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Abstract

This project involved examining the mechanism of interaction of the 21kDa guanine 

nucleotide binding protein, N-ras, with the catalytic domain of the GTPase-activating 

protein, neurofihromin. Neurofihromin was expressed as a glutathione-S-transferase (GST) 

fusion protein and was either cleaved with thrombin to yield neurofihromin or eluted as 

neurofihromin. GST fusion protein, while ras was expressed untagged. As some evidence 

existed as to ras and GST being dimers, the oligomeric states of the proteins involved in this 

study (ras, neurofihromin, GST and neurofihromin. GST) were examined initially using 

analytical gel filtration and later by equilibrium sedimentation analytical sedimentation. Ras 

and neurofihromin were found to he monomeric while neurofihromin. GST was found to he 

dimeric.

Using a fluorescent analogue of GTP, 2’(3')-0-(A^-methylanthraniloyl)GTP (mantGTP) the 

interaction of ras with neurofihromin was studied by stopped-flow and quenched flow 

techniques. The binding of the mutant ras protein, Leuôlras.mantGTP, with neurofihromin 

is proposed to occur as a two-step process, having an initial rapid equilibrium process with 

a Kg of 5.2pM at 30°C in the presence of 20mM Tris.HCl pH 7.5, ImM MgClj and ImM 

DTT, followed by an isomérisation of the Leu6Iras.mantGTP.neurofihromin complex 

having a rate constant of392s*V The binding of wild-type ras. mantGTP with neurofihromin 

was also shown to he a two-step process, with an initial rapid equilibrium process with a 

Kq of 1.2pM at 30®C in the presence of 20mM Tris.HCl pH 7.5, ImM MgClj and ImM 

DTT, followed by an isomérisation of the ras.mantGTP.neurofihromin complex having a 

rate constant of 236s‘*. The isomérisation of the ras.mantGTP.neurofihromin complex is 

followed by cleavage of the ras-hound mantGTP with a rate constant of 26.4s'\ This 

cleavage process is followed by dissociation of neurofihromin from the 

ras.mantGDP.Pi.neurofihromin complex with a rate constant of 8.5s'\

The effects of ionic strength and temperature on the mechanism of the interaction of 

ras.mantGTP and neurofihromin were studied in order to provide more information about 

the mechanism. The mechanism of the neurofihromin catalysed GTPase of ras is discussed 

in relation to the hydrolysis mechanism of other nucleoside triphosphatases.
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Chapter li Introduction

1.1: Ras and Other Small Guanine-Nucleotide Binding Proteins

There are three mammalian ras proto-oncogenes - K-ras and 'N-ras. H-ras and K- 

ras were first seen as being the transforming principle of the Harvey and Kirsten strains of 

rat sarcoma virus, hence the name ras (Harvey, 1964; Kirsten and Mayer, 1967). N-ras 

which has no viral equivalent, was first found in a neuroblastoma cell line as a transforming 

gene (Hall et a i,  1983). These proto-oncogenes become oncogenic by virtue of single 

point mutations found in naturally occurring mutations at codon 12 (Tabin et a l, 1982; 

Reddy e/ûr/., 1982; Taparowsky 1982), codon 13 (Bos et a l, 1985), codon 59, and 

codon 61, (Yuasa 1983). Ras genes with such mutations are found in approximately 

30% of human tumours (Barbacid, 1987).

The protein products of these genes have a molecular weight of 21 kDa (hence the name 

p21ras), and are localised at the plasma membrane via their C-terminal tail, as determined 

by the C-terminal four amino acid motif CAAX (where C is cysteine 186, A is any aliphatic 

amino acid and X is any amino acid). Post translational processing of ras involves 

famesylation of Cysl86 (Hancock et a l, 1989), followed by cleavage of the three residues 

C-terminal to Cysl86 (Gutierrez etal, 1989), and méthylation of the a-carboxyl of Cysl86 

(Clarke et a l, 1988). Also, one or both of the cysteine residues close to the C-terminus 

(residues 181 and 184 in H-ras) become palmitoylated (Hancock et a l, 1989). The K-ros2 

gene has two alternative fourth exons, A an B, and it is the B-exon that is expressed in the 

proto-oncogene in mammalian cells. This form of K-ras is not palmitoylated as it lacks 

available cysteine residues close to the C-terminus (Hancock et a l, 1989). Instead it has 

a highly basic region comprising six lysine residues, close to the C-terminus, which is 

thought to help to anchor the protein in the membrane as strongly as the palmitoylated ras 

proteins (Hancock et a l, 1990). It is therefore necessary to have either palmitoylation or 

a polybasic region to work in conjunction with the CAAX motif to localise ras proteins to 

the plasma membrane. Altogether these changes make the C-terminal of ras proteins more 

hydrophobic, with a higher afiBnity for membranes.

Ras proteins bind guanine-nucleotides (GDP and GTP) and possess an intrinsic GTPase 

activity, and are th o u ^  to be involved in cellular proliferation and terminal differentiation.

-14-



As with the heterotrimeric G-proteins, ras is thought to function as a molecular switch in 

that when the nucleotide bound to ras is GDP, ras is biologically inactive, and when the 

nucleotide bound is GTP, the protein is biologically active. Although nucleotide 

dissociation and GTP hydrolysis do occur slowly they are regulated by two types of factors: 

Guanine-nucleotide exchange factors (GEF's) which stimulate the exchange of GDP for 

GTP on ras; and GTPase-activating proteins (GAP's) which stimulate the hydrolysis of GTP 

to GDP (figure 1.1).

Mutations of ras which activate the protein lock it in the active configuration, making it 

constitutively active. Activating mutations at codons 12, 59 and 61 result in the protein 

having reduced hydrolysis rates (John et ai, 1988). For example most mutations at residue 

61 (normally On) cause the resultant mutant protein to have greater transforming potential 

than wild-type ras, and have reduced rates of GTP hydrolysis (Der et a i, 1986). The 

transforming ability however does not appear to correlate with decreased GTP hydrolysis 

as all residue 61 mutations have a similar rate of GTP hydrolysis but have very different 

effects on transforming potential. Residue 61 is thought to be involved in hydrolysis and 

so changing this readue would be expected to affect GTP hydrolysis. Codon 12 mutations 

all result in the acquiation of transforming properties, except for Pro 12 ras (Seeburg et a l, 

1984). Merely overexpressing normal ras proteins does not result in cells becoming as 

transformed as cells expressing less of activated ras proteins (Ricketts and Levinson, 1988). 

Oncogenic mutants still bind GAP but do not have their GTPase activated by it, with the 

exception ofLeu61ras which has a low rate constant of hydrolysis of 1.0 x 10'* s'̂  at 30°C 

and is activated by the GTPase-activating domain of pl20GAP by a factor of 27-fold and 

by the GTPase-activating domain of neurofibromin by 6-fold. This is compared to an 

activation by 10̂  for wild-type ras (Moore et a l, 1992).

Ras proteins of at least one type are found in all tissues, with each one having a different 

pattern of abundance of mRNA. H-ras is highest in skin and skeletal muscle and lowest 

in liver, while K-ras is highest in the gut and thymus and lowest in skin and skeletal muscle, 

and N-ras is highest in testis and thymus and lowest in the liver and kidney (Leon et a l, 

1987). Ras proteins are homologous within the first 164 amino acids, while the last 25 

residues are divergent, except for a cysteine at residue 186 (four residues from the end). 

Because of the heterogendty of the region 165-185 it is known as the hypervariable region

-15-



Figure 1.1: The Mechanism of Action of Goanine-Nucleotide Binding Proteins

Ras cycles between the active, GTP-bound state, and the inactive, GDP-bound state. 

Guanine-nucleotide exchange factors (GEFs) accelerate the exchange of GTP for GDP on 

ras, while GTPase activating proteins (GAPs) accelerate the hydrolysis of GTP to GDP
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(see the review by Barbacid (1987)). Willumsen et al. (1986) used insertion-deletion 

mutagenesis to make mutants in H-ras between residues 13 and 146. The biological activity 

of these mutants was investigated by comparing their effect on foci formation when 

transfected into NIH 3T3 cells with the effect of Argl2Thr59 H-ras. Mutational analysis 

was used to elucidate the region of ras that interacts with effector proteins. Mutations 

around the region 20-40 were found to be non-transforming (i.e., not lead to foci 

formation) and, since they result in the formation of stable GDP-binding protein that has 

GTPase activity, this suggested that this region is involved in interacting with ras effectors. 

A similar mutagenesis strategy was carried out by Sigal et al. (1986). They made amino- 

acid substitutions within two conserved regions of ras, 32-40 and 61-80. They examined 

the biological activity of these mutants both by examining their ability to complement RAS2 

mutations in yeast and also by seeing whether microinjection of the mutants into NIH 3T3 

cells led to DNA syntheas and morphological changes. All of the mutant proteins were as 

active as the Vall2Thr59 H-ras protein except for those with mutations in residues 35,36, 

38, 40 and, to a lesser extent, 78. This study also led to the suggestion that the effector 

region of ras lies between residues 32.-42

The ras proteins are members of the ras superfamily of proteins all of which bind GDP and 

GTP, and hydrolyse GTP (Table 1). There are three main groups within the superfamily - 

the ras family, the rho family and the rab family. The ras family includes the three "true" 

ras proteins H-, K- and N-ras, obviously, which have approximately 85% amino acid 

identity, plus the ral, rap and R-ras proteins which have at least 50% amino add identity 

with any of the ras proteins (Chardin, 1988). The rho family consists of the rho proteins 

(which have approximately 30% identity to ras) and the rac proteins. The rho family are 

involved in the organisation of the cytoskeleton within cells. The injection of rho into 

serum-starved cells leads to the rapid formation of actin stress fibres and focal adhesions 

(within 10 minutes) (Ridley and Hall, 1992). Injecting rac into serum-starved cells leads 

to an immediate increase of polymerised actin into membrane ruffles, followed later by an 

increase in stress fibre formation accompanied by the formation of focal adhesions. It 

appears that rac induces membrane ruffling and activates rho, which induces stress fibre 

formation (Ridley et al., 1992). The rab femily also have approximately 30% identity to ras, 

and these proteins are involved in the trafiSckmg of vesicles within cells. There are also two 

minor subgroups - the ran family and the arf family.
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Table 1; The Ras Superfamily

The ras superfemily of genes consists of three main sub-groups based on homology to ras, 

which exist both in mammalian cells and in other organisms including Saccharomyces 

cerevisiae. Sc, Schizosaccharomyces pombe, Sp, Drosophila melanogaster. Dm, 

Dictystelium discoideum, Dd, Aplysia sp, Apl.
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Ras family Rho family Rab family

Mammalian Analogues Mammalian Analogues Mammalian Analogues Ras/Ga
intermediates

H-ra5 ^cRASl rho A Sc TWO 1 rab lA Sc YPTI ARF\

K-roy (A + B) ^cRASl rho B Sc/WO 2 rah IB Sc SEC A A R l^

N-ros ^^RA S rho C rab 2 Dd Sas 1 SARI

Dm ras rac 1 (TC25) rab 3A (swg25A) Dd&fs2

Dd ras rac 2 rab 4 Sp YPT 2

Apl ras TCIO rab 5 Sp YPT 3

rap lA
(I&evl/5/wg21)

Dm ras 

Sc RSR 1

rab 6 

BRL-ras

rap IB smg 25B

rap 2 smg 25 A

R-ra5

ral A

ra/B

TC21



1.2: Ras Structure

Most of the structure determination of ras has involved the use of crystallography but 

recently the NMR structure has also been determined. H-ras has been the ras protein 

normally used, usually truncated at either residue 166 or 171, as it was found to be easier 

to crystallise in the truncated form, and C-terminally truncated ras has been shown to have 

similar kinetic properties to the full-length protein (John et a l, 1989). The structure has 

been studied in both the inactive GDP-form and the active GTP-form using non- 

hydrolysable GTP analogues, to examine the differences in structure between the active and 

inactive forms of ras.

Ras was first thought to consist of a six-stranded p sheet, four a helices and nine 

interconnecting loops (De Vos etal, 1988; Tong etal, 1989), but was later shown to have 

a small a helix between the fourth loop and the fourth p strand, thus meaning that ras 

actually conâsts of a sbc-stranded p sheet, five a helices and ten interconnecting loops (Pai 

et al, 1989). The main interactions of the guanine nucleotide with the protein have been 

determined by two groups (Pai et a l, 1989, 1990; Milbum et a l, 1990), and are 

summarised in figure 1.2. The guanine base is lodged between Phe28 and the aliphatic part 

of the side chain of Lysl 17, and there is a strong hydrogen bond (H-bond) between the 

oxygen of the carboxyl of the guanine ring and the main chain amide nitrogen of Ala 146 

(part of the SAK motif, residues 145-147). Aspl 19 is part of the NKXD motif, which is 

highly conserved in all G-proteins, and comprises the guanine specificity region (Pai et a l,

1989). The carboxylate of Aspl 19 forms two H-bonds with the base, one with a water 

molecule and one with the hydroxyl of Seri45, as seen by Pai et al. (1990) where water 

molecules wctc built into the ras structure. The side chain of Asnl 16 forms strong H-bonds 

with the side chain of Thrl44 and the main chain oxygen of Vail4, and makes weaker 

bonds with the main chain nitrogen of Alai 46 and with N7 of the base. Therefore Asnl 16 

is a very important residue as it brings together the phosphate binding loop, the NKXD 

motif and the SAK motif. Unlike the guanine base which has many interactions with the 

protein, the ribose moiety is only weakly bound by a H-bond between the oxygen of the 

ribose and the e-amino of Lysl 17.

In the GMPPNP-analogue form of ras a single Mgr  ̂is coordinated to oxygens of the p and 

Y phosphates, the hydroxyl side chains of Thr35 (either directly or via a water molecule)
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Figure 1,2: Structure of Ras

Schematic diagram of the important residues involved in the binding of the GTP analogue, 

GMPPNP at the active site of ras. Hydrogen bonds that are less than 3.1Â are shown by 

dotted lines; the main chain is denoted by the abbreviation me.

(Taken from Goody et al. (1992))
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and Seri7 and two water molecules (Pai et al., 1990). In GDP-ras there is some 

disagreement over the coordination of the ion. Milbum et al. (1990) believe it is 

coordinated by the side chain oxygen of Seri 7, one of the P phosphate oxygens, and four 

water molecules (Tong et a l, 1991), while Schlichting et al. (1990) believe that there is a 

direct interaction between Asp57 and Mĝ % instead of being indirect (via a water molecule) 

as in the GTP form. Halkides et a l (1994) used electron spin echo envelope modulation 

spectroscopy using Mn^  ̂instead of Mg^  ̂in ras.GDP to show that the distance between 

Asp57 to Mn^  ̂is too great for a direct interaction and therefore supports the idea that the 

only direct interaction between ras.GDP and is with Seri 7. NMR data of ras.GDP 

is also consistent with an indirect interaction between Asp 57 and Mĝ  ̂ (Kraulis et a l,

1994).

There is only one, weak, interaction between the a phosphate and the protein in which the 

main chain amide of Alai 8 is H-bonded to one of the oxygen atoms of the phosphate, which 

may explain why GMP does not bind ras tightly. In comparison the p phosphate interacts 

with the backbone amides of residues 13-17 (except 14 which is too far away) and with the 

side chain of Lysl 6, and the y phosphate interacts with residues of loop L4, and with the 

main chain amide of Thr35 of loop L2 and with Lysl 6.

Comparing the structures of the GDP and GTP-analogue forms of ras shows that there are 

two main areas of difference between the two forms: the switch 1 region (residues 30-38) 

located within loop 2, which corresponds to the effector region of the ras protein (Sigal et 

a l, 1986; Willumsen et al., 1986); and the switch 11 region (residues 60-76) comprising 

the fourth loop and the short a helix that follows the loop (Milbum et a l, 1990). In the 

switch 1 region the H-bond between Tyr32 and Tyr40 in the GDP complex is broken in the 

GTP-analogue complex and the side chain of Tyr32 swings out to cover part of the 

phosphate pocket. Mutating two tyrosine residues at positions 32 and 40 in ras (GDP and 

Œ4PPNP forms) has demonstrated that both positions need to have aromatic groups. In 

addition, position 32 also needs a proton donor (Yamasaki et a l, 1994). Fluorescence 

quenching experiments showed that residue 32 was more accessible to the solvent in the 

GMPPNP form than in the GDP form, while there was no significant difference in solvent 

accessibility of residue 40 in either the Œ)P or the GMPPNP form. Therefore these results 

agree with the crystal structure in that the residues H-bond in the GDP form, while in the
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GMPPNP form the Tyr32 side chain swings out to cover the phosphate pocket or interact 

with the Y phosphate of the adjacent protein. Perhaps Tyr32 H-bonds to a target molecule 

while Tyr40 may be involved in stabilising the "active" conformation. Also, in the GDP 

form the side chain of Thr35 points towards the complex while in the GTP form it's 

coordinated to the Mĝ  ̂and to the y phosphate. Also the side chain orientations of residues 

36 and 38 are very different in the two forms. The switch 11 region has weak electron 

density suggesting that the region has high flexibility. The backbone amides of residues 60 

and 61 are po^oned such that they are able to H-bond with the y phosphate. Residue 61 

is the second most common oncogenic mutation site, and the neutralising antibody Y13-259 

binds here. Therefore the presence of the y phosphate causes a change in conformation of 

loop2 and loop4 and a re-orientation of the a2 helix. Perhaps upstream regulators bind to 

the switch 11 region causing a conformational change here which allows the exchange of 

GDP for GTP to occur, which in turn leads to conformational changes in switch 1, thus 

allowing effectors to bind.

Since GTP analogues have been used to study the GTP form of ras an interesting idea was 

to use time resolved crystallography of ras complexed to a photolabile GTP derivative 

(caged GTP) to look at the true GTP form and to study the conformational changes in the 

ras protein as they occur upon hydrolysis (Schlichting et a l, 1990). The cage group was 

rapidly cleaved by photolysis with an arc lamp and the structure monitored at different 

times. Before photolysis the cage part of caged GTP was too bulky to pack correctly into 

the protein, as it was colliding with the side chains of GIn61 and Tyr32 of neighbouring 

protein molecules in the crystal. After hydrolysis the coordination between the Mg^  ̂ion 

and Asp57 was direct as opposed to being indirect via a water molecule as in the GTP form, 

and the distance between Thr35 and the Mg^  ̂ion was too great for there to be a direct 

interaction. Better crystals of caged GTP. ras were obtained using Pro 12 ras enabling the 

intrinsic GTPase to be followed on a time-resolved basis (Scheidig et a l, 1994). The 

binding of the GTP part of caged GTP is almost identical to that of the GMPPNP (Pai et 

a l, 1990), but due to the low resolution of the data no water molecules could be 

incorporated into the structure. A few minutes (2-4) after photolysis, residues 61,62 and 

63 are well defined in a novel conformation with Gln61 being very close to the y phosphate. 

At the end of the reaction, as seen before Asp57 was close to the Mg^  ̂ion. It seems to be 

the loss of the H-bond between the y phosphate and the main chain amide of Thr35 that

-25 -



triggers the conformational changes occurring upon hydrolysis, as this leads to a 

rearrangement of loop 2. No change in the orientation of the a2 helix was observed. 

Better crystals were obtained using pure diastereomers of caged GTP (Scheidig et a l,

1995). In the R-diastereomer, their results showed that the electron density around Tyr32 

was consistent with there being two different conformations of loop 2 (residues 31-38) 

defined by a 180° flip around the Tyr32-Asp33 bond. Also in the R-form, there was weak 

electron density around loop 7 (60-67). In the S-form, there were regions of high mobility 

around loops 2 and 4. Unlike the R-form, there was only one conformation of loop 2 which 

is different fi'om both conformations found in the R-form. These different conformations 

of loop 2 may represent true structural states occurring in solution. In both of the 

structures, the interaction with the nucleotide is very similar to those interactions seen in 

ras GMPPNP, except for a displacement of the y phosphate due to the presence of the 

covalently attached photolabile cage group. The coordination of the Mg^  ̂ion is distorted 

in the caged-GTP structures. The interaction of the Mg^  ̂ with an oxygen of the y 

phosphate group is weakened, and because of the re-arrangement of loop 2, the main chain 

amide of Thr35 can no longer H-bond with an oxygen of the y phosphate. The hydrolysis 

of the caged GTP in solution is not activated by GAP suggesting that the interaction of 

Thr35 with the y phosphate and the bound Mg^ ion are important for the interaction of ras 

with GAP.

NMR data of ras. GDP has shown that regions 58-66 (loop 4), 107-109, and, to a lesser 

extent, 30-38 (loop 2) of ras are dynamically mobile and differ fi-om crystal structures within 

these regions (Kraulis et a l, 1994). This agrees with the crystal structure having weak 

electron density (and therefore not well defined) in the switch 11 region (residues 60-76) 

(Milbum et a l,  1990). The NMR results are consistent with the idea of the a2 helix 

changing upon GDP/GTP exchange.

As most oncogenic mutants of ras affect either guanine nucleotide binding or GTP 

hydrolysis it is important to see how various mutations affect the structure. The Vail2 

mutation makes no significant difference to the structure of ras in the GDP form, as 

compared to the wild-type structure, except that the hydrophobic side chain of valine is 

exposed to the solvent, and superimposing the structure onto the GTP.ras structure 

demonstrates that the Vail2 side chain would lie close to the y phosphate (Tong et a l,

- 26-



1991). However the structure of Vail2 ras in the GTP form shows major differences in 

structure between this mutant and wild-type ras as the valine side chain moves close to the 

Y phosphate and is moved away, pushing Glyl3 away fix>m the p,Y-bridging oxygen. Loop 

4 also has to rearrange due to steric hindrance caused by the presence of the Vail 2 side 

chain, which actually leads to the formation of extra H-bonds in the region of readues 61- 

65 providing a more defined structure (Krengel et al., 1990).

Other residue 12 mutations that have been studied with respect to structure include proline 

(a non-transforming mutation) and aspartic acid (a transforming mutation) (Franken et a l, 

1993). The proline mutant complexed to GMPPNP has an almost identical structure to 

wild-type ras, with the structure being well-defined except for residues 62, 63 and 66. 

Residue 61 had a good doisity but more than one possible conformation. The aspartic acid 

mutant in the GMPPNP form differs fi’om wild-type in the loop 4 region especially in 

residues 62-67, with the mutant being better defined (more rigid) in this region than the 

wild-type. This is probably due to Asp 12 H-bonding to Gln61. Tyr32 is also in a different 

position, with a H-bond between the terminal hydroxyl of the tyrosine ring and the side 

chain of Aspl2, with the result of Tyr32 being pulled into the interior of the protein. Also 

the Mg^  ̂ ion is in a different position and has only five ligands. In the Argl2 mutant 

complexed with GMPPNP the arginine side chain blocks the exit for GMPPNP, and also 

prevents GIn61 fi-om occupying it’s normal position causing a change in position of residues 

62-65 (loop 4).

With the Leu61ras mutant there was not much difference in structure, compared to wild- 

type, in either the GDP or GMPPCP forms (Privé et a l, 1992), but Krengel et a l (1990) 

did observe a difference in the position of the Leu61 side chain compared to the normal 

Gln61 side chain.

1.3; The Mechanism of GTP Hydrolysis on Ras

Feuerstein eta l (1989) demonstrated that GTP hydrolysis by ras occurs with inversion of 

configuration of the y phosphorous by using chirally labelled ^*0] guanosine 5-0-

(y-thio) triphosphate, suggesting that the mechanism is a single step in-line transfer of the 

terminal phosphate fi-om the GTP to water, without a phosphoenzyme or other 

phosphorylated intermediate. The high resolution structure (1.35A) of ras.GMPPNP solved
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by Pai et al. (1990) had 211 water molecules incorporated into the structure. Two of these 

water molecules (water 175 and 189) were close enough to the y phosphate group to 

perform in-line nucleophilic attack. Thr35 and Gln61 are close enough to waterlTS to H- 

bond with it which would make it more nucleophilic, and the amido group of Gln61 is close 

OKxigh to the side chain carboxylate of Glu63 to H-bond to it to help perhaps, in ensuring 

Gln61 is correctly orientated (figure 1.3 A). It is also possible that the interactions of the 

P and Y phosphate groups with Lys 16 and the Mg^  ̂ make the y phosphate more 

electrophilic. Prol2ras.GMPPNP has a very similar structure to that of wild-type 

ras.GMPPNP and even has the same putative nucleophilic water and the Gln61 residue has 

the same structure (Franken et a/., 1993).

Privé et al. (1992) proposed a different mechanism whereby residue 61 is involved in 

stabilising a transition complex formed between the side chain of Gln61 and the pentavalent 

y phosphate of the GTP transition state formed once a water molecule has bound to the y 

phosphate and lost a proton (figure 1.3B). To support this argument, the mutant protein 

Leu6Iras.GMPPCP has a side chain orientation essentially the same as in the wild-type 

protein and also has the same in-line water molecule suggesting that the residue 61, Gin, 

side chain is not necessary to fix the in-line water into position. Also all codon 61 

substitutions have a similar reduction in GTPase activity. The involvement of Glu63 as in 

the mechanism proposed by Pai et al. (1990) is suspect as it is not conserved throughout 

ras GTPases unlike Gln61 and GIu62. Also glutamine is a worse general base than the y 

phosphate group itself. Also the use of unnatural amino acids has shown that replacing 

GIn61 with a pooro* general base had no effect on the intrinsic or GAP-stimulated GTPase 

activity implying that Gln61 is not acting as a general base (Chung et a l, 1993). This same 

unnatural amino acid is also less able to stabilise the trigonal bypyramidal transition state 

than glutamine. Also using an unnatural amino acid with a longer side chain at residue 61 

resulted in an increased GTPase rate, and as the longer chain means that the side chain 

cannot take up it's normal position this implies that the position of the side chain is not 

crucial.

However, if glutamine at residue 61 is mutated to glutamate, which is a better general base 

then the intrinsic hydrolysis rate is twenty-fold greater compared to the wild-type rate 

(Freeh etal., 1994). This disagrees with an earlier finding by Der et al. (1986) suggesting
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Figure 1.3: Mechanism of GTP Hydrolysis by Ras

A: Proposed mechanism of GTP hydrolysis by nucleophilic attack of the y phosphate of 

ras. GTP by a water that is activated by Gin 61. Dotted lines represent H-bonds.

(Taken from Pai et al. (1990))

B: Proposed stabilisation mechanism whereby Gin 61 serves to stabilise a transition state 

formed between the pentavalent y phosphate and the side chain of Gin 61.

(Taken from Privé et al. (1992))
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that this mutant had a lower GTPase rate, although they may not have had high enough 

substrate concentrations to provide measurable hydrolysis rates. Molecular dynamics 

simulations have shown that the side chains of residue 61 of both wild-type ras and the 

Glu61 mutant are in transient contact with a water molecule that is itself in a position to 

attack the y phosphate. Other mutations at residues 12 and 61 (apart from Pro 12 ras) fail 

to form this complex, as the side chains interfere with the environment of the y phosphate. 

Therefore residue 61 is important in GTP hydrolysis but it is still not clear whether it has 

a role has a general base or whether it has a more structural role.

1.4; GTPase-Activatmg Proteins (GAPs)

There are two ras GAPs in mammalian cells - pl20GAP (a 120kDa protein) and 

neurofibromin (a 220kDa protein). The mRNA of pl20GAP is ubiquitously expressed, 

with an alternatively spliced lOOkDa product being expressed in the placenta but not in 

adult tissues (Trahey et a l, 1988). plOOGAP lacks the hydrophobic amino terminus of 

pl20GAP but also has GAP activity. In the placenta plOOGAP is more abundant than 

pl20GAP and is localised to trophoblasts suggesting that plOOGAP may have a specific 

function in trophoblasts (Mollat eta l, 1994). There is also an alternatively spliced product 

of the neurofibromin gene producing a larger product (type 11), which has an in-frame 

insertion of 63 base pairs in the catalytic domain (Andersen et a l , 1993). In vivo, the type 

11 neurofibromin can decrease the amount of GTP bound to ras although less than type 1 

neurofibromin. The neurofibromin mRNA is expressed in many different tissues while the 

protein product is most highly expressed in certain cell types, mainly in the nervous system. 

In the peripheral nervous system it is expressed in the small non-myelinated axons and there 

surrounding Schwann cells but not in the larger myelinated axons. In the central nervous 

system it is expressed in neurons and oligodendrocytes (Daston et a l, 1992). The catalytic 

domain of neurofibromin stimulates the GTPase of wild-type ras but not of the oncogenic 

mutants. Asp 12 or Vail 2. Also, the GTPase of the effector mutant Ala38 is only weakly 

stimulated by neurofibromin (Martin et a l, 1990). Competitive binding experiments in 

which rasGMPPNP competed with y^^-labelled rasGTP for binding to pl20GAP or 

neurofibromin demonstrated that lower concentrations of neurofibromin than pl20GAP 

were needed to inhibit GAP-activated hydrolysis as measured by phosphate release. This 

indicated that neurofibromin binds ras more tightly than does pl20GAP (Martin et a l,

1990). However, GTPase-activation of ras by pl20GAP or neurofibromin as measured by
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phosphate release, demonstrated that pl20GAP has a higher specific activity (in terms of 

pmol GTP hydrolysed min'  ̂per pmol of GTPase-activating protein) (Martin et ai, 1990). 

Therefore, neurofibromin may be an important ras regulator at low concentrations of ras.

Neurofibromin, pl20GAP and the yeast IRA proteins have a common sequence of 

approximately 360 amino acids comprising the GTPase-activating domain (i.e. the part of 

the protein involved in accelerating the hydrolysis of the GTP bound to ras to GDP). 

Neurofibromin and the IRA proteins have a further area of homology consisting of 350 

amino acids upstream of the region common to all three proteins, and 860 amino acids 

downstream of it (Xu et a i, 1990). Therefore neurofibromin has greater homology with 

the yeast GAP-like proteins than with pl20GAP itself (see figure below):

IRAI

1150 1500 1880 2725 2938

NF-1

500 840 1200 2060 2485

pl20G A P

700 1047

The black region common to all three proteins corresponds to the approximately 360 

residue domain responsible for accelerating the GTPase of ras proteins, while the cross- 

hatched region shows the extended homology between neurofibromin and IRAI.

The IRA proteins function purely to down-regulate yeast RAS protein activity by 

stimulating the GTPase activity of the RAS proteins, thus decreasing the proportion of 

GTP-bound RAS, and both mammalian pl20GAP and neurofibromin can rescue the 

phenotypes of IRA mutants (Xu et ai, 1990; Tanaka, K. et al, 1990; Ballester et al,
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1990). Mutagenesis studies have been used to examine the regions of ras with which 

GTPase-activating proteins bind. Point mutations in the putative effector region of ras 

(residues 32-40) have been shown to make the mutant ras protein insensitive to pl20GAP 

(Adari etal, 1988; Calés eta l, 1988). These mutants are also biologically inactive in that 

they can not transform NIH 3T3 cells or complement RAS mutations in yeast (Adari et a l, 

1988; Calés et a l, 1988). This suggests that the effector region of ras is also the region 

through which pl20GAP binds, and that pl20GAP may be an effector of ras and not just 

a down-regulator. Later studies also examined the binding of neurofibromin to ras. The 

GAP-related domain of neurofibromin was unable to stimulate the GTPase of ras effector 

mutants, and the neurofibromin GAP-related domain bound more weakly to these mutants 

than to wild-type ras (Marshall and Hettich, 1993).

pl20GAP possesses two SH2 domains and an SH3 domain which are known to be involved 

in protein-protein interactions suggesting that it may do more than merely catalyse the 

hydrolysis of the ras. GTPase. A role for the ras.pl 20GAP complex has been found in atrial 

potassium channels, where the complex can block agonist-induced channel currents (Yatani 

etal, 1990). Neither ras nor pl20GAP alone can inhibit the current, as was observed by 

blocking endogenous ras or pl20GAP with antibodies, when the inhibition of the channel 

current upon addition of pl20GAP or ras respectively, was not observed. The channel is 

activated upon agonist (acetylcholine) binding to its receptor, which is coupled to a 

heterotrimeric G-protein, Ĝ , which controls the channel, activating it when bound to GTP 

and being deactivated as the GTP is hydrolysed. Using GTPyS-bound ras prevents 

ras.pl20GAP from blocking the channel implying that ras.pl20GAP functions upstream of 

Gk and while the channel is constitutively activated it cannot be blocked. It seems likely 

that ras.pl20GAP blocks the coupling of the receptor to the Ĝ  protein. In this system 

pl20GAP has a function aside fi’om down-regulating the ras.pl20GAP. pl20GAP is also 

seen to act as an effector for ras in Xenopus oocytes where the injection of peptides 

corresponding to 275-351 (the SH3 domain) and 317-326 of pl20GAP blocked Lysl2-H- 

ras-induced germinal vesicle breakdown, suggesting that the SH3 domain of pl20GAP is 

essential for ras-GAP-mediated signalling (Duchesne et a l, 1993).

Neurofibromin behaves like the yeast IRA proteins in malignant Schwannomas in patients 

with type 1 neurofibromatosis. Cell lines fi*om these tumours had low levels of
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neurofibromin and normal levels of normal, not oncogenic, ras and GAP. The ras had 

elevated levels of GTP bound to it in vivo, and cell-extracts from lines expressing little or 

no neurofibromin had a lower level of GAP-like activity. Therefore in these tumours NF-l 

is behaving as a tumour suppressor gene, as it is the loss of the function of the protein in 

down-regulating ras that leads to tumour formation (DeClue et a l, 1992).

Cell culture studies have also shown that neurofibromin can function as a tumour 

suppressor, ^ c e  the number of colonies are lower when cells are transfected with a plasmid 

containing an NFl cDNA than when cells are transfected with a vector alone, plus the 

colonies are smaller and they grew more slowly than a line expressing only the 

vector( Johnson et a l, 1994). In the absence of the antibiotic selection for the expression 

of neurofibromin, the levels of neurofibromin are reduced and the growth of the line 

increases. Therefore the overexpression of neurofibromin inhibits cell growth. But, 

transformation by v-ras (which is resistant to acceleration of its GTPase) is also inhibited 

by neurofibromin while transformation by v-raf is not, implying that neurofibromin is not 

functioning through the acceleration of the GTPase of ras (Johnson et a l, 1994). As 

neurofibromin binds to the effector region of ras, and in activated ras the GTP is not 

hydrolysed to GDP neurofibromin probably forms a stable complex with ras thus preventing 

raf (an effector of ras - discussed in section 1.6) from interacting with ras.

In cells where the level of GAP is normal but the level of neurofibromin is low or absent, 

and the GAP - activity is low, then neurofibromin is the dominant regulator, and vice versa. 

This implies that GAP and neurofibromin function in different cells rather than in 

conjunction with one another. Bollag and McCormick (1991) studied the effect of lipids 

on pl20GAP and neurofibromin activities. They found that the two GTPase-activating 

proteins were differentially regulated by lipids, in that low concentrations of lipids inhibited 

neurofibromin activity but not that of pl20GAP. They also saw that this inhibition of 

neurofibromin activity was not competitive in that lipid-inactivated neurofibromin can still 

bind to ras. Lipid inhibition of GTPase-activating proteins was studied in greater detail by 

Sermon etal. (1996). They looked at GTPase activity under multiple turnover conditions 

and they looked at the binding of GTPase-activating proteins to ras both by using a 

fluorescent probe (DPH-carboxylic acid that is an analogue of arachidonic acid) and by 

measuring binding in a scintillation proximity assay. They found no differential inhibition
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of pl20GAP and neurofibromin by arachidonic acid, in contrast to the results of Bollag and 

McCormick (1991). Also the inhibition by arachidonic acid included a major component 

that is competitive with ras.GTP (Sermon et a l, 1996). They concluded that lipids do not 

activate ras by inhibiting GTPase-acdvating, an also that lipid-inactivated GAPs do not bind 

to ras and therefore, cannot be propagating a signal via lipids in such a way.

There are several lines of evidence to suggest that neurofibromin and pl20GAP function 

in specific signalling systems. Neurofibromin and pl20GAP are seen to act differently in 

B lymphocytes upon crosslinking of surface immunoglobulin in response to ligand binding, 

as the distribution of neurofibromin is altered while the distribution of pl20GAP is not 

affected. Before ligand binding, neurofibromin is uniformly distributed along the cell 

periphery and also throughout the cytoplasm, while ligand binding leads to the accumulation 

of neurofibromin under the grouped surface immunoglobulin. This suggests that 

neurofibromin has a role in B cells and that pl20GAP does not (Boyer et a l, 1993). The 

redistribution of neurofibromin occurs without redistribution of ras and the function of 

neurofibromin here may be independent of it's ability to act as a ras regulator.

Full-length neurofibromin and pl20GAP purified fi*om rat brain extracts behave differently 

with respect to binding to ras.GMPPNP. If ras.GMPPNP is immobilised and incubated 

with rat brain extracts, a stable complex is seen between ras.GMPPNP and neurofibromin 

but there is no detectable ras. GMPPNP-GAP complex, suggesting that the dissociation of 

neurofibromin and ras may be tightly coupled to ras.GTP hydrolysis, while the dissociation 

of ras and pl20GAP does not appear to be dependent on hydrolysis of the ras-bound 

nucleotide (DiBattiste etal., 1993).

In human fibroblasts the transition from growth phase to the arrested state is accompanied 

by a decrease in the amount of pI20GAP while the level of neurofibromin remains constant. 

Correspondingly, pl20GAP contributes more to the total rasGAP activity in growing cells 

than in arrested cells, while neurofibromin contributes only a small proportion of the total 

rasGAP activity in either state. As neurofibromin and pl20GAP together did not account 

for the whole rasGAP activity in these cells this suggest that a novel rasGAP exists 

(Kobayashi et a l, 1993). Full-length neurofibromin co-purifies with tubulin when 

expressed in insect cells, and tubulin inhibits the GAP activity of neurofibromin, and may
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therefore serve to sequester neurofibromin preventing it fi’om interacting with ras (Bollag 

et a l, 1993). Therefore the tubulin-neurofibromin interaction may be important in ras 

signalling.

Each member of the ras superfamily has it's own regulators but there are also cross 

reactions between certain proteins and other regulatory proteins. R-ras is 55% identical to 

ras and interacts with pl20GAP, neurofibromin and raf and induces the expression of c-fos 

when injected into Swiss 3T3 cells, but R-ras does not induce maturation of Xenopus 

oocytes or differentiation of PCI 2 cells, it also does not interfere with ras-stimulated gene 

transcription (Rey et al, 1994). Therefore although R-ras and ras share some biochemical 

properties they control different processes. Another example of ras regulators interacting 

with other ras femily members is seen with p 120GAP with rap (Freeh et a l , 1990). Rap 1A 

is 53% identical to K-ras and is identical in the region which interacts with pl20GAP. 

pl20GAP binds preferentially to the GTP form of raplA, while the GDP form of raplA 

does not inhibit GAP-mediated ras GTPase even at high concentrations. Although rap.GTP 

binds to pl20GAP it's GTPase is not accelerated.

A novel rasGAP has recently been purified fi'om both the cytosolic and particulate fractions 

of rat brain (Maekawa et a l, 1993). It is ~ lOOkDa and activates the hydrolysis of normal 

but not mutant ras proteins. Once this was cloned it was shown to encode a protein of 847 

amino acids with a calculated molecular weight of 96,369 Da (Maekawa et a l, 1994). It 

has more homology towards the Gapl gene of Drosophila melanogaster than to pl20GAP 

or nairofibromin, therefore leading to the designation of the gene as Gapl™ (the mammalian 

homologue of the Drosophila Gapl gene).

1,5; Guanine Nucleotide Exchange Factors (GEFs)

Various ras nucleotide exchange factors have been found which promote the release of 

GDP fi-om ras.GDP. The first exchange factor to be found was an exchange factor for yeast 

ras called CDC25. The ISOkDa protein product of this gene promotes nucleotide exchange 

of ras both in vitro and in vivo and is present in both the soluble and membrane fractions 

of extracts (in ~ equal amounts). Extracts fi'om cells expressing high levels of this protein 

stimulate both the removal of GDP and the resulting binding of GTP to ras, and the same 

results were obtained with a fi'agment of cdc25 expressed as a p-galactosidase fusion
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protein (Jones et a l, 1991).

A mammalian homologue of CDC25 was obtained by complementation of a CDC25- 

defective yeast strain with a mammalian cDNA expression library to yield a cDNA 

designated CDC25'*“ It complemented point mutations and deletions/disruptions of the 

CDC25 gene. The protein product of the CDC25^ gene is 34% identical to the catalytic 

C-terminal part of the CDC25 protein (Martegani et a l, 1992). Mammalian homologues 

were also found using the technique of polymerase chain reaction (PCR) using primers to 

conserved regions of yeast CDC25 sequences (Shou et a l, 1992). This method produced 

a MOkDa protein designated GRF. However these are mainly expressed in the brain and 

as ras is ubiquitously expressed there must be other rasGEFs.

Two mammalian homologues of a Drosophila melanogaster exchange factor called son ûf 

sevenless (Sos) have also been discovered, sosl and sos2 (Bowtell et a l, 1992). The 

catalytic domain of sosl can complement the loss of CDC25 function in yeast and can 

promote ras nucleotide exchange in vitro (Liu et a l, 1993). Sos protein is expressed in 

most tissues unlike O tF and CDC25^, and possesses proline-rich regions that are involved 

in protein-protein interactions (through binding to SH3 domains) which are absent in GRF 

and CDC25^‘“ proteins.

A third type of exchange factor has also been discovered as a protein that binds the SH3 

domain of an adaptor molecule, Crk, which is called £rk SHI binding GEF, C3G, the C- 

terminus of which has homology to the ras nucleotide exchange factors. The GEF-like 

region complements CDC25 mutants of Saccharomyces cerevisiae, although exchange 

activity has not yet been demonstrated (Tanaka, S. et al, 1994). Like Sos, the C3G mRNA 

is ubiquitously expressed, and while the cDNA encodes a protein of 121 kDa antibodies to 

the protein recognise a protein of 130-140 kDa. Crk, like Grb2, consists of an SH2 domain 

and two SH3 domains. C3G has four proHne-rich sequences through which to bind to SH3 

domains and C3G appears to bind preferentially to the N-terminal SH3 domain of Crk and 

not to any other SH3 domain-containing proteins (Knudsen et a l, 1994).

The mRNA of a further exchange factor, vav, is only expressed in haematopoietic cells 

(Adams et a l, 1992). T cell activation leads to the activation of ras (increased levels of
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GTP-ras compared to GDP-ras), and T cell extracts contain exchange activity (Downward 

et a l, 1990). Vav immunoprecipitates from unstimulated cells had ras exchange activity 

comparable to that of whole cell lysates, and vav-depleted lysates had a low exchange 

activity (one-fifth of that of undepleted lysates). Vav activity corresponded to tyrosine 

phosphorylation of vav, and as vav contains an SH2 domain this could provide a link 

between antigen receptor-activated protein tyrosine kinases and ras-related proteins. 

Therefore vav is indeed another exchange factor for ras (Gulbins et ah, 1993).

1.6; Signal Transduction

Ras is involved in signal transduction via growth factor-induced tyrosine kinase receptor 

activation. In the case of the platelet-derived growth factor (PDGF) and epidermal growth 

factor (EGF) receptors, growth factor binding to it's receptor causes dimérisation and 

autophosphorylation of the receptor, thus producing a high affinity binding site for SH2 

domain-containing proteins. Grb2 (which contains an SH2 domain flanked by two SH3 

domains) is an adaptor protein which binds to the proline-rich C-terminus of a ras 

nucleotide exchange factor called Sos via it's SH3 domains (Egan et a l, 1993; Rozakis- 

Adcock etal., 1993), and to the autophosphorylated receptor either via it's SH2 domain 

(Lowenstein et a l, 1992), or via another adaptor protein called She. Although the 

phosphorylated human EGF receptor can bind to Grb2, at phosphorylated tyrosine residues 

1068 and 1086, or to She, at phosphorylated tyrosine 1148, (Okutani et al., 1994), Grb2 

is associated with She after EGF stimulation rather than being associated directly with the 

receptor (Sasaoka 1994). With the human PDGF receptor Grb2 binds directly to the 

activated receptor at tyrosine 716 (Arvidsson et a l, 1994). As the association of Sos with 

activated receptors does not alter the activity of Sos towards ras, this suggests that the 

interaction of Grb2/Sos with the receptor serves to cause the relocation of the exchange 

factor to the membrane thus bringing Sos into close proximity to ras (Buday and 

Downward, 1993) (figure 1.4). In fact it was later seen that targeting Sos to the membrane 

with the membrane localisation signals of v-Src or of H-ras results in the activation of ras 

without requiring growth factor simulation of cells, and transfection of cells with the 

membrane-targeted Sos results in transformation of cells but not to the same extent as 

transfection by Leu61 H-ras (Aronheim et a l, 1994). Therefore it does appear that 

targeting of Sos to the membrane is sufficient for the activation of the ras signalling 

pathway in mammalian cells.
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Figure 1.4 : Activation of the Exchange Factor. Sos. thus Leading to the Activation 

of Ras

Upon ligand activation of a tyrosine kinase receptor (whereby the receptor becomes 

autophosphorylated), GRB2 binds to SOS via it's SH3 domains, and then binds to the 

activated tyrosine kinase receptor (to a phosphorylated residue), via it's SH2 domain, thus 

bringing the exchange factor to the membrane, where it comes into close proximity to ras.
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The coupling of the insulin receptor to the ras signalling pathway is slightly different. Here 

only the insulin receptor substrate (IRS-1) can bind directly to the activated receptor, so 

Gib2 binds through it's SH2 domain to phosphotyrosines on either the IRS-1 or to the SH2 

domain containing protein. She - in response to ligand-activation of the receptor (Skolnik 

etal, 1993b). IRS-1 has over 20 potential phosphorylation sites which implies that many 

different signals can be activated following insulin stimulation of cells. Using tryptic 

peptides of phosphorylated IRS-1 it was seen that Grb2 binds to tyrosine 895 which is part 

of a YNVI motif (Sun et a l, 1993). However in A14 cells Sos is seen to associate with 

tyrosine phosphorylated She after insulin treatment but is not seen to associate with IRS-1 

implying that another factor exists through which Shc-Grb2-Sos interact with the insulin 

receptor (Pronk et al., 1994). Further evidence of an 1RS-1-independent activation of ras 

was seen using mutant insulin receptors with mutated tyrosine residues. AY1158, Y ll 62F 

and Y1163F receptor showed insulin-induced tyrosine phosphorylation of She, Shc-Grb2 

complex formation and ras. GTP formation, while tyrosine phosphorylation of 1RS-1 was 

strongly decreased and there was no detectable IRS-1-Grb2. While a Y1158F, Y1162, 

Y1163 receptor shows insulin-induced tyrosine phosphorylation of 1RS-1 and She and the 

subsequent formation of IRS-1-Grb2 and Shc-Grb2 formation and an increase in ras.GTP. 

The receptors Y1158F, Y1162F, Y1163 and Y1158F, Y1162F, Y1163F were unable to 

induce any phosphorylation. Therefore the Y1158, Y1162F, Y1163F receptor generates 

ras. GTP via a Shc-Grb2 pathway rather than one involving IRS-1-Grb2 interaction 

(Ouwens et a l,  1994). Sos binds to Grb2 (as with the PDGF and EGF receptors), and 

together they link the insulin receptor the ras signalling pathway (Baltensperger et a l , 1993; 

Skolnik et a l, 1993a). IRS-1 and She compete for Grb2 and expressing IRS-1 leads to 

increased IRS-1-GRB2 with a concomitant decrease in the level of Shc-Grb2 and vice versa 

(Yamauchi and Pessin, 1994).

Once activated by Sos, ras can interact with raf (a serine/threonine kinase), as seen by ras 

and raf co-immunoprecipitating from ligand-stimulated cells (Hallberg et a l, 1994). Ras 

binds to the N-terminal regulatory domain of raf and this interaction inhibits GAP activity 

(Zhang et a l, 1993). The region of raf necessary to interact with ras has been mapped to 

a 78 (Scheffler et a l, 1994) or 81 residue (Fridman et a l, 1994) region. However this 

interaction is not sufiBcient to activate raf, perhaps another factor is needed to activate raf 

once it is bound to ras, or perhaps the interaction with ras leads to the translocation of raf
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to bring it close to its substrate (as with the binding of the Grb2-Sos complex to the 

activated receptor). If raf is targeted to the plasma membrane by addition of the C-terminal 

localisation signal of K-ras then its activation is independent of ras, so it is neither 

potentiated by oncogenic ras or destroyed by dominant negative ras (Leevers et a l, 1994; 

Stokoe et a l, 1994). MAPKK is constitutively active in v-raf-transformed cells and 

partially purified raf can activate (phosphorylating serine and threonine residues) 

phosphatase-inactivated MAPKK which suggests that MAPKK is immediately downstream 

of raf (Kyriakis et a l,  1992; Dent et a l, 1992; Howe et a l, 1992). MAPKK is a 

threonine/tyrosine kinase and phosphorylates MAP Kinase on the same residues in vitro as 

are phosphorylated in vivo, primarily on a tyrosine and also on a threonine residue, in 

response to growth fector or phorbol ester-stimulation of cells suggesting that MAP Kinase 

is downstream of MAPKK (Nakielny et al, 1992; Crews and Erikson, 1992). MAP Kinase 

is then translocated into the nucleus where it activates the c-jurt component of the AP-1 

transcription factor 6mily via the phosphorylation of two serine residues within the A1 

transactivation domain of (Pulverer etal, 1991) (figure 1.5). Therefore this pathway leads 

to the activation of gene expression.

In adchtion to raf active ras can also interact (via its effector region) with GTPase-activating 

proteins and with phosphatidylinositol-3-OH kinase (P13 kinase). P13 kinase consists of 

two sub-units - an 85 kD regulatory subunit and a 110 kD catalytic sub-unit. P13 kinase 

binds to activated growth factor receptors via its regulatory sub-unit the p85 sub-unit. With 

respect to the human PDGF receptor, P13 kinase binds to two phosphotyrosine residues at 

740 and 751 present in the kinase insert region (Kazlauskas et a l, 1992). The regulatory 

sub-unit has two SH2 domains separated by a region called the inter-SH2 region, and an 

SH3 domain through which it can bind to other proteins. p85 binds to pi 10 via the inter- 

SH2 region of p85 (Dhand et a l, 1994). The fact that P13 kinase co-immunoprecipitates 

with ras suggested that P13 kinase was either an effector or a regulator of ras (Sjolander and 

Lapetina, 1992). P13 kinase phosphorylates phosphoinositides at the 3' position. In vitro 

studies have shown that PB kinase associates preferentially with the GTP form of ras rather 

than the GDP form. Vail2 ras also binds to P13 kinase while effector mutants are unable 

to bind PB kinase. In vitro studies also demonstrated that ras interacts with the pi 10 sub

unit of PB kinase. In vivo, expression of the dominant negative ras mutant (Asn 17 ras) 

inhibits the growth factor induced production of 3' phosphorylated phosphoinositides, while
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Figutg. SignaLTraPsdwctjlon with Ras

Upon ligand binding to a tyrosine kinase, transmembrane, receptor, a GRB2/S0S complex 

binds to the phosphorylated receptor thus bringing the exchange factor to the membrane, 

where it accelerates the exchange of GTP for GDP on ras. The active ras then binds to raf 

(a MAP kinase kinase kinase), resulting in raf activation. Raf activates MAP kinase kinase 

which in turn activates MAP kinase, and MAP kinase becomes translocated to the nucleus 

where it induces the expression of various transcription factors (for example, fos and jun).
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expressing ras and PI3 kinase together results in a large increase in the level of 3’ 

phosphorylated phosphoinositides (more than seen when expressing either ras or PI3 kinase 

alone). Expressing raf does not lead to increased levels of 3' phosphorylated 

phosphoinositides (Rodriguez-Viciana et a l, 1994). Together this data implies that ras 

activates PI3 kinase and this could be a divergent pathway from ras, away from the MAP 

kinase cascade. Ras is not the only molecule to activate PI3 kinase as PI3 kinase binds to 

both IRSl and directly to the insulin receptor in response to insulin-stimulation of cells 

(Levy-Toledano e/ûr/., 1994).

1.7; The Kinetic Mechanism of Hydrolysis of GTP by p21™

A basal mechanism for the kinetics of GTP hydrolysis by ras was proposed by Neal et a l 

(1988):

1 2  3 4
ras + GTP ^  ras.GTP ^  ras.GDP.Pj ^  ras.GDP ^  ras + GDP

The rate constants for each step (k^ for each forward rate constant, and k  ̂for each reverse 

rate constant) were determined by Neal et al (1988). For wild-type N-ras the GTP on rate 

was found to be 1.4 x 10* M'  ̂s*̂ and the GTP off-rate was 1.0 x lo*̂  s'\ The hydrolysis 

rate (step 2) was 3.4 x lo*̂  s'% and the GDP dissociation rate (step 4) was 4.2 x 10“* s'\ 

Therefore GDP dissociation and GTP hydrolysis are both very slow in the absence of any 

activating fectors. These values were also determined for the mutant ras protein Aspl2N- 

ras and demonstrated that both the GDP dissociation rate and the hydrolysis rate are less 

than half that of the wild-type protein.

Fluorescent guanine nucleotide analogues can be used to study the mechanism of changes 

around the ras nucleotide binding site. Attaching fluorophores to the hydroxyl groups of 

the ribose ring of nucleotides does not affect the binding of the nucleotide analogue to the 

protein as the hydroxyl groups project away from the protein (figure 1.6). Scheidig et a l 

(1995) have obtained the structure of ras.mantdGMPPNP, which demonstrates that the 

fluorescent group does indeed project away from the bulk of the protein. Using 2’(3')-0- 

(A^-Methyl)anthraniloylguanosine 5-triphosphate (mantGTP) and mantGDP (fluorescent 

analogues of GTP and GDP), the rate constants were seen to agree within a factor of two 

of the rate constants obtained using the physiological nucleotides (Neal et a l, 1990). This
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Figure 1.6: Structure of Ras.GDP

The structure of p21ras, as determined by the crystallography studies of Pai et al. (1989,

1990) and Milbum et al. (1990), is shown complexed to GDP. The hydroxyl groups of the 

ribose of the GDP molecule are shown to extend away from the protein molecule, thus 

providing a convenient site for linking a fluorophore to the nucleotide.
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allowed the mechanism to be studied by monitoring the fluorescence changes occurring 

within the active site of the ras protein. Monitoring the change in fluorescence of a solution 

of ras.mantGTP, it was seen that the intensity of the fluorescence decreases by ten percent 

with a rate constant of~ 3.0 x 10"* s'* which was the same as the rate constant observed for 

the cleavage of mantGTP or GTP. Using a fluorescent non-hydrolysable analogue of GTP, 

mantGMPPNP, a two-phase decrease in fluorescence was seen to occur with the second- 

phase having a similar rate (but with a smaller amplitude) to the second-phase that occurs 

with mantGTP (Moore et a/., 1993). As this analogue is not hydrolysed, this decrease in 

fluorescence suggests that there is a step occurring prior to (and controlling) the cleavage 

step, probably an isomérisation of the ras protein. Therefore, if this was so, step 2 in the 

initial mechanism becomes:

2a 2b
ras.mantGTP ^  ras.mantGTP* ^  ras.mantGDP.Pj

with step 2a representing the proposed isomérisation step.

The effect of a GTPase-activating protein on this mechanism was proposed to accelerate 

the isomérisation step, as pl20GAP was seen to accelerate the fluorescent change seen with 

mantGMPPNP, although it was at a threefold lower level than the acceleration of the 

fluorescence change that occurs with mantGTP (Moore et a l, 1993). Antonny et al. 

(1991) saw a fluorescœce change with ras.GTPyS (a GTP analogue with a decreased rate 

of GTP hydrolysis relative to GTP) with similar kinetics to the intrinsic GTPase, by 

monitoring the tryptophan fluorescence of ras proteins with tryptophan residues engineered 

in, but they saw no significant acceleration of this change upon the addition of GAP. 

However, th ^  did see a change in the amplitude of the change but the nucleotide status of 

the complex was not investigated. They took this to mean that the intrinsic GTPase 

mechanism of ras included a conformational change, but that the involvement of GAP 

meant that this step was ignored. Rensland et a/. (1991) saw a slow fluorescence change 

with ras. mantGTP Y S, which was accelerated by GAP, but they thought that this 

fluorescence change corresponded to the hydrolysis of mantGTPyS. Using

ras.mantGMPPNP however, they saw a fast fluorescent change that was not accelerated 

by GAP, and so do not believe that a conformational change occurs. Moore et al. (1993) 

studied the fluorescence changes observed with ras complexed to mantGTP and
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mantGMPPNP in more detail, and saw a biphasic decrease in fluorescence upon the 

incubation (at 30°C) of ras.mantGTP. An initial 4.8% decrease occurred with a rate 

constant of 3.3 x 10*̂  s'̂  followed by a 7.9% decrease with a rate constant of 2.1 x lO"̂  s'\ 

A biphasic decrease was also seen upon the incubation of ras.mantGMPPNP with a 4.3% 

fluorescence decrease with a rate constant of 2.9 x 10'̂  s'̂  followed by a 3.9% decrease 

with a rate constant of 1.9 x lO"̂  s'̂  (Moore et a l, 1993). Therefore the rate constants of 

the biphasic fluorescence decrease were approximately the same for both ras.mantGTP and 

ras.mantGMPPNP, although the amplitudes of the fluorescence decrease were lower with 

ras.mantGMPPNP. GAP had no effect on the fast phase of the decrease (the first phase), 

but accelerated the slow phase for both ras.mantGTP and ras.mantGMP. The rate constant 

of the slow phase was accelerated in the presence of pl20GAP and the rate constant of this 

process increased linearly with increasing pl20GAP concentration. The rate constants 

observed with ras.mantGMPPNP in the presence of pl20GAP are approximately three-fold 

lower than the corresponding rate constants observed with ras.mantGTP (Moore et a l,

1993). Monitoring the nucleotide status of the mant.GMP PNP showed that no hydrolysis 

of the analogue occurred throughout the time spent monitoring the fluorescence. Rensland 

et a/. (1991) did not monitor the fluorescence of ras.mantGMP PNP long enough to see the 

slow phase of the decrease, they only saw the fast phase.

The schemes described so far assume that the proteins involved exist in solution as 

monomers. However, there is some evidence to suggest that ras exist as a homooligomer. 

Radiation inactivation studies of ras both purified and in membranes have shown that ras 

has a target size of around 49-72 kDa which, as it has a monomer molecular weight of 21 

kDa, suggests that it exists as oligomers both in membranes and in solution (Santos et a l,

1988). Full-length H-ras elutes on gel filtration chromatography at a volume consistent 

with it having a molecular weight of 25,000 Da, while truncated H-ras (residues 1-166) 

elutes at a volume consistent with it having a molecular weight of 18,500 Da (John et a l,

1989). The monomer molecular weights of the full-length and truncated proteins are 

21,000 Da and 18,500 Da respectively indicating that the truncated protein is monomeric 

but the full-length protein is probably forming oligomers. Hazlett et a l (1993) used time 

resolved fluorescence anisotropy to measure rotational correlation times of all three ras 

proteins, complexed to fluorescent guanine nucleotide analogues (including N- 

methyianthraniloyl, fluorescein and aminocoumarin derivatives). In all cases the rotational
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correlation times were longer than expected for a spherical monomeric protein of 21,000 

Da, which suggested that the proteins were either homodimers or that they had an 

asymmetric structure. Crystal structure studies of ras protein have shown that the protein 

is globular (Pai et cd., 1989, 1990; Milbum et al, 1990, although there is the possibility that 

the crystals promote the packing of the protein molecules into a globular shape. The NMR 

structure of ras (solution structure) also shows that ras is globular (Kraulis et a l, 1994). 

It therefore seems unlikely that ras has an asymmetric shape.

Other small guanine nucleotide binding proteins have been shown to exist as homo

oligomers in solution. Sucrose density gradient ultracentrifugation has shown that post- 

translationally modified rhoB, k-ras, rhoA and rap IB all have molecular weights consistent 

with them being oligomeric (Ueda et a l, 1990; Mizuno et a l, 1991; Kawamura et a l,

1991). Gel filtration chromatography and sucrose density gradient centrifugation have also 

shown that modified rab3A also exists in an oligomerised form (Araki et a l, 1990). 

However, unmodified K-ras and rhoA were shown by sucrose gradient density 

ultracentrifugation to have molecular weights of 21,000 Da (their monomer molecular 

weight) (Nfizuno et al, 1991). Therefore, these proteins could be aggregating through the 

lipid modifications.

Another member of the ras superfamily of proteins, ADP-ribosylation factor-1 (ARF-1), has 

been shown to form dimers in crystal structures, although light scattering studies showed 

it to be monomeric in solution (Greasl^ et al, 1995). In the crystal structure it was shown 

to dimerise through a region analogous to the effector region of ras.

1.8: Aim; of Jhls Project
The general aim of this study was to elucidate the kinetic mechanism of the interaction of 

ras with the GTPase-activating protein, neurofibromin. Due to the controversy concerning 

the putative isomérisation step occurring prior to, and controlling, hydrolysis of the ras- 

bound nucleotide as proposed by Moore et a l (1993), it was necessary to investigate this 

proposed process. The fluorescent GTP analogue, mantGMPPNP does not hydrolyse 

unlike mantGTPyS which merely has a reduced rate of hydrolysis compared to mantGTP. 

Therefore, by using mantGTPyS complexed to ras, both the fluorescence change associated 

with the complex, and the cleavage of the mantGTPyS, can be monitored. If the
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fluorescence change observed with both ras.mantGTP and ras.mantGMPNP upon 

incubation o f the complexes at 30°C is indeed representative of an isomérisation step 

preceding cleavage of the nucleotide, then the rate constant of the fluorescence change 

would be expected to be the same with whatever nucleotide was complexed to the ras 

protein. Also neurofibromin would be expected to increase the rate constant of the 

fluorescence change since pl20GAP accelerates the rate constant of the fluorescence 

change observed with the non-hydrolysable GTP analogue, ras.mantGMPPNP (Moore et 

a l,  1993). The effect of neurofibromin on the rate constant of the fluorescence change 

observed with ras.mantGMPPNP was also re-investigated.

It was important to determine the oligomeric state of the proteins used in this study - ras, 

neurofibromin and neurofibromin.GST. This was achieved using analytical gel filtration 

initially. Analytical gel filtration will give higher apparent molecular weights than real if 

either the protein is oligomeric or if the protein has an extended, non-globular, structure. 

Analytical ultracentrifiigation, however, gives a molecular weight of the species independent 

of the shape o f the molecule, and this technique later became available and was used to 

confirm the oligomeric states of ras, neurofibromin and the neurofibromin. GST fusion 

protein.

One part o f this work concentrated on the detailed examination of the binding of 

neurofibromin to ras.mantGTP. Eccleston et a l (1993) saw an initial increase of 

fluorescence followed by a slower decrease when they followed the change in fluorescence 

with time after mixing ras.mantGTP with neurofibromin-334 under single-turnover 

conditions in a stopped-flow fluorimeter. The decrease in fluorescence was seen in a similar 

experiment with GAP-334, but with GAP-334 the initial, fast, increase was too fast to be 

seen. With neurofibromin the increase was thought to correspond to the binding of 

ras.mantGTP to neurofibomin-334, and the decrease in fluorescence was thought to 

represent the hydrolysis of the mantGTP to mantGDP on ras. It was difficult to study the 

fast phase with the optics available at the time but during this study better optics became 

available. This process could then be examined to see if it was second-order and to 

calculate an association rate constant for the interaction. An unusual effect of NaCl on the 

rate constant of the fluorescence decrease has also been observed (Eccleston et a l, 1993). 

The rate constant of the fluorescence decrease obtained upon mixing ras.mantGTP with
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excess neurofibromin with diflferent concentrations of NaCl present in the reaction mixture 

was seen to give a bell-shaped curve with respect to NaCl concentration. The rate constant 

of the fluorescence decrease was approximately 10 s*̂ in the absence of NaCl increasing to 

20 s'̂  in the presence of lOOmM NaCl and the decreasing again to 3 s*̂ in the presence of 

200mM NaCl. It was thought that increasing ionic strength increased both the Kp of the 

interaction of ras mantGTP with neurofibromin and the rate constant of the cleavage step. 

It was therefore important to study the fest phase of the fluorescence change seen upon the 

mixing of ras.mantGTP with excess neurofibromin, to calculate the rate constants of the 

binding step (i.e., the association and dissociation rate constants), and to look at the effect 

of ionic strength on these rate constants.

In order to study the binding of neurofibromin to ras, a mutant ras protein was used initially 

in order to simplify the interaction. \^fith Leu6Iras.mantGTP there is a lower rate constant 

of hydrolysis (1.0 x 10'  ̂ s‘*) compared to wild-type ras.mantGTP (2.0 x 10"̂  s"̂ ) 

(Brownbridge etcd.^ 1993; Neal et al, 1990). Neurofibromin only activates this hydrolysis 

rate constant by a factor of six.(Bollag et al, 1993). Therefore the hydrolysis of the 

mantGTP bound to Leu61ras is negligible during the time course of the fast phase. 

Acrylamide quenching of fluorescence was also used to examine the interaction of 

neurofibromin with Leu61 ras.mantGTP. The crystal structure (figure 1.6) has shown that 

the effector region of ras surrounds the nucleotide-binding site, and neurofibromin has been 

shown to interact with ras through this region (Marshall and Hettich, 1993). It might be 

expected, therefore, that the binding of neurofibromin to Leu61 ras.mantGTP has the effect 

of masking the fluorescent nucleotide fi’om the solution.

The catalytic domain of neurofibromin is expressed as a fusion protein with glutathione S- 

transferase (GST), and is cleaved with thrombin to yield neurofibromin protein. It can 

alternatively be purified as a fusion protein in order to examine any differences in the 

kinetics of the interaction with the mutant and wild-type ras proteins compared with using 

neurofibromin. This is important to determine as a lot of studies involved in elucidating 

signal transduction pathways used GST-fusion proteins instead of cleaving off the GST 

portion to leave the desired proteins. For example, GST-Grb2 fusion proteins have been 

used to purify phosphotyrosine proteins fi'om T cell lysates by precipitation (Reif et a i,

1994). Grb2-GST fiiaons have been shown to bind to activated PDGF and EGF receptors
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in cell lysates from cells pre-treated with PDGF or EOF respectively (Lowenstein et al.,

1992). Micro-injection of Grb2-GST into quiescent cells along wth H-ras led to a 

stimulation of DNA synthesis while injecting either of them alone had no effect on DNA 

synthesis (Lowenstein et a l, 1992). Expressing different domains of Grb2 as GST-fusion 

proteins, and incubating them with lysates from growth-factor activated cells demonstrated 

that it is the SH2 domain of Grb2 that binds to activated tyrosine kinase receptors 

(Lowenstein e/a/., 1992).

The final step in the mechanism examined was the cleavage of the ras-bound nucleotide. 

So frr only the intrinsic rate constant of cleavage of the nucleotide has been measured (Neal 

et a l,  1988) and the steady-state turnover rate constant, using catalytic amounts of 

GTPase-activating proteins, by measuring phosphate release (Webb and Hunter, 1992). 

More recently, pho^hate release has also been measured under single-turnover conditions 

using a phosphate binding protein labelled with a fluorescent probe (Nixon et a l, 1995). 

Using the technique of quenched-flow, whereby the cleavage process is stopped at different 

times, then the cleavage reaction can be monitored directly by monitoring the increase in 

mantGDP with time.

r S 3 -



Chapter 2: Materials and Methods 

2.1; Protein Expression and Purification

This study used two proteins, p21N-ras and the catalytic domain of the GTPase-activating 

protein neurofibromin. Ras is expressed, untagged, in E.coli, while the neurofibromin 

fiagment is expressed as a fusion protein with glutathione-S-transferase in E.coli, which is 

then cleaved with thrombin.

2.1.1: Expression and Purification of N-Ras

Full length p 2 1 ^  was expressed in Kco// under the control of the trp promoter (Hall and 

Self, 1986). Initially L-agar (0.7% (w/v) agar in 1% (w/v) bacto-tryptone, 0.5% (w/v) 

bacto-yeast extract and 170mM NaCl) plates containing 50pg ml'  ̂ampicillin were streaked 

with a GC42 clone (containing the N-ras expression vector) and incubated at 37°C 

overnight. The following day, 8 x 500ml L-broth (1% (w/v) bacto-tryptone, 0.5% (w/v) 

bacto-yeast extract and 170mM NaCl) flasks containing 60pg ml'  ̂ ampicillin were 

inoculated with 3-4 single colonies from the agar plates, and incubated, shaking, at 37°C 

overnight. These 4 litres of cells were harvested the following day by centrifugation at 

3300g for 20 minutes and the pellet was resuspended in 2 litres of MIX salts containing 

12.8g Na2HPO4.7H20,3g 1*̂ KH^PO ,̂ 0.5g NaCl and Ig 1' NH^Cl. The re-suspended 

cells were centrifuged at 3300g for 20 minutes and the pellet was resuspended in 1 litre of 

MIX salts. This litre of cells was used to inoculate 40 litres of L-broth which was carried 

out by Colin Young (NIMR). The expression of the N-ras gene was induced by the 

addition of 3P-indole acrylic acid, and the cells were harvested by centrifugation at 3300g. 

The purification procedure was carried out at 4°C. A 200g cell pellet was obtained fi’om 

this culture and this was broken in a French press to release the cell contents into 500ml 

bufier consisting of 20mM Tris HCl pH 8 ,20mM NaCl, ImM MgCl2 , lOmMDTT, 0.5mM 

PMSF and 20/iM GDP. The broken cells were then centrifuged at 125,000g for 20 minutes 

and the supanatant was loaded onto an ion-exchange Q-sepharose column (3 cm by 30cm) 

equilibrated in 20mM Tris.HCl pH 7.5, 20mM NaCl, ImM MgCl2 , lOmM DTT at 2 ml 

min' \  The eluent was monitored for absorbance at 280nm. Once the supernatant was 

loaded the column was washed with 20mM Tris.HCl pH 7.5,20mM NaCl, ImM MgCl2 , 

lOmM DTT and 20pM GDP until baseline absorbance was reached. The proteins bound 

to the column were eluted with a 3 litre NaCl gradient, fi’om 20mM to 250mM (in 20mM
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TrisHCl pH 7.5, ImM MgCI^, lOmM DTT, ImM PMSF and 20//M GDP), at 2 ml rmn\ 

The ras-containing fiactions were identified by the use of SDS PAGE (see below) and filter- 

binding assays (see below), as shown in figure 2.1. Fractions 52-80 were pooled and made 

up to 50pM GDP and 5mM DTT and concentrated by ammonium sulphate precipitation 

(43 Og r^). The precipitated solution was centrifuged at 70,400g for 20 minutes, and the 

pellet obtained was re-suspended in 8 ml of 20mM Tris.HCl pH 7.5, 20mM NaCl, ImM 

MgCl2 , lOmM DTT, 0.5mM PMSF and 20//M GDP. This was applied to two G75 gel 

filtration columns in series (each being 2.5cm by 90cm), equilibrated in the same buffer the 

pellet was re-suspended in, at 0.4 ml min'\ As before, the ras-containing fi’actions were 

identified by the use of SDS-PAGE and filter-binding assays (figure 2.2), and fi-actions 51- 

59 were pooled (giving 105 ml) and concentrated under pressure by amicon filtration, to 

a final volume of 2.9 ml. The concentrated protein was fi'ozen and stored, in 200pl 

aliquots, at -80°C.

The Biorad assay, using bovine serum albumin as the standard, gave an estimate of the total 

protein concentration, while the active protein concentration was determined using the mant 

assay, forming a 1:1 complex with mantGTP (see below), separating the bound nucleotide 

from free nucleotide, and measuring the concentration of the mant species (i.e., as in section 

2.3). Yields were typically 40-50mg and greater than 95% pure by SDS-PAGE.

2.1.2: Expression and Purification of Leu61 H-ras

Full-length Leu61, Seri 86 H-ras was expressed in E.coli and purified in the same way as 

the wild-type N-ras was. This was carried out by Dr. Caroline Jackson (NIMR).

2.1.3: Expression and Purification of Neurofibromin

A pGEX2T vector consisting of residues 1195-1528 of fiiU-length neurofibromin 

(comprising the catalytic domain - homologous to the catalytic domain of pl20GAP), linked 

to glutathione transferase (GST), was a gift from Dr P. N. Lowe of the Glaxo-Wellcome 

Foundation. Inducing the expression of the vector (in Kcoli) induces the expression of the 

fusion protein, neurofibromin.GST. The expression and purification was carried out 

essentially as described (Eccleston et al., 1993).
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Figure 2.1; SDS-PAGE of Fractions Off the O-Sepharose Column

The cell lysate from a ras expression was loaded onto a Q-sepharose column (3cm by 30cm) 

and eluted with a NaCl gradient (20mM - 250mM). Lanes 1 and 20 of (A) and (B) show 

molecular weight markers (66, 45, 36, 29, 24, 20 and 14.2 kD). Lanes 2 of (A) and (B) 

show a sample of ras from a previous purification. Lanes 3-19 of (A) and (B) show 

alternate fractions from fraction 40 in lane 3 of (A), to fraction 106 in lane 19 of (B).
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Figure 2.2; SDS-PAGE of Fractions off a G75 Gel Filtration Column

During the purification of ras, ras-containing fi-actions were loaded onto a 075 gel filtration 

column (2 columns in series each of 2.5cm by 90cm). Lanes 1 and 20 show molecular 

weight markers as in figure 2.1. Lanes 2 and 19 show samples of N-ras obtained from a 

previous purification. Lanes 3-18 show alternate fractions obtained from the column from 

fraction 40 (lane 3) to fraction 70 (lane 18).

The arrow indicates the position of the ras protein.
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An overnight starter culture was prepared by inoculating a 35//g/ml ampicillin-containing 

L-broth solution with an Exoli strain containing the NFl - containing pGEX2T vector. On 

the following day, this starter culture was diluted 500 times (1ml into 500ml) into fresh L- 

broth, containing lOÔ ĝ/ml ampicillin. These 500ml cultures (4 litres of total culture) were 

grown, shaking at 37°C, until the absorbance at 600nm was 0 . 8  at which time the 

expression of the fusion protein was induced by the addition of ImM isopropyl P-D- 

thiogalactopyranoside (1ml of 500mM dissolved in double-distilled water and filter- 

sterilised). The cultures were then left shaking overnight (about 16 hours) and harvested 

the following day. A sample of cells was taken immediately prior to induction and frozen, 

and a second sample was taken before induction and left to continue growing overnight 

without induction. A sample of induced cells were taken just before the cells were 

harvested. Samples of uninduced and induced cells were checked for the expression of the 

fusion protein by SDS PAGE (figure 2.3a). The gel shows that there is a band in lane 4 

(containing induced cells), between the 45 and 6 6  kD markers, that is not present in the 

uninduced cells (lanes 2 and 3), demonstrating that the expression of neurofibromin.GST 

had been induced.

All of the purification procedures were carried out at 4°C. The cells were harvested by 

centrifugation at 3300g for 30 minutes and the pellet was re-suspended in 20mM Tris.HCl 

pH 7.5, ImM MgClz, ImM DTT (Buffer A) plus 50mM NaCl and ImM PMSF, although 

if the fusion protein was required rather than the neurofibromin fragment alone, the NaCl 

was not added as this is only required for the later cleavage of the fusion protein. The cells 

were then broken by sonication, using a half-inch probe at 100 Watts, for four thirty second 

bursts (to release the contents of the cells) and subjected to ultracentrifugation ( 1 1 0 ,0 0 0 g 

for 1 hour) to separate the proteins from the cell debris. After centrifiigation the 

supernatant was loaded onto a glutathione agarose (1.5cm by 10cm) column, equilibrated 

in buffer A plus 50mM NaCl (or buffer A alone for the fusion protein), at ~ 0.5 ml min'  ̂

collecting 2 0  min fractions and the eluent was monitored for absorbance at 280nm. Once 

all the supernatant was loaded, buffer A plus 50mM NaCl (or buffer A alone if it was the 

fusion protein that was required) was washed through the column until a baseline 

absorbance was obtained. Samples of the flow through were checked for the presence of 

neurofibromin.GST by SDS PAGE, to ensure that the fusion protein was bound to the 

column and had not just passed straight through it (figure 2.3b). Lanes 7 to 13
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Figure 23
(A): SDS-PAGE Showing the Induction of Ncurofibromin.GST

Lanes 1 and 5 contain the molecular weight markers (6 6 , 45, 36, 24, 20 and 14.2 kD). 

Lane 2  contains uninduced cells which were frozen immediately prior to induction. Lane 

3 contains uninduced cells that were left to continue growing overnight. Lane 4 contains 

induced cells, with the arrow marking the position of neurofibromin. GST between the 45 

and 6 6  kD markers. This band is absent in the uninduced cells.

(B); SDS-PAGE of the Glutathione Agarose Flow-Through

Lanes 1 and 14 contain the molecular weight markers as in (A), and lanes 2,3 and 4 contain 

the same samples as those in lanes 2, 3 and 4 in (A). Lanes 5 and 6  show the total amount 

of protein before and after ultracentrifugation. The dot by lane 6 , and the arrow, mark the 

position of the band containing the fusion protein. Lanes 7 to 13 show consecutive 

fi-actions containing the flow-through obtained after loading the cell lysate onto the column.
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(representing the column flow through) of the gel shows that the band corresponding to the 

fusion protein is not present, and must therefore be bound to the column.

When it was known that the protein was bound to the column, it could either be eluted with 

glutathione to yield the fusion protein, or cleaved (while still on the column) with thrombin 

to yield the neurofibromin fragment. If the cleaved protein was required, the eluent from 

the glutathione column was passed through two columns to remove thrombin from the 

eluent, a p-aminobenzamidine agarose column (1cm by 7cm) followed by an anti-thrombin 

column (0.66cm by 5cm). Buffer A, supplemented with SOmM NaCl plus 2mM CaClj, was 

passed through the three columns to prepare them for the addition of thrombin to the 

columns. The thrombin elution buffer consisted of buffer A supplemented with 50mM NaCl 

and 2mM CaClj plus 2.5)Ug/ml thrombin, to a total volume of 50ml.

Having initially had problems with the cleavage of the protein, with the thrombin not 

cleaving, a thrombin chromophoric assay (a Boehringer Mannheim Chromozym TH assay, 

catalogue number 838 268) was used to assay the activity of the thrombin solution before 

it was used. 1 0 0 / / 1  of the thrombin elution buffer was assayed, monitoring the absorbance 

at 405nm, at 25°C. The Chromozym TH is cleaved by thrombin, producing free 4- 

nitraniline, and the activity of the thrombin solution was determined in units/ml using the 

following calculation:

units/ml = V / (v * € * d) * AA/min

where V = the assay volume (3.2 ml)

V = the sample volume (0 . 1  ml)

G = the extinction coefficient of 4-nitraniline at 405nm (9.75 mmol'  ̂cm'^) 

d = the light path of the cuvette ( 1  cm)

AA/min = the change in absorbance / min

Using the above calculation, my thrombin solutions had typical activity values of 0.5 

units/ml. By the use of this assay it was discovered that thrombin adsorbs to glass, and 

hence activity is lost. Therefore, the thrombin elution buffer was made up in a plastic 

container, to which it did not bind.

The fusion protein was cleaved overnight at ~ 2.5 ml hour"\ and the following day, the
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neurofîbromm-contaimng fractions were identified by SDS PAGE (figure 2.4a). Lanes 6  

to 10 contain pure neurofibromin (36kDa). These fractions were pooled and concentrated 

by ultrafiltration (using Centriprep concentrators, with a molecular weight cut-off of 10,000 

Daltons) centrifuging at 3,000g. When the protein was concentrated to approxiitiately 9 

mg ml*̂  it was dialysed overnight versus buffer A to remove the NaCl and CaClj. 

Afterwards, in order to regenerate the glutathione agarose column, the GST portion of the 

fusion protein was eluted with buffer A supplemented with 5mM glutathione (adjusted to 

pH 8  with Tris base), and the eluted material was run on SDS PAGE to identify the GST- 

containing fractions, and also to see if there was any uncleaved protein remaining on the 

column after the thrombin elution (figure 2.4b). The GST eluted as a very tight bind in a 

single fraction (lane 5). In the same lane there is a smaller amount of a protein at 62 kD, 

showing that a small portion of the fusion protein remained uncleaved after the thrombin 

elution.

If the neurofibromin. GST fusion protein was required, instead of eluting with thrombin, it 

was eluted from the glutathione column with buffer A supplemented with 5mM glutathione 

(pH 8 ) at ~ 0.5 ml min"% collecting 20 min fractions. The fusion protein-containing 

fiactions were identified by SDS PAGE (figure 2.5). The fusion protein eluted in a single 

fraction (lane 4). This was concentrated by ultrafiltration. The fusion protein was then 

dialysed against buffer A to remove any glutathione from the solution.

After dialysis, both proteins were in buffer A and the concentration of the proteins was; 

determined using the calculated extinction coefficients of the respective proteins (see 

below). The proteins were stored at -70®C until required. All of the work with 

neurofibromin described in this report refers to the fragment of neurofibromin (36 kD) 

produced this way, and all the work involving the fusion protein refers to this fragment of 

neurofibromin linked to the glutathione transferase protein. Typical yields were in the range 

of 20-25mg of neurofibromin and 40-50mg of neurofibromin.GST, and by virtue of the 

purification procedure selectively binding GST-containing proteins the purity of the proteins 

were close to 1 0 0 %.

2,1,4; Protein Concentration, and Purity. Determination

Throughout protein purifications, assays of total protein concentration provide an easy,
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Figure Zf.4

(A); .SPS-PAG.E .of ig
Lanes 1 and 13 contains molecular weight markers (as in figure 2.1 A). Lane 2  shows the 

supernatant that was loaded onto the glutathione agarose column. Lanes 3 to 12 show 

consecutive fiactions obtained during cleavage of the fusion protein. The arrow marks the 

position of the 36 kD band corresponding to the cleaved, neurofibromin, protein.

Œ ) :  SDS-PAGE of GST

Lanes 1 and 8  show the molecular weight markers (as in figure 2.1 A). Lane 2 shows the 

supernatant that was loaded onto the glutathione agarose . Lanes 3 to 7 show consecutive 

fi-actions obtained during the glutathione elution. The arrow marks the position of the band 

corresponding to the GST protein (26 kD). A faint band can be seen in lane 5 between the 

6 6  and 45 kD markers, which corresponds to a small amount of uncleaved fusion protein.
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Figure 2.5; SDS-PAGE of Ncurofibromin.GST

Lanes 1 and 7 show the molecular weight markers (as in figure 2.1 A). Lanes 2 to 6  show 

consecutive fi-actions obtained during glutathione elution of neurofibromin.GST. The arrow 

marks the position of the neurofibromin.GST band, between the 45 and 6 6  kD markers.
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convenient way of assessing protein concentration from step-to-step. At the end of the 

purification, protein concentrations could then be determined more accurately.

2.1.4.1: Determination of Total Protein Concentration

A commercially available dye-binding assay, the BioRad assay, was used to determine total 

protein concentrations. Basically, a standard curve of some standard protein concentration 

versus absorbance at 595nm was obtained. 0.2ml of the BioRad reagent was mixed with 

O-lOOpg of protein standard, BSA, and made up to a final volume of 1ml with double

distilled water. BSA was used for neurofibromin and neurofibromin.GST protein 

concentration determinations as this assay gave similar results to those obtained using the 

calculated extinction coefficients (see below). The absorbance at 595nm was then 

determined after 10 minutes. The absorbance at 595nm was found to increase linearly with 

increasing protein up to approximately 25pg ml'\ The concentration of sample protein was 

determined in the same way as standard protein concentrations were performed, converting 

absorbance values to protein concentrations using the standard curve.

21.4.2: Protein Concentration Using Calculated Extinction Coefficients
homogeneity

Once a protein had been purified to near ^  the protein concentration could be 

determined using ultra-violet spectroscopy and a theoretical molar extinction coefficient. 

Theoretical extinction coefficients were calculated using the molar extinction coefficients 

of tyrosine and tryptophan residues, and of GDP (Gill and von Hippel, 1989). At 280nm 

the extinction coefficient of N-ras. GDP was 24,000 M*̂  cm'\ for the catalytic domain of 

neurofibromin was 32,320 cm'\ and for the fusion protein, neurofibromin.GST was 

73,480 M'  ̂cm'\

2.1.4.3: Filter Binding Assays

Filter binding assays using tritiated GDP have been used in the past to determine the active 

concentrations of guanine-nucleotide binding proteins, but this assay has been shown to 

vastly underestimate the true protein concentration (Moore et a l , 1993). It can, however, 

be used qualitatively to identify ras-containing fractions from ion-exchange and gel-filtration 

chromatography during ras purifications. 5 pi of fractions were incubated with 45 pi of hot 

mix (containing l.llp M  pH]GDP with a specific activity of2250cpm per pmol of GDP) 

in 50mM Tris.HCl pH 7.5,200mM (NHJ2 SO4  and 40mM EDTA) at room temperature for
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10 minutes. The reaction was quenched with the addition of 5ml ras wash buffer (50mM

Tris.HCl pH 7.5, 50mM NaCl and lOmM MgCy. This solution was filtered through

nitrocellulose membranes (0.45pm HA filters, Millipore), and washed with 3 x 5ml wash

buffer to remove unbound [^H]GDP. After washing, the filters were dried and following 
of

the additioi^0.5ml scintillant (0.5% w/v butyl-PBD in toluene), were counted in a Beckman 

LS7000 scintillation counter. Background counts were obtained by performing the assay 

in the absence of any ras (using 5 pi wash buffer instead of 5 pi fi-actions).

2.14.4: SDS-Polyacrylamide Gel Electrophoresis

SDS-polyacrylamide gel electrophoresis was used to determine the purity of proteins 

throughout purification procedures.

A Hoefer SE600 series gel apparatus was used with gels of 180 x 80 x 0.75 mm. The 

stacking gel conristed of 0.13% bis-acrylamide, 5% acrylamide, 0.13M Tris.HCl pH 6 . 8  and 

0.1% w/v SDS, and the resolving gel contained 0.087% bis-acrylamide, 15% acrylamide, 

0.375M Tris HCl pH 8 . 8  and 0.1% SDS. Proteins were boiled (for 2-3 minutes) in at least 

an equal volume of sample buffer (O.IM Tris.HCl pH 6 .8 , O.IM DTT, 2% SDS, 20% 

glycerol and 0.02% w/v bromophenol blue). Typically 2-lOpl of a solution containing 0.5- 

2pg protein / pi sample buffer was loaded. The gels were run at 23ma per gel, for 

approximately two hours, in 25mM Tris, 192mM glycine and 0.1% SDS. Proteins were 

visualised using Coomassie staining with 0.5% w/v Coomassie blue R in 45% v/v methanol, 

10% v/v acetic acid and 45% v/v water which had been filtered through Whatman number 

1  paper before use. Gels were stained for 2 0  minutes then destained with several changes 

of destain solution (which consisted of stain solution minus the Coomassie blue).

2.2: Synthesis and Purification of Guanine Nucleotide Analogues 

Fluorescent 2'(3')-0-(/Wmethylanthraniloyl) analogues of GTP and GDP were used 

throughout this study to allow protein-protein interactions, and intra-protein conformational 

changes to be monitored.

2.2.1: Synthesis and Purification of MantGDP and MantGTP and MantGMPPNP 

MantGTP, mantGDP and mantGMPPNP were synthesised as previously described by the 

method of Hiratsuka (1983) modified by Neal et al. (1990). The products were analysed
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by HPLC (see below) using standards previously available in the laboratory. The purity of 

mantGTP was greater than 96%, and of mantGDP was greater than 99%.

2.2.2; Synthesis and Purification of MantGTPyS

The preparation of this GTP analogue is the same as the preparation of mantGTP (section 

2.2.1). 0.27 mmole of GTPyS was dissolved in 4ml of water, at 37°C, and the pH was 

taken to 9.6 with IM NaOH. 0.4 mmole of methylisatoic anhydride was then added to the 

nucleotide solution, and the pH of the solution was maintained at 9.6 by the addition of IM 

NaOH, and when the pH of the solution remained constant, the reaction was complete. 

Once the reaction was complete, the pH of the solution was taken down to 7.6, using IM 

HCl.

The product was purified on a DEAE-bicarbonate column (3 cm x 30cm), using a gradient 

of TEAB (fi-om CM to 0.67M in a total of 3 litres), and the eluent was monitored at 254nm. 

The mantGTPyS mixture produced an elution profile with many peaks (figure 2.6). A 

fi’action in the middle of each peak was scanned in a spectrophotometer to distinguish the 

peaks with spectral peaks at 252 and 350nm and a shoulder at around 276nm. The first 

peak appeared to be methylanthranilic acid as there was no 276nm component to the 

absorption spectrum. Peaks two, three and four possessed 252 and 276nm components but 

no 350nm component, implying that they were guanine nucleotides. Peaks five, six and 

seven had all three components, thus any of these could be the mantGTPyS peak. All three 

of these peaks were pooled and concentrated by rotary evaporation. Each of the 

concentrated pools were taken up in a few ml of water and stored at -20°C. The presence 

of sulphur-containing compounds in the three pools was determined by the use of thin-layer 

liquid chromatography using silica plates. Samples of mantGDP and mantGTP were run 

as standards, as well as samples of the three unknowns. The solvent used was a ratio of 7 

: 4 :1 of isopropanol : water : ammonia. Peak 6  consisted of two compounds, while peaks 

5 and 7 consisted of just one compound. The mantGTP and mantGDP standards only 

produced one spot on the plate. The distance migrated by all of the components of the 

samples, and hence the Rf values of the components (the distance migrated divided by the 

distance the solvent fi'om migrated) was calculated:
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Figure 2.6: Purification of MantGTPyS

The crude mixture obtained during the production of mantGTPyS was applied to a DEAE- 

bicarbonate ion-exchange column, in lOmM TEAB. The eluent was monitored for 

absorbance at 254nm. The nucleotides bound to the column were eluted with a linear 

gradient of TEAB (from OM to 0.67M).

Peak 1 was free mant, peaks 2, 3 and 4 were guanine nucleotides, and peaks 5, 6  and 7 

were mant guanine nucleotides.
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Compound Distance migrated 

(mm)

Distance solvent 

fi-ont migrated 

(mm)

Rf value

mantGDP 2 1 . 0 58.0 0.36

mantGTP 1 1 2 . 0 58.5 0 . 2 1

peak (5) 2 0 . 0 59.0 0.34

peak (6 ) 1 16.0 59.5 0.27

2 28.0 59.5 0.47

peak (7) 17.5 58.0 0.30

From the Rf values it seemed that peak (5) was mantGDP, thus leaving peaks 6  and 7 as 

the candidates for being mantGTPyS. Once the TLC plate was dry, a palladium chloride 

spray (with the palladium chloride being made up in double-distilled water - 0.5g/100ml - 

containing a few drops of 25% hydrochloric acid) was used to identify sulphur-containing 

compounds. The original compound is colourless, but upon the reaction of palladium 

chloride with sulphur compounds gives a yellow colour. The peak 6  component that had 

an Rf value of 0.27 turned yellow. The peak 7 component also turned slightly yellow, but 

was not as yellow as the pool one component. Therefore it appeared that it was the peak 

6  that was the mantGTPyS, and to prove this, mass spectrometry was carried out on peak

6 . Fast atom bombardment mass spectrometry, in the negative ion mode, was used. This 

leaves the ions with an overall single negative charge. The major peak of the spectrum 

at 671 corresponds to the calculated mass of mantGTPyS with all of the oxygen ions in the 

phosphate group being protonated except for one of them. The next major peak was at 575 

and corresponds to mantGDP once the mantGTPyS has lost the gamma phosphate. This 

confirmed that peak 6  was mantGTPyS. The concentration of the compound was 

determined using the extinction coeflScient for the mant group {i.e., 5700 M'  ̂cm'^). HPLC 

analysis of the compound was carried out, eluting fi-om an SAX column with 0.6M 

ammonium phosphate (pH 4), containing 25% methanol, at 1.5 ml min'\ Mant fluorescence 

was monitored Le., excitation at 360nm and emission at 440nm, and the areas of the peaks 

obtained were calculated by an integrator. Using this system, methylanthranilic acid (4.6%) 

was eluted at the void volume of the column, mantGDP (5.4%) was eluted at around 4 

minutes, and (determined using standards), and mantGTPyS (90%) was eluted after around
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20 minutes (figure 2.7).

2.3; Formation of Complexes of Ras with Nucleotides Or Nucleotide Analogues

Complexes between ras and nucleotides or nucleotide analogues were prepared by fast- 

exchange of the nucleotide (or analogue) into the protein. A fifty-fold excess of the 

nucleotide was added to the protein (typically using 50nmoles-290nmoles of protein), and 

the reaction was carried out in 20mM Tris.HCl pH 7.5, 200 mM ammonium sulphate and 

40mM EDTA, at room temperature for 10 minutes. The reaction was quenched by the 

addition of MgCIj to a final concentration of 40mM (EDTA removes fi’ee Mg^  ̂from the 

solution, thus accelerating the rate of exchange of nucleotides, and the addition ofMgClz 

inhibits nucleotide exchange). Once formed, the complex was separated from fi*ee 

nucleotide by gel filtration on a PD-10 column (Pharmacia) at 4°C, which had been pre

equilibrated with buffer A. A total volume of not more than 1ml was loaded onto the 

column.

If mant complexes were made, the elution of the complex (followed by the free nucleotide) 

was monitored using an ultra-violet light source. The complex eluted much earlier than the 

fi’ee nucleotide. The concentration of mant complexes were determined using the value of 

the extinction coefficient of mant at 350nm (5700 M'^cm' )̂. If, however, a non-fluorescent 

nucleotide was used, the passage of the complex down the column could not be monitored 

and instead fiactions had to be collected, and scanned in a spectrophotometer, to discover 

the presence of the complex. The concentration of such complexesj was determined using 

the extinction coefficient of ras at 276nm (24,000 M'^cm'  ̂for N-ras.GDP).

2m4i Ef f A nalysis of .Nad w tidlg Analogues 

2.4.1; Purity of Fluorescent Nucleotides

HPLC analysis was used to examine the purity of nucleotides bound to ras. A Whatman 

partisil SAX column (4.6 x 250mm) was used, eluting isocratically with 0.6 M ammonium 

phosphate buffer (pH 4) containing 25% methanol at 1.5 ml min'\ The eluent was 

monitored for mant fluorescence using a Hitachi F-1050 fluorescence spectrophotometer, 

exciting at 360nm and measuring the emission at 440nm, and the areas of the peaks 

obtained were calculated by an HP 3390 integrator.
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Figure 2.7: HPLC Analysis of MantGTPyS

80^1 of a 0.53jiM solution of mantGTPyS in double-distilled water was injected onto a 

partisil SAX column, and eluted with 0.6M ammonium phosphate containing 25% 

methanol, at 1.5 ml min'\ Mant fluorescence was monitored (exciting at 360nm, and 

measuring the emission at 440nm) and the areas of the peaks measured using an integrator.

The mantGTPyS eluting after 20 minutes was 90% pure, with the remaining solution 

consisting of 5.4% mantGDP (eluting after 4 minutes) and 4.6% methylanthranilic acid 

(eluting at the void volume of the column).

-76-



Jenkins 15/8/94 JS

0 )
o  
c
0 )
o
c/)
0 )
o

_ 2

LL

20.56

2.92 4.27

Time (minutes)



2.4.2; Measurement of the Conversion of MantGTP or MantGTPyS to MantGDP

The conversion of either mantGTP or mantGTPyS to mantGDP was measured by HPLC. 

To displace the nudeotide from the protein, 25pl 10% perchloric acid was added to a 50pl 

sample followed by the addition of 25 pi 4M sodium acetate in order to bring the pH of the 

sample to 4. The precipitated protein was removed by centrifugation for 2 minutes at 

15,000g. The solutions were then analysed by the system described above (section 2.4.1).

2.5: Stopped-Flow Fluorescence Measurements

All stopped-flow work was carried out using a Hi-Tech Scientific SF-61MX 

spectrofluorimeter. Monochromatic light at 366nm was obtained from a lOOW mercury arc 

lamp using a monochromator. Emitted light from the 2 mm by 2mm path length cell was 

measured through a Wratten WG 47B filter. Stopped-flow measurements from this 

instrument show an increase in fluorescence as being a decrease on the fluorescence axis. 

Stopped-flow fluorescence records show the direction of fluorescence increase by means 

of an arrow. All concentrations of reagents quoted, refer to final concentrations after 

mixing rather than to syringe concentrations. At least four traces were obtained for each 

reaction and the rates obtained from fitting the data were averaged. Graphs showing 

observed rate constants versus neurofibromin concentration represent these average rate 

constants with the error bars representing standard deviations of the data from the average 

rates. Raw data plots shown represent a single data collection, unless otherwise indicated.

2.6: Quenched Flow Measurements

Quenched flow measurements were made using a Hi-Tech microvolume rapid quench flow 

system. Syringes A and B contain the reagents, and the third syringe contains the quench 

solution. Equal volumes of reagent A, B and the quench are used (ISOpl of each of the 

three reagents). Different timed solutions were obtained by the concomitant use of different 

loop lengths and different flow rates, before quenching. Longer time points (> 160msec) 

were obtained by using a time-delay mode where the resultant mixture remained in a loop 

before being quenched. Reaction mixtures are displaced from the collection loop with 

SOOpl water and are retrieved fiom the collection valve. All reagent concentrations quoted 

refer to final concentrations after mixing unless otherwise stated.
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2.7; Fluorescence Measurements

All slow time course fluorescence measurements were performed on an SLM 8000S 

spectrofluorimeter, in the L-format, using 1 0 mm by 10mm quartz cuvettes. Excitation of 

the mant moiety was at 360nm (with 2 nm excitation slits), and emission was observed 

through a monochromator at 440nm (with 16nm emission slits). All data were collected 

manually, and the shutters were closed between readings to prevent photobleaching. The 

sample was excited with parallel polarised light. Triplicate readings were taken of both 

parallel and perpendicular polarised emitted light, of both the sample cuvette and of a 

reference cuvette consisting of mantGDP. In order to overcome polarisation artifacts in 

intensity measurements, fluorescence intensity values of both the sample and reference 

cuvettes were calculated from the polarisation data (1^ ,) + 2 x1 ^^,^^^^). The sample 

intensity was divided by the reference intensity of the mantGDP to allow for fluctuations 

in lamp intensity and/or photomultiplier response over long time course measurements. 

Finally, this relative intensity was normalised to initial relative fluorescence intensity, such 

that the percentage change in fluorescence, with time, could be determined. Fluorescence 

anisotropy was also calculated using the formula (Ip^ i - Ip«peadicuiaA»r.flci + 2 x lp ^ ^ ^ ) .  

In all fluorescence measurements, the ras complexes to be incubated needed to be diluted 

into buffer, so the buffer was incubated first to bring it up to temperature (either 30°C or 

37°C). When this was at the desired temperature the ras complex was added and readings 

were not taken until the temperature had reached 30°C or 37°C.

2S.I .Analytiçail. VltraçgQtrifiigatiQn

All analytical ultracentrifugation runs were performed in an Optima XLA analytical 

ultracentrifuge with an An 60Ti rotor (Beckman). The distribution of the protein was 

determined by measuring the absorbance at 280nm relative to a buffer reference. In 

equilibrium runs there was 1 lOpl of the sample and 125pl of the buffer, while in the velocity 

runs there was 400pl of the sample and 425pl of buffer. For equilibrium runs radial scans 

were made eveiy 0.003nm steps. For velocity runs radial scans were made every O.Olnm 

steps. Equilibrium and velocity data were analysed using both the XLA program itself and 

NficroCal Origiri.
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Chapter 3: Examination of the Putative Isomérisation Step Preceding Cleavage of

GTP by Ras

3.1: Introduction

It has been proposed that there is an isomérisation step preceding and controlling the 

cleavage of GTP in the pl20GAP-stimulated rasGTPase (Neal et a l, 1990; Moore et a l, 

1993). Monitoring the change in fluorescence intensity of a solution of ras.mantGTP 

incubated at 30°C has shown a 10% decrease in fluorescence which occurs with a similar 

rate constant to that of the cleavage of mantGTP by ras as measured by HPLC, suggesting 

that the change in fluorescence was monitoring the cleavage step in the intrinsic rasGTPase 

(Neal et a l,  1990). However, incubating a solution of ras complexed with a non- 

hydrolysable GTP analogue, mantGMPPNP, also produced a decrease in fluorescence, 

which was biphasic with the second phase having a similar rate constant, but a smaller 

amplitude, to that of mantGTP. As mantGMPPNP is not hydrolysed under these conditions 

it was proposed from these results that the fluorescence change represented an 

isomérisation change that occurs prior to, and controls, the cleavage of GTP in the 

rasGTPase (Neal et al., 1990). Later both the fluorescence change with ras.mantGTP and 

ras.mantC^ÆPPNP were shown to be biphasic, with the rate constants of the two processes 

being similar (3.3 x 10'  ̂s'* and 2.1 x 10"̂  s'* for the fast and slow phases obtained with 

ras.mantGTP, and 2.9 x lO'̂  s'* and 1.9 x 1 0 “* s'* for the equivalent processes with 

ras mantGMPPPNP) but the amplitude of the second process observed with 

ras.mantGMPPNP was approximately half of that observed with ras.mantGTP (Moore et 

al, 1993). Catalytic amounts of pl20GAP were shown to increase the rate constant of the 

second process, of both the ras.mantGTP complex and the ras.mantGMPPNP complex, and 

the rate constant increased linearly with increasing pl20GAP concentration (Moore et a l, 

1993). This data supported the idea that the fluorescence decrease seen with both 

complexes represents a conformational change that precedes and controls the rate constant 

of the cleavage step, and that this change is accelerated by pl20GAP. However, there is 

some disagreement from work carried out by other groups as to whether this proposed 

isomérisation change does occur.

Since ras proteins have no tryptophan residues, Antonny et a l  (1991) mutated single 

residues to tryptophan thus allowing tryptophan fluorescence to be used to monitor local
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conformational changes in the active site of ras. When these mutant ras proteins were 

complexed with GTPyS, a slow fluorescence change occurred with a rate constant similar 

to that of the intrinsic rasGTPase, but pl20GAP did not accelerate this fluorescence 

change. This was interpreted as suggesting that in the intrinsic rasGTPase there is an 

isomérisation change, but that this step is not involved in the GAP-accelerated mechanism.

Rensland et al. (1991) investigated complexes of ras with both mantGMPPNP and 

mantGTPyS. With ras.mantGMPPNP they only monitored the fluorescence change long 

enough to observe the fest phase of the two-phase fluorescence decrease and this phase of 

the fluorescence change was not accelerated by pl20GAP in agreement with the results of 

Moore et al. (1993). However, they did not study the pl20GAP activation of the slow 

phase as reported by Moore et al. (1993). With ras.mantGTPyS a 10-20 fold slower 

decrease in fluorescence was observed than for ras.mantGTP and if this fluorescence change 

was representative of an isomérisation change that precedes and controls hydrolysis it 

would be expected to have the same rate constant as that observed with ras.mantGTP, even 

though the actual cleavage rate constant of mantGTPyS is lower than with mantGTP. 

pl20GAP accelerated the fluorescence change with ras.mantGTPyS although higher 

concentrations of GAP were needed than were used for ras.mantGTP. They did not 

measure the hydrolysis of mantGTPyS to mantGDP during this process (i.e., by HPLC).

The possible existence of an isomérisation change in another small guanine-nucleotide 

binding protein, Cdc42Hs, has been studied by Leonard et al. (1994). The fluorescence 

change of Cdc42Hs complexed to GTP or the non-hydrolysable analogue GMPPCP was 

monitored by monitoring tryptophan fluorescence as, unlike ras, Cdc42Hs possesses a 

single tryptophan residue. W th GTP an increase in tryptophan fluorescence was observed 

while with the non-hydrolysable analogue, no increase in tiyptophan fluorescence was 

observed. The increase observed with GTP had a rate constant similar to that obtained for 

the hydrolysis by monitoring the release of P^]Pj fi’om [y-^^]GTP.Cdc42Hs. They 

concluded that the increase in tryptophan fluorescence directly reflected the hydrolysis of 

the nucleotide.

Therefore I looked at both the fluorescence change and hydrolysis (by HPLC) of a complex 

of ras.mantGTPyS simultaneously. Rensland et al. (1991) did not publish buffer conditions
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used in the incubations, and the salt concentration may aflfect the fluorescence change. Also 

Moore et al. (1993) used N-ras while Rensland et a/. (1991) used H-ras which may also 

explain differences see upon the interaction of ras with pl20GAP.

3.2: Stability of MantGTPyS and Ras.mantGTPyS

Initially in order to measure the time course of the hydrolysis of ras.mantGTPyS, and to 

measure the stability of free mantGTPyS over a similar time period, 15pM mantGTPyS and 

15pM ras.mantGTPyS in buffer B (50mM Tris.HCl pH 7.5, lOOmM NaCl, lOmM MgClj, 

ImM DTT) were incubated at 30°C. Aliquots were taken of each sample over 45 hours 

(mantGTPyS) or 30 hours (ras.mantGTPyS), and diluted 10-fold in HPLC buffer then 

centrifuged briefly to remove precipitated protein. These samples were analysed by HPLC 

(on a SAX column), eluting with 0.6M ammonium phosphate (pH 4) containing 25% 

methanol, at 1.5 ml min'\ Mant fluorescence was monitored and the areas of the peaks 

obtained were calculated by an integrator. Each sample consisted of three peaks (figure 

2.7), with the peak at ~ 4 minutes being mantGDP, the peak at ~ 20 minutes being 

mantGTPyS, and the initial peak being methylanthranilic acid or mantG/mantGMP (as 

determined by using standards of known composition). Plotting the percentages of each 

of these components with time produced figure 3.1.

It appears that when incubated alone, mantGTPyS breaks down, with a half-time of 

approximately 2 0  hours, over time to produce a compound that elutes at the void volume 

of the column, while when complexed to ras, the nucleotide is protected from breaking 

down and hydrolyses to mantGDP over time, with a half-time of approximately 15 hours, 

and the initial peak remains approximately constant.

3.3: Hydrolysis of Ras.mantGTPyS at 37^C

Initially, the hydrolysis, and change in fluorescence, of ras.mantGTPyS were investigated 

at 30°C, but the hydrolysis was so slow that it needed to be monitored for at least 50 hours. 

To decrease the time scale of the reaction it was therefore necessary to use a higher 

temperature than 30°C. 2.5pM ras.mantGTPyS in buffer B was incubated in a

spectrofluorimeter at 37°C and 7.5pM mantGDP (also in buffer B) was incubated as a 

reference to correct for fluctuations in lamp intensity. Fluorescence readings were taken, 

in triplicate, over 28 hours, of both the sample and the reference, and the fluorescence
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Figure 3.1; Stability of MantGTPyS and Ras.mantGTPvS

15jiM mantGTPyS (A) and 15pM ras.mantGTPyS (B) were incubated in 50mM Tris.HCl 

pH 7.5, lOOmM NaCl, lOmM MgClj, and ImM DTT at 30°C, and aliquots were taken at 

various times. These samples were analysed by HPLC (on a SAX column to deteimine the 

relative amounts of mantGTPyS (blue), mantGDP (green) and the initial peak (red) in each 

sample.
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intensity calculated as a ratio of the sample intensity to the reference intensity and then 

normalised to the initial relative intensity. A plot of the relative fluorescence intensity with 

time is shown in figure 3.2(A). The data was fitted to a single exponential which gave a 

rate constant of the fluorescence change of 2.2 x 10'̂  s'\ The decrease in fluorescence 

intensity with time for ras.mantGTPyS (at 37°C) is 2 2 % which is much larger than the 

fluorescence decrease associated with ras.mantGTP at 30°C (10%). Unlike the 

fluorescence decrease observed with ras.mantGTP which is actually biphasic (Moore et a l, 

1993), the fluorescence change observed with ras.mantGTPyS is monophasic.

50pl aliquots of the sample fi"om the above experiment were taken for analysis by HPLC 

to determine the proportions of mantGTPyS and mantGDP over time. To displace the 

nucleotide fi’om the complexes in these samples, 25 pi 10% perchloric acid was added and 

then the pH was taken to 4 by the addition of 25 pi 4M sodium acetate since the nucleotides 

are more stable at pH 4. The samples were centrifuged briefly to remove precipitated 

protein, and loaded onto the SAX column, eluting with 0.6M ammonium phosphate (pH 

4) containing 25% methanol, at 1.5 ml min'\ The proportion of the first peak remained 

approximately constant with time, so the proportion of mantGDP with time was calculated 

as a proportion of total mantGDP and mantGTPyS, and the percentage of mantGDP was 

plotted versus time (figure 3.2(B)). The t=0 sample of ras.mantGTPyS was 94.3% pure 

which, as the purity of the mantGTPyS is 90%, suggests that during complex formation ras 

selectively binds to mantGTPyS rather than to impurities present in the mantGTPyS 

solution.

The mantGTPyS cleavage data from the HPLC analysis as shown in figure 3.3 fits to a 

single exponential with a rate constant of 2.7 x IQ*̂  s '\ which is much slower than the 

mantGTP cleavage by ras where the rate constant is 3 . 0  x lO"̂  s*̂ at 37°C (Neal et a l, 

1990). Therefore the mantGTPyS cleavage by ras is approximately 10-fold slower than the 

mantGTP cleavage by ras. The rate constants of the fluorescence change observed on 

incubating ras.mantGTPyS and the hydrolysis of ras.mantGTPyS are 2 . 2  x 1 0 '̂  s*̂ and 2.7 

X 10'̂  s'̂  respectively. This suggests that the fluorescence change corresponds to hydrolysis 

and that no conformational change has to be invoked to explain the fluorescence change.
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Figwre 3,%

(A); Fluorescence Intensity of Ras«mantGTPyS at 37^C

2.5nM ras.mantGTPyS in 50mM Tris.HCl pH 7.5, lOOmMNaCl, lOmM MgCl2 , and ImM 

DTT was incubated in the SLM fluorimeter at 37°C for 28 hours, and 7.5pM mantGDP 

(also in SOmM Tris.HCl pH 7.5, lOOmM NaCl, lOmM MgCl2 , and ImM DTT) was 

incubated as a reference. Fluorescence intensity values (exciting at 360nm and measuring 

the emission at 440nm) were calculated relative to reference values and normalised to the 

initial relative intensity. The solid line is a fit to a single exponential with a rate constant of 

2 . 2  X 1 0 '̂  s \

( B ) :  Hydrolysis of Ras.mantGTPyS at 37°C

50pl aliquots of the reaction mixture in (A) were removed for HPLC analysis of nucleotide 

composition over 46.5 hours in the experiment. The nucleotide was displaced fi’om the 

protein by the addition of 25pl 10% perchloric acid and the pH was then taken up to 4 by 

the addition of 25pi 4M sodium acetate. These samples were centrifuged for 2 minutes at 

13,000 rpm in the biofiige to remove precipitated protein, and then loaded onto a SAX 

column and eluted with 0.6M ammonium phosphate (pH 4) containing 25% methanol, at 

1.5 ml min'\ The proportion of mantGDP with time was calculated as a proportion of total 

mantGDP and mantGTPyS, and the percentage of mantGDP was plotted versus time. The 

solid line is a fit to a single exponential with a rate constant of 2 . 7  x 1 0 ‘̂  s '\
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3.4; Fluorescence Measurements of the Ras.mantGMPPNP Complex Over Time

As the rate constant of cleavage of ras.mantGTPyS is the same as the rate constant of the 

fluorescence change observed upon incubation of ras.mantGTPyS (figure 3.2), this does 

not support the conclusion proposed by Moore et al. (1993) with regard to an 

isomérisation change preceding and controlling hydrolysis of the ras-bound nucleotide as 

discussed in the introduction to this chapter. To examine this issue further, the fluorescence 

changes observed upon incubation, at 30*C, of the ras.mantGMPPNP complex were re

examined, with neurofibromin being used as the GTPase-activating protein instead of the 

pl20GAP that was used in the studies by Moore et al. (1993).

15pM ras.mantGMPPNP in buffer B was incubated at 30°C in the SLM spectrofluorimeter. 

In a second cuvette of 15pM ras.mantGMPPNP, 0.5pM neurofibromin was added after 15 

minutes when the initial fast phase of the biphasic process seen with ras.mantGTP and 

ras.mantGMPPNP was complete. Fluorescence readings were taken in triplicate (over five 

hours) of both the sample cuvettes and of a reference cuvette consisting of 45 pM mantGDP 

also in buffer B. Sample fluorescence intensity values were corrected for buffer 

contribution and the ratio of the intensity to reference intensity values was calculated to 

account for lamp fluctuations and normalised to initial relative fluorescence. Readings were 

only taken when the temperature of the solution had reached 30°C. With ras.mantGTP it 

is the rate constant of the second process that is accelerated by pl20GAP (Moore et a l, 

1993). Plotting the relative fluorescence intensity of ras.mantGMPPNP in the absence and 

presence of a catalytic amount of neurofibromin is shown in figure 3.3. The fluorescence 

change is biphasic but there is no acceleration of the fluorescence change in the presence 

of neurofibromin. Moore et al. (1993) showed that in an identical experiment with 

pl20GAP the fluorescence change was over 25 minutes after adding the pl20GAP. It can 

be seen fi*om figure 3.3 that the decrease in fluorescence is clearly not over 25 minutes after 

adding neurofibromin.

If the decrease in fluorescence observed with a solution of ras.mantGMPPNP is not due to 

an isomérisation change occurring prior to cleavage, it is necessary to determine what is 

causing the fluorescence decrease. Although it has been claimed the mantGMPPNP is not 

hydrolysed, nucleotide hydrolysis would cause of a decrease in fluorescence to be observed. 

Therefore it was necessary to examine the nucleotides bound to ras at the start and the end
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Figure 3.3; Fluorescence Intensity of Ras.mantGMPPNP at 30°C 

ISjiM ras.mantGMPPNP in 50mM Tris.HCl pH 7.5, lOOmM NaCl, lOmM MgClj, and 

ImM DTT was incubated at 30°C in a spectrofluorimeter (•). A second cuvette also 

contained ISpM ras.mantGMPPNP and O.SpM neurofibromin was added to this after 15 

minutes (<>). Fluorescence intensity values were calculated relative to intensity values of a 

reference of 45 pM mantGDP, and normalised to the initial relative fluorescence. The solid 

lines are fits to a double exponential. In the absence of neurofibromin the rate constants are 

2.2 X 10*̂ 8'̂  and 7.7 x 10'̂  s'\ while in the presence of neurofibromin the rate constants are 

2.7 X 10-̂  s"̂  and 4.8 x 10'̂  s \
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of the time course to see if any hydrolysis has occurred. 50^1 aliquots of the 

ras.mantGMPPNP complex were taken for HPLC analysis at the beginning and the end of 

the time course reaction. The nucleotides were displaced by the addition of 25pi 10% 

perchloric acid and the pH taken to 4 by the addition of 25 pi 4M sodium acetate. 

Following this they were centrifuged briefly (2 minutes at 15,000g in an eppendorf 

centrifuge) and loaded onto a SAX HPLC column. Mant fluorescence was monitored and 

the areas of the peaks obtained were calculated by an integrator. The percentage 

mantGMPPNP present at the start and the end of the reaction were:

Time (minutes) % mantGMPPNP

0 96.7

300 96.5

Therefore the nucleotide did not hydrolyse during the time course of the experiment.

Dissociation of the nucleotide from the protein would also produce a decrease in 

fluorescence. It was therefore necessary to determine whether any dissociation of the 

protein - nucleotide complex had occurred during the course if the reaction. After the 

incubation had proceeded for five hours, a 200pl aliquot of the ras.mantGMPPNP solution 

was passed down a PD-10 (G25 sephadex) column to separate ras-bound nucleotide and 

free nucleotide, and approximately 500pl fractions were collected. The intensity of the 

fractions was measured in a spectrofluorimeter (figure 3.4). This figure shows that the 

fluorescence eluted only in one peak which corresponds to nucleotide bound to the protein, 

wliile free nucleotide would be expected to elute at around fraction 1 0 , and as can be seen, 

there are no detectable peaks after the first peak. Free mantGMPPNP would have eluted 

in fractions 11 and 12. This demonstrated that dissociation of the fluorescent nucleotide 

did not occur.

3,5; Discussion

If the fluorescence change observed with ras.mantGTP and ras.mantGMPPNP represents 

a conformational change then the same rate constant of the fluorescence change would be 

expected to be seen with the slowly-hydrolysing complex, ras.mantGTPyS. The 

fluorescence decrease with ras.mantGTPyS at 37°C is monophasic and the rate constant 

of the fluorescence change (2 . 2  x 1 0 '̂  s'̂ ) is the same as the rate constant of the hydrolysis
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Figure 3.4: Gel Filtration of Ras.mantGMPPNP

15pM ras.mantGMPPNP in 50mM Tris.HCl pH 7.5, lOOmM NaCl, lOmM MgCl2 , and 

ImM DTT was incubated at 30°C in the SLM spectrofluorimeter. After five hours 200pl 

of the solution was loaded onto a PD-10 G25 sephadex column and eluted with buffer B. 

Twelve drop fi’actions were collected (of approximately 0.55 ml), and the fluorescence 

intensity of each was measured in the SLM fluorimeter. These fluorescence values were 

normalised relative to the highest intensity value and plotted against fi’action number.
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of mantGTPyS bound to ras (2.7 x 1 0 '̂  s’̂ ), as shown in figure 3.2, having a half-life of 

around eight hours. The fluorescence change observed with ras.mantGTP (when incubated 

at 30°C) is biphasic, unlike the change observed with ras mantGTPyS which is monophasic. 

The rate constant of the fluorescence decrease observed with ras.mantGTPyS is 

approximately 1 . 2  x 1 0 '̂  s’̂  (data not shown) at 30°C while the rate constants observed 

upon incubating rasmantGTP at 30°C are 3.3 x 1 0 '̂  s'̂  and 2.1 x lO"* s"\ Therefore, both 

of these rate constants are much faster than the monophasic fluorescence change associated 

with ras.mantGTPyS, suggesting that the fluorescence change observed with ras.mantGTP 

and ras.mantGTPyS complexes is not representative of an isomérisation change occurring 

prior to hydrolysis.

As pl20GAP accelerates the fluorescence change observed with ras.mantGTP and if the 

fluorescence change actually represents an isomérisation change of the protein, then the 

fluorescence change observed with ras.mantGMPPNP would be expected to be accelerated 

by pl20GAP. In fact pl20GAP was shown to accelerate the second process of the biphasic 

fluorescence change observed with ras.mantGMPPNP (Moore et a l, 1993). However, in 

the present work, when pl20GAP was replaced with neurofibromin, no difference in rate 

constant of the fluorescence change of ras.mantGMPPNP in the absence and presence of 

neurofibromin (figure 3.3) was obtained, even though neurofibromin accelerates the 

fluorescence decrease of ras.mantGTP and the hydrolysis of ras.mantGTP. This suggests 

that the fluorescence change observed with ras.mantGMPPNP does not represent the same 

process as that observed with ras.mantGTP. This leaves the problem of what the 

fluorescence change with ras.mantGMPPNP actually represents. HPLC (using a SAX 

column) demonstrated that the nucleotide was not hydrolysing or breaking down during the 

course of the experiment. Passing a portion of the ras.mantGMPPNP solution down a PD- 

10 column (after five hours of it being incubated at 30®C) showed no detectable dissociation 

of the nucleotide from the protein during the time course of the fluorescence decrease 

(figure 3.4). Therefore, the decrease in fluorescence observed with ras.mantGMPPNP is 

not due to hydrolysis of the nucleotide analogue or to dissociation of the nucleotide 

analogue from the protein. From these data I would conclude that the fluorescence 

decrease observed with rasmantGTP and ras.mantGTPyS represents the hydrolysis of the 

nucleotide bound to ras, and that with ras.mantGMPPNP it is not clear what the 

fluorescence change represents.
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pl20GAP and neurofibromin are différent GTPase-activating proteins and the protein used 

by Moore etal. (1993) was pl20GAP while this study involved the use of neurofibromin. 

The differences observed between the pl20GAP-activated mechanism and the 

neurofibromin-activated mechanism may be due to the use of the different proteins. 

Therefore, since this study involves dealing solely with neurofibromin, this isomérisation 

step is ignored. The basic mechanism of the interaction of ras and neurofibromin becomes:

ki
ras.mantGTP + neurofibromin ^  ras.mantGTP.neurofibromin

ki
ras.mantGTP.neurofibromin ̂  ras.mantGDP.P^.neurofibromin

The above experiments give no information about the rate constants of the elementary steps 

of the mechanism since they were performed with fixed catalytic concentrations of 

neurofibromin. The mechanism of interaction of ras with neurofibromin is examined further 

in chapters 5, 6 , 7 and 8  under single turnover conditions which enabled elementary rate 

constants to be measured.
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Chapter 4; Hydrodynamic Structure of Ras and Neurofibromin Proteins 

4.1; Introduction

Several lines of evidence have suggested that ras exists as a dimer or higher oligomeric 

form. If ras did exist in oligomeric form it would be likely that only certain forms would 

allow interaction with other proteins (for example, GAPs and effectors) and therefore 

constitutes additional problems to the understanding of the mechanism of action of ras. The 

same applies to neurofibromin, although there is no evidence on the structure of 

neurofibromin yet. Santos et al. (1988) used radiation inactivation studies to study the 

oligomeric structure of ras, in membranes, in ras immunoprecipitates, and in purified ras. 

The fi-action of surviving activity was determined as a function of the radiation dosage, and 

fi*om the linear rdationship obtained between dose and proportion of remaining activity, the 

target size of the species was determined. The monomer molecular weight of ras. GDP is 

21,656 Da. The molecular weights obtained were in the range 49 (+/- 7) to 72 (+/- 20) kDa 

and results were similar in membrane-bound ras and purified ras, suggesting that ras exists 

as homo-oligomers. Because of the large errors on the protein size (of around 10%) it 

could not be determined whether the oligomers consisted of dimers, trimers or a 

combination of oligomers.

Hazlett etal. (1993) measured rotational correlational times by time resolved fluorescence 

anisotropy measurements of all three ras proteins complexed with various fluorescent 

guanine nucleotide analogues, including N-methylanthraniloyl, fluorescein and 

aminocoumaiin derivatives. In all cases the rotational correlation times were longer than 

expected for a spherical, monomeric ras protein, suggesting that either ras proteins are 

dimeric in solution, or that they have an asymmetric shape. Assuming that the proteins 

were spherical the theoretical rotational correlation values were closer to the theoretical 

values for a dimer than to the theoretical value for a monomer. Analytical gel filtration was 

also used to determine the molecular weight of ras, and a molecular weight of 

approximately 27 kDa was obtained for both ras.GDP and ras.mantGDP. Since the 

monomer molecular weight of ras.CHDP is 21656 and the dimer molecular weight is 43312, 

this suggested that dther there was some interaction between monomer ras proteins, or that 

the ras proteins were monomeric with a slightly extended structure.
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Analytical gel filtration studies of full-length and truncated H-ras proteins have also been 

carried out (John et a l, 1989). The full-length protein ran at a peak corresponding to a 

molecular mass of 25 kDa, while the truncated protein (residues 1-166) ran at its calculated 

molecular mass of 18.5 kDa. From this it appeared that ras protein exists as a monomer 

with the C-terminal portion (residues 167-189) causing the full-length protein to elute at 

a volume consistent with a higher (2 0 %) molecular mass.

Other small guanine nucleotide binding proteins have been shown to exist in oligomeric 

form (dimers or trimers) by sucrose density gradient centrifugation, including modified 

rhoB (Uedaeta l, 1990). Post-translationally modified K-ras and rhoA appeared as single 

peaks on sucrose density gradient ultracentrifugation corresponding to molecular weights 

of 160,000 and 130,000 respectively while the unprocessed forms appeared as single peaks 

corresponding to their monomer molecular weights of 21,000 (NCzuno et a l, 1991). 

Sucrose density gradient centrifugation has also shown that modified rap IB exists as a 

homodimer (Kawamura et a l, 1991). Gel filtration chromatography and sucrose density 

gradient centrifugation have also shown that modified rabS A also exists in an oligomerised 

form (Araki etal., 1990). Since all of these studies involved using modified forms of these 

proteins they could, therefore, be aggregating through the lipid modifications.

Although no investigations have been made as to the oligomeric state of neurofibromin the

fusion protein, neurofibromin. GST, may exist as a dimer. Analytical gel filtration has

shown that the GST firom Schistosoma japonicum that is used in the pGEX2T vectors (i.e.
I  as

the vector the neurofibromin fragment is expressed in) exists^ dimer (Walker et a l, 1993). 

If this is so, then GST-fusion proteins may dimerise through the GST portion of the 

proteins.

Analytical gel filtration can be used to determine the molecular weight of proteins, but 

unless the protein is spherical the protein may not run at the correct molecular weight. Also 

the protein may interact with the column matrix thus retarding its progress through the 

matrix. Analytical gel filtration was initially used to determine the molecular weights of the 

proteins in this study. However, the availability of the XLA ultracentrifuge later in this 

study allowed analytical ultracentrifugation to be used to determine the molecular weights 

of the proteins used in this study. Analytical ultracentrifugation, therefore, is the method
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of choice when determining the molecular weight of proteins independent of the shape of 

the molecule. The ultracentrifuge cells contain two, adjacent, sector-shaped compartments, 

one which holds the solvent and the other holding the solvent plus solute. The absorbance 

of the solute (usually at 280nm for proteins) is scanned along the cell with the solvent- 

containing compartment being the absorbance blank.

There are two types of ultracentrifuge runs that can be performed - equilibrium runs and 

velocity runs. For equilibrium runs relatively low speeds (around 10,000 rpm for a 20kDa 

protein) are applied to a solution of protein (with an absorbance at 280nm of 0.5) for a long 

time (at least twdve hours depending on the size of the protein). Here, as the solute begins 

to sediment towards the bottom of the cell, difiiision begins to oppose the sedimentation, 

so that at equilibrium, diffiisional flow exactly balances sedimentation flow at every point 

in the cell, and the concentration of the solute increases exponentially towards the bottom 

of the cell. This data can therefore be fitted to single exponentials to obtain the molecular 

weight of the solute.

For velocity runs the protein sample is more concentrated (an absorbance of 1 at 280nm), 

and is run at higher speeds for a shorter time. Here the high velocity causes > “) a rapid 

sedimentation of the solute towards the bottom of the cell, forming a boundary region 

where the concentration increases towards a plateau region of solute concentration. The 

concentration of the solute in the plateau region decreases with time due to radial dilution 

where, as solute particles nearest to the outside of the cell are pelleted against the outer 

walls and are replaced by particles fi*om nearer the centre of rotation. These particles enter 

a gradually increasing volume as they move through the sector-shaped cavity, thereby 

becoming more dilute. Also, as this sedimentation increases, the boundary region moves 

towards the bottom of the cell and eventually the solvent meniscus becomes depleted. The 

rate of movement of the boundary enables the sedimentation coefiScient to be measured. 

Measurement of the spreading of the boundary gives information about the diffusion 

coefficient of the molecule. These values can then be used to calculate the frictional 

coefficient of the protein under investigation, and by comparing this value to the calculated 

fiictional coefficient for a spherical molecule of the size of the protein under investigation, 

information about the shape of the molecule can be obtained.
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4.2; Determination of the Molecular Weight of Neurofibromin and 

Ncurofibromin.GST by Analytical Gel Filtration Chromatography

Analytical gel filtration chromatography has shown that fijll-length ras.GDP elutes at a 

volume corresponding to a molecular weight of 25-27 kDa (John et a l, 1989; Hazlett et 

a l, 1993). It has also been shown that the GST from Schistosoma japonicum elutes at a 

volume consistent with it existing in dimeric form (Walker et a l, 1993). It was important 

to investigate the molecular wdghts of neurofibromin and neurofibromin. GST by the same 

technique of analytical gel filtration chromatography. To do so a 200 ml (1 . 6  cm diameter 

by 90 cm height) Sephacryl 200 column was used. It was equilibrated in SOmM Tris.HCl 

pH 7.5, lOOmM KCl and run at 16 ml/hour (measured flow rate). The column was packed, 

and run at 4®C. The eluent was monitored for absorbance at 280 nm. All of the samples 

were applied in a total volume of 2 ml, and contained 5% glycerol (to increase the density 

of the solutions). The void volume of the column (VJ was calculated by loading blue 

dextran which is very large and is totally excluded from the matrix. This was taken to be 

the volume collected from the point of sample application to the centre of the peak of 

elution, and was found to be 81.9 ml. Various standards of known molecular weight were 

loaded and the elution volumes of each (V,) were determined. These were taken to be the 

volume collected from the point of sample application to the centre of the peak of elution 

of each standard. The ratio of the elution volume to the void volume (V /V J was 

calculated for each standard;

Standard Molecular Weight v y v .

Cytochrome c 12,400 1.69

Carbonic Anhydrase 29,000 1.48

Bovine Serum Albumin 6 6 , 0 0 0 1.24

Alcohol Dehydrogenase 150,000 1.13

P-Amylase 2 0 0 , 0 0 0 1.07

Plotting V/Vg versus the log of the molecular weight for each protein gave a linear 

relationship between ln(molecular weight) and V/Vq (figure 4.1).
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Figure 4.1: Standard Curve of a Gel Filtration Column

Proteins of known molecular weight (cytochrome c, carbonic anhydrase, bovine serum 

albumin, alcohol dehydrogenase and p-amylase) were applied to a Sephacryl 200 column 

( 1 .6 cm by 90cm). The elution volume of each protein was calculated as a ratio to the void 

volume of the column (the elution volume of blue dextran). Neurofibromin ( • )  had an 

elution volume to void volume ratio of 1.41 which corresponds to a molecular weight of 

40,000 and neurofibromin. GST (■) had an elution volume to a void volume of 1.19 which 

corresponds to a molecular weight of 1 1 0 ,0 0 0 .
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The apparent molecular weights of both neurofibromin. GST and neurofibromin were 

determined by loading a sample onto the gel filtration column and determining the elution 

volume, and hence the V/Vo ratio of the proteins:

Protein v / v .

Neurofibromin. GST 1.19

Neurofibromin 1.41

The corresponding molecular weights for the proteins were calculated fi’om the standard 

curve of the ratio of elution volume to void volume versus molecular weight (figure 4.1):

Protein Molecular Weight

Neurofibromin.GST 1 1 0 , 0 0 0

Neurofibromin 40,000

The monomeric molecular weight of the neurofibromin fragment fi"om the amino acid 

sequence is 36 kDa, and from gel filtration was found to be 40 kD implying that the 

neurofibromin fi’agment itself in solution exists as a monomer. The molecular weight of the 

GST protein is 26,000 and therefore the molecular weight of monomeric 

neurofibromin.GST is 36,000 + 26,000 {i.e., 62,000). As it is via the GST portion that 

possible dimérisation would be occurring, there are three possible forms of the fusion 

protein. The first possibility is that the neurofibromin.GST binds another 

neurofibromin. GST, the second is that one neurofibromin. GST binds to a fi’ee GST 

molecule (assuming that some of the PGEX2T vectors produce GST on it's own), and the 

third is that the presence of neurofibromin attached to GST prevents dimérisation:
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NF-l.GST.GST.NF-1

Molecular Weight 

124,000

NF-LGST.GST 88,000

NF-l.GST 62,000

Therefore the value of 110,000 obtained from the gel filtration studies implies that the 

protein is not a monomer, and as the value for two GST proteins plus one neurofibromin 

fragment is 88,000 and therefore the value of 110,000 is closer to 124,000 than 88,000 

implies that the protein is a dimer of neurofibromin. GST. However, it could also mean that 

the molecule has a very asymmetric shape which would make it run at an apparent 

molecular weight of greater than it really was. Due to the inherent problems of the 

technique of analytical gel filtration another system was needed to determine the molecular 

weight of the fiision protein, neurofibromin. GST. Also the molecular weight of ras needed 

to be resolved. The technique of analytical ultracentrifugation later became available and 

was used.

AnalyticaLUttmçÆPtrifasatiçn ftf Rag
Both equilibrium and velocity runs of ras were performed to determine both the molecular 

weight of ras and to give information about the shape of the protein molecule.

4,3.1: Equilibrium Sedimentation of Ras

A solution of ras.GDP freshly desalted into buffer A phis lOOmM NaCl, with an absorbance 

at 280nm of 0.5, was centrifuged at 20,000 rpm at 20°C for 16 hours, with five 280nm 

absorbance scans being made along the length of the cell, once an hour after a twelve
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hour delay. All five runs were superimposible showing that the protein distribution was at 

equilibrium at 1 2  hours. The data fi'om the final run is shown in figure 4.2. When 

sedimentation and diffusion are at equilibrium, then for a single, ideal, non-associating 

solute (Riston, 1993):

M = IRT  X d(lnc) equation 1

( l-vp)<i)^ dt̂

where M is the solute molar weight, R is the gas constant, T is temperature in Kelvin, v is 

the partial specific volume of the solute molecules, p is the solution density, w is the 

angular velocity of the rotor and c is the concentration of the solute at a radial distance r 

fi-om the axis of rotation.

The data to be fitted had to be selected, from after the solvent meniscus to the end of the 

exponential increase in absorbance near to the bottom of the cell, as marked by the two 

arrows (see figure 4.2). The data was fitted to the following model (McRorie and Voelker, 

1993):

Q  = C^.q{(ù^!2RT• M(l-vp) • if'-P)} equation 2

where Q  is the solute concentration at radius r, and Cp is the solute concentration at a 

reference distance, with F being arbitrary. The concentration is proportional to the 

absorbance of the solute. Plotting the absorbance versus the distance along the cell and 

fitting to the above model produces values forM(l-vp) and Q . To calculate the molecular 

weight the partial specific volume and the solution density must be known. The partial 

specific volume of full-length N-ras.GDP was determined to be 0.725 ml g'̂  at 20°C from 

the amino add compodtion (Laue et al., 1992) and fi’om the partial specific volume of GDP 

which was taken to be 0.44 ml g '\  the value for ATP (Laue et al., 1992). The solution 

density, which is calculated from the buffer constituents (Laue et al., 1992) was 1.00389 

g ml*̂  (for 20mM Tris.HCl pH 7.5, lOOmM NaCl and ImM MgClj. Fixing these values 

allows the molecular weight to be calculated fi’om equation 2. The selected exponential 

data fitted to a single molecular species with a molecular weight of 21912 (+/- 81) g mol ' 

(figure 4.3). The residuals which show the difference between the actual data point and the
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Figure 4.2; EquMibrium Sedimentation of Ras

A solution of ras.GDP in buffer A plus lOOmM NaCl with an absorbance of 0.5 at 280nm 

was centrifuged at 20,000 rpm in the analytical ultracentrifuge for 16 hours at 20°C. The 

absorbance of the solute is plotted against the distance, r, from the centre of rotation. The 

top of the cell is at 6.75cm and the bottom of the cell is at 7.20cm. The dip in absorbance 

near the top of the cell represents the position of the buffer meniscus, while the positive 

peak represents the position of the meniscus of the protein solution. The arrows mark out 

the section of data chosen to be fitted to obtain the molecular weight of the protein (figure 

4.3).
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Figure 4.3; Molecular Weight Determination of Ras.GDP

The data between the two arrows shown in figure 4.2 was fitted to a single exponential 

equation for a single non-associating solute. The molecular weight obtained fi’om the fit 

is 21912 +/- 81. The residuals show that the model is appropriate for the data.

- 107-



Absorbance at 280nm Residuals
O O O O O i — ^ o  o  o  o

o  o  o  oK) o  K)
O
‘o

1

»
pa

o
B

K)



corresponding point on the fit, show that the model is most likely to be correct. The 

monomer molecular weight of ras.GDP, calculated from the amino acid sequence, is 21656 

g mol'\ Therefore under the conditions of this experiment, which are close to those 

subsequently used in kinetic experiments, ras exists in solution as a monomer, and there is 

no evidence of any oligomeric structure.

4.3,2; Velocity Sedimentation of Ras

In velocity sedimentation experiments it is the rate of movement of a solute that is 

determined, in order that the sedimentation coefficient, s, of the solute can be calculated. 

The rate of movement of a solute can be followed by the rate of movement of the boundary 

position and is given by the equation (Ralston, 1993):

ln(r) = equation 3

where r is the second moment boundary position.

A solution of ras.GDP, freshly desalted into buffer A plus 1 OOmM NaCl with an absorbance 

of 1 at 280nm was centrifuged at 54,000 rpm at 20®C. After a delay of five minutes the 

absorbance (at 280nm) along the cell was scanned ten times at ten minute intervals. The 

data obtained from each scan is shown in figure 4.4. The sedimentation coefficient is 

measured by determining the position of the boundary with respect to time. The boundary 

position was calculated by the second moment method (Goldberg, 1953). The position of 

the square root of the second moment of the concentration distribution corresponds to the 

boundary, where this point has the same velocity as the solute molecules ahead of the 

boundary (Goldberg, 1953). Here both the upper and lower plateau values need to be 

selected. For this method a depleted meniscus is necessary. The boundary position is 

calculated with time according to the equation (Goldberg, 1953):

- 2 / Cp crdr equation 4

where /y is the equivalent boundary position and is a position in the plateau region with 

concentration Cp.
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Figure 4.4: Velocity Sedimentation of Ras

A solution of ras.GDP in buffer A plus lOOmM NaCl was centrifuged at 54,000 rpm in the 

analytical ultracentrifuge for 105 minutes at 20°C. Each trace shows the absorbance at 

280nm along the cell, at 10 minute intervals, with trace(l) being the scan obtained after 5 

minutes, and trace (10) being the scan obtained after 105 minutes.

.  110 -



2.0

1 .5 -

ao 1.0 -
O
00
( S

0 .5 -
0

1 0-0 - 
■£
S  -0.5 -  

A

- 1.0 -

-1.5
6,0 6.2 6.4 6.6 6.8 7.0 7.2

Radius (cm)



Plotting ln(boundary) against (ùh produces a linear relationship of slope s (figure 4.5). The 

5  value derived from figure 4.5 is 2.06 x 10'̂  ̂seconds (with a correlation coefficient of 

0.9993). The diffusion coefficient, D, can also be calculated from the data by monitoring 

the spread of the boundary region, as this becomes less sharp with time. A value of the 

boundary spreading, denoted as Z, is calculated for each data set according to Muramatsu 

and Minton (1988). Plotting the boundary spreading parameter versus time gives a linear 

relationship, with the slope being equal to the diffusion coefficient (figure 4.6). The D value 

derived from figure 4.6 is 9.22 x 10'̂  cm  ̂s'̂  (with the fit having a correlation coefficient 

ofO.9968).

Sedimentation coefficients can be used to obtain an idea of the shape of the solute 

molecules using the Svedberg equation (Waxman et a l, 1994);

s = A/( 1  -wpyNf equation 5

to obtain an estimate of the fiictional coefficient /.

Taking s to be 2.06 x 1 0 "̂  ̂seconds. A/to be 21000 g mol**, v to be 0.725 ml g'*, p to be 

1.00389 g mT* and Nxo be 6.023 x lo^ mol'*, the value o f/is  calculated to be 4.60 x 1 0 ‘* 

8 s '.

/ can also be derived using the diffusion coefficient from the relationship (Ralston, 1993):

D  = RTINf equation 6

Taking D to be 9.22 x 1 0 *̂ cm  ̂s'*, R to be 8.314 x 10̂  erg mol'* K'*, T to be 293 K and N

to be 6.023 x lo^ mol'*,/is calculated to be 4.39 x 10“* g s'*.

There is thus a relatively good agreement in the values of f  obtained using the sedimentation 

and diffusion coefficients.

The shape of the molecule can be determined by taking the ratio of the /  value to the 

fiictional coefficient for a theoretical sphere fg.

fo = 6 7 it| {3 Mv(l+0 )/4 7 rN}*^ equation 7
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Figure 4.5; Determination of the Sedimentation Coefficient S

Each absorbance scan shown in figure 4.4 was fitted to the second-moment method to 

obtain values of the boundary position. Plotting ln(boundary) versus the product of the 

square of the angular velocity and time produced a linear relationship. The solid line is a 

linear fit to the data with a slope of 2.06 x 1 0 ’̂  ̂ seconds, which corresponds to the 

sedimentation coefficient.
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Figure 4,6: Determination of the Diffusion Coefficient, D

Each scan of absorbance against radius shown in figure 4.3 was analysed by the second- 

moment method of boundary position determination, and produced a value of boundary 

spreading (Z). Plotting Z against time shows a linear relationship with a slope 

corresponding to a difiusion coefficient of 9.22 x 10'̂  cm̂  s'\
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where t| is the viscosity of the solvent, Ô is the hydration (gH20/g protein), M is 21000 g 

moI'\ V is 0.725 ml g"̂  and N is 6.023 x 10^ mol'\ Taking r\ to be the viscosity of water 

(10 X 10'  ̂poise) and ô to be 0.4, which was calculated from the amino acid composition 

by Hazlett et al. (1993) and is also an average value for the hydration of proteins (usually 

between 0.33 and 0.42 (Cantor and Schimmel, 1980)),/^ is 3.84 x 10'* g s'\ Since the 

value of Ô is not well defined, the limiting values of 0.33 and 0.42 for ô (for proteins using 

the technique of NMR-fieezing) were also used to calculate/o, which becomes 3.77 x lO'* 

g s'̂  and 3.86 X 10'* g s'̂  respectively.

Calculating^ for each of the calculatedvalues are as follows :

f f o

fis, s'*) /(, = 3.84x ID * 
(gs-*)

/„=3.77x 10-* 
(g s'*)

/„ = 3.86x 10-* 
(g  S'*)

4.60 X 10-* 1.20 1.22 1.19
4.39 X 10-« 1.14 1.16 1.14

Varying the hydration of the protein between 0.33 and 0.42 cm  ̂per gram of protein, 

therefore, has little effect on the value offo and subsequently has little effect on the ratio of 

the fiictional coefficient to the fiictional coefficient for a spherical molecule (/%). The ratio 

values show that ras has some asymmetry but is fairly globular in agreement with the crystal 

structure of ras (Pai et a l, 1989, 1990; Milbum et a l, 1990). The f fo  ratio represents an 

axial ratio a/b of the ellipsoid model of 3.5-4.5 (prolate) or 3.75-5.00 (oblate), suggesting 

that the length of the protein is 3.5-5 times the width of the protein. This is probably due 

to the C-terminus of ras which one would expect to be elongated as it serves to anchor the 

protein in the plasma membrane in cells.

4.4: Analytical Ultracentrifugation of Neurofibromin

There is no structure information on neurofibromin at present, and the molecular weight and 

the shape of the neurofibromin fi-agment were calculated using a combination of equilibrium 

and velocity sedimentation.

-117-



4.4,1; Equilibrium Sedimentation of Neurofibromin

To determine the molecular weight of the neurofibromin fragment a solution of 

neurofibromin exchanged into fresh buffer A plus lOOmM NaCl with an Ajgo of 0.5 was 

centrifuged at 16,000 rpm taking five A2 go scans along the length of the cell at two-hour 

intervals, after a delay of 15 hours. All five runs were superimposible indicating that the 

solute distribution was at equilibrium. The selected exponential data at equilibrium was 

fitted to the single solute model (figure 4.7). Using values of 0.741 ml g'̂  for v, calculated 

fi-om the amino acid composition (Laue et a l, 1992), and 1.00389 g ml*̂  for p, calculated 

fi'om the buflfer constituents, the molecular weight was found to be 38137 +/-180 g mol'*, 

with the residuals demonstrating that the model is likely to be correct. As the monomer 

molecular weight of the neurofibromin fi-agment is 38494 g mol'  ̂this shows that, under 

these conditions, neurofibromin exists as a monomer.

4i4,2i .YfitodtiLSedLqifcntatiQii of NgprQfibrQmin

A solution of neurofibromin exchanged into fi-esh buffer A plus lOOmM NaCl with an 

absorbance of 1.0 at 280nm was centrifuged at 48000 rpm at 20°C. After a delay of 100 

minutes, 10 A2 8 0  scans were made along the length of the cell at 10 minute intervals. The 

data obtained was analysed by the second-moment method to produce an estimates of the 

sedimentation coefficient, and the diffiision coefficient was determined from the spreading 

of the boundary region (as described in section 4.3.2 for ras). The sedimentation coefficient 

was calculated to be 2.86 x 10'̂  ̂s and the diffiision coefficient was calculated to be 8.54 

X 10'̂  cm̂  s'\ with the correlation coefficients of the fits were 0.999 for the calculation of 

the sedimentation coefficient and 0.993 for the calculation of the diffiision coefficient. 

Using these s and D values to calculate the fiictional coefficient/  (as described in section 

4.3.2) where M is 36000 g mol"\ v is 0.741 ml g"% p is 1.00389 g ml'\ N is 6.023 x 10^ 

mol'\ R is 8.314 x 10̂  erg mol'  ̂K'  ̂and T is 293 K, gives the following values:

Method / ( g  s‘‘)

Using j 5.35 X 10-*

Using D 4.74 X 10 *

Calculating^ for the neurofibromin fragment (as described in section 4.) taking M to be 

36000 g m ol'\ V to be 0.741 ml g '\ N to be 6.023 x i(p  mol*̂ , r\ to be the viscosity of 

water (10 x 10'̂  poise) and ô to be 0.4, gives a value of 4.63 x 10** g s’̂  Using this to
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Figure 4.7; Equilibrium Sedimentation of Neurofibromin

A solution of neurofibromin in buffer A plus lOOmM NaCl with an absorbance of 0.5 at 

280nm was centrifuged at 16000 rpm for 23 hours at 20°C. The absorbance of the selected 

exponential increase in solute concentration (after 23 hours) is plotted against the distance, 

r, fi'om the centre of rotation. The solid line is the best fit to a single exponential equation 

for a single solute species. The molecular weight obtained fi'om the fit is 38137 +/- 180 Da. 

The residuals show that the fit is appropriate for the data.
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calculating the ratio offlfg for each value off  gives the following values:

Method of Calculation fifo

Usings 1.16

Using D 1.02

These values show that the neurofibromin fi^gment is a globular molecule with no extended 

structure. Thefffg represent a/b axial ratio values of 1.0-3.5 (prolate) or 1.0-3.8 (oblate), 

with the large différence in estimates demonstrating the difference in the f fg  ratio calculated 

from the two different methods (using the sedimentation coefficient or the difiusion 

coefficient).

4.5; Analytical Centrifugation of GST

Although analytical gel filtration has shown that GST elutes at a molecular weight 

consistent with it being a dimer (Walker et a/., 1993), this is not an accurate way of 

measuring molecular weights. Proteins could interact with the column matrix such that the 

proteins run anomalously. Also if a protein has an extended structure it will run at a higher 

apparent molecular weight. Therefore, in order to determine unequivocally the oligomeric 

state of GST, sedimentation equilibrium analytical ultracentrifugation was carried out on 

it.

4.5.1: Equilibrium Sedimentation of GST

A solution of GST exchanged into fi-esh buffer A plus lOOmM NaCl with an absorbance of 

0.5 at 280nm, was centrifuged at 12,500 rpm at 20®C. Four Ajgo scans were made after 

a delay of 16 hours and 40 minutes at two-hourly intervals. All four scans were 

superimposible indicating that the protein distribution was at equilibrium. At equilibrium 

the selected exponential data was fitted to a single solute model (figure 4.8). Using values 

of 0.747 ml g’̂  and 1.00389 g ml'̂  for partial specific volume and solution density 

respectively, the molecular weight was found to be 57451 +/- 278 g mol"*. Therefore, as 

the monomer molecular weight of GST is 26000 g mol"* thus proving that, under these 

conditions, GST exists as a dimer, as suggested by Walker et al. (1993).

4.6: Analytical Ultracentrifugation of Neurofibromin.GST

As mentioned in the introduction to this chapter, the GST part of neurofibromin. GST has
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Figure 4.8: Equilibrium Sedimentation of GST

A solution of GST in buffer A plus lOOmM NaCl was centrifuged at 12500 rpm for 22 

hours and 40 minutes at 20°C. The selected exponential absorbance of the solute at 280nm 

is plotted against the distance, r, from the centre of rotation. The solid line is the best fit 

to a single exponential for a single solute species. The molecular weight obtained from the 

fit is 57451 +/- 278 Da. The residuals show that the fit is appropriate for the data.
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been shown to exist as a dimer, by analytical gel filtration (Walker et a l, 1993). Analytical 

gel filtration has also shown that neurofibromin. GST possibly exists as a dimer and 

equilibrium sedimentation was carried out to resolve the issue.

4.6.1: Equilibrium Sedimentation of Neurofibromin.GST

A solution of neurofibromin. GST exchanged into fi"esh buffer A plus lOOmM NaCl with an 

absorbance at 280nm of 0.5, was centrifiiged at 8,000 rpm at 20°C. Five Ajjo scans were 

taken along the cell at five-hourly intervals after a delay of 15 hours. All five traces were 

superimposible indicating that the protein distribution throughout the cell was at 

equilibrium At equilibrium (35 hours) the selected exponential data was fitted to a single 

solute model (figure 4.9). Using values of 0.743 ml g'̂  and 1.00389 g ml'̂  for partial 

specific volume and solution density respectively, the molecular weight was found to be 

129080 +/- 1571 g mol'\ Therefore, as the monomer molecular weight of 

neurofibromin.GST is 64700 g mol’̂  this shows that, under these conditions, 

neurofibromin GST exists as a dimer in solution, as suggested by the analytical gel filtration 

data. This is much more accurate than gel filtration in the determination of molecular 

weights.

4.6.2: Velocity Sedimentation of Neurofibromin.GST

A solution of neurofibromin.GST exchanged into fresh buffer A, with an absorbance at 

280nm of 1 was centrifuged at 40,000 rpm at 20°C. Twenty A2 8 0  scans were made along 

the length of the cell at 10 minute intervals after a delay of 5 minutes (figure 4.10). As can 

be seen from these traces there is some aggregated protein present in the first few scans and 

these were probably sedimented out by the time of the fourth scan. However even then the 

plateau region of the scans are not fiat but are sloping slightly indicating that some 

aggregation is probably occurring. It was therefore not possible to fit these data to 

equation 4 to obtain boundary positions with time.

4.7: Discussion

Initially analytical gel filtration was used to examine the molecular weights of neurofibromin 

and neurofibromin. GST proteins. From this the molecular weights were found to be 40,000 

and 110,000 for neurofibromin an neurofibronmGST respectively. Later, thejOptimaXLA 

analytical ultracentrifuge became available, and the molecular weights of ras, neurofibromin,
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Figure 4.9: Equilibrium Sedimentation of Neurofibromin.GST

A solution of neurofibromiaGST in buffer A plus lOOmM NaCl with an absorbance of 0.5 

at 280nm was centrifuged at 8000 rpm for 35 hours at 20°C. The selected exponential 

absorbance of the solute at 280nm is plotted against the distance, r, from the centre of 

rotation. The solid line is the best fit to a single exponential for a single solute species. The 

molecular weight obtained from the fit is 129080 +/- 1571 Da. The residuals show that the 

fit is appropriate for the data.
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Figure 4.10; Velocity Sedimentation of Neurofibromin,GST

A solution of neurofibromin.GST in buffer A plus lOOmM NaCl was centrifuged at 40,000 

rpm for 205 minutes at 20°C. Each trace shows the absorbance at 280nm along the cell at 

10 minute intervals. The first three traces show the presence of some aggregated material 

in the cell.
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neurofîbromin.GST and GST alone were determined using the technique of equilibrium 

sedimentation analytical centrifugation. Ras was found to have a molecular weight of 

21912 g mol'  ̂which suggests that the protein exists as a monomer. Neurofibromin was 

found to have a molecular weight of close to 36000 from both analytical gel filtration 

studies and equilibrium sedimentation analytical ultracentrifugation studies. This shows that 

neurofibromin also exists in monomeric form, and that if the fusion protein 

neurofibromin. GST does dimerise it does not do so through the neurofibromin portion of 

the molecule.

Neurofibromin. GST was found to have a molecular weight of 110,000 by analytical gel 

filtration and 129080 by equilibrium sedimentation studies. As the molecular weight of 

single neurofibromin molecule plus a single GST molecule is 62,000, this shows that the 

fusion protein neurofibromin.GST does exist in dimeric form. As a control equilibrium 

sedimentation of GST alone was also studied. This was found to exist as a dimer, agreeing 

with the analytical gd filtration studies of Walker et al. (1993), having a molecular weight 

of 57,000 (monomer molecular weight of 26,000). Therefore it seems apparent that the 

neurofibromin.GST fusion protein is dimeric through the GST portion of the fusion protein.

The shape of the ras and neurofibromin proteins were determined by calculating 

sedimentation and difiusion coefficients using velocity sedimentation analytical 

ultracentrifugation, and by using these values to calculate fiictional coefficients. These 

were compared to the fiictional coefficient for a sphere to gain information about the shape 

of the ras protein. The shape of the ras protein, as determined from the ratio of the 

fiictional coefficient to the fiictional coefficient for a sphere, was found to be around 1.14 

and 1.20 depending on the method of calculation. For a sphere the ratio would be 1. This 

therefore suggests that ras has a slightly asymmetric shape. Structure data from 

crystallography has suggested that ras does not have an extended shape (Pai et a l, 1989, 

1990; Milbum et a l, 1990). Crystallography studies mainly used truncated ras proteins, 

with the C-terminus being truncated at residues 166 or 171. NMR studies on truncated ras 

also showed that the proton was globular with no extended structure (Kraulis et a l, 1994). 

Since it is the C-terminal portion of the ras protein that is involved in anchoring ras into the 

plasma membrane, it might be expected that this region would have an elongated shape.
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Velocity sedimentation analytical ultracentrifugation was used to calculated sedimentation 

and difiusion coefficients for the neurofibromin protein. These values were used to 

calculate the fiictional coefficient and hence the flfo ratio. This ratio gave values of around

1.02 and 1.16, suggesting that this neurofibromin fi'agment has a relatively spherical shape 

(more so than ras). This would agree with analytical gel filtration data giving a molecular 

weight of around 40,000. No crystallography or NMR data is currently available to 

compare this with.

A summary of the molecular weights (M), calculated partial specific volumes (v), 

sedimentation coefficients (s), difiusion coefficients (D) and /I/q ratios obtained are as 

follows:

Protein M (g mol'^) V (ml g'^) s (sec) D (cm  ̂s ')

ras 21912 0.725 2.06 X 10*̂ ^ 9.22 X 10’ 1.14-1.20

neurofibro

min

38137 0.741 2.86 X 10*̂ ^ 8.54 X 10’ 1.02-1.16

neurofibro

min.GST

129080 0.743 - - -

GST 57451 0.747 - - -

Therefore, the oligomeric state of the proteins used in subsequent kinetic studies are now 

defined.
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Chapter 5; The Kinetics of the Interaction of Leu61ras.mantGTP with 

Neurofibromin

5.1: Introduction

Eccleston et al. (1993) made initial stopped-flow studies on the interaction of wild-type 

ras.mantGTP with neurofibromin. They found that (under single-turnover conditions) a 

relatively fast increase in fluorescence occurred followed by a slow decrease in 

fluorescence. The increase in fluorescence was thought to represent the binding of 

neurofibromin to ras.mantGTP while the slow phase was thought to represent hydrolysis 

of the mantGTP bound to ras. The detailed study of the initial phase was not made due to 

its being fast and small. However, improved instrumentation has now allowed this to be 

done.

The mutant ras protein, Leublras, was initially used to characterise the initial phase since 

this protein has only a very low rate constant of hydrolysis even in the presence of GTPase- 

activating proteins. The intrinsic rate constant for the hydrolysis of Leu6 Iras.mantGTP is 

1 . 0  X 1 0 '̂  s'* at 30°C and is only activated by neurofibromin by a factor of 6  (Brownbridge 

et al, 1993), compared to file activation of wild-type ras GTPase by a factor of 10̂  (Moore 

et al, 1992). With this negligible rate constant of hydrolysis this protein is a useful means 

of studying the interaction of ras with GAPs as the reaction is effectively stopped prior to 

the hydrolysis stage, especially in stopped-flow experiments where the longest runs are over 

in a few seconds and so the binding step can be studied in isolation fi’om the cleavage step.

5.2: Results

Upon mixing 0.5pM Leu6 Iras.mantGTP with either 2.5pM or 7.5pM neurofibromin in 

20mM Tris.HCl pH7.5, ImM MgClz, ImM DTT (buffer A) at 30®C in a stopped-flow 

instrument an increase in fluorescence was seen which could be fitted to a single 

exponaitial (figure 5.1). The observed rate constant of the fluorescence increase increased 

with increasing neurofibromin concentration (figure 5.2). This suggested that this 

fluorescence increase corresponds to a second-order reaction and therefore represents the 

binding of neurofibromin to Leu61 ras.mantGTP. Mixing 0.5pM Leu61 ras.mantGTP with 

2.5-15pM neurofibromin at 30°C in buffer A, and fitting the data to single exponentials, 

gave a linear relationship between the observed rate constant of the exponential increase
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Figure 5,1; Stopped-Flow Fluorescence Record of the Interaction of Neurofibromin 

with Leu61ras.mantGTP

0.5pM Leu61 ras.mantGTP in 20mM Tris.HCl pH 7.5, ImM MgClj and ImM DTT was 

mixed with (a) 2.5pM and (b) 7.5pM neurofibromin at 30®C. The arrows represent the 

direction of fluorescence increase. The solid lines represent the best fits to single 

exponentials with the observed rate constant of trace shown in (A) being 109s*̂  and the 

observed rate constant of the trace in (B) being 173s'\

- 132-



Fluorescence Increase Fluorescence Increase

Bft

o

Po

O
s

o
2

O
S

OÜ
o

©

w

po
B
f t
c/3

00

o



Figure 5.2: The Effect of Neurofibromin Concentration on the Observed Rate 

Constant of its Interaction with Leu61 ras.mantGTP

Data from records as shown in figure 5.1 were fitted to single exponentials to obtain 

observed rate constants at increasing neurofibromin concentrations. The reagents were in 

20mM Tris.HCl pH 7.5, ImM MgCl2  and ImM DTT at 30°C. The error bars represent the 

standard deviation of at least four traces. The solid line is a linear fit to the data with a 

slope of 2.0 X 10̂  M^ s'* and an intercept of 45s'*.
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and concentration of neurofibromin (figure 5.2). This suggested that the binding of 

neurofibromin to Leu6 Iras.mantGTP was a simple single-step reaction, as follows;

ki
Leu61 ras.mantGTP + neurofibromin ^  Leu61 ras. mantGTP. neurofibromin

With the data obeying the following relationship (Eccleston, 1987):

kobs = ki [neurofibromin] +k.i (see appendix)

with the slope being the second-order rate constant of the association rate constant (kj) and 

the intercept being the first-order dissociation rate constant ( k.J. The equilibrium constant, 

Kg, can be calculated fî om the simple relationship of Kg = k.j / k̂ . Therefore fi’om figure

5.2 for the interaction of Leu61 ras.mantGTP with neurofibromin the association rate 

constant is 2.0 x 10̂  s '\ the dissociation rate constant is 45 s'̂  and the resultant Kg is

2.2pM.

In order to confirm this mechanism and to determine that the intercept did represent k.i, the 

dissociation rate constant was measured directly by a displacement experiment. In the 

stopped-flow instrument, Leu6 Iras.mantGTP and neurofibromin are mixed together in the 

same syringe (producing a complex of Leu61ras.mantGTP.neurofibromin) and a large 

excess ofLeu61ras.GTP is in the other syringe. Upon mixing it is possible to observe the 

dissociation rate constant of Leu61 ras.mantGTP fi’om the

Leu61 ras.mantGTP.neurofibromin complex. In the displacement experiment there are 

actually two processes occurring (Eccleston, 1987):

k ,
Leu61 ras.mantGTP.neurofibromin ^  Leu61 ras.mantGTP + neurofibromin

neurofibromin + Leu61ras.GTP -  Leu61 ras. GTP. neurofibromin

First, there is dissociation of Leu61 ras.mantGTP.neurofibromin to give fi"ee
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Leu61ras.mantGTP and neurofibromin, and this is followed by the binding of neurofibromin 

to the excess Leu6 Iras.GTP. The signal will occur on dissociation of 

Leu61 ras.mantGTP.neurofibromin. For the observed rate constant to be the dissociation 

rate constant, the initial dissociation reaction has to be slow compared to the second, 

binding, step and the rate constant of the dissociation has to be independent of the 

concentration of the Leu6 Iras.GTP, as long as it is high enough to compete with 

Leu61 ras.mantGTP for unbound neurofibromin (Eccleston, 1987).

Mbdng a solution containing 0.1 pM Leu61 ras.mantGTP and 0.2pM neurofibromin with 6  

or 12pM Leu6 Iras.GTP at 30°C in buffer A produced an exponential decrease in 

fluorescence, the rate constant of which was 0.26 s*̂ in the presence of either 6 pM or 12pM 

Leu6 Iras.GTP (figure 5.3). As described above this suggests that this is the dissociation 

rate constant of neurofibromin fi-om Leu61 ras.mantGTP.neurofibromin. The k.i value 

derived fi*om the intercept in figure 5.2 was 45 s'̂  while the k  ̂derived fi-om displacement 

experiments was 0.26 s'̂  and, as they are very different, this suggests that the interaction 

between Leu61 ras.mantGTP and neurofibromin is more complex than a simple one-step 

process.

To investigate this discrepancy it was necessary to study the binding reaction at lower 

neurofibromin concentrations, so that a more accurate extrapolation of observed rate 

constant back to the intercept with the y-axis could be made. However, in order to do this 

and to still be under pseudo first order conditions it was necessary to lower the 

concentration of Leu61ras.mantGTP such that there would still be at least a five-fold excess 

of neurofibromin over ras (Eccleston, 1987). Upon mixing 0.1 pM Leu6  Iras.mantGTP and 

0.5-5.OpM neurofibromin and 0.5pM Leu6 Iras.mantGTP with 2.5-7.5pM neurofibromin 

in buffer A at 30°C, instead of observing a linear relationship between the observed rate 

constant of the fluorescence increase and neurofibromin concentration, there was a 

hyperbolic relationship (figure 5.4). There are several mechanisms of binding of 

neurofibromin to Leu61ras.mantGTP that could explain this data as discussed by Bagshaw 

et al. (1974). The one considered here is that there is an isomérisation process occurring 

after the initial binding of the two proteins:
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Figure 5.3; J M  Displacement of Leu61ras.mantGTP from. the

Leu61ras.mantGTP.Neurofibromin Complex by Leu61ras.GTP

0.1 pM Leu6 Iras.mantGTP and 0.2pM neurofibromin were mixed with either 6 pM 

Leu6 Iras.GTP or 12pM Leu6 Iras.GTP. The reagents were in 20mM Tris.HCl pH 7.5, 

ImM MgCl2  and ImM DTT at 30°C. The arrow represents the direction of fluorescence 

increase. The solid lines represent exponential fits to the data, having rate constants of 0.26 

s'̂  in the presence of either 6 pM Leu61ras.GTP or 12pM Leu6 Iras.GTP.
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Figure 5.4; The Effect of Neurofibromin Concentration on the Rate Constant of its 

Interaction with Leu61ras.mantGTP

Data from records as shown in figure 5.1 were fitted to single exponentials to obtain 

observed rate constants at increasing concentrations of neurofibromin. 0 . 1  pM 

Leu6 Iras.mantGTP (filled circles) or O.SpM Leu6 Iras.mantGTP (empty circles) were 

mixed with increasing concentrations of neurofibromin. Both reagents were in 20mM 

Tris.HCl pH 7.5, ImM MgClj and ImM DTT at 30°C. The solid line represents the best 

hyperbolic fit to the data with a maximal rate constant of 399s*̂  and a half-maximal rate at 

4 . 8  pM neurofibromin.
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k„

Leu6  Iras.mantGTP + neurofibromin Leu61ras.mantGTP.neurofibromin

k-ia

kib

^Leu61 ras* .mantGTP.neurofibromin 

k-ib

It seems that the fluorescence change occurs upon the formation of 

Leu61 ras* mantGTP. neurofibromin since there would be a linear relationship between the 

observed rate constant of the fluorescence change and neurofibromin concentration if the 

fluorescence change occurred upon the formation of Leu61 ras.mantGTP.neurofibromin. 

Also, it seems unlikely that the initial association step contributes to the fluorescence 

change as the fluorescence change is monophasic over a 1 0 -fold difference in neurofibromin 

concentration. Therefore, dissociation rate constants must be measuring the k_ib rate 

constant.

If step la is a rapidequilibrium(see below) compared to step lb then the limiting rate 

constant of the second process (k ,̂ + k.iJ is given by the maximal value of the hyperbola 

(398 s' )̂ and the neurofibromin concentration at half the maximal rate constant being the 

Kg of the initial binding process (4.8|iM). This explains why there was such a discrepancy 

between the intercept obtained in figure 5.2 and the dissociation rate constant obtained fi'om 

displacement experiments shown in figure 5.3. The neurofibromin concentrations used to 

produce figure 5.2 only enabled the approximately linear portion of the hyperbola to be 

seen.

5,24; Two-Step finding

For a two-step binding reaction involving a rapid equilibrium followed by an isomérisation 

process:

^la ^Ib
A + B ^  AB^AB*

k-ia k.ib
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Assuming equilibrium of the first step:

k.JAB] = kJA][B]

Therefore, [A] = k_i,[AB] / ki,[B] (D

Conservation of mass means that [AB] + [A] + [AB*] [Ao] (D

Substituting (D into ® gives:

[AB] + k.iJAB] / k,,[B] + [AB*] = [A,]

[AB] {1 + k ,. / kJB]} + [AB*] = [Ao]

[A B]{l+k.i3 /k.[B]}=[Ao]-[AB*]

Therefore, [AB] = [Ao] / {1 + k.,, / k,.[B]} - [AB*] / {1 + k.,̂  / k,.[B]} (D

The rate of formation of AB* with time is given by:

dAB*/dt = k,b[AB] - k.ib[AB*] ®

Substituting <D into ® gives:

dAB*/dt = ki,[Ao] / {1 + k.,3 / k,[B]) - k,[AB*] /{1+ k ,./k„[B ]}  - k.,^[AB*]

dAB*/dt = kb[Ao] / {1 + / k.[B]) . [AB*]{k, / {1 + k.,. / kJB]} + k.,J

Upon integration of the above equation the term kn,[Ao] / {1 + k.i, / ki,[B]} becomes a

constant.

Therefore dAB*/dt is proportional to {kji, / { 1  + k.i. / ki,[B]} + k.iJ[AB*] 

which has the form of a first-order equation in which

kobs =  k b  /  { 1  +  k u  /  k u [ B ] }  +  k .ib

Therefore, = k b / (I + K ^ /P ]} + k.,b (D
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The linear portion of the hyperbola is described by an equation of the form (Bagshaw et a l , 

1974):

kob. = KAikib[B]o + k.ii,

where K^i is the equilibrium association rate constant and is equal to 1/K,Dl-

Therefore, the initial linear portion of the hyperbolic curves (as shown in figure 5.4) has a 

slope equal to kib/K î and an intercept of k.î .

Therefore intercept / slope = k.̂ y / kiy/Koi = k jy * Kpi/kiy

since = ki/k^, intercept/ slope = kiak.iy / k̂ k̂̂ y which is equal to KD(overall).

Let Kdi = K iA u  and = k.̂ y/k̂ y 

Ko(overall) = k.̂  Jc.̂ y / k̂ k̂̂ y

Other possibilities of mechanisms that would produce hyperbolic behaviour between 

observed rate of reaction and [neurofibromin] are discussed in Bagshaw et al. (1974). 

These include isomérisation of one of the proteins prior to formation of the complex:

A ^ A * + B ^ A * B

in which hyperbolic behaviour would still be seen if the fluorescence change occurs upon 

the second step, the formation of A*B.

A second possibility would occur if there were two complexes formed by the binding of A 

to B:

kz"
A + B ^A *B

k-2"

k.;'
and A + B ^  AB

k,"

In this case hyperbolic behaviour would be seen when k2 "/k.2 ” is greater than k/'/k./' and 

k2 " is greater than k/'.
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For the two-step binding scheme to be valid the association step needs to be in rapid 

equilibrium compared to the second step so that it is maintained throughout the reaction. 

From figure 5.4 the value ofk^y is ~ 400s'\ and fi'om figure 5.3 the value of is 0.26s'  ̂

(at 30°C and in the absence of any NaCl). The KoCoverall) is known to be less than 0 . 1  pM 

(Brownbridge a/., 1993).

Therefore K^i x 0.26/400 « lO'^M

Therefore « 150pM

For a binding process with a K^i of 150pM, assuming a reasonable value of k̂ , as being 10̂  

M*̂  s'̂  then the k.j^ fi'om = k.^/ki. would be 1500s'\

Taking k̂ y to be 400s'\ k. ,̂ to be 0.26s‘̂  and K^i to be 4.8pM (from figures 5.3 and 5.4), 

and simulating possible k̂  ̂and k. ,̂ values:

If ki3  was 10̂  then k_î  would be 48s'  ̂which is not a rapid equilibria compared to k ,̂, while 

a ki, of 3.1 X 10* and a k. ,̂ of 1500s*̂  would give a rapid equilibrium of step la compared 

to step lb.

To test whether such behaviour as has been observed (figure 5.4) is consistent with a two- 

step binding process, simulations of a two-step binding process involving an association 

followed by an isomérisation change were made using a data simulation program which 

creates appropriate differential rate equations, KSIM. Whilst maintaining k̂ y as 400s'\ k.jy 

as 0.26s'^ and the k.̂ , as 1500s'\ the was varied over the range 0.1 pM - 15OpM by 

varying the value of k,,. Using these rate constants, traces showing the formation of AB* 

at different concentrations of B were produced in KSIM and analysed by a least squares 

non-linear fitting program, KFIT. In KFIT the traces were fitted to single exponentials to 

obtain observed rate constants. When plotted against [B] the curves are hyperbolic at low 

Kdi values and appear linear at high Kĝ  values (figure 5.5). These data are consistent with 

experimental data obtained at low and high salt respectively (figures 5.6 and 5.7).

The concentration of B at half the maximal rate (set at 400s* )̂ was measured (K^/J as was 

the initial slope (figure 5.5). This slope was compared to the value of kiy/Kpi which is the 

theoretical value of the slope put into the fitting program:
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Figure 5.5; Simulation of Two-Step Binding

l̂a Îb
A + B ^  AB^AB*

^-la ^-Ib

The above mechanism was simulated in KSIM using values of 1500s'% 400s'  ̂and 0.26s'^ 

for k.ij, kib and k. ,̂ respectively. The formation of AB* was simulated with k̂ , being 3.0 

X 10* M'  ̂s'̂  (red), 7.5 x lo^ M*̂  s'* (blue) and 1 . 5  x lo^ M'* s'* (green). These plots were 

fitted in KFIT to give observed rate constants (of formation of AB*) at increasing 

concentrations of B.

The red curve shows a hyperbolic fit to the data simulated with a k̂ , of 3.0 x 1 0 * M‘* s'* 

(and a K^i of 5pM), and has a half-maximal rate constant at 7 . 1  pM B. The red line is a 

linear fit to the initial slope and has a slope of 5.3 x 10̂  M'* s'*.

The blue curve shows a hyperbolic fit to the data simulated using a k,, of 7.5 x 1 0  ̂M'* s'*

(and a Kpi of 20pM), and has a half-maximal rate constant at 25.4pM B. The blue line is 

a linear fit to the initial slope and has a slope of 1.4 x 10̂  M * s'*.

The green line is a linear fit to the data simulated using ak^, of 1.5 x 10̂  M'* s'* (and a Kd

of lOOpM), and has a slope of 2.7 x lo** M'* s'*.
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Kd, k,a Ki/2 kit/Koi initial slope

initial slope

5pM 3.0 X 10* 7.1pM 8.0 X 10̂ 5.3 X 10" 1.5

20jiM 7.5 X 10̂ 25.4pM 2.0 X 10" 1.4 X 10" 1.4

lOOpM 1.5 X 10̂ 4.0 X 10® 2.7 X 10® 1.5

It was not possible to measure the concentration of B at half the maximal rate (Kj/j) for the 

reaction with Kj,, of lOOpM as the observed rate constants obtained (at up to 20pM B) are 

lower than the half-maximal rate constant of 200s'\ Therefore, figure 5.5 shows that 

hyperbolic behaviour is observed with a of400s"^ and a of 0.26s'\ with a K^i of up 

to approximately 20pM. At higher values a linear relationship is observed between the 

observed rate constant of formation of AB* and concentration of B. At each of the three 

conditions tested the ratio of the ky/Kgi to the initial slope is within a factor of two, as is 

the concentration of B at the half-maximal observed rate constant to the value. This 

therefore indicates that hyperbolic fits to data at low ionic strength can provide a limiting 

rate constant (k̂ y + k.iy) fi-om the plateau value and a good approximation of fi-om the 

half-maximal observed rate constant, and that the initial slope of the data would give a good 

approximation of the kiy/K^i.

It appears that a k̂  ̂of 10* M'  ̂s'̂  is necessary in order to have a rapid equilibrium of step 

la relative to step lb. To see if this was a reasonable value to expect for the interaction of 

Leu6Iras.mantGTP and neurofibromin the theoretical association rate constant was 

determined. A theoretical association rate constant for two uncharged molecules can be 

calculated using the Smoluchowski equation (taken fi-om Gutfieund (1995)) where:

k, = 47iN/1000 (Da + Ds)(rA + t̂ ) 

where N is Avogadro’s number, and Dg are the difiusion coefficients of the two 

reactants A and B, and r^ and r  ̂are the radii of reactants A and B respectively. Difiusion 

coefficients were obtained by velocity sedimentation analytical ultracentrifugation (chapter 

4) and were 9.22 x 10*̂  cm  ̂s'̂  for ras and 8.54 x 10"̂  cm  ̂s'* for neurofibromin. If a 

molecule is spherical, its radius can be calculated fi-om its molecular weight using the 

following equation (Waxman et al., 1994):

r = V SMtvMttN X 10*
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where Mr is the molecular weight of a molecule, v is the partial specific volume of a 

molecule (0.725 ml g‘* for ras and 0.741 ml g"̂  for neurofibromin) and N is Avogadro's 

number. The ratio of the fiictional coefficient of a protein to the fiictional coefficient for 

a sphere of that proteins molecular weight values derived from velocity sedimentation 

analytical ultracentrifugation (chapter 4) of 1.14-1.20 for ras and 1.02-1.16 for 

neurofibromin have shown that both ras and neurofibromin are approximately spherical. 

Therefore using the above equation to calculate the radius of ras (Mr of 21912) and 

neurofibromin (Mr of 38494) gives a radii of 18.5Â for ras and 22.4Â for neurofibromin. 

Crystal structure studies of ras have shown that the ras molecule has dimensions of 35 x 40 

X 49Â (De Vos et a l, 1988). Using each of these dimensions as a diameter gives radii of 

ras of 17.5, 20 and 24.5Â. To use these values in the Smoluchowski equation they need 

to be converted into cm where lA = 10‘*cm, giving a radius of 2.24 x lO'^cm for 

neurofibromin and radii of 1.85 x lO'^cm, 1.75 x lO'^cm, 2.0 x lO'^cm and 2.45 x lO'^cm 

for ras. Substituting these values of radii into the Smoluchowski equation gives the 

association rate constants shown in the table below:

Radii of ras (cm) Association rate constant

1 . 8 5  X 10'̂  (calculated) 5.50 X lO^M-^s'^

1.75 X 10’̂  (fi’om structure) 5.36 X lO^M'^s*^

2.00 X 10*̂  (fi'om structure) 5.70 X lO^M-^s'^

2.45 X 10*̂  (fi’om structure) 6.30 X lO^M'^s'^

The above table shows that varying the radii of ras from 18.5Â to 24.5Â only has a small 

effect on the association rate constant. These association rate constants are for uncharged 

molecules and later work in this chapter shows that there is a strong ionic interaction 

between ras and neurofibromin, which could serve to increase the association rate constant 

for the binding of neurofibromin to ras (Schreiber and Fersht, 1996).

These association rate constants assume that every encounter is productive. It is therefore 

necessary to determine what proportion of encounters are productive. This has been 

examined for the binding of small ligands to proteins. For example, the calculated 

association rate constant for a protein of 30Â with a ligand of 5Â radius is approximately 

5 X 10̂  M'* s'\ Since the ligand binding site of the protein is approximately 1% of the area
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of the protein surfece one would expect binding rate constants of approximately 5 x 10̂

s '\ Such rate constants have been measured for the interaction of NADH with

dehydrogenases showing that the orientation of the ligand on binding has negligible effect 
(see Gutfreund, 1995).

The situation with protein-protein interactions is more complex since it is not possible to 

calculate the areas of the binding sites and the range of conformations of the proteins is 

higher than for small ligands. However, it is reasonable to assume that less than 1 in 60 

encounters of ras and neurofibromin results in a productive complex to give limiting 

second-order binding rate constants of greater than 10* M’̂  s'\

A second approach to considering the feasibility of ras binding to neurofibromin with a rate 

constant in excess of 10* M'  ̂s*̂ is to look at experimental data of interactions of proteins 

in other systems. Most published data has been on interactions of proteins with peptides. 

For example, the interaction of fluorescent ligands with acetylcholinesterase occurs with 

very high association rate constants of around 1-2 x 10̂  s"̂  (Rosenberry and Neumann,

1977). Torok and Trentham (1994) examined the binding of calmodulin to peptides 

corresponding to the binding region of smooth muscle light chain kinase for calmodulin. 

They found that the peptides bound to calmodulin with association rate constants of 8.8 x 

10* M'  ̂s '\

However there is some published work on protein-protein interactions. For example, 

Schreiber and Fersht (1993) measured the association rate constant for the binding of 

bamase to its polypeptide inhibitor barstar which was found to be 6.0 x 10* M’̂  s'\ Koren 

and Hammes (1976) studied the monomer-dimer interaction of various proteins. They 

found that insulin had an association rate constant of 1.14 x lo* M'  ̂ s"% while p- 

lactoglobulin and a-chymotrypsin were found to have association rate constants of 4.7 x 

10"* M*̂  s'̂  and 3.7 x 10̂  M'* s*̂ which appear to be low compared to other association rate 

constants. Wheat calmodulin labelled with a fluorescence probe associates with myosin 

light chain kinase with a rate constant of 2.8 x lÔ  M’̂  s"% and caldesmon associates with 

wheat calmodulin with a rate constant of 5.3 x 10* M*̂  s'̂  (Kasturi et a l, 1993). However, 

Torok and Trentham (1994) also examined the association of calmodulin and smooth 

muscle light chain kinase and determined it to be 1.1 x 10* M*̂  s'̂  which is approximately 

an order of magnitude lower than the value determined by Kasturi et al. (1993). Also the
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reduction of horse heart ferricytochrome c by bovine liver ferrocytochrome bj (which is 

second-order) is similarly fast at 1.8 x 10̂  M"' s’* (Eltis et a l, 1991).

Therefore, it does seem to be likely that the association rate constant for the interaction of 

Leu61 ras.mantGTP with neurofibromin is in the region of 10* M'* s'\

5.3: The Effect of NaQ on the Interaction Between Leu61ras.mantGTP and 

Neurofibromin

As discussed in the introduction (section 1.8) on mixing IpM ras.mantGTP with 5 îM 

neurofibromin over a range of ionic strengths, a bell-shaped relationship was observed 

between the rate constant of the slow phase and ionic strength (Eccleston et a l, 1993). 

This was interpreted as the presence of increasing concentrations of NaCl in the reaction 

buffer increasing both the of the interaction and the rate constant of the slow phase. 

Therefore the effect of ionic strength on the binding of Leu61 ras.mantGTP to 

neurofibromin was studied so that the effect of ionic strength on just the initial binding step 

could be investigated when the second step was not a complication.

0.1 pM Leu61 ras.mantGTP was mixed with 0.5-15pM neurofibromin at 30°C in buffer A 

supplemented with either 0, 50, 100,150 or 200mM NaCl. The data were fitted to single 

exponentials and the observed rate constants obtained were plotted against neurofibromin 

concentration at each concentration of NaCl (figure 5.6). As can be seen from figure 5.6 

the relationship between the observed rate constant of the interaction of Leu61 ras.mantGTP 

and neurofibromin is hyperbolic at low ionic strength and linear at high ionic strength 

(^lOOmMNaCl).

As discussed in the two-step binding simulation (section 5.2B), the maximal value of the 

hyperbola is an estimate of the limiting rate constant of the binding process (k ,̂ + k^y), 

while the neurofibromin concentration at half the maximal rate constant provides an 

estimate of the Kpi of the initial association reaction between Leu61 ras.mantGTP and 

neurofibromin.

Since hyperbolic behaviour was only observed at OmM or 50mM NaCl, the initial linear 

portion of the hyperbola was examined. Here k ^  = KJciy[B]o + k.jy (Bagshaw et a l , 1974)
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Figure 5.6: The Effect of Nenrofibromin Concentration on the Rate Constant of its 

Interaction with Leu61ras.mantGTP at Varying Ionic Strength

Data from records as shown in figure 5.1 were fitted to single exponentials to give observed 

rate constants at increasing neurofibromin concentrations. The reagents were in 20mM 

Tiis HCl pH 7.5, ImM MgClz and ImM DTT supplemented with (a) OmM NaCl, (b) 50mM 

NaCl, (c) lOOmM NaCl and (d) 150mM NaCl (filled circles) and 200mM NaCl (empty 

circles) at 30°C. The curves in (a) and (b) are hyperbolic fits to the data with a k ,̂ and K^i 

392s‘̂  and 5.2pM in (a) and 472s'  ̂and a of 19.3pM. The linear fits are the initial slopes 

of the data (kib/K^i) having the values shown in the table below;

[NaCl] (mM) k.b/Ko, (M-' s ')

0 5.9 X 10̂

50 2.1 X 10̂

100 8.4 X 10®

150 5.0 X 10®

200 3.0 X 10®
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as described in section 5. IB, and the slope of the linear fit is equal to kn/Kpi. Linear fits 

to the data showing observed rate constants at increasing neurofibromin concentrations, at 

high ionic strength g.e., at NaCl concentrations equal to or greater than lOOmM) or to the 

initial linear portion of the hyperbolic data at low ionic strength are shown in figure 5.6, and 

the values of the slopes are shown in figure 5.7(A). The apparent association rate constant 

(kiy/Kpi) for the binding of neurofibromin to Leu61 ras.mantGTP decreases with increasing 

ionic strength fi-om 5.9 x 10̂  s'* in the absence of NaCl to 3.0 x lo^ M'* s'* in the

presence of 200mM NaCl, indicating that the binding involves a significant contribution 

fi’om ionic interactions.

Displacement experiments, in which Leu61 ras.mantGTP was displaced fi-om the 

Leu61 ras. mantGTP neurofibromin complex by a large excess of Leu61ras.GTP, were 

performed to determine the dissociation rate constants (k.^,) for the 

Leu61 ras.mantGTP.neurofibromin complex at each NaCl concentration used. 0.1 pM 

Leu61 ras.mantGTP and 0.2pM neurofibromin were mixed with either 6pM or 12pM 

Leu61ras.GTP at 30°C in buffer A supplemented with 0, 50, 100, 150 or 200mM NaCl. 

The traces obtained (such as those shown in figure 5.3) were fitted to single exponentials 

to give observed rate constants. The observed rate constants were not significantly 

different when either 6pM or 12pM Leu61ras.GTP was used, and those obtained using 

12pM Leu61ras.GTP are shown in figure 5.7(B). The dissociation rate constant (k.̂ )̂ for 

the Leu61 ras.mantGTP.neurofibromin complex increases with increasing ionic strength 

fi-om 0.26 s'* in the absence of NaCl to 1.14 s'* in the presence of200mM NaCl indicating 

that the presence of salt ions causes some structural re-arrangement of the protein complex.

The resultant KD(overall), which is equal to (k.iXibV(^ îJ îb) was determined by the 

calculation of the k. ,̂ divided by the kn/Koi for each concentration of NaCl used in the 

reaction mixture. These KD(overall) values are shown in figure 5.7(C). The combined 

effects of increasing apparent association rate constant and dissociation rate constant with 

increasing ionic strength serves to increase the KQ(overall) with increasing ionic strength 

from 4.4nM in the absence of NaCl to 383nM in the presence of 200mM NaCl, thereby 

decreasing the aflSnity of neurofibromin for ras.mantGTP. Two-step binding was not 

observed at high ionic strength as the affinity of the binding interaction is weakening with 

increasing ionic strength and therefore, much higher concentrations of neurofibromin would
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(A>; The Effect of Ionic Strength on the Second-Order Rate Constant fk,K/Kn.) of the 

Binding of Neurofibromin to L€u61ras.mantGTP

The values of kn/Koi were obtained from the slopes of the linear fits to the data shown in 

figures 5.6.

(B); The Effect of Ionic Strength on the Dissociation Rate Constant of 

Leu61ras.mantGTP from the Leu61ras.mantGTP»Neurofibromin Complex

Data were obtained from displacement experiments as shown in figure 5.3, where the final 

concentration of Leu61 ras.mantGTP was 12pM.

(C); The Effect of Ionic Strength on the Equilibrium Constant of the Binding of 

Leu61ras.mantGTP to Neurofibromin

The values of the KD(overall) at each NaCl concentration, were calculated from the 

apparent association rate constants (kii/Koi obtained from figure 5 .6), and the dissociation 

rate constants obtained using 12pM Leu61 ras.mantGTP.
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have had to be used to observe hyperbolic behaviour and that was not a possibility due to 

a lack of the available reagents. The reaction would also have become too fast to measure, 

at higher neurofibromin concentrations especially at low ionic strength.

As hyperbolic behaviour is seen at low ionic strength (< lOOmM NaCl) it is possible to 

obtain the K^i values for the initial binding step and the limiting rate constants for the 

process occurring after bincfing for the interaction of Leu61 ras.mantGTP and neurofibromin 

in the presence of OmM- and 5 OmM NaCl (as seen in figure 5.6). Since the values are 

so low (see figure 5.7(B)) the plateau value can be considered to represent the k̂ y only. 

The Kdi values and the limiting rate constants (kj^) of the interaction derived from these 

hyperbolic fits are as follows:

[NaCl] (mM) kib (s^) ^D1 (pM)

0 392 +/- 45 5.2+/- 1.1

50 472 +/- 48 19.3+/-3.0

The Kj5 i is higher in the presence of 50mM NaCl than in the absence of NaCl, agreeing with 

the Ki)(overall) values in terms of increasing ionic strength decreasing the affinity of the 

binding process. The limiting rate constant also appears to be higher in the presence of 

50mM NaCl than in the absence of NaCl but as the hyperbola is not as well defined in the 

absence of NaCl (due to the high observed rate constants ensuring that the process becomes 

more difficult to measure) this could lead to errors in the calculation of the limiting rate 

constant of the binding process.

5.4: The Effect of Temperature on the Interaction of Leu61ras«mantGTP with 

Neurofibromin

Having seen the hypeibolic dependence of the observed rate constant of the binding process 

of neurofibromin with Leu61 ras.mantGTP at low ionic strength (figure 5.6), the effect of 

temperature on this interaction was investigated, to gain thermodynamic information about 

the interaction. Also temperature may have different effects on the two steps, and result 

in them being better resolved by reducing the limiting rate constant of the binding process 

thus making the hyperbolic fit to the data more accurate. 0.1 pM Leu61 ras.mantGTT was 

mixed with 0.5-12.5pM neurofibromin in buffer A at different temperatures: 30°C, 20.1°C, 

13.4°C and 8°C. Single exponential increases in fluorescence were obtained, such as those
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shown figure 5.1, the observed rate constants of which were plotted against neurofibromin 

concentration at each tetnperature (figure 5.8). A hyperbolic relationship is seen between 

observed rate constant and neurofibromin concentration and it can be seen that decreasing 

the temperature did lead to a reduction in the value of the limiting rate constant from 428s‘* 

at 30°C to 69s'^ at 8°C. However, temperature appears to have little efiect on the 

Linear fits to the initial linear portion of the data provide values of kn/K^i Displacement 

experiments, where Leu6 IrasmantGTP was displaced from the 

Leu61 ras.mantGTP.neurofibromin complex by Leublras.GTP as described previously, were 

carried out to obtain values of the dissociation rate constant, which corresponded to the 

intercept of the hyperbolic fits and were very small, by mixing 0.1 pM Leu61 ras.mantGTP 

plus 0.2pM neurofibromin with 6,12 or 18pM Leuôlras.GTP in buffer A at 30®C, 20.1°C, 

13.4°C and 8°C. The traces obtained (such as those shown in figure 5.3) were fitted to 

single exponentials to obtain the observed rate constants:

[Leu61ras.GT

P]

30X 20. r c 13.4°C 8°C

6pM 0.32 s ' 0.15 s ' 0.09 s-' 0.02 s '

12nM 0.32 s ' 0.15 s ' 0.10 s ' 0.03 s '

18nM 0.32 s ' 0.15 s ' 0.10 s ' 0.03 s '

It can be seen that these observed rate constants obtained firom the displacement 

experiments were independent of Leu61ras.GTP concentration, and therefore represent the 

dissociation rate constant for the Leu6Iras.mantGTP.neurofibromin complex.

To obtain information about the effect of temperature on a rate constant the data was 

represented in the form of an Anhenius plot where the log of the rate constant was plotted 

against the reciprocal of the absolute temperature in accordance with the Arrhenius 

equation, as discussed by Gutfi*eund (1995):

_  Ak = Ae

rearranged this becomes Ink = InA -E/RT
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Figure 5.8: The Effect of Temperature on the Rate Constant of the Interaction of 

Leu61 ras.mantGTP at Increasing Concentrations of Neurofibromin

Data from records as shown in figure 5.1 were fitted to single exponentials to obtain 

observed rate constants at increasing concentrations of neurofibromin. The reagents were 

in 20mM Tris.HCl pH 7.5, ImMMgCl^ and ImM DTT at (a) 30°C, (b) 20. TC, (c) 13.4°C 

and (d) 8®C. The curves are hyperbolic fits to the data with limiting rate constants and K^i 

values as follows;

Temperature kib (s‘‘)

30°C 428 +/- 35 6.2 +/- 0.9

20°C 186+/-21 4.1 +/-1.1

13°C 130 +/-14 4.1 +/-1.1

8 T 69 +/- 9 7.5 +/-1.8

The linear fits to the initial linear portion of the data have slopes (kiy/K^i) as follows:

Temperature k ,^D , (M-‘ s ')

30°C 5.6 X 10’

20°C 2,5 X 10’

13°C 1.9 X 10’

8°C 7.4 X 10‘
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Therefore plotting Ink versus 1/T gives a straight line where the slope of the fit -  E /R  

where R is the gas constant. Plotting the limiting rate constants (k ,̂ + k.n,, or just kn, since 

k.11, is so small) in the form of an Arrhenius plot does produce a linear relationship (figure 

5.9(A)). From the slope of the linear fit the activation energy is calculated to be 56 kJ 

mole'\ This will be discussed later.

Plotting the second-order rate constants (kiy/Kci) obtained fi’om the linear fits shown in 

figure 5.8 in the form of an Arrhenius plot gives figure 5.9(B). The activation energy 

derived fi-om the slope of the linear fit is 60kJ mole'\

5.5; Discussion of Kinetic Data of the Interaction of Leu61 ras.mantGTP with 

Neurofibromin

The second-order interaction of neurofibromin with Leu61 ras.mantGTP is actually a two- 

step binding interaction as can be seen fi-om the fact that there is a hyperbolic dependence 

between the observed rate constant of the binding process of Leu61 ras.mantGTP with 

neurofibromin and neurofibromin concentration (figure 5.4). The binding sequence is 

therefore probably composed of an initial binding process followed by an isomérisation 

process:

ki.
Leu61 ras.mantGTP + neurofibromin Leu61 ras.mantGTP.neurofibromin

k.ia

kib
Leu61 ras.mantGTP.neurofibromin ̂  Leu61 ras*. mantGTP.neurofibromin

k.ib

As this hyperbolic behaviour is only seen at low ionic strength this would have been missed 

if the experiment had only been carried out under physiological conditions. At high ionic 

strength (equal to or greater than lOOmM NaCl), the initial interaction (step la) must be 

much weaker making the hyperbola so drawn out that under the conditions used only a 

linear relationship is observed (figure 5.6).

Taking the apparent association rate constant as being the slope of the initial linear portion 

of the data showing observed rate constant of the interaction at increasing neurofibromin
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Figure 5 ,9

( A ) :  The Effect of Temperature on the Limiting Rate Constant of the Binding of 

Neurofibromin to Leu61 ras.mantGTP

Data obtained from the maximal values (the + k.^J of the hyperbolic fits in figure 5.8 

were plotted as an Arrhenius plot. The solid line is a linear fit which corresponds to an 

activation energy of 56kJ mole'\

(B); Temperature Dependence of the Second-Order Rate Constant ki/Kpi

Data from the slopes of the linear fits in figure 5.8 were plotted in the form of an Arrhenius 

plot. The solid line is a linear fit which corresponds to an activation energy of 60 kJ mole'V
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concentration (figure 5.6) represents the kib/K î rate constant. This apparent association 

rate constant is shown to decrease with increasing NaCl concentration of the buffer used 

fi'om 5.9 X 10̂  s*̂ in the absence of NaCl to 3.0 x IQ̂  s'̂  in the presence of 200mM

NaCl (figure 5.7(A)), suggesting that the interaction of Leu61 ras.mantGTP with 

neurofibromin is a strongly ionic interaction with the presence of salt ions interfering with 

the binding of the two proteins together.

The observed rate constants derived fi'om displacement experiments, where 

Leu61 ras.mantGTP in the presence of excess neurofibromin was mixed with an excess of 

Leuôlras.GTP, are independent of the concentration of Leuôlras.GTP used suggesting that 

the observed rate constant is indeed the dissociation rate constant (k«,) for the 

Leuôlras.mantGTP.neurofibromin complex (figure 5.3). These dissociation rate constants 

are very low and increase with increasing NaCl concentration of the buflfer fi'om 0.26 s'̂  in 

the absence of any NaCl to 1.1 s'̂  in the presence of 200mM NaCl (figure 5 .7(B)). This 

shows that the presence of salt ions must be causing some kind of structural rearrangement 

of the protein.

The Ki>(overall) values ((k.i,k.ibV(kiakib)) for the binding of neurofibromin to 

Leuôl ras.mantGTP are derived fi'om the apparent association rate constants (kib/Kp) shown 

in figure 5.7(A) and the dissociation rate constants (k. ,̂) shown in figures 5.7(B), by 

dividing the dissociation rate constant by the initial slope. These Ko(overall) values are seen 

to increase with increasing NaCl concentration demonstrating that the presence of 

increasing concentrations of salt ions decrease the affinity of Leuôlras.mantGTP for 

neurofibromin. The k,b^D decreases with increasing ionic strength, the k.jb increases with 

increasing ionic strength, thereby reducing the ratio of k. ,̂ to kn/Kp with increasing ionic 

strength.

The hyperbolic fits to the data showing the dependence of the rate constant of the binding 

process at increasing nairofibromin concentrations (figure 5.6) in the absence of any NaCl 

and in the presence of 50mM NaCl, show that the is higher at 5OmM NaCl than in the 

absence of NaCl agreeing with the data obtained fi'om the Kg (overall) calculations. It is 

likely that the effects of ionic strength on Kg(overall) are caused by effects on Kgj rather 

than Kg2  since, fi'om the hyperbolic fits to data showing observed rate constant versus
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neurofibromin concentration, the is higher in the presence of 5 OmM NaCl than in the 

absence of NaCl. Also there is little change in the k.», fi'om 0.26s*̂  in the absence of NaCl 

to O.SOs'̂  in the presence of 50mM NaCl.

In order to obtain thermodynamic information about this binding process the reaction was 

carried out at different temperatures at low ionic strength such that hyperbolic behaviour 

would be observed between the rate constant of binding and concentration of neurofibromin 

(figure 5.8). The Arrhenius plot (figure 5.9(A)) showing the effect of temperature on the 

rate constant of the limiting rate constant of the binding process of neurofibromin to 

Leuôlras.mantGTP (step lb) is linear fi'om which the activation energy, or the energy 

barrier, of this process was calculated to be 56 kJ mole'\ This corresponds to a Qio (the 

ratio of the reaction rates at 10°C apart) of greater than 2. 56 kJ mole*̂  is actually quite a 

low activation energy for a protein conformational change (as this process is proposed as 

being) it would typically be expected to be at least twice that (Gutfreund, 1995). The 

Arrhenius plot of the second-order rate constant (kib/K^i) as shown in figure 5.9(B) gives 

an activation energy is 60kJ mole'\ This also represents a Q̂ q of greater than 2 and 

although this term includes the association rate constant k ,̂ for which the activation energy 

would be expected to be low, it is made higher since it includes k̂ y and k.̂ ^

5.6; Acrylamide Quenching of Fluorescence

The structure of ras has been solved both by X-ray diffraction studies on ras crystals (Pai 

et aL, 1989, 1990; Milbum et al., 1990) and by NMR (Kraulis et a i, 1994). Mutational 

analysis has suggested that the effector region of ras through which the protein binds to 

GAPs and other effector proteins is around residues 32-40 (Sigal et a l, 1986; Willumsen 

et al., 1986). The crystal structure (figure 1.6) has shown that this region encompasses the 

nucleotide binding site. Therefore it ntight be expected that when neurofibromin binds to 

ras it covers the nucleotide binding region. This was investigated by fluorescence 

quenching studies. The accessibility of fluorophore, either within a protein or bound to the 

protein, to the solvent can be examined by the amount it's fluorescence is quenched by 

quenching agents such as acrylamide or iodide (Lehrer, 1971; Eftink and Ghiron, 1976). 

The amount the fluorescence is quenched depends on the fi'equency of collision between 

the fluorophore and the quenching molecules and on the lifetime of the fluorophore, so, for 

a given lifetime, the amount of quenching will be less if the fluorophore is protected in some
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way from coming into contact with the quenching molecules. Fluorescence quenching is 

dealt with using a relationship between fluorescence intensities and fluorescent lifetimes 

called the Stem-Volmer equation (Lakowicz, 1983). The lifetime of a fluorescent species 

in the absence of any quencher (/^) is given by

4  = k’*

where k is the decay rate of the fluorophore in the absence of any quencher 

and the lifetime of the species in the presence of a quencher (/) is given by

r= (k  + ^^[g])-^

where is the bimolecular quenching constant and [Q] is the concentration of the 

quencher.

Therefore

V r=  1 +k^o[Q]
Since

F(/F = r j r

where Fq and F  are the fluorescence intensities in the absence and presence of quencher, 

respectively.

Therefore

FJF=  1 +k^o[Q]

This equation is known as the Stem-Volmer equation with a linear relationship existing 

between FJF and [0] with the slope of the fit being equal to k^Q, otherwise known as 

the Stem-Volmer quenching constant. This technique can therefore be used to study the 

effects of protein-protein interactions on the accessibility of a fluorophore bound to the 

protein at the site of interaction of the two proteins (Jameson et a l, 1987). Using ras 

bound to mantGTP, the effect of neurofibromin on the accessibility of the nucleotide 

analogue to the solvent, when in the ras.mantGTP.neurofibromin complex, can be studied. 

To look at the ras.mantGTP.neurofibromin complex either the mutant ras protein, 

Leuôlras, or a non-hydrolysable GTP analogue, must be used, otherwise neurofibromin 

would not remain bound to the ras protein. If this is carried out with Leuôlras.mantGTP 

alone and later with Lm61 ras.mantGTP plus neurofibromin, the effect of neurofibromin on 

the accessibility of the mantGTP, bound to the ras protein, can be determined.
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2.5ml of 2.5nM mantGTP or Leuôlras.mantGTP, in the absence or presence of 5pM 

neurofibromin, in bufifer A were incubated at 30°C in the SLM spectrofluorimeter, using 

the L-format, and mant fluorescence was measured. The fluorescence intensity and 

fluorescence anisotropy of the solution was measured before the addition of any acrylamide 

and after the addition of 20pl aliquots of 6M acrylamide, up to a final concentration of 

0.49M. Fluorescence intensity values were corrected for buffer contribution and for 

dilution effects at each concentration of acrylamide.

Figure 5.10(A) shows the Stem-Volmer plots of the acrylamide quenching data of 

mantGTP, Leuôlras.mantGTP and Leuôlras.mantGTP plus neurofibromin. The quenching 

constants (K^M* )̂ derived fi'om the linear fits to the initial linear portion of these data are 

summarised below:

Solution Ksv M ^

mantGTP 2.8Ô

Leuô 1 ras.mantGTP 3.15

Leuôlras.mantGTP + neurofibromin 1.ÔÔ

The quenching constant increases when the fluorophore is bound to the ras protein 

compared to it being fiee in solution and decreases when the ras protein is complexed to 

neurofibromin. However, the actual bimolecular quenching constants can only be 

determined once the fluorescence lifetimes of the fluorescent species are known according 

to the Stem-Volmer equation shown earlier.

In order to determine the actual bimolecular quenching constants for the quenching of the 

fluorescent species by acrylamide, the fluorescence lifetimes had to be measured. Lifetime 

measurements of fiee mantGTP and mantGTP complexed to wild-type N-ras and Asp 12 

N-ras had previously been determined, at 5®C, by Hazlett et al. (1993). Free mant 

nucleotides had similar lifetimes of approximately 4ns, while the lifetimes increased to 

around 8-9ns when bound to various ras proteins. They also made lifetime measurements 

at 20°C and 30°C of Asp 12 N-ras.mantGTP and at 30°C of wild-type N-ras.mantGTP, 

Their results showed that at 30°C there was a 7.8% difference in lifetime measurements 

between N-ras.mantGTP and N-ras.mantGTP (8.2ns and 7.0ns respectively), while there
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Figure 5.10: Acrylamide Ouepching of Fluorescence

(A): The fluorescence intensity of solutions of 2.SpM mantGTP (red), 2.5^iM 

Leuôlras.mantGTP (green) and of 2.5jiM Leuôlras.mantGTP + 5|iM neurofibromin (blue) 

were measured in the presence of increasing concentrations of acrylamide. The reagents 

were in 20mM Tris.HCl pH 7.5, ImM MgCl2  and ImM DTT at 30°C. These intensity 

values were represented in the form of a Stem-Volmer plot. The solid lines are fits to the 

initial linear portion of the data. The slopes of the fits are 2.8ôM*̂  (mantGTP), 3.15M'^ 

(Leuôlras.mantGTP) and l.ôôM'^ (Leuô 1 ras.mantGTP.neurofibromin).

fB): Fluorescence polarisation plotted as anisotropy values of 2.5pM mantGTP (red), 

2.5pM Leuôlras.mantGTP (green) and of 2.5pM Leuôlras.mantGTP + 5pM 

neurofibromin (blue) in buffer A at 30°C.
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was no difference between the lifetimes of the Asp 12 N-ras complexed to mantGTP or 

mantODP. Lifetime measurements have also been made, at 20°C (OmM NaCl) of free 

(mant 2'-deoxy GTP) mantdGTP and of mantdGTP complexed to Leuôlras.mantGTP and 

to a complex of Leuô Iras. mantdGTP. neurofibromin (Hazlett and Eccleston, unpublished 

results). Their results showed that mantdGTP fitted to a single component with a lifetime 

of 3.5 ns, while Leuô Iras. mantdGTP fitted to two components with lifetimes (and 

percentage of total) of 9.ôns (78%) and 4.8ns (22%), giving a lifetime of 8.5ns. The 

Leuô 1 ras.mantdGTP.neurofibromin complex also fitted to a two-component model with 

lifetimes of 11.4ns (81%) and 4.9ns (18%), giving a lifetime of 10. Ins.

In this study acrylamide quenching experiments were carried out at 30°C, which meant that 

the lifetimes of mantGTP and Leuôlras.mantGTP had to be measured at 30°C. Lifetime 

data of lOpM mantGTP or lOpM Leuôlras.mantGTP, in the absence and presence of 

20pM neurofibromin, in buffer A at 30°C, were obtained by Dr M. Schilstra, using phase 

and modulation fiuorimetry as described by Hazlett et al. (1993). A summary of the results 

obtained with the data fitted to ideal models with 1 component (Leuôlras.mantGTP and 

Leuôlras.mantGTP.neurofibromin) or 2 components (mantGTP) is shown below, with the 

average lifetime ( t)  calculated from the following equation:

T = T1 X fraction 1 + t2 x fraction2

Species t1 (ns) Fraction 1 t2 (ns) Fraction 2 T (ns)

mantGTP 1.2 0.21 3.Ô 0.79 3.1

Leuôlras.mGTP 1.6 1.00 1.6

Leuôl ras.mGTP 

+ neurofibromin

10.9 1.00 10.9

The fluorescence lifetime data of mantGTP fits better to two components than to one 

component, but when the nucleotide is bound to Leuôlras, there is only one component 

with a lifetime of 7.ôns which is a longer lifetime than for free mantGTP, consistent with 

the results of Hazlett et al. (1993). In the presence of neurofibromin the lifetime of 

Leuôlras.mantGTP increases further to 10.9ns, which is consistent with the fluorescence 

intensity increase on neurofibromin binding to Leuôlras.mantGTP.
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Using the average lifetime values obtained for mantGTP alone and the single lifetime 

measurements obtained for Leuôlras.mantGTP and the Leuôlras.mantGTP.neurofibromin 

complex at OmM NaCl, and the values derived from the Stem-Volmer plots in the 

absence of NaCl the k, values (with units M'  ̂s' )̂ can be calculated (from = K,v / To):

Species kq at OmM NaCl and 30°C

mantGTP 9.2 X 1 0 * s'

Leuô 1 ras.mantGTP 4.1 X 10'M '  s '

Leuôlras.mantGTP + neurofibromin 1 . 5  X 10' M ' s '

The bimolecular quenching constant of Leuôlras.mantGTP is lower than the quenching 

constant of fi'ee mantGTP and the bimolecular quenching constant of the 

Leuôlras.mantGTP.neurofibromin complex is further reduced. This demonstrates that 

mantGTP is less accessible to the solvent when bound to ras and even less accessible to the 

solvent in the Leuôlras.mantGTP complex.

The fluorescence anisotropy data of the quenching of each of the three species is shown in 

figure 5.10(B). For each of the three species the anisotropy increases with increasing 

concentration of acrylamide in addition to the quenching of fluorescence intensity. To 

explain this eflfect the Perrin equation was examined. The decrease in emission anisotropy 

(r) fi’om its limiting value in the absence of rotation of the fluorophore (rq) is given by the 

following version of the Perrin equation (Eftink, 1983):

1/r = 1/rq + T/ro4>

where (j> is the rotational correlation time of the complex. This assumes that the 

fluorophore is rigidly attached to the protein so that it rotates at the same time as the 

protein. This has been shown to be the case for ras.mantGDP (Hazlett et a/., 1993).

The value of the lifetime of the fluorophore (?) at various concentrations of acrylamide can 

be calculated from the Stem- Volmer equation:

? = To / (1 + Ksv[Q]>

where Tq is the lifetime in the absence of quencher (see later), Kgy is the Stem Volmer
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quenching constant and [Q] is the concentration of acrylamide. Therefore calculating 

lifetimes (t) at each concentration of acrylamide, and plotting 1/r against t should give a 

straight line of slope l/ro<|> and an intercept of l/to- Using values of 3. Ins and 2.86M'^ as 

To and Ksv for mantGTP, 7.6ns and 3.15M** for for ras.mantGTP and 10.9ns and 1.66M‘̂  

for ras.mantGTP.neurofibromin, values of the lifetime of the fluorophore were calculated 

for each acrylamide concentration and plotted against the reciprocal of the measured 

anisotropy values (figure 5.11).

The intercept (l/rg) and slopes (l/ro<|)) derived fi’om each of the linear fits, and hence the 

values of rg and (j) are as follows:

Species 1/rg l/rg<i) To 4)

mantGTP 2.01 14.52 0.50 0.14ns

ras.mantGTP 3.59 0.213 0.28 16.77ns

ras. mantGTPneurofibromin 3.35 0.048 0.30 69.44ns

Rotational correlation values have been obtained for N-ras. mantGDP by Hazlett et al. 

(1993). They were 24.4ns at 5°C and 10.4ns at 30°C. These were higher than the 

calculated values for a monomer of 21,000Da of 15.6ns at 5°C and 7.5ns at 30°C, leading 

to the suggestion that ras exists as a dimer. These measured rotational correlation times are 

lower than the values calculated fi’om the acrylamide quenching data shown above. 

However, these calculated values give limiting anisotropy values of between 0.28-0.50 

depending on the particular fluorescent species examined, and this limiting anisotropy (rg) 

has been measured and been found to be 0.37 (Hazlett et a l, 1993). Even when using this 

rg value to obtain rotational correlation values, they are still higher than those measured by 

Hazlett et al. (1993) at 0.19ns for mantGTP, 12.7ns for ras.mantGTP and 56.3ns for 

ras.mantGTP.neurofibromin. This shows that small changes in rg have a large effect on the 

resultant rotational correlation values and so they are not to be trusted. However, 

quantitatively they agree with the Perrin equation which predicts increasing anisotropy with 

increasing acrylamide concentration. It is also possible that the situation could be more 

complex with the acrylamide aflfecting the system.
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Figure 5.11: The Effect of Acrylamide on the Anisotropy of MantGTP, 

Leu61ras,mantGTP and L€o61ras,mantGTP«Neurofibromin

The anisotropy (r) values of mantGTP (A), Leuôlras.mantGTP (B filled circles) and 

Leuôlras.mantGTP.neurofibromin (B empty circles), along with the Kgy values derived 

from figure 5.10(A), were used to calculate the lifetime (t) of the fluorescent species at 

increasing concentrations of aciylamide. Plotting these values against the reciprocal of the 

anisotropy values gives a linear relationship with the intercept being Mtq where r@ is the 

limiting anisotropy and the slope gives l/ro<j) where (j) is the rotational correlation time of 

the fluorescent species. These intercepts and slopes are given in the table below:

Species 1/ro l/ro4)

mantGTP 2.01 14.52

Leuô 1 ras.mantGTP 3.59 0.21

Leuô 1 ras. mantGTP. 

neurofibromin

3.35 0.048
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5.7; Discussion of Fluorescence Quenching Data

The effect of neurofibromin on the accessibility of the fluorophore (mantGTP) to the 

solvent was examined using the technique of acrylamide quenching of fluorescence. From 

the bimolecular quenching constants for each species, it can be seen that the presence of 

neurofibromin does reduce the quenching constant of both fi*ee mantGTP and 

Leuôlras.mantGTP. The feet that fi’ee mantGTP has two fluorescent components, as 

compared to Leuôlras.mantGTP and the Leu61 ras mantGTP.neurofibromin complex which 

have a single component, could be due to the fact that free mantGTP consists of a 40:60 

% mixture of the 2’ and 3' isomers, while ras proteins preferentially bind to the 3' isomer 

(Rensland et al, 1991; Eccleston et o/., 1991). Therefore there are two components with 

fi-ee mantGTP and only one component with the ras-bound nucleotide. The fluorescence 

lifetime of the Leuôlras.mantGTP complex, and hence the bimolecular quenching constant, 

demonstrate that the presence of neurofibromin reduces the accessibility of the fluorophore 

to the solvent indicating that either neurofibromin binds directly to the nucleotide binding 

site thus masking the site fi'om the solvent, or that neurofibromin binds elsewhere on the ras 

protein causing a conformational change that results in the nucleotide binding site becoming 

less accessible to the solvent. Either way, the binding of neurofibromin to ras causes the 

nucleotide binding site of ras to be masked fi'om the solvent.
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Chapter 6: The Interaction of Ras.mantGTP with Neurofibromin 

6.1: Introduction

As discussed in chapter five, a single exponential increase in fluorescence is observed upon 

mixing the mutant ras protein Leuôlras.mantGTP with excess neurofibromin in a stopped- 

flow fluorimeter, as the reaction of the mutant protein with GAPs stops before the 

hydrolysis step. With wild-type ras, however, the interaction is not so simple as the reaction 

proceeds through the hydrolysis step. As discussed in the introduction (section 1.8) mixing 

ras mantGTP with excess neurofibromin produces traces showing a relatively fast increase 

in fluorescence followed by a relatively slow decrease in fluorescence (Eccleston et a l, 

1993). To investigate this fast phase more fully, I looked at the interaction of ras mantGTP 

with excess neurofibromin over long, and short, timescales.

6.2: Results

Mixing 0. IpM ras. mantGTP with IpM neurofibromin in buffer A at 30°C produces traces 

such as those shown in figure 6.1. As can be seen from this figure, there is a rapid increase 

in fluorescence, as seen with the interaction of Leuôlras.mantGTP with neurofibromin, but 

this is followed by a relatively slow decrease in fluorescence. The slow phase is assumed 

to be associated with the hydrolysis of the ras.mantGTPase, based on the 10% decrease in 

fluorescence observed upon hydrolysis of ras-bound mantGTP by Neal et a l (1990). There 

is also photobleaching occurring over this time scale, as demonstrated by the sloping 

baseline of the exponential decrease in fluorescence. Mixing 0.1 pM ras.mantGTP with 

increasing concentrations of neurofibromin demonstrates that the observed rate constant 

of the fast phase increases fi’om 59s^ at 1 pM neurofibromin to 140s*̂  at 4pM neurofibromin 

(figure Ô.2), showing that the fast phase is second-order and does represent the binding of 

neurofibromin to ras mantGTP. The observed rate constant of the slow phase was 

essentially unchanged at around 9s'  ̂showing it to be a first-order reaction.

To collect data over the whole reaction on a normal linear time base means that most of the 

data points are in the regjon of the slow phase of the reaction, which makes it very difficult 

to fit the data accurately to obtain observed rate constants of the fast phase, and if the data 

is collected only over the first part of the reaction covering mainly the fast phase and very 

little of the slow phase it cannot be fitted accurately to two exponentials. To overcome this
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Figure 6.1; Stopped-Flow Fluorescence Record of the Interaction of Neurofibromin 

with Ras.mantGTP

0.1 nM ras.mantGTP in 20mM Tris.HCl pH 7.5, ImM MgCIj and ImM DTT was mixed 

with IpM neurofibromin at 30°C. Trace A shows the reaction over 0.2 seconds, while 

trace B shows the reaction over 2.5 seconds. The arrow represents the direction of 

fluorescence increase. The solid lines represent the best fits to double exponentials plus 

slope (for photobleaching) with the observed rate constant of the fast phase being 59s*̂  and 

the observed rate constant of the slow phase being 9.8s'\
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Figure 6.2: Stopped-Flow Fluorescence Record of the Interaction of Ras.mantGTP 

with Neurofibromin

0.1 pM ras.mantGTP in 20mM Tris.HCl pH 7.5, ImM MgCI; and ImM DTT was mixed 

with (a) 1 jiM and (b) 4pM neurofibromin at 30°C. The arrows represent the direction of 

fluorescence increase. The solid lines represent the best fits to double exponentials plus 

slope (for photobleaching) with the observed rate constants being 59s*̂  and 9.8s*̂  in (A) and 

140s'  ̂and 9.0s*̂  in (B).
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problem a log timebase of collection of data was used to enable more data points to be 

obtained within the fast phase of the reaction (Walmsley and Bagshaw, 1989). This enabled 

the whole reaction to be collected which could then be fitted to double exponentials to 

obtain observed rate constants for both the fast phase and the slow phase of the interaction 

of ras.mantGTP with neurofibromin. At the same time, as the whole reaction has been 

collected this also enables the slow phase of the reaction to be concomitantly determined. 

Fitting the data obtained to double exponentials, therefore, provides the observed rate 

constants of both the fast phase and slow phase.

6,3; The Effect of NaCI on the Fast Phase of the Interaction of Ras.mantGTP with 

Neurofibromin

Fitting the slow phase observed upon mixing ras mantGTP with a fixed concentration of 

excess neurofibromin in a stopped-flow apparatus shows that increasing the concentration 

of NaCl in the reaction mixture leads to a bell-shaped curved dependence of the rate 

constant of the slow phase on NaCl concentration (Eccleston et a l, 1993). This implied 

that increasing ionic strength may increase both the of the interaction between ras and 

neurofibromin and increase the rate constant of the process monitored by the slow decrease 

in fluorescence. Although the effect of ionic strength on the binding of neurofibromin to 

the mutant ras protein, Leuôlras, has been detailed in chapter five it is important to examine 

the interaction of the wild-type ras protein with neurofibromin.

0.1 pM ras. mantGTP was mixed with 0.5-15pM neurofibromin in buffer A supplemented 

with OmM, 50mM, lOOmM, 150mM or 200mM NaCl, at 30°C. The resultant traces were 

fitted to double exponentials to obtain observed rate constants for both the fast and slow 

phases. Plotting the observed rate constants of the fast phase versus neurofibromin 

concentration demonstrates that, as with Leuôlras.mantGTP, there is a linear relationship 

at high ionic strength and a hyperbolic relationship at low ionic strength (figure 6.3), 

demonstrating that the binding step is a two-step process as discussed in chapter 5 for the 

binding of neurofibromin to Leuôlras.mantGTP.
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Figure 6.3: The Effect of Neurofibromin Concentration on the Observed Rate 

Constant of its Binding Interaction with Ras.mantGTP at Varying Ionic Strength 

Conditions

Data from records as shown in figure 6.1 were fitted to double exponentials plus slope (for 

photobleaching) to give observed rate constants of the fast phase at increasing 

neurofibromin concentrations. The reagents were in 20mM Tris.HCl pH 7.5, ImM MgClj 

and ImM DTT supplemented with (a) OmM NaCl (b) 5OmM NaCl, (c) lOOmM NaCl and 

(d) ISOmM NaCl (filled circles) and 200mM NaCl (empty circles) at 30°C.

The curves in (a) and (b) are hyperbolic fits to the data, having limiting rate constants (k̂ y 

+ kiy) and Kdi values of 236s*̂  and 1.2pM in (a), and 204s"̂  and 7.5pM in (b). The lines 

are linear fits to the initial linear portion of the data, with the slopes (kiy/KgJ being as 

follows:

[NaCl] (mM) k,y/Koi (M ' s ')

0 5.3 X 10"

50 1.5 X 10"

100 9.3 X 10̂

150 4.1 X 10®

200 2.7 X 10®
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K
ras. mantGTP + neurofibromin ^  ras.mantGTP.neurofibromin

k.ia

Nb
ras.mantGTP.neurofibromin^ ras* mantGTP.neurofibromin

kib
However, unlike with the mutant Leuôlras protein, the reaction does not stop after the 

binding process but proceeds through cleavage of the nucleotide, which is thought to be 

represented by the slow phase;

kz
ras*.mantGTP.neurofibromin ^  ras.mantGDP.Pi,neurofibromin

k-2

Given the assumptions discussed in chapter 5, hyperbolic fits to the data showing observed 

rate constant of the fast phase against neurofibromin concentration give good 

approximations of the limiting rate constant of the binding process (k̂ y + k.jy) fi'om the 

plateau, and the of the initial binding step, the K^i, from the concentration of 

neurofibromin at half the maximum rate. The linear fits to the initial linear portion of the 

data (figure 6.3) give a second-order rate constant, the apparent association rate constant, 

which is equal to k î/Kgi. At an approximation, the intercept of both the linear fits and the 

hyperbolic fits is equal to the sum of the dissociation rate constant (k.̂ )̂ and the forward 

rate constant of the following step (k j (Bagshaw et a l, 1974). The values of the apparent 

association rate constant (ki/KgJ derived from linear fits to the initial linear portion of the 

data are shown in figure 6.4. It can be seen that the second-order rate constant decreases 

fi'om 5.3 X 10̂  M'  ̂s'̂  in the absence of NaCl to 2.7 x lo^ M‘̂ s*̂ in the presence of 200mM 

NaCl. These values are very similar to the corresponding values obtained for the binding 

of neurofibromin to Leuôlras.mantGTP of 5.9 x 10̂  M'  ̂s*̂ in the absence of NaCl to 3.0 

X 10̂  M'  ̂s'* in the presence of200mM NaCl.

Hyperbolic dependence of the observed rate constant of the fast phase with neurofibromin 

concentration is only seen at low ionic strength (< lOOmM NaCl), and the limiting rate 

constants (kjy + k iJ  and the K^i values of the binding of neurofibromin to ras are given in
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Figure 6.4: The Effect of Ionic Strength on the Apparent Association Rate Constant 

(kib/Kpi) of the Binding of Neurofibromin to Ras.mantGTP

The values of the apparent association rate constant (the were obtained from the

linear fits to the data shown in figure 6.3.
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the table below:

[NaCl] (mM) kib + tib(s'‘) Km(nM)

0 236 +/- 12 1.2+/-0.3

50 204+/- 18 7.5+/- 1.9

The corresponding values of the k ,̂ + k.̂ y and the K^i for the binding of neurofibromin to 

Leuôlras.mantGTP are 392s'^ and 5.2pM in the absence of NaCl and 472s*̂  and 19.3pM 

in the presence of 5OmM NaCl. For the binding of neurofibromin to ras mantGTP, the 

limiting rate constants are similar at the two concentrations of NaCl used while the is 

higher at 50mM NaCl than at OmM NaCl. Compared to the values for Leuôlras.mantGTP, 

both the limiting rate constants and the values are lower for the binding of 

neurofibromin to ras mantGTP.

6.3.1; The Effect of Ionic Strength on the Slow Phase of the Interaction of 

Ras.mantGTP with Neurofibromin

As mentioned earlier, using a log timebase of data collection enables both the fast and the 

slow phases of the interaction of ras mantGTP with neurofibromin to be collected. The 

data is analysed according to the following mechanism of the neurofibromin-stimulated 

ras.mantGTPase:

ku
rasmantGTP + neurofibromin ras.mantGTP.neurofibromin

k.la

ki 

k-ib

“lb
ras.mantGTP.neurofibromin ras*.mantGTP.neurofibromin

k,
ras* mantGTP.neurofibromin ^  ras.mantGDP.Pj.neurofibromin

k.2

In the above scheme, the fast phase monitors the formation of ras*.mantGTP.neurofibromin 

while the slow phase is thought to monitor the formation of the cleavage product 

ras.mantGDP.Pi.neurofibromin. If the whole of the two-step binding process (steps la and 

lb) are in rapid equilibrium compared to step 2, then, as discussed in chapter five, the
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relationship between the observed rate constant of the fast phase and neurofibromin 

concentration is hyperbolic. In this case the maximal rate constant represents the limiting 

rate constant of the binding process (k̂ y + k.iJ and the neurofibromin concentration at half 

the maximal rate constant is the K^i of the initial association step. By a similar theory the 

relationship between the observed rate constant of the slow phase and neurofibromin 

concentration is also hyperbolic, with the maximal rate constant representing the rate 

constant k.2 + and the concentration of neurofibromin at half the maximal rate constant 

is an estimate of the Ko(overall) of the whole binding process, which is equal to x Kd2  

where = k.i/kj^ and = k.n/kjb. To determine whether this is a valid supposition or 

not simulations were made using a data simulation program which creates appropriate 

differential rate equations, KSIM. The formation and decay of the transient, 

ras*.mantGTP.neurofibromin, was simulated.

Based on the assumptions discussed in chapter five, the value of k.,, must be fast. Setting 

k la to be ISOOs*̂  and using the value of Km of 7.5pM obtained fi'om the hyperbolic fit to 

the data showing observed rate constant of the fast phase against neurofibromin 

concentration for the interaction of ras mantGTP and neurofibromin in the presence of 

50mM NaCl (figure 6.3), the ki, is 2 x 10* M*̂  s"\ From the same hyperbolic fit in figure 

6.3 for the interaction in the presence of 50mM NaCl the value of the limiting rate constant 

for the binding process, k», + k.i ,̂ is 204s**. For simplification this value was used to 

represent kiy. The value of the kz (rate constant of the slow phase) was taken to be 15.1 s'* 

as being the maximal observed rate constant of the slow phase for the interaction of 

ras.mantGTP and neurofibromin in the presence of 50mM NaCl (see later figure 6.6(a)). 

As there is no evidence for reversibility of the cleavage step (Nixon et al., 1995), the k. 2  was 

set at 0. There is no direct information about the k.iy, and the only way information could 

have been obtained would have been if the double-mixing stopped-flow had been used, 

where ras mantGTP and neurofibromin are mixed together and the resultant transient then 

mixed with ras.GTP to displace the neurofibromin fi'om the ras.mantGTP.neurofibromin 

con^lex. Therefore the value ofk^y was varied between 30 and 200s *. Traces monitoring 

the formation and decay of ras*.mantGTP.neurofibromin were therefore produced in KSIM 

and analysed by a least squares non-linear fitting program, KFIT. These traces were fitted 

to double exponentials to obtain observed rate constants of both the fast and slow phases 

(figure 6.5). Dealing first of all with the fast phase, the curves in figure 6.5(a) are
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Figure 6.5; Simulation of the Fast and Slow Phases of the Interaction of 

Ras.mantGTP with Neurofibromin

The following mechanism was simulated in KSIM;

*-la ^Ib M
A + B ^  AB AB* C

•la •̂Ib

Using values of2.0 x 10* M'  ̂ f o r 1 5 0 0 s ‘̂  for 200s'  ̂for k̂ y, 15s'* for kj and zero 

for k_2 , the formation and decay of the transient AB* was simulated with k.,y being 30s'* 

(black), 50s * (blue), 100s * (red) and 200s * (green). The traces were fitted to double 

exponentials to give observed rate constants of the fast phase (A) and the slow phase (B) 

at increasing concentrations of B.

The curves in (A) are hyperbolic fits to the data while the lines are linear fits to the initial 

slope. The maximal rate constants of the hyperbolic fits, the concentration of B at half the 

maximal rate constant (K^J along with the initial slopes are given below:

k lb (s^) Maximal Rate 

Constant (s'*)

Ki/2 (pM) Initial Slope (M * s'

30 202 7.3 1.9 X 10̂

50 227 9.8 1.6 X 10̂

100 297 9.9 2.0 X 10̂

200 390 10.9 2.0 X 10̂

The curves in (B) are hyperbolic fits to the observed rate constants of the slow phase, with 

the maximal rate constants and the concentration of B at half the maximal rate constant 

(K1/2 ) being given in the table below:

k-ib Maximal Rate Constant (s'*) Ki/2 (liM)

30 13.7 1.8

50 12.5 2.0

100 10.0 2.7

200 7.7 4.1
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hyperbolic fits to the data and the linear fits are fits to the initial slope of the data. The 

values obtained for the concentration of B at half the maximal rate constant (K1/2 ), the initial 

slope and the maximal rate constant are given in the table below along with the theoretical 

value of the limiting rate constants ( The Kpi and the kn/Kpi are 7.5pM and 2.7

X 10̂  M'  ̂s"̂  in every case:

Measured Calculated

kib (s ') Ki/2 (pM) Initial slope 

(M ' s ')

Maximal rate 

constant (s ')

Îb kib (s ')

30 7.3 1.9 X 10̂ 202 234

50 9.8 1.6 X 1 0 ^ 227 254

100 9.9 2.0 X 10̂ 297 304

200 10.9 2.0 X 10̂ 390 404

It can be seen fi'om the above table that all of the measured parameters are within a factor 

of two of the theoretical values. This provides further evidence that the hyperbolic fits to 

the data showing observed rate constants of the fast phase provide reasonable estimates of 

the limiting rate constants (k̂ y + k.î ) and the of the initial association process.

The dependence of the observed rate constants of the slow phase on the concentration of 

B at different values are shown in figure 6.5(b). The measured values of the, K1 / 2  (the 

concentration of B at half the maximal rate constant) and the maximal rate constant of the 

slow phase, along with the theoretical values of KQ(overall), which is equivalent to (ki^k. 

ib)/(ki,kn,), are shown in the table below. The value of k2  is 15. Is'  ̂in each case.

kib (s ') Ki/2 (pM) Maximal Rate 

Constant (s ')

Kdi (pM)

30 1.8 13.7 1.1

50 2.0 12.5 1.8

100 2.7 10.0 3.7

200 4.1 7.7 7.4

As can be seen fi'om the above table, the measured values of and the maximal rate 

constants are within a fector of two of the calculated values and therefore can be said to be
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reasonable estimates of the actual values ofKo(overall) and kj respectively.

Therefore the data obtained from fitting stopped-flow traces to double exponentials 

provides observed rate constants of the fast phase (as has been dealt with) and of the slow 

phase, which can now be dealt with. As described previously, 0.1 pM ras mantGTP was 

mixed with 0.5-15pM neurofibromin in buffer A supplemented with OmM, SOmM, lOOmM, 

ISOmM or 200mM NaCl, at 30°C. The resultant traces were fitted to double exponentials 

to obtain observed rate constants for both the fast and slow phases. The observed rate 

constants of the slow phase at increasing neurofibromin concentrations are shown in figure

6.6. There is a hyperbolic relationship between the observed rate constant of the slow 

phase and nairofibromin concentration at concentrations of NaCl greater than, or equal to, 

5 OmM. In the absence of NaCl there is a linear relationship between the observed rate 

constant of the slow phase and neurofibromin concentration. According to the simulation 

above, the maximal rate constant may be considered to represent the rate constant of the 

slow phase, the kj, and the concentration of neurofibromin at half the maximal rate constant 

provides an estimate of the Kj5 (overall) of the binding process, which is equal to (k_i,k. 

ib)/(ki3kib). The values of the kj and the Ko(overall) at each concentration of NaCl used in 

the reaction mixture are shown in figure 6.7. The kz increases with increasing ionic strength 

from 9.4s‘* in the absence of NaCl to 28.1s'* in the presence of 200mM NaCl. The 

KD(overall) also increases with increasing ionic strength from <0.1 pM in the absence Of 

NaCl to S.TpM in the presence of 200mM NaCl. These values are much higher than the 

corresponding ones for the interaction of Leu61 rasmantGTP with neurofibromin, where 

the K£,(overall) increases with increasing ionic strength from 4.4nM in the absence of NaCl 

to 380nM in the presence of200mM NaCl.

6.4; The Effect of Temperature on the Interaction of Ras.mantGTP with 

Neurofibromin

6.4.1: The Effect of Temperature on the Fast Phase

As with the interaction between the mutant Leu61ras protein and neurofibromin, the effect 

of temperature on the rate constant of binding of wild-type ras mantGTP to neurofibromin 

can be used to obtain thermodynamic information about the interaction, which can be 

compared to the information obtained for the binding of neurofibromin to 

Leu6 Iras.mantGTP. More information about elementary rate constants can be obtained
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Figure 6.6; The Effect of Neurofibromin Concentration on the Observed Rate 

Constant of the Slow Phase of its Interaction with Ras.mantGTP at Varying Ionic 

StrfPgt h CAnditwns

Data from records as shown in figure 6.1 were fitted to double exponentials to give the rate 

constant of the slow phase at increasing concentrations of neurofibromin. The reagents 

were in 20mM Tris.HCl pH 7.5, ImM MgClj and ImM DTT supplemented with (a) OmM 

NaCl, (b) SOmMNaCl, (c) lOOmM NaCl and (d) ISOmM NaCl (filled circles) and 200mM 

NaCl (empty circles). The solid lines in (c) and (d) represent the best hyperbolic fits to the 

data with the maximal rate constant representing the rate constant of the hydrolysis process, 

k2, and the neurofibromin concentration at half the maximal rate constant being an estimate 

of the Kg(overall) of the two-step binding process:

[NaCl] (mM) kz (s ') Ko(overall)

0 9.4 <0.1

50 15.1 0.4

100 22.4 1.9

150 26.0 4.5

200 28.1 8.7
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(A); The Effect of Ionic Strength on the Rate Constant of the Slow Phast ik,) of the 

Interaction of Neurofibromin with Ras.mantGTP

The maximal rate constants of the slow phase of the interaction of ras. mantGTP with 

excess neurofibromin, in 20mM Tris.HCl pH 7.5, ImM MgCl2  and ImM DTT 

supplemented with either OmM, 50mM, lOOmM, ISOmM or 200mM NaCl at 30°C, were 

obtained fi'om the maximal rate constants of the hyperbolic fits to the data shown in figure

6 .6 .

(B); The Effect of Ionic Strength on the Kptoverall) of the Two-Step Binding Process 

of Neurofibromin to Ras.mantGTP

The KD(overall) values for the interaction of ras mantGTP with excess neurofibromin in 

20mM Tris.HCl pH 7.5, ImM MgClg and ImM DTT supplemented with either OmM, 

SOmM, lOOmM, ISOmM or 200mM NaCl at 30°C, were obtained fi'om the concentrations 

of neurofibromin at half the maximal rate constants shown in figure 6.6.
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from a hyperbolic dependence of observed rate constant of the fast phase on neurofibromin 

concentration, than just from the initial slope of the data. As hyperbolic behaviour can only 

be [observed at low ionic strength, the effect of temperature on the interaction of 

neurofibromin with ras.mantGTP is best observed at low ionic strength. It would be 

expected that decreasing the temperature would decrease the limiting rate constant (k̂ y + 

k.iy). 0.1 pM ras mantGTP was mixed with 0.5-15pM neurofibromin in buffer A at one of 

four temperatures: 30.0°C, 20.1°C, 13.4°C and 8.0°C. The traces obtained were fitted to 

double exponentials, with the observed rate constants of the fast phase representing the 

two-step binding of neurofibromin to ras mantGTP. The observed rate constants of the fast 

phase are plotted against neurofibromin concentration and the resultant data are fitted to 

the best hyperbolic fits (figure 6.8). As can be seen from figure 6.8 the limiting rate 

constant of the binding process does decrease with decreasing temperature. Plotting these 

limiting rate constants in the form of an Arrhenius plot produced a linear relationship, 

shown in figure 6.9(a). From the Arrhenius plot the activation energy of the limiting rate 

constant of the two-stq) binding process is 47 kJ mole'V This compares with an activation 

energy of 56 kJ mole'  ̂for the two-step binding of neurofibromin to Leu6 Iras. mantGTP.

The second-order rate constants (kiy/K^J derived from linear fits to the initial linear portion 

of the data showing observed rate constants of the fast phase at increasing neurofibromin 

concentration (figure 6.8) were also plotted in the form of an Arrhenius plot (figure 6.9(B)). 

The relationship between ln(kn/KDi) and 1/T is linear with the slope corresponding to an 

activation energy of 46 kJ mole'\ This compares with an activation energy of 60 kJ mole*' 

for the activation energy of the apparent association rate constant for the binding of 

neurofibromin to the mutant, Leu6 Iras.mantGTP protein. The activation energies of the 

limiting rate constant of binding, and the apparent association rate constant are practically 

identical for the interaction of ras mantGTP with neurofibromin, but they are lower than the 

corresponding values for the interaction of Leu6Iras.mantGTP with neurofibromin.

6.4.2; The Effect of Temperature on the Slow Phase

Since the experiment described in the above section (6.3.1) allowed the observed rate 

constants of the slow phase in addition to the fast phase to be obtained, the effect of 

tempCTature on the slow phase of the interaction of ras mantGTP with neurofibromin was 

also investigated. In the same experiment, 0.1 pM ras mantGTP was mixed with 0.5-
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Figure 6.8; The Effect of Temperature on the Observed Rate Constant of the Fast 

Phase of the Interaction of Ras.mantGTP at Increasing Concentrations of 

Neurofibromin

Data from records as shown in figure 6.1 were fitted to double exponentials to obtain 

observed rate constants of the fast phase at increasing concentrations of neurofibromin. 

The reagents were in 20mM Tris.HCl pH 7.5, ImM MgCU and ImM DTT at (a) 30®C, (b) 

20.1°C, (c) 13.4X and (d) 8°C. The curves represent the best hyperbolic fits to the data 

with the limiting rate constants being as follows:

Temperature (°C) Îb -̂Ib (S )

30.0 308 +/- 10

20.1 196 +/- 5

13.4 119+/-8

8.0 75 +/. 6

The lines represent linear fits to the initial linear portion of the data, with the slopes 

(kib/Kci) being as follows:

Temperature (°C) (M ' s ')

30.0 6.5 X 10̂

20.1 3.4 X 10̂

13.4 2.1 X 10̂

8.0 1.6 X 10̂
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figure 4,9

(A); The Effect of Temperature on the Limiting Rate Constant of the Binding Process 

of Neurofibromin to Ras.mantGTP

Data obtained from the limiting rate constants (the + k.iJ of the hyperbolic fits in figure 

6.8 were plotted as an Arrhenius plot. The solid line is the best linear fit to the data which 

corresponds to an activation energy of 47 kJ mole"\

(B); The Effect of Temperature on the Apparent Association Rate Constant (kti/Kpt) 

of the Binding of Neurofibromin to Ras.mantGTP

Values of the apparent association rate constant (kn/Koi) were obtained from the slopes 

of the linear fits to the initial linear portion of the data shown in figure 6.8 and were plotted 

as an Arrhenius plot. The solid line is the best linear fit to the data which corresponds to 

an activation energy of 46 kJ mole’*.

(Q: The Effect of Temperature on the Slow Phase of the Interaction of Ras.mantGTP 

with Neurofibromin

Fluorescence records showing both the fast and slow phases of the interaction were fitted 

to double exponentials to give observed rate constants of the two phases. The rate 

constants of the slow phase are represented in the form of an Arrhenius plot, with the 

activation energy being 54kJ mole’*.
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12.5pM neurofibromin in buffer A at each of five temperatures, 5°C, 13°C, 21°C, 30®C 

and 37°C. At least four runs were made at each neurofibromin concentration and the traces 

were fitted to double exponentials. The observed rate constants obtained for the slow phase 

were averaged to obtain the average rate constant of the slow phase at each neurofibromin 

concentration at each temperature. The observed rate constants of the slow phase obtained 

were independent of neurofibromin concentration and at each temperature these were as 

follows:

Temperature (°C) Kb, (s ')

8.0 1.3 s '

13.4 2.6 s '

20.1 4.6 s '

30.0 9.0 s''

As with the fest phase data, the rate constants for the slow phase of the fluorescence change 

were plotted as an Arrhenius plot (figure 6.9(c)). Here the relationship between ln(slow 

phase rate constant) and 1/T may be curved rather than linear, although it is difficult to be 

certain fî om this data. If the relationship is assumed to be linear, and the value obtained at 

5°C is assumed to be incorrect, then the activation energy for the slow phase of the 

fluorescence change would be 54kJ mole*̂

Whilst performing temperature dependence experiments it was necessary to examine the 

effect of changing pH on the fast and slow phases of the interaction of ras.mantGTP with 

neurofibromin, since the pH of Tris buffer is very temperature dependent decreasing by 

approximately 0.03 pH units for every 1°C increase in temperature (Sambrook et a l, 1989). 

IpM ras.mantGTP was mixed with 5pM neurofibromin. Both reagents were in either 

20mM Hepes pH 7, lOOmM NaCl, ImM MgCl2  and ImM DTT, or 20mM Hepes pH 8, 

lOOmM NaCl, ImM MgCl2  and ImM DTT at 30°C. The traces obtained were fitted to 

double exponentials to give observed rate constants of both the fast and slow phases:

Bufifer Fast Phase , Slow Phase

pH 7 76.9 16.2

pH 8 74.4 17.4
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Therefore it can be seen that the observed rate constants of the fast and slow phases are 

approximately the same, indicating that they are not affected by a change in pH of 1 unit, 

which is approximately the change in pH obtained by varying the temperature between 5°C 

and 37°C.

6,5; The Interaction of Ras.roantGMPPNP and Ras>mantGTPyS with Neurofibromin

The use of the non-hydrolysable GTP analogue, mantGMPPNP, and the slowly-hydrolysing 

analogue, mantGTPyS, in examining the putative isomérisation step occurring prior to, and 

controlling, cleavage was described in chapter three. This prompted the examination by 

stopped-flow to obtain some idea of the binding affinity of neurofibromin to ras complexed 

with either of these analogues. Since both analogues have either low, or absent, hydrolysis 

rates, it would be expected that only the binding process would be monitored, as with using 

the mutant ras protan, Leu61ras (as described in chapter 5). Low ionic strength conditions 

(OmM NaCl) were used in order to see a possible hyperbolic dependence of the observed 

rate constant of binding at increasing neurofibromin concentrations. The experiment was 

performed at 20°C instead of at 30°C in order to reduce the maximal rate constant (if the 

reaction is a two-step process).

6.5.1; The Binding of Neurofibromin to Ras.roantGiyiPPNP

In a stopped-flow instrument, 0.1 pM ras.mantGMPPNP was mixed with 0.5-4pM 

neurofibromin in buffer A at 20°C. The fluorescence records produced showed single 

exponential decreases in fluorescence (figure 6.10(a)). Fitting these to single exponentials 

gives observed rate constants of the binding process of neurofibromin to ras.mantGMPPNP. 

There is a linear relationship between the observed rate constants and neurofibromin 

concentration (figure 6.10(c)). This indicated that the binding of neurofibromin to 

ras.mantGMPPNP is a single-step process under these conditions:

ki
ras.mantGMPPNP + neurofibromin ^  ras.mantGMPPNP.neurofibromin

k.i

The linear fit in figure 6.10 gives a slope of 5.9 x 10̂  M'  ̂ s‘* (kJ with an intercept of 

0.79s'\ which represents the dissociation rate constant k.̂ . The intercept is very close to 

the origin making it difficult to obtain an accurate estimate of the dissociation rate 

constant.
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Figure 6.10

(A): Stopped-Flow Fluorescence Record of the Interaction of Ras.mantGMPPNP with 

Neurofibromin

0.l^iM ras.mantGMPPNP was mixed with 0.5|iM neurofibromin in 20mM Tris.HCl pH 7.5, 

ImM MgClz and ImM DTT at 20°C. The arrow represents the direction of fluorescence 

increase. The solid line is the best fit to a single exponential having an observed rate 

constant of 31s'\

(B); The Displacement of Ras.mantGMPPNP from a Complex of 

Ras.mantGMPPNP.Neurofibromin

0. IpM ras.mantGMPPNP along with 0.2pM neurofibromin was mixed with 30pM ras.GTP 

in 20mM Tris.HCl pH 7.5, ImM MgClg and ImM DTT at 20°C. The arrow represents the 

direction of fluorescence increase. The solid line is the best fit to a single exponential with 

an observed rate constant of3 .7s'\

(O; The Effect of Neurofibromin Concentration on the Rate Constant of its Binding 

to Ras.mantGMPPNP

Single exponential increases in fluorescence fi'om records such as those shown in figure 

6.10(A) were fitted to single exponentials to give observed rate constants of the binding 

process at increasing neurofibromin concentrations. The reagents were in 20mM Tris.HCl 

pH 7.5, ImM MgClz and ImM DTT at 20°C. The solid line is a linear fit to the data with 

a slope (association rate constant) of 5.9 x 10̂  M*̂  s '\ and an intercept (dissociation rate 

constant) of 0.8s**.
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Since on mixing ras.mantGMPPNP with neurofibromin there was no slow phase 

(fluorescence decrease) following the fast phase it was possible to measure the dissociation 

rate constant of the ras mantGMPPNP . neurofibromin complex directly using displacement 

reactions, whereby ras.mantGMPPNP was displaced from a complex of 

ras.mantGTP.neurofibromin using ras.GTP (as described for Leu61 ras.mantGTP in chapter 

5). 0.1 pM ras.mantGMPPNP plus 0.2pM neurofibromin was mixed with 15pM or 30pM 

ras.GTP. The reagents were in buffer A at 20°C. The fluorescence records obtained 

showed ejqxjnential decreases in fluorescence (such as those shown in figure 6.10(b)) with 

the mean observed rate constants being:

[Ras.GTP] (pM) Mean k.̂  (s' )̂ Standard Deviation

15 3.79 0.14

30 3.67 0.08

The rate constant is independent of ras. GTP concentration and so appears to represent the 

true dissociation rate constant of ras.mantGMPPNP fi'om ras.mantGMPPNP.neurofibromin. 

Also, these values are similar to the value of 0.79s‘* obtained from the intercept in figure 

6.10(c) showing the linear fit to the observed rate constants versus neurofibromin 

concentration. Using the association rate constant derived fi'om the linear fit in figure 

6.10(c) and the dissociation rate constant fi'om the displacement experiments using 30pM 

ras.GTP, the aflfinity of the binding process can be calculated fi'om the relationship = k. 

j/kj. This gives a of 62.2nM, representing tight binding of neurofibromin to 

ras mantGMPPNP. Brownbridge et al. (1993) obtained the much higher value of l.OpM 

for the Kd of the binding of neurofibromin to ras.mantGMPPNP, by examining the increase 

in anisotropy upon titration of neurofibromin into a solution of ras.mantGMPPNP, even 

though the same conditions were used.

The binding of neurofibromin to ras.mantGMPPNP could actually be two-step although 

there is no evidence fi'om figure 6.10(c) of the data showing observed rate constant of 

binding against neurofibromin concentration reaching a plateau. This could mean that the 

limiting rate constant is very high such that only the initial linear portion of the data is 

observed under these conditions. The observed rate constants are very high especially 

considering that the experiment is being performed at 20°C. The value of the slope (5.9 x 

10̂  M'  ̂ s**) is nearly twice as much as that obtained for the binding of neurofibromin to
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ras.mantGTP at 20°C (3.4 x 10^M*' s').

6,5.2; The Interaction of Ras.mantGTPyS with Neurofibromin

In a similar manner to the experiment described above, the interaction of neurofibromin 

with ras.mantGTP Y S was also examined. In a stopped-flow instrument, 0.1 pM 

ras.mantGTPyS was mixed with 0.5-3pM neurofibromin in bufifer A at 20°C. The 

fluorescence records obtained showed a single exponential increase in fluorescence, such 

as those shown in figure 6.11(a). Plotting the observed rate constants against 

neurofibromin concentration showed a linear relationship between the observed rate 

constant of the binding process and increasing neurofibromin concentration (figure 6.11(c)). 

Therefore, as with the binding of neurofibromin to ras.mantGMPPNP, the binding of 

neurofibromin to ras.mantGTPyS appears to be a single step process:

k|
ras.mantGTPyS + neurofibromin ^  ras.mantGTPyS neurofibromin

k-i

The linear fit in figure 6.11(c) has a slope (kJ of 8.0 x 10̂  M'  ̂ s'̂  and an intercept very 

close to the origin (less than 0.5s‘̂ ).

Displacement experiments of ras.mantGTPyS from ras. mantGTPy S. neurofibromin were 

performed in order to determine the dissociation rate constant (k.J of the above process, 

by a method other than taking the intercept of the linear fit to the data showing observed 

rate constants against neurofibromin concentration (especially since the intercept is so close 

to the origin of the graph). 0.1 pM ras.mantGTPyS plus 0.2pM neurofibromin was mixed 

with 15pM or 30pM ras.GTP, in buffer A at 20°C. The fluorescence records obtained 

showed an exponential decrease in fluorescence, such as those shown in figure 6.11(b). The 

rate constants of these records were:

[Ras.GTP] (pM) Mean k.̂  (s*̂ ) Standard Deviation

15 0.34 0.07

30 0.56 0.15
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]Figiirg64 l

(A>: Stopped-Flow nuorescence Record Showing the Interaction of Ras.niantGTPYS 

with Neurofibromin

O.lpM ras.mantGTPyS in 20mM Tris.HCl pH 7.5, ImM MgClz and ImM DTT was mixed 

with 1 pM neurofibromin at 20°C. The arrow represents the direction of fluorescence 

increase. The solid line is the best exponential fit to the data having an observed rate 

constant of 88s'\

 The Displacement of Ras.mantGTPyS from a Complex of

Ras.mantGTPy S.Neurofibromin

0.1 pM ras.mantGTPyS plus 0.2pM neurofibromin in 20mM Tris.HCl pH 7.5, ImM MgCl2  

and ImM DTT was mixed with 15pM ras GTP at 20°C. The arrow represents the direction 

of fluorescence increase. The solid line is the best fit to a single exponential plus slope (for 

photobleaching) having an observed rate constant of 0.41s"\

fO : The Effect of Neurofibromin Concentration on the Rate Constant of its 

lateraction with Ras.mantGTPyS

Data fi'om records such as those shown in figure 6.11(A) were fitted to single exponentials 

to give observed rate constants of the binding process at increasing neurofibromin 

concentrations. The reagents were in 20mM Tris.HCl pH 7.5, ImM MgClj and ImM DTT 

at 20°C. The solid line is a linear fit to the data with a slope (association rate constant) of 

8.0 X 10̂  M'  ̂s'% and an intercept (dissociation rate constant) of <0.5 s'\
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The rate constant of the exponential decrease is higher when the higher concentration of 

ras.GTP was used. This shows that the exponential decrease is not a measure of the 

dissociation rate constant because the binding aflBnity of the ras.mantGTPy S.neuroGbromin 

complex maybe so tight that the concentration of ras.GTP used was not high enough to 

effectively compete for binding to free neurofibromin (once it had dissociated from the 

ras.mantGTPy S.neurofrbromin complex). However, these dissociation rate constants can 

be used to provide an estimate of the of the binding of neurofibromin to 

ras.mantGTPyS. In order to calculate a Kg value the association rate constant derived from 

the linear fit in figure 6.11(c) was used and the value of the dissociation rate constant 

derived from displacement experiments using 30pM ras.GTP. Therefore, from the 

relationship Kg = k_i/ki the Kg is T.OnM, indicating that the binding of neurofibromin to 

ras.mantGTPyS is even tighter than the binding of neurofibromin to ras.mantGMPPNP. 

As with the binding of neurofibromin to ras.mantGMPPNP the binding of neurofibromin 

to ras.mantGTPyS could indeed be a two-step process, rather than the single step process 

it appears to be.

6.6; Discussion

Mixing ras.mantGTP with excess neurofibromin in a stopped-flow apparatus produced 

fluorescence records showing a fast increase in fluorescence followed by a slow decrease 

in fluorescence (figure 6.1). The fast phase represents the binding of neurofibromin to 

ras.mantGTP and the slow phase is assumed to be associated with the hydrolysis of the 

ras.mantGTPase. With the interaction between ras.mantGTP with neurofibromin the 

dependence of the observed rate constant of the fast phase on neurofibromin concentration 

is hyperbolic at low ionic strength (figure 6.3). This, therefore, provides further evidence 

that the binding of neurofibromin to ras is a two-step process with an initial binding reaction 

possibly followed by some isomérisation process. This process in turn is followed by the 

hydrolysis of the ras-bound nucleotide:

ki.
ras.mantGTP + neurofibromin ̂  ras.mantGTP.neurofibromin

ki.

kib
ras.mantGTP.neurofibromin ^  ras*. mantGTP. neurofibromin

k-ib
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kl
ras*. mantGTP. neurofibromin — ras.mantODP.Pi.neurofibromin

k-2

At high ionic strength (> lOOmM NaCl) hyperbolic behaviour is not observed suggesting 

that the aflSnity of the interaction between ras.mantGTP and neurofibromin decreases with 

increasing ionic strength.

The apparent association rate constants (kib/Koi) derived from the linear fits to the data 

showing observed rate constants of the fast phase of the interaction of ras.mantGTP with 

neurofibromin at increasing neurofibromin concentration (figure 6.3), are similar to those 

obtained for the binding of Leu61ras.mantGTP to neurofibromin. They vary fi’om 5.3 x lÔ  

M'  ̂s*̂ in the absence of NaCl to 2.7 x lo® M’̂  s'̂  in the presence of200mM NaCl for the 

interaction of ras.mantGTP with neurofibromin, compared to 5.9 x 10̂  M'  ̂ s'̂  in the 

absence of NaCl to 3.0 x iQ̂  M'  ̂ s'̂  in the presence of 200mM NaCl for the binding of 

neurofibromin to Leu6 Iras.mantGTP. As Leu61 ras proteins have been reported as having 

higher afiSnities for GAPs than does wild-type ras (Bollag and McCormick, 1991; Krengel 

et al, 1990), and as the apparent association rate constants are approximately the same this 

suggests that the dissociation rate constants (k.̂ )̂ for ras.mantGTP.neurofibromin must be 

significantly higher than those observed for the Leu6Iras.mantGTP.neurofibromin complex.

The afiBnity values for the initial binding step of ras.mantGTP to neurofibromin (K^i) are 

derived fiom the hyperbolic relationship between the observed rate constant of the fast 

phase of the interaction of ras.mantGTP with neurofibromin, and the concentration of 

neurofibromin. These show that the is approximately six-fold higher at 5 OmM NaCl 

than it is. in the absence of any NaCl, while the limiting rate constant of the binding process 

is approximately the same. Strangely though, these values are slightly lower than those 

obtained fiom the hyperbolic fits for the corresponding interaction of Leu6Iras.mantGTP 

with neurofibromin implying that the interaction between the mutant Leu6Iras.mantGTP 

and neurofibromin does not have higher afiBnity than the interaction between wild-type 

ras.mantGTP and neurofibromin.

The observed rate constants of the slow phase of the interaction of ras.mantGTP with 

neurofibromin (the step representing hydrolysis of the ras-bound nucleotide) were derived
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from fitting the fluorescence traces (as shown in figure 6.1) to double exponentials. 

Plotting these observed rate constants of the slow phase against neurofibromin 

concentration gave figure 6.6. In the absence of NaCl, there is a linear relationship between 

the observed rate constant of the slow phase and neurofibromin concentration, while in the 

presence of NaCl (at concentrations > 50mM) there is a hyperbolic relationship between 

the observed rate constant of the slow phase and neurofibromin concentration. The 

maximal rates of the slow phase of the interaction of ras.mantGTP with neurofibromin 

(figure 6.7(a)) have been shown by simulations to provide an estimate of the cleavage rate 

constant (kj. These increase with increasing NaCl concentration from 9.4s‘̂  in the absence 

of NaCl to 28. Is*̂  in the presence of 200mM NaCl, which agrees with the values obtained 

by Eccleston et al. (1993). Therefore, increasing ionic strength does increase both the 

Ki5 (overall) of the interaction between ras.mantGTP and neurofibromin and the rate 

constant of the slow phase, as suggested by Eccleston et al. (1993). The neurofibromin 

concentration at half the maximal rate constant of the slow phase has been shown by the use 

of simulations to provide an estimate of the ((^(overall) of the two-step binding process i.e., 

(k.i3k.ib)/(kiJcib). These were shown in figure 6.7(b) to increase with increasing ionic 

strength from <0.1 pM in the absence of NaCl to 8.7pM in the presence of 200mM NaCl. 

These values are approximately 20-fold higher than the corresponding Kg(overall) values 

for the interaction of neurofibromin with Leu6Iras.mantGTP, demonstrating that the 

interaction of neurofibromin with Leu6 Iras. mantGTP is much tighter than the interaction 

of neurofibromin with ras.mantGTP.

Arrhenius plots were constructed to examine the effect of temperature on both the limiting 

rate constant of the binding process (k̂ b + k. ,̂) and on the second-order rate constant 

(kjb/Koi) of the binding process. These k̂ b + k_ib and kib/K î values were derived from 

hyperbolic and initial linear fits respectively to the data showing the observed rate constant 

of the fast phase of the interaction of neurofibromin and ras.mantGTP against 

neurofibromin concentration in figure 6.8. Both of the Arrhenius plots show a linear 

relationship between ln(rate constant) and 1/absolute temperature (figures 6.9(a) and 

6.9(b)), with the activation energy derived from the slopes being 47 kJ mole'  ̂ for the 

limiting rate constant and 46kJ mole"̂  for the apparent association rate constant. These 

activation energies are similar to the corresponding ones obtained for the binding of 

neurofibromin to Leu61 ras.mantGTP (56 kJ mole*̂  for k», + k.̂  ̂ and 60 kJ mole'  ̂ for
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kii/Koi), suggesting that the same process occurs with both wild-type ras and mutant ras 

after the initial binding event. For diffusion controlled reactions such as the association of 

two proteins, one would expect to see an activation energy of between 30 and 40 kJ mole'* 

(Gutfreund, 1995). Since the activation energies for the second-order rate constant are 

higher than this, this shows that the second-order rate constant includes terms other than 

just the association rate constant, therefore providing further evidence that the binding of 

neurofibromin to ras is a two-step process.

The effect of temperature on the slow phase (cleavage) of the interaction of ras.mantGTP 

with neurofibromin was also examined (figure 6.9(c)). If the relationship between 

ln(observed rate constant of the slow phase) and 1/absolute temperature is assumed to be 

linear, then the activation energy of the slow phase is 55 kJ mole'*, which is low for a 

process representing a conformational change, in this case, hydrolysis (Gutfi*eund, 1995). 

It is more likely, though, that the relationship is actually curved demonstrating that the rate 

limiting step is changing with changing temperature. Unfortunately, insufficient data was 

available for fitting to a two-process Arrhenius plot.

Mixing ras mantGMPPNP with neurofibromin shows only a single exponential increase in 

fluorescence, corresponding to the binding of neurofibromin to ras.mantGMPPNP (figure 

6.10(a)). The relationship between the observed rate constant of the binding process and 

neurofibromin concentration was linear (figure 6.10(c)), with a slope of 5.9 x 10̂  M'* s'*, 

suggesting that the binding process is a single-step process. Alternatively, if the binding is 

actually a two-step process, the limiting rate constant must be very high as even at 20°C 

there is no hint of a hyperbolic relationship between the observed rate constants and 

neurofibromin concentration. In this event, the linear fit would actually represent the initial 

linear portion of the (suj^sed) hyperbolic relationship between observed rate constant and 

neurofibromin concentration. Under similar conditions of OmM NaCl and 20°C, the binding 

of neurofibromin to ras.mantGTP is a two-step process. Displacement experiments, in 

which ras.mantGMPPNP was displaced fi’om the ras.mantGMPPNP.neurofibromin complex 

by ras.mantGTP, were used to calculate the dissociation rate constant of the 

ras mantGMPPNP.neurofibromin complex. The dissociation rate constant was found to be 

3.7s'* in the presence of 30pM ras.GTP (figure 6.10(b)). The of the interaction of 

ras.mantGMPPNP with neurofibromin (calculated from the relationship Kg = k.^/kj was
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very tight at 62nM.

The interaction of ras.mantGTPyS with neurofibromin also showed only a single 

exponential increase in fluorescence (figure 6.11(a)), and the relationship between the 

observed rate constant of the binding process and neurofibromin concentration was also 

linear (figure 6.11(c)) and had a slope of 8.0 x 10̂  M'  ̂ s '\ Displacement experiments 

(displacing ras.mantGTPyS from a complex of ras.mantGTPyS.neurofibromin with 

ras.GTP) did not give the same observed rate constants when using either ISpM or 30pM 

ras.GTP because of the supposed high afiSnity of the ras.mantGTPyS.neurofibromin 

complex. However, if the chssociation rate constant was assumed to be less than Is'  ̂(figure 

6.11(b)), and the association rate constant was 8.0 x 10̂  M*̂  s*̂ (figure 6.11(c)), this gives 

a Kq for the binding of neurofibromin to ras.mantGTPyS of less than 12.5nM. It can be 

seen that ras.mantGTPyS binds to neurofibromin tighter than does ras.mantGMPPNP, 

caused by the feet that both the kj is higher and the k.i is lower. This can be seen from the 

linear fits to the observed rate constants of the binding process at increasing neurofibromin 

concentrations in figures 6.10(c) and 6.11(c). The slope, being the association rate constant 

is greater with ras mantGTPy S (8.0 x 10̂  M'  ̂s‘̂ ) than with ras.mantGMPPNP (5.9 x 10̂  

M^ s'̂ ), and is over twice as much as the slope obtained for the interaction of ras.mantGTP 

with neurofibromin at 20°C (3.4 x 10̂  M'  ̂s*̂ ). Also the intercept, being the dissociation 

rate constant, is closer to the origin with ras.mantGTPyS than with ras.mantGMPPNP. 

Together these ensure that the of the interaction with ras.mantGTPyS is lower than with

ras.mantGMPPNP. Therefore the displacement experiments whereby ras.mantGTPyS was 

displaced fi'om a complex of ras. mantGTPy S. neurofibromin by ras.GTP may not have had 

high enough concentrations of the displacer, ras.GTP. Therefore ras.mantGMPPNP and 

ras.mantGTPyS both bind neurofibromin tighter than does ras.mantGTP. The observed 

rate constants with ras.mantGMPPNP and ras.mantGTPyS are linear up to 4pM 

neurofibromin (ras.mantGMPPNP) and 3pM neurofibromin (ras.mantGTPyS) with rate 

constants of approximately 200s‘̂  which is the maximal rate constant for the interaction of 

ras.mantGTP with neurofibromin.
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Chapter 7; The Interaction of the Fusion Protein. Nearofibromin.GST. with both

Wild-Type and Mutant Ras Proteins

7.1; Introduction

As neurofibromin. GST has been shown to exist in dimeric form via the GST portion using 

the technique of analytical ultracentrifugation (chapter 4), this might be expected to alter 

the kinetics of the interaction of this fusion protein with both mutant and wild-type ras 

proteins complexed to mantGTP - Leu6Iras.mantGTP and ras.mantGTP. GST-fusion 

proteins are often used in binding work to demonstrate that two proteins interact with one 

another. For instance, a lot of the steps involved in the ras signal transduction pathway 

have been elucidated using GST-fusion proteins. For example, GST-Grb2 fusion proteins 

have been used to purify phosphotyrosine proteins fi'om T cell lysates by precipitation (Reif 

et al., 1994). This was used to show that Grb2 links tyrosine kinase receptors with the 

nucleotide exchange factor, sos. Grb2-GST fusions have been shown to bind to activated 

PDGF and EGF receptors in cell lysates fi’om cells pre-treated with PDGF or EGF 

respectively (Lowenstein et a i, 1992). Micro-injection of Grb2-GST into quiescent cells 

along with H-ras led to a stimulation of DNA synthesis while injecting either of them alone 

had no effect on DNA synthesis (Lowenstein et a l, 1992). Grb2 has been shown therefore 

to lead to ras activation. Expressing different domains of Grb2 as GST-fusion proteins, and 

incubating them with lysates from growth-factor activated cells demonstrated that it is the 

SH2 domain of Grb2 that binds to activated tyrosine kinase receptors (Lowenstein et a l, 

1992).

Since GST-fusion proteins have been extensively used it was important to ascertain as to 

whether the dimérisation of the neurofibromin. GST protein affects the interaction of the 

protein with ras. The dimérisation results in having a larger protein which might be 

expected to decrease a difiusion-controlled association reaction. Also, the 

neurofibromin.GST dimer might be folded such that the ras-bindihg sites of the 

neurofibromin molecules are hidden.

7.2: The Interaction of Leu61ras.mantGTP with Neurofibromin.GST

To determine if the fact that neurofibromin. GST exists as a dimer affects the binding of 

neurofibromin GST to Leu61ras.mantGTP, the ionic strength dependence of the interaction
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of the two proteins was examined. In a stopped-flow instrument 0.1 pM 

Leu6Iras.mantGTP was mixed with 0.5-15pM neurofibromin.GST in buffer A 

supplemented with OmM, 50mM, lOOmM, 150mM or 200mM NaCl at 30°C. A single 

exponential decrease in fluorescence was observed, the rate constant of which increased 

with increasing neurofibromin. GST concentration, as with the interaction of 

Laj6Iras.mantGTP with neurofibromin. As expected the relationship between the observed 

second-order rate constant and neurofibromin concentration is linear at high ionic strength 

and hyperbolic at low ionic strength (figure 7.1). Therefore, as with the interaction between 

Leu6Iras.mantGTP and neurofibromin, the interaction between Leu6Iras.mantGTP and 

neurofibromin.GST appears to obey a two-step mechanism:

ku
Leu6 Iras.mantGTP + neurofibromin. GST ^  Leu61 ras.mantGTP.neurofibromin. GST

k -la

Îb
Leu61ras.mantGTP.neurofibromin.GST Leu61 ras* mantGTP.neurofibromin.GST

kib

where the initial binding event is followed by some process, probably an isomérisation 

change.

Based on the assumptions discussed in chapter 5 for two-step binding, then the initial slope 

is equal to kn/BCj)i while hyperbolic fits to the data give the limiting rate constant (k^, + k^y) 

from the maximal value and the from the concentration of neurofibromin at the half- 

maximal rate constant. The intercepts of both the initial linear fits and the hyperbolic fits 

to the data showing observed rate constants against neurofibromin concentration give the 

dissociation rate constant (k.iy) for the Leu6Iras.mantGTP.neurofibromin.GST complex. 

However, in this case, the intercepts are too close to the origin to be determined accurately. 

The initial linear fits are shown in figure 7.1. The apparent association rate constants 

(kiy/Koi) derived fi’om the slopes of the linear fits in figure 7.1 are shown in figure 7.2(a). 

They decrease with increasing ionic strength fi'om 3.0 x 10̂  M'  ̂s'̂  in the absence of NaCl 

to 2.4 X 10̂  M‘* s’* in the presence of200mM NaCl.
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Figure 7.1; The Effect Of Neurofibromin.GST Concentration on the Rate Constant 

of its Interaction of Leu61ra$,mantGTP at Varying Ionic Strength

Data from records such as those shown in figure 5.1 were fitted to single exponentials to 

give observed rate constants at increasing neurofibromin.GST concentrations. The reagents 

were in 20mM Tris.HCl pH 7.5, ImM MgClz and ImM DTT supplemented with (a) OmM 

NaCl, (b) 50mM NaCl, (c) lOOmM NaCl and (d) 150mM NaCl (•) and 200mM (o) at 30°C.

The curves in (a) and (b) are hyperbolic fits to the data with k ,̂ + values and values 

of 703s*̂ and 22.7pM at OmM NaCl and 434s'^ and 25.5pM at 50mM NaCl.

The lines are initial linear fits to the data having slopes as follows:

[NaCl] (mM) kiVKg, (M ' s ')

0 3.0 X 10̂

50 1.5 X 10̂

100 6.3 X 10̂

150 4.0 X 10̂

200 2.4 X 10̂
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Fîgurg 7,2

(A); The Effect of Ionic Strength on the gecond-Qrdcr Rate Constant of the Binding 

of Neurofibromin.GST to Leu61ras.mantGTP

The values of kn/Kpi were obtained from the linear fits to the data shown in figure 7.1.

<B); The Effect of Ionic Strength on the Dissociation Rate Constant (k of 

Leu61ras.mantGTP from the Leu61ras.mantGTP.Neurofibromin.GST Complex

Data were obtained from displacement experiments whereby Leu6Iras.mantGTP was 

displaced from the Leu61 ras.mantGTP.neurofibromin.GST complex by Leu6Iras.GTP. 

The resultant traces, such as those shown in figure 5.3, with 6pM Leu6Iras.GTP (•) and 

12pM Leu6Iras.GTP (°) were fitted to single exponentials.

(C); The Effect of Ionic Strength on the Kpfoverall) of the Binding of 

Leu61 ras.mantGTP to Neurofibromin.GST

The values of the KD(overall) at each NaCl concentration, were calculated by dividing the 

dissociation rate constants obtained using 12pM Leu6Iras.mantGTP (figure 7.2(b)) by the 

apparent association rate constants (figure 7.2(a)).
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As with the interaction between Leu6Iras.mantGTP and neurofibromin, the dissociation 

rate constant of Leu6Iras.mantGTP fi'om the Leu6Iras.mantGTP.neurofibromin.GST 

complex can be determined directly by displacement experiments, using an excess of 

Leu61 ras.GTP to displace Leu6Iras.mantGTP. 0.1 pM Leu6Iras.mantGTP together with 

0.2pM neurofibromin.GST was mixed with either 6 or 12pM Leu61 ras.GTP. Both 

reagents were in bufifer A supplemented with OmM, 50mM, lOOmM, 15OmM and 200mM 

NaCl at 30°C. The resultant traces showed a single exponential decrease in fluorescence. 

The rate constants of the fluorescence change were independent of the concentration of 

Leu61 ras.GTP. The dissociation rate constants derived from fitting such traces to single 

exponentials, are shown in figure 7.2(b). The dissociation rate constants increase with 

increasing ionic strength from 0.27s'  ̂in the absence of NaCl to l.Ols'^ in the presence of 

200mMNaCl.

The KD(overall) i.e., the sum of the K^i and the Kd2 , of the interaction between 

Leu61 ras mantGTP and neurofibromin.GST can be calculated by dividing the dissociation 

rate constants (k. ,̂) shown in figure 7.2(b) by the initial slopes (kii/KgJ shown in figure 

7.2(a). These resultant KD(overall) values are shown in figure 7.2(c). It can be seen that 

the KD(overall) increases fi’om 9nM in the absence of NaCl to 421nM in the presence of 

200mM NaCl.

More information about rate constants of the elementary events of the binding process can 

be obtained fi'om the hyperbolic fits to the data at low ionic strength (shown in figure 7.1). 

For the interaction at low ionic strength, the Kpi values and the limiting rate constants (ki  ̂

+ k lb) are as follows:

[NaCl] (mM) kb kib (s )̂ Koi (pM)

0 703 +/- 269 22.7+/- 11.3

50 434 +/- 87 25.5+/-7.1

Therefore, the afiBnity values of the interaction between Leu6Iras.mantGTP and 

neurofibromin.GST are similar in the presence of either OmM or 5OmM NaCl, while the 

limiting rate constants of the binding process are different, although there is a large error 

on the kib + k_ib obtained in the absence of NaCl because the limiting rate constant is very 

high for stopped-flow measurements. If the kib + kib was lower then the K^i would also
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be lower, thereby creating more of a difference between the Kp, values obtained in the 

presence of wither OmM or 50mM NaCl.

7,3; The Interaction of Ras.mantGTP with Neurofibromin.GST

After examining the effect of ionic strength on the interaction of the mutant ras protein with 

the neurofibromin.GST fusion protein, the ionic strength dependence of the interaction of 

the wild-type ras protein, ras.mantGTP, with neurofibromin.GST was also examined.

In a stopped-flow apparatus, 0.1 pM ras.mantGTP was mixed with 0.5-15pM 

neurofibromin.GST in bufifer A supplemented with OmM, 5OmM, lOOmM, ISOmM or 

200mM NaCl, at 30°C. The fluorescence data was collected over a log timebase rather 

than a linear one, as the resultant traces are biphasic, and more information is needed in the 

initial fast phase of the reaction. Traces such as those shown in figure 6.1 were obtained 

and fitted to double exponentials to obtain observed rate constants of both the fast phase 

and the following slow phase. Plotting the observed rate constants of the fast phase versus 

neurofibromin concentration (figure 7.3), reveals that, as expected fi'om examining the 

binding of neurofibromin and/or neurofibromin.GST to Leu6Iras.mantGTP and/or 

ras.mantGTP, the relationship is linear at high ionic strength and hyperbolic at low ionic 

strength. Therefore the binding of neurofibromin.GST to ras.mantGTP is a two-step 

process and this process is followed by the process represented by the fluorescence decrease 

(which is thought to be the hydrolysis step):

ras.mantGTP + neurofibromin.GST ^  ras. mantGTP. neurofibromin. GST
k ia

kib
ras.mantGTP.neurofibromin. GST ^  ras*.mantGTP.neurofibromin.GST

kib

k%
ras* mantGTP.neurofibromin.GST ^  ras.mantGDP.Pi.neurofibromin.GST

k.2

The above scheme does not show where Pi release and neurofibromin.GST dissociation 

occur although this would be expected to occur soon after the hydrolytic step. This is 

discussed in more detail in chapter nine.
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Figure 7.3: The Effect Of Neurofibromin.GST Concentration on the Rate Constant 

of the Fast Phase of it's Interaction of Ras.mantGTP at Varying Ionic Strength

Data from records such as those shown in figure 6.1 were fitted to double exponentials to 

give observed rate constants of the fast phase at increasing neurofibromin.GST 

concentrations. The reagents were in 20mM Tris.HCl pH 7.5, ImM MgCl2  and ImM DTT 

supplemented with (a) OmM NaCl, (b) SOmM NaCl, (c) lOOmM NaCl and (d) 150mM NaCl 

(•) and 200mM NaCl («) at 3(TC.

The curves in (a) and (b) are hyperbolic fits to the data having + k. ,̂ values and 

values of 269s*̂  and 7.3pM at OmM NaCl, and 242s*̂  and IS.OpM at 5OmM NaCl.

The solid lines are initial linear fits to the data with a slopes as follows:

[NaCl] (mM) k,^/KBi(M"s-‘)

0 2 .8  X 1 0 ’

50 1.5 X 10’

1 0 0 6.9 X 10'

150 3.4 X 10'

2 0 0 2 .1  X 1 0 '
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Initial slopes to the data are shown in figure 7.3, and these apparent association rate 

constants (kib/K^i) are shown in figure 7.4. These second-order rate constant are seen to 

decrease with increasing ionic strength fi-om 2.8 x 10̂  M'  ̂s'̂  in the absence of NaCl to 2.1 

X 10̂  M'  ̂s'* in the presence of 200mM NaCl.

Hyperbolic fits to the observed rate constants of the fast phase at low ionic strength give 

the limiting rate constants of the two-step binding process fi-om the maximal rate constants, 

and the K^i values fi-om the concentration of neurofibromin.GST at half the maximal rate 

constant:

[NaCl] kib + k.n (s') ^D1

OmM 269+/-21 7.3 +/-1.4

50mM 242 +/- 16 15.0+/-1.8

It can be seen that the limiting rate constants are very similar at the two different salt 

conditions while the value is lower in the absence of NaCl then it is in the presence of 

50mM NaCl.

As the observed rate constants of the slow phase, which are thought to represent the 

hydrolysis of the mantOTP bound to ras, are also calculated for each neurofibromin 

concentration, these are plotted versus neurofibromin concentration at each concentration 

of NaCl (figure 7.5). At high ionic strength (k lOOmM NaCl) the relationship between the 

observed rate constant of the slow phase and neurofibromin concentration is hyperbolic, 

while this hyperbolic behaviour is not seen at low ionic strength. As discussed in chapter 

6, if the two-step binding process is in a rapid equilibrium then the maximal rate constant 

of the slow phase can be seen to represent the maximal rate constant of the cleavage step 

(kz), with the value of neurofibromin.GST at half the maximal rate constant representing 

the Kg(overall) for the two step binding process, which is equivalent to (k.iak.iby(ki 

These maximal rate constants (k )̂ and the KD(overall) values are shown in figure 7.6. The 

maximal rate constant can be seen to increase from 9. Is'* in the absence of NaCl to 25.5s'* 

in the presence of 200mM NaCl (figure 7.6(A)). These are very similar to the values 

obtained for the interaction of ras.mantGTP with neurofibromin ranging fi-om 9.4s'* in the 

absence of NaCl to 28. Is'* in the presence of200mM NaCl. The KD(overall) also increases 

fi-om being less than 0.5pM in the absence of NaCl (not plotted on the graph since it is not
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Figure 7.4; The Effect of Ionic Strength on the Second-Order Rate Constant of the 

Binding of Neurofibromin.GST to Ras.mantGTP

The values of the apparent association rate constant (kiy/K^i) were obtained from the initial 

linear fits in figure 7.3.
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Figure 7.5; The Effect of Neurofibromin.GST Concentration on the Rate Constant 

Qtlhe Slow Phase of its Interaction with Ras.mantGTP

Data from records such as those shown in figure 6.1 were fitted to double exponentials to 

give rate constants of the slow phase at increasing neurofibromin.GST concentrations. The 

reagents were in 20mM Tris.HCl pH 7.5, ImM MgClj and ImM DTT supplemented with 

(a) OmM NaCl, (b) 50mM NaCl, (c) lOOmM NaCl and (d) ISOmM NaCl (•) and 200mM 

NaCl (o). The solid lines are hyperbolic fits to the data with the maximal rate constants (k j 

and the KD(overall) values for the two-step binding process being as follows:

[NaCl] (mM) k2 (s^) Ki5(overall) (pM)

0 9.1 <0.5

50 15.8 0.6

100 21.5 2.7

150 24.8 5.1

200 25.5 7.7
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Figure 7,6

(A): The Effect of Jonic Strength on the Limiting Rate C o n s t a n t  of the Slow Phase of 

the Interaction of Ras.inantGTP with Neurofibromin.GST

The maximal rate constants (IC2 ) of the slow phase of the interaction of ras.mantGTP with 

neurofibromin.GST were obtained from the data in figure 7.5.

(B); The Effect of Ionic Strength on the KD(overall) of the Binding Process of 

Neurofibroinin.GST to Ras.mantGTP

The values of the Kg(overall) were obtained from the concentration of neurofibromin.GST 

at the half-maximal rate constants in figure 7.5.
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an exact value) to 7.7pM in the presence of 200mM NaCl (figure 7.6(B)). These are also 

very similar to the values obtained for the interaction of ras.mantGTP and neurofibromin, 

ranging firom <0.1 pM in the absence of NaCl to 8.7pM in the presence of 200mM NaCl.

7.4; Discussion

As with the interaction of neurofibromin with Leu61 ras.mantGTP and ras.mantGTP, the 

binding of neurofibromin. GST with the mutant and wild-type ras proteins is a two-step 

process encompassing an initial binding step probably followed by an isomérisation change. 

This is seen fi*om the hyperbolic relationship (at low ionic strength) between observed rate 

constant of the fast phase and neurofibromin concentration (figures 7.1 and 7.3). The fact 

that this behaviour is not observed at high ionic strength demonstrates that the affinity of 

the binding of neurofibromin.GST to the ras proteins weakens with increasing ionic 

strength.

For the interaction of Leu61 ras.mantGTP or ras.mantGTP with neurofibromin or 

neurofibromin. GST, the values of the apparent association rate constant, kib/K î (with units 

M'  ̂ s'*), derived fi’om linear fits to the initial linear portion of the data showing observed 

rate constant of the fast phase versus neurofibromin or neurofibromin.GST concentration, 

are summarised in the table below;

Interaction

[NaCl]

OmM 5 OmM lOOmM 150mM 200mM

Leu61 ras.mantGTP 

+ neurofibromin

5.9 X 10̂ 2.1 X 10" 8.4 X 10̂ 5.0 X 10® 3.0 X 10®

ras.mantGTP + 

neurofibromin

5.3 X iq7 1.5 X 10" 9.3 X 4.1 X 10® 2.7 X 10®

Leu61ras.mGTP + 

neurofibromin. GST

3.0 X 10̂ 1.5 X 10" 6.3 X 10̂ 4.0 X 10® 2.4 X 10®

ras.mantGTP + 

neurofibromin. GST

2.8 X 10̂ 1.5 X 10" 6.9 X 10® 3.4 X 10® 2.1 X 10®

There is good agreement between the rate constants calculated for the interaction of 

neurofibromin with both Leu6Iras.mantGTP and ras.mantGTP, and for the interaction of
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neurofibromin. GST with both of the ras proteins, while, for a particular ras protein, the rate 

constants are slightly lower with the fusion protein than with the cleaved protein. This is 

to be expected since the neurofibromin. GST protein at 129,000 kDa is much larger than the 

neurofibromin protein at 36,00 IcDa and therefore would have a lower diffusion coefiScient.

Displacement experiments were performed to determine the dissociation rate constants of 

neurofibromin GST fi-om the Leu61ras.mantGTP.neurofibromin.GST complex. The table 

below compares the values derived using 12pM Leu61ras.GTP to displace the ras protein 

fi-om the complex, with those calculated for the ofF-rate of neurofibromin from the 

Leu61 ras.mantGTP.neurofibromin complex:

Interaction

[NaCl]

OmM 50mM lOOmM 150mM 200mM

neurofibromin 0.26 s-' 0.50 s ' 0.79 s ' 1.06 s ' 1.14 s '

neurofibromin. GST 0.27 s ' 0.54 s*' 0.71 s ' 0.99 s ' 1.01 s '

There appears to be no significant différence between the dissociation rate constants for 

both the cleaved and the fusion protein fi-om Leu6Iras.mantGTP. In both cases they are 

low rate constants, increasing from 0.26 (or 0.27) s'̂  in the absence of NaCI to 1.14 (or 

1.01) s"̂  in the presence of 200mM NaCl.

The KD(overall) values for the interaction of the mutant ras proteins, Leu6 Iras.mantGTP 

with neurofibromin.GST were calculated fi-om the apparent association rate constants 

derived from the linear fits shown in figure 7.1, and fi-om the dissociation rate constants 

shown in figure 7.2(b). The table below shows the aflBnity values derived for the interaction 

of Leu61 ras mantGTP with neurofibromin. GST and those values derived for the interaction 

between Leu6Iras.mantGTP and neurofibromin:

GAP Protein

[NaCl]

OmM 50mM lOOmM 150mM 200mM

neurofibromin. GST 9nM 35nM 113nM 249nM 421nM

neurofibromin 4nM 24nM 94nM 211nM 383nM
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Each Kq value calculated for the interaction of Leu61ras.mantGTP with neurofibromin.GST 

is higher than the corresponding value calculated for the interaction of Leu6Iras.mantGTP 

with neurofibromin. This difference is due to the difference in association rate constants 

rather than to the dissociation rate constants which are very similar.

Wifii both the mutant and wild-type ras proteins the hyperbolic fits to the data of observed 

rate constant of the fast phase (the increase in fluorescence) against neurofibromin.GST 

concentration, at low ionic strength, represent the two-step binding process with an initial 

binding step probably followed by an isomérisation change. The maximal rate constant of 

the hyperbolic fits represent the limiting rate constant (k̂ y + k.^J of the binding process, 

while the value of nairofibromin. GST at half the maximal rate constant represents the Kpi 

of the initial association. These rate constants, for the interaction of neurofibromin. GST 

with both Leu6Iras.mantGTP and ras.mantGTP are given in the table below, along with the 

corresponding values for the interaction of neurofibromin with both the mutant and wild- 

type ras proteins:

kib + k-ib («■') Kdi ((aM)

Leu61 ras.mantGTP

neurofibromin.GST OmM NaCl 703 +/- 269 22,7+/- 11.3

5 OmM NaCl 434 +/- 87 25.5+/-7,1

neurofibromin OmM NaCl 392 +/- 45 5.2+/- 1.1

50mM NaCl 472 +/- 48 19.3 +/- 3.0

ras.mantGTP

neurofibromin.GST OmM NaCl 269 +/- 21 7.3 +/-1.4

5 OmM NaCl 242+/- 16 15.0+/- 1.8

neurofibromin OmM NaCl 236 +/- 12 1.2+/-0.3

50mM NaCl 204+/-18 7.5+/-1.9

Taking into account the errors on the fits (which are especially large on the amplitude, the 

kjy + k.iy) the kjy + k.iy values for wild-type ras are approximately half the corresponding 

values for mutant ras. The values are also lower for the interaction of ras.mantGTP 

with the GTPase-activating proteins than the corresponding values for the interaction of 

Leu6Iras.mantGTP with the cleaved and fused neurofibromin proteins.
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With a particular ras protein, the values of are approximately unchanged with

dther neurofibromin or neurofibromin.GST, while the values are slightly lower for the 

interaction with neurofibromin than with neurofibromin.GST. It therefore seems that the 

dimeric neurofibromin.GST protein affects the initial association interaction but not the 

subsequent isomérisation process.

Analysis of the dow phase data of the interaction of ras.mantGTP with neurofibromin. GST 

gives the rate constant of the slow phasç (kj) from the maximal observed rate constant at 

increasing neurofibromin concentration and the Ko(overall) fi-om the neurofibromin 

concentration at half the maximal rate constant. The table below shows the kj and the 

Kj/overall) values of the two-step binding process for both the interaction of ras.mantGTP 

with neurofibromin.GST, along with those for the interaction of ras.mantGTP with 

neurofibromin.

[NaCl] (mM)

kz (s ') 0 50 100 150 200

neurofibromin. GST 9.1 15.8 21.5 24.8 25.5

neurofibromin 9.4 15.1 22.4 26.0 28.1

Ko(overall) (pM)

neurofibromin. GST <0.5 0.6 2.7 5.1 7.7

neurofibromin <0.1 0.4 1.9 4.5 8.7

From the above table it can be seen that both the kj (the rate constant of the slow phase of 

the interaction of ras.mantGTP with neurofibromin.GST) and the KD(overall) of the two- 

step binding process of neurofibromin.GST increase with increasing ionic strength. Both 

the k, and the Kg(overall) values are essentially the same as the corresponding values for 

the interaction of ras.mantGTP with neurofibromin.

From these results it can be concluded that the dimérisation of the neurofibromin.GST 

fusion protein has little effect on either the association with ras proteins or the subsequent 

steps, and therefore, it is acceptable for GST-fusion proteins to be used for the 

detCTmination of protein-protein interactions such as those examined by Lowenstein et al. 

(1992). They looked at the binding of various domains of Grb2, expressed as GST-fusion
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proteins, to activated tyrosine kinase receptors. There is more difference in the rate 

constants of binding steps between the use of the two different ras proteins than for the use 

of cleaved and fused neurofibromin proteins.
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Chapter 3; Measurement of the Cleavage Rate Constant of the Neurofibromin- 

Activated Ras.mantGTPase by Quenched Flow Measurements

8.1; Introduction

Monitoring the fluorescence of the mant fluorophore upon mixing ras.mantGTP with excess 

neurofibromin (under single-tumover conditions) produces traces showing a rapid increase 

in fluorescence followed by a relatively slow decrease in fluorescence, as discussed in 

chapter six (figure 6.1). The fast phase has been shown to be the binding of neurofibromin 

to ras.mantGTP (chapter 6). The work in this chapter is concerned with testing the 

hypothesis that the slow phase is the GTP cleavage step of the ras-bound nucleotide in the 

neurofibromin-stimulated mechanism, as assumed previously.

The reasoning behind the hypothesis that the slow phase of the fluorescence change is 

hydrolysis is based on the fact that the intrinsic hydrolysis of ras.mantGTP, in the absence 

of any GTPase-activating proteins, occurs with a rate constant of 3.0 x iQ"* s'* which is 

accompanied by a 10% decrease in fluorescence occurring with the same rate constant 

(Neal et a l,  1990). The presence of catalytic amounts of pl20GAP accelerates both the 

cleavage of ras.mantGTP, as measured by HPLC analysis, and the fluorescence decrease 

to the same extent (Moore et a l, 1993). In the presence of zero or catalytic amounts of 

GTPase-activating proteins it is possible to measure the cleavage step of ras.mantGTP 

directly by taking samples at timed intervals and analysing the proportion of mantGTP and 

mantGTP nucleotides by HPLC. At 30°C, the half-time of the ras.mantGTP hydrolysis step 

is approximately one hour (Moore et a l, 1993). In the presence of high concentrations 

GTPase-activating protein the whole process of binding and hydrolysis is over in a few 

seconds or less, such that the hydrolysis can obviously not be monitored by taking manual 

sanples as when monitoring the intrinsic hydrolysis rate constant. In the presence of excess 

neurofibromin, if the decrease in fluorescence is a measure of the hydrolysis step then the 

rate constant of hydrolysis and the rate constant of the fluorescence decrease would be 

expected to be identical. One way of examining the cleavage step directly is to use the 

technique of quenched-flow, where the two reagents are mixed together and the reaction 

is quenched at various times (on a millisecond time scale). The proportion of nucleotides 

can then be determined with time, by HPLC, so the increase of mantGDP and the decrease 

of mantGTP, with time, can be determined. Therefore the techniques of stopped-flow and

-237-



quenched flow were used on the same solutions to examine the hydrolysis step and the 

fluorescence decrease at the same time.

8.2: Testing the Quenched Flow Apparatus

Quenched flow is a means of rapidly mixing two reagents and stopping the reaction at 

different times by varying the flow-rate and volume of tubing between mixing reagents and 

quenching. To test the quenched flow apparatus, to ensure that the times at quenching are 

actually those calculated fl-om the rate of flow and volume of ageing tubing, the alkaline 

hydrolysis of 2,4-dinitrophenyl acetate was measured and compared to the same 

measuranent in a stopped flow apparatus. Here 2,4-dinitrophenyl acetate was mixed with 

excess NaOH (under pseudo first order conditions) when 2,4-dinitrophenol is produced and 

the reaction is quenched with excess acid.

Before performing the experiment a way of analysing the resultant solutions obtained fi-om 

mixing 2,4-dinitrophenyl acetate with excess NaOH had to be made. For this it was 

necessary to determine the absorbance spectrum of the 2,4-dinitrophenyl acetate and the 

hydrolysis product 2,4-dinitrophenol in the acid conditions of the quenched solution. To 

create a solution of 2,4-dinitrophenyl acetate at the start of the reaction 45mM 

dinitrophenyl acetate in ethanol was diluted 50-fold in 5mM HCl and 1 ml of this 0.9mM

2,4-dinitrophenyl acetate (in 5mM HCl) was mixed with 8 ml of 2M HCl and mixed well, 

then 1 ml of M NaOH was added. For a sample of the reaction at the end point, 1 ml of 

0.9mM 2,4-dinitrophenyl acetate (in 5mM HCl) and 1 ml of M NaOH were mixed together 

and left for a few minutes before 8 ml of the quenching agent, 2M HCl, was added. The 

absorbance spectra of the two solutions were measured and figure 8.1 shows the 

superimposition of the two spectra. The starting solution has a maximum absorbance at 

244nm, while the end point has a maximum at 262nm with a shoulder at around 290nm. 

In stopped-flow experiments the formation of the product is usually followed by monitoring 

the increase in absorbance at 360nm due to the absorbance of the dinhrophenol anion at 

alkaline pH (Eccleston, 1987), but with quenched flow the recovery of the solution is not 

constant, so the absorbance at a particular wavelength would be dependent on the amount 

of mixture extracted fi-om the quenched-flow ^paratus. As can be seen fi-om figure 8.1 the 

spectra inta-sect at 262nm, the isosbestic point, and so at any time during the reaction the 

absorbance of the solution will be constant at that point. Therefore, the ratio of the
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Figure 8.1; Absorbance Spectra of 2>4-DinitrophenyI Acetate and 2,4-Dinitrophenol 

in Acid

Trace A represents the absorbance spectrum of 2,4-dinitrophenyl acetate. To produce this 

1ml of 0.9mM 2,4-dinitrophenyl acetate in 5mM HCl was mixed with 8 ml 2M HCl 

(concentrations before mixing) and mixed well, after which 1 ml M NaOH was added and 

the absorbance spectrum of the resultant solution was measured in a spectrophotometer. 

Trace B represents the absorbance spectrum of dinitrophenol in acid. To obtain this, 1 ml 

each of 0.9mM 2,4-dinitrophenyl acetate in 5mM HCl and M NaOH (concentrations before 

mixing) were mixed together and left for a few minutes, after which 8 ml 2M HCl was 

added and the absorbance spectrum of the resultant solution was measured in a 

spectrophotometer.
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absorbance at 294nm (the point at which there is the largest difference between the zero and 

end solution) to the absorbance at 262nm can be calculated and will take into account 

differences in recovery of the solutions from the quenched flow apparatus, 0.9mM 2,4- 

dinitrophenyl acetate in 5mM HCl was mixed with M NaOH (concentrations before 

mixing), at room temperature, and the reaction was quenched with 2M HCl (concentration 

before mixing). The resultant solution, before quenching, consisted of 0.45mM 2,4- 

dinitrophenyl acetate and 0.5M NaOH in 2.5mM HCl. Equal volumes of the two reagents 

and the quenching agent were used. Solution age ranged from 4.3msec to 160msec, by 

varying the flow rate and volume of tubing between mixing and quenching, and these were 

all obtained in the continuous flow mode of the instrument. The A294/A262 ratio was 

plotted against time (figure 8.2). This data is fitted to a single exponential with an observed 

rate constant of 15.6 s"\ which corresponds to a second-order rate constant of 31.2 M*̂

s-\

The same solutions used in the quenched flow experiment, 0.45mM 2,4-dinitrophenyl 

acetate in 5mM HCl and 0.5M NaOH (concentrations after mixing) were mixed together 

in a stopped-flow apparatus and the formation of the 2,4-dinitrophenol anion was 

determined by monitoring the absorbance at 360nm. The data could be fitted to a single 

exponential. The data from five individual runs were averaged and this fitted to a single 

exponential with an observed rate constant of 21.8 s'\ which corresponds to a second-order 

rate constant of 43.6 s'̂  (figure 8.2). Therefore the rates from both quenched flow and

stopped flow are similar although the quenched flow data gives a slightly lower rate than 

the stopped flow so the times are actually later than calculated. They are closer than 

preliminary measurements (data not shown) when the instrument was under development 

when there was a 50% difference between the rate constant of the alkaline hydrolysis of

2,4-dinitrophenyl acetate as measured by stopped flow and quenched flow. The rate 

constant of this process, derived by stopped-flow has been shown to be 52 M'  ̂ s'* 

(Finlayson and Taylor, 1969) and 49.5 M * s'* (Barman and Gutfi*eund, 1964).

8.3: Measurement of the Cleavage Rate Constant of the Neurofibromin-Stimulated 

Ras.GTPase

Having shown the instrument to be well calibrated, the hydrolysis step of ras.mantGTP in 

the presence of excess neurofibromin was studied by quenched flow and stopped flow to
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Figure 8.2; Measurement of the Alkaline Hydrolysis of 2,4-Dinitrophcnyl Acetate by 

Quenched Flow and Stopped Flow

Quenched flow measurements of the alkaline hydrolysis of 2,4-dinitrophenyl acetate were 

performed by mixing 0.45mM 2,4-dinitrophenyl acetate in 5mM HCl with 0.5M NaOH 

(concentrations after mixing), at room temperature. The reaction was quenched with M 

HCl. The ratio of the absorbance at 294nm to the absorbance at 262nm is plotted against 

time (•). The dotted line is the best fit to a single exponential with an observed rate 

constant of 15.6 s '\ which corresponds to a second-order rate constant of 31.2 M'  ̂ s'\

Stopped flow measurements of the alkaline hydrolysis of 2,4-dinitrophenyl acetate were 

performed by mixing 0.45mM 2,4-dinitrophenyl acetate in 5mM HCl with 0.5M NaOH 

(concentrations after mixing), at room temperature. The change in absorbance at 360nm 

was monitored, as is represented by the solid line.
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compare the rate constants obtained by the two methods. Mixing ras.mantGTP with excess 

neurofibromin in a stopped-flow apparatus produces traces a fast increase in fluorescence 

followed by a slow decrease in fluorescence (see chapter 6). Since it has been proposed 

that the slow phase represents hydrolysis of the ras-bound GTP (Eccleston et a l, 1993), 

the rate constants of the slow phase of the fluorescence change at each of the temperatures 

used in the quenched flow experiment were measured in order to confirm this.

&3.1: Measurement of the Cleavage by Quenched Flow

In a quenched flow apparatus, 150pl of 1 pM ras.mantGTP was mixed with 150pl of 5pM 

neurofibromin (concentrations after mixing) in buffer A at five different temperatures, 37°C, 

30°C, 21°C, 13°C and 5°C. The reaction was quenched with 150pl of 10% perchloric acid 

and the resultant mixture was displaced fi-om the collection tube with SOOpl HjO. 50pl of 

4M sodium acetate was added to the resultant mixture to take the pH to 4 in order to 

reduce acid hydrolysis of the mant nucleotides. The relative concentrations of mantGDP 

and mantGTP were determined for each sample by HPLC analysis. Typical HPLC traces 

are shown in figure 8.3. Samples for the beginning (t=0) and end point of the reaction (t=«>) 

were taken by preventing the hydrolysis of mantGTP and by mixing the ras.mantGTP and 

neurofibromin together and not quenching for a couple of minutes, respectively. For the 

t=0 sample, lOOpl 2pM ras.mantGTP was mixed with lOOpl 10% perchloric acid and mixed 

well, after which lOOpl lOpM neurofibromin (concentrations before mixing) was added to 

the mixture. For the t=« sample, lOOpl of 2pM ras.mantGTP and lOOpl of lOpM 

neurofibromin (concentrations before mixing) were mixed together and left for a couple of 

minutes befi)re lOOpl 10% perchloric acid was added. To each solution. 500pl of distilled 

water was added to the mixture and 50pl of 4M sodium acetate was added to bring the pH 

of the reaction mixture to 4. Samples were then analysed by HPLC. The percentage of 

mantGDP at each time point was calculated as a percentage of total mantGDP and 

mantGTP, and plotted versus time (figure 8.4). Each set of data showing the increase in 

the pCTcentage of mantGDP with time was fitted to a single exponential. The rate constants 

of the exponentials were:

37°C 30°C 2rc 13°C 8°C

Rate Constant 45.7 s ' 26.4 s ' 12.5 s ' 5.7 s ' 1.9 s*'
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Figure 8.3; Separation of the MantGDP and MantGTP Components of Quenched 

Flow Samples of the Interaction of Ras,mantGTP with Neurofibromin

In a quenched flow apparatus, 1 pM ras.mantGTP in 20mM Tris.HCl pH 7.5, ImM MgClz 

and ImM DTT was mixed with 5pM neurofibromin (concentrations after mixing), at 21°C. 

After quenching and neutralising the reaction mixtures, the solutions were analysed by 

HPLC, eluting isocratically fi*om a Whatman partisil SAX column (4.6 x 250mm) at 1.5 ml 

min"\ with 0.6M ammonium phosphate (pH 4) containing 25% methanol. The eluent was 

monitored for mant fluorescence, exciting at 360nm and monitoring the emission at 440nm. 

MantGDP eluted after approximately 4 minutes and mantGTP eluted after approximately 

9 minutes. Trace (a) represents 80pl of the reaction mixture quenched after 26msec, while 

trace (b) represents 80pl of the reaction mixture quenched after 110msec.
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Figure 8.4; Qeava^e of MantGTP in the Neurofibromin-Catalysed Ras.mantGTPase

In a quenched flow apparatus, IpM ras.mantGTP in 20mM Tris.HCl pH 7.5, ImM MgCIj 

and ImM DTT was mixed with 5pM neurofibromin, at (A) 37°C, (B) 30°C, (C) 21°C, (D) 

13°C and (E) 5°C. After quenching and neutralising the reaction mixtures, the solutions 

were analysed by HPLC. The results are expressed as the percentage mantGDP of the total 

mantGDP and mantGTP. The dotted lines are the best fits to single exponentials with the 

rate constants being 45.7 s’̂  at 37®C, 26.4 s'̂  at 30°C, 12.5s'  ̂at 21°C, 5.7s*̂  at 13°C and 

1.9s'* at 5®C. The end point of each of the reactions were at 92% mantGDP as measured 

by creating a manual point for infinity (as described in the text).

The solid lines are the stopped flow data obtained upon mixing IpM ras.mantGTP with 

5pM neurofibromin at (A) 37°C, (B) 30°C, (C) 21T , (D) 13°C and (E) 5°C. Mant 

fluorescence was monitored through a band pass filter and the data was normalised between 

0% mantGDP and 92% mantGDP.
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The cleavage rate constants at each temperature were plotted as an Arrhenius plot, with 

ln(cleavage rate constant) versus 1/T, where T is the temperature in °K, (figure 8.5(A)). 

The plot showed a linear dependence of ln(cleavage rate constant) with 1/T. The activation 

energy derived fi'om the slope of this plot was 70 kJ mole"\

8.3.2: Stopped Flow Measurement of the Slow Phase of the Interaction of 

Ras.mantGTP with Neurofibromin

The rate constants of the fluorescence decrease obtained upon mixing ras.mantGTP with 

excess neurofibromin under identical conditions to those used in the quenched flow 

experiment were determined for each temperature used in the quenched flow experiment.

IpM ras.mantGTP was mixed with 5pM neurofibromin in buffer A at each of five 

temperatures - 5°C, 13°C, 21°C, 30°C and 37°C. At least 10 runs were made at each 

temperature, and the slow phase of each fluorescence record (such as those shown in figure

6.1) were fitted to a single exponential. The rate constants obtained fi'om these fits were 

averaged to obtain the average rate constant of the slow phase at each temperature. The 

average traces at each temperature are shown superimposed on the quenched flow data in 

figure 8.4. A comparison of the actual rate constants obtained fi'om the quenched flow and 

stopped-flow experiments is given below:

Temperature (°C) Quenched Flow Stopped-Flow

5 1.9 s‘‘ 1.1 s"'

13 5.7 s ' 2.9 s '

21 12.5 s ' 5.3 s '

30 26.4 s ' 8.5 s '

37 45.7 s ' 12.8 s '

Therefore, the rate constants of the fluorescence decrease at each temperature are lower 

than the corresponding cleavage rates demonstrating that the fluorescence decrease in 

stopped flow records is not representative of the cleavage of the ras-bound nucleotide.

As with the quenched flow data the rate constants for the slow phase of the fluorescence 

change were plotted as an Arrhenius plot (figure 8.5(B)). Here the relationship between
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Figure 8.5: The Effect of Temperature on the Cleavage Rate Constant of the 

Neurofibromin-Stimulated Ras.mantGTPase and on the Rate Constant of the Slow 

Phase of The Fluorescence Change Observed Upon Mixing Ras.mantGTP with Excess 

NguEofibrgffiia
The cleavage rate constants obtained from the single exponential fits to the quenched flow 

data shown in figure 8.4 were plotted as an Arrhenius plot (•). The solid line is a linear fit 

to the data which represents an activation energy of 70 kJ mole**.

The rate constants of the slow phase of the biphasic fluorescence change observed upon 

mixing ras.mantGTP with excess neurofibromin (shown in figure 5.4) were derived from 

fitting the slow phase of the fluorescence records to single exponentials. These were 

plotted in the form of an Arrhenius plot (®). The solid line is a linear fit to the data 

(disregarding the apparently bad data point at 5°C) which represents an activation energy 

of 55 kJ mole**.
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ln(slow phase rate constant) and 1/T may be curved rather than linear, although it is 

difficult to be certain from this data. If the relationship is assumed to be linear, and the 

value obtained at 5°C is assumed to be incorrect, then the activation energy for the slow 

phase of the fluorescence change is 55 kJ mole'% which is significantly different from the 

value of 70 kJ mole'* obtained for the activation energy of the hydrolysis step. This 

activation energy is the same as that derived for the slow phase shown in figure 6.9(C), 

where different conditions were used.

8.4: Discussion

The stopped-flow data was mostly obtained before the quenched flow instrument was 

available. Before the quenched flow instrument became available to measure the rate 

constant of the hydrolysis step directly, it had been measured indirectly, either by assuming 

that the slow fluorescence decrease following binding observed with mant nucleotides as 

described previously is a measure of hydrolysis or by using probes to measure phosphate 

release. Initial e?q)eriments showed that incubating ras.mantGTP at 30°C produced a 10% 

decrease in fluorescence over five hours (with a rate constant of approximately 2x10"^ s'*) 

which was the same as the rate constant derived from monitoring hydrolysis by HPLC (Neal 

et a l,  1990; Moore et a l, 1993). Phosphate release experiments couple the release of 

inorganic phosphate to some reaction which produces a change in absorbance or 

fluorescence. For example, the phosphorylsis of 2-amino-6-mercapto-7- 

methylpurineribonucleoside (MESG), a guanosine analogue, catalysed by purine nucleoside 

phosphoiylase produces a change in absorbance at 360nm (Webb and Hunter, 1992). The 

rate of the absorbance change gives the GTPase activity. This method has been used under 

steady-state conditions to examine the interaction of ras with pl20GAP. Competition 

experiments were carried out with Leu61ras.GTP causing a decrease in pl20GAP activity, 

showing that wild-type ras complexed to GMPPNP bound 10-fold weaker to pl20GAP 

than did Leu61ras.GTP. Another example, derived by the same group is to use a phosphate 

binding protein fromÆ coli, labelled with a fluorophore, MDCC-PBP (Brune et a l, 1994). 

Mixing ras.mantGTP with excess neurofibromin in a stopped-flow instrument in the 

presence of MDCC-PBP gives a single exponential (phosphate release). There was a 

hyperbolic relationship between the observed rate constants of the exponentials and 

neurofibromin concaitration, with the maximal rate constant representing the rate constant 

of phosphate release. In the absence of NaCl, this rate constant was 11s"* (Nixon et al.,
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1995). This value is similar to that obtained for the slow phase in this study and by 

Eccleston et al. (1993), indicating that phosphate release occurs after and is much faster 

than the slow phase.

Quenched flow provides a means of measuring directly the cleavage rate constant of the 

neuroflbromin-stimulated ras.GTPase. The rate constants of the slow phase of the 

interaction of ras.mantGTP with neurofibromin are lower than the corresponding cleavage 

rate constants obtained by quenched flow, at each temperature. This implies that the 

fluorescence decrease cannot be monitoring some reaction that occurs prior to, or at, the 

actual cleavage step. As the rate constants of the slow fluorescence decrease of the 

interaction of ras.mantGTP with neurofibromin are slower than the cleavage rate constants, 

then the fluorescence decrease must represent some process occurring after cleavage.

The Arrhenius plot of the cleavage rate constants, derived fi’om the exponential fits to the 

data showing the increase of mantGDP with time (figure 8.5(A)), is linear with an activation 

energy of 70 kJ mole*̂  This is slow for a conformational change of the protein which might 

be expected to have an activation energy of 120 kJ mole'  ̂(Gutfi’eund, 1995). It is unclear 

from the Arrhenius plot shown in figure 8.5(B) whether the dependence of ln(slow phase 

rate constant), on 1/T (for the interaction of ras.mantGTP with excess neurofibromin), on 

is curved or linear. If it is linear the activation energy of the slow phase is 55 kJ mole'\ 

showing that not only are the rate constants of the hydrolysis step and the fluorescence 

decrease different but also that the temperature dependence of the two steps is difterent. 

If the Arrhenius plot is curved this would imply that the rate-limiting step of the reaction 

is changing with changing temperature or that the reaction being monitored is a multi-step 

one (Gutfi'eund, 1995). The fact that the activation energies are different for the cleavage 

step and for the slow decrease of the fluorescent change observed upon mixing 

ras.mantGTP with excess neurofibromin provides further evidence that the two steps are 

different processes. This will be discussed further in chapter 9.
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Chapter 9; General Discussion

The aim of this study was to examine the mechanism of the neurofibromin-stimulated 

ras.GTPase. For this a fluorescent analogue of GTP was used, ' 2\3'yO-(N- 

methylanthraniloyl)GTP (mantGTP). This enabled different steps of the mechanism to be 

studied using fluorimetric methods including stopped-flow, and quenched flow.

Moore et al. (1993) proposed the existence of an isomérisation that precedes and controls 

hydrolysis of the ras-bound nucleotide. In order to examine this, I used the slowly 

hydrolysable GTP analogue, mantGTPyS, complexed to ras. If the hydrolysis of the ras- 

bound nucleotide is controlled by an isomérisation change, then the fluorescence change 

would be expected to be similar with whatever nucleotide was complexed to the ras protein 

as occurred with mantGMPPNP (Moore et al., (1993)). Incubation of the ras.mantGTPyS 

complex at 37°C produced a slow, monophasic, fluorescence decrease (figure 3.2(A)) with 

a rate constant of 2.2 x 10'̂  s'\ The hydrolysis of the mantGTPyS to mantGDP during the 

time course of the fluorescence decrease was measured by HPLC (figure 3.2(B)). The rate 

constant of the hydrolysis was 2.7 x 10'̂  s '\ The fluorescence change was much slower 

than the biphasic change observed with ras.mantGTP at 30°C which had rate constants of 

3.3 X 10'  ̂s'̂  and 2.1 x KT* s'̂  (Moore et al., (1993)). This shows that the fluorescence 

change with ras.mantGTPyS is much slower than the fluorescence change with 

ras.mantGTP and is unlikely to represent some limiting process occurring before hydrolysis 

in the two complexes. Also the rate constant of hydrolysis of ras.mantGTPyS is essentially 

the same as the rate constant for the fluorescence change observed with ras.mantGTPyS 

suggesting that the fluorescence change is actually a measure of the hydrolysis of the 

nucleotide.

The results obtained with ras.mantGTPyS made it necessary to re-examine the fluorescence 

changes observed with ras.mantGMPPNP. Figure 3.3 shows the fluorescence intensity of 

a solution of ras.mantGMPPNP, at 30°C, both in the presence and absence of 

neurofibromin. Neurofibromin does not accelerate the fluorescence change suggesting that 

the fluorescence change is not some process activating the cleavage step as proposed by 

Moore et al. (1993). HPLC analysis of the nucleotide state of the ras.mantGMPPNP 

complex at the start and the end of the reaction demonstrated that the nucleotide was not
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hydrolysing and gel filtration of the complex at the end of the reaction demonstrated that 

dissociation of the nucleotide was not occurring. Therefore it is unclear as to what the 

fluorescence change with ras.mantGMPPNP represents but is not some process that is 

accelerated by neurofibromin. The mechanism of the interaction of ras with pl20GAP may 

be different fi'om the interaction of ras with neurofibromin, but it appears that there is no 

isomérisation change preceding and controlling hydrolysis in the neurofibromin-stimulated 

ras.GTPase and the mechanism can be represented by (scheme 1):

ras.mantGTP + neurofibromin ^  ras.mantGTP.neurofibromin

ras.mantOTP.neurofibromin ras.mantGDPPi.neurofibromin

The mechanism of interaction of ras with neurofibromin would be further complicated if 

either ras or neurofibromin existed as dimers in solution, since only certain conformations 

would be expected to be active. As some evidence existed for the possibility of ras being 

a dimer (Santos et al., 1988; John et a i, 1989; Hazlett et a i, 1993) it was necessary to 

determine absolutely if ras and neurofibromin were monomers or dimers. Equilibrium 

sedimentation analytical ultracentrifugation was used to determine the molecular weight of 

these proteins in solution and both ras and neurofibromin were found to be monomers in 

solution (figures 4.3 and 4.7). Therefore the mechanism of the neurofibromin-stimulated 

rasGTPase is simplified by only monomeric proteins being involved. Neurofibromin.GST 

and GST alone, howevar, were shown to exist as dimers (figures 4.8 and 4.10) confirming 

the analytical gel filtration results of Walker et a i  (1993) which showed that GST fi’om 

Schistosoma japonicum exists as a dimer. Velocity sedimentation analytical 

ultracentrifugation was also performed with both ras and neurofibromin to obtain values of 

the sedimentation coefficient and difiusion coefficients for the two proteins, from which the 

frictional coefficient of the proteins could be calculated. Comparing these fiictional 

coefficients to fiictional coefficients for a sphere of the appropriate molecular weight 

showed that both proteins have some asymmetry. For ras, this is probably due to the C- 

terminal tail which in cells would be anchored to the plasma membrane, since the crystal 

structure and NMR structure of ras show that ras is globular (Pai et a i, 1989, 1990; 

Milbum et al., 1990; Kraulis et a i, 1994). There is no data available on the structure of 

neurofibromin as yet.
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From now on the work concerned will use single-turnover conditions. Previously the work 

has not given any elementaiy rate constants of the neurofibromin-activated rasGTPase. The 

major part of the mechanism to be studied was the binding process of neurofibromin to 

ras.mantGTP. Initially the mutant ras protein, Leu61ras, was used since it has negligible 

hydrolysis over the time scale of the experiments performed (Brownbridge et al. (1993)). 

Therefore, with this protein, the binding step can be studied in isolation fi'om the cleavage 

step. Mixing Leu6Iras.mantGTP with excess neurofibromin in a stopped-flow apparatus 

gave fluorescence records showing a single exponential increase in fluorescence, the 

constant of which increased with increasing neurofibromin concentration (figure 5.1), 

indicating that the reaction was second-order and therefore represented the binding of 

neurofibromin to Leu61ras.mantGTP. Fitting the data to single exponentials to obtain 

observed rates of reaction at increasing neurofibromin concentrations showed a hyperbolic 

relationship between the observed rate constant of the binding process and neurofibromin 

concentration at low ionic strength (figure 5.6). Only the initial linear portion of the data 

was observed at high ionic strength (^lOOmM NaCl), under the conditions used in the 

experiment. The hyperbolic dependence of the observed rate constant of the binding 

process on increasing neurofibromin concentrations demonstrated that the binding process 

is a two-step process and is postulated to be (scheme 2):

ki.
Leu61 ras .mantGTP + neurofibromin ̂  Leu61 ras.mantGTP.neurofibromin

k-u

kib
Leu61 ras.mantGTP.neurofibromin ^  Leu6 Iras* .mantGTP.neurofibromin

k-ib

For the reaction in 20mM Tiis.HCl pH 7.5, ImM MgClz, ImM DTT at 30°C, then the 

(which is equal to k^iAiJ was 5.2pM, the k̂ y rate constant was 392s'% and the k.̂ y rate 

constant was 0.26s'\ The values of the apparent second-order binding constants (kiy/KoJ 

are shown in figure 5.7, and can be seen to decrease with increasing ionic strength.

The effect of ionic strength on the association of Leu6 Iras.mantGTP with neurofibromin 

was examined using the following equation, as discussed by Nolte et al. (1980):
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logk = logk® + (2AZeZlI,''V (1 + Bai;^)

where k is the association rate constant, k° is the association rate constant at zero ionic 

strength, A and B are constants (at 25°C and the dielectric constant of water e = 79, A = 

0.509M'^“ and B = 3.29M'^^  ̂ nm'^), is the ionic strength calculated according to = 

0.5£iZi"Cj where and Q are the charge number and concentration of species i, and â is 

the distance of closest approach between ligands. Therefore plotting logk against 

should enable three unknowns to be calculated, â, logk®, and the charge product for 

the two proteins. However application of the above equation gave a very poor fit (data not 

shown), which could be due to the fact that certain approximations are made in the 

application of this equation to the data. This has been discussed in detail by Nolte et al. 

(1980).

Firstly, ionic difilisional associations are not in equilibrium for ionic encounters, and 

secondly, the derivation of the equation depends on

«  kT

where €q is the elementary charge, ijrE(r) is the mean electrostatic potential at a distance r 

fi'om the enzyme active site and T is the temperature. However this assumption does not 

appear to be valid, especially when Zg is large.

Therefore it is not possible to obtain a value for the total number of charges in ras and 

neurofibromin, but the data does indicate that there is a strong ionic strength dependence 

of the association of the two proteins.

The intercepts of the linear fits represent the dissociation rate constant (k^J, but as these 

are too close to the origin to be measured accurately, they can be measured directly using 

displacement experiments where Leu61 ras.mantGTP was displaced fi'om a complex of 

Leuôlras.mantGTP.neurofibromin with Leu6Iras.GTP (figure 5.3). These pushes gave a 

single exponential increase in fluorescence, the rate constant of which was independent of 

Leu6 Iras. GTP concentration, suggesting that they were a true measure of the dissociation 

rate constant. Figure 5.7(B) shows that the dissociation rate constant (k. ,̂), increase with 

increasing ionic strength.. The Kg(overall) values, which is equal to (k.i,k.n,)/(ki,ku,) in 

scheme 2, were calculated by dividing the dissociation rate constant (k. ,̂) by the apparent
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association rate constant (kn/Kpi) and are shown in figure 5.7(C). The KoCoverall) values 

increase with increasing ionic strength as a consequence of the apparent association rate 

constant decreasing with increasing ionic strength and the dissociation rate constant 

increasing with increasing ionic strength.

The hyperbolic relationship between observed rate constant of binding of neurofibromin to 

Leu61 ras.mantGTP neurofibromin concentration provides a value for the limiting rate 

constant of the interaction (k,b + k.^J fi-om the maximal rate constant and the of the 

interaction (scheme 2). The hyperbolic fits to the data at low ionic strength (OmM and 

50mM NaCl) show that the is lower at OmM NaCl than at 5OmM NaCl (figure 5.6). 

Studying the efifect of temperature on the limiting rate constant (k̂ y + k.̂ )̂ and on the initial 

slope (kiy/Kui) of the interaction showed that both of these rate constants decreased with 

decreasing temperature (figure 5.8). The activation energies of these processes were 

essentially the same at 56kJ mole*' for k̂ y + k̂ y and 60kJ mole'  ̂for kiy/K î (figure 5.9).

Acryiamide quenching of fluorescence studies were also carried out to examine the effect 

of neurofibromin-binding to Leu61ras.mantGTP. Stem-Volmer quenching constants (Ksv) 

were determined for mantGTP, Leu61 ras.mantGTP and the complex, 

Leuôlras.mantGTP.neurofibromin (figure 5.10(A)). Lifetime measurements of each of 

these three fluorescent species (/) were also made to enable bimolecular quenching 

constants {k^ to be calculated from the Stem-Volmer quenching constants from the 

relationship = Kg^/r: It was found that the k  ̂of mantGTP decreased upon binding to 

Leuôlras.mantGTP and yet further upon neurofibromin binding to Leu61 ras.mantGTP. 

This demonstrated that neurofibromin either binds to ras such that the nucleotide binding 

site is masked from the buffer environment, or that the binding of neurofibromin causes 

some conformational change in the protein that in turn causes the nucleotide binding site 

of ras to be masked from its environment.

The interaction of wild-type ras.mantGTP with neurofibromin was not so straight forward 

as the reaction proceeds through hydrolysis after the binding process. Mbdng ras.mantGTP 

with excess neurofibromin gave fluorescence records showing an initial fast increase in 

fluorescence followed by a slow decrease in fluorescence (such as those shown in figure

6.1). To enable the whole biphasic process to be collected and to obtain more points within
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the initial fest phase, a log timebase of data collection was used (Walmsley and Bagshaw, 

1989). The fest phase is second-order and is the equivalent process as that observed with 

the interaction of Leu6Iras.mantGTP with neurofibromin. The slow phase for now is 

considered to represent hydrolysis. As with the binding of neurofibromin to 

Leu61 ras.mantGTP, the binding of neurofibromin to ras.mantGTP is a two-step process, 

as seen by the hyperbolic relationship between the observed rate constant of the fast phase 

and the concentration of neurofibromin, at low ionic strength, (figure 6.3). Scheme 3 

(below) shows the mechanism of interaction of neurofibromin with ras.mantGTP up to the 

cleavage process:

ras.mantGTP + neurofibromin ^  ras.mantGTP.neurofibromin
k-ia

kik
ras.mantGTP.neurofibromin ras*.mantGTP.neurofibromin

kih

k
ras*.mantGTP.neurofibromin ^  ras. mantGDP.P;. neurofibromin

where, at 20mM Tris.HCl pH 7.5, ImM MgC12, ImM DTT and 30°C, =

1.2pM, a limiting binding rate constant (k„, + k.n,) of 236s'\ a rate constant of the slow 

phase (k2  + k.2 ) of 9.4s'  ̂and a KD(overall), which is equal to (k_i,k.iy)/(ki,kiy) of <0.1 pM.

The slopes to the initial data gave apparent association rate constants, kiy/K^i (figure

6.3). These second-order rate constants decrease with increasing ionic strength (figure 6.4) 

and are similar to the equivalent values obtained for the interaction of neurofibromin with 

Leu61 ras.mantGTP. The hyperbolic fits to the data showing the observed rate constants 

at increasing neurofibromin concentrations (at OmM and SOmM NaCI) show that the K^j 

values are in the low pM range and are higher at SOmM NaCl than at OmM NaCl. These 

values are similar to those equivalent values obtained for the binding of neurofibromin to 

Leu61 ras.mantGTP. Plotting the observed rate constants against neurofibromin

concentration also showed a hyperbolic relationship (figure 6.6). The maximal rate constant 

gives the rate constant of the slow phase (k?) and the neurofibromin concentration that
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gives half the maximal rate constant is an estimate of the KD(overall). Both of these values 

can be seen to increase with increasing ionic strength (figure 6.7). Comparing the 

KD(overall) values for the interaction of ras.mantGTP with those for the interaction of 

Leu61 ras.mantGTP with neurofibromin shows that Leu61 ras.mantGTP has a tighter 

interaction with neurofibromin than does ras.mantGTP.

The efifect of temperature on the limiting rate constant of binding (kjb + kibX the apparent 

association rate constant (kib/Koi), and on the rate constant of the slow phase (kj) was 

examined (figure 6.9). Similar activation energies were obtained for k̂ y + k.iy and kiy/Koi 

(47 kJ mole*̂  and 46 kJ mole'  ̂respectively), while the activation energy for the slow phase 

(assuming a linear relationship between ^ (k j  and 1/absolute temperature) was slightly 

higher (54 kJ mole'*).

The interaction of neurofibromin with ras bound to non-hydrolysable (under these 

conditions) fluorescent nucleotides, mantGMPPNP and mantGTPyS was also examined. 

A single exponential increase in fluorescence was seen upon mixing either 

ras.mantGMPPNP or ras.mantGTPyS with excess neurofibromin (figures 6.10(A) and 

6.11(A)). At 20®C and OmM NaCl, there was a linear relationship between the observed 

rate constants and neurofibromin concentration for both of the nucleotide analogues 

(figures 6.10(C) and 6.11(C)). This suggested that either the interaction is single step, or 

more likely, that concentrations of neurofibromin were not high enough to observe a 

hyperbolic rdationship between the observed rate constant of interaction and neurofibromin 

concentration. The association rate constants (the slopes of the linear fits) were higher than 

the corresponding values for the interaction of ras.mantGTP with neurofibromin (figure

6.3). Dissociation rate constants for the ras.mantGMPPNP.neurofibromin and 

ras.mantGTPyS.neurofibromin complexes were determined by displacement reactions in 

which ras.mantGMPPNP or ras.mantGTPyS were displaced fi'om the complexes with 

ras.GTP (figures 6.10(B) and 6.11 (B)). The for the binding process was calculated by 

dividing the dissociation rate constant by the association rate constant. These values were 

low nM values indicating tight binding and ras mantGTPyS bound to neurofibromin tighter 

than did ras.mantGMPPNP.
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The fusion protein neurofibromin.GST was shown by the use of analytical 

ultracentrifugation to exist in solution as a dimer under conditions where ras and 

neurofibromin exist as monomers (figures 4.3, 4.7 and 4.9). This might be expected to 

affect the rate constants of the interaction of neurofibromin. GST with the two ras proteins, 

Leu61ras and wild-type ras, as the protein has a molecular weight in solution of 129400 Da 

compared to a molecular weight of 38137 Da for neurofibromin. However, no difference 

was observed for the interaction of Leuôlras.mantGTP with neurofibromin.GST or for the 

interaction of ras.mantGTP with neurofibromin. GST than for the corresponding interactions 

with the cleaved neurofibromin protein. The stoichiometry of the binding of 

neurofibromin GST to ras needs to be examined, i.e., as to whether one ras molecule binds 

to one neurofibromin, GST protein or to two of them.

In the above discussion it has been assumed that the slow fluorescence decrease observed 

upon mixing ras.mantGTP with excess neurofibromin rqjresents the neurofibromin- 

activated cleavage of the ras-bound nucleotide. The cleavage rate constant of the 

neurofibromin-stimulated ras.GTPase has not been able to be measured before but using the 

technique of quenched flow it was measured directly at different temperatures. Therefore, 

the hypothesis that the slow fluorescence decrease represented the cleavage of the ras- 

bound nucleotide could be tested. Ras.mantGTP was mixed with a fixed concentration of 

excess neurofibromin and the samples obtained at different times (within a few seconds) 

were analysed to determine the concentrations of mantGDP and mantGTP in each sample. 

The increase in the percentage of mantGDP with time are shown in figure 8.4. These were 

fitted to single exponentials to give cleavage rate constants at different temperatures. At 

37°C the rate constant of cleavage was 45.7s'\ This decreased to 26.4s'^ at 30®C, 12.5s'  ̂

at 21°C, 5.7s'  ̂at 13X and 1 9s'  ̂at 5°C. An Arrhenius plot of the cleavage rate constants 

(figure 8.5) revealed a linear relationship between ln(cleavage rate constant) and 1/T, and 

gave an activation energy of 70 kJ mole"\ A stopped flow experiment carried out on the 

same solutions as those used in the quenched flow experiment showed that the rate 

constants of the slow phase of the interaction of ras.mantGTP and neurofibromin were 

12.8s  ̂at 37°C, 8.5s'  ̂at 30°C, 5.3s‘̂  at 2 rC , 2.9s'  ̂at 13°C and l.ls*  ̂at 5°C. These were 

lower than the corresponding cleavage rate constants (measured by quenched flow). Since 

the quenched flow instrument had been shown to be calibrated correctly using the test 

reaction of the alkaline hydrolysis of 2,4-dinitrophenyl acetate, this showed that the slow
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fluorescence decrease seen upon mixing ras.mantGTP with excess neurofibromin cannot 

be representative of the hydrolysis step, and must monitor some process occurring after 

hydrolysis. Also the activation energy of the slow phase of the fluorescence change was 

significantly lower, at 55 kJ mole'* than the activation energy of the hydrolytic process. 

This confirms that the slow phase of the fluorescence change observed upon mixing 

ras.mantGTP with excess neurofibromin and hydrolysis of the ras-bound nucleotide are 

different processes. As the slow phase rate constants are lower than the corresponding 

cleavage rate constants then the process monitored by the fluorescence decrease must occur 

after the cleavage process (scheme 4):

ki.
ras.mantGTP + neurofibromin ^  ras.mantGTP.neurofibromin

k-u

K

k-ib

‘‘lb
ras.mantGTP.neurofibromin ^  ras* mantGTP.neurofibromin

kz
ras*.mantGTP.neurofibromin ^  ras*.mantGDP.Pi.neurofibromin

k.2

k)
ras*.mantGDP.Pj.neurofibromin ^  ?

k..

where at 30°C and in the presence of 20mM Tris.HCl pH 7.5, ImM MgCl2 , ImM DTT, the 

Kpi (k.ia/kiJ is 1.2pM, the limiting rate constant of binding (k^, + k iJ  is 236s'*, a cleavage 

rate constant (k j of 26.4s'*, and a slow phase rate constant (k3) of 8.5s'*.

At this stage of the work it was not clear what the next step was. It could either represent 

neurofibromin dissociation, phosphate release or even an isomérisation step occurring prior 

to product release. However, the ability to monitor polarisation whilst performing stopped- 

flow studies became possible after the bulk of this work had been completed, and this 

allowed fluorescence intensity and fluorescence anisotropy to be simultaneously measured. 

It has been shown that there is an increase in anisotropy upon the binding of mant 

nucleotides to ras and a further increase upon the binding of GTPase-activating proteins to
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ras proteins complexed to mant nucleotides (Brownbridge et al. 1993). Therefore, one 

would expect to observe an increase in anisotropy upon the binding of neurofibromin to 

ras.mantGTP, occurring at the same rate as the fluorescence increase, and also a decrease 

in anisotropy upon dissociation of neurofibromin from a ras.mantGTP.neurofibromin 

complex. Therefore this technique gave a method for monitoring the state of 

ras.mantGTP.neurofibromin association.

Initially IpM ras.mantGTP in 20mM Tris.HCl pH 7.5, ImM MgClj and ImM DTT was 

mixed with buffer at 30°C to provide a starting point (intensity and anisotropy) for the 

reaction. For the reaction, IpM ras.mantGTP in 20mM Tris.HCl pH 7.5, ImM MgClj and 

ImM DTT was mixed with 5pM neurofibromin at 30°C. To provide values for the end of 

the reaction a manual trigger was used. Parallel and perpendicular polarised light were 

measured simultaneously using a T-format of photomultiplier tubes. Fluorescence intensity 

and fluorescence anisotropy values were calculated using an array calculator in the Hi-Tech 

software package and are shown in figure 9.1. By comparing the fluorescence intensity of 

the int^ction of ras.mantGTP with neurofibromin with the fluorescence anisotropy, it can 

be seen that there is an increase in anisotropy (102s*̂ ) occurring with approximately the 

same rate constant as the increase in fluorescence intensity (118s'*) confirming that the 

fluorescence increase represents binding of neurofibromin to ras.mantGTP. There is also 

a decrease in anisotropy (8.1s'*) following the increase which occurs with approximately 

the same rate constant as the decrease in fluorescence intensity (9.9s *). Therefore the 

decrease in fluorescence intensity represents the dissociation of neurofibromin from the 

ras.mantGTP.neurofibromin complex.

The anisotropy of ras.mantGTP increases fi’om 0.18 in the absence of neurofibromin, to 

0.24 upon binding of neurofibromin to ras.mantGTP and then decreases back to 0.19 upon 

dissociation of neurofibromin fi’om the ras.mantGTP.neurofibromin complex. Since 

cleavage of the ras-bound mantGTP has been shown to occur prior to the process 

monitored by the slow fluorescence decrease observed upon mixing ras.mantGTP with 

excess neurofibromin, then the end of the reaction of ras.mantGTP and neurofibromin 

should represent ras.mantGDP alone, the end result of the cleavage plus neurofibromin 

dissociation. To examine this, IpM ras.mantGDP in 20mM Tris.HCl pH 7.5, ImM MgCl2  

and ImM DTT was mixed with buffer at 30°C. The value of the fluorescence anisotropy

-264-



Figure 9.1; Polarisation Stopped-Flow

IpM ras.mantGTP in 20mM TrisUCl pH 7.5, ImM MgCIj and ImM DTT was mixed with 

5pM neurofibromin at 30°C (black lines). Parallel and perpendicular polarisation were 

simultaneously measured. These values were calculated to give fluorescence intensity (A) 

and anisotropy (B) values. Ras mantGTP was mixed with buffer to give the red lines in (A) 

and (B), and the blue lines represent the end of the reaction caused by mixing ras.mantGTP 

with neurofibromin.
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obtained was 0.18, while the end of the ras.mantGTP and neurofibromin reaction was 0.19 

indicating that there could be some neurofibromin bound to the ras.mantGDP. To examine 

this IgM ras.mantGDP in 20mM Tris.HCl pH 7.5, ImM MgClg and ImM DTT was mixed 

with 5fiM neurofibromin at 30°C. The fluorescence anisotropy of the resultant solution was 

0.19 which is the same as the anisotropy of the end of the reaction of ras.mantGTP and 

neurofibromin, showing that there is some weak interaction of neurofibromin with 

ras.mantGDP. This was consistent with the data showing the increase in anisotropy of as 

solution of ras.mantGDP upon the titration of neurofibromin, which gave a for the 

interaction of 38pM (Brownbridge et al., 1993).

The conchisicm of this study in terms of the mechanism of interaction of ras.mantGTP with 

neurofibromin is that there is a two-step binding process followed by hydrolysis of the ras- 

bound nucleotide followed by dissociation of neurofibromin fi’om the 

ras.mantGTP.neurofibromin complex. Therefore step 3 of scheme 4 is neurofibromin 

dissociation and the scheme is now thought to be as follows (scheme 5):

ki.
ras.mantGTP + neurofibromin ^  ras.mantGTP.neurofibromin

k-i.

kib
ras.mantGTP.neurofibromin ras* mantGTP.neurofibromin

k-.b

kz
ras*. mantGTP. neurofibromin ras*.mantGDP.Pi.neurofibromin

kz

kj
ras*.mantGDP.P;.neurofibromin ̂  ras*.mantGDP.Pj + neurofibromin

At 30°C and in the presence of 20mM Tris.HCl pH 7.5, ImM MgClz and ImM DTT, the 

Kpi (ki/ki) is 1.2pM, the limiting rate constant of binding (ki^ + k.,b) is 236s'% the cleavage 

rate constant (k j is 26.4s'*, and the rate constant of neurofibromin dissociation is (k3) 8.5s" 

*. Therefore, it appears that neurofibromin dissociation is the rate-limiting step in the above 

mechanism.
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After neurofibromin dissociation, Pj release must occur followed by exchange of mantGDP 

for mantGTP to complete the hydrolytic cycle. Phosphate release in the neurofibromin- 

stimulated ras.mantGTPase has been measured by Nixon et al. (1995). Under single 

turnover conditions ras.mantGTP was mixed with excess neurofibromin in the presence of 

a mutant Escherichia coli phosphate binding protein labelled with a fluorophore, A-[2- 

(maleimid>d)ethyl]-7-(diethylamino)coumarin-3-carboxamide, which provides a fluorescent 

probe that is sensitive to P,. They observed an initial lag following mixing followed by an 

exponential increase in fluorescence. There was a maximal rate constant of 11 s'̂  for 

phosphate release at 30°C and low ionic strength, which is similar to values obtained for the 

rate constant of the slow phase observed upon mixing ras.mantGTP with excess 

neurofibromin (chapter 6), and to values obtained by Eccleston et al. (1993). This 

suggested that phosphate release is rapid and not limiting. Nixon et al. (1995) also 

examined the possibility of there being a slow step following phosphate release. Under 

steady-state conditions, in a stopped-flow apparatus, neurofibromin was mixed with excess 

ras.mantGTP and phosphate release was monitored. No burst of phosphate release 

occurred indicating that the first turnover occurs at the same rate as in subsequent 

turnovers, and it was therefore concluded that there is no slow phase following phosphate 

release. It seems likely therefore that phosphate release occurs after neurofibromin 

dissociation (scheme 6):

ki.
ras.mantGTP + neurofibromin — ras.mantGTP.neurofibromin

k-ia

kib
ras.mantGTP.neurofibromin ^  ras*.mantGTP.neurofibromin

k-ib

kz
ras*.mantGTP.neurofibromin ras* mantGDP.P^.neurofibromin

kz

k)
ras* mantGDP.Pj.neurofibromin ^  ras*.mantGDP.Pj + neurofibromin

k-3

k4
ras*.mantGDP.P{ ras*.mantGDP + P; 

k .
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The rate constants of the steps up to phosphate release (step 4) have been described for 

scheme 5. Nixon et al. (1995) have also shown that adding Pj to a solution of ras.GDP did 

not result in the formation any bound GTP, indicating that P; release and/or nucleotide 

cleavage are not reversible steps in the above mechanism. Although it does seem likely that 

neurofibromin dissociation precedes phosphate release the rate constant of phosphate 

release required to provide the observations seen, needs to be determined. In order to 

examine the neurofibromin dissociation and phosphate release steps in the mechanism of the 

neurofibromin-activated ras.mantGTPase, the following mechanism was simulated in KSIM 

(scheme 7):

1 2 
ras.mantGTP ^  ras.mantGDP P̂  ^  ras.mantGDP

i r 3
ras.mantGTP.neurofibromin 117 118

114 5 6

ras.mantGTP*.neurofibromin^ras.mantGDP.Pi.neurofibromin^ras.mantGDP.neurofibromin

The forward rate constant for each step is k» and the reverse rate constant is k̂ . The top 

line represents the basal mechanism in the absence of neurofibromin while the lower line 

shows the possible involvement of neurofibromin with the ras.mantGTPase. Two-step 

binding of neurofibromin to ras.mantGTP is represented by steps 3 and 4. The reaction 

then proceeds through the neurofibromin-stimulated cleavage of the mantGTP (step 5). 

There is then the possibility of neurofibromin dissociating before phosphate release, i.e., 

proceeding through steps 7 and 2, or vice versa through steps 6  and 8  (phosphate release 

followed by neurofibromin dissociation).

Considering the reaction at 30°C and OmM NaCl, the initial association process (step 3) 

between ras mantGTP and neurofibromin has been shown to have a measured (k.^^^) 

of 1.2pM. Simulations (chapters 5 and 6 ) have shown that for there to be a rapid 

equilibrium o f step 3 relative to the subsequent steps then k. 3  being 1500s'\ Using this 

value to calculate the k̂  fi'om the relationship Ko=k.3 /k3  gives a k3  of 1.3 x 10̂  M'* s'\ The 

limiting rate constant of the binding process of neurofibromin to ras.mantGTP (k̂  + k^) has 

been measured and shown to be 236s*' (figure 6.3). Simulations in chapter 6  showed that 

the whole binding process (steps 3 and 4) is probably in rapid equilibrium relative to the
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following step, the cleavage process. For steps 3 and 4 to be in rapid equilibrium the has 

been shown by simulation to be high. Setting k_* at lOOs'̂  means that is 136s'\ The 

cleavage step has a measured forward rate constant of 26.4s'  ̂at 30°C (figure 8.4) and OmM 

NaCl, and there is no evidence of the cleavage process being reversible (FTixon et a l, 1995). 

After cleavage the next process is neurofibromin dissociation (step 7) having a measured 

forward rate constant of 8.5s'\ There is no data available for the reversibility of 

neurofibromin dissociation, therefore to simplify the simulation the k. 7  was set at zero.

Phosphate rdease experiments have shown that phosphate release occurs with the same rate 

constant as the slow fluorescence change observed upon mixing ras.mantGTP with 

neurofibromin (neurofibromin dissociation). As there is no evidence for reversibility of 

phosphate release then k. 2  was set at zero. Monitoring neurofibromin dissociation and 

phosphate release shows that both processes have a pronounced lag phase. For phosphate 

release to have the same observed rate as neurofibromin dissociation the rate constant has 

to be fast (200s‘̂  with the conditions given above), as suggested by Nixon et a l (1995).

If the mechanism of interaction of ras.mantGTP with neurofibromin is as follows (scheme 

8):

ras.mantGTP + neurofibromin ras.mantGTP.neurofibromin step la

ras.mantGTP.neurofibromin ̂  ras*.mantGTP.neurofibromin steplb

ras*.mantGTP.neurofibromin ^  ras* mantGDP.P^.neurofibromin step2

ras.mantGDP.Pi.neurofibromin ̂  ras.mantGDP.Pj + neurofibromin step3

ras.mantGDP.Pi ^  ras.mantGDP + Pj step 4

The forward rate constants of each step are Iq and the reverse rate constants are k .̂
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However, the rate constants of cleavage and neurofibromin dissociation are probably 

underestimates as there are preceding steps which take time to accomplish and hence the 

rate constants that have been measured are not elementary rate constants. The quenched 

flow experiment is not actually measuring the rate constants of the conversion of 

ras.mantGTP.neurofibromin to ras.mantGDP.Pi.neurofibromin as it is starting from the 

mixing of ras.mantGTP with neurofibromin, and also as it measures the disappearance of 

mantGTP and the concomitant appearance of mantGDP, it is also measuring the mantGDP 

present in the neurofibromin dissociation and phosphate release steps. Therefore the 

quenched flow experiment was actually measuring steps 2 , 3 and 4. Also the fluorescence 

change associated with the binding of ras.mantGTP to neurofibromin is associated with step 

lb but there is no fluorescence change upon the progress of step lb to step2. Therefore the 

fast phase of the fluorescence change observed upon mixing ras.mantGTP with excess 

neurofibromin is actually a measure of steps lb and 2. The slow phase of the fluorescence 

change observed upon mixing ras.mantGTP with excess neurofibromin is measuring steps 

3 and 4.

Scheme 8  was simulated by the kinetic simulation program KSIM using the following rate 

constants for the interaction of 1 pM ras.mantGTP with 5pM neurofibromin at 30°C in the 

presence of 20mM Tris.HCl pH 7.5, ImM MgClz and ImM DTT. The k ,̂ was set at 1.3 

X 1 0  ̂M'̂  s’̂  and was set at 1500s*̂  (to fulfill the fact that the measured K^i = 1 2 pM). 

The kib was set at I36s‘* and k.jb was set at 136s'\ to fulfill the fact that the measured 

limiting rate constant of binding (kib + k.ib) = 236s‘\  The cleavage step has a measured 

forward rate constant (k j of 26.4s‘̂  and there is no evidence of the cleavage process being 

reversible (Nixon et al., 1995). Neurofibromin dissociation (step 3) has a measured 

forward rate constant (k )̂ of 8.5s'  ̂and k. 3  was set at 0. With these rate constants however 

the processes that comprise the quenched flow experiment, and the fast and slow phases of 

the fluorescence change observed upon mixing ras.mantGTP with excess neurofibromin are 

lower than the calculated rate constants. In order to obtain a rate constant of 29s‘* for the 

quenched flow process then the rate constant of the cleavage step (k j  needs to be 70s** 

(figure 9.2). This process fits to a single exponential when kj is set at 26s*̂  but fits better 

to a lag equation when k2  is increased to 70s'\ although it does still fit to a single 

exponential with a rate constant of 29s'\ The simulation of the fast phase monitoring the 

formation of ras*.mantGTP.neurofibromin and ras*.mantGDP.Pj.neurofibromin
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Figure 9,2: Simulation of Quenched Flow and the Fast and Slow Stopped-Fiow

Traces as Would be Observed Upon Mixing Ras.mantGTP with Excess

Neurofibromia

The reaction

1 2 3 4 5
A + B ^  AB AB * ^  C ^  D + B «î* E + F

was simulated using the kinetic simulation program KSIM using the following rate 

constants for the interaction of IpM A with 5pM B. The forward and reverse rate 

constants were and k  ̂for each step. These were set as follows;

STEP Ki K

1 1.3 X lO^M'^s'^ 1500s’'

2 136s’' 1 0 0 s’'

3 70s’' Os'

4 8.5s’' Os'

5 2 0 0 s ' Os'

Curve 1 represents the quenched flow process (steps 3, 4 and 5) observed upon mixing 

ras.mantGTP with excess neurofibromin and fits to a single exponential with a rate constant 

of 29s'\ Curve 2 represents the formation and decay of the AB* species which is 

equivalent to the fast and slow phases observed upon nfixing ras.mantGTP with excess 

neurofibromin in a stopped-flow machine. The increase fits to a single exponential with a 

rate constant of 1 2 2 s"̂  and the decrease fits to a single exponential with a rate constant of 

9.3s'\ Curve 3 represents the formation of the slow phase (steps 4 and 5) observed upon 

mixing ras.mantGTP with excess neurofibromin in a stopped-flow machine and fits to a lag 

equation with rate constants of 23s'  ̂and 1 0 s'\
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(steps lb + 2 ) gave a double exponential process which could not be fitted accurately to 

a double exponential but each process had to be fitted separately to single exponentials. 

These had rate constants of 122s’̂  and 9.3 s'\ The simulation of the slow phase (steps 3 + 

4) gave a lag curve which fitted with rate constants of 23s‘̂  and 10s"\ Therefore a cleavage 

rate constant of 70s'  ̂ ensures that an observed cleavage rate constant of around 29s'  ̂ is 

observed and that the slow phase is around 1 0 s '\ which is also equal to the rate constant 

of decay of the ras*.mantGDP.Pj.neurofibromin complex as monitored by the slow phase 

of the interaction of ras.mantGTP with excess neurofibromin. The lag on the slow phase, 

encompassing neurofibromin dissociation and phosphate release, would not be observed in 

stopped-flow e^eriments as it would be hidden by the initial fast phase.

The conclusion of all this is that for the rate constants of the steps shown in scheme 8  to 

fiilfiU the observed data then for the interaction of rasmantGTP with neurofibromin at 30°C 

in the presence of 20mM Tris.HCl pH 7.5m ImM MgClz, ImM DTT, the rate constants 

have to be as follows:

STEP ki

la

association

1.3 X lO'M-^s*' 1500s'

lb

isomérisation

136s-' 1 0 0 s '

2

cleavage

70s' Os'

3

neurofibromin dissociation

8.5s' Os'

4

phosphate release

2 0 0 s-' Os'

There are many systems that utilise nucleotide binding proteins, with the most well studied 

example being the actinomyosin muscle system. There are also the nitrogenase system, 

elongation 6 ctor Tu, the ion-transport ATPases and the heterotrimeric guanine nucleotide 

binding proteins. Since the actinomyosin system is the most well-studied of these
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nucleotide binding proteins systems it is sensible to compare the neurofibromin-stimulated 

rasGTPase with the actinomyosin system.

The interaction of actin and myosin is a two-state process involving an initial association, 

to give an A state, followed by an isomerization process, to give an R state (Geeves, 1992). 

This is probably an oversimplification as the formation of the A state is too slow to be 

difiusion controlled, suggesting that there is an association process preceding the formation 

of the state. It is this process that is equivalent to the formation of the ras.neurofibromin 

complex in the ras system. The A to R transition in the muscle system links nucleotide 

binding events to events at the actin.myosin interface (Geeves, 1992). This A to R 

transition is required to accelerate the myosin ATPase rate (Geeves, 1992).

Nucleotide cleavage on myosin is very fast even in the absence of actin, at 160s'  ̂at room 

temperature (Lymn and Taylor, 1971). Also this cleavage is reversible as demonstrated 

using cold chase experiments, where nonradioactive ATP was added to a mixture of myosin 

and radioactive ATP (Bagshaw and Trentham, 1973). This cleavage process has an 

equilibrium constant (forward process / reverse process) of 9, indicating that the reverse 

cleavage step has quite a significant rate constant. This is all in contrast to the ras system 

in which the intrinsic rate constant of GTP cleavage on ras is very low. For ras.mantGTP 

at 30°C the rate constant of cleavage is 1 . 8  x io~* s'̂  (Moore et a/., 1993). This is 

accelerated to approximately lOs^ in the presence of neurofibromin (chapter 6 ). Also, the 

GTP cleavage on ras appears to be irreversible (Nixon ei a l, 1995).

With the actomyosin system it is product release that is rate-limiting for the hydrolysis 

process (Lymn and Taylor, 1971). Therefore, actin accelerates product release in order to 

accelerate the whole hydrolysis process (Lymn and Taylor, 1971). Therefore this is all very 

different to the ras / neurofibromin system where neurofibromin accelerates the actual 

cleavage process, and the rate limiting step appears to be neurofibromin dissociation.

It appears that the only real similarity between hydrolysis in muscle and ras is that in both 

systems the stereochemical course of the nucleotide triphosphate cleavage reactions occurs 

with inversion of the y phosphorous (Feuerstein et a l, 1989; Webb and Trentham, 1980). 

These therefore occur with direct transfer of the terminal phosphorous to water as
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compared to the mechanism observed with the sarcoplasmic reticulum ATPase which has 

a well-defined phosphoenzyme intermediate supporting a two-step transfer of the 

phosphoryl group, as discussed by Webb (1982).

Therefore, although there are similarities between different nucleotide triphosphatase 

systems in terms of utilising nucleotide binding for some purpose, the actual mechanisms 

of action of the two systems are very different.
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App^nt o

Calculation of the forward and reverse rate constants of a reversible second-order reaction 

of the type:

A + B ^  AB

Taken from Eccleston, (1987).

kj is the second-order association rate constant and k.j is the first-order dissociation rate 

constant. If [B] is the concentration of B at time t, [BJ is the concentration of B at 

equilibrium and [B@] is the concentration of B at time zero, and similar notations are used 

for the concentrations of A and AB, then at equilibrium

k,[A][BJ = kJA B J 

Therefore ki[A][BJ - k.,[ABJ = 0

(1)
If A is in large excess over B, then [A] effectively remains constant throughout the reaction, 

and ki[A] is a constant defined here as k'.

Therefore, k'[BJ - k.i[AB„] = 0

since [BJ = [BJ - [ABJ

k’([Bo]-[ABJ)-k.i[ABJ = 0 

k’[Bo]-kTABJ-k.,[ABJ = 0 

[Bo] = l/k’(k*[ABJ + k.i[ABJ 

= k.A ’[ABJ + [ABJ

(2)
The rate of formation of AB is given by the equation:

d[AB]/dt = k’[B]-k.i[AB]

(3)
Since [B] = [BJ - [AB]

d[AB]/dt = k’([BoJ - [AB]) - k.i[AB]

Substituting equation (2) for [Bq] gives

=k’((k.A’)[ABJ + [ABJ - [AB]) - k.,[AB]
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=k i[ABJ +k’ [ABJ -k’ [AB]) - k.JAB]

=(k., + k’)([ABJ-[AB])

(4)

This has the form of a first-order reaction, and plotting ln([ABJ - [AB]) against time will 

therefore yield an observed first-order rate constant, k̂ *,, which is equal to k.̂  + k'. Since 

[AB.] = [Bq] - [BJ and [AB] = [BJ - [B], a plot of ln([B] - [BJ) will yield the same 

information.

If the reaction is performed over a range of concentrations of A, the dependence ofk^y, on 

[A] can be measured. Since

kob. = k,[A] + k.,

a plot of kohl versus [A] will give a straight line of slope k̂  (second-order association rate 

constant; units, M’̂  s’*) and intercept on the ordinate of k_i (first-order dissociation rate 

constant; units, s'*).
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