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Abstract

Ras signalling is vital to many cellular processes. Ras proteins mediate a

vast array of cellular signalling networks, and are conserved from humans to

unicellular eukaryotes. The study of ras signalling in higher eukaryotes presents

a number of technical challenges, due to the presence of multiple ras isoforms,

regulatory proteins and activators. The fission yeast Sz. pombe represents an

ideal system for the investigation of ras signalling, as it contains a single, non-

essential ras protein (Ras1). In addition, Ras1 is involved in the regulation of

a number of downstream pathways.

A number of studies in recent years have highlighted the role of subcellular

localisation in ras signalling output. The localisation of Ras1 in Sz. pombe

has also been described as key in e"ector selection, with Ras1 at the plasma

membrane regulating mating and Ras1 at the endomembranes regulating cell

morphology. This thesis describes a series of studies utilising Ras1 mutants

and chimeric Ras1 proteins which display di"ering localisation patterns to de-

termine the role of Ras1 localisation in signalling. The data presented herein

support the notion of a revised model for the role of Ras1 localisation in sig-

nalling, suggesting that the localisation of Ras1 to the plasma membrane is

key to all signalling events downstream of Ras1.

This thesis also describes the characterisation of oncogenic mutants of Ras1,

demonstrating the importance of signalling magnitude in functional output. In

addition, the importance of Ras1 regulation in cell viability and chromosome

stability is also demonstrated. Finally, the functional expression of three hu-

man ras isoforms is described, validating the use of Sz. pombe as a model

system for the heterologous expression of human ras signalling components.
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CHAPTER 1

General introduction

1.1. Cellular signalling

The ability of organisms to detect and respond to environmental changes

is universally conserved. In addition, multicellular organisms require commu-

nication between cells to allow them to behave as a coordinated whole. To

perform this function, an array of mechanisms have evolved to allow the de-

tection of external cues and the control of cellular behavior in response to these

cues.

All signalling pathways require the interpretation of an exogenous signal

into an appropriate intracellular response. In most instances, the signal is

unable to cross the cell membrane, requiring a means of transducing the signal

from the exterior to the interior of the cell. Consequently, the majority of

receptors for external signalling molecules, or ligands, are proteins which span

the plasma membrane (trans-membrane proteins).

Upon transmission of a signal into the cell by a specific receptor, a cascade

of interactions and reactions are employed to generate the required cellular

response. Such signalling cascades do not function in isolation. Communica-

tion between pathways, or cross-talk, is commonplace, allowing the integra-

tion of multiple signals into complex cellular behaviors. In addition, multiple

pathways often share common components despite regulating distinct cellu-

lar outcomes. Therefore, the study of individual signalling events in complex

systems, such as higher eukaryotes, presents a number of technical challenges.

Many of the mechanisms employed by higher eukaryotes to transduce sig-

nals are conserved in simpler unicellular eukaryotes. Yeast have long been used

as a model eukaryotic system due to their simplicity and genetic tractability.

1
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Furthermore, they share many signalling components with higher eukaryotic

cells. This thesis focusses on the use of the fission yeast Schizosaccharomyces

pombe to study a highly conserved component of signalling, the monomeric G

protein ras.

1.2. G proteins

Guanine nucleotide-binding proteins, or G proteins, are a highly conserved

signalling component. They are part of a larger family of proteins which bind

nucleotide triphosphates, such as the ATP-binding proteins, that utilise a con-

served phosphate-binding loop (P-loop) (Saraste et al. 1990). P-loop proteins

are divided into two families, the translation factor (TRAFAC) and the signal

recognition particle, MinD, and BioD (SIMIBI) families, of which the TRAFAC

group contains the majority of G proteins responsible for signal transduction

(Leipe et al. 2002).

G proteins themselves can be broadly categorised into two classes, the

monomeric G proteins and the heterotrimeric G proteins. Monomeric G pro-

teins are grouped into the Ras superfamily, which is divided into five sub-

families, the Ras, Rab, Rho, Ran and Arf families, on the basis of similarities

in sequence and function (Wennerberg et al. 2005). The second broad cate-

gory of G proteins, the heterotrimeric G proteins, exist as a dissociable G", G!

and G# complex, of which the G" subunit is the nucleotide-binding component

(Hepler and Gilman 1992). All G proteins, either monomeric or heterotrimeric,

bind the guanine nucleotides GDP and GTP with similar a!nities. When in-

active, G proteins are bound to a single molecule of GDP. Activation occurs

through the exchange of GDP for GTP, and inactivation through the hydrolysis

of GTP, returning the G protein to an inactive GDP bound state. Activation

results in the stabilisation of the G protein e"ector binding site due to inter-

actions between the #-phosphate of the GTP and the conserved switch I and

switch II regions of the protein (Sprang 1997). These functions are conferred
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by a ! 20 kDa G domain, conserved across all G proteins (Figure 1.1) (Vet-

ter and Wittinghofer 2001; Lambright et al. 1994). GTP binding results in

a rearrangement of the conserved switch regions of the G protein. Hydrogen

bonding between a DXXG motif of switch II, a conserved threonine residue of

switch I and the #-phosphate of GTP brings the switch region in closer prox-

imity to the nucleotide binding pocket. The binding of GTP also requires the

presence of a Mg2+ cofactor, which interacts with the same conserved thre-

onine residue, and is involved in coordinating the !- and #-phosphates. In

ras, a conserved tyrosine residue in switch I is also involved in the binding of

GTP (Lambright et al. 1994; Sprang 1997). In heterotrimeric G proteins these

processes occur on the G" subunit (Figure 1.1).

Switch I

Switch II

Switch III

Switch I

Switch II G domain

A B

Figure 1.1. The structural similarities between ras and G! proteins
The ribbon diagrams represent the structure of ras (A) and a G! protein (Gai)
(B). Both proteins are depicted in complex with a non-hydrolysable GTP analog,
indicated in the form of a ball and stick model. The solid sphere represents the
Mg2+ cofactor of the two proteins. The switch regions are indicated in grey, and
the G domain of the larger Gai protein is highlighted. Ras and the G domain of
Gai display strong structural similarities, particularly with regard to the highly
conserved switch regions. Figure modified from Sprang 1997.
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G proteins have a certain level of spontaneous activation and intrinsic GTP

hydrolysis activity. However, both nucleotide exchange and GTP hydrolysis

are enhanced by two groups of regulatory proteins. Activation, through the ex-

change of GDP for GTP, is regulated and enhanced by the guanine nucleotide

exchange factors (GEFs). GTP hydrolysis is regulated by a second class of

proteins, the GTPase activating proteins (GAPs) (Boguski and McCormick

1993) (Figure 1.2).

GAP

GTP

GDP

GEF

OFF

ON

Pi

GTP

G protein

GDP

G protein

Figure 1.2. The activation and deactivation of G proteins
The activation and deactivation of G proteins follows the same canonical cycle. G
proteins are switched from inactive to active through the exchange of GDP for GTP
and are rendered inactive again by subsequent hydrolysis of GTP to GDP. The
activities of regulatory guanine nucleotide exchange factors (GEFs), which include
GPCRs in the case of heterotrimeric G proteins, and GTPase-activating proteins
(GAPs), including RGS proteins, are also indicated.

1.2.1. Heterotrimeric G proteins.

1.2.1.1. Heterotrimeric G protein activation. Heterotrimeric G proteins act

directly downstream of a specific class of receptors, the G protein-coupled re-

ceptors or GPCRs (Gilman 1987). GPCRs are one of the largest protein super-

families, with greater than 800 coding regions in the human genome (Venter

et al. 2001; Fredriksson et al. 2003). GPCRs are activated by a vast array of

extracellular stimuli, including peptides, lipids, nucleotides, ions, odorants and

photons. All GPCRs share a distinctive structure, consisting of seven "-helical
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trans-membrane domains linked by intracellular and extracellular loop regions,

in addition to an N-terminal extracellular domain and C-terminal intracellular

tail (Baldwin 1993).

GPCRs are grouped into six families based upon structural similarities,

function and ligand-binding. The three largest families are 1/A, which are

the rhodopsin related receptors, 2/B, which are the Glutamate related re-

ceptors and 3/C, known as the ’venus fly trap’ receptors due to their large

N-terminal region which forms two lobes that close around the ligand. The

final three classes are the Adhesion (4/E), Frizzled/TAS2 (5/F), and fungal

mating pheromone receptor (4/D) families (Josefsson 1999; Fredriksson et al.

2003).

Upon ligand-binding, the GPCR undergoes conformational changes, in-

volving in particular the 3rd and 6th transmembrane domains (Ballesteros et

al. 2001; Pierce et al. 2002), allowing the receptor to promote nucleotide ex-

change on the G" subunit of the G protein heterotrimer. The GPCR therefore

assumes the role of a GEF protein in the activation of G" proteins. Following

nucleotide exchange, the G" subunit and the G!# dimer dissociate to allow

the initiation of downstream signalling events (Figure 1.3) (Lee et al. 1992).

GPCRs are not the only GEFs and upstream activators which act upon

heterotrimeric G proteins. A number of non-receptor GEFs and activators

have now been identified, including GAP-43, NG-GPA, !-APP, presenilin I,

AGS1-8, Rhes, PBP/RKIP, and Ric-8. Like GPCRs, each have di"ering func-

tional specificities. However, most non-receptor GEFs favor the activation of

the G"i/o family (reviewed in Sato et al. 2006). The AGS (activators of G pro-

tein signalling) family are of particular interest, as AGS1 is itself a monomeric

G protein of the Ras superfamily. AGS1 is the only true GEF of the AGS

family. Rhes (Ras homolog enriched in the striatum of the forebrain) is also a

Ras superfamily member, with a similar function and 60% sequence identity

to AGS1. AGS2-8 are quite di"erent, and act independently of nucleotide ex-

change to promote G!# dissociation and signalling (Blumer et al. 2005).
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GPCR

G! G"
#

GTP

GDP

GDP

G"
#G!

GTP

Effector Proteins

Response

GTP hydrolysis

Ligand

RGS

Figure 1.3. Signalling from G protein-coupled receptors
Signalling is initiated by the binding of a ligand to the GPCR. Conformational
changes in the receptor then promote the exchange of GDP for GTP on the G!
subunit. The G! and the G"# then dissociate, allowing both to interact with e!ector
proteins and initiate downstream signalling events. Signalling is terminated by GTP
hydrolysis on the G! subunit, catalysed by RGS proteins, resulting in reassociation
of the G protein heterotrimer.

1.2.1.2. Signalling downstream of heterotrimeric G proteins. G protein het-

erotrimers are generally classified on the basis of their G" subunit (Neves et

al. 2002), however both the G" subunit and the G!# dimer are now known to

initiate downstream signalling (Clapham and Neer 1997). The classification of

G" subunits is largely based upon the interacting partners of the protein, al-

though G" families do have overlapping functions. There are four main families

of G" protein, designated G"i/o, G"q/11, G"s and G"12/13. The G"i/o family

contains the most widely expressed group of G" proteins (G"i-type), which

are responsible for the inhibition of adenylate cyclase. The G"q/11 family are

largely responsible for the mobilisation of intracellular calcium and regulation

of protein kinase C (PKC). The G"s family act to stimulate the activity of

adenylate cyclase. Finally, G"12/13 family members are responsible for activat-

ing a number of e"ectors including phospholipase D (reviewed in Wettschureck

and O"ermanns 2005).
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G!# subunits also activate a host of downstream e"ectors. These include

K+ channels, Ca2+ channels, adenylate cyclase, mitogen activated protein ki-

nases (MAPKs), phospholipases, phosphoinositide-3-kinases and G protein-

coupled receptor kinases (GRKs) (reviewed in Clapham and Neer 1997).

1.2.1.3. Termination of signalling through heterotrimeric G proteins. The

G" subunit of heterotrimeric G proteins contains two catalytic residues re-

quired for GTP hydrolysis. A glutamate on the switch II region is required for

the orientation of the water molecule, allowing the transfer of the #-phosphate

from the GTP to the water. The second key residue is an arginine on the

switch I region, which acts to stabilise the transition state of GTP hydrolysis

(Sprang 1997).

G" subunits contain all the required catalytic residues to perform the GT-

Pase function required for the termination of signalling. The intrinsic GTPase

rate can be enhanced by a class of GAP proteins known as the regulators of G

protein signalling (RGS) proteins (Figure 1.3). RGS proteins act allosterically

to stabilise the transition state, increasing the rate of GTP hydrolysis by at

least two orders of magnitude (Ross and Wilkie 2000).

1.2.1.4. The localisation of heterotrimeric G proteins. Heterotrimeric G

proteins must target to the plasma membrane to allow signal transduction. All

G!# dimers are modified with a hydrophobic prenyl group at the C-terminus

of the G# subunit to promote membrane association. Prenylation occurs at a

concensus CAAX (where A is any aliphatic residue and X is any amino acid)

motif (Evanko et al. 2000). In addition, the N-terminus of most G" subunits

is modified with a myristoyl and palmitoyl group. Myristoylation occurs at a

consensus MG2XXXS6 motif (Resh 1999). The heterotrimer is then assembled

on the cytosolic face of the endoplasmic reticulum prior to transport to the

plasma membrane (Marrari et al. 2007).
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1.2.2. Monomeric G proteins.

The Ras superfamily contains five specific groups of structurally related but

functionally distinct signalling proteins. The Ras (Rat sarcoma) family were

the first proteins of the Ras superfamily to be described, due in no small part to

their central role in oncogenesis. Ras proteins are now known to be involved in

a vast array of signalling pathways, controlling processes including cell prolifer-

ation, cell death, di"erentiation and motility (Malumbres and Barbacid 2003).

The Rho (Ras homologous) family are also involved in the transduction of sig-

nals in response to extracellular stimuli, regulating cytoskeletal elements, cell

cycle progression and transcription. The Rab (Ras-like proteins in brain) and

Arf (ADP-ribosylation factor) families are both involved in vesicular transport,

whereas the Ran (Ras-like nuclear) family regulate the transport of proteins

and RNA between the cytoplasm and nucleus (reviewed in Wennerberg et al.

2005). There is a high degree of conservation between Ras superfamily mem-

bers. This is most apparent at the phosphate binding region (P region), which

contains the conserved GXXXXGK(S/T) motif, and G region, which links the

binding of the #-phosphate and Mg2+ and contains the conserved DXXG motif

(Figure 1.4) (Sprang 1997).

1.2.2.1. The activation of monomeric GTPases. All monomeric GTPases

are activated by GEF proteins. All GEFs function to reduce the a!nity of the

G protein for guanine nucleotides by altering the phosphate binding site. As

a consequence GDP is released and replaced by the more cellularly abundant

GTP. GEFs are largely regulated by protein-protein interactions, protein-lipid

interactions, the binding of second messengers and post-translational modi-

fication. These processes result in the activation of GEFs by three separate

mechanisms, either through the translocation of GEFs to their site of action,

the release of a regulatory domain from the G protein binding site or the in-

duction of conformational changes in the active site of the protein (Bos et al.

2007).
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                      1                                               50

               Ras    M--------------TEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTI

               Rho    MTAAQAAGEEAPPGVRSVKVVLVGDGGCGKTSLLMVFADGAFPESYTPTV

               Cdc42  M--------------QTIKCVVVGDGAVGKTCLLISYTTNKFPSEYVPTV

               Rab    MLEE.DME-------VAIKMVVVGNGAVGKSSMIQRYCKGIFTKDYKKTI

               Ran    MAAQGEPQ-------VQFKLVLVGDGGTGKTTFVKRHLTGEFEKKYVATL

               Arf    MG-------------NIFEKLF--KSLLGKKKMRILILS--LDTAGKTTI

                      51                                             100

               Ras    -EDSYRKQVVIDGETCLLDILDTAGQEEYSAMRDQYMRTGEGFLCVFAIN

               Rho    -FERYMVNLQVKGKPVHLHIWDTAGQDDYDRLRPLFYPDASVLLLCFDVT

               Cdc42  -FDNYAVTVMIGGEPYTLGLFDTAGQEDYDRLRPLSYPQTDVFLVCFSVV

               Rab    GVDFLERQIQVNDEDVRLMLWDTAGQEEFDAITKAYYRGAQACVLVFSTT

               Ran    GVEVHPLVFHTNRGPIKFNVWDTAGQEKFGGLRDGYYIQAQCAIIMFDVT

               Arf    ---LYKLKL---GETVP-AV-PTVG---F-CVETVEYKNNT--FAVWDVG

                      101                                            150

               Ras    NTKSFEDI-HQYREQIKRVKDSDDVPMVLVGNKCDL-AARTVESRQAQDL

               Rho    SPNSFDNIFNRWYPEVNHF--CKKVPIIVVGCKTDLRKDKSLVNK----L

               Cdc42  SPSSFENVKEKWVPEITHH--CPKTPFLLVGTQIDLRDDPSTIEK----L

               Rab    DRESFEAV-SSWREKVVAE--VGDIPTVLVQNKIDLLDDSCIKNEEAEAL

               Ran    SRVTYKNV-PNWHRDLVRV--CENIPIVLCGNKVDIKDRK-VKAKSI-VF

               Arf    SH-FK-IGPLWQH--------------FFQNTK-ELSASQFAQ------F

                      151                                            200

               Ras    ARSYGIPYIETSAK------------TRQGVEDAF--YTLVREIRQHKLR

               Rho    RRN-GLE--PVTYHRG---QE----MARS-VGAVA--YLECSARLHDNVH

               Cdc42  AKN-KQK--PITPETA---EK----LARD-LKAVK--YVECSALTQRGLK

               Rab    AKRLKLRFYRTSVKEDLNVNEVFKYLAEKYLQKLKQQIAEDPELTHSSSN

               Ran    HRKKNLQYYDISAKSNYNFEKPFLWLARKLIGDPNLEFVAMPALAPPEV-

               Arf    IKK--L--CGVTGTN-----------DEASPGKLN--FLSIPSLGQ----

                      201                                          248

               Ras    ---KLNPPDE----------SGPGCMSCK---------------CVLS

               Rho    --AVFQEAAEVA-------LSSRGRNFWRRITQ-------GF--CVVT

               Cdc42  --NVFDEAILAA-------LEPPETQPKRK--------------CCIF

               Rab    KIGVFNTSGGSHSGQNSGTLNGGDVINLRPNKQRTKKNRNPFSSCSIP

               Ran    ---VMDPALAAQYEHD---LEVAQTTAL-PDED------DDL------

               Arf    ----MMPVN------------------------------------YFE

G region

P region

Figure 1.4. Homology between members of the ras superfamily
The protein sequences of representative members of the Ras, Rho, Rab, Ran and Arf
families, in addition to the Rho GTPase Cdc42, were aligned using MultAlin version
5.4.1 (Corpet 1988). Gaps included to optimise the alignment are indicated with
a -. Identical residues are shaded in black, conservative changes in grey and those
without shading indicate non-conservative changes. Conserved regions between
the closely related Ran and Rab families are shown in dark grey. The CAAX
motifs of prenylated proteins are underlined. The two residues most commonly
mutated in GTPase deficient mutants (Gly12 and Gln61 in ras) are highlighted in red.

1.2.2.2. Termination of signalling through monomeric GTPases. Like G"

subunits, monomeric G proteins contain the same conserved glutamate on

the switch II region which is required for the coordination of the water mol-

ecule during GTP hydrolysis. Mutation of this residue, Gln61, is one of the

most common activating mutations involved in ras mediated oncogenesis (Bos

1989). Monomeric G proteins do not contain the catalytic arginine which is

also required for GTPase activity. In the case of monomeric G proteins it is
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the GAP protein which contributes the catalytic arginine residue (Resat et al.

2001). The regulation of GAPs for monomeric GTPases employs the same

basic strategies as those used for their GEF proteins (section 1.2.2.1) (Bos et

al. 2007).

1.2.2.3. The localisation of monomeric GTPases. Like the G!# dimer of

heterotrimeric G proteins, the majority of small monomeric G proteins are

modified at their C-terminus with a prenyl moiety to promote membrane at-

tachment and transport to the plasma membrane. This modification occurs

at a consensus CAAX motif. In a number of cases, monomeric G proteins

are also modified with a palmitoyl moiety just upstream of the prenyl group

(Wennerberg et al. 2005) (Figure 1.4). The Ran and Arf families are notable

exceptions. Arf proteins, like most monomeric G proteins, are membrane as-

sociated, but are myristoylated at their N-terminus in a similar way to the

G" subunit of heterotrimeric G proteins (Donaldson 2008). Ran is required to

shuttle between the cytoplasm and nucleoplasm to regulate nuclear transport.

Ran proteins are not prenylated, but contain an acidic DEDDDL motif at their

C terminus which promotes nuclear localisation, mediating interactions with

a number of nuclear proteins (Lui and Huang 2009) (Figure 1.4).

1.3. Ras proteins

1.3.1. The discovery and clinical importance of ras.

The first steps towards the discovery of ras proteins were taken with the iden-

tification of two acute transforming retroviruses in rodents, the Harvey-murine

sarcoma virus (Ha-MSV) (Harvey 1964) and Kirsen-murine sarcoma virus (Ki-

MSV) (Kirsten and Mayer 1967). As understanding of the nature of these

viruses developed, it became clear that the viral genome contained regions of

host sequence (Scolnick et al. 1973), and that the transforming genes in the

viral genome originate from normal vertebrate genes that regulate cell growth
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(Ellis et al. 1981). These genes were later classified as ras oncogenes (Co!n

et al. 1981). The importance of ras oncogenes in human cancers was first

demonstrated when homologues of the Harvey and Kirsten virus ras genes (h-

ras and k-ras) were isolated from human bladder carcinomas (Der et al. 1982;

Parada et al. 1982; Santos et al. 1982). It is now known that mutations in ras

are responsible for a significant majority of human cancers (Bos 1989).

The first clues as to the biochemical activity of ras proteins came when it

was demonstrated that ras from cells transformed with Ha-MSV and Ki-MSV

bound GTP (Scolnick et al. 1979). Later ras was shown to hydrolyse GTP,

and that the hydrolysis of GTP appeared impaired in oncogenic forms of the

protein (Gibbs et al. 1984; Hurley et al. 1984; Sweet et al. 1984). Based upon

these observations, it was suggested that the activity of ras in regulating cell

proliferation was analogous to that of signal transducing G proteins. Hurley

et al. (1984) were the first to demonstrate homology between ras and G" sub-

units of heterotrimeric G proteins.

1.3.2. Activators of ras.

The role of ras genes in cell proliferation suggested a link between ras and

mitogen signalling. This link was later confirmed when epidermal growth factor

(EGF) was shown to promote nucleotide exchange in ras proteins (Kamata and

Feramisco 1984). The first upstream activator of a ras protein described was

the Saccharomyces cerevisiae protein CDC25 (Broek et al. 1987), which was

subsequently shown to display GEF activity (Jones et al. 1991). Following

this, a number of mammalian GEFs were identified based upon homology to

CDC25 (Wei et al. 1992), in addition to GEFs in model systems, such as the

Drosophila melanogaster protein Sos (Simon et al. 1991).

The activation of ras by mitogens is now very well characterised. The recog-

nition of ligand by mitogen receptors of the receptor tyrosine kinase (RTK)

family results in receptor dimerisation. Upon dimerisation, one of the receptor
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dimers phosphorylates multiple tyrosines on the intracellular C-terminus of

the second binding partner. These phosphorylated tyrosines then act as sites

of assembly for downstream signalling components (Ullrich and Schlessinger

1990). In the instance of ras activation, the adapter protein Grb2 binds phos-

phorylated tyrosines on the active receptor through a Src homology 2 (SH2)

domain. Grb2 then acts as a bridge between the receptor and the ras GEF

Sos through the binding of a proline-rich motif on Sos by a second domain

of Grb2 (Src homology 3 or SH3 domain). The recruitment of Sos to the

plasma membrane then allows the activation of ras (Figure 1.5) (reviewed in

McCormick 1993). Studies have also highlighted a role for heterotrimeric G

proteins in RTK signalling. The transactivation of RTKs such as the epider-

mal growth factor receptor (EGFR) has been demonstrated in response to G

protein signalling, allowing subsequent ras activation (Daub et al. 1997).

Ras

GTP

GDP

GDP

MAP kinase cascade

Transcription

GTP hydrolysis

Grb2

Sos

RTK

Ras
GTP

GAP

Raf

Figure 1.5. Mitogen signalling through ras
The binding of growth factors to their cognate receptor tyrosine kinases (RTKs)
results in receptor homodimerisation and the phosphorylation of tyrosine residues
in their cytoplasmic domains. The phosphorylated tyrosines then provide sites of
binding for the SH2 domain of the adaptor protein Grb2. The ras GEF Sos is
recruited to the cell surface through interaction with the SH3 domain of Grb2,
where it is able to promote nucleotide exchange in ras. Ras then initiates a cascade
of MAP kinase phosphorylation, resulting in transcription factor activation.



1.3. RAS PROTEINS 13

The linking of upstream signals to ras activity by the activation of GEF

proteins is a common motif in ras signalling. Other known examples include,

the activation of the GEFs RasGRF1 and RasGRF2 in response to increases

in intracellular calcium and G!# subunit signalling (Fernández-Medarde and

Santos 2011) and the activation of the GEF RasGRP in response to phospho-

lipase C (PLC) signalling and diacylglycerol (DAG) (Roose and Weiss 2000).

Finally, ras proteins have also been shown to act downstream of signalling

from focal adhesions. Focal adhesions consist of membrane spanning pro-

teins known as integrins, which bind extracellular matrix proteins forming

heterodimers of " and ! integrin. Integrins themselves do not have catalytic

activity, but couple to a family of tyrosine kinases known as the focal adhesion

kinases (FAKs), such as p125FAK. p125FAK becomes autophosphorylated on

tyrosine residues allowing the recruitment of Grb2-Sos. Cross-talk also occurs

with GPCR signalling cascades through PKC-regulated FAK family kinases

such as Pyk2 (reviewed in Luttrell et al. 1999) (Figure 1.6).

1.3.3. The deactivation of ras.

p120GAP was the first protein with RasGAP activity to be identified (Vogel

et al. 1988). The discovery of p120GAP followed previous work which had

demonstrated that a soluble cytoplasmic protein could stimulate the GTPase

activity of normal N-Ras but not oncogenic forms of the protein (Trahey and

McCormick 1987). A second GAP was later identified in the form of the NF1

protein (Ballester et al. 1990), mutation of which is responsible for type 1

neurofibromatosis. A number of ras GAP proteins have now been identified,

each with di"ering functional profiles. Some of these functions include wound

healing (NF1), cell adhesion (R-RasGAP), axonal development (SynGAP),

anti-apoptotic signalling (p120GAP) and pro-apoptotic signalling (DIP1/2)

(Iwashita and Song 2008).
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The di"ering functional activities of ras GAPs are often conferred by dif-

ferential expression patterns, and the presence of distinct protein-protein in-

teraction domains. These include 14-3-3 domains (DIP1/2) and SH domains

(p120GAP), and allow the recruitment of downstream signalling components.

Di"erent modes of membrane association also contribute to di"ering signalling

characteristics. Specific examples include phosphoinositide binding through

constitutive plekstrin homology (PH) domains (GAP1IP4BP ) and calcium-

responsive membrane association through calcium-binding C2 domains (CAPRI,

RASL) (Iwashita and Song 2008) (Figure 1.6).

OFF

ON

GTP

ras

GDP

Grb2

Sos

RTKFocal 
Adhesions

G protein

RasGRF1/2

RasGRP

ras

DAG

Ca2+

CAPRI

NF1

GAP1IP4BP

p120GAP

DIP1/2

Ca2+

Inositol-P

Growth factor

Figure 1.6. The activation and regulation of human ras
Human ras proteins are regulated by multiple processes and pathways. The best
characterised pathway is initiated in response to growth factor stimulation, resulting
receptor tyrosine kinase (RTK) activation, recruitment of the adaptor Grb2 and
nucleotide exchange on ras promoted by the GEF Sos. Focal adhesions are also able
to recruit Grb2 and initiate Sos GEF activity. The cross-talk between both of these
processes and heterotrimeric G protein signalling is also indicated. The activation
and deactivation of ras can also be influenced by second messengers, through second
messenger regulated GEFs and GAPs. These include GEFs such as RasGRF1/2
(Ca2+) and RasGRP (Diacylglycerol or DAG), and the GAPs CAPRI (Ca2+) and
GAP1IP4BP (inositol-phosphates).
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1.3.4. Signalling downstream of ras.

Mitogen activated protein kinases (MAPKs) were the first identified e"ector

of ras. An activated mutant of the MAP kinase kinase (MAPKK) MAPKK1

was shown to be su!cient for the transformation of cultured cells. In addi-

tion, it was shown that a dominant negative mutant of MAPKK1 could block

transformation by oncogenic ras mutants (Cowley et al. 1994). The signalling

events which occur downstream of ras in response to mitogens are now well

established. Active ras at the plasma membrane recruits the serine/threonine

kinase Raf1, causing Raf1 to become active. Raf1 then phosphorylates a MAP

Kinase Kinase which, in turn, phosphorylates a MAP Kinase. The active MAP

Kinase then translocates to the nucleus where it phosphorylates a number of

substrates, resulting in changes in transcription (reviewed in Campbell et al.

1998).

Phosphatidylinositol-3–kinase (PI3K) also interacts with ras in a GTP-

dependent manner. Early analysis demonstrated that dominant negative mu-

tants of ras blocked the accumulation of 3’ phosphorylated phosphoinositides

in response to growth factors (Rodriguez-Viciana et al. 1994). It is now known

that many proteins act downstream of PI3K, predominantly through the recog-

nition of 3’ phosphorylated phosphoinositides by plekstrin homology (PH) do-

mains on these proteins. These include the serine/threonine kinase Akt and a

number of monomeric G proteins (Vanhaesebroeck et al. 2010).

The modification of phospholipids as a consequence of ras activity is not

limited to PI3K signalling. Phospholipase C$ (PLC$) is directly activated by

GTP-bound ras (Kelley et al. 2001). PLC$ contains two ras association (RA)

domains and a CDC25-like GEF domain. It is likely that the role of ras is to

recruit PLC$ to the plasma membrane, as artificially targetting PLC$ to the

plasma membrane overcomes a loss of ras binding (Bunney et al. 2006).

Ras also activates a number of GEFs for other monomeric GTPases. These

include Ral GEFs (RalGDS, RGL, RGL2 and RGL3), Rab GEFs (RIN1, RIN2

and RIN3) and the Rac GEF Tiam1 (reviewed in Mitin et al. 2005).
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1.3.5. Post-translational modification and localisation of ras.

The importance of localisation in ras signalling has been known for some time.

An early study suggested that ras proteins displayed localisation to the inner

surface of the plasma membrane (Willingham et al. 1980). It was also indicated

that the localisation of ras to the plasma membrane was conferred by the C-

terminus of the protein, and that plasma membrane localisation was required

for the transforming activity of ras. A later study then demonstrated that a

specific residue, the cysteine nearest the C-terminus of ras, was required for

lipid binding and the transformation of cells in culture (Willumsen et al. 1984).

The localisation of ras proteins is conferred by a C-terminal domain known

as the hypervariable region (HVR), which is highly divergent between ras iso-

forms. The HVR consists of two distinct domains. The C-terminal section

of the HVR is the site of ras post-translational modification and the primary

region responsible for ras tra!cking and localisation. The region preceding

this is known as the HVR linker, and acts as a bridge between the conserved

G domain and the more divergent localisation domain of the ras protein (re-

viewed in Eisenberg and Henis 2008). In the following section the processes

responsible for ras protein localisation are discussed.

1.3.5.1. Farnesylation. An early study indicated that the processing of ras

into the mature membrane associated form of the protein occurred in two dis-

tinct stages (Gutierrez et al. 1989). During the first stage it was demonstrated

that the protein undergoes C-terminal proteolysis, resulting in the removal of

the final three amino acids, in addition to C-terminal carboxyl-methylation.

It was also demonstrated that during this process ras gained hydrophobicity.

This study suggested a requirement for the most C-terminal cysteine residue

of ras in the first processing stage. The hydrophobicity gained during these
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(farnesyltransferase)

C-terminal proteolysis
(RceI)
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Figure 1.7. C-terminal modification of ras proteins
The modification of ras begins with farnesylation of the cysteine present in the
C-terminal CAAX motif (where A is any aliphatic amino acid and X is any
amino acid). Removal of the AAX is then catalysed by the protease Rce1 and
carboxyl-methylation is performed by the protein Icmt. Palmitoylated ras isoforms
are then modified with a palmitoyl group at an upstream cysteine residue.
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initial processing steps is now known to be due to prenylation of the C-terminal

cysteine (Hancock et al. 1989).

Subsequent studies have shown that the moiety added at this stage is a 15

carbon isoprenoid farnesyl group. The farnesylation of ras is catalysed by pro-

tein farnesyltransferases, which recognise the C-terminal CAAX motif (where

A is any aliphatic amino acid and X is any amino acid) present in all ras pro-

teins. Removal of the AAX of the protein farnesyltransferase recognition motif

is then performed by the protease Rce1 (ras-converting enzyme), which is an

integral membrane protein present at the endoplasmic reticulum. Carboxyl-

methylation is then performed by the protein Icmt (Protein-S-isoprenylcysteine

O-methyltransferase) (Figure 1.7) (Clarke 1992; Silvius 2002).

1.3.5.2. Palmitoylation. Despite farnesylation being the only modification

conserved across all ras protein, palmitoylation was the first post-translational

modification of ras to be described (Chen et al. 1985). Palmitoylation, the

addition of a 16 carbon fatty acid chain, occurs at cysteine residues upstream

of the farnesylated cysteine. H-Ras is palmitoylated at two cysteine residues

and N-Ras contains a single palmitoyl moiety. However, not all ras proteins are

palmitoylated. The K-Ras protein can exist as two splice variants, di"ering in

their fourth exon. K-Ras4A contains a single palmitoylated cysteine, whereas

K-Ras4B does not undergo palmitoylation (Figure 1.7) (Hancock et al. 1989).

Palmitoylation of ras comprises the second step of ras processing described

in Gutierrez et al. (1989). Palmitoylation is catalysed by protein acyl trans-

ferases (PATs), which recognise the farnesylated C-terminus of ras and promote

the addition of palmitoyl moieties to cysteines upstream of the farnesyl group.

PATs largely fall into a single family of proteins, characterised by a cysteine

rich domain (CRD) with a conserved DHHC (Asp-His-His-Cys) motif (CRD-

DHHC proteins). Palmitoylated proteins are also actively de-palmitoylated by

the cytoplasmic protein acylprotein thioesterase 1 (APT1) (reviewed in Eisen-

berg and Henis 2008).



1.3. RAS PROTEINS 19

1.3.5.3. Poly-basic domains. The e!cient membrane binding of K-Ras4B

is not dependent upon palmitoylation of the protein. Instead, it has been

demonstrated that the association of K-Ras4B with the plasma membrane is

enhanced by a stretch of lysine residues upstream of the C-terminal farnesy-

lated cysteine, which promotes membrane association through ionic interac-

tions with negatively charged lipid head groups at the plasma membrane. The

presence of a polybasic region in K-Ras4B is required for the oncogenic trans-

formation of cells in culture (Jackson et al. 1994).

1.3.5.4. The two-signal hypothesis of plasma membrane association. Many

signalling proteins undergo modifications analogous to those seen in ras to

allow association with the plasma membrane. No single membrane targeting

signal, including palmitoylation, farnesylation or polybasic domains, is suf-

ficient to promote e!cient plasma membrane association. Soluble proteins

therefore require the cooperative action of two or more plasma membrane tar-

geting motifs to allow stable association with the plasma membrane (reviewed

in Resh 1996). As a consequence, ras proteins employ a combination of far-

nesylation and a second signal such as plamitoylation or polybasic domains to

promote membrane association (reviewed in Eisenberg and Henis 2008).

1.3.5.5. Ras protein tra!cking. Based upon the processes that ras proteins

undergo to become stably associated with the plasma membrane, a picture has

been formed for ras tra!cking. Ras is translated in the cytosol. Immediately

following translation ras becomes farnesylated by cytosolic protein farnesyl-

transferases. The presence of the C-terminal farnesyl increases the hydropho-

bicity of ras, promoting the association of ras with the endoplasmic reticulum

(ER). Ras is then further processed at the ER by Rce1 and Icmt, and palmi-

toylation of H-Ras and N-Ras is performed by ER associated PATs (Choy et

al. 1999). H-Ras and N-Ras are then tra!cked to the plasma membrane via
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vesicular transport. The tra!cking of K-Ras4B to the plasma membrane is

less well characterised, but is independent of vesicular transport (Apolloni et

al. 2000) (Figure 1.8).

ER

Nucleus

Golgi

KKKK

rasras

ras

ras

H\N-Ras

H\N-Ras K-Ras4B

farnesylation

?
phosphorylation /

calmodulin
vesicular
transport

depalmitoylation

palmitoylation C-terminal proteolysis /
carboxymethylation

Figure 1.8. The tra!cking of human ras proteins
All ras isoforms are farnesylated (green) in the cytosol by protein farnesyltrans-
ferases. Upon association with the ER, the protein undergoes C-terminal proteolysis
and carboxymethylation, catalysed by Rce1 and Icmt respectively. At this point
the processing of K-Ras4B is complete, and it is transported to the membrane via
an unknown mechanism (right). H-Ras and N-Ras are further modified at the ER
with two and one palmitoyl groups (red) respectively, in a process catalysed by
protein acyl transferases (PATs). H-Ras and N-Ras are then tra"cked to the plasma
membrane through vesicular transport mechanisms (left). All ras isoforms can
undergo retrograde transport from the plasma membrane. For K-Ras4B this process
involves either calmodulin binding or phosphorylation. In the case of palmitoylated
isoforms this process required depalmitoylation.
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1.3.6. Compartmentalised ras signalling.

A number of factors have fostered the belief that ras signalling occurs solely

from the plasma membrane. For example, the importance of ras plasma mem-

brane localisation in the oncogenic transformation of cultured cells was a very

early observation in the investigation of ras signalling (Willingham et al. 1980).

Additionally, the role of ras in transducing signals from extracellular mitogens,

and that these signals are detected by trans-membrane receptors (McCormick

1993), suggests that ras signalling is a plasma membrane-associated event. In

the following section, however, the evidence for ras signalling from membrane

compartments distinct from the plasma membrane will be discussed (reviewed

in Mor and Philips 2006).

1.3.6.1. Signalling from endosomes. Receptor internalisation is a conve-

nient means of down-regulating signalling from external stimuli. The inter-

nalisation of RTKs has been demonstrated to be involved in receptor down-

regulation and degradation, reducing a cells stimulation in response to exoge-

nous cues (Levkowitz et al. 1998). Studies, however, have demonstrated a

role for internalisation in signalling. The accumulation of Grb2 and Sos has

been shown on endosomes in response to EGF, indicating a possible role for

endosomes as a platform for ras signlling (Di Guglielmo et al. 1994).

It now appears that endocytic tra!cking of RTKs performs both a positive

and negative role in signalling. Studies utilising endocytosis-defective cells

reported reduced MAPK activation in response to EGF, supporting the notion

of endosome-derived ras signalling in response to mitogens. Consistent with

a dual positive and negative role in signalling, other signalling components

became up-regulated when endocytosis was inhibited, such as PLC-# (Vieira

et al. 1996). An endosome specific MAP kinase sca"old (MEK partner 1 or

MP1) has also been identified, further indicating the importance of endosomal

ras-MAPK activity (Teis et al. 2002).
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One of the best characterised examples of endosomal signalling is that of

neurotrophins. Nerve cells require signalling to occur over relatively long dis-

tances, and employ the retrograde transport of endosomes from nerve termini

to the cell body to deliver information to the nucleus of the cell. The enrich-

ment of active ras and MAPK signalling has been demonstrated on clathrin-

coated vesicles in response to nerve growth factor (NGF) in cultured cells,

again demonstrating a role for endosome-derived ras signalling (Howe et al.

2001).

1.3.6.2. Signalling from the endomembranes. A number of studies have

demonstrated ras signalling from other endomembrane compartments. The

depalmitoylation of isoforms such as H-Ras and N-Ras has been demonstrated

to be key in the maintenance of their localisation to both the plasma mem-

brane and internal structures such as the Golgi membranes. This endocytosis

independent redistribution of ras from the plasma membrane to internal mem-

branes has also been demonstrated for active GTP-bound H-Ras and N-Ras

(Rocks et al. 2005). A second study also demonstrated ras activity on the

Golgi and ER in response to mitogen signalling, and indicated that ras was

able to activate downstream signals from these endomembrane compartments.

This activity was shown to be independent of endocytosis, and potentially

driven by ras depalmitoylation (Chiu et al. 2002).

In addition to the role of depalmitoylation in allowing ras activity for inter-

nal membranes, further studies have also explored a role for direct activation

of ras at these sites. H-Ras can be activated at the Golgi in response to T-cell

receptor (TCR) activation. TCR activation of H-Ras at the Golgi is dependent

upon PLC-# and Ca2+, and results from the synergistic action of the Ca2+-

dependent GEF RasGRP1 at the Golgi and the Ca2+-dependent translocation

of the Ras GAP CAPRI to the plasma membrane. As a consequence ras

becomes activated at the Golgi, but ras activity is inhibited at the plasma

membrane (Bivona et al. 2003). Endoplasmic reticulum specific activation of
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H-Ras has also been observed, regulated by the GEFs RasGRF1 and RasGRF2

(Arozarena et al. 2004).

The labile thioester bond between ras isoforms such as H-Ras and N-Ras

and palmitoyl moieties at their C-terminus allows a reversible interaction with

the plasma membrane through cycles of palmitoylation and depalmitoylation.

The polybasic domain of K-Ras4B would appear a less dynamic localisation

motif, as it is an intrinsic part of the protein’s secondary structure. De-

spite this, a number of studies have demonstrated the dynamic redistribu-

tion of K-Ras4B in response to exogenous stimuli, in addition to endomem-

brane signalling. K-Ras4B displays rapid Ca2+-dependent redistribution to

endomembranes, including endosomes and the Golgi, upon the stimulation of

hippocampal neurons with glutamate. The translocation required the bind-

ing of Ca2+/calmodulin, leading to a redistribution of K-Ras4B and K-Ras4B

activity (Fivaz and Meyer 2005). K-Ras4B translocation from the plasma

membrane has also been demonstrated following phosphorylation of a specific

serine residue (S181) within the C-terminal polybasic domain by protein ki-

nase C (PKC). K-Ras4B redistributes to the endoplasmic reticulum, Golgi and

mitochondria following phosphorylation. A PKC-dependent interaction with

Bcl-XL (an anti-apoptotic Bcl-2 family protein) on the mitochondria was also

observed, resulting in pro-apoptotic signalling (Bivona et al. 2006).

As with endosomal MAPK activity, a Golgi-specific MAPK sca"old also

exists (Sef), further indicating a functional role for ras-MAPK signalling from

the Golgi (Torii et al. 2004).

1.3.6.3. Signalling from plasma membrane microdomains. Compartmen-

talised signalling is not limited to di"erent organelles, but also to di"erent

regions of an organelle. One example of this is the presence of distinct mi-

crodomains at the plasma membrane. The best studied membrane microdomain

is the lipid raft. Lipid rafts are liquid-ordered membrane domains, rich in

cholesterol and sphingolipids. It has been suggested that rafts play a role
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in signal transduction, acting to both concentrate signalling components at

the membrane and to segregate components to more tightly control signalling

processes. A number of upstream components of ras signalling are associated

with lipid rafts, including EGF receptors, T-cell receptors, NGF receptors and

integrins, suggesting a role for lipid rafts in ras signalling (reviewed in Simons

and Toomre 2000).

Another feature of some lipid rafts is the presence of caviolae. Caviolae are

small invaginations present in some liquid ordered microdomains. The char-

acteristic structure of caviolae is conferred by the polymerisation of caveolins,

which are palmitoylated integral membrane proteins with a hairpin like struc-

ture (Simons and Toomre 2000). EGF receptors have been demonstrated to

associate with caviolae, but also to exhibit ligand-dependent migration from

caviolae-rich microdomains (Mineo et al. 1999). H-Ras has also been shown to

associate with caveolin and lipid rafts. K-Ras4B, by contrast, displays specific

localisation to liquid-disordered membranes. As seen in EGF receptor acti-

vation, H-Ras exhibits a stimulation-dependent redistribution from lipid rafts

to liquid-disordered membranes upon GTP binding. Redistribution requires

the presence of the H-Ras hypervariable region and is required for e!cient

Raf1 activation (Prior et al. 2001). Redistribution results from conforma-

tional changes in the catalytic domain, reducing the a!nity of H-Ras for lipid

raft structures (Rotblat et al. 2004). The second palmitoyl moiety of H-Ras

appears key for this activity, as mono-palmitoylated H-Ras and wild-type N-

Ras display the inverse e"ect, localising to liquid-disordered membranes when

GDP-bound and redistributing to lipid rafts when active (Roy et al. 2005).

More recent studies have demonstrated the formation of clusters of 6-8 ras

proteins which display reduced lateral mobility (ras nanoclusters). Ras nan-

oclusters display GTP-dependent stability and are required for e!cient Raf

activation ( Tian et al. 2007). The immobilisation of ras nanoclusters has

been suggested to be dependent upon cytoskeletal elements, membrane pro-

teins and liquid-disordered membrane microdomains (Abankwa et al. 2007).



1.3. RAS PROTEINS 25

1.3.7. Ras localisation as a therapeutic target.

Preventing the membrane association of ras is an attractive mechanism for

the downregulation of oncogenic ras signalling. As a consequence, the devel-

opment of farnesyltransferase inhibitors (FTIs) has been of significant interest

as a cancer therapy. FTIs predominantly fall into two groups, compounds

that act as farnesyl analogues or molecules that are competitive inhibitors of

CAAX binding. Two compounds are currently being trialled which fall into

the latter category, tipifarnib and lonafarnib (Appels et al. 2005). However,

FTI therapy has not had the impact that was initially hoped, as ras proteins

appear to become modified with a 20 carbon geranylgeranyl isoprenoid when

farnesylation is inhibited (Downward 2003).

Another anti-cancer therapy that may modulate ras localisation is Bryo-

statin 1. Bryostatin 1 activates PKC and is able to induce apoptosis in cul-

tured cells. One study indicated that Bryostatin 1 induced PKC-dependent

phosphorylation of K-Ras4B, resulting in the localisation of K-Ras4B to the

mitochondria and pro-apototic signalling through an interaction with Bcl-XL

(Bivona et al. 2006).

More recently, a small molecule inhibitor of the de-palmitoylating enzyme

APT1 has been identified (Palmostatin B). Inhibition of APT1 by Palmostatin

B has been demonstrated to cause entropy driven indiscriminate membrane as-

sociation of H-Ras and N-Ras, through disruption of the ras acylation cycle.

Reversion in H-Ras transformed cultured cells was also observed upon Palmo-

statin B treatment (Dekker et al. 2010).
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1.4. The Schizosaccharomyces pombe model system

Yeast provide an ideal model system for the study of genetic and cellular

processes. They employ a number of signalling cascades to sense environmen-

tal changes and control cellular behaviours, utilising components conserved in

higher eukaryotic systems. In addition, their genetic tractability allows for the

manipulation of components within signalling systems and the introduction

of reporter constructs. Reporters can include auxotrophic markers, allowing

growth-based signalling assays, and enzymes such as !-galactosidase, providing

a colourimetric output for signalling activity. One Such example in Sz. pombe

is the sxa2>lacZ !-galactosidase reporter strain, in which the open reading

frame of the pheromone-responsive gene sxa2 has been replaced by the lacZ

gene. This has allowed the quantitative analysis of pheromone-responsive sig-

nalling. The sxa2 reporter system has been extended to include fluorescent

reporters (Dr. Benjamin Smith, unpublished data) and luciferase (Antonia

Nilsson, unpublished data). Both the budding yeast S. cerevisiae and the fis-

sion yeast Sz. pombe has been extensively utilised to study signalling events.

Applications have included the study of GPCRs, heterotrimeric G proteins,

MAP kinase cascades and ligand screens for novel theraputic compounds (re-

viewed in Ladds et al. 2005).

S. cerevisiae and Sz. pombe both contain two G protein-mediated signalling

cascades which detect external cues, mediating pheromone-responsive mating

events and nutrient sensing. Both cascades are required to allow mating. Sz.

pombe contains a single ras protein (Ras1), which is required for pheromone-

responsive signalling. Ras signalling is involved in a further pathway in Sz.

pombe, regulating cell morphology during mitotic growth (reviewed in Davey

1998 and Ho"man 2005a).
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1.4.1. Nutrient-sensing in Sz. pombe.

Monitoring the level of environmental nutrients is key to the survival of any

organism. In addition, nutrient sensing in Sz. pombe is required for the regu-

lation of mating events. Glucose-sensing is initiated by the binding of glucose

to the GPCR Git3. Git3 propagates this signal through the activation of the

G" subunit (Gpa2) of a heterotrimeric G protein complex (Welton and Ho"-

man 2000; Isshiki et al. 1992). GTP-bound Gpa2 then stimulates the activity

of the adenylate cyclase Cyr1, resulting in an increase in the cellular concen-

tration of cAMP (Ivey and Ho"man 2005). Increased cAMP levels stimulate

cAMP-dependent protein kinase (PKA), resulting in the inhibition of sexual

development (Maeda et al. 1990).

When nutrient levels become limiting, Cyr1 activity is no longer stimulated

and cAMP levels fall as cAMP is converted to AMP by the phosphodiesterase

Cgs2 (Maeda et al. 1990; Ho"man 2005b). The resultant reduction in PKA

activity causes the expression of the transcription factor Ste11, resulting in the

expression of genes required for mating (Reviewed in Yamamoto 1996).

1.4.2. The Sz. pombe mating response.

Sz. pombe exists as two haploid mating types minus (M) and plus (P). During

mitotic growth, Sz. pombe divides through a process of binary fission when

the cell reaches a critical length. Under conditions of nutrient starvation, each

mating type produces a di"usable pheromone. M cells express the P-factor

receptor Mam2 and produce M-factor pheromone (Kitamura and Shimoda

1991), whereas P cells produce P-factor and express the M-factor receptor

Map3 (Tanaka et al. 1993). Both mating pheromone receptors are GPCRs,

and couple to the same G" subunit Gpa1 (Obara et al. 1991). The reciprocal

exchange of pheromone, and pheromone receptor activation, brings about cel-

lular changes, resulting in cell cycle arrest, polar growth of each cell towards

the pheromone source and cell fusion (reviewed in Davey 1998) (Figure 1.9).
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Figure 1.9. Mating in Sz. pombe
Under normal conditions Sz. pombe exists as two haploid mating types and
replicates by mitotic fission. Following nutrient limitation, cells of opposite mating
types release mating-type specific mating pheromones. The detection of pheromone
by cell surface receptors brings about cellular changes, resulting in chemotropic
growth towards the mating partner, conjugation, cell fusion, meiosis and spore
formation.

Ras1 is key to the signalling events underpinning mating. Pheromone bind-

ing to the mating type specific receptor induces exchange of GDP for GTP on

Gpa1. Gpa1 then promotes nucleotide exchange on Ras1 through an as-yet un-

determined mechanism, although it is known that the GEF Ste6 is required for

Ras1 activation in response to pheromone (Hughes et al. 1990). Ras1 then ini-

tiates a MAP kinase cascade by promoting the translocation of the MAPKKK

Byr2 to the plasma membrane (Bauman et al. 1998). Byr2 then phosphory-

lates Byr1 (Wang et al. 1991), which becomes active and phosphorylates Spk1

(Toda et al. 1991). The main target of Spk1 is the transcription factor Ste11

(Kjaerul" et al. 2005). Ste11 is a high mobility group (HMG) transcription

factor which binds a 10bp T-rich (TR) consensus motif (TTCTTTGTTY) in

the promoters of genes required for sexual di"erentiation, directing their ex-

pression (Sugimoto et al. 1991) (Figure 1.10).
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Figure 1.10. Pheromone-responsive signalling in Sz. pombe
Pheromone-responsive signalling begins with pheromone binding to a mating-type
specific GPCR, resulting in nucleotide exchange on Gpa1. Gpa1 signalling acts
upstream of Ras1, regulating the ras GEF Ste6 through an as-yet undefined
mechanism. GTP-bound Ras1 then promotes the translocation of the MAPKKK
Byr2 to the plasma membrane. Pheromone-responsive transcription is brought
about through sequential phosphorylation of kinases in the MAP kinase cascade
(Byr2, Byr1 and Spk1) leading to phosphorylation of the transcription factor Ste11.
Active Ste11 binds TR boxes in the promoter regions of specific genes, resulting
in the expression of genes involved in cell cycle arrest, morphological changes and
agglutination.

1.4.3. Pheromone-responsive signalling in Sz. pombe.

1.4.3.1. Cell cycle arrest. Upon mating, two haploid cells of opposite mat-

ing types fuse to form a diploid zygote. A key aspect of this process is main-

taining cells in their haploid state prior to mating. As a consequence, an initial

pheromone-dependent event is for cells to arrest in G1. Investigation of this

process is complex as nitrogen starvation, which is required for pheromone re-

sponse in wild-type cells, also leads to a G1 arrest. A pheromone-dependent cell

cycle arrest can, however, be observed when nutritional sensing is perturbed,

such as in cells lacking Cyr1 (Davey and Niesen 1994; Imai and Yamamoto

1994).
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Progress through the cell cycle is controlled by the cyclin-dependent kinase

(CDK) Cdc2. The transition from G1 to S phase is primarily controlled by the

B-cyclin Cig2, and to some degree Cdc13 (Mondesert et al. 1996). Pheromone

acts to block cell cycle progression at G1 through inhibition of B-cyclin-Cdc2

kinase activity (Stern and Nurse 1997). Rum1 (replication uncoupled from

mitosis) is the primary CDK inhibitor responsible for arrest in G1 (Moreno and

Nurse 1994). Cells which lack Rum1 are defective in both starvation-induced

arrest and pheromone-induced arrest. Rum1 inhibits the G1-S transition by

targetting Cdc13 for degradation by the anaphase-promoting complex (APC

or cyclosome). Cig2 however is degraded by a mechanism independent of

Rum1. Stern and Nurse (1998) described these processes, and suggested that

pheromone brings about a transient G1 through Rum1-independent inhibition

of Cig2-Cdc2. This then allows Rum1 transcription to become up-regulated,

leading to Cdc13 degradation and a protracted G1 arrest. Both G1 arrest and

Rum1 are also required for pheromone-dependent transcription (Stern and

Nurse 1998).

1.4.3.2. Pheromone-induced morphology changes. One of the most marked

changes a cell undergoes in response to pheromone is in the morphology of that

cell. Following pheromone-dependent G1 arrest, cells continue to grow from

one tip towards the source of the pheromone (shmoo) (Fukui et al. 1986a;

Nielsen and Davey 1995). Shmooing cells display growth from a single pro-

jection tip, driven by the accumulation of filamentous actin, and requiring

the orientation of microtubules along the long axis of the cell (Petersen et al.

1998). The concerted chemotropic growth exhibited by shmooing cells allows

cells of opposite mating types to then meet and fuse.

1.4.3.3. The fusion of mating partners. Following the meeting of two cells

of opposite mating types, cells undergo agglutination and cell fusion. Cell-

cell contact is initially facilitated by transient hydrogen bonding, but later
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becomes irreversible (Miyata et al. 1997). Agglutination is mediated by two

mating-type specific agglutinin proteins, Map4 and Mam3 (Sharifmoghadam

et al. 2006). The 1,3-!-glucan of the cell wall at the point of conjugation

is then degraded by a mating specific glucanase (Reichelt and Fleet 1981).

The two cells then fuse, allowing nuclear fusion, meiosis and spore formation

(Tanaka and Hirata 1982).

1.4.3.4. Regulation of the cells response to pheromone. Cells which do not

mate are able to recover from stimulation and return to mitotic growth (Davey

and Nielsen 1994; Imai and Yamamoto 1994). A key mechanism to allow

recovery following stimulation in many signalling pathways is the degradation

of extracellular ligands. Sxa2 is a serine carboxy-peptidase which inactivates

exogenous P-factor through the removal of a single C-terminal leucine residue

(Imai and Yamamoto 1994; Ladds et al. 1996; Ladds and Davey 2000). In

contrast, there appears to be no equivalent mechanism for the inactivation of

M-factor (Hughes and Davey 1997).

Another conserved mechanism of adaptation to extracellular stimuli is the

removal of receptors from the cell surface. The internalisation of Map3 in re-

sponse to pheromone has previously been suggested (Hirota et al. 2001). The

internalisation of GPCRs is known to involve receptor phosphorylation (Fer-

guson 2001). Studies using GFP-tagged Mam2 have have shown the rapid loss

of Mam2 at the plasma membrane following pheromone stimulation (Wayne

Croft, unpublished data). A number of potential phosphorylation sites have

been identified on the C-terminus of Mam2, which is required for pheromone-

dependent internalisation (Dr. Eilish McCann, unpublished data).

Dephosphorylation of MAP kinase cascade components is also a rapid

means of attenuating signalling. The MAP kinase Spk1 is the primary site

for inactivation of the cascade. It has been suggested that Spk1 is dephos-

phorylated by the phosphatase Pmp1 (Didmon et al. 2002). As a conse-

quence, further phosphorylation of Ste11 is prevented, leading to a reduction
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in pheromone-dependent transcription.

Two proteins with GAP activity also act upon the pheromone response

pathway. Rgs1 is the only RGS protein present in Sz. pombe, and has GAP

activity for the G" subunit Gpa1. Expression of rgs1 is upregulated in response

to pheromone through the action of Ste11, and cells which lack Rgs1 display

a hypersensitivity to pheromone (Watson et al. 1999). Gap1 is the second

protein with GAP activity which modulates pheromone-dependent signalling.

Gap1 is the sole GAP protein for Ras1 in Sz. pombe. Loss of Gap1 results in a

hypersensitivity to pheromone, indicating a role in the negative-regulation of

pheromone-responsive Ras1 signalling (Imai et al. 1991).

The negative regulation of the pheromone response is key to functional

signalling. Gap1, Rgs1, Pmp1 and Sxa2 are all required for e!cient mating

(Imai et al. 1991; Imai and Yamamoto 1992; Watson et al. 1999; Didmon et

al. 2002). Furthermore, mathematical modeling of Gpa1 signalling has yielded

a number of important insights into pathway regulation by the GAP activity

of Rgs1, indicating the importance of GTP hydrolysis in both the negative

and positive regulation of signal transduction (Smith et al. 2009). It has been

suggested that GTP hydrolysis is required to release Gpa1 from an inactive

GTP-bound state, possibly in an inactive Gpa1-e"ector complex, to allow fur-

ther rounds of nucleotide exchange and e"ector activation. This study not

only indicates that recovery from stimulation is important, but also suggests

that negative regulators can positively influence signalling.

1.4.4. Regulation of polar cell morphology.

1.4.4.1. Vegetative cell growth. During mitotic growth, Sz. pombe cells

grow through extension from the cell tip. Following division, growth is initially

restricted to the end which existed prior to division (old end), but is initiated

at the new end at a specific point in the cell cycle referred to as NETO (new

end take o") (Davey 1998). Such controlled polar cell growth requires strict
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regulation. Cytoskeletal elements are key to the establishment of cell polarity

and polar cell growth in Sz. pombe. During cell growth, the distribution of

actin closely matches the points of active cell elongation (Marks et al. 1986).

Microtubules display polar orientation along the long axis of the cell, and are

required for the establishment of cell polarity (Sawin and Nurse 1998). The

main role of microtubules in cell polarity is the delivery of key proteins to

the cell tip during the establishment of polar growth. The tip protein Tea1

is delivered to the tip of the cell by polar microtubules, and is retained at

the tip through an interaction with the prenylated tip protein Mod5 (Snaith

and Sawin 2003). Tea1 acts at the tip to regulate microtubule dynamics and

recruit a host of downstream proteins required for polar cell growth (Behrens

and Nurse 2002). Tea1 is required for the polar localisation of tip proteins

such as Pom1, Tea2 and Tip1, forming a complex of proteins known as the

polarisome, which are responsible for actin recruitment to the cell ends. Tea1

interacts with the tip protein Bud6 and the formin For3 to promote actin

recruitment to the tip of the cell (Glynn et al. 2001; Feierbach and Chang

2001).

Another key factor in the maintenance of polar cell morphology is Pom1.

Pom1 is a DYRK (dual-specificity Yak-related kinase) family protein, which

is required for the positioning of the growth site at the cell pole. The localisa-

tion of Pom1 is dependent upon microtubules, Tea1 and the proteins intrinsic

kinase activity (Bähler and Nurse 2001). Pom1 also links cell polarity with

cell division, as it is required for correct positioning of the septum (Padte et

al. 2006).

Ras1 signalling is required for polar cell morphology (Fukui et al. 1986b;

Nadin-Davis et al. 1986). Ras1 acts to regulate polarity through activation

of Scd1, a GEF for the Rho GTPase Cdc42 (Chang et al. 1994). The Ras1-

Scd1-Cdc42 pathway exerts influence on cell polarity factors through the p21-

activated kinase (PAK) Shk1 (Marcus et al. 1995). The interaction between

Scd1, Cdc42 and Shk1 is facilitated by the sca"olding activity of Scd2 (Endo
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et al. 2003). Tea1 is a direct target for the kinase activity of Shk1, which is

likely one of the key links between Ras1 and cell polarity (Kim et al. 2003).

Another target for Shk1 is Orb6, which is also required for polar cell morphol-

ogy (Verde et al. 1995). Orb6 is required to limit Cdc42 activity to the cell

tip and has been demonstrated to undergo Shk1-dependent phosphorylation

(Das et al. 2009) (Figure 1.11). Ras1 and Cdc42 have an additional role in the

regulation of chromosome segregation, which they perform through regulation

of the proteins Yin6 and Moe1 (Yen and Chang 2000).

1.4.4.2. Shmoo formation. Upon stimulation with pheromone, the pattern

of growth employed by Sz. pombe cells is dramatically altered. Cells undergo

protracted extension from a single tip and are able to bend towards the source

of pheromone. The mechanism by which cells alter their growth pattern is

not precisely known, although components of the pathway controlling mitotic

polar cell growth are also required for mating. These components include Scd1

and Scd2, which are required for mating and morphology but not pheromone-

dependent transcription (Chang et al. 1994).

Despite this, key di"erences in polar cell organisation are observed between

cells during the two modes of growth. The most significant observation is the

delocalisation of Tea1, Tea2 and Tip1 from the growing tip upon pheromone

stimulation. Cells lacking these three proteins also displayed accelerated shmoo

formation and conjugation, suggesting that the loss of Tea1, Tea2 and Tip1

from the growing tip is required for shmoo formation to proceed. Pom1, by

contrast, is required for the establishment of monopolar growth in response

to pheromone (Niccoli and Nurse 2002). Such di"erences could represent a

change in the cell from intrinsically controlled cell polarity to polar growth

controlled by extrinsic signals from mating pheromones.
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Figure 1.11. The regulation of cell polarity in Sz. pombe
Ras1 exerts influence on cell polarity through activation of the Rho GEF Scd1.
Scd1 then initiates nucleotide exchange on the Rho GTPase Cdc42. GTP-bound
Cdc42 promotes the activity of the p21-activated kinase (PAK) Shk1, which directly
phosphorylates the polarity factors Orb6 and Tea1. These processes are required
for the maintenance of polar cell morphology. Rga4 is the GAP protein which
returns Cdc42 to a GDP bound state. Shk1 also influences pheromone-responsive
transcription through phosphorylation of Byr2. The sca!olding activity of Scd2
facilitates the interaction between Scd1, Cdc42 and Shk1, and is indicated by a
dashed line.

1.4.5. The pathway-specific activation of Ras1.

A striking aspect of Ras1 signalling in Sz. pombe is the ability of a single ras

protein to regulate two distinct pathways in a single cell. Few studies have fo-

cussed on the di"erential activation of Ras1. Two mechanisms have, however,

been proposed for the pathway-specific activity of Ras1. The first study to

explore these processes highlighted the importance of di"erential GEF activ-

ity (Papadaki et al. 2002), which is a conserved motif in G protein signalling,

and the second explored the emerging paradigm of compartmentalised ras sig-



1.4. THE SCHIZOSACCHAROMYCES POMBE MODEL SYSTEM 36

nalling (Onken et al. 2006).

1.4.5.1. The di"erential regulation of Ras1. Ste6 was the first ras GEF de-

scribed in Sz. pombe. The loss of Ste6 mirrored the mating defects observed

in cells lacking Ras1, but Ste6 was not required for polar cell morphology

(Hughes et al. 1990). A second GEF, Efc25, was later described which was

not required for the mating response (Tratner et al. 1997). A later study

demonstrated that Efc25, and more specifically the GEF domain of Efc25, was

required for the maintenance of polar cell morphology. In addition, analysis

of ste6 and efc25 expression indicated that ste6 was upregulated in response

to pheromone but efc25 was not. Finally, the study demonstrated that Ste6

and Efc25 act in competition, with overexpression of each causing a reduction

in signalling through the other (Papadaki et al. 2002). Taken together these

results indicate that the pathway-specific activation of Ras1 is, in part, the

result of di"erential regulation by Efc25 and Ste6, with Efc25 regulating polar

morphology and Ste6 regulating mating.

1.4.5.2. Compartmentalised ras signalling in Sz. pombe. Only one study

has explored the role of Ras1 localisation in signalling (Onken et al. 2006).

The study indicated that the localisation of Ras1, like human N-Ras, was re-

liant on a single farnesyl group and a single palmitoyl group. It was suggested

that preventing the palmitoylaton of Ras1, through mutation of the palmitoy-

lated cysteine to a serine (Ras1C215S), caused Ras1 to localise exclusively to

the endomembranes. It was also suggested that Ras1C215S could support polar

cell morphology but not mating. A second protein, in which the hypervariable

region of Ras1 was replaced with the C-terminal targeting domain of the small

GTPase Rit (RitC), was used to investigate plasma membrane signalling. The

Ras1-RitC fusion was chosen, as it was tra!cked to the plasma membrane

without intermediate endomembrane localisation. Functional analysis indi-

cated that Ras1-RitC could support mating but not morphology. These data
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Figure 1.12. Compartmentalised Ras1 signalling in Sz. pombe.
Onken et al. (2006) suggested a model for the compartment specific regulation of
Ras1 is Sz. pombe. In this model Ras1 at the plasma membrane is activated in
response to pheromone by the GEF Ste6, resulting in the recruitment of Byr2, ini-
tiating a cascade of MAP kinase phosphorylation and culminating in the expression
of genes required for mating. By contrast, nucleotide exchange on endomembrane
localised Ras1 is initiated by the GEF Efc25, resulting in Scd1-Cdc42 activity and
the regulation of polar cell morphology.

indicated that Ras1 on the plasma membrane regulated mating, and that Ras1

on the endomembranes regulated polar cell morphology (Figure 1.12).

1.4.6. Heterologous expression of signalling components in Sz.

pombe.

Sz. pombe has previously been used as a system for the heterologous expres-

sion of human signalling components. Studies have used Sz. pombe for the

expression of human GPCRs, such as the D2S dopamine receptor (Sander et

al. 1994), B2 adrenergic receptor (Ficca et al. 1995) and NK2 neurokinin re-

ceptor (Arkinstall et al. 1995). These studies highlighted the advantages of Sz.

pombe as an expression system, but did not demonstrate signalling activity.
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The functional expression of the corticotrophin releasing factor (CRF) recep-

tor was later demonstrated. The study utilised a Gpa1 protein modified to

contain the last five amino acids of human G" proteins, which confer coupling

specificity (Ladds et al. 2003). The ability of human G" subunits to a"ect

morphology in Sz. pombe has also been indicated upon the replacement of

their last five amino acids with those from Gpa1. This finding has also allowed

the investigation of human RGS protein specificity (Ladds et al. 2007). Hu-

man RGS4 has also been demonstrated to function in regulating Gpa1 (Hill et

al. 2008), in addition to human G! subunits (Goddard et al. 2006).

The functional expression of human H-Ras has also been highlighted in Sz.

pombe (Nadin-Davis et al. 1986), however, little quantification of function has

been performed.
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1.5. Aims

" Develop quantitative measures of Ras1 function and localisation in

Sz. pombe.

" Explore the role of Ras1 localisation in function using a quantitative

approach.

" Determine the function and localisation of human ras isoforms in Sz.

pombe.



CHAPTER 2

Materials and methods

2.1. Materials

2.1.1. General laboratory reagents.

General laboratory reagents were purchased from Sigma-Aldrich Co. Ltd.

(Poole, Dorset, UK), and were of analytical grade unless stated otherwise.

2.1.2. Molecular biology reagents.

Restriction enzymes, T4 deoxyribonucleic acid (DNA) ligase and Taq DNA

polymerase (from Thermus aquaticus) were purchased from Invitrogen Ltd.

(Paisley, Scotland, UK). Bacterial alkaline phosphatase was supplied by Fer-

mentas (York, UK). FastStart high fidelity DNA polymerase blend was pur-

chased from Roche Diagnostics Ltd. (Lewes, East Sussex, UK). All oligonu-

cleotides were synthesised by Invitrogen Ltd. Ultrapure agarose was supplied

by Helena Biosciences (Gateshead, Tyne & Wear, UK).

2.1.3. Gel documentation.

All gels were visualised using a G:Box iChemi gel documentation system (Syn-

gene, Cambridge, UK), with GeneTools analysis software (Syngene).

40
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2.1.4. Cell number analysis.

Cell densities and cell volumes were analysed using a Z2 Coulter® Particle

counter and Isoton II azide-free electrolyte, supplied by Beckman Coulter (Lu-

ton, Bedfordshire, UK).

2.1.5. P-factor synthesis.

P-factor was synthesised using a Biotech Instruments BT7300 Peptide Synthe-

siser by AltaBioscience (University of Birmingham, Birmingham, UK).

2.1.6. Growth media.

Yeast extract, select agar and Luria broth were purchased from Invitrogen

Ltd. Constituents of Amino Acid selective medium (AA) and Defined Min-

imal Medium (DMM) (Davey et al. 1995) were supplied by Sigma-Aldrich

Co. Ltd.. AA plates were used for selective growth and DMM liquid me-

dia for all assays and selective growth. Yeast Extract (YE) liquid media and

plates were used for routine cell growth. Nutritional suppliments were included

as required (YEALU = YE medium supplemented with adenine, leucine and

uracil). Plates were made with the addition of 1.5% select agar.

DMM

Per litre:

NH4Cl 5 g

Na2HPO4 2.2 g

Phthalic Acid 3 g

Glucose 20 g

Salts (50x stock) 10 ml

Vitamins (1,000x stock) 1 ml

Minerals (10,000x stock) 0.1 ml
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To make selective DMM (components as required):

L-adenine 0.5 g

L-leucine 0.5 g

L-uracil 0.5 g

Stock solution of salts (50x). Per litre:

MgCl2.6H2O 52.5 g

CaCl2.2H2O 0.735 g

KCl 50 g

Na2SO4 2 g

Stock solution of minerals (10000x). Per 100 ml:

Citric acid 1 g

Boric acid 0.5 g

MnSO4.H2O 0.5 g

ZnSO4.7H2O 0.4 g

Molybidic acid 0.305 g

FeCl3.6H2O 0.2 g

KI 0.1 g

CuSO4.5H2O 0.04 g

Stock solution of vitamins (1000x). Per 100 ml:

Nicotinic acid 1 g

Inositol 1 g

Pantothenic acid 0.1 g

Biotin 0.001 g
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YE

Per litre:

Yeast extract 5 g

Glucose 30 g

To make YEALU supplement with:

L-adenine 0.5 g

L-leucine 0.5 g

L-uracil 0.5 g

AA

Per litre:

Yeast Nitrogen base w/o a.a.

containing (NH4)2SO4 6.7 g

Glucose 20 g

Amino acid mix 1.5 g

Select amino acid mix 0.5 g

Amino acid mix:

L-alanine 2 g

L-asparagine 2 g

L-cysteine 2 g

L-glutamine 2 g

L-glutamic acid 2 g

L-glycine 2 g

L-isoleucine 2 g

L-lysine 2 g

L-phenylalanine 2 g

L-proline 2 g
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L-serine 2 g

L-theonine 2 g

L-tryptophan 2 g

L-tyrosine 2 g

L-valine 2 g

Myo-inositol 2 g

Para-amino benzoic acid 0.4 g

Select amino acid mix (components as required):

L-adenine 0.5 g

L-histidine 2 g

L-leucine 0.5 g

L-methionine 2 g

L-uracil 0.5 g

2.1.7. Bacterial Strains.

Cloning was performed using the Escherichia coli (E. coli) strain DH5" (Strata-

gene, Cambridge, UK).

E. coli DH5" genotype: supE44 hsdR17 endA96 thi-1 relA1 recA1 gyrA96.

2.1.8. Sz. pombe strains.

Standard nomenclature has been used to describe all Sz. pombe strains pre-

sented in this thesis. Deletions within genes are referred to as yfg1-D10, de-

noting the deletion of 1000 base pairs (bp) of the yfg1 locus. Replacement of

genes using a selectable ura4+ cassette is presented as yfg1::ura4+, and gene

replacement as yfg1::yfg2. Reporter strains, in which expression of a reporter

gene is regulated by the promoter of an endogenous gene at the endogenous

locus, are referred to as pro1>rep1.
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Table 2.1. "-galactosidase reporter and mating assay yeast strains

Strain Genotype
JY278 mat1-M, !mat2/3::LEU2!, leu1-32, ura4-D18, cyr1-D51
JY444 mat1-M, !mat2/3::LEU2!, leu1-32, ura4-D18
JY544 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-

D51, sxa2>lacZ
JY1025 mat1-P, !mat2/3::LEU2!, leu1!, ura4-D18
JY1247 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-

D51, sxa2>lacZ, !ras1::ura4+
JY1272 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-

D51, sxa2>lacZ, !ras1::ras1G17V

JY1279 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, ras1-D6

JY1351 mat1-P, !mat2/3::LEU2!, leu1!, ura4-D18, !ras1::ura4+
JY1378 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-

D51, sxa2>lacZ, !ras1::ras1C215S

JY1380 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::ras1C216S

JY1382 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::ras1-ritc

JY1384 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::ras1S22N

JY1386 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::ras1ras1Q66L

JY1388 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::ras1ras1Q66L, C215S

JY1461 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::h-ras

JY1462 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::n-ras

JY1463 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::k-ras4b
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Table 2.2. "-galactosidase reporter yeast strains containing
integrated GFP tagged ras proteins

Strain Genotype
JY1390 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-

D51, sxa2>lacZ, !ras1::gfp-ras1
JY1494 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-

D51, sxa2>lacZ, !ras1::gfp-ras1C216S

JY1495 mat1-M, !mat2/3::LEU2-, leu1-, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::gfp-ras1Q66L

JY1496 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::gfp-ras1G17V

JY1497 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::gfp-ras1Q66L, C215S

JY1498 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::1-40gpa1-gfp-ras1C215S

JY1499 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::1-40gpa1-gfp-ras1C216S

JY1500 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::1-40gpa1-gfp-ras1Q66L

JY1501 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::1-40gpa1-gfp-ras1Q66L C215S

JY1502 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacz, !ras1::gfp-n-ras

JY1503 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::gfp-k-ras4b

JY1518 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::1-40gpa1-gfp-ras1S22N

JY1519 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::gfp-ras1S22N

JY1521 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::1-40gpa1-gfp-ras1

JY1523 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::gfp-ras1C215S

JY1571 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, !ras1::gfp-h-ras
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Table 2.3. Yeast strains used to determine Tea1 localisation

Strain Genotype
JY1466 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-

D51, sxa2>lacZ, tea1-ura4
JY1469 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-

D51, sxa2>lacZ, tea1::tea1-mcherry
JY1504 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-

D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::ura4+
JY1505 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-

D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::ras1C215S

JY1506 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::ras1C216S

JY1507 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::ras1Q66L

JY1508 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::ras1G17V

JY1509 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::ras1Q66L C215S

JY1510 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::h-ras

JY1511 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::k-ras4b

JY1512 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18,
cyr1-D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::1-40gpa1-gfp-
ras1C215S

JY1513 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18,
cyr1-D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::1-40gpa1-gfp-
ras1C216S

JY1514 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::1-40gpa1-gfp-ras1Q66L

JY1515 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18,
cyr1-D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::1-40gpa1-gfp-
ras1Q66L C215S

JY1516 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::1-40gpa1-gfp-ras1S22N

JY1517 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::ras1S22N

JY1522 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::ras1

JY1569 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, tea1::tea1-mcherry, ras1-D6

JY1570 mat1-M, !mat2/3::LEU2!, leu1!, ade6-M216, ura4-D18, cyr1-
D51, sxa2>lacZ, tea1::tea1-mcherry, !ras1::n-ras
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The cyr1 gene encodes adenylate cyclase. Disruption of this open reading

frame (ORF) allows Sz. pombe to undergo sexual di"erentiation during the

mitotic growth cycle (Maeda et al. 1990).

The sxa2 ORF encodes a secreted serine carboxypeptidase which degrades

exogenous P-factor (Ladds et al. 1996; Ladds and Davey 2000). Loss of Sxa2

prolongs the response to P-factor stimulation, and increases signalling activity

in reporter strains (Didmon et al. 2002).

mat1-M !mat2/3 strains are mating type stable M cells. Deletion of the

mat2 and mat3 loci prevents mating type switching (Klar and Miglio 1986).

mat1-P !mat2/3 strains are P cells incapable of switching mating type.

JY544 is an sxa2>lacZ reporter strain, in which activation of the pheromone-

response pathway by P-factor results in the production of !-galactosidase.

2.1.9. Sz. pombe genomic integration.

Selection for the loss of ura4, upon replacement with sequence of interest,

was performed using AA medium containing limited uracil (450 %M) and 4.5

mM 5-fluoro-orotic acid (FOA, supplied by Toronto Research Chemicals Inc.

Ontario, Canada). FOA is converted by Ura4 into the toxic uracil analogue

5-fluoro-uracil (Grimm et al. 1988).
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2.2. Methods

2.2.1. Cloning techniques.

DNA preparation was performed using standard methods (Sambrook et al.

1989). All DNA modifying enzymes were used according to manufacturer’s in-

structions. DNA fragments were analysed by electrophoresis on 1-3 % agarose

gels containing 0.5 %g/ml ethidium bromide. DNA fragments were recovered

from agarose gels using the QIAquick Gel Extraction Kit (Qiagen, West Sus-

sex, UK).

2.2.2. Transformation of E. coli.

Competent E. coli DH5" (Stratagene) were produced and transformed as de-

scribed in Sambrook et al. (1989).

2.2.3. Transformation of Sz. pombe.

Sz. pombe was transformed with plasmid DNA or linear DNA fragments using

the lithium acetate method described by Okazaki et al. (1990).

2.2.4. Polymerase chain reaction (PCR).

Taq DNA polymerase (Invitrogen Ltd.) was used for screening bacterial colonies

and yeast strains. FastStart high fidelity polymerase blend (Roche Diagnostics

Ltd.) was used for amplifying DNA fragments for cloning. All polymerases

were used according to manufacturer’s instructions.



2.2. METHODS 50

2.2.4.1. PCR amplification of DNA for cloning. A total reaction volume

of 50 %l was used, containing 1 %g of sense and antisense oligonucleotide

primer each, and 10-50 ng of template DNA. Deoxyribonucleoside triphos-

phates (dNTPs) (dATP, dCTP, dGTP and dTTP, Fermentas) were used at

a final concentration of 0.2 mM. The PCR cycle consisted of a denaturation

step of 94 oC held for 30 s, followed by an annealing step of between 40 and

60 oC held for 60 s. The extension step (72 oC) was held for 60 s per kilobase

of product. 30 cycles of amplification were used per reaction. Reactions were

concluded with 7 min incubation at 72 oC to allow complete product extension.

2.2.4.2. Screening plasmid DNA from bacterial cells using PCR. A single

bacterial colony was suspended in 100 %l of water and stored at 4 oC. 1 %l of

this suspension was used as the template in a 10 %l PCR reaction.

2.2.4.3. Screening yeast genomic DNA using PCR. 1 %l of yeast genomic

DNA (200-400ng) was used as the template in a 10 %l PCR reaction.

2.2.5. DNA sequencing.

Plasmid DNA was sequenced by the Molecular Biology Service at the Univer-

sity of Warwick. Reactions utilised Big Dye Terminator 3.1 chemistry (Applied

Biosystems, Foster City, CA, USA) and were run on a 3100 Genetic Analyser

(Applied Biosystems).

2.2.6. Preparation of yeast genomic DNA.

Genomic DNA was isolated from yeast using the protocol described in Ho"-

man and Winston (1987). Cells were grown to a density of ! 1 x 107 cells/ml,

harvested by centrifugation and washed once in sterile water. Cells were then

resuspended in 200 %l of Blue Bu"er (2% Triton X-100, 1% sodium dodecyl
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sulphate (SDS), 100 mM NaCl, 10 mM Tris-HCl (pH 8.0) and 1 mM ethylene-

diaminetetraacetic acid (EDTA)). 200 %l of 1:1 phenol:chloroform and 400 %l

acid-washed glass beads (425-600 %m diameter, Sigma-Aldrich Co. Ltd.) were

added and the suspension was mixed for 3 min using a vortex mixer to promote

cell lysis. 200 %l Tris-EDTA (TE) (pH 7.5) was then added immediately, and

the solid and aqueous phases were seperated by centrifugation for 5 min at

13000 rpm, 4 oC. The aqueous phase was then transferred to 1 ml of ice-cold

ethanol. The sample was mixed by inversion and genomic DNA was harvested

by centrigugation for 10 min at 13000 rpm, 4 oC. The DNA pellet was washed

with 70% ethanol, dried and resuspended in 50 %l of TE (pH 7.5). The typical

yield for this method is 10-20 %g DNA.

2.2.7. !-galactosidase assays.

!-galactosidase assays were performed using a method modified from Dohlman

et al. (1995) (Didmon et al. 2002). Sz. pombe cells were cultured to a den-

sity of ! 5 x 105 cells/ml in DMM. 500 %l of cell culture was transferred to

2 ml Safe-Lock Eppendorf tubes (Eppendorf Ltd. Hamburg, Germany) con-

taining varying concentrations of P-factor (diluted in high performance liquid

chomatography (HPLC)-grade methanol and dried to remove the methanol).

Tubes were then incubated at 29 oC for 16 h on a rotating wheel. 50 %l

was transferred to 750 %l of Z-bu"er containing 2.25 mM o-nitrophenyl-!-D-

galactopyranoside (ONPG, purchased from Sigma-Aldrich Co. Ltd.) and the

reactions were incubated on a rotating wheel at 29 oC for 90 min. Reactions

were stopped by the addition of 200 %l of 2 M Na2CO3. !-galactosidase pro-

duction was determined though measuring the accumulation of the coloured

product ortho-nitrophenol (optical density (OD) at 420 nm), and expressed as

OD420 per 106 cells (determined using a Z2 Coulter® Particle counter, Beck-

man Coulter).
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Z-bu!er:

60 mM Na2HPO4

42 mM NaH2PO4

10 mM KCl

1 mM MgSO4

50 mM !-mercaptoethanol

0.5% (v/v) chloroform

0.005% (w/v) SDS

2.2.8. Yeast mating assays.

Cells were cultured in liquid DMM to a density of ! 5 x 106 cells/ml. 200 %l

of each mating type strain were mixed and harvested by centrifugation (2000

rpm for 3 min). Cells were resuspended in 10 %l of sterile water and spotted

onto DMM plates containing 100-fold lower NH4Cl than detailed in section

2.1.7. All assays also included separate non-mixed controls. Following 72 h

incubation at 29 oC, plates were exposed to iodine crystals for 10 min, or un-

til staining could be observed. Iodine staining of the starch contained within

spore cell walls resulted in brown/black colony colouration, indicating mating

(Egel et al. 1994).

2.2.9. Fluorescence microscopy.

Strains were cultured in the appropriate medium to a density of ! 5 x 106

cells/ml. 5 %l of cell culture was transferred directly to a CoverWellTM imaging

chamber (Grace Bio-Labs, Oregon, USA) containing solid DMM (2% agarose),

and residual liquid media was allowed to dry. Slides were covered and sealed

and images were then obtained using a True Confocal Scanner Leica TCS SP5

microscope (Leica Microsystems Ltd. Milton Keynes, UK) or Nikon E800 epi-

fluorescence microscope (Nikon UK Ltd. Kingston upon Thames, UK) fitted
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with an Andor EM-CCD camera (Andor Technology Ltd. Belfast, Ireland).

2.2.10. Image analysis.

All image processing was performed using the open source software Image J

(http://rsb.info.nih.gov/ij/). Cell segmentation was performed using the BOA

plug-in of Image J, and image analysis using the Quantitative Imaging of Mem-

brane Proteins (Quimp) package (Dormann et al. 2002; Bosgraaf et al. 2009).

2.2.11. Western blot analysis.

2.2.11.1. Preparation of yeast whole cell extracts. 10 ml of mid-log phase

cell culture (! 1 x 107 cells/ml), cultured in the relevant media, was har-

vested by centrifugation (2000 rpm for 5 min) and washed once with TEN

bu"er (100 mM Tris (pH 6.8), 10 mM EDTA, 150 mM NaCl). Cells were then

resuspended in 50 %l TEN bu"er containing protease inhibitors (1 Complete

Mini protease inhibitor tablet, supplied by Roche Diagnostics Ltd. dissolved

in 1.5ml of TEN bu"er). Acid-washed glass beads (400 %l) were added, cells

were lysed by vortex mixing for 3 min, and 50 %l of TEN bu"er was added.

100 %l of SDS-polyacrylamide gel electrophoresis (SDS-PAGE) sample bu"er

(125 mM Tris (pH 6.8), 8% glycerol, 5% SDS, 1% !-mercaptoethanol, 0.02%

bromophenol blue) was added to each whole cell extract, and samples were

heated at 100 oC for 5 min prior to SDS-PAGE (Ladds et al. 2003).

2.2.11.2. SDS-PAGE. SDS polyacrylamide gels were cast and run using

a Geneflow OmniPAGE Mini vertical gel electrophoresis unit (Geneflow Ltd.

Sta"ordshire, U.K.) according to the manufacturer’s instructions.

2.2.11.3. Western blot analysis. Following separation by SDS-PAGE, pro-

tein was transferred to polyvinyldifluoride (PVDF) membrane (Bio-Rad, Hemel

Hempstead, UK) soaked in Half Towbin bu"er (192 mM glycine, 25 mM Tris,
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1.3 mM SDS and 10 % methanol) using an OmniBlot wet blotting unit (Gene-

flow Ltd.) run at 60 mV for 1 h, with the membrane and gel placed between

3 layers of filter paper immersed in Half Towbin bu"er. The membrane was

blocked with 3 % Marvel (non-fat dried milk) in PBST (137 mM NaCl, 2.7

mM KCl, 8 mM Na2HPO4, 2 mM KH2PO4, 0.05 % (v/v) Tween 20 pH 7.4)

for 2 h. The PVDF membrane was then incubated with primary antibody in

PBST containing 3% Marvel overnight at 4oC with constant aggitation. The

membrane was washed twice with water, and hybridised with the secondary

antibody (in PBST containing 3 % Marvel) for 90 min at room tempera-

ture with constant aggitation. The membrane was then washed twice with

water and once with PBST for 5 min. Signals were then detected using en-

hanced chemiluminescence (ECL) detection reagent (GE healthcare, Bucking-

hamshire,UK) and visualised using a G:Box iChemi gel documentation system

(Syngene). A primary RAS10 anti-ras mouse monoclonal antibody (Millipore,

Durham, UK) and secondary horseradish peroxidase-conjugated anti-mouse

IgG antibody (Promega, Southampton, UK) were used for detection of ras

proteins. A primary anti-fluorescent protein rabbit polyclonal antibody, raised

against GFP, (Santa Cruz biotechnology, California, USA) and a secondary

horseradish peroxidase-conjugated anti-rabbit IgG antibody (GE healthcare)

were used for detection of fluorescent proteins.

2.2.11.4. Staining with Coomassie Brilliant Blue. Following SDS-PAGE,

gels were placed in Coomassie Brilliant Blue stain (40% ethanol, 10% acetic

acid, 0.2% Coomassie Brilliant Blue R250) and incubated for 30 min with

constant agitation, to provide loading controls. The gel was then transferred

to destain solution (40% ethanol, 10% acetic acid), and incubated until com-

pletely destained and bands were visible. Gels were visualised using a G:Box

iChemi gel documentation system (Syngene).
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2.2.12. Flow cytometric analysis of cell cycle position.

Cells were grown in the relevant culture medium to a density of ! 1 x 107

cells/ml. 1 ml of culture was sonicated, harvested by centrifugation and fixed

in 1 ml of ice cold 70% ethanol overnight. 300 %l of fixed cells were then washed

in 3 ml of 50 mM sodium citrate and resuspended in 500 %l of 50 mM sodium

citrate containing 0.1 mg/ml RNase A. Cells were incubated at 37 oC for 2

h before the addition of 500 %l of 50 mM sodium citrate containing 8 %g/ml

propidium iodide. Flow cytometry was performed using a Becton, Dickinson

and Company (BD) LSR II flow cytometer (BD Biosciences, Oxford, UK).

Excitation was achieved using a 488 nm laser, and emission detected using a

575/26 band pass filter with a 550 long pass filter.

2.2.13. LIVE/DEAD® assay for cell viability.

Analysis of cell viability was performed using the LIVE/DEAD® Funga LightTM

yeast viability kit (Invitrogen Ltd.). The protocol used the nucleic acid stains

SYTO® 9 (green) and propidium iodide (red). SYTO® 9 labels all cells within

a population and propidium iodide only labels those with damaged membranes.

In cells with damaged membranes both dyes are present and SYTO® 9 fluores-

cence is reduced due to fluorecence resonance energy transfer (FRET) between

the two dyes, causing cells with intact membranes to fluoresce green and cells

with damaged membranes to fluoresce red (Zhang and Fang 2004).

Cells were cultured to a density of ! 5 x 105 cells/ml in DMM. 500 %l

aliquots of cell culture were transferred to 2 ml Safe-Lock Eppendorf tubes

(Eppendorf Ltd.) containing varying concentrations of P-factor pheromone

(diluted in high performance liquid chomatography (HPLC)-grade methanol

and dried to remove the methanol). Tubes were incubated at 29 oC for 16 h on

a rotating wheel. The cells were washed twice with 1 ml of PBS and were then

stained in 1 ml of PBS with 1 %l of SYTO® 9 (3.34mM in dimethyl sulfoxide)

and 1 %l of propidium iodide (20mM in dimethyl sulfoxide). Flow cytometry
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was performed using a BD LSR II flow cytometer. Excitation of both dyes was

achieved using a 488 nm blue laser, and emission was detected using a 550 nm

long pass filter with a 575/26 nm band pass filter for propidium iodide and a

505 nm long pass filter with a 530/30 nm band pass filter for SYTO® 9.

2.2.14. Chromosome instability assay.

The fission yeast strain 2125 (Tinline-Purvis et al. 2009) contains the minichro-

mosome Ch16, a non-essential 530kb derivative of chromosome III (Niwa et al.

1989). 2125 contains the mutation ade6-210 on chromosome III and the com-

plementary mutation ade6-216 on Ch16 to rescue ade6 activity. Loss of Ch16

results in an ade! phenotype and the formation of red colonies in the abscence

of exogenous adenine. To determine the rate of minichromosome loss, cells

were cultured overnight in DMM lacking adenine and diluted to an OD600 of

0.2 the following day. Cells were then grown to an OD600 of 0.8, diluted 1 in

1000 in sterile water, and 100 %l of this dilution was then plated on YE plates

lacking additional adenine. The presence of colonies displaying red and white

sectors indicates the loss of the minichromosome in a subpopulation of cells

within that colony. The presence of colonies displaying over half red coloura-

tion indicates the loss of Ch16 in the first division of that colony, allowing

determination of minichromosome loss per division (Allshire et al. 1995).

2125 genotype: Ch3 ade6-210, leu1-32, ura4-D18, his3-D1, arg3-D4 (h+).

Ch16 yps1::arg3, ert1::MATaG418, ade6-216, cid2::his3.

2.2.15. Analysis of data.

Non-linear regression of dose-response data and statistical analysis was com-

pleted using GraphPad Prism software version 4.03 for Windows (GraphPad

Software Inc. San Diego, CA, USA). Statistical significance was determined

using a one-way anova with a Tukey multiple comparison post test or an un-

paired t test.



CHAPTER 3

Creation of DNA constructs

3.1. Creation pREP3x expression constructs

This section details the construction of plasmids for the expression of pro-

teins under the control of the nmt1 promoter of pREP3x (Maundrell 1993).

3.1.1. Creation of pREP3x-ras constructs.

The pREP vectors were constructed to allow the controlled expression of ex-

ogenous genes in Sz. pombe from a promoter that can be readily induced.

To express ras proteins from the nmt1 (no message in thiamine) promoter,

the ORF in question was cloned into pREP3x. This allows control over the

expression of each ras protein by the addition or removal of thiamine from

the growth medium (Maundrell 1993). Each ras ORF was amplified using a

sense oligonucleotide which started at the initiating ATG codon. The anti-

sense oligonucleotide used in each case contained a full BamHI site directly

upstream of the endogenous stop anticodon. The PCR products were digested

with BamHI and ligated into EcoRV and BamHI digested pREP3x, modified

to contain an EcoRV site directly upstream of the BamHI site (Figure 3.1).

Human ras ORFs were amplified from cDNA clones obtained from the Guthrie

cDNA Resource Centre (www.cdna.org). The ras1-ritc fusion was amplified

from pRPGFP-Ras1-RitC, kindly supplied by Prof. Eric Chang (State Uni-

versity of New York at Bu"alo). The pKS-Ras1 and pREP3x-Ras1 constructs

used for the creation of all the ras1 constructs used in this study, which lack

the intron found in endogenous ras1, were created by Dr. Rachel Forfar. The

oligonucleotides used for PCR amplification of ras ORFs are listed in table 3.1.

57
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ATG STOP

ras ORF

Antisense oligonucleotide

ATGNNNNNNNNNNNNNNNN NNNNNNNNNNNNNNNNNNNNggatcccc

ATG STOP

ras ORF

BamHI

pREP3x

nmt1

EcoRV BamHI

pREP3x-ras

nmt1

ATG STOP

ras ORF

PCR amplification using
fastStart polymerase

Digest with
BamHI

Digest with
EcoRV and BamHI

Ligate

Sense oligonucleotide

Figure 3.1. Cloning of ras ORFs into pREP3x
ras ORFs were amplified using the oligonucleotides listed in table 3.1. The amplified
products were then digested with BamHI and ligated into EcoRV and BamHI
digested pREP3x, modified to contain an EcoRV site directly upstream of the
BamHI site.

Table 3.1. Oligonucleotides for amplification of ras ORFs

ras ORF Sense oligonucleotide Antisense oligonucleotide
ras1 ATG AGG TCT ACC TAC TTA

AGA GAG
ggggatcc CTA ACA TAT AAC
ACA ACA

ras1-ritc ATG AGG TCT ACC TAC TTA
AGA GAG

ggggatcc TCA AGT TAC TGA
ATC TTT CTT CT

h-ras ATG ACG GAA TAT AAG C ggggatcc TCA GGA GAG CAC
ACA CTT GC

n-ras ATG ACT GAG TAC AAA
CTG

ggggatcc TTA CAT CAC CAC
ACA TGG CAA TC

k-ras4b ATG ACT GAA TAT AAA CTT
G

ggggatcc TTA CAT AAT TAC
ACA CTT TGT C
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3.1.2. Cloning of pREP3x-GFP-ras.

Direct in-frame N-terminal gfp-ras fusions were made in pREP3x to allow

the visualisation of ras localisation upon expression from the nmt1 promoter.

ras ORFs were amplified using the method detailed in section 3.1.1 and the

oligonucleotides listed in table 3.1. The amplified ras ORFs were then digested

with BamHI and ligated into pREP3x-Nterm-GFP digested with EcoRV and

BamHI. The pREP3x-Nterm-GFP vector contains the gfp ORF lacking a stop

codon, and contains an EcoRV immediately following the final codon of the gfp

ORF followed by a BamHI site (Dr. Claire Hill). As a consequence, ligation

a ras ORF between the EcoRV and BamHI sites generates a direct in-frame

fusion separated by just one codon (GAT = Asn), resulting from the remaining

half of the EcoRV site.

3.1.3. Generating 1-40gpa1-gfp-ras1 fusions in pREP3x.

1-40gpa1-gfp-ras1 fusions were generated using a two step strategy. The first

step was to generate a pREP3x vector containing the 1-40gpa1-gfp fusion but

lacking a stop codon. The second step was to generate the 1-40gpa1-gfp-ras1

fusion by subcloning the ras1 ORF from existing gfp-ras1 fusions utilising

an endogenous NcoI site in the gfp ORF. A construct had previously been

made containing the first 40 codons of the gpa1 ORF followed by the gfp

ORF (1-40gpa1-gfp) (Dr. Emma Godfrey). In order to allow expression of 1-

40gpa1-gfp-ras1 fusion from pREP3x, 1-40gpa1-gfp was amplified using a sense

oligonucleotide beginning at the initiating ATG of gpa1 (ATG GGA TGC

ATG TCG AGT AAA TAC GC) and an antisense oligonucleotide containing

a full BamHI site immediately prior to the final coding anticodon of gfp, but

lacking the endogenous stop anticodon (ggggatcc TTT GTA TAG TTC ATC

CA). The PCR product was digested with BamHI and ligated into EcoRV and

BamHI digested pREP3x (Figure 3.3).
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EcoRV BamHI

ATG STOP

ras ORF

Sense oligonucleotide Antisense oligonucleotide

ATGNNNNNNNNNNNNNNNN NNNNNNNNNNNNNNNNNNNNggatcccc

ATG STOP

ras ORF

BamHI

pREP3x-Nterm-GFP

n
m
t1

PCR amplification using
fastStart polymerase

Digest with
BamHI

Digest with
EcoRV and BamHI

Ligate

GFP

pREP3x-GFP-ras

n
m
t1

GFP

STOP

ras ORF

ATG

ATG

ATG

Figure 3.2. Cloning of pREP3x-GFP-ras
ras ORFs were amplified using the oligonucleotides listed in table 3.1. The amplified
products were then digested with BamHI and ligated into EcoRV and BamHI
digested pREP3x-Nterm-GFP, containing the gfp ORF lacking a stop codon directly
upstream of an EcoRV site and BamHI site.

pREP3x-1-40Gpa1-GFP-Ras1 was then generated by digesting pREP3x-

GFP-Ras1 with NcoI and BamHI, utilising an edogenous NcoI site in gfp, to

yield a 3’ portion of the gfp ORF fused to the whole ras1 ORF. The pREP3x-

1-40Gpa1-GFP construct detailed in Figure 3.3 was also digested with NcoI

and BamHI to yield linearised pREP3x containing 1-40gpa1 fused to the 5’

portion of the gfp ORF. Ligation of these two products reconstituted the gfp

ORF, generating pREP3x-1-40Gpa1-GFP-Ras1 (Figure 3.4).
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BamHI

BamHI

pREP3x

nmt1

EcoRV BamHI

nmt1

ATG

gfp ORF

Digest with
EcoRV and  BamHI

Ligate

1-40gpa1

pREP3x-1-40Gpa1-GFP

ATG

1-40gpa1

Sense oligonucleotide Antisense oligonucleotide

ATGGGATGCATGTCGAGTAAATACGC ACCTACTTGATATGTTTggatcccc

ATG

PCR amplification using
fastStart polymerase

gfp ORF1-40gpa1

gfp ORF

STOP

Digest with
BamHI

Figure 3.3. Cloning of pREP3x-1-40Gpa1-GFP
1-40gpa1-gfp was amplified from a pre-existing construct using a sense oligonu-
cleotide beginning at the initiating ATG (ATG GGA TGC ATG TCG AGT AAA
TAC GC) and an antisense oligonucleotide containing a full BamHI site but lacking
a stop anticodon (ggggatcc TTT GTA TAG TTC ATC CA). The amplified product
was then digested with BamHI and ligated into EcoRV and BamHI digested
pREP3x, modified to contain an EcoRV site directly upstream of the BamHI site.
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Digest with
NcoI and BamHI

ATG

ATG

ATG

Figure 3.4. Cloning of pREP3x-1-40Gpa1-GFP-Ras1
pREP3x-GFP-Ras1 was digested with NcoI and BamHI to generate a 3’ portion of
the gfp ORF fused to the ras1 ORF. pREP3x-1-40Gpa1-GFP was digested with
NcoI and BamHI to generate linearised pREP3x containing 1-40gpa1 fused to the
5’ portion of the gfp ORF. These two products were ligated together to generate
pREP3x-1-40Gpa1-GFP-Ras1.

3.2. Mutagenesis of ras1

3.2.1. Mutating ras1 by inverse PCR.

To allow more detailed analysis of Ras1 function, a number of mutants were cre-

ated with di"ering nucleotide binding and hydrolysis activities. Mutants were

created by inverse PCR using a pKS-Ras1 template, in which the pKS vector

has been modified to contain the pREP vector multi-cloning site (JD1766). In-

verse PCR was performed using a sense oligonucleotide within the ORF and an

antisense oligonucleotide beginning immediately 5’ to the sense oligonucleotide,
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in which one of the two oligonucleotides contains the desired point mutation.

The PCR product was then digested with DpnI to remove methylated tem-

plate DNA (Sullivan and Folk 1988) and ligated to reconstitute the circular

vector (Figure 3.5). Mutated ras1 ORFs were then cloned into pREP3x us-

ing the method described in Figure 3.1 and fused with gfp using the method

described in Figure 3.2. Creation of 1-40gpa1-gfp-ras1 fusions was performed

as in Figure 3.4. The oligonucleotides used are given in table 3.2. Creation of

ras1G17V was performed by Dr. Rachel Forfar.

3.2.2. Mutating ras1 using mutagenic cloning oligonucleotides.

The residues involved in Ras1 post-translational modification are found at the

far C-terminus of the protein. As a consequence, mutations which prevent

these processes can be introduced using an antisense cloning oligonucleotide

containing the desired mismatch. The ras1 ORF was amplified using a sense

oligonucleotide beginning at the initiating ATG codon (ATG AGG TCT ACC

TAC TTA AGA GAG) and an antisense oligonucleotide containing the desired

mismatch, and a BamHI site immediately prior to the endogenous stop anti-

codon (ras1C215S = ggggatcc CTA CAT ATA ACA CAA CTT TTA GTT

GA; ras1C216S = ggggatcc CTA CAT ATA ACA CTA CAT TTA G). The

PCR products were digested with BamHI and ligated into EcoRV and BamHI

digested pREP3x, modified to contain an EcoRV site directly upstream of

the BamHI site (Figure 3.6). ras1Q66L, C215S was created by amplification of

ras1Q66L using the ras1C215S oligonucleotides. These mutant ORFs were fused

to gfp using the method described in Figure 3.2, following amplification with

the mutagenic antisense oligonucleotide described above. Creation of 1-40gpa1-

gfp-ras1 fusions was performed as in Figure 3.4.
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Table 3.2. Oligonucleotides for mutating ras1 by inverse PCR

ras ORF Sense oligonucleotide Antisense oligonucleotide
ras1S22N GGT GGT GTT GGT AAA

AAT GCT TTG
ATC TCC TAC AAC TAC CAA
TTT G

ras1Q66L GAC ACG GCC GGT CTA
GAG GAA TA

AAG GTG CGC TTT TAG ATG
TAT TG

ras1G17V T GGT GTT GGT AAA AGT
GC

AC ATC TCC TAC AAC TAC
CA

Sense oligonucleotideAntisense oligonucleotide

NNNNN * NNNNNNNNNNNNNNNNNNNNNNNNNNN

JD1766-Ras1

ATG STOP

ras ORF

PCR amplification using
fastStart polymerase

Digest with
DpnI

Ligate

ATGSTOP

*

JD1766-Ras1*

ATG STOP

ras* ORF

*

Figure 3.5. Mutating ras1 using inverse PCR
The mutations ras1S22N , ras1Q66L and ras1G17V were created using inverse PCR.
PRC amplification was performed on pKS-Ras1 using sense oligonucleotide within
the ORF and an antisense oligonucleotide beginning immediately 5’ to the sense
oligonucleotide, in which one of the two oligonucleotides contains the desired point
mutation, denoted by a * (Table 3.2). The product was then digested with DpnI to
remove template DNA and ligated to reconstitute the circularised vector.
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ATG STOP

ras1 ORF

Sense oligonucleotide Antisense oligonucleotide

ATGNNNNNNNNNNNNNNNN NNNNNNNNNNNNN * NNNNNNggatcccc

ATG STOP

ras ORF

BamHI

pREP3x

nmt1

EcoRV BamHI

pREP3x-Ras1*

nmt1

ATG STOP

ras ORF

PCR amplification using
fastStart polymerase

Digest with
BamHI

Digest with
EcoRV and BamHI

Ligate

*

*

Figure 3.6. Mutating the 215th and 216th codons of ras1 using
mutagenic cloning oligonucleotides

Mutations in the 3’ region of ras1 were introduced using antisense oligonucleotides
containing the desired point mutation. The ras1 ORF was amplified using sense
oligonucleotide beginning at the initiating ATG codon (ATG AGG TCT ACC TAC
TTA AGA GAG) and a mutagenic antisense oligonucleotide (where the point muta-
tion is denoted by a *) containing a BamHI site immediately prior to the endogenous
stop anticodon(ras1C215S = ggggatcc CTA CAT ATA ACA CAA CTT TTA GTT
GA; ras1C216S = ggggatcc CTA CAT ATA ACA CTA CAT TTA G). The prod-
uct was digested with BamHI and ligated into EcoRV and BamHI digested pREP3x.
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3.3. Creation of constructs for genomic integration

3.3.1. Generating constructs for integration of ras ORFs.

A contruct has previously been created containing the 5’ and 3’ flanking

untranslated regions (UTRs) of the ras1 locus separated by an EcoRV site

(JD1847, Dr. Rachel Forfar). The construct was created to allow integration

of exogenous sequence in place of the endogenous ras1, driven by homolo-

gous recombination with the flanking UTRs. All ras ORFs were amplified

using a sense oligonucleotide beginning at the initiating ATG and an anti-

sense oligonucleotide beginning at the endogenous stop anticodon (Table 3.3).

ras1S22N , ras1Q66L and ras1G17V were amplified using the ras1 oligonucleotides.

ras1Q66L, C215S was amplified using the ras1C215S oligonucleotide set. Ampli-

fied products were then ligated into EcoRV digested JD1847 to create the final

integration construct (Figure 3.7).

Table 3.3. Oligonucleotides to amplify ras ORFs for integration

ras ORF Sense oligonucleotide Antisense oligonucleotide
ras1 ATG AGG TCT ACC TAC TTA

AGA GAG
CTA ACA TAT AAC ACA ACA

ras1C215S ATG AGG TCT ACC TAC TTA
AGA GAG

CTA CAT ATA ACA CAA CTT
TTA GTT GA

ras1C216S ATG AGG TCT ACC TAC TTA
AGA GAG

CTA CAT ATA ACA CTA CAT
TTA G

ras1-ritc ATG AGG TCT ACC TAC TTA
AGA GAG

TCA AGT TAC TGA ATC TTT
CTT CT

h-ras ATG ACG GAA TAT AAG C TCA GGA GAG CAC ACA
CTT GC

n-ras ATG ACT GAG TAC AAA
CTG

TTA CAT CAC CAC ACA TGG
CAA TC

k-ras4b ATG ACT GAA TAT AAA CTT
G

TTA CAT AAT TAC ACA CTT
TGT C
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PCR amplification using
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JD1847

JD1847-Ras1
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Figure 3.7. Generating constructs to integrate ras ORFs
The ORFs of di!erent ras isoforms and mutants were amplified using sense
oligonucleotides starting at the initiating ATG and antisense oligonucleotides
beginning at the endogenous stop anticodon (Table 3.3). These products were
then ligated between the flanking UTRs of the ras1 locus in EcoRV digested JD1847.

3.3.2. Generating constructs for integration of gfp-ras fusions.

Constructs for the integration of gfp-ras fusions were generated using a two

step cloning strategy, as described for 1-40gpa1-gfp-ras1 (section 3.1.3). The

gfp ORF was first amplified using a sense oligonucleotide beginning at the ini-

tiating ATG (ATG AGT AAA GGA GAA GAA C) and an antisense oligonu-

cleotide containing a full BamHI site immediately prior to the final coding

anticodon, but lacking the endogenous stop anticodon (ggggatcc TTT GTA

TAG TTC ATC CA). This product was then ligated into EcoRV digested

JD1847 (Figure 3.8).
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gfp-ras fusions were generated by digesting pREP3x-GFP-ras constructs

with NcoI and BamHI, as detailed in Figure 3.4. JD1847-GFP (Figure 3.8)

was also digested with NcoI and BamHI and these two products were ligated

to reconstitute the gfp ORF, generating JD1847-GFP-ras (Figure 3.9).

EcoRV

Digest with
EcoRV

Ligate

nmt1
ATG

gfp ORF

pREP3x-GFP

Sense oligonucleotide Antisense oligonucleotide

ATGAGTAAAGGAGAAGAAC ACCTACTTGATATGTTTggatcccc

ATG

BamHI

PCR amplification using
fastStart polymerase

gfp ORF
5’ ras1 flank 3’ ras1 flank

Digest with
BamHI

5’ ras1 flank 3’ ras1 flank

BamHI

ATG

gfp ORF

EcoRI BglII

EcoRI BglII

JD1847-GFP

JD1847

Figure 3.8. Creating JD1847-GFP
JD1847 was generated to allow creation of gfp-ras integration constructs (Figure
3.9). The gfp ORF was amplified using a sense oligonucleotide beginning at
the initiating ATG (ATG AGT AAA GGA GAA GAA C) and an antisense
oligonucleotide containing a full BamHI site immediately prior to the final coding
anticodon (ggggatcc TTT GTA TAG TTC ATC CA). This product was then ligated
into EcoRV digested JD1847.
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Figure 3.9. Cloning of gfp-ras integration constructs
pREP3x-GFP-ras constructs were digested with NcoI and BamHI, utilising an
endogenous NcoI site within the gfp ORF, to yield a 3’ section of gfp fused to
ras. This product was then ligated into NcoI and BamHI digested JD1847-GFP,
reconstituting the gfp ORF and generating gfp-ras fusions.

3.3.3. Generating constructs for integration of 1-40gpa1-gfp-ras1

fusions.

Constructs for the integration of 1-40gpa1-gfp-ras fusions were generated us-

ing the same strategy as was used for 1-40gpa1-gfp-ras fusions in pREP3x.

1-40gpa1-gfp was first cloned between the ras1 UTRs lacking a stop codon

(Figure 3.10). 1-40gpa1-gfp-ras1 fusion were generated by subcloning the ras1

ORF from existing gfp-ras1 fusions utilising an endogenous NcoI site in the gfp

ORF (Figure 3.11). 1-40gpa1-gfp was amplified using a sense oligonucleotide

beginning at the initiating ATG of gpa1 (ATG GGA TGC ATG TCG AGT
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AAA TAC GC) and an antisense oligonucleotide containing a full BamHI site

immediately prior to the final coding anticodon (ggggatcc TTT GTA TAG

TTC ATC CA). This product was then ligated into EcoRV digested JD1847

(Figure 3.10).

1-40gpa1-gfp-ras fusions were then constructed by ligating NcoI and BamHI

digested gfp-ras fusions, from pREP3x-GFP-ras constructs, into NcoI and

BamHI digested JD1847-1-40Gpa1-GFP (Figure 3.11).

EcoRV

Digest with
EcoRV

Ligate

nmt1

ATG

gfp ORF1-40gpa1

pREP3x-1-40Gpa1-GFP

Sense oligonucleotide Antisense oligonucleotide

ATGGGATGCATGTCGAGTAAATACGC ACCTACTTGATATGTTTggatcccc

ATG

BamHI

PCR amplification using
fastStart polymerase

gfp ORF1-40gpa1
5’ ras1 flank 3’ ras1 flank

Digest with
BamHI

5’ ras1 flank 3’ ras1 flank

BamHI

ATG

gfp ORF1-40gpa1

EcoRI BglII

EcoRI BglII

JD1847-1-40Gpa1-GFP

JD1847

Figure 3.10. Cloning JD1847-1-40Gpa1-GFP
JD1847-1-40Gpa1-GFP was generated to allow creation of 1-40gpa1-gfp-ras inte-
gration constructs (Figure 3.11). The 1-40gpa1-gfp fusion was amplified using a
sense oligonucleotide beginning at the initiating ATG of gpa1 (ATG GGA TGC
ATG TCG AGT AAA TAC GC) and an antisense oligonucleotide containing a full
BamHI site immediately prior to the final coding anticodon of gfp (ggggatcc TTT
GTA TAG TTC ATC CA). This product was then ligated into EcoRV digested
JD1847.
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Figure 3.11. Cloning of 1-40gpa1-gfp-ras integration constructs
pREP3x-GFP-ras constructs were digested with NcoI and BamHI, utilising an
endogenous NcoI site within the gfp ORF, to yield a 3’ section of gfp fused
to ras. This product was then ligated into NcoI and BamHI digested JD1847-
1-40Gpa1-GFP, reconstituting the gfp ORF and generating 1-40gpa1-gfp-ras fusions.

3.3.4. Creation of constructs for the integration of tea1-mCherry .

The cell tip protein Tea1 provides an ideal marker for cell polarity and polar

cell growth. In order to visualise Tea1, a direct in-frame Tea1-mCherry fusion

was made, expressed from the endogeonous tea1 locus.

To drive the integration of exogenous sequence downstream of the tea1

ORF, the last 758 nucleotides of the tea1 ORF and 658 nucleotides of the 3’

UTR were amplified from Sz. pombe genomic DNA, using a sense oligonu-

cleotide which included an endogenous HindIII site (G GGA AAG CTT GAG

AAA CGG GAG) and an antisense oligonucleotide containing an endogenous



3.3. CREATION OF CONSTRUCTS FOR GENOMIC INTEGRATION 72

BamHIHindIII

HindIII

ATG STOP

tea1 ORF

Sense oligonucleotide

GGGAAAGCTTGAGAAACGGGAG

Antisense oligonucleotide

GATTTTAGTAGTTTAAGCCCTAGGCC

PCR amplification using
fastStart polymerase

pKS

HindIII BamHI

STOP

BamHI

Ligate

pKS-Tea1-3‘ Tea1 UTR

BamHIHindIII
STOP

Digest with
NcoI and BamHI

Digest with
NcoI and BamHI

tea1 3‘ tea1 UTR

3‘ tea1 3‘ tea1 UTR

Figure 3.12. Cloning of pKS-Tea1-3’ Tea1 UTR
The 3’ region of the tea1 ORF and 3’ UTR of tea1 were amplified from Sz. pombe
genomic DNA using a sense oligonucleotide containing an endogenous HindIII site
(G GGA AAG CTT GAG AAA CGG GAG) and an antisense oligonucleotide con-
taining an endogenous BamHI site (CCCGGATCCCGAATTTGATGATTTTAG).
The PCR product was then digested with HindIII and BamHI and ligated into pKS
digested with HindIII and BamHI.

BamHI site (CCCGGATCCCGAA TTTGATGATTTTAG). This product was

then digested with HindIII and BamHI and ligated into pKS digested with

HindIII and BamHI (Figure 3.12).

To allow the generation of a tea1-mcherry fusion, the endogenous stop

codon of the tea1 ORF was removed from pKS-Tea1-3’Tea1 UTR and a BglII

site was added directly after the last codon, to allow the cloning of sequence

in-frame with tea1. This was achieved by inverse PCR amplification of pKS-
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Tea1-3’ Tea1 UTR using a sense oligonucleotide beginning immediately down-

stream of the tea1 ORF and containing a full BglII site (gggagatctTAACTCTT

TGGAACTATTTTG), and an antisense oligonucleotide beginning at the last

coding anticodon of tea1, and containing a full BglII site (cccagatct ATT TTC

GTT GTC ATG GAC TGG). The product was digested with DpnI to re-

move template DNA, digested with BglII and ligated to circularise the vector

(JD3542) (Figure 3.13).

Integration of mCherry in frame with tea1 was achieved using a two step

strategy. A ura4+ cassette was integrated first to allow subsequent integration

of mCherry using FOA selection. To achieve this, the ura4+ cassette was cloned

into JD3542. The ura4+ cassette was amplified using a sense oligonucleotide

containing a full BamHI site (ggggatccACCATGTAGCTACAAATCC) and an

antisense oligonucleotide containing a full BamHI site (ggggatccACCATGTAG

TGATATTGAC). This product was then digested with BamHI, an isocau-

damer of BglII, producing the same overhanging nucleotide ends as a BglII

digest (GATC). The product was then ligated into BglII digested JD3542

(Figure 3.14).

To create the final tea1-mCherry integration construct, the mCherry ORF

was amplified using a sense oligonucleotide containing a full BglII site imme-

diately prior to the initiating ATG (ggggagatct ATG GTG AGC AAG GGC

GAG GA), and an antisense oligonucleotide containing a full BglII site imme-

diately prior to the endogenous stop anticodon (ggggagatct TTA CTT GTA

CAG CTC GTC CA). The PCR product was digested with BglII and ligated

into BglII digested JD3542 creating an in-frame fusion of tea1 and mCherry

separated by two codons, generated by the linking BglII site (AGA and TCT

to give an Arg and a Ser residue) (Figure 3.15).
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Figure 3.13. Inverse PCR of pKS-Tea1-3’ Tea1 UTR
Inverse PCR amplification was performed on pKS-Tea1-3’ Tea1 UTR to remove
the stop codon of tea1 and insert a BglII site directly downstream of the last
codon of the tea1 ORF. Amplification was performed using a sense oligonucleotide
beginning immediately downstream of the tea1 ORF and containing a full BglII
site (gggagatctTAACTCTTTGGAACTATTTTG), and an antisense oligonu-
cleotide lacking the endogenous stop anticodon and containing a full BglII site
(cccagatct ATT TTC GTT GTC ATG GAC TGG). The product was digested with
DpnI to remove template DNA, digested with BglII and ligated to circularise the
vector (JD3542).
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Figure 3.14. Cloning of JD3542-Ura4
The ura4+ cassette was amplified using a sense oligonucleotide containing a full
BamHI site (ggggatccACCATGTA GCTACAAATCC) and an antisense oligonu-
cleotide containing a full BamHI site (ggggatccACCATGTAGTGATATTGAC).
The PCR product was digested with BamHI and ligated into BglII digested JD3542,
abolishing the restriction endonuclease sites either side of the ura4+ cassette.
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Figure 3.15. Generating a tea1-mCherry integration construct
The mCherry ORF was amplified using a sense oligonucleotide containing a full
BglII site immediately prior to the initiating ATG (ggggagatct ATG GTG AGC
AAG GGC GAG GA), and an antisense oligonucleotide containing a BglII site
immediately prior to the endogenous stop anticodon (ggggagatct TTA CTT GTA
CAG CTC GTC CA). The PCR product was digested with BglII and ligated into
BglII digested JD3542.



CHAPTER 4

Characterisation of Ras1 signalling in Sz. pombe

4.1. Introduction

The relative biochemical simplicity of ras activity belies a host of complex-

ities. This is evident in higher eukaryotes, where multiple ras isoforms are

expressed, each with di"ering but overlapping functional interactions (Malum-

bres and Barbacid 2003). As a consequence, the study of individual ras re-

lated signalling events in higher eukaryotes presents a number of technical

challenges. Due to these compounding factors, previous studies have utilised

simpler eukaryotic systems to investigate the activity of ras. The fission yeast

Sz. pombe has proved an ideal system for the study of ras signalling, as it con-

tains only a single ras protein (Ras1), which controls a number of downstream

pathways. During mitotic growth, Ras1 regulates cell polarisation. During

the switch from mitotic to meiotic development, Ras1 regulates pheromone-

responsive changes in both gene expression and cell morphology, resulting in

cellular changes which allow mating (Fukui et al. 1986b; Nielsen et al. 1992;

Garcia et al. 2006).

Most previous studies documenting ras signalling in Sz. pombe have utilised

qualitative measures of Ras1 function, including observation of cell morphology

and the presence or absence of spores following the indution of mating (Fukui

et al. 1986b; Papadaki et al. 2002; Onken et al. 2006). Simple experimental

systems such as Sz. pombe, however, are ideally suited to quantitative pop-

ulation based assays for signalling behaviour. Such assays have been used to

study many signalling components in Sz. pombe, including G protein-coupled

receptors (GPCRs) (Ladds et al. 2003), heterotrimeric G proteins (Goddard

et al. 2006; Ladds et al. 2007) and RGS proteins (Ladds et al. 2005; Hill et

77
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al. 2008). Such a quantitative approach to Ras1 signalling could also prove

highy informative, allowing a more detailed analysis of Ras1 function.

4.2. Analysis of Ras1 signalling in Sz. pombe

The use of a pheromone-responsive sxa2>lacZ !-galactosidase reporter as-

say in Sz. pombe is already well established (Didmon et al. 2002). The as-

say provides a sensitive measure of pheromone-responsive signalling, allowing

analysis of Ras1 activity following pheromone stimulation. Despite this, few

quantitative assays exist for other aspects of Ras1 signalling. The development

of such assays, investigating processes such as cell morphology, cell elongation

in response to pheromone and mating, would be highly desirable, allowing a

holistic analysis of Ras1 activity.

4.2.1. Development of a quantitative assay for mating.

Most previous studies analysing mating in Sz. pombe have used qualitative

measures of sporulation to indicate mating, either through microscopic exam-

ination of ascus formation or iodine staining of the starch rich spore cell wall

(Egel et al. 1994). A quantiative assay from mating could prove a useful

tool to allow the more meaningful comparison of strains with di"ering mating

e!ciencies.

Upon mating in Sz. pombe, four haploid spores are produced from two

vegetative cells. Importantly, the spores produced are more resistant to exter-

nal stresses than vegetative cells, a feature which can be exploited to isolate

cells which have undergone mating from those which have not. Spore heat-

resistance was used to isolate spores from vegetative cells, and spores were

quantified by assessing the percentage of colony forming units (cfus) which

recovered. Assays to develop this protocol were performed using the mating

type stable M-cell strain JY444 and mating type stable P-cell strain JY1025.



4.2. ANALYSIS OF RAS1 SIGNALLING IN SZ. POMBE 79

50°C

Non-mated

Mated

0

Non-mated

Mated

Non-mated

Mated

5 10 20 30

0 5 10 20 30

Minutes

Minutes

0 5 10 20 30Minutes

55°C

60°C

Mating assay development

Figure 4.1. Isolation of spores using heat treatment
Mating in the Sz. pombe strains JY444 (M-cell) and JY1025 (P-cell) was investigated
through the isolation of spores by heat treatment at 50oC to 60oC over a series of
time points. Spore formation was assessed by quantification of colony forming units.
Total vegetative cell death was seen after 10 minutes at 55oC, with no discernible
reduction in spore viability.

Following the standard mating assay protocol (detailed in section 2.2.8), cells

were suspended in 1 ml of sterile water and heated over a range of tempera-

tures, from 50oC to 60oC, over periods of up to 30 minutes. Cells were then

plated on rich media (YEALU) to allow recovery and colony formation (Figure

4.1). The number of colonies recovered following heat treatment was then used

to determine the level of spore formation within that population and therefore

the e!ciency of mating in that strain.
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Heating at 50oC did not achieve any discernible vegetative cell death after

30 mins. By contrast, heating at 60oC appeared to cause vegetative cell death

but considerable reductions in cfu number were also observed in the mated

population, possibly indicating a negative influence upon spore viability. Fol-

lowing these initial experiments, a temperature of 55oC and treatment period

of 10 mins was chosen, as it represented a threshold at which high levels of cell

death could be achieved in non-mated cell populations while maintaining sig-

nificant cfu numbers in populations where mating had occurred. This allowed

analysis of mating e!ciency, by taking a percentage of cfus recovered after

heat treatment compared to the number of cells in the non-heated population.

4.2.2. Assessing mating e!ciency in cells lacking endogenous Sxa2.

Wild-type M-cells (JY444) gave a cfu recovery of 29 + 6 % upon mating with

wild-type P-cells (JY1025), corresponding to strong spore staining when ex-

posed to iodine (Figure 4.2A). However, the majority of strains used through-

out this study were derived from the !-galactosidase reporter strain JY544,

which lacks both cyr1 and sxa2. The cyr1 gene encodes adenylate cyclase,

which is removed from these cells to allow sexual di"erentiation during mitotic

growth. As such, the loss of cyr1 does not negatively influence mating (Maeda

et al. 1990) (JY444 ( cyr1+) = 29 + 6% and JY278 ( cyr1!) = 24 + 3%). The

loss of sxa2, a carboxypeptidase which degrades exogenous P-factor, causes

cells to become sterile, preventing recovery following stimulation (Ladds et al.

1996). To rescue mating in these cells, Sxa2 was expressed from the vectors

pREP3x, pREP41x and pREP81x (Ladds and Davey 2000), which contain thi-

amine repressible nmt1 promoters of di"ering strengths, listed from highest to

lowest (Maundrell 1993). Mating was restored upon expression of Sxa2 from

all three vectors in the absence of thiamine (Figure 4.2B). The highest level

of mating was observed in cells expressing Sxa2 from pREP41x, giving a cfu

recovery of 32 + 2%, compared to 21 + 2% from pREP3x and 21 + 1% from
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Figure 4.2. Restoration of mating in strains lacking Sxa2
Mating e"ciency was assessed in the sxa2+ and !sxa2 strains JY444 and JY544,
in addition to the sxa2+, cyr1! strain JY278, upon mating with the mating type
stable P-cell strain JY1025, using iodine staining and the mating e"ciency assay
described in 4.2.1 (A). No mating was observed in cells lacking sxa2. The assay was
then performed using JY544 transformed with pREP alone (Vector), pREP3x-Sxa2,
pREP41x-Sxa2 and pREP81x-Sxa2. Mating was restored in all strains expressing
vector-borne sxa2 (B). Data given is the mean of three independent experiments +

SEM.

pREP81x. These figures are reflected in the levels of iodine staining observed in

these populations, as the level of iodine staining appeared qualitatively darker

in cells containing pREP41x-Sxa2, indicating a higher level of spore formation.

Expression of Sxa2 from pREP41x was used in all subsequent mating assays
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to restore mating in !sxa2 strains, as cells transformed with pREP41x-Sxa2

displayed the highest level of mating.

4.2.3. Constructing a Tea1-mCherry strain to visualise the cell

tip.

A host of proteins act downstream of Ras1 at the tip of the cell to maintain

cell polarity. The protein Tea1 displays Ras1-dependent localisation to the

cell tips, acting downstream of the p21-activated kinase (PAK) Shk1 to reg-

ulate cytoskeletal elements (Kim et al. 2003). Consequently, Tea1 provides

an ideal marker for Ras1 activity through the Scd1-Cdc42 pathway, as its tip

localisation is reliant upon these signalling processes. The localisation of a flu-

orescent Tea1-mCherry fusion would therefore provide an additional means to

determine Ras1 signalling, allowing the visualisation of polar cell organisation.

Tea1 was C-terminally tagged with the fluorescent protein mCherry at the

tea1 locus using a two-step integration strategy. The first step involved the re-

moval of the endogenous stop codon of tea1 and the insertion of a 1.8kb ura4+

cassette directly downstream of the ORF, driven by homologous recombination

(Figure 4.3A). The ura4+ cassette was subsequently replaced with mCherry

using FOA selection to select for the loss of the ura4+ cassette, producing a di-

rect, in-frame C-terminal fusion (Figure 4.3B). Fluorescence microscopy, using

a Nikon E800 epifluorescence microscope fitted with an Andor EM-CCD cam-

era, indicated defined tip localisation of the mCherry signal, consistent with

the localisation of Tea1 observed in previous studies (Mata and Nurse 1997)

(Figure 4.4A). Integration of the mCherry fluorescent protein in-frame with

Tea1 was confirmed by immunoblotting. Immunoblotting was performed using

a polyclonal primary antibody raised to GFP. Cross-reactivity with mCherry

was confirmed in extracts from cells expressing mCherry from pREP3x, as a

chemiluminescent signal was observed at a position consistent with the size

of the mCherry protein (28.8 kDa). Cells lacking pREP3x-mCherry displayed
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Figure 4.3. Creation of a direct, in-frame Tea1-mCherry fusion at
the tea1 locus

tea1-mcherry was generated at the tea1 locus using a two step strategy. The en-
dogenous stop codon was first replaced by a 1.8kb ura4+ cassette using homologous
recombination (A). The ura4+ cassette was then replaced with mcherry to create
an in frame C-terminal fusion (B).

no equivalent band, suggesting that the signal observed was a true mCherry

signal. In cells containing the tea1-mCherry fusion, a chemiluminescent sig-

nal was observed at a position consistent with the predicted size of the fusion

protein (!155 kDa). Only a single signal was detected, suggesting that the

Tea1-mCherry fusion was not being cleaved (Figure 4.4B).
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Figure 4.4. Detection of Tea1-mCherry using fluorescence
microscopy and immunoblotting

Tea1-mCherry was visualised using a Nikon E800 epifluorescence microscope fitted
with an Andor EM-CCD camera. The mCherry signal displayed a defined tip lo-
calisation, indicative of polar Tea1 distribution. Tip localisation of Tea1-mCherry
is indicated with an arrow. The scale bar represents 10 $m (A). Integration of
mCherry in frame with Tea1 was confirmed via immunoblotting using a fluorescent
protein polyclonal antibody raised to GFP. Extracts from cells expressing mCherry
from pREP3x and extracts from the parent strain JY544 were included as controls.
Coomassie stains of whole protein are included above the immunoblot as loading
controls.
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Figure 4.5. Disruption of Ras1
ras1 was disrupted through replacement of the ras1 ORF with the ura4+ cassette,
driven by homologous recombination with flanking regions of the ORF (A). The
cassette was then removed by homologous recombination, using FOA selection to
select for the loss of ura4+ activity, to generate the final ura4!, !ras1 strain (B).

4.2.4. Disruption of ras1.

The quantitative analysis of Ras1 signalling in Sz. pombe first required a de-

tailed understanding of the phenotypes of cells containing and lacking Ras1.

Ras1 was disrupted in the !-galactosidase reporter strain JY544 (sxa2>lacZ )

and the strain JY1469 (sxa2>lacZ, tea1-mCherry) through direct replacement

of the ras1 ORF with the 1.8kb ura4+ cassette, driven by homologous recom-

bination (Figure 4.5A). The ura4+ cassette was then removed through homol-

ogous recombination with the flanking regions of the ras1 locus, using FOA

selection to select for the loss of ura4+ activity, generating JY1279 (!ras1,

sxa2>lacZ ) and JY1569 (!ras1, tea1-mCherry) (Figure 4.5B). JY1279 was

generated by Dr. Rachel Forfar. Loss of Ras1 was confirmed through im-

munoblotting with a ras specific RAS10 antibody, which has previously been

demonstrated to bind Ras1 (Onken et al. 2006) (Figure 4.6).
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Figure 4.6. Confirming the disruption of ras1 by immunoblotting
The loss of Ras1 from the strains JY544 (sxa2>lacZ ) and JY1469 (tea1-mcherry)
was confirmed through immunoblotting using the RAS10 anti-ras antibody. Whole
cell extracts from both parent strains displayed a chemiluminescent signal at a
position consistent with the presence of Ras1. Extracts from the !ras1 strains
JY1279 (sxa2>lacZ ) and JY1569 (tea1-mCherry) both displayed no Ras1 band.
Coomassie stains of whole protein are included above the immunoblot as loading
controls.
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4.2.5. Analysis of vegetative cell morphology using quantitative

image analysis.

During vegetative cell growth Ras1 is responsible for maintaining polar cell

morphology, with cells lacking Ras1 displaying a more rounded morphology

than their wild-type counterparts (Fukui et al. 1986b). Importantly, the regu-

lation of cell morphology by Ras1 utilises a distinct pathway from the mating

response. Ras1, regulated by the GEF Efc25, activates the Rho GEF Scd1

which in turn initiates nucleotide exchange in Cdc42. Cdc42 then regulates

cell morphology through the modulation of cytoskeletal elements (La Carbona

et al. 2006).

Vector pREP3x-GFP

Friday, 29 July 2011

Figure 4.7. The morphology in cells transformed with vector alone
and pREP3x-GFP

Populations of ras1+ (JY544) cells transformed with pREP3x and pREP3x-GFP
were visualised using a Leica SP5 scanning confocal microscope. No clear di!erence
in cell morphology was observed upon the expression of GFP from pREP3x.

Quantitative image analysis provides a means to accurately determine the

morphology of cells within a population. The Quimp plugin of ImageJ al-

lows segmentation of cells within a fluorescent image (Dormann et al. 2002;

Bosgraaf et al. 2009) (further development by Dr. Till Bretschneider and

Richard Tyson). Quimp software has been developed to specifically analyse

fluorescence images. As such, cellular fluorescence is required for Quimp anal-

ysis. For this series of studies expression of GFP from pREP3x was used, as
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Figure 4.8. Analysis of cell morphology using Quimp image
analysis software

Populations of ras1+ (JY544) and !ras1 (JY1279) cells expressing GFP from
pREP3x (A) were segmented using the Quimp image analysis plugin of ImageJ.
Segmentation allowed the identification of the cell outline in fluorescence microscopy
images (B). Images were obtained using a Leica SP5 scanning confocal microscope.

no discernible e"ect on cell morphology was observed (Figure 4.7). Follow-

ing segmentation of a single cell, the Quimp software allows the analysis of a

number of features of that cell. Two features which could prove informative

in the analysis of cell morphology are the axial ratio, which takes the ratio

of the longest and the shortest axis, and percentage circularity, which assigns

a percentage based upon the cells identity to a circle (both equations given

below).

Circularity = (4# !)# (
Area

Perimeter2
)# 100

Axial ratio =
long axis

short axis
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Both parameters were used to analyse the same two populations of cells, a

strain containing Ras1 (JY544) and a strain lacking Ras1 (JY1279). Images of

these cells, expressing GFP from pREP3x and grown in DMM the absence of

thiamine, were taken using a Leica SP5 scanning confocal microscope. These

populations were selected as they represent examples of both polar cell mor-

phology (JY544) and cells lacking polarity (JY1279) (Figure 4.8). Quimp

software was then used to analyse the morphology of 30 individual cells from

each strain using both parameters (cell circularity and axial ratio). Signifi-

cant di"erences were observed between these populations using both analysis

parameters. Cells exhibiting polar cell morphology (JY544) displayed a sig-

nificantly higher mean axial ratio than cells lacking polarity (JY1279) (1.8 +

0.1 compared to 1.6 + 0.1), and a significantly lower mean percent circularity

(73.5 + 2.1 % compared to 85.9 + 1.6 %). Of the two analysis parameters,

percent circularity appeared the most sensitive, giving a P value of 0.0002 in

an unpaired t test when comparing the two populations. Statistical analysis

of the di"erence between these populations when comparing axial ratios gave

a P value of 0.0255 (Figure 4.9). This observation would suggest that percent

circularity could provide a robust assay for the analysis of cell morphology.

4.2.6. Analysis of pheromone-dependent G1 arrest.

All mating events in Sz. pombe require Rum1-dependent G1 arrest to pro-

ceed (Stern and Nurse 1998). G1 arrest can be measured using propidium

iodide staining, allowing analysis of DNA complement using flow cytometry

(Sazer and Sherwood 1990). This well established assay provides an additional

quantitative measure of Ras1 signalling in response to pheromone. DNA com-

plement was analysed in the strain JY544 (sxa2>lacZ ) upon stimulation with

10 %M pheromone in DMM, for periods of up to 8 h. A concentration of 10

%M was chosen, as this has previously been demonstrated to produce a max-

imal pheromone-dependent signal (Smith et al. 2009). Cells were fixed with
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Figure 4.9. Comparison of cell morphology parameters obtained
using Quimp image analysis software

Images of ras1+ (JY544) and !ras1 (JY1279) cells were analysed using the axial
ratio and percent circularity outputs of the Quimp image analysis plugin of ImageJ.
Significant di!erences in morphology were observed between the two populations
using both analysis parameters. Statistical significance was determined using an
unpaired t test. One asterisk indicates a P-value of 0.0255 and three asterisks
indicates a P-value of 0.0002. Data representative of 30 individual cells + SEM.

ethanol, stained with propidium iodide, and 30000 cells per sample were anal-

ysed using a Becton, Dickinson and Company (BD) LSRII flow cytometer.

Excitation was achieved using a 488 nm laser, and emission detected using

a 575/26 band pass filter with a 550 long pass filter. The time course was

performed to determine the appropriate time of stimulation for subsequent G1

arrest assays. Successive increases in the number of cells in G1 were observed

up to 6 h (Figure 4.10). Following 6 h of stimulation, increased numbers of

cells in G2 were observed as cells recovered from stimulation. These data indi-

cate that 6 h stimulation gives maximal pheromone-dependent cell cycle arrest.
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Figure 4.10. Analysis of pheromone-dependent G1 arrest over time
Cell cycle position was analysed in the strain JY544, upon stimulation with 10
$M pheromone for periods up to 8 h. DNA complement was determined using
propidium iodide staining and flow cytometry. Analysis was performed for 30000
cells. Maximal G1 arrest was observed following 6 h stimulation.

The methods detailed in the preceding section allow the detailed analysis

of a number of features of Ras1 function. The assays developed in this section

where then employed to characterise Ras1 function, in addition to the function

of an array of Ras1 mutants and chimeras.

4.3. The role of Ras1 signalling in Sz. pombe

In the remaining sections of this chapter, the role of Ras1 in Sz. pombe is

characterised using the assays described in section 4.2. In addition, a num-

ber of mutants with altered activities are used to further highlight the role

of Ras1. Finally, the localisation of Ras1 is also analysed. These experiments

were performed to provide a detailed account of Ras1 signalling in fission yeast.

4.3.1. Ras1 is required to maintain polar cell morphology.

Previous studies have demonstrated that the loss of Ras1 causes a loss of po-

lar cell morphology (Fukui et al. 1986b). Additionally, the data presented in

Figures 4.8 and 4.9 demonstrate that significant di"erences in cell morphol-

ogy can be observed between ras1+ (JY544) and !ras1 (JY1279) cells, with

!ras1 cells displaying a significantly more rounded morphology. To determine
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whether this change results in the altered localisation of tip specific proteins,

the distribution of Tea1-mCherry was observed in the !ras1 strain JY1569

using a Nikon E800 epifluorescence microscope fitted with an Andor EM-CCD

camera, and compared to that observed in a strain containing Ras1 (JY1469)

(Figure 4.11). The strain JY1569 displays little defined tip localisation of

Tea1-mCherry. Tea1 appears in some of these cells to localise preferentially to

opposite sides of the cell, although Tea1 could be observed over the whole of

the cortex. This observation could suggest that the majority of microtubules,

which are required for the transport of Tea1 to the cortex, still orient along

one axis in the cell. The localisation of Tea1-mCherry in JY1569 is very dif-

ferent to that observed in ras1+ cells (JY1469), in which Tea1 appears to

exclusively localise to discrete patches at the tips of the cell. The tip localised

Tea1-mCherry is indicated with an arrow.

A

***

JY1469 (ras1+) JY1569 (!ras1)

Ras1 KO morphology

BFigure 4.11. The localisation of Tea1-mCherry in cells lacking Ras1
The localisation of Tea1-mCherry was determined in a ras1+ strain (JY1469)
and !ras1 strain (JY1569) using a Nikon E800 epifluorescence microscope fitted
with an Andor EM-CCD camera. The majority of polar Tea1 localisation is lost
in the strain lacking Ras1, with Tea1 distributed around most of the cortex. Tip
localisation of Tea1-mCherry is indicated with an arrow. The scale bar represents
10 $m.
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4.3.2. Ras1 is required for pheromone-responsive signalling.

Pheromone-responsive signalling in Sz. pombe results in a number of cellular

changes. These changes include the expression of mating genes, cell cycle

arrest, cell elongation (shmoo formation) and mating (Davey 1998). All these

processes require signalling through Ras1, and can all be used to analyse Ras1

activity.

The sxa2>lacZ !-galactosidase reporter assay provides a quantitative read-

out for pheromone-responsive transcription (Didmon et al. 2002). In addition,

the assay utilises a Z2 Coulter® particle counter, allowing concurrent analysis

of cell volume, and providing an indirect measure of cell elongation (shmoo

formation). To quantify the e"ects of removing Ras1 upon the pheromone re-

sponse cascade, the strains JY544 (sxa2>lacZ, ras1+) and JY1279 (sxa2>lacZ,

!ras1 ) were grown in DMM and exposed to varying concentrations of P-factor

(1 nM - 100 %M) for 16 h. !-galactosidase activity was then determined using

ONPG as a substrate (Didmon et al. 2002). Cells expressing Ras1 displayed

a dose-response profile to pheromone with a pEC50 of 7.0 + 0.1 and maximal

response of 21.8 + 0.6 (Figure 4.12A). A similar dose-response was also ob-

served in cell volume, indicating shmoo formation in response to pheromone.

Cells displayed an increase in volume from 67.18 + 0.84 fl to 94.5 + 0.8 fl

with a pEC50 to pheromone of 6.7 + 0.1. In contrast, a pheromone-dependent

increase in !-galactosidase activity or cell volume was not observed in cells

lacking Ras1 (Figure 4.12B). !ras1 cells did however display a higher basal

cell volume (89.1 + 1.7 fl) than the ras1+ strain. This observation could be due

to the width of !ras1 cells, which have previously been demonstrated to be

wider than wild-type cells (Kelly and Nurse 2011). This may result in a higher

cell volume reading when analysed using the Z2 Coulter® particle counter.

Images indicate that cells lacking Ras1 (JY1279) are visibly wider than cells

containing Ras1 (JY544), which have one long axis and one markedly shorter

axis (Figure 4.8).
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Figure 4.12. Pheromone-responsive transcription and cell volume
changes in wild-type cells and cells lacking Ras1

Pheromone-responsive changes in transcription and cell volume were observed
in ras1+ (JY544) and !ras1 (JY1279) cells. Cells were grown in the presence
of 1 nM to 100 $M pheromone in DMM for 16 h. Assays were then performed
for "-galactosidase activity (A) and average cell volume (B). Cells lacking Ras1
displayed a loss of pheromone-responsive signalling. Data shown is an average of
three independent determinants (+SEM).

Cell volume measurements using the Z2 Coulter® particle counter appear

to be a"ected by multiple asspects of cell morphology, including cell width.

As a consequence, it becomes more challenging to dissect changes in cell size

from altered cell morphology. Therefore, other methods of analysing shmoo

formation may provide more accurate data.

In addition to the parameters mentioned in section 4.2.5, the Quimp soft-

ware can also give a measurement of cell length along the longest axis. As

shmoo formation in Sz. pombe is characterised by a unidirectional increase in

cell length, this would appear a more accurate assay for pheromone-responsive

changes in morphology. Cell length was determined in images of ras1+ (JY544)

and !ras1 (JY1279) cell populations, expressing GFP from pREP3x, grown

in the presence (10 %M) and absence of P-factor in DMM lacking thiamine for

16 h (Figure 4.13B). Images were obtained using a Leica SP5 scanning confo-

cal microscope. 10 %M P factor was used as it elicited a maximal pheromone

response (Figure 4.12). The cells used in this assay were expressing GFP from

pREP3x in the absence of thiamine to allow detection of the cell by the soft-

ware. Analysis was performed on 30 individual cells of each strain under each
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Figure 4.13. Analysis of shmoo formation in JY544 ( ras1+) and
JY1279 (!ras1) using quantitative imaging

Images of cells containing wild-type Ras1 (JY544) and cells lacking Ras1 (JY1279)
were obtained following growth in the absence and in the presence of 10 $M
pheromone after 16 h using a Leica SP5 scanning confocal microscope. Represen-
tative images are displayed in panel A. JY544 ( ras1+) displayed a statistically
significant (P = 0.001), pheromone-dependent increase in cell length, whereas none
was seen in JY1279 (B). Data shown is representative of 30 individual cells + SEM.
Statistical significance was determined using a one-way anova with a Tukey multiple
comparison post test. Three asterisks indicates a P-value of 0.001. Images from
the populations analysed illustrate the pheromone responsive change in morphology
observed in JY544. The scale bar represents 10 $m.
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assay condition. Cell length increased significantly in JY544 upon pheromone

stimulation from 53.4 + 2.6 pixels to 85.5 + 4.5 pixels (P =0.001). Pheromone-

responsive changes in cell length were not observed in cells lacking Ras1. The

basal cell length of these cells was lower than that of JY544 (37.5 + 6.1 pixels),

indicating a shorter vegetative morphology. Cell elongation is also visible in

images of JY544 upon pheromone stimulation. No change in morphology is

seen in JY1279 (Figure 4.13A).

4.3.3. Ras1 is required for pheromone-responsive cell cycle ar-

rest.

To characterise the role of Ras1 in establishing a G1 cell cycle arrest, ras1+

(JY544) and !ras1 (JY1279) cells were cultured in the presence (10 %M P-

factor) and absence of pheromone in DMM for 16 h (Figure 4.14). DNA

complement was analysed using propidium iodide staining and flow cytometry

for 30000 cells per strain and assay condition. In the absence of pheromone

25.0 + 1.5 % of cells containing Ras1 (JY544) were in G1. This figure appears

high for cells in the absence of pheromone, as Sz. pombe cells predominantly

reside in G2 during mitotic growth. However, all cells used in this study were

cyr1!, a genotype which mimics nutrient starvation. It is known that nutrient

starvation also induces G1 arrest (Egel and Egel-Mitani 1974). As a conse-

quence, the lack of Cyr1 in these cells could account for the high number of

cells in G1. JY1279 (!ras1 ) displayed lower levels of G1 cells, with 8.4 +

1.8 % of non-stimulated cells in G1. Ras1 therefore appears to influences the

number of cells in G1 in the absence of pheromone stimulation. These data

could indicate a link between Ras1 and cell cycle progression in the absence

of stimulation in a strain lacking Cyr1, and that Ras1 may influence cell cycle

progression in response to nutrient starvation.

Upon pheromone stimulation for 6 h, JY544 cells displayed a significant

shift from predominantly G2 to predominantly G1, increasing from 25.0 + 1.5
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Figure 4.14. Pheromone-responsive cell cycle arrest in JY544
(ras1+) and JY1279 (!ras1)

Cell cycle arrest was analysed in the strains JY544 and JY1279 using propidium
iodide staining and flow cytometry after 6 h growth in the presence (10 $M P-
factor) and absence of pheromone. This analysis allowed the distinction between
cells containing a single complement (1C) and double complement (2C) of DNA
(A). JY544, but not JY1279, displayed a significant shift from cells largely residing
in G2 to cells largely residing in G1 (P = 0.001) (B). Data shown representative
of three independent determinants + SEM. Statistical significance was determined
using a one-way anova with a Tukey multiple comparison post test. Three asterisks
indicates a P-value of 0.001.



4.3. THE ROLE OF RAS1 SIGNALLING IN SZ. POMBE 98

% of cells in G1 to 74.9 + 5.8 % of cells in G1 (P = 0.001). Cells lacking Ras1

displayed a small but not significant pheromone-dependent change in cell cycle

position, increasing from 8.4 + 1.8 % to 15.5 + 0.4 % of cells in G1.

4.3.4. Ras1 is required for mating.

To determine the requirement for Ras1 in mating, ras1+ (JY544) and !ras1

(JY1279) cells expressing Sxa2 from pREP41x were assayed using the quan-

titative mating assay described in section 4.2.1. No iodine staining was ob-

served following incubation of !ras1 (JY1279) cells with cells of the opposite

mating type (JY1025). By contrast, iodine staining was observed in the popu-

lation containing JY544, indicative of spore formation and mating. Quantita-

tive analysis of mating indicated no cfu recovery in the population containing

JY1279. JY544 exhibited a cfu recovery of 32 + 2 %. These data indicated

that the loss of Ras1 caused cells to become sterile. (Figure 4.15). This obser-

vation is in concert with previous studies (Nadin-Davis et al. 1986).
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Figure 4.15. Loss of Ras1 prevents mating in Sz. pombe
The mating of ras1+ (JY544) and !ras1 (JY1279) strains expressing Sxa2 from
pREP41x was assessed using the quantitative mating assay detailed in section 4.2.1.
No mating was seen either through use of this assay or through iodine staining of
spores in the strain JY1279. Data shown is representative of three independent
determinants + SEM.

4.4. Constitutive expression of Ras1

pREP vectors allow the controlled expression of specific genes within Sz.

pombe. Expression from pREP vectors was used to determine the activity

of Ras1 when expressed at a constant level, independent of control from the

ras1 promoter. Ras1 was expressed from the vector pREP3x, which contains

a full strength nmt1 promoter (Maundrell 1993), in the !ras1 strain JY1279

following growth in the absence of thiamine for 48h. The expression of Ras1

from pREP3x was then analysed by immunoblotting, using an anti-ras RAS10

antibody. A strong chemiluminescent signal was observed upon immunoblot-

ting in whole cell extracts from cells expressing Ras1 from pREP3x. A second,

smaller band was also seen. Due to the cross reactivity of the RAS10 anti-

body with multiple ras isoforms, it is likely that the antibody binds the more

conserved N-terminus. The second band is therefore likely to contain an N-

terminal region of the protein. This smaller band could be indicative of the
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breakdown of Ras1 in these cells. In addition, it is possible that this represents

a population of Ras1 which has not undergone C-terminal modification, or is

a modification intermediate of Ras1 (Figure 4.16). The presence of a greater

amount of Ras1 could allow the detection of such intermediates, which may be

at very low concentrations in cells expressing Ras1 at wild-type levels.
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Figure 4.16. Determining the expression of Ras1 from pREP3x
using immunoblotting

Expression of Ras1 from pREP3x in the !ras1 strain JY1279 was analysed through
immunoblotting using a RAS10 anti-ras antibody. A strong chemiluminescent signal
at a position consistent with the size of Ras1 was observed in whole cell extracts
from these cells, but not from those containing vector alone. In addition, a second
smaller band was seen, possibly indicating some breakdown of Ras1, or the presence
of a modification intermediate. Coomassie stains of whole protein are included
above the immunoblot as loading controls.
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4.4.1. Plasmid-borne Ras1 can rescue pheromone-responsive sig-

nalling in !ras1 strains.

The signalling of cells expressing Ras1 from pREP3x was first determined

through analysis of pheromone-responsive transcription and cell volume changes

in response to pheromone. JY1279 (!ras1 ) transformed with pREP3x alone

or pREP3x-Ras1 were grown with 1 nM to 100 %M pheromone for 16 h in

DMM lacking thiamine. Analysis of !-galactosidase activity revealed that cells

containing pREP3x-Ras1 displayed a dose-response profile comparable to that

observed in cells expressing Ras1 from the endogenous locus (pEC50 of 6.5 +

0.1 compared to 7.0 + 0.1) (Figure 4.17A). However, the maximal signal was

much lower than that observed in JY544, reaching only 11.66 + 0.24 compared

to 21.76 + 0.62. This observation appears counter-intuitive, as the constitu-

tive expression of a positive regulator of signalling would not be expected to

have a negative influence upon maximal signal. It would therefore suggest that

the tight regulation of Ras1 expression is key to the magnitude of functional

output.

Analysis of cell volume in cells containing pREP3x-Ras1 indicated an in-

crease in cell size upon exposure to pheromone (75.9 + 1.1 fl to 85.0 + 0.7 fl),

however the cells displayed a high cell volume at basal signalling levels (Figure

4.17B). Images of these cells indicated that cells expressing Ras1 from pREP3x

were markedly larger in the absence of pheromone (Figure 4.17C).

Expression of Ras1 from pREP3x elicited some pheromone-dependent sig-

nalling. To determine whether this signalling was su!cient to support mating,

Ras1 was expressed from pREP3x in the !ras1 P-cell strain JY1351 (Prof.

John Davey). JY1351 was used in this instance as pREP3x and pREP41x share

the same selection marker, preventing the expression of Sxa2 from pREP41x.

Mating was performed with the M-cell strain JY444. Quantitative analysis of

spore formation indicated a degree of cfu recovery was observed (0.6 + 0.8 %),

however, it was not at a level significantly above that observed in the vector
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Figure 4.17. Pheromone-responsive signalling in cells expressing
Ras1 from pREP3x

Pheromone-responsive changes in transcription and cell volume were observed in
!ras1 (JY1279) cells transformed with vector alone and pREP3x-Ras1. Cells were
grown in the presence of 1 nM to 100 $M pheromone for 16 h in DMM lacking
thiamine. Assays were then performed for "-galactosidase activity (A) and average
cell volume (B). Images were also taken of each cell population (C). The scale bar
represents 10 $m. DIC images were taken using a Leica SP5 scanning confocal
microscope. Pheromone-responsive signalling was observed in cells expressing Ras1
from pREP3x. Data shown is an average of three independent determinants (+SEM).
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Figure 4.18. Expression of Ras1 from pREP3x does not restore
mating in !ras1 cells

The mating of !ras1 (JY1351) cells transformed with vector alone and pREP3x-
Ras1 was assessed using the quantitative mating assay detailed in section 4.2.1.
The ras1+ strain JY544 expressing Sxa2 from pREP41x is included as a control.
No significant mating was seen in JY1351 transformed with either vector alone or
pREP3x-Ras1. Data shown representative of three independent determinants +

SEM.

alone control. This was reflected in the lack of iodine staining observed in

this population, indicating a lack of mating and spore formation. By contrast,

JY544 (ras1+) transformed with pREP41x-Sxa2 exhibited a cfu recovery of 32
+ 2 % upon incubation with cells of the opposite mating type (Figure 4.18).

4.4.2. Constitutive Ras1 expression alters cell morphology and

the localisation of the cell tip marker Tea1.

Images of cells expressing Ras1 from pREP3x indicate an enlarged and more

rounded morphology than that expected for wild-type cells (Figure 4.19A).

This observation could indicate a change in the regulation of polar growth

when Ras1 expression is not regulated by the ras1 promoter. Thus, the locali-

sation of the tip marker Tea1-mCherry was determined in!ras1 cells (JY1569)
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transformed with pREP3x alone and pREP3x-Ras1, in order to establish the

ability of Ras1 expressed from pREP3x to maintain polar cell organisation.

Images of these cells were obtained using a Nikon E800 epifluorescence

microscope fitted with an Andor EM-CCD camera. In addition, images of

!ras1 cells (JY1279) expressing Ras1 from pREP3x, and expressing GFP

from pREP4x, were obtained using a Leica SP5 scanning confocal microscope.

Cell circularity was then determined for 30 individual cells in these populations

using Quimp software (Figure 4.19).

As is seen in !ras1 cells and the vector alone control, Tea1-mCherry in

cells containing pREP3x-Ras1 showed some preferential localisation to oppo-

site sides of the cortex, but Tea1-mCherry could be seen over the extent of

the cell periphery (Figure 4.19C). Additionally, cells expressing Ras1 from

pREP3x displayed a rounded morphology similar to the vector alone control

( 85.9 + 1.0 % compared to 87.2 + 1.8 %) (Figure 4.19A and B). In contrast,

cells expressing Ras1 from the ras1 locus (JY544) exhibit the discrete locali-

sation of Tea1-mCherry to opposite poles of the cell, and a significantly lower

percentage cell circularity (73.5 + 1.2%, P = 0.001). These data suggest that

the regulation of Ras1 expression is also key to correct Ras1 function through

Scd1-Cdc42.

4.4.3. Constitutive Ras1 expression causes the formation of mul-

tiple shmoo tips.

A key aspect of mating in fission yeast is the polar growth of a cell towards

a cell of the opposite mating type. As a consequence, the loss of polarity ob-

served in cells expressing Ras1 from pREP3x (Figure 4.19) could account for

some of the loss of mating seen in these cells (Figure 4.18). Examination of

JY1279 expressing Ras1 from pREP3x indicates that a number of cells form

multiple projection tips (indicated by black arrows) upon stimulation with 10

%M P-factor for 16 h (Figure 4.20). This observation could indicate that the
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Figure 4.19. Expression of Ras1 from pREP3x disrupts polar cell
morphology

Images of !ras1 cells (JY1279) transformed with vector alone and pREP3x-Ras1,
expressing GFP from pREP4x, were obtained using a Leica SP5 scanning confocal
microscope. Representative DIC images are displayed in panel A. Cell circularity
was determined in these populations using Quimp software (B). Data representative
of 30 individual cells + SEM. Cells containing pREP3x-Ras1 displayed a rounded
morphology. Tea1-mCherry localisation was determined in a !ras1 strain (JY1569)
transformed with vector alone and pREP3x-Ras1 using a Nikon E800 epifluorescence
microscope fitted with an Andor EM-CCD camera (C). Tea1 was distributed around
most of the cortex in cells containing pREP3x-Ras1. The scale bar represents 10
$m. JY544 (ras1+) is also displayed to represent a wild-type phenotype.
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regulation of Ras1 expression is important in directional sensing during mating

and shmoo formation, and may explain the lack of mating observed in Figure

4.18.
Ras1 OE gives messed up 

shmoos

Figure 4.20. Expression of Ras1 from pREP3x in !ras1 cells
causes the formation of multiple shmoo tips

The morphology of cells expressing Ras1 from pREP3x was examined following
incubation in the presence of 10 $M pheromone for 16 h. A number of cells within
the population displayed multiple shmoo tips. DIC images were taken using a Leica
SP5 scanning confocal microscope. The scale bar represents 10 $m.
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4.5. The localisation of Ras1

4.5.1. Constructing a GFP-Ras1 fusion.

Many previous studies have demonstrated the use of N-terminal GFP-ras fu-

sions as a means of assessing ras localisation, while maintaining ras function

(Choy et al. 1999; Chiu et al. 2002; Matallanas et al. 2006; Onken et al.

2006). A direct in-frame N-terminal gfp-ras1 fusion was created at the ras1

locus, to allow analysis of Ras1 localisation. Integration of gfp-ras1 in the

strain JY1247 (ras1::ura4+, sxa2>lacZ ) was achieved using homologous re-

combination between flanking regions of the ras1 locus and homologous re-

gions flanking the gfp-ras1 fusion in a linearised vector (Figure 4.21A). FOA

selection was used to select for the loss of the ura4+ cassette and integration

of the fusion, generating the strain JY1390. Immunoblotting using an anti-ras

RAS10 antibody gave a chemiluminescent signal consistent with the predicted

size of the GFP-Ras1 fusion (! 52kDa) in whole cell extracts generated from

JY1390. Little breakdown of the fusion was also observed (Figure 4.21B).

4.5.2. Ras1 is localised to the plasma membrane.

To determine the cellular localisation of Ras1, fluorescence images of cells

from the strain JY1390 (gfp-ras1 ), grown in DMM, were obtained using a

Nikon E800 epifluorescence microscope fitted with an Andor EM-CCD camera

(Figure 4.22). The fluorescence level observed from these cells was very low,

indicating that the GFP-Ras1 fusion was expressed at low levels. Despite this,

the localisation of GFP-Ras1 could be observed at the plasma membrane, and

was particularly apparent at the septa of dividing cells. Some localisation to

peri-nuclear endomembrane structures may also have been present. The lo-

calisation of GFP-Ras1 has previously been described in one study, in which

GFP-Ras1 was expressed from integrated plasmids containing the ras1 pro-

moter (Onken et al. 2006). As such, the localisation demonstrated in Figure
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4.22 is the first localisation of GFP-Ras1 from the endogenous ras1 locus de-

scribed. The pattern of localisation seen in Figure 4.22 closely matches that

previously observed.

X X

5’UTR

5’UTR

5’UTR

3’UTR

3’UTR

3’UTR

gfp-ras1

EcoRI BglII

ura4 cassette

A

JY1247ura4 ORF

gfp-ras1

JY1390

GFP-Ras1 
integration

225

150

102

76

52

38

31

26

17

225

150

102

76 

52

38

31

26

17

kDa

Ras1

GFP-Ras1

B

Figure 4.21. Integration of GFP-Ras1
Integration of GFP-Ras1 in the ras1::ura4+, sxa2>lacZ strain JY1247 was achieved
by homologous recombination between flanking regions of the ras1 ORF and homol-
ogous regions on a linearised vector (A). FOA selection was used to select for the
loss of ura4. Expression was confirmed via immunoblotting using a RAS10 antibody
(B). Expression of GFP-Ras1 (JY1390) was demonstrated, and a chemiluminescent
signal was observed at a position consistent with the size of the fusion (! 52kDa).
Coomassie stains of whole protein are included above the immunoblot as loading
controls.
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Figure 4.22. The localisation of GFP-Ras1
The localisation of GFP-Ras1 in the strain JY1390 (gfp-ras1 ) was determined using
a Nikon E800 epifluorescence microscope fitted with an Andor EM-CCD camera.
GFP-Ras1 was observed at the plasma membrane and peri-nuclear endomembrane
structures. The scale bar represents 10 $m.

4.5.3. GFP-Ras1 is functional but displays reduced signalling ac-

tivity.

To determine whether the activity of Ras1 was a"ected by the addition of

GFP to the N-terminus, the activity of GFP-Ras1 was first analysed through

the investigation of cell morphology (Figure 4.23). Images of ras1+ (JY544),

!ras1 (JY1279) and gfp-ras1 (JY1390) cells, expressing GFP from pREP3x

to allow detection of the cell, were obtained using a Leica SP5 scanning con-

focal microscope. Quimp software was used to determine the morphology 30

individual cells within these populations. pREP3x-GFP was used as the GFP-

Ras1 signal was not su!cient to allow detection of the cell upon visualisation

using the Leica SP5 scanning confocal microscope.

JY1390 cells displayed a significantly lower percent circularity than !ras1

cells (P = 0.001). JY1390 cells displayed only a slightly more rounded mor-

phology than ras1+ cells (JY544) (78.3 + 1.1 % compared to 73.4 + 1.2 %),

possibly indicating a slightly decreased signalling activity through GFP-Ras1.
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Figure 4.23. The morphology of cells expressing GFP-Ras1 from
the endogenous ras1 locus.

Images of ras1+ (JY544), !ras1 (JY1279) and gfp-ras1 (JY1390) cells, expressing
GFP from pREP3x, were obtained using a Leica SP5 scanning confocal microscope.
Representative DIC images are displayed in panel A. Cell circularity was determined
using Quimp software (B). Cells expressing GFP-Ras1 displayed a significantly lower
percentage circularity than cells lacking Ras1 (P = 0.001). Data representative of
30 individual cells + SEM. Statistical significance was determined using a one-way
anova with a Tukey multiple comparison post test. Three asterisks indicates a
P-value of 0.001. The scale bar represents 10 $m.

Cells expressing GFP-Ras1 exhibited a slightly reduced level of signalling

through the cell polarity pathway. To determine whether the pheromone re-

sponse was also impaired, the pheromone-dependent signalling of GFP-Ras1

was first investigated through analysis of transcription and cell volume. !-

galactosidase activity and average cell volume were determined in cells grown

in a range of pheromone concentrations (1 nM to 100 %M) in DMM for 16
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Figure 4.24. Pheromone-dependent changes in transcription and
cell volume in cells expressing GFP-Ras1

Pheromone-responsive changes in transcription and cell volume were observed in
ras1+ (JY544), !ras1 (JY1279) and gfp-ras1 (JY1390) cells. Cells were grown
in 1 nM to 100 $M pheromone in DMM for 16 h. Assays were then performed
for "-galactosidase activity (A) and average cell volume (B). Reduced maximal
"-galactosidase activity was seen in JY1390 compared to JY544, and no pheromone-
dependent increase in cell volume was observed. Data shown is an average of three
independent determinants (+SEM).

h. In !-galactosidase assays for pheromone-responsive transcription, JY1390

(gfp-ras1 ) displayed a markedly lower level of maximal signalling than JY544

(ras1+) (5.4 + 0.3 compared to 22.9 + 0.7) but a similar pEC50 to pheromone

(6.8 + 0.1 compared to 7.2 + 0.1) (Figure 4.24A). No change in cell volume

was observed upon pheromone stimulation in JY1390, however the strain dis-

played a low basal cell volume consistent with cells containing wild-type Ras1

(Figure 4.24B). This observation again indicates that GFP-Ras1 has a reduced

signalling activity.
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Figure 4.25. Analysis of shmoo formation in cells expressing
GFP-Ras1 using quantitative imaging

Images of cells containing wild-type Ras1 (JY544), GFP-Ras1 (JY1390) and cells
lacking Ras1 (JY1279), expressing GFP from pREP3x, were obtained following
growth in the absence and in the presence of 10 $M pheromone after 16 h, using a
Leica SP5 scanning confocal microscope. Representative DIC images are displayed
in panel A. JY1279 (!ras1 ) and JY1390 (gfp-ras1 ) display no pheromone dependent
change in cell length. Cells expressing GFP-Ras1 displayed a basal cell length
consistent with that seen in JY544 (B). Data shown is representative of 30 individual
cells + SEM. Statistical significance was determined using a one-way anova with a
Tukey multiple comparison post test. Three asterisks indicates a P-value of 0.001.
Images from the populations analysed indicate no pheromone dependent change in
cell morphology in cells expressing GFP-Ras1. The scale bar represents 10 $m.

No pheromone-dependent change in cell volume was seen in JY1390 (gfp-

ras1 ). Quantitative analysis of cell length, however, provides a more direct

measure of cell elongation in response to pheromone. To determine whether

any shmoo formation could be observed in these cells, images of ras1+ (JY544),
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Figure 4.26. Pheromone-responsive changes in cell cycle position in
cells expressing GFP-Ras1

Cell cycle arrest was analysed in strains the JY544 (ras1+), JY1279 (!ras1 ) and
JY1390 (gfp-ras1 ) using propidium iodide staining and flow cytometry after growth
in the presence (10 $M P-factor) and absence of pheromone in DMM for 6 h. This
analysis allowed the distinction between cells containing a single complement (1C)
and double complement (2C) of DNA (A). Cells expressing GFP-Ras1 (JY1390)
displayed some pheromone-dependent G1 arrest (B). Data shown representative of
three independent determinants + SEM. Analysis was performed for 30000 cells.
Statistical significance was determined using a one-way anova with a Tukey multiple
comparison post test. Three asterisks indicates a P-value of 0.001.

!ras1 (JY1279) and gfp-ras1 (JY1390) cells, expressing GFP from pREP3x,

were obtained using a Leica SP5 scanning confocal microscope. Images were

taken of cells grown in the presence (10 %M P-factor) and absence of pheromone

in DMM lacking thiamine for 16 h. The length of 30 individual cells of each

strain and each assay condition was analysed using Quimp quantitative imag-

ing software (Figure 4.25B). JY1390 displayed a basal cell length consistent
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with that observed in ras1+ (JY544) cells (57.0 + 1.9 pixels and 53.4 + 2.6 re-

spectively), indicative of an elongated vegetative morphology. No pheromone-

dependent increase in cell length was observed in JY1390. Images of these cells

also indicate no change in morphology upon pheromone stimulation (Figure

4.25A). These data confirm the observations described in Figure 4.24.

In all measures of pheromone-dependent signalling utilised to this point,

cells expressing GFP-Ras1 exhibit a reduced level of activity. To determine

whether pheromone-dependent G1 arrest was also reduced, analysis of cell

cycle position in response to pheromone was also performed in the gfp-ras1

strain JY1390. Cells were analysed using propidium iodide staining and flow

cytometry following growth in the presence (10 %M P-factor) and absence of

pheromone in DMM for 6 h. JY1390 displayed an increase in the percentage

of cells in G1 upon stimulation with 10 %M P-factor (17.9 + 3.2 % to 40.0 +

10.1 %) (Figure 4.26B). Although this increase was not statistically signifi-

cant, a clear increase in cells containing a single complement of chromosomal

DNA (1C) could be seen upon stimulation with pheromone (Figure 4.26A).

The increase in G1 arrest observed in JY1390 is however markedly lower than

that exhibited by JY544, again indicating a reduced level of signalling in cell

containing GFP-Ras1.

4.5.4. GFP-Ras1 is able to rescue mating when expressed from

the ras1 locus.

GFP-Ras1 displayed signalling activity in most of the assays performed, al-

beit at reduced levels compared to wild-type Ras1. To determine whether

GFP-Ras1 could support mating, JY1390 (gfp-ras1 ), expressing Sxa2 from

pREP41x, was mixed with a wild-type P-cell (JY1025) strain, and a quan-

titative mating assay was performed (as detailed in section 4.2.1). JY1390

displayed a mating e!ciency comparable to JY544, giving a cfu recovery of

31 + 7 % compared to 32 + 2 %. These data indicate that GFP-Ras1 is able
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Figure 4.27. Mating e!ciency in cells expressing GFP-Ras1
The mating of ras1+ (JY544), !ras1 (JY1279) and gfp-ras1 (JY1390) cells express-
ing Sxa2 from pREP41x was assessed using the quantitative mating assay detailed
in section 4.2.1. JY544 and JY1390 displayed similar levels of mating. Data shown
representative of three independent determinants + SEM. Statistical significance was
determined using a one-way anova with a Tukey multiple comparison post test. No
statistically significant di!erence in mating was observed between JY544 and JY1390.

to fully restore mating, despite supporting lower levels for transcriptional ac-

tivity and no shmoo formation in response to pheromone. The observation

could indicate that in denser cell populations cell proximity negates the need

for extensive morphological changes in response to pheromone.

In the preceding section, the localisation and activity of GFP-Ras1, ex-

pressed from the ras1 locus, was described. In this series of experiments GFP-

Ras1 was demonstrated to localise predominantly to the plasma membrane,

with some localisation to endomembranes. This localisation is in agreement

with that previously described (Onken et. al. 2006). The level of expression of

this fusion was however extremely low. GFP-Ras1 was also demonstrated to

be functional in regulating cell morphology, pheromone-response and mating,

but with a slightly reduced activity.
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4.6. Investigation of Ras1 mutants displaying altered activity

Mutation of ras is of high clinical significance, most notably in the progres-

sion of cancer. As a consequence, many mutations in ras have been studied

extensively. The majority of these mutants fall into two broad categories, those

which are deficient in their GTPase activity and those which are deficient in

GDP-GTP exchange. The first category of mutant is the most clinically rel-

evant, being involved in a significant majority of human cancers (McCormick

1989). Most of these mutations occur in regions responsible for interacting

with the #-phosphate of GTP, such as the Gly12Val mutant in human ras

isoforms, or regions involved in the catalysis of GTP hydrolysis, such as the

Gln61Leu mutant in human ras (Krengel et al. 1990; Tong et al. 1991). These

mutants prevent the inactivation of ras following GTP binding. Of the inactive

mutants, the majority are deficient in their interaction with GEFs, such as the

Ser17Asn mutant in human ras (Feig and Cooper 1988; Jung et al. 1994), or

in their interaction with downstream e"ectors, such as the Asp38Asn mutant

(Akasaka et al. 1996). As a result, these mutations prevent ras signalling.

Such mutants provide highly informative tools to analyse the characteristics of

ras signalling, allowing the investigation of ras proteins with specific changes

in their signalling activity.

4.6.1. Integration of ras1 mutants displaying altered activity.

Ras1 expression levels appear key to correct function (section 4.4). As such,

three separate ras1 mutants with altered activity were integrated at the ras1

locus. The first two mutants, ras1Q66L and ras1G17V , are based on the best

characterised oncogenic mutations (Gly12Val and Gln61Leu) in human ras

isoforms. The third mutation, ras1S22N , is derived from the inactive ras mu-

tant Ser17Asn. This mutant was used as the Asp38Asn inactive mutation has

been shown to still interact with the downstream Ras1 binding protein Byr2

(Akasaka et al. 1996; Kae et al. 2004). Integration was performed in the
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Figure 4.28. Integration of ras1Q66L, ras1G17V and ras1S22N in the
sxa2>lacZ reporter strain

Integration of ras1Q66L, ras1G17V and ras1S22N was achieved through homologous
recombination and FOA selection for the loss of ura4 (A). Integration was confirmed
by immunoblotting in JY1247 (sxa2>lacZ ) (B) using an anti-ras RAS10 antibody.
Coomassie stains of whole protein are included above the immunoblot as loading
controls.

!ras1 ::ura4+ strains JY1247 (sxa2>lacZ ), to enable analysis of pheromone-

dependent transcription, and JY1504 (tea1-mCherry), to allow visualisation

of polar cell organisation. The mutant ras1 ORFs were introduced using ho-

mologous recombination and selection for the loss of the ura4+ cassette by

culturing on FOA. Integration was confirmed by immunoblotting, using the

anti-ras antibody RAS10 (Figures 4.28 and 4.29). JY1272 was generated by

Dr. Rachel Forfar.
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Figure 4.29. Integration of ras1Q66L, ras1G17V and ras1S22N in the
Tea1-mCherry, sxa2>lacZ strain

Integration of ras1Q66L, ras1G17V and ras1S22N was achieved through homologous
recombination and FOA selection (as detailed in Figure 4.28A). Integration was
confirmed by immunoblotting in JY1569 (tea1-mCherry) using an anti-ras RAS10
antibody. Coomassie stains of whole protein are included above the immunoblot as
loading controls.

4.6.2. Characterisation of Ras1S22N .

4.6.2.1. Integrated Ras1S22N does not rescue cell morphology. The ser17Asn

mutation in human ras isoforms prevents ras activity. To determine whether

the equivalent mutation in Ras1 (Ser22Asn) also results in inactivity, the mor-

phology of the strain JY1384 (ras1S22N , sxa2>lacZ ) was determined using

quantitative imaging. The localisation of Tea1-mCherry was analysed in the

strain JY1517 (ras1S22N , tea1-mCherry) to investigate the activity of ras1S22N

in regulating cell morphology. Images of Tea1-mCherry localisation were ob-

tained using a Nikon E800 epifluorescence microscope fitted with an Andor

EM-CCD camera. Cells expressing (ras1S22N) displayed a lack of polar Tea1-

mCherry localisation, comparable to that seen in !ras1 cells (Figure 4.30C).
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Figure 4.30. The morphology of cells expressing ras1S22N

Images of cells lacking ras1 (JY1279), cells expressing ras1S22N (JY1386) and cells
expressing ras1 (JY544), expressing GFP from pREP3x, were obtained using a
Leica SP5 scanning confocal microscope. Representative DIC images are displayed
in panel A. Cell circularity was determined using Quimp software (B). Cells
expressing Ras1S22N displayed a high precent circularity comparable to cells lacking
Ras1. Data representative of 30 individual cells + SEM. Three asterisks indicates
a P value of 0.001. The localisation of Tea1-mCherry was determined in ras1+
cells (JY1469), !ras1 cells (JY1569) and cells expressing Ras1S22N (JY1517) using
a Nikon E800 epifluorescence microscope fitted with an Andor EM-CCD camera
(C). Cells lacking Ras1 and those expressing Ras1S22N displayed a loss of polar
Tea1-mCherry localisation. The scale bar represents 10 $m.
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The majority of cells containing ras1S22N exhibited Tea1-mCherry localisation

to the extent of the cell periphery. Some cells displayed a degree of polar Tea1-

mCherry localisation, although this was less defined than in cells containing

wild-type Ras1.

Images of ras1+ (JY544), !ras1 (JY1279) and ras1S22N (JY1384) cells,

expressing GFP from pREP3x, were obtained using a Leica SP5 scanning

confocal microscope, to allow analysis of their morphology. Quimp software

was then used to determine the morphology 30 individual cells within these

populations. Cells expressing ras1S22N exhibited a predominantly rounded

morphology, similar to cells lacking Ras1 (Figure 4.30A). This corresponded

with a high percent circularity in these cells (83.4 + 1.3 % compared to 87.5 +

1.2 % in cells lacking Ras1) (Figure 4.30B).

A previous study (Jung et al. 1994), had suggested that the ras1S22N

mutant still supported polar cell morphology. This study presented single

polar cells in highly heterogenous populations as evidence of signalling. The

data presented in Figure 4.30 suggest that within a heterogenous population

the overriding morphology is that of a rounded cell (based upon quantitative

imaging) that lacks polarity (based upon Tea1-mCherry localisation). This ob-

servation highlights the importance of population based analysis of signalling

activity, reducing the influence of outlying cells.

4.6.2.2. Pheromone responsive signalling in cells expressing Ras1S22N . Pre-

vious studies (Jung et al. 1994) have indicated that Ras1S22N is unable to

support conjugation and mating. These data suggest that Ras1S22N is unable

to signal through Byr2. To confirm this hypothesis, !-galactosidase activ-

ity and average cell volume were determined for cells grown in a range of

pheromone concentrations (1 nM to 100 %M) in DMM for 16, using the strain

JY1384 (ras1S22N). Cells expressing Ras1S22N displayed a slight increase in

!-galactosidase activity upon pheromone stimulation (1.0 + 0.1 to 2.4 + 1.2)

(Figure 4.31A), and no increase in average cell volume was observed (Figure
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4.31B). The slight increase in !-galactosidase activity observed could indicate

that Ras1S22N retains some function, although not enough to support mating

or cell polarity.
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Figure 4.31. Pheromone-responsive transcription and changes in
cell volume in cells expressing Ras1S22N

Pheromone-responsive changes in transcription and cell volume were observed
in ras1+ (JY544) cells, !ras1 (JY1279) cells, and cells expressing Ras1S22N .
Analysis was performed following growth in 1 nM to 100 $M pheromone in
DMM for 16 h. Assays were then performed for "-galactosidase activity (A)
and average cell volume (B). Cells expressing Ras1S22N displayed a small in-
crease in "-galactosidase activity upon pheromone stimulation, but no increase
in cell volume. Data shown is an average of three independent determinants (+SEM).
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Figure 4.32. Analysis of shmoo formation in cells expressing
Ras1S22N using quantitative imaging

Images of ras1+ (JY544), !ras1 (JY1279) and ras1S22N (JY1384) cells were
obtained following 16 h growth in the absence and in the presence of 10 $M
pheromone in DMM lacking thiamine, using a Leica SP5 scanning confocal micro-
scope. Representative DIC images are displayed in panel A. Quimp software was
then used to determine cell length. JY1279 (!ras1 ) and JY1384 (ras1S22N ) display
no pheromone dependent change in cell length. Data shown is representative of
30 individual cells + SEM. Statistical significance was determined using a one-way
anova with a Tukey multiple comparison post test. Three asterisks indicates a
P-value of 0.001. Images from the populations analysed indicate no pheromone
dependent change in cell morphology in cells expressing Ras1S22N . The scale bar
represents 10 $m.
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Figure 4.33. Pheromone-responsive changes in cell cycle position in
cells expressing Ras1S22N

Cell cycle arrest was analysed in ras1+ (JY544), !ras1 (JY1279) and ras1S22N
(JY1384) cells using propidium iodide staining and flow cytometry, after 6 h
growth in the presence (10 $M P-factor) and absence of pheromone in DMM.
This analysis allowed the distinction between cells containing a single complement
(1C) and double complement (2C) of DNA (A). Cells lacking Ras1 (JY1279) and
those expressing Ras1S22N (JY1384) displayed no pheromone-dependent G1 arrest
(B). Analysis was performed for 30000 cells. Data shown representative of three
independent determinants + SEM. Statistical significance was determined using
a one-way anova with a Tukey multiple comparison post test. Three asterisks
indicates a P-value of 0.001.

Shmoo formation in these cells was also analysed using quantitative imaging

(Figure 4.32B). Cells expressing GFP from pREP3x were imaged following 16

h growth in DMM lacking thiamine in the absence of pheromone and in the

presence of 10 %M P-factor, using a Leica SP5 scanning confocal microscope.

Quimp software was then used to analyse 30 individual cells for each strain and

under each assay condition. Image analysis of cell length using Quimp software
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indicated no pheromone-dependent change in cell length in cells expressing

Ras1S22N . Images of these populations also indicated no morphological change

in cells expressing Ras1S22N in response to pheromone, as the cells maintain a

rounded morphology (Figure 4.32A).

Analysis of G1 arrest in response to pheromone in cells expressing Ras1S22N

was performed following 6 h growth in the absence of pheromone and in the

presence of 10 %M P-factor in DMM, using propidium iodide staining and flow

cytometry. The assay was performed for 30000 cells (Figure 4.33). A low per-

centage of cells expressing Ras1S22N were in G1 in the absence of pheromone

and no significant cell cycle arrest was observed following stimulation (13.0 +

3.9 % in the absence of pheromone and 15.7 + 1.6 % following stimulation),

similar to that observed in cells lacking Ras1. These data further demonstrate

the inability of Ras1S22N to transduce the pheromone signal.

4.6.2.3. pREP3x-Ras1S22N did not support pheromone-dependent signalling.

Increasing the cellular concentration of a defective signalling protein could po-

tentially rescue signalling defects, as if the protein has a partial activity a

greater concentration may support more activity. Expression from pREP3x,

in the absence of thiamine, was used to determine whether any signalling

could be observed through Ras1S22N upon constitutive expression. The ability

of Ras1S22N to transduce signal through Byr2 was then determined by analysis

of !-galactosidase activity and cell volume in response to pheromone (Figure

4.34).

!-galactosidase activity and average cell volume were determined in cells

grown in a range of pheromone concentrations (1 nM to 100 %M) in DMM

lacking thiamine for 16 h. Cells expressing Ras1S22N from pREP3x displayed

a small pheromone-dependent increase in !-galactosidase activity (0.82 + 0.17

to 1.56 + 0.23), similar to that observed upon expression from the ras1 locus

(Figure 4.34A). The magnitude of the increase in !-galactosidase activity ob-

served did not, however, appear to be a"ected by the expression of Ras1S22N
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Figure 4.34. Pheromone-responsive changes in transcription and
cell size in cells expressing Ras1S22N from pREP3x

Pheromone-responsive changes in transcription and cell volume were observed in
!ras1 (JY1279) cells transformed with pREP3x-Ras1, pREP3x-Ras1S22N and
vector alone. Assays were then performed for "-galactosidase activity (A) and
average cell volume (B) following growth in a range of pheromone concentrations (1
nM to 100 $M) in DMM lacking thiamine for 16 h. Cells expressing Ras1S22N from
pREP3x displayed a slight increase in "-galactosidase activity upon pheromone
stimulation but no increase in cell volume. Data shown is an average of three
independent determinants (+SEM). Images indicate no pheromone dependent
change in cell morphology in cells expressing Ras1S22N from pREP3x (C). DIC
images were taken using a Leica SP5 scanning confocal microscope. The scale bar
represents 10 $m.
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from the constitutive nmt1 promoter.

No pheromone dependent change in cell volume or cell morphology was ob-

served in cells expressing Ras1S22N from pREP3x (Figure 4.34B and C). These

cells did, however, display a slightly elevated cell volume (96.73 + 0.25 fl) com-

pared to cells containing pREP3x alone (85.25 + 0.30 fl), possibly indicating a

slightly altered morphology. Despite this, images of cells expressing Ras1S22N

from pREP3x indicate a rounded morphology. These data again indicate that

Ras1S22N is unable to transduce a signal, despite constitutive expression from

the nmt1 promoter.

The data presented in this section all indicates that Ras1S22N is unable to

activate signalling.

4.6.3. Characterisation of Ras1G17V and Ras1Q66L.

The Ras1G17V mutant has been previously studied in Sz. pombe. These stud-

ies have indicated that the Gly17Val mutation causes a hypersensitivity to

pheromone (Fukui et al. 1986b; Davey 1991). In addition, it was suggested

that Ras1G17V rescues elongated cell morphology and pheromone-response in

strains lacking upstream components such as Ral2 (Fukui et al. 1989). These

studies have also suggested that Ras1G17V has a negative e"ect upon mating.

However, no studies have investigated other types of GTPase deficient mu-

tants, such as those based on Gln61Leu, or investigated multiple signalling

outputs from these mutants using a quantitative approach. The analysis of

such mutants, which should exhibit prolonged signalling activity, could prove

highly informative. The integration of the GTPase deficient mutants Ras1G17V

and Ras1Q66L is detailed in section 4.6.1.

4.6.3.1. Integrated Ras1G17V and Ras1Q66L rescue elongated cell morphol-

ogy. Having investigated the characteristics of a Ras1 mutant which is unable

to undergo activation (Ras1S22N , section 4.6.2), the activity of mutants which
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Figure 4.35. Cell morphology in in cells expressing Ras1G17V and
Ras1Q66L

Images of cells lacking Ras1 and those expressing Ras1, Ras1G17V and Ras1Q66L

from the ras1 locus were obtained using a Leica SP5 scanning confocal microscope.
All strains were also expressing GFP from pREP3x. Representative DIC images are
displayed in panel A. Cell circularity was determined using Quimp software (B).
These data indicated that Ras1Q66L and Ras1G17V rescued elongated morphology.
Three asterisks indicates a P-value of 0.001. Data representative of 30 individual
cells + SEM. The localisation of Tea1-mCherry was determined in ras1+ cells
(JY1469), !ras1 cells (JY1569), cells expressing Ras1Q66L (JY1507) and cells
expressing Ras1G17V (JY1508), using a Nikon E800 epifluorescence microscope
fitted with an Andor EM-CCD camera (C). Cells expressing Ras1Q66L and Ras1G17V

displayed polar Tea1 localisation consistent with that seen in JY1469. The scale bar
represents 10 $m.



4.6. INVESTIGATION OF RAS1 MUTANTS DISPLAYING ALTERED ACTIVITY 128

should display protracted signalling was assessed. The morphology of cells ex-

pressing Ras1G17V and Ras1Q66L from the ras1 locus was determined in images

of each strain expressing GFP from pREP3x in the absence of thiamine, ob-

tained using a Leica SP5 scanning confocal microscope. The circularity of 30

individual cells within each population was then analysed using Quimp soft-

ware. The localisation of Tea1-mCherry was also investigated in cells express-

ing these two mutants from the ras1 locus, using a Nikon E800 epifluorescence

microscope fitted with an Andor EM-CCD camera.

Cells expressing both mutants displayed specific tip localisation of Tea1-

mCherry, consistent with that seen in cells expressing wild-type Ras1 (Figure

4.35C). The discrete tip localisation of Tea1-mCherry indicates that both mu-

tants are functional in the regulation of polar cell organisation. Both mutant

strains also displayed low percent circularity, significantly di"erent from !ras1

cells (P = 0.001) (Figure 4.35A and B). JY1507 (ras1Q66L) displays a percent

circularity consistent with JY544 (ras1+) (72.5 + 1.4 % compared to 73.4 +

1.2 %). By contrast, JY1508 (ras1G17V ) displays a markedly lower percent

circularity (67.5 + 1.4 %). The low percentage circularity observed for both

strains is indicative of an elongated polar morphology, again suggesting that

Ras1G17V and Ras1Q66L are functional in regulating polar cell morphology.

4.6.3.2. Ras1G17V and Ras1Q66L cause reduced signalling at high pheromone

concentrations in "-galactosidase assays. Reducing the ability of Ras1 to hy-

drolyse GTP would be expected to positively influence signalling in response

to pheromone, leading to prolonged signalling activity. To investigate this

hypothesis, !-galactosidase activity and cell volume were used to analyse the

e"ect of the Gly17Val and Gln66Leu mutations on Ras1 activity through the

Byr2-Byr1-Spk1 MAP kinase cascade (Figure 4.36). Analysis was performed

following growth in a range of pheromone concentrations (1 nM to 100 %M) in

DMM for 16 h.
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Cells expressing either mutation did not display a typical dose-response

profile to pheromone in assays for pheromone-responsive transcription or cell

volume. Both strains reached a peak maximal signal at between 100 nM and

1 %M, at a level comparable to the maximal signal observed in JY544 (ras1+),

followed by a sharp reduction in both !-galactosidase activity and cell volume

at higher pheromone concentrations. Cells expressing Ras1Q66L displayed a

basal cell volume greater than that observed in wild type cells (79.8 + 0.1

fl compared to 66.6 + 1.5 fl). As these cells have a polar morphology, this

observation could indicate an increase in cell size, possibly due to unregulated

Ras1 signalling through the cell morphology pathway.

Ras1G17V and Ras1Q66L also supported increased pheromone-dependent

transcription at lower concentrations of pheromone, indicating a greater sen-

sitivity to pheromone in these cells. However, no increase in basal signalling

was observed, suggesting that both mutants still required activation, and were

not constitutively active in the absence of pheromone. Interestingly, cells ex-

pressing Ras1G17V and Ras1Q66L appeared to reach a maximal signal at around

the EC50 concentration of P-factor for wild-type cells (! 100nM). This e"ect

was also mirrored in assays for cell volume. A sharp reduction in pheromone-

dependent signalling and cell size at higher pheromone concentrations had

not previously been observed in cells expressing wild-type Ras1 or other Ras1

mutants.

Analysis of cell volume in these cells produced an unexpected reduction

in volume at higher pheromone concentrations. Analysis of shmoo formation

using quantitative imaging however reveals quite di"ering activities between

the two mutations. The strains JY1386 (ras1Q66L) and JY1272 (ras1G17V ),

expressing GFP from pREP3x, were analysed following growth in the absence

or presence of 10 %M P-factor in DMM lacking thiamine for 16 h. Images were

obtained using a Leica SP5 scanning confocal microscope. Quimp software was

then used to analyse 30 individual cells of each strain and under each assay

condition (Figure 4.37B). JY1386 (ras1Q66L) displayed a strong, significant
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Figure 4.36. Pheromone-responsive transcription and cell volume
change in cells expressing Ras1G17V and Ras1Q66L

Pheromone-responsive changes in transcription and cell volume were observed in
ras1+ (JY544) cells, !ras1 (JY1279) cells, cells expressing Ras1Q66L (JY1507)
and cells expressing Ras1G17V (JY1508). Strains were grown in the presence of
1 nM to 100 $M pheromone in DMM for 16 h. Assays were then performed for
"-galactosidase activity (A) and average cell volume (B). Cells expressing Ras1Q66L

and Ras1G17V displayed increased "-galactosidase activity and cell volume up to 1
$M P-factor, followed by a sharp reduction in both parameters at higher pheromone
concentrations. Data shown is an average of three independent determinants
(+SEM).
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Figure 4.37. Pheromone-responsive changes in cell length in cells
expressing Ras1G17V and Ras1Q66L

Images of ras1+ (JY544), !ras1 (JY1279), ras1Q66L (JY1386) and ras1G17V

(JY1272) cells were obtained after 16 h growth in the absence and in the presence of
10 $M pheromone in DMM lacking thiamine, using a Leica SP5 scanning confocal
microscope. Representative DIC images are displayed in panel A. Cells expressing
Ras1Q66L (JY1386) displayed a significant increase in cell length upon pheromone
stimulation (P = 0.001) (B). Cells expressing Ras1G17V (JY1272) were longer in
the absence of pheromone than JY544, but displayed a decrease in cell length
upon pheromone stimulation. Data shown is representative of 30 individual cells +

SEM. Statistical significance was determined using a one-way anova with a Tukey
multiple comparison post test. Three asterisks indicates a P-value of 0.001. Images
from indicate a large number of dead cells in the pheromone treated populations of
JY1386 and JY1272.

pheromone-dependent increase in cell length (52.4 + 1.5 pixels to 119.0 + 10.4

pixels, P = 0.001). JY1272 (ras1G17V ) displayed a high basal cell length (80.4
+ 6.9 pixels), consistent with the low circularity observed in this strain, but

a relative reduction in cell length upon pheromone stimulation (62.5 + 2.9

pixels). Images of both strains indicate the presence of a large number of
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dense pitted cells, possibly due to an increase in cell death upon stimulation

with pheromone (Figure 4.37A). As the analysis of cell morphology requires

the expression of GFP it will favor viable cells. This could explain why cell

length appears to drop in response to pheromone in JY1272, as responding

cells may have died. Cell death at higher pheromone concentrations could also

explain why !-galactosidase activity and average cell volume appear lower in

the presence of high levels of pheromone in both strains expressing GTPase

deficient mutants (Figure 4.36).

Cell cycle progression in response to pheromone was analysed as a final

measure of pheromone-dependent signalling. Pheromone-dependent G1 arrest

was analysed following 6 h growth in the absence of pheromone and in the

presence of 10 %M P-factor in DMM, using propidium iodide staining and flow

cytometry. Analysis was performed for 30000 cells. Analysis of G1 arrest also

indicated a reduced level of pheromone-dependent G1 arrest in cells expressing

Ras1G17V and Ras1Q66L compared to those expressing wild-type Ras1 (Figure

4.38). JY1386 (ras1Q66L) displayed an increase in cells in G1 from 22.07 +

5.99 % to 48.97 + 2.83 % and JY1272 (ras1G17V ) displayed an increase from

26.3 + 5.14 % to 39.93 + 10.48 %. Cells expressing wild-type Ras1 display an

increase from 25.0 + 1.5 % to 74.9 + 5.8 %, which is markedly higher than

in the two strains containing GTPase deficient mutants. These results again

could be confounded by the presence of a large number of dead cells, as these

cells would still display propidium iodide staining.

4.6.4. JY1386 (ras1Q66L) and JY1272 (ras1G17V ) display pheromone-

dependent cell death.

Images of cells expressing Ras1G17V and Ras1Q66L indicate that both strains

die in a pheromone dependent manner (Figure 4.37). As a consequence, these

data suggest that prolonged Ras1 activity may be detrimental to cell viability.

A number of tools are available in Sz. pombe for the analysis of cell death.



4.6. INVESTIGATION OF RAS1 MUTANTS DISPLAYING ALTERED ACTIVITY 133

Integrated hyperactivated 
mutant pheromone response

FACSDiva Version 6.1.3

Global Sheet1 Printed on: Thu Apr 21, 2011 11:50:35 BSTPage 14 of 42

FACSDiva Version 6.1.3

Global Sheet1 Printed on: Thu Apr 21, 2011 11:50:22 BSTPage 4 of 42

1C2C

FACSDiva Version 6.1.3

Global Sheet1 Printed on: Thu Apr 21, 2011 11:50:41 BSTPage 18 of 42

FACSDiva Version 6.1.3

Global Sheet1 Printed on: Thu Apr 21, 2011 11:50:41 BSTPage 19 of 42

FACSDiva Version 6.1.3

Global Sheet1 Printed on: Thu Apr 21, 2011 11:50:31 BSTPage 10 of 42

1C2C 1C2C

FACSDiva Version 6.1.3

Global Sheet1 Printed on: Thu Apr 21, 2011 11:52:24 BSTPage 24 of 65

FACSDiva Version 6.1.3

Global Sheet1 Printed on: Thu Apr 21, 2011 11:50:48 BSTPage 23 of 42

FACSDiva Version 6.1.3

Global Sheet1 Printed on: Thu Apr 21, 2011 11:50:34 BSTPage 13 of 42

1C2C

***

*

A

B

Figure 4.38. Pheromone-responsive changes in cell cycle position in
cells expressing Ras1G17V and Ras1Q66L

Cell cycle arrest was analysed in ras1+ (JY544), !ras1 (JY1279), ras1Q66L

(JY1386) and ras1G17V (JY1272) cells using propidium iodide staining and flow
cytometry after 6 h growth in the presence (10 $M P-factor) and absence of
pheromone in DMM. This analysis allowed the distinction between cells containing
a single complement (1C) and double complement (2C) of DNA (A). Both strains
expressing the GTPase deficient mutants displayed some pheromone-dependent cell
cycle arrest (B). Data shown representative of three independent determinants +

SEM. Analysis was performed for 30000 cells. Statistical significance was determined
using a one-way anova with a Tukey multiple comparison post test. One asterisk
indicates a P-valuse of 0.05 and three asterisks indicates a P-value of 0.001.

The LIVE/DEAD® Funga LightTM cell viability assay utilises two nucleic acid

stains, SYTO® 9 and propidium iodide. SYTO® 9 is able to cross both intact

and compromised membranes, whereas propidium iodide is only able to cross

the compromised membranes of non-viable cells. As a consequence, living cells

are only stained with SYTO® 9 (green), whereas dead cells are stained with

SYTO® 9 (green) and propidium iodide (red). The presence of both dyes in

non-viable cells causes a reduction in the green signal due to FRET between

the two fluorophores. Flow cytometric analysis is then used to distinguish the
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green live cells from the red non-viable cells (Zhang and Fang 2004).

To determine the extent of cellular mortality upon pheromone exposure,

the strains JY544 (ras1+), JY1279 (!ras1 ), JY1389 (ras1Q66L) and JY1272

(ras1G17V ) were analysed using the LIVE/DEAD® Funga LightTM assay. Anal-

ysis was performed following 16 h incubation with 0, 100 nM and 10 %M P-

factor in DMM (Figure 4.39). Fluorescence was determined for 30000 cells by

flow cytometry using an LSRII flow cytometer. Excitation of both dyes was

achieved using a 488 nm laser, and emission detected using a 550 nm long pass

filter with a 575/26 nm band pass filter for propidium iodide, and a 505 nm

long pass filter with a 530/30 nm band pass filter for SYTO® 9.

JY544 (ras1+) displayed a small increase in cell death upon pheromone

stimulation, increasing from 1.83 + 0.6 % to 8.7 + 1.5 %. These data indi-

cate that pheromone signalling causes some cell death wild-type cells. JY1279

(!ras1 ) exhibited a very slight increase in cell death at higher P-factor con-

centrations (2.0 + 0.4 % to 3.9 + 0.8 %). The strains JY1389 (ras1Q66L) and

JY1272 (ras1G17V ) displayed a significant pheromone-dependent increase in

cell death (P = 0.001). The percentage of non-viable cells observed in JY1389

(ras1Q66L) increased from 2.2 + 0.8 % to 52.4 + 8.8 % and 89.7 + 0.8 %

across the three pheromone concentrations used. A similar increase was also

observed in JY1272 (ras1G17V ) upon pheromone stimulation (2.8 + 1.1 % to

48.3 + 13.9 % to 89.1 + 1.1 %). These data confirm the observation made

in Figure 4.37A that pheromone appears to negatively e"ect cell viability in

these strains, and also provides an explanation for the apparent reduction in

pheromone-dependent signalling observed in these strains at higher pheromone

concentrations.
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Figure 4.39. JY1386 (ras1Q66L) and JY1272 (ras1G17V ) display
pheromone-dependent cell death

Cell viability in ras1+ (JY544) cells, !ras1 (JY1279) cells, cells expressing
Ras1Q66L (JY1507) and cells expressing Ras1G17V (JY1508) was analysed using
the LIVE/DEAD® Funga LightTM assay. Flow cytometric analysis was performed
following 16 h growth in the absence of pheromone and in the presence of 100 nM
and 10 $M P-factor in DMM (A). Cells expressing Ras1Q66L (JY1507) and cells
expressing Ras1G17V (JY1508) both displayed pheromone-dependent cell death (B).
Percentage non-viable cells is indicated on each dot plot +SEM. Non-viable cells
are indicated in red. Data shown is an average of three independent determinants
(+SEM). Analysis was performed for 30000 cells. Statistical significance was
determined using a one-way anova with a Tukey multiple comparison post test.
Three asterisks indicates a P-value of 0.001.
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To determine the timing of cell death in response to pheromone, DIC im-

ages were taken of JY1389 (ras1Q66L) stimulated with 10 %M P-factor over

a period of 5 h. JY1389 (ras1Q66L) was used as a representative example of

a strain containing a GTPase deficient Ras1 mutant. Analysis revealed cell

death could be observed after 1 h, marked by the appearance of pitted dense

cells. The number of dead cells increased with time up to 5 h, indicating that

cell death was occuring in a time-dependent manner in response to pheromone

(Figure 4.40).

0hr 1hr 2hr

3hr 4hr 5hr

Figure 4.40. Analysis of pheromone-dependent cell death in
JY1389 (ras1Q66L) over time

JY1389 (ras1Q66L) was stimulated with 10 $M P factor and images were taken every
hour. DIC images were taken using a Leica SP5 scanning confocal microscope. Cell
death could be observed after 1 h of stimulation. Dead cells are highlighted with
arrows. The scale bar represents 10 $m.
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4.6.5. Analysis of Ras1G17V and Ras1Q66L activity when expressed

from pREP3x.

The pheromone-dependent signalling of cells expressing Ras1G17V and Ras1Q66L

was reduced at higher pheromone concentrations. To determine whether the

constitutive expression of these mutants caused similar or more pronounced

e"ects, the activity of Ras1G17V and Ras1Q66L was also investigated when ex-

pressed from pREP3x in the !ras1 strain JY1279. Assays for !-galactosidase

activity and average cell volume were performed for cells grown in a range

of pheromone concentrations (1 nM to 100 %M) for 16 h in DMM lacking

thiamine. Ras1G17V and Ras1Q66L supported a large dose-dependent increase

in !-galactosidase activity when expressed from pREP3x, displaying maximal

signals of 23.1 + 0.7 and 36.2 + 1.8 respectively (Figure 4.41A). Both strains

displayed pEC50 values comparable to those seen in cell expressing wild-type

Ras1 (6.5 + 0.1), with cells expressing Ras1G17V giving a pEC50 of 7.0 + 0.1

and cells expressing Ras1Q66L giving a pEC50 of 7.5 + 0.1. This result may

appear counter-intuitive, as the regulated expression of these mutants from

the ras1 locus was detrimental to cell viability at higher pheromone concen-

trations. Constitutive expression of Ras1G17V and Ras1Q66L, like expression of

these mutants from the ras1 locus, caused a pheromone-dependent reduction

in cell volume (Figure 4.41B). In the absence of pheromone, however, these

cells displayed a very large cell volume. Cells expressing Ras1G17V exhibited a

volume of 110.3 + 2.1 fl and cells expressing Ras1Q66L a volume of 182.4 + 1.8

fl.

Examination of cell morphology revealed the expression of these mutants,

most notably Ras1Q66L, caused a marked increase in cell size (Figure 4.41C).

Upon pheromone stimulation these cells also undergo a concerted increase in

cell size, but with no defined polarity. The reduction in cell volume observed

in Figure 4.41B could therefore also be due to cell death in these populations.
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Figure 4.41. Pheromone-responsive changes in transcription and
cell morphology in cells expressing GTPase deficient Ras1 mutants
from pREP3x

Pheromone-responsive changes in transcription and cell volume were observed
in !ras1 (JY1279) cells transformed with pREP3x-Ras1, pREP3x-Ras1Q66L,
pREP3x-Ras1G17V and vector alone. Assays were performed for "-galactosidase
activity (A) and average cell volume (B) following growth in 1 nM to 100 $M
pheromone for 16 h in DMM lacking thiamine. Cells expressing Ras1Q66L and
Ras1G17V from pREP3x displayed large dose-dependent increases in "-galactosidase
activity upon pheromone stimulation but reductions in cell volume. Data shown is
an average of three independent determinants (+SEM). Images from the populations
analysed indicate that the expression of Ras1Q66L and Ras1G17V caused an increased
basal cell volume and a non-polar increase in cell size in response to pheromone (C).
DIC images were taken using a Leica SP5 scanning confocal microscope. The scale
bar represents 10 $m.
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4.6.6. Expression of Ras1 from pREP3x negatively e"ects cell vi-

ability.

Cells expressing Ras1G17V and Ras1Q66L from pREP3x did not display a drop

in signalling at higher pheromone concentrations. This observation would ap-

pear counter-intuitive, as the constitutive expression of a GTPase deficient

mutant would be expected to reinforce the e"ects seen upon regulated ex-

pression from the ras1 locus. The LIVE/DEAD® Funga LightTM assay was

used to determine the e"ect of pheromone on cell viability in !ras1 (JY1279)

cells transformed with pREP3x-Ras1, pREP3x-Ras1Q66L, pREP3x-Ras1G17V

and vector alone (Figure 4.42). Cells were stained with propidium iodide and

SYTO® 9 following 16 h incubation with 0, 100 nM and 10 %M P-factor in

DMM lacking thiamine. Flow cytometric analysis was then performed using

an LSRII flow cytometer for 30000 individual cells.

The results observed in all strains expressing Ras1 from pREP3x starkly

contrast those seen when expression of Ras1 is driven by the endogenous ras1

promoter, as high levels of cell death can be observed in all conditions. In

the absence of pheromone 10.7 + 6.2 % of cells are non-viable in the vector

alone control, compared to 34.9 + 11.8 %, 42.1 + 7.0 % and 45.1 + 5.0 % in

those expressing Ras1, Ras1Q66L and Ras1G17V respectively. A dose-dependent

increase in cell death was observed in all these populations upon pheromone

stimulation. This e"ect was not as pronounced as in cell expressing Ras1Q66L

and Ras1G17V from the ras1 locus, due to the high levels of basal cell death.

This could account for the seemingly counter-intuitive observation that expres-

sion of Ras1 from pREP3x reduces signalling, as a large number of cells within

the population would be dead (Figure 4.17). In addition, it may explain why

constitutive expression of the GTPase-deficient mutants does not cause a drop

in signalling at higher pheromone concentrations (Figure 4.41), as viability is

impacted even in the absence of pheromone. These results could indicate a

level of basal Ras1 signalling, possibly due to increased Ras1 activity due to

Efc25 mediated nucleotide exchange.
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Figure 4.42. Constitutive expression of Ras1 and GTPase deficient
Ras1 mutants negatively impacts upon cell viability

Cell viability in !ras1 (JY1279) cells transformed with pREP3x-Ras1,
pREP3x-Ras1Q66L,pREP3x-Ras1G17V and vector alone, was analysed using
the LIVE/DEAD® Funga LightTM assay. Flow cytometric analysis was performed
following 16 h growth in the absence of pheromone and in the presence of 100 nM
and 10 $M P-factor in DMM lacking thiamine (A). Cells expressing Ras1, Ras1Q66L

and Ras1G17V displayed high levels of cell death in all conditions (B). Percentage
non-viable cells is indicated on each dot plot +SEM. Non-viable cells are indicated
in red. Analysis was performed for 30000 cells. Data shown is an average of three
independent determinants (+SEM).
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It should be noted that, cells containing vector alone displayed a higher

level of cell death (10.7 + 6.2 %) than the cells lacking pREP3x presented in

Figure 4.39. This result could be due to the selective media used to prevent loss

of the vector, as these cells are not provided with exogenous leucine. Growth

in slightly less rich media could account for a slight increase in cell death

4.6.7. Increasing Ras1 activity a"ects chromosome segregation.

Previous studies have suggested a link between Ras1 signalling and chromo-

some segregation (Li et al. 2000). It has been indicated that the loss of Ras1,

or the Ras1 e"ector Scd1, from Sz. pombe causes an increase in chromosome

missegregation. Due to this link between Ras1 and chromosome segregation, it

is possible that chromosome instability could be contributing to the decrease in

cell viability observed in cells expressing Ras1 or the GTPase-deficient mutants

from pREP3x.

Chromosome stability was determined using the strain 2125 (Tinline-Purvis

et al. 2009), which contains a non-essential minichromosome (Ch16). The

strain contains the mutation ade-210 on chromosome III and a complementary

ade-216 mutation on Ch16 to rescue ade6 function. Loss of the minichromo-

some, a function of chromosome instability, results in a loss of ade6 activity

and the formation of red colonies (Niwa et al. 1989). The presence of sectored

colonies indicates chromosome loss within that clonal cell population.

The strain 2125 was transformed with pREP3x-Ras1, pREP3x-Ras1Q66L,

pREP3x-Ras1G17V and vector alone. Following growth in DMM lacking ade-

nine, thiamine and leucine, cells were cultured on rich media (YE) lacking

additional adenine. The presence of sectored colonies was then determined in

a total of >20000 colonies.

An increase is sectored colonies was observed upon constitutive expression

of Ras1, Ras1Q66L and Ras1G17V in 2125. In 2125 transformed with vector

alone, the rate of chromosome loss in an individual colony was >0.005 %. In
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Figure 4.43. Increased Ras1 activity causes an increase in
chromosome instability

Chromosome stability was determined in the minichromosome strain 2125 trans-
formed with pREP3x-Ras1, pREP3x-Ras1Q66L, pREP3x-Ras1G17V and vector alone.
Cells expressing Ras1 from pREP3x displayed an increase in minichromosome loss
compare to the vector alone control. A further increase was observed upon expres-
sion of either GTPase deficient Ras1 mutant. Data representative of >20000 colonies.

cells expressing Ras1 from pREP3x this rate increased to 0.200 % and in cells

expressing Ras1Q66L and Ras1G17V from pREP3x this increased to 0.510 %

and 0.480 % respectively (Figure 4.43). No colonies displayed red colouration

over more than 50 % of the colony, which would indicate chromosome loss at

the first division of that colony and allow the analysis of chromosome loss per

division. These data indicate that increasing Ras1 activity negatively impacts

upon chromosome segregation, probably through altering the interaction of

Ras1 with Scd1 (Li et al. 2000), which may contribute to Ras1-dependent cell

death. Although the chromosome instability observed in this assay was not

due to pheromone stimulation, these data could provide a rationale as to why

increased Ras1 signalling could influence viability.



4.7. THE LOCALISATION OF RAS1 MUTANTS WITH DIFFERING ACTITIVITIES 143

4.7. The localisation of Ras1 mutants with di"ering actitivities

4.7.1. Expression of GFP-Ras1 mutant fusions.

Ras1Q66L, Ras1G17V and Ras1S22N all displayed di"ering functional activities,

which may also a"ect their localisation. To determine whether there was a

link between altered activity and localisation in these mutants, integration of

GFP-Ras1 fusions was performed in the ras1::ura4+, sxa2>lacZ strain JY1247

(as highlighted in Figure 4.28A). GFP-Ras1Q66L (JY1495), GFP-Ras1G17V

(JY1496) and GFP-Ras1S22N (JY1519) were all integrated at the ras1 locus.

Expression was confirmed by immunoblotting using an anti-ras RAS10 anti-

body. The bands observed were at a position consistent with the predicted size

of the GFP-Ras1 fusions (! 52kDa), and little evidence of protein cleavage was

observed (Figure 4.44).

4.7.2. GFP-Ras1Q66L (JY1495), GFP-Ras1G17V (JY1496) and GFP-

Ras1S22N (JY1519) display the same localisation pattern as GFP-

Ras1.

The localisation of GFP-Ras1 (JY1390), GFP-Ras1Q66L (JY1495), GFP-Ras1G17V

(JY1496) and GFP-Ras1S22N (JY1519), expressed from the endogenous ras1

promoter, was established using a Nikon E800 epifluorescence microscope fit-

ted with an Andor EM-CCD camera. All three mutant GFP-Ras1 proteins

displayed a localisation pattern comparable to that observed for GFP-Ras1,

being present predominantly at the plasma membrane but also displaying some

localisation to endomembrane structures (Figure 4.45). The fluorescence sig-

nal from each fusion was very low, and similar to that observed for GFP-Ras1.

These data indicate that altering the nucleotide exchange or GTPase activity

of Ras1 has little e"ect upon Ras1 localisation.
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Figure 4.44. Expression of GFP-Ras1Q66L (JY1495), GFP-Ras1G17V

(JY1496) and GFP-Ras1S22N (JY1519)
Integration of GFP-Ras1Q66L (JY1495), GFP-Ras1G17V (JY1496) and GFP-
Ras1S22N (JY1519) at the ras1 locus in the sxa2>lacZ reporter strain JY1247 was
confirmed via immunoblotting using a RAS10 antibody. Coomassie stains of whole
protein are included above the immunoblot as loading controls.

4.7.3. GFP-Ras1Q66L (JY1495), GFP-Ras1G17V (JY1496) and GFP-

Ras1S22N (JY1519) display reduced signalling activity through Scd1-

Cdc42.

GFP-Ras1 displayed reduced signalling activity compared to wild-type Ras1.

As a consequence, the activity of Ras1Q66L, Ras1G17V and Ras1S22N may also

be altered by the addition of an N-terminal GFP tag. To determine the activity

of GFP-Ras1Q66L, GFP-Ras1G17V and GFP-Ras1S22N , signalling was first anal-

ysed through the Scd1-Cdc42 mediated cell morphology pathway. Images of

cells in each population, expressing GFP from pREP3x, were obtained using a

Leica SP5 scanning confocal microscope. Cell circularity was then determined

using the Quimp image analysis software for 30 cells of each strain (Figure

4.46). Both GTPase deficient Ras1 mutants displayed reduced activity when
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Figure 4.45. The localisation of GFP-Ras1Q66L, GFP-Ras1G17V and
GFP-Ras1S22N

The localisation of GFP-Ras1 (JY1390), GFP-Ras1Q66L (JY1495), GFP-Ras1G17V

(JY1496) and GFP-Ras1S22N (JY1519) was determined using a Nikon E800 epiflu-
orescence microscope fitted with an Andor EM-CCD camera. All GFP-Ras1 fusions
displayed localisation to the plasma membrane and peri-nuclear endomembrane
structures. The scale bar represents 10 $m.

tagged with GFP. Cells expressing GFP-Ras1Q66L (JY1495) still displayed a

significantly less rounded morphology (78.2 + 1.2 %, P = 0.001) than !ras1

cells (JY1279) (85.9 + 1.5 %), similar to that observed in cells expressing GFP-

Ras1 (78.3 + 1.1 %). The strain containing GFP-Ras1G17V however, displayed

a rounded morphology (90.6 + 0.7 %) consistent with that observed in !ras1

cells. These results indicate quite considerable di"erences in the e"ect of the

GFP tag on these mutants, as the non-tagged version of Ras1G17V displayed

the more elongated morphology of the two mutants. Despite this, the localisa-

tion of Ras1G17V appeared largely similar to GFP-Ras1, suggesting that this

e"ect is likely due to impaired activity rather than altered localisation. GFP-

Ras1S22N , like Ras1S22N , displayed no signalling through this pathway (94.9 +

0.4 % circularity).
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Figure 4.46. Analysis of the morphology of cells expressing
GFP-Ras1Q66L, GFP-Ras1G17V and GFP-Ras1S22N

Images of populations of ras1+ (JY544), !ras1 (JY1279), gfp-ras1 (JY1390), gfp-
ras1Q66L (JY1495), gfp-ras1G17V (JY1496) and gfp-ras1S22N (JY1519) cells, express-
ing GFP from pREP3x, were obtained using a leica SP5 scanning confocal micro-
scope. Representative DIC images are displayed in panel A. Cell circularity was
calculated using Quimp software (B). GFP-Ras1Q66L was the only mutant which
supported significant signalling through Scd1-Cdc42 (P = 0.001). Data represen-
tative of 30 individual cells + SEM. Statistical significance was determined using a
one-way anova with a Tukey multiple comparison post test. Three asterisks indicates
a P-value of 0.001. The scale bar represents 10 $m
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4.7.4. The GFP tag restores signalling at high concentrations of

P-factor through Ras1Q66L and Ras1G17V .

Ras1Q66L and Ras1G17V both caused reduced signalling at higher P-factor con-

centrations, due to pheromone dependent cell death. These e"ects appear to

be caused by prolonged Ras1 signalling, due to the inability of these mutants

to hydrolyse GTP. As GFP-Ras1G17V and GFP-Ras1Q66L display a reduced

level of signalling compared to their non-tagged counterparts (Figure 4.46), it

is possible that the e"ect of these mutations on cell viability my be reduced.

To test this hypothesis, pheromone-dependent signalling was initially anal-

ysed using assays for !-galactosidase activity and average cell volume, fol-

lowing growth in a range of pheromone concentrations (1 nM to 100 %M) in

DMM for 16 h. Cells expressing GFP-Ras1Q66L (JY1495) and GFP-Ras1G17V

(JY1496) displayed a classic sigmoidal dose-response profile to pheromone in

!-galactosidase assays (Figure 4.47A). In addition, both displayed higher max-

imal signalling than JY1390 (gfp-ras1 ) (5.4 + 0.3), with JY1495 (gfp-ras1Q66L)

giving a maximal signal of 13.3 + 0.5 and JY1496 (gfp-ras1G17V ) giving a max-

inal signal of 18.3 + 0.6. Both displayed pEC50s comparable to wild-type cells

(JY544) (JY1495 = 7.4 + 0.1, JY1496 = 7.1 + 0.1 and JY544 = 6.8 + 0.1).

JY1495 (gfp-ras1Q66L) and JY1496 (gfp-ras1G17V ) also displayed a pheromone-

dependent increase in cell volume, although both displayed higher basal cell

volumes than wild type cells (JY1495 (gfp-ras1Q66L) = 74.9 + 1.1 fl, JY1496

(gfp-ras1G17V ) = 77.7 + 0.8 fl and JY544 (ras1+) = 67.0 + 1.3 fl). JY1495

(gfp-ras1Q66L) displayed an increase in cell volume comparable with JY1390

(gfp-ras1 ), reaching a maximum of 82.1 + 0.9 fl. JY1496 (gfp-ras1G17V ) gave

a higher maximal cell volume, more consistent with wild-type cells (JY544),

reaching 93.2 + 0.9 fl. These data suggest that GFP-Ras1G17V and GFP-

Ras1Q66L do not cause pheromone dependent cell death, and may allow a

more informative analysis of the signalling of these mutants.
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Figure 4.47. Pheromone-dependent changes in transcription and
cell volume in cells expressing GFP-Ras1Q66L and GFP-Ras1G17V

Pheromone-responsive changes in transcription and cell volume were observed in
ras1+ (JY544), !ras1 (JY1279), gfp-ras1 (JY1390), gfp-ras1Q66L (JY1495) and
gfp-ras1G17V (JY1496) cells. Cells were grown in the presence of 1 nM to 100
$M pheromone in DMM for 16 h. Assays were then performed for "-galactosidase
activity (A) and average cell volume (B). JY1495 and JY1496 both displayed
maximal "-galactosidase activity higher than JY1390, and both displayed an
increase in cell voume upon pheromone stimulation. Data shown is an average of
three independent determinants (+SEM).

Cells expressing GFP-Ras1G17V and GFP-Ras1Q66L exhibited a pheromone-

dependent increase in cell volume. To determine whether this increase in cell

volume corresponded to an increase in cell length, images of the strains JY1495

(gfp-ras1Q66L) and JY1496 (gfp-ras1G17V ), expressing GFP from pREP3x, were

obtained following 16 h growth in the absence and in the presence of 10 %M

pheromone in DMM lacking thiamine. Images were taken using a Leica SP5
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Figure 4.48. Analysing shmoo formation in cells expressing
GFP-Ras1Q66L (JY1495) and GFP-Ras1G17V (JY1496) using
quantitative image analysis

Images of ras1+ (JY544), !ras1 (JY1279), gfp-ras1 (JY1390), gfp-ras1Q66L

(JY1495) and gfp-ras1G17V (JY1496) cells were obtained following 16 h growth in
the absence and in the presence of 10 $M pheromone in DMM lacking thiamine,
using a Leica SP5 scanning confocal microscope. Representative DIC images are
displayed in panel A. JY1495 (gfp-ras1Q66L) and JY1496 (gfp-ras1G17V ) displayed
a significant pheromone-dependent increase in cell length (P = 0.001) (B). Data
shown is representative of 30 individual cells + SEM. Statistical significance was
determined using a one-way anova with a Tukey multiple comparison post test.
Three asterisks indicates a P-value of 0.001. Images from the populations analysed
demonstrate shmoo formation in response to pheromone in JY1495 (gfp-ras1Q66L)
and JY1496 (gfp-ras1G17V ) (B). The scale bar represents 10 $m.
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scanning confocal microscope. The Quimp image analysis software was then

used to determine cell length for 30 cells of each strain and under each assay

condition (Figure 4.48). Both strains displayed a pheromone-dependent in-

crease in cell length comparable to that observed in wild-type cells. JY1495

(gfp-ras1Q66L) exhibited an increase from 63.98 + 1.87 pixels to 103.0 + 5.0

pixels and JY1496 (gfp-ras1G17V ) exhibited an increase from 44.8 + 1.1 pixels

to 85.5 + 4.7 pixels. Shmoo formation could also be observed in images of

these cells, with cells exhibiting marked elongation following pheromone stim-

ulation. These data again indicate that GFP-Ras1G17V and GFP-Ras1Q66L

display signalling at higher pheromone concentrations, without any influence

upon cell viability.

4.7.5. Cells expressing GFP-Ras1S22N displays little pheromone-

responsive signalling.

Ras1G17V and Ras1Q66L displayed quite di"ering signalling characteistics when

tagged with GFP. To determine the signalling activity of GFP-Ras1S22N in

response to pheromone, !-galactosidase activity and average cell volume were

analysed following growth in a range of pheromone concentrations (1 nM to

100 %M) in DMM for 16 h. GFP-Ras1S22N supported a slight pheromone-

dependent increase in !-galactosidase activity, consistent with that observed in

cells expressing Ras1S22N from both the endogenous ras1 locus and pREP3x

(Figure 4.49A). JY1519 (gfp-ras1S22N) did not display any increase in cell

volume in response to pheromone, and exhibited a high basal cell volume (86.3
+ 0.4 fl) indicative of a rounded morphology (Figure 4.49B).

Images of JY1519 (gfp-ras1S22N), expressing GFP from pREP3x, were ob-

tained following 16 h growth in the absence and in the presence of 10 %M

pheromone in DMM lacking thiamine, using a Leica SP5 scanning confocal mi-

croscope. The Quimp image analysis software was then used to determine cell

length for 30 cells under each assay condition. JY1519 (gfp-ras1S22N) showed
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Figure 4.49. Pheromone-dependent changes in transcription and
cell volume in cells expressing GFP-Ras1S22N (JY1519)

Pheromone-responsive changes in transcription and cell volume were observed in
ras1+ (JY544), !ras1 (JY1279), gfp-ras1 (JY1390) and gfp-ras1S22N (JY1519)
cells. Cells were grown in 1 nM to 100 $M pheromone in DMM for 16 h. Assays were
then performed for "-galactosidase activity (A) and average cell volume (B). JY1519
displayed a small increase in "-galactosidase activity in response to pheromone,
and no increase in cell voume. Data shown is an average of three independent
determinants (+SEM).

no increase in cell length in response to pheromone (Figure 4.50B). These

calls also exhibited a rounded morphology similar to that seen in cells lacking

Ras1 (JY1279) (Figure 4.50A). These data indicate that GFP-Ras1S22N , like

Ras1S22N , displays little signalling activity.
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Figure 4.50. Pheromone-dependent elongation in cells expressing
GFP-Ras1S22N (JY1519)

Quimp software was used to determine the length of cells grown in the absence and
in the presence of 10 $M pheromone in DMM lacking thiamine for 16 h. Images were
taken using a Leica SP5 scanning confocal microscope. Representative DIC images
are shown in panel A. JY1519 (gfp-ras1S22N ) displayed no pheromone-dependent
increase in cell length (B). Data shown is representative of 30 individual cells +

SEM. Statistical significance was determined using a one-way anova with a Tukey
multiple comparison post test. Three asterisks indicates a P-value of 0.001. Images
from the populations analysed demonstrate no change in morphology in response to
pheromone in JY1519. The scale bar represents 10 $m.
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4.8. Summary

The Sz. pombe pheromone response and cell polarity pathways provide

ideal systems for the study of ras signalling. Despite this, few previous stud-

ies have sought to quantitatively characterise Ras1 signalling through these

pathways. This chapter details the development of a quantitative assay for

mating, in addition to the application of quantitative imaging techniques to

the study of cell morphology in Sz. pombe. These assays were then used in

conjunction with well established assays, such as the !-galactosidase assay for

pheromone-responsive transcription and propidium iodide assay for cell cycle

arrest, to characterise Ras1 signalling. In addition, a Tea1-mCherry strain

was constructed for the analysis of cell polarity. Ras1 activity was analysed

through the study of ras1+ and !ras1 strains, indicating that Ras1 has an

essential role in these processes.

The signalling activity of three Ras1 mutants were also discussed in this

chapter. The first mutant, Ras1S22N , was based upon mutants in human ras

isoforms which are unable to interact with GEF proteins e"ectively. Most sig-

nalling was lost through this mutant in all assays for Ras1 activity. The one ex-

ception to this was the small pheromone-dependent increase in !-galactosidase

activity observed in cells expressing this mutant. The level of activity observed

in cells containing Ras1S22N was very low and not increased upon constitutive

expression from pREP3x. This could indicate the retention of some sca"olding

activity, for example through low a!nity binding of Byr2, which is not present

in cells lacking Ras1 but is not dependent upon GEF mediated nucleotide

exchange.

The other mutants assayed in this chapter were both based upon GTPase

deficient mutants in human ras isoforms. This class of mutants are of high clin-

ical relevance, as they are implicated in a significant majority of human can-

cers, causing aberrant mitogenic signalling. The two mutants, Ras1Q66L and

Ras1G17V , di"er in the mechanism of their GTPase deficiency. The Gly17Val
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mutation alters the interaction between ras and the #-phosphate of GTP,

whereas the Gln66Leu mutant prevents the catalysis of GTP hydrolysis. De-

spite these di"erences both had a very similar e"ect upon signalling. Both

gave strong pheromone-dependent signalling at low P-factor concentrations,

but an apparent reduction in activity at higher ligand concentrations, due to

cell death. This e"ect was less apparent upon constitutive expression of the

mutants from pREP3x, as cell viability was a"ected even in the absence of

pheromone. The greatest di"erence between the two mutants was in their ef-

fect upon morphology. Ras1G17V , but not Ras1Q66L, caused a hyperelongated

phenotype, possibly indicating an increase in signalling through Scd1-Cdc42.

As a consequence, in addition to the e"ects upon cell viability, little pheromone

dependent elongation was seen in this strain at higher pheromone concentra-

tions.

It was found that the constitutive expression of Ras1 resulted in an in-

crease in chromosome missegregation. This e"ect was further compounded by

the constitutive expression of GTPase deficient mutants. Based upon previ-

ous work (Li et al. 2000), it is likely that this e"ect is due to an aberrant

interaction with Scd1. The e"ect of increased Ras1 expression and activity

upon chromosome instability could in part explain the reduced cell viability

observed in these strains.

The functional expression of a GFP-Ras1 fusion protein from the ras1 lo-

cus was also described. In addition, it was demonstrated that GFP-Ras1

localised to the plasma membrane and endomembranes. It was also indicated

that mutations which a"ected nucleotide binding and GTP hydrolysis did not

significantly a"ect localisation. Finally, the analysis of GFP-Ras1G17V and

GFP-Ras1Q66L function indicated signalling activity at high pheromone con-

centrations. These data suggest that cell viability was not impaired in these

populations. Both strains exhibited higher pheromone-dependent signalling

than in cells expressing GFP-Ras1. These e"ects could not be directly observed

in strains expressing Ras1G17V and Ras1Q66L due to impaired cell viability.



CHAPTER 5

The impact of Ras1 C-terminal modification and

localisation on signalling in fission yeast

5.1. Introduction

As with many components which translate extracellular signals into intra-

cellular responses, ras requires membrane association for correct function. The

localisation of ras proteins is a function of their C-terminus, which is the most

highly divergent region between most ras proteins. All ras proteins undergo

a process of cysteine farnesylation, catalysed by farnesyltransferases, at a C-

terminal CAAX motif (where A is any aliphatic residue and X is any amino

acid). However, this modification is not su!cient to promote stable membrane

association, and a second plasma membrane targeting motif is required (Eisen-

berg and Henis 2008). In Ras1, the second motif is a palmitoylated cysteine

residue directly upstream of the farnesylated cysteine (Figure 1.7).

One previous study has investigated the role of Ras1 C-terminal modifica-

tion in signalling (Onken et al. 2006). The study suggested that preventing

the palmitoylation of Ras1 blocked all transport of Ras1 to the plasma mem-

brane. In addition, it was indicated that preventing the plasma membrane

localisation of Ras1 disrupted mating but not polar cell morphology. It was

concluded that the signalling of Ras1 from the plasma membrane promoted

mating through activation of Byr2, and that endomembrane associated Ras1

was responsible for regulating cell polarity through activation of Scd1.

In the following chapter, the quantitative analysis of Ras1 localisation and

activity is detailed in mutants exhibiting C-terminal modification defects. In

addition, the localisation of the mutants displaying altered nucleotide binding

and hydrolysis phenotypes discussed in chapter 4 is also analysed.

155
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5.2. Quantifying Ras1 localisation

5.2.1. Comparing the localisation of GFP-Ras1 when expressed

from the ras1 locus and pREP3x.

Expression of GFP-Ras1 from the ras1 locus allowed the visualisation of Ras1

localisation (Figure 4.22). Despite this, expression of the fusion was at very

low levels, preventing the detailed analysis of localisation. In an attempt to in-

crease expression, GFP-Ras1 was expressed from pREP3x in the !ras1 strain

JY1279. The localisation of GFP-Ras1 when expressed from the ras1 locus or

from pREP3x was qualitatively similar. Both exhibited localisation predomi-

nantly to the plasma membrane, in addition to some localisation to endomem-

brane structures (Figure 5.1). Due to the low level of expression observed

from the ras1 locus, GFP-Ras1 could only be detected using an electron mul-

tiplying charge-coupled device (EM-CCD) camera, in which the signal at each

pixel is increased prior to visualisation. GFP-Ras1 expressed from the ras1

locus could not be detected using a scanning confocal microscope (Leica SP5),

whereas GFP-Ras1 expressed from pREP3x gave a very strong signal. Due to

the strength of this signal the image also contained markedly less noise. Given

this improved image quality, and the apparent lack of e"ect upon localisation,

expression from pREP3x could provide a means to analyse Ras1 localisation

at greater resolution and detail.

5.2.2. Wild-type Ras1 displays predominantly plasma membrane

localisation.

The higher level of expression observed from pREP3x allowed the generation of

higher resolution images of GFP-Ras1 localisation (Figure 5.1). Such images

should allow a more detailed analysis of GFP-Ras1 localisation. In addition to

the analysis of morphology, one of the primary functions of the Quimp plugin
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GFP-Ras1 int. 
and OE images

pREP3x-GFP-Ras1JY1390 (gfp-ras1)

Figure 5.1. Comparing the localisation of GFP-Ras1 when
expressed from he ras1 locus and pREP3x

Images of GFP-Ras1 expressed from the ras1 locus were taken using a Nikon E800
epifluorescence microscope fitted with an Andor EM-CCD camera, as GFP-Ras1
was not detected using a scanning confocal microscope (Leica SP5). Images of
GFP-Ras1 expressed from pREP3x were collected using a Leica SP5 scanning
confocal microscope. The scale bar represents 10 $m.

of ImageJ is to analyse the distribution of fluorescence in a cell, with a specific

focus on fluorescence at the cortex of the cell. This analysis therefore allows

the quantification of plasma membrane localisation. Images of !ras1 cells

(JY1279) expressing GFP and GFP-Ras1 from pREP3x were obtained using

a Leica SP5 scanning confocal microscope (Figure 5.2A). Quimp software was

then used to separate fluorescence at the periphery of the cell from the interior,

and the intensity of fluorescence in each of these compartments was determined

(Figure 5.2B). The level of plasma membrane fluorescence in cells expressing

GFP alone was determined to be 3.1 + 1.0 %, representing a small proportion

of soluble GFP in close proximity to the membrane. By contrast, GFP-Ras1

displayed predominantly plasma membrane localisation (78.0 + 3.5 %) (Fig-

ure 5.2C). Examination of GFP-Ras1 localisation indicates that the majority

of GFP-Ras1 not at the plasma membrane was located on endomembrane

structures. These observations are in agreement with those made in previ-

ous studies, in which it was reported that Ras1 localised mainly to the plasma

membrane and displays some endomembrane localisation (Onken et al. 2006).
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Figure 5.2. Quantifying the localisation of GFP-Ras1 using Quimp
software

Images of !ras1 cells (JY1279) expressing GFP and GFP-Ras1 from pREP3x were
obtained using a Leica SP5 scanning confocal microscope (A). The intensity of
fluorescence at the periphery compared to the interior of the cell was determined
using Quimp software (B), and percentage plasma membrane fluorescence was
calculated (C). The analysis indicated that GFP-Ras1 displayed predominantly
plasma membrane fluorescence. Statistical significance was determined using a
one-way anova with a Tukey multiple comparison post test. Three asterisks indicates
a P-value of 0.001. The scale bar represents 10 $m.
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Figure 5.3. Pheromone-dependent changes in transcription and cell
volume in cells expressing GFP-Ras1 from pREP3x

Pheromone-responsive changes in transcription and cell volume were observed !ras1
(JY1279) cells transformed with pREP3x-Ras1, pREP3x-GFP-Ras1 and vector
alone. Cells were grown in the presence of 1 nM to 100 $M pheromone in DMM
for 16 h. Assays were then performed for "-galactosidase activity (A) and average
cell volume (B). Both Ras1 and GFP-Ras1 displayed comparable "-galactosidase ac-
tivity, and both displayed an increase in cell voume upon pheromone stimulation.
Data shown is an average of three independent determinants (+SEM).
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5.2.3. Expression of GFP-Ras1 from pREP3x restores pheromone

dependent signalling in !ras1 (JY1279) cells.

Expression of GFP-Ras1 from pREP3x was used to allow the quantification

of Ras1 localisation. Signalling in response to pheromone was analysed to

determine whether GFP-Ras1 could support signalling when expressed from

pREP3x in the !ras1 strain JY1279. Assays for !-galactosidase activity and

average cell volume were performed following growth in a range of pheromone

concentrations (1 nM to 100 %M) in DMM lacking thiamine for 16 h. Cells

expressing GFP-Ras1 and Ras1 from pREP3x displayed very similar dose-

response profiles. Cells containing pREP3x-GFP-Ras1 gave a maximal signal

of 12.9 + 0.5 and a pEC50 of 6.7 + 0.1, compared to a maximal signal of 11.7
+ 0.3 and a pEC50 of 6.5 + 0.1 in cells expressing Ras1 (Figure 5.3A).

The expression of GFP-Ras1 and Ras1 from pREP3x also supported simi-

lar pheromone-dependent increases in cell volume. Cells expressing GFP-Ras1

exhibited a maximal volume of 86.30 + 1.4 fl and pEC50 of 7.6 + 0.3. Similarly,

cells containing Ras1 exhibited a maximal volume of 85.8 + 1.3 fl and pEC50

of 6.8 + 0.3. Cells containing GFP-Ras1 displayed a higher basal cell volume

than those expressing Ras1 (81.6 + 1.9 fl compared to 76.4 + 1.2 fl), possi-

bly indicating a slightly more rounded morphology than cells expressing Ras1

(Figure 5.3B). The expression of GFP-Ras1 from pREP3x causes an increase

in maximal signalling compared to when expressed from the ras1 locus (Figure

4.24). This is the inverse e"ect of that seen with wild-type Ras1, in which con-

stitutive expression causes reduced signalling, due to cell death (Figure 4.42).

These data could suggest that the constitutive expression of GFP-Ras1 is not

as detrimental to cell viability as that of wild-type Ras1.
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Figure 5.4. Analysing the localisation of GFP-Ras1Q66L,
GFP-Ras1G17V and GFP-Ras1S22N using Quimp software

Images of !ras1 cells (JY1279) expressing GFP and GFP-Ras1 fusions from
pREP3x were obtained using a Leica SP5 scanning confocal microscope (A). The
intensity of fluorescence at the periphery compared to the interior of the cell was
determined using Quimp software, and percentage plasma membrane fluorescence
was calculated (B). GFP-Ras1Q66Land GFP-Ras1G17V both displayed plasma
membrane localisation comparable to GFP-Ras1. GFP-Ras1S22N displayed a lower
level of plasma membrane localisation. Statistical significance was determined using
a one-way anova with a Tukey multiple comparison post test. Data representative
of 10 individual cells + SEM. One aserisk indicates a P-value of 0.05 and three
asterisks indicates a P-value of 0.001. The scale bar represents 10 $m.
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5.2.4. The localisation of Ras1 is altered in mutations which af-

fect nucleotide binding and hydrolysis.

Expression of GFP-Ras1Q66L, GFP-Ras1G17V and GFP-Ras1S22N from the ras1

locus revealed no clear change in the localisation of all three mutants com-

pared to wild-type Ras1 (Figure 4.45). However, as discussed in the preceding

sections, the expression of GFP-Ras1 fusions from the ras1 locus does not

allow the detailed analysis of localisation. To increase their expression, GFP-

Ras1Q66L, GFP-Ras1G17V and GFP-Ras1S22N were expressed in the !ras1

strain JY1279 from pREP3x. Fluorescence images were then obtained using a

Leica SP scanning confocal microscope (Figure 5.4A), and Quimp software was

used to determine the level of fluorescence at the plasma membrane (Figure

5.4B).

Both GFP-Ras1Q66L and GFP-Ras1G17V displayed high levels of plasma

membrane localisation. Both exhibited higher mean percentage plasma mem-

brane fluorescence (89.8 + 2.1 % and 87.4 + 6.9 % respectively) than GFP-Ras1

(78.0 + 3.5 %), although this di"erence was not statistically significant in either

case. GFP-Ras1S22N , by contrast, displayed a significantly lower percentage

membrane fluorescence (59.1 + 6.0 %, P = 0.05). These data could indicate

that the functional interactions of Ras1, which require nucleotide exchange,

influence the levels of Ras1 at the plasma membrane.

5.3. Analysing the role of Ras1 C-terminal modification

Ras1 is modified at two C-terminal residues to promote plasma membrane

association (Onken et al. 2006). Cys216, which is contained within a canonical

CAAX farnesylation motif, is the first residue to be modified by the addition

of farnesyl group. This event is required for all downstream modifications to

proceed. The AAX is then cleaved and the C-terminal cysteine is methyl ester-

ified (Eisenberg and Henis 2008). Finally, the Cys215 residue is palmitoylated

and the C-terminal modification of Ras1 is complete. The modification of
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these residues can be prevented through the use of analogues which sequester

the enzymes responsible for these modification, such as 2-bromo-palmitate

(Resh 2006), or the more direct approach of site-directed mutagenesis. In the

following section, the use of conservative cysteine to serine mutations to pre-

vent farnesylation and palmitoylation is discussed. Both the function of these

mutants, determined using the assays describe in chapter 4, and their locali-

sation, determined using the techniques described in the preceding section, is

described.

5.3.1. Preventing lipid modification of Ras1 reduces plasma mem-

brane localisation.

N-terminal GFP fusions of the palmitoylation deficient Ras1C215S mutant and

palmitoylation and farnesylation deficient Ras1C216S mutant were created at

the ras1 locus, to allow analysis of the e"ects of these mutants upon Ras1 lo-

calisation. Integration was performed using the method described previously

(Figure 4.28A). Expression was confirmed by immunoblotting using an anti-ras

RAS10 antibody, giving a signal at a position consistent with the predicted

size of the fusion (! 53 kDa) (Figure 5.5).

In order to determine the e"ect of altering the C-terminal modification

of Ras1 upon Ras1 localisation, images of cells expressing GFP-Ras1, GFP-

Ras1C215S and GFP-Ras1C216S from the endogenous ras1 promoter were ob-

tained. Images were taken using a Nikon E800 epifluorescence microscope

fitted with an Andor EM-CCD camera (Figure 5.6). Little plasma membrane

localisation of GFP-Ras1C215S or GFP-Ras1C216S was observable. However, the

fluorescence signal was extremely low, preventing clear analysis of the localisa-

tion of either mutant. GFP-Ras1C215S displayed some localisation to internal

structures, which could represent endomembranes. GFP-Ras1C216S appeared

to be present throughout the cytosol.
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Figure 5.5. Expression of GFP-Ras1C215S (JY1522) and
GFP-Ras1C216S (JY1494)

Integration of GFP-Ras1C215S (JY1522) and GFP-Ras1C216S (JY1494) in the
ras1::ura4+, sxa2>lacZ reporter strain JY1247 was confirmed via immunoblotting
using an anti-ras RAS10 antibody. Coomassie stains of whole protein are included
above the immunoblot as loading controls.

5.3.2. Quantification of GFP-Ras1C215S and GFP-Ras1C216S local-

isation.

Neither GFP-Ras1C215S or GFP-Ras1C216S exhibited clear plasma membrane

localisation when expressed from the ras1 locus. However, the quality of these

images was very poor. To allow the generation of higher resolution images of

GFP-Ras1C215S and GFP-Ras1C216S, their localisation was determined through

expression from pREP3x in the !ras1 strain JY1279. Fluorescence images

were obtained using a Leica SP5 scanning confocal microscope (Figure 5.7A),

and the images were analysed using Quimp software to determine the level

of fluorescence at the periphery compared to the interior of the cell (Figure

5.7B). The loss of C-terminal modifications had profound e"ects upon Ras1

localisation. The loss of the palmitoyl group caused a reduction in plasma
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Figure 5.6. The localisation of GFP-Ras1C215S and GFP-Ras1C216S

The localisation of GFP-Ras1, GFP-Ras1C215S and GFP-Ras1C216S , upon ex-
pression from the ras1 locus, was determined using a Nikon E800 epifluorescence
microscope fitted with an Andor EM-CCD camera. GFP-Ras1 was observed at
the plasma membrane and peri-nuclear endomembrane structures. GFP-Ras1C215S

appeared to localise to endomembrane structures and GFP-Ras1C216S exhibited
di!use cytosolic localisation. The scale bar represents 10 $m.

membrane localisation, with plasma membrane fluorescence falling from 78.0
+ 3.5 % of wild-type GFP-Ras1 to 16.6 + 1.8 % of GFP-Ras1C215S. Despite

this drop, Ras1 was still observed at the plasma membrane, an observation

which contradicts a previous study where it was suggested the loss of the

palmitoyl group prevents Ras1 from reaching the plasma membrane (Onken

et al. 2006). However, more recent studies have suggested that monolipi-

dated proteins, such as GFP-Ras1C215S, do not display preferential localisa-

tion to specific membrane compartments, with their localisation simply re-

flecting membrane density (Rocks et al. 2010). This observation is in concert

with the localisation of GFP-Ras1C215S observed in Figure 5.7, in which GFP-

Ras1C215S displays a uniform distribution across the plasma membrane and

endomembranes. GFP-Ras1C216S displayed no specific membrane localisation

and appeared largely cytosolic, exhibiting a plasma membrane fluorescence

comparable to GFP alone (4.4 + 1.5 % compared to 3.1 + 1.0 %).
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Figure 5.7. Analysing the localisation of GFP-Ras1C215S and
GFP-Ras1C216S using Quimp software

Images of !ras1 cells (JY1279) expressing GFP and GFP-Ras1 fusions from
pREP3x were obtained using a Leica SP5 scanning confocal microscope (A). The
intensity of fluorescence at the periphery compared to the interior of the cell was
determined using Quimp software, and percentage plasma membrane fluorescence
was calculated (B). Preventing lipid modification caused a reduction in the plasma
membrane localisation of Ras1. Statistical significance was determined using
a one-way anova with a Tukey multiple comparison post test. Three asterisks
indicates a P-value of 0.001. Data representative of 10 individual cells + SEM. The
scale bar represents 10 $m.
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Figure 5.8. Expression of Ras1C215S (JY1378) and Ras1C216S

(JY1380) in the "-galactosidase reporter strain
Integration of Ras1C215S (JY1378) and Ras1C216S (JY1380) in the ras1::ura4+,
sxa2>lacZ reporter strain JY1247 was confirmed via immunoblotting using an
anti-ras RAS10 antibody. Coomassie stains of whole protein are included above the
immunoblot as loading controls.

5.3.3. Integration of Ras1C215S and Ras1C216S.

In order to analyse the function of Ras1C215S and Ras1C216S when expressed

from the endogenous ras1 promoter, both mutants were integrated at the

ras1 locus in the ras1::ura4+, sxa2>lacZ strain JY1247 (Figure 5.8) and the

ras1::ura4+, tea1-mCherry strain JY1504 (Figure 5.9) using the method de-

scribed previously (Figure 4.28A). Expression was confirmed by immunoblot-

ting using an anti-ras RAS10 antibody.
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Figure 5.9. Expression of Ras1C215S (JY1505) and Ras1C216S

(JY1506) in the Tea1-mCherry strain
Integration of Ras1C215S (JY1505) and Ras1C216S (JY1506) in the ras1::ura4+,
tea1-mCherry strain JY1569 was confirmed via immunoblotting using an anti-ras
RAS10 antibody. Coomassie stains of whole protein are included above the
immunoblot as loading controls.

5.3.4. Lipid modification of Ras1 is required to maintain elon-

gated cell morphology.

GFP-Ras1C215S and GFP-Ras1C216S both exhibited altered localisation com-

pared to GFP-Ras1. It has previously been suggested that the localisation

of Ras1 to the plasma membrane is not required to maintain elongated mor-

phology, and that this process is controlled at the endomembranes. As a

consequence, it would be expected that morphology was una"ected in cells

expressing Ras1C215S (Onken et al. 2006), which exhibited high levels of
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Figure 5.10. Analysis of the morphology of cells expressing
Ras1C215S and Ras1C216S

Images of ras1+ (JY544), !ras1 (JY1279), ras1C215S (JY1378) and ras1C216S

(JY1380) cells, expressing GFP from pREP3x, were obtained using a Leica SP5
scanning confocal microscope. Representative DIC images are displayed in panel
A. Cell circularity was determined using Quimp software (B). ras1C215S (JY1378)
and ras1C216S (JY1380) cells both displayed rounded morphologies consitent with
cells lacking Ras1. The localisation of Tea1-mCherry was determined in ras1+
(JY1469), !ras1 (JY1569), ras1C215S (JY1505) and ras1C216S (JY1506) cells us-
ing a Nikon E800 epifluorescence microscope fitted with an Andor EM-CCD camera
(C). ras1C215S (JY1505) and ras1C216S (JY1506) cells displayed little polar Tea1
localisation. The scale bar represents 10 $m. Data representative of 30 individual
cells + SEM. Three asterisks indicates a P value of 0.001.



5.3. ANALYSING THE ROLE OF RAS1 C-TERMINAL MODIFICATION 170

endomembrane Ras1 localisation. To test this hypothesis, cell polarity was

analysed in cells expressing Ras1C215S and Ras1C216S through analysis of Tea1

localisation and percentage circularity.

The localisation of Tea1-mCherry was determined in cells expressing the

mutants Ras1C215S and Ras1C216S from the ras1 locus using a Nikon E800 epi-

fluorescence microscope fitted with an Andor EM-CCD camera. Some polar

Tea1-mCherry localisation was observed in cells expressing Ras1C215S, however

Tea1-mCherry was not as exclusively localised to the cell tips as in wild-type

cells, displaying localisation to other regions of the plasma membrane (Figure

5.10C). Cells expressing Ras1C216S exhibited little polar Tea1-mCherry local-

isation, displaying localisation to the extent of the cell cortex in a pattern

consistent with that observed in cells lacking Ras1.

Images of cells expressing Ras1C215S and Ras1C216S from the ras1 locus,

and expressing GFP from pREP3x, were obtained using a Leica SP5 scan-

ning confocal microscope. Quimp software was then used to determine the

circularity of 30 individual cells of each strain. The reduced tip-specific local-

isation of Tea1-mCherry in cells expressing Ras1C215S was reflected in a high

percentage circularity in the strain JY1378 (ras1C215S) (85.6 + 1.3 %) (Fig-

ure 5.10A and B). This observation contradicts previous reports, suggesting

that palmitoylation of Ras1 is not required to maintain polar cell morphology.

Ras1C216S, which displays little membrane association, did not support polar

Tea1-mCherry localisation or elongated morphology, with these cells display-

ing a percentage circularity of 83.3 + 1.5 %.

5.3.5. Cell polarity is not restored by the addition of cAMP in

cells expressing Ras1C215S and Ras1C216S.

The strains JY544 and JY1469, and all subsequent strains generated from

either strain, contain a chromosomal deletion of cyr1!. Cyr1 is known to af-

fect morphology, causing cells to become shorter and appear less polar (Jin
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Figure 5.11. Polar cell morphology in ras1C215S (JY1378) and
ras1C216S (JY1380) cells is not rescued by exogenous cAMP

ras1+ (JY544), !ras1 (JY1279), ras1C215S (JY1378) and ras1C216S (JY1380) cells
were grown in the presence of up to 10 mM cAMP in DMM for 24 h. DIC images
were then obtained using a Leica SP5 scanning confocal microscope. JY544 displayed
a dose-dependent increase in cell length, whereas none was seen in JY1279, JY1378
or JY1380. The scale bar represents 10 $m.
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et al. 1995). Therefore, the strain background used in this study could be

a criticism of the results described in Figure 5.10. Loss of Cyr1, however,

can be recovered through the addition of exogenous cAMP (Demirbas et al.

2011). The strains JY544 (ras1+), JY1279 (ras1!), JY1378 (ras1C215S) and

JY1380 (ras1C216S) were grown in DMM containing a range of cAMP concen-

tration (0, 1mM and 10mM), and were imaged after 24 h growth using a Leica

SP5 scanning confocal microscope (Figure 5.11). JY544 displayed a marked

increase in cell length upon the addition of cAMP. JY1378 (ras1C215S) and

JY1380 (ras1C216S) displayed a slight increse in cell length, with cells appear-

ing slightly more elongated. However, a similar e"ect was also observed in

cells lacking Ras1. This observation confirms the finding detailed in Figure

5.10 that neither Ras1C215S or Ras1C216S are able to rescue cell polarity.

5.3.6. The lipid modification of Ras1 is required for pheromone-

responsive signalling.

5.3.6.1. Analysis of pheromone-responsive changes in "-galactosidase ac-

tivity and average cell volume in cells expressing Ras1C215S and Ras1C216S.

Ras1 is known to interact with Byr2 at the plasma membrane (Bauman et

al. 1998). As a consequence, it would be expected that Ras1 C-terminal

modification is key to pheromone-dependent signalling. To determine the

requirement for Ras1 C-terminal modification in pheromone-responsive pro-

cesses, the signalling activity of cells expressing Ras1C215S and Ras1C216S was

analysed through the investigation of !-galactosidase activity and average cell

volume. Analysis was performed following growth in a range of pheromone

concentrations (1 nM to 100 %M) in DMM for 16 h.

Cells expressing Ras1C215S exhibited reduced maximal signalling compared

to wild-type cells (JY544) in !-galactosidase assays (3.7 + 0.2 compared to 20.0
+ 0.6) (Figure 5.12A), indicating that reducing the level of Ras1 at the plasma

membrane reduces the magnitude of signalling. Cells expressing Ras1C215S
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gave a lower pEC50 to pheromone (6.4 + 0.1) than cells expressing Ras1 (7.2 +

0.1), potentially due to the lower level of maximal signalling observed in these

cells. Ras1C216S gave little signalling. Neither mutant supported a pheromone-

dependent increase in cell volume (Figure 5.12B). These observations suggest

that Ras1 plasma membrane localisation is key to pheromone-dependent sig-

nalling. Both also exhibited higher basal cell volumes (ras1C215S cells = 77.0
+ 2.0 fl, ras1C216S cells = 78.3 + 2.3 fl), similar to that observed for cells lack-

ing Ras1 (81.8 + 2.2 fl), and indicative of the rounded morphology of these cells.

5.3.6.2. Analysis of pheromone-responsive cell elongation in cells express-

ing Ras1C215S and Ras1C216S. Neither Ras1 mutant displayed a pheromone-

dependent increase in cell volume. However, the measurement of cell volume

is complicated by changes in cell width (section 4.3.2), which is also influ-

enced by Ras1 signalling (Kelly and Nurse 2011). In order to more accurately

measure shmoo formation, cell elongation in response to pheromone was also

analysed using quantitative imaging. Images of cells expressing Ras1C215S

and Ras1C216S from the ras1 locus, with concurrent expression of GFP from

pREP3x, were obtained using a Leica SP5 scanning confocal microscope. Anal-

ysis was performed following growth in the presence (10 %M P-factor) and ab-

sence of pheromone in DMM lacking thiamine for 16 h. Quimp software was

then used to determine the length of 30 individual cells of each strain under

each assay condition.

Cells expressing Ras1C216S did not increase in cell length in response to

pheromone, although a small increase in cell length was observed in cell ex-

pressing Ras1C215S of 5.18 pixels on average (Figure 5.13). Cell expressing

Ras1C215S and Ras1C216S both exhibited a reduced basal cell length, similar to

that observed in cells lacking Ras1 (ras1C215S = 35.7 + 1.8, ras1C216S = 40.8 +

1.7 and !ras1 = 37.5 + 1.1). These values are indicative of a shorter, and po-

tentially more rounded morphology. Images of the strains JY1378 (ras1C215S)

and JY1380 (ras1C216S) indicate no clear shmoo formation.
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Figure 5.12. Pheromone-dependent changes in transcription and
cell volume in cells expressing Ras1C215S and Ras1C216S

Pheromone-responsive changes in transcription and cell volume were observed in
ras1+ (JY544), !ras1 (JY1279), ras1C215S (JY1378) and ras1C216S (JY1380) cells.
Cells were grown in 1 nM to 100 $M pheromone in DMM for 16 hs. Assays were
then performed for "-galactosidase activity (A) and average cell volume (B). JY1378
displayed pheromone-dependent "-galactosidase activity, but to a lesser extent then
JY544. Ras1C215S and Ras1C216S did not support pheromone-responsive changes in
cell volume. Data shown is an average of three independent determinants (+SEM).
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Figure 5.13. Pheromone-dependent cell elongation in cells
expressing Ras1C215S and Ras1C216S

Images of cells containing wild-type Ras1 (JY544), Ras1C215S (JY1378), Ras1C216S

(JY1380) and cells lacking Ras1 (JY1279) were obtained following growth in the
absence and in the presence of 10 $M pheromone in DMM lacking thiamine for
16 h, using a Leica SP5 scanning confocal microscope. Representative DIC images
are displayed in panel A. Cell length was then determined for 30 cells using Quimp
software. Cells expressing Ras1C215S and Ras1C216S displayed no significant increase
in cell length in response to pheromone (B). Data shown is representative of 30
individual cells + SEM. Statistical significance was determined using a one-way anova
with a Tukey multiple comparison post test. Three asterisks indicates a P-value of
0.001. Images from the populations analysed demonstrate no change in morphology
in response to pheromone. The scale bar represents 10 $m.
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Figure 5.14. Pheromone-responsive changes in cell cycle position in
cells expressing Ras1C215S and Ras1C216S

Cell cycle arrest was analysed in ras1+ (JY544), !ras1 (JY1279), ras1C215S

(JY1378) and ras1C216S (JY1380) cells using propidium iodide staining and flow
cytometry, after growth in the presence (10 $M P-factor) and absence of pheromone
in DMM for 6 h. This analysis allowed the distinction between cells containing a
single complement (1C) and double complement (2C) of DNA (A). Cells expressing
Ras1C215S (JY1380) displayed some pheromone-dependent G1 arrest (B). Data
shown representative of three independent determinants + SEM. Analysis was
performed for 30000 cells. Statistical significance was determined using a one-way
anova with a Tukey multiple comparison post test. Three asterisks indicates a
P-value of 0.001.

5.3.6.3. Analysis of pheromone-dependent cell cycle arrest in cells express-

ing Ras1C215S and Ras1C216S. Cells expressing Ras1C215S and Ras1C216S both

display limited pheromone-dependent signalling. To investigate their ability

to induce a pheromone-dependent cell cycle arrest, cell cycle position was de-

termined following growth in the presence (10 %M P-factor) and absence of
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pheromone in DMM for 6 h. Cell cycle position was analysed using propid-

ium iodide staining and flow cytometry. Analysis indicated little pheromone-

responsive G1 arrest in cells expressing Ras1C216S. Cells expressing Ras1C215S

showed an increase in cells in G1 following pheromone stimulation (14.2 + 1.0

% to 25.7 + 0.5 %), however the increase was not statistically significant (Fig-

ure 5.14). Despite this, an increase in cells containing a single complement of

DNA (1C) was visible upon pheromone stimulation (Figure 5.14A).

Due to the low levels of pheromone responsive-signalling observed in cells

containing Ras1C215S and the lack of signalling displayed by cells expressing

Ras1C216S, it would be expected that neither mutant would support mating.

The mating of strains expressing Ras1C215S or Ras1C216S from the ras1 locus

was determined using the quantitative assay for spore formation detailed in

section 4.2.1. Neither mutant was able to support any mating when expressed

from the ras1 locus, in conjunction with expression of Sxa2 from pREP41x (0

% in all assays).

5.3.7. GFP-Ras1C215S and GFP-Ras1C216S display a similar signal-

ing profile to their non-tagged counterparts.

Analysis of the signalling of GFP-tagged mutants has previously proved in-

formative of their function, allowing the characterisation of signalling through

GTPase deficient mutants at high pheromone concentrations (Figure 4.47).

However, Ras1C215S and Ras1C216S were unable to support polar cell morphol-

ogy when expressed from the ras1 locus. As the addition of GFP to Ras1

predominantly reduces signalling activity, it would be expected that cells con-

taining GFP-Ras1C215S and GFP-Ras1C216S would also not display polar cell

morphology. To determine whether GFP-Ras1C215S and GFP-Ras1C216S could

support cell polarity, images of cells expressing Ras1C215S and Ras1C216S from

the ras1 locus, and expressing GFP from pREP3x, were obtained using a

Leica SP5 scanning confocal microscope. Quimp software was then used to
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determine the circularity of 30 cells within each population. Strains express-

ing both GFP-tagged mutants displayed a rounded morphology, consistent

with a lack of signalling through Scd1-Cdc42 (Figure 5.15). Cells expressing

GFP-Ras1C215S exhibited a percentage circularity of 94.3 + 0.4 % and cells

expressing GFP-Ras1C216S exhibited a percentage circularity of 90.3 + 0.7 %.

The !ras1 strain JY1279 displayed a similar percentage circularity of 87.5 +

1.2 %.

Despite the lack of polar cell morphology observed in cells expressing GFP-

Ras1C215S and GFP-Ras1C216S, Ras1C215S have previously been shown to ex-

hibit some pheromone-dependent signalling (Figure 5.12 and 5.14). As such,

GFP-Ras1C215S may also retain some function, allowing cells to respond to

pheromone stimulation. Analysis of pheromone-dependent signalling, through

the investigation of !-galactosidase activity and average cell volume, indicated

a similar pattern of signalling in cells expressing GFP-Ras1C215S and GFP-

Ras1C216S as that observed in cells containing their non-tagged counterparts.

!-galactosidase activity and average cell volume were analysed following growth

in a range of pheromone concentrations (1 nM to 100 %M) in DMM for 16 h.

Cells expressing GFP-Ras1C215S displayed reduced maximal signalling in

!-galactosidase assays compared to both Ras1 and GFP-Ras1 (2.4 + 0.3 com-

pared to 20.7 + 0.7 and 5.4 + 0.3 respectively) (Figure 5.16A). Cells containing

GFP-Ras1C216S displayed no pheromone-dependent !-galactosidase activity.

Neither supported an increase in cell volume in response to pheromone (Fig-

ure 5.16B). Cells expressing GFP-Ras1C215S and GFP-Ras1C216S also exhibited

a high basal cell volume (83.3 + 2.4 fl and 87.7 + 1.3 fl respectively), similar

to that observed in cells lacking Ras1 (88.74 + 1.6 fl).
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Figure 5.15. Analysis of the morphology of cells expressing
GFP-Ras1C215S and GFP-Ras1C216S

Images of ras1+ (JY544), !ras1 (JY1279), gfp-ras1C215S (JY1494) and gfp-ras1C216S

(JY1522) cells, expressing GFP from pREP3x were obtained using a Leica SP5 scan-
ning confocal microscope. Representative DIC images are displayed in panel A. Cell
circularity was determined using Quimp software (B). gfp-ras1C215S (JY1494) and
gfp-ras1C216S (JY1522) cells both displayed rounded morphologies consitent with
cells lacking Ras1. Data representative of 30 individual cells + SEM. The scale bar
represents 10 $m. Statistical significance was determined using a one-way anova with
a Tukey multiple comparison post test. Three asterisks indicates a P-value of 0.001.
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Figure 5.16. Pheromone-dependent changes in transcription on cell
volume in cells expressing GFP-Ras1C215S and GFP-Ras1C216S

Pheromone-responsive changes in transcription and cell volume were observed in
ras1+ (JY544), !ras1 (JY1279), gfp-ras1 (JY1390), gfp-ras1C215S (JY1494) and gfp-
ras1C216S (JY1522) cells. Cells were grown in 1 nM to 100 $M pheromone in DMM
for 16 h. Assays were then performed for "-galactosidase activity (A) and average
cell volume (B). JY1494 (gfp-ras1C215S) displayed reduced pheromone-dependent
"-galactosidase activity compared to JY544 (ras1+) and JY1390 (gfp-ras1 ). JY1522
(gfp-ras1C216S) displayed no "-galactosidase activity. Cells expressing both GFP
fused Ras1 mutants did not display pheromone-responsive changes in cell volume.
Data shown is an average of three independent determinants (+SEM).

5.3.8. Ras1C215S and Ras1C216S display strong pheromone depen-

dent signalling when expressed from pREP3x.

The results observed for Ras1C215S and Ras1C216S to this point indicate that

preventing the localisation of Ras1 to the plasma membrane causes it to become

limiting in both the pheromone response and the regulation of cell morphol-

ogy. Based upon this observation, the constitutive expression of Ras1C215S and

Ras1C216S mutants should increase their signalling output, as increasing their
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concentration throughout the cell should increase their local concentration at

the plasma membrane.

To test this hypothesis, Ras1C215S and Ras1C216S were expressed from the

pREP3x vector in the !ras1 strain JY1279, and signalling in response to

pheromone was determined through analysis of !-galactosidase activity and

average cell volume. !-galactosidase activity and average cell volume were

analysed following growth in a range of pheromone concentrations (1 nM to

100 %M) in DMM lacking thiamine for 16 h.

Both Ras1C215S and Ras1C216S supported high levels of !-galactosidase ac-

tivity in response to pheromone (Figure 5.17A). Cells expressing Ras1C215S

from pREP3x gave a maximal response of 24.9 + 1.0 and Ras1C216S a maximal

response of 18.0 + 0.5, compared to 12.2 + 0.4 in those expressing wild-type

Ras1. This increased activity relative to cells expressing Ras1 from pREP3x

could be due to the reduced cell viability observed in cells containing pREP3x-

Ras1 (Figure 4.42). As Ras1C215S and Ras1C216S are less active, their unregu-

lated expression from pREP3x may be less harmful to the cell. Cells containing

pREP3x-Ras1C216S displayed a reduced pEC50 to pheromone (6.7 + 0.1) than

those containing pREP3x-Ras1C215S and pREP3x-Ras1 (7.1 + 0.1 and 7.4 +

0.2) despite displaying a high maximal response to pheromone, possibly due

to the lack of a membrane tether holding Ras1 in proximity to upstream acti-

vators.

The expression of Ras1C215S from pREP3x in cells lacking Ras1 elicited

a large pheromone-dependent increase in cell volume, increasing from 82.6 +

1.3 fl to 112.6 + 1.1 fl (Figure 5.17B). Cells containing pREP3x-Ras1C216S dis-

played a less pronounced increase in cell volume, increasing from 76.4 + 0.8

fl to 81.9 + 0.1. By contrast, cells expressing wild-type Ras1 from pREP3x

exhibited only a slight increase in cell volume (83.0 + 1.9 fl to 85.8 + 0.7).

These data further highlight the significant pheromone-dependent signalling

supported by Ras1C215S and Ras1C216S when expressed from pREP3x.
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Figure 5.17. Pheromone-dependent changes in transcription on cell
volume in cells expressing Ras1C215S and Ras1C216S from pREP3x

Pheromone-responsive changes in transcription and cell volume were observed in
!ras1 (JY1279) cells transformed with pREP3x-Ras1C215S , pREP3x-Ras1C216S ,
pREP3x-Ras1 and vector alone. Cells were grown in 1 nM to 100 $M pheromone
in DMM lacking thiamine for 16 h. Assays were then performed for "-galactosidase
activity (A) and average cell volume (B). Cells expressing both Ras1 mutants from
pREP3x exhibited pheromone-dependent "-galactosidase activity and increases in
average cell volume. Data shown is an average of three independent determinants
(+SEM).
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5.4. Prolonging the activity of Ras1C215S rescues signalling

5.4.1. Expression of Ras1Q66L, C215S.

The results discussed in section 5.3 suggest that reducing the concentration

of Ras1 at the plasma membrane results in Ras1 becoming limiting in both

pheromone-responsive signalling and the regulation of cell morphology. One

way of corroborating this observation is to determine whether allowing Ras1C215S

to activate more downstream e"ectors would increase functional output. This

was investigated through increasing the period of activation of the Ras1C215S

mutant, with the addition of the Gln66Leu GTPase deficiency mutation.
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Figure 5.18. Expression of Ras1Q66L, C215S in the "-galactosidase
reporter strain

Integration of Ras1Q66L, C215S into the ras1::ura4+, sxa2>lacZ reporter strain
JY1247 was confirmed via immunoblotting using an anti-ras RAS10 antibody.
Coomassie stains of whole protein are included above the immunoblot as loading
controls.
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Figure 5.19. Expression of Ras1Q66L, C215S in the Tea1-mCherry
strain

Integration of Ras1Q66L, C215S into the ras1::ura4+, tea1-mCherry strain JY1569
was confirmed via immunoblotting using an anti-ras RAS10 antibody. Coomassie
stains of whole protein are included above the immunoblot as loading controls.

Ras1Q66L, C215S was integrated at the ras1 locus in the strains JY1247

(!ras1::ura4+, sxa2>lacZ ) (Figure 5.18) and JY1504 (!ras1::ura4+, tea1-

mCherry) (Figure 5.19) as previously described (Figure 4.28A). Expression

was confirmed by immunoblotting using the anti-ras RAS10 antibody. In

addition, a direct in-frame N-terminal GFP-Ras1Q66L, C215S fusion was cre-

ated at the ras1 locus in the sxa2>lacZ reporter strain. Expression of GFP-

Ras1Q66L, C215S from the ras1 locus was also confirmed by immunoblotting,

giving a chemiluminescent signal at a position consistent with the predicted

size of the fusion (! 52kDa) and exhibiting no evidence of breakdown (Figure

5.20).
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Figure 5.20. Expression of GFP-Ras1Q66L, C215S

Integration of GFP-Ras1Q66L, C215S into the ras1::ura4+, sxa2>lacZ reporter strain
was confirmed via immunoblotting using an anti-ras RAS10 antibody. Coomassie
stains of whole protein are included above the immunoblot as loading controls.

5.4.2. The localisation of GFP-Ras1C215S is unaltered by the ad-

dition of a Gln66Leu mutation.

In order to determine whether increasing the duration of Ras1C215S activa-

tion rescues signalling, it is important to ensure that the localisation of GFP-

Ras1C215S is not altered by the addition of a Gln66Leu mutation. If the locali-

sation of GFP-Ras1C215S and GFP-Ras1Q66L, C215S di"er, any change in activ-

ity cannot be solely attributed to the increased duration of Ras1Q66L, C215S ac-

tivity. The localisation of GFP-Ras1Q66L, C215S was first analysed upon expres-

sion from the ras1 locus using a Nikon E800 epifluorescence microscope fitted

with an Andor EM-CCD camera. GFP-Ras1Q66L, C215S appeared to localise

predominantly to endomembrane structures, largely surrounding the nucleus

of the cell, and displayed a localisation pattern consistent with GFP-Ras1C215S
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Figure 5.21. The localisation of GFP-Ras1Q66L, C215S

The localisation of GFP-Ras1, GFP-Ras1C215S and GFP-Ras1Q66L, C215S , upon
expression from the ras1 locus, was determined using a Nikon E800 epifluorescence
microscope fitted with an Andor EM-CCD camera. GFP-Ras1 was observed at
the plasma membrane and peri-nuclear endomembrane structures. GFP-Ras1C215S

and GFP-Ras1Q66L, C215S displayed endomembrane localisation. The scale bar
represents 10 $m.

(Figure 5.21). These data suggest that the localisation of GFP-Ras1C215S is

not perturbed by altering the ability of the protein to hydrolyse GTP.

In order to perform a more detailed analysis of GFP-Ras1Q66L, C215S lo-

calisation, the peripheral fluorescence of GFP-Ras1Q66L, C215S was quantified

upon expression from pREP3x in the !ras1 strain JY1279. Fluorescence im-

ages were obtained using a Leica SP5 scanning confocal microscope (Figure

5.22A), and the percentage fluorescence at the periphery relative to the interior

of the cell was calculated using Quimp software (Figure 5.22B). GFP-Ras1C215S

was previously determined to have a percent plasma membrane localisation of

16.6 + 1.8 %. This appeared unchanged upon the addition of the Gln66Leu

mutation in GFP-Ras1Q66L, C215S (15.3 + 1.3 %). Both displayed a signifi-

cantly lower level of plasma membrane localisation than GFP-Ras1 (78.0 +

3.5 %, P = 0.001), exhibiting high levels of endomembrane localisation. This

observation suggests that any change in function observed in Ras1Q66L, C215S

compared to Ras1C215S is a consequence of the GTPase deficiency conferred

by the Gln66Leu mutation, as opposed to an alteration in localisation.
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Figure 5.22. Analysing the localisation of GFP-Ras1Q66L, C215S

using Quimp software
Images of!ras1 cells (JY1279) expressing GFP and GFP-Ras1 fusions from pREP3x
were obtained using a Leica SP5 scanning confocal microscope (A). The intensity of
fluorescence at the periphery compared to the interior of the cell was determined
using Quimp software, and percentage plasma membrane fluorescence was calcu-
lated (B). GFP-Ras1Q66L, C215S displayed a reduced plasma membrane localisation
compared to GFP-Ras1, similar to that of GFP-Ras1C215S . Statistical significance
was determined using a one-way anova with a Tukey multiple comparison post test.
Three asterisks indicates a P-value of 0.001. The scale bar represents 10 $m.
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Figure 5.23. Analysis of the morphology of cells expressing
Ras1Q66L, C215S

Images of populations of ras1+ (JY544), !ras1 (JY1279 and ras1Q66L, C215S

(JY1386) cells, expressing GFP from pREP3x, were obtained using a Leica SP5
scanning confocal microscope. Representative DIC images are displayed in panel A.
Cell circularity was determined using Quimp software (B). ras1Q66L, C215S (JY1386)
cells displayed a reduced percentage circularity compared to cells lacking Ras1. The
localisation of Tea1-mCherry was determined in ras1+ (JY1469), !ras1 (JY1569)
and ras1Q66L, C215S (JY1509) cells using a Nikon E800 epifluorescence microscope
fitted with an Andor EM-CCD camera (C). Cells expressing Ras1Q66L, C215S dis-
played polar Tea1-mCherry localisation. The scale bar represents 10 $m. Data
representative of 30 individual cells + SEM. Statistical significance was determined
using a one-way anova with a Tukey multiple comparison post test. Two asterisks
indicates a P value of 0.01 and three asterisks indicates a P-value of 0.001.
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5.4.3. Prolonging the activity of Ras1C215S partially restores elon-

gated cell morphology.

GFP-Ras1Q66L, C215S exhibited the same localisation pattern as GFP-Ras1C215S.

In order to determine whether the increased duration of Ras1Q66L, C215S activ-

ity rescued the lack of polar morphology previously observed in cells express-

ing Ras1C215S (Figure 5.10), the signalling of Ras1Q66L, C215S through Scd1-

Cdc42 was determined through the analysis of Tea1 localisation and cell cir-

cularity. The localisation of Tea1-mCherry was examined in cells expressing

Ras1Q66L, C215S from the ras1 locus, using a Nikon E800 epifluorescence mi-

croscope fitted with an Andor EM-CCD camera. Tea1-mCherry in JY1509

(ras1Q66L, C215S) displayed discrete localisation to the tips of the cells, with

little localisation to the surrounding cell cortex. This observation is consis-

tent with significant Ras1 signalling through Scd1-Cdc42 (Figure 5.23C). In

addition, the localisation of Tea1-mCherry was not dissimilar to that observed

in cells expressing wild-type Ras1. These data provide a clear indication that

Ras1Q66L, C215S is able to promote polar cell growth.

In order to quantify the morphology of these cells, images of the strain

JY1386 (ras1Q66L, C215S), expressing GFP from pREP3x, were obtained using

a Leica SP5 scanning confocal microscope. Quimp software was then used to

determine the circularity of 30 cells within the population (Figure 5.23A and

B).

JY1386 (ras1Q66L, C215S) exhibited a significantly lower percentage circular-

ity than cells lacking Ras1 (80.3 + 1.2 % compared to 87.5 + 1.2 %, P = 0.01).

This represents a significant but partial rescue of wild-type cell morphology,

as cell circularity was not reduced to wild-type levels (73.4 + 1.2 %). This re-

duced circularity is indicative of signalling through Scd1-Cdc42 and, further to

the polar localisation of Tea1-mCherry observed in JY1509 (ras1Q66L, C215S),

demonstrates that prolonging the activity of Ras1C215S can rescue polar cell

morphology.
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5.4.4. Prolonging the activity of Ras1C215S restores pheromone-

responsive signalling.

The addition of the Gln66Leu mutation to Ras1C215S partially restored sig-

nalling through Scd1-Cdc42, suggesting that moving Ras1 away from the

plasma membrane results in Ras1 becoming limiting through the cell mor-

phology pathway. As it is known that Ras1 activity causes the accumulation

of Byr2 at the plasma membrane (Bauman et al. 1998), it would be ex-

pected that abolishing the GTPase activity of Ras1C215S would also increase

pheromone-dependent signalling.

To test this hypothesis, the pheromone-responsive signalling of cells ex-

pressing Ras1Q66L, C215S was first analysed using assays for !-galactosidase ac-

tivity and average cell volume. !-galactosidase activity and average cell volume

were analysed following growth in a range of pheromone concentrations (1 nM

to 100 %M) in DMM for 16 h.

Cells expressing Ras1Q66L, C215S from the ras1 locus displayed maximal

signalling at near wild-type levels, with JY1386 (ras1Q66L, C215S) displaying a

maximal signal of 18.8 + 0.9 and JY544 (ras1+) displaying a maximal signal

of 22.7 + 0.9 (Figure 5.24A). JY1386 (ras1Q66L, C215S) and JY544 (ras1+) also

displayed comparable pEC50s to pheromone (JY544 (ras1+) = 7.0 + 0.1 and

JY1386 (ras1Q66L, C215S) = 7.1 + 0.1). Ras1Q66L, C215S supported a pheromone-

dependent increase in cell volume (81.4 + 1.4 fl to 98.2 + 1.6 fl) but exhibited

a high basal cell volume compared to cells expressing wild-type Ras1 (66.6 +

1.5) (Figure 5.24B).

Cells expressing Ras1Q66L, C215S exhibited a pheromone-dependent increase

in cell volume. However, cell elongation provides a more direct measure of

shmoo formation. Cell elongation in response to pheromone was determined

using quantitative imaging. Images of JY1386 (ras1Q66L, C215S) cells, express-

ing GFP from pREP3x, were obtained following growth in the presence (10

%M P-factor) and absence of pheromone in DMM lacking thiamine for 16 h.

Quimp software was then used to determine the length of 30 cells per image.
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Figure 5.24. Pheromone-dependent changes in transcription on cell
volume in cells expressing Ras1Q66L, C215S

Pheromone-responsive changes in transcription and cell volume were observed in
ras1+ (JY544), !ras1 (JY1279) and ras1Q66L C216S (JY1386) cells. Cells were
grown in 1 nM to 100 $M pheromone in DMM for 16 h. Assays were then per-
formed for "-galactosidase activity (A) and average cell volume (B). Expression of
Ras1Q66L C216S supported pheromone-responsive transcription and an increase in
cell volume following stimulation. Data shown is an average of three independent
determinants (+SEM).
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Figure 5.25. Pheromone-dependent cell elongation in cells
expressing Ras1Q66L, C215S

Quimp software was used to determine the length of cells in the absence and in
the presence of 10 $M pheromone after 16 h. Images were taken using a Leica SP5
scanning confocal microscope. Representative DIC images are displayed in panel
A. Cells expressing Ras1Q66L, C215S displayed a significant increase in cell length in
response to pheromone (P = 0.001) (B). Data shown is representative of 30 individual
cells + SEM. Statistical significance was determined using a one-way anova with a
Tukey multiple comparison post test. Three asterisks indicates a P-value of 0.001.
Images from the populations analysed demonstrate that Ras1Q66L, C215S supports
clear shmoo formation (B). The scale bar represents 10 $m.
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Figure 5.26. Pheromone-responsive changes in cell cycle position in
cells expressing Ras1Q66L, C215S

Cell cycle arrest was analysed in ras1+ (JY544), !ras1 (JY1279) and ras1Q66L, C215S

(JY1386) cells using propidium iodide staining and flow cytometry, following growth
in the presence (10 $M P-factor) and absence of pheromone in DMM for 6 h. This
analysis allowed the distinction between cells containing a single complement (1C)
and double complement (2C) of DNA (A). Cells expressing Ras1Q66L, C215S displayed
a significant pheromone-dependent G1 arrest (B). Data shown representative of three
independent determinants + SEM. Analysis was performed for 30000 cells. Statistical
significance was determined using a one-way anova with a Tukey multiple comparison
post test. Three asterisks indicates a P-value of 0.001.
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Cells expressing Ras1Q66L, C215S displayed significant elongation in response

to pheromone, increasing from 41.97 + 1.3 pixels to 94.0 + 5.0 pixels (P =

0.001) (Figure 5.25B). No significant increase in cell length was observed pre-

viously in cells expressing Ras1C215S from the ras1 locus. Images of JY1386

(ras1Q66L, C215S) also indicate the presence of shmooing cells (Figure 5.25A).

In order to further characterise the pheromone-dependent signalling of cells

expressing Ras1Q66L, C215S, the cell cycle position of JY1386 (ras1Q66L, C215S)

cells was also determined using propidium iodide staining and flow cytome-

try after growth in the presence (10 %M P-factor) and absence of pheromone

in DMM for 6 h. Analysis was performed for 30000 cells. Cells express-

ing Ras1Q66L, C215S displayed a significant level of G1 arrest upon pheromone

stimulation, increasing from 23.1 + 2.0 % to 54.9 + 11.4 % (P = 0.001) (Figure

5.26). A clear increase in cells containing a single complement (1C) of chro-

mosomal DNA can also be seen in these cells following pheromone stimulation

(Figure 5.26A). By contrast, cells expressing Ras1C215S displayed only a small,

non-significant increase in cells in G1 upon stimulation with pheromone.

The ability of Ras1Q66L, C215S to support mating was also investigated us-

ing the quantitative assay for spore formation detailed in section 4.2.1. No

mating was observed in JY1386 (ras1Q66L, C215S) cells upon incubation with

cells of the opposite mating type (JY1025), possibly due to the inability of

these cells to recover following stimulation as a consequence of the GTPase

deficiency conferred by the Gln66Leu mutation.

5.4.5. GFP-Ras1Q66L, C215S displays reduced signalling compared

to Ras1Q66L, C215S.

Accurate analysis of GFP-Ras1Q66L, C215S localisation is key to the interpre-

tation of the results presented in this section. As a consequence, the activity

of GFP-Ras1Q66L, C215S is of significant interest. To investigate the signalling

of GFP-Ras1Q66L, C215S, cell morphology was first determined in JY1497 (gfp-
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Figure 5.27. Analysis of the morphology of cells expressing
GFP-Ras1Q66L, C215S

Images of ras1+ (JY544), !ras1 (JY1279) and gfp-ras1Q66L, C215S (JY1497) cells,
expressing GFP from pREP3x were obtained using a Leica SP5 scanning confocal
microscope. Quimp software was then used to determine the circularity of cells
within these populations. Representative DIC images are displayed in pannel A.
gfp-ras1Q66L, C215S (JY1497) cells displayed a rounded morphologies consitent
with cells lacking Ras1 (B). Data representative of 30 individual cells + SEM.
Statistical significance was determined using a one-way anova with a Tukey multiple
comparison post test. Three asterisks indicates a P-value of 0.001.

ras1Q66L, C215S) cells, expressing GFP from pREP3x. Images of these cells were

obtained using a Leica SP5 scanning confocal microscope, and Quimp software

was used to determine the circularity of 30 cells within the population (Figure

5.27). JY1497 displayed a rounded morphology consistent with a lack of Ras1

signalling through Scd1-Cdc42 (90.33 + 0.67 %), indicating that the addition

of GFP to Ras1Q66L, C215S had a significant detrimental e"ect upon signalling.
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Although GFP-Ras1Q66L, C215S was unable to support polar cell morphol-

ogy, the fusion may still retain function in regulating the pheromone response.

The pheromone-dependent signalling of cells expressing GFP-Ras1Q66L, C215S

was determined using assays for !-galactosidase activity and average cell vol-

ume, following growth in a range of pheromone concentrations (1 nM to 100

%M) in DMM for 16 h. The addition of the GFP-tag to Ras1Q66L, C215S also

had a marked e"ect upon pheromone dependent signalling. JY1497 (gfp-

ras1Q66L, C215S) displayed a maximal signal of just 7.91 +0.63 in !-galactosidase

assays (Figure 5.28A), and displayed only a slight increase in cell volume in

response to pheromone (80.8 + 0.3 fl to 83.8 + 1.4 fl) (Figure 5.28B). By con-

trast, cells expressing Ras1Q66L, C215S exhibited a maximal signal of 18.8 + 0.9

in assays for !-galactosidase activity and a pheromone-dependent increase in

cell volume from 81.4 + 1.4 fl to 98.2 + 1.6 fl (Figure 5.24). These data indicate

that the addition of GFP to the N-terminus has a significant e"ect upon the

signalling of Ras1Q66L, C215S through both the pheromone-response and cell

morphology pathways.

5.4.6. Ras1Q66L, C215S displays a high level of pheromone-dependent

signalling when expressed from pREP3x.

Both increasing the expression of Ras1C215S, through expression from pREP3x

(Figure 5.17), and increasing the activity of Ras1C215S, with the addition of the

Gln66Leu mutation (Figure 5.24-5.26), increased pheromone-dependent sig-

nalling. As such increasing the expression of the Ras1Q66L, C215S double mutant

may further increase signalling in response to pheromone. The pheromone-

dependent signalling of !ras1 (JY1279) cells expressing Ras1Q66L, C215S from

pREP3x was determined through analysis of !-galactosidase activity and cell

volume changes in response to pheromone. Assays for !-galactosidase activ-

ity and average cell volume were performed following growth in a range of
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Figure 5.28. Pheromone-dependent changes in transcription on cell
volume in cells expressing GFP-Ras1Q66L, C215S.

Pheromone-responsive changes in transcription and cell volume were observed in
ras1+ (JY544), !ras1 (JY1279) and gfp-ras1Q66L, C215S (JY1497) cells. Cells were
grown in 1 nM to 100 $M pheromone in DMM for 16 h. Assays were then performed
for "-galactosidase activity (A) and average cell volume (B). GFP-Ras1Q66L, C215S

displayed reduced "-galactosidase activity compared to non-tagged Ras1Q66L, C215S

and only a small increase in cell volume. Data shown is an average of three
independent determinants (+SEM).
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Figure 5.29. Pheromone-dependent changes in transcription on cell
volume in cells expressing Ras1Q66L, C215S from pREP3x

Pheromone-responsive changes in transcription and cell volume were observed in
!ras1 (JY1279) cells transformed with pREP3x-Ras1Q66L, C215S , pREP3x-Ras1
and vector alone. Cells were grown in 1 nM to 100 $M pheromone in DMM lacking
thiamine for 16 h. Assays were then performed for "-galactosidase activity (A) and
average cell volume (B). Ras1Q66L, C215S supported strong pheromone dependent
"-galactosidase activity. Cells expressing Ras1Q66L, C215S displayed a high basal cell
volume and a reduction in cell volume upon pheromone stimulation. Data shown is
an average of three independent determinants (+SEM).
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pheromone concentrations (1 nM to 100 %M) in DMM lacking thiamine for 16

h.

JY1279 (!ras1 ) cells expressing Ras1Q66L, C215S from pREP3x displayed

higher maximal signalling than those expressing wild-type Ras1 from pREP3x

(18.0 + 0.5 compared to 12.2 + 0.4 respectively), but did exhibit a drop in

signalling at higher pheromone concentrations (Figure 5.29A). These cells also

displayed a very high cell volume in the absence of pheromone (149.5 + 4.9

fl), consistent with that observed in cells expressing Ras1Q66L from pREP3x.

Ras1Q66L, C215S, when expressed from pREP3x, also caused a reduction in cell

volume at higher pheromone concentrations (52.3 + 4.7 fl), again consistent

with cells expressing Ras1Q66L from pREP3x (Figure 5.29B). These data could

indicate that constitutive expression of Ras1Q66L, C215S causes cell death in re-

sponse to pheromone in a similar manner to the Ras1Q66L mutant.

5.5. Summary

The relationship between Ras1 C-terminal modification, localisation and

function has previously been sited as a key example of compartment specific

ras signalling (Chang and Philips 2006; Onken et al. 2006). The preceding

chapter has dealt with the use of quantitative assays to analyse the e"ects

of altering Ras1 C-terminal modification on localisation and function. It was

found that preventing palmitoylation and farnesylation had dramatic e"ects

upon the localisation of Ras1. Preventing farnesylation and palmitoylation

caused Ras1 to become cytosolic. This mutation had the most severe e"ect

upon signalling, preventing all Ras1 activity when expressed from the endoge-

nous ras1 locus. Preventing just palmitoylation caused a significant reduction

in plasma membrane localisation, with Ras1 displaying indiscriminate mem-

brane localisation. This observation is consistent with that described for other

monolipidated substrates (Rocks et al. 2010), but is not in agreement with the
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localisation of Ras1C215S described previously, where it was reported to asso-

ciate exclusively with endomembranes (Onken et al. 2006). In addition, the

activity of Ras1C215S is quite di"erent from that described in Onken et al. 2006.

It was suggested that Ras1C215S was unable to propagate pheromone depen-

dent signalling, as it was not present on the plasma membrane. In this present

study however, some pheromone-dependent signalling was observed, consis-

tent with the presence of a small population of Ras1 at the plasma membrane.

More significantly, it was found that Ras1C215S could not support elongated

cell morphology. This is again in disagreement with the published activity

of Ras1C215S, which is described as supporting signalling through Scd1-Cdc42

from the endomembranes. Population based quantitative analysis of morphol-

ogy and analysis of Tea1 localisation, however, does not support this finding.

Based upon these observations it appears that reducing the level of Ras1 at

the plasma membrane causes Ras1 to become limiting in both Ras1-dependent

signalling pathways. This supposition is supported by the finding that increas-

ing the duration of Ras1C215S activity, through the addition of the Gln66Leu

GTPase deficiency mutation, rescues some signalling activity through both

pathways. These results are summarised in table 5.1. In addition, it was

found that increasing the concentration of Ras1C215S, through expression from

pREP3x caused increased pheromone-dependent signalling, again suggesting

that Ras1C215S becomes limiting when expressed from the ras1 locus.

Ras1C216S could also support pheromone-dependent signalling when ex-

pressed from pREP3x, although these cells displayed a reduced pEC50 to

pheromone. A previous study (Kholodenko et al. 2000), using a systems

biology approach to study membrane-associated signalling proteins, suggested

that membrane tethering and membrane recruitment allowed the formation

of more, longer lasting signalling complexes. As a result, more sensitive sig-

nalling could be achieved when signalling proteins form membrane complexes.

This could explain the reduced potency of P-factor in cells containing cytosolic

Ras1.
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Finally, the localisation of the inactive Ras1 mutant Ras1S22N and the two

GTPase deficient mutants Ras1G17V and Ras1Q66L was assessed. All three mu-

tants displayed predominantly plasma membrane localisation. Ras1S22N how-

ever, displayed significantly lower plasma membrane localisation than Ras1.

This observation could indicate that the localiation of Ras1 to the plasma

membrane is, in part, a consequence of the functional interactions of Ras1. As

a result, preventing Ras1 function leads to a significantly altered localisation

pattern.
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CHAPTER 6

Targetting Ras1 to the plasma membrane

6.1. Introduction

Mutants which prevent Ras1 C-terminal modification allow the analysis of

Ras1 signalling at reduced plasma membrane concentrations. To analyse the

role of compartmentalisation in Ras1 signalling, it would also be advantageous

to investigate the e"ect of increasing plasma membrane targetting. One pre-

vious study (Onken et al. 2006) used a fusion of the N-terminus of Ras1

with the C-terminal localisation domain of the small monomeric GTPase Rit

(RitC), which is not processed through the endomembranes before reaching

the plasma membrane. Ras1 and Rit share significant sequence homology, but

di"er in their C-terminal localisation domain (Figure 6.1). It was suggested

in this study that the Ras1-RitC fusion could support signalling in response

to pheromone, as this occurs at the plasma membrane, but could not support

polar cell morphology, as it was suggested that this was controlled at the en-

domembranes. The chimera, in which the last 48 amino acids of Ras1 were

replaced with the last 62 amino acids of Rit, was kindly supplied by Prof. Eric

Chang.

In the preceding chapter a series of evidence was presented which sug-

gested that the plasma membrane localisation of Ras1 is important in both

the pheromone response and polar cell morphology. This observation is not in

agreement with the published activity of the Ras1-RitC fusion. In the follow-

ing chapter a number of Ras1 fusion proteins, including the Ras1-RitC fusion,

are characterised which display increased plasma membrane localisation.

203
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      1                                               50

Ras1  MRSTY------------L-REYKLVVVGDGGVGKSALTIQLIQSHFVDEY

Rit   MDSGTRPVGSCCSSPAGLSREYKLVMLGAGGVGKSAMTMQFISHRFPEDH

      51                                             100

Ras1  DPTIEDSYRKKCEIDGEGALLDVLDTAGQEEYSAMREQYMRTGEGFLLVY

Rit   DPTIEDAYKIRIRIDDEPANLDILDTAGQAEFTAMRDQYMRAGEGFIICY

      101                                            150

Ras1  NITSRSSFDEISTFYQQILRVKDKDTFPVVLVANKCDLEAERVVSRAEGE

Rit   SITDRRSFHEVREFKQLIYRVRRTDDTPVVLVGNKSDLKQLRQVTKEEGL

      151                                            200

Ras1  QLAKSMHCLYVETSAKLRLNVEEAFYSLVRTIRRYNKSEEKGFQNKQAVQ

Rit   ALAREFSCPFFETSAAYRYYIDDVFHALVREIRRKEKEAVLAMEKK----

      201                          232

Ras1  TAQVPASTAKRASAVNNSKTEDEVSTKCCVIC

Rit   -SKPKNSVWKRLKSPFRKKK-DSVT-------

G region

P region

Figure 6.1. The homology between Sz. pombe Ras1 and human Rit
Sequence alignment of Sz. pombe Ras1 and human Rit. Sequences were aligned
using MultAlin version 5.4.1 (Corpet 1988). Gaps included to optimise the alignment
are indicated with a -. Identical residues are shaded in black, conservative changes
in grey and those without shading indicate non-conservative changes.

6.2. Characterisation of Ras1-RitC

6.2.1. Expression of Ras1-RitC.

The Ras1-RitC fusion protein was integrated at the ras1 locus of the ras1::ura4+,

sxa2>lacZ strain JY1247 using the method described previously (Figure 4.28A).

Expression of Ras1-RitC was confirmed by immunoblotting using an anti-ras

RAS10 antibody (Figure 6.2).

6.2.2. Ras1-RitC is unable to rescue significant mating.

Ras1-RitC has previously been shown to support mating (Onken et al. 2006).

This activity was demonstrated by the presence of ascus spores following mat-

ing induction. A quantitative mating assay was performed (as described in

section 4.2.1) in order to determine the extent of mating in cells upon ex-

pression of Ras1-RitC from the endogenous ras1 locus. Following mating of

JY1382 (ras1-ritc), expressing Sxa2 from pREP3x, with a wild-type P-cell
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Figure 6.2. Integration of Ras1-RitC
Integration of Ras1-RitC in the ras1::ura4+, sxa2>lacZ strain JY1247 was confirmed
via immunoblotting using an anti-ras RAS10 antibody. Coomassie stains of whole
protein are included above the immunoblot as loading controls.

strain (JY1025), ascus spores could be detected by microscopy using a Leica

SP5 scanning confocal microscope (Figure 6.3A). Mating in this strain how-

ever was occurring at a very low e!ciency, and population wide analysis using

quantitative assays for spore formation suggested little significant mating (0.27

% in just one assay of three replicates) (Figure 6.3B).
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Figure 6.3. Mating e!ciency in cells expressing Ras1-RitC
The mating of ras1+ (JY544), !ras1 (JY1279) and ras1-ritc (JY1382) cells,
expressing Sxa2 from pREP4x, was assessed by microscopic examination (A) and
the quantitative mating assay detailed in section 4.2.1 (B). JY1382 displayed no
significant mating, but some spore formation could be observed. Data shown
representative of three independent determinants + SEM. Statistical significance
was determined using a one-way anova with a Tukey multiple comparison post test.
Images were obtained using a Leica SP5 scanning confocal microscope. The scale
bar represents 10 $m.

6.2.3. Ras1-RitC displays some signalling through Scd1.

Ras1-RitC displayed little mating . However, some function may be observable

upon analysis of other measures of Ras1 signalling. The activity of Ras1-RitC

through the cell polarity pathway was the first measure of Ras1 activity em-

ployed. The morphology of cells expressing Ras1-RitC from the endogenous

ras1 locus (JY1382) were determined using quantitative imaging. Images of

these cells, expressing GFP from pREP3x, were obtained using a Leica SP5
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Figure 6.4. The morphology of cells expressing Ras1-RitC from the
endogenous ras1 locus

Images of ras1+ (JY544), !ras1 (JY1279) and ras1-ritc (JY1382) cells, expressing
GFP from pREP3x, were obtained using a Leica SP5 scanning confocal microscope.
Representative DIC images are displayed in panel A. Cell circularity was determined
using Quimp software (B). Cells expressing Ras1-RitC displayed a significantly
lower percentage circularity than cells lacking Ras1 (P = 0.05), but higher than
that observed in ras1+ (JY544) cells . Data representative of 30 individual cells +

SEM. Statistical significance was determined using a one-way anova with a Tukey
multiple comparison post test. One asterisks indicates a P-value of 0.05 and three
asterisks indicates a P-value of 0.001. The scale bar represents 10 $m.

confocal microscope. Quimp software was then used to determine the circular-

ity of 30 individual cells within the population (Figure 6.4). JY1382 (ras1-ritc)

displayed significantly reduced percentage circularity (80.9 + 1.6 %, P = 0.05)

compared to !ras1 (JY1279) cells (87.5 + 1.2 %). This did not represent a full

restoration of signalling, as ras1+ (JY544) cells display a lower percentage cir-
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cularity (73.4 + 1.2 %). Images of cells expressing Ras1-RitC also indicate the

presence of polar, barrel shaped cells. These results indicate that Ras1-RitC

is able to signal through the cell polarity pathway, a result which contradicts

the activity described previously for this fusion protein (Onken et al. 2006).

6.2.4. Ras1-RitC displays reduced pheromone-responsive signal-

ing compared to Ras1.

Ras1-RitC has previously been demonstrated to rescue mating (Onken et al.

2006), and in this study displayed some spore formation (Figure 6.3). As such,

it would be expected that Ras1-RitC would demonstrate some pheromone-

dependent signalling. The ability of Ras1-RitC to transduce signal in response

to pheromone was first determined using assays for !-galactosidase activity

and average cell volume, following growth in a range of pheromone concentra-

tions (1 nM to 100 %M) in DMM for 16 h. ras1-ritc (JY1382) cells displayed

a lower maximal signal (8.7 + 0.3) compared to ras1+ (JY544) cells (20.7 +

0.6), but a similar pEC50 (6.6 + 0.1 and 7.2 + 0.1 respectively) in assays for

!-galactosidase activity (Figure 6.5A). Cells expressing Ras1-RitC also dis-

played a pheromone-dependent increase in cell volume (72.5 + 0.7 fl to 80.7
+ 1.1 fl), although these cells exhibited a higher cell volume in the absence

of pheromone than ras1+ cells (64.2 + 1.4 fl), potentially indicative of a more

rounded morphology (Figure 6.5B).

Cells expressing Ras1-RitC exhibited a pheromone-dependent increase in

cell volume. To determine whether this was due to an increase in cell length,

and hence shmoo formation, morphological changes in ras1-ritc (JY1382) cells

in response to pheromone were also analysed using quantitative imaging. Im-

ages of cells, expressing GFP from pREP3x, following growth in the absence

and in the presence of 10 %M pheromone for 16 h, were obtained using a Leica

SP5 scanning confocal microscope (Figure 6.6A). Quimp software was then

used to determine the length of 30 cells under each assay condition. Cells ex-
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Figure 6.5. Pheromone-dependent changes in transcription and cell
volume in cells expressing Ras1-RitC

Pheromone-responsive changes in transcription and cell volume were observed in
ras1+ (JY544), !ras1 (JY1279) and ras1-ritc (JY1382) cells. Cells were grown
in 1 nM to 100 $M pheromone in DMM for 16 h. Assays were then performed
for "-galactosidase activity (A) and average cell volume (B). Reduced maximal "-
galactosidase activity and cell volume were seen in JY1382 compared to JY544.
JY1382 also displayed an increased basal cell volume. Data shown is an average of
three independent determinants (+SEM).



6.2. CHARACTERISATION OF RAS1-RITC 210

***

(ra
s1
+ )

(ras1+)

Activity RitC

A

B

Figure 6.6. Analysis of shmoo formation in cells expressing
Ras1-RitC using quantitative imaging

Quimp software was used to determine the length of cells in the absence and in
the presence of 10 $M pheromone after 16 h. Images were taken using a Leica SP5
scanning confocal microscope. Representative DIC images are displayed in panel A.
JY1279 (!ras1 ) and JY1382 (ras1-ritc) display no significant pheromone dependent
change in cell length. JY1382 did however display a trend towards increased cell
length in response to pheromone (B). Data shown is representative of 30 individual
cells + SEM. Statistical significance was determined using a one-way anova with a
Tukey multiple comparison post test. Three asterisks indicates a P-value of 0.001.
Images from the populations analysed indicate no clear pheromone dependent change
in cell morphology in cells expressing Ras1-RitC. The scale bar represents 10 $m.
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Figure 6.7. Pheromone-responsive changes in cell cycle position in
cells expressing Ras1-RitC

Cell cycle arrest was analysed in ras1+ (JY544), !ras1 (JY1279) and ras1-ritc
(JY1382) cells using propidium iodide staining and flow cytometry, following growth
in the presence (10 $M P-factor) and absence of pheromone in DMM for 6 h. This
analysis allowed the distinction between cells containing a single complement (1C)
and double complement (2C) of DNA (A). Cells expressing Ras1-RitC (JY1382)
displayed some pheromone-dependent G1 arrest (B). Data shown representative of
three independent determinants + SEM. Analysis was performed for 30000 cells.
Statistical significance was determined using a one-way anova with a Tukey multiple
comparison post test. Three asterisks indicates a P-value of 0.001.
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pressing Ras1-RitC displayed a trend towards increased cell length in response

to pheromone (39.2 + 1.6 pixels to 47.2 + 3.5 pixels), however this change

was not statistically significant (Figure 6.6B). No clear morphological change

in response to pheromone could be observed in images of these cells (Figure

6.6A).

The final assay for pheromone-dependent signalling used to determine the

activity of Ras1-RitC was the analysis of cell cycle arrest. DNA complement

was determined in cells using propidium iodide staining and flow cytometry,

following growth in the presence (10 %M P-factor) and absence of pheromone

in DMM for 6 h. The number of ras1-ritc (JY1382) cells in G1 increased from

17.1 + 1.6 % to 40.7 + 3.5 % upon pheromone stimulation (Figure 6.7). This

increase, although not statistically significant, is supported by a marked in-

crease in cell containing a single complement (1C) of chromosomal DNA when

ras1-ritc cells are treated with pheromone (Figure 6.7A). These data suggest

a a degree of pheromone-dependent cell cycle arrest.

6.2.5. The localisation of Ras1-RitC.

Ras1-RitC was previously described as solely localising to the plasma mem-

brane (Onken et al. 2006). To confirm this, analysis of Ras1-RitC localisation

was performed using an N-terminal GFP-Ras1-RitC fusion protein expressed

from pREP3x in the!ras1 strain JY1279 (Figure 6.8A). Images were obtained

using a Leica SP5 scanning confocal microscope, and analysed using Quimp

software to determine the relative levels of fluorescence at the periphery com-

pared to the interior of the cell (Figure 6.8B). The level of GFP-Ras1-RitC at

the plasma membrane (79.9 + 8.7 %) was determined to be similar to that of

GFP-Ras1 (78.0 + 3.5 %). This observation does not indicate that Ras1-RitC

displays an increased level of plasma membrane localisation compared to Ras1,

as was previously reported (Onken et al. 2006). Images of these cells indicate

that, in addition to a high degree of plasma membrane localisation, GFP-Ras1-
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Figure 6.8. Quantifying the localisation of GFP-Ras1-RitC using
Quimp software

Images of !ras1 cells (JY1279) expressing GFP, GFP-Ras1 and GFP-Ras1-RitC
from pREP3x were obtained using a Leica SP5 scanning confocal microscope (A).
The intensity of fluorescence at the periphery compared to the interior of the cell
was determined using Quimp software, and percentage plasma membrane fluores-
cence was calculated (B). The analysis indicated that GFP-Ras1-RitC displayed
predominantly plasma membrane fluorescence, comparable to that observed for
GFP-Ras1. Data representative of 10 individual cells. Statistical significance was
determined using a one-way anova with a Tukey multiple comparison post test.
Three asterisks indicates a P-value of 0.001. The scale bar represents 10 $m.
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RitC is also extensively localised to the cytoplasm and nucleus, suggesting the

presence of a pool of soluble GFP-Ras1-RitC.

The Ras1-RitC construct does not display a specific plasma membrane lo-

calisation. In addition, the chimeric protein displayed impaired function in all

assays for Ras1 activity. As a consequence, a di"erent means of promoting the

plasma membrane localisation may provide more conclusive data.

6.3. Characterising 1-40Gpa1-GFP-Ras1

G" subunits of heterotrimeric G proteins employ a di"erent means of pro-

moting plasma membrane localisation to Ras1 and Rit. Most G" subunits are

modified at their N-terminus with a myristoyl and palmitoyl moiety to pro-

mote membrane association (Resh 1999). Such modifications may prove useful

in promoting a stronger association between Ras1 with the plasma membrane.

The N-terminus of the G" subunit Gpa1 contains a consensus MG2XXXS6

myristoylation sequence (Johnson et al. 1994) and a downstream cysteine,

which is likely to be a target for palmitoylation.

Previous work has demonstrated that mutating these potential myristoy-

lation (Gly2Ala) and palmitoylation (Cys3Ser) sites reduces the plasma mem-

brane localisation of Gpa1, and that the first 40 amino acids of Gpa1 (1-

40Gpa1) form an e!cient plasma membrane targetting motif (Godfrey 2009).

The following section explores the use of the N-terminal plasma membrane lo-

calisation domain of Gpa1 as a motif to increase the level of Ras1 at the plasma

membrane, investigating the localisation and function of this novel protein.
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Figure 6.9. Integration of 1-40Gpa1-GFP-Ras1 in the
"-galactosidase reporter stain

Integration of 1-40Gpa1-GFP-Ras1 fusions in the ras1::ura4+, sxa2>lacZ strain
JY1247 was confirmed via immunoblotting using an anti-ras RAS10 antibody.
Coomassie stains of whole protein are included above the immunoblot as loading
controls.
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Figure 6.10. Integration of 1-40Gpa1-GFP-Ras1 in the
Tea1-mCherry strain

Integration of 1-40Gpa1-GFP-Ras1 fusions in the ras1::ura4+, tea1-mCherry strain
JY1569 was confirmed via immunoblotting using an anti-ras RAS10 antibody.
Coomassie stains of whole protein are included above the immunoblot as loading
controls.
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6.3.1. Expression of 1-40Gpa1-GFP-Ras1 fusions.

Chimeric proteins containing the first 40 amino acids of Gpa1 (1-40Gpa1) fused

to GFP-Ras1 were created containing wild-type Ras1, the palmitoylation and

palmitoylation/farnesylation deficient mutants Ras1C215S and Ras1C216S, the

palmitoylation and GTPase deficient mutant Ras1Q66L, C215S, the GTPase de-

ficient mutant Ras1Q66L and the inactive mutant Ras1S22N . All six fusions

were created at the ras1 locus, using the method previously described in Fig-

ure 4.28A. Expression of these proteins from the ras1 locus of the sxa2>lacZ

(Figure 6.9) and tea1-mCherry (Figure 6.10) strains was confirmed by im-

munoblotting using an anti-ras RAS10 antibody, giving a signal at a position

consistent with the predicted size of the fusion (! 58 kDa).

6.3.2. 1-40Gpa1-GFP-Ras1 fusion proteins display a high degree

of plasma membrane localisation.

The aim of creating the 1-40Gpa1-GFP-Ras1 fusions was to increase the level

of Ras1 at the plasma membrane. The localisation of 1-40Gpa1-GFP-Ras1

fusion proteins was initially determined when expressed from the ras1 locus,

using a Nikon E800 epifluorescence microscope fitted with an Andor EM-CCD

camera. All six fusions displayed plasma membrane localisation. Despite the

low fluorescence signal, plasma membrane localisation could be observed in all

strains and was particularly apparent at the septa of dividing cells, providing

a good indication of plasma membrane localisation (Figure 6.11).

The 1-40Gpa1-GFP-Ras1 fusion proteins, when expressed from the ras1

locus, appeared to predominantly localised to the plasma membrane. How-

ever, the low level of expression observed from the ras1 locus prevents the

detailed analysis of localisation. In order to increase the fluorescent signal,

all six 1-40Gpa1-GFP-Ras1 fusion proteins were expressed from pREP3x in

the !ras1 strain JY1279, allowing quantitative analysis of their localisation.

Fluorescence images were obtained using a Leica SP5 scanning confocal micro-
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Figure 6.11. The localisation of 1-40Gpa1-GFP-Ras1 fusions
The localisation of 1-40Gpa1-GFP-Ras1 proteins, upon expression from the ras1
locus, was determined using a Nikon E800 epifluorescence microscope fitted with an
Andor EM-CCD camera. All displayed plasma membrane localisation. The scale
bar represents 10 $m.

scope (Figure 6.12A) and Quimp software was used to separate peripheral from

cytosolic fluorescence (Figure 6.12B). All 1-40Gpa1-GFP-Ras1 fusions demon-

strated predominantly plasma membrane localisation. 1-40Gpa1-GFP-Ras1

exhibited a slight, but not significant increase in plasma membrane localisation

(86.9 + 4.4 %) compared to GFP-Ras1 alone (78.0 + 3.5 %). Both 1-40Gpa1-

GFP-Ras1C215S and 1-40Gpa1-GFP-Ras1C216S displayed plasma membrane lo-

calisation (73.6 + 6.0 % and 62.0 + 3.5 % respectively) to a greater extent com-

pared to GFP-Ras1C215S and GFP-Ras1C216S alone (16.6 + 1.8 % and 4.4 + 1.5

% respectively). 1-40Gpa1-GFP-Ras1C216S was the only 1-40Gpa1-GFP-Ras1

fusion protein to display a significantly lower percentage membrane fluores-

cence than GFP-Ras1 (P = 0.05).



6.3. CHARACTERISING 1-40GPA1-GFP-RAS1 219

pGFP pGFP-Ras1 p1-40Gpa1-GFP-Ras1 p1-40Gpa1-GFP-Ras1C215S

p1-40Gpa1-GFP-Ras1C216Sp1-40Gpa1-GFP-Ras1Q66L, C215S p1-40Gpa1-GFP-Ras1Q66L p1-40Gpa1-GFP-Ras1S22N

***

*

A

B

,p

p

p

p p

p

p p

Figure 6.12. Quantifying the localisation of 1-40Gpa1-GFP-Ras1
fusions using Quimp software

Images of !ras1 cells (JY1279) expressing GFP, GFP-Ras1 and 1-40Gpa1-GFP-
Ras1 fusions from pREP3x were obtained using a Leica SP5 scanning confocal
microscope (A). The intensity of fluorescence at the periphery compared to the inte-
rior of the cell was determined using Quimp software (B). All 1-40Gpa1-GFP-Ras1
fusions displayed predominantly plasma membrane localisation. Data representative
of 10 individual cells. Statistical significance was determined using a one-way anova
with a Tukey multiple comparison post test. One asterisk indicates a P value of 0.05
and three asterisks indicates a P-value of 0.001. The scale bar represents 10 $m.
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The nucleotide binding and hydrolysis activity of Ras1 did not appear to af-

fect the localisation of 1-40Gpa1-GFP-Ras1. 1-40Gpa1-GFP-Ras1Q66L and 1-

40Gpa1-GFP-Ras1S22N both displayed levels of plasma membrane localisation

comparable to GFP-Ras1 and 1-40Gpa1-GFP-Ras1. 1-40Gpa1-GFP-Ras1Q66L

displayed a percentage plasma membrane fluorescence of 82.3 + 1.7 % and

1-40Gpa1-GFP-Ras1S22N gave a plasma membrane fluorescence of 84.4 + 2.2

%. 1-40Gpa1-GFP-Ras1Q66L, C215S exhibited a percentage plasma membrane

fluorescence (73.7 + 2.6 %) comparable to 1-40Gpa1-GFP-Ras1C215S.

6.3.3. Vector-borne 1-40Gpa1-GFP-Ras1 displays signalling in re-

sponse to pheromone.

The localisation of 1-40Gpa1-GFP-Ras1 fusions was determined upon expres-

sion from pREP3x. The pheromone-responsive signalling of each fusion, ex-

pressed from the pREP3x vector in the !ras1 strain JY1279, was analysed to

determine the functional activity of the fusions under these expression condi-

tions. !-galactosidase activity and average cell volume were analysed following

growth in a range of pheromone concentrations (1 nM to 100 %M) in DMM lack-

ing thiamine for 16 h. 1-40Gpa1-GFP-Ras1, 1-40Gpa1-GFP-Ras1C215S and

1-40Gpa1-GFP-Ras1C216S all supported signalling at a magnitude comparable

to GFP-Ras1 in !-galactosidase assays (Figure 6.13A). 1-40Gpa1-GFP-Ras1

elicited a maximal signal of 15.1 + 0.9, 1-40Gpa1-GFP-Ras1C215S a maximal

signal of 16.9 + 0.7 and 1-40Gpa1-GFP-Ras1C216S a maximal signal of 11.5 +

0.4, compared to 12.9 + 0.5 in cells expressing GFP-Ras1 from pREP3x. All

strains also displayed an increase in cell volume in response to pheromone (1-

40Gpa1-GFP-Ras1= 85.8 + 1.0 fl to 90.4 + 0.8 fl, 1-40Gpa1-GFP-Ras1C215S=

81.2 + 1.2 fl to 90.0 + 0.9 fl and 1-40Gpa1-GFP-Ras1C216S= 87.1 + 0.6 fl to

92.3 + 0.7 fl ) (Figure 6.13B).



6.3. CHARACTERISING 1-40GPA1-GFP-RAS1 221

Activity 1-40  
(OE)

A

B

Vector

p

p

p

p

p

Vector

p

p

p

p

p

B
60

70

80

90

100

110

120

130

140
JY544

JY1247

Integrated Ras1S22N

Integrated Ras1Q66L

Integrated Ras1C215S Q66L

-9 -8 -7 -6 -5 -4

Integrated Ras1G17V

Log [P-Factor] M

Figure 6.13. Pheromone-dependent changes in transcription and
cell volume in cells expressing 1-40Gpa1-GFP-Ras1 and
1-40Gpa1-GFP-Ras1 fusions with C-terminal modification defects
from pREP3x

Pheromone-responsive changes in transcription and cell volume were observed in
!ras1 (JY1279) cells expressing 1-40Gpa1-GFP-Ras1 and 1-40Gpa1-GFP-Ras1 fu-
sions containing C-terminal modification defects from pREP3x. Cells were grown in
1 nM to 100 $M pheromone in DMM lacking thiamine for 16 h. Assays were then
performed for "-galactosidase activity (A) and average cell volume (B). All 1-40Gpa1-
GFP-Ras1 fusions supported "-galactosidase activity and cell volume changes in re-
sponse to pheromone. Data shown is an average of three independent determinants
(+SEM).
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Figure 6.14. Pheromone-dependent changes in transcription and
cell volume in cells expressing 1-40Gpa1-GFP-Ras1 and
1-40Gpa1-GFP-Ras1 fusions with altered nucleotide binding and
hydrolysis from pREP3x

Pheromone-responsive changes in transcription and cell volume were observed in
!ras1 (JY1279) cells expressing 1-40Gpa1-GFP-Ras1 and 1-40Gpa1-GFP-Ras1 fu-
sions with altered nucleotide binding and hydrolysis from pREP3x. Cells were
grown in 1 nM to 100 $M pheromone in DMM lacking thiamine for 16 h. As-
says were then performed for "-galactosidase activity (A) and average cell volume
(B). 1-40Gpa1-GFP-Ras1Q66L, C215S and 1-40Gpa1-GFP-Ras1Q66L supported high
levels of pheromone-dependent signalling. 1-40Gpa1-GFP-Ras1S22N displayed no
pheromone-responsive signalling. Data shown is an average of three independent
determinants (+SEM).
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Cells expressing both 1-40Gpa1-GFP-Ras1Q66L, C215S and 1-40Gpa1-GFP-

Ras1Q66L displayed a strong pheromone-dependent response in !-galactosidase

assays (Figure 6.14A). The expression of 1-40Gpa1-GFP-Ras1Q66L, C215S from

pREP3x gave a maximal response of 19.3 + 0.6 and expression of 1-40Gpa1-

GFP-Ras1Q66L a maximal signal of 21.5 + 0.5. Both populations also dis-

played a larger basal cell volume than cells expressing Ras1 or GFP-Ras1

from pREP3x, with cells expressing 1-40Gpa1-GFP-Ras1Q66L C215S display-

ing a basal cell volume of 100.8 + 2.2 fl and cells expressing 1-40Gpa1-GFP-

Ras1Q66L displaying a basal cell volume of 103.5 + 2.1 fl. Both also displayed

an increase in cell volume upon pheromone stimulation, with cells contain-

ing 1-40Gpa1-GFP-Ras1Q66L C215S reaching a volume of 122.4 + 1.9 fl and

cells containing 1-40Gpa1-GFP-Ras1Q66L reaching a volume of 127.8 + 1.7 fl

(Figure 6.14B). 1-40Gpa1-GFP-Ras1S22N displayed no pheromone-dependent

signalling.

6.3.4. Addition of the first 40 amino acids of Gpa1 to GFP-

Ras1C215S and GFP-Ras1C216S increases signalling through Scd1.

The first 40 amino acids of Gpa1 did not cause a significant change in the levels

of GFP-Ras1, GFP-Ras1Q66L and GFP-Ras1S22N at the plasma membrane. As

such, it would be expected that these fusions would not display significantly

altered function. In order to determine whether any change in activity could

be observed, the morphology of cells expressing these fusions was analysed us-

ing quantitative imaging. Images of cells expressing 1-40Gpa1-GFP-Ras1Q66L

and 1-40Gpa1-GFP-Ras1S22N from the ras1 locus grown in DMM lacking thi-

amine, and expressing GFP from pREP3x, were obtained using a Leica SP5

scanning confocal microscope. The circularity of 30 cells of each strain was then

determined using Quimp software. No significant di"erence in cell morphol-

ogy (Figure 6.15) or percentage circularity (Figure 6.16) was observed in cells

expressing these GFP-tagged Ras1 proteins upon addition of 1-40Gpa1 (GFP-
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Morphology 1-40 

JY1498 (1-40gpa1-gfp-ras1C215S) JY1499 (1-40gpa1-gfp-ras1C216S)JY1521 (1-40gpa1-gfp-ras1)

JY544 (ras1+) JY1247 (!ras1) JY1390 (gfp-ras1)

JY1500 (1-40gpa1-gfp-ras1Q66L)JY1501 (1-40gpa1-gfp-ras1Q66L, C215S) JY1518 (1-40gpa1-gfp-ras1S22N)

Figure 6.15. The morphology of cells expressing
1-40Gpa1-GFP-Ras1 fusions from the endogenous ras1 locus

Images of populations of ras1+ (JY544) cells, !ras1 (JY1279) cells, gfp-ras1
(JY1390) cells, and cells expressing 1-40Gpa1-GFP-Ras1 fusions from the endoge-
nous ras1 locus were obtained using a Leica SP5 scanning confocal microscope.
With the exception of cells expressing 1-40Gpa1-GFP-Ras1S22N and 1-40Gpa1-
GFP-Ras1C216S , the majority of strains containing 1-40Gpa1-GFP-Ras1 fusions
display polar cell morphology. The scale bar represents 10 $m.

Ras1 = 78.3 + 1.1 %, 1-40Gpa1-GFP-Ras1 = 79.4 + 1.0 %, GFP-Ras1Q66L =

78.2 + 1.2 % 1-40Gpa1-GFP-Ras1Q66L = 77.3 + 1.4 %, GFP-Ras1S22N = 94.9
+ 0.4 % and 1-40Gpa1-GFP-Ras1S22N = 92.1 + 1.0 %).

The same analysis of morphology was also performed for all other 1-40Gpa1-

GFP-Ras1 fusions. The addition of 1-40Gpa1 had the greatest e"ect upon

mutants which alone displayed low levels of plasma membrane localisation.

GFP-Ras1C215S displayed a significantly rounded morphology, exhibiting a

percentage circularity of 92.6 + 0.6 %. The addition of 1-40Gpa1 caused a

reduction in percentage circularity to 81.4 + 1.2 %, a figure significantly lower
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Figure 6.16. Quantification of the morphology of cells expressing
1-40Gpa1-GFP-Ras1 fusions from the endogenous ras1 locus

Cell circularity was determined in populations of ras1+ (JY544) cells, !ras1
(JY1279) cells, gfp-ras1 (JY1390) cells, and cells expressing 1-40Gpa1-GFP-Ras1
fusions from the endogenous ras1 locus. All strains were expressing GFP from
pREP3x following growth in DMM lacking thiamine, and analysis of morphology
was performed using Quimp software. Cells expressing 1-40Gpa1-GFP-Ras1 fusions
containing C-terminal modification mutants (A) and mutants displaying altered nu-
cleotide binding and hydrolysis phenotypes (B) were analysed. All fusions except
1-40Gpa1-GFP-Ras1C216S and 1-40Gpa1-GFP-Ras1S22N displayed a percentage cir-
cularity significantly lower than cells lacking Ras1. Data representative of 30 indi-
vidual cells + SEM. Statistical significance was determined using a one-way anova
with a Tukey multiple comparison post test. One asterisk indicates a P-value of 0.05
and three asterisks indicates a P-value of 0.001.
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than that seen in cells lacking Ras1 (P = 0.05). Cells expressing 1-40Gpa1-

GFP-Ras1C215S also appeared more elongated (Figure 6.15). GFP-Ras1C216S

also displayed a reduction in percentage circularity from 94.3 + 0.4 % to 84.2
+ 1.0 % upon addition of the first 40 amino acids of Gpa1. The addition of

1-40Gpa1 to GFP-Ras1Q66L, C215S caused the largest reduction in percentage

circularity, falling from 90.3 + 0.7 % to 66.3 + 1.7 % (Figure 6.16), with these

cells exhibiting a marked hyper-elongated morphology (Figure 6.15).

As an additional measure of Ras1 activity through Scd1-Cdc42, the lo-

calisation of Tea1-mCherry in strains expressing 1-40Gpa1-GFP-Ras1 fusions

from the ras1 locus was determined using a Nikon E800 epifluorescence micro-

scope fitted with an Andor EM-CCD camera. Images of each strain indicated

that all, with the exception of the inactive mutant 1-40Gpa1-GFP-Ras1S22N ,

displayed a degree of polar Tea1-mCherry localisation in most cells (Figure

6.17). This observation is most notable in strains expressing 1-40Gpa1-GFP-

Ras1C215S, as Ras1C215S supported little polar Tea1 localisation, and strains

expressing 1-40Gpa1-GFP-Ras1C216S, as cells expressing Ras1C216S alone dis-

played no clear tip localisation of Tea1-mCherry (Figure 5.10). These data,

in addition to those presented in Figures 6.15 and 6.16, indicate that promot-

ing the association of Ras1C215S and Ras1C216S with the plasma membrane,

through an additional plasma membrane targetting domain, restores some sig-

nalling through Scd1-Cdc42. This observation again indicates that plasma

membrane localisation of Ras1 is important for the maintenance of polar cell

morphology in addition to pheromone-dependent signalling.
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JY1513 (1-40gpa1-gfp-ras1C216S)

JY1514 (1-40gpa1-gfp-ras1Q66L)

JY1515 (1-40gpa1-gfp-ras1Q66L, C215S)
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Figure 6.17. Analysis of Tea1-mCherry localisation in cells
expressing 1-40Gpa1-GFP-Ras1 fusions

The localisation of Tea1-mCherry was determined in ras1+ (JY1469) cells, !ras1
(JY1569) cells and cells expressing 1-40Gpa1-GFP-Ras1 fusions using a Nikon E800
epifluorescence microscope fitted with an Andor EM-CCD camera. Arrows indicate
the tip localisation of Tea1-mCherry. All fusions except 1-40Gpa1-GFP-Ras1S22N
displayed polar Tea1-mCherry localisation in the majority of cells imaged. The scale
bar represents 10 $m.
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6.3.5. Addition of the first 40 amino acids of Gpa1 to GFP-Ras1

increases pheromone-dependent signalling.

6.3.5.1. The analysis of "-galactosidase activity and cell volume in cells ex-

pressing 1-40Gpa1-GFP-Ras1 fusions. Addition of 1-40Gpa1 to GFP-Ras1 fu-

sion proteins would be expected to increase signalling in response to pheromone,

as all indications suggest this process is regulated at the plasma membrane

(Bauman et al. 1998; Onken et al. 2006). In order to test this assertion,

pheromone-dependent signalling was determined using assays for !-galactosidase

activity and average cell volume, following growth in a range of pheromone con-

centrations (1 nM to 100 %M) in DMM for 16 h. Analysis of !-galactosidase

activity in response to pheromone indicated that cells expressing 1-40Gpa1-

GFP-Ras1 displayed a slightly higher maximal signal (6.2 + 0.3) than cell

expressing GFP-Ras1 alone (5.4 + 0.3) (Figure 6.18A). GFP-Ras1 however dis-

plays reduced maximal signalling compared to wild-type Ras1 (Figure 4.24).

1-40Gpa1-GFP-Ras1C215S exhibited a maximal signal slightly below that of

GFP-Ras1 (4.7 + 0.2), but markedly higher than that of GFP-Ras1C215S alone

(2.4 + 0.3) (Figure 5.16). Cells expressing 1-40Gpa1-GFP-Ras1C216S also dis-

played !-galactosidase activity in response to pheromone, giving a maximal

signal of 2.6 + 0.2 (Figure 6.18A), whereas no pheromone-dependent signalling

was observed in strains expressing GFP-Ras1C216S (Figure 5.16). Cells express-

ing 1-40Gpa1-GFP-Ras1 displayed a slight pheromone-responsive increase in

cell volume, with the 1-40Gpa1-GFP-Ras1 strain exhibiting an increase from

70.0 + 0.7 fl to 74.1 + 1.2 fl. 1-40Gpa1-GFP-Ras1C215S and 1-40Gpa1-GFP-

Ras1C216S did not support an increase in cell volume (Figure 6.18B).

The activity of 1-40Gpa1-GFP-Ras1 mutants displaying altered nucleotide

binding and hydrolysis properties was also determined through analysis of !-

galactosidase activity and cell volume. As with all previous Ras1 proteins

containing the Ser22Asn mutation, 1-40Gpa1-GFP-Ras1S22N displayed no sig-

nificant pheromone dependent signalling. 1-40Gpa1-GFP-Ras1Q66L, C215S and

1-40Gpa1-GFP-Ras1Q66L however, displayed strong pheromone-dependent sig-
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Figure 6.18. Pheromone-dependent changes in transcription and
cell volume in cells expressing 1-40Gpa1-GFP-Ras1 and
1-40Gpa1-GFP-Ras1 fusions with C-terminal modification defects

Pheromone-responsive changes in transcription and cell volume were observed
in gfp-ras1 (JY1390) cells, !ras1 (JY1279) cells and cells expressing 1-40Gpa1-
GFP-Ras1 fusions from the ras1 locus. Cells were grown in 1 nM to 100 $M
pheromone in DMM for 16 h. Assays were then performed for "-galactosidase
activity (A) and average cell volume (B). All 1-40Gpa1-GFP-Ras1 fusions displayed
pheromone-responsive "-galactosidase activity. Data shown is an average of three
independent determinants (+SEM).
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Figure 6.19. Pheromone-dependent changes in transcription and
cell volume in cells expressing 1-40Gpa1-GFP-Ras1 and
1-40Gpa1-GFP-Ras1 fusions with altered nucleotide binding and
hydrolysis

Pheromone-responsive changes in transcription and cell volume were observed in
gfp-ras1 (JY1390) cells, !ras1 (JY1279) cells and cells expressing 1-40Gpa1-GFP-
Ras1 fusions from the ras1 locus. Cells were grown in 1 nM to 100 $M pheromone
in DMM for 16 h. Assays were then performed for "-galactosidase activity (A)
and average cell volume (B). 1-40Gpa1-GFP-Ras1Q66L C215S and 1-40Gpa1-GFP-
Ras1Q66L displayed elevated pheromone-responsive "-galactosidase activity and cell
volume changes. 1-40Gpa1-GFP-Ras1S22N exhibited little signalling. Data shown
is an average of three independent determinants (+SEM).
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nalling. Cells expressing 1-40Gpa1-GFP-Ras1Q66L, C215S exhibited a maximal

signal of 18.2 + 0.7 in !-galactosidase assays, higher than GFP-Ras1Q66L, C215S

alone (Figure 5.28). This strain also demonstrated a greater sensitivity to

pheromone, giving a pEC50 of 7.4 + 0.1 compared to 6.7 + 0.1 in cells express-

ing GFP-Ras1 (Figure 6.19A). Cells expressing 1-40Gpa1-GFP-Ras1Q66L gave

a maximal signal of 22.8 + 0.8 in !-galactosidase assays. Both strains displayed

an increase in cell volume in response to pheromone, with the 1-40Gpa1-GFP-

Ras1Q66L C215S strain showing an increase from 77.4 + 0.8 fl to 90.5 + 0.6 fl,

and the 1-40Gpa1-GFP-Ras1Q66L strain showing an increase from 76.9 + 0.9

fl to 100.7 + 1.2 fl (Figure 6.19B).

6.3.5.2. The analysis of cell elongation in cells expressing 1-40Gpa1-GFP-

Ras1 fusions. The majority of 1-40Gpa1-GFP-Ras1 fusions displayed only a

small increase in cell volume in response to pheromone. Cell length, however,

provides a more direct measure of shmoo formation. Cell elongation in re-

sponse to pheromone was determined in these strains using quantitative image

analysis. Images of each strain, expressing GFP from pREP3x, were obtained

using a Leica SP5 scanning confocal microscope, following 16 h incubation in

the absence and in the presence of 10 %M pheromone (Figure 6.20). Quimp

software was then used to determine the length of 30 cells of each strain un-

der each assay condition. 1-40Gpa1-GFP-Ras1 displayed a significant increase

in cell length in response to pheromone (50.0 + 1.4 pixels to 59.9 + 2.2 pix-

els, P = 0.05) (Figure 6.21A). Of the other five 1-40Gpa1-GFP-Ras1 fusions

1-40Gpa1-GFP-Ras1Q66L was the only mutant which displayed a significant

increase in cell length (64.0 + 1.9 pixels to 103.0 + 5.0 pixels, P = 0.05). 1-

40Gpa1-GFP-Ras1Q66L, C215S displayed a hyper-elongated morphology in the

absence of pheromone (82.5 + 3.7 pixels) (Figure 6.21B).
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Figure 6.20. The morphology of cells expressing
1-40Gpa1-GFP-Ras1 fusions in the absence and presence of
pheromone

DIC images of cells expressing 1-40Gpa1-GFP-Ras1 fusions from the ras1 locus were
obtained using a Leica SP5 scanning confocal microscope, following growth in the
absence and in the presence of 10 $M pheromone in DMM lacking thiamine for 16 h.
Only the strain containing 1-40Gpa1-GFP-Ras1Q66L displayed marked morphological
changes in response to pheromone. The scale bar represents 10 $m.
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Figure 6.21. Analysis of shmoo formation in cells expressing
1-40Gpa1-GFP-Ras1 fusions using quantitative imaging

Quimp software was used to determine the length of cells expressing 1-40Gpa1-
GFP-Ras1 fusions, following growth in the absence and in the presence of 10
$M pheromone in DMM lacking thiamine for 16 h. 1-40Gpa1-GFP-Ras1 and
1-40Gpa1-GFP-Ras1Q66L supported a significant pheromone-dependent increase in
cell length (P = 0.05). Data shown is representative of 30 individual cells + SEM.
Statistical significance was determined using a one-way anova with a Tukey multiple
comparison post test. One asterisk indicates a P value of 0.05 and three asterisks
indicates a P-value of 0.001.
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Figure 6.22. Flow cytometric analysis of cell cycle position in cells
expressing 1-40Gpa1-GFP-Ras1 fusions

Cell cycle arrest was analysed in ras1+ (JY544) cells, !ras1 (JY1279) cells, gfp-
ras1 (JY1390) cells and cells expressing 1-40Gpa1-GFP-Ras1, fusions containing
C-terminal modification defects (A) and fusions with altered nucleotide binding
and hydrolysis (B), using propidium iodide staining and flow cytometry. Analy-
sis was performed following growth in the presence (10 $M P-factor) and absence
of pheromone in DMM for 6 h. Flow cytometric analysis allowed the distinction
between cells containing a single complement (1C) and double complement (2C) of
DNA. 1-40Gpa1-GFP-Ras1S22N was the only fusion not to support a marked increase
in cells containing a single complement of genomic DNA. Analysis was performed for
30000 cells.
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Figure 6.23. Pheromone-responsive changes in cell cycle position in
cells expressing 1-40Gpa1-GFP-Ras1 fusions

Cell cycle arrest was analysed in ras1+ (JY544) cells, !ras1 (JY1279) cells, gfp-
ras1 (JY1390) cells and cells expressing 1-40Gpa1-GFP-Ras1, fusions containing
C-terminal modification defects (A) and fusions with altered nucleotide binding
and hydrolysis (B) using propidium iodide staining and flow cytometry. Anal-
ysis was performed following growth in the presence (10 $M P-factor) and ab-
sence of pheromone in DMM for 6 h. Most fusions exhibited some pheromone-
dependent G1 arrest. 1-40Gpa1-GFP-Ras1C215S , 1-40Gpa1-GFP-Ras1Q66L C215S

and 1-40Gpa1-GFP-Ras1Q66L supported a significant increase in cells in G1 in re-
sponse to pheromone (P = 0.05, 0.001 and 0.001 respectively). Data shown represen-
tative of three independent determinants + SEM. Analysis was performed for 30000
cells. Statistical significance was determined using a one-way anova with a Tukey
multiple comparison post test. One asterisk indicates a P value of 0.05 and three
asterisks indicates a P-value of 0.001.
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Images of these strains following stimulation only reveal marked shmoo

formation in cells expressing 1-40Gpa1-GFP-Ras1Q66L (Figure 6.20). As sug-

gested in Figure 6.16, cells expressing 1-40Gpa1-GFP-Ras1Q66L, C215S exhibit

a marked hyper-elongated morphology.

6.3.5.3. The analysis of cell cycle arrest in cells expressing 1-40Gpa1-GFP-

Ras1 fusions. Cell cycle arrest provides an additional, sensitive measure of

Ras1 signalling following pheromone stimulation. Cell cycle position was anal-

ysed in strains expressing 1-40Gpa1-GFP-Ras1 fusions from the endogenous

ras1 locus following growth in the presence (10 %M P-factor) and absence of

pheromone in DMM for 6 h, using propidium iodide staining and flow cytome-

try (Figure 6.22). Analysis was performed for 30000 cells. Most fusion proteins

supported an increase in the percentage of cells in G1 upon stimulation with

pheromone. 1-40Gpa1-GFP-Ras1 (22.2 + 3.8 % to 45.6 + 4.6 %) and 1-40Gpa1-

GFP-Ras1C216S (16.1 + 1.1 % to 34.5 + 5.8 %) supported some pheromone

dependent increase in G1 arrest in response to pheromone. Cells expressing

Ras1C216S alone displayed no discernible pheromone-dependent G1 arrest (Fig-

ure 5.14). Strains containing 1-40Gpa1-GFP-Ras1C215S (19.1 + 2.3 % to 44.9
+ 4.0 %), 1-40Gpa1-GFP-Ras1Q66L, C215S (25.0 + 2.0 % to 68.3 + 3.6 %) and

1-40Gpa1-GFP-Ras1Q66L (24.1 + 2.1 % to 71.2 + 0.7 %) all displayed a signifi-

cant increase in the number of cells in G1 following incubation with pheromone

(P = 0.05, 0.001 and 0.001 respectively) (Figure 6.23). Ras1C215S alone did not

support a significant increase in G1 arrest upon stimulation with pheromone

(Figure 5.14). All these strains displayed a marked increase in cells containing

a single complement (1C) of chromosomal DNA following pheromone stim-

ulation (Figure 6.22). Cells expressing 1-40Gpa1-GFP-Ras1S22N exhibited a

slight increase in G1 arrest in response to pheromone (12.7 + 1.1 % to 17.3 +

1.8 %), however this was not significant.

These data again indicate that increasing the levels of Ras1 at the plasma

membrane promotes signalling in response to pheromone.
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Figure 6.24. Quantitative analysis of mating e!ciency in cells
expressing 1-40Gpa1-GFP-Ras1, 1-40Gpa1-GFP-Ras1C215S and
1-40Gpa1-GFP-Ras1C216S

The mating of ras1+ (JY544) cells, !ras1 (JY1279) cells, gfp-ras1 (JY1390) cells
and cells containing Ras1C215S , Ras1C216S , 1-40Gpa1-GFP-Ras1, 1-40Gpa1-GFP-
Ras1C215S and 1-40Gpa1-GFP-Ras1C216S , expressing Sxa2 from pREP41x, was
assessed using the quantitative mating assay detailed in section 4.2.1. All three
1-40Gpa1-GFP-Ras1 fusions supported mating. Data shown representative of three
independent determinants + SEM. Statistical significance was determined using a
one-way anova with a Tukey multiple comparison post test. Two asterisks indicates
a P-value of 0.01. One asterisk indicates a P-value of 0.05.
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6.3.6. Expression of 1-40Gpa1-GFP-Ras1, 1-40Gpa1-GFP-Ras1C215S

and 1-40Gpa1-GFP-Ras1C216S rescues mating.

Cells containing 1-40Gpa1-GFP-Ras1, 1-40Gpa1-GFP-Ras1C215S and 1-40Gpa1-

GFP-Ras1C216S all displayed significant pheromone-dependent signalling. To

determine whether these strains could also mate, JY1522 (1-40gpa1-gfp-ras1 ),

JY1498 (1-40gpa1-gfp-ras1C215S) and JY1499 (1-40gpa1-gfp-ras1C216S), express-

ing Sxa2 from pREP41x, were incubated with wild-type P-cells (JY1025), and

a quantitative mating assay was performed, as detailed in section 4.2.1 (Figure

6.24). Mating was observed in all three strains, albeit at a lower level than

was observed in cells expressing wild-type Ras1. JY1522 (1-40gpa1-gfp-ras1 )

displayed a cfu recovery of 11.12 + 4.12 %, JY1498 (1-40gpa1-gfp-ras1C215S)

a recovery of 17.10 + 4.48 % and JY1499 (1-40gpa1-gfp-ras1C216S) of 16.57 +

6.53 %. These were the only 1-40Gpa1-GFP-Ras1 fusions to support mating.

The Ras1C215S and Ras1C216S mutants alone did not support mating, again

indicating that increasing the level of these Ras1 mutants at the plasma mem-

brane promotes pheromone-responsive signalling.

6.4. Summary

The results detailed in chapter 5 discussed the role of Ras1 C-terminal mod-

ification in signalling activity and localisation. These results suggested that

the localisation of Ras1 to the plasma membrane was key to both pheromone-

dependent signalling and polar cell morphology. In order to further investigate

this finding, in the preceding chapter a number of chimeric Ras1 proteins were

characterised which displayed increased plasma membrane avidity. The first

chimeric Ras1 protein utilised was the Ras1-RitC fusion, which has been used

previously to investigate Ras1 signalling from the plasma membrane (Onken

et al. 2006). In this study it was suggested that Ras1-RitC localised solely to

the plasma membrane and was only able to propagate signalling in response to

pheromone. In the data presented in section 6.2 it is indicated that Ras1-RitC
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displays predominantly plasma membrane localisation, but also substantial cy-

tosolic and nuclear localisation. In addition, functional assays indicated that

Ras1-RitC displayed signalling through both Byr2 in response to pheromone

and Scd1 in maintaining polar cell morphology, although this activity was re-

duced in both cases compared to wild-type Ras1. It was also suggested in

Onken et al. 2006 that Ras1-RitC was able to rescue mating. In this present

study however, it was found that mating occurred at a very low e!ciency in

cells expressing Ras1-RitC.

Ras1-RitC did not display specific plasma membrane localisation, and only

exhibited partial activity in all assays for Ras1 function. Due to the limita-

tions of the Ras1-RitC fusion, a di"erent approach to increasing the plasma

membrane localisation of Ras1 was adopted. Section 6.3 details the use of

the N-terminal plasma membrane targeting domain of Gpa1 to increase Ras1

plasma membrane localisation, adding a myristoyl and palmitoyl group to N-

terminus of the protein. The first 40 amino acids of Gpa1 were fused to GFP-

Ras1, GFP-Ras1C215S, GFP-Ras1C216S, GFP-Ras1Q66L C215S, GFP-Ras1Q66L

and GFP-Ras1S22N , and their activity and localisation was investigated. All

displayed a high degree of plasma membrane localisation, however in most

instances little di"erence was observed in function compared to the equiv-

alent proteins lacking 1-40Gpa1. The most significant e"ect was observed

upon fusions containing the palmitoylation deficient mutant Ras1C215S and

the palmitoylation/farnesylation deficient mutant Ras1C216S. Both displayed

a significant increase in plasma membrane localisation upon addition of the

first 40 amino acids of Gpa1. 1-40Gpa1-GFP-Ras1C215S supported increased

pheromone-responsive signalling, statistically significant polar cell morphology,

polar Tea1 localisation and mating. In contrast, Ras1C215S alone was unable

to rescue polar cell morphology or mating. 1-40Gpa1-GFP-Ras1C216S sup-

ported pheromone-responsive signalling, a reduced cell circularity compared

to Ras1C216S alone, some polar Tea1 localisation and mating. Ras1C216S was

previously unable to propagate any signalling when expressed from the ras1
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locus. These data again highlight the importance of plasma membrane localisa-

tion in Ras1 signalling, as shifting the localisation of Ras1C215S and Ras1C216S

back to the plasma membrane lead to an increase in all measures of Ras1

function. These data are summarised in table 6.1.
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CHAPTER 7

Functional expression of human ras proteins in fission

yeast

7.1. Introduction

The development of pheromone-responsive reporter strains (Didmon et al.

2002; Ladds et al. 2003) has facilitated the use of Sz. pombe as a model

system for studying human signalling components. Previous applications have

included expression of human G" subunits (Ladds et al. 2003), human G!

subunits (Goddard et al. 2006) and human RGS proteins (Ladds et al. 2007;

Hill et al. 2008). Further studies have explored the heterologous expression

of human ras proteins in fission yeast (Nadin-Davis et al. 1986), however

none have sought to quantify signalling through multiple pathways or compare

multiple human ras isoforms.

Human ras proteins and Sz. pombe Ras1 share significant sequence homol-

ogy (Figure 7.1A). The N-terminal region, which is involved in nucleotide bind-

ing and e"ector interaction and contains the guanine nucleotide-binding (G

region) and phosphate-binding (P region) domains (Vetter and Wittinghofer

2001), is highly conserved between human ras proteins and Ras1. Most se-

quence divergence is observed in the C-terminal region, or hypervariable do-

main, which is involved in ras localisation (Eisenberg and Henis 2008). All iso-

forms contain a C-terminal CAAX farnesylation motif to promote membrane

association. Ras1 and N-Ras each contain a single palmitoyl group to further

aid plasma membrane localisation. H-Ras, by contrast, contains two palmitoyl

groups and K-Ras4B is not palmitoylated but contains a poly-basic domain to

allow interaction with lipid head groups at the plasma membrane (Bijlmakers

and Marsh 2003; Eisenberg and Henis 2008; Smotrys and Linder 2004). In

242
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Mating assay development

CAAX motif

                                 1                                                                        75

                Ras1  MRSTYLREYKLVVVGDGGVGKSALTIQLIQSHFVDEYDPTIEDSYRKKCEIDGEGALLDVLDTAGQEEYSAMREQ       

H              H-Ras  MT-----EYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETCLLDILDTAGQEEYSAMRDQ

               N-Ras  MT-----EYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETCLLDILDTAGQEEYSAMRDQ

             K-Ras4B  MT-----EYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETCLLDILDTAGQEEYSAMRDQ

                      76                                                                      150

                Ras1  YMRTGEGFLLVYNITSRSSFDEISTFYQQILRVKDKDTFPVVLVANKCDLEAERVVSRAEGEQLAKSMHCLYVET

               H-Ras  YMRTGEGFLCVFAINNTKSFEDIHQYREQIKRVKDSDDVPMVLVGNKCDLAA-RTVESRQAQDLARSYGIPYIET

               N-Ras  YMRTGEGFLCVFAINNSKSFADINLYREQIKRVKDSDDVPMVLVGNKCDLPT-RTVDTKQAHELAKSYGIPFIET

             K-Ras4B  YMRTGEGFLCVFAINNTKSFEDIHHYREQIKRVKDSEDVPMVLVGNKCDLPS-RTVDTKQAQDLARSYGIPFIET

                      151                                              200

                Ras1  SAKLRLNVEEAFYSLVRTIRRYNKSEEKGFQNKQAVQTAQVPASTAKRASAVNNSKTEDEVSTKCCVIC

               H-Ras  SAKTRQGVEDAFYTLVREIRQH------------------------KLRKLNPPDESGPGCMSCKCVLS

               N-Ras  SAKTRQGVEDAFYTLVREIRQY------------------------RMKKLNSSDDGTQGCMGLPCVVM

             K-Ras4B  SAKTRQGVDDAFYTLVREIRKH------------------------K-EKMSKDGKKKKKKSKTKCVIM

P region G region

Ras1

H-Ras

N-Ras

K-Ras4B

A

B

Figure 7.1. The homology between human ras proteins and Sz.
pombe Ras1

Sequence alignment of Sz. pombe Ras1 and human H-Ras, N-Ras and K-Ras4B.
Sequences were aligned using MultAlin version 5.4.1 (Corpet 1988). Gaps included to
optimise the alignment are indicated with a -. Identical residues are shaded in black,
conservative changes in grey and those without shading indicate non-conservative
changes (A). Diagrams of Ras1 and human H-Ras, N-Ras and K-Ras4B indicate the
di!erences in their C-terminal hypervariable domains (dark grey) (B). The branched
farnesyl and longer non-branched palmitoyl groups are included at the C-terminus
where these modifications occur. The stretch of lysines (K) at the C-terminus of
K-Ras4B represent the proteins poly-basic C-terminal domain.
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addition, the sequences immediately upstream of these modifications, which

have previously been implicated in localisation (Hancock 2003), are highly di-

vergent between the isoforms (Figure 7.1B). In Ras1 this upstream region is

considerably larger than human ras isoforms, however the significance of this

remains to be determined. As a result, the C-terminal localisation domain of

Ras1 could display properties that di"er from human ras proteins. Despite this

divergence, the high level of homology in the nucleotide binding and e"ector

interaction domains of these proteins suggests human ras and Ras1 might be

functionally interchangeable.

7.2. The localisation of human ras proteins in Sz. pombe

The highly divergent C-termini of human H-Ras, N-Ras and K-Ras4B could

confer quite di"ering localisation patterns in Sz. pombe. As a consequence,

these isoforms could prove informative in determining the link between ras

localisation and function in fission yeast. The localisation of the three human

ras isoforms H-Ras, N-Ras and K-Ras4B was determined using GFP-ras fusions

expressed from pREP3x in the !ras1 strain JY1279. Images were obtained

using a Leica SP5 scanning confocal microscope (Figure 7.2A) and the relative

level of fluorescence at the periphery compared to the interior of the cell was

determined using Quimp software (Figure 7.2B). GFP-K-Ras4B displayed the

highest plasma membrane localisation of the three human ras isoforms (67.5
+ 4.7 %). GFP-H-Ras exhibited an intermediate level of plasma membrane

localisation (41.5 + 8.2 %), and GFP-N-Ras displayed the lowest (11.3 + 3.1

%). All however displayed a lower level of plasma membrane localisation than

GFP-Ras1 (78.0 + 3.5 %). These di"erences in localisation are likely due to the

quite di"ering C-terminal localisation domains of these three proteins (Figure

7.1B).
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Figure 7.2. Quantifying the localisation of GFP-human ras fusions
using Quimp software

Images of !ras1 cells (JY1279) expressing GFP, GFP-Ras1, GFP-H-Ras, GFP-N-
Ras and GFP-K-Ras4B from pREP3x were obtained using a Leica SP5 scanning
confocal microscope (A). The intensity of fluorescence at the periphery compared
to the interior of the cell was determined using Quimp software (B). GFP-K-Ras4B
displayed plasma membrane fluorescence comparable to GFP-Ras1. GFP-H-Ras
and GFP-N-Ras exhibited significantly lower plasma membrane localisation. Data
representative of 10 individual cells. Statistical significance was determined using a
one-way anova with a Tukey multiple comparison post test. Three asterisks indicates
a P-value of 0.001. The scale bar represents 10 $m.
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Figure 7.3. Integration of human H-Ras, N-Ras and K-Ras4B at
the ras1 locus of the "-glactosidase reporter strain

Integration of human H-Ras, N-Ras and K-Ras4B in the ras1::ura4+, sxa2>lacZ
strain JY1247 was confirmed via immunoblotting using an anti-ras RAS10 antibody.
Coomassie stains of whole protein are included above the immunoblot as loading
controls.

7.3. Expression of human ras proteins in Sz. pombe

To allow the analysis of human ras activity in fission yeast at endogenous

Ras1 levels, the human ras isoforms H-Ras, N-Ras and K-Ras4B were inte-

grated at the ras1 locus in the !-galactosidase reporter strain (sxa2>lacZ )

(Figure 7.3) and the tea1-mCherry (Figure 7.4) strain using the method previ-

ously described (Figure 4.28A). Expression was confirmed by immunoblotting

using an anti-ras RAS10 antibody. Direct, in-frame N-terminal GFP-H-Ras,

GFP-N-Ras and GFP-K-Ras4B fusions were also created at the ras1 locus in
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Figure 7.4. Integration of human H-Ras, N-Ras and K-Ras4B at
the ras1 locus of the Tea1-mCherry strain

Integration of human H-Ras, N-Ras and K-Ras4B in the ras1::ura4+, tea1-mcherry
strain JY1569 (B) was confirmed via immunoblotting using an anti-ras RAS10
antibody. Coomassie stains of whole protein are included above the immunoblot as
loading controls.

the sxa2>lacZ reporter (Figure 7.5). Expression was again confirmed by im-

munoblotting, giving a signal at a position consistent with the predicted size

of the fusion (! 53 kDa).
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Figure 7.5. Integration of GFP-H-Ras, GFP-N-Ras and
GFP-K-Ras4B at the ras1 locus

Integration of GFP-H-Ras, GFP-N-Ras and GFP-K-Ras4B in the ras1::ura4+,
sxa2>lacZ strain JY1247 was confirmed via immunoblotting using an anti-ras
RAS10 antibody. Coomassie stains of whole protein are included above the
immunoblot as loading controls.

7.4. The function of human ras proteins in Sz. pombe

7.4.1. H-Ras, N-Ras and K-Ras4B all signal through Scd1.

The function of human ras proteins in fission yeast was first assessed through

analysis of polar cell morphology and Tea1-mCherry localisation. The localisa-

tion of Tea1-mCherry was assessed in cells expressing each of the three human

ras isoforms from the ras1 locus. Images were obtained using a Nikon E800 epi-

fluorescence microscope fitted with an Andor EM-CCD camera (Figure 7.6C).

All three human ras isoforms appeared to support polar Tea1-mCherry local-

isation in the majority of cells observed. These strains displayed defined tip



7.4. THE FUNCTION OF HUMAN RAS PROTEINS IN SZ. POMBE 249

localisation of Tea1-mCherry with little Tea1-mCherry present at other areas

of the cell periphery, and with an accompanying elongated polar morphology.

These results suggest significant ras signalling through the cell morphology

pathway.

To further determine the activity of human ras in regulating cell polarity,

the morphologies of cells expressing each human ras isoforms were analysed

using quantitative image analysis. Images of each strain were obtained using

a Leica SP5 confocal microscope (Figure 7.6A) and expression of GFP from

pREP3x, following growth in DMM lacking thiamine, was used to allow de-

tection of the cell. Quimp software was then used to determine the circularity

of 30 cells of each strain. All strains expressing human ras isoforms exhib-

ited a significantly lower percentage circularity than cells lacking Ras1 (87.5 +

1.2 %). JY1461 (h-ras) and JY1463 (k-ras4b) showed comparable morpholo-

gies, with JY1461 (h-ras) giving a percentage circularity of 77.0 + 1.4 % and

JY1463 (k-ras4b) giving a percentage circularity of 79.3 + 1.5 %. JY1462

(n-ras) exhibited a slightly higher percentage circularity (81.4 + 1.1 %), pos-

sibly indicating a lower level of signalling through Scd1 (Figure 7.6B). Due

to the high degree of homology in the N-termini of each isoform it is possible

that this reduced activity is due to the markedly lower level of N-Ras at the

plasma membrane compared to the other two human ras isoforms (Figure 7.2).

7.4.2. H-Ras, N-Ras and K-Ras4B all propagate signalling in re-

sponse to pheromone.

Human H-Ras, N-Ras and K-Ras4B displayed significant signalling through

the cell morphology pathway. To determine whether they could also support

pheromone-dependent signalling, strains expressing human H-Ras (JY1461),

N-Ras (JY1462) and K-Ras4B (JY1463) from the ras1 locus were analysed

using assays for !-galactosidase activity and cell volume. !-galactosidase ac-

tivity and average cell volume were determined following growth in a range of
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Figure 7.6. Analysis of the morphology of cells expressing human
H-Ras, N-Ras and K-Ras4B

Images of ras1+ (JY544), !ras1 (JY1279), h-ras (JY1461), n-ras (JY1462) and k-
ras4b (JY1463) cells, expressing GFP from pREP3x, were obtained using a Leica SP5
scanning confocal microscope. Representative DIC images are displayed in panel
A. Cell circularity was determined using Quimp software (B). Cells expressing all
three isoforms displayed a lower percentage circularity than cells lacking Ras1. Data
representative of 30 individual cells + SEM. The localisation of Tea1-mCherry was
determined in ras1+ (JY1469), !ras1 (JY1569), h-ras (JY1510), n-ras (JY1570) and
k-ras4b (JY1511) cells using a Nikon E800 epifluorescence microscope fitted with an
Andor EM-CCD camera (C). Cells expressing all three human ras isoforms displayed
some polar Tea1-mCherry localisation. Arrows indicate the tip localisation of Tea1-
mCherry. The scale bar represents 10 $m. Three asterisks indicates a P-value of
0.001 and one asterisks a value of 0.05.
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pheromone concentrations (1 nM to 100 %M) in DMM for 16 h. All three human

ras isoforms supported a pheromone-dependent increase in !-galactosidase ac-

tivity (Figure 7.7A). JY1463 (k-ras4b) displayed the highest maximal response

of the three strains (8.9 + 0.86), followed by JY1461 (h-ras) (5.47 + 0.25) and

JY1462 (n-ras) (2.9 + 0.2). The extent of signalling observed was lower than

that seen in cells expressing wild-type Ras1 (29.0 + 1.2). The level of maximal

signalling through each human ras isoform matched closely the level of plasma

membrane localisation each exhibited (Figure 7.2).

H-Ras and K-Ras4B supported a small increase in cell volume at higher

pheromone concentrations (Figure 7.7B). h-ras cells (JY1461) increased from

82.3 + 0.8 fl to 87.1 + 5.2 fl in response to pheromone and k-ras4b (JY1463)

cells increased from 83.8 + 0.4 fl to 88.8 + 1.1 fl. Cells expressing N-Ras

displayed no pheromone-responsive increase in cell volume.

Cells displaying less elongated morphologies exhibit a higher cell volume

due to increased cell width (Kelly and Nurse 2011). As a consequence, the

analysis of shmoo formation using average cell volume is complicated by high

basal figures. Due to the confounding e"ect of cell width, cell elongation in

response to pheromone was also analysed using quantitative imaging. Cell

length was measured after growth in the presence (10 %M) and absence of

pheromone in DMM lacking thiamine for 16 h. Images were obtained using

a Leica SP5 scanning confocal microscope, with cells expressing GFP from

pREP3x to allow segmentation of cells within the image. Quimp software was

then used to determine the length of 30 cells for each strain under each assay

condition. All strains expressing human ras isoforms displayed no significant

elongation in response to pheromone. JY1463 (k-ras4b) displayed the strongest

trend towards increased cell length (65.3 + 2.4 pixels to 69.0 + 2.6 pixels). No

visible change in morphology was observed in any of these strains following

pheromone stimulation (Figure 7.8).

As a final measure of signalling in response to pheromone, cell cycle po-

sition was analysed in cells grown in the presence (10 %M) and absence of
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Figure 7.7. Pheromone-dependent changes in transcription and cell
volume in cells expressing human ras isoforms

Pheromone-responsive changes in transcription and cell volume were observed in
ras1+ (JY544), !ras1 (JY1279), h-ras (JY1461), n-ras (JY1462) and k-ras4b
(JY1463) cells. Cells were grown in 1 nM to 100 $M pheromone in DMM for 16
h. Assays were then performed for "-galactosidase activity (A) and average cell
volume (B). All strains expressing human ras isoforms displayed some pheromone-
responsive "-galactosidase activity. H-Ras and K-Ras4B supported some increse in
cell volume in response to pheromone. Data shown is an average of three independent
determinants (+SEM).
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Figure 7.8. Pheromone-dependent cell elongation in cells
expressing human ras isoforms from the ras1 locus

Images of ras1+ (JY544), !ras1 (JY1279), h-ras (JY1461), n-ras (JY1462) and k-
ras4b (JY1463) cells, expressing GFP from pREP3x, were obtained using a Leica SP5
scanning confocal microscope. Images were taken following growth in the presence
(10 $M) and absence of pheromone in DMM for 16 h. Representative DIC images
are displayed in panel A. Cell length was determined using Quimp software (B).
Cells expressing H-Ras, N-Ras and K-Ras4B displayed no significant increase in cell
length in response to pheromone. Data shown is representative of 30 individual cells
+ SEM. Statistical significance was determined using a one-way anova with a Tukey
multiple comparison post test. Three asterisks indicates a P-value of 0.001. Images
from the populations analysed demonstrate no change in morphology in response to
pheromone. The scale bar represents 10 $m.
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Figure 7.9. Pheromone-responsive changes in cell cycle position in
cells expressing human ras isoforms from the ras1 locus

Cell cycle arrest was analysed in ras1+ (JY544), !ras1 (JY1279), h-ras (JY1461),
n-ras (JY1462) and k-ras4b (JY1463) cells using propidium iodide staining and flow
cytometry, after growth in the presence (10 $M) and absence of pheromone in DMM
for 6 h. This analysis allowed the distinction between cells containing a single com-
plement (1C) and double complement (2C) of DNA (A). Cells expressing human
ras isoforms displayed some pheromone-dependent G1 arrest (B). Data shown rep-
resentative of three independent determinants + SEM. Analysis was performed for
30000 cells. Statistical significance was determined using a one-way anova with a
Tukey multiple comparison post test. Three asterisks indicates a P-value of 0.001,
two asterisks a value of 0.01 and one asterisks a value of 0.05.
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pheromone in DMM for 6 h, using propidium iodide staining and flow cytom-

etry. Analysis was performed for 30000 cells. H-Ras, N-Ras and K-Ras4B all

supported a significant pheromone dependent G1 arrest (Figure 7.9). JY1463

(k-ras4b) displayed the highest percentage of cells in G1 following stimulation

with pheromone, increasing from 20.0 + 0.3 % to 36.2 + 2.1 %. JY1461 (h-ras)

displayed the most statistically significant arrest, but a lower levels of arrest

following stimulation (11.0 + 1.3 % to 29.6 + 1.6). JY1462 (n-ras) exhibited

the lowest percentage of cells in G1 following incubation with pheromone (10.35
+ 1.9 % to 21.6 + 2.2). The levels of maximal response in these strains again

matches closely the level of each human ras isoform at the plasma membrane

(Figure 7.2).

7.4.3. Addition of GFP to the N-terminus reduces pheromone-

responsive signalling through H-Ras, N-Ras and K-Ras4B.

To determine the e"ect of the GFP tag upon GFP-H-Ras, GFP-N-Ras and

GFP-K-Ras4B, !-galactosidase activity and cell volume were analysed in re-

sponse to pheromone, following growth in a range of pheromone concentrations

(1 nM to 100 %M) in DMM for 16 h. All three displayed a small pheromone-

dependent increase in !-galactosidase activity (JY1461 (h-ras) = 0.6 + 0.1 to

2.6 + 0.1, JY1462 (n-ras) = 0.6 + 0.2 to 2.6 + 0.3 and JY1463 (k-ras4b)

= 0.3 + 0.2 to 2.1 + 0.2) (Figure 7.10). The level of signalling observed

was markedly lower than that seen in cells expressing each human ras iso-

form without GFP fused to the N-terminus. None of these strains displayed a

pheromone-responsive increase in cell volume. All also exhibited a high basal

cell volume, similar to cells lacking Ras1 (JY1461 (h-ras) = 85.0 + 1.0 fl,

JY1462 (n-ras) = 85.0 + 2.2 fl, JY1463 (k-ras4b) = 87.7 + 1.5 fl and JY1279

(!ras1 ) = 89.4 + 0.4 fl).
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Figure 7.10. Pheromone-dependent changes in transcription and
cell volume in cells expressing GFP tagged human ras isoforms

Pheromone-responsive changes in transcription and cell volume were observed in
ras1+ (JY544), !ras1 (JY1279), gfp-ras1 (JY1390), gfp-h-ras (JY1571), gfp-n-ras
(JY1502) and gfp-k-ras4b (JY1503) cells. Cells were grown in 1 nM to 100 $M
pheromone in DMM for 16 h. Assays were then performed for "-galactosidase activity
(A) and average cell volume (B). GFP tagged human ras isoforms supported some
pheromone-reponsive "-galactosidase activity, but no increase in cell volume upon
pheromone stimulation. Data shown is an average of three independent determinants
(+SEM).
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Figure 7.11. Pheromone-dependent changes in transcription and
cell volume in cells expressing human ras isoforms from pREP3x

Pheromone-responsive changes in transcription and cell volume were observed in
!ras1 (JY1279) cells expressing Ras1, H-Ras, N-Ras and K-Ras4B from pREP3x,
in addition to a vector alone control. Cells were grown in 1 nM to 100 $M pheromone
in DMM lacking thiamine for 16 h. Assays were then performed for "-galactosidase
activity (A) and average cell volume (B). Cells expressing human ras isoforms from
pREP3x exhibited strong pheromone-responsive increases in "-galactosidase activ-
ity and cell volume. Data shown is an average of three independent determinants
(+SEM).
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7.4.4. H-Ras, N-Ras and K-Ras4B display high levels of pheromone-

responsive signalling upon expression from pREP3x.

All three human ras isoforms displayed a lower level of activity than Ras1. To

determine whether signalling could be increased upon constitutive expression,

the signalling of H-Ras, N-Ras and K-Ras4B was also investigated upon ex-

pression from pREP3x in the !ras1 strain JY1279. Signalling was analysed

in response to pheromone using assays for !-galactosidase activity and cell vol-

ume, following growth in a range of pheromone concentrations (1 nM to 100

%M) in DMM lacking thiamine for 16 h. All three human ras isoforms dis-

played strong pheromone-responsive signalling in !-galactosidase assays when

expressed from pREP3x (Figure 7.11). Each gave a maximal signal greater

than that observed in cells expressing wild-type Ras1 from pREP3x (H-Ras

= 30.4 + 0.8, N-Ras = 29.7 + 0.9, K-Ras4B = 28.5 + 1.0 and Ras1 = 8.5
+ 0.5). The maximal signal was close to that observed in JY544, suggesting

that expression of H-Ras, N-Ras and K-Ras4B from pREP3x did not impair

cell viability. Cells expressing each human ras isoform from pREP3x also dis-

played a pEC50 (H-Ras = 7.0 + 0.1, N-Ras = 6.9 + 0.1 and K-Ras4B = 7.1
+ 0.1) comparable to cells expressing wild-type Ras1 (7.3 + 0.1). In addition,

all displayed a marked pheromone-dependent increase in cell volume. Cells

expressing H-Ras from pREP3x displayed an increase from 80.2 + 1.5 fl to

111.0 + 1.4 fl, those expressing N-Ras from 85.6 + 1.9 fl to 117.7 + 1.8 fl and

those expressing K-Ras4B from 86.1 + 2.0 fl to 121.7 + 2.0 fl.

7.4.5. H-Ras, N-Ras and K-Ras4B are only able to support lim-

ited mating.

H-Ras, N-Ras and K-Ras4B all exhibited pheromone-dependent signalling. In

order to determine whether this signalling was su!cient to support mating,

the e!ciency of mating in cells expressing H-Ras, N-Ras and K-Ras4B from

the endogenous ras1 promoter was determined using the quantitative mating
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assay described in section 4.2.1. Expression of Sxa2 from pREP41x was used

to restore Sxa2 activity. No mating (0 % in all cases) was observed using this

assay in strains expressing any of the three human ras isoforms. Microscopic

examination revealed some, limited ascus spore formation (Figure 7.12), in-

dicating that H-Ras, N-Ras and K-Ras4B are able to support some mating

activity. This observation is in concert with previous findings (Nadin-Davis et

al. 1986) which suggested human H-Ras could support only limited mating.

Figure 7.12. Mating in cells expressing human H-Ras, N-Ras and
K-Ras4B

The mating of h-ras (JY1461), n-ras (JY1462) and k-ras4b (JY1463) cells expressing
Sxa2 from pREP4x was assessed by microscopic examination. All displayed some,
limited ascus spore formation. Images were obtained using a Leica SP5 scanning
confocal microscope. The scale bar represents 10 $m.

7.5. Summary

In the preceding chapter, the signalling activity of human H-Ras, N-Ras

and K-Ras4B in Sz. pombe was detailed. Each human ras isoform displayed

functional activity in both the pheromone-dependent signalling pathway and

cell morphology pathway. In addition, each human ras isoform exhibited quite

di"ering localisation profiles. Like Ras1, each displayed localisation to the

endomembranes and plasma membrane. Marked di"erences however were ob-

served in the level of each isoform at either membrane compartment. The

localisation of K-Ras4B, which is determined by farnesylation and a polybasic

stretch of residues at the C-terminus, was largely to the plasma membrane.
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H-Ras, which contains a farnesyl and two palmitoyl residues, displayed a lower

level of plasma membrane localisation and N-Ras, which contains a palmitoyl

and farnesyl group, displayed the lowest level of plasma membrane localisation.

Further to this observation, it appeared in both assays for !-galactosidase ac-

tivity and G1 arrest that the level of maximal signalling each displayed matched

closely with the level of of these isoforms at the plasma membrane. This ob-

servation is in good agreement with the results detailed in chapters five and

six, which suggest that the level of Ras1 at the plasma membrane is critical in

determining the level of signalling output.

Despite their functional activity when expressed from the ras1 locus, the

level of signalling observed through these isoforms was considerably lower than

that observed through Ras1. Possibly as a consequence of this reduced sig-

nalling output, no significant mating was observed in strains containing these

human ras isoforms. Some mating however was still supported by H-Ras, N-

Ras and K-Ras4B, as spores could be seen upon incubation of each strain

(transformed with pREP41x-Sxa2 to rescue Sxa2 activity) with cells of the

opposite mating type.

Finally, it was also demonstrated that constitutive expression of H-Ras,

N-Ras and K-Ras4B, through expression from the nmt1 promoter of pREP3x,

caused a significant increase in the level of pheromone-dependent signalling

through these isoforms. Cells expressing Ras1 from pREP3x display a lower

maximal signal than those expressing Ras1 from the ras1 locus due to a re-

duced cell viability (section 4.6.6). It is possible that the high level of signalling

observed upon expression of H-Ras, N-Ras and K-Ras4B from pREP3x is due

to their lower intrinsic levels of signalling activity in Sz. pombe (section 7.4.2),

resulting in a reduced e"ect upon cell viability.



CHAPTER 8

Discussion

8.1. Overview

This thesis details a number of studies which expand our understanding

of Ras1 signalling in Sz. pombe. These studies aimed to use a quantitative

approach to the analysis of Ras1 localsation and function. To this end, a

quantitative assay for mating was developed and quantitative imaging tech-

niques were employed to investigate cell morphology and Ras1 localisation.

These approaches were then combined with existing assays, such as reporter

gene assays for pheromone-dependent transcription (Didmon et al. 2002), to

provide a more complete view of Ras1 function. The use of these techniques

to analyse the constitutive expression of Ras1 and the function of oncogenic

mutants of Ras1 revealed the importance of the magnitude of Ras1 signalling

in function output, cell viability and chromosome segregation.

This thesis also explores the role of Ras1 localisation in function. The use

of mutants with altered C-terminal modification, in addition chimeric proteins

with increased plasma membrane avidity, revealed the importance of Ras1

plasma membrane targeting in all measures of Ras1 function. Based upon this

observation, a revised model is presented for the role of Ras1 localisation in

dictating the activation of di"ering downstream pathways.

Finally, the function and localisation of three human ras isoforms, H-Ras,

N-Ras and K-Ras4B, was also characterised in Sz. pombe. Analyses revealed

that all three human ras proteins functioned in Sz. pombe. In addition, analy-

sis of localisation revealed a similar relationship between localisation and sig-

nalling function to that observed for the Ras1 mutants detailed in these studies.

261
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8.2. Quantifying Ras1 function and localisation in Sz. pombe

Most previous studies exploring Ras1 localisation and function in Sz. pombe

have employed qualitative analysis techniques. In this study, quantitative

measures of mating, morphology and Ras1 localisation were developed to

complement existing assays, such as the !-galactosidase assay for pheromone-

responsive transcription (Didmon et al. 2002). These assays were then em-

ployed to gain a more detailed understanding of Ras1 in Sz. pombe.

8.2.1. Developing a quantitative assay for mating.

The observation of spore formation, either using microscopy or iodine staining

(Egel et al. 1994), provides an indication as to the extent of mating within a

population. In this study, a major aim was to produce a reproducible quanti-

tative assay for mating e!ciency, allowing more e"ective comparison between

di"ering strains. Spore heat-resistance was employed to allow the rapid killing

of vegetative cells within a population at high temperatures, with no discernible

e"ect upon spore viability. Spores were then allowed to recover on rich solid

media, and spore numbers were assessed through the analysis of colony form-

ing unit numbers (Figure 4.1). This method provided a relatively rapid and

reproducable means of assessing mating e!ciency in Sz. pombe.

8.2.2. The use of quantitative imaging techniques in Sz. pombe.

Observation of cell morphology and fluorescence localisation can prove highly

subjective. As a consequence, the use of techniques to quantitatively analyse

microscopy images can prove very informative. In this thesis, the Quantitative

imaging of membrane protein (Quimp) plugin of Image J (Dormann et al.

2002; Bosgraaf et al. 2009) was employed to analyse cell morphology, cell

length and the levels of plasma membrane localisation exhibited by a variety

of GFP-tagged ras proteins.
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Analysis of cell morphology was performed using a measure of percentage

circularity. This analysis not only demonstrated significant di"erences between

the morphologies of cells containing and lacking Ras1, but also provided an as-

say with a su!cient window to resolve intermediate morphologies (Figure 4.9).

Additionally, the software provided a direct measure of cell length, allowing

analysis of cell elongation in response to pheromone (Figure 4.13).

One of the primary functions of Quimp is to allow the analysis of cortical

fluorescence. This function is ideally suited to the analysis of Ras1 localisation,

as one of the key factors of interest is the level of plasma membrane localised

ras compared to endomembrane localised ras. Quimp software was used in this

study to allow accurate analysis of the plasma membrane targeting of all the

GFP-tagged ras mutants and isoforms investigated.

8.3. Altering the activation and deactivation of Ras1

A number of mutations in ras have been described which alter either nu-

cleotide binding or GTPase activity. The best characterised class of ras mu-

tants are those based upon oncogenic mutations in human ras isoforms. Two

such Ras1 mutants, Ras1G17V and Ras1Q66L, in addition to one inactive mu-

tant, Ras1S22N , were analysed in this study.

Ras1S22N displayed little significant signalling activity. A small increase

in !-galactosidase activity was observed in cells expressing Ras1S22N upon

pheromone stimulation (Figure 4.31). The level of activity did not change upon

constitutive expression (Figure 4.34), which would be expected in mutants

which display impaired activity. This result suggests that Ras1S22N remains

GDP bound, but retains some function, possibly by sca"olding or interacting

with some pathway components. This mutant also exhibited a significantly

lower level of plasma membrane localisation than wild-type Ras1 (Figure 5.4).

This observation could indicate that either Ras1 activation, or the functional

interactions of Ras1, contribute to plasma membrane targeting. The Ras1S22N
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mutation is based upon a mutation in human ras proteins known to prevent

GEF binding (Feig and Cooper, 1988; Jung et al. 1994). The interaction of

Ras1 with GEFs, such as Ste6, or larger GEF/e"ector complexes, such as the

Efc25/Scd1/Scd2 complex, could contribute to the e"ective tra!cking of Ras1

(Figure 5.4).

Constitutive expression of Ras1G17V and Ras1Q66L caused increased maxi-

mal signalling compared to wild-type Ras1 (Figure 4.41). In addition, cells ex-

pressing Ras1G17V from the endogenous ras1 locus displayed a hyper-elongated

morphology (Figure 4.35). These data are all consistent with the results ex-

pected from mutants with increased signalling activity. Despite this, neither

mutant could support mating, and cells expressing either mutant from the ras1

locus demonstrated a reduction in signalling at higher pheromone concentra-

tions. Both these observations indicate that preventing the GTPase activity

of Ras1 has a detrimental e"ect on pheromone-responsive signalling.

8.4. The e"ects of increasing Ras1 signalling

Few studies have made a detailed analysis of the e"ect of increased ras

signalling in Sz. pombe. In this study a number of experiments are described

illustrating the detrimental e"ect that increased Ras1 signalling has upon sig-

nalling output and cell viability.

8.4.1. Morphological defects and impaired mating upon consti-

tutive expression of Ras1.

Expression from the thiamine-repressible nmt1 promoter of pREP3x allows the

expression of exogenous genes at high levels. Analysis of morphology in cells

expressing Ras1 from pREP3x indicated that they were more rounded than

wild-type cells, and did not demonstrate wild-type Tea1 distribution. These
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observations suggest that an increase in Ras1 prevents e"ective cell polarisa-

tion (Figure 4.19). Increased Ras1 expression levels could cause ectopic Ras1

signalling, preventing the correct selection of the growth site. Additionally,

increased levels of Ras1 signalling could result in aberrant growth due to an

increase in Ras1 activity at the tip beyond that in a wild-type cell.

This observation could be linked to the reduced mating e!ciency observed

in cells expressing Ras1 from pREP3x (Figure 4.18). One of the most noticable

features of cells containing pREP3x-Ras1 is that upon pheromone stimulation

a number of cells form multiple shmoo tips (Figure 4.20). This once again

is indicative of impaired cell polarisation when more Ras1 is present in the

cell. These results highlight the importance of the level of Ras1 signalling in

functional activity, possibly in limiting Ras1 signalling to the correct site of

Ras1 function.

8.4.2. Pheromone-dependent cell death in cells containing onco-

genic Ras1 mutants.

The e"ect of mutations in Ras1 which prevent GTP hydrolysis further high-

lights the importance of the extent of Ras1 signalling. Upon pheromone stim-

ulation, cells expressing Ras1G17V and Ras1Q66L displayed a reduced level of

signalling at higher pheromone concentrations (above 100 nM) (Figure 4.36).

This reduced signalling corresponded to a dose-dependent increase in cell death

(Figure 4.39). Ras1 signalling is intimately linked with processes which are es-

sential for viability. The loss of downstream components of Ras1 pathways,

such as Cdc42 (Miller and Johnson 1994) and Shk1 (Marcus et al. 1995) for

example, is lethal to the cell. In addition, the cell morphology pathway inter-

acts with cell division processes at a number of levels (Yen and Chang 2000;

Padte et al. 2006) (Figure 8.1). As a consequence, increased levels of Ras1 sig-

nalling could impact upon essential cellular processes, possibly by sequestering

components of pathways involved in cell division, such as Cdc42 and Shk1.
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These e"ects upon cell viability could also contribute to the lack of mating

observed in cells expressing Ras1G17V and Ras1Q66L. The inability of Ras1G17V

and Ras1Q66L to support mating demonstrates parallels with other strains

which exhibit increased signalling but reduced mating e!ciency. Strains which

display this phenotype include !pmp1 (Didmon et al. 2002), !sxa1 and

!sxa2 (Imai and Yamamoto, 1992). A cell’s recovery following stimulation

is a key factor in functional signalling networks. The prevention of processes

such as GTP hydrolysis on Ras1, dephosphorylation of MAP kinases (Pmp1)

and the degradation of ligand (Sxa2) could prevent functional signalling by

not allowing recovery from pheromone-stimulation. As a result, the cell may

undergo protracted shmoo formation without conjugation.

The constitutive expression of Ras1, Ras1G17V and Ras1Q66L had more pro-

found e"ects upon cell viability (Figure 4.42). Significant cell death was ob-

served even in the absence of pheromone. This result suggests that the precise

regulation of Ras1 expression levels is vital to Ras1 function. The overex-

pression of a fully functional wild-type Ras1 protein was more detrimental to

cell viability than the expression of Ras1G17V and Ras1Q66L from the endoge-

nous Ras1 locus. This reduced cell viability could contribute to both the loss

of mating observed in cells expressing Ras1 from pREP3x (Figure 4.18) and

the reduced level of pheromone-responsive transcription in these cells (Figure

4.17).

Expression of GFP-Ras1 from the endogenous Ras1 locus revealed very low

expression levels (Figure 4.22). It is possible that this low level of expression is

important in the regulation of correct Ras1 function. Ras1 signalling interacts

directly with multiple pathways. It is feasible that the concentration of Ras1

is tightly regulated to prevent active Ras1 from drawing components of other

pathways away from other roles in the cell. As a consequence increasing the

levels of Ras1 may result in an e"ective reduction in key components of other

pathways, including essential proteins such as Cdc42.
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8.4.3. The e"ect of constitutive Ras1 expression on chromosome

segregation.

Ras1 and Cdc42 influence chromosome segregation through the regulation of

Yin6 and Moe1 (Yen and Chang 2000). As a result, one mechanism by which

increased Ras1 activity may influence cell viability is through preventing cor-

rect chromosome segregation. A link between the loss of Ras1 and chromosome

instability has already been established (Li et al. 2000), however the e"ects

of increased Ras1 expression or increased Ras1 activity has not. Expression of

Ras1 from pREP3x caused an increase in minichromosome loss in strains con-

taining a non-essential minichromosome with an adenine auxotrophic marker.

This e"ect was further compounded by the introduction of mutations which

prevented GTP hydrolysis. The impaired cell viability in cells overexpress-

ing Ras1 may also mask some of the chromosome loss resulting from Ras1

overexpression (Figure 4.43).

These data extend the observation that increased Ras1 is detrimental to

cell viability, demonstrating a functional consequence of increased Ras1 in a

process which is essential to the cell.

8.5. The role of C-terminal Ras1 modification

The importance of ras C-terminal modification in function is well estab-

lished (Eisenberg and Henis 2008). Only one previous study has explored

the role of the C-terminus of Ras1 in Sz. pombe (Onken et al. 2006). A

key finding of this study was that the prevention of Ras1 palmitoylation con-

strained Ras1 to the endomembranes, and that this prevented mating but not

the maintenance of polar cell morphology. In this thesis, a number of studies

demonstrated a di"ering view of the role of palmitoylation in Ras1 localisation

and function.
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Figure 8.1. The interaction between Ras1 signalling and cell division
Ras1 signalling and cell division are intimately linked. Ras1 directly regulates the
DYRK (dual-specificity Yak-related kinase) family protein Pom1, which is involved
in defining the midline of the cell through the protein Mid1. This process is required
for cytokinesis and defining the position of the septum (Padte et al. 2006). Cdc42
also acts downstream of Ras1 signalling to regulate Yin6 and Moe1, which are
required for spindle formation and chromosome segregation (Yen and Chang 2000).

8.5.1. The e"ects of altering C-terminal modification on Ras1 lo-

calisation.

The farnesylation of Ras1 is absolutely required for membrane association.

Preventing the farnesylation of Ras1 by mutating the farnesylated cysteine to

a serine (Ras1C216S) causes Ras1 to become cytosolic (Figure 5.7). This obser-

vation is in concert with previous studies exploring the role of farnesylation in

Ras1 localisation (Onken et al. 2006).
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Preventing the palmitoylation of Ras1, again through a cysteine to serine

mutation (Ras1C215S), caused Ras1 to display indiscriminate membrane asso-

ciation (Figure 5.7). However, Ras1C215S had previously been described as

showing specific localisation to the endomembranes (Onken et al. 2006). The

current model for ras localisation suggests that farnesylation occurs in the cy-

toplasm, resulting in an increase in hydrophobicity. This does not however lead

to a membrane constrained protein, but one displaying dynamic and transient

interactions with cellular membranes. It would therefore be expected that

farnesylated proteins, even if initially directed to the endomembranes, would

display entropy-driven association to all available cellular membranes. More

recent studies have suggested that other monolipidated substrates display a

similar entropy-driven general membrane association (Rocks et al. 2010). Such

observations could have implications on the functional analysis of Ras1C215S,

as Quimp software analysis indicated that !15 % of Ras1C215S was present at

the plasma membrane.

8.5.2. The functional implications of preventing C-terminal Ras1

modification.

Based upon previous studies, it would be expected that both Ras1C215S and

Ras1C216S would not support pheromone-dependent signalling. Initial analysis

of both mutants indicated that expression from pREP3x supported high levels

of pheromone-responsive transcription (Figure 5.17). This result indicates that

increasing the concentration of even cytosolic Ras1 could allow signalling in

response to pheromone. It has been suggested that the membrane tethering

of signalling proteins acts as a means to concentrate pathway components

(Kholodenko et al. 2000). Increasing the concentration of Ras1 throughout

the cell could overcome the need for increased local concentration, allowing

e"ective signalling through the pheromone response pathway.
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Upon integration, Ras1C216S displayed little signalling activity through ei-

ther the pheromone response pathway or the polar cell morphology pathway

(Figure 5.10-5.14). This observation is in agreement with those presented in

Onken et al. (2006), suggesting that at lower endogenous expression levels

membrane association is required to allow propagation of signalling. However,

the activity of Ras1C215S di"ered from that previously reported. Ras1C215S

supported some pheromone-dependent transcription, which could be mediated

by the fraction of Ras1C215S at the plasma membrane. Analysis of the mor-

phology of cells expressing Ras1C215S revealed no significant signalling through

Scd1-Cdc42 (Figure 5.10-5.14). This observation contradicts the results pre-

sented in Onken et al. (2006), where it is suggested that Ras1 mediates polar

cell morphology from the endomembranes. Polar morphology was also not

rescued upon the addition of exogenous cAMP (Figure 5.11), which has been

shown to rescue the loss of adenylate cyclase and cause hyper-elongated mor-

phologies at higher concentrations (Demirbas et al. 2011). These data suggest

that plasma membrane localised Ras1 may play some role in the maintenance

of cell polarity, in addition to mating.

8.5.3. Prolonging the activity of mislocalised Ras1.

Some of the most informative results gained from this study came from the dou-

ble mutant Ras1Q66L, C215S. Increasing the duration of Ras1C215S activity using

the GTPase deficient mutation Gln66Leu caused an increase in pheromone-

responsive transcription (Figure 5.24-5.26). This observation indicates that

reducing the concentration of Ras1 at the plasma membrane results in it be-

coming limiting through the pheromone-response pathway, as increasing the

duration of it’s activity restores signalling. These data are consistent with

the current model, in which Ras1 at the plasma membrane is responsible for

pheromone-dependent signalling.
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Ras1Q66L, C215S also supported a partial rescue of polar cell morphology

(Figure 5.23). These data also allude to a role for plasma membrane localised

Ras1 in regulating cell polarity, as they also suggest that Ras1C215S is a limit-

ing factor in the cell morphology pathway.

8.6. Increasing the level of Ras1 at the plasma membrane

The data presented in this thesis detailing the activity of Ras1 mutants

with altered C-terminal modification suggest that Ras1 at the plasma mem-

brane is key to pheromone-dependent signalling and cell morphology. In order

to further investigate the role of plasma membrane localisation in signalling, a

number of chimeric proteins were characterised which display increased plasma

membrane localisation.

8.6.1. The limitations of the Ras1-RitC fusion protein.

One previous Ras1 chimera has been described as demonstrating plasma mem-

brane specific localisation. This chimera contained the N-terminus of Ras1

and the C-terminal localisation domain of the monomeric GTPase Rit (RitC).

Ras1-RitC was chosen as it did not tra!c through the endomembranes (Onken

et al. 2006). Ras1-RitC exhibited largely plasma membrane localisation. De-

spite this, Ras1-RitC was also present in the cytosol and the nucleus, indicating

that there was a pool of soluble Ras1-RitC (Figure 6.8).

It was previously suggested that Ras1-RitC could support mating but not

polar cell morphology. Using quantitative assays for Ras1 function, it was de-

termined that Ras1-RitC exhibited reduced pheromone-dependent signalling

(Figure 6.5) and little mating (Figure 6.3). This would indicate that the func-

tion of Ras1 was impaired by altering the C-terminus, as a large amount of the

chimera was present at the site of pheromone-dependent signalling. These data

indicate that, although Ras1-RitC supports pheromone-responsive signalling,
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this activity is impaired. In addition, Ras1-RitC partially rescued polar cell

morphology (Figure 6.4). This observation again contradicts the assertion of

Onken et al. (2006), that Ras1 localised to the plasma membrane is unable

to regulate cell morphology. Further, as Ras1-RitC is not tra!cked through

the endomembranes, the polar cell morphology observed is unlikely to be reg-

ulated from the endomembranes. These data again support the notion of a

revised model for Ras1 signalling, in which plasma membrane localised Ras1

is involved in the regulation of polar cell morphology.

8.6.2. The e"ect of 1-40Gpa1 on Ras1 localisation.

The first 40 amino acids of the G" subunit Gpa1 have previously been shown

to be an e!cient plasma membrane targeting domain (Dr Emma Godfrey, un-

published data), containing a consensus MG2XXXS6 myristoylation sequence

(Johnson et al. 1994) and a downstream cysteine, which could be a target

for palmitoylation. The addition of 1-40Gpa1 to the N-terminus of Ras1 pro-

teins with wild-type C-terminal localisation domains caused a slight increase

in plasma membrane targeting (Figure 6.12). The labelling of endomembrane

structures in these cells was also less pronounced.

An increase in plasma membrane localisation was observed for mutants

which lack one or both C-terminal modifications upon the addition of 1-40Gpa1

to the N-terminus. With the exception of Ras1C216S (Figure 5.7), the addition

of 1-40Gpa1 restored plasma membrane targeting to near wild-type levels in

all mutants assayed (Figure 6.12).

8.6.3. The e"ect of 1-40Gpa1 on Ras1 function.

The addition of 1-40Gpa1 to GFP tagged Ras1 had little e"ect upon function,

with 1-40Gpa1-GFP-Ras1 exhibiting similar levels of pheromone-dependent

signalling, mating and polar cell morphology to GFP-Ras1 alone. Similarly,

all GFP tagged Ras1 mutants with wild-type C-terminal localisation domains
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displayed comparable signalling profiles when fused to the first 40 amino acids

of Gpa1 (Figure 6.15-6.24).

The most striking observation came upon the analysis of 1-40Gpa1-GFP-

Ras1 fusions which lacked one or both C-terminal modifications. The addi-

tion of 1-40Gpa1 to GFP-Ras1C215S and GFP-Ras1C216S increased pheromone-

dependent signalling (Figure 6.18-6.23) and restored mating (Figure 6.24).

This result highlights the importance of plasma membrane localisation in

pheromone-dependent signalling, indicating that increasing the plasma mem-

brane localisation of C-terminal modification mutants, through an entirely

distinct localisation domain, increases signalling in response to pheromone.

Most significantly, it was also demonstrated that the addition of 1-40Gpa1

to GFP-Ras1C215S elicited a statistically significant partial rescue of polar cell

morphology (Figure 6.16), with an accompanying increase in the polar locali-

sation of Tea1 (Figure 6.17). 1-40Gpa1-GFP-Ras1C216S also displayed a lower

percentage circularity than cells lacking Ras1 and some polar Tea1 localisation.

These results demonstrate that moving Ras1 mutants from other cellular com-

partments to the plasma membrane increases signalling through Scd1-Cdc42.

The results generated using 1-40Gpa1 as a plasma membrane targeting motif

again highlight a need for Ras1 at the plasma membrane in the regulation of

cell polarity.

8.6.4. The limitations of the 1-40Gpa1-GFP-Ras1 fusion.

One of the main reasons cited for the use of the Ras1-RitC fusion was that it

did not tra!c through the endomembranes before reaching the plasma mem-

brane. As a result, it was suggested that the activity seen in strains expressing

Ras1-RitC could be solely attributed to Ras1 activity at the plasma membrane.

By contrast 1-40Gpa1-GFP-Ras1 is processed on the endomembranes prior to

transport to the plasma membrane. Despite this possible limitation, all 1-

40Gpa1-GFP-Ras1 fusions displayed strong plasma membrane localisation. In
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addition, the most informative data presented in this study concerns varying

the concentration of Ras1 at the plasma membrane rather than attempting to

limit Ras1 exclusively to one cellular compartment. Previous work has also

suggested that the HVR of ras proteins is important in e"ector interaction,

allowing the ras protein to adopt the correct orientation to interact with a

specific binding partner (Abankwa et al. 2010). Using 1-40Gpa1 as a locali-

sation domain, the aim was to maintain an intact Ras1 protein while altering

the proportion of Ras1 present at the endomembranes or plasma membrane.

Another possible limitation of the 1-40Gpa1-GFP-Ras1 fusion is the re-

duced functional output observed upon the addition of a tag to the N-terminus

of Ras1 (Figure 4.23-4.26). GFP-Ras1 does, however, retain all it’s functions

at a reduced level. As GFP-Ras1 provides a relevant control with which to

compare the activities of 1-40Gpa1-GFP-Ras1 fusions, it was felt that this

limitation would not significantly a"ect the interpretation of these data.

8.7. A revised model of Ras1 signalling in Sz. pombe

The current model for Ras1 signalling in Sz. pombe suggests that polar

cell morphology is controlled from the endomembranes and that mating is

controlled from the plasma membrane (Onken et al. 2006). The results pre-

sented in this thesis all suggest a role for the plasma membrane localisation

of Ras1 in all signalling processes, including cell polarity. These data do not

obviate the possibility that Ras1 at the endomembranes has a functional role.

Activation of Ras1 by Efc25 may, for example, occur on the endomembranes

prior to the transport of active Ras1 to the plasma membrane. Similarly, Ras1

may become active at the periphery of the cell, but interact with e"ectors on

the endomembranes.

Recent studies have suggested that the palmitoylation and depalmitoy-

lation of ras proteins exists primarily to allow the directed transport of ras

to the plasma membrane, while preventing the entropy-driven distribution of
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ras to all membrane compartments upon processes such as endocytosis and

membrane turnover (Rocks et al. 2010). These observations would suggest

that one of the main roles for endomembrane localised Ras1 is as a tra!ck-

ing intermediate to allow e!cient plasma membrane targeting (Figure 8.2).

In addition, a recent study has suggested that Gap1 localises to the growing

tip during mitotic growth (Cathryn Weston, unpublished data). These data

further highlight a role for Ras1 at the cell periphery in regulating cell polarity.
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Figure 8.2. The directed transport of plamitoylated ras
The palmitoylation and depalmitoylation cycle is required for the directed trans-
port of palmitoylated ras isoforms to the plasma membrane. Palmitoylation of ras
on the Golgi increases membrane a"nity allowing vesicular transport of ras to the
plasma membrane. Without depalmitoylation endocytic processes would cause the
eventual redistribution of ras to other cellular membrane compartments. Depalmi-
toylation allows ras to return to the Golgi where it is able to undergo palmitoylation
and transport back to the plasma membrane. This process allows the preferential
localisation of ras to the periphery of the cell.
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8.8. Human ras function in Sz. pombe

The final section of this thesis details the functional expression of three

human ras isoforms in Sz. pombe. Human H-Ras, N-Ras and K-Ras4B all

displayed signalling activity in Sz. pombe both in response to pheromone and

in regulating cell polarity (Figure 7.6-7.9). All three also supported some spore

formation upon mating, but with very low e!ciency (Figure 7.12). The level of

pheromone-dependent signalling also matched closely the level of each isoform

present at the periphery of the cell, further supporting the notion that the

plasma membrane localisation of ras is key to pheromone-dependent signalling

(Figure 7.7).

Human H-Ras, N-Ras and K-Ras4B all displayed quite di"ering localisation

patterns in Sz. pombe (Figure 7.2). In addition, these localisation patterns

did not just appear to be a function of their C-terminal modifications, as N-

Ras and Ras1 displayed highly divergent localisation despite both containing

a single palmitoyl and a single farnesyl modification. Previous studies have

suggested the importance of regions upstream of these modifications. Ras1 in

particular has a very large C-terminus, which could account for the di"erences

in localisation observed between N-Ras and Ras1 (Hancock 2003). Confirma-

tion that the human ras isoforms are correctly modified in Sz. pombe would

be required to draw meaningful comparisons between their localisations and

that of Ras1.

The functional expression of human ras in Sz. pombe raises the possibility

of studying individual ras isoforms in isolation in a simple model system, in ad-

dition to the investigation of human regulatory proteins, such as human GAPs.
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8.9. Perspectives and future directions

The results presented in this study indicate the importance of Ras1 plasma

membrane localisation in all aspects of Ras1 signalling. However, further work

is needed to determine the exact mechanism of Ras1 activity at the plasma

membrane. It is known that Ras1 acts downstream of Gpa1 to recruit Byr2 to

the cell periphery during mating (Bauman et al. 1998), however the mechanism

by which Efc25 regulates Ras1 and brings about cell polarisation is not fully

understood. This study has demonstrated that Ras1 is required at the plasma

membrane during this process, however it is still possible that there is a role

for endomembrane localised Ras1 in fission yeast. It is also still not fully

understood how cells undergo the switch from vegetative cell growth to shmoo

formation, and the exact role of Ras1 in this process.

The results presented in this thesis also support the emerging theory, sug-

gesting that the primary role of the palmitoylation cycle is in the maintenance

of proteins at a steady state at the plasma membrane (Rocks et al. 2010).

Finally, a further study in mammalian systems has questioned the impact of

endomembrane ras signalling (Augsten et al. 2006). This study illustrated that

the plasma membrane is the predominant site of ras activation, and suggested

that experimentally elevated expression levels was the primary confounding

factor in determining the localisation of ras signalling. This finding demon-

strates a number of parallels with those reported in this thesis.

8.10. Conclusions

The data presented in this thesis demonstrates that the localisation of

Ras1 to the plasma membrane is key to all signalling outputs, raising the

possibility of a revised model for the regulation of Ras1 in Sz. pombe. It was

also indicated that the extent of Ras1 signalling and the regulation of Ras1

expression are key to signalling output. Increased Ras1 signalling negatively
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a"ected cell viability and essential processes such as chromosome segregation.

Finally, the functional expression of human ras isoforms validated the use of

Sz. pombe as a model system for the heterologous expression of human ras

signalling components.
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