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ABSTRACT

Ras is a low molecular weight guanyl nucleotide binding protein that alternates
between GTP-bound-“on” and GDP-bound-“off” conformations. @ A number of
extracellular stimuli alter the ratio of Ras-GTP to Ras-GDP in the cell through the action of
guanyl nucleotide exchange factors (GEF’s) and GTPase activating proteins (GAP’s).
Ras-GTP then elicits a number of downstream biochemical responses that include the
activation of protein kinases, modulation of gene expression and reorganization of the actin
cytoskeleton. In mammalian cells, Ras signaling regulates several biological processes
such as proliferation and differentiation. Here, I investigated three novel forms of Ras
regulation and function.

I discovered that Ras becomes activated in rat2 fibroblasts exposed to hypothermic
stress. Upon rewarming of the cells, hypothermically-activated Ras stimulates downstream
effector responses including the Raf-Mek-Erk protein kinase cascade. Studies were
performed in vitro using purified Ras, Ras GEF’s and Ras GAP’s and in rat2 cells to gain
insight into the mechanism of hypothermic Ras activation. Hypothermic activation of Ras-
Erk signaling was observed after moderate and severe hypothermic stress and was
conserved in many cultured cell types. Cultured cells show DNA fragmentation, a marker
for apoptosis, and a loss of viabilty upon recovery from prolonged hypothermic stress.
Pharmmacological inhibition of Mek attenuated DNA fragmentation and increased cell
viability after prolonged hypothermia. Previously, hypothermia has been shown to inhibit
acute growth factor signaling to Erk. In this study, [ also defined the point in the

epidermal-growth factor signaling pathway that was inhibited by low temperature.



Our lab identified a novel Ras GEF, named RasGRP, from a rat brain ¢cDNA
library. RasGRP represents a new class of mammalian Ras GEF due to the presence of a
diacylglycerol- (DAG) binding domain and a pair of calcium-binding EF-hand motifs. [
showed here that RasGRP can activate Ras and signaling events downstream of Ras in
response to exogenous and endogenous DAG signals in rat2 cells.

Ceramides are sphingolipid second messengers generated in response to a number
of extracellular stimuli. Others have found that overexpression of dominant-negative N17
Ras in rat2 cells inhibited phosphatidylinositol 3-kinase activation in response to cell-
permeable C2-ceramide. Here, I demonstrated that C2-ceramide can modestly activate Ras

in rat2 cells.



TABLE OF CONTENTS

Chapter 1 - General introduction to Ras signaling...............cccovvivvnnen 1
History of Ras as an OnCOZENe......ouviniiiiii e 2
Ras genes .. ..o 3
Characteristics 0f Ras as @ G-protein............oooiiiiiiiiniitiie e, 4
G-protein superfamily...........ooiiiii 5
3-DStructure Of Ras........ooiuiiiniii 7
Post-translational processing of Ras...........cooooiiiiiiiii i 9
3 distinct classes of mammalian Ras GEF’s................. 9
Mechanismof Ras GEF’s ... 10
Regulation of SOS Proteins...........coeeniiiiiiii e 11
Regulation of RasGRF proteins............ccooooiiiiiii i, 13
4 families of mammalian Ras GAP’s.............oiiiiiii 13
Mechanism of Ras GAP S .....cooieiiiii e 13
PL20GAP .o 14
N L e e 15
GA PP L. s 16
SYNG AP . 17
Activation of Ras through modulation of Ras GEF and Ras GAP activity .................. 18
Ras effector proteins. . ......cooo i e 18
Raf .. 19
2 05 U 21
RalGDS ... e e 23
pPl120GAP asaRaseffector...........oooiiiiiiii 23
Biological effects of Ras signaling................coooiiiii i, 24
Ras and Proliferation ... 24
Ras, the cell-cycle and cell-cycle arrest..............coooiiiiiiiiiii e 25
Multiple pathways downstream of Ras for Transformation ................................ 27
Ras and differentiation ............oooiiiiii i e 29
Ras and cytoskeletal rearrangements .............oooeiiiiiiiiiiii i e 29

Role of Ras in mammalian development................cccooiiiiiiiiiiiiiiie e, 30



Future of Ras signaling research................oooiiiiiiiiii e 30

TheESES OBJECHVES .. .t e e 31
FIgUIES .o 33
REfEIENCES ....eieie e e e 40
Chapter 2 - Experimental Methods..........ccocviiiiiiiiiiienneienieinnennns 62
Sources of Recombinant Ras and Ras regulatory proteins................oooooiiiiiinne . 63
Analysis of Ras and Ras regulatory proteins in Vitro.............cccoooviviiiiiiiineninns.. 63
Cell CUMUTE. ... e e 65
Exposure of cultured cells to hypothermic stress .............ooeeeveviviiiiiiinn. . 67
Assessment of cell death after prolonged hypothermic stress ...................c.oooveeeene.n. 67
Biochemical analysis of signaling proteins in culturedcells.............................cee. 68
Measurement of Ras activation in vivo..........c...ovviiiiiiiiiiiiiii e, 68
Immune-complex KiNase aSSays.........c.oeuiitiiiiiiieeiieiiie e 69
Akt immune-complex Kinase assay ..........cocvovviiieiiiiiiriiiieiie i 70
In vitro assay of INK aCliVIty .......ooiiiiiiiii e 70
Assessment of protein phosphorylation by immuno-blotting procedures................. 71
Co-immunoprecipitation of Rasand PI3K..................c.c 72
Subcellular fractionation ... 72
Animal STUAIES. ... 73

| (5 (5 1 ¢ S 74



Chapter 3 - Activation of Ras-Erk signaling in response to

hypothermic Stress........ccicvieeteierineenrecareesnsesssecsones 76
INErodUCHION. ... ot e 77
Results ..o, 77
Activation of Ras in rat2 fibroblasts exposed to hypothermic stress....................... 77
Ras guanyl nucleotide association and hydrolysis at 0°C .................coceeeviiinnen.. 78
Inhibition of hypothermic Ras activation by mutation of the effector domain............ 79
Activation of the Raf-Mek-Erk kinase cascade during recovery from
RYPOthEermiC SITESS ...ttt e e ee, 79
Activation of PI3K signaling by hypothermic stress followed by rewarming............ 79
Absence of robust JNK activation in response to hypothermic stress
followed by reWarming.............oovvviviiiiiiii e 80
Inhibition of hypothermic Ras-Erk signaling by Ca**chelators............................ 8l
Inhibition of hypothermic Ras-Erk signaling by removal of serum from the
cell culture medium. ... e 81
Inhibition of acute EGF signaling by hypothermia ...................cooiiiiiiiiinnni, 82
Conservation of hypothermic Erk activation and hypothermic inhibition of
acute EGF signaling in vertebrate cells. ... 83
Negative-feedback inhibition of EGF signaling after recovery from
RYPOthEIMIC SITESS .. o.oetiitinie e e eaenaas 84
Improved cell viability after prolonged hypothermic stress by pharmacological
inhibition of MeK ... i 84
DASCUSSION ..o.uitit ettt e 85
FagUIES .ot e 90

| (1 (= 1 o = PR 1[04



Chapter 4 - Activation of Ras-Erk signaling in vivo by RasGRP in

response to diacylglycerol signals...........ccccocueaeae.... 108

INrodUCHION. ... e 109
Results and DisCUSSION. ... ...c.coiiiiiii et 110
Stable interaction between RasGRP and Ras in vitro.......................cooooiin. 110
Overexpression of rbc7 and full-length RasGRP sequences in rat fibroblasts .......... 111
Activation of Ras by RasGRP in vivo..............cooooiiiiiiiiiii i 11l
Activation of Erk signaling by RasGRP in vivo ...............ccooeviiiiiiiiin 112
CONCIUSIONS ..oeteeiee e e e 113
FIgUIES .o e 116
REFEIBNCES ...t e e 120
Chapter 5 - Activation of Ras in rat2 fibroblasts by C2-ceramide........ 122
[NrOUCHION. ... e e 123
RESUILS .o e e 125
Modest activation of Ras in rat2 cells by C2-ceramide ...................ooeeviiiinin.n. 125
DISCUSSION ... ettt e e e e ee e e e e e e anaas 126
I gUIES . e 129

| (S (1 ¢ = T 132



Chapter 6 - Summary and future directions ...........cccivienierennninnns 136

Summary of Ras activation in hypothermic cells....................coooiiviiiiiiiennn.n, 137
Model for in vivo Ras activation .............coeeiieiniiniiiiiiniiee e 138
Future studies on the biochemistry of hypothermic-Ras signaling........................... 139
Possible inhibition of GEF activity by chelation of Ca™................................... 139
Identification of the GEF involved in hypothermic Ras activation........................ 139
Possible effects of hypothermia on G-proteins in general ................................. 140
Further studies on biochemical events downstream of hypothermic Ras-Erk signaling 140
Further studies on the inhibition of hypothermic cell death by PD09805Y............... 141
Studies on hypothermic Ras-Erk signaling and organ preservation techniques......... 142
Summary of RasGRP function inrat2 cells ..o 143
Future studies on RasGRP ....... ... 144
RasGRP function in T-cells and neuronal cells ...................ccooiiiiiinnen. 144
Long term goal: Knock-out studieson RasGRP.................c..oone, 145
Summary of Ras activation by ceramide .................ooiiiiiiiiiiiiii 146
Future studies on Ras activation by ceramide ..................oooiiiii i 146
B UIES .o 148

|20 {5 (21 ¢ ST 149



LIST OF TABLES

Table 1-1: Frequency of a mutated Ras gene in various human cancers

.....................



LIST OF FIGURES

Figure 1-1:
Figure 1-2:
Figure 1-3:
Figure 1-4:
Figure -5:

Figure 1-6:

Figure 3-1:
Figure 3-2:
Figure 3-3:

Figure 3-4:

Figure 3-5:
Figure 3-6:

Figure 3-7:
Figure 3-8:

Figure 3-9:

Figure 3-10:
Figure 3-11:

Figure 3-12:
Figure 3-13:

rigure 3-14:

Figure 4-1:
Figure 4-2:
Figure 4-3:
Figure 4-4:

Domain structure schematics of p21 Ras, Ras GEF’s, and Ras GAP’s..... 34

RasGTPcycle. ... 35
Map of the G-protein superfamily .................ccooovviiiiii, 36
3-Dstructure Of Ras...........c.coiiiiiiiii e 37
Recruitment of the Grb2-SOS complex to the plasma membrane in

response to extracellular stimuli......................... 38
Biochemical responses downstreamof Ras..................................... 39
Activation of Ras in response to hypothermic stress invivo.................. 90
In vitro GTP association and hydrolysis at 0°C....................coooevnenene. 91

Inhibition of hypothermic Ras activation by a Y32H mutation in the
effector domain.........cooiiii i 92

Activation of the Raf-Mek-Erk protein kinase cascade during recovery

from hypothermic Stress ..........cooviviiiiiieiiiiie e aeeee 93
Activation of Akt during recovery from hypothermic stress.................... 94
Lack of robust SEK-JNK activation during recovery from

RYPOthErMC SIESS ... ..uiniiit i e 95
Inhibition of hypothermic Erk activation by Ca™* chelators..................... 96
Inhibition of hypothermia-induced Ras and Erk activation by removal of

serum from the cell culture media....................ooooiii e 97
Effect of hypothermia on protein-tyrosine phosphorylation and

membrane translocationof Raf...................... 98
Activation of Erk in response to various hypothermic conditions and in

different vertebrate cells...............oooiiiiii 99
Negative-feedback inhibition of EGF signaling after recovery from

RYPOthErMUC SIESS ...ttt e e ene e 100
Activation of Erk after recovery from prolonged hypothermic stress ....... 101
Enhanced cell viability after prolonged hypothermic stress using the Mek

inhibitor PDO98059. ..o 102
Attenuation of hypothermia-induced DNA fragmentation using the Mek

inhibitor PDO98059........c..oei e 103
Domain structure schematic of RasGRP...............cc.coeoviiiiiiininn... 116
Stable interaction between RasGRP and Ras invitro ......................... 117
Activation of Ras by RasGRP in vivo ............c.cccoeeiiiiiiiiiin... 118
Activation of Etk by RasGRP invivo...................coooioiiiiiinn.. 119



Figure 5-1:  Structures of ceramide and precursors.................coveviviiviininnenin.n.. 129
Figure 5-2:  Activation of Ras by C2-ceramide in vivo................ccoveveeiuiiieninnnn. 130
Figure 5-3: Interaction of Ras and PI3K induced by C2-ceramide in vivo............... 131

Figure 6-1: Model for in vivo Ras activation in hypothermic cells ........................ 148



ABBREVIATIONS AND SYMBOLS

ATP adenosine triphosphate

BSA bovine serum albumin

CaM kinase I calmodulin-dependent protein kinase IT
CAPK ceramide-activated protein kinase
CAPP ceramide-activated protein phosphatase
CDK cyclin-dependent protein kinase

cDNA complementary DNA

CEF chicken embryo fibroblast

CREB cyclic AMP response element binding protein
DAG diacylglycerol

DMSO dimethy! sulfoxide

DNA deoxyribose nucleic acid

DOC sodium deoxycholate

DTT dithiothreitol

ECM extracellular matrix

E. coli Escherichia coli

EDTA ethylenediaminetetraacetic acid

EGF epidermal growth factor

EGTA ethylene glycol-bis(B-aminoethyl) ether
Et-1 Endothelin-1

FAK Focal adhesion kinase

FBS fetal bovine serum

FGF fibroblast growth factor

FPLC fast performance liquid chromatography
GAP GTPase activating protein

GDP guanosine diphosphate

GEF guanyl nucleotide exchange factor
GPCR G-protein coupled receptor

GRF guanyl nucleotide releasing factor

GRP guanyl nucleotide releasing protein
GSK3 glycogen synthase kinase 3

GST glutathione-S-transferase

GTP guanosine triphosphate

HBS Hepes-buffered saline

IeG immunoglobulin G

IRS-1 insulin receptor substrate- |

JNK c-jun N-terminal kinase

MBP maltose binding protein



MDCK
Mek
Mnk
mRNA
N17 Ras
NFl1
NGF
NP40
PAGE
PBS
PCR
PDGF
PEI
PH

Pi
PI3K
PIP,
PKC
PLaseA2
PMA
PSD
PTB
REC
RNA
rsk
RTK
SDS
SOS
TAE
TNFa

Madin-Darby canine kidney cells
MAPK-Erk kinase

MAPK interacting kinase

messenger RNA

Ras with a S17N substitution (dominant-negative allele)
product of the gene mutated in neurofibromatosis type-1
nerve growth factor

nonylphenoxy polyethoxy ethanol
poly-acrylamide gel electrophoresis
phosphate-buffered saline

polymerase chain reaction

platelet derived growth factor
polyethyleneimine

Pleckstrin homology

inorganic phosphate
phosphatidylinositol-3 kinase
phosphatidylinositol-4,5-bisphosphate
protein kinase C

phospholipase A2

phorbol 12-myristate 13-acetate

post synaptic density

protein tyrosine binding (domain)

rat embryo cell

ribonucleic acid

ribosomal S6 kinase

receptor tyrosine kinase

sodium dodecyl sulfate

son of sevenless protein
Tris-acetate-EDTA buffer

Tumor necrosis factor-a



Single letter amino acid code

alanine
cysteine
aspartic acid
glutamic acid
phenylalanine
glycine
histidine
isoleucine
lysine
leucine
methionine
asparagine
proline
glutamine
arginine
serine
threonine
valine
tryptophan
tyrosine

“~Eg<HVLIOTZZrR~TOTMMmOAO >

Greek letters
o - alpha

B - beta

Y - gamma

J - delta

K - kappa

M - mu (micro)
C-zeta



Chapter 1 - General introduction to Ras signaling
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Ras is a low molecular weight guanyl-nucleotide binding protein that alternates
between GDP-bound-"off” and GTP-bound-"on” conformations. A variety of extracellular
stimuli alter the ratio of Ras-GDP to Ras-GTP in the cell through the action of Ras
regulatory proteins. Ras-GTP then elicits a number of downstream biochemical responses
that ultimately regulate cell biology. As such, Ras functions as a cellular signaling switch.
This introduction will review the biochemistry, regulation and downstream signaling

function of Ras in mammalian cells.

History of Ras as an oncogene

Although Ras is now understood to be important in the regulation of normal
biological processes, initial excitement over Ras was due to its involvement in human
cancer. Ras was first identified in the early 1960's as a potent dominant oncogene
contained within several strains of retrovirus that caused tumor formation when injected
into newborn mice (Harvey, 1964, Kirsten and Mayer, 1967). These strains, which
spontaneously arose in rats or mice injected with murine leukemia virus, carried transduced
versions of the rat or mouse cellular Ras gene, respectively, that were activated by point
mutation (Ellis et al., 1981, Capon er al., 1983a). The involvement of Ras in human
cancer became apparent when activated Ras genes were found in human tumor tissues
(Parada er al., 1982, Reddy er al., 1982, Santos er al., 1982, Tabin ez al., 1982, Capon et
al., 1983b, Shimizu er al., 1983, Taparowsky er al., 1983, Yuasa er al., 1983). We now
know that Ras mutations are present in 30% of all human tumors (Khosravi-Far and Der,
1994, Bos, 1989). The frequency of Ras mutation varies between tumor types and some
human cancers show a very high incidence of Ras mutation (Table 1-1). For example,
greater than 80% of pancreatic adenocarcinomas contain a mutated Ras gene.

The activated Ras proteins encoded by the retroviral oncogenes and the oncogenes
derived from human tumors are mutated at similar residues. Activation of Ras in the viral
oncogenes is due to mutation at residue glycine-12 (Taparowsky ez al., 1983). Oncogenic
Ras proteins from human tumors are predominantly mutated at residues -12 and glutamine-
61 (Reddy et al., 1982, Taparowsky et al., 1983, Tabin er al., 1982, Bos, 1989). We now
understand that mutation at position 2 or 61 gives rise to Ras proteins that fail to be
inactivated by GTPase activating proteins (GAP’s) (Gibbs er al., 1984, Sweet et al., 1984,
Der et al., 1986, Trahey and McCormick, 1987, Adari er al., 1988, Krengel et al. 1990,
Scheffzek et al., 1997). Thus, oncogenic Ras proteins are constitutively active and are
chronically stimulating downstream signaling pathways. Detailed molecular understanding

of these mutations has been obtained from structural studies.



Oncogenic Ras genes, when overexpressed in certain cultured rodent fibroblast cell
lines, produce a neoplastic transformed phenotype that is characterized by a loss of growth
regulation (Ellis er al, 1981). For example, growth of Ras transformed cells is not
inhibited by contact with neighboring cells in a confluent monolayer. Because of this lack
of contact inhibition, a Ras transformed fibroblast will continue to grow and form a
distinct, dense and raised lump of dividing cells, known as a focus. Each focus, in theory,
originated from one transformed cell. Ras transformed cells also lack the requirement for
anchorage to the culture substratum for growth and show a distinctive change in cell shape
(Seeburg et al., 1984, Der er al., 1986, Kitayama er al., 1989). Cellular transformation
represents a cell culture model of tumorigenesis and provides a convenient bioassay for Ras

function in mammalian cells.

Ras genes

The p21 Ras protein is highly conserved and ubiquitously expressed. In humans
and rodents, Ras proteins are encoded by 3 genes, H-Ras, N-Ras and K-Ras, each located
on different chromosomes (Lowy and Willumsen, 1993). H- and K-Ras are the cellular
homologues of the Ras oncogenes found in the Harvey and Kirsten transforming
retroviruses, respectively (Capon et al., 1983a, 1983b, Shimizu ez al., 1983). N-Ras is the
cellular homologue of the Ras oncogene found in the SK-N-SH human neuroblastoma cell
line (Taparowsky et al., 1983). All mammalian Ras proteins are encoded by 4 exons and
the exon boundaries within the Ras primary structure are identical between all mammalian
Ras proteins. As such, the 3 Ras genes appear to have arisen by gene duplication during
evolution. The introns, however, differ widely in size and sequence (Lowy and
Willumsen, 1993). In addition, 2 K-Ras isoforms (K-RasA and K-RasB) are produced by
use of alternate 4th exons (Capon er al., 1983a, McGrath er al., 1983). Thus, 4 Ras
proteins of 189 amino acids are encoded in mammals (except for K-RasB which contains
188 amino acids). Tissue specific differences in expression between the 3 Ras genes can
be detected at the mRNA level. For example, H-Ras expression is high in brain, skin and
skeletal muscle, K-Ras expression is high in gut and thymus and N-Ras expression is high
in testis and thymus (Leon et al., 1987). However, it appears that at least one Ras gene
type is expressed in every human cell type.

A comparison of the amino acid sequences of mammalian Ras proteins has led to
the definition of 4 domains in Ras (Figure 1-1a) (Barbacid, 1987, Lowy and Willumsen,
1993). The N-terminal third of the protein (residues 1-85) comprises a region of very high
conservation. For example, the amino acid sequences of the N-terminal domain are



identical between all human and rodent Ras proteins. Residues 86-166 define the second
domain where the sequences diverge slightly from one another (79% identical between
human Ras proteins). The remaining C-terminal sequences of Ras (167-185) are highly
variable except for the last 4 amino acids (CAAX) which signal for critical post-
translational modifications (described in detail below).

Besides mammals, Ras genes have been cloned from chicken, insects (Drosophila),
worms (C. elegans), mollusks (Aplysia), frogs (Xenopus), molds (Dicostellium and
Neurospora) and the yeasts S. cerevisiae and S. pombe (Barbacid, 1987, Lowy and
Willumsen, 1993). The organization of 4 distinct regions in the primary structure is
conserved between the Ras proteins encoded by all these Ras genes. Strikingly, there is at
least 84% homology within the N-terminal domain between the mammalian and
invertebrate Ras proteins (Barbacid, 1987).

The function of Ras has been generally conserved in evolution. For example, many
characteristics are shared between the Ras proteins of S. cerevisiae, S. pombe and
mammals (Barbacid, 1987). All yeast and mammalian Ras proteins cycle between GTP-
and GDP- bound conformations and are regulated by 2 classes of regulatory proteins,
guanyl nucleotide exchange factors (GEF's) and GAP’s. Furthermore, both yeast and
mammalian Ras proteins, when GTP-bound, activate downstream effector molecules to
elicit biochemical and biological responses in the cell. Conservation is clearly demonstrated
by the ability of mammalian and yeast Ras genes to function in heterologous systems. For
instance, expression of a wildtype mammalian Ras gene rescued growth of a S. cerevisiae
strain that contained a non-viable Ras mutation ( DeFeo-Jones et al., 1985, Kataoka er al.,
1985). On the other hand, chimeric Ras proteins comprised of yeast and mammalian Ras
sequences were able to elicit a typical transformed phenotype when overexpressed in
mouse fibroblasts (DeFeo-Jones er al., 1985). However, the primary effector for the Ras2
protein of . cerevisiae is adenylate cyclase which is not an effector for the S. pombe Ras
protein or any mammalian Ras protein (Barbacid, 1987). Thus, not all aspects of Ras
function are conserved between mammalian and yeast Ras proteins.

Characteristics of Ras as a G-protein

Ras is a member of the G-protein superfamily of signaling molecules. All G-
proteins function as molecular switches by cycling between GDP-bound-“off” and GTP-
“on” conformations. In general, G-proteins bind guanyl nucleotides with high affinity
(Goody et al., 1991). For example, the association constant of Ras for GDP or GTP has
been measured to be 10'' - 10'* M at 4°C (Neal er al., 1988, John et al., 1990, Goody et



al., 1991). This ensures that Ras is saturated with GDP or GTP at the cellular
concentrations of nucleotide (approximately 10> M) (Bourne et al., 1991). Also, all G-
proteins possess intrinsic GTPase activity.

In resting mammalian cells, Ras is primarily GDP-bound (Gibbs er al., 1990, Satoh
et al.. 1990). The first step in the conversion of Ras-GDP to Ras-GTP is the dissociation
of GDP from Ras (Figure 1-2). Nucleotide-free Ras then reassociates with free guanyl
nucleotide. Because the concentration of GTP is approximately 10-fold greater than GDP
in the cell, the product of reassociation is primarily Ras-GTP (Bourne er al., 1991,
Boriack-Sjodin er al., 1998). The sum of guanyl nucleotide dissociation followed by
reassociation constitutes nucleotide exchange. All G-proteins become GTP-bound through
this general GDP dissociation-GTP reassociation mechanism (Bourne er al., 1991).
Through the intrinsic GTPase activity of Ras, the bound GTP is hydrolysed to form GDP,
which remains complexed with Ras, and inorganic phosphate (P,), which is released.

For G-proteins in general, the ratio of GTP- to GDP-bound forms is determined by
the relative rates of nucleotide exchange and hydrolysis. In the cell, Ras GEF’s positively
regulate Ras by stimulating the rate of nucleotide dissociation which in turn leads to
increased nucleotide exchange. Conversely, Ras GAP’s negatively regulate Ras by
stimulating the intrinsic GTPase activity. The regulation of Ras GEF’s and Ras GAP’s is
described in detail later within this introduction.

G-protein superfamily

Nature has evolved a large number of guanyl nucleotide-binding proteins (G-
proteins) which perform a wide range of functions in the cell. This G-protein superfamily
can be divided into 3 major families: protein translation regulatory factors, heterotrimeric
G-proteins , and low-molecular weight G-proteins (of which Ras is a member) (Figure 1-
3). G-protein translation regulatory factors are found in all eukaryotes and prokaryotes.
The best studied member of this family is EF-Tu from Eschericia coli which functions in a
translation proof-reading mechanism (Bourne ez al., 1990, Pape, 1998). Other examples
of this family are the prokaryotic EF-G which regulates ribosome translocation, prokaryotic
initiation factor IF2 which regulates the formation of the 70S initiation complex and
eukaryotic initiation factor eIF-2 which regulates the formation of the 43S preinitiation
complex (Bourne et al., 1990, Pain, 1996).

The second major G-protein family consists of the heterotrimeric G-proteins that are
ubiquitous in eukaryotes. Heterotrimeric G-proteins are comprised of an o subunit which
binds GDP or GTP and an associated By dimer (Neer, 1995). Heterotrimeric G-proteins



relay signals from G-protein coupled receptors (GPCR) at the plasma membrane to
intracellular biochemical responses. The mammalian heterotrimeric G-protein family is
immense, containing at least 17 ¢, 5 8 and 12 y members (Dhanasekaran et al., 1998).
Furthermore, GPCR’s are the largest group of cell surface receptors with more than 1000
members (Gutkind, 1998).

Low-molecular weight G-proteins are also ubiquitous in eukaryotes. Members of
this family, which are all between 20-35 kDa, can be further divided into 5 sub-families
based on primary structure: Ras, Rho, Rab, Arf and Ran (Kahn ez al., 1992).

Within the Ras family, there are the true Ras proteins (H-Ras, N-Ras, K-RasA and
K-RasB) which are the focus of this thesis, and close Ras relatives. The relation between
Ras family members currently known are illustrated by a dendogram in Figure 1-3.
RaplA, TC21 and R-Ras are 3 examples of close Ras relatives. The amino acid sequences
of RaplA, TC21 and R-Ras are all between 53-55% identical to H-Ras (Campbell er al.,
1998). In addition, the “switch 1” regions of RaplA, TC2l, R-Ras and the true Ras
proteins are identical. The switch | region interacts with, and signals to, downstream
molecules (see section discussing Ras structure below). The identity in the switch 1 region
suggests that true Ras proteins, RaplA, TC2l and R-Ras could interact with similar
downstream molecules and trigger similar biological responses. Studies have shown
however, that overexpression of RaplA in certain circumstances can antagonize Ras
signaling and reverse the cellular transformation phenotype produced by an activated Ras
protein (Kitayama et al., 1989, Cook et al., 1993). Others have found that activated forms
of TC21 and R-Ras bind, but do not activate Raf, a well characterized effector of true Ras-
proteins (Graham et al., 1996, Huff et al., 1997). The in vivo signaling functions of close
Ras relatives remains to be clarified. The true Ras proteins will simply be referred to as
Ras in the following discussion.

The Rho family of GTPases currently contains at least 14 mammalian members, of
which the most widely studied are Racl, RhoA and Cdc42 (Zohn er al., 1998). Rho
proteins are best known for their role in regulating actin cytoskeleton rearrangements.
Members of the Rho family can also activate the MEKK-SEK-JNK protein kinase cascade
which in turmn gives rise to phosphorylation of the c-jun transcription factor and a
modulation of gene expression (Vojtek and Cooper, 1995). The function and regulation
Rho family proteins appear interrelated with Ras signaling in mammalian cells. As such,
Rho proteins will be mentioned several times in our discussion of Ras regulation and
downstream signaling functions.

The mammalian family of Rab proteins is currently known to contain at least 30
members (Simons and Zerial, 1993, von Mollard er al., 1994). All Rab proteins are



thought to be involved in membrane vesicle trafficking in the cell. Genetic and biochemical
evidence has demonstrated that Rab proteins are essential for all stages of vesicle trafficking
and each Rab protein is thought to regulate one particular step of vesicle trafficking.

Arf family proteins are known to specifically regulate membrane trafficking of the
trans-Golgi network (Schekman and Orci, 1996). Arf proteins are known to activate
phospholipase D, as well (Brown ez al., 1993). Originally, Arf was identified as a protein
factor necessary for the ADP ribosylation of Gs, a heterotrimeric G-protein ¢ subunit
(Kahn and Gilman, 1984). At least 6 mammalian Arf members have been identified (Kahn
et al., 1992).

The mammalian Ran family currently contains Ran and related protein TC4 (Kahn
et al., 1992). Ran regulates nuclear import and export of proteins and RNA-protein
complexes (Koepp and Silver, 1996, Goldfarb, 1997). These regulatory functions are
carried out at nuclear pore complexes in the nuclear envelope. Ran may have other
functions as well. Ran has been shown to regulate DNA synthesis and cell-cycle
progression (Avis and Clarke, 1996). Recently, in vitro studies using Xenopus egg
extracts were presented which directly implicated Ran in microtubule spindle formation
(Ohba er al., 1999, Wilde and Zheng, 1999).

Prokaryotic and eukaryotic cells have evolved to employ G-proteins as molecular
switches in a variety of contexts to regulate a wide range of processes. Ras remains one of
the best characterized G-proteins, genetically and biochemically. In addition, the strong

involvement of Ras in human cancer is unmatched by any other G-protein.

3-D Structure of Ras

3-D structural analysis of Ras has led to a detailed understanding of nucleotide
binding, nucleotide hydrolysis and signaling to downstream effector molecules. The
crystal structures of Ras in GDP- and GTP-bound forms have been solved (de Vos et al.,
1988, Pai er al., 1990). In both structures, Ras is a globular protein consisting of six f
sheet strands connected by hydrophilic loops and ¢ helices (Figure 1-4). The general 3-D
structure of G-proteins is conserved. For example, the overall a/f topologies in the
structures of Ras and EF-Tu are almost identical despite the fact that the primary sequences
are only 30% identical (Bourne et al., 1991).

3 loop regions of Ras are especially important for Ras function. Loop 1, which
comprises residues 10-17 of Ras (as defined in Milbum er al., 1990), is critical for
nucleotide binding. The backbone chain of several residues within this region plus the
sidechain of lysine-16 form hydrogen bonds with the & and B phosphates of bound GDP



or GTP. Loop I contains the (GAGGVGKS , (one-letter amino acid code) sequence that
represents the GX GK(S/T) motif found in many nucleotide triphosphate utilizing enzymes
(Bourne et al., 1991). In Ras, mutation of serine-17 to asparagine (N17) produces a
mutant protein that has an abnormally low affinity for GTP (Feig and Cooper, 1988). As a
result of this low affinity for GTP, N17 Ras is thought to form stable dead-end complexes
with Ras GEF’s. N17 Ras is frequently used as a dominant-negative allele of Ras. A
detailed mechanism of N17 Ras will be presented in our discussion on GEF’s. Also found
in loop 1 is glycine-12, the residue frequently mutated in activated Ras proteins. Glycine-
12, however, does not contact the bound nucleotide and the functional significance of
mutation at position 12 involves the interaction of Ras with GAP’s (described in detail
within the discussion on GAP’s).

Loop 2 (residues 27-37) and loop 4 (residues 59-66) of Ras are also in close
contact with the nucleotide. These structures, found close together on the outer surface, are
highly flexible and important for Ras to act as a molecular switch. By comparing the
structures of Ras-GDP and Ras-GTP, 2 “‘switch” regions that change conformation were
defined (Figure 1-4) (Milbum et al., 1990, Pai et al., 1990). Loop 2 comprises a large
portion of switch 1 (residues 32-38) and loop 4 comprises a portion of switch 2 (60-76).
These conformational changes are caused by 2 sets of interactions between the y phosphate
of GTP and Ras. The backbone of threonine-35 in the switch | region directly forms
hydrogen bonds with the y phosphate of GTP and the associated Mg** ion. This interaction
gives rise to a conformational change in the entire switch 1 region. The sidechain of
threonine-35 was observed to completely flip in orientation between the GDP- and GTP-
bound Ras structures. In the second set of interactions, backbone atoms of residues 60 and
61 form hydrogen bonds with the y phosphate of GTP. These contacts induce the
conformational change observed in the switch 2 region. Ras-binding proteins that
recognize only GTP-bound conformation rely on the conformational changes in the switch
| and switch 2 regions (Nassar et al., 1995, Druggan er al, 1996)

Several residues of loop 4 (switch 2) are critical for the intrinsic GTPase activity of
Ras. The most important interaction is by residue glutamine-61 which comes in close
contact with the Y phosphate of GTP (Pai et al., 1990, Prive et al., 1992). The carbamoyl
oxygen of glutamine-61 is thought to form a hydrogen bond with a closely situated water
molecule. This interaction activates the water molecule to undergo a nucleophilic attack on
the y phosphate moiety of GTP. Mutation of glutamine-61 reduces the intrinsic GTPase
rate substantially (Der et al., 1986).



Post-translational processing of Ras

Ras is localized to the inner surface of the plasma membrane as a result of post
translational modification at its C-terminus (Hancock er al., 1989, 1991, Fujiyama and
Tamanoi, 1990). The signal for modification is the CAAX motif (cysteine-186 followed
by 2 aliphatic residues followed by residue X, serine in the case of Ras) which comprises
the last 4 C-terminal residues of all Ras proteins. The modification occurs through several
steps which each increase the hydrophobicity of Ras. First, the isoprenoid 15 carbon
farnesyl group is attached to cysteine-186. Residues 187-189 are then proteolytically
cleaved and the carboxy-terminal group of cysteine-186 is methylated. Finally, multiple
cysteines in the hypervariable region (residues 180-185) are reversibly palmitoylated.
Inhibition of the initial farmesylation step blocks all further processing and disrupts
membrane localization and function of Ras. Inhibition of Ras modification has been
achieved through mutation of cysteine- 186, interfering with isoprenoid lipid synthesis, and
by drugs specifically targeting the farnesyl transferase (Jackson et al, 1990, Khol er al.,
1993, James et al., 1993, Schafer er al., 1989). Famesyl transferase inhibitors have been
proposed to be a possible anti-cancer strategy (Travis, 1993, Cox and Der, 1997). In cell
culture, faresyl transferase inhibitors can reverse the morphological changes and inhibit
the anchorage- (attachment) independent growth of Ras transformed cells (James et al.,
1993, Khol er al., 1993). Famesyl transferase inhibitors have also been shown to
dramatically reduce the sizes of tumors in mice injected with Ras transformed fibroblasts
and transgenic mice carrying an activated Ras gene (Kohi er al., 1994, 1995).

3 distinct classes of mammalian Ras GEF’s

In vivo, a major mechanism of Ras activation in response to extracellular stimuli is
through the action of GEF's. 3 families of Ras GEF’s are known to regulate Ras in
mammalian cells (Figure 1-1b). One family is comprised of SOS1 and SOS2 which
function similarly and are widely expressed (Bowtell et al., 1992). The second family is
comprised of RasGRF1 and GRF2 which resemble the yeast CDC25 Ras GEF in domain
structure (Shou er al., 1992, Fam er al., 1997). Both GRF1 and GRF2 appear to be
expressed exclusively in brain. The third family contains only one member, RasGRP,
which appears to be enriched in brain and in hematopoietic cells (Ebinu et al., 1998,
Kawasaki er al., 1998, Tognon ez al., 1998). As described below, SOS and GRF proteins
are regulated by distinct mechanisms. The structure and function of RasGRP is discussed
in detail within chapter 4 of this thesis. All members of the SOS, GRF and GRP families
carry the conserved Ras GEF catalytic domain.
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Mechanism of Ras GEF’s

Because of the high affinity of Ras for nucleotide, the rate of exchange arising from
spontaneous GDP dissociation followed by GTP reassociation is low. For example, in
vitro, the spontaneous dissociatior; rate is approximately 10° moles of nucleotide
dissociating per second per mole of complex (John er al., 1990). At this rate, it is
estimated that nucleotide dissociation, and consequently nucleotide exchange, would
require hours (Wittinghofer, 1998). In the cell, Ras becomes activated within minutes in
response to growth factor stimulation due to the action of Ras GEF’s. In vitro, Ras GEF’s
can stimulate nucleotide exchange by up to 5 orders of magnitude (Lenzen et al., 1998).

The molecular mechanism of Ras GEF action was revealed from the crystal
structure of Ras in complex with the catalytic domain of SOS! (Boriack-Sjodin er al.,
1998). GEF’s promote nucleotide exchange by binding to Ras-GDP, making nucleotide
binding unfavorable and increasing the rate of GDP dissociation. GEF's do this through
several mechanisms. A helical hairpin region of SOS inserts into Ras and displaces loop 1
of Ras that normally secures the nucleotide. In addition, residues leucine-938 and
glutamine-942 of SOS form interactions with Ras close to the nucleotide binding pocket
which blocks the sites where the a-phosphate and associated Mg™* ion of GDP would
bind. Binding to SOS also compresses loop 4 of Ras and this conformational change
causes an interaction between the sidechain of glutamate-62 in loop 4 and the sidechain of
lysine-16 in loop 2 of Ras. This interaction further disrupts binding between Ras and the
phosphate moieties of GDP and associated Mg™ ion. After promoting nucleotide
dissociation, SOS forms a stable complex with nucleotide-free-Ras. In this complex, SOS
does not completely block the guanyl nucleotide binding site of Ras. This allows GTP to
reassociate with Ras which results in the dissociation of SOS from the Ras-GTP-SOS
complex.

The N17 dominant-negative allele of Ras has an abnormally low affinity for GTP
(Feig and Cooper, 1988). It is thought that SOS binds to N17 Ras, stimulates GDP
dissociation and forms a stable complex with N17 Ras. In contrast to the situation with
wildtype Ras, GTP fails to rebind N17 Ras to allow the release of SOS. As a result, Ras
GEF’s, such as SOS, remain bound in dead-end complexes with N17 Ras (Farnsworth
and Feig, 1991). N17 Ras, when overexpressed in cells, is thought to complex with and
inactivate all Ras GEF’s thereby depriving endogenous Ras of positive regulatory proteins.
In this way, N17 Ras acts as a dominant-negative protein for the Ras signaling pathway.



11

Regulation of SOS proteins

SOS proteins can be divided into 3 regions: an N-terminal region that contains a
Dbl homology and a Pleckstrin homology (PH) domain, the GEF catalytic region and a C-
terminal domain that contains the poly-proline sequences that interact with the adapter
protein Grb2 (Figure 1-1b). PH domains are found in a variety of proteins and are
involved in binding lipids whereas Dbl homology domains function as GEF’s for Rho
family GTPases (Lemmon et al., 1996, Toker and Cantley, 1997, Zohn et al., 1998).

The regulation of SOS1 by peptide growth factors in mammalian cells is particularly
well understood (Figure 1-5a) (Buday and Downward, 1993, Chardin er al., 1993, Egan et
al., 1993). For simplicity, SOS1 will be referred to as SOS. Epidermal growth factor
(EGF) binds to the EGF receptor tyrosine kinase (RTK) on the cell surface and induces
EGF RTK dimerization. Following, the EGF RTK's auto-trans-phosphorylate on a
number of tyrosine residues in the intracellular domain (Cohen er al., 1982, Downward et
al., 1984, Chen er al., 1987, Bertics er al.. 1988). Activation and tyrosine phosphorylation
of the RTK leads to membrane recruitment of SOS through several mechanisms.

SOS is constitutively bound to the adapter protein Grb2 through interaction of the
N-terminal SH3 domain of Grb2 to the poly-proline region in the C-terminus of SOS (also
see Figure 1-1b) (Buday and Downward, 1993, Chardin er al., 1993, Egan er al., 1993).
Grb2 also contains a SH2 phosphotyrosine binding motif that directly interacts with
phosphorylated residues on the EGF RTK. Thus, a complex of RTK-Grb2-SOS is formed
in response to EGF treatment of cells. The formation of this complex recruits SOS to the
plasma membrane where it can regulate Ras.

A variation of this theme has been demonstrated by Shc adapter proteins (Figure 1-
5b). Shc proteins each contain one SH2 domain and one PTB domain (another protein-
tyrosine-binding motif) which can interact with the phosphotyrosine residues on the RTK's
after growth factor stimulation (Pelicci er al., 1992, Rozakis-Adcock et al., 1992, Bonfini
et al., 1996). In addition, Shc proteins are tyrosine phosphorylated on a number of
residues by RTK’s in response to growth factor signaling. Tyrosine phosphorylated She
proteins, in turn, provide sites for attachment of the Grb2-SOS complex (Pelicci et al.,
1992, Ruff-Jamison et al., 1993, Yokote er al., 1994). This mechanism is involved in
signaling downstream of a variety of extracellular signals such as EGF, nerve growth
factor (NGF), platelet-derived growth factor (PDGF), insulin, interleukins and granulocyte
macrophage colony-stimulating factor (Cutler Jr. et al., 1993, Ruff-Jamison et al., 1993,
Obermeier et al., 1994, Pronk et al., 1994, Yokote et al., 1994,). In many circumstances,
complexes consisting of RTK-Shc-Grb2-SOS likely form simultaneously with RTK-Grb2-



SOS complexes. Shc-containing complexes could also perform Ras-independent signaling
functions. For example, the Drosophila Shc homologue shares 46% amino acid similarity
with the mammalian Shc proteins (Bonfini ez al., 1996). However, Drosophila Shc does
not interact with the Drosophila Grb2 homologue in vivo or in vitro and therefore, likely
does not regulate Ras. At least in Drosophila, Shc proteins appear to perform Ras-
independent signaling functions downstream of RTK's.

Several other mechanisms can recruit the Grb2-SOS complex to the plasma
membrane. For example, the fibroblast growth factor (FGF) RTK itself does not bind
Grb2 (Figure 1-5¢). Upon FGF stimulation, the FGF RTK instead phosphorylates FRS2,
a docking protein that is constitutively membrane bound due to a myristate modification
(Kouhara er al., 1997). Tyrosine phosphorylated residues on FRS2 then provide sites for
binding of the Grb2-SOS complex. The Grb2-SOS machinery can also be utilized by non-
RTK signaling systems such as integrins to link cell contacts to Ras activation (Figure 1-
5d). For example, the attachment of cells to the extracellular matrix (ECM) leads to integrin
activation and the production of large protein complexes called focal adhesions at the
plasma membrane (Clark and Brugge, 1995). Focal adhesion kinase (FAK), within this
activated complex, autophosphorylates on tyrosine residues to produce binding sites for
Grb2-SOS complexes (Schlaepfer er al., 1994).

The primary mode of SOS regulation appears to be membrane recruitment which
brings GEF activity into proximity with Ras. Accordingly, SOS can be constitutively
targeted to the plasma membrane by attachment of the CAAX modification signal of H-Ras
(Aronheim et al., 1994). Overexpression of this construct in mouse fibroblasts leads to
activation of Ras signaling and cellular transformation. However, the regulation of SOS is
likely more complex than simple membrane recruitment. One study reported that deletion
of either the N- or C-terminal non-catalytic sequences produces activated SOS proteins
suggesting that non-catalytic sequences can regulate GEF activity via intramolecular
mechanisms (Corbalan-Garcia et al., 1998). A conflicting study found that deletion of the
N-terminal region produced a dominant-inhibitory SOS protein (Karlovich ez al., 1995). In
addition, mutation of critical residues in the Dbl-homology or PH domain impaired the
ability of a membrane targeted SOS protein to transform mouse fibroblasts (Qian er al.,
1998).  One study also found that phosphatidylinositol-4-5-bis-phosphate (PIP,)
specifically inhibited the Ras GEF activity of SOS in vitro (Jefferson et al., 1998). Thus,
the non-catalytic sequences of SOS appear to be functionally important although our
understanding of these sequences is limited.
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Regulation of RasGRF proteins

RasGRFI and RasGRF?2 are thought to link Ca** signals generated upon activation
of GPCR’s and heterotrimeric G-proteins to the activation of Ras. Both GRF proteins
have a Calmodulin-binding IQ domain in the N-terminal region. Indeed, interactions
between Calmodulin and both GRF proteins have been demonstrated in response to Ca™
signals in vivo (Famsworth et al. 1995, Fam et al., 1997). Furthermore, activation of Ras
and downstream signaling by Ca** ionophores in cultured cells was enhanced by the
overexpression of either GRFl or GRF2. There may also be Ca*-independent
mechanisms to regulate GRF’s. It has been shown that GRF1 becomes phosphorylated in
response to signaling from heterotrimeric G-proteins and that this phosphorylation
increases in vitro Ras GEF activity (Mattingly and Macara, 1996). In addition, GRFI and
GRF2 both have a Dbl-homology and 2 PH domains, although the function of these
regions in GRF proteins has not been demonstrated.

The major pathway of Ras activation in response to extracellular stimuli is thought
to be through the regulation of GEF's. SOS and GRF proteins each appear to be linked
with distinct upstream signaling pathways. As such, Ras may act as a point of
convergence for a diverse set of upstream stimuli. In addition, both SOS and GRF
proteins contain substantial non-catalytic sequences whose function remain to be defined in
detail. For example, the Dbl-homology domain could allow SOS and GRF proteins to

coordinately regulate Ras and Rho family proteins.

4 families of mammalian Ras GAP’s

In mammals, 4 distinct classes of Ras GAP’s are currently known: pl20GAP,
NF1, the members of the GAP1 family, and SynGAP. As described below, these proteins
may negatively regulate Ras in response to protein phosphorylation and lipid, inositol and
Ca™ second messengers. In addition, these proteins may provide another link between Ras

and the regulation of Rho family proteins.

Mechanism of Ras GAP’s

The intrinsic rate of GTP hydrolysis by Ras is low. For example, the half life of
Ras-GTP in vitro is estimated to be approximately 2 hours at 25°C (Sweet et al., 1984). In
the cell, the rate of GTP hydrolysis is greatly enhanced by the action of Ras GAP’s (Trahey
and McCormick, 1988). In vitro, Ras GAP’s have been shown to accelerate GTP
hydrolysis by up to 5 orders of magnitude (Gideon et al., 1992).
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The crystal structure of Ras in complex with the catalytic domain of pl120GAP
(referred to here as the Ras-GAP complex) has provided much insight into the mechanism
by which GAP’s stimulate GTP hydrolysis (Scheffzek er al., 1997). As discussed earlier,
intrinsic hydrolysis involves the activation of a water molecule by residue glutamine-61 of
Ras followed by nucleophilic attack on the gamma phosphate of GTP (Figure 1-4) (Pai et
al., 1990, Prive et al. 1992). During the reaction, a partial negative charge develops in the
active site. From the structure of the Ras-GAP complex, 2 major mechanisms through
which GAP’s stimulate hydrolysis were observed. Loop L1_of GAP is inserted directly
into the active site of Ras. It is thought that arginine-789 within this loop directly interacts
with the y phosphate moiety of GTP and neutralizes the partial negative charge in the
transition state. The interaction of GAP with Ras. through hydrophobic interactions and a
number of ionic interactions, also stabilizes the entire loop 4 region of Ras around residue
glutamine-61 which is normally quite flexible (Milbumn et al. 1990). This stabilizing effect
helps to properly orient glutamine-61 in the hydrolysis transition state.

Ras proteins with substitutions at glycine-12 are insensitive to GAP regulation
(Adari er al., 1988, Trahey and McCormick, 1988). In the structure of the Ras-GAP
complex, the Ca atom of glycine-12 participates in van der Waals contacts with the main
chain carbonyl moiety of arginine-789. Even subtle substitutions such as glycine-12 to
alanine are thought to produce unfavorable steric clashes with arginine-789 that would in
turn, lead to steric clashes with the sidechain of Ras residue glutamine-61. In this way,
mutation of glycine-12 perturbs the key catalytic interaction between arginine-789 of GAP

and glutamine-61 of Ras.

pl120GAP

p120GAP was the first Ras GAP to be discovered and is the best characterized Ras
GAP (Trahey er al., 1988, 1988, Vogel er al., 1988). Human pl20GAP is a widely
expressed 1047 amino acid protein that contains several distinct domains (Figure l-1c).
The N-terminal region contains one SH3 domain flanked by 2 SH2 domains. The middle
third of pl20GAP contains a PH domain and a region similar to the C2 phospholipid-
dependent Ca**-binding domain of PKCa (Luo and Weinstein, 1993, Maekawa et al.,
1994). The GAP catalytic domain is found in the C-terminal third of the protein.

The presence of several putative functional domains suggests that pl20GAP activity
can be regulated in response to cellular signaling. In support of an allosteric regulatory
mechanism, deletion of the N-terminal non-catalytic sequences of p120GAP gives rise to a
mutant protein with decreased Ras binding and GAP activity in vitro (Gideon et al., 1992).
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One study has also demonstrated translocation of pl20GAP to a membrane-enriched
particulate fraction in cells treated with Ca™ ionophore (Gawler et al., 1995). This
translocation depended on the C2 domain of pl120GAP. Thus, p120GAP may translocate
to the plasma membrane in response to intracellular Ca* signals via its C2 domain.

The SH2 domains of pl20GAP have been extensively demonstrated to interact with
a number of tyrosine phosphorylated proteins. For example, upon treatment of canine
kidney epithelial cells with PDGF, full-length p120GAP or the isolated SH2 domains of
pl20GAP bind to the PDGF RTK (Cooper and Kashishian, 1993). These in vivo
interactions are ablated by mutation of tyrosine-771 in the intracellular domain of the PDGF
RTK. In EGF-stimulated rat2 fibroblasts, pl20GAP has also been shown to form distinct
complexes with tyrosine phosphorylated p60dok, a protein of unknown function, and
tyrosine phosphorylated p190, a GAP that negatively regulates Rho family proteins (Moran
et al., 1991, Settleman er al., 1992, Carpino et al., 1997, Yamanashi and Baltimore,
1997). The p120GAP-pl90 complex appears predominantly cytosolic and it has been
shown that the catalytic activity of pI20GAP in complex with p190 is lower than that of
monomeric pl20GAP (Moran ez al., 1991). I[n addition, pl20GAP itself is also tyrosine
phosphorylated by a variety of protein kinases such as the EGF RTK (Ellis er al., 1990,
Liu and Pawson, 1991). Thus, the primary structure and existing biochemical data suggest
the regulation of pl20GAP by intramolecular interactions, protein-protein interactions
through phosphotyrosine binding motifs, membrane translocation, and interactions with
Ca™ ions. pl20GAP is also thought to be involved in signaling biochemical changes
downstream of Ras (i.e. act as a Ras effector). The possible role of pl20GAP in

downstream signaling is discussed in a later section.

NF1

NFI is the product of the gene mutated in von Recklinghausen disease also known
as neurofibromatosis type-1 (Ballester, 1990, Xu er al., 1990a). The encoded protein is
220 kDa and the Ras GAP catalytic domain is located in the middle of the protein (Figure 1-
1d). Due to extensive homology in large regions flanking the catalytic domain, NF1 is
classified as the mammalian homologue of the yeast Ras GAP’s, iral and ira2. NFI is
expressed in most mammalian cell types but appears enriched in brain, white blood cells,
spleen and skeletal muscle (Wallace et al., 1990). The GAP catalytic domain of NF1 has
been shown to act as a Ras GAP in vitro and in vivo (Ballester et al., 1990, Martin et al.,
1990, Xu et al., 1990b). However, the GAP catalytic sequences only comprise one eighth
of the protein and the function of the remaining sequences is unknown.
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Our understanding of the biological function of NF1 has been largely gleaned from
analysis of the neurofibromatosis condition. Primary symptoms of the disease are benign
and malignant tumors in multiple tissues derived from the neural crest such as
neurofibromas and Schwannomas (Riccardi, 1981). The genetic basis behind
neurofibromatosis appears to be the inheritance of a disrupted NF1 allele followed by
somatic mutation of the remaining allele (Viskochil er al., 1990, Wallace et al., 1990).
Thus, NF1 is classified as a tumor suppressor and indeed, loss of heterozygosity has been
observed to proceed the formation of fibrosarcomas and other lesions (Serra et al., 1997).
Accordingly, analysis of Schwannoma cell lines derived from neurofibromatosis type-1
patients show low to undetectable levels of NF1 protein (Basu et al., 1992, DeClue et al.,
1992). In these cells, lower total GAP activity and higher levels of Ras-GTP were also
observed, even though pl20GAP is clearly expressed. These findings suggest that: 1)
NF1 is the major Ras negative regulator in these neural crest derived-cells, 2) pl20GAP in
these cells is inactivated, and 3) loss of NF1 Ras GAP function and the consequent rise in
Ras-GTP levels comprise the molecular mechanism behind neurofibromatosis. In support
of the latter conclusion, anchorage-independent growth of the 88-14 NF1-tumor derived
cell line is inhibited by overexpression of the pl20GAP catalytic domain (DeClue er al.,
1992). Mitotic division of 88-14 cells was also inhibited by microinjection of Y13-259 Ras
monoclonal antibody which blocks signaling to downstream molecules (Basu er al., 1992).

GAP1

GAPI proteins are a recently identified family of Ras GAP’s that may be a
physiological receptor of IPy, the orphan second messenger produced by phosphorylation
of IP; (Irvine et al., 1986). There are 2 members of the mammalian GAP1 family:
GAPIm and GAPI1(IP4BP) (Maekawa et al., 1993, 1994, Cullen et al., 1995). Both
proteins are roughly 100 kDa and have similar domain structure (Figure 1-lc). The N-
terminal region contains 2 C2 Ca**-binding motifs in tandem that are similar to the C2
regions of pl20 GAP and PKC proteins. The GAP catalytic domain is located in the
middle of the protein and a PH domain is found in the C-terminal region. Both GAPI
proteins are widely expressed but appear particularly enriched in brain, skeletal muscle,
spleen and peripheral blood leukocytes (Lockyer er al. 1999a).

In vitro, both GAPIm and GAP1(IP4BP) bind IP, and act as GAP’s for Ras
(Maekawa et al., 1994, Cullen et al., 1995, Fukada and Mikoshiba, 1996, Bottomley er
al., 1998). GAPI proteins have also been shown to function as Ras GAP’s in vivo. For
example, expression of mammalian GAPIm can rescue growth of a temperature-sensitive
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ira2 yeast mutant (Maekawa er al., 1994). There is also direct evidence that GAPI proteins
are regulated by inositol second messengers. Ras GAP activity of GAPI(IP4BP) in vitro
is inhibited upon addition of liposomes with a lipid content mimicking the inner leaflet of
the plasma membrane (Cullen er al., 1995). This activity is then restored by the addition of
[P, to the reaction. GAPI proteins may be regulated by additional mechanisms. For
example, GAPIm was observed to translocate from the cytosol to plasma membrane within
| minute of EGF stimulation in PCI2 (rat pheochromocytoma) cells (Lockyer et al.,
1999b). GAP1(IP4BP) on the other hand, is found constitutively at the plasma membrane
in rat leukemia and COS-7 (monkey kidney) cells (Lockyer er al., 1997, 1999a). A recent
report has also shown that GAPIm interacted with a-12, an o subunit from the
heterotrimeric G-protein family in vitro and in COS-7 cells (Jiang et al., 1998).
Furthermore, this interaction stimulated in vitro Ras GAP activity. Thus, GAP! proteins
may negatively regulate Ras in response to inositol phosphate second messengers and

heterotrimeric-G proteins.

SynGAP

SynGAP was recently isolated in a search for proteins that interacted with the post
synaptic density (PSD), a large cytoskeletal complex found on the cytoplasmic face of post
synaptic membranes in the brain (Kim er al., 1998). Rat SynGAP is a 1293 amino acid
protein with a 135 kDa predicted molecular weight (Figure 1-1c). The N-terminal region of
SynGAP contains a PH and a C2 domain. The GAP catalytic domain is situated in the
middle of the primary structure and the C-terminal region contains a proline-rich region and
the QTRYV sequence. QTRYV conforms to the (S/T)XV consensus motif which is involved
in protein-protein interactions with PDZ domains. Several proteins that contain PDZ
domains are enriched in the PSD (Gomperts, 1996).

SynGAP expression is primarily limited to the brain although a trace amount of
SynGAP transcript has been observed in the lung (Chen et al., 1998, Kim et al., 1998).
The major role of SynGAP is thought to be Ras regulation at synaptic junctions. SynGAP
protein has been localized to excitatory synapses in dissociated hippocampal neurons by
immunofluorescence (Kim ez al., 1998). A recombinant protein consisting of the catalytic
domain of SynGAP fused to the glutathione S-transferase (GST) tag demonstrated in vitro
Ras GAP activity (Kim ez al., 1998). Isolated PSD’s from rat brain also exhibit Ras GAP
activity in vitro and this activity is inhibited 75% by an antibody specific for the catalytic
domain of SynGAP (Chen ez al., 1998). One in vitro study has suggested that SynGAP is
phosphorylated by calmodulin-dependent kinase II (CaM kinase II), a serine/threonine
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protein kinase that is enriched in the PSD (Chen ez al., 1998). It was also shown that pre-
incubation of isolated PSD’s in a buffer containing Ca*™ and ATP, a treatment that activates
CaM kinase II, inhibited the PSD-associated in vitro Ras GAP activity by 80-90%. These
findings suggest that the Ras GAP activity of SynGAP is regulated by Ca™ signals through
the action of CaM kinase II.

In considering the function of Ras GAP’s, themes that were observed during the
discussion of Ras GEF’s arise again. Several different classes of Ras GAP’s are involved
in the negative regulation of Ras. Although modulation of Ras GAP activity in response to
extracellular stimulation is not well understood, the primary structures of the various Ras
GAP’s and preliminary evidence suggest that Ras GAP’s are regulated by a variety of
intracellular signals. Thus, Ras again appears to be a convergence point for upstream

signals in the cell.

Activation of Ras through modulation of Ras GEF and Ras GAP activity

In the cell, the ratio of Ras-GTP to Ras-GDP is determined by the relative activities
of GEF’s and GAP’s. The accumulation of Ras-GTP (i.e. activation) through the
recruitment of GEF activity in response to extracellular stimuli is well understood and
widely appreciated. An inhibition of GAP’s in response to extracellular stimuli could also
activate Ras. Although the inhibition of GAP’s in response to extracellular stimuli does not
appear to be a common route of Ras activation in mammalian cells, there have been 2
reports to suggest such a mechanism. Peripheral blood lymphoblasts treated with phorbol
ester, a diacyglycerol analog, and neutrophils stimulated with FMLP, a chemotactic signal,
show decreased total cellular GAP activity that correlates with Ras activation (Downward er
al., 1990, Zheng et al., 1997). However, in NIH3T3 mouse fibroblasts or PC12 cells,
stimulation with peptide growth factors leads to no change or an increase in cellular GAP
activity, respectively (Gibbs et al., 1990, Li et al., 1992). The role and molecular
mechanism of GAP inhibition in response to extracellular stimuli remain to be clarified.

Ras effector proteins

Signals are propagated from Ras to downstream biochemical and biological
responses by Ras effector molecules. The fundamental characteristic of all Ras effectors is
specific binding to the GTP-bound conformation of Ras. As would be predicted from the
GTP-dependent conformational changes of the switch regions, Ras effectors interact with
the Ras switch 1 region (Nassar et al., 1995). Furthermore, geneticists have isolated a
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large number mutations in switch 1 that disrupt interaction with effectors and impair Ras
function (Willumsen et al., 1986, White et al., 1995, Rodriguez-Viciana et al., 1997, Stang
et al., 1997). There is also evidence that the switch 2 region is involved in effector
interactions and signaling downstream of Ras (Nur-E-Kamal er al., 1992, Moodie et al.,
1995, Druggan et al., 1996)

A number of Ras effector proteins are now understood to be important in producing
the biochemical responses downstream of Ras. Thus, Ras is a point of divergence for
downstream signaling. We will discuss 3 Ras effectors that are particularly well
understood: the protein kinase Raf, phosphatidylinositol-3 kinase (PI3K) and RalGDS, a
GEF for Ral. pl20GAP may also be considered a Ras effector for several reasons. The
signaling pathways downstream of Ras are summarized in Figure 1-6.

Raf

One of the best characterized Ras effectors is the protein kinase Raf. The function
of Raf downstream of Ras was initially described using activated and dominant-negative
forms of Ras and Raf. For example, activated Ras leads to Raf phosphorylation in
NIH3T3 and PC12 cells (Morrison er al., 1988, Wood et al., 1992). Dominant-negative
mutants of Raf can inhibit transformation caused by activated Ras (Kolch et al., 1991). In
mammals, there are 3 members of the Raf family: Rafl, A-Raf and B-Raf (Lee er al.,
1996, Wojnowski et al., 1997). The function and regulation of Rafl, herein referred to
simply as Raf, is well characterized and will be discussed.

Biochemically, Raf behaves like a typical Ras effector. Raf has been shown to
interact with Ras in a GTP dependent manner in vitro and in the yeast 2-hybrid system
(Van Aelst ez al., 1993, Vojtek er al., 1993, Warne et al., 1993, Zhang er al., 1993). The
regions of Raf involved in binding Ras-GTP are well defined. The primary interaction
takes place between a region of Raf called the Ras-binding-domain (RBD) that recognizes
the switch 1 region of Ras (Chuang et al., 1994, Druggan et al., 1996). It is thought that
secondary interactions take place between a cysteine-rich zinc-finger region in Raf and
regions of Ras that include switch 2 (Brtva et al., 1995, Druggan et al., 1996, Cutler, Jr. ez
al., 1998). The crystal structure of the Raf-RBD in complex with the GTP-bound form of
RaplA, a close Ras relative, has been soilved (Nassar ez al., 1995). In the structure, an
extensive network of hydrogen bonds and polar interactions between residues in the RaplA
switch 1 region and Raf-RBD are observed.

The binding of Ras to Raf leads to Raf activation by a complex mechanism that is
not fully understood. Simple binding of activated Ras to Raf in vitro does not lead to



activation of Raf kinase activity (Zhang et al., 1993). It is thought that the major role of
Ras-GTP could be to translocate Raf to the plasma membrane where Raf is further activated
by several mechanisms that involve serine and tyrosine phosphorylation on Raf and
interaction with accessory factors such as 14-3-3 proteins and costimulatory lipids (Kolch
et al., 1993, Traverse et al., 1993, Ghosh et al., 1994, Leevers et al., 1994, Stokoe et al.,
1994, Wartmann and Davis, 1994, Marias et al, 1995, Bamard ez al., 1998, King ez al.,
1998, Tzivion et al., 1998).

The activation of Raf leads to signaling down the Raf-Mek-Erk protein kinase
cascade. Once activated, Raf directly binds and phosphorylates the protein kinase Mek on
residues serine-218 and serine-222 (Howe er al., 1992, Kyriakis et al., 1992, Macdonald
et al., 1993, Alessi et al., 1994, Zheng and Guan, 1994, Johnson er al., 1996). Serine-
218 and serine-222 lie in the activation loop of Mek and phosphorylation of these residues
is thought to induce a conformational change that leads to improved alignment of catalvtic
residues giving rise to increased kinase activity (Johnson et al., 1996). In vitro, a stable
complex can be formed between Ras-GTP, Raf and Mek suggesting a translocation of Mek
to the plasma membrane in response to Ras activation in vivo (Moodie et al., 1993). In
mammals, there are 2 Mek proteins Mek! and Mek2, encoded by separate genes (Crews er
al., 1992, Zheng and Guan, 1993). The function of Mekl has been more widely studied.
Although Mek2 is thought to behave similarly to Mek in the cell, there may be one or two
differences in the regulation of Mek1 and Mek2 (Wu er al., 1993, Catling er al., 1995).
Both Mek proteins, once activated, go on to phosphorylate and activate the protein Kinases
Erkl and Erk2. These phosphorylation events take place on the threonine and tyrosine
residues of the TEY motif found within the activation loop of Erkl and Erk2 (Crews and
Erikson, 1992, Alessandrini ez al., 1992).

Once activated, both Erk proteins go on to phosphorylate a wide range of cellular
targets leading to a variety of biochemical changes. For example, it is widely documented
that activated Erk translocates to the nucleus where it regulates a number of transcription
factors (Treisman, 1996). Elk-1, SAP1 and SAP2, members of the Ternary Complex
Factor family, have all been shown to be phosphorylated and activated in response to Ras-
Erk signaling (Marias et al., 1993, Hipskind er al., 1994, Price et al., 1995, Gillie et al.,
1995). Erk can also phosphorylate several cytoplasmic substrates such as the protein
kinases p90rsk (ribosomal S6 kinase) and Mnk (MAPK-interacting kinase) (Blenis, 1993,
Fukunaga and Hunter, 1997, Waskiewicz et al., 1997). The function of Mnk is unknown
but p90rsk has been shown to phosphorylate and activate the transcription factor CREB
(cyclic-AMP response element binding protein) in response to Erk signaling (Xing et al.,
1996). It has also been demonstrated that phospholipase A2 (PLaseA2) at the plasma



membrane is phosphorylated and activated by Erk in vitro and in COS cells (Lin er al.,
1993). In vitro, Erk has been shown to phosphorylate SOS and phosphorylated SOS is
less efficient at forming an in vitro RTK-Grb2-SOS complex (Porfiri and McCormick,
1996). Thus, Erk may function in a negative-feedback mechanism that inhibits Ras
activation in vivo. Through the Raf-Mek Erk kinase cascade, Ras signaling is linked to a
variety of biochemical events that will alter gene expression, activate additional protein
kinases, and result in the production of lipid signals destined to be exported from the cell.

PI3K

The function of PI3K downstream of Ras has recently gained much attention due to
the implication of PI3K in anti-cell death signaling. It is now understood that a large family
of PI3K proteins phosphorylate phosphatidylinositol substrates at the D-3 position in
mammalian cells (Whitman er al., 1988, Carpenter and Cantley, 1996a, 1996b, Domin and
Waterfield, 1997). In general, PI3K proteins are comprised of a regulatory subunit that is
thought to be constitutively bound to a catalytic subunit. To date, 5 types of PI3K
regulatory subunits and 7 types of PI3K catalytic subunits have been identified (Domin and
Waterfield, 1997). The multiple PI3K proteins arising from the various combinations of
subunits are divided into 3 major classes, based on subunit composition and substrate
preference (Domin and Waterfield, 1997, Carpenter and Cantley, 1996a, Rameh and
Cantley, 1999).

Only class 1 PI3K proteins are effectors for Ras. Class | PI3K members are
comprised of a p85 regulatory subunit (either p85at, B, or ¥) and a p110 catalytic subunit
(either p110c, B, 8, or y) (Carpenter ef al., 1990, Otsu et al., 1991, Domin and Waterfield,
1997). Class 1 PI3K proteins commonly phosphorylate phosphatidylinositol-4-phosphate
(PI-4-P) and phosphatidylinositol-4.5-bis-phosphate (PI-4,5-P,) to generate the second
messengers PI-3,4-P, and PI-3,4,5-P;, respectively. For simplicity, class 1 PI3K proteins
will be referred to as PI3K and the subunits will be referred to generically as p85 and p110.

PI3K associates with Ras in vivo. It has shown that PI3K activity co-
immunoprecipitates with Ras from lysates of Ras transformed rat liver epithelial cells
(Sjolander et al., 1991). In vitro, it has been shown that Ras-GTP directly binds the p110
subunit of PI3K (Rodriguez-Viciana et al., 1994, 1996). This interaction is thought to
promote a conformational change in pl10 that directly increases the specific activity of the
enzyme (Rodriguez-Viciana et al., 1996). The Ras-PI3K interaction also promotes
translocation of PI3K to the plasma membrane. This translocation brings PI3K into
proximity with its lipid substrates. In addition, PI3K is thought to be further activated at



the plasma membrane by mechanisms that involve tyrosine phosphorylation of p85 and
interaction of tyrosine phosphorylated proteins to the SH2 domain of p85 (Backer et al.,
1992, Hayashi er al., 1993, Rodriguez-Viciana et al., 1996). The binding of tyrosine
phosphorylated peptides to p85 has been shown to synergize with Ras-pl 10 interaction to
activate PI3K (Rodriguez-Viciana er al., 1996).

Overexpression of activated forms of PI3K can inhibit apoptosis (programmed cell
death) induced in a variety of cellular contexts (Franke et al., 1997a, Kauffmann-Zeh et al.,
1997, Khwaja er al., 1997). It is now thought that PI3K mediates its anti-apoptotic
signaling by activating the protein kinase Akt. In vitro, PI3K generated products bind to
Akt, promote homodimerization of Akt, and stimulate Akt activity (Franke et al., 1997b,
Klippel et al., 1997). In COS cells, overexpression of a constitutively activated version of
PI3K leads to Akt activation (Franke er al., 1997b). Akt is also phosphorylated on
residues threonine-308 and serine-473 and it is thought that binding of PI3K generated
products to Akt promotes a conformational change that results in increased accessibility of
threonine-308 to protein kinases in the cell (Alessi ef al., 1997, Downward, 1998). Once
activated, Akt goes on to phosphorylate a number of substrates that are implicated in the
regulation of apoptosis. For example, BAD and caspase-9, both implicated in the
intracellular machinery responsible for triggering apoptosis, are phosphorylated in virro and
in vivo by Akt in response to PI3K activation (Datta et al., 1997 , del Peso et al., 1997,
Cardone er al., 1998). In addition, the phosphorylation of both BAD and caspase-9
suppresses their pro-apoptotic function. In response to insulin-like growth factor
stimulation of human kidney epithelial cells, Akt has also been shown to translocate to the
nucleus where it phosphorylates FKHRL 1, a member of the Forkhead transcription factors
(Brunet er al., 1999). Phosphorylated FKHRL1 then becomes excluded from the nucleus
where it is unable to induce the expression of pro-apoptotic genes such as Fas ligand.

The phospholipid products generated by PI3K likely have other cellular targets
besides Akt. Many proteins contain a PH domain and a subset of these proteins may bind
the second messengers produced by PI3K. For example, the PH domains found in both
SOS and Vav have been shown to bind PI-3,4,5-P; (Rameh et al., 1997, Han et al.,
1998). Vav contains a Dbi-homology domain and in vitro, it has been demonstrated that
PI3K products can stimulate the GEF activity of Vav on several Rho family proteins (Han
et al., 1998). In vivo, it has been shown that activation of Rho proteins downstream of
PI3K is enhanced by the overexpression of SOS proteins containing only the Dbl-
homology and PH domains (Nimnual et al., 1998). In sum, PI3K appears to link activated
Ras to anti-apoptotic signaling and regulation of Rho family proteins.



RalGDS

RalGDS functions as a GEF for Ral, a close Ras relative. Initially, RalGDS was
isolated by degenerate PCR (polymerase-chain reaction) using primers complementary to a
conserved region within the catalytic domain of the CDC25 Ras GEF (Albright er al.,
1993). RalGDS has been shown to interact with Ras in vitro, in COS-7 cells
overexpressing Ras and RalGDS and in the yeast 2-hybrid systems (Hofer ez al., 1994,
Kikuchi and Williams, 1996, Urano et al., 1996). In addition, it has been demonstrated
that the GEF activity of RalGDS is activated in response to Ras signaling in vivo (Urano et
al., 1996). Thus, Ras signaling may activate Ral via RalGDS. It is interesting that Ral
itself, may regulate Rho family proteins. This link could take place through RalBP, an
effector protein for Ral that contains a RhoGAP domain (Cantor er al., 1995). As such,
Ras may be at the top of a signaling cascade that takes place through several different low

molecular weight G-proteins.

pl20GAP as a Ras effector

pl20GAP was originally considered a Ras effector for several reasons. pl120GAP
bound Ras in a manner expected for effectors. For example, pl20GAP binds only to the
GTP-bound form of Ras and this interaction depended on an intact switch 1 region (Adari
etal., 1988, Vogel et al., 1988). pl20GAP could also bind the activated oncogenic forms
of Ras (Krengel er al., 1990).

Numerous studies have suggested an involvement of pl20GAP in the biological
effects downstream of Ras. For example, activated Ras protein has been shown to inhibit
the stimulation of atrial potassium channels by muscarininc GPCR’s in an in vitro patch
clamping assay (Yatani er al., 1990). Purified pl20GAP or the N-terminal region of
p120GAP containing only the SH3 and SH2 domains were able to mimic the inhibitory
effect of activated Ras in this system (Martin et al., 1992). In a bioassay of Ras signaling
in Xenopus oocytes (germinal vesicle breakdown), antibodies generated against the SH3
domain of pl120GAP blocked the phenotype caused by activated Ras protein (Pomerance et
al., 1996). In NIH3T3 cells, overexpression of an N-terminal fragment of pl20GAP also
inhibited the transformation caused by an activated Ras gene (Clark et al, 1993).

In mammalian cells, activated Ras produces actin cytoskeletal changes (described in
further detail below) and pI20GAP also appears to be involved in this biological effect.
Microinjection of full-length pl20GAP into Swiss 3T3 mouse fibroblasts triggers actin
stress fiber formation and overexpression of the N-terminal region of pl120GAP in rat2
fibroblasts causes a disruption of the actin cytoskeleton and morphological changes



(Leblanc er al., 1998, Mcglade et al., 1993). In addition, microinjection of antibodies
against pI20GAP (the same antibodies that inhibited germinal vesicle breakdown) into
Swiss 3T3 cells prevents actin stress fiber formation induced by activated Ras (Leblanc er
al., 1998).

Thus, several pieces of evidence suggest that pl20GAP may be an effector for Ras.
The precise mechanisms whereby pl20GAP leads to biological responses is not known.
One model describes the recruitment of pl20GAP to the plasma membrane by interaction
with Ras-GTP. Following, the SH2 and SH3 domains within the N-terminus of
p120GAP interact with additional proteins such as p190 RhoGAP and p60dok. Clearly,
the link with p190 suggests a possible mechanism for eliciting actin cytoskeletal changes.

Contrary to the idea of pI20GAP as a Ras effector, signaling through p120GAP is
apparently dispensable for transformation of some cell types. P34R-Ras, which contains a
proline to arginine substitution in the effector (switch 1) domain, has dramatically reduced
binding to pl20GAP in vitrro (Stone et al., 1993). In vivo, P34R-Ras is GTP-bound at
abnormally high levels, likely due to a lack of negative inhibition by pI20GAP.
Importantly, overexpression of P34R-Ras in rat2 fibroblasts can cause full transformation
despite an apparent dissociation from pl20GAP binding. The significance of pl20GAP as
a Ras effector remains unsettled since transformation may be quite different from the
biological processes regulated by Ras in normal cells. Also, transformation appears to be a
cell type specific process.

Biological effects of Ras signaling

The biochemical responses produced by effector pathways such as the Raf-Mek-
Erk cascade, PI3K and RalGDS translate Ras signaling into biological changes. The best
understood processes regulated by Ras are cell proliferation, cell differentiation and actin

cytoskeleton rearrangements.

Ras and Proliferation

Ras signaling has been associated with cell proliferation since its discovery as a
dominant oncogene. The transformation phenotype caused by activated Ras oncogenes is
characterized by a lack of normal growth control and abnormally high levels of cell
division. Indeed, microinjection of activated Ras protein into quiescent cultured
mammalian cells of several types stimulated DNA synthesis and led to a transformed-like
morphology within 8-12 hours (Feramisco er al., 1984, Stacey and Kung, 1984).



Furthermore, microinjection of inhibitory Ras antibodies blocked DNA synthesis
stimulated in quiescent NIH3T3 cells by serum (Mulcahy er al., 1985). These results
suggested that Ras is necessary and sufficient for re-entry into the cell-cycle from the
quiescent Go-phase and progression into S-phase. Consistent with a role in cell-cycle
regulation, Ras has been shown to be activated in mid-Gl-phase of the cell-cycle (Taylor
and Shalloway, 1996).

Ras, the cell-cycle and cell-cycle arrest

Pieces of the mechanism linking Ras signaling to the cell-cycle have been
uncovered and the Raf-Mek-Erk kinase cascade appears central. Like Ras, Erk is activated
in a cell-cycle manner (Tamemoto er al., 1992). Erk activity is modestly elevated in G1-S-
phase and increases in mitosis (M-phase). In addition, it has been shown that
overexpression of activated Ras or wildtype Erk in JEG4 human trophoblasts stimulates
transcription of cyclinDI1 (Albanese er al., 1995). CyclinD1 activates cyclin-dependent
kinase 4 (CDK4) which is thought to drive cells through Gl-phase into S-phase by
phosphorylating the retinoblastoma protein (Rb) (Chen er al., 1989, Ewen er al., 1993). In
its unphosphorylated form, Rb binds to and inhibits the transcription factor E2F which is
responsible for inducing expression of genes required for proliferation and DNA synthesis
such as c-myc, dihydrofolate reductase, thymidine kinase and DNA polymerase (Nevins,
1992, Johnson er al., 1993). As such, activation of CDK4 enables E2F. In several cell
types, inhibition of Ras-Erk signaling using the Mek specific drug PD098059, dominant-
negative Ras (N17) or dominant-negative Erk prevented the accumulation of cyclinD1
mRNA and protein leading to cell-cycle arrest (Weber et al., 1997, Peeper et al., 1997).
Thus, Ras-Erk signaling appears necessary and sufficient to drive some cell types through
Gl-phase into S-phase by promoting cyclinD1 expression, activation of CDK4, and
phosphorylation of Rb. As expected, expression of N17 Ras in mouse fibroblasts that
have a homozygous disruption of Rb does not lead to cell-cycle arrest (Peeper et al., 1997).

In many cases, activated Ras promotes growth of mammalian cells but the picture
now appears not so simple. Studies on activated Ras genes, the promotion of cell growth,
and transformation have primarily been done in immortalized rodent fibroblasts such as
NIH3T3, ratl and rat2 cells. In one study, it was shown that overexpression of an
activated Ras gene in primary (normal) cells such as IMR-90 human diploid fibroblasts,
MEF (mouse embryo fibroblasts) and REF52 cells (normal-like rat fibroblasts) leads to an
irreversible cell-cycle arrested phenotype called senescence (Serrano et al., 1997). In Ras-
induced senescent cells, there is an accumulation of p53 and pl6INK4a, 2 proteins that



have been detected in other types of senescent cells (Kulju and Lehman, 1995, Hara et al.,
1996). p53 is a transcription factor that induces the expression of p21CIP, an inhibitor of
several different classes of CDK’s (Harper er al., 1993, Xiong er al., 1993). pl6INK4a
specifically inhibits CDK4. Thus, in normal mammalian cells, overexpression of activated
Ras genes leads to permanent cell-cycle arrest though the action of p53 and CDK inhibitors
such as pl6INK4a and p2ICIP. In line with this conclusion, “normal” cells with a
homozygous disruption of either p53 or pl6INK4a are not growth-arrested by activated
Ras (Serrano er al., 1997). Activated Ras appears to increase p53 and pl6INK4a
expression by signaling through the Raf-Mek-Erk kinase cascade. Overexpression of
activated Raf and Mek proteins in IMR-90 cells also gives rise to cell senescence (Lin e al.,
1998, Zhu et al., 1998).

In mammalian cells, we have seen that Ras signaling can lead to several different
effects on the cell-cycle. In some contexts, Ras-Erk signaling drives cell-cycle progression
by up-regulating cyclinD1 which causes the phosphorylation of Rb. In normal cells on the
other hand, activated Ras leads to the production of CDK inhibitors that trigger permanent
cell-cycle arrest. What determines the balance between these 2 outcomes? The most
important factor is likely the presence of proteins such as p53, Rb, pl6INK4a and p21CIP,
which in normal cells, form a “growth alarm” system. Activated Ras genes in normal cells
trigger this alarm leading to cell-cycle arrest. Immortalized cultured cells frequently have a
loss of function in either p53, Rb, p16INK4a or p21CIP. Loss of one or more of these
proteins essentially compromises the cell’s alarm allowing activated Ras to stimulate
proliferation and transformation. However, the effects of Ras on cell fate are still not that
simple. In some other contexts, Ras signaling leads to apoptosis. For example,
overexpression of activated Ras in cells detached from the substratum, cells expressing an
inhibitor of NF-KkB, and cells overexpressing c-myc triggers apoptosis (Kauffmann-Zeh er
al., 1997, Khwaja et al., 1997, Mayo et al., 1997). It is not fully understood why the cell
undergoes apoptosis in these cases. It is possible that certain potentially dangerous
situations, such as when the cell is detached from the substratum, stimulate a “cautionary”
signaling pathway to alert the cell. Activated Ras signaling in conjunction with this
cautionary signal may trigger a sensor in the apoptotic machinery of cell. This postulated
mechanism could be involved in preventing cancer. For example, a Ras transformed cell
that can survive without substratum attachment could potentially spread through the body
and invade other tissues.

Some evidence has suggested that the mechanism linking Ras signaling to apoptosis
involves the Raf-Mek-Erk kinase cascade and p53 (Fukasawa and Vande Woude, 1997).
Mos is a protein kinase that has been shown to function in Xenopus oocyte meiotic



maturation (Choi er al., 1996). Because Mos phosphorylates and activates Mek, Mos
overexpression can be used to stimulate Mek and Erk mammalian experimental systems
(Posada et al., 1993, Fukasawa and Vande Woude, 1997). Overexpression of Mos in
MEF’s that express wildtype levels (+/+) of p53 led to a dramatic increase in the frequency
of apoptosis (Fukasawa and Vande Woude, 1997). However, in MEF’s lacking p53 (-/-),
Mos-induced apoptosis was dramatically inhibited. These results are consistent with a
model where Ras-induced signaling through the Raf-Mek-Erk kinase cascade leads to

apoptosis via a p53-dependent mechanism.

Multiple pathways downstream of Ras for Transformation

Evidence has been gathered that argues for multiple Ras effectors, namely the Ras-
Mek-Erk cascade, PI3K and RalGDS, in cellular transformation. Convincing evidence for
the function of these 3 pathways was provided from studies of Ras effector mutants in
NIH3T3 cells (Rodriguez-Viciana et al., 1997). Point mutations in the switch 1 region of
Ras can selectively disrupt interactions with each of the different Ras effectors. For
example, an activated mutant of Ras (V12) with serine substituted at residue 35 (V12, S35)
selectively binds to and activates Raf. Conversely V12, G37 and V12, C40 Ras alleles
selectively activate RalGDS and PI3K, respectively. In NIH3T3 cells, these Ras effector
mutants cooperate to cause cellular transformation. Overexpression of each allele alone
gave rise to only low levels of transformation whereas overexpression of any 2 mutants
together gave rise to dramatic increases in transformation efficiency. Thus, it appears that
distinct signals from Ras, transmitted through Raf, PI3K and RalGDS. are involved in
transformation, at least in NIH3T3 cells.

The effect of PI3K signaling on transformation may be due to its anti-apoptotic
signaling. As mentioned above, co-expression of activated Ras gene with c-myc triggers
apoptosis in ratl fibroblasts (Kauffmann-Zeh et al., 1997). Apoptosis was exacerbated
when the S35 substitution was made in the activated Ras gene. This substitution
effectively dissociates Ras from PI3K signaling. Taken together, the data suggest that Ras
normally activates PI3K to inhibit apoptosis.

RalGDS may promote transformation through the function of Rho proteins. I
described earlier how RalGDS, via Ral and RalBP, could activate Rho proteins. In Swiss
3T3 fibroblasts overexpressing activated Ras, inhibition of RhoA leads to the accumulation
of p21CIP and inhibition of DNA synthesis (Olson et al., 1998). This result suggests that
Ras signals through a RhoA-dependent pathway to inhibit p21CIP-mediated cell-cycle
arrest. Also, overexpression of dominant-negative Rac, a Rho family member, inhibited
transformation induced by activated Ras in NIH3T3 cells (Qiu et al., 1995).



Contrary to the idea of multiple transforming Ras effector pathways, some evidence
argues that signaling through the Raf-Mek-Erk pathway is sufficient for transformation.
First, overexpression of activated Raf and Mek proteins can transform NIH3T3 and rat2
cells (Feig and Cooper, 1988, Mansour ez al., 1994, Bottorff et al., 1995). Second, a
number of effector mutants in the v-Ras (activated) background have been isolated that bind
Raf but not RalGDS in the yeast 2-hybrid system (Stang er al., 1997). These effector
alleles are distinct from the 3 effector mutants studied by Rodriguez-Viciana et al. (1997).
Overexpression of the v-Ras effector mutants isolated by Stang et al. (1997) transformed
rat2 cells as efficiently as v-Ras without a mutation in the effector domain. From their data,
Stang et al. (1997) concluded that signaling through the Raf-Mek-Erk cascade was
sufficient for full transformation, at least in rat2 cells. Also, Stang er al. (1997) failed to
confirm cooperation between the S35, G37, and C40 effector mutants in the transformation
of rat2 cells.

Can the data arguing for one transforming pathway be compatible with the
observations of Rodriguez-Viciana et al. (1997) which argue for muitiple transforming
pathways? Perhaps a cell can be fully transformed if activated Raf and Mek proteins are
overexpressed at high enough levels. In the study of Stang er al. (1997), the v-Ras effector
mutants were overexpressed in rat2 cells using retroviral vectors. In contrast, Rodriguez-
Viciana er al. (1997) overexpressed their effector mutants by transfecting expression
plasmids into NIH3T3 cells using a lipid-based reagent. Thus, the effector mutants of
Stang et al. (1997) may have been expressed at a higher level than the effector mutants in
the study by Rodriguez-Viciana er al. (1997). However, higher expression levels in the
rat2 cells studied by Stang et al. (1997) cannot explain why cooperation was not observed
between the S35, G37, and C40 effector mutants. Rodriguez-Viciana et al. (1997)
constructed these effector mutants in the V12 Ras background (glycine-12 mutated to
valine-12) while Stang ez al. (1997) constructed the same effector mutations in the v-Ras
background (glycine-12 mutated to arginine and alanine-59 mutated to threonine). Perhaps
the effector mutants in the context of V12 Ras function differently than in the context of v-
Ras. Alternatively. sensitivity to transformation may be quite different between rat2 and
NIH3T3 cells.

In a Ras transformed cell, all of the signals that are elicited through the many Ras
effectors likely contribute to the overall transformed phenotype. Whether a cell needs
activation of all effectors for full transformation probably depends on the amplitudes of the
signals down the various pathways. For example, strong signaling down 1 pathway may
be equivalent to weak signals down 3 effector pathways. In addition, the promotion of
transformation can be very cell-type specific.



Ras and differentiation

Ras-Erk signaling often leads to cell proliferation but in some instances, Ras-Erk
signaling can also promote cell differentiation. It was first noted that infection of PC12
cells with retroviruses containing activated Ras genes could induce neuronal differentiation
(Noda et al., 1985). A role of Erk signaling in the differentiation of hematopoietic cells is
also documented. Dominant-negative and activated forms of Mek were used to
demonstrate the involvement of Erk in the differentiation of immature CD4-8- to mature
CD4+8+ thymocytes (Crompton et al., 1996). Similar strategies showed that maturation of
human megakaryocytes by stem cell factor depended on Erk signaling (Melemed er al.,
1997). A role of Ras-Erk signaling in the differentiation of 3T3-L1 fibroblasts into
adipocytes has also been demonstrated (Benito ez al., 1991).

Ras-Erk signaling has been shown to relay both differentiation and proliferation
messages within the same cell type. For example, stimulation of PC12 cells with EGF
leads to Ras activation through a Shc-independent pathway and robust but transient
activation of Erk (Traverse et al., 1992, Nguyen er al., 1993, Marshall, 1995). Transient
activation of Erk signals for cell proliferation. On the other hand, stimulation of PC12 cells
with NGF activates Ras through a Shc-dependent pathway that leads to sustained Erk
activation. Sustained Erk activation signals for differentiation and neurite outgrowth.
Thus, the duration of Erk signaling appears to determine cell fate. Tombes et al. (1998)
have shown that NGF stimulation of PC12 cells leads to increased levels of p21CIP and an
inhibition of DNA synthesis. As such, the mechanism that interprets the duration of Ras-
Erk signaling appears to involve cell-cycle arrest. It remains unclear how the arrested cell

goes on to initiate differentiation.

Ras and cytoskeletal rearrangements

Ras signaling has been well documented to induce actin cytoskeletal
rearrangements. For example, Ras transformed cells have a distinct morphology as
compared to non-transformed cells (Seeburg et al., 1984, Huff et al., 1997). Furthermore,
it was observed that microinjection of activated Ras protein into rat embryo fibroblasts led
to an actin cytoskeletal change termed membrane ruffling within 1-2 hours (Bar Sagi and
Feramisco, 1986). Activated Ras likely elicits these effects through Rho proteins such as
Racl, RhoA and Cdc42 which are now well understood to regulate actin cytoskeletal
changes (Ridley et al., 1992, Ridley and Hall, 1992, Nobes and Hall, 1995). The function
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of Rho proteins in actin cytoskeletal changes downstream of Ras is supported by the
inhibition of Ras-induced membrane ruffling by dominant-negative mutants of Rac
(Rodriguez-Viciana et al., 1997). Thus, Rho proteins may be involved in 2 important
aspects of Ras signaling: controlling cell shape changes and, as described earlier,

preventing cell-cycle arrest.

Role of Ras in mammalian development

From studies using gene *knock-out” approaches, we now understand that Ras
function is important for mammalian development. For example, homozygous disruption
of the gene encoding pl20GAP gave rise to mice that died approximately day 10 of
embryogenesis (Henkemeyer er al., 1995). These embryos showed defective organization
of the vascular system and extensive neuronal death. Similarly, the NFI gene has been
knocked-out and these mice die at day 13-14 of embryogenesis with defects in cardiac
development (Jacks et al., 1994). Both pl20GAP and NF1 may have Ras-independent
functions but the observed defects in both cases are thought to be though loss of Ras
negative regulation. Indeed, mice with homozygous disruptions in both p/20GAP and
NFI have a more severe phenotype that included embryonic arrest at day 8. Others have
attempted to knock out the gene encoding Grb2 (Cheng et al., 1998). Embryos with
homozygous disruptions could not be observed and are thought to have arrested very early,
soon after the time of implantation in the uterus. Embryonic stem cells with homozygous
Grb2 disruption could be generated and these failed differentiate in cell culture. Thus, loss
of Grb2, and consequently SOS function, severely impairs cell differentiation.
Homozygous disruption of the gene encoding RasGRF1, the brain-specific Ras GEF, led
to more subtle phenotypes (Brambilla et al., 1997). These mice developed normally into
adults but were behaviorally impaired at emotion conditional learning. The basolateral
amygdala of these mice, a region involved in conditional memory also showed abnormal
long-term plasticity in electophysiological tests. These gene knock-out strategies clearly
show that Ras regulatory proteins, and therefore Ras itself, is important in the development
of several different organ systems.

Future of Ras signaling research

At one time, Ras signaling was heralded for its simplicity in linking peptide growth
factors through the linear Raf-Mek-Erk pathway to the modulation of nuclear transcription
factors. Many signaling branches leading to, and stemming from Ras have since been
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added and it is clear that many additional facets of Ras signaling remain to be uncovered.
Powerful genetic schemes in model organisms are identifying novel Ras signaling proteins
that add many interesting twists to the Ras field. For example, novel Ras effectors have
been identified such as Rinl which may link Ras with the signaling from the Abl tyrosine
kinase (Han and Colicelli, 1995, Han er al., 1997). AF6/Rsbl/canoe is a putative Ras
effector that is associated with cellular junctions and Notch signaling (Hunter, 1997,
Kuriyama et al., 1996). A yeast 2-hybrid screen for Ras interacting proteins has identified
from a C. elegans cDNA library, another putative effector, PLC210, that contains a
phospholipase C domain and a region with homology to the CDC25 Ras GEF (Shibatohge
et al., 1998). Sur-8, isolated in a C. elegans genetic screen, interacts directly with Ras but
does not appear to be a typical Ras effector since interaction is not GTP-dependent
(Sieburth et al., 1998). Sur-8 may be a scaffolding protein that is involved in modulating
the interaction of effectors and regulatory proteins to Ras. Ksr and Cnk, 2 proteins isolated
in Drosophila screens, are now understood to be involved in Ras-Raf signaling (Sundaram
and Han, 1995, Therrien et al., 1995, 1998, Sternberg and Alberola-Ila, 1998). Lastly, a
genetic selection in Drosophila has recently identified Sprouty, a protein that can interact
with Grb2 and GAPI (Casci et al., 1999). Thus, Sprouty may be an additional factor
involved in Ras regulation. Ras signaling in the future will likely resemble a complex
circuit board rather than a linear model and it appears this circuitry will involve additional

players functioning via novel mechanisms.

Theses objectives

This thesis describes 3 projects that are each aimed at novel mechanisms of Ras
regulation and function in mammalian cells.

1. We discovered that Ras becomes activated in rat2 cells that are exposed to
hypothermic stress. A primary objective of this project was to characterize the mechanism
behind this novel form of Ras activation through studies done in virro and in rat2 cells.
This project also aimed to determine the biochemical and physiological consequences of
hypothermically-activated Ras.
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2. Our lab has isolated a novel Ras GEF, named RasGRP, from a rat brain cDNA
library. RasGRP represents a new class of Ras GEF due to the presence of a
diacylglycerol binding domain and a pair of EF-hand Ca** binding motifs. My work in this
project was aimed at the role of RasGRP in linking diacylglycerol signals to Ras activation

in rat2 cells.

3. Dr. D.N. Brindley and co-workers (Department of Biochemistry, University of
Alberta) observed PI3K activation in response to the sphingolipid second messenger,
ceramide. In rat2 cells that I engineered to overexpress N17 Ras, ceramide-induced
activation of PI3K was inhibited. In an effort to understand further the relationship
between Ras and ceramide, I studied Ras activation in rat2 cells treated with cell-permeable

C2-ceramide.
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Tumor Type No. samples (+)  No. samples Percentage
Tested

Acute myelogenous 14 52 27 %

leukemia

Lung 15 45 33 %

adenocarcinoma

Colon 64 158 40 %

adenocarcinoma

Pancreas 53 63 84 %

adenocarcinoma

Thyroid 8 15 53 %

follicular carcinoma

Table 1-1. Frequency of a mutated Ras gene in various human cancers. Shown for each tumor type are
the number of samples positive (+) for a mutated Ras gene, total number of samples studied, and the
calculated percentage. The data for each tumor type were obtained from independent studies. Mutations in
Ras were detected using either a oligodeoxynucleotide hybridization assay or a RNase mismatch cleavage
assay. Since these techniques only test a portion of the Ras gene, the percentages reported here are
minimum estimates. Adapted from Bos, 1989.
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Figure 1-1. Domain structure schematics of p21 Ras, Ras GEF’s, and Ras GAP’s. a. Analysis of all
mammalian Ras proteins has defined 4 domains: an N-terminal domain (residues 1-85) of very high
conservation (N-term), a region in the middle ot the protein that is slighty variable (residues 86-166) (mid),
a C-terminal region of high heterogeneity (residues 167-185) (het), and the last 4 residues (186-189) which
comprise the CAAX motif. b. There are 3 main classes of mammalian Ras GEF’s: the SOS family,
represented by murine SOS1, the GRF family, represented by murine GRF1, and RasGRP (domains defined
as in Boguski and McCormick, 1993, Fam et al., 1997). Details on RasGRP are presented in chapter 4. ¢
and d. There are 4 main classes of mammalian Ras GAP’s which are represented by: human p120GAP,
human GAPI(IP4BP), rat SynGAP, and human NF1 (domains defined as in Boguski and McCormick,
1993, Cullen et al.. 1995, Scheffzek er al., 1997, Chen et al., 1998). Scale: black bar represents 100 amino
acids. Domain labels: Pleckstrin-homology domain (PH), Dbi-homogy domain (Dbl), Calmodulin-binding
[Q domain (IQ), GEF catalytic domain (GEF), poly-proline/proline-richsequence (Pro), SH2 domain
(SH2), SH3 domain (3), C2 domain (C2), GAP catalytic domain (GAP).
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Figure 1-2. Ras GTP cycle - p21 Ras alternates between a GDP-bound-"Off" and a GTP-bound-"On"
state. Ras-GDP is converted to Ras-GTP by dissociation of GDP followed by reassociation of GTP, a
process known as nucleotide exchange. In the cell, nucleotide exchange is catalysed by Ras GEF's which
increase the rate of nucleotide dissociation. Ras-GTP is converted to Ras-GDP by the intrinsic GTPase
activity of Ras. The rate of this reaction is greatly enhanced in the cell by Ras GAP’s. Note that the
interaction between the Ras GEF and nucleotide-free Ras is not illustrated in this schematic.
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Figure 1-3. Map of the G-protein superfamily. a. There are 3 major families of G-proteins: the protein
translation regulatory factors, the heterotrimeric G-proteins, and the low molecular weight G-proteins. The
low molecular weight G-proteins can be further divided into 5 smaller families: Ras, Rho, Rab, Arf and
Ran proteins. b. The members of the Ras protein family are shown in a phylogenetic tree (dendogram).
The distance between any two family members is directly proportional to the homology in their primary
sequences. Adapted from Campbell et al., 1998.
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Figure 1-4. 3-D structure of Ras. a. 3-D structure of Ras in complex with GTP. The switch 1 (residues
32-38) and switch 2 (residues 60-76) regions are shown in green. The positions of residues threonine-35
and glutamine-61 and the y-phosphate moiety of GTP are also indicated. Representation obtained using
published structure coordinates of Pai et al., 1990. b. Graph showing the movement of Ras amino acid
residues observed when comparing the crystal structures of Ras-GTP and Ras-GDP. The switch 1 and
switch 2 regions are defined by their high degree of conformational change. Adapted from Milburn et al.,

1990
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Figure 1-5. Recruitment of the Grb2-SOS complex to the plasma membrane in response to
extracellular stimuli. a. Stimulation of mammalian cells with growth factors such as EGF result in
dimerization of the RTK and autophosphorylation on tyrosine residues (Y-P) in the RTK intracellular
domain. Complexes of Grb2-SOS are recruited to the plasma membrane through interaction of the SH2
domain of Grb2 with phosphotyrosine residues on the RTK . Once at the plasma membrane, SOS
positively regulates Ras. b. In response to EGF stimulation, adapter proteins such as She can also bind to
the RTK phosphotyrosine residues. RTK's can phosphorylate tyrosine residues in Shc which provides
another group of ligands for the SH2 domain of Grb2. ¢. FGF can stimulate its RTK to phosphorylate
tyrosine residues on the FSR2 docking protein which is anchored to the plasma membrane by a lipid
modification. Grb2-SOS complex can be recruited to the plasma membrane by interacting with the
phosphotyrosine residues on FSR2. d. Adhesion of mammalian cells to the extracellular matrix (ECM)
can stimulate the formation of focal adhesions centered around the o and B integrin subunits. Focal
adhesions are protein super-complexes that contain at least 7 different proteins including filamentous actin.
FAK., a protein tyrosine kinase contained within focal adhesions, autophosphorylates on tyrosine residues to
provide sites of attachment for Grb2-SOS complexes.
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Figure 1-6. Biochemical responses downstream of Ras. The active GTP-bound form of Ras can signal
to downstream effectors such as Raf, PI3K and RalGDS. pl20GAP may also be a Ras effector. Through
these effector molecules, Ras signaling gives rise to a number of events that include the activation of
protein kinases, modulation of nuclear transcription factors, and actin cytoskeleton rearrangements. SOS
and pl20GAP are positive and negative regulators of Ras, respectively. However, this schematic only
illustrates the signaling functions of SOS and p120GAP downstream of Ras. Details are within text.
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Sources of Recombinant Ras and Ras regulatory proteins

H-Ras was expressed in Escherichia coli and purified by gravity-driven G735 size-
exclusion chromatography followed by FPLC anion-exchange chromatography on a
Resource-Q column (Amersham Pharmacia Biotech, Inc., Baie d’'Urfe, Quebec, Canada).
H-Ras purified from E. coli was stored in 50 mM Tris pH 8.0, 5 mM NaCl, 5 mM MgCl,,
| mM DTT at 4°C until use Preparation of H-Ras from E. coli was performed by the
author. Since some exchange factors may work better with substrate Ras that has been
fully processed, we also used 6x His-tagged-H-Ras that was expressed in Sf9 cells using
the “Bac-to-Bac” bacculovirus system (Life Technologies-Gibco BRL, Inc., Burlington,
Ontario, Canada) and purified by nickel chromatography. 6x His-tagged-H-Ras was
stored in “buffer A + glycerol” [20 mM Tris pH 7.5, 100 mM NaCl, | mM MgCl,, | mM
DTT, 10% glycerol] at -80°C until use. Preparation of 6x His-tagged-H-Ras was
performed by others within our lab (D. Bottorff). In both E. coli and Sf9 expression
systems, Ras purifies as a complex with GDP in a 1:1 stoichiometric ratio (Poe er al.,
1985).

The catalytic domain of RasGRF1 (p30GRF1) was expressed as a 6x His-tagged
protein in Sf9 cells and purified by nickel chromatography (Leonardsen et al., 1996).
Purified 6x His-p30GRF! was stored in buffer A + glycerol at -80°C until use.
Preparation of 6x His-p30GRF1 was performed by others within our lab (D. Bottorff, J.
Ebinu). A recombinant protein consisting of maltose binding protein fused to residues 49-
471 of RasGRP (MBP-cat) was expressed in E. coli and purified on amylose resin beads
(New England Biolabs, Inc., Beverly, Massachusetts, USA) (Ebinu et al., 1998). MBP-
cat was stored in buffer A + glycerol at -80°C until use. MBP-cat was prepared by others
within our lab (D. Bottorff and S. Stang). Purified pl20GAP was a generous gift from
Onyx pharmaceuticals (Richmond, California, USA).

Analysis of Ras and Ras regulatory proteins in vitro

To assess spontaneous association of guanyl nucleotide in vitro (chapter 3),
bacterial Ras-GDP complex was incubated with a molar excess of [32P-a]—GTP (ICN
Biomedicals, Inc., Costa Mesa, California, USA) either at 0°C or 30°C. Each 0.2 ml
reaction contained 50 mM Tris pH 8.0, 5 mM MgCl,, 5 mM NaCl, | mM DTT, 0.2 mg/ml
BSA, 1 uM Ras-GDP and 100 uM GTP including 40 uCi [**P-0;]-GTP. At various times,
0.05 ml aliquots were removed and Ras was immuno-precipitated for 1-2 hours at 0°C



using the rat monoclonal antibody Y 13-259 (2 ug/sample) prebound to rabbit anti-rat IgG
coupled protein-A Sepharose (Sigma Chemical Co., St. Louis, Missouri, USA). Immuno-
precipitates were washed 8 times with OnyxA buffer [50 mM Tris pH 8.0, S mM MgCl,, §
mM NaCl] and precipitated guanyl nucleotides were dissociated and chromatographed on
cellulose-polyethyleneimine (PEI) (J.T. Baker, Toronto, Ontario, Canada) in 1 M K,HPO,
pH 3.40. Radiolabeled GDP and GTP spots were quantified by phosphorimager analysis
(MacBas 1000, Fuji Film Corp., Stamford, Connecticut, USA). Percent loading was
calculated as (experimental amount of associated radiolabeled GDP + GTP / maximal
association of radiolabeled GDP + GTP) x 100. To maximally load Ras with radiolabeled
nucleotide, a parallel reaction was carried out at 0°C for 10 minutes in 7.5 mM EDTA
followed by titration with excess MgCl,. This procedure equilibrates Ras with the guanyl
nucleotides contained in the reaction.

We also studied catalyzed association using 6x His-Ras purified from Sf9 cells and
recombinant Ras GEF’s (chapter 3). These reactions (0.05 ml) contained: 20 mM Tris pH
7.5, 5 mM MgCl,, 100 mM NaCl, | mM DTT, 10% v/v glycerol, 0.2 mg/ml BSA, 0.2
UM 6x His-Ras-GDP, 1 uM GTP and 10 pCi [*°P-a]-GTP. Reactions also included 0.1
ug purified 6x His-p30GRF1. After incubation at 0°C or 30°C for various times, Ras was
immuno-precipitated and analyzed as described for the spontaneous association reactions
except that TMN [20 mM Tris 7.5, 100 mM NaCl, 5 mM MgCl, ] was used for washing
beads 8 times instead of OnyxA buffer.

To assess guanyl-nucleotide hydrolysis (chapter 3), 6x His-Ras was prebound to
[32P-a]-GTP. A binding reaction that would yield enough Ras-[32P-a]-GTP complex for
12 hydrolysis reactions would consist of 2.4 pg 6x His-Ras in a final volume of 100 ul in
200 pg/mi BSA, 20 mM Hepes pH 7.2, 5 mM DTT, 5 mM EDTA and 120 uCi [**P-a)-
GTP (1.5 uM final concentration). The binding reaction was incubated at room
temperature for 5 minutes followed by incubation on ice for 5 minutes. MgCl, was then
added to the binding reaction (10 mM final concentration). Following, unbound [32P-0t]-
GTP was separated from the Ras-[°P-0]-GTP complex using “Nick spin” desalting
columns (Amersham Pharmacia Biotech, Inc.). Hydrolysis reactions (0.06 ml) contained
20 mM Hepes pH 7.2, 2 mM MgCl,, 5 mM DTT, 0.5 mg/ml BSA and approximately 0.04
ug Ras-[?P-at)-GTP complex. Where indicated, reactions also contained 0.3 pg purified
pl20GAP.  After incubations, Ras-associated guanyl-nucleotides were immuno-
precipitated and analyzed as described for the spontaneous association reactions except that
TMN was used for washing beads 8x instead of OnyxA buffer.

Studies demonstrating an in vitro interaction between Ras and RasGRP utilized
nucleotide-free (apo) Ras and MBP-cat (chapter 4). Apo-Ras was prepared by
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equilibrating purified 6x His-Ras-GDP in 50 mM EDTA at 22°C for 30 minutes. 5 ug of
purified of MBP-cat was prebound to 40 ul of amylose resin beads for each binding
reaction. Beads prebound to MBP-cat or bare beads were incubated with 5 pug of apo-Ras
in a final volume of 0.5 ml in GRF binding buffer [20 mM Tris pH 7.5, 50 mM NaCl, 25
mM imidazole, 50 mM EDTA, 1| mM DTT, 5% v/v glycerol, 0.1% v/v Triton X-100, 2
ug/ml leupeptin (Boehringer Mannheim, Laval, Quebec, Canada), 20 ug/ml aprotinin
(Sigma Chemical Co.), | mM Pefa (Boehringer Mannheim)] for 2 hours at 4°C. Aprotinin,
leupeptin and Pefa are protease inhibitors. After the incubation reactions, beads were
washed 4x with GRF binding buffer and bound proteins were eluted off with SDS sample
buffer. Proteins were resolved by standard 11% SDS- PAGE (polyacrylamide gel
electrophoresis), transferred to nitrocellulose and immuno-blotted with anti-Ras
monoclonal antibody (R02120, Transduction Laboratories, Lexington, Kentucky, USA).

Cell culture

Most experiments dealing with cultured cells were performed with the rat2 cell line.
Rat2 cells are a thymidine-kinase deficient derivative of the ratl embryonic fibroblast cell
line (Botchan et al., 1976, Topp, 1981). Our studies concerning hypothermia also
employed MDCK cells (Madin-Darby canine kidney), KD cells (primary human lip
fibroblasts), REC (primary rat embryo cells) and CEF (primary chicken embryo
fibroblasts) (chapter 3). MDCK and KD cells were kindly provided by Drs. M. Pasdar and
R. Day, respectively (both of the University of Alberta). CEF were purchased from
Spafas, Inc. (Preston, Connecticut, USA) and REC were purchased from Bio-Whittaker
(Walkersville, Maryland, USA). *“Normal growth medium” for all cells was Dulbecco’s
modified Eagle medium (DMEM)/10% fetal bovine serum (FBS) except for CEF which
were maintained in DMEM/10% tryptose phosphate broth/1.1% chicken serum/4.4% calf
serum. DMEM, FBS, tryptose phosphate broth, chicken serum and calf serum were
obtained from Life Technologies-Gibco BRL, Inc.

Several trans genes were overexpressed in rat2 cells using the retrovirus vectors
pBabepuro and a helper-free retrovirus packaging system (Morgenstern and Land, 1990,
Pear et al., 1993). In some cases, wildtype H-Ras was overexpressed in rat2 cells using
the retroviral vector pPBW1631 which also carries the neomycin resistance gene. pPBW1631
was developed by B. Willumsen (Willumsen ez al., 1986, 1991). In chapter 3, some cells
overexpressed wildtype H-Ras, Y32H-H-Ras or Raf-1 using the pBabepuro vector (Stang
et al., 1996). In chapter 4, cells overexpressed full-length RasGRP, rbc7HA or ADG
using the pBabepuro vector. Some cells overexpressed both RasGRP and wildtype H-Ras
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together. In these cases, H-Ras was overexpressed using pPBW1631. In chapter 5, all
cells overexpressed H-Ras using pBW1631. To select for expression of trans genes
carried in pBabepuro, cells were maintained in normal growth media supplemented with
2.5 pug/ml puromycin (Sigma Chemical Co.). To select for simuitaneous expression of
trans genes carried in pBabepuro and pBW1631, cells were maintained in normal growth
media supplemented with 2.5 pg/ml puromycin and 0.4 mg/ml active G418 (Life
Technologies-Gibco BRL, Inc). To select for expression of trans genes carried in
pBW1631, cells were maintained in normal growth media supplemented with 0.6 mg/ml
active G418.

Several different pretreatment and treatments were given to cells in the experiments
of chapter 3. PD098059 (50 uM) (Calbiochem-Novabiochem Corp., La Jolla, California,
USA) pretreatment was used for specific inhibition of Mek activation (Alessi et al., 1995).
Wortmannin (50 nM) and LY294002 (20 uM) (both from Calbiochem-Novabiochem
Corp.) pretreatments were used to inhibit phosphatidylinositol 3-kinase (PI3K). Two
calcium chelators were employed as pretreatments. In some experiments, EGTA was
added to the cell culture medium (2-5 mM final concentration) for 15 minutes at 37°C
before initiating the experiment to chelate extracellular calcium. Alternatively, cells were
pretreated with the cell-permeable compound BAPTA/AM (25 uM) (Calbiochem-
Novabiochem Corp.) for 15 minutes at 37°C to chelate intracellular calcium. In some
cases, both EGTA and BAPTA/AM were used together. For positive control, cells were
stimulated with epidermal growth factor (EGF) (100 ng/ml) (Sigma Chemical Co.). Other
positive controls included anisomycin (10 pg/ml) (Sigma Chemical Co.) and staurosporine
(2 uM) (Calbiochem-Novabiochem Corp.).

In chapter 4, cells were stimulated with phorbol ester (PMA) (100 nM) or
endothelin-1 (Et-1) (100 nM) (both from Sigma Chemical Co.). Where indicated, cells
were starved in DMEM/0.1% FBS or DMEM/0.5% FBS for 4-6 hours at 37°C before the
start of the experiment.

In chapter §, cells were stimulated with C2-ceramide or dihydro-C2-ceramide (both
from Biomol Research Laboratories, Inc., Plymouth Meeting, Pennsylvania, USA) at 40
uM. For all studies concerning ceramide, cells were starved overnight at 37°C in
DMEM/0.5% fatty-acid free BSA (Sigma Chemical Co.) before the start of the experiment.
Where indicated, cells were treated with vehicle DMSO (0.1%) for negative control.
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Exposure of cultured cells to hypothermic stress

For studies involving hypothermic Ras activation, rat2 cells were incubated on ice
for various times in either >*P labeling media [DMEM/0.5% dialyzed FBS] (chapter 3,
Figure 3-1a and 3-3) or DMEM/10% FBS (chapter 3, Figure 3-1b and 3-8b). In some
cases, the cell culture medium was changed to Hepes-buffered saline (HBS) [10 mM
Hepes pH 7.0, 140 mM NaCl, 5 mM KCl, 10 mM glucose, | mM MgCl,, 2 mM CaCl,] or
DMEM containing various amounts of FBS before the start of the experiment (chapter 3,
Figure 3-8).

To study biochemical events during the warming period, cells were incubated on ice
in normal growth medium (unless indicated otherwise) for various amounts of time and
then warmed using one of two protocols. To study early events after recovery from
hypothermic stress, the temperature was raised quickly with an “add back” protocol. In
this method, growth medium was removed from the culture during the last 15 minutes of
incubation at 0°C. This medium was warmed to 37°C and then added back to the original
culture at the start of the recovery period, as the culture was placed in a 37°C water bath. In
the second, “shift” protocol, cultures were simply transferred from ice to a warm metal tray
in a 37°C CO, incubator. The shift protocol was used in several experiments (see chapter,
Figures 3-7, 3-10a, 3-11 and 3-12). Using this method, the temperature takes several
minutes to rise. Thus, the kinetics of reactions are not directly comparable between

different Figures.

Assessment of cell death after prolonged hypothermic stress

To assay cell viability after prolonged hypothermia, rat2, REC and MDCK cells
were seeded at 0.5x10° - 1x10° / 25 cm’ tissue culture flask and incubated overnight at
37°Cin a 10% CO, incubator. Cells were pretreated with the Mek inhibitor PD098059 (50
uM) or DMSO vehicle control for 90 minutes at 37°C and then incubated in a ice-water bath
for 0-72 hours in tightly sealed culture flasks containing a 10% CO, environment.
Following, cultures were unsealed and incubated for 4 hours in a 37°C CO; incubator.
Both substrate-attached and detached cells were pooled and plated at low density to
determine the number of viable colony forming units. The remainder of each sample was
plated in a new 25 cm’ tissue culture flask and incubated for 4 hours in a 37°C CO,
incubator to allow reattachment. Reattached (i.e. viable) cells were then trypsinized and
counted with a Coulter counter (Coulter Electronics Ltd., Hialeah, Florida, USA).
Counting colonies from the low density cultures after 12 days of incubation provided an
altemative index of cell survival with similar results.
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DNA fragmentation was measured as described previously (Lenahan and Ozer,
1996). 1x10° rat2 cells were seeded in 25 cm” flasks and incubated overnight at 37°C in a
10% CO, incubator. Cells were pretreated with PD098059 and exposed to hypothermic
stress as described in the cell viability assay. After rewarming, genomic DNA from both
loose and attached cells was extracted in a buffer that contained 10 mM Tris pH 8.0, 1 mM
EDTA, 150 mM NaCl, 1% w/v SDS, and 0.5 mg/ml proteinase K. Extracts were allowed
to digest for 24 hours at 37°C. Following, the concentration of NaCl was increased to | M
and high-molecular weight DNA was precipitated at 4°C for 24 hours. After centrifugation
at 14000 x g for 30 minutes at 4°C, the supernatant was extracted 2x with

phenol/chloroform/isoamyl alcohol and DNA was precipitated with 70% final concentration
of ethanol. DNA samples were analyzed on a 1% TAE-agarose gel.

Biochemical analysis of signaling proteins in cultured cells

Measurement of Ras activation in vivo

To measure Ras activation, cultures of rat2 cells (1.0x10° cells/sample) were
labeled with **P; (0.5 mCi/sample) in phosphate-free DMEM/0.5% dialyzed FBS for 4
hours at 37°C. After various treatments, cells were lysed on ice in p21 buffer [50 mM Tris
pH 7.5, 150 mM NaCl, 20 mM MgCl,, 0.5% v/v NP40, 2 ug/mi leupeptin, 20 ug/mi
aprotinin, 1 mM Pefa] containing rat monoclonal antibody Y13-259 (0.5 ug/sample). Cell
lysates were precleared by centrifugation at 14000 x g for 3 minutes and supernatants were
incubated with activated charcoal (0.1 g/sample) for 1 hour at 0°C. Following, activated
charcoal was precipitated by brief centrifugation and Ras was immuno-precipitated from
supernatants for 1-2 hours at 0°C using rabbit anti-rat IgG coupled protein-A Sepharose.
Ras immuno-precipitates were washed 8 times with p21 buffer and 1 time with Dulbecco’s
phosphate buffered saline (PBS) containing 20 mM MgCl, (product 14190, Life
Technologies-Gibco BRL, Inc.). Ras-associated guanyl-nucleotides were analysed by
chromatography on cellulose-PEI as described in the in vitro guanyl nucleotide association
reactions. In some cases, GDP and GTP spots were quantified by phosphorimager.

Alternatively, Ras activation was assayed by a non-isotopic method that exploits the
specific binding of Ras-GTP to the Ras-binding domain of Raf (Taylor and Shalloway,
1996). A recombinant protein consisting of the glutathione-S-transferase (GST) tag fused
to residues 1-149 of wildtype Raf-1 (GST-Raf) was expressed in E. coli and bound to
glutathione-Sepharose beads (Amersham Pharmacia Biotech, Inc.). GST-Raf bound to
glutathione-Sepharose beads was prepared fresh for each experiment. All rat2 cells used
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for this assay overexpressed wildtype H-Ras. After various treatments, cells (1 x 10° /
sample) were lysed in rat2 binding buffer [25 mM Hepes pH7.5, 150 mM NaCl, 1% NP-
40, 0.25% DOC, 10% glycerol, 25 mM NaF, 10 mM MgCl,, | mM EDTA, 2 ug/ml
leupeptin, 20 ug/mi aprotinin, | mM Pefa]. Lysates were precleared by centrifugation at
14000 x g for 5 minutes. Supernatants were then incubated for 30 minutes at 4°C with 30-
50 ug GST-RBD bound to glutathione-Sepharose beads. After the binding reaction, beads
were washed 3 times with rat2 binding buffer. Precipitated Ras was resolved on standard
11% SDS-PAGE, transferred to nitrocellulose and detected by immuno-blotting with anti-
Ras monoclonal antibody (R02120, Transduction Laboratories).

Immune-complex kinase assays

To measure Raf-1 activity (chapter 3), rat2 cells overexpressing wildtype Raf-1
(3x10° cells/sample) were lysed in ice-cold RIPA buffer {20 mM Tris pH 8.0, 137 mM
NaCl, 2 mM EDTA, 10% v/v glycerol, 1% v/v NP40, 0.1% w/v SDS, 0.5% w/v DOC, 2
ug/ml leupeptin, 20 pg/mi aprotinin, | mM Pefa, 100 uM Na-vanadate] after various
treatments. Cell lysates were cleared by centrifugation at 14000 x g for 5 minutes.
Following, Raf-1 was immuno-precipitated from 1/2 of the cell lysate with 1 ug anti-Raf-1
polyclonal antibody (C-12, Santa Cruz Biotechnology, Inc., Santa Cruz. California, USA)
bound to protein-A-Sepharose for 2-3 hours at 0°C. Immuno-precipitates were washed 3
times with DOC- and SDS-free RIPA buffer and | time with Raf kinase buffer [30 mM
Hepes pH 7.4, 10 mM MgCl,, 7 mM MnCl,, 2 mM DTT]. Raf immuno-precipitates were
then incubated at 30°C (60 pl final volume) in Raf kinase buffer containing 0.5 ug purified
GST-MEK, 2 pg purified kinase-defective Erk, 20 uM ATP and 10 uCi [**P-y]-ATP
(Amersham Pharmacia Biotech, Inc.). After 30 minutes, the reaction was stopped with
SDS sample buffer and the products were resolved on standard 10% SDS-PAGE. Proteins
were transferred to nitrocellulose and radiolabeled Erk was quantified by phosphorimager
analysis. Mekl was immuno-precipitated from 1/10 of the same precleared cell lysate with
1 ug Mek1 monoclonal antibody (M 17020, Transduction Laboratories) bound to rabbit-anti
mouse [gG-coupled protein A Sepharose (Sigma Chemical Co.). Immuno-precipitated
Mek was washed 3 times with DOC- and SDS-free RIPA lysis buffer and 1 time with Mek
kinase buffer [25 mM Hepes pH 7.4, 10 mM Mg-(H,C,00),, 2 mM DTT]. Washed
immuno-precipitates were incubated at 30°C (60 ul final volume) in Mek kinase buffer
containing 2 pg purified kinase-defective Erk, 20 uM ATP, and 10 uCi [**P-y]-ATP for 30
minutes. Phosphorylated Erk substrate was analyzed as described in the Raf immune-
complex kinase assay.
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Akt immune-complex kinase assay

To assay Akt activity (chapter 3), 5x10° rat2 cells/sample were lysed in Akt buffer
[20 mM Tris pH 8.0, 150 mM NaCl, 10% glycerol v/v, 1% NP40 v/v, 10 mM DTT, 10
mM EDTA, 10 mM NaF, 40 mM -glycerophosphate, 100 uM Na-vanadate, 2 pg/ml
leupeptin, 20 ug/ml aprotinin, 1 mM Pefa] after various treatments. Lysates were
precleared by centrifugation at 14000 x g for 5 minutes and Akt was immuno-precipitated
using 2 ug Akt polyclonal anubody (PKB-PH, Upstate Biotechnology, Inc., Lake Piacid,
New York, USA) bound to protein A-Sepharose for 16 hours at 0°C. Akt immuno-
precipitates were washed 2 times with Akt buffer, 2 times with high-salt buffer [25 mM
Hepes 7.2, | M NaCl, 1% NP40 v/v, 0.1% w/v BSA, 10 mM DTT, 100 uM Na-vanadate,
2 ug/ml leupeptin, 20 ug/ml aprotinin, 1 mM Pefa], and | time with Akt kinase buffer [20
mM Hepes pH 7.2, 10 mM MgCl,, 10 mM DTT]. Washed immuno-precipitates were
incubated at 30°C (30 ul final volume) in Akt kinase buffer containing 2 ug PKI, 10 U
purified glycogen synthase kinase 3 (GSK3) (New England Biolabs, Inc.), 1.3 mM
EGTA, 66 uM ATP, and 10 uCi [32P-‘{]-ATP. After 30 minutes, the reaction was stopped
with SDS sample buffer and the products were resolved on standard 10% SDS-PAGE.
Proteins were transferred to nitrocellulose and radiolabeled GSK3 was quantified by

phosphorimager analysis.

In vitro assay of JNK activity

JNK activity was measured using an assay that employs a GST-jun recombinant
protein (GST fused to residues 1-79 of c-jun) (chapter 3) (Hibi er al.,1993). GST-jun was
expressed in E. coli and bound to glutathione-Sepharose beads. Aliquots of GST-jun
bound to glutathione-Sepharose were stored at -80°C until use.

2 x 10° rat2 cells were lysed in WCE (whole cell extract) buffer [25 mM Hepes 7.7,
300 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.1% v/v Triton X-100, 0.5 mM DTT, 20
mM f-glycerophosphate, 100 uM Na-vanadate, 2 ug/ml leupeptin, | mM Pefa] after
various treatments. Cell lysates were precleared by centrifugation at 14000 x g at 4°C for
10 minutes. Aliquots of precleared lysate containing 500 ug total protein content were
diluted to 20 mM Hepes pH 7.7, 75 mM NaCl, 2.5 mM MgCl,, 0.1 mM EDTA, 0.05%
v/v Triton X-100, 0.5 mM DTT, 20 mM B-glycerophosphate, 100 uM Na-vanadate, 2
pug/mi leupeptin, I mM Pefa and incubated with 10 ug of GST-jun bound to glutathione-
Sepharose for | hour at 4°C. Precipitated JNK was washed 3 times with WB (wash
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buffer) [20 mM Hepes 7.7, 50 mM NaCl, 2.5 mM MgCl2, 0.1 mM EDTA, 0.05% v/v
Triton X-100] and 1 time with JNK kinase buffer [20 mM Hepes pH 7.6, 20 mM MgCl,,
20 mM f-glycerophosphate, 100 uM Na-vanadate, 1.9 mM para-nitrophenyl-phosphate, 1
mM DTT]. Washed precipitates were incubated at 30°C (30 pl final volume) in JNK kinase
buffer containing 20 uM ATP and 5 uCi [32P-y]-ATP. After 20 minutes, the reaction was
stopped with SDS sample buffer and the products were resolved on standard 10% SDS-
PAGE. Proteins were transferred to nitrocellulose and radiolabeled GST-jun was
quantified by phosphorimager analysis.

Assessment of protein phosphorylation by immuno-blotting procedures

In chapters 3 and 4, Erk activation was monitored using a gel mobility shift assay.
This assay employs customized gel conditions designed to separate the phosphorylated and
unphosphorylated forms of Erk. Proteins in standard SDS-PAGE sample buffer were
separated on 15% SDS-free gels [stacker gel: 5% acrylamide, 0.13% bis- acrylamide, 125
mM Tris pH 6.8; resolving gel: 15% acrylamide, 0.086% bis-acrylamide, 375 mM Tris
pH 8.8] using SDS-containing running buffer [384 mM glycine, 50 mM Tris, 0.1% w/v
SDS]. After transfer to nitrocellulose, resolved proteins were immuno-blotted with anti-
MAPK monoclonal antibody (13-6200, Zymed, Inc. Camarillo, California, USA).

Erk activation was also monitored by resolving proteins on 15% mobility shift type
gels followed by immuno-blotting with an antibody specific for the phosphorylated forms
of Erk (9105, New England Biolabs, Inc.). An aliquot of each lysate was analysed using
standard 10% SDS-PAGE foilowed by immuno-blotting with anti-Erk polyclonal antibody
(sc-94, Santa Cruz Biotechnology, Inc.) to demonstrate equivalent amounts of total Erk
protein per sample.

Activation of SEK (chapter 3) was monitored by immuno-blotting proteins resolved
on 15% mobility-shift gels with an antibody that specifically recognizes the phosphorylated
form of the protein (9151, New England Biolabs, Inc.)

To assess tyrosine phosphorylation of Erk and Shc (chapter 3), cell lysates were
resolved using 12.5% mobility shift type gels [stacker gel: same as in 15% gel; resolving
gel: 12.5% acrylamide, 0.106% bis-acrylamide, 375 mM Tris pH 8.8] and immuno-blotted
with a cocktail of two different monoclonal anti-phosphotyrosine antibodies (4G10,
Upstate Biotechnology, Inc. and PY69, Santa Cruz Biotechnology, Inc.). The identities of
Erk and Shc were confirmed by immuno-blotting lysates with antibodies that specifically
recognize these two proteins.



For all the protein phosphorylation immuno-blotting procedures described above,
approximately 20-100 pg of protein was loaded in each lane. I confirmed that each lane
within each experiment contained an equivalent amount of protein by Ponceau S (Sigma
Chemical Co.) staining the nitrocellulose filters.

Co-immunoprecipitation of Ras and PI3K

Rat2 cells overexpressing H-Ras were plated in 10 cm tissue culture dishes and
allowed to grow to confluence over 4-5 days at 37°C with frequent changing of the culture
media (chapter 5). Cultures were then starved overnight in DMEM/0.5% fatty-acid free
BSA. After various treatments, cells were lysed in PI3K binding buffer [50 mM Hepes,
137 mM NaCl, 1% NP-40, 10% glycerol, | mM MgCl,, | mM CaCl,, 2 mM Na-vanadate,
100 mM NaF, 10 mM Na-pyrophosphate, | pg/ml leupeptin, 5 ug/ml aprotinin, | mM
phenylmethylsulfonyl fluoride]. Cell lysates were centrifuged at 14000 x g for 5 minutes.
After centrifugation, supernatants were precleared by incubation with protein A Sepharose
for 1 hour at 4°C. The final binding reactions contained 100 g total cellular protein from
precleared lysates and 2 ug anti- p§5a monoclonal antibody (Santa Cruz Biotechnology,
Inc.) in a final volume of at least 0.5 ml in PI3K binding buffer. These binding reactions
were incubated for 4-6 hours at 4°C. Following, protein A-Sepharose beads were added
and binding reactions were incubated overnight at 4°C. PI3K immuno-precipitates were
washed 3x with PI3K binding buffer and 1x with PBS. Proteins were eluted off the beads
with SDS-sample buffer, resolved on standard 11% SDS-PAGE, and transferred to
nitrocellulose. Co-immunoprecipitating Ras was visualized by immuno-blotting with anti-
Ras monoclonal antibody (R02120, Transduction Laboratories).

Subcellular fractionation

After various treatments, rat2 cells overexpressing Raf-1 (2x10° / sample) were
scraped in Homogenization buffer [10 mM Tris pH 7.5, 25 mM NaF, 5 mM MgCI2, | mM
EGTA, 100 uM Na-vanadate, 2 ug/ml leupeptin, 20 pug/ml aprotinin, | mM Pefa] (chapter
3). Cells were homogenized by 50 strokes in a small sized Dounce apparatus at 0°C and
homogenates were centrifuged at 1000 x g for 5 minutes at 4°C. Precleared homogenates
were then centrifuged at 100,000 x g for 1 hour at 4°C in a fixed angle rotor. Pellets
(particulate fraction) were gently washed 3 times with Homogenization buffer and then
resuspended in RIPA buffer. 50% of each pellet was analyzed by standard 10% SDS-
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PAGE followed by immuno-blotting with Raf-1 monoclonal antibody (R19120,
Transduction Laboratories).

Animal studies

To prevent extraneous temperature fluctuations, neonatal Sprague Dawley rats were
maintained for one hour at 33-35°C in a cardboard grid that prevented contact between
individuals (chapter 3). One set of animals was maintained at this temperature for a further
2 to 35 minutes. Two sets of animals were transferred to ice-cold containers that prevented
contact between individuals for 20 minutes. This treatment deceased core body
temperatures to 10-12°C. Core body temperature was monitored with a thermocoupler
using a rectal probe. One set of cold animals was transferred back to the 33-35°C grid for
12-14 minutes. After warming, the animals regained muscle movement and core body
temperature rose to 28-31°C. At the ends of these treatments, animals were sacrificed by
decapitation and hind limbs were rapidly removed and homogenized in Erk lysis buffer [20
mM Tris pH 8.0, 10 mM EGTA, 5 mM MgCl,, 1% Triton-X100, 0.5% w/v DOC, 100
MM Na-vanadate, 40 mM Na-pyrophosphate, 50 mM NaF, 2 ug/ml leupeptin, 20 pg/mi
aprotinin, and | mM Pefa]. Tissue homogenates were precleared by centrifugation (14000
x g, 5 minutes) and Erk was immuno-precipitated with anti-MAPK R2 polyclonal antibody
(Erk1-CT, Upstate Biotechnology, Inc.) bound to protein-A-Sepharose. Immuno-
precipitates were washed 3x with Erk kinase wash buffer [20 mM Tris pH 8.0, 1% v/v
Triton X-100, 12 mM DOC, 10 mM EGTA, 100 uM Na-vanadate, 5 mM MgCl,, 40 mM
Na-pyrophosphate, 50 mM NaF], 1x with 30 mM Tris pH 8.0, and 1x with Erk kinase
reaction buffer [30 mM Tris pH 8.0, 20 mM MgCl,, 2 mM MnCl,]. Erk immuno-
precipitates were then incubated at 30°C (60 ul final volume) in Erk kinase buffer
containing 7.2 pg myelin basic protein, 10 uM ATP and 5 puCi [32P-y]-ATP. After 30
minutes the reaction was spotted on P81 cation-exchange paper (Whatman International,
Lid., Springfield Mill, Maidstone, Kent, England). After extensive washing in 0.5%
phosphoric acid, radioactivity bound to filter was quantitated by scintillation counting.
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Chapter 3 - Activation of Ras-Erk signaling

in response to hypothermic stress

A version of this chapter has been accepted for publication: Chan, E.Y.W., Stang, S.L.,
Bottorff, D.A., and Stone, J.C. (1999) Hypothermic stress leads to activation of Ras-Erk
signaling. J. Clin. Invest. 103:1337-1344.
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Introduction

In the course of our studies on Ras signaling, I discovered that Ras becomes
activated in rat fibroblasts that are exposed to hypothermic stress. Hypothermia is a
common environmental stress sustained by many species. Furthermore, hypothermia is
often used to preserve human cells, tissues and organs for transplantation. In this latter
situation, hypothermia is thought to protect cells by slowing metabolism during the anoxic
storage period (Belzer and Southard, 1988). Hypothermic stress can also cause cell
damage, however. This damage could stem from decreased ATP synthesis, failure to
maintain cellular membrane Na® and Ca™ ion gradients, cell swelling and activation of
phospholipases (Hochachka, 1986, Belzer and Southard, 1988, Liu er al., 1991, Mcanulty
et al., 1996). Hypothermia is also a recognized trigger of apoptosis (programmed cell
death) (Perotti et al., 1990, Kruman et al., 1992, Gregory and Milner, 1994). Little is
known about specific biochemical pathways that are activated in response to hypothermic
stress. Furthermore, the relationship between known biochemical changes in hypothermic
cells and cell damage is not understood. In this study, I set out to investigate: 1) the
mechanism of hypothermically-induced Ras activation and 2) the biochemical and
physiological consequences of hypothermically-activated Ras.

Previously, it had been found that low temperatures block acute growth factor
signaling (Campos-Gonzidlez and Glenney, Jr., 1991, Okuda er al., 1992). When
fibroblasts are exposed to epidermal growth factor (EGF) at 4°C, Erk is not activated
(Campos-Gonzilez and Glenney, Jr., 1991). This temperature effect is not due to trivial
effects on ATP levels, for example, since autophosphorylation of the receptor at low
temperature is readily detectable. In parallel with our studies on the activation of Ras by
hypothermic stress, I also aimed to define the level of the signaling pathway at which low
temperature blocks acute EGF signaling.

Results

Activation of Ras in rat2 fibroblasts exposed to hypothermic stress

Ras activation in rat2 fibroblasts was assessed by measuring the 2p_labeled guanyl
nucleotides associated with Ras (Figure 3 -1a). Alternatively, I measured Ras activation in
rat2 cells overexpressing H-Ras using a non-isotopic method that employs GST-Raf fusion
protein to precipitate Ras-GTP from cell lysates (Figure 3-1b) (Taylor and Shalloway,
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1996). Following precipitation, Ras is detected by an immuno-blot method. In both these
experimental systems, Ras was primarily GDP-bound in untreated cells. Ras-GTP slowly
accumulated in cells exposed to 0°C. Within 4 hours of 0°C incubation, the amount of Ras-
GTP (33%) approached levels obtained after acute EGF stimulation at 37°C (44%).
Remarkably, this activated state could persist for at least 32 hours. Within 1 minute of
rewarming, Ras-GTP levels decreased and Ras-GDP levels increased (Figure 3-1a).

Ras guanyl nucleotide association and hydrolysis at 0°C

In the cell, Ras-GDP and Ras-GTP levels are determined by the relative rates of
GTP hydrolysis and guanyl nucleotide exchange. To understand how Ras might be
activated in hypothermic cells, spontaneous and catalyzed GTP hydrolysis and guanyl
nucleotide exchange reactions were studied in vitro, using recombinant proteins. Since in
vivo Ras activation at 0°C was slow and increased over a 4 hour period, these reactions
were studied over this time period. Recombinant Ras co-purifies with GDP (Poe e al.,
1985). After incubating Ras-GDP complex with an excess of radiolabeled GTP for 4
hours at 30°C, 53% of Ras was associated with labeled guanyl nucleotide and 75% of this
was hydrolyzed to GDP. By contrast, after incubation at 0°C for 4 hours, only 3% of Ras
was associated with exogenous nucleotide (Figure 3-2a). In this case about 15% was
hydrolyzed to GDP while the remaining 85% was present as GTP. Thus, spontaneous
dissociation of Ras-GDP followed by GTP association (i.e. spontaneous nucleotide
exchange) is very slow at 0°C. In addition, intrinsic GTP hydrolysis is substantiaily
inhibited at 0°C.

In the cell, Ras is negatively regulated by GTPase activating proteins (GAP’s).
p120GAP is a major RasGAP in fibroblasts and this enzyme retained considerable activity
at 0°C when assayed over a 4 hour period (Figure 3-2b). Similar results were obtained
with the catalytic domain of NF1, another Ras GAP (Stang and Stone, unpublished data).
Ras is positively regulated in the cell by guanyl nucleotide exchange factors (GEF’s). The
ability of two Ras GEF’s to function at 0°C was examined. The catalytic domain of
RasGRF1 caused a 10-fold increase in the formation of Ras-GTP relative to the non-
catalyzed GTP association reaction (Figure 3-2c). The catalytic domain of RasGRP,
another mammalian Ras GEF (Ebinu ez al., 1998), similarly displayed considerable activity
at 0°C (Chan and Stone, unpublished data). Thus, Ras GEF’s and Ras GAP’s both appear
to retain significant activity at low temperatures. These in vitro data suggest that Ras
GAP’s and GEF’s may have the ability to regulate Ras in vivo at 0°C.
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Inhibition of hypothermic Ras activation by mutation of the effector domain

In X-ray crystallographic studies, the interaction of Ras with both Ras GEF’s and
Ras GAP’s was observed to involve the Ras effector (switch 1) region (Scheffzek et al.,
1997, Boriack-Sjodin et al., 1998). Furthermore, subtle amino acid substitutions in the
effector region can effectively dissociate Ras from Ras GEF and Ras GAP regulation
(Adari et al., 1988, Mistou et al., 1992, Stang er al., 1996). I hypothesized that certain
Ras effector mutants would fail to be activated by hypothermic stress in vivo if Ras GEF’s
or Ras GAP’s were involved in the mechanism. Indeed, the Y32H Ras allele (tyrosine-32
to histidine) did not become associated with GTP in rat2 cells after 4 hours of 0°C
incubation (Figure 3-3). However, association of Y32H Ras with GTP could be
stimulated by EGF treatment at 37°C. Thus, mutation of the effector domain inhibits
hypothermic Ras activation but does not inhibit growth factor stimulated Ras activation at
37°C.

Activation of the Raf-Mek-Erk kinase cascade during recovery from
hypothermic stress

To address the biochemical consequences of hypothermically activated Ras, the
status of the Raf-Mek-Erk protein kinase cascade was assessed in hypothermic rat2 cells
after various times of rewarming. These rat2 cells overexpressed wildtype Raf-1. Using
an immune-complex kinase assay, Raf-1 was found to be maximally activated | minute
after rewarming to 37°C (Figure 3-4a) while Mek1 was maximally activated after 2 minutes
(Figure 3-4b). Tyrosine phosphorylation of Erk, a marker for activation by Mek, was
maximal at 3 minutes after rewarming (Figure 3-4¢). The activation of Raf, Mek and Erk
during the recovery period was comparable in amplitude to the activation levels observed
after EGF treatment of cells. A protein kinase downstream of Erk, p90rsk (ribosomal S6
kinase), was also activated after recovery from hypothermic stress (Bottorff and Stone,
unpublished data). No activation of the Raf-Mek-Erk kinase cascade was evident without
rewarming. Thus, Ras activated by hypothermic stress leads to a robust Raf-Mek-Erk
effector response during the recovery period.

Activation of PI3K signaling by hypothermic stress followed by rewarming

In addition to the Raf-Mek-Erk kinase cascade, Ras is also thought to activate
phosphatidylinositol-3 kinase (PI3K) in vivo (Rodriguez-Viciana et al., 1994, 1996).
Once activated, PI3K generates a series of phosphatydylinositol second messengers
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phosphorylated at the D3 position (Carpenter and Cantley, 1996). PI3K generated
phosphatidylinositol second messengers have been shown to activate the protein kinase Akt
in NIH3T3 cells and in vitro (Franke et al., 1997). Here, PI3K activation in vivo was
monitored indirectly using an Akt immune-complex kinase assay. Treatment of rat2 cells
with EGF gave rise to a 2-fold increase in Akt activity within 5 minutes (Figure 3-5).
EGF-induced Akt activation was absent in cells pretreated with either Wortmannin or
LY294002, two inhibitors of PI3K. Pretreatment of cells with Wortmannin or LY294002
appeared to decrease Akt activity to levels below untreated cells suggesting that a basal
PI3K activity was present in untreated cells. Akt was activated upon rewarming after a 4
hour 0°C incubation. This activation was comparable in amplitude with that of EGF
stimulated cells and could be detected beginning at 5 minutes after rewarming. The
activation of Akt peaked between 10-20 minutes of rewarming. These observations are
consistent with an activation of PI3K in response to hypothermic stress followed by

rewarming.

Absence of robust JNK activation in response to hypothermic stress
followed by rewarming

c-jun N-terminal kinase (JNK) is known to be activated by a number of cellular
stresses such as UV radiation, pharmacological inhibition of protein synthesis and heat
shock (Kyriakis et al., 1994). In addition, it has been shown that activated Ras can
stimulate c-jun-dependent transcription in several cell types suggesting that Ras signaling
activates INK (Binetruy er al., 1991). JNK signals in a kinase cascade that is analogous to
the Raf-Mek Erk kinase cascade. The protein kinase MEKK phosphorylates and activates
SEK (MKK4) which in turn, phosphorylates and activates JNK (Yan et al., 1994, Sanchez
etal., 1994, Lin et al., 1995).

It was asked whether INK signaling in vivo was activated in response to
hypothermic stress followed by rewarming. SEK was not phosphorylated in rat2 cells that
were incubated at 0°C for 4 hours followed by rewarming for up to 5 minutes (Figure 3-
6a). Treatment of cells with anisomycin, an inhibitor of protein synthesis did stimulate
SEK phosphorylation. The specific kinase activity of JNK precipitated from rat2 cell
lysates was also measured. In this assay, anisomycin treatment led to a 300-fold increase
in JNK activity (Figure 3-6b). Incubation of cells at 0°C for 4 hours followed by
rewarming for 5 minutes did detectably activate JNK. However, the amplitude of this
activation was only 3% of that obtained from the anisomycin positive control. EGF
stimulation also did not lead to robust activation of SEK and JNK in rat2 cells. It is
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concluded that hypothermic stress followed by rewarming does not lead to robust activation
of JNK signaling.

Inhibition of hypothermic Ras-Erk signaling by Ca* chelators

Hypothermic stress is thought to increase cytosolic Ca** levels, in part by inhibiting
Ca* active transport from the cytosolic compartment to the cell exterior and lumen of the
endoplasmic reticulum (ER) (Hochachka, 1986, Perotti et al., 1990, Liu et al., 1991,
Mcanulty er al., 1996). Driven by a large concentration gradient, Ca™* ions from the cell
exterior and ER constantly leak into the cytosol through Ca™* channels (Clapham, 1995). It
was asked whether the activation of Ras-Erk signaling during recovery from hypothermic
stress in rat2 cells involved Ca™. For these experiments, Erk phosphorylation was
monitored using a gel mobility shift assay. Sequestration of extracellular Ca™ in the
growth medium with EGTA partially inhibited the phosphorylation of Erk during the
recovery period following a 4 hour 0°C incubation (Figure 3-7). Intracellular Ca™ can be
sequestered using the cell-permeable chelator BAPTA/AM and pretreatment of cells with
this reagent partially inhibited Erk phosphorylation during the rewarming period.
Pretreated of cells with both EGTA and BAPTA/AM blocked the phosphorylation of Erk
following rewarming. Neither EGTA, BAPTA/AM, nor the combination of both chelators
affected the phosphorylation of Erk by EGF stimulation, however. The accumulation of
Ras-GTP induced by 0°C exposure of rat2 cells was also inhibited by pretreatment with
EGTA together with BAPTA/AM (Figure 3-1a, lane 7). These results suggest that Ca**
ions are involved in the molecular mechanism of hypothermic Ras activation. The
experiments have not addressed whether hypothermia-induced Ca* ion fluxes are
responsible for hypothermic Ras activation, however.

Inhibition of hypothermic Ras-Erk signaling by removal of serum from the
cell cuiture medium

I hypothesized that Ca™ ions were the only component of the extracellular medium
critical for hypothermic activation of Ras-Erk signaling. Therefore, I replaced the normal
cell culture growth medium (DMEM/10 % fetal bovine serum (FBS)) with Hepes buffered
saline (HBS) containing 20 mM Ca** and attempted to activate Ras-Erk signaling in rat2
cells by hypothermic stress followed by rewarming. To my surprise, the incubation of
cells in HBS/20 mM Ca® inhibited hypothermia-induced Erk activation. This result
prompted further investigation into the components of the cellular medium necessary for
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the phosphorylation of Erk after a 4 hour 0°C exposure followed by rewarming (Figure 3-
8a). EGEF treatment of cells incubated in either DMEM or HBS at 37°C did stimulate Erk
phosphorylation indicating that the EGF signaling pathway was functional. Importantly,
addition of 0.5% FBS to DMEM restored the activation of Erk by hypothermic stress
followed by rewarming. Incubation of cells in DMEM also inhibited the hypothermic-
activation of Ras in rat2 cells overexpressing H-Ras (Figure 3-8b). The addition of serum
to DMEM restored hypothermia-induced Ras-GTP accumulation in a concentration
dependent manner. Thus, hypothermic Ras activation appears to be dependent on the
amount of some unknown serum factor(s) in the growth media.

Inhibition of acute EGF signaling by hypothermia

In parallel with the above experiments, the mechanism underlying the previously
documented inhibitory effect of low temperature on EGF signaling was investigated
(Campos-Gonzalez and Glenney, Jr., 1991). When rat2 cells were exposed to EGF at
0°C, Ras-GTP increased rapidly (Figure 3-1a, lane 2). Thus, low temperature does not
appear to inhibit EGF activation of Ras.

In response to EGF stimulation of ratl cells overexpressing the EGF receptor
tyrosine kinase (RTK), Shc adapter proteins promptly bind the EGF RTK and become
tyrosine phosphorylation on a number residues (Pelicci er al., 1992). Phosphotyrosine
residues on Shc, in turn, provide binding sites for the Grb2 adapter protein (Pelicci er al.,
1992, Rozakis-Adcock et al., 1992, Ruff-Jamison ez al., 1993, Yokote er al., 1994). As a
result, the Grb2-SOS complex is recruited to the plasma membrane into proximity with
Ras. As such, Shc proteins function between the RTK and Ras in the EGF signaling
pathway.

Using an anti-phosphotyrosine immuno-blotting method, tyrosine phosphorylation
of the Shc proteins and Erk in response to EGF stimulation at 37°C was confirmed in rat2
cells (Figure 3-9a). In agreement with previous work, it was found that 0°C blocks EGF
signaling to Erk. However, 0°C did not inhibit EGF-induced tyrosine phosphorylation of
Shc proteins, as expected from our results with EGF activation of Ras at 0°C.

Using an immune-complex kinase assay, it was shown within our lab that 0°C
largely blocked EGF-stimulated Raf activation in rat2 cells (Chan er al., 1999). Therefore,
acute EGF signaling at 0°C is efficient to the point where Ras is activated but Raf activation
is largely blocked.
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Activated Ras directly binds to the N-terminal regulatory domain of Raf. This
interaction is thought to recruit Raf to the plasma membrane for further activating events
(Wamne er al., 1993, Zhang er al., 1993, Traverse et al., 1993, Marias et al., 1995). [
questioned whether cold temperatures inhibited Raf activation by preventing membrane
recruitment of Raf. After stimulation of rat2 cells overexpressing wildtype Raf-1 with EGF
at 37°C or 0°C, the particulate fraction enriched in plasma membrane was isolated by
subcellular fractionation. EGF stimulation at 37°C lead to a substantial increase of Raf in
the particulate fraction (Figure 3-9c). At 0°C, the EGF-stimulated increase of Raf in the
particulate fraction was largely inhibited. In control experiments that involved rat2 cells co-
expressing wildtype Raf-1 and Ras, it was confirmed that Ras remains associated with the
particulate fraction after incubation at 0°C. In sum, the inhibition of Raf activation in
response to acute EGF stimulation by hypothermia appears to correlate with an inhibition of
EGF-induced membrane recruitment of Raf.

Conservation of hypothermic Erk activation and hypothermic inhibition of
acute EGF signaling in vertebrate cells.

Erk phosphorylation assays were used to explore the circumstances where Ras-Erk
signaling is activated in response to hypothermic stress followed by rewarming. The degree
of Erk activation in rat2 cells is proportional to the duration of hypothermia for up to four
hours, at which point Erk is fully activated (Figure 3-10a). As expected, hypothermic Erk
activation was blocked by PD098059, a specific inhibitor of Mek (Alessi er al., 1995).
Rat2 cells were exposed to various temperatures for a 4 hour period and then examined for
Erk activation after rewarming to 37°C (Figure 3-10b). 4°C hypothermic stress followed
by rewarming was sufficient to elicit robust Erk activation while 10°C hypothermic stress
followed by rewarming led to modest Erk activation. Hypothermic Ras-Erk activation is
not an idiosyncrasy of rat2 cells. MDCK cells (canine kidney epithelial cell line), KD cells
(primary human fibroblasts), CEF (primary chicken embryonic fibroblasts) and REC
(primary rat embryo cells) all showed Erk activation after rewarming from 0°C hypothermic
stress (Figure 3-10c). The inhibition of acute growth factor signaling at 0°C was also
conserved in each of the cultured cell types.

Hypothermically-induced activation of Ras-Erk signaling is not limited to cultured
cells. Activation of Erk was observed in hind-leg tissues of neonatal rats that were
subjected to sub-lethal hypothermic stress followed by rewarming (Figure 3-10d).
However, I was unable to confirm an accumulation of Ras-GTP in hypothermic neonatal

rat tissues.
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Negative-feedback inhibition of EGF signaling after recovery from
hypothermic stress

In rat2 cells, the activation of Erk in response to hypothermic stress followed by
rewarming was robust but transient. It was questioned whether such a biochemical event
would produce changes in the biology of the cell. Erk has been show to phosphorylate
SOS, the Ras GEF, and this phosphorylation may constitute a negative-feedback
mechanism in vivo (Porfiri and McCormick. 1996). After a 4 hour 0°C incubation, Erk is
quantitatively phosphorylated during the initial recovery period but returns to the
unphosphorylated state within 30 minutes of rewarming (Figure 3-11). Cells that were
given a pretreatment of hypothermic stress followed by 30 minutes of rewarming were
considerably less responsive to subsequent stimulation with low concentrations of EGF.
Thus, hypothermically-induced Ras-Erk signaling appears to elicit a negative-feedback
mechanism in rat2 cells that inhibits subsequent acute EGF stimulation.

Improved cell viability after prolonged hypothermic stress by
pharmacological inhibition of Mek

Cultured cells exposed to prolonged hypothermia were studied to determine
whether hypothermically-induced Ras signaling influences viability.  Hypothermic
exposure times that resulted in a substantial loss of viability were first determined for
various cells types. It was then confirmed in REC and rat2 cells that Erk can be activated
after recovery from prolonged hypothermia and that this biochemical response is blocked
by PD098059 pretreatment (Figure 3-12).

During the period of prolonged 0°C incubation, REC and rat2 cells remain attached
and have a near-normal morphology. Immediately after warming, the cells become
rounded and detach from the substratum (Figure 3-13a). When both the detached and
attached cells are pooled and replated, a substantial loss of viability is evident from the
failure of cells to reattach and to form colonies (Figure 3-13b). Similar results were
obtained with the MDCK epithelial cell line (Figure 3-13c) and KD human fibroblasts.
Pretreatment of cells with the Mek inhibitor PD098059 prevented the change in REC and
rat2 cell morphology and substantially increased viability in all cells tested. The Mek
inhibitor U0126 (Favata et al., 1998) similarly protected rat2 cells from a loss of cell
viability after prolonged hypothermic stress.



85

In rat2 cells, prolonged hypothermic stress followed by rewarming also leads to
DNA fragmentation, a late cellular marker for apoptosis (Figure 3-14). PD098059
pretreatment decreased the amount of fragmented DNA produced during recovery from
prolonged hypothermia.

Discussion

Ras is activated in rat2 fibroblasts exposed to hypothermic stress, as assessed by
two different methods. The activation of Ras occurs over a period of several hours,
persists for many hours and is comparable in magnitude to that achieved by acute growth
factor signaling.

Guanyl-nucleotide exchange and hydrolysis reactions were studied in vitro to gain
insight into the in vivo mechanism of hypothermic Ras activation. Intrinsic nucleotide
exchange in vitro was very slow at 0°C and we hypothesized that this slow rate was
insufficient to explain the Ras activation observed in fibroblasts at 0°C. Intrinsic GTP
hydrolysis was also markedly inhibited at 0°C. Ras regulatory proteins do appear to retain
some function at 0°C in vitro. This was demonstrated with two purified Ras GEF’s and
two well-characterized Ras GAP’s. The amounts of Ras GAP’s and Ras GEF’s used in
these in vitro experiments were arbitrary and likely do not reflect the relative activities of
these factors in cells. As such, our studies do not provide a quantitative account of how
temperature would affect the equilibrium between Ras-GDP and Ras-GTP in vivo.
However, these in vitro data suggest that GEF's and GAP’s may have the ability to
regulate Ras in hypothermic rat2 cells.

Several observations from rat2 cells suggest that a GEF is involved in hypothemic
Ras activation. Ras with a tyrosine to histidine substitution (Y32H) in the effector switch 1
region of Ras fails to be activated in cells exposed to hypothermic stress. In
crystallographic structural studies, interaction of both Ras GEF’s and Ras GAP’s with Ras
has been observed to involve the effector region (Scheffzek er al., 1997, Boriack-Sjodin er
al., 1998). Thus, the Y32H mutation may be inhibiting hypothermic activation by
dissociating the Ras protein from the positive regulation of a GEF. The effect of the Y32H
mutation on interaction with GEF’s is subtle however since acute growth factor stimulation
at 37°C was able to efficiently activate the mutant Ras protein. In yeast 2-hybrid analysis,
Y32H Ras has been documented to have normal affinity for CDC25, the yeast Ras GEF,
and Rafl (Stang er al., 1997). In vitro, Y32H Ras can be negatively regulated by
p120GAP but not the catalytic domain of NF1 (Stang er al., 1996).
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Activation of Ras in hypothermic rat2 cells appears dependent upon some serum
factor(s) in the cell culture media. In addition, the degree of hypothermic Ras activation
was proportional to the amount of serum in the media. Hypothermic activation of Ras in
rat2 cells was also inhibited by extracellular and intracellular Ca** chelators.

Based on the studies performed in vitro and in rat2 cells, a model has been
formulated that may explain in vivo hypothermic Ras activation. In this model, Ras
activation in hypothermically stressed cells involves an inhibition of intrinsic GTP
hydrolysis coupled with a low rate of guanyl-nucleotide exchange, in part catalyzed by a
serum-dependent basal GEF activity. However, hypothermic Ras activation is slow and
the unknown serum factor(s) do not lead to overt stimulation of the signaling components
upstream of Ras.

There are at least two possible explanations for the inhibitory effects of the Ca*
chelators. The unknown serum factor may directly stimulate a weak Ca** current through a
plasma membrane channel and this weak Ca** current may regulate a Ca**-dependent GEF
or a Ca™-dependent GEF regulatory protein. Two Ca**-responsive Ras GEF’s, RasGRF1
and GRF2, have been described (Shou ez al., 1992, Farnsworth ¢t al., 1995, Fam er al.,
1997). The involvement of RasGRF! or GRF2 in hypothermic Ras activation in rat2 cells
is speculative since both GRF1 and GRF2 are thought to be expressed only in brain.
Furthermore, increased levels of cytosolic Ca™ in rat2 cells exposed to hypothermic stress
remains undemonstrated. Alternatively, there may not be a rise in cellular Ca**. The GEF
may simply require a basal amount of Ca™ to function. The GEF responsible for
hypothermic Ras activation remains unidentified.

Previously, others have described an inhibition of EGF signaling to Erk at low
temperature (Campos-Gonzilez and Glenney, Jr., 1991). Here, I have defined the level of
the EGF signaling cascade in rat2 cells that is blocked by hypothermia. EGF signaling at
0°C is efficient to the level of Ras activation. Indeed, slightly more Ras-GTP was formed
within 5 minutes of EGF treatment at 0°C compared to that seen at 37°C. This activation of
Ras effectively demonstrates that Ras GEF’s can function in vivo at 0°C. Furthermore, the
unknown serum factor necessary for hypothermic Ras activation could be EGF or an EGF-
like factor. As such, Ras activation by acute EGF stimulation at 0°C may be simply a
robust version of slow Ras activation in hypothermic rat2 cells. In normal serum-
containing growth media, dilute concentrations of EGF may be weakly stimulating a Ras
GEEF that slowly leads to Ras-GTP accumulation.

In contrast to EGF-stimulated Ras activation at 0°C, it has been shown within our
lab that EGF-stimulated Raf activation is inhibited at 0°C in rat2 cells (Chan et al., 1999).
Raf activation involves recruitment to the plasma membrane, interaction with Ras-GTP,
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and a complex series of events involving protein kinases and probably lipid regulators
(Traverse et al., 1993, Zhang et al., 1993, Ghosh er al., 1994, Leevers et al., 1994,
Stokoe er al., 1994, Marias er al., 1995, Barnard er al., 1998). Subcellular fractionation
studies in rat2 cells suggest that hypothermia inhibits membrane translocation of Raf in
response to EGF stimulation. The mechanism behind this inhibition is unknown. Ras-
GTP and the isolated Ras-binding domain of Raf interact with high affinity at low
temperature in vitro but the protein complex containing full-length Raf in vivo might behave
differently (Wartmann and Davis, 1994). Alternatively, full-length Raf may bind Ras-GTP
at 0°C in vivo, but further regulatory events that are required for stable Ras-Raf interaction,
such as interaction with accessory proteins, may be blocked. In this case, the interaction
between Raf with the particulate fraction is not preserved during the experimental protocol.

Upon rewarming after hypothermic stress, Ras-GTP levels promptly decrease and
Ras-GDP levels increase, probably due to a return of GTPase activity. However,
activation of two Ras effector systems was observed during the recovery period.
Activation of the Raf-Mek-Erk kinase cascade upon rewarming was transient but robust.
During rewarming, we also demonstrated significant activation of the protein kinsase Akt
which signals downstream of the Ras effector, PI3K (Franke et al., 1997).

Hypothermic stress followed by rewarming did not lead to robust activation of
JNK, also known as stress activated protein kinase (SAPK), or its upstream activating
kinase, SEK (Sanchez er al., 1994, Yan et al., 1994) in rat2 cells. Another kinase
generally associated with cellular stress, p38HOG, was also not activated by hypothermic
stress followed by rewarming (Stang and Stone, unpublished data) (Han er al., 1994).
Thus, hypothermically-activated Ras does not signal to JNK nor p38HOG upon
rewarming. In agreement with the lack of hypothermically-induced JNK signaling, EGF
treatment of rat2 cells failed to strongly activate SEK and JNK. These results suggest that
the JNK signaling pathway is not regulated by Ras, at least in rat2 cells. Although many
other biochemical changes no doubt occur, hypothermic stress followed by warming
appears to specifically and strongly activate Ras effectors such as the Raf-Mek-Erk cascade
and PI3K.

Erk activation occurs after recovery from moderate, brief and prolonged
hypothermic stress. Both hypothermic-activation of Ras-Erk signaling and hypothermic-
inhibition of acute growth factor signaling are conserved in several primary cell populations
and immortalized cell lines. We speculate that both temperature effects are relevant to
situations encountered by animal and human tissues. In support of hypothermic Ras-Erk
activation in animals, Erk activation was observed in hind legs of neonatal rats that were
exposed to hypothermic stress and then rewarmed. However, Ras activation in tissues of
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hypothermic neonatal rats has yet to be demonstrated. Thus, it remains unclear whether the
hypothermic Erk activation observed in these hind legs was caused by hypothermically-
activated Ras.

Although Erk activation upon recovery from hypothermic stress is transient, further
downstream biochemical events are initiated. p90rsk, a known substrate of Erk, was
activated in rat2 cells after hypothermic stress followed by rewarming (Bottorff and Stone,
unpublished data) (Blenis, 1993). Erk has been proposed to phosphorylate SOS in vivo
and this event may inhibit the ability of SOS to signal downstream of the EGF receptor
(Porfiri and McCormick, 1996). Indeed, we found that rat2 cells that had been given a
pretreatment of hypothermic stress followed by rewarming were less sensitive to
subsequent stimulation with dilute concentrations of EGF. Thus, the activation of Erk
upon recovery after hypothermic stress appears to trigger a negative-feedback loop that
affects the subsequent signaling properties of the cell.

In whole organ tissues and tissue culture systems, prolonged hypothermic stress
eventually causes damage and cell death (Belzer and Southard, 1988, Eberl ez al., 1996).
We initially hypothesized that Ras-Erk activation during recovery from hypothermia is part
of a protective mechanism and we predicted that pharmacological inhibition of this pathway
in cultured cells would exacerbate hypothermic damage and reduce cell viability. To our
surprise, Mek inhibitors increased cell viability after prolonged hypothermic stress. This
effect is completely reproducible and it has been seen with four cultured cell types. The
enhanced viability offered by the Mek inhibitor occurs over a range of hypothermic stress
periods and the magnitude of this effect can be up to 40-fold (viability increased from 0.5%
to 20%, Figure 3-13c). These observations suggest that Erk activation upon recovery from
prolonged hypothermic stress promotes cell death.

Prolonged hypothermic stress is a well documented trigger of apoptosis in a
number of cell types (Perotti et al., 1990, Kruman et al., 1992, Gregory and Milner,
1994). In some cellular contexts, Ras-Erk signaling has also been shown to promote
apoptosis (Fukasawa and Vande Woude, 1997, Kauffmann-Zeh et al., 1997, Khwaja et
al., 1997, Mayo et al., 1997). Indeed, when rat2 cells were rewarmed after prolonged
hypothermia, DNA fragmentation, a late biochemical marker for apoptosis, was observed.
When cells were pretreated with the Mek inhibitor, the amount of fragmented DNA
observed after hypothermic stress was significantly reduced. Thus, Erk activation upon
recovery from prolonged hypothermic stress appears to stimulate apoptosis. Possibly, the
hypothermic Erk response functions in a suicide mechanism that rids damaged cells from

the organism.
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The biochemical relationship between Ras-Erk activation, apoptosis, and cell death
is unclear. Even if hypothermic Ras-Erk signaling does function to promote cell death,
other factors must be important in determining the overall response to prolonged
hypothermia since shorter periods of hypothermic stress lead to strong Erk signaling
without the detrimental effects. Signaling through PI3K and Akt have been shown to be
anti-apoptotic in rat! fibroblasts and MDCK cells (Kauffmann-Zeh er al., 1997, Khwaja et
al., 1997). In one model, biochemical responses that promote cell viability, such as Akt
stimulation, may come into play after shorter periods of hypothermic stress, while the Ras-
Erk pathway dominates the response after prolonged hypothermia. According to this
model. I would predict that Akt is not activated upon rewarming after prolonged
hypothermic incubation. Hypothermic stress can also lead to activation of NF-xB and NF-
KB can reduce Ras-induced apoptosis in rodent fibroblasts (Rosette and Karin, 1995,
Mayo et al., 1997). According to the proposed model, short periods hypothermic stress,
but not prolonged hypothermic stress, would be predicted to activate NF-kB. The
involvement of NF-kB in hypothermia-induced apoptosis remains undemonstrated.

Hypothermia is thought to cause microtubule disruption in mammalian cells
(Ostlund Jr. er al., 1980, Rosette and Karin, 1995). It is also thought that prolonged
hypothermic stress leads to a number of physiological changes including a disruption of the
plasma membrane Na® ion gradient which in turn, leads to cell swelling (Belzer and
Southard, 1988). As such, prolonged hypothermic stress may give rise to fragile, swollen
cells that have a disrupted microtubule cytoskeleton. In primary rat hepatocytes, Erk
activation leads to the appearance of biochemical markers of cell-cycle progression such as
cyclin-dependent kinase 2 activation and increased DNA synthesis (Tombes et al., 1998).
Activation of Erk upon recovery from hypothermia, although transient, may similarly
stimulate cell-cycle progression. Possibly, entry into mitosis or cytokinesis in the context
of a cell structurally damaged by prolonged hypothermic stress may trigger a sensor that
signals to the apoptotic regulatory machinery. Pharmacological inhibition of Erk activation
may prevent apoptosis by slowing cell-cycle progression thereby allowing time for the cell
to re-establish the microtubule cytoskeleton and osmotic homeostasis.

How inhibition of Erk activation protects cells after prolonged hypothermic stress
remains to be elucidated. Even if the protective effect is not fully understood, our findings
with the PD098059 Mek inhibitor may be useful for improving the survival of clinically
useful cells in cold storage. Our findings also demonstrate the importance of strict
temperature control when studying cultured cells.
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Figure 3-1. Activation of Ras in response to hypothermic stress in vivo. a. Ras-GTP levels were
measured in rat2 cells using a 32Pi-labeling method. For control, cells were stimulated with EGF (100
ng/ml) at 37°C (lane 1). In lanes 4-6, cells were incubated on ice for the indicated times. [n lane 7, cells
were given a pretreatment of BAPTA/AM (25 uM) and EGTA (2 mM final in cell medium) for 15 minutes
at 37°C before a 4 hour incubation on ice. In lane 8, cells were incubated on ice for 4 hours and then
warmed to 37°C for | minute. After cell lysis and immunoprecipitation of Ras, the levels of assaciated
GTP and GDP were determined. Top panel: autoradiogram showing radiolabeled GDP and GTP after
separation by chromatography. Bottom panel: the results in the top panel have been plotted as percent
GTP relative to GTP+GDP. The results shown in lanes | and 3 have been observed numerous times.
Shown above other bars is the number of independent times such observations were made. Note that the
data in lane 2 (cells incubated on ice for 30 minutes and then stimulated with EGF for 5 minutes on ice)
concern the low temperature block to acute EGF signaling). b. Rat2 cells overexpressing H-Ras were
incubated on ice for 1 to 32 hours. Ras-GTP was precipitated from cell lysates with a GST-Raf fusion
protein and precipitated Ras was detected with an anti-Ras immuno-blot method.
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Figure 3-2. In vitro GTP association and hydrolysis at 0°C. a. Ras-GDP complex from E. coli was
incubated with a molar excess of [32P-«]-GTP at 30°C or on ice for up to 4 hours followed by immuno-
precipitation of Ras and quantification of Ras-associated radiolabel. Values are expressed as percent of
maximal association as determined by equilibration in magnesium-free conditions. Values shown are
averages of duplicate data points. b. Ras from Sf9 cells was complexed with [32P-«]-GTP and then
incubated either with (+) or without (-) recombinant pl120GAP on ice for 4 hours or at 30°C for 15 minutes.
Ras was immuno-precipitated and associated radiolabeled nucleotides were separated by chromatography.
Lane S represents the starting material, substrate Ras-[32P-a]-GTP complex that was precipitated
immediately. The percent GTP/ GTP+GDP is shown above each lane. Chromatographic positions of GDP
and GTP are shown on the right. ¢. Ras-GDP from Sf9 cells was incubated on ice with a molar excess of
[32P-a]-GTP in the presence (p30) or absence (buffer) of the catalytic domain of RasGRF1 for 4 hours. Ras
was immuno-precipitated and associated radiolabeled nucleotide was quantified. Values are expressed as
percent of maximal association and are the averages of triplicate data points with the standard deviation
indicated. Note that when parallel reactions were performed at 30°C for 15 minutes, association values of
4% (butfer) and 43% (p30) were observed.
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Figure 3-3. Inhibition of hypothermic Ras activation by a Y32H mutation in the effector domain.
Ras-GTP levels in rat2 cells overexpressing Y32H Ras were measured by in vivo 32Pi-labeling as described
in the legend of Figure la. Cells were either left untreated, stimulated with EGF (100 ng/ml) for 5 minutes
at 37°C, or incubated on ice for 4 hours. Shown are the averages of duplicate data points. Y32H Ras
protein is overexpressed at levels approximately 20-50 times that of endogenous Ras (Stang er al.. 1996).
Thus, the observed signal, which represents total cellular Ras, is predominantly from the trans gene.
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Figure 3-4. Activation of the Raf-Mek-Erk protein kinase cascade during recovery from
hypothermic stress. a-c. Rat2 cells overexpressing wildtype Raf-1 were incubated on ice for 4 hours and
then warmed to 37°C for | to 12 minutes. Samples of each lysate were assayed for Raf-1 or Mek-1 activity
using immune-complex kinase assays, or for tyrosine phosphorylation of Erk using an immuno-blot
method. a. In this assay, Raf activates GST-MEK(! to incorporate radioactivity onto a kinase-defective Erk
substrate. As controls, EGF (100 ng/ml) treated cells were assayed for Raf-1 activity either without or with
GST-MEKI. Top panel: autoradiogram. Bottom panel: Raf activity is plotted quantitatively. Circle - EGF
treatment without GST-MEK1; Diamond - EGF-treated positive control; Squares - time course of Raf-1
activation. b. In this assay, immuno-precipitated Mek! incorporates radioactivity onto a kinase defective
Erk substrate. Top panel: autoradiogram. Bottom panel: Mek activity is plotted quantitatively. Diamond -
EGF-treated positive control; Squares - time course of Mek-1 activation. ¢. The levels of Erk tyrosine
phosphorylation were determined by immuno-blotting with anti-phosphotyrosine antibodies. The position
of pp42 Erk is shown on the right.
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Figure 3-5. Activation of Akt during recovery from hypothermic stress. Rat2 cells were left untreated
or treated with EGF (100 ng/ml) for 5 minutes at 37°C. For control, some cells were given a pretreatment
of Wortmannin (W) (50 nM) or LY294002 (LY) (20 uM) for 30 minutes at 37°C prior to EGF treatment.
Alternatively, cells were incubated on ice for 4 hours followed by warming to 37°C for various amounts of
time. Akt activty in cell lysates was measured in a immune-complex kinase assay that employs GSK3 as
substrate. Top panel: representative autoradiogram showing phosphorylated GSK3. Bottom panel: Akt
activity is plotted quantitatively. Shown is a representative of two experiments.
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Figure 3-6. Lack of robust SEK-JNK activation during recovery from hypothermic stress. a. Rat2
cells were left untreated or incubated on ice for 4 hours followed by rewarming for various amounts of
time. For control, cells were treated with EGF (100 ng/ml) for 5 minutes or anisomycin (10 pg/ml) for 30
minutes at 37°C. Cell lysates were analysed by immuno-blotting with an antibody that specifically
recognizes the phosphorylated form of SEK. The position of phosphorylated SEK is shown on the right. b,
Rar2 cells were treated with anisomycin (30 minutes) or EGF (5 minutes) at 37°C, left untreated, or
incubated on ice for 4 hours followed by rewarming at 37°C for 5 minutes. JNK activity was measured in
an in vitro kinase assay that employs a GST-jun fusion protein as substrate. Top panel: representative
autoradiogram. The position of GST-jun is shown on the right. Bottom panel: JNK activity is plotted
quantitatively. Data points are the averages of triplicate values with the standard deviation indicated.
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Figure 3-7. Inhibition of hypothermic Erk activation by Ca®* chelators. Rat2 cells were given a
pretreatment of EGTA (5 mM final concentration in cell medium), BAPTA/AM (25 uM), or both at 37°C
for 15 minutes. Cells were then incubated on ice for 4 hours tollowed by warming to 37°C for 12 minutes.
Alternatively, cells were stimulated with EGF (100 ng/ml) for 5 minutes at 37°C after pretreatment. Erk
activation was measured in cell lysates using a electrophoretic mobility shift assay. The positions of the
unphosphorylated p42 and phosphorylated pp42 Erk species are indicated on the right.
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Figure 3-8. Inhibition of hypothermia-induced Ras and Erk activation by removal of serum from the
cell culture media. a. The media for cultures of rat2 ceils were changed to DMEM/0.5% FBS, DMEM, or
Hepes-buffered saline (HBS). Cultures were then allowed to equilibrate for 15 minutes at 37°C. After
equilibration, cells were left untreated, incubated on ice for 4 hours followed by rewarming to 37°C for 5
minutes (ice/warm), or stimulated with EGF (100 ng/ml) for 5 minutes at 37°C. Erk activation was
measured by the electrophoretic mobility shift assay. b. The media for cultures of rat2 cells
overexpressing H-Ras were changed to DMEM containing 0, 0.5 or 10% FBS. Cultures were then allowed
to equilibrate for 4 hours at 37°C. After equilibration, cultures were left untreated (Untr) or incubated on
ice for 4 hours. Ras-GTP levels in cell lysates were measured using the non-isotopic method described in
the legend of Figure 3-1b.
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Figure 3-9. Effect of hypothermia on protein-tyrosine phosphorylation and membrane translocation
on Raf. a. Rar2 cells were left untreated, stimulated with EGF (100 ng/ml) at 37°C or incubated on ice for
15 minutes followed by EGF stimulation on ice. Cellular proteins were analyzed using an anti-
phosphotyrosine immuno-blot method. The positions of pp42 Erk and the different tyrosine
phosphorylated Shc species are shown on the right. b. Rat2 cells overexpressing Raf-1 were left untreated,
stimulated with EGF for 5 minutes at 37°C, or incubated on ice for 30 minutes followed by EGF
stimulation on ice for 5 minutes. Cells were then lysed and subjected to subcellular fractionation. Raf in
the particulate fraction was analysed by an immuno-blot method. The position of Raf is shown on the right.
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Figure 3-10. Activation of Erk in response to various hypothermic conditions and in different
vertebrate cells. a. Where indicated, rat2 cells were given a pretreatment of PD098059 (50 uM) for 90
minutes at 37°C. Cells were then left untreated, stimulated with EGF (100 ng/ml) at 37°C, or incubated on
ice for 20 minutes, 60 minutes or 4 hours followed by warming to 37°C for 12 minutes. Erk activation was
measured by the electrophoretic mobility shift assay. b. Rat2 cells were exposed to various temperatures
for 4 hours and then warmed to 37°C for 5 minutes. Top panel: Erk activation was determined with an
immuno-blot method that employs a primary antibody specific for the dually phosphorylated active forms
of Erk. Bottom panel: Equivalence of protein loading was demonstrated by immuno-blotting a parailel
blot with an antibody that recognizes total Erk. SDS-PAGE conditions here do not resolve the
phosphorylated forms of Erk. The positions of doubly phosphorylated pp42 and pp44 Erk and total p42
and p44 Erk are shown on the right. ¢. Rat2 , MDCK, KD, CEF and REC cells were treated as described
below and Erk activation was assessed using the immuno-blotting assay described in b. A-untreated; B-
acute growth factor treatment for 5 minutes at 37°C; C-incubation on ice for 4 hours followed by warming
to 37°C for 5 minutes; D-incubation on ice for 30 minutes followed by acute growth factor treatment on
ice for 5 minutes. Acute growth factor stimulation was EGF (100 ng/ml) for all cell types except CEF
which were stimulated with 10% FBS. d. Neonatal Sprague-Dawley rats were (1) left untreated, (2)
incubated at ice-cold temperature for 20 minutes, or (3) incubated at ice-cold temperature for 20 minutes
and rewarmed by 36°C ambient temperature for 12-14 minutes. Hind limbs were removed from sacrificed
animals and homogenized. Erk activity in homogenates was measured with an immune-complex kinase
assay. Each value is the average derived from analyzing 4 animals with the standard deviation indicated.
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Figure 3-11. Negative-feedback inhibition of EGF signaling after recovery from hypothermic stress.
For control, rat2 ceils were incubated on ice for 4 hours followed by rewarming to 37°C for 12 or 30
minutes. Alternatively, cells were left untreated or given a pretreatment of ice incubation for 4 hours
followed by rewarming to 37°C for 30 minutes. After pretreatment, cells were stimulated with diiute
concentrations of EGF for 5 minutes at 37°C. EGF stimulation was at either 1/1024 (98 pg/ml) or 1/4096
(24 pg/ml) of normal concentrations. Erk activation was measured by the electrophoretic mobility shift

assay.
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Figure 3-12. Activation of Erk after recovery from prolonged hypothermic stress. REC and rat2 cells
were left untreated, stimulated with EGF (100 ng/ml) for 5 minutes at 37 °C, or incubated on ice for 4, 16 or
24 hours and then warmed to 37°C for [0 minutes. Where indicated, cells were given a pretreatment of
PD098059 (50 uM) for 90 minutes at 37°C. Erk activation was assessed using the mobility shift assay.
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Figure 3-13. Enhanced cell viability after prolonged hypothermic stress using the Mek inhibitor
PD098059. a-b. REC were untreated (A) or given a prolonged incubation on ice followed by warming to
37°C for 4 hours ((B) and (C)). Cells were given a pretreatment of 50 uM PD(098059 (B) or DMSO
vehicle (C) for 90 minutes at 37°C before the hypothermic incubation. The duration of the ice incubation
was either 16 hours (a) or 24 hours (b). a. Cell morphology 4 hours after rewarming. b. Cell viability as
determined by a reattachment assay and by the formation of colonies. c. Cells of the indicated type were
given a pretreatment of PD098059 or DMSO vehicle as in a and b. Following, cells were incubated on ice
for various times and warmed to 37°C for 4 hours. Cell viability was assessed using the reattachment
assay. For rat2 and MDCK cells, each value is the average from three independent samples with the

standard deviation indicated.
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Figure 3-14. Attenuation of hypothermia-induced DNA fragmentation using the Mek inhibitor
PD098059. For controls, rat2 cells were left untreated or treated with staurosporin (st) (2 pM) for 8 hours
at 37°C. Aliernatively, cells were incubated on ice for various times from 4 to 24 hours and rewarmed to
37°C for 4 hours. Where indicated, cells were given a pretreatment of PD098059 (50 uM) for 90 minutes
at 37°C. DNA was extracted from cells and analyzed by electrophoresis in agarose. The positions of DNA
size markers are indicated on the left.
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Chapter 4 - Activation of Ras-Erk signaling in vivo by

RasGRP in response to diacylglycerol signals

A version of this chapter has been accepted for publication: Ebinu, J.O., Bottorff, D.A.,
Chan, E.Y.W,, Stang, S.L., Dunn, R.J., and Stone, J.C. (1998) RasGRP, a Ras guanyl
nucleotide-releasing protein with calcium- and diacylglycerol-binding motifs. Science.
280:1082-1086.
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Introduction

Previously, two distinct classes of guanyl nucleotide exchange factors (GEF’s)
were known to regulate Ras in mammalian cells. SOSI and SOS2, which comprise one
class, activate Ras in response to extracellular signals that stimulate receptor tyrosine
kinases (Bowtell er al., 1992, Chardin et al., 1993, Egan er al., 1993, Buday and
Downward, 1993). The second class is comprised of RasGRF1 and GRF2 which appear
to activate Ras in response to Ca™ second messengers generated downstream of
heterotrimeric G-protein coupled receptors (GPCR) (Farnsworth et al., 1995, Fam et al.,
1997). Our lab recently identified RasGRP (Ras guanyl nucleotide releasing protein), a
novel Ras GEF which appears to be distinct from SOS and GRF proteins.

RasGRP was isolated in a genetic scheme that selected for transforming cDNA
sequences (Ebinu er al., 1998). Using retroviral vectors, a rat brain ¢cDNA library was
introduced into rat2 fibroblasts that expressed the Y32R-vH-Ras allele (oncogenic H-Ras
with a tyrosine to arginine substitution at residue 32 within the switch 1 Ras effector
domain). The expression of Y32R-vH-Ras does not transform cells on its own but makes
them hypersensitive to additional transforming signals in the Ras pathway. Transformed
foci were isolated and cDNA sequences were retrieved from individual clones. One
identified cDNA, rbc7, encoded a protein that showed homology to the GEF catalytic
domains of SOS1 and RasGRF1. By rescreening a rat brain cDNA library carried in a
phage vector, rbc7 was shown to be a 5°- and 3’-truncated version of a longer full-length
transcript which encodes RasGRP (Figure 4-1).

Full-length RasGRP from rat is a 795 residue protein with a 90.3 kDa predicted
molecular weight. From the primary structure, RasGRP appeared to form a novel class of
mammalian Ras GEF. The N-terminal half of the protein contains the conserved GEF
catalytic domain which can be further divided into the Ras-exchanger motif (REM),
characteristic of Ras-specific GEF’s, and the CDC2S5 box which forms the primary catalytic
domain (Lai et al., 1993, Fam et al., 1997). The C-terminal half of RasGRP contains a
structure resembling a pair of EF hand motifs. EF hands are motifs that are observed in a
number of Ca*-binding proteins. In general, each EF hand forms a helix-loop-helix
structure that binds a Ca® ion via interactions involving residues within the loop. Also
within the C-terminal region is a structure similar to the diacylglycerol (DAG) binding
domain of PKC’s. The rbc7 protein retains the full GEF catalytic domain, both EF-hands
and the DAG-binding domain.
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Others within our lab have begun to characterize the different functional domains of
RasGRP, in vitro. A 6x-His tagged recombinant protein that contained the catalytic domain
of RasGRP (region “cat” in figure 4-1) was shown to stimulate nucleotide exchange with
purified H-Ras substrate. This RasGRP protein, however, failed to stimulate nucleotide
exchange on either RhoA, the GTPase that regulates actin cytoskeleton rearrangements, or
R-Ras, a close relative of the true mammalian Ras proteins (55% identical to H-Ras). A
recombinant protein containing the DAG-binding domain of RasGRP fused to the
glutathione-S-transferase (GST) tag was shown to bind a radiolabeled DAG analogue in
vitro. The binding of Ca™ to RasGRP has also been demonstrated. The truncated rbc7
version of RasGRP fused to GST was expressed in E. coli. This recombinant protein,
blotted on nitrocellulose, bound **Ca™ in an overlay assay. This binding was ablated by
mutation of critical Ca**-binding residues in the C-terminal EF hand motif. Thus, RasGRP
showed in vitro properties of a Ras GEF that is regulated by DAG and Ca** second
messengers.

This project aimed to: 1) further characterize the in vitro properties of RasGRP and
2) demonstrate the role of RasGRP in linking diacylglycerol second messengers to the

activation of Ras signaling in rat2 fibroblasts.

Results and Discussion

Stable interaction between RasGRP and Ras in vitro

A stable interaction between purified yeast Ras2 protein and the CDC25 yeast Ras
GEF has been demonstrated with in vitro binding assays (Lai er al., 1993). Similarly, I
asked whether RasGRP could stably interact with Ras in vitro. A recombinant protein
consisting of maltose binding protein fused to the catalytic domain of RasGRP (MBP-cat)
was expressed in E coli. and purified (Figure 4-1). MBP-cat contains the identical region
of RasGRP that was included in the 6x-His tagged protein demonstrated for in vitro Ras
GEF catalytic activity. MBP-cat was immobilized on amylose beads and then incubated
with H-Ras purified from an Sf9 cell expression system. After extensive washing of the
beads, precipitated Ras was detected by an immuno-blot method. Ras was found stably
associated with MBP-cat containing beads but not amylose beads alone (Figure 4-2). Two
bands were detected by Ras immunoblotting to precipitate with MBP-cat. We interpret the
major band to be Ras protein that has undergone complete post-translational processing in
the Sf9 cell expression system. The minor band is interpreted to be partially processed
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Ras. The in vitro association of Ras with the catalytic domain of RasGRP, together with
the demonstration of in vitro Ras specific GEF activity, provide evidence supporting the
function of RasGRP as a Ras GEF in vivo.

Overexpression of rbc7 and full-length RasGRP sequences in rat
fibroblasts

RasGRP sequences were overexpressed in rat2 fibroblasts using the pBabepuro
retroviral vector (Morgenstern and Land, 1990). Others within our group have found that
overexpression of rbc7 was weakly transforming in the absence of the Y32R-vH-Ras allele
(Ebinu et al., 1998). More pronounced transformation was observed in rat2 cells that
overexpressed both rbc7 and wildtype H-Ras. The overexpression of full-length RasGRP,
however, failed to show any significant transforming properties. Thus, deletion of N- and
C-terminal RasGRP sequences increases the transforming activity of the protein. The
molecular basis of this activation is unclear since no obvious functional motifs are present
within the deleted sequences. There is some evidence suggesting that the RasGRP N- and
C-terminal sequences destabilize the protein. In stably overexpressing cell lines, the steady
state level of HA epitope tagged rbc7 protein was substantially higher than full-length HA-
tagged RasGRP (Ebinu and Stone, unpublished results). [t is not known how the deletion
of N- and C-terminal sequences affects the nucleotide exchange activity of rbc7. I studied
both the full-length and rbc7HA version of RasGRP in rat2 fibroblasts.

Activation of Ras by RasGRP in vivo

[ measured the levels of GTP and GDP associated with Ras using an in vivo 2p
labeling assay. Rat2 cells overexpressed H-Ras alone or in combination with full-length
RasGRP (Figure 4-3a). Low amounts of Ras-GTP were observed in H-Ras-
overexpressing cells that were left untreated. Stimulation of these cells with phorbol ester
(PMA), a cell-permeable DAG analogue, for 2 minutes did not affect Ras-GTP levels.
Cells that overexpressed H-Ras and RasGRP showed a slight increase in the basal level of
Ras-GTP. PMA treatment of these cells led to a marked increase in the levels of Ras-GTP.
Thus, RasGRP can activate Ras in vivo in response to PMA stimulation.

The peptide growth factor endothelin-1 was used to determine if RasGRP could
activate Ras in response to physiologic stimulation. In rat2 cells, endothelin-1 (Et-1)
stimulates hydrolysis of phosphatidylinositol bisphosphate (PIP,) to generate DAG and
inositol triphosphate (IP5) through a heterotrimeric G-protein coupled receptor (Ambar and
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Sokolovsky, 1993). The IP; second messenger subsequently stimulates Ca* ion currents
from the endoplasmic reticulum.

A non-isotopic assay was used to measure Ras activation in response to Et-1
stimulation (Taylor and Shalloway, 1996). Immobilized GST-Raf fusion protein
precipitates only the GTP-bound form of Ras from cell lysates. Precipitated Ras is
subsequently detected by an immuno-blot method. Rat2 cells overexpressed H-Ras alone
or in combination with full-length RasGRP. Stimulation of cells overexpressing only H-
Ras with Et-1 for 10 minutes did not increase Ras-GTP levels (Figure 4-3b).
Overexpression of H-Ras in combination with full-length RasGRP increased the basal
amount of Ras-GTP. Stimulation of these cells with Et-1 for 10 minutes increased the
amount of Ras-GTP further. These results show that RasGRP can activate Ras in response

to endogenous DAG and possibly Ca* signals in rat2 cells.

Activation of Erk signaling by RasGRP in vivo

Activated Ras signals to several different effector systems including the Raf-Mek-
Erk kinase cascade (Moodie et al., 1993, Rodriguez-Viciana er al., 1997). To study
signaling events downstream of Ras, [ assayed Erk phosphorylation in response to PMA
treatment using a gel mobility shift assay (Figure 4-4a). In rat2 cells expressing empty
vector, PMA stimulation gave rise to transient and partial phosphorylation of Erk that could
be observed for up to 1 hour after stimulation. Within 4 hours, Erk returned to its basal
unphosphorylated state. This response is probably due to direct phosphorylation of Raf by
protein kinase C (Kolch et al., 1993). PMA treatment of cells overexpressing rbc7THA
gave rise to full phosphorylation of Erk that peaked 10 minutes to 1 hour after stimulation.
In addition, significant phosphorylation of Erk could be observed up to 8 hours after PMA
treatment. This enhanced and prolonged response to PMA was not observed in cells
overexpressing a mutant rbc7HA protein that lacked the DAG-binding domain (ADAG)
(Figure 4-4a, also see Figure 4-1). Thus, rbc7THA can stimulate strong and sustained Erk
activation in response to PMA treatment through a mechanism dependent on the DAG-
binding domain.

I confirmed that PMA treatment could stimulate sustained Erk activation in rat2 cells
overexpressing full-length RasGRP (Figure 4-4b). In this experiment, I also observed that
full-length RasGRP was not as potent as rbc7HA (compare rbc7THA and RasGRP after 4
hours of PMA treatment). One explanation for this difference could be the higher steady
state protein level of rbc7HA as compared to full-length RasGRP (Ebinu and Stone,
unpublished results). I also confirmed that Et-1 stimulation could lead to Erk activation in
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rat2 cells overexpressing full-length RasGRP (Figure 4-4c). Thus, RasGRP can link
exogenous and endogenous DAG signals to robust and sustained activation of Erk.

I also helped demonstrate the ability of RasGRP to elicit long-term biological
changes. Rat2 cells overexpressing rbc7HA have a normal morphology very similar to
parental cells (Ebinu ez al., 1998). Incubation of rbc7HA cells with PMA lead to a distinct
transformed-like morphology within 40 hours. The effect of PMA was not observed in
parental rat2 cells or in cells expressing ADAG. Furthermore, the morphological changes
induced by PMA were more dramatic when the experiment was performed in low (0.5%)
serum conditions. In sum, chronic PMA stimulation of rat2 cells overexpressing the rbc7
version of RasGRP leads to a transformed-like phenotype, likely due to sustained
activation of Erk. In rat2 cells, stimulation of the Raf-Mek-Erk kinase cascade is sufficient
to elicit cellular transformation (Bottorff er al., 1995, Stang et al., 1997).

Conclusions

The data presented here, along with previous findings from our lab, support the
hypothesis that RasGRP is a DAG-responsive Ras GEF. [n vitro biochemical studies have
shown that various portions of RasGRP can catalyze guanyl-nucleotide exchange on Ras
and bind Ras, Ca™, and a diacylglycerol analogue. In rat2 fibroblasts, RasGRP linked
DAG signals to the activation of Ras, further downstream signaling and biological effects.

Through several different assays, the function of RasGRP in response to PMA was
shown to be dependent upon the DAG-binding domain. A mechanism explaining how
PMA regulates RasGRP was suggested by subcellular fractionation studies in rat2 cells
(Ebinu er al., 1998). In resting cells, rbc7THA was found roughly 50% in a cytosolic
fraction and 50% in a particulate fraction that is enriched in plasma membrane. Upon
treatment with PMA for 2 minutes, a higher amount of rbc7HA in the particulate fraction
and a lower amount of rbc7HA in the cytosolic fraction were observed. This effect was not
seen with the ADAG protein. These results suggest that PMA binds to the DAG-binding
domain of RasGRP and promotes membrane translocation.

The association of RasGRP with cellular membranes has been demonstrated by an
independent study that used green fluorescent protein (GFP) tagged constructs (Tognon ez
al., 1998). In their study, GFP-RasGRP was observed to be evenly distributed in resting
NIH3T3 mouse fibroblasts. In response to PMA treatment, GFP-RasGRP was observed
in a punctate pattern localized mainly to the endoplasmic reticulum and nuclear periphery.
These data suggest that the PMA-promoted translocation of RasGRP may largely be to
structures other than the plasma membrane. It is possible that in vivo, a fraction of
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RasGRP is localized to intracellular membranes. In the study by Ebinu er al. (1998), the
particulate fraction may have contained some intracellular membranes. Also, a fraction of
Ras in the cell has recently been localized to intracellular membranes (Choy ez al., 1999).
As such, treatment of rodent fibroblasts with PMA may stimulate an association between
RasGRP and Ras on intracellular membranes. Alternatively, the PMA-induced localization
of GFP-RasGRP to intracellular membranes may be an artefact caused by abnormally high
expression levels of GFP-RasGRP.

Other mechanisms of RasGRP regulation are possible. For example, our lab has
observed phosphorylation of rbc7 on serine and threonine residues in response to PMA
treatment (Ebinu and Stone, unpublished data). In addition, others have documented a
small effect of Ca™ ionophores on Ras activation by RasGRP in 293 human kidney cells
(Kawasaki er al., 1998).

By Northern analysis of human, mouse and rat tissues, RasGRP transcripts have
been shown to be predominantly expressed in the hematopoietic system and brain (Ebinu er
al., 1998, Kawasaki et al., 1998, Tognon et al., 1998). Within the brain, Northemn
analysis has shown that RasGRP transcripts were particularly enriched in the cerebellum,
cerebral cortex and amygdala (Kawasaki er al., 1998). By in situ hybridization studies,
RasGRP transcript was also shown to be localized to regions of the hippocampus (Ebinu er
al., 1998). In the hippocampus, DAG and IP; second messengers are thought to be
generated by the action of phospholipase C downstream of metabotropic glutamate
receptors (Bliss and Collingridge, 1993). Furthermore, this process is thought to be
involved in the formation of long-term memory. We speculate that RasGRP links DAG
signals to Ras signaling and memory production but the function of RasGRP in neuronal
tissues remains to be defined more critically.

RasGRP may be a major regulator of Ras in T-cells. The activation of T-cells by
antigen stimulation is thought to generate DAG and IP, second messengers through the
action of phospholipase C (Cantrell, 1996). Stimulation of T-cells is also known to
activate Ras which in turn, leads to increased expression of cytokines such as interleukin-2
by regulating nuclear factor of activated T-cells (NF-AT) (Downward et al., 1990, Rayter
et al., 1992, Woodrow et al., 1993, Cantrell, 1996). Currently, the mechanism of Ras
activation in T-cells is thought to involve both membrane recruitment of SOS and an
inhibition of Ras GAP’s (GTPase-activating proteins) (Downward et al., 1990, Nel et al,
1995, Cantrell, 1996). Our lab has preliminary evidence to suggest that RasGRP is a
major Ras regulator in Jurkat cells, a human T-cell leukemia derived cell line. Radiolabeled
GTP, when incubated in vitro with membrane fractions prepared from activated Jurkat
cells, readily associates with the endogenous Ras within the membrane fraction. This
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nucleotide exchange activity is attributed to a GEF that is associated with the membrane
fraction. In this in vitro system, addition of an antibody specific for the catalytic domain of
RasGRP inhibited the association of labeled GTP by approximately 50% (Ebinu and Stone,
unpublished data). This result suggests that RasGRP comprises half of the GEF activity
that regulates Ras in stimulated T-cells. RasGRP may normally function in T-cells to link
DAG and possibly Ca* second messengers to Ras activation.

Our studies here demonstrated that RasGRP can regulate Ras in vivo. In addition,
our findings provide some insight into the regulation of RasGRP by DAG that may be
relevant to the function of the endogenous protein in neuronal and hematopoietic cells.
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Figure 4-1. Domain structure schematic of RasGRP. Top: domain structure of the 795 amino acid full-
length RasGRP from rat. The catalytic domain can be further divided into the REM domain and the
minimal CDC25 GEF catalytic domain. A pair of atypical EF-hand calcium binding motifs and a
diacylglycerol (DAG) binding domain are present in the C-terminal half of RasGRP. Bottom: schematic
showing regions included in various RasGRP constructs. cat - catalytic domain used for in vitro work;
rbc7 - N- and C-terminal truncated version of RasGRP initially isolated as transforming sequence; rbc7HA
- tbe7 fused to an HA epitope (open box) at C-terminus; ADG - version of rbc7THA with an in-frame
deletion of the DG-binding domain.
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Figure 4-2. Stable interaction between RasGRP and Ras in vitro. A recombinant protein consisting of
maltose binding protein fused to the catalytic domain of RasGRP (MBP-cat) was bound to amylose beads.
Ras purified from Sf9 cells was then incubated with MBP-cat containing beads or bare beads (-). After
extensive washing, bound Ras was analyzed by SDS-PAGE followed by an anti-Ras immuno-blot method.
The position of Ras is indicated on the right. The smaller band that migrates faster is thought to be Ras

protein that was partially processed in Sf9 cells.
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Figure 4-3. Activation of Ras by RasGRP in vivo. a. Ras-GTP levels were measured in rat2 cells that
overexpressed H-Ras alone (R) or in combination with RasGRP (R/GRP) using an in vivo 3?Pi-labeling
method. Cells were left untreated or treated with PMA (100 nM) for 2 minutes. After cell lysis and
immuno-precipitation of Ras, associated radiolabeled GDP and GTP were separated by chromatography.
and visualized by autoradiography. h. Rat2 cells that overexpressed H-Ras alone (R) or in combination
with full-length RasGRP (R/GRP) were starved for 4 hours at 37°C in DMEM/0.1% FBS. Cells were then
left untreated or treated with endothelin-1 (Et-1) (100 nM) for 10 minutes. Ras-GTP was precipitated from
cell lysates using a GST-Raf fusion protein and precipitated Ras was detected with an anti-Ras immuno-
blot method. The position of Ras is indicated on the right.
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Figure 4-4. Activation of Erk by RasGRP in vivo a. Rat2 cells expressing empty pBabepuro vector
(puro), rbc7HA (rbc7) or ADG were left untreated (-) or treated with PMA (100 nM) for various amounts of
time. Erk activation was monitored by a gel-mobility shift assay. The phosphorylated, activated form of
p42 Erk is indicated by the arrowhead on the right. b. Rat2 cells expressing empty vector (puro), rbc7HA
(rbc7) or full-length RasGRP (GRP) were treated with DMSO vehicle control (0.1%) for 5 minutes or
treated with PMA for various amounts of time. Erk activation was monitored by the gel mobility shift assay
as above. The positions of unphosphorylated (p42) and phosphorylated (pp42) Erk forms are indicated on
the right. ¢. Rat2 cells expressing empty vector (puro) or full-length RasGRP (GRP) were left untreated or
treated with endothelin-1 (Et-1) (100 nM) for 5 minutes. Erk activation was monitored as in b. The cells in
a and b were starved for 4 hours at 37°C in DMEM/0.5% FBS before the start of the experiment. The cells
in ¢ were starved for 6 hours at 37°C in DMEM/0.1% FBS before the start of the experiment.
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Chapter 5 - Activation of Ras in

rat2 fibroblasts by C2-ceramide



Introduction

Ceramides are potent sphingolipid second messengers that are generated in the cell
through the hydrolysis of sphingomyelin (Figure 5-1a). A number of extracellular stimuli
such as tumor necrosis factor-a (TNFa), interleukin-1P, nerve growth factor (NGF),
interferon -y, and vitamin D3 have been shown to produce an accumulation of ceramides in
various types of mammalian cells (Okazaki et al., 1989, 1990, Ballou et al., 1992, Hannun
and Bell, 1993, Mathias er al., 1993, Dobrowsky er al., 1994). The mechanism whereby
ceramides are generated in response to stimulation of cells by TNFa has been fairly well
characterized. Stimulation of murine 70Z/3 pre-B-cells overexpressing the human 55 kDa-
type TNFa receptor (TNF-R55) with TNFa leads to the activation of neutral
sphingomyelinase (nSMase) at the plasma membrane and acidic sphingomyelinase
(aSMase) which is localized to endosomal compartments (Weigmann er al., 1994). The
activation of nSMase and aSMase are dependent on distinct regions of the TNF-RS5
intracellular domain. A nine amino-acid region of the TNF-RSS intracellular domain is
thought to direct activation of nSMase via interactions with FAN (factor associated with
nSMase activation) (Adam-Klages et al., 1996). The mechanism linking FAN to nSMase
activation remains unclear. Activation of aSMase has been shown to involve the “‘death
domain” in the intracellular domain of TNF-R55 (Weigmann et al., 1994). The death
domain of TNF-RS55 is associated with the cytotoxic effects of TNFo (Tartaglia et al.,
1993) and has been shown to interact with TRADD (TNF receptor associated protein with
death domain) in vitro, in the yeast 2-hybrid system, and in transiently transfected 293 cells
(Hsu er al., 1995). TRADD, in turn, has been to interact with FADD (Fas-associated
protein with death domain), again in vitro, in the yeast 2-hybrid system, and in transiently
transfected 293 cells (Hsu er al., 1996). TRADD and FADD may form a signal
transduction pathway downstream of the TNF-RSS that leads to aSMase activation in
response to TNFa stimulation. Overexpression of TRADD and FADD in 293 cells
enhanced the TNFa-induced activation of aSMase (Schwander ez al., 1998).

The importance of ceramides in cellular signaling is demonstrated by their ability to
mimic the biological effects elicited by a variety of extracellular agonists. For example,
treatment of HL.-60 leukemia cells with TNFq, interferon-y or vitamin D3 leads to an
accumulation of ceramides and differentiation into monocytes (Hannun and Bell, 1993).
Treatment of HL-60 cells with cell-permeable ceramide alone can induce monocyte
differentiation. In T9 glioma cells, NGF stimulation leads to ceramide accumulation,
inhibition of DNA synthesis and neurite outgrowth (Dobrowsky et al., 1994). Both
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inhibition of DNA-synthesis and neurite outgrowth are mimicked by treatment of T9 cells
with cell-permeable ceramide. In human gut lamina propria T lymphocytes (T-LPL),
activation of the Fas-receptor generates ceramide and triggers apoptosis (De Maria et al.,
1996). Treatment with cell-permeable ceramide can induce apoptosis in T-LPL’s as well as
HL-60 cells, U937 monoblast leukemia cells, Jurkat cells (T-cell leukemia), HMN1 motor
neuron cells and murine fibrosarcoma cell lines such as L929/LM and WEHI-164/13
(Cifone er al., 1993, Obeid et al., 1993, De Maria et al., 1996, Brenner er al., 1997, Zhou
et al., 1998). In Swiss 3T3 fibroblasts, cell-permeable ceramide has also been shown to
stimulate proliferation (Olivera et al., 1992, Hauser et al., 1994). Based on their ability to
mimic biological effects, ceramides have been proposed to be an important part of the
signaling downstream of several extracellular agonists. In addition, cell-permeable
ceramide clearly has the ability to initiate a number of biological changes, depending on the
cell type.

Several proteins that are directly regulated by ceramides have been identified. Both
ceramide-activated protein kinase (CAPK) and protein kinase C-{ (PKC{) are activated by
ceramides in vitro and in vivo (Mathias et al., 1991, Liu er al., 1994, Lozano et al., 1994,
Muller er al., 1995). CAPK has been reported to phosphorylate Raf and a peptide
containing sequences of the epidermal growth factor (EGF) receptor in vitro (Mathias et al.,
1991, Yao et al., 1995). One study has suggested that CAPK may be identical to Ksr, a
protein isolated in several genetic schemes that is thought to be involved in Ras signaling
(Sundaram and Han, 1995, Therrien et al., 1995, Zhang et al., 1997). Ceramides have
also been shown to bind the catalytic domain of Raf (Muller er al., 1998). Although the
binding of ceramides to Raf does not affect kinase activity, the interaction of Raf to Ras is
markedly enhanced in vitro and in Kym-1 (rhabdomyosarcoma) cells. Ceramides can also
regulate protein phosphatases (ceramide-activated protein phosphatase (CAPP)) and
activate the in vitro nucleotide exchange activity of Vav with a Ras substrate (Gulbins et al.,
1993, 1994, Wolff et al., 1994). Since Vav may actually be a guanyl nucleotide exchange
factor (GEF) for Rho family GTPases, the functional significance of Ras regulation in vitro
by Vav is not clear (Han et al., 1998). Currently, CAPK(Ksr), PKC{, Raf, CAPP, and
Vav are the putative cellular receptors for ceramide. The relationship between these
proteins and the biological effects of ceramides is not understood.

In mammalian cells, a family of phosphatidylinositol-3 kinases (PI3K)
phosphorylate phosphatidylinositol substrates at the D-3 position to generate a number of
lipid second messengers (Carpenter and Cantley, 1996, Domin and Waterfield, 1997,
Rameh and Cantley, 1999). Class | type PI3K proteins are composed of a p110 catalytic
subunit that is stably bound to a p85 regulatory subunit (Carpenter et al., 1990, Rodriguez-



Viciana et al., 1994, Carpenter and Cantley, 1996, Domin and Waterfield, 1997, Rameh
and Cantley, 1999). Previously, it has been shown that incubation of 3T3-L1 adipocytes
with TNFoa for 15 minutes stimulated tyrosine phosphorylation of p85 and the insulin
receptor substrate-1 (IRS-1) (Guo and Donner, 1996). In these cells, TNFa treatment also
promoted a stable association between the IRS-1 and p85. Interaction of IRS-1 with the
SH2 domains of p85 has been shown to stimulate PI3K activity (Backer er al., 1992). The
TNFa-induced interaction between p85 and IRS observed in 3T3-L1 cells prompted
Brindley and co-workers to ask whether ceramides stimulate PI3K activity. Their work, in
rat2 fibroblasts, indeed showed that PI3K was activated in response to cell-permeable C2-
ceramide (Hanna et al., 1999) (Figure 5-1a). Within 10-15 minutes of treatment, catalytic
activity of PI3K immunoprecipitated from cells increased 3-6 fold, PI3K was observed to
associate with a membrane fraction by subcellular fractionation methods, and tyrosine
phosphorylation of p85 increased. These effects of C2-ceramide were dose-dependent and
dihyro-C2-ceramide (Figure 5-1b), a relatively inert analog, failed to elicit any effects.
Recently, two other groups have demonstrated PI3K activation in response to cell-
permeable ceramide treatment of Jurkat cells and rabbit colon smooth muscle cells (Gulbins
etal., 1998, Su et al., 1999).

An involvement of Ras in ceramide-induced PI3K activation was suggested by
several observations. The activated GTP-bound form of Ras is known to directly regulate
PI3K activity via interaction with the pl10 catalytic subunit (Rodriguez-Viciana et al.,
1994, 1996). In L929 fibroblasts, Ras activation has been observed upon TNFo treatment
and apoptosis triggered by TNFa treatment is attenuated by overexpression of the N17
dominant-negative form of Ras (Trent, II et al., 1996). Indeed, overexpression of N17
Ras in rat2 cells inhibited the activation of PI3K by C2-ceramide (Hanna et al., 1999).
This result implicated Ras in the activation of PI3K by C2-ceramide and suggested that C2-
ceramide may regulate Ras. My studies here investigated Ras activation by C2-ceramide in
rat2 fibroblasts. This work was done in collaboration with Dr. D.N. Brindley (Department
of Biochemistry, Signal Transduction Laboratories, University of Alberta) and members of
his lab.

Results

Modest activation of Ras in rat2 cells by C2-ceramide

A non-isotopic assay was used to measure Ras activation in response to C2-
ceramide. Immobilized GST-Raf fusion protein precipitates only the GTP-bound form of
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Ras from cell lysates. Precipitated Ras is subsequently detected by an immuno-blot
method. The rat2 cells used in this experiment overexpressed H-Ras. In cells treated with
DMSO vehicle control, low amounts of precipitated Ras were observed (Figure 5-2).
Untreated cells also showed low amounts of precipitated Ras. Stimulation of cells with
C2-ceramide led to modest but significant increases in precipitated Ras. By quantification
of bands representing Ras in the Western-blot, this activation was estimated to be at
maximum 2.5-fold within 10 minutes of C2-ceramide treatment as compared to untreated
cells. Cells treated with dihydro-C2-ceramide did not show increased amounts of
precipitated Ras. By comparison, stimulation of cells with EGF (100 ng/ml) for 5 minutes
gave rise to a 10-fold increase in precipitated Ras.

The p110 subunit of PI3K interacts only with the GTP-bound form Ras in vitro
(Rodriguez-Viciana er al., 1994). As an alternative measure of Ras activation, we
monitored the amount of Ras that co-immunoprecipitated with PI3K. Rat2 overexpressing
H-Ras were treated with C2-ceramide and PI3K was immuno-precipitated from cell lysates
using an antibody against p85a. The amount of Ras co-immunoprecipitating with PI3K
increased within 5 minutes of treatment with C2-ceramide (Figure 5-3). This increase was
quantitated from the Western blot to be approximately 8-fold as compared to untreated cells
or cells treated with DMSO vehicle control. Treatment of cells with dihydro-C2-ceramide
for 5 minutes did not increase the amount of Ras associated with PI3K. For comparison,
treatment of cells with EGF (100 ng/ml) for 5 minutes produced a 27-fold increase in the
amount of Ras that co-immunoprecipitated with PI3K.

Discussion

My results here demonstrate that cell-permeable C2-ceramide can activate Ras in
rat2 fibroblasts. The activation of Ras was demonstrated by 2 non-isotopic assays that use
immobilized Ras effector molecules to specifically bind to and precipitate the active GTP-
bound form of Ras. These interactions can be formed in vitro, in the case with GST-Raf,
or in vivo as observed in the stable complex between Ras and PI3K. The association of
Ras with PI3K is confirmed by the demonstration of PI3K catalytic activity co-
immunoprecipitating with Ras from rat2 cell lysates (Hanna et al., 1999). Importantly,
Ras-associated PI3K activity from C2-ceramide-treated cells was 3-fold higher than from
untreated cells. This observation is consistent with increased Ras-GTP levels and
increased PI3K-Ras-GTP binding in ceramide treated cells. The levels of C2-ceramide-
induced Ras activation are modest but significant. In both assays, the levels of Ras



activation in C2-ceramide stimulated cells were approximately one quarter of the levels
observed in cells treated with EGF.

It was shown previously that C2-ceramide treatment of rat2 cells stimulates total
PI3K catalytic activity 3 to 6-fold (Hanna er al., 1999). The modest activation of Ras by
ceramide may be responsible for part of this activation of PI3K. Ras-GTP directly binds
the pl10 catalytic subunit of PI3K in vitro and this interaction is thought to induce a
conformational change in pl10 that gives rise to increased PI3K catalytic activity
(Rodriguez-Viciana et al., 1994, 1996). Also, the interaction of pl1l0 with Ras likely
promotes recruitment of PI3K to the plasma membrane bringing the enzyme into proximity
with its substrates. Hanna er al. (1999) have found that overexpression of N17 Ras in rat2
cells completely inhibits the activation of PI3K by ceramides. Overexpression of N17 Ras
is predicted to inhibit the modest ceramide-induced activation of Ras in rat2 cells. As such,
modest activation of Ras may be necessary for ceramide-induced PI3K activation. An
inhibition of PI3K by N17-Ras overexpression has been demonstrated in several other
experimental systems (Rodriguez-Viciana et al, 1994, Hu ez al., 1995, Lopez-Ilasaca er al.,
1997, Gulbins et al., 1998).

The mechanism whereby C2-ceramide activates Ras in rat2 cells is currently
unknown. Ceramides have been shown to activate the GEF activity of Vav with Ras
substrate in virro (Gulbins er al., 1993, 1994). The significance of Ras regulation by Vav
is unclear since the GEF catalytic domain of Vav shares homology with the Dbl family of
GEF's that are implicated in the regulation of Rho GTPases (Adams ez al., 1992, Han et
al., 1998). Furthermore, Vav appears to be exclusively expressed in hematopoietic cell
types (Adams et al., 1992). As such, expression of Vav in rat2 cells is not expected.

The activation of Ras by ceramide may involve protein tyrosine phosphorylation
events. In rat2 cells, C2-ceramide treatment stimulated significant tyrosine phosphorylation
of focal adhesion kinase (FAK) (Hanna er al., 1999). Tyrosine phosphorylation of FAK
could activate Ras by recruiting the Grb2-SOS complex to the plasma membrane
(Schlaepfer and Hunter, 1996). Hanna er al. (1999) has also demonstrated that C2-
ceramide-induced activation of PI3K in rat2 cells was completely ablated by 2 different
non-specific tyrosine kinase inhibitors. Possibly, pharmacologic inhibition of protein
tyrosine phosphorylation may block PI3K activation by interfering with Ras activation.
The effect of protein tyrosine kinase inhibitors on C2-ceramide-induced Ras-activation in
rat2 cells has not been investigated.

The inhibition of ceramide-induced PI3K activation by the tyrosine kinase inhibitors
could also be through a Ras-independent mechanism. Tyrosine phosphorylated IRS-1 and
tyrosine phosphorylated peptides with sequences derived from IRS-1 and the platelet-



derived growth factor (PDGF) receptor directly activate PI3K catalytic activity in vitro by
binding to the SH2 domains of p85 (Rodriguez-Viciana et al., 1996, Backer et al., 1992).
This in vitro system is thought to model the in vivo regulation of PI3K by interactions with
tyrosine phosphorylated proteins. Although not demonstrated, C2-ceramide may activate
PI3K in rat2 cells by stimulating tyrosine phosphorylation of the IRS-1 or PDGF receptor.
These putative protein tyrosine phosphorylation events, which would be targeted by the
tyrosine kinase inhibitors, may be necessary for ceramide-induced PI3K activation.
Incubation of rat2 cells with C2-ceramide for 24 hours led to modest elevations of
DNA synthesis (150%), as measured by thymidine incorporation, and proliferation (30%),
as measured by the number of cells per culture (Hanna er al., 1999). These two
proliferative effects were inhibited by pretreatment with LY294002, a specific inhibitor of
PI3K. As such, prolonged incubation of rat2 cells with C2-ceramide appears to stimulate
proliferation via a PI3K-dependent pathway. Although prolonged and acute C2-ceramide
treatment may elicit very different signaling pathways in rat2 cells, it is speculated that the
modest activation of Ras described here is involved in ceramide-induced proliferation.
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Figure 5-1. Structures of ceramide and precursors. a. In the cell. sphingomyelin is hydrolyzed by
sphingomyelinase (SMase) to generate ceramide and phosphocholine. Inset: At the R| position, natural
(long-chain) ceramides have a long aliphatic chain whereas cell-permeable C2-ceramide has only a methyl
group. b. Dihydroceramide, an analog of ceramide that is relatively inert in biological systems, lacks the
trans double bond in the backbone chain (arrow).
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Figure 5-2. Activation of Ras by C2-ceramide in vivo. Rat2 cells overexpressing H-Ras were treated
with DMSO (D) vehicle control (0.1% final concentration) for 5 minutes, treated with C2-ceramide (40
uM) for 2-20 minutes or treated with dihydro-C2-ceramide (DH) (40 pM) for 10 minutes. Ras-GTP was
precipitated from cell lysates using a GST-Raf fusion protein and precipitated Ras was detected with an
anti-Ras immuno-blot method. Top panel: representative Western blot showing levels of precipitated Ras.
The position of Ras is indicated on the right. Bottom panel: Bands in Western blots representing Ras were
scanned densitometry and plotted quantitatively. Shown are the averages and standard deviations derived
from 3 independent experiments. Values are expressed as fold increase over levels observed in untreated
cells.
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Figure 5-3. Interaction of Ras and PI3K induced by C2-ceramide in vivo. Rat2 cells overexpressing
H-Ras were left untreated, treated with DMSO vehicle control (0.1% final concentration) for 5 minutes,
treated with C2-ceramide (40 uM) for | or 5 minutes or treated with dihydro-C2-ceramide (DH) (40 uM)
for 10 minutes. Phosphatidylinositol-3 kinase was immuno-precipitated from cell lysates using an antibody
against p85a.. Top panel: representative Western blot showing levels of Ras co-immunoprecipitating with
PI3K. The position of Ras is indicated on the right. Bottom panel: Bands in Western blots representing
Ras were scanned densitometry and plotted quantitatively. Values are expressed as fold increase over levels
observed in untreated cells.
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Summary of Ras activation in hypothermic cells

In 1995, our lab serendipitously found that Erk was activated in cells that had been
chilled and then rewarmed. A sample culture of cells destined to be the untreated negative
control was placed on ice for lysis. At this stage, it was realized that the lysis buffer was
incorrect and the cells were returned to the 37°C incubator after sitting approximately 13
minutes on ice. When the experiment was reinitiated, the activity of Erk from this sample
was unexpectedly high. The studies described in chapter 3 have followed up this initial
observation.

[ have shown that Ras becomes slowly activated in rat2 cells exposed to
hypothermic stress.  When these hypothermic cells are rewarmed to physiologic
temperature, the Raf-Mek-Erk protein kinase cascade is activated in a transient but robust
manner. Activation of Erk was observed upon rewarming after moderate and severe
hypothermic stress. In addition, Erk activation by hypothermic stress followed by
rewarming was conserved in many cultured cell types. [ also gathered evidence showing
that other Ras downstream effector systems, namely phosphatidylinositol-3 kinase (PI3K),
may be activated by hypothermic stress followed by rewarming. Insight into the in vivo
mechanism of Ras activation was obtained from in vitro studies using purified Ras and Ras
regulatory proteins. [ showed that a Ras effector mutant failed to be activated in
hypothermic rat2 cells. Treatment of cells with Ca** chelators and the removal of serum
from the growth media also inhibited hypothermic Ras activation. These in vitro and cell
culture data helped formulate a model for in vivo hypothermic Ras activation.

Previously, it was shown that hypothermia blocked acute growth factor signaling to
Erk. Along with others in our lab, [ have shown that hypothermia does not inhibit
epidermal growth factor- (EGF) stimulated Ras activation in rat2 cells. In contrast,
hypothermia inhibits EGF-stimulated activation of Raf.

After prolonged hypothermic stress, cultured cells show a loss of viability and
increased amounts of apoptosis. Pharmacological inhibition of Mek increased the survival
of several cultured cell types and attenuated apoptosis in one cell type. Thus, it appears that
Erk activation after prolonged hypothermic stress may decrease cell viability and trigger
apoptosis. We speculate that the protective effect of the Mek inhibitor will be useful for
improving the storage of clinically relevant cells and organs for medical procedures.
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Model for in vivo Ras activation

In resting cells at 37°C, Ras-GTP levels are low because the basal rate of GTP
hydrolysis exceeds the basal rate of catalyzed nucleotide exchange (Figure 6-la). Our
working model for in vive hypothermic Ras activation involves an inhibition of basal GTP
hydrolysis by cold temperature (Figure 6-1b). We have shown that catalysed nucleotide
exchange is relatively independent of cold temperature. As a result, the basal rate of
catalysed nucleotide exchange exceeds basal hydrolysis in hypothermic cells leading to a
slow accumulation of Ras-GTP. The guanyl nucleotide exchange factor (GEF) that
catalyses the basal nucleotide exchange remains unidentified.

In vivo hypothermic Ras activation is blocked by the removal of serum from the
tissue culture growth media. Hypothermic Ras activation is also blocked by Ca** chelators.
There are 3 possible scenarios that could explain these inhibitory effects. In the first 2
scenarios, hypothermia triggers a Ca™ flux into the cytosolic compartment of the cell. In
scenario I, Ca™ flux is serum-dependent. Some factor in serum may stimulate the opening
of a Ca™ channel in the plasma membrane that gives rise to basal amounts of Ca™ currents
which, in turn, leads to basal stimulation of a Ca™-dependent GEF. This Ca™* flux could
also regulate the GEF through interactions with a Ca™-binding accessory protein. In
scenario 2, the Ca™ flux is serum-independent. The Ca** flux occurs in hypothermic cells
due to an inhibition of Ca** ATPase pumps in the endoplasmic reticulum membrane and
plasma membrane. Inhibited Ca® extrusion coupled with a slow leak of Ca™ into the
cytosol leads to a slow Ca®* influx. Some factor in serum leads to the basal GEF activity
only in increased levels of cytosolic Ca**. As follows, the Ca® flux and stimulation from
the serum factor are both necessary for the basal GEF activity. In scenarios | and 2,
chelation of Ca* would directly target the mechanism of GEF regulation. These
hypotheses are based on studies in other cell types which described increased cytosolic
Ca** levels in hypothermic cells (Perotti et al., 1990, Liu et al., 1991, Mcanulty et al.,
1996). However, a Ca™* flux has not yet been confirmed in hypothermic rat2 cells.

In scenario 3, there is no Ca® flux. Some serum factor(s) may stimulate the basal
catalyzed nucleotide exchange via a Ca™ independent-pathway. Chelation of Ca** may
inhibit the GEF because trace amounts of Ca** are needed for its activity. This proposed
inhibitory effect would have to be subtle, however, since Ca* chelators do not inhibit
EGF-stimulated Erk activation at 37°C.
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Future studies on the biochemistry of hypothermic-Ras signaling

Possible inhibition of GEF activity by chelation of Ca**

We postulated above (in scenario 3) that total Ca™ chelation may create a cellular
environment that inhibits GEF activity. To test this hypothesis, in vitro catalyzed
nucleotide exchange reactions can be performed with recombinant GEF's such as SOS,
RasGRF1 and RasGRP, in the presence of EGTA. A block of in vitro catalyzed exchange
by EGTA would be consistent with the idea that GEF’s require at least a trace amount of
Ca™ in the cell to function.

Identification of the GEF involved in hypothermic Ras activation

Y32H Ras was not activated in hypothermic cells and I hypothesized that the Y32H
mutation in the effector (switch 1) region disrupted interactions with the weak GEF activity
postulated in the model. Purified Y32H Ras protein is available and it would be
informative to compare in vitro catalyzed nucleotide exchange at 0°C and 37°C on Y32H
and wildtype Ras substrate using purified GEF’s. The prediction is that catalyzed
nucleotide exchange at 0°C on Y32H Ras will be inefficient. Since Y32H Ras can be
activated by EGF in vivo at 37°C, catalyzed nucleotide exchange on Y32H Ras should be
relatively intact at 37°C. This approach may also help us identify the protein responsible
for the postulated weak GEF activity. For example, a GEF that is inefficient at catalyzing
nucleotide exchange at 0°C on Y32H as compared to wildtype Ras would be a candidate for
the GEF involved in hypothermic Ras activation. On the other hand, GEF’s that work
equally well at 0°C on Y32H and wildtype Ras could be ruled out of the mechanism for
hypothermic Ras activation. As an alternative approach, Ras effector mutants can be tested
for interaction with various GEF’s in the yeast 2-hybrid system.

A large number of Ras effector mutants have been generated and characterized by
our lab (Stang et al, 1997). It would be useful to identify other effector mutants that fail to
be activated in hypothermic cells. A number of Ras effector mutants could be classified as
hypothermia responders and non-responders. Following, several members of each class
can be studied biochemically and in the 2-hybrid system. In this way, a correlation can be
built that may enable the identification of the GEF postulated in the model.
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Possible effects of hypothermia on G-proteins in general

Our working model for hypothermic Ras activation involves hypothermic inhibition
of GTP hydrolysis coupled with basal catalysed nucleotide exchange that is relatively
temperature-independent. As follows, the balance between GTP hydrolysis and nucleotide
exchange is tipped slightly in favor of nucleotide exchange giving rise to a slow
accumulation of Ras-GTP. All G-proteins in the cell are regulated by the balance of GTP
hydrolysis and nucleotide exchange. Thus, it is reasonable to speculate that low
temperature may affect other G-proteins besides Ras. A first experiment in this direction
would be to examine the activation of close Ras relatives like RapiA, Ral-1A and R-Ras in
hypothermic cells. Second, investigations can be carried out with G-proteins more
distantly related to Ras such as RhoA and Racl which are understood to regulate important
cellular processes such as actin cytoskeleton rearrangements (Zohn er al, 1998). These
studies could reveal a number of G-protein signaling events that are initiated by
hypothermic stress.

Further studies on biochemical events downstream of hypothermic Ras-Erk
signaling

During the rewarming period after hypothermic incubation, the Raf-Mek-Erk
cascade was activated in a robust but transient manner in rat2 cells. Hypothermically-
activated Erk can elicit further downstream biochemical changes. We have shown that p90
ribosomal S6 kinase, a signaling molecule that functions downstream of Erk, is activated
upon rewarming of hypothermic cells (Bottorff and Stone, unpublished data). In addition,
a pretreatment of hypothermic stress followed by rewarming rendered rat2 cells less-
sensitive to subsequent EGF stimulation. We interpret this effect to be a negative feedback
loop that involves the phosphorylation of SOS by Erk.

An important consequence of Erk signaling is the phosphorylation of transcription
factors such as Elk-1 and the modulation of gene expression (Marias et al., 1993, Price et
al., 1995). The modulation of gene expression after rewarming from hypothermic stress
would provide additional evidence that hypothermic Ras-Erk signaling can alter the overall
biology of the cell. In cells treated with hypothermic stress followed by rewarming,
activation of Elk1 can be measured using an assay that employs transient transfection of a
reporter construct (see Kawasaki et al, 1998). Erk activation is also understood to regulate
the cell-cycle by promoting expression of cyclinD1 which in turn regulates cyclin-
dependent kinase 4 (cdk4) (Weber er al., 1997). Experiments should be performed to
monitor cyclinD1 message levels in the recovery period after hypothermic stress. An
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upregulation of cyclin D would suggest that hypothermic Ras-Erk signaling directly
modulates the cell-cycle.

Further studies on the inhibition of hypothermic cell death by PD098059

The ability of the Mek inhibitor PD098059 to improve cell viability after prolonged
hypothermic stress could be useful for the storage of human organs destined for
transplantation. Others have studied vascular endothelial cells, such as primary human
umbilical vein endothelial cells (HUV), as a cell culture model for organ storage (Eber! er
al., 1996). The vascular endothelium forms the lining of blood vessels, directly contacts
the hypothermic storage solution and is the first site of damage in the organ when the
storage solution is removed by reperfusion. Biochemical studies should be performed in
HUYV cells to confirm Erk activation after recovery from hypothermic stress. It will be
important to ask whether HUV cells show morphology change, detachment from the
culture substratum and a loss of viability after prolonged hypothermic stress in our system
and whether PD098059 pretreatment shows a protective effect. In addition, others have
developed assays to quantitate the viability and function of HUV cells after hypothermic
storage such as prostaglandin release into the culture medium (Eberl ez al., 1996). Itcan be
asked whether PD098059 can improve the function of HUV cells after hypothermic stress
using these assays. Even if hypothermic Erk activation cannot be demonstrated in HUV
cells, a protective effect of PD098059 alone would have practical implications for organ
storage technology.

How PD(98059 pretreatment enhances survival of rat2, REC and MDCK cells after
prolonged hypothermia is not known. In other cell types, prolonged hypothermia is
thought to cause damage primarily by inhibiting the Na"-K* ATPase pump which in turn,
leads to a rise in cytosolic Na® levels and cell swelling (Belzer and Southard, 1988).
Intracellular acidosis is another important damaging effect of prolonged hypothermic stress.
The link between these cellular changes and Erk signaling is not understood. Preliminary
evidence from our lab has indicated that other factors are likely involved in the loss of cell
viability observed after prolonged hypothermic stress. For example, I observed once that
addition of EGTA to the medium could inhibit the morphological changes and detachment
of cells during recovery after prolonged hypothermic stress. It has been observed several
times that pretreatment of rat2 cells with LY294002, Wortmannin, or SB202190 can
modestly enhance cell viability after prolonged hypothermic stress. The presence of DMSO
vehicle control in the cell media also had a slight protective effect. These protective effects
were unexpected. LY294002 and Wortmannin are inhibitors of PI3K which normally
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gives rise to anti-cell death signaling. Inhibition of PI3K signaling would be predicted to
decrease cell viability. SB202190 is an inhibitor of p38HOG, a stress-related protein
kinase, which was not strongly activated during recovery after a 4 hour hypothermic stress
(Stang and Stone, unpublished data).

We also predicted that expression of dominant-negative Ras and Mek would
provide a protective effect. Dominant-negative Ras and Mek could be stably expressed at
moderate levels in rat2 cells and their expression did influence cell viability after prolonged
hypothermic stress. Overexpression of wildtype Ras also influenced cell viability after
hypothermic stress. However, the effects of dominant-negative Ras or Mek or wildtype
Ras overexpression were very inconsistent. Overexpression of N17 Ras and wildtype Ras
has been shown to both inhibit and exacerbate rat2 cell death after prolonged hypothermia,
depending on the experiment. Based on the protective effect of the PD098059 Mek
inhibitor, dominant-negative Mek was predicted to also protect cells from hypothermic cell
death. However, in one experiment overexpression of dominant-negative Mek rendered
rat2 cells more sensitive to hypothermic death. In sum, our understanding of cell death
after prolonged hypothermic stress is very limited. Due to the potential implications for
organ storage technology, I feel that it is worthwhile to clarify some of these protective
effects with careful studies. For example, it would be valuable to know if the protective
effect of PD098059 in rat2 cells can be improved by use in combination with either
LY294002 or SB202190. Other methods of optimizing protection such as varying the drug
concentration have not been explored.

Studies on hypothermic Ras-Erk signaling and organ preservation
techniques

The dependence on serum in the growth media suggests that hypothermic Ras
activation may be limited to tissue culture. We have shown that Erk does become activated
in hind limbs of neonatal rats that were rewarmed after hypothermic incubation. This
suggests that hypothermic activation of Ras-Erk signaling is conserved in animal tissues.
Preliminary studies with neonatal rats have also demonstrated modest Erk activation in
hypothermically stressed heart, liver and lung that were rewarmed. In spite of this
demonstration of Erk activation, I could not demonstrate an accumulation of Ras-GTP in
heart, liver, lung or brain of neotatal rats that had been incubated at 0°C for up to 3 hours
using the non-isotopic assay that involves the GST-Raf fusion protein (see Chapter 2 for
more details on this method). However, measuring Ras-GTP levels in whole tissues is not
straightforward and those experiments did not have a positive control to show that the
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protocol was sound. It remains unclear whether the observed Erk activation in animal
tissues stems from hypothermically activated Ras.

I propose that studies on hypothermic Ras-Erk signaling be performed in perfused
heart and liver of adult rats. Perfusion offers clear advantage in the precise control of
temperature and delivery of solution to almost every cell of the organ. The large number of
studies on hypothermic storage of perfused organs also provides a valuable scurce of
background information. A simple experiment is to ask whether Erk is activated in
perfused heart and liver that have been stored under hypothermic conditions and then
rewarmed. An important question is whether Ras-GTP accumulates in these hearts and
livers during hypothermic storage. In perfused organs, we can also test our current model
for hypothermic Ras activation by supplementing organ storage solutions with serum. The
function of perfused hearts after recovery from hypothermic storage can be tested by
measuring left ventricular minute work, an index of pumping efficiency (Ali er al., 1998).
[t should be asked directly if PD098059 preincubation can affect the function of perfused
hearts after hypothermic storage. In addition, drugs such as LY294002, Wortmannin or
SB202190 can be tested for protective effects on heart function. Even if biochemical
studies prove inconclusive, the identification of drugs such as kinase inhibitors that can

protect heart function after hypothermic storage would be important.

Summary of RasGRP function in rat2 cells

The studies within chapter 4 were aimed at the function of RasGRP, a newly
identified Ras GEF, in rat2 fibroblasts. RasGRP is interesting due to the presence of a
diacylglycerol- (DAG) binding domain and a pair of Ca**-binding EF hand motifs in the
primary structure. My work showed that RasGRP can activate Ras in response to
exogenously added phorbol ester (PMA), a DAG analog, and endogenously generated
DAG signals. I also showed that RasGRP can stimulate prolonged and strong activation of
Erk in response to exogenous and endogenous DAG signals. Lastly, I helped show that
RasGRP could cause a transformed-like cell morphology in response to treatment with
PMA. The observed responses to DAG signals depended on the DAG-binding domain of
RasGRP.

The role of Ca®™ in RasGRP regulation remains unclear. Another group has
documented a small level of Ras activation in response to Ca™ ionophore treatment of
RasGRP overexpressing COS cells (Kawasaki et al., 1998). However, I have failed to
show RasGRP-dependent activation of Ras-Erk signaling in response to Ca® ionophores
in rat2 cells. In addition, our lab found that point mutation of critical Ca**-binding residues
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in RasGRP gives rise to proteins that are unstable in rat2 cells (Stang and Stone,
unpublished data).

Based on work in rat2 cells from others within our lab, a model has been proposed
where DAG binds to the DAG-binding domain of RasGRP and promotes translocation of
RasGRP to the plasma membrane where it will be in proximity with Ras. Our studies on
RasGRP in rat fibroblasts may provide insight into the function of the endogenous protein
which is thought to be primarily expressed in hematopoietic and neuronal cells.

Future studies on RasGRP

RasGRP function in T-cells and neuronal cells

The major focus of future studies on RasGRP should be the biological function of
the endogenous protein. Expression of RasGRP protein has been detected in Jurkat cells, a
human T-cell leukemia derived cell line (Ebinu, Stang and Stone, unpublished data). In
addition, there is preliminary evidence suggesting that RasGRP activates Ras in Jurkat
cells. Radiolabeled GTP, when incubated in vitro with membrane fractions prepared from
activated Jurkat cells, readily associates with the endogenous Ras within the membrane
fractions. This nucleotide exchange activity is attributed to Ras GEF’s that are associated
with the membrane fraction. In this in vitro system, antibodies specific for the catalytic
domain of RasGRP can inhibit the association of labeled GTP by approximately 50%
suggesting that RasGRP is a major Ras GEF in activated Jurkat cells. Jurkat cells
overexpressing RasGRP are also hypersensitive to T-cell receptor stimulation as measured
by Erk activation and interleukin-2 secretion.

The function of RasGRP in neuronal cells is unexplored. By Northern analysis,
RasGRP transcripts were shown to be enriched in the cerebellum, cerebral cortex and
amygdala regions of rat brain (Kawasaki er al., 1998). By in situ hybridization studies,
RasGRP transcript was shown to be localized to regions of the rat hippocampus (Ebinu et
al., 1998). First, endogenous RasGRP protein expression needs to be characterized in
brain tissues and neuronal cultured cells. Immunofluoresence studies should also be
performed to document the localization of RasGRP within a neuronal cell.

As a first step in demonstrating Ras regulation by RasGRP in neuronal cells, I
propose studies in PC12 cells, a rat pheochromocytoma cell line that has retained many
neuronal properties (Shafer and Atchison, 1991). PC12 cells, under certain conditions,
can synthesize and secrete neurotransmitters such as acetylcholine, norepinephrine and
dopamine. PCI2 cells also express several neurotransmitter cell surface receptors such as
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nicotinic and muscarinic acetylcholine type receptors. Stimulation of PC12 with a variety
of agonists can lead to an accumulation of DAG and Ca* second messengers. For
example, stimulation of PC12 cells with moxonidine, an agonist for the Il-imidazoline
receptor, leads to an accumulation of DAG via a phosphatidylcholine specific
phospholipase C (Separovic et al., 1997). Treatment of PC12 cells with chemical agents
such as trimethyltin also leads to the accumulation of IP3, and likely DAG (Kane et al.,
1998).

By Northern blot analysis, RasGRP transcript was undetectable in PC12 cell total
RNA (Bottorff and Stone, unpublished data). By overexpression of RasGRP cDNA'’s in
PC12 cells, Ras regulation can essentially be studied in the presence or absence of RasGRP
protein. PCI12 cell lines expressing other genes expressed under the control of a
dexamethasone-inducible promoter have been successfully generated (Thomas et al.,
1992). Biochemical studies on the activation of Ras and downstream signaling can be
performed in PC12 cells that inducibly express wildtype RasGRP or the mutant RasGRP
protein lacking the DAG-binding domain. The mutant RasGRP proteins containing
substitutions in the Ca** binding domains can also be expressed in PC12 cells. Perhaps
these mutant proteins overexpressed in PC12 cells will be more stable than in rat2 cells.
DAG and Ca™ signals can be generated in these PC12 cell lines by the methods listed
above. Sustained activation of Ras-Erk signaling is also well understood to promote
differentiation of PC12 cells (Traverse et al., 1992, Marshall, 1995). As such, PCI12 cell
differentiation provides a potential neurological bioassay to study the regulation of Ras-Erk

signaling by RasGRP.

Long term goal: Knock-out studies on RasGRP

The mouse gene encoding RasGRP has been described (Bottorff et al., 1999).
This characterization has led to a strategy for engineering a homozygous disruption of the
RasGRP gene in mice (Dower and Stone, unpublished data). RasGRP “knock-out” mice
could potentially provide strong evidence for the biological role for RasGRP in mammalian
hematopoietic or neural development. Investigation of RasGRP homologs in C. elegans, a
model genetic organism, may also be fruitful. The ultimate goal is to study C. elegans
animals that have their RasGRP gene “knocked-out”. A C. elegans predicted open reading
frame (ORF), F25B3.3, shows homology to the sequences of RasGRP. The putative full-
length version of F25B3.3 is a candidate C. elegans RasGRP homolog. Green fluorescent
protein expressed under the control of the predicted transcriptional regulatory sequences of
F25B3.3 was observed predominantly in the nervous system of C. elegans (Urban, Stone,
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Pilgrim, unpublished data). As follows, the putative C. elegans RasGRP homolog may be
a neuronal regulator of Ras.

Knock-out strategies in C. elegans via homologous recombination have generally
not been successful. Currently, the best approach for isolating a C. elegans gene knock-
out animal is to locate the gene of interest on the C. elegans genetic map and then, based on
this position, identified candidate genetic loci. Further studies need to be performed to
localize the F25B3.3 ORF on the physical and genetic map of C. elegans. Strategies have
been developed that can effectively eliminate a transcript of choice by microinjection of
double-stranded RNA (dsRNA) molecules into adult C. elegans.(Fire et al., 1998) These
dsRNA molecules are to contain sequences that correspond to the targeted gene and are
thought to promote degredation of the endogenously produced mRNA (Montgomery et al.,
1998). This technique may be able to generate C. elegans animals that lack the transcript
encoding the putative RasGRP homolog and may provide a more accessible approach to

study knock-out C.elegans animals.

Summary of Ras activation by ceramide

Ceramide is a ubiquitous sphingolipid second messenger that can elicit a variety of
biological effects in mammalian cells. Previous studies in rat2 cells have shown that PI3K
activation in response to ceramide is inhibited by overexpression of dominant-negative N17
Ras suggesting an involvement of Ras in this signaling pathway. In chapter 5, [ showed
that ceramide can lead to a modest activation of Ras in rat2 cells. The mechanism whereby

ceramide leads to Ras activation has not been studied, however.

Future studies on Ras activation by ceramide

N17 Ras overexpression has been demonstrated to inhibit ceramide-induced
activation of JNK, p38HOG and apoptosis in Jurkat cells (Brenner e al., 1997, Basu er
al., 1998). This suggests that Ras activation by ceramide may be conserved in Jurkat cells.
Vav is a GEF for Rho family proteins that is expressed primarily in hematopoietic cells
(Adams et al., 1994, Han et al., 1998). However, Vav precipitated from Jurkat cells and
Vav prepared by in vitro translation can act as a GEF for Ras in vitro (Gulbins et al., 1993,
1994). Furthermore, the addition of ceramide increases the in vitro Ras GEF activity of
Vav. Thus, Vav may be a ceramide-dependent Ras GEF in Jurkat cells. Studies should be
performed to determine if ceramide can stimulate Ras activation in Jurkat and possibly,
other T-cell populations. In rat2 cells, the activation of Ras in response to cell-permeable
ceramide was modest compared to the levels of Ras activation typically observed from
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peptide growth factor stimulation. Ras activation in hematopoietic cells may be more
profound. A cell type showing higher amounts of ceramide-induced Ras activation would
be more ideal for studying the mechanism of ceramide signaling.
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Figure 6-1. Model for in vivo Ras activation in hypothermic cells. a. In resting cells at 37°C, the level
Ras-GTP is low because the rate of basal GTP hydrolysis exceeds the rate of basal nucleotide exchange.
The basal nucleotide exchange activity is catalysed by an unknown RasGEF-X that is serum dependent.
The factor in serum that stimulates basal nucleotide exchange is unknown. b. Under hypothermic
conditions (0°C), basal GTP hydrolysis is inhibited. Because the serum-dependent basal exchange activity
is temperature-independent, an imbalance ensues and Ras-GTP slowly accumulates. Serum factor X could
regulate RasGEF-X through a calcium independent mechanism (A). Alternatively, serum factor X could
stimulate a basal calcium signal through a plasma membrane channel (B). The low amplitude calcium
signal could regulate RasGEF-X directly or through RasGEF-X interacting proteins. Pathway A in this
schematic corresponds to scenarios 2 and 3 in the text. Pathway B corresponds to scenario 1 in text.
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