4 AD did not reveal any protein expression, even in the positive control cells (data 

not shown). The possibility exists that the expression levels of the fusion proteins were too low 

for an interaction to be observed. Unfortunately, the time constraints on this work prevented 

resolution of this problem.

4.2.10 GefB Functions as a RasGEF in S.cerevisiae

Although sequence homology predicts that GefB will function as a RasGEF, the inability to 

produce recombinant GefB protein precluded an direct demonstration of this in vitro. The 

temperature sensitive cdc25-5 S.cerevisiae mutant has previously proved useful for assessing 

the catalytic activity of putative RasGEFs. Expression of the catalytic domains of the murine 

RasGEFs, Sos and RasGRF, will complement the yeast mutant, allowing growth at the non- 

permissive temperature (37°C) (Liu et al., 1993; Martegani et al., 1992). However, expression 

of the S.cerevisiae BUD5 gene, which encodes a GEF for the Rap-related Budl protein, is 

unable to complement the cdc25-5 mutant (Powers et al., 1991). In an attempt to demonstrate 

that gefB encodes a functional RasGEF, the putative catalytic domain (residues 1078 to 1463) 

was transfected into the temperature sensitive cdc25-5 S.cerevisiae mutant under the control of 

the strong ADH  promoter (see 1.1.1.5 for precise details of plasmid construction). 

Transformants were selected by growth on Leu' synthetic medium agar plates. Transformation 

with a plasmid expressing the putative catalytic domain of GefB allows growth of the cdc25-5 

S.cerevisiae  mutant at the non-permissive temperature in a similar manner to a plasmid
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expressing the Cdc25 catalytic domain (Broek et al., 1987), whereas transformation with the 

pAD4 vector (Park et al., 1994) alone does not (Figure 4.11). This strongly suggests that GefB 

functions as a RasGEF in vivo.
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Figure 4.10 Yeast two-hybrid interactions
S.cerevisiae strain Y190 was cotransformed with vectors pAS2 and pGADGH 
expressing various Ras and GEF proteins as fusions with the GAL4 DNA binding 
domain and the GAL4 transcriptional activation domain respectively. In each case a 
dominant negative Ras allele or a putative GEF catalytic domain was used. 
Transformants were selected on Leu'/Trp" synthetic medium agar plates (A) to 
confirm the presence of both plasmids and on Leu‘/Trp"/His" synthetic medium agar 
plates plus 25mM 3-aminotriazole (3-AT) (B) to select for interacting proteins. 
Positively interacting clones were further screened for the expression of P- 
Galactosidase (C). The construction of the RasS, RasG, GEFB and aimless vectors 
are described in 2.1.11.4 and the Ha-Ras and RasGRF vectors, used as the positive 
control, are described in (Mosteller et al, 1995). The specific Ras and GEF 
combinations tested are shown on the diagram. Each clone displayed is 
representative of the entire population of transformed cells from which it was 
selected - on Leu7Trp7His’ + 3-AT synthetic medium agar plates, the vast majority 
of Ha-Ras/RasGRF expressing clones tested positive for p-Galactosidase activity 
whereas yeast expressing the other Ras/GEF combinations exhibited no growth on 
Leu7Trp7His" -i- 3-AT synthetic medium agar plates.
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Figure 4.11 Complementation of a temperature sensitive cdc25 S.cerevisiae mutant using dbe 
putative catalytic domain of GEFB.
The temperature sensitive cdc25 S.cerevisiae strain, LV25-5, was transformed with plasmuds 
expressing either the catalytic domain of Cdc25 or the putative catalytic domain of GEFB. 
An empty pAD4 vector transformation was used as a negative control. See 2.1.11.5 ffor 
details of the GEFB expression construct. Three clones from each transformation were 
patched onto two separate Leu" synthetic medium agar plates and incubated at either 30°C or 
37°C. Colony growth was assessed after five days.

1 2 4



4.3 Discussion

4.3.1 Summary of Findings

The full-length gefB cDNA was cloned and is predicted to encode a protein of 1529 amino 

acids with a mass of 174kDa. The C-terminal region of this protein contains the putative 

RasGEF catalytic domain whilst the remainder of the protein has no obvious sequence 

homology with known proteins.

Analysis of several independent clones confirmed that gefB' cells are unable to proliferate in 

shaking axenic culture. This defect is also exhibited by gefB' cells grown in axenic medium 

when attached to tissue culture dishes. However, gefB' cells are able to proliferate in a 

suspension of bacteria, although at a reduced rate. These proliferation defects correlate with 

profound defects in phagocytosis and pinocytosis. gefB' cells have a highly polarised 

morphology, with an increased number of filopods and an absence of the circular membrane 

ruffles called “crowns”, which are the sites of macropinosome formation. Vegetative gefB' cells 

also move twice as fast as the parental AX3 cells. The characteristics of vegetative gefB' cells 

are similar to those of wild-type cells developed to an aggregation-competent state (De 

Chastellier and Ryter, 1977). However, analysis of the expression of the early developmental 

genes dis-ly, car A and acaA shows that gefB' cells are not in a state of precocious development. 

Therefore the endocytosis and cell migration phenotypes in the gefB' cells do not appear to be a 

secondary consequence of precocious development.

gefB' cells are also impaired in multicellular development. Although unable to form normal 

aggregation streams, gefB' cells form small aggregates with aberrant morphology upon 

starvation. Development of gefB' cells takes 36h instead the normal 24h and the distinct 

morphological stages of normal multicellular development (namely the tipped mound, first 

finger and slug stages) are not apparent in developing gefB' cells. Synergistic development with 

AX3 cells does not stimulate the development of gefB' cells suggesting that the developmental 

defect is cell autonomous. When spotted onto a lawn of bacteria the plaques formed by gefB' 

cells were two or three times larger than those of AX3 cells. Although the bacterial lawn was 

thinned, gefB' plaques were never fully cleared of bacteria and contained no fruiting bodies or 

even partially developed structures.
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Vegetative gefB' cells have a similar phenotype to rasS cells. It therefore seemed possible 

that GefB was a physiological activator of RasS. However, gefB  did not show an interaction 

with rasS, rasG or human Ha-ras in the yeast two-hybrid system.

Expression of the putative catalytic domain of GefB was able to complement the temperature 

sensitive cdc25-5 S.cerevisiae mutant, demonstrating that GefB can function as a RasGEF in 

vivo.

4.3.2 Endocytosis and Motility

4.3.2.1 Comparison with Known Mutants

The phenotypes of vegetative gefB' and rasS' cells are extremely similar yet both are distinct 

from all previously reported Dictyostelium  endocytosis mutants which can be divided into 

broadly three categories. The first category of mutants have defects in only one aspect of 

endocytosis and exhibit no obvious changes in cell speed. Talin null cells are an example of 

such a mutant. The mutant amoebae are strongly impaired in phagocytosis but not in fluid- 

phase endocytosis or cell motility (Niewohner et al., 1997). This is apparently caused by a 

defect in cell adhesion to particles. Similarly, disruption of the clathrin heavy chain gene 

(chcA) in Dictyostelium  cells results in a severe defect in fluid-phase endocytosis but not in 

phagocytosis or cell speed (O'Halloran and Anderson, 1992; Wessels et al., 2000). A second 

category of endocytosis mutants have defects in fluid-phase endocytosis, phagocytosis and in 

other actin dependent processes such as cell movement. Coronin mutant cells and myosin I 

double mutant cells are example of this type of mutant. Both mutants are impaired in fluid- 

phase endocytosis, phagocytosis and cell motility (de Hostos et al., 1991; Hacker et al., 1997; 

Maniak et al., 1995; Novak et al., 1995; Titus et al., 1993). A third category of endocytosis 

mutants show impairment in some actin dependent processes but this is balanced by stimulation 

of other actin dependent processes. Dictyostelium cells lacking two class I PI 3-kinase genes 

have a defect in fluid-phase endocytosis but conversely have an increased cell speed (Buczynski 

et al., 1997; Zhou et al., 1998). The PI 3-kinase null cells may also have a defect in 

phagocytosis, however, the two groups which independently performed this work gave 

conflicting reports of the phagocytic activity of these mutants. Overexpression of the wild-type 

RacC protein causes an increase in the rate of phagocytosis and a concomitant decrease in the 

rate of fluid-phase endocytosis (Seastone et al., 1998). Expression of an inhibitory RacC
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mutant protein has the opposite effect, increasing the rate of fluid-phase endocytosis at the 

expense of phagocytosis. Although not defective in endocytosis, Dictyostelium cells lacking the 

IQGAP related RasGAPl show an increase in cell speed similar to that of gefB' and cells 

(Faix et al., 1998).

Two of the three classes of endocytosis mutant discussed above seem to have defects in the 

mechanics of actin cytoskeletal reorganisation. The actin binding protein, talin, seems to be 

involved in the mechanics of cell adhesion to particles and surfaces. Coronin and the myosin I 

proteins colocalise with actin in sites of actin remodelling and the loss of these proteins results 

in a general impairment in the remodelling of actin. The third class of mutants seem to be 

defective in controlling the balance between different actin dependent processes rather than in 

the underlying mechanics of actin remodelling. The proteins involved are signalling molecules 

rather than actin b inding proteins and one actin dependent process seem s to be stim ulated w hilst

another is impaired. It is to this third class of mutants that gefB' and rasS' cells seem most 

similar, in that they show impaired fluid-phase endocytosis and phagocytosis but a concomitant 

increase in cell speed. Indeed, one explanation for the phenotypes of vegetative gefB' and rasS' 

cells is that these proteins regulate the balance between cell motility and endocytosis (discussed 

in 43.2.2). There is also the possibility that the RasGAPl protein is a downstream component 

of a GefB/RasS pathway controlling cell speed.

4.3.2.2 Competition between Endocytosis and Cell Motility

The cortical projections involved in endocytosis and cell migration in Dictyostelium, 

phagocytic cups, crowns and pseudopods, share many similarities. They have similar rates of 

projection from the cell body, approximately 10/im per minute (Hacker et al., 1997; Maniak et 

al., 1995). They are all actin-rich structures and have similar sensitivities to cytochalasin-A, 

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 (de Hostos et al., 

1991; Novak et al., 1995; Titus et al., 1993; Wessels et al., 1996) and the actin-binding protein, 

coronin, which is related to the ^-subunits of the heterotrimeric G proteins (de Hostos et al., 

1991). Both coronin and members of the myosin I protein family colocalise with F-actin at the 

regions of the cell actively involved in endocytosis and migration. Coronin, for example, is
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recruited to the leading edges of pseudopods and coats the cytoplasmic face of crowns and 

phagocytic cups as they internalise their contents (Maniak et a l, 1995).

There is considerable evidence to suggest that the processes of endocytosis and cell 

migration are in competition with each other. The leading edges of cells are known to comnipete 

with each other (Segall and Gerisch, 1989). Observations by Maniak and co-workers (Maniak 

et a l ,  1995) suggest competition arises between pseudopods and phagocytic cups as they are 

projected and that the existence of both structures in the same cell at any one time can omly 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 e d g ^  have 

been observed to recruit coronin from regressing phagocytic cups, and extending phagocytic 

cups can acquire coronin from retracting pseudopods. A cell is therefore limited in the exteMit to 

which it can phagocytose and migrate efficiently at the same time. The corollary of this is, diat a 

treatment causing a cell to be highly motile would inhibit phagocytosis and/or pinocytosis,. This 

has been observed in several situations. Phagocytic cups are almost completely absent in 

rapidly moving, aggregation-competent wild-type cells and this correlates with a reduced rates 

of phagocytosis (Maniak et a l , 1995). Dictyostelium cells lacking the two class I PI 3-Mnase 

genes are highly motile and are impaired in pinocytosis (Buczynski et a l , 1997; Zhou e t a l , 

1998). Similarly, cells lacking the rasS or the gefB  gene are fast moving, and 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 pseudopods, whilst 

the rate of phagocytosis is three times that of wild-type cells (Seastone et a l ,  1998). An 

analogous response is seen in Dictyostelium cells cultured axenically. Over a period o f  24h 

after inoculation into axenic medium, amoebae increase their pinocytic capacity, whilst their 

motility becomes impaired, suggesting that a decrease in cell locomotion is necessary for the 

efficient pinocytosis (Clarke and Kayman, 1987). This inverse relationship between the rates of 

endocytosis and locomotion in a cell together with the molecular similarities between the F- 

actin structures mediating these different processes suggest the existence of a shared regulatory 

pathway. Such a regulatory pathway would allow a bias towards either endocytosis or 

locomotion when required. It is likely that GefB and RasS proteins are involved in this process.
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4.3.3 Development

The development of gefB' cells is both delayed and weak compared to the parental AX3 

cells. The lack of normal aggregation streams and the small size of the aggregates formed by 

gefB' cells could suggest that the cells have a defect in chemotaxis to cAMP (discussed in

4.3.3.1). However, gefB' cells also fail to express the d isly  gene correctly upon starvation 

suggesting further problems with the initiation of the developmental program (discussed in

4.3.3.2), Although gefB' cells are severely impaired in multicellular development the nature of 

the defect is far from clear. The data from synergy experiments (4.2.6) suggest that gefB' cells 

are unable to respond correctly to the differentiation signals of wild-type cells. As discussed in 

5.2.7, Dictyostelium cells can be induced to differentiate into either stalk or spore cells in low 

density monolayers. This allows an analysis the intrinsic ability of cells to respond to defined 

differentiation stimuli, without the added complexity of cell contact and regulative cell-cell 

interactions (Berks and Kay, 1990; Harwood et al., 1995; Kay, 1989). Had time permitted it 

would have been informative to use this approach to further investigate the differentiation of 

gefB' cells. It seems likely that the results would show gefB' cells to be intrinsically impaired in 

their ability to respond correctly to specific differentiation signals.

4.3.3.1 Chemotaxis

The weak aggregation of the gefB' cells during development may suggest that the cells are 

defective in chemotaxis to cAMP. Before assessing the chemotactic ability of cells it is first 

necessary to determine whether the cellular proteins required for cAMP chemotaxis are 

appropriately expressed upon starvation. Without this knowledge it is not possible to make 

valid comparisons between the chemotactic ability of gefB' and AX3 cells. The preliminary 

results generated by Dr C Parent suggest that gefB' cells are able to express at least two of the 

proteins, ACA and cARl, required for cAMP chemotaxis upon starvation, (4.2.8). However, 

the developmental timing of cells starved in buffer alone is highly variable and whilst it serves 

to demonstrate that they are capable of initiating development it does not allow a reliable 

comparison of the timing of early gene expression. In contrast, pulsing cells with cAMP during 

starvation serves to synchronise early development in a population of cells and consequently 

induces the expression of developmental genes in a temporally reproducible fashion. It was 

therefore surprising that pulsing gefB' cells with cAMP during starvation almost completely 

blocked ACA and cARl expression. Although further work is required to confirm this result, it
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may indicate a defect in the cAMP signalling pathways of gefB' cells. Furthermore, it will be 

difficult to synchronise the developmental timing and gene expression of gefB' and AX3 cells, 

and subsequently compare the cAMP chemotaxis of these cell lines.
\

In addition to an analysis of early gene expression it will be important to analyse cAMP 

production and ACA activation in response to cAMP or G-protein activation in gefB' cells. 

Several aggregation defective mutants exist, which express all the components the cAMP relay 

but which are unable to activate ACA in response to cAMP receptor stimulation or G-protein 

activation. aleA, p ia A , dagA' cells which lack the aimless, pianissimo and CRAC proteins 

respectively are examples of this type of mutant (Chen et al., 1997; Insall et al., 1994b; Insall et 

al., 1996). geJB' cells may fall into this category.

Uncoupling of the Developmental Program

In several respects, vegetative gefB' cells behave like aggregation-competent amoebae (De 

Chastellier and Ryter, 1977). They are highly polarised, highly motile, and they have a reduced 

rate of endocytosis. It was therefore surprising to find that the mutant does not express early 

developmental or aggregation stage marker genes. A possible explanation for this phenotype 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 GefB, might give rise to cells that manifest a specific behaviour of starved 

amoebae, such as rapid migration, without any of the others. GefB may be required to control 

the balance between endocytosis and motility (discussed in 4.3.2.2) in the context of the early 

developmental program, favouring endocytic feeding during vegetative growth and motility 

during early development. GefB may control a developmental check-point which allows the 

cell to only increase motility once it has utilised all available food and has begun starvation. 

The loss of GefB may result in an inappropriate increase in motility and concomitant decrease 

in endocytosis in the absence of starvation. There are at least two secreted factors, CMP and 

PSP, which control the response of cells to starvation and GefB may be involved in the 

induction of, or response to, one of these factors. A more detailed investigation of the 

physiological state of vegetative gefB' cells is required to address this question.
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4.3.4 The Role of GefB during Growth and Development

It is clear that the loss of GefB has a profound effect the morphology, motility, endocytic 

rate and multicellular development of Dictyostelium cells. However, at present, it is impossible 

to determine whether GefB plays a direct role in controlling these processes or if it has a more 

indirect function, perhaps controlling expression of other proteins which are themselves the 

regulators of these cellular processes. An elegant way to address this question would be to 

construct a gene encoding a temperature sensitive GefB protein (tsGefB) and substitute this for 

the endogenous gefB  gene in Dictyostelium cells. This cell line would have functional GefB 

protein when cultured at one temperature (the permissive temperature) whilst at another higher 

temperature (the non-permissive temperature) the protein would become inactive. This 

approach would allow a direct investigation of the role of GefB in cellular processes. For 

example, a tsGefB cell line would be able to perform pinocytosis and phagocytosis normally at 

the permissive temperature. If when shifted to the higher, non-permissive temperature there 

was an immediate impairment of endocytosis this would suggest a direct role for GefB in the 

control of endocytosis. Conversely, if upon shifting to the non-permissive temperature, the 

endocytic rate declined slowly over a period of several hours, this would suggest a more indirect 

role for GefB in endocytosis. This approach could similarly be used to determine if GefB was 

required for correct multicellular development. Cells could be starved for various lengths of 

time at the permissive temperature then shifted to the non-permissive temperature to inactivate 

GefB. In this way the requirement for GefB at various stages of development could be 

assessed.

Temperature sensitive mutant proteins have been used extensively in S.cerevisiae to

determine protein function. A relevant example of this is the temperature sensitive cdc25-5

mutant (Hartwell et al., 1973). Mutational analysis of the Cdc25 RasGEF protein has identified

several mutations which make the protein temperature sensitive such that it is active at 30°C

and inactive at 37°C (Camus et al., 1995; Petitjean et al., 1990). The specific amino acid

residues identified by mutational analysis of Cdc25 are conserved in GefB. The temperature

shift required to inactivate the yeast Cdc25 protein is outwith the physiological range of

Dictyostelium cells; temperatures above 28°C cause growth arrest (Loomis and Wheeler, 1980).

However, there is some evidence that Dictyostelium proteins with similar mutations to those in

temperature sensitive S.cerevisiae proteins will function in a temperature sensitive manner in

Dictyostelium cells but that a reduced temperature is needed for protein inactivation. For
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example, erkl null Dictyostelium cells expressing a tsERK2 protein develop normally at 20°C 

but at 25°C behave like erk2 null cells and are unable to aggregate (Gaskins et a l, 1996). Using 

temperature shift experiments, it was shown that ERK2 is not essential for aggregation-stage, 

cAMP pulse-induced gene expression, or for the expression of postaggregative genes, which are 

induced at the onset of mound formation in response to cAMP in wild-type cells. However, 

ERK2 is required for the activation of adenylate cyclase. It was also shown that ERK2 is 

essential for proper morphogenesis and for the induction and maintenance of prespore but not 

prestalk gene expression. Another example of the use of a temperature sensitive mutant protein 

m Dictyostelium is the MEKl protein (Ma et a l, 1997). The mutant protein contains similar 

mutations to those found in a temperature sensitive S.cerevisiae MEK homologue. The 

Dictyostelium tsMEKl protein is active at 15°C but inactive at 22°C. The tsMEKl protein in 

was expressed in Dictyostelium mekl null cells and temperature shift experiments that MEKl 

activity is required throughout aggregation for guanylate cyclase activation, but is not essential 

for proper morphogenesis during the later multicellular stages,

A temperature sensitive GefB protein could also be used to investigate the cellular effect of a 

dominant active GefB protein. Targeting of GEFs to the plasma membrane brings them into 

proximity with Ras and results in constitutive Ras activation (Aronheim et a l, 1994; Quilliam et 

a l , 1994). Construction of a membrane targeted tsGefB by addition of the CAAX prénylation 

motif from a Dictyostelium Ras protein would allow the real-time effects of GefB activity to be 

assessed.

4.3.5 Is GefB a Physiological Activator of RasS?

The phenotypes of gefB' and rasS' cells are extremely similar although rasS' cells do not 

have an obvious developmental defect. Although it was not possible to demonstrate a direct 

interaction between the two proteins in the yeast two-hybrid system it is still likely that these 

proteins interact somehow in the cellular context. One way in which this might occur is if GefB 

was a downstream component of a RasS pathway. This way, the two proteins would not show 

an interaction in the yeast two-hybrid system whilst still being part of the same signalling 

pathway. In this scenario, GefB could relay signals from RasS required for endocytosis and 

motility control and at the same time be a component of other signalling pathways involved in 

control of the developmental program. Alternatively, GefB may be a direct physiological
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activator of RasS, signalling through RasS during vegetative growth but through another Ras 

during development.

A clearer understanding of the signalling pathways in which GefB is involved will require an 

investigation of the specificity of GefB. A direct, in vitro demonstration of the specificity of 

GefB may be impossible due to the difficulty in obtaining soluble recombinant protein. 

However, there are several alternative approaches that could be employed An epitope tagged 

version of the GefB catalytic domain and a dominant negative Ras protein fused to GST could 

be coexpressed in Dictyostelium cells. The GST-Ras fusion protein could be purified from cell 

lysates using glutathione-sepharose and the binding of the GefB catalytic domain assessed by 

Western blotting using an antibody to the epitope tag. Overexpression of dominant negative 

Ras proteins alone in Dictyostelium cells may also indicate which Ras proteins interact with 

GefB; the dominant negative Ras proteins which specifically interact with GefB should bind 

and sequester the endogenous GefB protein resulting in a phenotype similar to that o f gefB' 

cells. The generation of null mutants of the remaining ras genes would also greatly facilitate 

the identification of Ras pathways controlled by GefB.

4.3.6 Other Experiments to Investigate the Function of GefB

In the short term, a number of experiments would help define the cellular role of GefB. 

Firstly, it would be informative to determine the subceilular localisation of GefB. Since GefB is 

implicated in the control of cell motility and endocytosis it may be localised at sites of ccMtical 

actin remodelling such as pseudopods, phagocytic cups or macropinocytic crowns. Secondly 

structure/function analysis would help determine which regions of the protein are important for 

GefB function. For example, would overexpression of the N-terminal portion of GefB alone 

have a dominant negative effect by preventing activation of the endogenous GefB protein? 

Similarly, would overexpression of the catalytic domain alone or a plasma membrane targeted 

catalytic domain be sufficient to rescue the phenotype of gefB' cells?

In the longer term a number of experiments would help to discover the signalling pathways 

in which GefB is involved. Firstly, it will be important to make single and multiple null 

mutants of all the Dictyostelium ras genes and compare the phenotypes with those o f GefB. 

Similarly, the specificity of GefB for the different Ras proteins must be determined. In 

addition, a yeast two-hybrid screen using the N-terminal region of GefB as “bait” may identify 

the upstream activating elements of GefB signalling pathways.

133



In the future it will become increasingly more important to determine the effect of gene 

disruption on the entire protein complement of the cell. At present, broadly two ways exist to 

determine the gene or protein complement of one cell type relative to another. Firstly, some 

form of subtractive hybridisation of the mRNA species can be performed to isolate genes 

expressed in one cell line but not another. More recently, 2D electrophoresis has been used to 

identify proteins expressed in one cell line but not another. The identity of these proteins can be 

determined by mass spectroscopy. Either of these approaches would help define the precise 

proteomic differences between wild-type cells and gefB' cells and therefore help differentiate 

between problems of signalling and gene expression in gefB' cells.
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5 Dictyostelium RasD is Required for Normal Phototaxis, but 
not Differentiation or Pattern Formation

5.1 Introduction
Dictyostelium RasD is a small GTP-binding protein closely related to the mammalian Ras 

proteins Ha-, Ki- and N-Ras, and is maximally expressed during the multicellular stage of 

Dictyostelium development (Reymond et al., 1985), The functional studies of RasD published 

to date have been limited to overexpression of a dominant activated molecule, attempts to 

generate rasD' mutants having failed (Reymond et al., 1986; Reymond et al., 1985). Cells 

transfected with a rasD gene containing an activating G12T mutation arrest development after 

forming multi-tipped mounds. These structures express enhanced levels of the prestalk cell 

specific genes and very low levels of prespore cell specific genes relative to wild-type 

aggregates but contain no mature spore or stalk cells (Louis et al., 1997). From these data it 

was inferred that RasD was essential and that it was required for cell-type differentiation and 

patterning specification (Esch and Firtel, 1991; Esch et al., 1992).

A number of problems with the experimental approach used to investigate RasD ftmction

call into question the physiological significance of these previous data. One problem coticerns

the expression level of the activated RasD protein. The published phenotype of cells expressing

the dominant active G12T RasD protein is dependent upon the expression level of the mutant

RasD protein (Louis et al., 1997). The mutant cells showed an approximately ten-fold

overexpression of the mutant protein. When the expression level was reduced by half, which

still represents a five fold over-expression, no obvious phenotype was observed (Louis et al.,

1997). This contrasts strongly with low level expression of an activated RasG protein, which

prevents the formation of aggregation streams (Thiery et al., 1992). In this case the RasG

protein is expressed at a level no higher than the endogenous RasG protein. In addition, high

level overexpression of a dominant negative RasD protein has no obvious effect on

development (Dr R Firtel, personal communication) although it has been demonstrated to have a

clear biochemical effect in cells (Aubry et al., 1997). Another major problem concerns the

expression profile of the activated rasD transgene. Expression of the activated rasD allele was

achieved using a fragment of 5’ genomic DNA sequence thought to contain all the necessary cis

acting elements required for correct expression of rasD (Reymond et al., 1985). Although the

endogenous rasD gene cannot be detected until 12h of development (Robbins et al., 1989) this
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construct drives transcription in vegetative cells (Reymond et al., 1985). Thus, not only was the 

activated rasD  gene over-expressed, it was also temporally mis-expressed. This may have 

resulted in the activation of non-physiological effectors and given rise to artefactual biological 

effects. With this in mind, ablation of RasD function by disruption of the rasD gene appeared 

likely to provide greater insight into the physiological functions of the RasD protein.

This chapter describes the generation and characterisation of a rasD' cell line and the 

discovery of a possible physiological function for RasD.

5.2 Results

5.2.1 Disruption of the Dictyostelium rasD Gene

Dictyostelium cells containing a disrupted rasD  gene were generated by homoHogous 

recombination using the strategy shown in Figure 5.1 A. A construct was made containing 

2.0kb of rasD  genomic DNA (Reymond et al., 1984) with a blasticidin resistance caissette 

inserted into the 5' end of the rasD  coding sequence (see 2.1.11.1). The construct was 

transfected into AX2 cells, and transformants were cloned following seven days of blastmcidin 

selection. Out of seven independent clones examined by Southern blotting (see 2.1.13)), six 

were found to contain a simple disruption in rasD  (F igure 5 .IB). All clones were 

indistinguishable in growth and colony morphology and one representative rasD̂  ̂clone

was used for all subsequent work. The wild-type rasD gene was transfected into this dlone, 

using a G418 resistance cassette (see 2.1.11.3), as a control for non-specific effectts of 

transformation. This cell line will be referred to as rasD '‘̂ ^.

5.2.2 Determination of RasD Protein Levels

In order to determine RasD protein levels, an antibody specific for RasD was generated by 

Dr G Weeks. Western blot analysis of bacterially expressed Dictyostelium Ras-GST ffiusion 

proteins (data not shown) revealed that the antibody exhibited the highest activity against the 

RasD protein, but still had residual activity against RasG, the closest cellular homologue of 

RasD, despite extensive cross absorption. Nonetheless, the antibody was sufficiently specific to 

allow assay of RasD expression.

Western blot analysis of extracts from rasD and parental cells at various stages of 

development using the RasD antibody detected two proteins of slightly different mobility, each 

with a different expression pattern (Figure 5.2A1 and 11). In light of the cross reactivity of the
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A:
EcoRI Bell

Knockout Construct

EcoRI

2.0kb

Wild type gene locus

EcoRI

Recom binant

B:

3.3kb

2.0kb

AX2 rasD'

Figure 5.1. Disruption of the rasD gene
A) Schematic representation of the strategy employed to disrupt the rasD gene. A 2.0kb 
fragment of rasD genomic DNA with a 1.3kb blasticidin resistance cassette inserted into the 
unique PstI site at the 5' end of the rasD coding was constructed. The 3.3kb construct
was used to disrupt the rasD gene by homologous recombination. A probe from the rasD coding 
sequence was used to screen recombinants by Southern blotting; the sizes of the expected 
hybridising fragments from wild-type cells and rasD disruptants are indicated.
B) Southern blot of rasD' and parental AX2 DNA. Genomic DNA from rasD' and AX2 cells 
was digested with EcoRI and Bell, separated on a 0.8% agarose gel, transferred to a nylon 
membrane and probed with a radiolabelled fragment of DNA from the rasD genomic locus. 
Bands representing the wild type (2.0kb) and disrupted (3.3kb) rasD genes are indicated.
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Figure 5.2 Expression of RasD and RasG proteins during Dictyostelium development
A) 20//g of cell extract protein, isolated from AX2 (i) and rasD' (ii) cells at the indicated 
hours of development, was separated by SDS-PAGE, transferred to nitrocellulose and 
immunoblotted with an anti-RasD antibody, as described in Materials and Methods. The 
rasD' blot was then stripped and immunoblotted with anti-RasG antibody (ill), which 
confirmed the upper band as RasG.
B) 20jig of cell extract protein, isolated from AX2, rasD' and rasD' cells at 14 hours 
of development was immunoblotted as above.
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antibody with RasG, the blot was stripped and reprobed with the highly specific RasG antibody 

(Khosla et al., 1994)(Figure 5.2Aiii). This clearly identified the lower mobility band as RasG. 

Since the higher mobility band showed the same expression profile as rasD mRNA and was not 

detected during development of rasD' cells, it was concluded that this represents the RasD 

protein. Analysis of extracts from AX2, rasD' and rasD ''°'  ̂cells after 14 hours of development 

confirmed the complete loss of RasD protein from rasD' cells, and the restoration of expression 

upon réintroduction of the rasD gene (Figure 5.2B). Since the antibody shows much less 

activity towards RasG than RasD (approximately five fold)(Dr G. Weeks, personal 

communication), the strong signal in the Western blot shows that the RasG protein was present 

in vegetative cells at a considerably higher level than was RasD protein at any staige of 

development. Similarly, Figure 5.2A11 shows that, even in developed cells, the amomnt of 

RasG present was at least as high as that of RasD. These Western blots were produced by Dr G 

Weeks.

5.2.3 RasD is Not Required for Normal Cell Proliferation

Although RasG is highly expressed in vegetative cells it has been shown not to be required 

for cell proliferation (Tuxworth et al., 1997). The RasD protein was not detectable in growing 

cells but it was still possible that the protein was present and played a role in control ®f cell 

proliferation. To address this question, the growth rate of rasD' and wild-type cells in skaking 

axenic culture was assessed (Figure 5.3). The mean doubling time of rasD' cells and AX2 cells 

was approximately l l h  for both cell types. RasD is therefore not required for normal cell 

proliferation.

5.2.4 Development of rasD' Cells is Morphologically and Temporally Normal

It has previously been demonstrated that the expression of an activated RasD protein ini wild- 

type Dictyostelium  cells has a profound effect. Although aggregation proceeded normally, 

abnormal multi-tipped aggregates were formed and further development was blocked (Reymond 

et al., 1986). These results suggested that rasD played an important role in the multicellular 

development of Dictyostelium. It was, therefore, surprising that rasD' cells have no obvious 

developmental abnormalities. The mutant cells aggregate normally upon starvation forming 

streams after 8h, loose aggregates at 9h, tipped mounds at l lh,  first fingers and slugs between
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rasD'

Time (h)

Figure 5.3. Proliferation of AX2 and rasD' cells in shaking axenic culture 
AX2 and rasD' cells were seeded into HL5 medium at 2x10 cells/ml and the cell number 
determined at various time intervals using a haemacytometer. The mean ± SD of three separate 
cultures are displayed.
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Figure 5.4 Development of rasD' and AX2 cells on non-nutrient agar 
Vegetative rasD~ and AX2 cells were plated at a density of 3xl0^cells/cm^ on KK2 
agar plates and development observed. rasD' cells form aggregation streams after 8 h 
(A), slugs after 14h (C) and mature fruiting bodies after 22h (E) which are 
morphologically similar to those of AX2 cells (B,D and F). The developmental timing 
of both cell types is also comparable. The scale bar represents 0.2mm.
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12h and 14h, preculminants at 16h and mature fruiting bodies at 20h. All structures were 

morphologically indistinguishable from wild-type (Figure 5.4).

5.2.5 rasD' Cells Exhibit Normal Developmental Gene Expression

It has been shown that the over-expression of an activated rasD  gene leads to a marked 

increase in prestalk cell specific gene expression and a decrease in the expression of prespore 

cell specific genes during development relative to wild-type (Louis et al., 1997). Therefore, the 

expression of several cell type specific genes was investigated during the development of rasD' 

cells to determine if the ablation of rasD had an effect on cell type differentiation. Accordingly, 

rasD' and wild-type cells were allowed to develop on nitrocellulose filters and total RNA 

isolated at various intervals for Northern analysis. One Northern blot was cut and 

simultaneously probed for the prestalk specific genes ecmA and ecmB  (Jermyn and Williams, 

1991) and the prespore specific gene pspA  (Early et al., 1988)(Figure 5.5A). The blot was 

stripped and reprobed with an IG7 probe. IG7 mRNA is expressed at the same level throughout 

development and was used as a control for loading (Dr K Jermyn, personal communication). A 

separate Northern blot was cut and simultaneously probed for the prespore specific gene spiA 

(Richardson and Loomis, 1992) and the IG7 probe (Figure 5.5B) Unexpectedly, there was no 

significant difference in the timing or expression level of the four genes during development of 

rasD' cells. This result is dramatically different from the gross changes seen in cells expressing 

an activated rasD gene, and indicates that RasD is not required for normal proportioning of 

prestalk and prespore cells in the developing aggregate.

5.2.6 rasD' Aggregates Exhibit Normal Pattern Formation

Previous work had suggested a role for RasD in pattern formation during development (Esch 

and Firtel, 1991), in particular in the spatial regulation of gene expression. In order to test this 

hypothesis, both rasD' cells and the parental strain were transfected with lacZ  reporter 

constructs under the control of different prestalk- and prespore-specific promoters. Cells were 

allowed to develop to either the slug or preculminant stage, then histochemically stained for P- 

galactosidase activity (see 2.2.7). The prestalk specific ecmAO promoter (Jermyn and Williams, 

1991) drives expression of lacZ  in a subset of prestalk cells which occupy the anterior fifth of 

the slug and the basal disc, stalk, tip, and upper and lower cups of the culminant. The ecmO 

fragment of the ecmAO  promoter causes expression in the posterior portion of the prestalk
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Figure 5.5 Expression of cell-type specific mRNA during development 
AX2 and rasD' cells were harvested at the indicated hours of development and total 
RNA was prepared. 20/^g of RNA from each sample was separated on agarose gels 
and transferred to nylon membranes. Membranes were cut into strips and 
simultaneously hybridized with radiolabelled A) ecmA, ecmB, pspA and IG7 probes, or 
B) spiA and IG7 probes
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Figure 5.6 Spatial expression of cell-type specific lacZ reporter constructs during development
rasD' and parental AX2 cells were transformed with various lacZ reporter constructs, developed
on KK2 agar to either the slug (15 hours) or mid-culminant (18 hours) stage, and fixed and
stained as described in Materials and Methods. The black bar represents 0.2mm
(A-D): ecmAO-hicZ marker in parental (A,C) and rasD' (B.D) aggregates
(E,H): é'C7 w5 -/«c'Z marker in parental (E, ) and (G, ) aggregates
(I+J): ecmO-lacZ marker in parental (I) and rcisD' (J) first fingers
(0-R): 50:50 mixes of actI5-lacZ  marker in rasD' cells with unlabelled parental (0,P) or rasD' 
cells (Q.R).
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region in the slug tip and in scattered ALCs in the prespore region of the slug (Early e t al., 

1993). The ecmB promoter is expressed in a cone of cells in the tip of the slug and in the 

culminant shows a similar expression pattern to ecmA except that there is no staining o f  the 

tip/papilla outside the stalk tube (Jermyn and Williams, 1991). The prespore specific promoter 

pspA  is active in the posterior four-fifths of the slug and in the spore mass of the culminant 

(Dingermann et al., 1989). For each of these reporter constructs, patterning in rasD' aggn%ates 

was not appreciably different from that of the parental strain (Figure 5.6A-N).

One powerful way of identifying otherwise hidden developmental defects is to mix cells of 

the mutant and parental strains to produce chimeric aggregates, and observe whether the two 

cell types behave differently. Accordingly, rasD cells constitutively expressing lacZ from the 

actl5  promoter were mixed with either rasD' cells or the parental strain in a 1:4 ratio. Again, 

cells were developed to either the slug or preculminant stage, then stained for P-galactosidase 

activity. In both mixtures, blue staining could be seen randomly distributed throughout the 

slugs and preculminants (Figure 5.60-R). Identical staining patterns were also obtained when 

these experiments were repeated with AX2 cells expressing actlSAacZ in place of rasD' cells 

(data not shown). Similarly, prolonged slugging toward a lateral light source had no effect on 

the staining patterns obtained in these chimeric slugs (data not shown).

These data suggest that RasD is not essential for the correct spatial regulation o f gene 

expression or for establishing and maintaining the position of cells within the aggregate.

5.2.7 Differentiation of rasD' Cells into Stalk and Spore Cells is Normal

Dictyostelium cells can be induced to differentiate into either stalk or spore cells in low 

density monolayers, allowing an analysis the ability of cells to respond to defined stimuli, 

without the added complexity of cell contact and regulative cell-cell interactions (Berks and 

Kay, 1990; Harwood et al., 1995; Kay, 1989). To assess any intrinsic differences in response to 

differentiation stimuli between wild-type and rasD' cells, which would be otherwise masked by 

cell-cell interactions in aggregates, in vitro monolayer experiments were performed.

To induce stalk cell formation amoebae were incubated for 24h in 5mM cAMP to render 

them competent to respond to DIF, and then incubated for 24h with 0.1/aM DIF, which induces 

terminal stalk cell differentiation. In the second 24h some cells were incubated with a further 

5mM cAMP in combination with DIF, In wild-type cells this represses stalk cell differentiation 

in monolayers. There was no significant difference between the mean number of stalk cells

145



A: —

% Stalk cell formation % Spore cell brmation
DIF cAMP + DIF 8-Bromo-cAMP cAMP

Ax2 67.1 ±6.0 17.9 ±2.9 20.6 ± 3.6 0

rasD' 67.1 ±4.2 17.7 ±3.1 19.9 ±4.1 0

B:
% Spores formed

% Blasticidin 
resistant spores

% viable spores

AX2 95 ± 5 0 82 ± 4.7

rasD~ 95±  10 100 84 ± 5.4

AxUrasD' 1:1 mix 95 ± 5 51 ±2.8 Not done

Figure 5.7 Stalk and spore cell formation by AX2 and rasD' cells
A) Stalk and spore cell formation in low cell density monolayers
To induce stalk cell formation, cells were plated at a density of 1.5xl0'‘cells/cm^ in tissue culture 
plates containing stalk medium plus 5mM cAMP. After 20h, the medium was supplemented with 
lOOnM DIF alone or lOOnM DIF plus 5mM cAMP. Spore cells were induced by plating 
1.5xl0'‘cells/cm^ in tissue culture plates containing spore medium supplemented with 15mM 8 - 
bromo-cAMP or 5mM cAMP. The numbers of stalk cells and spore cells were counted using a 
phase-contrast microscope after 48h and expressed as a percentage of the total cell count. Each 
experiment was performed three times, counting a minimum of 500 cells from five separate dishes 
on each occasion. All data are expressed as the mean ± SD
B) Spore production and viability during normal development
AX2 and rasD cells alone or mixtures of equal numbers of AX2 and rasD cells were allowed to 
develop at 3xl0^cells/cm^ on nitrocellulose filters. Spores were collected after 48h and counted 
following treatment with 1% Triton X-100. Numbers of spores produced are expressed as a 
percentage of the number of initial amoebae. Each experiment was performed four times with at 
least three replicates. Data are expressed as the mean ± SD.
To determine from which cell type the spores were derived, spores from the above experiments 
were plated on bacterial lawns and the percentage of blasticidin resistant plaques determined. Data 
are expressed as the mean ± SD.
The viability of spores was assessed by suspension in buffer containing lOmM EDTA, heating for 
30min at 37°C and plating at various dilutions onto SM agar in association with Klebsiella 
aerogenes. The percentage viability was calculated by comparing the colony forming units to the 
number of phase-bright spores plated. Data are expressed as the mean ± SD.
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formed in each condition by wild-type and rasD' cells (two-sided t-test: P>0.8 with 5mM 

cAMP)(Figure 5.7 A).

Spore cells were induced by incubating amoebae with 15mM 8 -bromo-cAMP or 5mM 

cAMP in low-density culture for 48b. 8 -Br-cAMP is a membrane-permeable analogme of 

cAMP which acts intracellularly to activate PKA and induce terminal spore differentiaition. 

cAMP alone is unable to induce terminal spore cell differentiation in wild-type cells. rasD  

cells, like wild-type cells only formed spores in the presence of 8 -Br-cAMP, cAMP alone was 

not sufficient. Again, there was no significant difference between the mean number of spores 

cells formed in by rasD' and wild-type cells (two-sided t-test; P>0.8 with 15mM 8 -bromo- 

cAMP) (Figure 5.7A).

To examine the ability of rasD ’ cells to differentiate in the context of multicellular 

aggregates, the production and viability of spores produced during normal development! was 

assessed. Accordingly, equal numbers of wild-type and rasD' cells were allowed to develop on 

nitrocellulose filters, and the number of Triton X-100 resistant spores produced was detennmined 

using a haemacytometer. In an attempt to reveal any differences in the response of wild-type

and rasD' cells to differentiation signals, these experiments were repeated with a 1:1 mixtmne of 

wild-type and rasD' cells. To determine from which cell type the spores were derived, spores 

from the above experiments were plated on bacterial lawns and the percentage of blastixcidin 

resistant plaques determined. In each case, wild-type and rasD cells behaved similarly; ttbere 

was no difference between the mean number of mature spores produced by wild-type and irasD' 

culminants, and wild-type and rasD cells contributed equally to the spore mass in chinneric 

fruiting bodies (Figure 5.7B). In addition, there was no significant difference betweem the 

mean number of viable spores produced by wild-type and rasD' culminants (two-sided c-test: 

P>0.6)(Figure 5.7B).

Taken together these data suggest that RasD is not essential for the signalling processes 

involved in cell differentiation.

5.2.8 rasD' Aggregates are Im paired in Phototaxis and Thermotaxis

RasD is expressed maximally in Dictyostelium slugs but deletion of the rasD gene caused no 

appreciable changes in developmental timing, aggregate morphology, pattern formation, and 

cell type specification. Dictyostelium cells form slugs after aggregation in order to seek out an 

optimal environment for the fruiting body. This is achieved by phototaxis and thermotiLVjs. in
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A:
Parent ra s D '

Figure 5.8 Phototaxis and thermotaxis of wild-type and rasD~ cells
A) Representative Slug Paths of Qualitative Phototaxis Tests on Charcoal Agar. The 
light source was towards the right of the figure. The parental strain, rasD' strain, andi 
two examples of the rasD' strain rescued with a genomic rasD construct are showm 
Amoebae were inoculated onto plates and incubated for 48h in the presence of ai 
lateral light source. Slug trails were transferred to PVC disks, stained with Coomassie 
Blue, and digitised. The black bar represents 1cm.
B) Accuracy of Phototaxis. Variation of phototactic efficiency with initial c e l  
density. Parent (squares), m sD ' cells (triangles), rasG' cells (circles) and rasD' cells, 
rescued with a genomic rasD construct (diamonds) were plated at different densities^, 
and slug trails were observed as in (A). Data were digitised and analyzed according toi 
(Fisher et al. 1981). The inset panel shows the rasD' data plotted on a narrower scale' 
to show slight phototaxis.
C) Accuracy of Thermotaxis. Variation of thermotactic efficiency with mean 
temperature. Parent (squares), rasD' cells (triangles), rasG' cells (circles) and rasD' 
cells rescued with a genomic rasD construct (diamonds) were inoculated at 2.4 x 10^ 
cells/cm^ onto water agarose plates and incubated in darkness on a heat bar producing 
0.2°C/cm temperature gradient at the agarose surface and slug trails were observed ait 
in (A). Data were digitised and analyzed according to (Fisher et al. 1981). Arbitrary 
temperature units correspond to a temperature range of 14°C (Tl) to 28°C (T8 ), a» 
measured at the centre of the plates in separate calibration experiments.
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which the slugs move with great sensitivity towards sources of light (Fisher and Williimns, 

1981) and heat (Smith et al., 1982). The tip of the slug, which is composed almost entire% of 

prestalk cells, is thought to be the region of the slug responsible for the tactic responses. Since 

the rasD  gene becomes enriched in prestalk cells it was possible that RasD was involvœd in 

these processes. To address this question, Dr P Fisher performed both qualitative nnd 

quantitative phototaxis and thermotaxis assays on rasD' slugs.

When slugs from wild-type cells are kept in the presence of lateral light, they move nearly 

directly towards the light source (Fisher et al., 1981). The rasD’ slugs were clearly less ahüe to 

orient correctly (figure 5.8A). To verify that this phenotype was caused by loss of RasE%, and 

not an incidental consequence of transformation or selection, cells were examiined.

Several different, rasD ''°̂  ̂ transformants were examined, all of which exhibited nmrmal 

phototaxis (figure 5.8A). As a further control rasD' strains which had been disrupted, msing 

different selectable markers were examined; loss of RasD caused defective phototaxis in asvery 

case (data not shown).

A quantitative measurement of phototaxis (Fisher et al., 1981) shows that rasD' slugs are 

weakly phototactic. The concentration parameter K describes the accuracy of orientatiom, with 

zero reflecting no phototaxis and infinity indicating perfect orientation along the gradient:. For 

the parental strain, k varied from 100 to 500, depending on the cell density (figure 5.8B)). The 

rasD' slugs were again substantially less effective, but were still positively phototactic, witth a K 

between 5 and 10 (figure 5.8B). Again, the rasD' cells and also slugs containing a dMtetion 

in the related rasG gene, exhibited similar phototaxis to the wild-type.

Almost all reported phototaxis mutants also exhibit impaired thermotaxis and the rmsD' 

strain is no exception (figure 5.8B). While thermotaxis of rasD' slugs was clearly defective, 

thermotaxis of the rasG' and rasD' slugs was similar to that of the parental strain.

5.2.9 rasD' Aggregates Exhibit a Normal Response to Ammonia

Dictyostelium aggregates produce NH3 during development and this has been shown aat high 

concentrations to repel motile slugs and inhibit culmination (Kosû i et al., 198*1). NH3 alsso has 

effects on individual cell speed and slug tactic movements NH3 (Bonner et al., 1988; Bomner et 

al., 1989; Bonner et al., 1986). A physiological role for NH3 in phototaxis is as yet unprroven 

but not impossible. If NH3 is involved in phototactic signalling it is possible that phoDcotaxis 

mutants might show a different response to exogenously added NH3 during developmemi than 

wild-type. To examine development of wild-type and rasD' cells in the presence o f  NH3,
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Figure 5.9 Development of AX2 and rasD' ceils in the presence of NH4 CI
Ax2 and rasD' cells were developed at 3xl0^cells/ml on nitrocellulose filters. When the aggregates 
reached the tipped-mound stge of morphogenesis the filters were transfered onto filter paper soaked in 
various concentrations of NH4 Cl/2 0 mM MES pH6.1. Development was then allowed to proceed for a 
further 12 hours. The cell type and the NH4 CI concentration is shown in the top right of each image.
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vegetative cells were allowed to develop to the tipped-mound stage on nitrocellulose filters.

The filters were then transferred on to 3MM paper soaked in 25mM MES(pH6.3) containing 

various concentrations of NH4CI. Both wild-type and rasD' cells were able to culminate 

successfully in the presence of up to lOOmM NH4CI and were inhibited to the same extent at 

300mM NH4CI (Figure 5.9) in keeping with previous reports (Hopper et al., 1993). This crude 

experiment demonstrates that NH3 has no appreciable, gross affect on the development of rasD' 

cells when compared to wild-type. Obviously, it does not exclude the possibility that NHjhas a 

physiological role in phototaxis or that rasD' cells are defective in their response to NH3 as a 

phototactic signal.

5.3 Discussion

5 .3 . 1  Summary of Findings

Dictyostelium cells containing a disrupted rasD  gene were generated by homologous 

recombination. It was predicted that RasD would be essential for correct differentiation and 

pattern formation. It was therefore surprising that rasD' cells proliferate, aggregate and develop 

indistinguishably from the parental cells. However rasD’ slugs exhibit a clear defect in 

phototaxis and thermotaxis; approximately a thirty-fold decrease in the efficiency of orientation 

towards a light or heat source relative to wild-type slugs.

Further work by Dr P. Fisher has shown that out of the five ge /nu ll mutants discussed in 

Chapter 3, gefD  slugs alone have defects in phototaxis and thermotaxis with similar magnitude 

to those of rasD' mutants (data not shown).

5.3.2 The Lack of a Strong Developmental Phenotype

RasD is clearly not essential for development in Dictyostelium. This result does not exclude 

the possibility that RasD is normally involved in the control of differentiation and patterning 

and several plausible explanations for this phenomenon are discussed below (see 5.3.2.1 and 

5.3.2.2),

5.3.2.1 Functional Redundancy

RasD might play a major role in D ictyostelium  development, but its loss could be 

compensated for by the modulated activity of other Ras proteins in the cell. Indeed, there are at 

least three other Ras proteins present in the cell during multicellular development - RasB. RasC
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and RasG (Daniel et al., 1994; Daniel et al., 1993; Robbins et al., 1989). RasG would toe a 

particularly appropriate candidate, sharing 1 0 0 % amino acid identity in the effector and effector 

proximal regions and 82% identity over its entire length, and although rasG mRNA Bcwels 

decline early in development (Khosla et al., 1990), a substantial quantity of protein is present 

throughout development (see Figure 5.2A).

Although there may be a level of redundancy in the Dictyostelium  Ras proteins it w«mld 

appear to be far from absolute. Recently, the binding of Ras proteins to the three identified Ras 

binding proteins, RasGAPl, PIKl and RIP3 was assessed using the yeast two-hybrid systtem 

(Lee et al., 1999). It was found that only RasD and RasB bind RasGAPl, RasG alone binds to 

RIP3 and that only RasG and RasD bind P IK l. RasC and RasS showed no interaction witfn any 

of these Ras binding proteins.

The generation of cell lines with multiple ras gene disruptions would go some waiy to 

addressing the question of functional redundancy. A rasS'/rasD' has been generated im our 

laboratory. The phenotype was similar to that of the single rasS' mutant, with no appiarent 

synergistic effect on development (J Chubb, personal communication). To date, it has not) toeen 

possible to generate a rasGVrasD' cell line (J Chubb, personal communication).

S.3.2.2 No Role for RasD in Control of Dictyostelium Differentiation and Morphogenesis?

Alternatively, RasD might not be involved in the differentiation process but instead, nmght 

have a highly specific role in the signal transduction pathways common to phototaxis and 

thermotaxis in the slug stage. If this is correct then the results of previous experiiments 

involving overexpression of the dominant activated G12T RasD protein must be artefactuaR. A 

number of lines of evidence support this assertion. Constitutive high level expression (stf the 

dominant inhibitory S17N RasD protein in cells has no obvious phenotypic effect (Dr R Firtel, 

personal communication). This mutant should theoretically bind to and sequester all RaaGEFs 

capable of activating RasD. Although an obvious phenotypic effect is not apparent im cells 

expressing the S17N RasD protein, it has been demonstrated to have a biochemical effect on 

ERK2 regulation opposite to that of the G12T activated RasD protein (Aubry et al., 1997j). As 

discussed previously, the published phenotype of dominant activated G12T RasD expressing 

cells includes impairment of aggregation streams and arrest of development after format]]on of 

aberrant, multi-tipped mounds. This phenotype is only observed with cells expressing 

approximately ten-fold more mutant RasD protein than endogenous RasD protein (Louis et al.,
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1997). An approximate five-fold over-expression of G12T RasD does not result in an 

observable phenotype (Louis et al., 1997). Constitutive high level expression of dominant 

activated RasD from the strong act 15 promoter results in an even more severe phenotype than 

that of the published mutant -  cells are unable to aggregate or initiate development (Dr R Firtel 

and Dr R Insall, personal communication). These data are surprisingly similar to those obttained 

from expressing an activated RasG protein. Low level expression of a G12T RasG protein 

prevents the formation of aggregation streams but does not impair subsequent development of 

Dictyostelium  cells (Thiery et al., 1992), whereas higher level expression inhibits; both 

aggregation and multicellular development (Khosla et al., 1996). Expression of the activated 

rasD allele was achieved using a fragment of 5’ genomic DNA sequence thought to contmn all 

the necessary cis acting elements required for correctly regulated expression of rasD (Reymond 

et al., 1985). Although the endogenous rasD gene cannot be detected until 12h of development 

(Robbins et al., 1989) this construct drives transcription in vegetative cells (Reymondi e t al., 

1985). Thus the activated rasD gene is clearly expressed in cells at a time when the endo^anous 

rasD gene is not. Taken together these data suggest that the phenotypic effects of G12T RasD 

expression are caused by interference with processes not normally regulated by RasD. Tine high 

level over-expression and temporal mis-expression of the G12T RasD protein may have resulted 

in the inappropriate activation of effectors for other Ras proteins such as those controllkd by 

RasG during the initiation of development.

5.3.3 Phototaxis

If RasD plays specific role in the signal transduction pathways common to phototaxis and 

thermotaxis in the slug stage, what could it be? The behaviour of the rasD' cells in chimeric 

aggregates suggests that they have no obvious signalling defects. rasD' cells are found scamtered 

randomly throughout these aggregates including all areas of the tip even after prolonged periods 

of phototactic slugging. It is therefore difficult to imagine that the rasD’ cells are unaible to 

respond correctly to light induced signals in the slug tip. One possible explanation that would 

fit the data is that the rasD' cells can respond correctly to the light-induced chemical signals 

required for slug turning but instead are unable to generate these specific chemical sigroals in 

response to light. Thus, in chimeric aggregates rasD cells would sense and respond to slug 

turning signals produced by wild-type cells in a normal fashion but in homogeneous rasDf slugs 

the cells would not generate the required chemical signals for slug turning in response to light
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and therefore would exhibit impaired phototaxis. A candidate molecule involved in slug turning 

and induced by light is STF (Fisher and Williams, 1981). It would be very informative to 

measure the ability of rasD' slugs to secrete STF in response to light.

5.3.4 Future Experiments

A number of experiments would help to determine the role of RasD in tactic slug 

movements. Measurement of the phototactic ability of slugs composed of cells expressing 

S17N RasD or low levels of G12T RasD may confirm the role of RasD in tactic slug responses. 

To address the question of functional redundancy amongst the Ras proteins, the ability of other 

Dictyostelium Ras proteins, expressed at physiological levels using a rasD promoter, to rescue 

the phototaxis defect of the rasD' cells could be assessed. The nature of the phototactic defect 

could be investigated by measuring the phototactic ability of chimeric slugs comprised of wild- 

type and rasD' cells. Null mutants of two of the putative Dictyostelium  Ras effectors, 

PIK1/PIK2 double null and RasGAPl null cells, are able to form slugs. Measurement of the 

phototactic ability of slugs of these mutants may identify the signalling pathway through which 

RasD controls slug tactic movement. An in vivo analysis of cell motility in the tips of wild-type 

and rasD' slugs may reveal differences in the response of cells to factors such as light, ammonia 

or STF.

155



References
Abdellatif, M., and Schneider, M. D. (1997). An effector-like function of Ras GTPase- 
activating protein predominates in cardiac muscle cells, J Biol Chem 272, 525-33.

Abe, T., Early, A., Siegert, F., Weijer, C., and Williams, J. (1994). Patterns of cell movement 
within the Dictyostelium slug revealed by cell type-specific, surface labeling of living cells. Cell 
77, 687-699.

Adari, H., Lowy, D. R., Willumsen, B. M., Der, C. J., and McCormick, F. (1988). Guanosine 
triphosphatase activating protein (GAP) interacts with the p21 ras effector binding domain. 
Science 240, 518-21.

Agatep, R., Kirkpatrick, R. D., Parchaliuk, D. L., Woods, R. A., and Geitz, R. D. (1998). 
Transformation of S.cerevisiae by the lithium acetate/single stranded carrier DNA/PEG 
(LiAc/ss-DNA/PEG) protocol. Technical Tips Online (http://tto.trends.com).

Alessi, D. R., and Cohen, P. (1998). Mechanism of activation and function of protein kinase B. 
Curr Opin Genet Dev 8(1), 55-62.

Alessi, D. R., James, S. R., Downes, C. P., Holmes, A. B., Gaffney, P. R., Reese, C. B., and 
Cohen, P. (1997). Characterization of a 3-phosphoinositide-dependent protein kinase which 
phosphorylates and activates protein kinase Balpha. Curr Biol 7(4), 261-9.

Altschuler, D. L., and Ribeiro-Neto, F. (1998). Mitogenic and oncogenic properties of the small 
G protein Rap lb. Proc Natl Acad Sci U S A 95, 7475-9.

Andjelkovic, M., Alessi, D. R., Meier, R., Fernandez, A., Lamb, N. J., Freeh, M., Cron, P., 
Cohen, P., Lucocq, J. M., and Hemmings, B. A. (1997). Role of translocation in the activation 
and function of protein kinase B. J Biol Chem 272(50), 31515-24.

Araki, T., Gamper, M., Early, A., Fukuzawa, M., Abe, T., Kawata, T., Kim, E., Firtel, R. A., 
and Williams, J. G. (1998). Developmentally and spatially regulated activation of a 
Dictyostelium ST AT protein by a serpentine receptor. Embo J 77, 4018-28.

Aronheim, A., Engelberg, D., Li, N., al-Alawi, N., Schlessinger, J., and Karin, M. (1994). 
Membrane targeting of the nucleotide exchange factor Sos is sufficient for activating the Ras 
signaling pathway. Cell 78, 949-61.

Asha, H., de Ruiter, N. D., Wang, M. G., and Hariharan, I. K. (1999). The Rapl GTPase 
functions as a regulator of morphogenesis in vivo. EMBO J 18(3), 605-15.

Aubry, L., Maeda, M., Insall, R., Devreotes, P. N., and Firtel, R. A. (1997). The Dictyostelium 
mitogen-activated protein kinase ERK2 is regulated by Ras and cAMP-dependent protein 
kinase (PKA) and mediates PKA function. J Biol Chem 272, 3883-6.

156

http://tto.trends.com


Balendran, A., Casamayor, A., Deak, M., Paterson, A,, Gaffney, P., Currie, R., Downes, C. P., 
and Alessi, D. R, (1999). PDKl acquires PDK2 activity in the presence of a synthetic peptide 
derived from the carboxyl terminus of PRK2, Curr Biol 9(8), 393-404.

Baouz, S., Jacquet, E., Bemardi, A., and Parmeggiani, A. (1997). The N-terminal moiety of 
CDC25(Mm), a GDP/OTP exchange factor of Ras proteins, controls the activity of the catalytic 
domain. Modulation by calmodulin and calpain. J Biol Chem 272, 6671-6.

Bar-Sagi, D., and Feramisco, J. R. (1986). Induction of membrane ruffling and fluid-phase 
pinocytosis in quiescent fibroblasts by ras proteins. Science 233, 1061-8.

Bar-Sagi, D., and Feramisco, J. R. (1985). Microinjection of the ras oncogene protein into PC12 
cells induces morphological differentiation. Cell 42, 841-8.

Barbacid, M. (1987). ras genes. Annu Rev Biochem 56, 779-827.

Barbieri, M. A., Kohn, A. D., Roth, R. A., and Stahl, P. D. (1998). Protein kinase B/akt and 
rab5 mediate Ras activation of endocytosis. J Biol Chem 273, 19367-70.

Beitel, G. J., Clark, S. G., and Horvitz, H. R. (1990). Caenorhabditis elegans ras gene let-60 acts 
as a switch in the pathway of vulval induction [see comments]. Nature 348, 503-9.

Berks, M., and Kay, R. R. (1990). Combinatorial control of cell differentiation by cAMP and 
DIF-1 during development of Dictyostelium discoideum. Development 110, 977-984.

Biggs, W. H., Meisenhelder, J., Hunter, T., Cavenee, W. K., and Arden, K. C. (1999). Protein 
kinase B/Akt-mediated phosphorylation promotes nuclear exclusion of the winged helix 
transcription factor FKHRl. Proc Natl Acad Sci U S A 96(13), 7421-6.

Boguski, M. S., and McCormick, F. (1993). Proteins regulating Ras and its relatives. Nature 
366, 643-54.

Bokoch, G. M., Quilliam, L. A., Bohl, B. P., Jesaitis, A. J., and Quinn, M. T. (1991). Inhibition 
of Rapl A binding to cytochrome b558 of NADPH oxidase by phosphorylation of Rapl A. 
Science 254(5039), 1794-6.

Boman, A. L., and Kahn, R. A. (1995). Arf proteins: the membrane traffic police? Trends 
Biochem Sci 20(4), 147-50.

Bominaar, A. A., Kesbeke, F., and Van Haastert, P. J. M. (1994). Phospholipase C in 
Dictyostelium discoideum - cyclic AMP surface receptor and G-protein-regulated activity in 
vitro. Biochem. J. 297, 181-187.

Bondeva, T., Pirola, L., Bulgarelli-Leva, G., Rubio, I., Wetzker, R., and Wymann, M. P. (1998). 
Bifurcation of lipid and protein kinase signals of PI3Kgamma to the protein kinases PKB and 
MAPK. Science 282(5387), 293-6.

157



of the neurofibromatosis type- 1  gene leads to developmental abnormalities in heart and various 
neural crest-derived tissues [published erratum appears in Genes Dev 1994 Nov 15;8(22):2792]. 
Genes Dev 5, 1019-29.

Broek, D., Toda, T., Michaeli, T., Levin, L., Birchmeier, C., Zoller, M., Powers, S., and Wigler, 
M. (1987). The S. cerevisiae CDC25 gene product regulates the RAS/adenylate cyclase 
pathway. Cell 48, 789-99.

Brookman, J. J., Town, C. D., Jermyn, K. A., and Kay, R. R. (1982). Developmental regulation 
of stalk cell differentiation-inducing factor in Dictyostelium discoideum. Dev. Biol. 91, 191- 
196.

Brunet, A., Bonni, A., Zigmond, M. J., Lin, M. Z., Juo, P., Hu, L. S., Anderson, M. J., Arden, 
K. C., Blenis, J., and Greenberg, M. E. (1999). Akt promotes cell survival by phosphorylating 
and inhibiting a Forkhead transcription factor. Cell 96(6), 857-68.

Bucci, C., Parton, R. G., Mather, I. H., Stunnenberg, H., Simons, K., Hoflack, B., and Zerial, M. 
(1992). The small GTPase rab5 functions as a regulatory factor in the early endocytic pathway. 
Cell 70(5), 715-28.

Buczynski, G., Grove, B., Nomura, A., Kleve, M., Bush, J., Firtel, R. A., and Cardelli, J. (1997). 
Inactivation of two Dictyostelium discoideum genes, DdPIKl and DdPIK2, encoding proteins 
related to mammalian phosphatidylinositide 3-kinases, results in defects in endocytosis, 
lysosome to postlysosome transport, and actin cytoskeleton organization. J. Cell Biol. 136, 
1271-1286.

Buday, L., and Downward, J. (1993). Epidermal growth factor regulates p21ras through the 
formation of a complex of receptor, Grb2 adapter protein, and Sos nucleotide exchange factor. 
Cell 73, 611-20.

Buhl, A. M., Avdi, N., Worthen, G. S., and Johnson, G. L. (1994). Mapping of the C5a receptor 
signal transduction network in human neutrophils. Proc Natl Acad Sci U S A 91, 9190-4.

Byrne, J. L., Paterson, H. P., and Marshall, C. J. (1996). p21Ras activation by the guanine 
nucleotide exchange factor Sos, requires the Sos/Grb2 interaction and a second ligand- 
dependent signal involving the Sos N-terminus. Oncogene 13, 2055-65.

Gales, C., Hancock, J. P., Marshall, C. J., and Hall, A. (1988). The cytoplasmic protein GAP is 
implicated as the target for regulation by the ras gene product. Nature 332, 548-51.

Camp, L. A., and Hofmann, S. L. (1993). Purification and properties of a palmitoyl-protein 
thioesterase that cleaves palmitate from H-Ras. J Biol Chem 268, 22566-74.

Camus, C., Hermann-Le Denmat, S., and Jacquet, M. (1995). Identification of guanine 
exchange factor key residues involved in exchange activity and Ras interaction. Oncogene 11, 
951-9.

159



Ceccarelli, A., Mahbubani, H., and Williams, J. G. (1991). Positively and negatively acting 
signals regulating stalk cell and anterior-like cell differentiation in Dictyostelium discoideum. 
Cell 65,983-989.

Chang, E. C., Barr, M., Wang, Y., Jung, V., Xu, H. P., and Wigler, M. H. (1994). Cooperative 
interaction of S. pombe proteins required for mating and morphogenesis. Cell 79(1), 131-41.

Chang, W. T., Thomason, P. A., Gross, J. D., and Newell, P. C. (1998). Evidence that the RdeA 
protein is a component of a multistep phosphorelay modulating rate of development in 
Dictyostelium. EMBO J 77, 2809-2816.

Chardin, P., Camonis, J. H., Gale, N. W., van Aelst, L., Schlessinger, J., Wigler, M. H., and 
Bar-Sagi, D. (1993). Human Sosl: a guanine nucleotide exchange factor for Ras that binds to 
GRB2. Science 260, 1338-43.

Chavrier, P., and Goud, B. (1999). The role of ARF and rah GTPases in membrane transport. 
Curr Opin Cell Biol 11(4), 466-75.

Chen, M. Y., Long, Y., and Devreotes, P. N. (1997). A novel cytosolic regulator, pianissimo, is 
required for chemoattractant receptor and G protein-mediated activation of the 12 
transmembrane domain adenylyl cyclase in Dictyostelium. Genes Devel. 11, 3218-3231.

Chen, R. H., Corbalan-Garcia, S., and Bar-Sagi, D. (1997). The role of the PH domain in the 
signal-dependent membrane targeting of Sos. Embo J 16, 1351-9.

Choy, E., Chiu, V. K., Moroimoto, T., Ivanov, I. E., and Philips, M. R. (1999). Endomembrane 
trafficking of Ras: the CAAX motif targets proteins to the ER and Golgi. Cell 98, 69-80.

Chung, C. Y., Reddy, T. B., Zhou, K., and Firtel, R. A. (1998). A novel putative MEK kinase 
controls developmental timing and spatial patterning in Dictyostelium and is regulated by 
ubiquitin-mediated protein degradation. Genes Dev 12(22), 3564-78.

Clark, G. J., Kinch, M. S., Rogers-Graham, K., Sebti, S. M., Hamilton, A. D., and Der, C. J. 
(1997). The Ras-related protein Rheb is farnesylated and antagonizes Ras signaling and 
transformation. J Biol Chem 272, 10608-15.

Clark, S. G., Stern, M. J., and Horvitz, H. R. (1992). C. elegans cell-signalling gene sem-5 
encodes a protein with SH2 and SH3 domains. Nature 356(6367), 340-4.

Clarke, M., and Gomer, R. H. (1995). PSF and CMF, autocrine factors that regulate gene 
expression during growth and early development of Dictyostelium. Experientia 51, 1124-1134.

Clarke, M., and Kay man, S. C. (1987). The axenic mutations and endocytosis in Dictyostelium. 
Meth. Cell Biol. 28, 157-176.

160



Clarke, M., Kayman, S. C., and Riley, K. (1987). Density-dependent induction of discoidin-I 
synthesis in exponentially growing cells of Dictyostelium discoideum. Differentiation 34, 79- 
87.

Clarke, M., Yang, J., and Kayman, S. (1988). Analysis of the prestarvation response in growing 
cells of Dictyostelium discoideum. Dev. Genet. 9, 315-326.

Coccetti, P., Mauri, I., Alberghina, L., Martegani, E., and Parmeggiani, A. (1995). The minimal 
active domain of the mouse ras exchange factor CDC25Mm. Biochem Biophys Res Commun 
206, 253-9.

Cockcroft, S., Thomas, 0 . M., Fensome, A., Geny, B., Cunningham, E., Gout, I., Hiles, I., 
Totty, N. P., Truong, O., and Hsuan, J. J. (1994). Phospholipase D: a downstream effector of 
ARF in granulocytes. Science 263(5146), 523-6.

Colicelli, J., Nicolette, C., Birchmeier, C., Rodgers, L., Riggs, M., and Wigler, M. (1991). 
Expression of three mammalian cDNAs that interfere with RAS function in Saccharomyces 
cerevisiae. Proc Natl Acad Sci U S A SS, 2913-7.

Condeelis, J., Ogihara, S., Bennett, H., Carboni, J., and Hall, A. (1987). Ultrastractural 
localization of cytoskeletal proteins in Dictyostelium amoebae. Meth. Cell Biol. 28, 191-]

Cox, A. D., Brtva, T. R., Lowe, D. G., and Der, C. J. (1994). R-Ras induces malignant, but not 
morphologic, transformation of NIH3T3 cells. Oncogene 9, 3281-8.

Cross, D. A., Alessi, D. R., Cohen, P., Andjelkovich, M., and Hemmings, B. A. (1995). 
Inhibition of glycogen synthase kinase-3 by insulin mediated by protein kinase B. Mature 
378(6559), 785-9.

Cubitt, A. B., Firtel, R. A., Fischer, G., Jaffe, L. P., and Miller, A. L. (1995). Patterns o f free 
calcium in multicellular stages of Dictyostelium expressing jellyfish apoaequorin. Development 
727,2291-2301.

Cullen, P. J., Hsuan, J. J., Truong, O., Letcher, A. J., Jackson, T. R., Dawson, A. P., and Irvine, 
R. F. (1995). Identification of a specific Ins(l,3,4,5)P4-binding protein as a member o f  the 
G API family. Nature 376(6540), 527-30.

Currie, R. A., Walker, K. S., Gray, A., Deak, M., Casamayor, A., Downes, C. P., Cohen, P., 
Alessi, D. R., and Lucocq, J. (1999). Role of phosphatidylinositol 3,4,5-trisphosphate in 
regulating the activity and localization of 3 -phosphoinositide-dependent protein kimase-1 . 
Biochem J 337 (Pt 3), 575-83.

Daniel, J., Bush, J., Cardelli, J., Spiegelman, G. B., and Weeks, G. (1994). Isolation o f two 
novel ras genes in Dictyostelium discoideum; evidence for a complex, developmentally 
regulated ras gene subfamily. Oncogene 9, 501-8.

161



Daniel, J., Spiegelman, G, B., and Weeks, G. (1993). Characterization of a third ras gene, rasB, 
that is expressed throughout the growth and development of Dictyostelium discoideum. 
Oncogene 8, 1041-7.

Darcy, P. K., and Fisher, P. R. (1990). Pharmacological evidence for a role for cyclic AMP 
signalling in Dictyostelium discoideum slug behaviour. J. Cell Sci. 96, 661-667.

Darcy, P. K., and Fisher, P. R. (1989). A role for G-proteins and inositol phosphate signalling in 
Dictyostelium discoideum slug behaviour. J. Gen. Microbiol. 135, 1909-1915.

Darcy, P. K., Wilczynska, Z., and Fisher, P. R. (1994). Genetic analysis of Dictyostelium slug 
phototaxis mutants. Genetics 137, 977-985.

Darcy, P. K., Wilczynska, Z., and Fisher, P. R. (1994). The role of cGMP in photosensory and 
thermosensory transduction in Dictyostelium discoideum. Microbiol. 140, 1619-1632.

Datta, S. R., Dudek, H., Tao, X., Masters, S., Fu, H., Gotoh, Y., and Greenberg, M. E. (1997). 
Akt phosphorylation of BAD couples survival signals to the cell-intrinsic death machinery. Cell 
97(2), 231-41.

De Chastellier, C., and Ryter, A. (1977). Changes on the cell surface and of the digestive 
apparatus of Dictyostelium discoideum during the starvation period triggering aggregation. J. 
Cell Biol. 75, 218-236.

De Gunzburg, J., Part, D., Guiso, N., and Veron, M. (1984). An unusual adenosine 3',5'- 
phosphate dependent protein kinase from Dictyostelium discoideum. Biochem. 23, 3805-3812.

De Gunzburg, J., and Veron, M. (1982). A cAMP-dependent protein kinase is present in 
differentiating Dictyostelium discoideum cells. EMBO J. 7, 1063-1068.

de Hostos, E. L., Bradtke, B., Lottspeich, F., Guggenheim, R., and Gerisch, G. (1991). Coronin, 
an actin binding protein of Dictyostelium discoideum localized to cell surface projections, has 
sequence similarities to G-protein beta-subunits. EMBO J. 10, 4097-4104.

de Hostos, E. L., Rehfuess, C., Bradtke, B., Waddell, D. R., Albrecht, R., Murphy, J., and 
Gerisch, G. (1993). Dictyostelium mutants lacking the cytoskeletal protein coronin are defective 
in cytokinesis and cell motility. J. Cell Biol. 120, 163-173.

De Lozanne, A., and Spudich, J. A. (1987). Disruption of the Dictyostelium myosin heavy chain 
gene by homologous recombination. Science 236, 1086-1091.

DeFeo-Jones, D., Scolnick, E. M., Roller, R., and Dhar, R. (1983). ras-Related gene sequences 
identified and isolated from Saccharomyces cerevisiae. Nature 306, 707-9.

Denouel-Galy, A., Douville, E. M., Warne, P. H., Papin, C., Laugier, D., Calothy, G., 
Downward, J., and Eychene, A. (1998). Murine Ksr interacts with MEK and inhibits Ras- 
induced transformation. Curr Biol 8, 46-55.

162



Der, C. J,, Finkel, T., and Cooper, G. M. (1986). Biological and biochemical properties of 
human rasH genes mutated at codon 61. Cell 44(1), 167-76.

Desjardins, M., Celis, J. E., van Meer, G., Dieplinger, H., Jahraus, A., Griffiths, G., and Huber, 
L. A. (1994). Molecular characterization of phagosomes. J Biol Chem 269(51), 32194-200.

Devreotes, P., Fontana, D., Klein, P., Sherring, J., and Theibert, A. (1987). Transmembrane 
signaling in Dictyostelium. Meth. Cell Biol. 28, 299-331.

Devreotes, P. N., and Zigmond, S. H. (1988). Chemotaxis in eukaryotic cells: a focus on 
leukocytes and Dictyostelium. Annu Rev Cell Biol 4, 649-86.

Di Jeso, B., Ulianich, L., Racioppi, L., D'Armiento, F., Feliciello, A., Pacifico, F., Consiglio, E., 
and Formisano, S. (1995). Serum withdrawal induces apoptotic cell death in Ki-ras transformed 
but not in normal differentiated thyroid cells. Biochem Biophys Res Commun 214, 819-24.

Diaz-Meco, M. T., Quinones, S., Municio, M. M., Sanz, L., Bernal, D., Cabrero, E., Saus, J., 
and Moscat, J. (1991). Protein kinase C-independent expression of stromelysin by platelet- 
derived growth factor, ras oncogene, and phosphatidylcholine- hydrolyzing phospholipase C 
[published erratum appears in J Biol Chem 1994 Jan 14;269(2):1565]. J Biol Chem 266, 22597- 
602.

Dickson, B., Sprenge, F., Morrison, D., and Hafen, E. (1992). Raf functions downstream of 
Rasl in the Sevenless signal transduction pathway. Nature 360(6404), 600-3.

Dingermann, T., Reindl, N., Werner, H., Hildebrandt, M., Nellen, W., Harwood, A., Williams, 
J., and Nerke, K. (1989). Optimization and in situ detection of Escherichia coli fi-galactosidase 
gene expression in Dictyostelium discoideum. Gene 85, 353-362.

Dohrmann, U., Fisher, P. R., Bruderlein, M., and Williams, K. L. (1984). Transitions in 
Dictyostelium discoideum behaviour: influence of calcium and fluoride on slug phototaxis and 
thermotaxis. J. Cell Sci. 65, 111-121.

Doornbos, R. P., Theelen, M., van der Hoeven, P. C., van Blitterswijk, W. J., Verkleij, A. J., 
and P.M., v. B. e. H. (1999). Protein kinase Czeta is a negative regulator of protein kinase B 
activity. J Biol Chem 274(13), 8589-96.

Dormann, D., Siegert, F., and Weijer, C. J. (1996). Analysis of cell movement during the 
culmination phase of Dictyostelium development. Development 122, 761-769.

Du, K., and Montminy, M. (1998). CREB is a regulatory target for the protein kinase Akt/PKB. 
J Biol Chem 273(49), 32377-9.

Durfee, T., Becherer, K., Chen, P. L., Yeh, S. H., Yang, Y., Kilburn, A. E., Lee, W. H., and 
Elledge, S. J. (1993). The retinoblastoma protein associates with the protein phosphatase type 1 
catalytic subunit. Genes Dev 7(4), 555-69.

163



Durston, A. J. (1976). Tip formation is regulated by an inhibitory gradient in the Dicytostelium  
discoideum slug. Nature 263, 126-129.

Early, A. E., Abe, T., and Williams, J. (1995). Evidence for positional differentiation of prestalk 
cells and for a morphogenetic gradient in Dictyostelium. Cell 83, 91-99.

Early, A. E., Gaskell, M. J., Tray nor, D., and Williams, J. G. (1993). Two distinct populations 
of prestalk cells within the tip of the migratory Dictyostelium slug with differing fates at 
culmination. Development 118, 353-362.

Early, A. E., and W illiams, J. G. (1988). A Dictyostelium prespore-specific gene is 
transcriptionally repressed by DIF in vitro. Development 103, 519-524.

Early, A. E., Williams, J. G., Meyer, H. E., For, S. B., Smith, E., Williams, K. L., and Gooley, 
A. A. (1988). Structural characterization of Dictyostelium discoideum  prespore-specific gene 
D19 and of its product, cell surface glycoprotein PsA. Mol Cell Biol 8, 3458-3466.

Ebinu, J. O., Bottorff, D. A., Chan, E. Y., Stang, S. L., Dunn, R. J., and Stone, J. C. (1998). 
RasGRP, a Ras guanyl nucleotide- releasing protein with calcium- and diacylglycerol-bimding 
motifs. Science 280, 1082-6.

Ellis, R. W., DePeo, D., Shih, T. Y., Gonda, M. A., Young, H. A., Tsuchida, N., Lowy, D. R., 
and Scolnick, E. M. (1981). The p21 src genes of Harvey and Kirsten sarcoma viruses origmate 
from divergent members of a family of normal vertebrate genes. Nature 292, 506-511.

Esch, R. K., and Firtel, R. A. (1991). cAMP and cell sorting control the spatial expressiom o f a 
developmentally essential cell-type-specific ras gene in Dictyostelium. Genes Dev 5, 9-21.

Esch, R, K., Howard, P. K., and Firtel, R. A. (1992). Regulation of the Dictyostelium cAMP- 
induced, prestalk-specific DdrasD gene: identification of cis-acting elements. Nucleic Acids Res 
20, 1325-32.

Europe-Finner, G. N., Luderus, M. E., Small, N. V., Van Driel, R., Reymond, C. D., Firtel, R. 
A., and Newell, P. C. (1988). Mutant ras gene induces elevated levels of inositol tris- and 
hexakisphosphates in Dictyostelium. J Cell Sci 89, 13-20.

Fabian, J. R., Morrison, D. K., and Daar, I. O. (1993). Requirement for Raf and MAP kinase 
function during the meiotic maturation of Xenopus oocytes. J Cell Biol 122(3), 645-52.

Faix, J., Clougherty, C., Konzok, A., Mintert, U., Murphy, J., Albrecht, R., B, M. h., and 
Kuhlmann, J. (1998). The IQGAP-related protein DGAPl interacts with Rac and is involved in 
the modulation of the F-actin cytoskeleton and control of cell motility. J Cell Sci 111, 3059- 
3071.

164



Faix, J., and Dittrich, W, (1996). DGAPl, a homologue of rasGTPase activating proteins that 
Controls growth, cytokinesis, and development in Dictyostelium discoideum. FEES Lett 394, 
251-7.

Faix, J., Gerisch, G., and Noegel, A. A. (1992). Overexpression of the csA cell adhesion 
molecule under its own cAMP-regulated promoter impairs morphogenesis in Dictyostelium. J 
Cell Sci 102, 203-214.

Fam, N. P., Fan, W. T., Wang, Z., Zhang, L. J., Chen, H., and Moran, M. F. (1997). Cloning 
and characterization of Ras-GRF2, a novel guanine nucleotide exchange factor for Ras. Mol 
Cell Biol 17, 1396-406.

Fantl, W. J., Escobedo, J. A., Martin, G. A., Turck, C. W., del Rosario, M., McCormick, F., and 
Williams, L. T. (1992). Distinct phosphotyrosines on a growth factor receptor bind to specific 
molecules that mediate different signaling pathways. Cell 69(3), 413-23.

Farnsworth, C. L., Freshney, N. W., Rosen, L. B., Ghosh, A., Greenberg, M. E., and Feig, L. A. 
(1995). Calcium activation of Ras mediated by neuronal exchange factor Ras-GRF. Nature 376, 
524-7.

Feig, L. A., and Cooper, G. M. (1988). Inhibition of NIH 3T3 cell proliferation by a mutant ras 
protein with preferential affinity for GDP. Mol Cell Biol 8, 3235-43.

Feig, L. A., Corbley, M., Pan, B. T., Roberts, T. M., and Cooper, G. M. (1987). 
Structure/function analysis of ras using random mutagenesis coupled with functional screening 
assays. Mol Endocrinol 1, 127-36.

Feig, L. A., Urano, T., and Cantor, S. (1996). Evidence for a Ras/Ral signaling cascade. Trends 
Biochem Sci 21, 438-41.

Feit, I. N., and Sollitto, R. B. (1987). Ammonia is the gas used for the spacing of fruiting bodies 
in the cellular slime mold Dictyostelium discoideum. Differentiation 33, 193-196.

Feldmann, P., Eicher, E. N., Lee vers, S. J., Hafen, E., and Hughes, D. A. (1999). Control of 
growth and differentiation by Drosophila RasGAP, a homolog of p i20 Ras-GTPase-activating 
protein. Mol Cell Biol 19(3), 1928-37.

Feramisco, J. R., Gross, M., Kamata, T., Rosenberg, M., and Sweet, R. W. (1984). 
Microinjection of the oncogene form of the human H-ras (T-24) protein results in rapid 
proliferation of quiescent cells. Cell 38, 109-17.

Fernandez-Sarabia, M. J., and Bischoff, J. R. (1993). Bcl-2 associates with the ras-related 
protein R-ras p23. Nature 366, 274-5.

Fisher, F. R., Smith, E., and Williams, K. L. (1981). An extracellular chemical signal 
controlling phototactic behavior by D. discoideum slugs. Cell 23, 799-807.

165



Fisher, P. R. (1991). The role of gaseous metabolites in phototaxis by Dictyostelium discoideum 
slugs. FEMS Microbiol. Lett. 77, 117-120.

Fisher, P. R., Dohrmann, U., and Williams, K. L. (1984). Signal processing in Dictyostelium 
discoideum slugs. In Modem Cell Biology, B. H. Satir, ed. (New York: A.R. Liss), pp. 197-248.

Fisher, P. R., Noegel, A. A., Fechheimer, M., Rivero, F., Prassler, J., and Gerisch, G. (1997). 
Photosensory and thermosensory responses in Dictyostelium slugs are specifically impaired by 
absence of the F-actin cross-linking gelation factor (ABP-120). Curr. Biol. 7, 889-892.

Fisher, P. R., and Williams, K. L. (1981). Bidirectional phototaxis by Dictyostelium discoideum 
slugs. FEMS Microbiol. Lett. 72, 87-89.

Fisher, P. R., and Williams, K. L. (1982). Thermotactic behaviour of Dictyostelium discoideum 
slug phototaxis mutants. J. Gen. Microbiol. 725, 965-971.

Fortini, M. E., Simon, M. A., and Rubin, G. M. (1992). Signalling by the sevenless protein 
tyrosine kinase is mimicked by Rasl activation. Nature 355, 559-61.

Francis, D. W. (1964). Some studies on phototaxis of Dictyostelium. J. Cell. Compar. Physiol. 
64, 131-138.

Freeh, M., Darden, T. A., Pedersen, L. G., Foley, C. K., Charifson, P. S., Anderson, M. W., and 
Wittinghofer, A. (1994). Role of glutamine-61 in the hydrolysis of GTP by p21 H-ras: an 
experimental and theoretical study. Biochemistry 33, 3237-44.

Freeh, M., John, J., Pizon, V., Chardin, P., Tavitian, A., Clark, R., McCormick, F., and 
Wittinghofer, A. (1990). Inhibition of GTPase activating protein stimulation of Ras-p21 GTPase 
by the Krev- 1  gene product. Science 249, 169-71.

Fukuhara, S., Murga, C., Zohar, M., Igishi, T., and Gutkind, J. S. (1999). A novel PDZ domain 
containing guanine nucleotide exchange factor links heterotrimeric G proteins to Rho. J Biol 
Chem 274(9), 5868-79.

Fukui, Y., De Lozanne, A., and Spudich, J. A. (1990). Structure and function of the 
cytoskeleton of a Dictyostelium myosin-defective mutant. J. Cell Biol. 110, 367-378.

Fukui, Y., and Kaziro, Y. (1985). Molecular cloning and sequence analysis of a ras gene from 
Schizosaccharomyces pombe. Embo J 4, 687-91.

Fukui, Y., Kozasa, T., Kaziro, Y., Takeda, T., and Yamamoto, M. (1986). Role of a ras 
homolog in the life cycle of Schizosaccharomyces pombe. Cell 44, 329-36.

Fukumoto, Y., Kaibuchi, K., Hori, Y., Fujioka, H., Araki, S., Ueda, T., Kikuchi, A., and Takai, 
Y. (1990). Molecular cloning and characterization of a novel type of regulatory protein (GDI) 
for the rho proteins, ras p21-like small GTP-binding proteins. Oncogene 5, 1321-8.

166



Galetic, L, Andjelkovic, M., Meier, R., Brodbeck, D., Park, J., and Hemmings, B. A. (1999). 
Mechanism of protein kinase B activation by insulin/insulin-like growth factor-1 revealed by 
specific inhibitors of phosphoinositide 3-kinase—significance for diabetes and cancer. 
Pharmacol Ther 82(2-3), 409-25.

Garreau, H., Geymonat, M., Renault, G., and Jacquet, M. (1996). Membrane-anchoring 
domains of Cdc25p, a Saccharomyces cerevisiae ras exchange factor. Biol Cell 86, 93-102.

Gaskell, M. J., Jermyn, K. A., Watts, D. J., Treffry, T., and Williams, J. G. (1992). Immuno- 
localization and separation of multiple prestalk cell types in Dictyostelium. Differentiation 51, 
171-176.

Gaskins, C., Clark, A. M., Aubry, L., Segall, J. E., and Firtel, R. A. (1996). The Dictyostelium 
MAP kinase ERK2 regulates multiple, independent developmental pathways. Genes Devel. 10, 
118-128.

Gaskins, C., Maeda, M., and Firtel, R. A. (1994). Identification and functional analysis of a 
developmentally regulated extracellular signal-regulated kinase gene in Dictyostelium 
discoideum. Mol. Cell. Biol. 14, 6996-7012.

Geitz, R. D., Triggs-Raine, B., Robbins, A., Graham, K. C., and Woods, R. A. (1997). 
Identification of proteins that interact with a protein of interest: Appilcations of the yeast two- 
hybrid system. Mol Cell Biochem 172, 67-79.

Goldberg, D., Marbach, I., Gross, E., Levitzki, A., and Simchen, G. (1993). A Candida albicans 
homolog of CDC25 is functional in Saccharomyces cerevisiae. Eur J Biochem 213, 195-204.

Gomer, R. H. (1997). Cell-density sensing: Come on inside and tell us about it. Curr. Biol. 7, 
R721-R722.

Gomer, R. H., and Firtel, R. A. (1987). Cell-autonomous determination of cell-type choice in 
Dictyostelium development by cell-cycle phase. Science 237, 758-762.

Gomer, R. H., Yuen, I. S., and Firtel, R. A. (1991). A secreted 80xl0(3)M r protein mediates 
sensing of cell density and the onset of development in Dictyostelium. Development 112, 269- 
278.

Graham, S. M., Cox, A. D., Drivas, G,, Rush, M. G., D'Eustachio, P., and Der, C. J. (1994). 
Aberrant function of the Ras-related protein TC21/R-Ras2 triggers malignant transformation. 
Mol Cell Biol 74,4108-15.

Gregg, J. H., Hackney, A. L., and Krivanek, J. O. (1954). Nitrogen metabolism of the slime 
mold Dictyostelium discoideum during growth and morphogenesis. Biol. Bull. 107, 226-235.

Gregory, P. E., Gutmann, D. H., Mitchell, A., Park, S., Boguski, M., Jacks, T., Wood, D. L., 
Jove, R., and Collins, F. S. (1993). Neurofibromatosis type 1 gene product (neurofibromin) 
associates with microtubules. Somat Cell Mol Genet 19(3), 265-74.

167



Gross, E., Goldberg, D., and Levitzki, A. (1992). Phosphorylation of the S. cerevisiae Cdc25 in 
response to glucose results in its dissociation from Ras. Nature 360, 762-5.

Gross, J. G., Bradbury, J., Kay, R. R., and Peacey, M. J. (1983). Intracellular pH and the control 
of cell-differentiation in Dictyostelium discoideum. Nature 303, 244-245.

Hacker, U., Albrecht, R., and Maniak, M. (1997). Fluid-phase uptake by macropinocytosis in 
Dictyostelium. J. Cell Sci. 110, 105-112.

Hadwiger, J. A., Lee, S., and Firtel, R. A. (1994). The G(alpha) subunit G(alpha)4 couples to 
pterin receptors and identifies a signaling pathway that is essential for multicellular 
development in Dictyostelium. Proc. Natl. Acad. Sci. USA 91, 10566-10570.

Hafen, E., Easier, K., Edstroem, J. E., and Rubin, G. M. (1987). Sevenless, a cell-specific 
homeotic gene of Drosophila, encodes a putative transmembrane receptor with a tyrosine kinase 
domain. Science 236(4797), 55-63.

Hagag, N., Halegoua, S., and Viola, M. (1986). Inhibition of growth factor-induced 
differentiation of PC12 cells by microinjection of antibody to ras p21. Nature 319, 680-2.

Hall, A. (1998). Rho GTPases and the actin cytoskeleton. Science 279, 509-14.

Hall, A. L., Schlein, A., and Condeelis, J. (1988). Relationship of pseudopod extension to 
chemotactic hormone-induced actin polymerization in amoeboid cells. J. Cell. Biochem. 37, 
285-299.

Han, J., Luby-Phelps, K., Das, B., Shu, X., Xia, Y., Mosteller, R. D., Krishna, U. M., Falck, J. 
R., White, M. A., and Broek, D. (1998). Role of substrates and products of PI 3-kinase in 
regulating activation of Rac-related guanosine triphosphatases by Vav. Science 279, 558-60.

Han, J. W., McCormick, F., and Macara, I. G. (1991). Regulation of Ras-GAP and the 
neurofibromatosis-1 gene product by eicosanoids. Science 252, 576-9.

Han, L., and Colicelli, J. (1995). A human protein selected for interference with Ras function 
interacts directly with Ras and competes with Rafl. Mol Cell Biol 15, 1318-23.

Han, L., Wong, D., Dhaka, A., Afar, D., White, M., Xie, W., Herschman, H., Witte, O., and 
Colicelli, J. (1997). Protein binding and signaling properties of RINl suggest a unique effector 
function. Proc Natl Acad Sci U S A 94(10), 4954-9.

Han, M., Golden, A., Han, Y., and Sternberg, P. W. (1993). C. elegans lin-45 raf gene 
participates in let-60 ras-stimulated vulval differentiation. Nature 363, 133-40.

Han, M., and Sternberg, P. W. (1990). let-60, a gene that specifies cell fates during C. elegans 
vulval induction, encodes a ras protein. Cell 63, 921-31.

168



Hancock, J. F., Cadwallader, K., and Marshall, C. J. (1991a). Méthylation and proteolysis are 
essential for efficient membrane binding of prenylated p21K-ras(B). Embo J 10, 641-6.

Hancock, J. P., Cadwallader, K., Paterson, H., and Marshall, C. J. (1991b). A CAAX or a 
CAAL motif and a second signal are sufficient for plasma membrane targeting of ras proteins. 
Embo J 10,4033-9.

Hancock, J. P., Magee, A. I., Childs, J. E., and Marshall, C. J. (1989). AU ras proteins are 
polyisoprenylated but only some are palmitoylated. Cell 57, 1167-77.

Hart, M. J., Jiang, X., Kozasa, T., Roscoe, W., Singer, W. D., Gilman, A. G., Stemweis, P. C., 
and Bollag, G. (1998). Direct stimulation of the guanine nucleotide exchange activity of p i 15 
RhoGEP by Galphal3. Science 280, 2112-4.

Hartwell, L. H., Mortimer, R. K., Culotti, J., and Culotti, M. (1973). Genetic control of the cell 
division cycle: genetic analysis of cdc mutants. Genetics 74, 267-286.

Harwood, A. J. (1996). Basic DNA and RNA protocols. Volume 58, J. M. Walker, ed. (Totowa, 
New Jersey: Humama Press).

Harwood, A. J., Early, A. E., Jermyn, K. A., and Williams, J. (1991). Unexpected localisation of 
cells expressing a prespore marker of Dictyostelium discoideum. Differentiation 46, 7-13.

Harwood, A. J., Hopper, N. A., Simon, M. N., Driscoll, D. M., Veron, M., and Williams, J. G.
(1992). Culmination in Dictyostelium is regulated by the cAMP-dependent protein kinase. Cell 
69, 615-624.

Harwood, A. J., Plyte, S. E., Woodgett, J., Strutt, H., and Kay, R. R. (1995). Glycogen synthase 
kinase 3 regulates cell fate in Dictyostelium. Cell 80, 139-148.

Hata, Y., Kikuchi, A., Sasaki, T., Schaber, M. D., Gibbs, J. B., and Takai, Y. (1990). Inhibition 
of the ras p21 GTPase-activating protein-stimulated GTPase activity of c-Ha-ras p21 by smg 
p21 having the same putative effector domain as ras p21s. J Biol Chem 265, 7104-7.

Herskowitz, I. (1995). MAP kinase pathways in yeast: for mating and more. Cell 8 0 ,187-97.

Hopper, N. A., Anjard, C., Reymond, C. D., and Williams, J. G. (1993). Induction of terminal 
differentiation of Dictyostelium  by cAMP-dependent protein kinase and opposing effects of 
intracellular and extracellular cAMP on stalk cell differentiation. Development 119, 147-154.

Hopper, N. A., Harwood, A. J., Bouzid, S., Veron, M., and Williams, J. G. (1993). Activation of 
the prespore and spore cell pathway of Dictyostelium differentiation by cAMP-dependent 
protein kinase and evidence for its upstream regulation by ammonia. EMBO J 72, 2459-2466.

Howard, P. K., Ahern, K. G., and Pirtel, R. A. (1988). Establishment of a transient expression 
system for Dictyostelium discoideum. Nucl. Acids Res. 16, 2613-2623.

169



Hughes, D, A. (1995). Control of signal transduction and morphogenesis by Ras. Semin Cell 
Biol 6, 89-94.

Inouye, K. (1988). Induction by acid load of the maturation of prestalk cells in Dictyostelium  
discoideum. Development 104, 669-681.

Insall, R., Kuspa, A., Lilly, P. J., Shaulsky, G., Levin, L. R., Loomis, W. F., and Devreotes, P. 
(1994b). CRAC, a cytosolic protein containing a pleckstrin homology domain, is required for 
receptor and G protein-mediated activation of adenylyl cyclase in Dictyostelium. J. Cell Biol. 
126, 1537-1545.

Insall, R., Nay 1er, O., and Kay, R. R. (1992). DIF-1 induces its own breakdown in 
Dictyostelium. EMBO J. 77, 2849-2854.

Insall, R. H., Borleis, J., and Devreotes, P. N. (1996). The aimless RasGEF is required for 
processing of chemotactic signals through G-protein-coupled receptors in Dictyostelium. Curr 
Biol 6,719-29.

Insall, R. H., Soede, R. D. M., Schaap, P., and Devreotes, P. N. (1994a). Two cAMP receptors 
activate common signaling pathways in Dictyostelium. Mol. Biol. Cell 5, 703-711.

Jain, R., Brazill, D. T., Cardelli, J. A., Bush, J., and Gomer, R. H. (1997). Autocrine factors 
controlling early development. In Dictyostelium - A model system for cell and developmental 
biology., Y. Maeda, K. Inouye and I. Takeuchi, eds. (Tokyo, Japan: Universal Academy Press), 
pp. 219-234.

Jain, R., Yuen, I. S., Taphouse, C. R., and Gomer, R. H. (1992). A density-sensing factor 
controls development in Dictyostelium. Genes Devel. 6, 390-400.

Jefferson, A. B., Klippel, A., and Williams, L. T. (1998). Inhibition of mSGS-activity by 
binding of phosphatidylinositol 4,5-P2 to the mSGS pleckstrin homology domain. Gncogene 76, 
2303-10.

Jermyn, K., Tray nor, D., and Williams, J. (1996). The initiation of basal disc formation in 
Dictyostelium discoideum is an early event in culmination. Development 722, 753-760.

Jermyn, K., and Wiliams, J. (1995). Comparison of the Dictyostelium rasD and ecmA genes 
reveals two distinct mechanisms whereby an mRNA may become enriched in prestalk cells. 
Differentiation 58, 261-7.

Jermyn, K. A., Berks, M., Kay, R. R., and Williams, J. G. (1987). Two distinct classes of 
prestalk-enriched mRNA sequences in Dictyostelium discoideum. Development 100, 745-755.

Jermyn, K. A., Duffy, K. T., and Williams, J. G. (1989). A new anatomy of the prestalk zone in 
Dictyostelium. Nature 340, 144-146.

170



Jermyn, K. A., and Williams, J. G. (1991). An analysis of culmination in Dictyostelium using 
prestalk and stalk-specific cell autonomous markers. Development 111, 779-787.

Jiang, H., Luo, J. Q., Urano, T., Frankel, P., Lu, Z., Foster, D. A., and Feig, L. A. (1995), 
Involvement of Ral GTPase in v-Src-induced phospholipase D activation. Nature 378,409-12.

Johnson, L., Greenbaum, D., Cichowski, K., Mercer, K., Murphy, E., Schmitt, E., Bronson, R. 
T., Umanoff, H., Edelmann, W., Kucherlapati, R., and Jacks, T. (1997). K-ras is an essential 
gene in the mouse with partial functional overlap with N-ras. Genes Dev 11 ,2468-81.

Johnson, M. R., DeClue, J. E., Felzmann, S., Vass, W. C., Xu, G., White, R., and Lowy, D. R.
(1994). Neurofibromin can inhibit Ras-dependent growth by a mechanism independent of its 
GTPase-accelerating function. Mol Cell Biol 14, 641-5.

Johnson, R. L., Van Haastert, P. J. M., Kimmel, A. R., Saxe III, C. L., Jastorff, B., and 
Devreotes, P. N. (1992). The cyclic nucleotide specificity of three cAMP receptors in 
Dictyostelium. J. Biol. Chem. 267,4600-4607.

Jones, M. K., and Jackson, J. H. (1998). Ras-GRF activates Ha-Ras, but not N-Ras or K-Ras 
4B, protein in vivo. J Biol Chem 273, 1782-7.

Jones, S., Vignais, M. L„ and Broach, J. R. (1991). The CDC25 protein of Saccharomyces 
cerevisiae promotes exchange of guanine nucleotides bound to ras. Mol Cell Biol 11, 2641-6.

Joneson, T., White, M. A., Wigler, M. H., and Bar-Sagi, D. (1996). Stimulation of membrane 
ruffling and MAP kinase activation by distinct effectors of RAS. Science 271, 810-2.

Jung, G., and Hammer III, J. A. (1990). Generation and characterization of Dictyostelium cells 
deficient in a myosin I heavy chain isoform. J. Cell Biol. 110, 1955-1964.

Jung, V., Wei, W., Ballester, R., Camonis, J., Mi, S., Van Aelst, L., Wigler, M., and Broek, D.
(1994). Two types of RAS mutants that dominantly interfere with activators of RAS. Mol Cell 
Biol 14, 3707-18.

Kahn, R. A. (1995). The Arf Subfamily. In Guidebook to the Small GTPases, M. Zerial and L. 
A. Huber, eds. (Oxford, UK: Oxford University Press), pp. 429-433.

Kalab, P., Pu, R. T., and Dasso, M. (1999). The ran GTPase regulates mitotic spindle assembly. 
Curr Biol 9(9), 481-4.

Karlovich, C. A., Bonfini, L., McCollam, L., Rogge, R. D., Daga, A., Czech, M. P., and 
Banerjee, U. (1995). In vivo functional analysis of the Ras exchange factor son of sevenless. 
Science 268, 576-9.

Kataoka, T., Powers, S., Cameron, S., Fasano, O., Goldfarb, M., Broach, J., and Wigler, M.
(1985). Functional homology of mammalian and yeast RAS genes. Cell 40, 19-26.

171



Kataoka, T., Powers, S., McGill, C., Fasano, O., Strathern, J., Broach, J., and Wigler, M. 
(1984). Genetic analysis of yeast RASl and RAS2*genes. Cell 37(2), 437-45.

Kauffmann-Zeh, A., Rodriguez-Viciana, P., Ulrich, E., Gilbert, C., Coffer, P., Downward, J., 
and Evan, G. (1997). Suppression of c-Myc-induced apoptosis by Ras signalling through PI(3)K 
and PKB. Nature 385, 544-8.

Kawasaki, H., Springett, G. M., Mockizucki, N., Toki, S., Nakaya, M., Matasuda, M., 
Housman, D. E., and Graybiel, A. M. (1998). A Family of cAMP-Binding Proteins that Directly 
Activate Rapl. Science 282, 2275-2279.

Kawata, T., Shevchenko, A., Fukuzawa, M., Jermyn, K. A., Totty, N. F., Zhukovskaya, N. V., 
Sterling, A. E., Mann, M., and Williams, J. G. (1997). SH2 signaling in a lower eukaryote: a 
ST AT protein that regulates stalk cell differentiation in Dictyostelium. Cell 89, 909-916.

Kay, R. R. (1989). Evidence that elevated intracellular cyclic AMP triggers spore maturation in 
Dictyostelium. Development 105, 753-759.

Kayne, P. S., and Sternberg, P. W. (1995). Ras pathways in Caenorhabditis elegans. Curr Opin 
Genet Dev 5, 38-43.

Kemppainen, R. J., and Behrend, E. N. (1998). Dexamethasone rapidly induces a novel ras 
superfamily member-related gene in AtT-20 cells. J Biol Chem 273, 3129-31.

Kesbeke, F., Van Haastert, P. J. M., De Wit, R. J. W., and Snaar-Jagalska, B. E. (1990). 
Chemotaxis to cyclic AMP and folic acid is mediated by different G-proteins in Dictyostelium 
discoideum. J. Cell Sci. 96, 669-673.

Khosla, M., Robbins, S. M., Spiegelman, G, B., and Weeks, G. (1990). Regulation of DdrasG 
gene expression during Dictyostelium development. Mol Cell Biol 10, 918-22.

Khosla, M., Spiegelman, G. B., and Weeks, G. (1996). Overexpression of an activated rasG 
gene during growth blocks the initiation of Dictyostelium development. Mol Cell Biol 16, 4156- 
62.

Khosla, M., Spiegelman, G. B., Weeks, G., Sands, T. W., Virdy, K. J., and Cotter, D. A. (1994). 
RasG protein accumulation occurs just prior to amoebae emergence during spore germination in 
Dictyostelium discoideum. FEMS Microbiol Lett 117, 293-8.

Khwaja, A., Rodriguez-Viciana, P., Wennstrom, S., Warne, P. H., and Downward, J. (1997). 
Matrix adhesion and Ras transformation both activate a phosphoinositide 3-OH kinase and 
protein kinase B/Akt cellular survival pathway. Embo J 16, 2783-93.

Kikuchi, A., Demo, S. D., Ye, Z. H., Chen, Y. W., and Williams, L. T. (1994). ralGDS family 
members interact with the effector loop of ras p21. Mol Cell Biol 14, 7483-91.

172



Kim, J. Y., Soede, R. D. M., Schaap, P., Valkema, R., Borleis, J. A., van Haastert, P. J. M., 
Devreotes, P. N., and Hereld, D. (1997). Phosphorylation of chemoattractant receptors is not 
essential for chemotaxis or termination of G-protein-mediated responses. J. Biol. Chem. 272, 
27313-27318.

Kitayama, H., Sugimoto, Y., Matsuzaki, T., Ikawa, Y., and Noda, M. (1989). A ras-related gene 
with transformation suppressor activity. Cell 56, 77-84.

Knall, C., Young, S., Nick, J. A., Buhl, A. M., Worthen, G. S., and Johnson, G. L. (1996). 
Interleukin-8 regulation of the Ras/Raf/mitogen-activated protein kinase pathway in human 
neutrophils. J Biol Chem 277, 2832-8.

Koera, K., Nakamura, K., Nakao, K., Miyoshi, J., Toyoshima, K., Hatta, T., Otani, H., Aiba, A., 
and Katsuki, M. (1997). K-ras is essential for the development of the mouse embryo. Oncogene 
75, 1151-9.

Koide, H., Satoh, T., Nakafuku, M., and Kaziro, Y. (1993). GTP-dependent association of Raf-1 
with Ha-Ras: identification of Raf as a target downstream of Ras in mammalian cells. Proc Natl 
Acad Sci U S A 90, 8683-6.

Kolch, W., Heidecker, G., Lloyd, P., and Rapp, U. R. (1991). Raf-1 protein kinase is required 
for growth of induced NIH/3T3 cells. Nature 349(6308), 426-8.

Kornfeld, K., Hom, D. B., and Horvitz, H. R. (1995). The ksr-1 gene encodes a novel protein 
kinase involved in Ras-mediated signaling in C. elegans. Cell S3, 903-13.

Kosaka, C., Khosla, M., Weeks, G., and Pears, C. (1998). Negative influence of RasG on 
chemoattractant-induced ERK2 phosphorylation in Dictyostelium. Biochim Biophys Acta 1402, 
1-5.

Kosugi, T., and Inouye, K. (1989). Negative chemotaxis to ammonia and other weak bases by 
migrating slugs of the cellular slime moulds. J. Gen. Microbiol. 135, 1589-1598.

Kozasa, T., Jiang, X., Hart, M. J., Sternweis, P. M., Singer, W. D., Gilman, A. G., Bollag, G., 
and Sternweis, P. C. (1998). p i 15 RhoGEF, a GTPase activating protein for Galphall2 and 
Galphal3. Science 280, 2109-11.

Krengel, U., Schlichting, L., Scherer, A., Schumann, R., Freeh, M., John, J., Kabsch, W., Pai, E.
F., and Wittinghofer, A. (1990). Three-dimensional structures of H-ras p21 mutants: molecular 
basis for their inability to function as signal switch molecules. Cell 62, 539-48.

Kubohara, Y., Kimura, C., and Tatemoto, K. (1995b). Putative morphogen, DIF, of 
Dictyostelium discoideum induces apoptosis in rat pancreatic AR42J cells. Dev. Growth Differ. 
57,711-716.

Kubohara, Y., and Okamoto, K. (1994). Cytoplasmic Ca2+ and H+ concentrations determine 
cell fate in Dictyostelium discoideum. FASEB J. 8, 869-874.

173



Kubohara, Y., Saito, Y., and Tatemoto, K. (1995a). Differentiation-inducing factor o f D. 
discoideum raises intracellular calcium concentration and suppresses cell growth in rat 
pancreatic AR42J cells. FEES Lett. 359, 119-122.

Kumagai, A., Hadwiger, J. A., Pupillo, M., and Firtel, R. A. (1991). Molecular genetic analysis 
of two Galpha protein subunits in Dictyostelium. J. Biol. Chem. 266, 1220-1228.

Kundra, V., Anand-Apte, B., Feig, L. A., and Zetter, B. R. (1995). The chemotactic response to 
PDGF-BB: evidence of a role for Ras. J Cell Biol 130, 725-31.

Kuriyama, M., Harada, N., Kuroda, S., Yamamoto, T., Nakafuku, M., Iwamatsn, A., 
Yamamoto, D., Prasad, R., Croce, C., Canaani, E., and Kaibuchi, K. (1996). Identification of 
AF-6 and canoe as putative targets for Ras. J Biol Chem 271, 607-10.

Kuroda, S., Fukata, M., Kobayashi, K., Nakafuku, M., Nomura, N., Iwamatsu, A., and 
Kaibuchi, K. (1996). Identification of IQGAP as a putative target for the small GTPases, Cdc42 
and Racl. J Biol Chem 271(38), 23363-7.

Kuspa, A., and Loomis, W. F. (1992). Tagging developmental genes in D ictyostelium  by 
restriction enzyme-mediated integration of plasmid DNA. Proc Natl Acad Sci USA 89, 8803- 
8807.

Kuwayama, H., Ishida, S., and Van Haastert, P. J. M. (1993). Non-chemotactic Dictyostelium 
discoideum mutants with altered cGMP signal transduction. J. Cell Biol. 123, 1453-1462.

Lai, C. C., Boguski, M., Broek, D., and Powers, S. (1993). Influence of guanine nucleotides on 
complex formation between Ras and CDC25 proteins. Mol Cell Biol 13, 1345-52.

Land, H., Parada, L. F., and Weinberg, R. A. (1983). Tumorigenic conversion of primary 
embryo fibroblasts requires at least two cooperating oncogenes. Nature 304, 596-602.

Lane, H. A., Fernandez, A., Lamb, N. J., and Thomas, G. (1993). p70s6k function is essential 
for G1 progression. Nature 363(6425), 170-2.

Lange-Carter, C. A., and Johnson, G. L. (1994). Ras-dependent growth factor regulation of 
MEK kinase in PC 12 cells. Science 265, 1458-61.

Le Good, J. A., Ziegler, W. H., Parekh, D. B., Alessi, D. R., Cohen, P., and Parker, P. J. (1998). 
Protein kinase C isotypes controlled by phosphoinositide 3-kinase through the protein kinase 
PDKl. Science 281(5385), 2042-5.

Lee, C. H. J., Della, N. G., Chew, C. E., and Zack, D. J. (1996). Rin, a neuron-specific and 
calmodulin-binding small G-protein, and Rit define a novel subfamily of ras proteins. J 
Neurosci 16, 6784-94.

174



Lee, S., Escalante, R., and Firtel, R. A. (1997). A Ras GAP is essential for cytokinesis and 
spatial patterning in Dictyostelium. Development 124,983-96.

Lee, S., Parent, C. A., Insall, R., and Firtel, R. A. (1999). A novel Ras-interacting protein 
required for chemotaxis and cyclic adenosine monophosphate signal relay in Dictyostelium. 
Mol Biol Cell 10(9), 2829-45.

Leevers, S. J., Paterson, H. F., and Marshall, C. J. (1994). Requirement for Ras in Raf activation 
is overcome by targeting Raf to the plasma membrane. Nature 369, 411-4.

Li, G., D'Souza-Schorey, C., Barbieri, M. A., Cooper, J. A., and Stahl, P. D. (1997). Uncoupling 
of membrane ruffling and pinocytosis during Ras signal transduction. J Biol Chem 272, 10337- 
40.

Lilly, P., Wu, L. J., Welker, D. L., and Devreotes, P. N. (1993). A G-protein beta-subunit is 
essential for Dictyostelium development. Genes Devel. 7, 986-995.

Lilly, P. J., and Devreotes, P. N. (1995). Chemoattractant and GTP gamma S-mediated 
stimulation of adenylyl cyclase in Dictyostelium requires translocation of CRAC to membranes. 
J. Cell Biol. 129, 1659-1665.

Lilly, P. J., and Devreotes, P. N. (1994). Identification of CRAC, a cytosolic regulator required 
for guanine nucleotide stimulation of adenylyl cyclase in Dictyostelium. J. Biol. Chem. 269, 
14123-14129.

Liu, B. X., Wei, W., and Broek, D. (1993). The catalytic domain of the mouse sosl gene 
product activates Ras proteins in vivo and in vitro. Oncogene 8, 3081-4.

Liu, G., Kuwayama, H., Ishida, S., and Newell, P. C. (1993). The role of cyclic GMP in 
regulating myosin during chemotaxis of Dictyostelium - evidence from a mutant lacking the 
normal cyclic GMP Response to cyclic AMP. J. Cell Sci. 106, 591-596.

Liu, G., and Newell, P. C. (1991). Evidence that cyclic GMP may regulate the association of 
myosin-11 heavy chain with the cytoskeleton by inhibiting its phosphorylation. J. Cell Sci. 98, 
483-490.

Liu, G., and Newell, P. C. (1988). Evidence that cyclic GMP regulates myosin interaction with 
the cytoskeleton during chemotaxis of Dictyostelium. J. Cell Sci. 90, 123-129.

Liu, K. D., Gaffen, S. L., and Goldsmith, M. A. (1998). JAK/STAT signaling by cytokine 
receptors. Curr Opin Immunol 10(3), 271-8.

Liu, L., Dudler, T., and Gelb, M. H. (1996). Purification of a protein palmitoyltransferase that 
acts on H-Ras protein and on a C-terminal N-Ras peptide. J Biol Chem 271, 23269-76.

Lloyd, A. C. (1998). Ras versus cyclin-dependent kinase inhibitors. Curr Opin Genet Dev 8, 43-

175



Lloyd, A. C., Obermuller, P., Staddon, S., Barth, C. P., McMahon, M., and Land, H. (1997). 
Cooperating oncogenes converge to regulate cyclin/cdk complexes. Genes Dev 1 1 ,663-77.

Loomis, W. P. (1971). Sensitivity of Dictyostelium discoideum to nucleic acid analogues. Exp. 
Cell Res. 6 4 ,484-486.

Loomis, W. P., and Smith, D. W. (1995). Consensus phylogeny of Dictyostelium. Expeiiaitia 
57,1110-1115.

Loomis, W. P., and Smith, D. W. (1990). Molecular phylogeny of Dictyostelium dscoidemn by 
protein sequence comparison. Proc. Natl. Acad. Sci. USA 87, 9093-9097.

Loomis, W. P., and Wheeler, S. (1980). Heat shock response of Dictyostelium. Dev. BW_ 79, 
399-408.

Loomis-Husselbee, J. W., Walker, C. D., Bottomley, J. R., Cullen, P. J., Irvine, R. P., and 
Dawson, A. P. (1998). Modulation of Ins(2,4,5)P3-stimulated Ca2+ mobilization by ins(l,3,4, 
5)P4: enhancement by activated G-proteins, and evidence for the involvement of a G A Pl 
protein, a putative Ins(l,3,4,5)P4 receptor. Biochem J 331 (Pt 3), :947-52.

Louis, J. M., Ginsburg, G. T., and Kimmel, A. R. (1994). The cAMP receptor cAR4 regmJates 
axial patterning and cellular differentiation during late development of Dictyostelium. Genes 
Dev 8, 2086-2096.

Louis, S. A., Spiegelman, G. B., and Weeks, G. (1997). Expression of an activated rasD gene 
changes cell fate decisions during Dictyostelium development. Mol Biol Cell 8, 303-12.

Louis, S. A., Weeks, G., and Spiegelman, G. B. (1997). Rapl overexpression reveails that 
activated RasD induces separable defects during Dictyostelium development. Dev BioD 190, 
273-83.

Lu, X., Chou, T. B., Williams, N. G., Roberts, T., and Perrimon, N, (1993). Control of ccE fate 
determination by p21ras/Rasl, an essential component of torso signaling in Drosophila. Genes 
Dev 7, 621-32.

Luderus, M. E., Kesbeke, P., Knetsch, M. L., Van Driel, R., Reymond, C. D., and Snaar- 
Jagalska, B. E. (1992). Ligand-independent reduction of cAMP receptors in Dictyostelium 
discoideum cells over-expressing a mutated ras gene. Eur J Biochem 208, 235-40.

Luderus, M. E., Reymond, C. D., Van Haastert, P. J., and Van Driel, R. (1988). Expression of a 
mutated ras gene in Dictyostelium discoideum alters the binding of cyclic AMP to its 
chemotactic receptor. J Cell Sci 90, 701-6.

Luo, J. Q., Liu, X., Frankel, P., Rotunda, T., Ramos, M., Flom, J., Jiang, H., Feig, L. A., Morris, 
A. J., Kahn, R. A., and Foster, D. A, (1998). Functional association between Arf and RalA in
active phospholipase D complex. Proc Natl Acad Sci U S A 95, 3632-7.

176



Luo, Z., Tzivion, G., Belshaw, P. J., VavvaSy^D., Marshall, M., and Avruch, J. (1996). 
Oligomerization activates c-Raf-1 through a Ras-dependent mechanism. Nature 383, 181-5.

Ma, H., Gamper, M., Parent, C., and Firtel, R. A. (1997). The Dictyostelium MAP kinase kinase 
DdMEKl regulates chemotaxis and is essential for chemoattractant-mediated activation of 
guanylyl cyclase. EMBO J. 16 ,4317-4332.

Mackay, D. J. G., and Hall, A. (1998). RhoGTPases. J Biol Chem 273(33), 20685-688.

Madaule, P., and Axel, R. (1985). A novel ras-related gene family. Cell 41, 31-40.

Maeda, M., and Firtel, R. A. (1997). Activation of the mitogen-activated protein kinase ERK2 
by the chemoattractant folic acid in Dictyostelium. J. Biol. Chem. 272, 23690-23695.

Maekawa, M., Li, S., Iwamatsu, A., Morishita, T., Yokota, K., Imai, Y., Kohsaka, S., 
Nakamura, S., and Hattori, S. (1994). A novel mammalian Ras GTPase-activating protein which 
has phospholipid- binding and Btk homology regions. Mol Cell Biol 14, 6879-85.

Magee, A. I., Gutierrez, L., McKay, I. A., Marshall, C. J., and Hall, A. (1987). Dynamic fatty 
acylation of p21N-ras. Embo J 6, 3353-7.

Maniak, M., Rauchenberger, R., Albrecht, R., Murphy, J., and Gerisch, G. (1995). Coronin 
involved in phagocytosis: Dynamics of particle-induced relocalization visualized by a green 
fluorescent protein tag. Cell 83, 915-924.

Mann, S. K., Yonemoto, W. M., Taylor, S. S., and Firtel, R. A. (1992). DdPK3, which plays 
essential roles during Dictyostelium development, encodes the catalytic subunit of cAMP- 
dependent protein kinase. Proc Natl Acad Sci U S A 89, 10701-5.

Mann, S. K. O., Brown, J. M., Briscoe, C., Parent, C., Pitt, G., Devreotes, P. N., and Firtel, R.
A. (1997). Role of cAMP-dependent protein kinase in controlling aggregation and 
postaggregative development in Dictyostelium. Dev Biol 183, 208-221.

Manstein, D. J., Schuster, H. P., Morandini, P., and Hunt, D. M. (1995). Cloning vectors for the 
production of proteins in Dictyostelium discoideum. Gene 162, 129-134.

Marais, R., Wynne, J., and Treisman, R. (1993). The SRF accessory protein Elk-1 contains a 
growth factor-regulated transcriptional activation domain. Cell 73(2), 381-93.

Martegani, E., Vanoni, M., Zippel, R., Coccetti, P., Brambilla, R., Ferrari, C., Sturani, E., and 
Alberghina, L. (1992). Cloning by functional complementation of a mouse cDNA encoding a 
homologue of CDC25, a Saccharomyces cerevisiae RAS activator. Embo J 77, 2151-7.

Martin, G. A., Viskochil, D., Bollag, G., McCabe, P. C., Crosier, W. J., Haubruck, H., Conroy, 
L., Clark, R., O'Connell, P., Cawthon, R. M., and et al. (1990). The GAP-related domain of the 
neurofibromatosis type 1 gene product interacts with ras p21. Cell 63, 843-9.

177



Martin, G. A., Yatani, A., Clark, R., Conroy, L., Polakis, P., Brown, A. M., and McCormick, F.
(1992), GAP domains responsible for ras p21-dependent inhibition of muscarinic atrial K+ 
channel currents [see comments]. Science 255,192-4,

Mattingly, R, R,, and Macara, I, G, (1996), Phosphorylation-dependent activation of the Ras- 
GRF/CDC25Mm exchange factor by muscarinic receptors and G-protein beta gamma subunits. 
Nature 382, 268-72,

McCarroll, R,, Olson, G, J,, Stahl, X, D,, Woese, C, R,, and Sogin, M, L, (1983), Nucleotide 
sequence of the Dictyostelium discoideum small-subunit ribosomal ribonucleic acid inferred 
from the gene sequence: evolutionary implications, Biochem, 22, 5858-5868,

McCollam, L,, Bonfini, L,, Karlovich, C, A,, Conway, B, R,, Kozma, L, M,, Banerjee, U,, and 
Czech, M, P, (1995), Functional roles for the pleckstrin and Dbl homology regions in the Ras 
exchange factor Son-of-sevenless. J Biol Chem 270 ,15954-7.

McGlade, J,, Brunkhorst, B,, Anderson, D,, Mbamalu, G., Settleman, J,, Dedhar, S,, Rozakis- 
Adcock, M,, Chen, L, B., and Pawson, T. (1993), The N-terminal region of GAP regulates 
cytoskeletal structure and cell adhesion, EMBO J 12(8), 3073-81,

McMahon, T, L,, Wilczynska, Z., Barth, C,, Fraser, D, J., Pontes, L,, and Fisher, P, R, (1996), 
Replicon rescue: A novel strategy to clone the genomic DNA flanking insertions of integrating 
shuttle vector DNA, Nucl, Acids Res. 24, 4096-4097.

McRobbie, S, J,, Jermyn, K. A,, Duffy, K,, Blight, K., and Williams, J, G, (1988). Two DIF- 
inducible, prestalk-specific mRNAs of Dictyostelium encode extracellular matrix proteins of the 
slug. Development 104, 275-284,

Mehdy, M, C,, and Firtel, R, A, (1985), A secreted factor and cyclic AMP jointly regulate cell- 
type-specific gene expression in Dictyostelium discoideum. Mol, Cell, Biol, 5, 705-713,

Meili, R,, Ellsworth, C,, Lee, S., Reddy, T, B., Ma, H., and Firtel, R. A, (1999), 
Chemoattractant-mediated transient activation and membrane localization of Akt/PKB is 
required for efficient chemotaxis to cAMP in Dictyostelium, EMBO J 18(8), 2092-105,

Milburn, M, V,, Tong, L,, deVos, A, M,, Brunger, A,, Yamaizumi, Z,, Nishimura, S,, and Kim, 
S, H, (1990), Molecular switch for signal transduction: structural differences between active and 
inactive forms of protooncogenic ras proteins. Science 247, 939-45,

Milne, J, L,, and Coukell, M, B. (1991), A Ca2+ transport system associated with the plasma 
membrane of Dictyostelium discoideum is activated by different chemoattractant receptors. J. 
Cell Biol. 112, 103-110,

Mintzer, K. A,, and Field, J, (1999), The SH3 domain of the S, cerevisiae Cdc25p binds 
adenylyl cyclase and facilitates Ras regulation of cAMP signalling. Cell Signal 11(2), 127-35,

178



Miron, M. J., Lanoix, J., and Paiement, J. (1990). Cytological effects of the microinjection of 
antibody to ras p21 in early cleavage Xenopus embryos. Mol Reprod Dev 25, 317-27.

Mitchison, T., and Kirschner, M. (1984). Dynamic instability of microtubule growth. Nature 
312, 237-42.

Mittnacht, S., Paterson, H., Olson, M. P., and Marshall, C. J. (1997). Ras signalling is required 
for inactivation of the tumour suppressor pRb cell-cycle control protein. Curr Biol 7, 219-21.

Mohanty, S., Jermyn, K. A., Early, A., Kawata, K., Aubry, L., Ceccarelli, A., P., S., Williams, J.
G., and Firtel, R. A. (1999). Evidence that Dictyostelium Dd-STAT-a protein is a repressor that 
regulates commitment to stalk cell differentiation and is also required for efficient chemotaxis. 
Development 126, 3391-3405.

Moodie, S. A., Paris, M., Villafranca, E., Kirshmeier, P., Willumsen, B. M., and Wolfman, A.
(1995). Different structural requirements within the switch II region of the Ras protein for 
interactions with specific downstream targets. Oncogene 11, 447-54.

Moore, M. S. (1998). Ran and nuclear transport. J Biol Chem 273(36), 22857-60.

Morio, T., Urushihara, H., Saito, T., Ugawa, Y., Mizuno, H., Yoshida, M., Yoshino, R., Mitra,
B. N., Pi, M., Sato, T., Takemoto, K., Yasukawa, H., Williams, J., Maeda, M., Takeuchi, I., 
Ochiai, H., and Tanaka, Y. (1998). The Dictyostelium developmental cDNA project: generation 
and analysis of expressed sequence tags from the first-finger stage of development. DNA Res 5, 
335-340.

Mosteller, R. D., Park, W., and Broek, D. (1995). Analysis of interaction between Ras and 
CDC25 guanine nucleotide exchange factor using yeast GAL4 two-hybrid system. Methods 
Enzymol 255, 135-48.

Mulcahy, L. S., Smith, M. R., and Stacey, D. W. (1985). Requirement for ras proto-oncogene 
function during serum-stimulated growth of NIH 3T3 cells. Nature 313, 241-3.

Nassar, N., Horn, G., Herrmann, C., Scherer, A., McCormick, P., and Wittinghofer, A. (1995). 
The 2.2 A crystal structure of the Ras-binding domain of the serine/threonine kinase c-Rafl in 
complex with Rapl A and a GTP analogue. Nature 375, 554-60.

Neer, E. J. (1995). Heterotrimeric G proteins: organizers of transmembrane signals. Cell 80, 
249-57.

Nellen, W., Silan, C., and Pirtel, R. A. (1984). DNA-mediated transformation in Dictyostelium. 
In Molecular Biology of Development., E. H. Davidson and R. A. Pirtel, eds. (New York: A.R. 
Liss), pp. 633-645.

Nielsen, O., Davey, J., and Egel, R. (1992). The rasl function of Schizosaccharomyces pombe 
mediates pheromone- induced transcription. Embo J 11, 1391-5.

179



Niewohner, J., Weber, I., Maniak, M., Muller-Taubenberger, A., and Gerisch, G. (1997). Talin- 
null cells of Dictyostelium are strongly defective in adhesion to particle and substrate suanfaces 
and slightly impaired in cytokinesis. J. Cell Biol. 138, 349-361.

Nimnual, A. S., Yatsula, B. A., and Bar-Sagi, D. (1998). Coupling of Ras and Rac guaamosine 
triphosphatases through the Ras exchanger Sos. Science 279, 560-3.

Novak, K. D., Peterson, M. D., Reedy, M. C., and Titus, M. A. (1995). Dictyostelium my®sin I 
double mutants exhibit conditional defects in pinocytosis. J. Cell Biol. 131, 1205-1221.

O'Halloran, T. J., and Anderson, R. G. W. (1992). Clathrin heavy chain is required for 
pinocytosis, the presence of large vacuoles, and development in Dictyostelium. J. CeDI Biol. 
118, 1371-1377.

Ochieng, J., Basolo, F., Albini, A., Melchiori, A., Watanabe, H., Elliott, J., Raz, A., Parodi, S., 
and Russo, J. (1991). Increased invasive, chemotactic and locomotive abilities of c-£ia-ras- 
transformed human breast epithelial cells. Invasion Metastasis 11, 38-47.

Olie, R. A., Durrieu, P., Cornillon, S., Loughran, G., Gross, J., Earnshaw, W. C., and GoÆstein, 
P. (1998). Apparent caspase independence of programmed cell death in Dictyostelium.. Curr 
Biol 8, 955-8.

Pai, E. P., Krengel, U., Petsko, G. A., Goody, R. S., Kabsch, W., and Wittinghofer, A. (11990). 
Refined crystal structure of the triphosphate conformation of H-ras p21 at 1.35 A resoftmtion: 
implications for the mechanism of GTP hydrolysis. Embo J 9, 2351-9.

Parchaliuk, D. L., Kirkpatrick, R. D., Agatep, R., Simon, S. L., and Geitz, R, D, (1999). Yeast 
two-hybrid system screening. Technical Tips Online (http://tto.trends.com).

Park, H. O., Bi, E., Pringle, J. R., and Herskowitz, I. (1997). Two active states of the Ras- 
related Budl/Rsrl protein bind to different effectors to determine yeast cell polarity. Proxc Natl 
Acad Sci U S A 94, 4463-8.

Park, W., Mosteller, R. D., and Broek, D. (1994). Amino acid residues in the CDC25 gmanine 
nucleotide exchange factor critical for interaction with Ras. Mol Cell Biol 14, 8117-22.

Partin, A. W., Isaacs, J. T., Treiger, B., and Coffey, D. S. (1988). Early cell motility changes 
associated with an increase in metastatic ability in rat prostatic cancer cells transfected wütth the 
v-Harvey-ras oncogene. Cancer Res 48, 6050-3.

Peeper, D. S., Upton, T. M., Ladha, M. H., Neuman, E., Zalvide, J., Bernards, R., DeCaprio, J. 
A., and Ewen, M. E. (1997). Ras signalling linked to the cell-cycle machinery by the 
retinoblastoma protein. Nature 386, 177-81.

Peracino, B., Borleis, J., Jin, T., Westphal, M., Schwartz, J. M., Wu, L., Bracco, E., Gerisch, G., 
Devreotes, P., and Bozzaro, S. (1998). G protein beta subunit-null mutants are impaired in

180

http://tto.trends.com


phagocytosis and chemotaxis due to inappropriate regulation of the actin cytoskeleton. J Cell 
Biol 141 ,1529-37.

Petitjean, A., Hilger, F., and Tatchell, K. (1990). Comparison of thermosensitive alleles of the 
CDC25 gene involved in the cAMP metabolism of Saccharomyces cerevisiae. Genetics 124, 
797-806.

Pitt, G. S., Brandt, R., Lin, K. C., Devreotes, P. N., and Schaap, P. (1993). Extracellular cAMP 
is sufficient to restore developmental gene expression and morphogenesis in Dictyostelium cells 
lacking the aggregation adenylyl cyclase (ACA). Genes Devel. 7, 2172-2180.

Plyte, S. E., O'Donovan, E., Woodgett, J. R., and Harwood, A, J. (1999). Glycogen synthase 
kinase-3 (GSK-3) is regulated during Dictyostelium  development via the serpentine receptor 
cAR3. Development 126, 325-333.

Poff, K. L., and Butler, W. L. (1974). Spectral characteristics of the photoreceptor pigment of 
phototaxis in Dictyostelium discoideum, Photochem. Photobiol. 20, 241-244.

Poff, K. L., and Loomis, W. F. (1973). Control of phototactic migration in Dictyostelium 
discoideum. Exp. Cell Res. 82, 236-240.

Poff, K. L., and Skokut, M. (1977). Thermotaxis by pseudoplasmodia of Dictyostelium 
discoideum. Proc. Natl. Acad. Sci. USA 74, 2007-2010.

Powers, S., Gonzales, E., Christensen, T., Cubert, J., and Broek, D. (1991). Functional cloning 
of BUD5, a CDC25-related gene from S. cerevisiae that can suppress a dominant-negative 
RAS2 mutant. Cell 65, 1225-31.

Powers, S., Kataoka, T., Fasano, O., Goldfarb, M., Strathern, J., Broach, J., and Wigler, M. 
(1984). Genes in S. cerevisiae encoding proteins with domains homologous to the mammalian 
ras proteins. Cell 36, 607-12.

Pupillo, M., Kumagai, A., Pitt, G. S., Firtel, R. A., and Devreotes, P. N. (1989). Multiple alpha 
subunits of guanine nucleotide-binding proteins in Dictyostelium. Proc. Natl. Acad. Sci. USA 
86, 4892-4896.

Quilliam, L. A., Castro, A. F., Rogers-Graham, K. S., Martin, C. B., Der, C. J., and Bi, C. 
(1999). M-Ras/R-Ras3, a transforming ras protein regulated by Sosl, GRFl, and p i20 Ras 
GTPase-activating protein, interacts with the putative Ras effector AF6. J. Biol. Chem. 34, 
23850-23857.

Quilliam, L. A., Hisaka, M. M., Zhong, S., Lowry, A., Mosteller, R. D., Han, J., Drugan, J. K., 
Broek, D., Campbell, S. L., and Der, C. J. (1996). Involvement of the switch 2 domain of Ras in 
its interaction with guanine nucleotide exchange factors. J Biol Chem 271, 11076-82.

181



Quilliam, L. A., Huff, S. Y., Rabun, K. M., Wei, W., Park, W., Broek, D., and Der, C. J. (1994). 
Membrane-targeting potentiates guanine nucleotide exchange factor CDC25 and SO Sl 
activation of Ras transforming activity. Proc Natl Acad Sci U S A 97, 8512-6.

Raper, K. B. (1984). The Dictyostelids. (Princeton, NJ: Princeton Univ. Press).

Raper, K. B. (1935). Dictyostelium discoideum, a new species of slime mold from decaying 
forest leaves. J, Agr. Res. 50, 135-147.

Raper, K. B. (1940). Pseudoplasmodium formation and organization in Dictyostelium 
discoideum. J. Elisha Mitchell Sci. Soc. 56, 241-282.

Rathi, A., Kayman, S. C., and Clarke, M. (1991). Induction of gene expression in Dictyostelium 
by prestarvation factor, a factor secreted by growing cells. Dev. Genet. 12, 82-87.

Rebstein, P. J., Cardelli, J., Weeks, G., and Spiegelman, G. B. (1997). Mutational analysis of 
the role of Rapl in regulating cytoskeletal function in Dictyostelium. Exp Cell Res 231, 276-83.

Rebstein, P. J., Weeks, G., and Spiegelman, G. B. (1993). Altered morphology of vegetative 
amoebae induced by increased expression of the Dictyostelium discoideum ras-related gene 
rapl. Dev Genet 14, 347-55.

Reymond, C. D., Gomer, R. H., Mehdy, M. C., and Firtel, R. A. (1984). Developmental 
regulation of a Dictyostelium gene encoding a protein homologous to mammalian ras protein. 
Cell 39, 141-8.

Reymond, C. D., Gomer, R. H., Nellen, W., Theibert, A., Devreotes, P., and Firtel, R. A.
(1986). Phenotypic changes induced by a mutated ras gene during the development of 
Dictyostelium transformants. Nature 323, 340-3.

Reymond, C. D., Nellen, W., and Firtel, R. A. (1985). Regulated expression of ras gene 
constructs in Dictyostelium transformants. Proc Natl Acad Sci U S A 82, 7005-9.

Richardson, D. L., and Loomis, W. F. (1992). Disruption of the sporulation-specific gene spiA 
in Dictyostelium discoideum leads to spore instability. Genes Devel. 6, 1058-1070.

Ridley, A. J., Paterson, H. F., Johnston, C. L., Diekmann, D., and Hall, A. (1992). The small 
GTP-binding protein rac regulates growth factor-induced membrane ruffling. Cell 70, 401-10.

Ridley, A. J., Paterson, H. F., Noble, M., and Land, H. (1988). Ras-mediated cell cycle arrest is 
altered by nuclear oncogenes to induce Schwann cell transformation. Embo J 7, 1635-45.

Robbins, S. M., Suttorp, V. V., Weeks, G., and Spiegelman, G. B. (1990). A ras-related gene 
from the lower eukaryote Dictyostelium that is highly conserved relative to the human rap 
genes. Nucleic Acids Res IS, 5265-9.

182



Robbins, S. M., Williams, J. G., Jermyn, K. A., Spiegelman, G. B., and Weeks, G. (1989). 
Growing and developing Dictyostelium cells express different ras genes. Proc Natl Acad Sci U 
S A 86, 938-42.

Robinson, L. C., Gibbs, J. B., Marshall, M. S., Sigal, I. S., and Tatchell, K. (1987). CDC25: a 
component of the RAS-adenylate cyclase pathway in Saccharomyces cerevisiae. Science 235, 
1218-21.

Rodriguez-Viciana, P., Warne, P. H., Dhand, R., Vanhaesebroeck, B., Gout, I., Fry, M. J., 
Waterfield, M. D., and Downward, J. (1994). Phosphatidylinositol-3-OH kinase as a direct 
target of Ras. Nature 370, 527-32.

Rodriguez-Viciana, P., Wame, P. H., Khwaja, A., Marte, B. M., Pappin, D., Das, P., Waterfield, 
M. D., Ridley, A., and Downward, J. (1997). Role of phosphoinositide 3-OH kinase in cell 
transformation and control of the actin cytoskeleton by Ras. Cell 8 9 ,457-67.

Rodriguez-Viciana, P., Wame, P. H., Vanhaesebroeck, B., Waterfield, M. D., and Downward, J.
(1996). Activation of phosphoinositide 3-kinase by interaction with Ras and by point mutation. 
Embo J 75, 2442-51.

Romashkova, J. A., and Makarov, S. S. (1999). NF-kappaB is a target of AKT in anti-apoptotic 
PDGF signalling. Nature 401(6748), 86-90.

Rozakis-Adcock, M., Femley, R., Wade, J., Pawson, T., and Bowtell, D. (1993). The SH2 and 
SH3 domains of mammalian Grb2 couple the EGF receptor to the Ras activator mSosl. Nature 
363, 83-5.

Rubin, J. (1976). The signal from fruiting body and conus tips of Dictyostelium discoideum. J 
Embryol Exp Morph 36, 261-271.

Rubin, J., and Robertson, A. (1975). The tip of the D ic tyo s te liu m  d isco id eu m  
pseudoplasmodium as an organizer. J Embryol Exp Morph 33, 227-241.

Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989). Molecular cloning: A Laboratory Manual, 
2 Edition: Cold Spring Harbor Laboratory Press).

Saran, S., Nakao, H., Tasaka, M., lida, H., Tsuji, F. I., Nanjundiah, V., and Takeuchi, I. (1994). 
Intracellular free calcium level and its response to cAMP stimulation in developing 
Dictyostelium cells transformed with jellyfish apoaequorin cDNA. FEBS Lett. 337, 43-47.

Sawamoto, K., Yamada, C., Kishida, S., Hirota, Y., Taguchi, A., Kikuchi, A., and Okano, H. 
(1999). Ectopic expression of constitutively activated Ral GTPase inhibits cell shape changes 
during Drosophila eye development. Oncogene 18(11), 1967-74.

Saxe III, C. L., Ginsburg, G. T., Louis, J. M., Johnson, R., Devreotes, P. N., and Kimmel, A. R.
(1993). cAR2, a prestalk cAMP receptor required for normal tip formation and late 
development of Dictyostelium discoideum. Genes Devel. 7, 262-272.

183



Schaeffer, H. J., and Weber, M. J. (1999). Mitogen-activated protein kinases: specific messages 
from ubiquitous messengers. Mol Cell Biol 19(4), 2435-44.

Scheffzek, K., Lautwein, A., Kabsch, W., Ahmadian, M. R., and Wittinghofer, A. (1996). 
Crystal structure of the GTPase-activating domain of human pl20GAP and implications for the 
interaction with Ras. Nature 384, 591-6.

Scheffzek, K., Lautwein, A., Scherer, A., Franken, S., and W ittinghofer, A. (1997). 
Crystallization and preliminary X-ray crystallographic study of the Ras- GTPase-activating 
domain of human pl20GAP. Proteins 27, 315-8.

Schindler, J., and Sussman, M. (1979). Inhibition by ammonia of intracellular cAM P 
accumulation in Dictyostelium discoideum: its significance for the regulation of morphogoiesis. 
Dev Genet 1, 13-20.

Schindler, J., and Sussmann, M. (1977). Ammonia determines the choice of morphogenetic 
pathways in Dictyostelium discoideum. J Mol Biol 116, 161-169.

Schnitzler, G., Fischer, W., and Firtel, R. A. (1994). Cloning and characterization of the G-box 
binding factor, an essential component of the developmental switch between early amd late 
development in Dictyostelium. Genes Dev 8, 502-514.

Schulkes, C., and Schaap, P. (1995). cAMP-dependent protein kinase activity is essential for 
preaggregative gene expression in Dictyostelium. FEBS Lett. 368, 381-384.

Seabra, M. C., Brown, M. S., and Goldstein, J. L. (1995a). CAAX farnesyl transferase. In 
Guidebook to the Small GTPase, M. Zerial and L. A. Huber, eds. (Oxford, UK: Oxford 
University Press), pp. 41-43.

Seabra, M. C., Goldstein, J. L., and Brown, M. S. (1995b). CAAX geranylgeranyl transferase. 
In Guidebook to the Small GTPases, M. Zerial and L. A. Huber, eds. (Oxford, UK.: Oxford 
University Press), pp. 43-44.

Seastone, D. J., Lee, E., Bush, J., Knecht, D., and Cardelli, J. (1998). Overexpression of a  novel 
Rho family GTPase, RacC, induces unusual actin-based structures and positively affects 
phagocytosis in Dictyostelium discoideum. Mol Biol Cell 9, 2891-904.

Seastone, D. J., Zhang, L., Buczynski, G., Rebstein, P., Weeks, G., and Cardelli, J. (1999). The 
Small Mr Ras-like GTPase Rapl and the phospholipase C pathway Act to Regulate 
Phagocytosis in Dictyostelium discoideum. Mol Biol Cell 10, 393-406.

Segall, J. E., and Gerisch, G. (1989). Genetic approaches to cytoskeleton function and the 
control of cell motility. Curr. Opin. Cell Biol. 1, 44-50.

184



Segall, J. E., Kuspa, A., Shaulsky, G., Ecke, M., Maeda, M., Gaskins, C., and Firtel, R. A.
(1995). A MAP kinase necessary for receptor-mediated activation of adenylyl cyclase in 
Dictyostelium. J. Cell Biol. 128, 405-413.

Serrano, M., Lin, A. W., McCurrach, M. E., Beach, D., and Lowe, S. W. (1997). Oncogenic ras 
provokes premature cell senescence associated with accumulation of p53 and pl6INK4a. Cell 
88, 593-602.

Shaulsky, G., and Loomis, W. F. (1995). Mitochondrial DNA replication but no nuclear DNA 
replication during development of Dictyostelium. Proc. Natl. Acad. Sci. USA 92, 5660-5663.

Shibatohge, M., Kariya , K., Liao, Y., Hu, C. D., Watari, Y., Goshima, M., Shima, F., and 
Kataoka, T. (1998). Identification of PLC210, a Caenorhabditis elegans phospholipase C, as a 
putative effector of Ras. J Biol Chem 273(11), 6218-22.

Shih, T. Y., Weeks, M. O., Young, H. A., and Scholnick, E. M. (1979). Identification of a 
sarcoma virus-coded phosphoprotein in nonproducer cells tranformed by Kirsten or Harvey 
murine sarcoma virus. Virology 96, 64-79.

Sieburth, D. S., Sun, Q., and Han, M. (1998). SUR-8, a conserved Ras-binding protein with 
leucine-rich repeats, positively regulates Ras-mediated signaling in C. elegans. Cell 94, 119-30.

Siegert, F., and Weijer, C. (1989). Digital image processing of optical density wave propagation 
in Dictyostelium discoideum and analysis of the effects of caffeine and ammonia. J. Cell Sci. 
93, 325-335.

Siegert, F., and Weijer, C. J. (1995). Spiral and concentric waves organize multicellular 
Dictyostelium mounds. Curr. Biol. 5, 937-943.

Sigal, I. S., Gibbs, J. B., D'Alonzo, J. S., and Scolnick, E. M. (1986). Identification of effector 
residues and a neutralizing epitope of Ha- ras-encoded p21. Proc Natl Acad Sci U S A 83, 4725- 
9.

Sigal, I. S., Gibbs, J. B., D'Alonzo, J. S., Temeles, G. L., Wolanski, B. S., Socher, S. H., and 
Scolnick, E. M. (1986). Mutant ras-encoded proteins with altered nucleotide binding exert 
dominant biological effects. Proc Natl Acad Sci U S A 83, 952-6.

Simon, M., Pelegrini, O., Veron, M., and Kay, R. R. (1992). Mutation of protein kinase A 
causes heterochronic development of Dictyostelium. Nature 356, 171-172.

Simon, M. A., Bowtell, D. D., Dodson, G. S., Laverty, T. R., and Rubin, G. M. (1991). Rasl 
and a putative guanine nucleotide exchange factor perform crucial steps in signaling by the 
sevenless protein tyrosine kinase. Cell 67, 701-16.

Simon, M. A., Dodson, G. S., and Rubin, G. M. (1993). An SH3-SH2-SH3 protein is required 
for p21Rasl activation and binds to sevenless and Sos proteins in vitro. Cell 73, 169-77.

185



Singer, W. D., Brown, H. A., and Sternweis, P. C, (1997). Regulation of eukaryotic 
phosphatidylinositol-specific phospholipase C and phospholipase D. Annu Rev Biochem 66, 
475-509.

Smith, E., Fisher, P. R., Grant, W. N., and Williams, K. L. (1982). Sensory behaviour in 
Dictyostelium discoideum slugs: phototaxis and thermotaxis are not mediated by a change in 
slug speed. J. Cell Sci. 54, 329-339.

Soede, R. D. M., Insall, R. H., Devreotes, P. N., and Schaap, P. (1994). Extracellular cAMP can 
restore development in Dictyostelium cells lacking one, but not two subtypes of early cAMP 
receptors (cARs). Evidence for involvement of cARl in aggregative gene expression. 
Development 120, 1997-2002.

Sosnowski, R. 0 ., Feldman, S., and Feramisco, J. R. (1993). Interference with endogenous ras 
function inhibits cellular responses to wounding. J Cell Biol 121, 113-9.

Stacey, D. W., and Kung, H. F. (1984). Transformation of NIH 3T3 cells by microinjection of 
Ha-ras p21 protein. Nature 310, 508-11.

Stephens, L., Anderson, K., Stokoe, D., Erdjument-Bromage, H., Painter, G. F., Holmes,. A. B., 
Gaffney, P. R., Reese, C. B., McCormick, F., Tempst, P., Coadwell, J., and Hawkins, P. T. 
(1998). Protein kinase B kinases that mediate phosphatidylinositol 3,4,5-trisphosphate- 
dependent activation of protein kinase B. Science 279(5351), 710-4.

Sternfeld, J. (1992). A study of pstB cells during Dictyostelium  migration and culmination 
reveals a unidirectional cell type conversion process. W R Arch Dev Biol 201, 354-363.

Sternfeld, J., and David, C. N. (1981). Cell sorting during pattern formation in Dictyostelium. 
Differentiation 20, 10-21.

Sternfeld, J., and David, C. N. (1982). Fate and regulation of anterior-like cells in Dictyostelium  
slugs. Dev Biol 95, 111-118.

Stocker, S., Hiery, M., and Marriott, G. (1999). Phototcic Migration of Dictyostelium Cells is 
Linked to a New Type of Gelsolin-Related Protein. Mol Biol Cell 9, 2891-2904.

Sturani, E., Abbondio, A., Branduardi, P., Ferrari, C., Zippel, R., Martegani, E., Vanoni, M., 
and Denis-Donini, S. (1997). The Ras Guanine nucleotide Exchange Factor CDC25Mm is 
present at the synaptic junction. Exp Cell Res 235, 117-23.

Sucgang, R., Weijer, C. J., Siegert, F., Franke, J., and Kessin, R. H. (1997). Null mutations of 
the Dictyostelium cyclic nucleotide phosphodiesterase gene block chemotactic cell movement 
in developing aggregates. Dev. Biol. 192, 181-192.

Sun, T. J., and Devreotes, P. N. (1991). Gene targeting of the aggregation stage cAMP receptor 
cARl in Dictyostelium. Genes Devel. 5, 572-582.

186



Sundaram, M., and Han, M. (1995). The C. elegans ksr-1 gene encodes a novel Raf-related 
kinase involved in Ras-mediated signal transduction. Cell 83, 889-901.

Sussman, R,, and Sussman, M. (1967). Cultivation of Dictyostelium discoideum in axenic 
culture. Biochem. Biophys. Res. Commun. 29, 53-55.

Sutoh, K. (1993). A transformation vector for Dictyostelium discoideum with a new selectable 
marker Bsr. Plasmid 30, 150-154.

Suzuki, J., Kaziro, Y., and Koide, H. (1997). An activated mutant of R-Ras inhibits cell death 
caused by cytokine deprivation in BaF3 cells in the presence of IGF-I. Oncogene 15, 1689-97.

Takeuchi, I., Ishida, S., and Amagai, A. (1983). Phagocytosis and exocytosis by differentiating 
Dictyostelium discoideum cells. Plant Cell Physiol. 24, 395-402.

Taparowsky, E., Shimizu, K., Goldfarb, M., and Wigler, M. (1983). Structure and activation of 
the human N-ras gene. Cell 34, 581-6.

Tatchell, K., Chaleff, D. T., DeFeo-Jones, D., and Scolnick, E. M. (1984). Requirement of 
either of a pair of ras-related genes of Saccharomyces cerevisiae for spore viability. Nature 309, 
523-7.

Temesvari, L. A., Seastone, D. J., and Cardelli, J. A. (1996). Cloning and characterization of a 
Dictyostelium discoideum cDNA encoding a protein related to the medium chain subunit of 
clathrin-associated adaptor complexes. Gene 183, 47-51.

The, I., Hannigan, G. E., Cowley, G. S., Reginald, S., Zhong, Y., Gusella, J. F., Hariharan, I. K., 
and Bernards, A. (1997). Rescue of a Drosophila NFl mutant phenotype by protein kinase A. 
Science 276(5313), 791-4.

Therrien, M., Chang, H. C., Solomon, N. M., Karim, F. D., Wassarman, D. A., and Rubin, G. 
M. (1995). KSR, a novel protein kinase required for RAS signal transduction. Cell 83, 879-88.

Thiery, R., Robbins, S., Khosla, M., Spiegelman, G. B., and Weeks, G. (1992). The effects of 
expression of an activated rasG mutation on the differentiation of Dictyostelium. Biochem Cell 
Biol 70, 1193-9.

Thomason, P. A., Tray nor, D., Cavet, G., Chang, W. T., Harwood, A. J., and Kay, R. R. (1998). 
An intersection of the cAMP/PKA and two-component signal transduction systems in 
Dictyostelium. EMBO J 17, 2838-2845.

Thomason, P. A., Tray nor, D., Stock, J. B., and Kay, R. R. (1999). The RdeA-RegA system, a 
eukaryotic phospho-relay controlling cAMP breakdown. J Biol Chem 274, 27379-27384.

Thompson, R. C. (1988). EFTu provides an internal kinetic standard for translational accuracy. 
Trends Biochem Sci 13, 91-3.

187



Thompson, R, C., Dix, D. B., and Karim, A. M, (1986). The reaction of ribosomes with 
elongation factor Tu.GTP complexes. Aminoacyl-tRNA-independent reactions in the elongation 
cycle determine the accuracy of protein synthesis. J Biol Chem 261 ,4868-74.

Thorbum, J., McMahon, M., and Thorburn, A. (1994). Raf-1 kinase activity is necessary and 
sufficient for gene expression changes but not sufficient for cellular morphology changes 
associated with cardiac myocyte hypertrophy. J Biol Chem 269(48), 30580-6.

Titus, M. A., Wessels, D., Spudich, J. A., and Soil, D. (1993). The unconventional myosin 
encoded by the myoA gene plays a role in Dictyostelium motility. Mol. Biol. Cell 4, 233-246.

Toda, T., Uno, I., Ishikawa, T., Powers, S., Kataoka, T., Broek, D., Cameron, S., BroacK J., 
Matsumoto, K., and Wigler, M. (1985). In yeast, RAS proteins are controlling elements o f 
adenylate cyclase. Cell 40, 27-36.

Tomchik, K. J., and Devreotes, P. N. (1981). Adenosine 3',5'-monophosphate waves, in 
Dictyostelium discoideum: A demonstration by isotope dilution-fluorography techmiqiue. 
Science 212, 443-446.

Tomlinson, A., Bowtell, D. D., Hafen, E., and Rubin, G. M. (1987). Localization o f the 
sevenless protein, a putative receptor for positional information, in the eye imaginai disc o f 
Drosophila. Cell 51(1), 143-50.

Trahey, M., and McCormick, F. (1987). A cytoplasmic protein stimulates normal N-ras p21 
GTPase, but does not affect oncogenic mutants. Science 238, 542-5.

Trahey, M., Wong, G., Halenbeck, R., Rubinfeld, B., Martin, G. A., Ladner, M., Long, C. M , 
Crosier, W. J., Watt, K., Koths, K., and et al. (1988). Molecular cloning of two types o f GAP 
complementary DNA from human placenta. Science 242, 1697-700.

Tray nor, D., Kessin, R. H., and Williams, J. G. (1992). Chemotactic sorting to cAMP im ihe 
multicellular stages of Dictyostelium development. Proc. Natl. Acad. Sci. USA 89, 8303-83017.

Tuxworth, R., I., Cheetham, J. L., Machesky, L. M., Spiegelmann, G. B., Weeks, G., and 
R. H. (1997). Dictyostelium RasG is required for normal motility and cytokinesis, bmi mot 
growth. J. Cell Biol. 138, 605-614.

Ullrich, A., and Schlessinger, J. (1990). Signal transduction by receptors with tyrosine kmiase 
activity. Cell 61(2), 203-12.

Umanoff, H., Edelmann, W., Pellicer, A., and Kucherlapati, R. (1995). The murine N-ras gene 
is not essential for growth and development. Proc Natl Acad Sci U S A 92, 1709-13.

Urano, T., Emkey, R., and Feig, L. A. (1996). Ral-GTPases mediate a distinct downstream 
signaling pathway from Ras that facilitates cellular transformation. Embo J 15, 810-6.

188



Van der Kaay, J., Draijer, R., and Van Haastert, P. J. (1990). Increased conversion of 
phosphatidylinositol to phosphatidylinositol phosphate in Dictyostelium cells expressing a 
mutated ras gene. Proc Natl Acad Sci U S A 87 ,9197-201.

Van Haastert, P. J., Kesbeke, P., Reymond, C. D., Firtel, R. A., Luderus, E., and Van Driel, R
(1987). Aberrant transmembrane signal transduction in Dictyostelium cells expressing a 
mutated ras gene. Proc Natl Acad Sci U S A 84 ,4905-9.

van Weeren, P. C., de Bruyn, K. M., de Vries-Smits, A. M., van Lint, J., and Burgering, B. M. 
(1998). Essential role for protein kinase B (PKB) in insulin-induced glycogen synthase kinase 3 
inactivation. Characterization of dominant-negative mutant of PKB. J Biol Chem 273(21), 
13150-6.

van Weering, D. H., de Rooij, J., Marte, B., Downward, J., Bos, J. L., and Burgering, B. M. 
(1998). Protein kinase B activation and lamellipodium formation are independent 
phosphoinositide 3-kinase-mediated events differentially regulated by endogenous Ras. Mol 
Cell Biol 18, 1802-11.

Vanhaesebroeck, B., Leevers, S. J., Panayotou, G., and W aterfield, M. D. (1997). 
Phosphoinositide 3-kinases: a conserved family of signal transducers. Trends Biochem Sc 
22(7), 267-72.

Varani, J., Fligiel, S. E., and Wilson, B. (1986). Motility of rasH oncogene transformed NIH- 
3T3 cells. Invasion Metastasis 6, 335-346.

Vamum, B., Edwards, K. B., and Soil, D. R. (1986). The developmental regulation o f single
cell motility in Dictyostelium discoideum. Dev. Biol. 113, 218-227.

Vauti, P., Morandini, P., Blusch, J., Sachse, A., and Nellen, W. (1990). Regulation o f the 
discoidin-Igamma-gene in Dictyostelium discoideum - identification of individual promoter 
elements mediating induction of transcription and repression by cyclic AMP. Mol. Cell. Biol. 
10,4080-4088.

Vavvas, D., Li, X., Avruch, J., and Zhang, X. P. (1998). Identification of Norel as a potential 
Ras effector. J Biol Chem 273, 5439-42.

Vogel, U. S., Dixon, R. A., Schaber, M. D., Diehl, R. E., Marshall, M. S., Scolnick, E. M., 
Sigal, I. S., and Gibbs, J. B. (1988). Cloning of bovine GAP and its interaction with oncogenic 
ras p21. Nature 335, 90-3.

Vojtek, A. B., Hollenberg, S. M., and Cooper, J. A. (1993). Mammalian Ras interacts directly 
with the serine/threonine kinase Raf. Cell 74, 205-14.

Vossler, M. R., Yao, H., York, R. D., Pan, M. G., Rim, C. S., and Stork, P. J. (1997). cAMP 
activates MAP kinase and Elk-1 through a B-Raf- and Rapl-dependent pathway. Cell 89, 73-82.

189



Wallace, M. A., and Raper, K. B. (1979). Genetic exchanges in the macrocysts of Dictyostelium 
discoideum. J. Gen. Microbiol. 113, 327-337.

W allraff, E., and W allraff, H. G. (1997). Migration and bidirectional phototaxis in 
Dictyostelium discoideum slugs lacking the actin cross-linking 120 kDa gelation factor. J. Exp. 
Biol. 200, 3213-3220.

Wang, H. G., Millan, J. A., Cox, A. D., Der, C. J., Rapp, U. R., Beck, T., Zha, H., and Reed, J.
C. (1995). R-Ras promotes apoptosis caused by growth factor deprivation via a Bel- 2 
suppressible mechanism. J Cell Biol 129, 1103-14.

Wang, Y., Liu, J., and Segall, J. E. (1998). MAP kinase function in amoeboid cells. J. Cell Sci. 
I l l ,  373-383.

Wame, P. H., Viciana, P. R., and Downward, J. (1993). Direct interaction of Ras and the amino- 
terminal region of Raf-1 in vitro. Nature 364, 352-5.

Wassarman, D. A., Therrien, M., and Rubin, G. M. (1995). The Ras signaling pathway in 
Drosophila. Curr Opin Genet Dev 5, 44-50.

Watts, D. J., and Ashworth, J. M. (1970). Growth of myxamoebae of the cellular slime mould 
Dictyostelium discoideum in axenic culture. Biochem. J. 119, 171-174.

Weijer, C. J., Duschl, G., and David, C. N. (1984b). Dependence of cell-type proportioning and 
sorting on cell cycle phase in Dictyostelium discoideum. J. Cell Sci. 70, 133-145.

Weijer, C. J., Duschl, G., and David, C. N. (1984a). A revision of the Dictyostelium discoideum 
cell cycle. J. Cell Sci. 70, 111-131.

Wessels, D., Reynolds, J., Johnson, O., Voss, E., Burns, R., Daniels, K., Garrard, E., 
O'Halloran, T. J., and Soil, D. R. (2000). Clathrin plays a novel role in the regulation of cell 
polarity, pseudopod formation, uropod stability and motility in Dictyostelium. J Cell Sci 113(1), 
21-36.

Wessels, D., Titus, M., and Soil, D. R. (1996). A Dictyostelium myosin I plays a crucial role in 
regulating the frequency of pseudopods formed on the substratum. Cell Motil. Cytoskel. 33, 64- 
79.

Wetterauer, B., Morandini, P., Hribar, I., Murgia-Morandini, I., Hamker, U., Singleton, C., and 
MacWilliams, H. K. (1996). Wild-type strains of Dictyostelium discoideum can be transformed 
using a novel selection cassette driven by the promoter of the ribosomal V18 gene. Plasmid 36, 
169-181.

White, M. A., Nicolette, C., Minden, A., Polverino, A., Van Aelst, L., Karin, M., and Wigler, 
M. H. (1995). Multiple Ras functions can contribute to mammalian cell transformation. Cell 80, 
533-41.

190



Williams, J, G., Ceccarelli, A., McRobbie, S., Mahbubani, H., Kay, R. R., Farly, A., Berks, M., 
and Jermyn, K. A. (1987). Direct induction of Dictyostelium prestalk gene expression by D IP 
provides evidence that DIF is a morphogen. Cell 49, 185-192.

Williams, J. G., Duffy, K. T., Lane, D. P., McRobbie, S. J., Harwood, A. J., Tray nor, D.„ Kay, 
R. R., and Jermyn, K. A. (1989). Origins of the prestalk-prespore pattern in D ictyostelium  
development. Cell 59, 1157-1163.

Willumsen, B. M., Christensen, A., Hubbert, N. L., Papageorge, A. G., and Lowy, D. R. (1984). 
The p21 ras C-terminus is required for transformation and membrane association. Nature 310, 
583-6.

Witke, W., Schleicher, M., and Noegel, A. A. (1992). Redundancy in the microfilament system 
- abnormal development of Dictyostelium cells lacking two F-actin cross-linking proteins.. Cell 
68, 53-62.

Wittinghofer, A., and Nassar, N. (1996). How Ras-related proteins talk to their effectors. Trends 
Biochem Sci 2 1 ,488-91.

Wood, K. W., Qi, H., D'Arcangelo, G., Armstrongm, R., C., Roberts, T. M., and Halegoma, S.
(1993). The cytoplasmic raf oncogene induces a neuronal phenotype in PC 12 cells: a potiential 
role for cellular raf kinases in neuronal growth factor signal transduction. Proc Natl Acad Sci U 
S A  90(11), 5016-20.

Worthen, G. S., Avdi, N., Buhl, A. M., Suzuki, N., and Johnson, G. L. (1994). FMLP activates 
Ras and Raf in human neutrophils. Potential role in activation of MAP kinase. J Clin Invest 94, 
815-23.

Wu, L. J., Gaskins, C., Zhou, K. M., Firtel, R. A., and Devreotes, P. N. (1994). Clonimg and 
targeted mutations of Galpha7 and Galpha8, two developmentally regulated G protein alpha- 
subunit genes in Dictyostelium. Mol. Biol. Cell 5, 691-702.

Wu, L. J., Valkema, R., van Haastert, P. J. M., and Devreotes, P. N. (1995). The G proteim beta 
subunit is essential for multiple responses to chemoattractants in Dictyostelium. J. Ceil Biol. 
129, 1667-1675.

Xu, N., Coso, O., Mahadevan, D., De Blasi, A., Goldsmith, P. K., Simonds, W. F., and Gunkind, 
J. S. (1996). The PH domain of Ras-GAP is sufficient for in vitro binding to beta gamma 
subunits of heterotrimeric G proteins. Cell Mol Neurobiol 16, 51-9.

Yamauchi, N., Kiessling, A. A., and Cooper, G. M. (1994). The Ras/Raf signaling pathway is 
required for progression of mouse embryos through the two-cell stage. Mol Cell Biol 14, 6655- 
62.

Yatani, A., Okabe, K., Polakis, P., Halenbeck, R., McCormick, F., and Brown, A. M. (1990). 
ras p21 and GAP inhibit coupling of muscarinic receptors to atrial K-f channels. Cell 61. 769- 
76.

191



York, R. D., Yao, H., Dillon, T., Ellig, C. L„ Eckert, S. P., McCleskey, E. W., and Stork, P. J. 
(1998). Rapl mediates sustained MAP kinase activation induced by nerve growth factor. Nature 
392, 622-6.

Yuen, I. S., Jain, R., Bishop, J. D., Lindsey, D. P., Deery, W. J., van Haastert, P. J. M., and 
Gomer, R. H. (1995). A density-sensing factor regulates signal transduction in Dictyostelium. J. 
Cell Biol. 129, 1251-1262.

Zhang, K., Noda, M., Vass, W. C., Papageorge, A. G., and Lowy, D. R. (1990). Identification of 
small clusters of divergent amino acids that mediate the opposing effects of ras and Krev-1. 
Science 249, 162-5.

Zheng, L., Eckerdal, J., Dimitrijevic, I., and Andersson, T. (1997). Chemotactic peptide-induced 
activation of Ras in human neutrophils is associated with inhibition of p i 20-GAP activity. J 
Biol Chem 272, 23448-54.

Zhou, K., Pandol, S., Bokoch, G., and Traynor-Kaplan, A. E. (1998). Disruption of 
Dictyostelium PI3K genes reduces [32P]phosphatidylinositol 3,4 bisphosphate and 
[32P]phosphatidylinositol trisphosphate levels, alters F-actin distribution and impairs 
pinocytosis. J Cell Sci 111, 283-94.

Zhou, K. M., Takegawa, K., Emr, S. D., and Firtel, R. A. (1995). A phosphatidylinositol (PI) 
kinase gene family in Dictyostelium discoideum: Biological roles of putative mammalian p i 10 
and yeast Vps34p PI 3-kinase homologs during growth and development. Mol. Cell. Biol. 15, 
5645-5656.

Zippel, R., Orecchia, S., Sturani, E., and Martegani, E. (1996). The brain specific Ras exchange 
factor CDC25Mm: modulation of its activity through Gi-protein-mediated signals. Oncogene 
12, 2697-703.

192



Appendix

Strain Designations

AW 1 rasD null in AX2 background
AW2 rasD null expressing ecmAO-lacZ
AW3 rasD null expressing ecmO-lacZ
AW4 rasD null expressing ecmB-lacZ
AW5 rasD null expressing pspA-lacZ
AW6 rasD null expressing actl5-lacZ
AW7 AX2 expressing ecmAO-lacZ
AW8 AX2 expressing ecmO-lacZ
AW9 AX2 expressing ecmB-lacZ
AW 10 AX2 expressing pspA-lacZ
AW 11 AX2 expressing actl5-lacZ
AW 12 gejB null in AX3 background
AW 13 gefC null in AX3 background
AW 14 gg/D null in AX3 background
AW 15 gefE null in AX3 background
AW 16 gefG null in AX3 background


