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ABSTRACT 

Ras is a low molecular weight guanyl nucleotide binding protein that altemates 

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 ce11 through the action of 

wanyl nucleotide exchange factors (GEF's) and GTPase activahng proteins (GAP's). z 

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. 1 investigated three novel forms of Ras 

regulütion and function. 

1 discovered that Ras becomes activated in rat2 fibroblasts exposed to hypothermic 

stress. Upon rewming of the cells, hypothermically-activated Ras stimulates downstream 

effector responses including the Raf-Mek-Erk protein kinase cascade. S tudies were 

performed iri vitro using purified Ras. Ras GEF's and Ras GAP's and in rat? cells to gain 

insight into the mechanism of hypothermic Ras activation. Hypotherrnic activation of Ras- 

Erk signüling was observed after moderate and severe hypothemic stress and was 

conserved in many cultured ce11 types. Cultured cells show DNA fragmentation, a marker 

for apoptosis, and a loss of viabilty upon recovery from prolonged hypothermic stress. 

Pharmacological inhibition of Mek attenuated DNA fragmentation and increased ce11 

viability after prolonged hypothermia. Previously, hypothermia has been shown to inhibit 

acute growth factor signaling to Erk. In this study, 1 also defined the point in the 

epidermai-growth factor signaiing pathway ihat was inhibited by low tempenture. 



Our Irib identified a novel Ras GEF, nmed RasGRP, from a rat brain cDNA 

library. RasGRP represents a new class of m m a l i a n  Ras GEF due to the presence of a 

diacylglycerol- @AG) binding domain and a pair of calcium-binding EF-hand motifs. 1 

showed here that RasGRP cm activate Ras and sipaling events downstrearn of Ras in 

response to exogenous and endogenous DAG sipals 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 Cî-ceramide. Here. 1 demonstrated thüt C?-ceramide cm modestly activate Ras 

in rat3 cells. 
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Chapter 1 - General introduction to Ras signaling 



Ras is a low molecular weight ganyl-nucleotide binding protein that altemates 

between GDP-bound-"off' and GTP-bound-"on" conformations. A variety of extracellular 

stimuli aiter 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 downsueam biochemical responses 

that ultimately regulate ce11 biology. As such, Ras functions as a cellular signaling switch. 

This introduction will review the biochemistry, regulation and downstream signaling 

tùnction of Ras in mammdian 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 stnins of retrovirus that caused tumor formation when injected 

into newbom mice (Harvey, 1964, Kinten and Mayer. 1967). These strains. which 

spontaneously arose in rats or mice injected with mutine leukemia virus, c h e d  transduced 

versions of the rat or rnouse celiula. Ras gene. respectively, that were activated by point 

mutation (Ellis et al., 198 1, Capon et al.. 1983a). The involvement of Ras in human 

cancer became apparent when activated Rus genes were found in human tumor tissues 

(Parada et al.. 1987. Reddy et al.. 1982. Santos et al., 1982, Tabin et al., 1982, Capon et 

al.. 1983b. Shimizu er al., 1983. Taparowsky et al., 1983. Yuasci et al.. 1983). We now 

know that Ras mutations are present in 30% of dl human tumon (Khosravi-Far and Der. 

1994, Bos. 1989). The frequency of Ras mutation varies between turnor types and some 

human cancers show a very high incidence of Ras mutation (Table 1-1). For example. 

greater than 80% of pancreatic adenocarcinornas contain a muiated Ras gene. 

The activated Ras proteins encoded by the retroviral oncogenes and the oncogenes 

derived from human turnors are mutated at sirnilar residues. Activation of Ras in the viral 

oncogenes is due to mutation at residue glycine-12 (Taparowsky et al.. 1983). Oncogenic 

Ras proteins from homan tumors are predominantly mutated at residues -12 and glutamine- 

61 (Reddy et al., 1982, Taparowsky et al., 1983. Tabin et al., 1982, Bos, 1989). We now 

understand that mutation at position 13 or 61 gives nse to Ras proteins that fail to be 

inactivated by GTPase activating proteins (GAP'S) (Gibbs et al., 1984, Sweet a al.. 1984, 

Der et al., 1986, Trahey and McCormick, 1987, Acltin et al., 1988, Krengel et al. 1990, 

Scheffzek et al., 1997). Thus, oncogenic Ras proteins are constitutiwly active and are 

chronically stimulating downstrearn signaling pathways. Detailed molecular understanding 

of these mutations has k e n  obtained from structural studies. 



Oncogenic Ras genes, when overexpressed in certain cultured rodent fibroblast ce1 

lines, produce a neoplastic transformed phenotype that is charactenzed by a Ioss of growth 

regulation (Ellis el ai, 198 1 ) .  For exarnple, growth of Ras transfonned cells is not 

inhibited by contact with neighborinp cells in a confluent monolayer. Because of this lack 
of contact inhibition, a Ras transformed fibroblast will continue to grow and f o m  a 

distinct, dense and raised lump of dividing cells, known as a focus. Each focus, in theory, 

originated from one transforrned cell. Ras transformed cells also lack the requirement for 

anchorage to the culture substratum for growth and show a distinctive change in ce11 shqe  

(Seeburg et al.. 1984. Der er al., 1986, Kitayama et al., 1989). Cellular transformation 

represents a ce11 culture model of tumoripenesis and provides a convenient bioassay for Ras 

function in rnammalian cells. 

Ras genes 

The pz1 Ras protein is highly conserved and ubiquitously expressed. In humans 

and rodents, Ras proteins are encoded by 3 genes, H-Ras. N-Rus and K-Ras. each located 

on different chromosomes (Lowy and Willumsen, 1993). fi- and K-Ras are the cellular 

homologues of the Ras oncogenes found in the Harvey and Kirsten iransforming 

retroviruses, respectively (Capon et al., 1983a, 1983b, Shimizu et al., 1983). N-Rus is the 

cellular homologue of the Ras oncogene found in the SK-N-SH human neuroblastoma ce11 

line (Taparowsky et al., 1983). Al1 mammdian Ras proteins are encoded by 4 exons and 

the exon boundaries within the Ras primiuy structure are identical between al1 mammaiian 

Ras proteins. As such. the 3 Ras genes appear to have aisen by g n e  duplication during 

evolution. The introns, however. differ widely in size and sequence (Lowy and 

Willumsen, 1993). In addition, 2 K-Ras isoforms (K-RUSA and K-Ras@ are produced by 

use of altemate 4th exons (Capon a al., 1983a, McGnth et al., 1983). Thus, 4 Ras 

proteins of 189 amino acids are encoded in mamals (except for K-RasB which contins 

188 amino acids). Tissue specific differences in expression between the 3 Ras genes cm 

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 _eut 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 ce11 type. 

A cornparison of the amino acid sequences of marnmalian Ras proteins has led to 

the definition of 4 domains in Ras (Figure 1-la) (Barbacid, 1987, Lowy and Willumsen, 

1993). The N-terminal third of the protein (residues 1-85) comprises a region of very high 

conservation. For exarnple, the amino acid sequences of the N-terminal domain are 



identical between al1 human and rodent Ras proteins. Residues 86-166 define the second 

domain where the sequences diverge slightly from one another (79% identicai between 

human Ras proteins). The remaining C-terminal sequences of Ras (167-185) are highly 

variable except for the last 4 amino acids ( C M )  which signal for critical post- 

translational modifications (described in detail below). 

Besides mammals, Ras genes have been cloned frorn chicken, insects (Drosophila), 

worms (C. elegans), mollusks (Aplysin), frogs (Xenopus), molds (Dicostelli~un and 

Newospora) 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 al1 these Ras genes. Stnkingly, there is at 

lest 84% homology within the N-terminal domain between the mammalian and 

invertebrate Ras proteins (Barbacid, 1987). 

The function of Ras has been genenlly conserved in evolution. For exmple, many 

chancteiistics are shared between the Ras proteins of S. cerevisiae. S. pombe and 

mammds (Barbacid, 1987). Al1 yeast and marnmalian Ras proteins cycle between GTP- 
and GDP- bound confomations and are regulated by 2 classes of regdatory proteins, 

guanyl nucleotide exchange factors (GEF's) and GAP'S. Furthemore. 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 m m d i a n  Ras gene rescued growth of a S. cerevisiae 

strain that contained a non-viable Ras mutation ( DeFeo-Jones et al., 1985, Kataoka et al., 

1985). On the other hand, chimeric Ras proteins cornpnsed of yeast and marnrnalian Ras 

sequences were able to elicit a typicai transformed phenotype when overexpressed in 

mouse fibroblasts @eFeo-Jones et al., 1985). However, the primary effector for the Ras3 

protein of S. cerevisiue is rdenylate cyclase which is not an effector for the S. pombe Ras 

protein or any marnmaiian Ras protein (Barbacid, 1987). Thus, not dl aspects of Ras 

function are conserved between mamrnalian and yeast Ras proteins. 

Characteristics of Ras as a G-protein 

Ras is a member of the G-protein superfamily of signaling molecules. Al1 G- 

proteins function as molecular switches by cycling between GDP-bound-"off' and GTP- 
''on" confomations. In general, G-proteins bind guanyl nucleotides with high afinity 

(Goody et al., 199 1). For example, the association constant of Ras for GDP or GTP has 

been measured to be 10" - 10" M' at 4°C (Neai ilet al., 1988, John et al., 1990, Goody et 



ai., 1991). This ensures that Ras is saturated with GDP or G W  at the cellular 

concentrations of nucleotide (approximately 1 0-5 M) (Boume et al., 199 1 ). Also. al 1 G- 

proteins possess intnnsic GTPûse activity. 

In resting marnmalian cells, Ras is primarily GDP-bound (Gibbs et 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 IO-fold greater than GDP 

in the cell, the product of reassociation is primarily Ras-GTP (Boume et aL, 199 1, 

Boricick-Sjodin et al., 1998). The sum of guanyl nucleotide dissociation followed by 

reassociation constitutes nucleotide exchange. AI1 G-proteins become GTP-bound through 

this generai GDP dissociation-GTP reassociation mechanism (Bourne et al., 1991). 

Through the intrinsic GTPase activity of Ras, the bound GTP is hydrolysed to form GDP, 
which rernains complexed with R3s. and inorganic phosphate (P,), which is released. 

For G-proteins in jenerai. 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 

descri bed 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 

c m  be divided into 3 major families: protein translation regulatory factors, heterotrimenc 

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 ail eukaryotes and prokaryotes. 
The best studied rnember of this family is EF-Tu from Eschericia coii which functions in a 

translation proof-reading mechanism (Bourne et ai., 1990, Pape, 1998). Other examples 

of this family are the prokaryotic EF-G which regulates ribosome translocation, prokwyotic 

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 (Boume et al., 1990, Pain, 1996). 

The second major G-protein farnily consists of the heterotrimeric G-proteins that are 

ubiquitous in eukaryotes. Heterotrimeric G-proteins are compnsed of an subunit which 

binds GDP or GTP and an associated Dy dimer (Neer, 1995). Heterotri.meric G-proteins 



relay signals from G-protein coupled receptors (GPCR) üt the plasma membrane to 

intracellular biochernicd responses. The mammdian hetemtrimeric G-protein family is 

immense, containing at lest 17 a, 5 P and 12 y members (Dhanasekaran et al., 1998). 

Furthemore, GPCR's are the largest group of ce11 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 al1 between 20-35 kDa. cm be funher divided into 5 sub-farnilies 

based on pnmary structure: Ras, Rho. Rab. Arf and Ran (Kahn et al., 1992). 

Within the Ras family, there are the hue 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. 

Rapl A, TC31 and R-Ras are 3 examples of close Ras relatives. The amino acid sequences 

of RaplA, TC21 and R-Ras are al1 between 5345% identical to H-Ras (Campbell et al., 

1998). In addition, the "switch 1" regions of RaplA. TC21, R-Ras and the tnie Ras 

p,*oteins are identical. The switch 1 region interacts with, and signais to, downstream 

molecules (see section discussing Ras structure below). The identity in the switch 1 region 

suggests that true Ras proteins, Rap 1 A, TC21 and R-Ras could interact with sirnilar 

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 activûted Ras 

protein (Kitayama et al., 1989, Cook et al.. 1993). Others have found that xtivated foms 

of TC? 1 and R-Ras bind, but do not activate Raf, a well chmcterized effector of true Ras- 

proteins (Graham et al.. 1996, Huff et cil., 1997). The in vivo sigaling 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 Ieast 14 rnammalian memben, of 

which the most widely studied are Rac 1, RhoA and Cdc42 (Zohn et al., 1998). Rho 

proteins m 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 tum 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 severai times in Our discussion of Ras regulation and 

downstream signaling functions. 

The marnmalian family of Rab proteins is currently known to contain at lest 30 

members (Simons and Zerial, 1993, von Mollard et al., 1994). AU Rab proteins are 



thought to be involved in membrane vesicle trafficking in the cell. Genetic and biochernical 

evidence has demonstrated that Rab proteins are essential for ail 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 et al., 1993). Originally, Arf was identified as a protein 

factor necessary for the ADP ribosylation of Gs, a heterotrirneric G-protein u subunit 

(Kahn and Gilman, 1984). At least 6 mammalian Arf members have been identihed (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. Nz vitro studies using Xenopus egg 

extracts were presented which directly implicated Ran in microtubule spindle formation 

(Ohbü et al., 1999, Wilde and Zheng, 1999). 

Pro karyotic and eukaryotic cells have evolved to ernploy G-proteins as molecular 

switches in a variety of contexts to regulate a wide range of processes. Ras remains one of 

the best charactenzed G-proteins, genetically and biochernically. In addition. the strong 

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

3-D Structure of Ras 

3-D strtictunl andysis of Ras has ied 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 et al., 1990). In both structures, Ras is a globular protein consisting of six P 
sheet strands connected by hydrophilic loops and a helices (Figure 1-4). The generd 3-D 
structure of G-proteins is consewed. For example, the overdl u@ topologies in the 

structures of Ras and EF-Tu are ülmost identical despite the fact that the primary sequences 

are only 30% identical (Bourne et al., 199 1). 

3 loop regions of Ras are especially important for Ras function. Loop 1, which 

comprises residues 10-17 of Ras (as defined in Milbum et al., 1990), is critical for 

nucleotide binding. The backbone chah of severai residues within this region plus the 

sidechain of lysine-16 fom hydrogen bonds with the a and phosphates of bound GDP 



or GTP. Loop 1 contûins the ,,GAGGVGKS,, (one-letter arnino acid code) sequence that 

represents the GX,GK(S/T) motif found in many nucleotide triphosphate utilizing enzymes 

(Bourne et al., 199 1). 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 forrn 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-13, the residue frequenily mutated in activated Ras proteins. Glycine- 

12, however. does not contact the bound nucleotide and the functionai 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 37-37) 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 

highhly flexible and important for Ras to act ris a molecular switch. Ely comparing the 

structures of Ras-GDP and Ras-GTP. 2 "switch" regions that change conformation were 

defined (Figure 1-4) (Milburn et ai., 1990, Pai et al.. 1990). Loop 2 comprises n large 

portion of switch 1 (residues 32-38) and loop 4 comprises a portion of switch 2 (60-76). 

These conformntional changes are caused by 2 sets of interactions between the y phosphate 

of GTP and Ras. The backbone of threonine-35 in the switch I region directiy forms 

hydrogen bonds wi th the y phosphate of GTP and the associated M~'' 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- ruid 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 swi tc h 2 region. Ras-binding proteins that 

recognize on1 y GTP-bound conformation rel y on the conformational changes in the switc h 

1 and switçh 2 regions (Nassar et al., 1995, Druggan et 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 cornes in close 

contact with the y phosphate of GTP (Pai et ai., 1990, Prive er al.. 1991). The carbamoyl 

oxygen of glutamine-6 1 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 ai., 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 et al., 1989, 1991, Fujiyama and 

Tanianoi, 1990). The signal for modification is the CAAX motif (cysteine- 186 followed 

by 3 diphatic residues followed by residue X, serine in the case of Ras) which comprises 

the 1 s t  4 C-terminal residues of al1 Ras proteins. The modification occurs through sevenl 

steps which each increase the hydrophobicity of Ras. First. the isoprenoid 15 carbon 

famesyl group is attached to c ysteine- 186. Residues 187- 1 89 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 famesylation step blocks dl further processing and disrupts 

membrane Iocdization and function of Ras. Inhibition of Ras modification has been 

achieved through mutation of cysteine- 186, interfering with isoprenoid lipid synthesis, and 

by dnigs specifically targeting the famesyl transfense (Jackson et al. 1990, Khol et al., 

1993. James et al., 1993. Schafer et al., 1989). Farnesyl transferase inhibitors have been 

proposed to be a possible anti-cancer strategy (Travis, 1993, Cox and Der, 1997). In cell 

culture, famesyl transferase inhibitors c m  reverse the morphological changes and inhibit 

the anchorage- (attachment) independent growth of Ras transfomed cells (lames et al., 

1993. Khol er al.. 1993). Farnesyl tnnsfense inhibitors have dso been shown to 

dramatically reduce the sizes of tumors in mice injected with Ras transfomed fibroblasts 

and tnnsgenic mice canying an activated Ras gene (Kohl et al.. 1994, 1995). 

3 distinct classes of marnmalian 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 1-1 b). One farnily is comprised of SOS1 and SOS2 which 

function similarly and are widely expressed (Bowtell n al., 1992). The second f ' l y  is 

cornprised of RasGRFl and G E 1  which resemble the yeast CDC25 Ras GEF in domain 

structure (Shou et al., 1991, Fam et al., 1997). Both GRFl and GRF? appear to be 

expressed exclusively in brain. The third farnily contains only one member, RasGRP, 

which appears to be enriched in b r in  and in hematopoietic cells (Ebinu et al., 1998. 

Kawasaki et al., 1998, Tognon er al., 1998). As descnbed 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. AU members of the SOS, GRF and GRP families 

c q  the conserved Ras GEF catalytic domain. 



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 

vNro, the spontaneous dissociatior, rate is approximately 10" moles of nucleotide 

dissociating per second per mole of complex (John et 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 GEFTs. In vitro, Ras GEF's 

can stimulate nucleotide exchange by up to 5 orders of magnitude (knzen et a[., 1998). 

The molecular mechanism of Ras GEF action was revealed from the crystal 

structure of Ras in complex with the catalytic domain of SOS 1 (Boriack-Sjodin et al., 

1998). GEF's promote nucleotide exchange by binding to Ras-GDP. making nucleotide 

binding unfavonble and increasing the rate of GDP dissociation. GEF's do this through 

several rnechanisms. A heliccil hairpin region of SOS inserts into Ras and displaces loop 1 

of Ras that normally secures the nucleotide. In addition, residues leucine-938 and 

_olutarnine-942 of SOS form interactions with Ras close to the nucleotide binding pocket 

which blocks the sites where the a-phosphate and associated Mg2+ 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 

lysine46 in loop 2 of Ras. This interaction further disrupts binding between Ras and the 

phosphate moieties of GDP and associated Mg" ion. Afier 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 NL7 dominant-negative allele of Ras has an abnortnally low affinity for GTP 
(Feig and Cooper, 1988). It is thought that SOS binds to NL7 Ras, stimulates GDP 
dissociation and forms a stable complex with N17 Ras. In contrast to the situation with 

wildtype Ras, GTP fails to rebind N 17 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 (Famsworth 

and Feig, 199 1). N17 Ras, when overexpressed in cells, is thought to complex with and 

inactivate al1 Ras GEF's thereby depnving endogenous Ras of positive regulatory proteins. 

In this way, N17 Ras acts as a dominant-negative protein for the Ras signaling pathway. 



Regulation of SOS proteins 

SOS proteins cm be divided into 3 regions: an N-terminal region that contains a 

Dbl homology and a Pleckstrin homology (PH) domain, the GEF catrilytic region and a C- 

terminal domain that contains the poly-proline sequences that interact with the adapter 

protein Grb3 (Figure 1-lb). 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 

farnily GTPases (Lemmon et al., 1996, Toker and Cantley, 1997, Zohn et al., 1998). 

The regulation of SOS 1 by peptide growth factors in marnrnalian 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. Epidemal growth factor 

(EGF) binds io the EGF receptor tyrosine kinase (RTK) on the ceIl surface and induces 

EGF RTK dirnerization. Following, the EGF RTK's auto-trans-phosphorylate on a 

number of tyrosine residues in the intracellular domain (Cohen et al., 1982. Downward et 

al., 1984, Chen et al., 1987. Bertics et 01.. 1988). Activation and tyrosine phosphorylation 

of the RTK leads to membrane recniitment of SOS through several mechanisms. 

SOS is constitutively bound to the adapter protein Grbl 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- l b) (Buday and Downward. 1993, Chardin et al., 1993, Egan et al., 1993). 

Grbî also contains a SH2 phosphotyrosine binding motif that directly intencts with 

phosphorylated residues on the EGF RTK. Thus, a complex of RTK-Grb2-SOS is formed 

in response to EGF tremment of cells. The formation of this cornplex 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 potein- 

tyrosine-binding motif) which can intenct with the phosphotyrosine residues on the RTK's 

after growth factor stimulation (Pelicci et al., 1992, Rozakis-Adcock a 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 phosphory lated S hc 

proteins, in turn, provide sites for attachrnent of the Grb2-SOS complex (Pelicci et al., 

1992, Ruff-Jarnison 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., L 993, Ruff-Jarnison et al., 1993, 

Obermeier et al., 1994, Pronk et al., 1994, Yokote et al., 1994,). In many circumstances, 

complexes consisting of RTK-Shc-Grb2SOS likely form sirnultaneously with RTK-Grb2- 



SOS complexes. Shc-containing complexes could also perform Ras-independent signaling 

functions. For exarnple, the Drosophila Shc homologue shares 46% amino acid similarity 

with the mammalian Shc proteins (Bonfini et al., 1996). However, Drosophila Shc does 

not intenct with the Drosoplziia Grbl homologue in vivo or in vitro and therefore, likely 

does not regulate Ras. At Ieast in Drosopliila, Shc proteins appear to perform Ras- 

independent signaling functions downstream of RTK's. 

Several other rnechanisms cm recruit the Grb2-SOS complex to the plasma 

membrane. For example, the fibroblast growth factor (FGF) RTK itself does not bind 

Grb3 (Figure 1-5c). Upon FGF stimulation, the FGF RTK instead phosphorylates FRSZ, 

a docking protein that is constitutively membrane bound due to a myristate modification 

(Kouhara et al.. 1997). Tyrosine phosphorylated residues on FRS? then provide sites for 

binding of the Grb3-SOS cornplex. The Grb2-SOS machinery can also be utilized by non- 

RTK signaiing systems such as integrins to link cell contacts to Ras activation (Figure 1- 

5d). For example, the attachrnent of cells to the extracellular matrix (ECM) Ieds 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, autophosphoryiates on tyrosine residues to produce binding sites for 

Grbl-SOS complexes (Schlaepfer er ui., 1994). 

The primary mode of SOS regdation appexs to be membrane recmitrnent which 

brings GEF activity into proxirnity with Ras. Accordingly, SOS c m  be constitutively 

targeted to the plasma membrane by aitachment of the CAAX modification signal of H-Ras 

(Aronheim et al., 1994). Overexpression of this construct in mouse fibroblasts leads to 

activation of Ras signding and cellular transformation. However, the regulation of SOS is 

likely more complex than simple membrane recmi tment. One study reported that deletion 

of either the N- or C-terminal non-catalytic sequences produces activated SOS proteins 

suggesting that non-catalytic sequences c m  regulate GEF activity via intrmolecular 

mechanisms (Corbalan-Garcia et al., 1998). A conflicting study found that deletion of the 

N-terminal region produced a dominant-inhibitory SOS protein (Karlovich et ai., 1995). In 

addition, mutation of cntical residues in the Dbl-homology or PH domain impaired the 

ability of a membrane targeted SOS protein to transform mouse fibroblasts (Qian et al., 

1998). One study also found that phosphatidylinositol-4-5-bis-phosphate (HP2) 
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. 



Regulation of RasGRF proteins 

RasGRFl and RasGRF2 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. tndeed. interactions 

between Calmodulin and both GRF proteins have been demonstrated in response to ~ a "  

signals in vivo (Famsworth et al. 1995, Fam et al., 1997). Furthemore, 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 ~a'+-independent 

mechanisms to regulate GRF's. It has been shown that GRFl 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. GRFl and 

GRF:! 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 

coordinatel y regulate Ras and Rho farni l y proteins. 

4 families of mammalian Ras GAP's 

In rnarnmals. 4 distinct classes of Ras GAP'S are currently known: plZOGAP, 

N F  1, the members of the GAP1 family, and SynGAP. As descnbed below, these proteins 

may negatively regulate Ras in response to protein phosphorylation and lipid, inositol and 

Ca" second messengers. In addition, these proieins may provide ünother link brtween Ras 

and the regulation of Rho family proteins. 

Mechanism of Ras GAP's 

The intnnsic rate of GTP hydrolysis by Ras is low. For example, the hdf life of 

Ras-GTP in vitro is estimated to be approximately 2 hours at 25OC (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 k e n  shown to accelerate GTP 

hydrolysis by up to 5 orders of magnitude (Gideon et ai., 1992). 



The crystiil structure of Ras in complex with the catalytic domain of pl2OGAP 

(referred to here as the Ras-GAP complex) has provided much insight into the mechanism 

by which GAP's stimulate GTP hydrolysis (Scheffzek et al., 1997). As discussed earlier, 

intnnsic hydrolysis involves the activation of a water molecule by residue glutmiine-61 of 

Ras followed by nucleophilic anack on the gamma phosphate of GTP (Figure 1 4 )  (Pai et 

ai., 1990, Prive et al. 1992). During the reaction, a partial negative charge develops in the 

active site. From the structure of the Ras-GAP cornplex, 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. afso stabilizes the entire loop 4 region of Ras around residue 

glutamine-61 which is nomally quite flexible (Milbum et al. 1990). This stabilizing effect 

helps to properly orient glutamine-6 1 in the hydrolysis transition state. 

Ras proteins with substitutions üt glycine42 are insensitive to GAP regulation 

(Adari et al., 1988, Trahey and McCormick. 1988). In the structure of the Ras-GAP 

complex, the Cu atom of giycine-12 panicipates in van der Waals contacts with the main 

chain carbonyl moiety of arginine-789. Even subtle substitutions such as glycine42 to 

alanine are thought to produce unfavorable steric clashes with arginine-789 that wouId in 

tum, lead to steric clashes with the sidechain of Ras residue glutamine-6 1. In this way, 

mutation of glycine- 12 penurbs the key catalytic interaction between arginine-789 of GAP 

and glutamine-6 1 of Ras. 

pl2OCAP 

p12OGA.P was the first Ras GAP to be discovered and is the best characterized Ras 

GAP (Trahey et al., 1988, 1988, Vogel et al., 1988). Human pl20GAP is a widely 

expressed 1047 amino acid protein that contains sevenl distinct domains (Figure Mc).  

The N-terminal region contains one SH3 domiiin flanked by 2 SH2 domains. The rniddle 

third of pl20GAP contains a PH domain and a region similar to the C2 phospholipid- 

dependent ~ a - b i n d i n g  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 p LZOGAP activity 

can be regulated in response to cellular signding. In support of an allosteric regulatory 

mechanism, deletion of the N-terminal nontatalytic sequences of p l20GAP gives nse to a 

mutant protein with decreased Ras binding and GAP activity in vitro (Gideon et al., 1992). 



One study has also demonstrated translocation of pl20GAP to a membrane-e~ched 

particulate fraction in cells treated with ca2' ionophoïe (Gawler et al., 1995). This 

translocation depended on the C2 domain of p l20GAP. Thus, p IZOGAP may translocate 

to the plasma membrane in response to intracellular Ca2+ sigals via its C2 domain. 

The S H 2  domains of pl2OGAP have ken  extensively demonstrated to interact with 

ii number of tyrosine phosphorylated proteins. For example, upon treatment of canine 

kidney epitheliai cells with PDGF, full-length pl20GAP or the isolated S H 2  domains of 

p120GAP bind to the PDGF RTK (Cooper and Kashishian. 1993). These in vivo 

interactions are ablated by mutation of tyrosine-77 1 in the intracellular domain of the PDGF 

Rn<. In EGF-stimulated rat2 fibroblasts, p 12OGAP has also been shown to form distinct 

complexes with tyrosine phosphorylated p6Odok. a protein of unknown function, and 

tyrosine phosphorylated p190. a GAP that negatively regulates Rho family proteins (Monn 

et cil., 199 1. Settleman et al.. 1992. Carpino er (11.. 1997. Yamanashi and Baltimore, 

1997). The p 120GAP-p 190 complex appears predominantly cytosolic and it has been 

shown that the catalytic activity of pl20GAP in complex with pl90 is lower than that of 

monomeric p l20GAP (Moran et al.. 199 1). In addition. p l20GAP itself is also tyrosine 

phosphorylated by a variety of protein kinases such as the EGF RTK (Ellis et al., 1990, 

Liu and Pawson, 199 1). Thus. the prirnary structure and existin; biochemical data suggest 

the regulation of pL30GAP by inu;imolecular interactions, protein-protein interactions 

through phosphotyrosine binding motifs, membrane translocation, and interactions with 

Ca2+ ions. p120GAP is ais0 thought to be involved in signaling biochemical changes 

downstream of Ras (i.e. act as a Ras effector). The possible role of pL2OGAP in 

downsuetim signaling is discussed in a later section. 

NF1 is the product of the gene mutated in von Recklinghausen disease also known 

as neurofibromatosis type4 (Ballester, 1990, Xu et al., 1990a). The encoded protein is 

220 kDa and the Ras GAP catalytic domain is located in the middle of the protein (Figure 1- 

Id). Due to extensive homology in large regions flanking the cataiytic domain, NF1 is 

classified as the mamrnalian homologue of the yeast Ras GAP'S, in1 and ira2 NF1 is 

expressed in most m m a l i a n  cell types but appears enriched in brain, white blood cells, 

spleen and skeletal muscle (Wallace et al., 1990). The GAP catdytic 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 ai., 1990b). However, the GAP catalytic sequences only comprise one eighth 

of the protein and the function of the remaining sequences is unknown. 



Our understanding of the biologicd function of NF1 has been largely gleaned frorn 

analysis of the neurofibromatosis condition. Primary symptoms of the disease are benign 

and malignant tumors in multiple tissues denved from the neural crest such as 

neurofibromas and Schwannomas (Riccardi, 1981). The pnetic basis behind 

neurofibromatosis appears to be the inheritance of a disrupied NF1 allele followed by 

somatic mutation of the remaining allele (Viskochil et al., 1990, Wallace et al., 1990). 

Thus, NF1 is classified as a tumor suppressor and indeed, loss of heterozygosity has ken 
observed to proceed the formation of fibrosarcomas and other lesions (Sem er of., 1997). 

Accordingly, analysis of Schwannoma ceIl lines derived from neurofibromatosis type4 

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 p l20GAP is clearly expressed. These findings suggest that: 1) 

NF 1 is the major Ras negative regulator in these neural crest derived-cells, 2) p 120GAP in 

these cells is inactivated, and 3) loss of NF1 Ras GAP function and the consequent nse in 
Ras-GTP levels comprise the molecular mechanism behind neurofibromatosis. In support 

of the latter conclusion, anchorage-independent growth of the 88- 14 NF 1 -tumor derived 

ce11 line is inhibited by overexpression of the p l?OGAP catalytic domain @eClue et al., 

1997). Mitotic division of 88-14 cells was also inhibited by microinjection of Y 13-259 Ras 

monoclonal antibody which blocks signaling to downstream molecules (Basu et al.. 1992). 

GAP1 

GAPl proteins are a recently identified family of Ras GAP's that may be a 

physiological receptor of IP4. the orphan second messenger produced by phosphorylation 

of IP3 (Irvine et aL, 1986). There are 2 members of the mammdian GAPl family: 

GAPlm and GAPl(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 7 C2 Ca2+-binding motifs in tandem that are similar to the C2 

regions of pl20 GAP and PKC proteins. The GAP catdytic domain is located in the 

middle of the protein and a PH domain is found in the C-terminal region. Both GAPl 

proteins are widely expressed but appear particularly eruiched in brain, skeletal muscle, 

spleen and peripherd blood leukocytes (Lockyer er al. 1999a). 

In vitro, both GAP 1 m and GAP 1 (IP4BP) bind P.+ and act as GAP's for Ras 

(Maekawa et al., 1994, Cullen et al., 1995, Fukada and Mikoshiba, 1996, Bottomley et 

al., 1998). GAPl proteins have also k e n  shown to hinction as Ras GAP's in vivo. For 

exmple, expression of mammalian GAPlm can rescue growth of a temperature-sensitive 



ira2 yeast mutant (Maekawa et al., 1994). There is also direct evidence that GAP1 proteins 

are regulated by inositol second messengers. Ras GAP activity of GAPl(IP4BP) in vitro 

is inhibited upon addition of liposomes with a lipid content mimicking the inner leafiet of 

the plasma membrane (Cullen er al., 1995). This activity is then restored by the addition of 

IP, to the reaction. GAP1 proteins may be regulated by additional mechanisms. For 

exarnple, GAPlrn was observed to translocate frorn the cytosol to plasma membrane within 

1 minute of EGF stimulation in PC12 (rat pheochromocytoma) cells (Lockyer et al., 

1999b). GAPl(IP4BP) on the other hand, is found constitutively at the plasma membrane 

in ni leukemia and COS-7 (monkey kidney) cells (Lockyer et al., 1997. 1999a). A ment 

report has also shown that GAPlm intencted with a-12. an a subunit from the 

heterotrimeric G-protein farnily in viiro and in COS-7 cells (Jiang et al.. 1998). 

Furthemore, this interaction stimulated in vitro Ras GAP activity . Thus. GAP 1 proteins 

may negatively regulate Ras in response to inositol phosphate second rnessengers and 

heterotrimeric-G proteins. 

SynGAP 

SynGAP was recently isolated in a search for proteins that hteracted with the post 

synaptic density (PSD), a large cytoskeletal complex found on the cytoplasmic face of post 

synaptic membranes in the brin (Kim et al.. 1998). Rat SynGAP is a 1293 amino acid 

protein with a 135 kDa predicted molecular weight (Figure Mc). The N-terminal region of 

SynGAP contains a PH and a C2 domain. The GAP catrilytic domain is situated in the 

middle of the primary structure and the C-terminal region contains a proline-rich region and 

the QTRV sequence. QTRV conforms to the (S/T)XV consensus motif which is involved 

in protein-protein interactions with PD2 domains. Several proteins that contain PDZ 
domains are ennched in the PSD (Gomperts, 1996). 

SynGAP expression is ptimarily 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 jonctions. SynGAP 
protein has been localized to excitatory synapses in dissociated hippocampal neurons by 

immunofluorescence (Kim et al., 1998). A recombinant protein consisting of the catalytic 

domain of SynGAP fused to the glutathione S-tnnsferase (GST) tag demonstrated in vitro 

Ras GAP activity (Kim et 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 et al., 1998). One in vitro study has suggested that SynGAP is 

phosphorylated by calmodulin-dependent kinase II (CaM kinase II), a serine/threonine 



protein kinase that is enriched in the PSD (Chen er al.. 1998). It was also shown that pre- 

incubation of isolated PSD's in a buffer containing ~ a "  and ATP, a treatment that activates 

CaM kinase II, inhibited the PSD-associated in vitro Ras GAP activity by 80-9096. 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. Sevenl 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 prelirninary evidence suggest that Ras GAP's are regulated by a variety of 

intracellular signals. Thus, Ras again appears to be a convergence point for upstrearn 

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 (Le. 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 rnammalian cells, there have been 2 

reports to suggest such a mechanism. Peripherai blood lymphoblasts treated with phorbol 

ester, a diacyglycerol analog, and neutrophils stimulated with FMLP, a chernotactic signal, 

show decreased total cellular GAP activity that correlates with Ras activation (Downward et 

al., 1990, Zheng a al., 1997). However, in M3T3 mouse fibroblasts or PC 12 cells. 

stimulütion 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 claîfied. 

Ras effector proteins 

Signais are propagated from Ras to downstream biochernical and biological 

responses by Ras effector molecules. The fundamental characteristic of al1 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). Furthemore, geneticists have isolated a 



large number : 

function (Wiil 

et al., 1997). 

mutations in switch 1 that disrupt interaction with effectors and impair Ras 

umsen et al., 1986, White et al., 1995, Rodriguez-Viciana et al., 1997, S tang 

There is also evidence that the switch 2 region is involved in effector 

interactions and signaling downstream of Ras (Nur-E-Kamai et al., 1992, Moodie et al., 

1995, Dniggan et al., 1996) 

A number of Ras effector proteins are now understood to be important in producing 

the biochernical responses downstream of Ras. Thus, Ras is a point of divergence for 

downstream signaling . We wi 11 discuss 3 Ras effectors that are particularly well 

understood: the protein kinase Raf, phosphatidy linositol-3 kinase (PDK) and RalGDS. a 

GEF for Rai. p l20GAP may also be considered a Ras effector for several reasons. The 

signaling pathways downstrearn of Ras are summarized in Figure 1-6. 

Raf 

One of the best charactenzed Ras effectoe 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, üctivuted Ras leads to Raf phosphorylation in 

NIH3T3 and PC 12 cells (Momson et al.. 1988, Wood et ai., 1992). Dominant-negative 

mutants of Raf can inhibit transformation caused by activated Ras (Kolch et al., 199 1 ) .  In 

mmmals, there are 3 member; of the Raf family: Rafl, A-Raf and B-Raf (Lee et 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 k e n  shown to 

interact with Ras in a GTP dependent manner in vitro and in the yeast 2-hybrid system 

(Van Aelst et al., 1993, Vojtek et al., 1993, Wame et al., 1993, Zhang et 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 

secondq  interactions take place between a cysteine-nch zinc-finger region in Raf and 

regions of Ras that include switch 2 (Bnva et al., 1995, Druggan et al., 1996, Cutler, Jr. et 

al., 1998). The crystal structure of the Raf-RBD in complex with the GTP-bound form of 

RaplA, a close Ras relative, has been soived (Nassar et 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 mechanisin that is 

not fully understood. Simple binding of activated Ras to Raf in vitro does not lead to 



activation of Rüf kinase activity (Zhang et cil., 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 severai mechanisms that involve senne and tyrosine phosphorylation on Raf and 

interaction with accessory factors such as 14-3-3 proteins and costirnulatory 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, Barnard et al., 1998, King et al., 

1998, Tzivion et al., 1998). 

The activation of Raf Ieads to signaling down the Raf-Mek-Erk protein kinase 

cascade. Once acrivated, Raf directly binds and phosphorylates the protein kinase Mek on 

residues senne-218 and senne222 (Howe et al., 1992, Kyriakis et al., 1992, Macdonaid 

et al., 1993, Alessi et al., 1994, Zheng and Guan, 1994, Johnson et al., 1996). Serine- 

? 18 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 catalytic 

rcsidues giving rise to increased kinase activity (Johnson et al., 1996). In vitro, a stable 

cornplex can be formed between Ras-GTP, Raf and Mek sugpsting 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 Mekl and MeU. encoded by separate genes (Crews a 
(il.. 1992, Zheng and Guan, 1993). The function of Mekl hüs been more widely siudied. 

Although Mek2 is thought to behave similarly to Mekl in the cell, there may be one or two 

differences in the regulation of Mekl and Mek2 (Wu et al., 1993, Catling et 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 Erk3 (Crews and 

Erikson, 1992, Alessandrini et al., 1992). 

Once activated, both Erk proteins go on to phosphorylate a wide range of cellular 

targets Ieading to a variety of biochemical changes. For example, it is widely documented 

that activated Erk translocates to the nucleus where it regulaies a number of transcription 

factors (Treisman, 1996). Elk-1, SAP1 and SAP?, rnembers of the T e m q  Complex 

Factor farnily, have al1 k e n  shown to be phosphorylated and activated in response to Ras- 

Erk signding (Marias et al., 1993, Hipskind et al., 1994, Price er al., 1995, Gillie et ai., 

1995). Erk c m  also phosphorylate several cytoplasmic substrates such as the protein 
kinases p90nk (ribosomal S6 kinase) and Mnk (-MAPK-interacting @nase) (B lenis, 1993, 

Fukunaga and Hunter, 1997, Waskiewicz et al., 1997). The function of Mnk is unknown 

but p90rsk has k e n  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 dernonstrated that phospholipase A2 (PheA2) at the plasma 



membrane is phosphorylated and activated by Erk in v i m  and in COS cells (Lin er al., 

1993). In vitro, Erk has ken  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, activare additional protein 

kinases. and result in the production of lipid signals destined to be exported from the cell. 

The function of PI3K downstream of Ras has recently gained much attention due to 

the implication of PI3K in anti-ce11 death signaling. It is now understood that a large f d l y  

of PI3K proteins phosphorylate phosphatidylinositol substrates at the D-3 position in 

rnammdian cells (Whitman eer 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 P13K 

regulatory subunits and 7 types of PI3K catalytic subunits have been identified (Domin and 

Waterfield, 1997). The multiple PI3K proteins atising from the vanous 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 1 PI3K memben are 

comprisrd of a p85 regulatory subunit (either p85a, P, or y) and a p 1 10 catalytic subunit 

(either p l  lOa, 6, or y) (Carpenter eî al., 1990, Otsu et al., 199 1, Domin and Waterfield, 

1997). Class 1 PI3K proteins cornrnonly phosphorylate phosphatidylinositol-4-phosphate 

(PI-4-P) and phosphatidylinositol-45-bis-phosphate (PI-4,s-PI) to generate the second 

messengers PI-3,4-P2 and PI-3.4.5-P3, respectively. For simplicity, class 1 PDK proteins 

will be referred to as P13K and the subunits will be referred to generically as p85 and p 1 10. 

PI3K associates with Ras in vivo. It has shown that PI3K activity co- 

immunoprecipitates with Ras from lysates of Ras translomed nt liver epithelial cells 

(Sjolander et al., 1991). In vitro, it has been shown that Ras-GTP directly binds the pl  10 

subunit of P13K (Rodnguez-Viciana et al.. 1994. 1996). This interaction is thought to 

promote a confornational change in p 1 10 that directly increases the specific activity of the 

enzyme (Rodriguez-Viciana et ai., 1996). The Ras-PI3K interaction ais0 promotes 

translocation of PI3K to the plasma membrane. This translocation brings PI3K into 

proximity with ifs Lipid subsuates. In addition, PDK is thought to be further activated at 



the plasma membrane 

interaction of tyrosine 

1992, Hayashi et al., 

by mechanisms that involve tyrosine phosphorylation of p85 and 

phosphorylated proteins to the S H 2  domain of p85 (Backer et al., 

1993, Rodriguez-Viciana et al., 1996). The binding of tyrosine 

phosphorylated peptides to p85 has been shown to synergize with Ras-p 1 10 interaction to 

activate PI3K (Rodnguez-Viciana et al., 1996). 

Overexpression of activated forms of PI3K can inhibi t apoptosis (programmed ceil 

death) induced in a variety of cellular contexts (Franke et al., 1997~1, Kauffmann-Zeh et al.. 

1997, Khwaja et al., 1997). It is now thought that PI3K mediates its mti-apoptotic 

signaling by activating the protein kinase Akt. In virro, 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 et al., 1997b). Akt is also phosphorylated on 

residues threonine-308 and serine473 and it is thought that binding of PI3K genented 

products to Akt promotes a conformational change that results in increased accessibility of 

threonine-308 to protein kinases in the ce11 (Alessi et al., 1997, Downward, 1998). Once 

activated, Akt goes on to phosphorylate a nurnber 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 vitro and 

in vivo by Akt in response to PI3K activation (Dana er al., 1997 , del Peso et al., 1997. 

Cardone et 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 et al., 1999). Phosphorylated FKHRL 1 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 genented by PI3K likely have other cellular t q e t s  

besides Akt. Many proteins contain a PH domain and a subset of these proteins may bind 

the second messengers produced by PI3K. For exmple, the PH domains found in both 

SOS and Vav have been shown to bind PI-3,4,5-P3 (Rameh et al., 1997, Han et al., 

1998). Vav contains a DbI-homoiogy domain and in vitro, it has been demonstrated that 

PDK products can stimulate the GEF activity of Vav on several Rho farnily proteins (Han 

et ai., 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, P13K appears to link activated 

Ras to anti-apoptoûc signaling and regulation of Rho family proteins. 



RalGDS 

RdGDS functions as a GEF for Ral, a close Ras relative. Initially, RdGDS was 

isolated by degenerate PCR (polymerase-chain reaction) usina primers complementary to a 

conserved region within the catalytic domain of the CDC25 Ras GEF (Albright et al., 

1993). RalGDS has been shown to interact with Ras in vitro, in COS-7 cells 

overexpressing Ras and RalGDS and in the yeast 7-hybrid systems (Hofer et al., 1994, 

Kikuchi and Williams, 1996, Urano et al., 1996). In addition, it has been dernonstrated 

that the GEF activity of RalGDS is activated in response to Ras signaling in vivo (Urano et 

al., 1996). Thus. Ras signaling may activate Rd via RalGDS. It is interesting that Ra1 
itself, may regulate Rho family proteins. This link could take place through RalBP, an 

effector protein for Ra1 that contins a RhoGAP domain (Cantor et al., 1995). As such. 

Ras may be at the top of a signaling cascade that takes place through severai different low 

molecular weipht G-proteins. 

pl2OGAP as a Ras effector 

p l20GAP was originally considered a Ras effector for several reasons. p l20GAP 

bound Ras in a manner expected for effectors. For exarnple, pl2OGAP binds only to the 

GTP-bound form of Ras and this interaction depended on an intact switch 1 region (Adari 

et al.. 1988, Voge 1 et al., 1988). p 12OGAP could also bind the activated oncogenic forms 

of Ras (Krengel et 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 airial potassium channeis by muscarininc GPCR's in an in vitro pütch 

clarnping assay (Yatani et al., 1990). Purified pl20GA.P or the N-terminal region of 

p IZOGAP containing only the SH3 and SH2 domains were able to mimic the inhibitory 

effect of activated Ras in this system (Martin et al., 1993). In a bioassay of Ras signaling 

in Xenopus oocytes (germinal vesicle breakdown), antibodies generated against the SH3 

domain of p l20GAP blocked the phenotype caused by activated Ras protein (Pomerance et 

al., 1996). In NM3T3 cells, overexpression of an N-terminai 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 p l20GAP also appears to be involved in this biologicai effect. 

Microinjection of full-length pl20GAP into Swiss 3T3 mouse fibroblasts triggers actin 

stress fiber fornation and overexpression of the N-terminal region of pl20GAP in rat2 

fibrobiasts causes a dismption of the actin cytoskeleton and morphological changes 



(Leblanc et al., 1998, 

against p l20GAP (the 

Mcglade et al., 1993). In addition, microinjection of antibodies 

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 mechmisms whereby pllOGAP leads to biological responses is not known. 

One mode1 describes the recruitment of p l?OGAP to the plasma membrane by interaction 

with Ras-GTP. Following, the SH2 and SH3 domains within the N-terminus of 

pl20GAP intenct with additional proteins such as pl90 RhoGAP and p6Odok. Clearly, 

the link with pl90 suggests a possible mechanisrn for eliciting actin cytoskeletal changes. 

Contrary to the idea of pl20GAP as a Ras effector, signaling through pl20GAP is 

apparently dispensable for transformation of some ce11 types. P34R-Ras, which contains a 

proline to arginine substitution in  the effector (switch 1) domain, has dnmatically reduced 

binding to pl2OGAP in vitro (Stone et al., L993). In vivo. P34R-Ras is GTP-bound at 

abnormally high levels, likely due to a lack of negative inhibition by pl20GAP. 

Irnportan tl y, overexpression of P34R-Ras in rat2 fi bro blasts can cause full transformation 

despite an apparent dissociation from p 120GAP binding. The signi ficance of p l2OGAP 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 

ce11 type specific process. 

Biological effects of Ras signaling 

The biochernical responses produced by effector pathways such as the Raf-Mek- 

Erk cascade, PI3K and RalGDS translate Ras signding into biological changes. The best 

understood processes regulated by Ras are cell proliferation. cell differentiation and actin 

c ytoskeleton rearrangements. 

Ras and Proliferation 

Ras signaling has been associated with ce11 proliferation since its discovery as a 

dominant oncogene. The transformation phenotype caused by activated Ras oncogenes is 

characterized by a lack of normal growth controi and abnomally hi& levels of ceii 

division. Indeed, microinjection of activated Ras protein into quiescent cultured 

mammalian cells of several types stimulated DNA synthesis and led to a transformed-like 
morphoiogy within 8-12 hours (Feramisco et al., 1984, Stacey and Kung, 1984). 



Furthemore, microinjection of inhibitory Ras antibodies blocked DNA synthesis 

stimulated in quiescent NM3T3 cells by serum (Mulcahy et al., 1985). These results 
suggested that Ras is necessary and sufficient for re-entry into the cellcycle 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 rnid-Gi-phase of the cellcycle (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 et al., 1992). Erk activity is rnodestly elevated in G 1 -S- 

phase and increases in mitosis (M-phase). In addition, it has been shown that 

overexpression of activated Ras or wildtype Erk in IEG4 human trophoblasts stimulates 

transcription of cyclinD 1 (Albanese et al.. 1995). CyclinD 1 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 et al., 1989, Ewen et 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, 

1991, Johnson et al., 1993). As such, activation of CDK3 enables E2F. In severai ce11 

types, inhibition of Ras-Erk signaling using the Mek specific drug PD098059. dorninant- 

negative Ras (N17) or dominant-negative Erk prevented the accumulation of cyclinDl 

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 ce11 types through 

G 1 -phase into S-phase by prornoting cyclinD 1 expression, activation of CDK4, and 

phosphorylation of Rb. As expected, expression of N17 Ras in mouse fibroblasts that 

have a homozygous disniption of Rb does not iead to cell-cycle arrest (Peeper et al., 1997). 

In many cases, activated Ras promotes growth of mamrnaiian cells but the picture 

now appears not so simple. Studies on activated Ras genes, the promotion of ce11 growth, 

and transformation have primarily k e n  done in imrnortalized rodent fibroblasts such as 

NIH3T3, nt1 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 nt fibroblasts) leads to an 

irreversible cell-cycle arrested phenotype caiied senescence (Senano et al., 1997). In Ras- 

induced senescent cells, there is an accumulation of p53 and p16INK4a, 2 proteins that 



have k e n  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 et al., 1993, Xiong et al.. 1993). pl6IM(Ja 

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 pl6LNKla and p2lCIP. In line with this conclusion, "normal" cells with a 

homozygous disniption of either p53 or p16INK4a are not growth-arrested by activated 

Ras (Sernno et 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 dso gives rise to cell senescence (Lin et al., 

1998, Zhu et al., 1998). 

In rnammalian cells, we have seen that Ras signaling can lead to several different 

effects on the cell-cycle. In some contexts, Ras-Erk signaling dnves cell-cycle progression 

by up-regulating cyclinD 1 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 detemines the balance between these 2 outcomes? The most 

important factor is likely the presence of proteins such as p53, Rb, p l6INKJa and p2 ICIP, 

which in normal cells, form a "growth a l m "  system. Activated Ras genes in normal cells 

trigger this alarm leadinp to cell-cycle arrest. hor ta l ized cultured cells frequently have a 

loss of function in either p53, Rb. pi6INK4a or p21CIP. Loss of one or more of these 

proteins essentially compromises the cell's a l m  allowing activated Ras to stimulate 

proliferation and transformation. However, the effects of Ras on cell faie are still not that 

simple. In some other contexts, Ras signaling leads to apoptosis. For exarnpie, 

overexpression of activated Ras in cells detached from the substratum, cells expressing an 

inhibitor of NF-KB, and cells overexpressing c-myc triggers apoptosis (Kauffmann-Zeh et 

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 ceIl is detached from the substratum, stimulate a "cautionaxy" 

signaling pathway to den  the cell. Activated Ras signaling in conjunciion with this 

cautionary signal may trigger a sensor in the apoptotic machinery of cell. This postulated 

mechanism could be involved in preventing cancer. For exarnple, a Ras transformed ceIl 

that cm survive without substratum anachment 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 et al., 1996). Because Mos phosphorylates and activates Mek, Mos 

overexpression cm be used to stimulate Mek and Erk mammiilian experimentd 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 (-1-), 

Mos-induced apoptosis was dnmaticdly inhibited. These results are consistent with a 

mode1 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 RnlGDS. in cellular transformation. Convincing evidence for 

the function of these 3 pathways was provided from studies of Ras effector mutants in 

NM3T3 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 effecton. For 

example, an activated mutant of Ras (V 12) with senne substituted at residue 35 (V 12, S35) 

selectively binds to and activates Raf. Conversely V12, G37 and V12, C40 Ras alleles 

selectively activate RalGDS and PI3K. respectively. In MH3T3 cells, these Ras effector 

mutants cooperate to cause cellular transformation. Overexpression of each ailele alone 

gave nse to only low levels of transformation whereas overexpression of any 2 mutants 

together gave nse to dramatic increases in transformation efficiency. Thus, it appears that 

distinct signals from Ras, transmitted through Raf, PI3K and RalGDS. are involved in 

transformation, rit lerist in NM3T3 cells. 

The effect of PI3K signaling on transformation rnay be due to its anti-apoptotic 

signaling. As mentioned übove, CO-expression of nctivated Ras p n e  with c-myc triggrs 

apoptosis in rat 1 fi bro blasts (Kauffmann-Zeh et al ., 1997). Apoptosis was exacerbnted 

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 

nomally activates PI3K to inhibit apoptosis. 

RalGDS may promote transformation through the function of Rho proteins. 1 

descri bed earlier how RaiGDS, via Rai and RalBP, could activate Rho proteins. In S wiss 

3T3 fibroblasts overexpressing activated Ras, inhibition of RhoA leads to the accumulation 

of pZ1CIP and inhibition of DNA synthesis (Olson et al., 1998). This result suggests that 

Ras signals through a RhoA-dependent pathway to inhibit p21CIP-mediated ceilcycle 

arrest. Also, overexpression of dominant-negative Rac, a Rho family member, inhibited 

transformation induced by activated Ras in NIH3T3 cells (Qiu et ai., 1995). 



Contrary to the idea of multiple transforming Ras effector pathways, some evidence 

argues that sipaling through the Raf-Mek-Erk pathway is sufficient for transformation. 

First, overexpression of activated Raf and Mek proteins cm transform NM3T3 and rat2 

cells (Feig and Cooper, 1988, Mansour et al., 1994, Bottorff et al., 1995). Second, a 

nurnber of effector mutants in the v-Ras (activated) background have k e n  isolated that bind 

Raf but not RalGDS in the yeast 2-hybrid system (Stang et al., 1997). These effector 

alleles are distinct from the 3 effector mutants studied by Rociriguez-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 dornain. From their data, 

Stang et al. ( 1997) concluded that signahg through the Raf-Mek-Erk cascade was 

sufficient for full transformation. at least in nt2 cells. Also. Stang et al. (1997) failed to 

confirm cooperation between the S35, G37, and C30 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 multiple transforming 

pathways? Perhaps a ce11 c m  be fully transformed if activated Raf and Mek proteins are 

overexpressed at high enough levels. In the study of Stang et al. (1997), the v-Ras effector 

mutants were overexpressed in nt2 cells using retroviral vectors. In contrast, Rodriguez- 

Viciana et al. ( 1997) overexpressed rheir 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 et 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, (337, and C4O effector mutants. Rodriguez-Viciana et al. (1997) 

consuucted these effector mutants in the V12 Ras background (glycine47 mutated to 

vaiine- 12) while Stang er al. (1997) constmcted the sarne effector mutations in the v-Ras 

background (glycine- 12 rnutated to arginine and alanine-59 mutated to threonine). Perhaps 

the effector mutants in the context of V12 Ras function difierently than in the context of v- 

Ras. Altematively. sensitivity to transformation may be quite different between nt2 and 

NIH3T3 cells. 

In a Ras transformed cell, al1 of the signais that are elicited through the many Ras 

effectors Likely contribute to the overall transfonned phenotype. Whether a ce11 needs 

activation of ail 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 c m  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 differentiaiion. It was fint noted that infection of PC13 

cells with retroviruses containing activated Ras genes could induce neuronal differentiation 

(Noda et al., 1985). A role of Erk signaiing in the differentiation of hematopoietic cells is 

also documented. Dominant-negative and activated forms of Mek were used to 

dernonstrate 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 et al., 

1997). A role of Ras-Erk signaling in the differentiation of 3T3-Li fibmblasts into 

adipocytes has also been demonstrated (Benito et al., 199 1). 

Ras-Erk signaling has been shown to relay both di fferentiation and proliferation 

messages within the same cell type. For example, stimulation of PClî cells with EGF 

leads to Ras activation through a Shc-independent pathway and robust but transient 

activation of Erk (Traverse et al., 1997. Nguyen et al.. 1993. Marshall, 1995). Transient 

activation of Erk signals for cell proliferation. On the other hand, stimulation of PC 12 cells 

with NGF activates Ras through a Shc-dependent pathway that leads to sustained Erk 

activation. Sustained Erk activation signals for differentiation and neunte outgrow th. 

Thus, the duration of Erk signaling appeus to determine cell fate. Tombes et al. (1998) 

have shown that NGF stimulation of PC12 cells leads to increased levels of p2 lCIP 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 ceil 

goes on to initiate differentiation. 

Ras and cytoskeletal rearrangements 

Ras signaling has k e n  well documented to induce actin cytoskeletal 

rearrangements. For exarnple, Ras transformed cells have a distinct rnorphology as 

compared to non-transformed cells (Seeburg et al., 1984, Huff et al., 1997). Furthemore, 

ii was observed that microinjection of activated Ras protein into n t  embryo fibroblasts led 

to an actin cytoskeletal change termed membrane ruffiing within 1-2 hours (Bar Sagi and 

Feramisco, 1986). Activated Ras iikely 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 



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 ce11 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 m m a l i a n  developrnent. For example, homozygous disruption 

of the gene encoding piZOGAP gave rise to mice that died approximately day 10 of 

embryogenesis (Henkemeyer et al ., 1995). These embryos showed defective organization 

of the vascular system and extensive neuronal death. Similady, the ATFI gene has k e n  

knocked-out and these mice die at day 13-14 of embryogenesis with defects in cardiac 

developrnent (Jacks et al., 1994). Both p LZOGAP 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 plZOGAP and 

NF1 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 

Grb-7 disruption could be generated and these failed differentiate in cell culture. Thus. loss 

of Grb2, and consequently SOS function, severely impairs ce11 differentiation. 

Homozygous disruption of the gene encoding RasGRFl, the brain-specific Ras GEF, led 

to more subtle phenotypes (Brarnbilla et al., 1997). These mice developed normally into 

adul ts but were behaviorall y i mpaired at emotion condi tional learning. The basohteral 

amygdala of these mice, a region involved in conditional memory also showed abnormal 

long-term plasticity in electophysiologica1 tests. These p n e  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 henlded 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 



added and it is clear that many additional facets of Ras signaling remain to be uncovered. 

Powerful genetic schemes in mode1 organisms are identifying novel Ras signaling proteins 

that add many interesting twists :O the Ras field. For example, novel Ras effectors have 

k e n  identified such as Rinl which may link Ras with the signaling from the Abl tyrosine 

kinase (Han and Colicelli, 1995, Han et al.. 1997). AF6/Rsbl/canoe is a putative Ras 

effector that is associated with cellular junciions and Notch signaling (Hunter, 1997, 

Kunyama et 02.. 1996). A yeast 2-hybrid screen for Ras interacting proteins has identified 

from a C. elegaizs cDNA library. another putative effector, PLCXO, 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. rlegans genetic screen, interacts directly with Ras but 

does not rippecu to be a typical Ras effector since interiiction 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 regdatory proteins to Ras. Ksr and Cnk, 2 proteins isolated 

in Drosophila screens, are now understood to be involved in Ras-Raf signaiing (Sundamm 
and Han, 1995, Therrien et al.. 1995, 1998, Sternberg and Alberola-lla, 1998). Lastly, a 

genetic selection in Drosophila has recently identi fied Sprouty , a protein that can interact 

with Grb? and GAP1 (Casci et al., 1999). Thus. Sprouty rnay be an additional factor 

involved in Ras regulation. Ras signaling in the future will likely resemble a complex 

circuit board nther than a linear mode1 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 mammaiian cells. 

1. We discovered that Ras becomes activated in rat3 cells that are exposed to 

hypothermie stress. A primary objective of this project was to characterize the mechanism 

behind this novel form of Ras activation through studies done in vitro and in nt2 cells. 

This project also aimed to detexmine the biochemical and physiologicd consequences of 

hypothermically-activated Ras. 



2. Our lab has isolated a novel Ras GEF, nmed RasGRP, from a n t  brin 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 ~ a "  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, 

cenmide. 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, 1 studied Ras activation in rat? cells treated with ceil-permeable 

CZceramide. 



Tumor Type No. samples (+) No. samples 
Tested 

Percentage 

Acute myelogenous 
leu kemia 

Lung 
adenocarcinoma 

Colon 
adenocarcinoma 

Pancreas 
adenocarcinoma 

Thy roid 
follicular carcinoma 

Table 1-1. Frequency of a mubted 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 simples studied, and the 
calculated percentage. The data for each tumor type were obtrtined from independent studies. Mutations in 
Ras were detected usine either a ~Iigodeoxynucleotide hybridization rissay or ri RNase mismatch cleavrrge 
assay. Since these techniques only test a portion of the Ras gene, the percentages reported here are 
minimum estirnates. Adapted from Bos, 1989. 
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Figure 1-1. Domain structure schematics of p21 Ras, Ras CEF's, and Ras GAP's. a. Analysis of al1 
mammalian Ras proteins has defined cl dumains: an N-terminal domain (residues 1-85) of very high 
conservation (N-terrn), a region in the middle of the protein that is siighty variable (residues 86-166) (mid), 
ri C-terminal region of high heterogeneity (residues 167-185) (het), and the last 4 residues (186-189) which 
comprke the CAAX motif. b. There are 3 main classes of mamrnalian Ras GEFTs: the SOS t'amily, 
represented by murine SOS1, the GRF frimily, represented by murine GRFI, and RasGRP (domains defined 
ris in Boguski and McCormick, 1993, Fam et ul., 1997). Details on RasGRP are presented in chapter 4. c 
and d. There are 4 main classes of mamrnalian Ras GAP'S which are represented by: human pl20GAP. 
human GAPl(IPJBP), rat SynGAP, and human NF1 (domains defined as in Boguski and McCorrnick, 
1993, Cullen et al., 1995, Scheffzek et al., 1997, Chen et al., 1998). Scale: black bar represents 100 amino 
acids. Domain labels: Pleckstrin-hornology domain (PH), Dbl-homogy dornain (Dbl), Calmodulin-binding 
IQ domain (IQ), GEF catalytic domain (GEF), poly-prolindproline-richsequence (Pro), SH2 domain 
(SH2), SH3 domain (3), C2 domain ((22). GAP catalytic domain (GAP). 



Nucleotide exchange 

+ 
dissociation 

Off-state 

Hydrolysis 

Figure 1-2. Ras GTP cycle - p21 Ras alternates between a GDP-bound-"Off' and ri GTP-bound-"On" 
state. Ras-GDP is converted to Ras-GTP by dissociation of GDP followed by reassociation of GTP, ri 

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 intnnsic GTPase 
rictivity of Ras. The rate of this reaction is greatly enhanced in the ce11 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-pmteins. and the low rnolecular weight G-proteins. The 
low rnolecular weight G-proteins cm be funher 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 me (dendogram). 
The distance between any two family members is directiy proportional to the homology in their primary 
sequences. Adapted from Campbell et al., 1998. 

ILI, Ras proteins 

Rit 
Rin 
M-Ras 
TC21 
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K-Ras 
rn N-Ras 
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Residue 

Figure 1-4. 3-D structure d Ras. a. 3-D structure of Ras in complex witb GTP. The switch 1 (residues 
32-38) and switch 2 (residues 60-76) regions are shown in green. The positions of residues tbreonine-35 
and glutamine-61 and the y-phosphate moiety of GTP are dso 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 tbe crystal stnicnires of Ras-GTP and Ras-GDP. The switcb 1 and 
switch 2 regions are defined by tbeir high degree of confonnational change. Adapteci from Milbum et al., 
1990 
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Figure 1-5. Recruitment of the Grb2-SOS complew to the plasma membrane in response to 
extracellular stimuli. a. Stimulation of msimmalian cells with growth factors such as EGF result in 
dimerization of the RTK and riutophosphorylotion on tyrosine residues (Y-P) in the RTK inuacellular 
domain. Complexes of Grb2-SOS are recruited to the piasrna membrane through interaction of the SH2 
domain of Grb2 with phosphotyrosine residues on the RTK . Once at the plasma membrane, SOS 
positively reguiates Ras. b. In response to EGF stimulation, adapter proteins such as Shc can also bind to 
the RTK phosphotyrosine residues. RTK's c m  phosphory late tyrosine residues in S hc w hich provides 
another group of ligands for the SH2 domain of Grb2. c. FGF can stimulate its RTK to phosphoryhte 
tyrosine residues on the FSR2 docking protein which is anchored to the plasma membrane by a lipid 
modification. Grb2-SOS complex can be recmited to the plasma membrane by interacting with the 
phosphotyrosine residues on FSR2. d. Adhesion of mammaiian cells to the extracellular matrix (ECM) 
can stimulate the formation of focal adhesions centered around the a and integrin subunits. Focai 
adhesions are protein super-complexes that contain at lerist 7 different proteins including tilamentous actin. 
FAK, a protein tyrosine kinase contained within focal adhesions, autophosphory lates on tyrosine residues to 
provide sires of a t tachent  for Grb2-SOS complexes. 



BAD \ caspaîe-9 

actin cytoskeleton 
rearrangements 

Figure 1-6. Biochemical responses downstrcrun of Ras. The active GTP-bound forrn of Ras can signal 
to downstrem effectors such as Raf, PI3K and RalGDS. p120GAP may also be a Ras effector. Through 
these effector molecules, Ras signaling gives rise to ri number of events that include the activation of 
protein kinases, modulation of nuclear transcription factors, and actin cytoskeleton remangements. SOS 
and pl20GAP are positive and negative reguhtors of Ras, respectiveIy. However, this schematic only 
illustrates the signaling tùnctions of SOS and p12OGA.P downstream of Ras. Detriils are within text. 
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Chapter 2 - Experimental Methods 



Sources of Recombinant Ras and Ras regulatory proteins 

H-Ras was expressed in Escherichia coli and purified by gravity-dnven G75 size- 

exclusion chromatography followed by FPLC anion-exchange chromatography on a 

Resource-Q colurnn (Amersham Pharmacia Biotech, Inc ., Baie d' Urfe, Quebec, Canada). 

H-Ras purified frorn E coli was stored in 50 mM Tris pH 8.0, 5 m M  NaCl, 5 rnM MgC12, 
1 mM D'IT at 4'C until use Reparation of H-Ras from E. coli was perfomed by  the 

author. Since some exchange factors may work better with substrate Ras that has k e n  

M y  processed, we also used 6x His-tagged-H-Ras that was expressed in Sf9 cells using 

the "Bac-to-Bac" bacculovinis 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 rnM Tris pH 7.5, 100 m .  NaCI, 1 mM MgCl?, 1 rnM 

DTT, 10% glycerol] at -80°C until use. Preparation of 6x His-tagged-H-Ras was 

perfomed 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 stoichiornetnc ratio (Poe et al., 

1985). 

The cataiytic domain of RasGRFl (p30GRFl) was expressed as a 6x His-tagged 

protein in Sf9 cells and purified by nickel chromatography (Leonardsen et al., 1996). 

Punfied 6 x  His-p30GRF1 was stored in buffer A + glycerol at -80°C until use. 

Prepantion of 6x His-p30GRF1 was perfomed by others within our lab (D. Bottorff, I. 
Ebinu). A recombinant protein consisting of maltose binding protein fused to residues 49- 

171 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). Punfied pl2OGAP was a generous gift from 

Onyx pharmaceuticals (Richmond, California, USA). 

Analysis of Ras and Ras regulatory proteins in v h  

To assess spontaneous association of guanyl nucleotide in vitro (chapter 3).  
bacterial Ras-GDP complex was incubated with a molar excess of [ 3 ' ~ - a ] - ~ ~ ~  (ICN 

Biomedicals, Inc., Costa Mesa, California, USA) either at 0°C or 30°C. Each 0.2 ml 

reaction contained 50 rnM Tris pH 8.0,5 mM MgCL, 5 rnM NaCI, 1 rnM Dm, 0.2 mg/rnl 

BSA, 1 pM Ras-GDP and 100 pM GTP including 40 pCi [ 3 2 ~ - a ] - ~ ~ ~ .  At various times, 

0.05 rd aliquots were removed and Ras was immuno-precipitated for 1-2 hours at O"C 



using the rat monoclonal antibody Y 13-259 (3 pg/sarnple) prebound to rabbit anti-rat IgG 
coupled protein-A Sepharose (Sigma Chernical Co., S t. Louis, Missouri, USA). Immuno- 

precipitates were washed 8 times with OnyxA buffer [SO mM Tris pH 8.0, 5 mM MgCL, 5 

mM NaCl] and precipitated guanyl nucleotides were dissociated and chromatographed on 

cellulose-polyethyleneimine (PEI) (J.T. Baker, Toronto, Ontario, Canada) in 1 M K2HP04 
pH 3.40. Radiolabeled GDP and GTP spots were quantified by phosphorimager analysis 

(MacBas 1000, Fuji Film Corp., Stmford, Connecticut, USA). Percent loading was 

cdculated as (experimentai amount of associated radiolabeled GDP + GTP 1 maximal 

association of radiolabeled GDP + GTP) x 100. To maximally l o d  Ras with radiolabeled 

nucleotide, a parallel reaction was carried out at O°C for 10 minutes in 7.5 &1 EDïA 

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 rnM MgCl?, 100 rnM NaCI, 1 mM DTT, 10% v/v glycerol, 0.2 m g / d  BSA, 0.2 

pM 6x His-Ras-GDP, 1 pM GTP and 10 pCi [ 3 ' ~ - a ] - ~ ~ ~ .  Reactions also included 0.1 

pg purified 6x His-p30GRFl. After incubation at O°C or 30°C for various times, Ras wrs 

irnrnuno-precipitated and analyzed as described for the spontaneous association reactions 

except that TMN [20 m M  Tris 7.5, 100 mM NaCl, 5 rnM MgCl? ] was used for washing 

beads 8 times instead of OnyxA buffer. 

To assess guany 1-nucleotide h ydrol ysis (chapter 3), 6x His-Ras was pre bound to 

[ 3 ' ~ - a ] - ~ ~ ~ .  A binding reaction that would yield enough R~s-[~'P-u]-GTP complex for 

12 hydrolysis reactions would consist of 2.4 pg 6x His-Ras in a finai volume of LOO pl in 

200 pgml BSA, 20 rnM Hepes pH 7.2, 5 rnM Dm, 5 mM EDTA and 170 pCi [3'~-a]- 

GTP (1.5 p M  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 finai concentration). Following, unbound [3'~-a]- 

GTP was separated from the R~S-?'P-~]-GTP complex using "Nick spin" desalting 

columns (Amersharn Pharmacia Biotech, Inc .). Hydrol ysis reactions (0.06 ml) contained 

30 m M  Hepes pH 7.2,2 mM MgCl*, 5 rnM DTT, 0.5 mglm1 BSA and approximately 0.04 

pg R~s-[~'P-u]-GTP complex. Where indicated, reactions also contained 0.3 pg purified 

p I2OGAP. M e r  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 MBPcat (chapter 4). Apo-Ras was prepared by 



equilibrating purified 6x Es-Ras-GDP in 50 mM EDTA at Z°C for 30 minutes. 5 pg of 
purified of MBP-cat was prebound to 40 pl of amylose resin beads for each binding 

reaction. Beads prebound to MBP-cat or bare beads were incubated with 5 pg of apo-Ras 

in a final volume of 0.5 ml in G W  binding buffer [20 mM Tris pH 7.5, 50 mM NaCl, 25 

mM imidazole, 50 rnM EDTA, 1 rnM DTT, 5% v/v glycerol, 0.1% v/v Triton X-100, 2 

pg/ml leupeptin (Boehringer Mannheim. Laval, Quebec, Canada), 20 pg/rnl aprotinin 

(Sigma Chernical Co.), 1 rnM Pefa (Boehringer Mannheim)] for 2 hours at 4°C. Aprotinin, 

leupeptin and Pefa are protease inhibitors. After the incubation reactions, beads were 

washed Jx with GW binding buffer and bound proteins were eluted off with SDS sarnple 

buffer. Proteins were resolved by standard 11% SDS- PAGE (polyacrylamide gel 

electrophoresis), transferred to nitrocellulose and irnmuno-blotted with ami-Ras 

monocIonal antibody (R02120, Transduction Laboratones, Lexington, Kentucky. USA). 

Cell culture 

Most experiments deding with cultured cells were performed with the rat2 cell line. 

Rat2 cells are a thymidine-kinase deficient derivative of the rat1 embryonic fibmblast ce11 

line (Botchan et al.. 1976, Topp. 1981). Our studies conceming hypothemia also 

employed MDCK cells (Madin-Darby canine kidney), KD cells (pnmary human lip 

fibroblasts), REC (pnrnary nt embryo cells) and CEF (pnmary 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 frorn 

Spafas, Inc. (Preston, Connecticut, USA) and REC were purchased from Bio-Whittaker 

(Walkenville, Maryland, USA). " N o n 1  prowth medium" for al1 cells was Dulbecco's 

modified Eagle medium @MEM)/lO% fetal bovine serum (FBS) except for CEF which 

were rnaintajned in DMEM/lO% tryptose phosphate broth/l . 1 % chicken serum/4.4% calf 

serum. DMEM, FBS, tryptose phosphate broth, chicken serum and calf serum were 

obtained from Li fe Technologies-Gibco BRL, Inc. 

Several bans 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 sorne cases, wildtype H-Ras was overexpressed in rat2 cells using 

the retroviral vector pBW 163 1 which also caries the neornycin resistance gene. pBW 163 1 

was developed by B. Willumsen (Willumsen et al., 1986, 1991). In chapter 3, some ceils 
overexpressed wildtype H-Ras, Y32H-H-Ras or Raf- 1 using the pBabepuro vector (S tang 

et al., 1996). In chapter 4, cells overexpressed full-length RasGRP, rbc7HA or ADG 
using the pBabepuro vector. Some cells overexpressed both RasGEW and wildtype H-Ras 



together. In these cases, H-Ras was overexpressed using pBW 163 1. In chapter 5, dl 

cells overexpressed H-Ras using pB W 163 1. To select for expression of trans genes 

carried in pBabepuro, cells were maintained in nomal growth media supplemented with 

2.5 pg/ml puromycin (Sigma Chemical Co.). To select for simultaneous expression of 

tram genes carried in pBabepuro and pBW163 1, cells were maintained in normal growth 

media supplemented with 1.5 pg/rnl puromycin and 0.4 mg/& active (3418 (Life 

Technologies-Gibco BRL, Inc). To select For expression of trans genes cmied in 

pBW1631, cells were maintained in normal growth media supplemented with 0.6 mgmi 

active (3418. 

Several different pretreatment and treatments were given to cells in the experiments 

of chapter 3. PD098059 (50 pM) (Calbiochem-Novabiochem Corp., La Jolla. California, 

USA) pretreatment was used for specific inhibition of Mek activation (Alessi a al.. 1995). 

Wortmannin (50 nM) and LY294002 (20 pM) (both from Calbiochem-Novabiochem 

Corp.) pretreatments were used to inhibit phosphatidylinositol 3-kinase (PI3K). Two 

calcium chelaton were employed as pretreatments. In some experiments, EGTA was 

added to the ce11 culture medium (3-5 mM final concentration) for 15 minutes at 37°C 
before initiating the experiment to chelate extracellular calcium. Altematively, cells were 

pretreated with the cell-permeable compound BAPTA/AM (25 pA4) (Calbiochern- 

Novabiochem Corp.) for L5 minutes at 37'C to chelate intncellular calcium. In some 

cases, both EGTA and BAPTAfAM were used together. For positive control, cells were 

stimulated with epidermzl growth factor (EGF) (LOO nglml) (Sigma Chemical Co.). Other 

positive controls included anisomycin (10 pg/ml) (Sigma Chemicd Co.) and staurosponne 

(2 PM) (Calbiochem-Novabiochem Corp.). 

In chapter 4, cells were stirnulated with phorbol ester (PMA) (100 nM) or 

endothelin- 1 (Et- 1) ( 100 nM) (both from Sigma Chemicai Co.). Where indicated, cells 

were starved in DMEM/O. 1 % FBS or DMEM/O.S% FBS for 4-6 hours at 37OC be fore the 

start of the experiment. 

In chapter 5, cells were stimulated with CZ-cenrnide or dihydro-CZceramide (both 

from Biomol Research kiboratories. Inc., Plymouth Meeting, Pennsylvania, USA) at 40 

pM. For al1 studies conceming ceramide, cells were starved overnight at 37OC in 
DMEM/O.S% fatty-acid free BSA (Sigma Chernical Co.) before the start of the experiment. 

Where indicated, cells were treated wi th vehicle DMSO (0.1 %) for negative control. 



Exposure of cultured cells to hypothermic stress 

For studies involving hypothermic Ras activation, rat2 cells were incubated on ice 

for various times in either 3 2 ~  labeling media [DM.M/O.S% dialyzed FBS] (chapter 3, 

Figure 3-la and 3-3) or DMEM/lO% FBS (chapter 3, Figure 3-lb and 3-8b). In some 
cases, the ce11 culture medium was changed to Hepes-buffered saline (HBS) [10 rnM 

Hepes pH 7.0, 140 mM NaCl, 5 rnM KCl, 10 m M  glucose, 1 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 othenvise) 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 quic My 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 37OC water bath. In 

the second. "shift" protocol. cultures were simply transferred from ice to a w m  metal tray 

in a 37°C CO? incubator. The shift protocol was used in several experiments (see chapter. 

Figures 3-7, 3-10a. 3-1 1 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. 

Assessrnent of ceil death after prolonged hypothermic stress 

To assay ce11 viability after prolonged hypothenia, rat?, REC and MDCK cells 

were seeded at 0 . h  106 - lx 10' 1 25 cm2 tissue culture flask and incubated overnight at 

37OC in a 10% CO2 incubator. Cells were pretreated with the Mek inhibitor PD098059 (50 

CIM) or DMSO vehicle control for 90 minutes at 37°C and then incubated in a ice-water bath 

for 0-72 hours in tighily sealed culture flasks containing a 10% CO2 environment. 

Following, cultures were unsealed and incubated for 4 hours in a 37°C CO2 incubator. 

Both substrate-attached and detached cells were pooled and plated at iow density to 

determine the number of viable colony forming units. The remainder of each sample was 

plated in a new 25 c m  tissue culture flask and incubated for 4 hours in a 37°C CO2 

incubator to allow reattachment. Reattached (i.e. viable) cells were then trypsinized and 

counted with a Coulter counter (Coulter Ekctronics Ltd., Hialeah, Florida, USA). 

Counting colonies from the low density cultures after 12 days of incubation provided an 

alternative index of ceIl survival with sirniIar results. 



DNA fragmentation was measured as described previously (Lenahan and Ozer, 

1996). lx 106 rat2 cells were seeded in 25 cm' flasks and incubated ovemight at 37OC in a 

10% CO2 incubator. Cells were pretreated with PD098059 and exposed to hypothermie 

stress as descnbed in the ce11 viability assay. M e r  rewarrning, genomic DNA from both 

Ioose and attached cells was extracted in a buffer that contained 10 m M  Tris pH 8.0. 1 mM 
EDTA, 150 m .  NaCl, 1% wlv SDS. and 0.5 mg/rnl proteinase K. Extracts were dlowed 

to digest for 14 hours at 37OC. Following, the concentration of NaCl was increased to 1 M 

and high-molecular weight DNA was precipitated at 4OC for 24 hours. After centrifugation 

at 14000 x g for 30 minutes at 4°C. the supernatant was extracted 2x with 

phenoilchloroform/isoarnyl alcohol and DNA was precipitated with 70% final concentration 

of ethanol. DNA samples were analyzed on a 1% TAE-agarose gel. 

Biochernical analysis of signaling proteins in cultured cells 

Measurement of Ras activation in vivo 

To mesure Ras activation, cultures of rat2 cells ( 1 . 0 ~  10~ells/sarnple) were 

labeled with 3 2 ~ i  (0.5 rnCi1sample) in phosphate-free DMEM/O.S% didyzed 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 NaCI, 20 mM MgCl:, 0.5% vlv NP40, 2 pglrnl leupeptin, 20 pg/d 

aprotinin, 1 mM Pefa] containing rat monocional antibody Y 13-259 (0.5 pg/sample). Cell 

lysates were precleared by centrifugation at 14000 x g for 3 minutes and supematants were 

incubated with activated charcoal (0.1 glsarnple) for 1 hour at 0°C. Following, activated 

charcoal was precipitated by brief centrifugation and Ras was irnrnuno-precipitated from 

supematants for 1-2 hours at 0°C using rabbit anti-rat IgG coupled protein-A Sepharose. 

Ras irnrnuno-precipitates were washed 8 times with p21 buffer and 1 time with Dulbecco's 

phosphate buffered sdine (PBS) containing 20 mM MgCl? (product 14190, Life 
Technologies-Gibco BRL, Inc.). Ras-associated gumyl-nucleotides were analysed by 

chromatognphy on cellulose-PEI as described in the in vitro guanyl nucleotide association 

reactions. In some cases, GDP and GTP spots were quantified by phosphonmager. 

Altematively, 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 giutathione-S-trmsferase (GST) tag fused 

to residues 1-149 of wildtype Raf-1 (GST-Raf) was expressed in E. coli and bound to 

glutathione-Sepharose ben& (Amersharn Phmacia Biotec h, Inc .). GST-Raf bound to 

glutathione-Sepharose beads was prepared fresh for each experiment. AU rat2 cells used 



for this assay overexpressed wildtype H-Ras. After various treatments. cells (1 x 106 1 

sample) were lysed in rat2 binding buffer [25 mM Hepes pH7.5, 150 rnM NaCl, 1 % NP- 

40, 0.25% DOC, 10% glycerol, 25 mM NaF. 10 rnM MgCl?, 1 rnM D T A ,  2 pghl 

leupeptin. 20 pg/d aprotinin, 1 rnM Pefa]. Lysates were precleared by centrifugation at 

14000 x g for 5 minutes. Supematanis were then incubated for 30 minutes at 4°C with 30- 

50 pg 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 monoclonai an tibody (R02 130, Transduction Laboratories). 

Immune-complex kinase assays 

To mesure Raf- 1 activity (chapter 3), nt2 cells overexpressing wildtype Raf- 1 

(3x 10~ells/sample) were lysed in ice-cold RIPA buffer [20 mM Tris pH 8.0, 137 rnM 

NaCl, 2 m M  EDTA, 10% vlv glycerol, 1% v/v NP40,0.1% w/v SDS. 0.5% wlv DOC, 2 

pg/ml leupeptin. 20 pgmi aprotinin, I mM Pefa, LOO pM Na-vanadate] after various 

treatments. Ce11 lysates were cleared by centrifugation at 14000 x g for 5 minutes. 

Following, Raf- 1 was immuno-precipitated from 112 of the cell lysate with 1 pg anti-Raf- l 
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 1 time with Raf kinase buffer [30 mM 

Hepes pH 7.4, 10 rnM MgCl2, 7 rnM MnCL, 2 rnM D R ] .  Raf irnrnuno-precipitates were 

then incubated at 30°C (60 pl final volume) in Raf kinase buffer containing 0.5 pg purified 

GST-MEK, 2 pg purified kinase-defective Erk, 20 ph¶ ATP and 10 pCi f 2 ~ - y ~ - ~ ~ ~  

(Amersharn Pharmacia Biotech. Inc.). After 30 minutes, the reaction was stopped with 

SDS sarnple buffer and the products were resolved on standard 10% SDS-PAGE. Proteins 

were transferred to nitrocellulose and radiolabeled Erk was quantified by phosphorimager 

anûlysis. Meki was irnrnuno-precipitated from 1/10 of the same precleared cell lysate with 

1 pg Me k l  monoclonal antibody (M 17020, Transduction Laboratories) bound to rabbit-anti 

mouse IgG-coupled protein A Sepharose (Sigma Chernical Co.). Immuno-precipitated 

Mek was washed 3 times with DOC- and SDS-free RIPA lysis buffer and 1 time with Mek 

kinase buffer (25 rnM Hepes pH 7.4, 10 rnM Mg-(H,C,ûO),, 2 mM D m .  Washed 

imrnuno-precipitates were incubated at 30°C (60 pl final volume) in Mek kinase buffer 

containing 2 pg purified kinase-defective Erk, 20 pM ATP. and 10 pCi ~'P-~J-ATP for 30 

minutes. Phosphorylated Erk substnte was analyzed as described in the Raf immune- 

complex kinase assay. 



Akt immune-complex kinase assay 

To assay Akt activity (chapter 3), 5x10~ nt2 cells/sarnple were 1 ysed in Akt buffer 

[70 rnM Tris pH 8.0, 150 rnM NaCI, 10% glycerol vlv. 1 % NP40 v/v, 10 rnM Dm, 10 

mM EDTA, 10 mM NaF, 40 mM P-glycerophosphate, LOO pM Na-vanadate. 7 pgml 

leupeptin, 20 pg/ml aprotinin, 1 mM Pefa] after various treatments. Lysates were 

precleared by centrifugation at 14000 x g for 5 minutes and Akt was imrnuno-precipitated 

using 2 pg Akt polyclonal antibody (PKB-PH, Upstate Biotechnology, Inc.. Lake Piacid, 

New York, USA) bound to protein A-Sepharose for 16 hours at O°C. Akt immuno- 

precipitates were washed 2 times with Akt buffer, 2 times with high-sait buffer [35 mM 

Hepes 7.1. 1 M NaCl. 1% NP40 vlv. 0.1% wlv BSA, 10 rnM DTT, 100 FM Na-vanadate, 

2 @ml leupeptin, 20 pgml aprotinin. 1 mM Pefa], and 1 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 pl final volume) in Ah kinase buffer containing 2 pg PM. 10 U 

purified glycogen synthase kinase 3 (GSK3) (New England Biolabs, Inc.). 1.3 mM 

EGTA, 66 pM ATP, and 10 pCi [ 3 ' ~ - y ] - ~ ~ ~ .  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 ndiolabeled GS K3 was quanti fied by 

phosphorimager analysis. 

In vitro assay of JNK activity 

JM( activity was measured using an assay that empioys a GST-jun recombinant 

protein (GST fused to residues 1-79 of c-jun) (chüpter 3) (Hibi et a1.,1993). GST-jun was 

expressed in E. coli and bound to glutathione-Sepharose beads. AIiquots of GST-jun 

bound to glutathione-Sepharose were stored at -80°C until use. 

2 x 106 rat2 cells were lysed in WCE (whole ceIl extract) buffer [25 mM Hepes 7.7, 

300 mM NaCI, 1.5 m .  MgCl?, 0.2 mM EDTA, 0.1 % v/v Tri ton X- 100,0.5 m M  DTT, 20 

mM B-glycerophosphate, 100 pM Na-vanadate, 2 @ml leupeptin, 1 mM Pefa] after 

various treatments. Ce11 lysates were precleared by centrifugation at 14000 x g at 4°C for 

10 minutes. Aiiquots of precleared lysate containing 500 pp totd protein content were 

diluted to 20 mM Hepes pH 7.7, 75 mM NaCl, 2.5 mM MgC12, 0.1 rnM EDTA, 0.05% 

vlv Triton X-100, 0.5 mM DTï, 20 rnM fbglycerophosphate, 100 Na-vanadate, 2 
pg/ml leupeptin, 1 m M  Pefa and incubated with 10 pg of GST-jun bound to glutathione- 

Sepharose for 1 hour at 4OC. Precipitated INK was washed 3 times with WT3 (wash 



buffer) [20 rnM Hepes 7.7, 50 mM NaCI, 2.5 mM MgC12, 0.1 mM EDTA, 0.05% v/v 

Triton X-LOO] and 1 t h e  with INK kinase buffer 120 mM Hepes pH 7.6, 20 mM MgCL, 

20 m M  fl-gl ycerophosphate, 100 pM Na-vanadate, 1.9 rnM para-nitrophen yl-phosphate, 1 

mM DTï]. Washed precipitates were incubated at 30°C (30 pl finai volume) in INK kinase 

buffer containing 70 plid ATP and 5 pCi [ 3 ' ~ - y ] - ~ ~ ~ .  After 20 minutes, the reaction was 

stopped with SDS sarnple 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. 

Assessrnent 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 sarnple 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 rnM Tris 

pH 8.81 using SDS-containing running buffer [384 mM glycine, 50 mM Tris, 0.1 % wlv 

SDS]. After transfer to nitrocellulose, resolved proteins were immuno-blotted with anti- 

MAPK monoclonal antibody (13-6200, Zymed, Inc. Camarilla, California. USA). 

Erk activation was also monitored by resolving proteins on 15% mobility shift type 

gels followed by imrnuno-blotting with an antibody specific for the phosphorylated forms 

of Erk (9 105. New England Biolabs, Inc.). An aliquot of each lysate was analysed using 

standard 10% SDS-PAGE followed by immuno-blotting with anti-Erk polyclonal antibody 

(SC-94, Santa Cruz Biotechnology, Inc.) to demonstrate equivalent amounts of totd 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 (915 1, New England Bioiabs, Inc.) 

To assess tyrosine phosphorylation of Erk and Shc (chapter 3), ceIl lysates were 

resolved using 11.5% mobility shift type gels [stacker gel: sarne as in 15% gel; resolving 

gel: 12.5% acrylûmide, 0.106% bis-acrylamide, 375 mM Tris pH 8.81 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-bloning Iysates with antibodies that specifically 

recognize these two proteins. 



For di the protein phosphorylation immuno-blotting procedures described above, 

approximately 20-100 pg of protein was loaded in each lane. 1 confmed that each lane 

within each experiment contained an equivalent amount of protein by Ponceau S (Sigma 

Chernicd 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 culnire 

media (chapter 5). Cultures were then starved ovemight in DMEM/O.S% fatty-acid free 

BSA. After various treatments, cells were lysed in PI3K binding buffrr [50 m M  Hepes, 

137 mM NaCl. 1% NP-40. 10% glycerol. 1 mM MgCl?, 1 m M  CaCI?, 1 mM Na-vanadate, 

100 mM NaF, 10 m M  Na-pyrophosphate, 1 pg!ml leupeptin, 5 pg/d aprotinin, 1 mM 

phenylmethylsulfonyl fluoride]. Ce11 lysates were centrifuged at 14000 x g for 5 minutes. 

After centrifugation. supematants were precleared by incubation with protein A Sepharose 

for 1 hour at 4OC. The final binding reactions contained 100 pg total cellular protein frorn 

precleared lysates and 2 pg anti- p85a monoclonal antibody (Santa Cruz Biotechnology, 

Inc.) in a final volume of at least 0.5 ml in PUK binding buffer. These binding reactions 

were incubated for 4-6 houn at 4OC. Following, protein A-Sepharose beads were added 

and binding reactions were incu bated ovemight at 4°C. PI3 K irnmuno-precipi tates were 

washed 3x with PI3K binding buffer and Ix with PBS. Proteins were eiuted off the beads 

with SDS-sample buffer, resolved on standard 1 1 % SDS-PAGE, and transferred to 

nitrocellulose. Co-immunoprecipitating Ras was visuaiized by immuno-blotting with anti- 

Ras monoclonal anti body (R02 120, Transduction Laboratones). 

Subcellular fractionation 

Afier various treatments, nt2 cells overexpressing Raf-1 (2x10~ / sample) were 

scraped in Homogenization buffer [10 mM Tris pH 7.5,25 m M  NaF, 5 m M  MgC12, 1 mM 
EGTA, 100 pM Na-vanadate, 2 Ccglml leupeptin, 20 pg/rnl aprotinin, 1 rnM Pefa] (chapter 

3). Cells were homogenized by 50 strokes in a small sized Dounce apparatus at OOC and 
homogenates were centrifuged at 1ûûû x g for 5 minutes at 4°C. Precleared homogenates 

were then centrifuged at 100,000 x g for 1 hour at 4OC in a fixed angle rotor. Pellets 

(particulate fraction) were gentîy washed 3 times with Homogenization buffer and then 

resuspended in RIPA buffer. 50% of each pellet was analyzed by standard 10% SDS- 



PAGE followed by immuno-blotting wi th Raf- l monoclonal antibody (R 19 1 20, 

Transduction Laboratones). 

Animal studies 

To prevent extraneous temperature fluctuations, neonatal Spngue Dawley rats were 

maintained for one hour at 33-3S°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 individuds for 20 minutes. This treatrnent deceased core body 

temperatures to 10-12°C. Core body temperature was rnonitored with a thermocoupler 

using a rectal probe. One set of cold animals was transferred back to the 33-35OC grid For 

17-14 minutes. After warming, the animals regained muscle movement and core body 

temperature rose to 78-3L°C. At the ends of these treatments, animals were sacrificed by 

decapitation and hind limbs were rapidly removed and hornogenized in Erk lysis buffer [20 

mM Tris pH 8.0, 10 mM EGTA. 5 rnM MgCl?, 1% Triton-X100, 0.5% wlv DOC. LOO 

p M  Na-vanadate, 40 mM Na-pyrophosphate, 50 m M  NaF. 2 p-Jrnl leupeptin, 20 pJm1 

aprotinin. and 1 m M  Pe fa]. Tissue homogenates were precleared by centrifugation ( 14000 

x g, 5 minutes) and Erk was immuno-precipitated with a n t i - W K  R2 polyclonal antibody 

(Erkl-CT. Upstate Biotechnology, Inc.) bound to protein-A-Sepharose. Immuno- 

precipitates were washed 3x with Erk kinase wash buffer [?O mM Tris pH 8.0, 1 % v/v 

Triton X-LOO, 12 mM DOC, 10 m M  EGTA, 100 pM Na-vanadate, 5 mM MgCl,, JO rnM 

Na-pyrophosphate, 50 mM NaFF], l x  with 30 rnM Tris pH 8.0, and Ix with Erk kinase 

reaction buffer [30 mM Tris pH 8.0, 70 rnM MgCl?, 2 mM MnCI?]. Erk irnrnuno- 

precipitates were then incubated at 30°C (60 pl final volume) in Erk kinase buffer 

containing 7.2 l g  myelin basic protein, 10 pM ATP and 5 pCi [ 3 2 ~ - y ] - ~ ~ ~ .  After 30 

minutes the reaction was spotted on P8 1 cation-exchange paper (Whatman International, 

Ltd., 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 hypothermie stress 

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



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 

comrnon environmental stress sustained by mmy species. Furthemore, 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). Hypothemc stress cm also cause ceil 

damage, however. This damage could stem from decreased ATP synthesis, failure to 

maintain cellular membrane ~ a *  and Ca" ion gradients, ce11 swelling and activation of 

phospholipases (Hochachka, 1986, Belzer and Southard, 1988, Liu et al., 199 1, Mcanulty 

et al., 1996). Hypothermia is also a recognized trigger of apoptosis (progmrned ce11 

death) (Perotti et al., 1990, Knirnan et al., 1992, Gregory and Milner, 1994). Little is 

known about specific biochemical pathways that are activated in response to hypothermic 

stress. Furthemore, the relationship between known biochemical changes in hypothermic 

cells and ce11 damage is not understood. In this study, 1 set out to investigate: 1) the 

mechanism of h ypothemicall y-induced Ras activation and 3) the biochemical and 

physiological consequences of hypothemically-activated Ras. 

Previously, it had been found that low temperatures block acute growth factor 

signaling (Campos-Gonzalez and Glenney, Ir., 1991, Okuda et al., 1992). When 

fibroblasts are exposed to epidemal growth factor (EGF) at 4*C, Erk is not activated 

(Campos-Gonzilez and Glenney, Ir.. 199 1). 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 paralle1 with our studies on the activation of Ras by 

hypothermic stress, I also aimed to define the level of the signaiing pathway at which low 

temperature blocks acute EGF signaiing. 

Resul t s  

Activation of Ras in rat2 fibroblasts exposed tu hypothermic stress 

Ras activation in rat2 fibroblasts was assessed by measuring the 32~-labeled guanyl 

nucleotides associated with Ras (Figure 3 -13. Alternatively, 1 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 ce11 lysates (Figure 3-lb) (Taylor and Shailoway, 



1996). Following precipitation, Ras is detected by an imrnuno-blot method. In both these 

experimentd systems, Ras was primarily GDP-bound in untreated cells. Ras-GTP slowly 

accumulated in cells exposed to O°C. Within 4 hours of 0°C incubation, the amount of Ras- 

GTP (33%) approached levels obtained after acute EGF stimulation at 37OC (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- 1 a). 

Ras guanyl nucleotide association and hydrolysis at O°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 rnight be 

activated in hypothermie cells, spontaneous and cataiyzed GTP hydrolysis and guanyl 

nucleotide exchanp reactions were studied in vitro, using recombinant proteins. Since in 

v ivo  Ras activation at O°C was slow and increased over a 4 hour penod, these reactions 

were studied over this time penod. Recombinant Ras CO-purifies with GDP (Poe et ai., 

1985). After incubating Ras-GDP cornplex with an excess of ndiolabeled 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 O°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 O°C. In addition, intrinsic GTP hydrolysis is substantially 

inhibi ted at 0°C. 

In the cell, Ras is negatively regulated by GTPase activating proteins (GAP's). 

pl20GAP is a major RasGAP in fibroblasts and this enzyme retained considerable activity 

at O°C when assayed over a 4 hour period (Figure 3-2b). Similar results were obtained 

with the catalytic domain of NFl, another Ras GAP (Stang and Stone, unpublished data). 

Ras is positively regulated in the ceil by guanyl nucleotide exchange factors (GEF's). The 

ability of two Ras GEF's to function at O°C was examined. The cataiytic domain of 

RasGRFl caused a 10-fold increase in the formation of Ras-GTP relative to the non- 

catdyzed GTP association reaction (Figure 3-2c). The cataiyt~c domain of RasGRP, 

another rnammalian Ras GEF (Ebinu et 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 signifiant 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 O°C. 



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). Furthemore, 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 et al., 1996). I hypothesized that certain 

Ras effector mutants would fail to be activated by hypothemic stress in vivo if Ras GEF's 

or Ras GAP'S were involved in the mechanism. Indeed, the Y32H Ras alleie (tyrosine-32 

to histidine) did not become associated with GTP in rat2 cells after 4 hours of O"C 

incubation (Figure 3-3). However. association of Y32H Ras with GTP could be 

stimulated by EGF treatment at 37OC. 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 nt2 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 1 minute 

after rewarming to 37°C (Figure 3-4)  while Mekl was maximally activated after 2 minutes 

(Figure 3-4b). Tyrosine phosphoryhtion of Erk, a marker for activation by Mek. was 

maximal at 3 minutes after rewarming (Figure 3-4c). The activation of Raf, Mek and Erk 

during the recovery penod was comparable in amplitude to the activation levels observed 

after EGF treatment of cells. A protein kinase downstrearn of Erk, p90rsk (ribosornal S6 

kinase), was also activated after recovery frorn hypothermic stress (Bottorff and Stone, 

unpubli shed data). No activation of the Raf-Mek-Erk kinase cascade was evident without 

rewarming. Thus, Ras activated by hypothermic stress leads to a robust Rd-Mek-Erk 

effector response during the recovery period. 

Activation of PI3K sigaaling by hypothermic stress followed by rewarming 

In addition to the Raf-Mek-Erk kinase cascade, Ras is aiso thought to activate 
phosphatidylinositol-3 kinase (FI3K) in vivo (Rodriguez-Viciana et al., 1994, 1996). 

Once activated, PUK generates a senes of phosphatydylinositol second messengers 



phosphory lated at the D3 position (Carpenter and Cantley, 1996). PI3 K generated 

phosphatidylinositol second messengers have k e n  s h o w  to activate the protein kinase Akt 

in NIH3T3 cells and in virro (Franke et al., 1997). Here, P13K activation in vivo was 

monitored indirectly using an Akt immunetomplex kinase assay. Treatment of rat2 ceils 

with EGF gave nse 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 

P13K activity was present in untreated cells. Akt was activated upon rewarming after a 4 

hour OaC 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 (MK) is known to be activated by n number of cellular 

stresses such as W radiation. phmacological inhibition of protein synthesis and heat 

shock (Kyriakis et al., 1994). In addition, it has been shown that activated Ras c m  

stimulate c-jun-dependent transcription in severai ceIl types suggesting that Ras signaling 

activates JNK (Binetruy et al., 199 1). JNK signals in a kinase cascade that is analogous to 

the Raf-Mek Erk kinase cascade. The protein kinase MEKKl phosphorylates and activates 

SEK (MKKJ) which in turn, phosphorylates and activates JNK (Yan et al., 1994, Sanchez 

et al., f 994, Lin et al., 1995). 

It was asked whether INK signaling in vivo was activated in response to 

hypothermic stress followed by rewarrning. SEK was not phosphorylated in rat2 cells that 

were incubated at O°C for 4 hours followed by rewarrning for up to 5 minutes (Figure 3- 

6a). Treatrnent of cells with anisomycin, an inhibitor of protein synthesis did stimulate 

SEK phosphorylation. The specific kinase activity of INK precipitated from rat2 ceU 

lysates was also measured. In this assay, anisomycin treatment led to a 300-fold increase 

in JNK activity (Figure 3-6b). Incubation of ceils at O°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 JhK in rat2 cells. It is 



concluded that hypothermic stress followed by rewarming does not lead to robust activation 

of JNK signaling. 

Inhibition of hypothermie Ras-Erk signaling by Ca2+ chelators 

Hypothermie stress is thought to increase cytosolic Ca2+ levels, in part by inhibiting 

Ca" active transport from the cytosolic cornpartment to the ce11 exterior and lumen of the 

endoplasrnic reticulum (ER) (Hochachka, 1986. Perotti et al., 1990, Liu et ai., 1991, 

bIcanulty et al., 1996). Driven by a large concentration gradient, Ca" ions from the cell 

exterior and ER constantly leak into the cytosol through ca2' channels (Clapham, 1995). It 

was asked whether the activation of Ras-Erk signaling during recovery from hypothermic 

stress in nt2 cells involved ~ a " .  For these experiments, Erk phosphorylation was 

monitored using a gel rnobility shift assay. Sequestration of extracellular Ca2' in the 

growth medium with EGTA partially inhibited the phosphorylation of Erk during the 

recovery period following a 4 hour O°C incubation (Figure 3-7). Intracellular Ca" c m  be 

sequestered using the cell-permeable chelator BAPTAIAM and pretreatment of cells with 

this reagent partially inhibited Erk phosphorylation during the rewming penod. 

Pretreated of cells with both EGTA and BAPTA/AM blocked the phosphorylation of Erk 
following rewming. Neither EGTA. BAlTA/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 BAPTAIAM (Figure 3- la, lane 7). These results suggest that caL' 

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 
ce11 cuiture medium 

1 hypothesized that Ca2+ ions were the only component of the extracellular medium 

critical for hypothermic activation of Ras-Erk signaling. Therefore, 1 replaced the normal 

ce11 culture growth medium (DMEMIIO % fetal bovine serum (FBS)) with Hepes buffered 

saline (HBS) containing 20 mM ~ a "  and attempted to activate Ras-Erk signaiing in rat2 
cells by hypothexmic stress followed by rewarming. To my surprise, the incubation of 

cells in HBS/20 mM Ca2+ inhibited hypothermia-induced Erk activation. This result 

prompted further investigation into the components of the cellular medium necessary for 



hypothermic Ras-Erk activation. Incubation of rat2 cells in either DMEM or HBS inhibited 

the phosphorylation of Erk after a 4 hour 0°C exposure followed by rewarming (Figure 3- 

8a). EGF treatment of cells incubated in either DMEM or HBS at 37°C did stimulate Erk 

phosphorylation indicating that the EGF signaling pathway was funcûonal. 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 semm 

to DMEM restored hypothemiia-induced Ras-GTP accumulation in a concentration 

dependent rnanner. 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 hypotherrnia 

In panllel with the above expenments, the mechanism underlying the previously 

documented inhi bitory effect of low tempenture on EGF signaling was investigated 

(Campos-Gonzalez and Glenney, Jr., 199 1). When rat? cells were exposed to EGF at 

0°C. Ras-GTP increased npidly (Figure 3-la. lane 2). Thus, low tempenture does not 

appear to inhibit EGF activation of Ras. 

In response to EGF stimulation of rat1 cells overexpressing the EGF receptor 

tyrosine kinase (RTK). Shc adapter proteins prornptly bind the EGF RTK and become 

tyrosine phosphorylation on a number residues (Pelicci et al., 1992). Phosphotyrosine 

residues on Shc, in tum, provide binding sites for the Grb? adapter protein (Pelicci et ai., 

1993, Rozakis- Adcoc k et al., 1992, Ruff-Jamison et al., L 993, Yokote et ai., 1994). As a 

result, the Grbî-SOS complex is recruited to the plasma membrane into proxirnity with 

Ras. As such, Shc proteins function between the RTK and Ras in the EGF signaling 

pathway. 

Using an anti-phosphotyrosine irnmuno-blotting method, tyrosine phosphorylation 

of the Shc proteins and Erk in response to EGF stimulation at 37°C was confirmed in nt2 

cells (Figure 3-9a). In agreement with previous work, it was found that O°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 O°C. 

Using an immune-complex kinase assay, it was shown within our lab bat OOC 
largely blocked EGF-stimulated Raf activation in rat2 cells (Chan et al., 1999). Therefore, 

acute EGF signding at O°C is efficient to the point where Ras is activated but Raf activation 

is largely blocked. 



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 

(Warne et al., 1993, Zhang et al.. 1993, Traverse et al., 1993, Marias et ai., 1995). 1 

questioned w hether cold temperatures inhibited Raf activation by preventing membrane 

recruitment of Raf. After stimulation of rat2 cells overexpressing wildtype Raf-1 wih EGF 
at 37°C or OaC, 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 O T ,  the EGF-stimulated increase of Raf in the 

pürticulate 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 o f  
acute EGF signaling in vertebrate cells. 

Erk phosphorylation assays were used to explore the circurnstances where Ras-Erk 

signaling is activated in response to hypothermic stress Followed by rewarming. The degree 

of Erk activation in nt2 cells is pmportional 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 et al., 1995). 

Rat? cells were exposed to various tempentures for a 4 hour period and then examined for 

Erk activation after rewarming to 37OC (Figure 3- lob). 4OC 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. Hypothermie Ras-Erk activation is 

not an idiosyncnsy of rat? cells. MDCK cells (canine kidney epithelial ce11 line), KD ceUs 
(primary human fibroblasts), CEF (prirnary chicken embryonic fi broblasts) and REC 
(primary rat embryo cells) al1 showed Erk activation after rewarming from O°C hypothennic 

stress (Figure 3-10c). The inhibition of acute growth factor signaling at O°C was also 

conserved in each of the cultured ce11 types. 

Hypothermically-induced activation of Ras-Erk signaling is not ürnited to cultured 

cells. Activation of Erk was observed in hind-leg tissues of neonatd rats that were 

subjected to sub-lethal hypothermic stress followed by rewarming (Figure 3- IOd). 

However, 1 was unable to confm an accumulation of Ras-GTP in hypothermic neonatd 

rat tissues. 



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). M e r  a 4 hour 0°C incubation, Erk is 

quantitatively phosphorylated during the initial recovery penod but retums to the 

unphosphorylated state within 30 minutes of rewarming (Figure 3-1 1). Cells ihat were 

given a pretreatment of hypothermic stress followed by 30 minutes of rewmning were 

considerably less responsive to subsequent stimulation with low concentrations of EGF. 

Thus, hypothermically-induced Ras-Erk sigaling appears to elicit a negative-feedback 

mechanism in rat2 cells that inhibits subsequent acute EGF stimulation. 

Improved cell viability after prolonged hypothermie stress b y  
pharmacological inhibition of Mek 

Cultured cells exposed to prolonged hypothermia were studied to determine 

whether hypothennically-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 nt2 cells that Erk c m  be activated 

after recovery from prolonged hypothermia and that this biochemical response is blocked 

by PD098059 pretreatmen t (Figure 3- 12). 

During the period of prolonged O°C incubation, REC and rat2 cells remain attached 

and have a near-normal morphology. Imrnediately 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 ce11 line (Figure 3-13c) and KD human fibroblasts. 

Pretreatment of cells with the Mek inhibitor PD098059 prevented the change in REC and 

rat2 ce11 morphology and substantially increased viability in al1 cells tested. The Mek 

inhibitor U0126 (Favata et ai., 1998) similarly protected rat2 cells from a loss of ceU 

viability after prolonged hypothermic stress. 



In rat2 cells, prolonged hypothermic stress followed by rewarming also leads to 

DNA fragmentation, a Iate cellular marker for apoptosis (Figure 3- 14). PD098059 

pretreatment decreased the arnount 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 activaaon of Ras occurs over a period of severd 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 rnechanism of hypothermic Ras activation. Intrinsic nucleotide 

exchange in virro was very slow at O°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 O°C. Ras regulatory proteins do appeiu to retain 

some function at 0°C in vitro. This was demonstrated with two punfied Ras GEF's and 

two well-characterized Ras GAP's. The amounts of Ras GAP's and Ras GEF's used in 

these in virro experiments were ürbitrary 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, ihese in vitro data suggest that GEF's and GAP'S may have the ability to 

regulate Ras in hypothemiic rat2 cells. 

Several observations from nt7  cells suggest that a GEF is involved in hypothemic 

Ras activation. Ras with a tyrosine to histidine substitution (Y33H) 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 ken  observed to involve the effector region (Scheffzek et al., 1997, Boriack-Sjodin et 

al., 1998). Thus, the Y32H mutation may be inhibiting hypothermic activation by 

dissociating the Ras protein from the positive regulation of a GEF. The effeci 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 normai affïnity for CDC25, the yeast Ras GEF, 

and Rafl (Stang er al., 1997). In vitro, Y32H Ras can be negatively regulated by 

pl20GAP but not the catalytic domain of NF1 (Stang et al., 1996). 



Activation of Ras in hypothermic rat2 cells appears dependent upon some semm 

factor(s) in the ce11 culture media. In addition, the degree of hypothermic Ras activation 

was proportional to the arnount of serum in the media. Hypothermie activation of Ras in 

nt2 cells was also inhibited by extracellular and intracellular Ca" chelators. 

Based on the studies performed in vitro and in nt2 cells, a model has been 

forrnulated 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 ac tivity. However, hypothermic Ras activation is slow and 

the unknown serum factor(s) do not l e d  to overt stimulation of the sigding components 

upstream of Ras. 

There are at least two possible explanations for the inhibitory effects of the CaL' 

chelators. The unknown semm factor may directly stimulate a weak Ca" current through a 

plasma membrane channel and this weak ~ a "  current may regulate a Ca"-dependent GEF 

or a Ca2+-dependent GEF regulatory protein. Two CaL'-responsive Ras GEF's, RasGWl 

and GRF1, have ken  described (Shou et al., 1992. Farnsworth et al., 1995, Farn et al., 

1997). The involvement of RasGW1 or GRF? in hypothermic Ras activation in nQ cells 

is speculative since both GRFL and GRFl are thought to be expressed oniy in brain. 

Furthermore, increased levels of cytosolic Ca2+ in nt2 cells exposed to hypothermic stress 

remains undemonstrated. Alternatively, there may not be a rise in cellular ~ a ? ' .  The GEF 

may simpiy 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-Gonzhlez and Glenney, Jr., 1991). Here, 1 have defined the level of 

the EGF signaling cascade in nt3 cells that is blocked by hypothemia. EGF signaling at 

O°C is efficient to the level of Ras activation. Indeed, slightly more Ras-GTP was formed 

within 5 minutes of EGF treatrnent at 0°C cornpared to that seen at 37°C. This activation of 

Ras effectively demonstrates that Ras GEFTs can function in vivo at O°C. Furthermore, the 

unknown senirn factor necessary for hypothermic Ras activation could be EGF or an EGF- 

üke factor. As such, Ras activation by acute EGF stimulation at 0°C may be sirnply a 

robust version of slow Ras activation in hypothermic rat2 cells. In normal serum- 

containing growth media, dilute concentrations of EGF may be weakiy stimulating a Ras 

GEF that slowly leads to Ras-GTP accumulation. 

In contrast to EGF-stimulated Ras activation at O°C, it has ken  shown within Our 

lab that EGF-stimulated Raf activation is inhibited at O°C in rat2 cells (Chan et al., 1999). 

Raf activation involves recruitment to the plasma membrane, interaction with Ras-GTP, 



and a complex series of events involving protein kinases and probably iipid regulators 

(Traverse et al., 1993, Zhang et al., 1993, Ghosh et al., 1994, Leevers et al., 1994. 

Stokoe et al., 1994, Marias et al., 1995, Barnard et al., 1998). Subcellular hctionation 

studies in nt2 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 mnity at low 

temperature in vitro but the protein complex containing full-length Raf in vivo rnight behave 

differently (Wartmann and Davis, 1994). Altematively, full-length Raf may bind Ras-GTP 

at 0°C iri 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 dunng 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 dunng the recovery period. 

Activation of the Raf-Mek-Erk kinase cascade upon rewarming was transient but robust. 

During rewarminp, we also demonstrated significant activation of the protein kinsase Akt 

which signals downstrearn of the Ras effector, PDK (Fnnke et al., 1997). 

Hypothermic stress followed by rewarming did not lead to robust activation of 

INK, also known as stress activated protein kinase (SAPK), or its upstream activating 

kinase, SEK (Sanchez et al.. 1994, Yan et al., 1994) in rat2 cells. Another kinase 

generally associated wi th cellular stress, p38HOG, was also not xtivated by hypothemic 

stress followed by rewarming (Stang and Stone, unpublished &ta) (Han et al., 1994). 

Thus, hypothermically-activated Ras does not signal to SNK 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 M signaling pathway is not regulated by Ras, at least in rat2 cells. Although many 

other biochernical 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 hypothermie-activation of Ras-Erk signding and hypothermic- 

inhibition of acute growth factor signaiing are conserved in several pnmary ce11 populations 

and immortaiized ce11 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 animais, 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 



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 hypothermicdly- 

ac tivated 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 rewamiing (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 nt2 cells ihat 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 a ai., 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 ce11 viability. To Our 

surprise, Mek inhibitors increased ceIl 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 aiso been shown to promote 

apoptosis (Fukasawa and Vande Woude, 1997, Kauffmann-Zeh et al., 1997, Khwaja et 

al., 1997, Mayo a al., 1997). Indeed, when rat2 cells were rewatmed after prolonged 

hypothermia, DNA fragmentation, a late biochemical marker for apoptosis, was observed. 

When cells were pretreated with the Mek inhibitor, the amount of fragnented 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 dmaged cells from 

the organism. 



The biochemical relationship between Ras-Erk activation, apoptosis, and ce11 death 

is unclear. Even if hypothemiic Ras-Erk signaling does function to promote ceU death, 

other factors must be important in determining the ovenll response to prolonged 

hypotherrnia since shorter periods of hypothemiic stress lead to strong Erk signaling 

without the detrimental effects. Signaling through PI3K and Akt have been shown to be 

anti-apoptotic in nt 1 fibroblasts and MDCK cells (Kauffmann-Zeh et al., 1997, Khwaja et 

al., 1997). In one model, biochernical responses that promote ce11 viability, such as Akt 

stimulation, rnay corne into play after shorter pet-iods of hypothermic stress, while the Ras- 

Erk pathway dominates the response after prolonged hypothermia. According to this 

model. 1 would predict that Akt is not activated upon rewarmjng after prolonged 

hypothermic incubation. Hypothermic stress can also lead to activation of NF-KB and NF- 

KB can reduce Ras-induced apoptosis in rodent fibroblasts (Rosette and Karin, 1995, 

Mayo et al., 1997). According to the proposed model, shon penods hypothermic stress, 

but not prolonged hypothermic stress, wouid be predicted to activate NF-KB. The 

invol vemen t of NF-KB in h ypothermia-induced apoptosis remains undemonstrated. 

Hypothermia is thought to cause microtubule disruption in mammaiian cells 

(Ostlund Sr. et al., 1980, Rosette and Kain, 1995). It is also thought that prolonged 

hypothermic stress leads to a nurnber of physiological changes including a disruption of the 

plasma membrane Na* ion ,mdient which in turn, leads to cell swelling (Beizer and 

Southard, 1988). As such, prolonged hypothermic stress may give rise to fragile, swollen 

cells that have a disrupted microtubule cytoskeleton. In prirnary nt hepatocytes. Erk 

activation leads to the appearance of biochemical markers of cellcycle progression such as 

cyclin-dependent kinase 2 activation and increased DNA synthesis (Tombes et al., 1998). 

Activation of Erk upon recovery from hypothemia, although transieni, may similarly 

stimulate cell-cycle progression. Possi bl y, entry into rnitosis or cytokinesis in the context 

of a ce11 stmcturally darnaged by prolonged hypothermic stress may trigger a sensor that 

si p a l s  to the apoptotic regdatory mac hinery . Phmacological inhibition of Erk activation 

may prevent apoptosis by slowing cell-cycle progression thereby allowing time for the ce11 

to re-establish the microtubule cytoskeleton and osrnotic homeostasis. 

How inhibition of Erk activation protecis cells afier prolonged hypothermic stress 

remains to be elucidated. Even if the protective effect is not fully understood, our findings 

with the PMI98059 Mek inhibitor may be useful for improving the survival of clinically 

useful cells in cold storage. Our findings also demonstrate the i m p o ~ c e  of strict 

temperature control when studying cultured cells. 
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Figure 3-1. Activation of Ras in response to hypotherrnic stress in vivo. a. Ras-GTP levels were 
rneasured in rat2 cells using a 32~i-labrling method. For control, cells were stimulated with EGF (100 
n@rnl) at 37°C (Iane 1). In lanes 4-6, ceils were incubated on ice for the indicated times. In lane 7, cetls 
were given a pretreatment of BAPTNAM (25 pM) and EGTA (2 m M  final in ceil medium) for 15 minutes 
at 37°C before ri 4 hour incubation on ice. In lane 8, cells were incubated on ice for 4 hours and then 
warmed to 37°C for 1 minute. After ce11 lysis and immunoprecipitation of Ras, the levels of associated 
GTP and GDP were determined. Top panel: autoradiogram showing radiolabeled GDP and GTP after 
sepriration by chromatography. Bottom panel: the results in the top panel have been plotted as percent 
GTP relative to GTP+GDP. The resu1t.s shown in lanes 1 and 3 have been observed numerous times. 
Shown above other bars is the nurnber of independent times such observations were made. Note that the 
data in lane 2 (cells incubated on ice for 30 minutes and then stirnulated with EGF for 5 minutes on ice) 
concern the low temperature block to acute EGF signalingj. b. Rat2 cells overexpressing H-Ras were 
incubated on ice for 1 to 32 hours. Ras-GTP was precipitated frorn ce11 lysates with a GST-Raf fusion 
protein and preci pitated Ras was detected with an anti-Ras immuno-blot method. 
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Figure 3-2. In viîro GTP association and hydrolysis at OaC. a. Ras-GDP compIex from E. coli was 
incubated with a molar excess of [3zP-uJ-GTP at 30°C or on ice for up to 4 hours followed by immuno- 
precipitation of Ras and quantification of Ras-associrited radiolabel. Values are expressed as percent of 
maximal association as determined by equilibration in magnesium-free conditions. Values s h o w  are 
averages of duplicate data points. b. Ras from Sf9 cells wris complexed with [3=P-cc]-GTP and then 
incubated either with (+) or without (-) recombinant pl2OGA.P on ice for 4 hours or at 30°C for 15 minutes. 
Ras was immuno-precipitated and associated rridiolabeled nucleotides were separated by chromatography. 
Lrine S represents the starting material, substrate Ras-[3zP-a]-GTP complex that was precipitated 
immediateiy. The percent GTP 1 GTP+GDP is shown above each lane. Chromatographie positions of GDP 
and GTP are shown on the right. c. Ras-GDP from S B  celts was incubated on ice with a molar excess of 
[3T-a]-GTP in the presence (p30) or absence (buffer) of the catalytic domain of RasGRFl for 4 hours. Ras 
was imrnuno-precipitated and associated radiolabeled nucleotide wris 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 paraltel reactions were performed at 30°C for 15 minutes, association values of 
4% (buffer) and 43% (p30) were observed. 



Y32H Ras 

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 3zPi-hbeling as described 
in the legend of Figure la. Ceils 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 duplicrite data points. Y32H Ras 
protein is overexpressed at levels approximately 20-50 tirnes that of endogenous Ras (Stang et al.. 1996). 
Thus, the observed signal, which represencs total ceHulu 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*. Rat2 cells overexpressing wildtype Raf- 1 were incubrited on ice for 3 hours and 
then warmed to 37'C f ~ r  L 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 imrnuno-blot 
rnethod. a. In this rissay, Rrif activates GST-MEKI to incorporate radioactivity onto a kinase-defective Erk 
substrate. As controls, EGF ( 100 ng/rnl) treated cells were assayed for Raf- 1 activity either without or with 
GST-MEKI. Top panel: autoradiogram. Bottom panel: Raf activity is plotted quantitritiveiy. Circle - EGF 
tresitrnent without GST-MEK1; Diarnond - EGF-treated positive control; Squares - time course of Raf-1 
activation. b. In this rissay, immuno-precipitated Mekl incorporates ndioactivity ont0 a kinase defective 
Erk substrate. Top panel: autoradiogram. Bottom panel: Mek activity is plotted quantitatively. Diamond - 
EGF-treated positive controt; Squares - tirne course of Mek-1 activation. c. The Ievels 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 unueated 
or treated with EGF ( 100 ng/rnl) for 5 minutes at 37°C. For control, some cells were given a pretreatment 
of Wortmannin (W) (50 nM) or LY294002 (LY) (20 CLM) for 30 minutes at 37°C prior to EGF treaunent. 
Altematively, cells were incubated on ice for 4 houn followed by warming to 37'C for various arnounts of 
time. Akt activty in cell lysates was measured in a immune-complex kinase assay that employs GSK3 as 
substrate. Top panel: representative autoradiopm 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 frorn hypothermie stress. a. Rat2 
ceils were left untreated or incubated on ice for 4 hours followed by rewrurning for various amounts of 
tirne. For control, ceils were treated with EGF ( 100 @ml) for 5 minutes or anisomycin ( 10 pp/mi) for 30 
minutes at 37°C. Celi Iysates were analysed by immuno-blotting with an antibody that specificaliy 
recognizes the phosphorylated form of SEK. The position of phosphorylated SEK is shown on the right. b. 
Rad cells were treated with anisomycin (30 minutes) or EGF (5 minutes) at 37°C left untrerited, or 
incubated on ice for 4 hours followed by rewarming at 37OC for 5 minutes. JNK activity was mertsured 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. Bottorn panel: JNK activity is plotted 
quantitatively. Data points are the averages of triplicate values with the standard deviation indicrited. 
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Figure 3-7. Inhibition of hypothermie Erk activation by ca2+ chelators. Rat2 cells were given a 
pretreatment of EGTA (5 mM final concentrirition in cell medium), BAPTAIAM (SC pM), or both at 37°C 
for 15 minutes. Cells were then incubsted on ice for 4 hours followed by warming to 37°C for 12 minutes. 
Alternatively, cells were stimulatrd with EGF (100 ng/ml) for 5 minutes at 37°C afier pretreatment. Erk 
activation was measured in ceil lysates using a eIectrophoretic 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 cells were changed to DMEM/O.S% FBS, DMEM, or 
Hepes-buffered saline (HBS). Cultures were then allowed to equilibrate for 15 minutes at 37°C. After 
equilibration, cells were Ieft untreated, incubated on ice for 4 hours followed by rewarming to 37°C for 5 
minutes (icefwarm), or stimulated with EGF (100 @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 Ievels in ce11 lysates were measured using the non-isotopic methoci described in 
the legend of Figure 3- 1 b. 
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Figure 3-10. Activation of Erk in response to various hypothermie conditions and in different 
vertebrate cdls. a. Where indictited, rat2 cells were given ti pretreatment of PD098059 (50 O[) for 90 
minutes at 37°C. Cells were then Ieft untreated, stimulated with EGF (100 @ml) at 37". or incubated on 
ice for 20 minutes, 60 minutes or 4 hours followed by warming to 3 7 T  for 12 minutes. Erk activation was 
measured by the rlectrophoretic rnobility shift risssiy. b. Rat2 cells were çxposed to various temperatures 
for J hours and then w m e d  to 37°C for 5 minutes. Top panel: Erk activation was determined with an 
immuno-blot method that employs a primary antibody specitk for the dually phosphorylated active forms 
of Erk. Bottom panel: Equivrilence of protein loading was demonsuated by immuno-blotting a parallei 
blot with an antibady chat 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 p32 
and p4î Erk rue shown on the right. c. Rat2 , MDCK, KD, CEF and REC cells were treated as described 
below and Erk activation was assessed using the inlinuno-blotting rissay described in b. A-untreated; B- 
acute growth factor treatment for 5 minutes at 37OC; 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 treaunent on 
ice for 5 minutes. Acute growth factor stimulation was EGF ( 1 0  ng/ml) for al1 ce11 types except CEF 
which were stimulated with 10% 'os. d. Neonatal Sprague-Dawley rats were (1) left untreated, (2) 
incubated at ice-cold temperature for 70 minutes, or (3) incubated at ice-cold temperature for 20 minutes 
and rewamed by 36°C mbient temperature for 12-14 minutes. Hind limbs were removed frorn sacrificed 
animals and homogenized. Erk activity in homogenates was rneasured with an immune-complex kinase 
rissay. Each value is the average derived frnm analyzing 4 anirniils with the standard deviation indicated. 



Figure 3-11. Negative-feedback inhibition of ECF signaling after recovery from hypotherrnic stress. 
For control, rat2 cells were incubated on ice for 4 hours foilowed by rewming to 37OC for 12 or 30 
minutes. Altematively, cells were Ieft untreated or given a pretreatment of ice incubation for 4 hours 
followed by rewming 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 pglrnl) or 1/4096 
(24 pg/ml) of normal concentrations. Erk activation was measured by the electrophorecic mobility shift 
assay. 



REC Rat2 

Figure 3-12. Activation of Erk after recovery from protonged hypothermic stress. REC rind rat2 cells 
were left untreated, stimulitted with EGF (LOO @ml) for 5 minutes at 37 OC, or incubated on ice for 4, 16 or 
24 hours rind then wmned to 37°C for 10 minutes. Where indicated, celis were given a pretreatment of 
PD098059 (50 PM) for 90 minutes rit 37°C. Erk activation was assessed using the mobili ty shi ft assay. 
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Figure 3-13. Enhanced cell viability after probnged hypotherniic stress using the Mek inhibitor 
PD09g059. a-b. RER were untreated (A) m given a prolwged incubation on ice followed by warming to 
37°C for 4 hours ((B) and (Cl). Cells were given a pretreatment of 50 ph4 PD098059 (B) or DMSO 
vehicle IC) for 90 minutes at 37°C before the hypothermie incubation. The duration of the ice incubation 
was either 16 houn (a) or 24 hours (b). a. CeU morphology 4 bours after rewarming. b. Cell viability as 
determined by a reattachment asay and by che formation of colonies. c. Cells of the indicated type were 
given a pretreatment of PW98059 or DMSO vehicle as in a and b. Foliowing. cells were incubated on ice 
for various times and warmed to 37OC for 4 bours. Ce11 viabüity was assessed using the reatiacbment 
assay. For rat2 and MDCK cells. each value is the average from tbree independent samples with the 
standard devialion indicated. 



Figure 3-14. Attenuation of hypotherrnia-induced DNA fragmentation using the Mek inhibitor 
Pûû9ûû59. For controls, rat2 celis were left untreated or treated with staurosporin (st) (2 CLM) for 8 hours 
at 37°C. Alternatively, 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 PM98059 (50 CrM) for 90 minutes 
at 37°C. DNA was exmcted from cells and analyzed by electrophoresis in agame. 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 diacylglyceroi signais 

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. 



Introduction 

Previously, two distinct classes of guanyl nucleotide exchange factors (GEF's) 

were known to regulate Ras in mammaiian cells. SOS1 and SOS2, which comprise one 

class, activate Ras in response to extracellular signals that stimulate receptor tyrosine 

kinases (Bowtell et al., 1992, Chardin et al.. 1993. Egan et al., 1993, Buday and 

Downward. 1993). The second class is cornpnsed of RasGRFl and GEW? which appear 

to activate Ras in response to Ca" second messengen generilted downstream of 

heterotrirneric G-protein coupled receptors (GPCR) (Famsworth et al., 1995, Fam et al.. 

L 997). Our lab recentiy identified RasGRP (Ras guany 1 nucleotide releasing potein), a 

novel Ras GEF whic h appears to be distinct from SOS and GRF proteins. 

RasGRP was isolated in  a genetic scherne that selected for tmnsforming cDNA 

sequences (Ebinu et al.. 1998). Using retroviral vectors, a rat brain cDNA library was 

introduced into rat3 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. Tnnsformed 

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 SOS 1 and RasGRFl. 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 D a  predicted 

molecular weight. From the p n m q  structure, RasGRP appeared to form a novel class of 

marnmalian Ras GEF. The N-temiinai half of the protein contains the conserved GEF 

catalytic domain which can be further divided into the Ras-gcchanger motif (REM), 
characteristic of Ras-specific GEF's, and the CDC25 box which foms the primary catalytic 

domain ('La et al., 1993, F m  et al., 1997). The C-terminai haif 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 foms a helix-loop-helix 

structure that binds a Ca" ion via interactions involving residues within the loop. AIso 

within the C-terminal region is a structure similar to the diacylglycerol @AG) binding 

domain of P K ' s .  The rbc7 protein retains the full GEF catalytic domain, both EF-hands 

and the DAG-binding domain. 



Others within our lab have begun to characterize the different fùnctional domains of 

RasGRP, in vitro. A 6~-His tagged recombinant protein that contained the catalytic domain 

of RasGRP (region "cat" in figure 4-1) was shown to stimulate nucleotide exchange with 

puri fied H-Ras substnte. 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 mamrnalian 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 ~ a "  to RasGRP has also been dernonstrated. The tnincated rbc7 
version of RasGRP fused to GST was expressed in E. coli. This recombinant protein, 

blotted on nitrocellulose, bound '5Ca" in an overlay assay. This binding was ablated by 

mutation of critical ca2+-binding residues in the C-terminal EF hand motif. Thus, RasGRP 

showed in vivo properties of a Ras GEF that is regulated by DAG and Ca2+ 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 rnessengers 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 et a!., 1993). Similarly, 1 

asked whether RasGRP could stably interact with Ras in vitro. A recombinant protein 

consisting of maltose binding protein fused to the cataiytic domain of RasGRP (ME3Ptat) 

was expressed in E coii. and purified (Figure 4- 1). MBPcat contains the identical region 

of RasGRP that was included in the 6x-His tagged protein demonstrated for in vitro Ras 

GEF cataipc activity. MBP-cat was irnrnobilized on amylose beads and then incubated 

with H-Ras purified from an Sf9 ce11 expression system. After extensive washing of the 

beads, precipitated Ras was detected by an irnmuno-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-translationai processing in 

the Sf9 cell expression system. The minor band is interpreted to be partiaily processed 



Ras. The in vitro association of Ras with the catiilytic domain of RasGRP, together with 

the demonsiration 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 ihe pBabepuro 

retroviral vector (Morgenstern and Land, 1990). Others within our group have found that 

overexpression of rbc7 was weakly transfoming in the absence of the Y32R-vH-Ras allele 

(Ebinu et al.. 1998). More pronounced transformation was observed in nt2 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 ce11 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). It is not known how the deletion 

of N- and C-terminal sequences affects the nucleotide exchange activity of rbc7. 1 studied 

both the full-length and rbc7HA version of RasGRP in rat2 fibroblasts. 

Activation of Ras by RasGRP in vivo 

I measured the levels of GTP and GDP ûssociated with Ras using an in vivo 3 2 ~  

labeling assay. Rat2 cells overexpressed H-Ras alone or in combination with full-length 

RasGRP (Figure 4-3a). Low arnounts of Ras-GTP were observed in H-Ras- 

overexpressing cells that were left untreated. Stimulation of these cells with phorbol ester 

(PMA), a ceil-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 treatrnent of these cells led to a marked increase in the levels of Ras-GTP. 

Thus, RasGRP cm 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 physiologie stimulation. In rat2 cells, endothelin-l (Et-1) 
stimulates hydrolysis of phosphatidylinosito1 bisphosphate (PIP2) to generate DAG and 

inositol triphosphate (P3) through a heterotrîmenc G-protein coupled receptor (Arnbar and 



Sokolovsky, 1993). The IP3 second messenger subsequently stimulates ~ a "  ion currents 

from the endoplasmic reticulum. 

A non-isotopic assay was used to meaure Ras activation in response to Et-1 

stimulation (Taylor and Shalloway, 1996). Immobilized GST-Raf fusion protein 

precipitates only the GTP-bound forrn of Ras from ce11 lysates. Precipitated Ras is 

subsequently detected by an immuno-blot method. Rat? cells overexpressed H-Ras alone 

or in combination with full-length RasGRP. Stimulation of cells overexpressing only H- 

Ras with Et-l 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 

arnount 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 Ca2+ signais in rat:! cells. 

Activation of Erk signaling by RasGRP in vivo 

Activated Ras signals to several different effector systems including the RaCMek- 
Erk kinase cascade (Moodie et al., 1993, Rodriguez-Viciana et al., 1997). To study 

signaling events downstream of Ras, I assayed Erk phosphorylation in response to PMA 

treatment using a gel mobility shift assay (Figure 4-4a). In rat? cells expressing empty 

vector, PMA stimulation gave nse 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 a!., 1993). PMA treatrnent of cells overexpressing rbc7HA 

gave nse 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 houn 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 4-44 also see Figure 4-1). Thus, rbc7HA cm stimulate strong and sustained Erk 

activation in response to PMA treatment through a mechanism dependent on the DAG- 
binding domain. 

1 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 rbc7HA and RasGRP after 4 

hours of PMA treatment). One explmation 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 



nt2 cells overexpressing full-length RasGRP (Figure 4-4c). Thus, RasGW c m  link 

exogenous and endogenous DAG signals to robust and sustained activation of Erk. 

1 also helped demonstrate the ability of RasGRP to elicit long-term biological 

changes. Rai2 cells overexpressing rbc7HA have a normal morphology very similar to 

parental cells (Ebinu el al., 1998). Incubation of rbc7HA cells with P M  lead to a distinct 

transformed-like morphology within 40 houn. 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 perfomed in low (0.5%) 

serum conditions. In sum, chronic PhCi stimulation of nt2 cells overexpressing the rbc7 

version of RasGRP leads to a transfomed-like phenotype. likely due to sustained 

activation of Erk. In rat2 cells, stimulation of the Rd-Mek-Erk kinase cascade is sufficient 

to elicit cellular transformation (Bottorff et al.. 1995, Stang et al., 1997). 

Conclusions 

The data presented here, dong with previous findings from our lab, support the 

hypothesis that RasGRP is a DAG-responsive Ras GEF. In vitro biochemical studies have 

shown that various portions of RasGRP cm catdyze guuayl-nucleotide exchange on Ras 

and bind Ras, Ca2'. and a diacylglycerol analogue. In rat2 fibroblasts, RasGRP linked 

DAG signals to the activation of Ras, funher 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 nt2 cells 

(Ebinu et al.. 1998). In resting cells, r b c W  was found roughly 50% in a cytosolic 

fraction and 50% in a paniculate fraction that is enriched in plasma membrane. Upon 

treatment with PMA for 2 minutes, a higher arnount of rbc7HA in the particulate fmction 

and a lower amount of rbc7H.A 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 et 

al., 1998). In their study, G F P - R a s 0  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 rnainly to the endoplasmic reticulum and nuclear penphery. 

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 



RasGRP is localized to intracellular membranes. In the study by Ebinu et al. (1998), the 

particulate fraction may have contained some intncellular membranes. Also, a fraction of 

Ras in the ce11 has recently been locaiized to intracellular membranes (Choy et al., 1999). 

As such, treatment of rodent fibroblasts with P M .  rnay stimulate an association between 

RasGRP and Ras on intracellular membranes. Altematively, the PMA-induced localization 

of GFP-RasGRP to intracellular membranes may be an artefact caused by abnormally high 

expression levels of GFP-RasGRP. 

Other rnechanisms of RasGRP regdation are possible. For exmple, our Iab has 

obsemed phosphorylation of rbc7 on senne and threonine residues in response to PMA 

treatment (Ebinu and Stone, unpublished data). In addition, others have documented a 

srnall effect of ~ a "  ionophores on Ras activation by RasGRP in 293 human kidney cells 

(Kawasaki et al., 1998). 

By Northem analysis of humûn, mouse and nt tissues. RasGRP transcripts have 

been shown to be predominantly expressed in the hematopoietic system and bnin (Ebinu et 

al., 1998. Kawasaki et al., 1998, Tognon et al., 1998). Within the brain. Nonhem 

analysis has shown that RasGRP transcripts were particularly enriched in the cerebellum, 

cerebnl cortex and mygdala (Kawasaki et al., 1998). By in siril hybridization studies, 

RasGRP transcript was also shown to be localized to regions of the hippocampus (Ebinu et 

al., 1998). In the hippocarnpus, DAG and IP, second rnessengers are thought to be 

generated by the action of phospholipase C downstream of metabobopic 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 criticdl y. 

RasGRP may be a major regulator of Ras in T-cells. The activation of Tcells by 

antigen stimulation is thought to generate DAC and IP, second messengers through the 

action of phospholipase C (Cantrell, 1996). Stimulation of Ttells is dso 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 Tcells is thought to involve both membrane remitment of SOS and an 

inhibition of Ras GAP'S (GTPase-activating proteins) (Downward et al., 1990, Ne1 et al, 

1995, Cantrell, 1996). Our Iab has preliminary evidence to suggest that RasGRP is a 

major Ras regulator in Jurkat cells, a human T-ceil leukernia denved ce11 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 



nucleotide exchange activity is attributed to a GEF that is associated with the membrane 

fraction. In this in vitro systern, addition of an antibody specific for the catalytic domain of 

RasGRP inhibited the association of Iabeled GTP by approximately 50% (Ebinu and Stone, 

unpublished data). This result suggests that RasGRP comprises half of the GEF activity 

that regulates Ras in stimulaied T-cells. RasGRP may normally function in T-cells to link 
DAG and possibly ca2+ 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 rnay be 
relevant to the function of the endogenous prütein in neuronal and hematopoietic cells. 
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Figure 4-1. Domilin structure schematic of RrisGRP. Top: domriin structure of the 795 arnino açid full- 
length RasGRP tiom rat. The catalytic domain crin be Further divided into the REM domain and the 
minimal CDC25 GEF catalytic domain, A pair of ritypical EF-hand calcium binding motifs and a 
diacylglycerol (DAG) binding domain are present in the C-terminal half of RUGRP. Bottom: schematic 
showing regions inciuded in various RasGRP constructs. cat - catalytic domain used for in vitro work; 
rbc7 - N- and C-terminal truncated version of RasGRP initiaity isohted as trtlnsforming sequence; rbc7HA 
- rbc7 fused to an HA epitope (open box) at C-terminus; AûG - version of rbc7HA with an in-frame 
deletion of the DG-binding domain. 



Figure 4-2. Stable interaction between RosGRP and Ras in vitro. A recombinant protein consisting of 
maltose binding protein fused to the catalytic domriin of RasGRP (MBP-cat) was bound to amylose beads. 
Ras puritied frorn StP cells was then incubated with MBP-cat contriining beads or bare beads (-). After 
extensive wrishing, bound Ras was analyzed by SDS-PAGE followed by an rinti-Ras irnmuno-blot method. 
The position of Ras is indicated on the right. The srnaller band that migrates faster is thought to be Ras 
protein that was partially processed in StP cells. 



Figure 43 .  Activation of Ras by RasGRP in vivo. a. Ras-GTP Ievels were measüred in rat2 cells that 
overexpressed H-Ras alone (R) or in combination with RasGRP (R/GRP) using an in vivo 32~i-labeling 
rnethod. Cells were left untrerited or treated with PMA (100 nM) for 2 minutes. After cell lysis and 
irnmuno-precipitation of Ras, associated radiolabeled GDP and GTP were seprtrated by chromatopphy. 
and visualized by riutoradiography. b. Rat2 cells that overexpressed H-Ras done (R) or in combination 
with full-length RasGRP (WGRP) were stcirved for 4 hours at 37°C in DMEM/O. 1% FBS. Cells were then 
left untrerited or treated with endothelin-l (Et-1) (100 nkl) for 10 minutes. Ras-GTP wris precipitated from 
ceil lysates using a GST-Raif fusion protein and precipitated Ras was detected with an anti-Ras irnmuno- 
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 ceIIs expressing empty pBübepuro 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-mobiiity 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 wris monitored by the gel mobility shift rissay 
as ribove. The positions of unphosphorylated (p42) and phosphorylated (pp42) Erk forms are indicated on 
the right. c. 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 DMEMIO.556 Fl3S before the start of the experiment. The cells 
in c were stmed for 6 hours at 37°C in DMEM/O.I% 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 ceU 

through the hydrolysis of sphingomyelin (Figure 5-La). A number of extracellular stimuli 

such as tumor necrosis factor-u (TNFa), interleukin-lB, nerve growth factor (NGF). 

interferon -y, and vitamin D3 have k e n  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 et al., 1993, Dobrowsky et al.. 1994). The mechanism whereby 

ceramides are generated in response to stimulation of cells by TNFu has k e n  fairly well 

chancterized. Stimulation of munne 70213 pre-B-cells overexpressing the human 55 D a -  

type TNFct receptor (TNF-R55) with TNFu leads to the activation of neutrd 

sphingomyelinase (nSMase) at the plasma membrane and acidic sphingom yelinase 

(asMase) which is localized to endosomal compartments (Weigrnann et al., 1994). The 
activation of nSMase and aSMüse are dependent on distinct regions of the TNF-R55 

intraceilular domain. A nine amino-acid region of the TNF-R55 intracellular domain is 

thought to direct activation of nSMase via interactions with FAN (factor associated with 

nSMûse activation) (Adam-Klüges et al.. 1996). The mechanism linking FAN to nSMase 

activation rernains unclear. Activation of aSMase has been shown to involve the "death 

domain" in the intmcellular domain of TNFR55 (Weigmann et al., 1994). The death 

domain of TM-R55 is associated with the cytotoxic effects of TNFu (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 et al., 1995). TRADD, in turn, has been to interact with FADD (Fas-associated 

protein with death domain), again in vitro, in the yeast 7-hybrid system. and in transiently 

trmsfected 293 cells (Hsu et rd., 1996). TRADD and FADD may form a signal 

transduction pathway downstream of the TNFR55 that leads to aSMase activation in 

response to TNFa stimulation. Overexpression of TRADD and FADD in 293 cells 

enhanced the TNFcx-induced activation of aSMase (Schwander et al., 1998). 

The importance of ceramides in cellular signaling is demonstrated by their ability to 

mimic the biological effects elicited by a variety of exû-acellular agonists. For example, 

treatment of HL-60 leukernia cells with TNFa, 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 done c m  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 



inhibition of DNA-synthesis and neurîte outgrowth are mimicked by matment of T9 cells 

with cell-penneable cerarnide. 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 cm induce apoptosis in T-LPL's as well as 

HL-60 cells. U937 monoblast leukemia cells, Jurkat cells (T-cell leukemia), HMNl motor 

neuron cells and murine fibrosarcorna ceIl lines such as L939/LM and WEM-164/13 

(Cifone et al., 1993, Obeid et al., 1993, De Maria ei al.. 1996, Brenner et al., 1997, Zhou 

et al., 1998). In Swiss 3T3 fibroblasts, cell-penneable ceramide has also been shown to 

stimulate proliferation (Olivera et al., 1992, Hauser et al., 1994). Based on their ability to 

rnimic biological effects, ceramides have been proposed to be an important part of the 

sigaling downstream of severai extracellular agonists. In addition, ceil-permeable 

ceramide clearly has the ability to initiate a number of biological changes, depending on the 

ceIl type. 

Several proteins that are directly regulated by ceramides have been identified. Both 

ceramide-activated protein kinase (CAPK) and protein kinase C-5 (PKCI;) are activated by 

ceramides in vitro and in vivo (Mathias ei al.. 1991, Liu et al., 1994, Lozano ei al., 1994, 

Muller et al.. 1995). CAPK has been reported to phosphorylate Raf and a peptide 

containing sequences of the epidemal growth factor (EGF) receptor in vitro (Mathias et al., 

199 1, Yao et al., 1995). One study has suggested that CAPK rnay be identicai to Ksr, a 

protein isoiated in several genetic schemes that is thought to be involved in Ras signaling 

(Sundararn and Han, 1995, Themen et al., 1995. Zhang el al., 1997). Ceramides have 

also been shown to bind the catalytic domain of Raf (Muller et 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 c m  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 vilru 

by Vav is not clear (Han et al., 1998). Currently, CAPK(Ksr), PKCC, Rd,  CAPP, and 

Vav are the putative celluiar receptors for cerarnide. The relationship between these 
proteins and the biological effects of cenmides is not understood. 

In mammaiian 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 I type PI3K proteins are composed of a pl  10 cataiytic 

subunit that is stably bound to a p85 regulatory subunit (Carpenter et al., 1990, Rodnguez- 



Viciana et al., 1994. Carpenter and Cantley, 1996, Domin and Waterfield, 1997, Rarneh 

and Cantley, 1999). Previously, it bas been shown that incubation of 3T3-LI adipocytes 

with TNFa 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 dso 

promoted a stable association between the IRS- 1 and p85. Interaction of RS-1 with the 

SH2 domains of p85 has been shown to stimulate PUK activity (Backer et al., 1992). The 

TNFa-induced interaction between p85 and IRS observed in 3T3-LI 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- 1 a). Within 10- 15 minutes of treatment, catalytic 

activity of PI3K immunoprecipi tated from cells increased 3-6 fold. PI3K was observed to 

associate with a membrane fraction by subcellular fractionation methods, and tyrosine 

phosphory lation of p85 increased. These effects of CZcerarnide were dose-de pendent and 

dihyro-Ca-ceramide (Figure W b ) ,  a relatively inert analog, failed to elicit any effects. 

Recently, two other groups have demonstrated PI3K activation in response to cell- 

penneable ceramide treatment of Jurkat cells and rabbit colon smooth muscle cells (Gulbins 

et al., 1998, Su rr 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 pl 10 catalytic subunit (Rodnguez-Viciana et al., 

1994, 1996). In L929 fibroblasts, Ras activation has been observed upon TNFa treatment 

and apoptosis triggered by TNFu treatment is attenuated by overexpression of the N 17 

dominant-negative fom 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 P13K by C2ceramide 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. Brindey (Department 

of Biochemistry, Signal Transduction Laboratones, 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 



Ras from ceii lysates. Recipitated Ras is subsequently detected 

method. The nt? cells used in this experiment overexpressed H-Ras. 

by an imrnuno-blot 

In cells treated with 

DMSO vehicle control, low amounts of precipitated Ras were observed (Figure 5-2).  

Untreated cells dso showed low amounts of precipitated Ras. Stimulation of cells with 

CZceramide led to modest but siggnificant increases in precipi tated Ras. B y 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. Celis treated with dihydro-C2-ceramide did not show increased mounts of 

precipitated Ras. By comparison, stimulation of cells with EGF (100 @ml) for 5 minutes 

gave rise to a IO-fold increase in precipitated Ras. 

The pl 10 subunit of PI3K interacts only with the GTP-bound fom Ras in vitro 

(Rodriguez-Viciana et al.. 1994). As an alternative measure of Ras activation. we 

monitored the amount of Ras that CO-irnmunoprecipitated with PI3K. Ra4 overexpressing 

H-Ras were treated with C2-ceramide and PUK was immuno-precipitated from ce11 lysates 

using an antibody against p85a. The amount of Ras CO-immunoprecipitating with PI3K 

increased within 5 minutes of treatment with CZceramide (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. Treatrnent of cells with dihydro-C3-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 demonsuate that cell-permeable C?-ceramide cm activate Ras in 

rat2 fibroblasts. The activation of Ras was demonstrated by 2 non-isoropic 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- 

imrnunoprecipitating with Ras from rat2 ceii lysates (Hanna et al., 1999). Important1 y, 

Ras-associated P U K  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 C3cenmide- 

induced Ras activation are modest but signifiant. In both assays, the levels of Ras 



activation in CS-ceramide stimulated 

observed in cells treated with EGF. 

It was shown previously that 

cells were approximately one quater of the levels 

C2-ceramide treatment of rat2 celIs stimulates total 

PI3K cataiytic activity 3 to 6-fold (Hanna et al., 1999). The modest activation of Ras by 

ceramide may be responsible for part of this activation of PUK. Ras-GTP directiy binds 

the pl 10 catalytic subunit of PI3K in vitro and this interaction is thought to induce a 

confomationd change in pl10 that gives rise to increased PI3K catalpc activity 

(Rodnguez-Viciana et al., 1994, 1996). Also. the interaction of pl 10 with Ras likely 

promotes recruitrnent of PI3K to the plasma membrane bringing the enzyme into proxirnity 

with its substrates. Hanna et 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 rat3 cells. As such, 

modest activation of Ras may be necessq for ceramide-induced PI3K activation. An 

inhibition of PI3K by N17-Ras overexpression has been dernonstrated in sevenl other 

experimental systems (Rodnguez-Viciana et al, 1994. Hu et al., 1995. Lopez-Ilasaca et al., 

1997, Gulbins et al., 1998). 

The mechanism whereby Ckeramide activates Ras in rat? cells is currently 

unknown. Ceramides have been shown to activate the GEF activity of Vav with Ras 

substrate in vitro (Gulbins et 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 et al., 1992, Han et 

al., 1998). Furthemore. Vav appears to be exclusively expressed in hematopoietic ceU 

types (Adams et al., 1992). As such, expression of Vav in rat2 cells is not expected. 

The activation of Ras by ceranide may involve protein tyrosine phosphorylation 

events. In nt2 cells, CZceramide treatment stimulated significant tyrosine phosphorylation 

of focal adhesion kinase (FAK) (Hanna et al., 1999). Tyrosine phosphorylation of FAK 

could activate Ras by recruiting the Grb2-SOS complex to the plasma membrane 

(Schlaepfer and Hunter, 1996). Hanna et al. (1999) has also demonstrated that C2- 
ceramide-induced activation of PDK in nt2 cells was cornpletely ablated by 2 different 

non-specific tyrosine kinase inhibitors. Possibly, phamiacologic inhibition of protein 

tyrosine phosphorylation rnay block PUK activation by interfenng with Ras activation. 

The effect of protein tyrosine kinase inhibitors on C2-ceramide-induced Ras-activation in 

rat2 cells has not k e n  investigated. 

The inhibition of ceramide-induced PI3K activation by the tyrosine kinase inhi bitors 

could ais0 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 cataiytic activity in vitro by 

binding to the SH2 domains of p85 (Rodriguez-Viciana et al., 1996, Backer et al ., 1993). 

This in vitro system is thought to mode1 the in vivo regulation of PI3K by interactions with 

tyrosine phosphorylated proteins. Aithough not demonstrated, Ckerarnide may activate 

PI3K in rat? celis by stimulating tyrosine phosphorylation of the RS-1 or PDGF receptor. 

These putative protein tyrosine phosphorylation events. which would be targeted by the 

tyrosine kinase inhibitors, rnay be necessas, for ceramide-induced PDK 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 rneasured by the number of cells per culture (Hanna et al., 1999). These two 

proliferative effects were inhibited by pretreatrnent with LY294002, a specific inhibitor of 

PI3K. As such, prolonged incubation of rat2 cells with C2-ceramide appears to stimulate 

prolifention via a PI3K-dependent pathway. Although prolonged and acute C?-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 prolifention. 
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Figure 5-1. Structures of ceramide and precursors. a. In the cell. sphingomyelin is hydrolyzed by 
sphingomyeiinase (SMase) to genente ceramide and phosphocholine. Inset: At the Ri position. natural 
(long-chain) ceramides have a long aliphatic chain whereas cell-permeable C2-cermide has only a rnethyl 
group. b. Dihydrocermide, an analog of ceramide thût is relatively inert in biologicd systems. lacks the 
trans double bond in the backbone chain (mow). 
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Figure 5-2. Activation of Ras by Ckeramide in vivo. Rat2 ceiIs overexpressing H-Ras were treated 
with DMSO (D) vehicle control (0.1% final concentration) for 5 minutes, treated with Ckeramide (40 

for 2-20 minutes or treated with dihydro-C2-ceramide (DM (JO pM) for 10 minutes. Ras-GTP was 
precipitated from ce11 lysates using a GST-Raf fusion protein and precipitated Ras was detected with an 
anti-Ras immuno-blot method. Top panel: representative Western bloc 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 qurintitatively. Shown are the averages and standard deviations derived 
from 3 independent experiments. Values are expresscd as fold increase over levels observed in untreated 
cells. 
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Figure 53.  Interaction of Ras and PI3K induced by Ctceromide in vivo. Rat2 cells overexpressing 
H-Ras were Ieft untreated, treated with DMSO vehicle controt (0.1% final concentration) for 5 minutes, 
ueated with C2-ceramide (40 w) for 1 or 5 minutes or treated with dihydro-Ckeramide (DH) (40 pM) 
t'or IO minutes. Phosphatidylinositol-3 kinase was irnmuno-precipitated from ceIl lysates usine an antibody 
against p85a. Top panel: representritive Western blot showing levels of Ras CO-irnmunoprecipitating with 
PI3K. The position of Ras is indicated on the right. Bottom panel: Bands in Western blots representing 
Ras were scanned densitometry and pIotted quantitatively. Values are expressed as fold increrise over levels 
observed in untreated cells. 
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Chapter 6 - Summary and future directions 



Summary of Ras activation in hypotherrnic cells 

In 1995, our lab serendipitously found that Erk was activated in cells that had been 

chilled and then rewmed. 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 retumed to the 37OC incubator after sitting approximately 15 

minutes on ice. When the experiment was reinitiated, the activity of Erk from this sample 

was unexpecredly high. The studies described in chapter 3 have followed up this initial 

observation. 

1 have shown that Ras becomes slowly activated in rat2 cells exposed to 

hypothermic stress. When these hypothermic cells are rewarmed to physiologie 

temperature. the Raf-Mek-Erk protein kinase cascade is activated in a transient but robust 

rnanner. Activation of Erk was observed upon rewarming after modente and severe 

hypothermic stress. In addition, Erk activation by hypothermic stress followed by 

rewarming was conserved in many cultured cell types. 1 also gathered evidence showing 

that other Ras downstrearn effector systems, narnely phosphatidylinositol-3 kinase (PI3 K), 
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. 1 showed that a Ras effector mutant failed to be activated in 

hypotherrnic rat2 cells. Treatment of cells with ~ a "  chelators and the removal of serum 

frorn the growth media also inhibited hypotherrnic Ras activation. These in vitro and ce11 

culture data helped formulate a model for in vivo hypothermic Ras activation. 

Previousiy, it was shown that hypothermia blocked acute growth factor signding to 

Erk. Along with others in our lab, I have shown that hypothermia does not inhibit 

epidermal ~rowth 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. Phiumacological inhibition of Mek increased the survivai 

of several cultured ce11 types and attenuated apoptosis in one ce11 type. Thus. it appears that 

Erk activation after prolonged hypothermic stress may decrease ceiI viability and aigger 

apoptosis. We speculate that the protective effect of the Mek inhibitor will be useful for 

improving the storage of clinicail y relevant cells and organs for medical procedures. 



Model for in vivo Ras activation 

In resting cells at 37"C, Ras-GTP levels are Iow because the basal rate of GTP 
hydrolysis exceeds the basal rate of catalyzed nucleotide exchange (Figure 6-la). Our 
working mode1 for in vivo hypothermic Ras activation involves an inhibition of brisal GTP 

hydrolysis by cold temperature (Figure 6- 1 b). We have shown that cataiysed nucleotide 

exchange is relatively independent of cold temperature. As a result, the basai rate of 

catalysed nucleotide exchange exceeds basal hydrolysis in hypothemiic cells leading to a 

slow accumulation of Ras-GTP. The guanyl nucleotide exchange factor (GEF) that 

catalyses the basal nucleotide exchange remains unidentified. 

bz vivo hypothermic Ras activation is blocked by the removal of semm from the 

tissue culture growth media. Hypothermic Ras activation is also blocked by Ca" chelators. 

There are 3 possible scenruios that could explain these inhibitory effects. In the first 2 

scenarios, hypothermia triggers a Ca" flux into the cytosolic cornpartment of the cell. In 

scenario 1, Ca" flux is serum-dependent. Some factor in senim may stimulate the opening 

of a Ca2+ channel in the plasma membrane that gives nse to basal amounts of cal' currents 

which, in tum, leads to basal stimulation of a Ca"-dependent GEF. This caL+ tlux could 

nlso regulate the GEF through interactions with a Ca"-binding accessory protein. In 

sceniuio 2, the Ca2' flux is serum-independent. The ~ a ' +  flux occurs in hypothemic cells 

due to an inhibition of Ca" ATPase pumps in the endoplasmic reticulum membrane and 

plasma membrane. lnhibited Ca" extrusion coupled with a slow le& of Ca" into the 

cytosol leads to a slow Ca" influx. Sorne factor in senim leads to the basal GEF xtivity 

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 1 and 2, 

chelation of Ca" would directiy target the mechanism of GEF regulation. These 

hypotheses are based on studies in other cell types which desctibed increased cytosolic 

~ a "  levels in hypothermic cells (Perotti et a!., 1990, Liu et al., 199 1, Mcanulty et al.. 

1996). However, a ~ a "  flux has not yet k e n  confirmed in hypotbermic nt2 cells. 

In scenuio 3, there is no Ca2+ flux. Some serum factor(s) may stimulate the basal 

cataiyzed nucleotide exchange via a CaL+ independent-pathway. Chelation of ~ a "  may 
inhibit the GEF because trace amounts of ca2+ are needed for its activity. This proposed 

inhibitory effect would have to be subtle, however, since Ca2+ chelators do not inhibit 

EGF-stimulated Erk activation at 37°C. 



Future studies on the biochemistry of hypothermie-Ras signaling 

Possible inhibition of GEF activity by chelation of Ca2+ 

We postulated above (in scenario 3) that total Ca2+ chelation may create a c 

environment that inhibits GEF activity. To test this hypothesis, in vitro catdyzed 
nucleotide exchange reactions cm be performed with recombinant GEF's such as SOS, 

RasGRFl 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 

Ca2' in the cell to function. 

Identification of the GEF invoived in hypotherrnic Ras activation 

Y32H Rss \vas not activated in hypothermic cells and 1 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 md 37OC on Y32H 
and wildtype Ras substrate using purified GEF's. The prediction is that catalyzed 

nucleotide exchange at O°C on Y32H Ras will be inefficient. Since Y32H Ras cm be 

activated by EGF Ni vivo at 37OC, catalyzed nucleotide exchange on Y32H Ras should be 

relatively intact at 37OC. This approach may also help us identify the protein responsible 

for the postulated weak GEF activity. For example, a GEF thm is inefficient at catdyzing 

nucleotide exchange at O°C on Y32H as compcued to wildtype Ras would be a candidate for 
the GEF involved in hypothemic 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 cm 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 chmcterized by 

our lab (Stang et al, 1997). It would be useful to identify other effector mutants that fail to 

be ac tivated in hypothermic cells. A number of Ras effector mutants could be classified as 

hypothermia responders and non-responders. Following, several members of each class 

c m  be studied biochernically and in the 2-hybnd system. In this way, a correlation can be 

built that may enable the identification of the GEF postulated in the model. 



Possible effects of hypothermia on G-proteins in general 

Our working mode1 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 hvor of nucleotide exchange giving nse to a slow 

accumulation of Ras-GTP. Al1 G-proteins in the ceII 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 RaplA, Rai-LA and R-Ras in 

hypothermic cells. Second, investigations cm be carried out with G-proteins more 

distantly related to Ras such as RhoA and Rac 1 which are understood to regulate important 

cellular processes such as actin cytoskeleton rearrangements (Zohn et 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 cm elicit further downstream biochemical changes. We have shown that p90 

ribosomal S6 kinase, a signaling rnolecule 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, Pnce et 
al.. 1995). The modulation of gene expression after rewûrming from hypothermic stress 

would provide additional evidence that hypothermic Ras-Erk signaiing can alter the overall 

biology of the cell. In cells treated with hypothermic stress followed by rewarming, 

activation of E k l  c m  be measured using an assay that employs transient transfection of a 

reporter construct (see Kawasaki et al, 1998). Erk activation is aiso undentood to regulate 

the cell-cycle by promoting expression of cyclinDl which in tum regulates cyclin- 

dependent kinase 4 (cdk4) (Weber et al., 1997). Experiments should be perfonned to 

monitor cyclinDl message levels in the recovery period &er hypothermic stress. An 



upregulation of cyclin D would suggest that hypothermic Ras-Erk signding 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 ce11 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 ce11 culture mode1 for organ storage (Eberl et 

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. Biochernical studies should be performed in 

HUV cells to confirm Erk activation after recovery from hypothennic stress. It will be 

important to ask whether HW 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 HW cells after hypothermic 

storage such as prostaglandin release into the culture medium (Eberl et cil., 1996). It can be 

asked whether PD098059 cm improve the function of HUV cells after hypothennic stress 

using these assays. Even if hypothermic Erk activation cûnnot be demonstrated in HLN 

cells, a protective effect of PD098059 alone would have practical implications for organ 

storage technology . 
How PD098059 pretreatment enhances sumival of nt?, REC and MDCK cells after 

prolonged hypothermia is not known. In other ce11 types, prolonged hypothermia is 

thought to cause darnage pnmarily by inhibiting the Na+-K' ATPase pump which in tum, 

leads to a nse in cytosolic Na' levels and ce11 swelling (Belzer and Southard, 1988). 

Intracellular acidosis is another important darnaging 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 ceIl 
viability observed after prolonged hypothermic stress. For example, 1 observed once that 

addition of EGTA to the medium could inhibit the morphologicd changes and detachment 

of cells during recovery after prolonged hypothermic stress. It has been observed severai 

times that pretreatment of rat2 cells with LY294002, Wortmannin, or SB202 190 cm 

rnodestly enhance cell viability after prolonged hypothermic stress. The presence of DMSO 
vehicle control in the ce11 media also had a slight protective effect. These protective effects 

were unexpected. LY294002 and Wortmannin are inhibitors of PI3K which nomally 



gives rise to anti-ce11 death signaling. Inhibition of PUK signaling would be predicted to 

decrease ceU viability. SB202 190 is an inhibitor of p3 8HOG. 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 b e l s  in nt2 cells and their expression did influence ce11 viability after prolonged 

hypothermic stress. Overexpression of wildtype Ras also influenced ceIl 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 nt? ce11 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 hypothemic ce11 

death. However, in one experiment overexpression of dominant-negative Mek rendered 

ni2 cells more sensitive to hypothermic death. In sum, our understanding of ceIl death 

after prolonged hypothermic stress is very limited. Due to the potential implications for 

organ storage technology, 1 feel that it is worthwhile to clarify some of these protective 

effects with careful studies. For exmple, it would be valuable to know if the protective 

effect of PD098059 in rail cells can be improved by use in combination with either 

LY294002 or SB202190. Other methods of optimizing protection such as varying the dnig 

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 iimbs of neonatd rats that were rewarmed after hypothermic incubation. This 

suggests that hypothermic activation of Ras-Erk signaling is conserved in animal tissues. 

Prelirninary studies with neonatal rats have also demonstrated modest Erk activation in 

hypothermically stressed heart, iiver and lung that were rewarmed. In spite of this 

demonstration of Erk activation, 1 could not demonstrate an accumulation of Ras-GTP in 

hem, liver, lung or brain of neotatai rats that had been incubated a OOC 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 

suaightfonvard and those expenrnents did not have a positive conirol to show that the 



protocol was sound. It remains unclear whether the observed Erk activation in animal 
tissues stems from hypothermically activated Ras. 

1 propose that studies on hypothedc 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 ce11 of the organ. The large number of 

studies on hypothermic storage of perfused organs also provides a valuable source of 

background information. A simple experiment is to ask whether Erk is activated in 

perfused heart and liver that have k e n  stored under hypothermic conditions and then 

rewarmed. An important question is whether Ras-GTP accumulates in these hevts and 

livers during hypothermic storage. In perfused organs. we can also test Our current mode1 

for hypothermic Ras activation by supplementing organ storage solutions with serum. The 

function of perfused hearts after recovery from hypothermic storage cm be tested by 

measunng left ventricular minute work, an index of pumping efficiency (Ali et al.. 1998). 

It should be asked directly if PD098059 preincubation c m  affect the function of perfused 

hems after hypothermic storage. In addition, drugs such as LY294002. Wortmannin or 

SB202 190 can be tested for protective effects on heart function. Even if biochernical 

studies prove inconclusive, the identification of drugs such as kinase inhibitors that c m  

protect hem function after hypothermic storage would be important. 

Summary of RasGRP function in rat2 cells 

The studies within chapter 4 were lmed at the function of RasGRP, a newly 

identified Ras GEF, in rat2 fibroblosts. RasGRP is interesting due to the presence of a 

diacylglycerol- @AG) binding domain and a pair of Ca"-binding EF hand motifs in the 

primary structure. My work showed that RasGRP cm activate Ras in response to 

exogenously added phorbol ester (PMA), a DAG analog, and endogenously generated 

DAG signals. 1 also showed that RasGRP can stimulate prolonged and strong activation of 

Erk in response to exogenous and endogenous DAG signals. Lastly, 1 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 mamient of 
RasGRP overexpressing COS cells (Kawasaki et al., 1998). However, 1 have failed to 

show RasGRP-dependent activation of Ras-Erk signaling in response to ca2+ ionophores 

in rat2 cells. In addition, Our lab found that point mutation of critical Ca2'-binding residues 



in RasGRP gives rise to proteins that are unstable in rat2 cells (Stang and Stone, 

unpublished data). 

Based on work in rat2 cells from othen within our lab, a mode1 has ken proposed 

where DAG binds to the DAG-binding dornain of RasGRP and promotes translocation of 

RasGRP to the plasma membrane where it will be in proxirnity 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 celis 

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 

hurnan T-cell leukemia derived ce11 line (Ebinu, Stang and Stone, unpublished data). In 

addition, there is preliminary evidence suggesting that RasGEW activates Ras in Jurkat 

cells. Radiolabeled GTP, w hen incubated b, vitro wi th membrane fractions prepared from 

activaied Jurkat cells, readily associates with the endogenous Ras within the membrane 

fractions. This nucleotide exchange activity is atvibuted 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 approxirnately 50% 

suggesting that RasGRP is a major Ras GEF in activated Jurkat cells. Iurkat cells 

overexpressing RasGRP are also hypersensitive to T-cell receptor stimulation as measured 

by Erk activation and interleukin-7 secretion. 

The function of RasGRP in neuronal cells is unexplored. By Northem anaiysis, 

RasGRP transcnpts were shown to be enriched in the cerebellum, cerebral cortex and 

arnygdda regions of nt brin (Kawasaki et ai., 1998). By in situ hybridization studies, 

RasGRP transcnpt was shown to be localized to regions of the rat hippocampus (Ebinu et 

al., 1998). First, endogenous RasGRP protein expression needs to be chmcterized 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, 1 

propose studies in PC12 cells, a nt pheochromocytoma ce11 line that has retained many 
neuronal properties (Shafer and Atchison, 199 1). PC 12 cells, under certain conditions, 

c m  synthesize and secrete neurotransmitters such as acetylcholine, norepinephrine and 

dopamine. PC 12 cells also express seved neurotransmitter ceU surface receptors such as 



nicotinic and muscarinic acetylcholine type receptors. Stimulation of PC 12 with a variety 

of agonists cm lead to an accumulation of DAG and Ca" second messengers. For 

exarnple, 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 chernical agents 

such as trimethyltin also leads to the accumulation of IP3, and likely DAG (Kane et al., 

1998). 

By Northem blot analysis, RasGRP transcript was undetectable in PC12 ceIl 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. PC 12 ce11 lines expressing other gnes  expressed under the control of a 

dexamethasone-inducible prornoter have been successfully generated (Thomas et ai., 

1992). Biochemical studies on the activation of Ras and downstream signaling cm be 

perfoned 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 ~ a "  binding domains cm also be expressed in P U 2  cells. Perhaps 

these mutant proteins overexpressed in PC12 cells will be more stable than in rat2 cells. 

DAG and Ca" signals cm be generated in these PClZ cell lines by the methods listed 

ûbove. Sustained activation of Ras-Erk signaling is also well understood to promote 

differentiation of PC 12 ceils (Traverse et al., 1992, Marshall, 1995). As such, PC 12 ce11 

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 k e n  described (Bottorff et al., 1999). 

This characterization has led to a stntegy for engineering a homozygous disruption of the 

RasGRP gene in rnice (Dower and Stone, unpublished data). RasGRP "knock-out" mice 

could potentially provide suong evidence for the biological role for RasGRP in mammalian 
hematopoietic or neural development. Investigation of RasGRP homologs in C. eiegans, a 

mode1 genetic organism, may also be fruitful. The ultimate goal is to study C. elegms 

animals that have their RasGRP gene "knocked-out". A C. elegans predicted open reading 

f rme (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 transcriptionai regulatory sequences of 

F25B3.3 was obsewed predominantl y in the nervous system of C. eleguns (Urban, Stone, 



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 knoc k- 
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 F35B3.3 ORF on the physical and genetic map of C. elegans. Strategies have 

been developed that cm effectively elirninate 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 rnay be able to senerate 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 c m  elicit a variety of 
biological effects in mamrnalian cells. Previous studies in rat2 cells have shown that PI3K 

activation in response to ceramide is inhibited by overexpression of dominant-negative N 17 

Ras suggesting an involvement of Ras in this signaling pathway. In chapter 5, 1 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 dernonstrated to inhi bit ceramide-induced 

activation of JNK, p38HOG and apoptosis in Jurkat cells (Brenner et al., 1997, Basu et 

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 cm act as a GEF for Ras in vitro (Gulbins er 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-ce11 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 



peptide growth factor stimulation. Ras activation in hematopoietic ceiis may be more 

profound. A ce11 type showing higher amounts of ceramide-induced Ras activation would 

be more ided for studying the mechanism of ceramide signaling. 



low Ras-GTP 

Figure 6-1. Model for in vivo Ras activation in hypothermic cells. a. In resting cells at 37°C. the levei 
Ras-GTP is low because the rate of basal GTP hydrolysis exceeds the rate of basal nucleotide exchange. 
The brisal 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 hypotherrnic 
conditions (O°C), basal GTP hydrolysis is inhibited. Because the serum-dependent basal exchange rictivity 
is temperature-independent, an imbaIance 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 channef (B). The low amplitude calcium 
signal coufd regulate RasGEF-X directly or through RasGEF-X interacting proteins. Prithway A in this 
schematic corresponds to scenarios 2 and 3 in the text. Pathway B corresponds to scenario I in text. 
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