ROCKE[:[:!.t
INSTITUTE O i' M-L . CLOGT,

THE NATIONAL K. GG iAL
QUEEN SQUARE,
LONDON,
WCIN 38G

Biological Functions
of n-chimaerin and R a d in Mammalian Cells.

A Thesis by
Anthony James Best

Submitted to the University of London
for the
Degree of Doctor of Philosophy

nOCKEFEllCn MEDICAL LIBRARY
INSTITUTE OF NEUROll'GY
THE NATIONAL i-IOAPITAL

February 1995

Miriam Marks Department of Neurochemistry
The Institue of Neurology
The National Hospital
Queen Square
London W C 1 N 3BG

K
! -CL; . ----\S.CP\Z

'

ProQuest Number: 10044604

All rights reserved
INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest.
ProQuest 10044604
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.
ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346

To my mother
and in memory of my father.

Acknowledgements

I gratefiilly acknowledge the contribution of my supervisor Professor Louis Lim, for
his guidance and support, and for giving me the opportunity of spending several very
satisfying years in his laboratory. I would also like to thank him for his lively discussion and
the advice he offered during the preparation of this thesis.

I would also like to express my appreciation to the other members of the laboratory.
Special thanks to Rob Kozma and Sohail Ahmed for their daily advice and encouragement.
Many thanks also to Christine Hall, Giovanna Ferrari, Joel Lee, Hong Hwa Lim, Kate Marier,
Clinton Monfries, Greg Michael, Elena Prigmore, Wun Chey Sin, Paul Smith and Sally
Williams for their helpful comments, technical assistance and for providing a stimulating and
enjoyable enviroment to work in.

Finally, special thanks to Giovanna for her encouragement, patience and endless
support during the writing of this thesis. I could not have done it without you.

Abstract

The GTPase Racl regulates actin cytoskeleton re-organization and membrane ruffling in
response to a number of external stimuli. Neuronal-specific chimaerin is a Racl GTPaseactivating protein (GAP) in vitro, but its cellular functions are not well understood. To
investigate whether chimaerin regulates Racl function in a cellular environment the
morphological effects of over-expressing full length chimaerin and its GAP domain were
examined in non-neuronal (COS-7) and neuroblastoma (NlE-115) cell lines. Transiently
transfected COS-7 cells, which expressed a cytoskeletal 38kDa protein, were small and
rounded with long processes. In contrast cells expressing the cytosohc 20kDa GAP domain
were flattened and did not produce membrane ruffles in response to growth factors.
Stably transfected NlE-115 cells, expressed a truncated 20kDa protein with GAP
activity, did not produce neurites or produce membrane ruffles, peripheral microspikes and
flatten in response to DMSO- or butyrate-induced differentiation respectively. Full length and
GAP domain proteins were expressed by clones transfected with a modified cDNA construct;
DMSO-induced differentiation resulted in increased production of neurites, possibly in
response to expression of full length chimaerin.
To facilitate comparison of the morphological effects of Racl and chimaerin, NlE-115
cells were transfected with wild-type and mutant Racl cDNAs. Cells moderately over
expressing wild-type or dominant positive Racl flattened, even in the absence of butyrate. In
contrast, cells expressing dominant negative Racl did not flatten in the presence or absence
of butyrate. Inhibition of morphological changes by both dominant negative Racl and the
GAP domain is consistent with chimaerin acting as a down-regulator of active Racl-GTP.
However, the phenotypes of cells expressing full length chimaerin cells suggests that
chimaerin may have activities other than down-regulation of Racl-GTP.
a-and p-tubulin were found to interact with Racl when tissue extracts were
immobilized onto nitrocellulose and probed with labelled GTPases. Racl bound only in its
GTP bound form whilst an 'effector site' mutation abolished tubulin binding, characteristics
consistent with tubulin being an effector for Racl. Thus, in addition to actin microfilaments,
other cytoskeletal elements may be affected by Racl whose GAP, chimaerin, may have a
diversity of morphological roles.
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1 Introduction.
1.1 Dynamic Cell Morphology.
The cytoskeleton, a cytoplasmic network of protein fibres, is a highly dynamic
structure, that reorganises in response to both extracellular and intracellular stimuli.
Reorganisation is associated with various cellular functions, including stages of the cell cycle,
cell motility, endocytosis, exocytosis, phagocytosis, cell polarization and regulation of cellular
adhesion. Of the three major types of cytoskeletal fibres have been identified to date, classified
on the basis of their major protein component, two types of fibre, microfilaments and
microtubules, which consist of polymers of the proteins actin and tubulin respectively, are able
to reorganise relatively rapidly due to high rates of monomer-polymer exchange. The third
type of fibre, the intermediate filament, forms more stable networks (due in part to relatively
slow monomer-polymer exchange rates) in vitro.
The major elements of both microfilaments and microtubules are highly abundant
proteins that assemble spontaneously under physiological conditions. The rates of fibre
polymerization and spatial organisation can be modulated by a number of associated proteins.
These proteins are potential targets for signaling pathways that mediate reorganisation of
microfilament and microtubule networks in response to stimuli. Indeed, the function of many
of these proteins are modulated by components of known signal transduction pathways.
It is not possible to give a complete description of the molecular events that occur
during reorganisation of the cytoskeletal since it is a highly complex process with many
different cytoskeletal components, which are potentially regulated by different signal
transduction pathways. Many proteins that modulate polymerisation of actin and tubulin and
the spatial organisation of microfilaments and microtubules in vitro have been identified. In
addition, several model cellular systems are used to study the control of cytoskeletal
organisation, which include prokaryotes, the yeast Saccharomyces cerevisiae, the slime mould
Dictyostelium discoideum, and several mammalian cells, such as fibroblasts and neurones.
Regulated cytoskeletal reorganisation in several model systems and its importance for
cellular function or patho-physiology, is discussed in the following sections. Interestingly, the
reorganisation of the different cytoskeletal components are coordinated to mediate cell
motility and changes in cell morphology. The structure and function of various cytoskeletal
elements and signal transduction pathways that induce cytoskeletal reorganisation or modulate
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the activities of cytoskeletal components are also discussed. Although the spatial organisation
of microfilaments and microtubules of different cells are distinct many of the cytoskeletal
components and signal transduction pathways that are associated with reorganisation of the
cytoskeleton are conserved.

1.2 Polarized Organization of Cytoskeleton During Mating of the Yeast

Saccharomyces cerevisiae.
Establishment of cell polarity is essential for many biological processes, including
embryonic development, neurite outgrowth, cell locomotion and cell division. The budding
yeast Saccharomyces cerevisae has been used to study the mechanisms leading to cell
polarization as it exhibits polarized cell growth during the vegetative cycle and in response to
mating factors. It is particularly useful for such a study as a large number of genes required
for polarized cell growth and mating have been characterized (1).
Polarized cell growth during the vegetative cycle of Saccharomyces cerevisiae occurs
by the emergence of a bud at a specific site during the G1 phase of the cell cycle. The tip of
the bud extends until a septum forms between the mother and daughter cells (cytokinesis).
Interestingly, the site of the bud is not random but is determined by the mating type of the cell
and whether it was last a mother or daughter. Haploid cells and diploid cells that are
homozygous at the mating locus (either a/a or a/a) form buds at sites adjacent to the previous
bud or birth site (axial). Heterozygous diploid daughter cells form buds opposite the previous
birth site whilst mothers form buds either adjacent or opposite the previous bud site (2).
During the

stage of the cell cycle actin-rich structures congregate in a ring at a site where

the bud will form and later during bud development at the surface of the bud. Actin cables
orientate towards the actin-rich complexes so that they lie parallel to the mother-bud axis.
Proteins and membranes are then targeted to the bud by vesicle transport, possibly along the
actin cables. Once the bud has matured, actin-rich structures concentrate at the neck region
between mother and bud prior to cytokinesis (3).
The requirement of actin for cell polarization and budding is demonstrated by
temperature sensitive mutations wthin the yeast actin gene, Actl, which lead to the formation
of unbudded cells with defects in secretion and polarised actin distribution (4). Other genes
required for cell budding include Bud 1-5, which are required for bud site selection (mutations
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in any of these genes resulting in an altered budding pattern) and others, such as Cdc24,
Cdc42, Cdc43, Beml and Bem2, which are required for bud site assembly and growth (5).
A number of these genes have sequence similarity with members of the Ras superfamily of
GTP-binding proteins (G-proteins) or their regulatory proteins. Ras-related G-proteins are
also involved in signal transduction pathways and cytoskeletal reorganization in mammalian
cells (Section 1.17).
Bud formation is accompanied by microtubule reorganization. During the G^ phase
of the cell cycle the spindle pole body (a microtubule-organizing centre from which
microtubules elongate, similar to centrosomes of animal cells) translocates from a position
distal to the pre-bud site to a proximal position. Microtubules extend from the spindle pole
body to the tip of the bud, which suggests that the bud site contains microtubule-capture sites.
Microtubules do not appear to be essential for bud site selection or assembly as mutations
within yeast tubulin genes or depolymerisation of microtubules with pharmacological agents
does not affect bud formation (6, 7). However, polarisation of the microtubule organisation
is probably required for migration of nucleui and vesicles towards the bud (2).
Polarization of cellular components also occurs prior to mating between a and a
haploid cells. Exposure of yeast cells to pheromones from cells of the opposite mating type
induces the arrest of the vegetative cycle and the formation of pear shaped cells known as
'schmoos'. The tips of the 'schmoos' project towards each other and subsequently form the site
of contact between the two cells. 'Schmoo' formation is accompanied by reorganisation of the
cytoskeleton with actin-rich structures concentrating at the tip of the projections, actin cables
orientating towards it. Microtubules also extend from the spindle pole body to the projection
tip. Several of the genes that are involved in bud assembly are also involved in 'shmoo'
formation, including Cdc24, Actl, Beml and Cdc42 (2, 5, 8, 9 ).

1.3 Cytoskeletal Organization of Migrating Fibroblasts.
The migration of cells along surfaces is an important physiological and patho
physiological process: The development of complex multicellular organisms is dependent on
complex cell migration within the embryo, white blood cells migrate towards sites of infection,
whilst the migration of fibroblasts and epithelial cells is important for wound healing. The
increased migratory activity of malignant tumour cells allows tumours to invade and disrupt
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surrounding tissues, potentiating the lethal effects of cancer (10). The reorganisation of the
cytoskeleton and its requirement for the migration of fibroblasts is discussed, although it is
thought that the mechanisms of cell migration are shared by many distinct cells (11).
Microfilaments within cultured non-migratory fibroblasts are organized into parallel
bundles or stress fibres that are located close to the plasma membrane. Stress fibres also
contain other cytoskeleton-associated proteins including myosin (an actin-activated ATPase
that mediates filament sliding), myosin light chain kinase (which mediates Ca^^-dependent
phosphorylation of myosin light chains), tropomyosin and the actin bundling proteins a-actinin
and filamin. Stress fibres appear to attach to the plasma membrane at areas which are closely
adherent to the substratum that appear as dark areas in interference reflection microscopy
(focal contacts or adhesion plaques) (12). The role of stress fibres is unclear, but they may be
required for strong cell to substratum adherence and maintaining the flattened morphology
of fibroblasts.
In contrast, migratory fibroblasts contain far fewer stress fibres and focal contacts,
although adherence at the leading edge of the cell may be required to provide traction (13).
Microfilaments are thought to be important for cell motility because cytochalasins (excreted
yeast metabolites that bind to one end of the microfilament and inhibit further actin monomer
additions) inhibit the motility activity of a wide number of cell types (14). Migratory
fibroblasts appear polarized, extending microspikes (thin protrusions of 5-10 pm),
lamellipodia (membraneous structures that appear free of organelles in the light microscope)
and small membraneous bubbles ('blebs'), that can subsequently flatten and form membrane
ruffles at the leading edge. The ruffled membrane structures at the leading edge often lift from
the substratum and migrate rearwards (10). Analysis of the leading edge reveals a lattice of
microfilaments within lamellipodia, that appear kinked or branched at regular intervals, and
microfilament bundles within microspikes (15). The microfilament meshwork moves rearward
with respect to the leading edge, either due to treadmilling (the addition of actin monomers
at the leading edge and loss of monomers at the lamellipodium base), or translocation of the
meshwork rearwards, a process that is probably mediated by myosin. However, it is uncertain
whether rearward actin flux is required for cell motility as the rate of lamellipodial protrusion
does not correlate with the rate of retrograde actin flux (16). The mechanism of protrusion
at the leading edge is unclear although a number of models have been proposed. A 'gel-sol'
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model suggests that local changes of the microfilament lattice at the leading edge, transform
the lattice from a relatively rigid gel to a more fluid sol state. Weakening of the lattice allows
protrusion of the plasma membrane and cytosol due to hydrostatic pressure. It has been
suggested that hydrostatic pressure may increase within the cell due to actomyosin-mediated
contraction at the rear of the cell. The protrusions at the leading edge are finally stabilized by
conversion of the sol to the more rigid gel state (17). Membrane 'blebbing' and thinning of the
actin cortex at the leading edge of migratory fibroblasts is thought to support this model (18).
In contrast, the Brownian ratchet model, in which fluctuations between membrane and the
actin lattice allow actin monomer insertion onto the leading end of the microfilament,
proposes that actin polymerization is sufficient to provide the necessary force for membrane
protrusion at the leading edge (11). A further model suggests that structures, which
apparently contain myosin, translocate along immobilized microfilaments towards the leading
edge, pushing the membrane outwards and allowing the addition of actin monomers to the
distal ends of microfilaments. Although the localization of some myosin I isoforms to the
leading edge of fibroblasts supports this hypothesis (19), depletion of myosin from the slime
mould Dictyostelium does not abolish cell motility indicating that myosin I is not essential for
cell motility, although other myosin isoforms may compensate for its loss (20, 21). For the
leading edge of the cell to extend, protrusion forces must be exerted on the substratum.
However, too firm a contact is expected to inhibit motility. Highly migratory cells therefore
lack strongly adherent focal contacts and cell-substratum interactions are mediated by contacts
that are more diffuse and less well defined than focal contacts (22).
The degree to which microtubules are required for directed chemotaxis is dependent
on the cell type. Generally, polarisation and motility of smaller, more motile cells is not
affected by disruption of the microtubule network whilst larger, less motile cells, such as
fibroblasts are affected (23). Differences between the polarisation of primary and secondary
chick embryo fibroblasts have been observed. Primary cells are relatively small and highly
motile in a microtubule-independent manner. In contrast, secondary fibroblasts, which are
older by only two days, are larger and require microtubules for the establishment of cell
polarity. The role of microtubules in cell polymerization and motility is unclear but they may
be required for protein and membrane recycling rear to the leading edge of the cell via an
endocytic route (24).
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1.4 Neurite Extension by Developing Neuronal Cells.
The basic signalling unit of the nervous system, the neuron, is an extremely elongated
cell, consisting of a cell body, one (usually) long process (axon), which transmits signals from
the cell body to its cellular targets and several shorter branched processes (dendrites), which
receive signals from the axons of other nerve cells The human brain is estimated to contain
about 10^^ neurons, that can be classified into as many as 10,000 different types, which form
connections with each other at receptive surfaces (synapses), generating highly complex
neuronal circuits. Axons may branch, and thus are able to form connections with many target
cells, whilst the dendrites and cell body of a target cell may receive as many as 150,000 inputs
(25). Understanding the mechanisms involved with the extension of axons over long distances
(up to 1 metre) and innervation of the correct target cells is a major goal in understanding the
functions of the nervous system.
The shaft of a developing axon terminates in a highly motile bulbous structure called
the growth cone. Several thin, dynamic processes, called filopodia, extend from the growth
cone which are interspersed by lamellipodia. Ultrastructural analysis of the filopodia and
lamellipodia show that they contain a high density of microfilaments. Microtubules form stable
bundles running along the axon shaft that diverge into dynamic single filaments which extend
towards the periphery of the growth cone. Extension of microtubules is mediated by addition
of tubulin dimers at the distal region of the growth cone.
The mechanism of growth cone extension is unclear. Filopodia are able to generate
tension when attached with the surface of a target cell and may mediate axon extension,
possibly across non-adhesive gaps in the substratum. Contractile forces are possibly driven
by myosin-type motors mediating retrograde movement of actin filaments (26, 27). However,
axon extension on highly adherent substrata continues in the presence of cytochalasins,
although the direction of migration is affected, suggesting that microfilaments are not essential
(28). In contrast, disruption of microtubules inhibits neurite extension. Continuous axonal
transport of tubulin to the growth cone and addition to the ends of microtubules is therefore
required and possibly sufficient for neurite extension (29).
In addition to their possible role in growth cone motility, filopodia are also required
for determining the direction of further axonal extension. Many different molecules modulate
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growth cone behaviour. Gradients of diffusible chemoattractants (such as netrins) and
chemorepellants (such as the semaphorin/collapsin family) are implicated in the pattern of
neuronal connections in vivo (30). Extracellular matrix proteins and adhesion molecules on
the surface of surrounding neuronal and non-neuronal cells are also implicated in regulating
neurite out-growth (31). Neurites of cultured neurons at the border of two substrata such as
laminin and fibronectin increase their rate of out-growth upon crossing the border (32).
Axonal guidance by external cues has also been demonstrated in vivo: laser ablation of
intermediate target cells or 'guidepost cells' causes growth cones to migrate in inappropriate
directions (33). The growth cones of Xenopus retinal neurones which lack filopodia, as a
result of treatment with cytochalasin B, make navigational errors during development.
Filopodia are therefore thought to be the primary receptor site, initiating the growth cone
response to guidance signals (34).
Cytoskeletal reorganization in the growth cones of grasshopper afferent pioneer
neurones (migrating across the developing limb bud) upon contact of a single filopodia with
a high affinity guidepost cell has been described. Upon encountering a guidepost cell the
filopodia (which are 30 pm in length) accumulate highly concentrated filamentous actin cores
and enlarge, whilst other filopodia remain unaltered. Microtubules, which are highly dynamic
within the growth cone, orientate towards the filopodia which have enlarged, suggesting that
structures forming within the filopodial contain microtubule capture sites. Subsequent axon
extension is re-orientated, aligning with microtubules which have termini that have
accumulated at the actin-rich structures (35). Similarly, cultures oïAplysia bag cells exhibit
actin accumulation and membrane ruffling within growth cones at sites of growth conegrowth cone interaction. Soon after contact microtubules extend into the lamella at the site
of contact. Application of cytochalasin to the growth cone inhibits specific microtubule
accumulation at the site of contact suggesting that microtubule reorientation is dependent on
the prior accumulation of actin (36). The events that occur within growth cones in response
to concentration gradients of chemoattractants appear slightly different. Prior to turning the
number of filopodia increase on the side of the growth cone exposed to higher concentrations
of chemoattractant. This appears to be due, at least in part, to stabilization of existing
filopodia. Lamella form between the filopodia which subsequently accumulate microtubules,
resulting in the extension of the neurite shaft up the concentration gradient (37, 38). Growth
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cone collapse, induced by repulsive factors, is also important to ensure axons extension away
from inappropriate areas. Exposure of chick dorsal root ganglion cells to brain-derived
collapsing factor induces a decrease of microfilament concentration at the growth cone,
whereas microtubules are not significantly effected (39) indicating that the reorganisation of
the actin cytoskeleton is associated with both growth cone steering and retraction.

1.5 Microfilament Organization of Transformed Cells and Reorganization
During the Cell Cycle.
Cellular transformation is accompanied by changes in cell growth rate, adhesion,
shape, migratory activity and cytoskeletal organization. The transformed phenotype is often
characterized by a rounded morphology with poorly organized microfilament bundle
structures, abnormal adhesions, increased membrane ruffling (40) and altered expression of
actin and microfilament associated proteins (41). Growth factor-stimulation of quiescent
fibroblasts is also accompanied by similar changes in the actin cytoskeleton, including
membrane ruffling and a transient disruption of stress fibres and protein complexes at focal
contacts (42). Although the relationship between the cell growth rate and cytoskeletal
organization is not clear, the formation or lack of focal contacts appears to be important. 3T3
fibroblasts, grown in suspension, do not proliferate, whereas adhesion to a small area of
adhesive substratum, in the absence of cell flattening, promotes proliferation. In contrast,
transformed 3T3 fibroblasts proliferate without requiring adhesion to a substratum.
Cytoskeletal organisation appears to be important for the transformed phenotype since
induction of focal contacts in transformed cells, either by the inhibition of extracellular
proteases or by over-expression of proteins associated with focal (e.g. vinculin), reduces the
tumorigenic properties of the cells (43).
Many changes in cell morphology and cytoskeletal organisation during the cell cycle
have been described. Prior to mitosis dynamic microtubules extend from a single microtubuleorganising centre which contain a pair of centrioles, a cylindrical organelle consisting of
microtubules. By prophase cells contains two pairs of centrioles which separate and form the
focal points of starlike asters of microtubules. Microtubules extending from opposite
organising centres which overlap are stabilized by microtubule-associated proteins, which is
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thought to be important for the alignment of chromosomes. Microtubule reorganisation during
the cell cycle appears to be essential for cell division since disruption of microtubules with
colchicine or vinblastine or stablization of microtubules with taxol induces an arrest in mitosis
(75). Mitosis is also accompanied by the disruption of stress fibres and focal contacts and cell
retraction. The division of the cytoplasm also appears to be dependent on the rearrangement
of the cytoskeleton. A band of actin filaments, or contractile ring, which is attached to the
plasma membrane forms at the cleavage fiirrow prior to cytokinesis. Following mitosis this
ring of actin contracts leading to division of the cell. The contractile force is probably
generated by a mechanism involving myosin since injection of anti-myosin antibodies into sea
urchin eggs inhibits generation of the cleavage fiirrow (44).

1.6 Microfilament Structure.
Actin is a highly abundant 42kDa protein that has been found in all eukaryotic cells
studied to date. Six mammalian isoforms, differing by only a few amino acids, have been
cloned and grouped into a, p and y-actin isoforms, depending on their isoelectric point.
Expression of the isoforms is developmentally regulated in a tissue specific manner. Under
physiological conditions more than 99% of monomeric actin (G-actin) can associate into
homopolymers of approximately 7 nm diameter (F-actin). The kinetics of monomer
association/dissociation are different at either end of the polymer and are dependent on
whether the actin monomer is bound to either ATP or ADP. At the rapidly growing barbed
end (so called due to the polarity of decoration by myosin head fragments) the addition of
monomers is limited only by diffusion, with ATP-bound monomers associating more rapidly.
ADP-bound subunits dissociate more rapidly at the barbed end whereas ATP-bound subunits
dissociate more rapidly at the more slowly growing pointed end. Shortly after monomer
association ATP is hydrolysed so most of the polymer consists of ADP-actin or P-ADP-actin
subunits. At the critical actin monomer concentrations (in the presence of ATP) the filament
length remains constant due to continuous monomer assembly at the barbed end (the plus end)
being equalled by disassembly at the pointed end (the minus end), resulting in a flux or
treadmilling of actin subunits through the polymer from the barbed to the pointed end (45).
Although actin polymerizes to form randomly arranged filaments in vitro,
polymerization in vivo is highly regulated. More than 50% of actin isolated from cells exists
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as G-actin, higher than would be predicted from its properties in vitro. Visualization of
cellular F-actin also shows that filament organization is non-random and localized to discrete
regions suggesting additional factors are required to regulate microfilament organization.
Several actin-binding proteins have been isolated that are candidates for controlling actin
polymerization in vivo. These are grouped depending on their activities in vitro: G-actin
binding proteins, which inhibit polymerization; proteins that bind to the barbed and pointed
ends of existing filaments (capping proteins), which can either block or initiate filament
polymerization, sever existing filaments or remove filament ends; and actin cross-linking
proteins, which cross-link either parallel filaments forming bundles or filaments organised at
wide angles forming isotropic gels.The groups are not mutually exclusive, with some proteins
possessing different functions depending on the reaction conditions (46, 47).

1.6.1 Sequestration of Monomeric Actin.
Certain cellular activities, such as activation and chemotaxis of neutrophils, are
characterized by a rapid increase in F-actin which is thought to require the release of
sequestered G-actin. A number of proteins bind G-actin and inhibit actin polymerization in
vitro, including DNase I, profilin, actin depolymerizing factor, cofilin and thymosin-p4. Of
these profilin was thought to be the best candidate as a regulator of actin polymerization in
vivo as it also binds to polyphosphoinositides. However, the cellular levels of profilin are too
low to bind the majority of G-actin within the cell (48, 49).
Profilin also catalyses the exchange of adenine nucleotides on G-actin in vitro
suggesting a rather different function (48). Profilin catalysed ADP to ATP exchange promotes
actin polymerization due to the rapid association of ATP-actin onto microfilaments compared
to ADP-actin. Consistent with this model is the observation that stable over-expression of
profilin or micro-injection of profilin-actin complexes into cells induces increased F-actin
stability. In contrast, micro-injection of profilin, in the absence of added actin, decreases
cellular F-actin content, suggesting that at high concentrations profilin is able to sequester
significant quantities of G-actin (50).
The functions of profilin are thought to be modulated by activation of phospholipase
C-Yi (PLC-Yi) (Section 1.12). Profilin-actin complexes are dissociated by phosphatidylinositol
4,5-bisphosphate (PIPj, which binds tightly to profilin. Association between profilin and PIP2
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inhibits phospholipase C-Yi-mediated PIP2 hydrolysis, in the absence of receptor tyrosine
kinase activation. Receptor tyrosine kinase-mediated phosphorylation of PLC-Yi enables it
to hydrolyse profilin-bound PIP2 , releasing profilin and generating inositol trisphosphate
(Ins(l,4 ,5 )P3 ) and diacylglycerol (DAG). It has been suggested that this is an important step
during growth factor induced cytoskeletal changes. Growth factors such as epidermal growth
factor (EGF) and platelet-derived growth factor (PDGF) bind and activate their respective
receptor tyrosine kinases. These kinases in turn phosphorylate and activate PLC-Yi resulting
in the hydrolysis of PIP2 and activation of profilin-mediated nucleotide exchange on actin,
promoting actin polymerisation (51). The importance of the association between profilin and
PIP2 has been demonstrated in yeast mutants that lack adenylate cyclase associated protein
(CAP). These mutants, which exhibit altered actin distribution, are rescued by over-expression
of mutant and Acanthamoeba profilins that bind to PIP2 but are not rescued by profilins that
are unable to bind PIP2 (52).
The role of G-actin sequestration is now attributed mainly to thymosin P4, a highly
abundant 5 kDa protein. Thymosin P4 is not known to interact directly with any signal
transduction pathways and is thought to act as a passive buffer for ADP-actin monomers (53).

1.6.2 Microfilament Severing and Capping.
Gelsolin, the first microfilament-severing protein identified, was discovered due to
Ca^^-dependent dispersion (solation) of actin-containing gels (54). Since then a number of
other proteins with severing activity have been identified, including villin, severin, fragmin,
adseverin, scinderin and fragmin 60. All require Ca^^ for severing activity, often at relatively
high concentrations: 10-100 pM for gelsolin and up to 1 mM for villin (55) (compared to pM
transient increases detected in activated neutrophils (56)). After severing microfilaments these
proteins remain bound to the barbed end, preventing reannealing or further monomer addition
(capping), although complexes of actin-monomer and severing protein are able to nucleate
actin polymerization at the pointed end (55).
Gelsolin, villin, severin and adseverin are also regulated by phosphorylated
phosphatidylinositol lipids PIP and PIP2 in vitro. Regulation of actin severing proteins by Ca^^
and phosphatidylinositol lipids is antagonistic, with phosphatidylinositol lipids inhibiting
severing, nucléation and G-actin binding activities (55). Gelsolin can also inhibit PLC-y
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mediated hydrolysis of PIP2 , probably by sequestration of the lipid substrate (57).
Severing proteins that do not remain bound to the barbed end of the microfilament,
which include destrin and cofilin. The filament severing activity of both proteins is inhibited
by PIP and PIP2 (58). Conversely capping proteins with no severing activity also exist,
including gCap39, MCP, CapZ, Cap32/34 complex and Cap 100. These proteins, which have
limited sequence similarity to the amino-terminal regions of gelsolin and villin, bind to the
barbed end of the filament in the presence of Ca^^ and dissociate in the presence of
phosphorylated phosphatidylinositol lipids in vitro (55).
Phospholipid metabolism may therefore coordinate two stages of actin polymerization.
Firstl,y activation ofPLC releases profilin, which promotes the exchange of actin-bound ADP
for ATP. Secondly, severing proteins are activated by transient increases in Ca^^
concentration, increasing the number of microfilament termini that are potential nucléation
sites for further polymerization.

1.6.3 Microfilament Cross-linking Proteins.
Actin filaments can be cross-linked to form, at the two extremes, either bundles or
networks. Bundles can be sub-divided into two groups depending on the separation of
filaments. 'Tight' bundles are observed in membrane projections such as microvilli,
microspikes, filopodia and lamellipodia, with the barbed end orientated proximal to the
membrane (59). Fimbrin, a 6 8 kDa filament bundling protein, with two potential actin binding
sites, is present in the microvilli and focal adhesions of a variety of mammalian cells (60). It
is not clear how fimbrin cross-linking activity is regulated but the cytoskeletal-bound fimbrin
of adherent macrophages is preferentially phosphorylated compared to soluble fimbrin (61)
L-plastin, a leukocyte specific homologue, is phosphorylated in response to stimulation by
interleukin-1 and phorbol-esters (55). Fimbrin and L-plastin also contain EF-hand Ca^^binding domains which probably mediate the inhibition of L-plastin bundling activity at pM
Ca^^ concentrations (62). A yeast homologue of fimbrin, ABP-67, which is encoded by the
SAC6 gene, has also been identified. Mutant alleles of SAC6 result in abnormal actin
organization whilst double mutants of SAC6 and either the actin binding protein Abplp or the
filament capping proteins CAP lor CAP2 are either lethal or result in reduced growth rates
(63).
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A 55 kDa protein with filament bundling activity has been identified as a component
of actin bundles within microvilli and microspikes of cultured ^ m a m m a lia n c e iis ( 64) I. Peptide
sequence analysis indicate similarities with fascin, an actin-bundling protein found in
unfertilized sea urchin eggs, sperm acrosomal processes, coelomocyte filopodia and
mammalian brain (65). Fascin cDNA sequence is also similar to the Drosophila singed gene
product, mutants of which are characterised by twisted bristles, which lack organized actin
bundles present in wild type flies and female sterility (6 6 ).
Villin, the actin severing and capping protein, also bundles filaments at Ca^^
concentrations lower than pM. Cells transfected with villin cDNA develop microvilli that
contain actin bundles, similar to the brush border membranes of epithelia where villin is
expressed. The carboxyl-terminus, which confers bundling activity, is required for microvilli
formation (67). Inhibition of microvilli formation but not actin bundling by cytochalasin D
suggests that microvilli formation requires other factors, which probably link microfilaments
to the plasma membrane (6 8 ).
An erythrocyte membrane skeleton protein, dematin (Band 4.9), contains an actinbinding domain with sequence similarity to the carboxyl-terminus of villin. Although dematin
appears to contain only one actin-binding site it probably cross-links actin by forming trimers.
Interestingly, dematin transcripts are present in other tissues (with the exception of epithelial
tissues which express villin) although its function in these tissues is unknown (69). Dematin
actin-bundling activity is abolished by phosphorylation with cAMP-dependent protein kinase
suggesting a role in regulated microfilament reorganization (70).
A 30 kDa (actual molecular mass 34 kDa) actin-bundling protein from Dictyostelium,
which contains two EF-hand Ca^^-binding domains, has been implicated with phagocytosis.
Micro-injection of antibodies that interfere with actin-30kDa protein interactions inhibits its
localization to filopodia and phagocytic cups and phagocytosis (71).
The second type of bundle, which includes stress fibres and the contractile ring, are
characterized structurally by larger filament separations and functionally by energy-dependent
contraction. Proteins that have been shown to co-localize with stress fibres include myosin,
tropomyosin, myosin light chain kinase and the filament bundling proteins a-actinin, fimbrin
and the 55 kDa fascin homologue (59, 72). a-actinin, which is present in both cellular actin
bundles and networks, induces both actin bundle and isotropic gel formation in vitro (73). The
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bundling activity of some non-muscle a-actinins is thought to be regulated by Ca^^, due to the
presence of a Ca^^-binding, EF-hand motif, whereas a-actinin isolated from macrophages is
Ca^^'-insensitive (55). Introduction of point mutations into one of two EF-hand motifs of a
Dictyostelium a-actinin abolishes actin bundling activity (74). The importance of a-actinin
in maintaining microfilament organization is unclear as genetic deletion of a-actinin in non
muscle cells does not significantly alter the cell phenotype whereas micro-injection of aactinin peptide fragments or expression of a-actinin protein with a truncated carboxyl-terminal
induces disruption of stress fibres and focal contacts.
Myosins form a large family of actin-based motor proteins with an ATPase activity
that is stimulated by actin filaments. Myosin isolated from skeletal muscle consist of two
identical heavy chains, which form the rod-like myosin tail (a coiled coil of two a helices) and
two globular heads which each associate with two distinct myosin light chains. Hydrolysis of
ATP by the globular myosin heads is accompanied by a series of conformational changes that
translocate myosin towards the barbed end of the microfilament. The tail regions of non
muscle myosins associate lengthways, generating bipolar myosin filaments, when the light
chains are phosphorylated by myosin light chain kinase. Bipolar assemblies of myosin are
therefore able to produce a sliding of actin filaments in opposite orientations. Myosins are
thought to mediate the contractile nature of stress fibres and contractile rings. Micro-injection
of anti-myosin antibodies into sea urchin eggs induces inhibition of cytoplasmic division
without affecting nuclear division (75).
Actin-binding protein (ABP) (filamin), a 280 kDa protein originally purified from
smooth muscle and macrophages, forms homodimers of rod-like subunits with actin crosslinking activity. ABP cross-links filaments at wide angles, forming gels similar to actin
networks found within lamellipodia of motile cells (10). ABP appears to be essential for
maintaining normal cell morphology: human malignant melanomas that lack ABP contain no
actin bundles and do not form lamellae, but instead produce small spherical protrusions or
"blebs' on the plasma membrane. Transfection of these cells with ABP reduces 'bleb' formation
and increases cell motility and spreading (18). A related protein in Dictyostelium, ABP 120,
also promotes actin filament network formation. Deletion of ABP 120 decreases the rate,
frequency and extent of pseudopodia formation in response to cAMP stimulation (76).
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1.6.4 Membrane- Cytoskeleton Interactions.
In addition to controlling actin polymerization and filament organization a number of
microfilament-associated proteins mediate the linkage of microfilaments to the plasma
membrane. These proteins are also potentially important for the regulation of actin
polymerization, stabilization and spacial organization, as well as regulating the activities of
membrane proteins. Certain structures that mediate cytoskeleton-membrane interactions,
which are relatively well defined, are discussed below. Other structures, such as those that
mediate cell adherence at the leading edge of migratory cells, are less well defined but may
also contain proteins that are localised within well defined structures.

1.6.4.1 Erythrocyte membrane-skeleton.
The erythrocyte is a useful system for examining membrane-cytoskeleton interactions
due to its homogenous membrane and filament structure. The elasticity of the erythrocyte cell
membrane is attributed to an underlying meshwork of actin and spectrin. Spectrin, a
heterodimer of a (240 kDa) and p (220 kDa) subunits, which align in an antiparallel
orientation, forms a 100 nm flexible rod. Dimers further associate end-to-end, forming
tetramers (the form commonly found in erythrocytes) and higher oligomers with the actinbinding sites close to the ends of the tetramer. The actin-spectrin meshwork is attached to the
plasma-membrane via two additional proteins that bind integral membrane proteins. Ankyrin
binds to the middle of the p-subunits of a spectrin tetramer and the integral membrane protein
band 3 (an anion exchanger) whilst band 4.1 binds the ends of spectrin and the trans
membrane proteins band 3 and glycophorin C (13).
Other proteins which are necessary for the stability of the cytoskeleton-membrane
interaction include adducin, a calmodulin-associated protein, which enhances interactions
between spectrin and actin whilst pallidin (band 4.2), an abundant 72 kDa protein, associates
with the cytoplasmic domain of band 3, binds to ankyrin in vitro and may also associate with
band 4.1 and spectrin (77). Spectrin, ankyrin, band 3, band 4.1 and band 4.2 are important for
erythrocyte function since deficiencies or defects with these proteins are associated with
fragile, abnormally shaped erythrocytes and anaemia (13).
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1.6.4.2 Protein Families Related to Proteins of the Erythrocyte MembraneSkeleton.
An expanding number of proteins that are closely related to spectrin, ankyrin, band 3,
adducin, band 4.1 and band 4.2 are candidates for mediating the linkeage of microfilaments
to the plasma membrane in other cell types. Members of the ankyrin and non-erythrocyte
spectrin (fodrin) families are concentrated at specialized membrane domains such as postsynaptic densities, neuromuscular junctions and nodes of Ranvier. Ankyrin is associated with
other integral membrane proteins, including the voltage-gated Na^ channel and a 205 kDa
glycoprotein in the brain, the Na\ K^-ATPase in the kidney, CD44 (a receptor for hyaluronan)
in lymphocytes and a 116 kDa, CD44-like, protein in endothelial cells (13).
A family of proteins contain amino-terminal domains with sequence similarity to band
4.1. This group includes talin, ezrin, radixin, moesin, merlin/schwannomin (the product of a
candidate gene that is a candidate for the neurofibromatosis 2 tumor suppressor (78, 79)) and
the protein tyrosine phosphatases FTP HI and PTP-MEG. The presence of protein tyrosine
phosphatase domains within the carboxyl-termini of FTP HI and PTP-MEG suggest they have
a role in regulating cytoskeletal organization (80, 81).
Ezrin, radixin and moesin constitute a more closely related sub-family having similarity
over their entire protein sequence (82), which are of special interest due to their presence in
dynamic membrane structures such as lamellipodia, microvilli and membrane ruffles and to
adherens junctions (sites of cell/cell interactions mediated by cadherins) (83). Moesin is also
localized within developing neural growth cone filopodia (84). Over-expression of the
carboxyl-terminal domain of ezrin (containing 34 amino acids which are sufficient for actinbinding activity) in Sf9 insect and Chinese Hamster Ovary (CHO) cells is sufficient for the
formation of peripheral actin microspikes and lamellipodia (85,
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). Ezrin-induced microspike

and lamellipodia formation is inhibited by co-expression with the amino-terminal 115 residues
suggesting they have negative regulatory activity (87).
Radixin and ezrin are both substrates of tyrosine kinases in vivo. The phosphorylation
of ezrin correlates with membrane ruffling and microvilli formation by A431 cells which have
been stimulated with epidermal growth factor (8 8 ). Two major sites of ezrin tyrosine
phosphorylation have been mapped to Tyr 146, (which is conserved in radixin, moesin, FTP
MEG and FTP HI) and Tyr 354 (89). In addition, cAMP-induced serine phosphorylation of
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ezrin correlates with its translocation to the apical membrane of acid-secreting gastric parietal
cells, concomitant with microvilli formation (90). Interestingly microtubules are thought to
be important for the localization of a neuronal ezrin-related protein, since depolymerization
of microtubules induces its redistribution (91).

1.6.4.3 Focal Adhesions.
Focal adhesions are discrete regions of the plasma membrane, appearing as dark
regions with interference reflection microscopy, that mediate cell attachment to the substratum
and are sites of stress fibre attachment. The link between the extracellular substratum with
intracellular protein complexes is mediated by integrins, heterodimeric transmembrane
glycoproteins. The integrin superfamily is composed of at least eight p-subunits and fifteen
a-subunits which associate in different combinations, forming receptors with different ligand
binding specificities (92). The most widely studied integrin, «gP^, which binds the extracellular
matrix protein fibronectin, probably binds to cytoskeletal proteins through the P ^ cytoplasmic
domain, as chimeric receptors containing this domain are located at focal contacts (93).
Ligand binding to the «jpi dimer induces receptor clustering, presumably as a result of
protein conformational changes. Focal contact formation in quiescent fibroblasts is also
induced by PDGF, lysophosphatidic acid (LPA), and neuropeptides.
Cytoskeletal protein organization at focal contacts appears complex with several
protein-protein interactions being characterised in vitro. The integrin p^-subunit binds both
the cytoskeletal proteins talin and a-actinin. Talin, which binds and nucleates actin filament
polymerization directly, can also bind vinculin, which in turn can bind the carboxyl-terminus
of the microfilament bundling protein a-actinin. a-actinin, vinculin and talin may also bind
acidic phospholipids directly. Paxillin, which is phosphorylated on tyrosine residues in
response to growth factors and engagement of integrins, binds directly to vinculin, zyxin binds
the amino-terminus of actinin, whilst tensin (which contains a src homology 2 (SH2) domain)
caps the barbed end of filaments and may also bind vinculin (94). The actin-binding proteins,
tenuin, vasodilator-stimulated phosphoprotein (VASP) and at least one member of the ezrin,
radixin, moesin family have also been localized to focal contacts (13).
Several tyrosine kinases also localize to focal contacts, may regulate focal contact
assembly and mediate activation of signal transduction pathways. The focal adhesion kinase
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ppl25^^, which binds paxillin and talin directly in vitro (95), is phosphorylated and activated
during PDGF, LPA, bombesin stimulation of quiescent fibroblasts or integrin interactions with
the extra-cellular matrix (96). Tyrosine phosphorylated paxillin also binds proteins which
contain SH2 domains (Section 1.15), including tyrosine kinases src and csk (carboxyl-terminal
src kinase, which phosphorylates and negatively regulates src) and the adapter protein crk.
Phosphorylation of paxillin is therefore thought to be critical in the formation of protein
complexes that are associated with cell growth (97). The role of ppl25^^ in regulating focal
adhesion formation is unclear as cells from FAK-deficient mice contain increased numbers of
focal adhesions, normal or enhanced levels of vinculin, talin, paxillin, tensin and a-actinin
phosphorylation but have decreased rates of cell migration (98). However, structures that are
associated with cell adherence appear to be important for cell motility since the reduction of
vinculin in PC 12 cells with antisense DNA reduces neurite extension outgrowth by PC 12 cells.
Down-regulation of vinculin is also associated with reduced filopodia and lamellipodia
stability, although the rates of their formation are not significantly affected (99).

1.6.4.4 Cell-Cell Interactions.
Cell-cell interactions are mediated by several families of receptors, the immunoglobulin
family, cadherins and carbohydrate-binding proteins, the selectins. The immunoglobulin family
of adhesion molecules, which includes the neural cell adhesion proteins N-CAM and LI,
mediate homophilic, calcium-independent interactions but may also bind in a heterophilic
manner. Although little is known about the interaction between adhesion proteins of the
immunoglobulin family and the cytoskeleton, cytoskeletal organization is regulated through
activation of surface receptors binding to adhesion proteins, transmiting signals to the cell
interior (32, 100).
Cadherins are a family of at least
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glycoproteins which mediate Ca^^-dependent

homophilic adhesion. Within epithelial cells cadherin molecules accumulate, forming
continuous adhesion belts around the interacting cells. When detergent solubilized cadherin
proteins are immunoprecipitated three proteins, a (102 kDa), p

( 8 8

kDa) and y (80 kDa)

catenins, are also precipitated, a-catenin, which is similar to vinculin, contains a domain that
mediates oligomerization and may mediate cadherin clustering and attachment with the
underlying actin cytoskeleton via a-actinin. Radixin, zyxin, tenuin and a 220 kDa globular
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protein also associate with adherens junctions. The 220 kDa protein binds a-spectrin which
may indicate that cadherins interact with the actin cytoskeleton by an alternative mechanism.
The assembly and disassembly of adherens junctions appears to be regulated by tyrosine and
serine threonine kinases. Transformation with the Rous sarcoma virus or inhibition of
phosphotyrosine phosphatases induces junction disassembly whilst reduction of Ca^^
concentrations induces adherens junction disassembly in a serine/threonine kinase dependent
manner ( 1 0 1 ).

1.7 Microtubule Structure.
Microtubules are assembled from heterodimers of a and P-tubulin each of about 50
kDa. Vertebrate tubulin subunits are each encoded by at least 7 or
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genes, with greatest

variation at the carboxyl-terminus. A third subunit, y-tubulin, which has been recently
identified appears to be important for the initiation of microtubule polymerization since it is
specifically localized at the centrosomes (the site of microtubule nucléation) of many cells ().
Tubulin dimers polymerize forming protofilaments that associate forming 25 nm, hollow
cylinders, usually of 13 protofilaments (45). The kinetics of polymerization at the ends of
microtubules are different, with the faster growing plus end orientated distal fi'om the
centrosome in many cell types or towards the extremities of neuronal axons ( 1 0 2 ).
Tubulin heterodimers bind two molecules of guanine nucleotide at sites with differing
properties. The nucleotide bound to a site on the p subunit is readily exchangeable (E site),
whilst nucleotide bound to the second site, presumed to be on the a subunit, is non
exchangeable (N-site). Polymerization of tubulin is accompanied by the hydrolysis of GTP at
the E site. Although the amino-terminal sequences of both subunits have limited sequence
similarity with other GTPases, peptides identified by GTP-cross-linking experiments which
are thought to be in close proximity to the nucleotide are not present in other members of the
GTPase superfamily (103). In vitro, microtubules are highly dynamic, exhibiting either
persistent phases of elongation or rapid shortening, with infrequent transitions between the
two phases (rescue and catastrophe) (104). The kinetics of elongation and transition of tubulin
in cell extracts differ fi-om pure tubulin, indicating the presence of factors in cell extracts that
modulate microtubule polymerisation and stability (105). Microtubules also form a number
of organized structures in vivo, including radial arrangements, parallel arrays, the mitotic
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spindle and linear arrays present in axons, which require additional factors that regulate
microtubule organization.

1.7.1 Microtubule-Associated Proteins.
Microtubules are associated with binding proteins (MAPs) that have been observed
localizing at the microtubule cytoskeleton in vivo and/or co-purifying with microtubules
during repeated cycles of assembly. Major MAPs identified to date include the high
molecular mass MAPI A, IB and 1C, MAP2A and 2B (all 200-300 kDa) and the smaller
MAP2C (70 kDa), Tau (48-68 kDa) and MAP4. The physiological functions of most MAP's
are unknown but several promote tubulin polymerization in vitro (106). Tau and MAP2 have
also been shown to modulate the dynamic instability of microtubules by increasing the
elongation rate and frequency of rescue transitions whilst decreasing the rate of shortening
and frequency of catastrophe (107, 108).
MAP proteins also affect microtubule organization. Transfection of MAP2 or Tau
cDNAs into fibroblasts promotes microtubule re-organization into bundles, whilst MAP2,
MAP2C and Tau over-expression in Sf9 insect cells induces the formation of long processes
which contain microtubule bundles. The inter-microtubule spacing within bundles is MAPdependent. MAP2 produces inter-microtubule spacings o f-65 nm, whereas Tau or MAP2C
produce 20-30 nm spacings (109). These spacings correlate with the localization of MAPs
within neurons. MAP2A and 2B are localized predominantly in dendrites, which contain larger
inter-microtubular spacings, whereas Tau is localized to axons, which contain bundles with
smaller separations. MAPI A and IB are present in both dendrites and axons (110). Studies
with Tau- and MAP2-specific antisense oligonucleotides show that these proteins are essential
for neurite production in NB2a neuroblastomas and cerebellar macroneurons respectively
( 111, 112).

Many reports now indicate that MAP activity is modulated by phosphorylation.
Phosphorylation of MAP4 and MAP IB is cell cycle regulated, suggesting that
phosphorylation of MAPs regulates microtubule reorganisation during the cell cycle. A MAP
from Xenopus eggs, which binds microtubules during interphase, is phosphorylated during
mitosis, concomitant with its diffuse localization during this stage of the cell cycle. Okadaic
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acid, an inhibitor of phosphatases

1

and 2 A, induces the formation of short dynamic

microtubules in extracts of interphase sea urchin eggs, similar to those in mitotic cells,
suggesting that protein phosphorylation is important for microtubule reorganisation (113).
However, these studies do not demonstrate a causal relationship between phosphorylation of
MAPs and microtubule reorganization. Phosphorylation of MAP2 and MAP4 by mitogen
activated protein kinase, MAP2, MAP4 and Tau by protein kinase C and MAP4 by histone
HI kinase in vitro decreases microtubule-binding activity and stimulation of polymerization
(114). Phosphorylation of MAPs may also be important for patho-physiological processes.
The brains of patients with Alzheimer's disease often contain increased numbers of
neurofibrillary tangles. These tangles contain paired helical filaments that are composed almost
exclusively of abnormally phosphorylated Tau (115).
Two groups of microtubule motor proteins which hydrolyse nucleotides when bound
to microtubules and generate force or motion relative to the microtubule have been identified.
Cytoplasmic dyneins, such as MAP 1C, are associated with the movement of organelles
towards the minus end of microtubules and are thought to mediate fast retrograde vesicle
transport in axons and movement of organelles towards the centrosome. Kinesins which
consists of two large and two small subunits («zPz) &re thought to mediate the movement of
organelles towards the plus end of microtubules since they are located on the surface of
vesicles mediating antegrade movement in neural axons and on the endoplasmic reticulum of
cultured cells. Microtubule motors are also thought to mediate spindle pole position and
chromosome translocation along microtubules during the cell cycle. These proteins are
required for the localization of cellular organelles to particular cellular compartments.
Suppression of kinesin expression in hippocampal neurones results in the accumulation of
growth cone-associated proteins in the cell body and reduced neurite lengths (116).

1.8 Control of Cytoskeleton Organization.
As stated previously, cytoskeleton reorganization is a common response to many
extracellular and intracellular signals. During the yeast cell cycle the position of the bud site
is dependent on the position of the previous bud site, whether the cell is haploid or diploid and
whether it was a mother or daughter cell in the last cell division. Regulation of the cytoskeletal
architecture by extracellular factors is also important for regulating the polarisation of yeast
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cells during mating and mammalian cells during chemotaxis and during axonal pathfmding and
dendritic development by neurons. Association of signal transduction components with the
cytoskeleton may also modulate signals to the cell interior, regulating cell proliferation and
differentiation. As discussed above, many of the proteins that potentially regulate actin and
tubulin polymerization, stabilisation and organization are known to be modulated by
intracellular messengers, coupling extracellular signals to intracellular effects. The following
sections will describe some of the important signal transduction pathways that modulate
cytoskeletal architecture.

1.9 Control of Cytoskeletal Organization: 7 Transmembrane Receptor
Family.
Many extracellular signals affecting the cytoskeleton, including proteins, peptides and
small molecules, bind to trans-membrane receptor molecules on the surface of the cell. A
major receptor type is characterized by seven hydrophobic regions that potentially form
membrane-spanning a helices. These receptors couple to effector molecules via heterotrimeric
guanosine nucleotide-binding proteins (G-proteins).
Haploid cells of the yeast Saccharomyces cerevisiae respond to mating pheromones
produced by other cells of the opposite mating type by arresting in the G1 phase of the cell
cycle, altering surface protein distribution and forming a pear-shaped cell known as a 'shmoo'.
The mating type of the cells is controlled by a single genetic locus with two alleles. Cells with
the MATa allele secrete a-factor and respond to a-factor whilst cells with the MAT a allele
secrete a-factor and respond to a-factor. The a-factor and a-factor are peptides of 12 and 13
amino acids respectively which bind to receptors encoded by STE2 (a-factor receptor) and
STE3 (a-factor receptor) genes. The two receptors do not have significant sequence similarity
but both appear to contain seven hydrophobic regions. In addition, genes encoding proteins
with sequence similarity with heterotrimeric G-proteins, SCGl or GPAl (Ga), STE4 (GP)
and STE18 (Gy) are also involved or are required for the mating response (118, 119).
The slime mold Dictyostelium discoideum has also been widely used to study signal
transduction pathways controlling the cytoskeleton. When cells are stimulated by the
chemoattractants cAMP or folate the actin cytoskeleton rearranges within seconds, prior to
the polarisation of the cell and orientation in the chemoattractant gradients (120). Cloning and
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sequence analysis oï diDictyostelium cAMP receptor indicates the presence of seven putative
transmembrane helices, similar to other vertebrate G-protein coupled receptors. The receptor
appears to be essential for chemotaxis since strains transformed with anti-sense RNA for the
receptor are unable to aggregate ( 1 2 1 ).

1.10 Heterotrimeric G-proteins.
Ligand binding to receptors of the seven transmembrane family initiates a complex
series of events that are mediated by activation of heterotrimeric G proteins. G proteins
consist of 3 subunits: a (which binds guanosine nucleotide), p and y. Interaction of the
cytoplasmic domains of the receptor-ligand complex promotes dissociation of GTP/GDP from
the a subunit and its replacement. At normal cytosolic concentrations, GTP is more likely to
bind to the a subunit than is GDP. On binding GTP the a subunit dissociates from the Py
subunits allowing both G„ and Gp.^ to regulate effector proteins such as phosphodiesterases,
phospholipase Cp, adenylyl cyclases, phospholipase A2 , kinases and ion channels. The a
subunit posses intrinsic GTPase activity and will hydrolyse the terminal phosphate of GTP
to produce bound GDP and free phosphate. The a subunit bound to GDP has high affinity for
the py complex which therefore re-associate, inhibiting subunit interactions with effectors and
enhancing the complex binding to the receptor ( 1 2 2 ).
The specificity of the effector systems activated is determined by the types of a and
py subunits of the G protein. There are at least 2 1 distinct a subunits encoded by 17 genes
that have been divided according to sequence similarity into 4 major groups G,, Gj, Gq and
Gi2 - In addition, there are at least five p and six y subunits, producing 30 possible Py
combinations, although not all p and y subunits interact so the number of different pairs is
lower.
G proteins may be activated by more than one type of receptor, whilst conversely a
single receptor may activate more than one G-protein type . Activation of effector systems by
a subunits appears to be more specific. Reconstitution of Ga, into phospholipid vesicles with
effector proteins show that it stimulates adenylyl cyclase and voltage-gated Ca^^ channels from
skeletal muscle. Less is known about direct interactions of the
thought to inhibit adenylyl cyclase, activate

family although they are

channels and inhibit Ca^^ channels, whilst

transducins («j family members expressed in photoreceptors) activate cGMP-specific
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phosphodiesterase. Members of the
in phospholipid vesicles, whilst

« 1 2

family activate phospholipase Cp when reconstituted

regulates Na^/K^ exchange (123). In contrast, py dimers

activate effector systems, such as

channels, adenylyl cyclase, phospholipase Cp,

phospholipase Aj, phosphoinositide 3-kinase and p-adrenergic receptor kinase with little or
no specificity in vitro (124).
Evidence suggesting heterotrimeric G proteins mediate cytoskeletal changes has come
mostly from lower eukaryotes and from the use of cholera and pertussis toxins that ADPribosylate G proteins. Pheromone responses by the yeast Saccharomyces cerevisae are
blocked by null mutations in STE4 and STE18 genes. Protein sequence analysis indicate
similarities between the products of STE4 and STE18 and Gp and Gy respectively.
Constitutive activation of the mating response by the Ga homologue indicates that the a
subunit acts as a negative regulator of py dimer-mediated activation of signal transduction
pathways (?). Heterotrimeric G-proteins are also essential for chemotaxis of Dictyostelium
cells: fgdA mutants which lack G„2 , a G protein implicated in phospholipase C activation, are
unable to aggregate in response to cyclic AMP (cAMP) stimulation (125). The nonhydrolysable GTP analogues, GTPyS and GppNHp, mimic some cAMP-induced effects,
suggesting they are mediated by G proteins (126).

1.11 Adenylyl Cyclase.
Activation of G, results in the activation of adenylyl cyclase which catalyses the
conversion of ATP to cAMP. There are at least six isoforms of adenylyl cyclase that are
regulated differently by multiple regulatory molecules including calmodulin and the a subunit
of Gg or Gj alone or in combination with py subunits (124). The effects of cAMP are
mediated by two cAMP receptors, RI and RIl, which are regulatory subunits of cAMPdependent protein kinases (PKA). Binding of cAMP to the receptors promotes dissociation
of the regulatory subunits and activation of the catalytic subunit.
Stimulation of fibroblasts with agents that raise intracellular cAMP levels causes
cellular rounding and loss of stress fibres. Decreased phosphorylation of myosin P-light chain
and inactivation of myosin light chain kinase (MLCK), a calcium/calmodulin-dependent
serine/threonine kinase, accompanies the morphological changes. Phosphorylation of MLCK
by PKA interferes with Ca^Vcalmodulin activation of MLCK in vitro. Inhibition of MLCK
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activity is therefore a possible mechanism for mediating cAMP-induced de-phosphorylation
of myosin light chain. Micro-injection of anti-MLCK antibodies into fibroblasts results in the
disassembly of stress fibres but does not induce cell rounding, suggesting that MLCK
inhibition is not sufficient for cAMP-induced cell rounding. Injection of PKA into fibroblast
is also accompanied by increased phosphorylation of the intermediate filament vimentin and
the collapse and disassembly of intermediate filaments around the nucleus which may also be
required for cAMP-induced morphological changes. MLCK-mediated phosphorylation of
myosin light chains is concomitant with increased myosin ATPase activity, stimulation of actomyosin contraction and stress fibre formation. The authors therefore speculate that actomyosin-mediated contraction is required for the maintenance of stress fibres (127). The type
II regulatory subunit of PKA also binds MAP2 which is probably important for the
localization of PKA to microtubule-rich structures such as centrosomes and neuronal
dendrites (128).

1.12 Phophatidylinositol-Specific Phospholipase C.
Phosphatidylinositol-specific phospholipase C (PLC) hydrolyses phosphatidylinositol
(PI) to produce diacylglycerol (DAG) and either inositol 1-phosphate (IPJ, inositol-1,4-6/^

phosphate, (IP2 ), or inositol trisphosphates (IP3) from PI, Pl-phosphate (PIP) or PIbisphosphate (PIPj respectively. The inositol phosphates can then be further phosphorylated
by specific kinases to form IP4 and IP5 (129). The isomer inositol-1,4,5 -/r/ 5 phosphate binds
to tetrameric IP3 receptors spanning the endoplasmic reticular membrane, stimulating the
release of Ca^^ (130).
Several proteins with Ca^^-dependent PLC activity have been described and grouped
(a-e) depending on source, size and activity. cDNA's encoding three PLC isotypes (p, ô, and
y) have been

isolated which contain two conserved domains that are thought to be catalytic

(132).
Proteins from four PLCp cDNA's (1-4), characterised by large carboxyl-terminal
domains, are activated by the a subunits of the Gq class of heterotrimeric G-proteins. PLCP
isotypes 1-3 are also activated by Gp^ dimers independently. PLC activation by G„ or Gp^ is
isotype-dependent: Gp^ stimulates PLCp3 to the greatest extent and PLCp 1 least. Conversely
G„q/ii stimulates PLC pi more than PLCP3 (124). Activation of PLC by a pertussis toxin-
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sensitive pathway has also been detected in a limited number of tissues, suggesting that PLC
activation is mediated by Gj-like proteins in some situations, possibly by py dimers from
and Gj (122). Activation of PLC p by G„ appears to be regulated by a negative feedback
mechanism as PLC pi mediates stimulation of the G^q/^ GTPase activity in vitro (132).
The PLCy isoforms are larger than PLCPs, due to the presence of src homology 2
(SH2) and 3 (SH3) domains. The SH2 domains mediate binding to phosphorylated tyrosine
residues on activated tyrosine kinase receptors. PLCy is phosphorylated on tyrosine in
response to growth factors such as PDGF, stimulating hydrolysis of profilin bound
phosphatidylinositol lipids and profilin-mediated nucleotide exchange on actin.
Both DAG and inositol phosphates potentially regulate cytoskeletal organization.
Known DAG receptors, which includes the protein kinase C (PKC) family and the chimaerin
family of GTPase-activating proteins, potentially regulate microfilament and possibly
microtubule organization. Phorbol esters such as phorbol 12-myristate 13 acetate (PMA),
which interact with the DAG binding sites of PKCs and chimaerins, stimulate the formation
of membrane ruffles and microfilament networks by mammalian cells (248). MAP 2, MAP4
and Tau are also phosphorylated by PKC in vitro. Stimulation of Dictyostelium amoebae or
purified plasma membranes with membrane-permeant DAGs induces transient F-actin
production after a delay of 40 seconds, mimicking chemoattractant-induced actin
polymerization. Although it appears increased actin polymerization is due to increased
nucléation of polymerization it is unclear wether this is due to monomer activation or
monomer oligomerization. The intracellular receptor for DAG is unknown since
staurosporine, a potent inhibitor of PKC kinase activity, or PMA, an activator of PKC kinase
activity do not affect DAG stimulation of actin polymerization (133).

1.13 Regulation of Cytoskeletal Organization: Role of Ca^\
Ca^^ regulates the activity of many actin-associated proteins in vitro, including
severing, capping, cross-linking and motor proteins. Ca^^ is therefore a candidate second
messenger for mediating reorganization of the cytoskeleton. A variety of stimuli, including
electrical (134, 135), neurotransmitter (136) and adhesion proteins (32), modulate neurite
outgrowth in a manner which is dependent on the influx of extracellular Ca^^. Reduction of
external Ca^^ concentrations or addition of Ca^^ channel antagonists inhibits the effects on
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neurite outgrowth. Conversely, high levels of

such as those observed with G-protein-

mediated increases (137, 138) or transected neurites (139), promote neurite collapse and
inhibits neurite regeneration. Multiple transient increases of free Ca^^ are also observed in
stimulated neutrophils, concomitant with pseudopod formation and cell motility. However,
buffering of internal Ca^^ and low external Ca^^concentrations does not inhibit motility
suggesting increases of cellular Ca^^ levels are not required in this case (140).
Normal intracellular Ca^^ levels, at 100 nM, are much lower than the 2 mM
extracellular concentration. Low free intracellular Ca^^ levels are maintained by the transport
and sequestration of Ca^^ into the endoplasmic reticulum or the extracellular space. Ca^^ ions
are transported into the ER by a family of thapsigargin-sensitive Ca^^ pumps (SERCA), which
requires the hydrolysis of 1 or 2 molecules of ATP per Ca^^ ion. Within the ER Ca^^ ions are
then sequestered by proteins such as calsequestrin (141). Ca^^ transport into the extracellular
space is mediated by plasma membrane pumps (PMCA) that couple the transport of Ca^^ to
the hydrolysis of ATP or NaVCa^^ exchangers.
Release of Ca^^ in non-excitable cells is mediated mainly by IP3. At least four genes
encode receptors for IP3 receptors, all of which have sequence similarity. Receptor subunits
o f-310 kDa associate into homotetramers, forming relatively non-specific cationic pores that
span the ER membrane (142). Regulation of the pore is complex, with multiple IP3 binding
sites and low sensitivity to changes of IP3 concentration outside the 0.5 to 1 pM range. The
receptor is also sensitive to Ca^^ concentration and can be phosphorylated by PKA (143).
Depletion of intracellular stores may activate Ca^^ entry across the plasma membrane driven
by hyperpolarisation of the membrane potential, although the nature of the channel(s) or the
mechanism of its activation are not well understood.
In addition to the systems described above, excitable cells can also increase Ca^^ levels
by the entry of extracellular Ca^^ through voltage-dependent Ca^^ channels and
neurotransmitter gated ion channels, such as nicotinic acetylcholine and glutamate receptors.
Ca^^ entry is limited as the channel closes in a time-dependent manner. Extracellular Ca^^ entry
may also trigger Ca^^ release from intracellular stores, mediated by a family of transmembrane
proteins, ryanodine receptors, with have sequence similarity with IP3 receptors. The ryanodine
receptors, so called due to their ability to bind the plant alkaloid, form a non-selective cationic
channel composed of four subunits o f-560 kDa, which is gated by Ca^^ and possibly cADP-
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ribose (144).
Stimulation of neurite outgrowth by PCI 2 cells and cerebellar, hippocampal and dorsal
root ganglion neurons on layers of fibroblasts expressing neural cell adhesion molecules (NCAM) is mediated by Ca^^ influx through voltage-dependent N- and L-type Ca^^ channels.
N-CAM binding to the fibroblast growth factor (FGF) receptor tyrosine kinase appears to be
an essential step in neurite outgrowth since anti-FGF receptor antibodies and FGF receptorderived peptides inhibit neurite outgrowth. FGF also stimulates neurite outgrowth in a similar
fashion to N-CAM. Three other agents, arachidonic acid (AA), mehttin (a peptide isolated
from bee venom) and mastoparan (from wasp venom), mimic N-CAM-stimulated neurite
outgrowth. The phospholipase A2 (PLA2 ) inhibitor, 4-bromophenacyl bromide, inhibits the
effects of melittin and mastoparan, suggesting that both stimulate the production of AA.
However N-CAM-stimulated neurite outgrowth is not inhibited by 4-bromophenacyl bromide,
but is inhibited by DAG lipase inhibitors suggesting that AA production is required for Ca^^
but it is generated by an alternative mechanism during N-CAM stimulated neurite outgrowth.
The FGF receptor activates PLCy, producing DAG and IP3 from phosphatidylinositolphosphates. AA can subsequently be generated from DAG by the action of DAG lipase. The
action of AA is uncertain but direct activation of voltage-dependent Ca^^ channels has been
demonstrated in vitro (32).
The mechanism of Ca^^ mediated cytoskeletal changes is not known. Although
functions of several actin binding proteins are affected by Ca^^ directly in vitro, evidence
indicates that calmodulin, a multipurpose Ca^^ receptor with four high affinity Ca^^ binding
sites, is involved with neurite retraction, outgrowth and turning (145). Antagonists of
calmodulin prevent reduced neurite outgrowth in response to increased levels of intracellular
Ca^^ (146), whilst Drosophila embryos which express dominant inhibitory (negative)
calmodulin mutants exhibit stalled axon extensions and errors in axon guidance (147). Over
expression of a major calmodulin receptor, calmodulin-dependent protein kinase II, in
neuroblastoma cells increases neurite outgrowth (148), whilst inhibitors of the kinase activity
prevent neurotransmitter-induced neurite turning (136). Recently, voltage-dependent calcium
influx into rat pheochromocytoma, PC 12, cells was shown to induce extensive neurite
outgrowth. Calcium-induced neurite outgrowth was inhibited by dominant negative
(inhibitory) mutants of the oncogenes Src and Ras indicating that both are required for
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calcium signaling. Src and Ras are components of signal transduction pathways activated by
tyrosine kinase receptors, suggesting that calcium and tyrosine kinase receptors activate
common pathways (149).

1.14 Protein Kinase C.
Protein kinase C's (PKC) are a major family of DAG-activated, calcium-dependent
protein kinases that regulate diverse intracellular signalling pathways, including the control
of the cytoskeleton. There are at least seven mammalian genes (ct-r|), encoding at least nine
proteins. Structurally, the proteins contain four domains, C1-C4, with known functions. Cl
region contains a cysteine rich domain with a repeated CX2 CX1 3 CX2 CX7 CX7 C motif (except
e ' and ^ which contain only one motif) which is responsible for coordinating Zn^^. Each of
the two motifs is responsible for binding DAG or biologically active phorbol esters in a
phospholipid-dependent manner. The C2 region, present only in the a, p and y isoforms, is
responsible for the Ca^ - and possibly the phospholipid-dependence of the kinase activity and
phorbol ester binding. The C3 region, which contains the ATP-binding consensus sequence
GXGXjG-K, and the highly conserved C4 region form the kinase domain of the protein. The
mechanism of activation appears to involve a D AG-induced conformational change removing
an amino-terminal pseudosubstrate sequence, RFARKGALRQKNV, from the active site.
Association with DAG also stabilizes PKC association with the membrane.
The myristoylated alanine-rich C kinase substrate (MARCKS) is a ubiquitous substrate
of PKC that has been implicated in a wide range of cellular responses. MARCKS is implicated
in anchoring the actin cytoskeleton to the plasma membrane since it binds phospholipids and
cross-links actin filaments in vitro. Membrane binding activity of MARCKS is dependent on
N-myiistoylation, via an amide linkage, of the a-amino group of an amino-terminal glycine.
The actin binding activity is regulated by PKC and calmodulin in a complex manner. Whilst
phosphorylation of MARCKS prevents interaction with Ca^Vcalmodulin, Ca^Vcalmodulin
inhibits PKC-dependent phosphorylation of MARCKS. Both phosphorylation and
Ca^Vcalmodulin binding inhibit the actin cross-linking activity of MARCKS, although it
remains bound to actin. Stimulation of neutrophils with f-Met-Leu-Phe is accompanied by a
transient phosphorylation of MARCKS and its release from the plasma membrane. After -40
seconds dephosphorylation is accompanied with the reassociation of MARCKS with the
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membrane. Within macrophages the protein is targeted to punctate substrate-adherent
structures (co-localizing with vinculin and talin), pseudopodia and filopodia, suggesting a
function in these structures. Activation of macrophages with phorbol esters induces cell
rounding and loss of filopodia which is concomitant with the phosphorylation and
translocation of MARCKS from the membrane to the cytosol, where it remains associated
with actin filaments (48). Interestingly, a-PKC (but not other isoforms) co-localizes with the
focal contact-associated protein talin in normal, but not transformed, fibroblasts suggesting
a possible role in the regulation of focal contact assembly (150).
GAP-43, a protein that is expressed at high levels in the growth cones of neurones
during axonal elongation, is a substrate for PKC, and also interacts with calmodulin and the
heterotrimeric G-protein, G^. The fianction of GAP-43 is unclear. In growth cones a
proportion is associated with the actin-rich cytoskeleton. Over-expression of GAP-43 in non
neuronal cells induces the formation of peripheral actin filaments. The morphological affects
of GAP-43 over-expression appear to be dependent on phosphorylation as a Ser4 2 to Asp
mutation, mimicking phosphorylation by PKC, induces extensive cell spreading and formation
of irregular membraneous extensions which contain GAP-43, whilst a non-phosphorylatable
mutant, Ala4 2 , prevents cell spreading (151). It has been suggested that GAP-43 has a role in
the regulation of cytoskeletal reorganisation during the extension of developing neurites.
Indeed introduction of anti-GAP-43 antibodies into neuroblatoma cells prevents neurite
outgrowth and evoked secretion in permeablized synaptosomes (152), whilst GAP-43
antisense treatment of primary neurons prevents the morphogenic activity of groAvth cones,
the accumulation of F-actin and resistance to myelin-induced retraction (153). However, a
mutant PC 12 cell line that lacks GAP-43 is able to produce neurites, indicating that GAP-43
is not an absolute requirement for neurite extension, possibly due to fimctionally redundant
proteins, such as CAP-23, which complements the loss of GAP-43 (154).
Other potential PKC substrates include the erythrocyte membrane-cytoskeleton
associated proteins band 4.1 and adducin. Phosphorylation of band 4.1 by either PKC or PKA
decreases band 4 . 1 binding to spectrin, whilst phosphorylation by PKC decreases band 4.1
binding to band 3. Adducin is also phosphorylated by both PKC and PKA. In epithelial cells
phorbol ester induced phosphorylation of adducin is concomitant with its redistribution from
cell-cell contacts.
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Caldesmon, a calmodulin, phospholipid and actin-binding protein, which inhibits actinstimulated myosin ATPase activity, is phosphorylated by PKC in vitro. Phosphorylation of
caldesmon decreased the actin binding activity, stimulating the acto-myosin interaction and
stress fibre contraction. MAP2, MAP4 and Tau are also phosphorylated by PKC in vitro,
decreasing tubulin binding activity and the stimulation of tubulin polymerization (150).

1.15 Tyrosine Kinases.
1.15.1 Integral Membrane.
In addition to longer term effects such as cell proliferation and differentiation,
stimulation of cultured fibroblasts with growth factors may result in rapid cytoskeletal
reorganization. Stimulation of serum-starved fibroblasts with PDGF, EGF or insulin induces
actin polymerization at the plasma membrane and subsequently stress fibre formation (155).
EGF stimulation of the human carcinoma A-431 cell line induces microvilli within 30 seconds
and membrane ruffles after 2-5 minutes (156). The most likely candidates for mediating the
morphological effects of these growth factors are surface receptors with tyrosine kinase
activity. The structure of protein tyrosine kinase receptors is typified by an extracellular
domain (with either immunoglobulin-like, fibronectin type Ill-like, EGF-like, or cysteine-rich
regions), a single transmembrane domain and an intracellular kinase domain (). Ligand binding
induces receptor dimerization, followed by receptor 'autophosphorylation', mediated mainly
by receptors within a dimer phosphorylating each other (157). Autophosphorylation sites
within a non-catalytic domain (between the membrane and catalytic domain), the kinase
domain (which in some cases increases the

of the kinase activity) and the carboxyl-

terminal domain serve as binding sites for proteins containing SH2 domains. SH2 domains
bind short peptide motifs bearing phosphotyrosine residues, the specificity of the interaction
being determined by residues surrounding the phosphotyrosine. SH2 domains can be divided
into two groups depending the mechanism of their interaction with phosphotyrosine. One
group binds to three residues immediately downstream of phosphotyrosines. The other group
forms an extended hydrophobic groove that interacts with at least five amino acids.
The phosphorylation sites of the p-PDGF receptor have been studied extensively, with
the protein containing at least ten phosphorylated tyrosine residues which interact with at least
eight different signal transduction molecules. In this case protein binding to the
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phosphotyrosine sites is highly specific. For instance, mutagenesis of Tyrio2 i to Phe abolishes
PLCyi binding without affecting interactions with other SH2-containing proteins. However,
this is not always the case as other phosphotyrosine sites bind multiple targets. Once bound
to tyrosine kinase receptors, signalling molecules are activated by a number of mechanisms
including tyrosine phosphorylation, as is the case with phospholipase Cy, induced
conformational change, as with phosphatidylinositide 3-kinase (PI 3-K), or translocation to
the plasma membrane, as with Ras (158).
Formation of receptor dimers allows diversity in the activation of different signalling
pathways. PDGF exists as two forms (A and B) which bind to the PDGF-receptor as dimers.
The PDGF-receptor also has two forms (a and P), with the a receptor containing different
autophosphorylation sites compared to the p form, suggesting they activate different
signalling pathways. AA PDGF dimers bind only a a PDGF receptors whilst BB PDGF binds
a a and a p and p p PDGF receptors. Cells stimulated with AA PDGF and BB PDGF respond
differently; BB dimer induces specific changes of the actin cytoskeleton and chemotaxis (157).
Many signalling molecules that contain SH2 domains also contain SH3 domains,
including Src, PLC-Yi, Pf 3-K, p i20 RasGAP, Grb2, Crk. SH3 domains are also found in
cytoskeletal proteins (including spectrin, myosin 1 and yeast-actin binding protein ABP-1) and
components of the neutrophil oxidase p47phox and p67phox. The domain forms hydrophobic
pockets which bind proline-rich peptides of approximately 10 amino acids. Binding specificity
is determined by non-proline residues in the ligand which interact with variable loops in the
SH3 domain (158). SH3 domains may be important for directing proteins to specific
subcellular localizations as the SH3 domains of PLC-y and Grb2 micro-injected into
fibroblasts are targeted to microfilaments and membrane ruffles respectively (159).
A third binding motif, the pleckstrin homology (PH) domain, is also found in signaling
proteins, including serine/threonine kinases, tyrosine kinases and their substrates,
phospholipase C isoforms, regulatory proteins of small molecular weight GTPases, the
GTPase dynamin and cytoskeletal proteins. The function of the domain is unclear but may
target the proteins to membranes as some groups have reported phosphatidylinositol-4,5 Pg
and other phospholipids binding to PH domains, whilst others have reported an association
with the Py subunits of heterotrimeric G proteins (158).
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1.15.2 Non-receptor Tyrosine Kinases.
A number of tyrosine kinase proteins are associated with the cytoskeleton. c-Src is
localized to focal contacts of fibroblasts and the along with the related kinase, Fyn, is enriched
in the growth cones of developing vertebrate neurons. Over-expression of a temperature
sensitive allele of v-Src (a constitutively active form isolated from the Rous sarcoma virus)
in chick embryo fibroblast induces reorganization of the cytoskeleton upon shifting to the
permissive temperature, which include membrane ruffling, disruption of focal contacts and cell
rounding and increased phosphorylation of ppl25^^, the fibronectin integrin receptor and
paxillin (160). In vitro phosphorylation of the fibronectin receptor reduces the affinity of the
receptor for the cytoplasmic protein talin and the extracellular protein fibronectin, a possible
mechanism for the morphological changes. Alternatively, the Src-induced morphological
changes may be mediated by activation of Ras (which is constitutively activated in Srctransformed cells due to tyrosine phosphorylation of She (Section 1.17.1.1), PLCy or PI 3-K
(161).
Neurite outgrowth by PC 12 cells is also induced by over-expression of Src, suggesting
that the kinase is involved in the development of neurones. However, mice which lack Src,
Yes and Abl (due to homologous recombination in embryonic stem cells), have no detectable
abnormalities in jhippocampal development or impairment of spacial learning and long term
potentiation. However, mutations of the related tyrosine kinase, Fyn, affect these processes
(162). Mutation of Fyn is accompanied by hypophosphorylation of ppl25™ , which is
distributed in the axons and dendrites of neurons, suggesting roles for the tyrosine kinases Fyn
and ppl25^^ in brain development and learning. Mutation of other members of the Src family
of kinases induces significant increases in the activity of other Src-related kinases. The authors
suggest that Src, Yes and Abl are also involved with brain development but that they may be
functionally redundant (163). Other studies, using tyrosine kinase inhibitors, have also
suggested a role for tyrosine kinases in neurite outgrowth. The length of neurites produced
by cerebellar neurons increases when cultured with the tyrosine kinase inhibitor herbimycin
A. The effect is inhibited by other tyrosine kinase inhibitors, suggesting that multiple tyrosine
kinases regulate neurite outgro^vth (164).
Src appears to be important for signal transduction pathways downstream of receptor
tyrosine kinases as dominant inhibitory, kinase-deficient mutants of Src inhibit EGF- and
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PDGF-induced mitogenesis. Blockage of PDGF-induced DNA synthesis is rescued by the
transcription factor Myc (but not Fos), suggesting that Src may mediate PDGF-induced
increased Myc expression, an essential step for entry into the cell cycle (165). Activation of
Src may occur by several mechanisms. Phosphorylation of c-Src at residue 527 by the tyrosine
kinase Csk inhibits Src kinase activity, possibly due to interactions between the
phosphotyrosine and the SH2 domain of Src. Dephosphorylation ofTyrg2 7 or competition with
other phosphotyrosine residues for the Src SH2 domain binding are two alternative
mechanisms for Src activation. An autophosphorylation site on the P-PDGF receptor forms
a high affinity binding site for the SFI2 domains of c-Src and the related kinases Fyn and Yes,
stimulating kinase activity.

Alternatively,

autophosphorylation of ppl25™

and

phosphorylation of paxillin in response to ligand binding to integrin receptors may recruit and
activate Src, Fyn and Csk to focal contacts via their SH2 domains. These interactions may be
required for mediating signals (from adherence structures) regulating entry into the cell cycle.
Cells derived from mice that lack Csk have changes to the cytoskeleton organization
and hyperphosphorylation of several cytoskeletal proteins, including tensin, ppl25^^, paxillin
and cortactin, an actin binding protein that is enriched in cortical structures such as membrane
ruffles and lamellipodia. Hyperphosphorylation of cortactin and tensin appears to be
dependent on Src, since they are not hyperphosphorylated in Src-deficient cells. In contrast,
ppl25^^ and paxillin hyperphosphorylation are only partly dependent on Src and Fyn (166).
Abl, a non-receptor tyrosine kinase with a large carboxyl-terminal domain, may
regulate actin organization more directly. c-Abl binds F- and G-actin via the carboxyl-terminal
domain and is capable of bundling microfilaments in vitro. However, Abl is enriched within
the nucleus, with only a proportion associated with the plasma membrane, focal contacts and
filamentous structures resembling stress fibres. Fusions between Abl and Bcr (the product of
the break point cluster region), resulting from reciprocal translocations between chromosomes
9 and 22, are associated with chronic myelogenous and acute lymphocytic leukaemias,
although over-expression of c-Abl results in cell-cycle blockage during the G^ phase, . The
function of the actin binding sequences are unclear since they are not required for Abl/Bcrinduced transformations (167).
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1.16 Phosphatidylinositol 3-Kinase.
Phosphatidylinositol 3-kinases (PI 3-K) catalyse the phosphorylation of PI, PI(4)P and
PI(4 , 5 )P2 at the D-3 position producing PI(3)P, PI(3 ,4 )P2 , and PI(3 ,4 ,5 )P3 , of which
PI(3,4,5)Pg is the major product within mammalian cells. The most widely studied PI 3-K is
composed of a heterodimer of an 85 kDa regulatory subunit and a 110 kDa catalytic subunit.
Two similar forms of the p85 subunit have been cloned (p85a and P) which possess an SH3
domain at the amino terminal, a domain with sequence homology to a family of GTPaseactivating proteins specific for the Rho family of small molecular weight GTPases and two
SH2 domains. Association of the p85 SH2 domains with phosphotyrosine residues (consensus
sequence YxxM) activates the catalytic function of the 110 kDa subunit. The phosphotyrosine
consensus sequence is found in several tyrosine kinases including the PDGF receptor, insulin
receptor substrate-1 and the Src family of tyrosine kinases suggesting that growth factor
stimulation of PI 3-K activity is via a direct association of the p85 regulatory unit with
phosphotyrosine containing kinases. Alternatively, the SH3 domain of Src may bind to a
proline rich region on p85 (168). PI 3-K stimulation by the py subunits of heterotrimeric G
proteins has also been described, suggesting the existence of other PI 3-Ks (169).
Wortmannin, a specific inhibitor of both phosphotyrosine- and Gpy-stimulated PI 3-K
activity, and a dominant inhibitory mutant of p85 have been used to investigate the role of PI
3-K in signalling events. Inhibition of PDGF-induced membrane ruffling with wortmannin
suggests that PI 3-K activation is required downstream of the PDGF receptor. Wortmannin
also blocks PDGF-induced membrane ruffling and nucleotide exchange of R a d (a small
molecular weight GTPase that mediates PDGF-induced membrane ruffling (Section
1.17.2.2)), but not Rad-induced membrane ruffling indicating that PDGF-induced R ad
activation is mediated by PI 3-K (170). Wortmannin also inhibits PDGF-stimulation of a
serine/threonine kinase, protein kinase B, which mediates PDGF-activation of p70 ribosomal
S6 -kinase. It is unclear at present whether R ad and protein kinase B are components of
common or distinct signal transduction pathways (171).

1.17 Small Molecular Weight GTPases.
Small molecular weight GTPases (p21) were first characterized as gene products of
transforming viruses such as Harvey and Kirsten sarcoma viruses (172). Since then a large
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number of structurally related proteins have been identified, which are characterized by size
(generally within the 20-29 kDa range) and the presence of GTP-binding sequence motifs.
Based on sequence similarities these proteins have been grouped into the Ras, Rho, Rab,
ADP-ribosylation factor (ARF) and Ran subfamilies, where proteins generally have at least
40% protein sequence identity within a group and about 30% identity between groups (173).
Functional similarities between members of subfamilies are also apparent. The Ras and Rho
families regulate a variety of signal transduction processes that are important for growth,
differentiation and cytoskeletal organization (178). The Rab and ARF families are involved
with regulating vesicle transport between membrane-bound cellular compartments (174)
whilst the Ran family is required for nuclear import of proteins required for mitosis, chromatin
structure, transcription and RNA processing (175).
As with the heterotrimeric GTPases, small molecular weight GTPases act as 'molecular
switches' that cycle between three conformational states: GTP-bound, which is commonly
known as the 'active' state; GDP-bound, which is also referred to as the 'inactive' state and a
transient 'empty' state that is an intermediate in the replacement in the bound guanine
nucleotide. Bound GTP is hydrolysed slowly, transforming the protein from the 'active' to the
'inactive' conformation. The GTP hydrolysis step is irreversible ensuring cycling between
'active' and 'inactive' stages is unidirectional. GTP hydrolysis is accelerated by GTPaseactivating proteins (GAPs), stimulating conversion from the 'active' to the 'inactive' state.
Transformation from the 'inactive' to the 'active' state, requiring the release of bound GDP and
replacement with another guanine nucleotide, is mediated by a second group of proteins
known as guanine-nucleotide-exchange factors (GEFs), also known as guanine-nucleotidereleasing proteins (GNRPs) or guanine-nucleotide-dissociation stimulators (GDSs). A third
group of proteins, guanine-nucleotide-dissociation inhibitors (GDIs), inhibit the dissociation
of bound guanine-nucleotide and inhibit GAP mediated stimulation of the GTPases. The
effector functions of GTPases are mediated by a further group of proteins which may include
some of the regulatory proteins (172).

1.17.1 Ras Family.
Of the small molecular weight GTPases the Ras sub-family is the most widely
investigated and most well understood due to the importance of Ras proteins in growth and
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differentiation. Mammalian cells express at least four Ras proteins of 21 kDa, encoded by HRas, N-Ras, K-RasA and K-RasB genes. Mutations of these genes are associated with cellular
transformation in vitro and tumourigenesis in vivo. In addition, micro-injection of H-Ras
initiates actin cytoskeletal reorganization resulting in membrane ruffling and pinocytosis (176).
Ras homologues have also been identified in a number of non-mammalian organisms that have
been used as systems to study Ras fiinction. These include budding yeast, where Ras is
essential for cell growth, fission yeast, which require Ras for conjugation and sporulation,
Caenorhahditis elegans and Drosophila, where Ras genes are required for normal cellular
development and differentiation (177), and Dictyostelium, where it is required for regulation
of chemotaxis (126). A number of mammalian proteins which have high sequence similarity
to the Ras genes are included in the Ras sub-family. These proteins include Rapl A (k-Rev 1),
IB, 2A, 2B, R-Ras, RalA, RalB and TC21. Expression of Rapl A reverses the phenotype of
Ras transformed cells, possibly by competing for Ras effector proteins. R-Ras, which is not
transforming, binds to Bcl-2, a protein that regulates cellular apoptosis. The functions of the
Ral and TC21 proteins are as yet unknown (178).
The 3-dimensional structure of Ras in its GTP-and GDP-bound forms have been
determined. The protein consists of 189 amino acids, forming a hydrophobic core of six p
strands connected by hydrophilic loops and a helices. The loops, which are of special interest
due to their localization on the protein surface, are important for conformational changes
associated with guanine nucleotide binding and GTP hydrolysis, and are presumably important
binding sites for regulatory and effector proteins. Several conserved motifs which occur in all
of the family members are important for guanine binding and hydrolysis. The GxxxxGK(SZT)
motif (residues 10-17 in Ras) forms a loop structure that is stabilized by interactions between
the side chain ofLySjg and the carbonyl groups at residues

1 0

and

1 1

. Lys^g interacts with the

a- and p-phosphate groups of the guanine nucleotide. Glycine at position 12 of Ras (which
is also glycine in many other small molecular weight GTPases) is also important for the
GTPase activity. Mutatgenesis of residue 12 to any residue other than glycine or proline
increases the transforming potential of the protein and decreases GTPase activity (179).
Conversely mutagenesis of Ser^y (which contributes to the coordination of a Mg^^ ion bound
to the guanine nucleotide) to asparagine blocks the growth promoting activity of cellular and
oncogenic Ras. The mechanism of Ras inhibition is not completely understood but is thought
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to involve competition for guanine nucleotide-dissociation stimulators which are unable to
activate Asn^y Ras due to its higher affinity for GDP than GTP (180).
A second region, residues 32-38, is also important for binding to the guanine
nucleotide. The region, which forms part of a loop and the following p-strand, is one of two
regions which have different conformations in crystal structures of GTP and GDP-bound Ras.
Thr^s appears to be important for the conformational change. Thr^^ binds to the Mg^^ ion
coordinated to the P- and y-phosphates of GTP, such that removal of the y-phosphate
disrupts hydrogen bonding between the hydroxyl group of Thr^g and Mg^^, changing the
orientation ofThr^g (181). Mutational analysis indicate that residues 31-38 are also important
for Ras-effector and Ras-GAP interactions (182).
The [D/N]TAG[Q/T/I][E/A] motif (residues 57-62 of Ras) is highly conserved in other
GTPases. Gln^^ is important for GTPase activity. One of two conformations it adopts in
crystals of GTP-bound Ras is predicted to activate a water molecule which displaces the yphosphate of GTP by nucleophilic attack. This model is supported by mutations of residue 61
which inhibit GTPase activity, although certain GTPases contain other amino acids at the
equivalent residue. In addition Aspg? coordinates the Mg^^ ion via a water molecule, whilst
Gly^o forms a hydrogen bond with the y-phosphate of GTP. Rotation of Gly^o during
hydrolysis of the y-phosphate probably triggers the conformational change in residues 60-76.
Mutational analysis indicates that an overlapping region (residues 59-65) is important for Ras
GAP interactions. Muta genesis of residues 61, 62 and 63 can increase the affinity of GAP
binding up to 50-fold (183)
Two other conserved motifs are also thought to be important for guanine nucleotide
binding. [NAT/I/C/L][K/Q]xD[L/M/C/I] is located at residues 116-120, at the end of the p5
strand and the beginning of loop 8 . The carboxy group of Aspn9 forms hydrogen bonds with
NH and NH2 groups on the guanine ring. Residues 116 and 117 stabilize the three nucleotide
binding loops, forming hydrogen bonds between them, and interact weakly with the guanine
ring. Mutations within this region increase nucleotide dissociation rates and may change
nucleotide specificity (184). The ExSA[K/L] motif (residues 143-147) appears not to bind
directly to the nucleotide but interacts with nucleotide-binding regions stabilizing their
conformation (181).
The carboxyl-terminal of Ras terminates in a CaaX motif, where a represents an

57

aliphatic residue and X is any amino acid. The cysteine residue of the Ras motif is
famesylated, the aaX residues removed by proteolysis and the carboxyl-terminal farnesylated
cysteine is carboxymethylated. Other Ras-related proteins terminate in CaaX, which are
geranylgeranylated, proteolysed and carboxymethylated, or XXC and CXC, which are
geranylgeranylated but only the CXC motif is carboxymethylated (185).

1.17.1.1 Activation of Ras.
Proteins that regulate and/or mediate Ras function are currently being investigated in
a number of model systems, including S. cerevisiae, Schizosaccharomyces pombe, D.
melanogaster, and C. elegans. The role of Ras has been extensively studied in the eye
development of Drosophila. The eye consist of 800 units or ommatidia, each of which
contains eight photoreceptor cells (R1-R8) which are distinguishable from each other, four
cone cells and eight accessory cells. Several genes required for the development of the R7
photoreceptor have been identified by screening for mutations that inhibit its development.
Sevenless (sev\ a receptor tyrosine kinase, localized on the surface of the R7 and other
precursor cells, is autophosphorylated and activated when bound to a ligand encoded by
Bride o f sevenless {boss), presented by R8 cells. Signalling by the sevenless kinase is inhibited
by mutations in the Rasl gene and also Son-of-sevenless (sos), which encodes a protein with
sequence similarity to Cdc25, a yeast GNRP. Interaction of the receptor tyrosine kinase, sev,
and the guanine nucleotide releasing protein, sos, is mediated by Downstream o f receptor
kinase {drk), a protein consisting of SH3-SH2-SH3 domains, which binds the kinase via an
SH2 domain and sos via the SH3 domain. Interactions between sev, sos and drk brings sos to
the plasma membrane where it induces the release of the guanine nucleotide bound to Ras
(186).
Similarly the Ras homolog let-60 is required for the development of the nematode C.
elegans. The most widely studied defects of animals carrying let-60 mutations involve either
the inhibition of vulval development, resulting in vulvaless phenotype, or increased vulval
development, resulting in a multivulval phenotype. The vulva is produced from six precursor
cells, three of which are induced to divide, generating vulval cells, whilst the remaining three
precursors form non-vulval epidermis. Activated Ras mutants induce vulval fates of precursor
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cells leading to a multivulval phenotype whereas inhibition of Ras function inhibits vulval
differentiation, resulting in a vulvaless phenotype.
Mutations of other genes have also been described that affect vulval development.
These genes that are thought to encode proteins that form part of the Ras-mediate signalling
pathway. The ligand that induces the generation of vulval cells is encoded by lin-3, a member
of the EGF/transforming growth factor-a (TGF-a) subfamily. Lin-3 is thought to activate a
receptor tyrosine kinase encoded by let-23. Dimerization and autophosphorylation of the let23 receptor is thought to induce receptor phosphotyrosine binding by sem-5, a homologue of
the Drosophila drk. The Ras guanine nucleotide exchange factor of C elegans has not been
characterized as yet but it is thought to be similar to sos as Drosophila drk and the human
homologue, Grb2, can rescue vulvaless sem-5 mutants (187).
It is thought that activation of mammalian Ras can occur by similar mechanisms.
Mammalian homologues of sos and drk/see-5 have been characterized and are thought to
mediate receptor tyrosine kinase activation of Ras in a similar manner to the schemes
described above. PDGF and EGF receptors also bind and phosphorylate other SH2-containing
proteins such as She and the tyrosine phosphatase Syp. Studies investigating the interactions
between these proteins and Grb2 in vitro and genetic data suggest that Grb2 also binds to
tyrosine kinase receptors indirectly via She and Syp. Alternative routes of Ras activation have
recently been described. LPA rapidly increases the amount of Ras-GTP in quiescent
fibroblasts (188) (a process which appears to be essential for the mitogenic effects of LPA as
a dominant negative Ras mutant inhibits DNA synthesis by LPA-treated fibroblasts (189)).
LPA is known to activate PLC through a pertussis-toxin-insensitive G-protein and inhibit
adenylyl cyclase via pertussis-toxin-sensitive G, Activation of Ras is also inhibited by pertussis
toxin, suggesting a requirement for Q, although Ras activation does not appear to involve
adenylyl cyclase since increased cAMP levels do not affect Ras activation. In addition to LPA,
Ras activation by thrombin receptors and transfected muscarinic M2 and « 2 -adrenoceptors in
Rat-1 cells also appears to require Gi (190). It is thought that Ras activation is mediated by
the p Y subunits of trimeric G-proteins since transfection of COS cells with a GTPase-deficient
mutant of G«i only weakly activates kinases downstream of Ras, whereas Py subunits
activate to a much greater extent, in a Ras-dependent manner (191). The mechanism of Ras
activation by py subunits is unknown, although it is thought to involve tyrosine kinase
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activities since Ras activation by LPA is affected by the tyrosine kinase inhibitors genistein and
staurosporine (192). Over-expression of Py dimers has recently been shown to activate
phosphorylation of She, which may then associate with Grb2 .
Activation of Ras-dependent signalling may also be mediated by intracellular Ca^^
increases, either from membrane depolarization and Ca^^ influx or inositol (1,4,5)
trisphosphate-mediated Ca^^ release from intracellular stores. A tyrosine kinase, PYK2, wich
has sequence similarity to FAK, is phosphorylated in response to increased intracellular Ca^^
levels or phorbol esters. Over-expression of PYK2, but not a kinase deficient mutant of
PYK2, in PC 12 cells increases tyrosine phosphorylation of She and Shc-Grb2 complex
formation. Grb2 also interacts with PYK2 directly in immunoprecipitates from PCI2 cell lines,
possibly via the SH2 domain of Grb2 and a YLNV motif of PYK2. Sos also interacts with
PYK2-Grb2 complexes, possibly resulting in the activation of Ras (193).
An alternative mechanism for Ca^^-dependent activation of Ras is mediated by a
neuronal-specific Ras exchange factor, Ras-GRF. The primary structure of Ras-GRF is quite
different fi’om Cdc25 and Sos but contains a 2 0 0 residue domain with three regions conserved
with Cdc25 and Sos. Point mutations of Cdc25 within two of the conserved regions inhibits
guanine nucleotide exchange, suggesting this region is required for catalytic activity (172).
Ras-GRF also contains an IQ motif which mediates binding to calmodulin or related Ca^^binding proteins. Transient expression of Ras-GRF or a mutant that is unable to bind
calmodulin increases basal Ras-GTP levels. Cells transfected with wild-type protein also
respond to stimulation with the Ca^^ ionophore, ionomycin, with higher Ras-GTP levels and
increased phosphorylation of a mitogen activated protein kinase, ERKl (Section 1.17.1.3)
(194) These mechanisms of Ras activation are now of particular interest as calcium-induced
neurite outgrowth of PC 12 cells is mediated by Src and Ras.
The sites on Ras that interact with exchange factors have not been well defined,
although mutations Ala^^ and Gly^^ of let-60 inhibit vulval development but do not affect the
multi-vulval phenotype of GTPase-deficient mutants. This suggests that these mutations
interfere with Ras-exchange factor interactions. Introduction of these mutations into the
dominant inhibitory mutant, Ras^^^, overcomes the protein's dominant inhibitory activity, again
suggesting that these amino acids are important for exchange factor interactions (195).
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1.17.1.2 Ras GTPase-activating proteins (GAPs).
Ligand-induced activation of Ras can be mediated by increased nucleotide exchange,
as suggested above, or decreased GTPase activity. Stimulated increases of the Ras-GTP/GDP
ratios in T-cells appears to be mediated by the inhibition of the GTPase activity rather than
increasing nucleotide exchange (196). Several mammalian Ras GAPs have been cloned,
including pl20GAP (197), neurofibromin (198), G A Pr (199) and GAPP'"®*’ (200).
pl20GAP is a 120 kDa cytosolic protein present in all mammalian cells. It stimulates
the intrinsic GTPase activity of wild type H-Ras, N-Ras, K-Ras and R-Ras and binds to Rap
proteins without GTPase stimulation. Sequence analysis reveals a GAP domain towards the
carboxyl-terminus, an amino terminal hydrophobic region, two SH2, one SH3 and one PH
domain and a region with sequence similarity with phospholipase A2 (172). pl20GAP binds
to receptor tyrosine kinases via the SH2 domains and is phosphorylated on tyrosine residues
in response to growth factors and in cells transformed with oncogenes such as v-Src, v-Fps
and v-Abl (201). In addition, pl20GAP binds two phospho-proteins, pl90 (Section 1.17.2.4)
and p62 via an SH2 domain (202).
For some time the function of GAP has been controversial. Initially pl20GAP was
thought to down-regulate Ras but it has also been suggested that it has effector functions
since Ras effector- and GAP-binding domains overlap. The latter model was supported when
Ras and pl20GAP were shown to uncouple signaling between atrial muscarinic (M2)
cholinergic receptors, a heterotrimeric G protein and

channels. The effects of Ras are

p 120GAP-dependent whilst the effects of pl20GAP are Ras-dependent suggesting that
inhibition of

channel opening requires a complex of both proteins. Deletion of the

pl20GAP GAP domain relieves the requirement for Ras. The authors suggested that Ras
induces a conformational change of pl20GAP allowing the SH2-SH3 domains to interact with
other components and uncouple the receptor and G-protein (203). In other systems GAPs
appear to act as Ras-GTP down-regulators. Deletion of IRAI and IRA2, two RasGAP
proteins of S. cerevisiae, or gapl in S. pombe results in increased Ras-GTP levels and the
production of phenotypes similar to those achieved with activated Ras (204). Similarly,
deletion of the Drosophila Gapl eliminates the need for a functional Sevenless receptor
during R7 cell development (205) whilst over-expression of pl20GAP inhibits transformation
by normal Ras suggesting GAP is acting as a down-regulator of Ras-GTP. In these cases the
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serine/threonine kinase Rafis a good candidate for the Ras effector protein, since it is required
for Ras-mediated activation of extracellular signal-regulated kinases (Section 1.17.1.3) and
it binds Ras directly (206, 207, 208). Raf has also been shown to stimulate the GTPase
activity of Ras in vitro suggesting that it down-regulates further activation. Over-expression
of the amino-terminal domain of p210 RasGAP is also associated with the potentiation of
microfilament reorganisation during the serum starvation of fibroblasts. These changes are
possibly mediated by p i90 (a GAP for the Rho family of GTPases, Section 1.17.2.5) which
binds to the non-catalytic domain of RasGAP (279).
Neurofibromin, the product of the gene responsible for the heritable disease
Neurofibromatosis type 1 (NFl) (which is characterized by abnormal pigmentation due to
melanocyte growth, abnormal growth of Schwann cells from peripheral nerves, learning
disabilities and increased risk of malignant tumours) consists of 2818 amino acids. A central
domain of 300 amino acids has sequence similarity with pl20GAP and IRAl/2. A splice
variant with a 21 amino acid insert has also been characterized. GAP activity towards H-Ras,
N-Ras, K-Ras and R-Ras has been demonstrated in vitro as has Rap binding. The GAP
activity is inhibited by direct interactions with tubulin in vitro although the significance of this
remains unclear (209). Cell-lines derived from NFl patients who do not express active
neurofibromin contain high levels of Ras-GTP which directly causes cell transformation (210).
However, suppression of cell transformation by neurofibromin may be independent of its GAP
activity since activated Ras fails to transform cells which over-express neurofibromin (211).
Gapl™ and Gapl°’'‘®*’ contain regions similar to the C2A and C2B sequences of
synaptotagamin II which are responsible for Ca^^- dependent and independent phospholipid
binding respectively and inositol (1,3,4,5)P^ binding. The RasGAP activity of Gapl™^, which
has been inhibited with liposomes, can be restored by the addition of inositol (1,3,4,5)P^. The
authors suggest these proteins may mediate modulation of Ras-dependent pathways by PLCand Ca^^-derived signals (199,

2 0 0

).

1.17.1.3 Effector Functions of Ras.
The effects of Ras over-expression or micro-injection include initiation of DNA
synthesis, stimulated transcription of certain genes and actin-based morphological changes.
Stimulation of DNA synthesis requires the activation of a mitogen-activated protein kinase
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(MAPK) cascade (consisting of a MAPK, a MAPK kinase (MAPKK) and a MAPKK kinase
(MAPKKK) (212) whilst morphological changes are thought to be mediated by an
independent pathway involving by the Ras-related proteins Racl and Rho (178).
The serine/threonine kinase Raf is an effector for Ras-GTP. R7 cell differentiation
during Drosophila eye development requires a c-Raf homologue (213), whilst reduction of
function mutations within the lin-45/Raf gene inhibit C.elegans vulval development (214). Raf
has also been shown to be required for Ras-dependent transformation of NIH3T3 cells and
nerve growth factor- (NGF) induced differentiation of PC 12 cells (215, 216). Direct
interaction between Ras and Raf has been demonstrated using the yeast two-hybrid system
(206) and purified proteins (207, 208). The Ras-Raf interaction is dependent on Ras being in
the 'active', GTP-bound, state and is affected by mutations within the Ras effector, consistent
with an effector function for Raf Raf recruitment to membranes appears to be important for
its activation as mutants of Raf with Ras CaaX motifs associate with the plasma membrane
independently of Ras and activate downstream kinase cascade (217). Following recruitment
of Raf to the plasma membrane it associates with an insoluble structure and becomes
activated. The mechanism of activation is unknown but is thought to involve an un-defined
kinase and proteins of the 14-3-3 family (name assigned according to migration during DEAEcellulose chromatography and starch-gel electrophoresis), which associate with Raf (218,
219). Raf activation is also inhibited independently of Ras-GTP by PKA, which
phosphorylates Raf-1 at Ser^^, (220). Activated Raf phosphorylates two serine residues in the
kinase domain of the MAP/ERK kinases, MEKl and MEK2, resulting in their activation
(158). Activated MEK in turn phosphorylates extracellular signal-regulated kinases, ERKl
and ERK2. Phosphorylation of both tyrosine and threonine residues within the TEY motif is
required for ERK activation (221). ERKl and ERK2 phosphorylate four other
serine/threonine kinases: Raf; MEK; p90'^^ (which is localized to the cytoplasm and the
nucleus and phosphorylates the transcription factors c-Fos, c-Jun and the transcription
response factor (220)) and MAP-activated protein kinase-2 (MAPKAP) (which
phosphorylates glycogen synthase and heat shock proteins Hsp25 and Hsp27 (223)). Other
ERK1/ERK2 substrates include the transcription factors Elk-1, c-Myc, c-Jun and c-Fos and
the cytoskeletal proteins MAP2 and Tau (224, 220).
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1.17.2 Rho family.
The Rho family of GTP-binding proteins are of particular interest . In a manner similar to
Ras, micro-injection of proteins from the Rho family stimulates rapid cytoskeletal
rearrangement. Micro-injection of dominant inhibitory (negative) Racl and Rho mutants
inhibit Ras-induced morphological changes suggesting these proteins are required for some
Ras effector functions. The group consists of proteins with 50-60% similarity with each other
and which are -30% similar to Ras amino acid sequences (178). The family is also typified by
a 12 amino acid insertion (at residue

1 2 2

of an aligned Ras sequence) (173). Rho was

originally isolated from a cDNA library of the mollusc Aplysia californica (225), since when
highly conserved sequences have been identified in several organisms including mammals
(RhoA, B, C), S. cerevisiae, (ScRho, 1,2,3 and 4), C elegans (RhoA) m é Dictyostelium
(128, 226). Screening of a differentiated HL-60 cell library with oligonucleotides based on
highly conserved Ras-related protein sequences resulted in the isolation of two highly
conserved proteins Racl and Rac2 which are 58% similar to human Rho proteins (227).
Several Rac proteins have also been isolated from Dictyostelium (Racl A, IB and 1C) (238),
Drosophila (DRacA and DRacB) (229) and C. elegans (CeRacl) (230). Another member of
the Rho family, Cdc42, was isolated as the product of a gene responsible for certain cell
division cycle mutants of S. cerevisiae that exhibited defective budding during the cell cycle
(231). Independently, a low molecular weight GTP-binding protein, G25K, was purified from
placenta, brain and platelets and two cDNAs (Cdc42Hs and G25K) isolated with the use of
degenerate oligonucleotides based on peptide sequences from the protein. Both cDNAs,
which encode products which differ at only 9 residues, complement the Cdc42 mutation in
yeast (232, 233). Other members include TCIO, which was isolated from a tetracarcinoma
cell line on the basis of sequence similarity (234), and RhoG, which was isolated as a seruminduced gene from hamster lung fibroblasts (235).

1.17.2.1 Rho Function.
Examinations of the cellular fonctions of Rho have most commonly used the C3 toxin
of Clostridium botulinum. The toxin, a 25 kDa protein, ADP-ribosylates Asp^^ of Rho which
leads to its inactivation (236, 237). Incubation of Vero cells with pg/ml concentrations of C3
exo enzyme selectively decreases the actin stress fibre content of cells and causes cellular
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rounding. In contrast, micro-injection of constitutively activated Rho (Rho°^"*^) into Swiss
3T3 cells rapidly stimulates actin stress fibre production, a process which is inhibited by pre
incubation of recombinant Rho protein with C3 exoenzyme and NAD. Rho thus appears to
be the major substrate for C3 exoenzyme and its inactivation by ADP-ribosylation is
responsible for microfilament disassembly.
Activated Rho appears to be important for the maintenance of actin stress fibres in
Swiss 3T3 cells and other cell types such as the MDCK epithelial cell line. The maintenance
of stress fibres is also dependent on extracellular factors present in serum, as removal of serum
fi*om cultures of Swiss 3T3 cells for 24 hours results in disassembly of the actin cytoskeleton.
Actin stress fibres and focal adhesions reform rapidly when Riio is introduced into the cell by
micro-injection or the cells are stimulated with serum or LPA. Stress fibre induction by LPA
is completely abolished by micro-injection of C3 exoenzyme into the cell indicating that a
Rho-mediated signaling pathway links LPA receptors to focal contacts and actin assembly
(238). Interestingly, Rho also appears to mediate LPA-induced cytoskeletal reorganization
in cells that do not contain stress fibres. LPA induces neurite retraction of serum-starved
neuroblastoma, N IE-115, cells, the neuroblastoma x glioma hybrid, NG108-15, and NGFtreated PC12 cells (239). Neurite retraction of N lE-115 cells is inhibited by pre-treating with
C3 toxin, indicating that the signal initiating neurite retraction is mediated by RJio. Cells
grown in the presence of serum are normally rounded, but flatten in the presence of C3 toxin.
The authors conclude that Rho stimulates acto-myosin contractility, which may also
contribute to Rho-mediated focal adhesion and stress fibre formation in fibroblasts (240).
Other evidence suggests that Rho may alter cell adherence in an actin cyto skeletonindependent manner. Lymphocyte aggregation mediated by the leukocyte integrin, LFA-1, is
inhibited by C3 transferase but not by cytochalasin, which inhibits actin polymerization (241).
Cytochalasin D also does not inhibit RLo-induced focal contact formation in 3T3 fibroblasts,
whereas staurosporine inhibits RJio-induced actin polymerization but not focal contact
formation. Rho therefore appears to have at least two distinct functions with regard to
cytoskeletal structure, focal contact formation and stimulation of actin polymerization (242).
In addition to its morphological effects, LPA stimulates transcription of inducible
genes such as c-Fos. The c-Fos promoter contains a sequence response element (SRE), also
found in many growth factor-regulated promoters, which binds to the transcription factor
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complexes, SRF (serum response factor) and TCF (ternary complex factor). The TCP, which
contains proteins with Ets domains such as Elk-1, SAP-1 and SAP-2, binds to an Ets
recognition motif adjoining the SRF-binding sequence. SRE activity is stimulated by the RasRaf-MEK-ERK1/ERK2 cascade which stimulates phosphorylation of the TCF complex.
Phosphorylated TCF then cooperates with the carboxyl-terminal domain of the SRF,
stimulating SRE-mediated transcription (243). Mutant SREs that do not bind the TCF are still
stimulated by LPA, suggesting LPA-induced transcriptional activation is mediated by an
alternative pathway. This pathway is not sensitive to pertussis toxin, and is therefore Gjindependent, but is sensitive to the expression of C3 transferase, indicating a role for Rho
activationt. Micro-injection of recombinant Rho protein is sufficient for SRE activation in a
TCF-independent manner (244).
How are the effects of Rho mediated? Tyrosine kinases have been implicated
downstream of Rho as the tyrosine kinase inhibitor genistein inhibits LPA-, bombesin- and
Rho-induced stress fibre formation, phosphoprotein clustering and ppl25™ phosphorylation
(245). Rho has also been reported to regulate phosphatidylinositol 4-phosphate 5-kinase,
whilst C3 exoenzyme inhibits LPA-induced stimulation of PI 3-K suggesting these enzymes
are downstream of Rho (246, 247). Phosphatidylinositol phosphates are known to inhibit the
activities of several actin binding proteins in vitro suggesting a possible mechanism for Rhomediated regulation of actin polymerization.

1.17.2.2 Rac Function.
Rac also mediates rapid changes in actin organization and gene transcription.
Stimulation of serum-starved Swiss 3T3 cells with growth factors or phorbol esters or micro
injection of Racl or Ras induces rapid actin polymerization at the plasma membrane,
lamellipodia formation, membrane ruffling and stimulates pinocytosis of Lucifer yellow. The
morphological effects of growth factors and phorbol esters appear to be mediated by Racl
since micro-injection of a dominant inhibitory Racl mutant (Rac^^^) inhibits growth factor-,
phorbol ester- and Ras-induced actin polymerization and membrane ruffling (248). GTPySinduced actin reorganization of permeabilized mast cells also appears to be mediated in part
by Racl, which appears to mediate 'trapping' of actin filaments, released from the cell cortex,
within the cell interior (249). Stud ies using Drosophila indicates that Rac participates in the
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development of several tissues. Flies transfected with dominant negative DRacA^^^ contain
morphological abnormalities, including defects in dorsal closure, due to epidermis cell shape
changes, germband retraction and head involution. Cell shape changes of the epidermis are
accompanied by disruption of localized actin and myosin accumulation (229). DRac mutants
also cause defects in the development of peripheral neuron axons, but do not affect dendritic
outgrowth (250).
Transfection of dominant inhibitory Racl into COS-7, HeLa and NIH3T3 cells blocks
stimulation of cytokine-, growth factor- or Ras-stimulation of the stress response kinase
cascade, which consists of MEKK (which phosphorylates MEK in vitro (251)), its putative
physiological target, SEK (a dual specific kinase), and c-Jun NH2 -terminal kinases 1 and 2
(JNKl and JNK2) (which are also known as the stress-activated protein kinases (SAPKs))
(252). MEKK phosphorylates and activates SEK, which in turn phosphorylates the threonine
and tyrosine residues of the TPY motif of JNK/SAPKs. Activated JNK/SAPKs phosphorylate
serine residues 63 and 73 of c-Jun, which is associated with the dimerization of c-Jun and
activation of AP-1 gene regulatory activity. The activation of the MEKK-»SEK^JNK/SAPK
kinase cascade is poorly understood, although there appears to be at least two distinct
pathways. EGF-mediated stimulation of the cascade is Ras-dependent, whereas stimulation
of the cascade by anisomycin-mediated inhibition of protein synthesis is Ras-independent.
EGF- and TNFa-mediated activation of JNKs appears to require Racl and Cdc42 activation
since dominant inhibitory mutants of Racl and Cdc42 block JNK phosphorylation and
activation, whereas anisomysin-induced activation appears to be independent of Racl and
Cdc42 (253, 254). Racl and Cdc42 stimulation of the kinase cascade is thought to be
mediated by a serine/threonine kinase of the PAK family, which have homology to Ste20 (a
yeast MAPKKK kinase) which binds and is activated by Rac and Cdc42 (Section 1.17.2.8)
(304). Transfection of

NIH3T3 cells with GTPase-deficient Racl also potentiates

transcription initiation at the SRE by activation of SRF. The mechanism at present is
umknown but does not require Rho and PI-3 kinase (244).
A specialized function of Rac has been examined in phagocytes where it is required
for activation of NADPH oxidase-mediated superoxide generation. Activation of the enzyme
in response to microbial infection is dependent on the formation of a complex consisting of
membrane bound cytochrome b^^g (gp91-phox and p2 1 -phox) and the cytosolic components
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p67-phox, p47-phox and Racl or Rac2 (255, 256). The essential role of Rac in the activation
of the NADPH oxidase has been demonstrated by the inhibition of superoxide production
when lymphocytes are pretreated with Rac antisense DNA (257). Phagocytosis, a process
requiring the rearrangement of the actin cytoskeleton, and NADPH oxidase activation appear
to be co-ordinated, suggesting that Rac may mediate regulation of both phagocytosis and
oxidase activation although this has not been tested.
The mechanism of Rac-induced actin polymerization and membrane ruffling is not well
understood. Several actin binding proteins have been observed at membrane ruffles including
ABP-280, a-actinin, caldesmon, cortactin, fimbrin, fodrin, myosin, profilin, talin and
tropomyosin (258). Vinculin, paxillin, ppl25^^ and phosphotyrosine-containing complexes
have been observed at the edges of PDGF- and Racl-induced lamellipodium (242). Some
proteins of signal transduction pathways are also enriched in membrane ruffles, including
Grb2, Ras, phospholipase A2 and the heat shock protein 27 (HSP27). HSP27 is of particular
interest as it is phosphorylated on serine residues after stimulation by growth factors. It also
stimulates membrane ruffling and pinocytosis in a phosphorylation dependent manner when
over-expressed in fibroblasts (259).

1.17.2.3 Cdc42 Function.
Cdc42 was first characterized in mutants of Saccharomyces cerevisiae that displayed
defective budding and cell polarization during the cell cycle. Cells with defective Cdc42,
which do not undergo polarized actin and protein re-distribution, arrest as large un-budded
cells at the restrictive temperature, although DNA replication still occurs (231). Cdc42 is also
required for the morphological changes induced by yeast pheromones (8 , 9). Analysis of yeast
mutants has allowed the identification of several proteins required for the mating response.
Two transmembrane receptors STE2 and STE3 and homologues of the Py subunits of
heterotrimeric G-proteins, STE4 and STE18, are required for initiation of the pheromone
response pathway. Cdc42 and Cdc24 (a possible nucleotide exchange factor) are also required
for the activation of the pathway, although it is not known how they are activated. Cdc42
binds and activates the MAPKKK kinase STE20 in vitro. Analysis of yeast mutants with
defective pheromone respones indicate that STE20 is required for the activation of the
MAPKKK, STEl 1, which is required for the activation of the MAPKK, STE7, which in turn
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is required for the activation of the MAPK, FUS3/KSS1. Mutations within the STE5 gene
indicate that this protein is also essential for the pheromone response. Its function is unclear
but analysis of protein-protein interactions using the yeast two hybrid system suggest that it
associates with STEl 1, STE7 and FUS3/KSS1 (260, 261).
Cdc42Hs also mediates reorganization of the cytoskeleton in mammalian cells. Wildtype and GTPase-deficient Cdc42Hs induce the formation of peripheral actin microspikes, as
a result of cell retraction and filopodia formation (262, 242). Bradykinin-induced microspike
formation is also inhibited by a dominant inhibitory Cdc42 mutant, but not by dominant
inhibitory Racl (262). The mechanism of Cdc42Hs-induced filopodia formation is not known
although vinculin, paxillin, phospho-tyrosine-containing proteins and possibly ppl25^^ are
enriched at the tips of the filopodia (242, 263).
As in the case of Racl, dominant inhibitory Cdc42Hs blocks JNK/SAPK activation
(253, 254) and a GTPase-deficient Cdc42Hs also stimulates SRE mediated transcription by
activation of the SRF (244).

1.17.2.4 Rho Family: Exchange Factors.
Genetic analysis of Cdc42 mutants in the yeast, S. cerevisiae, indicate that Cdc24 is
required for Cdc42 activation, and is possibly an exchange factor (264). Dbl, a human
oncogene with 29% similarity to Cdc24, has been shown to catalyse nucleotide exchange for
Cdc42Hs and Rho and also binds to Racl in vitro (265, 266). A number of oncogenes
containing a -250 amino acid domain with 30% sequence identity with a region of Dbl (DH
domain) have also been identified. The oncogene Ost catalyses nucleotide exchange for RhoA
and Cdc42Hs and also binds specifically to the GTP-bound form of Rac (267). Vav, which
also contains a DH domain, has not been shown to be an exchange factor for Rho, Rac or
Cdc42, although it associates with an exchange factor for Ras during T-cell activation (268).
The association of Vav with Ras exchange activity is rather controversial for it does not
contain the nucleotide exchange domain found in Cdc25, SOS or Ras GRF and cells
transformed by Vav closely resemble cells transformed by Rho. The oncogene Ect2, Tiaml
(the T-cell invasion-inducing gene), Bcr and RasGRF also contain DH domains although
attempts to show exchange activity for Rho, Rac and Cdc42 have failed (269, 270, 172).
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1.17.2.5 Rho family: GTPase-activating proteins.
The first protein with GTPase-activating activity towards Rho was purified from
human spleen as a truncated 29 kDa protein. The cDNA for this protein encodes a putative
50kDa protein with a carboxyl-terminal GTPase-activating protein (GAP) domain, which has
no sequence similarity with the Ras GAPs pSORhoGAP stimulates the GTPase activity of
Cdc42Hs preferentially whilst RhoA and Racl (but not Ras or Rab) are also substrates in
vitro (271). Unlike RasGAP, pSORhoGAP binds the GDP- and GTP-bound forms of the
GTPases with similar affinity. The protein also contains a proline rich region which may be
a site of interaction with SH3 domains as pSORhoGAP binds the SH3 domains of c-src and
the p85a subunit of phosphatidylinositol 3'-kinase in vitro (272). Since the isolation of
RhoGAP several genes have been found to contain regions of -140 amino acids which have
20-40% sequence identity to the carboxyl-terminal domain of RhoGAP.
Bcr, the product of the breakpoint cluster region, is a cytosolic phosphoprotein of 143
kDa with a serine/threonine kinase domain at the amino-terminus (273), a DH domain and a
carboxyl-terminal GAP domain, with activity towards Racl and Cdc42Hs, but not Rho (274).
A closely related brain enriched protein, Abr, with 6 8 % amino acid identity, also contains an
amino-terminal DH domain and a carboxyl-terminal GAP domain which is specific for Racl
and Cdc42Hs (275).
p i90, a protein originally identified as a tyrosine-phosphorylated protein that
associates with RasGAP in transformed or growth factor-stimulated fibroblasts, contains a
carboxyl-terminal domain with sequence identity with RhoGAPs, and a putative aminoterminal GTP binding site (276). The protein stimulates the GTPaseactivity of Racl, Cdc42Hs
and RhoA in the absence of NaCl (277) but shows a preference for Rho when assayed in the
presence of 150 mM NaCl and preferentially inhibits Rho-mediated stress fibre formation
when co-injected into fibroblasts (278).
Mammalian proteins with sequence similarity with RhoGAP but with no detectable
GAP activity have also been identified. p85ct and -P encode the regulatory subunits of PI 3-K.
p85, which binds to the 110 kDa catalytic domain, is responsible for translocation to
membrane receptors in response to growth factors. The regulatory domain contains an SH3,
a RhoGAP and two SH2 domains (280). The role of the GAP domain is unclear but may be
required for association with members of the Rho family or may stimulate the GTPase of an
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as yet unidentified member of the Rho family. 3-BPl was shown to bind to the SH3 domain
of the tyrosine kinase Abl. 3-BPl contains a RhoGAP domain but it has not been shown to
stimulate the GTPase activity of known members of the Rho family (281).
Several proteins from lower organisms with homology to the mammalian RhoGAP
domain have been identified. Bem2 and Bem3, two yeast proteins that are involved with bud
site formation, contain domains with sequence identity with RhoGAPs. The specificities of the
two proteins differ, with BEM3 stimulating the GTPase activities of yeast Rhol and Cdc42
whilst BEM2 stimulates Rhol (282). A RhoGAP from C elegans, CeGAP, stimulates
CeRhoA, CeRacl, Cdc42Ce and to a lesser extent Let-60, human Ras (although it is not
known if the protein effects vulval development) and Rab3 A (283). One of two genes within
the rotund locus of Drosophila encodes a protein domain with 30-50% sequence similarity
to other RhoGAP domains and a cysteine rich region similar to the PKC and chimaerin
families. Mutations within this locus result in abnormal morphogenesis of adult fly
appendages, including shortened wings and legs and female sterility. It is not certain whether
the cysteine-rich RhoGAP protein is responsible for the developmental abnormalities as
another gene at the rotundXocm is also affected (284).

1.17.2.6 Chimaerin Family of GAPs.
The chimaerin family of proteins form a more closely related sub-family which all have
a cysteine-rich region with sequence similarity to the cysteine-rich regions of PKCs and a
carboxyl-terminal GAP domain. A neural specific cDNA, «-chimaerin (a 1-chimaerin),
encodes a protein of 334-amino acids with a predicted molecular mass of 38 kDa (285). A
closely related cDNA, p 1-chimaerin, which encodes a 34 kDa protein, shares 6 8 % sequence
identity. The cysteine-rich and GAP domains of the proteins are highly conserved with 93%
identity within the cysteine-rich domain and 77% identity in the GAP domain (286). Two
other cDNAs a2-chimaerin and p 2 -chimaerin, encoding proteins of 45 and 46 kDa
respectively, possess additional SH2 domains at their amino-termini. Interestingly, both SH2
domains have a glutamic acid residue at the start of the domain instead of an invariant
tryptophan found in other SH2 domains (287, 288). Both a2- and p2-chimaerin transcripts
are thought to be transcibed from the same genes as a l- and pi-chimaerin respectively.
Analysis of the a 1 -chimaerin gene structure indicates that a 2 -chimaerin is transcribed from
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a region upstream of the a 1 -chimaerin promoter and spliced differentially, using an acceptor
site within exon 1 of a 1-chimaerin (289).
Members of the chimaerin family are differentially expressed in various tissues and
during different stages of development, a 1 -chimaerin is expressed predominantly in neurones
of the hippocampus, cerebral cortex, thalamus and the cerebellum, where it is restricted to
Purkinje cells (285). HAT-2, a canary cDNA with 96% identity to a 1-chimaerin, is also
highly enriched in the forebrain specifically in areas associated with the control of complex
learned behaviours such as song learning (290). a2-chimaerin is also expressed in the
hippocampus, cerebral cortex and thalamus but is also expressed in early pachytene
spematocytes within testes (287). The two mRNAs are also differentially expressed during
development, with relatively high levels of a 2 -chimaerin are present in embryos, whereas a lchimaerin transcript levels are low in embryos, increasing postnatally (287, 291). In contrast,
P 1 -chimaerin is expressed exclusively in the testis during late stages of spermatogenesis,
concomitant with acrosomal assembly (286). p 2 -chimaerin is expressed mainly in the granule
cells of the cerebellum, with increased expression postnatally (288).
Structural modelling of the a 1-chimaerin protein sequence predicts that the first 35
amino-terminal residues (which are not present in other chimaerins), form an amphipathic
helix, exposing a potentially hydrophobic membrane binding region. The region encompassing
amino acids 79-135 has high sequence identity (-50%) with the cysteine-rich regulatory
region of protein kinase C (PKC), including the motif HX1 2 CX2 CX1 3 CX2 CX4 HX2 CX7 C. Other
proteins that contain cysteine-rich domains with similarity to PKC include, the Caenorhabitis
elegans UNC-13 gene product, the 80 kDa diacylglycerolkinase, and the product of the
oncogenes Vav and Raf. The cysteine-rich domains of PKC and chimaerin are thought to form
similar structures, with the cysteine and histidine residues co-ordinating zinc, since
recombinant a 1-chimaerin and PKC proteins bind physiologically active phorbol esters in a
phospholipid and zinc dependent manner (292, 293, 294). A carboxyl-terminal region,
encompassing residues 140-301, has sequence similarity to regions of Bcr, Abr, p i90, the
Saccharomyces cerevisae gene products BEM2 and BEM3, the product of a gene located at
ihQDrosophila rotund locus, PI 3-K (p85 a/p subunits) and RhoGAP. Sequence alignment
of a- and p-chimaerin, Bcr, Abr, p i90, RhoGAP, BEM2 and BEM3 reveals three blocks of
conserved amino acids, which contain 13 invariant amino acids. Three deletion mutants of
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conserved motifs within the first and second blocks of amino acids completely abolishes
chimaerin GAP activity suggesting that they are critical for the structure/function of the
domain (295). The GAP activity of chimaerin acts selectively towards Racl in vitro, whereas
it has no activity towards RhoA and stimulates Cdc42Hs GTPase activity only at relatively
high concentrations of a 1-chimaerin (200x greater than required for stimulation of Racl)
(296). The Racl GAP activity of bacterially expressed a 1-chimaerin is modulated by
phospholipids in vitro. Phosphatidylserine, phosphatidic acid, DAGs and phorbol esters, which
synergize with phospholipids, stimulate a 1-chimaerin GAP activity, whilst lysophosphatidic
acid and phosphoinositides inhibited it. Interestingly, phospholipid-chimaerin interactions
require the cysteine-rich domain suggesting that the cysteine-rich domains of PKC and
chimaerin have analogous functions. Arachidonic acid also inhibits chimaerin GAP activity but
in tliis case does not require the cysteine-rich domain (297, 298). Interestingly, arachidonic
acid release is thought to be mediated by Racl (299) suggesting the activity of chimaerins is
regulated in a complex manner.
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Fig 1.1 Schematic diagram of the Bcr family of GAPs showing position of conserved
domains.

GAP domain : three highly conserved regions are represented as blocks 1, 2 and 3.
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1.17.2.7 Rho GDP Dissociation Inhibitor.
Rho GDP dissociation inhibitor (RhoGDI) was first identified as a factor that inhibits
the dissociation of radiolabelled GDP from post-translationally modified RhoA, RhoB and
Racl. RhoGDI forms a stable complex with the p21 in vitro and is found complexed with
Rho, Rac and Cdc42Hs in mammalian cells. The interaction is dependent on the posttranslational modification of the p2 1 by geranylgeranylation and proteolysis of the carboxylterminal. When complexed with RhoGDI, intrinsic and GAP-stimulated GTPase rates are
inhibited and association of the GTPase with membranes is also blocked (185).
Micro-injection of RhoGDI into Swiss 3T3 fibroblasts induces cell rounding, loss of
stress fibres, inhibition of cell motility. The mechanism of RhoGDI-mediated effects is thought
to involve inhibition of Rho, Racl and Cdc42Hs activation since it inhibits GTPase-induced
morphological changes when co-injected into fibroblasts (300, 262). However, the role of
RhoGDI in regulating the GTPases is unclear as Rac-RhoGDI complexes are able to activate
the neutrophil NADPH oxidase. RhoGDI is not essential since recombinant Rac-GTP also
activates the oxidase (255).

1.17.2.8 Rho Family of GTPases: Binding Proteins.
A number of putative target proteins that bind directly to the Rho family of p2Ts been
detected using radiolabelled p2 1 proteins to probe proteins from rat tissue extracts
immobilised on nitrocellulose filters (296) and expression libraries (301), affinity
chromatography (302) and the yeast two hybrid system (303). Probing filters of immobilised
rat tissue extracts has identified at least eight mammalian Racl, Cdc42 and RhoA binding
proteins, some of which have been purified and subsequently cloned (304). A brain enriched
serine/threonine kinase, p65^^, binds and is activated by GTP loaded Cdc42Hs and Racl.
p65^^ binding also inhibits the intrinsic and GAP-stimulated GTPase activity of the p21s,
whilst binding is down-regulated upon kinase activation in vitro. Purification and peptide
sequencing of p65^^ has resulted in the cloning of two related cDNAs a- and P-PAK, which
encode proteins of 6 8 and 65 kDa respectively in vitro (304, 305). Transcripts of a- and pPAK are expressed in the brain whilst a-PAK is also expressed at lower levels in spleen and
P-PAK is expressed in testis. In situ hybridization of brain sections with specific
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oligonucleotides also reveals that the transcripts are expressed within distinct areas of the
brain. Both proteins have sequence similarity to the serine/threonine kinase domain of Ste20,
the S. cerevisae protein required for the activation of the pheromone response MAPK cascade
(Section 1.2 and 1.17.1.3), including -70% identity in the kinase domain and an aminoterminal p21 GTPase-binding domain. Ste20 has subsequently been shown to also bind Racl
and Cdc42 (8 , 9). Homology between a-and P-PAK, Ste20 and the germinal centre kinase
(which activates the JNK/SAPK pathway when over-expressed (306)) suggest that PAKs
probably mediate Racl and Cdc42 stimulation of the JNK/SAPK pathway in mammals.
Activation of another MAPK, p38 MAP kinase (which is phosphorylated in responses to
osomolarity changes and mediators of the inflammatory, response such as interleukin- 1 and
tumor necrosis factor), is also dependent on Racl/Cdc42Hs and PAKs: a domaint inhibitory
mutants of PAK, Racl and Cdc42Hs suppress interleukin-1- and Racl/Cdc42Hs-mediated
activation of the kinase (307).
Another PAK has recently been purified from rat testes, p62^^, exhibits
Cdc42Hs/Racl stimulated kinase activity, when Cdc42Hs/Racl are loaded with GTP. Five
peptides were sequenced and a cDNA clone, y-PAK, isolated. Unlike a- and P-PAK, y-PAK
transcripts are ubiquitous, y-PAK encodes a protein with 76% identity with a-PAK, with
>90% identity within the p21 GTPase-binding and kinase domains, and 94% identity with the
putative human homologue hPAK65. p62^^ co-migrates with a thrombin-activated
serine/threonine kinase in platelets, suggesting a role for p62^^, Racl and Cdc42Hs in
platelet function (308).
At least two p2 1 -binding proteins have been isolated by screening rat brain expression
libraries with radiolabelled p21s. ACK, a hippocampal tyrosine kinase of 120 kDa, binds
specifically to GTP loaded Cdc42 but not Racl or RhoA. Interestingly, ACK has sequence
identity with a-PAK and Ste20 within the p21 GTPase-binding domain (301). A cDNA for
a 150 kDa ubiquitous RhoA-binding kinase (ROKa) has been isolated by a similar method.
The cDNA encodes a putative 159 kDa protein which contains a serine/threonine kinase
domain and a distinct p21 GTPase-binding domain, which does not affect intrinsic or GAPstimulated GTPase activity. Transfection of HeLa cells with RhoA^^"* induces translocation
of ROKa to the peripheral cell membrane, co-localizing with actin microfilaments,
concomitant with its activation (309).
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p^yphox^ a component of the neutrophil oxidase, has been shown to interact directly
with Rac by affinity chromatography (302) and both radiolabelled Cdc42Hs and Racl when
immobilised on nitrocellulose (310). Interestingly p4 yp*'°^ is also phosphorylated by PAK
proteins in vitro, suggesting a role for p21 GTPase regulted PAK-mediated phosphorylation
of p47*’^°’‘ during neutrophil oxidase activation (311).
A GTPase-deficient and CaaX mutant of Cdc42 has been used to screen a human Bcell library for binding proteins using the yeast two hydrid system. Several positive clones
encoded for the protein WASP, which has been implicated (by positional cloning) in the
Wiskott-Aldrich syndrome (WAS) immunodeficiency disorder. WASP is also a putative
Cdc42 target as it binds Cdc42 only in the GTP bound state. WASP also bound Rac weakly
but nointeraction was detected with RhoA (?).

1.17.3 Hierarchy of GTPase Activation.
Stimulation of quiescent fibroblasts with PDGF induces reorganization of the actin
cytoskeleton resulting in the sequential production of Racl-dependent membrane ruffles
followed by Rho-dependent stress fibres. Bradykinin and micro-injection of Cdc42 induces
the sequential formation of filopodia followed by membrane ruffling. GTPases are therefore
thought to be linked in a hierarchial cascade, Cdc42 activation stimulating Rac activation
which in turn stimulates Rho activation (Cdc42-»Racl-»Rho). Ras, which also stimulates
membrane ruflfling, also activates Rac and RhoA, although it is not essential for growth factormediated Rac activation (248). Activation of Racl and RhoA also appear to be required for
Ras transformation as dominant inhibitory mutants of these proteins reduced the transforming
activity of oncogenic Ras (376). The cascade can also be stimulated by different extracellular
signals, with bradykinin activating Cdc42, PDGF, EGF and phorbol esters activating Racl and
LPA activating Rho (262, 242, 312). The mechanism of sequential GTPase activation is
unclear. Ost a protein that binds to Rac and is an exchange factor for Cdc42 and Rho in vitro
has been suggested as a possible mechanism (267). Alternatively, inhibition of leukotriene (a
product of arachidonic metabolism) synthesis inhibits EGF-induced Rho-dependent stress fibre
formation of fibroblasts but not Racl-dependent membrane rufiding. Dominant inhibitory Racl
also inhibits the release of AA from phospholipids, suggesting Racl-induced Rho activation
is mediated by the release of AA and synthesis of leukotrienes (299). pi 90 may also mediate
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links between Ras and the Rho family as it binds to p i20 RasGAP and also contains a
GTPase-activating domain for the Rho family (276, 277).
A GTPase cascade has also been described in the yeast S. cerevisae. During cell
division by budding, the position of the bud is dependent on the GTPase Budl. Budl is also
thought to regulate the activation of Cdc42, which is required for bud formation, and possibly
the activation of Rho GTPases 1-4. The link between Budl and Cdc42 may be mediated by
Cdc24 which binds directly to Budl in vitro and is possibly a nucleotide exchange factor for
Cdc42. Cdc42 may also be activated in a Budl-independent manner during pheromoneinduced morphological changes during mating (312).

Members of the Rho family appear to be required for the modulation of actin
reorganisation in response to the phosphorylation of tyrosine kinase receptors and the
activation of seven transmembrane G-protein coupled receptors. Recent studies also suggest
that activation of Ras and possibly the Rho family cascade are important for cytoskeletal
reorganisation in response to Ca^^ influx. Once activated Racl, RhoA and Cdc42Hs mediate
the assembly of protein complexes at the plasma membrane that either nucleate actin
polymerization or stabilize existing microfilaments. This is probably co-ordinated with PIP
hydrolysis and the activation of profilin nucleotide exchange activity, thus stimulating actin
polymerization. Ras-mediated stimulation of both the mitogen-activated protein kinase
cascade and the Rho family cascade also appears to co-ordinate the modulation of actin
organisation, the phosphorylation and translocation of Hsp 27 to cortical actin structures and
microtubule organisation via the phosphorylation of MAP2 and Tau. Cytoskeletal changes
may also be co-ordinated with transcriptional changes since the over-expression of the Rho
family also modulate transcription of Fos and Jun.
The mechanism of RhoA-, Racl- and Cdc42-mediated modulation of actin
organisation remain unclear but are likely to modulate the activities of proteins that are known
to be phosphorylated in response to extracellular factors and associate with specific cortical
actin structures. Further investigation of the requirements of the Rho family for the stimulated
phosphorylation of proteins such as paxillin, ezrin, and ppl25^^ should aid in the elucidation
of signal transduction pathways downstream of Rho, Racl and Cdc42. However, the
pathways mediating cytoskeletal changes appear to be highly complex. There appear to be
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numerous regulatory proteins for Ras and members of the Rho family which in some cases act
on more than one GTPase. In other cases the regulatory protein contain more than one
domain which modulate GTPase activity. These proteins also appear to be regulated by the
production of second messengers such as Ca^^, DAG and lipids. Such proteins may co
ordinate the activities of various GTPases. Certain proteins such as pi 90 and Ras-GAP also
appear to interact with each other further increasing the complexity of the signaling pathways
(Fig. 8 .2 ).
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Fig. 1.2 Ras-, Rac-, Rho-, and Cdc42-mediated activation of transcription and reorganization of the cytoskeleton.
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2 Materials and Methods.

81

2.1 Materials.
Wizard™, Magic™ DNA purification systems and T4 DNA polynucleotide kinase
were purchased from Promega; silver stain kit, protein assay, Temed, Sequi-GEN nucleic acid
sequencing cell. Mini Protean II, Transblot and horizontal electrophoresis cells were from
Bio-Rad; oligonucleotide-directed mutagenesis system was from Clonetech, Ficoll 400,
Sephadex-G50, glutathione-Sepharose 4B, benzamidine-Sepharose ATP, dNTP's and pGEX
vectors were obtained from Pharmacia; Hybond N, T4 DNA ligase, Sequenase™, ECL
reagents, Hyperhlm-ECL, [a^^P] dCTP(3000 Ci/mmol), [a^^PJdATP (800 Ci/mmol),
[y""P]GTP (30 Ci/mmol and 6000 Ci/mmol), [a""P]GTP (3000 Ci/mmol) and
Methionine

( 1 0 0 0

Ci/mmol) were purchased from Amershaml International peroxidase and

fluorescein conjugated anti-immunoglobulin antibodies were from Dako; Mowiol and Dabco
were from Aldrich; nitrocellulose was from Schleicher and Schuell; G418, DMEM, glutamine
trypsin, foetal calf serum, antibiotic/antimycotic, chamber slides, bovine serum albumin
(molecular biology grade), glycerol, phenol, agarose (electrophoretic grade), poly-A DNA,
restriction endonucleases, pre-stained protein molecular weight markers, X DNA (Hindlll)
and (|)X174 DNA (Haelll) were purchased from Gibco-BRL; Bacto tryptone and Bacto yeast
extract were from Difco; Ball (MscI), Aflll and DNA polymerase (Klenow fragment) were
obtained from New England Biolabs; XL-1 Blue, pBluescript and Taq DNA polymerase were
from Stratagene; Nylon membranes were from Biodyne; PBS tablets were from Oxoid;
Random Prime labelling system and GTPyS were from Boehringer Mannheim;
oligonucleotide 3' labelling system and Nensorb™ columns were from Dupont/NEN; 0.2 and
0.45 pm filters were from Flow Laboratories; 0.45 pm filters were from Millipore; P ll
cellulose phosphate was from Whatman; Centriprep was from Amicon, EDTA, EGTA,
hexamminecobalt III chloride, IPTG, X-gal, SDS, N-lauroyl sarcosine. Tween 20, thrombin,
MOPS, BES, MES, Trizma-base, Pipes, tetracycline, ampicillin, RNase A, lysozyme, ethidium
bromide, 6 -amino caproic acid, BSA fraction V, PMSF, pepstatin, leupeptin, aprotinin, pre
stained protein moleculer weight markers, Coomassi e Brilliant Blue, xylene cyanol,
bromophenol blue. Methionine-deficient DMEM, anti-P tubulin antibody (DMlb), phalloidin,
colchicine, cytochalasin B, acetylthiocholine, dithiobisnitrobenzoate, chymotrypsin and Lucifer
yellow were from Sigma Chemical Co.; X-Omat film was purchased from Kodak, GeneAMP
PCR System 9600 was from Perkin Elmer. General laboratory reagents were obtained from
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BDH. Oligonucleotides were synthesized by the Molecular Medicine Unit King's College
London. Anti-chimaerin antibodies were generated by Clinton Monfries and Yeo Jing Ping.
Anti Rac antisera was generated by R. Kozma, S. Ahmed and J. Lee. Recombinant proteins
were generated by S. Ahmed, J. Lee and E. Prigmore. Racl cDNA was a gift from A. Hall
(University College London). Cdc42Hs and Rho cDNAs were gifts from T.Leung and E.
Manser (Institute of Molecular and Cell Biology, Singapore). pH Apr-l-neo expression vector
was a gift from Professor F. Walsh (Guy's Hospital, London). pMT-2 and p265 vectors and
COS-7 cells were gifts from K. Vink and D. Schaap (National Cancer Institute, Holland).The
N IE -115 cell line was a gift from M. Hanley (Cambridge). H-Ras cDNAs were a gift from
J. Downward (ICRF, London).
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2.2 Methods.
2.2.1 DNA Constructs.
Sterile glassware (dry heat sterilized at 180°C for

8

hours), plasticware (certified

sterile by manufacturer or heat sterilized) and solutions (autoclaved at

2 0

lbs/inch^ for

2 0

minutes or filtered through 0.2 gm pore filters [Flow Laboratories]) were used unless stated
otherwise.

2.2.1.1 Production of Competent E.coli.
Stocks of competent E.coli strains XL-1 Blue (Stratagene) and BMH-71-18 mutS
(Clonetech) were produced as follows:

8

mis of Luria Bertani Medium (LB) (10 g/1 Bacto-

tryptone, 5 g/1 Bacto-yeast Extract, 10 g/1 NaCl), was inoculated with cells from -70°C
glycerol stocks and incubated with agitation (250-300 rpm) at 37°C for 15 hours. Overnight
cultures were diluted into 800 mis of LB and incubated with agitation at 37°C until OD5 5 0 was
0.8-1.0

(1

cm path). Cells were pelleted at 1,500 x g for 15 minutes at 4°C (Beckman J6 ,

3,000 rpm) and media decanted. Cell pellets were resuspended in 400 mis of 100 mM CaCl2
(pre-cooled to 4°C), re-pelleted and resuspended in 50 mis of 100 mM CaClz and 25 mis of
glycerol (30% (v/v)). 1.5 ml aliquots were snap frozen on dry ice and stored at -70°C.
Stocks of XL-Blue required for blue/white selection were incubated in LB
supplemented with tetracycline at a concentration of 50 gg/ml (tetracycline stock: 5 mg/ml
in ethanol at -20 °C), to maintain the F' episome.

2.2.1.2 Transformation of Competent E.coli.
Plasmid DNA (1-10 ng) or 5 gl of a ligation reaction (Section 2.2.1.10) were
incubated with 200 gl of thawed competent cells on ice for 30 minutes. Cells were heatshocked at 42°C for 90 seconds and returned to ice for 2 minutes. After addition of 400 gl
of LB or SOC Medium (20 g/1 Bacto-tryptone, 5 g/1 Bacto-yeast extract, 0.5 g/1 NaCl, 20 mM
glucose), cells were allowed to recover for 1 hour at 37°C with agitation. Aliquots were
spread onto LB-agar (LB, 15 g/1 Bacto Agar) containing 100 gg/ml ampicillin and incubated
at 37°C for 15 hours. Aliquots of transformed cells larger than 2 0 0 gl were pelleted at 12,000
Xg for 30 seconds and resuspended in 100 gl of LB prior to plating. If required, plates were
stored at 4°C for a short period (up to 7 days).
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2.2.1.3 Plasmid DNA Purification.
Small Scale: 5 mis of LB supplemented with ampicillin (100 pg/ml) in a 50 ml Falcon
tube were inoculated with a single colony of transformed cells and incubated with agitation
at 37°C for 15 hours. 1.5 mis aliquots of overnight cultures were pelleted at 20,000 x g for
30 seconds, LB decanted and excess medium removed from the side of the eppendorf tube.
Pellets were resuspended in 200 pi of Cell Resuspension Solution (50 mM Tris-HCl (pH 7,5),
10 mM EDTA, 100 pg/ml RNase A), cells lysed by the addition of 200 pi of Lysis Solution
(200 mMNaOH, 1% (w/v) SDS) and neutralized with 200 pi of Neutralization Solution (1.32
M potassium acetate (pH 4.8)). Particulate cell debris was pelleted at 20,000 x g for 10
minutes. Plasmid DNA was purified from the cleared cell lysate by one of the following
protocols:

(1) 1 ml of ice cold ethanol was added to cleared cell lysates and DNA precipitated
at 4°C for 2 minutes. Precipitates were pelleted at 20,000 x g for 10 minutes. Supernatants
were decanted and pellets washed with 70% (v/v) ethanol (4°C). Excess ethanol was allowed
to evaporate at 20°C for ~10 minutes and samples were resuspended in 50 pi of TE (10 mM
Tris-HCl (pH7.6), 1 mM EDTA). Yields of 5-10 pg plasmid DNA per 1.5 mis of culture were
obtained. DNA samples were sufficiently pure for digestion with restriction endonucleases
(Section 2.2.1.4).

(2) DNA was purified with Magic™ or Wizard ™ Resin (Promega) as detailed in the
manufacturer's instructions. Cleared cell lysates were incubated with
purification resin for

1

1

ml of silica based

minute and loaded onto a mini columns. Columns were washed with

2 mis of Column Wash Buffer (100 mM NaCl, 10 mM Tris-HCl (pH7.5), 2.5 mM EDTA,
55% (v/v) ethanol). Excess buffer was removed by centrifugation at 12,000 x g for 20
seconds. DNA was eluted fi’om columns in 50 pi of TE pre-heated to 70°C by centrifugation
at 12,000 X g for 20 seconds. Yields of 5-10 pg plasmid DNA were per 1.5 mis of culture.
DNA samples were sufficiently pure for digestion with restriction endonucleases (Section
2.2.1.4), ligation (Section 2.2.1.10), dsDNA sequencing (Section 2.2.1.15), site directed
mutagenesis (Section 2.2.1.18), transformation of competent Kcoli (Section 2.2.1.2) and
mammalian cell transfection (Section 2.2.2.1).
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Large Scale: Large quantities of DNA for cell transfection and site directed mutagenesis
were purified on CsCl-ethidium bromide gradients: 0.2 to 2 litres of overnight cultures (LB,
1 0 0

pg/ml ampicillin) were pelleted at 1,500 x g for 15 minutes. Supernatant were decanted

and the cells resuspended in 4 mis of Buffer A (10% (w/v) sucrose, 50 mM Tris-HCl (pH 8.0)
Filter sterilized, store at -20 °C). 0.8 mis of freshly prepared Lysozyme Solution (10 mg/ml
of lysozyme in Buffer A) were added to cell suspensions and incubated on ice for 5 minutes.
0.8 mis of Buffer B (0.25 M EDTA (pH 8.0)) were added and samples incubated on ice for
a further 15 minutes. Cells were lysed by the addition of 3.2 mis of Buffer C (150 mM TrisHCl (pH 8.0), 160 mM EDTA and 0.3% (v/v) Triton X-100) followed by incubation on ice
for 20 minutes. High molecular weight cell debris was pelleted at 40,000 x g for 1 hour
(Beckman L8 -M Ultracentrifuge) and 1 ml of ethidium bromide (10 mg/ml) added per 8 mis
of cleared lysate. Ethidium bromide/ protein precipitates were pelleted at 1,500 x g for 5
minutes (Beckman J6 ) and 8.2 g of CsCl added per 9 mis of cleared ethidium bromide/lysate
solution. Plasmid DNA was separated from RNA and linear DNA on a CsCl density gradient
formed by centrifiigation at 78,000 rpm for 5 hours (Beckman L 8 -M, NV90Ti rotor) in heat
sealed centrifugation tubes. Covalently closed circular (ccc) DNA which formed a band in the
middle of the tube below the linear/nicked DNA, was removed with a syringe and ethidium
bromide extracted 3 to 4 times with water saturated butan-l-ol. Samples were diluted with
9 volumes of ddH2 0 , 1 volume of 3 M sodium acetate (pH 5.2), 10 volumes of isopropan-2-ol
and DNA precipitated at -70°C for 30 minutes. DNA precipitates were pelleted at 20,000 x
g for 15 minutes at 4 °C (Beckman J2-21) and resuspended in 400 pi of TE. Contaminating
proteins were extracted twice with phenol:chloroform:isoamyl alcohol (25:24:1) and once
with chloroform:isoamyl alcohol (24:1) (Section 2.2.1.6). DNA was re-precipitated with 40
pi of 3 M sodium acetate (pH 5.2) and 800 pi of ethanol. Precipitates were pelleted at 20,000
Xg for 10 minutes, washed with 70% (v/v) ethanol and resuspended in 200 pi of TE buffer.
The concentration/ purity of DNA samples was determined spectrophotometrically at
260/280 nm. DNA concentrations were calculated given that 1 absorbance unit at 260 nm was
equivalent to a concentration of 50 pg/ml ( 1 cm path). Samples with KjJkj'gQ ratios less than
1 .8

(indicating protein contamination) were re-extracted with phenol/chloroform and

chloroform (Section 2.2.1.6).
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2.2.1.4 Digestion of Plasmid DNA with Restriction Endonucleases.
Analytical Digest: 1 |il of DNA sample (100-200 ng) was diluted with 7 pi of ddH2 0 ,
1 pi of lOX Restriction Endonucleases Buffer (as recommended by the manufacturer) and 1
pi of the restriction endonuclease (0 . 1 Units). Samples were incubated at 37°C for 1 hour
(unless enzyme manufacturers recommended different conditions).
Large Digests: DNA samples required for gel purification and/or ligation were diluted
with proportionally larger volumes of ddH2 0 , lOX Restriction Endonuclease Buffer and
restriction endonuclease.
If required heat labile nucleases were inactivated at 65°C for 2 0 minutes. Heat stabile
endonucleases were removed by phenol:chloroform extract (Section 2.2.1.6) or with the
Magic™ DNA Clean-Up System (Section 2.2.1.5).

2.2.1.5 Magic™ Clean-UP System. (Promega)
DNA samples (200 ng-10 pg) were diluted with TE to a final volume of 200 pi if
required. Samples were incubated vrith 1 ml of Magic DNA Clean-UP Resin for 1 minute and
loaded onto mini-columns with a syringe. Columns were washed with 2 mis of Wash Buffer
(80% (v/v) isopropan-2 -ol), excess buffer removed by centrifugation at

1 2 , 0 0 0

x g for 2 0

seconds and residual isopropanol allowed to evaporate at room temperature for 15 minutes.
DNA was eluted from mini-columns in 50 pi TE (pre-heated to 70 °C) by centrifugation at
12,000 Xg for 20 seconds. The purity of samples was sufficient for digestion with restriction
endonucleases (Section 2.2.1.4), ligation (Section 2.2.1.10) and random-prime labelling
(Section 2.2.1.12).

2.2.1.6 Phenol:Chloroform Extraction.
Stock: Phenol crystals (UltraPure™ Gibco-BRL) were melted at

6 8

°C and

8

Hydroxyquinoline added to a final concentration of 0.1% (w/v). The phenol was extracted
with an equal volume of 1 M Tris-HCl (pH 8.0), followed by repeated extractions with 0.1
M Tris-HCl (pH 8.0), 0.2% (v/v) P-mercaptoethanol until the pH was greater than 7.6. An
equal volume of chloroform:isoamyl alcohol (24:1) was added, giving a final ratio of
phenol:chloroform:isoamyl alcohol of 25:24:1. Stock solutions were stored in a darkened
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bottle at 4°C.
Extraction: Proteins were removed from DNA solutions by repeated extraction with
an equal volume of phenol:chloroform solution. Aqueous and organic phases were separated
by centrifiigation at 20,000 x g for 5 minutes. The upper aqueous phase, containing DNA, was
removed and placed into a fresh eppendorf, avoiding the white protein precipitate at the
aqueous-phenol interface. Once contaminating proteins had been removed, the samples were
extracted once with chloroform:isoamyl alcohol (24:1) and ethanol precipitated (Section
2.2.1.7).

2.2.1.7 Ethanol Precipitation.
DNA samples containing high concentrations of salt were diluted with 10 volumes of
TE. DNA samples were diluted with 1/10* volume of 3 M sodium acetate (pH 5.2) and 2
volumes of ethanol and DNA precipitated at -20 °C for 15 minutes. Precipitates were pelleted
at 20,000 Xg for 10 minutes and the pellets washed with 70% (v/v) ethanol. Residual ethanol
was allowed to evaporate and the pellets resuspended in an appropriate volume of TE.

2.2.1.8 Agarose Gel Electrophoresis of DNA.
DNA samples were separated by gel electrophoresis using agarose gels of 0.8-1.2%
(w/v) depending on the size of the DNA analysed. Electrophoresis grade agarose (GibcoBRL) was dissolved in 0.5X TBE buffer (5X Stock: 450 mM Tris, 450 mM boric acid, 10
mMEDTA) at 100°C. The solution was cooled to 60°C, ethidium bromide added to a final
concentration of 0.5 pg/ml and set in a horizontal electrophoresis tray (Biorad) with sample
comb. Once the gel had set it was immersed in Running Buffer (0.5X TBE, 0.5 pg/ml of
ethidium bromide) to a depth o f-0.5 cm. Prior to electrophoresis DNA samples were added
to 1/5* volume of 6 X Sample Buffer (0.25% (w/v) bromophenol blue, 20% (w/v) Ficoll (Type
400; Pharmacia)) and loaded into sample wells. DNA migrated towards the anode at a
constant voltage of 5 V/cm. Afl:er electrophoresis the DNA was visualised with a UV
transilluminator. Gels were photographed with a polaroid camera with a yellow lens filter as
a permanent record. Haelll digest of (|)X174 DNA (250 ng) and Hindlll digest of lambda
DNA (1 pg) were used as molecular size standards.
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2.2.1.9 DNA Purification from Agarose Gels.
DNA was visualised by exposing gels to long wavelength UV. Required bands were
cut from gel and DNA purified by one of the following protocols:

(1) Magic™ DNA Clean Up System. (Promega) Gel pieces were placed into 0.5 ml
eppendorf tubes, which had previously been pierced at the bottom and plugged with glass
wool. The 0.5 ml eppendorfs were placed into 1.5 ml eppendorfs and the DNA eluted from
the agarose gel by repeated centrifugation at 20,000 x g for 5 minutes. Contaminants were
removed and the buffer changed using DNA Clean-Up System (Section 2.2.1.5).

(2) Isotachophoresis.
Sephadex stock: Dry Sephadex G-50 resin (Pharmacia) was hydrated in excess
ddH20 for 30 minutes. Soluble dextrans were removed with repeated washing with ddHjO
and two washes with TE (pH 7.6). Resin was autoclaved at 10 lb/ sq. inch for 15 minutes and
stored at 4°C.
A 15 mis column was packed with approximately 8 mis of Sephadex resin and washed
with 5 column volumes of 40 mM Tris-HCl (pH 7.5). The column tip was covered with a
piece of dialysis membrane (kept in place with a small rubber ring) and the tip immersed into
the anode reservoir of 40 mM Tris-HCl (pH 7.5). Gel slices were loaded onto the top of the
column and overlayed with 0.1 M 6-aminocaproic acid and a few drops of 5% (w/v) phenol
red. DNA was eluted from gel slices with a current of 5 mA applied across the column (upper
reservoir-cathode, lower reservoir-anode) until the dye front was about 1.5 cm from the
bottom of the column. Caproic acid was removed from the upper reservoir and replaced with
TE. DNA was eluted in by piecing the dialysis membrane and collected in -200 pi fractions.
Fractions eluting before the phenol red were pooled and the DNA ethanol precipitated
(Section 2.2.1.7).

2.2.1.10 Ligation of DNA.
Cohesive end ligation: Ligation reactions were carried out in a total of 10 pi.
Digested vector DNA (100-200 ng) was mixed with an approximate equimolar amount of
insert DNA. TE was added to a final volume of 7 pi, samples incubated at 45°C for 5 minutes
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and chilled on ice. 1 |il of lOX Ligation Buffer (200 mM Tris-HCl (pH 7.6), 50 mM MgCl2 ,
50 mM DTT, 500 pg/ml BSA [Gibco-BRL Molecular Biology Grade]), 1 pi of 5 mM ATP
(Pharmacia) and 1 pi of T4 DNA ligase (0.1 Weiss unit) (Amersham) were added. Samples
were incubated at 16°C for 4 hours and 2-5 pi aliquots used to transform 200 pi aliquots of
competent XL 1-Blue (Section 2.2.1.2).
Blunt end ligation: Non-compatible DNA termini with recessed 3' termini were end

filled prior to blunt end ligation. TE was added to DNA samples (200 ng-2 pg) to a final
volume of 15 pi. 2 pi of 50 mM MgCl2 , 2 pi of dNTP's (dATP, dTTP, dGTP, dCTP each at
a concentration of 5 mM), 1 pi of DNA Polymerase I Klenow Fragment (2 Units) (New
England Biolabs) were added and the samples incubated for at 20°C for 15 minutes. The
polymerase was heat inactivated at 75° C for 10 minutes and the DNA used directly in the
ligation reaction.
400-600 ng of linear vector DNA was mixed with approximately equimolar amounts
of insert DNA. 1 pi of lOX Blunt End Ligation Buffer (660 mM Tris-HCl (pH 7.6), 100 mM
MgCl2 , 100 mM DTT, 10 mM hexamminecobalt III chloride, 2 mg/ml BSA), 1 pi of 5 mM
ATP, 1 pi of T4 DNA ligase (2 Weiss units) and ddH20 were added to a final volume of 10
pi. Samples were incubated at 16°C for 15 hours and 5 pi aliquots used to transform 200 pi
of competent XL-1 Blue (Section 2.2.1.2).

2.2.1.11 Screening Recombinant Vectors.
Insertion of DNA into the multiple cloning site (MCS) of pBluescript II disrupts the
lacZ gene which allows screening for recombinant vectors by colour selection. Vectors which
lack the lacZ gene are not suitable for screening by this method and were screened using
colony lift; hybridization protocols.
Colour selection; 100 mM isopropylthio-13-D-galactoside (IPTG) and 2% (w/v) 5-

bromo-4-chloro-3-indolyl- p -D-galactoside (X-gal) in dimethyl formamide were stored at 20°C.
XL-1 Blue was cultured in the presence of tetracycline (50 pg/ml) prior to the
production of competent cell stocks to select for the F' episome (Section 2.2.1.1). Cells were
transformed as in Section 2.2.1.2 except, 30 minutes prior to plating XL-1 Blue
transformants, 40 pi of IPTG and 100 pi of X-gal were spread onto the surface of 10 cm
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plates of LB-agar/ampicillin and allowed to dry. Aliquots of the transformed XL-1 Blue were
spread onto plates, incubated at 37°C for 15 hours and then at 4°C for 2 hours. Colonies of
cells transformed by pBluescript with inserts were white due to disruption of the lacZ gene.
Most colonies transformed by religated vector were blue due to the hydrolysis of X-gal. 5 mis
of LB in 50 ml Falcon tubes were inoculated each with a single white colony and incubated
at 37°C for 15 hours. Plasmid DNA was purified from 1.5 mis aliquots (Section 2.2.1.3) and
analysed by restriction endonuclease analysis (Section 2.2.1.4) and/or sequencing (Section
2.2.1.15).
Colony Lift: Duplicate LB-agar/ampicillin plates were inoculated with 50-100 isolated

colonies in a grid pattern and incubated at 37°C for 15 hours. Master' plates were stored at
4°C until required. Nylon filters (Hybond-N Amersham) were layered onto the duplicate
plates and the orientation of the filter marked with and ink filled syringe. Filters were lifted
from the plates and cells lysed by placing filters colony side up on 3MM paper pre-wetted
with Dénaturation Buffer (0.5 M NaOH, 1.5 M NaCl) for 1 minute. Filter were neutralised
for 5 minutes on 3MM paper wetted in Neutralising Buffer (1.5 M NaCl, 0.5 M Tris-HCl (pH
8.0), 1 mM EDTA) and then 2X SSC for 5 minutes (Stock of 20x SSC: 3 M NaCl, 0.3 M
sodium citrate (pH 7.0)). Filters were wrapped in Saran Wrap exposed to UV light
(transilluminator) for 5 minutes and allowed to dry prior to hybridization. If required filters
were stored dry at 20 °C prior to hybridization with radioactively labelled insert DNA
(Sections 2.2.1.12, 2.2.1.13). 5 mis of LB were inoculated with positive colonies from
Master' plates and plasmid DNA purified for restriction endonuclease and/or DNA sequencing
analysis.

2.2.1.12 Radioactive Labelling of DNA.
Random Priming (Boehringer Mannheim): Linear, gel purified, DNA samples (~25

ng, 2.8 ng/pl) were denatured at 100° C for 3 minutes and cooled on ice. 5 pi of Reaction Mix
(containing dATP, dGTP, dTTP (1:1:1) and random hexanucleotides), 5 pi (50 pCi) of
[a^^P]dCTP (3000 Ci/mmol, Amersham), 1 pi of DNA Polymerase I, Klenow fragment (2
units) were added and the sample incubated at 37°C for 1 hour. Samples were diluted with
TE to a final volume o f200 pi and the labelled cDNA purified by exclusion chromatography.
1 ml Sephadex G-50 (medium) spin-columns were equilibrated with TE prior to the addition
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of labelling mix. Labelled DNA was eluted in the void volume by centrifugation at 1,000 x g
for 5 minutes. Specific activities of 1.8 x 10^ cpm/pg DNA were obtained. Labelled probes
were heat denatured at 100° C for 3 minutes and cooled on ice for 5 minutes prior to diluting
into Hybridization Buffer (Section 2.2.1.13).

3* end labelling of oligonucleotides (Dupont/NEN); 2 pmoles of oligonucleotide were

diluted in 13.4 pi of ddH20, 4 pi of Terminal Transferase Reaction Buffer (500 mM
cacodylate (pH 6.8), 5 mM C0 CI2 , 0.5 mM DTT, 500 pg/ml BSA), 1.6 pi (16 pCi)
[a^^jdATP (800 Ci/mmol, Amersham) and 1 pi terminal deoxynucleotidyl transferase (10-20
units). Samples were incubated at 37°C for 1 hour and the deoxynucleotidyl transferase heat
inactivated at 70 °C for 10 minutes. Free labelled nucleotide was removed using a
NENSORB™20 purification cartridge as per manufacturers instructions: 400 pi of Buffer A
(0.1 M Tris-HCl, 10 mM triethylamine, 1 mM EDTA, (pH 7.7)) were added to the labelled
oligonucleotide samples and applied to NENSORM™ columns (pre-wetted with methanol
and equilibrated with 2 mis of Buffer A). Columns were washed with 3 mis of Buffer A, 3 mis
of ddH20 and the oligonucleotides eluted with 20% (v/v) ethanol in 200 pi aliquots. Fractions
containing oligonucleotides were pooled and if required stored at -20 °C before diluting into
Hybridization Buffer (Section 2.2.1.13). Specific activities of ~1 x 10^ cpm/pg oligonucleotide
were obtained.

2.2.1.13 Filter Hybridization.
Nitrocellulose filters were wetted with 2X SSC and placed in hybridization tubes.
Filters were washed with 20 mis of Hybridization Buffer (15% (v/v) formamide, 7% (w/v)
SDS, 0.5 M sodium phosphate (pH 6.8), 10 pg/ml poly A DNA) at 50°C for at least 30
minutes. Filters were hybridized with radioactively labelled DNA in 5-10 mis of hybridization
buffer (~2 x 10^ cpm/ml) at 50°C for 15 hours. Excess label was removed with 4 washes of
5 minutes each in 2X SSC, 0.1% (w/v) SDS. For higher stringency, filters were washed a
further 2 times in 0.2X SSC, 0.1% (w/v) SDS at 50°C for 20 minutes. Filters were covered
in Saran wrap and exposed to X-OMAT™ film (Kodak) at -70 °C for 2-48 hours.
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2.2.1.14 Polymerase Chain Reaction.
Polymerase chain reactions (PCR) were carried out in IX Reaction Buffer (10 mM
Tris-HCl (pH 8.8), 50 mMKCl, 1.5 mMMgClj, 0.001% (w/v) gelatin), 200 pM each dNTP,
1 pM each of two primers, 2 pi of rat brain cDNA or 10 ng of purified vector DNA and 0.5
pi of Taq DNA polymerase (5 Units) in a total of 100 pi. All the reagents except the Taq
polymerase were added to the PCR tube which was then heated to 95°C for 1 minute and
cooled to 72 °C. The Taq polymerase was added and the first cycle was completed by
annealing at 50°C for 40 seconds and synthesis at 72°C for 60 seconds. DNA was amplified
by a further 29 temperature cycles of 94°C (30 seconds), 50°C (40 seconds), 72°C (60
seconds) (GeneAMP PCR System 9600). The final 72 °C step was increased to 5 minutes to
allow complete DNA synthesis. 10 pi aliquots were analysed by agarose gel electrophoresis
(Section 2.2.1.7). PCR products were ethanol precipitated and digested with the appropriate
restriction endonucleases prior to ligation with the appropriate vector.

2.2.1.15 DNA Sequencing.
Sequencing primers:

BSSK:

pGEX;

T3

5' ATTAACCCTCACTAAAG

T7

5' AATACGACTCACTATAG

CM17

5' CAGTGATAATGTTGATATCTTC

GEXA

5' GATCGTCAGTCAGTCACG

3-5 pg of plasmid DNA purified with Magic™ resin (Section 2.2.1.3) was denatured
in Dénaturation Buffer (0.2 M NaOH, 2 mM EDTA) at 37°C for 30 minutes and ethanol
precipitated. DNA was resuspended in 7 pi of ddH20, 2 pi of 5X Reaction Buffer (200 mM
Tris-HCl (pH 7.5), 100 mM MgCl2 , 250 mM NaCl) and 1 pi of sequencing primer (0.5
pmol/pl). Samples were incubated at 65°C for 2 minutes and cooled slowly to 30°C (-15
minutes) allowing plasmid and primer to anneal. 1 pi of 0.1 M DTT, 2 pi of labelling mix (1.5
pM dGTP, 1.5 pM dCTP, 1.5 pM dTTP, diluted from a 5X concentrate), 0.5 pi [a^^S]dATP (1000 Ci/mmol, 10 pCi/pl) and 1 pi of diluted Sequenase 2.0™ (8X stock diluted
in Sequenase Dilution Buffer [10 mM Tris-HCl (pH 7.5), 5 mM DTT, 0.5 mg/ml BSA]) were
added to samples and incubated at 20°C for 5 minutes. 3.5 pi aliquots were added to each of
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4 Termination Mixes (2.5

containing 80 pM of each dNTP, 50 mM NaCl and 8 |aM of

either ddATP, ddTTP, ddCTP or ddGTP, pre-warmed at 37°C for 1 minute) and incubated
at 37°C for a further 5 minutes. Reactions were terminated with 4 pi of Stop Solution (95%
(v/v) formamide, 20 mM EDTA, 0.05% (w/v) Bromophenol Blue, 0.05% (w/v) Xylene
Cyanol FF) and stored at -20 °C prior to separation on denaturing polyacrylamide gels
(Section 2.2.1.16).

2.2.1.16 Denaturing Polyacrylamide Gel Electrophoresis.
Gels were polymerized and run using a Sequi-GEN Nucleic Acid Sequencing Cell
(Bio-Rad) according to the manufacturers protocol. IPC gel plate was coated with repel silane
to ensure the gel did not adhere to it. Variable thickness spacers (0.25 mm at the top
increasing to 0.4 mm towards the bottom) were used to increase resolution towards the top
of the gel. 5% (w/v) acrylamide gels (acrylamide:bisacrylamide 19:1%) containing 0.42%
(w/v) urea, IX TBE, 0.0325% (w/v) APS and 0.001% (v/v) Temed were allowed to
polymerize in a near horizontal position for 2 hours. Gels were clamped vertically into the
lower reservoir and the upper and lower reservoirs filled with IX TBE. 1-2 pi aliquots of
DNA sequencing samples were loaded onto pre-run gels (temperature 55 °C). DNA samples
were separated towards the anode at a constant voltage of 1,900 V and temperature of 55°C
for 2-4 hours. Following electrophoresis the plates were dismantled with the gel adhering to
the glass plate. Gels (on glass plate) were incubated in a large volume of 10% (v/v) acetic acid
for 15-30 minutes, transferred onto 3MM paper, vacuum dried ( BioRad) and exposed to XOmat film (Kodak) at 20°C for 15-48 hours.

2.2.1.17 Production of a 1-chimaerin and R acl Mammalian Expression
Vectors.
The rat a 1-chimaerin cDNA (R631) was isolated from a lambda gtlO cDNA library
of rat brain free poly-ribosomal mRNA. The cDNA was excised from lambda gtlO with
EcoRl and sub-cloned into Bluescript (Stratagene) as two EcoRl fragments, (nucleotides 1936 and 937-2310 ) (291). DNA fragments encoding the amino- and carboxyl-terminal
regions of the rat a 1-chimaerin cDNA were excised from Bluescript with EcoRl and Hindlll,
ligated, digested with Hindlll and cloned into the Hindlll site of Bluescript SKII+
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(Stratagene), generating pBSSKII+RNCnindni (nucleotides 158-2192 of rat a 1-chimaerin).
Transient Transfection Vectors: Vectors for the transient expression of a lchimaerin and Racl protein were generated as follows: the rat a 1-chimaerin cDNA was
excised from pBSSKII+RNCHindm and cloned into the Pstl site of the transient expression
vector pMT-2 (313), generating pMT-RNCp,g (nucleotides 318-2192 of rat a 1-chimaerin).
An a 1-chimaerin expression vector containing a longer 5' un-translated region (UTR), pMTRNCnindm (nucleotides 158-2192), was produced by excising the Hindlll fragment from
pBSSKH+RNCHindinj end-filling the recessed 3' termini with DNA Polymerase I (Klenow) and
cloning into the Ball site of pMT-2.
The human Racl cDNA (obtained as a PCR product with a Hindlll site created
directly upstream of the initiation codon and a Sail site at the 3' terminus (courtesy of Alan
Hall) (274) was excised from BSSKII+Racl (see Section 2.2.1.18) with EcoRV/HincII and
cloned into the Ball site of pMT-2, generating pMT-Racl.
Stable Transfection Vectors: Rat and human a 1-chimaerin cDNAs were sub-cloned
into the mammalian expression vector pHp Apr-l-neo (314). pHpApr-l-neo contains the
human p-actin promoter, a short polylinker with BamHI, Hindlll and Sail sites, a SV40
polyadenylation signal and a neomycin resistance gene. The rat cDNA was excised as a
Hindm fragment and cloned into the Hindin site of pHp Apr-l-neo, generating pHp-RNC^gg.
2192

which contains 297 nucleotides of 5' UTR, the entire coding sequence and 748 nucleotides

of 3' UTR. A vector containing 5' and 3' UTRs of 175 and 84 nucleotides respectively was
produced by excising the Ball fragment from BSSKII+RNCHindm and blunt end ligating into
the end-filled Hindlll site of pHpApr-l-neo producing pHp-RNC2 gi_is2 9 • The human a lchimaerin cDNA (which has an artefactual 41 nucleotide deletion and sequence inversion of
the 5' UTR, such that it encodes a protein of 299 amino acids, 35 shorter than the rat cDNA
(291)) was excised from pBSCMl (292) with Hindlll and cloned into the Hindlll site of
pHpApr-l-neo, generating pHp-HNC3 5 i_2 igo
The human Racl cDNA was end-filled and cloned into the end-filled Hindlll site of
pHpApr-l-neo, generating pHp-Racl. Site directed Racl mutants G12V and T17N were
excised from BSSKII+Racl(G12V) and BSSKII+Racl(T17N) (see Section 2.2.1.18) with
EcoRV/Hincn and cloned into the end filled Hindlll site of pHp APr-l-neo, generating pHPRac 1(G12V) and -Rac 1(T17N).
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2.2.1.18 Site Directed Mutagenesis of R acl. (Clonetech)
Vectors derived from pBSSKII+ were mutated at specific sites using the method of
Deng and Nickoloff (315). A selection oligonucleotide, which changes a unique restriction
endonuclease site (A) such that the endonuclease no longer digests the DNA at that site, and
a mutant oligonucleotide are annealed to a strand of denatured vector DNA. The
oligonucleotides prime the synthesis and ligation of the DNA strand which incorporates the
mutations. Non-mutated vectors are digested with restriction endonuclease A and an aliquot
used to transform an E. coli strain with defective mismatch repair. Plasmid DNA is purified
from a population of transformed E.coli and non-mutated vectors digested with restriction
endonuclease A. Up to 90% of colonies obtained from transforming competent XL-1 Blue
with aliquots of digested plasmid contain plasmids with both mutations due to the
transformation efficiency of linear DNA being 100 fold lower than with covalently closed
circular DNA.

Selection oligonucleotide sequence: Transforms the unique Afl III restriction

endonuclease site of pBluescript 11+ (BSSKII+)(Stratagene) to a Bgl II site:
5-CAGGAAAGAAGATCTGAGCAAAAG

Phosphorylation of Oligonucleotides: Selection and mutant oligonucleotides were

phosphorylated prior to annealing with plasmid DNA. 1 pg of oligonucleotides were
phosphorylated in Kinase Buffer (70 mM Tris-HCl (pH 7.6), 10 mM MgCl2 , 5 mM DTT, 1
mM ATP) and T4 polynucleotide kinase (10 Units, Promega), final volume 20 pi at 37°C for
60 minutes. Polynucleotide kinase was heat inactivated at 65°C for 10 minutes.
Synthesis: 2 pi (0.1 pg) each of mutant and selection oligonucleotides and 0.1 pg of

BSSKII+derived vector were diluted into Annealing Buffer (20 mM Tris-HCl (pH7.5), 10
mM MgCl2 , 50 mM NaCl) to a final volume of 20 pi, incubated at 100°C for 3 minutes and
rapidly cooled in an ice water bath for 5 minutes. 3 pi of lOX Synthesis Buffer (100 mM TrisHCl (pH 7.5), 5 mM dNTP's, 10 mM ATP, 20 mM DTT), 1 pi T4 DNA polymerase (2-4
units), 1 pi T4 DNA ligase (4-6 units) and 5 pi ddH20 were added to the samples and mutated
strands synthesised at 37°C for 2 hours. Strand synthesis was terminated by the addition of
3 pi of Stop Solution (0.25% (w/v) SDS, 5 mM EDTA (pH 8.0)) and heat inactivation at
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65 °C for 5 minutes. Samples were diluted with 270 pi TE, ethanol precipitated and incubated
with Afl III (10 units) at 37°C for 2 hours. A 5 pi aliquots of digested DNA was used to
transform 200 pi of competent BMH-71-18 mutS cells. The transformed cells were incubated
in 5 mis of LB with ampicillin (50 pg/ml) at 37°C for -15 hours. Plasmid DNA was purified
from 1.5 mis ahquots with Magic™ purification resin (Promega). 500 ng of plasmid DNA was
incubated with Afilll (10 units) at 37°C for 2 hours. An additional 10 units of Afllll was
added and incubated at 37 °C for a further 2 hours. 200 pi aliquots of competent XL-1 Blue
were transformed with 5 pi of the digested DNA samples.

Screening: Clones containing the required mutation(s) were screened by hybridization
(Section 2.2.1.11) with radioactively labelled 'mutant' oligonucleotides (Section 2.2.1.12). 100
colonies were gridded onto duplicate LB-agar/ampicillin plates and colonies lifted onto nylon
filters (Section 2.2.1.11). Filters were washed twice in 2X SSC, 0.1% (w/v) SDS at 20°C and
then in 0.2X SSC, 0.1% (w/v) SDS at 40°C for 10 minutes. The temperature was increased
with 5°C increments until l/5*-l/10* of the oligonucleotide probe (monitored with a GeigerMuller tube) remained bound to the filters. Filters were exposed to X-Omat film at -70 °C for
15-48 hours and colonies corresponding to high signals selected from the 'Master' plate for
sequencing.
The human Racl cDNA was directionally cloned into the Hindlll/Sall sites of
Bluescript SKII+, producing pBSSKII+Racl. Point mutations (G12V, T17N, Q61L and
D38A) were created in pBSSKII+Racl using the mutagenic oligonucleotides;

G12V (GTPase negative)

5' TTTACCTACAGCTACGTCTCCCAC

T 17N (Dominant negative)

5' TCAGTAGGCAATTTTTACCTACA

Q61L (GTPase negative)

5' CATAATCTTCTAGTCCAGCTGTAT

D38A ('Effector Site' )

5' CAGAATAATTGGCAAAGACAGT

The mutant Racl cDNAs were excised from pBSSKII+Rac 1(Gi2vy(Ti7N)/(Q6iLy(D38A)
BamHI/Sall and cloned into the BamHI/Sall sites of p265 (a pGEX-2T derivative containing
an extended polylinker; courtesy of Kees Vink and Dick Schaap).
Chimeric Racl mutants, with amino acids 121-164 replaced with the co-responding
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sequences from Cdc42Hs, RhoA or Ras were generated. Bglll and AlII sites were created
at nucleotides 351 and 493 respectively using mutagenic oligonucleotides:

AlII:

5' CACTGTCTTAAGGCCTCGCTGTGT

Bglll: 5' CATCCCTAAGATCTAGTTTAGTTC

to generate pB SSKII+Rac 1(BA). Racl (BA) was excised from BSSKII+Racl (BA) with
BamHI/Sall and cloned into p265, generating p265-Racl(BA). The co-responding sequences
from Cdc42, RhoA and H-Ras were amplified from using the polymerase chain reaction
(PCR) with the following oligonucleotides:
Cdc42Hs+: 5' GGAGATCTCAGAGATGACCCCTCTACTATTGAG
Cdc42Hs-: 5' GGTCTTAAGGCCTTTCTGTGTAAGTGCAGAACA
Rho+: 5' GGAGATCTCGGAATGATGAGCACACAAGGC
Rho-: 5' GGTCTTAAGTCCATCTTTGGTCTTTGCTGAACA
Ras+: 5' GGTCTTAAGTCCCTGCCGGGTCTTGGCCGAGGT
Ras-: 5' GGAGATCTCGCTGCACGCACTGTGGAATCTCGG

PCR products were cut with Bgll/AlII and ligated into the BgUI/Ain sites of p265-Racl(BA).
The resulting chimeras, p265-Rac/Rhog/9/io, p265-Rac/Cdc42g/9/io and p265-Rac/RaSg/9/io were
verified by DNA sequencing.
Racl chimaeras, replacing amino acids 121-143 and 147-164 with the co-responding
sequences from Cdc42Hs, were produced by annealing oligonucleotide pairs:
Cdc42(8)+: 5' GATCTTAGAGATGACCCCTCTACTATTGAGAAACTTGCCAAG
AACAAACAGAAGCCTATCACTCCAGAGACTGCTGAAGC

Cdc42(8)-: 5' CATGGCTTCAGCAGTCTCTGGAGTGATAGGCTTCTGTTTGT
TCTTGGCAAGTTTCTCAATAGTAGAGGGGTCATCTCTAA
and
Cdc42(9/10)+: 5' CATGGCCCGTGACCTGAAGGCTGTCAAGTATGTGGAGT
GTTCTGCACTTACACAGAAAGGCC
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Cdc42(9/10)-: 5' TTAAGGCCTTTCTGTGTAAGTGCAGAACACTCCACATAC
TTGACAGCCTTCAGGTCACGGGC

which were cloned into the Bglll/Ncol and Ncol/Alii sites of p265-Racl(BA) respectively,
generating p265-Rac/Cdc42g and Rac/Cdc42p/io.

2.2.1.19 Production of Cdc42Hs and RhoA Bacterial Expression Vectors.
Cdc42Hs and RhoA GST-fusion proteins were poor substrates for thrombin cleavage.
The cDNA were therefore subcloned into p265polyG, a derivative of p265 with a polyglycine
spacer immediately downstream of the thrombin cleavage site (316). p265polyG was created
by cloning the polyG+/- oligonucleotide cassette into the BamHI/Smal sites of p265.

polyG+; 5' GATCTCCGGGAATTTCCGGTGGTGGTGGTGGATCCGCATGCTACCC
polyG-; 5' GGGTAGCATGCGGATCCACCACCACCACCGGAAATTCCCGGA

The cassette removes the original BamHI site in the polylinker, creates a new BamHI site
immediately 3' to the polyglycine spacer and converts a Kpnl site to a SphI site. The Cdc42Hs
and RhoA cDNAs (obtained by PCR amplification of human brain cDNA, courtesy of Edward
Manser and Thomas Leung (296)) were cloned into the BamHI/EcoRI sites of p265polyG.

2.2.1.20 Production of pl90 GAP Domain.
The GAP domain of p i90 (276) (amino acids 1246-1514) was amplified from rat brain
cDNA (courtesy of Greg Michael) using oligonucleotides:
pl90GAP+: 5' GGGGGATCCTATTTGGGGTGCCTTTAACAACAGTGGTG
P190GAP-: 5' GGGGAATTCAAGAAGACAACTGATTTTCCTGCTTCCT
The PCR product was digested with BamHI and EcoRI, cloned into the BamHI/EcoRI sites
of p265polyG, generating polyG/pl90i246-i5i4, the sequence of which was verified by DNA
sequencing.

2.2.1.21 Purification of Glutathione S-Transferase Fusion Proteins.
XL-1 Blue, transformed with the appropriate plasmids were incubated in 40 mis of
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LB/ampicillin (50 pg/ml) at 37°C for 15 hours. The cultures were diluted 10-fold into 400 mis
of LB/ampicillin and incubated for a further 2-3 hours to an O D ^oo of 0.8. GST fusion protein
expression was induced with isopropyl-P-thiogalactopyranoside (IPTG) (1 mM) at 37°C for
a further 3-4 hours. Cells were pelleted, resuspended in 4 mis of 50 mM Tris-HCl (pH 7.5),
100 mM NaCl, 1 mM EOT A, 0.4 mM phenylmethysulfonyl fluoride (PMSF), 25 pg/ml
leupeptin and aprotinin, 2 pg pepstatin, stored at -20 °C, (if required) and lysed by sonication
on ice ( 6 x 1 5 seconds with 1 minute pauses). Insoluble debris was pelleted at 15, 000 x g
(Beckman J2-21) and cleared lysates loaded onto glutathione-Sepharose 4B columns (1 ml)
(pre-washed with 5 volumes of Wash Buffer (50 mM Tris-HCl (pH 7.5) 150 mM NaCl)).
Columns were washed with 20 column volumes of Wash Buffer, 5 column volumes of
Cleavage Buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2.5 mM CaCy. The glutathione
Sepharose beads were resuspended in 2 mis of Cleavage Buffer with thrombin (-1% wt/wt
fusion protein) and incubated with rotation (Denley Spiramix 5) at 20°C for 2 hours. GST
free proteins were eluted with 5 column volumes of 50 mM Tris-HCl (pH 7.5), 100 mM
NaCl, 1 mM MgCl2 and thrombin removed using a benzamidine-Sepharose column
(equilibrated with 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM MgClz). Proteins were
concentrated using Centriprep 10 (Amicon) (final concentration 1-2 mg/ml), glycerol added
to a final concentration of 10% (v/v), aliquoted and stored at -20°C.

2.2.2 Cell Culture.
NlE-115 and C0S7 cells were cultured in DMEM with 10% foetal calf serum, 2 mM
L-Glutamine and antibiotic/antimycotic solution (containing penicillin, streptomycin, and
amphotericin) at 37°C with 5%C02 Prior to inoculation of fresh culture vessels, media was
removed and cells incubated with Ix trypsin (Stock; 10 x trypsin: 2.5% (w/v) [Gibco-BRL])
at 37°C until the cells detached. The cell suspension was diluted into 5 volumes of media, to
inactivate the trypsin, cells pelleted at 500 x g for 10 minutes, resuspended in media and
culture vessels inoculated at a 1/10 dilution (approx 1x10^ cells per 10 cm dish) twice a week.
Frozen Stocks: 10 cm dishes were trypsinized, the cells pelleted at 500 x g for 10
minutes and resuspended in 4 mis of media supplemented with 10% DMSO per 10 cm dish.
1.8 ml aliquots in cryo-tubes (Nunc) were cooled slowly in a polystyrene box at -70° C for 15
hours. Cell stocks were transferred to a Dewar containing liquid nitrogen for long term
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storage.
Culture from frozen stocks: Cells in cryo-tubes were thawed at 37°C for 2-3

minutes. DMSO was diluted with 10 mis of media added drop-wise, the cells were pelleted
at 500 Xg for 10 minutes, resuspended in fresh media and seeded into a 10 cm dish

2.2.2.1 Mammalian Cell Transfection. (317)
10 cm dishes were inoculated with 5x10^ cells less than 24 hours before transfection
and incubated at 37°C, 5%C02. 10-20 pg of the expression vector was diluted with 50 pi of
2.5 M CaCl2 and ddH20 to a final volume of 500 pi. Calcium phosphate precipitates were
formed by the addition of 500 pi of 2X BBS solution (50 mM N,N-bis(2-hydroxyethyl)-2aminoethanesulfonic acid (BES), 280 mM NaCl, 1.5 mM Na2HP0^ (pH (6.95) at 20°C,
adjusted with NaOH)) and incubation at 20°C for 20 minutes. 10 cm dishes of cells were
incubated in 10 mis of media supplemented with DNA/calcium phosphate precipitates at
37°C, 3%C02 for 15 hours. Dishes were washed twice with PBS, 10 mis of fresh media
added and the cells incubated at 37°C, 5%C02 for a further 24-120 hours.
Selection of stable transfectants: Cells were incubated for 24 hours after removing

the calcium phosphate precipitate. Cells were trypsinized from the dish, counted with a
haemocytometer and fresh 10 cm dishes inoculated with 1000 cells, 1x10"^ and 1x10^ cells.
After a 24 hour recovery period, cells were incubated in media supplemented with 800 pg/ml
of G418 to select for stable transfectants.
Clones were isolated after ~2 weeks from dishes with well separated colonies.
Colonies were segregated with cloning rings, trypsinized, seeded into 3 cm dishes and
incubated with media supplemented with G418 (800 pg/ml) for 1-2 weeks. Cells were
trypsinized, seeded into 3x 10 cm dishes and incubated for a fiirther week prior to freezing.

2.2.3 mRNA Analysis.
To minimize RNA degradation RNase free chemicals were used. Glassware was baked
at 180°C for 8 hours or soaked in 0.5 M NaOH and rinsed with water to denature
contaminating RNases prior to use and gloves were worn when handling samples and RNase
free reagents, reducing RNase contamination of samples.
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2.2.3.1 Purification of Total RNA. (318)
Total RNA was obtained from 1-2 10 cm dishes (5x10^-1x10^ cells). Cells were
scrapped into 10 mis of PBS, washed twice with PBS, snap frozen and stored at -70°C. Cell
pellets were resuspended in 0.5 ml of Denaturing Solution (4 M guanidinium thiocyanate, 25
mM sodium citrate (pH 7.0), 0.5% (w/v) N-lauroyl sarcosine, 0.1 M p-mercaptoethanol), 50
pi of 2 M sodium acetate (pH 4.0), 0.5 ml of water saturated phenol (solid phenol dissolved
in excess ddH20) and 100 pi of chloroform:isoamyl alcohol (49:1) and incubated at 0°C for
15 minutes. Samples were centrifuged at 10,000 x g for 20 minutes at 4°C to separate the
phases. 500 pi of isopropan-2-ol was added to the aqueous phase (-500 pi) and the RNA
precipitated at -20°C for 1 hour. Precipitates were pelleted at 10,000 x g for 15 minutes and
resuspended in 200 pi of Dénaturation Buffer. RNA was re-precipitated with the addition of
isopropan-2-ol (200 pi), pelleted and washed with 70% (v/v) ethanol. Samples were
resuspended in 200 pi of 10 mM Tris-HCl (pH 7.6), 0.25% (w/v) SDS and incubated at 65°C
for 5 minutes, diluted with 600 pi of ethanol and stored at -70°C. When required 1/10^
volume of 3 M sodium acetate (pH 5.2) was added to aliquots of samples and the RNA
precipitates pelleted at 10,000 x g for 15 minutes. Yields of total RNA were -50-80 pg/10
cm dish with A2 6 0 /A2 8 0 ratios >1.8.

2.2.3.2 Denaturing Agarose Gel Electrophoresis of RNA.
1% vertical agarose gels were prepared containing IX MOPS Buffer (20 mM 3-(Nmorpholino)propanesulphonic acid (MOPS) sodium salt, 5 mM sodium acetate, 1 mM EDTA)
and 2 M formaldehyde. 10-15 pg of total RNA samples (Section 2.2.3.1) were resuspended
in 40 pi of Sample Buffer (50% (v/v) formamide, 2 M formaldehyde, IX MOPS Buffer) and
heat denatured at 65°C for 5 minutes. 10 pi of Loading Solution (20% (w/v) Ficoll, 2 mM
EDTA, 0.25% (w/v) bromophenol blue) was added and the samples loaded onto pre-run (15
minutes) agarose gels. RNA separated towards the anode at 3-4 V/cm for -15 hours with
constant circulation of the Running Buffer (IX MOPS Buffer, 2 M formaldehyde).

2.2.3.3 Transfer of RNA to Nylon Filter.
RNA samples were blotted from gels onto nylon filters (Biodyne) by capillary action
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and fixed by exposure to UV light (transilluminator) for 5 minutes. Samples were visualised
incubating filters in 5% acetic acid for 2 minutes, staining with 0.04% (w/v) methylene blue
in 0.5 M sodium acetate (pH 5.2) and washing excess stain with ddH20. Filters were store dry
at 20°C until hybridized with radioactively labelled DNA (Section 2.2.1.12).
When required filters were re-hybridized with different probes. Filters were washed
2-3 times in O.IX SSC, 0.1% (w/v) SDS at 90-100°C for 30 minutes and exposed to X-Omat
Film at -70 °C for 48 hours to ensure the removal of the previous probe. Filters were washed
in 2X SSC and hybridized normally (Section 2.2.1.13).

2.2.4 Analysis of Cellular Proteins.
2.2.4.1 Cellular Fractionation.
5x10^-2x10^ cells (1-2 10 cm dishes) were suspended into 10 mis of PBS using a
rubber policeman, pelleted at 500 x g, resuspended in 10 mis of PBS, re-pelleted and stored
at -70 °C. Cell pellets were resuspended in 100 pi of Hypotonic Buffer (20 mM Tris-HCl (pH
7.0), 10 mMKCl, 2 mM phenylmethysulfonyl fluoride (PMSF), 1 pg/ml pepstatin, 1 pg/ml
leupeptin, 1 pg/ml aprotinin), insoluble materials pelleted at 100,000 x g for 1 hour and
supernatants (soluble fractions) retained for storage at -70°C. Pellets were washed with 500
pi of Hypotonic Buffer, resupended in 100 pi CSK Buffer (10 mM Tris-HCl (pH 7.6), 1%
(v/v) Triton X-100, 2 mM PMSF, 1 pg/ml pepstatin, 1 pg/ml leupeptin, 1 pg/ml aprotinin)
and incubated at 4°C for 5 minutes. Insoluble materials were pelleted at 20,000 x g for 10
minutes and the supernatants (Triton soluble fraction) retained for storage at -70°C. Pellets
were washed with 500 pi of CSK Buffer, resuspended by sonication in 100 pi of CSK buffer
by sonication and stored at -70°C.

2.2.4.2 Determination of Protein Concentration.
Modified Bradford Method (319) (Bio-Rad)
Aliquots of protein samples (2-10 pi) were diluted with ddH20 to 800 pi (in the case
of insoluble protein samples 0.1% (w/v) SDS replaced ddH20). 200 pi of dye concentrate
(Coomassie Brilliant Blue G-250 in phosphoric acid and methanol) was added to samples
which were then incubated for 5 minutes. The absorbance of each sample (595 nm over a 1
cm path) was determined with a spectrophotometer (Beckman). BSA (Fraction V) (Sigma)
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samples containing 0-20 mg/ml were used as standards.

2.2.4.3 SDS-Polyacrylamide Gel Electrophoresis.
(Biorad-Mini Protean II)
Cellular proteins were separated on 10 or 12%, 1.5 mm thick, vertical, discontinuous
polyacrylamide/SDS gels. Separation gels containing 10 or 12% (w/v) acrylamide (30% stock
acrylamide:bisacrylamide 37.5; 1), 0.375 M Tris-HCl (pH 8.8), 0.1% (w/v) SDS, 0.05% (w/v)
Ammonium persulphate (APS), 0.05% (v/v) Temed were incubated for 30-60 minutes to
allow to polymerize. Gels were overlayed with stacking gels of 4%(w/v) acrylamide, 0.125
M Tris-HCl (pH 6.8), 0.1% (w/v) SDS, 0.05% (w/v) APS and 0.2% Temed with teflon combs
forming the sample wells. Gels were assembled vertically for electrophoresis with upper
(cathode) and lower (anode) reservoirs containing IX Running Buffer (0.025 M Tris, 0.2 M
Glycine, 0.1% (w/v) SDS). Samples were mixed with an equal volume of 2X Sample Buffer
(0.125 M Tris-HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 10% (v/v) pmercaptoethanol, 0.002% (w/v) Bromophenol Blue) and loaded into wells (maximum 50 pi).
Proteins were separated at a constant voltage of 180 V for -45 minutes. Prestained markers
(Sigma or Gibco BRL) were used as molecular weight standards.

2.2.4.4 Visualization of Proteins.
{Coomassie ' Stain: Gels were incubated in 0.1% (w/v) Coomassiae Brilliant Blue,
45% (v/v) methanol, 10% (v/v) acetic acid for 1 hour. Excess stain was removed with Destain
Buffer (40% (v/v) methanol, 10% acetic acid).
Silver Stain: (Bio-Rad) Gels were 'fixed' in 40% (v/v) methanol, 10% (v/v) acetic acid
for 30 minutes, and 10% (v/v) ethanol, 5% (v/v) acetic acid for 2x 15 minutes, incubated in
Oxidiser for 3 minutes and washed with ddH20 till the removal of excess oxidiser. Proteins
were visualized by incubating gels in Silver Reagent for 15 minutes, washing in ddH20 and
incubating in Developer with 3 changes. Staining was stopped with 5% (v/v) acetic acid.

2.2.4.5 Metabolic Labelling of NlE-115 Cells. (320)
NlE-l 15 cell lines were replated into 3 cm tissue culture dishes at 2 x 10^ cells per
dish. After a 48 hour recovery period the media was changed and the cell incubated with
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normal media or media supplemented with 5 mM sodium butyrate for a fijrther 21 hours. Cells
were washed several times in Methionine Deficient DMEM (Sigma) and incubated with 1 ml
of Methionine Deficient DMEM, 10% FCS, 2 mM L-Glutamine, 50 pCi p^S]Methionine
(1000 Ci/mmol, 10 mCi/ml), and if required 5 mM sodium butyrate for a further 3 hours. The
media was removed and cell debris pelleted at 20,000 x g for 20 minutes. [^^S]Methionine
labelled proteins were separated by isoelectric focusing in tube gels (pH 5-7/3-10 (4:1)
ampholytes) (Section 2.2.7.4) prior to separation by molecular mass on 10% SDS-PAGE gels.
Gels were fixed in Destain buffer (Section 2.2.4.4) for 15 hours, glacial acetic acid 2 x 20
minutes, 20% (w/v) 2,5-diphenyloxazole (PPO) in glacial acetic acid for 80 minutes and
ddH20 for 20 minutes. The gels were vacuum dried (Slab Drier Bio-Rad) and exposed to XOmat film at -70 °C for 10-14 days.

2.2.4.6 Immunological Analysis.
(Bio-Rad Trans-Blot)
Following the separation of proteins on polyacrylamide gels, the gels were equilibrated
in Bjerrum and Schafer-Nielsen Transfer Buffer (48 mM Tris, 39 mM glycine, 0.0375% (w/v)
SDS, 20% (v/v) methanol) at 4°C for 15 minutes with one change. Nitrocellulose filters (0.45
pm pore) (Schleicher and Schuell) and six pieces of 3MM filter paper were cut to the same
size as the gels (up to 4 gels were transferred at the same time) and saturated with Transfer
Buffer. Stacks of 3x 3MM filters, nitrocellulose filter, gels and 3x 3MM filters were placed
onto the platinum anode, air bubbles displaced and the steel cathode placed onto the stack.
Proteins were transferred onto the nitrocellulose at a constant voltage (15 V) for 1 hour at
4°C. Nitrocellulose filters were allowed to air dry and stored at 20°C if required.
Filters were incubated in PBS, 5% (w/v) dried milk powder (Marvel) or 3% BSA
(Fraction V) for 1 hour at 20°C or overnight at 4°C to block non-specific protein binding
sites and with primary antibodies diluted in Incubation Buffer (PBS, 1% (w/v) milk powder
or 1% BSA, 5 mis per filter) for 1 hour at 20°C or overnight at 4°C. After 5x 5 minute
washes in PB ST (PBS, 0.1% (v/v) Tween 20) the filters were incubated with a 1:1000 dilution
of peroxidase conjugated anti-immunoglobulin secondary antibodies (Dako) in Incubation
Buffer for 1 hour at 20°C. After 5x 5 minute washes in PB ST, the filters were incubated with
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ECL detection reagents (1:1 ratio of ECL reagents A and B, Amersham) for 1 minute,
covered in Saran Wrap and exposed to Hyperfilm-ECL at 20°C for 15 seconds - 30 minutes.

2.2.4.7 Immunocytochemistry.
Glass chamber slides (Nunc) were incubated with poly-l-lysine (100 pi per 1 cm^
chamber, 100 pg/ml) for 5 minutes, washed twice with ddH20 and air dried overnight.
Chambers were inoculated with 2000 cells and allowed to recover at 37°C, 5% CO2 for 2448 hours. Cells were fixed with 3.7% (w/v) formaldehyde in PBS for 20 minutes, rinsed with
PBS and permeabilized in 1% (v/v) NP40 in PBS for 20 minutes. Non-specific protein binding
sites were blocked by incubating slides in Blocking Buffer (PBS, 3% BSA) for 1 hour. Slides
were incubated with primary antibodies (diluted in 500 pi of Blocking Buffer) at 37° C for 1
hour and excess antibody removed with 3x 5 minute washes in PBS. Slides were incubated
with fluorescein conjugated anti-immunoglobulin antibodies (1:10 dilution; Dako) 1:10 and
rhodamine conjugated phalloidin (Stock: 0.1 mg/ml in methanol stored at -20°C diluted
1:100; Sigma) in Blocking Buffer at 37°C for 2 hours and washed in PBS (3x 5 minutes).
Slides were mounted with Mowiol (10% (w/v) Mowiol 4-88, 20% (v/v) glycerol, 0.1 M TrisHCl (pH 8.5), 2.5% (w/v) l,4-diazobicyclo-[2.2.2]-octane (DABCO)) and fluorochromes
visualised by epifluorescence microscopy with excitation and emission filters suitable for
fluorescein and rhodamine (Leitz).

2.2.5 Gap Assay. (274)
GTP-loading: 2 pi (1 pg) of purified GST-p21 protein were loaded with diluted with
[Y-^^P]GTP (12 pCi, 30 Ci/mmol) in 20 pi of 20 mM Tris-HCl (pH 7.5), 25 mMNaCl, 0.1
mMDTT, 5 mM EDTA (pH 8.0) at 30°C for 10 minutes. GTP-loaded p21s were stored on
ice for short periods (up to 2 hours) till required.
GTPase-activity (single time course): 1 pi of 0.1 M MgCl2 was added to 3 pi
aliquots of GTP loaded p21s, inhibiting free nucleotide exchange. GTP-loaded p21s were
diluted with 1 pi of 30 mM GTP, 3 pi of BSA (13 mg/ml), GAP protein samples and
Incubation Buffer (20 mM Tris-HCl (pH 7.5), 0.1 mM DTT) to a final volume of 30 pi and
incubated at 15°C. 5 pi aliquots removed after 0, 2.5, 5, 10 and 15 minutes, diluted into 1
ml of cold Wash Buffer (50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 5 mM MgCl2 ) and filtered
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through nitrocellulose filters (Millipore, HA type, 0.45 pm pore size) pre-wetted with Wash
Buffer. Filters were washed 2 x 1 0 mis of Wash Buffer, air dried and cpm determined using
a LS 6000Sc Liquid Scintillation Counter (Beckman Ready Safe Scintillant). Cpm at time zero
ranged from 40,000 to 20,000cpm. Time courses values are expressed as a percentage of the
cpm at the initial time point.
GTPase-activity (multiple time course): 8 pi of 0.1 M MgClz was added to the
exchange reaction to inhibit nucleotide exchange. 6x 4 pi aliquots were diluted into 22 pi of
Incubation Buffer (containing GAP protein samples), 1 pi of 30 mM GTP, 3 pi of BSA (13
mg/ml) and incubated at 15°C. 5 pi aliquots from each GAP reaction were removed after 0,
2.5, 5, 10 and spotted onto strips of nitrocellulose. Nitrocellulose strips were washed in Wash
Buffer (6x 1 minute) and allowed to dry. Nitrocellulose was cut into squares and counted.

2.2.6 Acetylcholinesterase Activity.
Colorimetric Assay (321)
The rate of hydrolysis of acetylthiocholine can be determined as thiocholine reacts with
dithiobisnitrobenzoate, producing the yellow anion, 5-thio-2-nitro-benzoic acid which can be
monitored spectrophotometrically. Samples containing acetylcholine esterase activity were
prepared from cells lysed with TBST (140 mM NaCl, 10 mM Tris-HCl (pH 7.5), 2 mM
PMSF, 1% (v/v) Triton X-100) and pelleting the insoluble material at 20,000 x g for 20
minutes. Non-enzymic hydrolysis of acetylthiocholine iodide was determined by diluting 6.7
pi of 75 mM acetylthiocholine iodide, 33 pi of 10 mM 5:5-dithiobis-2-nitrobenzoic acid (39.6
mg in 10 mis of 0.1 M Phosphate Buffer (pH 7.0) and 15 mg of sodium bicarbonate added)
into 940 pi of 0.1 M phosphate buffer (pH 8.0). The rate of 5-thio-2-nitro-benzoic acid
production was monitored as the rate of change of absorbance (412 nm) at 37°C (Pye Unicam
SP-8 spectrophotometer). 20 pi (100 pg of protein) aliquots of cleared cell lysate were added
and the production of 5-thio-2-nitro-benzoic acid monitored. Initial rates of change of
absorbance were determined and the rate of nitrothiobenzoate production calculated using the
extinction coefficient of 13,600 cm'*M'\
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2.2.7 p21 Protein Binding Assay.
2.2.7.1 Tissue Sample Preparation. (296)
Tissues from Sprague Dawley rats were homogenized in four volumes of
homogenization buffer (10 mM Tris-HCl (pH 7.4), 5 mM DTT, 0.5 mM PMSF, 1 ug/ml
aprotinin and

1

ug/ml pepstatin) and insoluble materials pelleted at

1 0 0 , 0 0 0

x g for

1

hour

(Beckman, 70Ti rotor). Glycerol was added to the supernatants (S-100 fraction) to a final
concentration of 5% (v/v) and 1 ml aliquots stored at -10°C.

1 .2 .1.1 Detection of p21 binding proteins. (304)
Proteins from S-100 fractions were separated on 9% gels containing 9% (w/v)
acrylamide (30% stock acrylamide:bisacrylamide 37.5:1), 0.375 M Tris-HCl (pH 8 .8 ), 0.1%
(w/v) SDS, 8 % glycerol, 1 mMDTT, 0.5 mMMgCl^, 0.05% (w/v) APS, 0.05% (v/v) Temed.
Gels polymerized at 20°C for 30-60 minutes and were overlayed with stacking gels of 4%
(w/v) acrylamide, 0.125 M Tris-HCl (pH 6 .8 ), 0.1% (w/v) SDS, 8 % (v/v) glycerol, 0.05%
(w/v) APS and 0.2% Temed. Gels were assembled vertically for electrophoresis, with upper
and lower reservoirs containing IX Running Bufier (0.025 M Tris, 0.2 M Glycine, 0.1% (w/v)
SDS). Protein samples were diluted with equal volumes of 2X Sample Buffer (1% (w/v) SDS,
125 mM Tris-HCl (pH 6 .8 ), 30% (v/v) glycerol, 0.01% (w/v) Bromophenol Blue, 2% (v/v)
P-mercaptoethanol) and separated on gels at 160V at 4°C for ~1 hour. Proteins were
transferred onto nitrocellulose filters (Trans-blot; BioRad) in modified Bjerrum and
Schafer-Nielsen bufier (48 mM Tris, 39 mM glycine, 10% (v/v) methanol, 0.025% (w/v) SDS,
0.5 mM MgCl2 ) and bound proteins denatured' by incubating filters in Renaturation Bufier
(PBS containing 3% (w/v) BSA, 0.1% (v/v) Triton X-100, 0.5 mM MgCl2 , 50 pM ZnClj and
5 mM DTT) at 4°C for 2-15 hours.
Recombinant p2 1 proteins (2 pg) were loaded with [y^^P]GTP (10 pCi, 6000
Ci/mmol) in Exchange Bufier (50 mM NaCl, 12.5 mM MES (pH 6.5), 12.5 mM Tris-HCl (pH
7.5), 1.25 mM EDTA, 1.25 mg/ml BSA and 2.5 mM DTT) at 20°C for 10 minutes. Loaded
p21s were diluted into 2-4 mis of GAP Buffer (50 mM NaCl, 25 mM MES (pH 6.5), 25 mM
Tris-HCl (pH 7.5), 1.25 mM MgCl2 , 1.25 mg/ml BSA, 1.25 mM DTT and 0.5 mM GTP),
layered onto filters and incubated at 20°C for 5 minutes. Filters were washed 6 x 5 minutes
in Wash Bufier (50 mM NaCl, 25 mM MES (pH 6.0), 5 mM MgCl2 and 0.25% (v/v) Triton
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X-100). Filters were wrapped in Saran Wrap and exposed to X-Omat film (Kodak) at -70 °C
for 15 hours.

2.2.7.3 Purification of Raci-specific binding protein.
Rat brain S-100 fraction (Section 2.2.7.1) was loaded onto a Q-Sepharose column
(Pharmacia) . Proteins were eluted with 50 mM Tris-HCl (pH 7.5) and 0.1-0.5 M NaCl in
stepped increments of 0.1 M. Fractions were dialysed against 2x 2 liters of 50 mM Tris-HCl
(pH 7.5) and proteins concentrated 5 fold by centrifugation in a microcon (Amicon) at 20,000
Xg for 10 minutes. 25 pi aliquots were separated on 9% SDS-PAGE gels (Section 2.2.7.2)
and analysed by silver staining (Section 2.2.4.4) or Racl-[y^^P]GTP binding.

2.2.7.4 Two Dimensional Gel Electrophoresis.
Protein samples were solubilized in an equal volume of Lysis Buffer (9.5 M urea, 10
mM lysine, 5% (v/v) p-mercaptoethanol, 2% (v/v) NP-40, 5% (v/v) ampholytes (pH 3.5-10)
(Pharmacia)), loaded onto tube gels (55% (w/v) urea, 4% (w/v) acrylamide, 2% (v/v) NP-40,
5% (v/v) ampholytes (pH 3.5-10), 0.05% (v/v) Temed, 0.01% (w/v) APS). Tubes were
assembled vertically for electrophoresis with 20 mM NaOH in the upper reservoir (cathode)
and 10 mM H3 PO4 in the lower reservoir (anode). Proteins were focused at a constant voltage
of 300 V for 15 hours followed by 1000 V for 1 hour. Gels were equilibrated with 50%
Sample Buffer (Section 2.2.12) for 1 hour, loaded onto modified 9% SDS-PAGE gels
(Section 2.2.7.2, with modified stacking gel containing 3% (w/v) urea and 0.01% (v/v)
Temed) and separated at 160 V at 4°C for 1.5 hours. Gels were either stained with Coomassie
Blue (Section 2.2.4.4) or analysed for Racl-[y^^P]GTP binding.

2.2.8 Tubulin Purification.
Tubulin was purified as described by Shelanski et al (322). Rat brains were
homogenised in an equal volume of Assembly Buffer (0.1 M MES (pH 6.5), 1 mM EGTA,
0.5 mM MgCl2 , 1 mM GTP, 2 mM PMSF, 1 ug/ml each of aprotinin, leupeptin, and pepstatin
A). Homogenates were centrifuged at 100,000 x g, 4°C for 1 hour (Beckman L 8 , 70Ti rotor),
glycerol added to the supernatants to a final concentration of 4 M and tubulin polymerised at
37°C for 30 minutes. Microtubules were pelleted at

1 0 0 , 0 0 0

x g, 25°C for 1 hour and
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resuspended in Assembly Buffer with the aid of a ground glass homogeniser. Microtubules
were depolymerised on ice for 30 minutes and insoluble material pelleted at

1 0 0 , 0 0 0

x g, 4°C

(Beckman TLA 100, TL 100.3 rotor). Glycerol was added to supernatants to a final
concentration of 4M and tubulin re-polymerised at 37° C for 30 minutes. Microtubules were
pelleted, resuspended in Storage Buffer (Assembly Buffer, 8 M glycerol) and stored in aliquots
at -70 °C. Prior to use tubulin samples were diluted with an equal volume of Assembly Buffer,
incubated at 37°C for 30 minutes and microtubules pelleted at

1 0 0 , 0 0 0

x g at 25°C.

In some cases tubulin and microtubule associated proteins were fractionated. Tubulin
samples were resuspended in PEM Buffer (100 mM Pipes (pH 6 .8 ), 1 mM EGTA, 1 mM
MgCy at - 1

0

mg/ml and de-polymerised by incubation on ice for 30 minutes. Samples were

loaded onto PI 1 cellulose phosphate columns (Whatman) equilibrated with PEM Buffer (1
ml cellulose phosphate per 2 mg tubulin) and tubulin eluted in the void volume. Microtubule
associated proteins were eluted with PEM Buffer, 0.8 M NaCl, dialysed against 2x 2 litres
of PEM Buffer and stored at -70°C.

2.2.8.1 Proteolysis of Tubulin.
Chymotrypsin was suspended in 10 mM sodium phosphate (pH 7.0) at 1 mg/ml and
stored at -20 °C. 50 pg of tubulin was incubated with 0.5 pg of chymotrypsin in PEG Buffer
(10 mM sodium phosphate (pH 7.0), 0.1 mM GTP and 0.5 mM M gCy for 20 minutes at
25 °C (323). PMSF was added to a final concentration of 2 mM, the samples diluted with an
equal volume of Sample Buffer, the polypeptides separated on 12% SDS-PAGE gels,
transferred onto nitrocellulose filters and analysed for Racl-[y^^P]GTP binding activity
(Section 2.2.7.2).

2.2.5.2 Tubulin Polymerization.
Racl (5 pg) was loaded with GTPyS (50 pM) in the presence of 5 mM EDTA at
30°C for 10 minutes. The exchange reaction was inhibited by the addition of MgCl2 to a final
concentration of 25mM. GTPyS (10 pM) or with Racl-GTPyS (5 pg) was added to tubulin
(35 pg) in PEM Buffer supplemented with 2 mM GTP (total volume 65 pi) at 4°C. Samples
were pre-incubated to 37°C and tubulin polymerization initiated by the addition of Taxol to
a final concentration of 10 pM. Tubulin polymerization was monitored by determining O.D. 3 5 0
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as a function of time at 37°C in a spectrophotometer (Pye-Unicam Sp8-100).

2.2.9 Lucifer Yellow Uptake.
Glass chamber slides (Nunc) were inoculated with Swiss 3T3 cells (2000 cells /
chamber), allowed to recover for 24 hours and serum starved for a further 24 hours. Cells
were inhibited with 0 . 1 pM colchicine (Sigma) for 2 hours followed by

1 0

% FCS with Lucifer

yellow (2.5 mg/ml, Sigma) at 37°C, 5% CO2 for a further 2 hours. Slides were washed 3 x
in PBS and mounted in Mowiol/2.5% DABCO. Lucifer yellow was visualised by
epifluorescence (Leitz).

Ill
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3 Over-Expression of a 1-Chimaerin in COS-7 Cells: Effects on Cellular
Morphology.

3.1 Transient Expression of a 1-chimaerin: Protein Production.
The protein product of the a 1-chimaerin has not been characterised, although the a2chimaerin protein product has been purified from rat brain and partially sequenced. The rat
a 1 -chimaerin was therefore subcloned into an expression vector and used to transiently
transfect COS-7 cells to investigate the a 1-chimaerin protein and examine possible cellular
phenotypes due to its over-expression. Rat a 1-chimaerin cDNA sequences 318-2192 and
158-2192 were cloned into the pMT-2 vector, downstream of the simian virus 40 (SV40)
enhancer and the adenovirus major late promoter, producing pMT-RNCp^g and pMTRNCuindm respectively. The vector also contains the SV40 origin of replication allowing
episomal replication and high levels of protein expression in cells expressing the large Tantigen. Subcloned a 1-chimaerin sequences differed only within untranslated regions (UTRs);
the Pst fragment contained a shorter 5' UTR and sequences derived from the BluescriptSKIHpolylinker (Fig. 3.1).
COS-7 cells were transfected with pMT-RNCHindm» pMT-RNCp,Q and the parental
vector, pMT-2, and the expression of a 1-chimaerin protein examined by probing
immunoblots of cellular protein probed with carboxyl-terminal-specific anti-chimaerin
antiserum (A‘")(296) (Fig. 3.2). Although the coding regions of the two chimaerin expression
vectors were the same, the apparent molecular weights and localization of exogenous
chimaerin proteins produced by the vectors were distinct. Lysates of cells transfected with
pMT-RNCpsjj contained a novel 38 kDa, Triton X-100 insoluble chimaerin species (p38^°^)
and a weaker signal from a 20 kDa species (p20^°^) which was soluble in solutions containing
1% Triton X-100 (lanes 3 and 4). In contrast cells transfected with pMT-RNCHindm did not
produce p38^^°^ but produced high levels of the 20 kDa protein, Triton X-100 soluble protein
(p20"^°^) (lane 5 and 6 ).
Analysis of the rat a 1-chimaerin cDNA, predicted a protein product of 38.2 kDa (292,
300) suggesting that the 38 kDa protein produced by cells transfected with pMT-RNCpgg was
a full length protein utilizing the predicted translational initiation codon. Production of
truncated p2 0 ^°^ in cells transfected with pMT-RNCnindm appears to be dependent on
nucleotides 164-323, which are within the 5' UTR.
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Fig. 3.1 (X1-chimaerin Transient Expression Vectors.

The rat a 1-chimaerin sequence was isolated from BSSKII+RNC as PstI and Hindlll
fragments, end filled (if required) and subcloned into the PstI and Ball sites o f pMT-2 under
the control of the SV40 origin of replication and enhancer, the adenovirus major late
promoter, the tripartite leader sequence present on late adenovirus mRNAs, an intervening
sequence, a dihydrofolate reductase coding sequence and the SV40 early polyadenylation
signal.
oc 1-chimaerin sequences, boxes represent:
■ un-translated region; □ amphipathic helix; ^ cysteine-rich domain;

M GTPase activating domain; M Bluescript polylinker sequence.
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Fig. 3.2 Protein expression by COS-7 cells transiently transfected with a 1-chim aerin
expression vectors.
Immunoblots of fractionated cellular protein from COS-7 cells 72 hours after transfection with
pM T-2, pMT-RNCprt, and pM T -R N C ,y^. Cells were lysed in CSK buffer (containing 1%
Triton X-100) and insoluble proteins pelleted at 100,000 x g for 1 hour. Proteins were
solubilized in 2x protein sample buffer, aliquots (~50pg) resolved on 12% SDS-PAGE gels
and transferred onto nitrocellulose. Filters were immunoblotted with the anti-chimaerin
antiserum. A'(carboxyl-terminal domain specificX 1:200 dilution) (Section 4.3), followed by
peroxidase-conjugated anti-rabbit immunoglobulin antibody (1:1000 dilution) (Dako).
Proteins were visualized with ECL reagents (Amersham).
Lane 1, pMT-2, supernatant;
Lane 2, pMT-2, pellet;
Lane 3, pMT-RNC,.*,,, supernatant;
Lane 4, pMT-RNC,.,„, pellet;
Lane 5, pMT-RNC,,,„j,„, supernatant.
Lane 6, pMT-RNC„,„d,„, pellet.

3.3 Cellular Morphology and Actin Organization of

COS-7 Cells

Transfected with a 1-chimaerin cDNA.
Since Racl, a substrate of a 1-chimaerin GAP activity in vitro, stimulates
reorganization of actin in Swiss 3T3 cells, actin organization of COS-7 cells transfected with
pMT-RNCpsti and pMI-RNCnindm was examined using rhodamine-labelled phalloidin. Cells
that accumulated a 1 -chimaerin proteins were detected with affinity purified anti-chimaerin
antiserum and a fluorescein conjugated anti-immunoglobulin serum (Fig. 3.3). Cells lacking
detectable levels of a 1 -chimaerin protein adhered to the substrata and displayed a flattened
morphology. F-actin staining was mostly diffuse with some localization to short disorganized
fibres and a small number of membrane ruffles within these cells. Cells transfected with pMTRNCpsfl, producing p38'^°^ (Fig. 3.3 A-D), appeared to contract and produced relatively long
(25-40 pm) thin processes. p38^°^ accumulated throughout the cell with strong punctate
staining close to cell nuclei and also at the bases of peripheral actin microspikes (Fig. 3.3
A,B). 72 hours after transfection many of the cells producing chimaerin were more rounded
and exhibited shorter processes. Some cells also appeared to have detached from the substrata
(Fig. 3.3 C, D).
Cells transfected with pMI-RNCnindm? producing p20"^°^, remained ffattened and
displayed diffuse F-actin staining with some short fibres. p20^°^ staining was punctate,
possibly associated with membraneous structures and appeared most highly concentrated in
areas around and possibly inside the cell nuclei (Fig 3.3 E-H).

3.4 Effects of p38^®^ and

Expression on Growth Factor-Induced

Actin Re-Organization.
Although a 1-chimaerin is known to stimulate the GTPase activity of Racl and
Cdc42Hs in vitro, it is unknown whether it has this activity in a cellular environment. Racl
and Cdc42Hs are involved with critical events linking extracellular growth factors with
membrane ruffling and filopodia formation respectively (242, 242, 268). Growth factorstimulated actin polymerization was examined in cells expressing p38^°^ or p2 0 ^°^ to
determine if they could function as down-regulators of Racl mediated actin reorganization.
Cells transfected with either pMT-RNCpg^ or pMI-RNCnindm were serum-starved for 24
hours, stimulated with (PDGF) or phorbol 12-myristate 13-acetate (PMA) for 15 minutes and
the extent of actin polymerization and membrane ruffling examined by staining the cells with
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Fig 3.3 Localization of

and p38^^® and actin reorganization in transfected

COS-7 cells.

COS-7 cells were cultured on glass chamber slides and transfected with pMT-RNCp^Q
(A-D) or pMT-RNCnindin (E-H). Transfected cells were stained 48 or 72 hours after
transfection with anti-chimaerin serum A*" ( 1 : 2 0 dilution) followed by fluorescein-conjugated
anti-rabbit antibody (A,C,E,G). Filamentous-actin was visualized in the same cells with
rhodamine-conjugated phalloidin (B,D,F,H).
(A,B) cells transfected with pMT-RNCp^g for 48 hours.
(C,D) cells transfected with pMT-RNCp^ti for 72 hours.
(E,F) cells transfected with pMT-RNCHindm for 48 hours.
(G,H) cells transfected with pMT-RNCnindm for 72 hours.

%

rhodamine conjugated phalloidin..
Serum starvation of the COS-7 cells reduced F-actin localization to membrane ruffles
but did not significantly effect actin-containing fibres or the punctate staining (Fig. 3.4 B; Fig.
3.5 B). Within cells expressing p20^°^, punctate F-actin staining appeared concentrated within
areas of high p20*^°^ accumulation. Actin fibres also appeared to be less abundant after serum
starvation (Fig. 3.4 A, B). PMA stimulation of starved COS-7 cells produced dramatic
membrane ruffling, visualised as veils of F-actin under the plasma membrane, in a similar
manner to the ruffling previously reported for Swiss 3T3 cells (Fig. 3.4 C-F; Fig.3.5 C-F),
whilst some cells produced PMA-induced actin 'ring' structures, which have previously been
observed with cells stimulated with PDGFP and therefore associated with migratory activity
(Fig. 3.4 D; Fig. 3.5 F). PDGF-induced ruffling was less pronounced (Fig. 3.4 G, H; Fig. 3.5
G,H).
Expression of p20^°^ appeared to inhibit PMA-induced membrane ruffling and 'ring'
formation. Cells expressing p20'^°^ maintained a punctate actin appearance. In addition, the
cells had a number of peripheral actin microspikes projections fbm the cell surface, not readily
visible in non-stimulated or membrane ruffling cells (Fig 3.4 C-F). PDGF-induced membrane
ruffling also appeared to be inhibited in cells producing p20^°^ (Fig 3.4 G, H).
As before, cells expressing p38‘^°^ were distinct from those expressing p20^°^,
exhibiting increased diffuse actin staining and process formation (Fig. 3.5 A, B). The
morphology or actin distribution of these cells was not significantly affected by PMA or
PDGF stimulation (Fig 3.5 C-H).

3.5 Summary.
Two mammalian expression vectors containing the entire open reading frame of the
rat a 1-chimaerin cDNA were generated and COS-7 cells transiently transfected. Immunoblots
of transfected COS-7 cells show that two protein products of 38 kDa and 20 kDa (carboxylterminal domain) were produced by the vectors. Production of the truncated protein appeared
to be dependent on sequences within the 5' UTR since the vectors differed within this region.
When cell lysates were separated into Triton X-100 soluble and insoluble fractions, the 20
kDa species associated with the soluble fraction whereas the 38 kDa protein associated with
the insoluble fraction.
Expression of the 38 kDa and 20 kDa proteins was associated with distinct cell
morphologies. Cells expressing the 38 kDa protein retracted, producing thin actin-containing
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Fig 3.4 Cells expressing

do not produce PM A - and PDGF-stim ulated membrane

ruflles.

COS-7 cells transfected with pMT-RNCHindm were incubated at 37°C for 24 or 48 hours with
10% FCS and serum starved (0.2% FCS) for a further 24 hours. Cells were incubated in
media with no additions (A,B), PMA (100 nM) (C-F), or PDGF (20 ng/ml) (G,H) for 15
minutes and fixed with 4% paraformaldehyde. Transfected cells were visualized with antichimaerin serum

(1:20 dilution) followed by fluorescein-conjugated anti-rabbit antibody

(A,C,E,G) and F-actin with rhodamine-conjugated phalloidin (B,D,F,H).

(A,B) cells transfected with pMT-RNCnindm for 24 hours, serum starved for 24 hours.
(C,D) cells transfected with pMT-RNCnmdm for 24 hours, serum starved for 24 hours.
PMA (lOOnM) for 15 minutes.
(E,F) cells transfected with pMT-RNCnindin for 48 hours, serum starved for 24 hours
PMA (lOOnM) for 15 minutes.
(G,H) cells transfected with pMT-RNCnindm for 48 hours, serum starved for 24 hours
PDGF (20ng/ml) for 15 minutes.

m

processes. Cells expressing the 20 kDa species, which remained flattened, did not produce
PMA-induced membrane ruffles, suggesting the protein has Racl-GAP activity, but possibly
produced PMA-induced peripheral actin microspikes.
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Fig 3.5 Cells expressing p38^°^ do not produce PM A- and PDGF-stim ulated membrane
ruflles.

COS-7 cells transfected with pMT-RNCpg^ were incubated at 37°C for 24 or 48 hours with
10% FCS and serum starved (0.2% FCS) for a further 24 hours. Cells were then incubated
in media with no additions (A,B) PMA (100 nM) (C-F) or PDGF (20 ng/ml) (G,H) for 15
minutes and then fixed in 4% paraformaldehyde. Transfected cells were visualized with antichimaerin serum A'" (1:20 dilution) followed by fluorescein-conjugated anti-rabbit antibody
(A,C,E,G) and F-actin with rhodamine-conjugated phalloidin (B,D,F,H).

(A,B) cells transfected with pMT-RNCpgg for 24 hours, serum starved for 24 hours.
(C,D) cells transfected with pMT-RNCp^g for 24 hours, serum starved for 24 hours
and incubated with PMA (100 nM) for 15 minutes.
(E,F) cells transfected with pMT-RNCp,g for 48 hours, serum starved for 24 hours
and incubated with PMA (100 nM) for 15 minutes.
(G,H) cells transfected with pMT-RNCp^g for 48 hours, serum starved for 24 hours
and incubated with PDGF (20 ng/ml) for 15 minutes.

4 Over-Expression of al-chim aerin in the NlE-115 Neuroblastoma Cell
Line: Effects on Cellular Morphology.

4.1 Transfection of NlE-115 cells with the al-chim aerin cDNA.
The expression of rat and human a 1-chimaerin mRNA is highly enriched in the brain
and more specifically in neuronal cells. A cell line of a neuronal origin was therefore
transfected with an expression vector containing the al-chimaerin cDNA and the
morphologies of the resulting cell lines investigated. The rat al-chimaerin cDNA (nucleotides
158-2192 and 281-1529) and the human al-chimaerin cDNA (nucleotides 351-2180) were
sub-cloned into a mammalian expression vector, pHp-Aprl neo (314), under the control of
the human P-actin promoter. The vector contains a neomycin resistance gene driven by the
SV40 early promoter/enhancer which allows the selection of transfected cells with the
antibiotic G418 (Fig. 4.1). Transfected NlE-115 cells were therefore selected on the basis of
their resistance to G418. In the case of cells transfected with the empty vector and a lchimaerin sequences 281-1529, five and eleven clones respectively were isolated using cloning
cylinders. NlE-115 cells were also transfected with an expression vector containing the a2chimaerin cDNA.

4.2 Northern Blot Analysis of Stably Transfected N lE-115 Cells.
To ensure the al-chimaerin cDNAs were correctly transcribed in the cell lines, total
RNA samples were examined by Northern blot analysis using the rat a 1-chimaerin cDNA (
nucleotides 1157-1824) as a probe (Fig. 4.2). An endogenous 2.3 kb al/a2-chimaerin
transcript, which had previously been observed at low levels in the NlE-115 cell line (285),
was not detected with the wash conditions and the exposure times used. Five clones
transfected with rat al-chimaerin sequence 281-1529 (RNC2 8 i.i5 2 9 [H , 9, 5, 2 and 1]) were
analysed for al-chimaerin mRNA expression (lanes 1-5). All produced a novel mRNA o f-1.6
kb as expected. Populations transfected with the rat and human sequences 158-2192 (RNC^gg.
/
2192

) and 351-2180 (HNC3 5 1 .2 1 8 0 ) accumulated higher levels of novel mRNAs o f-2.3 kb and

- 2 . 2 kb respectively (lanes 6 and

1 0

).
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Fig. 4.1 al-chimaerin Expression Vectors.

Rat al-chimaerin sequences were excised from BSSKII+RNC with Hindlll and Ball
endonucleases whilst the human al-chimaerin sequence was excised from BSSK HNC(-)
with Hindlll. DNA fragments were subsequently subcloned into the Hindlll site of pHp Apr1-neo (end filled in the case of the Ball fragment).

al-chimaerin sequence: boxes represent;
■ un-translated region, 1 1 amphipathic helix, ^ cysteine rich domain,
M GTPase activating domain, M Bluescript polylinker sequence.
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Fig. 4.2 Northern analysis of al-chimaerin transfected NlE-115 cells.
Total RNA (15 |ig) from cells transfected with:
(lanes 1-5) rat al-chimaerin sequences 281-1529; RNC2g,.i529 clones 11,9,5,2 and 1
(lane 6 )

rat al-chimaerin sequences 158-2192, RNC,;g.2i92

(lanes 7-9) pHp Apr-1-neo; Hp clones 5,4,1
(lane

10)

(lane 11)

human al-chimaerin sequences 351-2180, HNC,5,.2,«o
pHp Apr-1-neo, Hp/E population

R N A sam ples w ere hybridized to (A ), ’’P-labelied rat a l-ch im a erin

cD N A (nucleotides

1157-1824), the filters stripped and subsequently hybridized with (B ), chick p-aciin l ) \ \
Autoradiographs w ere exposed for ~2 days.

4.3 a 1-chimaerin Protein Expression by Transfected Cell Lines.
Transfected cell lines were screened for al-chimaerin protein expression by
immunoblotting total cell proteins with anti-chimaerin polyclonal and monoclonal antibodies
(Fig. 4.3). The specificities of the antibodies used and protein species detected in populations
of cells transfected with the empty vector (Hp/A and Hp/E), RNC1 5 8 . 2 1 9 2 and HNC3 5 1 . 2 1 8 0 are
listed below:

Antibody

Type/Antigen

Native

Novel

(A)

Rabbit polyclonal

45 kDa

20 kDa

(generated by

Immunized with TrpE-human al-chimaerin

48 kDa

Clinton Monfries)

sequences 501-2180 ('full-length') fusion.

Fig. 4.3 A

TrpE-specific antibodies immunoabsorbed.

(B)

Rabbit polyclonal

26 kDa

(generated by

Immunized with TrpE-human al-chimaerin

36 kDa

Clinton Monfries)

sequences 878-1817 ('GAP domain') fusion

45 kDa

Fig. 4.3 B

TrpE-specific antibodies immunoabsorbed.

48 kDa

(293)

8 6

2 0

kDa

kDa

CH8

Mouse monoclonal

26 kDa

(generated by

Immunized with GST-human al-chimaerin

45 kDa

Yeo Jing Ping)

sequences 878-1456 ('GAP domain') fusion

48 kDa

20 kDa

130 kDa

Fig 4.3 C
(A3

Rabbit polyclonal

45 kDa

20 kDa

(generated by

Antisera A: carboxyl-terminal specific

48 kDa

p38^°^

Clinton Monfries)

fraction.

p38^°^

Fig 4.3 D, E
(A3

Rabbit polyclonal

45 kDa

(generated by

Antisera A: amino-terminal specific

48 kDa

Clinton Monfries)

fraction.

Fig 4.3 F
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Antibodies specific to the carboxyl-terminal domain of a 1 -chimaerin detected a novel 20 kDa
protein (p20^^) in cells transfected with al-chimaerin cDNAs. p20^^ co-migrated with the
20 kDa protein produced by COS-7 cells transfected with PMT-RNC1 5 8 . 2 1 9 2 (Fig. 4.3 D) and
with novel 20 kDa proteins produced by NIH-3T3 and CHO cells transfected with the rat and
human a 1-chimaerin cDNAs under the control of the P-actin and SV40 late promoters (R.
Kozma, personal communication). p20^^ was smaller than the size predicted from the cDNA
sequences even though 'full-length' protein had been expressed in transfected COS-7 cells
(p3g(^").
To determine if p20^^ contained epitopes from either the amino- or carboxyl-terminal
domains, cell lysates were immunoblotted with antiserum A which had been fractionated by
affinity chromatography into amino- and carboxyl-terminal specific antisera (Fig. 4.3 E,F).
p38^°^ bound both amino- and carboxyl-terminal domain specific fractions indicating epitopes
from both domains are present. p2 0 ^^ bound A\ the carboxyl-terminal domain specific
fraction, but not A", the amino-terminal domain specific fraction. This strongly suggests that
p2 0 ^^ is a truncated species lacking the cysteine-rich domain but containing epitopes within
the GAP domain.
Antiserum A*"was also used to screen nine RNC2 8 6 _i5 3 4 clones, three Hp (empty vector)
clones and a cell population transfected with a pH p-Apr-1-neo vector containing the a 2 chimaerin cDNA (vector supplied by Wun Chey Sin) (Fig. 4.4). All RNC2 8 1 . 1 5 2 9 clones
contained a 20 kDa protein (lanes 1-9), which co-migrated with p20^^ (lanes 10 and 15). The
cell line transfected with the human a2-chimaerin cDNA contained increased expression of
a 45 kDa protein (lane 14), which had an apparent molecular weight similar to that predicted
from the cDNA sequence and a protein containing a2-chimaerin sequences purified from rat
brain cytosol (287). The endogenous 45 kDa protein, detected by all anti-chimaerin antisera,
probably represents endogenous expression of a2-chimaerin in NlE-115 cells.
Examination of chimaerin localization by simple cell fractionation indicated that the
majority of p20^^ and the endogenous 45 kDa protein were soluble, whilst an endogenous 48
kDa protein (possibly an additional chimaerin species) was insoluble in the presence of 1%
Triton X-100 (Fig. 4.5).
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Fig. 4.3 Protein expression by NlE-115 cells transfected with al-chimaerin expression
vectors.

Immunoblots of total cell protein (-100 pg) resolved by 10% SDS-PAGE. Proteins were
immobilized on nitrocellulose and probed with the following anti-chimaerin antiserum ( 1 :2 0 0 ):

A. Rabbit A (Immunized with TrpE-human a 1 chimaerin fusion protein.
B. Rabbit B (Immunized with TrpE-human a l chimaerin (carboxyl-terminal domain) fusion
protein.
C. CH8 (Mouse monoclonal; anti-carboxyl-terminal domain).
D. and E. A'" (Rabbit A antiserum; anti-carboxyl-terminal domain fraction).
F. A” (Rabbit A antiserum; anti-amino-terminal domain fraction).

followed by peroxidase-conjugated anti-rabbit or anti-mouse immunoglobulin antibody
(1:1000 dilution) and visualised with ECL reagents (Amersham).

Lane 1: Hp/E
Lane 2. HNC3 5 1 . 2 1 8 0
Lane 3: Hp/A
Lane 4. RNCj5g.2i92
Lane 5: Cleaved human al-chimaerin carboxyl-terminal fusion protein
Lane 6 : COS-7 cell transfected with pMT-RNCpgg (p38^°^)
Lane 7: COS-7 cell transfected with pME-RNCnindm (p20^°^)
Lane 8 : RNCi5 g_2 i9 2
Lane 9: Hp/E
Lane 10. HNC3 g2 _2 i8 o
Lane 11 : RNC1 5 8 .2 1 9 2
Lane 12: COS-7 cell transfected with pMT-RNCpsu (p38^°^).
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Fig. 4.4 Protein expression by NlE-115 clonal cell lines transfected with rat
al-chimaerin sequence 281-1529 or a2-chiniaerin.

Immunoblots of total cell protein

(1 0 0

pg) resolved by

immobolised on nitrocellulose and probed with antiserum

10%

SDS-PAGE. Proteins were

( 1 :2 0 0 ), peroxidase-conjugated

anti-rabbit immunoglobulin serum (1:1000) and visualized with ECL reagents.
Lane 1 , RNC2g,.,529 (clone 1 ); lane 2 , RNC2g,.,529 (2); lane 3, RNC,* ,.,529 (3),
lane4, RNC28,.,529 (5); lane 5, RNC2g,.,;29(6): lane 6 , RNC2*,.,529 (7); lane 7, RNC,*,.,5,9
lane 8 , RNC2g,.,; 2 9 (^),
laneO, RNC2g,.,529 (l 1); lane 10 RNC,s*.2,92, lane 11,UP(1), lane 12, 11(1(4), lane 13, 11(1(5)
lane 14, human a 2 chimaerin, lane 15, HNC,,,.,,*,,.
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Fig. 4.5 Immunoblots of fractionated cellular protein from NlE-115 cells transfected
with rat al-chimaerin sequence 158-2192.

RNC,58.2,92 and Hp/E cell lines were lysed in Hypotonic or CSK Buffers and insoluble material
pelleted at 100,000 x g. Equivalent amounts of supernatant and pellet (20 pi) were resolved
on 10% SDS-PAGE gels, proteins transferred onto nitrocellulose and probed with antiserum
A (1:200) followed with peroxidase-conjugated anti-rabbit immunoglobulin serum (1:1000).

P: pellet

S: supernatant

Hypotonic Buffer: 20 mM Tris-HCl (pH 7.0), 10 mM KCl, 2 mM PMSF, pepstatin, leupeptin
aprotinin.
CSK Buffer: 10 mM Tris-HCl (pH 7.6), 1% (v/v) Triton X-100, 2 niM PMSF, pepstatin.
leupeptin, aprotinin

4.4 Stimulation of R acl GTPase Activity by Transfected NlE-115 Cell
Lysates.
The Racl GAP activity of NlE-115 cells transfected with the al-chimaerin cDNA
was assayed by incubating lysates from the Hp/E and RNCigg. 2 1 9 2 cell lines with [y^^P]-GTP
loaded GST-Raci fusion protein at 15°C. Aliquots were removed at several time points and
the amount of protein-bound [y^^P]-GTP determined by filtering through nitrocellulose (Fig
4.6 A). Racl had significant GTPase activity in the absence of additions with 50% hydrolysis
of [y^^]-GTP after 12.5 minutes (+/- 0.5). In the presence of lysate from the Hp/E cell line
(containing 50 pg of protein) the time taken to hydrolyse 50% of the protein-bound [y^^P]GTP decreased to 7.0 minutes (+/- 0.5). This decreased to 2.2 minutes (+/- 0.2) in the
presence of lysate from the RNC1 5 8 . 2 1 9 2 cell line. Lysates from the RNC1 5 8 . 2 1 9 2 cell line were
estimated to have a -10 fold increase of Racl GAP activity compared to Hp/E cells. The cell
lysates of cells incubated with 5 mM sodium butyrate for 24 hours were also examined as this
results in major morphological changes and actin re-organization (Section 4.5 and 4.7). The
level of endogenous Racl GAP activity was un-affected in Hp cells treated with 5 mM
sodium butyrate whilst exogenous GAP activity in the RNC1 5 8 . 2 1 9 2 cell line were reduced.
To ensure that the release of ^^P from Racl was due to GTP hydrolysis, cell lysates
were also incubated with Racl loaded with the non-hydrolysable analogue [y^^S]GTP (Fig.
4.6 B). Nucleotide exchange on Racl was negligible under the conditions of the assay in the
presence or absence of cell lysates. The release of ^^P from [y^^P]-GTP loaded Racl appears
to be due to GTP hydrolysis rather than nucleotide exchange activity.
An overlay assay designed to detect GTPase stimulatory activity of proteins resolved
by SDS-PAGE (296) detected a novel protein in the lysates of the RNC^gg-ziPz cell line which
co-migrated with p20^^ (E. Manser, C. Hall, personal communication).
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Fig. 4.6 Racl GAP activity of soluble protein from transfected NlE-115 cell lysates.

No additions, (A); Hp/E, (□); Hp/E (5 mM sodium butyrate), (■); RNC1 6 4 .2 1 9 8 , (O);
RNC 1 6 4 . 2 1 9 8 (5 mM sodium butyrate).
(A) Samples containing GAP activity were obtained from transfected NlE-115 cells incubated
with/without sodium butyrate for 24 hours. Cells were lysed with Hypotonic buffer and
insoluble material was pelleted at 20,000 x g for 20 minutes. GAP activities were determined
by incubating [y^^P]GTP loaded Racl-GST fusion protein (25 ng) with/without cellular
protein (50 pg) in a total of 30 pi. Protein-bound radioactivity was determined in 5 pi aliquots
at 0, 2.5, 5, 10 and 15 minutes after addition of the GAP samples.
(B) Samples incubated with [y^^SjGTPyS loaded Racl-GST fiision protein (25 ng).

4.5 Morphology of Transfected Neuroblastoma Cell Lines.
The morphologies of NlE-115 cells which accumulated detectable levels of p20^^
protein were examined by phase contrast microscopy and compared to control cell lines
transfected with the empty vector (Fig.4.7). Cells lines RNC1 5 8 .2 1 9 2 , HNC3 5 1 . 2 1 8 0 and RNC2 8 1 .
1529

had a similar rounded morphology in the presence of 10% PCS (Fig. 4.7 D, G, J) in

comparison to Hp cell lines (Hp/E is shown) where a proportion of the cells (-35%)
exhibited a flattened morphology.
NlE-115 cells were also incubated in the presence of sodium butyrate, dimethyl
sulphoxide, dibutyryl cyclic-AMP or 0.2% PCS which had been previously been shown to
induce morphological and biochemical changes (324, 325, 326). Wild type and control cell
lines (HP) appeared to adhere to the substrata and flattened within 15 hours of the addition
of 5 mM sodium butyrate to the media (Pig. 4.7 B). The cells also produced areas of phase
dense thickened membrane (ruffles), micro spikes and some longer processes (neurites).
Cultures of Hp cell lines incubated in the presence of 2% DMSO for 4-7 days contained
mostly rounded cells, with a number producing long neurites (Pig. 4.7 C). In contrast, cell
populations RNC1 5 8 . 2 1 9 2 and 11 5 -HNC3 5 1 .2 1 8 0 , treated with 5 mM sodium butyrate, remained
rounded, but with an apparent increased cell-cell adherence (Pig. 4.7 E, H). DMSO-induced
neurite production by these cell lines was also decreased compared to Hp populations and
clones (Pig. 4.7 P, I). Clones isolated from cells transfected with the rat al-chimaerin
sequence 281-1529 (RNC2 8 M5 2 9 [H] is shown) remained rounded when treated with 5 mM
sodium butyrate (Pig. 4.7 K), in a manner similar to the RNC1 5 8 . 2 1 9 2 and HNC3 5 1 . 2 1 8 0 cell lines.
However, RNC2 8 1 . 1 5 2 9 clones produced relatively high numbers of neurites when incubated
with 2% DMSO for 4 days (Pig. 4.7 L).

4.6 Time Course of Sodium Butyrate-lnduced Morphological Changes.
The time course of sodium butyrate-induced morphological changes was examined
with the Hp/E (control) and RNC1 5 8 . 2 1 9 2 cell lines (Pig 4.9). Both cell lines had a rounded
morphology in the presence of 10% PCS prior to the addition of 5 mM sodium butyrate (Pig
4.9 A, P). Within 4 hours of the addition of 5 mM sodium butyrate, Hp/E (control) cells
produced a number of small processes,

- 2 0

pm in length, which were difficult to visualise

since a proportion of them were motile (Pig 4.9 B). In contrast RNC1 6 3 . 2 1 9 8 cells produced only
a few of these processes (Pig 4.9 G). 24 hours after the addition of sodium butyrate, Hp/E
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Fig. 4.7 NlE-115 cells producing p20^^ have altered morphological responses to sodium
butyrate and DMSO.

Hp (A, B, C), RNCi5 8 . 2 1 9 2 (D, E, F),

(G, H, I) and RNC

2 8 1 .1 5 2 9

[11] i l K, L) cell

lines were cultured in 3.5 cm plastic tissue culture dishes with the following conditions:
(A, D, G, J) fresh media for 24 hours
(B, E, H, K) media supplemented with 5 mM sodium butyrate for 24 hours
(C, F, I, L) media supplemented with 2% (v/v) DMSO for 5 days, media changes every 2 days
Phase-contrast micrographs were taken with an inverted microscope (Zeiss Axiovert 135).

(A) Hp/E;

(B) Hp/E, sodium butyrate;

(C) Hp/E, 2% DMSO;

(D) RNC1 5 8 .2 1 9 2 ; (E) RNCi58.2192, sodium butyrate;

(F) RNC1 5 8 .2 1 9 2 , 2% DMSO;

(G) HNC3 5 1 .2 1 8 0 ; (H) HNC3 5 1 .2 1 8 0 , sodium butyrate;

(I) HNC3 5 1 .2 1 8 0 , 2% DMSO;

(J) RNC2 8 1 .1 5 2 9 ;

(L) RNC2 8 1 .1 5 2 9 . 2% DMSO.

(K) RNC2 8 1 .1 5 2 9 , sodium butyrate;
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Fig. 4.8 Phase-contrast micrographs of N lE -115 cells cultured in the presence o f
dibutyryl cAM P or low concentrations of foetal calf serum.

H p/E and RNCi,g.2 i92 cells were seeded into plastic tissue culture dishes 24 hours prior to the
addition of:
(1) DM EM supplemented with 0.2% FCS.
(2) DM EM supplemented with 10% FCS and 2 mM dibutyryl cAM P.
Cells were incubated at 37°C , 5% CO 2 for 4 days with media changes every 2 days.

(a) H p/E , 0.2% FCS
(b) H p/E , 2 mM dibutyryl cAMP
(c) RNC,M.2 ,92 , 0 2% FCS
(d) R N C , 5g.2 ,92 , 2 mM dibutyryl cAM P

cells had flattened and adhered to the substrata (Fig 4.9 C), whereas RNC1 5 8 . 2 1 9 2 cells remained
rounded with increased cell-cell adhesion rather than cell-substrata adhesion (Fig. 4.9 H).
After 92 hours cells in both Hp/E and RNC1 5 8 . 2 1 9 2 cultures had flattened and exhibited some
neurite production (Fig. 4.9 E, J).
Butyric acid has previously been used to modulate the expression of DNAs introduced
into cultured cells (327). The effects of sodium butyrate and DMSO treatments on a lchimaerin transcript levels were examined in transfected NlE-115 by Northern blot analysis
using the rat a 1-chimaerin sequence 1157-1824 (Fig 4. 1 0 ). Levels of the 2.3 kb and 1.6 kb
al-chimaerin transcripts in RNC1 5 8 .2 1 9 2

RNC2 8 i-i5 2 9 [l 1] cell lines decreased after 24 hours

of sodium butyrate treatment. P-actin RNA levels also decreased in the same period but
apparently to a lesser extent. Endogenous Racl transcript levels were also examined using the
human Racl cDNA. Two transcripts of 1.1 and 2.2 kb, hybridized tothe Racl cDNA. Levels
of the

1 .1

kb transcript were reduced slightly in cells treated with sodium butyrate whilst there

was no detectable changes in the levels of the 2.2 kb transcript. After DMSO treatment for
7 days both al-chimaerin and p-actin transcript levels decreased to a similar extent, relative
to total RNA levels (Fig. 4.10 lanes 7-10).

4.7 Cytoskeletal Changes Associated with Sodium Butyrate-lnduced
Morphological Changes.
Re-organization of the microfilament and microtubule networks during sodium
butyrate-induced morphological changes was examined in the Hp/E and RNC1 5 8 . 2 1 9 2 cell lines
using rhodamine-conjugated phalloidin and anti p-tubulin antibodies to visualise F-actin and
microtubules respectively (Fig.4.11). In the absence of sodium butyrate both cell lines had a
rounded morphology and exhibited difftise F-actin staining. Most cells had a condensed
microtubule network, with a few cells exhibiting microtubule organization that is typical of
a mitotic cell. Four hours after the addition of 5 mM sodium butyrate, many Hp/E cells had
produced Iperipheral microspikes, which were stained by phalloidin, but not anti-tubulin (Fig
4.1 1 C). At this time the microtubule network had not changed significantly from the un
treated cells except there were no longer any mitotic cells (Fig. 4.11 D). Peripheral actin
microspikes were not detected in the RNC1 5 8 . 2 1 9 2 cell line after four hours (compare Fig. 4.11
I with C). 24 hours after the addition of sodium butyrate the Hp/E cells had flattened and

135

Fig. 4.9 Time course of sodium butyrate-induced neurite outgrowth by NlE-115 cells.

Hp/E and RNC1 5 8 . 2 1 9 2 cells were incubated in DMEM, 10% FCS media supplemented with
5 mM sodium butyrate for 92 hours. Phase-contrast micrographs (Leitz Diaplan) were taken
prior to and 4, 24, 48 and 92 hours after the addition of 5 mM sodium butyrate.

(A) Hp/E, no addition

(F) RNCigg.2 1 9 2 , no addition

(B) Hp/E, 4 hours

(G) RNC1 5 8 .2 1 9 2 , 4 hours

(C) Hp/E, 24 hours

(H) RNC1 5 8 .2 1 9 2 , 24 hours

(D) Hp/E, 48 hours

(I) RNC1 5 8 .2 1 9 2 , 48 hours

(E) Hp/E, 92 hours

(J) RNC1 5 8 .2 1 9 2 , 92 hours
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Fig. 4.10 Sodium butyrate and DM SO afTect al-ch im aerin , p-actin and R acl mRNA
levels of N lE -115 cells.

H p/E, RNC,58.2192 and RNC 28 i-i529 [l ü cell lines were incubated in the absence or presence of
5 mM sodium butyrate for 24 hours or 2% (v/v) DMSO for 5 days Total RNA w as extracted
from cells, aliquots (15 p g) fractionated on 1% formaldehyde agarose gels and transferred
onto nitrocellulose. Filters w ere hybridized with (A )

labelled a 1-chimaerin (nucleotides

1157-1824); (B ) chick P-actin DNA; (C) R acl cD N A
(1) H p /E , 5 mM sodium butyrate;

(2) H p/E ,

(3) R NC 281 . 1529, 5 mM sodium butyrate,

(4) R NC,*,., 529 ,

(5) R N C , 58 .2 , 92 , 5 mM sodium butyrate,

(6) R N C , 58.2 ,92 ,

(6) RNC,58.2,92, 2% D M SO ,

(7) R N C , 58.2 ,9 ,,

(8) H p/E , 2% DM SO,

(9) lip /E

contained highly stained peripheral actin microspikes and some membrane ruffles (Fig. 4.11
E). The microtubule arrays also appeared to flattened and project to areas close to the edges
of the cell, although microtubules did not enter the peripheral microspikes (Fig. 4.11 F). In
contrast, RNCigg. 2 1 9 2 cells remained rounded, contained diffuse actin staining and produced
few peripheral actin microspikes (Fig. 4.11 K). In addition, the microtubule network was not
significantly altered by sodium butyrate treatment (Fig. 4.11 L).

4.8 Disruption of the NlE-115 Cell Cytoskeletal with Inhibitors of Actin and
Tubulin Polymerization.
To examine whether the observed cytoskeletal re-organization was necessary for
butyrate-induced morphological changes, Hp/E and RNC1 5 8 . 2 1 9 2 cell lines were pre-treated
with cytochalasin B and colchicine which prevent actin and tubulin polymerization,
respectively, prior to the addition of sodium butyrate. It was reasoned that pre-treatment with
cytochalasin B, which binds to the barbed end of actin filaments and prevents filament
elongation and filament-filament interactions, may affect the initial events of butyrate-induced
morphological changes as microfilament reorganization appeared to be one of the initial events
in the rearrangement of the cytoskeleton. Since the changes to the microtubule network
appeared to be secondary, the effects of colchicine, which prevents tubulin polymerization into
microtubules by binding a-P tubulin dimers, were not thought to affect the initial changes to
the actin cytoskeleton.
RNCi5 8 . 2 1 9 2 cells pre-treated with cytochalasin B, prior to incubation with sodium
butyrate for 24 hours, were morphologically indistinguishable from DMSO pre-treated cells,
remaining rounded in the presence of sodium butyrate (Fig 4.12 a, c). In contrast Hp/E cells,
which flattened in the absence of cytochalasin B (Fig. 4.12 b), remained rounded and had a
similar morphology to butyrate-treated

cells (either with or without pretreatment

with cytochalasin B) (Fig.4.12 d). Pretreatment of Hp/E cells with colchicine did not prevent
butyrate-induced flattening (Fig. 4.12 f), although the final morphology was different from the
control, DMSO, pre-treated cells (compare Fig. 4.12 b and f). Microtubules also seem to be
essential for the final morphology of the RNC1 5 8 . 2 1 9 2 cell line as colchicine pre-treated cells
were rather smaller, produced surface blebs and were less adherent than DMSO control cells
(Fig. 4.12 e).
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Fig. 4.11 Re-organization of actin and tubulin in Hp/E and RNCigg_2 i92 cell lines during
sodium butyrate-induced morphological changes.

Hp/E and RNC1 5 8 .2 1 9 2 cell lines were seeded onto poly-lysine-coated glass chamber slides and
allowed to recover for 48 hours. Cells were then incubated in media supplemented with 5 mM
sodium butyrate for a further 0, 4 and 24 hours. Cells were then 'fixed' with 4% formaldehyde,
F-actin visualized with rhodamine conjugated phalloidin (1 pg/ml) and tubulin with anti-Ptubulin monoclonal antibody, DM lb (1:100) (Sigma) and fluorescein conjugated anti-mouse
immunoglobulin serum (1:10) (Dako). Slides were mounted with Mowiol, 2% DABCO.
Rhodamine and fluorescein were visualized by epifluorescence microscopy (Leitz).

Hp/E,

(A) phalloidin

(B) p-tubulin

Hp/E, 4 hours 5 mM sodium butyrate,

(C) phalloidin

(D) p-tubulin

Hp/E, 24 hours 5 mM sodium butyrate,

(E) phalloidin

(F) p-tubulin

RNCi5 8 .2 1 9 2 ,

(G) phalloidin

(H) p-tubulin

RNCi5 8 .2 1 9 2 , 4 hours 5 mM sodium butyrate, (I) phalloidin

(J) p-tubulin

RNCi5 8 _2 1 9 2 , 24 hours 5 mM sodium butyrate, (K) phalloidin

(L) p-tubulin

I

X

Fig 4.12 Cytochalasin B pretreatment of Hp/E cells mimics morphology of RNC 158.2192
cell line after sodium butyrate-induced morphological changes.

Hp/E and RNC1 6 4 . 2 1 9 8 cell lines were seeded into 3.5 cm plastic tissue culture dishes and
allowed to recover for 48 hours. The media was then replaced with media supplemented with
DMSO (0.1% v/v) (a, b), cytochalasin B (5 pg/ml) (c, d) or colchicine (2pg/ml) (e, f) and the
cells incubated for 2 hours. The cells were then incubated in media supplemented with 5 mM
sodium butyrate for a further 24 hours. Phase-contrast micrographs were taken with a Leitz
Diaplan microscope. Bar represents 50 pm.

0.1% DMSO

(a) Hp/E

(b) RNC1 5 8 . 2 1 9 2

cytochalasin B

(c) Hp/E

(d) RNC1 5 8 . 2 1 9 2

colchicine

(e) Hp/E

(f) RNC1 5 8 . 2 1 9 2

It had been reported previously that cytochalasin B treatment reduced Racl transcript levels
in porcine kidney LLC-PKj cells (328). The al-chimaerin transcript levels of NlE-115 cells,
pre-treated with cytochalasin and colchicine, were examined (Fig 4.13). Racl transcript levels
were also examined since Racl is a known target for al-chimaerin in vitro and is possibly
required for butyrate-induced cellular flattening.
Pretreatment of Hp/E, RNC1 5 8 .2 1 9 2 or RNC2 8 i_i5 2 9 [l 1] cell lines with either cytochalasin
B or colchicine did significantly affect exogenous al-chimaerin or endogenous Racl and Pactin mRNA levels. Down regulation of chimaerin or Racl mRNA levels, as a mechanism for
disruption of butyrate-induced cellular flattening and morphological changes, appears to be
excluded.

4.9 DMSO-Induced Neurite Production.
Cell populations RNC1 5 8 . 2 1 9 2

^ ^ ^ 3 5 1 - 2 1 8 0 produce few neurites after 7 days of

incubation in the presence of 2% DMSO. In contrast Hp clones and populations and RNC2 8 1 .
1529

clones produced neurites as early as day 3 of the treatment. Differences in neurite

production were quantified by determining the number of neurite producing cells for each cell
line (Fig. 4.14). Cultures of DMSO-treated RNC2 8 1 . 1 5 2 9 [clones 2, 9 and 11] cell lines
contained a high percentage of neurite producing cells (30% at day 5) when compared to
control, Hp cells (15% at day 5). In contrast, neurite production by the RNCi5 8 .2 1 9 2 and
HNC3 5 1 . 2 1 8 0 cell lines remained low, with as few as 4% neurite producing cells after 7 days
incubation in the presence of 2% DMSO.
The increased neurite production by RNC2 8 1 .1 5 2 9 clones compared with reduced neurite
production by the RNC1 5 8 . 2 1 9 2 and HNC3 5 1 . 2 1 8 0 cell lines was unexpected as all these cells
accumulated p20^^ when screened for al-chimaerin protein production (Section 4.3). Protein
expression after DMSO-induced neurite production was therefore examined, using the antichimaerin specific serum A'^ (Fig 4.15). All al-chimaerin transfected cell lines examined
produced p2 0 ^‘^after 4 days of DMSO treatment. RNC2 8 1 . 1 5 2 9 clones [2, 9,11] also produced
a soluble ~36 kDa protein (p36^^). Although it was not possible to determine if production
of p36^*^ facilitates neurite production, its expression correlates with an increased percentage
of cells producing DMSO-induced neurites.
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Fig. 4.13 Northern analysis of Hp/E, RNC, 5 8 .2 , 9 2 and RNC 2 8 M5 2 9 cell lines pre-treated
with cytochalasin B, colchicine or DMSO prior to incubation with sodium butvrate.

Total R N A (15 p g)from R N C 2g,.,5 2 9 [ l l ] (lanes 1-3), RNC, 58.2,9 2 (la n e s4-6) and Iip /E (lanes
7-9) cells were pre-incubated with colchicine (2 pg/m l) (lanes 1, 4, 7), cytochalasin B (5
pg/ml) (lanes 2, 5, 8 ) or DMSO (0.1% ) (lanes 3,6,9) for 2 hours prior to treating with 5 mM
sodium butyrate for 24 hours RNA samples were hybridized to: (A ), rat al-chim aerin
(nucleotides 1157-1824) (film exposed for 10 days due to downregulation o f chimaerin
transcript), (B ), Racl cD N A and (C) chick P-actin D NA
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Fig. 4.14 DMSO-induced neurite production by NlE-115 cells transfected with the a lchimaerin cDNA: Percentage of cells producing neurites.

Cells were replated into

10

cm

plastic

issue culture dishes 24 hours prior to the addition of

media supplemented with 2% DMSO. The media was subsequently changed every 2 days. At
the times indicated the percentage of neurite producing cells was determined in at least 3
randomly selected fields of - 1 0 0 cells. Cells with neurites greater than one cell diameter in
length were counted. Cells producing more than one neurite were counted only once.
H p /E (# ); H p/4(A );

■^^^281-1529[2]

(O);

(O);

I^ C 28i.i529[6] (Q); RNC2gi.i529[ 11] (H)-
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Fig. 4.15 Accumulation of a novel 36 kDa protein in the cytosol of RNC2 8 1 . 1 5 2 9 clones
induced by DMSO.

Cells were lysed in Hypotonic Buffer (20 mM Tris-HCl (pH 7.0), 10 mM KCl), and insoluble
material pelleted at 100,000 x g for 1 hour. Soluble proteins were separated on 12% SDSPAGE gels and immobilized on nitrocellulose. Immunoblots were probed with the antichimaerin serum A*" (1:200) followed by peroxidase-conjugated anti rabbit immunoglobulins
(1:1000) (Dako) and visualized with ECL reagents (Amersham).

Lane 1: H p/E
Lane 2. RNCi5g_2i92
Lane 3. RNC 281-1529 [2]
Lane 4: Hp[4]
Lane 5: H p/A
Lane 6. RNC]$g_2 i92
Lane 7: RNC2gi.i529[9]
Lane 8: HNC,351-2180
'

Lane 9: RNC

281-1529

[1 1 ]

4.10 Summary.
The neuroblastoma cell line was stably transfected with expression vectors containing
the open reading frame of the rat and human a 1-chimaerin cDNAs. Expression of a 20 kDa
protein p20^^, which co-migrated with the truncated protein product produced by transiently
transfected COS-7 cells, was detected on immunoblots probed with anti-chimaerin sera. Cells
expressing p20^^ exhibited different morphological changes when incubated in the presence
of sodium butyrate or DMSO, but not dibutyryl cAMP or 0.2% PCS. Sodium butyrateinduced morphological changes by control NlE-115 cells included cellular flattening,
membrane ruffling and microspike formation within 24 hours and neurite production within
92 hours. These morphological changes were delayed in cells expressing p20^^, although they
did respond by an apparent increase in cell-cell adherence. Reorganisation of the actin
cytoskeleton appeared to be important for butyrate-induced morphological changes suggesting
that p20^^ expression modulates the formation of specific actin structures.
DMSO-induced neurite production by NlE-115 cells was also inhibited by cells
expressing p20^^. Incubation of cells transfected with a mammalian expression vector
containing the coding region of the rat chimaerin cDNA with smaller un-translated regions
produced a 36 kDa protein species, detected with anti-chimaerin serum, when incubated with
DMSO, suggesting that the un-translated regions of the a 1-chimaerin cDNA modulate protein
expression. Expression of the 36 kDa species was! associated vith an increase in the number
of neurite producing cells suggesting that the activities of truncated and full length a lchimaerin appear are distinct.
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5 Over-Expression of the Ras-Related p21 Protein, R acl, in the
Neuroblastoma Cell Line NlE-115,

5.1 Introduction.
The carboxyl-terminal domain of chimaerin was recently shown to stimulate the
GTPase activity of the Ras-related GXP binding protein, Racl, in vitro (274). This raised the
possibility that the effects of chimaerin GAP domain over-expression in N IE -115 cells were
mediated by modulation of activated Racl (or a related GTPase) levels. To examine whether
Racl also modulated cell morphology and cytoskeletal organisation, NlE-115 cells were
transfected with expression vectors containing the human Racl cDNA.
Several studies suggest that effectors of G-proteins also modulate the GTPase activtiy
of the G-protein. The effector proteins phospholipase Cpi, cyclic-GMP phosphodiesterase and
Raf stimulate the GTPase activity of their respective regulators in vitro (132, 327, 208).
RasGAP also appears to have activities that are distinct from the modulation of activated Ras
levels. The inhibition of atrial muscarinic potassium channel currents by Ras is inhibited by
antibodies to RasGAP. The SH2-SH3-SH2 domain of RasGAP inhibits potassium channel
currents in the absence of Ras which suggests that RasGAP is required for certain Ras effector
function (203). However, over-expression of RasGAP suppresses Ras- and Src- induced
cellular transformation suggesting that RasGAP is not required for effector fimction but
down-regulates activated Ras levels (330, 331, 332).

NlE-115 cells were therefore

transfected with GTPase-deficient and dominant inhibitory mutants of Racl and the
morphologies of the resultant cell lines examined to establish whether the effects of chimaerin
over-expression were consistent with the inactivation of Racl or with the stimulation of Racl
effector activity.

5.2 Northern and Western Blot Analysis of Neuroblastoma Cells
Transfected with R acl.
The human Racl sequence was cloned into the mammalian expression vector pHp
Aprl-neo (314) under the control of the P-actin promoter. NlE-115 cells, transfected with
the Racl expression vector, were selected with the antibiotic G418. 15 clones (Racl [1-15])
were subsequently isolated with cloning rings. Total RNA, obtained from 12 clones
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transfected with the Racl cDNA and 3 control cell lines transfected with empty vector (pHpAPr-l-neo) were screened for Racl mRNA expression by Northern blot analysis using the
human Racl cDNA (Fig. 5.1). Two endogenous transcripts of 1.1 and 2.4 kb, which have
been reported previously (328), were detected. All the Racl clones examined also contained
an additional transcript of 0.9 kb with 3 out of 12 clones (Racl[1,2 and 3]) exhibiting
comparatively higher levels of the 0.9 kb transcript when compared to the other clones.
Total cell lysates (100 pg of protein) of Racl clones were also screened for Racl
protein expression by Western Blot analysis using an anti-Rac antiserum (antiserum produced
by immunising a rabbit with cleaved, purified GST-Raci fusion protein [R. Kozma, S. Ahmed,
J. Lee personal communication]). However, endogenous or exogenous Racl expression levels
were too low to detect in the total cell lysates (Fig 5.2 A). To ensure that the Racl cDNA was
translated efficiently, it was sub-cloned into the pMT-2 mammalian expression vector and the
resulting vector used to transiently transfect COS-7 cells. The levels of protein expression
were higher due to the episomal replication of the expression vector in COS-7 cells. Figure
5.2 B shows the production of a novel 21 kDa protein, which was detected in the lysates of
cells transfected with pMT-Racl. Racl protein was first detected in cell lysates 48 hours after
transfection increasing to maximal levels at 72 hours.
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Fig 5.1 Northern blot analysis o f N lE -115 cells transfected w ith the hum an R a cl cD N A
u nd er the control o f the p -actin prom oter.

Total RNA (15 pg) from clones stably transfected with either the human Racl cD N A (clon es
R a c l[l]-[I 4 ]) or the empty vector, pHp A pr-l-n eo (clones H P[ I ],[2 ],[4 ]]) were separated
on 1% formaldehyde agarose gels, transferred onto nylon membranes and hybridized with
(A ),

labelled human Racl cD N A

(B ),

labelled chick P-actin DNA

Filters were exposed to X-Omat film for 48 hours
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Fig. 5.2 Racl protein expression in NlE-115 cells and COS-7 cells transfected with the
human Racl cDNA.

Immunoblots of total cell protein (100 pg) probed with an anti-Rac antiserum (1:200) and
peroxidase-conjugated anti-rabbit antibodies (1:1000) (Dako).
(A) Racl expression in stably transfected NlE-115 cells.
Lane 1, Hp/E; lane 2, RNC,58.2 ,92, lane 3, RNC2g,.,529[l 1], lane 4, Racl[l], lane 5, Racl[2];
lane 6 , Racl[3]; lane 7, Racl[9]; lane 8 , Racl[10], lane 9, COS-7, pMT-RacI (72 hours).
(B) Time course of Racl expression by COS-7 cells transiently transfected with pMT-Racl
COS-7 cells transfected with the pMT-Racl or pMT-2 (empty) vectors were analysed at the
times indicated.
Lane 1, pMT-2 (72 hours), lane 2, pMT-Racl (120 hours), lane 3, pMT-Racl (72 hours),
lane 4, pMT-Racl (48 hours); lane 5, pMT-Racl (24 hours)

5.3 Morphology of R acl Transfected N lE-115 Cells.
The morphologies of several Racl transfected clones, which accumulated
comparatively high and moderate levels of the 0.9 kb Racl transcript, were examined. Phasecontrast micrographs of clones R acl[l] (representative of clones 1, 2 and 3) and Racl [11]
(representative of clones 4-14) are shown in Fig. 5.3. Racl[l] cells had a rounded
morphology in the presence of 10% PCS. At low cell densities many cells had small rounded
aneurisms ("blebs') or microspikes at the cell surface and/or an accumulation of large vesicles.
When cells accumulated both 'blebs'/microspikes and vesicles their localization was polarized,
with 'blebs' located at one side of the cell and vesicles towards the other (Fig. 5.3 C, D). At
high cell densities or 3-4 days after re-plating, the number of cells producing 'blebs' and
vesicles decreased (Fig. 5.3 E). Incubation in the presence of 5 mM sodium butyrate for 24
hours also reduced "blebs' and vesicles accumulation but did not induce cellular flattening and
adherence to the substrata or increased cell-cell adherence (Fig. 5.3 compare F with control
inB).
Cultures of clones with moderate levels of the 0.9 kb transcript contained high
percentages of flattened cells which produced peripheral microspikes (-15-20 per cell) in the
absence of sodium butyrate. The morphologies of these cell lines were somewhat similar to
those of sodium butyrate-treated control cell lines (Fig. 5.3 compare G with the control in B).
The addition of sodium butyrate induced a relatively rapid (-4 hours) increase in the number
of highly flattened cells (Fig. 5.3 H).
To examine the organisation of microfilaments and microtubules, Racl transfected
cells were stained with rhodamine-conjugated phalloidin and anti-p-tubulin. The Racl[l]
clone displayed occasional areas of small intense phalloidin staining on the cell surface which
were not observed in control cell lines. Areas of intense staining was still visible 4 hours after
the addition of 5 mM sodium butyrate to the culture media but were not detected after 24
hours. Sodium butyrate-induced peripheral actin microspikes were not detected in the Rac[l]
cell line (Fig. 5.4 G, I and K). The organization of microtubules, which was similar to the
control cell lines, was not significantly affected by sodium butyrate treatment (Fig. 5.4,
compare H, J, L and B). In contrast, Racl[11] cells produced many peripheral actin
microspikes in the absence of sodium butyrate, which were similar to sodium butyrate-induced
actin microspikes produced by control cell lines (Fig 5.4, M). The addition of sodium butyrate
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Fig. 5.3 Phase-contrast m icrographs o f N lE -1 1 5 cells transfected w ith R a cl in the
absence and presence o f 5 m M sodium butyrate.

Hp/E, Racl[l] and Racl[l 1] cells were replated onto plastic tissue culture dishes and allowed
to recover for 24 hours prior to incubating in the presence of 5 mM sodium butyrate for a
further 24 hours and/or taking phase-contrast micrographs using an inverted microscope
(Zeiss Axiovert).

(A)HP/E;

(B) Hp/E, sodium butyrate (24 hours);

(C) Racl[l], (low density);

(D) Rac[l], (low density);

(E) Rac[l], (high density);

(F) Racl[l], sodium butyrate (24 hours);

(G )R acl[ll];

(H) Racl [11], sodium butyrate (24 hours);

#
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Fig. 5.4 F-actin and tubulin localization in N lE -1 1 5 cells transfected with R a cl in the
absence and presence o f 5 mM sodium butyrate.

Hp/E, (A-F); Racl[l], (G-L); and Racl[l 1], (M-R) cell lines were seeded onto poly-lysinecoated glass chamber slides and allowed to recover for 48 hours. Cells were then incubated
in media supplemented with 5 mM sodium butyrate for a further 0, 4 and 24 hours. Cells were
then 'fixed' with 4% formaldehyde, F-actin visualized with rhodamine conjugated phalloidin
(1 pg/ml) and tubulin with anti-p-tubulin monoclonal antibody, DMlb (1:100) (Sigma) and
fluorescein conjugated anti-mouse immunoglobulin serum (1:10) (Dako). Slides were
mounted with Mowiol, 2% DABCO. Rhodamine and fluorescein were visualized by
epifluorescence microscopy (Leitz).

Hp/E,

(A) phalloidin

(B) p-tubulin

Hp/E, 4 hours 5 mM sodium butyrate,

(C) phalloidin

(D) p-tubulin

Hp/E, 24 hours 5 mM sodium butyrate.

(E) phalloidin

(F) p-tubulin

Racl[l],

(G) phalloidin (H) p-tubulin

Racl[l], 4 hours 5 mM sodium butyrate,

(I) phalloidin

(J) p-tubulin

Racl[l], 24 hours 5 mM sodium butyrate.

(K) phalloidin

(L) p-tubulin

Racl [11],

(M) phalloidin

(N) p-tubulin

R acl[11], 4 hours 5 mM sodium butyrate.

(0) phalloidin

(P) p-tubulin

Racl[l 1], 24 hours 5 mM sodium butyrate,

(Q) phalloidin

(R) p-tubulin

n.

to Racl[l 1] cells induced a rapid re-organization of microfilaments and microtubules. The
number of cells with microtubule arrays and highly stained peripheral actin microspike
increased within 4 hours (Fig. 5.4, O, P).

5.4 Over-Expression of GTPase Deficient and Dominant inhibitory’ R acl
Mutants in NlE-115 Cells.
Mutations of Ras at residue 12 decrease its intrinsic and GAP-stimulated GTPase
activity. The transforming ability of these mutants appears to be due to the slow conversion
from the 'active', GTP-bound, form of the protein to the 'inactive', GDP-bound, resulting in
continual Ras activation of the mitogenic signal transduction pathways. Conversely a
dominant inhibitory mutant, where threonine at residue 17 is changed to asparagine (T17N),
is able to block transformation by c-Ras. The protein has a higher affinity for GDP than GTP
and is thought to be locked in an inactive conformation, competitively inhibiting interactions
between endogenous Ras and Ras guanine nucleotide exchange factors (333) (Section
1.17.1). Similarly the Racl mutants Racl°^^^ and Racl^^^ have decreased intrinsic and GAPstimulated GTPase activity and higher affinity for GDP than GTP respectively (248) (J. Lee,
personal communication). Since the dominant inhibitory mutant is thought to inhibit Racl
activation, the effects of its over-expression may be expected to be similar to those induced
by stimulation of Racl GTPase activity. Conversely, over-expression of the GTPase-deficient
mutant may be expected to produce phenotypes similar to the over-expression of Racl
effector proteins. Racl°^^^ and Racl^^^ mutants were therefore generated by site directed
mutagenesis and cloned into the mammalian expression vector pHp APr-l-neo. N lE-115 cells
were transfected with the two expression vectors, from which clones Racl°^^^[l,2] and
Racl^^^[1,2,3] were isolated. Northern Blot analysis (Fig. 5.5) shows that the clones
expressed a transcript of 0.9 kb (and a minor large transcript) in addition to the endogenous
Racl transcripts of 1.1 kb and 2.4 kb. Transcripts of l.Skb and 4kb, were also observed in
some samples which possible represent cross-hybridization with the IBS and 28S ribosomal
RNAs.
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Fig. 5.5 N o rth e rn blot analysis o f N lE - 1 1 5 cells tra n s fe c te d w ith 'd o m i n a n t in h ib ito ry '
a n d G T P a s e -d e fic ie n t R a c l cDNAs.

Total RNA (15 |ig) from clones transfected with the empty vector, dominant inhibitory
(T17N) or GTPase-deficient (012V) mutants of the human Racl cDNA were separated on
1% formaldehyde agarose gels, transferred onto nylon membranes and hybridized with the
Racl cDNA. Filters were exposed to X-Omat film for 48 hours.

Lane 1, pHp Apr-l-neo (empty vector).
Lane 2, Racl ""'’'[2],
Lane 3, Racl ""''! 1];
Lane 4, RacL'‘^^ [3],
Lane 5, RacL''^' [2],
Lane 6, RacL’'^'[l]

The

and Racl^^^ clones exhibited pronounced dififerences of cellular morphology

and actin organization in the presence and absence of sodium butyrate (Fig. 5.6). Racl^^^
clones (clone[l] is shown) did not produce actin containing processes or flatten in the
presence of sodium butyrate after 24 hours, but appeared to have increased cell-cell adherence
(Fig. 5.6 D), a morphology similar to neuroblastoma cell lines expressing p20^^. Racl°^^^
clones (clone 2 is shown) were flattened and produced peripheral actin microspikes prior to
addition of sodium butyrate. Cellular flattening and actin microspike formation were enhanced
by sodium butyrate with a few cells also producing longer actin containing processes of-3050 pm in length.

5.5 DMSO-induced Neurite Production: Effects of R acl Over-Expression.
The NlE-115 cell lines Racl[l], Racl[14], R acr'"^[l] and Racl'^'^^P] were
incubated in the presence of 2% DMSO for a period of 5 days and the extent of neurite
production examined (Fig. 5.7). Both Racl[l] and Racl^^^[l] cells produced DMSO-induced
neurites and were morphologically indistinguishable from the control, Hp/E cell line., when
induced to differentiate (Fig. 5.7 A and B). Quantification of the number of neurite producing
cells in cultures of Racl [1] cells show that the rates of DMSO-induced neurite production are
similar to control, HP cell lines. DMSO-induced neurite production by Racl[11] and
Racl°^^^[2] cell lines was also observed, although the predominant response was increased
adherence to the substrata.

5.6 Biochemical Markers of Differentiation.
Although over-expression of al-chimaerin and Racl affects the morphology ofN lE115 cells in the presence of sodium butyrate or DMSO, it is uncertain whether the over
expression of these protein affects cytoskeletal reorganization specifically or modulates other
sodium butyrate- and DMSO-induced effects. To establish whether butyrate- and DMSOinduced morphology changes were affected specifically, sodium butyrate- and DMSO-induced
increases of acetylcholine esterase activity were examined (Fig. 5.8). Increases of
aceytlcholine esterase activity of 2 and 10-14 fold were observed after incubation with sodium
butyrate for 24 hours or DMSO for 5 days respectively. Over-expression of p20^^ or Racl
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Fig. 5.6 F-actin organization of Racl^^^^ and Racl^^^^ cell lines in the absence and
presence of 5 mM sodium butyrate.

Cells were replated on poly-lysine coated glass chamber slides 24 hours prior to incubation
with 5 mM sodium butyrate for 24 hours and/or fixation with 4% formaldehyde. F-actin was
localized with rhodamine-conjugated phalloidin, visualized by epifluorescence microscopy
(Leitz) and photographed using Ektachrome 400 film (Kodak).

Hp/E,

(A)no addition;

(B) 5 mM sodium butyrate (24 hours);

Racl^^^[l],

(C) no addition;

(D) 5 mM sodium butyrate (24 hours);

Racl°^^^[2],

(E) no addition;

(F) 5 mM sodium butyrate (24 hours).

k

m
9

*
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m
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Fig. 5.7 Phase-contrast micrographs of NlE-115 cells transfected with wild-type,
GTPase-deficient and 'dominant inhibitory' Racl in the presence of 2 % DMSO
for 5 days.

Racl[l], (A);

[1], (B); Racl[14], (C); and Racl°^^^[2], (D) clones were seeded into

3.5 cm plastic tissue culture dishes 24 hours prior to the addition of DMSO to a final
concentration of 2% (v/v). Cells were incubated at 37°C, 5% CO2 for 5 days with media
changes every 2 days. Phase-contrast micrographs were taken using an inverted microscope
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did not appear to significantly aflfect the induction of acetylcholine esterase activity. Although
neurite production and cell flattening by the RNCi5 g_2 i9 2 cell line was inhibited, the levels of
DMSO-or butyrate-induced acetylcholine esterase activity were similar to or greater than the
activities obtained in control cell lines. Conversely, levels of acetylcholine esterase activity in
Racl [12] or RNC2 8 1 .1 5 2 9 cell lines were not significantly higher than control cell lines, although
butyrate- and DMSO-induced morphology changes were potentiated.

5.7 Secretion of Extracellular-Matrix Associated Protein by a 1-chimaerin
and R acl Transfected N lE-115 Cells.
Sodium butyrate treatment of v-i?as-transformed rat kidney cells induces increased cell
adherence to the extracellular matrix, such that the cells revert to a morphological 'normal'
(morphology prior to transformation with v-Ras) phenotype. Morphological changes, induced
by sodium butyrate, are accompanied by increased secretion of a 52 kDa protein, identified
as plasminogen activator inhibitor type-1 (PAI-1), a regulator of extracellular urokinaseplasminogen activator. It is thought that increased PAI-1 deposition into the extracellular
matrix is probably a key event in the morphological changes induced by sodium butyrate.
Inhibition of pericellular proteolytic activity may stabilize cell-extracellular matrix adhesion
structures thus increasing cell adherence (334).
Accumulation of factors, such as PAI-1, into the extracellular matrix is potentially an
important mechanism for the generation of morphological changes during sodium butyrate
treatment and Racl transfection of the NlE-115 cell line. RNC1 5 8 . 2 1 9 2

Racl [14] cells were

labelled with p^S]Methionine and proteins secreted into the media examined by 2-dimensional
gel electrophoresis (Fig 5.9). The pattern of major proteins accumulating in the medium of
the three cell lines were similar despite the cells' different morphologies. PAI-1 has previously
been shown to resolve into 5-6 species with slightly different isoelectric points in rat kidney
cells. Similarly, protein species of 52 kDa, which resolved into 4-5 species with slightly
different, relatively basic isoelectric points similar to PAI-1, accumulated in the medium of
both cell lines examined suggesting that the different cell morphologies were not due to
inhibition of PAI-1 secretion. However, a relatively acidic protein o f-42 kDa accumulated
to higher levels in the Racl [14] cell line, although the identity of this protein is unclear at
present.
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Fig. 5.8 Sodium butyrate- and DMSO-induced acetylcholinesterase activity of NlE-115
cells transfected with al-chimaerin and Racl.

N lE -1 15 cells incubated in media with no additions for 24 hours (■), media supplemented
with 5 mM sodium butyrate for 24 hours ( ^ ) and 2% DMSO for 5 days (il). Cells were
washed twice with PBS, lysed by sonication in 0.1 M phosphate (pH 8.0), 2 mM PMSF.
Insoluble material was pelleted and acetylcholinesterase activity determined colourmetrically
(Materials and Methods). Protein concentrations were determined by the method of Bradford
using bovine serum albumin as standard.
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Fig. 5.9 2-dimensional electropliorelic analysis o f ^^S-labelled proteins secreted into the
media by N lE -1 1 5 cells transfected with a l-c h im a e r in and R acl cDNAs in the
absence/presence o f 5 niM sodium butyrate.

N lE -1 1 5 cells transfected with a l-ch im a erin (RNCi^x.^w:)

and B) and R acl ( R a c l[1 4 ])

(C and D ) were incubated in the absence (A and C) or presence (B and D) o f sodium butyrate
for 24 hours. Proteins were labelled with ’'S Methionine for 3 hours Media w as rem oved and
cellular debris pelleted at 2 0 ,0 0 0 x g for 20 m inutes Material containing equal am ounts o f
acid insoluble cpm w as separated by 2-dim ensional electrophoresis and gels prepared for
fluorography as detailed in M aterials and M ethods. Labelled proteins w ere visualized by
exp osin g gels to X-Omat film for 7 days.

A RNC 158-2IV2’
B, R N C , 5 g.2 , 9 2 , 5mM sodium butyrate (24 hours),
C R a c l[1 4 ],
D R a c l[14], 5 mM sodium butyrate (24 hours).

5.8 Summary.
Stable transfection of NIE-115 cells with the human cDNA resulted in the production
of two distinct phenotypes that were associated with the level of exogenous mRNA
expression. Comparatively high levels of Racl RNA expression were associated with rounded
cell morphologies and 'blebbing' of the plasma membrane, whereas moderate mRNA levels
were associated with a flattened cell morphology and actin-microspike formation. The
flattened cell morphology appears to be associated with the GTP-bound conformation of Racl
since flattened cell morphologies and actin microspike formation are also associated with
transfection of a GTPase-deficient mutant of Racl. Cell phenotypes produced by a dominant
inhibitory mutant of Racl are distinct with rounded cells that exhibit delayed responses to
sodium butyrate. Sodium butyrate- and DMSO-mediated stimulation of acetylcholine esterase
activity were not affected by the over-expression of ocl-chimaerin and Racl suggesting that
these proteins modulate the reorganisation of the cytoskeleton specifically without affecting
other butyrate-and DMSO-induced cell responses.
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6 Examination of R acl Sequences Required For Interaction with a l Chimaerin and Binding Proteins.

6.1 Introduction.
The Rho family of p21 GTPases is implicated in regulating the organization of the
actin cytoskeleton. The morphological changes induced by the micro-injection of RhoA, Racl
and Cdc42 are distinct with RhoA inducing stress fibre formation, Racl membrane ruffling
and Cdc42 filopodia formation. This strongly suggests that each GTPase activates distinct
signaling pathways which mediate GTPase-induced morphological changes. Similarly, the
specificity of GAP stimulation of GTPase activity is specific, al-chimaerin stimulates the
GTPase activity of Racl to the greatest extent, Cdc42Hs only moderately and RhoA not at
all, whereas, in low salt conditions, the GAP domain of pi 90 stimulates RhoA, Racl and
Cdc42Hs to similar extents. The date it has not been established which sequences of Rac, Rho
and Cdc42 are required for the regulation of distinct signal effector pathways and for
interactions with GAPs, nucleotide exchange and nucleotide dissociation inhibitory factors.
However, target proteins, which distinguish between the GTP- and GDP-bound
conformations of GTPases, are expected to bind sites which undergo significant
conformational changes, in a nucleotide-dependeht manner.
Ras has been

mutated extensively to delineate

sequences required for the activation of

mitogenic pathways. Comparison of Ras with the related protein RaplA reveals that residues
32-44 are identical in the two proteins. RaplA is thought to block Ras-induced transformation
activity by competitively inhibiting for Ras effector proteins, suggesting that the target binding
site is localized between residues 32-44 (182). In addition, a chimaeric mutant of Rho, with
residues 23-46 replaced with the corresponding Ras sequence, is transforming, also suggesting
that Ras target molecules interact with residues within this sequence (335). Comparison of
the tertiary structures of GTP- and GDP-bound Ras reveals that residues 32-38 are one of
only two regions that undergo significant nucleotide dependent conformational changes.
Unlike Ras, chimaeric proteins of Yptl and Sec4 (Ras related proteins required for
distinct stages of the secretion pathway of Saccharomyces cerevisiae) require Yptl residues
corresponding to loops 7 and 2 of the Ras crystal structure (see Fig. 6.1) to transform Sec4
into a chimeric protein with Yptl function (336). Similarly although site directed mutagenesis
of Rho within residues 32-42 indicate that this region is necessary for its biological activity.
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chimeras of Ras, with substituted Rho sequences, indicate that residues 32-42 are not
sufficient for Rho biological activity. The authors concluded that at least two regions, residues
32-42 and a region within the carboxyl-terminal two thirds of the protein, are required for Rho
target activation (335).
Comparison of amino acid sequences from the Rho family with Ras (Fig 6 .1) reveals
a 14 amino acid insertion within loop 8 of Ras, which is not present in any other members of
the Ras superfamily. Chimaeric Racl proteins, replacing amino acids 121-164 with
corresponding RhoA, Cdc42Hs and Ras sequences (Fig.6.2), were created to examine
whether this sequence is important for specific modulation of actin re-organization and
interaction with specific binding proteins. Two point mutations, D38A and Q61L, which affect
interactions between Ras and RasGAPs and intrinsic GTPase activity respectively were also
created by site directed mutagenesis. The intrinsic and GAP-stimulated GTPase activities of
the mutant GTPases and their ability to bind putative target proteins were examined.

6.2 Intrinsic and GAP-Stimulated GTPase Rates of Point and Chimaeric
Mutant R acl Proteins.
A mutation of Ras at residue 38, converting aspartate to an alanine (Ras°^*^),
completely abolishes the transforming activity of Ras and the ability to interact with RasGAP
(182). Conversely, mutation of residue 61, converting glutamine to lysine, potentiates Ras
transforming activity and abolishes GTPase activity. To establish whether analogous
mutations of Racl have similar effects, Racl^^^^and Racl^^^^ cDNAs were generated and
subcloned into bacterial expression vectors. The recombinant protein was expressed, purified
and their intrinsic and GAP-stimulated GTPase rates examined in vitro to determine if their
biochemical characteristics were analogous to Ras*^^®^ and Ras^^^^ mutations. Fig. 6.3 A
shows that the leucine to glutamine substitution at residue 61 completely abolished the
intrinsic and al-chimaerin- and pl90-stimulated GTPase activity. Since conversion of the
GTP-Racl^^^ ('on') to the GDP- ('offi) conformation is slower than wild type Racl, the Q61L
mutation of Racl may strongly potentiate its biological activities.
Although the intrinsic GTPase rate of RacP^®^ was slower than that of wild type Racl
it was stimulated by the GAP domain of pi 90 (Fig. 6.3B). It therefore appears that the
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Fig. 6.1 Sequence alignment of members of Racl, Cdc42Hs, RhoA and H-Ras.
Secondary structure elements of Ras protein crystal structure are also shown, a 1-a 5 are helices, p l-p 6 are p strands and LI-LIO are loop regions.
Conserved amino acids are shown in bold. The positions of the Bglll and Aflll sites created by site directed mutagenesis and the Ncol site are
shown. Sequence positions of the loop structures refer to Racl. Alignment based on Valencia, A., et al. (181).
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Fig. 6.2 Construction o f R a c l, C dc42H s, RhoA and chimaeric m utant vectors.

DNA sequences of the multiple cloning sites of the GST-fusion protein expression vectors
p265 and polyG. (B) Construction of GTPase expression vectors indicating protein sequence
derived from the polylinker of Bluescript. Chimaeric mutants were generated by creating Bgll
and Aflll sites either side of the Racl sequence to be investigated. The corresponding
sequences from Cdc42Hs, RhoA and H-Ras were generated by the polymerase chain reaction
and cloned into the Bglll and Aflll sites of Racl (BA).
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BamHI
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Hindi
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EcoRI

HindiII
Ncol
Smal
GAT CTG GTT CCG CGT GGA ICC CCA TGG TAC CCG GGT CGA CTA GTA TGC ATA AGC TTG AAT TCA TGC TGA
Asp Leu Val Pro Arg Gly Ser Pro Trp Tyr Pro Gly Arg Leu Val Lys lie Ser Leu Asn Ser Ser .

Thrombin
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Fig. 6.3 Intrinsic and GAP-stimulated GTPase rate of Racl, Racl*^"^ and Racl D38A

Racl, Racl^^^ and RacP^*^ GST-fusion proteins (25 ng) were loaded with [y^^P]GTP (30
Ci/mmol; 5 pM) at 30°C for 10 minutes. The GTPase activity at 15°C was determined in the
absence or presence of varying amounts of the a 1-chimaerin or pi 90 GAP domains (cleaved
GST-fusion protein) in a total of 30 pi.The amounts of protein-bound radioactivity in 5 pi
aliquots were determined using a nitrocellulose filter-binding assay (Materials and Methods).

interactions between the Rho family of GTPases and their GAPs are distinct from RasRasGAP interactions, which are abolished by the D38A mutation. Micro-injection of the
RaciQ^iL mutant into quiescent Swiss 3T3 cells induces membrane ruffling at concentrations
lower than required for wild-type Rac, indicating that this mutant potentiates the biological
activity of Racl. Incontrast, micro-injection of the Racl°^*^ mutant did not induce membrane
ruffling at any of the concentrations used suggesting that Racl-effector interactions are
inhibited by this mutation.
Since a region within the carboxyl-region of Rho is required for GAP stimulation of
Rho GTPase activity, the intrinsic and GAP-stimulated GTPase activities of Racl chimaeric
mutants with amino acids 121-164 replaced with the corresponding RhoA, Cdc42Hs and HRas sequences were examined (Fig 6.4 and 6.5 respectively). Racl had a characteristically
high intrinsic GTPase rate, with 50% of the bound GTP hydrolysed (t^g) after -12 minutes at
15°C . The intrinsic GTPase rates of RhoA and Cdc42Hs were significantly slower
(t5o>15minutes). Replacing Racl sequences 121-164 with the corresponding sequences from
RhoA, Cdc42Hs and H-Ras did not effect the intrinsic GTPase rates, with the chimearic Racl
proteins exhibiting t^gS o f-12 minutes. The GAP domain of al-chimaerin (295) stimulated
the GTPase rate of wild type Racl specifically, stimulating Cdc42Hs at only the highest
concentrations of al-chimaerin and RhoA not at all. The Racl-Cdc42 mutant was also
stimulated by the GAP domain of a 1-chimaerin suggesting that amino acids 121-164 are not
sufficient for defining the specificity of a 1 -chimaerin-mediated stimulation of Racl GTPase
activity. However, Racl-Rho and Racl-Ras chimaeric mutants were not stimulated by the
chimaerin GAP domain suggesting that amino acids 121-164 may have a role in the
recognition of distinct GAPs. Rac-Rho and Rac-Ras chimaeric mutants were also assayed in
the presence of p i90, which does not distinguish between Rho, Racl and Cdc42 with the
assay conditions used, to establish whether these proteins could be stimulated by GAPs (Fig
6.5). As expected the Rac-Rho mutant was a substrate for p i90 and, although p i90 does not
stimulate wild type Ras (277), the Rac-Ras mutant was also stimulated by p i90.
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Fig. 6.4 Intrinsic and al-chimaerin-stimulated GTPase activity of Racl, Cdc42Hs,
RhoA and Racl chimaeric mutants.

GTPase hydrolysis rates of recombinant GTPase proteins were measured as described in
Materials and Methods. Amounts shown indicate the quantity o f al-chimaerin GAP domain
(cleaved GST-fusion protein) incubated with GTPase proteins (2 pg).
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Fig. 6.5 Intrinsic and pl90-stimulated GTPase activity of Racl, Cdc42Hs, RhoA and
Racl chimaeric mutants.

GTPase hydrolysis rates of recombinant GTPase proteins were measured as described in
Materials and Methods. Amounts shown indicate the quantity of pi 90 GAP domain (cleaved
GST-fusion protein) incubated with GTPase proteins (2 pg).

Gap activity
GTP-binding protein

Loops 8-10

al-chimaerin

pi 90

Racl

Racl

++++

++++

Cdc42Hs

Cdc42Hs

+

RhoA

RhoA

Racl^^^^

Racl

RacP^*^

Racl

ND

++

Racl-Cdc42Hs

Cdc42Hs

+++

ND

Racl-RhoA

RhoA

++++

Racl-Ras

Ras

++++

Table 6 . 1 Summary of the al-chimaerin and pl90 meditated stimulation of wild type
and mutant GTP-binding proteins.

Increasing number of crosses indicates higher GAP mediated stimulation of the GTPase rate.
ND, not determined.

6.3 p21-Binding Proteins: Specificity of Interactions.
Members of the Rho family of GTPases have been shown to bind specifically to
proteins from tissue cytosol that have been separated on SDS-PAGE gels and immobilised on
nitrocellulose (304). Although p21s of the Rho family bind to different groups of binding
proteins, residues that determine the specificity of p2 1 -binding protein interactions have not
been mapped extensively. [y^^PJ-GTP loaded Racl-chimaeras were therefore used to probe
rat tissue proteins, immobilized on nitrocellulose, to examine the role of amino acids 121-165
in determining the specificity of p2 1 -binding protein interactions.
Wild type Racl and Cdc42Hs, but not RhoA, bound to proteins of 65-68 kDa in rat
brain cytosol and a ubiquitous 62 kDa protein as previously described (304). A 35 kDa
protein, enriched in the spleen, was also detected with Cdc42Hs but not with Racl or RhoA,
whereas a brain enriched protein of 55kDa bound only Racl (Fig

6

.6 , A, B and C).

Substituting amino acids 121-165 of Racl with the corresponding sequences from Cdc42Hs,
RhoA or H-Ras did not affect binding to the 62 kDa and 65-68 kDa proteins but binding to
the 55kDa protein was abolished. Un-expectantly, the Rac-Rho and Rac-Ras chimeras bound
the 35 kDa spleen enriched species even though wild type Racl and RhoA (and presumably
H-Ras) did not appear to interact with this protein. Conversely, the Rac-Cdc42 chimera did
not detect the 35 kDa protein, even though it bound wild type Cdc42Hs.

6.4 Summary.
The Rho family of GTPases contain a 14 amino acid insertion which are not found in
other members of the Ras family of GTPases. The function of this amino acid insertion were
examined in chimaeric mutants of Racl with amino acids 121-164 replaced with the
corresponding RhoA, Cdc42Hs and H-Ras sequences. Racl-Ras and Racl-RhoA mutants
were not stimulated by the GAP domain of chimaerin suggesting that this region may be
required for specific interactions with GAPs. However, since the Racl-Cdc42Hs mutant was
stimulated by chimaerin this region is not sufficient for defining the specificity of GTPaseGAP interactions. The interactions of chimaeric mutants with Rac/Cdc42-binding proteins of
the PAK family were similar to wild-type Racl and Cdc42 suggesting that amino acids 121164 are not required for PAK-GTPase interactions. A brain enriched protein of 55 kDa bound
Racl, but not Cdc42, RhoA or the chimaeric mutants, suggests that residues 121-164 are
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Fig. 6.6 p21-binding proteins: specificity of interaction.

Soluble proteins ( 2 0 0 pg) form rat testis (lane 1), spleen (lane 2 ), muscle (lane 3), lung (lane
4), liver (lane 5), kidney (lane 6 ), heart (lane 7) and brain (lane 8 ) were separated on modified
9% SDS-PAGE gels and transferred onto nitrocellulose. Filters were probed with [y^^PJGTF
loaded Racl, Cdc42Hs and RhoA and chimaeric Racl mutants, Racl-Cdc42Hs, Rac-RhoA
and Rac-Ras. Filters were washed and exposed to X-Omat film at -70 °C for 15 hours.
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essential for Racl-p55 interactions. However, the binding specificities of a 30 kDa spleen
enriched protein may indicate that conformational changes may be responsible for affecting
the binding specificities of the chimaeric GTPases and sensitivity to GAPs.
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7 Purification of a Raci-Specific Binding Protein.

7.1 Introduction.
Understanding the mechanisms by which p21s control cellular events has been aided
by the identification of proteins that are required downstream in the signaling pathways. This
has been particularly successful with the demonstration that Raf (206, 207, 208), which is
required directly downstream of Ras for the stimulation of MEK and ERKl/2, and PI 3-K
(375), which is possibly required for Racl activation, bind Ras directly. Proteins that bind
directly to Racl and Cdc42Hs have also been identified, including the serine/threonine kinases
of the PAK family (304). Examination of the mating process of S. cerevisiae indicate that
Ste20, a kinase that is similar to the PAK family, is required downstream of Cdc42 for
activation of the phermone-activated kinase cascade. Racl, which is required for the
activation of the neutrophil oxidase, has also been shown to bind directly to p67phox (302,
310).
As the morphological effects of the Rho family of p21s are distinct, it is possible that
they activate different signal transduction pathways leading to actin reorganization. The
detection of a brain enriched protein of 55 kDa that bound Racl specifically was therefore of
particular interest. The protein was purified and subsequently identified as tubulin. Racltubulin interactions were dependent on the nucleotide state of the GTPase but did not affect
either intrinsic or GAP-stimulated GTPase activity or the rates of tubulin polymerization.
Preliminary studies indicate that the disruption of the microtubule network of quiescent Swiss
3T3 cells, with colchicine, inhibited factor-induced membrane ruffling. The characteristics of
tubulin-Racl interactions are consistent with a downstream eflector function for tubulin which
may be essential for some Racl induced morphological changes.

7.2 p21 Binding Proteins in Rat Brain Cytosol.
Rho family binding proteins have previously been examined by probing nitrocellulose
immobilized proteins with [y^^]GTP labelled p21s. Racl and Cdc42Hs proteins bind to brain
enriched proteins of 65-68 kDa and a ubiquitous protein of 62 kDa with high affinity (Fig
7.1). A high afiBnity Cdc42Hs/Racl binding protein of 65 kDa, p65^^, has been purified fi'om
rat brain and shown to be a Cdc42Hs/Racl stimulated serine/threonine kinase (304). In
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addition to binding 62 kDa and 65-68 kDa proteins, Racl also bound to a 55 kDa protein
(p55), although the binding is sometimes obscured by the signal from binding proteins of 626 8

kDa. p55 was not detected when either Cdc42Hs and RhoA were used as probes, unlike

proteins of 62-68 kDa

7.3 Purification of the 55kDa Raci-Specific Binding Protein.
Although p55 bound Racl specifically, suggesting that it was a novel Racl-specific
binding protein, it was also possible that it was a degradation product of the 62-68 kDa, PAK
family of proteins. p55 was purified from the other binding proteins in an attempt to
distinguish between these possibilities. Rat brain cytosol was fractionation on Q-Sepharose,
eluting with stepwise 100 mM increments in NaCl from 0-500 mM. Each fraction was
separated by SDS-PAGE and either silver stained or examined for Racl binding activity (Fig.
7.2). The 62-68 kDa proteins eluted in the 0.2-0.3 M NaCl fractions as reported previously
(296). p55 eluted in the 0.5 M NaCl fraction co-migrating with the major protein species
eluting in this fraction.

7.4 2-Dimensional Gel Electrophoresis of the 55kDa Raci-Binding Protein.
To establish that the major 55 kDa protein in the 0.5 M NaCl fraction was the Racibinding protein, rat brain cytosol and the 0.5 M eluent were separated by 2-dimensional
electrophoresis, transferred onto nitrocellulose and overlayed with [y^^]GTP loaded Racl
(Fig.7.3). The major Racl binding activity in rat brain formed a streak with range of
isoelectric points, indicating a possible heterologous nature. The 55kDa binding activity in the
rat brain cytosol and 0.5 M NaCl fractions resolved into two spots with a relatively acidic
isoelectric points and slightly different apparent molecular weights. Coomassie Blue staining
of the major protein species in the 0.5 M NaCl fraction indicated that it co-migrated with the
Racl-binding activity.
The high salt elution of p55 on Q-Sepharose, its high abundance (at least 3% of
cytosolic protein) and its acidic isoelectric points suggested that they may be a and p tubulin.
The 2-dimensional blots of rat brain cytosol and the 0.5 M NaCl fractions were therefore re
probed with the p-tubulin specific antibody, DM lb. Fig 7.3 E and F show that the lower of
the 55kDa Racl-binding proteins also co-migrated with p-tubulin, p-tubulin has also been
shown to elute in the 0.5-0. 8 M NaCl fractions during purification on Q-Sepharose.
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Fig. 7.1 Detection of p21-binding proteins with (^^P|GTP loaded R acl, Cdc42Hs and
RhoA.

Proteins (100 pg) from rat brain cytosol were separated on 9% SDS-PAGE gels, transferred
o n to nitrocellulose. Filters were then probed with R a cl, Cdc42Hs and RhoA loaded with
[32? ] g t p ^ washed and exposed to X-Omat film at -70°C for 15 hours
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Fig. 7.2 P urification of 55 kDa R acl-b in d iiig protein on Q -Sepharose.

Proteins from rat brain cytosol were fractionated on Q-Sepharose. Proteins in the colum n flow
through and bound proteins eluted with stepwise 100 mM increm ents in NaCl w ere separated
on S D S -P A G E g els (9% ) and analysed by either (A ), silver staining or (B ) transferred o n to
nitrocellulose and probed with [y^‘P]G TP-Racl Filters w ere w ashed and exp osed to X-O m at
film at -70®C for 15 hours
Lane 1, rat brain cytosol,
Lane 2, tlow -through,
Lane 3, 0 I M NaCl;
Lane 4, 0 .2 M NaCl,
Lane 5. 0 3 M NaC l,
Lane 6 0 4 M N aCl,
Lane 7. 0 5 M NaCl

Fig. 7.3 2-dimensional SDS-PAGE analysis of the 55 kDa Raci-binding protein.

Rat brain cytosol (25pg) or 0.5 M NaCl fraction from Q-Sepharose column (5 pg) were
separated in the first dimension by isoelectrofocusing in tube gels containing 5% ampholytes
(pH 3.5-10). Gels were then loaded onto modified 9% SDS-PAGE gels and resolved in the
second dimension. Proteins were visualized by either (A), Coomassi le Blue staining;
(B), Racl-[Y^^P]GTP-binding; or (C), anti-P-tubulin antibody, DMlb (1:10,000)
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7.5 R acl Binding to Tubulin Purified by Cycles of Polymerization and
Depolymerization.
Tubulin can also be purified to near homogeneity by several cycles of polymerisation,
centrifugation and cold-induced depolymerisation of microtubules in the pellet (322). To
examine whether the p55 Racl-binding activity co-purified with tubulin upon purification by
this method, rat brain proteins were subjected to several rounds of tubulin polymerisation and
depolymerisation. Protein fi*om various stages of the fractionation were separated by SDSPAGE and visualised by staining with Coomassie Blue or Racl-binding activity (Fig. 7.4). The
62-68 kDa Racl-binding activities did not co-purify with microtubules and were eliminated
after two cycles of polymerisation, whilst p55 co-purified with tubulin. Tubulin samples with
microtubule-associated proteins removed by phosphocellulose chromatography also contained
the 55 kDa Racl-binding activity (Fig. 7.7 H).
Co-migration of the Racl-binding activity with tubulin on 2 -dimensional gels and copurified during both Q-Sepharose chromatography and microtubule polymerization strongly
suggest that the 55kDa Racl-binding protein is tubulin.
Tubulin samples purified on a Q-Sepharose column were probed with [y^^P]GTP
loaded Cdc42Hs to establish that tubulin bpound to Racl specifically. Fig 7.5 shows that both
Racl and Cdc42Hs bound proteins in rat brain cytosol of 62-68 kDa, whereas only Racl
bound the 55kDa protein in rat brain cytosol and in the 0.5 M NaCl fraction from the QSepharose column.
When cell extracts from other tissues were examined for Racl binding activity p55
was not detected (Fig 6 .6 ). This may have been due either to the lower abundance of tubulin
in other tissues or alternatively, that the Racl-binding activity was due to brain enriched
tubulin isoforms or a brain specific post-translational modification of tubulin (337, 338).
Tubulin was purified from rat brain, liver and testis by Q-Sepharose chromatography, and
examined for Racl binding activity (Fig 7.5). A 55 kDa Racl-binding activity was present in
the 0.5 M NaCl eluent of each of the tissues investigated, although the yields and purity were
lower than those obtained with brain tissue. The 55 kDa protein purified from the liver and
bound Racl to a similar extent as tubulin purified from rat brain.
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Fig. 7.4 C o-purification of the 55 kD a-R acl binding activity with tubulin afte r 2 ro u n d s
of polym erization and depolym erization.

Tubulin was purified from rat brain cytosol by 2 rounds of glycerol-induced polymerization
and cold induced-depolymerization. Protein samples from supernatants and pellets after each
round of polymerization were separated on modified 9% SDS-PAGE gels and (A), stained
with Coomassie Blue, or (B), transferred onto nitrocellulose and probed with [y ’^P]GTPRacl.
Lane 1, rat brain cytosol, lane 2 supernatant from first polymerization step, lane 3, pellet from
first polymerization; lane 4, pellet From first round after depolymerization, lane 5, supernatant
from second polymerization, lane 6, pellet from second round of polymerization

Fig. 7.5 R a cl binds tubulin purified from rat liver and testes.

Soluble proteins from rat brain, liver and testes were loaded onto Q-Sepharose columns and
eluted with increasing NaCl in 0.1 M increments. The 0.5 M NaCl fractions were dialysed,
concentrated, separated by SDS-PAGE and analysed by: (A), Coomassie Blue staining; (B),
Racl-[Y^^P]GTP binding; (C), immunoblotting with anti-p-tubulin antibody, DMlb
( 1:10,000).

Lane 1, Rat brain cytosol proteins (100 pg);
Lane 2-5, 55 kDa protein purified from rat brain (20 pg, 10 pg, 5 pg and 2 pg respectively);
Lane 6 , Liver proteins eluted in 0.5 M NaCl fraction;
Lane 7 Testes proteins eluted in 0.5 M NaCl fraction.
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7.6 Specificity of the Rac 1-Tubulin Interaction.
Racl effector functions, such as membrane ruffling and activation of JNK/SAPKs,
appear to require the GTP bound form of Racl. An expected characteristic of Racl binding
proteins that mediate effector function is that they bind to the GTP-bound form of Racl with
higher affinity than the GDP-bound form. To determine whether the Racl-tubulin interaction
was nucleotide specific, recombinant Racl protein was loaded with GTP labelled in either the
y- or a-phosphate positions and used to probe immobilized rat brain cytosol and purified
tubulin immediately or after incubation at 20°C for 60 minutes. In the case of [y^^PJGTP, the
GTPase activity of Racl results in the release of ^^P as the free phosphate and GDP-loaded
Racl. When loaded with [a^^]GTP,j

nucleotide hydrolysis results in Racl loaded with 3 2 p ]Q j)p

^nd

release of free phosphate. Aliquots of labelled protein were filtered through nitrocellulose,
washed and counted by liquid scintillation to establish that the [a^^PJGDP remained bound
to the protein. Fig 7.6 shows that GTP loaded Racl binds tubulin and the 62-68 kDa GTPasebinding proteins. The 60 minute incubation of [y^^PJGTP-loaded Racl at 20°C was sufficient
to release the majority of the ^^P and abolished detection of GTPase-binding proteins.
GDP[a^^P] loaded Racl did not detect any binding proteins, even though -70% of the ^^P
remained bound to the Racl, suggesting that only the GTP bound form of Racl binds tubulin.
Racl binding to the 62-68 kDa proteins was also apparently abolished, in agreement with
previous reports of the GTP dependence of the Cdc42/Rac 1-PAK interaction (304).
Point mutations of GTPases have also been used to examine the binding characteristics
of potential target proteins. The Ras mutants G12V and Q61L are GTPase-deficient,
preserving the 'on' conformation of the proteins and potentiating their transforming activity.
In contrast, the D38A mutation abolishes Ras-effector protein interactions, such that the
mutant protein is no longer transforming (182). Similarly the Racl^^^^ and Racl°^^^ mutants
are GTPase-deficient and induce membrane ruffles when micro-injected into fibroblasts,
whereas the Racl 'effector site' mutation, Racl^^^^, abolishes membrane ruffling activity and
neutrophil oxidase activation (339)(R. Kozma, S. Ahmed, personal communication). The
Racl mutants G12V, Q61L and D38A were loaded with [y^^PJGTP and used to probe
nitrocellulose immobilized rat brain cytosol and purified tubulin (Fig. 7.7). Substitution of
glycine at position

1 2

for valine or glutamine at position 61 for lysine did not significantly

affect binding to tubulin or proteins of 62-68 kDa proteins in rat brain. Binding to tubulin was
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not detected with Racl°^*^, whereas binding to the 62-65 kDa proteins was apparently
increased.
Chimaeric mutants of Racl, with amino acids between 121-164 replaced with the
corresponding Cdc42Hs, RhoA or Ras sequences, did not bind to tubulin suggesting that
amino acids within this region are involved with the Racl-tubulin interaction. Sequences
required for tubulin binding were delineated further, using two chimaeric mutants with amino
acids 120-140 (loop 8 ) and 144-160 (loops 9 and

1 0

) replaced with sequences from Cdc42Hs.

Tubulin binding was not detected with the loop

8

mutant, whereas tubulin still bound Racl

with amino acids 144-160 replaced with Cdc42Hs, although the binding apeared to be
reduced.

7.7 Mapping R acl Binding Sites on Tubulin by Limited Proteolysis.
To map regions on tubulin that are responsible for Racl binding, peptides of tubulin,
derived by limited proteolysis, were examined for Racl binding activity. Polypeptides
containing the carboxyl-terminal sequences were detected by re-probing filters with a
carboxyl-terminal-specific monoclonal antibody. The location of other polypeptides were
assigned using previously mapped protease sites (323). Chymotrypsin cleaves the p-subunit
specifically producing 2 major polypeptides of 35 kDa and 20 kDa corresponding to the amino
and carboxyl-terminal peptide respectively. Fig. 7.8 shows that Racl bound undigested a- and
p-subunits (55 kDa) and the amino-terminal polypeptide (35 kDa) of p-tubulin, but did not
bind to the major carboxyl-terminal peptide of 2 0 kDa or a minor peptide of ~43 kDa detected
with the anti-tubulin antibody.

7.8 Biochemical Effects of R acl Binding to Tubulin.
Several proteins have been shown to interact with Racl in-vitro and affect it's GTPase
rate. GAPs, such as al-chimaerin and Bcr stimulate the GTPase activity, whilst the
serine/threonine kinases of the PAK family inhibits it. To examine whether tubulin affected
Racl GTPase activity or interfered with Racl-Racl GAP interactions, the GTPase rate of
Racl was determined in the presence/absence of tubulin and the pi 90 GAP domain (Fig. 7.9).
The intrinsic rate of Racl was relatively high, compared to other GTPases, with a half-life of
about -12 minutes at 15°C. Tubulin at concentrations of 3 pM and 1.2 pM did not affect the
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Fig. 7.6 Specificity of Raci-binding to rat brain cytosol and purified tubulin.

Rat brain proteins ( 1 0 0 pg) and purified rat brain tubulin (20 pg) were seperated on 9% SDSPAGE gels, transferred onto nitrocellulose and probed with (A), [y^^P]GTP-Racl;
(B), [a^^P]GTP-Racl; (C), [y'^P]GTP-Racl incubated at 20°C for I hour prior to probing
filters (GDP-Raci + ''Pi); (D) [a''P]GTP-Racl incubated at 20°C for I hour ([a''P]GDPRacl +Pi).
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Tubulin (50pg), purified with 3 rounds o f poiynierization/depoiymcrization followed by
phosphocellulose chromatography, was digested with chymotry psin (0 5 pg) at 2 5 for 20
minutes. The polypeptides were separated on 12% SDS-PAGE gels and analysed by
Coomassi e blue staining, Racl-[y^'P]GTP binding and immunoblotting with the carboxylterminal specific anti-p-tubulin antibody, DM lb ( 1:10,000).
Lane 1, tubulin (20 pg);
Lane 2, tubulin (2 pg);
Lane 3, tubulin (50 pg) incubated with chymotrypsin

GTPase activity of Racl and therefore does not appear to be a Racl-GTPase
stimulator/inhibitor. Addition of the pi 90 GAP domain (25 ng) stimulated the Racl GTPase,
reducing t^Qto ~4 minutes. Addition of tubulin did not appear to compete with pi 90 mediated
stimulation of the Racl GTPase activity.
A possible physiological function of the Rac-1-tubulin interaction is to modulate
tubulin polymerization. Several proteins, including the GTP-binding proteins, dynamin and
G„g, have been shown to stimulate (340) or inhibit (341) tubulin polymerisation respectively.
The rate of tubulin polymerization in the presence of Racl (loaded with GTPyS) was
examined in vitro by following the increase of O.D. 3 5 0 with increased polymerization (Fig.
7.10). Polymerization of tubulin (with microtubule associated proteins removed by
phosphocellulose chromatography) was initiated by the addition of Taxol. Racl at a
concentration of 3 pM did not induce tubulin polymerization by itself or affect the rate of
Taxol-induced microtubule formation.

7.9 Microtubule Network Disruption: Effects on PDGF- and PMA-induced
membrane and pinocytosis.
As a preliminary study to examine the role of microtubules in Racl-activated signal
transduction pathways, PDGF- and PMA-induced membrane ruffling and pinocytosis were
examine in Swiss 3T3 cells pre-treated with colchicine or nocadazole. Fig. 7.11 shows
phalloidin and p-tubulin staining of serum-starved Swiss 3T3 cells pre-treated with 0.1 pM
colchicine for 2 hours prior to the addition of PMA (100 nM) or PDGF (20 ng/ml) (results
obtained with nocadazole pre-treatment were essentially the same). Colchicine completely
disrupted the microtubule network but did not significantly affect actin structures, including
stress fibres, prior to the addition of PMA or PDGF. Addition of PMA of PDGF induced cell
retraction, the formation of a curtain of F-actin staining around the cell periphery, a
characteristic of membrane rufiling and the loss of stress fibres. No significant reorganization
of the microtubular network was detected in control cell (not treated with colchicine) after
15 minutes. Disruption of the microtubule network with colchicine or nocadazole inhibited
PDGF- and PMA-induced membrane ruffling, although it was not completely abolished,
disassembly of stress fibres and cell contraction. The requirement of microtubules for
188

pinocytosis were also examined in cells pre-treated with colchicine for 2 hours. Pinocytosis,
stimulated by the addition of 10% PCS, was monitored by Lucifer yellow uptake for 2 hours
and visualized with epifluorescence microscopy. Cells that had not pretreated with colchicine
contained areas of intense staining, paticularly within areas of the membrane undergoing
ruffling, with some cells exhibiting Lucifer yellow uptake into the nucleus (Fig 7.12). In
contrast, cells pre-incubated with colchicine contained more intense particulate staining
throughout the cytoplasm with little nuclear staining.

7.10 Summary.
Since a brain enriched protein of 55 kDa bound Racl specifically, it was thought to
be a potential effector protein that mediated specific Racl-induced actin reorganisation. The
55 kDa protein was purified from rat brain cytosol and identified as tubulin. Tubulin bound
Racl in the GTP-bound conformation specifically, two GTPase-deficient GTPase mutants
but did not bind Racl°^*^, a mutant which does not induce membrane ruffling. The
characteristics of the Racl-tubulin interaction are consistent with an effector function for
tubulin, although it is unclear whether microtubules or tubulin are required for Racl-induced
membrane ruffling or pinocytosis. Preliminary investigations indicate that pretreatment of
fibroblasts with colchicine or nocadazole affected (but did not abolish) PDGF/PMA-induced
membrane ruffling and pinocytosis.
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Fig. 7.9 Effect of tubulin on intrinsic and GAP stimulated Racl GTPase activity.

GTPase activity of Racl (125 ng) in the absence (□) or presence of 4 pg of tubulin (# ) and
10 pg of tubulin (0 ). Racl GTPase activity with 25 ng of pi 90 GAP domain in the absence
(A) or presence of 4 pg of tubulin (A).
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Fig 7.10 Affects of Racl on tubulin polymerization.

Tubulin (36 pg) incubated at 37°C with GTPyS (■), Racl-GTPyS (5 pg) ( • ) , Taxol (10
pM) with GTPyS (0 ) and Taxol (10 pM) with Racl-GTPyS (5 pg). Tubulin polymerization
was followed optically at 350 nm with a Pye-Unicam Sp8-100 spectrophotometer.

Fig. 7.11 Effect o f colchicine on PDGF- and PM A -induced m em brane ruffling.

Cells were starved for 24-48 hours and then left unstimulated, treated with PDGF (20
ng/ml) or PMA (lOOnM) for 15 minutes with or without pretreatment with 0.1 pM colchicine.
Cells were double stained for F-actin (top panels) and tubulin (bottom panels) as described
in Materials and Methods, visualized by epifluorescence microscopy and photographed using
Ektachrome 400 film (Kodak).
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Fig. 7.12 Effects o f colchicine on lucifer yellow uptake.

Swiss 3T3 fibroblasts were starved for 24-48 hours, preincubated with colchicine (0.1
pM) for 2 hours and then incubated with lucifer yellow (2.5 mg/ml) in the presence of 10%
PCS for a further 2 hours. Non-treated cells (left panel) or cells pretreated with colchicine
were visualized by epifluorescence (Leitz) and photographed using Ektachrome 400 film
(Kodak).
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8 Discussion.
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8.1 Expression of Full Length and Truncated a 1-chimaerin Protein in
Transfected Cell Lines.
Rat a 1-chimaerin cDNA is predicted to encode a protein of 334 amino acids
containing sequences forming a putative amino-terminal amphipathic helix, a cysteine rich
domain with phorbol ester binding activity (285, 291) and a carboxyl-terminal domain which
stimulates the GTPase activities of Racl in vitro (274) and Cdc42Hs to a lesser extent (296).
Although levels of a brain specific 2.3 kb RNA species, which hybridizes with the a lchimaerin cDNA, has been identified during Northern blot analysis, the protein product in rat
brain has not been identified conclusively. Transfection of COS-7 cells with expression vectors
containing the a 1-chimaerin cDNA resulted in the expression of two proteins with apparent
molecular weights of 38 and 20 kDa (p38^°^ and p20^°^ respectively), demonstrating that the
cDNA is capable of producing a protein of the predicted size, but also produces a smaller
protein species. Expression of either p38*^°^ or p20^°^ appears to depend on the 5' UTR of
the cDNA Transfection of COS-7 cells with a vector containing the predicted coding region
of the a 1-chimaerin cDNA with 102 nucleotides of 5' UTR and 668 nucleotides of 3' UTR
produces p38^°^ with low levels of p20^°^. In contrast, an expression vector containing the
predicted coding region, 262 nucleotides of 5' UTR and 668 nucleotides of 3' UTR produces
the truncated p20^°^ only. Production of a 20 kDa protein product was not specific to COS-7
cells or to the expression vector used as NIH3T3, CHO and N lE -115 cells also produced 20
kDa proteins when transfected in different vectors under the control of the human p-actin or
SV40 late promoters (R. Kozma, S. Ahmed, personal communication).
The mechanism leading to protein truncation is unclear. As the vectors differed within
the 5' UTR it is possible that the truncation arises either by internal translation initiation, at
a codon downstream of the predicted initiation codon (nucleotide 420), or due to a putative
splicing event which eliminates the predicted translation initiation codon. Utilization of
multiple initiation codons by a single transcript has been documented for several genes
including the lap (342), Int-2 (343), 6FGF (344) and pim-1 (345) genes. Translation initiation
from the second methionine of the lap transcript produces LAP, a liver-enriched
transcriptional activator, whilst initiation at the third methionine produces LIP, a liverenriched transcriptional repressor, that can attenuate transcriptional activation by LAP (342).
Efficient utilization of methionine codons to initiate translation depends largely on the
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surrounding sequence context. An optimal 9 nucleotide Kozak consensus sequence,
CC(A/G)CCAUGG, where positions -3 and +4 are particularly important, is required to
ensure high efificacy of initiation (346). The predicted initiation codon of the chimaerin cDNA
has moderate sequence identity with the Kozak consensus sequence (6/9; -3 position
conserved) which theoretically allows ribosomes to scan past the first methionine. The 5'
UTRs of a 1-chimaerin cDNA's contain up-stream open reading frames and may form stable
hairpin/loop structures which may also influence the efficiency of translational initiation (285,
291). Analysis of the rat chimaerin cDNA reveals an internal methionine at nucleotide 792
with 7/9 nucleotides (-3 and +4 positions conserved) identical to the Kozak consensus
sequence. Initiation of protein translation at this site is predicted to produce a protein o f-20
kDa. Utilization of different initiation codons is also developmentally controlled. The ratio of
LAP:LIP protein expression in rat livers increases after birth (342). Similarly, protein
production by NlE-115 cells transfected with an expression vector containing the a lchimaerin cDNA with 139 nucleotides of 5' UTR appeared to be regulated. Cells incubated
in normal growth media produced p20, but in the presence of DMSO the expression of a
novel 36 kDa protein, in addition to p20, was induced concomitant with neurite outgrowth.
Alternatively, the expression of a truncated protein may result from alternative splicing
of a 1-chimaerin mRNA, removing the initiation codon. At least two RNA species are
produced by the chimaerin gene, a 1- and a2-chimaerin, which arise by multiple transcriptional
initiation and alternative splicing events. The different ct-chimaerin mRNA species are
expressed within distinct cell types at different times during development (286, 287). The a lchimaerin cDNA is known to contain a splice acceptor site at nucleotide 594 of the rat
sequence. RNA splicing between a putative 5' (donor) splice site and the known 3' (acceptor)
site would eliminate two methionine codons from the chimaerin transcript, thus ensuring
translation initiation down-stream of the predicted initiation methionine. It is therefore
possible that a putative 5'-splice site occurs between nucleotides 281 and 317 of the rat
sequence. However, it is also possible that sequences upstream of nucleotide 317 contain
exonic splicing enhancer (ESE) sequences, which are required for efficient splicing (347).
Attempts to amplify exogenous chimaerin mRNA from transfected NlE-115 cells by the
polymerase chain reaction to establish whether any putative splicing events occurred were
unsuccessful (results not shown). This was possibly due to a high GC rich region (80% GC)
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within the amplified sequence, which are known to inhibit DNA polymerases. Proteolytic
cleavage of the a 1-chimaerin protein represents a third possible mechanism for the production
of the 20 kDa protein. This may represent a regulatory mechanism since proteolysis of PKC
with calpain produces a peptide consisting of a de-regulated kinase domain (348). However,
it is unclear how the presence or absence of un-translated sequences in the transfected DNA
would influence protease activity.
Mechanisms that inhibit the expression of full length a 1-chimaerin protein (p38) may
also be important in vivo. Immunoblots of rat brain extracts using anti-chimaerin sera detect
a major 45 kDa species. This protein has subsequently been identified as a2-chimaerin,
although transcripts containing a2 specific sequences are apparently less abundant in adult rat
brain than a 1-chimaerin (287). Conclusive identification of the a 1-chimaerin protein species
has not been possible, either due to low protein abundance or protein instability. The 5' UTR
of the rat a 1-chimaerin cDNA, which has 77% identity with the human cDNA, contains small
open reading frames followed by in-frame terminator codons and potentially forms a stable
secondary structure, features characteristic of transcripts subject to translational control (285,
291). Interestingly the 5'-UTR's of Bcr and murine Racl cDNAs also contain small open
reading frames and potentially form stable secondary structures. In the case of Bcr, the 5'UTR has been shown to inhibit translation efficiency in vitro (328).

8.2 Expression of a 1-chimaerin in COS-7 Cells: Morphological Effects of
p38"=°^ vs p20^^^
When transfected COS-7 cells were stained with an anti-chimaerin serum it was noted
that cells with high expression had an altered morphology compared to surrounding cells.
Cultures transfected with vectors producing full length chimaerin protein (p38*^°^) had a
contracted morphology, with long processes projecting from the cell, whilst cells transfected
with vectors generating p20*^°^, produced no processes and were flattened. The mechanism
of chimaerin-induced cell retraction and actin process formation is unclear but may involve
Cdc42Hs and Racl. Cdc42Hs micro-injected into serum starved Swiss 3T3 cells has recently
been shown to induce cell retraction and the formation of peripheral actin microspikes (PAM)
(262), whilst Racl induces cortical actin polymerization and membrane ruffling (248). The
possible role of Racl was investigated further by inducing cellular membrane ruffling with
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PMA and PDGF in transfected cultures. Expression of p20^°^ appeared to inhibit phorbol
ester-induced membrane ruffling as would be expected for a protein stimulating the GTPase
activity of Racl. Interestingly cells that failed to produce membrane ruffles produced
peripheral actin microspikes, similar to those observed with micro-injection of Cdc42Hs into
fibroblasts. Co-injection of a dominant inhibitory Racl mutant with Cdc42Hs into fibroblasts
potentiates Cdc42Hs-induced microspike formation suggesting that Cdc42Hs and Racl
effector activities may compete with each other, possibly for limiting cytoskeletal components
required for both microspike and membrane ruffling formation (242). It is possible that PMA
activates both Racl-dependent membrane ruffling and Cdc42Hs-dependent microspike
formation. To date only the predominant membrane ruffling activity has been described since
filopodia formation would be obscured by membrane ruffling. Expression of Racl GAP
activity or dominant inhibitory mutants of Racl would ensure the down-regulation of
membrane ruffling allowing Cdc42Hs-mediated cytoskeletal changes to be observed. Although
the lack of membrane ruffling activity by cells expressing p20^°^ is consistent Avith a Racl GAP
activity, it is also possible that membrane ruffling was not observed in transfected cells due
to compartmentalization of cytoskeletal components such that they were unavailable for
increased actin polymerization.
Expression of p20^°^ and p38^°^ results in distinct cellular morphologies. Mapping
of p20 with amino and carboxyl-terminal specific anti-chimaerin sera indicate that the protein
lacks the amino-terminal amphipathic and cysteine-rich sequences, indicating that these
sequences are required for the biological activities of p38^°^. Comparison of the over
expression of the RasGAP GAP domain and full length protein indicates that the effects of
their over-expression are distinct in some, but not all, cases. Transformation of cells with Ras
or Src is down-regulated by over-expression of either full length RasGAP or the GAP domain
alone (331, 332, 333).In contrast, the RasGAP GAP domain inhibits Ras-dependent
transcriptional stimulation of the polyoma virus-thymidine kinase promoter, an effect which
is reversed by over-expression of full length RasGAP protein (349). The amino terminal SH2SH3 region of RasGAP is thought to modulate the activities of signal transduction pathways
since it activates the Fos promoter in the absence of the GAP domain, although it requires
additional Ras-dependent signals (350). Similarly full-length RasGAP is required for Rasdependent un-coupling of a heterotrimeric G protein from muscarinic receptors whilst the
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GAP domain had little effect (203). In both these studies the authors suggest that the aminoterminal region of RasGAP may have effector-signalling functions. It seems likely that a lchimaerin has functions that are distinct from its Racl GAP activity. In addition, micro
injection of full-length a 1-chimaerin induces membrane ruffling and filopodia formation in a
Racl- and Cdc42Hs-dependent manner respectively, whereas micro-injection of the GAP
domain inhibits membrane ruffling and filopodia formation (R. Kozma and S. Ahmed, personal
communication).
The distinct localization of p38^°^ (compared to p20*^°^) may have an important role
for its activities. p38^°^ was localized mainly in the insoluble fraction of 1% Triton X-100 cell
lysates, whereas p20^°^ was soluble. The insolubility of p38*^°^ is most probably due to
sequences within the amino-terminal amphipathic helix, since proteins produced with the
human cDNA, which lack the amino terminal 35 residues, are soluble in 1% Triton X-100 (R.
Kozma personal communication). Localization of Racl to its site of action may be mediated
by chimaerins or chimaerin-like proteins. This appears to be important for the function of Rab
GTPases which are involved in the targeting vesicles to the correct cellular compartments.
p20^°^ appears to concentrate in or around the nucleus, although the cDNA contains
no known nuclear localization signals. The significance of this localization is however unclear
since its putative target Racl associates with induced-ruffles and vesicles when micro-injected
(248) whilst other members of the Rho family are either cytosolic or are associated with
endosomes (351).

8.3 Production of p20^^ is Associated with Altered Morphological
Responses to Sodium Butyrate and DMSO.
Since the a 1-chimaerin transcript is produced specifically in neurons of the central
nervous system, the NlE-115 cell line, which is derived from the spontaneously arising C1300
neuroblastoma in A/J mice (352), was stably transfected with the rat and human a 1-chimaerin
cDNAs to examine the effects of its over-expression in a neuronal cell type. NlE-115 cells
were known to produce low levels of a transcript that hybridized with an a2-chimaerin
specific probe and expressed an endogenous protein of 45 kDa (detected with anti-chimaerin
antisera) which co-migrates with a protein that is specifically accumulated in a cell line
transfected with the a2-chimaerin cDNA. However, the expression of a 1-chimaerin
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transcripts in cell lines is lower than adult brain, possibly reflecting the low levels of the a lchimaerin transcript during early stages of development (291, 289).
Vectors containing the chimaerin cDNA under the control of a dexamethasoneinducible promoter (pMAMneo [Clonetech]), were developed, as it was not known whether
a 1-chimaerin expression was compatible with cell growth. However, clones derived from
transfected cells did not produce detectable amounts of a 1-chimaerin transcript or protein,
either in the presence or absence of dexamethasone (results not shown). N lE-115 cells were
therefore transfected with the chimaerin cDNAs under the control of a human p-actin
promoter. The resulting cell lines constitutively produced exogenous a 1-chimaerin transcripts
of the predicted size and an exogenous protein of 20 kDa (p20^^) (which co-migrated with
p20 produced by transfected COS-7 cells), although the predicted molecular weight of the
product from the a 1-chimaerin cDNA is 38 kDa.
Analysis of the GAP activity of transfected cell lysates indicate that cells producing
p20^‘^ have increased Racl GAP activity. Expression of p20^^ also correlates with altered
morphological responses of neuroblastoma cells induced with sodium butyrate or DMSO.
Morphological changes induced with low PCS concentrations or 2 rtiM dibutyryl cyclic AMP
are not affected by p20^^ expression (although factor-induced changes of p20^^ expression
requires further investigation-Section 8.4). Addition of sodium butyrate to the control cells
is followed by the production of peripheral actin microspikes after 4 hours and progressive
cell flattening at 24 hours. Cells expressing p20^^ produce far fewer microspikes and appear
to adhere to each other rather than the extracellular matrix. The importance of actin
reoganization for butyrate-induced morphological changes was demonstrated by inhibiting cell
flattening and microspike formation with cytochalasin B. Pretreatment of neuroblastoma cells
with cytochalasin B prior to the addition of sodium butyrate resulted in cell morphologies that
were similar to neuroblastoma cells expressing p20^^, which suggest that modulation of the
actin cytoskeleton is sufficient to mediate the morphology changes observed in cells
expressing p20^^. DMSO-induced neurite production was also inhibited in cells producing
p20^*^ suggesting that small molecular weight GTPases are required for neurite outgrowth.
The mechanism of butyrate-induced morphological changes of NlE-115 cells is
unclear. Butyrate is a non-competitive inhibitor of histone deacetylase, inducing histone
hyperacetylation and chromatin structure changes that are similar to those observed upon gene
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activation (353). However, it is not known whether the cellular effects of butyrate, such as
the stimulation of protein expression, microfilament and microtubule assembly, morphological
changes, cell cycle arrest, formation of substrate adhesive plaques and intercellular gap
junctions and the increased accumulation of plasminogen-activator inhibitor type I in the
extracellular matrix, are dependent on the inhibition of histone deacetylase (334, 353).
Although butyrate modulates several cellular processes, the effects of p20^^ expression appear
to be relatively specific. Butyrate-induced decreases of ^H-thymidine incorporation (R.
Kozma, personal communication), increases of acetylcholine esterase activity and
accumulation of

-labelled PAI-1 in the media are not affected by p20^*^ expression.

However, the growth rates of cells producing p20^*^ are higher than control cell lines (R.
Kozma, personal communication).

8.4 Modulation of al-Chim aerin and R acl mRNA Levels by Sodium
Butyrate and Cytoskeletal Inhibitors.
Butyrate-induced up-regulation of genes under the control of viral promoters has
previously been used to modulate the expression of transfected genes (327). In contrast,
exogenous a 1-chimaerin transcript and Racl GAP activities in transfected NIB-115 cells
decreased when cells were incubated with sodium butyrate. Similarly, the levels of
endogenous p-actin mRNA also decrease, although to a lesser extent. Interestingly, cell
flattening and neurite production is not abolished, but only delayed, indicating that these cells
produce the cytoskeletal components required for butyrate-induced morphological changes.
It is possible that the ability of transfected cells to flatten and produce neurites after extended
periods of butyrate treatment is due to decreased levels of chimaerin expression.
The abundance of some transcripts also appears to be dependent on the state of the
cytoskeleton. Disassembly of the microtubule and microfilament networks of porcine kidney
cells with colchicine and cytochalasin B respectively, increases levels of urokinase-type
plasminogen activator mRNA (354), whereas disassembly of microfilaments, but not
microtubules, induces a reduction of Racl mRNA levels (328). Colchicine and cytochalasin
B did not appear to affect the a 1-chimaerin and Racl transcript levels of NlE-115 cells,
although the cell morphologies and cytoskeletal organisation were affected. Since no changes
in Racl mRNA levels were detected, it appears unlikely that the morphological changes
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observed after cytochalasin B-treated were due to the downregulation of Racl effector
activity.

8.5 Comparison of NlE-115 Cells Producing

and p36^^ after DMSO-

Induced Differentiation.
Morphological changes associated with DMSO are quite distinct from those of
butyrate. After a lag period of 2-3 days, neurites are observed extending from about 15% of
the cells after five days, with many of the remaining cells forming large aggregates. Neurite
production by RNC1 5 8 . 2 1 9 2 and HNC3 5 1 . 2 1 8 0 cell lines expressing p2 0 ^^ is inhibited.
Paradoxically, cultures of the RNC2 8 1 . 1 5 2 9 clones have higher numbers of neurite producing
cells (40%) than the control cell lines. Increased neurite production by the RNC1 6 4 . 2 1 9 8 clones
is accompanied by the expression of a 36 kDa protein (p36^^) in addition to p20^^, which is
not observed in the RNC1 5 8 - 2 1 9 2 and HNC3 5 1 . 2 1 8 0 cell lines. Although the mechanism of p2 0 ^‘^
versus p36^*^ production is not known, nucleotides 158-280 of the rat cDNA and the state of
the cell may regulate their production (see Section 8.1). Attempts to detect expression of a
putative 38 kDa chimaerin protein in the Triton X-100 insoluble fractions was unsuccessful
due to high background generated by the antiserum (results not shown).
Although increased neurite production by cells producing p36^*^ suggests that
chimaerin may stimulate signalling pathways inducing neurite production, whilst p2 0 ^^ inhibits
them, a causal relationship between p36^^ production and neurite production has not been
demonstrated. However, micro-injection of full length chimaerin protein into quiescent 3T3
cells induces membrane ruffles in a Racl-dependent fashion and filopodia in a Cdc42dependent fashion whereas the GAP domain inhibits Racl- and growth factor-induced
membrane ruffling. It appears full length a 1-chimaerin potentiates the effector activities of
both Racl and Cdc42Hs. Effector proteins for other G-proteins exhibit GAP activity such as
Raf and PLCP suggesting that a 1-chimaerin is an effector protein for GTPases. However,
Svyiss 3T3 cells are not known to express a 1-chimaerin suggesting that Racl - and Cdc42Hsmediated actin re-organization in these cells is normally independent of a 1 -chimaerin,
although the presence of chimaerin homologues in Swiss 3T3 cells has not been discounted.
Alternatively, a 1 -chimaerin may activate additional signalling pathways that potentiate the
membrane ruffling and filopodia formation activity of Racl/Cdc42Hs. This model has been
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suggested for pl20RasGAP SH2-SH3 domain activation of the Fos promoter, which is
dependent on Ras activity, although it is not thought to activate Ras (350). It is also possible
that the GAP activity of full length a 1-chimaerin is relatively low compared to the GAP
domain of chimaerin and endogenous GAPs present in NlE-115, Swiss 3T3 and COS cells.
Comparison of recombinant protein GAP activities in vitro indicate that full length chimaerin
has lower GAP activity compared to the GAP domains of chimaerin (297) and p i90.
Arachidonic acid, which is potentially produced in response to Racl activation (299), and
phosphatidylinositol phosphates are also a potent inhibitors of chimaerin GAP activity in vitro
(297). The GAP activity of chimaerin may therefore be lower than expected in a cellular
environment. Chimaerin binding to Racl/Cdc42 in the absence of GAP activity may potentiate
GTPase effector functions by competitively inhibiting the activity of endogenous GAPs (Fig
8.1). The cysteine-rich domain of chimaerin, which is responsible for binding phospholipids,
may also sequester PIPs, competing with profilin and gelsolin. In the absence of
phosphatidylinositol phosphates profilin and gelsolin interact with actin, promoting the
stability of actin structures (51). Further investigation are required to determine how the
expression of the chimaerin GAP domain and full length a 1-chimaerin induce distinct
morphological effects.
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Fig. 8.1 Possible role for a 1-chimaerin in the modulation of Racl activity.

(A), In the absence of a 1-chimaerin expression, endogenous GAPs stimulate Racl GTPase
activity thus modulating stimulation of down-stream effector proteins.
(B), Expression of the a 1-chimaerin GAP domain stimulates Racl GTPase activity further
and thus reducing Racl-mediated stimulation of effector proteins.
(C), Expression of full length a 1-chimaerin. Phosphatidylinositol phosphates bind to aminoterminal domain of a 1-chimaerin inhibiting GAP activity. Racl GTP/GDP ratios increase thus
potentiating activation of Racl effector proteins. Activated Racl induces the production of
arachidonic acid which also inhibits a 1-chimaerin GAP activity.
(D), PLC-mediated hydrolysis of phosphatidylinositol phosphates produces DAG which
stimulates a 1-chimaerin GAP activity. Activated a 1-chimaerin stimulates Racl GTPase
activity thus reducing activation of effector proteins.
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8.6 NlE-115 Cells Over-Expressing R acl Display Altered Morphologies.
Several studies have shown that the Rho family of GTPases are involved with signal
transduction pathways that control cell morphology and in particular actin organization.
However, it was unknown whether Racl was involved in butyrate-induced morphological
changes of NlE-115. NlE-115 cells were therefore transfected with wild type, 'dominant
inhibitory' and GTPase-deficient Racl cDNAs and the resulting phenotypes compared to
control and p20^^ producing cells. Clones derived from cells transfected with wild type Racl
were of two morphological types. A larger number of the clones (12 out of 15), with
moderate levels of exogenous Racl or GTPase-deficient Racl mRNA expression, produce
a high percentage of flattened cells which produce peripheral actin microspikes prior to
addition of butyrate. Three clones with higher levels of exogenous Racl transcript are
rounded and accumulate vesicles and surface protmsions ('blebs'). The vesicles and 'blebs' are
not detected after sodium butyrate treatment but the cells remain rounded. Expression of a
dominant inhibitory Racl mutant resulted in a phenotype similar to that induced by p20^^,
suggesting that the morphological effects induced by p20^^ expression are indeed mediated
by its Racl GTPase stimulatory activity.
The effects of Rho inhibition by ADP-ribosylation with the C. botulinum C3
exoenzyme has been studied with several cell lines, including PC12, NlE-115 and Swiss 3T3
fibroblasts. C3 exoenzyme induces growth inhibition, neurite outgrowth and acetylcholine
esterase in PC 12 cells (355). It also induces cell flattening, neurite outgrowth and inhibits LPA
induced neurite retraction of N lE-115 cells (240), whereas in Swiss 3T3 cells LPA-induced
stress fibre and focal adhesion complex formation are inhibited (236, 238). C3 exoenzymeinduced morphological changes ofN lE -115 cells were suggested by the authors to indicate
modulation of actomyosin contractility, reducing cytoskeletal tension and promoting neurite
outgrowth (240). Although both Racl over-expression and C3 exoenyme-mediated inhibition
of Rho induce flattening of NlE-115 cells and peripheral actin microspike formation, it is
unclear whether Rho is involved in Racl-induced morphological changes. A hierarchial
relationship between Cdc42Hs, Racl and Rho has been proposed (312). Micro-injection of
Racl into quiescent fibroblasts which lack stress fibres, stimulates Rho-dependent stress fibre
production after 30 minutes, leading to the suggestion that Racl induces the stimulation of
Rho activation (248). Similarly Cdc42Hs stimulates membrane ruffling, stress fibre and focal
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contact formation in serum starved cells after 30 minutes (262, 242). The relationship between
Cdc42Hs, Racl and Rho A appears to be quite complex. Micro-injection of Cdc42Hs into
fibroblasts with stress fibres or stimulation with PDGF or PMA induces stress fibre
disassembly after 10 minutes (262).
Several models that link Ras, Racl, Cdc42Hs and RhoA activation have been
suggested. Recently Racl has been shown to be essential for EGF-induced arachidonic acid
and leukotriene production by A431 cells. Leukotrienes induce stress fibre formation in a
Rho-dependent manner suggesting that leukotrienes mediate Racl-induced activation of
RhoA (299). Alternative links between Racl, RhoA and Cdc42Hs have also been suggested.
The product of the Ost oncogene catalyses the nucleotide exchange of Rho A and Cdc42Hs
and binds Racl-GTP in vitro, which the authors suggest indicate a potential role mediating
Racl activation of Rho A and Cdc42Hs. However, it is unclear whether Racl modulates the
RhoA/Cdc42 nucleotide exchange activity of Ost (267). Thirdly, cytoskeletal rearrangements
which lead to filopodia, membrane ruffling and stress fibre formation may compete for limiting
cytoskeletal components. Cdc42Hs-induced filopodia formation is potentiated by the co
injection of a dominant inhibitory Racl mutant supporting this model (see Section 8.2) (242).

8.7 Possible Targets of Activated R acl.
Racl and Cdc42Hs stimulated actin reorganization is accompanied by the assembly
of multimolecular complexes containing vinculin paxillin, ppl25^^ and phospho-tyrosine
containing proteins at the plasma membrane (242). The tips of growth cone filopodia also
contain similar phospho-tyrosine rich clusters which may provide transient anchorage sites for
protrusion of lamellipodia and filopodia (263). It has been suggested that the formation of
adhesion sites within lamellipodia and at the ends of filopodia are dependent on Racl and/or
Cdc42Hs activity (242, 262). Stimulation of Racl GTPase activity by p20^^ is expected to
inhibit the formation of phospho-tyrosine-rich adhesion clusters, thereby inhibiting protrusion
of the plasma membrane at the cell's perimeter.
It has been suggested that cell adhesion is critical for cell and growth cone motility.
Adhesive interactions are required for the generation of traction forces required for motility.
However, strong adhesions between the cell and the substratum are thought to inhibit motility.
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Increased cellular adhesion may therefore mediate cellular flattening and decreased neurite
extension by cell lines with moderate levels of wild-type and GTPase-deficient R acl.
The molecular targets of RhoA, Racl and Cdc42 which mediate the modulation of
actin polymerization and spatial organisation remain unresolved. Cytoskeletal proteins that
cross-link actin fibres or regulate actin polymerization or stabilization are likely to be the
eventual targets of pathways activated by Rac, Rho and Cdc42. Actin binding protein (ABP),
a 280kDa protein that forms homodimers that cross-link actin filaments to form a gel, is of
particular interest. Human malignant melanomas lacking ABP (ABP-) display temperatureand serum-dependent membrane 'blebbing' whilst ABP+ cell lines are migratory, forming
lamellae with membrane ruffles and 'blebs' at the leading edge. Interestingly, the 'blebbing'
membrane are sometimes seen to flatten and transform into ruffles suggesting that the
mechanisms producing both types of protrusion are similar (18). Surface 'blebbing' is thought
to be due to weakening of the cortical cytoskeleton allowing hydrostatic pressure to force the
plasma membrane outwards. Surface protrusion is inhibited when ABP-mediated actin crosslinking and binding of the actin gel to membrane glycoproteins, increasing cortical stability
356(). Weakening of cortical actin and membrane protrusion have been suggested as
mechanisms that are important for filopodial and lamellipodial protrusion. Membrane
'blebbing' by cells expressing relatively high levels of the Racl transcript suggests that Racl
may modulate the production of membranous protrusions by inducing cortical actin
weakening.
HSP27, a protein that is phosphorylated after cell stimulation with serum, thrombin
or FGF, is another potential target for activated R acl. HSP27 localizes preferentially into the
lamellipodia and rufiles of transfected Chinese Hamster CCL89 cells and stimulates membrane
ruffling and pinocytosis. Non-phosphorylatable mutants of HSP27 inhibit FGF- and thrombininduced F-actin accumulation suggesting that phosphorylation of HSP27 is required for
growth factor-stimulated membrane ruffling. Although HSP27 appears to be required for
stimulated membrane ruffling, its relationship with Racl is at present unknown (259).
Butyrate-induced flattening of fibroblasts (357) and of PCI2 cells (358) (but not
retinoic acid- or NGF-induced neurite outgrowth) is also accompanied by increases in
transglutaminase activity. Increased transglutaminase activity is sufficient to mimic butyrateinduced morphological changes of Balb-C 3T3, since cells transfected with the human
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endothelial tissue transglutaminase, flattened and adhere to the substrata in a similar fashion
to

butyrate-induced flattening.

Interestingly clones expressing higher levels of

transglutaminase have a round morphology and produce surface 'blebs' (357). Since
transglutaminase and Racl over-expression mimic butyrate-induced cell flattening and result
in cell retraction and 'bleb' formation when expressed at high levels, it appears possible that
both proteins modulate cytoskeletal organisation by similar mechanisms. However, the
mechanism of transglutaminase-induced cellular flattening is not well understood. Whilst
transglutaminases covalently cross-link peptide bound glutamine and lysine residues via
isopeptide bonds, in a Ca^^-dependent manner, and are known to modify synapsin 1, actin, Ptubulin, neurofilament proteins, Tau, amyloid precursor protein, p-amyloid and extracellular
matrix proteins such as collagen III, fibronectin, vitronectin and nidogen in vitro (359),
transglutaminase-induced cell flattening is not accompanied by a detectable increases of
proteins cross-linked via isopeptide or polyamine conjugates (357). Several alternative
mechanisms are possible. The cytoskeletal associated protein band 4.2 has 30% sequence
similarity to transglutaminases. The highest similarity is found within a Ca^^-binding domain
and at the active site domain, which is almost identical except for a cysteine residue, that is
essential for transglutaminase activity, is replaced by alanine in band 4.2 (360). Since band 4.2
is required for the maintenance of erythrocyte cell morphology and for coupling the actin
cytoskeleton to the plasma membrane it is possible that transglutaminase competes with
endogenous band 4.2 for specific binding sites on the actin cytoskeleton or functions as a
structural protein itself. Alternatively, transglutaminases may fimction upstream within signal
transduction pathways. Transglutaminase co-purifies with the a 1-adrenergic receptor and a
50kDa protein from rat liver. Transfection of a 1-adrenergic receptor and rat tissue
transglutaminase into buffalo rat liver cells enhances agonist stimulated accumulation of
inositol phosphate, in a GTP-dependent manner. Since transglutaminase also has GTPase
activity in vitro, the authors suggest that tissue transglutaminase mediates a 1-adrenergic
receptors stimulation of PLC (361). Thirdly, transglutaminase post-translationally modifies
and activates phospholipase k j in vitro (362). Since phospholipase A2 mediates arachidonic
acid production, it is possible that both Racl and transglutaminase stimulated cytoskeletal
reorganisation is mediated by arachidonic acid.
The inhibition of butyrate-induced cellular flattening by p20^^ and the 'dominant
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negative' (T17N) mutant of Racl suggests that activation of Racl is required for the
morphological changes. Although transglutaminase is sufficient for cellular flattening it is
unclear whether it is required for butyrate-induced morphological changes. Attempts to
determine the role for transglutaminase activity during butyrate- and Racl-induced
morphological changes have been hampered by the lack of specific and potent inhibitors of
transglutaminase activity. Recent studies with transfected transglutaminase cDNA in the
antisense orientation, which have indicated the importance of transglutaminase in the
induction of structural changes during apoptosis of neuroblastoma cells (363), suggest that
transglutaminase activity can be reduced by this method. Similarly, down-regulation of
transglutaminase expression in the NlE-115 cell lines should facilitate studies determining the
importance of transglutaminase in sodium butyrate- and Rac-induced morphological changes.

8.8 Possible Roles of a l-chimaerin in Neuronal Development.
The modulation of butyrate- and DMSO-induced morphological changes of NlE-115
cells transfected with Racl or expressing p20^^ suggest that these proteins are involved with
the morphological development of neuronal cells. Expression of a dominant inhibitory Racl
mutant in Drosophila causes defective axonal formation of peripheral neurons whilst dominant
inhibitory Cdc42 effects both axonal and dendritic outgrowth (250). The authors suggest that
Racl may participate in the development of axon/dendrite polarity, analogous to the role of
Cdc42 in bud site assembly and regulated polarization of SaccharomyzQS cerevisiae (231).
Interestingly, some N lE -115 cells transfected with Racl cDNA formed vesicles and plasma
membrane 'blebs' which appeared to accumulated in a polarized manner.
As discussed above, Racl and Cdc42 may also be involved with lamellipodial and
filopodial protrusions at the growth cone and cytoskeletal reorganization initiated by guidance
cues. Chemoattractants and growth factors that induce Ras activation, such as NGF, are likely
to also activate Racl and Cdc42Hs which potentially mediate the chemotactic response of the
growth cone. Recently, Ras and Src were shown to mediate Ca^^ induced growth cone turning
(149) suggesting that Racl and Cdc42Hs also mediate growth cone turning in response to
Ca^^ influx. The GAP activity of a l-chimaerin is modulated by lipids and phorbol esters in
vitro suggesting that transmembrane receptor stimulated PIP hydrolysis and DAG production
leads to the activation of chimaerin GAP activity and hence to the downregulation of Racl-
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GTP levels and lamellipodial formation. Since the accumulation of microfilaments within
lamellipodia appears to be important for the stabilization of microtubules within the growth
cone turning, chimaerin may modulate growth cone turning and axon extension in response
to phospholipid hydrolysis (Fig. 8.2).

8.9 Biochemical Characteristics of Chimaeric Mutants of R acl.
The Rho family of p21 proteins is distinguishable from other members of the p21 super
family by a 14 amino acid insert within a sequence that is predicted to form a surface loop
structure. The Rho family are also distinguishable in that they are involved with modulation
of actin organisation, whilst other p21 families control a variety of cellular processes including
cell growth and vesicle transport. It was reasoned that the 14 amino acids insertion may be
required for the effector function of the GTPases and were sites of protein interaction.
Chimeric mutants of Ras and Rho also indicate that the Bcr family of GAP proteins require
amino acids between residue 69 and the carboxyl-terminal. However, this sudy suggests that
amino acids 121-164 of Racl do not determine the specificity of Racl-pi 90 GAP domain
interactions since replacement of these amino acids with with the co-responding H-Ras
sequence does not afreet the proteins sensitivity to p i90. a 1-chimaerin-Racl interactions may
be distinct from pl90-Racl interactions as chimaeric mutants, with amino acids 121-164
replaced with either RhoA or H-Ras sequences, were not sensitive to a l-chimaerin. However,
this region is not suflScient to define the specificity of a l-chimaerin GAP activity as the RaclCdc42Hs mutant is still a substrate for a l-chimaerin whilst wild-type Cdc42Hs is only a poor
substrate. It is not known at present whether a l-chimaerin binds to Cdc42Hs but stimulates
the GTPase activity only poorly. It is also possible that the insensitivity of the Racl-RhoA and
Racl-Ras mutants to a l-chimaerin is due to conformational changes induced in the chimaeric
mutants (Section 8.10). a l-chimaerin binding to Racl is also distinct from RhoGAP
interactions as a l-chimaerin binds preferentially to Racl in the GTP-bound form (295)
whereas the interaction between RhoGAP and Rho is not sensitive to the nucleotide state of
the p21 protein (271). The relevance of this difrerence is unknown but suggests that Rho-GDP
and Cdc42-GDP compete with proteins in the GTP-bound conformationfor the RhoGAP
catalytic site, suggesting that the kinetics of RhoGAP- and chimaerin-mediated inactivation
of GTPase activity are distinct. Higher affinity binding to the GTP-state of GTPases is also
210

expected to be a characteristic of GTPase effector proteins.

8.10 Binding Proteins of the Rho Family and Chimaeric Mutants.
Several proteins in rat tissue extracts, that bind to members of the Rho family of p21's
have been identified. These proteins include the PAK family of kinases which are putative
targets for Racl and Cdc42Hs, due to their binding characteristics. It is not known at present
whether PAKs are required for growth factor-induced actin reorganisation. The chimaeric
mutant proteins were used to probe rat tissue extracts to examine the involvement of Racl
residues 121-164 in protein binding activity. The substitution of Racl with the equivalent
Cdc42Hs, RhoA and H-Ras sequences has little effect on binding to the 62-68 kDa PAK
family of kinases. Two protein species, which had not been characterised, bind to wild type
and chimaeric mutants of Racl with distinct characteristics. A 55 kDa brain enriched protein,
that has been identified as tubulin, was detected by wild type Racl but not the chimaeric
mutants, suggesting that residues between 121-164 are important for this interaction. Further
analysis of this region suggests that amino acids 121-143 (which mostly form loop 8) are
required, whereas sequenecs between 147-164 (loops 9 and 10) are not essential. However,
it is unclear whether amino acids 121-143 are sufficient for the Racl-tubulin interactions since
the binding characteristics of the peptide or chimaeric mutants of RhoA or Cdc42Hs have not
been examined.
A 30 kDa protein, that is enriched in rat spleen, is detected by Cdc42Hs but not vyildtype Racl. However, Racl proteins with sequences 121-164 substituted with RhoA and HRas, but not Cdc42Hs, also bind the 30 kDa protein. This result is unexpected as Racl, RhoA
and presumably H-Ras do not bind this protein detectably. It is possible that proteins are not
detected in a binding assay due to their GAP activity. This does not appear to be the case as
the 30 kDa protein is not detected on GAP overlay assays (296). It is possible that regions
required for binding to the 30 kDa protein are present in Racl, but in wild-type Racl they are
in a conformation that is unable to bind. Conformational changes induced by substitution of
residues from Rho and Ras would promote binding to the 30 kDa protein. Preliminary
investigation suggest that amino acids 121-164 are important for determining the specificity
of the biological response. Micro-injection of the Racl-Cdc42Hs mutant into serum starved
3T3 cells causes the production of actin containing filopodia (R. Kozma, personal
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communication).

8.11 Tubulin binds to R acl.
The mechanisms by which Racl, Cdc42Hs and RhoA mediate morphological changes
and cytoskeletal reorganization is unclear. To examine the mechanism of GTPase-induced
cytoskeletal changes, proteins that interact directly with Racl, Cdc42Hs and Rho were
examined. The Racl/Cdc42Hs-binding proteins of the PAK family and the Cdc42Hs-binding
protein, ACK, have been isolated previously, using radiolabelled GTPases (301, 301). In
addition, a component of the neutrophil oxidase, p67phox, which is required for the activation
of superoxide production, binds Racl and Cdc42 in vitro (302, 310). In the present study rat
brain proteins immobilized onto nitrocellulose were probed with Racl, Cdc42Hs and RhoA
labelled with [y^^]GTP. Racl and Cdc42Hs bind at least three protein species of 62-68 kDa.
A 55 kDa protein (p55) which binds Racl but not Cdc42Hs or RhoA was also detected in rat
brain cytosol. As the morphological changes induced by Racl and Cdc42Hs in Swiss 3T3
fibroblasts are distinct, it was reasoned that p55 was a possible candidate for mediating the
morphological changes induced by Racl. The protein was purified from rat brain cytosol in
a single step on Q-Sepharose and identified as a and p-tubulin on 2-dimensional gels using
an anti-p-tubulin-specific antibody. Tubulin purified from rat brain by cycles of
polymerization/depolymerization also bound Racl but not Cdc42Hs.
Brain-specific expression of tubulin isotypes (338), brain-specific post-translational
modifications (365) or the high abundance of tubulin in the brain may account for the
detection of tubulin binding in brain extracts only. Tubulin, purified from other tissues, also
bind Racl suggesting that tubulin binding is relatively low affinity and requires pg quantities
of tubulin to be detected. Similarly, detection of the Racl/Cdc42Hs interaction with p67phox
by a similar method requires relatively high quantities (pg) of p67phox protein (310).
GTPases, dynamin, G^^ and G^^, also interact with tubulin in vitro. Dynamin was first
identified as a protein that co-purified with Taxol stabilised microtubules (340). A protein with
similarity to dynamin is encoded by the Drosophila shibire gene, which when mutated causes
paralysis due to a defect in reforming synaptic vesicles after release of their contents at
neuromuscular junctions. It is not known if dynamin and shibire are functionally equivalent,
although both proteins are thought to be involved with endocytosis as over-expression of
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mutant dynamins in COS-7 cells inhibits transferrin endocytosis (103). The relevance of the
tubulin binding activity is unknown at present, although it is of interest that both dynamin and
Racl appear to be involved with vesicle formation at the plasma membrane.
^^^I-Tubulin binds to purified G„ü and G„g when immobilized onto nitrocellulose but
not G„i2 , Gj^i3 , G„o, and transducin (341). In addition, nucleotide transfer from the
exchangeable GTP binding site of tubulin to purified G„ü or G„g has been detected in vitro
(366). The physiological role of tubulin activation of GTPases, bypassing the requirement for
transmembrane receptor activation, remains unclear although tubulin inhibits adenylyl cyclase
activity in synaptic membranes whereas disruption of microtubules potentiates p-adrenergic
receptor activation of adenylyl cyclase in C6 glioma and COS 1 cells in vitro (367).

8.12 Characteristics of Racl-Tubulin Interaction.
Racl binds to tubulin and the 62-68 kDa proteins specifically in the 'active' GTPbound state. The GTPase-deficient mutants, Racl°^^^ and Racl^^^^ also bound tubulin,
whereas the 'effector site' mutation D38A eliminated tubulin binding. Since RacP^*^ does not
induce membrane ruffling or activate the neutrophil oxidase (339) (R. Kozma personal
communication) it is thought that interactions with effector proteins are affected. However,
the RacP^*^ protein bound proteins of 62-68 kDa, suggesting that these proteins may not be
sufficient for Racl-stimulated actin reorganisation, although it is unclear at present whether
the mutation affects stimulation of the PAK kinase activity.
The site of Racl interaction with tubulin was examined by limited proteolysis.
Chymotrypsin cleaves p-tubulin producing amino- and carboxyl-terminal fragments of 35 and
20 kDa respectively. Racl binds to the 35 kDa peptide suggesting that the dominant binding
site is within the amino-terminal region of tubulin. This is in contrast to other tubulin binding
proteins, such as Tau, MAP2 and MAP4/MAPU which bind to a site close to the carboxylterminal of tubulin (368). The binding sites of G^^ and G„g are also distinct from other
microtubule-associated proteins and may require the amino-terminal region (369).
Tubulin does not contain any regions of obvious sequence identity to known Racl
binding proteins, PAK, ACK, p67phox, Bcr family of GAP's or the Rho-GDP dissociation
inhibitor. The distinct characteristics of tubulin binding, GTP dependency and effects of the
D38A mutation, suggest that tubulin binds to Racl by a novel mechanism.
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8.13 Biochemical effects of Tubulin binding.
Many Racl binding proteins affect Racl GTPase activity or compete with GAP
proteins, reducing activated GTPase rates. PAK inhibits the intrinsic GTPase rate of Racl and
Cdc42Hs (304), whereas the GAP family stimulate it (274) and RhoGDI inhibits GAP
stimulation of the GTPase activity (185).Tubulin however does not affect the intrinsic GTPase
activity of Racl or compete with the pl90 GAP domain at the concentrations used.
Preliminary data indicate that the

for Racl binding to tubulin is within 1-10 pM suggesting

a low affinity interaction. Although the interaction is only low affinity a significant amount
of the Racl should bind tubulin in the GAP assays. Since pi 90 GAP activity was not effected
tubulin and pl90GAP may bind Racl simultaneously.
Proteins that interact with tubulin often affect tubulin polymerisation. Microtubule
associated proteins 1A, IB, 2, 3, 4, Tau and dynamin promote microtubule assembly in vitt'o
(114). However, Racl does not appear to effect the rate of tubulin polymerisation in the
presence or absence of Taxol. The amino-terminal binding site of Racl, is different from
proteins that promote or increase the rate of microtubule formation, which bind to a site close
to the carboxyl-terminal domain of tubulin. It appears unlikely that Racl should stimulate
tubulin polymerisation. In contrast, the GTPases G^^ and G„g, which are thought to interact
at least in part with the amino-terminal of tubulin, inhibit microtubule polymerization, albeit
at high concentrations (341).

8.14 Colchicine Affects PDGF- and PMA-Induced Membrane Ruffling.
Although dynamin, G„ii, G^^ bind tubulin in vitro, the functional importance of these
GTP-binding protein-tubulin interactions is not clear. Tubulin transfers nucleotide from the
exchangeable GTP-binding site to tubulin suggesting that activation of transmembrane
receptors can be bypassed (369). Disruption of the microtubule network promotes adenylyl
cyclase activity (366), although the mechanism of activation is not known but may not involve
a direct transfer of GTP from tubulin to G„g. The significance of dynamin binding to tubulin
is unknown as it appears to mediate endocytosis of transferrin, a process that is not sensitive
to disruption of microtubules with nocodazole (103). As a first step to investigating the
importance of the Racl-tubulin interaction, the effects of microtubule disruption on
pinocytosis and Racl-dependent PDGF- and PMA-induced membrane ruffling were examined
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by Lucifer yellow uptake and F-actin staining respectively. Lucifer yellow staining of control
cells was diffuse and sometimes concentrated in the nucleus, whilst colchicine-treated cells
accumulated particulate staining, suggesting that there may be a blockage in vesicle transport.
Taxol has also been shown to inhibit recycling of bradykinin receptors. Although Racl
stimulates pinocytosis, a possible involvement in vesicle cycling has not been investigated.
The expression of Racl in NlE-115 cells also appears to affect vesicle transport as cells
producing high levels of the exogenous Racl transcript, accumulate large numbers of vesicles.
Attempts to observe increased Lucifer yellow uptake by these cells failed (results not shown),
suggesting that vesicles accumulated via a mechanism other than increased pinocytosis. Racl
regulation of pinocytosis and a possible role in other aspects of vesicle trafficking require
further investigation. The Rab family of GTPases are already known to have roles in
regulating exocytic and endocytic processes (174).
The role of microtubules in PMA- and PDGF-induced membrane ruffling were also
investigated. The serum-starved Swiss 3T3 cells used in this study had significant numbers of
stress fibres, possibly due to the sub-confluent number of cells used, whereas previous studies
had described the loss of stress fibres after serum-starvation (248). Stimulation with PMA or
PDGF, induced a reduction in the number of stress fibres, although it is not clear whether this
was mediated by Racl. Micro-injection of Cdc42Hs into Swiss 3T3 cells also results in the
disruption of stress fibres along with peripheral actin micro spike formation (262). Colchicine
(and nocadazole, results not shown) did not significantly affect microfilament organization
prior to stimulation. Colchicine and nocadazole treatment prior to the addition of PMA/PDGF
reduced but did not abolish membrane ruffling and stress fibre disruption. Similarly
lamellipodia formation in lAR epitheliocytes transformed with N-Ras is inhibited by the
depolymerization of microtubules (370). Lamellae (but not filopodia) formation in neural
growth cones is also inhibited by Taxol or colcemid (371). Although an intact microtubule
network appears to be required for PMA/PDGF-induced signalling, it is unclear whether this
is due to modulating Racl-tubulin interactions. A number of proteins that are downstream of
receptor tyrosine kinases are associated with microtubules.The internalization and recycling
of activated PDGF receptor-PI 3-K complexes is affected by the disruption of microtubules
suggesting that the receptor-PI 3-K complexes may be transported along microtubules (372).
Rac2 translocates fi'om the cytosol to the cytoskeleton and plasma membrane upon neutrophil
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stimulation (364), a process that may be mediated by transport along microtubules. However,
since PI 3-K is required for PDGF-mediated stimulation of Racl activation, it is possible that
the effects of colchicine and nocadazole are due to the modulation of PI 3-K activity. Further
investigations using micro-injected Racl are therefore required to examine whether
microtubules modulate Racl activation or effector functions. Components of signaling
pathways that modulate or mediate Ras effector activities are also associated with the
cytoskeletal network. The Ras GAP activity of NFl is inhibited by tubulin in vitro (209).
MAPK is also associated with the microtubule network after growth factor stimulation (372).
MAPK may mediate cytoskeletal changes as it phosphorylates MAP2, Tau and MAP4 in
vitro, inhibiting microtubule binding activity. Microtubule organization may also modulate the
activity of signal transduction pathways, as disruption of the microtubule network with
colchicine and nocadazole increases transcription of a reporter gene under the control of the
serum response element (374). The mechanism of gene activation by colchicine or nocadazole
is unknown, although direct transfer of nucleotide fi*om tubulin to Rac, in a manner analogous
to adenylyl cyclase activation by nucleotide transfer from tubulin to G„g, is one possibility.
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8.14 Conclusion.
The identification of a phorbol ester/DAG binding domain in members of the chimaerin
family has led to the speculation that chimaerins may mediate phorbol ester and DAG
modulation of signal transduction pathways in a manner similar to PKC. Phorbol ester and
phosphatidylinositol stimulation of recombinant a l-chimaerin protein Racl GAP activity in
vitro provides support for this. However, it is not known whether Racl is the physiological
substrate for chimaerins. Neuroblastoma cells were therefore transfected with constitutively
active expression vectors containing a l-chimaerin, Racl and mutant Racl cDNAs and the
effects of their over-expression investigated.
The morphologies of transfected cells were studied in the absence and presence of
factors that induce morphological and biochemical changes similar to those observed with
differentiating neuronal cells. Butyrate has previously been used to induced physiological
changes in cells, including cell flattening, membrane ruffling, peripheral actin microspike
production, reduced growth rates and induction of acetylcholinesterase activity, although the
underlying mechanisms are unclear. Moderate over-expression of either wild-type or GTPasedeficient Racl was sufficient to mimic the initial morphological changes and cytoskeletal
reorganization induced by butyrate. Furthermore, the dominant negative Racl mutant
inhibited butyrate-induced cytoskeletal reorganization suggesting that Racl is both sufficient
and necessary for certain butyrate-induced morphological changes. Expression of the a lchimaerin carboxyl-terminal GAP domain also inhibited butyrate-induced morphological
changes and cytoskeletal reorganization, consistent with it having Racl GAP activity. The
effects of chimaerin and Racl over-expression appear to be specific for the morphological and
cytoskeletal

changes

since they did not

affect butyrate-induced increases in

acetylcholinesterase activity.
Racl and the closely related GTPase, Cdc42, have recently been shown to induce
membrane ruffles and peripheral actin microspikes respectively when micro-injected into
fibroblasts. This has led to speculation that both are involved in the regulation of actin
reorganization at the neural growth cone. Although similar structures were observed in
butyrate-treated and Racl transfected neuroblastoma cells, Racl over-expression was not
sufficient to promote the production of growth cones or neurite outgrowth. However, the
over-expression of the a l-chimaerin GAP domain was sufficient to inhibit DMSO-induced
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neurite production suggesting that activation of small molecular GTPases is involved with
neurite production under certain conditions. Similarly, the expression of dominant inhibitory
Racl and Cdc42 mutants in Drosophila results in the loss of neural axons and dendrites
suggesting that GTPases are involved in the production and/or maintenance of these
structures.
Higher levels of Racl over-expression in neuroblastoma cells resulted in the
production of round cells that accumulated surface 'blebs' and vesicles. Surface 'blebs' have
previously been associated with the migratory activity of cells as they appear at the leading
edge of migratory cells, and with other cellular processes such as apoptosis. Interestingly,
moderate and high over-expression of tissue transglutaminase, an enzyme which has been
associated with butyrate-induced morphological changes of fibroblasts and PCI2 cells and
with morphological changes that occur during apoptosis, results in the production of cells with
similar morphologies to those observed in cells transfected with the Racl cDNA. The possible
involvement of tissue transglutaminase and/or the related cytoskeletal protein pallidin in
butyrate- and Racl-induced morphological changes requires further investigation. The
production of transglutaminase/pallidin-deficient cell lines would facilitate these investigations.
The mechanism(s) leading to the production of the truncated GAP domain by some
expression vectors, even though they contained the entire open reading frame, is unclear.
Sequences within the 5' UTR may be required for the truncation since an expression vector
with a longer 5 UTR produced truncated protein when transiently transfected into COS-7 cells
compared to a vector with a shorter 5 UTR. The morphologies of cells producing full-length
a l-chimaerin were different from those of cells producing truncated GAP domain suggesting
that full-length chimaerin may have additional activities that are distinct from its Racl GAP
activity. It is unclear whether the production of the truncated GAP domain is physiologically
significant. A 20 kDa chimaerin species has not been detected in adult rat brain extracts but
the expression of chimaerin proteins in developing embryos has not been studied extensively.
The developmental expression of a chimaerin splice variant, a2-chimaerin, has been shown
to be distinct from that of a l-chimaerin suggesting that differential expression of chimaerins
may be important for neural development.
Identification of proteins that bind directly to Racl, Cdc42 and RhoA is at present
important for the identification of the signal transduction pathways that are activated by these
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GTPases. The identification of a 55 kDa protein that interacts specifically with Racl (but not
Cdc42 or RhoA) immobilised on nitrocellulose as tubulin is of potential interest. Recent
indications that disruption of the neural growth cone microtubule network leads to the loss
of lamellipodia and ruffled membranes, but not filopodia imply a possible involvement of
microtubules in the modulation of actin organization requiring Racl.
The inability to discover cell lines that produce significant levels of a l-chimaerin and
an uncertainty in the nature of the chimaerin protein compelled us to produce cell lines that
over-produced a l-chimaerin, although there are inherent problems with this approach. The
use of inducible vectors for chimaerin and Racl over-expression investigations should ensure
that the morphological changes observed in this study are not due to long term changes of cell
physiology or the selection of particular cell types. The reduction of a l-chimaerin expression
in primary neurones by the introduction of antisense oligonucleotides or inactivating
antibodies would also alleviate these problems and those associated with the significance of
protein-protein interactions when over-expressed. The development of animal models lacking
a 1-chimaerin (by homologous recombination) should also facilitate investigations into the
possible role of chimaerins in neuronal development and plasticity in vivo.
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