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Abstract

n-chimaerin is a GAP for the ras-related p21rac. A 45 kDa brain protein
(p45) immune reactive to anti-n-chimaerin polyclonal antibodies had selective
p21 rac GAP activity, using an overlay assay. p45-chimaerin was purified 400fold from rat brain by column chromatography. Tryptic peptides contained
sequences identical to that predicted from a2-chimaerin cDNA, a splice variant
encoding a divergent N-terminal with a SH2 domain. Thus, p45-chimaerin
probably corresponds to SH2-containing (o2) chimaerin. A 35 kDa p21 rac GAP
(p35) detected in detergent soluble membrane fractions, immunoreactive to
chimaerin antiserum was likely to represent n-chimaerin (a1-chimaerin). Diverse
GAPs for the rho/rac family were present in the brain; p45-chimaerin was widely
distributed in brain regions except cerebellum, and was present in both
membrane and cytosolic fractions.
Both native and recombinant a2-chimaerin exhibited p21 rac GAP activity
in solution, which was stimulated by phosphatidylserine with a synergistic effect
by phorbol esters. GAP activity of a2-chimaerin was unaffected by its SH2
domain. In contrast to a1-chimaerin, a2-chimaerin bound more phorbol ester
in the presence of phosphatidylinositol than of phosphatidylserine. a 2-Chimaerin
was phosphorylated by PKC and PKA in vitro. Brain proteins interacting with
a2-chimaerin were detected using ^^P-labelled PKC phosphorylated chimaerin.
A 60 kDa protein interacting with the SH2 domain of a2-chimaerin was purified;
peptide sequences showed it to be novel. Two peptides had similarity to the
consensus sequences of a MAP kinase substrate and a SH2 binding domain.
These data suggest that a2-chimaerin plays a physiological role in neuronal
signal transduction involving SH2-linked receptor/tyrosine kinase and p21rac
signalling pathways.
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CHAPTER 1

INTRODUCTION

18

1.1 Signalling mechanisms
Signal transduction is a mechanism by which cells receive signals on the
œil surface and convert it into useful information within the cell, leading to cellular
processes such as cell-to-cell communication, differentiation and growth. It involves
ai extensive network of intracellular pathways, and some of these pathways
include membrane receptors, GTP-binding proteins (heterotrimeric or small
molecular weight p21s), second messenger generating enzymes (adenyl cyclase
and

phospholipase

C),

intracellular

proteins

(protein

kinases,

protein

phosphatases) and many effector proteins. Some of these membrane receptors
for growth factors possess intrinsic kinase activity. Neuronal signalling mechanisms
in/olve specific ion channels for rapid signalling.
n-chimaerin was initially detected as a brain specific gene (Hall et al, 1990).
The protein sequence has sequence homology to both the regulatory domain of
PKC (see Abbreviations on last page) and Bcr, the product of the breakpoint
cluster region gene, n-chimaerin and Bcr were subsequently found to be p21 racGAPs (Diekmann et al, 1991). A splice variant of chimaerin containing a SH2
domain was also detected and further purified from rat brain (Hall et al, 1993 and
Results section). Thus, n-chimaerin is a multifunctional protein, and is possibly
linked to SH2-, PKC- and rac-mediated signalling pathways.

1.1.1 Membrane receptors
Membrane receptors can be divided into three classes based on the subunit
structures (Barnard, 1993). The first class of membrane receptors possess
subunits that form a pore. The ligand binds to a site on the receptor and control
theopening and closing of the pore itself. Members of this class include the ligandgated ion channels that are essential for rapid signalling (Barnard, 1993) and is
further discussed in section 1.1.8. The second class of membrane receptors
consists of a seven-transmembrane spanning structure linked by hydrophilic loops.
A cassical example of this class include the p-adrenergic receptor (Lefkowitz et
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al, 1983). It binds to epinephrine and transduce signals through the heterotrimeric
G protein G,. The third class consists of a single hydrophobic structure that
possess intrinsic tyrosine kinase activity. Members of this class include the growth
factor receptors that lead to long-term nuclear effects (Ullrich and Schlessinger,
1990).

1.1.2 Heterotrimeric G proteins
Heterotrimeric G proteins play an important role in signal transduction by
coupling membrane receptors to second messenger generating enzymes in the
plasma membrane (Gilman, 1987). They belong to a large superfamily of G
proteins, which include others like elongation factors Tu (EF-Tu) involved in protein
synthesis and small molecular weight G proteins of 20-30 kDa (Hall, 1990; Bourne
et a l 1991 ; Kaziro et al, 1991 ). The heterotrimeric G proteins are made up of three
submits: a, p and y. The p and y subunits exist as a complex and function as a
unit, whereas the a-subunit has a single binding site for guanine nucleotides (GDP
or GTP). The inactive GDP-bound form of a-subunit associates with the Py-subunit,
whereas the GTP-bound form of a-subunit is active and activates the effector
molecules. To date, about 20 distinct a-subunits have been described. The asubunit can be divided into four classes based on amino acid sequence homology:
Gj, Gg, Gq and G^g- Furthermore, at least four distinct p- and six y-subunits have
been described (Kaziro et al, 1991).

1.1.3 Second messengers and protein kinases
When

receptors

are

stimulated

by

ligands

such

as

hormones,

neurctransmitters and growth factors, several effector proteins are activated which
generate

second

messengers,

that further activate

protein

kinases and

phosphatases (Cohen, 1989). Activation of adenyl cyclase stimulates the
production of cyclic AMP which activates

PKA. PKA is ubiquitous and

phosphorylates a variety of enzymes (Cohen et al, 1989). Activation of guanyl
cyclase

stimulates the

production of cyclic GMP, which in turn activates

20

PKG. PKG Is localized mainly to smooth muscle and the cerebellar region of the
brain (Nairn et al, 1985), and appear to have a more restricted role compared to
PKA. Activation of PLC stimulates the hydrolysis of PIPg and subsequent
production of two second messengers, DAG and IP3. DAG activates PKC which
phosphorylates a wide variety of enzymes, leading to both short-term and long
term nuclear based effects (Nishizuka, 1988). IP3, on the other hand, stimulates
the release of Ca^"^ from Ca^^ stores localized in the plasma membrane and in the
cell. The Ca^"^ ion binds to calmodulin, which undergoes a conformational change
and activates other enzymes. There are two classes of calmodulin-dependent
protein kinases; multifunctional and dedicated (Schulman and Lou, 1989). The
multifunctional calmodulin-dependent protein kinase activates many ! proteins
and calmodulin-dependent Protein Kinase II is an example in this class.
The dedicated calmodulin-dependent protein kinase acts on only one substrate,
and an example include phosphorylase kinase which is involved in glycogenolysis.

1.1.4 PKC signalling pathwav
The production of the second messenger, DAG, by PLC from PIPj is
transient and it activates PKC leading to cellular processes like synthesis of
molecules, activation of transport systems, contraction of smooth muscles and
others (Nishizuka, 1988). The sustained production of DAG is required for the long
term effects of PKC like cell differentiation and growth. Fatty acid analysis of
stimulated cells indicates that this source of DAG is produced from the hydrolysis
of PC, which forms phosphatidic acid and is then converted to DAG (Exton, 1990).
PLD and PLAg are implicated in this production of DAG from choline-containing
lipids. Further studies indicate that cis-unsaturated fatty acids such as oleic,
linoleic, linolenic, arachidonic and decosahexanoic acid and lysoPC can greatly
enhanced PKC activation (Asaoka et al, 1991; Shinomura et al, 1991).

1.1.5 PKC subspecies and activation
To date, at least ten mammalian PKC isoforms have been described. Some
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of these PKC isoforms exhibit atypical characteristics relative to the classical PKC
enzymes, and they can be classified into three groups based on amino acid
sequence similarity (Nishizuka, 1988). Group A consists of four classical PKCs
(cPKC): a 1 , p i , P2 and y. Group B consists of four new PKCs (nPKC): 6, e, q and
0. Group C consists of two atypical PKCs (aPKC): Ç and X. The cPKC enzymes
is made up of four conserved regions (C l to C4) and five variable regions (VI to
V5). The C l region is the phospholipid-dependent phorbol ester binding domain.
Mutational studies indicate that the cysteine-rich domain is required for phorbol
ester binding (Kaibuchi et al, 1989; Ono et al, 1989b), and it was later found that
one cysteine-rich domain is sufficient for phorbol ester binding (Ono et al, 1989b;
Burns and Bell, 1991). The C2 region is the Ca^^^-sensitive phospholipid binding
domain (Ono et al, 1988). The C3 region is the catalytic site. The C4 region is the
substrate recognition site. The cPKC enzymes are activated by Ca^"^, PS and DAG
or phorbol esters. This activation can be enhanced by cis-unsaturated fatty acids
and lysoPC. Phosphatidylinositols like PIPg can also activate PKC in a PS and
Ca^^-dependent manner by interacting with the C l region (Chauhan et al, 1991).
Recently it was shown that highly purified PKCa and pi can be fully activated by
PIP2, Ca^"^ and PI, which replaces PS as a cofactor of activation (Koch et al, 1993).
The nPKCs lacks the C2 region and do not require Ca^"^ for activation. They are
activated by PS and DAG or phorbol esters. The e-subspecies is activated by cisunsaturated fatty acids and cardiolipin (Saido et al, 1992), but the 5-subspecies is
not. The aPKC lacks a C2 region and has only one cysteine-rich domain. They are
activated by PS but are insensitive to phorbol esters and Ca^"^ (Ono et al, 1989a).
The

Ç

subspecies

is

activated

by

cis-unsaturated

fatty

acids

and

phosphatidylinositol phospholipids like phosphatidylinositol 3,4,5-triphosphate and
phosphatidylinositol 3,4-bisphosphate (Nakanishi et al, 1993).

1.1.6 Signalling within the nucleus
Activation on cell surface receptors that produces long-term effects involves
changes in gene expression that are mediated by nuclear transcription factors. The
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BZip proteins are a group of signal-regulated transcription factors (Vinson et al,
1989). They consist of a conserved basic (B) and leucine zipper (Zip) domain that
is required for DNA binding and dimerization respectively. Members of this group
include the AP-1 and CREB/ATF proteins that control gene expression by binding
to the TPA (12-0-tetradecanoyl phorbol-13-acetate) response element (TRE) and
cAMP response element (CRE) respectively (Karin, 1992). AP-1 was originally
identified as a DNA-binding that recognise the TRE and induce transcription of a
number of genes in response to PKC activation (Angel and Karin, 1992). The AP-1
family includes Jun and Fos, which are structurally related and are capable of
forming homodimers and heterodimers. CREB was originally identified as a DNA
binding activity that recognise the CRE and induce gene transcription in response
to PKA activation (Karin, 1992).

1.1.7 Signal transduction and the cvtoskeleton
Cytoskeletal remodelling occurs in a wide variety of biological processes
including morphogenesis, mitogenesis, movement and secretion, however, the
signal transduction pathways leading to cytoskeletal reorganization are poorly
understood. Actin binding proteins (ABP) are involved in the formation of many
cytoskeletal structures including stress fibres, lamellipodia, filopodia, pseudopodia
and the cortical actin network. At least 70 ABPs have been described and they are
regulated by signalling proteins like second messengers, protein kinases and
phospholipids (Cooper, 1991). A class of ABPs called MARCKS (Myristoylated,
alanine-rich C kinase substrate) is a specific substrate for PKC. MARCKS colocalizes with PKC and cytoskeletal proteins like vinculin and talin at the substrateadherent surface of filopodia and pseudopodia. In its non-phosphorylated state,
MARCKs associates with and crosslinks actin on the membrane. When
phosphorylated by activated PKC, MARCKs is released from the membrane but
it still associates with actin (Hartwig et al, 1992). Phosphorylated cytosolic
MARCKs do not crosslink actin, resulting in cytoskeletal remodelling. MARCKs is
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abundant in the presynaptic membranes (Wang et al, 1989), suggesting a role in
secretion from the nerve terminals. Profilin is another example of an ABP involved
in phosphatidylinositol signalling. It binds to PIPg and dissociates from the profilinactin complex, preventing the hydrolysis of PIPg by PLC. Profilin thus provides a
link

between

phosphatidylinositol

signalling

and

the

actin

cytoskeleton

(Goldschmidt-Clermont et al, 1991).

1.1.8 Neuronal Signalling Mechanisms

Voltage-gated ion channels
Signals in the nervous system are conveyed by action potentials which are
regulated by voltage-gated ion channels. The Na"^ channels are responsible for the
upstroke of the action potentials. The Na^ channels are made up of three subunits:
a, pi and P2 (Stuhmer and Parekh, 1992). Although the a-subunit is sufficient for
the Na+ currents, the pi-subunit is important for the inactivation of the Na"^
currents (Isom et al, 1992). The

channels are responsible for the repolarization

of the action potentials (Pallota et al, 1992). The

channels are made up of six

transmembrane-spanning segments which form a tetramer. The Cl channels are
responsible for membrane excitability (Jentsch, 1993). Defect in the Cl channels
has been linked to cystic fibrosis.

Calcium channels
Increases in intracellular Ca^"^ levels mediated by either changes in the
plasma membrane potential or receptor-linked phosphatidylinositol hydrolysis leads
to different physiological roles of the Ca^^ signals. Ca^^ entry from voltage-gated
ion channels in the plasma membrane is responsible for secretion from the nerve
terminals (Tsien and Tsien, 1990). Ca^^ mobilization from the intracellular stores
mediated by the second messenger, IP3, is responsible for contraction of smooth
muscles (Berridge, 1993).
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Transmitter-gated ion channels
The transmitter-gated ion channels are a class of membrane receptors that
are essential for rapid signalling. Members of this class include the gammaaminobutyric acid (GABA), glycine, serotonin (5HT), nicotinic acetylcholine and
glutamate receptors. The GABA receptor is the main inhibitory neurotransmitter
receptor in the brain (Barnard, 1993). The glycine receptor is also an inhibitory
receptor, and both GABA and glycine receptors reduce membrane excitability by
controlling the Cr channels. The serotonin receptor acts as a transmitter-gated ion
channel and a receptor linked to second messenger signalling. The ligand-gated
5 HT receptor and the nicotinic acetylcholine receptor are selective for the Na"^ and
channels. The second messenger-linked serotonin receptors are coupled to
either adenyl cyclase or PLC and are responsible for longer-term effects (Tecott
and Julius, 1993). The glutamate receptors can be divided into those activated by
NMDA (N-methyl-D-aspartate) and the non-NMDA receptors. They are selective
for Na^,

and Ca^"^ ions (Barnard, 1993).

Nitric oxide in signalling
Nitric oxide is an important signal in endothelium-, nerve-dependent and
cytokine-induced vasodilation (Moncada, 1991). Nitric oxide is synthesized from
arginine by nitric oxide synthase. In the nerve-dependent vasodilation signalling
pathway, depolarization of nerves leads to an increase in intracellular Ca^^ levels.
Ca^* stimulates the nitric oxide synthase in the nerve terminals to make nitric
oxide, which in turn activates guanyl cyclase to hydrolyse GTP to cGMP and
subsequently relaxes the vascular smooth muscles (Moncada, 1991).

Long-term potentiation
Long-term potentiation (LTP) is the sustained increase in synaptic
transmission in the hippocampus mediated by brief high-frequency stimulation
(Bliss and Collingridge, 1993). Evidence suggest that memory is linked to LTP and
involves the neurotransmitter glutamate. Glutamate binds to the NMDA receptor.
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depolarizes the post-synaptic membrane and stimulate the entry of Ca^* through
the ligand-gated ion channel. The Ca^^ signal stimulates the calmodulin-dependent
protein kinases to induce L IP . L IP is sustained probably by the enhancement of
neurotransmitter release from the pre-synaptic membranes. The Ca^^-linked protein
kinases, or the Ca^^ signal itself, stimulate a retrograde factor from the postsynaptic

cell

which

acts

on

the

pre-synaptic

membrane

to

promote

neurotransmitter release. The retrograde factor has been sugggested to be
arachidonic acid or nitric oxide (Bliss and Collingridge, 1993).

1.1.9 Receptor tyrosine kinase signalling pathway
Receptor tyrosine kinase (RTK) signalling in many organisms from humans
to flies regulates growth and differentiation (Pawson and Burstein, 1990; Ullrich
and Schlessinger, 1990; Cantley et al, 1991). Many growth factor receptors
possess intrinsic tyrosine kinase activity. When activated by binding to growth
factors like PDGFand EGF, the RTKs undergoes tyrosine autophosphorylation and
subsequently binds several signalling proteins including PI 3-kinase, GAP and csrc (Kypta et al, 1990). Mutational studies indicate that individual phosphotyrosine
residues mediate binding to specific signalling proteins. Phosphotyrosine-containing
peptides as short as 5 amino acid residues block the binding of RTKs to signalling
proteins, suggesting that residues flanking the phosphotyrosine are important for
specificity of binding (FantI et al, 1992). Many of these signalling proteins posssess
SH2 domains. Mutational analysis of the Src, Fps and Abl SH2 domains suggest
that the SH2 domains are important for protein-protein interactions (Hirai and
Varmus, 1990) and that the FLVRES sequence interacts with the phosphotyrosine
residues (Mayer et al, 1992).

Ras and receptor tyrosine kinase
A role for the p21 small GTP-binding protein, ras, in RTK signalling was
originally suggested

by microinjection studies with anti-ras antibody into

mammalian fibroblast. The ras neutralizing antibody blocked both growth factor
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receptor and oncogenic tyrosine kinase induced DNA synthesis (Mulcahy et al,
1985; Smith et al, 1986). In addition, the ras-antibodies and the dominant inhibitory
ras proteins blocked NGF-induced neurite extension in PCI 2 cells (Szeberenyi et
al, 1990; Hagag et al, 1986). Furthermore, studies with dominant negative ras
alleles suggested that ras plays a role in EGF, PDGF and FGF-induced
mitogenesis (Cai et al, 1990).
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1.2 p 21 GTP-binding proteins
The ras superfamily of small GTP-binding proteins of 20-30 kDa (p21s)
consists of over 50 members. They can be subdivided into 5 classes based on
sequence homology into the ras, rho rab, ran and arf (ADP-ribosylation factor)
subfamily. They regulate a wide variety of cellular processes including growth,
differentiation, cytoskeletal organization and vesicle transport and secretion
(Hall, 1990; Takai et al, 1992; Bourne et al, 1991). Like all other G proteins,
they act as molecular switches; they are active in the GTP-bound state and
inactive in the GDP-bound state. Besides having an intrinsic hydrolytic rate,
they are regulated by several proteins (Takai et al, 1992). GAPs stimulate the
hydrolysis of GTP to GDP and down-regulate the G proteins. The nucleotide
exchange from GDP to GTP is stimulated by GDS and inhibited by GDI.

1.2.1 Post-translational modification of o21s
The superfamily of ras-related proteins undergo post-translational
modifications at the C-terminus and associate with the membranes in order to
perform their biological functions (Clarke, 1992; Hancock et al, 1989; Marshall,
1993). The ras and rho subfamilies have a CAAX motif, where 0 is cysteine,
A is an aliphatic amino acid residue and X is any amino acid residue. The rab
subfamily has either a XCC or a 0 X 0 motif. The ras subfamily is farnesylated,
whereas the rho and rab subfamilies are geranylgeranylated. The prenylated
OAAX motif is then proteolysed to remove the last three amino acids, and the
prenylated cysteine is then carboxymethylated. The 0 X 0

motif is also

carboxymethylated, but not the XOO motif.

1.2.2 Ras subfamily
The mammalian ras protooncogenes (H-ras, K-ras and N-ras) were
originally identified because of their transforming activity (Barbacid, 1987). They
are highly homologous and activated ras is found in about 30% of all human
cancers (Bos, 1989). Homologues of mammalian ras have been identified in
other organisms including worms, flies and yeast; RAS1 and RAS2 in the
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budding

yeast

Saccharomyces

cerevisiae,

ras

in

the

fission

yeast

Schizosaœharomyces pombe, two ras proteins in the fruit fly Drosophila
melanogaster, and the ras protein encoded by the let-60 gene in the nematode
Caenorhabditis elegans (Bourne et al, 1991 ; Takai et al, 1992).

1.2.3 Mutational analysis of ras
The ras proto-oncogene can be activated by point mutations and become
transforming. Activating mutations at residues 12, 13, 61 and 63 reduce the
intrinsic GTPase activity and are unresponsive to GAP (Barbacid, 1987). In
addition, activating mutations at residues 28 ,1 1 6 -1 1 9 ,1 4 4 and 146 reduce its
affinity for guanine nucleotides. As the mammalian cytosol has more GTP than
GDP, a higher rate of nucleotide exchange would put ras in the active, GTPbound form (Barbacid, 1987). Futhermore, mutational analysis has localized the
effector region to residues 32-40 (Polakis and McCormick, 1993). Mutation in
this region block the transforming activity of ras, and GAP has been found to
interact with ras at this region (Adah et al, 1988; Cales et al, 1988). Besides
being a down-regulator of ras, GAP might also function as an effector of ras
and transfer the signal downstream. The three-dimensional structure of ras from
X-ray crystallography reveals the effector region is one of the two regions of ras
that undergo conformational change on GTP hydrolysis (Schlichting et al, 1990;
Milburn et al, 1990).

1.2.4 Ras signalling in veast
The ras signal transduction pathway in the yeast Saccharomyces
cerevisiae has been well documented. RAS1/RAS2 double mutations are lethal,
but either gene is sufficient to maintain growth. The active GTP-bound state of
ras is regulated by the product of the CDC25 gene and by the product of the
related SDC25 gene (Broek et al, 1987). The ras proteins are down-regulated
by the GAP homologues, IRAI and IRA2. RAS interacts with a downstream
target, adenyl cyclase, to regulate the level of cAMP, but it is unclear whether
ras interacts directly with adenyl cyclase or through a cyclase-associated
protein (Broach, 1991). The mammalian ras signal transduction pathway is
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different from yeast as it does not appear to regulate the cAMP levels. The ras
signal transduction pathway in fission yeast Schizosaccharomyces pombe is
poorly understood, but ras is involved in conjugation (Nadin-Davis et al, 1986).
The CDC25 and IRA homologues in Schizosaccharomyces pombe have been
identified (Imai et al, 1991).

1.2.5 Ras signalling in Drosophila melanogaster
In Drosophila melanogaster, the sevenless pathway is involved in the
development of the R7 photoreceptor cell (Hafen et al, 1987). Sevenless
encodes a RTK, and flies carrying loss-of-function (LOF) alleles fail to induce
eye development. Genetic studies indicate that other proteins involved in eye
development include ras, g a p i, rapi and sos (son-of-sevenless). The activation
of ras is regulated by both the gapi and sos protein (Simon et al, 1991 ; Gaul
et al, 1992). Sos encodes a guanine nucleotide exchange protein (GNEP)
which acts upstream of ras, and is homologous to CDC25 in yeast. The rapi
gene product seems to act as a negative regulator of R7 development (Rubin
et al, 1991). Recent genetic studies identified another component, drk
(downstream of receptor kinase), which is essential for the sevenless signal
transduction pathway (Olivier et al, 1993; Simon et al, 1993). Drk encodes a
protein containing an SH2 and two flanking SH3 domains, and is homologous
to sem-5 in Caenorhabditis elegans and grb-2 in mammalian cells. Drk binds
to the autophosphorylated RTK via its SH2 domain, and to sos via the SH3
domains, thereby coupling RTK to ras activation (Olivier et al, 1993; Simon et
al, 1993).

1.2.6 Ras signalling in Caenorhabditis eleaans
Like the fruit flies, the ras signalling pathway in the worm Caenorhabditis
elegans has been extensively studied using genetics. The ras signalling
pathway is involved in determining vulval development. The lin-3 gene encodes
an inductive signal (Hill and Sternberg, 1992), and the let-23 gene encodes a
RTK (Aroian et al, 1990). The sem-5 gene encodes a grb-2 homologue (Clark
et al, 1992), and the let-60 gene encodes the ras protein (Beitel et al, 1990;
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Han and Sternberg, 1990), which acts downstream of let-23. Like drk in
Drosophila, the sem-5 binds to let-23 via the SH2 domain, and is likely to bind
the the sos homologue in the worm to activate ras. Another component has
recently been identified as lin-45 (Han et al, 1993), which encode a
serine/threonine kinase to raf and act downstream of ras in controlling vulval
development.

1.2.7 pi 20 rasGAP
RasGAP was originally identified in Xenopus oocytes as an activity that
enhanced the GTPase activity of microinjected ras (Trahey and McCormick,
1987). Since then, rasGAP has been purified from bovine brain and from
human placenta (Vogel et al, 1988; Trahey et al, 1988). It exist as two isoforms
of molecular mass 100 and 120 kDa. It contains an SH3 and two SH2 domains
at its N-terminal. The C-terminal GAP domain is sufficient for GAP activity
(Marshall et al, 1989). It forms complexes at low stoichiometry with several
tyrosine kinases, including activated PDGF and CSF-1 receptors and p60c-src
(Reedijk et al, 1990; Brott et al, 1991; Kaplan et al, 1990). Binding to these
kinases would bring it closer to the membrane where it interacts with ras to
regulate its function, pi 20 rasGAP also binds to two other proteins in the cell
(Bouton et al, 1991 ; Ellis et al, 1990) and they have been purified and cloned.
p62 is a membrane protein that is heavily tyrosine phosphorylated in stimulated
cells.

It has sequence homology to an hnRNP protein, GRP33, and

recombinant p62 binds nucleic acid (Wong et al, 1992). pi 90 is a cytoplasmic
protein that is phosphorylated mainly on serine and threonine. It has sequence
homology to rhoGAP and recombinant pi 90 acts as a GAP for the rho
subfamily (Settleman et al, 1992a; 1992b). The SH2 domain of rasGAP is
sufficient to bind autophosphorylated receptors and phosphotyrosine-containing
proteins (Anderson et al, 1990; Moran et al, 1990).

1.2.8 Neurofibromatosis tvpe 1 GAP
Neurofibromatosis

(NF-1) is a hereditary disease that affect tissues

derived from the neural crest. The gene responsible has been identified and it
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has homology to the GAP domain of rasGAP (Martin et al, 1990; Xu et al,
1990). This region of NF-1 acts as a GAP for ras (Xu et al, 1990), and the NF-1
gene is a candidate tumour suppressor gene like retinoblastoma and p53 (Rey
and Hall, 1993).

1.2.9 Ras exchange factors
A number of mammalian exchange activities for ras have been identified
(Downward et al, 1990b; Huang et al, 1990; Mizuno et al, 1991 ; West et al,
1990; Wolfman and Macara, 1990). Recently, the mammalian homologues of
yeast CDC25 have been cloned. Rat ras-GRF encode a 140 kDa brain protein
(Shou et al, 1992); the C-terminal portion is homologous to the CDC25 protein,
and the N-terminal portion is homologous to the product of the dbl gene, dbl
encodes a guanine nucleotide exchange factor for cdc42Hs (Hart et al, 1991b).
Another brain-specific ras exchange factor, H-GRF55, encodes a 55 kDa
protein (Schweighoffer et al, 1993). Unlike ras-GRF, it does not have the dbl
region. Although both homologues are brain specific, murine sos homologues
(mSOSI and m S0S2) have been identified and are widely distributed (Bowtell
et al, 1992). A human sos homologue, hSOS, has also been identified (Chardin
et al, 1993).

1.2.10 Ras activation in mammalian cells
Ras activation can be achieved either by inhibition of GAP activity or by
stimulation of guanine nucleotide exchange activity. An inhibition of GAP activity
has been observed in phorbol ester or T cell receptor treatment of I cells
(Downward et al, 1990a) and in erythropoietin treatment of erythroleukemia
cells (Torti et al, 1992). Stimulation of nucleotide exchange activity has been
observed in NGF treated PCI 2 cells (Li et al, 1992), EGF treated wild-type or
overexpresssing rat-1 fibroblast (Buday and Downward, 1993a; Medema et al,
1993) and insulin treated ras- and insulin receptor-overexpressing rat-1
fibroblast (Medema et al, 1993).
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Fig. 1- Ras signal transduction pathway. Activated growth factor receptors
(REC) are tyrosine phosphorylated (P) and bind the SH2 domain of Grb2. The
SH3 domain of Grb2 then binds the proline-rich sequence of Sos which
translocates to the membrane and activates ras (ras-GTP). Activated ras then
activates Raf-1 kinase, which further activate the serine/threonine/tyrosine
phosphorylation cascade involving MEK, MAP kinase (MARK). This in turn
regulate gene

expression

by transcription factor (myc,

phosphorylation in the nucleus.

fos and jun)
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1.2.11 Ras signalling pathway in mammalian cells

Upstream of ras
The ras signalling pathway in mammalian cells has recently been
clarified (Fig. 1). Grb-2, a mammalian homolgue of sem-5 in Caenorhabditis
elegans has been identified (Lowenstein et al, 1992). Like sem-5 and drk, Grb-2
binds to activated EGF receptors and other tyrosine-containing proteins such
as SHC and IRS-1 through its SH2 domain (Pelicci et al, 1992; Lowenstein et
al, 1992; Rozakis-Adcock et al, 1992; Skolnik et al, 1993). Recently it was
found that grb-2 binds to proline-rich sequences on the C-terminus of sos
homologue through its SH3 domain (Rozakis-Adcock et al, 1993; Li et al, 1993;
Gale et al, 1993; Egan et al, 1993). Thus the sos homologue is translocated
from the cytoplasm to the membrane-bound ras by binding to grb-2. No change
of I SOS activity has been observed in activated cells, suggesting that ras
activation is due to an altered subcellular distribution of sos homologue (Buday
and Downward, 1993b).

Downstream of ras
Evidence suggest that several serine/threonine kinase including raf-1
kinase, MAP kinase kinase (MEK) and MAP kinase act downstream of ras in
mammalian cells. MAP kinase is activated in response to a number of growth
factors including PDGF, EGF, insulin and NGF (Pelech and Sanghera, 1992).
Raf-1 is a candidate downstream effector of ras. Activated raf-1 kinase can
bypass the requirement of ras (Cai et al, 1990) and dominant negative raf
mutants can block transformation by ras (Kolch et al, 1991). Recent evidence
suggest that raf-1 kinase binds to ras and this binding is mediated by the Nterminal regulatory domain of raf-1 kinase (Moodie et al, 1993; Van Aelst et al,
1993; Votjek et al, 1993; Warne et al, 1993; Zhang et al, 1993). Raf-1 kinase
can activate MAP kinase kinase (Dent et al, 1992; Kyriakis et al, 1992), which
in turn activate MAP kinase by tyrosine and threonine phosphorylation
(Anderson et al, 1990). MAP kinase activation leads to phosphorylation of a
number of proteins including transcription factors like c-myc,c-jun and p62TCF
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(Alvarez et al, 1991 ; Gille et al, 1992; Pulverer et al, 1991 ; Seth et al, 1991).

1.2.12 Lipid modulation of GAPs
Initial microinjection studies with anti-ras antibodies blocked lipid-induced
mitogenesis (Yu et al, 1988), suggesting that lipids regulate ras activity. Lipids
produced

soon

after

mitogenic

treatment

(e.g.

phosphatidic

acid,

phosphatidylinositol phosphates, and arachidonic acid) are potent inhibitors of
rasGAP activity, whereas more abundant lipids like PC, PS and PE, were
ineffective (Tsai et al, 1989b). GAP physically associates with these lipids (Tsai
et al, 1991) through the C-terminal GAP domain (Berth et al, 1991). Interaction
of rasGAP with mitogenic lipids suggest a mechanism to control ras activity.
RhoGAP is regulated by a slightly different subset of lipids to ras GAP.
Phosphatidic acid containing saturated fatty acids inhibited rhoGAP activity,
while phosphatidic acid containing un saturated fatty acids (including arachidonic
acid) were less effective (Tsai et al, 1989a). Other lipids including PS, DAG and
lysoPA were slightly inhibitory on rhoGAP but are ineffective on rasGAP (Tsai
et al, 1989a).

1.2.13 Role of rasGAP

As a negative regulator
In many organisms, evidence suggest that rasGAP acts as negative
regulator of ras. Initial experiments showed that rasGAP stimulates the GTPase
activity of ras and inactivates ras (Trahey and McCormick, 1987; Vogel et al,
1988). Transformation of NIH 3T3 fibroblast by wild-type ras but not oncogenic
ras is inhibited by co-expression of rasGAP (Zhang et al, 1990). Transformation
of NIH 3T3 fibroblast is by v-src is also inhibited by co-expression of rasGAP
(Nori et al, 1991).

In the yeast Saccharomyces cerevisiae, the GAP

homologues IRAI and IRA2 acts solely as down-regulators of ras activity
(Tanaka et al, 1990a; 1990b). In the fission yeast, Schizosaccharomyces
pombe, the GAP homologue sari also acts as a negative regulator of ras
activity (Imai et al, 1991 ; Wang et al, 1991). Genetic studies on the GAP

35

homologue gap1 in the fruit flies Drosophila suggest that it down-regulates ras
in R7 eye development (Gaul et al, 1992). Recent studies using membranetargeted rasGAP inhibit ras function, suggesting that rasGAP down-regulates
ras and that membrane localization potentiates this activity (Huang et al, 1993).

As an effector of ras
Several other evidence suggest that rasGAP can act as an effector of
ras. RasGAP interacts with the effector region on ras, suggesting that rasGAP
acts as a downstream target of ras (Adari et al, 1988; Cales et al, 1988).
Mutations in the ras effector domain blocks transforming activity and is
unresponsive to rasGAP (Gales et al, 1988). The GTP-bound ras and rasGAP
(Yatani et al, 1990), or the N-terminal domain of rasGAP alone (Martin et al,
1992), mediates closing of the

channels in atrial cell membranes, providing

strong evidence for rasGAP having an effector role. Microinjection studies with
ras and insulin stimulate oocyte maturation and rasGAP is essential for
enhancing

the

maturation-promoting

factor

(MPF)

HI

kinase

activity

(Dominguez et al, 1991). Further studies on Xenopus oocytes suggest an
effector role of rasGAP in germinal vesicle breakdown. Germinal vesicle
breakdown induced by activated ras was blocked by GAP antibodies directed
to the N-terminal SH3 domain (Duchesne et al, 1993). This study also indicates
that the SH3 domain of rasGAP is essential for signalling. In addition, the SH2
and SH3 domains of rasGAP induce gene expression and this activity was
dependent on ras activity (Medema et al, 1992).
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1.3.1 Rho subfamily
Rho genes were originally identified in the Aplysia californica marine
snail (Madaule and Axel, 1985). Rho homologues have been detected in yeast
and mammals. In mammals, three rho genes (rhoA, rhoB and rhoC) have been
described (Yeramian et al, 1987; Chardin et al, 1988).

In the yeast

Saccharomyces cerevisiae, four rho genes (RH01, RH02, R H 03 and RH04)
have been described (Madaule et al, 1987; Matsui and Toh-e, 1992). Besides
rho, other members of the rho subfamily including rac (ra d and rac2),
cdc42Hs, cdc42Sc, TC10 and RhoG have been identified (Hall, 1990; Shinjo
et al, 1990). In Caenorhabditis elegans, the rac and cdc42 homologues have
been described (Chen et al, 1993a; 1993b). The rho genes are about 30%
homologous to ras, although they have similar intrinsic GTPase and nucleotide
exchange activity. An activating mutation at residue 14 in rho (which is
equivalent to residue 12 in ras) makes it unresponsive to rhoGAP (Garrett et
al, 1991). Like ras, post-translational modification of the C-terminal CAAX motif
is essential for the biological activity of rho (Adamson et al, 1992). Unlike ras,
rho is present in the cytoplasm (Braun et al, 1989), synaptosomal membranes
(Kim et al, 1989), presynaptic vesicles (Ngsee et al, 1991), Golgi and in the
membranes of the outer rod segment (Toki et al, 1989; Wieland et al, 1990).
Unlike the other ras-related p21s, rho is a substrate for adenosine diphosphate
(ADP)-ribosylation. The exoenzyme C3 from Clostridium botulinum, ribosylates
the protein at the asparigine residue in the effector domain and interferes with
the biological function of rho, probably by interacting with the target protein
(Sekine et al, 1989).

1.3.2 RhoGAPs
A 29 kDa rhoGAP has been purified to homogeneity on the basis of its
GAP activity from human spleen extracts (Garrett et al, 1991). It is selective for
rho and rac. Other proteins with homology to the GAP domain of rhoGAP have
been identified. Bcr (the product of the breakpoint cluster region gene) and nchimaerin act as GAPs for rac, but not rho (Diekmann et al, 1991). A rasGAP-
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associated protein, p190, acts as a GAP for rac, rho and cdc42 (Settleman et
al, 1992b). The yeast genes, Bem2 and BemS, appear to play a role in bud site
formation in Saccharomyces cerevisiae. Bem3, but not Bem2, is a GAP for
cdc42Hs. Several other proteins with homology to the Bcr GAP domain but no
reported GAP activity have also been identified.The PI3-kinase p85 regulatory
subunit is homologous to the Bcr GAP domain and contains an additional SH3
and two SH2 domains. An Abl SH3 binding protein, 3BP-1, has recently been
cloned (Cicchetti et al, 1992). These proteins have not been shown to have
GAP activity for the rho proteins, but they are implicated in p21 signalling
pathway. A cdc42Hs GAP has been identified from human platelets and it acts
on cdc42 and rac, but not ras or rap (Hart et al, 1991a).

1.3.3 Exchange factors for rho subfamilv

GDS
Dbl has nucleotide exchange activity for cdc42Hs (Hart et al, 1991b).
Two other exchange factors with wider substrate specificity (smgGDS and
rhoGDS) have been identified. SmgGDS has been cloned and is active on posttranslationally modified rho, ras, rap and rac (Kaibuchi et al, 1991; Mizuno et
al, 1991 ; Hiraoka et al, 1992). A rhoGDS activity acts on several posttranslationally modified ras-related proteins (Isomura et al, 1990). Other dbl-like
proteins including vav (Adams et al, 1992), bcr (Hariharan and Adams, 1987),
ras-GRF (Shou et al, 1992), ect-2 (Miki et al, 1993) and the yeast cdc24
(Miyamoto et al, 1987) have not been shown to have any GDS activity for the
rho proteins.

GDI
RhoGDI has been cloned and it acts on post-translationally modified rho
(rhoA and rhoB) and ra d (Ueda et al, 1990; Hori et al, 1991 ; Hiraoka 1992).
It also forms a stable complex with the GDP-bound form of rho and affects the
interaction of rho with the membranes (Ueda et al, 1990; Isomura et al, 1990).
Rho is present in the GDP-bound form complexed with rhoGDI in the cytosol
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of resting cells including insulinoma cells and smooth muscle cells (Kuroda et
al 1992; Regazzi et al, 1992). RhoGDI has recently been shown to interact with
both the GTP- and GDP-bound form of rac and it interferes with the GAP action
(Hancock and Hall, 1993; Chuang et al, 1993). A 28kDa GDI for cdc42Hs has
been purified from bovine brain (Leonard et al, 1992). It acts on cdc42Hs and
interferes with the intrinsic and GAP stimulated GTP hydrolysis of cdc42Hs
(Hart et al, 1992). The exchange factors acts only on post-translationally
modified ras-related proteins, whereas the GAPs acts on both modified and
unmodified proteins (Mizuno et al, 1991; Hori et al, 1991). Recent experiments
showed that geranylgeranylation and the AAX proteolysis of the C-terminal
CAAX motif is sufficient for interaction with rhoGDI (Hancock and Hall, 1993).

1.3.4 Role of rho and regulatory proteins

Rho and stress fibre formation
Rho proteins play a role in regulating cytoskeletal organization in
mammalian cells (Fig. 2). Initial microinjection studies with activated rho
proteins on quiescent fibroblast led to the formation of stress fibres (Paterson
et al, 1990). Microjection of C3 exoenzyme, however, led to a disappearance
of stress fibres and caused cell rounding (Chardin et al, 1989; Paterson et al,
1990). These studies indicate that rho proteins control stress fibre formation by
regulating the cytoskeletal proteins. Introduction of serum into fibroblast also
cause stress fibre formation (Ridley and Hall, 1992). The serum component was
identified as lysophosphatidic acid, a mitogenic lipid. Bombesin, a neuropeptide
was less potent In causing stress fibre formation. Microinjection of C3
exoenzyme blocked both serum and bombesin-induced stress fibre formation,
suggesting that rho mediates control of actin by extracellular factors (Ridley and
Hall,

1992).

Like C3

exoenzyme,

microinjection of rhoGDI

causes a

disappearance of stress fibres (Miura et al, 1993). This implicates rhoGDI in the
regulation of cell morphology through actin cytoskeleton.
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Rac-GDP

Actin
membrane ^
ruffling

Rac-GTP

PDGF, EGF
Insulin
Thrombin
Bombesin
Serum
Ras-GTP

Rho-GDP
(+ )
LPA
^ --------- Bombesin
Serum
Actin
stress fibre
formation

Rho-GTP

Fig. 2-Rho signal transduction pathway. Several growth factors including PDGF,
EGF, insulin, and thrombin induced rapid membrane ruffling by activating rac
(rac-GTP). They also induced slower stress fibre formation by activating rho
(rho-GTP). Introduction of ras-GTP also induced mambrane ruffling and stress
fibre formation.

Introduction of serum, LPA (the component in serum) and

bombesin induced stress fibre formation.
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Rac and membrane ruffling
A number of growth factors including PDGF, EGF, insulin, and thrombin
induce stress fibre formation much more slowly than serum, but they induced
rapid membrane ruffling (Ridley et al, 1992 and Fig. 2). Microinjection with
activated rac also causes membrane ruffling, but introduction of a negative
dominant mutant rac blocks both membrane ruffling and stress fibre formation
(Ridley et al, 1992). These data suggest that growth factors activate rac and
induce membrane ruffling, activated rac subsequently activates rho which
induces stress fibre formation. Microinjection of activated ras also cause
membrane ruffling and stress fibre formation, but introduction of anti-ras
antibodies suggest that ras is not obligatory for growth factor-induced
cytoskeletal organization (Ridley et al, 1992). Thus growth factors regulate cell
growth and differentiation by controlling ras, and regulate cytoskeletal
organization by controlling rho and rac.

Rho and cell growth
Treatment of PCI 2 cells with 0 3 exoenzyme induce neurite extension
similar to those induced by NGF and activated ras, suggesting a role of rho in
differentiation in PCI 2 cells (Nishiki et al, 1990). Treatment of Swiss 3T3 cells
with C3 exoenzyme blocks serum-induced cell-cycle progression, suggesting
a role of rho in G1-S progression (Yamamoto et al, 1993). Treatment of NIH
3T3 cells with C3 exoenzyme accumulates binucleate cells (Rubin et al, 1988),
suggesting that rho is involved in cell division. Recent microinjection studies
with either rho GDI or C3 exoenzyme into Xenopus oocytes inhibits furrow
formation (Kishi et al, 1993), supporting a role of rho in cell division.

Rac in neutrophils
The NADPH oxidase is a multi-component system which generates
superoxide to kill bacteria (Clark et al, 1990). It is made up of a low potential
cytochrome b in the membranes (Segal, 1987) . Two other cytosolic
components, p67 and p47, are required and their expression are restricted to
myeloid tissues (Morel et al, 1991). CGD (Chronic granulomatous disease) is
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a disease due a defect in one of these three components and hence a failure
in generating superoxide radicals (Clark et al, 1990). A role for rac (rad and
rac2) in the NADPH oxidase system in neutrophils and phagocytes has been
described (Abo et al, 1991; Knaus et al, 1991; Mizuno et al, 1992). A raclrhoGDI complex that activate the NADPH oxidase was purified from guinea pig
macrophage (Abo et al, 1991). Subsequently, GTP-bound rac was able to
replace the rac complex in supporting the NADPH oxidase system in an in vitro
reconstitution assay (Abo et al, 1992). Post-translationally modified ra d and
rac2 are also able to support the NADPH oxidase system (Ando et al, 1992;
Heyworth et al, 1993). R a d mRNA is expressed in a wide variety of cells,
unlike rac2 which is restricted to the myeloid cells (Didsbury et al, 1989). They
share more than 90% amino acid sequence homology, suggesting that they
play similar physiological roles in different cells. A cytosolic complex of rhoGDI,
rac2 and cdc42Hs purified from human neutrophils activates the NADPH
oxidase in a cell-free reconstitution assay, but both rhoGDI and cdc42Hs are
not essential for this activity (Kwong et al, 1993).

Rho and tumoroaenesis
A role for rho in tumorigenicity has been described. Fibroblast cells over
expressing rhoA exhibit reduced serum dependency and some degree of
contact inhibition (Avaraham and Weinberg, 1989). It induces tumour formation
when microinjected into nude mice, but the tumorigenicity level was low
compared to ras. Tumorigenicity is also observed in cells over-expressing the
Aplysia californica rho protein (Perona et al, 1993).

Rho and aene expression
Some rho genes are rapidly and transiently induced after mitogenic
treatment of quiescent cells. RhoB is transiently expressed in growth factor
stimulated cells or v-Fps activated cells (Jahner and Hunter, 1991). Rac2 is
induced after phytohemagglutinin A treatment of blood lymphocytes (Reibel et
al,1991). RhoG is expressed as an early gene after serum stimulation (Vincent
et al, 1992). These suggest that rho may function as immediate early genes.
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1.4.1 Rab subfamily
The rab subfamily proteins (ypt, sec4 and rab) play a role in vesicle
transport and trafficking. In the yeast Saccharomyces cerevisiae, ypti and sec4
genes are involved in different stages of the secretory pathway (Segev et al,
1988; Schmitt et al, 1988; Salimen and Novick, 1987; Goud et al, 1988). At
least 20 ypt homologues or rab proteins have been identified in mammals, and
they are also termed as smg25 (Zahraoui et al, 1989; Chavrier et al, 1990). The
rab proteins are about 30% homologous to ras, but they have similar intrinsic
GTPase and exchange activities (Zahraoui et al, 1989). They have a C-terminal
XCC or CXC motif that undergoes post-translational modification which is
essential for membrane targetting and biological activity (Walworth et al, 1989).
The CC motif of ypti is necessary for localization to the Golgi (Brennwald and
Novick, 1993). The rab3A CXC motif is required for localization to the synaptic
vesicle membrane (Johnston et al, 1991). The rab proteins are ubiquitous in
mammalian tissues. Rab3A is restricted to the brain and exists in both soluble
and membrane-bound forms. The rab3A proteins are localized to the synaptic
vesicles (Mizoguchi et al, 1990) and chromaffin granules (Darchen et al, 1990),
suggesting a role in neurotransmitter release from nerve terminals. A rab3A
target, termed rabphilin-3A, was recently cloned (Shirataki et al, 1993). It is
highly expressed in the brain and interacts with the GTP-bound form of rab3A,
but not the GDP-bound form. The C-terminal region has homology to the C2
domain of PKC and synaptogamin, which is involved in membrane phospholipid
binding in a Ca^^-dependent manner (Nishizuka, 1988). The region of homology
in synaptogamin has been implicated in neurotransmitter release (Geppert et
al, 1991).

1.4.2 Rab GAPs
A 25 kDa rab3A/smg25A GAP has been partially purified from bovine
brain membrane and it acts on rab3A protein (Burstein et al, 1991). A ypti GAP
partially purified from porcine liver acts on ypti but not ras (Becker et al, 1991).
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A ypt6 GAP (termed GYP) was recently cloned (Strom et al, 1993). It acts as
a GAP for ypt6, but is ineffective on the other rab members or on ras.

1.4.3 Exchange factors for rab subfamilv
Two rab3A exchange activities have been identified. Rab3A GDI acts on
post-translationally modified rab3A and related proteins (Araki et al, 1991). It
acts on sec4 and other rab members, but not rho or ras proteins (Sasaki et al,
1991). It interacts with rab proteins and affect their localization between the
cytosol and membrane (Araki et al, 1991). A rab3A GDS activity for rab3A has
been partially characterized (Burstein and Macara, 1992). A mammalian
exchange factor for sec4 termed mss4, was recently identified by genetic
analysis (Burton et al, 1993). It stimulates exchange activity for sec4, ypti but
not ras. A yeast mss4 homologue, dss4 which acts on sec4 has also been
characterized (Moya et al, 1993).

1.4.4 Role of Rab and reoulatorv proteins

Sec4 proteins
In the yeast Saccharomyces cerevisiae, temperature-sensitive sec4
mutants accumulate secretory vesicles at a restrictive temperature (Salminen
and Novick, 1987). In wild-type cells, the sec4 protein is localized to the
cytoplasmic side of plasma membrane and the post-Golgi apparatus (Goud et
al, 1988). These results suggest a secretory role for sec4 between the Golgi
and the plasma membrane.

Ypt proteins
The ypt protein is involved in the yeast secretory pathway between the
endoplasmic reticulum and the Golgi apparatus (Segev et al, 1988; Schmitt et
al, 1988; Bacon et al, 1989). Mutations in the ypti gene accumulates abnormal
Golgi structures at the non-permisssive temperature. The ypti proteins are
localized to the Golgi apparatus (Segev et al, 1988). These data suggest a role
for ypti in the early step of the secretory pathway. The ypti protein has also
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been implicated in regulating Ca^* levels (Schmitt et al, 1988).

Rab proteins
The mammalian rab proteins are involved in the endocytic and secretory
pathway (Balch, 1990). Six of the rab proteins are coupled to components of
the secretory pathway. R ablA and rab2A are localized to the endoplasmic
reticulum and the Golgi (Balch, 1990; Chavrier et al, 1990). In addition, rab2
increases neurite adhesion and neurite outgrowth, suggesting a role in neuronal
differentiation (Ayala et al, 1990). Rab6 is localized to the Golgi apparatus
(Goud et al, 1990). Synthetic peptides corresponding to the putative effector
domain of rab3A blocked both endoplasmic reticulum to Golgi and inter-Golgi
transport (Plutner et al, 1990), suggesting a role in early steps of the secretory
pathway. The rab8 and rablO are localized to components in the later stages
of the secretory pathway (Chen et al, 1993). Four of the rab proteins are
coupled to the endocytic pathway. Rab4 and rabS are localized to the plasma
membrane and the early endosomes (van der Sluijs, 1992; Bucci et al, 1992),
whereas rab7 and rab9 are localized to the late endosomes (Chavrier et al,
1990; Lombardi et al, 1993). Antibodies to rabS inhibit endosome fusion in a
cell-free assay, whereas excess rabS enhance this process, providing evidence
that rabS regulates endocytosis (Gorvel et al, 1991). Rab 17 was recently
localized to the epithelial cells and it is induced during cell polarization (Lutcke
et al, 1993).

1.4.5 Arf subfamilv
Like the rab proteins, the arf and sari proteins also play a role in vesicle
trafficking. Arf was originally identified as a cofactor necessary for cholera toxininduced ADP ribosylation of Gs (Kahn and Gilman, 1986). It was later found to
be ras-related, and at least six distinct arf genes have been identified (Kahn et
al, 1991). The arf proteins are mainly cytoplasmic, whereas the sari proteins
are membrane-bound (Nishikawa and Nakano, 1991). The arf proteins are
localized mainly to the Golgi

(Stearns et al, 1990) and is present on non-

clathrin coated vesicles (Serafini et al, 1991). Non-clathrin coated vesicles are
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involved in transport within the Golgi (Rothman and Orci, 1992). Recently, arf
was shown to mediate binding of coated vesicles to the Golgi (Stamnes and
Rothman, 1993), suggesting a commonality of mechanism in assembly between
the two structurally distinct coats. In the yeast Saccharomyces cerevisiae, sari
is involved in vesicle transport between the endoplasmic reticulum and the
Golgi (Oka et al, 1991). Recent evidence suggest that sari interacts with sari
GAP and mediates vesicle budding (Yoshihisa et al, 1993).
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1.5.1 SH2 and SH3 domains
Several cytoplasmic signalling proteins that are activated in response to
growth factor stimulation contain SH2 domains (Cantley et al, 1991 ; Koch et al,
1991). SH2 domains are approximately 100 amino acids long and they bind
specifically to phosphotyrosine-containing proteins. SH2 was originally identified
in cytoplasmic tyrosine kinases related to c-src. To date, over 20 cytoplasmic
proteins containing SH2 domains have been identified. The recombinant SH2
domains of several proteins including crk, PLCy, rasGAP and Abl, bind to
distinct phosphotyrosine-containing proteins (Anderson et al, 1990; Margolis et
al, 1990; Mayer et al, 1991 ; Moran et al, 1990). Mutational analysis showed
that the SH2 domains of PI3-kinase, rasGAP and PLCy bind distinct
phosphotyrosine residues in the PDGF receptor (FantI et al, 1992; Kazlauskas
et al, 1990). The sequences surrounding the phosphotyrosine (pTyr) residue
are important in determining specificity of binding (Cantley et al, 1991). The
sequence pTyr-M-X-M (where M represents methionine and X is any residue),
is important for P 13-kinase binding (Cohen et al, 1990; Kazlauskas and Cooper,
1989). Synthetic phosphotyrosine peptides as short as 5 amino acids containing
this sequence blocks PI3-kinase binding (Escobedo et al, 1991 ; FantI et al,
1992). This sequence is predictive for other phosphotyrosine proteins that bind
PI3-kinase. These studies has been useful in identifying peptide sequences for
a few SH2 domains. Recently, a degenerate phosphotyrosine-containing
peptide library was used to determine peptide sequences for 14 different SH2
domains (Songyang et al, 1993). Interestingly, the SH2 domain of PI3-kinase
selected peptides with the methionine residue at the +1 and +3 position similar
to that of physiological P 13-kinase binding, suggesting that this analysis yields
consistent results. Mutational studies of the Abl SH2 domain suggest that the
highly conserved FLVRES sequence mediates binding to the pTyr residue
(Mayer et al, 1992).

1.5.2 SH2 structure
The structure of both the Abl and N-terminal PI3-kinase SH2 domain has
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been determined in solution by NMR (Booker et al, 1992). The crystal structure
of the src SH2 domain alone or complexed with pTyr-containing pentapeptide
has also been determined (Overduin et al, 1992; Waksman et al, 1992). The
overall structure of the SH2 domains appear similar and is formed by two
parallel p sheets surrounded by two a helices. The conserved residues are
located in the hydrophobic region and are involved in binding phosphotyrosine.
From crystal structure studies of the src SH2 domain, it was found that the
arginine residue in the FLVRES motif interacts with the phosphate in the
binding pocket.

1.5.3 SH2 in signalling
The binding of SH2-containing proteins to activated growth factor
receptors or cytoplasmic tyrosine kinases can regulate downstream signalling
by affecting the activity of the SH2-containing proteins in several ways.
Association of SH2-containing protein including PLCy, Pl-kinase and rasGAP
with the receptor complex would bring the cytoplasmic protein to the membrane
in close proximity with its substrates, membrane lipids or p21 ras, and the
altered distribution could result in an increase of enzymatic activity. In addition,
evidence suggest that binding of PLCy SH2 domain to activated receptors lead
to tyrosine phosphorylation of PLCy and an increase in enzymatic activity and
increased production of inositol phosphates and DAG (Wahl et al, 1992; Nishibe
et al, 1990).

1.5.4 Other roles of SH2 domains

Transforming potential
There are proteins that contain SH2 domains without any catalytic
domain (Pawson and Gish, 1992). These adaptor proteins function to link
tyrosine kinases with effector proteins. They consist entirely of SH2 and SH3
domains, and include crk, nek and she gene products. The crk gene was
originally identified as a retroviral oncogene. There is increased tyrosine
phosphorylation on several proteins in crk transformed cells, and crk associates
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with these tyrosine phosphorylated proteins (Mayer and Hanafusa, 1990b).
Mutational analysis suggest that both SH2 and SH3 domains are involved in
transformation (Mayer and Hanafusa, 1990b). Overexpression of she causes
transformation in NIH 3T3 cells, and neuronal differentiation in P C I2 cells
(Pelicci et al, 1992; Rozakis-Adcock et al, 1992). Site-directed mutagenesis of
the vav SH2 domain decrease transforming activity (Katzav, 1993).

Src kinase
The src SH2 domain acts as both a positive and negative regulator of
activity. The src family of proteins are tyrosine phosphorylated at the C-terminal
and becomes enzymatically inactive. Mutation of this tyrosine residue to
phenylalanine activates src kinase activity (Pawson, 1992). The src SH2
domain has high affinity for the corresponding tyrosine phosphorylated peptide
(Roussel et al, 1991). Mutation of the src SH2 domain activate the kinase
activity (Harai and Varmus, 1990; O’Brien et al, 1990). It appears that src
kinase is held in an inactive state by interaction of the SH2 domain with the Cterminal tyrosine phosphorylated residue which down-regulates src. On the
other hand, mutation of src SH2 domain activated by deletion of the C-terminal
end reduces transforming activity, suggesting a positive role of src in
transformation (Mayer et al, 1992).

Phosphotyrosine phosphatases
Several

non-transmembrane

protein-tyrosine phosphatases

(PTP)

containing SH2 domains have been identified. PTP1C and PTP2C encode
PTPs containing two SH2 domains. Unlike PTP1C which is predominantly
expressed in hematopoietic cells (Shen et al, 1991), PTP2C is widely
distributed (Ahmad et al, 1993). A Drosophila gene, corkscrew, encodes a PTP
with two SH2 domains (Perkins et al, 1992). A mouse PTP, syp, was recently
identified and it associates with the insulin receptor substrate 1 (IRS-1) (Kuhne
et al, 1993). The role is SH2 in PTPs is unclear. Like src, the SH2 domain
could interact with the tyrosine-phosphorylated protein and mask the catalytic
site, and lead to inactivation of the protein. In addition, the SH2 domain of PTP
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may Interact with the receptor and other associated proteins in the signalling
complex,

and

subsequently

down-regulate

the

other

proteins

by

dephosphorylation.

SH2 and transcription
The components of the transcription factor complex also contain SH2
domains (Fu, 1992; Schindler, 1992). Interferon treatment of cells induces
association of three cytosolic components (termed ISGFSa) and a fourth DNA
binding protein. The complex then translocates to the nucleus and stimulate
transcription of interferon-inducible genes. The three components are tyrosine
phosphorylated after interferon activation of cells (Schindler, 1992). The SH2
domain could mediate binding of the ISGFa complex to the activated interferon
receptor, and enhance tyrosine phosphorylation of the complex. The SH2
domain may also promote interaction of the three tyrosine-phosphorylated
components into a complex.

Bcr-AbI
Generally, SH2 domains bind to tyrosine phosphorylated proteins. In
chronic myelogenous leukemia (CML) and acute lymphocytic leukemia (ALL),
the SH2 domains appear to bind in a phosphotyrosine-independent manner
(Pendergast et al, 1991). The Brc and Abl genes are normally on separate
chromosomes, but in CML and ALL, the two genes are translocated and form
a

hybrid Bcr-AbI gene. The

N-terminal part of Bcr is highly serine

phosphorylated. The Abl gene in this hybrid encodes a tyrosine kinase, which
is constitutively activated in CML and ALL. The Abl SH2 domain appear to bind
to the serine phosphorylated Bcr in this hybrid.

SH 2 in cytoskeletal organization
A large number of activated tyrosine kinases and growth factor receptors
affect cell morphology through the actin cytoskeleton. Tensin is an SH2containing cytoskeletal protein that induce actin bundling and appears to link
actin to focal contact points at the membrane (Davis et al, 1991). Tensin is
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activated by tyrosine phosphorylation in v-src-transformed cells and it binds to
tyrosine phosphorylated proteins in vitro. Thus, tensin may be a cytoskeletal
target for activated tyrosine kinase or its association with other tyrosinephosphorylated proteins may affect cell structure.

1.5.5 SH3 domains
Proteins containing SH2 domains usually contain one or several SH3
domains. However, some proteins contain either SH2 or SH3 domains. Unlike
SH2, the exact role of this approximately 50 amino acid long SH3 domain is
unclear, although it has been implicated in protein-protein interaction (Pawson,
1992).

1.5.6 Role of SH3 domains
Recent evidence suggest that SH3 domains mediate protein-protein
interactions and are coupled to p21 signalling pathway. An Abl SH3 binding
protein was cloned (Cicchetti et al, 1992). The binding protein termed 3BP-1
has a sequence distinct from the SH3 binding site that is homologous to a
region of Bcr and rhoGAP. The p21s rac and rho are involved in regulating
membrane ruffling and assembly of actin cytoskeleton (Ridley and Hall, 1992;
Ridley et al, 1992). SH3 domains are found in a large number of cytoskeletal
proteins including spectrin, myosin 1, and an actin-binding protein from yeast
ABP-1 , suggesting a role in cytoskeletal organization (Koch et al, 1991). These
cytoskeletal proteins lack SH2 domains. These evidence suggest that SH3
domains are involved in regulating the interactions of proteins with the actin
cytoskeleton. SH3 domains are also coupled to p21 signal transduction pathway
in the case of yeast bud formation and the neutrophil oxidase system. In the
yeast Saccharomyces cerevisiae, BEM1 encodes a product containing two SH3
domains. BEM1 interacts genetically with BUD5, which encodes a exchange
factor related to CDC25 protein (Chant et al, 1991). In addition, two yeast ras
exchange factors encoded by steS in Schizosaccharomyces pombe, and
GDC25 in Saccharomyces cerevisiae, also contain SH3 domains (Camonis et
al, 1986; Hughes et al,1990). These genes are essential for cytoskeletal
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organization involved in yeast budding. Two cytosolic components of the
NADPH oxidase, p47 and p67, contain SH3 domains (Clark, 1990). These
evidence suggest that SH3 domains are coupled to the cytoskeletal
organization by the p21 signalling pathway. The role of SH2 and SH3 domains
in adaptor proteins including sem-5, grb-2 and sos, in mediating ras signalling
pathway has been described. Vav, which contains an SH3-SH2-SH3 domain
and a dbl-like domain, has recently been shown to encode a rasGRF in T cells
(Gulbins et al, 1993). Evidence also suggest a negative regulatory role for SH3,
as deletions or mutations of the src and abl SH3 domains stimulate their
catalytic and oncogenic activity. Recently, microinjection studies using the PLCy
and grb-2 SH2 and SH3 domains suggest that SH3 domains are important in
targeting proteins to the cytoskeleton (Bar-Sagi et al, 1993).
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1.6.1 n(q1)-chimaerin
n-chimaerin cDNA detects a relatively abundant mRNA of 2.2 kb in
human and is specifically expressed in rat brain (Hall et al, 1990). The protein
sequence of n-chimaerin is similar to the domains of two different proteins. The
N-terminal region contains a structure of 50 amino acids with the cysteine-rich
motif, and share 48% similarity to one-half (C ib) of a duplicated sequence
found in the C l region of PKC (Parker et al, 1986). The C-terminal two-third of
n-chimaerin has 42% sequence similarity to the C-terminus of Bcr protein (Hall
et al, 1990). Rat n-chimaerin cDNA has 97% sequence identity to human nchimaerin (Lim et al, 1992). The rat n-chimaerin cDNA encodes an additional
35 N-terminal amino acids compared with the published human cDNA
sequence, which has a 5 -UTR sequence inversion and a 41 nucleotide deletion
including the putative initiator methionine. The homologous human sequence
has subsequently been determined from human genomic DMA clones. The
whole al-chimaerin sequence is present in 7 exons (Hall et al, 1993). nchimaerin mRNA is selectively expressed in neurons and increases in amount
during rat brain development, coincident with synaptogenesis (Lim et al, 1992).
n-chimaerin mRNA is enriched in brain areas associated with learning and
memory, especially in the hippocampus and cortex, with a specifically neuronal
distribution (Hall et al, 1990; Lim et al, 1992). In the cerebellum, the mRNA is
restricted to Purkinjie neurons (Lim et al, 1992). Recombinant n-chimaerin
fusion protein exhibits phospholipid-dependent phorbol ester binding (Ahmed
et al, 1990). The binding activity lies within the cysteine-rich domain, which
contains the consensus sequence CX2CX13CX2CX7CX7C, and is zincdependent (Ahmed et al, 1991). The C-terminal domain of n-chimaerin acts as
a GAP for rac (Diekmann et al, 1991). The presence of a phorbol ester binding
domain in n-chimaerin suggests that its GAP activity could be regulated by
receptor-stimulated generation of DAG. Recombinant n-chimaerin has rac GAP
activity modulated by lipids (Ahmed et al, 1993). Stimulation by phospholipids
require the

N-terminal

cysteine-rich

domain,

and

synergism

between
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phospholipids and phorbol esters in stimulating GAP activity was observed
(Ahmed et al, 1993).

1.6.2 a2-chimaerin
A brain protein of 45 kDa was immunoreactive to n-chimaerin antibodies
and also exhibits rac GAP activity (Manser et al, 1992). It was detected in rat
brain and testis as the major immunoreactive band. To determine the identity
of this chimaerin protein and investigate the properties of the native protein, it
was purified by column chromatography (see Results section). At the same
time, colleagues in our laboratory were isolating the cDNAs of chimaerin
isoforms. An alternatively spliced form of n-chimaerin containing an additional
N-terminal SH2 domain was isolated and designated a2-chimaerin to
distinguish it from the original n-chimaerin cDNA, subsequently also referred to
as al-chimaerin (Hall et al, 1993). A second chimaerin has also been isolated
and designated p-chimaerin (Leung et al, 1993). Peptide sequencing of the 45
kDa purified protein revealed that it Is an n-chimaerin isoform, a2-chimaerin, as
described in Results section and by Hall et al (1993). The 2.2 kb mRNA is
specifically expressed in rat brain and testis. o2-chimaerin mRNA is detected
in embryonic brain, but showed no developmental increase like al-chimaerin
mRNA (Lim et al, 1992; Hall et al, 1993). In the cerebellum, a2-chimaerin
mRNA decreases after day 15 and was barely detected in adult cerebellum.
Both a1- and a2-chimaerin mRNA are selectively distributed in the adult rat
brain, although a2-chimaerin appears to be less abundant (Hall et al, 1993).
Recombinant a2-chimaerin was expressed to further characterize the protein
in terms of phorbol ester binding, lipid modulation of GAP activity and to
investigate for a2-chimaerin-binding proteins (see Results section).
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CHAPTER 2

METHODS AND MATERIALS
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SDS-polvacrvlamide gel electrophoresis
SDS-PAGE was performed using a modification of the method of
Laemmli (1970) on mini-gels (Bio-Rad). 9% polyacrylamide gels containing
0.375 M Tris pH 8.8, 0.1% SDS (from Sigma), 10% glycerol, 5 mM D T I, and
0.5 mM MgClg were prepared, degassed for 5 mins, and polymerized using
0.05% ammonium persulphate (BDH) and 3 mM TEMED (Bio-Rad). The gel
was allowed to set for 1 hour at room temperature. A short stacking gel
consisting of 125 mM Tris, pH 6.8, 0.1% SDS, 8% glycerol, and 4.8%
acrylamide was poured on top of the separating gel and allowed to set. Purified
recombinant proteins or tissue extracts were solubilized with an equal volume
of 2X sample buffer (1% SDS, 125 mM Tris, pH 6.8, 32% glycerol, 0.01%
bromophenol blue and 2% p-mercaptoethanol) and electrophoresed in 9% SDSpolyacrylamide gels at 180 Vs for 45 mins using mini-gel tanks (Bio-Rad) until
the bromophenol blue dye front had run off the gel. Prestained molecular weight
markers (Gibco-BRL) were used as standards.

Western transfer
Western blotting was carried out according to the method of Towbin et
al (1979) using a semi-dry blotter (Sartorius). After electrophoresis, the gels
were pre-equilibrated with cold transfer buffer (50 mM Tris, 40 mM glycine, 10%
methanol (BDH), 0.5 mM MgClg, 50 pM ZnClg, 0.2% SDS, and 0.2% Triton X100) for 15 mins. The blotter was layered with 3 pieces of blotting paper
(Whatman) soaked in transfer buffer. Nitrocellulose filters (0.45 pm, Schleicher
& Schuell) cut to the size of the gels were soaked in transfer buffer and placed
on top of the blotting papers, and air bubbles were removed by rolling a glass
rod over the surface. The gels were placed on top of the nitrocellulose filters,
and 3 more pieces of moist blotting papers were placed above the gels. Blotting
was performed at 12 Vs for 0.5 hour. The gel electrophoresis and western
transfer are performed at room temperature unless otherwise stated.

Western Assav
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After western blotting, the nitrocellulose filters containing immobilized
proteins were dried for 1 hour or overnight. The western assay was performed
at room temperature unless otherwise stated. The nitrocellulose filters were
blocked in PBS (Oxoid) containing 5% skimmed milk (Marvel) for 1 hour at
room temperature. The filters were washed with 3 changes of PBS containing
0.1% Tween 20 (Sigma) for 10 mins each. The filters were then incubated with
affinity purified anti-chimaerin antibody at 1:200 dilution or a2-chimaerin
antibody (provided by Greg Michael) in a PBS buffer containing 1% skimmed
milk for 2 hours at room temperature or overnight at 4°C. The purified rabbit
anti-chimaerin antibody was raised to the C-terminal GAP domain by Clinton
Monfries (Ahmed et al, 1990). The filters were washed with 5 changes of PBS
containing 0.1% Tween 20 for 5 mins each. The washed filters were then
incubated with a second antibody (peroxidase conjugated swine antibody to
rabbit immunoglobulins from DAKO), diluted 1:500 for 1 hour at room
temperature, and washed with 8 changes of PBS containing 0.1% Tween 20
for

5

mins

each.

The

filter

were

then

incubated

with

enhanced

chemiluminescence reagents (ECL, Amersham), and put to film (Hyperfilm,
Amersham) for appropriate times.

GAP solution assav

F/^PIGTP loading of G proteins
Purified glutathione S-transferase (GST)-p21s (including r a d , rhoA and
cdc42Hs) at 5 pg (5 pi) were incubated with [y^^P] GTP (100 pmol, 10 pCi; Du
Pont-New England Nuclear) in 50 pi low Mg^"^ exchange buffer (50 mM NaCI,
25 mM MES, pH 6.5, 1.25 mM EDTA, 1.25 mg/ml BSA, and 2.5 mM DTT) for
5 mins at room temperature (Diekmann et al, 1991).

GAP reaction mixture
In a separate incubation, various amounts of purified recombinant
chimaerin proteins or appropriate control buffer were added to GAP buffer (50
mM NaCI, 25 mM MES, pH 6.5, 2.5 mM DTT, 1.25 mM MgCI^, 1.25 pg/ml BSA)
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containing 1 mM GTP (Sigma) in the presence or absence of lipids (Sigma)
and/or phorbol esters (Sigma) in a final volume of 100 pi. The lipids in
chloroform solution were dried under vacuum, rehydrated in 20 mM MES, pH
6.5 (1 mg/ml final concentration) and sonicated until the solution was clear.

GAP assav
The GAP assay was started by adding 5 pi of the [7^^P]GTP-bound p21
complex to the incubation containing the GAP preparation. These assays were
performed at 16 °C for p21 ra d for varying periods of times as indicated under
"Results”. The assay was stopped by removing 15 pi of the assay incubation
onto nitrocellulose filters and washed with 3 changes of GAP wash buffer (50
mM NaCI, 25 mM MES, pH 6.5, 5 mM MgClg, and 0.05% Triton X-100). The
filters were blotted dry, scintillant (Ready Safe, Beckman) was added and the
filters counted (LS-20, Beckman). The radioactivity which remains bound to
ra d (or other p21s) reflects the amount of [/^P]GTP which has not been
hydrolysed. The results were measured as a percentage of loss of proteinbound radioactivity over time.

Detection of GAP bv overlay assav
The proteins were electrophoresed and western transferred as described
but at 4°C. The gel was electrophoresed at 160 Vs for 1.5 hour, and western
transferred at 12 Vs for 1 hour. The immobilized proteins were renatured in
PBS containing 1% BSA (Sigma), 0.5 mM MgClg, 50 pM ZnClg, 0.1% Triton X100, and 5 mM DTT, overnight or for 2 hours at 4 °C. The renatured proteins
were incubated in 5 ml GAP buffer containing 1 pg/ml recombinant [y*^P] GTPp21 (prepared as described) and 1 mM GTP. The filter was laid on a 1%
agarose gel containing 50 mM NaCI, 25 mM MES, pH 6.5, 5 mM MgClg, and
5 mM DTT. The filter was incubated for 5 mins at room temperature and a
further 5 mins at 4 °C. A second moist nitrocellulose filter was overlaid for 5
mins to bind the soluble p21 G proteins. For rhoA, the filter was incubated at
room temperature for 10 mins as it has a lower intrinsic rate of GTP hydrolysis.
This replica filter was removed and washed with 3 changes in GAP wash buffer
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(50 mM NaCI, 25 mM MES, pH 6.5, 5 mM MgClg and 0.05% Triton X-100) to
remove free radioactive nucleotides and phosphates. The filter was blotted dry
and exposed to X-ray film (X-Omat from Kodak) at -70°C. In some cases,
following GAP assay, the filters were subjected to immunoassay with purified
anti-chimaerin antibody as described.

Purification of p45 chimaerin from rat brain
All procedures were performed at 4°C. p45 chimaerin was detected by
anti-chimaerin immunoreactivity. Wistar female rats (about 40 days old) were
decapitated, their brains quickly removed and washed briefly with ice cold PBS
and stored at -70°C until further use.

Cytosol preparation
Approximately 30 g rat brain without cerebellum (from 15 rats) was
thawed, chopped into small pieces and homogenised with a glass homogeniser
(Wheaton) in 150 ml of extraction buffer (25 mM MES, pH 6.5, 0.5 mM MgClg,
0.05% Triton X-100, 50 |iM Z n C y with protease inhibitors (0.1 mM EGTA, 5
mM DTT, 0.5 mM PMSF, 1 pg/ml pepstatin, and 1 pg/ml aprotinin). The
homogenate was centrifuged at 100, OOOXg for 1 hour to obtain the cytosolic
fraction.

S-Seoharose column chromatoaraohv
The supernatant (150 mis) was applied to a 40-ml S-Sepharose
(Pharmacia) column which had been equilibrated with extraction buffer. The
flow through was collected, and the bound proteins were stepwise eluted with
extraction buffer containing 100 mM NaCI increment up to 0.3 M NaCI. One
column volume (30 mis), 45 mis and 30 mis of extraction buffer containing 100
mM, 200 mM and 300 mM NaCI respectively was applied to the column.

Q-Seoharose column chromatoaraohv 1
The p45 chimaerin containing fraction (eluted with 100-200 mM NaCI)
was diluted 3-fold with extraction buffer before loading onto a 15-ml Q-
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Sepharose (Pharmacia) column which had previously been equilibrated with
extraction buffer. After loading, the unbound proteins were collected (135 mis),
the bound proteins were then eluted with extraction buffer containing 100 mM
increments of NaCI up to 400 mM NaCI. One column volume (10 mis) of 100
mM NaCI, 15 mis each of 200 and 300 mM NaCI, and 10 mis of 400 mM NaCI
fraction were collected. On the Q-Sepharose column, p45 chimaerin was eluted
with 100-300 mM NaCI as detected by western analysis.

Zinc-chelatina column chromatoaraphv
The p45 chimaerin containing fractions (30 mis) were pooled, its pH was
adjusted to 7.5 with 1 M Tris, pH 7.5, and applied to a 5-ml zinc chelating
sepharose (Pharmacia) column. The chelating sepharose column was
previously charged with Zinc loading buffer (100 mM ZnClg, 50 mM Tris, pH 7.5,
100 mM NaCI, 0.5 mM M gC y, washed with Zinc wash buffer pH 5 (50 mM
NagAc, pH 5, 100 mM NaCI, 0.5 mM M gC y 0.05% Triton X-100) and then
equilibrated with Zinc wash buffer pH 7.5 (50 mM Tris, pH 7.5, 100 mM NaCI,
0.5 mM M gC y 0.05% Triton X-100). After loading this column with the p45
chimaerin fraction, the unbound proteins were collected. The bound proteins
were sequentially eluted with 7 mis of zinc column buffer pH 6.0 (25 mM MES
pH 6.0, 0.5 mM M gC y 50 pM ZnClg, 0.05% Triton X-100, and 250 mM NaCI),
7 mis of zinc column buffer pH 6.0 containing 20 mM imidazole (BDH), 10 mis
of zinc column buffer containing 50 mM imidazole and finally with 7 mis of zinc
strip buffer (10 mM EDTA, 500 mM NaCI, 25 mM MES pH 6.0). p45 chimaerin
was eluted with zinc column buffer pH 6.0 containing 50 mM imidazole.

Phenvl-Seoharose column chromatoaraphv
Saturated ammonium sulphate (4 M) was added to this fraction to a final
concentration of 0.4 M and mixed well. This fraction (11 mis) was loaded to a
2-ml phenyl sepharose (Pharmacia) column which had been equilibrated with
extraction buffer pH 6.5 containing 0.4 M ammonium sulphate. The flowthrough
was collected, the bound proteins were stepwise eluted with extraction buffer
pH 6.5 containing decreasing ammonium sulphate. 4.5 mis of extraction buffer
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containing 0.2 M ammonium sulphate, 4.5 mis of extraction buffer DOC pH 8.5
(extraction buffer containing 0.05% sodium deoxycholate and adjusted to pH
8.5 with 1 M Tris, pH 8.5) and 1.5 mis extraction buffer containing 40%
ethylene glycol (BDH) were sequentially applied. p45 chimaerin was eluted with
extraction buffer DOC pH 8.5.

Hvdroxvlapatite column chromatoaraphv
This fraction (4.5 mis) was diluted with an equal volume of extraction
buffer containing 100 mM sodium sulphate pH 7.0, and appplied to a 1-ml
hydroxylapatite (Bio-Rad) column which had been equilibrated with extraction
buffer containing 50 mM sodium phosphate pH 7.0. The unbound proteins were
collected, the column was washed with 1.5 ml of extraction buffer containing 50
mM sodium phosphate pH 7, and bound proteins were stepwise eluted with
extraction buffer containing increasing sodium phosphate. 3 mis of extraction
buffer containing 250 mM sodium phosphate pH 7, and 0.75 mis of extraction
buffer containing 400 mM sodium phosphate pH 7 were sequentially applied.
p45 chimaerin was eluted with extraction buffer containing 250 mM sodium
phosphate pH 7.

Zinc-chelatina FPLC
This fraction was injected into a 1-ml Zinc chelating column attached to
a FPLC system (Pharmacia). This column had been charged with zinc and
washed as described above and equilibrated with zinc column buffer pH 6. After
washing, the column was eluted with a linear gradient of zinc column buffer pH
6 containing increasing imidazole up to 100 mM imidazole. 0.5 ml fractions
were collected from the column. Two peaks were obtained; the first peak
(fraction 5 and 6) represent the unbound proteins, and the second peak
(fraction 21 to 24) of bound proteins eluting at 20-50 mM imidazole, contained
p45 chimaerin.

Q-Sepharose column chromatoaraphv 2
The fractions containing p45 chimaerin (2 mis) were pooled and diluted
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3-fold with extraction buffer pH 6.5 before loading onto a second Q-sepharose
(0.5 ml) column which had been equilibrated with extraction buffer. The flow
through was collected, and bound proteins were stepwise eluted with 100 mM
NaCI increments up to 0.3 M NaCI as for the first Q-sepharose column. 1.2 mis
of 100 mM NaCI, 1.5 mis of 200 mM NaCI and 1.2 mis of 300 mM NaCI in
extraction buffer were applied. The p45 chimaerin was mostly eluted in the 0.2
M NaCI fraction and also in the 0.3 M NaCI fraction. All the fractions were
dialysed against extraction buffer for two hours with 3 changes of buffer before
gel electrophoresis and western analysis. All the protein fractions had glycerol
added to a final concentration of 5% before storing in -70°C. Protein
concentration was determined for all the fractions collected.

Preparation of proteins for peptide sequence analysis
The p45 chimaerin containing fraction from the second Q-sepharose was
dialysed overnight in 10 mM MES, pH 6.5 and freeze-dried with a speed
vacuum (Savant) until the volume is about 25 pi. The sample was
electrophoresed as described but for about 1.5 hours to improve resolution of
p45 chimaerin for sequencing. The gel was transferred onto a PVDF membrane
(polyvinylidene difluoride membrane, from Du Pont-New England Nuclear),
prewetted with methanol and then with transfer buffer, for 4 hours at 75 mAs.
After transfer, the membrane was briefly washed in water, stained with
coomassie brilliant blue for 1 min, destained with 10% methanol, 5% acetic acid
for 5 mins, and rinsed thoroughly with water. The membrane was dried, and the
protein band was excised and sent for N-terminal and tryptic peptide automated
sequence analysis using an Applied Biosystems 470A Gas-Phase Sequencer
by Dr. Robin Philp (Institute of Molecular and Cell Biology, Singapore).

Brain regional distribution of GAPs
Several rat brain regions including striatum, cortex, olfactory bulbs,
cerebellum, hypothalamus, hippocampus, pituitary and brain stem, were
carefully dissected out, washed with PBS and stored at -70°G. 0.2g of each
tissue was thawed and homogenized in 1 ml of extraction buffer pH 6.5 with
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inhibitors as described with a small glass homogenizer. The homogenate was
centrifuged at 100,OOOXg for 1 hour in a TL100.3 rotor (Beckman) to obtain the
cytosolic fraction. The pellet was washed once with 1 ml of extraction buffer
and recentrifuged. The pellet was then incubated with extraction buffer
containing 1% sodium deoxycholate (Sigma) for 1 hour at 4°C. The mixture was
centrifuged at 100, OOOXg to obtain the membrane soluble fraction.

Subcellular fractionation of rat brain
The following procedures were performed at 4°C and summarized in Fig.
3. Rat brain tissue was fractionated into the subtractions (P2, P3, S3, P2A,
P2B, and P2C) by a modified procedure described by Whittaker and Barker
(1972). Approximately 2 g rat brain (without cerebellum) was thawed and
homogenized in 20 mis of Tris-buffered sucrose solution (20 mM Tris, pH 7.5,
0.32 M sucrose, 2 mM EDTA, 2 mM EGTA, 1 pg/ml leupeptin, and 0.4 mM
PMSF). The homogenate was centrifuged at 1, OOOXg for 10 mins (JA-20 rotor,
Beckman). The supernatant was carefully tipped off and the pellet resuspended
in 20 mis Tris-buffered sucrose solution and recentrifuged for 10 mins at
1 ,OOOXg. Both supernatants (S I) were pooled (40 mis) and centrifuged at 17,
OOOXg for 1 hour (JA-20 rotor, Beckman). The supernatant (S2) is poured off
and centrifuged at 100,000Xg for 1 hour to obtain the cytosol (S3) and
microsomal pellet (P3). The crude mitochondrial/synaptosomal pellet (P2) was
resuspended in 6 mis of Tris-buffered sucrose solution. This fraction is then
carefully layered over a density gradient (consisting of layers of 15 ml of 1.2 M
Tris-buffered sucrose and 15 mis of 0.8 M Tris-buffered sucrose, made 2 hours
before use) and centrifuged at 53,OOOXg for 2 hours (SW-28 rotor, Beckman).
Three

layers,

myelin fraction (P2A), synaptosomal fraction (P2B) and

mitochondrial fraction (P2C), were collected with a pasteur pipette. The P2B
synaptosomal fraction and P2C mitochondrial fraction were diluted with an
equal volume of 20 mM Tris buffer pH 7.5 and spun at high speed to pellet.
The P2B pellet was further fractionated by the procedure described by Tanaka
et al (1991). The P2B synaptosomal fraction was resuspended in 5 mis Tris
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Honrogenate (10% w/v in 0.32M sucrose)
centrifuged at 1,000g

pellet 1 ---------------------------------- ^
resuspend and recentrifuged
at 1,000g

supernatant 1

(S1)

centrifuged at 17,000g

supernatant 2 (S2)

pellet 2 (P2)

centrifuged at
100,000g

sucrose density
centrifugation
at53,000g

P2A

pellet 3 (P3)

P2B

cytosol (S3)

P2C
2% Triton treatment, centrifugation at 100,000g

P2Bts

P2Bti

Fig. 3- Method for subcellular fractionation of rat brain.
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buffer (50 mM Tris, pH 7.5, 0.5 mM EDTA, 0.5 mM EGTA, and 0.1 M NaCI)
and sonicated 4 times, each time for 15 sec in the presence of 2% Triton X-100
and 1 pg/ml leupeptin, stirred for 30 mins at 4°C, and centrifuged at 100,000Xg
for 30 mins (TL100.3 rotor, Beckman). The supernatant (P2Bts) was collected
and the pellet was resuspended into 5 mis Tris buffer containing 1% Triton X100. This extraction procedure was repeated 2 more times. The resultant pellet
was washed once with with Tris buffer, and the final pellet (P2Bti) was
suspended in Tris buffer, pH 7.5.

S-Sepharose fractionation of cytosolic and membrane GAPs
1 g rat brain was thawed and homogenized in 5 ml extraction buffer pH
6.5 in the presence of inhibitors as described. The homogenate was centrifuged
at 100, OOOXg for 1 hour to obtain the cytosolic fraction. The pellet was washed
with 5 mis of extraction buffer and recentrifuged as before. The pellet was
extracted with 5 mis of extraction buffer containing 1% sodium deoxycholate for
30 mins at 4 °C and centrifuged at 100,000Xg to obtain the membrane soluble
fraction. For Fig. 6, the cytosolic fraction was loaded onto a 1-ml S-sepharose
column pre-equiliberated with extraction buffer pH 6.5. The flow through was
collected, and bound proteins were eluted with 0.75 ml buffer containing
stepwise 100 mM increment in NaCI up to 500 mM NaCI. For Fig. 12, the
membrane was loaded onto a 1-ml S-sepharose pre-equilibrated with extraction
buffer pH 6.5 containing 1% sodium deoxycholate. The unbound proteins were
collected, the bound proteins were stepwise eluted with 0.75 ml 0.2 M NaCIand then 0.5 M NaCI-extraction buffer containing 1% sodium deoxycholate.

Protein Quantification
Protein concentrations were determined by the Bradford method (1975)
using the Bio-Rad protein assay kit with bovine serum albumin (Sigma) as a
standard. 5-10 pi of sample, control buffer or standard was added to 800 pi of
PBS buffer, 200 pi of the Bio-Rad dye reagent was added and the tubes were
mixed by vortexing. After 5 mins, the absorbance of the solutions were read at
wavelength of 595 nm. A standard was plotted using a series of concentrations
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(0-1 mg/ml) of BSA, and concentrations of test proteins were determined from
the linear part of the standard curve.

Expression and purification of recombinant proteins

Expression of proteins
The proteins were expressed and purified according to Smith and
Johnson (1988). E. coliXL-^ Blue (Stratagene) was transformed with the above
plasmids. Overnight cultures of E. coli XL-1 Blue were diluted ten-fold into 1
litre LB/ampicillin (100 pg/ml) and grown for 2-3 hours to an absorbance at 600
nm of 0.8. Expression was induced with 1 mM IPTG for a further 1-2 hours.
The cells were harvested and stored at -20°C.

Purification of GST-fusion and cleaved proteins
The cell pellets were thawed and resuspended in TN (50 mM Tris, pH
8 , 150 mM NaCI) buffer containing 5 mM DTT, 0.5 mM PMSF, and 1 pg/ml
leupeptin (at 20 mis per litre of culture). The cells were sonicated 4 X 30 s with
30 s intervals on ice. The suspension was centrifuged at 20,000Xg for 20 min
(JA-20 rotor, Beckman), and the cell pellet was discarded. The supernatant was
applied onto a 2-ml glutathione sepharose 4B (Pharmacia) and the column
washed with 50 column volume of TN buffer. The GST-fusion proteins were
eluted with 10 mis of 5 mM glutathione in 50 mM Tris, pH 8 (Sigma). Purified
recombinant proteins were also derived from the GST fusion by thrombin
cleavage (Gearing, 1989). The column was further washed with 1 column
volume of TO (50 mM Tris, pH 8, 2.5 mM C a C y buffer, thrombin (Sigma) at
1% w/w was added and incubated for 1 hour at room temperature with shaking.
The cleaved proteins were eluted with 10 mis of 50 mM Tris, pH 8 buftfer. The
recombinant proteins were concentrated with Centriprep-10 (Amicon) tto 1 ml,
and stored at -70°C in 5% glycerol. The purified proteins were run on 9% SDSPAGE gel and coomassie stained. Protein concentration was determined using
Bio-Rad assay kit.
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Purification of MBP-fusion proteins
The

MBP-fusion

proteins

were

purified

by

amylose

affinity

chromatography (New England Biolabs). The MBP-fusion proteins were eluted
with 10 mM maltose (Sigma). The purified Phorbol ester/Zinc domain protein,
cleaved from the MBP fusion with 1% (w/w) Factor-1 OXA (BoehringerMannheim) was provided by Sohail Ahmed (unpublished data).

Phorbol ester binding assav
Phorbol ester binding was measured using 20 nM-[®H]PDBu (19 Ci/mmol,
Amersham) according to Ahmed et al (1990). 5 pi (5 pg) of recombinant
proteins were incubated in Tris buffer (50 mM Tris, pH 7.5, 100 pg/ml PS, 4
mg/ml BSA) in a final volume of 200 pi for 1 hour at room temperature. After
incubation, the samples were placed on ice for 10-30 mins before filtration.
Samples were filtered on pre-wetted GF/C (Whatman) discs followed by
washing with 5 X 2 ml of ice-cold 20 mM Tris, pH 7.5. The filters were dried
and then counted for radioactivity in scintillant (Ready-Safe, Beckman).

In vitro Kinase Assavs

In vitro phosphorylation bv PKC
In vitro phosphorylation of recombinant chimaerin proteins by PKC was
performed according to Burgener et al (1990) with modifications . The reaction
mixture (final volume 40 pi) contained 2 pg recombinant protein or control
protein histone (Sigma), 0.05 pg of PKC (Lipidex Inc.), 0.012 mM ATP (Sigma),
1 pCi of [y*^P]ATP (Du-Pont, New England Nuclear) in 50 mM Tris, pH 7 .5 ,1 0
mM MgClg, 0.25 mM CaClg, 2.5 pg PS, and 0.005 pg PDBu (Sigma). The
mixture was incubated for 15 mins at 30°C, and the reaction was terminated by
the addition of an equal volume of 2X-sample buffer. The sample was run on
9% SDS-PAGE gel, coomassie stained, dried with a slab gel dryer (Bio-Rad)
and auto radiographed on X-Omat film (Kodak) using an intensifying screen
(Kodak) at -70°C for appropriate times.
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In vitro phosphorylation bv PKA
The PKA phosphorylation assay was performed according to Browning
et a! (1990) with modifications. The reaction mixture (final volume 40 pi)
contained 2 pg fusion protein or histone, 0.1 pg PKA (Sigma), 50 mM Tris, pH
7.5, 10 mM MgClg, 1 mM DTT and 0.12 mM ATP (containing 1 pCi of
[/^P]ATP). The mixture was incubated for 15 mins at 30°C, and the reaction
was stopped by the addition of 2X-sample buffer. The sample was separated
by 9% SDS-PAG electrophoresis, and detected by autoradiography as
described above.

In vitro phosphorylation bv MAP kinase
The MAP kinase assay was performed according to Clark-Lewis et al
(1991). The reaction mixture contained 2 pg fusion protein or myelin basic
protein (as control), 25 ng of MAP kinase (UBI), 50 mM Tris, pH 7.5, 10 mM
MgClg, 0.12 mM ATP (containing 1 pCi [/^P]ATP) in a final volume of 40 pi.
After incubation at 30°C for 15 mins, the reaction was stopped with an equal
volume of 2X-sample buffer. The sample was run on 9% SDS-PAGE gel,
coomassie stained, and autoradiographed as described above.

In vitro phosphorylation bv d 60 c-src
The p60 c-src kinase assay was performed according to manufacture's
protocol (Oncogene Science). The reaction mixture contained 2 pg fusion
protein, 2 units of p60 c-src (diluted with 50 mM Tris, 0.1 mM EDTA, 0.1 mg/ml
BSA, 0.2% mercaptoethanol), 50 mM Tris, pH 7.5,10 mM MgClg, 0.15 mM ATP
(containing 1 pCi [y*^P]ATP) in a final volume of 40 pi. After 15 mins incubation
at 30°C, the reaction was stopped by the addition of 2X-sample buffer. The
samples were electrophoresed and autoradiographed as described above.

Labelling of GST-fusion proteins bv PKC phosphorvlation
a2-chimaerin cDNA was expressed in E. coli as a GST-fusion protein
and purified as described above with modifications. The cell pellet (from 100 ml
culture) was resuspended in 5 mis TN buffer containing protease inhibitors.
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sonicated and centrifuged to obtain the supernatant. This was loaded onto a
300 pl-glutathione sepharose 4B column. The column was washed with 20
column volume of TN buffer, and the bound proteins were phosphorylated by
PKC in the column. The reaction mixture was similar to that described, but the
total volume was increased to 500 pi. The column mixture was incubated at
30°C for 15 mins with occasional mixing to resuspend the beads. The column
was then washed with 20 column volume of TN buffer, and 1 column volume
of TO buffer. Thrombin at 1% w/w was added and incubated for 1 hour with
shaking at room temperature. The cleaved protein was eluted with 50 mM Tris
buffer pH 8. The column was further eluted with 5 mM glutathione in 50 mM
Tris, pH 8. The 2 fractions collected from the column were separated on 9%
SDS-PAGE gel, coomassie stained, dried, and autoradiographed on X-Omat
film. The C-terminal GAP domain protein was similarly prepared, PKC-labelled
and cleaved. GST-SH2 PKC-labelled proteins were eluted with 5 mM
glutathione.

rf^PIPKC-ohosohorvlated a2-chimaerin overlav assav
The samples were subjected to SDS-PAGE in 9% polyacrylamide gels
and were transferred to nitrocellulose filters as described. The whole assay was
performed at 4°C. Non-specific binding was blocked with 3% (w/v) BSA in
blotting buffer (25 mM MES, pH 6.5,0.5 mM MgClg, 0.05% Triton X-100 ,50 pM
ZnClg, and 0.2 M NaCI) for 2 hours or overnight with shaking. The nitrocellulose
filter was washed with 3 changes of blotting buffer for 10 mins each, then
incubated with [t^^P]-PKC labelled o2-chimaerin (at 1 ug/ml) in blotting buffer
containing 0.1% BSA overnight. The filters were washed extensively with 8
changes of blotting buffer for 5 mins each, blotted dry, covered with Saran wrap
and autoradiographed on X-Omat film at -70°C overnight or for several days.

Purification of oBO a2-chimaerin binding protein

Preparation of cvtosol
p60 was purified from rat brain cytosol using the first 4 chromatography
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steps described for the purification of p45 chimaerin with modifications. P60
was detected using the [/^P]-PKC labelled a2-chimaerin overlay assay
described. 15 g rat brain (without cerebellum) was thawed and homogenized
in 75 mis extraction buffer pH 6.5 containing protease inhibitors. The
homogenate was centrifuged at 100, 000 Xg for 1 hour to obtain the cytosolic
fraction.

S-seoharose chromatoaraphv
The supernatant was applied onto a 20-ml S-sepharose column pre
equilibrated with extraction buffer, pH 6.5. The flow through was collected, and
bound proteins were stepwise eluted with 100 mM increment of NaCI in
extraction buffer. One column volume (15 mis) of 0.1 M NaCI eluant, 30 mis of
0.2 M NaCI eluant, and another 15 mis of 0.3 M NaCI eluant were collected.
p60 was eluted with 0.2 M NaCI similar to p45 chimaerin on this column.

Q-Seoharose chromatoaraohv
The p60-containing fraction (30 mis) was diluted to 90 mis with extraction
buffer and loaded onto a 10-ml Q-Sepharose column pre-equilibrated with
extraction buffer. The flow through was collected, and bound proteins were
stepwise eluted with 100 mM increments of NaCI up to 0.4 M. One column
volume (7.5mls) of 0.1 M NaCI, 10 mis of 0.2M NaCI, another 10 mis of 0.3 M
NaCI, and 7.5 mis of 0.4 M NaCI were collected. p60 was eluted with 0.2 M
NaCI, whereas p45 chimaerin was found previously to elute with 0.2- and 0.3
M NaCI on this column.

Zinc chelating sepharose chromatoaraohv
The p60 containing fraction (20 mis) was adjusted to pH 7.5 with 1 M
Tris, pH 7.5, and applied to a 3-ml zinc-chelating sepharose column (previously
charged with ZnCI2 as described). The flow through was collected, and bound
proteins were eluted with 6 mis of zinc column buffer, pH 6. The column was
further eluted with 4 mis of zinc column buffer containing 20 mM imidazole, 6
mis of zinc column buffer containing 50 mM imidazole and 4 mis of zinc column
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buffer containing 100 mM imidazole. p60 was eluted in two fractions in equal
amounts; in the extraction buffer pH 6 fraction and also in the zinc column
buffer containing 50 mM imidazole fraction (where p45 chimaerin is eluted).

Phenyl sepharose chromatoaraphv
The p60 containing fraction (6 mis from the fraction containing 50 mM
imidazole) was added with saturated

ammonium

sulphate to a final

concentration of 0.4 M and applied to a 2-ml phenyl sepharose column. The
column had previously been equilibrated with extraction buffer, pH 6.5
containing 0.4 M ammonium sulphate. The flow through was collected, and
bound proteins were stepwise eluted with decreasing concentrations of
ammonium sulphate. The bound proteins were eluted with 3 mis of extraction
buffer containing 0.2 M ammonium sulphate, and with 3 mis of extraction buffer
DOC, pH 8.5. P60 was eluted with extraction buffer containing 0.2 M
ammonium sulphate, whereas p45 chimaerin was eluted with extraction buffer
DOC, pH 8.5. The p60 containing fraction was dialysed against extraction buffer
pH 6.5 overnight and subjected to two dimensional electrophoresis. Protein
concentrations were determined with Bio-Rad assay kit and the proteins were
stored in 5% glycerol at -70°C.

Two-dimensional electrophoresis of p60
Isoelectric focussing followed by SDS-PAGE was performed essentially
as described by O ’Farrell (1974) with some modifications. To prepare the
isoelectric focussing gels, a solution containing 9 M urea, 2% NP-40 (Sigma),
4% polyacrylamide, 2%ampholines (pH 3.5-10, Pharmacia-LKB Biotechnology)
was degassed, and polymerization induced with ammonium persulphate
(0.05%) and TEMED (3 mM). Using a syringe and a length of narrow tubing,
this solution was poured into 0.25 cm diameter glass tubes (8cm long) which
had been precleaned with HCI, chloroform, and ethanol, with one end sealed
with parafilm. After polymerization, gels were equiliberated with lysis buffer (9.5
M urea, 10 mM lysine, 5% p-mercaptoethanol, 2% NP-40, 0.5% SDS, and 2%
ampholines) for one hour. Samples were solubilized with an equal volume of
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lysis buffer, loaded onto the top of the tube gel, overlaid with 50% lysis buffer,
and completely filled with 20 mM NaOH. Electrode buffers for equilibrium
isoelectric focussing were 10 mM ortho-phosphoric acid (anode) and degassed
20 mM NaOH (cathode). Electrophoresis was performed at 300 Vs overnight
followed by 1 kV for a further hour to focus the samples in the gel. After
electrophoresis, the gels were extruded from the tubes and equilibrated with
2X-sample buffer for 1 hour or overnight at -20°C. For the second dimension,
the tube gels were laid on top of the SDS-PAGE gels described, with molecular
weight markers in 1% agarose. The gels were then overlaid with 1% agarose
to ensure good contact between the tube and slab gel. Electrophoresis was
carried out as described.

Peptide sequence analvsis of o60

CuCL staining for tryptic peptide sequencing of p60
The two-dimensional gels containing p60 were stained with CuClg before
peptide sequencing. The gels were washed with several changes of distilled
water for 30 sec each and then stained with 0.3 M CuClg (BDH) solution for 3
mins till the solution becomes cloudy. The gels were washed with several
changes of distilled water for 5 mins till the solution was clear. The p60 spot
was carefully dissected out with a sterile scape I, freeze-dried and sent for
tryptic peptide automated sequencing by Robin Philp (IMCB, Singapore).

N-terminal sequencing of p60
The two dimensional gels containing p60 were western transferred onto
PVDF membrane, coomassie stained and dissected out as described and sent
for N-terminal sequencing by Robin Philp.

In vitro column binding of p60 to a2-chimaerin
Recombinant o2-chimaerin was purified on a glutathione sepharose 4B
column and phosphorylated by PKC as described without addition of [y*^P]ATP.
After phosphorylation, the bound proteins were washed with 10 column volumes
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of TN buffer, and further washed with 10 column volumes of extraction buffer,
pH 6.5. The p60 containing fraction from phenyl sepharose column was
dialysed overnight against extraction buffer, pH 6.5 at 4°C. This fraction or a
control buffer was incubated with the a2-chimaerin bound to the column
overnight at 4°C with shaking. On the next day, the unbound proteins were
collected, and the column was washed with 5 column volumes of extraction
buffer, pH 6.5. Bound proteins were eluted with one column volume of
extraction buffer containing 0.5 M NaCI and further eluted with one column
volume of 5 mM glutathione in 50 mM Tris, pH 8. Protein concentrations were
determined using Bio-Rad assay kit and samples were stored in 5% glycerol at
-70°C.
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CHAPTER 3

RESULTS 1
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3.1 Analysis of GAPs for the p21rho subfamily in rat brain
Our laboratory initially isolated n-chimaerin (Hall et al, 1990), which was
subsequently found to be a racGAP (Diekmann et al, 1991). A brain protein of
45 kDa was usually detected by western assay using anti-chimaerin antibodies.
A novel method was later developed to screen for chimaerin and other GAPs
for the rho subfamily in rat tissues (Manser et al, 1992). Essentially, the GAP
overlay assay involved separating proteins by SDS-PAGE followed by western
blotting. The nitroceilulose filters containing the immobilized and renatured
proteins were incubated with a solution containing [y^^P]GTP-bound p21s, and
then laid on an agarose gel to limit diffusion of substrates. After incubating the
fiiter at 20°C, a second moist nitrocelluiose filter was overlaid at 4°C to bind the
soluble p21s containing residual [t^^P]GTP or GDP. This replica filter was then
washed and subjected to autoradiography; increased loss of radioactivity
corresponding to increased GTP hydrolysis (and GAP activity) was detected as
white-on-black signals. A diversity of GAPs was detected in the soluble and
membrane extracts of rat tissues using the overlay assay (Manser et al, 1992).
Brain cytosol contains ra d GAPs of 45, 50, 85, 100 and 150 kDa (Manser et
al, 1992 and Fig. 4). The p50 and pi 50 GAPs also acted on rhoA and
cdc42Hs, and were ubiquitous in rat tissues. The p85 GAP acted on r a d , rhoA
and cdc42Hs, whereas the brain specific pi 00 GAP acted on ra d and
cdc42Hs. The p45 rac GAP was brain and testis specific and immunoreactive
to C-terminal-chimaerin antibodies. The antibody was raised to n(a1 )-chimaerin
fusion proteins and affinity-purified with C-terminal proteins (Manser et al,
1992).
To further characterize these brain GAPs, various rat brain regions were
analysed

by

the

GAP

overlay

as

well

as

by

C-terminal-chimaerin

immunoreactivity. p45, p50, p85, pi 00 and pi 50 were detected in nearly all the
brain regions tested and were enriched in severai areas of the brain (Fig. 4).
pi 50 and p50, which acted on r a d , rhoA and cdc42Hs, were ubiquitous in the
brain, with p50 being enriched in the pituitary and pi 50 is lower in that region
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Fig. 4-Regional distribution of multiple GAP activities in rat brain cytosol. The
brain tissues analysed were lane 1)striatum, 2)cortex, 3)olfactory bulbs,
4)cerebellum, 5)hypothalamus, 6)hippocampus, 7)pituitary and 8)brain stem.
After SDS-PAGE and western transfer of soluble tissues, the nitrocellulose
filters were analysed for GTP hydrolysis of the following: A)[/^P]GTP-rac1,
C )[/^P ]G T P -rh o A ,

or

D )[/^P ]G T P -cdc4 2H s

and

B )a1-chim aerin

immunoreactivity. About 200 pg of protein was loaded in each lane.
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(lane 7 in Fig. 4A). p100 and p150 GAPs were enriched in the brain cortex and
olfactory bulbs (lanes 2 and 3 in Fig. 4A). Several darker bands of about 60-65
kDa were detected on the ra d overlay that appeared as white signals on
cdc42Hs overlay (Manser et al, 1992 and Fig. 4). This heterogenoeus group of
proteins binds cdc42Hs more tightly than racl on the primary filter, resulting in
less transfer to the replica filter and false GAP signals. These cdc42Hs-GTPase
inhibiting proteins (cdc-GIPs) correspond to another group of regulatory proteins
for the rho subfamily. The different sized cdc-GIPs could represent entirely
different proteins or alternate splice products or protein modification (e.g. by
phosphorylation). These 60-65 kDa cdc-GIPs were also widely distributed in the
brain and weakly detected in the pituitary (lane 7 in Fig. 4A). A 160 kDa
cdc42Hs-binding protein is detected only in the pituitary (lane 7 in Fig. 4D).
p45-chimaerin rac GAP, was widely distributed in the brain except the
cerebellum (lane 4 in Fig. 4). Instead, a previously undetected GAP of about
47 kDa (p47) was detected only in the cerebellum (lane 4 in Fig. 4). The p47
GAP acted on racl, but not rhoA or cdc42Hs (Fig. 4A, C and D). The
distribution of p45 in brain detected by the overlay correlated with C-terminalchimaerin immunoreactivity (Fig. 4B). Other immunoreactive bands of of 120,
7 5 ,5 0 and 30 kDa were also detected (Fig. 4B). However, they did not coincide
with any GAP activity, hence these immunoreactive bands may represent cross
reacting epitopes rather than GAPs. Alternatively, they may be inactivated after
gel electrophoresis. Several of these immunoreactive bands were enriched in
the cerebellum (lane 4 in Fig. 4B), and p30 immunoreactive band was also
enriched in the olfactory bulbs (lane 3 in Fig. 4B).
In the detergent-soluble membrane fraction of brain tissues, GAPs of
similar sizes and distribution to the cytosolic GAPs were detected (Fig. 5). The
membrane p45 GAP was hardly detected in the cerebellum, but the p47 rac
GAP was present (lane 4 in Fig. 5B). Other weaker previously undetected
GAPs were also detected; a 70 kDa (p70) GAP enriched in the cerebellum
membrane fraction, acted only on rhoA and cdc42Hs (lane 4 in Fig. 5C and Fig.
5D). It is unclear whether the p70 GAP is related to the immunoreactive band
seen in the cerebellum (Fig. 4B and 5B). The heterogeneity of brain GAPs
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Fig. 5-Regional distribution of multiple GAP activities in rat brain detergentsoluble membrane fraction. The brain tissues analysed and measurement of
GAP activity and immunoreactivity are as described in Fig. 4. The brain tissues,
lane 1)striatum, 2)cortex, 3)olfactory bulbs, 4)cerebellum, 5)hypothalamus,
6)hippocampus, 7)pituitary and 8)brain stem, were analysed for GTP hydrolysis
of the following: A ) [ f P]GTP-rac1, C)[/"P]GTP-rhoA, or D)[/'P]GTP-cdc42Hs,
and B)a1-chimaerin immunoreactivity. About 200 pg of protein was loaded in
each lane.
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suggest an important fundamental role of GAPs in signal transduction, as GAPs
could down regulate p21 G proteins or act as targets of p21s, linking
extracellular signals to cellular processes.

3.2 Purification of p45 chimaerin
To determine the identity of p45 chimaerin rac GAP, it was purified using
a series of column chromatography from rat brain without cerebellum where it
was hardly detected (Fig. 4 and Table 1). p45 chimaerin was detected by
western

immunoassay

using

C-terminal-chimaerin

antibodies.

Several

immunoreactive bands were detected using this antibody. The a2-chimaerin
antibody produced later did not cross-react with these bands. Rat brain cytosol
was chosen for purification because of its three-fold greater abundance of
chimaerin immunoreactivity in cytosol compared to membrane (Table 2).

S-seoharose column chromatoaraohv
The cytosolic brain GAPs could be separated on a S-sepharose column,
increasing resolution and providing evidence that p45 rac GAP is chimaerin
(Fig. 6). The p100 and p150 GAPs were more tightly bound to the column than
p45 chimaerin, and required high salt concentrations to elute (lanes 3-5 in Fig.
6A). Interestingly the heterogenous 60-65 kDa cdc-GIPs showed varying
degrees of binding; some were eluted in earlier salt fractions, but the majority
were eluted with 0.2M NaCI (lane 2 in Fig. 6A). p45 chimaerin was not
completely resolved from p50 GAP on the S-sepharose. The p45 chimaerin
appearance correlated with its immunoreactivity when the same blot was
reprobed with C-terminal-chimaerin antibodies (lanes 2 and 3 in Fig. 6B); a
similarly sized GAP that eluted with 0.4 M NaCI (lane 4, Fig. 6A) was not
immunoreactive, and could possibly be the pSO GAP. These data suggest that
p45 chimaerin can be resolved from the other GAPs (apart from p50 GAP) on
the S-sepharose column and this column would be useful in the initial
purification of p45 chimaerin GAP. The other immunoreactive bands could also
be separated from p45 chimaerin on the S-sepharose column. The p120 and
p75 bands eluted at high salt concentrations (lanes 3, 4 and 5 in Fig. 6B).
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Yield

Purifi
cation

(%)

(fold)

Total

p45

Protein

chimaerin

(mg)

(pg)

150

770

30

100

1

S-Sepharose

45

207

24

80

3

Q-Sepharose

30

24

20

67

21

Zn chelate

10

10

17

56

43

Fraction

Volume
(ml)

lO^Xg supernatant

Pheny1-Sephar ose

4.5

4.5

15

50

86

Hydroxylapatite

3.0

2.4

10

33

107

Zn-FPLC

2.0

0.6

6 .7

22

285

Q-Sepharose

1.5

0.3

5.0

17

427

Table 1 - Purification of p45 chimaerin from rat brain
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Subcellular fraction

17,OOOXg pellet
lOOfOOOXg pellet
100,OOOXg supernatant

Total protein
(mg)
38.4
3.6
80.0

p45 chimaerin
(pg)

(%)

0.8

22

0.07
2.7

Table 2 - Subcellular distribution of p45 chimaerin in rat brain
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Fig. 6-Separation of GAPs on ion-exchange chromatography. Rat forebrain
cytosol was fractionated on S-Sepharose into column flow thru (FT 1&2), and
bound proteins eluted with stepwise 100 mM increments in NaCI (0.1-0.5M;
lanes 1-5). The nitrocellulose filter was analysed for A) racl GAP activity by the
overlay assay and then B) reprobed for al-chim aerin immunoreactivity. p45chimaerin is indicated by arrow.
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Other immunoreactive bands weakly detected in the cytosol were enriched
upon fractionation (Fig. 7A). A previously undetected immunoreactive band of
28 kDa was seen in the 0.1 M salt fraction (lane S0.1, Fig. 7A). The p30
immunoreactive band was widely distributed in the flow thru to 0.2M salt
fraction (lanes SFT to S0.2, Fig. 7A). Other weak immunoreactive bands (of 85
kDa and 65 kDa) were also detected in the 0.1 M salt fraction, but the identities
of cross-reacting bands (other than p45) are unknown. In summary, p45
chimaerin eluted mostly in the 0.2 M fraction, and in the 0.3 M salt fraction
(where it copurifies with the p85 and pi 00 GAPs) on the S-sepharose column
in Fig. 6A. In order to separate p45 from the other GAPs, only the S0.2M salt
fraction containing p45 chimaerin was used for further purification. This fraction
contained two immunoreactive bands of p45 and p30.

Q-sepharose column chromatoaraohv 1
The 0.2 M salt fraction from S-sepharose column was next subjected to
a Q-sepharose column chromatography (Fig. 7A); most of the p45 chimaerin
eluted at 0.2 and 0.3M salt fractions (lanes 00 .2 and 00 .3 in Fig. 7A). The p30
immunoreactive band, which coeluted with p45 chimaerin on the S-sepharose
column, was eluted at 0.1 and 0.2M salt fractions (lanes 00.1 and 0 0 .2 in Fig.
7A). Weak immunoreactive bands of p70 and p85 were detected in 0.2 and
0.3M salt fractions (00.2 & 0 0 .3 in Fig. 7A).

Zinc chelating sepharose column chromatoaraohv
The p45 chimaerin containing fractions, 0.2 and 0.3M salt fractions from
the 0 -sepharose column, were pooled and applied to a zinc chelating column
(Fig. 7B). The p30 immunoreactive band was eluted with buffer containing 20
and 50mM imidazole (lanes Zn20mM and Zn50mM in Fig. 7B). The p70 and
p85 cross-reacting bands coeluted with p45 chimaerin and eluted with 50mM
imidazole (Zn50mM, Fig. 7B).

Phenvl sepharose column chromatoaraohv
The p45 chimaerin containing fraction, eluting with 50mM imidazole from
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Fig. 7-Purification of p45-chimaerin from
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rat brain cytosol by column

chromatography. Rat forebrain cytosol (Iane1) was prepared and p45-containing
fractions were fractionated sequentially on A) S-Sepharose (SFT to 80.3), QSepharose (Q0.1 to Q0.4), B) Zinc chelating Sepharose (ZnFT to ZN EDTA),
Phenyl Sepharose (PSFT to PSEG) and C) Hydroxylapatite (HAFT to HA0.4),
Zinc chelating-FPLC (Zn5/6, Zn21/24) and a second Q-Sepharose (Q20.1 to
020.3) as described in ’Methods and Materials’.
20 pi aliquots of each fraction collected from the columns were run on 9%
polyacrylamide gels, blotted and probed with a1-chimaerin antibodies. p45chimaerin is indicated by arrow.
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the zinc chelating column, was loaded onto a phenyl sepharose column after
ammonium sulphate was added to a final concentration of 0.4M to ensure
binding of proteins to the column. The four immunoreactive bands (p30, p45,
p70 and p85) were eluted with buffer containing 0.05% sodium deoxycholate
at pH 8.5 (lane PSDOC in Fig. 7B). About 50% of total proteins loaded onto the
phenyl sepharose column were separated from p45 chimaerin (Table 1).

Hvdroxvlaoatite column chromatoaraohv
The p45 chimaerin containing fraction was then applied to the
hydroxylapatite column (Fig. 70). The p30 immunoreactive band was separated
from p45 chimaerin and eluted in the unbound fraction (lane HAFT in Fig. 70).
The majority of p45 chimaerin was eluted with 0.25M sodium phosphate (lane
HA0.25 in Fig. 70). A slightly higher molecular weight immunoreactive band
(about 50 kDa) was seen in the flow-through and 0.05mM sodium phosphate
fractions (lanes HAFT and HA0.05 in Fig. 70), but it is unclear whether it
represents another immunoreactive band previously unresolved from p45
chimaerin in earlier fractionation steps or it is a modified form of p45 chimaerin.
The weak p70 and p85 immunoreactive bands still copurified with p45 on this
column.

Zinc chelating sepharose FPLO column chromatoaraohv
The p45 containing fraction eluting with 0.25M sodium phosphate was
loaded onto a zinc chelating FPLC column and eluted with increasing gradient
of imidazole (Fig. 7C). Two peaks, one unbound (lane Zn5/6 in Fig. 7C) and the
other bound (lane Zn21/24 in Fig. 7C) were obtained. The p45 chimaerin was
mostly collected in the bound fraction, and the weak p75 immunoreactive band
copurified with p45 chimaerin on this column.

Q-sepharose column chromatoaraohv 2
The p45 containing fraction from the zinc FPLC column was finally
concentrated on a second Q-sepharose column (Fig. 70). The p45 chimaerin
was eluted with 0.2 and 0.3M salt fraction (lanes Q20.2 and Q20.3 in Fig. 70),
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but no higher molecular weight immunoreactive bands were detected in this
fraction.

3.3 Abundance and recovery of p45 chimaerin
Table 1 shows the recovery of p45 chimaerin during the purification
steps and p45 chimaerin was found to be purified 400-fold with an overall yield
of 17%. The yield was p45 chimaerin was calculated from western assays using
recombinant chimaerin fusion proteins as standards. Starting with 30g of rat
forebrain, about 5|ig of p45 chimaerin was obtained at the end of purification.
p45 was calculated to consitute 0.004% of total soluble proteins in rat forebrain.
However, after the final Q-sepharose column, p45 represented only 2% of the
total proteins in this fraction.

3.4 Peptide sequence analysis of o45 chimaerin
Fig. 8 shows a summary of the p45 chimaerin containing fractions
collected during the purification stages. Because the polyclonal antiserum
cross-reacted with other proteins (presumably not GAPs), the overlay assay
was used in conjunction to identify chimaerin. All the p45 chimaerin fractions
exhibited immunoreactivity to C-terminal-chimaerin antibody and rac GAP
activity on the overlay assay (Fig. 88 and 80). On a coomassie stained SDSPAGE gel, the second Q-sepharose fraction showed p45 chimaerin as a
discrete band, although it was not a major band (Fig. 8A, lane Q2). This Qsepharose fraction was dialysed, concentrated and separated on SDS-PAGE,
then transferred to a PVDF membrane by western blotting. The membrane was
coomassie stained and the p45 chimaerin band carefully dissected out. It was
subjected to N-terminal and tryptic peptide sequencing by Robin Philp (IMCB,
Singapore). p45 chimaerin was found to be N-terminally blocked, suggesting
that it was not derived by proteolysis of a larger GAP. Four tryptic peptides
were sequenced (Fig. 9). Two of the four peptides (peptides 1 and 2, Fig. 9)
each differed by one amino acid from sequences 18 to 29 and 430 to 439 of
human a2-chimaerin predicted from the cDNA (Fig. 10A). The C-terminal
peptide sequence (peptide 1, Fig. 9) was identical to the predicted sequence
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Fig. 8-Analysis of p45-chimaerin containing fractions from the sequential
purification

steps;

S-Sepharose

(S),

Q-Sepharose

(Q),

Zinc

chelating

Sepharose (Zn), Phenyl Sepharose (PS), Hydroxylapatite (HA) and a second
Q-Sepharose (Q2). 25pl of each fraction was separated on 9% polyacrylamide
gels and analysed by A) coomassie staining, B) western analysis with a lchimaerin antibodies and C) probed for GTP hydrolysis of [y^^P]GTP-rac1 by
the overlay assay. p45-chimaerin is arrowed.
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Fig. 9-Peptide sequences of p45-chimaerin. p45-chimaerin from the second QSepharose column was separated on 9% polyacrylamide gel, western
transferred onto PVDF membrane, dissected out and subjected to tryptic digest.
The peptides were analysed on HPLC. Their similarity to rat a1- and human
a2-chimaerin predicted sequence is indicated.
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MALTLFDTDEYRPPVWKSŸtÿQLQQÉAPBPRRITCTCEVENRPKYYGREFHGMISREAAD

5q

QLLIVAEGSYLIRESQRQPGTYTLALRFGSQTRNFRLYYDGKHFVGEKRFESIHDLVTDG

120

LITLYIETKAAEYIAKMTINPIYEHVGYTTLNREPAYKKHMPVLKETHDERDSTGQDGVS

18 0

*

EKRLTSLVRRAJLKENEQIPKYEKIHNFKVHTFRGPHWCEYCANFMWGLIAQGVKCADCG

24 0

LNVHKQCSKMVPNDCKPDLKHVKKVYSCDLTTLVKAHT^T^KRPMWDMCIREIESRGLNSE

3 00

GLYRVSGFSDLIEDVKMAFDRDGEKADIS VNMYEDINIITGALKLYFRDLPIPLITYDAY

36 0

PKFIESAKIMDPDEQLETLHEALKLLPPAHCETLRYLMAHLKRVTLHEKENLMNAENLGI

42 0

VFGPTLMRS|PËLb:ÀMAM3%)IRY0RLVVELLIKNEDILF.

46 0

_____ *__________________________ Ê___________ O_______________

Fig. 10A-Human a2-chimaerin predicted amino acid sequence. p45 chimaerin
peptide sequence similarity is boxed. Potential phosphorylation sites for PKC
{*) and PKA (o) are indicated. The SH2 domain (-), cysteine-rich domain (--)
and the GAP (..) domain are underlined.
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al-(n-)chimaerin mRNA

p3 5 -chimaerin

Fig. lOB-Schematic diagram showing the PKC-like (Zn) domain and Bcr-like
(GAP) domain of a1- and a2-chimaerin. a2-chimaerin has an additional Nterminal SH2 (SH2) domain.
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of rat a1-chimaerin (Lim et al, 1992). Thus, p45 chimaerin was shown to be o2chimaerin, a splice variant of al-chimaerin containing an N-terminal SH2
domain (Hall et al, 1993). Fig. 10B is a schematic diagram showing the
additional SH2 domain (not found in a l -chimaerin), a zinc/phorbol ester domain
and the C-terminal GAP domain of a2-chimaerin. A p35 racl GAP described
in later sections, has been detected in rat brain and cerebellum (Fig. 13). It was
also immunoreactive to C-terminal-chimaerin antibodies (Fig. 12), and is likely
to represent p35 chimaerin (Fig. 10B). The other two peptides in Fig. 9 do not
correspond to any chimaerin sequence, and they could be derived either from
minor protein contaminants or alternate exons.

3.5 Subcellular distribution of brain GAPs
We have reported multiple GAPs in the brain (Manser et al, 1992) and
they are widely distributed in rat brain regions (Fig. 4). To investigate their
subcellular distribution in the brain, rat brains were subjected to differential
centrifugation and analysed by GAP overlay assay and C-terminal-chimaerin
immunoreactivity (Fig. 11). The brain GAPs (p45, p50, p85, pi 00 and pi 50),
which were present in cytosolic and membrane fractions (Fig. 4 and 5) were
detected. The membrane GAPs were localized to the synaptosomal and
microsomal fraction (lane P2 and P3, Fig. 11 A). In the synaptosomal fraction
(lane P2 B, Fig. 11 A), the GAPs were triton-soluble (lane P2Bts, Fig. 11 A). None
of the GAPs are localized to the myelin or mitochondrial fraction (lanes P2A
and P2C, Fig. 11 A). The 60-65 kDa cdc-GIPs have a similar localization to the
brain GAPs. Interestingly, a smaller GAP of 35 kDa (p35) was enriched in the
microsomal fraction (lane P3 in Fig. 11 A). This p35 GAP acted on ra c l, but not
rhoA or cdc42Hs and was immunoreactive to C-terminal-chimaerin antibodies
(Fig. 11B). This could represent al-chimaerin, which encodes a putative 38
kDa protein (Lim et al, 1992). A group of GAPs of about 70-80 kDa detected
by the cdc GAP overlay were localized to the synaptosomal and triton-soluble
fraction (Fig. 11D, lanes P2B and P2Bts). One of these GAPs of about 75 kDa
was also detected in the triton-insoluble synaptosomal fraction (Fig. 11D, lane
P2Bti). An immunoreactive band of 55 kDa is seen in the microsomal fraction.
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Fig. 11-Subcellular fractionation of rat brain GAPs. The subcellular fractions
were prepared according to Whittaker and Barker (1972) as described in
’Methods and Materials’ and analysed as follows: lanes P2, 17, OOOXg pellet;
P3, 100, OOOXg pellet; S3, 100, OOOXg supernatant, P2B, synaptosomal
membranes; P2ts, triton-soluble synaptosomal membranes; P2ti, triton-insoluble
synaptosomal membranes; P2A, myelin and P2C, mitochondria.
20|xl of each fraction was run on 9% polyacrylamide gel, western blotted and
analysed for GTP hydrolysis of A) [/^P]GTP-rac1, G)[y^^P]GTP-rhoA or
D)[f^P]GTP-cdc42Hs, and B)a1-chimaerin immunoreactivity or E)a2-chimaerin
immunoreactivity. p45-chimaerin is arrowed.
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but did not correspond to any GAP activity (Fig. 11B).

3.6 Specificity of a 2-chimaerin polyclonal antibodies
The C-terminal-chimaerin antibodies had been raised to a 1-chimaerin
fusion proteins and affinity purified on C-terminal proteins (by Clinton Monfries),
and shown to recognise several bands in rat brain cytosol (Fig. 4B and 11B).
a 2-chimaerin antibodies were recently raised to the purified full-length o2chimaerin protein by Greg Michael. The cx2-chimaerin unpurified antibody
specifically recognised p45 chimaerin (Fig. 11E), whereas the al-chimaerin
antibody recognised p45, p35 and p55 bands on a similar western blot (lane P3
in Fig. 11B). The a2-chimaerin antibody has been characterized and shown to
recognise the SH2, the zinc/phorbol ester and GAP domains (Fig. 31). It did not
recognise p35 chimaerin, suggesting that this antibody recognised different
epitopes on chimaerin or it is more immunoreactive to the SH2 domain of o2chimaerin. p45 chimaerin was calculated to be three-fold more abundant in the
cytosol than in the membrane (Table 2).

3.7 Detection of o35 chimaerin as a membrane GAP (mGAP)
p35 chimaerin was detected in the microsomal fraction of rat brain (Fig.
11 A, lane P3) but not in other subcellular fractions. To further characterize this
p35 GAP, brain membrane detergent-soluble fraction was subjected to Ssepharose column chromatography (Fig. 12). The p45, p50, p85, pi 00 and
pi 50 GAPs were detected in the total membrane and cytosol fractions (Fig.
12A, lanes cyt and mem). A weak p35 mGAP was detected in the total
membrane fraction (lane mem in Fig. 12A). Upon fractionation of the membrane
proteins, the p35 mGAP was enriched in the 0.5M salt fraction (Fig. 12A, lane
S0.5). A corresponding p35 immunoreactive band was also detected on
western analysis (Fig. 12B, lane S0.5). The p50, p85, pi 00 and pi 50 mGAPs
and the 60-65 kDa cdc-GIPs showed similar fractionation patterns on Ssepharose column as the cytosolic GAPs (Fig. 6A), i.e. they were eluted at 0.3
to 0.5M salt fraction. The p45 chimaerin mGAP was eluted at 0.2 to 0.5M salt
(Fig. 12A, lanes SO.2 and 80.5), and a corresponding p45 immunoreactive
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fraction was loaded onto an S-Sepharose column. Unbound proteins were
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20 pi of each fraction was loaded onto 9% polyacrylamide gel, western blotted
and analysed for A) GTP hydrolysis of [/^P]GTP-rac1 and B), the nitrocellulose
filter was reprobed for al-chim aerin immunoreactivity.
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band was also detected on western analysis (Fig. 12B, lanes S0.2 and S0.5).
A p30 immunoreactive band in the cytosol did not have GAP activity (lane cyt,
Fig. 12B).

3.8 d 35 chimaerin is present in brain but not in testis

p35 chimaerin was localized to the membrane fraction (Fig. 12). Both a1 and a2-chimaerin mRNA are selectively distributed in the adult brain (Hall et al,
1993). o2-chimaerin mRNA is barely detectable in the adult cerebellum, and
only al-chimaerin mRNA is expressed in the Purkinje neurons. Only o2chimaerin mRNA is expressed in the testis (Hall et al, 1993). To determine
whether the protein expression correlates with that of the alternate chimaerin
mRNAs, protein extracts from brain cortex, cerebellum and testis were
fractionated on an S-sepharose column (Fig. 13). In the case of brain cortex,
c35 and p45 chimaerin were eluted at 0.2M salt (Fig. 13A, lane CT0.2),
A/hereas the higher molecular mass GAPs (p85, pi 00 and pi 50) were
oreferentially eluted with higher salt (Fig. 13A, lane CT0.5). A p50 GAP band
appeared in both the unbound (lane CTFT in Fig. 13A) and bound fractions
lanes CT0.2 and CT0.5, Fig. 13A). In the cerebellum, a weak p35 GAP signal
vas detected (Fig. 12B). A p47 GAP was detected in the cerebellum in Fig. 4,
although in this case, it was not resolved from the p50 GAP (Fig. 13B). A weak
^35 GAP was detected in the 0.2M salt fraction (Fig. 13B, lane CB0.2). p45
chimaerin had previously been shown to be absent in the cerebellum (Fig. 4
and 5). In the testis, p45 chimaerin was detected in the 0.2M salt fraction (Fig.
f3B, lane TT0.2). The p35 chimaerin was not detected in testis; instead a
smaller GAP of 30 kDa (p30) is weakly seen in the total membrane and in the
0.2M salt fraction (Fig. 13B, lanes TTstart and TT0.2). This p30 rac GAP is a
testis specific GAP which corresponds to a second chimaerin called pchimaerin. p-chimaerin is specifically expressed during the acrosomal assembly
stage of spermatogenesis (Leung et al, 1993). The higher molecular weight rac
GAPs (p85, pi 00 and p i50) and 60-65 kDa cdc-GIPs were absent in rat testis.
The p50 GAP was resolved from p45 chimaerin, and p50 was found in all the
factions (lanes TTstart to TT0.5, Fig. 13B). The tissue distribution of p45 and
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Fig. 13- Separation of membrane GAPs (mGAPs) from several tissues on 8Sepharose. A) The membrane pellet of rat brain cortex (CT start) was
solubilised with 1% deoxycholate and loaded onto an S-Sepharose column.
Unbound proteins were collected (CTFT) and bound proteins were eluted with
0.2M and 0.5M NaCI (CTO.2 and CTO.5). B) The cerebellum (CB) and testis
(TT) mGAPs were similarly investigated. Their cytosolic counterpart (cyt) was
loaded for comparison in A.
20 pi of each fraction was loaded on 9% polyacrylamide gel, western blotted
and assayed for GTP hydrolysis of [-/^P]GTP-rac1.
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p35 chimaerin correlated with the a1- and a2-chimaerin mRNA expression,
providing further evidence that they both represent chimaerin.
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4.1 Recombinant a2-chimaerin is a functional rac GAP
To further characterize p45 chimaerin, the rac GAP activity of the purified
brain protein was investigated and compared with recombinant a 2-chimaerin.
a2-chimaerin cDNA was subcloned into pGEX-2T and expressed in E. coli as
a GST-fusion protein by Sin Wun Chey. The protein was purified on a
glutathione sepharose column and cleaved with thrombin as described in
’Methods and Materials’. The cleaved product has a molecular weight of 45 kDa
and is >95% pure on coomassie staining (Fig. 14A, lane 1). About 1 mg of
purified protein could be obtained from a litre of culture. This protein was also
immunoreactive to C-terminal-chimaerin antibodies (Fig. 14A, lane 2) and
exhibited rac GAP activity on the overlay assay (Fig. 14A, lane 3). Furthermore,
the recombinant protein co-migrated with p45 chimaerin on SDS-PAG
electrophoresis (Fig. 14B), suggesting that the full-length a2-chimaerin
sequence has been cloned.

4.2 Recombinant a2-chimaerin exhibited rac GAP activity in solution
The bcr-encoded protein (Bcr) and n-chimaerin have been shown to be
GAPs for rac and not rho in solution (Diekmann et al, 1991). a 2-chimaerin has
an identical C-terminal GAP domain, and would be expected to exhibit similar
GAP activity in solution. Recombinant a2-chimaerin purified and cleaved from
GST protein, was tested for GAP activity on the rho subfamily (Fig. 15). The
p21rho family proteins were subcloned by Tom Leung and Clinton Monfries,
and purified as described in Methods and Materials’. Recombinant o2chimaerin was incubated with GST-p21s, and the GAP stimulated GTP
hydrolysis was assayed at times indicated (Fig. 15). The assays were
performed at different temperatures (16°C, 25°C and 18°G for r a d , rhoA and
cdc42Hs respectively) such that about 70% [^^P]GTP remained after 12 mins.
Consistent with a1 -chimaerin, a2-chimaerin at 10Ong displayed GAP activity for
rac, but not rho or cdc42Hs in solution (Fig. 15A, 15B and 15C respectively).

4.3 Specific activity of a 1- and a 2-chimaerin proteins
Recombinant a1 -chimaerin has been reported to have basal GAP activity
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Fig. 14-Recombinant a2-chimaerin expressed in E. co//is afunctional rac GAP.
The whole a 2-chimaerin cDNA was subcloned into pGEX-2T and expressed in
E.coli (Hall et al, 1993). The GST-a2-chimaerin protein was purified on
glutathione sepharose-4B and cleaved with thrombin. In Fig. 14A, the 45 kDa
cleaved product is loaded on 9% polyacylamide gel and coomassie stained
(lane 1), or western blotted and assayed for a 1-chimaerin immunoreactivity
(lane 2) or GTP hydrolysis of [/^P]GTP-rac1 (lane 3). Fig. 14B shows that
partially purified p45 chimaerin (lane 1) comigrated with recombinant a2chimaerin (lane 2) on the rac GAP overlay assay.
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Fig. 15- Substrate specificity of recombinant a 2-chimaerin. The GTP hydrolysis
of A )[f 2p]GTP-rac1 at 16°C, B ) [ f P]GTP-rhoA at 25*C or C)[/^P]GTP-cdc42Hs
at 18°C was assayed in solution, in the absence (open symbol) or presence
(closed symbol) of 100 ng of recombinant a 2-chimaerin at time indicated.
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which is increased by removal of the cysteine-rich domain (Ahmed et al, 1993).
This cysteine-rich domain has been shown to bind phorbol esters (Ahmed et
al, 1990). oc2-chimaerin has an additional N-terminal SH2 domain absent in a1chimaerin and lacks the N-terminal sequence of a 1-chimaerin (Fig. 1GB). To
investigate whether the a2-chimaerin SH2 domain affects its GAP activity,
increasing concentrations of recombinant a l- , a 2-chimaerin and the C-terminal
GAP domain were compared (Fig. 16). Recombinant a 2-chimaerin showed a
similar dose response profile to the C-terminal GAP domain of chimaerin and
showed saturation at 500 ng (O.IpM). Recombinant rat a1 -chimaerin was
subcloned in maltose binding protein expression vector and the protein supplied
by Sohail Ahmed. The a 1-chimaerin showed lower specific activity as reported
(Ahmed et al, 1993). It is possible that the presence of an N-terminal SH2
domain on o2-chimaerin may induce a different conformation to a 1-chimaerin
such that its C-terminal domain is not inhibited by the zinc/phorbol ester
domain. The a2-chimaerin and the C-terminal GAP domain were 10-fold more
active than a1-chimaerin. Fig. 1GB showed the 3 purified proteins used for the
assay and that they were of similar concentrations and purity.

4.4 Phosphatidvlserine and phorbol ester stimulated recombinant a 2-chimaerin
GAP activitv
Recombinant a1-chimaerin GAP activity has been shown to be
stimulated by phosphatidylserine, and in the presence of 100 pg/ml of
phosphatidylserine, no additional stimulation by phorbol ester was detected
(Ahmed et al, 1993). To investigate whether the additional SH2 domain of o2chimaerin affected its stimulation by phosphatidylserine and phorbol ester,
recombinant a 2-chimaerin at two concentrations was incubated with 100 pg/ml
of phosphatidylserine in the absence or presence of phorbol ester (Fig. 17). As
with a1-chimaerin, phosphatidylserine greatly stimulated the rac GAP activity
of a 2-chimaerin, and the additional presence of phorbol ester did not further
stimulate the GAP activity (Fig. 17A and 17B). It has also been reported that
phorbol ester synergised with phosphatidylserine at low concentration of 5
pg/ml in stimulating a1-chimaerin GAP activity (Ahmed et al, 1993). Consistent
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17-Stimulation

of

recombinant

a2-chimaerin

GAP

activity

by

phosphatidylserine and phorbol ester. Recombinant a2-chimaerin (SC) at 25 ng
(Fig. 17A) or 50 ng (Fig. 17B) was incubated in absence or presence of
phosphatidylserine (PS) and/or phorbol ester, PMA (PMA). The GAP stimulated
GTP hydrolysis of [Y^^P]GTP-rac1 was measured at time indicated.
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with

a 1-chimaerin,

phobol

ester

showed

some

synergism

with

phosphatidylserine at low concentration in stimulating o2-chimaerin GAP activity
(Fig. 18). Phosphatidylserine and phorbol ester affect the cysteine-rich domain
of both a 1- and o2-chimaerin as the C-terminal domain was not affected
(Ahmed et al, 1993 and Fig. 19A). The intrinsic GTPase activity of rac was also
unaffected by phosphatidylserine and phorbol ester (Ahmed et al, 1993).

4.5 Increasing phosphatidvlserine and phoshatidic acid concentrations
stimulated a2-chimaerin GAP activitv
a 1-chimaerin has been reported to show a dose-response effect in the
presence of increasing phosphatidylserine and phosphatidic acid (Ahmed et al,
1993). To investigate the effect of increasing phosphatidylserine and
phosphatidic acid concentrations on o2-chimaerin which has an additional Nterminal SH2 domain and lacks the N-terminal sequence of a 1-chimaerin,
recombinant

a 2-chimaerin

was

incubated with

phosphatidylserine

and

phosphatidic acid from 10 to 100 pg/ml, and the GAP stimulated GTP
hydrolysis

of

rac

was

measured

(Fig.

19).

Low

concentrations

of

phosphatidylserine stimulated o2-chimaerin GAP activity and its GAP activity
begins to saturate at above 10 pg/ml of phosphatidylserine (SC, Fig. 19A).
Phosphatidylserine did not affect the C-terminal protein (CC, Fig. 19A) and a1chimaerin showed phosphatidylserine dose dependence as reported (Ahmed
et al, 1993), and did not saturate even at 100 pg/ml of phosphatidylserine.
Phosphatidic acid also stimulated o2-chimaerin GAP activity but showed
saturation at approximately 50 pg/ml (Fig. 19B). This lipid did not affect the Cterminal domain, and a 1-chimaerin showed similar stimulation as reported
(Ahmed et al, 1993), which also did not saturate at 100 pg/ml of phosphatidic
acid.

4.6 Phospholipids and fattv acids modulate a2-chimaerin GAP activitv
Various phospholipids and arachidonic acid have been shown to
modulate a1-chimaerin GAP activity (Ahmed et al, 1993). The phospholipids
phosphatidylcholine and phosphatidylethanolamine did not affect a 1-chimaerin.
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Fig. 18-Effect of phorbol ester and lower concentration of phosphatidylserine
on a2-chimaerin GAP activity. Recombinant a 2-chimaerin (SC) at 25 ng was
incubated with low phosphatidylserine (PS) concentration of 5 pg/ml, in the
absence or presence of PMA (PMA). The GAP stimulated GTP hydrolysis of
[/^P]GTP-rac1 was measured at time indicated.
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Fig. 19-Effect of increasing phosphatidylserine (PS) and phosphatidic acid
(arachidonyl, steoryl) (PA) on recombinant chimaerin GAP activity. Recombinant
a2-chimaerin (SC), a1-chimaerin (NC) or C-terminal GAP protein (CC) was
incubated with PS (Fig. 19A) or PA (Fig. 19B) from 0.1 to 100 pg/ml. The GAP
stimulated GTP hydrolysis of [/^P]GTP-rac1 was measured after 3 mins.
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whereas phosphatidylserine and phosphatidic acid stimulated a 1-chimaerin
GAP activity. Inositol phospholipids and cis-unsaturated fatty acids like
arachidonic acid were reported to inhibit rac GAP activity of a 1-chimaerin, while
arachidic acid (saturated fatty acid) was without effect (Ahmed et al, 1993). To
investigate the lipid modulation on a 2-chimaerin, recombinant a 2-chimaerin was
incubated with various phospholipids and fatty acids at 100 pg/ml and the GAP
stimulated GTP hydrolysis of rac was measured (Table 3). Dose-response
profiles

for

the

stimulatory

lipids

were

also

measured

(Fig.

20).

Phosphatidylcholine and phosphatidylethanolamine did not affect a 2-chimaerin
GAP activity, while phosphatidylserine and phosphatidic acid stimulated GAP
activity (Table 3). In contrast to a 1-chimaerin, inositol phospholipids like
phosphatidylinositol, phosphatidylinositol 4-monophosphate and phosphatidyl
4,5-diphosphate at 100 pg/ml stimulated a2-chimaerin GAP activity (Table 3)
and they showed saturation at above 50 pg/ml (Fig. 20B). Arachidonic acid
which inhibited a 1-chimaerin (Ahmed et al, 1993), was slightly stimulatory
towards a2-chimaerin at 100 ug/ml (Fig. 20C and Table 3), while arachidic acid
was without effect. Other unsaturated fatty acids like linoleic acids were slightly
stimulatory at 100 pg/ml, whereas saturated fatty acids like oleic and palmitic
acids were inactive (Table 3).

4.7 In vitro PKC and PKA phosphorylation of a1- and a 2-chimaerin

PKC phosphorylation
a1-chimaerin contains potential phosphorylation sites for PKC and PKA
(Lim et al, 1992), suggesting that the chimaerin isoforms may be linked to the
PKC and PKA signal transduction pathways via phosphorylation. To investigate
whether a 1- and a 2-chimaerin can by phosphorylated in vitro, recombinant
protein containing different domains of both chimaerin isoforms (i.e. the SH2 ,
Zinc and GAP domains) was incubated in the presence of PKC or PKA (Fig.
21). The cloning, expression and purification of the different constructs are
described in ’Methods’. PKC phosphorylated the constructs containing the SH2 ,
Zinc and GAP domains with different specific activities. The construct containing
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Lipid

Control (no lipid)

% GTP remaining
after 3 mins
74

Phospholipids
Phosphatidylserine

23

Phosphatidylcholine

82

Phosphatidylethanolamine

83

Phosphatidic acid (arachidonyi, steoryi)

16

Phosphatidylinositol

19

Phosphatidylinositol 4-monophsophate

14

Phosphatidylinositol 4,5-blsphosphate

15

Fatty acids
Arachidonic acid (020:4)

63

Linolenic acid (018:3)

68

Linoleic acid (018:2)

55

Oleic acid (018:1)

68

Palmitic acid (016:0)

73

Arachidic acid (020:0)

73

Table 3-Effect of various lipids on a2-chimaerin GAP activity. Recombinant a 2chimaerin at 50 ng was incubated with 100 pg/ml of lipids. The GAP stimulated
GTP hydrolysis of [/^P]GTP-rac1 was measured after 3 mins.
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Fig. 20-Dose response profile of increasing lipid concentrations on recombinant
a 2-chimaerin GAP activity. Recombinant a 2-chimaerin at 50 ng was incubated
with increasing concentrations (10 to 100 pg/ml) of A) phosphatidylcholine (PC)
or
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(PE),
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(PI),

or phosphatidylinositol 4,5-

diphosphate (PIP2) and 0) arachidonic acid or arachidic acid. The GAP
stimulated hydrolysis of [/^P]GTP-rac1 was measured after 3 mins.
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Fig. 21-//? vitro phosphorylation of recombinant a 2-chimaerin by protein kinase
C (PKC) and cAMP-dependent protein kinase (PKA). About 1 pg of each
recombinant protein of the following, lane 1, GST; 2, GST-SH2; 3, MBP; 4,
MBP-Zn domain; 5, cleaved C-terminal GAP domain; 6, GST-al-chimaerin; 7,
cleaved a 2-chimaerin or 8, histone, was incubated in a reaction mixture
containing A) PKC or B) PKA in the presence of [/^P]ATP. After incubation at
30°C for 15 mins, an equal volume of sample buffer was added to stop the
reaction. 40 pi of each aliquot was loaded on 9% polyacrylamide gel and
autoradiographed. C) A coomassie stained gel of the different proteins was
included.
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the C-terminal GAP domain was weakly phosphorylated although it contains 4
potential PKC phosphorylation sites (lane 5 in Fig. 21 A). The construct
containing the SH2 domain (lane 2 in Fig. 21 A) has 1 potential PKC
phosphorylation site which showed similar phosphorylation signal to the
construct containing the GAP domain . The N-terminal a 1-chimaerin construct
containing the Zn domain (lane 4 in Fig. 21 A) was heavily phosphorylated by
PKC. There are 5 potential phosphorylation sites on this construct. However
within the cysteine-rich domain, there is only one phosphorylation site (Lim et
al, 1992). Both a1- and a2-chimaerin full length constructs showed heavy
phosphorylation (lanes 6 and 7, Fig. 21 A). The control GST and MBP fusion
proteins were weakly phosphorylated (lanes 1 and 3, Fig. 21 A). Fig. 10A shows
the position of potential phosphorylations sites for PKC and PKA. Fig. 22 shows
the number of potential phosphorylation sites and the relative molecular mass
for the different chimaerin constructs. There are 8 candidate serine/threonine
residues for PKC phosphorylation in both o2- and a 1-chimaerin (Fig. 22). A
PKC autophosphorylation band of about 70 kDa is seen in all the protein
samples. Neither a1- nor o2-chimaerin showed autophosphorylation (data not
shown).

PKA phosphorylation
PKA phosphorylated the construct containing the Zinc domain (lane 4,
Fig. 21B) but not the construct containing the SH2 or GAP domain (lanes 2 and
5 respectively. Fig. 21B). In the SH2-containing construct, a smaller molecular
weight protein of 30 kDa is phosphorylated, but it is not the SH2 protein which
is 40 kDa (lane 2 in Fig. 21B). The 30 kDa protein probably represents an E.
coli contaminant that copurified with the SH2 protein. Both a1- and o2chimaerin-containing constructs are phosphorylated by PKA (lanes 6 and 7, Fig.
21B), but o2-chimaerin showed heavier phosphorylation than a1 -chimaerin. The
GST and MBP proteins (lanes 1 and 3, Fig. 21B) are not phosphorylated by
PKA. These data suggest that the construct containing the Zn domain is a
substrate site of chimaerin for PKA phosphorylation. There in only one potential
PKA phosphorylation site upstream of the Zinc domain in the construct
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Fig. 22-The number of potential phosphorylation sites for PKC (*) and PKA (o)
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containing the Zinc domain (Fig. 22). There are 2 candidate threonine residues
for PKA phosphorylation in a 1-chimaerin and 4 in a 2-chimaerin constructs (Fig.
10A and 22). The higher number of PKA phosphorylation sites in the o2chimaerin construct (4 sites) may explain the heavier phosphorylation on cc2chimaerin compared to a1-chimaerin (2 sites). Histone, a known substrate for
both Protein Kinase A and C, has been included as controls (Fig. 21, lane 8).
Fig. 21C shows that similar concentrations of the different domains of chimaerin
and control proteins were used for the kinase assays.

4.8 PKC phosphorylation of a2-chimaerin does not affect its GAP activitv
Recombinant a 2-chimaerin was phosphorylated by PKC in vitro on the
SH2, Zinc and GAP domains (Fig. 21 A). To investigate the effects of PKC
phosphorylation on o2-chimaerin GAP activity, both phosphorylated and
unphosphorylated a 2-chimaerin were purified on a glutathione sepharose
column and cleaved with thrombin as described in ’Methods and Materials’. The
cleaved proteins were incubated with phosphatidylserine and/or phorbol ester
and the GAP stimulated GTP hydrolysis of ra d was measured at times
indicated. PKC phosphorylation did not affect o2-chimaerin GAP activity, even
in the presence of phosphatidylserine and/or phorbol ester (Fig. 23). In this
experiment, a 2-chimaerin was presumed to be phosphorylated, and further
experiments like electrophoretic mobility shift would be required to check the
extent of phosphorylation.

4.9 p45 chimaerin exhibited GAP activitv comparable to a2-chimaerin
p45 chimaerin partially purified from rat brain showed GAP activity on the
overlay assay (Fig. 8C, lane 02). To investigate its GAP activity in solution, p45
chimaerin or recombinant o2-chimaerin was incubated in solution in the
presence of phosphatidylserine with or without phorbol ester. p45 chimaerin
showed similar GAP activity to recombinant a2-chimaerin in the presence of
phosphatidylserine and/or phorbol ester (Fig. 24). This p45 chimaerin fraction
has been purified 400-fold on several chromatography columns (Table 1). This
fraction did not contain other rac GAPs on the overlay assay, although p45
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Fig. 23-Effect of PKC phosphorylation on recombinant a 2-chimaerin GAP
activity. Recombinant a 2-chimaerin, phosphorylated in vitro by PKC (P-SC in
Fig. 23A) or unphosphorylated (SC in Fig. 23B), was incubated in absence or
presence of phosphatidylserine (PS) and/or phorbol ester (PMA). The GAP
stimulated GTP hydrolysis of [/^P]GTP-rac1 was measured at time indicated.
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Fig. 24-Effect of phosphatidylserine and phorbol ester on p45-chimaerin GAP
activity. p45 chimaerin (p45) in Fig. 24A purified from the second Q-Sepharose
column was incubated in the presence of 100 pg/ml of phosphatidylserine (PS)
and /or phorbol ester (PMA). The GAP stimulated hydrolysis of [Y^^P]GTP-rac1
was measured at time indicated. Recombinant a 2-chimaerin (SC) at 50 ng was
similarly assayed for comparision in Fig. 24B.
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chimaerin was only a minor protein in this fraction (Fig. 8A and 8C, lane 0 2 ).

4.10 a2-chimaerin binds phorbol ester in the Zinc domain
a 1-chimaerin has been reported to bind phorbol ester via the cysteinerich domain in the presence of phosphatidylserine (Ahmed et al, 1990). The
phorbol ester binding domain of a 2-chimaerin is identical in sequence to a 1chimaerin (Hall et al, 1993). However, a i -chimaerin has N-terminal amino acid
residues capable of membrane binding, whereas a2-chimaerin has an Nterminal SH2 domain. To investigate whether the divergent N-terminal
sequences might affect phorbol ester binding, both a 1- and a 2-chimaerin were
incubated with phorbol esters in the presence of phosphatidylserine (Fig. 25).
Both a1- and o2-chimaerin (NC and SC, Fig. 25) bound phorbol esters through
the common Zinc domain, as the C-terminal GAP domain did not bind phorbol
esters (GO, Fig. 25).

4.11 a2-chimaerin phorbol ester binding could be inhibited bv phorbol ester
analogues
Phorbol ester binding to a1-chimaerin has been reported to be inhibited
by phorbol ester analogues like PMA and PAzBz (Ahmed et al, 1990). To
investigate whether the same analogues could inhibit phorbol ester binding to
a 2-chimaerin, recombinant a 2-chimaerin was incubated with increasing
concentrations of PMA (Fig. 26). PMA at 1 |xM gave 90% inhibition of binding,
while at 100 nM only 50% inhibition of binding was detected. At 1 nM and 10
nM of PMA, about 15% inhibition was obtained. PMAAL, a PMA analogue
which lacks the 0-20 hydroxy group, does not affect phorbol ester binding even
at 1 |xM. These data reflected the importance of stereospecificity of phorbol
ester binding to both a 1- and o2-chimaerin.

4.12 g2-chimaerin binds phorbol ester in the presence of other phospholipids
The binding of phorbol ester to recombinant a 1-chimaerin has been
reported to be dependent on the presence of phosphatidylserine, and other
lipids like phosphatidylinositol, phosphatidylcholine and
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Fig. 25-Phorbol ester binding by a2-chimaerin. Recombinant proteins of the Ctermina! domain GAP (CC), a1-chimaerin (NC) or a2-chimaerin (SC) was
incubated with buffer containing phosphatidylserine and 20 nM f H]PDBu. After
1 hr, the sample was filtered and washed as described in ’Methods and
Materials’. Non-specific binding (about 200 cpm) was subtracted from the data.
Experiment was repeated three times and showed similar results.
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Fig. 26-lnhibition of [^H]PDBu binding to recombinant a2-chimaerin by phorbol
ester analogue PMA and PMAAL. Recombinant a2-chimaerin (5 pg) was
incubated with 20 nM [^H]PDBu in the presence of phosphatidylserine and
either phorbol ester (PMA) from 1 nM to 1 pM or phobol ester analogue
(PMAAL) at 1 pM. Phorbol ester binding was measured by filter binding binding
assay as described in ’Methods and Materials’.
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phosphatidylethanolamine did not support phorbol ester binding (Ahmed et al,
1990). To investigate whether the N-terminal divergent sequences of o2chimaerin affects phorbol ester binding, a 2-chimaerin was incubated with
various lipids (Fig. 27A). Phosphatidylcholine (lane 2) and arachidonic acid
(lane 5) did not support phorbol ester binding, whereas inositol phospholipids
like

phosphatidylinositol,

phosphatidylinositol

4-monophosphate

and

phosphatidylinositol 4,5-bisphosphate (lanes 6 ,7 and 8), showed more phorbol
ester binding than phosphatidylserine and phosphatidic acid (lanes 3 and 4).
Fig. 27B shows the effects of phosphatidylserine and phosphatidylinositol on
phorbol ester binding to a 1- and a 2-chimaerin. a 2-chimaerin (SC) showed 2to

3-fold

higher phorbol

ester binding

phosphatidylserine, whereas a1-chimaerin

with

phosphatidylinositol than

(NC) showed less phorbol ester

binding with phosphatidylinositol than phosphatidylserine. The C-terminal
domain (CC) does not bind phorbol ester with either lipids (Fig. 27B).

4.13 Phosphatidvlinositol can svnergise with phorbol ester in stimulating a 2chimaerin GAP activitv
a 2-chimaerin bound phorbol ester in the presence of phosphatidylinositol
(Fig. 27) and phosphatidylinositol stimulated o2-chimaerin GAP activity (Fig.
20B).

To

investigate

whether

phorbol

ester

can

synergise

with

phosphatidylinositol in stimulating GAP activity, o2-chimaerin was incubated
with phosphatidylinositol and/or phorbol ester (Fig. 28). Phosphatidylinositol
stimulated GAP activity, and at 5 pg/ml of phosphatidylinositol, synergism with
phorbol ester was observed (Fig. 28).

4.14 Specificitv of a 2-chimaerin phorbol ester binding
The Kd for phorbol ester binding to a 1-chimaerin has been reported to
be 29 nM (Ahmed et al, 1990). To investigate if the N-terminal SH2 domain
affects the specificity of interaction of phorbol ester with o2-chimaerin, the effect
of increasing phorbol ester concentration was determined (Fig. 29). The binding
showed saturation characteristics typical of protein receptors with a Kd of 45
nM. The Protein Kinase C-y cysteine-rich domain expressed (in Sf9 cells) singly
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Fig. 27A-Effect on phospholipids on phorbol ester binding to a2-chimaerin.
Recombinant a2-chimaerin (5 pg) was incubated with 20 nM [^HJPDBu in the
absence (lane 1) or presence of different lipids (lane 2-8) at 100 pg/ml. The
lipids were lane 2, phosphatidylcholine (PC); 3, phosphatidylserine (PS); 4,
phosphatidic acid, arachidonyl, steroyl (PA); 5, arachidonic acid (AA); 6,
phosphatidylinositol (PI); 7, phosphatidylinositol 4-monophosphate (PIP) and 8,
phosphatidylinositol 4,5-diphosphate (PIP2).
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Phorbol ester binding was measured by filter binding assay as described in
’Methods and Materials’.
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Fig. 28-Effect of low concentration of phosphatidylinositol on a2-chimaerin GAP
activity. Recombinant a2-chimaerin (SC) at 50 ng was incubated with 5 pg/ml
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Fig. 29-Effect of increasing concentrations of [^H]PDBu on phorbol ester binding
to a2-chimaerin. Recombinant a2-chimaerin was incubated with increasing
concentrations of phorbol ester from 15 to 150 nM, and binding was determined
by filtration on GF/C filters as described in ’Methods and

Materials'. Non

specific binding (in the absence of protein) was determined over the range of
phorbol ester and subtracted from the data. Results presented are of a typical
experiment, with each point determined in duplicate.
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or in tandem has been found to have Kd values in the range of 21-41 nM for
phorbol ester binding (Burns and Bell, 1991). The C. elegans UNC-13 protein
(which has a cysteine-rich domain) has been shown to have a Kd value of 67
nM (Ahmed et al, 1992). Thus a2-chimaerin shows similar high affinity phorbol
ester binding to other proteins containing the cysteine-rich domain.

4.15 Zinc analysis of a2-chimaerin
Studies on a1-chimaerin. Protein Kinase C and UNC-13 provided
qualitative evidence that the cysteine-rich domains bind radioactive zinc, and
zinc is required to bind phorbol ester (Ahmed et al, 1991 ; 1992). a2-chimaerin
has identical zinc/phorbol ester binding domain to a1-chimaerin and showed
similar phorbol ester binding characteristics (Fig. 29). To determine the zinc
content of a2-chimaerin quantitatively, cx2-chimaerin was analysed for zinc by
atomic absorption spectroscopy (performed by Trever Delves). Fig. 30 showed
that zinc was present in the recombinant a2-chimaerin protein at a ratio of 1 to
1. The zinc content was similar whether a2-chimaerin was expressed and
purified in the absence or presence of 50 pM zinc chloride (Fig. 30). Thus o2chimaerin binds zinc similar to a1-chimaerin. The difference in stoichiometric
zinc measurements of o2-chimaerin to Protein Kinase C is discussed elsewhere
(see section 7.2).

4.16 Specificity of polyclonal antibodies to a2-chimaerin
The C-terminal antibodies had been raised to a1-chimaerin fusion
proteins and affinity purified with C-terminal fusion proteins by Clinton Monfries.
However this antibody recognized chimaerin and several cross-reacting bands
in brain cytosol (Fig. 4B). Antibodies to purified recombinant a2-chimaerin were
raised to facilitate further characterization of a2-chimaerin and is described in
'Methods and Materials’. This anti-o2-chimaerin antiserum was found to be
specific for chimaerin, as it detected the SH2, Zinc and GAP domains of
chimaerin (Fig. 31 A). Their binding was competed by preblocking the antiserum
with o2-chimaerin proteins (Fig. 31C). There was only slight cross-reactivity
with GST protein (lane 1, Fig. 31 A). A 70 kDa band detected in the different
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chimaerin constructs (Fig. 31 A) could be competed by preblocking the
antiserum with GST fusion protein purified from E. coli (Fig. 31B), indicating that
it is not chimaerin-related and probably is an E. coli contaminant. Another
immunoreactive band at 60 kDa was detected in the different constructs, but
it was not competed by preblocking with GST (Fig. 31B), suggesting that it is
a copurifying E. coli protein (possibly a heat-shock protein), or chimaerinrelated. This antibody (preblocked with GST) was shown to recognise mainly
p45 chimaerin but not p35-chimaerin, when subcellular fractions of rat brain
was assayed (Fig. 11E). The other antibody (raised against the C-terminal
protein) recognised both p45- and p35-chimaerin (Fig. 11B). The anti-o2chimaerin anti serum seemed to recognise the SH2 domain of a2-chimaerin,
and probably did not recognise the epitopes exposed by p35 chimaerin on the
western blot (Fig. 11E). This antiserum could be useful for further studies in
characterising o2-chimaerin, for example in immunoprecipitating SH2-binding
proteins.
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Fig. 30-Zinc analysis of recombinant a2-chimaerin. Recombinant a2-chimaerin
was expressed and purified in the absence or presence of 50 pM zinc chloride.
The amount of zinc bound to proteins are expressed in pmoI/I.
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Fig. 31-Characterization of polyclonal antibodies to a2-chimaerin. Proteins
expressing

domains

of a2-chimaerin
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analysed
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immunoreactivity. The proteins analysed were, lane 1)GST, 2)GST-SH2,
3)MBP, 4)MBP-Zn domain, 5)cleaved C-terminal GAP domain, 6)cleaved a2chimaerin. The proteins at similar concentrations were separated on 9%
polyacrylamide gels, western blotted and assayed with A)a2-antiserum, B)a2chimaerin antiserum preblocked with GST protein or C)a2-chimaerin antiserum
preblocked with a2-chimaerin protein.
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5.1 Phosphorylated a2-chimaerin binds cytosolic and membrane proteins and
shows dimerization

Labelling of a2-chimaerin bv phosphorylation
p45 chimaerin was found to be distributed in the cytosol and membrane
fractions of rat brain (Fig. 11). To investigate whether it interacts with other
proteins which could be targets or be involved in effector functions of o2chimaerin, o2-chimaerin was labelled by phosphorylation in wYroand incubated
with cytosolic and membrane proteins separated by SDS-PAGE and transferred
onto a nitrocellulose filter. To label o2-chimaerin, recombinant a2-chimaerin
was purified on a glutathione sepharose column and [®^P]-phosphorylated by
Protein Kinase C on the column. The [®^P]labelled a2-chimaerin was then
cleaved from its GST fusion protein by adding thrombin. f^P]-Protein Kinase C
phosphorylated a2-chimaerin appeared as a single band on the autoradiograph
(Fig. 32, lane 2). Protein Kinase C autophosphorylation appeared as a 70 kDa
band (Fig. 32, lanes 1 and 3). Two smaller but heavily phosphorylated bands
were seen in the unbound fraction (Fig. 32, lane 1) and are likely to be Protein
Kinase C breakdown products or E. coli proteins.

Detection of binding proteins
Several cytosolic and membrane binding proteins were detected by this
filter binding assay (Fig. 33). Cytosolic proteins of sizes 80 kDa, 60 kDa, 45
kDa, 35 kDa and 28 kDa were detected in the cytosol (lane 1 in Fig. 33). Some
of these proteins were enriched on S-sepharose column chromatography; the
40 kDa and 60 kDa bands bound and eluted with addition of salt (lanes 3 and
4, Fig. 33), while the other binding proteins remain unbound (lane 2 in Fig. 33).
A 30 kDa protein not detected in cytosol was enriched in the 0.1 M salt fraction
(lane 3, Fig. 33). Binding proteins were also detected in the membrane soluble
fraction (lane 6, Fig. 33), some of which had the same molecular weight as
those in cytosol; a 40 kDa protein eluted in the 0.2 M salt fraction (lane 8, Fig
33) was more abundant in the membrane than cytosolic fraction. Smaller
molecular weight proteins of 20 kDa were also detected (lanes 6 and 9, Fig.
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Fig. 32-[^^P]-labelling of a2-chimaerin with PKC. Recombinant a2-chimaerin
was purified on a glutathione sepharose-4B column, and phosphorylated in vitro
on the column. The column was washed (lane 1), and a2-chimaerin was
cleaved with thrombin (lane 2) to release a2-chimaerin, then the column was
eluted with 5 mM glutathione (lane 3). The three samples were loaded on a gel,
stained with coomassie, dried and autoradiographed.
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Fig. 33-[^^P]labelled PKC phosphorylated a2-chimaerin binds to cytosolic and
membrane proteins. Cytosolic and membrane proteins fractionated on an SSepharose column was loaded on 9% polyacrylamide gel and western blotted.
The nitrocellulose filter was incubated with [^^P]-labelled PKC phosphorylated
a2-chimaerin (1 pg/ml) overnight, washed and autoradiographed.
Cytosol (lane 1) was loaded on a S-Sepharose column, the unbound proteins
(lane 2), and the bound proteins were stepwise eluted with 100 mM NaCI
increments (0.1 to 0.3 M, lanes 3-5). Membrane proteins solubilized with 1%
deoxycholate (lane 6) was loaded on S-Sepharose column. Unbound proteins
(lane 7), and bound proteins were stepwise eluted with 0.2 and 0.4M NaCI
(lane 8 and 9). Recombinant rac (lane 10) and a2-chimaerin (lane 11) also
binds to phosphorylated a2-chimaerin.
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33). The 30 kDa cytosolic protein (lane 3, Fig. 33) was hardly detected in the
membrane fractions. Recombinant a1 dimerization has been detected on the
GAP overlay and by C-terminal-chimaerin antibody (Manser et al, 1992). o2chimaerin dimerization was detected when a2-chimaerin on nitrocellulose filter
was incubated with [^^P]-Protein Kinase C phosphorylated a2-chimaerin (lane
11, Fig. 33). However, p45 chimaerin in cytosol was not detected by this assay
probably because of its low abundance. Recombinant rac on nitrocellulose filter
also bound to phosphorylated o2-chimaerin (lane 10, Fig. 33).

5.2 The 60 kDa (p60) cytosolic protein binds to SH2 domain of a2-chimaerin
To investigate which of the a2-chimaerin domains bind to the cytosolic
proteins and to rac, the GAP domain (Fig. 34) and the SH2 domain (Fig. 35)
were [^^P]-Protein Kinase C-labelled in vitro and used as probes on the filter
binding assay. All the cytosolic binding proteins (lanes 1, 2 and 3), excluding
p60 (lane 4) bound to the GAP domain probe (Fig. 34B). GST-rac and cleaved
rac (lanes 5 and 6), but not GST fusion protein (lane 7) bound to the GAP
domain probe (Fig. 34B) and o2-chimaerin probe (Fig. 34A). All the cytosolic
binding proteins (lanes 1, 2 and 3, Fig. 35B) also bound to the SH2 probe, but
rac did not bind to the SH2 probe (data not shown). In summary, the
cytoplasmic proteins (except p60) that bind to o2-chimaerin bound through both
the GAP and SH2 domains. p60 was the only cytoplasmic binding protein that
bound via the SH2 domain, while rac bound via the GAP domain only.

5.3 g2-chimaerin binds rac. rho but not cdc42
a2-chimaerin has been shown to be a GAP (at lOOng) for rac, but not
rho or cdc in solution (Fig. 15). To investigate whether a2-chimaerin binds to
these proteins, the three p21rho subfamily proteins were incubated with
[32p]pKc labelled o2-chimaerin (Fig. 36). a2-chimaerin showed binding to ra d
(lane 1) more than rhoA (lane 2), but it does not bind to cdc42Hs (lane 3) on
nitrocellulose filter. All three proteins used in the assay were at similar
concentrations (Fig. 36B).
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Fig. 34-Rac and cytosolic proteins binding to C-terminal GAP domain of a2chimaerin. Recombinant rac and cytosolic proteins separated on S-Sepharose
column were loaded on 9% polyacrylamide gel, western blotted and overlayed
with A) [^^P]-PKC phosphorylated a2-chimaerin or B) [^^P]-PKC phosphorylated
C-terminal GAP protein at 1 pg/ml.
Cytosolic proteins were fractionated as described in Fig. 33. Unbound proteins
(lane 1) and bound proteins were eluted with 100 mM NaCI increments (0.1 to
0.3. lanes 2-4). Recombinant GST-rac (lane 5) or cleaved rac (lane 6) and GST
(lane 7) were also included.
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Fig. 35-Cytosolic proteins bind to SH2 domain of a2-chimaenn. Cytosolic
proteins were fractionated as described in Fig. 33. Unbound proteins (lane 1)
was collected and bound proteins were eluted with 0.1 and 0.2 M NaCI (lanes
2 and 3). The proteins were separated on 9% polyacrylamide gel, western
blotted and and overlayed with A) [32P]-PKC phosphorylated a2-chimaerin or
b)[32P]-PKC phosphorylated GST-SH2 containing protein.
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Fig. 36-a2-chimaerin binds to rho subfamily proteins with different affinities.
Recombinant GST-rac1 (lane 1), GST-rhoA (lane 2) and GST-cdc42Hs (lane
3) at 2 |ig were loaded on 9% polyacrylamide gel, and B)coomassie stained,
or A)western blotted and overlayed with [^^P]-PKC phosphorylated a2chimaerin.
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5.4 Specificity of a2-chimaerin to cytosolic proteins and rac
To further characterize the a2-chimaerin binding proteins, [^^P]Protein
Kinase C phosphorylated oc2-chimaerin was incubated with cytosolic proteins
and rac in the presence of competing proteins or with higher salt buffers (Fig.
37). The signal was not due to direct phosphorylation of proteins with
contaminating PKC as they showed binding even in the presence of excess
cold ATP (panel B) or H7, a Protein Kinase 0 inhibitor (panel 0). They exhibit
similar or slightly less a2-chimaerin binding as the control (panel A). Rac
binding seemed to be slightly competed by 10-fold excess Protein Kinase 0 phosphorylated o2-chimaerin (panel D), but did not seem to be competed by
10-fold excess unphosphorylated o2-chimaerin (panel E). Rac binding could be
effectively competed by 10-fold excess of GST-rac protein (panel I), most likely
by competing for the rac binding site on a2-chimaerin. The guanine nucleotide
state of rac on the nitrocellulose filter was further investigated (see below
section 5.5). The cytosolic proteins was slightly competed by 10-fold excess of
Protein Kinase C-phosphorylated (panel D) and by unphosphorylated o2chimaerin (panel E), but not by 10-fold excess GST-rac (panel I), suggesting
that

the

cytosolic

proteins

interact

with

both

phosphorylated

and

unphosphorylated forms of o2-chimaerin. The tight binding of cytosolic proteins
and rac to o2-chimaerin was demonstrated as washing the filters with salt
concentrations up to 0.5M (panels F, G and H) did not seem to affect binding
to these proteins.

5.5 GST-rac bound to GTP or GDP can compete for a2-chimaerin binding
Excess GST-rac was found to compete with immobilized rac for o2chimaerin binding (Fig. 37, lane I). The nature of the guanine nucleotide state
of rac is unclear, but it is assumed to be in the GDP state owing to intrinsic
hydrolysis, and purification on glutathione sepharose was performed without
addition of GTP. To investigate the nature of rac binding to a2-chimaerin,
binding was competed with excess rac bound to GTP or GDP (Fig. 38). A 10fold excess rac fully competed with immobilized rac for a2-chimaerin binding
(lane 1 in Fig. 38). Excess rac bound to GTP or GDP (lanes 2 and 3, Fig. 38)
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Fig. 37-Specificity of a2-chimaerin binding to cytosolic proteins and rac.
Cytosolic proteins (lane 1) and GST-rac1 (lane 2) were separated on 9%
polyacrylamide gel, western transferred ane overlayed with [^^P]-labelled PKC
phosphorylated a2-chimaerin in the absence (panel A) or presence of the
following; B) 1mM cold ATP; 0)100 pM H7, a PKC inhibitor; D)10-fold excess
PKC phosphorylated a2-chimaerin; E) 10-fold excess unphosphorylated a2chimaerin or 1)10-fold excess GST-rac. After an overnight incubation, the blots
were washed with buffer in presence of 0.2M NaCI (A-E and I) or for the other
blots with, F)0.3M NaCI, G)0.4M NaCI or H)0.5M NaCI.
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Fig. 38-Effect of rac binding to a2-chimaerin in the presence of nucleotides.
Rac on a nitrocellulose filter was overlayed with [^^P]-PKC phosphorylated a2chimaerin in the absence (lane 4) or presence of the following; 10-fold excess
G S T-rad (lane 1), 10-fold excess GST-raci bound to GTPyS (lane 2), 10-fold
excess GST-raci bound to GDPpS (lane 3) or 10-fold excess GST-rhoA (lane
5).
For lanes 2 and 3, GST-raci was preincubated with GTPyS or GDPpS for 30
mins at 30°C, before adding to the overlay mixture.
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partially competed for a2-chimaerin binding, whereas 10-fold excess rho protein
(lane 5, Fig. 38) showed similar binding to the control without added proteins
(lane 4, Fig 38). Rho also bound to a2-chimaerin although apparently at lower
affinity than rac (Fig. 36A). Rac in the empty state (without GDP or GTP added)
competed better than rac bound to GTP or GDP, suggesting tight binding of
empty-state rac to phosphorylated a2-chimaerin. Alternatively, rac could be
denatured by SDS-PAG electrophoresis which affected its ability to bind to o2chimaerin.

5.6 Purification of p60. a cytosolic a2-chimaerin binding protein
p60 bound to o2-chimaerin via the SH2 domain and not the GAP domain
(Fig. 34 and 35). To further characterize the protein, it was partially purified
from rat brain cytosol by a series of column chromatography. It was found to
co-purify with p45 chimaerin in the initial steps of purification (Fig. 39). Rat
brain cytosol extract was initially loaded onto an S-sepharose column. p60
binds to the column and eluted with 0.2M salt, as with p45 chimaerin elution
(lane S0.2, Fig. 39). This fraction was then loaded onto a Q-sepharose column
and p60 eluted with 0.2 M salt (lane Q0.2, Fig. 39); p45 chimaerin had been
shown to elute with 0.2 and 0.3M salt fraction on this column (Fig. 7). The p60
containing fraction (200 mM salt fraction) was loaded onto a Zinc chelating
sepharose column. p60 eluted in two pools, one with wash buffer at pH6 (lane
ZnpH6, Fig. 39) and another with buffer containing 50 mM imidazole (lane
Zn50mM, Fig. 39). In this column, p45 chimaerin eluted with 50 mM imidazole
only.

The

two

pools

of

p60

could

represent

modified

forms

(e.g.

phosphorylation) of p60 or partial dissociation of chimaerin-p60 complex. The
p60 containing fraction from the 50 mM imidazole eluant was then loaded onto
a phenyl sepharose column. The p60 was eluted with buffer containing 0.2 M
ammonium sulphate (lane PS0.2, Fig. 39), but p45 chimaerin was eluted in a
later fraction (lane PSDOC, Fig. 39), hence p60 was purified away from p45
chimaerin.
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Fig. 39-Purification of a 60 kDa protein that binds to a2-chimaerin. p60 was
purified from cytosol on S-Sepharose (S), Q-Sepharose (Q), zinc chelating
Sepharose (Zn) and Phenyl Sepharose (PS) as described in ’Methods and
Materials’. 25 pi of each sample was loaded onto 9% polyacrylamide gel,
western transferred and overlayed with [^^P]-PKC phosphorylated a2-chimaerin.
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5.7 p 60 binds to a2-chimaerin on a column
p60 has been partially purified and analysed by its binding to
phosphorylated a2-chimaerin on an overlay assay (Fig. 39). To determine if
a2-chimaerin can interact with native p60 under more physiological conditions,
a2-chimaerin bound to a glutathione sepharose was phosphorylated by PKC
in vitro and incubated with the p60 containing phenyl sepharose fraction, and
eluted with high salt and glutathione (Fig. 40). A small fraction of p60 binds to
a2-chimaerin and was eluted with glutathione (lane 4, Fig. 40). A small fraction
of p60 did not bind to the column (lane 2, Fig. 40), but no p60 was eluted with
0.5 M salt (lane 3, Fig. 40), indicating tight binding of p60 to phosphorylated o2chimaerin. A majority of p60 probably still remained in the column after elution
of o2-chimaerin with glutathione, and is eluted with SDS laemmli sample buffer
(data not shown). Phosphorylated a2-chimaerin eluted from the column (as 70
kDa) showed dimerization (lane 4, Fig. 40) with [®^P]Protein Kinase 0
phosphorylated o2-chimaerin on the filter binding assay.

5.8 Separation of p60 on a two dimensional gel
The p60 containing fraction from the phenyl sepharose column was next
purified on a two dimensional gel (Fig. 41). On the filter binding assay, 2 spots
of 60 kDa were detected (Fig. 41B), with the darker spot being more basic.
When compared with the coomassie stained gel (Fig. 41 A), the basic spot was
found to be a single spot at the basic end separated from the other
contaminating proteins. p60 at this stage could thus be sent for peptide
sequencing.

5.9 Analvsis of peptide sequences of p60
The two-dimensional gels were stained with CuClg and the single spot
was carefully cut out, dried and sent for typtic digest and peptide sequencing
performed by Robin Phi Ip (IMCB, Singapore). A short N-terminal and six tryptic
peptides were sequenced (Fig. 42). However none of the peptides correspond
to any known protein sequence from the PIR (Protein Identification Resource)
protein database, indicating that it is a novel protein. One of the tryptic peptides
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Fig. 40-p60 binding to PKC phosphorylated a2-chimaerin on a glutathione
sepharose column. Recombinant a2-chimaerin was purified on a glutathione
sepharose column, and phosphorylated by PKC in vitro on the column. A p60
containing fraction from the phenyl sepharose column (lane 1) was added and
incubated overnight. After washing the unbound (lane 2), proteins were eluted
with 0.5 M NaCI (lane 3) and then with 5 mM glutathione (lane 4). 25 pi of each
fraction was loaded on 9% polyacrylamide gel, western blotted and overlayed
with [^^P]-PKC phosphorylated a2-chimaerin.
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Fig. 41-Two dimension gel of p60 from phenyl sepharose column. A p60
containing fraction from phenyl sepharose column was separated on a second
dimensional gel as described in ’Methods and Materials’, and either coomassie
stained (blot A) or blotted and overlayed with [^^P]phosphorylated a2-chimaerin
(blot B).
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Peptide 1

SVYIAPVHNVTVY

Peptide 2

ISVS-S

Peptide 3

FQMP-QGMTSA-F

Peptide 4

-AFVTSPPLSPEP

Peptide 5

-LDLGITGPE-HVLS

Peptide 6

MLHQSGFALSTAQID

N-terminal peptide

-STDAA

Fig. 42-Peptide sequences of p60 , an a2-chimaerin binding protein. p60 was
purified on a 2-dimensional gel as described in ’Methods and Materials’, stained
with CuClg and dissected out for tryptic digest and peptide sequencing. Six
tryptic peptides and one N-terminal peptide were sequenced.
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showed similarity to the consensus sequence of MAP kinase substrate (Fig.
43). Proteins with this consensus sequence like myelin basic protein, epidermal
growth factor receptor, S6 kinase, myc and jun have been shown to be MAP
kinase substrates (Clark-Lewis et al, 1992). Another peptide showed similarity
to the motifs that bind to the SH2 domain of phospholipase Cy (Fig. 43).
Proteins like platelet-derived growth factor (PDGF) and erb B2 also have the
same consensus sequence and have been shown to bind to the SH2 domain
of phospholipase Cy in vitro (Songyang et al, 1993).

5.10 d60 does not affect the a2-chimaerin GAP activitv
Since p60 interacted with the SH2 domain of a2-chimaerin (Fig. 35), the
possibility that p60 binding could affect a2-chimaerin GAP activity was
investigated. oc2-chimaerin was incubated with the p60 containing fraction from
the phenyl sepharose column, or with the control buffer and the GAP stimulated
GTP hydrolysis was measured (Fig. 44). The p60 fraction slightly inhibited cx2and a1-chimaerin GAP activity (8 0 and NO, Fig. 44), but did not affect the 0 terminal GAP activity (GO, Fig. 44). However inhibition was seen in the control
buffer, which probably contains residual ammonium sulphate, although the
buffer was dialysed overnight before doing the GAP assay. This buffer did not
affect the C-terminal GAP activity (GO, Fig. 44) which suggest that ammonium
sulphate interferes with GAP activity via the zinc domain of chimaerin. The zinc
domain

of a2-chimaerin

has been

shown to bind phospholipids like

phosphatidylserine (Fig. 19A) which stimulate its GAP activity. To further
investigate whether ammonium sulphate would also affect phosphatidylserinestimulated GAP activity, o2- or a1-chimaerin (SG and NG, Fig. 45) was
incubated with phosphatidylserine in the presence of the p60-containing fraction
or with control buffer and the GAP stimulated GTP hydrolysis was measured
(Fig. 45). Both the p60 containing fraction (p60) and the control buffer (buffer)
inhibited the phosphatidylserine-(PS) stimulated GAP activity of o2- and a1chimaerin (SG and NG), but the G-terminal domain (GG) was not affected by
phosphatidylserine or the control buffer, indicating that ammonium sulphate
affects GAP activity by interacting with the zinc domain of chimaerin. The effect
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Peptide 1
PLCy SH2 binding

SVYIAPVHNVTVY
YIXP
V

Peptide 4
MAP kinase substrate

AFVTSPPLSPEP
XPXSP
L T

Fig. 43-Comparison of two p60 peptides with known consensus sequences of
MAP kinase phosphorylation sites and SH2 binding site of PLCy.
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Fig. 44-Effect of p60 a2-chimaerin binding protein on its GAP activity.
Recombinant a2-chimaerin (SC in Fig. 44A), a1-chimaerin (NC in Fig. 44B) or
C-terminal GAP protein (CC in Fig. 44C) was incubated with the p60 containing
fraction from phenyl sepharose column (P60) or with control buffer (Buffer). The
GAP stimulated hydrolysis of [^^P]GTP-rac1 was measured at time indicated.
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Fig. 45-Effect of p60 a2-chimaerin binding protein on phosphatidylserine
stimulated GAP activity. Recombinant a2-chimaerin (SC in Fig. 45A), a1chimaerin (NC in Fig. 45B) or C-terminal GAP protein (CC in Fig. 45C) was
incubated with p60 from the phenyl sepharose column (P60) or with control
buffer (Buffer) in the absence or presence of phosphatidylserine (PS). The GAP
stimulated hydrolysis of [^^P]GTP-rac1 was measured at time indicated.
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of fully dialyzed p60 on the a2-chimaerin GAP activity was not investigated.

5.11 p 60 is a potential MAP kinase substrate
Since p60 chimaerin binding protein contains consensus sequence of a
MAP kinase substrate (Fig. 43), its phosphorylation by this enzyme was
investigated. The p60 containing fraction from phenyl sepharose column was
incubated in a reaction mixture in the presence of MAP kinase (Fig. 46C). This
p60 containing fraction was phosphorylated by MAP kinase, and 2 major
phosphorylated bands of 70 and 60 kDa were detected (lane 10 in Fig. 46C).
The MAP kinase autophosphorylated band was detected as a 42 kDa protein
(Fig. 46C). Myelin basic protein, a known substrate of MAP kinase, was also
phosphorylated (Fig. 46C). This p60 containing fraction has several proteins
similar in size to p60 (Fig. 41), therefore the phosphorylated 60 kDa band may
be due to any of these proteins; a two-dimensional gel electrophoresis would
be required to determine this. This p60 fraction was also tested as a substrate
for Protein Kinase C (lane 1 in Fig. 46A), Protein Kinase A (lane 5 in Fig. 46B),
and p60c-src kinase (lane 14 in Fig. 46D) activity. The p60-containing fraction
was poorly phosphorylated by these 3 kinases compared to o2-chimaerin. o2chimaerin, on the other hand, showed more phosphorylation by PKA, PKC and
p60c-src kinase (lanes 2, 6 and 15 in Fig. 46A, B and D) compared to p60.
Histone (lanes 3, 7 and 16) was included as positive controls for PKA and PKC
substrates (Fig. 46A and 46B). These data suggest that p60 is a possible MAP
kinase substrate, and further purification of p60 to homogeneity would be
required to confirm that it is a MAP kinase substrate, although it does contain
a potential phosphorylation site.
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Fig. 46-p60 is a potential MAP kinase substrate in vitro. Partially purified p60
(from phenyl sepharose column) or recombinant a2-chimaerin (a2) was
incubated in a reaction mixture containing A)PKC (lanes 1-4), B)PKA (lanes 58), C)MAP kinase (lanes 10-13) or D)p60 c-src (lanes 14-18) in the presence
of [y^^P]ATP. After incubation at 30°C for 15 mins, an equal volume of sample
buffer was added to stop the reaction. 40 pi of each aliquot was loaded on 9%
polyacrylamide gels and autoradiographed. Control proteins (histone or myelin
basic protein [MBP]) are included. Lane 9 represents p60 autophosphorylation.

169

CHAPTER 6

DISCUSSION 1
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Characterization of native GAPs for the rho subfamily including chimaerin
6.1 Detection of multiple GAPs for the rho subfamily
Using the GAP overlay assay, six GAPs differing in molecular mass, p21
substrate specificity and tissue distribution, which act on the rho subfamily
proteins were detected (Manser et al, 1992). The 45 kDa rac GAP detected in
brain and testis is identified as chimaerin. Other GAPs with similar molecular
mass to Bor, rasGAP-associated pi 90 (Settleman et al, 1992a), Abr (Tan et al,
in press) and PI3-kinase 85 kDa subunit were also detected, but not the 29 kDa
rho-GAP (Garrett et al, 1991) or 25 kDa cdc-GAP (Hart et al, 1991a). These
GAPs are either inactivated by dénaturation on SDS-gel electrophoresis or are
derived from larger proteins. Some of the different sized-GAPs could represent
different proteins, alternate splice products of the same GAP or breakdown
products. Both recombinant and brain chimaerin exhibit similar selectivity for a
single substrate (rac) both in solution and overlay assays. The other GAPs,
however, interact with several p21s; p50- and pi 50-GAP, acts as GAPs for all
three p21s. They are ubiquitous in rat tissues, whereas pi GO rac1/cdc42Hs
GAP and a minor pi 20 GAP are brain specific (Manser et al, 1992).
Besides GAPs, proteins of 60-65 kDa that bind tightly with rac-GTP and
cdc42Hs-GTP and appear to inhibit GTPase activity have also been identified
(Manser et al, 1992). Recently, screening of a human hippocampal expression
library with [/^P]GTP-cdc42Hs led to the isolation of a cDNA encoding a
tyrosine kinase that specifically binds GTP-bound cdc42Hs. This binding is
mediated by a 47 amino acid sequence C-terminal to an SH3 domain and
inhibited both the intrinsic and GAP stimulated GTPase activity of cdc42Hs
(Manser et al, 1993). On the basis of substrate specificity and size, this
cdc42Hs-binding protein is unlikely to correspond to the hippocampal 60-65 kDa
cdc42Hs/rac1 -binding proteins detected by the GAP overlay assay (Manser et
al, 1992). One of these latter proteins, which interacts with both rad and
cdc42Hs, has been purified from rat brain cytosol using immobilized GTP-bound
cdc42Hs (Manser et al, 1994). This 65 kDa protein inhibited the intrinsic
GTPase activity of both ra d and cdc42Hs, and the Bor GAP stimulated
hydrolysis of these two p21s. A GDI which inhibits the intrinsic and GAP
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Stimulated hydrolysis of cdc42Hs and rac has been identified (Hart et al, 1992;
Chuang et al, 1993). However it is unlikely that any of these cdc42Hs/rac
binding proteins correspond to GDI as the E. coll expressed p21s were used
for the overlay assay, and unprocessed p21s have been shown not to interact
with GDI (Ueda et al, 1990). Furthermore, the cdc42Hs/rac1 binding proteins
require the GTP-bound form of p21 only, whereas GDI has been shown to form
a stable complex with both rac and rho in both the GTP- and GDP-bound form
(Hancock and Hall, 1993).

6.2 GAPs for the rho subfamilv are widelv expressed in the brain
Brain cytosol contained rac GAPs of 45, 50, 85, 100, and 150 kDa as
well as the 60-65 kDa cdc42Hs/rac1-binding proteins. Detergent-extracted ra d
GAPs were similarly sized to cytosolic GAPs in rat brain, pi 50- and p50-GAPs,
which acted on all three p21s, were ubiquitously expressed in brain regions,
with pi 50 GAP being enriched in cerebral cortex and olfactory bulbs, and p50
GAP in the pituitary, pi 00 GAP, which was brain specific and acted on ra d
and cdc42Hs, had a similar distribution to pi 50 GAP. The p85- and pi 20 GAP
were only weakly detected but widely distributed in brain. Interestingly, rat
pituitary has lower abundance of the other GAPs compared to the p50 GAP,
and this p50 GAP could represent a major regulator of the GTPase activity of
rho-related proteins in the pituitary. The 60-65 kDa cdc42Hs/rac1-binding
proteins were also abundant in all rat brain regions tested. They can be
resolved into three species (Manser et al, unpublished data); the 65 kDa
species was enriched in cerebral cortex and olfactory bulbs. Interestingly, the
pituitary has a lower abundance of the 60-65 kDa cdc42Hs-GIPs, and a 160
kDa cdc42Hs-GIP is detected only in the pituitary. A similar sized cdc42Hs-GIP
has been detected in other rat tissues (Manser et al, 1992). This 160 kDa
cdc42Hs-GIP could represent the major GTPase activity inhibiting protein in the
pituitary.

The

p45

rac

GAP

coincided

with

an

C-terminal-chimaerin

immunoreactive band. There was no other correlation of immunoreactivity with
GAP activity (except p35- and p45- chimaerin, see Fig. 11), ruling out the
possibility that the higher molecular weight bands correspond to multimers of
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a1-chimaerin or immunologically related GAPs. p45 was widely expressed in
the brain except in the cerebellum, where a slightly larger GAP of 47 kDa was
detected. This cerebellum specific p47 GAP acts on rac, not rho or cdc, and is
related to p-chimaerin (Leung et al, 1993) which is further described in section
6.7 of Discussion. The heterogeneity of brain GAPs and cdc42Hs/rac1-binding
proteins suggest a fundamental role involving regulation of rac-mediated signal
transduction pathways.

6.3 Subcellular distribution of GAPs in the brain
Upon subcellular fractionation, the membrane GAPs (which included p45
chimaerin) were mainly localized to the microsomal and synaptosomal fraction,
and not found in the myelin nor mitochondrial membranes. Interestingly, a
smaller GAP of 35 kDa was detected only in the microsomal fraction, and it
acted only on rac. This p35 GAP was also detected by C-terminal-chimaerin
antibodies. The synaptosomal GAPs could be solubilized with 2% Triton X-100
and were not found in the Triton-insoluble fraction. This Triton-insoluble fraction
contains the post-synaptic density, which has been regarded as a specialized
region of the neuronal membrane cytoskeleton (Tanaka et al, 1991). However,
a 75 kDa GAP which specifically acted on cdc42Hs was detected in this fraction
(Fig. 11D), suggesting it is tightly associated with cytoskeletal network, and may
have a role in the control of synaptic processes. A small fraction (approximately
5%) of Protein Kinase 0 (identified as the pil-subspecies) associates with this
fraction in rat brain synaptosomes (Tanaka et al, 1991). The localization of
GAPs in synaptosomes suggest their involvement in transmitter release, ion
channel modulation, long-term potentiation, and neuronal development and
regeneration.

6.4 Purified brain p45 chimaerin contains a2-chimaerin peptide sequence
Purification of o45 chimaerin
p45 chimaerin was purified from rat brain cytosol (excluding cerebellum)
by a series of column chromatography and detected by the GAP overlay assay
and by immunoreactivity to C-terminal-chimaerin antibodies (Fig. 7). The

173

primary S-sepharose fraction (eluted with 100-200 mM NaCI) was found to
contain the bulk of the p45 chimaerin separated from the other GAPs. This Ssepharose fractionation resulted in 3-fold purification of p45 chimaerin (Table
1). This fraction containing p45 chimaerin and the cdc42Hs/rac1-binding
proteins, was then subjected to Q-sepharose chromatography; two peak
fractions (100-300 mM NaCI) were pooled and applied to a zinc chelating
sepharose. The Q-sepharose column allowed another 7-fold purification of p45
chimaerin (Table 1). The zinc chelating column removed remaining GAPs and
separated the cdc42Hs/rac1 binding proteins from p45 chimaerin, and resulted
in a 2-fold purification. The p45 chimaerin-containing fraction (20-50 mM
imidazole) was then loaded onto a phenyl sepharose column, resulting in
another 2-fold purification. A 30 kDa immunoreactive band still copurified with
p45 chimaerin on this column. However on the hydroxylapatite column, the p30
immunoreactive band was removed from p45 chimaerin. After the Zinc chelating
FPLC column and another Q-sepharose column, p45 chimaerin was found to
be purified approximately 400-fold (Table 1).

Peptide sequence analvsis of p45 chimaerin
Sequence analysis of p45 chimaerin in the final Q-sepharose fraction,
removed after SDS-PAGE by transfer to a PVDF membrane, revealed a
blocked N-terminus. This protein was thus not derived by proteolysis of a larger
GAP. Two tryptic peptides each differed by one amino acid from sequences 1829 and 430-439 of human oc2-chimaerin predicted from the cDNA (Fig. 9 and
10A). The C-terminal peptide sequence was identical to the predicted rat
sequence. Thus, p45 chimaerin purified from rat brain likely corresponds to o2chimaerin.

p45 chimaerin as a candidate for a2-chimaerin
a2-chimaerin cDNA encodes a putative product of approximately 50 kDa
(Hall et al, 1993). p45 chimaerin comigrated with recombinant a2-chimaerin on
SDS-gel electrophoresis (Fig. 14B) and both were immunoreactive to 0 terminal-chimaerin antibodies. The brain distribution of p45 chimaerin correlated
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with mRNA expression of a2-chimaerin on in situ hybridization. a2-chimaerin
mRNA is widely distributed with highest levels in cortex and hippocampus, and
barely detected in adult cerebellar granule neurons (Hall et al, 1993). In the
cerebellum, a2-chimaerin mRNA is detected in embryonic brain, but decreased
after 15 days. o2-chimaerin mRNA expression in brain and testis (Hall et al,
1993) also correlates with the tissue distribution of p45 chimaerin (Manser et
al, 1992).

q2-chimaerin mRNA encodes a splice variant of chimaerin with a N-terminal
SH2 domain
Four a2-chimaerin cDNAs have been isolated from screening of the
human retinal and hippocampal libraries (Hall et al, 1993). a l -chimaerin cDNA
encodes a zinc/phorbol ester receptor and a p21 rac GAP (Hall et al, 1990; Lim
et al, 1992). a2-chi maeri n is a splice variant of a1-chimaerin with an additional
N-terminal SH2 domain and both mRNAs were 2.2 kb (Hall et al, 1993). The
N-terminal 58 amino acid sequence in a1-chimaerin is absent in a2-chimaerin,
instead a2-chimaerin has an additional 183 amino acids before the zinc/phorbol
ester binding and GAP domains. a2-chimaerin share similar mRNA sequence
to a1-chimaerin from nucleotide 663 of a1-chimaerin onwards to the 3’ end.
The a2-chimaerin SH2 domain shares 40% amino acid sequence homology
with the SH2 domains in rasGAP, Abl and p60c-src kinase (see Fig. 47). The
SH2 domains in other proteins has a conserved tryptophan residue at the start
which is absent in o2-chimaerin SH2 domain. The conserved arginine residues
and the (F/Y)L(I/V)RES phosphotyrosine-binding sequence are however present
in o2-chimaerin SH2 domain. Thus o2-chimaerin is a multi-functional protein
with 3 different domains. Interestingly, a2-chimaerin shares two similar domains
with two other proteins; vav (SH2 and phorbol ester binding domain) and PI3kinase (SH2 and GAP domain). To date, o2-chimaehn is the only other
reported SH2-contain|ng GAP for the p21s, beside pi 20 rasGAP (Vogel et al,
1988; Trahey et al, 1988). RasGAP associates with receptors and cytoplasmic
proteins in signalling complexes via the SH2 domains (Ellis et al, 1990). The
chimaerin SH2 domain binds specific phosphoproteins (of molecular mass 120
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Fig. 47-Sequence comparison of a2-chimaerin SH2 domain. The highlighted
areas represent conserved residues between chimaerin and other protein
sequences.
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kDa, 80 kDa, 60 kDa and 38 kDa) from growth factor stimulated PCI 2 cells in
vitro (Hall et al, 1993). Phosphorylation of the above proteins is increased in
NGF,

aPGF

and

EGF-treated

cells.

Abl

SH2

binds

similarly

sized

phosphoproteins as a2-chimaerin, except the 38 kDa protein which is specific
to chimaerin SH2. PLCy SH2 binds a similarly sized 38 kDa protein which is
phosphorylated on tyrosine in NGF-treated PCI 2 cells (Ohmichi et al, 1992).
The chimaerin SH2 does not bind to activated EGF receptor overexpressed in
A431 cells (Hall et al, 1993). a2-chimaerin represents the first protein in which
an SH2 domain is derived from alternative splicing, suggesting a different
control mechanism for chimaerin isoforms which share similar catalytic and
regulatory domains with different cellular targets.

6.5 Abundance of d 45 chimaerin
p45 chimaerin was purified approximately 400-fold with an overall yield
of 17% (Table 1). The partially purified p45 chimaerin containing fraction was
shown to be active in solution, and could be stimulated by phosphatidylserine
in a similar fashion to recombinant a2-chimaerin. At the end of purification, p45
chimaerin represented only 2% of the total soluble proteins on the second Qsepharose column (Table 1). p45 chimaerin constituted approximately 0.004%
of total soluble proteins in rat forebrain. RasGAP purified from bovine brain
cerebra was reported to constitute similar abundance (< 0.01%) and like p45
chimaerin, is also mainly cytosolic (Gibbs et al, 1988). A 28 kDa rho GAP has
been purified from bovine adrenal gland and the cytosol contained 60% of the
activity, and the activity was also in membranes of the 10,000Xg and
100,000Xg pellet fraction (Morii et al, 1991). The subcellular distribution is
similar to that of p45 chimaerin (Table 2), where 75% of p45 chimaerin was
cytosolic. Similar distribution of rac protein has been reported (Hall, 1990). It
has been proposed that some of the p21 GTP binding proteins are translocated
from the cytoplasm to the membrane upon physiological stimulation where they
exert their action (Bourne et al, 1990). Similar distribution of rac and p45
chimaerin may indicate that chimaerin GAP translocates and works on rac
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protein of both locations. Translocation of rasGAP to the membrane fraction
upon growth stimulation has been reported (Molloy et al, 1989; Kaplan et al,
1990).

6.6 p 35 chimaerin as a candidate for a1-chimaerin
The p35 putative chimaerin rac GAP, on the other hand, was detected
mainly in the detergent-extracted membrane fraction in rat brain (Fig. 12). This
protein exhibited similar fractionation charateristics as o2-chimaehn on an Ssepharose column. The p35 chimaerin membrane GAP was detected in brain
cortex, weakly detected in cerebellum and not found in testis (Fig. 13). a1chimaerin mRNA encodes a predicted product of 38 kDa. The mRNA is widely
distributed in the adult brain (Hall et al, 1990; 1993). Its expression is brain
specific and was not detected in the testis (Hall et al, 1993). In the cerebellum,
a1-chimaerin mRNA expression is restricted to Purkinje neurons (Hall et al,
1993) and it showed developmental increase coincident with synaptogenesis
(Lim et al, 1992), suggesting a role in specific neuronal signalling pathway. The
recombinant a1-chimaerin exhibited rac GAP activity both in solution and by the
overlay assay (Manser et al, 1992). a l -chimaerin mRNA has a long 5’ UTR
with potential stable secondary structure formation (Lim et al, 1992). The mRNA
also has upstream ATG codons with potential translational control. Thus, low
levels of protein may explain the difficulty in isolating the putative product of a1chimaerin mRNA. Alternatively, this protein may be unstable as suggested by
its apparent loss during subsequent purification from rat membrane fraction.
The membrane

distribution of p35 chimaerin could be attributed to the N-

terminal amino acid sequence found in a1-chimaerin, but not in a2-chimaerin.
This additional region (25-35 amino acid residues from the N-terminal
sequence) has the capacity of forming an amphipathic helix, thereby exposing
a hydrohobic domain with membrane-binding potential (Lim et al, 1992).
Membrane binding of p35 chimaerin could affect the interaction of adjacent
cysteine-rich domain with phospholipids or DAG, thereby modulating its GAP
activity. The microsomal localization of p35 chimaerin suggest a role in signal
transduction within the endoplasmic reticulum and its possible involement in
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transport and secretion. The chimaerin homologue (97% identity at the amino
acid sequence level) highly expressed in canary brain song circuit areas
exhibiting neuronal plasticity (George and Clayton, 1992) corresponds to a1chimaerin. Thus, a t - and a2-chimaerin are expressed in neurons in brain
regions that are involved in learning and memory processes and may have a
specialized role in rac mediated neuronal signalling.

6.7 p 30 g a p as a candidate for B-chimaerin
A weak 30 kDa rac GAP was detected in detergent-extracted fraction in
rat testis, indicating membrane association. Like at-chimaerin, p-chimaerin
lacks an SH2 domain and contains a short N-terminus with low similarity (about
30%) to a1-chimaerin (Leung et al, 1993). It encodes a putative product of 34
kDa. The p-chimaerin mRNA is testis specific and developmentally regulated
(Leung et al, 1993). Its expression is stage specific and coincides with
acrosomal assembly at late stages of spermatogenesis. a2-chimaerin mRNA
is also expressed in testis, although at different developmental stages (Hall et
al, 1993). (x2-chimaerin was expressed in early pachytene spermatocytes,
whereas in their later development, only p-chimaerin mRNA is present (Leung
et al, 1993). Testis p30 rac GAP is membrane-associated like p35 chimaerin
rac GAP. The similar expression pattern of chimaerin isoforms in brain and
testis suggest a related role of chimaerin in these tissues regulated by different
cellular components. Interestingly, a Drosophila protein (rotund) homologous to
a1-chimaerin (containing both cysteine-rich and rac GAP domains with 30%
identity) is encoded by mRNA expressed only in certain imaginai disc and
primary spermatocytes (Agnel et al, 1992).
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Characterization of recombinant chimaerin
7.1 Recombinant a2-chimaerin is a phorbol ester receptor
The 01 cysteine-rich region of Protein Kinase 0 is responsible for
phospholipid dependent phorbol ester binding (Ono et al, 1989b). The Nterminal region of a1- and a2-chimaerin has approximately 50% amino acid
sequence identity with the cysteine-rich phorbol ester binding domain of Protein
Kinase 0 (Hall et al, 1990 and Fig. 48). Site-directed mutagenesis have shown
that cysteine-3 and -4 of the cysteine-rich motif of rat brain y-PKC are essential
for phorbol ester binding (Ono et al, 1989b). Cysteine-rich motifs are present
in a variety of transcription factors, including GAL4, El A and the steroid
hormone receptors. The cysteine-rich motif found on PKC is different from both
that are found in the glucocorticoid receptor (Hard et al, 1990). The C. elegans
UNC-13 gene product (Ahmed et al, 1992), PKC, a i - and a2-chimaerin (see
Fig. 25) have been shown to be a specific phorbol ester receptor.

7.2 Characteristics of a2-chimaerin phorbol ester binding
The characteristics of phorbol ester binding to a1-chimaerin and PKC
have been shown to be similar, including phospholipid and zinc-dependence,
stereospecificity, high affinity and competition with DAG (Ahmed et al, 1990;
1991 ). The binding of phorbol esters to PKC and a1 -chimaerin is dependent on
the presence of the phospholipids with specificity for phosphatidylserine.
Interestingly,

inositol

phospholipids,

like

PI,

PIP,

PIPg in addition to

phosphatidylserine, support phorbol ester binding to o2-chimaerin (Fig. 27). PI
was 2- to 3-fold more potent than PS in supporting phorbol ester binding. At
limiting concentrations of PI, phorbol ester was shown to synergise with PI in
stimulating a2-chimaerin GAP activity (Fig. 28). Kochs et al (1993) have
demonstrated that PI was the most potent among phospholipids in substituting
for PS as a cofactor of activation of PKC, whereas PIPg was as effective as
DAG in activating PKC a and pi isoforms. The phosphoinositides were found
to exhibit a striking capacity to act as potent activators or cofactors that are
reciprocally dependent on the number of phosphate groups present (Kochs et
al, 1993). The differences in phorbol ester binding in the presence of PI by a1-
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Fig. 48-Sequence comparison of the phorbol ester binding domain. The
highlighted areas represent conserved residues between chimaerin and other
proteins. The asterisks (*) indicate cysteine residues.
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and (x2-chimaerin may be attributed to the divergent upstream sequences like
the alternate N-terminal SH2-containing domain of a2-chimaerin or to
conformational differences between a1- and o2-chimaerin. Thus a2-chimaerin
rac GAP has the capacity to respond to both phosphoinositide and SH2-linked
tyrosine kinase signalling pathways. The Kd for PDBu binding to PKC, UNC-13,
a1- and o2-chimaerin are in the nanomolar range. This binding was further
investigated by allowing PDBu to compete with phorbol ester analogues in
binding to o2-chimaerin (Fig. 26). PMA has been shown to be a potent inhibitor
of PDBu binding for PKC (Niedel et al, 1983). PMAAL does not affect PDBu
binding, owing to changes in the phorbol ester molecule thought to be essential
for high affinity binding to PKC. PMA was found to inhibit PDBu binding similar
to a1-chimaerin whereas PMAAL was ineffective (Fig. 26).
Atomic absorption measurements on intact Protein Kinase C-a, -p and Y, indicated that 4 zinc atoms were bound per Protein Kinase C molecule
(Quest et al, 1992). These Protein Kinase C isoforms has two cysteine-rich
motifs, and has been postulated to form a structure of a Zn(ll)2Cys6 binuclear
cluster similar to GAL4. a2-chimaerin was found to bind zinc at a ratio of 1. The
discrepancy could be attributed to the method of determination of protein
concentrations; for Protein Kinase C, a Amidochwarz dye binding method was
employed (Quest et al, 1992), whereas for a2-chimaerin, the Bradford protein
dye reagent kit was used. The zinc content of the atypical Protein Kinase C
with only 1 cysteine-rich domain has not been reported. Alternatively,
recombinant a2-chimaerin expressed in E. coli was used for this assay and the
protein may be incorrectly folded without zinc. A possible structure for o2chimaerin would be the Cys4 'zinc finger’ motif similar to those of the
glucocorticoid receptor (Hard et al, 1990) although it has the same consensus
sequence as PKC. Further structural studies would be required to support this
hypothesis. Recent experiments suggest that the cysteine-rich phorbol ester
binding domain of raf-1 kinase binds ras and acts downstream of ras (Warne
et al, 1993).

183

7.3 g2-chimaerin is a rac GAP
The C-terminal catalytic domain of both a1- and a2-chimaerin has
sequence identity to Bcr, rho GAP, P 13-kinase p85 subunit, Abl-SH3 binding
protein (3BP-1) and the rasGAP binding protein pi 90 (Fig. 49). a1- and cc2chimaerin (Fig. 12), Bcr, rho GAP, a1- and o2-chimaerin and p190 are GAPs
for rac (Diekmann et al, 1991; Settleman et al, 1992b), but PI 3-kinase p85
subunit and 3BP-1 have not been shown to have rac GAP activity. These
proteins are multidomain with other regions of these proteins having different
activities; Bcr contains a serine kinase and a region related to Dbl (a guanine
nucleotide exchange protein), a1-chimaerin contains a phorbol ester binding
domain and o2-chimaerin has both phorbol ester and SH2 domains, and PI3kinase p85 contains SH2 and SH3 domains. Presumably, some of these
proteins represent points of cross-talks between signalling pathways involving
different members of the ras superfamily, particularly pi 90 (a GAP for the rho
subfamily), between ras and rho family members. That could explain the potent
effects of growth factors, frequently activators of ras, on cytoskeletal
organization, which is regulated partly by rho and rac proteins (Ridley and Hall,
1992; Ridley et al, 1992).

7.4 Modulation of a2-chimaerin GAP activitv
The domain structure of a1-chimaerin resembles that of the PKC family
suggesting that a1 -chimaerin might be similarly regulated by phospholipids and
phorbol ester. The PKC-like cysteine-rich domain of a1-chimaerin has been
shown to regulate its rac GAP activity (Ahmed et at, 1993). Phospholipids
including phosphatidylserine and phosphatidic acid activated a1-chimaerin and
phorbol esters have been shown to synergise with these phospholipids. Inositol
phospholipids (PI, PIP and PIP2), lysophosphatidic acid and arachidonic acid
inhibited a1-chimaerin (Ahmed et al, 1993). a2-chimaerin was shown to have
similar activity as a1-chimaerin, being selective for rac and ineffective toward
other members of the rho subfamily. Both a1- and o2-chimaerin were activated
by phosphatidylserine and phosphatidic acid, although a2-chimaerin showed a
greater stimulation by phosphatidylserine and phosphatidic acid than a1-
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Fig. 49-Sequence comparison of the Bor-like domain. The highlighted areas
represent the conserved residues between chimaerin (NC), Bcr, p190, Bem3
p85, 3BP-1 and rhoGAP.
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chimaerin (Fig. 19). In the presence of limiting amounts of phosphatidylserine,
synergism with phorbol ester was detected for a2-chimaerin as with a1 (Fig.
18). In contrast to a1-chimaerin, inositol phospholipids (including PI, PIP, and
PIP2) and arachidonic acid stimulated a2-chimaerin GAP activity (see Ahmed
et al, 1993 and Fig. 20). The inositol phospholipids were as potent as
phosphatidylserine and phosphatidic acid in stimulating o2-chimaerin GAP
activity. The different effects of inositol phospholipids and arachidonic acid on
a1- and a2-chimaerin may be attributed to the divergent upstream sequences,
i.e. the SH2 domain of a2-chimaerin or the N-terminal 58 amino acid sequence
of a1-chimaerin not present in a2-chimaerin. Furthermore, a2-chimaerin has a
similar specific activity as unregulated C-terminal protein in the absence of
phospholipids (Fig. 16). It is possible that the SH2 domain induce a different
conformation such that the cysteine-rich domain is more susceptible to
regulation by lipids. The regulation of a2-chimaerin is apparently more similar
to the activation of PKC than is a1-chimaerin; a2-chimaerin is activated by
anionic phospholipids (including PS, PA and inositol phospholipids) but not by
cationic phospholipids (such as PC and PE). Arachidonic acid, an activator of
PKC, was slightly stimulatory on a2-chimaerin. The phospholipid activation of
PTP1C (a protein tyrosine phosphatase containing two SH2 domains) is also
reminescent of that of PKC and a2-chimaerin (Zhao et al, 1993), but the site
of interaction with phospholipids is unknown. Phospholipids do not interact with
the C-terminal domain of a1- and o2-chimaerin (Fig. 19 and Ahmed et al,
1993). Interestingly, the phospholipids stimulating GAP activity also support
phorbol ester binding (Fig. 27). Lipids whose metabolism are activated during
mitogenic stimulation (e.g. PA, unsaturated fatty acids, PIP and arachidonic
acid) inhibit rasGAP activity, while more abundant lipids such as PC, PE and
PS are totally inactive (Tsai et al, 1989a). RhoGAP, on the other hand, is highly
inhibited by phosphatidic acid containing saturated fatty acids and less inhibited
by those containing unsaturated fatty acids. Thus GAP activity can be
modulated by a limited set of phospholipids, suggesting that ras and related
proteins might function in separate signal transduction pathway by interaction
with lipids and GAP molecules. Owing to the variety of ras-related proteins.
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their potential signal transduction pathways could be numerous.

7.5 Phosphorylation of g-chimaerin and other GAPs
There are several potential phosphorylation sites in the a2-chimaerin
protein sequence. In vitro, the SH2, phorbol ester and GAP domains are
phosphorylated by PKC (Fig. 21), but only the phorbol ester domain is
phosphorylated by PKA. Phosphorylation by PKC did not seem to affect the 02chi maerin GAP activity, although further experiments like eletrophoretic mobility
shift are required to check for phosphorylation. The isolated SH2 domain of Abl
has recently been demonstrated to bind the Bcr gene product in vitro through
a novel, phosphotyrosine-independent interaction (Pendergast et al, 1991 ). This
binding interaction is dependent on Bcr phosphorylation and probably requires
either phosphoserine or phosphothreonine. A region within the first exon of Bcr
contains two stretches of high serine content which is required for Abl SH2
binding, pi 20 rasGAP is phosphorylated on tyrosine in response to a number
of cellular stimuli including PDGF, EGF and CSF-1, and expression of the
activated Src, Fps and Abl (Downward, 1992). However, the measured
stoichiometry of tyrosine phosphorylation is low (less than 10%), and it does not
affect GAP activity. Thus, phosphorylation of p120 ras GAP may not represent
a major control mechanism for ras. RasGAP associates with two proteins, p62
and p190, which are phosphorylated on tyrosine in cells transformed by
cytoplasmic and receptor-like tyrosine kinase (Ellis et al, 1990). All 3 proteins
from transformed cells contained both phosphoserine and phosphothreonine,
in addition to phosphotyrosine, and phosphoserine was found to be the major
phosphoamino acid of GAP and p190 (Ellis et al, 1990). The necessity for
serine and tyrosine phosphorylation in assembly or maintenence of these
complexes may mediate the proper coordination of signals through different
protein kinase pathways. It has been suggested that the activated tyrosine and
serine kinases phosphorylate GAP, p62 and p190 and enhance their assembly
into functional signalling complexes (Ellis et al, 1990). The propagation of
mitogenic signals via phosphorylation mediated protein-protein interaction
involving SH2 domain may be an efficient mechanism to maintain tight coupling
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between receptor binding of growth factors and cell growth.

7.6 Characteristics of rac binding to a2-chimaerin
Using [®^P]-PKC labelled a2-chimaerin, rho-like p21 s were shown to bind
a2-chimaerin (Fig. 36). a2-chimaerin bound more efficiently to rac than rho, but
did not bind cdc42. However, a2-chimaerin has GAP activity for rac, but not
rho, and a1-chimaerin is active on cdc42 at higher concentration (Manser et al,
1992). The rho binding may thus be due to a conformational change of rho
when immobilized on filters. The GAP domain of a2-chimaerin was shown to
be the region of a2-chimaerin that binds rac, consistent with the C-terminal
GAP activity in solution (Diekmann et al, 1991). Rac binding appear to be
slightly competed by phosphorylated a2-chimaerin. Rac binding could be
effectively competed by excess rac without guanine nucleotide loading, but
partially competed by excess rac preloaded with GTP or GDP (Fig. 38). This
rac binding could not be removed by high salt (0.5M NaCI), indicative of tight
binding between rac and phosphorylated o2-chimaerin (Fig. 37). These data
suggest that a2-chimaerin (probably phosphorylated form) associates tightly
with the nucleotide-free rac via the C-terminal GAP domain of a2-chimaerin in
vitro. Recombinant rac has been reported to be active when purified in the
presence of high MgClg Tris buffer and inactive with low MgClg or in the
presence of 0.1 M phosphate buffer (Kwong et al, 1993). The recombinant rac
used in this study was purified in the absence of MgClg, and appeared to be in
a nucleotide-free state. o2-chimaerin, however, would be expected to bind
prefentially to the GTP-bound form of rac like other GAPs, and they would bind
to a region whose conformation is altered by binding to GTP, for example, in
ras, to the G-2 and G-3 region (Pai et al, 1989; Vogel et al, 1988). It is possible
that in vivo interactions between a2-chimaerin and rac would be modulated by
serine/threonine phosphorylation of chimaerin.
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Characterization of p60. an a2-chimaerin binding protein

8.1 p60 is an a2-chimaerin binding protein
a2-chimaerin is a GAP for rac. Several evidences suggest that GAPs
can act either as a down-reguiator or an effector of p21s (Adah et al, 1988;
Cales et al, 1988). a2-chimaerin has two potential regulatory domains upstream
of the GAP domain that could also interact with target proteins. The SH2
domains in other proteins interact with phosphotyrosine-containing proteins and
the cysteine rich domain is a zinc/phorbol ester binding domain. Binding to
these potential target proteins may affect its rac GAP activity and downstream
signalling.

Purification of p60 from rat cvtosol
Several cytosolic and membrane proteins were found to interact with o2chimaerin. A 60 kDa (p60) cytosolic protein bound specifically to the SH2
domain of a2-chimaerin (Fig. 34 and 35). Coincidentally, chimaerin SH2 has
been shown to bind several phosphoproteins, including a 60 kDa protein from
PCI 2 cells (Hall et al, 1993). p60 was purified from rat brain cytosol using the
same column chromatography procedures as for the purification of p45
chimaerin, but p60 was detected by the [^^P]-PKC labelled a2-chimaerin filter
binding assay (Fig. 39). This protein co-purifies with p45 chimaerin over the first
3 columns (S-sepharose, Q-sepharose and Zinc chelating sepharose). On the
Zinc-chelating sepharose column, two pools of p60 was collected. The other
pool of p60 eluted together with the 60-65 kDa cdc42Hs/rac1 binding proteins.
The two pools could represent post-translationally modified forms of the same
protein. On the phenyl sepharose column, p60 was separated from p45
chimaerin. On this column, p60 was eluted earlier with buffer containing 0.2M
ammonium sulphate, whereas p45 chimaerin eluted with buffer containing
0.05% sodium deoxycholate, pH 8.5 (Fig. 39). The p60 containing fraction was
then separated by two-dimensional SDS-PAG electrophoresis and coomassie
stained to determine its purity (Fig. 41). p60 appeared as a major discrete spot
at the basic end (pH of approximately 8) and constitutes about 50% of total
proteins from the phenyl sepharose column on the two-dimensional gel. A
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similarly sized but lower abundant spot was detected on the filter binding assay,
and could represent an isoform of p60 (e.g. phosphorylation). The more
abundant p60 spot was excised, dried and sent for tryptic digest and peptide
sequencing on HPLC. Several peptides were sequenced (Fig. 42), but they did
not have any sequence homology in the PIR database, indicating that it is a
novel protein. p60 constitutes about 0.2% of total soluble proteins in rat brain,
which is more than 50-fold more abundant than p45 chimaerin.

p 60

binds a2-chimaerin on a column
[32p]pKc phosphorylated o2-chimaerin bound p60 on the filter binding

assay. In a solution assay, p60 from the cytosol did not bind to a2-chimaerin
(data not shown), but p60 from the phenyl sepharose fraction (where it was
separated from o2-chimaerin) bound to o2-chimaerin immobilized on a column,
suggesting that oc2-chimaerin could interact with native p60 under more
physiological conditions. However, only about 25% of total p60 loaded was
unbound, and another 25% bound and eluted with o2-chimaerin in the
presence of glutathione. p60 bound tightly to the column as it was not
dissociated from a2-chimaerin in the presence of 0.5M NaCI (Fig. 40). o2chimaerin was not completely eluted from the column, as it was detected upon
further elution with SDS laemmli sample buffer (data not shown), which may
explain for the missing remaining p60. Further experiments are necessary to
determine whether o2-chimaerin phosphorylation is required to bind to p60.

8.2 Peptide seouence analvsis of p60
Interestingly, one of the peptides from p60 has a sequence similar to the
motif (pTyr-hydrophobic-X-hydrophobic) that binds the SH2 domains of PI3kinase of p85, phospholipase Cy and SHPTP2 (Songyang et al, 1993).
Individual members of these group were shown to prefer unique sequences,
and the p60 sequence was more similar to the motif (pTyr-V/l-X-P) that bind the
C-terminal SH2 domain of PLCy (Songyang et al, 1993). This motif is found in
other proteins like the human PDGF receptor a- and p-subunits, human erb B2
and human basic FGF receptor. This sequence in p60 is a possible site of
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interaction with the SH2 domain of o2-chimaerin as well as PLCy. Further
competition assays with phosphotyrosine-containing peptides would be required
to determine the specificity of this interaction.

8.3 d60 as a potential MAP kinase substrate

Another peptide has sequence homology to the consensus sequence of
MAP kinase substrates (Clark-Lewis et al, 1991; Fig. 43). A number of MAP
kinase substrates have been identified, including serine/threonine protein
kinases that are activated by phosphorylation and transcriptional factors (e.g.
myc and jun) that are functionally altered by phosphorylation (Crews et al,
1992). The partially purified p60 fraction (from phenyl sepharose) was found to
be phosphorylated by MAP kinase (Fig. 46). However, there were several
similarly sized proteins in that fraction, and further purification of p60 to
homogeneity would be required to determined whether p60 is the MAP kinase
substrate in that fraction.

8.4 Possible role of d 60
Although p60 associated with a2-chimaerin on a filter binding assay and
in a column, p60 did not affect the oc2-chimaerin GAP activity (Fig. 44). The
phosphorylation state of the purified p60 is unclear, although assumed to be in
the non-phosphorylated form. In cells stimulated with EGF, or transformed by
v-src, ras GAP associates with two cytoplasmic proteins, p62 and pi 90 (Ellis
et al, 1990). In v-src transformed cells, some of the p62 is highly tyrosine
phosphorylated, and binds to the rasGAP SH2 domains (Koch et al, 1991). A
non-phosphorylated form of p62 can also form a complex with ras GAP (Wong
et al, 1992). The functional outcome of GAP binding to p62 has not yet been
defined. It does not seem to affect ras GAP activity, but there is some evidence
suggesting that p62 may localize GAP to a membrane compartment (Moran et
al, 1991). pi 90 contains a small amount of phosphotyrosine, but is principally
phosphorylated on serine (Ellis et al, 1990). Denatured pi 90 bind to GAP SH2
in vitro, suggesting that it binds to the N-terminal region of ras GAP. This region
of ras GAP binds constitutively to pi 90, which is tyrosine phosphorylated in
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both serum-deprived and growth factor-stimulated cells (Ellis et al, 1990). The
ras GAP residues binding to pi 90 has not been identified yet, but it has been
suggested that the GAP SH2 domain recognize the phosphorylated site on
pi 90. It can be postulated that in growth factor-stimulated cells, activated
tyrosine and serine/threonine kinases phosphorylate o2-chimaerin, which
associate with cytoplasmic proteins like p60, and promote their assembly into
signalling complexes involving SH2 domains, which may be a mechanism to
regulate rac signalling pathways.

8.5 Role of chimaerin in rac-mediated signal transduction
The ras signal transduction pathway in mammalian cells has recently
been resolved (Fig. 1). Microinjection studies with activated rho proteins and C3
exoenzyme has helped in the understanding of the rho signal transduction (Fig.
2). Introduction of serum, bombesin and LPA caused stress fibre formation
(Ridley and Hall, 1992). Microinjection of C3 exoenzyme blocked serum and
bombesin-induced stress fibre formation, suggesting that rho mediates the
control of stress fibre formation by extracellular factors (Ridley et al, 1992). In
addition, a number of growth factors such as PDGF, EGF, insulin and thrombin
induce stress fibre formation much more slowly than serum, instead they
caused rapid membrane ruffling. Microinjection of a dominant negative mutant
rac blocked growth factor-induced membrane ruffling. These evidence suggest
that growth factors activate rac, causing rapid induction of membrane ruffling,
activated rac further activate rho, which cause stress fibre formation (Ridley et
al, 1992a; 1992b). Thus the rho and rac proteins behave as central regulatory
components that control actin cytoskeleton organization in cells in response to
growth factors (see Fig. 2). The underlying mechanisms are unclear, but there
are a number of possibilities. Upstream regulation of rho or rac could occur
through GAP regulation: phospholipids including LPA and PA inhibit rho GAP
activity, while a-chimaerin (a rac GAP) binds phorbol esters and DAG which are
also activators of membrane ruffling (Ridley et al, 1992b). Besides GAP
regulation, upstream regulation could also occur through the Dbl-like exchange
factors such as vav, which contains SH2 and SH3 domains, Bcr, a
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multifunctional protein, which acts as a rac GAP, and ras GRF, which is a
putative exchange factor for ras. The downstream effects of rac, including actin
cytoskeleton organization might be mediated by their GAPs. Rho GAP family
members also contain SH2 and SH3 domains (e.g. P 13-kinase p85 subunit and
a2-chimaerin) or bind to proteins that contain these domains (pi 90 to rasGAP,
Bcr and 3BP-1 to c-AbI). SH2 domain binds to phosphotyrosine-containing
proteins, but the role of SH3 is less clear, although it mediates localization to
the cytoskeleton. The expression of stably transfected human a1-chimaerin
cDNA (or highly conserved rat cDNA) in neuronal cell lines caused phenotypic
changes (Kozma et al, unpublished data). The transfected cells exhibited a
reduced ability to differentiate in response to stimuli, and the cytoskeletal actin
components appear to be involved.

8.6 q2-chimaerin is a multi-functional protein
a2-chimaerin in composed of several domains, with quite distinct
functions. The C-terminal domain has rac GAP activity, in common with Bcr,
p190, and rhoGAP, and acts as a negative regulator of rac. The middle domain
consist of a cysteine rich zinc finger motif capable of binding phorbol esters and
phospholipids like Protein Kinase 0 , suggesting a mechanism of regulating rac
GAP activity by phospholipids from phosphoinositide hydrolysis. The N-terminus
contains an SH2 domain, which participates in growth factor dependent
interactions with several phosphoproteins in PCI 2 cells, and may also
participate in possible growth factor independent interactions with cytoplasmic
proteins like p60. a2-chimaerin may therefore be a effector that couple tyrosine
kinases and rac, which in turn controls the actin cytoskeleton and cell
morphology.

8.7 Summarv
Multiple GAPs with differing molecular mass, p21 substrate specificity,
and tissue distribution has been detected by the overlay assay. These GAPs
are abundant in the cytosol and membrane fraction of rat brain, and are
selectively enriched in brain regions. The heterogeneity of GAPs in brain
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indicate a fundamental role of GAPs in regulating rac-mediated neuronal
signalling pathways. While p35 chimaerin is microsomal, the other membraneassociated GAPs are mainly localized to the synaptosomal fraction, suggesting
a role in neurotransmitter release, ion channel modulation and other neuronal
processes.
One of the rac GAPs of 45 kDa is immunoreactive to C-terminalchimaerin antibodies. p45 chimaerin was purified 400-fold from rat brain cytosol
by a series of column chromatography. Peptide sequence analysis reveals that
it is a2-chimaerin, which is an alternate splice variant of a1-chimaerin with an
N-terminal SH2 domain. p45-chimaerin is primarily cytosolic, and it constitutes
about 0.004% of total soluble proteins in rat brain.
Other chimaerin family members are also detected in rat tissues. A 35
kDa rac GAP is present in the membrane fraction, and is a candidate for a1chimaerin. The protein is present in brain cortex and cerebellum, but absent in
testis, and its expression correlates with that of a1-chimaerin mRNA. Another
rac GAP of 30 kDa is present only in testis, and it corresponds to p-chimaerin,
which is specifically expressed during spermatogenesis.
p45-chimaerin and the corresponding recombinant protein exhibit rac
GAP activity in solution. Although a1- and o2-chimaerin have identical phorbol
ester binding and GAP domains, there are differences in specific activity and
also in the regulation of GAP activity and phorbol ester binding by
phospholipids. For example, inositol phospholipids support phorbol ester binding
and stimulate GAP activity in the case of o2-chimaerin. The differences may be
due to regulation by the upstream divergent sequences; for a1-chimaerin, the
N-terminal has a sequence capable of potential membrane binding, whereas
a2-chimaerin has an additional SH2 domain. cc2-chimaerin is phosphorylated
in vitro by PKC and PKA, suggesting a link between second messenger
signalling and p21 rac-mediated pathways.
The SH2 domain of a2-chimaerin binds to several proteins, including a
60 kDa protein. This protein was purified and peptide analysis reveals that it
has a MAP kinase consensus sequence and a SH2 binding motif. The partially
purified p60 fraction is phosphorylated by MAP kinase in vitro.
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Appendix

Subcloninq and construction of expression vectors

R a d , rhoA and cdc42Hs
Cdc42Hs cDNA (Shinjo et al, 1990) and rhoA cDNA (Yeramian et al,
1987) were obtained by PCR amplification of human brain cDNA, sequenced
and cloned into pGEX-2T to generate glutathione-S-transferase fusion proteins
by Tom Leung as described (Manser et al, 1992). The Hindlll/Sall fragment of
ra d cDNA (Didsbury et al, 1989; Diekmann et al, 1991) was blunt ended and
subcloned into the Klenow repaired Spel site of p265 (a pGEX-2T derivative
containing an extended polylinker) by Clinton Monfries as described (Ahmed et
al, 1993).

a1-chimaerin
Fig. 50 represents a schematic diagram showing the cloning of the
different chimaerin constructs. Rat a1 -chimaerin cDNA excised from the X clone
as two EcoRI fragments (Lim et al, 1992) was ligated and then a Fokl/Ball
fragment was cloned into the Klenow repaired EcoRI site of pGEX-2T vector
by Clinton Monfries as described (Ahmed et al, 1993). Rat a i -chimaerin cDNA
was also cloned into pMAL to generate maltose-binding-protein (MBP) fusion
protein by Sohail Ahmed (unpublished data).

a2-chimaerin
A PCR fragment of a 5’ RACE o2-chimaerin cDNA (Hall et al, 1993)
clone (nt's 1-365) was purified, digested with EcoRI and PpuMI, and ligated into
cDNA 121 in Bluescript SK digested with the same enzymes. The 5’ extended
121 Bluescript clone was sequenced, and the 5 ’ EcoRI-Dral fragment (1.4 kb)
containing the entire coding region was cloned into the Smal site of pGEX-2T
by Sin Wun Chey as described (Hall et al, 1993).
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Fig. 50- Schematic diagram showing cloning of chimaerin. The highlighted
areas represent the divergent sequences of a1- and a2-chimaerin.
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C-terminal GAP domain
A 1.7 kb PstI fragment containing the full length human a1-chimaerin
(Hall et al, 1990) was cut with Pvull and the Pvull fragment was subcloned into
the Smal site of pGEX-2T by Clinton Monfries as described (Ahmed et al,
1991).

Whole N-terminal including Zinc binding domain
Rat a1-chimaerin cDNA (Lim et al, 1992) was cut with Pmal and the
EcoRI/Pmal fragment was subcloned into pMAL by Sohail Ahmed (unpublished
data).

SH 2 domain
The 5 ’ EcoRI-Ndel fragment of 121 cDNA (Hall et al, 1993) was
subcloned into the Smal site of pGEX-2T by Sin Wun Chey as described (Hall
et al, 1993).

Zinc Measurements
Zinc was determined quantitatively by atomic absorption spectroscopy
using a Perkin-Elmer 2380 atomic absorption spectrophotometer performed by
Trevor Delves (Southampton General Hospital, U.K.). Standard curves for the
analysis were generated in an automated procedure using a zinc standard
solution diluted into the linear assay range (5-40 umol/l). For stoichiometry
determinations, samples, control buffers and standards were diluted 10- to 20fold in 6% v/v butanol before analysis. Typically, zinc values for stoichiometry
represent the average of two measurements with standard error. Background
zinc present in the control buffers was subtracted from sample values before
calculating zinc stoichiometry.

Production of a2-chimaerin polyclonal antibodies
Rabbits were immunised at multiple sites with 600 ug of cleaved o2chimaerin protein (dialysed overnight with 3 changes of PBS buffer at 4°C)
emulsified in an equal volume of Freund's complete adjuvant, followed by

240

booster injections emulsified in Freund’s incomplete adjuvant made in 5 week
intervals (performed by Greg Michael). Preimmune serum and antisera
collected after booster injections were purified by centrifuging blood for 15 mins
at 3,000Xg. The serum was collected and stored at -20°C, or at 4°C with the
addition of sodium azide.
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Abbreviations
AA, arachidonic acid
BSA, bovine serum albumin
Ca^"^, calcium ions
C l, chloride ions
ORE, cAMP response element
CSF-1, colony stimulating factor-1
DAG, diacylglycerol
DTT, dithiothreitol
E. coli, Escherichia coli
EOF, epidermal growth factor
FGF, fibroblast growth factor
GAP, GTPase activating protein
GDI, GDP dissociation inhibitors
GDS, GDP dissociation stimulators

IP3 , inositol 1,4,5-triphosphate
I P IG , isopropyl-p-thiogalactopyranoside
K^, potassium ions
LB, Luria broth
MAP kinase, mitogen activated protein kinase
MES, 4-morpholineethanesulfonic acid
Na^, sodium ions
NGF, nerve growth factor
PBS, phosphate buffered saline
PA, phosphatidic acid
PAGE, polyacrylamide gel electrophoresis
PC, phosphatidylcholine
PDBu, phorbol 1 2 ,1 3-dibutyrate
PDGF, platelet-derived growth factor
PE, phosphatidylethanolamine
PI, phosphatidylinositol
PI 3-kinase, phosphatidylinositol 3-kinase

PAzBz, phorbol 12-(p-azidobenzoate) 13-benzoate
PIPg, phosphahtidylinositol 4,5-bisphosphate
PKA, cyclic-AMP dependent protein kinase
PKC, protein kinase C
PKG, cyclic-GMP dependent protein kinase
PLAg, phospholipase Ag
PLC, phospholipase C
PLD, phospholipse D
PMA, phorbol 12-myristate 13-acetate
PMAAL, 20-oxo-20-deoxyphorbol 12-myristate 13-acetate
PMSF, phenylmethanesulphonylfluoride
RTK, receptor tyrosine kinase
PS, phosphatidylserine
SDS, sodium dodecyl sulphate
SH2, src homology 2
TPA, 12-0-tetradecanoyl phorbol 13-acetate
TRE, TPA response element
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