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Abstract

ABSTRACT

Rac is a small G protein with a number of signalling roles. Along with other members of the Rho
family of small GTPases, it is involved in the control of the actin cytoskeleton (Hall, 1992) and an
apparently separate role in the activation of the NADPH oxidase, an enzymatic mechanism in
phagocytes which forms superoxide in response to bacterial infection. In an inactive state, Rho
family proteins exist in a complex with a second cytosolic protein, Rho guanine nucleotide
dissociation inhibitor, RhoGDI. Activation causes dissociation of the Rac-GDI complex and

movement of Rac to the membrane.

Spectroscopic studies have been used to investigate the interaction of Racl with other molecules,
such as p67"™ a component of the NADPH oxidase complex. Complexes of racl with 2°(3”)0-
(N-methylanthraniloyl) (mant) fluorescent nucleotide analogues (eg. mantGDP) have been used to
try to develop methods to study the interaction of Racl and p67°"*. Although a previous report
indicates a fluorescent change when Racl (complexed to a fluorescent nucleotide analogue) is
incubated with p67°"™, these experiments could not be repeated. A number of other approaches

have been taken to develop a system to monitor the interaction of Rac and p67°",

Fluorescent approaches have also been developed to study the interaction of Rac and RhoGDI.
GDI has previously been labelled with the fluorophore N-[2-1-(maleimidyl)ethyl]-7-
(diethylamino)coumarin-3-carboxamide (MDCC) on a single cysteine in our laboratory and shows
a large fluorescence decrease on Rac binding. Rac requires a lipid modification at the C-terminus
to interact with RhoGDI, which presents a number of experimental difficulties. A system has been
developed using C-terminally truncated (E.coli expressed) Rac and a famesylated C-terminal
peptide that mimics full length Racl that has been lipid modified in vivo (Newcombe e al., 1999).
We are currently using this system to study the interaction of Racl with GDI and a number Racl
point mutants have been made in the major regions of divergence between Ras superfamily
proteins, based on the crystal structure of Racl (Hirshberg et al., 1997). In addition, a Rac1/H-Ras
chimaeric protein has been made and expressed in this laboratory. Results indicate that a region of
the Racl effector loop is important for the Racl-GDI interaction, with mutations in the insertion
loop of Racl having little or no affect on the affinity of the Rac1-GDI interaction (Newcombe,
Hunter & Webb, unpublished results).

In addition, the interaction of Racl with a number of novel fluorescent nucleotide analogues
including 3’-0 - [N - [2 - (7 - diethylaminocoumarin - 3 - carboxamido) ethyl] carbamoyl} GTP
(cou-edaGTP) and coumarin343-edaGTP (but-edaGTP) have been tested, and Racl complexes
have shown that the rate of nucleotide hydrolysis and exchange by Racl shows them to be good
analogues of GTP. It is hoped that these analogues will be useful to study the interaction of Racl

with other proteins, such as GDI and p67°"™,

M



Chapter 1. Thesis Introduction

1. INTRODUCTION

1.1. Gproteins

In mammalian tissues, two classes of GTP-binding proteins involved in cell signalling have
been identified. One class is the heterotrimeric G proteins, consisting of a, P and y subunits.
The a subunits (39,000-52,000 Da) bind and hydrolyse GTP. The second class is the small G
proteins with Mr values of 20,000-30,000. G-proteins act as molecular switches, cycling
between GDP and GTP bound conformations. In the GDP bound state, these proteins are
usually inactive, whilst in the GTP bound conformation are able to bind to effectors and
transmit a signal, such as the initiation of a protein kinase cascade, that transmits a signal from
transmembrane receptors to the nucleus to influence gene transcription. The switching
function of G proteins in the cell is determined by the differing abilities of its conformational
states to interact with specific effector molecules. The biological activity is time-limited by
the intrinsic GTPase activity of G proteins. Nucleotide exchange and GTP hydrolysis are
catalysed by guanine nucleotide exchange factors and GTPase activating proteins (GAPs)

respectively (figure 1.1.).

1.1.1. The Rhofamily ofsmall Gproteins

H-Ras was the first small G protein to be characterised at the molecular level (Shih et al,
1979, Chang et al,, 1984). Ras proteins (H, K and N Ras) are ubiquitous in eukaryotes, and
have become proteins of special interest as mutations in mammalian Ras genes cause cellular
transformation. Ras mutations are found in -30% of human tumours (Barbacid, 1987). The
Ras superfamily of small G proteins is composed of a number of families that includes Ras,
Rho, Rab and Arf. The Ras superfamily regulates gene expression directly through MAP
kinase cascades (Burgering ef al., 1995), the Rho family is mainly involved in re-organisation
of the actin cytoskeleton (Hall, 1998), Rab (Martinez & Goud, 1998) and Arf (Moss &
Vaughan, 1995) families regulate intracellular vesicle trafficking and the Ran family regulates
nuclear transport (Moore, 1998). Members of the Rho family were first discovered during the

search for proteins homologous to the Ras proto-oncogene, but were shown to have quite



Figure 1.1. The GTPase cycle of Racl and its regulators

The conformational change accompanying GTP hydrolysis allows GTPases such as Racl to
function as molecular switches in a variety of cellular processes. Interaction with effectors
usually occurs when the protein is in the GTP bound conformation. GTP hydrolysis and
nucleotide exchange occur in vitro at a very low rate but are catalysed in vivo by GTPase
activating proteins (GAPs) and guanine nucleotide exchange factors, respectively. In the case
of Rho and Rab families, GDP dissociation inhibitors (GDIs) stabilise the GDP bound

conformation.
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Chapterl. Thesis Introduction

distinct roles from Ras. At least 12 members of the Rho family have been identified
(Aspenstrém, 1999), and mammalian isoforms include RhoA (A, B and C isoforms), Rac (1, 2
and 3 isoforms), cdc42 (cdc42Hs and G25K isoforms), RhoG and TC10, with Racl, RhoA
and cdc42Hs the most studied family members (Symons, 1996). The two mammalian cdc42
isoforms differ by 9 amino acids (Shinjo et al., 1990) and are splice variants with different C
terminal sequences. Rho proteins are primarily involved in the organisation of the
cytoskeleton. Polymerised actin (associated with myosin filaments and other proteins) is
assembled into a variety of distinct structures such as lamellipodia, filipodia and stress fibres
(Hall, 1992) which are controlled by members of the Rho family in all eukaryotic cells.
Recent evidence has also suggested a role for these proteins in the control of cell proliferation.
Rac and Rho are essential for transformation by Ras, and reports indicate that active Rac
mutants are sufficient to cause malignant transformation of rodent fibroblasts (Qui et al.,
1995). Rac and cdc42 also bind and activate an increasing number of protein kinase cascades,
such as JNK and p38 MAP kinase pathways. Rac also activates the NADPH oxidase in
phagocytes; an enzyme complex used to produce O, to destroy engulfed pathogens. Through
interactions with multiple targets, Rho family proteins are able to co-ordinate a variety of
diverse cellular functions, and these will be discussed in the following sections. Rho proteins
are found in a variety of locations in the cell and it has been proposed that these proteins cycle
on and off the plasma membrane. A second cytosolic protein, called a guanine nucleotide
dissociation inhibitor (GDI) is an excellent candidate for regulating such cycling (Nomanbhoy

et al., 1996).

1.1.2. Rac Proteins

The Rac family of proteins comprises of Racl, Rac2 (Didsbury ef al., 1989) and a recently
discovered Rac3 (Haataja et al., 1997). All three proteins have ~ 90% sequence similarity
with one another, with the greatest divergence between the C-terminal residues 180-192
(figure 1.2.). They have ~58% sequence similarity with Rho proteins and 26-30% similarity

with Ras. Most G proteins hydrolyse GTP to GDP very slowly. Rac is the notable exception



Figure 1.2. Sequence alignment of some of the Rhio and Ras sub-family proteins

Protein sequences were aligned using the Clustal method with the PC program DNAstar
(v3.12). Residue numbering for individual proteins is shown on the far right and residues in
the majority of aligned sequences are shown above the solid line. The effector loop (residues
30-40 of Racl) is shown in green, the insertion loop of Rho sub-family proteins (residues

120-137 of Racl) is shown in red.
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having hydrolysis rates of at least 50-fold those of Ras and Rho (Chuang et al., 1993). One
difference between the Racl and Rac2 isoforms appears to be in their tissue distribution; Rac2
is found predominantly in haematopoietic cells, whereas Racl seems to be more ubiquitously
expressed (Dorseuil et al., 1996). A number of human Rac-interacting effectors and regulators
have been identified (figure 1.3.). Regulatory proteins include a-chiamerin, that shows GAP
activity specific for Rac, Ber, Abr and IQ-GAP that show GAP activity towards Rac and
cdc42, (Kuroda et al., 1996) and RhoGAP that has GAP activity towards most Rho family
proteins (Ridley et al., 1993). Rac participates in signal transduction from the membrane to
the nucleus by at least two distinct mitogen-activating protein kinases. These include the

JNK/stress activated protein kinase pathway (Teramoto ef al., 1996).

1.2. Regulation of actin polymerisation by Rho family proteins

The first indication of the role of Rho family proteins in cytoskeletal re-organisation was
obtained from microinjection of bacterial toxins into cultured cells (that inactivate
RhoGTPases) that resulted in rounding and dissolution of actin fibres in the cells (Rubin et al.,
1988, Chardin et al., 1988). Microinjection of a constitutively active Rho mutant into Swiss
3T3 cells resulted in finger-like processes extending at the periphery of the cells, with the
actin fibres originating from processes known as focal adhesions or focal contacts and extend
across the cell (Ridley et al., 1992). Microinjection of constitutively active Rac and cdc42 also
cause distinct phenotypic changes. Both proteins induce the formation of different types of
cytoskeletal organisation — Rac induces ‘lamellipodia’ with membrane ruffles, and cdc42
induces ‘filipodia’ with actin microspikes (Tapon & Hall, 1997). It has been shown that such
morphological changes occur in a defined sequence in the cell — cdc42 induced filipodia,
followed by Rac dependent membrane ruffles, the Rho dependent stress fibre formation. It is
likely that sequential activation of Rho GTPases occurs — cdc42 — Rac — Rho (Tapon &
Hall, 1997). Microinjection studies have also shown that Ras can also induce Rac dependent
membrane ruffles, then Rho dependent stress fibre formation, indicating an additional GTPase

cascade from Ras — Rac — Rho (Bar-Sagi & Feramisco, 1986).



Figure 1.3. A number of mammalian effectors of Rac and cdc42

Rac and cdc42 share a variety of effector molecules and play a role in multiple biological
processes. The PAKs, MLK3, MEKK4, MSESS, WASP and ACKs share a common
cdc42/Rac interacting domain (CRIB), shown in red. PRK2, citron and ROK also interact

with Rho (Jeanteaur, 1999).
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The signalling pathways utilised by Rho GTPases to mediate cytoskeletal re-organisation
remain unclear. Reports by Mullins ez al. (1998) have shown that a seven protein complex is
essential for the organisation of actin structures. This complex contains two actin-related
binding proteins, Arp2 and Arp3, and it has been suggested that this complex may initiate and
play a regulatory role in the formation of actin structures, such as lamellipodia (sheets) and
filipodia (spikes). The Arp2/3 complex was first identified in Acanthamoeba, and is conserved
from yeast to mammals (Machesky et al., 1994). In human fibroblasts, the complex is located
at the leading edge of the cell membrane — an ideal position to control actin polymerisation
required for motility. The Arp2/3 complex has been shown to ‘seed’ or nucleate filaments to
polymerise from their barbed ends. Mullins ez al. (1998) have proposed a model for the
regulation of actin polymerisation. It is thought that the Arp2/3 complex ‘caps’ the pointed
end of the actin filament, allowing elongation of the barbed (fast growing) ends. In vitro data
also suggests that the Arp2/3 complex also initiates actin filaments to elongate from the sides

of pre-existing filaments to form a branched network of actin.

Among the best candidates for mediating the effects of Rho proteins on the actin cytoskeleton
are the Wiscott-Aldrich Syndrome proteins (WASPs) which were originally identified as
proteins mutated in patients with this syndrome (Derry et al., 1994). The WASP family is
composed of two homologous proteins — WASP and N-WASP. WASP is expressed in
haematopoietic cells, whereas N-WASP is more ubiquitously expressed. Both isoforms
contain several protein binding domains, including a GBD domain. WASP family proteins
interact with cdc42, but only weakly interact with Rac and not at all with Rho isoforms
(Ramesh et al., 1999). A recent report has shown that the C-terminus of N-WASP binds to the
Arp2/3 complex, stimulating its ability to nucleate actin polymerisation (Rohatagi et al.,
1999). This provides a direct connection between signalling pathways mediated by cdc42 and
cytoskeletal re-organisation. Research by Takenawa’s group has recently identified a novel
member of the WASP family. WASP family verprolin — homologous protein (WAVE)

induces the formation of actin clusters, and expression of a dominant active Rac mutant



Chapterl. Thesis Introduction

- induced the translocation of WAVE from the cytosol to membrane ruffling areas (Miki ef al.,
1998). WAVE may play a critical role downstream of Rac in the regulation of the
cytoskeleton. Whether WAVE interacts with components of the Arp2/3 complex has yet to be

determined.

It has been suggested that the Rac-interacting protein, IQGAP may also play a role in
cytoskeletal re-organisation. IQGAPs | and 2 share the same domain structure and ~62%
sequence identity (Brill et al., 1996 & McCallum et al., 1996). IQGAP1 is liver specific,
whereas IQGAP2 is more ubiquitously expressed. Both isoforms interact with Rac and cdc42
in the GTP bound forms, and although they contain a region at the C terminus homologous to
RasGAP, IQGAPs do not interact with Ras or catalyse GTP hydrolysis of Rac or cdc42.
Contrary their name, IQGAPs inhibit GTP hydrolysis of Rac and cdc42, maintaining these
proteins in an active (GTP) bound state. Both IQGAP isoforms also fail to bind to Rho (Brill
et al., 1996, Hart et al., 1996). IQGAPs bind to Rac and cdc42 through their C terminal
domain, and also contain regions that interact with calmodulin (Joyal ez al., 1997) and actin
(Bashour et al., 1997). Recently it has been shown that calmodulin is able to modulate the

interaction between IQGAP and cdc42.

1.2.1. Other Rho targets involved in cytoskeletal control

GTPyS-loaded Rho added to lysates of C3H fibroblasts has shown to increase the activation of
PIP-5 kinase and Rac has been shown to interact with PIP-5 kinase in vitro and in vivo (Tolias
et al., 1995). This interaction is of particular importance as the product formed from PIP-5
kinase activation, PIP-2, binds to a variety of actin binding proteins and is thought to regulate
actin filament assembly by uncapping barbed ends of actin filaments and releasing actin
monomers (DiNubile & Huang, 1997, Schafer ef al., 1996). Rac has recently been shown to
mediate thrombin-induced phosphoinositide formation in permeabilised platelets, which in

turn triggered actin filament elongation (Hartwig et al., 1995). However, the role of PIP-2 in
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controlling cytoskeletal reorganisation via the action of Rho family proteins in intact cells

remains controversial.

1.3. Rac and the NADPH oxidase system

Rac proteins have an apparently independent role from other Rho family proteins in the
activation of a multi component enzyme known as the NADPH oxidase. This is a mechanism
used by phagocytic cells such as macrophages to destroy engulfed pathogens. Invading micro-
organisms (coated in immunoglobulins and complement) (Segal, 1996) bind to receptors on
macrophages and are engulfed to form a phagocytic vacuole. Stimuli such as this typically act
in through trimeric G protein coupled receptors that result in secondary events such as a rise in
Ca®", activation of serine/threonine and tyrosine kinases. The signal transduction pathways
leading to the activation of the NADPH oxidase are not fully understood. Phagocytic cells
have a number of responses to a variety of physiological stimuli and it is very difficult to
identify individual pathways involved in the activation of the NADPH oxidase. The NADPH
oxidase is used to form superoxide (O,) which is subsequently converted to other reactive
oxygen species such as H,O, in phagocytic vacuoles that may be used to destroy engulfed

pathogens (Segal & Shatwell, 1997).

2 O, + NADPH — 20, + NADP' + H'

The most likely reason for the complexity of the NADPH oxidase is due to the potentially
harmful effects of reactive oxygen metabolites. It is essential that products of the NADPH
oxidase be confined to the phagocytic vacuole to prevent normal cellular damage. Following
activation of the cell, Rac and GDI dissociate, and Rac translocates to the membrane to form a
cytosolic complex with three other phagocyte oxidase (phox) components called p67°™"™,
p47°" and p40°">*. Assembly of this complex activates a membrane bound flavocytochrome b

to produce O,". (figure 1.4.).



Figure 1.4. Activation of the NADPH oxidase

A diagram showing the assembly of the NADPH oxidase components at the membrane of an
activated macrophage. Following activation of the cell, Rac dissociates from its guanine
nucleotide dissociation inhibitor (GDI) and translocates to the membrane to form a complex
with other phagocyte oxidase components. Rac interacts with p67™"™, but the precise
interactions between the oxidase components are not fully understood. The complex
stimulates the flavocytochrome to produce superoxide until the response is terminated. The
precise mechanisms for termination are poorly understood, but may be mediated by GTPase
activity of Rac and dissociation from the complex. p40, p47 and p67 shown here represent

phagocyte oxidase (phox) components.
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1.3.1. The electron transporter of the NADPH oxidase
The electron transport chain that generates superoxide is a membrane bound flavocytochrome
b (known as bssg or b.ys) incorporated into the wall of the phagocytic vacuole. The

flavocytochrome is composed of two subunits; p21"h°x (or the o subunit) containing 195

Pho¥ (B subunit) containing 570 amino acids. The P subunit (gp indicates

amino acids and gp91
that this sub-unit is glycosylated, 91 is the approximate molecular weight) contains the main
structural components of the NADPH oxidase. This makes this cytochrome unusual as most
mammalian cytochromes are composed of a single polypeptide chain, about the size of the o
subunit. The 3 subunit is comprised of two domains, a hydrophobic N-terminus that is likely
to form 4-5 transmembrane helices, and a hydrophilic C-terminus that is probably cytosolic
(Imajoh-Ohmi et al., 1992). This hydrophilic region is believed to be a soluble, globular
domain that has binding sites for NADPH and FAD to which electrons are passed. Electrons
are transferred to two hemes (attached to one or both sub-units) located in the transmembrane
domain (Quinn et al., 1992, Yu et al., 1998) then to molecular oxygen to produce superoxide
(O7). Whether the two electrons pass independently or sequentially to the two hemes remains
to be determined. The o subunit of the flavocytochrome is thought to be attached to the
membrane via two transmembrane helices, with a hydrophilic, proline rich C-terminal region.
This region is thought to bind cytosolic factors, but the precise role of this subunit has yet to
be established. Binding of cytosolic factors to the o subunit suggests that p21°"* may induce

a conformational change in the flavocytochrome favourable for NADPH binding and electron

transport.

1.3.2. Activation of the NADPH oxidase

Due to the complexity of the NADPH oxidase, the precise mechanism of activation is not
fully understood. The genes encoding the cytosolic components p67™, p47""* and p40®"™
have been cloned and sequenced, but the primary sequences show no indication for a
structural role in the NADPH oxidase, or structural similarities to any other known protein.

All of the phox components contain Src homology 3 (SH3) domains. This is a well-defined
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domain first characterised in the oncoprotein Src. This domain binds to proline rich domains
on other proteins and has been shown to have a role in directing signalling proteins to
intracellular receptors. In addition, p47°" contains a number or recognition sites for protein

phox

kinases. (Johnson et al., 1998). The phosphorylation target of p47”°" is known to be a group
of serine residues (aa’s 303-379) in the C-terminal half of the protein (Park, 1999). Upon
activation of the cell, p47°"* becomes phosphorylated on up to 9 serine residues, with only the
most acidic isoforms associated with the membrane. In vitro binding studies suggest that the
three phox proteins bind to one another by SH3-proline rich regions (McPhail, 1994,
DeMendez er al., 1994). p67°™ and p40™™* are in a tight association in the cytosol, with

p47"* more loosely associated with the p67-p40P™™

complex. It is thought that upon
activation, p67°" (El Benna et al., 1997), p47°"™* (Johnson et al., 1998, Park & Baboir, 1997)
and p40° (Fuchs et al., 1997) become phosphorylated. p47""™ is then thought to bind to the
flavocytochrome b (Nakanishi er al., 1992), with p67™™ interacting with the p47°"*-
flavocytochrome complex. p67°™™ is also thought to interact with a small region of o helix
that covers the nucleotide binding site of the flavocytochrome and this interaction has also
been implicated in the mechanism of activation (Leusen et al., 1994). Although the precise

role of phosphorylation in the activation of the NADPH oxidase is not clear, this indicates that

at least one kinase may have a regulatory role in this system.

In addition to the three cytosolic factors p67°™™, p47°"™ and p40°™*, the GTP binding protein
Rac in an activated (GTP) state (predominantly Rac2 in haematopoietic cells) is essential for
activation of the NADPH oxidase. Rac has been shown to interact with a region within the N-
terminal 199 amino acids of p67ph°" (Ahmed et al., 1998, Diekmann et al., 1994). Experiments
using peptides spanning the amino acid sequence of Racl have shown that several groups of
peptides inhibit the NADPH oxidase in a cell free system, but showed no inhibitory effect
when added 1 minute after activation of the oxidase (Joseph & Pick, 1995). This suggests that
Racl forms contacts with a number of components during assembly of the NADPH oxidase.

A recent report has shown that both Rac2 and cdc42 bind to an additional site at the C-

12
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terminus of p67°" (Faris et al., 1998). This suggests that cdc42 may interact with p67°"™
under certain conditions, but is unable to activate the oxidase. Rac is likely to act as a switch,
with the hydrolysis of bound GTP to GDP further regulating the activity of the NADPH

oxidase.

The small G protein RaplA has also been reported to co-purify and cross-immunoprecipitate
with the flavocytochrome b and has also been shown to increase NADPH oxidase activity 4
fold when overexpressed in HL-60 cells (Gabig et al., 1995). In Neutrophils, RaplA has
shown to be phosphorylated on Ser '** . This phosphorylation prevents the interaction with the
cytochrome b (Bokoch et al., 1991). The precise role of this additional small G protein in the
regulation of the NADPH oxidase has yet to be established. Research by Fujii et al. (1997) has
shown that nitric oxide (NO) has also been shown to dose-dependently inhibit superoxide
generation of the NADPH oxidase, but showed no inhibition after activation. The precise role
of NO in the assembly of the NADPH oxidase has yet to be established, although the actions
of NO may be mediated at least in part by peroxynitrite. This may be generated by the
reaction of nitric oxide with superoxide, both produced in inflammatory tissues. Peroxynitrite
has been shown to inhibit the binding of the fluorescent nucleotide analogue, mantGDP to
Rac2 in a dose dependent manner (Rohn et al., 1999), and this is thought to occur by
Roha

peroxinitrite-mediated tyrosine modification of Rac2 (Rhes- et al., 1999, Ischiropoulos & al-

Mehdi, 1995).

1.3.3. Role of the cytoskeleton in the NADPH oxidase

The control of the cytoskeleton may also play an important role in the regulation of the
NADPH oxidase. The NADPH oxidase is activated at specific regions of the plasma
membrane surrounding the phagocytic vacuole. It is not clear what regulates the localisation
of the NADPH oxidase, but it is possible that cytoskeletal changes that result in the formation
of the phagocytic vacuole are also involved in localising the activation. p67™* is also

thought to interact with the cytoskeleton, as it remains in the insoluble pellet after the cell has
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been permeabilised with detergents (Woodman ef al., 1991). Binding studies have also shown
that coronin, an actin binding protein, interacts with the C terminal half of p47”"* (Grogan et
al., 1997). The role of Rho family proteins in the control of the actin cytoskeleton also

suggests that cytoskeletal changes may be important.

1.3.4. The cell-free, in vitro NADPH oxidase system

Many of the recent advances in the understanding of the activation of the NADPH oxidase
comes from studies using a cell free NADPH oxidase system (Abo et al., 1992). This in vitro
system uses neutrophil membranes (containing the flavocytochrome) and three cytosolic
factors p67™, p47°"™ and Rac. The oxidase component p40°™ is not required in the cell free
assay and the in vivo role of this protein is currently unknown. However, it is thought to play

PhoX in intact cells as it forms a 1:1 complex with p67°"* and

a role in stabilising p67
translocates to the membrane in a flavocytochrome dependent manner (Wientjes et al., 1993).
It is possible that p40™™™ forms a bridge between the oxidase components and the

cytoskeleton, or it may act as a regulatory molecule, preventing p67°"

and other cytosolic
components from interacting. This system is activated by Rac in the GTP bound conformation
(using Rac complexed to non-hydrolysable nucleotide analogues GTPyS or GMPPNP) and an
amphiphilic reagent such as SDS or arachidonic acid. A number of important differences have
been observed between the in vivo and in vitro NADPH oxidase activation. In the cell,
continuous activation of the oxidase is probably required, such as phosphorylation of p47°"™
and GTP loading of Rac. Such a dynamic mechanism is not required in vitro. Once the
NADPH oxidase complex is assembled, the system remains active. Also, synthetic peptides
that reduce NADPH oxidase activity in a cell free system show no affect in vivo (Park et al.,
1997b, Leusen et al., 1996). In a cell free system, neither p40™™™ or RaplA are required for
activation (Abo et al., 1992), and a complex between p67°"* and p47°"* is also thought not to
be essential, as truncated forms of p47°"™ retain the ability to activate the oxidase in a cell free

system (Leusen et al., 1995). The in vitro oxidase system also requires the addition of

amphiphiles such as arachidonate or SDS. Research by Swain et al. has shown. that
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amphiphilic reagents induce a conformational change in the structure of p47°" (Swain et al.,
1997) similar to the changes induced by phosphorylation in vivo. These results suggest that
the dynamic nature of NADPH oxidase activation is lost in a cell free system, and such results

may not always be extrapolated to intact cells.

1.4. Role of Rho family proteins in smooth muscle contraction

Rho family proteins have also been shown to play a role in smooth muscle contraction. A rise
and fall in intracellular Ca®* levels is the principal stimulus that activates muscle contraction.
In striated muscle, Ca>* binds to troponin, a component of the thin filament and induces a
conformational change permitting the interaction of the myosin head with actin. In contrast, in
vertebrate smooth muscle is activated by a less direct mechanism. Ca>* binds to calmodulin,
which binds and activates a myosin light chain kinase (MLCK), which in turn phosphorylates
serine 19 of the regulatory light chain (MLC) of smooth muscle myosin. This activates the
ATPase mechanism, inducing contraction (reviewed by Somlyo & Somlyo; 1994). Relaxation
of smooth muscle is usually initiated by a fall in Ca®* levels and de-phosphorylation of MLC

by a protein phosphatase.

Increase Ca”* — MLCK activation — phosphorylation of MLC — smooth muscle contraction

This indirect coupling of contraction to Ca®* allows contraction to be regulated by other
mechanisms and the extent of smooth muscle contraction differs depending on the agonist that
initially stimulates the contraction. This phenomenon is known as ‘calcium sensitivity’
(Somlyo & Somlyo, 1994). Research by Takai’s laboratory has shown that GTP is involved in
calcium sensitivity. When GTP was added to pre-incubated smooth muscle cells, additional
contraction was induced at a fixed Ca** concentration (Hirata et al; 1992). Treatment of cells
with bacterial enzymes (that inactivate Rho family G proteins) (Rubin ez al; 1988) abolished
the GTP induced sensitivity. This could be reversed by the addition of constitutively active,

Rho-GTPyS, but not Rho in the GDP bound form (Hirata et al; 1992). Rho has shown to
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increase phosphorylated MLC levels by decreasing the rate of dephosphorylation of the light
chain (Noda et al; 1995) and report has shown that phosphorylation of a regulatory subunit of
MLCK phosphatase causes a 5 fold decrease in the activity of this enzyme, and a large
increase in calcium sensitivity (Trinkle-Mulcahy et al; 1995). However, the precise role of
Rho family proteins in smooth muscle contraction remains controversial.

A report has also indicated that a Rho associated kinase (ROK or P160%°%*

) can directly
phosphorylate MLC on ser 19 (Eyk e al., 1998). Recently it has been shown that a p21
activated kinase (PAK) that is activated by Rac and cdc42 can cause Ca** independent
contraction of smooth muscle fibres by a different molecular mechanism to ROK (Eyk et al.,
1998). PAKI1 has also been shown to phosphorylate MLCK, resulting in decreased MLCK
activity and decreased MLC phosphorylation in some cell types (Sanders et al., 1999). It is

possible that MLCK is a target for PAKs, and PAKs may regulate cytoskeletal dynamics (via

Rac and cdc42) by decreasing MLCK activity and MLC phosphorylation.

1.5. Role of Rho proteins in cytokinesis

When a cell undergoes cell division, cytokinesis is mediated by a contractile ring of actin
formed at a cleavage furrow in the centre of the cell body. Research has shown that
microinjection of C3 exoenzyme or RhoGDI into fertilised eggs of Xenopus laevus and sea
urchin inhibited the formation of the contractile ring. (Kishi et al; 1993, Narumiya, 1996).
Cytokinesis was aborted, and the contractile ring disappeared. However, nuclear division
continued in these cells, resulting in multinucleate eggs. The inhibitory action of RhoGDI in
fertilised Xenopus eggs was prevented by co-microinjection of RhoGDI with the GTPyS form
of RhoA. This suggests that Rho proteins play a role in the formation of the contractile ring
during cytokinesis and may induce the formation of different actin structures at specific stages

of the cell cycle.
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1.6. Rac proteins and gene transcription

Both Rac and cdc42 have been shown to activate at least two distinct sub-groups of
mammalian protein kinases called the c-Jun amino (JNK)/stress activated protein kinase
(SAPK), and the p38 MAP kinase cascades and influence gene transcription in response to
cellular stresses (Mackay & Hall, 1998). Although numerous reports have shown that Rac and
cdc42 can activate these pathways, the exact role of these proteins in MAP kinase activation
remains unclear. Activated Rac and cdc42 have been shown to modestly activate the JNK
pathway, which may be mediated by the activation of PAKs (1.7.) (Zhang et al., 1995), but
the exact roles of Rac and cdc42 in this response is poorly understood. Rho, Rac and cdc42
have also been reported to activate serum response factor (SRF)-dependent transcription and
activate NFxB (Sulciner et al., 1996). A Rac target protein called plenty of SH3’s (POSH) has
been identified by Professor Hall’s laboratory. Activation of POSH activates the JNK pathway
and nuclear translocation of NFkB, providing a link between Rac and activation of protein
kinase cascades (Tapon et al., 1998). Other possible mediators of the JNK pathway are
members of the mixed lineage kinase (MLK) family. These have been shown to directly
interact with cdc42 and Rac (Nagata et al., 1998). Lfc, a Racl binding protein has also been
shown to stimulate JNK activity in COS-7 cells (Glaven et al., 1999) and it has also been
suggested that activation of NFkB may be triggered by reactive oxygen species generated by
Rac (Sulciner et al., 1996). Rac, Rho and cdc42 have also been shown to be involved in G,
cell cycle progression (Lamarche et al., 1996). However, it is possible that this is due to
cytoskeletal changes influenced by Rho proteins rather than direct effects on gene
transcription. Rac and Rho have also been shown to be essential for transformation by Ras,
and reports also indicate that Rac mutants are sufficient to cause malignant transformation of

rodent fibroblasts (Qui et al., 1995).

1.7. The activation of p21 Activated Kinases (PAKs) by Racl

In their GTP bound forms, both Racl and cdc42 bind to and stimulate the activation of a

group of Ser/Thr kinases in mammalian cells called p21-activated kinases (PAKs) (Daniels &
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Bokoch, 1999). The PAK family of proteins was first identified for their ability to interact
with the activated (GTP) bound forms of Racl and cdc42 and no other Ras superfamily small
G protein (Manser et al., 1994). Mammalian tissues contain at least four PAK isoforms: a
68kDa PAK 1 (or PAK a) (Manser et al., 1994) expressed in brain, muscle and spleen, a
62kDa PAK 2 (also known as PAK y, PAK-I and hPAK65), which is ubiquitously expressed
(Knaus et al., 1995, Teo et al., 1995, Jakobi et al., 1996), and PAK 3 (or PAK ), a 65kDa
protein that is highly expressed in brain and shows different tissue distribution to PAK 1
(Manser et al., 1995, Bagrodia et al., 1995). A recently discovered PAK isoform, PAK4 has

been identified and interacts with activated cdc42 (Abo et al., 1998).

Upon binding to Racl or cdc42, PAKs autophosphorylate at several serine or threonine
residues (Gatti et al., 1999), possibly due to a conformational change induced by the small G
protein. PAKs contain a C-terminal serine/threonine kinase domain, and a highly conserved
domain at the N-terminus of ~60 residues. This N-terminal domain contains a cdc42/Rac
interactive binding (CRIB) domain (also known as the GBD — GTPase binding domain or
PBD — p21-binding domain). PAKs 1, 2 and 3 show 78% overall sequence similarity, with
92% sequence identity in the kinase domain. The kinase domain of PAK4 shares 53%
sequence identity with other PAKs, but has a unique N-terminal domain (Abo ef al., 1998).
PAK mutants lacking the N-terminal domain show increased activity. Interaction between the
catalytic and regulatory domains of PAK1 has been detected using a yeast two-hybrid system
(Tu & Wigler, 1999) and it has been suggested that Racl and cdc42 disrupt intramolecular
interactions between these two PAK domains, releasing autoinhibition of the kinase. Other
notable features of these PAKs are the presence of a proline rich region at the N-terminus, and
a stretch of acidic residues C-terminal to the CRIB. The N-terminal proline rich domain of
PAK has also been shown to mediate interactions with the SH3 domain of an adaptor protein
Nck (Galisteo et al., 1996). The functions of PAKs are not entirely known. Mammalian PAKSs
have been shown to activate JNK and p38 mitogen activated protein kinases, but not mitogen

activated protein kinase cascades activated by Ras (Bagrodia et al., 1995b, Zhang et al., 1995,
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Polverino et al., 1995), and activated Racl and cdc42 have also shown to activate SAPKs. [t is

possible that Racl activates SAPKs via interactions with PAKs.

Research also indicates a role for PAKs in actin organisation. The fission yeast PAK
homologue, shk1 has shown to play a role in cell morphogenesis (Marcus et al., 1995, Ottilie
et al., 1995), PAKs from Drosophila (Harden et al., 1996) and mammalian fibroblasts
(Manser et al., 1997, Sells et al., 1997) localise to focal complexes and membrane ruffles, and
in mammalian cells, expression of activated PAK alleles induces actin re-organisation. The
budding yeast PAK homologue Ste20p has also been shown to bind to Bemlp, a protein
shown to bind actin (Leeuw et al., 1995). However, in some instances (Teramoto et al., 1996)
expression of PAKs has been shown to inhibit rather than enhance Racl induced SAPK
activation, and growth factors that activate PAKs have shown to have little effect on SAPKs.
Research has also shown that activated Y40C Racl and cdc42 mutants that inhibit the
interaction with PAKs still induce normal cytoskeletal reorganisation in fibroblasts (Lamarche
et al., 1996, Joneson et al., 1996), indicating that the role of PAKs in Racl induced activation
of SAPKs and actin organisation are not fully understood. A recent report has indicated
interaction of an activated cdc42 Y40C mutant with PAK4, indicating that this isoform may
play a role in cytoskeletal organisation (Abo et al., 1998). PAK isoforms have also been
shown to phosphorylate both p47""* (Knaus ef al., 1995) and p67""* (Ahmed et al.,1998),
providing a further role for Rac in the activation of the NADPH oxidase, and results have also
shown that PAK3 has the ability to phosphorylate serine residues of Rafl in vitro and in vivo
(King et al., 1998). Phosphorylation of thevcatalytic domain of Raf regulates its activation on
response to Ras. These results suggest the involvement of PAK3 and Rho proteins in Ras

activation.
1.8. Interaction of Rac with other proteins

Rac proteins have also been shown to interact with a number of other molecules. Racl has

been shown to bind directly to tubulin in a GTP dependent manner (Best et al., 1996). The
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physiological significance of this interaction is unknown, but is possible that Rac-tubulin
interactions are important for the localisation of Racl. Bovine brain GBy heterodimers of
heterotrimeric G proteins have also been show to interact directly with the GDP bound forms
of RhoA and Racl and inhibit GTPyS binding, but not to cdc42 (Harhammer et al., 1996). It is
possible that GPy heterotrimers function as guanine nucleotide dissociation inhibitors for Rac
and Rho at the membrane, or are involved in membrane localisation of these small G proteins.
Gy heterodimers have also been shown to directly interact with the small G protein ARF
(Colombo et al., 1995) suggesting a possible role for the GPBy subunit in a variety of small G
protein mediated responses. Although the biological activities and molecular interactions of
Rho family proteins are significantly different from those of Ras proteins, both families share
a number of conserved sequencing motifs. These motifs and the biochemistry of Racl will be

discussed in the following chapters.

1.9. Conserved structural motifs of the Ras superfamily

1.9.1. The G1 motif

The Ras superfamily of small GTPases share a number of conserved sequencing elements, all
involved in binding of guanine nucleotides and hydrolysis of GTP (Kjeldgaard ez al., 1996,
Valencia ef al., 1991). The first sequence motif GxxxxGK(S/T) (x corresponds to any amino
acid) is often called the phosphate binding loop or the P-loop. This loop refers to residues 10-
17 of Rac and Ras. The loop containing this motif wraps around the 3 phosphate group, with
main chain N atoms of residues 13-15, along with the side chain of lysine 16 pointing towards
the phosphate group, creating a positive environment for these charges. The conserved
threonine of Rac at position 17 following lysine 16 co-ordinates to a Mg™* ion. The
importance of this residue in the catalytic mechanism of Rac is shown as point mutation to
alanine or Asn causes a dominant negative mutant that remains in the GDP bound
conformation. This sequence motif is found in a number of proteins that bind purine

nucleotide triphosphates, including ATP synthetases and myosin.
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1.9.2. G2 - The ‘effector loop’

The effector loop is extremely variable in different G protein structures. The effector loop
comprises residues 32-40 of Rac. This region shows a significant conformational change in
Rac (and all of the known structures of members of the Rho family) between the two
nucleotide bound states. A conserved threonine at position 35 is involved in binding the y
phosphate of GTP and is a key residue involved in conformational change following GTP
hydrolysis. Threonine 35 is also a direct ligand for the Mg®* ion. This ion is essential for GTP
hydrolysis, and is also co-ordinated to the 3 and y phosphates of GTP. Amino acid changes in
this region that are not involved in nucleotide binding and hydrolysis have been shown to
inhibit the transforming ability of Ras and prevent the interaction of Rho family proteins with

a number of effectors; hence this region has been termed the ‘effector’ loop.

1.9.3. G3, G4 and G5 motifs

The third motif, DxxG (residues 57-60 of Rac) is situated close to the phosphate binding loop,
and is typically a region involved in conformational change of small GTPases between the
two nucleotide bound states. This motif is highly conserved in Ras superfamily G proteins.
Aspartate 57 in this region is thought to bind the catalytic Mg** via a water molecule (John et
al., 1993) with the amide proton of the conserved glycine forming a H-bond with the y
phosphate of GTP. The G4 motif, NKxD is known as the guanine recognition motif and is
thought to determine specificity for the guanine. Carboxyl oxygens of aspartate 118 of Rac
form a double H-bond with the guanine ring that is thought to play a role in nucleotide
specificity, and the amide proton of lysine 116 stabilises the nucleotide binding site through H
bonds to residues 13 and 14 in the G1 region. The G5 motif consists of residues 156-160 of
Rac and has the conserved sequence ExXSAxX. Alanine 146 has shown to have a direct contact
with the GTP in Ras, but other residues in this region of Ras have shown to stabilise side

chains of Asn 116 and aspartate 119 through H-bonds.
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1.9.4. The C terminal region

The C terminal residues of small GTPases, extending from residue ~165 to the C terminus is
highly variable, even amongst closely related family proteins. The number of residues
following amino acid ~164 of Ras superfamily GTPases also varies greatly in length, but
typically have the same length in each family. When sequences are aligned at the conserved
cysteine residue motifs at the C terminus, the shortest C terminal extensions are seen in the
Rho family (14-17 residues) (figure 1.2.), with C terminal residues of Ras family proteins
extending by 18-30 residues. The last four C terminal residues always include a cysteine motif
that is required for in vivo modification (Adamson et al., 1992). Rac1 (but not Rac2) contains
a polybasic region at the C terminus (sequence KKRKRK). As well as being an important site
for post-translational geranylgeranylation, Research by Chuang et al. (1994) has shown that
smgGDS, a guanine nucleotide dissociation inhibitor, specific for Rac interacts with full
length (un-modified) Rac, but not with Rac truncated at the C terminus. It is possible that the

polybasic region at the C terminus of Racl may be important for interaction with GDI.

1.10. Mechanism of GTP hydrolysis by Ras superfamily proteins

Despite the biological importance of signal transduction by Ras superfamily GTPases, the
mechanism of Ras catalysed GTP hydrolysis remains poorly understood. Using chirally
labelled [y-'"0,'®0] guanosine 5°-O-(y-thio) triphosphate, Feuerstein et al. (1989)
demonstrated that hydrolysis of Ras occurs with an inversion of the y-phosphorous, indicating
that the most likely mechanism for hydrolysis is a single step, in line transfer of the terminal

phosphate from GTP to water without a phosphoenzyme intermediate.

The crystal structure of H-Ras at 1.35A resolution (Pai ef al., 1990) indicates that 211 water
molecules are incorporated into the structure, with the water molecules, Wat175 close enough
to the y phosphorous atom to be involved in GTP hydrolysis and perform in-line nucleophilic
attack (figure 1.5A). Thr35 and GIn61 are likely to be close enough to Watl75 to form

hydrogen bonds, making it more nucleophilic. The carboxylate group of Glu63 is close
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Figure 1.5. Mechanism of GTP hydrolysis by Ras
A. Proposed mechanism of GTP hydrolysis by nucleophilic activation of the y phosphate of

Ras‘GTP by water, activated by Gln61 (diagram from Pai et al., 1990).

B. Transition state stabilisation mechanism of GTP hydrolysis as proposed by Privé et al.
GIn61 stabilises a transition state formed between the pentavalent y phosphate and the side

chain of GIn61 (diagram from Privé et al., 1992).

GMP = guanosine monophosphate.
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enough to the amido group of GInél to form a hydrogen bond, and may maintain correct

orientation of GIn61.

An alternative mechanism for GTP hydrolysis has been proposed by Privé et al. (1992). Based
on the crystal structures of Ras mutants, a transition state stabilisation mechanism for GTP
hydrolysis has been proposed. This provides a rationale for the effects of oncogenic mutations
at positions 12 and 59 of Ras. Crystal structures of mutant Ras proteins indicate that GIn61 is
not required to ‘fix> Watl75 to an attacking position. Instead, the water molecule is tightly
bound and probably activated by the main chain carbonyl group of Thr35 and strong
interactions with the y phosphate. In this mechanism, GIn61 is involved in stabilising a
transition complex formed between the side chain of GIn61 and the pentavalent y phosphate of
the GTP transition state once a water molecule has bound to the y phosphate and lost a proton
(figure 1.5B.). The involvement of Glu63 in the GTPase mechanism as proposed by Pai et al.
is suspect as Glu63 is not conserved among Ras related proteins. GIn6l is therefore an
important residue involved in GTP hydrolysis, but it is still not clear whether it has a role as a

general base or has a more structural role.

1.11. DH proteins — exchange factors for Rho family GTPases

A number of Rho family nucleotide exchange factors have been identified that catalyse the
release of bound GDP (and subsequent binding of GTP) to Rho family proteins. Genetic
evidence for a Rho family exchange factor came from studies with CDC (cell division cycle)
mutants of S. cerevisiae. The Cdc24 protein and the small GTPase cdc42 regulate the
development of cell morphology in yeast (Adams et al., 1990), and defects in Cdc24 could be
complemented by over expression of cdc42, indicating that Cdc24 is an upregulator of cdc42
(Bender & Pringle, 1989). Biochemical evidence for exchange factors came from studies with
the proto-oncogene Dbl. Dbl and Cdc24 contain a homologous region of ~180 amino acids

known as the DH (Dbl homology) domain (Ron et al., 1991). This region has been shown to
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be responsible for the nucleotide exchange activity of Dbl and Cdc24 (Hart e al., 1991 &

Zheng et al., 1994).

DH containing proteins activate Rho family GTPases, and a large number of DH proteins
have been identified (table 1.1). The DH domain is usually flanked at its C-terminus by a
pleckstrin homology (PH) domain of ~100 amino acids (Gibson et al., 1994). This domain has
been identified in a large number of signalling proteins (Musacchio et al., 1993) and it has
been reported that PH domains show distinct binding affinities for phosphatidyl inositol (PT)
phosphoinositides, indicating that proteins with a PH domain may respond to lipid signalling
(Lemmon et al., 1996). As PI lipids are membrane bound, this indicates that PH domains may

mediate signal-dependent membrane localisation (Shaw et al., 1996).

1.12. GTPase-Activating Proteins (GAPs)

Following biochemical identification and cloning of pS0 RhoGAP, the first GAP for Rho
proteins, over 25 Rac GAPs have been identified from yeast to human. The mammalian Rho
GAP family of proteins include pS0 RhoGAP, Ber, Abr, a-chimaerin, B-chimaerin, p190, p85,
3BP-1, MyrS5, p122-Arp, p155 and cdGAP (table 1.2). All share a homologous catalytic
domain, which mediates binding and catalytic activity with Rho family proteins, but in
addition, many Rho GAPs contain additional domains involved in signalling. Although the
rate of GTP hydrolysis of Racl is ~50 fold faster than Ras or Rho (Chuang et al., 1993) the
GTPase rate of Racl may be increased by several orders of magnitude by interaction with
GAPs (Lancaster et al., 1994). All RhoGAPs contain a homologous catalytic domain; within
this domain is a single conserved arginine residue (Lancaster ef al., 1994). In contrast to
heterotrimeric G proteins, Ras superfamily small G proteins typically have a slow rate of
intrinsic GTP hydrolysis in vitro, and their in vivo conversion of the GDP bound form
depends largely on GAP activity in vivo. This suggests that the biochemical function of GAPs

is to down-regulate Rho family proteins. However, Rho GAPs contain a variety of additional
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Table 1.1. In vitro specificities of DH proteins for activating Rho family GTPases

A table showing in vitro specificities (that have been tested) and schematic representations of
a number of DH containing proteins. Many of these proteins show nucleotide exchange
activity on Rac (shown in green) and other Rho family proteins. Schematic representations of
Tiam1, Trio and Vav are not shown due to the complexity of the domain structures. *Ect2

shows no exchange factor activity on Racl or H-Ras in vitro (Jeanteur, 1999).

Sc. = Saccharomyces serevisiae, M = mouse, R = Rat, H = Human, DH = Dbl homology, PH
= pleckstrin homology, RhoGAP = GTPase activating domain for Rho GTPases, S/T kinase =
serine/threonine kinase, C2 = domain involved in calcium binding, vimetin rod like = coiled-
coil region, SH3 = Src homology 3, binds proline rich motifs, CR = cysteine rich, EF = EF

hand, calcium binding.
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Name Organism Specificity in vitro Schematic Representation

Abr H Cdc42, Racl, 2, RhoA o 1 RhosA? 859
S/T kinase C2 RhoGAP

Ber H Cdc42, Racl, 2, RhoA 1771 1271

Cdc24 Sc Cdc42Sc 1 184

Dbl H Ejg4n21g§i’fi5§ oA Racl Py S 192

Dbs H Cdc42, RhoA I ?ng 11149

Ect2* H m | 178

Fgd1 H Cdc42Hs 1]-n -CTRT PH—T1961

Lbc H RhoA = 424

Lfc M RhoA 573

Lsc M RhoA 11 1919

Ost R Cdc42, RhoA I 1 182

Tiaml M Cdc42Hs, Racl, RhoA

Mo oW QhR

Vav M Cdc42, Rac, Rho



Table 1.2. In vitro specificities of proteins containing a RhoGAP domain
A table showing in vitro specificity of a number of mammalian proteins containing a

RhoGAP domain. ? = not determined, + and - = tested positive and negative respectively

(Jeanteur, 1999).
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':l:gt'g' ﬁ: (p_rclevcli-ivt\:’t-ed, In vitro GAP specificity for g ;i?gﬂteion

in kDa) Rho Rac Cdc42
p50-RhoGAP 50 + + ++ Ubiquitous
Ber 142 - + + Brain, hematopoietic cells
Abr 92/97 - + + mainly brain
n-Chimaerin (at) 38 - ++ + Brain
a2-Chimaerin 50 - ++ + Brain, testes
B1-Chimaerin 34 - + - Testes
B2-Chimaerin 54 - + - Brain
p85a, p85b 83 and 81 - - - Ubiquitous
p190 171 ++ + + Ubiquitous
3BP-1 65 - + + mainly spleen and brain
RLIP76 76 - + + Ubiquitous
Myr5 225 ++ + ++ Ubiquitous
Myosin-IXb 229 ? ? ? mainly myeloid cells
p122-Arp 122 + - - ?
p190b 172 ++ ++ + Ubiquitous
p115 115 ? ? Hematopoietic cells
p58-Mgc 58 + ++ ++ mainly testes
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structural domains that may allow them to interact with other signalling molecules. It is

therefore possiBle that Rho GAPs also act as downstream effectors of Rho family proteins.

1.12.1. p50 RhoGAP

The first Rho GAP identified was pS0 RhoGAP, a 29kDa protein extracted from cytoplasmic
cell extracts (Garrett et al., 1991). Partial sequencing and cDNA cloning revealed that this
fragment was the catalytic domain of pS0 RhoGAP, resulting from proteolytic cleavage of the
full length (50kDa), ubiquitously expressed, p50 RhoGAP protein (Lancaster et al., 1994).
The crystal structure of p5S0 RhoGAP has been recently described (Barrett et al., 1997) and
crystal structures of cdc42-GMPPNP and RhoA-AlF, in complex with the GAP domain of
p50 RhoGAP have been solved to high resolution at N.LM.R. (Rittinger et al., 1997 &
Rittinger et al., 1997b). The structure of the GAP domain is an unusual arrangement of nine
helices, the core of which consists of a four helix bundle. Conserved residues of the RhoGAP
domain are mostly located on one side of this bundle, which may constitute a binding site for
Rho family GTPases. Cdc42 interacts with this catalytic domain through switch I and switch
II contacts with a shallow pocket on the RhoGAP catalytic domain. Structural and
biochemical data suggests that RhoGAP acts on intrinsic GTPase activity by stabilising the
GTPase structure, and directly by supplying a catalytic residue to the GTPase reaction. In the
complex of RhoA-AlF,; with RhoGAP (catalytic domain), there is a rotation of ~20° between
RhoA and RhoGAP when compared to the ground state complex cdc42-GMPPNP/RhoGAP,
in which cdc42 is bound to the non-hydrolysable GTP analogue, GMPPNP. Consequently, in
the transition state, Arg85 (identical to Arg282 of the full length RhoGAP protein) is placed
directly into the active site of the protein suggesting a role for Arg282 in the hydrolysis of

GTP by RhoGAP.
Biochemical data also suggests a role for Arg282 of RhoGAP in the activation of GTP

hydrolysis. Changes in fluorescence anisotropy have shown that RhoGAP binds tightly to

RhoA-mantGDP in the presence, but not in the absence of AlF,. Furthermore, mutation of
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Arg282 to lysine abolishes the formation of the RhoGAP/RhoA-GDP-AlF,” complex and
reduces the RhoGAP activation of GTP hydrolysis by a factor of ~10* (Graham et al., 1999).
Biochemical studies of GAP specificity towards Ras superfamily GTPases have shown that
only cdc42, Rac and Rho are targets of p5S0 RhoGAP, and although p50 RhoGAP binds Rac,
Rho and cdc42 bind equally well, cdc4?2 is the best substrate and RhoGAP is equally active on

Rac and Rho (Lancaster et al., 1994) in vitro.

1.12.2. Additional regulatory mechanisms

Research by Zhang & Zheng has shown that cdc42, Rac2 and RhoA form homodimers in both
the GDP and GTP bound states in vitro. The dimerisation appeared to be mediated by the C-
terminal polybasic regions. This interaction was shown to cause a significant increase in the
GTPase activity of Rac and cdc42 (Zhang & Zheng 1998). Rho family members containing an
arginine at position 186 in the C-terminal polybasic region have been shown to possess self
stimulatory GTPase activation through homophilic interactions (Zhang et al., 1999). It is
possible that Rho family proteins utilise a built in arginine finger for negative regulation in

addition to GTPase activating proteins (GAPs).

Recent reports have indicated toxic induced activation of RhoA in vivo by deamination of
glutamine 63. Cytotoxic necrotizing factors (CNF 1 and 2) are produced by a number of
Escherichia coli strains. These toxins have been shown to cause tissue damage and often
death in animal hosts. CNFs have shown to activate polymerisation, inhibit cytokinesis and
induce membrane ruffling, and reports have identified Rho proteins as targets for these E.Coli
toxins (Oswald et al., 1994, Fiorentini et al., 1995). Two recent reports show that%cia-‘l:?l
deaminates glutamine 63 of RhoA (equivalent to position 61 in Ras and Rac) to glutamate,

resulting in a constitutively active form of the protein, blocking intrinsic and RhoGAP

stimulated GTP hydrolysis (Schmidt et al., 1997, Flatau et al., 1997).
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1.13. Structure and sequence motifs of Human Racl

Racl is a protein of 192 amino acids with a molecular weight of 21.5kDa. The crystal
structure of Rac complexed to a non-hydrolysable GTP analogue (GMPPNP) has been solved
to 1.35A resolution at NIMR (Hirshberg et al., 1997) (figure 1.6.). This clearly illustrates
structural difference between Rac and other small G proteins, such as Ras. Although Rac and
Ras appear to be very similar, they differ in conformation and mobility of the effector loop
when complexed to GMPPNP, and in the precise interactions of the protein and the
nucleotide. The overall fold of Racl is similar to that of Ras, but Rac has an additional 13
amino acid ‘insertion loop’ (residues 123-135) with the corresponding structure in Ras being a
short loop. This additional a helical domain is mobile, exposed to the solvent and presents a
highly charged surface, suggesting it is involved with the interaction of effectors. This loop is
unique to Rho family GTPases and shows considerable sequence divergence between
individual members. The Rac insert region has been implicated in the activation of the
NADPH oxidase (Freeman et al., 1996), and recent experiments suggest an essential role for
the insertion loop in cell proliferation and transformation (Joneson & Bar-Sagi, 1998, Wu et
al., 1998). Residues Thr 125, Ile 126, Leu 129, Pro 136 and Val 85 of the insertion loop form
a loosely packed hydrophobic core that are all (with the exception of Ile 126) completely
conserved or conservatively substituted in this helix in all known Rho family proteins.
Available structures of RhoA and cdc42 suggest that other Rho family proteins adopt a

structure similar to Rac rather than Ras.

The structure of Rac-GDP has recently been solved by collaboration with this laboratory and
the Division of Protein Structure (unpublished results) (figure 1.7.). The GMPPNP and GDP
bound forms of Rac are similar in structure but show differences in the effector loop (residues
30-40). With GDP bound, the effector loop is rigid and adopts a single conformation. In the
GMPPNP bound form, this loop is mobile and may adopt several sub-structures. The switch 2
region of Racl shows significant conformational change between the two nucleotide bound

states (figure 1.7.). This loop does not adopt a similar conformation in the crystal structures of
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Figure 1.6. Comparison of the Racl and H-Ras structures

Ribbon diagrams of the overall fold of Racl (a) and H-Ras (b), bound to non-hydrolysable
GTP analogues (Hirshberg et al., 1997). Colour scheme: o-helices are shown in green, 3-
strands in red and 3 helices in blue. A ball and stick representation of the non-hydrolysable

nucleotide analogue is shown in yellow.
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Figure 1.7. Crystal structure of human Racl.GDP

A ribbon diagram showing the overall fold of human Racl bound to GDP (Hirshberg et al.,
unpublished results). The Racl-GDP structure is shown in green, with regions of the
Racl-GMPPNP structure that show significant conformational change between the two
nucleotide states shown in blue. These two regions represent the effector loop (shown closest
to the nucleotide) and the switch II region. The nucleotide is represented as a ball and stick

model, with the red sphere representing a water molecule.
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Rho-GDP or cdc42-GDP (Wei ef al., 1997, Rudolph e? al., 1999) and may be important for

Rac-specific interactions with effectors such as p67°™™.

1.13.1. Post-translational modifications of Rac

In order to associate with membranes and interact with regulatory targets, most members of
the Ras superfamily are post-translationally modified by covalent attachment of an isoprenoid
to a C-terminal cysteine residue. The C-terminal sequence specifies the type of modification —
the CAAX motif of Ras (C=cysteine, A= any aliphatic residue, X= usually methionine of
serine) undergoes farnesylation (C-15 isoprenoid). Most Rho proteins have a CAAX motif
(where X= a leucine) that is modified by the addition of a geranylgeranyl (C-20 isoprenoid)
(Didsbury et al., 1990). The importance of this terminal amino acid in prenylation specificity
is supported by the observation that mutagenesis of the terminal residue of Ras to leucine
results in geranylgeranylation of the protein (Kinsella et al., 1991). Isoprenylation is catalysed
by the enzymes farnesyltransferase and geranylgeranyltransferase. Following isoprenylation,
the C-terminal ~AAX motif is proteolytically removed, and the C-terminal cysteine is
carboxyl methylated (figure 1.8.). Ras proteins (with the exception of K-Ras) are further
modified by palmitoylation of additional C-terminal cysteines (upstream from the CAAX
motif) (Dudler & Gelb, 1996). Rho proteins are not palmitoylated, but some do have a stretch
of polybasic amino acids near their C-terminus thought to be essential for correct localisation

of the proteins.

All members of the Rho family have a CAAX motif ending in leucine or phenylalanine and
are geranylgeranylated, with three notable exceptions. RhoB has been found in both
farnesylated and geranylgeranylated forms (Adamson et al., 1992) and it has been shown that
this modification can be catalysed by geranylgeranyl transferase (Armstrong et al., 1995),
RhoE (Foster et al., 1996) and the recently identified Rnd group of Rho family proteins
(Nobes et al., 1998). RhoE shows ~54% sequence identity with RhoA, B and C yet exhibits

structural difference both in the catalytic domain of the protein and at the C terminus.
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Figure 1.8. Post-translational modification of Racl
Following isoprenylation of Racl by geranylgeranyltransferase, the C-terminal leucines
(-LLL) are proteolytically removed and the resulting C-terminal cysteine is carboxyl

methylated.
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Sequence alignment of RhoE with H-Ras indicates that this protein has serine residues at
positions 17, 64 and 66, which correspond to positions 12, 59 and 61 in H-Ras. Mutations at
these positions in Ras have been shown to produce constitutively active, oncogenic forms of
Ras by interfering with the mechanism of nucleotide hydrolysis. RhoE is consequently unable
to hydrolyse its bound GTP and appears to be maintained in a GTP bound state, suggesting its
activity may not be controlled by the conventional cycling mechanism involving exchange
factors and GAPs (Foster et al., 1996). RhoE has a C-terminal methionine, which is also seen
in K- and N- Ras and has been shown to be modified by farnesylation. Evidence for a
constitutively active form of RhoE has been shown by microinjection of fibroblasts, which
induced the formation of ruffles and filipodia-like membrane protrusions (Guasch et al.,
1998). The precise biochemical role of RhoE in cellular processes remains to be established,
but like other Rho family proteins, it is probably involved in cytoskeletal organisation, with its

activity controlled by an unknown mechanism.

The Rnd proteins form a distinct branch of the Rho family of small G proteins. They have
higher molecular weights (25-28 kDa) than other Rho family proteins and share 45-49%
sequence identity with Rho, slightly less with Rac and cdc42. Rnd proteins exchange GTP
rapidly, have a low affinity for GDP and lack significant intrinsic GTP activity (Nobes et al.,
1998), suggesting that these proteins are in a constitutively GTP bound conformation.
Sequence alignment has revealed that RhoE is identical to Rnd3 (Foster et al., 1996) except
that the published RhoE sequence lacks 15 N-terminal residues. The sequence motif
MKERRA in this additional N-terminal region is essential for intracellular location of Rnd3.
Rnd proteins have polybasic motifs at their C termini, but these are separated from the protein

core by ~ 30 amino acids.

1.13.2. Carboxyl terminal methylation of Rac

it E%i_mf ?f ?f?f? ?flw in istidine. Protein methylation has shown to be
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involved in a number of cellular processes such as stress responses and ageing and repair of
proteins (Desrosiers & Tonguay, 1988). Many G proteins are methylated on the C terminal
carboxyl group of the protein (figure 1.8.) and a role for methylation in G protein signalling
has been indicated by the relationship between prenylcysteine carboxy methylation and G
protein activation in neutrophils (Philips es al., 1993). Research suggests that protein
methylation is catalysed by membrane bound, prenyl cysteine methyl transferasef that actson
Ras and other signalling molecules that contain either a carboxyl-terminal farnesyl of
geranylgeranyl cysteine (Clarke et al., 1988). Unmethylated cdc42 from brain (also known as
G25K) purifies as a soluble complex with RhoGDI, and RhoGDI blocks methylation until
cdc42 is in the active (GTPyS) conformation. In the active conformation, cdc42 can
translocate to the membrane where methylation can occur (Backlund, 1993). The role of
methylation in Rho protein function has not been clearly defined. In vitro studies with K-Ras
indicates that C terminal carboxyl methylation may play a role in membrane association of the
protein by neutralising the negative charge at the C terminus (Silvus & I’Heureux, 1994), and
research by Wet al. (1997) suggest that carboxyl methylation protects Rho and related
acKlun
proteins from degradation. Unlike isoprenylation and proteolysis, methylation has been shown
to be reversible under physiological conditions (Venkatasubramanian et al., 1980). This

reversibility suggests that methylation may play an important regulatory role in signal

transduction.

1.14. Rho Guanine nucleotide Dissociation Inhibitors (GDIs)

Under non-activating conditions in the cell, Rho family proteins exist mainly in a complex
with a second cytosolic protein, Guanine nucleotide Dissociation Inhibitor, (GDI). In order to
bind tightly to GDI, Rho subfamily proteins require post-translational geranylgeranylation at
their C terminus. Research in this laboratory has shown that a region of the effector loop of
Racl (aa’s 30-40) is important for the interaction with GDI (see results), indicating that
regions other than the C-terminal domain of Racl are important for this interaction. GDIs are

capable of three biochemical activities — they preferentially bind to the GDP bound form of
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Rho proteins and inhibit the release of GDP (and subsequent binding of GTP) (Mizuno et al.,
1992), stimulate the release Rho family proteins from membranes (Isomura er al., 1991,
Leonard et al., 1992, Sesaki et al., 1993), and inhibit GTP hydrolysis (Hart et al., 1992, Sasaki

et al., 1993, Hancock & Hall, 1993).

Three human GDIs specific for Rho family proteins have been identified — RhoGDI
(Fukimoto et al.,1990, Ueda et al, 1990), and two closely related homologues, GDI/D4
(Lelias et al.,1993) or Ly-GDI (Scherle et al., 1993) (sequence alignment shows D4 and Ly-
GDI encode the same protein) and RhoGDly (Adra et al., 1997). RhoGDI was the first Rho
family GDI discovered. It is a protein of 204 amino acids, 23.4 kDa and was first purified
from brain cytosol on the basis of its ability to inhibit GDP dissociation from RhoA. Tissue
specificity of RhoGDI mRNA expression has shown that RhoGDI is ubiquitously expressed
(although with weak expression in heart and liver) (Fukimoto et al, 1990, Shimizu et
al.,1991). Western blot analysis shows a similar tissue distribution of RhoGDI (Shimizu et al.,
1991) suggesting that RhoGDI plays a role in most cell types. GDI/D4 is expressed almost
exclusively in haematopoietic cells, and RhoGDly is expressed preferentially in the brain and
pancreas (Adra et al., 1997). Both RhoGDI and GDI/D4 function as GDIs for Rho Rac and
Cdc42 proteins, whereas RhoGDIy has been shown to act as a GDI against cdc42 and RhoB,
but unable to bind to Racl or Rac2 (Adra et al. 1997). The ability of RhoGDly to bind other
Rho family proteins has yet to be established. GDI/D4 and RhoGDIy show ~67% and ~50%
sequence similarity to RhoGDI respectively, and are 10 and 20 fold less efficient than
RhoGDI at binding and regulating Rho family GTPases, respectively (Nomanbhoy & Cerione,

1996, Gorvel et al., 1998).

1.14.1. Structure of RhoGDI
The structure of RhoGDI has been solved by X-ray crystallography (Keep et al., 1997).
RhoGDI has two domains — the first ~60 N-terminal residues form a highly flexible domain

that is disordered in the absence of bound G protein, and an ordered folded domain. This
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ordered region has an immunoglobulin-like fold comprising the remaining ~140 residues and
contains a hydrophobic cavity of the dimensions ~12x8x10 A. This suggests that the binding
and inhibitory functions of RhoGDI are due to two structurally distinct domains. The base of
the hydrophobic cavity contains a region of negative electrostatic potential. It is possible that
this region interacts with the basic C terminal region of Rho family proteins. There is no
structural similarity between RhoGDI and RabGDI (Schalk et al., 1996), which is likely to

perform the same cellular function for the Rab family of small GTPases.

The solution structure of the RhoGDI has also been solved using NMR spectroscopy (Gosser
et al., 1997). The addition of a farnesylated peptide, acetyl-KKSRC(S-farnesyl) to GDI caused
large changes to the GDI structure. No changes were observed when non-isoprenylated
peptide was added. This suggests that the farnesyl group interacts with RhoGDI in solution,
probably by interacting with the hydrophobic cavity of RhoGDI and may induce a
conformational change in the RhoGDI structure. RhoGDI mutants that are truncated at the N-
terminus show decreasing affinity for cdc42 as increasing amounts of the N-terminus are
removed. However, a RhoGDI mutant truncated at the N-terminus by 59 residues still binds to
isoprenylated cdc42 in the high nanomolar range. Truncated RhoGDI constructs have also
been tested for their ability to inhibit nucleotide exchange from isoprenylated cdc42. Full
length RhoGDI and a truncated GDI lacking the N-terminal 22 amino acids reduced GDP
dissociation, but not truncated RhoGDI lacking the N-terminal 42 amino acids. This suggests
that the region of GDI involved in inhibiting nucleotide dissociation resides between the N-
terminal residues 23-42. Experiments using an N-terminal GDI peptide (residues 23-58)
shows a low affinity (K4 >5mM) for cdc42 (Gosser et al., 1997). However, It is possible that
the flexible N-terminal domain of GDI forms a structured loop in the complex with cdc42,
which may be positioned in the correct orientation to make contacts with more than one
region of the cdc42 structure. This may account for the weak affinity of this peptide for cdc42.
The crystal structure of a recombinant RhoGDI-RhoA-GDP complex expressed in yeast has

been solved to 5A resolution (Longeneker et al., 1999). These results show that the N-
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terminal region of GDI is likely to form a loop in the complex with RhoA and may make

contacts with the effector loop and switch II of RhoA.

RhoGDI contains a single cysteine at position 79. This residue is close to the hydrophobic
cavity of RhoGDI and has been previously labelled with an environmentally sensitive
fluorophore N-[2-(1-maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxamide (MDCC) by
R.W. Stockley in this laboratory. The labelled protein shows ~75% decrease in fluorescence
upon Racl binding, providing a direct spectroscopic approach to monitor the binding of Racl
to GDI. The labelled protein has been used to monitor the interaction of GDI with Racl (see
results). Titration profiles of modified Racl induced quenching of MDCC-GDI fluorescence
and individual rate constants for this interaction have been fitted to a binding model for the

Rac1:GDI interaction with a K4 of 0.4nM (Newcombe et al., 1999).

1.14.2. Dissociation of the Racl-GDI complex

Activation causes Rac and GDI to dissociate by an unknown mechanism, although it has been
reported that this interaction may be disrupted by the presence of a number of biologically
active lipids. These include arachidonic acid, phosphatidic acid and phosphatidylinositols
(Chuang et al. 1993b). These are second messengers generated upon membrane receptor
activation and are involved in a variety of cell functions. Arachidonic acid and phosphatidic
acid have also been shown to stimulate NADPH oxidase activity both in intact cells and in a
cell free system (Sawai et al., 1993), with stimulation of the NADPH oxidase occurring at
concentrations of arachidonic acid similar to those shown to disrupt the Rac-GDI interaction.
It is possible that the presence of these lipids maintain Rho proteins in a dissociated state by
competing for the lipid binding pocket of GDI. However, amphiphiles such as arachidonic
acid are usually required in a cell free NADPH oxidase system where Rac, but not GDI, is
present; hence these lipids may also have potential effects on the cell membrane or other

phagocyte oxidase components.
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A recent report has also shown that GDI/D4 is a substrate of the apoptosis protease GPP32
and is truncated at its C terminus, suggesting that regulation of Rho family GTPases by
GDI/D4 may be disrupted during apoptosis by GPP32 cleavage (Na et al, 1996). GDI/D4
differs primarily from RhoGDI at the N-terminal 25 amino acids. The consensus sequence
required for cleavage (between Asp'’ and Ser® of the cleavage sequence DELD'®S) is not seen
in RhoGDI or RhoGDlIy. This may illustrate an important role for Rho family GTPases in the
differentiation of haematopoietic cells and the cytoskeletal re-arrangements that occur during
programmed cell death. Research by Vignais’s group has shown that RhoGDI is
phosphorylated in neutrophils, indicating that in the RhoA-RhoGDI complex the GDI may be
present in a phosphorylated form, with the affinity of the interaction between the two proteins
dependent on the phosphorylation state of the RhoGDI (Bourmeyster & Vignais, 1996). The
phosphorylation of GDI/D4 and RabGDI (a nucleotide dissociation inhibitor for the Rab
family of small GTPases) has also been reported (Steele-Mortimer et al., 1993), suggesting
that the action of specific phosphatase(s) and kinase(s) may at least in part, control the
dissociation of the Rac-RhoGDI complex. A recent report by Takai and collegues suggests
that C terminal regions of the ezrin/radixin/moezin (ERM) family of proteins interact with
RhoGDI and reduce the inhibitory effect of GDI on Racl nucleotide exchange (Takahashi ez
al., 1997). ERMs are intracellular proteins that function as linkers between the plasma
membrane and actin based cytoskeletons. ERMs contain at least two functionally distinct
domains — a highly conserved N terminal domain that interacts with a number of integral
membrane proteins, and a C terminal domain that interacts with actin filaments (Tsukita et al.,
1994). ERM proteins may provide a link between dissociation of Racl from RhoGDI and

cytoskeletal organisation.

4

fowre
A recent report by Faur e al. (1999) has shown that phosphoinositides partially open, but not

fully dissociate a RhoA-GDP-GDI complex. These results are consistent with experiments
using truncated (unmodified) Rac1-GDP in this laboratory. A combination of C-terminally

truncated (E.coli expressed) racl and a farnesyl modified C-terminal peptide mimics
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geranylgeranylated racl and binds to RhoGDI (see results). Because the C-terminal peptide
and the ‘rest’ of Rac are not attached in this system, Rac is likely to interact with GDI through
an additional site other than the via the isoprenyl tail of Rac and the hydrophobic pocket of

GDI.

1.14.3. In vivo studies into the role of RhoGDI

The function of RhoGDI has been investigated by microinjecting Swiss 3T3 cells with
RhoGDI. Microinjection has shown to induce morphological change in these cells
accompanied by the disappearance of stress fibres (Miura et al., 1993), and has also shown to
inhibit Swiss 3T3 cell motility (Takaishi et al., 1993). RhoGDI-induced morphological
changes and inhibition of cell motility were prevented by microinjection of RhoA in the
GTPyS (active) form. These results suggest that RhoGDI binds preferentially to the GDP-
bound form of RhoA in vivo, inhibiting further nucleotide exchange and maintaining RhoA in
the inactive state. It is also possible that RhoGDI down-regulates Rho subfamily activity by
releasing proteins from membranes, interfering with the correct intracellular localisation of the

protein.

1.14.4. Regulation of membrane translocation by GDI

The mechanisms which trigger the dissociation of racl from membranes remains poorly
understood, despite the likely physiological importance of this dissociation. A recent report by
Isomura et al. (1991) has shown that RhoGDI inhibits the binding of the GDP bound form of
RhoB interacting with synaptic plasma membranes, but not RhoB in the GTP bound form.
This data also indicates that RhoGDI is able to stimulate the dissociation of only the GDP
bound form of membrane bound RhoB. Results have also shown that an N terminally
truncated GDI can still bind to membrane bound, isoprenylated cdc42, but is unable to
stimulate its release from membranes (Nomanbhoy et al., 1999). It is likely that RhoGDI
makes at least two contacts with Rho family proteins. One is likely to occur between the

carboxyl terminal domain and the geranylgeranyl group of Rac with the hydrophobic pocket
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of RhoGDI. A second contact probably occurs at the amino terminal domain of GDI and
appears to be necessary for GDI-induced release of cdc42 from membranes and inhibition of
GDP dissociation from cdc42. Recent experiments using a chimaeric cdc42/Ras protein (with
the insertion loop of cdc42 removed and replaced by corresponding residues of Ras) suggests
that the insertion loop (residues 120-132) of cdc4?2 is important for the inhibition of nucleotide
dissociation by RhoGDI, but not essential for interaction with GDI (Wu e? al., 1997). A Ras
protein with the insertion loop and the C terminal 8 amino acids (including the CVLLY
modification sequence) of cdc42 did not render GDI sensitivity to Ras (Wu et al., 1997),
suggesting that other regions of cdc42 are essential for the interaction with RhoGDI.
Experiments in this laboratory indicate that residues of the effector loop (aa’s 30-40) may be
critical for the interaction with GDI; this may account for the lack of effect on affinity of the

cdc42/Ras chimaera with GDI.
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CHAPTER 2. MATERIALS & METHODS

2.1. Materials used for protein studies

Standard biochemical reagents were from Sigma or BDH unless otherwise stated. IPTG,
alkaline phosphatase, farnesyl bromide, guanine nucleotides and the nucleotide analogue
GMPPNP were also purchased from Sigma. Fluorescent probes and TCEP were from
Molecular Probes Inc., agarose solutions (for agarose gel electrophoresis and plaque
assays) were from FMC Bioproducts and polyacrylamide solutions for SDS-PAGE were
from Severn Biotech Ltd. Supercompetent E.coli cells were from Stratagene, and s/9
" insect cells were from Invitrogen and cultured in media laboratories, N.I.M.R. Cells were
sonicated on ice using a VibraCell sonicator (Sonics & Materials Inc.) using a 0.5 inch
diameter probe. RhoGDI was purified from E.coli and subsequently labelled with MDCC
as described (Newcombe et al., 1999) in DR. M. Webb’s laboratory by J. Hunter. GDI
was first labelled with MDCC by R. Stockley (UCL) at the NI.M.R. DR K. Rittinger
(Division of Protein Structure, N.I.LM.R.) kindly provided truncated cdc42Hs (residues 1-
184, with Gly-Ser-His and the native Met at the N-terminus) and full length N-Ras and

RhoA were kind gifts from DR J. Eccleston’s laboratory (N.I.M.R.).

2.2. Protein purification from E.coli

Escherichia coli containing vectors of Q61L Rac, p47™, p67""* and the domain of
p67°" that interacts with Rac (N-terminal residues 1-199) were provided by Professor A.
Hall (University College London). The wild type Rac clone was available in our
laboratory. All E.coli expressed Rac proteins were purified from pGEX-2T vectors
expressed in DHSo,, BL21 or XL-1 blue strains of E.coli. p67""” was purified from a
modified pGEX-2T plasmid vector, pPGEX-GK. Professor D. Lambeth (Emory University
Medical School, Atlanta, Georgia) kindly provided baculoviruses containing the p67°"

and p47°"* baculovirus vectors.
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2.2.1. Expression and purification of recombinant Racl from E.coli

Wild type and mutant Racl was expressed in a pGEX-2T vector (Pharmacia) under the
control of a tac promoter as glutathione-S-transferase (GST) fusion proteins. A 100ml
starter culture containing SOug ml"' ampicillin was inoculated with a small loop of the
E.coli strain DHS5a or XL1-blue containing the pGEX2T-Racl vector from a frozen
glycerol stock and incubated overnight. The following day 10ml of starter culture was
added to each of eight 500ml aliquots of L-broth in 2 litre shaker flasks (total volume 4
litres) containing SOug ml™' ampicillin and the cells grown at 37°C with vigorous shaking
until an absorbance at 600nm of 0.8cm™ was obtained. The cells were induced by the
addition of ImM IPTG (Sigma) and grown at 37°C for a further 4 hours. A sample of the
cells was removed before and after induction and analysed by SDS-PAGE (figure 2.1.).
The cells were harvested by centrifugation (4500 x g Beckman J6-HC centrifuge, JS 4.2
rotor) for 15 minutes and the cell pellet re-suspended in 20mM Tris-HCI pH 7.6, ImM
MgCl,, (buffer A) containing ImM PMSF. The cells were frozen on dry ice and stored at

"80°C.

The pellet was freeze-thawed and sonicated (half inch probe, Vibra Cell, Sonics &
Materials Inc.) for 3x120s bursts to break the cells (power setting 6 or until surface
vibrates; 1x2min then 2x2min at 50% pulsing). The cell lysate was spun (185,000 x g,
45Ti rotor) for 1 hour in a Beckman L-70 ultracentrifuge and the soluble fraction was
loaded onto a 7ml glutathione-sepharose column (Pharmacia) at 0.5ml min™' equilibrated
in buffer A. 20 minute fractions were collected and the absorbance at 280nm of the eluate
was measured. Once the soluble fraction was loaded, the column was washed to baseline
with buffer A, then with a salt wash (buffer A containing 200mM NaCl) until an
additional peak was eluted and washed to baseline. Samples of the eluate were analysed
by SDS-PAGE to check that the GST-Rac1 fusion protein had bound to the glutathione-
sepharose column (figure 2.1.). The column was washed overnight with buffer A

containing 2.5mM CaCl, at Iml min™'. The GST-Rac] fusion protein was cleaved with
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Figure 2.1. Analysis of a Racl preparation by SDS-PAGE

Analysis of samples taken during a Racl preparation (2.4.2.). Lanes 1+2 = Mw markers,
lane 3. = Pre-induction cell extract, lane 4. = post-induction cell extract, lane 5. = extract
loaded onto the glutathione-sepharose column, lane 6. = flow through from the
glutathione-sepharose column. Lanes 7. + 8. = 2ug and 4pg of purified Racl respectively

(post-concentration). Racl was greater than 95% pure as estimated by SDS-PAGE.
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thrombin whilst bound to the glutathione-sepharose column. A 5ml Antithrombin III
agarose column (Sigma), equilibrated in buffer A containing 2.5mM CaCl, was connected
in series to the glutathione-sepharose column in order to remove thrombin after cleavage.
A solution of 50ml buffer A containing 2.5mM CaCl, and 500 units of human thrombin
(Calbiochem) was loaded at 100yl min™ collecting 1 hour fractions. Once 25mls had been
loaded, 50mM NaCl was added to the remaining buffer to aid the elution of the protein
from the column. The fractions containing Racl were pooled and dialysed overnight
against 2 litres of buffer A to remove the CaCl, and NaCl. Some Racl mutants bind non-
specifically to the glutathione-sepharose column after cleavage. For these proteins, the
same protocol was applied except that 150mM NaCl was added to all buffers (figure 2.2.).
Purified Rac was concentrated using an amicon pressure concentrator to 15-25mg/ml,
centrifuged for 2 minutes (12,000 x g) in an eppendorf centrifuge to remove any
precipitated protein, aliquoted and stored at "80°C. Yields of 2.5-8mg/litre were
consistently obtained. Rac preparations were greater than 95% pure as judged by
Coomassie-blue stained polyacrylamide gels and have an apparent molecular mass of
23kDa (figure 2.1.). The concentration of Rac proteins was calculated from the
absorbance spectrum (figure 2.3.) and a calculated extinction co-efficient of 29828
M'em™ (Gill & von Hippel, 1989). Rac proteins purified from E.coli had the additional
amino acids glycine and serine at the N-terminus remaining from the thrombin cleavage
site and methionine replaced for proline at position 1 to aid the stability of the protein.
Electrospray mass spectrometry also revealed the presence of dimers in the purified
protein solution. These dimers were lost after the addition of DTT to the buffer, and are

probably due to C-terminal Cys176 disulphide interactions.

Expression of Racl from the E.coli strains XL-1 Blue and DH5a yields ‘truncated’ Rac
with a number of C-terminal residues (usually 8) missing (figure 2.4.). This is thought to
be mainly due to bacterial proteases. Unless otherwise stated, ‘Rac’ in this report refers to

the truncated (residues 1-184) form of the protein used routinely in this laboratory. Many
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Figure 2.2. Analysis of an E131K Racl preparation by SDS-PAGE
Analysis of samples taken during an E131K Racl preparation. Lanes 1.+2. = Mw
markers, lane 3.= post-induction cell extract prior to loading onto a glutathione-sepharose

column, lane 4. = flow through from the glutathione-sepharose column.

After the cell extract had been loaded onto the column, no protein eluted when the
column was washed with 20mM Tris-HCI pH7.6, ImM MgCl,, 2.5mM CaCl, containing
500 units of thrombin. To examine the protein bound to the column, protein was eluted
with 20mM Tris'HCI pH7.6, ImM MgCl, containing 5SmM glutathione, and fractions
collected. Lanes 5.+6. = eluted protein following glutathione wash. Two proteins eluted
from the column corresponding to Racl and GST. Only a small amount of the GST-Rac1
fusion protein was detected. This indicates that the fusion protein is cleaved by the
thrombin, but the Racl binds non-specifically to the column. The addition of >50mM
NaCl to the thrombin cleavage buffer in subsequent preparations eluted the E131K Rac]
from the column following cleavage. NaCl was added to the thrombin cleavage buffer

when purifying K130A, E127A and E131K Racl mutants.
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Figure 2.3. Absorbance spectrum of purified Racl
Absorbance spectrum of 8uM purified Racl in 20mM Tris'HCI pH 7.6, ImM MgCl,.
Racl shows a A, at 276nm. The peak at ~260nm is due to absorbance of the guanine

nucleotide bound to the protein.
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Rho family G-proteins are substantially clipped at their C-terminus during this
purification procedure. A similar observation is seen with Ras expression plasmids, with
Ki-Ras in particular susceptible to proteolysis at its C-terminus in E. coli. By optimising

the purification conditions, pure full length recombinant Rac1 has been obtained.

2.2.2. Purification of full length recombinant Racl from E. coli

Expression of full length, wild type Racl was purified as described above but with the
following modifications: the E.coli strain BL21 was used to express the protein, and 250
units of thrombin (Calbiochem) was used to cleave the protein from the GST when bound
to the column. Due to decreased solubility of the protein and increased viscosity of the
bacterial extract, 150mM NaCl was added to all buffers. After loading the cell extract, a
high salt wash of 100mls buffer A containing 500mM NaCl followed by an overnight
wash of buffer A containing 100mM NaCl + 2.5mM CaCl, was required to aid the elution

of nucleic acids from the column prior to cleavage of the fusion protein.

Bacterial polysaccharides and other partly solubilised cell wall materials probably
account for the increased viscosity of the BL21 bacterial extract. This causes gradual
elution of nucleic acid material from the glutathione-sepharose column, resulting in
contamination of the purified protein solution by nucleic acids. This results in high
absorbance at 260nm in the purified protein solution, masking the absorbance of the
protein. This problem was not encountered when truncated Rac was purified from XL-1
blue or DHS5a strains of E.coli using this procedure, and this has shown be a problem
inherent when using this bacterial strain. The addition of DNase to reduce DNA viscosity
or protamine sulphate to precipitate nucleic acid material prior to loading the extract onto
the glutathione-sepharose column (Scopes, 1982) did not reduce DNA contamination
significantly. The predicted mass of full length Racl was confirmed by electrospray mass
spectrometry (figure 2.5.) which also indicated that dimerisation of the protein does not

occur. Full length Racl purified from BL21 E. coli was dialysed overnight against 20mM
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Figures 2.4. & 2.5. Electrospray mass spectrometry of Racl
The various peaks correspond to protein molecules with varying net positive charges, z.
The mass-to —charge ratio m/z of each of the major peaks is given by the larger number

above each corresponding peak.

Figure 2.4. Racl purified from DHSa strain of E. coli was analysed by mass spectrometry
and two species were observed of 20548.03 (* 1.00) Da and 41094.97 (¢ 1.29) Da that
represent monomer and dimer of Racl truncated by 8 residues at the C-terminus, with

Gly-Ser-Pro residues at the N-terminus remaining from the thrombin cleavage site.

Figure 2.5. Racl purified from the BL21 strain of E.coli was analysed by mass

spectrometry. A single species of 21558.35 (¢ 1.21) Da was observed corresponding to

full length Racl (+ Gly-Ser-Pro at the N-terminus).
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TrissHCI, ImM MgCl, + 150mM NaCl and was concentrated using an amicon

concentrator to 6.5-13mg/ml.

2.2.3. Purification of p67"""* from E.coli

An N-terminal fragment of p67°"* (p67''*®) that includes the Racl binding region (1.3.)
was purified from the BL21 strain of E.coli using the method described for Rac proteins,
except that after loading the cell extract onto the glutathione-sepharose column, 200mM
NaCl was added to all buffers. This was required to prevent non-specific binding of the
protein to the column following cleavage from the glutathione-S-transferase. The final
protein was dialysed and concentrated in 20mM Tris-HCI pH 7.6, 150mM NaCl. SDS-
PAGE analysis of the protein indicated greater than 95% purity (figure 2.6.). This protein
fragment shows solubility problems dependent on temperature and ionic strength; a
temperature greater than 4°C, or buffer containing less than 100mM NaCl causes gradual
precipitation of a dilute (SuM) p67''* solution (in 20mM TrissHCI pH 7.6). The
molecular weight of this purified protein did not initially correspond to that predicted by
the sequence. Dideoxy sequencing of the N- and C-termini has revealed the presence of

20 additional residues that are not part of the p67°" cDNA..

2.2.4. Purification of p67°** and p47""* from E.coli

Purification of full length p67°" from E.coli as yet has been unsuccessful. This seems to
be due to solubility problems encountered during the purification procedure, and may be
due to loss of protein into bacterial inclusion granules. Several other bacterial strains and
growth conditions (various incubation temperatures, shorter growth time after induction)
were tested in order to alter the expression pattern, but the GST-p67°" fusion protein

Phox brotein has been obtained

remained in the insoluble fraction in all cases. Although p47
(using the purification procedure described for Rac proteins), SDS-PAGE analysis of the

protein has revealed 4-6 bands (figure 2.6.), suggesting that this protein when expressed
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Figure 2.6. SDS polyacrylamide gel electrophoresis (SDS-PAGE) of purified proteins

Purified proteins (~5pug) were analysed by SDS-PAGE using a 15% polyacrylamide gel
(2.4.2.) and de-stained in 50% methanol, 10% glacial acetic acid overnight to assess
protein purity. Lanes 1. and 11. show molecular weight markers, Lane 2. = Racl (aa’s -
184), Lane 3. = Racl (full length), Lane 4. = cdc42 (aa’s 1-184), Lane 5. = RhoA (full
length), Lane 6. = N-Ras (full length), Lane 7. = p67°"™, Lane 8. = p67"'*’, Lane 9. =
GDI, Lane 10 = p47°™, Even in the presence of bacterial protease inhibitors, p47°"* is
susceptible to major proteolytic degradation. All other proteins are >95% pure as

analysed by SDS-PAGE.

Although ~5pg of each protein was added to each well, the intensity of each protein band
following an overnight de-stain is variable. This may be because Coomassie brilliant blue
R250 does not react chemically with proteins, but forms non-covalent complexes. This
interaction is thought to be primarily ionic, involving basic groups on proteins. Due to
this, the dye may not bind equally to all proteins when examined by Coomassie stained

polyacrylamide gels (Crighton, 1993).

It can be seen from figure 2.6. that full length RhoA migrates slower than full length
Racl, despite both proteins having similar molecular weights (Racl = 21450 Da, RhoA =
21768 Da). This may be because the binding of SDS to polypeptides seems to depend on
ionic interactions. Proteins that are intrinsically very basic or acidic may produce
complexes with SDS that have atypical charge densities that may affect the migration of

protein through a polyacrylamide gel (Creighton, 1993).
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Chapter 2. Materials & Methods

in E.coli is susceptible to major proteolytic degradation, probably due to bacterial

proteases.

2.3. Baculovirus methods

Due to the insolubility of the p67™" fusion protein in E.coli, p67™" was expressed using
a baculovirus expression system. This eukaryotic expression system has a number of
advantages over bacterial expression systems. Many bacterially expressed, recombinant
proteins are insoluble, aggregated or incorrectly folded. In contrast, proteins expressed in
a baculovirus expression system are in most cases, soluble and functionally active. In
addition, several post-translational modifications have been reported to occur in insect
cells, including isoprenylation (Kloc e al., 1991). Protein expression and purification
using a baculovirus expression system is performed in three stages - 1) Baculovirus
quantification and amplification, 2) Infection of insect cells, and 3) Purification of
recombinant p67""™ protein. To maintain healthy cultures, sf9 insect cells were
subcultured 1:3 with serum free media (TC100) when they reached a spinner bottle

density of >1x10° cells/ml. Stocks of active virus were frozen in small aliquots at '80°C.

2.3.1. Quantification of viral titre by serial dilution plaque assay

The baculovirus plaque assay was used to calculate the virus titre of an unknown viral
stock solution so that known amounts of virus can be used to infect cells during
subsequent experimental procedures. Viral titre is expressed as plaque forming units per
ml (PFUs/ml). 3 x 10° log phase s/ cells were pipetted into 3cm wells of a 6 well tissue
culture dish and allowed to adhere for 30 minutes. The cells were examined using a
microscope to ensure a confluent monolayer was formed. When 90-95% confluence was
achieved, the media was aspirated off. Whilst the cells were adhering, the viral dilutions
were prepared. The virus solution was serially diluted in TC100 + 10% FCS by a factor of
10 to 10®. 1ml of each viral dilution was added to a single well, with a negative control

of media only. This was carried out in duplicate. The tissue culture dishes were gently
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rocked for 90 minutes at room temperature to allow infection of the monolayer. Whilst
the cells were infecting, a solution of 3% agarose (Sea Plaque, low melting temperature,
FMC Bioproducts) was melted in a microwave and left to cool in a 40°C water bath. Once
cooled, a solution of 1.5% agarose, 10% FCS was made, and placed at 40°C to prevent
the agar setting. Once the cells were infected, the virus was removed. The agarose
solution was left to cool for a few minutes at room temperature, then 2mls of the agarose
mix was gently added to each well, overlaying the s/9s, and left for fifteen minutes at
room temperature to set. Once set, the dishes were placed in a humidity box, and
incubated at 27°C. The following day, 1ml of TC100 + 10% FCS was added to each well
to feed the cells, and incubated at 27°C for a further 3 days. The media was removed, and
Iml of PBS + 50ul of 0.5% (w/v) neutral red (Sigma) was added to the agar of each well,
and the cells left to stain at 27°C for at least 4 hours. The plaques were visualised and the
PFUs/ml calculated by pouring off the stain and examining the cells over a light box.
Areas of missing cells were often seen in virally infected wells. These ‘crescents’ appear
to be due to the addition of the virus to the monolayer as they were not seen in control
wells where buffer alone was added. When crescents were seen, the number of PFUs/ml

was estimated from the remaining cells.

2.3.2. Baculovirus amplification

Baculovirus amplification was carried out under aseptic conditions. 3.6 x 10°* s/9 cells in
sf900II serum free media with a density of 1.25 x 10° cells.ml” were plated into 6x sterile
175cm? tissue culture flasks (6 x 10 cells/flask) and left at room temperature to attach to
the surface. After 90 minutes, media was removed to leave a final volume of 20mls per
flask. 1.5mls of low titre baculovirus (2 x 10" PFUs/ml) was added to each flask to
provide a multiplicity of infection of 0.5 PFUs/cell, and the flasks were incubated at room
temperature for 1 hour. It was essential to keep the multiplicity of infection low;
passaging the virus at high PFUs/cell increases the number of virus with extensive

mutations in the genome (Crossen & Gruenwald, 1997). Flasks were incubated at 27°C
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for 12 days, or until 60-70% of the cells were detached when examined under a light
microscope. The remaining cells were detached from the surface of the flask using a
scraper, poured into sterile centrifuge tubes and spun (410 x g, Beckman J6-HC
centrifuge, JS 4.2 rotor) for 10 minutes to remove remaining cells and cell debris. The
supernatant was poured into a sterile 85cm” tissue culture flask and stored in the dark at
4°C. The viral titre of the amplification solution was determined using the plaque assay

procedure (2.3.1.).

2.3.3. Infection of Spodoptera frugiperda 9 insect cells with p67°"* baculovirus

2.4x10% 579 cells in serum free media with a density of 1.3x10° cells.ml” were plated into
6 x 175cm? tissue culture flasks (4x10 cells/flask) and left at room temperature to attach
to the surface. After 1 hour, 2mls of recombinant baculovirus with a titre of 1x10® plaque
forming units per ml (PFU.mI") was added to each flask to provide a multiplicity of
infection of 5 PFUs/cell, and the flasks were then incubated at 27°C. A flask containing
non-infected cells was used as a negative control. After 89 hours of viral infection, 40-
50% of cells in virally infected flasks were detached from the surface of the plate. A cell
scraper was used to detach cells the remaining cells from the sides of the flasks into the
existing media, and poured into 4 x 50ml centrifuge tubes, and a sample was taken for
analysis by SDS-PAGE. The infected cells were harvested by centrifugation (410 x g, J6-
HC centrifuge in a JS 4.2 rotor) for 15 minutes at room temperature, the supernatant

discarded, and the pelleted cells frozen on dry ice and stored at "80°C.

2.3.4. Purification of recombinant p67°"* from baculovirus infected sf 9 insect cells

The cell pellet was thawed rapidly in a 22°C water bath, and the pellets gently re-
suspended in lysis buffer (5mM PIPES, pH 7.6, 50mM KCl, 3mM NaCl, 4mM MgCl,,
2mM PMSF) containing 2x protease inhibitor cocktail (Sigma P-2714) (4mM AEBSF,
2mM EDTA, 260uM Bestatin, 2.8uM E64, 2uM Leupeptin, 0.6uM Aproteinin) to a final

volume of 20mls. The pH was adjusted to 7.5 by carefully adding 6M NaOH, and the
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cells were disrupted by sonication on ice using a 0.5 inch probe for 3x30s bursts (power
setting 3 or until surface vibrates). To check for complete lysis, a sample was examined
under a microscope. The cell extract was centrifuged (11,000 x g, 70.1Ti rotor) in a
Beckman L-70 ultracentrifuge for 15 minutes at 4°C to pellet cell debris, and a sample
taken for SDS-PAGE. The resulting supernatant was topped up to 25mls with lysis buffer,
and re-centrifuged (112,000 x g, 70Ti rotor) in a Beckman L-70 ultracentrifuge for 1 hour
at 4°C. The supernatant was removed, and this crude recombinant p67°"™* preparation was
filtered then through a 0.2um acrodisc, and the pH carefully adjusted to pH 7.5 with 6M

NaOH. A sample of the post-filtered extract was taken for SDS-PAGE.

The cell extract was loaded at Iml.min™ using a 50ml superloop (Pharmacia) onto a Iml
FPLC mono-Q anion exchange column (Pharmacia) equilibrated in buffer A (50mM
Tris-HCI, pH 7.5, 0.1mM DTT) and the flow through collected. After the sample was
loaded, the column was washed with 45mls of buffer A (until baseline near zero at
280nm). Protein was eluted with a 0-0.3M NaCl gradient (50mls, flow rate Iml.min™") and
1ml fractions collected. Samples were taken for analysis by SDS-PAGE, and the fractions
frozen at "80°C. The fractions containing p67°"™ were pooled and concentrated in a
centriprep 10 (Amicon) to a final volume of 0.6mls. The concentration of p67™"™ was
determined using a calculated extinction coefficient (2.4.3.) of 65580 M cm™'. Samples
were taken for analysis by SDS-PAGE and electrospray mass spectrometry, and the
p67"" frozen and stored in aliquots at 80°C. A slightly smaller protein was observed in
the trailing half of the major peak eluted from the mono-Q column (figure 2.7.),
suggesting that p67°"™ is susceptible to minor proteolytic degradation, consistent with
previous reports (Leto et al., 1991). The heavier protein band had an apparent molecular

mass of 60kDa.
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Figure 2.7. Purification of p67"* by anion exchange chromatography

The lysate from 2.4x10® baculovirus infected insect cells was loaded onto a 1m! mono-Q
anion exchange FPLC column equilibrated in SOmM Tris.HCI pH 7.5, 0.1mM DTT. The
protein was eluted with a 0-0.3M NaCl gradient with a flow rate of Iml.min", and the

absorbance of the fractions at 280nm measured.

Gel inlay - Analysis of eluted protein by SDS-PAGE
Samples of fractions collected were analysed using SDS-PAGE. A smaller protein was
observed in the trailing half of the major peak eluted from the mono-Q column,

suggesting p67°"™ is susceptible to minor proteolytic degradation.
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Chapter 2. Materials & Methods

2.4. Methods used to determine protein purity and concentration

2.4.1. Electrospray mass spectrometry of purified proteins and peptides

The molecular weight of purified proteins and peptides was analysed by pneumatically
assisted, electrospray ionization mass spectrometry. In this technique, protein molecules
in a volatile solvent are sprayed into the mass spectrometer. The solvent evaporates,
leaving the protein suspended. The initial solution is at acidic pH, in which the protein
molecules have a positive charge. The various intact protein molecules with varying net

positive charges allow them to be separated by mass spectrometry.

Mass spectrometry of proteins and peptides was carried out by DR. S. Howell (N.LM.R.)
using a modified 130A HPLC (Perkin Elmer, USA) coupled on-line to a platform
electrospray mass spectrometer (Micromass, UK). Reverse phase chromatography was
performed using a Poros RII (Perseptive Biosystems, USA) 0.25mm x 100mm PEEK
column, slurry packed in-house, at a flow rate of 10ul/min over a 0-100% B linear
gradient in 10 mins (buffer A = 0.12% formic acid, 90% water 10% acetonitrile; buffer B
= 0.10% formic acid, 15% water, 85% acetonitrile) with UV monitoring at 214nm. The
low flow rate was achieved by incorporating a valco tee, coupled to a microbore dummy
column, just prior to the rheodyne injection valve. The mass spectrometer was calibrated

using myoglobin. Small peptides were flow injected and analysed using the same system.

2.4.2. SDS polyacrylamide gel electrophoresis (SDS-PAGE).

SDS-PAGE was routinely used to determine protein purity throughout purification
procedures (figure 2.6.). A ‘mighty small’ electrophoresis unit was used (Hoefer
Scientific Instruments) with gels of 73mm x 83mm x 0.5mm. The stacking gel consisted
of 5% polyacrylamide, 200mM Tris'HCI pH 6.8, 0.1% SDS and the resolving gel
contained 15% polyacrylamide, 375mM Tris-HCI pH 8.8, 0.1% SDS. Samples of protein

were boiled at 95°C for 5 minutes with sample buffer (100uM DTT, 2% (w/v) SDS, 10%
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glycerol (v/v), 25mM Tris pH 6.6, 0.0025% (w/v) bromophenol blue) with a typical
volume of 15ul per lane and ran at 16mA/gel in running buffer (25mM Tris-HCI pH 8.6,
250mM glycine, 0.02% SDS) until the bromophenol blue reached the bottom of the
resolving gel. Gels were stained with 2.5g.I"" Coomassie brilliant blue R250 (Biorad) in
45% methanol, 10% glacial acetic acid for 15-20 minutes, de-stained in 50% methanol,
10% glacial acetic acid and a permanent record of the gel was made using a UVItec gel

scanner.

2.4.3. Determination of recombinant protein concentration

The concentrations of purified recombinant proteins from E.coli and baculovirus infected
insect cells were determined using UV absorbance spectroscopy using a Beckman DU640
spectrophotometer based on molar extinction co-efficients calculated from the primary
sequence (table 2.1.). Values of 5540 M'cm™, 1480 M'cm™ and 60 M"'cm™ at 280nm
were used for the extinction co-efficients of tryptophan, tyrosine and cysteine respectively
(Gill & von Hippel, 1989, Mach et al., 1992). All Rho family proteins were purified with
stoichiometric bound guanine nucleotide and an additional extinction coefficient of 7953
M'em™ (calculated from the GDP absorbance spectra and the molar extinction co-
efficient at 260nm of 11800 M 'cm™) was added to the calculated extinction co-efficients

for these proteins (Dawson ef al., 1984).

2.5. Peptide methods

Peptides corresponding to the C-terminus of Racl were synthesised by P. Fletcher
(Division of Protein Structure, N.I.LM.R.) using fluorenylmethoxycarbonyl (‘fast-moc’)
chemistry on an Applied Biosystems 430A peptide synthesiser. After removal from the
resin and deprotection, peptides were purified by HPLC on a C18 reverse phase silica
column with a water/acetonitrile gradient containing 0.1% trifluoroacetic acid and
characterised by electrospray mass spectrometry (2.4.1.). Lyophilised peptides were

stored at 4°C, and all peptide solutions were stored at 20°C. Trans, trans farnesyl
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Table 2.1. Calculated extinction co-efficients for purified recombinant proteins
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Calculated extinction co-efficients

Protein M'em™ (280nm)
Racl (1-184) 29828
Cdc42Hs (1-184) 24213
RhoA (full length) 26793
N-Ras (full length) 21573
p67°" 65580
p67""% 37200
pa7Phex 56780

RhoGDI 27370
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bromide was purchased from Sigma and re-distilled under low pressure by Drs M.R.
Webb a;la J.E.T. Corrie (N.ILM.R.) then stored under nitrogen at '80°C. To minimise
impurities, high purity H,O (Romil) was used for all HPLC buffers, and solutions
containing acetonitrile were de-gassed to remove dissolved gasses and minimise bubbles
prior to use. Racl C-terminal 7-mer peptide was farnesylated by J. Hunter (Newcombe et

al., 1999).

2.5.1. Modifying a Rac C-terminal peptide (12-mer) with farnesyl bromide

The Rac C-terminal 12-mer (sequence PVKKRKRKCLLL) corresponds to the native C-
terminal Racl sequence prior to in vivo geranylgeranylation and proteolytic cleavage of
the 3 terminal leucines. 2.7mmol of 12-mer was incubated in a multi-phase reaction
mixture containing 0.8% (v/v) trans, trans farnesyl bromide (Sigma), 20% (v/v) DMF,
4mM EDTA, (volume 500pl) and the pH titrated to 7.8-8.0 with 1M Tris base. The
mixture was incubated at room temperature typically for 8 hours under continuous
nitrogen flow and maintained at pH 8.0 by occasional addition of 1M Tris base. To
monitor the labelling reaction, 2 hourly samples were taken and analysed by HPLC on a
reverse phase silica column (Whatman Partisil-10 ODS, C18, 250 x 46mm) using a 40
minute 10% to 75% acetonitrile (v/v) gradient containing 0.1% trifluoroacetic acid at a
flow rate of ImL.min™. After ~8 hours, the reaction mix was frozen on dry ice and stored
overnight at 20°C. An 8 hour sample was analysed the following day and the modified
peptide was purified by HPLC using the same column (figure 2.8.). The buffer was
evaporated from the fractions containing the labelled peptide using a speedvac
evaporator, the TFA was removed by 3 evaporation cycles and the labelled peptide finally
re-suspended in 50% (v/v) acetonitrile/water. Mass spectrometry confirmed that the

peptide had a single farnesyl group attached (figure 2.9.).

Modifying quantitative yields of a Racl C-terminal 9mer (with the 3 terminal leucines

omitted) using the same conditions was unsuccessful. It is possible that the hydrophilicity
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Figure 2.8. HPLC chromatograms showing the farnesylation of a Racl C-terminal
12mer peptide

Analysis of the 12mer peptide modification reaction by HPLC. A) 20pg unlabelled Racl
C-terminal peptide. B) A sample (~20pg) of the 8 hour reaction mixture. The 2 major
peaks eluting at 20 and 33 minutes correspond to unmodified and modified 12mer. These
peaks were collected, and the peak containing Farnesyl bromide-modified peptide
confirmed by mass spectrometry (figure 2.9.). C) A sample (~5ug) of the concentrated
farnesyl-12mer. The concentration of modified product was. determined by comparison
of peak areas after injection of a known amount of un-modified 12mer. Absorbance

shown is in arbitrary units.

63



AbSZI 5

Absll5

Abs?s

12

10

12

10

0 20 40 60

time (minutes)

0 20 40 60

time (minutes)

— farnesyl-12mer -

20 40 60

time (minutes)



Figure 2.9. Electrospray mass spectrometry of a farnesylated Racl C-terminal 12mer
Peaks A2, A3 and A4 correspond to farnesylated 12mer peptide differing by one unit of
charge and by a proton in mass. A species of 1684.98 (+ 0.19) was detected

corresponding to a Racl C-terminal 12mer with a single farnesyl group attached.
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Chapter 2. Materials & Methods

of this peptide reduces the solubility under these conditions and prevents efficient
modification with the hydrophobic farnesyl group. It was hoped that carboxyl methylating
the C-terminal cysteine prior to farnesyl modification would improve yields of modified

peptide.

2.5.2. Methylating Rac C-terminal (9mer and 11mer) peptides

A Rac C-terminal 9mer (sequence PVKKRKRKC) corresponding to the C-terminal
sequence of the native protein following cleavage of the 3 terminal leucines (1.13.1.) and
a C-terminal 1lmer containing two additional proline residues at the N-terminus
(sequence PPPVKKRKRKC) were carboxyl methylated on the C-terminal cysteine.
20mgs of peptide was dissolved in 0.5ml dried methanol containing 4% concentrated
HCI, pH 2.7. The reaction was left at room temperature for 8-9 hours with continuous
stirring. To monitor the extent of the reaction, 2 hourly samples were analysed by HPLC a
reverse phase silica column (Whatman Partisil-10 ODS, C18, 250 x 46mm) using a 45
minute 0.1% TFA in water to 40% acetonitrile (v/v), 0.1% TFA (Merck) gradient with a
flow rate of 1ml.min”'. After 6 hours >80% of the peptide was methylated (figure 2.10.).
The column was washed for 3 minutes in 75% acetonitrile (v/v), 0.1% TFA then 10
minutes 0.1% TFA prior to subsequent injections. The reaction mix was stored at 20°C
overnight, then concentrated and washed with 3 volumes of dry methanol using a
speedvac evaporator until dry, and the peptide re-suspended in 60% DMF in water and
stored at 20°C. For further modification, it was assumed that ~100% of the peptide had

been carboxyl methylated.

2.5.3. Farnesylating methylated Rac C-terminal peptides (9mer & 11mer)

Farnesylation of a methylated Rac C-terminal 9mer was carried out under the same
conditions used to modify a Rac C-terminal 12-mer with the following modifications —
8mgs of methylated 9mer was incubated in a mixture containing 0.8% (v/v) trans trans

farnesyl bromide (Sigma), 60% (v/v) DMF, 4mM TCEP (vol. 1ml) titrated to pH 7.8-8.0

65



Figure 2.10. HPLC chromatograms showing the methylation of a Rac C-terminal
11mer peptide

Analysis of the methylation reaction by HPLC. A) A sample of the reaction mix at time 0.
B) A sample of the reaction mix after 4 hours. C) A sample of the reaction mix after 6

hours.

Methylation of a Rac C-terminal 9mer showed a similar elution profile after 6 hours.
Mass spectrometry of the 8 hour reaction mix confirmed the presence of methylated 9mer
or 11mer (data not shown). Analysis of an 8 hour sample following incubation with DTT
did not alter the elution time of the peaks, indicating that this peak shift is not due to

dimerisation of the peptide. Absorbance shown is in arbitrary units.
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with IM Tris base. Two hourly samples were analysed using a 0-75% acetonitrile
gradient containing 0.1% trifluoroacetic acid at Iml.min™' (figure 2.11.). The farnesylated
9mer was analysed by mass spectrometry (figure 2.12.), concentrated and stored as

described for a C-terminal 12-mer (2.5.1).

2.5.4. Determination of peptide concentration using reverse phase HPLC

Due to the absence of aromatic residues in all of the Rac C-terminal peptides used,
peptide concentrations were determined by comparison of peak areas of a known
concentration of unmodified peptide, with a known volume of modified peptide under

conditions used to monitor the farnesylation reaction.

2.5.5. Determination of peptide concentration using TNBSA

2,4,6-Trinitrobenzene sulphonic acid (TNBSA) forms a highly chromogenic derivative
upon reaction with primary amines, hydrazine or sulfhydryl groups and may be used to
assay the amine content of compounds by measuring the increase absorbance at 335nm or
450nm (figure 2.13.). 0.5m] TNBSA (0.01% v/v) in 0.1M sodium bicarbonate, pH 8.5
was added to 3-5ul of modified peptide in 0.1M sodium bicarbonate pH 8.5 (vol. 1ml)
and incubated at 37°C for 2 hours. 0.5ml of 10% SDS and 0.25ml of 1M HCI were added
to each sample and the absorbance at 335nm measured. Determination of the number of
amines present was calculated by comparison with a standard curve generated with
glycine dissolved at a series of known concentrations and used to calculate peptide
concentration. However, due to the instability of TNBSA, consistent results with using
this method could not be obtained. The use of TNBSA to accurately measure peptide

concentration is currently under investigation in this laboratory.

2.6. Molecular biology methods

Thermal cycling techniques used for oligonucleotide-mediated mutagenesis were carried

out using a Techne PHC-3 or Hybaid OmniGene thermal cycler unless otherwise stated.
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Figure 2.11. HPLC chromatograms showing the farnesylation of a methylated 9mer

A) A sample of the reaction at time 0. B) A 6 hour sample of the farnesylation reaction,
showing additional peaks eluting between 44 and 48 minutes. These fractions were
collected and concentrated as described. C) A sample of the final concentrated 9mer.

Mass spectrometry confirmed the presence of methylated, farnesylated 9mer peptide.
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Figure 2.12. Electrospray mass spectrometry of a methylated, farnesylated 9mer

Peaks A2 and A3 correspond to a methylated, farnesylated 9mer peptide differing by one
unit of charge and by a proton in mass. A species of 1359.34 (= 0.29) was detected
corresponding to a methylated Racl C-terminal 9mer with a single farnesyl group
attached. Additional peaks may represent impurities or fragmentation of the modified

peptide.
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Figure 2.13. Reaction of TNBSA with glycine
The primary amine of glycine reacts with TNBSA to form a highly chromogenic
derivative. This reaction may be used to assay the amine content of peptides by

measuring the absorbance of the orange coloured product at the A, of 335nm. A)

TNBSA reaction containing no glycine. B) Reaction containing 20pg glycine.
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All restriction enzymes were purchased commercially from Boehringer Mannheim or
Stratagene, and oligonucleotides were from Genosys (desalted, 0.2pmol scale).
Confirmatory DNA sequencing of Racl mutants by dideoxy-mediated sequencing
(Sanger ef al., 1977) was achieved using Stratagene baseAce Jr electrophoresis apparatus.
Agarose gel electrophoresis was routinely used to assess plasmid purity and to examine
restriction digest products. 60mls of 1% agarose (SeaKem GTG, FMC Bioproducts) in
TAE buffer was boiled in a microwave, and ethidium bromide (Bio-rad) was added to a
final concentration of 0.8ug/ml. The solution was mixed, and poured into a gel mould to
form a gel of 88mm x 98mm x 6mm. A comb was inserted at one end to form loading
wells, and the gel was left for 1 hour at room temperature to set. Once set, the gel was
transferred to an electrophoresis tank, and submerged in TAE buffer. Samples were
mixed with the desired amount of 6x sample buffer (0.25% bromophenol blue (w/v),
0.25% xylene cyanol FF (w/v), 30% glycerol (v/v) in HO) and applied to the gel in a
typical volume of 15ul. A voltage of 100V, 400mA was applied for 1 hour and the
samples were visualised using transmitted UV light at 312nm using a UVItec gel scanner.

A photograph of the gel was obtained using a Fujifilm FTI-500 thermal imaging system.

2.6.1. Isolation of plasmid DNA

Plasmid DNA was amplified in Escherichia coli host bacteria. A 100ml sterile flask with
50mls of L-broth containing 50ug ml"' was inoculated with a small loop from a frozen
glycerol stock of E.coli and incubated overnight at 37°C with vigorous shaking. 1ml of
the culture was centrifuged (12,000 x g, 2 mins, eppendorf centrifuge). The cell pellet was
re-suspended in 100ul of solution I (25mM Tris-HCI pH 8.0, 10mM EDTA, 50mM
glucose) by vigorous vortexing. 200ul of solution II (200mM NaOH, 1% SDS) was then
added to lyse the cells, and the solution inverted gently 4-5 times. Then 150ul of solution
IIT (3M potassium acetate, 10% glacial acetic acid (v/v) was added and gently inverted 4-

5 times and incubated on ice for 5 minutes. The bacterial lysate was centrifuged (12,000 x
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g, 15 minutes in eppendorf centrifuge) at 4°C. The supernatant was added to 1ml of ice
cold ethanol to precipitate the plasmid and centrifuged (12,000 x g. 5 mins, eppendorf
centrifuge). The pellet was dried and re-suspended in 30ul of sterile H,O or TE buffer and
stored at 20°C. To obtain consistent yields of plasmid DNA for sequencing, plasmid was
isolated using the Wizard Plus miniprep DNA purification system (Promega) according to
the manufacturer’s instructions. Large scale purification of plasmid DNA was achieved
using the Qutagen-Plasmid Midi Kit according to the supplied methods.
Qiogen

2.6.2. DNA manipulation - Bacterial transformation

1ul of mini-prep plasmid DNA was added to 25-50ul of competent cells that had been
thawed slowly on ice. This was left for 20 minutes on ice, followed by a 45 second heat
shock at 42°C. The mixture was then transferred back on ice for a further 2 minutes. The
mixture was added to 400ul of L-broth and incubated for 40 minutes at 37°C with
vigorous shaking. 100ul was plated onto agar plates (1.5% (w/v) agar in L-broth
containing 100pug ml" ampicillin) to select for recombinant transformants. Plates were

incubated overnight at 37°C and single colonies were picked for further analysis.

2.6.3. Site directed mutagenesis of Racl

Racl point mutants have been produced as one approach to study the interaction of Rac
with RhoGDI and p67"". These mutations have been confirmed using dideoxy DNA or
automated sequencing techniques, and the proteins purified as described. Site directed
mutants of the wild type Racl construct were generated using the Quick Change Site-
Directed Mutagenesis Kit (Stratagene). This method utilises two synthetic oligonucleotide
primers containing the desired point mutation (table 2.2.). These primers, complementary
to opposite strands of the vector are extended during thermal cycling by means of Pfu
polymerase. Following temperature cycling, the reaction is treated with Dpnl, which is

specific for methylated and hemimethylated DNA (Nelson & McClelland, 1992). This
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Table 2.2. Oligonucleotide primers used for the site-directed mutagenesis of Racl
Green nucleotides indicate a silent base change to create or remove a restriction enzyme
cleavage site. Nucleotides coloured red indicate a base change and subsequent point

mutation in the Racl primary sequence. All oligonucleotides were purchased from

Genosys.
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Mutation Primer Name Sequence Restsrilétlon

A27K ARNO062015 5' T TGC CTA CTG ATC AGT TAC ACA ACC AAT AAG TTT CCT GGA G 3°'
ARNO062016 3' A ACG GAT GAG TAG TCA ATG TGT TGG TTA TTC AAA GGA CCT C 5°'

133D ARNO062023 5' CCT GGA GAG TAC ™MAC CCT ACT GTC TTT GAC AAT TAT TCT GCC 3 Rsaf
ARNO062024 3' GGA CCT CTC ATG <TG GGA TGA GAG AAA CTG TTA ATA AGA CGG 5' created
T35A T35A 5' GGA GAA TAT ATC CCT GCA GTC TTT GAC AAT TAT TCT GCC 3°' Pstl
T35AC 3' CCT CTT ATA TAG GGA CGT CAG AAA CTG TTA ATA AGA CGG 5' created
F37E ARNO062027 5' CCT GGA GAG TAC ATC CCT ACT GTC GAA GAC AAT TAT TCT GCC 3 Rsal
ARNO062028 3' GGA CCT CTC ATG TAG GGA TGA CAG r?T CTG TTA ATA AGA CGG 5°' created
D63E D63E 5' GG GAT ACA GCC GGA CAA GAA GA', TAT GAC AG 3' PwilT
DG63EC 3' CC CTA TGT CGG CCT GTT CTT CTf ATA CTG TC 5' removed
D124S ARN062007 5' GG GAT GAT AAA AGC ACG ATA GAG AAA CTG AAG GAG AAG AAG CTG 3' Pvul
ARN062008 3' CC CTA CTA TTT T' G TGC TAT CTC TTT GAC TTC CTC TTC TTC GAC 5' removed

E127A ARN062045 5' GAC ACG ATC GCG AAA CTG AAG G 3'
ARNO062046 3' CTG TGC TAG CGC TTT GAC TTC C 5'

K130A ARN062010 5' GG GAT GAT AAA GAC ACG ATC GAG AAA CTG GCC GAG AAG AAG CTG 3'

ARNO062011 3' CC CTA CTA TTT CTG TGC TAG CTC TTT GAC CGG CTC TTC TTC GAC 5'

E131K ARN06202 5' GAT AAA GAC ACA ATT GAG AAA CTG AAG AAG AAG AAG CTG ACT CGC 3
ARN06203 3' CTA TTT CTG TGT TAA CTC TTT GAC TTC TTC TTC TTC GAC TGA GGG 5°'

K133E ARNO062031 5' CTG AAG GAG AAG ',AG TTA ACT CGC ATC ACC 3' HpaT

ARN062032 3' GAC TTC CTC TTC rTC AAT TGA GGG TAG TGG 5' created
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digests parental DNA and selects for mutant plasmid. DNA isolated from almost all E.coli
lstrains is Dam methylated and susceptible to Dpnl digestion. The mutant plasmid DNA is
then transformed into XL1-Blue supercompetent cells and the mutation confirmed by
restriction digestion of the plasmid and DNA sequencing (figure 2.14.). Mutants were
generated using the instructions provided with the following modifications: where
possible, a natural restriction site was removed, or a translationally silent site created to
identify mutant plasmids. The PC programs DNAstar (v3.12, DNASTAR Inc.) and
GMAP (v2.0, Institute of Microbial Technology, India) were used to search for natural
and translationally silent restriction sites in the pGEX-2T plasmid and oligonucleotide
primers. If the melting temperature of mutant oligonucleotide primers was near to the Pfu
extension temperature of 68°C, the extension temperature was reduced to 5°C below the
Tm of the primers and the extension time increased to ensure binding of primers and
complete synthesis of the mutant plasmid. Mutagenesis was typically >80%. As with wild
type Rac, mutant proteins was analysed by mass spectrometry (2.4.1.) to confirm C-
terminal truncation and that the mass was consistent with that predicted by the primary

sequence.

2.6.4. Preparation of a RacI-Ras chimaera construct

The Racl-Ras chimaera, which contained amino acids 122-128 from H-Ras in place of
residues 120-139 from Racl (the insertion loop), was prepared by removal of this region
from Racl using restriction enzymes, and ligating primers to replace this region
corresponding to amino acids 122-128 of Ras. The construct was made in 3 stages — 1)
creation of a Bgl II restriction site by a single point mutation 2) restriction digest to
remove the insertion loop of Racl, and 3) ligation of primers corresponding to residues
122-128 of H-Ras (figure 2.15.). Attempts to create a chimaeric Racl/H-Ras construct

using an overlapping PCR method as described by Wu ef al. (1997) was unsuccessful.
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Figure 2.14. Quick change site-directed mutagenesis
Site specific mutations in the Racl gene were produced using the Stratagene site directed
mutagenesis kit (V2) using the standard protocol shown. Mutagenesis efficiency was

typically >80%.
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Figure 2.15.Method used to create a Racl/H-Ras chimaera

A Racl/H-Ras chimaeric plasmid was created in three stages — 1. Creation of a Bgl II
restriction site by site directed mutagenesis, 2. Digestion with Bgl II and Nco I, and 3.
Ligation of annealed primers containing the DNA sequence coding for residues 122-128

of H-Ras.
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A silent point mutation was created using the Stratagene site directed mutagenesis kit as
described previously (2.6.3.) to create a single Bgl II restriction site using the following

oligonucleotide primers. Underlined residues indicate a silent base change.

5” CCC ATC ATC CTA GTG GGA ACT AAA CTA GATCTT AGG G 3’

3’ GGG TAG TAG GAT CAC CCT TGA TTT GAT CTA GAATCCC 5’

The mutant plasmid was transformed into XL1-blue strain of E.coli to amplify the mutant
DNA, and then purified using the Quiagen midi prep purification kit. The insertion loop
of Racl (residues 120-139) was removed by cleavage of the plasmid with the restriction
enzymes Bgl II and Nco I (figure 2.15.). Both of these enzymes produce single, cohesive
ended cuts in the Racl cDNA. 10ug of the pGEX-2T/Rac plasmid containing the Bgl 11
restriction site (purified using the Quiagen Midi prep kit) was incubated with 10 units of
Bg! Il and 10 units of Nco I in Boehringer buffer H (50mM Tris-HCI pH 7.5, 10mM
MgCl,, 100mM NaCl, 1mM dithioerythritol). The reaction was incubated at 37°C for 2
hours to remove the DNA encoding the Rac1 insertion loop. The linear pPGEX-2T plasmid
was isolated from the cleaved fragment by agarose gel electrophoresis, and the plasmid
(lacking the DNA encoding the insertion loop) was purified using the ‘freeze squeeze’

method.

2.6.5. ‘Freeze squeeze’ purification of plasmid from an agarose gel

The section of agarose containing the plasmid was excised from the gel following
visualisation under UV light and placed in an eppendorf tube. 1ml of 0.3M sodium
acetate, ImM EDTA, pH 7.0 was added, and the gel sample left in the dark for 15
minutes to equilibrate with the buffer. The gel slice was transferred to a small (200ul

capacity) eppendorf with a small hole in the bottom, plugged with glass wool. The small
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eppendorf containing the gel slice was placed in liquid nitrogen for 3 minutes, placed into
a large (1.5ml capacity) eppendorf and spun in an eppendorf centrifuge at 12,000 x g for

10 minutes. 0.1% acetic acid, 10mM MgCl, was added to the liquid collected (~200pl),
then 2.5 volumes (500ul) of ethanol to precipitate the purified DNA. The solution was
placed back into liquid nitrogen, then spun again for 10 minutes at (12,000 x g) in an
eppendorf centrifuge. The solution was poured off to leave a white precipitate. This pellet
was washed with 2x150pl of ethanol and left at room temperature overnight to dry. The
following day, the dried pellet containing the DNA was re-suspended in 10pul TE buffer

and stored at 20°C.

2.6.6. Ligation of primers

Primers containing the coding region for residues 122-128 of H-Ras (figure 2.16.) were
ligated to the pGEX-2T Racl plasmid using T4 DNA ligase. 1pmol of each of the H-Ras
insert oligonucleotides was incubated in 10ul sterile HO and heated to 95°C for 2
minutes, then cooled slowly to 37°C to ensure annealing of the complementary oligos.
The annealed oligos were incubated with 0.3pmol of pGEX-2T plasmid, 3 units of T4
DNA ligase, ImM ATP, 30mM Tris-HCI pH 7.8, 10mM MgCl,, 10mM DTT in a final
volume of 20ul. The ligation reaction was incubated overnight at 19°C. 3l of the ligation
mixture was used to transform competent E.coli (2.6.2.), plated out and incubated at 37°C
overnight. The following day, colonies were picked, and tested for expression (figure
2.17.). DNA sequencing confirmed the chimaeric sequence (figure 2.18.) The chimaeric
protein was purified as described for wild type Racl (2.2.1.). A yield of 1.5mg/litre was
obtained. The mass of the chimaeric protein was confirmed by mass spectrometry (figure

2.19.).
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Figure 2.16. H-Ras ‘insertion loop’ oligonucleotides

Oligonucleotides containing the coding sequence for residues 122-128 of H-Ras were
used to create a Racl/H-Ras chimaera. Nucleotides coloured yellow indicate H-Ras
sequence, and bold bases indicate silent mutations to create a Csp I site. This restriction
site was initially created to identify the mutant construct, but DNA sequencing of the
plasmid confirmed the chimaeric sequence. Residues are labelled according to the single

letter amino acid code.
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Figure 2.17. SDS-PAGE analysis of Racl/H-Ras expression

E. coli (XL-1-blue strain) were transformed with the pGEX-2T plasmid containing the
chimaeric Racl/H-Ras construct and were tested for their ability to express the GST-
fusion protein (~47kDa). Pre and post induction samples were separated by SDS-PAGE
as described (2.4.2.) to assess protein expression. Lanes 1-6: Pre and post induction
samples of 6 freshly transformed colonies. Clone 2. was used for subsequent expression
and purification of the protein. Lane 7. = Sug purified Q61L Racl; Lane 8. = Sug purified

Rac1/H-Ras chimaera.
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Figure 2.18. DNA sequence of a Racl/H-Ras chimaera

DNA sequencing of the chimaeric Racl/H-Ras construct was performed by Oswel DNA
sequencing using an ABI PRISM 377 DNA sequencer and the 5° pGEX sequencing
primer, (sequence 5’GGGCTGGCAAGCCACGTTTGGTG3’) purchased from
Pharmacia. DNA coding for H-Ras residues 122-128 is highlighted in yellow, and the

silent base change to create a Bgl II restriction site is shown in pink.
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Figure 2.19. Mass spectrometry of a Racl/H-Ras ‘insertion loop’ chimaera
Purified Rac1/H-Ras chimaera was analysed by mass spectrometry and a major species of
18846.64 (* 3.61) Da was observed. The mass of the chimaeric protein calculated from

the primary sequence (truncated by 8 residues at the C-terminus) is 18848 Da.
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2.6.7. DNA sequencing - The dideoxy-chain termination method

Nucleotide sequences were determined by the direct double stranded chain termination
sequencing method using the USB Sequenase version 2.0 sequencing kit (Amersham).
Approximately 5-10ug of wizard miniprep purified plasmid was denatured in 0.2M
NaOH, 0.2mM EDTA at 37°C for 25 minutes. The denaturation step was neutralised by
adding 0.1 volumes (v/v) of 3M NaAcetate pH 5.2 the DNA was precipitated by adding
200p! of absolute alcohol and incubating at 20°C for 20 minutes. The DNA was pelleted
by centrifugation (12,000 x g, eppendorf centrifuge) at 4°C, the ethanol removed and the
precipitated DNA left to dry at room temperature for 1-2 hours, then at 37°C for >1 hour.
Once dry, the DNA was re-suspended in 7ul sterile H,O plus 2ul 5x Sequenase reaction
buffer. Approximately 30ng of oligonucleotide primer was added, the mixture heated
rapidly to 65°C and then cooled slowly to 35°C to allow annealing between the primer
and the template, and then placed on ice. The labelling reaction was performed by adding
1ul of 100mM DTT, 2pl of labelling mix, 0.5ul **S-dATP (Amersham) and 2ul of freshly
diluted Sequenase T7 DNA polymerase version 2.0 to the annealed template and primer.
The reactions were incubated at ambient temperature for 5 minutes before transferring 3.5
ul to each of 4 tubes pre-warmed to 37°C each containing 2.5pl of either ddG/ddA/ddT or
ddC termination mix. After S minutes at 37°C, 4pl of stop solution was added to each
termination tube and samples were stored at 20°C. Prior to running the samples on a gel,
the samples were heated to 75°C for 2 minutes to denature oligonucleotides from the

plasmid DNA and the transferred to ice before loading on a pre-heated acrylamide/urea

gel.

Sequencing plates were washed with detergent, then rinsed with ethanol and H,O then left
to air-dry for [-2 hours or overnight. Once dry, the back plate was coated with acrylease
non-stick plate coating (Stratagene) and the gel mould constructed of the dimensions
200mm x 380mm x 0.4mm. 6% polyacrylamide gels were prepared by mixing 15mls of

40% acrylamide solution, 35mls gel diluent (Sequagel, national diagnostics), and 10mls
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10x TBE. The gel mix was transferred to ice and once chilled, 400ul of 10% (w/v)
ammonium persulphate (Pharmacia) and 20ul of TEMED were added to start
polymerisation. The mould was held vertically and poured using a 50ml syringe. The gel
was left to set for 90 minutes or overnight. The gel was pre-run to >55°C and 3.5pl
samples were electrophoresed for 2-4 hours at a constant voltage of 1500V with TBE as
the running buffer. The gel was transferred to a sheet of Whatman nitrocellulose paper,
covered with Saran wrap and dried for 90 minutes at 80°C under vacuum using a Bio-Rad
583 gel drier. The labelled DNA fragments were visualised by autoradiography using

Kodak X-OMAT AR film.

2.6.8. Synthesis of mantGMPPNP

GMPPNP was reacted with N-methylisatoic anhydride to produce the N-
methylanthraniloyl derivative (mantGMPPNP) as described (Hiratsuka, 1983). 75mg of
GMPPNP was dissolved in 2mls of DDIW in a jacketed water bath at 37°C. To this
solution, 46mgs of N-methyl isatoic anhydride (mant) was added with continuous stirring
and the pH maintained at 9.6 by the addition of 5SM KOH. After completion of the
reaction, the reaction mix was poured into a conical flask and filled to 150mls with
DDIW. The pH was adjusted to 7.6 with 1M HCI and the conductivity checked against
10mM triethylamine (TEAB). The reaction mix was loaded onto a 1.5 x 40cm DEAE
cellulose anion exchange column that had been equilibrated in 10mM TEAB, pH 7.6, and
the nucleotide analogues were eluted overnight with a 10-600mM TEAB gradient, and
fractions of 14mls were collected. A wavelength scan and HPLC analysis (SAX-10
column, eluting with 0.4M (NH,),HPO, + 12% methanol) of the major peak fractions
indicated the fractions containing the mantGMPPNP. These were pooled and evaporated
using a Rotavapor-R and the resulting mantGMPPNP was resuspended in 800pl methanol
(Aristar) and the purity of the final mantGMPPNP determined by HPLC (figure 2.20.).

The concentration of mantGMPPNP was determined from an absorbance scan and the
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Figure 2.20. HPLC analysis of mantGMPPNP

GMPPNP was reacted with N-methylisatoic anhydride to produce the N-
methylanthraniloyl derivative (mantGMPPNP) and purified as described. (2.6.8.). A)
GMP, GDP and GTP nucleotide standards. B) GMPPNP standard. C) Solid line: The
DEAE cellulose eluted fraction containing mantGMPPNP. Dotted line: mantGMPPNP

standard from a previous preparation. Absorbance in arbitrary units.
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calculated mant molar extinction co-efficient of 5700M™.cm™. The mantGMPPNP was

aliquoted, frozen on dry ice and stored at "80°C.

2.6.9. Formation of Racl nucleotide and nucleotide analogue complexes

Complexes of Rac with GTP, mantGDP, cou-edaGTP and but-edaGTP were formed
under conditions that facilitate rapid nucleotide exchange. This was done by lowering the
magnesium concentration by the addition of excess EDTA over Mg?* and increasing the
nucleotide exchange rate by the addition of ammonium sulphate. This method has been
well established from work on Ras and other small G proteins (Brownbridge et al., 1993).
50nmol of Rac was incubated with 50-60 fold excess nucleotide in fast exchange buffer
(20mM Tris'HCI pH 7.6, 40mM EDTA, 20mM (NH,),SO,). The reaction was incubated
at 30°C for 5 minutes, and the exchange reaction stopped by the addition of MgCl, to a
final concentration of 45SmM. The protein was isolated and excess nucleotide removed
using a PD-10 column (Pharmacia) equilibrated in 20mM Tris-HCI pH 7.6, ImM MgCl,.
0.5ml fractions were collected and the fractions containing protein were determined from
the absorbance at 280nm. The concentration of the Racl-nucleotide complex was
determined using the Racl molar extinction co-efficient of 29828M™cm™ (Gill & von
Hippel, 1989) at 280nm, while the mantGDP concentration was determined using the
molar extinction co-efficient of mant at 360nm of 5700M”'cm™ (Hiratsuka, 1983).

Complexes were shown to be greater than 95% pure as determined by HPLC.

2.6.10. Formation of Racl complexes with non-hydrolysable nucleotide analogues

Complexes of Rac with non-hydrolysable nucleotide analogues mantGMPPNP and
GMPPNP were formed by incubating 340nmol Racl with 1.2pumol of the nucleotide
analogue in 20mM Tris-HCl pH 7.6, 200mM (NH,),SO, with 15 units of alkaline
phosphatase linked to agarose beads (Sigma) at 20°C with end-over-end stirring. Samples
were analysed using an SAX-10 HPLC column (Whatman) in 0.5M (NH,4),HPO, pH 4.0

buffer for GMPPNP and 0.5M (NH,),HPO, pH 4.0 + 25% methanol for mantGMPPNP,
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eluting at 2ml.min™' to monitor the decrease in GDP (figure 2.21.). After 100 minutes or
until the GDP was undetectable, MgCl, was added to the reaction mix to a final
concentration of 1mM to ensure the Rac bound the nucleotide analogue. The mixture was
centrifuged briefly to remove the phosphatase, and the excess nucleotide removed using a
PD-10 desalting column. Protein concentration and nucleotide bound to the protein

(figure 2.22.) were determined as described (2.4.3.).

Complexes of Racl with but-edaGMPPNP were formed by incubating 150nmol Racl
with 450nmol but-edaGMPPNP in 20mM Tris-HCI pH 7.6, 200mM (NH,),HPO, with 12
units of alkaline phosphatase linked to agarose beads at 20°C with end-over-end stirring.
Samples were analysed using a partisphere SAX column (Whatman) in 0.5M
(NH,),HPO4 pH 4.0 + 25% methanol eluting at 2ml.min”' to monitor the decrease in
GDP. After 60 minutes, MgCl, was added to a final concentration of ImM and the

complex purified as described for Racl-mantGMPPNP.

2.6.11. Reaction of p67"'** with 5,5 -Dithiobis-(2-nitrobenzoic acid) (DTNB)

To determine the number of reactive thiols in this protein, p67'"'® was reacted with
DTNB. This reacts with —SH groups under mild alkaline conditions to form
thionitrobenzoate-protein complex and stoichiometric amounts of thionitrobenzoate
(NTB), which has an intense yellow colour. 5uM of p67'"'* was added to 100uM
DTNB, 100mM Tris-HCI pH 8.0, 200mM NaCl (final vol. 1ml) and the absorbance at
412nm followed over time. The concentration of NTB produced due to reaction with
thiols was calculated using the NTB extinction co-efficient of 13610 M cm™ (Dawson et

al., 1984).

2.7. Fluorescence measurements

These were measured using a Perkin Elmer LS50B fluorimeter with a Xenon lamp using
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Figure 2.21. HPLC analysis of the nucleotide bound to Racl following exchange with
the non-hydrolysable nucleotide analogue, GMPPNP

Complexes of Racl with GMPPNP were formed by incubating Racl with excess
nucleotide analogue and alkaline phosphatase under conditions of accelerated nucleotide
exchange. A) GMP, GDP and GTP standards. B) Nucleotide bound to Racl prior to
nucleotide exchange, indicating >98% GDP bound. C) Solid line: Nucleotide bound to
Racl following exchange for GMPPNP. Although little GDP remained bound to the
protein, ~8% of bound nucleotide is GDP-NH,, the major contaminant of GMPPNP.

Dotted line: GMPPNP standard. Absorbance in arbitrary units.
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Figure 2.22. Absorbance spectrum of purified Racl - mantGMPPNP

An absorbance spectrum of purified Racl-mantGMPPNP complex. The complex was
>92% pure as described in materials and methods. The concentration of Racl was
calculated from the absorbance at 280nm (2.4.3.) and the purity of the complex

determined by HPLC.
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cuvettes with a 3mm path length in a reaction volume of 200pl. Experiments using mant
nucleotide analogues and Racl mant nucleotide complexes were performed with
excitation at either 290nm or 360nm, emission 440nm. Experiments using the cou-
edaGTP nucleotide analogue were performed with excitation at 436nm, emission 480nm.
Experiments to monitor hydrolysis with the Pi probe MDCC-PBP were performed with
excitation at 425nm, emission 464nm, and experiments using MDCC-RhoGDI were
performed with. excitation at 430nm, emission at 460nm. Stopped flow experiments were
performed using a HiTech SF61MX stopped flow apparatus with a Xenon lamp. There
was a monochromator with Snm slits on the exciting light at 436nm and a 435nm cut off
filter on the emission. Exponential and hyperbolic fits to data were undertaken using the

PC program Grafit v3.0 (Erithacus software).
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Chapter 3. Biochemical characterisation of Racl

3. BIOCHEMICAL CHARACTERISATION OF RAC1

3.0. Introduction

In an attempt to examine the regions of Racl involved in the interaction with p67°"™ and
GDI, a number of Racl mutants have been made: In order to characterise mutant Racl
proteins, basic biochemical properties of Racl such as nucleotide dissociation and GTP
hydrolysis have been examined and will be described as in the following sections. These
techniques have been used to examine the activity of mutant Rac1 proteins as described in
Chapter 4. In addition, initial tests with two novel coumarin derivatised nucleotides, cou-
edaGTP and but-edaGTP have been undertaken. It was hoped that these nucleotide
analogues would form complexes with Racl and may provide a signal to monitor the

interaction with other proteins, such a p67°™ and GDI.

3.1. Analysis of the Racl GTPase cycle
The simplest model for the GTPase cycle is shown in scheme 3.1. Rate constants for
individual steps in the reaction are numbered so that forward and reverse rate constants
for step a are k., and k-, respectively. By forming complexes with 2° (37) -O- (N —methyl)
anthraniloyl (mant) fluorescent nucleotide analogues, rates of nucleotide dissociation
(k+,) and GTP hydrolysis (k.,) has been measured.

have
3.2. Properties of racl with fluorescent nucleotide analogues
Mant derivatives of guanine nucleotides (eg. mantGTP) (figure 3.1.) have been shown to
behave as close analogues of the parent nucleotides and show a high sensitivity to small
changes in fluorophore environment. Their use has been well established from work on
Ras and have been used to demonstrate nucleotide binding to small G proteins, and the
interaction of the guanine-nucleotide protein complex with other proteins such as GAPs

(Eccleston et al., 1993 & Moore et al., 1993). Previous reports have also shown that mant
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Scheme 3.1. The GTPase cycle of Racl
The simplest model for the GTPase cycle of Racl (R represents Racl). Individual steps
are numbered so that forward and reverse rate constants for steps a are k+a and k-a

respectively.
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Figure 3.1. Structure of 2’ (3°)-O-(N —methyl) anthraniloyl (mant) GTP.
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Chapter 3. Biochemical characterisation of Racl

derivatised nucleotides undergo changes in fluorescent properties on binding to Rho

family proteins, including Racl (Leonard et al., 1997).

3.2.1. Dissociation of mantGDP from Racl (k.,)

By using the fluorescent properties of Racl complexed to mantGDP, the intrinsic
dissociation rate of mantGDP was measured by monitoring the fluorescence decrease as
mantGDP dissociates from a Racl:-mantGDP complex. As Racl contains two tryptophan
residues, it was possible to excite the mantGDP using fluorescence resonance energy
transfer by exciting at 290nm. This excited state interaction is dependent on distance and
orientation in which the fluorescence emission of tryptophan(s) is coupled to the
excitation of the mant fluorophore attached to the ribose moiety of the nucleotide. In this
case, the mant fluorophore is close enough to a tryptophan in the tertiary structure and
may be excited by the fluorescence emission of the tryptophan residue(s). Although mant
absorbs at 290nm, this wavelength is well below the A, of 360nm for mant, and
therefore this technique minimises the excitation of free mant nucleotide in the solution.
As only the fluorophore bound to Racl is excited significantly, this results in a greater

signal change.

When 1uM Racl-mantGDP is incubated with 20uM GDP (in 20mM Tris-HCI pH7.6,
ImM MgCl,, ImM DTT) at 30°C and the dissociation of the nucleotide monitored over
time (figure 3.2.), mantGDP dissociates with a first order rate constant of 5x107s™,
confirming that in the absence of exchange factors, Racl shows a slow rate of intrinsic
mantGDP dissociation. The dissociation of mantGDP has also been determined for Racl
in the presence of (NH4),SO,. This has been used to produce conditions of accelerated
nucleotide exchange, making it practical to compare nucleotide dissociation rates under
different conditions. 1uM Racl was incubated with 20uM mantGDP in 20mM Tris-HCI

pH7.6, ImM MgCl;, ImM DTT + 200mM (NH,;),SO, and the fluorescence emission
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Figure 3.2. Dissociation of mantGDP from Racl (k.

Racl-mantGDP (1uM) was incubated with excess GDP (20uM) in 20mM Tris-HCI
pH7.6, ImM MgCl,, ImM DTT, 30°C and the dissociation of the mantGDP monitored
over time. Due to the slow rate of intrinsic nucleotide exchange by Racl, time points
were taken every 1.6 minutes (data interval = 10s). The lamp was turned off between time
points (turned on 3s prior to each measurement) to minimise photobleaching of the

fluorophore.
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Chapter 3. Biochemical characterisation of Racl

measured as the mantGDP dissociates from the Racl'-mantGDP complex. Data was fitted
to a single exponential, showing that under these conditions, mantGDP dissociates from
Rac! with a first order rate constant of 3.5x107s™ (figure 3.3a.); the addition of 200mM
(NH,),SO4 under these conditions increases the rate constant by almost 2 orders of

magnitude.

Another method of creating a favourable environment for accelerated nucleotide
exchange is to monitor the exchange reaction in the presence of excess EDTA. When
1uM Rac'mantGDP was incubated with 20uM GDP in 20mM Tris-HCl pH7.6, ImM
DTT containing 0.5mM EDTA at 30°C, mantGDP dissociated from the protein with a
first order rate constant of 2.5x107s™ (figure 6.11.), 3 orders of magnitude faster than the
intrinsic rate of mantGDP exchange. EDTA chelates Mg®* ions required for tight binding
of the nucleotide to the protein and this technique has been well established for
accelerating conditions of nucleotide exchange (Satoh ez al., 1988). The use of EDTA is
particularly useful when examining the effect of other proteins such as GDI on the rate of

nucleotide exchange, as EDTA does not increase the ionic strength of the solution.

3.2.2. Dissociation of GDP from Racl

The dissociation of GDP from Racl has been measured indirectly by monitoring the
association of mantGDP with Racl in the presence of excess nucleotide to ensure the
reaction was under pseudo-first order conditions. Incubation of 5pM Racl was incubated
with 50uM mantGDP in 20mM Tris-HCl pH7.6, ImM MgCl, containing 200mM
(NH4),SO, at 30°C created conditions of accelerated exchange, and the fluorescence
change due to the association of mantGDP monitored. The data was fitted to a single
exponential (figure 3.3b.). Under these conditions, the observed rate constant will be the
dissociation of GDP (k.,) + association of mantGDP (k.,). The observed rate constant for

GDP dissociation from Racl is 3.3x107s™.
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Figure 3.3. Racl nucleotide exchange under accelerated exchange conditions

a) Racl'mantGDP (5uM) was incubated with GDP (100uM) in 20mM Tris-HCI pH7.6,
ImM MgCl,, 200mM (NH,4),SO4, 30°C. b) Racl (5uM) was incubated with mantGDP
(50uM) in 20mM Tris-HCI pH7.6, ImM MgCl,, 200mM (NH,),SO,, 30°C. Lines shown
are best fits to single exponentials and rate constants are the average of at least two

independent determinations. Excitation 290nm.
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Chapter 3. Biochemical characterisation of Racl

3.3. Hydrolysis of GTP by Racl (k.3

By forming complexes of Racl with GTP, the rate of nucleotide triphosphate hydrolysis
was measured using the Pi probe, MDCC-PBP. This probe consists of the fluorophore N-
[2-(1-maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxamide (MDCC) bound to the
A197C mutant of the E.coli phosphate binding protein (MDCC-PBP) (Brune et al.,
1994). This labelled protein shows a ~5 fold increase in fluorescence emission at 464nm
when complexed to Pi (pH 7.0, low ionic strength, 22°C). Pi binds rapidly and tightly (K4
~0.1uM) to the labelled protein. This coumarin labelled protein has been used to measure
Pi release in a wide variety of biological processes, including Pi release during ATP
hydrolysis by the actomyosin subfragment 1 from rabbit skeletal muscle (Brune ef al.,
1994). To measure the rate of GTP hydrolysis by Racl, SuM Racl-GTP was incubated
with 15uM MDCC-PBP in 20mM Tris-HCI pH 7.6, ImM MgCl,, 30°C, and the change in
fluorescence monitored over time. The data were fitted to a single exponential (figure
3.4.). Under these conditions, the observed rate constant will be the rate limiting step
determining Pi release (k.;), probably GTP hydrolysis (k+2) (scheme 1.) The observed

first order rate constant of 2.8x107s™, is ~40 fold faster than Ras.

The intensity of the fluorescence signal observed in this experiment will be dependent on
the concentration of Racl-GTP complex in the reaction. Due to the relatively fast rate of
intrinsic hydrolysis by Racl (t% ~4 minutes, 30°C) (figure 3.5.), a significant proportion
of GTP will be hydrolysed during the purification of the complex (2.6.9.). Complexes of
Racl with GTP were formed and analyzed by HPLC. Racl-GTP complexes have been
shown to contain ~25% GTP, with GDP the other nucleotide present. This is within
reasonable agreement with previous data from this laboratory that indicates 47-60% GTP
bound to Racl following purification of the complex (R.W. Stockley & M.R. Webb). As
stoichiometric complexes to >95% purity have been obtained when forming Racl

complexes with the non-hydrolysable GTP analogue, GMPPNP, the low triphosphate
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Figure 3.4. Time course for the hydrolysis of GTP by Racl
Racl- GTP (5uM) was incubated with MDCC-PBP (15uM) in 20mM Tris- HCI pH 7.6,
ImM MgCl,, 30°C and the fluorescence intensity measured over time (excitation A =

425nm, emission A =464nm). The Solid line shows a best fit to a single exponential.
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Chapter 3. Biochemical characterisation of Racl

content is unlikely to be due to incomplete nucleotide exchange, but due to intrinsic

hydrolysis of GTP during the formation and purification of the complex.

3.4. Novel fluorescent nucleotide analogues — cou-edaGTP & but-edaGTP

In addition to mant modified fluorescent nucleotide analogues, the interaction of two
novel fluorescent nucleotide analogues with Racl has been examined. Both analogues
have been synthesised in this laboratory by M.R. Webb (unpublished results). It was
hoped that these coumarin-modified nucleotides would undergo a change in fluorescence
emission upon Racl binding to other proteins and may be used to study the interaction
with p67"" and GDI. Similar experiments are currently underway at the N.LM.R. using
the nucleotide analogue cou-edaATP to study the actomyosin system; initial experiments
have shown that this analogue has similar properties to ATP (unpublished results).
Complexes of Racl have been produced with two novel fluorescent GTP analogues, 3°-
O-{N-[2-(7-diethylaminocoumarin-3-carboxamido) ethyl] carbamoyl} GTP (cou-
edaGTP) and coumarin343-edaGTP (but-edaGTP) (figure 3.5.). Both of these new
fluorescent analogues have an ethylene linker between the coumarin group and the
nucleotide. The advantage of this may be that the exposed nature of the coumarin group

may be more susceptible to environment changes induced by Racl-protein interactions.

Another advantage of but-edaGTP is that the coumarin fluorophore of this nucleotide
analogue has an additional pair of aliphatic rings containing a nitrogen atom (figure
3.6b.). The lone pair of electrons from the nitrogen are likely to interact with the ring
system, and as a result, this fluorophore has a high fluorescence quantum yield (~0.5); the
advantage being that very low concentrations of the fluorophore can be used and still
retain a measurable signal. Possible disadvantages of these nucleotide analogues is that
the ring structure is more hydrophobic, and may form non-specific interactions with
proteins, and due to the high fluorescence quantum yield of but-edaGTP, this analogue

will only be useful if a decrease in signal is observed.
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Figure 3.5. The structures of cou-edaGDP (a) and but-edaGDP (b)
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Chapter 3. Biochemical characterisation of Racl

3.4.1. Fluorescent properties of Racl with coumarin-derivatised GTP analogues

It has been well documented that mant derivatised nucleotide analogues undergo change
in their fluorescent properties upon binding to small G proteins such as Ras and Rac. It
was hoped that a similar signal change would be observed when Rac! interacts with cou-
edaGTP and but-edaGTP, providing a detectable method to examine the interaction of
these novel fluorescent nucleotides with Racl. As an initial test, Racl-GDP was
incubated with equimolar concentrations of cou-edaGTP or but-edaGTP under
accelerated exchange conditions (2.6.9.), and the fluorescence emission measured (figure
3.6.). When Racl was incubated with cou-edaGTP, a 16% increase in fluorescence was
observed, when Racl was incubated with but-edaGTP, 23% quenching of fluorescence
was observed. A quenching of but-edaGTP fluorescence is also observed when but-
edaGTP binds to the S1 subunit of myosin (M.R. Webb e al., unpublished results). Due
to the hydrolysis of but-edaGTP and cou-edaGTP by Racl during the purification
procedure, both analogues bound to Racl will be predominantly in the GDP state,

although this has not been confirmed by HPLC.

3.4.2. The dissociation of cou-edaGTP and but-edaGTP from Racl (k+,)

The dissociation of cou-edaGTP and but-edaGTP from Racl was measured essentially as
described for the dissociation of mant nucleotides from Racl (3.2.1.). Complexes of Racl
with cou-edaGTP or but-edaGTP were incubated under accelerated nucleotide exchange
conditions with excess GDP to ensure the experiment was under pseudo-first order
conditions. Nucleotide dissociation was measured by observing the fluorescence decrease
when the fluorescent nucleotide dissociated from the protein and underwent exchange for
GDP. The observed fluorescence changes were fitted to first order rate equations (figure
3.7.). These experiments reveal that cou-edaGTP and but-edaGTP dissociate from Racl

with first order rate constants of 2.6 x 10” s and 2.4 x 10” s™' respectively.
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Figure 3.6. Fluorescent properties ofRacl with coumarin-derivatised nucleotides

a) I0.M cou-edaGTP (Solid line) was incubated with 10pM Racl under accelerated
exchange conditions (20mM Tris-HCI pH 7.6, ImM MgCb, 200mM (N 1™4)2504 at 30°C
and the fluorescence emission measured after 5 minutes (dotted line). Excitation X =
436nm. b) IpM but-edaGTP (solid line) was incubated with IpM Racl under accelerated
conditions (20mM Tris-HCI pH7.6, §OmM BBTA, 200mM (NH4)2Sos at 30°C and the
fluorescence measured after 5 minutes (dotted line). Excitation A- 450nm. Fluorescence

did not change further with prolonged incubation.
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Figure 3.7. Dissociation of but-edaGTP and cou-edaGTP from Racl

a) Racl-cou-edaGTP (4uM) or b) Racl-but-edaGTP (5uM) was incubated with GDP
(100puM) in 20mM Tris-HCI pH7.6, ImM MgCl,, 200mM (NH,),SO,, 30°C and the
dissociation of the nucleotide monitored over time. Solid lines show best fits to single

exponentials.
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Chapter 3. Biochemical characterisation of Racl

3.4.3. Hydrolysis of cou-edaGTP and but-edaGTP by Racl (k.;)

To examine the rate of cou-edaGTP and but-edaGTP hydrolysis by Racl, complexes of
Rac with both fluorescent nucleotides were formed and the complex purified as described
(2.6.9.). The rate of nucleotide triphosphate hydrolysis was measured by the formation of
Pi using the fluorescent Pi probe, MDCC-PBP as previously described for wild type Racl
(3.2.). 5pM Racl-cou-edaGTP or Racl-but-edaGTP were incubated with 15¢M MDCC-
PBP in 20mM Tris'HCI pH7.6, ImM MgCl,, 30°C and the fluorescence monitored at
462nm over time. The data were fitted to a first order rate equation. The observed first
order rate constant for cou-edaGTP hydrolysis was 1.5 x 10'3,5'\', and for but-edaGTP was
1.9x 107 s (figure 3.8.); both are within a factor of two for the first order rate constant
of GTP hydrolysis by Racl under the same conditions (2.8 x 102 s7). These results
indicate that the coumarin fluorophores do not significantly interfere with the mechanism
of GTP hydrolysis of Racl and both coumarin derivatised nucleotides are good analogues
of GTP. As described previously, the intensity of the signal change observed using this
technique is dependent on the concentration of Racl complexed to the GTP form of the
nucleotide analogue. As described earlier (3.3.), intrinsic hydrolysis of GTP by Racl is
rapid compared to Ras, and due to this a significant amount of GTP will be hydrolysed

during the purification of these complexes.

These results indicate that both cou-edaGTP and but-edaGTP bind to Racl, and measured
rate constants for the hydrolysis of GTP using the labelled phosphate binding protein,
MDCC-PBP are within a factor of 2 of GTP for both coumarin-labelled nucleotides. Rate
constants for the dissociation of cou-edaGTP and but-edaGTP (predominantly in the GDP
state due to intrinsic hydrolysis by Racl) are also similar to the dissociation of mantGDP.
The small effect of these fluorophores attached to the ribose moiety of the nucleotide is
consistent with crystal structures of Racl (Hirshberg et al., 1997) that show the 2’ and 3’

hydroxyl groups of the nucleotide projecting away from the protein towards the solvent.
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Figure 3.8. Hydrolysis of cou-edaGTP and but-edaGTP by Racl

The rate of cou-edaGTP (a) and but-edaGTP (b) hydrolysis was measured using the Pi
probe MDCC-PBP as described for GTP hydrolysis by Racl (3.3.). Racl-cou-edaGTP
(5uM) or Racl-but-edaGTP (3uM) was incubated with MDCC-PBP (15uM and 10uM
respectively) in 20mM TrissHCl pH7.6, ImM MgCl, at 30°C and the fluorescence
measured over time (excitation A = 425nm, emission A = 464nm). Solid lines are best fits
to single exponentials. Replacement of the Xenon lamp in the fluorimeter resulted in
significantly lower signal to noise ratio when the hydrolysis of but-edaGTP was

measured.
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Chapter 3. Biochemical characterisation of Racl

These results are also consistent with the small effect of mant modified nucleotides on the

nucleotide exchange and hydrolysis of Rac1.

Both cou-edaGTP and but-edaGTP are environmentally sensitive, and on dissociation of
the nucleotide from a complex with Racl there is ~20% change in fluorescence. With
cou-edaGTP, an enhancement of fluorescence was observed, whereas when but-edaGTP
was used a >20% quenching of fluorescence was monitored. This indicates that both
coumarin modified nucleotides show differing environmentally sensitive properties. This
is a significantly less fluorescence change than observed with mant derivatised
nucleotides, and may reflect the greater distance of the coumarin fluorophores from the
protein. It was hoped that due to the exposed nature of the fluorophore of cou-edaGTP
and but-edaGTP, complexes of Racl with these novel fluorescent nucleotide analogues
(predominantly in the GDP state due to intrinsic hydrolysis by Racl) may be used to
monitor the interaction of Racl with GDI. Recently the coumarin derivatised analogue
but-edaGMPPNP has been synthesised in this laboratory (M.R. Webb, unpublished
results). It was hoped that this non-hydrolysable analogue may provide a sensitive method
to monitor the interaction with p67™™. These experiments will be discussed in later

chapters.
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Chapter 4. Design & characterisation of Racl mutants

4. DESIGN & CHARACTERISATION OF RAC1 MUTANTS

In order to study the interactions between Racl and other proteins, such as p67°"* and
GDI, a number of Racl point mutants have been made (figure 4.1.). One of the major
differences between Ras and Rho family proteins is the presence of an additional 12
amino acid ‘insertion loop’ (residues 124-125) in Rho proteins (figure 1.2.). This
represents one of the several areas of divergence among Rho family members. Although
recent reports indicate a role for this loop in mitogenesis (Joneson & Bar-Sagi, 1998), the
precise role of this loop in the interaction with other proteins remains poorly defined; this

loop represents one region currently under investigation in this laboratory.

4.1. Racl mutations to study the interaction with p67°"

In order to examine the role of these regions, the Racl-GMPPNP structure has been
examined to design a number of point mutants that may have a role in the interaction with
p67°"*. As Rac but not cdc42 proteins activate the NADPH oxidase system, residues in
the insertion loop of Rac have been mutated to corresponding residu:es in cdc42 (figure
1.2.). These mutations include D124S, K130A and E131K and have been chosen as they
are exposed residues of the insertion loop helix (based on the crystal structure of
Rac1l-GMPPNP) and are likely to be involved in the interaction with effectors such as
p67°". Point mutations in the effector loop thought to be involved in this interaction
(Nisimoto et al., 1997), A27K and T35A mutations have also been made, and a mutation
in a region that may be involved in nucleotide binding and hydrolysis, D63E, &
produced to examine the effect of these regions on the interaction with p67". A
comparison of the Racl-GMPPNP and Racl-GDP structures reveals conformational
change between the two nucleotide bound states of Racl in the position and flexibility of

the effector loop and switch II region (figure 1.7.). It is possible that Rac may bind

through both the effector loop and insertion loop/switch II to different surfaces within the
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Figure 4.1. Racl point mutations

A ribbon diagram of the Racl-GMPPNP structure showing the positions of Racl point
mutations that have been created. The overall fold of Racl-GMPPNP is very similar to
Ras‘GMPPNP (figure 1.6.), except for two major regions of divergence. The insertion
loop (shown in red), forms an exposed helical domain, and the effector loop (shown in
yellow). Mutations in the effector loop have been chosen as they are not thought to
directly interact with the nucleotide, are relatively exposed and are likely to accommodate
the respective mutations without significant alteration to the Racl tertiary structure. The
crystal structure of Racl-GDP (Hirshberg et al., unpublished results) has also revealed
structural divergence between the switch II region of Racl and Ras in the GDP bound

conformations (figure 1.7.). * The Q61L Racl mutant was a gift from Prof. A. Hall, UCL.
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Chapter 4. Design & characterisation of Racl mutants

NADPH oxidase complex. This may convey the required specificity to permit Rac, but

not cdc42 to function as an NADPH oxidase activator.

4.2. Racl mutations to examine the interaction with GDI

Although GDI interacts with Racl in the GDP bound form and inhibits nucleotide
exchange, the precise regions of Racl involved in this interaction have not been well
defined. RhoGDI interacts with Rho family proteins, but no other Ras superfamily
members. One of the major regions of structural divergence between Racl and Ras is the
effector loop (aa’s 30-40). Residues in the effector loop of Rac have been shown to be
essential for the interaction with a number of other proteins, including PAK and ROCK
(Lamarche et al., 1996). To examine this region in the Racl-GDI interaction, point
mutations of Racl have been made between residues 31 and 40 of the effector loop. A
comparison of this region of Racl and Ras (figure 4.2.) reveals a group of five
hydrophobic residues in Rac (IPTVF), but only three in Ras (PTI), flanked either side by
acidic residues (figure 4.2.). As other residues in this region are identical or
conservatively substituted, two Racl point mutations have been made to corresponding
residues of the Ras primary sequence — [33D and F37E. As it is well established that Ras
proteins do not bind to RhoGD], it is possible that this extended hydrophobic region in
Racl is important for interaction with the flexible N-terminal region of GDI. This region
is also of potential significance due to the differences in this loop between the

Rac1-GMPPNP and Rac-GDP structures.

Residues in the insertion loop have been also chosen for site directed mutagenesis as they
are largely exposed on the surface of the insert region; therefore mutations are unlikely to
cause large structural peterbations outside this area. As isoprenylated Rho proteins bind to
GDI, and the insertion loop of Racl lies at opposite ends from the C-terminus, it is
unlikely that GDI interacts with both regions of Racl unless the flexible, N-terminus of

GDI is in an extended conformation. A low resolution structure of the RhoA-RhoGDI
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Figure 4.2. A comparison of the effector loop of Racl with Ras

A comparison of regions of the effector loop (aa’s 31-40 of Racl) with corresponding
residues of Ras (see figure 1.2. for sequence alignment). Red circles indicate hydrophobic
residues; those circled above in black are hydrophilic. Residues with charged functional

groups (-) are also indicated.
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complex suggests that this may not be the case. Although Rac and Rho proteins may bind
to GDI via differing mechanisms, the crystal structure of this complex reveals that the N-
terminal domain of GDI is likely to form a ‘loop’, with possible contacts with the effector
loop and the switch II region (Longenecker et al., 1999). This is consistent with mutations
in the insertion loop having little effect on the interaction with GDI (Wu et al., 1997).
However, a report by Cerione’s laboratory has revealed that the insertion loop is essential
for the inhibition of nucleotide dissociation by GDI (Wu et al., 1997). To further examine
the role of this loop in the interaction with GDI, a numbe"r of additional Racl point
mutations have been made. As Ras proteins contain a short loop in place of the insertion
loop of Rho family proteins (1.6.), point mutations in this region have been chosen to
remove or reverse a charged functional group; mutations include E127A and KI133E

(figure 4.1.).

4.3. Racl/H-Ras chimaera

The role of the insertion loop of Racl has been further investigated by constructing a
Rac1/H-Ras chimaeric protein. In this chimaeric construct, the 12 amino acid insertion
loop (aa’s 120-139) of Rac1 has been replaced for the predicted region of 8 residues of H-
Ras (aa’s 122-128). Similar ‘insertion loop’ chimaeric constructs of a cdc42/Ras chimaera
(baculovirus vector) (Wu et al., 1997), a Rac/Ras chimaera (mammalian expression
vector) (Joneson & Bar-Sagi, 1998) and a Rho/Ras chimaera (pGEX-2T vector) (Zong et
al., 1999) have been constructed using PCR based strategies, and functional protein has
been obtained. Attempts to prepare a pGEX-2T Racl/H-Ras construct using an
overlapping PCR method as described by Wu et al. (1997) proved unsuccessful. Due to
this, the construct has been created by restriction digest of the Racl ¢cDNA and ligation of

primers corresponding to the H-Ras insert as described (2.6.4.).
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4.4. Analysis of mutant Racl nucleotide complexes

Wild type recombinant Racl, cdc42 and Racl mutants were all complexed exclusively to
GDP (>98%) with the exception of Q61L Racl, which was ~94% GTP bound when
analysed by HPLC using a SAX-10 column (figure 4.3.). This is consistent with this
mutant having a significantly reduced GTPase rate relative to wild type Racl. These
results suggest that purified mutant Rac proteins all retain the ability to bind guanine
nucleotides, and the mutations introduced do not significantly disrupt the tertiary structure

of Racl.

4.5. Nucleotide binding properties of Racl mutants

To determine whether point mutations of Racl caused a major alteration to the basic
biochemical properties of Racl, they were tested for their ability to undergo nucleotide
exchange using the fluorescent GDP analogue, mantGDP, in the presence of (NH,),SOs.
The use of (NH,;),SO, has been well documented in studies with Ras (Eccleston ef al.,
1993) and may be used as a tool to produce conditions of accelerated nucleotide exchange
(3.2.2.). The presence of (NH,4),SOy increases the rate of exchange by ~30 fold making it

practical to compare exchange rates.

The dissociation of GDP (and association of mantGDP) has been determined under
accelerated conditions (3.2.2.), and the data fitted to a single exponential. The nucleotide
binding properties of mutant Racl constructs have been compared to those of wild type
Racl (table 4.1). Racl rapidly bound mantGDP under these conditions with an observed
rate constant of 3.3x10” s™', 30°C. These equilibrium binding results suggest that all of
the Racl mutants have the ability to bind guanine nucleotides, (with the exception of
F37E Racl) with individual guanine nucleotide binding parameters differing little from
those of wild type Racl. These experiments reveal no significant difference in the kinetics

of GDP release for the majority of mutants as compared to those of wild type Racl.
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Figure 4.3. Analysis of nucleotide bound to Racl and Racl mutants

Nucleotides bound to Racl were analysed using a partisil SAX-10 anion exchange HPLC
column (Whatman) eluting at 2mlmin’ with 0.45M (NH,),HPO, pH 4.0 buffer
essentially as described (2.6.10.). A) Nucleotide standards GMP, GDP, GTP. B) Analysis
of the nucleotide bound to wild type Racl indicates >98% GDP bound. Racl point
mutants A27K, 133D, T35A, F37E, D63E, D124S, E127A, K130A, E131K and K133E,
wild type Racl, wild type cdc42 and the Racl/H-Ras insert chimaera were all complexed
almost exclusively with GDP (data not shown). C) Nucleotide bound to the Q61L Racl

mutant was ~94% GTP bound. Absorbance at 252nm shown in arbitrary units.
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Table 4.1. Nucleotide binding properties of Rac mutants

The rate of nucleotide exchange for Racl mutants (figure 4.1.) was determined using
fluorescence energy transfer (by exciting at 290nm) essentially as described for wild type
Racl (figure 3.3b). Racl mutant (SuM) was incubated with mantGDP (50uM) in 20mM
Tris-HCI pH7.6, ImM MgCl,, 200mM (NH,),SO,, 30°C and the fluorescence emission at
440nm monitored over time. Rate constants represent the average of at least two independent

reactions.

“ F37E Racl showed no detectable binding of mantGDP under these conditions and this
value represents a limit imposed by errors in the measurement. * The mass of K133E Racl
determined by mass spectrometry (2.4.1.) does not correspond to the mass calculated from
the primary sequence of the construct. It is possible that additional mutations are present in

the sequence. A complete DNA sequence of this mutant has yet to be examined.
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First order rate constants for nucleotide exchange
of Racl and Racl mutants

Protein kops (x107s7"

Racl 33

Racl mutants

A27K 2.2
133D 4.1
T35A 2.0
F37E°¢ >1000 NOT DETERMNED
D63E 3.9
D124S 53
E127A 48
K130A 3.3
E131K 6.1
K133E* 3.6

Racl/H-Ras chimaera 29



Chapter 4. Design & characterisation of Racl mutants

4.5.1. Nucleotide exchange by F37E Racl

The F37E Racl mutant showed no increase in mant fluorescence under conditions
described (4.5.) (figure 4.4.). HPLC analysis indicates that F37E Racl is GDP bound,
indicating that the protein retains the ability to bind GDP (4.4.). It is possible that the
mantGDP does not bind to the F37E Racl mutant, or binding of the mant nucleotide does
not result in a fluorescence signal under these conditions. As the F37E Racl mutant has
only recently been obtained, examination of the nucleotide binding properties of the F37E
Racl mutant using alternative methods (such as HPLC) is currently under investigation in

this laboratory.

4.6. Hydrolysis of GTP by a Racl/H-Ras chimaera

To examine whether removal of the insertion loop caused a major alteration to the
mechanism of intrinsic GTP hydrolysis by Racl, the rate of GTP hydrolysis was
measured using the Pi probe, MDCC-PBP as described previously (3.3.). When 5pM
Racl/H-Ras chimaera (complexed to GTP) was incubated with 15uM MDCC-PBP in
20mM Tris'HCI pH7.6, 1mM MgCl, at 30°C, GTP was hydrolysed with an observed first
order rate constant of 2.7x10” s (figure 4.5.). These results indicate that the relatively
rapid rate of intrinsic GTP hydrolysis by Racl is not dependent on a conformation
induced by the insertion loop, as removal of this loop (and replacing it with a
corresponding region from Ras) does not alter the rate of GTP hydrolysis by Racl. As
rates of nucleotide exchange and GTP hydrolysis by the Rac1/H-Ras chimaera were both
within a factor of two of wild type Racl, it is assumed for subsequent studies that this

Rac1/H-Ras chimaera retains a biochemically active conformation.

4.7. Hydrolysis of GTP by D63E Racl

Most small G proteins of the Ras superfamily hydrolyze GTP to GDP slowly (Ras t/2 =

~100 min, 20°C). Notable exceptions are the Rac proteins which have intrinsic hydrolysis
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Figure 4.4. F37E Racl nucleotide exchange under accelerated exchange conditions

133D or F37E (5uM) were incubated with mantGDP (50uM) in 20mM Tris-HCI pH 7.6,
ImM MgCl,, 200mM (NH,),SO4, 30°C. Excitation 290nm. The F37E mutation
completely abolished an observed change in mant fluorescence under these conditions
(consistent results obtained with two independent experiments). As a control, nucleotide
exchange by I33D Racl was examined using the same exchange buffer. As expected, this
mutant underwent similar exchange as for wild type Racl. I33D data fitted to a single

exponential.
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Figure 4.5. Hydrolysis of GTP by a Racl/H-Ras ‘insertion loop’ chimaera

To examine if removal of the insertion loop of Racl had a significant effect on the
biochemical properties of Racl, the rate of GTP hydrolysis of the Rac1/H-Ras chimaera
was examined using the Pi probe MDCC-PBP as described for wild type Racl (3.3.).
Rac1/H-Ras chimaera (SuM) was incubated with MDCC-PBP (15uM) in 20mM Tris-HCI
pH7.6, ImM MgCl, at 30°C and the fluorescence monitored over time. The line shows a
best fit to a single exponential and the observed rate constant is an average of two
independent reactions. Excitation 425nm. Removal of the insertion loop of has no effect
on the rate of intrinsic GTP hydrolysis by Racl (3.3.), indicating that this loop does not

play a significant role in the mechanism of GTP hydrolysis.
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Chapter 4. Design & characterisation of Racl mutants

rates of at least 40 fold higher than Ras and Rho (Rac t'2 = 2.5 min, 20°C) (Menard et al.,
1992). Sugh a high rate of GTP hydrolysis suggests that even in the absence of GTPase
activating proteins, Rac would have its active state terminated by intrinsic GTP
hydrolysis. A mechanism for hydrolysis of GTP by Ras has been proposed by Pai et al.
(1990). This suggests that the carboxylate group of Glu63 is close enough to the amido
group of Glu61 to form a H-bond, and maintain this residue in the correct orientation for
GTP hydrolysis (1.10.). However, the residue at position 63 is not conserved between Ras
and Rho family members. In Racl, residue 63 is an Asp, which cannot stabilise GIn61
without substantial re-arrangement of the whole region, therefore a similar mechanism
would not be possible. To examine the role of this residue in the mechanism of GTP
hydrolysis by Rac, a D63E Racl mutant has been made which corresponds to a change to
the residue found in this position in Ras. The rate of GTP hydrolysis by D63E Racl was
measured using the Pi probe, MDCC-PBP as described for wild type Rac (3.3.). The rate
constant for Pi production by this mutant was 3.3 x10™ s (data not shown). This is within
a factor of two of the rate of intrinsic GTP hydrolysis by Racl under the same conditions
and indicates that mutation of Asp to Glu at position 63 of Racl does not significantly

alter the rate of GTP hydrolysis by Racl.

4.8. Q61L — a GTPase deficient Racl point mutant

When residue 61 is mutated in the Ras proto-oncogene, the resulting mutant Ras protein
exhibits a greatly reduced rate of intrinsic GTP hydrolysis and a predominantly GTP
bound phenotype (Krengel at al., 1990). As shown by figure 4.3., the Q61L Racl mutant
is predominantly GTP bound (~94%), maintaining significant levels of bound GTP even
after an extensive period (3-4 days) of purification. This is consistent with this residue
playing a key role in GTP hydrolysis (1.10.). The small amount of GDP detected by
HPLC is probably due to the hydrolysis of GTP by this mutant throughout the purification
procedure, resulting in ~7% Q61L Racl-GDP. In an attempt to examine the rate of

intrinsic GTP hydrolysis by Q61L Racl and obtain Q61L Racl-GDP for biochemical
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Chapter 4. Design & characterisation of Racl mutants

studies, 100uM Q61L Racl-GTP was incubated in 20mM Tris-HCI pH7.6, ImM MgCl,
at room temperature (23°C). Aliquots were removed at regular intervals and the
percentage of GDP bound to the protein analyzed by HPLC essentially as described
(2.6.10.). Even after 20 hours at room temperature, the protein remained in a

predominantly (>90%) GTP bound state.

4.9. Summary of results

In an attempt to examine the regions of Racl involved in the interaction with p67°"* and
GDI, a number of Racl point mutants have been made and characterised. Point mutations
have been created in the major regions of structural divergence between Racl and other
Rho or Ras family proteins; these regions include the effector loop (aa’s 30-40 of Racl)
and the insertion loop (aa’s 120-137 of Racl) (figure 1.2.). In addition, a Racl/H-Ras
‘insertion loop’ chimaera has been produced. In this construct the cDNA encoding this
loop of Racl has been removed and replaced with the corresponding sequence from H-
Ras. Analysis of the nucleotide bound to Racl point mutants indicates they are all >98%
GDP bound, with the exception of Q61L Racl, which is ~94% GTP bound as analysed by
HPLC. The small amount of GDP detected (~6%) when Q61L was examined is likely to
be due to a small amount of GTP hydrolysed by Q61L Racl during the purification of the
protein. This indicates that all mutant proteins produced retain the ability to bind guanine

nucleotides.

To further examine if mutations alter the basic biochemical properties of Racl, mutant
Racl proteins have been characterised by their ability to bind mant derivatised guanine
nucleotides. The rate of GDP release from Racl mutants has been examined under
accelerated exchange conditions using mantGDP (3.2.2.). All Racl mutants (with the
exception of F37E Racl) show similar nucleotide binding properties to wild type Racl.
This indicates that the Racl mutations do not have an essential role in guanine nucleotide

binding.
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Chapter 4. Design & characterisation of Racl mutants

The F37E Racl showed no detectable binding of mantGDP under accelerated nucleotide
exchange conditions (figure 4.4.). It is possible that the mantGDP does not bind to the
F37E Racl mutant, or binding of the mant nucleotide does not result in a fluorescence
signal under these conditions. As the F37E Racl mutant has only recently been obtained,
alternative methods to examine the nucleotide binding properties of the F37E Racl are

currently under investigation in this laboratory.

As removal of the insertion loop is a major change to the tertiary structure of Racl, it was
important to fully characterise the Racl/H-Ras chimaera before using this protein for
further biochemical studies. The rate of intrinsic GTP hydrolysis by the Racl/H-Ras
chimaera has been examined as described for wild type Racl (3.3.) using the Pi probe
MDCC-PBP. The chimaeric protein has a rate of GTP hydrolysis similar to wild type
Racl. These results indicate that removal of this loop has little effect on the basic

biochemical properties of Racl.
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Chapter 3. Interaction of Racl with p67™"*

5. INTERACTION OF RAC1 WITH p67™"

5.0. Introduction

Activation of the NADPH oxidase requires the assembly of the membrane associated
flavocytochrome bssg with the cytosolic components p47"™, p67°™ and Rac (1.3.2.).
Activated (GTP bound) Racl interacts directly with p67""™, but not with any other

phagocyte oxidase component (Reviewed by Segal & Shatwell, 1997).

The N terminal 199 residues of p67°"™ (p67'"'*?) are thought to contain e the domain that
interacts with Rac (Diekmann ez al., 1994), and the region essential for the interaction
with Racl and Rac2 has shown to be between residues 170-199 of p67°" (Ahmed et al.,
1998). Deletion of p67™"™* C-terminal sequences (aa’s 193-526), the C-terminal SH3
domain (aa’s 470-526) or the polyproline rich motif of p67”"™ (aa’s 226-236) stimulated
Racl binding by ~ 8 fold as determined by dot-blot assays. It has been proposed that an
intramolecular SH3-polyproline interaction within the p67™"* protein may inhibit Rac
binding to residues 170-199 (Ahmed et al., 1998). PAK phosphorylates p67°™'™*, with this
phosphorylation stimulated by deletion of the C-terminal SH3 domain or polyproline
motif (Ahmed et al., 1998). This indicates a possible mechanism for the involvement of

PAK in the regulation of the NADPH oxidase.

5.1. Aim of experiments

From the crystal structure of Racl-GMPPNP (Hirshberg et al., 1997) it has been possible
to identify a number of positions where mutational studies may provide an insight into the
mechanism by which Racl and p67™ interact; the aim of these experiments was to
elucidate this mechanism of interaction. One approach to monitor this interaction is to use
Racl complexed to environmentally sensitive, non-hydrolysable fluorescent nucleotide
analogues, such as mantGMPPNP. At least one laboratory has reported a fluorescence

change when Racl-mantGMPPNP is incubated with p67°"°* (Nisimoto et al., 1997). It
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Chapter 5. Interaction of Racl with p67™"**

was hoped that this system might be used to examine the kinetics of this interaction and
the effect of Rac mutants on the affinity for p67°". In addition, it was hoped that a novel
binding assay could be developed to monitor this interaction using p67"'"° (the N
terminal fragment of p67°"™ thought to contain the Rac binding region) labelled with
environmentally sensitive fluorophores. It was also hoped that a fluorescence change
would be observed when p67°"™ interacts with Racl complexed to a novel coumarin
derivatised nucleotide — but-edaGMPPNP. Coumarin derivatised nucleotides have been
shown to bind to Racl and have similar properties to parent nucleotides (3.4.1.). As but-
edaGMPPNP has an exposed fluorophore, it was hoped that this may provide a sensitive

method to directly monitor the interaction of Racl with p67°"*.

5.2. Purification of p67""™ proteins

To examine the interaction of Racl with p67°"™™, full length p67™*™* has been purified
using a baculovirus expression system (2.3.). The N-terminal fragment (aa’s 1-199) has
also been purified using a pGEX-GK expression vector in E.coli (2.2.3.), and a synthetic
peptide corresponding to residues 170-199 of p67°"* (the Racl binding region) has been
obtained (synthesised as described for C terminal peptides (2.5.) at NI.LM.R.). Although
the N-terminal fragment (residues 1-199) of p67"h°" has been successfully purified, the
protein shows stability and solubility problems dependent on temperature and ionic
strength. Buffer with an ionic strength of >50mM is required to elute the protein from a
glutathione-sepharose column following thrombin cleavage (2.2.3.) and a temperature of

7'1% solution. This

15°C or above results in a gradual precipitation of a dilute (SuM) p6
may reflect the instability of this domain in the absence of the remainder of the protein.
Similar problems have also been reported when attempts have been made to purify N
terminal fragments of p67™™ (Diekmann et al., 1994 & Ahmed et al., 1998). A small
number of laboratories have reported successfully purifying the fusion protein GST-

p67°" and pure full length p67°™* from an E.coli expression system (Abo ez al., 1992 &

Sumimoto et al., 1996). Despite these reports, purification of p67°" from E.coli is
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Chapter 5. Interaction of Racl with p67™

typically problematic, and lower NADPH oxidase activities have been reported with
E.coli derived recombinant p67""™ compared to the protein produced using baculovirus
expression systems.

hox . )
Pl using an E.coli expression system has proved

Because expression of full length p67
unsuccessful (2.2.4.), recombinant baculoviruses have been used to produce p67"" in
insect cells. As p67°"* purified from insect cells is susceptible to minor proteolytic

degradation, p67"™ fractions with the greater apparent molecular weight (as analysed by

SDS-PAGE) were used for subsequent studies (2.3.4.).

5.3. Characterisation of p67""'"

7]-]99 phox

is the N-terminal domain of p67°"* containing the Rac interacting domain

p6
(Diekmann et al., 1994) and has been successfully purified (2.2.3.). Mass spectrometry of
the purified protein from E.coli revealed a molecular weight significantly greater than the
value calculated from the primary sequence. To investigate the N- and C-terminal

7]-]99

residues of the p6 insert, dideoxy-sequencing of the N- and C- terminal regions of

the p67''” cDNA was undertaken. This revealed 18 additional residues (excluding Gly-

Ser-Pro residues remaining from the thrombin cleavage site) not part of the p67°"™

gene,
but probably inherent in the cloning procedure used (figure 5.1.). The mass determined by
mass spectrometry of 24568Da agrees with that calculated from the sequence when these

additional residues are included (figure 5.2.).

Although the structure of p67°"™ has not been solved, sequence alignment with known
protein structures suggests that p67''* shares greatest homology with the tetracoipeptide
repeat (TPR) region (Koga ef al., 1999). Although p67"I99 may adopt a tertiary structure
with little homology with any other known protein, it is possible that the N-terminal
domain of p67™" forms a group of four TPRs. These motifs each comprise of a pair of

antiparallel a helices (Das et al., 1998) involved in a wide variety of protein-protein
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Figure 5.1. N- and C- terminal residues of p67"""’

Results of the dideoxy-DNA sequencing of the amino and carboxyl terminal regions of
p67'"” cDNA in the pGEX-GK vector. The codons corresponding to the amino acid
residues 2 to 16 and 194 to 199 of the p67''” ¢cDNA were confirmed from the sequence

to be correct. Blue underlined residues show the thrombin recognition sequence.

Although this construct has been termed p67'" by previous laboratories and throughout
this report, DNA sequencing has revealed that the N-terminal methionine (residue 1) has
been removed, probably during the cloning procedure. Hence this construct contains an

insert encoding residues 2-199 of the p67°" cDNA.
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Figure 5.2. Electrospray mass spectrometry of p67"""”

P67""” was purified from the BL21 strain of E.coli and analysed by mass spectrometry.
A single species of 24568 (+ 1.05) Da was observed. This corresponds to the mass
calculated from the primary sequence of residues 2-199 of p67°"* (22966.8 Da) plus the

additional 21 residues at the N- and C- termini (24564.5 Da).
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Chapter 5. Interaction of Racl with p67™"

interactions (Skinner et al., 1997, Chen & Cohen, 1997). This motif has been identified in
a large number of proteins, present in tandem arrays of 3-16 motifs. This would be
consistent with secondary structure prediction of p67''** which indicates a predominantly
a-helical conformation (figure 5.3.). However, little is known about the molecular nature
of TPR mediated interactions and the Racl binding region of p67'"" (aa’s 170-199) does
not align with any other Racl binding domain. Isolation of more Racl specific targets

7l-l99

will need to be identified before a Racl specific binding motif in p6 can be

generated.

5.4. Effect of p67"" and p67'"*’ on Racl-mantGMPPNP fluorescence

Direct binding of Racl and 2 to p67°" and p67'"'* has previously been reported using
Rac1 bound to the fluorescent nucleotide analogue, mantGMPPNP. A significant increase
in mant fluorescence was observed when p67™, but not p47™™ was added. p67™"*
bound tightly to Racl and Rac2, with K4 values of 120 and 60nM respectively (Nisimoto
et al., 1997). In the reported experiments, 0.25uM Racl was incubated with 0.12pM
mantGMPPNP in 20mM Tris-HCI pH7.45, 0.1uM MgCl,, 3mM NaCl, 50mM KCI for 20
minutes at 20°C. A stable fluorescence increase of 8% was reported (due to
mantGMPPNP binding). Following nucleotide exchange, the addition of 0.3uM p67°">
resulted in a 30% increase in Racl-mantGMPPNP fluorescence (Nisimoto et al., 1997).
As Racl added in this experiment contained bound GDP, and assuming that Racl at best,
has a similar affinity for mantGMPPNP and GDP, as little as ~33% of the Racl may be
complexed to mantGMPPNP at any one time. This suggests that the observed
fluorescence change when Racl-mantGMPPNP binds to p67°™"* is under estimated in this
system. Titration experiments have also been described by Nisimoto et al. (1997). p67°"

was titrated into a solution containing 0.25-0.6uM Racl, mantGMPPNP (70% of the Rac

concentration) in 20mM Tris-HCI pH7.6, 0.1uM MgCl,, 3mM NaCl, SOmM KCI. This
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Figure 5.3. Secondary structure prediction of p67™"”

71-]99

The secondary structure of p6 was predicted using two protein structure prediction

servers available via the internet called PSIpred (A) (Altshul et al., 1997) and Jpred (B)
(Cuff et al., 1998). H = a-helix, E = B strand. Gaps in the prediction represent random
coil. Although there is a slight variation between the two methods, both predict that
71-199

pb is most likely to exist as an almost completely o helical domain.
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report indicates a maximum fluorescence increase of >60% when saturating

concentrations (>3uM) p67™"™ is added.

In an attempt to use this system to directly monitor the interaction of Racl and Racl
mutants with p67°"™, experiments were undertaken using similar conditions described by
Nisimoto et al. (1997). Incubation of 1uM Racl with 0.5uM mantGMPPNP in 20mM
Tris-HCI pH7.6, <5uM MgCl,, 3mM NaCl, 50mM KCI, ImM DTT, at 20°C resulted in a
70% increase in mantGMPPNP fluorescence (figure 5.4.). Following nucleotide
exchange, 4uM p67"™ was added, and the fluorescence measured. Although a small
fluorescence change was observed, this was variable and typically <10% (figure 5.4.).

Additional experiments showed no significant change in fluorescence when full length

1-199 170-199
7 7

Racl (2.2.2.) was used, or when p6 or p6 were added to the solution (data not

shown).

Incubation of Racl with mantGMPPNP in this laboratory under conditions described
above resulted in almost a 10 fold greater fluorescence change than described by
Nisimoto et al. (1997). However, this change is consistent with previous reports in this
laboratory of a ~2-fold increase in fluorescence when Racl binds mant derivatised
nucleotides (R.W. Stockley & M.R. Webb). It is possible that a significant proportion of
the Racl is not active in the experiments reported by Nisimoto ef al. or nucleotide

exchange was not complete, despite an extended (20 min, 20°C) incubation.

Similar experiments have also been undertaken using Racl complexed with
mantGMPPNP (2.6.10.) {in which the complex is formed and excess nucleotide
removed}. Formation and purification of the Racl-mantGMPPNP is a more accurate
method of determining the concentration of the complex, and purified

Racl-mantGMPPNP complexes were shown to be >90% pure as analysed by HPLC
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Figure 5.4. Effect of p67" on Racl-mantGMPPNP fluorescence using similar
conditions as described by Nisimoto et al., 1997

Emission spectra of mantGMPPNP (0.5uM) (A) in 20mM Tris-HCI pH7.6, 3mM NaCl,
50mM KCI, ImM DTT at 20°C. The reaction mix contained <5pM MgCl,. (B) Addition
of 1uM Rac and incubation for 15 minutes to allow nucleotide exchange, indicated by
~70% increase in fluorescence. (C) Emission scan following the addition of 4uM p67°".

All scans are corrected for dilutions. P67°" shows no significant effect on truncated or

full length Racl-mantGMPPNP fluorescence under these conditions. Although a small

phox ' this was variable

fluorescence increase was observed following the addition of p67
and only seen once the scan had been corrected for the effect of dilutions. Excitation

355nm.

Figure 5.5. The effect of p6 7" on Racl - mantGMPPNP fluorescence

Racl-mantGMPPNP (1uM) was incubated at 20°C in 20mM Tris-HCI pH7.6, 1mM
MgCl,, 3mM NaCl, 50mM KCI and 1mM DTT (solid line) to which was added 3uM
p67""* (dotted line-corrected for dilution). No significant change of Rac-mantGMPPNP
fluorescence was observed under these conditions. Similar results were observed when
Rac and p67°"™* were incubated in 20mM Tris-HCI, pH7.6, ImM MgCl, + ImM DTT

(data not shown). Excitation 360nm.
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Chapter 5. Interaction ofRod with p67""""

(2.6.10.). It was hoped that this would improve experimental design by minimizing the
concentration of Racl-GDP in the solution. Excess baculovirus po7" M or
pyi70-199 significant effect on the fluorescence of a purified Racl-mantGMPPNP

complex (figure 5.5.).

5.4.1.. Effect of arachidonate on the Racl mantGMPPNP *poT""" interaction

A recent report has suggested that intramolecular SH3 - polyproline interactions may
occur with p677°\ as C-terminally truncated p67""°* mutants bind with a higher affinity
to Racl than the full length protein (Ahmed ef al, 1998). Research has also shown that
arachidonate causes a conformational change of pd47°* (Swain et al, 1997), and
arachidonate or SDS required for activation of a cell free NADPH oxidase system (Abo et
al, 1992). It is possible that arachidonate also causes a conformational change in p67"""
favorable for Rac binding. An inactive conformation of the protein may be induced by
post-translational modification of p67”™ by sf) insect cells during the purification
procedure. To examine the possibility that recombinant p67"™* exists in an inactive
conformation when expressed using a baculovirus expression system in this laboratory,
experiments were repeated as above in the presence of excess arachidonate. To minimize
oxidation of the un-saturated fatty acid, fresh arachidonate (Sigma) was re-suspended in
high purity methanol that had been bubbled through with argon, then stored under argon
in a sealed vial. After use the arachidonate was stored at “80°C. The addition of 3pM

ps 7 P’0° had no effect on 0.5pM Racl mantGMPPNP fluorescence in the presence of

10OpM arachidonate (figure 5.6.).

5.5. Interaction of with Racl-but-edaGMPPNP
The coumarin derivatised, non hydroysable GTP analogue, but-edaGMPPNP has recently
hycUoiijsabuz

been synthesized in this laboratory (M R. Webb, unpublished results). It was hoped that

due to the exposed nature of the fluorophore (3.4.), a Rac 1 but-edaGMPPNP complex



Figure 5.6. Effect of arachidonate on the interaction of Racl with p67°"

Racl-mantGMPPNP (0.5pM) was incubated in 20mM Tris-HC] pH7.6, ImM MgCl,,
ImM DTT, 100uM arachidonate at 20.1°C and emission scans were recorded before
(dotted line) and after the addition of p67°"™ (3uM) (solid line). p67™™ had no significant
effect on Racl-mantGMPPNP fluorescence in the presence of 100uM arachidonate under
these conditions. The addition of S0mM KCI (present is similar experiments undertaken
by Nisimoto et al., 1997 — see figure 5.5.) to the reaction mixture following the addition
of p67°"* did not affect Rac1-mantGMPPNP fluorescence. The concentration of methanol

in the reaction mix was <1%.
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Chapter 5. Interaction ofRacl with 7"

could be used to monitor the interaction with Multiple mixing of a solution
containing 0.1 pM of the fluorescent nucleotide analogue, but-edaGMPPNP in 20mM
Tris HCl pH7.6, ImM MgCb, ImM DTT, 10pM BSA resulted in a -35% decrease in
fluorescence. This decrease in fluorescence is probably due to adsorption of the
fluorophore to pipette tips following mixing of the solution (data not shown). In an
attempt to minimize this effect, multiple mixings of a solution with increasing
concentrations of BSA were undertaken and the fluorescence measured. It was hoped that
BSA would ‘block’ sites on pipette tips and reduce this effect. The greatest improvement
was obtained when 20pM BSA was added to the buffer solution, although a -15%
decrease in fluorescence was still observed following 12 successive mixings. 20pM BSA
was added to all buffer solutions for subsequent titrations using Racl complexed to but-
edaGMPPNP. Titration of p67™°* into a solution containing 0.1 pM Racl but-
edaGMPPNP in 20mM Tris HCI pH7.6, ImM MgCl], ImM DTT, 20pM BSA resulted in
no significant change in but-edaGMPPNP fluorescence (following correction for the
addition of small aliquots of p67™°* and the effect of mixing) (data not shown.). It is
possible that p67"*°* does not interact with Racl but-edaGMPPNP under these conditions,

or that but-edaGMPPNP is not sensitive to p67™°* binding.

5.6. Usinglabelledto measure the interaction with Racl

To try and devise a method to monitor the direct interaction of p67' " with Racl, p67"'"™
has been labelled with a number of thiol reactive probes. Although the fragment contains
four cysteines, reaction of p67' " with 5,5°-dithiobis-(2-nitrobenzoic acid) (DTNB) has
been used to estimate the number of reactive cysteines on the native peptide. Thiol
disulphide exchange provides the most convenient method of assaying thiol groups, as the
liberated aromatic thiol (NTB) is brightly coloured, with an Abs*ax of 412nm. This is the
basis of the reaction with DTNB, also known as the Ellman assay. The addition of excess

DTNB results in the formation of stoichiometric amounts of NTB. The concentration of
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Chapter 3. Interaction of Racl with p677"**

NTB was calculated using a molar extinction coefficient of 13600 M cm™ at 412nm,
pH7-8 (Dawson et al., 1984). 11uM NTB was produced following incubation of excess
DTNB with 5uM p67'"'%. These results indicate that p67''®® contains two reactive thiols

accessible to DTNB (figure 5.7.). The other two cysteines may participate in the

formation of a disulphide bond, or be buried within the tertiary structure of the protein.

The p67"" protein has been labelled with a number of environmentally sensitive
fluorophores including N-[2- (1-maleimidyl)ethyl] -7- (diethylamino) coumarin -3-
carboxamide (MDCC), IDCC and MPLCC. These labelled proteins all show similar
labelling stoichiometries (figure 5.8.) with ~10% increase in fluorescence upon
incubation with Racl-GTP (Q61L) (figure 5.9.). However, this fluorescence change was
variable, possibly due to the instability of p67''*°. A small fluorescence change may be
observed because there is little or no Racl binding under these conditions, or because the
position of the fluorophore(s) may not be sensitive to Racl binding. It is also possible that
a small amount of denatured or conformationally inactive protein with exposed thiol
groups is modified with the fluorescent probe, with little or no labelling of the

conformationally active protein.

5.7. Effect of p67"'* on hydrolysis of GTP by Racl

As another attempt to examine the interaction of Racl with p67'"', the effect of p67'"'*
on the rate of GTP hydrolysis under single turnover conditions has been examined. It was
hoped that p67'"'*® would have an effect on GTP hydrolysis and provide a direct measure
of this interaction. By forming a complex of Racl with GTP (2.6.9.), the rate of GTP
hydrolysis has been monitored using MDCC-PBP as described previously (3.3.). When
2uM Racl-GTP is incubated with 10uM MDCC-PBP in 20mM Tris-HCI pH7.6, ImM
MgCl, at 20.1°C, GTP is hydrolysed by Racl with an observed first order rate constant of

1.3x107s™". The addition of p67'"*° had little effect on the on the rate of GTP hydrolysis
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Figure 5.7. Reaction of p67""** with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB)

p67''% (5uM) was added to DTNB (100uM) in 20mM Tris-HCI pH 8.0, 200mM NaCl,
15°C and the absorbance at 412nm measure over time. DTNB may be used to estimate the
number of reactive thiols of a protein as it reacts with thiol groups to produce
stoichiometric amouts of NTB. As 1uM of NTB has an absorbance at 412nm of 0.0136
(extinction co-efficient for NTB = 13600 M'cm™, 412nm), [NTB] = 0.152/0.0136 =
1HpM. DTNB (100pM) showed no change in absorbance at 412nm in the absence of
p67'""" under the same conditions. The line shown represents a join of the data points.

Consistent results were obtained with two independent reactions. Circles represent time

points taken every 15 seconds using a Beckman DU640 spectrophotometer.

Figure 5.8. Absorbance spectra of MDCC-p67""*

Absorbance spectra of 12uM MDCC-p67"’99. The relative Aj30/Az0 may be used to
assess labelling of the protein (taking into account absorbance at 280nm by the
fluorophore). (0.299 / 46800M'cm™) = 6.3uM / ((0.365 /30110M™"cm™) - 0.165 x 0.365)
= 12.0pM. This indicates that labelling is likely to have a stoichiometry of less than one
molecule of MDCC to one molecule of p67''®. Similar labelling stoichiometries were

7" was labelled with other thiol reactive fluorophores (data not

obtained when p6
shown). Without further characterisation of the labelled protein, the possibility cannot be
ruled out that a proportion of the p67'"* is labelled with two molecules of MDCC, with a
proportion of protein modified with a single molecule of MDCC or unlabelled under
these conditions. It is also possible that due to the instability of this fragment, a small
percentage of protein is denatured with exposed thiol groups, with the majority of protein
in a folded, ordered conformation. If this were the case, the possibility exists that none of

the active protein is labelled with MDCC due to stearic constraints imposed by secondary

and tertiary structures of p67'"'%.
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Figure 5.9. Interaction of Racl-GTP (Q61L) with MDCC-p67""**

Emission spectra of MDCC-p67'"'”* (0.5uM) before (A) and after the addition of 5uM
Q61L Racl (B) in 20mM Tris'HCI pH7.6, ImM MgCl,, 9mM NaCl, ImM DTT, 20°C. A
10% increase (average of two independent scans) in MDCC-p67""” fluorescence was

observed. Excitation 430nm.
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Chapter 5. Interaction of Racl with p67™"*

by Racl under these conditions, with an observed first order rate constant of 0.8x107s

(figure 5.10.).

5.8. Summary of results

p67"™, the component of the NADPH oxidase that interacts with Racl has been
successfully purified from baculovirus infected insect cells. Although a previous report
indicates a fluorescence change when p67"™™ binds to Racl complexed with
mantGMPPNP, these results could not be repeated. Purification of p67°™ from insect
cells indicates that this protein is susceptible to minor proteolytic degradation. Although
fractions containing the larger of the two major species purified (2.3.4.) were used for
subsequent biochemical studies, it is possible that this protein is truncated at the N
terminus, causing disruption of TPR motifs. It is also possible that extended incubation of
sf9 insect cells to express p67°™ in this laboratory causes this protein to adopt a
conformationally in active state; this conformational change may be induced by post-

translational modification of the protein by the insect cells.

In addition, the interaction of p67°" with Racl complexed to but-edaGMPPNP has also
been examined. It was hoped that due to the exposed nature of the fluorophore and the
high fluorescence quantum yield (3.4.1.) this fluorescent analogue would provide a
sensitive method to monitor this interaction. This coumarin derivatised nucleotide
analogue non-specifically adsorbs to pipette tips. To minimize this effect, 20uM BSA was
added to all solutions when using this nucleotide analogue. p67°" or p67'"'** had little

effect on the fluorescence of a Racl-but-edaGMPPNP complex (data not shown).

Despite showing stability problems, p67'"'** has been successfully purified and labelled
with a number of environmentally sensitive fluorophores. However, none of these
labelled proteins show a significant fluorescence change when incubated with Racl-GTP.

It is possible that the position of the fluorophore is not sensitive to Racl binding, or that a
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Figure 5.10. Effect of p67"'"° on the rate of GTP hydrolysis by Racl

Time course for the hydrolysis of GTP by Racl. MDCC-PBP (10uM) was incubated with
2uM Racl-GTP in 20mM Tris-HCI pH7.6, 1ImM MgCl,, 20.1°C in the absence (A) or
presence (B) of 2uM p67"'99. The fluorescence emission was measured over time and
lines show best fits to single exponentials. Rate constants of 1.2x107s" and 0.8x107s™
were obtained for Racl in the absence and presence of p67''" respectively. Similar
hydrolysis rates were obtained when 2uM Rac-GTP was incubated with SpM or 15uM

p67'"'% (data not shown). Excitation 425nm.
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Chapter 5. Interaction of Raci with p67"™"*

significant proportion of the active protein is not labelled under these conditions.
Experiments have shown that a p67°" construct lacking the first N terminal 58 residues
destabilises the Racl binding region, perhaps by disrupting TPRs or similar tertiary
structure motif. It is likely that a conformationally active N terminal domain is essential
for the interaction of Racl with p67™ with the stability of the fragment dependent on
the remainder of the protein. In addition, the effect of the additional N and C terminal
residues of the p67'"®® expressed in this laboratory (figure 5.1.) on the tertiary structure of
this domain has yet to be established. A recent report has indicated that the three
tandemly arranged TPR motifs at the N terminus of p67”* are essential for the
interaction with Racl; this may explain the lack of detectable binding between Racl and

the p67'7*"®, reported to contain the Racl binding region (Koga et al., 1999).
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Chapter 6. The Interaction of Racl with RhoGDI

6. THE INTERACTION OF RAC1 WITH GDI

6.1. Introduction

RhoGDI (GDI) forms stable complexes with Rho family proteins, but does not interact
with any other members of the Ras superfamily (1.14.). Post-translational isoprenylation
of Rho proteins is essential for tight interaction with GDI, and GDI inhibits GDP
dissociation from post-translationally modified Racl, but has no effect on E.coli

expressed Racl (Sasaki et al., 1993). In the cell, this modification is geranylgeranylation.

In this laboratory, correctly post-translationally modified Racl is produced in insec;t cells
using a baculovirus expression system. Racl expressed in E.coli is not modified. Unless
otherwise stated, E.coli Racl refers to E.coli expressed Racl truncated at the C-terminus
(aa’s 1-184). R.W. Stockley has previously labelled GDI at Cysteine 79 with the
fluorescent probe N- 2-1-(maleimidyl) ethyl -7- (diethylamino) coumarin-3- carboxamide

(MDCQC) in this laboratory (1.14.1.).

MDCC: O \

Eto,N o)

Equal proportions of diastereoisomers are thought to form when a thiol reacts randomly
with either of the two olefmic carbons of the maleimide. Results from this laboratory
(R.W. Stockley & M.R.Webb) indicate that the two diastereoisomers of MDCC-GDI
have different fluorescent properties and binding affinities for Racl. For most
measurements using this system, the signal from the tighter binding diastereoisomer
dominates, and the weaker binding isomer can be disregarded (for a full discussion see

Newcombe ef al., 1999, Brune ef al., 1994). The labelled protein provides a direct signal
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Chapter 6. The Interaction of Racl with RhoGD/

to monitor the Rac1-GDI interaction and shows ~70% decrease in fluorescence emission
upon binding modified (geranylgeranylated) Racl. The labelled protein has been well
characterised, and shows an affinity for baculovirus Racl within a factor of 2 for

unlabelled GDI.

Detailed mechanistic studies with modified (baculovirus expressed) Racl presents a
number of experimental difficulties when the protein is purified from tissue or
baculovirus-infected insect cells, due to the presence of the isoprenyl group. These
include the need for detergents, and difficulties in physical processes such as
concentrating. In addition, relatively low yields of unstable protein are often obtained,
and the system is not easily manipulated, such as the nucleotide bound to Racl. These

problems also make it difficult and time consuming to produce and study Rac mutants.

To try and overcome such problems, a novel approach has been developed in this
laboratory using synthetic peptides corresponding to the C-terminal region of Racl. These
peptides have been chemically modified by attachment of a farnesyl group to the single
cysteine corresponding to Cys 188 of Rac (1.13.1.). It was hoped that a combination of C-
terminally truncated, E.coli expressed Racl and a farnesyl-modified peptide
(corresponding to the missing C-terminus of Racl) would mimic baculovirus Rac and
interact with GDI (figure 6.1.). Although this residue of Racl is geranylgeranylated in
vivo, a farnesyl group was chosen to chemically modify C-terminal peptides because of
the availability of farnesyl bromide, and the likelihood that the hydrophobic interaction of
GDI with the lipid would not be very specific. This method has been used to study the
mechanism of interaction of Rac with GDI, including the use of Racl point mutants to
investigate the role of different regions of Racl in GDI interaction. Because the binding
of the modified peptide and the ‘rest’ of Rac are separated, this method is likely to be
very sensitive to conformational changes induced by different nucleotides and mutants.

GDI maintains Racl in an inactive (GDP bound) state. The mechanisms that trigger the
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Figure 6.1. Proposed mechanism for the interaction of unmodified Racl and a
JSarnesylated peptide with MDCC-GDI

GDI has previously been labelled with a fluorescent coumarin (MDCC) at position 79.
This labelled protein shows a 70% decrease in fluorescence emission on binding
geranylgeranylated (baculovirus expressed) Racl an has an affinity for Racl within a

factor of 2 of unlabelled GDI (R.W. Stockley & M.R.Webb, see Newcombe et al., 1999).

A combination of truncated Racl (shown in blue) and a farnesyl modified peptide
(corresponding to the missing C-terminus of modified Racl) ‘mimics’ geranylgeranylated
Racl and interacts with GDI (shown in red). This system has been used to study the
mechanism of interaction of Racl with MDCC-GDI and investigate the role of different

regions of Racl in GDI interaction.
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Chapter 6. The Interaction of Racl with RhoGDI

dissociation of Racl and GDI are poorly understood, despite the potential importance of
this dissociation. This system provides a useful method to probe for factors that accelerate
dissociation of Rac from GDI; the elucidation of this mechanism is a long term goal of

this laboratory.

6.2. Farnesylated peptides

Quantitative farnesylation of 3 peptides has been achieved (figure 6.2.). A Racl C-
terminal 7-mer, KRKCLLL (residues 186-192) which corresponds to the missing C-
terminus of E.coli Rac that has been truncated at K184 (with one residue omitted to
ensure no overlap with the protein), and a C-tgrminal 12-mer, PVKKRKRKCLLL
(residues 181-192) which extends across the stretch of basic amino acids, but overlaps
Rac by 4 residues. PVKKRKRKC, the C-terminus of native, modified Rac following
proteolytic cleavage of the 3 terminal leucines (1.13.1.), failed to react with farnesyl
bromide under a range of conditions. Quantitative farnesylation of this peptide has only
recently been achieved following chemical methylation of the peptide (2.5.2.). Due to
this, binding data with Racl and Racl mutants have typically been determined with the
farnesyl 12-mer. Results with the modified 9-mer peptide will be described in later

sections (6.15.).

6.3. Effect of Racl and farnesyl-12mer on MDCC-GDI fluorescence

An initial approach to study the interaction of Racl with GDI was to examine the effect
of Racl on the labelled GDI. It was hoped that in the presence of farnesyl 12-mer, E.coli
Rac1 would bind to GDI and similarly quench the MDCC-GDI fluorescence, providing a
sensitive assay to monitor this interaction. Racl and farnesyl 12-mer were added to a
solution containing MDCC-GDI, and the fluorescence emission measured. Figure 6.3.
shows that there is ~30% quenching of MDCC-GDI fluorescence upon addition of
farnesyl 12-mer and Racl, suggesting that a complex forms. This is 50% of the signal

change observed when baculovirus Racl interacts with MDCC-GDI (Newcombe et al.,
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Figure 6.2. C-terminal regions of Racl proteins and Racl peptide sequences

C-terminal sequences of E.coli and baculovirus (baculo) expressed Racl proteins and
Racl C-terminal peptides. Amino acids are designated by the single letter amino acid
code. Colour scheme: residues coloured red are proteolytically removed in vivo during
the post-translational modification process, residues coloured green are overlapping
residues of Rac and peptide sequences, and residues coloured blue show the cysteine that

is the site for in vivo isoprenylation.
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Figure 6.3. Emission spectra of MDCC-GDI

Figure 6.3a. MDCC-GDI (0.1uM) was incubated in 20mM Tris-HCI pH7.6, 1mM MgCl,,
5uM BSA, ImM DTT, 20°C. Emission spectra were measured before (A) and after the
addition of 0.5uM Racl. (®)

Figure 6.3b. MDCC-GDI (0.1uM) was incubated in buffer under conditions as described
above. Emission spectra were measured before (A) and after the addition of 15uM

farnesyl-12mer (B), or after addition of 15uM farnesyl-12mer together with 0.5uM Racl

(©).
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Chapter 6. The Interaction of Racl with RhoGD/

1999). A reduced signal change may be observed in this system because Racl binding is
not saturating under these conditions, because the Rac1 and the peptide are not covalently
attached or due to properties of the farnesyl group and the peptide. These factors will be
discussed in later sections. Racl or farnesyl 12-mer alone had no effect on MDCC-GDI
fluorescence (figure 6.3.) indicating that both components are required for a fluorescence
change. It should also be noted that E.coli Racl might interact with MDCC-GDI in the
absence of farnesyl-12mer, with the modified peptide required for an observed signal

change.

6.4. Effect of BSA on MDCC-GDI fluorescence

Multiple additions of buffer into a solution containing MDCC-GDI caused a decrease in
fluorescence greater than would be expected for the effect of dilution. This fluorescence
decrease is probably due to adsorption of the labelled GDI at low concentrations to the
cuvette walls or pipette tips. To try and minimise this ‘background’ effect, titrations of
buffer were carried out into solutions containing increasing amounts of BSA. It was
hoped that BSA would ‘block’ sites on the cuvette walls and pipette tips and minimise
this effect. The greatest improvement was obtained with a concentration of SuM BSA
(figure 6.4.). For subsequent titrations, SuM BSA was added to the cuvette prior to

protein additions and mixing.

6.5. Displacement of MDCC-GDI from a Racl-MDCC-GDI complex

If the Racl induced quenching of MDCC-GDI fluorescence reflects a direct interaction
between GDI and Racl, it would be expected that the addition of unlabelled GDI would
displace the bound MDCC-GDI and reverse the Rac induced quenching. The dissociation
of MDCC-GDI from Rac should be accompanied by a fluorescence change that can be
measured. Figure 6.5. shows that the addition of unlabelled GDI to a solution containing

MDCC-GDI, farnesyl 12-mer and Racl increased the fluorescence change to 100% of
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Figure 6.4. Effect of BSA on MDCC-GDI fluorescence

MDCC-GDI (0.3uM) was incubated in 20mM Tris-HCI pH 7.6, ImM MgCl,, ImM DTT
with varying concentrations of BSA at 30°C (O = No BSA, [ = 5uM BSA, A = 10uM
BSA, H = 20uM BSA). Aliquots of buffer were titrated in and the solution mixed. The
fluorescence emission of MDCC-GDI was measured following each addition at 460nm

(excitation 430nm).
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Figure 6.5. Displacement of MDCC-GDI from a Racl MDCC-GDI complex

MDCC-GDI (0.1uM) was incubated in 20mM Tris-HCI pH 7.6, ImM MgCl,, 5uM BSA,
ImM DTT, 20°C and the fluorescence measured over time. 15uM farnesy! 12-mer was
added (1.) followed by 0.5uM Racl (2.) and quenching of fluorescence was observed.
Addition of 2.5uM unlabelled GDI (3.) reversed the MDCC-GDI fluorescence to 100%
of the free MDCC-GDI (Data shown not corrected for dilution effects). Excitation

430nm. A = experiment using Racl, B = equivalent experiment using cdc42 (aa’s 1-184).
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Chapter 6. The Interaction of Racl with RhoGDI

that of free MDCC-GDI, suggesting that the labelled GDI is displaced from the complex
by unlabelled GDI. The kinetics of this dissociation have been examined and will be
discussed in later sections (see stopped flow results). A similar fluorescence change was

observed when E.coli expressed cdc42 (aa’s 1-184) was used (figure 6.5).

6.6. Effect of NaCl on the Racl-MDCC-GDI interaction

The salt dependence of the Racl‘MDCC-GDI interaction was examined by adding
increasing amounts of NaCl to a solution containing MDCC-GDI, Racl and farnesyl 12-
mer (figure 6.6.). The increase in MDCC-GDI fluorescence with increasing NaCl
concentrations up to 100mM suggests that increasing the ionic strength of the buffer
reduces the affinity of the Racl-MDCC-GDI interaction. This is likely to affect ionic
interactions between the two proteins, or between the polybasic region of the peptide and
the region close to the lipid binding pocket of GDI. NaCl had no effect on MDCC-GDI

fluorescence in the absence of Racl or farnesyl 12-mer (data not shown).

6.7. Affinity of the Racl-MDCC-GDI interaction

The Racl induced quenching of MDCC fluorescence provided a direct method to
measure the strength of interaction with GDI. The order of binding of the farnesyl 12-mer
to MDCC-GDI has not been established. Kinetic data obtained by premixing two
components (Racl, farnesyl 12-mer or MDCCC-GDI) then rapidly mixing with the third
do not distinguish between random and ordered additions, as no lag phase is observed
(6.16.1.). Due to this, individual K4 values for Racl binding to MDCC-GDI (in the
presence of saturating concentrations of farnesyl 12-mer) and farnesyl 12-mer binding to

MDCC-GDI (in the presence of saturating concentrations of Racl) will be considered.

Dissociation constants for the interaction of Racl with MDCC-GDI were obtained by

titrating Rac into a solution containing MDCC-GDI and excess farnesyl 12-mer and the
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Figure 6.6. The effect of NaCl concentration on the Racl-MDCC-GDI interaction

MDCC-GDI (0.3uM) was mixed with Racl (2uM) and farnesyl 12-mer (10uM) in 20mM
Tris-HCI pH7.6, 1mM MgCl, 5pM BSA, ImM DTT, 20°C and the decrease in
fluorescence monitored. Increasing concentrations of NaCl were added, and the
fluorescence measured. Data points represent an average of 2 measurements, corrected
for the diluting effect of NaCl additions. The solid line is a join of experimental points.

Excitation 430nm.
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quenching of MDCC-GDI fluorescence measured (figure 6.7a). Subtraction of the
fluorescence decrease due to the addition of buffer alone corrected the data for the effects
of dilution and mixing (figure 6.7b). The corrected data were fitted to an equilibrium
binding equation to calculate the Ky. In the presence of saturating concentrations of
farnesyl-12mer, Racl bound to MDCC-GDI with a K4 of <50nM, less than two orders of
magnitude weaker than the interaction of baculovirus (modified) Racl (R.W. Stockley &
M.R. Webb — see Newcombe ef al., 1999); the value of the latter calculated from
association and dissociation rate constants. This suggests that Racl has significant

interactions with GDI in addition to the C-terminal region and the isoprenyl group.

Titrations were carried out at 100nM MDCC-GDI, so this Ky value represents an upper
limit. This is because the K4 value is much less than the [MDCC-GDI], and a significant
proportion of Racl in the early stages of titration will bind to MDCC-GDI. In order to
obtain an accurate Ky, the [MDCC-GDI] should ideally be below the K4, with Racl
titrations spanning the K4 value for the interaction. Titrations using 30nM MDCC-GDI
did not give reproducible data, probably because the [MDCC-GDI] is too low to give a

measurable signal.

6.7.1. Affinity of the farnesyl 12-mer-MDCC-GDI interaction

To examine the affinities of farnesylated 7-mer and 12-mer peptides with MDCC-GDI
and Racl, the farnesylated peptide was titrated into a solution containing MDCC-GDI
and Racl (figure 6.8.) under buffer conditions as described previously (figure 6.7.). Data
was fitted to binding curves and gave a K4 of 4uM for farnesyl 12-mer and 31uM for
farnesyl 7-mer. The farnesyl 12-mer showed much tighter binding than the farnesyl 7-
mer, despite the 12-mer having 4 overlapping residues with the protein. This suggests that
a complete polybasic C-terminal region is likely to be important in the interaction with

GDI. The binding curve of farnesyl 12-mer was unaffected by the presence of 15uM un-
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Figure 6.7. Interaction of Racl with farnesyl 12-mer and MDCC-GDI

Figure a. MDCC-GDI (0.1uM) was mixed with 15uM farnesyl 12-mer in 20mM
Tris-HCI pH 7.6, 1mM MgCl,, ImM DTT 5uM BSA at 20°C. Racl (O) or buffer (@) was
titrated into this solution and the fluorescence emission measured. Lines show a join of
the data points. Figure b. Data (above) were fitted to a binding curve following correction
for the diluting effects of buffer and mixing. As neither component (Racl or MDCC- -
GDI) was in large excess under these conditions, the line shows a best fit to a quadratic

equation where [Racl-MDCC-GDI] =

EL =Et+ Lt +Kd £ V (Et + Lt + Kd)* - 4Et Lt
2

and the fluorescence =

F=Et 100 + EL (FeL — 100)
Et

Where: Et = [total MDCC-GDI]
Lt = [total Rac1]
FEeL = fluorescence of EL

Kd = dissociation constant

Fluorescence intensities are defined as:

F =100 when E = Et

F=FeL whenE=0

and gives a Kd of <0.05uM (average of 6 titrations). Unless otherwise stated, all titration

curves were fitted to the binding equation above.
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Figure 6.8. Interaction of farnesylated peptides with Racl and MDCC-GDI

MDCC-GDI (0.3 uM) was mixed with 2 pM Racl. Peptides were titrated into this
solution and the fluorescence emission measured. Data are corrected for the decrease in
fluorescence on addition of similar aliquots of buffer. The peptides were farnesyl 12-mer
(filled circles), farnesyl 7-mer (filled squares), 12-mer (open circles) and 7-mer (open
squares). The lines are the best fit to binding curves and give a K4 of 4 uM for the
farnesyl 12-mer (fluorescence change 47%) and 31 uM for the farnesyl 7-mer (49%).

Excitation 430nm, emission 460nm (from Newcombe et al., 1999).
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Chapter 6. The Interaction of Racl with RhoGD]

modified 12-mer in the cuvette (data not shown), suggesting that the unmodified peptide

binds weakly in this system.

6.8. Interaction of Racl-GTP with MDCC-GDI

Although the majority of recent reports indicate that the GTP bound form of Rac interacts
weakly with GDI (Longenecker et al., 1999), several groups have addressed whether Rho
family proteins in the GTP bound forms interact with GDI. These results have led to
differing conclusions: the GTP and GDP bound forms interact with a similar affinity
(Nomanbhoy & Cerione, 1996), or the GTP conformation binds weakly to GDI (Sasaki et
al., 1993). To examine the interaction of the GTP bound form of Racl with GDI, Q61L
Rac] was used. This has a greatly reduced rate of intrinsic nucleotide hydrolysis and is
predominantly GTP bound. Analysis of the GTP bound to the Rac mutant has been shown
to be >94% (4.4.). Complexes of wild type Racl with the non-hydrolysable GTP
analogue, GMPPNP have also been used. Rac1-GMPPNP complexes have been obtained
with >92% purity (2.6.10.). Both of these have been used to assess the ability of Racl in

the triphosphate bound conformation to bind to MDCC-GDI.

Titrations of Racl-GTP (Q61L) and Racl-GMPPNP into a solution containing MDCC-
GDI and farnesyl-12mer indicated that the Ky in both cases was greatly increased (figure
6.9). To confirm that Racl remained active following nucleotide exchange for GMPPNP,
the nucleotide bound to the protein was exchanged back to GDP. This fully restored
binding of Racl to MDCC-GDI in the peptide assay (figure 6.9a). The decrease in
fluorescence observed with the Q61L mutant may be explained by the small percentage
of Rac1-GDP in the solution (<5%). These results indicate that regions of Racl involved
in the conformational change between the two nucleotide states are important for the
interaction with GDI. Attempts to hydrolyse GTP bound to the Q61L Racl at various
temperatures were unsuccessful; the slow rate of intrinsic hydrolysis of the protein (4.8.),

and the high affinity of the mutant for GTP prevented nucleotide exchange for GDP. Due
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Figure 6.9. Interaction of Racl-GMPPNP and Q61L Racl-GTP with MDCC-GDI and
Sarnesyl 12-mer

A.) MDCC-GDI (0.1uM) was mixed with 15uM farnesyl 12-mer in 20mM Tris-HCI,
pH7.6, ImM MgCl,, ImM DTT, SuM BSA at 20°C. Racl-GMPPNP (@) was titrated into
this solution and the fluorescence emission measured (excitation 430nm). Data corrected
for the small decrease in fluorescence on addition of similar amounts of buffer. No
fluorescence change was observed when Racl-GMPPNP was titrated into this solution.
When Rac1-GMPPNP had its nucleotide exchanged back to GDP, binding to MDCC-GDI

was fully restored (O), indicating that the Racl remained active.

B) Q61L Racl was titrated into a solution containing MDCC-GDI and farnesyl 12-mer as
described above. The line is the best fit to a binding curve and gives a K, of 1.65uM. The
apparent weak affinity may be explained by a small amount of Q61L Racl-GDP in the

solution.
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Chapter 6. The Interaction of Racl with RhoGD]I

to this, the possibility cannot be ruled out that mutation at position 61 reduces the affinity

of Rac1 for GDI.

6.9. Interaction of full length Racl with MDCC-GDI

To examine the role of the C terminal region in interaction with GDI, titration
experiments were undertaken using full length E.coli expressed Racl. This protein has a
complete C terminus, but is not post-translationally modified (figure 6.2.). As with
truncated Racl, titrations of full length Rac1 into a solution containing MDCC-GDI in the
absence of farnesyl 12-mer showed little or no fluorescence change (data not shown). A
number of reports have shown that isoprenlyation of Rho proteins is essential for tight
interaction with GDI (Leonard ef al., 1992), and these results obtained with full length
Rac probably reflect the absence of a complex between the Racl and MDCC-GDI in the

absence of modified peptide.

A fluorescence change was observed when full length Rac was titrated in the presence of
farnesyl 12-mer with a K4 of 0.14uM, but consistently gave an end point with a
fluorescence change reduced by ~60% relative to truncated Racl-GDP (figure 6.10.).
These results suggest that the farnesyl group is required for a full fluorescence change in
the peptide assay. It is possible that the C terminal region of full length Racl and the
modified peptide stearically hinder the formation of a complex, resulting in a weaker

affinity of full length Racl for GDI associated with a smaller fluorescence change.

6.10. Inhibition of nucleotide dissociation by GDI

As GDI inhibits guanine nucleotide dissociation from post-translationally modified Racl
(Hiraoka et al., 1992), another test of the complex of Rac-GDI-farnesyl-12mer was to
examine the effect of GDI on Rac nucleotide exchange. To determine whether GDI
inhibited GDP dissociation from Racl when incubated with the farnesyl 12-mer, the

dissociation of mantGDP was determined using fluorescence energy transfer under
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Figure 6.10. Interaction of full length Racl with MDCC-GDI and farnesyl 12-mer

MDCC-GDI (0.1uM) was mixed with farnesyl 12-mer in 20mM Tris'HCI pH 7.6, ImM
MgCl,, ImM DTT, 5uM BSA at 20°C. Full length Rac1 was titrated into this solution and
the fluorescence emission measured (excitation 430nm). Data corrected for the small
decrease in fluorescence on addition of small amounts of buffer. The line is a best fit to a
binding curve and gives a Ky of 0.14uM (average of two titrations). The observed

fluorescence change was significantly reduced compared to truncated (aa’s 1-184) Racl.
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Chapter 6. The Interaction of Racl with RhoGDI

pseudo-first order conditions as described previously (3.2.1.), and the data fitted to single
exponentials (figure 6.11.). To produce conditions of accelerated nucleotide exchange,
excess ethylenediaminetetraacetic acid (EDTA) was added to chelate Mg2+ ions required
for tight binding of the nucleotide to the protein. The use of EDTA has been well
documented in similar studies with Ras (Lenzen ef al., 1998). An alternative method to
create conditions of accelerated nucleotide exchange is to use (NH4),SO4 (3.2.1.).
However, (NH,),SO, was not used in these experiments to accelerate nucleotide exchange
as it results in a large increase in ionic strength, which is likely to weaken the Rac-GDI

interaction.

The first-order rate constant for mantGDP dissociation under these conditions was
2.5x107%s". As expected, 2-fold excess of GDI in the absence of farnesyl-12mer had no
effect on the nucleotide exchange of F.coli Racl (table 6.1.). When GDI was incubated
with Racl in the presence of 10uM farnesyl 12-mer, the rate of nucleotide exchange was
reduced by 65% (figure 6.11.). For the ternary complex, if it is assumed that Racl in
complex with GDI cannot undergo nucleotide exchange, and that the rate of dissociation
of Racl is more rapid compared to nucleotide exchange of free Racl, it can be calculated
that ~75% of the Racl is likely to be complexed to GDI at any one time. These results
indicate that GDI inhibits nucleotide exchange from Racl in the predicted manner.
Neither excess farnesyl-12mer or un-labelled peptide alone affected nucleotide exchange
of Racl (table 6.1.). GDI also inhibited nucleotide exchange from truncated cdc42 (aa’s

1-184) in the presence of farnesyl 12-mer by a similar factor (data not shown).

6.11. The interaction of cdc42-GDP and cdc42-GMPPNP with MDCC-GDI

To further examine the interaction of Racl with GDI in the presence of farnesylated
peptide, a number of control titrations were undertaken. At least one report has shown
that cdc42-GMPPNP binds to GDI with a similar affinity as ;:dc42'GDP (Nomanbhoy &

Cerione, 1996). To examine the interaction of cdc42 in both GDP and GMPPNP

158



Figure 6.11. Inhibition of nucleotide exchange by GDI and farnesyl-12mer

Racl-mantGDP (1uM) was incubated in 20mM Tris.HCI pH7.6, ImM DTT, 0.5mM
EDTA, 30°C with 20uM GDP in the absence (A) and presence (B) of 2uM GDI and
10puM farnesyl 12-mer. The dissociation of mantGDP was from Racl was monitored by
fluorescence resonance energy transfer by excitation of Racl tryptophan(s) at 290nm
under accelerated exchange conditions. The data were fitted to single exponentials.
Values of 2.5x107s™" were obtained for Racl alone (A), and 0.7x10s™ in the presence of

2uM GDI and 10pM modified peptide (B).

Table 6.1. The effect of GDI and 12-mer peptides on the rate of Racl nucleotide
exchange

“ The effect of GDI and farnesyl 12-mer on the dissociation of mantGDP from Racl was
examined as described (figure 6.11.). + and — represent components present or absent in
the reaction mixture. A combination of GDI and farnesyl 12-mer reduced the rate by ~4

fold.
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Chapter 6. The Interaction of Racl with RhoGDI

conformations, similar equilibrium titration experiments were undertaken using E.coli
expressed cdc42, truncated at the C-terminus (aa’s 1-184) (figure 6.12.). These results
indicate that truncated cdc42-GDP binds tightly to GDI in the peptide assay with a K4 of
0.1uM. In the GMPPNP conformation, cdc42 showed little or no affinity for GDI. These
results act as a positive control for the peptide assay and provides further indication that
conformational changes between the two nucleotide states of Rho family_proteins_are
important for interaction with GDI. The binding affinity determined for the cdc42-:GDP
interaction may not be directly comparable with Rac1-GDP titrations, as farnesylated Rac

C-terminal peptides were used for all titration experiments.

6.12. The interaction of N-Ras with MDCC-GDI

As a negative control, N-Ras (with a complete C-terminus) was titrated into a solution
containing MDCC-GDI and farnesyl 12-mer as described previously for Racl (figure
6.13.). The addition of 0.25 uM Rac following 20 pM N-Ras induced a ~20% quenching
of MDCC-GDI fluorescence (data not shown). These results suggest that N-Ras binds
weakly, if at all to GDI in the peptide assay. Despite a similar overall fold of Ras and Rac
(figure 1.6.), a number of differing regions have been identified from structural
comparisons. These include the insertion loop (aa's 123-135), present in Rac and other
Rho family proteins, the effector loop (aa's 30-40) and the C-terminus (figure 1.2.). An
additional region of divergence between Rac and Ras and between the 2 nucleotide bound
forms of Rac has recently been identified as the switch II region (figure 1.7.) (Hirshberg
et al., unpublished results). The regions of structural divergence between Rac and Ras are
likely to be important for interaction with GDI and these regions have been examined by
site-directed mutagenesis. The interaction of Racl mutants with GDI will be described in

later sections (6.14.).

160



Figure 6.12. Interaction of cdc42 with farnesyl 12-mer and MDCC-GDI

MDCC-GDI (0.1uM) was mixed with 15uM farnesyl 12-mer in 20mM Tris'HCI pH 7.6,
ImM MgCl,, ImM DTT 5uM BSA at 20°C. cdc42:GDP (figure a) or cdc42:GMPPNP
(figure b) were titrated into this solution and the fluorescence emission measured.

Excitation 430nm.
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Figure 6.13. The interaction of N-Ras with MDCC-GDI and farnesyl-12mer

Figure a. MDCC-GDI (0.1uM) was mixed with famesyl-12mer (15uM) in 20mM
Tris-HCI, pH7.6 1mM MgCl, 1mM DTT, 5uM BSA at 20°C. Racl (@) or N-Ras (O)
were titrated into this solution and the fluorescence emission measured. Data were
corrected for the decrease in fluorescence due to the addition of similar amounts of
buffer. Figure b. High concentrations of N -Ras (A) were titrated into a solution
containing MDCC-GDI and farnesyl 12-mer under the same conditions as described

above.
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Chapter 6. The Interaction of Racl with RhoGD]/

6.13. Effect of GDI on Racl - mantGDP fluorescence

A recent report by Cerione’s laboratory has shown that when 200nM GDI is incubated
with 80nM isoprenylated cdc42 containing bound mantGDP (in 20mM TrisHCI pH 8.0,
2mM MgCl,, 50mM NaCl) a 20% quenching of mant fluorescence is observed
(Nomanbhoy & Cerione, 1996). To examine the effect of GDI on a Racl-mantGDP
complex in the presence of modified peptide, GDI was titrated into a solution containing
Racl-mantGDP and excess farnesyl 12-mer, and the fluorescence change measured
(figure 6.14). The addition of GDI caused a quenching of mantGDP fluorescence, but the
overall change after correction for the addition of similar amounts of buffer was <10%. It
is possible that a reduced fluorescence change is observed in the peptide assay because
the Rac and the peptide are not covalently attached to each other, or because the peptides
have been farnesylated rather than X geranylgeranylated (1.13.1.). The variation in
fluorescence signal may also be due to structural differences between variable regions of
Racl and cdc42 in the GDP bound states. Due to the relatively small signal change and
errors associated with additions and mixing, the GDI induced quenching of mantGDP

fluorescence was not used to determine binding constants for the Rac1-GDI interaction.

6.14. Interaction of Racl mutants with GDI

Although the regions of GDI involved in the interaction with Racl have been identified
with the use of GDI mutants (Gosser et al., 1997), there are few reports examining the
regions of Racl involved in this interaction. This is probably due to difficulties in
expressing and purifying Rac proteins using a eukaryotic expression system. One
advantage of the peptide assay is that E.coli expressed Racl proteins may be used to
examine this association. As one approach to identify the regions of Racl involved in the
interaction with GDI, a number of Racl point mutants have been successfully made in
regions of major divergence between Rho and Ras family proteins (chapter 4.). The
insertion loop (aa’s 120-137) is the major gross structural difference between Rac and

Ras, and point mutations in this region have been designed from the Racl-GMPPNP
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Figure 6.14. Effect of GDI on Racl-mantGDP fluorescence

Equilibrium binding measurement of the interaction of Racl-mantGDP with GDI.
Racl-mantGDP (0.5uM) was incubated in 20mM Tris'HCI pH7.6, ImM MgCl,, SuM
BSA, 10uM farnesyl 12-mer at 30°C. Aliquots of GDI were titrated sequentially and the
fluorescence emission measured at 440nm (excitation 360nm). Data corrected for the

small decrease in fluorescence on addition of buffer alone.
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Chapter 6. The Interaction of Racl with RhoGDI

structure as they are likely to have exposed functional groups that may be involved in the
interaction with other molecules. Mutations have also been made in the region of the
effector loop (aa’s 30-40) - an area that may be of particular importance due to its
closeness to the nucleotide binding pocket and differences between Rac-GDP and
Ras-GDP structures (1.13.). In addition, a Racl/H-Ras ‘insertion loop’ chimaera has also
been made to examine the importance of this region in the interaction with GDI (see

2.6.4. for design and construction).

The binding of mutant Racl proteins has been quantified by titrations using MDCC-GDI
and farnesyl 12-mer as described previously for wild type Racl (6.7.) and averages of K4
values obtained for at least two independent experiments are summarised in table 6.2.
These results show that the majority of point mutations have little effect on the interaction
with GDI. I33D and F37E mutations in the effector loop have a significant effect on this
interaction, with Ky values for these mutants increased by several orders of magnitude
(figure 6.15.). Structural considerations for the effects of the Racl mutations on GDI

binding will be covered in the discussion.

6.14.1. Effect of GDI on the rate of nucleotide exchange from I33D Racl

A further test of the interaction of GDI with the 133D Racl mutant was to examine the
effect of GDI on Rac nucleotide exchange. To determine whether GDI had an effect on
nucleotide exchange from the 133D Racl, the mutant protein was incubated with farnesyl
12-mer and GDI. Nucleotide exchange was examined using fluorescence resonance
energy transfer under conditions of accelerated exchange essentially as described (3.2.1.),
and the data was fitted to a single exponential. GDI had no effect on the rate of nucleotide
exchange from the [33D Racl mutant (figure 6.16.). These results suggest that point
mutation of Racl at this position to corresponding residues of Ras significantly reduces

the affinity of the Racl-GDI interaction. As the F37E protein has only recently been
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Table 6.2. Dissociation constants for Racl and Racl mutants from MDCC-GDI

“Titrations of Racl into a solution containing MDCC-GDI were undertaken as described
in section 6.7. unless otherwise stated. 15uM farnesyl 12-mer was present, and Racl
proteins were truncated (aa’s 1-184). Kd values are the average of at least two
determinations. * Titrations were undertaken using 100nM MDCC-GDI. Therefore these
values represent an upper limit. © Little or no fluorescence change was observed, and this
value represents the limit imposed by the errors in the measurement. ¢ Racl-GMPPNP
had its nucleotide exchanged back to GDP (figure 6.9.). This fully restored binding to
MDCC-GD]I, indicating that the Rac remained active.  These titrations gave an end point
with a fluorescence change reduced by ~60% relative to Rac1-GDP./ Addition of 0.25uM
Racl in the presence of 20uM N-Ras and farnesyl 12-mer showed a full fluorescence
change, suggesting that high concentrations of Ras do not inhibit Rac1 binding. ¥ E127A
Racl has recently been purified and titration experiments have yet to be undertaken. h
Titrations with E131K Rac1 were not undertaken as this protein was not fully truncated at

the C-terminus. ' It is possible that additional mutations are present in the K133E Racl

protein (see table 4.1.).
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Dissociation constants for unmodified Racl and Racl mutants
from MDCC-GDI*

Protein and peptide Kd (uM)
Racl- GDP <0.04°
Racl- GMPPNP >10 4
cdc42 - GDP 0.1
cdc42 - GMPPNP >10°¢
Full length N-Ras - GDP >10¢/
Full length Racl 0.14°¢
Racl + unmodified 12-mer 0.53°¢
Racl + no peptide >10°¢
Racl mutants
A27K <0.03
133D >10°¢
T35A <0.04
F37E >10°¢
D63E <0.05
Q61L 1.65
D124S <0.04
E127A ¢ -
K130A <0.03
E131K " -
K133E' 0.17

Racl1/H-Ras chimaera <0.04



Figure 6.15. Interaction of 133D and F37E Racl mutants with MDCC-GDI

a) MDCC-GDI (0.1uM) was incubated with 15uM farnesyl 12-mer in 20mM Tris-HCI
pH7.6, ImM MgCl,, ImM DTT, 5uM BSA at 20°C. 133D Racl (@) was titrated and the
fluorescence emission measured (excitation 430nm). Line shows a best fit to a straight

line.

b) MDCC-GDI (0.1uM) was incubated with 15uM farnesyl 12-mer in 20mM Tris-HCI
pH7.6, ImM MgCl,, ImM DTT, 5uM BSA at 20°C. F37E Racl was titrated and the
fluorescence emission recorded (excitation 430nm). Line shows a best fit to a straight

line.

Data were corrected for the small decrease in fluorescence on addition of similar amounts
of buffer. Even after the addition of high concentrations of Racl (16uM) little change in
MDCC-GDI fluorescence was observed with either Racl mutant. To confirm that the lack
of fluorescence change was not due to inactive GDI or farnesyl 12-mer, a titration with
wild type Racl into the same reaction mixture (15uM farnesyl 12-mer in 20mM Tris-HCI
pH7.6, ImM MgCl,, ImM DTT, 5uM BSA at 20°C) was associated with a ~30%

quenching of MDCC-GDI fluorescence (figure 6.15a, (O)).
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Figure 6.16. Effect of GDI and farnesyl 12-mer on the rate of GDP dissociation from
133D Racl

Association of mantGDP with I33D Racl was examined under pseudo-first order
conditions essentially as described (3.2.2.). 133D Racl (1uM) was incubated with
mantGDP (20uM) in 20mM Tris-HCl pH7.6, ImM EDTA, ImM DTT in the absence (a.)
or presence of farnesyl 12-mer (15uM) and GDI (2uM) (b.). Mant fluorescence was
monitored over time using fluorescence resonance energy transfer (3.2.1.) with excitation
at 290nm. Data was fitted to a first order rate equation and rate constants are the average
of at least two determinations. Protein from two preparations of I33D Racl gave the same

results.

To confirm that the GDI and farnesyl 12-mer were active, the effect of the GDI and
farnesyl 12-mer (from the same solutions) on wild type Racl was examined. Under the
conditions described above, the rate of nucleotide exchange from wild type Racl was

reduced ~4 fold (data not shown).
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Chapter 6. The Interaction of Racl with RhoGDI

obtained and has yet to be fully characterised in this laboratory (4.5.1.), the effect of GDI

on the rate of nucleotide exchange of this mutant has yet to be established.

6.15. Binding studies with a farnesylated C-terminal 9-mer

Attempts to farnesylate quantitative yields of a Racl C-terminal 9-mer (sequence
PVKKRKRKC) were unsuccessful under a wide range of conditions. The 3 C-terminal
leucines are absent from this peptide, making it more hydrophilic. It is likely that the
increased hydrophilicity of the 9-mer reduces the solubility of the peptide in organic
solvent and prevents efficient modification with the hydrophobic farnesyl group. It was
hoped that C-terminal methylation of this peptide would improve farnesylation. This C-
terminal 9-mer has recently been methylated, then subsequently farnesylated as described
(2.5.2.). The advantage of using this peptide for binding studies is that the sequence
corresponds to the native sequence of Racl following post-translational modification

(1.13.1).

6.15.1. Affinity of the farnesyl 9-mer - MDCC-GDI interaction

To examine the affinity of the methylated, farnesylated 9-mer, the modified peptide was
titrated into a solution containing MDCC-GDI and Racl, essentially as described (6.7.1.).
The modified 9-mer showed significantly tighter binding than the farnesyl 12-mer, with a
dissociation constant of 1.5uM (figure 6.17.). These results are consistent with previous
data which has shown that geranylgeranylated, non-proteolysed Racl (with a complete
~LLL motif) binds to GDI, but with a weaker affinity than the fully processed protein
with the 3 terminal leucines removed (Hancock & Hall, 1993). These results indicate that

removal of the 3 terminal leucines increases the affinity of the farnesylated peptide.
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Figure 6.17. Binding studies using a farnesylated Racl C terminal 9-mer

a). The affinity of the farnesyl 9-merr-MDCC-GDI interaction (in the presence of excess
Racl) was examined by titrating farnesyl-9mer into a solution containing MDCC-GDI
(0.1uM) and Racl (0.5uM) in 20mM Tris'HCI pH7.6, ImM MgCl,, ImM DTT, 5uM
BSA at 20°C and the fluorescence emission measured. Excitation 430nm. Data corrected
for the small decrease in fluorescence on addition of similar amounts of buffer. The line is
a best fit to a binding curve and gives a Ky (average of 3 determinations) of 1.5uM.
Consistent results were obtained with 2 preparations of farnesyl 9-mer. Unmodified 9mer
(12uM) or methylated (but not farnesylated) 12-mer had no effect on MDCC-GDI

fluorescence under the same conditions (data not shown).

b). The affinity of the Rac1-GDI interaction (in the presence of saturating concentrations
of farnesyl 9-mer) was measured by titrating Rac1 into a solution containing MDCC-GDI
(0.1uM) and farnesyl 9-mer (15uM) in 20mM Tris'HCI pH7.6, ImM MgCl,, ImM DTT,
5uM BSA at 20°C and the fluorescence emission measured. Excitation 430nm. Data
corrected for the small decrease in fluorescence on addition of similar amounts of buffer.
The line is a best fit to a binding curve and gives a K4 (average of 3 determinations) of

<SaM-
<5nM.
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Chapter 6. The Interaction of Racl with RhoGDI

6.15.2. Affinity of the Racl - MDCC-GDI interaction in the presence of modified 9-mer
To examine the affinity of the Racl-MDCC-GDI interaction in the presence of modified
peptide, dissociation constants were obtained by titrating Racl into a solution containing
MDCC-GDI and excess modified 9-mer, and the quenching of MDCC-GDI fluorescence
measured. Unmodified 9-mer or methylated 9-mer had no effect on MDCC-GDI
fluorescence under the same conditions (data not shown). In the presence of excess
modified 9-mer, Rac1 binds tighter to GDI than in the presence of excess farnesyl 12-mer
with a Ky of <-<5-§$:2, around 68é order of magnitude weaker than fully processed

(baculovirus expressed) Racl.

As both peptides are modified with a farnesyl group, it is possible that the modified 9-mer
peptide induces further conformational changes in the C-terminal domain of GDI,
resulting in an increased affinity for Racl. It is possible that in addition to contacts with
the disordered N-terminal region of GDI (1.14.1.), Racl forms contacts (perhaps via the
switch II region) with the structured C-terminal domain of GDI. Because the binding of
Rac1 to MDCC-GDI in the presence of modified 9-mer under these conditions is tight, an
accurate value of the K4 is not easily determined from such equilibrium binding data, as
titrations are not practical at low concentrations (<K4) needed. To further examine the
affinity of the Rac1-GDI interaction, the kinetics of the Racl association and dissociation

have been measured in real time using rapid reaction techniques.

6.16. Analysis of the Racl-GDI interaction by stopped-flow spectrofluorimetry

One of the limitations of using a conventional fluorimeter is that it is difficult to follow
fluorescent changes that occur within the first few seconds of mixing, as it takes this
duration to add the sample and close the lid. Because ligand binding is typically a rapid
process, the interaction of Racl with GDI has been examined using stopped-flow

fluorimetry. In this technique, samples are rapidly mixed, and fluorescent changes can be
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followed over a millisecond time scale. A typical set-up is shown in figure 6.18. Solutions
of each reactant are placed in syringes (B). Movement of a drive plate (A) initiates flow
of samples, and shortly after the reactants emerge from a mixing chamber they flow into
an observation cell where measurements can be made. (D) At this point, the recorder is
triggered and a continuous recording of the fluorescence change made. The back syringe
acts as a stopping device by hitting a metal block (reviewed by Eccleston, 1987). This
rapid mixing method has been used to measure the interaction of Racl and GDI in real

time.

6.16.1. Kinetic mechanism of Racl binding to MDCC-GDI

The use of stopped flow allowed the transient kinetics of the Rac1-GDI interaction to be
measured. To simplify the analysis of this reaction, experiments were carried out under
pseudo-first order conditions with Rac] in large excess over GDI. Under these conditions,
the concentration of Racl will remain essentially constant during the time course of the

reaction, so that the rate of formation of Rac1-GDI will follow first order kinetics.

Rapid mixing of excess E.coli Racl with 50nM MDCC-GDI and excess farnesyl 9-mer
resulted in a decrease in fluorescence; as no lag was observed the data could be well fitted
to a single exponential (figure 6.19a.). When two of the three components (Racl, GDI or
farnesyl 9-mer) are premixed before rapid mixing of the final component, no lag phase
was seen when any combination was used and the kinetic data obtained does not
distinguish between random and ordered additions (data not shown). Therefore the
interaction of truncated Racl with MDCC-GDI in the presence of saturating

concentrations of farnesyl 9-mer has been considered.

The data obtained suggests a saturating rate at high [Rac] (figure 6.19b.). These results
also indicate that the binding of Racl to MDCC-GDI is not responsible for the observed

fluorescence change, or the observed rate would show a linear dependence to the Rac
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Figure 6.18. Diagram of the stopped flow apparatus
A, drive; B, reactant syringes with solutions shown in green; C, mixer; D, observation

cell; E, back syringe; F, stopping bar.
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Figure 6.19. Kinetics of the Racl-MDCC-GDI interaction

a. Association of E.coli Racl with MDCC-GDI. MDCC-GDI (50nM) was mixed with a
large excess of Racl in the presence of farnesyl 9-mer (4uM) (mixing chamber
concentrations) in 20mM Tris'HCI pH7.6, ImM MgCl,, ImM DTT, 5uM BSA at 20°C
and the quenching of MDCC fluorescence monitored over time. Time courses at Racl
concentrations shown. Data were fitted to single exponentials (+ a slope) and give
observed first order rate constants of 1.0 s™ (1uM Racl) and 4.6 s™ (8uM Rac1). Controls
run in the absence of Racl and farnesyl peptide showed a drift in fluorescence (R.W.
Stockley & M.R. Webb, see Newcombe et al., 1999). Although this may be due to
photobleaching of the fluorophore, it is more likely to be due to protein adsorption on

surfaces.

b. Dependence of observed first order rate constants on Racl concentration (mixing
chamber concentrations of Racl shown). Conditions as described in figure 6.19a. Data
were fitted to single exponentials as described above and at least 2 runs averaged at each
concentration. The line represents the best hyperbolic fit to the data with a maximum rate

constant of 19.6 s and half maximum rate at 19.6pM Racl.
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Chapter 6. The Interaction of Racl with RhoGDI

concentration, where ks = ki[Racl] + k. A plot of ks against time would give a

straight line of slope &, with the intercept of the y-axis, k..

The simplest interpretation consistent with the data is to assume that this interaction is a 2
step process, with a rapid equilibrium binding step followed by a slow conformational
change, with the second step giving rise to an observed fluorescence change. Scheme 6.1.
describes the simplest reaction scheme for the interaction of Racl with MDCC-GDI. The
result of a rapid equilibrium of the initial binding step is that the rate of formation of the
Rac1-MDCC-GDI* is controlled at any one time by the fraction of Racl-MDCC-GDI
complex at equilibrium. The data were fitted well to single exponentials and the line is a
best fit to a hyperbolic curve (figure 6.19b), where step 1 is assumed to be rapid, so the

observed rate constant (ko) equals:

kops = ks + k, equation 6.1.

1+ (K, [Rac])

Where K; = equilibrium dissociation constant of the first step (k.i/k.1), so that a plot of
kqs against [Rac] gives a hyperbolic relationship. A value for k., + k., is given by the
maximum value of the hyperbolic curve of 19.6s", and the fitting the full set of data to
equation 6.1. allowed determination of the dissociation constant of the initial rapid
binding process, k.1/k.; of 19.6uM. The intercept of the y-axis = k.,. However, this value
is close to zero and cannot be determined accurately from the fitted curve (see figure
6.19b.). A value for k., has been determined independently by a displacement reaction

(6.16.2.).

Concentrations of Racl >25uM were not used to try and obtain a saturating rate under

these conditions (figure 6.19b.). This is because the effect of [modified peptide] at high
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Scheme 6.1. Kinetic mechanism of Racl binding to MDCC-GDI

A two step binding model has been used to interpret kinetic data. Step 2 (k,,) represents a
conformational change that includes a fluorescence change (*) of MDCC-GDI. The
equilibrium constant and forward and reverse rate constants for step a are defined as K,

k., and k, respectively.
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[Racl] under these conditions is currently unknown. As the order of binding of the
farnesyl 9-mer and Racl to MDCC-GDI has not been established, it is possible that the
modified peptide binds to GDI under these conditions in the absence of Racl, with the
binding of Racl required for an observed fluorescence change. However, it is also
possible that the three components bind simultaneously under these conditions, and it
may be important to have the modified peptide and the Racl at similar concentrations. As
the farnesyl 9-mer used for these experiments was limited due to practical problems

(2.5.1.), experiments at high [Rac1] and [farnesyl 9-mer] have yet to be investigated.

6.16.2. Dissociation of the Racl-MDCC-GDI complex

Dissociation kinetics have been measured by displacing MDCC-GDI from its complex
with unmodified Racl by mixing with a large excess of unlabelled GDI (figure 6.20.).
Premixing of a solution containing 0.1pM MDCC-GDI plus equimolar Racl and excess
farnesyl 9-mer, then rapidly mixing with excess unlabelled GDI produced an exponential
decay in fluorescence; this is assumed to be controlled by the dissociation rate constant

(k) of Racl from MDCC-GDI.

The data were fitted well to a single exponential and gave a first order rate constant of
3.3x107%s". As inactive Racl exists mainly as cytosolic complex with GDI in vivo, this
slow rate of dissociation is likely to be too slow to explain the biological activities of
Rac1 in the cell. This system should be useful to examine the factors that dissociate the

Rac1-GDI complex.

6.16.3. Affinity of the Rac1-MDCC-GDI interaction

Using these figures, an overall dissociation constant (K,4) for the interaction of Racl with
MDCC-GDI may be calculated. As the value for k&, is small (3.3x10%s™), ki» may be
assigned a first order rate constant of 19.6s". The overall K4 for the reaction may be

defined as K, x K, (where K, and K, represent the dissociation constant and equilibrium
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Figure 6.20. Displacement kinetics (k.z) of MDCC-GDI from a complex with Racl

MDCC-GDI (0.1uM) was incubated in a syringe with equimolar E.coli Racl and
modified farnesyl-9mer. MDCC-GDI was then displaced from its complex with Racl by
pushing this solution against unlabelled GDI (4pM) (mixing chamber concentrations) in
buffer A at 20°C. The line shows a best fit to a single exponential and the fitted curve

corresponds to a rate constant of 3.3x107s™ (average of 4 runs).
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Chapter 6. The Interaction of Racl with RhoGDI ‘

constant (k.,/k.,) for steps 1. and 2. Respectively). Using best fit values of 19.6 x 10° M,

kiy=19.6s" and k;=13.3x107%s", the K4 =
19.6 x 10° M x (3.3x107%s"/19.6s") =33 nM

The calculated K4 value for this interaction determined from association and dissociation

rate constants is within an order of magnitude of the Ky value determined from

equilibrium titration experiments of <SaM- Minor discrepancies between overall Ky
S0nM.

values obtained may be due to the concentration ranges used for titration experiments.

Due to the tight binding of the Racl under these conditions, concentrations do not span

the Ky value and therefore determination of an accurate Ky using this method is

technically difficult (6.7.).

These results indicate that Racl has an affinity for MDCC-GDI (in the presence of excess
farnesyl 9-mer) less than two orders of magnitude weaker than modified Racl. Although
this two step binding model has been used to interpret these results, the analysis of two
step processes may become complex, as other possible binding mechanisms may produce
hyperbolic behaviour between the observed rate constant and [Racl]. These include

isomerisation of one of the proteins prior to complex formation:

A=A*+B=A*B
The analysis of the Rac1-MDCC-GDI interaction described here also assumes that only a
signal from MDCC-GDI*-Racl is observed, whereas MDCC-GDI-Racl (prior to an

isomerisation step) may also contribute to the signal. Other possibilities that would

produce hyperbolic behaviour are discussed further in Gutfreund (1997).
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CHAPTER 7. CONCLUSION

7.1. Interaction of Racl with p67°*™

Spectroscopic studies have been used in an attempt to investigate the interaction of Racl
with p67°", a component of the phagocyte NADPH oxidase (1.3.). p67°™ has been
successfully purified from baculovirus infected insect cells. Although a previous report
indicates a fluorescence change when p67°"™ binds to Racl complexed with the
fluorescent nucleotide analogue, mantGMPPNP (Nisimoto et al., 1997), these results
could not be repeated. Purification of p67°" from insect cells indicates that this protein is
susceptible to minor proteolytic degradation. Although fractions containing the larger of
the two major species purified (2.3.4.) were used for subsequent biochemical studies, it is
possible that this protein is truncated at the N terminus, causing disruption of TPRs
(tetracoipeptide repeats). Due to the relatively large size of p67°", determination of the
molecular weight of this purified protein could not be accurately determined by mass
spectrometry. It is also possible that extended incubation of sf9 insect cells to express
p67°" in this laboratory causes this protein to adopt a conformationally inactive state.
This conformational change may be induced by post-translational modification of the
protein by the insect cells. It has also been reported that p67°"" is unstable, with
significantly reduced Racl binding affinity following >48 hours at "80°C (Leto et al.,
1991). This suggests that p67""™ may adopt an inactive conformation during expression,

or shortly after purification of the protein from insect cells.

The interaction of p67""* with Racl complexed to the non-hydrolysable fluorescent
analogue, but-edaGMPPNP has also been examined. It was hoped that due to the exposed
nature of the fluorophore and the high fluorescence quantum yield (3.4.1.), this
fluorescent analogue would provide an alternative and sensitive method to monitor this

interaction. However, p67°" and p67''” had little effect on the fluorescence of a
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Racl-but-edaGMPPNP complex. It is possible that this nucleotide analogue is not
sensitive to the Rac1-p67°"™ interaction or no binding occurs under these conditions.

7.2. Interaction of Racl with p67"""’

Despite showing stability problems (5.2.), p67''® has also been successfully purified
from E.coli and labelled with a number of environmentally sensitive fluorophores.
However, none of these labelled proteins show a significant fluorescence change when
incubated with Q61L Racl-GTP. It is possible that the positions of the fluorophores are
not sensitive to Racl binding, or that a significant proportion of the active protein is not
labelled under these conditions.

7"'% indicates an almost completely o helical

Secondary structure prediction of p6
domain, and sequence alignment with known protein structures suggests that p67°"™
shares greatest homology with the tetracoipeptide region (TPR) (Koga et al., 1999). It is
possible that N terminal truncation of the full length protein disrupts TPRs or similar
tertiary structure motif. It is likely that a conformationally active N terminal domain is
essential for the interaction of Racl with p67°" with the stability of this fragment
dependent on the remainder of the protein. The effect of the additional N and C terminal

7''% expressed in this laboratory (figure 5.1.) on the tertiary structure of

residues of the p6
this domain has yet to be established. A recent report has indicated that the three
tandemly arranged TPR motifs at the N terminus of p67""™ are essential for the

interaction with Racl (Koga et al., 1999); this may explain the lack of detectable binding

between Rac1 and the p67'""* peptide, reported to contain the Rac1 binding region.

7.3. Interaction of Racl with GDI
Fluorescent approaches have also been developed to monitor the interaction of Racl with
its guanine nucleotide dissociation inhibitor, RhoGDI (GDI). In an attempt to overcome

problems inherent in using baculovirus expressed Racl (6.1.), a novel approach has been
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developed using synthetic peptides corresponding to the C terminal region of Rac1. These
peptides have been successfully modified on the single cysteine (corresponding to residue
Cys188 of fully processed Racl). A combination of E.coli expressed, truncated Racl and
farnesylated peptide mimics isoprenylated Racl and interacts with MDCC-GDI (6.3.),
resulting in a >30% quenching of MDCC-GDI fluorescence at saturating concentrations
of Racl. This system has been used to examine the interaction of Racl and a number of
Racl mutants, to investigate the role of different regions of Racl in GDI interaction.
Because the modified peptide and the ‘rest’ of Rac! are separated, this system is likely to
be sensitive to conformational changes in the Racl structure induced by different

nucleotides and Racl mutations.

As no fluorescence change is observed when truncated Racl or the farnesyl peptide is
added alone, it is assumed that a ternary complex between the three components (MDCC-
GDI, Racl and farnesyl peptide) is required for an observed fluorescence change. The
structure of the C terminal domain of GDI indicates that Cys 79 (the site of MDCC
labelling) is close to the base of the lipid binding pocket suggested for the lipid (Keep et
al., 1997, Gosser et al., 1997). It is possible that truncated Racl (in the absence of
farnesylated peptide) binds to GDI, despite the lack of fluorescence change. However,
the results presented here are consistent with nucleotide dissociation experiments (Sasaki
et al., 1993) indicating that truncated Racl binds weakly to GDI. Although modified
peptides in the absence of truncated Racl cause little or no change in MDCC-GDI
fluorescence, structural studies suggest that a farnesylated peptide binds to the C terminal
domain of GDI in the absence of Racl and induces a conformational change in the GDI
structure. It is therefore possible that the farnesylated peptide induces a conformational
change in the GDI structure favourable for Racl binding, with an additional
conformational change (and an associated quenching of MDCC fluorescence) occuring

upon interaction with Racl.
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Truncated Racl (in the presence of saturating concentrations of farnesyl 9-mer) binds
tightly to GDI, less than two orders of magnitude weaker than Racl; the value in the latter
case being derived from kinetic measurements (Newcombe et al., 1999). This suggests
that the main bulk of the Rac] has significant interactions with GDI remote from the lipid
binding region. Structural data has indicated that GDI may be divided into two regions: a
flexible N terminal domain of ~60 aa’s that is disordered in the absence os small G
protein and a well ordered C terminal domain containing the lipid binding pocket. This
suggests that the interaction between Racl and GDI is more complex than the interaction
of two more or less globular proteins, with almost any region of the Racl structure being

involved.

In contrast, a farnesyl 12-mer peptide (in the presence of saturating concentrations of
truncated Racl) binds several orders of magnitude weaker than modified Racl. A number
of factors may contribute to this weaker affinity. Although Racl is geranylgeranylated in
vivo, chemical farnesylation of C terminal peptides was chosen due to the availability of
the farnesyl bromide. Presumably the smaller farnesyl group sits in the hydrophobic
pocket in the C-terminal domain of GDI, but interactions with the complete surface of the
pocket may not be involved. The effect of this alternative lipid moiety on Racl binding
has yet to be established. In vivo, Racl is geranylgeranylated on the cysteine of the C
terminal —CLLL motif, followed by proteolytic cleavage of the three terminal residues (-
LLL) and methylation of the resulting cysteine (1.13.1.). Geranylgeranylated Racl (with
the complete —CLLL motif) has been shown to bind to GDI, but with a weaker affinity
than fully processed Racl (Hancock & Hall, 1993). As the farnesyl 12-mer contains a
complete C terminal sequence, it is possible that this is one reason for the reduced affinity
of the Rac1-GDI interaction. Racl and the C terminal 12-mer also have four overlapping
residues (Rac1= residues 1-184, farnesyl 12-mer = 180-192). These overlapping residues
may stearically hinder the interaction of Racl and GDI, reducing the binding affinity

under these conditions.
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A farnesyl 7-mer, in which the polybasic region is incomplete, binds an order of
magnitude weaker than farnesyl 12-mer, and the C terminal 12-mer in the absence of
bound lipid seems to bind to GDI, as seen from titration experiments (table 6.2.). These
results suggest that an extended C terminal region (containing the polybasic region in the
case of Racl) is important for the interaction with GDI. Despite both Rac isoforms
binding to GDI, Racl, but not Rac2 (figure 1.2.) contains a polybasic stretch at the C
terminus. This indicates that the polybasic sequence of Racl may not be essential for the
interaction with GDI. This region is currently under investigation using mutant C terminal

peptides in this laboratory.

7.3.1. Interaction of Racl-GTP with GDI

These results also indicate that guanosine triphosphate complexes of truncated Racl are
unable to bind tightly to GDI (at least two orders of magnitude weaker than the GDP
bound form — see table 6.2.). The weak interaction between the Q61L Racl-GTP and GDI
may be explained by the small amount of Q61L Rac1 with diphosphate bound (~6%). The
majority of recent reports have shown that the GTP bound forms of Rho family proteins
bind weakly to GDI. However, a number of earlier reports indicate that both the GDP and
GTP bound forms of bind with a similar affinity, or the GTP bound form binds weakly
(6.8.). The major technique used in these earlier reports is also equilibrium titration
experiments, and discrepancies may in part be due to concentrations used. As described
previously (6.7.), it is technically very difficult to obtain an accurate K, value unless
concentration ranges used span the Ky value. A major aim of this report was to use
farnesylated peptides to determine the relative importance of different parts of Racl in
GDI binding. The C terminal region, represented by the farnesylated peptide, contributes
to binding, and the modified peptide may bind independently of whether GTP or GDP is
bound to Racl. The conformation of the C terminal region is not defined in the available
structures (Hirshberg et al., 1997, Hirshberg, Newcombe & Webb, unpublished results).

However, once the contribution of the remainder of the Rac1 is added, this could result in

184



Chapter 7 Conclusion & discussion

tight binding of the GDP form and weak binding of Rac1 in the GTP conformation. These
results suggest that the regions involved in the conformational change between the GDP

and GTP bound forms of Racl are important for the interaction with GDI.

7.3.2. Interaction of Racl mutants with GDI

The mechanistic aspects of the interaction of Racl with GDI are poorly understood. The
structure of GDI has been solved by both NMR and crystallography (Gosser et al., 1997,
Keep et al., 1997), and recently X-ray diffraction studies have been undertaken on the
RhoA-GDI complex, following co-expression and purification of the complex from
Saccharomyces cerevisiae (Longenecker ef al., 1999). Although detailed characterisation
of the contacts between individual amino acids is not possible from this low resolution
structure, the structure suggests that residues Arg 68, Leu 69, Pro 71, Pro 75, His 105,
Phe 106 and Pro 108 of RhoA (residues of switch II and helix a3) are close enough to

form contacts with the flexible C-terminus of GDI.

One of the most important questions with respect to the structure of GDI is the
conformation of the N-terminal region iﬁ complex with RhoA. Residues 23-59 of the N
terminal region of GDI are essential for the inhibition of nucleotide dissociation and
extraction of Rho proteins from membranes, but these residues are disordered in the
absence of small G protein (Gosser et al., 1997, Keep ef al., 1997). It is possible that the
N terminal domain of GDI interacts with Racl, causing structural alterations and allowing
the geranylgeranyl group of Racl to become available to GDI. This model would be
consistent with proposed 2 step kinetics of membrane extraction reported by Nomanbhoy

et al. (1999) and consistent with results presented in this report.

To examine the regions of Racl involved in the interaction with GDI, a number of Racl
mutants have been made (Chapter 4.). As expected, point mutations in the insertion loop

to corresponding residues of cdc42 (figure 1.2.) (D124S, K130A, E131K) showed little
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change in the basic biochemical properties of Racl, or dissociation constants for the
interaction with GDI. Point mutations in this region to reverse a charge of exposed
residues in this loop (eg. E127A) also had little effect on affinity for GDI, suggesting that
this region is not essential for the Rac1-GDI interaction. However, two mutations in the
effector loop or Racl (aa’s 30-40), I33D and F37E (residues changed to the
corresponding amino acids in Ras) (figure 4.2.), significantly reduce the interaction of
Rac1 with GDI . This has been determined by Racl dependent quenching of MDCC-GDI
fluorescence in the presence of farnesyl modified peptides, and the effect of GDI on
nucleotide exchange of 133D Racl, both in the presence of excess farnesy!l 12-mer.
Crystal structures of Rho family proteins reveal that the effector loop (residues 30-40)
shows significant conformational change between the two nucleotide bound states. This
loop is therefore a potential region involved in the Rac1-GDI interaction. Both [33D and
F37E Racl mutants are purified with bound GDP and it is therefore unlikely that these
point mutations cause a major alteration to the Racl structure. However, nucleotide
exchange experiments using mantGDP reveal no detectable interaction between F37E
Racl and the fluorescent nucleotide under accelerated exchange conditions (figure 4.4.).
It is possible that this mutant does not bind this fluorescent analogue, or that a
fluorescence change is not observed when this mutant binds mantGDP. As this mutant
has only recently been purified, the nucleotide binding properties of this protein are

currently under investigation using alternative techniques in this laboratory.

7.3.3. Interaction of the Racl/H-Ras chimaera with GDI

Complete removal of the insertion loop and replacement with the corresponding 8
residues of Ras (2.6.4.) also has little effect on the interaction of Racl with GDI in the
peptide assay. These results are consistent with the results described by Wu ez al., (1997)
using a prenylated (baculovirus expressed) cdc42/Ras ‘insertion loop’ chimaera and
provide further evidence that the insertion loop of Racl does not play a major role in the

interaction with GDI. Wu et al., (1997) have also reported that although the insertion loop

186



Chapter 7 Conclusion & discussion

is not essential for the interaction with GDI, this loop is required for GDI to inhibit
nucleotide exchange from cdc42. Early experiments with the Racl/H-Ras chimaera and
farnesyl 12-mer under conditions as described (figure 6.11.) indicate that the insertion
loop does not play a major role in the inhibitory action of GDI under these conditions
(data not shown). The effect of GDI on nucleotide dissociation from the Racl/Ras

chimaera in the presence of excess farnesyl 9-mer is currently under investigation.

Reported experiments using a Ras chimaeric protein (with the insertion loop and C-
terminal 8 residues of cdc42) (Wu et al., 1997) did not render GDI sensitivity to Ras,
indicating that other conserved regions of Rho family proteins are essential for GDI
interaction. As point mutations at positions 33 or 37 of Racl significantly reduce the
interaction with GDI, it is possible that residues 32-38 of the effector loop confer Rho
family specificity for the GDI interaction. This would be in agreement with a low
resolution structure of the RhoA-GDI complex indicating that the N-terminal region of
GDI forms a loop, making possible contacts with the effector loop and the switch II
region. To further investigate this possibility, the construction of an E.coli expressed,
truncated H-Ras vector containing D331 and E37F mutations has been designed and is

currently under development in this laboratory.

7.4. The role of the effector loop in GDI interaction

Recent reports also indicate a role the effector loop in the interaction of Rho proteins with
GDI. Treatment of cells with the cytotoxins Clostridium difficile A and B cause
disaggregation of actin structures. These toxins monoglucosylate Rho proteins at the
effector domain residue, threonine 37 (residue 35 of Rac proteins). Glucosylation at this
residue of RhoA does not significantly alter binding of guanine nucleotides, and has only
a small affect on intrinsic GTPase activity (reduced by a factor of ~ 5) (Genth ef al.,
1999). However, glucosylated Rho showed no binding to GDI, as examined by

coprecipitation experiments (Genth et al., 1999). In addition, GDI completely extracted
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unmodified (non-glucosylated) RhoA from membranes, but was incapable of releasing
glucosylated RhoA. RhoA in complex with GDI is not a substrate for these toxins, and
these results suggest that this may be due to the inaccessibility of the toxin recognition
site, or inaccessibility of threonine 37 of RhoA. The fact that glucosylated RhoA does not
form a complex with GDI provides further evidence that GDI interacts with the effector
loop of Rho family proteins. Results in this laboratory using the peptide binding assay
have shown that a T35A Racl mutant binds to GDI with a similar affinity to wild type
Racl, whereas 133D and F37E Racl mutants significantly reduce this interaction. These
results suggest that T35 of Racl is not an essential residue for GDI binding, and supports
results from Genth et al., (1999) that glucosylation at threonine 37 (corresponding residue
35 of Racl — figure 1.2.) is likely to stearically hinder the interaction of the N terminal
domain of GDI with the effector loop of Rho family proteins. Primary sequence
alignment reveals that 133 and F37 are conserved residues in Rho family proteins and
form an extended basic region (figure 4.2.) that is absent in Ras proteins. Residues 33-37
of the effector loop of Racl may form an essential binding motif, providing GDI

specificity for Rho family proteins.

A recent report by Fauré et al. (1999) has shown that phosphoinositides partially open,
but do not fully dissociate a RhoA-GDI complex. These results show that
phosphoinositides enhance both ADP ribosylation and GDP/GTP exchange in the
prenylated RhoA-GDI complex, and further investigation revealed that this was due to
limited opening of the RhoA-GDI complex, without the release of RhoA (Fauré et al.,
1999). In addition, the [y*>S]GTP incorporation was markedly increased in the presence
of phosphoinositides. A complex between unprenylated RhoA (expressed in E.coli) and
GDI was also purified, but this complex was not sensitive to phosphoinositides. The
extent of ADP ribosylation of RhoA in the unprenylated RhoA-GDI complex (in the

absence of phosphoinositides) was as high as that found for prenylated RhoA-GDI
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complex treated with PtdIns,P, and similar to that found for GST-RhoA immobilised on

glutathione sepharose beads.

These results indicate that the phosphoinositide effect on the RhoA-GDI complex is
mediated by the isoprene moiety of RhoA. A complex between unprenylated RhoA and
GDI is accessible to the ADP-ribosy! transferase of Clostridium botulinum, and suggests
that the two recombinant RhoA-GDI complexes (with prenylated and unprenylated
RhoA) differ by their interacting sites. Unprenylated RhoA is likely to interact with GDI
via protein-protein contacts, but prenylated RhoA has additional interactions involving its
prenyl tail and the hydrophobic pocket of GDI. This suggests the formation of a partially
opened RhoA-GDI complex in which the two proteins may partially dissociate, releasing
the isoprenyl group at the C terminus of RhoA. This partially opened complex may bind
to membranes via the isoprenyl group of RhoA allowing membrane association, with full

dissociation of GDI mediated by additional stimuli.

The results presented here and recent published reports suggest that the association of
Rho family proteins with GDI involves at least two distinct regions of the Racl structure.
It is possible that dissociation of the Rac1-GDI complex occurs via two distinct steps. In
the first step, phosphoinositides or other stimuli may partially open the complex, allowing
nucleotide exchange and interaction with membranes. The second step would then be full
dissociation of the complex, with release of GDI into the cytosol. Three specific
membrane proteins have also been identified that associate with a RhoA-GDI complex
that do not correspond to GDS, GAP or ERM proteins (Fauré ef al., 1999). A membrane
associated protein has been reported to release prenylated Rab from a Rab-GDI complex
(Dirac-Svejstrup et al., 1997), and it is possible that a similar membrane factor is
involved in fully dissociating the Rho-GDI complex. The interaction of Racl with
saturating concentrations of farnesyl modified peptide as described in this report, may

represent the protein-protein interactions that occur between Racl and GDI in a partially
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dissociated state. This system is likely to be useful to examine additional regions of Rac|
involved in the interaction with GDI and to investigate factors that fully dissociate the

Rac1-:GDI complex.
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ABSTRACT: The interaction of rac with guanine nucleotide dissociation inhibitor protein (thoGDI) is
described, using GDI fluorescently labeled on its single cysteine with N-[2-(1-maleimidyl)ethyl]-7-
diethylaminocoumarin-3-carboxamide (MDCC). The labeled GDI shows a 70% decrease in fluorescence
emission on binding geranylgeranylated rac1-GDP and has an affinity for racl within a factor of 2 of the
unlabeled GDI. The labeled GDI was used to determine the kinetic mechanism of the interaction by
measuring the association and dissociation in real time. The kinetics are interpreted in terms of a two-step
mechanism: binding of rac to GDI and then a conformational change of the complex with an overall
dissociation constant of 0.4 nM. The conformational change has a rate constant of 7.3 s™! (pH 7.5, 30
°C), and the reverse has a rate constant of 1.4 x 1073 s™1, To overcome difficulties inherent in using and
manipulating lipid-modified rac, we also used a combination of unmodified racl, expressed in Escherichia
coli and produced with C-terminal truncation (thus lacking the cysteine that is the site of lipid attachment),
and farnesylated C-terminal peptide. This combination can mimic geranylgeranylated racl, producing a
complex with the coumarin-labeled GDI, and was used to examine the relative importance of different
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regions of racl in interaction with GDL

Rac is a small G protein with a range of signal-transducing
roles within different cell types. Along with other members
of the rho family, rho and cdc42, it is involved in control of
the cytoskeleton (reviewed by ref 7). It has an apparently
quite separate role, particularly in macrophages, in assembly
and control of the NADPH oxidase complex, which forms
superoxide in response to bacterial infection (reviewed by
ref 2).

Small G proteins in the rho family interact strongly with
a protein, guanine nucleotide dissociation inhibitor, rhoGDI
(GDI) (3). Although this protein is named because it has
the property of strongly inhibiting nucleotide dissociation,
its cellular function probably lies elsewhere. For example
in quiescent neutrophils (and some other cell types), rac is
almost entirely present in the cytosol as a tight complex with
GDI. Activation causes dissociation of the rac*GDI complex
and movement to the membrane (4). The molecular basis
for this transfer is not clear, and GDI may function as a
control point to keep rac deactivated in the cytosol. Thus
nucleotide exchange to a triphosphate may control this
translocation (5). Understanding how this activation occurs
is a long-term goal of the work described here.

Such understanding requires investigation of the molecular
interaction between GDI and small G proteins of the rho

* To whom correspondence should be addressed. Tel: (44) 181 959
3666. Fax: (44) 181 906 4477. E-mail: m-webb@nimr.mrc.ac.uk.

! Abbreviations: GDI, rho-family guanine nucleotide dissociation
inhibitor (thoGDI); MDCC, N-[2-(1-maleimidyl)ethyl]-7-diethylami-
nocoumarin-3-carboxamide; MDCC-GDI, GDI labeled with MDCC;
MDCC-PBP, A197C mutant of the E. coli phosphate-binding protein
labeled with MDCC; 7-mer, peptide KRKCLLL;12-mer, PVKKRKRK-
CLLL; mantGDP, 2'(3')-O-methylanthraniloyl-GDP; GMPPNP,
guanylylimidodiphosphate.
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family, including the mechanism by which the proteins
interact and what features of the two proteins are important
for binding. Structural studies suggest that this interaction
may be complex, as GDI is partly disordered in the absence
of bound small G protein (6, 7) and becomes ordered in the
rac*GDI complex. To facilitate studies of rac-GDI interaction,
we have developed a fluorescence probe on GDI that
provides a direct signal for rac binding and so allows us to
follow the formation and dissociation of the complex in real
time. The probe is a coumarin bound to the single cysteine
at position 79 of GDI and was used to investigate GDI
interaction with racl, one of two very similar human rac
proteins.

In doing so, we address two problems that have hampered
such studies. First, the main signal for interaction has
previously been the inhibition of nucleotide exchange and
of GAP activation (3, 8, 9). Both types of inhibition are likely
to be due to steric constraints in the complex with GDI and/
or the slow dissociation of the complex (see below).
However, this property does not produce a direct signal for
interaction. Methylanthraniloyl nucleotides complexed to rac
(10) and GDI with Cys-79 labeled with fluorescein (7) have
also been used to study the interaction. To provide a direct
signal, we have labeled the single cysteine of GDI with a
coumarin that shows a large fluorescence change on rac
binding to the GDI. This then provides a sensitive measure-
ment of the interaction directly, and we have used this to
determine the kinetics of association by rapid reaction
techniques to follow the interaction in real time.

For the exploitation of such labeled protein, it is important
to have sufficient characterization to show that it is an
homogeneous preparation and the extent to which the

© 1999 American Chemical Society

Published on Web 05/04/1999


mailto:m-webb@nimr.mrc.ac.uk

6880 Biochemistry, Vol. 38, No. 21, 1999

labeling modifies its biochemical properties. Inherent in the
preparation is the presence of two diastereoisomers as
produced by the reaction of the cysteine with the coumarin-
maleimide; this reaction is described in detail in the Results.
We have experience of this type of labeling particularly with
MDCC—-PBP, which is the phosphate-binding protein of
Escherichia coli 1abeled with the same coumarin-maleimide
used here to obtain a fluorescence signal that is sensitive to
inorganic phosphate binding (11, 12). We draw on parallels
with that system both for the strategy to produce a successful
labeled GDI and in its subsequent characterization. In both
cases, it seems that the two diastereoisomers have different
fluorescence and binding affinities for racl, and this must
be accommodated in the analysis of the results. In practice,
for most measurements the signal from the tighter binding
diastereoisomer dominates and the weaker binding can be

racl is affected very little by the presence of the coumarin.

The second problem encountered in investigating the
interaction with GDI is that rac and its family require lipid
modification at the C-terminus in order to interact fully (8,
9). In the cell this modification is geranylgeranylation, and
here we use racl produced in insect cells using a baculovirus
expression system. The full processing of racl in eukaryotic
cells is the cleavage of the three C-terminal leucines from
the protein, following which the newly C-terminal cysteine
is carboxymethylated and S-geranylgeranylated. Racl ex-
pressed in E. coli is not modified. Throughout this paper, E.
coli racl is referred to as unmodified and baculovirus racl
as modified. Unless otherwise stated, the unmodified racl
is truncated, amino acids 1—184.

Studies with lipid-modified proteins present experimental
difficulties in vitro, for example by the need for detergents
and difficulties in physical processes such as concentrating.
Furthermore, the system is not easily manipulated, for
example, precise control of the nucleotide bound to rac. We
show that the combination of truncated, unmodified racl and
farnesylated C-terminal peptide can mimic the geranylgera-
nylated rac and thereby allow us to test and quantify various
features of the rac-GDI interaction. Farnesylation was
achieved by reacting the Cys residue of such peptides with
farnesyl bromide. The farnesyl group was chosen to modify
the peptide because of the ready availability of farnesyl
bromide to achieve this chemically and the likelihood that
the hydrophobic interaction of GDI with the lipid would not
be very specific for the geranylgeranyl group. Hydrophobic
interactions have little or no directionality. Here, attempts
to farnesylate peptides which terminate at the cysteine were
not successful, probably because such peptides are very
hydrophilic, containing a group of six basic amino acids.
Peptides that include the three leucines were successfully
famesylated, and data are presented using these.

EXPERIMENTAL PROCEDURES

Human racl was obtained from Spodoptera frugiperda 9
cells infected with a recombinant baculovirus prepared by
Dr. Martin Page (Glaxo-Wellcome). The gene was expressed,
and cell membranes containing post-translationally modified
racl were isolated using standard techniques. The insoluble
membrane fraction was resuspended in 50 mL of 20 mM

_in ~50% purity.
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Tris*HC], pH 7.6, 1 mM MgCl,, and 1 mM phenylmethyl-
sulfonylfluoride, sonicated, and then centrifuged to remove
all soluble protein. The membrane pellet was resuspended
in this buffer (50 mL) containing 1 mM DTT and 60 mM
n-octyl glucoside (Sigma), which solubilizes weakly associ-
ated membrane bound proteins, and incubated for 1 h at 4
°C. The suspension was centrifuged and the supernatant
containing racl retained. The supernatant was applied to a
Mono-S cation exchange column (1 mL, Pharmacia) equili-
brated in 50 mM sodium phosphate, pH 6.5, 1 mM MgCl,,
1 mM DTT, and 30 mM n-octyl glucoside. A salt gradient
was applied in this buffer from 0 to 1 M NaCl, and the eluted
racl was stored on ice until required with a typical yield of
1 mg from 2 L of insect cells. Purity of this rac was >95%
as determined by SDS—PAGE: this purity was achieved in
part during the membrane preparation and extraction resulting

Racl was also prepared from E. coli. L-broth (100 mL)
containing 50 ug mL~! ampicillin was inoculated with E.
coli strain JM109 containing the pGEX2T-rac1 plasmid and
incubated at 37 °C overnight. An aliquot (10 mL) of this
was added to each of eight 500 mL portions of L-Broth (total
volume 4 L) containing 50 #g mL~' ampicillin. The cells
were grown with vigorous shaking at 37 °C until an
absorbance of 0.8 cm™! at 600 nm was obtained. Expression
was induced by the addition of 1 mM IPTG, and the cells
grown at 37 °C for a further 4 h. Cells were harvested by
centrifugation, and the cell pellet was resuspended in 20 mM
Tris:HCl, pH 7.6, and 1 mM MgCl, (buffer A) containing 1
mM PMSF. The pellet was freeze-thawed and sonicated. The
soluble protein fraction was separated from the cell debris
by ultracentrifugation and loaded onto a glutathione-
Sepharose column (7 mL, Pharmacia) equilibrated in buffer
A. The column was then equilibrated with buffer A contain-
ing 2.5 mM CaCl,. GST-racl fusion protein was cleaved
with thrombin while bound to the column. An Antithrombin
IIT agarose column (5 mL, Sigma), equilibrated in buffer A
containing 2.5 mM CaCl,, was connected in series to the
glutathione-Sepharose column in order to remove the throm-
bin after cleavage. Buffer A (50 mL) containing 2.5 mM
CaCl; and 500 units of human thrombin (Sigma) was passed
at 50 uL min~!. Racl was pooled, dialyzed against buffer
A, concentrated, and stored at —80 °C. Typical yield is 24
mg of the wild-type protein with purity >95% as determined
by SDS—PAGE.

The concentration of racl was determined using a calcu-
lated extinction coefficient (13) of 29 828 M~! cm™!. Racl
from E. coli has no post-translational modification and a GSP
N-terminus replacing the wild-type methionine: this mutation
gives higher solubility. The accidental mutation, F78S (14),
was removed by standard procedures. When E. coli strain
JM109 was used, the racl was truncated by proteolysis so
amino acids 1—184 were obtained (/4). When BL21 strain
was used the protein was full-length, Single-point mutants
were prepared using a Stratagene site-directed mutagenesis
kit, and sequences were confirmed using dideoxy sequencing
(USB Sequenase V2 kit). The molecular mass of the E. coli
proteins was determined by electrospray mass spectrometry
(15). The identity of nucleotide bound was determined by
HPLC using a Partisil SAX-10 column (Whatman) eluting
at 2 mL min~! with 0.5 M (NH,),HPO,, adjusted to pH 4.0
with HCL



Rac and GDI Interaction

The ¢cDNA of human GDI and the expression vector
pRSET A (Invitrogen) were used in order to express full-
length GDI in E. coli. pRSET A produces a protein that
contains an N-termina! polyhistidine fusion tag. Since this
tag was not required, it was removed during the subcloning
procedure. The GDI cDNA fragment was isolated from the
pGEX2T-GDI (8), ligated with pRSET A using T4 DNA
ligase (Boehringer Mannheim), and then transformed into
competent E. coli DH5a cells. Recombinant pRSETA-GDI
without the polyhistidine tag was prepared using standard
techniques and transformed into competent E. coli (BL21
strain) for expression. General cloning techniques were
performed as described in ref 16.

L-broth (100 mL) containing 200 ug mL~! ampicillin was
inoculated with BL21 (pRSETA-GDI) cells and grown at
37 °C overnight. This starter culture (10 mL) was added to
each of eight 500 mL aliquots of L-broth (total volume 4 L)
containing 200 g mL~! ampicillin. This was grown to an
absorbance at 600 nm of 0.8, and 0.5 mM IPTG was added.
The induced cells were grown for a further 3 h, harvested
by centrifugation, and resuspended in buffer A plus 1 mM
PMSF. The cells were broken by sonication, and the soluble
fraction was separated by ultracentrifugation. GDI was
purified on a Q-Sepharose column (100 mL, Pharmacia) and
equilibrated with buffer A, eluting with a linear salt gradient
(1.8 L) in buffer A from 0 to 0.3 M NaCl. Samples of the
fractions were analyzed by SDS—PAGE, and those contain-
ing GDI were pooled and concentrated. Typical yield was
40—50 mg.

GDI (5 mg) was applied to a 1 mL Mono-Q column,
equilibrated in 20 mM Tris+HCI, pH 8.0, and 125 mM NaCl,
and eluted with a linear salt gradient in 20 mM Tris-HCI,
pH 8.0, and 125—250 mM NaCl. The protein solution was
adjusted to pH 7.5, concentrated, and stored at —80 °C. GDI
was analyzed by SDS—PAGE, N-terminal amino acid
sequencing, and electrospray mass spectrometry. The con-
centration was measured using the calculated molar extinc-
tion coefficient 27 370 M~! cm™! at 280 nm.

GDI (210 uM) was labeled by stirring with 420 uM
MDCC ({1) in 20 mM Tris*HCI, pH 8.0, for 45 min at 22
°C. The protein was passed through a 0.2 um membrane
filter, isolated using a PD10 column (Pharmacia) equilibrated
in 20 mM Tris*HCI, pH 7.6, and then stored at —80 °C.

Trans, trans-farnesyl bromide (Sigma) was redistilled at
low pressure and stored at —80 °C. Peptides, synthesized at
NIMR, were labeled in a multiphase reaction mixture
containing the following: 10 mM Tris*HC], 4 mM EDTA,
0.85% (v/v) farnesyl bromide, 8 mg mL ™! peptide, and 20%
(v/v) dimethyl formamide. The reaction under nitrogen,
typically for 7 h, was continually stirred, and the pH was
maintained at 8.0 by occasional addition of 1 M Tris base.
The extent of reaction was determined by HPLC on a
reverse-phase silica column (Whatman Partisil-10 ODS C18,
25 x 0.46 cm). The 40 min gradient was 10% (v/v)
acetonitrile, 0.1% trifluoroacetic acid in water, to 60%
acetonitrile, 0.1% trifluoroacetic acid, at 1 mL min~'. The
products were purified on this column, and following
concentration, they were stored at —20 °C in 50% (v/v)
acetonitrile/water. Mass spectrometry (15) confirmed that the
peptide had a single farnesyl attached.

Complexes of unmodified racl with GTP, GDP, or
mantGDP were obtained by exchange of at least a 10-fold
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excess of the nucleotide with racl under conditions which
facilitate rapid exchange, excess EDTA over Mg?*, typically
40 mM EDTA and 20 mM (NH,4),SO; in 20 mM Tris*HCIl,
pH 7.6, for 5 min at 30 °C. The protein was isolated on a
PD-10 column and the bound nucleotide analyzed by HPLC
as described above. For complexes with the nonhydrolyzable
analogue GMPPNP, 150 nmol of racl was incubated with
600 nmol of GMPPNP and 12 unit alkaline phosphatase
linked to agarose beads (Sigma) in 200 mM (NH4),SO4 and
20 mM Tris*HCI, pH 7.6, at 20 °C for 2 h with end-over-
end stirring. Samples were analyzed by HPLC as described
above. When all of the GDP had been hydrolyzed, the
mixture was centrifuged briefly to remove the phosphatase
beads and the supernatant was desalted on a PD-10 column.

Experiments using [°’H]JGDP were quantified using a filter-
binding assay, similar to that used previously (17, 18),
following incubation of 1 uM racl together with varying
concentrations of GDI with a 10-fold excess of [P’H]GDP in
40 mM EDTA, 20 mM (NH4);SO4, and 20 mM Tris*HC],
pH 7.6, at 30 °C. Note that EDTA accelerates nucleotide
exchange. Octylglucoside was present to the extent intro-
duced with modified racl, typically resulting in 1—2 mM.
Exchange of mantGDP was followed using fluorescence
energy transfer from racl tryptophan(s) to mant with
excitation at 290 nm, emission at 440 nm, using the same
buffer and equivalent nucleotide and protein concentrations
as above.

Measurements. Absorbance spectra were obtained on a
Beckman DU640 spectrophotometer. Fluorescence measure-
ments were obtained on a Perkin-Elmer LS50B fluorimeter
with a xenon lamp. For time-resolved measurements, slit
widths were 2.5 nm on the excitation and 5 nm on the
emission. Stopped-flow experiments were carried out in a
HiTech SF61MX apparatus with a mercury/xenon lamp,
There was a monochromator and 5 nm slits on the excitation
light at 436 nm and a 455 nm cutoff filter on the emission.
Mass spectrometry and tryptic analysis of MDCC-GDI were
as previously described (15, 19).

RESULTS

Coumarin-Labeled GDI: Characterization. The single
cysteine on GDI was labeled with a range of fluorophores,
particularly coumarins that are environmentally sensitive. The
resulting molecules were tested to determine if there was a
fluorescence change on adding lipid-modified racl. GDI
labeled with the coumarin-maleimide, MDCC (11) gave the
largest change of those combinations tested, ~3-fold decrease
as shown in Figure 1. Thus, this labeled protein (MDCC-
GDI) was characterized further and used in subsequent
studies. Absorbance spectroscopy and mass spectral analysis
showed that a single molecule of MDCC was covalently
bound to GDI. The electrospray mass spectrum of MDCC-
GDI gave a mass of 23 490 (£2) Da, 398 greater than that
predicted for GDI alone. Previous work (19) showed that,
under conditions of processing for mass spectrometry, base-
catalyzed hydrolysis of the succinimde ring can occur leading
to ring opening and producing a mass for the label of 401
Da. However, this unwanted reaction is unlikely to occur to
a significant extent under normal labeling conditions (19)
and use of MDCC-GDI, when the pH remains at ~8.0 or
below. A tryptic digest of MDCC-GDI was analyzed by
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FIGURE 1: Emission spectra of MDCC-GDI. MDCC-GDI (0.1 uM)
was incubated in 20 mM Tris-HCl, pH 7.6, 1 mM MgCl,, 5 uM
BSA, and 1 mM DTT at 21 °C. Emission spectra were measured
(A) before and (B) after addition of 0.3 #uM modified racl, or (C)
5 uM unmodified racl together with 15 yM farnesyl-12-mer
(excitation at 431 nm). Unmodified racl or farnesyl-12-mer added
on their own gave no fluorescence change.
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FIGURE 2: Equilibrium binding measurement of rac1-MDCC-GDI
interaction. MDCC-GDI (0.2 M) was incubated in 20 mM Tris*
HCI, pH 7.6, and 1 mM MgCl, at 30 °C. Aliquots of modified
racl were added sequentially and the fluorescence emission
measured at 457 nm (excitation 431 nm).

HPLC to separate peptides that were then subjected to mass
spectrometry (19). The only fluorescent species detected have
masses of 4536 and 4553 Da, equivalent to that for amino
acids 59—79, with either MDCC or the hydrolyzed species
present. Again, the basic conditions during the digest are
responsible for this partial hydrolysis. These data suggest
that the single labeling is on Cys79.

The MDCC-GDI used in subsequent studies is therefore
a single molecular species apart from the presence of
diastereoisomers, as described below. It was important to
show that the labeling has only limited effect on the rac-
binding properties of GDI, and this was shown in several
ways. A number of measurements described below address
this point, and they will be reviewed in the Discussion.

Diastereoisomers. A titration of lipid-modified racl with
MDCC-GDI (Figure 2) produced a linear decrease in
fluorescence until ~0.1 uM racl, 50% of the total MDCC-
GDI concentration. We think that this reflects equal propor-
tions of diastereoisomers of MDCC-GDI, formed when a
thiol reacts randomly with either of the two olefinic carbons
of the maleimide to produce a chiral center:

o) o R
H RrsH SH
R-N | — R-N
- ()
H H
0 o

where R = N-[2-(7-diethylaminocoumarin-3-carboxyamido)-
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FiGure 3: Effect of increasing concentration of unlabeled GDI or
MDCC-GDI on the ability of modified racl to undergo nucleotide
exchange. Racl (1 4M) in the presence of GDI was incubated with
[*H]JGDP (MDCC-GDI, open symbols) or mantGDP (unlabeled
GDI, closed symbols) for 10 min, and the extent of exchange was
measured as described in Experimental Procedures. The lines are
for tight equilibrium binding, allowing the concentration of racl
to vary to give the best fit: essentially two straight lines that
intercept at the concentration of GDI that saturates the racl. For
unlabeled GDI the best fit is at 1.02 uM, for MDCC-GDI 1.16
UM,

ethyl] and R'SH = GDI, attached via Cys-79. There is
evidence that maleimides react with protein cysteines in this
way, based on analysis of MDCC-labeled phosphate protein
(19, 20).

The titration curve in Figure 2 is consistent with both
diastereoisomers binding racl but only one dominating the
fluorescent change. Further evidence for all of the labeled
GDI binding racl comes from the titration in Figure 3,
described below. This dominant putative diastereoisomer
binds the racl tightly and is responsible for the linear
fluorescence response to ~0.1 uM. The remaining small
fluorescence change (<20% of the total change) occurring
from 0.1 to 0.2 M is mainly due to the other diastereo-
isomer, binding racl somewhat more weakly. This titration
is qualitatively similar to the situation with MDCC-labeled
phosphate-binding protein titrated with its ligand P;, for
which the implications of diastereoisomers were further
discussed (/9). As a control 3 uM E. Coli racl, lacking
geranylgeranylation, gave no fluorescence change with
MDCC-GDI in this concentration range (data not shown).
An important conclusion from this titration is that measure-
ments dependent on the coumarin fluorescence to determine
rac binding are dominated by the tight binding diastereo-
isomer, and subsequent analysis will largely assume this by
considering a single fluorescence change on rac binding.

Interaction of MDCC-GDI with Modified racl. The
relative affinities of MDCC-GDI and unlabeled GDI for
modified racl were determined by titrating GDI into 0.3 M
MDCC-GDI'rac1 complex, although a precise treatment of
these data was not possible because of the presence of the
two diastereoisomers. As measured by fluorescence, 50%
of the MDCC-GDI had been displaced from its complex with
racl, and hence there were equal amounts of MDCC-GDI-
racl and GDI'racl, when 0.47 uM GDI had been added.
This suggests that the labeling of GDI has very little effect
on its affinity for racl.

The effect of GDI on modified racl was measured by the
inhibition of nucleotide exchange due to GDI binding, using
either mantGDP or [*H]GDP: the presence of coumarin
fluorescence interfered with mant fluorescence measurement
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and so required the use of radioactivity. A time course of
nucleotide exchange in the absence of GDI (data not shown)
gave a rate constant for GDP release from the modified racl
(1.5 x 1073 571, 30 °C at 1 mM Mg?*) similar to that of
unmodified racl (1.1 x 1073 s7!). The rate constant for
modified racl in the presence of excess GDI was <6 x 107
s~1. This reflects the fact that almost all of this rac1 is bound
to GDI and only the small proportion unbound at any time
can undergo exchange:

GDI-rac1-GDP = GDI + rac1-GDP =
GDI + racl + GDP (2)

GDI + racl + GDP* == GDI + rac1-GDP* =
GDI*rac1*GDP* (3)

where GDP* represents radioactively or mant-labeled GDP.
This scheme is consistent with the rate constant that we
obtain later. The exchange rate of GDP to GDP* in the
presence of GDI is controlled by the dissociation of GDI
and then GDP (eq 2), as both GDP and GDI binding (eq 3)
are fast. If k—gpy and k4gpr are the forward and reverse rate
constants for step A and k—gpe is the forward rate constant
for step B, the exchange rate constant should be k_gpik—gpp/
(k+cp1 + k-cpp). k—gpp is 1.5 x 1073571 and k—gpris 1.4 x
1073 s7. At 5.5 uM GDI, we can approximately use the
saturating first-order rate constant, 7.3 s7!, for kygp; (see
Figure 5 and text). Thus the exchange rate constant would
be 0.29 x 1076 s71,

In practice, a small but variable proportion of baculovirus
racl (typically 20%, but depending on preparation) does not
have its nucleotide exchange inhibited by GDI and thus
presumably interacts weakly or not at all with GDI due to
damage or lack of proper lipid modification. The effect of
different concentrations of unlabeled GDI or MDCC-GDI
on rac-nucleotide exchange is shown in Figure 3. In both
cases the maximum extent of inhibition is seen at ~1:1 ratio
of rac1:GDI. The fact that there is ~15% exchange even at
high GDI is due to the portion of “damaged” racl. This is
added evidence that all molecules of MDCC-GDI can bind
racl, but therefore only one diastereoisomer gives a large
fluorescence change.

Kinetic Mechanism of racl Binding to GDI. The fluores-
cent MDCC-GDI was used to measure the association and
dissociation of GDI'racl in real time for modified racl. We
use a two-step binding model for interpreting these data,
although other models are also possible (see Discussion):

MDCC-GDI + racl > MDCC-GDI'racl =
MDCC-GDI*:racl (4)

Step 2 represents a conformational change that includes the
fluorescence change. The equilibrium constant and forward
and reverse rate constants for step i are defined as K, k;,
and k_;, respectively. Rapid mixing of racl with MDCC-
GDI in a stopped-flow apparatus allowed the association
kinetics to be measured (Figure 4). It was not possible to
use high (saturating) racl concentrations, because racl as
prepared was in a high ionic strength solution and it proved
impossible to remove salt by dialysis or gel filtration and
maintain active protein. Furthermore detergent present in the
rac solution became more of a problem at high concentra-
tions, as this affects the fluorescence signal. However, rates
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FIGURE 4: Association kinetics of modified rac1 with MDCC-GDI,
MDCC-GDI (50 nM) was mixed with a large excess of racl and
the fluorescence followed with time at 30 °C. (a) Time courses at
racl concentrations shown. Controls run without racl showed a
drift in fluorescence, probably due to protein adsorption on surfaces,
These were subtracted to give the curves shown, but this correction
had little effect on the rate constants: this effect caused a
fluorescence amplitude change of 3% of the signal due to racl
binding in the first 2 s. (b) Dependence of first-order rate constants
on rac] concentration. The data were fit to single exponentials and
at least 4 runs averaged at each concentration. The line is the best
fit for a two-step binding mechanism (eq 3) where step 1 is assumed
rapid, so that the observed rate constant equals k»/(1 + [racl]1K;)
+ k_y. 1/K; is 2.2 uM and k; is 7.3 s™!. From data in Figure 5, k_,
is 1.4 x 1073571,
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FiGure S: Displacement kinetics of MDCC-GDI from its complex
with modified racl by unlabeled GDI. MDCC-GDI (0.3 uM) with
a small excess of rac] was incubated with unlabeled GDI (30 #uM).
Solution and fluorescence conditions were as in Figure 2. The data

shown is after correction for the drift in fluorescence observed when
MDCC-GDI alone was incubated for this time period.

were measured at sufficiently high concentrations of racl to
demonstrate the onset of saturation of the kinetics and to
obtain an estimate of k» (Figure 4b).

Dissociation kinetics were measured by displacing MDCC-
GDI from its complex with modified racl by mixing with a
large excess of unlabeled GDI (Figure 5), and the curve was
fit to a single exponential with a rate constant of 1.4 x 1073
s~L. The converse measurement, mixing unlabeled GDI*racl
with excess MDCC-GDJ, gave a similar rate constant for
unlabeled GDI dissociation (2.2 x 1073 s™}, data not shown),
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FIGURE 6: Interaction of farnesylated C-terminal peptides with
unmodified rac! and MDCC-GDI. MDCC-GDI (0.3 uM) was
mixed with 2 yM truncated racl (1—184) in 20 mM Tris*HCI, pH
7.6, 1 mM MgCl;, and 1 mM DTT containing 5 4M BSA at 20
°C. Peptides were titrated into this solution, and the fluorescence
emission was measured. Data are corrected for the decrease in
fluorescence on addition of similar aliquots of buffer. The peptides

were farnesyl-12-mer (filled circles), faresyl-7-mer (filled squares), -

12-mer (open circles), and 7-mer (open squares). The lines are the
best fit to binding curves and give a K; of 4 uM for the farnesyl
12-mer (fluorescence change 47%) and 31 uM for the farnesyl
7-mer (49%).

C-Terminal Peptides of racl. To circumvent the problems
of working with lipid-modified rac] to study interaction with
GDI, we investigated the possibility of using unmodified racl
produced in E. coli, together with a farnesylated peptide
corresponding to the C-terminus of lipid-modified racl. Three
peptides have so far been tested. VKKRKRKC, the C-
terminus of the native modified rac (without the C-terminal
methylation), failed to react with farnesyl bromide to a
significant extent under a range of conditions. This is
probably because this peptide is very hydrophilic. In contrast
conditions were found to obtain almost quantitative farne-
sylation of the two other peptides. The 7-mer KRKCLLL is
equivalent to amino acids 186—192, the part of E. coli racl
lost on truncation at K184 (14), except R185 was omitted
to ensure no overlap. The 12-mer PVKKRKRKCLLL
extends this sequence across the group of basic amino acids.

Figure 1 shows that there is a fluorescence change on
mixing farmesyl-12-mer, truncated unmodified racl, and
MDCC-GD], suggesting that a complex forms. A series of
measurements was done to characterize the interactions:
titrations of peptides with MDCC-GDI and racl are shown
in Figure 6. The 12-mer showed much tighter binding than
the 7-mer. The unlabeled peptides produced little or no
fluorescence change, as did the famnesyl peptides in the
absence of rac. It is worth pointing out here that the
fluorescence change may be more a measure of the lipid
being present in its pocket on GDI, rather than binding of
rac and/or peptide per se. This point is considered in the
Discussion. As these controls confirm, the fluorescence
change seems to be a measure of the formation of a complex
analogous to that between native lipid-modified rac and GDI
To confirm that the unlabeled 12-mer binds only weakly,
we showed the binding curve of farnesyl 12-mer to be
unaffected by the presence of 15 #M unlabeled 12-mer.
Finally the complex formation was shown to be reversible
by addition of excess unlabeled GDI to it. Following mixing
15 uM farnesyl 12-mer, 0.1 kM MDCC-GD], and 0.5 uM
racl, the addition of 2.5 uM GDI caused an increase of
fluorescence to 99% of that of free MDCC-GDI, suggesting
that the labeled GDI was displaced from the complex by
the excess unlabeled GDI.
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FiGurRe 7: Inhibition of racl-nucleotide exchange by GDI and
farnesyl-12-mer. racl-mantGDP (1 M) was incubated at 30 °C
with 20 uM GDP in the presence (+) or absence (—) of 2 uM GDI
and 10 4M famesyl-12-mer in 20 mM Tris-HCI, pH 7.6, ] mM
DTT, and 0.5 mM EDTA. The data were fit to single exponen-
tals: 2.5 x 1072 s7! for rac alone and 0.7 x 1072 s~! in the
presence of GDI and the peptide.

Table 1: Dissociation Constants for Unmodified racl from
MDCC-GD}¢

rac and peptide Ky (uM)
rac1°GDP <0.04*
rac1-GMPPNP >1004
rac1-GTP (Q61L) 1.65
full-length rac1-GDP 0.14¢
rac1-GDP + unmodified 12-mer 0.53¢
rac1+GDP with no peptide >10¢
full-length N-ras-GDP >20¢/
Cdc42.GDP (a.a. 1—184) 0.1
Cdc42.GMPPNP (a.a. 1—184) >10¢

@ Titrations of racl into a solution of 0.1 4M MDCC-GDI were done
equivalent to those in Figure 6. Unless otherwise stated, 15 4uM farnesyl-
12-mer was present and the racl was truncated (aa 1—184). Fluores-
cence was corrected by subtracting values using a control of buffer
alone with no racl. The Ky values are an average of at least two
determinations. ¥ Measurements were at 100 nM MDCC-GDI, so that
this value represents an upper limit. Attempts to do the measurements
at 30 nM MDCC-GDI did not give reproducible data. € No fluorescence
change was observed, and this value represents the limit imposed by
the errors in the measurement. ¢ Racl*GMPPNP had its nucleotide
exchanged back to GDP, and this fully restored binding to MDCC-
GDI, showing that the racl remained active. ¢ These titrations gave an
end point with a fluorescence change reduced ~50% relative to
rac1-GDP with farnesyl-12-mer (Figure 6). / Addition of 0.25 uM racl
in the presence of 20 uM N-ras and the farnesyl peptide showed a full
fluorescence change, suggesting that the ras does not inhibit racl
binding.

Another test of the ternary complex was to return to the
effect of bound GDI on rac nucleotide exchange (eqs 2 and
3 and Figure 7). Under conditions where it is predicted that
~75% of the unmodified rac is complexed with GDI, the
nucleotide exchange rate was reduced by ~65%. For the
ternary complex, we assume that nucleotide exchange cannot
occur when unmodified rac is bound to GDI and that
dissociation of racl is much more rapid than nucleotide
exchange of free racl. All racl can undergo exchange, but
at a rate reduced by the proportion of racl complexed to
GDI at any time. Control measurements showed that GDI
alone, farnesyl-12-mer alone, or GDI plus unlabeled 12-mer
had no effect on the racl-nucleotide exchange rate.

The farnesyl 12-mer was then used to assess some of the
factors that may determine rac! interaction with GDL This
was done by titrations of racl with MDCC-GDI plus
farnesyl-12-mer (Table 1). The dissociation constant obtained
for truncated unmodified rac1*GDP was <40 nM.
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Because this method uses unmodified racl, it allows
precise control of the nucleotide bound in the complex. The
above measurements with the peptides used rac1-GDP (aa
1—-184). The Leu61 mutant of racl has a greatly reduced
rate of intrinsic hydrolysis, so that the nucleotide bound in
the protein as prepared is >95% GTP. Rac1 bound with the
nonhydrolyzable GTP analogue, GMPPNP, was prepared
with ~98% nucleotide purity. Thus rac1*GTP (Leu61) and
rac1*"GMPPNP (wild type) were used to assess the ability
of triphosphate-bound racl to complex with GDI. In each
case the Ky of the rac is greatly increased (Table 1). This
suggests that the racl in the GTP state does not bind
significantly to GDI: the binding that was observed could
be explained by the small amount of rac1 with diphosphate
bound. Measurements with cdc42 gave similar results.

When full-length unmodified racl was titrated in the
presence of farnesyl-12-mer, the apparent binding was
reduced several-fold relative to truncated rac1 (Table 1) and
the total signal change during the titration was reduced. As
a control, full-length N-ras showed no binding. Truncated
rac on its own showed little or no binding, but weak binding
of racl with unlabeled 12-mer was observed, again with
reduced signal change. This may indicate that the hydro-
phobic lipid is needed for the full fluorescence change as
mentioned above. These results suggest that the identities
of amino acids in the C-terminal region of racl are important
for the specific binding to GDI.

DISCUSSION

We have investigated the kinetic mechanism of the
interaction between racl and GDI using two novel tech-
niques. The coumarin-labeled GDI provides a direct fluo-
rescence signal to study the interaction of rac with GDI. We
have developed a novel assay using unmodified rac1 together
with lipid-modified peptide corresponding to the C-terminus
of racl that will allow us to probe factors important for the
rac-GDI interaction.

It was important to characterize MDCC-GDI fully in order
to use it with confidence. MDCC-GDI is a single species,
apart from the probable presence of diastereoisomers. So far,
fluorescence labels that do not lead to diastereoisomers (e.g.,
iodoacetamides) have only produced labeled GDI with little
or no fluorescence change on binding modified rac. A similar
situation was found with PBP labeled with MDCC and
related molecules (19, 20). In that case a detailed study
including crystal structure allowed us to understand to some
extent how the fluorescence change arises and showed a
significant difference in environment of the two diastereo-
isomers. In the case of GDI, equivalent data are not available,
but the structure of the C-terminal domain of GDI suggests
that the cysteine (and hence the coumarin) is close to the
base of the binding pocket suggested for the lipid (6, 7).
This may explain the apparent need for a lipid to obtain a
full fluorescence change, even after taking into account much
weaker binding in the absence of a lipid.

To make use of the signal that responds to the binding of
modified rac, it was important for us to show to what extent
the presence of the coumarin label affects the rac-binding
properties of GDI. The coumarin fluorescence change is
dominated by that due to one diastereoisomer, and this is
assumed in subsequent analyses. Figure 3 together with the
competition binding between unlabeled and labeled GDI
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suggests that the binding affinity is affected very little. The
dissociation kinetics of GDI and MDCC-GDI are also not
much different (Figure S). Thus, we may assume that the
kinetic and thermodynamic data obtained using the fluores-
cent label are similar to that for unmodified GDL

The kinetics of racl association and dissociation were
measured in real time and interpreted in terms of the two-
step mechanism in eq 3. The conformational change (kz) has
a rate constant of 7.3 s”! (pH 7.5, 30 °C), while 1/K; is 2.2
UM. Modeling the association data, particularly the fact that
no lag is observed at any rac concentration, suggests that k,
>3 x 105 M~! s7! and k—; > kp. This suggests that the
measured dissociation rate constant (1.4 x 1073 s7!) is
approximately k—,. These values give an overall dissociation
constant (Ky) of 0.4 nM. Because the binding is very tight,
K is not easily determined from the equilibrium binding data,
as such titrations are not practical at the very low concentra-
tions (<K,) needed. The preliminary report of a deepening
of the lipid-binding pocket on binding of farnesyl peptide
(7) is a potential structural correlation with the conformation
change identified here kinetically.

The combination of a lipid-modified peptide and C-
terminally truncated, unmodified rac mimics geranylgeran-
ylated rac in interaction with GDI. An important question is
what this approach tells us of the interactions between rac
and GDI. The order of binding of peptide and unmodified
racl to GDI is not established; kinetic data obtained so far
do not distinguish between random and ordered addition (A.
R. Newcombe and M. R. Webb, unpublished results). There
is no evidence of binding of one component in the absence
of the other. We will therefore compare the single K4 for
modified racl binding to GDI with the two individual K
values for farnesylated peptide binding to GDI in the
presence of saturating unmodified rac] and unmodified racl
binding to GDI in the presence of saturating farnesylated
peptide. In doing so, we will consider the binding in terms
of the lipid, the C-terminus of racl, and “the rest” of racl.

A striking feature is that the unmodified racl in the
presence of saturating farnesyl-12-mer binds tightly to GDI,
less than 2 orders of magnitude weaker than the modified
racl, the value in the latter case being derived from the
kinetic measurements. This suggests that the main bulk of
the racl molecule has significant interactions with GDI
remote from the lipid-binding region. GDI structural data
indicate that GDI can be divided essentially into two regions,
a well-ordered C-terminal domain containing a lipid-binding
pocket and an N-terminal region that is disordered in the
absence of bound small G protein (6, 7). This suggests that
the interaction is more complex than that of two more-or-
less rigid globular proteins, and there may be large areas of
well-ordered interactions in the complex with essentially any
region of the racl structure being involved.

In contrast, the farnesyl peptides in the presence of
saturating unmodified racl bind much weaker than the
modified racl. Two components that may be factors in this
weaker binding are the difference in lipid and the presence
of LLL when compared with native, modified racl. Presum-
ably the smaller farnesyl group sits in the hydrophobic
pocket; hydrophobic interactions are generally nonspecific,
although the complete surface of the pocket may not be
involved. As described above, it seems likely that the full
fluorescence change requires the lipid in this pocket.
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Several pieces of evidence suggest that the basic amino
acids near the C-terminus of rac are important for interaction
with GDI. They are conserved between different members
of the rho family. The C-terminus seems to bind to GDI in
the absence of the lipid, as seen from the titration of
unmodified peptide in the presence of racl (Table 1). The
farnesyl-7-mer, in which the basic amino acid region is
incomplete, binds an order of magnitude weaker than the
farnesyl-12-mer.

Our data show that guanosine triphosphate complexes of
truncated rac are unable to bind tightly to GDI (at least 2
orders of magnitude weaker). Several reports have addressed
whether the GTP form of modified rac binds, but with
conflicting conclusions: GTP and GDP complexes having

.similar binding (8, 10) or the GTP complex bind weakly
(9, 21). The major technique used in these reports was also
titrations, and discrepancies may in part be due to the
concentration ranges used. It is technically very difficult to
determine K; values unless the concentration ranges used
span that K, value. An advantage of the technique here is
that the concentration ranges can span the observed Kj. In
the current work, a major aim of using the peptides is to
determine the relative importance of the different parts of
racl in binding. The C-terminal region, represented here by
the peptide, contributes to binding, and this contribution may
be independent of whether GTP or GDP is bound. This
region is not defined in the available structures (ref 14; M.
Hirshberg, A. R. Newcombe, and M. R. Webb, unpublished
results). However, once the contribution of the remainder
of the rac protein is added, this could result in tight binding
of the GDP form and weak binding for the GTP form.
Because here the two contributions are separated, the
technique is very sensitive to the conformational changes
induced by the different nucleotides.

This suggests that regions involved in conformational
changes on conversion from GDP to GTP states will be
important in determining the binding to GDL It also seems
likely that regions that distinguish the rho family from other
small G proteins that do not bind to GDIs will be important.
Our results show that unmodified N-ras binds very weakly,
if at all, in the peptide assay. The basic C-terminal patch is
one such region that differs from ras, but others have been
identified from a comparison of racl and ras structures,
although the overall folds are similar (/4). The insertion loop
present in rac and other tho family members (aa 123—135)
is the main gross structural difference from ras. Another
difference is at the effector loop, and this may be significant
here because of its closeness to the nucleotide-binding site
and differences in this loop between the rac*GDP and
GMPPNP structures (M. Hirshberg, A. R. Newcombe, and
M. R. Webb, unpublished results).

MDCC-GDI should be useful in examining these aspects
further. In addition it provides a way to probe for factors
that accelerate the dissociation of rac from GDI. The
observed dissociation with a half time of several minutes is
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too slow to explain the action of rac in the cell, in which it
begins as a complex with GDI prior to activation. An
example is the activation of the NADPH oxidase complex
(22).
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