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Abstract
rasgenes encode guanine nucleotide binding proteins that act as molecular switches for
signal transduction pathways controlling cell growth and differentiation. In the GTP-
bound form the Ras protein is active and interacts with effector proteins to propagate a
signal from the outside of the cell to the nucleus or cytoskeleton. Ras has a low intrinsic
GTPase activity which is accelerated by the GTPase-activating proteins (GAPs), p120-
GAP and neurofibromin. Two aspects of the interaction between Ras and the catalytic
domain of neurofibromin (NF15,,) have been studied.
(1) The GTPase-activating activity of both p120-GAP and neurofibromin are inhibited by
mitogenic lipids such as phosphatidic acid and arachidonic acid. Previous data on the
differential inhibition of the two GAPs led to the hypothesis that both were effectors in
a Ras-controlled mitogenic pathway. The mechanism of inhibition of NF1,,, by
arachidonic acid was studied by measuring the catalytic activity under multiple turnover
conditions, using p-((6-phenyl)-1,3,5-hexatrienyl)benzoic acid as a fluorescent probe for
ligands binding to GAPs and using a scintillation proximity assay to measure direct binding
6f Ras to NF1,,,. The inhibition by arachidonic acid included a major component that is
competitive with Ras.GTP and an additional non-competitive type effect consistent with
protein denaturing activity. This suggested that insomuch as the mitogenic effects of lipids
are mediated via inhibition of GAPs, GAPs are not Ras effector proteins. |
(2) Basic residues within the catalytic domains of p120-GAP and neurofibromin have been
suggested to play an important role in GAP-stimulated catalysis and Ras binding. Two
invariant arginine residues within NF1,,,, R1276 and R1391, were mutated to alanine and
their effects on maximal catalysis (k) and affinity (K,) for Ras measured under single
turnover conditions. Both R1276 and R1391 are required for efficient catalysis by NF1,,,
as removal of either results in a 1000-fold loss of activity. R1276 is not thought to be
directly involved in Ras binding as the affinity of R1276A for H-Ras or [Leu61]H-Ras is
only moderately reduced (ca. 3-fold). The reduction in affinity of R1391A for H-Ras is
more marked (ca. 10-20 fold) but most notable for [Leu61]H-Ras (ca. 100-fold)
suggesting a role for this residue in Ras binding. The high affinity of [Leu61]H-Ras for
NF1,,, over H-Ras is completely lost with the R1391 NF1,,,, suggesting that the high
affinity is related to an interaction with R1391 of NF1,,,

()



Chapter 1

Introduction



1.1 Ras Superfamily of ases

ras oncogenes were initially identified as the transforming elements of acutely oncogenic
Harvey (H-ras) and Kirsten (K-ras) rat sarcoma viruses (Harvey, 1964; Kirsten and
Mayer, 1967). A third ras gene (N-ras) was identified from a neuroblastoma cell line (Hall
et al, 1983). Subsequent studies revealed that many of these retrovirally transduced
sequences represented mammalian cellular proto-oncogenes (c-ras) that had been
activated by point mutation (Barbacid, 1987). Activated c-ras genes have been shown to
play a role in neoplasia, being frequently implicated in many types of human cancer
(Forrester et al, 1987; Bos, 1989; Rhodenhuis, 1992). Current estimates suggest that 30%
of all cancers harbour mutations in one of the three related ras genes, with mutation
frequencies varying from 0-100% depending on the individual tumour. The Ras protein
gains its oncogenic potential by selective substitution of single amino acids in the so-called

'hot spot' positions (12, 13 and 61) of the H-, K- or N-ras genes.

These three highly-related mammalian ras proto-oncogenes encode the 21 kiloDalton
guanine nucleotide binding proteins, Ras. The Ras proteins are members of a large
superfamily which contains 50-60 small GTPases which share sequence homology with
Ras (Macara et al, 1996). Members of the superfamily function as molecular switches and
control a wide variety of cellular processes. On the basis of sequence and functional
homology, Ras-like GTPases can be grouped into six subfamilies, Rac/Rho, Rab/Ypt,
Ran/TC4, Arf, Rad and Ras. It has recently been proposed that Rin, a neuron-specific
and calmodulin-binding small G-protein, and Rit, define a novel subfamily of Ras-related
proteins which use a new mechanism of membrane association (Lee et al, 1996). Rin may

be involved in calcium mediated signalling within neurons.

To date, at least ten distinct Rac/Rho family proteins (ie: Racl, Rac2, RhoA, RhoB,
RhoC, RhoE, RhoG, TC10, G25K and Cdc42Hs) have been identified in mammalian cells,
the most recent being RhoE (Foster et al, 1996). These share approximately 30% amino
acid identity with Ras proteins. Rho family proteins have been implicated in a wide variety
of biological activities including motility and mitosis (Takai et al, 1995) apoptosis

(Jimenez et al, 1995) cell cycle progression (Olson et al, 1995) transformation



(Prendergast et al, 1995; Symons, 1996) and morphological changes (Hall, 1994).
Evidence for the role of Rho family proteins in regulating cytoskeletal dynamics has come
from observations that these proteins can profoundly affect the polymerization and
organization of actin (reviewed by Takai et al, 1995; Nobes and Hall, 1995; Tapon and
Hall, 1997). In mammalian fibroblasts, Rho causes actin stress fibre formation in response
to lysophosphatidic acid (Paterson et al, 1990; Ridley and Hall, 1992; Ridley, 1995), Rac
stimulates membrane ruffling induced by platelet-derived growth factor (Ridley et al,
1992; Ridley, 1994) and Cdc42 induces filopodia formation in response to bradykinin. In
addition, Rac proteins are essential components of the NADPH oxidase system that

generates the superoxide anion (O,’) in phagocytes (Segal et al, 1993; Bokoch, 1994).

At least thirty Rab GTPases (e.g Rab 1-6, BRL-Ras, Smg25-A, -B, -C and the yeast
proteins Ypt1 and Sec4) have been identified. The Arf family is divided functionally into
the Arf (ADP ribosylation factor) and Arl (Arf-like) proteins. Several Arf (Arf1-6) and
at least ten Arl proteins have been identified. Both Rab and Arf proteins have been shown
to play essential roles in the assembly, loading and targeting of vesicles to appropriate
cellular compartments during endocytosis and secretion (Fischer von Mollard et al, 1994;
Gruenberg and Maxfield, 1995; Boman and Kahn, 1995). However, no cellular roles for
Arls have as yet been identified.

The exact function(s) of the Ran/TC4 family of GTPases remains unclear, although
studies by Moore and Blobel (1993) and Melchior and Gerace (1995) have identified Ran

as an essential component of nuclear protein import machinery (reviewed by Rush et al,

1996; Koepp and Silver, 1996).

Several members of the Rad subfamily have been identified, namely Rad (Ras associated
with diabetes) (Reynet and Kahn, 1993; Zhu et al, 1995), Gem (immediate early gene
expressed in mitogen stimulated T-cells) (Maguire et al, 1994) and Kir (tyrosine kinase
inducible ras-like) (Cohen et al, 1994). These proteins are unique among the Ras
superfamily of G-proteins since their intracellular level is transcriptionally regulated.

Recent experiments have suggested that Rad is involved in skeletal muscle motor function



and cytoskeletal organization (Zhu et al, 1996). Gem is thought to be a regulatory protein
which may participate in receptor-mediated signal transduction at the plasma membrane.
Other experiments have suggested that Kir could be involved in processes of invasion or
metastasis in mammalian (Cohen et al, 1994) and yeast cells (Dorin et al, 1995) or could
form a link between Ca*/calmodulin and growth factor signal transduction pathways
(Fischer et al, 1996).

Finally, members of the Ras branch of the superfamily (i.e Ras, RaplA, Rap1B, Rap2, R-
Ras, RalA, RalB and TC21) are regulators of signal transduction pathways that control
cell growth and differentiation (Cox et al, 1994; Graham et al, 1994; Khosravi-Far and
Der, 1994; Prendergast and Gibbs, 1993; Hall, 1993; Urano et al, 1996).

1.1.1 Biochemistry of Ras

Ras itself forms a central molecular switch whose activity is governed by modulation of
the ratio of bound GTP to GDP (Bourne et al, 1990; 1991). Ras proteins bind the guanine
nucleotides GDP and GTP with high affinities (K, ca. 10"*M), and exist in two distinct
conformations, dependent upon the nature of the nucleotide bound to the protein
(Wittinghofer and Pai, 1991). The main differences between the GTP and GDP-bound
forms of Ras reside in the switch I and switch II regions of the protein. The switch I
region is defined by loop 2 (residues ca. 28-40) which has been shown to play an
important role in the interaction with the downstream effector (Polakis and McCormick,
1993). Switch II is formed from residues 59-76 and is also thought to be required for
effector binding. In the GTP-bound form, Ras is active and interacts with effector proteins
to propagate a signal from the outside of the cell to the nucleus or cytoskeleton (Boguski
and McCormick, 1993; McCormick and Wittinghofer, 1996). Ras cycles between the
active GTP-bound form and the inactive GDP-bound form. This process, shown in figure
1, is referred to as 'switching' (Milbum et al, 1990; Stouten et al, 1993) and is
accompanied by a major conformational change in the Ras protein centred around the

switch II region.



Figure 1: The GDP / GTP cycle of Ras

Schematic view of signal transduction from the cell surface to the nucleus via the
regulatory cycle of the ras-gene product, Ras. Exchange factors catalyse the activation
of Ras in transferring it into the GTP bound form. Deactivation by intrinsic GTP
hydrolysis of Ras can be accelerated by GTPase activating proteins. Only the GTP-bound

Ras is able to interact strongly with effector molecules to transmit a downstream signal.

[Taken from Wittinghofer and Herrmann (1995)]
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The rate of interconversion of nucleotides is controlled by the rate of dissociation of GDP
from the protein. GDP complex (k) and the rate of hydrolysis of bound-GTP (Kpye)- Ras
proteins possess low intrinsic rates of GDP dissociation and GTP hydrolysis (Barbacid,
1987; Grand and Owen 1991; Lowy et al, 1991; Lowy and Willumsen, 1993), rate
constants for these processes being ca. 0.005 and 0.01 min™, respectively (Lowe et al,
1991; John et al, 1988). Intrinsic GTP hydrolysis activity converts the GTP-bound form
of Ras to the GDP-bound form. Inactive Ras is subsequently converted back to the active
GTP-bound form via an exchange process which involves the dissociation of GDP from
the protein giving rise to a transient 'empty’' state, followed by rebinding of GTP. GTP will
be the predominant nucleotide to rebind since it is present at a higher intracellular
concentration than GDP. Under steady state conditions, the rate of conversion of
Ras.GTP to Ras.GDP equals that of conversion of Ras.GDP to Ras.GTP i.e Kk,
[Ras.GTP] =k, [Ras.GDP]. Therefore, the ratio of Ras.GTP to Ras.GDP will be equal
to the ratio of kg to k;,4 (Lowe and Skinner, 1994).

However, this ratio may be modulated by two classes of regulatory proteins which’
regulate the cellular function of Ras by controlling the relative concentrations of active
and inactive forms of the protein. Guanine nucleotide exchange proteins (GEFs) regulate
the GDP dissociation rate. There are two types of GEF classified on the basis of their
ability to stimulate (Guanine nucleotide dissociation stimulator, GDS) or inhibit (GDI) the
rate of nucleotide exchange. The GTPase activating proteins (GAPs) accelerate the rate
of GTP hydrolysis. Both classes of regulators will be discussed in more detail in section

1.2.

1.1.2 Three-dimensional structure of Ras

Ras superfamily members exhibit high degrees of amino acid homology. These regions of
homology are confined to the N-terminal guanine nucleotide binding region which lies
within the catalytic domain. The 165 amino acid catalytic domain is more than 90%
identical among the three mammalian Ras genes with the N-terminal 86 amino acids being
identical. Over the past few years X-ray diffraction studies have contributed greatly to the

understanding of the structure and mechanism of action of Ras. Such studies have led to



an indepth understanding not only of the interaction of Ras with both nucleotide and
magnesium but also of the structural differences between diphosphate and triphosphate-
bound protein and the effects of point mutations that lead to cell transformation. More
recently progress is being made in understanding the structural elements involved in Ras-
effector interactions. The three-dimensional crystal structures of the guanine nucleotide
binding domain (G-domain) of truncated wild-type and mutated Ras complexed with
either GDP, caged GTP, non-hydrolyzable (GDP-[CH,]P; GDP-[NH]P; mant dGDP-
[NH]P) GTP analogues, have been determined (residues 1-171, De Vos et al, 1988;
Milburn et al, 1990; Tong et al, 1991; Prive et al, 1992; residues 1-166, Pai et al, 1989;
1990; Schlichting et al, 1990; Krengel et al, 1990; Brunger et al, 1990; Franken et al,
1993; Scheidig et al, 1995).

Figure 2 shows the three-dimensional structure of Ras complexed to the non-hydrolyzable
GTP analogue, GDP-[NH]P (Pai et al, 1990). The overall backbone structure of Ras is
comprised of a six-stranded [-sheet forming a hydrophobic core, five a-helices and nine
interconnecting loops (Pai et al, 1989; Milbum et al, 1990). Of the six strands, five are
antiparallel whilst the other is parallel. The essential regions for Ras function include all
strands of the central (-sheet, several connecting loops and adjacent helices. Analysis of
the crystal structure of Ras.GDP-[NH]P (Pai et al, 1989; 1990) revealed that all looped
regions are exposed on the surface of the protein, and residues from these loops have been
shown to be critical for a number of functional properties of the Ras proteins, namely
phosphate binding, guanine nucleotide binding, magnesium ion coordination, binding of

the putative effector and neutralizing Y13-259 antibody.

i) Phosphate binding domain

Three patches of conserved residues were found to be important for binding the
nucleotide phosphate groups, namely residues 10-17 (GAGGVGKS) in loop 1 (phosphate
binding loop), residues 32-40 (YDPTIEDSY) in loop 2 (switch I) and residues 57-60
(DTAGQE) in loop 4 (switch II). The phosphate binding loop (residues 10-17) is not
flexible but in fact very rigid in the Ras.GDP-[NH]P crystal structure (Pai et al, 1989).
Residues from the switch I region such as Asp33, Pro34 and Thr35, are particularly



inflexible. However, Thr35 which co-ordinates the nucleotide and Mg?* may be more
flexible in the absence of the y-phosphate group (Pai et al, 1990). Residues in loop4 have
the highest mobility and are very poorly defined in the GTP structure but not in the GDP
structure (Milburn et al, 1990).

Figure 3a illustrates the interactions between the GDP-[NH]P nucleotide analogue and
Ras. The a-phosphate of the guanine nucleotide forms a hydrogen bond with the main
chain of Alal8. The (3-phosphate is hydrogen bonded to the main chain amide groups of
residues 13-17 which point towards and are within 3.5A of the phosphate oxygens,
creating a polarized local electrostatic field (Pai et al, 1990). Lys16, in particular,
stretches across the phosphates forming an ion pair interaction with the y-phosphate and
hydrogen bonding with the main chain oxygens of residues 10 and 11. In addition to being
co-ordinated through hydrogen bonding to the amide nitrogen of Lys16, the y-phosphate
also interacts with the main chain amide and hydroxyl groups of Thr35, Tyr32 and Gly60.
Co-ordination through Lys16 is thought to aid in the hydrolysis of GTP by increasing the
hydrophilicity of the y-phosphate and the acidity of the leaving GDP (Pai er al, 1990).

ii) Guanine base binding domain

The residues involved in coordinating the guanine base are also shown in Figure 3a. The
guanine base of the nucleotide is bound by interaction with two patches of conserved
residues, residues 116-119 of loop 8 (also refered to as the guanine specificity region)
which is very rigid and residues 145-147 of loop 10. These amino acids (Phe28, Asn116,
Lys117, Asp119, Ser145, Alal46 and Lys147) form a deep narrow groove which has
great specificity for the guanine base (Tong et al, 1991). The guanine base is sandwiched
between the aliphatic part of the Lys117 side chain on one side and the aromatic side chain
of Phe28 on the other, both of which participate in hydrophobic interactions with the
guanine base. The guanine base is also held in position by additional polar interactions
between the O6 of the guanine ring and the amide nitrogen of Alal46 and the exocyclic
2-amino group and the endocyclic N1 of the guanine and the carboxylate group of

Asp119. In addition, Asp119 is able to form contacts with the side chain hydroxyl of



Figure 2: Three-dimensional structure of Ras. GDP-[NH]P

Cartoon representation of the structure of the Ras protein (residues 1-166) complexed
with the GTP nucleotide analogue, GDP-[NH]P. Secondary structure elements, a.1-a5
are helices, B1-6 are B-strands and L1-L10 are loop regions. The most conserved
sequences are in loops 1, 4, 6 and 10. The position and conformation of the bound non-

hydrolyzable nucleotide analogue, GDP-[NH]P is represented by GTP in this diagram.

[Taken from Wittinghofer and Pai (1991)]
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Figure 3(a): Schem wing the interactions between GDP-[NH]P and Ras

Dashed lines indicate hydrogen bonds (<3.4A). Distances between donor and acceptor
atoms (in A) are indicated next to the labels except where one residue makes several
bonds, in which case the distances are given next to the dashed lines. Wat: water

molecule; MC: main chain.

[Data taken from Pai et al (1990)]

Figure 3(b) Schematic drawing of the magnesium binding site on Ras

The diagram shows the ligands involved in the first co-ordination sphere of the magnesium
ion. The magnesium ion is held in position by hydrogen bonding to both the 8- and y-
phosphates, the side chain hydroxyl groups of Serl7 and Thr35. Asp57 is indirectly
involved in co-ordinating the magnesium ion through hydrogen bonding to an intermediate

water molecule, Wat173 which interacts with the Mg**, and by stabilizing Ser17.

[Taken from Pai et al (1990)]
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Ser145, with the amino group of Lys147 and with Wat292.

Asnl16 is able to orientate the three elements which are involved in nucleotide binding;
the phosphate binding loop (residues 10-17), residues 116-119 and residues 146-148, by
forming hydrogen bonds with the purine ring, the side chain of Thr144 and with the main
chain oxygen atom of Vall4. The amino group of Lys117 assists Asn116 by forming a
hydrogen bond with the main chain carbonyl group of Gly13 in the phosphate binding
loop.

iii) Magnesium binding domain

The residues of Ras involved in co-ordinating the magnesium ion are shown in figure 3b.
Such co-ordination is achieved through hydrogen bonding of the Mg?* ion to both the f-
and y-phosphates, the side chain hydroxyl groups of Ser17 and Thr35 (Pai et al, 1989).
Asp57 is indirectly involved in co-ordinating the magnesium ion through hydrogen
bonding to an intermediate water molecule, Wat173 which interacts with the Mg?*, and

by stabilizing Serl7.

iv) Effector binding domain

There are now several strong candidates for Ras effectors that include protein kinases,
lipid kinases and guanine nucleotide exchange factors (discussed in section 1.2.2).
Structural information on the interaction between the Ras binding domains of effectors
and Ras.GTP is now available. Ras effectors preferentially bind to the GTP-bound form
of Ras. The switch mechanism involves a guanine-nucleotide dependent conformational
change in two discrete regions of Ras, referred to as switch I and switch II (Pai et al,
1989; Milburn et al, 1990). This structural rearrangement occurs during the switching
between the GTP and GDP-bound states and is directed by the loss of the y-phosphate
and alterations in the co-ordination of magnesium. The switch I region is defined by
residues 30-38 which form part of loop2 and the second [3-strand. Residues 32-38 of this
motif are conserved among all members of the Ras subfamily. The switch II region is
composed of residues 60-76 and is highly mobile and therefore able to exist in a variety

of conformations (Pai et al, 1990). Residues 61-64 in particular are able to adopt at least
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Figure 4(a): Schematic drawing of the active conformation of Ras. GDP-[NH]P

This conformation of residues is proposed to be required for competent hydrolysis of
GTP and the activation of the nucleophilic water molecule. In this complex, Gln61,
assisted by the carbonyl group of Thr35, is proposed to activate Wat175. GIn63 may play
an indirect role in GTP hydrolysis by stabilizing GIn61 in its proper activating orientation
or increasing its proton withdrawing potential. The y-phosphate is hydrogen bonded to

Thr35, Gly60 and Lys16. In addition, Thr35 forms a hydrogen bond with the Mg?* ion.

[Taken from Pai et al (1990)]

Figure 4(b) Schematic diagram indicating the changes in interactions between nucleotide
and protein occurring upon GTP hydrolysis

In the transition from the active to inactive form of Ras, the hydrogen bond between the
main chain of Thr35 and the y-phosphate bond is broken. At the same time, the side chain
hydroxyl is no longer co-ordinated to the magnesium ion and swings away from the
protein into the solvent. This change is accompanied by movements of adjacent residues
such as Tyr32, Asp33, Pro34 and Ile36. In addition, the hydrogen bond between the
backbone of Gly60 and the y-phosphate is lost leading to conformational changes of loop
4.

[Taken from Wittinghofer and Pai (1991)]
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two different conformations. This ability to exist in different conformations may reflect
the requirement for Ras to interact with different effector targets (Moodie et al, 1995).
However, the switch II region of Ras is not thought to be involved in the binding of the
Raf-1 Ras binding domain (Nassar et al, 1995). Sequence differences outside the actual
core effector domain are responsible for modulating the interactions between the GTP-

binding protein and the effector.

Figure 4a shows the conformational state of Ras which is proposed to be competent for
GTP hydrolysis. Figure 4b indicates the changes in interactions between nucleotide and
Ras occurring upon hydrolysis of GTP. The prescence of a nucleotide-associated
conformational change in Ras involving residues 31-39 has been directly observed by X-
ray crystallography (Pai et al, 1990; Tong et al, 1991) and by magnetic resonance
spectroscopy (Halkides et al, 1994; Miller et al, 1993; 1992). The crystallographic data
has suggested that the co-ordination of the Thr35 hydroxyl group by the magnesium ion

is the driving force behind the conformational change.

Upon hydrolysis, residues 32-36 in the switch I region change orientation, with their side
chains flipping out into the solvent. The hydrogen bonds between the main chain of Thr35,
Tyr32 and the y-phosphate are lost upon hydrolysis. At the same time the side chain
hydroxyl of Thr35 is no longer coordinated to the magnesium ion and swings away from
the protein, pointing out towards the solvent (Schlichting et al, 1990). This process also
invokes changes in the positions of adjacent residues, in particular, Tyr32, Asp33, Pro34
and Ile36. Tyr32 interacts more strongly with the ring of Pro34 in the GDP-bound state
(Schlichting et al, 1990). Residues 36 and 38 adopt different side chain orientations
depending upon the nature of the nucleotide bound. In the GDP-bound complex, the
hydrophobic side chain of Ile36 becomes exposed to the solvent, compensating for the
loss of interaction energy which occurs when Thr35 is no longer in contact with the Mg**
and the y-phosphate. In the switch II region upon hydrolysis, hydrogen bonding of
residues 60 and 61 with the y-phosphate are proposed to be lost, inducing a structural

change which alters the conformation of loop 4 and reorientates the a2-helix.

17



Solution structures of Ras obtained by molecular dynamics (Foley et al, 1992) and
magnetic resonance spectroscopy (Halkides et al, 1994; Miller et al, 1993; Bellew et al,
1996; Halkides et al, 1996) have shown that the Thr35 forms a weaker hydrogen bond
with the y-phosphate in solution than in the X-ray structure. This is interpreted as
showing that the Thr35-Mg?* interaction is incidental to the conformational change, rather
than its driving force. Fernando-Diaz (1995) has suggested that the co-ordination of the
v-phosphate by Thr35 is the actual driving force for the conformational transition
accompanying GTP hydrolysis. A number of mechanisms for GTP hydrolysis have been

proposed and these will be discussed in section 1.1.4.

1.1.3 Mutations of Ras
Activating point mutations which give rise to Ras which is constitutively locked in the
active GTP-bound form, can be mapped to regions within the catalytic domain to which

important functions have been assigned, and fall into three main biochemical categories.

The first group of mutations are those which confer aggressive growth promoting
properties onto Ras, and include those at codons 12, 13, 59, 61 and 63, (Fasano et al,
1984; Manne et al, 1985; Colby et al, 1986) all of which lie near the sites of interaction
of the Ras protein with the - and y-phosphates of the bound GTP. These transforming
mutations result in proteins which have a reduced intrinsic GTPase activity and an altered
guanine nucleotide dissociation rate (Gibbs et al, 1985; Barbacid, 1987; Feig and Cooper,
1988a). Although still able to bind GAP, these proteins are unresponsive to acceleration
by GAP or NF1 proteins. The net result of such mutations is that Ras remains in an 'active’'
GTP-bound conformation which will eventually lead to cellular transformation. GIn61, in
particular, is thought to be directly involved in the catalytic process and mutations at thié
position lead to a loss of GAP stimulation in vitro, although binding to GAP is unaffected.
For example, the strongly activating mutation Leu61 resulted in a protein which possessed
a higher affinity for GAP than wild-type Ras (Krengel et al, 1990), a 5-fold increase in

nucleotide exchange rate and a reduced GTPase activity.

The second class of mutations include those at codons 28, 116-119, 144 and 146, all of
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which are at sites involved in the interaction of Ras with the purine base of GTP. These
mutations lead to proteins with an overall lowered affinity for guanine nucleotides. (Der
et al, 1986a; Feig et al, 1986; Feig and Cooper, 1988a; Reinstein et al, 1991), resulting
from an increased rate of nucleotide dissociation. Since the release of GDP is rate-limiting
for normal Ras and mammalian cells contain a much higher concentration of GTP than
GDP, these mutations will ultimately result in accumulation of the active GTP-bound form
of Ras. These mutations have eliminated the requirement for a guanine nucleotide
dissociation stimulator (GDS) utilized by normal Ras to accelerate the otherwise slow

dissociation of GDP from the protein.

The third set of mutations are those which affect the biological activity of Ras without
altering nucleotide binding or the intrinsic GTPase activity. These so-called ‘effector’
mutations are found within three regions of the primary structure. The effector region (i.e.
switch I) located between residues 32-40 and the switch II region incorporating residues
60-76, undergo significant changes in position upon GTP binding. In addition, both the
effector domain and the o3 domain (residues 101-103) are involved in binding to the Ras
effector(s). Mutations in the effector region have been shown to block activation of Ras
by GAP (Adari et al, 1988). Most of the effector site mutations that block GAP activation
of cellular Ras also lead to deleterious effects on the transforming activity of Ras.
Substitutions at positions 35, 36 and 38 lead to Ras proteins which are unresponsive to
GAP (Adari et al, 1988; Cales et al, 1988). Mutants such as Asp38Ala are impaired in
binding to GAP and in their ability to be activated by GAP. Other effector mutants, such
as Asp38Glu and Asp33Asn show almost wild-type affinity for GAP but are totally
unresponsive to GAP activation (Krengel et al, 1990; Marshall and Hettich, 1993). These
mutations are not always transforming since although Ras remains in its active GTP-bound
form, interaction with its downstream effector may be prevented due to changes in the
effector binding site. In addition, mutations in both the effector region (Pro34Ser) and the
a3 region (Asp92Lys) renders Ras defective for interaction with GAPs (Morcos et al,
1996).

A residue which has an important role in Ras function is the cysteine at position 186 which
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is required for post-translational modification and membrane localization (Willumsen et
al, 1984). Single point mutations within the viral H-Ras protein (Cys186Ser, Val187Thr)
gave rise to a Ser186 mutant which was not post-translationally modified and was
defective for transformation and a Thr187 mutant which was transformation-competent

and the protein was processed normally.

Several mutants warrant particular attention since they are dominant inhibitors that
interfere with the role of endogenous wild-type Ras proteins within the cell. Substitutions
at both GIn61 and Cys186 (Gibbs et al, 1989) give rise to a dominant inhibitor which is
thought to inhibit Ras function by sequestering a downstream effector for Ras. In addition,
a single mutation of serine at position 17 to Asn, Cys or Ala, (Feig and Cooper, 1988b;
Cai et al, 1990; Stacey et al, 1991) gives rise to a dominant inhibitor whose role is to
sequester an upstream effector for Ras. The dominant inhibitory effects are thought to be

due to the improper co-ordination of the Mg”* ion (Farnsworth and feig, 1991)

1.1.4 Mechanism of GTP Hydrolysis

1.1.4.1 Intrinsic GTP Hydrolysis
The chemical mechanism of intrinsic GTP hydrolysis in both elongation factor-Tu (EF-Tu)

(Eccleston and Webb, 1982), and Ras (Feuerstein et al, 1989) has been shown
biochemically to follow a direct in-line transfer of the terminal phosphate from GTP to
water. This is achieved via a direct attack of the y-phosphate by a water molecule,
resulting in the inversion of configuration at the y-phosphate. Structural analysis revealed
two water molecules (Wat175 and Wat189) which are close enough to the y-phosphate
group to carry out an in-line nucleophilic attack. Of the two, Wat175 would appear to be
the more likely candidate for this role since it is bound directly opposite to the 3, y-bond.
Activation of Wat175, by the removal of a proton, might be mediated by interaction with
functional groups within Ras which possess general base-like properties, i.e. have either
an ability to abstract protons or an affinity for protons. Such interactions are thought to
perform several functions, to increase the nucleophilicity of the attacking water molecule
by abstraction of a proton, to increase the electrophilicity of the y-phosphorous and the

acidity of the leaving group, (thus lowering the activation energy of the reaction) and to
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stabilize the transition state of the GTPase reaction.

Recent model studies (Maegley et al, 1996) have indicated that the transition state for
GTP hydrolysis at the active site of Ras is dissociative rather than associative in character.
A dissociative transition state is dominated by bond cleavage. The bond to the outgoing
leaving group is fully or nearly broken whilst the bond to the incoming nucleophile is
absent or barely formed. This results in a loss of charge on the phosphoryl group being
transferred. Such a chemical perspective provides a good basis from which to discuss

previously proposed mechanisms for catalysis.

Pai et al (1990) proposed a mechanism referred to as the general base 61 (GB61)
mechanism, which identified a crucial role for GIn61 in the catalytic process by acting as
a general base for the nucleophilic water molecule. GIn61, which is characterized by a
large functional side chain, is present in most GTPases (except in EF-Tu, which has a His
at the same site) including heterotrimeric G-proteins (GIn-204 in G,,; Glu-203 in G,, and
GIn-227 in G, ;) (Graziano and Gilman, 1989). This residue forms part of the highly
mobile switch II region (residues 61-65) in Ras, which is in close proximity to the putative
nucleophilic water molecule. As such, it is able to adopt several conformations, one of
which involves the carboxamide group of GIn61 linking the side chain of Glu63 and the
nucleophile. It is thought that Glu63 may assist in either the orientation of Glné61 for

correct activation of the nucleophile, or its proton removing ability.

Based on (i) the configuration of these residues within the active site, (ii) the mutations
at GIn61 which decrease the intrinsic GTPase rate, and (iii) the mobility of loop4, with at
least two conformations found for each of the residues 61-64, it was suggested that one
of the conformations of the Gln61 side chain, would result in the polarization of the
nucleophilic Wat175 by the formation of a hydrogen bond between either the amide
nitrogen or the carbonyl atom of the side chain and the Wat175. GIn61 is assisted by the
backbone of Thr35 in facilitating the nucleophilic attack on the y-phosphate by activating
Wat175. Since the half life of Ras.GTP has been determined to be 20 minutes at 37°C

(John et al, 1988), it has been suggested that the full conformational change may be a
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slow reaction involving more than a change in the orientation of one or two residues.

The general base mechanism has gained support from a number of other studies. GIn61
is highly conserved in most small GTPases, except in the Ras-related Rap protein family
(Pizon et al, 1988; Kitayama et al, 1989) where a threonine rather than a glutamine is
present at position 61. Rap proteins have a lower intrinsic GTPase rate than Ras which
is not stimulated by RasGAP, however, mutation of Thr61 to glutamine increases the
intrinsic GTPase to a rate similar to that observed for Ras (Frech et al, 1990) and renders
the mutant protein partially sensitive to activation by RasGAP. In Ras, position 61 will not
tolerate any other amino acid apart from glutamine, and such a substitution results in a
mutant protein with a reduced GTPase activity that can no longer be activated by GAP
(Der et al, 1986b; Vogel et al, 1988). Similarly, mutation of the corresponding residue in
EF-Tu, His84, to glycine reduces the GTPase activity, suggesting that His84 performs a
similar function in EF-Tu to that of GIn61 in Ras. Frech et al (1994) have also studied the
involvement of the GIn61 side chain in the intrinsic hydrolysis event and the results were
in agreement with Pai et al (1990). Substitution of GIn61 for Glu resulted in a 20-fold
increase in GTP hydrolysis consistent with role of GIn61 as a general base. It has been
proposed that the positioning of the negatively charged Glu near to the attacking water
would stabilize the change in charge distribution that occurs in proceeding from the
ground state to the transition state for GTP hydrolysis i.e. the migration of negative
charge away from the attacking water and transferred phosphoryl group. The increase in
hydrolysis would also result from better positioning of the attacking water molecule with
respect to the y-phosphoryl group or from an increase in the strength of the hydrogen
bond to the attacking water molecule in the transition state. However, despite the good

structural evidence, this mechanism is not yet conclusive.

Maegley et al, (1996) have argued against general base catalysis from a chemical
perspective. In a dissociative transition state, there is little bond formation to the incoming
water nucleophile and therefore little charge development. Therefore, there would be little
advantage of removing a proton from the attacking water in the transition state. In

addition, no significant proton transfer from the attacking water to GIln61 is expected in
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a dissociative transition state.

Alternative models for the mechanism of hydrolysis based on more recent theoretical
(Langen et al, 1992) and experimental (Prive et al, 1992; Chung et al, 1993) studies, have
argued against the general base model, at least in terms of its applicability to the intrinsic
hydrolysis reaction. GIn61 is a poor base and as such would be unable to activate a
critically positioned water molecule. Mutation of GIn61 to residues with better water-
activating groups, such as glutamate or histidine, did not increase the level of hydrolysis

as would be expected, but gave the same low hydrolysis activity as the Leu61 mutant.

If GIn61 is not the general base in the intrinsic hydrolysis reaction, one would expect to
find another residue in the vicinity of the water molecule which could perform a similar
function. However, no other obvious residues in appropriate positions for the role of
general base have been identified by either structural analysis or mutagenesis studies. This
adds support to studies which have suggested that the mechanism of GTP hydrolysis may
be 'substrate-assisted’ in which the general base may be the GTP itself (Schweins et al,
1994; 1995) or other nearby water molecules. However, from a chemical perspective,
protonation of the y-phosphoryl group in the transition state is not the preferred path for
a dissociative reaction and would in fact have an anticatalytic effect. Such a process would
be expected to destabilise rather than stabilise a dissociative transition state since
protonation stablizes the electron density on the phosphoryl oxygen. The dissociative
transition state is achieved by the donation of electron density from the phosphoryl oxygen

atoms.

Prive et al (1992) have proposed an alternative model for the Ras GTPase reaction,
referred to as the 'transition-state stabilization’ mechanism. In this model, functional
groups of the side chain of GIn61 have a role in stabilizing the transition state, by forming
a specific stabilization complex with the pentavalent phosphate intermediate of the
hydrolysis reaction. Such roles have also been suggested for Lys16, the backbone amide
of Gly60 and the bound Mg** ion of Ras. The B- and y-phosphates are electrostatically

stabilized in such a configuration due to ionic interactions with the Mg** and the amino
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group of Lys16 and hydrogen bonding with the main chain amides of residues 13-17, 35
and 60. These interactions serve to fix the flexible phosphate groups in a specific
conformation and reduce the charge density at the y-phosphorous atom. The role of Ras
is that of a catalyst whose function is to lower the activation energy required to reach the

transition state.

However, Langen et al (1992) have reported that the distance between the amide group
and the y-phosphate is in the order of 64, so that a significant amount of energy would
have to be expended in order to move the GIn61 residue towards the y-phosphate, more
than would be expended if a nearby water molecule were to stabilize the transition state
whilst keeping GIn61 in its original position. From a chemical point of view, negative
charge does not accumulate on the y-phosphoryl group in a dissociative transition state,
therefore these interactions are not predicted to provide electrostatic catalysis in a
dissociative reaction. However, the increase in negative charge on the non-bridging 3-

phosphoryl oxygens in the transition state allows electrostatic interactions to be catalytic.

More recently it has been proposed that catalysis occurs by a. stabilization of the GDP
leaving group. The B-y bridge oxygen undergoes the largest change in charge upon
reaching the transition state. In the GTP ground state, it is attached to electron
withdrawing phosphoryl groups and thus has a low electron density. However, in a
dissociative transition state this bond is nearly broken. The backbone amide of Glyl13
donates a hydrogen bond to the -y bridge oxygen of GTP that is strengthened in the
transition state. Other interactions can also contribute to the modest catalysis of Ras.
Interactions of the B non-bridging oxygens with Lys16 and Mg** may be strengthened in
the transition state. Interactions that are not strengthened electrostatically in the transition
state may also be catalytic. Hydrogen bonds between the nucleophilic water, Gln61 and
Thr35 may help position the water with respect to the y-phosphoryl group and lower the

entropic barrier for the reaction.

Active sites are thought of as transition state templates that provide electrostatic and

geometrical complementarity and allow exploitation of the changes between the ground
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and transition states. Although the catalytic advantage from increased hydrogen bond
strength can be large, the overall catalysis by Ras is only 10°-fold. Therefore in order to
achieve a low intrinsic reaction rate, Ras may not maximise the difference in ground
versus transition state hydrogen bond strength. This could be achieved by using a
hydrogen bond donor such as a backbone amide that is weak relative to positively charged
side chains, by leaving possible stabilizing hydrogen bond interactions unfulfilled or by
forming an active site with a relatively high effective dielectric. Other enzymes such as
GAPs might then maximize the rate enhancement by more precise positioning of the
backbone amide hydrogen bond and/or by positioning a second stronger hydrogen bond
donor for interaction with the (3-y bridge oxygen or by altering the electrostatic

environment of the active site.

However, despite evidence that the Ras-catalyzed GTPase reaction proceeds by a
dissociative transition state with no significant transfer, a hydrogen bond acceptor such
as a general base could still assist in the overall process of GTP hydrolysis in several ways.
Firstly, the general base could participate in the loss of a proton from water which occurs
after the rate limiting transition state. Secondly, even in a dissociative transition state there
is a small amount of nucleophilic participation in GTP hydrolysis. Hydrogen bonds from
the water protons to GIn61 and Thr35 can be strengthened to a small extent in the
transition state. Thirdly, a general base could aid in the positioning of the nucleophilic

water with respect to the y-phosphoryl group.

This transition state stabilization model also lends support to and attempts to explain the
transforming mutations at positions 12 and 61 which interfere with the GTPase activity.
The transition state stabilization is unable to tolerate amino acids other than glutamine at
position 61 or glycine at position 12. Mutation of GIn61 to asparagine produces a protein
which is deficient in its GTPase activity. Since asparagine has a shorter side chain than
glutamine, the residue may not be able to reach and interact with the transition state which
precedes hydrolysis. In the transition-state model, the GIn61 is in close proximity to the
a-carbon of residue 12. Replacement of Gly12 with any other amino acid (except proline)

will affect the position of GIn61, interfere with the formation of the transition state and
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lead to mutant proteins with a reduced intrinsic GTPase activity which will ultimately be
transforming. For example, the reduction in the GTPase activity observed upon
replacement of Gly12 with either valine or alanine was proposed to be due to the side
chains of these residues directly blocking the approach of the Gln61 side chain in the
transition state. In addition, replacement of alanine with the bulkier branched threonine
side chain at position 59, causes a conformational shift in residues 59-61 resulting from
the formation of a hydrogen bond between the threonine hydroxyl group and the main
chain carbonyl oxygen of Pro34. This interaction causes residue 59 to be displaced from
its position in the loop 2 region along with several other residues including the critical

GIn61 residue, resulting in it no longer being in a position to stabilize the transition state.

1.1.4.2 GAP-activated hydrolysis

The intrinsic GTPase activity of Ras is accelerated 10°-fold by the GTPase activating
proteins, p120-GAP and neurofibromin. The exact mechanism by which GAP accelerates
the intrinsic GTPase activity of Ras is not yet known, but several hypotheses exist. Such
a stimulation might be achieved in several ways. GAP could either i) induce or accelerate
a conformational change in the Ras catalytic site, thus enabling the amino acids to align
in the correct manner and with the correct charge state for optimal catalysis, ii) stabilize
the transition state by controlling the orientation of the GIn61 residue. In such a position,
GAP could select the most favourable conformation of loop 4 for hydrolysis and fix the
orientation of GIn61 in a position similar to that assumed by the analogous residue in
transducin-a(G,) and G;, in the transition state complex, iii) shield the solvent-exposed
residues of loops 2 and 4 at the active site from the surrounding water, to lower the
dielectric constant thus enhancing important electrostatic interactions within the active
site, to protonate the leaving group or to change the pKa of the y-phosphate with the
consequent acceleration of the reaction rate or iv) provide additional amino acids which

could stabilize charges developed in the transition state of the GTPase reaction.
If the mechanism of GAP-stimulated hydrolysis were to involve the donation of residues

from GAP into the catalytic site of Ras, there are a number of conserved residues within

the catalytic domain of GAP that might fulfill such a role. It has been suggested that one
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of the highly conserved arginine residues within the catalytic domain of p120-GAP might
play an important role in the stabilization of the transition state of the GTPase reaction.
This theory has gained support from observations of the GTPase mechanism in large
GTP-binding proteins. Heterotrimeric G-proteins contain a conserved arginine residue
(Argl78 in G,,,, Argl74 in G, and Arg201 in G,,,) in their active site which is able to
contact the developing charge of the transition state. Argl74 is thought to be critical for
the higher intrinsic GTP hydrolysis observed in G, proteins (Noel et al, 1993; Coleman
et al, 1994; Sondek et al, 1994) in comparison to Ras, since it acts as an inbuilt intrinsic
GTPase activating protein (GAP) and guanine dissociation inhibitor (GDI) for G,, similar
to the extrinsic GAPs that are required for accelerating the GTPase activity in Ras. This
GAP-GDI combination has therefore overridden the need for a GTPase activating protein
in this system. Mutation of this arginine in G-proteins was found to decrease the rate of
the hydrolysis reaction. Additional support has come from studies described by Landis ez
al (1989) of G-protein mutants, in which mutation of the conserved arginine has impaired

the GTPase activity.

In the case of small GTP-binding proteins, therefore, the role of GAP may be to provide
residues such as arginine to the active site to accelerate the GTPase rate, in a similar
manner to the active site arginine of G-proteins. This topic is covered in more detail in

chapter 4.

1.1.5 Kinetics of GTP hydrolysis

Ras has been isolated as a heterogeneous mixture of Ras.nucleotide complexes (Feuerstein
et al, 1987) comprising mainly of (ribo)-GDP with traces of dGDP, (ribo)-GTP and
dGTP. In the absence of nucleotide, the “apoprotein’ has been shown to be thermally less
stable than the complexes of Ras with nucleotide (Feuerstein et al, 1987), but has the
advantage of enabling accurate binding constants to be measured. Binding of GDP and
GTP to the nucleotide-free Ras protein has been shown to occur very rapidly, with
association rate constants in the order of 1.5 x 105 M™.s" and 3 x 10°M".s! (Feuerstein
et al, 1987; Neal et al, 1988). In contrast, the dissociation constants which were measured

in the presence of excess Mg**, were very low, 10* s for Ras.GTP and 10° s! for
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Ras.GDP (Feuerstein et al, 1987; Neal et al, 1988). The binding constants for the
magnesium-nucleotide complexes are in the order of 10'°-10'! M! (Feuerstein et al, 1987,

Neal et al, 1988; John et al, 1990).

Amino acid sequences and crystallographic studies have indicated that the nucleotide
binding sites of Ras and EF-Tu from E.coli (Jurnak, 1985) are very similar and possibly
share a common chemical mechanism for hydrolysis (Eccleston and Webb, 1982).
However, whereas the association rate constants for the binding of GTP and GDP to Ras
are very similar, the association rate constants of GTP and GDP to EF-Tu at 0°C are 1
x 10* M. s and 2.6 x 10° M. s, respectively (Fasano et al, 1978). These differences
in association rate constants for binding of GTP and GDP to EF-Tu were confirmed by
Eccleston et al (1981) and interpreted as showing a two-step binding mechanism
comprising a binding step followed by a conformational change. John et al (1990)
proposed that the binding of guanine nucleotides to Ras also involved a two-step
mechanism, in which an initial rapid binding step is followed by a second slow

isomerization step.

Since H-Ras has no tryptophan residues, the change in the relatively weak intrinsic
fluorescence induced by nucleotide binding, nucleotide exchange or the GTPase reaction,
is small. The fluorescence signal has been improved by substituting an amino acid residue
that may be affected by events at the active site, for a single tryptophan residue (Skelly ez
al, 1990; Antonny et al, 1991; Yamasaki et al, 1994). Another approach has been to use
nucleotides with a fluorescence label such as GTP or GDP-[NH]P labelled at the 2' and
3' positions of the ribose moiety with the fluorescent methylanthraniloyl (mant) group.
Mant-labelled nucleotides have been employed to study association kinetics (John et al,
1989, 1990) GTPase kinetics (Neal ef al, 1990; Rensland et al, 1991; Moore et al, 1993)
and the mechanism of GAP interaction with Ras (Rensland et al, 1991; Moore et al,
1993). MantGTP and mantGDP have similar properties to their parent nucleotides in
terms of the kinetics of their interaction with N-Ras. The rate constants determined for
reactions involving mant-nucleotides were found to be within a factor of two of those

obtained with the parent nucleotides. In addition, the presence of the mant moiety on the
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ribose group of guanine nucleotides does not affect the binding affinity of the nucleotides
for N-Ras since the 2', 3'-hydroxyl groups of the nucleotide point away from the protein,
towards the solvent. The mant-nucleotides were demonstrated to be environmentally
sensitive and show a large enhancement of fluorescence upon binding to N-Ras, 3.2-fold

for mantGTP and 2.8-fold for mantGDP (Neal et al, 1990).

Neal et al (1990) have described a minimal GTP hydrolysis mechanism for N-Ras using
mantGTP to probe for conformational changes which can be distinguished on the basis
of their kinetics. An underlying feature of this mechanism is the proposed rate-limiting
isomerization step which precedes and limits the rate of the cleavage step. Neal and
colleagues noted that a solution of N-Ras.mantGTP incubated at 30°C exhibited an 8-
10% exponential decrease in fluorescence which occurred with a first order rate constant
similar to that for the cleavage of mantGTP by Ras. This initially suggested that the
change in fluorescence represented the cleavage step in the intrinsic GTPase. However,
incubation of Ras complexed with a non-hydrolyzable GTP analogue mantGDP-[NH]P,
also produced a decrease in fluorescence which was biphasic and smaller in amplitude to
that observed with mantGTP. If the fluorescence change represents an isomerization step,
then the fluorescence change would be expected to be similar regardless of the nature of
the nucleotide bound to Ras. The rate constant of the second fluorescence change was
similar to that of mantGTP. This suggested that the fluorophore was monitoring a
structural change occurring during the conversion of Ras.mantGTP to Ras.mantGDP.
Neal et al (1990) interpreted this decrease in fluorescence as representing either a i)
conformational change in the Ras.mantGTP complex which occurs during the cleavage
step and changes the local environment of the fluorophore, or ii) a conformation change
which occurs during the release of phosphate from the N-Ras.mantGDP.Pi complex, or
iii) a conformation change of the N-Ras.mantGTP complex which precedes and limits the
rate of the cleavage step. Such conformational changes have been recognized for the
nucleoside triphosphatase transducing system of myosin (Bagshaw et al, 1974). In the
case of Ras, the large free energy change associated with the conversion of Ras.GTP to
Ras.GDP.Pi and Ras.GDP could well involve a protein conformation change. Since

mantpGDP-[NH]P is not hydrolyzed by Ras under the conditions of the experiment, it was
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suggested that the basic mechanism of the Ras GTPase cycle involves a slow rate-limiting
isomerization step which precedes and limits the rate of the cleavage step (Neal et al,
1988, 1990; Eccleston et al, 1991). This mechanism is shown in the scheme below. The
steps contributing most to the overall catalytic rate of GTP hydrolysis were the cleavage
step (k,) and the GDP dissociation step (k,), the other forward steps being fast and the

reverse rate constants being slow.

R+GTP = RGTP = R.GTP* = RGDPPi = RGDP =+~ R + GDP
1 2a 2b 3

Moore et al (1992, 1993) also studied the kinetic mechanism of GTP hydrolysis using Ras
complexed to either mantGTP or mantGDP-[NH]P and reached the same conclusion aé
Neal et al (1988; 1990). In the absence of GAP, a biphasic decrease in fluorescence was
observed with Ras.mantGTP. The second phase occurred with the same rate constant as
the cleavage step and was accelerated by GAP. A biphasic decrease in fluorescence was
also observed with the Ras.mantGDP-[NH]P complex depite the absence of cleavage by
Ras. The rate constant of the second phase of the fluorescence change was accelerated by
GAP. The first process had not previously been observed by Neal et al (1990) due to the
timescale of their experiments. The second phase was equivalent to that described by Neal
et al (1990) and was suggested to represent a conformational change of the complex,
which precedes and controls the rate of the cleavage step. It was suggested that this slow
fluorescence change might represent the formation of an active conformation in which

GIn61 can activate a water molecule, a process which is accelerated by GAP.

Thus, GAP was able to accelerate the second process associated with both Ras.mantGTP
and Ras.mantGDP-[NH]P complexes, in a linear manner, dependent upon the
concentration of GAP (Moore et al, 1993). In the presence of GAP or NF1, a rapid
increase in fluorescence was observed, proposed to represent initial complex formation
between Ras.mantGTP and GAP, followed by a second slow decrease in fluorescence
proposed to represent the isomerization process. This is consistent with the conclusions

of Neal et al (1990) that GAP accelerates the rate of the isomerization step which
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precedes and limits the cleavage step. This finding does not eliminate the possibility that
GAP also contributes catalytic groups that enhance the chemical cleavage rate. Increasing
the salt concentration was found to decrease the affinity of GAP for Ras.mantGTP and
increase the rate of the conformational change, k,, (Eccleston et al, 1993). Eccleston et
al (1993) reported an inhibition of p120-GAP and neurofibromin by NaCl. Inhibition of
p120-GAP and neurofibromin by salts has previously been observed by several groups
(Gibbs et al, 1988; Antonny et al, 1991; Weismuller and Wittinghofer, 1992) and has been
proposed to be a general effect of ionic strength rather than a specific ion (Antonny et al,
1991). Ammonium sulphate was found to be about 3-fold more potent than NaCl

(Eccleston et al, 1993).

Studies by Antonny et al (1991) also led to a similar conclusion using the fluorescence of
a single tryptophan, engineered into Ras either at positions 56 or 64, as a conformational
probe for time-resolved biochemical studies of Ras.GTP and Ras.GTPyS. Both mutants
demonstrated a slow fluorescence change, demonstrating a 5% decrease in tryptophan
fluorescence, which occurred with rate constants similar to those of the intrinsic Ras
GTPase, following the binding of GTPyS. This suggested that, in the absence of GAP,
a slow conformational change precedes and limits the cleavage step, since GTPyS would
be expected to be cleaved more slowly than GTP. However, p120-GAP did not accelerate
this fluorescence change suggesting that this step is not involved in the GAP-accelerated

mechanism.

A biphasic decrease in fluorescence was also observed by Rensland et al (1991) with H-
Ras.mantGTP. However, Rensland et al (1991) have argued against the presence of a rate
limiting step before GTP cleavage, at least in H-Ras. Using mant-nucleotides, Rensland
and colleagues observed that the interaction of the non-hydrolyzable analogue mantGDP-
[NH]JP with Ras, induced a 5% fluorescence decrease which was faster than that observed
for mantGTP and occurred with a smaller amplitude. Moore et al (1993) have suggested
that the rate constant for this process probably corresponds to the fast phase observed in
their experiments, since Rensland ef al (1991) only measured the fluorescence changes

occurring over 17min and would not have observed the slower phase described by Moore
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et al (1993). In support of this, the fluorescence change observed by Rensland ez al (1991)
was not accelerated by GAP, consistent with the results of Moore et al (1993). In
contrast, the very slow decrease in fluorescence associated with mantGTPyS was
accelerated by GAP (Rensiand et al, 1991). Hydrolysis of mantGTPyS was not measured
in these experiments. This suggested that the fluorescence change does not represent a
rate-limiting step preceding hydrolysis but rather occurs either at the hydrolysis step or
upon the release of inorganic phosphate. This discrepancy could be due to differences
between H-Ras and N-Ras, buffer conditions, differences in the ratio of 2' to 3' mant
isomers in the Ras complexes or differences in the timescales over which the experiments
were performed. Mant-nucleotides exist as an equilibrium mixture of the 2' and 3' isomers
(Cremo et al, 1990). Eccleston et al (1991) showed that > 97% of the nucleotide bound
to Ras in all the complexes studied was the 3' isomer. Rensland et al (1991) and Moore
et al (1993) showed that the slow change in fluorescence proposed to represent the
hydrolysis of Ras.mantGTP cannot be accounted for by an isomerization of the nucleotide
analogue, since the ratio of the 2' and 3' isomers of mantGTP is not altered upon
hydrolysis. Moore et al (1993) were able to exclude nucleotide dissociation as an
alternative explanation for the fluorescence change. The conformational change associated
with the isomerization step must be a reversible process to enable Ras.mantGTP to be
regenerated at a later point in the GTPase cycle. Such a conformational change may be

related to the different conformations of residues 58-65 in the Ras crystal structure.

Both interpretations of the nature of the slow fluorescence change are consistent with two
classes of hydrolysis mechanism. One suggests that the basic mechanism of catalysis is the
same for the intrinsic GTPase and the GAP-activated GTPase. The role of GAP in such
a mechanism would therefore be to stabilize a particular conformation of residues at the
active site on Ras, such that the catalytic reaction is favoured. Alternatively, the
mechanism of GAP-activated catalysis may be different from the intrinsic Ras GTPase.
GAP may provide additional amino acids to the active site on Ras, to accelerate the
catalytic reaction. The mechanism suggested by Neal et al (1990) would be consistent
with the first model since only the rate-controlling conformational change must be

accelerated by GAP. The results of Rensland et al (1991) would be consistent with either
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model since it is the hydrolysis reaction itself which is accelerated by GAP.

1.2 Regulators of ras GTPase cycle

1.2.1 GTPase activating proteins (GAPs ‘

Two distinct types of mammalian RasGAPs have been described, p120-GAP and
neurofibromin (NF1), both of which accelerate the conversion of Ras.GTP to Ras.GDP,
(reviewed by McCormick et al, 1991; McCormick, 1992; Polakis and McCormick, 1992;
McCormick, 1995). In recent years, several more mammalian GAPs have been isolated.
These include pl00OGAP 1m (the mammalian homologue of Drosophila Gapl) (Maekawa
et al, 1993; 1994), DGAP1 (RasGAP homologue in Drosophila) (Faix and Dittrich,
1996), IQGAP1 (Weissbach et al, 1994) a human protein related to a RasGAP homologue
(Sar1/Gapl) from the fission yeast S.pombe and IQGAP2, a human protein that is 62%
identical to IQGAP1 (Brill et al, 1996). These IQGAPs interact with the Rho-family
GTPases (Cdc42H and Racl). This finding and the presence of a potential actin-binding
domain has led to the suggestion that IQGAPs might play roles in the Cdc42 and Racl-
controlled generation of specific polymerized actin structures. In addition, another human
gene, related to Drosophila Gapl has been identified which appears to be distinct from

p100GAP. There are perhaps many more RasGAPs which are still undiscovered.

1.2.1.1 p120-GAP
The first GAP to be characterized was p120-GAP, a cytosolic protein with an Mr of

120,000, found in all mammalian cells, that catalytically accelerates GTP hydrolysis of
normal mammalian Ras proteins but not that of mutant Ras proteins with oncogenic
potential (Trahey and McCormick, 1987; Gibbs et al, 1988). Two yeast (S. cerevisiae)
proteins with both functional and sequence homologueies to RasGAP have also been
identified, (IRA1 and IRA2). Figure 5 shows the locations of the catalytic and structural
domains of p120-GAP. p120-GAP consists of an N-terminal region which contains two
SH2 regions, one SH3 region and a pleckstrin homologuey (PH) region (Koch et al, 1991;
Mayer et al, 1993; Musacchio et al, 1993), and a C-terminal GTPase-activating catalytic
domain of approximately 340 amino acids which interacts with Ras (Vogel et al, 1988;

Trahey et al, 1988; Marshall et al, 1989; Gideon et al, 1992). This domain is sufficient to
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interact with Ras but its catalytic properties differ from those of full length p120-GAP
(Gideon et al, 1992; Martin et al, 1990).

The N-terminal region has been suggested to have a regulatory role on the catalytic
domain (Gideon et al, 1992). By virtue of its SH2 and SH3 domains, p120-GAP can also
bind phosphoproteins such as activated epidermal growth factor and platelet derived
growth factor receptors (Kaplan et al, 1990) and also to the tyrosine phosphorylated
proteins, p62 and p190 (Settleman et al, 1992a). Since,  p190 possesses ~ GAP
activity towards small guanine nucleotide binding proteins in the Rho/Rac family and GAP
can direct interactions with cellular phosphoproteins in vivo, GAP may function as an
effector molecule which modulates the cytoskeleton and cell adhesion (McGlade et al,
1993). A differential expression event results in type II GAP, a protein of molecular
weight 100,400 (Trahey et al, 1988), which lacks the hydrophobic amino terminus of
p120-GAP. Type II GAP is highly expressed in the placenta and in several human cell
lines, but not in adult tissues (Trahey et al, 1988). Al-Alawi et al (1993) suggested that
types I and I GAP might differ in their downregulation of Ras.

1.2.1.2 Neurofibromin (NF1

Neurofibromatosis type I (NF1), or Von Recklinghausen neurofibromatosis, is one of the
most common genetic diseases that predisposes humans to cancer, affecting 1 in 3500
individuals worldwide (Seizinger, 1993). Patients with neurofibromatosis I (NF1) display
characteristic multiple dermal neurofibromas, benign tumours that typically appear in early
adolescence and increase in numbers throughout life. The pathogenesis of these tumours
is not known.The gene responsible for the disease was recently identified on chromosome
17 and cloned by reverse genetics (Viskochil et al, 1990; Cawthon et al, 1990; Wallace
et al, 1990; Marchuk et al, 1991).
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Figure : talytic and structural domains of p120-GAP
The locations of the catalytic and structural domains are shown. SH2 and SH3 domains
refer to src homology domains 2 and 3, thought to be involved in phosphotyrosine

binding. Possible phosphorylation sites for tyrosine kinase and protein kinase A are shown.

[Taken from Grand and Owen (1991)]

Figure 5(b): Structural comparison of RasGAPs and RasGAP-related proteins

GAP-related catalytic domains are shown in black. The additional regions of homology
between IRA and NF1 proteins are shaded. The location of SH2, SH3, Pleckstrin-
homology (PH) and CalB (LB) domains in p120-GAP and Gapl homologues is indicated.
The C-terminal half of IQGAP1 and IQGAP2 shows homology to the entire S.pombe Sarl
protein. A region containing four tandem Iqmotifs and an upstream region harbouring a

unique kind of repeat are indicated by different shading.

[Taken from Bernards (1995)]
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It was found to encode a 2818 amino acid, 250-320 kDa protein (Declue et al, 1991;
Gutmann et al, 1991; Hattori et al, 1991, 1992) with a central 360 residue domain which
shared 30% amino acid homology with ‘the Ras GTPase activating catalytic domains of
p120-GAP, (Boguski and McCormick, 1993; Xu et al, 1990b; Martin et al, 1990) and
IRA1 and IRA2, (Ballester et al, 1990; DeClue et al, 1991; Xu et al, 1990a; Martin et al,
1990). The regions of homology within the GAP proteins is shown in figure 5b.The
common domain shared by NF1, p120-GAP and IRA possesses a GAP-like activity with
specificity for Ras proteins. The suggestion that neurofibromin might be a second
mammalian Ras GTPase activator protein was attractive since it implied that some tumour
suppressors might be negative regulators of dominant oncogenes. The argument for the
role of neurofibromin as a Ras-GAP was based on three observations. Firstly, NF1-GRD
stimulated the GTPase of wild-type N-Ras but was inactive towards oncogenic (Asp12
and Vall2) Ras mutants (Xu et al, 1990a; Buchberg et al, 1990). Secondly, the NF1-GRD
rescued the heat shock sensitive phenotype of yeast ira” strains (Martin et al, 1990; Xu
et al, 1990a; Ballester et al, 1990). Thirdly, neurofibromin deficient malignant
neurofibrosarcoma lines contain 30-50% of Ras in the GTP-bound form, in contrast to the
10% in normal cells. This is consistent with a role for neurofibromin as a Ras GTPase
activator. Neurofibromin is ubiquitously expressed during development (Daston and
Ratner, 1993) and becomes a predominantly neuronal GTPase activating protein in the
adult. Neurofibromin undergoes an alternative splicing event to produce the two splicing
variants, types I and IT NF1 (Anderson et al, 1993a; Suzuki et al, 1991; Nishi et al, 1991,
Teinturier et al, 1992; Uchida et al, 1992). Type I NF1 appears to be more highly
expressed in proliferative cells, whilst type II NF1 which contains a 63bp (21 amino acid)
insert within the catalytic domain of the type I protein, is more prominantly expressed in

differentiated cells.

p120-GAP and neurofibromin exhibit different biochemical properties. Both have different
affinities for Ras, different catalytic efficiencies and different sensitivities to regulatory
lipids. Both p120-GAP and neurofibromin interact with the same range of Ras proteins
(H-Ras, K-Ras, N-Ras and R-Ras). They also bind to Rap proteins but fail to stimulate
their GTPase activity. NF1-GRD has been demonstrated to bind to N-Ras with a 20-fold
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higher affinity than p120-GAP (Martin et al, 1990). The full length neurofibromin and its
truncated catalytic fragment (NF1-GRD) possess similar kinetic properties (Bollag et al,
1993). Whilst p120-GAP can interact with other cellular proteins, neurofibromin contains
no motifs implicated in protein interactions and shares no similarity with other mammalian

signalling proteins outside of its GRD.

However, catalytic activity is unlikely to be the only function of neurofibromin, since the
protein is quite large with the catalytic domain forming only about 10% of the coding
region in the central part of the molecule. Neurofibromin appears to co-localize with
microtubules in all cell types examined, suggesting that neurofibromin is closely associated
with cytoskeletal elements and might act as a GAP to direct cytoarchitectural changes in
the cell in response to growth factors. There is evidence to suggest that NF1 is a tumour
suppressor that is involved in the Ras signal transduction pathway. Tumour suppressor
genes are thought to function as negative growth regulators such that their absence in
tumour cells results in decreased downregulation of cell proliferation and a predisposition
towards malignant transformation. Thus, if the NF1 tumour suppressor gene functions as
a negative regulator in certain cells, one would predict a correlation between loss of NF1
expression and malignant transformation of these cells. Loss of NF1 expression has been
observed in several sporadic tumours in individuals without NF1, such as neuroblastomas,
malignant melanomas and pheochromocytomas (Anderson et al, 1993b; Johnson et al,
1993; The et al, 1993; Bollag et al, 1996). Inactivation of both NF1 alleles would be
required for a tumour to develop from the resulting impaired regulation of Ras.GTP.
Inactivation of both alleles has been demonstrated in specific benign (Sawada et al, 1996)
and malignant tumours from patients with Von Recklinghausen neurofibromatosis
(Declue et al, 1992; Legius et al, 1993; Anderson et al, 1993b). Several groups have
demonstrated that NF1 is nearly absent in 3 neurofibrosarcomas from NF1 patients (Basu
et al, 1992; Declue et al, 1992). Declue et al (1992) discovered increased levels of GTP-
bound Ras which did not appear to be mutationally activated and low levels of NF1 in cell
lines derived from malignant human schwannomas in NF1 patients. This increase in
Ras.GTP was thought to be due to the diminished negative regulation by NF1. In support

of such an inactivation mechanism, several groups have identified mutations within the
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gene, such as translocations (Viskochil et al, 1990; Wallace et al, 1990; Reynolds et al,
1992), deletions (Upadhyaya et al, 1990; Viskochil et al, 1990; Menon et al, 1990), point
mutations (Li et al, 1992) and insertions (Wallace et al, 1991). Gutmann and Collins
(1993) suggested that phosphorylation of serine and threonine residues in neurofibromin
might be responsible for inactivating neurofibromin as part of a signal transduction
pathway leading to Ras activation and cell proliferation. Alternatively, neurofibromin may
normally be constitutively active in whole cells and inhibition of its GAP activity may be
acheived by interaction with tubulin (Bollag et al, 1993) or phospholipids (Bollag and
McCormick, 1991). In tumours where NF1 mutations do not inactivate the NF1 gene such
as astrocytic tumours, increased expression of neurofibromin has been observed (Gutmann
et al, 1996). Such an upregulation of NF1 is postulated to involve positive feedback by
activated Ras which is constitutively elevated in human astrocytomas and as such may
represent a futile attempt of astrocytoma cells to downregulate Ras and reduce

uncontrolled proliferation.

Two models have been proposed for the cellular role of GAPs. In the first model, the role
of GAPs would be to downregulate Ras by inducing GTP hydrolysis (Zhang et al, 1990).
In the second model, GAP would be the effector for Ras or part of an effector complex
involved in transmitting the signal from activated Ras (Cales et al, 1988). Both p120-GAP
and NF1 bind to the effector binding domain (residues 32-40) and the switch II region of
Ras, (Adari et al.1988) and as such are candidates for the role of the elusive Ras effector
in pathways downstream of Ras (McCormick, 1990; McCormick, 1995; Bernards, 1995).
A third region of Ras located within the a3 helix (residues 101-103) has been recently
identified as being required for efficient p120-GAP and neurofibromin-mediated hydrolysis
(Yoder-Hill et al, 1995; Wood et al, 1994). p120-GAP is predominantly cytoplasmic and
is translocated to the plasma membrane where it is thought to interact with Ras at the
effector site (residues 30-40). The association of GAP with normal Ras.GTP leads to a
conformational change in the Ras protein, increasing its intrinsic GTPase activity. GAP
is also able to interact with mutant ‘activated’ forms of Ras, although there is no
conformational change and the intrinsic GTPase is not stimulated. Evidence for and

against the role of GAPs as Ras effectors is discussed in section 1.3.
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1.2.2 Guanine nucleotide exchange factors (GEFs)

Ras proteins are rendered active through an exchange process in which GDP is released
from Ras and replaced with GTP (reviewed by Feig, 1994). This process is extremely slow
but can be accelerated by interaction with guanine nucleotide exchange factors (GEFs).
The Ras-related proteins, Rab and Rho appear to be additionally regulated by guanine
nucleotide dissociation inhibitors (GDIs) (Ueda et al, 1990; Sasaki et al, 1991). Many
guanine nucleotide exchange factors have now been identified in both eukaryotic and
mammalian systems (Martegani et al, 1992; Burton et al, 1993). The basic mechanism of
interaction between Ras superfamily members and their GEFs appears to be conserved
throughout the G-protein family. GEFs for Ras-related GTPases are thought to function
by promoting the release of GDP, through stabilization of the nucleotide-free state of the
protein (Mistou et al, 1992). The nucleotide-free protein is very transient and GTP rapidly
re-binds to form the active protein. This results in the dissociation of the GEF which can
activate further GTPase molecules. Certain exchange factors e.g. cdc25 (Mosteller et al,
1994) catalyze a more complex exchange mechanism involving a selective rather than a
passive exchange of GTP for GDP. The first exchange factors to be identified were the
products of the yeast CDC25 and Drosophila Son-of-sevenless genes (Broek et al, 1987,
Robinson et al, 1987; Simon et al, 1991; Bonfini ez al, 1992). Exchange factors such as
RasGRF, Sos!1 and Sos2 have subsequently been identified (Shou et al, 1992; Martegani
et al, 1992; Cen et al, 1992; Bowtell et al, 1992; Wei et al, 1992). Later reports have
suggested that the vav proto-oncogene product is a Ras exchange protein in
haematopoietic cells (Gulbins et al, 1993) a finding which has been questioned more
recently (Bustelo et al, 1994). It has previously been shown that the dbl oncogene product
activates Rho subfamily GTP-binding proteins by catalyzing the dissociation of GDP from
their nucleotide binding site. More recently the acidic phospholipid, phosphatidylinositol
4,5-biphosphate (PIP2) has been shown to provide an alternative mechanism for the

activation of CDC42H, Rho and Arf (Zheng et al, 1996).
1.3 Downstream effectors for Ras

The last few years have seen a sudden surge in the number of proteins identified as

candidates for Ras effectors (Marshall, 1996; McCormick and Wittinghofer, 1996;
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Marshall, 1995; Wittinghofer and Herrmann, 1995). The proteins identified to date are
shown in Table 1. Due to the similarity of the effector domains of Ras-related proteins,
various approaches were taken to determine whether the Ras binding proteins identified
were true effectors of Ras or whether they were effectors for other members of the Ras
subfamily. These approaches were based on demonstrating the ability of Ras binding

proteins to meet key criteria used in identifying Ras effectors.
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Table 1: Potential effectors of Ras and of Ras subfamily members

! Potential Effector Protein Function
PI(3) Kinase Lipid Kinase
P110 subunit «,f3, y
Ral-GDS GEEF for Ral
RGL/RGL2
RLF

Scd-1 (S. pombe)

Putative guanine nucleotide exchange factor

for CDC42sp. Control of actin cytoskeleton.

Rsbs 1,2 and 4

Adenylyl cyclase (S. cerevisiae) cAMP production
Rin Unknown

AF6

canoe

PKC-¢

MEKK-1

Byr-2 (S. pombe)
c-raf

A-raf

B-Raf

Protein kinase

Lind5 (C. elegans)

MAPKKK in ERK-dependant signalling from

Draf (D.melnogaster) receptor tyrosine kinases.
Raf-1

p120°94° GAP for p21Ras
Neurofibromin
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The first criterion, and the one by which most candidate Ras effectors were initially
identified, is that Ras effectors preferentially bind to Ras.GTP. A Ras binding protein is
unlikely to be an effector if it lacks this ability to differentially bind nucleotides. In
addition, effector-Ras interactions might be expected to be high affinity, except in some
signalling processes in which the effector may be required to rapidly dissociate from GTP-
bound Ras and thus demonstrates a low apparent affinity. This approach is not definitive
since such in vitro affinity measurements cannot easily be extrapolated to the situation in
vivo in which Ras is localized to the plasma membrane and a number of other cellular
components come into play, any number of which might affect effector-Ras interactions.
In particular, the interaction between Ras.GTP and candidate effectors has been reported
to be influenced by salt concentration. A second criterion which distinguishes a Ras
effector from an effector involved in an alternative signalling pathway, is the appearance
of a complex between Ras and the candidate effector upon activation of Ras to the GTP-
bound state following a stimulus. The absence of such a complex following
coimmunoprecipitation or colocalization in the cell signifies the unliklihood of the effector

being involved in Ras signalling.

The third, and strongest criterion for a Ras effector is the ability of Ras to activate the
candidate effector in a GTP-dependent manner, in vitro. Another useful approach for
identifying Ras effectors is to express mutant effectors that are either constitutively
activated or which act as interfering negatives to block Ras-dependent signalling. But by
far the best approach to date toi identify potential Ras effectors was devised by

Wigler and colleagues and involves a yeast two hybrid system.

Initial studies identified two proteins, p120-GAP and neurofibromin, which fulfilled the
primary criterion for a Ras effector in that they bound to Ras in a GTP-dependent manner
(Trahey et al, 1988; Martin et al, 1990). There is much debate as to whether GAPs can

function as effectors in some systems.

Evidence that GAP is a biological target for mammalian Ras has come from the following

observations: Firstly, p120-GAP binds Ras via its effector domain (Adari et al, 1988).The
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primary Ras binding site of GAP has been localized to the carboxy terminal 343 amino
acids and is referred to as the GAP catalytic domain (Marshall et al, 1989). This region
can be expressed as a stable independent domain capable of binding Ras.GTP and
activating its GTPase. The Ras binding domain of GAP is conserved in other RasGAPs.
It is currently unclear as to whether Ras binds a small region of GAP analogous to the Ras
effector region or a larger area of the surface as is typical of most protein-protein
interactions. The binding region for Ras on GAP has been proposed to map to within
residues 715-753 (Molloy et al, 1995). Secondly, p120-GAP binds oncogenic Ras, but
fails to stimulate its GTPase activity (Vogel et al, 1988). Thirdly, effector mutations that
prevent signalling also blocked p120-GAP binding (Trahey et al, 1988; Cales et al, 1988).
In addition, there is much evidence to suggest that the non-catalytic segment of p120-
GAP, which contains several motifs that are widely shared amongst signalling proteins
(see section 1.3), has 'effector-like' functions. For example, the amino terminus of p120-
GAP which contains SH2 and SH3 domains can mimic some effects of Ras signalling
(Martin et al, 1992; Medema et al, 1992). However, activation of Ras responsive genes
by expression of the amino terminus of p120-GAP required endogenous Ras function. In
addition, activation of Xenopus laevis p34 kinase (maturation promoting factor) by Ras
has been suggested to be GAP-dependent (Dominguez et al, 1991) and antibodies against
the SH3 domain of p120-GAP have been shown to block Ras-activated maturation in the
Xenopus oocyte (Duschesne et al, 1993). The carboxy terminal GTPase-activating
catalytic domain of p120-GAP was able to inhibit the oncogenic Ras-dependent
transactivation of a polyoma enhancer sequence (Schweighoffer et al, 1992). Full length
p120-GAP was able to restore function. Similarly, the non-catalytic segment of p120-GAP
was responsible for the Ras-dependent inhibition of the coupling of muscarinic
acetylcholine receptors to heterotrimeric G-proteins that regulate potassium channels in
atrial membranes (Yatani et al, 1990; Martin et al, 1992), and blocked fibroblast
transformation by muscarinic receptors (Xu et al, 1994). The most conclusive evidence
for a signalling role for GAP was obtained from a series of experiments that showed
involvement of the amino terminus of GAP in the regulation of cytoskeletal structure and
cell adhesion to the extracellular matrix (McGlade et al, 1993). It is an attractive idea that

some of these findings relate to the ability of this N-terminal segment to bind to two
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phosphotyrosine proteins, p62 and p190 (Ellis et al, 1990; Settleman et al, 1992b).
Because p190 is a GAP for Rho GTPases, it was proposed that its association with p120-
GAP may serve to integrate Ras and Rho-mediated signalling. Signals relayed from p120-
GAP to p190 may be responsible for cytoskeletal changes in growth factor stimulated cells
(Nobes and Hall, 1994).

However, subsequent experiments suggested that p120-GAP was not an effector for Ras.
This argument was based on observations that p120-GAP could suppress NIH3T3 cell
transformation by over-expressed wild-type Ras (Zhang et al, 1990). In addition,
experiments using effector mutants capable of differentiating between GAP and Raf-1
binding argued against p120-GAP as an effector (Stone et al, 1993). In S. pombe,
disruption of the Sar1/Gap1 gene leads to sporulation defects characteristic of those of
an activated Ras1 mutant, suggesting that Sar1/Gap1 acts as a negative regulator of Ras1
(Imai et al, 1991; Wang et al, 1991a). A Drosophila Gapl loss of function mutation
mimics activation of the sevenless protein tyrosine kinase (Gaul et al, 1992). In addition,
in S. cerevisiae, ira mutants which resemble yeasts that harbour an activated Ras2 val19

protein, also suggested that IRA is primarily a negative regulator (Tanaka et al, 1990).

The role of neurofibromin as a downstream effector of Ras is an area which remains
largely unexplored. Experimental evidence so far supports a purely negative regulatory
role for neurofibromin and any functions tentatively ascribed to NF1 have remained
speculative. Neurofibromin has been proposed to play a role in Ras-induced differentiation
of neuronal cells (The et al, 1993). However, other studies have shown that Drosophila
Gapl, not Drosophila NF1 is a downstream component in the signalling pathway that
controls R7 photoreceptor cell differentiation (Gaul ez al, 1992). Some of the pleiotropic
symptoms of NF1 might be caused by disruptions of biological processes mediated by Ras
relatives, such as R-Ras and Rap. This is supported by the fact that both NF1 and GAP
stimulate the GTPase of R-Ras (Rey et al, 1994) and interact with but do not stimulate
the GTPase of Rap. As such, neurofibromin has been proposed to play a role in R-Ras
mediated apoptotic signalling pathways since R-Ras may associate with Bcl2 (Fernandez-

Sarabla and Bisschoff, 1993). Finally, neurofibromin has been alleged to associate with
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both microtubules (Gregory et al, 1993) and cell surface receptors (Boyer et al, 1994).
These two functions could be incorporated into a model in which neurofibromin plays a
role in the endocytic downregulation of receptors. Support for this purely speculative
function of NF1 can be found in studies in which PDGF receptors, mutated in the
phospatidyl inositol-3-kinase binding site, are defective in endocytosis (Joly et al, 1994).
In addition, the microtubule associated GTPase dynamin, which plays a role in
endocytosis, has been shown to interact with several SH3 domain containing signalling

proteins, including Grb2 (Scaife et al, 1994; Miki et al, 1994; Seedorf et al, 1994).

The effector binding domain of GTP-bound Ras interacts not only with p120-GAP and
neurofibromin, but also with the N-terminal regulatory domain of the cytosolic Raf family
of serine/threonine kinases, c-Raf-1, A-raf and B-raf (McCormick, 1994; Marshall, 1995;
Wittinghofer and Herrmann, 1995; McCormick and Wittinghofer, 1996). The best
characterized Ras effector from mammalian cells in ferms of biological relevance as well
as structural detail is the c-Raf-1 serine/threonine kinase. c-Raf-1 was initially identified
as transmitting a downstream signal from Ras in Ras-dependent signalling pathways in
mammalian cells, C.elegans and D.melanogaster (Dickson and Hafen, 1994). The initial
suggestion that Raf is downstream of Ras came from microinjection experiments in which
the monoclonal anti-Ras antibody, Y13-259 was able to inhibit signaling via the PDGF
receptor, the transforming activity of v-Src and v-Ras but not of v-Raf, but that an anti-
Raf antibody could inhibit the transforming activity of v-Ras (Smith et al, 1986). In
addition, antisense Raf RNA and dominant negative Raf mutants were demonstrated to
inhibit Ras mediated signalling (Kolch ef al, 1991). It was subsequently revealed that Raf
was a direct target of Ras in yeast two hybrid experiments (Vojtek et al, 1993; Van Aelst
et al, 1993; Zhang et al, 1993) in vitro (Moodie et al, 1993; Warne et al, 1993) and by
coimmunoprecipitation in stimulated fibroblasts (Finney et al, 1993; Hallberg et al, 1994).
These studies showed that the regulatory region of the c-Raf-1 protein kinase binds tightly
to mammalian Ras in a GTP-dependent manner. A Ras binding site (RBS-1) of
mammalian Raf-1 was mapped to an 81 amino acid segment (comprising residues 51-131)
from the conserved region 1 (CR1) in its N-terminal regulatory domain (Vojtek et al,

1993; Chuang et al, 1994; Ghosh and Bell, 1994; Emerson et al, 1995; Herrmann et al,
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1995; Pumiglia et al, 1995). This region forms an independent folding domain (Emerson
et al, 1994; Chuang et al, 1994) known as the RBD (Ras Binding Domain) which is
sufficient to bind to Ras in a GTP-dependent manner with reasonable affinity (Fridman et
al, 1994; Marshall, 1995; Wittinghofer and Herrmann, 1995; Herrmann et al, 1995;
Barnard et al, 1995; Gorman et al, 1996). The minimal Ras-binding domain has been
suggested to consist of residues 77 to 101 (Niehof et al, 1995). The structure of the Raf-
RBD and identification of the Ras interaction surface have recently been elucidated by
NMR (Emerson et al, 1995). In addition, the structure of Raf-RBD in a complex with
Rap-1A has been solved by X-ray crystallography (Nassar et al, 1995). Such structural
analyses have proposed that the binding of the switch I region of Ras to the RBD is the
fnajor site of Ras GTP-dependent binding. However, other contacts are thought to
contribute to binding and kinase activation (Yamamori et al, 1995; Okada et al, 1996).
For example, mutations at residues 31, 57 and 59 of H-ras have been shown to ‘sinhibit
binding to full length c-Raf-1 (Shirouzu et al, 1994). Mutations at residues 26, 29, 39, 40,
41, 44 and 45 have been suggested to be necessary for Ras-dependent Raf-activation
(Shirouzu et al, 1994). In addition, post-translational modification of H-ras has been
shown to be required for activation of B-Raf (Yamamori et al, 1995). As yet, attempts to
co-crystallize full length c-Raf-1 with Ras or Ras-related proteins has been unsuccessful.
Such a structure would shed light on the existence of contacts between Ras and c-Rafl
outside the RBD. The switch II region of Ras is not involved in binding Raf-RBD but may
be involved in binding to the cysteine rich domain of Raf. Recently, a second Ras binding
domain was identified in Raf-1 (RBS-2) corresponding to a region within the cysteine rich
domain (CRD) in the N-terminal region of Raf-1 (Brtva et al, 1995; Drugan et al, 1996).
Recently, the solution structure of the Raf-1 CRD encompassing residues 139-184, has
been determined by NMR (Mott et al, 1996). Several other regions of the regulatory
domain have been proposed to play a role in binding (Zhang et al, 1993; White et al,
1995). Recent studies have suggested that the RBS1 and RBS2 interact with distinct
regions of Ras (Brtva et al, 1995; Hu et al, 1995a) and both interactions may be required
for Raf-mediated transformation. In intact unstimulated Raf-1, the RBS-1 may be cryptic
(Drugan et al, 1996). This interaction can be disrupted by mutations in the effector region,

such as Asp38Ala, and a strong correlation exists between the biological activity of

47



effector mutants and their ability to bind to Raf. The interaction between Ras and Raf has
been shown to be rapidly reversible (Gorman et al, 1996). The dissociation constant for
the interaction between Ras.GTP and the RBD of Raf-1 is ca.10nM (Herrmann et al,
1995) and the affinity to the GDP-bound form is 1000-fold lower. The interaction of Raf
kinase with Ras results in the translocation of the kinase to the plasma membrane where

Raf is activated (discussed in section 1.4).

Since the discovery of Raf as an effector of Ras, other candidate effectors have been
identifed by means of the yeast two-hybrid system or direct protein-protein interactions.
The lipid kinase, phosphatidylinositol-3-kinase (PI-3-kinase) is composed of two subunits,
p85 which contains SH2 domains involved in receptor interaction and the catalytic
subunit, p110. Direct biochemical evidence for the interaction between the «- and f-type
p110 subunits of PI-3-kinase and Ras (Rodriguez-Viciana et al, 1994; 1996; Kodaki et
al, 1994; Stoyanov et al, 1995) suggest that PI-3-kinase is an effector for Ras. PI-3-kinase
binds to Ras in a GTP-dependent manner with a dissociation constant of 500nM. The
enzymatic activity of PI-3-kinase is enhanced as a result of its direct interaction with
Ras.GTP. However, PI-3-kinase may not simply be a downstream target of Ras. Hu et al
(1995b) have demonstrated that a constitutively activated form of PI-3-kinase acts

upstream of Ras and that such an effect can be inhibited by N17Ras.

Further Ras effectors have been identified through observations that different effector site
mutations block different Ras-effector interactions (White et al, 1995). In this way, a
further six candidates for Ras effectors have been identified. These include Ral-GDS (Ral
guanine nucleotide dissociation stimulator) an exchange factor for the Ras-related protein
Ral (Hofer et al, 1994; Spaargaren and Bischoff, 1994), Ral-GDS like proteins (RGL and
RGL2) of unknown function (Kikuchi et al, 1994; Peterson et al, 1996) and a novel
protein designated RalGDS-like factor (RLF) (Wolthius et al, 1996). The Ras mutant
Gly60Ala has a weak effect on the binding of Ras to Raf but the Ral-GDS interaction is
more severely affected (Hwang et al, 1996). Ras has a 100-fold higher affinity for Raf-
RBD than for Ral-GDS. In contrast Rap binds Ral-GDS with 100-fold higher affinity than
Raf-RBD (Herrmann et al, 1996). The role of adenylyl cyclase (involved in cAMP
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production) in S. cerevisiae as a Ras effector has been demonstrated by its ability to be
activated in vitro by Ras.GTP (Toda et al, 1985; Marshall, 1995; Wittinghofer and
Herrmann, 1995; McCormick and Wittinghofer, 1996). Interestingly, deletion of adenylyl
cyclase is non-lethal suggesting the existence of a second Ras-dependent pathway in S.

cerevisiae (Mulcahy et al, 1985).

At least two Ras effectors have been identified in S. pombe. Byr2 functions as a MAPK
kinase kinase in the pheromone MAPK pathway (Wang et al, 1991b) and binds to Ras
with nanomolar affinity in a GTP-dependent manner (Masuda et al, 1995; Marshall, 1995;
McCormick, 1994; Wittinghofer and Hermann, 1995; McCormick and Wittinghofer,
1996). The Ras mutant Tyr32Phe is unable to bind to Raf but still binds Byr2 whereas
mutations outside the effector region (Asp38Asn, Thr58Ala) show the opposite effect
(Akasaka et al, 1996). In addition Scd1, a putative GEF for the GTPase Cdc42p involved
in regulation of the actin cytoskeleton has been shown to interact with Ras (Chang et al,
1994). The mammalian homologue of Byr2, known as MEKK1 seems to be activated in
a Ras-dependent manner (Lange-Carter et al, 1994) and Russell et al (1995) have
demonstrated direct binding between MEKK 1 and Ras.GTP. Kuriyama et al (1996) have
identified a putative target for Ras known as AF-6 (Prasad et al, 1993) whose structure
resembles that of Drosophila Canoe, which is involved in the notch signalling pathway
(Miyamoto et al, 1995). The recombinant N-terminal domain of AF-6 and Canoe
specifically interacted with GTPyS.GST-H-Ras, indicating that both proteins are putative
targets for Ras. Diaz-Meco et al (1994) have demonstrated that Ras interacts in vitro with
the regulatory domain of {-protein kinase C ({PKC). They have also shown that this
association in vivo is triggered by PDGF. Finally, Rsbs 1,2 and 4 have been identified
using the two-hybrid screen (Van Aelst et al, 1994) and Rinl (Ras
interaction/interference) was identified from its direct interaction with Ras and its ability

to compete with Raf-1 for the binding site on Ras (Han and Colicelli, 1995).

1.3.1 Signal transduction through Ras

Our knowledge of signalling pathways activated by receptor protein tyrosine kinases has
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been advancing rapidly (figure 6) and a number of SH2/SH3 adaptor proteins have now
been identified which play critical roles in transducing such signals (Hunter, 1997; Lim et
al, 1996; Post and Brown, 1996). There is strong evidence to indicate that Ras is a key
component of mitogenic signalling pathways activated by both growth factor receptor
tyrosine kinases such as the EGF receptor, the PDGF receptor (reviewed by Schlessinger
and Ullrich, 1992; Schlessinger, 1993) and the insulin receptor (reviewed by White, 1994,
White and Kahn, 1994). Activation of Ras by such receptors is thought to be
predominantly due to an increase in the activity of guanine nucleotide exchange factors
rather than by inhibition of GAP activity (Medema et al, 1993). Three proteins have been

implicated in the activation of Ras via an increase in guanine nucleotide exchange.

A 23-kDa growth factor receptor-bound protein termed Grb2 (Lowenstein et al, 1992)
or Ash (Matuoka et al, 1992) has been reported to play a role as an adapter molecule
linking the upstream receptor tyrosine kinases to Ras (Downward, 1994; Gale et al,
1993), similar to its homologueue from Caenorhabditis elegans, Sem-5 (Clark et al,
1992) or from Drosophila melanogaster, Drk (Olivier et al, 1993; Simon et al, 1993).
The Grb2 protein comprises a Src Homology 2 (SH2) domain, involved in the binding of
tyrosine-phosphorylated protein domains (Pawson and Gish, 1992) flanked by two SH3
domains whose role is to mediate binding to proline-rich sequences (Ren et al, 1993).
Recently, evidence to support the existence of a family of Grb-2-like proteins has come
from the identification of a novel SH3-SH2-SH3 adaptor protein designated Grap, for
Grb2-related adaptor protein (Feng et al, 1996). Grap shows 59% amino acid sequence
identity with Grb2 and forms a complex with mSos1 primarily through its N-terminal SH3

domain.
Soslm has been postulated to be the exchange factor activated by EGF in intact and

permeabilized fibroblasts (Medema et al, 1993) and by the sevenless tyrosine kinase

receptor in Drosophila (Simon et al, 1991; Bonfini et al, 1992).
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Figure 6: Signal transduction pathways through Ras
Diagram showing the proteins involved in both Ras-dependent and Ras-independent
signalling pathways from receptor tyrosine kinases (PTK) to the nucleus. The role of these

proteins is discussed in section 1.3.1

[Taken from Hunter (1997)]

51



[ #

S6K -H GSK3

Protein Synthesis |

Cdc42

MEKK1

JNKK MEK3/6

INK/SAPK

GENE EXPRESSION

52



Figure 7(a): Mechanism of Ras activati the EGF receptor

The SH3 domains of Grb2 are bound to a proline-rich region in the carboxy-terminal tail
of Sos. Upon EGF-receptor activation and autophosphorylation, the Grb2/Sos complex
binds to Tyr1068 at the carboxy-terminal tail of the EGF receptor, thus relocating Sos to
the plasma membrane. The interaction between the guanine nucleotide releasing activity
of Sos and membrane-bound Ras leads to the exchange of GDP for GTP. Formation of
GTP-bound Ras leads to activation of a kinase cascade including Raf, MAPKK, MAPK

and other pleiotropic responses essential for cell growth and differentiation.

[Taken from Schlessinger (1993)]

Figure 7(b) Mechanism of Ras activation by the insulin receptor
Upon insulin receptor activation and autophosphorylation, the Grb2/Sos complex binds
to phosphorylated tyrosine residues at the carboxy terminal tail of the insulin receptor, via

the tyrosine phosphorylated adaptor proteins, Shc and IRS.

[Taken fron White (1996)]
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Activation of the EGF, insulin and PDGF receptors leads to the phosphorylation of a third
protein important in Ras activation (i.e the Shc protein), which contains a single SH2
domain in addition to a glycine/proline-rich domain (Pelicci et al, 1992; Pronk et al,
1994). Shc is thought to function as a bridge between Grb2/Sos1 complexes and tyrosine
kinases (such as the insulin receptor tyrosine kinase) in situations where the receptor is
unable to associate with the Grb2/Sos1 complex directly. A novel SH2 protein called Shb
has been cloned (Welsh et al, 1994) which has also been suggested to function as an
adaptor protein linking SH3 domain proteins to tyrosine kinases or other tyrosine

phosphorylated proteins (Karlsson et al, 1995).

Ligand binding to the extracellular domain of receptor tyrosine kinases is followed by
receptor dimerization (Lemmon and Schlessinger, 1994), stimulation of protein tyrosine
kinase activity and autophosphorylation at intracellular tyrosine residues. In addition,
tyrosine phosphorylation of Shc occurs. This process of autophosphorylation creates
binding sites for intracellular signal transduction molecules containing one or two copies
of SH2 domains (Schlessinger and Ullrich, 1992; Pawson and Schlessinger, 1993). The
two SH2 containing adaptor proteins, Grb2 and Shc, can recruit Sos to the membrane,
either by their direct association with the activated receptor tyrosine kinase, or by
interaction with intermediate proteins, depending upon the particular receptor which is

activated.

Upon stimulation of cells with a growth factor such as EGF, tyrosine phosphorylation of
the receptor tyrosine kinase and Shc occurs. In EGF-stimulated signalling pathways,
(illustrated in figure 7a) Grb2 associates with the autophosphorylated tail of the EGF
receptor or Shc, via its SH2 domain (Pelicci et al, 1992; Rozakis-Adcock et al, 1992;
Rojas et al, 1996). In addition, Grb2 interacts with the guanine nucleotide releasing factor,
Sos, via its SH3 domains. Such a direct association of the Grb2/Sos1 complex with the
activated EGF receptor is thought to trigger the activation of Ras (Egan et al, 1993; Gale
et al, 1993, Li et al, 1993; Rozakis-Adcock et al, 1993; Buday and Downward, 1993).
However, it has not yet been shown that the formation of the EGF receptor-mSos1

complex depends on Grb2 rather than another adaptor molecule with similar functions to
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Grb2. In addition, it is not yet known how the formation of this signalling complex
activates mSos1. Activation of Sos could occur upon binding of the Grb2-Sos complex
to the EGF receptor, by phosphorylation or by induction of a conformational change.
However, the association of Grb2 with Sos has been shown to be independent of receptor
activation since the complex has been identified in non-activated cells. The binding of the
Grb2-Sos complex to activated receptors has been shown to increase the affinity of Grb2
for Sos but not to activate Sos (Buday and Downward, 1993). Activation of Sos is most
likely to occur as a result of SH2/SH3 mediated protein-protein interactions, since neither
Grb2 nor mSos| is significantly phosphorylated on tyrosines. Alternatively, Ras might be
activated by the recruitment of Sos to the plasma membrane, which increases the local
concentration of Sos at the membrane and brings Sos into close proximity with its target
protein, Ras. Translocation of Sos to the plasma membrane by virtue of its association
with Grb2 increases the effective concentration of Sos in contact with Ras at the plasma
membrane and leads to the activation of Ras by promoting the release of GDP, enabling
the accumulation of active Ras in EGF-stimulated cells (Egan et al, 1993; Buday and

Downward, 1993).

In the insulin signalling pathway (illustrated in Figure 7b), the insulin receptor does not
directly associate with SH2 proteins. Instead, the activated insulin receptor phosphorylates
a docking molecule known as insulin receptor substrate 1 (IRS-1) (reviewed by White,
1994).This molecule subsequently forms an initial signalling complex with the downstream
signal-transducing proteins such as PI-3-kinase, the protein tyrosine-specific phosphatase,
Syp, and the small adaptor proteins Grb2 and Nck. In fact both IRS-1 and Shc can
potentially link the activated insulin receptor with the Grb2-Sos complex and thus activate
Ras, and both molecules are essential for the overall insulin-induced growth stimulus
(Yonezawa et al, 1994). Yamauchi et al (1994) have suggested that IRS-1 and Shc
compete for a limited pool of Grb2, resulting in a signalling pathway dependent upon the
relative concentrations of the two complexes in the cell. Shc is considered to play a more
important role than IRS-1 in insulin-stimulation of GNRF activity (Sasaoka et al, 1994)
and Ras activation. Ras activation is transient and rapidly returns to its basal GDP-bound

state. Insulin and EGF have been demonstrated to utilize different molecular pathways to
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achieve Ras inactivation.

Inactivation of Ras following insulin stimulation is proposed to result from a feedback
serine/threonine phosphorylation of Sos by the Ras/Raf/MEK/ERK pathway which
directly correlates with a dissociation of the Grb-2-Sos complex and the return of Ras to
its GDP-bound form (Cherniack et al, 1995; Waters et al, 1995; Holt et al, 1996a). EGF
also induces a serine/threonine phosphorylation of Sos, but this phosphorylation is
proposed to induce a dissociation of the Grb-2/Sos complex from Shc (Buday et al, 1995;
Holt et al, 1996b) rather than a dissociation of the Grb-2/Sos complex itself. Waters et
al (1996) have demonstrated that only a small fraction of the total cellular pool of Grb-2
was associated with Sos and that this fraction undergoes insulin-stimulated dissociation.
EGF does not utilize this pool of Grb-2/Sos but recruits an alternative Grb2/Sos pool that
undergoes a dissociation from Shc. However, direct evidence for the existence of
alternative pathways to Grb2 which may contribute to Sos-mediated Ras activation has
come from the identification of other small adaptor proteins such as Nck and CrkII (Hu
et al, 1995c¢; Feller et al, 1995), which interact with Sos via their SH3 domains. Okada
and Pessin (1996) have shown that different cellular pools of Sos associate with different
adaptor proteins to form various signalling complexes which undergo distinct patterns of

assembly/disassembly in response to growth factor stimulation.

Activation of Sos in EGF-stimulated cells, is linked to changes in gene expression by a
series of serine/threonine phosphorylation events mediated by mitogen-activated protein
kinases (MAPK) or extracellular signal-regulated kinases (ERK). Activation of MAP
kinases occurs by phosphorylation of both threonine and tyrosine by a dual specificity
protein kinase, MAP kinase kinase (MAPKK) (Anderson et al, 1990a). It emerged that
MAPKK itself is activated by phosphorylation which led to the speculation that a MAP
kinase kinase kinase (MAPKKK) existed. The first MAPKKK to be identified was Raf-1
p74, the product of the c-raf-1 protooncogene (Kyriakis et al, 1992; Howe et al, 1992;
Dent et al, 1992). Raf is thought to be located downstream from Ras in the signal
transduction pathway (Smith et al, 1986; Kolch et al, 1991; Koide et al, 1993). Growth

factor stimulation of certain receptors activates Raf in a Ras-dependent manner (Wood
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et al, 1992), whereas other stimulii, such as the activation of PKC by phorbol esters, lead
to the activation of Raf in a Ras-independent manner. Raf may be activated by an
interaction with activated Ras. Indeed, Raf has been demonstrated to directly associate
with Ras in its GTP-bound conformation, via its amino-terminal regulatory domain. There
are two possible models for the activation of c-Raf-1 by Ras. Firstly, the interaction of c-
Raf-1 with Ras results in the translocation of the c-Raf-1 to the plasma membrane where
its kinase activity is switched on by events which remain to be identified (Traverse et al,
1993; Wartmann and Davis, 1994; Leevers et al, 1994; Stokoe et al, 1994; Marais et al,
1995). Such a membrane activation event has been postulated to involve tyrosine
phosphorylation of c-Raf-1 (Marais et al, 1995). The second possibility is that activation
is achieved through the direct binding of Ras and c-Raf-1 in the presence of 14-3-3 protein
(Freed et al, 1994a,b; Burbelo and Hall, 1995; Yamamori et al, 1995; Rommel et al,
1996). Since post-translational modification of H-Ras was found to be essential to this
process, it was suggested that H-Ras farnesylation may be involved in c-Raf-1 activation
rather than membrane recruitment. Alternatively, Raf activation could be induced by a
conformational change in Raf upon Ras binding resulting in elevated kinase activity. Ras
binding would involve the switch I region of Ras binding to the c-Raf-1 Ras binding
domain (RBD) in addition to the direct interaction of the farnesyl group with c-Raf-1
possibly at the Raf-N-terminal cysteine rich domain (CRD). There is much evidence to
suggest the involvement of Raf-1 CRD in the activation process (Chow et al, 1995). The
Raf-1 CRD has been demonstrated to bind to phospholipids (Ghosh et al, 1994) and
possibly 14-3-3 proteins (Freed et al, 1994; Irie et al, 1994; Fu et al, 1994; Fantl et al,
1994; Li et al, 1995; Papin et al, 1996). Raf-1 CRD is able to simultaneously bind several
ligands including Ras and the phospholipid phosphatidylserine (PS) (Ghosh et al, 1994a).
The formation of a complex between Ras, PS and the N-terminus of Raf-1 is necessary
for activation of the Raf-1 kinase (Ghosh et al, 1994; Drugan et al, 1996). Activated Raf
is then able to phosphorylate and activate MAPKK (MEK1/2) which in turn activates the
MAPK (ERK). MAPKK can also be activated by two other oncoproteins namely, Mos
and Tpl2, underscoring the importance of the ERK MAPK pathway in transformation.
Two other MAPKKK have been identified, namely, MEKK and Ras-dependent ERK-
kinase stimulator (REKS) (Kuroda et al, 1995). It is possible that Raf, p120-GAP and
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neurofibromin compete for Ras.GTP in the cell since they all interact with Ras at the

effector region of loop2.

Over the years, our understanding of the role of Ras in signal transduction has improved
to the point where it is now possible to draw a plausible scheme linking cell surface
receptors, via Ras and cytoplasmic kinases to nuclear transcription factors. The next most
important question will be how different receptors elicit distinct biological responses. The
answer to this most likely lies in the fact that different responses require receptors to
assemble different combinations of cytoplasmic signalling proteins. In addition to the
signalling proteins mentioned above, there are other signal transduction components which
are recruited into complexes with activated receptor tyrosine kinases, via their src-
homology domains. These include phosphoinositide-specific phospholipase Cy (PLCy)
(Wabhl et al, 1989; Meisenhelder et al, 1989; Anderson et al, 1990b; Ronnstrand et al,
1992), members of the non-receptor Src family of tyrosine kinases (Kypta et al, 1990;
Anderson et al, 1990b; Mori et al, 1993), Nck and Crk (Feller et al, 1994) and the
phosphotyrosine phosphatase SHPTP-2 (Lechleider et al, 1993), the GTPase activating
protein Ras-GAP (Kaplan et al, 1990; Kaslauskas et al, 1990; Anderson et al, 1990b), the
transcription factor Stat 3 (Zhong et al, 1994) and phosphatidylinositol-3-OH kinase (PI-
3-K) (Kaplan et al, 1987; Kaslauskas and Cooper, 1989; Levy-Toledano et al, 1994). A
discussion of the possible effector roles for these proteins is presented in section 1.3.
These large signalling complexes may mediate a number of independent signalling

pathways downstream of Ras, via the activation of various effectors for Ras.

Downstream events independent of Raf such as specific transcriptional activation events,
activation of p70 S6 kinase and membrane ruffling, might be mediated by the PI-3-K
pathway. The downstream target of PI-3-K has been identified as the serine/threonine
kinase, Akt (Bos, 1995). The critical targets for Akt phosphorylation are not known but
it has been shown that Akt can phosphorylate and inhibit glycogen synthase kinase 3
(GSK3) in response to insulin. Akt may also be upstream of the 70K S6 kinase which can
also phosphorylate and inhibit GSK3.
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The Raf-independent morphological changes involving actin-based cellular structures are
mediated by the Ras-related subfamily of Rho GTPases, including Rho, Rac and Cdc42.
Among the direct targets for Cdc42 and Rac are several protein kinases, including PAK 1
(Manser et al, 1994) and Rho kinase (ROK) (Leung et al, 1995). These kinases act as
effectors since they can directly affect the reorganization of the relevant actin-containing
structures. ROK promotes the formation of Rho-induced actin containing stress fibres and
focal adhesion complexes. PAK stimulates the disassembly of stress fibres which has been
shown to accompany the formation of Cdc42-induced peripheral actin containing
structures such as filopodia. Adaptors such as Nck may be connected to the actin
cytoskeleton and Rho family proteins, since Nck SH3 domains bind PAK1. An Nck/PAK1
complex is translocated to activated growth factor receptor tyrosine kinases via the Nck
SH2 domain increasing PAK1 activity (Galisteo et al, 1996). Activated Rac and Cdc42
stimulate the JNK/SAPK (c-jun N-terminal kinase/stress activated protein kinase) of p38
MAPK pathways (Coso et al, 1995; Minden et al, 1995) possibly through binding or
Rac/Cdc42 to PAK which leads to its activation (Bagrodia et al, 1995). However, PAK
activation is not required for Rac/Cdc42-induced cytoskeletal changes. Cdc42, Rac and
Rho are upregulated by interaction with exchange factors such as Dbl and Vav. FGD1 can
only activate Cdc42 (Olson et al, 1996). Cdc42 is then able to activate Rac, which in turn
can activate Rho, thus leading to activation of all three members. However, such a linear
activation process may not always occur since Cdc42 and Rho activities may be

competitive or even antagonistic.

1.3.1 Oncogenic transformation by Ras involve Itipl ¥

There is substantial evidence to support a critical involvement of the RaffMEK/MAPK
cascade in mediating Ras transformation. Firstly, Ras-mediated signalling events and
transformation can be blocked by the use of kinase-deficient mutants of Raf-1, MEKS and
MAPKSs (Kolch et al, 1991; Cowley et al, 1994; Westwick et al, 1994; Khosravi-Far et
al, 1995; Qui et al, 1995a,b). Secondly, mutants of Raf-1 which are constitutively
activated have been shown to exhibit strong transforming activities in rodent fibroblast
transformation assays (Bonner et al, 1985; Stanton et al, 1989).In fact, the observation

that plasma-membrane targeted Raf-1 exhibits the same potent transforming activity as
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oncogenic Ras has led to suggestions that the primary role of Ras is to mediate
translocation of Raf-1 to the plasma membrane where activation of Raf-1 is triggered by
Ras-independent events (Leevers et al, 1994; Stokoe et al, 1994). Thus Raf-1 activation
is sufficient to mediate full Ras-transforming activity. This theory is consistent with the
finding that constitutively activated Raf-1 is sufficient to overcome the loss of Ras
function caused by the Ras (17N) dominant negative or the Y 13-259 anti-Ras neutralizing
antibody (Feig and Cooper, 1988b; Smith et al, 1986). Thirdly, tumourigenic
transformation of NIH3T3 cells can be induced by constitutively activated MEKS (Alessi
et al, 1994; Mansour et al, 1994). Lastly gain of function mutations in Raf, MEK or
MAPK homologues in Drosophila melanogaster have been demonstrated to overcome

defects in Ras (Dickson et al, 1992; Tsuda et al, 1993).

However, there is increasing evidence that Ras may mediate its actions through the
activation of multiple downstream effector-mediated pathways. Evidence for the existence
of Raf-independent Ras-signalling pathways which may mediate Ras transforming activity
has come from the identification of an increasing number of Ras effectors. The absence
of structural conservation amongst the effectors at their Ras interaction sites suggest that
significant differences exist in the recognition mechanisms by which effector molecules
associate with Ras. The exact role of these effectors in mediating Ras downstream signal
transduction and transformation is still unclear. It is now known that oncogenic Ras co-
ordinately activates both Raf-dependent and Raf-independent pathways to mediate full
Ras-induced transforming activity. There is increasing evidence to suggest that activation
of the Raf-independent pathway(s) is sufficient to cause cellular transformation and
requires the participation of Rho family proteins. It was discovered that Ras depends on
the synergistic activaton of at least two pathways, the c-Raf-1/MEK/MAPK pathway and
the Rac and Rho pathway, for full transforming activity (Qiu et al, 1995a,1995b; Joneson
et al, 1996; Khosravi-Far et al, 1995, 1996). Figure 8 shows the involvement of Ras in
the direct activation of multiple signalling pathways. Recently, a concensus Ras binding
sequence has been identified which is shared among a subset of Ras effectors, namely,

Raf-1 and NF1-GAP (Clark et al, 1996).
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Figure 8: Direct activation of multiple signalling pathways by Ras

Diagram showing some of the putative effector molecules for Ras and the proteins

involved in downstream signalling from these effectors

[Taken from Marshall (1995)]
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Indeed, Raf and neurofibromin have been shown to compete for the effector binding site
on Ras (Gorman et al, 1996; Mori et al, 1995). Bollag and McCormick (1991) proposed
that the differential inhibition of neurofibromin by lipids

Recent evidence suggests that Ras may activate a second signalling pathway which may
involve the functions of the Ras-related proteins Racl and RhoA for oncogenic Ras-
mediated transformation. Khosravi-Far et al (1995) have evidence to support the
possibility that oncogenic Ras-activation of Racl and RhoA, coupled with the activation
of the Raf/MAPK pathway, is required to trigger the full morphogenic and mitogenic
consequences of oncogenic Ras transformation (Qiu et al, 1995a,b). Additional
experiments have suggested that Rac activation lies downstream of PI-3-K activation on
a PDGF-stimulated signalling pathway (Wennstrom et al, 1994; Hawkins et al, 1995).
Furthermore, Urano et al (1996) have found evidence to support the idea that Ras-
induced activation of Ral-GDS and its substrate Ral, contributes to the growth regulatory
effects of Ras.

In order for Ras to activate different signalling pathways, a certain level of effector
selectivity must be in operation. For example, protein kinase A has been- demonstrated
to regulate the selectivity of Ras binding to either Ral-GDS or Raf-1 (Kikuchi and
Williams, 1996). In addition, Ikeda et al (1995) have demonstrated that Rap1 regulates
the interaction of Ras with RGL. Such an observation suggests that Rap1 and protein

kinase A may co-operate to distinguish the signal of Ras to RGL from that to Raf-1.

Mitogenic lipids such as arachidonic acid, prostaglandins and phosphoinositides have been
proposed to be involved in the signalling pathway selection process. Such lipids have been
reported to either stimulate or inhibit the catalytic activities of p120-GAP and
neurofibromin (Bollag and McCormick, 1991; Han et al, 1991; Golubic et al, 1991). The
idea that p120-GAP and neurofibromin might be effectors of different Ras responses has
come from the observation that p120-GAP forms complexes with some but not all protein
tyrosine kinases (PTKs) whilst neurofibromin forms part of another signalling pathway by

complexing with receptors such as B cell receptors (Boyer et al, 1994). Bollag and
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McCormick (1991) suggested that the selective inactivation of either signalling pathway
might be achieved by differentially inhibiting the GAPs via their interaction with lipids. In
support of this, neurofibromin is more sensitive to some of these compounds than p120-
GAP (Bollag and McCormick, 1991; Golubic et al, 1991). The interaction of lipids with
GAPs has also been used in support of arguments both for and against the role of GAPs

as effectors for Ras. This will be discussed further in chapter 3.
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Chapter 2 - Materials and Methods
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2.1 General molecular biology methods

2.1.1 Cloning materials

T4 DNA Polymerase, T4 DNA ligase and all restriction enzymes were from Boehringer
Mannheim. Shrimp alkaline phosphatase and sequenase kits were from USB. Taq
polymerase was from Perkin Elmer and dNTPs were from Pharmacia. Agarose powder
was from Flowgen. L-broth and Terrific broth were prepared according to Maniatis et al
(1982). The human NF1,,, cDNA construct in the E. coli expression vector pGEX-2T and
the universal primers used in the mutagenesis procedure described in section 2.1.4, were

obtained from Dr. Richard Skinner (GlaxoWellcome, Stevenage).

The expression vector for wild-type NF1,,,, pPGEX-2T (see Figure 9 for plasmid map)
consisted of the NF1,,,-EEF coding sequence (1038bp) inserted into the pGEX-2T vector
as a BgllI fragment (Figure 10). Residues 1195-1528, the catalytic domain of NF1 (using
the numbering of Marchuck et al (1991)), were polymerase chain reaction-cloned into the
pGEX-2T expression vector (Smith and Johnson, 1988) so that a glutathione
transferase/NF1,,, fusion protein was encoded. The fusion region contains a thrombin
cleavage site for the cleavage of GST from NF1,,, during purification. The two NF1,,,
mutants, R1276A and R1391A generated by the PCR mutagenesis procedure described
in section 2.1.4, were derived from this vector. Transformation of the pGEX-2T.NF1,,,
expression vector into either E. Coli RR1AM15 or BL21 cells was performed by the heat-
shock method according to Maniatis et al (1982).

2.1.2 Isolation of pGEX-2T.NF1,,, DNA

To prepare large scale amounts of the pGEX-2T.NF1,,, DNA, E. coli RR1AM1S5 cells
containing the expression vector were inoculated into 250ml of L-Broth containing
50p g/ml ampicillin, and the cells were grown overnight at 37°C with shaking at 250rpm.
The cells were pelleted in a Beckman centrifuge at 5000rpm for 10 minutes at 4°C and
resuspended in 10ml of 50mM Tris/HCI pH8.0, 10mM EDTA, 100pg/ml RNase A. An
equal volume of 200mM NaOH, 1% (w/v) SDS was added, and the solution incubated
for 5 minutes at room temperature to lyse the cells. The SDS and chromosomal DNA was

precipitated by addition of an equal volume of 2.55M potassium acetate, pH 4.8, with
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gentle mixing. The precipitate was removed by centrifugation at 10,000rpm at 4°C for 30
minutes in a Sorvall SS-34 rotor. The supernatant was applied to a plasmid purification
column (Qiagen) pre-equilibrated in 750mM NaCl, 50mM MOPS pH 7.0, 15% (v/v)
ethanol, 0.15% (v/v) triton X-100. The column was then washed with 1M NaCl, 50mM
MOPS pH 7.0, 15% (v/v) ethanol, and the plasmid DNA eluted with 1.25M NaCl, 50mM
MOPS pH 8.2, 15% (v/v) ethanol. The DNA was pelleted by addition of 0.7 volumes of
isopropanol and centrifugation at 10,000rpm for 30 minutes at 4°C. The pellet was then
washed with 70% (v/v) ethanol and air dried, before being dissolved in a suitable volume

of TE buffer (10mM Tris/HCI pH 8.0, ImM EDTA).

To prepare small scale amounts of pGEX-2T-NF1,,, DNA, colonies were picked from the
transformation plate using a toothpick and patched onto a gridded L-Agar plate containing
50ug/ml ampicillin. The toothpick was then dropped into Sml of L-broth containing
50pg/ml ampicillin and the cultures grown up at 37°C overnight in a shaking incubator
at 250rpm. 1.5ml of culture was spun down in a bench centrifuge at room temperature,
at 13,000rpm for 30 seconds. The supernatant was decanted off and 350ul STET
(+RNAase) (8% sucrose, 0.5% triton X-100, 50mM EDTA, 10mM Tris/HC] pH8.0,
20ug/ml RNAase A containing 1mg/ml lysozyme) added to resuspend the pellet. 15ul of
lysozyme (20mg/ml) was then added and the resuspended pellet was heated to 100°C for
2 minutes and then spun for 5-6 minutes at 13,000rpm in a bench centrifuge at room
temperature. The resultant pellet was removed with a toothpick. 350ul isopropanol was
added to the supernatant and the DNA spun out at 13,000rpm for 30 minutes in a bench
centrifuge at room temperature. The pellet was washed in 70 % ethanol, dried and

resuspended in TE buffer.

2.1.3 Purification of DNA fragments from agarose gel

The Freeze-Squeeze method (Maniatis et al, 1982) was used for quantitative purification
of DNA fragments from agarose gels. The band of interest was excised from the gel and
placed in a 15ml tube with Sml of 0.3M Sodium acetate, ImM EDTA, for 15 minutes at
room temperature. The gel piece was blotted dry and placed in a 0.5ml eppendorf with a

small hole at the bottom, containing glass wool. The tube was placed in liquid nitrogen
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for 2-5 minutes and then placed in a 1.5ml eppendorf and spun at room temperature in a
bench centrifuge at 8000rpm for 8 minutes to extract the DNA from the gei. The eluted
DNA was precipitated by adding 1/100 volume of a solution of 10% acetic acid, 1M
MgCl,, followed by 2-4 volumes of -20°C absolute ethanol. This solution was placed at
-20°C for at least 15 minutes and then centrifuged in a bench centrifuge at 12,000rpm for
10 minutes at room temperature to pellet the precipitated DNA. The DNA was washed

with 75% ethanol, dried under vacuum and resuspended in a suitable volume of TE.

2.1.4 PCR site-directed mutagenesis and amplification

Mutagenesis was performed in a two-step PCR, essentially as described in Landt et al
(1990). The universal oligonucleotides (shown in Figure 10 and Table 1) 113, 130 and
115, were complementary to the 5' ends of the NF1,,, gene coding strand.
Oligonucleotides 114 and 131 were complementary to the 5' ends of the NF1,,, gene non-
coding strand. The universal primers were diluted to a concentration of 100pmol/pl.
Mutagenic primers BS1 and BS2 were designed to introduce the mutation from arginine
to alanine at positions 1391 and 1276 respectively. These primers, synthesised by A.
Harris (NIMR, London) were supplied as a solution in ammonium hydroxide. The
solution was then placed at 70°C for 1h. The primers were dried down in a speed-vac
(Savant) for 1h and resuspended in 80ul of TE buffer. To introduce the R1391A mutation,
0.7ng of template DNA (pGEX-2T-NF1,,,) was incubated with 10x buffer for Taq
polymerase (40ul), dNTP (8ul), universal primer 131 (400pmoles), antisense mutant
primer BS2 (1pmole), and 1 unit of Taq polymerase, in a reaction volume of 400ul. A
similar amplification was performed to introduce the R1276A mutation, except that the
3' universal primer, 113 (400pmoles) and mutant primer BS1 were used. PCR
amplification was performed in a Hybaid Omnigene cycler using the following cycling

conditions:

92°C -1minute, 42°C -2 minutes, 72°C -2 minutes; 1 cycle

92°C -1minute, 48°C -2 minutes, 72°C -2 minutes; 10 cycles
92°C -1minute, 53°C -2 minutes, 72°C -2 minutes; 10 cycles
92°C -1minute, 57°C -2 minutes, 72°C -2 minutes; 10 cycles
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Figure 9: Map of NF1,,, Expression Plasmid, pGEX-2T

The 5.98 Kb vector contains the 1Kb NF1,,, gene under the translational control of a tac
promoter (ptac) and when transformed into E. coli confers ampicillin resistance, enabling
the rapid selection of clones containing the plasmid. The NF1,,, gene consists of the
coding region for residues 1195-1528 of full length neurofibromin. The sequence is
precedéd by the coding region for glutathione transferase and tagged at the 3' end with
the coding sequence for Glu-Glu-Phe (Skinner et al, 1991) for recombinant protein
purification purposes. Some restriction endonuclease sites are shown, including Xhol and
Ndel used to obtain the mutant NF1,,, expression vectors. Also shown is the lacZ gene
and the laclq gene. The arrows indicate the NF1;,, gene binding sites for the universal
primers used throughout the mutagenesis procedure. The direction of the arrow represents

the direction in which the elongation reaction proceeds.
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Figure 10: Map of NF1,,, - EEF construct

Linear representation of the NF1,,, gene indicating the positions of restriction
endonuclease sites within the gene. The arrows indicate the binding sites for the universal
primers used in both the mutagenesis process and in the sequencing. The direction of the

arrows represents the directionality of the primers.
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Table 2: Sequences of oligonucleotides for PCR site directed mutagenesis of NF1,,,
This figure shows the sequences of all the oligonucleotides used in this study, the position

at which they anneal to the coding sequence. The base-pair mismatch sites designed within

the mutagenic oligonucleotides are underlined.

Primer Sequence NF1;;, gene Function
binding site |

113 5'TTT GAC AGA TCT ACG 1-37 Universal primer complementary to
CTA GCA GAA ACA GTA 5'end of NF1,3, gene coding strand
TTG GCT 3'

114 5'TTT GTG GTC GAC TTA 994-1026 | Universal primer complementary to
GAA CTC CTC TGG GGG 5' end of NF1;,, gene non-coding
CCC TAG GTA TGC AAG 3' strand

115 5' GAT TGG CAA CAT GTT 366-384 Universal primer complementary to
AGC 3' 5' end of NF1,,, gene coding strand

130 5'CAA CTG CTC TGG AAC 193-209 Universal primer complementary to
AT 3 5' end of NF1,,, gene coding strand

131 5' CGT GCT GCA TCA AAG 778-794 Universal primer complementary to
TT 3 5' end of NF1,,, gene non-coding

strand

BS1 5'-CTG TTG CCT_GCG AAG 246-266 Mutagenic primer for R1276A
AGA GTC 3’ mutation

BS2 | 5'-GTT CCT CGC ATT TAT 594-614 Mutagenic primer for R1391A
CAA TCC3' mutation
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The double stranded mutant primers, BS1a and BS2a, products of the first round of PCR,
containing the R1276A and R1391A mutations respectively, were ethanol precipitated and
gel purified. To generate the full length R1391A fragment, 0.7ng of template vector DNA
was incubated with the 3' universal primer, 114 (200pmol), excess amplified double
stranded mutant fragment, BS1a, 10x Taq polymerase buffer (10ul), dNTP (2ul), and Taq
polymerase (1ul), in a final reaction volume of 100ul. Amplification to generate the full
length mutant R1276A fragment was essentially the same except that the 5' universal
primer, 113 (200pmol) and the amplified double stranded mutant fragment BS2a, were
used. PCR was performed as in the first PCR reaction. Both full length mutant fragments
were phenol/chloroform treated and ethanol precipitated as described previously. Both
DNA fragments were digested with Ndel and Xhol and gel purified. Digested vector DNA
was treated with shrimp alkaline phosphatase (CIP) and 10x CIP buffer, to
dephosphorylate the terminal 5' phosphate groups and prevent religation of the cut ends.
Recombinant vectors were then prepared by ligation of the DNA fragments into the

digested vector.

2.1.5 Other molecular biol techniqu

All other molecular biology techniques, such as restriction digests, removal of phosphates
with Shrimp Alkaline phosphatase, ligations with T4 DNA ligase, phenol/chloroform
extractions, DNA precipitations and DNA concentration determinations, were carried out
according to Maniatis et al (1982). Techniques such as DNA sequencing were performed

using a sequenase kit according to protocols sent from the manufacturer.

2.2 Protein purification
2.2.1 H-Ras (1-166)

Normal truncated Harvey-Ras (residues 1-166) was expressed in E. coli and purified by
procedures similar to those described in Skinner et al (1994). E. coli strain RRIAM15
containing plasmid ptacRas c' (John et al, 1989) was plated from a glycerol stock onto M9

minimal agar supplemented with the following components, autoclaved or filter sterilized
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where appropriate: 2mM MgSO,, 0.1mM CaCl,, 0.2% glucose, 1pg/ml thiamine, 20ug/ml
leucine and 200pg/ml ampicillin. The strain was grown up at 37°C overnight. A starter
culture was prepared by inoculating 2ml TB medium containing 200pg/ml ampicillin, with
a single colony from the M9 plate. The culture was incubated in a shaking incubator
(250rpm) at 37°C until the Ay, had reached ~ 0.8. The starter culture was diluted 1:5000
into fresh medium (100pl added to 500ml fresh TB medium containing 200pg/ml
ampicillin) and the cultures were incubated overnight in a shaking incubator (250rpm) at
37°C. Cultures were harvested in a Sorvall RC-5B refrigerated superspeed centrifuge for

15 minutes at 6500rpm at 4°C. Pellets were stored at -70°C.

H-Ras was expressed in RR1AMI1S cells to a high level, as shown in figure 11. The cell
pellet was resuspended in an equivalent volume of buffer to the wet weight of cells
harvested. The buffer used for resuspension was 10mM Tris/HC] pH 7.5, 50mM NaCl,
10mM MgCl,, 5mM dithiothreitol and 20pM GDP known as buffer A. The Cell
suspension was sonicated (Ultrasonics W-385, setting 7, 44" probe) twice for 30 seconds,
with addition of PMSF (100mM stock in isopropanol) to 1mM before each sonication.
Cell breakage was monitored by protein release. After each sonication, 20ul of the
suspension was removed, spun for 1 minute at 12000rpm in a bench centrifuge at room
temperature and 0.5pl of the supernatant assayed for total protein content using the
Biorad assay (as described in section 2.3.5.1). This enabled the degree of cell lysis which
was usually complete after 2 sonication procedures, to be monitored. Cell debris was
removed by centrifugation at 40000rpm for 60 minutes at 4°C in a Beckman 70Ti rotor.

The protein concentration of the supernatant was adjusted to 45mg/ml with buffer A.

The purification of H-Ras involved a separation process combining both ion exchange and
gel filtration. The Ras protein was detected throughout the purification procedure by its

electrophoretic mobility and its ability to bind ['H]JGDP.
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Figure 11: SDS PAGE electrophoretic analysis of the induction of H-Ras

Samples from the induction of H-Ras were analyzed on a denaturing 19.5% SDS PAGE
gel as described in section 2.3.1. Lanes 1 and 6 contain the molecular weight markers.
Lanes 2 and 3 are uninduced samples. Lanes 4 and 5 are induced samples. Proteins were
visualized by staining with coomassie blue. H-Ras appears as a band which is

approximately 19kD in size.
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Figure 12(a): SDS PAGE electrophoretic analysis of the elution of H-Ras from the Q-
sepharose column

Fractions collected during the elution of H-Ras from the Q-sepharose column were
analysed on a denaturing 19.5% SDS PAGE gel as described in section 2.3.1. MVII:
molecular weight markers; 40KSn: supernatant from the high speed clarification spin.
Proteins were visualized by staining with coomassie blue. H-Ras was eluted in fractions

92-101.

Figure 12(b): SDS PAGE electrophoretic analysis of the elution of H-Ras from the
sephacryl S-200 column

Fractions collected during the elution of H-Ras from the Sephacryl S-200 column were
analysed on a denaturing 19.5% SDS PAGE gel as described in section 2.3.1. Proteins
were visualized by staining with coomassie blue. MVII: molecular weight markers;
40K Sn: supernatant from the high speed clarification spin. H-Ras (ca. >95% pure) was

eluted in fractions 50-58.
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An ion exchange Q-sepharose column (15 x 2.6cm; 80cm® packed gel bed) was pre-
equilibrated prior to use in 10mM Tris/HCI pH 7.5, 10mM MgCl,, IM NaCl followed by
10mM Tris/HCl pH 7.5, 10mM MgCl,, S0mM NaCl. On the day of use an A,q, baseline
was obtained on the chart recorder by washing the column with 1 column volume of
10mM Tris/HCI pH 7.5, 50mM NaCl, 10mM MgCl,, SmM dithiothreitol, 20uM GDP
and 0.1mM PMSEF, henceforth referred to as buffer B, at a flow rate of 0.1-4ml min™!. The
sephacryl S-200 high resolution (HR) gel filtration column (82 x 2.6cm; 435cm® packed
gel bed) was pre-equilibrated in 10mM Tris/HCI pH 7.5, 100mM NaCl, 10mM MgCl,
henceforth referred to as buffer C. On the day of use the column was washed in buffer C

supplemented with 1mM dithiothreitol and 20uM GDBP, at a flow rate of 22ml h™'.

The supernatant was applied to the Q-sepharose column at a flow rate of 2ml min™, and
fractions were collected every 6 minutes. The column was subsequently washed with
buffer A at 4ml min'. Fractions were collected every 3 minutes, until the absorbance at
280nm had reached the baseline, at which point the flow rate was changed to 2ml min™’.
Electrophoretic analysis of flow-through fractions (1-30) from the Q-sepharose column
demonstrated that Ras had bound to the column (data not shown). The Ras protein was
eluted overnight from the Q-Sepharose column using a linear gradient (500ml buffer B
and 500ml buffer B supplemented with 450mM NaCl) at a flow rate of 0.77ml min’’,
collecting fractions every 10 minutes. Fractions containing the Ras protein (92-101) were
pooled on the basis of ability to bind ["H]GDP, protein concentration (as determined using
the Biorad assay) and purity (as assessed by SDS PAGE gel electrophoresis) (figure 12a).
The contribution by Ras to the total protein content in these fractions was estimated to
be approximately 50%. A protein which is known to co-express with Ras in this system
is elongation factor-Tu, a GTP-binding protein which is eluted from the Q-sepharose

column slightly ahead of Ras.

Pooled Ras, at concentrations >1mg/ml, was concentrated by ammonium sulphate
precipitation. Ammonium sulphate (Ultra Pure) was added to the pooled protein with

stirring at 4°C to achieve 78% saturation. The ammonium sulphate was allowed to
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dissolve over 30 minutes and precipitated protein was collected by centrifugation at 4°C
at 40000rpm for 8-10 minutes in a Beckman 70Ti rotor. The pellet was dissolved in a
minimum amount of purification buffer B. At concentrations <lmg/ml, Ras was
concentrated under pressure in an Amicon ultrafiltration unit, using a PM10 filter
(Amicon). Protein solutions were dialyzed for approximately 10 minutes against

purification buffer A.

The dialyzed protein was diluted to 45mg/ml in buffer A and loaded onto the sephacryl
S-200 column at a flow rate of 22ml h”, collecting fractions every 20 minutes. Elution was
carried out overnight using buffer C at the same flow rate. Again, gel electrophoresis
(figure 12b) and [’H]-GDP-binding assays (data not shown) revealed that the Ras protein
had eluted into fractions 43-58. The Ras protein in fractions 50-58 was pooled and judged
to be approximately 95% pure. Pooled Ras was concentrated by ammonium sulphate
precipitation and dialyzed overnight against 10mM Tris/HCI pH 7.5, 50mM NaCl and
2mM MgCl,. Protein samples were stored at -70°C until required. Final yields of H-Ras
were in the region of 180mg of pure protein from 23g (wet weight) of cells grown from

4 litres of L-broth.

Truncated [Leu61]Harvey-Ras (residues 1-166) was purified as described by Skinner et
al (1994). Full length [Leu61]Harvey-Ras was purified by Dr C. Jackson in Dr J.

Ecclestons laboratory.

2.2.2 Catalytic domain of neurofibromin, NF1,,,

NF1,,, the catalytic domain of neurofibromin was expressed in E. coli as a fusion protein
with glutathione transferase, essentially as described by Skinner et al (1994). Purified
NF1,,, was subsequently obtained by cleavage of the glutathione transferase from the

NF1,,, in the final stages of the purification (Eccleston et al, 1993).
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E.coli strain RR1AM15, (Brownbridge et al, 1993), containing plasmid pGEX2T-NF1,,,
was plated onto Luria-Bertani agar supplemented with 200pug/ml ampicillin. A starter
culture was prepared by inoculating 10ml of Luria-Bertani medium (L-broth),
supplemented with 200ug/ml ampicillin, with several colonies from this plate. The culture
was incubated overnight in a shaking incubator (200rpm) at 37°C. Subsequently, the
starter culture was diluted 1:1000 into fresh medium (0.5-1ml, added to 8 flasks
containing 500ml! fresh medium supplemented with 200pg/ml ampicillin) and cultures
were grown up in a shaking incubator (200rpm) until Ay, reached ~ 0.8. Protein
expression was induced by the addition of IPTG to the cultures from a 100mM stock, to
a final concentration of 1mM. The cultures were incubated overnight at 37°C and cells
were harvested at 4°C in a Sorvall RC-5B (DuPont Instruments) refrigerated superspeed
centrifuge, for 20 minutes at 6500rpm. The resulting pellet was stored at -70°C. Figure
13 shows the induction of neurofibromin as a 65kDa fusion protein with glutathione

transferase.

Cell breakage was essentially identical to that described for the purification of H-Ras,
except that the buffer used for pellet resuspension and cell lysis was 10mM Tris/HCI pH
7.5 containing 5S0mM NaCl, 0.1mM EDTA and 1mM dithiothreitol, henceforth called
purification buffer D. The final supernatant was diluted with purification buffer D, to
achieve a protein concentration of 45mg/ml. The protein solution was then loaded onto
a glutathione agarose column (S-linked; Sigma G-4510; 7 x 1.6cm: equilibrated in
purification buffer D at 4°C) at a flow rate of 0.5ml min™, collecting fractions every 20
minutes. Unbound proteins were removed by washing the column with > 1 column volume
of purification buffer D, initially at the same flow rate and then at 1ml min", collecting

fractions every 4 minutes.

For the latter stages of the purification i.e.: cleavage of glutathione transferase from
NF1,,,, the glutathione agarose column was attached to p-aminobenzamidine agarose
(Sigma A-7155; 5cm® packed gel bed), and antithrombin III-agarose (Sigma A-8293;

1.2cm’ packed gel bed) columns, in succession. The columns were equilibrated with
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purification buffer E (purification buffer D supplemented with 2mM CaCl,). Cleavage was
achieved by passing 50ml of purification buffer F [purification buffer E containing 100pl
thrombin (2.5mg/ml human plasma thrombin, Sigma T3010)] through the column
overnight at a flow rate of 0.042ml min™'. Fractions were collected every 60 minutes.
Biorad assays were performed to assess the protein content of each fraction, and SDS
PAGE gels run to determine the purity of the eluted NF1,,,. Figure 14a shows the elution
of cleaved neurofibromin as a 36kDa protein, from the glutathione agarose column.
Glutathione transferase and uncleaved NF1.GST were eluted from the glutathione agarose
column with purification buffer G (purification buffer D supplemented with SmM
glutathione, pH 8.0) at a flow rate of 0.65ml min™, collecting fractions every 6 minutes.
For re-use, the columns were washed individually in 3M NaCl and reequilibrated in
purification buffer D. Figure 14b shows the elution of free glutathione transferase and

uncleaved NF1-GST from the glutathione agarose column.

Depending on concentration, pooled NF1,,, was concentrated by either ammonium
sulphate precipitation or ultrafiltration as described for the H-Ras purification. The pellet
from the ammonium sulphate precipitation was dissolved in a minimum amount of
purification buffer D. Protein solutions were dialyzed overnight against purification buffer
D. Purified protein was stored at -70°C. Cleaved NFlj,, was estimated to be
approximately 95% pure and final yields were in the region of 15-20mg of protein per 20g
of cells (wet weight) form 4 litres of LB broth. The expression and purification of R1276A
and R1391A NF1,,, was essentially identical to that of wild-type NF1,,,. However, care
was taken to avoid cross-contamination of mutant NF13,, preparations with wild-type
NF1,,, by soaking the column apparatus in 10% formic acid and replacing the glutathione
agarose matrix after each purification. Purified mutant proteins were desalted by dialyzing

against 10mM Tris/HC] pH 7.5, 0.1mM EDTA and 1mM dithiothreitol.

The catalytic domain of p120-GAP, GAP,,,, was purified as described by Skinner et al
(1991).
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Figure 13: SDS PAGE electrophoretic analysis of the induction of NF1.GST

Samples from the induction of NF1.GST were analyzed on a denaturing 19.5% SDS
PAGE gel as described in section 2.3.1. Lanes I and 7 contain the molecular weight
markers; Lanes 2 and 3 contain uninduced samples; Lane 4 contains the induced sample;
Lane 5 contains the sonicated cell extract; Lane 6 contains a supernatant from the high
speed clarification spin. Proteins were visualized by staining with coomassie blue.

NF1.GST appears as a band of approximately 65kD in size.
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re 14(a): SDS PAGE electrophoretic analysis of the elution of cleave 144, from

the glutathione agarose column

Fractions collected during the elution of cleaved NF1,,, from the glutathione agarose
column, were analyzed on a denaturing 19.5% SDS PAGE gel as described in section
2.3.1. Proteins were visualized by staining with coomassie blue. MVII: molecular weight
markers; 40KSn: high speed clarification spin. NF1,,, was eluted in fravtions 40-54 and

was judged to be ca. >95% pure.

Figure 14(b): SDS PAGE electrophoretic analysis of the elution of glutathione and
NF1.GST from the glutathione column

Fractions collected during the elution of free glutathione and uncleaved NF1.GST from
the glutathione agarose column, were analyzed on a denaturing 19.5% SDS PAGE gel as
described in section 2.3.1. Proteins were visualized by staining with coomassie blue.

MVII: molecular weight markers; 40KSn: supernatant from high speed clarification spin.
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2.2.3 Assay of [*"H]GDP binding

The assay medium was composed of 50mM Tris/HCI pH 7.5, 10mM EDTA, 50mM NaCl,
1mM dithiothreitol and 3uM [*H]JGDP (5000Ci/mol). The wash buffer was prepared from
50mM Tris/HCI, S0mM NaCl, SmM MgClL,, pH 7.5. For the assay, 50ul of assay medium
was equilibrated in eppendorf tubes at 37°C. The Ras sample (<10pl) to be analyzed was
added, mixed gently and incubated at 37°C for 10 minutes. The samples were then
transferred to ice and 0.9ml ice-cold wash buffer added. The reaction mix was filtered
through a nitrocellulose BAS8S filter, washed with wash buffer and the filter placed in a
scintillation vial with 8ml of filter count scintillant. The vials were shaken for
approximately 10 minutes until the filters had dissolved. The amount of radioactivity

bound to Ras was determined using a Beckman LS 3801 liquid scintillation counter.

2.3 Protein characterization

2.3.1 SDS polyacrylamide gel electrophoresis

19.5% separating polyacrylamide gels were prepared according to Laemmli (1970) using
10ml separating gel mix, 40pl 100mg/ml ammonium persulphate and 4ul TEMED.
Separating gel mix consisted of 65ml Acrylagel (30% acrylamide), 4.4ml Bis-acrylagel
(2% méthylene bis-acrylamide) (both from National Diagnostics, Atlanta), 25ml 1.5M
Tris/HCI, pH 8.8, 4.6ml water and 1ml of 10% (w/v) SDS. 5% stacking polyacrylamide
gels were prepared using Sml stacking gel mix, 40pul 100mg/ml ammonium persulphate,
4ul TEMED. Stacking gel mix consisted of 8.33ml Acrylagel, 3.25ml Bis-acrylagel,
6.25ml 1M Tris/HCI pH 6.8, 31.7ml water and 0.5ml of 10% SDS. Samples were
prepared by addition of a suitable volume of SDS sample buffer (bromophenol blue
containing 0.01% [-mercaptoethanol) to the sample material and heating the samples to
90°C for 2-3 minutes. 19.5% gels were run at 4°C under a continuous cooling system, at
40mA, until the bromophenol blue had reached the base of the gel. Gels were fixed in a
solution of methanol: acetic acid: water, prepared in the ratio of 5:1:5, for 5 minutes,
stained for a further 5 minutes in 0.1% coomassie blue R250 dissolved in the same

mixture, and destained in a mixture of 7.5% acetic acid, 5% methanol.
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2.3.2 Circular dichroism

Circular dichroism spectra were obtained in both the near-UV (340-250nm) and far-UV
(260-180nm) ranges by Dr. Steve Martin at N.LM.R. Wild type, R1276A and R1391A
NF1,,,, were diluted into 20mM Tris/HC] pH 7.5, ImM MgCl,, 0.1mM dithiothreitol,
clarified and the absorption spectra recorded in 10mm cuvettes. Scatter corrected curves
(Log(A) versus Log(Abs) correction to 320nm) were used to determine concentrations;
2.04mg/ml, 1.17mg/ml, 1.07mg/ml for wild-type, R1276A and R1391A NFl,,,
respectively. CD spectra were reporded at room temperature in 10mm cuvettes (near-UV)

and demountable 0.1mm cuvettes (far-UV).

2.3.3 Intrinsic tryptophan fluorescence

Intrinsic tryptophan fluorescence was monitored using an excitation wavelength of 290nm.
Tryptophan emission scans for wild-type, R1276A and R1391A NF1,,, were obtained
from 290-420nm, using the SLM photon-counting spectrofluorimeter. Samples were
diluted in 20mM Tris/HCI pH 7.5, ImM MgCl,, 0.1mM dithiothreitol, to a final
concentration of 10uM. The spectra obtained from all three proteins were compared and

the emission maxima noted.

2.3.4 Electrospray ma ectromet

Electrospray mass spectrometry was carried out by Steve Howell at N.I.LM.R. Samples to
be analyzed were diluted into sterile distilled water to a concentration of approximately

30-50pmol/ul. Approximately 75pmol of material was injected into the mass spectrometer.

2.3.5 Total protein concentration determination

2.3.5.1 Biorad protein assay

The Biorad protein assay (Biorad Laboratories, UK) is a modified version of the Bradford
assay, (Bradford, 1976) and is suitable for measuring between 4 and 40pg of protein.
Samples for analysis were prepared by mixing 0.8ml of water with up to 50ul of protein
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(or for larger sample volumes, a total of 0.8ml of sample plus water) and 0.2ml Biorad dye
reagent, in 1ml disposable plastic cuvettes. The components were allowed to equilibrate
for 5 minutes before measuring the absorbance at 595nm using a Perkin-Elmer Lamda 7
UV/Vis spectrophotometer. A standard curve was prepared by monitoring the absorbance
at 595nm of known concentrations of gamma globulin. Unknown protein concentrations
were read directly from the standard curve. It was noted that the protein concentration
of Ras as determined by the Biorad assay differed by a predetermined factor of 1.6 (Lowe
et al, unpublished results) from that determined by an aminoacid analyzer. Therefore, any
Ras concentration measurements determined using the Biorad assay were divided by 1.6

to obtain the absolute Ras concentration.

2.3.5.2 Absorbance at A,

Absolute measurements of protein concentration were obtained by measuring the
absorbance of a solution of purified protein at 280nm using the Perkin-Elmer Lambda 7
UV/Vis spectrophotometer. An initial background scan was obtained by placing 100pl of
an appropriate buffer into a quartz cuvette and scanning the absorbance between 220 and
400nm. The buffer was then replaced with the protein of interest and a similar scan
performed. The background absorbance at 280nm was subtracted from the sample
absorbance at 280nm and the protein concentration calculated using the appropriate
extinction coefficient (€). NF1,,, and GAP,,, concentrations were determined using the
calculated extinction coefficients of these proteins at 280nm (Gill and Von Hippel, 1989;
32.32mM! cm™ for NF1,,, and 15.1mM™ cm for GAP,,,).

24 ration of lipids and DPH-carboxylic acid

All fatty acids and phospholipids were purchased from Sigma. Arachidonic acid was
dissolved in ethanol (Spectrosol grade, BDH) to form a stock solution at 40mM.
Appropriate dilutions were made in ethanol, and aliquots of these added to the
experiments such that the final concentration of ethanol was not more than 2%, and in

general was chosen to be 1%. All other fatty acids were prepared in the same manner.
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Phospholipids, dissolved in chloroform, were evaporated to dryness in a glass vial under
a stream of nitrogen gas. The thin layer of lipid was suspended in 20mM Tris/HCI pH 7.5
and sonicated at 4°C for 30 seconds at a final concentration of approximately 1mM. Stock
solutions of DPH carboxylic acid (p-((6-phenyl)-1,3,5-hexatrienyl)benzoic acid) were
obtained by dissolving in ethanol to a final concentration of 0.2mM, and thereafter stored

in the dark to prevent degradation of the fluorophore.

2.5 Preparation of Ras.nucleotide complexes

Ras.GTP or Ras.[’H]JGTP complexes were prepared by nucleotide exchange in the
presence of a GTP regenerating system (Skinner et al, 1994). This method essentially
involves the use of pyruvate kinase which catalyzes the conversion of

phosphoenolpyruvate to pyruvate with the consequent phosphorylation of GDP to GTP.

2.5.1 Ras.[*H]GTP and Ras.GTP

A radiolabelled complex was prepared by incubating 100ul of H-Ras (166) or [Leu61] H-
Ras (166) with the following components: 25ul [PH]GTP (110pci); 10pl of 200mM
phosphoenolpyruvate in water; 0.1ul of 1M KCI; 10ul of 3M ammonium sulphate
dissolved in 10mM Tris/HCI pH 7.5. A Ras.GTP complex was prepared by incubating
100u1 H-Ras (166) or [Leu61] H-Ras (166) with the following components: Sul 200mM
phosphoenolpyruvate in water; Sul of 5SmM GTP; 1.5ul ["H]GDP (0.7uci); 0.1pl of 1M
KClI; 8.5ul 3M ammonium sulphate in 10mM Tris/HCI] pH 7.5. Oxidized dithiothreitol is
a contaminant which absorbs at 280nm and obscures the GDP peak using HPLC methods.
[’H]GDP was incorporated into the reaction mixture to enable the GDP peak to be
visualized on the radioactivity trace. The reaction components were gently mixed and
upon addition of 7ul pyruvate kinase (Sigma type VII p7768 in glycerol) the reaction was
transferred to 37°C and incubated for 30 minutes. The progress of the reaction was
followed with time by the transferral of 1pl of reaction mix at 15 and 30 minute intervals
into eppendorf tubes containing 50ul HPLC buffer (88% K,HPO,/KH,PO, pH5.9
containing 2.25mM TBA). The extent of conversion of GDP to GTP was determined by
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HPLC analysis (as detailed in section 2.6.1). Once the conversion was complete, usually
after a total of 30 minutes, the reaction was stopped and all sample tubes were transferred

to ice.

Unbound nucleotide was removed by centrifugal gel filtration using a sephadex G-25 (SF)
column. The column was prepared by packing 2.5ml of a sephadex suspension (pre-
swelled in equilibration buffer; 10mM Tris/HCI pH7.5, 1mM dithiothreitol, 0.1mM
MgCl,) into a 1ml disposable syringe supported by a polystyrene plug at the base. The
packed column was equilibrated by spinning in a Hereaus refrigerated bench centrifuge
at 2000rpm for 2 minutes at 4°C. 200pl of equilibration buffer was applied to the top of
the column, which was then spun under exactly the same conditions. This procedure was
repeated until the volume of buffer applied was equal to the volume eluted. The reaction
mixture was applied to the top of the column and the column centrifuged as before.
Approximately 90% of the applied protein was eluted at this stage at approximately 90%
of the applied protein concentration. Addition of a further 50-100ul of equilibration buffer
and respinning the column, resulted in the remainder of the protein being eluted in a
diluted form. The concentration of Ras.GTP was determined by Biorad assay and

absorbance at 280nm.

2.5.2 Ras.mantGTP
2.5.2.1 Synthesis of triethylammonium bicarbonate (TEAB)

(CH)N + CO, + HO - (GH)NH' +  HCO,

The preparation of a 1M solution of TEAB requires 140ml of distilled triethylamine per
litre of a final solution. Triethylamine (TE) was distilled, from which only the middle 80%
of the distillate was subsequently used. To 140ml distilled triethylamine, 500ml cold
distilled deionized water was added. CO, was bubbled through the solution at 4°C until
the pH fell to between 7.5 and 7.6. The solution was made up to 1litre with cold distilled
deionized water to give a 1M solution of TEAB. TEAB was stored at 4°C for no longer
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than 1-2 months since the pH gradually rises with time, and it was used for the purification

of mantGTP.

The methodology used to synthesise 2' (3')-O-N-methylanthraniloyl derivatives of GTP

was essentially the same as that used by Hiratsuka (1983), with modifications described

by Neal ef al (1990).

Guanosine 5' triphosphate (0.27mmole), was dissolved in 4ml of water at 37°C. The pH
was adjusted to 9.6 with IM NaOH, and 0.54 mmole of methylisatoic anhydride added
with continuous stirring. The reaction mixture was kept at a constant pH of 9.6 by
titrating in 1M NaOH, until the reaction reached a point where the pH ceased to drop, and
was therefore considered to be complete. Addition of 1M HCI enabled the pH of the
reaction mixture to be reduced to 7.6, a prerequisite for the purification procedure.
Purification of mantGTP involved dilution of the crude products to 50ml with 10mM
triethylamine bicarbonate (TEAB), prior to loading onto a DEAE-bicarbonate column
(36cm x 3cm). MantGTP, amongst other components, were eluted from the column at a
flow rate of approximately 100ml h™', by means of a linear gradient which consisted of 3
litres of 10mM to 0.6M TEAB. Fractions were collected every 10 minutes. Detection of
nucleotide and mant fluorophore was achieved by monitoring the eluant for absorbance
at 254 and 350nm respectively. MantGTP was located in the fourth peak to be eluted
from the column. Fractions from this peak were pooled in three batches and evaporated
to dryness in a rotary evaporator at 37°C. Residual TEAB was removed by repeated
additions of methanol and subsequent evaporation to dryness. MantGTP residue was then
dissolved in a small volume of water, approximately 4ml, and the concentration
determined using the extinction coefficient for mantGTP of 5.7mM* cm at 350nm. Pools
1, 2 and 3 were calculated to be 6.9mM, 18.2mM and 2.6mM respectively. The final
product was stored at -20°C. HPLC analysis (as detailed in section 2.6.1) of the mantGTP

was carried out to determine the level of contamination by GDP and hence the purity.
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Pools 2 and 3 were found to be 98% pure, however, pool 1 contained significant

contamination by mantGDP, and hence was only 81% pure.

2.5.2.3 Preparation of Ras.mantGTP

Ras.mantGTP complexes were prepared for use in stopped-flow experiments as described
by Eccleston et al (1993). For the reaction, 0.14pmoles H-Ras (166) was incubated at
room temperature for 10 minutes with a 50-fold excess of mantGTP (7.0pmoles) and fast
exchange buffer (FEB), consisting of SOmM Tris/HCI pH 7.5, 40mM EDTA and 200mM
ammonium sulphate, so that the total volume did not exceed 1ml. The exchange reaction
was quenched by addition of 40mM MgCl,. Separation of Ras.mantGTP from unbound
mantGTP was achieved by passing the reaction mix down a G25 sephadex PD10 column
(Pharmacia) equilibrated in 20mM Tris/HCI pH 7.5, ImM MgCl,, 0.1mM dithiothreitol
at 4°C. The progress of both components through the column was monitored by UV
illumination. Pure Ras-bound mantGTP, present in the first fluorescent band, was eluted
from the column with equilibration buffer. The concentration of the Ras.mantGTP
complex was determined from the absorbance of the complex at 350nm (€,,,,,grp = 5.7

mM' cm). Approximate concentrations of Ras.mantGTP were in the range of 40-50uM.

2.6 Analysis of nucleotide bound to Ras
2.6.1 GTP/GDP resolution by HPLC

HPLC separation of mantGTP and mantGDP was required in order to assess the extent
of Ras.mantGTP hydrolysis in certain experiments. Separation of mantGDP and mantGTP
was achieved by anion exchange HPLC on a Partisil-10 SAX column (Whatman) eluting
with 0.6M ammonium dihydrogen phosphate buffer pH 4.0, containing 25% (v/v)
methanol. Samples to be analyzed were diluted into this buffer to a final concentration of
10uM, of which 10ul was loaded onto the column at a flow rate of 1.5ml min™.
Separation of nucleotides was followed by monitoring the ﬂuorescencé of the mant-moiety
with excitation at 366nm and emission at 440nm. MantGDP was eluted from the column

at approximately 4.5min followed by the mantGTP which is eluted from the column after
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9-10min.

2.6.2 *HIGTP /[*HIGDP resolution by HPLC

[PHIGTP and [’H]JGDP were quantified by HPLC separation using ion-pair
chromatography on a Lichrosorb RP18 (5-um particle size; 250 x 4 mm) column eluting
isocratically at 1ml min" with degassed HPLC running buffer (12% acetonitrile; 88%
tetrabutylammonium hydroxide (TBA) (2.25mM) dissolved in 56mM potassium
phosphate buffer, pH5.9) essentially as described by Pingoud et al (1988). Samples of
Ras.[°’H]GTP and Ras.[*’H]GDP to be analyzed were diluted into HPLC running buffer
and 50ul loaded onto the column using a hamilton syringe. Radionucleotides were
detected and quantified by in-line mixing with scintillant using a Berthold radiochemical
detector. The ratio of GDP to GTP was assessed by measuring the area under the GDP

and GTP peaks observed on the radioactivity trace.

2.7 Fluorescence measurements

2.7.1 Steady state fluorescence

Measurements were performed on a Perkin-Elmer LS-50B spectrofluorimeter at 30°C.
Experiments were performed in 20mM Tris/HCI pH 7.5, 1mM MgCl,, 0.1mM
dithiothreitol. A single position water thermostatted holder for 10mm quartz cuvettes was
used in most experiments, but in cases where simultaneous data acquisition was required
for a series of samples, the four-position, motor driven, water thermostatted cell holder
was used in place of the single cell holder. Light source was supplied by a pulsed xenon
discharge lamp. For experiments in which a large increase in fluorescence was expected,
the excitation and emission wavelengths and the emission slit widths were chosen such
that the increase in fluorescence observed was within the instruments fluorescence

detection limits.

2.7.2 Critical micellar concentratio MC) determination
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CMC was determined by two independent procedures, one based on light scattering, the
other based on fluorescence changes of DPH carboxylic acid. In both cases the
experiments were performed in 20mM Tris/HCl, pH 7.5, ImM MgCl,, 0.1mM
dithiothreitol at 30°C. The use of light scattering to measure the critical micellar
concentration of lipids is based on the principle that as the particle size of a lipid
suspension in a cuvette increases, the light scattering component increases
proportionately. In theory, the light scattering component will be small in solutions of
monomeric lipids, but as the lipid concentration increases and micelles are formed, the
light scattering component will increase, giving rise to a sigmoidal plot, in which the point
at which the light scattering rises steeply corresponds to the concentration at which
micelles are formed. Fatty acids were disolved in ethanol and titrated into buffer such that
a maximum of 2% ethanol was present. Light scattering was monitored in the Perkin-
Elmer LS 50B fluorimeter at 500nm. The CMC was taken to be the concentration of lipid

at which a sharp discontinuity occurred in the light scattering versus concentration graph.

Alternatively, CMC was determined by titrating the lipid in the concentration range 0-
100uM, into a solution of 1pyM DPH carboxylic acid and was taken to be the
concentration of lipid at which a discontinuity occured in the graph of fluorescence

intensity versus concentration of lipid added (Serth et al, 1991).

2.8 Catalytic act