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ABSTRACT

Rés ,proteins are higﬁly c‘ons_erved mole_cular switches that regulatg celluiar "résponsg.s to
.external S[iml.lli; Dictyos_teliym disc_éideum contains an éxtehsiye family éf Ras proteins that
function in growth, cell type differentiétion, and more. Wﬁile there is rri_uch genétic;‘eviden_cl.e for
the i'ri\}olv.ement of Rés broteiﬁé in these behaviours, little is known about the events fhai lead to
their activation.

The primary objective of thfs t'hesislpr'oject‘wa‘s to develop an effiéier;t and .rapid asé'ay
that allowed the.measu_rem.enf 'of ac;iyated Dictyostelium Ras protéins. Modification of an assay
used succ.ess'fully tb measure aétivated Ras in mammalian cells demonstrated that the Ras
Binding Domain'(RBD) of fhe Schizosaccharomyces pombe Ras effector protein, Byr2, was able.
to bind to kasB, RasC, and RasG. Furthermore; the use .of dominant negative Réé mut;m'ts and
nucleotide loading of ..c‘elllular lysates showed that Byr2 (RBD) bound preferentially to Ras-GTP
(éctivated Ras) over Ras-GDP (quiescent Ras). The ‘RBD binding assay’ was applied to
elucidate the Ras activation pathways stimulafed by cAMP during Dictyostelium aggregation.

Previous 'experifnents ‘have suggested that RasC is involved. in cAMP stimulated
signalling events- during Dictyéstelium aggregation,. and fthisi was confirmedbusing the RBD
binding assay, as levels of RasC-GTP displayed a rapid and transient increase upon cAMP
stimulation. Similarly, activated RasG also showed an increase in activation in rgsp‘onse»to
cAMP. Through the use of various mutant strains, it was demonstrated that RésC and RasG
activation.is doWnstream of the. cAMP receptor and its associated heterotrimeric G-protein.-

This. thesis also ‘provides evidence that thé Dictyosteliuﬁ Ras guémirie nucleotide

exchange factor (RasGEF) proteins can each act on specific Ras proteins. RasC activation was

il



abolishe-d in a -gefA:‘m_utant, while RasG activation wasi nqrrnal, indicating that RasGEFA
‘activate‘s -RasC but' not RasG. ConVersely, RasC actii/ation was normal in gefM and gefR
mutants Whereas RasG activation was’ reduced in each strain, mdicating that RasGEFM and'
. RasGEFR actlvate RasG Analysis of PKB activation suggests that RasGEFM 1S necessary for
thie activation of RasG in the pathways leading’ to PKB activation Observmg the streaming.
behav1our Qf aggregating gefR cells has suggested“that RasGEFR may play a role in regulating

chemotaxis.
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“If we could just tap into the collective
unconscious of the amoeba -- then we'd
know how it all began.”

Printed with permission from Sidney Harris
© 8. Harris
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1 INTRODUCTION
11 Ras Superfémily | ‘.
The_RasSUperfamily of proteins comprises a _familgl o'f'.s.malbl. (20—40‘kDa) GTP binding .
proteins. Memi)ers of this superfaniily are highly conserved, and orthc‘_)logvs are feund in all
) metazoans, yeast, slime mould, and plants (Takai et al., 2001). - The Raé superfaimiiy' ca'n, be
subdivided into 5 subfamilies on the bnsis of structural and -functional similarities: Ras (gene
expression, proliferation, differentiation); ‘Rho (eytoskelet_al rearrangem‘ent);- Rab and Arf
(vesicul_ar transport, niemb'raine trafficking); Ran (nuclear trafficking) '(reviewed in Tékai et al.,
' 2001). The genes encoding Reis snperfamily proteins are often rnutnted in cancefs;' (Bourne et ail.,
1991), ar_id thus Ras proteins have become a target for potential therapeutic agents (Fritz and
Kaina,'2006; Shirai et al., 2007.), _
| Proteins are grouped in the Ras snperfarnily_ if they shaie ~30% amino acid identity,
specific conserved domains for GTP binding, and a dmall domain that is n.ecessary fer binding to .
_downsiream effector proteins known as the ‘effector domain’ (Bourne et‘ al., 1991). Ras, Rho,
and Rab members have a C-terminal motif that undergoes pest-translational prenylation, serving. o
as a membrane anchor (Section 1.5). Arf proteins have'an N-terminal glycine residue that is
modified with myristic acid and serves the same purpose ds C-terminal prenylaiion, while Ran
proteins are not subject to_ anh post-translational modifications (Takai et al.,‘ 200i). |
The Ras subfamily proteins were the first characterized members of the Ras superfainily,
- and »hav_e_ been the subject _Of intensive research due to their prominent in\iolvement in
-oncogenesis'. For the most part, Rns subfamily preteins serve to t_ransdnce ext_racelluleir signais
in_t_o a wide array of intracellular signalling pathways by interacting with a diverse: and

eatalytically distinct group of effector proteins. Members of the subfamily share ~50% amino



’acid'identity,. and includ_e"H-Ras, N-Ras, K—Ras, R-Ras, Rap, Ral, and Rheb (Colicelli, 2004).
The remainder of this thesis will deal with the topic of the Ras subfamily proteins, and hence.the

term ‘Ras’ will be used in reference to the Ras subfamily, unless otherwise noted.

12 Rasasa molecular switch

The function of R.as GTPases. is to conple extracellUlar signals into intracellular
responses. This function is earried out by adopting two conformations, one of which al.lows for
transmission of -the extracellular signal, whereas the other eonformation does not. Thus, Ras"
GTPaaes are often referred to as mblecular switches _in that they function in‘a way that is

analogous to a househeld light switch.

1_.2.1‘ Monomeric GTPases

The signalling funct'ion‘of Ras is carried ont by cjcling 'bet\fv'een a GDP bound and a GTP
, bonnd conformation (Figure 1A). GDP release from Ras results in the binding of GTP due to the
faet that GTP rs more abundant in the cell _(Van Dyke et al.,. 1977), and binding of GTP results in |
a conformational Change to two regions of Ras referred to as Switch 1 (residnes 21-40 relative o
- H-Ras) and Switch 2 (residues 57-75) (Figure ‘2)-(’Qui11iam ¢t al., 2002). As this conformat_ional
change facilitates binding of Ras with its various downstream effector prnteins, RaS-GTP is
typically viewed as being turned ‘On’ or activated. Hydrolysis of GTP to GDP by Ras returns
Ras-GTP to Ras-GDP, effectively turning-Ras ‘Off.” Interconversion between RaS-GDP and '.
Ras-GTP can happen spOntaneonsly, but the half-times of these reactions are typicaIly too slow
to be physiologieally relevant (Neal'et al.l, 1988). Thus, the Ras activation cyele is. catalyzed by

two groups of Vproteins: | gu'anine nucleotide exchange factors (GEFs) promote the release of GDP,

and GTPase activating proteins (GAPs) enhance the GTPase activity of Ras-GTP. Therefore, the




concerted actions of these two groups of proteins are responsible for regulating the Ras

activation cycle.

»_ 1.2.2 Heterotrimeric GTPases
.The alpha subunit of the heterotrimeric G-protein femily is reieted to the Ras protein'
superfamily, with a GTP bindjng domain that is structurally identicel (Hamm, 1'998).. Given the
importance of G—prot'ein mediate_d‘ eignalling in Dictyostélfum .(Sect_ion 1.11), a birief description’
- of the heter_otrimeric GTP_ase cycle will be presented (Figure 1B). Heterotrimeric G-proteins arev
trimere consistiﬁg of alpha, beta, | and gamma subunits (abbreviated as Ga, GB aﬁd Gy,
respectlvely) and are assocxated w1th G-protein coupled receptors (GPCR). GPCRs are a large
.farmly of proteins with a canonical serpentme seven transmembrane domain, an mtracellular-
cytoplasmic, tajl, and an extracellular ligand. binding domain (rev1ewed m'McCudden et al.,
2005). Binding of a ligand induces activation ofv the Ga subuﬁit by ‘guanine‘ nucleotide
exchange, which is the GTP binding p,rot_ei}n that aléq fenctione to couple the heterotfimeric G-
bretein to its GPCR, and activation of Go leads to its dissociation, from the GBY dimer.‘ Go apd
GBy can_regulate Signalling pathways independently, leadieg to thevactivati(‘)n' of eniymes_ such
as. adenylyl cyclases, phospholipases, and ion channels ‘(M‘arinissen and Gutkind, 2001). The
cycle is eomplete when GTP is hydrolysed to GDP; cetalyzed by a group of proteins referr__e_d to

as Regulators of G—pret‘ein sighalling, or RGS. Go-GDP then reassociates with GBY, terminating

the signal.




A Activating B Activating
Signal Signal

\ \ G-Protein Coupled

Receptor (GPCR)

Guanine nucleotide
Exchange Eactor (GEF)

& N
B 0"

“OFF” “ON” Downstream Downstream Downstream
| ' Signalling Signalling Signalling
GTPase Activating Regulator of G-Protein
Protein (GAP) Signalling (RGS)

Figure 1. The GTPase as a cellular switch. (A) Model depicting the GTPase cycle of
monomeric Ras superfamily proteins. Stimulation by an activating signal leads to displacement
of GDP (depicted as two yellow circles) by GTP (depicted as three yellow circles), catalyzed by
guanine nucleotide exchange factors (GEFs). GTP binding to Ras promotes a structural change
facilitating the binding of Ras to various downstream effectors, propagating the signal. Ras is
subsequently turned off through the action of GTPase activating proteins (GAPs), which enhance
the intrinsic GTPase activity of Ras proteins. (B) Model depicting the GTPase cycle of
heterotrimeric G-proteins. Heterotrimeric G-proteins consist of G, GB, and Gy subunits. Go
couples the G-protein to a serpentine G-protein coupled receptor (GPCR), and Go-GDP is
associated with GB and Gy, which functions as a dimer. Agonist binding to the GPCR, results in
displacement of GDP by GTP to Go, and Go-GTP dissociates from the GBy dimer. Both
subunits can participate in signalling events. The cycle is completed by regulators of G-protein
signalling, which catalyze the Ga. GTPase.
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Figure 2. Alignment of Ras protein sequences. Gapped alignment of protein sequences of 6
Dictyostelium Ras subfamily proteins (RasB, RasC, RasD, RasG, RasS, Rapl) with mammalian
H-Ras. Numbers indicate position of amino acids in protein, dashes indicate amino acids that are
identical to those in H-Ras, and boxes refer to the conserved GTP-binding domain. Residues
marked with a (*) represent the Switch 1 region, residues marked with a () represent the Switch

2 region, and residues marked with a (o) represent the o- hehx 3 region. Figure modified from

Daniel et al. (1995).




1.3 ActiVators of Ras'.pr'oteins
| Thta .first RasGEF (CDC?Sp) was. discovered in S."acchavromyt:és» cerev'isivae'ih a genetic |
' Ascreen for co'mp.on'ents upstream of '.Ras (Broek et al.; 1_987). Biobhetnit:al 'cotlfirmation of
rtucle_otide‘ exchange activity was shown a few years tater (Jones ét al., 1991_)'.. -Trh_e'. first
» mamfnali'atn RasGEF .cloned‘ wés SOS (Bowtell et al., 199 2), discovered as a homologue of the
Drosophila RasGEF, followed closely by the discoveries of the RatsGEF, cbC2s5M" '(valso known
aé RasGRFt) (Martegani et al., 1992), the RalGEF, RalGDS (Albright et al., 1993), and the
RaﬁGEF, C3G (Knudsen et al., 1994). As mutations in Ras contribute to a large.ﬁumbér of
diseases, it shbuld t:ome as no Surpri_se thét several RasGEFs have been imbﬁcated ;a's wéll;
Renal 'carcinoma cell liﬁes "di.splay increased Ras activation, and the amplificationr of SOS hasA ’
been suggééted to play:a role in this process (S»hinohara‘et' al., 1997).. Insertiorittl mutégenesié
has revealed that amplification of the RapGEF, GRP?2, induces acute myeloid leukemia in mice
(Dupuy et al., 20_01),' Gi'yen that RasGEFs' are often the limiting factor in_Ras protein activation; '
their study has received much attention.
‘While RasGEFs are typicbally multi-domain t:ontaining proteins, one common feature is
. the presence of a catalytic domain with significant homloljogy' to CDC25p, and this domain is
~ often referred to aé the CDC25 domai.n. Sequence alignment of the ~250 residue domain was -
fotjnd to contain five structutally conserved regions (scrl-5) (Bt)guski and McCormick; 1993),
and solution of a crystal vstruct_ure of a 'SO.S—Ras co’tnplex revealed that scrl-3 form the Ras
binding po.‘cket _(Boriack—Sjoditl et al., 1998). RasGEFs preferentially bind to Ras-GDP. t)ver

‘Ras-GTP, and three regions of Ras have been implicated in the RasGEF-Ras interaction: Switch

1;-'Switch 2, and a-helix 3 (residues 102-107) (Figure 2). Mutational analysis has revealed that |




- the Swit_ch 2 region is important for tighi binding to the R‘asv‘GEF,. and this binding results in the =
displacement of Svsiitch 1, leading to the disruption of the nucleotide binding sité and ultimately
to GDP release (Hall et al., 2001; Wittinghofer, 1998).

The family of. RasGEFs is diverse ‘and'can be grouped into more than 10 different classes
based on substratei Specificity and stiuctural _ 'similarities. | SOS is; ubiquitously | expresse'(i
throughout.mammalian .tiséueS',and ‘c'ells, and beli'eved" to be the most commonly employed
RasGEF, activating Ras in»response to Variou_s growth factors via receptor }tyrosinei kinases
(RTKS), GPCRS?‘and imrritiné cell réceptor activation (Nimnilal and Bar-Ségi, 2002); RasGEFs
can aléo be regulatéd by iritracel'lulai'secondary méssengers, creating a network of intertwined
- signalling pathways. 'F.or example_, RasGRFl, expressed primarily in brain tissue, is regulated by
the Ca** binding protein calmodulin thréugh an. 1Q (ilimaquinoile) démain at its'N-termin_us‘
. (Farnsworth et al., 1995). Thé_RasGRP faimiiy is regulated byibinding to diacylgiyéerol (DAG),
which s'e.rves to translocate RasGRP to the membrane.l RasGRP is downstream of Phospholipase
C 7¥-1 activation, and has been implicated in the growth and development of immune cells
(Dower et al., 2000; Ebimi et al,, 20‘00).' The Epac (also referred.‘ to as CAMP-GEF) class of
RasGEFs Were isolated in a search of the human genome foi sgquences that contained both a
RasGEF domain and a CAMP bindir_lg domain, and it has beer_i shown in CHO cells that cAMP
induces Rapl activation by Epacl (dé Rooij et al., 1998). RasGEFs Czir_l also serve as dual
specificity GEFs, cataiyzing the activation of more than one GTPase. SOS, i‘or example,
contains a catalytically active RacGEF domain as well as its RasGEF domain, and expression of
activated Ras (G12T) in COS-1 cells stimulaies the RacGEF activity of SOS, suggesting that the

RacGEF activity of SOS is regulated by its RasGEF activity (Nimnual et al., 1998). The dual

Specificity of SOS provides a mechanism for the regulation of Rac mediated cytoskeletal




rearrahgemeﬁt by Ras, and in general, dual specificity GEFs can link GTPase pathways,' creating

a netw_ork of GTPase sign’élling cascades.

1.4 Inhibitofs of Ras activation |

While much is known ‘abo‘ut GEFs and their role és regulatofs of Ras fun}ction,v l_e‘ss is
~ known about the GAPs that i,_nhibit Ras. The reason for this is that GAPs Qvéré often thbught to
play a secondary rol_e"in Ras signailing, with their function being éonsi_dered less iniportant.than
tHat of the GEFS. |

For the mbst part, GAPS for‘vthe.different,Ras subfamilies don’t shafe much s-equence
s_irnilérities, whereas GAPs for Ras proteins within each subfamily are highly féléted (Boguéki
and McCormick, 1993). As. a result of this‘ similarity, GAPs are predicted to exhibit a high» '
substrate ﬁreference fof members of one Ras subfamily. ’Analysis of a crystal .structl'lre of a-
RasGAP—Ras—GTP CO‘fﬁpieX. revealed fhat RasGAPé bind to Ras-GTP at the Switbh; 1 and Swi_tch
2 regions via a ~220 amino acid cataiytic domain (S'cheffzek' et al., 1997). An ‘argining finger’
(R789 in mammalian p120GAP) that is conserved in all RaéGAPs (Bernards, 2003) inserts itself
into the active site of Ras to help stabilize the transition state formed during GTP hydrolysis
(Schcff;ek et al., 1997). |

Not much is known ébout how kasGAP activity is regulated in vivq, but like RasGEFs, :
RéSGAP regulation is ‘div_ersified (reviewed in Bernards, 2003). ~ The most well .studied
mammalian RasGAP is p120 RasGAP, a]éo referred to éimply as RasGAP, a multidomain
~ protein -that includes SH2 (sfc homology 2), ‘SH3 (src homology 3), and PH (pleckétfin .

homology) domains outside of the GAP catalytic domain. One study demonstrated that the SH2

domain mediates the recruitment of p120 RasGAP to activated RTKs in CHO cell lines (Kaplan




et al., 1990), although how this affects _p120 RasGAP activity is unknown. HoWever, if this

- translocation does facilitate GAP activation, this mechanism implies that the activation of Ras is
coupled to the activation of its negative regulator s1nce RTKs are often upstream of Ras '

- activation. The RhoGAP pl190B, is regulated by phosphorylatlon and it has been shown in

mouse_ embryo-derived fibroblasts that p190B can be- directly phosphorylated by the insulin

receptor IGF-1 (Sordella et al., 2003). 'Phosphorylation of p‘190B induces the t_ranslocation of

'pl90B to lipid raft contaimng plasma membrane Where activated Rho has been shown to

accumulate. Again this mechamsm ]oms activation of a GTPase with the activation of its GAP.

1.5 Sub-cellular l(')calization of Ras
The C terminal sequences of Ras proteins are highly d1vergent and hence the C- terminal.

~25 amino ac1ds of Ras is often called the hypervariable region (HVR) (Takai et'al.,, 2001). This

is also the domain that is responsible for membrane anchoring of Ras. The 4 C-terminal amino

acid residues are referred to as the CaaX motif, Where ‘Cisa cysteine,_ ‘a’ refers to an aliphatic
amino -acid, an'd ‘X’ 1s any amino acid residue. Isoprenoids, such as_farnesyl or geranylgeranyl,
are incorpo.ratedat the cysteine residue following cleavage of the last three amino acids, and the
nature of the prenylation motif can inﬂuence the localization of Ras (Pechlivanis and Kuhlmann,
2006). Fatty acids, espec1ally palmitate, can also be added to Ras proteins at cysteine re51dues
other than the terminal cysteine, also contributing to sub cellular localization (Schroeder et al.,
1997).

The fact that the HVR is so divergent suggests that Ras proteins Iexhibit different sub-
cellular localization, and this has been shown to be true. H-Ras is associated equally with lipid

raft and non-raft plasma membrane, and activation of H-Ras results in a shift to non-raft



membrane (C‘her_l' ar.ld'_ Resh, 2001; Prior et al., 2001). K-Ras, .on the othef‘hand, ié lbcalized |
exclus_ivély to non-raft plésnia niembréne (Prior et al., 2001), pr(i\?idiné" tWQ separate- platforms

for vt’he fu.nc.tion of H-Ras aﬁd K—kas. ‘Ras activation has aisp be_elanb_servéd..in"hon—pla.sm.a' |
' .membrane dofnainsl While Ras prot¢ins have been visu.ali._zed on the .Gol'gi énd ER membranes |
(Choy et al., 1999), it was not'initiallyllclear whether they contributed to sig'nailirig _Q'rv,vexist_ éhere_
: temp‘(')r'ari'lvy while beiﬁg éhu_tt,l_éd to the plasrha membrane. .The advent of ﬂﬁdfescent pfobes that
can monitor Ras acti';lation in li.\./e cells has demonstrated that the. _forme_r' is cof_rect. EGF
stimu’lation Qf COS-1 'ce‘lls expressing wild tvyp'e H-Ras demonstrated that Ras éctivation initially
occﬁfs at the piasma membrane, fo}lo@ed' by a_sﬁb'sequent acti_vatidn of Ras -"at .the Golgi
membrane‘((‘:hiu vet. al.,. 2002), demonstratiﬁg that Ras protein activation is no.t" limited to the’

plasma membrane.

.1'6 _ Rasractiv'atior'i by. extracellular ligands .

The canonical mammalian Ras éctivétion pathWay is thét of the épidérmal growth factor -
| receptor (EGFR), belonging to the RTK famﬂy of proteins (Tan and Kim, 1999). RTKs consist_
of an extfacellular domain requir‘éd for ligand binding, one transmembrane domain that anchors
. the receptor to the membrane, .ar.1d a cytoplasmic catalytic domain. The general mechanism for .
_ RTK activation begins with ligand binding, whiéh induces.'.homo-_dimer'_izat_ion Qf the RTK and -
acﬁvation of the éytoplaémié kinase domain (reviewed in Olson énd Marais, 2000). Acfiv_atlion- :
of the kinase results 1n tyrosine phosphorylation of the cytoplaémic tails, and vthese
' phosphorylated(t‘yrosine;s serve .as docking sites for SH2 domain containing prbteins, in ‘pal’t'iculvar

Grb2, translbcaﬁing these proteins from the cytosol to the activated receptor at th¢ membrane.

Grb2 is an adaptor protein consisting of a SH2 domain flanked by two SH3 do_main‘s, one of
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which is constitutivdy a_ssbciated with the Ras.GEF, SOS, through an ihteractioﬁ ’withva proline -
rich domain found at the C-terminus of SOS. If Ras 1s co'-lbc':alized with the 'EGF.R, tranSlocation
of Gbe to the EGFR effectively ‘sérves to bring SOS in close proximity to Ras, ailowing SOS to
- catalyze nucleotide ekchange, thereby actiVating Ras. | |

‘Ras élctiv_ation can éléo be mediated by antigen receptors .such as those found on- B-cell and
T-cell lymﬁhocytes (DoWnWa‘rd et al.l, 1990). Thes_e' receptors are He_tero-dimers consisting of a
large extracellular fragment, one transme’mbrané domain, zlln‘d a short cytoplasmic tail. " Ligandv'
binding to tilé receptor recruits cellular protein tyrosine kinaéés (PTKs), which phosphorylate the
cytoplasmic tails oﬁ.tyrosine reSidueS referfed to as ITAMs (irninunoreceptor .tyrosine-based
.acpivafion motifs). These p.hosphor"ylated' tyrosine residues serve as docking sites for various
SH2 domain containing proteins, ultimately leading Ito the-recruitmght of the Grb2-SOS c_:dmpl_exl
‘td the merﬁbrane. o o N

A third Ras activation pathway begins with GPCRs. One :of the first .GPCR agonists
| connected to Ras activation was the mitogen Lysophosphatidic acid (LPA) (Luttfell et al., 1997).
The mechanisfn by which LP_A'bindirig to its receptor ac’ti.v.ates Ras_is unclear, but a number of
the signallihg c.o.mponents have been elucidated. _One-model that haé been proﬁosed is referred
 to as ‘t_ransactivétion’ (Marihissen and Gutkind,“20.01). ‘This inVolves the'activatioh of cellular
- PTKs, such as Src or Pyk2, which phosphorylate the EGF receptor, leading to récruitmen_t of thé
Grb2-S0OS corhplex, énd activ’ating Ras. Another pathway involves PI3K signalling. Yart et al.
(2002) demonstrated that blocking PI3KYy actiVity in Vero kidney epithelial cell lines Fhrou gh the
use of dominant negative -mutants results in a significant reduction in LPA stimulated Ras
activation. Based on .thq. reduvction it was pqstulated that pl10y activity generates.

phosphatidyliAnositol (3,4,5) trisphosphate (PI(3,4,5)P3) at the membrane, which serve as docking
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sites for the adaptor prbtein Gabl, and in turn leads to the recruitment of the Grb2-SOS 'compl.ex

'

to the site of Ras.

' ‘1.7 Ras effector signalling pathwéys
A large number of proteins ha.ve' been character_izéd as Ras effé_ctorprotéin_s, reg'ul'zliting
" many Cellﬁlar processés.l Thc.}.first mammalian Ras effectbr, RafT, was isolated in a-y._eést two-
hybrid screen (Vojtek:et al., 1993). Rafl is a serihe/thréonine kinasev,‘and it'was dé_monstrated
that Rafl in_teracted with H-Ras (G12T), but not H-Ras (SI7N) (Vojtek et al., 1993). Rafl is
recfuited to the plasma membrane ‘upvon receptor stimulated Ras activation, and. a.‘cti.v.ated Rafl
initiates a ph.o’sph‘orbylation cascade that proceeds to MEK, and then leads to aétivatioh of the
ERK pr_ofein.s (Arbabi and .'l\/.Iaier, 2002). A;:tivated ERKs then translocate to iﬁé-ﬂucleus to
'activaté vafi'ous transcfiption’ factors such as Elkl and‘ JUN, -c_oupling Ras activatidﬁ at thé
membrane to gene expfeséion.

Another well characterized Ras effector is Phosphoinositide 3-Ki_nase (PI3K) (reviewed
‘v in Katso et al.,  20(51). A lipid kinase, activatéd PI3K phosp.horylatf.:s PI(4,5I)P2‘ at the 3’ ‘position.
to generateb P1(3,4,5)P5. PI(3‘,4','5.)P3- serves as a binding site» for pleckstrih homblOgy (PH)
domain containing proteins, lééding to the translocatiqn of these proteins, - usually from the ‘,
- cytosol, to the site of PI3K‘activity (Blomberg et al., 1999). ‘An important effector of PI3K is the
prb'tein kinase PKB, also reférred to as Akt (Vanhaesebroeck and Waterfield, 1999). While PH.
domain dependent translocation is-required for PKB to function (Bellacosa et. al., 1998_),
activation. of PKB ié sti_mﬁlated by . phosphorylation on two sites, T308 and S473.
vP_hosp‘horylatio.n on T308 is mediated by the PH domain containing kinasei, PDK1 (Aléssi et al.,

1997), and phosphorylation on S473 is mediated by a complex ofb‘proteins, TORComlplexi2 or
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TOR‘C2. (Sarbas.soyv et aI;, 2005). Ac_tivated PKB then.. phosphorylates »doyi/nstream- target
proteins, including: the prd—apoptotic' group of’ tianscrintion_ factors of the Fdrkhe‘ad family,
inhibiting-t.heir, function (Dijkers th al., 2002). PI3K pioducts héve also been.shdwn to regulaté '
: RacCiEF'activity both in vitro (Han et'al.,. 1998) and in vivo'in COS-7 cell lines (Michiels_ et al.,
1997), providing a _inechanistn for the ‘role of PI3K in.'cell ‘motility By inducing dytoskeletdl.
réarrangemént. v |

The RalGDS family, which includes RalGDS, Rgl,‘ Rif, and Rgr, functions as GEFs for
the Ral fam.il‘y of GTPases, and it has been demonstrated that RalGDS prornotes the activation of
Ral in:COS-7 cells e'xpressving activated H-Ras, but not activated R—Ras or Rapl (Urano et al.,
- 1996), thereby‘, §tiniul'ziting initdg_enesis. i’h_ospholipase Ce (PLCe¢) is "anoth_er important Ras
effector.- Expressing activated H-Ras in jC_OS—'7' cells stimulates 'PLCé activity (Kelley. et al.,v
.2601). The-PLC fairnily df .protein's, of whic}i only PL'Cé harbours.a RBD, cleaves P1(4,5)P, at |
_t'hé' plasrna membrane to generate twoimportan't intracellular second méssengern, diacylgiycerolI
(DAG) and inositol (1,4,5) trisphosphate (IP3). DAG subsequently l_e'ads to the abcbtivation of the
prote_in kina,.se' PKC, whereas IP3 _stirnulafes the increasé of intraceilular Ca*. Thus, Ras can |
integrate DAG and IP3V stimulated pathways through the antivation of PLCe. Other examples of
* Ras effectors are AF6 (inhibitor of cell proliferation in HEK293 cell lines;(Radziwi-ll.et,al.,
2003), Norel (tumor__‘suppressor in A549 human lung tumor cell lines; (Vos et al,, 2003); and
p120 RasGAP (Ridley et al., ,1993)’ which has been implicated in cytoskeletal rearrangemenf via
the activation of the Rho family_'GTPases in_.Swiss 3T3 fibrdblast cell lines. Thus, the cellular

role of Ras involves a cornplex_ balance of a number of signalling pathways.
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1.8 _Dietybstelium ';is a model o_rgz_n_nism

- Dictyostelium discoi'deu'ni is a soil living arﬁoeba Qhere it feeds on bacteria in the wild, and
is affeetionétely referred to és the ‘social amoeba’ becaljse starvatiyo;l initiates‘ ‘a‘developmental
‘ .process that uhites the normally soli’tary amoeba into a multicellular fruiti.ng body co'n_taining o

fIOO?OOO -cells. Belonging te the ,class Mycetozoa,’.v rRNA anélysis seggest_s‘,.tha't_ _ 'early
) ~Dictyb'sfelids diverged befo‘re»‘.the evolution of plant,. anifnalé, and fungi tEmbley and .Martin,
2006), while protein eased analyees place the di_vergence closer to tvhe point of diyergence of
aﬁimals and plants (Baldauf, 2003). o | |

While the evolutiqnary origin -Of, Dictyostelium is somewhat cloudy, it does ﬁot.deter from

its role as a rhOdel erganism. 'Diciyostelium is easily grown in the lab on both solid surfaces and
in s'hake_nv culture with bacteﬁé_as a food sAourc.e, and the ge_neration of axenic straiﬁ.s' hae allowed
'fer cultivaﬁon in liquid: media, bypassing the need for previding bacteria as a fodd soufee. The
Dictyostelium genome is_haploid for most of its life. cyele, and coepled with the tfact\abilityI of its
genom_e, allows for the targeted disruptien of genes of study. The nature of the life cycle
(Section 1.9) permits for _growth and differentiat_ion to be treate.d as independent processes,
allowing for the characterization. of growth specific or developmental specific genes. The
Diciyos;elium genome, Which.h.asbeen fully sequenced. (Eichinger et al., 2005), encodes fer
~ many of the same compoﬁents that are involved in human signalling, and it has proven to be
useful' for studying process‘es such as cytoskeletal organization, cell motility and cherﬁotaX-is, :
phagocytosis, and signal transduction (Affolter and We'ijer, 2005; Aubry and Firtel, _1999_;
Franca—Koh‘ et al.? 2006; Lee .et al., 2001; Manehan et al., 2004; Rupp_er_aﬁd Cardelli,. _2001).
"'F.inallvy, giveﬁ the similarity of its feeding mechanism to thét of human phagocytes,‘

Dictyostelium has proven useful for studying human diseases caused by intracellular pathogens
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such as .Le_gio'nella: pneumophila, Mycobacterium marinum, and Salmonella typhimurium

(Williams et al., 2006).

1.9 The life cy'cle; of Dictyostelium diﬁcoideum
.The follo_wing ‘s.e'cti‘on pfovides a'bfief overview of ‘the Dictyostelium discoia’ewﬁ life cycl.e
(Figure 3)'.(>reviewed_in Kessin, 2001). Dictyostelium lives as a single celled amoeba during the
vegetative growth stage, feediﬁg,on bacteria, (_)r in the c.as.e of the laboratory axenic strains,
tékingvup ﬁufrients from liquid media via pinocytosis. When the food sovurce'is dep‘leted, cells
within- the populatioﬁ initiate the's'_[arv‘ation réspon'sé. Célls begin to énlit pulses éf cAMP ~6-7
- minutes apart, :whi’éh éli_cits'a §ariet_y of résponses, including the activation of the aggregation
- stage .'adenylyl cyclas;é (ACA), stimulatiﬁg the' synthesis of cAMP th:at f_unctionsA»as‘ Both »an'
' ihtrace‘llulz_l.r" second messenger and as aﬁ é;(traceilular'signél to nci.ghbouring.c_e.lls, and the
induction of the expression of genesrequired fof gggregation and deVelopmeht. cAMP also
.f.unctio‘ns. as a chemoattractant. The relay of cAMP pulses allows for cell to cell communication
such that up to 100,000 cells from as far away as 1 cm'cgn coalesée together to form a ‘loose | -
aggregate.’v iUp(.)nvbfor'rr'ling the aggrégatg, the mound tightens ﬁp and.develops a tip- (the ‘tipped
aggregate’). Thé tip elongates to form a vertical finger like structure, sometimes referred to as a
‘standing slug,” which proceeds to fall over onto the Sufface and becorﬁgs a phototactic >an.d
thermotactic motile siug. In‘fhe slug, cells undergo a differentiation process that rés,_ults in 't;Jvo
general populations of qells, those destined to become spore éells (prespore célls), and fhose
destined to become stalk cells (prestal.k cell:s), with the tip of .the slug éonsisting primarily of
prestalk cells, and the rear % of the slug consisting primarily of prespore cells. Development

finalizes with the ‘culmination’ stage, a process that describes the transition from the slug stage
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to the final ffuiting body. This involves a rounding up of the slug, invagination of the stalk cells

through the middle of the ‘round disc, and a resulting lifting ‘of the prespore cells off the

substratum by the elongating stalk tube. - During this time the cells undergd the final

~ differentiation process; the prestalk cells make a cellulose sheath, vacﬁb]aie, and eventually die, o

whereas the prespore cells are encapsulated in a wall of polysaccharid‘es'vand .celllilo_Se,. -T.hc".final

- fruiting body consists of a sorus-of spores held up byba lohg stalk tube, supported at the bottom

by a basal disc. The spores can be spread thr'ough‘ the action of passing ani_mals or insects, for
example, and in response to_favourablé grthh conditions, the spores germinaté into vegetative
amoebae. The full process of development from amoeba to fruiting_body requires about 24 hours

to complete.

16




Cdfminaﬁdn
18-24 hrs

taing
Slug 16 hrs|

s

Figure 3. The life cycle of Dictyostelium discoideum. Scanning electron micrograph depicting
multicellular developmental structures Dictyostelium discoideum. Life cycle begins with
‘vegetative cells’ at the lower right corner of the figure, and proceeds clockwise. Electron
micrograph is by Mark J. Grimson and R. Lawrence Blanton of the Biological Sciences Electron
Microscopy Laboratory, Texas Tech University. Printed with permission from R. Lawrence
Blanton. © M.J. Grimson and R.L. Blanton.
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1.10  Dictyostelium .Ras'.pl"ote'ins

The Dictyostelium disccideztnt genome -contains 6 genes' encoding fo:r-.Ras' subfamily. |
Vproteins (Figlire .2) ‘that have been characterized to some .e_xte'nt‘: rasB,’ rdsC, rdsb, rasG, rasS,
and rapA (summarized in Table 1), w1th at least 9 other ‘putative ras genes present 1n the
, -genomic database 1nclud1ng t\ivo more rap genes and one rheb gene (Weeks et al 2005) This
laige number of ras _genes is quite peculiar in that this number is almc_st half as many ras genes
found in human (35) (Colicelli, 2004) despite the reilatively small size of the Dictyosteliu'm
genome (~35 Mh) versus that of the human genome (~3.2 Gb). The Dictyostelium Ras pi’oteins_ '
‘exhibit > 50% arnino acid i,dentitSI with mamrnalian H-Ras, with RasD and RasG sharing the
highest sirnilarity, 65% and-‘68_%, respectively (Daniel et a_l.', 1995). While the effectot domains '
(residues 32—40 relative to H-Ras) of RasB, RasD, RasG and Rap1 are identical to'H-Ras' (Daniel |
et al., _1995), a nnmbei of -variations exist when inclnding the residues that acconnt er the Switch
1 region (Figure 2). As residues frorn Switch 1 contribute to effector b'i_nding specificity, these -
-differences would suggest that each Ras piotein displays differential affinities for the same
effector protein. The temporal regulation of expression is different for each of the characterized
genes (Daniel et al., 1995), suggesting that veach gene is iequired for mediating a specific set bof ,
functions during specific stages of the- life cycle; Genetic .analyses by targetcd gene disruption :

have supported the notion that the Dictyostelium Ras protelns are not completely functionally

redundant (rev1ewed in Weeks and Spiegelman, 2003; reviewed in Wilkins and Insall, 2001)
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Table 1. Summary of D_iétyostelium Ra_'s proteins and their proposed function.

Protein | Gene | Function

RasB rasB Inability to generate knockout suggests gene is essential for
- viability. Reduced expression of rasB coincides with reduced
growth. Expression of actrvated RasB leads to mcreased rate of

nuclear division.

- RasC rasC rasC’ cells fail to aggregate due to inability to actlvate ACA during
early development. :

RasD rasD Expression of activated RasD suggests a role in cell type
- ‘ " differentiation in late development. Phenotype of rasD" slug also
suggests a role in photo- and thermotaxis.

" RasG ~rasG  Expressed primarily during growth, rasG™ cells display defects in

cytokinesis, cytoskeletal regulation, and - growth.- in' shaken
suspension. ' ‘ : ‘
RasS rasS Loss of rasS leads to growth defects associated with a reduction in

fluid phase endocytosis.

Raval , 'rapA' Inability to generate knockout suggests gene is essential for
- viability. Knockdown of rapA expression coincides . W1th reduced
growth rate and cell viability.

The first Dictyostelium ras gene to be cloned in Dictyostelium was rasD (Reymond et al.,, -
1984). The rasD mRNA is not expressed dlrring vegetative growth, and only expressed at low
‘ leyels during the aggregati'on stage (~8 hours from the onset of development), with maximal
expression during culminatron (~18-24 hours)‘.v, When cells expressing activated RasD (G12T)

are “induced to undergo multicellular developmen_t, the aggregates exhibit an abnormal
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morph(_)logy," with IﬁUltiple tips p;otruding from the tipped aggregate (VerSﬁs one tip f_or wild
type cells), and developmejnt'proceedinvg no further (Louis et al., 1997). Anquhér consequence of
éxpfeséing RasD (G12T) is‘ én 'ehf‘lancément of stalk céll s:pgcific_ lget_lf_:g, arjld.a concomitant
' .reductio‘n"in Spofe cell sp_ecific geneé (Louis et al., 19975, These obSerafionS sugges't‘ed that
RasD is intimately involved in the developmental pchéss, and in partiCular fespénsiblé for
) regulating. spore and stalk cell differentiation (Table 1). Thus, it was somewhat of a Sufprise that
a population of rasD knockout célis developed norinally with a Wild tvy:pe stalk cell tp spore cell
diétribution,__ and the_ only _obvious‘ phenotype was a motile slug that Wasv ‘not‘thermo—_. or
phétotactic (Wilkins et al.,‘2000). The role ‘of RasD in cell type differéntiation vrﬁay have Beén
fnasked by pértial compensation by the highl_y homologous RasG (87 % anﬁno. acid icAl‘entity‘to‘
RaéD) as .ther.e is-an incréasé 'in‘ RasG protein lével in strains lacking r_asD (Khosla.ef al.; 2000). o
‘Ras.G is almost identical to RasD over the first 111 amino acids with only 4 differences |
‘(Figure 2) (Daniel et .a.l.., '1995). rasG rﬁRNA is expres_sedk predominantly duriﬁg'_ growth, with
_transcf_ipt levels coming down during aggregation, and not detectable by the ‘Standing slug’ stage -
| (16 hours) (Dahiel et al,, ‘199'5). Consistent with the mRNA expfession pattern. that suggests.
RasG is 'important during vegetative growth, gene ablation of rasG results in cells that exhibit '
severe. growth defects when grown axenically in suspension (Tuxworth et al., 1997). Whén _
» groWn in axenic mediuml-onv a solid surface, ‘cells grow large an’d‘be‘come‘ multipuclea_te, 3
indicating that rasG’ ce‘ll‘s haQe' defects in cytokinesis (Table 1). rasG" cells also have défecté-in
actin cytoskeleton reguiation, in.particular' fofmation of lamellipodia, fildpodia, and reduced-cell
motility (Tuxwdrth et al., 19975. RasD can compénsate for some RasG functions, as expreséing

. rasD from the rasG promoter in rasG™ cells results in rescue of the vegetative growth and

cytokinesis defects (Khosla et al., 2000). However, RasD cannot fully compensate for vthe loss of
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.RasG as. the eXprevssion of }asD from the ra.sG.promoter_in rdsG' cells does ﬁet rescue the
defect_s in cell motiiity. | |

RasB .is a unique- protein‘in that it has been linked to the regulation of mitosis and
: immunoﬂuorescenee_‘stu.dies have revealed that RasB localizes to the nucleus (Setherland et al.,
20;0‘1), both novel aftributes for Ras subfamily proteinst qu most of the cell cycie, RasB 1s
found in the nucleus; hoWevler,}fro_m r.n'etaphase to telophase of mitosis, RasB exits the nucleus to
the cytosol, ;eturni‘ng only once mitosis is complete. Expres.sion of activated R_asB (GlST), the
equivalent of the '_activatin'g.H—Ras (G12T) ﬁutation, results iﬁ cells that display an increased rate
of nuciear division re.lati‘ve to the'rete of cell division. Lending more evidence to the importance
of ’RasB in regulatihg the cell cycle is the épparent inability to disrupt the résB gene (Sutherland
et al.,. 2001). An initial population_of what appeared to be rasB'vcells grew extremely slowly,
and displayed undetectable levels ef RasB pr_etein. Even_t‘ually,_. a subpopulation of c_ells was able
to outgrow the slow growing cells, and this reversion to normal growth coihcideel with the
.vrestora’tion of RasB protein levels. Subsequent genetic studies demonstrated that this population
of cells was eble to undergo a recombination event that restored the :eXpI'CSSiQI.] of the rasB gene .
while still -r‘n.ain.tai‘ning antibiotic resistance. ~ These data suggest that RasB 'i.s essential and
required for n.laivntenance of normal c_ell division (Table 1.

RasC is required for aggregation of Dictyostelium,. as evidenced by the phenotype of a
strain with a disruptien of the rasC gene (Lim et al., 2.0(.)‘1). Further analysis demen_strated that
the aggregation defect is due to an inability to produce cCAMP epon recethf stirhulat_ion (Table
1). Supplying rasC cells with an exogenoﬁs supply of cAMP rescued tﬁe aggrégation defect,
suggesting that the primafy ’function_fof RasC is to regulate ACA activity. rasC cells that have

been starved without cAMP pulses chemotax to CAMP poorly. Sljpplying cAMP exogenously to
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starving rqu c_ells‘ results in a .hyp_er-polar cell, rélative to wild‘type-l(Lim' et al.;_ 2001),
suggesting that RasC méy also regulate asipecis of céll- polar_ity_ or c:'yfto's.keletal ofganization
during chémotaxis. | | |
The eXpiéssion pattern of rasS mRNA is similar tc.)b that of rasG, an(i disruntion' of ras$
ieads_to cells that have defects in grthh, endocytosis, and _mOtility (Chnbb 'et.al.'; 2000) Unlike
- rasG éells, whose grnwih deff;cts are primarily due to defects in cytokinesis'; the gr'(ivi{th defect
of ras§ cells is a drnmatically feduced rate of _flnid phase’ endncytp_sis. rasS cells are.alsd
elnng'ated and exhibit a faster rate of ‘motility, which coincides with an abundanceuof F-actin
locnlized to the pseudqpod; 'Chubbv et ai. (2000) proposed a model in which RasS regnlates F-
actin re-arrangem_ent, and tne need for actinin both feeding and’ motility ineans _ihat nne
behaviour will be compiorriised by thg function of the other. Thus, the high mniilit)i of rasS
cells is prnnosed to 'inhi:bit'endoc'ytosis for _feeding (Table Vl)." . |
~ The gene encoding Rapl, rapA, exhibits 'ci biphasié expressit)n pattern. with one: peak
_during aggregation (~8 hours) and a second peak duiing culmination (18 houré) (Robbins et al., -
1990). Like rasB; attempts at disrupting rapA have been unsuccessful, suggesting that rapA is»
evssential' foi cell- survival (Kang et al., 2002). Studies using inducibie an'tisense. constructs

showed that a decrease in Rapl protein levels coincides with a reduction in growth rate and cell

viability, supporting a role for Rapl1 in cell viability (Table 1).
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1.11 cAMP signalling during Dictyostelium aggregation

As this thesis is primarily concerned with the events that occur during aggregation (the term
‘early development’ will be used interchangeably with the aggregation stage), this section will
provide an overview of the cAMP stimulated signalling events during this time (summarized in
Figure 4). cAMP signal transduction is required for the cAMP relay (ACA activation) and for
chemotaxis and motility. The latter employs components orthologous to that of mammalian

signalling (reviewed in Manahan et al., 2004).

A B

Front of Cell

Cell Motility
Cell Polarity

Rear of Cell

Figure 4. The cAMP stimulated pathways during Dictyostelium aggregation. (A)
Schematic of the cAMP stimulated signalling pathway leading to the activation of ACA. Both
the PI3K and TORC2 pathways are required for ACA activation downstream of the cAMP
receptor complex. PI3K activity results in the translocation of the PH domain containing protein
CRAC from the cytosol to the membrane. RasC is also required for ACA activation, but it is not
clear how RasC interacts with these pathways as both PI3K and TORC2 appear to be
downstream of RasG (Section 1.12). As ACA activation occurs at the rear of cells, it is possible
that a signal is transmitted by RasC to ACA at the rear. (B) Schematic of the cAMP simulated
pathways regulating chemotaxis, cell motility and cell polarity. As with the pathways to ACA
activation, both the PI3K and TORC?2 are involved in cell motility and establishing cell polarity.
PI3K activity results in the translocation of the PH domain containing protein PKB from the
cytosol to the membrane. A separate pathway leading to the activation of GC is also required for
the chemotaxis behaviour.
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The primaiy receptor for cAMP at the aggregati’on stage, cAR1,is a typical GPCR,’ and is
thought to mediate all cAMP stimulated events durmg aggregation (Puplllo et al 1992) cAR1
is predominantly assoc1ated with the heterotrimeric G- protem 1nv‘olv1ng the G0t2 and GBYA |
.subunits (Parent and Devreotes, 1996). Binding of cAMP. stimulates_ the. exchange of GDP. for
| GTP on Go2, which in turn leads to dissociation of Go2 frorn GBy, and e_ach-of these are thought_

.' to initiate a separate sighalling pathway; G[?iy is. thought to activate PI3K -and ACA (Paient and
Devreotes 1996; Wu et al., 1995) whereas Goc2 is thought to stimulate the pathway leading to
the activation of the aggregation stage guanylyl cyclases sGC and GCA (Roelofs et al., 2001
| Roelofs and Van Haastert, 2002). .ACA, like the mammalian-counterpart,vconsmt‘s of six
‘membrane spanning do'mains, two large cytoplasmic domains, and functions asla hotnodimer;
However, unlike the rnammalian adenylyl cyclase, the Dictyostelium' ACAY does not contain a
conlsensus GBy binding‘ site, and how Gfy activates ACA is..not certain. What 1s known is that |
‘two cytosolic components are required, the Cytosolic Regulator of Adenylyl Cyclase (CRAC)
 and Pianissimo (PiaA) (Chen et al., 1997; Lilly and Devreotes, 1994), and both of these proteins-
are necessary.for ACA activation. CRAC is a PH domain containing protein and translocates to
‘the front of migrating cells in respon.se to cAMP, and thi% translocation is dependent on PI3K
‘ act1v1ty (Huang et al., 2003). PiaA is an orthologue of AVO3 and is a part of the TORC2
complex along with TOR, 'LST8 and the Dictyostelium homologue of mammalian Sinl, RIP3
(Lee et al., 2005). The TORC2 complex is required for ACA activation, cell motility, and cell
polarity, and there is evidence that demonstrates _thatRasG is involved in the regulation of this
complex (S.ectivon 1.12).
cAMP stimulation of aggregation stage‘ ceils leads to a rapid production of cGM_P,

peaking ~10's after stimulation. Dictyostelium expresses 2 guanylyl cyclases during aggregation;
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GCA and sGC (Roéli)fs and Van Haastert, 2002), homologo>us‘ to .12 transmembréﬁe domain and
soluble guanylyl cyclases, respectively, and lcolllectivelly- referred to as GC. The evidence
| sﬁggésts thét sGC is the lprimary GC during aggrc;gatioh as gcaA cells produce n.orr‘nal levels of ’
: CGMP whereas sgc'A“cells have a more drématic reduction in cGMP prodﬁction when stimulated
with céAMP; a SgcA'/gca' strain produées no measurable level of CGMP (Roelofé and Vaﬁ
Haastert, 2002). The role of c¢GMP as a second mé_:Ssenger is less clear. What is known is tha't
c¢GMP is required for _mobili;ingl myosin II to the rear of chémotaxing cells, and cells uhable to_.'
produce CGMP have severé defects in chembtaxis efficiéncy >(see below) (Bosgraaf et al., 2005; -
‘Roelofs and Van Haéstert,‘2002). A‘bioinf(.)rmatic' screén looking fbr cGMP biinding proteins
found only one protein, GbpC, with a démonstrated c¢GMP binding ability (Goldberg et al.,
2002),‘ and ghpC cells have a phenotype similar to cells that are uh_ablc to produée cGMP.
_(Boégraaf _ét al., 2005), suggestiﬁg that G'pr' is needed vto transduce fhe cGMP signal.
Mutatioﬁal analysis indicates that a small G-proteiﬁ ié upstream of GC and downst_reém of Go2
(Roe}ofs ‘et al., 2001), and analysis of cAMP stimulated cGMP production in a rasG’ strain
sugggs'ts that RasG mediateé GC activity (Bolourani et al., 20006).

An important mediator of the intr.acellularv CAMP signél is thé cAMP dependent protein
kinase, PKA. PKA is a heterodimer consisting of a catalytic kinase subunit, PKA—C, and a
regulatory subunit, PKA-R (Saran et al.., 2002). In the absence of a signal;vPKA—C and PKA-R
are associ.at»ed, inhibifing PKA activity. Bindiﬁg of cAMP to PKA-R forces dissociation of
PKA-R from PKA-C, leading to the activatioh of PKA, and deletion of pkaR rembves the CAMP
dependent regulation of PKA activity, re_sultiﬁg in constitutive PKA activity (Zhang et al., 2003).
PKA is required for all Stéges of develobment, including the transition from growth to

development (Schulkes and Schaap, 1995), regulating intracellular cAMP-degradation (Shaulsky
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and Loomis, 1 993j, and terminal matur_atien Qf spore aﬁd stalk cells- (Harwood etal., 1992;‘ Mann
et al., 1994). AOne role of PKA during aggfegetion is -as a; regulafor of RegA, an intracellular
cAMP specific phosphodiesterase thét breaks down the cAMP gene.ra'ted‘by ACA (Shaulsky ana N
' ‘Loomis, 1993'). leKA 18 alse vinvol_ved in chemotaxis and celi motility,' a>s cens.tituti'v‘e PKA |
activity results in cells that display reduced cell speed and a loss of .celll polérity (Zhang elt al.,
) 2003). ‘H(‘)wever, the .lac‘k of _kﬁown downstream substrateS has preVented _elu"cidating» the role of
PKA in chemotaxis. | | | |
cAMP stimulation of the PI3K pathWay has been suggested to be vdownstream of GBY '

(Sasaki and Firtel, 2006). vThe pathway is complicated because Dictydstelium encodes at least
five proteins that ‘ar‘.e similar to rhémmalian type I PI3Ks (Hoeller and Kay, 2007; Zhdu' et al.,
1995). Dictyostelium PI3K1 and PI3K2 (encoded by pikA and pikB, respectively) 'are-.closely '
r_elated ortﬁologues of ﬁammalian p110 PI3Ks (Zhou ef al., 1995),- and cAMP .svtimuletion of
aggregation stage cel‘.ls ieads to an increase in PI(3,4,5)P3 at the front of the cell, énd a
| cencor_nitant transioc'atioh of PH domain centaining ﬁrotei'ns such as PKB_‘and CRAC to the site
-of PI3K activit&' (Huang et al., 2003; Loovers et al., 2006; Meil-ivet al., 1999). -A. PikA/pikB"
sfrain exhibits dramatically redﬁced' PI(3,4,5P; accumulation, and a defect in the cAMP
stimulated activation of ACA. (Funamoto et al., 2002), ‘pr‘esurjnably due to the loss of CRAC .
~ function in this mutant. | |

| There has been eignifiCant controversy surrounding the 'fole of PI3K as a mediat‘or" -of
chemotaxis (reviewed ih ‘Sasaki .andvFirtel, 2006). PI3K1 and PI3K?2 both‘ translecate to the front
of migratiﬁg cells when placed in a gradient of CAMP, and pikA/pikB" cells are poorly polarized
_.'and ehemota* very slowly to the source Qf chemoattractant .(Funamoto- et ai., 2002).

-A'd'ditional_ly, constitutive localization of PI3K1 to the entire cell periphery results in cells that
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extend pseudopéds _in all direétions (Fun;imoto et al., 200‘2).-“ PTEN (encoded by tﬁe 'ptenA gene)
is a lipid phosphatése that f:onverts P1(3,4,5)P; to ?I(4,5)P2, effectively reVersiﬁg the action of
| PI3K Dic-tyos,telium PTEN shows an intracellu]ar trahslo_catioﬁ that is reciprocél to PI3K, i.ve'. ‘
B towérdsthe rear and sides of migrating éells. Cells that over-express ptenA Have suppreséed
ps‘_éudqpod formétioh at tfle 1ateral sides of the cell while chgmotaxiﬁg, appearing h.yper-polél".
relative to Wild type cel.is (Funamoté et al., 2002)_[ Thi>'sv led to a model of ‘Local Excitation,
Global Inhibition’ (LEGI) in which PI3K plays 'the central 'ro.le in chemotaxis (Ma et al:, 2004).’
In this_mOdei, PI3K orienté the cell by generating PI(3,4,5)P$ at the front .Of a chemotaxing cell
(local ‘excitation). This small gradient is then amplified through vth‘e action of PTEN (global ‘
L inhibition)», and the re’Sulting polarity places the appropriate machineryinto proper position to
ailow.chemotaxis to occur. .
Recent studies have refuted. the role of PI3K as a mediator of (‘:hemo_taxis.. Chemotactic
indéx is .a quantitative measure of chemotaxis effiéiehcy, and can Be simply defined as the net
.displac'ement of a cell towards the soufce of the chemoattractant divided by the total
displacemént.of the cell (Wesséls et al., 2004), i.e. a cell'that travelé_only in_the directién of the -
chemoattractanf .wi_ll have a C.I. of' one, whereas ;i cell that méves béck and fortﬁ but rﬁakes no -
net movement tbwards the éhemoat;ractant source will have a C.I. of zero. Thus; CL can be
used to separate defects in motility from defects in chemotaxis. Quéntitative analysié (Sf
chemotaxihg cells révéaled thét there was no difference in_C.I. between pikA/pikB c.e]’ls and Wild
type cells, but there was a significant loss in céll speed and éell polarity, indicating thai the
defects in chemotaxis were actually defects iﬁ motility and polarity (Chen .et al., 2007). Hoeller

and Kay corroborate this report by observing that a Dictyostelium strain in which all five type-1
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PI3K homoldgue_s have been knocked out shows no défect in C.I. when chefnotaxi_n’g to CAMP,
but sufférs a significant décre'ase;in the rate ovf_ motility (Hoeller _and‘Kay,.' 2007).

| Sd what might be thé éoﬁtfoiling element for chemotéxis? A: gcaA'/sg:cA" mutant that is
‘defective in thevvpr'oduction _of CGMP, and a ghbpC mutant that is defecﬁve' 1n transmitting * - |
s‘igna_lling events downstream of CGMP production, béth “have a. Cfl.» 'clésel to .léero \')'-vhilcl
vchem‘o'téxing-to CAMP (Bosgrﬁéf et al., 2002; Bosgraaf et él., 2005); These‘ mutants de@bnstrate
that cGMP is import.a'nt for the chémotactic re'spon.‘se.’ cGMP is réquin_éd for fnobiliz_ing myosin
II‘to the cell cortex, bgt cells lacking'myosiri IT are still able to chemotax, albeit 's_'lowc:r'relative.‘to
wild type cells (Shelden and Knechtl, 1995). Thisobs’ervation suggesté that the rolé of CGMP in
mobilizing the m_ydsin_II cytoskéleton is distinct from its role in 'chemotaxis; Baséd oﬁ a
qUéntitative analysis of pseﬁdopod generation, a new model of chemotaxis has béen ‘proposed '
(Andrew and Insall, 2007‘). The ‘Informed Choice’ model was based on the observation that
cells protrude péeudo.pods randomly, and these,.pégudopods oftén split, or bifﬁrcgte, with the
__péeudo_pod that orients itself spatiaily closer to the chemOattractanf source becoming the -
dominant pseuc‘iopvod,‘and a subsequent retfacﬁon of the spatially fuﬁher pseudépod. Thus, small»
4i1'nprovements in the direction of the leading pseudopod over time lead to efficient éhemotaxis.
While treatment of wild type éeilswith the PI3K inhibitor: LY294002 did not affect the C.I. of
chemotaxing cells, it did dramatically vdecrease the rate of pseudopod generatiqn (Andrew and -
Inéall, 2007). The samev chemotactic behaviour was ob’éerved i_n'.hum_an neutrophils and moﬁse :
embryonic fibroblasts treated with LY294002 (Andrev& and Insall; 2007), suggesting a conserved
" mechanism regulating éhemotéxis. Taken together, these data would suggest that PI3K is
'impoftant in régulating the machinery involved in cell motility, but nbt in selecting the direction

of cells during chemotaxis.
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1.12 Involvement of Ras in aggregation

| Aside' ffom the Dictyostelium PI3Ks, orthologués of well established R.as‘e'ffector,s iﬁ
' m'amrhaliaﬁ signalling pathways, a numbér of Ras signalling cofnponents_ have been implicated
in‘_' ACA activation 'zmd.cher.notaxis dufing early deveibpmgnt. The first was th!cb RasGEF,
RasGEFA, formerly known as vAim‘les‘s’ or‘AleA, as gefAT cells do not activate ACA in response
to cAMP (Insall etal., 1996). Subsequent isolat_ion of a ra;vC' cell line With a similar ph-enotype.
suggested that RasGEFA was the activator of RasC (Lim ét_al., 2001); .lhowever, no further
genetié or biochemical data was able to corréborate this. Another'.protein' that was found to bé
ﬁecessary for ACA.'ac‘ti.vatior.l is RasInteraétin_g Protein 3, RIP3 (encoded _b)} the ripA gene) (Lee
et al.,"1999); As . the name implies, RIP3 hatbours a Ras Binding Domain _(RBD)i, énd its
vin'volve'ment in ACA ac‘ti;/ation prévided a péssible signalling:pathway cons.ivsting of RasGEFA
to RasC to RIP3. However, RIP3 was shown to iﬁterac_t specificaliy with RasGr, and not'vRasB,'
| RasC, RasD, or RasS (Lee et al., 1999).- This was somewhat surprising as there had been no
prior indicétién that.RasG Waé involved in ACA ac.tiviati'on., with any evidence being ténuous at
best, prior t.o'thi.s finding. RIP3 ié part of the TQRCZ compléx of proteins, ahd along with the
defects in AC-A .activation, ripA” cells don’t aggrégate_and chembtax slower than wild type cells
' (Lee et al, 2005). A RIP3 protein that bears two point mutations in the RBD, K680E and
R681E, dde‘s not bind to RasG (Lee et al., 2005). Whil¢ over-expression of RIP3 rescueé the
phenotypes of a ripA™ strain, over-exprcssidn of RIP3 (K680E, R681E) does'ndtvr_escu.e the
phenotypés of a ripA strain (Lee et al;, 2005), demonétrating that binding of RasG to RIP3 is
| neéessary for the function 'of TORC2. As .both RasG and TORC2 have been shown to be

ih\}oived in the cAMP stimu]ated activation of PKB ‘(Bolourani et al., 2006; Lee et al., 2005), it
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| may be that bind_i_ng of RasG to RIP3 funetions to localize TORC2 to the membrane, faé_ilitating

[

PKB activatidn. |
.Two RasGEFs have Been. identified recently,.and‘ beth 'de_rilonstrate' av. role in early
' development. R.asGEFM was,identified in a genomic _search ‘f_or R>a'sG‘EI*; sequences, and is -
.requi_red for ACA activation, .but.not GC activation (Arigeni et al., ‘20.05"). : gefM'CeIle chevr‘ri'otax.
~to cAMP poorly and do n.o.t ,_pelarize well. The observation that GC activi'ty is unaffected in
gefM cells suggests‘t'hat the poof 'chemotaxis' is dt_ie to defeCts in cell: motil_ity and/or polarity.
Aﬁother RasGEF impli‘cated in eariy"deveiopment is' GbpD, isolated in a s.earch_ for CGMP
binding proteiné (Goldberg et al.,‘ 2002). - While disruption of. gpr does not .éffect C.'I._
dra_maticaHy >relati_ve to wild ‘type icells, gbpD’ cells are hyper-polarized when '.c.hemot‘ax'ing .to
cAMP (Bosgraaf et al.,. 2005), suggesting that GbpD fegulates aspectsbf detefmihing cell_'
'polarity, i)erhaps as a negative 'regulator.- Given the merphologic similarities of cherﬂotaxing
gbpD" and rasC" cells (Bosgraaf et al., 2005; Lim ‘e.t al., 2001), it is tempting to speculate that

GbpD functions in the RasC pathway, perhéps as an activator of RasC.

1.13  Thesis Objective
At _the time I began my t.hesis-project? much genetie :and biochemical data was emerging ,
_ that shed light on Ras signalling in vDictyoste‘lium; however, not much was known about
acfivation of the Ras proteins themselves. Many of the eehnections to pathways were
speculative, for example the link between RaéGEFA aﬁd RasC, and the ﬁumber of Ras pathway
 proteins identified began to c_reelte some confusioﬁ as to what the role of Ras really was. |
The objeetive of -this thesis was to characterize the Ras éctivation_pathway during

D'ictyostelium early development. This stage of the life cycle was chosen because the cAMP
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signalling pathway was thé best described, and given the implication of Ras in C¢AMP stimulated -

signalling pathways (Section 1.12), it was hypothesizéd that Ras was activated during. this

proCesé. In order to confirm the role of Ras in the signalling events during aggregation, it must

first be demonstrated that Ras is activa.ted ‘upon stimulation by cAMP. To begin such an

undertaking, an assay'was’ needed that was able to measure activated Dictyostelium Ras proteins.
The first part of this thesis project was to modify an existing assay that was developed for

monitoring mammalian' Ras activation, and had been already modified for méasuring not only"

, Ras, but other small GTPases in both-mammalian and other model systems‘. The second part of

this project was to employ this assay to characterize the upstream factors that are involved in Ras
protein activation jh.Order to elucidate the Ras signalling pathways during early development.

Based on the available data, it would be expected that RasC is activatéd downstream of cARl.

_ahd the GoLQ[Sy heterotrimeric G-protein, and activated RasC mediates the pathway leading to

ACA activation as rasC cells are unable to activate ACA in response_ to cAMP. Furthermore,

ihe s.triking similarities of the phénotypes of the gefA” and rasC cells sgggcst that RasGEFA
activates RasC. While thefe is hot enbugh evidencé to strqngly implicate another Ras protein in
the cAMP éignalling pathway, the fact that rasC cells are able to chémotax e_fﬁciently to cCAMP
suggests that R.asC is not the sole Ras responsible for mediating thé downstrea.m effects of

cAMP. -



21 Materials

2 MATERIALS AND METHODS

2.1.1 Reagents

: ReStriction endonucléases, DNA polymerases and other DNA modifying énZymes were

~‘obtained from Invitrogen (Burlington, ON). Growth media reagents were from Oxoid (Nepean,

ON), BBL (Cockeysville, MD), or BD Sciencés (Mississauga, ON). All chemicals '\;\}ere

obtained from Fisher (Ottawa, ON), Invitrogen (Burlington, ON), or Sigma (Oakville, ON),

~ unless otherwise Stated. All cloning and s_ub-'clo‘ning steps employed the use of chemical.or ,

electro-competent Escherichia coli strain XL1-Blue MRF (Stratagene, LaJoila_, CA). Al
protein - expression vectors were transformed in Escherichia coli BL21 DE3 (I-nvi,trogen),
Hybond P polyvinylidene difluoride (PVDF) membranes, horseradish per_bxidase' (HRP)

conjugated goat anti-rabbit secondary antibody, enhanced chemiluminescence (ECL), and ECL

- 'Plus reagents for immunoblot analysis were obtained from GE Healthcare (Baie d’Urfe, PQ).

2.1.2 Services

All DNA ‘sequencing was performed by the Nucleic Acid and Protein Services (NAPS)
unit (University of Brit_ish Columbia, Vancouver, BC). All oligonucleotide synthesis was

performed by Alpha DNA (Montreal, PQ).
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Table 2. Dictyostelium strain descriptions.

Description

Selection

Strain Reference
T AX2 N Parental axenic strain for following strains. _ _
Ax2::pVEII- Ax? transformed with pVEII encoding 10 ug/ml G418 K (Sutherland et al., 2001)
activated rasB (G15T) expressed from a
rasB (G157T) - L . . (Bluschetal., 1992)
folate repressible discoidin promoter. L : .
Ax2::rasC- Ax2 transformed with pJLW25 encoding 10 ug/mi G418 ‘ :
rasC ~ activated rasC (G13T) constitutively ' , (Lim, 2002)
(G13T) expressed from a rasC promoter. -
i 0 ot s MBS excodne T IOMGHE | oot . 200
pg/ml Blasticidin
rasG (GI2T) tetr‘acycline repressible TRE-P,;, promoter. (Blaauw et al., 2000)
Ax2 transformed with pVEII encoding 10 pg/ml G418
Ax2:pVEIIl- . dominant negative rasG (G10V) expressed ’
rasG (G10V) from a folate repressible discoidin
promoter. -
Ax2 transformed with pVEII encoding 10 pg/ml G418 _
Ax2::pVEII- dominant negative rasG (S17N) expressed - ,
rasG (S17N) from a folate repressible discoidin (Khosla et al., ]9_96)
i o promoter. . i : '
gefM Chromosomal KO of gefM gene in Ax2. -5 pg/ml Blasticidin S (Arigoni et al., 2005)
AXx3 Parental axenic strain for following strains.
' Ax'%"actIS; Ax3 transformed with bMB74 encoding ‘ 10 pg/ml G418 ' : _
b - D ‘ gbpD expressed from a constitutive high (Kortholt et al., 2006)
8oPE expression act/5 promoter. , .
‘acaA” Chromosomal KO of acaA gene in Ax3. (Pitt et al., 1992)
carA-JearC ,Chromosomal KO of carA and carC genes (Soede et al., ]994)
: in Ax3. _
dagA’ Chromosomal KO of dagA gene in Ax3. (1319111}; and Devreotes, -
gbpD Chromosomal KO of gbpD gene in Ax3. (Kortholt et al., 2006)
gefA Chromosomal KO of gefA gene in Ax3. . (Insall et al., 1996)
gefC ~ Chromosomal KO of gefC gene in Ax3. -5 pg/ml Blasticidin S (Wilkins et al., 2005)
gefD Chromosomal KO of gefD gene in Ax3. 5 pg/ml Blasticidin S (Wilkins et al., 2005)
gefR Chromosomal KO of gefR gene in Ax3. 5 pg/mi Blasticidin S (Secko'et al., 2004)
. gpaB’ Chromosomal KO of gpaB gene in Ax3. (Wu et al., 1995) .
gpbA Chromosomal KO of gpbA gene in ‘Ax3 (Kumagai et al., 1991)
piaA’ Chromosomal KO of pi'aA gene in Ax3. (Chen et al., 1997)
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T

.» -2.1,3"Dictybstelium.'strains - A o :

Various' Dictyostelium strains -were sonrced for use in this thesis_'. gefA.', gefC’, gefD",
gefR™ and their wildtype parental strains (Table 2) were from Dr. Robert Insall (Unrversﬁy of
' B1rm1ngham, Bmmngharn, U.K.). gefM and its parental strain (Table 2) were from Dr.
Salvatore Bozzaro (University _of Torino, Orbassano, Italy). gbpD and Ax3::a‘ct1_5-gpr and
their_parental strains (Table 2) were obtained bfr'om‘D‘r. Peter Van' Haastert (University..‘of
Groningen, Haren, The Netherlands). .acaA'., carA‘/c'arC',. .dagA.‘i gpaB’, gpbA‘;-PidA' and their
- . respective parental .étrains (Table 2) were-obtained from the Di‘cty. Stock_ Centeri(Co_lumbia‘ ‘

University, New York, NY). '

214 Plasmids and DNA

~Various plas‘mid‘s, and DNA were generously proVided by the following investigatorsi '
'- pGEX-Raf eneoding GST-Rafl (RBD) from Dr. David Shalloway (Cornell University, Ithaca,
NY); pSL333 and pSL335, eneokli-ng GST-PI3K1 (RBD) and GST-PI3K2 (RBD), respectively, |
- from Dr. Richard A. Firtel (University of California at San Diego, Lal olla, CA);.pGEX-RalGDS ..
encoding GST RalGDS (RBD) from Dr. Michael R. Gold (Universuy of British Columbia :
Vancouver, BC); Genomic DNA from Schtzosaccharomyces pombe from Dr. Ivan Sadowski

(University of British Columbia, Vancouve’r, BO).
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2.2 Methods

2.2_.1 ' | Cell cultUré and development df Dictyostelium di&coideum

- D dis¢0ideum cells were gro‘wn axenically in HL5 mgdium (14.3 g_peptoné, 7.15 g yeast
extract, ‘15.4 g glucose, 0.96 g Na,HPO4.7H,O and 0.486 g KH2F04 per litre of water)
subplémented with 50 Hg/ml streptomycin at 22°C, either in Nunclon tissue culture dishes (Nunc,
- Rochester, NY), or in suspensioﬁ in flasks‘ shaken at 160 rpm (Watts and Asﬁwortﬁ, 1970).
Transforméd strains were - selected. and maintained in HL5 media supplemented with the‘
following antibioﬁbs as appropriate: 5 [g/ml blasticidin S (Calbiochem, Da_rmstadt, Germany) or
10 ug/ml G418 (Tab]e 2). ‘Cells were counted using a haémo_cytometér. Cells were maintained
' on’tissue culture dishes, and passaged by Scraping »cor.lﬂimnt plates and diluting 10-40 times into
fresh. HLS'Gﬁ tissue culture plates. For growing cells in shake. suspension, confluent tissﬁe
culture plafes were scraped and resuspended in 60 ml HLS, and shaken at 160 rpm. Experiments
‘conducted on cells growing exponentially_u_sed cells at a density of 2—4 x 10° cells/ml. ‘For cryo-
preservation, ~1 x. 10° cells were frozen'in 1.0 ml aliquots of HLS supplefnented.with 10%
‘DMS.O. All Ce_lls were maintained for no more than 8 pasSag’es before recoverihg fresh stocks
fr_om cryo—pre‘s‘erved stocks.

To observe aggrégation streéms, exponentially growing vegetative cells were was_héd
three times with Bonri’er’s Salts (10 mM NacCl, 10 mM KCl, 2 mM CaCly), én.d seeded at 5 x 10°
cells‘/cm2 invtissue ‘culture dishesvsubmerged under Bonner’s saits. |

Microscopic obsérvations of streaming amoeba were performed using a Leica DM IL
inverted microscope (Leica, Wetzler, Gefmany) fitted with a 4X objectiye lens., All images were
captured using a Leica DFCBSO F digital monochrome camera (Leica) in conjunction with Open

Lab 4.0.4 software (Improvision, Lexington, MA).
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2.2.2 Indlicible expressi'on of -octivoted Rés proteins
Ax2 MB rasG (G12T) (Table 2) expresses act1vated RlasG from a tetracyclme -
| .r_epres&ble promoter (Blaauw - et gl., 2000). Growth in HLS supp]emented wrth 5 pg/ml =
| tetracycline represses expression_ of ttre protein. To induce expressron, exponentrally growlng_
cells \‘Nere.harvested»bby cent_rifu‘gation (500 X g, 5 min) and washed three times With HLS .without
tetracycline Cells Were resuspen.ded in HL5 without tetracyclirre at 2-4 xv 106 cells/ml, and
shaken in flasks at 160 rpm. Maxrrnal expressron is in 4 hours (Secko etal., 2004) |
Ax2: pVEII -rasB (G15T) Ax2::)pVEIl-rasG (G10V), Ax2 :pVEII- rasG (SI7N) (Table 2)
express R_asB ‘and RasG mutants from a folate repressible discoidin promoter (Blusch et al.,
1992). G.rowth in HL5 s.up[‘)l"emented with 1 mM folate-represses expression' of the oroteins. To
induce express1on exponentlally growing cells were harvested by centrifugation (500 X g, 5 min)
‘and washed three times with HL5 wrthout folate. - Cells were resuspended in' HLS without folate
~at 5x 10° cells/ml, and shaken in flasks at 160 rpm: Maxi’r.nal expression is within 48-60 hours '
(Khosla et al., 1996; Sutherland et al., 200‘1). As high cell density repressee expression from the

‘discoidin promoter, cell's‘ were diluted such that the cell density did not exceed 2 x 10° cells/ml.

| 2.2.3 Preparation of puleed cells
To prepare pulseci'cells, exponentially growing cells were harveéted by centrifugétion
(500 x g, 5 min), and wéshed three times with KK; (20 mM potassium phosphate, pH 6.1). Cells
- were resuspended ats X 10° bc.ells/ml in KKj, and shaken in a flask at 160 rpm for 30 min. .‘ Cells
| were pulsed with 100 pl pulses of CAMP, as applied by using a Polystaltic purrrp (Buchler, Fort

Lee, NJ), to a final concentration of 50 nM. Timing of the pulses was every 6 min, as controlled
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by a Lab Controller:tim_ef (VWR, Mississauga, ON). . After pulsing, cells were harvested by
centrifugation (500 x g, 5 min), washed two times with KKQ', and resuspended at 5 x 107 cells/ml

inKK,

224 Cloning of GST-Byr2 (RBD) | |

The fragment encoding the RBD of the byr2 gehe 'ﬁroduct (encoding for ami_no acid
residues 1-237) was 'amplified_ ffor_n S. pbmbe genomic DNA by PCR such that an EcoRI..
restricfion site was engineeréd at thé 5’ end and a Sﬁll ;estriction site was engineered at.the 3 |

end. The oligonucleotide pﬁmers used were as follows:

Byr2 Forward \ 5’ GAA TTC ATG GAA TAT TAT ACC. TCG AA 3

Byr2 Reverse 5" GTC GAC AAC GCC GAG AGT TTG ATATTG T 3" _

Standard PCR reactions were condpctcd in 10 pl mixtures in glass éapil_lary tubes. containing
5.58 ul Hy0, 1.0 pl >10X Idaho PCR‘buffer (500 mM f;is; pH 8.3, 25 mg/ﬁll BSA, 20% (w/v)
' sucrosei, 1 mM cresol red, 30 mM MgCl,), 0.5 ul dNTPs (2.5 mM) (GE Healthcare), 1.0 pl of
each oligonucleotide (2._5 mM), 1.0. uli S. pombe geﬁomic DNA (250 ng/ul) and 0.12 ,“‘1 qu
DNA polymerase (5 bU/ul). - The capillary tubes were set up in an Idaho .Rapidc'yclerv(ldaho

Technologies, Idaho Falls, ID) and the following cycling parameters were employed:

: | o 2 cyclevs of D=92‘?C for 60 s, A=56°C for 7 s, E=72°C for 60 s

: o 36 cycles of D=92°C for 1 s, A=56°C for 7 s, E=72°C for 60 S
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o 1 cycie of E=72°C for 120 s
D is ,th.e denat_uration fém'per;ature, "A is thé annealing te_mpérature, ‘_E ‘is the - extension ,
- temperature. The temperature ramping rate, S, for all cycling was set at 6.0.
The PCR. samples were resol§ed on 1.0 % agarésé gel electrdphéreéis in TBE '(89 mM
Boric Acid, 89 mM Tris, 2 mM EDTA) buffer. The resulting ~7OOBp fragment was 'e_xl.cise.d_
' ,from‘th.e 'gel-and extracted usihg a QIAquick Gel Extraction Kit (Qiagen, M'is'sissauga‘_, ON), as
- per manufacturer’s ins;trtjctions. The extracted DNA fragment was ligated in_to a pGEM-T Easy
(Promega, Madison, WI) cloning vector and‘ transformed into electrocompeténtE. coli XLl—Bl’Ue
MRF’. The pG.EM—T ‘Easy-byrZ (RBD) vector was purified ffor‘n_ ampicillin resistant -colonies '
using a QIAprép S[ﬁn Miniprép Klt (Qiageﬁ), as per manufacturer’s instructions," and sequenced
to éonfi_rrh the identity of thé fragment. Plasmid DNA from one clone with an exact cdpy of the
'genoniic b&rZ (RBD) was 'dig'esté;d with EcoRI and Sall té excise the DNA fragméht. Thé pGEX
4T-1 expression vector (GE Healthcare) was digésted with EcoR1 and Sall to allow for the
directional cloning of the.byr2 (RBD) DNA fragmenf. The resulting digé_sted DNA was resolved
onl % agarosé gel electrophoresis and the desiréd DNA fragments were gktracted from the gel_
using a QI_Aquick Gel Extraction Kit. 100 hg of the digested pGEX 4T-1 were mixed with 42 ng -
of the byr2 (RBD) DNA fragment ’(a 3:1 molar ratio) jn a 10 “.l ligation reaction using T4 DNA . |
. ligése and incubated overﬁight. at 15°C, as per manufacturer’s instructions. 4 ul of the ligation
miiture were used to traﬁsform chemically competent E. coli BL21 DE3, gnd transformants were

confirmed by sequencing.
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2.2.5 Expression .(_)_f 'G_ST-RBD fusion _proteins

, GST—RBD fusion pfoteins were prepared by the following procedufe. Qne colony was
pic..kqd' ran_d used to inocﬁvlat‘e 5 ml of LB ‘medi:zi supplerﬁen'ted with 50 pg/ml a‘mpiciliin. 2.5 ml |
| of the oVernight cu-lture was used to inoc_uiaté 500 ml of LB media supplemented with 50 pug/ml
arﬂpicillin, _a’nd growﬁ i'.n‘sha.k}e ﬂaské at 37°C: until the OD¢0o was 0.6—0.8. | The cells were
indﬁced with 0.1 mM IPTG.and' f.gro.vx./n for 18-20. houfs_ at'22.°vC. Cells were harvésted'by,r
_ centfifuging at 5,060 X g for 10 rriinT Tﬁe bécterial pellef was resuspended in 10 ml STE buffer
(10 mM .Tris—C.L;'(p_H 8.0),> 150- mM NaCl, 1 mM EDTA) and froien‘ overnight.‘ The cell |
suspension wés tha\y¢d and treated With lysozyme '(0.05. Iﬁg/ml, final concentration) and |
' incubated on ice for 30 min. 100 ul DTT (1 M) and 1.4 ml Sarkosyl (10 %) were added just
prior to lysis.' Cells were lysed on .ice by éon_i.calti.dn using an Ultrasonic processor XL (Misonix
Inc., Favrmingdéle,‘ NY)‘ in 6, 10 s pulses at power.setfing 4, and tﬁeh cgntrifuge_d at 17,000 x g
_ ‘forv- 30 min at 4°C. 2 ml Triton X—lO(‘)‘(ZO. %) was added to the supernatant and the total volume
was brought up to 20 ml such that the finalbconcent_ravltions of TritonX-lOO and Sarkosyl were 2
9 and 0.7 %, respeétively. The lysates were separated into 10 ml aliquots and snap froz¢n iﬂ a

dry ice/ethanol bath.

2.2.6  Purification of ‘GST-RBD fusion proteins

Glutathione-sepharose beads (GE Healthcare) are supplied in a 70 % bead, 30 % ethanol

mixture. 665 pl of glﬁtathione-sepharosc beads (equivalent to 500 pl dry volume of beads) were

washed three times with PBS (2.7. mM KCl, 1.4 mM KH,PQ,, 4.3 HM'NazHPO4 - 12H,0, 137




mM NaCl, pH 7.5), and sUbsequently_topped with 500 pl PBS to create a 50:50 bead to buffer

slurry. - | |

1 mi of a 50:50 glutathidne-.sepharose bead slurry_was added to‘ 10 ml h’acterial lysates
containing GST-RBD fusion protein 'and tumbled end over en‘d for 2 hcurs at 4°C. Beads were
v harvested by centrlfugation (500 X g, 5 min, 4°C) washed 3 times With 1ce cold STE buffer (10
) mM Tr1s Cl pH 8.0; 1 mM EDTA 150 mM NaCl), and resuspended in 500 ],tl STE resultmg in
a 50 50 bead to buffer slurry. The quahty of each preparation of the GST-RBD proteins was

determined by testing the abihty of each GST RBD to bind to actlvated RasC and RasG over a

range of increasing input cellular protein similar to that shown in Figure 10.

2.2.7 »RBD Binding Assay

| Exponentially growing cells were harvested by centrifugation (500 X g, 5 min), washed
.three times With KK;, and resuspended_at 5x 107 cells/ml in KK,. Cells were lysed in an equal .
N volume of cell suspension aiid ice cold 2X RBD-LB (20 mM So_dium Phosphate, pH 7.2, 2 %
Triton X-100, 20 % Glycerol, 300 mM NaCl, 20 mM MgCl,, 2 mM EDTA, 2 mM Na3zVOy, 10
. mM NaF, .with two tablets of ‘Ccmplete protease inhibitor .c_:_ocktail’ (Roche, Basel, Switzerland)

| adde.d per 50 ml buffer). For cAMP stimulated cells, 6 h Iiulsed cells_were stimi_llated with 200
nM (final concentratiori)'cAMP, and 400 pl aliquots were taken at the selected times, iysed in an |
equal volume of ice cold 2X RBD-LB, and incubated"on ice for 5 min. AEfficiency of celllllysis
- was estimated v.isually hy using a haemocytometer.' The lysates were cleared by centrifuéatibn
(13,000 X g, 10 rrlin, 4°C), Protein concentrations.were determined lising the DC Protein Assay
(Bio-Rad, Hercules, ‘CA) according to manufacturer’s instructions,. and lysates_ were diluted to a

concentration of 1 mg/ml. 400 pg of protein lysates were incubated with 50 pl of 50:50 GST-
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RBD bead slufry, and thé mixture was‘ tumbbled end .over end .at 4°C. for 1 h Beads were
~ harvested by centrifugation and washed 3 times in ice c’oid 1X RBD-LB. Beads}were suctioned
dryusmg é 22‘/2G syringe needle (Becktbn Di_cki_néon, .Franklin ‘Lakes, NJ). 50 uL of 1X SDS- |
" PAGE {6ading buffer (50 mM Tris-Cl, pH 6.8, 1.6 % (w/v) SDS, 100 mM DTT; 0.002 % (w/v)
brbmophenol blﬁé, 5 ‘% (v/v) glycerol) were addg:d to the p¢_11eted_beaids, and the mixture waé
heated at 100°C 5 min.‘ A 10 ul,sémpie of the. lysétes _Was addéd to 50 pﬂ of 6X SDS-PAGE
- loading buffgr. A'pproxim'ately .8.3 ug. of _protein lysate were added to one blane of the SDS-'.
PAGE' gei and ihcluded as a léad céhtrol to assess the level of total Ras protein. The samples |
from the RBD binding‘ assay were loaded. on the gél representing the pool vo'f activated Ras from |
approximately * 160 ug of total prétein. »Sam‘ples were analyzed for Boupd Ras protgins. by.

immunoblot analysis.

: 228 Gubanine nucleotide loading of Ras proteins

~G.u'ani.ne nuc‘:leotide' loading of cell lysates was- accomplished by- modification of the
protécol deséribedby Taylor and S.haIIOWay (1996). Exponéntially éfowi-ng cells. were harvested
by centrifuga.tio'n 500xg 5 rrﬁn), waéhed three times.wifh KK, and resuspbende'd at 5 x 10’
cells/ml in KK,. Cells Were lysed in an equal volume of cell suspension and ice cold 2X _G.Tls-
LB (20 mM Sodium Phosphate, pH 7.2, 2 % Triton X-100, 20 % Glycerol, 300 mM NaCl , 10
mM EDTAv, 2 mM NazVO4, 10 mM NaF, with two tab_lets of ‘Complete prOtease_: inhibitér
cocktail’ (Roche) added ber_ 56 ml buffer). Either 1 mM (final concgntration) GDP or GTPYS, a
‘non-hydrolysable GTP analo-gue,_was 'added. and incubated at room temperature for 10 min.

MgCl, was added to a final concentration of 50 mM and incubated at room temperature for 30
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min. Protein concentrations were determined usirig the DC Protein Assay, _aCcofding to

manufac.turér’s instructions, and:-subjected to the RBD binding assay.

[

2.2.9 PKB phosphorylation ‘assay'. |

6 h pulsed cel}s were. resuspended at 5 x 10 cells/'ml.in KK; sUpI»)le':m'ente.dv.W‘ith' ! mM
caffeine, and shakeh at 200 rpm for 30 min (Jeon et al., 2007). - Caffeihe treatment "has been
shown to Block the cAMP reléy (Brenner ve_md Thoms, 1984), and_' is used to prevent .aq_to
stimulation 'by inhibiting eﬁdogenous .cAMP pulsing, :as 2.1._rvnea.nsv to synchronize cells ‘prior to |
- stimulation. Cells Wére stimulated with 15 uM (final concenfration) ‘CAMP,‘_and -IOOFullsamples_ ‘
\&ere taken at thé indiéated'time poi‘nts and lysed in 20 ul 6X SDS-PAGE l’oadin.g buffer.
_Sampleé were heatéd to 100°C for 5 min and phosphoryl'afe_d PKB V\%as detécted by immunoblot
analysis u_sing ~a polyclonal anti-phoépho—threbnine specifi;: antibod_y (Cell Signaling
T'ech'n.ology, Danvers, MA). Phosphbrylated PKB éppears as a ~51 kDa band, and. the iden‘tity _
“of this. band has rbeen previo.qsly confirmed as PKB with the use of an éntifDictyostelium PKB

antibody (Lim et al., 2001).

2.2.10 Immunoblot Analysis -

Protein samples were prepared by collecting cells by centrifugation (500 x g, 5 min) and
lysing directly in 1X SDS-PAGE loading buffer. ‘Other times, cells in suspension in KK buffer
were dife‘ctl_y lysed by mixing with 6X SDS-PAGE loading buffer in-a volume ratio of 5:1.

Soluble lysate fractions were collected by mixing with 6X SDS-PAGE loading buffer in a
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volume ratio of 5:1. Sample.s were boiled at 100°C for 5 min and used for discontinuous SDS- ‘
PAGE or stored at -86°C.
Dlscontlnuous SDS-PAGE gels consists of an upper protein stacking gel (3.9 % blS- '
i acrylamlde (1: 19) 125 mM Tris-Cl, pH 6.8, 0.1 % SDS, 0.03 % APS, 0.1 % TEMED) and a
lower protein _resolvmg gel (10 % bls—'acrylarnrde' (1:19), 375.mM Trls-Cl,' pH 8.8, 0.1 /2 SDS,
Q.O3 % APS, 0.07 % TEMED). Samples were eleetrophoresed at 100 V for 100 min. The
electrophoresis buffer was 25 mM Tris, 192_mM» glycine, 0.>1 % SDS, pH 8.3. Separated proteins.
were blotted onto Hybond P PVDF membranes using a Mini Protean II electroblot apparatus |
(Bio—Rad) at0.2 A for l-h submerged in ice-cold transfer buffer (25 mM Tris, 192 mM glycine,
20 % methanol). The gels were stained wirh Coomassie blue solution (0.025 % w/v.Coomassie
G-250, 10 % v/v acetic acid) and examined visudlly for equal loading and even transfer.i
‘Membranes were :incupated for 1 h '.at 22°C with gentle agitation, in b.locking buffer
consisting of 5 % wiv nlilk (non-fat dried powder) in TBS-T (50 mM Tris—Cl, pH 7.4, 154 mM
.NaCl 0.1 % Tween20) when using Ras 1soform specific antibodies, or in 5 % w/v bov1ne serum
albumln (BSA) in TBS-T when problng for phosphorylated PKB, and then incubated with anti-
Ras isoform specific primary antibodies in 1 To wiv non_—fat milk powder/T BS-T overnight at
22°C or with anti-phospho’-threonine antipodies in 5 % w/v BSA/TBS-T overnight at 4°C on a
rotary shaker. Membranes were washed 3 times for 5 min each with TBS-T and incubated‘with
“HRP conjugated goat anti-rabbit secondary antibody (GE Healthcare) at 1:5000 dilution in 1 %
w/v milk/TBS-T for 1 h at 229C on a rotary shaker. Membranes were washed 3 times for 5 min
each with TBS-T, developed wrth ECL or ECL Plus, as indicated, according to manufaoturer_’s

instructions and exposed to X-OMAT XK-1 X-ray film (Eastman Kodak Company, Rochester,

NY) for the appropriate amount of time. -




3 RESULTS
31 .Sélec.tion', clohing, and iv.nductio_n of GST-RBD bacterial constructs - -
Taylor and Sﬁalloway develvoped' én as.say that is able to measure the léVel'of activated i
Ras from. cellular lysates (Ta'yior and Shalloway, 1996). ThlS assay is not too labour inten‘s'ive,
© requiring és much work as ah -ordinary immunoprccipit’at‘i()n,‘and'it does ‘n(v)t_ requiré fhe 'u.'se of
'radioactivity like previous mefhdds used to study Ras _activati‘on (Satoh et al., 1988). The assay,
referred to ‘her.e as the ‘RBDvbinding assay’ (Figurg 5), ¢xploit‘s the specific nature of .the
interaction between Ras and its effectors. r"l.“he region of the éffector protéins that binds to Ras is
called the Ras binding Domain (RBD), and the RBD binds to Ras-GTP with an affinity that is
thrée orders of magnitude greater than its affinity for Ras-GDP (Herrmann et al.,‘ 1995). Taylor
.and Shalloway fused the RBDV 'of mammalian Rafl to a Ghjtathione-S-transferase;(GST)V- affinity
tag and incubated this fusion protein with cellular lysates. 'By. virtue of the GST -affinity tag, th¢
GST—RBD—‘Ras—GTP. complex can be purified from cell_. extracts using glﬁtathione-sepharose '
~ beads, and the bound Ras protein can be detected via immunoblot analysis using anti-Ras

antibodies.
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RasBindingDomain Binding Assay

2 Ras-GDP —
GST RBD
<GoRas-GTP < B - =

RBD -Weee u} n) n)
3) Immunoblot
Ras (S17N) may - — " (G12T)

Figure 5. The RBD Binding Assay. The RBD Binding assay is based on the observation that
the RBD of Ras effector proteins binds with a much higher affinity to Ras-GTP than Ras-GDP.
The RBD is fused to a GST affinity tag, incubated with cellular lysates, and the GST-RBD-Ras-
GTP complex can be purified using glutathione-sepharose beads. The affinity purified Ras can
be detected by immunoblot analysis with anti-Ras antibodies.
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The rhost important consideration.in developing. an assay to -measureetctivated Ras was t0
fmd a RBD. that was able to bind to the dlfferent chtyostelmm Ras proterns In the
chtyostelzum Ras proteins, the effector domains are almost 1dent1cai to the effector domain of N
- H-Ras, with 0nly one amino acid difference in RasC (D38N , relative to H-Ras) and RasS (I36L) N
(Figure 2).. Thus it seemed plausible tnat Dictyostelium Ras proteins Wonld be ablle_t_o. bind _tp the
: RBD of rnammalian_ effector proteins. As the RBDs of Rafl and RalGDS had been snccessfully
employed for Ras sqbfarnily activattion aSsays'(Kang et al., 2002; Tnylor and Shalloway, 1996),
these' two RBDs were chosen for initial study. E. coli strains expressing GST—Rafl_ (RBD) atnd
GST—RalGDS (RBD) (referzred to as GST-Rafl and GST—Ra.lGDS,’r_espectiyely, unless otherwise o
noted) were obtained as gifts fro'r'n D. Shalloway and M. Gold, respectitfeiy, and protein vstas'
expressed etnd purified as described in Materials and Methods Both GST-RBD proterns were- ‘
expressed at hlgh levels and the predomrnant protem band in the purrfred fraction corresponded

to the predicted molecular weight of the fusion protein, based on amino acid sequence (Frgure 6,

Table 3).

- Table 3. Predicted mass of GST fusion proteins.

GST GST- " GST- | GST-

alone | CST-BYI2 | poigps | CSTRafl | pragy | P32
Predicted size of 129.0 s62 | 458 | 419 581 545
fusion protein, kDa :

Note: Predicted molecular weight was calculated by amino acid sequence using ProtParam tool
(http://us.expasy.org/tools/protparam.html).
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Figure 6. Expression and purification of GST-RBD fusion proteins. 500 mL of LB media
were inoculated with 5 mL of an overnight culture of E. coli BL21 DE3 strains carrying plasmids
that encoded GST-Byr2, GST-RalGDS, GST-Raf1, GST-PI3K1, and GST-PI3K2 fusion proteins
as labelled on figure. Cells were grown at 37°C until ODggo ~0.8, induced with 1 mM IPTG, and
incubated for 18 h at 22°C. Samples were collected before adding IPTG (labelled ‘Uninduced’)
and after induction (labelled ‘Induced’). Cells were harvested by centrifugation (5000 x g, 10
min, 4°C), and lysed by sonication. Lysates were cleared by centrifugation (12,000 x g, 30 min,
4°C). 50 pl of a 50:50 glutathione-sepharose bead slurry were added to 1 mL bacterial cell
lysates and incubated at 4°C for 2 hours. Beads were pelleted by centrifugation and washed
three times with ice cold PBS. 50 pl of 1X SDS loading buffer were added to the pelleted beads,
and protein was eluted by boiling for 5 min (labelled ‘Pull Down’). 10 pl were loaded onto a

SDS-PAGE gel (10% acrylamide). The gel was stained with Coomassie Blue. Protein size
standards are shown, in kDa.
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The a'bili_ty of GST-Rafl and GST-RalGDS to bind to activated Ras-\ivas tested 1n lysates |
of Ax2::pV.EII-rasB (GlST)ﬁ Ax2 :rasC-rasC  (G13T), and A}XZszB—rasG (G12T),
chtyostelzum strains - that express the activated Ras mutants RasB '(GIST) RasC (G13T) or.
.RasG (G12T) (Table 2). _These Ras'mutants are the equ1valent of th_e H—‘Ras (G12T) 'Inutation -
that renders the GTPase aetivity non-functional, and locks the Rasprotein in its(.iTP }b'ound‘
' conformation. These three Ras proteins were chosen dne to the availability of Ras isoform
specific antibodies generated by our lab (Lim, 2002 Robbins et al 1991' Sutherland 2001).
Cells were lysed in a phosphate buffer as described in Materials and Methods as it has been
shown that this type of buffer is efficient in immunoprecipitations of phosphorylated proteins '
A(Yurchak et al 1996). Both RasB (G15T) and RasG (G12T) were able to bind to GST- Raf1 and |
GST- RalGDS (Figure 7A 7C) There was no binding detected to a GST alone control (Fioure '
TA, 7C) demonstrating that the contaminating protein bands present in the purified GST RBD
preparations recovered from E. coli (Figure 6) donot contribute to a non—spe01fic binding o_f Ras.

No det_ectable leyel of RasC (G13T) \ivas able to bind to GST-RalGDS (Figure 7B), and binding :
of RasC (Gl3~Tj to GST-Raf 1.could only be demonstrated if blots Were over exposed (Figure 7B,-

data not shown).
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Figure 7. Binding of RBDs to activated Ras mutants. Ax2::pVEIl-rasB (G15T) and
Ax2::MB-rasG (G12T) (Table 2) were induced to express activated Ras protein. Ax2::rasC-
rasC (G13T) cells (Table 2) constitutively express activated RasC. Exponential stage (2-4 x 10°
cells/ml) Ax2::pVEll-rasB (G15T), Ax2::rasC-rasC (G13T), and Ax2:MB-rasG (G12T) were
harvested by centrifugation, and 2.5 x 10 cells were lysed in 1 ml RBD-LB, incubated on ice for
10 min, and lysates were cleared by centrifugation (13,000 x g, 10 min, 4°C). 50 ul of GST-
Rafl, GST-RalGDS, GST-Byr2, GST-PI3K1, GST-PI3K2, or GST only bound to glutathione-
sepharose beads were added to 500 pg total cellular protein, and the resulting mixtures were
subjected to the RBD Binding assay. After elution of the bound Ras protein in 50 pul of 1X SDS
loading buffer, 10 pl of the samples were fractionated by SDS-PAGE (10 % acrylamide) and
bound Ras protein was detected by immunoblot analysis. 10 pl of 6X SDS loading buffer were
added to 50 pl of Dictyostelium lysates (1 mg/ml), indicated as ‘Total Ras,” and approximately
8.3 ug total protein were loaded on the gel. (A) RasB (G15T), (B) RasC (G13T), (C) RasG
(G12T).
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' _Th.c Dictyostelium ‘genome contéins_ a number of geneé encodingPI3K‘s (Zhou et al.,
1995), and it h_as' been 'Wéll established fhat mammalian Ra_s—_GTP birids to and activates
mammalian PI3K (Pacold et .al.,.v20»00;'Rubi0-et al., 1997). .In_ light' of this link, we tested the
ability of the RBDs of Dicryostelium P31 and PBK2 to bind to Dictyostelium.Ra‘s.‘ These
RBD_s had previously been reported to bind to RasD and RasG; but not t_Qv. any -Pthef
Dictyb&te’lium Ras proteihs whén tested in a yeast two-hybrid ’assay' (Funa,rﬁdto et aI.; 2002; Lee
et al., 1999). E. coli strains expressing GST-PI3K1 (RBD) and GST-PI3K2 (RBD) (referred to
aé GST—PI3K1 and GST-PI3K2, respectivély; unless otherwise noted) were 6btained as a gift
from R. Firtel, énd protein was expresséd and purified as describcd_iﬁ'Materials and Methods_. ’
Both GST—RB‘D p_rdteins were abllc‘a' to be purified from bacterial extracts, but at lé%/els lower than
that of GST—Rafl and GST—RalGDS (Figuré 6). Whilé_ a band was‘ present in>thc.: purified
_ ’_fractioh thét corresponded to the predicted size o‘f the fusion protein (Table 3), the fusioﬂ p'roteiﬁ
was subject to dégradé.tio.n, as evidenced by the présenée of.a' number of other bénds (I.Jigl.xrev 6).
As these b_ahds were valsQ present in fhe bacterial whole cell lysatesl, it wduid suggest that both -

-GST-PI3K1 and GST-PI3K2 experienced degradatioh in vivo (Figure 6). GST—PI3K1 and GST-

PI3K?2 did not to bind RasB (G15T) and RasC (G13T) (Figure 7A, 7B), suppoﬁing the results of |

. the yeagt two-hybrid assay. Whi.le GST—PI3‘K1 and GST—PI3K2 .Weré able to bind. RasG (G127),
the relative amount of boﬁnd RasG Was significantly lower when compared to that bound to
GST-Rafl, GST—RalGDS, and GST-Byr2 (Figure 7C). The low amount of bound RaéG_ mayi
reﬂect the in vivo affinity of Ras for the RBDs of PI3K1 and PI3K2, or tl;e relative instability Qf
the GST—P.I3K'1 and GST-PI3K2 fusion. proteins, rendering these fusion_protéins inadequate for

‘use in an assay to measure activated Ras.
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W.hile hoth Raf 1 ‘andiRalGDS Were very efficient at binding to RasB and RasG, neither
of the_se' RBDs _were able to interact very well with RasC; ‘Although RasC shares very high
ovef511 sequence identity' with H-Ras, the amino acid difference at position 39 (the equivalent of '
B posrtion 38 in H- Ras) asparagine 1nstead of aspartate had been shown through a mutational

analysrs of H- Ras to abrogate binding to its effector proteins (Akasaka et al., 1996). Thrs change.
may.explain the mahllity of GST-Rafl, GST—RalGDS, GST-PI3K1, and GST-PI3K2 to bind to
actiVated.RasC Another Ras effector, the Schizosaccharomycés pbmbe kinase Byr2, had been.'
shown to retain the ability to bind to H-Ras contarmng the D38N substitutlon (Akasaka et al.,
1996) and thus it was postulated that the Byr2 RBD may bind activated RasC as well In order ’
: to test this. hypothesrs the RBD of Byr2 was cloned from S. pombe genomic DNA via PCR, as
described in Materials and Methods. Protem from the E. coli strain expressing GST- Byr2 (RBD)b
’ _(referred to as GST- Byr2 unless otherwise noted) was expressed and purified as described in
Materials and Methods, and the predominant protein band in the pnrified fraction _corresponded'
.to the 'predicted molecular weight of GST-Byr2 (Figure 6, Table 5). As predic_ted, Byr2 was able
to bind toactivated RasC (G13T) (Figure 7B). Further'rnore, Byr2 was able to bind.to RasB -
(G15T) and ‘Rast (G12T) as well (Figure 7A, 7C). These reshltsdernonstrate that Byr2 can be
~ used as a tool to measure the level of activated RasB? RasC, and RasG from Dictyostelium cell
lysates. N

' To'investigate. the GTP dependence of the RBD-Ras interaction, two strains, Ax2::pVEII-
rasG (GI1OV) and Ax2::pVEII-rc.1sG (Sl7N)' (Table 2), expressing dominant negative mntants
were employed. 'These strains over—express:RasG (G10V) and RasG (S 1.7N), respectively. In
mammalian Ras, these mutations result in an mability of the Ras protein to exchange GDP for

GTP even in the presence of a RasGEF (John et al., 1993), lockrng Ras in a GDP bound
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conformation. Ax2::MB-rasG (G12T) (Table 2) was used as a positive control. GST-Rafl and
GST-Byr2 were used in this 'experiment as both GST-RBDs were effective at recovering RasG-
GTP from cellular lysates (Figure 7C). Figure 8 shows that althoug‘h RasG (G10V) and RasG
(S17N) were highly expressed in cell lysates, they did not bind to either GST-Rafl or GST-Byr2,
as evidenced by the lack of a signal corresponding to RasG in the immunoblot. RasG (G‘l 2T)
was effectively recovered by both GST-Rafl and GST-Byr2 (Figure 8). A faint signal was seen
when lysates of RasG (S17N) were incubated with GST-Rafl or GST-Byr2. The signal could be
representative of the activated pool of endogenous RasG, but the relative amount of this band is
negligible when compared to RasG (G12T) (Figure 8). Furthermore, the amount of endogenous
RasG-GTP would be expected to be low, as dominant negative Ras proteins have been shown to
interfere with activation of endogenous Ras, at least in higher eukaryotes (Feig, 1999). These

results show that the interaction between the GST-RBDs and Ras is dependent on Ras being in

its GTP bound, or activated form.
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Figure 8. Binding of GST-Rafl and GST-Byr2 to activating and dominant negative RasG
mutants. Ax2:MB-rasG (G12T), Ax2::pVEll-rasG (G10V), and Ax2::pVEIl-rasG (S17N)
(Table 2) were induced to express activated Ras protein. Lysates were prepared as described in
Materials and Methods and activated Ras was measured as described in Figure 7. 10 ul of 6X
SDS loading buffer were added to 50 pul of Dictyostelium lysates (1 mg/ml), indicated as ‘Total
Ras,” and approximately 8.3 pg total protein were loaded on the gel. ‘GST-Rafl’ refers to Ras-
GTP bound to GST-Rafl, and ‘GST-Byr2’ refers to as Ras-GTP bound to GST-Byr2.
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3.2 RBD ihtéractidn with endogenous levéls of Rés
o The experiments in Figure 7 and 8 were ‘carr:ied olut with Dictyostelium st.rain.s that over-
expfess acfivéted Ras proteins in -order'- to ensure .that.activated Ras was not a ilimiting factqf. '
How‘e‘ver, .studies meésuring Ras-GTP in NIH 3T3 cells have shown that. physi_oiogical levels of
activatbe.d endogenous Raé' are much 10w§r (1.3 fmol per. mg of cellulaf. protein) rélaﬁve to NIHIV
3T3 cells that over-expréss H;Ras (G>12T) (2049 fmol pe_f_mg of cellular protein).(Scheele et al.,
1995). Thus, in order to determine whether or th the RBD;Ras interaction was strong enough to_-
detect only éndogenous Rés—GTP, protein iysates from wild type Ax3 cells were isolated ahd;
incubated with GTP&S of GDP to load‘ Ras prbtein in'the Iysates wifh éither nucleotide (Materials '
and Methods). Usihg ’GST-RafII, GST—Byf2 and GST-RalGDS, RasG was detected from GTPyS
loaded,lysates (Figure '9C), in support of ‘thbe.da’ta from Figure 7C. Cqﬁtrary to the data Seen in
_Figure 7C, VGST-PI3K1' and GST-PI3K2 did.no‘t'pull down detectable levels of RasG (Figure
90). On.e possible explanation for this observation is that the appérent ihstability of GSTV—PISKII
and GST—PIBKz (Figu’re 6) had an effect én the structure of the fusion prpteins, affecting their
abilit_y' to Bind tp RasG. W_heﬁ lysatés were loaded with _GDP prior to incubation with GST--
Byr2, the érﬁount of RasG recoveréd was either reduCed-fr_om the levels .seen .with GTPyS, or
completely abolished (Figure 9C), which showed that the int,eraction was selective for Rla_sG-

GTP over RasG—GDP_.
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Figure 9. GTP dependence of RBD-Ras interaction from endogenous levels of Ras.
Exponential stage (2-4 x 10° cells/ml) Ax3 cells (Table 2) were harvested by centrifugation, and
2.5 x 107 cells were lysed in 1 ml RBD-LB, incubated on ice for 10 min, and lysates were cleared
by centrifugation (13,000 x g, 10 min, 4°C). Lysates were loaded with either 1 mM GTPYyS or 1
mM GDP, and activated Ras was measured as described in Figure 7. Bound levels of (A) RasB,
(B) RasC, and (C) RasG protein were detected by immunoblot analysis. 10 ul of 6X SDS
loading buffer were added to 50 pul of Dictyostelium lysates (1 mg/ml), indicated as ‘Total Ras,’
and approximately 8.3 pg total protein were loaded on the gel.
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Figure 9A shows the ‘ability of th.e. GST-’RBD protcjns to bind to RasB. Cohsistent with -

the re_s'u'lts.from _Figﬁre TA émploying cells over—'exp;essiﬁg RasB (G15T), GST-ByrZ?'GST—Raf 1
and GST—RalGDS were able to biﬁd to RasB-GTP .in cellular lysates, while the GST-PBKI aﬁd .
GST—PI3K2 perei'ns_‘were not. As éhowﬁ for RasG, GDP loading of lysétes prior to incu_bation
w’i'th>th¢ GST-RBDs.comII)'letely abolishéd the interaction..with RasB (Figure'9A). | B
- Th'e. pull down perforrﬁed_ Oﬁ the GTPYS lo'aded:_lysate's shows that it was possible to
detect RasC-GTP only wheq using GST-Byr2, and the amqunt of RasC bound.'to GST—ByrZ was
~ reduced when lysates wervevincubated with GDP prior to incubation with GST—Byr2 (Figure 9B). '
Consiétent with bthve éﬁpeﬁments l.ls_ing‘cellls o‘ver-e)'(pressing activatir_lg.mutants (Figure 7B), none '

of the other RBDs pe_fmitted detection of RasC-GTP (Figure 9B).

3.3 opiimizing protein load for a RBD ﬁuu down assay |

~ The vdata in Figureé 7, 8, and 9 was from experiments that empioyed 500 pg of total c.:ellular'
protejh and 100 pl of a 50:50 bead:buffer slurry (Materials and AMetho_ds). Thé.ar_nount of
_c_éllulér pfoteih _an_d'GST-RBD .bead {/'olufne was not an .issue as the_aim of the aforementioned
éxperiments was to determine whether the RBDs were able to bind. to éctivéted'Ras or not.
However, if the beads are saturated with Ras—GTP in the absence of any stimulus, an increésc in
activated Ras in resppnsé to a stimﬁlus will not be detécted. To investiga.ltey the effect of input
cellular protein, lysates from cells loaded with GTPYS were used in a pull down with 50 pl of a
50:50A GST-Byr2 bead slurry..‘ The cell lysétes were loadedb with GTPyS in order to simulate
maximum activat‘ion of RasC and RasG. The volume of GST-Byr2 bead slurry waé chosen as an
amqunt that would be praCtipal to use in future experiments. - The results of the experiment show

~that the amount of RasC-GTP binding to 50 }.ﬂ GST-Byr2 bead slurry saturated when 400 ug of
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Dictyostelium extract protein were added (Figure 10B). RasG-GTP binding to 50 ul GST-Byr2
bead slurry saturated between 400 to 500 ug Dictyostelium extract protein, as evidenced by

monitoring the unbound fraction of RasG (Figure 10A). Thus, the amount of Dictyostelium

extract protein used in subsequent experiments was 400 pig.
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Figure 10. Effect of input protein on RBD binding assay. Ax3 cells were loaded with
GTPYS, and 2.5 x 10 cells were lysed in 1 ml RBD-LB, incubated on ice for 10 min, and lysates
were cleared by centrifugation (13,000 x g, 10 min, 4°C). Total protein was quantified using
Bio-Rad DC Protein Assay. Increasing quantities of total protein ranging from 50 to 500 pg
were incubated with 50 pl of GST-Byr2 bound to glutathione-sepharose beads, and the mixture
was subjected to the RBD binding assay as described in Figure 7. After elution of the bound Ras
protein in 50 pl of 1X SDS loading buffer, 10 ul of the samples were fractionated by SDS-PAGE
(10 % acrylamide) and bound (A) RasG and (B) RasC protein was detected by immunoblot
analysis. 10 pl of 6X SDS loading buffer were added to 50 pl of Dictyostelium lysates (1
mg/ml), indicated as ‘Total Ras,” and approximately 8.3 ug total protein was loaded on the gel.
10 ul of 6X SDS loading buffer were added to 50 pl of the supernatant (1 mg/ml) from the first
centrifugation before the first wash, indicated as ‘Unbound,” and approximately 8.3 ug total
protein were loaded on the gel. ‘GST-Byr2’ refers to Ras bound to GST-Byr2, ‘Unbound’ refers
to fraction of Ras not bound to GST-Byr2.
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34 .Cher_noavttractant induced activétion 0f RasC and RasG‘

P_réVious evidence had suggested that RasC is in:volveld in regulating signalliﬁ_g eyents during
the "e;a'r'ly deQelopment of Dictyo&telium; Ablation of the rasC gene results iﬁ éells that are
unablé to undergo development, largely due to an inability to activate ACA (Liﬁl et al., 2001).
As nopther.ras genekndckout strains characterized at £he time this thesis was. sfarféd showevd.
any defects in early d_evellop.m'ent, it'Was hypothesiz_ed'tha't, RasC was activated by cAMP in early
developmental cells, and that RasC was theb sole Ras ‘profein involved in CAMP stimulated_.'
 signalling. To test the firSf part of this hypothesis using the RBD binding -éssay, wild type Ax3 -
cells (Table 2) weré Suspended in _nori-nutrient buffer and induced to ‘initiate-ea.rl‘y developmeﬁt ’
by’ applying exogenbué pulses éf cAMP (final concentration 50 hM) for 6 h (referred to as pulsed
cells hcnceforth), and then stimulated with 200 nM cAMP (Materials and Methddsj. .Thevsei
eXogenous‘ pulses mimic the dévelépmentél p;ogr'am of Dji‘ctyos_‘telium, thus all straﬁns, even those
defective in endogenous signalling, undergo synéhronized develdpmental changes. Aliquots
vwere faken at the indicated time points aftér the 200 nM stimulation_, lysed, and the level of
activated Ras was measured from each aliquot using thé 'RBD bindiﬁg assay. RasC diéplayed a’
rapid and transient "incr'ease in GTP binding upon cAMP stimuiation, with peak éctivation levels
reached within 10 s of stimulation (Figure HA)', A second, less intense peak was Qbsérved
starting at 80 s and remained on until at least 150 s (Figﬁre 11A). Honger, the timing .anvd
inten'sity of the secor;d.peak 'was variable and thus its physiological relevance is unclear at this
time. This data proyided direct évidence that RasC activation ié responsive to cAMP_signélling

events.
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Figure 11. cAMP stimulated Ras activation. Pulsed Ax3 cells were harvested by
centrifugation (500 x g, 5 min), washed 2 times with KK, and resuspended in KK, at 5 x 10’
cells/ml. Cells were stimulated with 200 nM cAMP, and 400 pl of cells were added to 400 pl
2X RBD-LB before stimulation and at the time points indicated, and incubated on ice for 10 min.
Lysates were quantified and 400 pg of protein lysate were added to 50 pl of GST-Byr2 bound to
glutathione-sepharose beads. After elution of the bound Ras protein in 50 pl of 1X SDS loading
buffer, 10 pl of the samples were fractionated by SDS-PAGE (10 % acrylamide) and bound Ras
protein was detected by immunoblot analysis using specific antibodies against (A) RasC and
RasG, (C) RasB. 10 ul of 6X SDS loading buffer were added to 50 ul of Dictyostelium lysates
(1 mg/ml), indicated as ‘Total Ras,” and approximately 8.3 pg total protein were loaded on the
gel. ‘Ras-GTP’ refers to Ras bound to GST-Byr2. The experiment is representative of four
separate experiments.
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RasG also displayed a srmilar rapid and transient activation upon cAMP stimulation (Figure
11A). Up.to this point, all the evidence had suggested that RasG functioned primarily during the
gfcswth' stage of Dictyostelidmcells. Thus it was not expected for RasG to be .responsive to

| cAMP so this observation was somewhat surprising. Subsequent generatlon of a rasC/rasG
double knockout strain corroborated the 1nvolvement of RasG in early development.(Bolouram-
et al., 2006; Section 4.2). Ac_tiyatio'n of RasB uv'as rneasured' as a control as the available
evidence suggested that RasB is involved in the control of the cell c'ycle rather than development_:
(Sutherland et aL_, 2001). .No increase in activatedRasB vuas observed 1n response to cAMP

stimulation (Figure liB).

3.5  Ras activation is dependent on the cAMP receptor complex

cAMP srgnalhng during early development involves a GPCR cARI (encoded by the carA
gene), that binds cAMP with high affinity, as well as a low affinity GPCR, CcAR3 (carC) (Soede |
et al.," _1994); a carA/carC double knockout is unable to initiate any cCAMP induced _signalling
during aggregatron (Insall et al 1994; Soede et al., 1994). Thus, in order to determine whether
the activation of RasC and RasG was dependent on the cAMP receptors, pulsed Ax3 and carA”
~ /fearC cells (Table 2) were stlmulated with cAMP‘ and assayed for activation of Ras. No
increase in activated RasC or RasG ‘was observed in puised carA‘/carC cellls, indicating that all
RasC and RasG activation during early development is dependent on cAMP receptors cARl and

cAR3 (Figure 12A).
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Figure 12. The cAMP receptor complex is required for Ras activation. Pulsed Ax3, carA
/carC, gpbA’, gpaB’ cells (Table 2), were harvested by centrifugation (500 x g, 5 min), washed 2
times with KK, and resuspended in KK at 5 x 107 cells/ml. Cells were stimulated with 200 nM
cAMP, and activated Ras was measured as described in Figure 11. 10 pl of 6X SDS loading
buffer were added to 50 ul of Dictyostelium lysates (1 mg/ml), indicated as ‘Total Ras,” and
approximately 8.3 pg total protein were loaded on the gel. ‘Ras-GTP’ refers to Ras bound to
GST-Byr2 from (A) carA/carC, (B) gpbA’, and (C) gpaB’ strains. The experiments are
representative of three separate experiments.
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There are two ge‘neralltyvpes of signalling pathways that_tfansinit signals-indﬁééd by cAMP:
those that involve the heterotrimeric G-protein assqciated with the cCAMP reéeptof_, and those that
| d(.)”vﬁ(.)t"(reviewed in Manahan et él., 2004). The l.)icty‘ostelium.genome contains é single gené '
that eﬁcodes the GB protein,- gpbA, cpmpbnent of the heterotrimeric G-protein, so all G-protéin
méciiat_ed évents are dépeh..dent on G (Wu et al., 1995). To determine fhe i'nvolvemerit of G in
Ras activaﬁon, pulsed A>.(3 and gpbA' sélls (Table 2) ;Jvere.stin.iulated with cCAMP and assayed for -
activation of Ras. The increase 1n RasC or RasG activation observe.d in AX3 cells in resi)onse to-
cAMPstifnulatioh'_ was not.seeﬁ in thé gpbA" mutant (Figure 12C). This indicated that the GB} '
protein is requiréd_fos cAMP depéndent RasC and RasG activation. |

. There are at l'e'.ast: 11 genes that encsde for G alpha proteins, but only ‘one, gpaB (G(x2
proteih),_ is believed to ~mediate the st_imulaltory pathways associaied ‘with cAR1 during
aggregation (Kumagai et ai., 1991). To test Wﬁéther Go2 is necessary for CAMP stimulated
| ._act‘fi_vat.i'on‘ of RasC and RasG, pulsed Ax3 and gpaB' cells (Table 2) Wers'stimulated with cAMP
and assayed for activated Ras. No incréase in activatibn of RasC and RasG was obsérved in cells
lécking the .gpaB gene (Figure 12B). 'Thev resuits of thesevexp_eriments demonstrate that during
aggregation, RasC and RasG activétion are dependent bn the cAMP stimulﬁs signalling thfough

* the cAMP receptor and its associated G protein complex Go23y.

3.6 | Ras activation is indépendent of.ACA, CRAC, and PiaA

Two cytosolic proteins have been shown to be required for the activation of ACA (énsoded
by the acaA gene) downstream of the cCAMP receptor: CRAC, or the ‘Cytosolic Regulator of
Adenylyl Cyclase’ (dagA) aﬁd Pianissimo (piaA) .(Chen et al;, 1997, LiHy and Devreotes, 1994).

Their involvement in Ras activation was tested by stimulating pulsed Ax3, acaA’, dagA’, and

61




piaA’ cells (Table 2)' and assaying for activated RasC and RasG. No’ne of the strains exhibited a

defect 1n the. activation of RasC and RasG (Figure 13) These data demonstrated that ACA,
| CRAC and PiaA are not 1nvolved in cAMP Simulated activation o'f RasC and RasG. Taken
together Wlth’the previous experiments (Figure 11, 12), these results demonstrate that RasC and
RasG activation lie downstream of the cAMP receptor and its assomated G -protein Previous
, results have indicated that RasCis required for ACA activation (Lim et al,, 2001) The cAMP
dependent activation vof RasG clearly depends: on cAR1 (Figure. 12A), and the apparent
1nvolvement of RasG in regulating the TORC2 complex (Lee et al., 2005) Wthh is also requrred
for ACA activation also places RasG activation upstream of ACA and its regulators It should
| be noted that the loss of CRAC and PiaA resulted in an increased level of activated RasC at 60 s
relative to wild type (Figure’ 13A, 13B), and the loss of ACA resulted in an increased level of | '
activated RasG at 60 s, relative to wild type (Figure 13C). The reason for this is not clear, but as
cAMP is an importan..t. intracellular second messenger, it is possible that the defect in cAMP

stimulated ACA actiVatiOn demonstrated by these strains (Chen et al., 1997, Lilly and Devreotes, -

-1994; Pitt et al., 1992) results ina deregulation of Ras _activation (Section 4.5).
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Figure 13. Ras activation is upstream of ACA and its cytosolic regulators. Pulsed Ax3,
dagA’, piaA’, and acaA cells (Table 2), were harvested by centrifugation (500 x g, 5 min),
washed 2 times with KK, and resuspended in KK, at 5 x 107 cells/ml. Cells were stimulated
with 200 nM cAMP, and activated Ras was measured as described in Figure 11. 10 pl of 6X
SDS loading buffer were added to 50 ul of Dictyostelium lysates (1 mg/ml), indicated as ‘Total
Ras,” and approximately 8.3 ug total protein were loaded on the gel. ‘Ras-GTP’ refers to Ras
bound to GST-Byr2 from (A) dagA’, (B) piaA, (C) acaA™ strains. The experiments are
representative of three separate experiments.
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37 RasGEF_A 1ﬁe’diates activation of RasC

Insall et al. identified RasGEFA as a coxﬁponent involved in G-brotein mediated cAMP ,
stimulated signaling events (inszﬂl et al., 1996). Strains With é di'srup'tedv r_qu géne have similar
~ phenotypes to t_hos’e of the gefA' mﬁtant, and hence if Was 'speculat‘edth‘at Ras.GEF'A might |
. mediate RasC activation (Lim et al., .2001). Ho@ever, éxpression bf '.acti-véted' RasC 1n ;'IgefA.'
cells féilé to rescue the phénotypic defects of the géfA' strain (C.J. Lim, unpublished
observations). This_ Was not entirély unexpected as the exp’ressidn qf activ_ated Ra_sC in rasC
célls does not fully rescue the defect in multicellular development, and appéars to be detrimental
to development .when expré‘ssed in ‘wi.ld.type cells (Lim, 2002). Thus, the relatioriship Bet\*'een
RasC and RésGEFA remained linclear. The RBD binding assay alloWed féf an alfernative
strategy to tést this relatioﬁshjp. Pulsed Ax3 and gefA" cells (Table 2) were sﬁfnuiated with
cAMP, an('ii the levels of activated Ras were meaéured at Qaribus time points post. "s.timulalltion. In |
cells lacking Ra'lsGEF'A,. no activation of RasC .Wasb observed, indicating thét :RasGEFA Ai's
required for all of the cAMP stimulated RasC activation (Figure 14). In contrast, there was no
‘reduction of RasG activatiQn upon cAMP stimulation in gefA' cells comparéd tQ wild type cells,
indicating that RasGEFA is not involved in RasG activation (Figure 14). |

This result led to a collaborétivg effort with A. Kort_h_olt from the Van Haastert lab,‘who had
established an in vitro fluorescence nucleotide exéhange asé'ay to identify substr_ates for‘different
Dictyostelium RasGEFs. This assay involves loading the Ras pro'téin with a fluorescent ahal-ogue‘
of GDP, 2’-, 3’—bis(Oj—(N—methylanthraniloyl)-guanoéine diphosphate, fnGDP, and incu.batin_'g
' Ras—mGDi5 in the presence of é RasGEF (Lenzeni et al., 1995). mGDP. displays a highgr level of

fluorescence in the hydrophobic environment of the GTP binding pocket relative to the aqueous

.ehvironme‘ntv of the buffer solution, so RasGEF stimulated nucleotide release can be monitored as




a decay in fluorescence over time. Nucleotide exchange in the absence of a RasGEF was

measured to determine the intrinsic nucleotide exchange éctivity of the Ras protein, and used as a
background control. The rate of fluorescence decay can be fitted onto a single exponential curve
to derive the observed rate constant, kgps. As summarized in Table 4, results from this assay
confirmed that RasGEFA mediates nucleotide release specifically from RasC, and not any of the
other Ras proteins tested (Kae et al., 2007). It bears pointing out that the loss of gefA appeared to

coincide with a prolonged RasG activation (Section 4.5).

Total
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§e)
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RasC —— —
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Figure 14. gefA” mutants are deficient in RasC activation. Pulsed Ax3 and gefA cells (Table
2), were harvested by centrifugation (500 x g, 5 min), washed 2 times with KK, and
resuspended in KK at 5 x 107 cells/ml. Cells were stimulated with 200 nM cAMP, and activated
Ras was measured as described in Figure 11. 10 pl of 6X SDS loading buffer were added to 50
ul of Dictyostelium lysates (1 mg/ml), indicated as ‘Total Ras,” and approximately 8.3 ug total
protein were loaded on the gel. ‘Ras-GTP’ refers to Ras bound to GST-Byr2. The experiment is
representative of three separate experiments.
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Table 4. Observed rate constant, Ky, 6f RasGEF stimulated nucleotide exchange. '

. . Fold - Fold " Fold - Fold
Intrinsic C vte 1 Increase, RasGEFA Increase | RasGEFR Increase GbpD Increase
/x10%st | 01'65"., +vel /x 1075 RasGEFA/ /x10%s" ©  RasGEFR/ | /x10%s’ GbpD/
. x Vs Intrinsic - : Intrinsic ~+ Intrinsic ) Intrinsic
RasB 1.2 23 1.9 R 0.9 12. - 1.0 1.1 0.9
RasC 1.2 2.7 23 - 570 48 1.1 0.9 14 1.2°
‘RasD | 29 8.0 28 | 27 09 | - 26 09 | 31 L1
- RasG 04 6.0 ‘ 15 0.5 1.2 2.7 6.8 0.3 0.8
RasS 1.1 24 2.2 1.1 1.0 1.2 1.1 1.1 1.0
Rapl | 04 28 7.0 0.4 1.0 03 0.8 2.7 6.8

. The in vitro nucleotide exchange assay employs a fluorescent analogue of GDP, mGDP. mGDP
has a higher level of fluorescence in the hydrophobic GTP binding pocket of Ras, so nucleotide
release can be observed as a decrease in fluorescence as mGDP is released into. the aqueous
environment of the surrounding buffer. The observed rate of decay can be fitted onto a single -
exponential curve to derive the observed rate constant, kons. ‘Intrinsic’ refers to the Kops in the .
absence of a RasGEF, and serves as a background control. ‘+ve Control’ refers to the kqps when
the Ras protein was incubated with the positive control: mammalian RasGRF1 for RasB, RasC,
RasD, RasG, RasS, and mammalian C3G for Rapl. ‘Fold increase’ is the ratio of the ko for the
indicated RasGEF-Ras reaction over the ko for the intrinsic value. The data from this table was
summarized from Kortholt et al. (2006) and Kae et al. (2007), and the analysis was performed by - -
A. Kortholt. ' ,
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3.8 | RasGEFR is required for maximal cA.MP stimulaf_ed aci:ivati(m df RaQG ’

Secko et al. (2004) used a proteomics based approach to search for proteins- involvéd in the
Ré‘éG Sig_nalling pathway. This screen involved looking for profeins that underwentvchanges 1n '
" their étate of phosphorylation, as assayed with- antibodies specific for. phosphorylated seriﬁe,

th’feoni_r_le and ty'rési‘hé res'idu'es, in response to the e;xpréssion of activéted RasG (‘G.1'2T). On.eA
signalling protein ivde'ntified | was'. RasGEFR.,‘ whfch _v_displayed a decrease in threonine
phosphorylation when RasG (G12T) was eXpr_essed. Aé it has been shown in mammalian-'
sjzstems that. RasGEF phosphorylation can lead to- either bositive or n_egati‘ve regulation of
RasGEF activity (Kesavapany et al., 2004; Yang et al., 2\003), it was speculated that RasGEFR
: either mediates RasG Yabctivation, and that this activation is itself regulated by RasG, or RasGEFR
| functions downstream of RasG signalling, ractiva'ting a different Ras GT Pase_._ The aVailé_bility of |
a .gefR"str.z_iih allowe_d a tést of the.-first péssibility. Pulsf_:d_A*3 and gefR cells (Table 2) were
stimulatéd with cAMP, and assayed for actiyated Ras. "There _was: a partial reduction in RasG
| ‘a‘xctivaﬁon' in gefR™ cells, suggesting that RasGEFR is partially responsible for the activation of
RasG (Figure‘ 15). Since the'r‘eduction in RasG activation was only ‘partial, 1t would. apbear that
there are at léast two RasGEFs tha£ mediate cAMP stimulated kasG activation. 'Thié conclusion
is consistent with the observation that gefR" cells aisplay no apparent defect in early develdpment
(Secko et al., 2004), although the pheriotyp_ic examinati.onvof the gefR cells was limited to the
ébility' of 'the muta'nt.. éells to complete multicellular déyelopment (D.M. Secko, vunpublis;hed
obserVations). Therc was no defect in RasC activation in gef'R'v cells (Figure 15); howevef, the
level of RésC—GTP in gefR cells at 60 s was elevated compared to wild tyi)e ‘éells'(Scction 4.5).
Thé in vitro nucleotide exchange assay perfofme’d by A. Kortholt demonstrated that RasGEFR

méd‘iates GDP release specifically from RasG (summarized in Table 4), confirming the in vivo.
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activation data (Figure 15) and indicating that the observed decrease in RasG activation is likely

due to the specific loss of RaSGEFR activity on RasG (Kae et al., 2007).

Ras-GTP

Ax3 gefR-

Time (s) 0 10 60 0 10 60
RasC ‘

RasG

Figure 15. Loss of RasGEFR reduces activation of RasG during development. Pulsed Ax3
and gefR cells (Table 2), were harvested by centrifugation (500 x g, 5 min), washed 2 times with
KK», and resuspended in KK, at 5 x 107 cells/ml. Cells were stimulated with 200 nM cAMP,
and activated Ras was measured as described in Figure 11. 10 pl of 6X SDS loading buffer were
added to 50 pl of Dictyostelium lysates (1 mg/ml), indicated as ‘Total Ras,” and approximately
8.3 ug total protein were loaded on the gel. ‘Ras-GTP’ refers to Ras bound to GST-Byr2. The
experiment is representative of four separate experiments.
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In light of the above observations, the developmental phenotype of gefR™ cells was
scrutinized in more detail. When Dictyostelium cells alre placed on plastic dishes under non-
nutrient buffer, wild type cells aggregate via a process called streaming, and this behaviour
initiates after ~10h in starvation buffer, as was the case for Ax3 cells (Figure 16). Similar to Ax3
cells, gefR cells also formed aggregation stream in about 10 h (Figure 16), unlike rasG™ cells,
which exhibit a delay of about 4 h relative to wild type cells (Bolourani et al., 2006). It’s been
shown that ACA activity is required for cells to be able to form streams (Kriebel et al., 2003), so
the observation that gefR™ cells were able to form streams suggests that RasGEFR is not required
for ACA activity. It appears that the streams formed by gefR™ cells are less robust than the
streams formed by wild type cells, (Figure 16), a phenotype similar to rasG™ cells (Bolourani et
al., 2006). As RasG is involved in regulating' chemotaxis and cell motility (Bolourani et al.,
2006), the difference in streaming pattern displayed by gefR" cells would suggest that RasGEFR

may be involved in one of these processes.

Ax3 gefR

Figure 16. Streaming behaviour of Ax3 and gefR" cells during aggregation. Cells were
seeded as a monolayer at a density of 5 x 10° cells/cm® and submerged under Bonner’s salts
solution. Images were photographed at 10 hours after the initiation of starvation.
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cAMP strmulatron of aggregatron stage cells results in the rap1d activation of PKB and
loss of PKB has been assocrated with defects in cell motllrty and polarrty (Merlr etal, 1999). It
has been shown that PKB actrvatlon is dramatically reduc_ed 1nvrasG' cells relatrve to wild type
‘cells (Bolourani et al., 2006). cAMP-stimulated activation of DictyoSteZiurn PKB requires. the
phosphorylat1on of two threonrne resrdues (T278 and T435) on PKB An 1mmunoblot analysrs
) 'using an anti- phospho threomne antrbody detects a number of threonine phosphorylated protelns
in Dictyostelium cell lysates, including a ~51 kDa band that corresponds to PKB-. An anti-
chtyostelmm PKB specrfrc antrbody has confrrmed that the band corresponds to PKB (er et
al., 2001). Mutatlon of the threonlne resrdues to non- phosphorylatable alanrnes results in loss of _'
»both in vivo phosphorylatron of PKB and in vitro protein Kinase activity, demonstratrng that the
phosphorylatron state of PKB can be used as a direct measure of PKB activation (er 2002) In. ‘
'order to deterrmne the 1nvolvement of RasGEFR in the RasG mediated activation of PKB pulsed
Ax3 and gefR’ cells were incubated in the presence of 1 mM caffeine for 3O-m1n and st1m_ulated
_wlth 15 uM cAMP, as described in Materials and M.ethods. 'Sarnples'we_re collected at the time
points indicated, land activation of PKB vt/as assayed for by immunoblot analysis using a
pvhospho‘-threonine speci‘fic antibody.  Phosphorylation of PKB was rapid_ and translent in both
- Ax3 and gefR’ cells, peaking at 10 s‘post—stirnulation and returnlng to basal levels by 30 s (Figure .
17A). Thus, a loss of RasGEFR did not affect PKB phosphorylation. .Asdefects in either the
Pl3K or TORC2 signalling_oathways results in a loss of PKB activation (Lee et al., 2005; Meili. '
et al., 1999), the resultfrorn Figure_ 17A implies that RasGEl’R is not involved in the regulation

 of either of these pathways.

70




Ax3 | gefR
Time(s) 0 10 30 60 0 10 30 60

Ax2 gefM
Time(s) 0 10 30 60 0 10 30 60

Figure 17. ¢cAMP induced stimulation of PKB phosphorylation. (A) Pulsed Ax3 and gefR’,
(B) Ax2 and gefM cells (Table 2) were harvested by centrifugation (500 x g, 5 min), washed two
times with KK», resuspended at 5 x 107 cells/ ml in KK, supplemented with 1 mM caffeine, and
incubated with shaking for 30 min. 100 pl of cell suspension was added to 20 pl 6X SDS
loading buffer before stimulating cells with 15 pM cAMP (final concentration) and at the time
points indicated after stimulation. Samples were resolved by SDS-PAGE, and phosphorylated
PKB was detected by immunoblot analysis. The band corresponding to phosphorylated PKB is
indicated as ‘pPKB.’

3.9 RasGEFM is required for maximal cAMP stimulated activation of RasG

Using a bioinformatic approach to search the Dictyostelium genome for regulators of Ras,
Arigoni et al. (2005) identified a RasGEF, RasGEFM. When the gefM gene was ablated, the
strain displayed defects in early development. gefM cells have chemotaxis and polarity defects,
and development arrests after forming small, flat aggregates (Arigoni et al., 2005). Given the
involvement of RasGEFM in early developmental processes, it was postulated that RasGEFM
may regulate RasG activation. Pulsed wild type Ax2 and gefM cells (Table 2) were stimulated

with cAMP and assayed for activated RasC and RasG. cAMP stimulation of Ax2 cells resulted
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in a similar rapid inerease in RasG activation when cempared- to Ax3 cells (compare Figures 11

and 1_8).' However, unlike.in'AXg?), RasG activation in Ax2 did not decrease to near basal levels at . _

60 s (compare Figures 11 and 18). This difference in the RasG activation profile observed -may' '
be attributed ‘to differences between' the wild type Ax2 and Ax3 sffaih‘s. Ax3 Was‘initially‘

generated by mutagenesis of a non-axenic strain (Loomis, 1971), whereas AX2 was generated

from a non-axenic stram w1thout using mutagene51s (Watts and Ashworth, 1970) and the

different methods used in generating these strain's is evidenCed by the fact t_hat Ax3 contains a
~755 kb duplication of Chro_mosome 2 (Eichinger et al., 2005; Loomis et al., 1995). ‘While it has

been proposed that the duplication has no severe consequences on either growth or development

(Loomis et al., 1995), it has been shown that Ax2 aggregates earlier than AX3, ‘and that

culmination proceeds difectiy.. from ‘finger’ to ‘fruiting body’ (Figure 3), bypassing the motile

slug stage present in Ax3 (Kellerman and McNally, 1999). ‘Whether or not these differences are

“related to the observed difference in RasG activation is unclear at this time. Compared to the

activation in the parental Ax2 strain, there was a partial reduction in RasG activation when gefM -

-cells were stifnulated with cAMP (Figure 18), suggesting that RasGEFM is involved in

mediatin'g_ RasG activation along' with RasGEFR. However, the decrease in RasG activation in

gefM' cells is modest relative to Ax2, and since there is no in vitro data to confirm that RasG acts

~ as a substrate for RasGEFM, it is possible that the decrease in activated RasG is due to some -

unspecified secondary effect such as gene expression of a regulator of RasG. There was no

dramatic difference in cAMP stimulated RasC activation between Ax2 and AX3 strains (Figures

11 and 18), and_while the activation of RasC was not affected in gefM cells, the level of RasAC—

'GTP at 60 s was higher in gefM" cells than Ax2 (Figure 18, Section 4.5).
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Figure 18. Loss of RasGEFM reduces activation of RasG during development. Pulsed Ax3
and gefM cells were harvested by centrifugation (500 x g, 5 min), washed 2 times with KK, and
resuspended in KK at 5 x 107 cells/ml. Cells were stimulated with 200 nM cAMP, and activated
Ras was measured as described in Figure 11. 10 pl of 6X SDS loading buffer were added to 50
ul of Dictyostelium lysates (1 mg/ml), indicated as ‘Total Ras,” and approximately 8.3 Lig total
protein were loaded on the gel. ‘Ras-GTP’ refers to Ras bound to GST-Byr2. The experiment is
representative of three separate experiments.

The polarity defect observed in chemotaxing gefM" cells (Arigoni et al., 2005) suggested that
there may be an effect on either the PI3K or TORC2 pathways. PKB phosphorylation is an
effective way to determine the involvement of RasGEFM in these pathways as both PI3K and
TORC?2 lead to PKB activation (Lee et al., 2005; Meili et al., 1999). Pulsed Ax3 and gefM cells
were incubated in the presence of 1 mM caffeine for 30 min, stimulated with 15 uM cAMP, and
samples were collected at the time points indicated. Samples were resolved using SDS-PAGE,
transferred to a PVDF membrane, and probed for phosphorylated PKB using a polyclonal anti-

phospho-threonine antibody. cAMP mediated PKB activation in gefM" cells was reduced

73




| relative to Ax2 (Figure 17B), démqnstrating that RasGEFM is im)olved in PKB phospﬁofylétion;
While _thé afnounts of ,prot'éiri loadéd oﬁto the  gei were ﬁormaliz_ed by observing Coomassie blue
staihing of the gels following electrdphoresis (data not shown), t‘here- ;vag no wéy to'meésure the
~ level of tOtal‘PKB protein in these biots, so it is possible that 'the déére'ase‘: in pﬁospho_rylated -

PKB could be a reflection of a decreaée in total PKB. Assuming that the le\}el of total PK'B is

~ not affected by the loss of RasGEFM, these data support the idea that RasGEFM regUla_tés RasG

mediation of the pathWays leading to PKB phosphofylatioh.

310 RasGEFC and RasGEFD are not involved in cAMP stimulated activation of Ras
The aQailabiiity of other gef gene strains (Wilkins et al., 2005) provide‘d an 6ppoﬂu’nity to
search f_of other RasGEF pfOte_ins involved iﬁ the CAMP ‘mediated R_aéC and RasG éignalling '
. pathways. .cAMP stimulated RasC and RasG activation was normal in gefC' ana gefD,'y strains
(Table 2, Figures 19A'arid 19B), indicating that R-z.i'sGEF(-f and RasGEFD are not involved in
cAMP stimulated RasC or RasG activ‘ation' during eafly development, however, the activation of -
‘RasC and RasG was prolonged in gefC cells (Section 4.5). vIt cannbt be ruléd out that RasGEFC‘

and RasGEFD regulate the activation of either RasC or RasG in response to other stimuli.
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Figure 19. Loss of RasGEFC or RasGEFD does not affect Ras activation during
aggregation. Pulsed Ax3, (A) gefC and (B) gefD cells (Table 2), were harvested by
centrifugation (500 x g, 5 min), washed 2 times with KK, and resuspended in KK, at 5 x 10’
cells/ml. Cells were stimulated with 200 nM cAMP, and activated Ras was measured as
described in Figure 11. 10 pl of 6X SDS loading buffer were added to 50 pl of Dictyostelium
lysates (1 mg/ml), indicated as ‘Total Ras,” and approximately 8.3 ug total protein were loaded
on the gel. ‘Ras-GTP’ refers to Ras bound to GST-Byr2 and ‘Total Ras’ refers to total Ras
present in cell lysates. The experiments are representative of three separate experiments.
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311 Over-expression of Gpr»lea-ds to an-increase in activute_d'Rapl, RasC _
Gpr was isolated in. a 'bio_informatic se_areh for cGMP binding proteins, ‘and along with a
cycli.c- nueleotide binding domalin GopD was found to contain a' putative: C-DCQS domain
~ (Goldberg et al., 2002). Over -expression of GbpD protem results in cells that are flat, exhibit '
greatly increased adhesion, and extend many lateral pseudopodia (Bosgraaf et al 20_0|5), a
i .phenot'ype that bears a striking resemblance to cells that over—exp'ress activated Rapl (Rebst’ein
et al., 1997), suggesting a possible role for Gpr as a regulatorvof Ra_pl activation. . To
investigate the role of GbpD in mediating Rapl activation, the steadv-state levels of éctivated
Rapl was measured in vegetative Ax3, gbpD" and GbpD over—expressing (Ax3.'.'aCtl.i-gprOE) '
| o_ells (Table 2)’. While there was no difference in activated Rapl levels betweenv Ax3 and' gbpl)'
cells, A}xv‘3::act15-gpr0‘E cells displayed an increase in activated Rupl (Figure ‘20/3";). As a
control, aotivated RasC and RasG levels were also measured‘. The low level of activated liasC in
"Ax3 and gbpD’ cells (Figure 20A) could be a reflection of the importance of Rasc during early
development over,vegeta‘tiVes‘tage events. This is mirrored by the mRNA expression pattern of
‘the rasC gene,\vwhich is lovver in vegetative cells, increasing to ma)iimal expression during earlyl
development (Lim et al;, 2001). 'While only a trace amount of RasC-GTl’ was seen in Ax3and
. gpr'.cells, there was a modest increase in RasC—GTP observed in Ax3.'.'act15-gpr0E cells _
» (Figure 20A). While these results suggest that GbpD affects both RasC and Rapl activation the
modest increase in activated RasC in Ax3::actl5- gprOE cells could be an mdirect effect of.
over—expressing gbpD. Pulsed gbpD cells stimulated with cAMP displayed no defects in RasC
a_ctivation(.Figure 20B); showing that GbpD is not necessary for cCAMP stimulated activation of
;R_asC during eurly. development. The activated levels of RasG-GT P rematined'simila.r between

the three s_trains tested (Figure 20A), suggesting that GbpD is not involved in mediating RasG
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activation. Consistent with the evidence that suggests GbpD is a RapGEF, not a RasGEF, an in
vitro nucleotide exchange assay demonstrated that GbII)D exhibits specific activity for Rapl

(Table 4), and not RasC or RasG (Kortholt et al., 2006).

RasC-GTP '3
Total Ras :
RasG-GTP |

Total RasG
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Figure 20. Activation of Ras proteins by GbpD in vive. (A) Exponentially growing Ax3,
gbpD’, and Ax3::actl5-gbpD cells (Table 2) were harvested by centrifugation (500 x g, 5 min).
2.5 x 10’ cells were lysed in 1 ml RBD-LB, incubated on ice for 10 min, and lysates were cleared
by centrifugation (13,000 x g, 10 min, 4°C). Activated Ras was measured as described in Figure
7. 10 ul of 6X SDS loading buffer were added to 50 pl of Dictyostelium lysates (1 mg/ml),
indicated as ‘Total Ras,” and approximately 8.3 pg total protein were loaded on the gel.
Representative of three separate experiments. (B) Pulsed Ax3 and gbpD' cells, were harvested
by centrifugation (500 x g, 5 min), washed 2 times with KK, and resuspended in KK at 5 x 107
cells/ml. Cells were stimulated with 200 nM cAMP, and activated Ras was measured as
described in Figure 11. 10 pl of 6X SDS loading buffer were added to 50 pl of Dictyostelium
lysates (1 mg/ml), indicated as ‘Total Ras,” and approximately 8.3 Lig total protein were loaded
on the gel. ‘Ras-GTP’ refers to RasC bound to GST-Byr2. The experiment is representative of
three separate experiments.
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4  DISCUSSION
41 | Im'pli.cati.onS of the RBD Binding Assay as a tool for‘siudyil'lg. Ras ac'ti_'_v,ation
Previous data had implicafed a role for RasC as a m.ajorvregu‘lator‘of‘ the cAMP signalling .
pathway during> Dictyosteliﬁm eariy 'development. Pilénotypic chara(v:_teri-zation'v_.of é rasC
~ knockout strain revealed that RasC was required for the optimal aé.tivatior-lvof' ACAn and Pi('B in
responsé to cAMP (Lim et ai., 2001), aﬁd it was hypothesized that RasC was activ.ated By cAMP
and mediated at leasf some of the sig‘nalling'pathways dow’nstream of tﬁe 'CAMP'signbal. In order
to test the h)}pothesis,Y ‘an asééy was needed that could,be used to measure levels of a:ct.i_vat‘-ed Ras.
Much of the ’ear.lby work done 1n studying the Ras GTP cycle was performed with the use
‘of radioactivity (Sat_oh et al., '1'988). This ivnvovlved labelling cells with **P, immﬁndpre;:ipitating
Ras from cell lysates, -and reéolving GTP from GDP on thin layer chromato.graphyf (TLC).'-' |
However, there are a number of problems éssocigted with ﬁsing this mefhod. First :and foremost
is the .‘req‘uirement of millicurie levvels,of 2p, This requires extensive safety proéedures and
equiprﬁent? poteﬁtially exclﬁding some labs from performing this assay. Another problefn is the
fact that the ceils require inc1.1batio.n in phosphate free medium for several V}IIOUI‘,S. Th’is has been.
shown to lead to a decrease in intracellular ATP, pétentially‘ affecting normal phys‘iologic.al '
processés (Atkinson, 19685._ Finally; incuba;[ing cells in .the‘.preéénce of **P can lead to cell cycle
arrest, or even apoptosis (Yeargin and Haas, 1995), making this assay problerﬁatic wh_en‘
studying Ras activation’ in growing or developing ‘c'ells.' |
AnOther method desc‘ribed 'mea_sured Ras-GTP enzymatically (Scheele ef al., | 1995)
}Much'like the tadii_onucleotide based assay, this niefhod begins by immurvlbopreci-pitating'_Vtotvaxl Ras
‘kfro_m cell lysates. The bound nucleotides are released .from Ras, and subsequentvenzymatic’

reactions employing NDP Kinase and Luciferase are used to quantify GTP and GDP, This asséy’
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is useful for its ability to rneasure absolute levels of GTP and GDP bound to Ras .to femtomolar
accuracy, and it has been used'>t0 measure Ras-GTP_in hnman, tissues in situ (Gu.ha et‘ al., 1996).
| H.o\'évev'er this assay has not been Widely used as evidenced by the fact that it has .been cited onty '
59 times since 1995 (Web of Sc1ence) perhaps due to the seemrngly labour intensive nature of
thlS assay For example measurement of GDP requlres conversion of cellular GDP to [32P]GTP‘
using NDP kinase, and,then resolving the samples by ‘TLC, Measurement of GTP involves
converting the cellular GTP to ATP using NDP kinase, and then converting ATP to AMP and,.'
li.ght, which”is r‘neasured'in-a photon counting luminometer, using LUciferase (Scheele et al., -
1995). |
The me’thod'de‘vised by Taylor and ‘Shalloway_(1996) is advantageous because it does not
require the 1ncorporat10n of any rad10act1v1ty, and it is not as labour intensive as the prev10us.
methods descrrbed (Flgure 5). The GST-RBD fusion can be easily expressed and pur1f1ed from
bacteria, ‘and the glutathlone sepharose resin 1s commer01ally avallable from a large number of
rnanufacturers Furthermore, pan-Ras antibodies that will recognize most Ras isoforms are also
_avallable commermally The pan -Ras antibody from. Calbrochem (Cat # OP40) for example, -
reacts with chtyosteltum RasB, -D, -G, and - —S. On the other hand, 1f the objective- of the study
involves the assay of a specific Ras protein, llsoform specific antibodies are requrred. In
specialized cell types that may express only one isoform of Ras, this is not usually a*concern;
however, chtyostelinnt expresses a number of ras genes at any one time during the- course of its :
 life cycle. For example, vegetatively growing cells express at least RasB, RasC, RasG, RasS,
and Rapl (Daniel et al., 1995). While the pan-Ras antibody can be used to determine whether
any Ras proteins are activated, only‘isoform spec'ific antibodies can be used to determine which

specific Ras proteins are activated.
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The use of a RBD has been extended to vrsualrze Ras activation in lrvmg cells (revrewed

in Walker and Lockyer 2004). This has been accomplrshed by taggmg the RBD to a fluorescent

tag such as green ﬂuorescent protern (GFP), and the resultrng probe can be used. to provrde both
temporal and spatral information about Ras activation. Hdwever,I since many RBDs can bind to
rnultiple Ras proteins, identifying the specific _‘activated ‘Ras specieé in vivo may be virt‘ually_
imposs_ible. For ex_arnple, Sasdki et al. (2004) observed that GFP-Rafl (RBD) locaiizes to the
membrane that is spétially closeot'to the cAMP gradient (the leadrng edge) in chemotaxing
D‘ictyostelium cells. .PI3K‘1> localizes to the same area in chemotaxing cells .Whenbplaced 1n a

spatial gradient of cAMP (Fdnamoto et al., 2002). Since RasG is involved in regulating PI3K1_ |

activity (Bolourani et al., 2006), and Raf 1 (RBD) does not interact well with RasC (Kae et al.,

2004), Fdnarnoto et al. concluded that the GFP-Raf1 (RBD) probe was detecting only activated -
RasG. What this analysis cannot rule out is the possibility that another Ras protein that can bind

Rafl (RBD) is also activated by cAMP. One method of visualizing the activation of a specjfic

Ras pr_otein in vivo employs a FRET based probe that incorporates both the Ras protein and the -

Ref 1-RBD as one fusion protein, flanked by YFP and CFP at the N- and C;terrnini, respectively
(Mochiznki et al., 2001). This probe is capable of observing isoform specific Rae activation

because only the intramolecular interaction elicits the :.FRET response, while binding of

7 endogenous Ras will not. One problem with this probe is the possibility that the proximity of the -

RBD may competitively interfere with RasGAP function (Mochizuki et al., 2001), thereby

affecting the extent of the activation observed. Another possible way to monitor activation of a

~ specific Ras is to identify a RBD that will interact with only one Ras protein. The RBD__from :
Dictyostelium Phg2 shows the most potential as it has been shown via a yeast two-hybrid assay

that Phg2 binds only to Rapl (Gebbie et al., 2004; G. Weeks, unpublished observatiOns);
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Whethet. Phg2 ts at)le to ‘interact with any of the other Ras ptoteins is not yet known, but the
possibility of a Rapl specifie probe remains promising.

| 'During the RBD binding aesay, the protein content in the Dictyostelium cell lysates mu.s.t '
be quentified to ensute equal input of total protein. As a result there_W_ill be a period of titne
| .du_'ring_ which cell lySates 'are. left on ice, and during thts time Ras—G’fP will be suseeptible tob
RasGAP activity. This ts ortly a problefh until lysates are incubated with GST-RBD, which acts
as a competitive inhibitor to RasGAP 'activity,‘ since the)t both bind to Ras at the same site,.'
pt'ovided that the’ amount ‘ovf GST-RBD is far greater than the amount of eellular RasGAPs. In-
Qrder to avoid GAP Iaeti\/‘ity, one r‘nust‘work'q.uickly and _leave- cell 1ysates in ice at all times. The |
DC Protein assay used in this thesis is fast,end it can be carried out in less than 30 min. Another
potentiai limitation is the question of the litlearity of the RBD binding asv_say,hi.e. does a B_ahd that
' 1s twice the 'intensity‘ indicate that there is twtee the amount of‘vRas‘—_GTP? The data from Figure
| 10'suggests' that this assay is not linear as increasing the total protein content from 200 to 400 ug'
tesulté ini bands representing RasC-GTP and RasG-GTP that appeer, to be more than 2 times in
irttensity .Thi's is an issue tvhert the results show a redueed activatien of Ras, as is the case for
RasG activation in gejM and gefR cells (Flgures 15 and 18) Whlle itis easy to speculate that
~ the approx1mately half reductlon of RasG activation observed in both strains means that ’
RasGEFM and RasGEFR' are the only tWo RasGEFs that mediate RasG activation in resanse to
‘CAMP, gtven the heh;linearity of the assay, this can be a dangerous assumptien to make.
Finally, when the signal _of the activated Rasvdetected 1s low 'relativ.e to the background cohtrol,
interpretatien of the results can' be potentiatly difficult. As small variations of Ras-GTP can

occur due to experimental error while handling the samples, small differences observed in Ras-
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GTP'may not be significant.. Thus,. in the' cases when tﬁe differences '_inRas—GTP are smatll, iarge
number of répetitions tnus’t be pt:rforméd in érdet to enstlre the yalidity ot" the results.

.Strut:tural determinartts of tﬁe specificity of the RBD;RaS intera_c_tjon Wt:re ‘analyzed by |
- screening H—Ras_ .pro‘teins harbou'ring 'It)utations in the Sw_itc_:h 1 r.egion.('Akasaka et -al., 1996). (.
was discovefed that a H-Ras .(D38N) mutant lost the abjlity to bind tt) Raf 1 while Sttil. réta%ning_
~the a'bi'lity‘ td bind to Byr.2. An alignment of RBD sequences does not provvid'e much"in_sight into
how this specificity i_s determined; A structure of a 'By'r2—Ras'complex has revealed that K101 of
Byr2 interacts with D38 of H-Ras, most likely by forming a salt bridge between _the_t_wo residt]es
(Scheffzek et al;, 20_01). Thus, it 1s vcu‘rious that substituting the __negatively charged atspattatc
residue with a ‘pt)sitively 'charged asparagine doesn’t abolish 'the | bindiﬁg intéraction;
Futthermore, substituting D‘38‘ with the negatively chargéd ‘but longer side chairt ..of élutamate '
does abolish thé Byr2—Ras interaction (Scheffzek et al., 2001), whereas H-Ras witﬁ a pos'ition 38
substitution to an alahirte binds to Byr2 with similar atffintty as .H—Ra.s ‘(D38N).(Ohnishi et al.,
1998), demonstrating that the structufe of Ras residue 38 is more important than its charge. The -
corresponding residue of _Raf'l- to Byr2 (KiOl) is a _Lysivne, suggesting .that the factors that’
d-eterrr_lin‘e Specificity ate very subtle. As expressing H-Ras (D38N) rt:scuéd the vsporulation
defecto.f a S. pombe stfain beafirtg a rasl gene ablation (Akasaka et al., 1996), it appears that ttle ‘_

- mutation does not severely affect the overall structure of Ras.

4.2  cAMP and Ras signalling
The main objective of this thesis project was to develop an assay that allowed for the
measurement of activated Ras, and using this assay, determine the involvement and regulation of

RasC in the cAMP signalling pathway. Figure 11A demonstrates that cAMP _stimtilatidn of

82




pulsed gells led to a r_aipid increase in.acti\./ated RasC,~_peaki.ng at 10 s aftér'stimulation,

substantiatjng the hypotheSis that RasC is involved in feg’ulatirig cAMP Stimuiated signalling

events. The activation of RasC wés. transient, with.'a refurn of RésC-GTP_ to basal levels by 40 s '
B post sﬁmulation. A sﬁbsequent second bufst of activation was seen at 80 s and re.mained on until

at_'leas‘t. 150 s, alt'houvgh the magnitude of this second peak was significéntly lower thaﬁ the -initie.ﬂ.

peak at 10 s (Figure llA). Whether this observéd se’con_d,peak is physiologically relevant is not

known at this time, but one intriguing consequence of this éecond peak is the regulation of the_t
cytoskeleton during chemotaxis. Both actin and myosin II filaments rapidly localize to the cell

c_ortex: upon cAMP .s.timlvlla.tion, folloWed by‘a depol'ymcfization and return of act:m and myosiﬁ '
1T .to the. cytosol by éibout 90 to 100 s fhcre' is evidence that RasC may be involved in the

depolymerization of actin and myosin iI as 'chemotaxing rasC cells have defecis .in the
' ‘d.epolyme.riz'ation events (Weséels etal., 2004, Section 4.6).

.'T.he’ observation that activated RasG levbels increased ubon cAMP stimulation was
initialiy surprising, because there was limifed evidence to suggest that RasG was i_IAl‘VQlVCd‘ in
early develoﬁment. .For ekample, expreSSion of activated RasG (G12T) results in cellé that are
unable to ag.gregatf_:, and while thié’- was initially believéd to be an indicator of a 'fole for RasG in
~ the onset of vdeveloli)ment; over-expression of v?ild type RasG or a dominant négatiye RasG
(Sl7N) results in ﬁo defects in develbpm_ent_(Khosla vet al., 1996). Therefore, the -block ivn
aggr_egatio'n. éaused' by expreésing RasG (G12T) ‘was e*plained as the result of Ra_sG _(G12T)
interfering with other Ras signalling' pathways. Another link between RasG and dcvelopment
was suggested when RIP3 wa.s shown to :bind specifically to RasG, .and ablation of ripA
produced cells that did not ag.gregate or devel.op (Lee et al., 1999). While RIP3 has been shown

to bind specifically to RasG, the phenotypes of ripA’ and rasG" cells were so dissimilar it ‘was
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| deerned unlikely that RasG signalled throngh RIP3 (Lee et al., 1999; Tuxworth et al., 1997). The
finding that RasG is activatéd by cAMP shed new light on the connection between RasG and

RIP3.

4.3 - The involvement of GPCR in.Ras activation .
| ‘Dictyostelium. dis'coidertm possesses four car genes that encode .for CAMP receptors,
named carA to carD, but only one, carA, is highly expressed during early development (6h pos‘t
starvation) (Chen et al., 1996). Another, cdr‘C, is expressed during mid-—development 9h pOSt
‘starvation), and can somewhat conipensate for the loss of carA (Soede et al., 1994). | carB and
‘carD are not expressed until late rievelopment and a carA’/carC double knockout is mcapable
of initiating cAMP stimulated s1gnalling events (Soede et al., 1994). RasC and RasG activation
‘was abohshed in the car double knockout strain (F1gure 12A) demonstrating that Ras activation
during aggregation in response to cAMP requires cARl and cAR3 receptors.

While the majority of the stimulatory pathways downstream of cAR1 are regulated by the -
‘activation of the associated h’eterotrimeric G-protein, G(x2[37, there are 2 number of responses
that function in response to cAMP-but independently of Go2y. The cAMP rnediated activation |
of the MAP kinase ERK2 has been shown to be partly independent of Go2By (Briscoe et al., -
: 2Q01; Maeda et al., 1996), suggesting the possibility that a Ras protein may be involved in "
metliating some G-protein independent responses given that MAP kinase»cascades are typically
dOwnstrearn of Ras proteins in. mammals .(Arbabi and Maier, 2002). However, the relation_ship
between Ras and ERK?2 in Dictyostelium has been somewha.t contro’versial.‘ As measured by an
_.in vitro kinase assay, CAMP stimulated activation of ERK2 peaks one min post;stirnu]ation, and

returns to basal levels by three min post-stimulation (Knetsch et al., 1996). Expression of an
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activated RasD tGl_ZT) i_n"wild type‘cells_' result.s in an appro_ximately 4-fold increase in the basal -
level of CAMP stimulated E‘RK2' activity, with a subsequent‘decline in ERK2 activation'to levels
comparable to. wild type by 3 min post- stimulation It was ‘postulated that activated Raslj |
. (G12T) stimulates the activation of ERK2 hence the elevated basal level but does not affect the
| subsequent adaptation of ERK2 leading to ERK2 1nact1vat10n Aubry et al (1997) observed the.
opposite effect. Expression of activated RasD (Q6lL) 1n,w1ld type cells results in a significant
reduction in cAMP stimulated ERK2 activation, as measured by an -in-gel kinase assay. .'
Furthermore, the basal level of activated ER>K2 was the same as that seen in wild type cells, and |
‘ the kinetiCS of ERK2 activation rnjrrered that of wild type cells. ‘Tbe observation that cAMP
: stimulated RasC and RasG activatiQn Is ablated in gpaB" or gpbA™ cells (Figure 12B and 12C)
demonstrates that RasC and Rast actiyation in response to cAMP is linked tol GOQBY,.
suggesting that RasC and RasG are not inyclved in the G-protein independent activation of
ERK2.. | | |
| Upon.agonist binding to the cAMP receptor, both Go2 and the Gy dimer participate in
distinct signalling pathways, and a cembination of geneticand in vitro data has suggested that
- Go2 is invclved in the pathway leading to guan_ylyl cyclase activation, and GBY is responsible
for PI3K and adenylyl cyclase activation (Okaichi et al., 1_992; Roelofs et al., 2001; Wu et al,,
1995). Activated Ras_C. and RasG are also thought to participate in discrete pathways, yvith RasG
involved in regulating the chemotactic response and cell polarity, which includes.tbe activation
of guanylyl cyclase and PI3K, respectively, and RasC in adenylyl cyclase‘activation- (Bolourani
| et al., 2006). Thus,‘it can be speculated that_ GOL2-GTP mediates the activation of RasG in the
pathway leading to GC actiyation, whereas the G.[SY dimer mediates the activation of both RasC

and RasG for the activation of ACA and PI3K, respectively. A model of dual Ras protein
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activation from one GPCR has been proposed in HEK293 cells (Schmitt and Stork, ’2l002);
Stimul_ationuof the [32_-adr'ene'rgic receotor with isoproterenol le_ads. to tli‘e activation of Ras and
Rapl. Furtherrnore, througn the use of dominant negative_mutants it 'wa_s,demonstrated that- Ras
| activation was dependent on GBy, and.Rapl activation was.dependent on G_oc.(Schmitt and Stork, |
| 2002). This model of G-protein dependent Ras activation provides a .r_ne'chanism'_ for'}how,' two_

- distinct signalling pathways originating from one stimulus can be activated and regulated.

44 | -Role-of RasGEFs in Ras activ'.ation. A
The chtyostelzum genome encodes 15 Ras subfamily proteins (Weeks et al., 2005) a
number that is consxderably larger than that found in worms and yeast which contain between
four and ten (Weeks et al., 2005). In addition, there are more gef genes than ras genes encoded '
by the chtyostelzum genome (Wilkins et al., 2005) suggesting that at least some Ras proteins
are activated by more than one RasGEF Consistent With this idea is the fact that of the ten gef
~gene knockouts that have been described, four gef gene knockout strains have no distinct
phenotypes (Wilkins et al., 2005). o |
| The isolation of a gefA’ strain that failed to aggregate was the first indication of a Ras
protein being involved in cAMP signalling during Dicty_ostelium developrnent' (Insall et al., -
1996) The subsequent isolation of a rasC" mutant with a s1m11ar phenotype suggested the
: pos51b111ty that RasC functioned downstream of RasGEFA (Lim et al., 2001) The pattern of Ras '
activation in the gefA' mutant provided convincing evidence that RasGEFA is necessary f_or the
activation of RasC in response to cCAMP, but not required for RasG activation (Figure 14).  This

“has been verified by the use of an in- vitro nucleotide exchange assay (Table 4). RasGEFA
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'catalyzed the removal of' GDP from RasC, hut not from other Dictyostelium'R'as- proteins,
confir_ming that RasGEFA is specific for RasC.
| "A»proteomic study has shown' that RasGEFR is one.of the proteins that could be'
' id‘entit"ied as exhibiting an alteration in tyrosine phosphorylation in response to the expression‘ of
activated RasG (Sec‘ko et'al., 2004). This suggested a ‘possibility. that RasGEF conld mediate.
activation of RasG as there are e_xamoles of RasGEF'regulation by phosphor'yla'tio_n. Stimulation
of rat forebrain slices with the vasodilator forskolin leads to phosphorylat1on of RasGRFl and_'
this phosphorylatlon 1s requ1red for maximal RasGEF activity (Yang et al., 2003) Conversely, it

has been shown in CHO cells that RasGRF2 is phosphorylated by the cychn dependent kinase, -

. Cdk5, and this phosphorylatlon serves to downregulate the RacGEF activity of RasGRF2

(Kesav_apany‘_et al.,-2004). However, there wds no direct evidence to suggest that Rt_asGEFRI
mediated RasG activation. Th_e finding of’ a reduction in the Vmagnitude of RasG_aetivation in
response.to'cAMP ina gefR" mutant (Figure 15) provide_d evidence that RasGEFR is responsible'
‘for medlatlng at least some of the RasG actlvatlon This conclusion was conflrmed by an in vztro
nucleotlde exchange assay Wthh showed that RasGEFR was spec1flc for RasG (Table 4; Kae et
al., 2007). A closer examination of the gefR phenotype,revealed that gefR cells do not have
defects in the activation of PKB (Figure 17A), demonstrating that RasGEFR is not responsible
for RasG mediated activation of either PI3K or the TORC2 complex. An examinat'ion: of the
streaming 'character'isties of geﬁ?' cells during aggregation revealed that, unlike rasG’ cells, there
was no delay in the onset of aggregation (Figure 16). However, the streams formed by gejR‘
cells appeared to involve fewer cells and thns appeared less dense 'when compared to streams
formed by wild type cells (FigUre 16j. It has been shown that' ACA. activity is required for

stream formation (Kriebel et al., 2003), so the fact that gefR cells are able to stream would
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suggeSt thgt ACA acfivity is.not abolished in_ this strain. Instead it can be spéculated that'v'the less |
robust streams formcd b'y gejR'_cellé is due vto a défect in éither ;ﬁotlility or chemot'actic
efficiency. | o | :

Since RasG activation is not gbmpletely abolished m the gejR' Strain, it'Would appc_:ar that
there_ is at least one other. RasGEF responsible for tﬁ_e 'activation'_of ' RasG -_upvon'_céMP.
stimulation. One candidate _RaéGEF is RasGEFM. cAMP stimulation of geﬁw cells resulted in
a moderate reduction ;)f RasG acﬁvation, relativé to wild type (Figu;c 18),_demon$trating. that
RasGEFM, like RasGEFR, is required for maximal activation of RasG. It has been shown in
splenic B cells ‘that_both Ra.lsGRP.l .an.d RasGRPS contribute to maximal activatioﬁ .of Ras?
d,etec.ted usinrg" a pah-Ras antibody; and loss of either RasGEF results in a_decre;ase in activation
(Coughl_ih et al., 2005)." Furthermore, RasGRPl and RasGRP3 appear to me‘di.ate" different
pathwéys> aé rdsgrp]'/ " and rasgrp3” knqckout mice e);hib'it different phenotypés. A modei
‘involving the regulatioh of RasG activation by twb RasGEFs cén provide a méans to regulate
two indepehdent pa'thways mediated thrdugh RasG. However, without éubporting in vitro -
evidence, it is impossible to conclude that RasGEFM r,egulat-es RasG activation. |

RasG has- been linked to the cAMP médiate_d activatiqn'of PKB (_Séction 1.13). The
: observed reduction in the activ.at.ion of PKB in gefM cells _Suggests that RasGEF_M mediates the
~ RasG dependent activation of PKB (Figure 17B), and the reduced PKB acvtivlati_on is cpnsistent
with the defeéts in cell polarity and motility seen in both gefM™ and rasG’ cells (Arigbrﬁ et >al.,
2005; Bolourani et al., 2006). However, at tﬁis point fhe evidence linking RasGEFM and‘RasG
s circumsfantial, and it cannot. be ruled out that the reduced activation Qf both RasG and PKB
ccould be due tb some secondary effect such as a change ir gene expression, or the result of an

indirect effeét on a separate signalling pathway. We do know that RasGEFC and_RasGEFD aré
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not involved in the activation of RasG" in response to .cAMP, as neither. the gefC nor gefD
mutants were defective in RasG activation (Figure 19).

"G_pr was isolated in a search for cGMP .binding proteins identified by .biOinformatic '
) analy_sis.and was found to contain a domain with hornology to CDC25p _(Goldberg et al., 2002).
A’fgbp_D' strain'revealed'an. involvement in early developmental signalling, as glapD'- cells
chernotax 'f.aster due to a hvper-polarized cell shape, a phenotype that is 'similar to rasC cells
(Lim et al., 2001), and to cells that over- express a dommant negative Rapl (Sl7N) (Jeon et al.,
2007) Over -expression of GbpD, on-the other hand, leads to cells that are more adherent when |
placed on a solid surface,_and a loss of polarity whe_n_ chemotaxing (BOsgraaf et al., 2005). '
Assaying for activated Ras revealed that over-expression of GbpD results in an increase in
activated Rapl and RasC, but not RasG (Figure 20A). However an in vitro nucleotide release'
‘assay demonstrated that Gpr can catalyze activation of Rapl -and not RasC (Table 4),
indicating that the in vivo increase in activated RasC—GTP is not likely a direct effect (Kortholt et
.al., 2006). In support of these observations, CAMP stimulated RasC activation in ‘a‘gpr' strain
is largely unaffected (Figure 2OB) It has been shown that cAMP stimulation of aggregation
stage cells results in transient activation of Rapl (Jeon et al 2007) Furthermore, expression of
a ‘dominant negative Rapl (S17N) results in cells that hyper-polarize during chemotax1s, and
expression of an activated Rapl (G12T) abolishes cell polarity. However use of dommant
negative. and activating Rapl mutants could interfere w1th other Ras Signalling pathways (Feig,
1999), including those of RasC and RasG, so- the physiological effects of these Rapl mutants
may be the result of perturbing the signalling of another Ras protein. How R_apl integrates with

the Ras signalling pathway, if at all, is unclear at this time, but there is evidence to suggest that
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cAMP _stirnUlated'activatiOn of Rapl lies downstrearn of either RasC or RasG‘(P. Bolourani,
unpublished observations)'. o | |
| >Initial experiments | hav.e shown a high degree | of ' RasG_EF—Ras-.‘- sp'ecificity in
' Diclyostelium. These findings seem to be in contrast to th.e situation in rnammalian ce‘lls where |
overlapplng specrficities have been reported For exarnple SOS exhiblts in vttro exchange
: act1v1ty on H-, K-, N M and R- RasZ (Nielsen et al., 2001 Ohba et al., 2000; Porf1r1 et al.,
1994), and RasGRF1 has been shown to activate H'-, K-, N-, M-, R—, and R--RasZ (Nielsen et al.,
2001; Ohba‘ et al,, 2(l)00).‘ In an organisrn like Dictyostel_ium,-activation of Ras pathwaysiby
'specific interactions with a RasGEF wonld be an efficient mechanism. to ensure high fidelity as
there are normally multiple Ras and RasGEF proteins present. During aggregation there are 18
gef genes and at least 7 ras genes expressed (Chisholm et al., 2006; Daniel et al., 1995 Wilkms.v‘
et al., 2005). This mechanism may not be as 1mportant in 'metazoans, as many. RasGEFs have
tissue or cell specific ekpression, bypassing the need for ti ght sub.strate s.pecificitv. .For example,
RasGRP1 is the only RasGRP farnily member to be expressed inT cellsvand mediates a_lli of the -
DAG 'stimulated Ras activation (Dower et al.,‘ 2000), while RasGRFl is predorninantly expressed
in brain tissne (Guerreroet al.,, 1 9'96). |
Little is known regarding the Ras structural determinants that might be involved in :
‘ conferring RasGEF specificity. Analvsis of a SOS-Ras_crystal-_structure_has_ revealed that 3
regions of Ras are invoived in the RasGEF-Ras'interaction’ the Switch 1 region (residues 21-40),
the Switch 2 region (57-75) and the helix o3 region (95 11D (BOI‘Ide -Sjodin et al., 1998).
RasC and RasG exhibit a number of differences in the Switch 1 (4 out of 19 re51dues) Switch 2

‘.(2_ out of 19), and helix .03 regions (6 out of 17) (Figure 2), providing a variety of possrble

determinants of specificity. However, RasGEFR is capable of activating RasG but is without
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activity for‘Ra'sD (Table 4), despite the fact that RasD_ and RasG are highly related (89%

identi_ty), including identical Switch 1, Switch 2, _helix o3 regions (Figure 2). The observation

that the CDC25 domain of mammalian RasGRF 1, used as a positive control, was able to activate

all the Dictyostelium Ras proteins indiscriminately in an in vitro nucleotide exchange assay

(Téble 4) would indicate that the factors that de_termine' the RasGEF-Ras interaction specificity
are subtle, and involves other residues outside of the Switch 1, Switch 2, and helix o3 regions.

The region of SOS neighbouring the Ras-SOS interface is surrounded by three residues that have.

been proposed to be involved in mediating RasGEF specificity. When residues R826, T935, and

E1002 of SOS are mutated to alanines there is no effectvo_n the binding and activation of Ras by

- SOS (Hall et ai., 2001). How’ever,.‘. a mutation of yeast CDC25p in th.e residu‘e equivalent to.

R826 of SOS disrupts the ability of CDC25p to bind to Ras (Park et al., 1994), and a mutation in

| RasGRF1 in the residue equivalent to T935 of SOS disrupts the catalytic activity on Ras (Vanoni

et al,, 1999). Alignment of the protein sequences of RasGEFA and RasGEFR (Figure 21)

reveals that at the position corresponding to R826 of SOS, RasGEFA has a negatively charged

aépaitate re_sidue, whereas RasGEFR 'has a positively charged asparagine residue, and at the _

position corresponding to E1002 of SOS, RasGEFA has a leucine residue, whereas RasGEFR

has a gap in its alignment. RasGEFA has a threonine residue and RasGEFR has a serine reéi_due
at the position corresponding_to T935 of SOS (Fignre 21). If the structuies of Ras‘GEFA' -and
RasGEFR are analcgous to the s_tructure of SOS, it’s possible that the differences in the residues
at»positio'n 826 and 1002, relative to SOS,V contribute to the specificity of tht-: RasGEF-Ras
interaction obseri/ed; There are alsp a numiaer of differences in other residues that have been

implicated in the SOS-Ras interaction when covmparing the alignment of the RasGEFA and

'RasGEFR sequences Y(Figure 21), providing a number of possible residues that may be involved
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the RasGEF-Ras interaction.‘

in med_iating. spe_cifieity. A detailed r_nufational analysis will be needed to determine Which of

these _reéidues, or any other residues, are the important determinants that confer specificity for

GefhA ,'NLSIYDIDEEEIARQLTLIEFEIYRNIKPPELLNQS KTK] ] 405,

GefR TALFLLLNESEIARQLTLIDrNIFSKIQPTELLDQs?f' 1499
SOS TFDLLTLHPIEIARQLTLLESDLYRAVQPSELVGS 832
GRF1  AEPFENHSALEIAEQLTLLDHLVFKKIPYEEFFGQ 1090
GefA 465
GefR 1559
SOS 892
-GRF1 1150
GefA 524
GefR 1612
S0S 947
. GRF1 1206
GefA _ , ) 584
GefR  -DKINNLINFQKRE ( 1663
SOS ©  LKRHGKELINFSKR 3% 1006

GRF1 ——YTEDGLVNFSKM 1257

Figure 21. Alignment of RasGEF protein sequences. Gapped alignment of protein sequences
of the CDC25 catalytic domains of the Dictyostelium RasGEFA and RasGEFR, and mammalian
SOS and RasGRF1 (labelled GRF1). Alignment was performed using CLUSTAL W multiple
sequence alignment program, version 1.83. Numbers indicate position of amino acids in protein
and dashes indicate gaps in alignment. Shaded residues represent those.that are involved in the
RasGEF-Ras interaction, as deduced from the SOS-Ras crystal structure (Boriack—Sjodin et-al.,
1998; Hall et al., 2001). Residues marked on the bottom with (*) are conserved residues, those
marked with (:) are ‘strongly’ conserved as defined by CLUSTAL W, and residues marked with
(.) are ‘weakly’ conserved as defined by CLUSTAL W. Residues marked on top W1th a (U)
represent the residues correspondmg to R826 T935 and E1002 of SOS.




An in vitro s_tudy‘er'nploying purified Ras proteins de__monsﬁated that Ras bren)'flation' may
play a'rol¢ in chtfibuting' to RasGEF  substrate specifiéity in mammalian cellé'(Po'rfiri et al.,
' 19‘9'4.).' The pr_oteiﬁs were eXpreséed in Sf9 insect (;ells SO that.the Ras proteins‘ underwent thé '
© correct post-translatibnal modification that is absent when expressed in bact_efia. The report
deménstrates that SOS doés not exhibit vin vitrerxchangve activity on ﬁnprénylated I-f-Ras or K-.
Ras4B, and this spec_ificity is‘limite'd‘to' prenylatior} as changes to the palmitoylation sites of H-
Ras have no effect. On the other hand, CDC25 1s able to me.diate hucledtide exchange on either,'
form of Rés;. indicating thét-prénylétion doés not determine .sp_ecificity qu all RasGEFs. Both
RasC and RasG afe ppedicted _ to undergo the same post—tfanslational @odification, a
: geranylgeranyl._atioh (Moores et al_.,'l991),v Suggesting_ that prenylation doeé not account for the
difference ivn_specificify towards RasGEFA and'RasGEFR. Furthg:rmof_e, the results fr?mﬂ an in
vitro nucleotide exchange assay sflown in Table 4 efnployed .a C—terrﬁinally truncated form of
RasC (K'ae et al., 2007), supporting the notion that. regions of Ras éther than the C-terminus are
vimportant in determining substrate specificity for RasGEFA and RasGEFR. ‘How'ever, it cannot
be ruled out tha't post-transla;cibnal modification is a.detgrminant for substrate specificity for
other Diciyb&telium RasGEFs. | | |
It remaihs to be_seén how Dictyostelium RasGEFs direct Ras activationvin vivo. In
mammalian Ras pathways, a large’ number of RasGEFs ‘associate With adaptor proteins thét
mediate their cellul'arvlbcaliza.tion' and facilitatev Ras actiyation. A model has beeﬁ proposed in
HEK?293 -epithelial kidney cell lines that involves a direct intefaction of a GPCR and a cAMP
regulated RasGEF, CNrasGEF.. Pak et al. (2002) showed that>CNr_asGEF binds directly to the.
| GPCR B1-AR, and in conju'r‘l‘c;tion with.binding _to’ cAMP, CNrasGEF activates Ras directly uﬁon |

agonist binding to BIQAR. This model provides the first evidence of Ras-activation directly from
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é GPCR. While_ a kéy feature of most RasGEFs is the inclusion ‘of other sigﬁalling ’dom'ainvs that |
provide clues in elucidafing .Ras_ pathways, many Dictyostelium. RasGEFs contain very few
si‘gnélling mbtifs outside of fhé cvataliytic domain (Wilkjns E_:t ai., 2005)' CNrasGEF, for example,
' ..contains a PDZ_domain which is neqéssary for its interaction with Bl.-IA'R' éﬁd ;1 cI.\IMP' binding
dofnain which binds cAMP and_ sewés as a way to reguiaté its activity (Pak et al_.,-.v20(.)2)'v. In
_éontras_t, RasGEFM ahd Ra}sGEFR coqtain no other signavllin‘g domains Qutéide Qf fﬁe_ éatalytic
domain (Wilkins et al}, 2005), and the only other sigjnallin.g motif that cén be found on RasGEFA
isva LisH domain (Wilkins et al., 2005), a p.oo'rly charaéteri_zéd’motif that has Been pOstulated'to
be a possible prétein oligome‘ri_zatioﬁ domain (Kim et al., 2004).. The LisH domain}has aiso been
vs.uggested to regulate microtubule dynamics (Emes and Ponting, 2001).
The function of the microtubule cytoskeleton in éh’emotaxis, is unclear, buf it h.as been_.'
'Qbscrvéd fﬁat Dictyos}elium’ célls exclude the microtﬁbiile cytoske}eton frorﬁ the..v leading>
‘pseudopod - during chemotaxis to _cAMP (Rubino et al.; 1984), and that fhe _microfubule
organizing‘ éentre localizes to the rear of .cells wheh chemotaxing to folate (Sameshima et al.,
1988). This type "of distribution has also beén observed in dHL-6‘O cells, v.a néutrophil-_like cell
line, where disruption of the microtubule cytoskeleton using the microt_ubulle depblymerising '
- drug, ‘nocodazolev, increases céli polarity (Xu et al.,‘20.05_'). Furthermore, treating c.ells with
~ nocodazole results in a decfease in C.I of cells chemotaxing towards fMLP, while increasing the
migration speed ~50 .%- (Xu et al., 2005). RasGRFI has. been shown to associate with
miérotubule's in vitro, and RasGRF1 transfected into COS-7 cells localizes to microtubules in
vivo '(Forléni etv al._, 2006). As fhis interaction has‘no effect oh microtubule dynamics, it;has béen ‘
sugge‘sted thati the association serves as an anchor for RasGRFl ‘(Forlani et al., 2006). Even

-though the domain involved in RasGRF1 localization shows no homology to the LisH domain
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present in RasGEFA? it could be poésibl_e that RasGEFA demonstrat‘es a similar localization to

the mi_érbtubule network.

45 Ras a'ctivatioh and the adaptatioh response
_The ,stimulaﬁory éigﬁalling eveﬁts initiated by.v cAMP durinig early development iﬁ
Dictyosteliﬁm have been“stu'died,for’n.lany years (reyiewed in Manaﬁan et al., 2004). To respond
to cyclic pulses of a st_imulant, however, there must be a periéd when the signalling ‘coniponentsv
are deactiVatéd, during whiéh time the cells femain unresponsive to the'sigﬁal and cells return to -
a basa:l state. In D.icvtyo;vtelium, this 'process‘ is referred '_to as the adaptation resbonse, and the
m¢chanism for how this proéeeds remains largely unresolved (Brzostowski et al., 2004).

"The‘l'oss'of ACA .activi.ty in acaA’, .»dagA’, and piaA strainsrappeared”to ha\}e an leffect on

the deactivation of Ras. RasC activation Vwaéb prolonged.'in _da:gA',‘ and piaA’ cellls (Figure 13A,
13B), whereas RasG activation was prolonged in acaA' (Figure 13C). It is possible tﬁat the loss
.._Of ACA ‘activity has an effect on the adabtation response, and one possiblc r‘egul_afor_ of the
adaptation.reéponse is PKA, an impoftant transducer of the intraceilular cAMP signal.. cAMP - |
stimulation éf wild type cells resuits in a rapid activation of the MAP kinase, ERK2 (Maeda et
~al., 1996), and if has been postulated that ERK? regulates the level of intracellular CAMP levels
through the regulation of 'phophodiéStéfases (Maeda et al., 2004). Cells wi_th an ablation of- the
genev_encovding ERKQ do not‘ aggregate (Segall et al., .1_995), presumably due to .the elevated
action of cAMP thsthdiesterases, and the aggregation defect can be rescued by cxpre.ssing
c'onstituti\;ely active PKA (Aubry et él., 1997), placing it genétically dbwnstre_'am_ of ERK2.

However, ERK2 aétivation is prolonged in pka cells (Aubry et al., 1997), suggesting that
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intracellular cAMP is important for the adaptation response,- and the prolonged actiVation of
RasC_and RasG observed (Figure 13) nday be due to a defect in this adaptaticn.response.

| In some of the studies on Ras activation reported in thls' the'sis,b lcss ch ‘a RasGEF was
associated with nrolonged activation cf those Ras proteins ._that were still actlvated.v In wild type -
cells Ras .activation was rap1d peaklng by 10 s, and leturnmg to near basal levels by 40
~ (Figure 11). gefA’ cells exhlblted no decrease in RasG act1vat10n by 605 (Flgure 14), geﬂ\/f and
gefR cells exhibited‘a Jevel of RasC activation at 60 s that was greater than b_asal levels (Figures
15 and 18), and gefC cells exhibited a greater level of both activated RasC and RasG by 60 s
cornpared to basal levels'(Figure 19A). Given the general model of the GTP dependent
activation cycle of Ras protems (F1gure 1), this extended peak of Ras-GTP rmght reflect reduced
act1v1ty of a negative regulator_ of Ras, such as a RasGAP. Nine genes have been annotated in -
 the Dictyostelium genotne that encode for Vproteins with putative RasGAP domain.s (ChishOIm et |
al., 2006), but none have been characterized thus far. lwo proteins with RasGAP dotnains’v,
| DGAPl and GA_PA, haVe been identified as IQGAPs, and the evidence suggests that these two
proteins act on Rho family GTPases, and not Ras (Adachi et .al., 1997.;'. Faix et al, 1998).‘
Whether the 9 putative RasGAPs show specificity towards individual Ras ‘proteins is nnknown at
this time. |

One candidate negative_ regulator of Ras activation in cCAMP stimulated eventsis the G

alnha protein, Go9 (gl)al),' .which has been implicated in the negative regulation of events -
downstream of cAR1 (Brzostowski et al., 2004). While the rnajority cf cAR1 is coupled to
Go2By (Knmagai et al., 19915, Brzostowski et al. (2004) have demonstrated that a small but

significant population of cAR1 has also been shown to be coupled to Go9By. Dissociation of

/cAR1 with its heterotrimeric G-protein reduces: its affinity for cAMP, band cAMP binding is
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inhibited by about 75 % in membranes from wild type cells when the heterotrimeric G-proteins
are activated in vitro using GTPYS. In contrast, membranes from gpaB’ cells display only ~15 %

inhi"bition'when stimulated with GTP'yS,"'indicating that the majority of cAR1 is coupled to Goi2. |

Eetopic expression of gpal in gpaB™ cells is able to partially restore the GTPYS stimulated

inhibition of cAMP binding to membranes from gpaB’ cells to ~35 %, indicating that Go9 s also
able 10 conple to cARl (Brzostowsl(i .et. al., 2004).. .Gene ablation studies have "revealed that a
gpa]" strain exhibits extended peaks of cAMP stimulated cAMP, cGMP and PI(345)P~4
accumulation (Brzostowski et al., 2004) It is striking that the 1n1t1al activatlon kinetics are |
largely unaffeeted, with the gpa_f cells often displaying an equal or a small inerease in activation
relative to wild typeh‘_cells. However, the adaptation response, defined as the return to basal

levels, is significantly delayed. Expression of a constitutiyely activated Go9 (Q196L) results in

a faster adaptation response. As the loss of GOL9 affects multiple activation pathways i.e. the

PIBK pathways ACA activation, and cGMP accumulation, it would suggest that Go9 acts as a

general negative regulator of cAMP si_gnalling, functioning to turn off all pathways mediated by

cAR1. How Go9 mediates this regulation is unknown as there is a dearth of information

- regarding the components of the adaptation response, but it is conceivable that Go9. functions as

a negative regulator of both RasC and RasG activation given the involvement of Go9 in multiple
mgnalhng pathways (Brzostowskl et al., 2004)
There are some examples of GAPs functioning downstream of GPCR.in mammahan

cells. Go12-GTP interacts with GAP1™ via a tandem PH/BH (Btk homology motif) domain, and

' this interaction has been shown to stimulate GAP activity in a cell free in vitro assay (Jiang et al.,

1-998). Additionally,. while'EGF stimulation of MEG-01 human leukemia cells stimulates Ras

activation, concomitant over-expression and activation of Gol2 with the agonist U46619
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reduces this activation, demonstrating that activated Gal2 potentiate's GAP-l ™ activity in Vivo as

well - On the other hand the G(xo protein regulates GAP act1v1ty in a different manner. In

HEK293 cells, RaplGAP Cco- 1mmunoprecrp1tates with GO(O GDP, but not the GTP bound
isoform (Jordan et al. 1999). Over-expressron of Goy results in an 1ncre,ase 1n. activated Rapl, |
., whereas over—expressxon of a constitutively activate GO(O (Q205L) diminishes activated Rapl,
.' 'suggesting that Goy- GDP regulates Rapl act1v1ty by sequestermg RaplGAP If. the adaptation
response in Dictyostelium is indeed mediated b‘y GAP regulation, the available eyidence suggests

that Go9 lies upstream of the_putative RasGAPs for RasC and RasG.

4:.6: Regulation of th_e cytuskeleton during aggregation by Ras

“Chemotaxing Dict)liostelium- cells, like all' rno‘tile cells, undergo drchestrated'
chemoattractant induced changes to the cytoskeleton (Franca-Koh et al.-, 2006). ,A After an initial
“cringe” response in which cells round up and cease motion, the cytoskeleton polarizes such that_
* F-actin assembles at the leading edge, which is the site of new pseudopod formation, and myosin
II assembles at the rear and sides_of the cell to provide cortical tension and to retract_the trailing
uropod. These tuvo responses,hatle been reported to be regulated by PI3K activity and cGMP,
| respectively (Bos‘graaf et al., 2002’; Chen et al., 2003), and' there is an increasing body of |
~ evidence to suggest that ,RasG is involved in both responses. It has been well documented that
mamrnalian.Ras-GTP binds to PI3K and stimulates PI(3,4,5)P3 formation (Kodaki et al., 1994;
‘ Rubio et al., 1997). Sirnilarly,. RasG—GTP has been shown to bind to Dictyostelium PI3K1 and
_PI3K2 in a -yeast two hybrid.assay (Funamoto et al., 2002), and a RBD binding assay (Figure
' 7C). Although it has yet to be determined whether this binding stimulates PI3K activity, -a

PI3K1 isoform that harbours a mutation in the RBD is unabl_e‘to generate PI(3,4,5)P;3 at the
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'leading ‘edge 1n réSponsé ‘to cAMP when expressed.in a | pi3kl /pi3k2 d_oﬁblé knockout.
Furthermore, constitutively localizing PI3K1 to'the membrane via a myristoylation motif does
‘ nbf "re's'cu_e thi.s defect, suggesting that binding of Ras to PI3K doés not function té merely anch_of '
- PI3K fovthe r'nembrar_ie (Funamoto et al., 2002).- Thése data-have been interprctéd aS indicating
th’at RgsG is reqhiréd for PI3K stimulated PI(\3’,4,.5)P3' formation, and consequently for actiinb‘
vpolymerizat.ion. | |
Tﬁc evidence for RasG ‘mediated regulation of myosin Il polymerization isv equally'
compelling; .Chgmotaxing éells rapivdly polymerize myosin II to the cortex at the rear and side; '
of 'the:ceil when challenged with _cAMP, and this response is defgctive in a sgcA”/gea’ double
- knockout strain, cells that are‘uﬁable'_to synihesize cGMP (Bosgraaf et al., 2002). These cells are
motile, but they dispiay a loss in polarity during chemotaxis, .and have_ a severe defect in
" chemotactic efficienpy as" measured by thé _C:I. rasG" cells display a similar phén_otype in that
fhey are also unable to properly polarize during ichemotaxis, ye't: still"retainin.g the ab'ility to
-iocbmote (Bolourani et al., 2006). While rasG" cells display a significant reduction 1n C.L, the
defect is not as severe as that of the sgcA/gea strain. The ldifferen(‘;_e in C.I. between rﬁsG' and
sgcA/gca éellé éan be accounted for by the fact that whilé bofh re‘cebtor and GTPYS stimulated
cGMP'accumulétion is signjficantly reduced in résG‘ cells, an appreciable level of »éGMP is still
synthesized (Boloura.ni et al., 2006, .and, P. Bolouraﬁi, unpublishéd obServations).' cGMP
.synthe‘sis is_completeiy abolished in rasC/rasG" double null cells; and these cells’héve the sém_e
dramatic defect in C.1. as sgcA/gca cells. These data suggést that the inefficiént chemofactic
response of rasG’ ceills may be ibn part é conSequence of defects in mobilizing both the actin and

the myosin cytoskeleton.
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. _RasC; on the other hand, appears to antagonize the pathWays leading ‘to actin 'and_ myosin
polyrr_lerizatiOn. Ina study to ex-.amine‘the chemotactic properties of the b'rast ‘c.el,ls, it was found
that hoth the actin and myesin iI .ciytoskeletons polymerize and mehili_ze to the cell cortex in
" response to cAMP much like.wild type cells (Wessels,et al., 2004).'. While wild type cells -
subsequently depolymerise and _reorgenize actin and m)tosi'n I awvay'_fro'mb the _eortex _t('l) the
» ‘cyto'sol',. both remain in the .c_ohtex of rasC cells, leading to a hyper-polarized cell motfphOIOgy.
The d_epolymerizatiqri of actin and.‘ myosin II 0ccur.' at approx'imately 80 to 9_0 S after-the cAMP
sttmulus, which coineides with the s.ec'ond, tn’ore gradual peak of activated RasC (Figure 11); SO
it ie possible that RasC is involved in the depelymerization of both actih and myosin_ Ii filantents
during chemvotaxi_s.. Vegetative rasC cells display polymerized actin staining. at several sites
around the membrane, w'hereas_ wild type cellstypically show a single foeus of polyrhertzed actin. ‘
- (Lim et al.; 2005), supporting a negative regulator role for RasC. It has been shotivn in ﬁCTl 16 |
human cancer cell lines that K-Ras regulates depollylheriia.tion ef the cytoskeletoh (Polleck et
Aalv., 2005). HCTI116 ce‘lls have one mutant K-Ras (G13D) allele, th_e equivalent to H-Ras -
(G12T), and these cells are devoid of stress fibres and focal adhesions when placed on glass‘
coverslips_. Disruption of the mutant K-Ras éllele restores stress fibre'and’focal. adhesions,
suggesting that the absence of .sttessvfib_res and focal adhesiens in. HCT116 cells is a result of the
p'reéence of activated K—Rés. _Furthertnore, despite the absence of stress f_ibre_s‘, HCT116 cells -
display an elevated levei.of activated Rho, which is involved in' the formation of strese fibtes,
and treatment of HCT116. cells with Rho ihhibitors results in the reformation of stress fibres,
~ suggesting that K-Ras ‘me_di,ates its effects on the cytoskeleton by.negative‘regulation of Rho
_‘aetivity, but not by the activation of Rho (Polloek et al., 2005). Whether RasC functions through

niediating the activity of a Rho family GTPase remains to be seen, but as Ras has been well
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documented to mediate cytoskeletal rearrangement upstream of small GTPase cascédes in other

-~ cells, this notion is not out of the realm of possibility.

47 | An emerging_‘model of Ras signailing during aggrégation
Thé work in this .the‘sis project .demonstrated thbét CAMP stimulation of Diétyostelium
cells during the aggrggation stage resulted in th¢ ac_ti\./ati‘on of RasC and RasG (Figure 11), and
that ‘this actjvation 18 downstreém of the CAMP receptofs; >cAR1 and cAR3_, as we.ll as its
aésociated héterotr_imefic G.-pro'tein, 'Ga2Byi(Figure 12). Fuﬁhermore, it appears that all cAMP -
| mediat:ed RasC ac'tibvation 1s medivétgd by RasGEFA (Figure 14), whereas RasG activation ié
mediated- by ati 1ea$f 2 GEFs RasGEFR ahd RasGEFM (Figurel5, 18). " Closer examination of
the phethypes of gefR and gefM cells haé reveéled a pbssible role for RasGEFR .in cherﬁotaxis
»(Figure' 16) and RasGEFM in regulating cell' polarity and motility through the 'aéti_vation of the
pathway leading to PKB phosphorylation (Figure17B). |
| 'wa the Dictyostelium RasGEFs- ‘ére regulated is unknown at this time, ‘but_ some
speculatioﬁs‘ can be -made Based on models of analogous systems. ._v’l'“he most common way (o
regulate RasGEF mediated activation is to regulate the localization of the RasGEF, usually via
~ the action of adaptor prqteins. In the case of RasGEFA, the LisH domain may function to
localize RasGEFA in the proximity of RasC when stimulated with cAMP. Since no obvious
motifs exi.st on RaSGEEM and RasGEFR, the model would depend on the existénce of nOv¢l
binding sites for proteimprotgin interaction domains that would be analogous of SH2 or SH3
domains. RasGEFR undergoes a decr_eavse’ in threonine phosphorylation in response to the
expression of activated RasG. Given vthat R.asG'EFR exhibits in vivo -(Figure 15) and .in vitro

(Téble 4) activity on RasG, the phosphorylation of RasGEFR could be a positive regulator of its
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RasGEF activity, and the subsequent activation of RasG provides'feedback_ inhibition_ on the |
activity- of RasG_EFR._‘ In lother cells, a‘ctivati_on.of signalling path_Ways v'do'wnstream of Ras has
been shown to induce negat'i\./e feedback inhibition of Ras activation.' E).(pression of activ‘ated‘ |
bRaf 1in BJ fibrobla'sts results in an increase in ERK actitlat_ion' When treated iwith tamoxifen,_but ’
in a decrease in Ras-GTP levels, demonstrating that activation ‘of Ras patliways: c.an le_ad to
‘v ‘-inhibition‘of Ras (Courtois-Cox et al., 2006). Whether this inhibition of Ras is tllrio.ugh the
activation of a RasGAP or inhibition of a RasGEF ivs unknown. |

A picture of the cAMP stimulated Ras signalling pathways is beginning to emerge
(Figure 22). The current ev1dence suggests that all Go2Py dependent srgnallmg is mediated by
the COncerted functions of RasC and RasG. RasG appears to regulate at least three path_Ways: 1)
aCtivation of . GC (Bolourani et al, 2006) 2) activation of PI3K (Bolourani et' al. 2006'_” |

Funamoto et al., 2002), and 3) regulation of the TORC2 complex via an interaction with RIP3

(Lee et al.; 2005). Taken together the predommant role of RasG is in- chemotax1s and in

regulating cell motility and polarity. The observation that RasG may be activated at the,leading'

‘edge of chemotaxing cells is significant as it had been .shown that GC, PI3K, and RIP3
translocate to the'leadin'g edge when placed in a cCAMP gradient (Funamoto et al., 2002; Lee et
al., 200‘5; Sasaki et al., 2004;. Veltman et al., 2005),» reflecting RasG interaction | with its .
~ downstream effectors. The- streaming pattern of gefR™ cells (Figure 16) .suggests that_there may -
be. defects in cell motility orv chemotaxis as the streams'formed b‘y gefR" cells appear less dense '
when compared to streams formed by wild type cells. 'A quantitative analysis of the chemotacti_c

behaviourYOf g‘efR.' cells could provide more insi'g.ht into the role of RasGEFR in this process.
,‘S_ince RasGlEFlVl is required for maximal PKB phosphorylation (Fignre 17B), it isvpossible that

RasGEFM activates RasG in a pathway that targets either PI3K or TORC2.
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Figure 22. Proposed model for the involvement of RasC and RasG in cAMP stimulated
events during Dictyostelium aggregation. cAMP stimulation leads to a number of responses,
but for simplicity have been separated into 3 functions: chemotaxis, cell polarity/motility, and
activation of ACA. Activation of RasC and RasG are downstream of the GPCR, cAR1, and its
associated G-protein, Go2fy. Activation of RasG occurs at the front of chemotaxing cells
(Sasaki et al., 2004), and is mediated by at least two RasGEFs: The role of RasGEFR is not
clear, but is speculated to mediate RasG activation in the pathway regulating chemotaxis, and
RasGEFM regulates RasG activation in the pathway regulating cell polarity and motility. On the
other hand, RasC activation regulates the pathway leading to ACA activation, and speculated to
be activated at the rear of chemotaxing cells based on the observation that ACA is localized at
the rear of cells (Kriebel et al., 2003). Some unclear relationships exist that cannot be addressed
with this model. For example, it is clear that RasG signals to PI3K, and that PI3K and its
effector protein CRAC are required for ACA activation, so it is not clear why the loss of RasG
results in only a modest decrease in ACA activation (Bolourani et al., 2006). The role of RasC
in regulating depolymerization of the actin and myosin II cytoskeletons is unresolved at this
time, and thus its role in these processes has been marked with a question mark.
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~ The main ro_le'of RasC is in the activation of ACA. RasC in turn is _acti\‘/'ated by
RasGEFA, but h_ow RasC' activation leads to ACA activation is not clear at this poiﬁt. In vivo

locélizétion studies indicate‘t.hatv ACA activation occurs .at the rear of ‘th.e céll (Kriebel et al., |
2003), so-the’stiﬁlulatOry cAMP Sign_ai»must transduce from the front of the éell'to fheba_ck. An
intriguing pOssibility is that RasC is a;:tivated at the rearAQf the cell; pl.acjng- it in .pr.oximi'.ty to
"~ ACA, and thereby providing .é model for RasC mediated activation. HéWe’ver, Unljke yeast
ACA, Dictyostelium_ ACA does not have a RBD,: sb theré must bé_at l‘least Qhe other-regulatory
molecule that transduces the cAMP signal from activated RasC to ACA. It shéuld be noted that
thefe is no evidence of _Wheré in the .c¢ll RasC is activated. HoWever, given that the micfotubule
o_rganizing centre _is-localizéd towards the reér of chemotaxing Dictyostelium 'cells: (Rubiﬁo et al.,
1984; Sameshima et al.,b'l9.88)? and that there may be a pb_ssible association of RaéGEfA to the. ‘
_ 'microtubﬁl.e cytoskeletén via'its LisH dor_nz.i.ir.l (Emes and Ponting, 2001; Wilkin"s. et al.v, 2005), |

the idea that RasC is activated at the rear is not out of the realm of possibility.

4.8  Thesis Qynopsis and future directiohs
T'he'work»p'resen'ted in this thesis has made an impact in the fi_eid of Ras signalling in
general, and in Dictyostelium.R‘as r_esearch. specifically.' This work demonstrated for the fifst
time that chemoattractanf - signalling | in aggregating Diétyostélium' q_ellé involves two Ras
prdteins, RasC and RaéG. During this process RasC is activated by RasGEFA in the ﬁathWay
leading to ACA activation. RasG, on the otﬁer hand, éppears to be reguiated by two RasGEFs,
RasGEFM and RasGEFR,_ : With RasGEFM inv’olved in the pathway leading to PKB
| fphosphorylation, and RasGEFR potentially involkved in chemotaxis. The initial published work

.(Kae et al., 2004) has stimulated an interest in the use and adaptation of the assay, leeiding to a
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groWing number Q}f 'collabérative “efforts, with the results of some of th_esé ’pa‘rtn'erships '
summarized in fhis:thesis. ' | |

As the number of components involved in the Ras signailing pathways in Dictyosteliuﬁz '
' in’creaées, so does the complexity in regards to how everything fits together. The RasG-PIéK
pa_‘tlzl.way, for exa'r-np_l‘e, is bartiCularly coﬁfusing. All‘the’ évidepce suggésts that RasG is involve.d}
in mediatiﬁg the PI3YK and‘TOR_CZ pathways. Bqth of ‘these pathways are required for ACA
activation, gnd rasG cells are only r'nodestly_ dimjnisht;,d. in their ability to activéte ACAF'
(Bolourani .et‘ al.,v 2006). However, activation of ACA is ftar rﬁore affected by a loss of RasC with
rasC f_:ells being unéble to.aggregate due to loss of ACA activation (Lim et al., 2001). It is not
- known how ACA is activated, so it is not lélear how the cAMP signal is'trénsmitted from either
RasC.Qf RasG to ACA, but it is presumed that there are at least two pathWays.

‘At this time,»the’ é’xact vnatu’re of thé ih'volvement 'Qf RaéGE_FM in RasG'actiyation 1s not
clear. The data presented in this thesis (Figur_e 17B aﬁd 18) provide: preliminary .evidence'; butin -
._vitfo ﬁucleotide release activity is needed-fo confirm that RasGEFM »is an _acti\)ator of RasG.
Furthermore,.obtaining a DIiCZch)stelium PKB specific antibpdy will determine whether fhe levels
of total PKB afe-_equal between Ax2 and gefM cells (Section 3.9), and this will assign a
~ definitive role  for R_ésGEFM in - the | signalling  pathway leading. to PKB
phosphorylation/activation. |

- Iden.tificatioln .;)f a RasC interacting protein would go a long way to shed sbme light on
‘the RasC signalling pathway. Along with its role in ACA activation, RasC also appears .to be
involved in cytoskeletal rearrangement duriﬁg chemotaxis. In ‘par_ticularé RasC appears to be
reciuired for the depolymeriz_étion of Both thé actin and myosin II cytoskeletons. While RasC

exhi_bits a Second peak of activation when stimulated with cCAMP (Figure 11) that coincides with
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the timing of the d_epblyr’nerizaticn of actin'and mycsin II, it is ‘poSsible_that the i‘mpreper
depolymeriéation of actir’i. ahd myosin II in chemotaxing rasC _' c‘ells couil‘d be a result of the
inability to activate ACA, as cAMPis an important second messengei invclved in mediating-the
.activation' of'cAMP binding protein_s'. such as PKA (Znang et al., 2003).' A yeaet twofhybrid '
screen recently undertaken by the Weeks lab will hopefully shed some'. light}on this subject by
; finding wilich components transmit the CAMP stimulated signal dc'Wnstrearn of 'RasC'.i l; |

The role of negative regulators of Ras is an interesting avenue of stud_y. The genetic data
suggests that Goa9 is the key negative fegu]atOr for CAMP stimulated events.(Section 4.5). THUS,
one would expect that Ras activatidn in a gpal strain would be su_stained fora longer period of
time. Findin.g" the snecific RasGAPs for RasC and RasG, on the other hand, .requi.res sorme more
effcrt. A method involving'bru_te force would be to knock out all of the gap genes and determine_ '
the effect of their loss on Ras aCtivation. A moie directed approach could involve screening for
‘RasGAPs that interact. with activated RasC and/oi RasG using-a yeast two-hybrid_ assa)i first.
| Any gap genes that show a positive interaction can then be targeted for k_nockout, and its role in "’
‘the negative regulation of Ras can be studied via the RBD b_indingv assay, as well as phenotypic
effects of the gene knockout.

The use of GFP—RBD prOi)es can provide impo_rtant information abeut the in vivo .
lOcaliz_ation of activated Ras. However, the iel.ative promiscuity of the Ras-RBD ‘interaction :
makes it difficnlt to be.a.ble to differentiate between the differentRas isoforms. One solntion- to
thie problern is to use isoform specific RBDs. Thus far, the RBD of the nrotein kinase Phg2 has
proven to ibe (specific 'for Rapl when tested icer its ability to bind to 5 member_s of the |
.Dictydsteliuin Ras subfamily (Gebbie et al., 2004; G. Weeks, unpublished observations)). While

the Dictyostelium genome encodes for at least 10 more Ras proteins, it remains promising that
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the RBD of .Ph'g.2 can be used as a Rap 1 specific probe.. Anothef method of obtaining isoform
specific RBDs ‘is: to gen"erate' them - using mutégenésié; ~ This would invélvg " randomly
| m.u't"agenizing RBDs and screen for those that bind to only one Ras protein via a yéast two-hybrj.(‘i '
: screen. A similar type of strategy has been used to genefate more efficient GFP probes, and
fliiorescent probes of différent' colours (Zhang et al., 2002). | | .
~ The tool deyeldped by Taylor and Shal‘lvo'v.vay'n just. over 10 years ago has grown .
tremendously in its use and applications. As there is stiil much more to learn about the:
regulation and lqcalization-of Ras, I foresee no end to how fhis assay'carvl"be _furthér modified;
improved, and appliéd. And giVe_in the relétively ‘research friendlj’ nature of: Dictyostelium
discoideum as é model organism, and its lérge arsenal of Ras proteins, RasGEFs and RasGAPs,

the social amoeba will play a large role in elucidating the complexity of Ras _signalling pathways. |
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