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Abstract

This project falls into two parts. Firstly to investigate the mechanism of the interaction of 

the human small GTPase rhoA with the GTPase activating protein rhoGAP. Secondly to 

study the functional roles of rho subfamily GTPases in D.discoideum and to identify 

GTPase activating proteins (GAPs) for these proteins.

For the first part, rho A and rhoGAP catalytic domain proteins have been purified from 

over-expressing cultures of E.coli as recombinant proteins. The elementary kinetic 

constants in the GTPase cycle of rhoA have been determined biochemically both using 

native guanine nucleotides and fluorescent guanine nucleotide analogues, which are 

2’(3’)-0-(N-methylanthraniloyl) (mant) derivatives of GTP, GDP, and GMPPNP. The 

interaction of rhoA with rhoGAP was studied by stopped-flow and quenched-flow 

techniques. The binding of rhoA.mantGMPPNP with rhoGAP is proposed to occur as a 

two-step process, having an initial rapid equilibrium process with a of 11.9 pM at 

20^C in 20mM Tris-HCl pH7.5, 2mM MgCl2, ImM DTT, followed by an isomérisation 

of the rhoA.mantGMPPNP.rhoGAP complex having a rate constant of 440 s '\  The 

binding of rhoA.mantGTP to rhoGAP was also shown to be a two-step process under the 

same conditions, with an initial rapid equilibrium process with a of 8.7 pM, followed 

by an isomérisation of the rhoA.mantGTP.rhoGAP complex having a rate constant of 

29.7 s '\  The isomérisation of the rhoA.mantGTP.rhoGAP complex is followed by 

cleavage of the rho-bound mantGTP with a rate constant of 6.0 s"\ This cleavage process 

is followed by dissociation of rhoGAP with a rate constant of 1.36 s"\

For the second part, previously described rho subfamily genes have been cloned from 

D.discoideum and specific activated and dominant negative mutants made. The proteins 

have been purified from over-expressing cultures of E.coli as recombinant proteins and 

the elementary kinetic constants in the GTPase cycle have been determined by 

biochemical techniques. The characterised racl A and racC purified proteins have been 

used to detect GAP activity in D.discoideum cytosol by biochemical assays, with at least 

five peaks of GAP activity of different substrate specificity identified from an anion- 

exchange purification. These assays for GAP activity have been complemented by a direct 

cloning approach using PCR to identify rhoGAP homologues in D.discoideum, which 

resulted in the cloning of a racGAP, called DdracGAP. DdracGAP is a large (~150kDa)

10



protein with SH3, DH, and PH domains in addition to the GAP domain. The GAP domain 

has been shown to be functionally active towards racl A, racC, and human rho A and racl, 

but not human N-ras.

Finally structural investigations have been performed on many of the proteins described 

in this thesis in collaboration with the Division of Protein Structure at N.I.M.R.. The 

results of this are the structures of human rhoGAP catalytic domain to 2.0 Angstrom 

resolution mid D.discoideum raclA.GMPPNP to 3.0 Angstrom resolution.
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Chapter 1: Introduction

1.1 : The ras superfamily of GTPases

1.1.1: Features of the ras superfamily of GTP-binding proteins

The ras superfamily contains over 100 small (20-25kDa) guanine nucleotide binding 

proteins (GTPases) that regulate a wide variety of cellular functions. They have been 

divided into five subfamilies on the basis of amino acid sequence similarity and cellular 

function, these being the ras, rho, rah, ran, and arf subfamilies. Ras proteins are involved 

in the control of cell proliferation and differentiation (Bollag and McCormick, 1991), rho 

proteins in the control of the actin cytoskeleton (Hall, 1992, 1994, Ridley, 1994a, 1994b, 

Bokoch, 1994), rab and arf proteins in vesicle trafficking (Donaldson and Klausner, 1994, 

Nuoffer and Balch, 1994, Pfeffer, 1994), and ran proteins in the nuclear import of proteins 

(Moore and Blobel, 1993, Rush et al., 1996).

Small GTPases are characterized by four conserved regions important for guanine 

nucleotide binding with the protein cycling between GDP-bound (inactive) and GTP- 

bound (active) states. These four regions correspond to amino acids 10 to 17 (the 

GXXGXGKS motif), 57 to 60 (the DXXG motif), 116 to 119 (the NXXD motif), and 145 

to 147, where X is any amino acid (Pai et a l, 1990; Lowy and Willumsen, 1993) for ras. 

Small GTPases are also post-translationally modified via the addition of lipids to specific 

C-terminal cysteine residues, removal of C-terminal amino acids, and carboxymethylation 

of the C-terminus. These modifications enable the small GTPase to attach to cellular 

membranes by hydrophobic interactions and are essential for biological activity possibly 

by targetting the small GTPase to specific cellular compartments. The target may be the 

plasma membrane as is the case for ras (Willumsen et al, 1984), or intracellular organelles 

as is the case for rab proteins (Pfeffer, 1994).

In the cellular environment, small GTPases are usually in their inactive GDP-bound form 

until the appropriate stimulus is received. Upon stimulation Guanine nucleotide Exchange 

Factors (GEFs) activate the small GTPase by catalysing the exchange of the bound GDP 

with GTP. These GEFs are necessary to accelerate the slow intrinsic exchange reaction 

(Quilliam et al., 1995). The small GTPase is converted to the inactive conformation by 

cleavage of the bound GTP to GDP. This slow intrinsic GTPase rate is accelerated

12



markedly by GTPase Activating Proteins (GAPs). GAPs interact with small GTPases 

through a region called the effector region consisting of amino acids 30-40 in ras, 

although rho has been suggested to possess two effector domains (Self et al., 1993). Thus, 

the activity state of a small GTPase is regulated by the activities of specific GEFs and 

GAPs. Additionally, for the rho and rab subfamilies there are proteins that inhibit guanine 

nucleotide exchange and are called Guanine nucleotide Dissociation Inhibitors (GDIs). 

Thus for these two subfamilies, the activity of the small GTPase is not only regulated by 

the relative activities of the GEFs and GAPs but also by the relative competing activities 

of GEFs and GDIs as displayed schematically in Figure 1.1. The major form of regulation 

in the cell appears to be the rate of nucleotide exchange, as is the case for heterotrimeric 

G-proteins, whose exchange factors are cell surface receptors. A comprehensive review of 

ras superfamily interacting proteins has been reported by Boguski and McCormick 

(1993).

A multitude of mutations affecting both the GTPase activity and interactions with target 

proteins have been characterised. For ras, oncogenic mutants have been found where the 

most common amino acid substitutions occur in codons 12, 13, or 61. Substitution of 

Glyl2 or Gln61 by a wide range of amino acids reduces the intrinsic GTPase activity of 

the protein and renders the GTPase resistant to acceleration by GAP although the 

interaction between these two proteins still occurs (Barbacid, 1987; Krengel et al., 1990; 

Franken et a l, 1993). Other mutants exist that are called dominant negative mutants. 

Dominant negative mutant forms of ras have been widely exploited to block normal ras 

activation in cells to determine the role of ras in specific signalling pathways. The most 

common of these mutants is ras^^^ ,̂ where the mutant ras protein binds exchange factors 

normally to promote GDP release, but has a reduced affinity for GTP, and, as a result, 

remains bound to the exchange protein. This is thought to titrate out available cellular 

activators of ras to inhibit signal transmission (Feig and Cooper, 1988; Quilliam et al., 

1994; McCormick 1994).

1.1.2 : The Rho subfamily of GTPases
Nine rho-like proteins have been reported in mammalian cells (rho A,B, and C, rac 1 and 

2, cdc42Hs- (G25K)  ̂ ^ho G and TCIO), five in Saccharomyces cerevisiae (Rho 1,2,3, 

and 4, and Cdc42), and eight'm Dictyostelium discoideum (rac 1A,1B and 1C, racA, B, C,

13



Figure 1.1: The GTPase cycle
The scheme shows the “cycling” of rho 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 rho, while GTPase Activating Proteins (GAPs) accelerate 

the cleavage of GTP to GDP. Guanine-nucleotide Dissociation Inhibitors (GDIs) are 

unique to the rho and rab subfamilies and inhibit the exchange of GTP for GDP on the 

small GTPase.
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D, and E). Rho-like proteins have also been described in other organisms, such as 

Drosophila melanogaster. An increasing number of proteins which interact with rho 

subfamily GTPases have been described. A list of some of the described mammalian rho- 

interacting proteins is shown in Tables 1.1 and 1.2.

1.1.2.1 : The roles of rho subfamily proteins in human fibroblasts
The first clues to a biological fimction for rho proteins came through the use of an 

exoenzyme produced by Clostridium botulinum. The C3 transferase AD? ribosylates rho 

A, B, and C proteins on amino acid Asn"*̂  (Aktories et al., 1989, Sekine et al., 1989), 

while neither rac nor cdc42 are substrates. When the C3 transferase is microinjected into a 

variety of mammalian cell types, a loss of actin stress fibres is observed together with a 

cell rounding (Rubin et al., 1988, Chardin et al., 1989, Paterson et al., 1990). Ridley & 

Hall (1992) showed that the microinjection of rho A into serum starved Swiss 3T3 cells 

rapidly led to the assembly of focal adhesions and actin stress fibres. The addition of 

serum produced a similar effect, with the activity caused by the mitogenic lipid 

lysophosphatidic acid (LPA) (Moolenaar, 1995) bound to serum albumin or by the 

neuropeptide bombesin. Micro-injection of C3 transferase before stimulation abolished 

the effects of LPA and bombesin.

In contrast, microinjection of racl into serum-starved Swiss 3T3 cells rapidly stimulated 

actin polymerization at the plasma membrane to produce lamellipodia and membrane 

ruffles (Ridley et al., 1992). This effect was mimicked by the addition of serum 

containing such mitogenic factors as PDGF, EGF, Insulin, Thrombin, and Bombesin. 

Microinjection of a dominant negative mutant rac protein (rac^^^^) prior to the addition of 

active growth factors completely inhibited ruffling and lamellipodia formation, but had no 

effect on LPA-induced stress fibre formation. Interestingly, rac activating growth factors 

such as PDGF rapidly induced the formation of membrane ruffles, and after 5 to 10 

minutes stress fibres. A co-ordinated signalling pathway was suggested whereby the 

stimulation of Swiss 3T3 cells with certain growth factors initially activated rac to 

produce membrane ruffles and lamellipodia. Activated rac then transduced the signal to 

rho, with rho activation causing the formation of actin stress fibres and focal adhesions. In 

this model, there are also certain factors, such as LPA, that activate rho only to produce 

actin stress fibres and focal adhesions in the absence of membrane ruffles (Downward, 

1992).
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Table 1.1: Mammalian exchange factors, GDIs and GAPs for rho subfamily 
GTPases.

Specificity
Protein Function RhoA Racl Cdc42 References
RhoGAP GAP Yes Yes Yes Garrett et a l, 1991 

Ridley er a/., 1993 
Barfod et al., 1993 
Lancaster a/., 1994

Bcr GAP No Yes Yes Diekmann a/., 1991
GEF? ND ND ND Ridley et a l, 1993

p-Chimaerin GAP No Yes No Leung et a l, 1993
n-Chimaerin GAP No Yes Yes Diekmann et al., 1991
P190 GAP Yes Yes Yes Settleman et al., 1992 

Ridley er a/., 1993
P122 GAP Yes No ND HommaeM/., 1995
Abr GAP No Yes Yes Tan et al., 1993 

Heisterkamp gr aA, 1993
Myr5 GAP Yes Weak Yes Reinhard et a l,  1995
Myosin-IXb GAP ND ND ND Wirth er a/., 1996
3bp-l GAP No Yes Yes Cicchetti et al., 1995
Graf GAP Yes No Yes Hildebrand et al., 1996
RIPl GAP No Yes Yes Park et a l, 1995
P115(C1) GAP ND ND ND Tribioli et a l, 1996
RLIP76 GAP No Yes Yes Jullien-Flores et a l, 1995
SmgGDS GEF Yes Yes ND Sasaki et a l, 1993 

Kaibuchi et a l,  1991
Dbl GEF Yes Yes Yes Ydkxxetal, 1994 

Hart et a l, 1991
Tiaml GEF Yes Yes Yes Habets et a l,  1994 

Michiels et a l,  1995
Lbc GEF Yes No No Zheng et a l, 1995
FGDl GEF ND ND ND Pasteris et a l, 1995
Ost GEF ND ND ND Horii et a l, 1994
mRhoGEP GEF Yes No ND Matsuda fl/., 1996
Vav GEF ND Yes ND Crespo é ta l,  1996 

Crespo é ta l ,  1997
RhoGDI GDI Yes Yes Yes Fukumoto et a l,  1990
Ly-GDI GDI Yes ND ND Scherle et a l,  1993

ND: Not determined
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Table 1.2: Kinases and other proteins that interact with mammaiian rho 
subfamily GTPases

Specificity
Protein Function RhoA Racl Cdc42 References

Tyr Kinase ND No Yes Manser et al., 1993
Ser/Thr Kinase No Yes Yes Manser et al., 1994 

Martin et al., 1995 
Bagrodia et al., 1995 
Teo et al., 1995

MSTl Ser/Thr Kinase ND ND ND Creasy et al., 1995
Rho-kinase Ser/Thr kinase Yes No ND Matsui et al., 1996

Yes No Weak Ishizaki et a l,  1996
PKN Ser/Thr Kinase Yes No ND Amano et a i,  1996 

Shibata et al., 1996
Rhotekin Unknown Yes No No Reid et al., 1996
Rhophilin Unknown Yes No No Watanabe et a l,  1996
Citron Scaffold Protein Yes Yes No Madaule et al., 1995
Tubulin Microtubule

Formation
No Yes No Best et al., 1996

Myosin binding 
subunit

MLC
Phosphorylation

Yes No ND YAmmaet al., 1996

pp70“ '‘ Kinase No Yes Yes Chou et al., 1996
WASP Unknown No No Yes Symons et al., 1996
PI 3-kinase PIP2 Generation No Yes Yes Zheng et a l, 1994a 

Tolias et a l, 1995 
Bokoch et al., 1996

PtdIns-4-P 
5-kinase

PtdIns-4,5-P2
generation

No Yes Yes Tolias et al., 1995

Phospholipase D PA formation Yes No No Cross et al., 1996
PORI Membrane

Ruffling
No Yes No Van Aelst et al., 1996

PDGF Receptor PDGF
Signalling

Yes No No Zubiaur et al., 1995

p6?phox NADPH
Oxidase

No Yes No Diekmann et al., 1994

IQGAPl Many No Yes Yes Hart et al., 1996
ND: not determined
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Further advances have been made in this system with the discovery that cdc42 is involved 

in the formation of filopodia (Kozma et al., 1995), with bradykinin appearing to cause 

cdc42 activation, and that rac and cdc42 stimulate the formation of multimolecular focal 

complexes at the plasma membrane (Nobes and Hall, 1995). The microinjection of rac^^^^ 

abolishes secondary cdc42 effects, suggesting a cascade where cdc42 activates rac which 

then activates rho. LPA has been found to specifically activate the rho signalling pathway 

with other growth factors such as PDGF, EGF and insulin activating rac specifically and 

hence subsequently rho (see Figure 1.2).

1.1.2.2: The role of rac in macrophages

Phagocytic leukocytes engulf and destroy foreign particles and cells. They possess a 

specialised enzyme called the NADPH oxidase which generates toxic oxygen metabolites 

to kill micro-organisms. The oxidase uses electrons derived from NADPH to reduce 

molecular oxygen to superoxide anion. This is then dismuted to hydrogen peroxide, and 

can lead to the formation of hydroxyl free radical and hypochlorous acid, all of which are 

effective killing agents (Bokoch, 1994). rac2 has a pivotal role in the regulation of the 

NADPH oxidase.

The NADPH oxidase complex consists minimally of four proteins : cytochrome b̂ ĝ, 

p4yphox p̂ yphox̂  and rac2. Cytochrome b̂ ĝ is associated with the plasma membrane 

and with a fifth component, the GTPase raplA (Quinn et al., 1989). Activation of 

neutrophils with agents capable of stimulating superoxide anion generation, causes the 

phosphorylation of p47̂ *̂ °̂  on serine residues (El Benna et al., 1994b) and the association 

of the normally cytosolic p47^^°  ̂ and p67^^°  ̂proteins with the plasma membrane and/or 

membrane-associated cytoskeleton, where they form an integral part of the assembled 

oxidase (Clark et al., 1990, Heyworth et al., 1991). Activated rac is also translocated to 

the plasma membrane upon stimulation (Abo et al., 1991, Quinn et al., 1993), and the 

translocation of these three components occurs over a time course that slightly precedes 

the kinetics of superoxide anion formation upon each stimulus, suggesting that this is an 

essential step in the process.

The mechanisms of this process are unclear but are mediated by specific proteiniprotein 

interactions. A further component in this system is p4Q^ °̂ ,̂ a 40kDa protein whose role in
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Figure 1.2: The roles of rho, rac, and cdc42 in Swiss 3T3 ceils
The model shows the pathway in Swiss 3T3 cells that controls the formation of filopodia, 

lamellipodia, membrane ruffles, and stress fibres with focal adhesions. Active, GTP- 

bound, small GTPases are indicated as red diamonds, with inactive, GDP-bound, small 

GTPases indicated as blue elipses. Extracellular signals are labelled in red type, and 

cytoskeletal effects labelled in black type. The interactions between small GTPases, from 

the extracellular signals to the small GTPases, and from small GTPases to the cytoskeletal 

rearrangements, are not known. From Chant and Stowers (1995).
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the oxidase is obscure. interacts with both and with the SH3

domain of p40^^°  ̂responsible for the p40^^° :̂p47^^°  ̂ interaction, binding to a C-terminal 

proline-rich sequence in p47^̂ °* (Ito et al., 1996). This proline-rich region in p47^^°  ̂ is 

also the target for an SH3 domain in p67^^°  ̂ (Finan et a l, 1994), suggesting that p40̂ *̂ °̂  

and p67^^°  ̂ compete for the same binding site in p47^*’°̂ . A further complexity is that 

also interacts with p67^^°  ̂(Wientjes et a l, 1996). The basis of this interaction is 

unknown. Upon stimulation, all three proteins translocate to the membrane where p47^̂ °̂  

interacts with cytochrome 6553 and also brings p67^^°  ̂ into the complex. The role of 

p4QP̂ °̂  is unclear but this protein could regulate the oxidase by regulating the
p 4'7P hox.p^yphox interaction.

Many laboratories have investigated the role of rac in the oxidase. It appears that rac is 

not required to undergo post-translational lipid modifications in order to interact with 

other oxidase components from in vitro assays (Abo et al., 1991, Heyworth et al., 1993). 

However, lipid modification is probably essential in the cell to enable rac activation by 

exchange factor interaction which only occurs on C-terminally modified rac (Yaku et al.,

1994). In unstimulated cells, lipid-modified rac is probably held in the cytosol as a 

complex with rhoGDI (Abo et al., 1991), and this complex is disrupted either by 

exchange factor binding to rac, or a lower affinity of rhoGDI for rac.GTP, to enable rac 

translocation to the membrane. RhoGDI inhibits NADPH oxidase activation in vitro by 

interacting with and inhibiting rac (Mizuno et al., 1992). It remains to be determined if 

the neutrophil stimulatory signal regulates the release of rac from rhoGDI, although 

several types of biologically active lipids that are formed during phagocyte activation can 

disrupt the binding of rac to rhoGDI and may be involved (Chuang et al., 1993b), or 

rhoGDI may be negatively regulated by phosphorylation (Bourmeyster and Vignais, 

1996). The target of rac in the oxidase complex is a matter of controversy. Rac has been 

shown to interact with p67^*’°’̂ in vitro in a GTP-dependent manner, but rac translocation 

is impaired in p4yP̂ °* deficient cells (El Benna et al., 1994a), and in cytochrome deficient 

cells (Heyworth et a l, 1994). An explanation for this could be that p67’’’̂ °̂  is the true 

target for rac and rac translocation in p47’’*’°̂  deficient cells is due to the requirement for 

p4yphox p^yphox tj-^nslocation. Furthermore, in cytochrome-deficient cells, rac 

translocation would be impaired because the cytochrome is the target for p47’’̂ ”̂  and so in 

the absence of cytochrome, p47^*’°̂  has no membrane target and therefore p67’’’̂ °̂  and rac
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are unable to target to the membrane either. A diagram showing the current understanding 

of the NADPH oxidase is shown in Figure 1.3.

1.1.2.3 : Other cellular effects of rho subfamily proteins

There are an increasing number of effects now ascribed to rho proteins in a variety of cell 

types. Both rho A and racl appear to be oncogenic, rho A by a ras-dependent mechanism 

(Prendergast et al., 1995), and racl by a ras-independent mechanism (Van Leeuwen et al.,

1995). Other roles include a role for rhoA in the aggregation of lymphocytes by the 

leukocyte integrin LFA-1 which is inhibited by C3 transferase (Lang et al., 1992, 

Tominaga et al., 1993), and a similar role in the thrombin- and PMA-induced aggregation 

of platelets (Morii et al., 1992, Zhang et al., 1995). RhoA is also involved in the 

vasoconstrictor-induced C a^ sensitisation of smooth muscle contraction (Hirata et al., 

1992), in bovine sperm motility (Hinsch et a l, 1993), and in apoptosis in NIH3T3 cells 

(Jimenez et al., 1995). In mast cells rac and rho enhance the secretion from permeabilized 

cells by increasing the proportion of cells that are competent to respond to stimulation, 

through specific cytoskeletal roles (Price et al, 1995). In KB cells, a cell strain derived 

from human epidermoid carcinoma, rhoA is involved in hepatocyte growth factor induced 

membrane ruffling whilst racl is involved in insulin-induced membrane ruffling 

(Nishiyama et al, 1994). Racl is also involved in epithelial cell spreading (MDCK cells) 

in response to hepatocyte growth factor (Ridley et a l, 1995). Finally, rho subfamily 

GTPases activate signalling cascades leading to transcriptional activation of certain genes 

(Coso et a l,  1995; Hill et a l, 1995; Minden et a l,  1995; Olson et a l, 1995).

In other organisms, rho proteins have been implicated in the sperm-induced cytoplasmic 

division of Xenopus embryos by affecting furrow formation (Kishi et a l, 1993), and the 

Drosophila melanogaster rhoA homologue has a role in eye development (Hariharan et 

a l,  1995), whilst a racl homologue, Dracl, is involved in axonal outgrowth and myoblast 

fusion (Luo et a l,  1994). Dracl is also involved in actin assembly at adherens junctions 

in wing disc epithelium, while Dcdc42 reorganizes the actin cytoskeleton to enable apico- 

basal epithelial elongation (Eaton et a l, 1995).

In the yeasts Saccharomyces cerevisiae (S. cerevisiae) and Schizosaccharomyces pombe 

{S. pombe) significant advances have been made in the dissection of rho-signalling
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Figure 1.3: The Macrophage NADPH Oxidase
Model of the human phagocyte NADPH oxidase during bacterial phagocytosis. The 

protein components of the oxidase are indicated. The branched, irregular, lines represent 

the submembranous cytoskeleton, and X represents unidentified components. The zigzag 

lines on rac and raplA  represent post-translational isoprenylation of these small GTPases. 

The P  on p47 represents phosphorylation of p47 and p67, which occurs during leukocyte 

activation. Assembly of the intact, active complex occurs when the phagocyte has been 

activated by stimuli able to initiate a phagocytic response. Diagram taken from Bokoch 

(1995).
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pathways. Rho-signalling pathways in S.cerevisiae are involved in the organization of the 

cytoskeleton, with roles in bud site localization (Ziman et al., 1993; Yamochi et al., 

1994). Many rho-signalling pathway proteins have been described in S. cerevisiae 

including GAPs (Zheng et al., 1993, 1994b, Peterson et al., 1994), GEFs (Zheng et al., 

1994b), kinases (Nonaka et a l, 1995), and enzymes for post-translational lipid 

modifications (Ohya et al., 1993). In S. pombe, rho proteins (Fawell et al., 1992; Nakano 

and Mabuchi, 1995) are involved in cell polarity/septum formation (Miller and Johnson, 

1994; Arellano et al., 1996). Proteins involved in these signalling pathways regulated by 

rho proteins have recently been described (Diaz et al., 1993; Marcus et al., 1995; Ottilie 

et al., 1995).

1.1.2.4 : Proteins involved in rho signalling pathways 

GTPase Activating Proteins (GAPs)

GTPase Activating Proteins (GAPs) are one of the best characterized classes of target 

proteins for small GTPases (review Lamarche & H all, 1994). RhoGAP was the first GAP 

described for the rho subfamily of GTPases, and was isolated biochemically from human 

spleen cytosol as a 27kDa proteolytic fragment (Garrett et al., 1991). The entire gene was 

later cloned and found to code for a protein of 50kDa where the GAP catalytic domain 

was contained within the C-terminal 27kDa of the protein (Barfod et al., 1993; Lancaster 

et al., 1994). Further GAPs (See Table 1.1) have since been described both by 

biochemical assays and also by amino acid sequence homology of cloned genes to the 

catalytic domain of rhoGAP which is approximately 150 amino acids in size. As yet, only 

one protein that possesses a rhoGAP homologous domain, the p85 subunit of PI-3 Kinase, 

has been shown to not possess GAP activity (Zheng et al., 1994a; Tolias et al., 1995). 

There are over a dozen rhoGAP proteins currently known (See Table 1.1).

A feature of rhoGAPs is their promiscuity, often displaying GAP activity towards 

multiple members of the rho subfamily of GTP-binding proteins but specific for this 

subfamily (see Table 1.1). GAP activity and specificity can also be markedly altered by 

ionic strength at least in the case of rhoGAP (Lancaster et al., 1994). A second feature of 

rhoGAPs is the multitude and diversity of other putative signalling modules within the 

proteins. RhoGAPs vary in size from 34 kDa to over 150 kDa where the GAP catalytic 

domain is only around 20 kDa in size. Signalling modules found include protein-protein
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interaction modules such as SH2 domains found in chimaerins (Leung et al., 1993), SH3 

domains in p l i 5 (Tribioli et al., 1996) and graf (Hildebrand et al., 1996), and SH3- 

binding domains/proline-ricb regions in 3bp-l (Ciccbetti et al., 1995) and rboGAP 

(Barfod et al., 1993; Lancaster et al., 1994). Pleckstrin bomology domains bave been 

found in ber (Tan et al., 1993) and abr (Heisterkamp et al., 1993) as bave dbl homologous 

domains (DH domains) which are GEF modules. The chimaerins contain pborbol ester 

binding domains (Leung et al., 1993). Finally, the human unconventional myosin heavy 

chain, myosin IXb, and the rat homologue, myr5, contain rboGAP domains as well as a 

pborbol ester binding domain, a proline-ricb region, IQ domains for binding to 

calmodulin, an actin-binding domain, and an ATP-binding site (Reinbard et al., 1995; 

Wirtb et al., 1996).

GAPs for the rho subfamily of GTPases have been shown to be negative regulators both 

from in vitro and in vivo studies. In vitro studies on a variety of rhoGAPs have shown that 

they accelerate the intrinsic GTPase of rho subfamily small GTPases to generate the 

inactive, GDP-bound, form (see Table 1.1). In serum-starved Swiss 3T3 fibroblasts, 

micro-injection of p i90 or rhoGAP inhibits the induction of actin stress fibre formation, 

whilst her inhibits the induction of membrane ruffling (Ridley et al., 1993). Similarly 

transfection of ai-Chimaerin into NIH3T3 fibroblast cells abolishes LPA and serum- 

induced cytoskeletal rearrangements (Herrera and Shivers, 1994). Finally, p i90 has been 

shown inhibit human neutrophil NADPH oxidase activity in a cell-free assay system 

(Heyworth et al., 1993). The roles of many of the other putative signalling modules in 

rhoGAP proteins are less well understood as yet.

Guanine Nucleotide Exchange Factors (GEFs)

At least six Guanine nucleotide Exchange Factors (GEFs) have been shown to accelerate 

guanine nucleotide exchange on rho subfamily small GTPases, with many more proposed 

GEFs from amino acid sequence homology studies. Thus far, all of these GEFs, except 

smgGDS (Yamamoto et al., 1990; Kaibuchi et al., 1991), possess a dbl homology (DH) 

domain.

The dbl homology (DH) domain is so called due to its presence in dbl, a transforming 

protein that was originally isolated from a diffuse B-cell lymphoma (Eva & Aaronson,
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1985). Dbl was subsequently shown to possess GEF activity for rhoA and cdc42 (Hart et 

al., 1991; Yaku et al., 1994), implicating rho subfamily GTPases in cellular 

transformation. All DH family proteins also contain a pleckstrin homology (PH) domain 

located C-terminally to the DH domain (Cerione and Zheng, 1996). Such domains have 

been implicated as mediators of both protein:lipid and proteiniprotein interactions and 

may therefore regulate membrane translocation (Mu^achio et al., 1993; Harlan et al., 

1994; Lemmon et al., 1996). For dbl, removal of the PH domain does not result in a loss 

of GEF activity towards rhoA and cdc42 in an in vitro assay, but does result in a loss of 

transforming ability in NIH3T3 fibroblast cell cultures, illustrating the importance of the 

PH domain to dbl function (Cerione & Zheng, 1996).

As is the case with rhoGAPs, most dbl-family members contain additional functional 

domains that are commonly found in other signalling molecules. Tiam-1 contains a 

further PH domain and two PEST domains which are thought to be a factor in protein 

instability (Habets et al., 1994), whilst Ibc has a putative Ca^^-binding motif (Toksoz & 

Williams, 1994). Vav possesses many structural motifs other than the DH and PH 

domains, such as a leucine-rich domain, a zinc-finger, an SH2, and two SH3 domains 

(Coppola et al., 1991). Ber and abr contain rhoGAP domains (Tan et al., 1993; 

Heisterkamp et al., 1993). In addition the ras GEFs, sos (Bowtell et al., 1992) and rasGRF 

(Shou et al., 1992) also contain DH domains with a C-terminal PH domain, suggesting 

that they may activate both ras and rho signalling pathways.

GEFs have clearly been shown to accelerate guanine nucleotide exchange on rho 

subfamily small GTPases by biochemical assays (See Table 1.1), hence resulting in small 

GTPase activation by binding of GTP. In addition, many of them, such as her, vav, sos, 

and rasGRF have been implicated in cell growth regulation, whilst others have been 

identified by virtue of their transforming ability such as ost, Ibc, and Ifc, strongly 

suggesting small GTPase activation. As yet, the means by which these GEFs are coupled 

to cell membrane receptors is largely unknown although for vav it appears that tyrosine 

phosphorylation activates the protein resulting in exchange activity towards racl both in 

vitro and in vivo (Crespo et al., 1997). Such tyrosine phosphorylation of vav occurs after 

stimulation of T cells with antigens or mitogens (Bustelo et al., 1992; Bustelo and 

Barbacid, 1992; Margolis et al., 1992), where vav associates with proteins such as the
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mitogen receptors (Bustelo et a l, 1992; Margolis et a l, 1992), zap-70 (Katzav et a l,

1994), vap-1 (Bustelo and Barbacid, 1992), and slp-76 (Wu et a l, 1996).

Guanine Nucleotide Dissociation Inhibitors (GDIs)

Guanine nucleotide dissociation inhibitors (GDIs) for rho subfamily small GTPases have 

been shown to possess three different biochemical activities. These are the inhibition of 

GDP dissociation (Ueda et a l, 1990; Hori et a l, 1991; Hiraoka et a l, 1992), the 

inhibition of GTP cleavage (Hancock and Hall, 1993), and the stimulation of the release 

of small GTPases from membranes (Isomura et al, 1991; Leonard et al, 1992). Few GDI 

proteins have been described since the original identification of rhoGDI from bovine 

brain cytosol (Ohga et a l, 1989; Ueda et al, 1990; Fukumoto et al, 1990). These include 

the human homologue of bovine rhoGDI (Leffers et a l, 1993), and a further GDI that has 

been called ly-GDI that is only expressed in haematopoietic cells (Scherle et a l, 1993). 

However, identical proteins to ly-GDI have also been described as D4-GDI (Na et a l, 

1996) and IEF8120 (Leffers et a l, 1993), where IEF8120 was isolated from 

kératinocytes.

RhoGDI is ubiquitously expressed and forms a 1:1 complex with all members of the rho 

subfamily (Ohga et a l, 1989; Hart et a l, 1992). In resting neutrophils, all the cellular rac 

is found complexed to rhoGDI, and upon stimulation, around 10% dissociates and 

translocates to the membrane (Quinn et a l, 1993). The exact mechanism by which 

rhoGDI works is poorly defined, but post-translational lipid modifications of the small 

GTPase are required, and at least for cdc42 in an in vitro assay, the affinity of rhoGDI for 

GDP- and GTP-bound forms of the small GTPase are similar (Nomanbhoy and Cerione,

1996). In the cell rhoGDI may be negatively regulated by phosphorylation (Bourmeyster 

and Vignais, 1996).

A role for rhoGDI as a negative regulator of rho subfamily small GTPases has been 

clearly shown. Microinjection of rhoGDI into Swiss 3T3 fibroblast cells leads to cell 

rounding and loss of actin stress fibres (Miura et a l, 1993), in addition to an inhibition of 

cell motility (Takaishi et a l, 1993). In Xenopus embryos, microinjection of rhoGDI 

inhibits the process of sperm-induced cytoplasmic division (Kishi et a l, 1993).
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Protein kinases
In the past few years, many of the proteins involved in rho signalling pathways have been 

identified, and these include a variety of protein kinases. For example rac and cdc42 have 

been shown to interact with and activate the p65^*^ (Manser et al., 1994; Martin et al., 

1995; Bagrodia et al., 1995; Teo et al., 1995) and-p-12 (Manser t ■ -a/.^-1993) 

serine/threonine kinases, with at least three isoforms of PAK kinase already isolated. A 

role for these kinases in the effects of racl and cdc42 in Swiss3T3 cells has yet to be 

found, but a role for p65^"^  ̂ has been determined in the stress response pathway. This 

pathway consists of a cascade of mitogen activated protein kinases (MAPKs) which have 

been called stress activated protein kinases (SAPKs) (Kyriakis et al., 1994), or also c-jun 

amino-terminal kinases (JNKs) by virtue of their ability to phosphorylate the amino 

terminus of the c-jun transcription factor (Derijard et al., 1994) and hence affect 

transcription (Angel et al., 1988). It has been found that racl and cdc42 are involved in 

the stress response pathway and, upon activation of the pathway, racl and cdc42 become 

GTP-bound and activate p65^^^. Activated p65^*^ then transduces the signal down a 

cascade of SAPKs to ultimately activate c-jun transcriptional activity which induces gene 

expression (Coso et al., 1996; Minden et al., 1996).

Tyrosine kinase activities have been shown to be required both upstream and downstream 

of rhoA. An upstream tyrosine kinase is suggested by experiments showing that 

tyrphostin, a tyrosine kinase inhibitor, blocks LPA-induced stress fibre formation, but can 

be overcome by the microinjection of constitutively active rhoA (Nobes et al., 1995). 

Genestein, a broad-spectrum tyrosine kinase inhibitor, blocks stress fibre and focal 

adhesion formation in response to microinjected constitutively active rho A protein, 

suggesting the presence of a tyrosine kinase downstream of rhoA (Ridley & Hall, 1994).

A further serine/threonine kinase that has been described is protein kinase N (PKN). 

RhoA, when bound to GTP, interacts with PKN and stimulates serine/threonine kinase 

activity by PKN autophosphorylation on serine and threonine residues (Amano et al., 

1996; Shibata et al., 1996; Watanabe et a l, 1996) in addition to re-localising PKN. PKN 

may be involved in the effects of rhoA in Swiss3T3 cells, as LPA stimulation results in 

PKN autophosphorylation, and this is inhibited by microinjection of C3 transferase 

(Watanabe et al., 1996).
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RhoA, racl, and cdc42 have also been shown to regulate transcriptional activation by 

serum response factor (SRF) (Hill et al., 1995). In this pathway, the effects of rhoA 

appear to be mediated by LPA whilst racl and cdc42 appear to activate the pathway 

independently of rhoA. Therefore in this system it appears that rhoA regulates this 

pathway by a different mechanism to that of racl and cdc42 with convergence of the two 

pathways at some point downstream in the signalling cascade to enhance transcription of 

SRF-regulated genes. The specific proteins in these signalling pathways have not been 

described but may involve some of the previously characterized kinases such as the PAK 

kinases.

Finally, it has been shown that rhoA, in conjunction with rho-kinase, regulates myosin 

phosphatase (Kimura et al., 1996). rhoA, when bound to GTP, interacts with the myosin- 

binding subunit of myosin phosphatase, PPIM, and also activates rho-kinase by its 

recruitment to the cortical region of cells and subsequent autophosphorylation on serine 

and threonine residues (Ishizaki et al., 1996; Matsui et al., 1996). Activated rho-kinase 

then phosphorylates PPIM  resulting in a loss of phosphatase activity, myosin light chain 

(MLC) phosphorylation, and hence contraction. This pathway may have a role not only in 

the cytoskeletal effects of rhoA in Swiss3T3 cells, but also in smooth muscle cells where 

agonists induce MLC phosphorylation and contraction in permeabilized cells at 

submaximal concentrations of Ca^  ̂ in a GTP-dependent manner. RhoA is implicated in 

this sensitization of smooth muscle contraction by GTP (Hirata et al., 1992), with MLC 

phosphorylation occurring due to an inhibition of phosphatase activity (Noda et al., 

1995).

Other interacting proteins

There are also a number of proteins that have been shown to interact with rho subfamily 

GTPases but whose function is unknown (see Table 1.2). For example, PORI (partner of 

rac) is a protein of 34kDa that has been shown to interact with racl when bound to GTP 

but not rhoA or cdc42 (Van Aelst et a/.,1996) . Truncated forms of PORI abolish rac- 

mediated membrane ruffling when microinjected into REF-52 cells, suggesting that PORI 

is a downstream target of racl in the membrane ruffling pathway. Other proteins include 

rhotekin, rhophillin, WASP, and citron, whose functions may be associated with adaptor
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roles but are as yet unknown. Rho proteins have also been shown to modulate both 

phospholipases and phosphoinositide kinases, including phosphoinositide 3-kinase (PI 3- 

kinase), PtdIns(4)-phosphate 5-kinase, phospholipase C-5 (PLC-5) and indirectly, through 

protein kinase C, phospholipase D (PLD). The physiological role of these effects has yet 

to be conclusively shown and will not be dealt with here.

1.2: Dictyostelium discoideum 

1.2.1: General features of D. discoideum

The cellular slime mold D. discoideum is a simple eukaryote that is an ideal model system 

for the study of a variety of cell biological processes. An advantage of D.discoideum is 

the ease of culture using either liquid nutrients or bacteria as energy sources, enabling 

large quantities of cells to be cultured for biochemical analyses. In addition, the well 

defined developmental lifecycle of D.discoideum, fi'om amoebae in conditions where 

nutrients are plentiful, to aggregation and spore formation under starvation conditions, in 

a highly synchronous fashion, greatly simplify the study of signalling mechanisms during 

development. However, D.discoideum is not only a useful organism to use in the study of 

developmental processes, but is also a model system for the study of a whole host of other 

cellular processes that involve changes in the actin cytoskeleton, such as phagocytosis, 

endocytosis, chemotaxis, cell motility, and cytokinesis. D.discoideum is well suited in the 

study of these processes due to the fact that it is amenable to molecular genetic 

approaches as specific genes can be disrupted both by gene targeting (e.g. Manstein et al., 

1989) and antisense techniques (e.g. O’Halloran & Anderson, 1992) in order to probe the 

function of specific genes. Genes deleted can be re-introduced into D.discoideum using its 

ability to be used as an organism from which recombinant proteins can be expressed (e.g. 

Egelhoff et al., 1990; Manstein et al., 1995). A further advantage of D.discoideum is that 

genes involved in a particular process can be isolated by using restriction enzyme 

mediated integration (REMI) techniques and functional screening for cells defective in the 

process studied (e.g. Larochelle et al., 1996), although it should be noted that gene 

deletions that are lethal cannot be isolated using such techniques.
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1.2.2: The developmental lifecycle of D.discoideum

The life cycle of D. discoideum consists of distinct growth and developmental phases. 

Under nutrient rich conditions D. discoideum exists as motile amoebae, feeding on 

bacteria by phagocytosis or, when axenic strains are used in the laboratory, on liquid 

nutrients by pinocytosis. Upon deprivation of nutrients however, the cells initiate a 

developmental programme. This programme consists of aggregation of the free-living 

amoebae by chemotaxis towards a source of cAMP that is provided by a few cells in the 

centre of an aggregation territory. When a few cells in the population start secreting 

cAMP, cAMP receptors on the surface of neighbouring cells trigger movement up the 

gradient of cAMP towards the source. These responding cells synthesize and release 

cAMP themselves to enable distant cells to be attracted towards the centre. After 

approximately eight hours of starvation, the cells form streams of loose aggregates. After 

12 hours, tight aggregates of approximately 10  ̂cells have formed. These aggregates then 

undergo a series of morphogenetic changes while the cells differentiate into prespore 

(psp) cells, prestalk A (pstA) cells which form the stalk proper, and prestalk B (pstB) cells 

which form the basal disc and lower cup. After segregation, the elongated structure 

becomes a migrating slug (sorogen), which then undergoes culmination where a fiuiting 

body (sorokarp) forms out of the cell mass. The spores are able to germinate upon the 

addition of nutrients to form new amoebae which will once again grow and divide as 

amoebae while nutrients are plentiful. If nutrients become scarce then development will 

again ensue. A diagram showing the development cycle of D. discoideum is displayed in 

Figure 1.4 (Gerisch et al., 1984; Gerisch, 1987; Franke and Kessin, 1992).

The signalling mechanisms that occur during this developmental lifecycle have been 

intensively studied (Firtel, 1991). The whole of development is coordinated by diffusible 

signalling molecules, in particular cAMP, and a chlorinated alkylphenone called 

differentiation-inducing-factor 1 (DIF-1). DIF-1 is (l-[(3,5-dichloro-2,6-dihydroxy-4- 

methoxy)phenyl]hexan-1 -one}.

In the cAMP pathway, cAMP binds to cell surface cAMP receptors (cARs) leading to a 

variety of physiological responses. There are four known cARs in D.discoideum (cARs 1- 

4), that have been studied by gene deletions (Pupillo et a l, 1992; Soede et al., 1994; 

Insall et al., 1994a). The cARl and cAR3 receptors allow cells to aggregate early in 

development, whilst cAR2 and cAR4 are involved in the control of differentiation. These
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Figure 1.4: The developmental cycle of D. discoideum

The Figure shows the developmental cycle of D.discoideum initiated upon starvation. At 

4h the initial stages of aggregation are shown. Dashed lines indicate waves of cAMP 

moving outward from the centre, and the responding cells are shown moving inwards. For 

the multicellular stages from lOh through to fruiting body formation, the shaded regions 

indicate prestalk regions and the unshaded regions represent prespore regions. Taken from 

Firtel (1991).
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cARs are linked to heterotrimeric G-proteins with chemotaxis towards cAMP and cAMP- 

stimulated adenylyl cyclase activity both lost when the only (3 subunit known in 

D.discoideum is deleted (Wu et a l, 1995) suggesting that the p subunit links the cARs to 

adenylyl cyclase. A further protein required for the cAMP-mediated adenylyl cyclase 

activation is cytosolic regulator of adenylyl cyclase (CRAC), a protein identified by 

REMI (Insall et al., 1994b) that translocates from the cytosol to the membrane upon 

cAMP stimulation and has been postulated to serve as an adaptor protein that links G- 

protein Py subunits to adenylyl cyclase possibly by means of a pleckstrin homology (PH) 

domain (Lilly & Devreotes, 1995).

In the DIF-1 pathway, DIF-1 diffuses across the cell membrane and binds to a cytosolic 

DIF receptor (Insall & Kay, 1990) that is also found in the nucleus suggesting 

transcription factor activity analogous to steroid hormone receptors. DIF-1 is also 

metabolised into a variety of products, called DIF metabolites 1-12 (Dms 1-12), all of 

which appear to be less active than DIF-1 and are possibly clearance mechanisms or 

mechanisms of DIF-1 gradient formation. The first enzyme in this metabolic pathway has 

been identified as differentiation inducing factor dechlorinase (DIF-1 3(5)-dechlorinase), 

which converts DIF-1 to DIF-3 (DM1), is induced at least 50-fold when cells are exposed 

to DIF-1, and whose specific activity is over 30 times greater in prestalk cells as in 

prespore cells (Nayler et a l, 1992; Insall et al., 1992).

The cAMP and DIF-1 pathways in D.discoideum result in different effects on 

development. The cAMP induces prespore (psp) cell differentiation and represses prestalk 

B (pstB) cell differentiation (Berks & Kay, 1990). DIF-1 induces both prestalk A (pstA) 

and prestalk B (pstB) differentiation (Kay & Jermyn, 1983; Kopachik et al., 1983, 1985). 

Cells exposed to neither cAMP nor DIF-1 become undifferentiated, and alterations in the 

levels of cAMP or DIF-1 can result in skewed cell populations. A further player in the 

pathway appears to be glycogen synthase kinase 3 (GSK3) (Harwood et al., 1995; Insall,

1995), whose deletion leads to the generation of fruiting bodies that have huge basal discs 

and hardly any spores, suggesting a role in the cAMP pathway rather than the DIF-1 

pathway. Therefore, cAMP and DIF-1 control the developmental lifecycle by exerting 

opposite influences on cell differentiation. The differential rates of metabolism of DIF-1 

in psp and pst cells has been suggested to exert a DIF-1 gradient across the slug to enable
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the differention of cells into prestalk A (pstA) and prestalk B (pstB) cells in regions of 

high DIF-1 concentrations with prespore (psp) cell differentiation in regions of low DIF-1 

concentrations (Brookman et al., 1987).

1.2.3 : Studies on the actin cytoskeleton in D.discoideum

Many cellular processes that involve rearrangements of the actin cytoskeleton have been 

studied in D.discoideum. These include phagocytosis, endocytosis, chemotaxis, cell 

motility, and cytokinesis. Generally two different approaches have been taken. The first 

approach is to knock-out specific genes either by gene disruption (e.g. Manstein et al., 

1989) or antisense techniques (e.g. O’Halloran et al., 1992), followed by an examination 

of the characteristics of the null cells. The second approach has been to develop assays for 

a particular process e.g. phagocytosis, and to randomly mutate D.discoideum, either using 

DNA damaging agents such as nitrosoguanidine, or by REMI (Kuspa & Loomis, 1994).

Both phagocytosis (Vogel et al., 1980; Cohen et a l, 1994) and endocytosis (Bacon et al., 

1994) have been studied by random mutagenesis using the DNA damaging agent 

nitrosoguanidine, with selection for phagocytic or endocytic mutants by simple assays for 

bacterial or fluid uptake. As yet the genes responsible for these mutations have not been 

identified but the strategy is to identify the genes responsible by complementation 

cloning.

Specific gene knock-outs have also been found to alter cytoskeletal processes. Coronin is 

an actin-binding protein whose deletion results in cells that are defective in cytokinesis 

and cell motility (de Hostos et al., 1993) and have a reduced rate of phagocytosis (Maniak 

et al., 1995). Ponticulin connects the cortical actin network to the plasma membrane. 

Deletion of ponticulin results in a mild phenotype where cells are less able to migrate 

towards a source of chemotractant (Hitt et al., 1994; Shutt et al., 1995). Finally, different 

myosin proteins have also been studied in D.discoideum. The single conventional myosin 

heavy chain gene (mhcA) has been deleted (Manstein et al., 1989), resulting in cells 

defective in cytokinesis and development. These same cells could be rescued by re- 

introduction of the cloned gene (Egelhoff et al., 1990). Six myosins of the unconventional 

myosin I family have been cloned and called myo A-F. Various deletions of these genes
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have been reported with resulting cells being compromised for both endocytosis and 

phagocytosis (Novak et a/., 1995; Jung et aL, 1996).

1.2.4 : Ras superfamily genes in D. discoideum

Members of all the ras-related small GTPase subfamilies have been identified in D. 

discoideum (Reymond et a l, 1984; Robbins et a l, 1989, 1990; Daniel et a i, 1993; Bush 

et al., 1993b; Bush & Cardelli., 1993). Among these are eight rho subfamily members 

(Bush et al., 1993a; Larochelle et al., 1996) which have been suggested to fall into three 

groups on the basis of amino acid sequence similarity (Bush et a l, 1993a). Racl A, raclB, 

and rac 1C are highly homologous to each other (>90%), and also highly homologous to 

human racl (84%). RacA and racB are 70% similar to racl and racC, racD and racE 

(Larochelle et ah, 1996) are approximately 50% similar to racl. Each of these eight rac 

genes are entirely conserved over the four regions known to be important for GTP/GDP 

binding and all contain the C-terminal CAAX amino acid motifs characteristic of proteins 

in the Ras superfamily. Each of the rac genes is expressed during vegetative growth as 

indicated by northern blot analysis. The level of racl A, raclB, and raclC, transcripts 

increases transiently during aggregation and then rapidly decreases. Both racC and racA 

display the opposite pattern, while racB and racD display reduced levels of transcripts as 

the development pathway continues.

RacE is involved in cytokinesis and was identified from a pool of D.discoideum REMI 

mutants screened for defects in cytokinesis (Larochelle et al., 1996). These cells are 

unable to grow in suspension but can grow on plates by a process called traction-mediated 

cytofission (Fukui et al., 1990), where multinucleate cells propagate by “pinching o ff’ at 

the membrane. RacE does not appear to have any effects on other cytoskeletal processes 

such as phagocytosis, receptor capping, cortical contraction, chemotaxis, and 

development. Cell specific roles for the seven other rac proteins have not yet been 

described. Since D.discoideum has such a well established cytoskeleton, it is an ideal 

model system in which to study rho subfamily small GTPases as one would expect these 

small GTPases to play major roles in processes requiring rearrangements of the actin 

cytoskeleton, as observed in other cell types.
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1.3 ; Project Aims
The aims of this project were twofold. Firstly to investigate the mechanism of the 

interaction of the human small GTPase rhoA with the GTPase activating protein rhoGAP. 

Secondly to study the functional roles of rho subfamily GTPases in D.discoideum and to 

identify GTPase activating proteins (GAPs) for these proteins.

For the first part, rho A and rhoGAP catalytic domain proteins have been purified from 

over-expressing cultures of E.coli as recombinant proteins. The elementary kinetic 

constants in the GTPase cycle of rhoA have been determined biochemically both using 

native guanine nucleotides and also fluorescent guanine nucleotide analogues which are 

2’(3’)-0-(N-methylanthraniloyl) (mant) derivatives of GTP, GDP, and GMPPNP. The 

mechanism of the interaction of rhoA with rhoGAP catalytic domain has been studied by 

a combination of spectroscopic techniques including fluorimetry, stopped-flow 

fluorimetry, quenched-flow, and high performance liquid chromatography (HPLC), using 

stoichiometric rhoA 1:1 complexes with mantGDP, mantGTP, and mantGMPPNP. To 

complement these studies, a structural investigation has been performed in collaboration 

with the Protein Structure Division at N.I.M.R., using both rhoA and rhoGAP catalytic 

domain proteins to try to obtain a detailed understanding of the mechanisms of interaction 

of these two proteins.

For the second part, previously described rho subfamily genes (Bush et al., 1993a) have 

been cloned from D.discoideum and specific activated and dominant negative mutants 

made. Attempts have been made to express these mutant proteins in D.discoideum. The 

proteins have also been purified from over-expressing cultures of E.coli as recombinant 

proteins. The elementary kinetic constants in the GTPase cycle for these purified proteins 

have been determined by biochemical techniques, and X-ray crystallography performed, 

in collaboration with the Protein Structure Division at N.I.M.R., to attempt to gain 

structural information. The characterised racl A and racC purified proteins have been used 

to detect GAP activity in D.discoideum cytosol by biochemical assays. These assays for 

GAP activity have been complemented by a direct cloning approach using PCR to 

identify rhoGAP homologues in D.discoideum.
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Chapter 2: Materials & Methods

2.1: Materials

2.1.1: Cloning Materials
All enzymes used in the manipulation of DNA were from Boehringer Mannheim unless 

otherwise stated. Shrimp alkaline phosphatase and Sequenase kits were from USB. All 

radiochemicals were from Amersham. Taq polymerase was from Cetus, dNTPs and the 

Ready-To-Go DNA labelling kit were from Pharmacia. Agarose powder was from 

Flowgen, X-OMAT AR film from Kodak, and Geneclean from BIOIOI. D.discoideum 

genomic DNA, and DNA from the A.gtl 1 cDNA library was prepared by Molly Strom. 

General media recipes were prepared according to Sambrook et al (1989). 

Oligonucleotides were made by Jashu Mistry on an Applied Biosystems 3SOB DNA 

synthesizer or on a Beckman Oligo 1000 DNA synthesizer. A list of the oligonucleotides 

used in this study whose sequences are not given in the results chapters are given in Table 

2 . 1.

Table 2.1 : Oligonucleotides used in this study

Title Sequence Used for
SBL18 5 ’-CCACGTTTGGTGGTGGCGACC ATC-3 ’ pGEX-2Tprimer
SBL19 5 ’-CGTCATCACCGAAACGCGCGAGGC-3 ’ pGEX-2T primer
SBL45 5 ’-CGCGGATCCGGATTTGATTGTTTTGATATAAAAAAAATG-3 ’ PCR cloning DdracGAP into 

pGEX-2T
SBL46 5 ’-GCGGGATCCTTAGGTTGATAAATGATTTGATTG-3 ’ PCR cloning DdracGAP into 

pGEX-2T
SBL50 5 ’-GCAATCAAATCATTTATCAACATC-3 ’ Sequencing DdracGAP gDNA
SBL51 5 ’ -G AACC ATTATTTATTTGG AG-3 ’ Sequencing DdracGAP gDNA
SBL52 5 ’-TTTAACCAACCTTCCTCTG-3 ’ Sequencing DdracGAP gDNA
SBL53 5 ’ -GTAGAGC AGGGTC ATTCC-3 ’ Sequencing DdracGAP gDNA
SBL54 5 ’-TTTTGAAGAGGAGTTGGTGG-3 ’ Sequencing DdracGAP gDNA
SBL55 5 ’-TACAAGTGGTGGTGGTGCTG-3 ’ Sequencing DdracGAP gDNA
SBL56 5 ’-CCACCAGTTAATAAATCGACG-3 ’ Sequencing DdracGAP gDNA
SBL61 5 ’-GTGTTGTTACAATTGTCTCT-3 ’ Sequencing DdracGAP gDNA
SBL62 5 ’-GTAGTATAGATAAATAG-3 ’ Sequencing DdracGAP gDNA
SBL63 5 ’ - AA AGG ATT AATATTTTTC-3 ’ Sequencing DdracGAP gDNA
SBL64 5 ’-TTATTAACTTCTCTCTAC-3 ’ Sequencing DdracGAP gDNA
MS74 5 ’ -GGTGGCGACG ACTCCTGGAGCCCG-3 ’ A.gtl 1 primer
MS75 5 ’ -TTG AC ACC AG ACC A ACTGGTA ATG-3 ’ A.gtl 1 primer

40



2.1.2: Materials used for protein studies
The cDNA expression constructs pGEX2T-rhoA and pGEX2T-rhoGAP catalytic domain 

were obtained from Professor Alan Hall (University College, London).

Isopropyl p-D-thiogalacto-pyranoside (IPTG) was from Sigma. Glutathione-agarose and 

p-aminobenzamidine-agarose were from Sigma. Chromatography columns were 

purchased from Omnifit. All standard buffer reagents were from BDH. Guanine 

nucleotides and alkaline phosphatase-agarose were from Sigma, with radiolabelled 

guanine nucleotides from Amersham International. Nitrocellulose filters used in GDP 

dissociation assays were from Millipore. Dialysis cassettes were from Pierce. 2’(3’)-0- 

(N-methylanthraniloyl) (mant) derivatives of GTP, GDP, and GMPPNP were made in 

John Eccleston’s Laboratory by direct acylation of the 2’ and 3’ hydroxyl groups of the 

ribose moiety with N-methylisatoic anhydride (Hiratsuka, 1983; Neal et a l, 1990). The 

structure of mantGTP is shown in Figure 2.1.

Protein purification was performed using a Waters 650E advanced protein purification 

system with a Waters 484 tunable absorbance detector and a Gilson 203 fraction collector. 

HPLC was performed using a Waters HPLC system with a tunable wavelength detector 

and a Waters injection system, with detection of absorbance changes by a Hewlett 

Packard integrator. HPLC columns were from Whatman.

2.2 : Protein Methods

2.2.1 : Expression and purification of recombinant proteins from E. coli.

All recombinant proteins purified from E.coli in this study have utilised the GST-fusion 

protein expression system using the plasmid vector pGEX-2T (Pharmacia). For large 

scale preparations of recombinant proteins, pGEX-2T constructs in E.coli DH5a cells 

were grown in Luria Broth containing 75 pg ml’̂  ampicillin at 37^C in flasks on a rotary 

shaker (New Brunswick Scientific) at 200 r.p.m. Either 6 litre or 40 litre cultures were 

grown by inoculating pre-warmed media with overnight cultures at a dilution of 1/50. 

Cultures were grown up to an optical density of A6oo=0.8, and were then induced by the
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Figure 2.1 : Structure of MantGTP
The structure o f 2’-0 -(N-methylanthraniloyl)GTP (MantGTP) is shown.
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addition of IPTG to a final concentration of 1 mM for 6 litre cultures or 0.1 mM for 40 

litre cultures. For recombinant human rhoA and rhoGAP catalytic domain, induction was 

performed for 3-4 hours at 37^C. For recombinant D. discoideum racl A, rac C, rac 

1AQ61l, rac and DdracGAP catalytic domain, induction was performed for 16-

20hours at 22°C, as induction at 37^C gave a lower yield of soluble recombinant protein. 

After induction cells were pelletted by centrifugation at 3,300 x g for 15 minutes at 4^C. 

Cells were washed once in an ice-cold buffered solution of 50 mM Tris-HCl pH 7.5, 50 

mM NaCl, 10 mM MgCl2, 1 mM DTT, and then resuspended in this buffer by the 

addition of approximately 10 ml of ice-cold buffer per litre of original E.coli culture. 

When 40 litre cultures were grown the cells were immediately lysed using a French Press 

and then frozen in 40 ml aliquots at -80°C. When 6 litre cultures were grown the cells 

were frozen at -80^C immediately after resuspension.

To purify recombinant proteins the cell suspension was thawed and, for the 6 litre 

cultures, cell lysis was acheived by sonication on ice, using a half-inch probe on setting 

seven (Sonics & Materials Inc., “Vibra Cell”). The 40 litre cultures had been lysed before 

freezing and simply required thawing, with the equivalent of 10-15 litres of original E.coli 

culture thawed for purification (i.e. 150 ml of frozen lysate). This whole cell extract was 

ultra-centrifuged at 110,000 x g for 30 minutes at 4°C to pellet the cell debris. The 

supernatant was applied to a 15 ml Glutathione agarose (Sigma) column (Omnifit) pre

equilibrated with lysis buffer, and linked to a fraction collector and UV detector, at a flow 

rate of 0.6-1 ml m in '\ Protein flowing through the column was monitored at 280nm. 

After loading, the colunrn was washed with lysis buffer at the same flow rate until the 

Aisonm of the eluent had returned to a baseline value. At this point, a 5 ml p- 

aminobenzamidine (Sigma) column (Onmifit) was linked downstream of the glutathione 

agarose column to remove thrombin. The two columns were then equilibrated at the same 

flow rate with thrombin cleavage buffer : 50 mM Tris-HCl pH7.5, 50 mM NaCl, 10 mM 

MgCl2, 2.5 mM CaCl2, 1 mM DTT. After equilibration the flow rate was reduced to 80 p.1 

min'’ and a solution of 500 Units of human thrombin (Sigma) in 50 ml of thrombin 

cleavage buffer was applied to the two colunms for 10 hours, with 2.5 ml fractions 

collected. After application of the thrombin solution the columns were washed with 

thrombin cleavage buffer to remove all of the recombinant protein cleaved off the 

glutathione agarose column. The glutathione agarose column was then washed at 1 ml
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min'* with 5 mM glutathione (Sigma) in this buffer to remove the GST protein and any 

uncleaved GST fusion protein. Finally, both columns were washed with 3 M NaCl to 

remove any non-specific protein contaminants, and were stored in distilled water with

0.02% sodium azide at 4°C.

The elution profile showing the absorbance at 280 nm of the eluent from columns during 

the purification of recombinant rhoA is shown in Figure 2.2a. This elution profile was 

similar for all the recombinant proteins purified by this system. Upon application of the 

whole cell extract peak A shows the flow-through of the native E.coli proteins that did not 

bind to the column. Upon application of the thrombin solution peak B shows the elution 

of recombinant protein from the column due to thrombin cleavage. Finally, upon 

application of 5 mM glutathione, peak C shows the elution of the GST protein and any 

uncleaved fusion protein. Some of the fractions obtained during purification were 

analysed by SDS-PAGE and are shown for the purification of rhoA in Figure 2.2b. It was 

found that only for the purification of recombinant human rhoGAP did complete 

thrombin cl!(j‘eavage occur. This is probably because the rhoGAP construct has a longer 

linker sequence between the GST protein and the rhoGAP protein than do all of the other 

constructs. This is because rhoGAP is cloned into the EcoRI site of pGEX-2T, whereas all 

other constructs are either cloned into the Smal site (human rhoA) or the BamHI site (all 

D.discoideum clones).

Cleaved proteins were concentrated to 5-50 mg ml'^ using a Centriprep (Amicon) with a 

10 kDa cutoff, by centrifugation at 3,000 x g at 4°C. The concentrated proteins were 

dialysed (Pierce) against 50 mM Tris-HCl pH7.5, 10 mM MgCl2, 1 mM DTT for small 

GTPases, and against the above buffer without MgCl2 for GAPs. The dialysed proteins 

were then dispensed into small aliquots, frozen rapidly in dry ice and stored at -SO^C.

2.2.2: Protein concentration and purity determination 

2.2.2.1: BioRad assay
A commercially available dye-binding assay, the BioRad assay (BioRad Laboratories), 

was used to determine total protein concentrations. Bovine serum albumin (BSA) was 

used as a standard with a standard curve of BSA concentration versus absorbance at 

595nm obtained up to 100 pg BSA added. The absorbance at 595 nm was determined

45



Figure 2.2 : The purification of recombinant rho A protein from E.coli.

RhoA was purified from E.coli using the pGEX-2T GST fusion protein expression system 

as described in the text.

(a) Eiution profiie obtained in the purification of rho A

The elution profile showing the absorbance at 280nm of the eluent from the glutathione- 

agarose and p-aminobenzamidine columns during the purification of recombinant rhoA is 

shown. Peak A is the flow-through jfrom the glutathione-agarose column upon application 

of the E.coli supernatant. Peak B is the elution of rho A from the column by thrombin 

cleavage of rho A from GST. Peak C is the elution of GST and any uncleaved GST-rhoA 

from the glutathione agarose column by 5 mM glutathione.

(b) SDS-PAGE anaiysis of fractions obtained in the purification of rho A 

Fractions obtained in the purification of rhoA were analysed by polyacrylamide gel 

electrophoresis using a 12% gel (Section 2.2.2.3). Lanes 1 and 20 show the molecular 

weight markers. Lane 2 is the supernatant that was loaded onto the column. Lanes 3-11 

are fractions collected during thrombin cleavage. Lane 12 is empty. Lanes 13-16 are 

fractions collected after thrombin cleavage and during elution with 5 mM glutathione. 

Lanes 17-19 are purified concentrated rho A protein with loadings of 1, 2, and 5 pg 

respectively.
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after 10 minutes and showed a linear dependence on the BSA concentration up to 

approximately 25 pg m l'\ The concentration of sample protein was determined in the 

same way as for the BSA standard curve, enabling the calculation of total protein 

concentration from the standard curve. This assay was used both for determination of the 

protein concentration of purified recombinant proteins and for total cell extract 

concentrations.

2.2.2.2: Protein concentration using calcuiated extinction coefficients

The concentration of highly purified recombinant proteins from E.coli was also 

determined by ultra-violet spectroscopy using a Beckman DU-70 spectrophotometer and a 

theoretical molar extinction coefficient. Theoretical molar extinction coefficients were 

calculated using the molar extinction coefficients of tryptophan, tyrosine, and cysteine 

residues, and of GDP (Gill and von Hippel, 1989). The extinction coefficients at 280 nm 

for the proteins studied in this thesis are shown in Table 2.2. It was found that the 

concentrations of purified recombinant proteins determined by both BioRad assay and the 

absorbance at 280 nm agreed to within 10% of each other.

Table 2.2 : Theoretical extinction coefficients of purified proteins

Protein Theoretical extinction 

coefficient (cm'^M' )̂

Human rhoA 25,900

Human rhoGAP catalytic domain 13,370

D.discoideum racl A 30,128

D.discoideum raclA^^^^ 30,128

D.discoideum rac C 30,008

D.discoideum racC^ "̂^^ 30,008

D.discoideum DdracGAP 18,020

2.2.2.3: SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-polyacrylamide gel electrophoresis was used to determine the purity of proteins 

throughout purification procedures. A BRL gel apparatus was used with gels of 180 x 120 

X 0.8 mm. The stacking gel consisted of 4% polyacrylamide, 130 mM Tris-HCl pH6.8, 

0.1% SDS, and the resolving gel contained 12% polyacrylamide, 390 mM Tris-HCl
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pH8.8, 0.1% SDS. Protein samples were heated to lOO^C in 1 x Laemmli buffer 

(Sambrook et a l, 1989), with typically a volume of 20 pi sample loaded per lane. Gels 

were electrophoresed at 60 mA until the bromophenol blue dye front was run off the gel 

in a running buffer of 25 mM Tris, 250 mM glycine pH8.3, 0.1% SDS. Proteins were 

stained with 2 gL‘' Coomassie brilliant blue R250 (Sigma) and 0.5gL’' Coomassie 

brilliant blue G250 (Sigma) in 45% ethanol, 10% acetic acid, and 5% methanol. Gels 

were stained for one hour and then destained in 10% acetic acid, 10% methanol.

2.2.3: HPLC analysis of guanine nucieotides

Guanine nucleotides and mant guanine nucleotide analogues were separated on a
I

Whatman Partis^l SAXIO column (0.46 x 25 cm). The column was eluted isocratically at 

1.5 ml m in ’ using 0.6 M monobasic ammonium phosphate buffer (pH4.0) for native 

guanine nucleotides, and supplementing this buffer with 25% methanol for mant guanine 

nucleotide analogues. For native guanine nucleotides, the eluent was monitored for 

nucleotide absorbance at 252 nm using a Waters lambdamax 481 LC spectrophotometer. 

For mant guanine nucleotide analogues the eluent was monitored for mant fluorescence 

using a Hitachi F-1050 fluorescence spectrophotometer, exciting at 366 nm and 

measuring the emission at 440 nm. For both native guanine nucleotides and mant guanine 

nucleotide analogues, the areas of the eluent peaks obtained were calculated by an HP 

3390 integrator. Typical nucleotide loading amounts were 2 nmoles for native guanine 

nucleotides and 75 pmoles for mant guanine nucleotide analogues in a volume of 100 pi.

The injection of guanine nucleotides and mant guanine nucleotide analogues onto the
I

Whatman Partis^l SAXIO column hoth separately and as mixtures enabled the 

determination of the retention time for each nucleotide species. These retention times 

were : GDP = -4.6 minutes, GTP = -12.8 minutes, GMPPNP = -9.8 minutes, mantGDP 

= -3.7 minutes, mantGTP -  8 minutes.

2.2.4: Formation of complexes of rhoA with mant guanine nucleotide 

analogues and GTP
Complexes between purified rhoA and mantGTP, mantGDP, mantGMPPNP and GTP 

were prepared by fast exchange of the nucleotide into the protein. A twenty-fold excess of 

the nucleotide was added to 50 nmoles of rhoA in a buffer of 50 mM Tris-HCl pH7.5, 

40mM EDTA, 1 mM DTT in a total volume of 450 pi at room temperature for 10
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minutes. The reaction was quenched by the addition of MgCl2 to a final concentration of 

lOOmM (50|o,l of 1 M MgCl2 added), and the rhoA.nucleotide complex separated from 

free nucleotide by gel filtration on a PD-10 column (Pharmacia) at 4^C. The PD-10 

column was pre-equilibrated with a buffer of either 50 mM Tris-HCl pH7.5, 2 mM 

MgCl2, 1 mM DTT for the experiments in Section 3.2, or 20 mM Tris-HCl pH7.5, 2 mM 

MgCl2, 1 mM DTT for the experiments described in Section 3.3/4. The passage of the 

complex (followed by free nucleotide) was monitored for mant nucleotide exchanges 

using an ultra-violet light source, and for complexes with GTP by collection of 300 pi 

fractions followed by determination of the A280nm- The concentration of mant complexes 

was determined using the extinction coefficient of mant at 350 nm (5700 M'^cm’ )̂, and 

the theoretical extinction coefficient of rhoA.mant nucleotide at 280 nm (26,959 M’^cm’ )̂.

The concentration of rhoA.GTP complexes was determined using the theoretical 

extinction 

separation.

extinction coefficient of 25,900 M*' cm '\ Typically, 80% recovery was acheived after

2.2.5: Formation of complexes of rhoA with GMPPNP
Complexes between purified rhoA and GMPPNP were prepared in a similar manner to 

that described by John et al (1990). The principle of the exchange reaction is to incubate 

rhoA.GDP with GMPPNP in the presence of alkaline phosphatase. The alkaline 

phosphatase only hydrolyses GDP and GTP and not GMPPNP under the conditions used. 

Exchange conditions were 200 pM rhoA.GDP, 400 pM GMPPNP, 20 mM Tris-HCl pH 

7.5, 25 mM NaCl, 4 mM MgCl2, 1 mM DTT, 200 mM (NH4)2S04, 10 U ml'^ alkaline 

phosphatase agarose, in a total volume of 1 ml. Exchange was performed for 90 minutes 

at room temperature with gentle agitation after which the alkaline phosphatase agarose 

was removed by centrifugation at 16,000 x g for 2 minutes. The protein was dialysed 

against a buffer of 20 mM Tris-HCl, 2 mM MgCl2, 1 mM DTT, concentrated to 200 pM, 

and the identity of the bound nucleotide confirmed as 100% GMPPNP by HPLC analysis 

as described in Section 2.2.3.

2.2.6: Stopped-flow fluorescence measurements
All stopped-flow experiments used a Hi-Tech Scientific SF-61MX spectrofluorimeter. 

Monochromatic light at 366 nm was obtained from a lOOW mercury arc lamp using a 

monochromator. Emitted light from the 2 mm by 2 mm path length cell was measured
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through a Wratten WG 47B bandpass filter. Data was collected and analysed using RK2 

software (Hi Tech Scientific). Analysis of data was also performed using Excel and Grafit 

programs. The data were collected using both linear and logarithmic timescales, where 

use of a logarithmic timescale resulted in greater data points at short timepoints and fewer 

data points at longer time points. The use of a linear or logarithmic timescale is indicated 

in the legends to specific figures. The spectrofluorimeter was used in both the L- and T- 

formats, where the L-format involved the use of a single photomultiplier tube for 

measurements of fluorescence intensity. The T-format involved the use of two 

photomultiplier tubes with polarising filters so that both parallel and perpendicular 

fluorescence could be measured. This enabled not only the determination of fluorescence 

intensity as intensity = In+2Ix, but also the determination of fluorescence anisotropy as 

anisotropy = (IirIi)/(In+2I J .

All concentrations of reagents quoted, refer to final concentrations after mixing rather 

than to syringe concentrations. Multiple traces were obtained for each reaction which 

were then averaged and fitted to appropriate equations. Therefore all error bars represent 

standard errors of the data fi*om the average rates.

2.2.7: Quenched-flow measurements
Quenched-flow experiments used a Hi-Tech micro volume rapid quench flow system. The 

system contains three syringes, two for the reagents and one for the quenching solution. 

Equal volumes of the reagents and quench are used (150 pi of each). Different timed 

solutions up to 167 msec were obtained by the concomitant use of different loop lengths 

and flow rates before quenching. Longer time points (>167 msec) were obtained by using 

a time-delay mode where the resultant mixture remained in a loop before quenching. 

Reaction mixtures were displaced from the collection loop with 500 pi water and were 

retrieved from the collection valve. All reagent concentrations refer to final 

concentrations after mixing unless otherwise stated.

2.2.8: Slow time-course fluorescence measurements
All slow time course fluorescence measurements were performed on an SLM 8000S 

spectrofluorimeter, in the L-format, using 10 mm by 10 mm quartz cuvettes. Excitation of 

the mant moiety was at 360 nm with the emission wavelength stated for each experiment
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along with the excitation and emission slit widths. All data were collected manually with 

the shutters closed between readings to prevent photobleaching, and a control cuvette 

included to normalise for fluctuations in lamp intensity and/or photomultiplier response.

2.2.9: The GDP dissociation assay
In this assay the protein of interest was initially exchanged with [8-^H]GDP by incubating 

115 pM protein with 41.5 pM GDP (8.5 pM [8-^H]GDP and 33 pM GDP) in a buffer of 

50 mM Tris-HCl pH7.5, 50 mM NaCl, 40 mM EDTA, 5 mM DTT in a total volume of 

200 pi at 25^C for five minutes. MgCl2 was then added to a final concentration of 90 mM 

and the exchanged protein separated fi*om unincorporated guanine nucleotide by gel 

filtration using a PD-10 column (Pharmacia) pre-equilibrated with 50 mM Tris-HCl 

pH7.5, 2 mM MgCl2, 1 mM DTT. 300 pi fi*actions collected from the PD-10 column were 

counted by liquid scintillation with two peaks of radioactivity observed, the first being the 

protein complexed with [8-^H]GDP and the second unbound [8-^H]GDP.

In the assay, 0.5 pM protein.[8-^H]GDP was incubated in 50 mM Tris-HCl pH7.5, 2 mM 

MgCl2, 1 mM DTT, 5 mM GDP at the desired temperature (30°C for rhoA, 25°C for rac 

proteins) in a total volume of 1 ml. 50 pi samples were removed at timed intervals and 

filtered through 0.45 pM nitrocellulose filters (HA filters, Millipore) that had been soaked 

in 50 mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT buffer. The filters were washed 

three times with 5 ml of this buffer, dried, and radioactive counts determined by addition 

of 5 ml of scintillation fluid, which consisted of 0.5% w/v butyl-PBD (Sigma) in toluene 

(BDH), to each filter in a scintillation vial followed by counting in a Beckman LS7000 

scintillation counter. Samples were taken until background counts were obtained.

2.2.10: Measurement of GTP cleavage and dissociation by assays with [a- 

^^P]GTP and [y-^^P]GTP.

For these assays, complexes of small GTPases with either [a-^^P]GTP or [y-^^P]GTP 

were made by incubation of 1 pM small GTPase with 250 pM [a-^^P]GTP or [y-^^P]GTP 

in 50mM Tris-HCl pH7.5, 5 mM NaCl, 1 mM DTT, 4 mM EDTA in total volume of 40 

pi at 25°C for 5 minutes. MgCl2 was then added to a final concentration of 30 mM 

together with 0.5 mg of unlabelled small GTPase as a carrier protein, bringing the total 

volume to 100 pi. The complex was separated from free nucleotide using a PD-10 gel
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filtration column in a running buffer of 50 mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM 

DTT, with 300 pi fractions collected. 5 pi samples of fractions collected from the PD-10 

column were pipetted into scintillation vials and 10 ml of scintillation fluid (Readysafe, 

Beckman) added. Samples were then counted in a Beckman LS7000 scintillation counter. 

Two peaks of radioactivity were observed where the first was the protein complex, 

with peak fractions pooled and frozen in aliquots rapidly on dry ice.

For measurement of intrinsic GTP cleavage rates, small GTPases bound to [a-^^P]GTP 

were used. Frozen aliquots were thawed, and incubated at 1 nM protein. [a-^^P]GTP in 50 

mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT in a total volume of 1 ml at the desired 

temperature. 50 pi samples were removed at timed intervals and a nucleotide solution 

prepared by protein dénaturation by the addition of 2.5 pi of 10% perchloric acid (final 

concentration 0.5%) which decreased the pH of the solution to 1.5. The pH of the solution 

was then raised to 4.0 by the addition of 1.75 pi of 4 M sodium acetate (final 

concentration 140 mM). The precipitated protein was pelletted at 16,000 x g for 2 minutes 

and the supernatant containing nucleotide loaded onto PEI-cellulose TLC plates (Sigma) 

using micro-capillaries (Camlab). Approximately 5 pi was loaded in each lane. Loaded 

TLC plates were transferred to a glass tank and run in 0.75 M KH2PO4 pH3.4 until the 

solvent front had reached the top of the plate. Plates were then dried, wrapped in Saran 

wrap and exposed to phosphorimager cassettes for 10-60 minutes (Molecular Dynamics). 

After exposure phosphorimager plates were analysed in a Molecular Dynamics 

phosphorimager using ImageQuant software to quantify the relative intensities of the 

different ^^P-labelled species.

For measurement of GTP dissociation rates, small GTPases complexed with [y-^^P]GTP 

were used. Aliquots of frozen complex were thawed incubated at 1 nM in 50 mM Tris- 

HCl pH7.5, 2 mM MgCl2, 1 mM DTT, 2 mM GTP in a total volume of 1 ml at the desired 

temperature. 50 pi samples were removed at timed intervals and analysed for radioactivity 

as described above. Samples were removed into the ratio of ^^Pi to [y-^^P]GTP was 

constant.

For GAP assays, small GTPases complexed with [a-^^P]GTP were used. Aliquots of 

frozen complex were thawed and incubated at 2 nM in solutions containing 1 mM ATP
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and either 50 mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT buffer for control reactions 

or desired dilutions of GAP in a total volume of 100 pi. Experiments were always 

performed at 15°C, with 10 pi samples removed at timed intervals and added to 15 pi of 

the above buffer. The protein was precipitated by the addition of 1.25 pi of 10% 

perchloric acid followed by 0.9 pi of 4 M sodium acetate, followed by centrifugation at 

16,000 X  g for 2 minutes. The resultant nucleotide solution was then analysed for relative 

levels of [a-^^P]GTP and [a-^^P]GDP by TLC separation and detection by 

phosphorimaging as described above.

2.3: Molecular Biology Methods 

2.3.1: General molecular biology methods
Agarose gel electrophoresis was performed using 1% agarose gels in TAE (0.04M Tris- 

acetate, O.OOIM EDTA) with 0.5 pg ml‘̂  ethidium bromide unless otherwise stated. For 

general cloning, competent cells were made using E.coli strain DH5a, by the calcium 

chloride method (Sambrook et al., 1989). For generation of size selected DNA libraries 

commercially available E.coli XL 1-Blue supercompetent cells were used (Stratagene). 

Plasmid DNA maxipreps were performed using commercially available kits (Qiagen), and 

minipreps by alkali lysis (Sambrook et al., 1989). Restricted DNA was purified from 

agarose gels after electrophoresis by the method of Tautz et al (1983). For DNA 

sequencing, the Sequenase kit (Amersham) was used with [^^S]dATPaS and samples 

electrophoresed using a BaseAce Junior sequencing gel system (Stratagene).

2.3.2: Polymerase Chain Reaction (PGR)

For PCR, the amount of DNA template was variable between reactions. Constant 

conditions were the buffer supplied (Cetus), 1.5mM MgCl2, 200pM dNTPs, IpM  of each 

oligonucleotide, 25U/ml Taq polymerase (Cetus). Two different PCR programs were used 

on a Hybaid Omnigene cycler, one for high stringency (Cloning of rac genes, cloning of 

DdracGAP into pGEX-2T) and one for lower stringency {rac gene mutagenesis, 

DdracGAP initial PCR reaction). The cycling conditions were as follows:

High Stringency : 1 cycle of (92°C-2min, 50^C-lmin, 72°C-lmin), then 15 cycles of 

(92®C-lmin, 55®C-lmin, 72®C-lmin), then 15 cycles of (92®C-lmin, 60®C-lmin, 72°C- 

Imin), and finally 1 cycle of 72^C for 2 minutes).
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Low Stringency : 1 cycle of (92*’C-2min, 43^'C-lmin, 72°C-2min), 10 cycles of (92°C-30s, 

48“C-30s, 72“C-lmin), 10 cycles of (92°C-30s, 53“C-30s, 72°C-lmin), and finally 10 

cycles of (92°C-30s, 57°C-30s, 72“C-lmin).

2.3.3: Southern blotting oi DdracGAP

For Southern blotting lOpg per lane o f D. dis coideum genomic DNA were digested with a 

variety of restriction enzymes and electrophoresed overnight at 30V on a 0.7% agarose 

gel containing ethidium bromide. DNA was transferred to Hybond N^ membrane by 

capillary action as described (Sambrook et aL, 1989). Pre-hybridisation was performed in 

6 X SSC, 5 X Denhardt, 0.5% SDS, 20 pg ml'^ denatured salmon sperm DNA at 68°C for 

1 hour. The DdracGAP cDNA insert in pGEX-2T was labelled with [a-^^P]dCTP using 

the Ready-To-Go labelling kit (Pharmacia), and hybridisation was performed in the above 

buffer with 1x10^  cpm ml'^ probe overnight at 68^C. The membrane was then washed 

twice for 15 minutes at room temperature in IxSSC, 0.1% SDS, and then twice for 15 

minutes at 68®C in 0.1 x SSC, 0.1% SDS, before being exposed to X-ray film overnight.

2.3.4: Colony screening of D.discoideum genomic DNA inserts

D.discoideum genomic DNA of the appropriate size was gel purified after digestion of 

approximately 25 pg with restriction enzymes and separation on a 0.8% agarose gel. The 

DNA fragments were ligated to gel-purified pBluescript after digestion with the same 

restriction enzymes and treatment with shrimp alkaline phosphatase. The ligations were 

transformed into supercompetent XL 1-Blue cells and the entire ‘library’ was screened by 

transferring colonies to Hybond N^ membranes and preparing the DNA on these 

membranes according to the manufacturers instructions. Membranes were hybridised with 

DNA probes labelled with [a-^^P]dCTP using the Ready-To-Go kit. All hybridisation and 

washing conditions are as described for Southern blotting. For each screen 1500-5000 

colonies were used. The probes used for each screening are described in Chapter Six.

2.3.5: Plaque screening of Xgt^  ̂ D.discoideum cDNA library

For plaque screening, initially the Ig t l l  library was fractionated by plating out 10 large 

(132mm diameter) L-agar plates with about 150,000 plaques per plate. After plaques were 

grown (approximately 7-9 hours), 10ml of SM media was added carefully to each plate
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and the plates stored at 4^C overnight. The SM media was then collected and stored at 

4^C. For the experiment described in Section 6.2, each fraction was screened for the 

presence of the rhoGAP-homologous cDNA by PCR analysis, using SBL43 and SBL44 

oligonucleotides, of DNA preparations from each fraction to determine in which 

fraction(s) the cDNA was. Having identified fraction ten as a positive fraction, 

approximately 80,000 plaques were used for the first round of screening on four large 

(132mm diameter) L-agar plates. Plates were prepared by incubation of 400 pi of a turbid

E.coli Y 1090 culture with 25 pi of a 10" -̂fold dilution of fraction ten at room temperature 

for 15 minutes. 8 ml of top agar at 50^C were then added to this and the mixed solution 

poured over the L-agar plate and allowed to set. The plate was then upturned and 

incubated at 37°C for 3.5 hours, and then at room temperature for 10 hours, resulting in 

approximately 20,000 plaques per plate. Plaques were then transferred and fixed to 

Hybond membranes (Amersham) according to the manufacturers instructions, and 

probed with the 231bp rhoGAP homologous PCR product labelled with [a-^^P]dCTP 

using the Ready-To-Go kit. Hybridisation was performed as described for Southern 

blotting. For the second round of plaque screening, 500-1500 plaques, originating from a 

positive plaque from the first round of screening, were screened on one L-agar plate 

(90mm diameter).

2.4: Dictyostelium discoideum methods

2.4.1 : Culture of D.discoideum

D.discoideum Ax2 cells were cultured in suspension with shaking on a rotary shaker at 

200 r.p.m. at room temperature in DDXX media, which consisted of 20 g 1"̂ proteose 

peptone, 7 g 1'̂  yeast extract, 8 g 1'̂  glucose, 0.47 g 1'̂  Na2HP04.12H20, 0.35 g 1'̂  

KH2PO4. This medi^\vas supplemented with 100 U ml'^ penicillin and 0.1 mg ml’  ̂

streptomycin. Shaking cells were passed when they reached a cell density of 4-6 x 10  ̂

cells ml'^ down to a cell density of 5-10 x lO"̂  cells m l'\
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Chapter 3: Kinetic characterisation of the interaction of 

human rhoA with rhoGAP

RhoGAP was the first GAP protein described for rho subfamily GTPases (Garrett 

et aL, 1991, Morii et aL, 1991). It has activity towards rho A, racl, and cdc42, with 

differential activities towards each GTPase, and activity that can be markedly 

altered by NaCl concentration (Lancaster et aL, 1994; Self & Hall, 1995). Very 

little kinetic work has been done on the mechanism of the rhoGAP interaction 

with rho A, racl, and cdc42, other than crude activity assays. The major findings 

are that, despite the differential activities of rhoGAP towards rho A, racl, and 

cdc42, the binding affinities for these interactions appear to be similar, in the low 

micromolar range, and also that rhoGAP does not appear to have a much stronger 

interaction with the GTP-bound form of the GTPase compared to the GDP-bound 

form (Lancaster et aL, 1994).

The aims of this Chapter were to investigate the interaction between rhoGAP and 

rhoA to determine the kinetic mechanism of this interaction, the binding affinity, 

and the specificity of rhoGAP for rhoA.GTP compared to rhoA.GDP. Both the 

rhoA and rhoGAP proteins used in this study were purified from an E.coli 

expression system, so the rhoA used, although full length, had not undergone the 

post-translational modifications that occur in vivo (Adamson et aL, 1992). In 

addition, the rhoGAP used was not the entire SOkDa protein (439 amino acids), 

but was the C-terminal 27kDa fragment (amino acids 198-439) approximately 

corresponding to the protein fragment originally isolated from human spleen 

cytosol (Garrett et aL, 1991). This fragment contains the GAP catalytic domain 

and also the proline-rich region immediately N-terminal to the GAP domain.

3.1: Purification of human rho A and rhoGAP from E.coli

Human rho A and rhoGAP w e â  purified from E.coli using a GST fusion protein 

expression system as described in Section 2.2.1. SDS-PAGE analysis showed that 

both proteins were >95% pure (Figure 3.1a), and the concentration and yield of 

both proteins was determined by BioRad assay and spectrophotometric scanning. 

The nucleotide species bound to the purified rhoA was determined by HPLC,
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Figure 3.1: SDS-PAGE and HPLC analysis of purified rho A and rhoGAP 

proteins 

(a) SDS-PAGE analysis
Purified rho A and rhoGAP were separated on a 12% SDS-PAGE gel to analyse the purity 

of the preparations. Lane 1 is the molecular weight markers. Lane 2 is 5pg purified 

rhoGAP, and lane 3 is 5pg purified rho A. The Figure shows that both proteins were 

purified to >95% purity.

(b) HPLC analysis

The bound nucleotide fi*om approximately 2 nmoles of purified rhoA was prepared by 

protein dénaturation as described in Section 2.2.3. The nucleotide solution obtained was 

injected onto a Whatman Partisal SAXIO column and eluted with 0.6 M monobasic 

ammonium phosphate pH 4 at 1.5 ml m in '\ Absorbance was monitored at 252nm and the 

areas of the peaks measured using an integrator. The Figure shows that 100% of the 

bound guanine nucleotide was GDP.
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monitoring absorbance at 252 nm. Figure 3.1b shows that the nucleotide species 

bound to rho A was 100% GDP.

3.2: Characterisation of the GTPase mechanism of human rhoA

Since the hydrolysis mechanism of small GTPases does not include a phospho- 

enzyme intermediate, by analogy with N-ras (Feuerstein et al.; 1989, Neal et al., 

1988), the simplest mechanism for the hydrolysis reaction is assumed to be the 

following (Scheme I):

Pi/
k Ic Ic

R hoA +G TP^==^ RhoA.GTP  ̂ ^   ̂RhoA.GDP.Pi 4 = ^  RhoA.GDP RhoA+GDP
lC.2 lC.3

(Scheme I)

In practice, small GTPases have such a high affinity for guanine nucleotide in the 

presence of magnesium ions, with a IQ of lO’̂ ^-lO’̂ ^M (Neal et a l, 1988; John et 

al., 1990) , that the apoprotein does not exist under these conditions. It is also very 

difficult to measure the binding of guanine nucleotide to the apoprotein due to the 

instability of the protein in the absence of guanine nucleotide and the rapidity of 

the reaction. All other steps in the kinetic mechanism can be measured relatively 

easily, with the GTP cleavage step (k+2 in scheme I) being essentially irreversible 

for the N-ras GTPase (Nixon et al, 1995) and probably for all other small 

GTPases.

Initial experiments sought to characterise the elementary kinetic constants of the 

rhoA GTPase cycle; namely GTP cleavage (k+2), GDP dissociation (k+4), and GTP 

dissociation (k.J. The purpose of these experiments was to understand the 

intrinsic properties of the rhoA protein before studies with interacting proteins 

such as rhoGAP were performed. These intrinsic kinetic constants were 

determined using both native and fluorescent (mant) guanine nucleotides at 30°C 

in a buffer of 50 mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT.
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3.2.1 : The rate constant of the GTP cleavage step of human rhoA

The GTP cleavage rate (k+2 in scheme I) of rhoA was measured by [a-^^P]GTP 

assay as described in Section 2.2.10. The rhoA.[a-^^P]GTP complex was made, 

desalted, and incubated at 30°C in 50 mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM 

DTT. Samples were removed at timed intervals and analysed for relative amounts 

of [a-^^P]GTP and [a-^^P]GDP by nucleotide separation using thin layer 

chromatography (TLC), with detection and quantitation of radiolabelled 

nucleotides by use of a phosphorimager. The data could be fitted to a single 

exponential with a rate constant of 5.5 x 10"̂  s'* (Figure 3.2a). This rate constant 

represents k+2 + k-2 iî  Scheme I, but if the reaction is irreversible as has been 

shown for N-ras (Nixon et al., 1995), the rate constant represents k+2 alone.

3.2.2: The rate constant of GDP dissociation from rho A
The rate constant of GDP dissociation (k+4) from rhoA was measured by using 

tritiated GDP ([8-^H]GDP) as described in Section 2.2.9. The rhoA.[8-^H]GDP 

complex was made, desalted, and incubated in 50 mM Tris-HCl pH7.5, 2 mM 

MgCl2, 1 mM DTT, 5 mM GDP at 30^C. Samples were removed at timed 

intervals, filtered through nitrocellulose filters, and counted by liquid scintillation 

until background counts were obtained indicating that all of the [8-^H]GDP had 

dissociated from rhoA. The data could be fitted to a single exponential with a rate 

constant of 1.8 x 10'  ̂s’* (Figure 3.2b) which represents k+4 in scheme I.

3.2.3: The rate constant of GTP dissociation from rho A
The rate constant of GTP dissociation (k_i in scheme I) for a small GTPase such as 

rhoA can be measured relatively straightforwardly as described for N-ras (Neal et 

aL, 1988). The principle of the experiment is to incubate rhoA.GTP with an excess 

of GTP or GDP and to follow the cleavage reaction of GTP by rhoA with time. 

When the rhoA.[y-^^P]GTP is incubated with excess GTP or GDP, the bound [y- 

32p]GTp can either dissociate from rhoA (k.J or be cleaved to GDP + ^^Pi (k+2).

The presence of the large excess of unlabelled GTP prevents any reassociation of 

[y-^^P]GTP (k+i) after it has been release 

k+i arrow indicates blockage of that step:

[y-^^P]GTP (k+i) after it has been released as shown below where the cross on the
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Figure 3.2: Measurement of the GTP cleavage and GDP dissociation rate

constants of rho A at 30°C.

(a) [a-^^P]GTP cleavage by rhoA at 30°C

A solution containing 1 nM rhoA.[a-^^P]GTP was incubated at 30^C in a buffer of 50 

mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT. Samples were taken at timed intervals 

and analysed by TLC and phosphorimaging as described in Section 2.2.10. Percentage [a- 

^^P]GDP of the total [a-^^P]GDP and [a-^^P]GTP is plotted against time. The solid line is 

the best fit of the data to a single exponential giving a rate constant of 5.5 x 10’"̂ s'̂  with a 

standard error of 0.4 x 10^ s"\

(b) Dissociation of [8-^H]GDP from rho A at 30°C

A solution containing 0.5 pM rhoA.[8-^H]GDP was incubated at 30^C in 50 mM Tris- 

HCl pH7.5, 2 mM MgCl2, 1 mM DTT, 5 mM GDP. Samples were taken at timed 

intervals and analysed as described in Section 2.2.9. Percentage rhoA.[8-^H]GDP of the 

total bound and free [8-^H]GDP is plotted against time. Error bars represent the standard 

deviations from triplicate determinations. The solid line is the best fit of the data to a 

single exponential equation giving a rate constant of 1.8 x 10'^s'̂  with a standard error of 

O.lxlO '^s'V
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k+1 k+2
rhoA.GTP+[y-^^P]GTP— rhoA.[y-^^P]GTP+GTP ^  rhoA.GDP+^^Pi + GTP

The rate of formation of GDP + Pi is a first order process with an observed first 

order rate constant (k )̂ equal to (k+2 + k_2 + k.J. This simplifies to (k+2 + k_J 

because k_2 is probably insignificant by analogy with N-ras (Nixon et al, 1995). At 

the end of the reaction when all of the bound [y-^^P]GTP has been converted either 

to released [y-^^P]GTP or to GDP + ^^Pi, the ratio ^^Pi/[y-^^P]GTP is equal to 

k+2/k.i. Hence values for both rate constants can be obtained by solving these two 

simultaneous equations.

The rate constant of GTP dissociation from rhoA (k J  was measured by [y- 

32p]GTp assay as described in Section 2.2.10. The rhoA.[y-^^P]GTP complex was 

made, desalted, and incubated at 30^C in 50 mM Tris-HCl pH7.5, 2 mM MgCl2, 

ImM DTT, 1 mM GTP. Samples were removed at timed intervals and analysed by 

TLC and phosphorimaging until the ratio of ̂ ^Pi/[y-^^P]GTP was constant, the rate 

of formation of ^^Pi representing the rate of [y-^^P]GTP cleavage to GDP with 

generation of ̂ ^Pi. Data could be fitted to a single exponential with a rate constant 

(kc) of 4.9 X 10"̂  s‘\  and starting and endpoint percentages of ^^Pi of 3.1% and 

51.4% respectively (Figure 3.3).

Therefore k  ̂= k+2 + k_i = 4.9 x 10^ s'% and k+2/k.i = 48.3%/48.6% = 0.994.

Solving these two simultaneous equations gives k+2 = 2.4 x 10*̂  s '\  and

k.] = 2.5 X  10'"̂  s '\  This compares to a k+2 value of 5.5 x lO'^s'  ̂ from Section 3.2.1.

3.2.4: Fluorescent properties of mant guanine nucleotides with rhoA
Fluorescent guanine nucleotide analogues have been used to study small GTPases. 

Such nucleotides have fluorophores attached to the hydroxyl groups of the ribose 

ring, which does not appear to affect the binding of the fluorescent guanine 

nucleotide analogue to the small GTPase as the hydroxyl groups project away 

from the small GTPase (Scheidig et aL, 1995). In this thesis, N-methylanthraniloyl 

(mant) derivatives of GTP, GDP, and GMPPNP have been used (Hiratsuka, 1983). 

Such mant guanine nucleotide analogues have been shown to have fluorescence
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Figure 3.3: [y-^^P]GTP cleavage by rho A in the presence of excess GTP at 

30°C
A solution containing 1 nM rhoA.[y-^^P]GTP was incubated at 30°C in a buffer of 50 mM 

Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT, 1 mM GTP. Samples were taken at timed 

intervals and analysed by TLC and phosphorimaging as described in Section 2.2.10. The 

percentage ^^Pi of the total [y-^^P]GTP and ^^Pi is plotted against time. The solid line is 

the best fit of the data to a single exponential giving a rate constant of 4.9 x 10"̂  s '\  with 

starting and endpoint percentages of ̂ ^Pi of 3.1% and 51.4% respectively.
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properties that are highly sensitive to their environment in studies with N-ras 

(Neal et al, 1990) where binding of mantGDP or mantGTP to the protein results in 

an approximate 2.5-fold increase in emitted fluorescence at 440 nm when the mant 

group is excited at 360 nm. Cleavage of bound mantGTP to mantGDP by N-ras 

results in a 5-10% decrease in fluorescence under the same conditions. In addition, 

the elementary rate constants with mant guanine nucleotides and N-ras agree to 

within a factor of two of those rate constants obtained with physiological 

nucleotides (Neal et al, 1990). Thus mant guanine nucleotides are useful probes to 

monitor the intrinsic kinetics of the GTPase cycle. However, their real advantage 

is in the study of interactions of small GTPases with target proteins such as GAPs 

(Rensland et aL, 1991; Eccleston et aL, 1993; Moore et aL, 1993).

Initial experiments with rhoA sought to determine what fluorescent changes, if 

any, occurred when mant nucleotides bound to rhoA, and also during mantGTP 

cleavage to mantGDP. The stoichiometric rhoA.mantGTP 1:1 complex was made 

as described in Section 2.2.4 using a desalting buffer of 50 mM Tris-HCl pH7.5, 

2mM MgCl2, 1 mM DTT. The absorption spectrum of the rhoA.mantGTP 

complex shows characteristic absorbance of the mant fluorophore at 360 nm as a 

broad peak, the rhoA protein absorbance at 280 nm, and the guanine nucleotide 

absorbance as a shoulder at approximately 259 nm (Figure 3.4a). From the 

spectrum the concentration of rhoA was determined by knowledge of the 

theoretical rhoA.mantGTP extinction coefficient at 280 nm of 26,959 cm"' M'  ̂

using the method of Gill and von Hippel (1989). The mantGTP Concentration 

could also be measured independently by using the extinction coefficient at 

350nm of 5,700 cm*' M '\ This mantGTP concentration was found to be similar to 

the rhoA.mantGTP concentration, showing that a rhoA.mantGTP 1:1 complex had 

been made with no free mantGTP or rhoA.GDP present. In addition, to determine 

the relative amounts of mantGTP and mantGDP bound to rhoA, a sample was 

denatured and analysed by HPLC, monitoring eluent fluorescence. The results of 

this analysis were that 96% of the bound nucleotide was mantGTP (Figure 3.4b).

To determine the fluorescent properties of mant guanine nucleotides bound to 

rho A, a 3 ml solution of 5 pM rhoA.mantGTP complex in 50 mM Tris-HCl pH 

7.5, 2 mM MgCl], 1 mM DTT, at 30°C was scanned in an SLM8000S
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Figure 3.4: Absorbance spectrum and HPLC analysis of the rhoA.mantGTP 

complex 

(a) Absorbance spectrum of the rhoA.mantGTP complex.
The rhoA.mantGTP complex was scanned in a buffer of 50 mM Tris-HCl pH 7.5, 2 mM 

MgCl2, 1 mM DTT and shows characteristic absorbances of the mant fluorophore at 350 

nm, rhoA.mantGTP at 280 nm, and guanine nucleotide as a shoulder at 259 nm. The 

concentration of mantGTP is calculated as 53.9 pM from the absorbance of 0.307 at 350 

nm and the mantGTP extinction coefficient at 350nm of 5,700 cm‘  ̂ M '\  The 

concentration of rhoA.mantGTP is calculated as 52.6 pM from the absorbance of 1.42 at 

280 nm and the rhoA.mantGTP extinction coefficient of 26,959 cm’  ̂M '\

(b) HPLC analysis of the rhoA.mantGTP 1:1 Complex.

The bound nucleotide from approximately 100 pmoles of rhoA.mantGTP complex was 

prepared by protein dénaturation as described in Section 2.2.3. The nucleotide solution 

obtained was injected onto a Whatman Partisal SAXIO column and eluted with 0.6 M 

monobasic ammonium phosphate containing 25% methanol, at 1.5 ml m in'\ Mant 

fluorescence was monitored (exciting at 366 nm, and measuring the emission at 440 nm) 

and the areas of the peaks measured using an integrator.

The Figure shows that 96% of the bound guanine nucleotide was mantGTP and 4% 

mantGDP.
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spectrofluorimeter. Excitation of the mant moiety was at 360 nm and emission 

monitored from 380-560 nm. This gave an emission spectrum with maximum 

emission at 430 nm (Figure 3.5A). The cuvette was then capped to prevent 

evaporation, and incubated overnight at 30^C with the shutters closed, to allow 

cleavage of mantGTP by rhoA to occur (See Section 3.2.5 for determination of the 

rate constant of mantGTP cleavage by rhoA). The cuvette was then scanned again 

as before to obtain the rhoA.mantGDP emission spectrum (Figure 3.5B). 1 mM 

GDP was then added to the cuvette (30 pi of 100 mM GDP added) to enable the 

mantGDP to dissociate from rhoA. The cuvette was capped and incubated 

overnight at 30^C with the shutters closed, to allow dissociation of mantGDP from 

rhoA to proceed to completion (See Section 3.2.6 for determination of the 

mantGDP dissociation rate constant of rho A). The cuvette was then scanned again 

to obtain the emission spectrum of free mantGDP (Figure 3.5C). The fluorescence 

of the sample cuvette was corrected for fluctuations in lamp intensity and/or 

photomultiplier tube efficiency by ratioing measurements to that of a second 

cuvette containing 5 pM mantGDP throughout the experiment.

The fluorescence emission spectra of rhoA.mantGTP (A), rhoA.mantGDP (B) and 

rhoA.GDP + mantGDP (C) are shown in Figure 3.5. The Figure shows that the 

cleavage of mantGTP to mantGDP by rhoA is accompanied by a 5-10% increase 

in fluorescence intensity at 430 nm. In addition, the dissociation of mantGDP 

from rho A is accompanied by an approximate 70% decrease in fluorescence 

intensity at 430 nm and a shift in the maximum emission wavelength of the mant 

fluorophore from 430 nm to 440 nm.

The differences in fluorescence emission spectra shown between rhoA.mantGTP 

and rhoA.mantGDP, and between unbound mantGDP or mantGTP and 

rhoA.mantGDP or rhoA.mantGTP, enables the determination of the elementary 

kinetic rate constants of the rhoA.mantGTPase cycle. This enables a comparison 

to be made between the rate constants obtained for physiological guanine 

nucleotides and for mant guanine nucleotide analogues.
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Figure 3.5: Fluorescence emission spectra of 5 pM solutions of 

rhoA.mantGTP, rhoA.mantGDP, and rhoA.GDP + mantGDP

5 |j,M solutions of rhoA.mantGTP, rhoA.mantGDP, and rhoA.GDP + mantGDP in 50 

mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT were prepared sequentially as described 

in Section 3.2.4 in a 10 mm quartz cuvette in 3 ml volumes. Each sample was scanned in 

an SLM8000S spectrofluorimeter at 30^C with excitation at 360 nm and emission 

monitored from 380 nm to 560 nm. 4 nm slit widths were used with integration for 1 

second and scanning performed in 2 nm steps. The fluorescence of the sample cuvette was 

corrected for fluctuations in lamp intensity and/or photomultiplier tube efficiency by 

ratioing measurements to that of a second cuvette containing 5 pM mantGDP.

The Figure shows the corrected fluorescence emission spectra obtained of these 5pM 

solutions of rhoA.mantGTP (A), rhoA.mantGDP (B), and rhoA.GDP + mantGDP (C).
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The simplest mechanism for the hydrolysis reaction with mant guanine nucleotide 

analogues is as described in Section 3.2 for physiological guanine nucleotides and 

is assumed to be (Scheme II):

"4-4
RhoA+mantGTP  ̂ RhoA.mantGTP^^---------RhoA.mantGDP.Pi^—— RhoA.mantGDP -̂---RhoA+mantGDP

k . ]  k _ 2  k _ 3  k _ 4

(Scheme II)

The rate constants for mantGTP cleavage (k+2), mantGDP dissociation (k+4), and 

mantGTP dissociation (k_i) have been determined at 30°C in 50 mM Tris-HCl 

pH7.5, 2 mM MgCl2, and 1 mM DTT, the same conditions as used for the 

physiological guanine nucleotides.

3.2.5: The rate constant of the mantGTP cleavage step of rho A
To determine the rate constant of mantGTP cleavage (k+2) by rho A, the 

rhoA.mantGTP 1:1 complex was made as described in Section 2.2.4 and desalted. 

10 pM rhoA.mantGTP was then incubated at 30°C in 50 mM Tris-HCl pH7.5, 

2mM MgCl2, 1 mM DTT in a total volume of 500 pi. 10 pi samples were 

removed at timed intervals and analysed by HPLC monitoring eluent fluorescence 

as described in Section 2.2.3, until all of the mantGTP had been cleaved to 

mantGDP. The data could be fitted to a single exponential with a rate constant of 

8.3 ± 0.1 X lO’̂ s'̂  (Figure 3.6a). This represents k+2 in Scheme II. This rate 

constant is approximately seven-fold slower than that determined for [a-^^P]GTP 

cleavage of 5.5 ± 0.4 x 10"^s'\

3.2.6: The rate constant of mantGDP dissociation from rho A

To determine the rate constant of mantGDP dissociation (k+4) from rho A, the 

rhoA.mantGDP 1:1 complex was made as described in Section 2.2.4 and desalted. 

1 pM rhoA.mantGDP was then incubated at 30^C in 50 mM Tris-HCl pH7.5, 

2mM MgCl2, 1 mM DTT, 1 mM GDP in a 10 mM quartz cuvette in the 

SLM8000S spectrofluorimeter where the total volume was 3 ml. The decrease in 

fluorescence of this solution was monitored over time with excitation at 360 nm 

and emission at 440 nm until no further decrease was observed. The data could be
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Figure 3.6: Measurement of the mantGTP cleavage and mantGDP

dissociation rate constants of rhoA at 30°C

(a) MantGTP cleavage by rhoA at 30°C determined by HPLC

10 piM rhoA.mantGTP 1:1 complex was incubated at 30°C in 50 mM Tris-HCl pH7.5, 2 

mM MgCl2, 1 mM DTT in a total volume of 500 pi. At timed intervals, 10 pi samples 

(100 pmole) were removed and the protein denatured to release bound nucleotide as 

described in Section 2.2.3. The nucleotide was injected onto a Whatman partisal SAX 

column, and eluted with 0.6 M monobasic ammonium phosphate containing 25% 

methanol, at 1.5 ml min'V Mant fluorescence was monitored (exciting at 360 run, and 

measuring the emission at 440 run) and the areas of the eluted peaks measured using an 

integrator. The relative amounts of mantGTP and mantGDP were determined from their 

respective peak areas.

Percentage mantGDP of the total mantGTP + mantGDP is plotted against time. The solid 

line is the best fit of the data to a single exponential giving a rate constant of 8.3 x 10'  ̂s ',  

with a standard error of ± 0.1

(b) MantGDP dissociation from rhoA determined by fluorescence 

measurements at 30°C

The fluorescence of a 3 ml solution of 1 pM rhoA.mantGDP in 50 mM Tris-HCl pH7.5, 2 

mM MgCl2, 1 mM DTT, 1 mM GDP in a 10 mm quartz cuvette was monitored over time. 

Excitation and emission slit widths were 0.5 nm and 16 nm respectively with 5 second 

integration. The fluorescence of the sample cuvette was corrected for fluctuations in lamp 

intensity and/or photomultiplier tube efficiency by ratioing measurements to that of a 

second cuvette containing 1 pM mantGDP.

Percentage fluorescence of the initial value is plotted against time. The solid line is the 

best fit of the data to a single exponential equation giving a rate constant of 2.0 x 10’̂  s'', 

with a standard error of ± 0.1
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fitted to a single exponential with a rate constant of 2.0 ± 0.1 x lO^s'^ (Figure 

3.6b). This rate constant represents k+4 in scheme II. This rate constant is thus 

approximately ten-fold slower than that determined for [8-^H]GDP dissociation of

1.8 ±0.1 X  loV .

3.2.7: The rate constant of mantGTP dissociation from rhoA

The principle of this experiment is as described for the determination of the rate 

constant of GTP dissociation from rhoA in Section 3.2.3. In this experiment 

rhoA.mantGTP was incubated with excess GDP. Therefore, the bound mantGTP 

can either dissociate fi'om rhoA or be cleaved to rhoA.mantGDP. The presence of 

the large excess of GDP prevents any reassociation of mantGTP after it has been 

released.

10 pM rhoA.mantGTP 1:1 complex was incubated at 30°C in 50 mM Tris-HCl 

pH7.5, 2 mM MgCl2, 1 mM DTT, 2 mM GDP in a total volume of 500 pi. 10 pi 

samples were removed at timed intervals and analysed by HPLC, monitoring 

eluent fluorescence until the ratio of mantGTP/mantGDP was constant. As a 

control, 10 pM mantGTP was also incubated at 30°C in the above buffer, and 

samples analysed by HPLC over time to determine if there was any nucleotide 

decomposition. Over the timecourse of the experiment there was no significant 

decomposition of mantGTP (Data not shown). The data could be fitted to a single 

exponential with a rate constant (k^) of 1.0 x 10"̂  s'% and starting and endpoint 

percentages of mantGDP of 1.8% and 70.8% respectively (Figure 3.7).

Therefore = k+2 + k.i = 1.0 x 10"̂  s '\  and k+2/k.i = 69%/27.4% = 2.5. 

Solving these two simultaneous equations gives k+2= 7.2 x 10’̂  s \  and 

k.i = 2.8x10'® s'V

3.2.8: Summary of the elementary kinetic constants in the rhoA 

GTPase cycle for both native and mant guanine nucleotides
The experimental results shown in this Section have determined the elementary 

kinetic constants in the rhoA GTPase cycle for both native and mant guanine
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Figure 3.7: MantGTP cleavage by rhoA in the presence of excess GDP at 

30®C
10 nM rhoA.mantGTP 1:1 complex was incubated at 30°C in 50 mM Tris-HCl pH7.5, 2 

mM MgCl2, 1 mM DTT, 2 mM GDP in a total volume of 500 pi. At timed intervals, 10 

pi samples (100 pmole) were removed and the protein denatured to release bound 

nucleotide as described in Section 2.2.3. The nucleotide was injected onto a Whatman 

partisal SAX column, and eluted with 0.6 M monobasic ammonium phosphate containing 

25% methanol, at 1.5 ml m in '\ Mant fluorescence was monitored (exciting at 360 nm, 

and measuring the emission at 440 nm) and the areas of the eluted peaks measured using 

an integrator. The relative amounts of mantGTP and mantGDP were determined from 

their respective peak areas.

Percentage mantGDP of the total mantGTP + mantGDP is plotted against time. The solid 

line is the best fit of the data to a single exponential giving a rate constant of 1.0 ± 0.1 x 

10"̂ s'% with starting and endpoint percentages of mantGDP of 1.8% and 70.8% 

respectively.
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nucleotides. The values for the kinetic constants determined are summarised in 

Table 3.1.

Table 3.1: Rate constants in the rhoA GTPase/mantGTPase cycle

step Rate Constant (s’ )̂ ± Standard Errors

Measured Native Nucleotide Mant Nucleotide

k+2 5.5 ± 0.4 X 10"" 8.3 ± 0.1 X 10"'

k+4 1.8 ±0.1 X 10'^ 2.0 ±0.1 X 10"

k-i 2.4 X 10"* 2.9 X 10"

The results show that, under the conditions used for these experiments (50 mM 

Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT at BO^C), the rate constant for GTP 

dissociation (k.̂  in Scheme I) is approximately 8-fold less than that for GDP 

dissociation (k+4 in Scheme I), suggesting that GTP binds rhoA 8-fold tighter than 

GDP, assuming that the association rate constants are similar. By a similar 

comparison mantGTP binds rhoA 7-fold tighter than mantGDP. Furthermore mant 

guanine nucleotide analogues bind rhoA approximately 10-fold tighter than do 

native guanine nucleotides, again assuming that the association rate constants are 

similar. This could be due to hydrophobic interactions between the mant 

fluorophore and rhoA as has been suggested for the H-ras.mantGMPPNP 

interaction (Scheidig et al., 1995). The mant fluorophore may therefore make 

more hydrophobic contacts with rhoA than with H-ras. Comparison of the rate 

constants for cleavage of GTP and mantGTP by rhoA shows that the rate constant 

for GTP cleavage (k+2 in Scheme I) is approximately six-fold greater than that for 

mantGTP cleavage (k+2 in Scheme II). The differences observed for the 

GTP/mantGTP cleavage rate constants and the GDP/mantGDP and 

GTP/mantGTP dissociation rate constants are much larger than those observed for 

N-ras. For N-ras the elementary rate constants obtained with mant guanine 

nucleotides agree to within a factor of two of those rate constants obtained with 

physiological guanine nucleotides (Neal et al, 1990).

As for other small GTPases such as N-ras (Neal et al, 1990), the fluorescence of 

mant guanine nucleotide analogues changes depending on whether the mant
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nucleotide is free or bound to rhoA, and whether the bound mant nucleotide is 

either mantGTP or mantGDP. RhoA.mantGTP displays maximum fluorescence at 

430 nm when excited at 360 nm. Upon cleavage of the mantGTP to mantGDP (k+2 

in Scheme II) there is a 5-10% increase in fluorescence at 430 nm. Upon 

dissociation of mantGDP (k+4 in Scheme II) there is a 70% loss of fluorescence 

together with a shift in the maximum emission wavelength from 430 nm to 440 

nm. These fluorescence changes can be compared to those observed for N-ras with 

mant guanine nucleotide analogues (Neal et al, 1990). For N-ras there is a 5-10% 

decrease in emitted fluorescence at 440 nm upon cleavage of mantGTP to 

mantGDP, and a further 60% decrease in emitted fluorescence at 440 nm upon 

dissociation of mantGDP from N-ras. There is no shift in the maximum 

fluorescence emission wavelength between bound and free mant guanine 

nucleotide as occurs for rhoA. Therefore, the major difference between rhoA and 

N-ras is that they display opposite changes in fluorescence upon mantGTP 

cleavage. Overall these findings not only illustrate how sensitive mant guanine 

nucleotides are to their environment, with different fluorescence changes upon 

hydrolysis being observed for different proteins, but also may indicate that 

mantGTP/mantGDP is bound in a slightly different conformation to rho subfamily 

GTPases than to ras subfamily GTPases.

In conclusion, these experiments have determined many of the elementary rate 

constants in the GTPase/mantGTPase cycles of rhoA. They have also shown that 

mant guanine nucleotide analogues bind to rhoA with an order of magnitude 

tighter affinity, and are cleaved more slowly than the native GTP. However, 

mantGTP is cleaved by rhoA and appears to be a reasonable guanine nucleotide 

analogue for rhoA as has been also proved for other small GTPases such as N-ras 

(Neal et at, 1990).
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3.3:The kinetics of the interaction of rhoA.mantGMPPNP with rhoGAP 

3.3.1: Introduction

Having determined the elementary kinetic rate constants in the GTPase cycle for 

rhoA using both native and mant guanine nucleotides, and shown that the mant 

guanine nucleotide analogues were reasonable analogues for the physiological 

guanine nucleotides, an investigation of the interaction of rhoGAP with rhoA 

could be undertaken. In this Section experiments are described that aimed to 

understand the kinetics of the interaction of rhoA.mantGMPPNP with rhoGAP.

Guanosine 5 '-(p-y-imidotriphosphate) or GMPPNP is a widely used guanine 

nucleotide in studies with small GTPases . The structure of GMPPNP differs from 

that of GTP in that the oxygen that bridges the p and y phosphates in GTP is 

replaced with an NH group in GMPPNP. The result of this is that GMPPNP 

cannot be cleaved by the small GTPase and also produces the active conformation 

as evidenced by studies on the ability of p2P^® to bind to GAP (Antonny et al., 

1991). It should be noted however that the bond angles around the y phosphate 

group in GMPPNP are slightly different to those in GTP (Pai et al., 1989; 

Schlichting et al., 1990).

As GMPPNP is unable to be cleaved by rhoA, rho A. GMPPNP and 

rhoA.mantGMPPNP should be able to bind to rhoGAP but there will be no 

turnover due to the blocked cleavage step. Hence the simplest kinetic mechanism 

for the interaction of rhoA.mantGMPPNP with rhoGAP can be written as follows, 

where k+i represents the rate of binding and k., the rate of dissociation (Scheme 

III):

RhoA.mantGMPPNP+RhoGAP r  RhoA.mantGMPPNP.RhoGAP
-̂1

(Scheme III)
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According to the mechanism shown above, this second-order binding reaction 

would be a simple one-step binding mechanism, where the interaction of 

rhoA.mantGMPPNP with rhoGAP would be diffusion controlled.

In order to simplify the kinetic analysis of the interaction of rhoA.mantGMPPNP 

with rhoGAP, pseudo-first order conditions have been used where rhoGAP was 

always at least five-fold in excess to rhoA.mantGMPPNP. Under such conditions, 

the concentration of rhoGAP does not change appreciably in the experiment, 

making analysis easier.

3.3.2: Changes in fluorescence intensity and anisotropy with the 

interaction of rhoA.mantGMPPNP and rhoGAP

Initial experiments sought to determine if any fluorescence changes occurred 

when rhoA.mantGMPPNP was mixed with rhoGAP. By analogy with studies on 

the N-ras interaction with pl20rasGAP and neurofibromin (Eccleston et al., 

1993), such experiments were performed by stopped-flow spectrofluorimetry, 

allowing analysis of reactions on the millisecond timescale. Fluorescence intensity 

and anisotropy changes were measured where the fluorescence anisotropy of 

mantGMPPNP was expected to be sensitive to the molecular size of the complex 

to which it was attached, and thus an increase in anisotropy would be observed 

when rhoGAP bound to rhoA.mantGMPPNP as has been observed when 

p21 '^^mantGMPPNP interacts with pl20rasGAP (Brownbridge et a i, 1993). As 

the fluorescence anisotropy is altered by not only global motion but also local 

motion, it is assumed that mantGMPPNP has restricted local motion when bound 

to rhoA, where the fluorescence anisotropy will then reflect the overall molecular 

size of the complex. In support of this are time-resolved fluorescence 

measurements which indicate that when mant-guanine nucleotides are bound to 

p2U^\ the mant group has little local motion (Hazlett et a i, 1993).

The rhoA.mantGMPPNP 1:1 complex was made as described in Section 2.2.4. 

The buffer conditions used for all experiments with rhoGAP was 20 mM Tris-HCl 

pH7.5, 2 mM MgCl2, 1 mM DTT, and a temperature of 20°C. Stopped-flow 

experiments were performed where 1 pM rhoA.mantGMPPNP was rapidly mixed
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with 10 |iM rhoGAP. Fluorescence was monitored using a Wratten WG 47B 

bandpass filter with excitation at 366 nm. Measurements were made using 

polarising filters with detection in the T format, enabling the determination of 

changes in both fluorescence intensity and anisotropy as described in Section 

2 .2 .6.

It was observed that upon mixing 1 p,M rhoA.mantGMPPNP with 10 pM 

rhoGAP, a rapid decrease in fluorescence intensity of 2-3% was observed that was 

complete by 50 ms. Data could be fitted to a single exponential with a rate 

constant of 189 s'̂  (Figure 3.8a). Occurring on the same timescale was an increase 

in the fluorescence anisotropy of the solution (Figure 3.8b) from 0.200 to 0.215. 

The fluorescence anisotropy data could also be fitted to a single exponential with a 

rate constant of 182s"\ The fluorescence anisotropy of rhoA.mantGMPPNP alone 

was also tested in the same instrument by rapidly mixing IpM 

rhoA.mantGMPPNP with buffer. This gave a value of 0.190 (data not shown) 

suggesting that some increase in the fluorescence anisotropy had occurred in the 

deadtime of the instrument.

As the rates of the fluorescence intensity and anisotropy changes were similar, it 

was likely that both changes were the result of a single event. The increase in 

fluorescence anisotropy suggested that the event was the interaction of rhoGAP 

with rhoA.mantGMPPNP. Therefore the mantGMPPNP fluorescent guanine 

nucleotide analogue appeared to be a useful probe with which to study the kinetics 

of the interaction of rhoA.mantGMPPNP with rhoGAP.

3.3.3: Dependence of the fluorescence intensity decrease on rhoGAP 

concentration.
As the interaction of rhoA.mantGMPPNP with rhoGAP was measurable by 

fluorescence intensity and anisotropy changes, the nature of this second order 

reaction could be studied in more detail. Thus experiments were performed under 

pseudo first-order conditions, where the concentration of rhoA.mantGMPPNP in
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Figure 3.8: Stopped Flow fluorescence Intensity and anisotropy records of 

the interaction of 1 pIVI rhoA.mantGMPPNP with 10 pM rhoGAP

1 fiM rhoA.mantGMPPNP was rapidly mixed with 10 pM rhoGAP in 20 mM Tris-HCl 

pH7.5, 2 mM MgCl2, 1 mM DTT, at 20^C. The fluorescence intensity and anisotropy 

were monitored over time using polarising filters with detection in the T format as 

described in Section 2.2.6. Excitation was at 366 nm with emission monitored through a 

Wratten WG 47B bandpass filter. The time constant used was 330 ps, and data was 

collected using a linear timebase. Data from ten reactions were averaged before 

calculation of fluorescence intensity and anisotropy changes.

(a) Intensity
Fluorescence intensity was calculated by transforming raw data so that fluorescence 

intensity = In+2Ij^ as described in Section 2,2.6. The solid line is the best fit of the data to 

a single exponential giving a rate constant of 189 s’̂  with a standard error of 14 s"\

(b) Anisotropy
Fluorescence anisotropy was calculated by transforming the raw data so that fluorescence 

anisotropy = (IirIi)/(In+2Ix) as described in Section 2.2.6. The solid line is the best fit of 

the data to a single exponential equation giving a rate constant of 182 s’* with a standard 

error of 15 s '\
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the mixing chamber was fixed at 1 |iM, and the concentration of rhoGAP was 

varied from 5-20 |4,M. This type of experiment enables the determination of the 

relationship between the rate of the fluorescence intensity decrease and rhoGAP 

concentration.

Data were collected from the stopped-flow apparatus using 5, 10, 15, and 20 pM 

rhoGAP, with at least six traces collected at each rhoGAP concentration. Data 

were averaged and the changes in fluorescence fitted to single exponentials to give 

observed rate constants for each rhoGAP concentration. Plotting the observed rate 

constants against rhoGAP concentration showed that the observed rate of the 

fluorescence intensity decrease (kobs) was hyperbolically dependent on rhoGAP 

concentration (Figure 3.9), with a maximum observed rate constant of 440 s'̂  an 

intercept on the Y-axis of 45 s '\  and a half maximal rate at 11.9 pM. The value 

for the intercept on the Y-axis was subject to a large error of ± 23s"\ Such 

hyperbolic dependence suggests that the interaction of rhoA.mantGMPPNP with 

rhoGAP is not a simple single-step reaction since the observed rate constant is not 

linearly related to rhoGAP concentration.

3.3.4: Measurement of the dissociation rate constant of rhoGAP from 

rhoA.mantGMPPNP directly by displacement experiments
The dissociation rate constant (k J  was measured directly by a displacement 

experiment in the stopped-flow instrument. In this experiment, 

rhoA.mantGMPPNP and rhoGAP were mixed together in the same syringe 

(producing a complex of rho A.mantGMPPNP.rhoGAP) and a large excess of 

rho A. GMPPNP or rho A. GTP as competitors for rhoGAP binding were in the 

other syringe. Upon mixing it is therefore possible to observe the dissociation rate 

constant of rhoA.mantGMPPNP from the rho A.mantGMPPNP.rhoGAP complex. 

In such an experiment there are actually two processes occurring (Eccleston, 

1987) where in this case the competitor used is rho A. GMPPNP:

k.,
rho A .mantGMPPNP. rhoGAP   ^ rhoA.mantGMPPNP+rhoGAP

k+2
rhoGAP+rhoA.GMPPNP ► rhoA.GMPPNP.rhoGAP

(Scheme IV)

86



Figure 3.9: The effect of rhoGAP concentration on the observed rate 

constant of its interaction with rhoA.mantGMPPNP at 20°C.

1 |iM rhoA.mantGMPPNP was rapidly mixed with 5-20 pM rhoGAP in 20 mM Tris-HCl 

pH7.5, 2 mM MgCl2, 1 mM DTT at 20^C in a stopped-flow fluorimeter and the 

fluorescence monitored over time. Data collected from at least six traces at each rhoGAP 

concentration were averaged and fitted to single exponentials to yield observed rate 

constants (kobs)- Error bars represent the standard errors of the observed rate constants at 

each rhoGAP concentration. The solid line represents the best fit of the data to a 

hyperbola with offset. This gives an intercept on the Y-axis of 45 ± 23 s '\  a maximum 

observed rate constant of 440 ± 15 s'% and a half-maximal rate at 11.9 ± 3.4 pM, where 

all errors quoted are standard errors.

87



a
£

350

300

250

200

150

100

50

0

1612 204 80
[RhoGAP] (^M)



Initially there is dissociation of rhoA.mantGMPPNP.rhoGAP to give free 

rhoA.mantGMPPNP and rhoGAP, and this is followed by the binding of rhoGAP 

to the excess rhoA.GMPPNP. The fluorescence signal will occur on dissociation 

of rhoA.mantGMPPNP.rhoGAP. For the observed rate constant to be the 

dissociation rate constant (k.J, 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 rhoA.GMPPNP, as long as it is high 

enough to compete with rhoA.mantGMPPNP for unbound rhoGAP (Eccleston, 

1987).

RhoA.mantGMPPNP, rhoA.GMPPNP, and rho A. GTP complexes were prepared 

as described in sections 2.2.475. Mixing a solution containing 1 pM 

rhoA.mantGMPPNP and 5 pM rhoGAP with 100 pM rhoA.GMPPNP or 

rho A. GTP (final concentrations) at 20^C in 20 mM Tris-HCl pH7.5, 2 mM MgCl2, 

1 mM DTT produced an exponential increase in fluorescence, the rate constant of 

which was 77 s'̂  in the presence of 100 pM rhoA.GMPPNP and 108 s’  ̂ in the 

presence of 100 pM rho A. GTP (Figure 3.10). Thus, the dissociation rate constant 

(k_i) of rhoGAP from rhoA.mantGMPPNP.rhoGAP is of the order of 77-108 s'̂  

under these conditions. This represents k_i in Scheme III. Unfortunately, higher 

concentrations of rhoA.GMPPNP or rhoA.GTP were not tested to check the 

independence of their concentrations on the rate constant of the dissociation due to 

the technical difficulties in generating rhoA.GTP and rhoA.GMPPNP at 

concentrations greater than 200 pM. In addition, the concentration of 

rhoA.mantGMPPNP could not be decreased further due to the small fluorescence 

changes that occur in the interaction of rhoA.mantGMPPNP with rhoGAP.

3.3.5: Equilibrium measurements of the Interaction of

rhoA.mantGMPPNP with rhoGAP.
The equilibrium dissociation constant (K^) of the rhoA.mantGMPPNP interaction 

with rhoGAP was measured by a fluorescence titration experiment. The 

measurement of the of this interaction gives useful information as to the overall 

affinity of the interaction as it represents the ratio of the dissociation rate constant 

(k.,) to the association rate constant (k+J, i.e. = k.i/kL  ̂ for this reaction
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Figure 3.10: Stopped flow fluorescence record of the displacement of 

rhoA.mantGMPPNP from the rhoA.mantGMPPNP.rhoGAP complex by 

rhoA.GMPPNP and rhoA.GTP.

1 |iM rhoA.mantGMPPNP and 5 jaM rhoGAP were mixed with either 100 |j,M rhoA.GTP 

or 100 pM rhoA.GMPPNP (final concentrations), at 20^C in 20 mM Tris-HCl pH7.5, 2 

mM MgCl2, 1 mM DTT, and the fluorescence monitored over time.

(a) 100 pM rhoA.GTP

Raw data from seven pushes was averaged. The solid line represents the best fit of the 

averaged data to a single exponential giving a rate constant of 108 s '\  with a standard 

error of 2 s’̂ .

(b) 100 pM rhoA.GMPPNP

Raw data from six pushes was averaged. The solid line represents the best fit of the 

averaged data to a single exponential giving a rate constant of 77 s"% with a standard error 

o f 2 s '.
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(Scheme III). Since it was already known that the formation of the 

rhoA.mantGMPPNP.rhoGAP complex resulted in a decrease in fluorescence, the 

titration of rhoGAP into a solution of rhoA.mantGMPPNP would result in a 

decrease in fluorescence as the rhoA.mantGMPPNP.rhoGAP complex was 

formed. By knowing the proportion of rhoA.mantGMPPNP.rhoGAP complex at 

different rhoGAP concentrations and at a fixed concentration of 

rhoA.mantGMPPNP, the of the interaction could be determined.

10 pM rhoA.mantGMPPNP was incubated at 20^C in 20 mM Tris-HCl pH7.5, 

2mM MgCl2, 1 mM DTT in a volume of 500 pi in a fluorescence cuvette with the 

fluorescence measured using an SLM8000S spectrofluorimeter with excitation at 

360 nm and emission monitored at 440 nm. Aliquots of rhoGAP in the same 

buffer at 20°C were titrated into the cuvette and the fluorescence measured after 

each addition, until no further changes in fluorescence were observed. Also in the 

rhoGAP solution was 10 pM rhoA.mantGMPPNP so that the concentration of 

rhoA.mantGMPPNP remained constant. The fluorescence of the solution was 

plotted against rhoGAP concentration (Figure 3.11).

The Kj from the data presented in Figure 3.11 was calculated using a quadratic 

equation, and by relating the fluorescence intensity decrease with rhoGAP 

concentration to the amount of rhoA.mantGMPPNP irhoGAP complex as 

described for the interaction of p2F^® with pl20rasGAP (Brownbridge et al., 

1993). For this interaction:

RhoA.mantGMPPNP+RhoGAP ----  RhoA.mantGMPPNP.RhoGAP
-̂1

(Scheme III)

the Kj can be calculated from the following solution to the quadratic equation:

[rhoA.GAP]=0.5((Kd+[rhoA]t+[GAP]t)±V(([GAP]t+[rhoA]t+Kd)^-(4[rhoA]t[GAP]t))

Lohxl
where [rhoAJt and [GAP]t are the fre^ rhoA.mantGMPPNP and rhoGAP 

concentrations and [rho A. GAP] is the concentration of the

rhoA.mantGMPPNP:rhoGAP complex.
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Figure 3.11: Measurement of the equilibrium constant of

rhoA.mantGMPPNP with rhoGAP

10 |j.M rhoA.mantGMPPNP was incubated in a fluorescence cuvette at 20^C in 20mM 

Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT. Aliquots of 320 fiM rhoGAP containing 10 

pM rhoA.mantGMPPNP in 20 mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT were 

added to the cuvette with fluorescence measured after each addition. Excitation was at 

360 nm with emission monitored at 440 nm. The relative fluorescence of the solution is 

plotted against rhoGAP concentration where a relative fluorescence of 1 represents that of 

10 pM rhoA.mantGMPPNP in the absence of rhoGAP. The solid line is the best fit of the 

data to a quadratic equation, that relates the fluorescence intensity decrease with rhoGAP 

concentration to the amount of rhoA.mantGMPPNP irhoGAP complex as described in the 

text, giving an equilibrium constant (Kj) of 2.6 ± 0.4 pM.
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For the fluorescence intensity:

Ft= (l/FrhoA)(Q[rhoA.GAP] + [rhoA]t - [rhoA.GAP])

where Fj is the fluorescence intensity measured, and Q is the fluorescence 

intensity of the ternary complex relative to the binary complex (FrhoA.CAp/FrhoA)-

The data was fitted to these two equations using the nonlinear regression data 

fitting program GraFit. From this analysis the was calculated as 2.6 pM 

(standard error of 0.4 pM). These results are discussed in Section 3.3.6 together 

with the relationship between the association (k+i) and dissociation (k.j) rate 

constants and the equilibrium dissociation constant (K^)-

3.3.6 : Discussion of results from the interaction of 
rhoA.mantGMPPNP with rhoGAP

3.3.6.1 : Results summary
The experiments described in this Section have sought to investigate the kinetics 

of the interaction between rhoA.mantGMPPNP and rhoGAP where the simplest 

kinetic mechanism for this interaction can be written as follows (Scheme III):

k+i ,
RhoA.mantGMPPNP+RhoGAP ^ 7 T ~  RhoA.mantGMPPNP.RhoGAP

k-i

(Scheme III)

In order to simplify the kinetic analysis of the interaction of rhoA.mantGMPPNP 

with rhoGAP, pseudo-first order conditions were used where rhoGAP was always 

at least five-fold in excess to rhoA.mantGMPPNP. Under such conditions, the 

concentration of rhoGAP does not change appreciably in the experiment. All 

experiments were performed at 20°C in a buffer of 20 mM Tris-HCl pH7.5, 2 mM 

MgClz, 1 mM DTT.

Initial experiments showed that upon rapid mixing of 1 pM rhoA.mantGMPPNP 

with 10 pM rhoGAP in a stopped-flow fluorimeter, a rapid decrease in
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fluorescence intensity was observed that could be fitted to a single exponential 

with a rate constant of 189 s '\  This decrease in fluorescence intensity was 

accompanied by an increase in fluorescence anisotropy over time from 0.200 to 

0.215 that could be fitted to a single exponential with a rate constant of 182 s '\  

The concurrence of these two observed rate constants strongly suggested that these 

fluorescence changes resulted from the same kinetic step, most likely the binding 

of rhoA.mantGMPPNP to rhoGAP. This interaction would be expected to yield an 

increase in fluorescence anisotropy due to the increased size of the molecule to 

which the mantGMPPNP fluorophore was bound. Mixing 1 pM 

rhoA.mantGMPPNP with buffer gave an anisotropy value of 0.190, suggesting 

that some of the reaction had occurred in the dead-time of the instrument.

Stopped-flow fluorescence measurements on the interaction of 1 pM 

rhoA.mantGMPPNP with 5-20 pM rhoGAP showed that the observed rate of the 

fluorescence intensity decrease was hyperbolically dependent on rhoGAP 

concentration, with a maximum observed rate constant of 440 ± 15 s'% an 

intercept on the Y-axis of 45 ± 23 s '\  and a half-maximal observed rate constant at 

11.9 ± 3.4 pM rhoGAP. This indicated that the second order interaction between 

rhoA.mantGMPPNP and rhoGAP was not a simple one-step mechanism as 

suggested in Scheme III since the observed rate constant is not linearly related to 

rhoGAP concentration.

Further experiments determined the dissociation rate constant (k_i in Scheme III) 

for the rhoA.mantGMPPNP.rhoGAP complex directly by a displacement 

experiment. This was found to be 77 s'̂  when rhoA.GMPPNP was used as a 

competitor, and 108 s’  ̂ when rhoA.GTP was used, suggesting that the rate 

constant was 77-108 s'V A 2-3% increase in fluorescence intensity was observed 

in these experiments. Finally, the equilibrium dissociation constant (IQ) was 

determined by a fluorescence titration experiment where rhoGAP was added in 

aliquots, up to a concentration of 52 pM, to a fluorescence cuvette containing 

lOpM rhoA.mantGMPPNP, with the fluorescence monitored after each addition. 

A hyperbolic decrease in fluorescence was observed with the fluorescence at
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saturating concentrations of rhoGAP approximately 13% less than at the start of 

the titration. The was calculated to be 2.6 pM.

3.3.6.2: Interpretation of Results

The observed rate constant of binding of rhoGAP to rhoA.mantGMPPNP does not 

show a linear dependence on rhoGAP concentration and therefore the binding 

process must be more complex. The model considered here (Scheme V) is a 

second order binding step followed by a conformational change of the complex 

which gives the fluorescence change.

rhoA.mantGMPPNP,— — rhoA.mantGMPPNP.rhoGAP   rhoA.mantGMPPNP rhoGAP
-̂Ib+ ^-la

rhoGAP
(Scheme V)

If the initial binding process is rapidly reversible on the time scale of the second 

step such that rhoA.mantGMPPNP.rhoGAP remains in equilibrium with 

rhoA.mantGMPPNP and rhoGAP throughout the reaction, then the limiting rate 

constant from Figure 3.9 of 440 s'̂  is the value of k+iy + and the concentration 

of rhoGAP at the half maximal rate constant of 11.9 pM is Kqi (k_ia/k+ia) the 

equilibrium constant for the first step. The observed rate constant for the 

dissociation rate constant of rhoGAP from rhoA.mantGMPPNP from Figure 3.10 

of around 90 s'  ̂ represents k Combining the values of k+jy and k_iy (k.ly/k+^y), a 

value for Kq2 of 90/350 = 0.26 is obtained. The for the overall interaction 

is KdiKd2 and is 11.9 pM x 0.26 =3.1 pM using the above values of K^i and

Kd2- This agrees well with the value of 2.6 pM for the Kq obtained from 

equilibrium measurements.

3.3.6.3 : Limitations of the above analysis
The first limitation is that the analysis is model dependent in assuming an initial 

binding step followed by a conformational change. Geyer et al (1996) have 

proposed that ras.GMPPNP exists in two conformations based on NMR evidence. 

If this also occurred with rhoA.mantGMPPNP then the hyperbolic dependence of 

the observed rate constant on rhoGAP concentration could result from rhoGAP
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either binding to the two conformations of rhoA.mantGMPPNP in different ways 

(Scheme VI), or that only one conformation of rhoA.mantGMPPNP can bind to 

rhoGAP and that the other conformation must change before binding rhoGAP 

(Scheme VII).

rhoA.mantGMPPNP + rhoGAP rhoA.mantGMPPNP.rhoGAP

rhoA.mantGMPPNP + rhoGAP ^  rhoA.mantGMPPNP.rhoGAP

(Scheme VI)

rhoA.mantGMPPNP -  rhoA.mantGMPPNP ^  rhoA.mantGMPPNP .rhoGAP 
+ +

rhoGAP rhoGAP
(Scheme VII)

Either of these schemes could give a hyperbolic dependence on observed rate 

constant with rhoGAP concentration. They could be excluded if the experiment 

was repeated with excess rhoA.mantGMPPNP over rhoGAP but the already poor 

signal would be greatly reduced.

A second limitation in the analysis results from the observed binding process 

being fast and having a small change in fluorescence intensity, making accurate 

measurements of rate constants difficult. There is a discrepancy in the amplitude 

of the fluorescence intensity decrease on binding 1 pM rhoA.mantGMPPNP to 

5pM rhoGAP of ~3%, and the equilibrium titration with a decrease of 6% at 5 pM 

rhoGAP. The small size of the signal has been explained as being lost in the dead

time of the instrument. The anisotropy data shows that 40% of the signal is lost. 

This represents a dead-time of 2.7 milliseconds which is probably reasonable. 

Therefore these two amplitudes are in reasonable agreement.
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3.4: The kinetics of the interaction of rhoA.mantGTP with rhoGAP 

3.4.1: introduction
As described in Section 3.3, a single exponential decrease in fluorescence intensity is 

observed upon mixing rhoA.mantGMPPNP with excess rhoGAP in a stopped-flow 

fluorimeter. This is accompanied by an increase in fluorescence anisotropy, strongly 

suggesting that this fluorescence change results from rhoGAP binding to 

rhoA.mantGMPPNP. Since fluorescence changes were observed in the interaction of 

rhoA.mantGMPPNP with rhoGAP, the aims of this Section were to attempt a similar 

strategy to investigate the kinetics of the interaction of rhoA.mantGTP with rhoGAP.

The interaction of rhoA.mantGTP with rhoGAP is more complex than that of 

rhoA.mantGMPPNP with rhoGAP as in this case the reaction proceeds through the 

mantGTP cleavage step. Therefore, for this interaction one would expect rhoGAP to bind 

to rhoA.mantGTP, then cleavage of the mantGTP to occur, and finally for rhoGAP to 

dissociate from rhoA.mantGDP. It should be noted that the final dissociation step may not 

occur as it has been reported that rhoGAP does not display such marked differences in 

binding affinities between the GTP and GDP-bound forms of rho subfamily GTPases 

(Lancaster et al., 1994) as the rasGAPs do for their target ras subfamily GTPases 

(Schaber er a/., 1989).

The simplest kinetic mechanism for the interaction of rhoA.mantGTP with rhoGAP is 

therefore (Scheme VIII):

rhoA.mantGTP k+2\^ k+]\^ rhoA.mantGDP.Pi
-r ^ ------  rhoA.mantGTP.rhoGAP  : rhoA.mantGDP.Pi.rhoGAP v +

rhoGAP ^ -1  k_2 ^ k.3 rhoGAP
(Scheme VIII)

In order to simplify the kinetic analysis of the interaction of rhoA.mantGTP with 

rhoGAP, pseudo-first order conditions have been used where rhoGAP was always at least 

five-fold in excess to rhoA.mantGTP, such that there was a single turnover of 

rhoA.mant.GTP (Eccleston et al., 1993), and the concentration of rhoGAP does not 

change appreciably in the experiment.
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3.4.2: Changes in fluorescence intensity and anisotropy with the interaction 

of rhoA.mantGTP and rhoGAP

Initial experiments sought to determine if any changes in fluorescence occurred when 

rhoA.mantGTP was mixed with rhoGAP. A rhoA.mantGTP 1:1 complex was made as 

described in Section 2.2.4. The buffer conditions used for all experiments with rhoGAP 

were 20 mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT. Stopped-flow experiments were 

performed where 1 pM rhoA.mantGTP was rapidly mixed with 10 pM rhoGAP at 20^C. 

Fluorescence was monitored using a Wratten WG 47B bandpass filter with excitation at 

366nm. Measurements were made using polarising filters with detection in the T format 

enabling the determination of changes in both fluorescence intensity and anisotropy as 

described in Section 2.2.6. Data was collected on a logarithmic time base.

It was observed that upon mixing rhoA.mantGTP with rhoGAP, there was an initial 

decrease in the fluorescence intensity in the first 0.2 seconds of approximately 7% (Figure 

3.12b), followed by an increase in fluorescence intensity over the next four seconds of 

approximately 5% (Figure 3.12a). There was no change in fluorescence anisotropy 

associated with the initial decrease in fluorescence intensity (Figure 3.12d), but there was 

a decrease in fluorescence anisotropy from 0.210 to 0.193 associated with the slower 

increase in fluorescence intensity (Figure 3.12c). The fluorescence intensity data could be 

fitted to a double exponential with rate constants of 14.6 s'  ̂ for the intensity decrease and 

0.9 s‘  ̂ for the intensity increase. The fluorescence anisotropy data could be fitted to a 

single exponential, giving a rate constant of 1 s '\  close to that of the fluorescence 

intensity increase.

From the data obtained from the study of rhoA.mantGMPPNP with rhoGAP in Section 

3.3, it was supposed that the initial decrease in fluorescence intensity resulted from the 

binding of rhoGAP to rhoA.mantGTP (i.e. k+, in Scheme Vlll). However, the absence of 

any changes in the fluorescence anisotropy over this timescale does not support such a 

hypothesis. The fluorescence anisotropy of rhoA.mantGTP alone was also tested in the 

same instrument by rapidly mixing 1 p-M rhoA.mantGTP with buffer. This gave a value 

of 0.190 (data not shown), a value lower than the initial fluorescence anisotropy value of 

0.210 observed when 1 pM rhoA.mantGTP was rapidly mixed with 10 pM rhoGAP. This 

suggested that an increase in fluorescence anisotropy was complete in the deadtime of the
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Figure 3.12: Stopped-flow fluorescence Intensity and anisotropy records of 

the Interaction of 1 \xM rhoA.mantGTP with 10 |iM rhoGAP

1 |l iM  rhoA.mantGTP was rapidly mixed with 10 pM rhoGAP in 20 mM Tris-HCl pH7.5,

2 mM MgCl2, 1 mM DTT at 20°C. The fluorescence intensity and anisotropy were 

monitored over time using polarising filters with detection in the T format as described in 

Section 2.2.6. Excitation was at 366 nm with emission monitored through a Wratten WG 

47B bandpass filter. The time constant used was 330 ps, and data was collected using a 

logarithmic timebase so that a large number of readings were taken at short timepoints. 

Data collected from five reactions were averaged before calculation of fluorescence 

intensity and anisotropy changes, where fluorescence intensity = In+2Ij_, and fluorescence 

anisotropy = (In-Ii)/(In+2IJ.

(a) Fluorescence Intensity changes over four seconds

The solid line is the best fit of the data to a double exponential giving rate constants of

14.6 ± 0.5 s'̂  and 0.9 ± O.ls’  ̂ respectively. Errors quoted are standard errors.

(b) Fluorescence Intensity changes over 0.25 seconds
The same data as in (a) is shown over a shorter timescale. The solid line is the best fit of 

the data described in (a).

(c) Fluorescence anisotropy changes over four seconds
The solid line is the best fit of the data to a single exponential, giving a rate constant of 

Is'^ with a standard error of 0.1 s '\

(d) Fluorescence anisotropy changes over 0.25 seconds

The same data as in (c) is shown over this shorter timescale.
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instrument. Therefore, the binding mechanism for the interaction of rhoA.mantGTP with 

rhoGAP appears to be different to that of rhoA.mantGMPPNP with rhoGAP.

As the rates of the slower fluorescence intensity increase and the anisotropy decrease 

were similar, it was likely that both of these changes were the result of a single event. The 

decrease in fluorescence anisotropy strongly suggested that such an event was the 

dissociation of rhoGAP from, presumably, rhoA.mantGDP subsequent to mantGTP 

cleavage (i.e. k+3 in Scheme VIII), particularly as the final anisotropy value was close to 

that determined for rhoA.mantGTP alone i.e. close to 0.190. The assumption made here is 

that the local motion of the mant fluorophore does not change upon the binding of 

rhoA.mantGTP to rhoGAP but that the global motion increases with binding and 

decreases with dissociation as suggested by Hazlett et al (1993),

3.4.3: Dependence of the fluorescence intensity changes on rhoGAP 

concentration.
The dependence of the rate constants of the fluorescence intensity decrease and increase 

on rhoGAP concentration was determined by pseudo-first order condition experiments 

where the concentration of rhoA.mantGTP in the mixing chamber was 0.2 pM, and the 

concentration of rhoGAP was varied from 1-20 pM. A further experiment was performed 

using 0.1 pM rhoA.mantGTP and 0.5 pM rhoGAP. The concentration of rhoA.mantGTP 

was therefore lower than that used in previous experiments as the fluorescence anisotropy 

was not measured in this experiment.

Data was collected from the stopped-flow apparatus using 0.5, 1, 2.5, 5, 10, 15, and 20pM 

rhoGAP, with at least six traces collected at each rhoGAP concentration. Data from at 

least four traces were averaged and the changes in fluorescence fitted to double 

exponentials to give rate constants for each rhoGAP concentration. For 0.5 pM rhoGAP, 

there was no fluorescence increase and these traces were therefore fitted to single 

exponentials to obtain a rate constant for the fluorescence decrease. Plotting the observed 

rate constants against rhoGAP concentration showed that the observed rate of the initial 

fluorescence decrease (k̂ yg) was hyperbolically dependant on rhoGAP concentration 

(Figure 3.13a), with a maximum observed rate constant of 29.7 s'% and a half-maximal 

rate at 8.7 pM rhoGAP, The observed rate of the slower fluorescence increase was also
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hyperbolically dependent on rhoGAP concentration (Figure 3.13b), with a maximum 

observed rate of 2 s'% and a half-maximal rate at 11.4 pM rhoGAP.

As the intensity decrease was thought to represent the association of rhoGAP and 

rhoA.mantGTP (k+i in scheme VIII), the hyperbolic dependence of these rate constants on 

rhoGAP concentration suggested that the interaction was not a simple single-step 

reaction, since the observed rate constant is not linearly related to rhoGAP concentration. 

The intensity increase had already been shown to be accompanied by an anisotropy 

decrease and therefore probably represents rhoGAP dissociation from rhoA.mantGDP 

after mantGTP cleavage (k+3 in scheme VIII). The hyperbolic dependence of the rate 

constants for the intensity increase on rhoGAP concentration could he due to the 

mantGTP cleavage step being the rate limiting step in the mechanism (k .̂2 in scheme 

VIII). Therefore the mantGTP cleavage step was measured directly by quenched-flow.

3.4.4: Direct measurement of the cleavage rate constant of the rhoGAP- 

activated rhoA.mantGTPase by quenched flow 

3.4.4.1: Introduction
The rate of mantGTP cleavage by rhoA in the presence of a fixed concentration of 

rhoGAP was measured by quenched flow, where rhoA.mantGTP and rhoGAP were 

mixed together and the reaction was quenched at various times (on a millisecond 

timescale). The proportion of mantGDP and mantGTP was then measured with time, by 

HPLC, so that the rate of formation of mantGDP was determined. Both quenched-flow 

and stopped-flow were used on the same solutions to examine the relationship between 

the rate of the mantGTP cleavage step and the rates of the fluorescence intensity changes.

3.4.4.21 Testing the quenched flow apparatus

Quenched flow is a technique of rapidly mixing two reagents and quenching the reaction 

at different times by variation of the flow-rate and volume of tubing between mixing 

reagents and quenching. Due to the problems associated with the accuracy of results 

obtained using quenched flow, test reactions were performed to check the apparatus. Here

2,4-dinitrophenol acetate was mixed with excess NaOH under pseudo first order 

conditions, resulting in the production of 2,4-dinitrophenol, with the reaction quenched by
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Figure 3.13: The effect of rhoGAP concentration on the observed rate of the 

fluorescence changes that occur in the rhoA.mantGTP interaction with 

rhoGAP at 20“C

0.2 rhoA.mantGTP was rapidly mixed with 1-20 pM rhoGAP, and 0.1 pM 

rhoA.mantGTP with 0.5 pM rhoGAP, in 20 mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM 

DTT at 20°C in a stopped-flow fluorimeter and the fluorescence monitored. The data 

collected from six traces at each rhoGAP concentration were averaged and fitted to 

double exponentials to yield observed rate constants, except data collected at 0.5 pM 

rhoGAP which was fitted to a single exponential as no fluorescence increase was 

observed. Error bars represent the standard errors of the observed rate constants from the 

fitting of the averaged data to exponential equations.

(a) Dependence of the fluorescence decrease on rhoGAP concentration

The solid line represents the best fit of the data to a hyperbola with a maximum observed 

rate constant of 29.7 ±1.0 s'̂  with a half-maximal observed rate at 8.7 ± 0.7 pM rhoGAP.

(b) Dependence of the fluorescence increase on rhoGAP concentration
The solid line represents the best fit of the data to a hyperbola with a maximum observed 

rate constant of 2.0 ±0.1 s'̂  with a half-maximal observed rate at 11.4 ± 1.0 pM rhoGAP.
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excess HCl. The extent of 2,4-dinitrophenol acetate hydrolysis can be followed by 

spectrophotometric determination of the absorbances at 260 nm and 294 nm. 260 nm is 

the isosbestic point when comparing the absorbance spectra of 2,4-dinitrophenol acetate 

and 2,4-dinitrophenol under acid conditions. The absorbance at 294nm increases with 2,4- 

dinitrophenol concentration and therefore comparison of the absorbances at these two 

wavelengths enables one to determine the extent of 2,4-dinitrophenol acetate hydrolysis at 

a given time point independently of the amount of solution recovered from the apparatus. 

The reaction can also be followed by stopped-flow experiments where the formation of 

the product is followed by monitoring the increase in absorbance at 420 nm due to the 

absorbance of the dinitrophenol anion at alkaline pH (Eccleston, 1987). Therefore, by 

monitoring this reaction by both quenched-flow and stopped-flow, similar rates of 2,4- 

dinitrophenol acetate should be obtained if the quenched flow instrument is properly 

calibrated.

For the quenched flow the reaction was performed at two different NaOH concentrations, 

1 M and 50 mM, as at 20^C, in 1 M NaOH the reaction should be complete by 165 

milliseconds, whilst in 50 mM NaOH completion should be achieved after 4 seconds. For 

incubation times up to 167 ms, the reaction is stopped by varying the flow rate and 

volume of tubing to alter the incubation times. For times longer than 167 ms, the reaction 

proceeds by mixing the two solutions together in the same loop at the same flow rate, and 

then mixing these solutions with the quencher after a preset delay time. Thus, the two 

NaOH concentrations enabled the calibration of the quenched flow apparatus in both 

modes of operation. When 1 M NaOH was used, 2 M HCl was used to quench the 

reaction, with 100 mM HCl used at 50 mM NaOH.

150 pi of 0.9 mM 2,4-dinitrophenol acetate in 5 mM HCl was mixed with 150 pi of 1 M 

NaOH (concentrations before mixing), at 20^C, and the reaction was quenched with 150pl 

of 2 M HCl (concentration before mixing). The resultant solution, before quenching, 

consisted o f 0.45 mM 2,4-dinitrophenol acetate, 0.5 M NaOH, and 2.5 mM HCl. Solution 

age ranged from 5.1 milliseconds to 165 milliseconds, by varying the flow rate and 

volume of tubing between mixing and quenching. For each sample the A294nm/^260nm was 

determined and the fraction of hydrolysed 2,4-dinitrophenol acetate calculated by 

reference to samples prepared manually to give A294nn,/A260nm values at tg and t^
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timepoints. For the tg sample, 1 ml of 0.9 mM 2,4-dinitrophenol acetate in 5 mM HCl was 

mixed with 5 ml of 2 M HCl. 1 ml of 1 M NaOH was then added followed by 3 ml of 2 M 

HCl. For the t̂ o sample, 1 ml of the 0.9 mM 2,4-dinitrophenol acetate was mixed with 1 

ml of 1 M NaOH and then 8 ml of 2 M HCl were added. The absorption spectra of the 

solutions were then determined between 240 and 440 nm to yield the isosbestic point, 

which was at 260 nm, and the A294/A260 for each sample. The experiment was then 

repeated as above but using 50 mM NaOH and 100 mM HCl respectively. Solution age 

ranged from 26 milliseconds to 4 seconds with timepoints over 167 milliseconds using 

the machine in time delay mode. The to and t«, samples were prepared as above but using 

50 mM NaOH and 100 mM HCl. The fraction of hydrolysed 2,4-dinitrophenol acetate 

was plotted against time for both the reaction with 1 M NaOH and 2 M HCl (Figure 

3.14a) and with 50 mM NaOH and 100 mM HCl (Figure 3.14b). Data were fitted to 

single exponentials to give observed rate constants of 19.6 s'̂  for the reaction with IM 

NaOH, and 0.95 s'̂  for the reaction with 50 mM NaOH.

The same experiments were repeated in the stopped-flow apparatus where the hydrolysis 

of 2,4-dinitrophenol acetate in alkaline conditions could be followed continuously with 

time by monitoring the absorbance at 420 nm, without the need for acid quenching of the 

reaction. The data could be fitted to a single exponential with an observed rate constant of

18.8 s '’ with 0.5 M NaOH (Figure 3.14a), and 0.88 s '’ with 25 mM NaOH (Figure 3.14b), 

where the NaOH concentrations are those in the mixing chamber and the concentration of

2,4-dinitrophenol acetate was 0.45 mM in 2.5 mM HCl in the mixing chamber.

Therefore, the observed rates of 2,4-dinitrophenol acetate hydrolysis were similar using 

the quenched-flow and the stopped-flow apparatus, showing that the quenched-flow 

apparatus was calibrated correctly. The first order rate constant of 2,4-dinitrophenol 

acetate hydrolysis in 0.5 M NaOH is 19.6 s'’ (corresponding to a second order rate 

constant of 39 M '’ s ’) by quenched-flow, and 19 s'’ (38 M '’ s ’) by stopped-flow. At 

25mM NaOH the first order rate constant is 0.95 s '’ (38 M '’ s ’) by quenched-flow, and 

0.88 s '’ (35 M '’ s '’) by stopped-flow.
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Figure 3.14: Measurement of the alkaline hydrolysis of 2,4-dinitrophenol 

acetate by quenched flow and stopped flow

Quenched flow measurements of the alkaline hydrolysis of 2,4-dinitrophenol acetate were 

performed by mixing 0.45 mM 2,4-dinitrophenol acetate in 2.5 mM HCl with 0.5 M or 

25mM NaOH (concentrations after mixing), at 20^C. The reaction was quenched by 

mixing with 2 M or 100 mM HCl where the final concentrations were 0.3 mM 2,4- 

dinitrophenol acetate, 0.33 M or 17 mM NaOH, and 0.66 M or 34 mM HCl. For each 

sample the A294nn/A260nm was determined and the fraction of hydrolysed 2,4-dinitrophenol 

acetate calculated by reference to samples prepared manually to give A294nn/A260nm values 

at to and t̂ o timepoints. The fraction of hydrolysed 2,4-dinitrophenol acetate is plotted 

against time.

Stopped flow measurements of the alkaline hydrolysis of 2,4-dinitrophenol acetate were 

performed by mixing 0.45 mM 2,4-dinitrophenol acetate in 2.5 mM HCl with 0.5 M or 

25mM NaOH (concentrations after mixing) at 20°C. The change in absorbance at 420 nm 

was monitored over time. The fraction of hydrolysed 2,4-dinitrophenol acetate is plotted 

against time.

(a) Hydrolysis of 2,4-dinitrophenol acetate in 0.5 M NaOH
The filled circles are the quenched-flow data and the blue dotted line the best fit of that 

data to a single exponential giving a rate constant of 19.6 ± 2.5 s'* which corresponds to a 

second order rate constant of 39.2 M'* s'*. The black line is the stopped-flow data and the 

red dotted line the best fit of that data to a single exponential giving a rate constant of

18.8 ±0.1 s'* which corresponds to a second order rate constant of 37.6 M * s'*.

(b) Hydrolysis of 2,4-dinitrophenol acetate in 25 mM NaOH
The filled circles are the quenched-flow data and the blue dotted line the best fit of that 

data to a single exponential giving a rate constant of 0.95 ± 0.07 s'* which corresponds to 

a second order rate constant of 38 M'* s'*. The black line is the stopped-flow data and the 

red dotted line the best fit of that data to a single exponential giving a rate constant of 

0.88 ± 0.001 s'* which corresponds to a second order rate constant of 35.2 M'* s'*.
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3.4.4.3: Measurement of the cleavage rate constant of the rhoGAP- 

stimulated rhoA.mantGTPase

Having shown the quenched-flow instrument to be well calibrated, the cleavage step of 

rhoA.mantGTP (i.e. k+2 in Scheme VIII) in the presence of excess rhoGAP was studied by 

quenched-flow and stopped-flow to compare the rate constants obtained for the different 

observed events by the two methods. Concentrations used in these experiments were IpM 

rhoA.mantGTP and 10 pM rhoGAP and the same solutions were used for both the 

quenched flow and stopped flow experiments.

For the quenched flow measurements, at each time point 150 pi of 2 pM rhoA.mantGTP 

was rapidly mixed with 150 pi of 20 pM rhoGAP in 20 mM Tris-HCl pH7.5, 2 mM 

MgCl2, 1 mM DTT at 20^C, giving final concentrations of 1 pM rhoA.mantGTP and 

lOpM rhoGAP. The reaction was quenched with 150 pi of 10% perchloric acid to 

precipitate the protein and the resultant mixture was displaced from the collection tube of 

the instrument with 500 pi of H2O. 50 pi of 4 M sodium acetate was added to the 

resultant mixture to take the pH back from 1.5 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 monitoring fluorescence. Samples for the 

beginning (to) and endpoint of the reaction (t̂ o) were also prepared. For the t  ̂ sample, 

150pl of 2 pM rhoA.mantGTP was mixed with 150 pi 10% perchloric acid and mixed. 

150 pi of 20 pM rhoGAP was then added, followed by 50 pi 4 M sodium acetate and then 

HPLC analysis. For the t«, sample, 150 pi of 2 pM rhoA.mantGTP was mixed with 150 pi 

of 20 pM rhoGAP (concentrations before mixing). After a couple of minutes 150 pi of 

10% perchloric acid was added to precipitate the proteins, followed by 50 pi of 4 M 

sodium acetate and then HPLC analysis. The percentage mantGDP at each time point in 

the quenched flow was plotted against time (Figure3.15c). Solution age ranged from 

10.3msec to 5 seconds. The data could be fitted to a single exponential with an observed 

rate constant of 6.0 s’  ̂(Figure 3.15c).

Stopped-flow spectrofluorimetry was also performed on the same rhoA.mantGTP and 

rhoGAP solutions. This was to obtain all possible data with the same solutions to 

eliminate any variability between results from pipetting inaccuracies. 1 pM 

rhoA.mantGTP was rapidly mixed with 10 pM rhoGAP (final concentrations) in 20 mM
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Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT at 20°C. Data from four reactions were 

averaged and fitted to a double exponential giving observed rate constants of 20.5 s’̂  and 

1.36 s'̂  for the fluorescence decrease and increase respectively (Figure 3.15a,b). Figure 

3.15d shows a simulation of the observed rates for the fluorescence decrease and increase 

from the stopped-flow, together with the observed rate of mantGTP cleavage from the 

quenched-flow, when 1 pM rhoA.mantGTP is mixed with 10 pM rhoGAP.

In conclusion the data shows that the rate of mantGTP cleavage (k+2 in Scheme VIII) 

determined from the quenched-flow of 6.0 s’  ̂ is three-fold slower than the rate of the 

fluorescence decrease (20.5 s*'), and four-fold faster than the rate of the fluorescence 

increase (1.36 s’ )̂. Therefore, if the fluorescence decrease represents binding of rhoGAP 

to rhoA.mantGTP, this occurs faster than the mantGTP cleavage step as would be 

expected. The mantGTP cleavage step though is faster than the rate of 

rhoA.mantGDP .rhoGAP dissociation, indicating that the rate limiting-step is rhoGAP 

dissociation from rhoA.mantGDP.

3.4.5: Fluorescence intensity and anisotropy changes associated with the 

interaction of rhoA.mantGTP with rhoGAP at 4°C
To test the hypothesis that the initial interaction of rhoA.mantGTP with rhoGAP resulted 

in at least an increase in fluorescence anisotropy, and had occurred in the deadtime of the 

stopped-flow instrument in Section 3.4.2, the experiment was repeated at 4°C. The aim 

was therefore to decrease the rate of the reaction so that the initial phase of the reaction 

could be monitored.

1 pM rhoA.mantGTP was rapidly mixed with 10 pM rhoGAP at 4®C in 20 mM Tris-HCl 

pH7.5, 2 mM MgCl2, 1 mM DTT, and fluorescence intensity and anisotropy followed 

with time. The experiment was performed over 0.1 seconds (Figure 3.16a,b), 5 seconds 

(Figure 3.16c,d), and 50 seconds (Figure 3.16e,f), so that both the entire reaction and the 

initial phase of the reaction could be observed in detail.

The results show that on the 0.1 second timescale, there was a decrease in fluorescence 

intensity (Figure 3.16a) and a possible increase in fluorescence anisotropy (Figure 3.16b). 

On the 5 second timescale there was also a decrease in fluorescence intensity (Figure
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Figure 3.15: Cleavage of mantGTP in the rhoGAP-catalysed

rhoA.mantGTPase: Comparison with stopped-flow fluorescence changes

(a) Stopped-flow record of the interaction of 1 rhoA.mantGTP with lO^M 

rhoGAP over four seconds

In the stopped flow, 1 pM rhoA.mantGTP was mixed with 10 pM rhoGAP (final 

concentrations) in 20 mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT at 20°C. The 

fluorescence was monitored over time as described in Section 2.2.6. Data from four 

reactions were averaged. The Figure shows the relative fluorescence against time. The 

solid line is the best fit of the data to a double exponential giving rate constants of 20.5 ± 

0.2 s"' and 1.36 + 0.01 s‘‘.

(b) Stopped-flow record of the interaction of 1 rhoA.mantGTP with 10 nM 

rhoGAP over 0.25 seconds

The same data is shown as in (a) but over a 0.25 second timescale. The solid line is as 

described in (a).

(c) MantGTP cleavage by 1 p M  rhoA.mantGTP in the presence of 10 p M  

rhoGAP determined by quenched flow.

In the quenched flow, 1 pM rhoA.mantGTP was mixed with 10 pM rhoGAP (final 

concentrations) in 20 mM Tris-HCl pH 7.5, 2 mM MgCl2, 1 mM DTT at 20°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. Percentage mantGDP is plotted against time. The solid line is the best fit of the 

data to a single exponential, giving an observed rate constant of 6.0 ± 0.6 s '\  The 

startpoint of the reaction (to) was 9.9% mantGDP and the endpoint (t^) was 90% 

mantGDP as described in the text.

(d) Comparison of observed rate constants from stopped-flow and 

quenched flow records of the interaction of 1 p M  rhoA.mantGTP with 1 0  p M  

rhoGAP

The Figure shows a simulation of the relative rates of reactions for the fluorescence 

intensity decreases and increases, and the rhoGAP catalysed rhoA.mantGTPase by 

quenched flow. The solid line shows the fluorescence intensity decrease (rate constant = 

20.5 s'^), the dotted line shows the rate of mantGTP cleavage (rate constant = 6.0 s’ )̂, and 

the dashed line shows the fluorescence intensity increase (rate constant = 1.36 s’ )̂.
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3.16c) that was complete by approximately 2 seconds and then started increasing as 

expected. The fluorescence anisotropy data over 5 seconds (Figure 3.16d) shows some 

evidence of the possible initial rapid increase observed in 3.16b, followed by a decrease. 

The data collected over 50 seconds shows a decrease in fluorescence intensity that is 

complete by approximately 2 seconds (Figure 3.16e) as was observed in Figure 3.16c, 

followed by an intensity increase that is complete by 50 seconds. The fluorescence 

intensity data collected on the 50 second timescale was fitted to a double exponential 

giving rate constants of 1.71 s'̂  and 0.077 s'̂  for the intensity decrease and increase 

respectively. The fluorescence anisotropy data collected over 50 seconds (Figure 3.161) 

shows a decrease in anisotropy over time. The decrease appears to be biphasic and 

consequently the data fits better to a double exponential than to a single exponential. The 

rate constants obtained for the biphasic anisotropy decrease are 1.26 s’  ̂ and 0.065 s '\

Taking all the timecourses together, during the rhoA.mantGTP interaction with rhoGAP, 

the fluorescence anisotropy possibly increases fi’om 0.244 to 0.252 over 0.02 seconds and 

then decreases in a biphasic manner from 0.252 to 0.231 over 50 seconds. The 

fluorescence anisotropy of rhoA.mantGTP alone was also tested in the same instrument 

by mixing rhoA.mantGTP with buffer. This gave a value of 0.229 (data not shown). 

Therefore the final ansiotropy value determined at 50 seconds of 0.231 represents 

rhoA.mantGDP presumably at the end of the reaction. In addition, a large proportion of 

the proposed initial association step (k^) between rhoA.mantGTP and rhoGAP that gives 

an increase in anisotropy has occurred in the deadtime of the instrument i.e. fi*om an 

anisotropy value of 0.229 to 0.244. It should be noted that the values for the fluorescence 

anisotropy are higher than those obtained in Section 3.4.2 due to the lower temperature. 

Anisotropy increases with decreasing temperature due to a reduced rate of global motion 

of the protein. For the fluorescence intensity there is a 5% decrease that is complete by 

approximately 2 seconds, followed by a 4% increase over 50 seconds.
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Figure 3.16: Stopped-flow fluorescence intensity and anisotropy records of 

the interaction of 1 pIVI rhoA.mantGTP with 10 rhoGAP at 4°C

1 |j,M rhoA.mantGTP was rapidly mixed with 10 pM rhoGAP in 20 mM Tris-HCl pH7.5,

2 mM MgCl2, 1 mM DTT at 4°C. The fluorescence intensity and anisotropy were 

monitored over time using polarising filters with detection in the T-format as described in 

Section 2.2.6. Excitation was at 366 nm with emission monitored through a Wratten WG 

47B bandpass filter. The time constant used was 330 ps, with the data collected using a 

linear timebase. Data collected from five reactions were averaged before calculation of 

fluorescence intensity and anisotropy changes, where fluorescence intensity = In+2Ij ,̂ and 

fluorescence anisotropy = (IirIi)/(In+2IJ.

The Figure shows the changes in fluorescence intensity and anisotropy over time. The 

experiment was performed over 0.1 seconds (a,b), 5 seconds (c,d) and 50 seconds (e,f). 

The data collected over 50 seconds were fitted to double exponential equations. All errors 

quoted are standard errors.

(a) Fluorescence intensity changes over 0.1 seconds

(b) Fluorescence anisotropy changes over 0.1 seconds

(c) Fluorescence intensity changes over 5 seconds

(d) Fluorescence anisotropy changes over 5 seconds

(e) Fluorescence intensity changes over 50 seconds
The solid line is the best fit of the data to a double exponential giving rate constants of 

1.71 ± 0.03 s’  ̂ and 0.077 ± 0.001 s'̂  respectively.

(f) Fluorescence anisotropy changes over 50 seconds
The solid line is the best fit of the data to a double exponential giving rate constants of 

1.26 ± 0.09 s'* and 0.065 ± 0.001 s'̂  respectively.
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3.4.6: Discussion of Results from Section 3.4 

3.4.6.1: Results summary
The experiments described in this Section have sought to investigate the kinetics of the 

interaction between rhoA.mantGTP and rhoGAP, where the simplest kinetic mechanism 

for this interaction can be written as follows (Scheme VIII):

rhoA.mantGTP ^ rhoA.mantGTP.rhoGAP ^ rhoA.mantGDP.Pi.rhoGAP ^ rhoA.mantGDP.Pi 
+ + 

rhoGAP rhoGAP
(Scheme VIII)

Initial experiments showed that upon rapid mixing of 1 pM rhoA.mantGTP with 10 pM 

rhoGAP in a stopped-flow fluorimeter at 20^C, a rapid 7% decrease in fluorescence 

intensity was observed followed by a slower 5% increase. The data could be fitted to a 

double exponential giving rate constants of 14.6 s’  ̂ and 0.9 s'̂  respectively. Occurring on 

a similar timescale to the fluorescence intensity increase was a decrease in fluorescence 

anisotropy from 0.210 to 0.193. The data could be fitted to a single exponential with a 

rate constant of 0.9 s"\ Mixing 1 pM rhoA.mantGTP with buffer gave an anisotropy value 

of 0.190, suggesting that the second process represented rhoGAP dissociation from 

rhoA.mantGDP. Therefore this experiment shows that rhoGAP does not have equal 

affinities for the GTP- and GDP-bound forms of rho A (Lancaster et al., 1994), as under 

conditions where one can observe binding of rhoGAP to rhoA.mantGTP, one can also 

observe complete dissociation of rhoGAP from rhoA.mantGDP. There was no increase in 

anisotropy associated with the intensity decrease, although the initial anisotropy value of 

0.210 suggested that an increase in anisotropy had occurred in the dead-time of the 

instrument from a value of 0.190 to 0.210. This immediately suggested that the 

mechanism of the interaction of rhoA.mantGTP with rhoGAP was different to that of 

rhoA.mantGMPPNP with rhoGAP investigated in Section 3.3.

Further experiments showed that the observed rate of the fluorescence intensity decrease 

was hyperbolically dependent on rhoGAP concentration, with a maximum observed rate 

constant of 29.7 ± 1 .0  s'̂  and a half maximum observed rate constant at 8.7 ± 0.7 pM 

rhoGAP. As this step was thought to represent binding of rhoA.mantGTP with rhoGAP, 

the data indicated that this second order interaction was not a simple one-step mechanism
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as suggested in scheme VIII since the observed rate constant was not linearly related to 

rhoGAP concentration. In addition, the observed rate of the fluorescence intensity 

increase was also hyperbolically dependent on rhoGAP concentration, with a maximum 

observed rate constant of 2.0 ±0.1 s’  ̂ and a half maximum observed rate constant at 11.4 

±0.1 pM rhoGAP.

The rate of mantGTP cleavage by 1 pM rhoA.mantGTP with 10 pM rhoGAP was 

measured directly by quenched-flow as 6.0 ± 0.6 s '\  Under identical conditions, the rates 

of the fluorescence intensity decrease and increase were 20.5 ± 0.2 s'̂  and 1.36 ± 0.01 s’̂  

respectively.

Finally, 1 pM rhoA.mantGTP was mixed with 10 pM rhoGAP in a stopped-flow 

fluorimeter at 4^C to attempt to observe an initial increase in anisotropy. Such an increase 

was possibly observed from a value of 0.244 to 0.252, where the anisotropy of 

rhoA.mantGTP alone was 0.229 showing that 66% of the reaction had occurred in the 

dead-time of the instrument. There was a decrease in fluorescence intensity followed by 

an increase but the decrease now appeared to be biphasic, occurring both during the 

proposed anisotropy increase and after. The decrease in anisotropy was also now biphasic 

with the slower step occurring at the same rate as the intensity increase, and presumably 

measuring rhoGAP dissociation from rhoA.mantGDP.Pi. The step measured by the faster 

rate was unknown as the rate of mantGTP cleavage was not measured directly by 

quenched-flow at this temperature.

3.4.G.2: Interpretation of results

It is proposed that the fluorescence intensity decrease represents binding of rhoGAP to 

rhoA.mantGTP. The observed rate constant of binding does not show a linear dependence 

on rhoGAP concentration and therefore the binding process must be more complex. The 

binding model considered here (Scheme IX) is a second order binding step which gives an 

increase in anisotropy, followed by a conformational change of the complex to give an 

intensity decrease

k+la k+]u
rhoA.mantGTP -  ■ rhoA.mantGTP.rhoGAP X rhoA.mantGTP .rhoGAP

+ k-la ^-Ib
rhoGAP

(Scheme IX)
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As for the rhoA.mantGMPPNP interaction with rhoGAP, if the initial binding process is 

rapidly reversible on the time scale of the second step such that rhoA.mantGTP.rhoGAP 

remains in equilibrium with rhoA.mantGTP and rhoGAP throughout the reaction, then the 

limiting rate constant from Figure 3.13a of 29.7 s'* is the value of + k.,y and the

concentration of rhoGAP at the half-maximal rate constant of 8.7 pM is K^i (k.^/k+iJ the 

equilibrium constant for the first step. The intercept on the Y-axis o f Figure 3.13a 

represents k_;y. This value was very low (i.e. <1 s’*). Combining the values of kL̂ y and k.,y 

(k.jy/k+iy), a value for Kd2 of <1/30 = <33 is obtained. The for the overall

interaction is Kd]Kd2 and is 8.7pM x <0.033 = <0.3 pM using the above values of

K^i and Kq2- This value is much less than that of the rhoA.mantGMPPNP interaction 

with rhoGAP of 2.6 pM, indicating that rhoGAP binds rhoA.mantGTP much more tightly 

than rhoA.mantGMPPNP.

To test whether it is possible for the rate constant o f the second step to be hyperbolically 

dependent on rhoGAP concentration when it is proposed to follow an initial binding step, 

a simulation was done using a data simulation program which creates appropriate 

differential rate equations, KSIM. The simulation was of 1 pM rhoA.mantGTP with 2- 

20pM rhoGAP. The value for k+j  ̂was 2 x 1 0 ^  M’* s’*, for k.j^ was 100 s’*, and for k+,y 

was 30s * (from Figure 3.13a). The simulation of 1 pM rhoA.mantGTP with 10 pM 

rhoGAP is shown in Figure 3.17a which shows a rapid increase in anisotropy, that would 

be in the dead-time of the stopped flow instrument, and a slower fluorescence intensity 

change. Simulations of the rate of the intensity change (curve C in Figure 3.17a) at 2, 5, 

10, 15, and 20 pM rhoGAP gave rate constants of 21.2, 26.5, 28.4, 29.3, and 29.5 s’* 

respectively. These are in reasonable agreement with the actual rates in Figure 3.13a and 

these simulated rate constants show a hyperbolic relationship with rhoGAP concentration 

(Figure 3.17b). Therefore, from this simulation it has been shown that it is possible for the 

proposed conformational change (i.e. the intensity decrease) to be dependent on the 

concentration of rhoGAP even though an anisotropy increase has occurred on the initial 

step in the mechanism.
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Figure 3.17: Simulation of two-step binding

(a) The above mechanism was simulated in KSIM using values of 200 s ' , 100 s ' , and 

30s'^ for kia, k.ia, and k+̂ y respectively where initial concentrations of A and B were 1 pM 

and 10 pM respectively. The black, red and blue curves show the concentrations of A, 

AB, and AB* respectively over time. The rate of formation of AB*, which is proposed to 

be accompanied by a decrease in fluorescence intensity, was fitted to a single exponential 

giving a rate constant of 28.4 s '\  The Figure also shows the rapid formation of AB, which 

is proposed to be accompanied by an increase in fluorescence anisotropy.

(b) Dependence of the rate of formation of AB* on concentration of B. The concentration 

of B was varied from 2 to 20 pM in KSIM and the rate constants for the formation of AB* 

calculated. The solid line represents the best fit of the data to a hyperbola with a 

maximum observed rate constant of 31.0 ± 0.2 s '\  and a half-maximal rate constant at 

0.91 ± 0.03 pM.
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The quenched-flow data has shown that at 1 \iM rhoA.mantGTP and 10 |iM rhoGAP, the 

rate constant of mantGTP cleavage is 6.0 s '\  Stopped-flow analysis of the same solutions 

showed that the rate constants for the fluorescence intensity decrease and increase were 

20.5 s'̂  and 1.36 s’  ̂ respectively. Thus, at 2QPc in 20 mM Tris-HCl pH7.5, 2 mM MgCl2, 

1 mM DTT, the K^i is 8.7 pM, the limiting rate constant of binding (k+ib+k.^,)

is 29.7 s '\  the cleavage rate constant (k+2) is 6.0 s '\  and the rate constant of rhoGAP 

dissociation from rhoA.mantGDP.Pi is 2.0 s '\  Therefore mantGTP cleavage is not the 

rate limiting step in the mechanism, but rhoGAP dissociation from rhoA.mantGDP.Pi is, 

as has been observed in the N-ras.mantGTP.NFl mechanism (Jenkins, 1997).

It is assumed in this model that there is no fluorescence signal associated with mantGTP 

cleavage or Pi release which must occur after cleavage followed by exchange of 

mantGDP for mantGTP to complete the hydrolytic cycle. Pi release is proposed to occur 

after rhoGAP dissociation from rhoA.mantGDP.Pi and is limited by the dissociation step, 

by analogy with the N-ras.mantGTP interaction with neurofibromin which showed that 

phosphate release was limited by the rate of neurofibromin dissociation (Nixon et al., 

1995).

3.4.G.3 : Limitations of the above anaiysis
The major limitation with this interpretation concerns the data collected at 4°C. At this 

temperature the fluorescence intensity decrease appeared biphasic. There is no evidence 

for such biphasicity at 20°C, suggesting that the mechanism may have changed. In 

addition the anisotropy decrease at 4°C was also biphasic with the slower rate equal to 

that of the intensity increase and proposed to be rhoGAP dissociation from 

rhoA.mantGDP.Pi. The step measured by the faster rate is unknown but could be 

mantGTP cleavage. This could be measured directly by quenched flow. At this stage 

though, the 4^C data has indicated that there may be an increase in anisotropy upon 

binding of rhoA.mantGTP to rhoGAP, the purpose of that experiment. Further 

conclusions would require more experiments such as the dependence of the fluorescence 

changes observed on rhoGAP concentration at 4^C, and the rate of mantGTP cleavage.
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Chapter 4: Cloning and biochemical characterisation of 

D.discoideum rho subfamily GTP-binding proteins.

As discussed in Section 1.2.4, the D.discoideum rho subfamily members have been 

divided into three groups (Bush et al., 1993) on the basis of amino acid sequence 

similarity. The first group, including raclA, raclB, and raclC, are most likely human racl 

homologues (>80% similarity), and are also likely to be fimctionally redundant as they are 

over 90% homologous to each other. The second group, including racA and racB, display 

around 70% homology to human racl, whilst the third group, including racC, racD, and 

racE (Larochelle et a l, 1996) are around 50% homologous to human racl. The second 

and third groups display greater homology to racl than to rho A or cdc42, particularly in 

the N-terminal 100-120 amino acids and in the effector domain. In addition it has been 

reported that the level of mRNA for different rac genes fluctuates during development as 

described in Section 1.2.4 (Bush et al., 1993).

The aims at the outset for the study of rac GTPases in D.discoideum were to a) determine 

what processes in D.discoideum specific rac GTPases were involved in, and b) to identify 

proteins in D.discoideum that were components of Rac signalling pathways. Three rac 

proteins were selected for investigation; racl A, racB, and racC, representing one rac 

protein firom each of the three suggested groups. RaclB and rac 1C were not selected due 

to their high level of similarity to racl A. RacA and racD were not selected as the reported 

gene sequences for these two proteins were not complete (Bush et al., 1993). RacE had 

not been described (Larochelle et al., 1996). For both aims it was therefore necessary to 

clone the racl A, racB, and racC genes. In addition, for the first aim specific activated and 

dominant-negative mutants (see Section 1.1.1) of these racs were required so that such 

mutant proteins could be expressed in D.discoideum followed by an examination of cell 

phenotype. For the second aim, purified rac proteins were required for use in assays for 

interacting proteins such as GAPs. These assays are described in Chapters 5 and 6. The 

problems in acheiving the first aim are discussed in Chapter 8. The aims of this Chapter 

were therefore to clone the genes for racl A, racB, and racC, and to make specific mutants 

of these genes. In addition the racl A, racB, and racC proteins would be overexpressed in, 

and purified from, E.coli, and the elementary kinetic constants in the GTPase cycle 

determined.
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4.1 : Cloning of D.discoideum ra d  A, racB, and racC

The cDNAs for racl A, racB, and racC were isolated from known sequences (Bush et al., 

1993). Oligonucleotides were designed to the 5’- and 3’- ends of racl A, racB, and racC 

which contained a BamHI site at the 5’-end and an EcoRI site at the 3’-end, except for 

racB where, due to an internal EcoRI site, no restriction site was engineered into the 3’- 

end oligonucleotide (Figure 4.1).

The racl A, racB, and racC cDNAs were amplified from a DNA preparation isolated from 

the Xgtll D.discoideum cDNA library using these specific oligonucleotides by PCR 

under high stringency cycling conditions (Section 2.3.2). Each of the rac gene cDNAs 

were strongly amplified in the PCR reactions with a 600bp DNA band evident after 

analysis by agarose gel electrophoresis. Amplified DNA was digested with appropriate 

restriction enzymes, cloned into the E.coli expression vector pGBX-2T, and transformed 

into E.coli DH5a cells. DNA sequencing confirmed that the racl A, racB, and racC 

nucleotide sequences were correct.

4.2: Site-directed mutagenesis of r a d  A, racB, and racC to generate 

activated and dominant negative forms
Both activated and dominant-negative forms of racl A, racB, and racC were made using 

PCR. These mutations were analogous to ras^^^  ̂to generate dominant-negative forms and 

ras^^^^ to generate activated forms (see Section 1.1.1 for a description of these mutant 

types). The racB^^^^ mutant was not generated.

Activated forms of racl A and racC were made by a two step PCR-based mutagenesis 

protocol (Landt et al., 1990) to generate raclA^^^^ and racC^^^^. For both raclA  and 

racC single mutated oligonucleotides were made resulting in codon 61 of racl A being 

mutated from CAA (Q) to CTA (L), and in codon 64 of racC being mutated from CAA 

(Q) to TTA (L) (Figure 4.1). In the first round of PCR the racl A and racC genes in 

pGEX-2T were used as the templates and ~200bp DNA products were amplified with the 

mutant oligonucleotides and the original 5’-end oligonucleotides containing a BamHI site 

using the low stringency cycling conditions (Section 2.3.2). The expected ~200bp DNA 

bands were purified from agarose gels as described (Section 2.3.1). These PCR products

125



Figure 4.1: Schematic diagram showing the strategy used for PCR cloning 

and mutagenesis of ra d  A, racB, and racC.

Specific wild-type rac genes were cloned by PCR from a D.discoideum cDNA library in 

Xgtll using the oligonucleotides listed. Site-directed mutagenesis was performed using a 

two-step PCR protocol (Landt et al., 1990) for the activated (Q to L) mutants, and a one- 

step protocol for the dominant negative mutants (T to N), using the cloned wild-type rac 

genes in pGEX-2T as a template and the mutant oligonucleotides indicated.

BamHI and EcoRI sites are shown in underlined and double underlined text type 

respectively. The dominant negative mutations (T to N) are shown in green type and the 

activating mutations (Q to L) in red type. The ATG start codons are shown in bold type.
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were then used as primers in a second round of PCR, using the same DNA templates as 

before, and the original 3’-end oligonucleotides containing an EcoRI site, again using the 

low stringency cycling conditions (Section 2.3.2), to generate ~600bp full length PCR 

products containing the mutation. These PCR products were digested with BamHI and 

EcoRI, cloned into pGEX-2T, and transformed into E.coli DH5a cells. DNA sequencing 

confirmed that the racl A and racC sequences had the desired mutation and no random 

PCR-generated errors.

Dominant-negative forms of racl A, racB, and racC were made by a single-step PCR- 

based protocol, resulting in the generation of raclA^^^^, racB^^^^, and racC^^°^ 

respectively. Mutated oligonucleotides were designed to the 5’-end of each of these rac 

genes (Figure 4.1) and PCR reactions were then performed using these mutant 

oligonucleotides with the original 3’-end oligonucleotides as primers and the wild type 

rac genes in pGEX-2T as a template. DNA fragments of ~600bp were amplified for all 

three rac genes using the low stringency cycling conditions (Section 2.3.2) which were 

then digested with appropriate restriction enzymes, cloned into pGEX-2T, and 

transformed into E.coli DH5a cells. DNA sequencing confirmed that the racl A, racB, 

and racC sequences had the desired mutation and no random PCR-generated errors.

4.3: Purification of recombinant D.discoideum rac proteins from E.coii.

D.discoideum racl A, racB, racC, raclA^^^% and racC^^"^  ̂ recombinant proteins were 

purified firom E.coli using a GST fusion protein expression system as described in Section

2.2.1. RaclA and raclA^^^^ were partially soluble when induced at 37^C in E.coli but 

were more soluble at room temperature where yields of approximately 4 mg per litre of 

culture could be obtained. RacC and racC^ "̂^  ̂were completely insoluble when induced at 

37^C in E.coli but were partially soluble when induction was performed at room 

temperature where yields of 1-2 mg per litre of culture could be obtained. RacB was 

almost totally insoluble at both 37°C and 21^C induction temperatures and could not be 

purified in sufficient amounts for investigation. SDS-PAGE analysis showed that all four 

purified proteins were >95% pure (Figure 4.2). The concentration of proteins was 

determined by BioRad assay and measurement of the absorbance at 280 nm. The 

nucleotide species bound to each of the four proteins was determined by HPLC, 

monitoring absorbance at 252 nm, as described in Section 2.2.3. The results of this

128



Figure 4.2: SDS-PAGE of purified rad  A, racC, rac1A°^^\ and racC^^^ 

proteins.
Purified Rac proteins were separated on a 12% SDS-PAGE gel to analyse the purity of 

the preparation. Lanes 5 is the molecular weight markers. Lane 1 is 1 pg of racl A, lane 2 

is 1 pg of raclA^^^\ lane 3 is 1 pg of racC, and lane 4 is 1 pg of racC^^"^ .̂ The Figure 

shows that all proteins were prepared to >95% purity.
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analysis were that both racl A and racC were purified with 100% GDP as the bound 

nucleotide. RaclA^^^^ was purified 95% bound to OTP, 5% GDP, and racĈ "̂̂ *̂  50% to 

OTP and GDP, reflecting a diminished intrinsic GTPase of these activated mutants as 

expected.

4.4: Characterisation of the GTPase mechanism of the rad  A, racC, 

rac1A^®^ ,̂ and racĈ ®̂  ̂Proteins

As described in Section 3.2, since the hydrolysis mechanism of small GTPases does not 

include a phospho-enzyme intermediate by analogy with N-ras (Neal et al., 1988; 

Feuerstein et a l, 1989), the simplest mechanism for the hydrolysis reaction is assumed to 

be the following (Scheme I):

Pi/
k k k

Rac+GTP y -r—  Rac.GTP Rac.GDP.Pi f = ^ R a c .G D P  Rac+GDP
^ -1  k_2 ^ -3  ^ -4

(Scheme I)

Experiments described in this Section sought to characterise the elementary kinetic 

constants in the GTPase cycle of the purified rac proteins; namely GTP cleavage (k+2), 

GDP dissociation (k+4 ), and GTP dissociation (k.J. The purpose of these experiments was 

to understand the intrinsic properties of the rac proteins before beginning assays to 

identify GAPs in D.discoideum. These rate constants were determined in a buffer of 

50mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT. A temperature of 25°C was selected as 

this was in the range in which D.discoideum grows.

4.4.1: The rate constant of the GTP cleavage step of racl A, racC, racIA^® *̂' 

and racC^®̂ “"

The GTP cleavage rate constants (k+2) of these proteins were measured by [a-^^P]GTP 

assay as described in Section 2.2.10. Complexes of rac with [a-^^P]GTP were made, and 

incubated at 25^C in 50 mM Tris-HCl pH 7.5, 2 mM MgCl2, 1 mM DTT. Samples were 

removed at timed intervals and analysed for amounts of [a-^^P]GTP and [a-^^P]GDP by 

TLC and phosphorimaging. For racl A and racC, samples were removed until all of the 

[a-^^P]GTP had been cleaved to [a-^^P]GDP. For raclA^^'^ and racC^^"^ ,̂ samples were
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Figure 4.3: Measurement of the GTP cleavage rate constants of rad  A and 

racC by [a-^^P]GTP Assay

A 1 ml solution of 1 nM rac 1 A . G T P  or 1 nM racC.[a-^^P]GTP was incubated at 

25^C in 50 mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT. 50 pi samples were taken at 

timed intervals and analysed for relative amounts of [a-^^P]GTP and [a-^^P]GDP by TLC 

and phosphorimaging. Percentage [a-^^P]GDP of the total [a-^^P]GDP+ [a-^^P]GTP is 

plotted against time.

(a) RaclA
The solid line is the best fit of the data to a single exponential giving a rate constant of 1.4 

X  10'̂ s"% with a standard error of 0.1 x 10'^s'\

(b) RacC
The solid line is the best fit of the data to a single exponential giving a rate constant of 1.7 

X  10'^s'\ with a standard error of 0.1 x 10'^s'\
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taken up to 24 hours of incubation. Data were plotted as percentage [a-^^P]GDP against 

time of incubation.

For racl A and racC the data could be fitted to a single exponential with rate constants of 

1.4 X  lO'^s'  ̂ and 1.7 x lO’̂ s'̂  respectively (Figure 4.3). This rate constant represents k+2 + 

k_2 in Scheme I, but if the reaction is irreversible as has been shown for N-ras (Nixon et 

aL, 1995), the rate constant represents k+2 alone. The cleavage of [a-^^P]GTP by both 

raclA^^'^ and racC^ "̂^  ̂was undetectable over 24 hours (data not shown). Thus the GTP 

cleavage rate constants of these two mutant proteins are diminished by over three orders 

of magnitude compared to the wild-type proteins (<10'^ s'^).

4.4.2: Rate constant of GDP dissociation from rad  A and racC

The rate constant of GDP dissociation (k+4 ) from racl A and racC were measured by the 

GDP dissociation assay (Section 2.2.9) using tritiated GDP ([8-^H]GDP). Complexes of 

raclA.[8-^H]GDP and racC.[8-^H]GDP were incubated in 50 mM Tris-HCl pH7.5, 2 mM 

MgCl2, 1 mM DTT, 5 mM GDP at 25°C. Samples were removed at timed intervals, 

filtered through nitrocellulose filters, and counted by liquid scintillation until background 

counts were obtained indicating that all of the [8-^H]GDP had dissociated. Data were 

plotted as amounts of bound [8-^H]GDP against time of incubation. For both racl A and 

racC data could be fitted to a single exponential with rate constants of 1.9 x lO'^s’  ̂ and 

5.2 X IC^s*' respectively (Figure 4.4).

4.4.3: The rate constant of GTP dissociation from rad  A and racC

The principle of this experiment is as described for the determination of the rate constant 

of GTP dissociation from rhoA in Section 3.2.3. In this experiment racl A or racC, 

complexed with [y-^^P]GTP, was to be incubated with excess GTP. Therefore, the bound 

[y-^^P]GTP can either dissociate from the small GTPase (k_i in Scheme I) or be cleaved to 

GDP (k+2 in Scheme I). The presence of the large excess of GTP prevents any 

reassociation of [y-^^P]GTP after it has been released.

1 nM raclA.[y-^^P]GTP or racC.[y-^^P]GTP was incubated at 25^C in 50 mM Tris-HCl 

pH7.5, 2 mM MgCl2, 1 mM DTT, 1 mM GTP. 50 pi samples were removed at timed 

intervals and analysed for relative amounts of [y-^^P]GTP and ^^Pi by TLC and
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Figure 4.4: Measurement of the GDP dissociation rate constants of rad  A 

and racC by [8-^H]GDP assay.

A 1 ml solution containing 0.5 jiM raclA.[8-^H]GDP or 0.5 |iM racC.[8-^H]GDP was 

incubated at 25°C in 50 mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT, 5 mM GDP. 

50pl samples were taken at timed intervals, filtered through nitrocellulose, and counted 

by liquid scintillation. The amount of bound [8-^H]GDP is plotted against time of 

incubation.

(a) RaclA
Error bars represent the standard errors from triplicate determinations. The solid line is 

the best fit of the data to a single exponential giving a rate constant of 1.9 x 10"^s"\ with a 

standard error of 0.1 x 10'^s'\

(b) RacC
Error bars represent the standard errors from triplicate determinations. The solid line is 

the best fit of the data to a single exponential giving a rate constant of 5.2 x lO’̂ s ', with a 

standard error of 0.2 x 10'^s'\
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phosphorimaging. Samples were removed until the ratio of ^^Pi to [y-^^PJOTP was 

constant. The percentage ^^Pi of the total ^^Pi + [y-^^P]GTP was plotted against time. For 

racl A and racC the data could be fitted to a single exponential with rate constants of 1.4 x 

10'^s’  ̂ and 1.8 x 10'^s'  ̂ respectively (Figure 4.5). Starting and endpoint percentages of 

^^Pi were 16.4% and 86.6% for racl A and 12.8% and 80.3% for racC.

Calculation of the rate constants of [y-^^P]GTP cleavage and dissociation for racl A and 

racC from these single exponential fits was performed as described for rhoA in Section 

3.2.3. RaclA was calculated to cleave [y-^^P]GTP with a rate constant of 1.2 x lO'^s'  ̂ in 

good agreement with the rate obtained (1.4 x 1 0 '^ s '\ with the [y-^^P]GTP dissociation 

rate constant calculated as 2.2 x IC^s'^ RacC was calculated to cleave [y-^^P]GTP with a 

rate constant of 1.4 x lO'^s'  ̂ also in good agreement with the rate obtained (1.7 x 10’̂ s'^), 

with the [y-^^P]GTP dissociation rate constant calculated as 4.1 x 10"^s'\

4.5: Discussion

This Chapter has described the cloning of the genes for racl A, racB, and racC, (Section 

4.1), and the generation of specific activated and dominant negative mutants of these racs 

(Section 4.2). Specific rac proteins have been over-expressed and purified from E.coli 

(Section 4.3), and the elementary rate constants in the GTPase cycle determined.

The values for the kinetic constants determined are summarised in Table 4.1. Rate 

constants determined for racl A and racC were the GTP cleavage rate constant (k+2), the 

GDP dissociation rate constant (k+4 ), and the GTP dissociation rate constant (k_i), with 

each rate constant determined in 50 mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT, and 

at a temperature of 25^C. The numbered kinetic rate constants represent individual steps 

in the simplest mechanism for the hydrolysis reaction (Scheme I) as shown below:

Pi

^+1 \  _ ^+2 \  ^  /^ + 3Rac+GTP Rac.GTP s, ,  ̂Rac.GDP.Pi (  , ^Rac.GDP Rac+GDP
k.i  ̂ k_2  ̂ k_3  ̂ k_4

(Scheme I)
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Figure 4.5: [y-^^P]GTP cleavage by rad  A and racC in the presence of 

excess GTP at 25°C
A 1 ml solution of 1 nM raclA.[y-^^P]GTP or 1 nM racC.[y-^^P]GTP was incubated at 

25°C in 50 mM Tris-HCl pH7.5, 2 mM MgCl2, 1 mM DTT, 1 mM GTP. 50 pi samples 

were taken at timed intervals and analysed for relative amounts of [y-^^P]GTP and ^^Pi by 

TLC and phosphorimaging. Percentage ^^Pi of the total [y-^^P]GTP + ^^Pi is plotted 

against time.

(a) RaclA
The solid line represents the best fit of the data to a single exponential equation giving a 

rate constant of 1.4 x lO'^s'% with a standard error of 0.1 x 10'^s'\

(b) RacC
The solid line represents the best fit of the data to a single exponential equation giving a 

rate constant of 1.8 x 10'^s'\ with a standard error of 0.1 x 10'^s'\
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Table 4.1: Rate constants In the GTPase cycle for racl A and racC

Rate Constant Rate Constant (s'^)+/- Standard Errors

Measured RaclA RacC

k + 2 1 . 4 ± 0 . 1 x l 0 " 1 . 7  ± 0 . 1  X  1 0 "

k + 4 1 . 9  ± 0 . 1 x 1 0 ' ^ 5.2 ± 0.2 X  10"*

k - i 2 . 2  X  1 0 " * 4 . 1  X  1 0 " *

The results show that, under the conditions used for these experiments, the rate constants 

for GTP cleavage (k̂ _2) by racl A and racC are similar. For racl A the GDP dissociation 

rate constant (k̂ .̂ ) is approximately ten-fold greater than the GTP dissociation rate 

constant (k.i), indicating that the affinity of racl A for GTP is ten-fold that for GDP, 

assuming the association rate constants are similar. For racC, the GDP dissociation rate 

constant (k+4 ) is only slightly greater than the GTP dissociation rate constant (k_J, 

indicating that racC has roughly equal affinities for GTP and GDP, again assuming the 

association rate constants are similar. By a similar analysis racC has a 3-4 fold higher 

affinity for GDP than does racl A as the GDP dissociation rate constant (k+4 ) for racl A is 

3-4 fold greater than that for racC.

Comparing these results to other GTPases is difficult due to the different conditions 

employed and the different temperatures used. However, in comparison with rho A (see 

Chapter 3), the GTP cleavage rate constants (k+2 in Scheme I) of racl A and racC at 25^C 

are approximately three-fold faster than the rate constant for rhoA at 30^C. RhoA, like 

racl A, has a ten-fold greater affinity for GTP than for GDP by comparison of the GDP 

(k+4 ) and GTP (k.J dissociation rate constants. In comparison with human racl, the GTP 

cleavage rate constants (k+2 in Scheme I) for racl A and racC are similar (R.W. Stockley, 

1997), as are the GDP dissociation rate (k+ 4  in Scheme I) constants. In comparison with 

N-ras, the rate constants of GTP cleavage for racl A and racC at 25^C are approximately 

five-fold greater than those for N-ras at 37^C (Neal et aL, 1988). The rate constant of 

GDP dissociation (k+4 ) for N-ras at 37^C is similar to that of racC at 25^C, with the rate 

constant of GTP dissociation (k.j) two- and four-fold slower than for racl A and racC 

respectively.
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In addition to the studies on wild-type racl A and racC proteins, the activated mutants 

raclA^^^^ and racC^ "̂^  ̂ have also been purified from E.coli. Not surprisingly, both 

raclA^^*^ and racC^^"^  ̂ have a decreased intrinsic rate of GTP cleavage. Indeed, GTP 

cleavage is undetectable over a 24 hour incubation at 25°C, and explains why these two 

proteins are purified with a greater amount of GTP bound than are the wild-type proteins. 

By comparison to rho/racGAPs and rasGAPs, one would expect these two activated small 

GTPases to interact with any GAPs for racl A or racC with higher affinity than the wild- 

type proteins, but GAPs would not markedly accelerate the rate constant of GTP cleavage 

(Bollag & McCormick, 1991). The resistance to GAP of these mutants is tested in 

Chapter 6.

In conclusion the results described in this Chapter have provided a startpoint for the 

investigation of D.discoideum rac proteins. The cloned genes for racl A, racB, and racC, 

and the specific mutants made, will be useful reagents for expression studies in 

D.discoideum (see Chapter 7). The purified proteins will be useful as tools for the study 

of GAP proteins in D.discoideum (See Chapters 5/6), and for other interacting proteins.
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Chapter 5: Biochemical detection of GAP activity for 

ra d  A and racC in D.discoideum

Having cloned and characterised biochemically the D.discoideum racl A and racC small 

GTPases in Chapter four, the aims of this, and the following. Chapters were to attempt to 

identify GTPase activating proteins (GAPs) for rho subfamily GTPases in D.discoideum. 

These are important regulators of small GTPases as they control the biological activity of 

these proteins by the acceleration of GTP cleavage. Also, the large number of additional 

signalling modules generally found in rhoGAPs suggests a role either upstream or 

downstream of small GTPases as effector proteins. In addition, to assay for GAP activity 

is relatively straightforward in that GAPs are generally cytosolic, and active on small 

GTPases that are not post-translationally modified, so that proteins purified from E.coli 

can be used.

Two approaches have been taken to study rhoGAPs in D.discoideum, a biochemical 

approach and a direct cloning approach. In this Chapter the biochemical approach to 

identifying GAPs from D.discoideum will be discussed. This approach uses the racl A and 

racC proteins purified in Chapter four as substrates for GAPs in D.discoideum cytosolic 

extracts in assays using radioactive guanine nucleotides. Such methods for GAP 

identification yield information as to the possible number of GAPs in D.discoideum 

together with their specificity between racl A and racC. The ultimate goal of such a 

biochemical approach is to purify a GAP protein to homogeneity in order to characterise 

the GAP activity and to gain sequence information which would lead to the cloning of the 

gene.

5.1: Separation of a cytosolic extract of D.discoideum by ion-exchange 

chromatography and detection of GAP activity towards racl A and racC.

The first step was to determine if GAP activity for racl A and racC was identifiable in 

D.discoideum cytosol. D. discoideum Ax2 cells grown in suspension were used since it 

had been shown that both racl A and racC transcripts are present in such vegetatively 

growing cells (Bush et al., 1993), and that it is relatively straightforward to prepare large 

quantities of cytosolic extracts from such cultures.

142



Cytosolic extracts from D.discoideum Ax2 cells were prepared by culturing cells in 

DDXX media containing penicillin and streptomycin as described in Section 2.4.1. 15 

litres of these vegetatively growing cells were grown to a cell density of 5 x 10  ̂cells m l'\ 

Cells were pelletted at 1500 x g for 10 minutes at 4^C and resuspended at a density of 5 x 

10  ̂ cells m f' in 0.25 M sucrose, 25 mM KCl, 50 mM Tris-HCl pH7.5, 5 mM MgCl2, 

ImM DTT, 5 mM EGTA, 5 mM EDTA, 1 mM PMSF, 2 mM N-CBZPA, 0.1 mg ml'^

TAME, 8 fig ml"' TPCK, 2 pg ml'^ pepstatin, 5 pg ml’  ̂ leupeptin. Resuspended cells were
k<ixr\di

lysed by^homogenisation and the cell debris removed by centrifugation at 40,000 x g for 

20 minutes at 4®C. At this stage, this partially clarified cytosolic extract was frozen in 

small aliquots on dry ice and stored at -SO^C.

To prepare the cytosolic extract for anion-exchange chromatography, samples were 

thawed and centrifuged at 164,000 x g for 1 hour at 4°C. The extract was then filtered 

through a 0.2 pM syringe filter (Sartorius) before application of 300 mg of protein (23 ml 

X 13 mg m f') to an 8  ml monoQ anion exchange column pre-equilibrated in 50 mM Tris- 

HCl pH7.5, 25 mM KCl, 5 mM MgCl2, 1 mM DTT, at a flow rate of 4 ml m in '\ The 

column was then washed until the A2gonm of the eluent reached baseline resolution in a 

buffer of 50 mM Tris-HCl pH 7.5, 25 mM KCl, 5 mM MgCl2, 1 mM DTT. Protein bound 

to the column was then eluted by a 320 ml linear KCl gradient, from 25 mM to 500 mM 

in the above buffer, with 6 ml fractions collected. The A2gonm profile of the eluent from 

the monoQ column during the chromatography is shown in Figure 5.1.

GAP assays (Section 2.2.10) using [a-^^P]GTP were performed on the fractions collected 

using both the wild-type racl A and racC proteins. These assays were performed at 15°C 

to decrease the intrinsic rate of GTP cleavage, on a 2.5-fold dilution of the fractions. 

Samples were removed after 5 minutes and assayed for relative contents of [a-^^P]GTP 

and [a-^^P]GDP. The starting percentage amount of [a-^^P]GDP bound to racl A or racC 

(i.e. at 0 minutes) was subtracted from 100% (i.e. complete [a-^^P]GTP cleavage) to give 

the maximum possible amount of [a-^^P]GDP that could be generated in the experiment. 

The starting percentage amount of [a-^^P]GDP was also subtracted from each of the 

recorded [a-^^P]GDP percentages after 5 minutes of incubation and the value obtained 

divided by the maximum possible amount of [a-^^P]GDP that could be generated. Results
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Figure 5.1: Elution profile of the separation of a D.discoideum cytosolic 

extract by MonoQ anion-exchange chromatography.

A cytosolic extract from D.discoideum Ax2 cells was prepared as described in Section

5.1. 300 mg of extract was applied to an 8 ml monoQ anion exchange column, with the 

eluent monitored by A280nm> iii a buffer of 50 mM Tris-HCl pH7.5, 25 mM KCl, 5 mM 

MgCl2, 1 mM DTT at 4°C and at a flow rate of 4 ml m in '\ Protein in this extract that did 

not bind to the monoQ column is denoted on the Figure as “unbound-protein”. Elution of 

bound proteins was achieved by the application of a linear KCl gradient of 320 ml from 

25 mM to 500 mM at a flow rate of 4 ml m in '\ The A280nm of the eluent during the entire 

separation is shown as a black line and is plotted against the fraction number where each 

fraction was 6 ml. The concentration of KCl is shown as a dotted black line.
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were then expressed as this percentage change in [a-^^P]GDP formation over the 5 

minutes of incubation (Figure 5.2).

It can be seen from Figure 5.2 that there were five main peaks of GAP activity for both 

racl A and racC eluted from the monoQ column. These peaks corresponded to fractions 9, 

16, 19, 23, 29 of the elution (Figure 5.1) and were termed peaks 1 to 5. Peak five (fraction 

29) appeared to be much more active on racl A than on racC, and Peak two (fraction 16) 

appeared to be more active on racC than on racl A. Peaks three and four (fractions 19 and 

23) displayed higher activity towards racl A than racC, whilst the GAP activity displayed 

by Peak one (fraction 9) appeared to be equal on racl A and racC.

5.2: Specificity of GAP activity in peak fractions one to five towards rad  A 

and racC
Peak fractions one to five all appeared to display GAP activity against racl A and racC as 

shown in Figure 5.2. These fractions were selected for further analysis of their GAP 

activities towards racl A and racC.

As the experiment described in Section 5.1 had not made any corrections for the 

differences in KCl concentration in different fractions, the data obtained only showed 

GAP activities at the eluted KCl concentration, and there is much evidence showing that 

GAP interactions with small GTPases are ionic interactions and hence affected by salt 

concentration (Eccleston et al, 1993, Lancaster et a l, 1994). Thus each of these five 

selected peak fractions were dialysed into a buffer of 50 mM Tris-HCl pH7.5, 5 mM 

MgCl2, 1 mM DTT. After dialysis, fractions were concentrated 5-10 fold using a 

Centricon concentrator with a 10 kDa cutoff, and were frozen in small aliquots on dry ice 

and stored at -80^C. BioRad assays were performed to determine total protein 

concentrations of these five peak fractions.

GAP assays were performed using the five peak fractions and raclA[a-^^P]GTP and 

racC.[a-^^P]GTP complexes as described in Section 2.2.10 at 15^C. Samples were 

removed after 0, 2.5, 5, 7.5, and 10 minutes of incubation and analysed for relative levels 

of [a-^^P]GTP and [a-^^P]GDP. Each peak fraction was tested at several different 

concentrations that resulted in measurable GAP activity. Initial rates of [a-^^P]GTP
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Figure 5.2: GAP Activity of D.discoideum cytosolic extract fractions eluted 

from the monoQ column towards rad  A and racC.
GAP assays were performed, as described in Section 2.2.10, on racl A and racC using the 

fractions collected from the monoQ column. Samples were incubated at 15^C for five

minutes after which 10 pi was removed and the bound nucleotide released into solution as 

described in Section 2.2.10.

TLC and phosphorimaging.

described in Section 2.2.10. Samples were analysed for [a-^^P]GTP and [a-^^P]GDP by

The Figure shows the change in rac.[a-^^P]GDP over a 5 minute incubation as described 

in Section 5.1, for fractions eluted from the monoQ column during the application of the 

KCl gradient, where the concentration of KCl is indicated by the dotted line and the right 

hand Y-axis. The solid circles joined by the solid line represent the racl A data. The open 

circles joined by the dashed line represent the racC data. All data is from single 

determinations only. The intrinsic change in [a-^^P]GDP for racl A and racC were 18% 

and 20% respectively in 25 mM KCl. The numbers 1 to 5 represent peak fractions one to 

five that were selected for further analysis.
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Figure 5.3: GAP activity of peak five towards rad  A and racC

GAP assays using peak five and raclA.[a-^^P]GTP and racC.[a-^^P]GTP were performed 

as described in Section 2.2.10. Peak five was tested at concentrations of 1.5, 3.8, 7.6, 

15.2, 30.4, and 152 p,g ml'^ on raclA, and 9, 18, 57, 114, 228, and 456 pg ml'^ on racC. 

Samples were removed for analysis after 0, 2.5, 5, 7.5, and 10 minutes. From the data 

obtained initial rates of [a-^^P]GTP cleavage could be determined at different peak five 

concentrations, from the linear portion of the [a-^^P]GTP cleavage plots. The variation of 

the initial rate of [a-^^P]GTP cleavage with concentration of peak five could then be 

plotted and hence the concentration of peak five required to double the intrinsic rate of 

[a-^^P]GTP cleavage was determined.

(a) Variation of rad  A [a-^^P]GTP cleavage with peak five concentration

The Figure shows the amount of rac 1 A. [a-^^P]GDP over ten minutes of incubation at 

15°C with different peak five concentrations as shown below:

— 0 ->- 1.5 |igm l ' -o - 3.8ligm l ' 7.6 |ig ml ' ^  15 Hg ml ' 30 Mg ml ' 152|igm l ‘

(b) Variation in initial rate of [a-^^P]GTP cleavage by rad  A with 

concentration of peak five
The initial rate of [a-^^P]GTP cleavage by raclA at each of the above concentrations of 

peak five was calculated and plotted against protein concentration. Concentrations up to 

30 pg ml'^ were fitted to a linear equation (solid line) where the gradient is 0.23 and the 

intercept on the Y-axis fixed at 1.64 finoles min'^. The dotted line joins data collected at 

152 pg ml'^ with that at 30 pg m f \  where the data collected at 152 pg ml'^ has not been 

included in the linear fit to the data due to under-estimation of the initial rate.

(c) Variation of racC [a-^^P]GTP cleavage with [peak five]

The Figure shows the amount of racC.[a-^^P]GDP over ten minutes of incubation at 15^C 

with different peak five concentrations as shown below:

9 |ig ml ' -o - 18 Mg ml ' 57 lig ml ' 114 Pg ml ' 228 Hg ml ' 456 Mg ml-

(d) Variation in initial rate of [a-^^P]GTP cleavage by racC with [peak five]

The initial rate of [a-^^P]GTP cleavage by racC at each of the above concentrations of 

peak five was calculated and plotted against protein concentration. The data was fitted to 

a linear equation (solid line) where the gradient is 1.5 x 10’̂  and the intercept on the Y- 

axis fixed at 2.13 finoles m in \
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Figure 5.4: GAP activity of peak two towards racC

GAP assays using peak two and racC.[a-^^P]GTP were performed as described in Section 

2.2.10. Peak two was tested at concentrations of 7.8, 15.5, 31, 62, 155, 310, and 776 pg 

m l'\ Samples were removed for analysis after 0, 2.5, 5, 7.5, and 10 minutes. From the 

data obtained initial rates of [a-^^P]GTP cleavage could be determined at different peak 

two concentrations, fi-om the linear portion of the [a-^^P]GTP cleavage plots. The 

variation of the initial rate of [a-^^P]GTP cleavage with concentration of peak two could 

then be plotted and hence the concentration of peak two required to double the intrinsic 

rate of [a-^^P]GTP cleavage was determined.

(a) Variation of racC [a-^^P]GTP cieavage with peak two concentration

The Figure shows the amount of racC.[a-^^P]GDP over ten minutes of incubation at 15°C 

with different peak two concentrations as shown below:

0 - o -  7.8 Hg ml ' 15.5 H gm l ' -m - 3) Mg m l '  -es.- 62  Hg ml ' - a -  155 Hgml ' 310 Mgml ' - y -  7 7 6 n g m l ‘

(b) Variation in initiai rate of [a-^^P]GTP cleavage by racC with 

concentration of peak two

The initial rate of [a-^^P]GTP cleavage by racC at each of the above concentrations of 

peak two was calculated and plotted against protein concentration. Concentrations up to 

310 pg ml'* were fitted to a linear equation (solid line) where the gradient is 2.5 x 10'^ and 

the intercept on the Y-axis fixed at 1.93 finoles m in '\ The dotted line joins the data 

collected at 776 pg ml'^ with that at 310 pg m l'\ where the data collected at 776 pg ml’’ 

has not been included in the linear fit to the data due to under-estimation of the initial rate.
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cleavage were then calculated for each concentration of peak fraction. The results for peak 

five towards hoth ra d  A and racC are shown in Figure 5.3, and for peak two towards racC 

in Figure 5.4. A summary of results obtained for each of the peak fractions is displayed in 

Table 5.1.

Table 5.1: Summary of GAP activity of peak fractions one to five towards 

rad  A and racC

Protein concentration Required to double Intrinsic

Peak rate of [a-^^P]GTP cieavage (pg mi' )̂

Fraction RaclA RacC

One 95 100

Two 126 76

Three 175 460

Four 53 102

Five 7.3 138

5.3: Discussion 

5.3.1 : Summary of Results
The aims of this Chapter were to use a biochemical approach to determine whether any 

GAP activity towards ra d  A and racC could be detected in D.discoideum cytosolic 

extracts. It has been shown that upon separation of a D.discoideum cytosolic extract by 

anion exchange chromatography there are a number of peaks of GAP activity towards 

ra d  A and racC. There was no GAP activity found in the flow-through from the column 

(data not shown).

Five active peaks of GAP activity from the anion exchange column have been 

investigated further to determine their relative activities towards ra d  A and racC in very 

low salt. Some differences in specificity have been observed, the most pronounced being 

with peak five which is 19-fold more active on ra d  A than on racC under these 

conditions. The remaining four peak fractions did not display such pronounced specificity 

with peaks three and four showing approximately 2-fold greater activity towards ra d  A 

than towards racC, peak one showing no difference in specificity, and peak two being
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approximately 2-fold more active towards racC than racl A. It should be noted that similar 

differences in specificity were observed towards racl A and racC for the five peak 

fractions in the initial test of fractions off the anion exchange column. This perhaps 

suggests that salt does not have a major effect in changing the substrate specificity of 

these peak fractions, at least towards racl A and racC, contrary to the findings for human 

rhoGAP (Lancaster et al., 1994).

5.3.2: Possible artefacts of the GAP assay

The interpretation of these separable peaks as being unique GAP proteins may be 

incorrect due to possible artefacts of the GAP assay. For example, the presence of 

phosphatases in the cytosolic extract could result in [a-^^P]GTP hydrolysis that would be 

assumed to result from GAP activity. To circumvent this problem 1 mM ATP was 

included in the assay to compete with [a-^^P]GTP for binding to any phosphatase. In 

addition all [a-^^P]GTP in the assay was bound to the rac proteins at least initially and 

this [a-^^P]GTP is likely to be resistant to phosphatase action due to its sequestration by 

the rac protein. Proteases and GEFs could generate free [a-^^P]GTP for phosphatases to 

act on but GEFs often require post-translational lipid modified small GTPases for activity 

(Yamamoto et a l, 1990; Kaibuchi et a l, 1991; Matsuda et a l, 1996), and these were not 

used in these experiments.

The presence of GAP inhibitory molecules could mask GAP activity. Such proteins could 

be downstream effectors of rac proteins in D.discoideum such as kinases that were 

originally found to preclude GAP binding to Rho subfamily small GTPases in 

mammalian cells (Manser et a l, 1993; 1994). In addition these proteins also inhibit the 

intrinsic GTP hydrolysis rate of the rho subfamily protein. There is no evidence of any 

fractions from the monoQ column that decreased the GTPase rate of racl A or racC but 

the assay did not set out to detect such proteins. Detection of these proteins would be 

enabled by incubating rac.[a-^^P]GTP complexes with fractions for longer time points i.e. 

enabling a greater amount of intrinsic [a-^^P]GTP hydrolysis.

The peaks may also represent proteolytic fragments of only one or two GAPs. Care was 

taken to limit proteolysis by the inclusion of a cocktail of protease inhibitors, but the 

possibility cannot be excluded.
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5.3.3: Further Experiments

Having shown the presence of several GAPs in D.discoideum cytosol by anion-exchange 

chromatography, there are a number of experiments that could now be performed.

Firstly, it would be useful to obtain some information about the molecular weights of 

these GAP proteins. This could be estimated by gel filtration if sufficient material were 

available which may also be a useful further partial purification step. A more rapid way 

would be to use a nitrocellulose overlay assay (Manser et a l,  1991). Such an assay has 

been performed with peak five and raclA.[y-^^P]GTP, with the GAP in this fraction 

estimated at between 150-200kDa (Data not shown). However, tin? data not 

convincing because the band was somewhat ft înt and fuzzy in comparison to a rho GAP 

control. This could be due to overloading of the gel resulting in poor protein separation. 

Also, such high molecular weight proteins are difficult to transfer efficiently to 

nitrocellulose.

Secondly, in addition to gaining information about the size of the GAP proteins in the 

different fractions, a long-term goal would be to purify these GAP proteins to 

homogeneity. Tryptic digests could then be performed with peptide sequencing, and 

cloning of the genes responsible attempted. A diverse array of columns may be necessary 

for further purifications such as perhaps cation-exchange chromatography at low pH, 

hydrophobic interaction chromatography and gel filtration, as have been shown necessary 

for the purification of both rasGAPs (Gibbs et a l,  1988; Maekawa et a l,  1993) and 

rho GAP (Garrett et a l, 1991). One possibility may be to use affinity chromatography 

where GST-racl A^^’  ̂ that is bound to GTP could be immobilised on glutathione agarose 

beads. Similar affinity chromatography techniques have been used to purify both rho- 

kinase (Kimura et a l,  1996) and PKN (Amano et a l,  1996) as effectors of rho.GTP, and a 

GAP protein for R-ras (Yamamoto et a l,  1995).

Other than further purification steps of the active fractions it would be interesting to 

extend the studies of their specificity by testing their activity against all of the 

D.discoideum rac proteins. In addition, as it appears that some of the rac genes in 

D.discoideum are developmentally expressed (Bush et a l,  1993), one might expect 

certain GAP proteins to show developmental regulation. Analysis of GAP activities in
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developmental extracts would complement the studies performed in vegetatively growing 

cells.

5.3.4: Conclusions
In summary, the data presented in this Chapter indicate the presence of several GAPs in 

vegetatively growing D.discoideum cytosol for rho subfamily GTPases. These GAPs are 

promiscuous as they have activity towards both racl A and racC, but do show some 

specificity between racl A and racC. Further purification of the peak fractions described in 

this Chapter was not performed due to the success of a direct cloning approach to isolate 

rhoGAPs. That approach is described in Chapter 6.
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Chapter 6: Cloning of a novel racGAP from D.discoideum

Having identified several potential GAPs in D.discoideum in Chapter Five, a molecular 

biological approach to clone GAP genes directly using the polymerase chain reaction 

(PGR) was attempted. Such an approach is possible due to the amino acid sequence 

homology that exists between known GAP proteins for rho subfamily GTPases in a 

number of organisms, where the rhoGAP domain is approximately 150 amino acid 

residues in length (Boguski & McCormick, 1993). The overall amino acid sequence 

homology of these domains is good (-20% identity). In addition, within this domain are 

three structurally conserved regions (SCRs) termed SCRl, SCR2, and SCR3, where the 

amino acid sequence homology in each SCR is higher than that over the whole sequence 

of the GAP domain (Boguski & McCormick, 1993) making them ideal candidates for a 

PCR-based approach. A diagram showing the amino acid sequence homology between 

rhoGAP domains is shown later in this Chapter (Figure 6.3).

The aims of this Chapter were thus to attempt to clone GAPs for rho subfamily GTPases 

directly from a D.discoideum cDNA library by designing oligonucleotides to conserved 

regions in GAP domains and amplifying cDNA fragments containing homology to these 

oligonucleotides by PCR. As the results in Chapter five showed the presence of GAPs for 

racl A and racC in vegetatively growing D.discoideum cells, and a D.discoideum cDNA 

library in I g t l l  made from cells only 4 hours into starvation was commercially available, 

and had been used originally to clone rac genes from D.discoideum (Bush et al., 1993), 

this cDNA library was selected for the study.

6.1: PCR cloning of a 231 bp cDNA fragment bearing sequence homology to 

rhoGAPs.

Two oligonucleotides were designed to the homologous region of known GAPs for rho 

subfamily GTPases. These two oligonucleotides were (amino acid sequence written 

underneath):

SBL43: 5’-AAA ACT TTITTA CGT GAA TTA CCA-3’ 
K T F L R E L P  

SBL44: 5’-AAC AGC TAA ITT IGT ITT IGT CAT TTTITT-3’
V A L N T N T M K N

The peptide sequence for SBL43 corresponds to conserved amino acids in SCR2 and for 

SBL44 in SCR3. In designing the specific oligonucleotide sequences codon bias tables for
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D.discoideum were used (Warrick & Spudich, 1988) and inosine nucleotides (I) were 

incorporated into the oligonucleotides in the third nucleotide codon position where there 

was not a strong codon bias at these positions.

Using the SBL43/44 oligonucleotides, a PCR reaction was performed on D.discoideum 

cDNA from the Xgtll library under low stringency conditions (Section 2.3.2). This 

cDNA had previously been amplified under high stringency conditions with MS74/75 

oligonucleotides (see Table 2.1), which are I g t l l  primers, to amplify all library inserts, 

and purified from unused MS74/75. This has been found to enhance subsequent PCR 

reactions, as in the original library DNA sample, the vast majority of the DNA is lambda 

DNA, but after PCR with MS74/75, there is a higher proportion of insert DNA. The 

SBL43/44 PCR reaction was analysed by agarose gel electrophoresis (Figure 6.1), which 

showed the presence of a 200-250bp amplified DNA band. This band was purified, cloned 

into the EcoRV site of pBluescript, and transformed into E.coli DH5a cells. The inserts 

from four positive clones were sequenced. Three of these clones did not appear to code 

for a rhoGAP homologue, instead coding for unknown species and containing multiple 

stop codons in all six possible reading frames (sequences not shown). However, the 

remaining clone did appear to code for a rhoGAP homologue. This clone was 231bp in 

length of which 177bp were between the SBL43/44 oligonucleotides, with no stop 

codons. The peptide sequence showed amino acid sequence homology to a number of 

rhoGAPs of which the highest was to p-chimaerin where there was 20% identity. In 

addition, all the highly conserved residues were present with the correct spacing between 

them. The nucleotide sequence and peptide coded by this DNA fragment is displayed in 

Figure 6.2 as underlined type.

In conclusion, the rhoGAP homologous oligonucleotides designed (SBL43/44), were able 

to amplify a 231 bp DNA fragment a D.discoideum cDNA library in I g t l l ,  that appeared 

to code for a rhoGAP protein.
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Figure 6.1 : Agarose gel analysis of PCR reactions performed In the cloning 

of a rhoGAP homologous cDNA
DNA samples were analysed by electrophoresis on 0.8% agarose gels. Lanes 1, 3, and 8

are all Ikb marker lanes, with marker band sizes indicated. Lane 2 is a sample of the PCR

reaction of the D.discoideum I g t l l  cDNA library with SBL43 and SBL44 (Section 6.1)

showing the presence of a 200-250bp band. Lanes 4 to 7 are samples of the PCR reactions

of the four positive plaques from the primary library screen (Section 6.2) with SBL43 and

SBL44, showing the presence of a 200-250bp band in all four lanes. Lanes 9-16 are

samples of the PCR reactions of four positive plaques from the secondary screen (Section

6.2) where lanes 9-12 are with SBL43 and SBL44 primers (200-250bp DNA bands) and 
9-42

lanes 13-16 are with MS74 and MS75 primers (700bp bands).
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6.2: Isolation and sequencing of a DNA fragment containing the 231 bp 

sequence from the lgt11 cDNA library

Having cloned a 231 bp DNA fragment that displayed some amino acid sequence 

homology to rhoGAPs, the next step was to isolate plaques from the D.discoideum cDNA 

library in Ig tl 1 that contained this DNA fragment to obtain the complete cDNA.

To reduce the number of plaques to screen, the Â gtl 1 library had been subdivided into ten 

fractions as described in Section 2.3.5. These ten fractions were screened by PCR with 

SBL43/44 under low stringency conditions (Section 2.3.2) for the presence of the 231bp 

band, which was only found in fraction ten (data not shown). Fraction ten was therefore 

screened as described in Section 2.3.5 using the 231bp cDNA clone as a [a-^^P]dCTP 

labelled probe. Four strongly positive plaques were identified from screening of 

approximately 80,000 plaques. PCR reactions using SBL43/44 under low stringency 

conditions showed that a 200-25Obp product was amplified from these four strongly 

positive plaques (Figure 6.1), indicating that these plaques contained the rhoGAP- 

homologous cDNA sequence obtained in Section 6.1.

None of these four plaques were single, so a secondary screen was performed using one of 

them as described in Section 2.3.5. Multiple (-200) positive plaques were identified from 

screening of approximately 500-1,500 plaques. PCR reactions using SBL43/44 under low 

stringency conditions and MS74/75 under high stringency conditions on four of these 

positive plaques showed that a 200-250bp DNA band was amplified by SBL43/44, and a 

band of approximately 700bp was amplified by MS74/75 for each of the plaques, 

suggesting that each of the plaques had the same cDNA insert (Figure 6.1).

To obtain the sequence of the cDNA insert it was PCR amplified from positive plaque 

number 2 with MS74/75. Restriction of the 700bp PCR product with EcoRI resulted in 

two DNA bands of 200bp and 500bp respectively due to the presence of an internal EcoRI 

site. Both bands were cloned into the EcoRI site of pBluescript, transformed into E.coli 

DH5a cells, and sequenced. Sequencing showed that both the 200bp and 500bp inserts 

coded for peptides with single open reading frames. The two pieces could be joined 

together in only one way to permit a single open reading frame. Thus, the total cDNA 

originating from the lambda plaque was 659bp in size, and coded for a protein of 219
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amino acids. The DNA sequence is shown in Figure 6.2 together with the deduced amino 

acid sequence.

It was clear that this cDNA sequence was not complete as it did not have a terminal stop 

codon. Initially, since the GAP domain of the vast majority of rhoGAPs is situated 

towards the C-terminus, we didn’t expect that the methionine towards the beginning of 

this cDNA was the start codon. Examination of the amino acid sequence of this protein 

fragment showed that it contained the original peptide from Section 6.1. In addition, the 

amino acid sequences N-terminal and C-terminal to the original sequenced peptide 

showed further homology to rhoGAP sequences (Figure 6.3), with most homology 

towards her (25% identity) and n-chimaerin (20% identity).

In conclusion, the cDNA screening of the X,gtl 1 library enabled the cloning of a cDNA 

insert that was 659bp in size and coded for a protein fragment of 219 amino acids. This 

fragment displayed amino acid sequence homology to mammalian rhoGAPs, suggesting 

that it was a D.discoideum rhoGAP homologue, and coded for an entire putative rhoGAP 

catalytic domain. The fact that the cDNA insert did not code for a complete protein, and 

that the sequence was obtained by PCR and so could contain PCR-introduced errors, 

meant that the cDNA sequence required verification, and the complete sequence of the 

gene would need to be determined by other methods.

6.3: Cloning of the DdracGAP catalytic domain cDNA into pGEX-2T

To prove that the lambda cDNA clone did code for a GAP, GAP activity would need to 

be tested. The DdracGAP cDNA from Section 6.2 was therefore cloned into pGEX-2T to 

enable the expression of recombinant DdracGAP catalytic domain protein from E.coli 

using the GST fusion protein expression system.

Two oligonucleotides, called SBL45 and SBL46 (see Table 2.1) were designed to the 5’- 

and 3’-ends of the DdracGAP cDNA insert cloned in Section 6.2. Each oligonucleotide 

contained a BamHI site at the end for cloning into pGEX-2T. In addition SBL46 

contained a stop codon. PCR reactions were performed using the cDNA from the positive 

plaque used in Section 6.2 as the template and SBL45/46 on the high stringency cycling
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Figure 6.2: Nucleotide and amino acid sequence of D.discoideum rhoGAP- 

homoiogous cDNA
The Figure shows the nucleotide sequence of the positive lambda clone with the amino 

acid sequence below. Numbers on the right hand side represent the number of nucleotides. 

The fragment generated by PCR with the SBL43 and SBL44 oligonucleotides in Section 

6.1 is underlined, and the amino acid sequences to which SBL43 and SBL44 

oligonucleotides were designed are displayed as bold type.
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TTTGATTGTTTTGATATAAAAAAAATGTCTCGTCAAATAATATTT 4 5  
F D C F D I K K M S R Q I I F

GGTATTGACTTAGAGACAATTGTAACAACACAAAATCAAGCAGCA 90  
G I D L E T I V T T Q N Q A A

TTTATATCAGAGGTACCAAAAATTGTAGCACAAGTAATCGAATGG 13 5 
F I S E V P K I V A Q V I E W

TTAGATAAATTTAATGCTGTAAATGAAGAAGGTATTTTCAGAATT 180  
L D K F N A V N E E G I F R I

CCAGGTAATGGTGTAACAATTCAAGAAATTAAAAAAAGTTTCGAT 225  
P G N G V T I Q E I K K S F D

GAAGGTAAAGGTGATTTATCAAAATTTAATTCTTCAGATATTCAT 2 7 0  
E G K G D L S K F N S S D I H

TCAGTTGCTGGTGTTTTAAAATTATATTTAAGAGAATTACCAGAA 3 15 
S V A G V L K L Y L R E L P

CCATTATTTATTTGGAGATATTATTCAACATTTATTAAAGTTATA 360
P L F I W R Y Y S T F I  K V I

AAAAATCCTGATCATTTACAAAGAGCATTACATTTAAGAATGTTA
K N P D H L Q R A  L H L R M L

TGTTATGGATTACCAAAAGTAAATAGAGATCTAGTATTAAGTTTA
C Y G L P K V N R D L V L S L

405

45 0

ATGGTATTTTTAAATAAAATTTCATTAAATAATAGAGTTAATAAA 4 9 5  
V F L N K I S L N N R V~ N K

ATGACAAGTCAAAATTTAGCTACAGTATTTGCACCAAACATTTTA 540  
M T S Q N L A T V F A P N I L

AGACCACAAAAAGAAACTTTAAATCAAATTATGGAAGATTCTGCT 585  
R P Q K E T L N Q I M E D S A

TATGTAACTAGTATTATAAAAACTTTTGTTGATGAAATTTCTTTT 6 3 0  
Y V T S I I K T F V D E I S F

ATATCAAAACAATCAAATCATTTATCAAC 659
I S K Q S N H L S
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Figure 6.3: Alignment of rhoGAP domains with DdracGAP
Sequences were first aligned using the BLITZ program, and then adjusted by eye to make 

any improvements. Amino acids conserved in three or more of the sequences are outlined 

in bold. The alignment shows the three structurally conserved regions (SCRs) as blocks as 

in Boguski & McCormick (1993), and Lancaster et al. (1994). The accession numbers of 

the genes used in the lineup are: human her (PI 1274), human n-chimaerin (X51408), 

mouse 3BP-1 (X87671), and human rhoGAP (Z23024).
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3 B P  1 1 9 3
r h o G A P 2 4 1
D d R a  c G A P 6

h e r 1 1 2  0
n -  c  h i  m 1 6  5
3 B P  1 2 5 1
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D d R a c G A P 1 2  5
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A T D I Q A L K A A F D V N N  
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A S V L K R L X Q T M A S  
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block 2
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KAD I  S V N M Y E  
D P H S L E E F C S  
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conditions (Section 2.3.2). The expected approximately 680bp DNA product was 

amplified (data not shown), cloned into the BamHI site of pGEX-2T, and transformed 

into E.coli DH5a cells. One positive clone was sequenced which had an identical 

nucleotide sequence to that in Figure 6.2.

6.4: Purification of D.discoideum DdracGAP catalytic domain from E.coli.

The optimal induction conditions for the pGEX2T-DdracGAP construct were achieved by 

the addition of 0.1 mM IPTG to the cells when they had grown to an Agoonm of 0.8 for 

either 3 hours at 37°C or for 16 hours at 21°C. However, it was found that GST- 

DdracGAP was completely insoluble when induced at 37°C, and was only poorly soluble 

when induced at 21°C. The DdracGAP catalytic domain was therefore purified from this 

system using an induction temperature of 21°C and purifying protein from 40 litre

cultures. Purification was performed as described in Section 2.2.1. Fractions cleaved off 

the column by thrombin were concentrated and stored in small aliquots at -80^C. The 

purity of the preparation was analysed by SDS-PAGE as shown in Figure 6.4.

It can be seen from Figure 6.4 that the preparation of DdracGAP was highly contaminated 

with other proteins. The two major contaminants were of approximately 60 and 70 kDa. 

These probably correspond to the E.coli proteins GroEL and DnaK respectively. It has 

been reported that these two contaminants can often be removed by the addition of 5 mM 

ATP and 10 mM MgCl2 to the crude supernatant before purification, as both GroEL and 

DnaK bind ATP and this binding induces a conformational change altering the binding of 

these two proteins to the recombinant protein from a strong interaction to a weak 

interaction (Thain et aL, 1996). However, the inclusion of ATP in subsequent 

purifications did not improve the purity. The DdracGAP could perhaps be purified further 

by anion-exchange or gel filtration chromatography, but the yield of DdracGAP has been 

very low (-0.1 mg f^) and would be even lower if further purification steps were 

performed.

In conclusion, small quantities (2-4 mg) of DdracGAP were purified from the pGEX-2T 

GST fusion protein expression system. The preparations were heavily contaminated with 

other proteins, but the cleaved DdracGAP migrated at the correct molecular weight on an 

SDS-PAGE gel indicating that there were no internal thrombin cleavage sites. Due to the
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Figure 6.4: Analysis of purified recombinant DdracGAP by SDS-PAGE
Purified DdracGAP was separated on a 12% SDS-PAGE gel to analyse the purity of the 

preparation. Lanes 1 and 3 are the molecular weight markers. Lane 2 is 20 pg of the 

purified preparation of DdracGAP. The arrow indicates the DdracGAP protein.
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impurity of the sample, protein concentrations were determined solely by Biôf^d assay 

and purity was estimated at <10% by SDS-PAGE (see Figure 6.4).

6.5: GAP activity of D.discoideum DdracGAP towards D.discoideum rad  A, 

racC, rac1A^®^S racC^^^, and human rho A, rad , and N-ras.

To investigate whether the purified DdracGAP protein was functional, it was tested in the 

GAP assay (see Section 2.2.10) against a number of candidate small GTPases. These 

consisted of the cloned and purified D.discoideum small GTPases racl A and racC, and 

the human rho subfamily GTPases rho A and racl. In addition, GAP activity towards 

human N-ras, and the activated D.discoideum rac GTPases racl A^^^^ and racC^^"^  ̂would 

be tested.

RaclA, racC, raclA^^^\ racC^ "̂^ ,̂ rhoA, racl, and N-ras complexes with [a-^^P]GTP 

were made as described in Section 2.2.10. GAP assays were performed at a temperature 

of 15°C in a buffer of 50 mM Tris-HCl pH7.5, 2 mM MgClz, 1 mM DTT, 1 mM ATP. 

For the D.discoideum small GTPases racl A and racC, and the human small GTPases 

rho A and racl, multiple concentrations of DdracGAP were tested. Samples were removed 

for nucleotide analysis after 0, 2.5, 5, 7.5, and 10 minutes except for rhoA where, due to a 

reduced intrinsic rate of [a-^^P]GTP cleavage, these incubation times were 0, 2.5, 10, 30, 

and 60 minutes. For the D.discoideum mutant small GTPases racl A^^^^ and racC^^"^ ,̂ and 

human N-ras, a single concentration of DdracGAP of 1.84 mg ml'^ was used. Samples 

were removed for nucleotide analysis after 0, 60, 120, and 240 minutes for racl A^^^^ and 

racC^^"^ ,̂ and after 0, 2.5, 10, 20, 40, 60, and 120 minutes for N-ras. Results obtained are 

displayed in Figures 6.5, 6.6 and Table 6.1.

Figures 6.5 and 6.6 show that DdracGAP is active on the D.discoideum small GTPases 

racl A and racC and also on the human small GTPases racl and rho A. For these four 

small GTPases, the initial rates of [a-^^P]GTP cleavage at different concentrations of 

DdracGAP were determined from the linear portion of the [a-^^P]GTP cleavage plots, and 

were found to be linearly dependent on DdracGAP concentration (Figure 6.5). From these 

linear fits, and by calculating the intrinsic rate of [a-^^P]GTP cleavage of each of these 

four small GTPases (i.e. the intercept on the y-axis), the concentration of DdracGAP that 

would be required to double the intrinsic rates of [a-^^P]GTP cleavage were determined
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Figure 6.5: Variation of the initial rate of [a-^^P]GTP cleavage by 

D.discoideum rad  A and racC, and human rad  and rho A, with DdracGAP 

concentration

GAP assays using DdracGAP and racl A, racC, racl, and rho A were performed at 15°C as 

described in Section 2.2.10. After 0, 2.5, 5, 7.5, and 10 minutes, or 0, 2.5, 10, 30, and 60 

minutes for rhoA, samples were removed and relative nucleotide contents determined by 

TLC and phosphorimaging. From the data obtained initial rates of [a-^^P]GTP cleavage 

could be determined at different concentrations of DdracGAP, from the linear portion of 

the [a-^^P]GTP cleavage plots. The variation of the initial rate of [a-^^P]GTP cleavage 

with concentration of DdracGAP could then be plotted and hence the concentration of 

DdracGAP required to double the intrinsic rate of [a-^^P]GTP cleavage could be 

determined.

The Figures (a) to (d) show the initial rates of [a-^^P]GTP cleavage by these four small 

GTPases at different concentrations of DdracGAP. Error bars represent the standard 

deviation of duplicate samples, and the solid lines are the best fits of the data to a straight 

line. Dotted lines join points where the rate of [a-^^P]GTP cleavage was too rapid for the 

initial rate to be accurately determined with these points not included in the fitting of the 

data to a straight line.

(a) Variation in initial rate of [a-^^P]GTP cleavage by rad  A with DdracGAP 

concentration
Slope = 7.2x10*^ fmoies min  ̂ (pg m l '\  Intercept = 2.34 finoles m in '\

(b) Variation in initial rate of [a-^^P]GTP cleavage by racC with DdracGAP 

concentration
Slope = 2.3x10’̂  fmoies min'^ (pg ml'^). Intercept = 1.24 fmoies m in '\

(c) Variation in initial rate of [a-^^P]GTP cleavage by rad  with DdracGAP 

concentration

Slope = 1.75x10’̂  finoles min'^ (pg m l ' \  Intercept = 2.82 finoles m in '\

(d) Variation in initial rate of [a-^^P]GTP cleavage by rho A with DdracGAP 

concentration
Slope = 2.3x10’̂  finoles min'^ (pg m f’). Intercept = 0.20 fmoies min’’
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Figure 6.6; TLC plate images showing the effects of DdracGAP on rad  A, 

racC, rad , rho A, N-ras, rad  A Q61L, and racC Q64L

GAP assays were performed as described in Section 2.2.10. The figure shows TLC plate 

images obtained by phosphorimaging which show [a-^^P]GTP cleavage by various small 

GTPases in the presence and absence of DdracGAP. The arrow shows the direction of 

nucleotide migration on the TLC plate. Lanes 1 and 2 are D.discoideum racl A after 0 and

2.5 minutes respectively whilst lane 3 is racl A after 2.5 minutes with BbSpgmf’ 

DdracGAP. Lanes 4 and 5 are D.discoideum racC after 0 and 2.5 minutes respectively 

whilst lane 6 is racC after 2.5 minutes with 1.84 mg m f' DdracGAP. Lanes 7 and 8 are 

D.discoideum raclA^^^^ after 0 and 240 minutes respectively whilst lane 9 is raclA^^^^ 

after 240 minutes with 1.84 mg ml‘̂  DdracGAP. Lanes 10 and 11 are D.discoideum 

racC^^"^  ̂after 0 and 240 minutes respectively whilst lane 12 is racC^^"^  ̂after 240 minutes 

with 1.84 mg ml'^ DdracGAP. Lanes 13 and 14 are human rhoA after 0 and 10 minutes 

respectively whilst lane 15 is rhoA after 10 minutes with 368 pg ml'^ DdracGAP. Lanes 

16 and 17 are human racl after 0 and 2.5 minutes respectively whilst lane 18 is racl after

2.5 minutes with 736 pg ml’̂  DdracGAP. Lanes 19 and 20 are human N-ras after 0 and 

120 minutes respectively whilst lane 21 is N-ras after 120 minutes with 1.84 mg ml’  ̂

DdracGAP.
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and are shown in Table 6.1. Figure 6.6 shows that DdracGAP was inactive on the 

D.discoideum activated small GTPases racl and racC^^"^ ,̂ and on human N-ras at a 

DdracGAP concentration of 1.84 mg m f \

Table 6.1: Concentrations of DdracGAP required to double initial rates of 

[a-^^P]GTP cleavage by different small GTPases

Protein
Used

DdracGAP concentration required to double 
initial rate of [a-^^P]GTP cleavage (pg ml‘ )̂ +/-sd

D.discoideum raclA 32.5 ± 0.8
D.discoideum racC 539 ±10

D.discoideum raclA^^'^ » 1 8 4 0
D.discoideum racC^ "̂^^ » 1 8 4 0

Human rhoA 8.8 ± 0.3
Human racl 161 ± 7

Human N-ras » 1 8 4 0

Thus, these experiments have shown the DdracGAP is functionally active as a GAP 

protein. DdracGAP appears to be specific for members of the rho subfamily of GTPases 

in that it is inactive on human N-ras. It is also inactive on the activated D.discoideum 

small GTPases raclA^^'^ and racC^ '̂ '̂  ̂ as expected. DdracGAP shows some specificity 

between raclA and racC with 16-fold greater activity towards raclA than towards racC. 

Surprisingly, DdracGAP is more active on human rho A than on D.discoideum raclA. 

This may indicate that raclA is not the primary substrate in D.discoideum.

6.6: Southern blot of D.discoideum genomic DNA with the 659bp DdracGAP 

cDNA
Having demonstrated that DdracGAP was a functional GAP protein, it was now necessary 

to verify that the sequence of the catalytic domain was correct, as the clone used was 

PCR-generated. In addition, the cDNA library only contained this catalytic domain and 

not the whole gene. Therefore, to clone the whole gene, it was decided to clone genomic 

fragments of D.discoideum DNA. This is possible in D.discoideum as introns are 

generally short and easily identifiable.

In order to clone genomic fragments of the DdracGAP gene it was necessary to perform a 

Southern blot to identify useful restriction sites. This was done as described in Section 

2.3.3 using the 659bp DdracGAP cDNA labelled with [a-^^P]dCTP as a probe. The
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resulting film showed a series of positive DNA bands in different lanes as shown in 

Figure 6.7a. The DdracGAP gene was then mapped as shown in Figure 6.7b.

6.7: Cloning and sequencing of genomic DNA fragments of the DdracGAP 

gene
It was assumed based on the structure of other GAPs (Lamarche & Hall, 1994), that the 

GAP domain would reside either in the middle or towards the C-terminus of DdracGAP, 

indicating that the methionine residue towards the beginning of the cDNA (Section 6.2) 

was not the start codon. Therefore clones would be required both 3’- and 5’- to the 

DdracGAP catalytic domain. From the genomic organization map (Figure 6.7) of 

DdracGAP it was decided to clone two fragments of the DdracGAP gene from 

D.discoideum genomic DNA, an N-terminal (5’) fragment and a C-terminal (3’) fragment. 

A good restriction enzyme combination for the N-terminus was to clone the 2kb 

Xhol/Spel fragment, while for the C-terminus a good combination was to clone the 2kb 

EcoRI/ClaRI fragment.

These fragments were thus screened for as described in Section 2.3.4. D.discoideum 

genomic DNA was restricted with the appropriate restriction enzymes and DNA around 

2kb in size was gel purified and cloned into pBluescript restricted with the appropriate 

restriction enzymes. XL2-Blue supercompetent E.coli cells were transformed with each 

ligation and 1,500-5,000 colonies screened using the original 659bp DdracGAP cDNA 

insert from Section 6.2 labelled with [a-^^P]dCTP as a probe. Positive colonies were 

confirmed by restriction analysis of miniprep DNA.

For the 2kb Xhol/Spel fragment in pBluescript, nucleotide sequencing was very difficult 

due to the presence of large compressions with no useful restriction sites identified by 

mapping. The 1.5kb XhoHEcoRI fragment within the 2kb XhoHSpel fragment was thus 

restricted with Dral, an enzyme that cuts often in D.discoideum due to the AT bias of 

D.discoideum DNA. Four DNA fragments were obtained that were subcloned into 

pBluescript. These were sequenced with the pBluescript primers rev and -20. Further 

oligonucleotides for sequencing were made where required (see Table 2.1) to continue 

sequencing and to join different fragments together. It was found that when the 

EcoRHDral fragment was sequenced and joined to the next Dr all Dral fragment, that the 

methionine residue in the initial cDNA fragment described in Section 6.2 was the likely
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Figure 6.7: Southern blot and genomic organization of DdracGAP 

(a) Southern blot
The southern blot was performed as described in Section 2.3.2. The following restriction 

enzyme combinations were used: LaneB: EcoRI, lane4: BamHI/EcoRI, lane5: BamHI, 

lane6: Clal/EcoRI, lane?: Clal, laneS: XhoI/EcoRI^ lane9: Xhol, lane 10: Hindlll/EcoRI, 

lanell: Hindlll, lanel2: EcoRV/EcoRI, lanelB: EcoRV, lane 14: Xbal/EcoRI, lanel5: 

Xbal, lane 16: Spel/EcoRI, lane 17: Spel, lane 18: EcoRI. Lanes 1 and 19 are the molecular 

weight markers with marker band sizes indicated. Lane 2 is empty.

(b) Genomic organization of DdracGAP

The figure shows the positions of a number of restriction sites within and around the 

DdracGAP gene calculated from the sizes of the DNA bands in (a). The numbers indicate 

position in kilobases. The site of the probe is shown as a black line and is labelled 

“probe”.
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start codon of the DdracGAP protein. Upstream of this methionine were regions very rich 

in A and T nucleotides often in strings of A or T, that would be expected to be part of the 

promoter region. A number of possible TATA boxes could be observed and there were no 

large open reading frames. It should be noted that the genomic DNA sequence upstream 

of the ATG start codon was different to that in the cDNA clone. The reason for this 

discrepancy is unclear.

The 2kb EcoRl/Clal fragment was further mapped using a variety of restriction enzymes. 

It was shown that there were internal Bglll and Spel sites which were then used to 

subclone smaller fragments of the 2kb insert to facilitate more rapid sequencing. These 

consisted of four 500bp fragments as there was a Spel site 500bp 3’- to the EcoRl site, a 

Bglll site SOObp 3’- to this Spel site and 500bp 5’- to a further Spel site that was thus 

500bp 5’- to the Clal site. Each of these four subclones were sequenced on both strands.

The nucleotide sequence of the DdracGAP gene from the putative promoter region 

through to the 3’- Clal site is shown in Figure 6.8. The sequence showed the presence of 

two small introns in the DdracGAP gene, intron one being ISlbp in size (nucleotides 

907-1057 in Figure 6.8), and intron two 116bp in size (nucleotides 1336-1451 in Figure 

6.8). Both these introns were present in the region coding for the DdracGAP catalytic 

domain and were therefore easy to find. Both had the consensus intron boundary donor 

and acceptor sequences of ̂  and ag respectively. No further introns could be found in the 

sequence as there was a continuous open reading frame to the Clal site with no stop 

codon. In addition, the nucleotide sequence corresponding to the cDNA fragment isolated 

in Section 6.2 was identical to the cDNA fragment which thus had no PCR-induced 

errors.

The amino acid sequence of DdracGAP is shown in Figure 6.9. As no stop codon was 

present the size of the entire protein is unknown. The Figure shows that currently 654 

amino acids of sequence are known, giving a theoretical molecular weight in the absence 

of post-translational modifications of around 70 kDa.

Features of DdracGAP were firstly the presence of the rhoGAP-homologous catalytic 

domain from amino acids 1-211 where the three structurally conserved regions SCRl- 

SCR3 are between amino acids 28 to 173 (see Figure 6.3 for lineup). Secondly was the

* = (Grant et al., 1990) D9



Figure 6.8: Nucleotide sequence of the DdracGAP gene to the Clal site
The nucleotide sequence of the DdracGAP gene is shown from the Xhol site to the Clal 

site. The sequence corresponding to the DdracGAP cDNA isolated in Section 6.2 is 

underlined. This sequence is split into three blocks due to the presence of two introns 

which are shown in italics. Intron one is at position 907 to 1057, and intron two at 

position 1336 to 1451. The putative translation startpoint is at position 570. Numbers on 

the right hand side indicate the number of nucleotides.
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AAATATTATCGTACAAAAGCGTGATTGGAATATCGCTTTTGGTGGTTTTT 5 0

TATTTTTCGACAATTTTTTCGAAAATCTTTAGACCTCCATTCACCCAAAC 1 0 0
TTTTTTTTTTTTTTTTTTTTTATTATTTTTTTTTCATTTTTTTTTTCATT 15 0
TTTTTTCAAATAAAAGTTTTTTCATCACTATTTTTTTCTTTTTTTTTTCA 2 00
TTTTTTTTTTTTTTTTTTTTTTTAAATAATACCAACAAAGAAAAATATTA 2 5 0
ATCCTTTTTTTTTTTTTTTTTTTTAATTAATTTATTTATTTATTTGTAGT 3 00
ATAGATAAATAGTTATAATAAATTATAATTATAATAAAAATAAAAAAATT 3 50
TAGAGTGTAAAAAAAAAAATAAAAAAAAAATTTTAATAGGAAAAAAAAAA 4 0 0
AAAAGGAAAGGAAAGGAAAGGAAAGGAAAAAAAAAAAAAACAAGAAAATT 4 5 0
AAAAATTTAATTTTTACAAGGAGAGAAGGTTAGAAAAGTAGAGAGAAGTT 5 0 0
AATAATATATTAATAAAAAAAAAAAAAAAAAAAAAGATAACAAAAAAAAA 5 5 0
AAAAAAAAAAAAAAAAAAAATGTCTCGTCAAATAATATTTGGTATTGACT 6 0 0
TAGAGACAATTGTAACAACACAAAATCAAGCAGCATTTATATCAGAGGTA 6 5 0
CCAAAAATTGTAGCACAAGTAATCGAATGGTTAGATAAATTTAATGCTGT 7 0 0
AAATGAAGAAGGTATTTTCAGAATTCCAGGTAATGGTGTAACAATTCAAG 7 5 0
AAATTAAAAAAAGTTTTGATGAAGGTAAAGGTGATTTATCAAAATTTAAT 8 0 0
TCTTCAGATATTCATTCAGTTGCTGGTGTTTTAAAATTATATTTAAGAGA 8 5 0
ATTACCAGAACCATTATTTATTTGGAGATATTATTCAACATTTATTAAAG 9 0 0
TTATAAGTAAGTAGGAA TTTTTTTGAAAAAAAAAAAAAAAAAAAAAAAAA 9 5 0
AAAAAAAAAAAACATGTTTTCCAGTTTTTTATTTTTTTTTGTTTTCCTTC 1 0 0 0
TTTTACTAAATTTTTTTTTTTTTTTTTTTTATTTATTTTTTTTTAAAATT  1 0 5 0
AA TTTAGAAAATCCTGATCATTTACAAAGAGCATTACATTTAAGAATGTT 1 1 0 0
ATGTTATGGATTACCAAAAGTAAATAGAGATCTAGTATTAAGTTTAATGG 1 1 5 0
TATTTTTAAATAAAATTTCATTAAATAATAGAGTTAATAAAATGACAAGT 12 00
CAAAATTTAGCTACAGTATTTGCACCAAACATTTTAAGACCACAAAAAGA 1 2 5 0
AACTTTAAATCAAATTATGGAAGATTCTGCTTATGTAACTAGTATTATAA 13 00
AAACTTTTGTTGATGAAATTTCTTTTATATCAAAAGTAAGTTTATTArCT 1 3 5 0
ACAAAAAAAAAAAAAAAAAAAAAGCCATTTCCAAAAAGATACTAATATTT 14  00
TCATTTTTTTTTCTTAATTATTATTTTTTTTTTTATTTTTATAAAAAAAA  1 4 5 0
GCAATCAAATCATTTATCAACATCAATTGATGATATACCATCGGTATCAT 1 5 0 0
TACCAAAATCACCATCAAATTATTCAGTGTCATCAGGAGGTGATTCAGTA 1 5 5  0
TCATCATTAGAGGAAGAGAATTTATATGCTACAGCTTTATATCCATATCA 1 6 0 0
AGCAAGTGGACAATGGCATTTACCATTTAAAAAGGATGACAAAATTGTAT 1 6 5 0
TATTAGATATTAAATCAGAGGAAGGTTGGTTAAAGGGTGAATTAAATGGA 1 7 0 0
AAGATTGGTTATTTCCCAGCATCATATGTAGAGATTATTGCAATTCCACC 1 7 5 0
ACCAGTTGGTACACCACAAACTTTAATTCCAATTCCAGATTTTGATTCAC 1 8 0 0
AACAAGATCTTTCAACAATTTCTTCACCAATTTTATCATCAAGTACAACT 1 8 5 0
TCAAGTTCTTCTTCAATTTCAACTGATAGTAATTTAAGTAGTAATAATAA 1 9 0 0
TAATAATAATAATAATAACAACAATAATAGTACACCAATTTTATCATCAA 1 9 5 0
CTTCAACTACAACAACAACTACTACAACAATTAATAATAATAATAATTCA 2 0 0 0
AATAATACATTTCAACCAATTTCTGTATCAAAGTCTTCATCATTTTCAAA 2 0 5 0
ATCAACCATTTCAACTAATCCATCATCAAAATCAAGTTCAAATTTATTAA 2 1 0 0
TTTCAAATCCACCACCAGTTAATAAATCGACGACAACAGCAACATCATCA 2 1 5 0
TCACCAGATATAACTAAAATAATAGGTGCACGACCAAATAAATTAACAGC 2 2 0 0
ACCACCACCACTTGTACCACCAACTTTTACAGCACCACCACCACTTTCAG 2 2 5 0
CTCCACCACCATTAATTTCACGAACTAGTACATTAACATCATCTTCAAAT 23  00
ACAGCATTTACAGCACCACCAACAACTTCAACGACAAATGGAGGTAATAG 2 3 5 0
TCCATCAGGTAGTTCATTAAATATAGGTGGTGGCGGTAATAATAGTAGAG 24  00
CAGGGTCATTCCTTCAATCAAATATAGGTGGAGGTGGTAGATTATCTACA 24  50
TCACCAGATTTAAGTAAAATTATGTCAACAACACCAAAACTTTCATTTAG 2 5 0 0
TAGTGGTATTATGATGCCACCGTCATTAGGTATACCACCACCATTATTAC 2 5 5 0
CATCAAAATTTTTAGGTAACCTTTCAAGTAGTAGTGGTAATATTTCACCA 2 6 0 0
CCAATTAGTAATAGTGGTGGTAGTAGAAATGGTTCATTTTTAGATTCACC 2 6 5 0
ACCACCACCACCACCATTATCAATTCCACCAACTCCTCTTCAAAATATAC 2 7 00
CACCACCATTACAAAATATACCGCCACCAATAACAACACCAACTAAAACA 2 75  0
ACAACCACCACTGTAAGATCAAATTCACCATCATTATTACCAATCGAT 2 7 98
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Figure 6.9: Amino acid sequence of DdracGAP to the C/a/site
The Figure shows the continuous amino acid sequence of DdracGAP after removal of 

introns. The fragment corresponding to the cDNA of DdracGAP and forming the putative 

catalytic domain (amino acids 1-211) is underlined. A putative SH3 domain (amino acids 

248-299) is indicated by double underlining. The asparagine-rich regions are marked in 

bold (amino acids 353-364, 383-390). The proline, serine, and threonine rich regions are 

numerous and occur C-terminal to the SH3 domain (amino acids 391-654).
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M S R Q IIF G ID L E T IV T T Q N Q A A F IS E V P K IV A Q V IE W L D K  4 0

F N A V N E E G IF R I PG NG VTIQ EIK K SFDEG K G DLSK ENS SD 8 0

IH SV A G V L K L Y L R E L PE PL FIW R Y Y ST FIK V IK N PD H L Q R  1 2  0

ALHLRMLGYGLPKVNRDLVLSLMVFLNKISLNNRVNKMTS 1 6 0

Q N L A T V F A P N IL R P O K E T L N Q IM E D SA Y V T SIIK T F V D E I 2 0 0

S F IS K Q S N H L S T S ID D IP S V S L P K S P S N Y S V S S G G D S V S S  2 4 0

L E E E N L YATALYPYQASGQW HLPFKKDDKIVLLDIKSEEG 2 8 0

W LKGELNGKIGYFPASYVEI I A IP P P V G T P Q T L IP IP D F D  3 2  0

S Q Q D L S T IS S P IL S S S T T S S S S S IS T D S N L S S N N N N N N N N  3 6 0

N N N N S T P IL S S T S T T T T T T T T IN N N N N S N N T F Q P IS V S K S  4 0 0

S S F S K S T IS T N P S S K S S S N L L IS N P P P V N K S T T T A T S S S P  4 4  0

D IT K IIG A R P N K L T A P P P L V P P T F T A P P P L S A P P P L IS R T  4 8  0

ST L T SSS N T A F T A P P T T ST T N G G N SP SG SSL N IG G G G N N S 5 2  0

R A G SFL Q SN IG G G G R L ST SPD L SK IM ST T PK L SFSSG IM M  5 6 0

P P S L G IP P P L L P S K F L G N L S S S S G N IS P P IS N S G G S R N G S  6 0 0

F L D S P P P P P P L S IP P T P L Q N IP P P L Q N IP P P IT T P T K T T T  6 4  0

T T V R S N S P S L L P ID  6 5 4
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Figure 6.10; Alignment of the SH3 domain of DdracGAP
Sequences were first aligned using the BLITZ program, and then adjusted by eye to make 

any improvements. Amino acids conserved in at least four of the sequences are outlined 

in bold. The accession numbers of the genes used in the lineup are: human src (PI2931), 

human crk (D10656), D.discoideum myosin ID heavy chain (LI6509), human vav 

(PI5498), and human grb2 (M96995).
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presence of a putative src homology 3 (SH3) domain immediately C-terminal to the 

DdracGAP catalytic domain (amino acids 248-299). This 52 amino acid domain displays 

significant homology at the amino acid level to a number of SH3 domains in other 

proteins, in particular the vav (42% identity) and crk oncogene (33% identity) SH3 

domains and to the myosin I heavy chain isoform (-35% identity) SH3 domains, as well 

as the archetypal SH3 domain of c-src (31% identity) as shown in Figure 6.10. Thirdly, 

there were two very short asparagine rich regions from amino acids 353-364 and 383-390 

that almost exclusively consisted of asparagine residues. The role of this region is unclear 

but there are a similar asparagine-rich regions in a large number of other proteins 

especially in D.discoideum. The remainder of the amino acid sequence from residues 391- 

654 was rich in proline (18.6%), serine (20.8%), and threonine (12.1%) residues. In this 

region there may be SH3 binding domains as in other rhoGAPs such as 3bp-l (Cicchetti 

et a l, 1995) and possibly rhoGAP (Lancaster et a l, 1994) or target sequences for proline- 

directed serine/threonine kinases.

6.9: General discussion
In this Chapter I have described the partial cloning of a DdracGAP gene. This is the first 

GAP protein described for the rho subfamily of GTPases in D.discoideum, with a GAP 

previously described for ras (Faix & Dittrich, 1996) by homology and not by functional 

analysis. This DdracGAP gene is a partial clone that lacks a C-terminus (3’-end). 

Currently 223Obp of sequence are known, within which are two introns of 151bp and 

116bp respectively. This codes for a 654 amino acid protein of around 70 kDa in size in 

the absence of any post-translational modifications.

The first 210 amino acids represent a rhoGAP homologous domain, and amino acids 248- 

300 a putative SH3 domain. There are two small asparagine-rich regions (amino acids 

353-364 and 383-390), with the remainder of the sequence (amino acids 391-654) 

showing a high proportion of serine, threonine, and proline residues (52% of these three 

amino acids). This region may be involved in binding to SH3 domains of other proteins or 

may offer targets for proline-directed serine/threonine kinases.

The GAP domain in DdracGAP has been shown to be functionally active towards the 

D.discoideum small GTPases racl A and racC, and also towards the human small GTPases
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rho A and racl. There is no activity towards human N-ras, suggesting that DdracGAP may 

be specific for rho subfamily GTPases, and there is also no activity towards the activated

D.discoideum small GTPases raclA^^^^ and racC^^"^  ̂as expected from analogous studies 

with human pl20rasGAP and neurofibromin on the small GTPases N-ras and N-ras^^^^.

The GAP domain is some 17-fold more active towards racl A than racC suggesting that 

there is some discrimination between different rho subfamily GTPases. This difference in 

specificity occurs despite the fact that racl A and racC have an identical effector loop 

sequence (amino acids 32-42), and these findings are therefore in agreement with 

previous reports (Xu et al., 1994; Diekmann et al., 1995) suggesting that, for human Rho 

proteins, amino acids outside of the effector loop are important for interaction with GAP. 

In the case of rhoGAP, the use of ras/rho chimeras indicated that the region around amino 

acids 74-90 of human rhoA (loop 7 of ras) are important for activation (Self et al., 1993). 

It was also found that the same region of rac is required for activation by bcr (Diekmann 

et al., 1995). In addition the effector domain and flanking regions of rac (amino acids 22- 

46) were important for activation by bcr (Diekmann et al., 1995), although the effect was 

much less than for the region between amino acids 74-90. The regions directly flanking 

the effector domain of racl A and racC, in particular the amino acids C-terminal to the 

effector domain, are not conserved between the two proteins and this may be a region to 

investigate for interaction with DdracGAP. RaclA and racC also have several amino acid 

differences in the region corresponding to amino acids 74-90 of human rhoA, in addition 

to a highly divergent C-terminus (fi-om approximately amino acid 120 to the end) (Bush 

et al., 1993), suggesting that these are also likely to be candidate regions for interaction 

with DdracGAP as is the case with several other rhoGAPs (Self et al., 1993; Xu et al., 

1994; Diekmann et al., 1995). The structural studies described for human rhoGAP 

(Barrett et al., 1997) in Chapter 7 should eventually lead to a better understanding of the 

interaction of rhoGAPs with rho proteins.

Surprisingly, GAP activity was greater towards human rho A than towards D.discoideum 

racl A, suggesting that racl A may not be the primary target for DdracGAP. There are of 

course at least six other rac proteins in D.discoideum (Bush et al., 1993; Larochelle et al., 

1996) that could be preferred substrates for DdracGAP, although this may suggest that 

DdracGAP has preferential activity for rho-like proteins compared to rac-like proteins
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within the rho subfamily. In addition, although D.discoideum racl A and human racl are 

over 80% similar at the amino acid level, GAP activity was five-fold better on racl A than 

on racl. This suggests that very subtle differences in the 3-dimensional structures of these 

small GTPases can result in significant differences in their ability to be substrates for 

specific GAPs. If sufficient pure DdracGAP could be purified then DdracGAP could be 

better characterised on different rho GTPases as described for human rhoA and rhoGAP 

in Chapter 3. This would yield information on binding affinities in addition to catalytic 

activity, and would also be essential in chimera studies to dissect regions important for 

DdracGAP binding.
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Chapter 7 : Structural investigations of rho proteins and rhoGAP  

7.1: Introduction

In addition to the work described in the rest of this thesis, a structural investigation has 

been performed on a number of the proteins described in this thesis. These investigations 

have been enabled by a collaboration with the Protein Structure Division at NIMR.

The aim of such a collaboration was to use X-ray crystallography to solve the structures 

of these proteins in order to enhance our understanding of the molecular mechanisms by 

which they function. Therefore extensive efforts were made to solve the structures of both 

human rhoA and rhoGAP and a complex of the two proteins. Such studies aimed to 

complement the kinetic studies of the mechanism of interaction of these two proteins 

described in Chapter Three. In addition efforts have been made to solve the structures of 

the D.discoideum small GTPases racl A and racC in order to observe any differences 

between these structures and those of human ras and racl.

Therefore I have given the human rhoA and rhoGAP catalytic domain proteins purified 

and characterised in Chapter Three, and the D.discoideum racl A, racC, and raclA^^^^ 

proteins purified and characterised in Chapter Four to our collaborators in the Protein 

Structure Division at NIMR. For the small GTPases rho A, racl A, and racC the proteins 

were given both in the GDP bound form (i.e. as purified), and in the GMPPNP form 

which was prepared as described in Section 2.2.5 by nucleotide exchange in the presence 

of alkaline phosphatase. For raclA^^^^ the protein was given in the form it was purified 

which was 95% GTP bound and 5% GDP bound. The rhoGAP catalytic domain was also 

given in the form in which it was purified.

The results of these investigations thus far have been the solving of the human rhoGAP 

structure to a resolution of 2.0 Angstroms and the D.discoideum RaclA structure to a 

resolution of 3.0 Angstroms.
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7.2: The structure of the GTPase activating domain from human rhoGAP
The solving of the structure of the human rhoGAP catalytic domain was done mainly in 

collaboration with Tracy Barrett and Bing Xiao in the Division of Protein Structure at 

NIMR, and the structure has since been published (Barrett et al., 1997; Reprint enclosed). 

The exact crystallisation conditions and structure determination methods are described by 

Barrett et al (1997). The structure was solved using native rhoGAP crystals, CdCl2 soaked 

crystals, and Se-methionine crystals, enabling structure refinement to 2.0 Angstroms. This 

structure does not include the initial 45 amino acids that are present in this protein 

fragment before the actual rhoGAP catalytic domain as these were too disordered in the 

crystals. Within these 45 amino acids are the proline-rich region that is suggested to 

possibly interact with a target SH3 domain.

The structure is shown in Figure 7.1. It consists of nine a-helices, labelled in Figure 7.1 

as AO to G. The core of the structure consists of a four helix bundle comprising the A, B, 

B, and F helices as two a-hairpins. Helices A and B are separated by a 38 residue segment 

which contains the A1 helix, which is shown to pack across the A and B helices. 

Extending from the core structure on the opposite side to helix A 1 is an a-hairpin 

consisting of helices C and D. The E-F and C-D helical pairs are arranged as a cradle in 

which the final helix, G, sits roughly perpendicular to its packing mates.

The arrangement of these a-helices generates two large faces on rhoGAP. One of these 

faces is dominated by the B and F helices where there is a shallow depression between 

these two helices, the floor of which is made up largely of hydrophobic residues. A 

striking observation is that residues contained within the B and F helices and just outside 

these helices are the most highly conserved residues between different rhoGAP proteins, 

as shown in Figure 7.2. Indeed there are only ten identical residues and 42 conserved 

residues over the approximately 200 amino acid long rhoGAP domains. Seven of these 

ten identical residues are within, or close to, the B and F helices with many of the other 

residues conserved. This suggests that the B and F helices are critical for rhoGAP 

function. Of the ten totally conserved residues, seven are proline or leucine and are 

required for the structural integrity of the molecule. The remaining three are AsnlSS, 

Lysl22, and ArgS5, where AsnlSS stabilizes the E-F loop. Lysl22 is involved in a 

network of hydrogen bonds that appears to orientate ArgS5. The side chain of ArgS5 

bonds to non-conserved residues. It is therefore proposed that the B-F helix pocket is
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Figure 7.1: Ribbon diagram of the GAP fragment of rhoGAP
The helices are labelled from the N to C terminus as AO to G. There are nine helical 

segments and two short helical turns (labelled E’ and G’), all of which are shown with the 

starting and ending residues numbered. Two short regions of helix between helices A1 

and B, and helices C and D, are shown in green (taken from Barrett et al., 1997).

(a) The molecule is viewed from the side looking into the B-F face.

(b) The molecule is viewed after rotation of 90  ̂ about the horizontal, showing the four 

helical bundle (helices A,B,E, and F) and the pocket-like depression on the B-F surface.
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Figure 7.2: Amino acid sequence homoiogy of rhoGAP domains
The Figure shows the sequence alignment of six members of the rhoGAP family where 

the sequences were aligned using the Clustal algorithm. The accession numbers of the 

genes used are: rhoGAP (Z23024), pl90 (A38218), bcr (A28765), n-chimaerin (PI5882), 

3bp-l (X87671), and p85a (P27986). Residues identical in all six family members are 

shown in red, with residues identical in at least four of the proteins shown in blue. The 

helical segments labelled in Figure 7.1 are shown in yellow. The numbering is such that 

the first residue in the fragment corresponds to residues 198 in full length rhoGAP (Taken 

from Barrett et al., 1997).
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involved in small GTPase binding and that Arg85 is very likely to be involved in the 

binding to small GTPases. This hypothesis will be very simple to test by site-directed 

mutagenesis.

Further conclusions can be drawn from a comparison of the rhoGAP structure (Barrett et 

aL, 1997) with the X-ray structure of the rhoGAP domain from the phosphoinositide 3- 

kinase p85a subunit (Musacchio et aL, 1996). This structure was solved to 2.0 Angstrom 

resolution and shows an almost identical arrangement of a-helices. Of particular interest 

though is that this rhoGAP domain has not been shown to possess GAP activity, although 

it does bind to racl and cdc42 but not rhoA (Zheng et aL, 1994; Tolias et aL, 1995). 

Therefore by comparing the sequence of rhoGAP catalytically active domains with the 

rhoGAP homologous domain of p85a, residues may be identified that are conserved in 

the catalytically active rhoGAP domains but not in p85a. From such an analysis five 

residues can be identified: Gly82, Leu 132, Leul78, Met 190, and Asnl94. The first four of 

these are located around the B-F pocket but are non-polar, whilst Asnl94 is on the F-helix 

with its side chain close to Arg85. Asnl94 may therefore play a key role in GAP fimction. 

Once again this hypothesis will be very simple to test by site-directed mutagenesis.

In conclusion, the solving of the structure of rhoGAP has proved enormously useful. The 

protein has a novel protein fold and the structures of these domains in rhoGAP and p85a 

are virtually identical suggesting that all rhoGAP homologous domains will have a 

similar structure. The structure of the rhoGAP catalytic domain has enabled one to 

speculate as to where the small GTPase binding site lies, and possible critical residues for 

GAP activity have been identified that can now be tested by site-directed mutagenesis. Of 

course now it is necessary to solve the structure of rhoGAP in a complex with one of its 

target small GTPases. This will confirm the site of interaction and also hopefully which 

rhoGAP residues are critical for catalytic activity. Indeed the structure of the 

rhoGAP.cdc42 complex has been recently solved in the Division of Protein Structure at 

NIMR (J.F. Eccleston personal communication). Hopefully this structure will answer 

many more questions about the mechanism of action of rhoGAP. A further point concerns 

GAP specificity in that we still have no theories as to why different rhoGAP proteins have 

different specificities for members of the rho subfamily. If rhoGAP could be crystallised 

with rho A, racl, and cdc42 we may gain some idea as to how specificity is acheived.
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7.3: The structure of the D.discoideum rad  A small GTPase with GMPPNP
The racl A. GMPPNP structure has been solved to 3 Angstrom resolution in collaboration 

with Miriam Hirschberg in the Division of Protein Structure at NIMR.

Crystals were obtained at 4°C by the vapour diffusion method from solutions containing 

3-4 mg ml‘̂  racl A.GMPPNP, 20 mM Tris-HCl pH7.5, 1 mM MgCl2, and 1 mM DTT, 

equilibrated against a well containing 30% propanol, 100 mM Tris-HCl pH8.5, 200 mM 

ammonium acetate, 5 mM DTT, and 10 mM MgCl2- Thin plate crystals grew within a 

few days. The crystals were collected frozen with glycerol and diffraction data collected 

at the SRS synchotron source, Daresbury, UK. The crystals were orthorhombic with 2 

molecules per isometric unit, and diffracted to a resolution of 3.0 Angstroms. Due to the 

poor resolution attained the structure could not be solved by molecular replacement using 

the H-ras.GMPPNP structure (Pai et aL, 1989, 1990), but was solved by molecular 

replacement using the recently described Human racl.GMPPNP structure (Hirschberg et 

aL, 1997). Indeed the racl A structure aided the refinement of the human racl structure in 

the effector loop region (amino acids 32-42), and around the region of phenylalanine 

residue 78 which had been accidentally mutated to serine in human racl.

A ribbon diagram of the structure o f D.discoideum racl A and its comparison with H-ras 

is shown in Figure 7.3a, and a sequence alignment of racl A and H-ras based on three- 

dimensional alignment is shown in Figure 7.3b. Very few differences are observed 

between the structures for D.discoideum racl A. GMPPNP and human racl, and therefore 

the reader is referred to the racl structure paper (Hirschberg et aL, 1997) for an in depth 

discussion on the structural differences between D.discoideum racl A / human racl and 

human H-ras. Briefly, in both D.discoideum racl A and human racl, rac. GMPPNP and H- 

ras.GMPPNP share a similar fold (Figure 7.3a). The rac tertiary structure consists of one 

central P-sheet, made up of six strands, five parallel and one anti-parallel, six a-helices 

and two short 3]q helices. The common fold of rac and H-ras includes the P-sheet and the 

five a-helices of H-ras, with the second a-helix in H-ras being a 3]q helix in rac. In 

addition, and of most interest, is that rac has a 13 amino acid insertion (residues 123-135). 

The insertion consists of two a-helices, H3a and H3b, followed by an extended loop. The 

loop is mobile, exposed, and highly charged. This loop is present in all rho subfamily 

proteins and may be responsible for interactions with effector proteins such as GAP, 

where the effector loop (amino acids 32-42) does not appear to totally control GAP
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Figure 7.3: Structural comparison between rad  A and H-ras

(a) Ribbon diagram of the overall fold of racl A along with a yellow ball-and-stick 

drawing of the nucleotide. The colour scheme is: a-helices in green, p-strands in red and 

3io-helices in blue.

(b) Ribbon diagram of the overall fold of H-ras along with a yellow ball-and-stick 

drawing of the nucleotide. The colour scheme is: a-helices in green, p-strands in red and 

310-helices in blue.

(c) Sequence alignment of racl A and H-ras based on three-dimensional alignment. H, S, 

and G denote a-helices, P-strands, and 3,o-helices respectively. Identical residues are 

shaded.

(taken from Barrett e/ fl̂ .- 4 99? )-.
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specificity as discussed in Section 6.9. The other difference worth mentioning is in the 

effector loop region. In H-ras the loop is highly exposed and adopts different 

conformations depending on whether the protein is complexed with GDP or GXP. The 

loop in both racl and racl A is poorly defined suggesting even greater flexibility, probably 

due to the effector loop in racl A and racl having several charged to hydrophobic 

substitutions compared with H-ras. Finally, glutamine 61 (Q61) in both racl and racl A is 

more defined compared to H-ras, being hydrogen bonded to the GTP y-0 through a water 

molecule, which is further stabilized by a hydrogen bond to the main chain amide group 

of glutamine 61. This, more efficient, positioning of glutamine 61 may explain the order 

of magnitude greater intrinsic rates of GTP cleavage observed for racl and racl A 

compared to H-ras.
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Chapter 8 : Discussion

8.1: Kinetic characterisation of the human rhoA interaction with rhoGAP
In Chapter 3 an investigation of the kinetic mechanism of the rhoGAP interaction with 

rhoA was described. Initially the rhoA protein, purified from overexpressing cultures of

E.coli, was biochemically characterised using both native guanine nucleotides and mant 

guanine nucleotide analogues. These experiments determined the elementary rate 

constants in the GTPase/mantGTPase cycle for rhoA and showed that mant guanine 

nucleotide analogues were useful probes for rhoA.

The interaction of rhoA with rhoGAP was undertaken in two parts. The first part utilised 

the non-hydrolysable mant nucleotide analogue, mantGMPPNP, as this interaction was 

simpler to study as only the binding process occurs. In this study it was shown that when 

mixing rhoA.mantGMPPNP with excess rhoGAP in a stopped-flow fluorimeter, there 

was a rapid decrease in fluorescence intensity that was accompanied by an increase in 

fluorescence anisotropy. The observed rate of this binding signal was hyperbolically 

dependent on rhoGAP concentration leading to the proposal of a two-step binding 

mechanism described in Section 3.3.6. Further information was gained by experiments to 

determine the dissociation rate constant of this interaction, and the overall equilibrium 

dissociation constant (Kp), which was 2.6pM.

The second part investigated the mechanism of the interaction of rhoA.mantGTP with 

rhoGAP. In this study it was shown that when mixing rhoA.mantGTP with excess 

rhoGAP in a stopped-flow fluorimeter, there was a biphasic change in fluorescence 

intensity of an initial decrease followed by a slower increase. A decrease in fluorescence 

anisotropy accompanied the slower increase in intensity, leading to the proposal that this 

step represented the dissociation of rhoGAP from rhoA.mantGDP.Pi. The biphasic 

intensity changes were fitted to double exponentials which showed that both fluorescence 

intensity changes were hyperbolically dependent on rhoGAP concentration. The results 

were interpreted (see Section 3.4.6) as a two-step binding mechanism, where the first step 

resulted in an increase in fluorescence anisotropy that was not observed as it occurred in 

the dead-time of the stopped-flow instrument. The fluorescence intensity decrease occurs 

on the second binding step. From these data, the overall equilibrium dissociation constant
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(Kd) was calculated as <0.3|iM, suggesting a much tighter interaction than with 

rhoA.mantGMPPNP. It was also shown that it is possible to have a rapid second-order 

binding step resulting in an anisotropy increase, followed by a first order conformational 

change resulting in an intensity decrease that was still hyperbolically dependent on 

rhoGAP concentration.

Further experiments on this mechanism showed that the rate of mantGTP cleavage 

(measured directly by quenched-flow) was faster than the rate of rhoGAP dissociation 

from rhoA.mantGDP.Pi. This shows that the cleavage step is not the rate limiting step in 

the mechanism but that the rhoGAP dissociation step is. This finding is in agreement with 

results on the N-ras.mantGTP interaction with neurofibromin (Jenkins, 1997).

Finally, experiments performed at 4°C showed evidence of a rapid increase in 

fluorescence anisotropy on the first binding step, although the stopped-flow traces 

obtained suggested that the kinetic mechanism may be changing at this temperature.

Therefore, this study has attempted to dissect the kinetic mechanism by which rhoGAP 

functions towards rhoA. The overall conclusions from this study are that rhoGAP 

interacts with both rhoA.mantGMPPNP and rhoA.mantGTP by a two-step binding 

mechanism, consisting of an initial weak interaction followed by a much tighter 

interaction. For the interaction with rhoA.mantGMPPNP there is a fluorescence intensity 

decrease and anisotropy increase on the second binding step, whilst for rhoA.mantGTP 

there is a fluorescence intensity decrease on the second binding step and a probable 

increase in anisotropy on the first step. In addition rhoGAP binds approximately ten-fold 

tighter to rhoA.mantGTP than to rhoA.mantGMPPNP by comparison of their relative 

equilibrium dissociation constants (K^).

This work has been complemented by a collaboration with the Division of Protein 

Structure at NIMR to solve the structure of rhoGAP as discussed in Chapter Seven. 

Future efforts will therefore not only entail further examination of the mechanism of the 

interaction of rhoGAP with rhoA, but also site-directed mutagenesis studies on rhoGAP 

with subsequent examination of the interactions of mutant rhoGAPs with rhoA, racl, and 

cdc42. Candidate residues for site-directed mutagenesis have been highlighted in Chapter
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Seven and further residues should be highlighted given the recent solving of the structure 

of the rhoGAP.cdc42 complex (J.F. Eccleston, personal communication).

8.2: Identification of GAPs in D.discoideum for rho subfamily GTPases 

8.2.1 : Biochemical detection of rhoGAP activity in D.discoideum

The experiments described in Chapter 5 set out to prove the existence of GAP activity for 

rho subfamily GTPases in D.discoideum. Such assays relied on the use of D.discoideum 

rac proteins as substrates for GAP activity. The genes for racl A and racC were therefore 

cloned, the proteins expressed in E.coli, purified to homogeneity, and the elementary 

constants in the GTPase cycle determined, as described in Chapter Four. Using the racl A 

and racC proteins GAP activity was detected in D.discoideum cytosol. The activity could 

be resolved into a number of peaks by anion exchange chromatography, suggesting the 

presence of multiple GAPs.

Five of these peaks of activity were subjected to a more detailed analysis to determine 

their relative specificities towards racl A and racC. It was found that peak five was 19- 

fold more active on racl A than on racC. Peak two was the only peak that was more active 

on racC than on racl A, being approximately 2 fold more active on racC. Of the remaining 

peaks, peaks three and four were approximately 2 fold more active on racl A, and peak 

one did not discriminate between racl A and racC. Therefore it is likely that there are at 

least five GAPs in D.discoideum cytosol for rho subfamily GTPases as long as these five 

peak fractions do not represent different proteolytic fragments of the same protein.

Nothing more has been done with this strategy due to the success of the direct cloning 

approach described in Chapter 6. One interesting question is which peak of activity in 

these experiments represents the DdracGAP cloned in Chapter 6. Given the specificity 

data between racl A and racC, peak five is highly likely to represent DdracGAP, as peak 

five is 19-fold more active towards racl A whilst DdracGAP is 17-fold more active 

towards racl A. Unfortunately peak five has not been tested against human rho A and racl 

to determine whether the activity towards these two proteins is similar to that determined 

for DdracGAP. In addition, some overlay assays were performed on peak five (Manser et 

al., 1992) which indicated that the size of the GAP protein in this fraction was around
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ISOkDa (data not shown), the expected size of the entire DdracGAP protein (see Section 

8.2.4). These suggestions could be further tested either by western blotting of the fractions 

obtained from the anion-exchange purification if a DdracGAP antibody were generated, 

or by repeating the anion-exchange purification on D.discoideum cytosol from cells where 

the DdracGAP gene had been disrupted, and looking for the disappearance of a peak of 

activity.

Further experiments using this biochemical approach would of course be to further purify 

the GAP proteins in the different peak fractions by a combination of chromatography 

steps. The quickest way would be perhaps to use a GST-raclA^^^^ affinity column to 

purify each GAP protein in a further single step, which should be possible due to the 

higher affinity of this type of mutant for GAP (Barbacid, 1987). However, since the direct 

cloning approach to identify GAPs was so successful, it may be more beneficial to use the 

direct cloning method again, with a number of further oligonucleotides, if more GAPs 

were desired, since this strategy is so much more rapid than a number of purification steps 

from a cytosol fraction.

However, the biochemical approach to GAP identification was a useful approach in that it 

has indicated the existence of multiple GAPs in D.discoideum cytosol in the vegetatively 

growing state.

8.2.2: Cloning of DdracGAP
In Chapter Six, a gene containing a rhoGAP homologous domain was cloned from a 

D.discoideum cDNA library in A-gtll. The gene was cloned by PGR using 

oligonucleotides designed to be homologous to rhoGAPs. By now knowing the X-ray 

structure of rhoGAP (see Chapter Seven) it can be seen that the two oligonucleotides were 

designed to a-helices B and F respectively and to the regions just outside these helices. 

These two regions are the most highly conserved regions in rhoGAPs and hence the best 

regions to design oligonucleotides to.

Having generated a rhoGAP homologous DNA fragment by PCR, the corresponding 

cDNA was isolated from the Ig t l l  library by screening the library using the PCR- 

generated fragment as a probe. This yielded the rhoGAP homologous domain but the
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cDNA was truncated immediately C-terminal to this rhoGAP domain. Therefore a DNA 

fragment C-terminal to the rhoGAP domain has been isolated by generating a size- 

selected genomic DNA library from D.discoideum and screening with the rhoGAP 

homologous cDNA. Sequencing of this approximately 2kb DNA jfragment has validated 

the sequence of the rhoGAP domain and has given further sequence information C- 

terminal to the GAP domain. This has shown the presence of an SH3 domain immediately 

C-terminal to the rhoGAP domain, two short asparagine-rich regions, and multiple 

regions rich in proline, serine, and threonine residues that are proposed to be possible sites 

of interaction with SH3 domains or sites of phosphorylation by proline-directed 

serine/threonine kinases. However, the C-terminus of the protein has still not been 

reached. In addition, the rhoGAP domain has been confirmed in location as at the N- 

terminus by isolating genomic DNA fragments from D.discoideum N-terminal to this 

rhoGAP domain. This has shown that the methionine at the beginning of the rhoGAP 

domain is likely to be the start codon of DdracGAP as the nucleotide sequences upstream 

are very AT rich suggesting that they comprise the promotor region for DdracGAP.

8.2.3 : Functional analysis of the rhoGAP domain of DdracGAP
Having cloned a gene containing a rhoGAP homologous domain from D.discoideum it 

was necessary to functionally test whether the rhoGAP homologous domain was 

catalytically active. Therefore in Chapter Six, the rhoGAP catalytic domain of DdracGAP 

was cloned into an E.coli protein expression vector and the protein overexpressed and 

purified from E.coli. Unfortunately the protein was highly insoluble so that only small 

quantities of protein could be purified and these were highly contaminated with other 

proteins. Different expression systems could perhaps be used to try and resolve these 

problems.

The semi-purified DdracGAP catalytic domain was shown to be functionally active 

towards both racl A and racC, and also towards the human small GTPases rho A and racl. 

Activity towards racl A was 17-fold greater than towards racC showing that racl A was a 

better substrate for DdracGAP than was racC. Surprisingly activity towards human rhoA 

was greater than towards D.discoideum racl A suggesting that racl A was not the primary 

target in D.discoideum for DdracGAP. However this assumes that activity towards a 

human small GTPase would not be greater than towards a D.discoideum small GTPase
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which is probably valid, but it also assumes that the GAP activity has been measured 

under similar ionic conditions to those in a cell which is certainly not the case, 

particularly as the assays were performed at very low salt concentration. It is of course 

well known that GAP activity can be markedly altered by differing the salt concentration, 

particularly in the case of human rhoGAP where salt affects the specificity between rho A, 

racl, and cdc42 (Lancaster et al., 1994). This illustrates the problems any in vitro 

experiment has in explaining what would happen in vivo. However, for the purposes here, 

it has been shown that DdracGAP does have GAP activity. In addition this activity is 

absent towards human N-ras suggesting that DdracGAP is specific for the rho subfamily, 

and activity is absent towards the activated D.discoideum small GTPases raclA^^^^ and 

racC^^"^ ,̂ as expected for a GAP. A more extensive discussion of the GAP assays 

performed can be found in Section 6.9.

8.2.4: Completion of DdracGAP cloning

Since the completion of this thesis, the remainder of the DdracGAP gene has been cloned 

and sequenced by Dr Molly Strom. The remainder of the 3’- sequence was determined by 

screening a size selected DNA library, where the inserts were between 4-5kb in size, 

generated by restriction with Spel. These were screened as a Southern blot identified a 4-5 

kb band after restriction with Spel when the 500bp Spel/Clal firagment contained in the 

2kb genomic DNA EcoRI/Clal fi-agment cloned in Section 6.7 was used as a probe. The 

same probe was used for the screening of the size-selected genomic DNA library which 

was performed as described in Section 2.3.4.

It was found that there was over 2kb of further coding sequence 3’ to the Clal site before 

the stop codon was reached. This resulted in 681 further amino acids C-terminal to those 

reported in Section 6.7 and Figure 6.9, giving a total protein length of 1335 amino acids. 

This results in a theoretical molecular weight of approximately 150 kDa in the absence of 

any post-translational modifications. The organisation of the DdracGAP gene is shown in 

Figure 8.1a, and Figure 8.1b shows a schematic diagram of the putative DdracGAP 

protein product and the amino acid sequence.

Within these extra 681 amino acids are two additional interesting signalling domains. 

These are a dbl homology (DH) domain and a pleckstrin homology (PH) domain. The PH
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Figure 8.1: Genomic organisation and amino acid sequence of DdracGAP.

(a) Genomic organisation of DdracGAP locus. The coding sequence extends over 4 kb 

and is interrupted only twice by introns, designated II and 12. Start and stop codons are 

indicated. The three genomic DNA clones isolated are also indicated. X, XhoP, E, EcoRI; 

S, Spel\ C, Clal. The DNA sequence has been deposited in the BMBL database (accession 

number Y10159).

(b) A schematic diagram showing the arrangement of the domains found in DdracGAP 

based on amino acid sequence homology. The primary amino acid sequence of 

DdracGAP is shown underneath. Each domain is indicated by underlining where the 

positions of the domains are : GAP, amino acids 1-211; SH3, amino acids 248-299; DH, 

amino acids 794-977; PH, amino acids 1026-1098.
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domain is immediately C-terminal to the DH domain. This DH-PH combination is seen in 

all exchange factors for the rho subfamily of GTPases and in many oncogene products 

(Quilliam et a l, 1995), several of which have been shown to possess exchange factor 

activity for rho subfamily GTPases. However only two other rhoGAPs (her and abr) have 

the DH-PH domains in addition to a GAP domain (Lamarche & Hall, 1994).

The homology of the DH domain of DdracGAP to other DH domains is shown in Figure 

8.2a. The highest homology was to the FGD-1 protein (22% identity) and to the rhoGEF 

domain of rasGRF (20% identity). The identity to dbl, bcr, and vav is only around 10- 

12%, but DdracGAP does have almost all of the highly conserved amino acids in the 3 

structurally conserved regions (SCRs) indicative of this domain (Boguski & McCormick, 

1993). The homology of the PH domain of DdracGAP to other PH domains is shown in 

Figure 8.2b. The homology of this domain was very low (<10% identity). The alignment 

shown in Figure 8.2b indicates the 6 main homology blocks based on an alignment of 45 

PH domains (Musacchio et aL, 1993), and many of the key conserved amino acids are 

present in DdracGAP.

8.2.5: Features of DdracGAP
The putative protein product of DdracGAP therefore contains four signalling domains. 

These are a GAP domain (amino acids 1-211), an SH3 domain (amino acids 248-299), a 

DH domain (amino acids 794-977), and a PH domain (amino acids 1026-1098). In 

addition there are two short asparagine-rich regions (amino acids 353-364, 383-390) that 

are commonly seen in D.discoideum proteins and are of unknown function. Finally, 

between the SH3 domain and the DH domain was sequence rich in proline, serine, and 

threonine residues. This region may function as a target for proline-directed 

serine/threonine kinases, or could offer binding sites for SH3 domains as seen for 3BP-1 

(Cicchetti et aL, 1995).

The multitude of other putative signalling domains in addition to the GAP domain in 

DdracGAP is not unexpected as most rhoGAP proteins possess other signalling modules. 

The presence of an SH3 domain is only observed in two other rhoGAP members known 

to date, p85-the 85kDa subunit of PI 3-kinase (Lamarche & Hall, 1994) and the 

haematopoietic Cl protein (Tribioli et aL, 1996). The DH-PH domain combination is seen 

in all rhoGEFs, with two rhoGAPs also possessing this DH-PH domain combination (bcr

208



Figure 8.2: Alignment of DH and PH domains of DdracGAP
For both alignments the sequences were first aligned using the BLITZ program, and then 

adjusted by eye to make any improvements.

(a) DH domain alignment

The alignment of the DH domain shows the three structurally conserved regions (SCRs) 

as described (Boguski & McCormick, 1993). Amino acids conserved in three or more of 

the sequences are outlined in bold. The accession numbers of the genes used are: human 

dbl (PI0911), human Tiam-1 (U16296), human FGD-1 (U11690), and human bcr 

(PI 1274).

(b) PH domain alignment
Conserved amino acids, which are a majority at that site, are shown in bold, and the 

overall organisation (6 homologous blocks) as described (Musacchio et aL, 1993) is 

maintained. The accession numbers for the proteins used are: human pleckstrin (P08567), 

human p-adrenergic receptor kinase I, denoted as ARK (P25098), and human dbl 

(P10911).
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d b l  
T i  a m  1 
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and abr). Several rhoGAPs possess the PH domain alone (Lamarche & Hall, 1994). 

Finally, the location of the GAP domain (abutting the N-terminus) is unique compared to 

all other rhoGAPs, but the significance, if any, of this is unknown.

The other putative signalling domains in DdracGAP have not been functionally tested as 

yet. It would be interesting to determine the relative specificity of the DH domain and 

compare this to the GAP domain. It would be expected that the activities of the DH and 

GAP domains towards different rho subfamily members would be mutually exclusive 

unless some complex form of regulation exists in the cellular environment. The PH 

domain would be expected to localise DdracGAP in the cell as it has been shown that 

such domains have varying affinity for different types of lipids (Shaw, 1995). In 

agreement with this it has been shown that the PH domain of dbl was not necessary for 

interaction with target small GTPases, but was important for its transforming ability 

(Zheng et al., 1996). The SH3 domain may also play a role in the cellular localisation of 

DdracGAP via binding to target proline-rich regions. It would of course be very 

interesting to know the target(s) of this SH3 domain. Such target(s) could be identified 

either by affinity chromatography using a GST-SH3 domain fusion protein, or by a 2- 

hybrid system approach if a D.discoideum cDNA library of good quality could be 

generated. The presence of all these signalling modules suggest that DdracGAP interacts 

with other proteins and may have other functions, possibly as part of a larger protein 

complex, as is becoming a recurring theme in the biological activity of many small 

GTPases (Boguski & McCormick, 1993).

8.2.6: Further Experiments with DdracGAP

There are a large number of further experiments that are necessary in the characterisation 

of DdracGAP. Some have been mentioned in the previous Section such as testing the 

activity of the DH domain, further studies on the GAP domain, and detection of 

D.discoideum proteins which interact with the SH3 domain. Further experiments to 

determine the cellular localisation of the DdracGAP protein would involve the initial 

generation of DdracGAP antibodies or the use of protein tags (either antibody or GFP 

tags). Also to determine whether cellular localisation is determined by the PH or SH3 

domain. This could be done by expressing fragments of DdracGAP in D.discoideum with 

antibody immunolocalisation, or by expressing the fragments as fusion proteins with a tag
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such as the green fluorescent protein (GFP) with detection by fluorescence. A discussion 

on the use of GFP fusion proteins in D.discoideum is in Section 8.3. It would also be 

useful to determine whether DdracGAP is developmentally regulated. These experiments 

could either be done by Northern blot analysis or by Western blotting if antibody were 

available. Finally, probably the most important experiment is to knock-out the DdracGAP 

gene by targeted gene disruption, followed by examination of cell phenotype using assays 

for cytoskeletal processes such as phagocytosis, endocytosis, cytokinesis, and cbemotaxis, 

in addition to investigation of changes in gross cell morphology and ability to undergo 

development. Such an approach may prove the importance of rho proteins in these 

pathways.

8.3: Functional studies on D.discoideum rho proteins
One of the aims of this thesis was to investigate the cellular roles of D.discoideum rho 

proteins. Such studies have been attempted but have been largely unsuccessful. These 

have included attempts to express racl A, racB, and racC in D.discoideum as well as the 

activated and dominant negative rac mutants made in Chapter four. These expression 

studies initially concentrated on expressing rac proteins as N-terminally tagged fusion 

proteins with a c-myc 11 amino acid peptide tag under the control of the actind promoter 

(Manstein et al., 1995). However Western blotting of D.discoideum cell lysates failed to 

detect any protein. Recently, some success has been obtained using similar plasmid 

vectors but N-terminally tagging with Green fluorescent protein (GFP). These results 

were not of sufficient quality to include in this thesis but it appears that such vectors may 

be useful for the expression of proteins in D.discoideum. The results that have been 

obtained have indicated that GFP-raclA is localized throughout the cell whilst GFP- 

raclA^^^^ appears to show enhanced localization at the plasma membrane. It should be 

added that the D.discoideum Ax3-0RF^ cells expressing raclA^^^^ do appear 

morphologically different, showing many long membrane projections from the surface 

(data not shown).

Other strategies that were considered for functional studies were gene deletions. However 

for racl A it was thought that a gene knock-out would not yield any useful data due to the 

presence of rac IB and rac 1C and possibly other closely related racs. Sequential knock

outs would have to be made of racl A then rac IB then rac 1C before it would probably be
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worth characterising the cells. Even at this stage, there may be other racl homologues that 

have not yet been described that could compensate. A better strategy may have been to try 

gene suppression by antisense RNA. However, there are many problems with this strategy 

in proving which rac proteins are absent and which are present (there were no rac 

antibodies available), depending on the selectivity of the antisense RNA. Therefore, 

efforts have been concentrated on expression of mutant rac proteins in D.discoideum 

which, as described above, has failed to yield any results as yet.

A different approach that has been taken is to determine whether any of the D.discoideum 

rac proteins are functional homologues of human rho proteins. Molly Strom under the 

guidance of Catherine Nobes in the laboratory of Professor Alan Hall (University 

College, London) micro-injected the raclA^^^^ and racC^ "̂^  ̂proteins purified in Chapter 

four into serum-starved Swiss3T3 cells. As described in Section 1.1.2.1, in these cells 

micro-injection of cdc42 causes filopodia formation, racl causes membrane ruffling, and 

rho A causes the formation of actin stress fibres and adhesion plaques. Micro-injection of 

raclA^^^^ into these cells caused a rapid appearance of membrane ruffles (Figure 8.3) 

strongly suggesting that racl A is a functional homologue of human racl. This is not 

surprising given the high homology (>80%) that exists between these two proteins in 

addition to their almost identical three dimensional structures (see Chapter 7). In contrast, 

micro-injection of racC^^"^  ̂failed to elicit any changes in the actin cytoskeleton of these 

cells. RacC therefore appears to be neither a rho A or a racl functional homologue. The 

cells were not fixed appropriately to observe cdc42-regulated filopodia formation so it is 

not known whether racl A or racC would give rise to these structures.

In summary, although studies have been undertaken to study the functional roles of 

D.discoideum rac proteins, no conclusive data has been obtained other than that racl A is a 

human racl functional homologue. However, the use of the GFP-tagged fusion protein 

expression vectors may now permit the expression of mutant rac proteins in 

D.discoideum, and the changes in cell phenotype could then be investigated by assays for 

various cytoskeletal processes such as cytokinesis, phagocytosis, endocytosis, and 

cbemotaxis. If reasonable levels of protein expression can be obtained, then the dominant 

negative rac proteins may be very useful as effective knock-outs. However if the result is 

lethal then they cannot be used. It is unfortunate that D.discoideum cells are not amenable
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Figure 8.3 : Induction of membrane ruffling in serum-starved SwissSTS 
cells by microinjection of D.discoideum rac1Â ^̂ '~
Swiss 3T3 cells were serum-starved and prepared as described (Ridley & Hall, 1992; 

Ridley et aL, 1992). Purified raclA^^^^ protein (see Section 4.3) was micro-injected into 

cells as described for both rho A and racl microinjections (Ridley & Hall, 1992; Ridley et 

aL, 1992), with cells incubated for 15 minutes at 37°C, then washed in PBS, and fixed in 

PBS containing 4% paraformaldehyde for 15 minutes. Cells were permeabilised using 

PBS containing 0.2% Triton X-100, and actin-stained with O.OSpM Rhodamine- 

phalloidin in PBS for 20 minutes, followed by PBS washing and mounting. The Figure 

shows actin staining in cells microinjected with raclA^^^\ Arrows indicate membrane 

ruffles. This experiment used the rac proteins purified in Chapter four but the micro

injection was performed by Dr. M.Strom and Dr. C.Nobes.

214





to micro-injection techniques to circumvent these problems, although perhaps suspension 

loading of D.discoideum cells with recombinant proteins may be successful. Therefore, at 

the current time we have no evidence for rac protein involvement in specific pathways in 

D.discoideum, although the fact that racl A gives rise to membrane ruffles in Swiss3T3 

cells suggests that this protein will regulate the actin cytoskeleton in D.discoideum. 

Perhaps the very high homology between D.discoideum racl A and human racl suggests 

that racl A has a role in phagocytosis since this is a major pathway in D.discoideum.

8.4 Final Conclusions

To summarise, this thesis falls into two parts. For the first part the mechanism of the 

interaction of human rhoA with rhoGAP has been studied as a model system for the 

interaction of rhoGAPs with rho GTPases. This study has shown that both rhoA.mantGTP 

and rhoA.mantGMPPNP interact with rhoGAP through a suggested minimal mechanism 

of two binding steps, which comprise a weak interaction followed by a stronger 

interaction. It has also been shown that the rhoGAP accelerated rhoA.mantGTPase is not 

the rate limiting step in the mechanism but the dissociation of rhoGAP from 

rhoA.mantGDP is, and that rhoGAP interacts with rhoA.mantGTP approximately 10-fold 

more tightly than with rhoA.mantGMPPNP. This study has been complemented by a 

collaboration with the Division of Protein Structure at NIMR to attempt to solve the three 

dimensional structures of rhoGAP and rhoA, which has resulted in the solving of the 

rhoGAP structure to 2.0 Angstrom resolution (Barrett et al., 1997). This structure will 

enable a fuller investigation of the contribution of specific amino acids in the rhoA 

interaction with rhoGAP, by a combination of site-directed mutagenesis to generate 

specific mutant proteins, kinetic analysis using stopped-flow techniques amongst others, 

and structural analysis.

For the second part, rac proteins from D.discoideum have been cloned, purified from 

over-expressing cultures of E.coli, and biochemically characterised. These rac proteins 

have been used as substrates for GAP activity in cytosolic extracts from vegetatively 

growing D.discoideum and have shown the presence of multiple GAPs in such extracts 

for racl A and racC. To complement these studies a GAP has been cloned from 

D.discoideum by a direct cloning method using oligonucleotides designed to be 

homologous to conserved regions in rhoGAPs. The GAP catalytic domain has been
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shown to be functionally active, showing an order of magnitude greater specificity for 

racl A compared to racC. The whole DdracGAP protein has been shown to be a large 

protein of around ISOkDa in predicted size, containing further signalling domains in 

addition to the GAP domain, these being an SH3 domain, a DH domain, a PH domain, 

and numerous proline, serine, and threonine rich regions.
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Members o f  the Rho fam ily o f small G proteins transduce signals 
from plasm a-m em brane receptors and control cell adhesion, 
m otility and shape by actin cytoskeleton form ation '^ . They also  
activate other kinase cascades. Like all other GTPases, Rho 
proteins act as m olecular sw itches, with an active GTP-bound 
form and an inactive GDP bound form'’. The active conform ation  
is prom oted by guanine-nucleotide exchange factors, and the 
inactive state by GTPase-activating proteins (GAPs) which stim u
late the intrinsic GTPase activity o f  small G proteins^ Rho-specific  
GAP dom ains are found in a wide variety o f large, m ulti-func
tional proteins^ Here we report the crystal structure o f an active

242-residue C-term inal fragment o f  hum an p50rhoGAP*. The 
structure is an unusual arrangement o f  nine a-helices, the core 
o f  which includes a four-helix bundle. Residues conserved across 
the rhoGAP fam ily are largely confined to one face o f  this bundle, 
which m ay be an interaction site for target G proteins. In 
particular, we propose that Arg 85 and Asn 194 are involved in 
binding G proteins and enhancing GTPase activity.

In addition to their GAP activity domains, rhoGAP proteins can 
contain SH2, SH3, Ser/Thr kinase, and pleckstrin hom ology 
dom ains, as well as proline-rich regions^’**. Several o f  these domains 
are known to mediate protein-protein interactions. With the 
exception o f the chimerins^, rhoGAPs are ubiquitously expressed 
and so require tight regulation to prevent permanent deactivation of 
Rho-family GTPases. The coupling o f protein-protein interaction 
dom ains to rhoGAP activity probably provides an indirect means of 
regulation through control o f  its subcellular location.

The 439-residue pSOrhoGAP molecule is a relatively small 
member o f the rhoGAP family. A 242-residue fragment o f  
pSOrhoGAP that contains 45 residues N-terminal to the rhoGAP 
domain** was crystallized. The structure o f this fragment has been 
solved by a com bination o f single isom orphous replacement, multi
wavelength anom alous scattering and two-crystal real-space aver
aging and has heen refined at a resolution o f 2.0 A (Table 1). The 
structure consists o f nine a-helices, labelled in Fig. la  as AO to G. 
The core o f the structure is formed by the A -B  and E -F  a-hairpins; 
these four helices are arranged as a four-helix bundle. Helices A and 
B are separated by a 38-residue segment containing within it the A1 
helix, which packs across the A and B helices. Extending from the 
core structure on the opposite side to helix A 1 is a further a-hairpin  
made up o f helices C and D. The E -E  and C -D  helical pairs are 
arranged as a cradle in which the final helix, G, sits roughly 
perpendicular to its packing mates. The domain is arranged such 
that the molecule possesses two large faces, one o f which is 
dom inated by the B and E helices (Eig. 2a). Packing o f the B and 
E helices generates a shallow depression between them (Eig. lb ), the 
floor o f which is made up of largely hydrophobic residues. A loop 
between the B and C helices defines the lower extent o f  this groove 
with the A -B  and F-G  loops closing it at the top. A similar structure 
has been determ ined’" for a domain in the p85 subunit o f  phos-

Table 1 S u m m ary of crysta llograp h ic  a n a ly s is

Crystal P2,
Native

P2,2,2, CdCI;
Se-Met 

(X= 1.54Â)
Se-Met 

(X2 =  0.9788 Â) (X3:
Se-Met 

= 0.97787 A)
Se-Met 

(X4 =  0.9Â)

Resolution (Â) 2.7 2.0 2.5 2.5 3.30 3.30 3.30

Unique reflections 12,336 14,248 6,815 8,141 3,009 3,106 2,752

Completeness (%) 88 99.7 91.8 100.0 91.7 94.8 84.3

Redundancy 1.9 3.5 3.5 7.5 2,5 7.0 2.3

/émarge (%) (OUter Shell) 0.06 (0.22) 0.097 (0.38) 0.036 (0,09) 0.082 (0.17) 0.065 (0.10) 0.072 (0.10) 0.056 (0.09)

Phasing statistics (20-3.3 A)

Sites 4 2 2 2 2

ĉullis 0.87 0.81 0.94 0.92 0.95

F.o.m. 0.51

g 7 t1 (A) 12(A) 13(A) Correlation
coefhcient

Averaging
transformations

o rtho-> mono Mol A 159.3 -157.8 -  167.6 30.89 -6 .8 4 -  10.60 0.93

ortho — mono Mol B 174.2 -  157.3 -  172.6 12.57 -  31.06 18.12 0.92

Refinement statistics 
Resolution (Â) Atoms Solvent molecules Fprysl (%) FllreeW R.m.s. bond lengths (A) R.m.s. bond angles (deg)

20-2.0 1,565 212 22.0 28,3 0.016 1.8

V *v.
j( / > - / j y ' </>, w h ere /; is the observed intensity and {/> is the average intensity./?c-vsi =  

=  is the sa m e as R-ryst. but calculated on the 5% of data excluded from refinement.

for all reflections.

V
culls — ----  I ' pf tFm ± f„ : Fpl, where fp* and Fp are the derivative and native structure factors, and Fpp is the calculated heavy-atom structure factor.

458 NATURE I VOL 385130 JANUARY 1997



le tte rs  to  nature

'  -NHj

 -
J  ~  t v  “  V V

Figure 1 Ribbons'® representation of the GAP fragm ent of pSOrhoGAP. a, The 

molecule is viewed from the  side looking into the B-F face. The helices are 

labelled from N to 0  term inus as  AO to G. There a re nine helical segm en ts and two 

short helical turns (labelled E' and G'), all of which are show n with the starting and

ending residues num bered. Two short regions of 3io helix betw een helices A1 and 
B, and helices 0  and D, are  show n in green, b, The molecule is viewed after 

rotation of 90° about the horizontal, showing the  four helical bundle (helices A, E, B 
and F) and the pocket-like depression  on the B-F surface.

rtmGAP
p190
bcf
chimefin
3BP-1
pS5

P P R P P L P .  . N Q Q F .  
T K A T .  . . W E S N Y F .  
L K R M P S R K O T S V F .
L K H V K K ......................... V  Y .
P L T T A A P F .  S R V Y .
P V A P G S S K T  E A D V E O S A L T

SOD

_ A _ 0  I

Q .  H L Q E K N P E Q E P I  
T T V V T . . . P E K P . I  
A V V T K . . . R E R S K V  
T T L V K . . .  A H T T K R  
R T H L Q D L G R .  0  I A  I  
P D L A E Q F A P P D I  A  P

A 1

g i  V L R E T V A Y L Q A H A L T T  
I F I  E R C l  E Y I B a  T G L  S T
Y I  v r q c v e e i H r r g m e e

M V V D M C I  R E l S s R G l N S  
I E A C V L L L L  S 0 6  M . Q E  E 
L I  I K L V E A I  E K K G L E C S

A N T Q V V R E V Q Q K Y N M G .....................
G N  K S E M E  s H q R O F B o B h  . . . N 
G V A T D I  a  a H x  A A  f H v  N N K . . D
g f s d l i  e d  V  k  m a  f h r K | g  E k  a  D
a g a s v l k r B k q t m a s H .....................

Q s s s N .  L A E  H r  q  l l  H c m t  P S V  0

rhoGAP L P V D F D Q Y .  N E L H L P  
piso L D L A E K D F . . T V N T V  
bcr V S V M M S E M .  . D V N A I  
chimerin I S V N M Y E .  . . D l  NI  I 
3BP-1 . P H S L E E F C S G P H A V
p8S I  E M l .........................D V H V l

l Q | F  D L Q P  H V  V  G
V_R_Y S M Q I D L V  E

D E F Q p  N F A E
Y D a B p K F I E
S 0  l Q d d  w m r

N g v  I P A A V |

F L N I  D E S .  Q R V P A I L  Q V ^ G T  
A H K I  N D R E Q K L H  A g l C  E v B k  K 
G l  A L S D P V A K E S C M L N L W L S  
S A K I  M D P D E G L E T  | | h E A ^ K  L 
A A S I K E P G A R L E  a B h  D V C  S R 

E M I  S L A P E V Q S S E E Y I  Q l B k K L I  R S P S

I E  E g Y  a  V
Ik  e B h  E V 
I E  a Q l  L T 
I p  A H C E T 
I g e Q f  n  n  
Ih  a  Y wL T

rhoGAP v a i  S A H S O a  
p190 N R V S H N N K V  
bcr K R V A E K E A V  
chimorin K R V T L H E K E  
38P -1 A L L A E E a  D V  
p K  F K L S a t S S K

210 220__________
I 6

W A K D ..................... A  A  I T L K A I  N P I  N T F T K F
Q p  D ......................... F S S M D A L T A T R S Y a T .  I I

I l H p s e k e s k l p a n p s g p i  T M T D S W .  S L  
H s P E .  . . . L D A M A A I N D I  R Y a R L .  V V 

i L W P P E K E G D a A G L D A A S V S S I  G V V G V V  
I f B ...................................................................................F S A A S S D N T

. B l  0  H e G E | n .  . . P S P D P S G .  . L 
| l  T Q a a c  p f  F j a Y n r p i  s e p p g a a l a p  
iv M S a  V a  V L B y  f  l  a l  e a  i p a ,
I I  n i K  N E D I 
l A Q l a  N A D T I
I n Q I k  V I  E I B l  S T E W N E R a P A P A L P P

Figure 2 a, Sequence  alignment of six m em bers of the rhoGAP family a s  aligned 

using the Clustal algorithm and displayed using ALSCRIPT. The seq u e n ces  are: 

pSOrhoGAP (ref, 8) (Z23024), p190 (ref. 19) (A38218), Bcr (ref. 20) (A28765), n- 
chimerin (ref. 9) (P15882), 3BP-1 (ref. 21) (X87671) and p85a (ref. 22) (P27986). 

Residues identical In all six family m em bers are show n In red, with residues 

identical in at least four of the  proteins show n in blue. The helical segm ents 

labelled In Fig. 1 are  show n in yellow. The numbering is such  that the  first residue

in the fragm ent used  here corresponds to residue 198 in full-length pSOrhoGAP. 

Residues N-terminal to 3S are not seen  In the electron density, are not conserved, 

and are not included in the alignment, b, Space-filling model of the rhoGAP 

dom ain viewed in the  sam e  orientation as  Fig. la . In accordance with a, identical 

residues are show n in red with highly conserved residues in blue. Arg 8S, Lys 122 

and Asn 194 are labelled.
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Figure 3 Stereo view of the structural interactions around the absolutely 

conserved residues Arg 85 and Lys 122. The backbone conformation of the A- 

A1 loop Is stabilized In this region by hydrogen bonding Interactions to Lys 122 

and through hydrophobic Interaction of Phe 84 with non-polar residues In the E

phatidylinositase-3-OH kinase; it is homologous to the rhoGAP 
domain described here, but lacks GAP activity".

Analysis o f sequence conservation amongst proteins containing 
rhoGAP domains suggests that the B -F  helix pocket is important in 
G-protein binding. There are just 10 identical residues (shown in 
red in Fig. 2b) and 42 that are conserved (shown in blue). These two 
categories o f residues are shown with the same colour coding in the 
space-filling model o f Fig. 2a. The distribution o f these conserved 
residues correlates strongly with the core o f the domain in general, 
and the B -F  pocket in particular. Of the ten totally conserved 
residues, seven are proline or leucine and are important for the 
structural integrity o f the molecule. Indeed two o f the core helices (B 
and F) each contain one o f these conserved prolines. The remaining 
three conserved residues are Asn 188, Lys 122 and Arg 85. Asn 188 is 
located in the E -F  loop and is important for its stabilization 
through main-chain hydrogen bonding with He 181 and Met 190. 
Lys 122 is located on the B-helix and is solvent exposed. It is 
involved in a hydrogen-bonding network with main-chain groups 
of Phe 84, Arg 85 and Arg 86 on the A -A l loop (Fig. 3). Phe 84 is, 
itself, involved in extensive hydrophobic packing interactions with 
Phe 177 and Phe 199 on helices E and F, respectively, and anchors 
the A -A l loop to the core. This array o f interactions orders the A -  
A1 loop and consequently orientate Arg 85, whose side chain is 
involved only in bonding contacts to non-conserved residues. These 
data lead us to conclude that Arg 85 is very likely to be involved in G- 
protein binding to GAPs.

O f the six aligned sequences shown in Fig. 2b, all represent 
proteins that bind to one or more o f the Rho family o f G proteins, 
but only five o f them enhance GTPase activity. The sixth protein, 
p85, does not. There are five residues conserved in the proteins that 
promote GTP hydrolysis that are not conserved in p85: Gly 82, Leu 
132, Leu 178, Met 190 and Asn 194. The first four o f these are 
located around the B -F  pocket but are non-polar; Asn 194 is 
situated on the F helix with its side chain close to that o f Arg 85. 
The chemistry and location o f this residue suggests that it plays an 
important role in GAP function. Site-directed mutagenesis will now  
enable us to test whether rhoGAP participates directly in chemical 
catalysis or acts allosterically on intrinsic GTPase activity. □

M ethods
C rystallization. The rhoGAP fragment ( 198-439) was expressed and purified*. 
Two crystal types were produced by vapour diffusion; monoclinic crystals were 

grown at 4°C  from 3% PEG 8K, 30 mM zinc acetate, 170 mM sodium  

cacodylate, pH 6.7, using a protein concentration o f 4 mg ml '. Orthorhombic 

crystals were grown from 10% PEG 6K, 5% MPD in 0.1 M HEPES, pH 7.5, at

and F helices (not shown). Asn 194, which Is absent only In the p85 protein (which 

has no GAP activity), Is located at the C-termlnal end of the E helix. In close  

proximity to Arg 85. The colouring convention Is; carbon, yellow; nitrogen, blue; 
oxygen, red; water molecules are shown as white spheres.

18 °C. The monoclinic crystals belong to space group P2i with a =  60.7 Â, 
b =  64.4 k , c  =  67.7 Â, jS =  99.4° and contain two molecules per asymmetric 
unit, whereas the orthorhombic form belongs to space group P2,2]2i with 

a =  35.9 Â, b =  70.0 Â, c =  78.8 Â with one molecule per asymmetric unit. 
Crystals o f the orthorhombic form were also grown from seleno-methionine 
substituted protein.

D ata co llection  a n d  p ro c e ss in g . All diffraction data sets were measured from 

single crystals at lOOK using an Oxford Cryosystems device. The crystals were 

prepared for flash cooling by immersion in mother liquor made up to 20% 

glycerol. A data set for the monoclinic crystals was collected on a Raxisll image 

plate mounted on a Rigaku RU200HB generator. Datasets for native, CdCL 

soaked and Se-methionine crystals o f the orthorhombic form were also 

collected in-house to provide MIR phases. Beamlines XII and X31 at EMBL 

Outstation, DESY, were used to collect higher-resolution native and multi
wavelength datasets for the Se-methionine crystals. The optimal wavelengths 
for Se data collection at DESY were determined by measuring a fluorescence 

scan. The data were then collected at 0.97880 Â (X2) and 0.97787 Â (X.3) to 

optim ise/' a n d /', respectively, and then at a remote wavelength 0 .9Â ( \4 )  for 
MAD phasing. Data were processed with DENZO'^ and SCALEPACK'/ and all 

subsequent calculations were carried out with the CCP4 program suite'\ 
S tru c tu re  so lu tion  and  re fin em en t. Initial Cd^+ sites were found by using 

HASSP'\ and further Cd̂ '*' and Se sites were identified by difference Fourier 

analysis. Heavy-atom parameters were refined using MLPHARE^^ and the 

resulting phases further refined using D M '\ Seven o f the eventual nine a -  
helices were built into the DM-derived map using O'*. This partial model was 

used for molecular replacement on the monoclinic dataset using AMORE'/ 
The two datasets were then real-space averaged using DMMULTI" and the 

resulting phases, together with the preliminary model, were used with ARP'^ to 

produce a greatly improved electron-density map. At this point all o f the 
rhoGAP fragment was built into the map except for the first 34 N-terminal 
residues, including part o f the poly-proline sequence which appears to be 

disordered, and 8 residues missing from the F-G  loop. Subsequent model 
refinement was carried out using REFMAC'/
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