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ABSTRACT

Brain specific «-chimaerin cDNA encodes a protein with two functional regions, an 

amino-terminal phospholipid-dependent phorbol ester binding domain related to the 

Cl-regulatory sequence of protein kinase C (PKC) and a carboxyl-terminal Racl 

GTPase-activating protein (Racl GAP) domain related to the breakpoint cluster region 

gene product, Bcr.

Recombinant n-chimaerin expressed in Escherichia coli as glutathione S-transferase, 

maltose binding protein and TrpE fusion proteins was purified and used in the 

structure/function studies. A radiolabelled ^^Zn^^-blotting technique was used to 

demonstrate that zinc bound with high affinity specifically at the amino-terminal 

region. Phorbol ester binding by n-chimaerin was found to be zinc-dependent.

The M-chimaerin carboxyl-terminal region had a higher specific Racl GAP activity 

than the full-length protein. This suggested a regulatory role for the amino-terminal 

region. Various lipids including second messengers known to modulate PKC and GAP 

activities for Ras and Rho were tested; phosphatidylserine (PS) and phosphatidic acid 

(PA) stimulated n-chimaerin while lysophosphatidic acid inhibited. Phorbol esters 

synergized with PS or PA in stimulating n-chimaerin. In addition, phosphatidylinositol, 

phosphatidylinositol 4-phosphate, phosphatidylinositol 4,5-bisphosphate, sphingosine 

as well as the cw-unsaturated fatty acids, arachidonate, oleate and linolenate inhibited 

n-chimaerin. In contrast, the saturated fatty acids, arachidate and palmitate were 

significantly less inhibitory to n-chimaerin. Finally, mutational analysis of the Racl 

GAP domain of n-chimaerin allowed the identification of amino acids essential for 

GAP activity. Mutants which had no detectable GAP activity but retained the ability 

to bind Racl were also obtained and characterized.

The data presented suggest that «-chimaerin is a novel functional target for phorbol 

esters different from PKC which may allow its substrate, R acl, to sense changes in 

the levels of lipids including second messengers.
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1.1. BRAIN STRUCTURE AND FUNCTION

1.1.1. Cell types

The brain is made up of two main types of cells: neurones and glial. It has been 

estimated that there are about 10" neurones and even more glial cells (Thompson,

1991). The primary function of neurones is signalling. This involves the reception, 

organization and transmission of information between neuronal cells. Neurones have 

cellular processes known as axon and dendrites that extend from the cell body. While 

axons are specialized for transmission of information away from the cell body over 

long distances, dendrites are specialized for reception of information. Communication 

between cells occur at the endings of smaller axonal branches from the main axon. 

These restricted sites for the transmission of signals are known as synaptic terminals. 

Synapses may also be observed on dendrites (as dendritic spines) and cell body. Two 

types of synapses, chemical and electrical, have been recognized. At chemical 

synapses, specific chemical neurotransmitters are secreted at the axonal presynaptic 

terminals so that they impinge on neurotransmitter receptors which are located on the 

adjacent postsynaptic membrane. Chemical synapses can modulate the activity of the 

target cell and are either stimulatory or inhibitory in this context depending on the 

type of neurotransmitter released. For example, excitatory synapses release aspartate 

and glutamate while inhibitory synapses release y-aminobutyrate (GABA) 

neurotransmitters. Electrical synapses are formed between the membranes of two cells 

via distinct membrane spanning ion channels. It is the opening and closing of these 

ion channels that result in ionic fluxes and electrochemical gradients thereby 

generating electrical signals. Up to 10,000 different classes of neurones are thought 

to be present in the vertebrate brain. These neurones differ in their shapes and sizes. 

Neurones vary from small bipolar cells in the retina to large Purkinje cells which have 

large elaborate dendritic trees and are found in the cerebellum. In the nervous system, 

neurones are functionally organized as sensory, inter- or motor neurones. Sensory 

neurones perceive changes in the environment such as temperature and pressure and 

relay this information via interneurones to motor neurones. Motor neurones finally 

convey the information to muscle and gland cells which are some of the effectors of 

the nervous system.
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Glial cells comprise another type of cell in the brain. These primarily serve 

supportive roles for neurones. There are two main types of glial cells known: 

astrocytes and oligodendrocytes. Star-shaped astrocytes are the main interstitial cells 

of the brain. Astrocytic processes fill the interstices between neurones and, at times, 

surround the nerve terminals thereby insulating them. Astrocytes can also extend a 

continuous layer of their cellular swellings known as end feet around the blood vessels 

in the brain. This results in a membranous barrier which is formed between the brain 

and blood. Although this was once thought to be a possible mechanism for the 

formation of the blood-brain barrier which prevents the entry of harmful substances 

from entering the brain, the blood-brain barrier is presently considered to result from 

the tight junctions formed between brain capillary endothelial cells. Only lipid-soluble 

molecules and glucose can traverse this barrier. Astrocytes may be important for 

removing GABA and serotonin following the release of these neurotransmitters from 

nerve terminals. These cells have high affinity uptake systems for GABA and 

serotonin. Oligodendrocytes and another type of glial cell, Schwann cells, are 

important in the formation of myelin sheaths. These sheaths, which are stacked 

membranes enwrapping axons, are crucial for increasing the speed of conduction of 

action potential along axons. Additionally, both oligodendrocytes and Schwann cells 

provide guidance for axonal outgrowth during development and regeneration of 

transected peripheral nerves. Other functions of glial cells include removing substances 

that are no longer required by the cell or present in excess e.g. neurotransmitters. At 

regions of neuronal cell death, glial cells multiply and remove cellular debris.

1.1.2 The neuronal cytoskeleton

Neurones exhibit a wide variety of cell shapes through the elaboration of diverse 

axonal and dendritic branching patterns. The form adopted by a neurone is linked to 

its function. Diversity in cell shape may allow neurones to have different signalling 

properties and enable neurones to form distinctive patterns of synaptic connections. 

The neuronal cytoskeleton is responsible for maintaining the shape of neurones. This 

cytoskeleton is a network of three main types of filaments and their associated 

proteins. Filaments known as microtubules are polymers of a  and p tubulin.
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Microtubule-associated proteins (MAPs) interact with microtubules to regulate the 

assembly of microtubules. MAPs also facilitate cross-linking between microtubules 

themselves and other filaments. Another type of filament is the microfilament which 

is a polymer of actin. Actin microfilaments form a complex meshwork beneath the 

plasma membrane. Interactions between actin-binding proteins and the actin 

microfilaments result in the regulation of bundling and cross-linking of filaments as 

well as the extent of polymerization. Neurofilament proteins are composed of three 

subunits: NF-H (High molecular weight; 112 kDa), NF-M (Medium molecular weight; 

102 kDa) and NF-L (Low molecular weight; 68 kDa). Neurofilament proteins are 

members of the intermediate filament family, which includes keratin, vimentin, glial 

fibrillary acidic protein (GFAP) and nuclear lamins. However, amongst these members 

only neurofilament proteins are found exclusively in neurones. The neuronal 

cytoskeleton is a stable and dynamic structure. Stability is achieved by the cross- 

linking networks formed amongst microtubules, neurofilaments and microfilaments. 

These three cytoskeletal components provide an intracellular scaffolding for the 

maintenance of cell shape. As the shapes of neurones change in response to electrical 

activity, learning, aging and injury, the neuronal cytoskeleton is susceptible to 

modifications. Alterations in the net rates of polymerization and depolymerization of 

microtubules and actin microfilaments allow the neuronal cytoskeleton to be plastic. 

Such rates may be regulated by microtubule- and actin-binding proteins. Some actin- 

binding proteins are modulated by second messengers including calcium, 

phosphoinositides and cyclic nucleotides which may be formed in response to a 

stimuli, MAPs, such as MAP2, are regulated by phosphorylation. There is an inverse 

correlation between phosphorylation of MAP2 and microtubule assembly. The rates 

of polymerization and depolymerization of microtubules and microfilaments are also 

affected by the state of bound nucleotide on the monomeric subunits. Actin and 

tubulin bind ATP and GTP, respectively. Once bound, the nucleotides are subjected 

to hydrolysis. Consequently, ATP-/ADP-actin and GTP-/GDP-tubulin are formed. In 

the case of tubulin, polymerization of microtubule occurs by the addition of GTP- 

tubulin subunits to one end (also known as the plus (+) end) of the microtubule which 

is then followed by hydrolysis of the bound GTP. As GDP-tubulin, in contrast to
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GTP-tubulin, has a weaker affinity for its neighbouring subunits, depolymerization 

then occurs. The microtubule will disappear unless GTP-tubulin rebinds to the (+) end. 

Assembly and disassembly of actin microfilaments involve mechanisms similar to 

those of microtubules. These include the addition of ATP-actin subunits to the (+) end 

of microfilaments, hydrolysis of bound ATP by the incorporated actin subunit and 

subsequent dissociation of ADP-actin. However, as the rate of nucleotide hydrolysis 

by polymerized actin occurs slower as compared with polymerized tubulin, movement 

of actin subunits from the (+) to the (-) end give rise to a treadmill effect. Mechanical 

energy required for processes such as cell motility may be derived by such 

treadmilling.

Besides the maintenance and alteration of shapes of neurones, the neuronal 

cytoskeleton is also involved in the intracellular transport of organelles and proteins. 

In axons and dendrites, microtubules are thought to serve a function analogous to that 

of rail tracks where microtubule-activated motors such as kinesin and dynein can 

move along to transport membranous organelles, such as synaptic vesicles, 

mitochondria and endosome. Transport of proteins, including cytoskeletal proteins, 

enzymes and growth factors, are also facilitated via microtubules-activated motors. 

Energy derived from the hydrolysis of ATP drives the unidirectional translocation of 

kinesin and dynein along microtubules. Kinesin moves to the (+) end whilst dynein 

moves towards the (-) end of microtubules. As the orientation of the (+) end of 

microtubules in axons is towards the synapse, kinesin is the anterograde motor for 

axonal transport from the neuronal cell body to the nerve terminals and dynein, the 

retrograde motor for axonal transport from the terminal back to the cell body. Axonal 

transport along microtubules occurs at fast and slow speeds. Fast transport involves 

the transport of membranous organelles at speeds of 100-400 mm/day and is mediated 

by kinesin and dynein. Slow transport moves enzymes and cytoskeletal proteins at 

speeds of 0.1-3 mm/day. Through slow axonal transport, microtubules move down 

the cell body to the axonal terminal as polymers. Addition of microtubules at the 

terminal results in the extension or outgrowth of the neurite. Direction of neurite 

outgrowth is determined by the actin network at specialized regions on the neurite
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known as growth cones.

Different sets of membrane proteins may be localized and enriched at functionally 

distinct sites on neurones e.g. the nerve terminals, active zones and nodes of Ranvier. 

The neuronal cytoskeleton is responsible for this specific localization of membrane 

proteins. At the neuromuscular junction, acetylcholine receptors are clustered within 

the postsynaptic membrane by the interaction of the receptors with the actin-fodrin 

submembrane cytoskeletal network via linker proteins. Similarly, NaVK^-ATPases and 

sodium channels are localized at the nodes of Ranvier through a complex of these 

proteins with actin, fodrin and the linker protein, ankyrin.

Neurones exhibit polarity. This is reflected in the functional and morphological 

differences that can be found between the cell body and dendrite against that of the 

axon. While dendrites and cell bodies receive inputs from other cells, axons are 

specialized to rapidly conduct action potentials to other cells. To receive impulses, 

dendrites and cell bodies are enriched with postsynaptic neurotransmitter receptors. 

For the propagation of impulses, axons contain enzymes and proteins which are 

involved in the synthesis and transport of neurotransmitters. Dendrites and cell bodies 

contain organelles for protein synthesis such as ribosomes and the rough endoplasmic 

reticulum which are absent in axons. The neuronal cytoskeleton also has a role in 

conferring neurones their polarity. The alignment of microtubules in axons and 

dendrites is different. In contrast to the arrangement of microtubules with their (+) 

ends all pointing to the terminal of axons, about half of the microtubules in dendrites 

are aligned in each direction. Axons and dendrites contain different MAPs. While 

MAPs such as tau are exclusively found in axons, others like MAP2 are localized only 

in cell bodies and dendrites.

1.1.3. Approaches to studying brain-specific genes and proteins 

The brain is thought to express more genes than any other organ system in the body. 

Approximately 30,000 genes may be actively expressed in the rodent brain and only 

about half of these genes may be brain-specific i.e. genes which are specifically or
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predominantly expressed in the brain. Brain-specific genes have been hypothesized to 

encode proteins that confer functions that are unique to the brain. One approach to 

understanding the basis of brain function would be the isolation and identification of 

brain-specific genes or proteins.

How are brain-specific genes and proteins isolated? The approach adopted is affected 

by considerations such as whether one is looking for additional members of existing 

protein families or the isolation of novel brain-specific genes and proteins. Isolation 

of additional members of existing protein families requires the availability of genetic 

or protein sequence of related family members. Initial attempts to isolate novel brain- 

specific genes and proteins were based on the use of antibodies and recombinant DNA 

techniques. In one approach, Barnstable et a l  (1983) raised monoclonal antibodies 

against immunogens, such as synaptosomal plasma membranes, crude membrane 

pellets and lentil lectin affinity-purified glycoproteins. Antibodies were then selected 

based on their ability to immunostain protein markers on different cell types which are 

present only in the mammalian nervous system. This study produced a panel of 15 

monoclonal antibodies which allowed the detection of neural cell-specific proteins on 

retinal photoreceptors, hippocampal pyrimidal cells, amacrine cells and ganglion 

cells.The DNA sequences encoding the protein markers could subsequently be 

identified by screening a cDNA expression library with the relevant antibodies. In an 

alternative approach, Milner and Sutcliffe (1983) prepared an adult rat brain cDNA 

library from cytoplasmic poly(A)^ RNA where 150 cDNA clones were randomly 

chosen and tested for expression in brain, liver and kidney. Of the initial 150 clones, 

47 were found to be present exclusively in brain. These were sequenced and 

antibodies were raised against synthetic peptides corresponding to the encoded amino 

acid sequences. The antibodies were then used to localize the protein on brain sections 

by immunocytochemistiy as well as to isolate and characterize the brain-specific 

proteins. Two brain-specific proteins were identified and characterized by this 

technique: a potential neuropeptide precursor designated as clone 1B236 and rat brain 

proteolipid protein which is a major component of myelin in the central nervous 

system. Novel brain-specific genes may also be isolated by recombinant DNA
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techniques. This could be done by randomly selecting clones from a brain cDNA 

library and testing for potential brain-specific expression by Northern analysis and in 

situ hybridization. Such a method may yield predominantly the more abundant mRNA 

species while omitting the less abundant brain-specific transcripts. To isolate 

transcripts with an abundance of less than 0.1% of the total brain mRNA, Kato (1992) 

selected clones from a mouse cerebellar A,gtlO DNA library which did not hybridize 

to radiolabelled DNA derived from mouse cerebellar mRNA. Brain-specific transcripts 

were then isolated from these negative clones based on their localization established 

by Northern and in situ histochemistry. Sequences including those of the first 

mammalian kinesin heavy chain, GABA^ receptor subunit and one that was related 

to the myristoylated alanine-rich C-kinase substrate (MARCKS) were isolated (Kato,

1992). Another method whereby brain-specific genes can be isolated using 

recombinant DNA techniques is subtractive hybridization. This essentially involves 

the hybridization between mRNA from brain and those from another tissue eg. liver, 

kidney or spleen. Double stranded hybrids are removed by hydroxylapatite column 

chromatography and unhybridized transcripts are used for library screening. Using 

subtractive hybridization. Maréchal et al. (1993) reported the isolation of 59 brain- 

specific cDNAs. Upon DNA sequencing, nine of these clones were found to have no 

sequence similarity with genes registered in gene databanks.

When sequence information is available, additional members of existing protein 

families may be isolated by either low stringency hybridization or through the use of 

polymerase chain reaction (PCR)-based techniques. In low stringency hybridization, 

a radiolabelled probe with sequence corresponding to a related family member is used 

to screen a library. A limitation of such a method is that only related proteins with 

similar nucleic acid sequences are isolated. cDNA of ion channels and subunits of the 

neuronal glycine receptors have been isolated using low stringency hybridization 

(Kato, 1992). PCR-based techniques involve the amplification of a fragment of DNA 

from primers coiresponding to the sequences of two or more conserved regions in 

members of a particular protein family. Using primers based on conserved sequences 

in seven transmembrane G protein-coupled receptors, a family of odorant receptors
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was cloned by PCR (Buck and Axel, 1991).

Sequencing of randomly selected human cDNAs is a vital component of the human 

genome project because this allows the isolation and identification of genes encoding 

for proteins in the human body. Such an approach also offers the prospect for the 

discovery of brain-specific genes by the determination of their expression patterns. 

Using automated DNA sequence analysis, Adams et a l  (1992) partially sequenced 

3000 randomly selected human brain cDNAs. Of theses, 80% were new genes which 

had not been previously described in human. These partial sequences of about 400 

base pairs were catalogued as expressed sequence tags (EST), which could be used to 

provide markers on a physical map of the human genome, for performing 

chromosomal mapping of genes and sequence similarity searches. Although no attempt 

was made to determine if any of the EST were localized exclusively in brain, brain- 

specific genes such as synaptophysin, glial fibrillary acidic protein and a new 

neurotransmitter transporter gene were isolated (Adams et a l ,  1992).

Genetic analyses in model organisms like Drosophila melanogaster and 

Caenorhabditis elegans have resulted in the isolation of neural-specific genes. The 

advantages of such systems over mammalian ones include their shorter generation 

times, relatively less complex genomes and the potential for manipulation of their 

germ cells to create transgenic organisms. All these factors allow the roles of neural- 

specific genes, in relation to the proper functioning of the nervous system, to be 

determined. Research on C. elegans has provided detailed descriptions of the shape 

and connectivity as well as the cell lineage origin of all of the 302 neurones present 

in the nematode. The availability of mutants coupled with the ability to ablate specific 

neuronal cells using a laser microbeam have allowed the characterization of genes 

such as those required for GABAergic neurotransmission (Mclntire et a l ,  1993). In 

Drosophila melanogaster, enhancer trap experiments have resulted in the identification 

of genes that are specifically expressed in the mushroom bodies within the brain 

(O'Kane and Gehring, 1987). This region of the D. melanogaster brain is thought to 

be responsible for learning and memory. Enhancer trap experiments involve integrating
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constructs, comprising the lacZ gene under the control of a weak promoter, into the 

genome. In the presence of endogenous cw-acting elements, the reporter lacZ gene is 

expressed leading to the expression of p-galactosidase. The czj-acting elements may 

allow genes to be expressed in particular tissues and in different patterns during 

development. As such, genes expressed exclusively in the brain may be cloned by 

sequencing downstream of the enhancer trap integration site. The D, melanogaster 

learning and memory gene rutabaga, encoding a brain-specific Ca^VCalmodulin- 

responsive adenyl cyclase, was identified by enhancer-trapping (Levin et a l ,  1992).

1.1.4. Brain-specific proteins

About a hundred brain-specific proteins have been identified through protein 

purification and gene cloning. Below are three examples of brain-specific proteins. 

These proteins have been chosen because they are enriched in the hippocampus where 

n-chimaerin, the focus of this thesis, is most abundant. As the hippocampus is 

associated with the formation of memory in the brain, these hippocampal proteins are 

thought to mediate processes underlying memory such as long-term potentiation and 

the remodelling of synaptic connections.

GAP-43

GAP-43 is a growth cone protein which is thought to be involved in neurite outgrowth 

and modification of synaptic properties. The protein is membrane-bound, highly acidic 

(pi 4.3-4.5) and exhibits anomalous migration on SDS gels (43-57 kDa or greater 

instead of 43 kDa). GAP-43 is also known as B-50, F I, pp46 and p57 (Skene, 1989). 

The different names of GAP-43 pertained to its different functions as they were 

independently discovered by groups studying the elongation of axons and synaptic 

functions. B-50 describes GAP-43 as a synaptic protein modulating phosphoinositide 

metabolism. FI refers to GAP-43 as a protein kinase C substrate whose 

phosphorylation correlated with long-term potentiation in rat hippocampus. pp46 is 

GAP-43 as a major growth cone membrane protein and p57 is GAP-43 as a protein 

kinase C-modulated calmodulin-binding protein. Three lines of evidences support the 

idea that B-50, FI, pp46 and p57, all refer to the same protein (Benowitz and
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Routtenberg, 1987). Firstly, antibodies raised against these four proteins 

immunologically cross-react with GAP-43. Secondly, these proteins anomalously co- 

migrate with GAP-43 on two-dimensional gel electrophoresis and have identical 

tiyptic peptide digestion patterns. Thirdly, direct sequence comparisons revealed that 

their cDNAs are identical. Immunocytochemical studies indicate that the GAP-43 

protein is predominantly localized in growth cones, including filopodial extensions 

(Skene, 1989). In comparison with the neuronal cell body, GAP-43 is more highly 

expressed along the varicosities of neurites. At the mRNA level, GAP-43 is expressed 

exclusively in neurones and the level of expression is highest at the time of neurite 

outgrowth (Skene, 1989). GAP-43 mRNA levels are elevated during regeneration of 

transected axons in Xenopus and after sciatic nerve injuiy in the rat dorsal root ganglia 

(Skene, 1989). Neural-specific expression of GAP-43 may be determined at the level 

of transcription by a tissue-specific promoter. Nedivi et al. (1992) reported the 

isolation of a 386 nucleotide upstream fragment of the rat GAP-43 gene that was 

sufficient to drive reporter activity in primary rat cortical neuronal cultures but not in 

non-neuronal cell lines. Two genetic elements with repressor activity on the neural- 

specific GAP-43 promoter were also identified.

HTPPOCALCIN

Hippocalcin is a member of the recoverin family which consists of intracellular Ca^^- 

binding proteins such as recoverin, S-modulin, neurocalcin and P23k (Kobayashi et 

at., 1992). The cDNA of hippocalcin was serendipitiously isolated from a rat brain 

cDNA library in attempts to obtain the full-length P23k cDNA using PCR. Sequence 

analysis of the hippocalcin cDNA indicated that it contained an open reading frame 

of 588 nucleotides encoding a 22.5 kDa protein. Like all members of the recoverin 

family, hippocalcin has three putative Ca^^-binding domains of the EF-hand motif and 

an amino-terminal myristoylation site (Kobayashi et al., 1992). Each of the three EF- 

hand domains of hippocalcin has been shown to bind Ca^^ on radiolabelled 

blots, indicating that three moles of Ca^^ are bound per mole of protein (Kobayashi 

et al,, 1993). In vitro translated hippocalcin was shown to be myristoylated and native 

hippocalcin is also thought to be myristoylated based on co-migration of the two

19



proteins on two-dimensional gels. Myristoylation of hippocalcin allows the protein to 

associate with membranes. However, this association is dependent on calcium. Studies 

on myristoylation in pp60^^  ̂and the a-subunit of suggest that myristoylation may 

be important in mediating protein-protein interactions. The myristoylated, but not the 

unmyristoylated, amino-terminus of ppbO®'̂  ̂is able to interact with its specific receptor 

in cell membranes (Resh and Ling, 1990). In the case of Gq, the myristoylated a -  

subunit of Gq has a higher affinity for py subunits as compared with its 

unmyristoylated form (Linder et a l ,  1991). Although it is presently unclear whether 

protein(s) can interact with the myristoylated amino-terminus of hippocalcin, 

myristoylated retinal recoverin is known to interact and regulate guanyl cyclase 

(Dizhoor et a l ,  1991). Northern analysis and immunohistochemical analysis using 

hippocalcin-specific antibodies revealed that hippocalcin is exclusively localized in 

pyramidal neurones found in the CAl to CA3 layers of the hippocampus. Based on 

the interaction between recoverin and guanyl cyclase, hippocalcin has been postulated 

to serve as a calcium-sensitive regulator of signal transduction in the hippocampus. 

Hippocalcin may be involved in signalling via the N-methyl-D-aspartate (NMDA) 

receptor where changes in synaptic efficacy is mediated by calcium fluxes through the 

NMDA receptor Ca^^ channel (Kobayashi et al., 1992)

SNAP-25

SNAP-25 is a neurone-specific protein that is associated with the synaptosome (Oyler 

et al., 1989). Sequence analysis revealed that this protein of 206 amino acid residues 

is strongly associated with synaptosomal membrane. Although the mechanism is still 

unclear, Oyler et al. (1989) have raised the possibility that this may be via protein- 

protein interaction with a putative amphipathic a-helical structure comprising its 

amino-terminal stretch of 29 amino acid residues. SNAP-25 also has a cluster of 

cysteine residues which is similar to metal-binding domains in certain metalloproteins. 

Using antisera raised against 12 residues at its carboxy 1-terminus, 

immunocytochemical analyses have localized the SNAP-25 protein to the mossy fibers 

and the outer edge of the inner molecular layer of the dentate gyrus (Oyler et a l ,  

1989). More specifically, SNAP-25 protein is predominantly found in the presynaptic
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terminals of the mossy fibers, growth cone and distal regions on developing axon-like 

neurites (Oyler et al., 1989; Osen-Sand et al., 1993). Studies employing in situ 

hybridization techniques further show high levels of SNAP-25 mRNA to be expressed 

by CA3 pyramidal cells within the hippocampus (Oyler et al., 1989). Translocation 

of SNAP-25 from these pyramidal cells to the presynaptic terminals occurs by fast 

axonal transport. Potential roles of SNAP-25 include involvement in axonal growth 

and differentiation as well as zinc mobilization in neurones (Osen-Sand et al., 1993; 

Oyler et al., 1989). In support of its role in axonal growth, Osen-Sand et al. (1993) 

have employed anti sense technology to inhibit SNAP-25 expression in vitro in both 

primary cultures of rat cortical cells and PC 12 rat pheochromocytoma cells and in vivo 

in amacrine cells of the developing chick retina. In all these experimental systems, 

although no perturbation in the direction of axonal growth nor neuronal morphology, 

was observed, axonal growth was specifically inhibited. Recent experiments of Sollner 

et al. (1993) also demonstrated that SNAP-25 functions as a component of regulated 

and constitutive vesicle fusion apparatus. Vesicle fusion requires N-ethylmaleimide- 

sensitive fusion protein (NSF) and three additional cytoplasmic factors which are 

known as soluble NSF attachment proteins (or SNAPs). Affinity purification of the 

membrane bound SNAP receptors to which the NSF-SNAPs complex associates with 

resulted in the identification of four synaptic proteins. Apart from syntaxin B, syntaxin 

A and VAMP/synaptobrevin-2, SNAP-25 was isolated as a potential target/receptor 

for the NSF-SNAPs complex. Such an involvement of SNAP-25 in vesicle fusion has 

been thought to be consistent with its other function in axonal elongation. A plausible 

mechanism whereby axons elongate due to SNAP-25 mediated insertion of new 

membranes through the fusion of vesicles has been suggested as a working model for 

further studies (Osen-Sand et a l ,  1993).
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1.2 CONCEPTS IN SIGNAL TRANSDUCTION

Signal transduction is the conversion of extracellular signals received at the plasma 

membrane into intracellular signals that ultimately lead to effector functions such as 

changes in growth, cytoskeletal organization and gene expression. In a typical 

pathway, receptors at the plasma membrane are activated through their specific 

interaction with extracellular signals (also known as first messengers) e.g. growth 

factors, hormones and neurotransmitters. Consequently, a series of intracellular events 

is initiated which begins with the generation of low molecular weight signalling 

molecules known as second messengers. These second messengers bind and modulate 

the activities of their distinct target proteins. Further propagation of the signal occurs 

through specific protein-protein interaction which may entail a cascade of 

phosphorylation events. Such an enzymatic cascade, together with the use of 

intracellular second messengers, is important for amplification of the initial 

extracellular signal. During transmission, signals may be subjected to processing. 

Consequently, signals may be terminated through mechanisms including the 

degradation of second messengers. Alternatively, signals may be modified by inputs 

from other signalling systems, thereby, facilitating cross-talk between different 

signalling pathways. Propagation of signals occurs until their targets or effectors are 

eventually reached and the activities of the effectors modulated.

1.2.1. First and second messengers

First messengers encompass a large variety of chemicals that are produced in 

endocrine and paracrine cells as well as in the synapses of neurones. Hormones, which 

are secreted by endocrine cells into the bloodstream, affect target cells in another part 

of the body. In paracrine cells, first messengers are released into and affect cells in 

the immediate environment. Histamine is secreted by mast cells and causes local blood 

vessels to dilate and become leaky for the entry of antibodies, components of the 

complement system and phagocytes. At synapses, neurotransmitters serve as first 

messengers. They diffuse across the synaptic cleft upon secretion from the presynaptic 

membrane to act on the postsynaptic target cell. First messengers differ in their water- 

solubility and hence exhibit different modes of entry into cells. As the plasma
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membrane is impervious to water-soluble hormones, neurotransmitters and growth 

factors, entry of these first messengers into cells is via interaction with their respective 

receptor proteins on the cell surface. Water-insoluble first messengers such as steroid 

and thyroid hormones are, however, able to diffuse through membranes to bind and 

activate their receptors within the cell. Subsequently, these activated receptors 

translocate into the nucleus to activate transcription through sequence-specific DNA- 

binding.

The concept of second messengers arose when hormones were found to stimulate the 

generation of intracellular signalling molecules. Second messengers are essential for 

the propagation and co-ordination of the cellular responses to extracellular (first) 

messengers. Cyclic adenosine-3',5'-monophosphate (cAMP) was the first second 

messenger identified (Sutherland,1972) and since then a number of other intracellular 

messenger molecules including diacylglycerol, phosphoinositides, calcium, cyclic 

guanosine-3'5'-monophosphate (cGMP), arachidonic acid, cw-unsaturated fatty acids, 

phosphatidic acid, sphingolipids and most recently, nitric oxide have also been 

discovered (Berridge, 1987; Nishizuka, 1988; Piomelli et al., 1987; Ballou, 1992; 

Palmer et a/., 1992). Generally, second messengers have three characteristics. Firstly, 

their concentrations are altered in response to agonist-stimulation. Secondly, there is 

correlation between the appearance of these molecules with changes in cellular 

physiology. Thirdly, there are cellular systems responsible for synthesizing and 

degrading the messengers. Each second messengers is thought to act on multiple 

cytoplasmic target proteins to allow amplification of the initial signal. Second 

messengers such as cAMP, calcium, cGMP and nitric oxide will be the focus of this 

section. Other second messengers; diacylglycerol, phosphoinositides, arachidonic acid, 

cw-unsaturated fatty acids, phosphatidic acid and sphingolipids will be discussed in 

section 1.5.

cAMP

In mammalian cells, cAMP is generated by adenyl cyclase. A wide spectrum of 

physiological functions are mediated by cAMP. These processes include mobilization
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of stored energy (i.e. breakdown of carbohydrates in liver or triglycerides in fat cells 

stimulated by ^-adrenergic catecholamines), calcium homeostasis (modulated by 

parathyroid hormones), production of adrenal and sex steroids (in response to 

corticotropin or follicular stimulating hormone) and olfaction (where odorant stimuli 

increase cAMP levels by activating adenyl cyclase in the olfactory epithelium hence 

promoting electrical excitation of olfactory neurones). The role of cAMP in cell 

growth control has been a controversial subject (Dumont et a l,  1989). This has largely 

been due to conflicting observations indicating cAMP to be a mitogenic messenger in 

one cell type and yet as an inhibitor of cell growth in another (Dumont et a l ,  1989). 

However, recent studies have suggested that differential effects of cAMP may be due 

to cell-specific differences at the level of cross-talk between the cAMP and Ras 

signalling pathway (Wu et a l,  1993). The major target of cAMP is the cAMP- 

dependent protein kinase (PKA) which is composed of the cAMP-binding regulatory 

dimer and two catalytic polypeptide chains containing the kinase activity. Upon 

binding of cAMP to the regulatory dimer, the catalytically-active polypeptides chains 

are released and are free to diffuse through the cytoplasm and nucleus. This facilitates 

modulation of the activities of target proteins through serine/threonine phosphorylation 

(Cohen, 1992). Another cAMP target that has been identified is a cAMP-dependent 

sodium channel in olfactory neurones (Nakamura and Gold, 1987). The action of 

cAMP is terminated by cyclic nucleotide phosphodiesterase which degrades cAMP to 

5 -AMP. In addition, various protein serine/threonine phosphatases including PP l, 

PP2A and PP2B (Cohen, 1989) can terminate cAMP signalling through PKA via 

serine/threonine dephosphorylation.

Calcium

The concentration of calcium is highly regulated within the cell. Despite the 

concentration gradient created by a 10,000-fold excess of extracellular calcium over 

that of free intracellular calcium, this divalent ion is maintained at an intracellular 

concentration of about 10  ̂ M in resting cells. Concentration of free calcium in the 

cytosol is kept at around 10  ̂ M by plasma membrane-bound Ca^^-ATPases which 

utilize the energy of ATP hydrolysis to pump calcium out of the cell. Ca^^-ATPases
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are also found in the membranes of specialized intracellular compartments which serve 

as calcium stores and are involved in maintaining basal calcium concentrations. 

Muscles and neurones have, in addition, Ca '̂ /̂Na'  ̂ exchangers in their plasma 

membrane which are able to couple the efflux of Ca^^ with the influx of Na^. Two 

calcium signalling pathways may be defined. One is restricted to neurones where 

depolarization of the presynaptic membrane by action potential causes calcium to enter 

into the cell through voltage-gated Ca^^ channels. Consequently, the influx of calcium 

into the postsynaptic terminal leads to activation of calcium-sensitive responses 

including the secretion of neurotransmitters. The other calcium signalling pathway is 

a ubiquitous one. Binding of first messengers to cell-surface receptors causes the 

release of calcium from the intracellular stores. The entry of calcium into the cell 

allows it to bind the calcium binding protein, calmodulin, which regulates the 

activities of other enzymes such as calcium/calmodulin-dependent protein kinase. The 

increase in intracellular calcium activates either the inositol 1,4,5-trisphosphate 

receptors or ryanodine receptors to regenerate additional waves of calcium release. 

This form of calcium-induced calcium release may be important in the regulation of 

cellular events such as neuronal signalling, fertilization of Xenopus eggs and their 

subsequent development into embryos, smooth muscle contraction and cell growth 

(Berridge, 1993).

cGMP

The signalling roles of cGMP have been established in only a few cell types (Schmidt 

et al., 1993). In intestinal mucosa and vascular smooth muscles, cGMP is thought to 

mediate the increased secretion of salt and water and the atrial natriuretic factor 

triggered-relaxation of smooth muscles, respectively. In retinal rod cells, high 

concentrations of cGMP in dark-adapted rods bind to the sodium channels, thereby 

keeping them open for the maintenance of membrane depolarization. Photon 

activation of rhodopsin leads to the stimulation of cGMP-dependent phosphodiesterase 

in rod cells. This process is mediated by a G-protein, retinal transducin, and results 

in a transient reduction of cGMP concentration. Consequently with the closing of the 

cGMP-gated sodium channels, the membrane becomes hyperpolarized thereby
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decreasing neurotransmitter release. The brain senses these changes as visual signals. 

Nitric oxide

Nitric oxide (NO) was first identified as a mediator of blood vessel relaxation (Palmer 

et a l ,  1987). Investigations of its role in the immune and nervous system have 

revealed that NO may be responsible for the tumoricidal and bactericidal actions of 

macrophages; functions as a "retrograde messenger" in LTP and a messenger in long 

term depression which is a model for motor learning (Bredt and Snyder, 1992). In the 

central nervous system, NO is produced enzymatically by NO synthase in postsynaptic 

structures in response to the activation of excitatory amino acid receptors (e.g. 

glutamate/N-methyl-D-aspartate). Stimulation of these receptors leads to the opening 

of calcium channels. The released calcium binds calmodulin thereby activating NO 

synthase and the production of NO from arginine. NO then functions as a second 

messenger by diffusing retrogradely to the presynaptic nerve endings and astrocyte 

processes in order to activate its targets, namely guanylyl cyclase and ADP- 

ribosylation factor. The mechanism of NO signal termination is unclear but may 

involve the highly unstable free radical state of NO.

1.2.2. Receptors

In a signal transduction pathway, cell-surface receptors convert extracellular signals 

into intracellular ones. Cell-surface receptors have three domains: an extracellular 

domain which is able to interact with appropriate ligand(s) such as polypeptide 

hormones, growth factors, neurotransmitters; a transmembrane domain which transmits 

the recognition of this signal intracellularly to its connecting cytoplasmic domain. 

Most cell-surface receptors belong to one of at least three known classes, as based on 

their mode of transduction. The three classes include cell-surface receptors possessing 

catalytic cytoplasmic domains, those that are coupled to G proteins and others which 

are linked to ion channels. The best studied examples of cell-surface receptors are 

receptor protein-tyrosine kinases. Interests in these receptors have been aroused with 

the initial discovery that some oncogenes encode mutationally activated forms of 

receptor protein-tyrosine kinases as well as growth factors. For example, the v-erb-B,
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v-fms, v-kit oncogenes encode mutationally activated versions of the receptor protein- 

tyrosine kinases for epidermal growth factor (EGF), colony-stimulating factor 1 and 

Steel factor, respectively, and the v-sis oncogene encodes platelet-derived growth 

factor (PDGF)-like growth factor (Cantley et al., 1991). Upon ligand-binding, receptor 

protein-tyrosine kinases dimerize to facilitate intermolecular phosphorylation at their 

cytoplasmic domains, thereby activating the receptor. Subsequently, specific tyrosine- 

phosphorylated peptide sequences on the activated receptor serve as binding sites to 

Src-homology 2 (SH2)-containing signalling molecules, such as phospholipase C-y, 

p i 20-GAP (Ras-GTPase activating protein) and phosphatidylinositol 3-kinase 

(Schlessinger and Ullrich, 1992). Such protein-protein interaction is required for the 

propagation of the initial signal. G protein-coupled receptors are uniquely recognized 

by their seven-transmembrane spanning domains. Examples of G protein-coupled 

receptors can be found in those for odours, adrenergic catecholamines and photons. 

These receptors activate or inactivate plasma membrane-bound enzymes or ion 

channels via heterotrimeric GTP-binding proteins (G proteins), which result in the 

alteration in the concentration of one or more second messengers. These intracellular 

messengers, in turn, modulate the activities of yet other target proteins in the cell. At 

synapses and neuromuscular junctions, neurotransmitters bind to channel-linked 

receptors to mediate rapid synaptic signalling between neurones. Binding of 

neurotransmitters, such as glutamate and y-aminobutyrate (GABA), to these 

transmembrane receptor-operated ion channels results in transient opening or closing 

of the ion channels, thereby generating an ionic flux. Changes in ionic fluxes are 

responsible for the changes in transmembrane electrical potential. Changes in 

postsynaptic ion fluxes also lead to the activation of the calcium signalling pathway 

due to the influx of calcium. Activation of channel-linked receptors is thought to be 

involved in synaptic long-term potentiation which underlies processes like memory 

and learning in higher vertebrates (Bashir and Collingridge, 1992). All receptors are 

susceptible to deactivation or desensitization. When target cells are exposed to a 

stimulus for a prolonged period, the ability to respond to the stimulus with the original 

sensitivity may be lost. Desensitization of the receptor to the stimulus can occur by 

a decrease in the number of cell-surface receptors. This involves the sequestering or

27



degradation of cell-surface receptors by endocytosis following the binding to the 

ligand. Desensitization of receptors can also occur through their phosphorylation. 

Rhodopsin and p-adrenergic receptors are two examples of receptors which are known 

to be inactivated by their respective kinases. Once phosphorylated, these receptors are 

either directly (as with the p-adrenergic receptor) or indirectly (as with rhodopsin) 

inactivated. The presence of phosphoserine and phosphothreonine at the carboxyl 

terminal tail of rhodopsin promote high affinity interaction with retinal arrestins which 

compete with and prevent the activation of G protein, thus indirectly "switching o f f  

signalling via G proteins.

1.2.3. Heterotrimeric G proteins

Heterotrimeric G proteins (G proteins) bind GTP and are comprised of three 

polypeptides: an a-subunit (G J  which binds and hydrolyzes GTP, and a high-affinity 

complex of p- and y-subunits (Gp )̂, which localizes the G protein to the cytoplasmic 

face of the plasma membrane. There are currently at least sixteen a-subunit, four p- 

subunit and five y-subunit genes known (Birnbaumer, 1992) which give rise to the G, 

Gj, Gq and Gj2 families of G proteins. Each family member utilizes a common 

mechanism for transducing signals between effector and receptor, namely via the 

GDP/GTP cycle. Upon binding of a specific extracellular signal to a receptor, the 

activated receptor stimulates the exchange of GDP for GTP on the a-subunit (G J, 

thereby activating the G protein. This causes G„-GTP to dissociate from the receptor 

and the tightly bound complex of py-subunits (GpJ. Both G„ and Gpy are then 

thought to interact and modulate the enzymatic activities of specific effectors including 

phospholipases, adenyl cyclases, and ion channels. Due to the intrinsic GTPase activity 

of the G„ subunit, termination in signalling occurs when G„-GDP reassociates with 

Gpy subunits. Hence, G proteins employ GTP hydrolysis as a timer for amplifying 

signals initiated at the plasma membrane by activated receptors. The cycle can then 

be reinitiated by an activated receptor. Initial studies on the adenyl cyclase and retinal 

phosphodiesterase systems indicated a role for the G„ subunits in regulating these 

effectors whilst Gp  ̂ subunits were not thought to be directly involved. Evidence 

supporting a role for Gp  ̂subunits in directly regulating effectors, independent of the
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G„ subunit, was only recently obtained from experiments demonstrating inhibition of 

adenyl cyclase type-1 and stimulation of phospholipase C-P2 (Tang and Gilman, 1991; 

Katz et a l ,  1992). Current data suggests that the G„ subunit may also be subjected 

to modulation by effectors. For example, phospholipase C -pl and phosducin were 

shown to exhibit GTPase activating activity on Gq/^ and GTPase-inhibitory activity 

on Gq, Gg and Gj, respectively (Berstein et al., 1992; Bauer et a l ,  1992). Interestingly, 

phosducin has also be reported to regulate signalling by G ^ through complexation 

with Gpy

Cholera and pertussis toxins have been employed to determine roles for G proteins in 

signalling pathways. These toxins ADP-ribosylate distinct species of G„ subunits on 

specific Arg and Cys residues, respectively. Consequently, cholera toxin constitutively 

activates G proteins (e.g. the a-subunits of G J via inhibition of their GTPase activity 

whereas pertusiss toxin inhibit G proteins (e.g. a-subunits of GJ by disrupting 

receptor-mediated activation of G-proteins. Studies based on the sensitivity to cholera 

and pertussis toxins have revealed roles for G-proteins in the regulation of adenyl 

cyclase, calcium/sodium/potassium channels, phospholipase A2, phospholipase C- 

pl/p2/p3 and cGMP-specific phosphodiesterase (Hepler and Gilman, 1992).

1.2.4. Kinases

Binding of ligand to the extracellular domain of the receptor results in increased 

kinase activity in the intracellular domain of the receptor. Consequently, a large 

number of cellular proteins are directly or indirectly phosphorylated on tyrosine, 

serine and/or threonine residues by the activated receptor kinase. Amongst the 

phosphorylated substrates are non-receptor serine/threonine kinases, tyrosine kinases 

and dual-specificity kinases. The function of these kinases is to translate the signal 

initiated by the activated receptor into amplified signals through the phosphorylation 

and subsequent modulation of multiple enzymes. One of the earliest studied kinase is 

a serine/threonine kinase known as cyclic AMP (cAMP)-dependent protein kinase 

(PKA). The role of PKA in the regulation of glycogen metabolism illustrates how 

kinases may propagate and amplify the initial extracellular signal. PKA is a
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holoenzyme complex of two regulatory (R) subunits and two catalytic (C) subunits 

which are bound together in the absence of cAMP, When a hormone binds its 

receptor, the receptor activates adenyl cyclase via a heterotrimeric G protein, and 

cAMP is generated from the intracellular surface of the plasma membrane. cAMP 

activates PKA by binding to the R subunits, releasing active C subunits to 

phosphorylate substrates on serine or threonine residues. During glycogenolysis, the 

substrates of PKA are glycogen synthase and glycogen phosphorylase kinase. Whilst 

phosphorylation of glycogen synthase leads to its inactivation and the inhibition of 

glycogen synthesis, phosphorylation of glycogen phosphorylase kinase results in 

activation of phosphorylase kinase activity. The activated glycogen phosphorylase 

kinase, in turn, phosphorylates and activates another enzyme, glycogen phosphorylase, 

to stimulate the breakdown of glycogen. Hence, glycogenolysis involves a series of 

steps (also known as a signalling cascade) in which the proteins catalyzing each step 

is modulated by the product of the preceding step. Apart from allowing propagation 

of the original signal into the cell, such a sequential series of events also allows signal 

amplification. In glycogenolysis, binding of a hormone to a cell surface receptor 

results in the generation of a large amount of cAMP molecules, which then modulate 

and even larger number of enzymes in the cascade.

1.2.5. Model organisms; pathways for S. cerevisiae mating pheromone response, the 
development of vulva in C. elegans and photoreceptor in D. melanogaster

As organisms like Saccharomyces cerevisiae. Drosophila melanogaster and 

Caenorhabditis elegans are amenable to genetic analysis, they provide model systems 

for dissecting the signal transduction pathways underlying growth control and cell 

developmental processes. Genetic studies in these organisms have enabled 

identification of new components in signalling pathways as well as the elucidation of 

the functions of signalling components, in the context of the whole organism. A 

limitation of genetic analysis is, however, its inability to reveal how genetically 

identified components interact. Additional biochemical characterization is required for 

establishing if gene products interact directly. Three signalling pathways are 

highlighted in this section. These are the mating pheromone response pathway in
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yeast, vulval and photoreceptor developmental pathways in C.elegans and Drosophila, 

respectively. These pathways have been chosen as they are amongst the most 

intensively studied pathways in these organisms. Another reason for the choice is 

because these pathways illustrate the evolutionary conservation of signalling 

components, comprising a cascade of three protein kinases. In mammals, these three 

kinases are known as MEKK (mitogen-activated protein kinase kinase kinase), MEK 

(mitogen-activated protein kinase kinase) and MAPK (mitogen-activated protein 

kinase). In a signal transduction pathway, signals are transmitted from MEKK to MEK 

and then to MAPK, via phosphorylation and activation by the preceding kinase. The 

three pathways outlined below demonstrate how such conserved components may be 

involved in the regulation of different cellular responses in each organism.

With S. cerevisiae, mating of haploid yeast cells of complementary mating types (a 

and a ) occurs through a series of events. During mating, complementary haploid yeast 

cells are arrested at the START point in the cell cycle, fused to each other and 

subjected to morphological changes. The pathway begins at the cell surface, with the 

binding of the a or a  mating peptide pheromone to G protein-coupled pheromone 

receptors on the a  or a cells, respectively. Each ligand-activated receptor, in turn, 

activates a heterotrimeric G protein by stimulating the exchange of GDP for GTP in 

the G„ subunit. The GTP bound form of G„ then dissociates from the Gp  ̂ subunits. 

Genetic studies indicate that the signal for mating is further propagated through Gpy 

as loss of Gpy,, but not G„, leads to the inability to mate (Kurjan, 1992). Although 

the direct effector of Gpy is presently unclear, the order of subsequent downstream 

effectors in this pathway is thought to be as follows: STE20/STE5, S T E ll ,  STE7, 

KSSl, FUS3 and STE12. The gene products of STE20, ST E ll ,  STE7, KSSl and FUS3 

are kinases while STE12 encodes a transcription factor (Van Houten, 1994). The gene 

products of KSSl and FUS3 are yeast homologues of the mammalian mitogen- 

activated protein kinase (MAP kinase). The biochemical function of the STE5 protein 

is unknown. Signals are thought to be transmitted from Gpy to effectors in the mating 

pheromone pathway in a cascade involving phosphorylation. The signals are also 

thought to be brought into the nucleus through the phosphorylation and subsequent
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activation of STE12 by one of the upstream protein kinases. Activated STE12 binds 

to pheromone responsive elements to induce gene transcription.

In C. elegans, an inductive signal (Lin-3) stimulates vulval precursor cells to 

proliferate and differentiate into vulval cells. Genetic studies have defined the roles 

for several cell signalling proteins in vulval induction (Sternberg and Horvitz, 1991). 

These studies suggest that Lin-3 from the gonadal anchor cell binds and activates the 

Let-23 receptor protein-tyrosine kinase, which is localized on the cell surface of vulval 

precursor cells. A protein with SH2 and SH3 domains, known as Sem-5, serves as 

a link between Let-23 and Let-60, the nematode Ras homologue. Downstream of Let- 

60, signalling is mediated by many other genes, including Lin-45 and Sur-1. Lin-45 

is a homologue of mammalian Raf serine/threonine kinase which is likely to act 

upstream of Sur-1, a homologue of the mammalian MAP kinase (Wu and Han, 1994).

Development of the R7 photoreceptor cell in Drosophila involves a signal transduction 

pathway that is analogous to the two outlined above for yeast and nematode. The 

sevenless gene product, a receptor protein-tyrosine kinase, is essential in instructing 

a specific cell to become an R7 photoreceptor cell (Rubin, 1991). Signalling is thought 

to be initiated from Sevenless through its interaction with its putative ligand. Boss, 

which is produced by neighbouring R8 cells. Genetic screens for other mutations 

affecting the fate of the R7 photoreceptor suggest that gene products of Drk, Son of  

Sevenless (Sos), R asl,  D-Raf mà. Dsorl  act downstream of Sevenless (Simon et a l ,  

1991; Tsuda et a l ,  1993). Drk is a Drosophila homologue of the nematode Sem-5 and 

Sos is a guanine nucleotide exchange factor for Drosophila Rasl. D-Raf and Dsorl 

are Drosophila homologues of mammalian Raf and MAP kinase, respectively. 

Signalling by Sevenless is also thought to involve nuclear components such as the 

gene product of seven in absentia (sina). Fig. 1 summarizes the three signalling 

pathways that have been outlined. Components downstream of MAPK are not included 

in this schematic flow diagram.
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Fig. 1 Evolutionaiy conservation of the MAP kinase signalling patiiway in 
S. cerevisiae, C. elegans, D. melanogaster and mammals

Agonist stimulation of mammalian cells results in the activation of Ras via stimulation 
of its guanine nucleotide exchange factor, mSos (Egan et a l ,  1993). Activated Ras 
triggers a cascade of sequential phosphorylation involving MEKK/Raf, MEK and 
MAPK (Neiman, 1993). The cascade begins with activated MEKK/Raf stimulating 
MEK by phosphorylation. Activated MEK, in turn, activates MAPK by 
phosphorylating MAPK on both threonine and tyrosine. Homologues of these three 
kinases are found in S. cerevisiae, C. elegans and D. melanogaster (Neiman, 1993). 
The homologues have been placed at the same level as their manunalian counterpart. 
Other signalling components serving similar functions at each level of the signalling 
pathway have also been positioned at the same level. For example, Sem-5, Drk and 
Grb-2 function as adaptor proteins, coupling activated receptors to Ras GDP/GTP 
exchange factors (i.e. Sos and mSos). With the exception of receptors positioned at 
the first level of the pathway, STE5, ST E ll and G protein, all proteins positioned at 
the same level belong to the same family. As there may be components in the 
signalling pathways yet to be identified (those marked with "?"), the arrows denote 
order of function rather than direct interaction between components in the pathways.
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1.3 RAS SUPERFAMILY

1.3.1. Families of GTP-binding proteins within the Ras superfamily 

GTP-binding proteins function as biological switches by cycling between the GTP- 

and GDP-bound states (Bourne et al., 1991). The GTP-bound state of the protein is 

considered as "active" due to its ability to interact with effectors, which transduce 

signals downstream. On the other hand, the protein is "inactive" when bound to GDP 

due to its inability to stimulate down stream targets. Four distinct classes of GTP- 

binding proteins are known: (1) the low molecular weight GTP-binding proteins or 

p21s (relative molecular mass of 21 kDa), typified by Ras; (2) GTPases used in 

libosomal protein biosynthesis, exemplified by bacterial elongation factor (EF) Tu; (3) 

the a-subunits of the heterotrimeric (apy) G proteins and (4) GTPases mediating 

targeting of nascent polypeptides to the endoplasmic reticulum membrane e.g. the 

subunits of the signal recognition particle (SRP). Five families of p21s constitute the 

Ras superfamily: Ras, Rho, Rab, ARF (ADP-Ribosylation Factor) and Ran. All 

members in this superfamily possess four highly conserved regions which are involved 

in guanine nucleotide binding and hydrolysis. These regions of GXXXXGK, 

DTAGXE, LXGNKXD and EXSAX (where X is any amino acid residue), occur in 

the same order and with similar spacing in all known small GTPases (Fig. 2). Studies 

on the biochemical activities of mutated Ras revealed that amino acid residues 12, 13, 

59, 61 and 63 are important for GTP hydrolysis; amino acid residues 16, 17, 116, 117, 

119, 144 and 146 are important for GDP/GTP exchange activity while amino acid 

residues 32-40 comprise the "effector" domain essential for the biological activity of 

Ras (Polakis and McCormick, 1993). Three dimensional crystal structures, at 1.35 A 
resolution, of GDP-bound and GTP-bound states of wild-type Ras as well as those of 

mutant Ras revealed limited structural differences (Pai et al., 1989; Milbum et al., 

1990). These differences occurred in two loops containing amino acids residues 30-38 

and 60-76. In another study, Pai et al. (1990) proposed that GTP hydrolysis by Ras 

occurs by a mechanism involving amino acid residue 61 (glutamine 61) activating the 

nucleophilic attack by water on the y-phosphate of the bound GTP. Crystal structure 

analyses of Ras bound to the nucleotide analogues, guaninosine-5'-p,y-methylene 

triphosphate (GppCH2p) and guanosine-5'-p,y-imidotriphosphate (GppHNp), indicated
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Fig.2 Comparison of sequence motifs in Ras supeifamily

The table shows the amino acid sequences of putative G1-G4 regions on members of 
the Ras, Rho, Rab, Arf and Ran families. Based on crystal structures of Ras and 
bacterial EF-Tu, G1-G4 regions form loop structures on one side of the proteins 
(Jumak, 1985; Pai et a l ,  1989). G1-G4 are regions where conformational change 
occurs upon GTP binding and are also involved in guanine nucleotide exchange and 
GTP hydrolysis (Bourne et al., 1991). Region G2 in Ras contains the effector domain 
(Adari et al., 1988). G2 regions are thought to contain putative effector domains for 
p21s. Sequence of each p21 was based on Valencia et al. (1991). Numbering of amino 
acid residues is based on Bourne et al. (1991). Amino acid residues that are identical 
between p21s are in bold. HS, Homo sapien.
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that amino acid residue 32 (tyrosine 32) interacted with the y-phosphate of the 

analogues. These structural studies also revealed that tyrosine 32 of each Ras molecule 

could interact with the y-phosphate from the neighbouring molecule of Ras within the 

crystal lattice. These results raised the possibility that GTPase activating proteins 

might enhance the intrinsic GTP hydrolysis activity of Ras by intercalating its side 

chains in this region and directly catalysing the hydrolysis of GTP. Alternatively, it 

was also proposed that GAPs might bring about a conformational change on Ras and 

hence indirectly stimulate the hydrolysis of GTP.

The carboxyl-terminal regions of Ras and Ras-related proteins are important for their 

membrane localization and biological functions. With the exception of Ran, all p21s 

have a "CAAX" motif (where C=cysteine, A=any aliphatic amino acid and X=any 

uncharged amino acid). Variations on the "CAAX" motif eg. CCaX, xxCC and xCxC, 

have been reported in Ral, yeast RASl and Rab, respectively. The processes involved 

in the post-translational modification occurring at the "CAAX" motif have been well 

characterized for Ras and involved: (1) the attachment of a Ĉ g prenyl (i.e. famesyl-) 

group to the cysteine of the "CAAX" sequence; (2) proteolytic cleavage of the "- 

A AX" residues; (3) carboxylmethylation of the new carboxyl cysteine and (4) 

palmitoylation at a more amino terminal cysteine residue (Hancock et al., 1989). 

Hancock et al. (1989) showed that the latter step did not occur with Ki-RasB as there 

was no cysteine residue for palmitoylation. However, a polybasic domain of six 

consecutive lysine residues was essential for its plasma membrane targeting. Other 

members in the Ras superfamily could also be post-translationally modified by 

geranylgeranylation (addition of C20 prenyl-group) instead of famesylation (Kawata et 

al., 1990). Protein prénylation is not unique to guanine nucleotide binding proteins. 

Proteins such as rhodopsin kinase, nuclear lamin and the a -  and p-subunits of cyclic 

guanosine monophosphate phosphodiesterase also appear to carry this modification 

(Marshall, 1993).

1.3.2. Ras is an oncogene

Three homologous members, Ha-, Ki- and N-Ras, represent archetype members of the
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Ras superfamily (Barbacid, 1987). Ha- and Ki-Ras were first discovered due to its 

highly oncogenic potential as oncogenes in Harvey and Kirsten murine sarcoma 

retroviruses. N-Ras was independently characterized as a non-retroviral transforming 

gene found in many human or animal tumors. Mutations in ras genes can be found 

in at least 30% of all human cancers (Bos, 1989). The occurrence of ras mutations in 

certain types of malignancy, such as pancreatic carcinoma, may be as high as 100%. 

In tumours, oncogenic ras mutations occur at codons 12, 13, 59, 61 and 117. Although 

these mutations result in Ras being predominantly in the "active" GTP-bound form, 

the mutations affect Ras by different mechanisms. The effects of oncogenic ras 

mutations at codons 12,13, 59 and 61 are on residues which are in the proximity of 

the p and y phosphate groups of bound GTP. Consequently, these mutations result in 

reduced rates of GTP hydrolysis. Codon 117 on ras is a site which interacts with the 

guanosine base of bound GTP. Mutations at this position result in increased rates of 

guanine nucleotide exchange by Ras.

1.3.3. The function of Ras in mammalian cells

The finding that Ras is involved in malignancies suggests that Ras may be involved 

in growth control in normal mammalian cells. One approach of elucidating the 

function of Ras in mammalian cells is through the microinjection of the Ras- 

neutralizing Y 13-259 antibody (Mulcahy et a l ,  1985). Y13-259 is a rat monoclonal 

antibody that binds to residues 70-89 of Ras. The antibody is thought to block the 

function of Ras through the induction of conformational changes which is 

unfavourable for Ras signalling. Microinjection of Y 13-259 antibodies into NIH3T3 

cells blocked the growth factor-induced mitogenic responses, suggesting that Ras is 

required for the action of mitogens (Mulcahy et a l ,  1985). Another tool that has been 

used for the determination of the function of Ras in mammalian cells is the 

microinjection of Ras mutants, such as the dominant inhibitory and activated mutants 

(Bar-Sagi and Feramisco, 1986; Cai et a l ,  1990). The S17NRas dominant inhibitory 

mutant, like the Y 13-259 antibody, is useful in interfering with the function of 

endogenous wild-type Ras (Cai et a l ,  1990).The S17NRas mutant is thought to inhibit 

Ras function by sequestering the Ras guanine nucleotide exchange factor, an upstream
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activator of Ras, so that the Ras guanine nucleotide exchange factor is unavailable to 

activate endogenous wild-type Ras. Microinjection of the SlTNRas mutant into 

NIH3T3 cells resulted in inhibition of cellular responses induced by mitogens (Cai et 

al., 1990). Activated Ras mutants (e.g. G12VRas) are predominantly GTP-, rather than 

GDP-, bound. Consequently, microinjection of activated Ras mutants are expected to 

result in persistent stimulation of the Ras signalling pathway. Studies on fibroblasts 

microinjected with activated Ras indicate that the cells become transformed (Bar-Sagi 

and Feramisco, 1986). Cell tranformation of these Ras-microinjected cells is 

accompanied by membrane ruffling and pinocytosis (Bar-Sagi and Feramisco, 1986), 

increased intracellular pH (Hagag et a l ,  1987) and gene induction, including those of 

c-fos and c-jun (Stacey et al., 1987; Owen and Ostrowski, 1987).

Apart from mediating mitogen-induced responses, Ras also has a role in inducing 

differentiation. Differentiation in PC 12 pheochromocytoma cells and primary neurones 

require the action of nerve growth factor (NGF). Upon addition of NGF, neuronal 

differentiation, characterized by neurite outgrowth, the development of action 

potentials and storage of neurotransmitters is induced.. However, NGF is not required 

for differentiation in PC 12 pheochromocytoma cells and primary neuronal cultures, 

which have been microinjected with activated Ras (Bar-Sagi and Feramisco, 1985; 

Borasio et al., 1989). The importance of Ras in neuronal differentiation in these cells 

is further supported by experiments showing that differentiation could be blocked by 

microinjecting Ras-neutralizing Y 13-259 antibody or dominant negative Ras mutants 

(Hagag et a l ,  1986; Szeberenyi et al., 1990). In another system, Ras was able to 

mimic the differentiation effect of retinoic acid and cAMP in F9 enbryonal carcinoma 

cells (Yamaguchi-Iwai et a l ,  1990).

1.3.4. Functions of Rho family members

The Rho family of low molecular weight GTP-binding proteins consists of RhoA, 

RhoB, RhoC, R a d , Rac2, CDC42Hs/G25K, RhoG and TCIO (Hall, 1990; Vincent et 

al., 1992). Genes for Rho have been isolated from Aplysia, yeast and man. Initial 

studies on Rho employed the Clostridium botulinum mono-ADP ribosyltransferase C3
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exoenzyme which inactivates Rho by ADP-ribosylation at residue Asn41 (Paterson et 

a l ,  1990). Complete loss of actin stress fibers was observed in these studies. Addition 

of C3 exoenzyme in neutrophils inhibited chemotaxis, possibly due to the loss and 

disassembly of stress fibers required for this process (Stasia et al., 1991). In PC 12 

cells which are normally round and poorly attached to the substratum, C3 exoenzyme 

treatment induced the formation of short neurites and a reduction in DNA synthesis 

(Nishiki et a l ,  1990). Besides using C3 exoenzyme, another approach to elucidate the 

function of Rho in cells involved microinjecting recombinant Rho proteins into 

fibroblasts (Ridley and Hall, 1992). Swiss 3T3 cells exhibit punctate and disorganized 

distribution of polymerized actin when serum-starved. This indicates that serum- 

starved Swiss3T3 cells have very few stress fibers. Formation of actin stress fibers 

may be induced by the addition of growth factors to serum-starved cells. The 

experiments of Ridley and Hall (1992) showed that formation of actin stress fibers and 

focal adhesions may also be induced by microinjecting activated G14VRhoA protein 

in serum-starved cells. This finding suggested that Rho links growth factor receptors 

to the assembly of focal adhesions and the formation of stress fibers. Additional 

evidence in support of this role for Rho was provided by experiments showing that 

the inactivation of RhoA by C3 exoenzyme blocked mitogen-induced stress fiber 

formation and focal adhesion assembly. Ridley and Hall (1992) also showed that the 

timing of mitogen-induced actin reorganization may vary for different growth factors. 

For example, stress fibers were formed after 5 to 10 min upon the addition of PDGF 

and EGF. The formation of stress fibers was preceded by the induction of membrane 

ruffles in PDGF- and BGF-treated cells. However, induction of stress fiber formation 

by fetal calf serum, lysophosphatidic acid and bombesin occurred within 2 min upon 

addition of the growth factor. How does Rho mediate cytoskeletal reorganization? 

Zhang et a l  (1993) have raised the possibility that in platelets, Rho may cause such 

changes indirectly by binding and activating phosphatidylinositol 3-kinase activity (PI 

3-K). The generation of 3-phosphorylated lipid products of PI 3-K are then thought 

to affect cytoskeletal architecture.

Calcium plays an essential role in smooth muscle contraction. However the lack of
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correlation of cytosolic calcium levels with the extent of contraction suggested the 

existence of additional mechanisms to regulate the calcium sensitivity of smooth 

muscle contraction (Bradley and Morgan, 1987). Based on earlier findings that GTP-y- 

S increased the calcium sensitivity for contraction, evidence has now been amassed 

to implicate Rho in this regulation (Hirata et al., 1992). RhoA may be involved in the 

regulation of the cytoskeletal actomyosin system. By microinjecting activated RhoA 

into cells, RhoA was found to affect cell motility, morphology and cytoplasmic 

division (cytokinesis) (Takaishi et a l ,  1993; Miura et al., 1993; Kishi et al., 1993). 

The facultative intracellular bacterium Listeria monocytogenes moves rapidly within 

the cytoplasm of infected cells. This movement is generated due to bacterially induced 

actin polymerization into F-actin. Studies by Aullo et al. (1993) indicate that Rho is 

involved in actin polymerization induced by L. monocytogenes. Consistent with the 

involvement of Rho in bacterially induced actin polymerization, addition of a chimeric 

toxin comprising the C3 exoenzyme and fragment B of diptheria toxin blocked 

bacterially induced microfilament assembly. In neutrophils, binding of fMet-Leu-Phe 

to its G protein-coupled receptor results in the activation of phospholipase D. 

Although heterotrimeric G proteins are thought to be the activator of phospholipase 

D, studies by Bowman et al. (1993) suggest that Rho, or a member of the Rho-family, 

may be an activator of phospholipase D. This finding was based on in vitro 

reconstitution studies indicating that the GTP-binding protein activating phospholipase 

D had characteristics similar to members of the Rho family. The GTP-binding protein 

was membrane-bound, displayed a low requirement for magnesium when binding GTP 

and was not activated by aluminium fluoride. Although these properties are found in 

p21s, the activator of phospholipase D was thought to be Rho or a member of the Rho 

family because the GTP-binding protein was stimulated by smg GDP dissociation 

stimulator (smg GDS) and inhibited by Rho GDP dissociation inhibitor (Rho GDI). 

In S. cerevisiae, genetic analyses revealed that the yeast RHO proteins are also 

involved in the determination of cell morphology and stability of the actin 

cytoskeleton (Madaule et al., 1987). Upon mitogenic stimulation of quiescent cells, 

the genes for RhoB, RhoG and Rac2 are rapidly and transiently induced (Jahner and 

Hunter, 1991; Reibel et al., 1991; Vincent et al., 1992). These genes have been
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suggested to function as immediate-early genes. Rho may be involved in G1 to S 

transition in the cell cycle. By microinjecting botulinum C3 exoenzyme into Swiss3T3 

cells, Yamamoto et al. (1993) found that these cells were arrested at G l. C3 

exoenzyme-microinjected cells were also found to have decreased growth rate and 

lower saturation density. These results suggest that Rho may be regulated in the cell 

cycle as well as cell-cell interaction. Compared with Ras, mammalian cells 

overexpressing the human rhoA gene were found to be both weakly transforming and- 

tumorigenic in nude mice (Avraham and Weinberg, 1989). In contrast, NIH3T3 cells 

overexpressing a constitutively activated G14VRho mutant from Aplysia californica 

resulted in anchorage- and serum-independent growth as well as caused tumor 

formation when introduced into nude mice (Perona et al., 1993).

Two forms of Rac with 92% protein sequence identity have been identified: Racl and 

Rac2 (Didsbury et a l ,  1989). The mRNA of Racl is ubiquitously expressed while that 

of Rac2 is restricted to cells of the myeloid and lymphoid lineages (Didsbury et al., 

1989; Reibel et a l ,  1991). Two cellular functions have been reported for Racl and 

Rac2. Firstly, studies involving the microinjection of recombinant Racl into fibroblasts 

indicated that Rac caused membrane ruffling (Ridley et a l ,  1992). Extensive 

accumulation of many large vesicles in the cytoplasm was observed. Although stress 

fibers were consequently formed, it was at a much slower rate than cells microinjected 

with Rho, suggesting the possibility that Rac may activate Rho (Ridley et al., 1992). 

The finding that dominant inhibitory mutant of Rac was able to block the growth 

factor- and H-Ras-induced membrane ruffling indicates that Rac acts downstream of 

Ras and growth factor receptors.

Secondly, Racl and Rac2 have been implicated in the activation of the neutrophil 

NADPH oxidase complex to generate superoxide radicals which are thought to be 

potent microbicidal agents (Abo et a l ,  1991). Components of the complex have been 

purified and cloned allowing in vitro cell-free reconstitution of the NADPH oxidase 

complex (Abo et al., 1992). These include the membrane-bound cytochrome b̂ ĝ 

comprising an a -  and a p-subunit, the p41-phox and p61-phox cytosolic proteins and
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Racl (Segal and Abo, 1993). Both Racl and Rac2 were found to be activators of the 

NADPH oxidase complex (Knaus et al., 1991; Abo et al., 1991). Recent studies have 

indicated that post-translational modification of Racl and Rac2 is important for its 

interaction with Rho GDI and Smg GDS as well as the activation of the NADPH 

oxidase complex (Ando et al., 1992). The mechanism of how Racl and Rac2 activate 

the neutrophil NADPH oxidase is unclear but is thought to involve the ability of either 

of the Rac proteins to promote the assembly at the plasma membrane of a complex 

incorporating p47-p/iojc, ^61-phox and cytochrome b̂ gg. In support of this idea, recent 

experiments indicate that equimolar concentrations of Rac2, pAl-phox and p61-phox 

are translocated from the cytosol to the plasma membrane (where 3 to 4-fold molar 

excess of cytochrome b̂ ĝ are located) in response to agonist-stimulation (Quinn et al., 

1993). Once assembled, induction of conformational changes favourable to the 

transport of electrons to oxygen results in the generation of superoxide. Genetic 

defects leading to the absence of pAl-phox and p61-phox have been identified in 

autosomal recessive chronic granulomatous disease (Segal and Abo, 1993). Superoxide 

generating systems similar to the neutrophil NADPH oxidase complex have also been 

reported in T and B lymphocytes (Dorseuil et al., 1992). Reduction of Rac protein 

levels by treatment of Epstein-Barr virus transformed B cells with antisense 

oligonucleotide technology correlated with dose-dependent inhibition of superoxide 

production (Dorseuil et al., 1992). This finding further supports the involvement of 

Rac in the activation of the NADPH oxidase complex. Superoxide generated by B 

lymphocytes has been postulated to function as second messengers regulating gene 

expression mediated by the NF-kB transcription factor (Schreck and Baeuerle, 1991).

CDC42 was first isolated in S. cerevisiae as a cell cycle gene essential for establishing 

cell polarity and normal bud orienatation in dividing yeast cells (Adams et a i ,  1990). 

Homologues in human (CDC42Hs) and C. elegans (CDC42Ce) have been isolated 

(Munemitsu et al., 1990; Chen et al., 1993). CDC42Hs have been found to be 

functionally interchangeable with the temperature sensitive cdc42-l mutation in yeast 

(Munemitsu et a l ,  1990). The biological function of CDC42Hs in mammalian cells 

is presently unclear.
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1.3.5. Functions of Rab family members

The Rab family of Ras-related proteins control intracellular vesicle transport. More 

than 20 members have been identified in the Rab family (Balch, 1990). These proteins 

are localized to distinct intracelullar compartments indicating that different members 

of the Rab family may be responsible for individual steps during intracellular 

transport. For example, Rab6 is associated with elements of the medial Golgi and 

trans-Golgi network (Goud et al., 1990); Rab2 is associated with the cw-Golgi network 

(Chavrier et a l ,  1990); RabSA is localized to synaptic vesciles (Plutner et a l ,  1990) 

and Rabl is found in both the endoplasmic reticulum and Golgi apparatus (Plutner et 

a l ,  1991). Such differential localization has been attributed to the highly variable 

carboxyl-terminal domains of some of the Rab proteins which may interact with 

specific receptors on their target membrane or with cytosolic targeting proteins 

(Chavrier et a l ,  1991). Genetic analysis in S.cerevisiae revealed that the yeast Rab 

homologs, SEC4 and YPTl are involved in the fusion of secretory vesicles with the 

plasma membrane and endoplasmic reticulum/Golgi interface, respectively (Walworth 

et a l ,  1989; Bacon et a l ,  1989). Another yeast Rab homolog, YPT7, has been found 

to be essential for cell viability and is involved in a step prior to the fusion between 

the endocytic vesicles and Golgi-derived vacuoles containing hydrolases (Wichmann 

et a l ,  1992).

A method that has been used to study the functions of Rab family members is the use 

of specific inhibitory peptides to block the function of the Rab in question. Plutner et 

a l  (1990) reported the use of peptides specific to the "effector" region of RabSA to 

block its role in protein trafficking between the endoplasmic reticulum and Golgi 

compartments. In vitro reconstitution of cell-free transport events have also been 

useful in demonstrating that SEC23 and YPTl were important in mediating the 

vectorial transport of a-factor precursor from the endoplasmic reticulum to the Golgi 

body (Baker et a l ,  1988). The functions of specific Rab family members may be 

linked to mitosis. This has been suggested by the recent demonstration that Rabl A and 

Rab4 were phosphorylated by M phase-inducing protein kinase p34‘"‘‘‘'̂  within cells 

(Bailly et a l ,  1991).
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1.3.6. Functions of ADP-ribosylation factor (ARF) family members

Members of the ARF family were originally identified as protein co-factors for ADP- 

ribosylation of heterotrimeric protein by cholera toxin (Kahn and Gilman, 1986). 

The ARF proteins have a similar degree of relatedness to both the Ras superfamily 

and the a  subunits of heterotrimeric G proteins. The cDNAs for at least 18 distinct 

ARF family members have been identified from organisms as diverse as yeast to man 

(Clark et a l ,  1993). Two characterisitics of ARF are unique among the superfamily 

of GTP-binding proteins. These are the ability of ARF to redistribute from the cytosol 

to membranes upon binding GTP and the requirement for lipids, detergents or both 

during guanine nucleotide exchange of ARF (Kahn et al., 1993). ARFs are ubiquitous 

proteins but are especially abundant in the Golgi. The association of ARF with Golgi 

is dependent on ARF being GTP-bound. This has been supported by the finding that 

the fungal metabolite brefeldin A prevented the association of coat proteins with the 

Golgi membrane by inhibiting GDP/GTP exchange on ARF (Donaldson et al., 1992). 

Brefeldin A is thought to inhibit guanine nucleotide exchange on ARF by inhibiting 

the ARF guanine nucleotide exchange factor. In vitro cell-free experiments 

reconstituting intra-Golgi transport have demonstrated a role for ARF in the assembly 

of coat proteins (p-COP) onto budding vesicles (Serafini et a l ,  1991). More recently, 

ARF was found to an activator of phospholipase D (PLD) (Brown et al., 1993). PLD 

hydrolyzes phosphatidylcholine, yielding phosphatidic acid and choline. Although 

phosphatidic acid functions as a second messenger in stimulating DNA synthesis and 

cell proliferation (Moolenaar et a l ,  1986), phosphatidic acid can also serve as a 

precursor for the generation of another second messenger, diacylglycerol. The action 

of ARF on PLD may be important in regulating the generation of second messengers, 

in particular phosphatidic acid and diacylglycerol.

1.3.7. Functions of Ran

Ran/TC4 was intially identified as a distant relative of Ras. This low molecular weight 

GTP binding protein is unique in being localized to the nucleus and lacking the 

"CAAX" motif present in all members of the Ras superfamily. Genetic and 

biochemical analyses have suggested that Ran/TC4 play key roles in the regulation of
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cell cycle progression in eukaryotes through interaction with its DNA binding, 

GDP/GTP exchange protein known as RCCl (Ren et a l ,  1993). Apart from this role, 

RCCl has also been implicated in the maintenance of nuclear morphology, RNA 

processing, export and transcription as well as the yeast mating pheromone response 

(Dasso, 1993). Ran was recently reported to be a component of the machinery required 

for protein import into the nucleus (Moore and Blobel, 1993). Although it is presently 

unclear how Ran mediates nuclear import, it is envisaged that such a mechanism 

would be subjected to regulation by RCCl and Ran GAPs.
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1.4. PROTEINS THAT INTERACT WITH RAS SUPERFAMILY MEMBERS

The '"active" GTP-bound and "inactive" GDP-bound states of Ras are achieved by 

guanine nucleotide exchange and hydrolysis. To-date, two main classes of cellular 

factors have been identified which either affect GTP hydrolysis or GDP/GTP exchange 

activity of p21s. Whilst GTPase-activating (GAP) and -inhibiting (GIP) proteins 

stimulate and inhibit, respectively, the hydrolysis of bound GTP, GDP-dissociation 

stimulator (GDS) and GDP-dissociation inhibitor (GDI), respectively, stimulate and 

inhibit the exchange of GDP for GTP which is bound to the p21. Hence, 

downregulation of the p21 can be obtained by the action of GAP. In contrast, 

activation of the p21 may be achieved via GIP and GDS. Although the GDI protein 

inhibits the dissociation of GDP from the p21, recent experiments with Rho GDI and 

CDC42HS GDI (Hancock and Hall, 1993; Hart et a/., 1992) showed that GDIs may 

also inhibit both the intrinsic and GAP-stimulated hydrolysis of GTP.

1.4.1. GTPase-activating proteins (GAPs)

Initial evidence that GAPs existed came from the experiments of Trahey and 

McCormick (1987). In determining the relationship between the state of guanine 

nucleotide bound to Ras and the ability of Ras to induce maturation in Xenopus 

oocytes, Trahey and McCormick (1987) found that maturation could be induced by 

activated G12DN-Ras and G12VN-Ras, but not wild-type N-Ras. This could be 

explained by their finding that activated G12DN-Ras and G12VN-Ras were 

predominantly in the active GTP-bound state, whereas wild-type N-Ras was associated 

with GDP, and therefore inactive. However, since the GTPase activity of wild-type N- 

Ras was much higher in vivo than that expected from in vitro measurements, a 

cytoplasmic factor (GAP) with the ability to stimulate the GTPase activity of Ras was 

postulated to exist. These experiments also indicated that GAPs do not stimulate the 

GTPase activity of mutant Ras. Trahey and McCormick (1987) subsequently purified 

this cytoplasmic factor (pi20-GAP) which had a molecular weight of 120 kDa. Its 

cDNA has been cloned (Vogel et al., 1988). Two forms of this GAP, which are either 

expressed ubiquitously or specifically in the placenta, are generated by alternative 

splicing (Trahey et al., 1988). p i 20-GAP possesses two SH2 and one SH3 domains

48



which are similar to those of Src tyrosine kinase. SH2 and SH3 domains are small 

modules of protein structure of approximately 100 and 50 amino acid residues, 

respectively (Mayer and Baltimore, 1993). SH2 domains bind to phosphotyrosine- 

containing sequences of other proteins (Songyang et a l ,  1993). The SH2 domain of 

p i 20-GAP binds activated PDGF receptor and the p62 phosphoprotein (Songyang et 

al., 1993; Marengere and Pawson, 1992). SH3 domains mediate specific protein- 

protein interactions during signalling (Mayer and Baltimore, 1993). Evidence for this 

has been obtained with the 3BP-1 protein which interacts with the SH3 domains of 

Abl via its carboxyl proline rich region (Cicchetti et al., 1992). It is presently unclear 

what proteins bind to the SH3 domain of p i 20-GAP. A putative calcium-dependent, 

phospholipid binding (CalB) domain similar to that present in cytosolic phospholipase 

A2 can also be found in p i 20-GAP (Clark et a l ,  1991) but its function is also unclear, 

p i 20-GAP interacts with the active GTP-bound form of Ras through the "effector" 

region (amino acid residues 32-40) and also with residues around amino acid residue 

61 (Gales et al., 1988; Adari et al., 1988). Both GTP-bound forms of wild-type Ras 

and oncogenic Ras were found to interact with p i 20-GAP. However, only the GTPase 

activity of wild-type Ras was significantly stimulated by the GAP. p i 20-GAP can also 

interact with two Ras-related proteins which have identical "effector" regions; R-Ras 

and RaplA/Krev-1. Although this results in enhanced GTPase activity for R-Ras, the 

GTPase activity of R aplA  is not activated by p i 20-GAP even though RaplA  binds 

to p i 20-GAP with a higher affinity than either Ras or R-Ras (Freeh et al., 1990). 

Enhancement of the GTPase activity of RaplA/Krev-1 was possible, however, if 

threonine 61 on RaplA/Krev was mutated to glutamine 61. Marshall et al. (1989) have 

localized Ras GAP activity to the carboxyl one-third of the protein. The activity in this 

region was similar to that due to the full-length protein. Studies by Skinner et al. 

(1991) have shown that Ras GAP activity was reduced by more than 95% if mutations 

on p i 20-GAP at amino acid residues 902 (from leucine to isoleucine) and 903 (from 

arginine to lysine) were introduced.

Since the initial report of p i 20-GAP, there have been other Ras GAPs identified. In 

the yeast S.cerevisiae, two genes, IRAI and IRA2 encode Ras GAPs (Tanaka et al..
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1990a). Human p i 20-GAP could functionally replace both genes in yeast but human 

Ras was not a substrates for either IRAI or IRA2 (Tanaka et al., 1990b). Both IRAI 

and IRA2 are involved in the regulation of yeast Ras signal transduction pathway 

which controls cell growth by regulating adenyl cyclase. Disruption of either IRAI or 

IRA2 gene resulted in increased cAMP levels. In S.pombe, SARI functions as a Ras 

GAP modulating the Ras-mediated pheromone mating response (Wang et al., 1991). 

Another Ras GAP homologue, Gapl,  has been cloned from Drosophila (Gaul et al., 

1992). Although its Ras GAP activity has not yet been demonstrated in vitro, it was 

genetically shown to be a negative regulator of Rasl in Drosophila. Activation of 

Rasl is essential for the orderly development of the R7 photoreceptor in the 

compound eye of Drosophila (Simon et al., 1991). Sequencing of the 

neurofibromatosis type-1 (NFl) gene has revealed similarities with the gene encoding 

the catalytic regions of p i 20-GAP (Xu et al., 1990). More extensive sequence 

similarities were also found between NF-1 and the yeast lRAl/2  genes. This suggested 

that NF-1, rather than p i 20-GAP, is the human homologue of IRA 1/2 genes. The NF-1 

gene spans over 300 kb of genomic DNA with about 50 exons which can be 

transcribed as an 11-13 kb mRNA found in all tissues examined (Wallace et al., 

1990). This transcript encodes neurofibromin, a cytosolic protein of 2818 amino acid 

residues with a predicted molecular mass of 327 kD which can associate with tubulin. 

Bollag et al. (1993) reported that up to 70% maximal inhibition of neurofibromin was 

obtained as a result of the interaction between neurofibromin and tubulin. An 

alternatively spliced isoform (known as NF-1 type II) contains an additional 21 amino 

acid residues inserted within the GAP-related domain (GRD). Although the GAP- 

related domain of both isoforms exhibited similar Ras GAP activities to H- and Ki- 

Ras, the type II splice-variant was found to be more sensitive to inhibitory arachidonic 

acid than wild-type NFl-GRD (Uchida et al., 1992). The majority of mutations in the 

NF-1 loci decribed thus far have been gene deletions, insertions, nonsense and 

frameshift mutations that result in the absence of neurofibromin in cells. One missense 

mutation within the GRD at residue 1423 from lysine to glutamine has been identified 

in an N Fl family (Li et al., 1992). When expressed in insect Sf9 or bacterial cells, 

this mutant GRD had a 200 to 400-fold reduction in GAP activity while its binding
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affinity for Ras was not impaired (Li et al., 1992). Wild-type neurofibromin binds to 

Ras with a 30-fold higher affinity as compared with p 120-GAP (Martin et at., 1990). 

However, the specific activity of p i 20-GAP is 30-fold higher than that of 

neurofibromin (Bollag and McCormick, 1991). More recently, three mutations in the 

carboxyl-terminal SH2 domain of p i 20-GAP were found in human tumors (Friedman 

et al., 1993). Studies based on the three-dimensional structure of the Src SH2 domain 

suggest that the mutations may perturb interaction with proteins containing 

phosphotyrosines (Waxman et al., 1993). Maekawa et al. (1993) has provided 

evidence for the existence of a novel, approximately 100 kDa Ras GAP (plOOGAP'^"  ̂). 

The purified cytoslic plOOGAP' '̂'* was found to be active on wild-type, but not 

oncogenic Ras, and was not recognized by antisera specific to p i 20-GAP and 

neurofibromin.

GAPs for other members in the Ras subfamily have also been identified. This include 

GAPs for Rapl (Rubinfeld et al., 1991), Rap2b (Farrell and Lapetina, 1992) and Ral 

(Emkey et a l ,  1991). Of these, only the cDNA for the membrane associated form of 

Rapl GAP has been cloned (Rubinfeld et al., 1991). Rapl GAP has no sequence 

similarity to p i20 Ras GAP, neurofibromin, IRAI or IRA2. The identification of GAPs 

for Ras provided the impetus for a search of GAPs specific to members of the Rho 

family. Three groups have reported the partial purification of Rho GAPs (Garrett et 

a l ,  1989; Yamamoto et a l ,  1990; Morii et a l ,  1991). The molecular weight of Rho 

GAP was estimated to be 29 kDa when purified from human spleen (Garrett et a l ,

1989), 37-200 kDa when purified from bovine brain (Yamamoto et a l ,  1990) and 28 

kDa when purified from the cytosol of bovine adrenal gland (Morii et a l ,  1991). A 

30 amino acid residue peptide derived from Rho GAP has 50% homology to the 

carboxyl terminal region of Bcr, the gene product of bcr (breakpoint cluster region) 

gene (Diekmann et a l ,  1991). Bcr gene on chromosome 22 is rearranged with c-abl 

on chromosome 9 generating the Philadelphia chromosome found in patients with 

chronic myeloid leukemia. A fusion bcr-abl gene is also formed which encodes an 

activated Abl tyrosine kinase (Konopka et a l ,  1984). Amino terminal protein 

sequencing of Rho GAP also revealed a stretch of 15 amino acid residues with 53%
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identity to a region found at the beginning of the Ras GAP-related domain (Garrett 

et al., 1991). N-chimaerin, a brain specific protein has sequence identity to the 30 

amino acid residue, Bcr-related peptide of Rho GAP (Diekmann et al., 1991). 

Heterologous expression of the carboxyl terminal regions of Bcr and n-chimaerin in 

Escherichia coli revealed that both proteins encode GAPs specific for Rac but not Rho 

(Diekmann et al., 1991). In contrast, Rho GAP activity was shown to be effective on 

Rho and Rac. Rho GAP activity was found to be active on Rho, even when Rho is 

ADP-ribosylated by Clostridium botulinum C3 exoenzyme (Morii etal.,  1991). Several 

other proteins containing regions with sequence similarity to Rho GAP have recently 

been identifed. These include the p 120-GAP-associated p i90 phosphoprotein 

(Settleman et al., 1992b), p85 regulatory subunit of phosphatidylinositol 3-kinase 

(Otsu et al., 1991), the Abl SH3 domain-binding protein 3BP-1 (Cicchetti et al.,

1992), yeast bud emergence gene products BEM2 and BEM3 (Fry, 1992), Abr 

(Heisterkamp et al., 1993), CDC42Hs GAP (Barfod et al., 1993), OCRL (the product 

encoded by the gene mutated in Lowe's oculocerebrorenal syndrome; Baldwin and 

Zhang, 1993), inositol polyphosphate 5-phosphatase (Baldwin and Zhang, 1993), yeast 

USOl (Baldwin and Zhang, 1993) as well as the gene product from the 1.7 kb 

transcript of the Drosophila rotund locus (Agnel et al., 1992). With the exception of 

p l90  (Settleman et al., 1992a), Abr (Heisterkamp et al., 1993), CDC42Hs GAP 

(Barford et al., 1993) and BEM3 (Zheng et al., 1993), none of these proteins have as 

yet been shown to exhibit GAP activity. Using both full-length and a 35 kDa 

carboxyl-terminal fragment of p i90 which contain sequences similar to those present 

in Bcr, «-chimaerin and Rho GAP, Settleman et al. (1992a) showed that both proteins 

were active only on Rho A, RhoB, Racl, Rac2, CDC42Hs but not other members of 

the Ras nor Rab subfamilies. As complexes of p i 90 and p i 20-GAP are formed upon 

cellular growth factor stimulation, a possible role for p i90 in facilitating cross-talk 

between Ras and Rho GTPases has been postulated. The abr  (active ^cr-related) gene 

encodes two proteins of 92.3 and 93.5 kDa which differ in their amino-terminal 

regions (Heisterkamp et al., 1993). Both proteins contain a Dbl-like protein sequence 

which may be important for GDP/GTP exchange activity of CDC42Hs (Hart et al., 

1991b) and another sequence similar to Rho GAP which was shown to be essential
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for GAP activity towards Rac (Heisterkamp et aL, 1993). Human CDC42Hs GAP and 

yeast BEM3 are GAPs for CDC42Hs (Barfod et aL, 1993; Zheng et aL, 1993). 

Although CDC42Hs GAP was formerly thought to be a 25 kDa protein, its cDNA 

potentially encodes a 53 kDa protein. Interestingly, this protein contains a proline-rich 

region which was shown to interact with the SH3 domains of p85a and c-Src (Barfod 

et aL, 1993). BEM3 has a molecular weight of approximately 125 kDa and is thought 

to be involved in the regulation of bud site formation (Zheng et aL, 1993). BEM3 and 

BEM2 contain sequences that are similar to Rho GAP but BEM2 has no GAP activity 

for CDC42HS. Experiments using BEM3/BEM2 chimaeric mutants indicate that 

CDC42HS GAP activity resides in an approximately carboxyl-terminal 224 amino 

residue region with sequence similarity to Rho GAP (Zheng et aL, 1993)

There have been reports of other GAPs active on the Rho subfamily members. These 

contained descriptions of their GAP activities but do not reveal any sequence 

information of the proteins involved. For example, Knaus et a l  (1992) reported a 

Rac2 GAP activity in the plasma membrane of human neutrophils which was 

unaffected by the presence of arachidonic acid or SDS. In addition, a recent study 

employing a novel overlay assay identified six GAPs of different molecular masses 

and specificity for members of the Rho subfamily (Manser et aL, 1992). These GAPs 

have different tissue distribution. Amongst these, a 45 kD brain and testis specific 

Racl GAP was found to be related to n-chimaerin based on immunoreactivity and 

substrate specificity (Manser et aL, 1992; Hall et aL, 1993). This was further 

substantiated by subsequent protein purification and peptide sequencing. The cDNA 

of this 45 kD brain and testis specific Racl GAP has been isolated (Hall et aL, 1993). 

The analysis of its sequence revealed that it is a splice variant of «-chimaerin which 

contains an SH2-domain.

In the Rab family, both cytosolic and membrane bound forms of a Rab3A specific 

GAP (Burstein and Macara, 1992a) and another specific for YPTl and SEC4 (Becker 

et aL, 1991) have been identified. Of the GAPs in the Rab family, only the cDNA of 

GYP6 has been cloned (Strom et aL, 1993). This 458 amino acid residue GAP is
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highly specific for YPT6. No significant sequence homology to the known sequences 

of GAPs for Ras, Rap, Rac and Rho was observed.

Although GAPs are involved in the downregulation of p21s, GAPs may themselves 

be effectors. Suggestions that GAPs may have effector functions have been obtained 

from studies on p i 20-GAP. These studies indicate that: (a) GAP only interacts with 

the active GTP-bound form of Ras and the interaction is specifically at the genetically 

defined "effector" binding region of Ras (Adari et aL, 1988; Rey et aL, 1989); (b) 

oncogenic Ras mutants and Krev-1/Rap lA  bind GAP despite the inability of GAP to 

stimulate their intrinsic GTPase activity (Vogel et aL, 1988; Freeh et a l ,  1990) and 

(c) both Ras and GAP are required to inhibit the GTP-dependent opening of potassium 

channel in atrial muscle cells (Yatani et aL, 1990). Recent findings from experiments 

using the SH2-SH3 domains of p i 20-GAP are consistent with the idea that GAPs may 

be effectors (McGlade et aL, 1993; Medema et aL, 1992). Expression of the SH2-SH3 

domains in Rat-2 fibroblast resulted in changes in cytoskeletal architecture and cell 

adhesion which are thought to be mediated by its interaction with p i90 (McGlade et 

aL, 1993). This suggests that p i 20-GAP has effector functions independent of the 

catalytic domain known to downregulate Ras. Medema et aL (1992) has also provided 

evidence that the SH2-SH3 domains of p i 20-GAP are also involved in inducing 

promoter activity. This effector function is Ras-dependent as observed by the ability 

of dominant inhibitory Ras to inhibit fos  gene induction by the SH2-SH3 domains. 

Inspite of these evidences, further experiments will have to be done to demonstrate if 

the other identified GAPs could also serve dual roles as downregulator and effectors 

of p21s.

1.4.2. Proteins modulating guanine nucleotide exchange reaction 

The exchange of bound GDP for GTP on purified Ras occurs very slowly. Under 

certain circumstances, e.g. in response to extracellular stimuli, dissociation of GDP 

must be accelerated to permit its replacement by GTP. Such stimulation of the guanine 

nucleotide exchange reaction is mediated by proteins known as GDP Dissociation 

Stimulators (GDSs) or guanine nucleotide exchange factors (GEFs). Conversely,
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proteins known as GDP Dissociation Inhibitors (GDIs) inhibit the exchange of bound 

GDP for GTP. Modulation of the guanine nucleotide exchange reaction by GDS and 

GDI results in the activation and inactivation of p21s, respectively. The first guanine 

nucleotide exchange factor identified using genetics was the S. cerevisiae CDC25 

protein. In 1991, the CDC25  gene was mapped upstream of RAS and biochemically 

shown to exhibit guanosine nucleotide exchange activity on RAS (Jones et a l ,  1991). 

The gene product of the yeast SDC25 encoding its carboxyl CDC25-related domain 

was also found to show similar activity on both yeast and mammalian Ras proteins 

(Crechet et al., 1990). Two other CDC25-related genes have also been isolated in 

S.cerevisiae: LTEl  and BUD5 (Drubin, 1991) but their potential roles as exchange 

factors have yet to be demonstrated. Homologs of CDC25 were found in other 

organisms eg. STE6  in S.pombe (Hughes et at., 1990) and the son o f  sevenless (Sos) 

in Drosophila (Simon et a l ,  1991).

Cloning of mammalian homologues of CDC25 has only been recently successful. Four 

groups have reported the cloning of GDP/GTP exchange factors for Ras which have 

sequence similarity with the carboxyl terminal catalytic domain of CDC25 (Martegani 

et a l ,  1992; Shou et a l ,  1992; Schweighoffer et a l ,  1993, Bowtell et a l ,  1992). The 

cDNA of a rat homologue (known as pl40^^^^) was isolated from rat brain cDNA 

library using polymerase chain reaction techniques. The polymerase chain reaction 

employed oligonucleotide primers which were based on the conserved regions found 

in yeast CDC25, SDC25 and STE6  (Shou et a l ,  1992). pl40*^“ also contains 

sequences similar to the Dbl oncoprotein, which has been shown to encode guanine 

nucleotide exchange activity for the Ras-related, CDC42Hs (Hart et a l ,  1991b). 

Northern and western analyses suggested that p i40 ^^^ ^  is a brain-specific protein. 

Stimulation of Ras guanine nucleotide exchange by p i40^^ did not require Ras to

be post-translationally modified. Subsequently, the other three reports described the 

cloning of the exchange factors known as CDC25Mm (Martegani et a l ,  1992), H- 

GRF55 (Schweighoffer et a l ,  1993) and mSos (Bowtell et a l ,  1992). These factors 

have been shown to exhibit GDP/GTP exchange activity for Ras (Jacquet et a l ,  1992; 

Shou et a l ,  1992; Egan et a l ,  1993). GDP/GTP exchange factors for other members
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of the Ras subfamily have also been isolated. One such factor is the GDS for Ral 

which has sequence similarity to CDC25 and was active on post-translationally 

modified RalA and RalB but not other GTPases of the Ras, Rho, Rab families 

(Albright et a l ,  1993). Sequence analysis of the cDNA of another factor, smg GDS, 

revealed that it was distantly related to CDC25 (Kaibuchi et aL, 1991). Smg GDS was 

active on post-translationally modified forms of smg p21A (raplA), smg p21B 

(rap IB), c-Ki-Ras, Rho A and RhoB but not c-Ha-Ras or smg p25A (rabSA) (Mizuno 

et al., 1991). This finding raises the possibility that N-Ras, H-Ras and Ki-Ras may be 

regulated by distinct exchange factors. Activities from two other cytosolic Ras-specific 

exchange proteins known as Ras GDP releasing factor (Wolfman and Macara, 1990) 

and Ras exchange protein (Downward et aL, 1990) have also been reported. Although 

the relationship between the two guanine nucleotide exchange factors is unclear, the 

molecular weight of each protein was different i.e. 100-160 kDa for the protein 

described by Wolfman and Macara (1990) in comparison with 60 kDa for that 

described by Downward et aL (1990). It should be noted that despite the variety of 

Ras guanine nucleotide exchange factors described above, no GDI activity has as yet 

been reported for Ras.

Two guanine nucleotide exchange factors specific to members of the Rho family have 

been identified. These are Rho GDS (Isomura et aL, 1990) and Dbl (Hart et aL, 

1991b). Three guanine nucleotide dissociation inhibitors, namely CDC42Hs GDI 

(Leonard et a\., 1992), Rho GDI (Fukumoto et aL, 1990) and Ly-GDI (Scherle et aL,

1993), have been reported to be active on members of the Rho family. The cDNAs 

encoding Dbl, CDC42Hs GDI, Rho GDI and Ly-GDI have been isolated. The 

substrate specificities of Dbl, CDC42Hs GDI, Rho GDS, Rho GDI and Ly-GDI have 

been characterized. Both Rho GDS and Rho GDI were found to be active only on 

post-translationally modified forms of RhoA and RhoB (Hori et aL, 1991, Ueda et aL,

1990). Studies of Hori et a l  (1991) showed that the interaction between Rho GDI and 

Rho was dependent on post-translational lipid modification on the carboxyl terminal 

region of Rho. Furthermore this interaction exhibited preference for the GDP- rather 

than the GTP-bound form of Rho. In addition, Abo et aL (1991) demonstrated that a
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stable complex between Racl and Rho GDI is formed in macrophages. Rho GDI 

interacts with both GTP- and GDP-bound forms of RhoA and Racl (Hancock and 

Hall, 1993) and the complexes can be disrupted by arachidonic acid, phosphatidic acid 

and phosphatidylinositols (Chuang et aL, 1993b). As a complex with Rho GDI, 

Racl.GTP was resistant to the action of Rho GAP and Bcr (Hancock and Hall, 1993). 

The activity of Rho GDI was also found to be dominant over that of Rho GDS in the 

presence of both exchange factors (Kikuchi et aL, 1992). In contrast to Rho GDI, 

which is ubiquitously expressed, Ly-GDI is expressed only in hematopoietic cells and 

predominantly in B- and T-lymphocytes (Scherle et aL, 1993). The 27 kDa Ly-GDI 

has sequence similarity to Rho GDI, inhibited the GDP dissociation from RhoA and 

was phosphorylated upon stimulation of T lymphocytes with phorbol ester (Scherle 

et aL, 1993).

The dbl  gene, initially identified by its cell transformation properties, provided the first 

example of a human oncogene whose mechanism of action involved the regulation of 

the GDP/GTP exchange rate of a p21 (Hart et aL, 1991b). Dbl exhibited GDS activity 

specifically for the post-translationally modified form of CDC42Hs but not c-Ha-Ras, 

Racl nor RaplA  (Hart et a l ,  1991b). In contrast, CDC42Hs GDI was active on both 

post-translationally modified forms of Rho and CDC42Hs (Leonard et aL, 1992). 

Peptide sequences of CDC42Hs GDI were highly similar to those from the carboxyl 

terminal third of Rho GDI (Leonard et aL, 1992). More recently, sequence analysis 

of D4 (Lelias et aL, 1993) which is highly expressed in hematopoietic cells also 

revealed that this protein may be related to Rho GDI. It has emerged that there are 

other proteins with Dbl-related sequences. These include CDC24 from S.cerevisiae 

which has been implicated together with CDC42Sc in the organization of the 

cytoskeleton essential for budding (Sloat et aL, 1981); the human p l60  Bcr and p210 

Bcr-abl proteins present in Philadelphia chromosome positive patients with chronic 

myelogenous leukemia (Campbell et aL, 1990); the SH2 and SH3 domains containing- 

Vav oncoprotein which is specifically expressed in hematopoietic cells (Adams et aL, 

1992); the , a functional GDP/GTP exchange factor for Ras (Shou et aL,

1992) and the oncoprotein Ect-2 which displayed fibroblast transforming potential
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(Miki et a l ,  1993). It is presently unclear if any of these can function as GDP/GTP 

exchange factors for members of the Rho family. Only Ect-2 has been shown to 

physically interact with RhoC and Racl but the interaction did not result in regulation 

of the p21 GDP/GTP exchange rates. Interestingly, this interaction was independent 

of their bound guanine nucleotide states (Miki et aL, 1993). Despite its sequence 

similarity with Dbl, Vav has been shown to be a Ras guanine nucleotide releasing 

factor (GRF) in human T-cells (Gulbins et a l ,  1993). This Ras GRF activity was 

stimulated by T-cell receptor-CD3 ligation and was associated with an increased 

tyrosine phosphorylation of Vav (Gulbins et aL, 1993).

In the Rab family, the best characterized GDP/GTP exchange factor is smg p25A GDI. 

This 60 kD protein was initially shown to specifically block the dissociation of 

[^H]GDP but not [^^S]GTP-y-S from smg p25A (Rab3A) which is highly expressed 

in brain and mainly localized to the presynatic membranes and vesicles (Sasaki et aL,

1991). Subsequent cloning and further characterization studies indicated that it was 

active on yeast SEC4 as well as almost all members of the Rab family members 

(Shirataki et a l ,  1993). As a result smg p25A GDI has been renamed as RabGDI 

(Shirataki et a l ,  1993). A Drosophila homlog of Rab GDI has also been isolated 

(Zahner and Cheney et aL, 1992). GDS activity for Rab3A has been detected from rat 

brain cytosol and was found to be active on both purified recombinant and endogenous 

Rab3A proteins (Burstein and Macara, 1992a; 1992b). The most recent addition to the 

list of GDP/GTP exchange factors for the Rab subfamily is yeast DSS4 and its 

mammalian homolog, rat Mss4. Their cDNAs have been cloned and the two proteins 

exhibit GDS activity to both post-translationally modified and unmodified forms of 

SEC4 and YPTl (Moya et aL, 1993; Burton et aL, 1993). No sequence similarity was 

detected between DSS4/Mss4 and any other known exchane proteins. Nuclear RCCl 

was shown to catalyze the exchange of guanine nucleotides on the Ras-related Ran 

protein but not on c-Ha-Ras. RCCl and Ran form an extremely tight complex in the 

absence of magnesium but readily dissociate with the addition of magnesium and 

nucleotide (Bischoff and Ponstingl, 1991). In yeast, RCCl and Ran homologs (PRP20 

and GSPl, respectively) bind double-stranded DNA in a multicomponent complex of
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approximately 150 kDa (Lee et aL, 1993). It is currently unclear if the interaction with 

DNA affects RCCl activity as a GDP/GTP exchange factor for Ran.

Apart from catalyzing the GDP/GTP exchange rates of p21s, GDP/GTP exchange 

factors have been found to be important in the regulating their localization. As the 

membrane localization of Ras has been shown to be critical for its functional activity 

(Hancock et aL, 1989), it has been suggested that these factors may hence regulate 

Ras by affecting both its bound nucleotide state as well as cellular localization. For 

example, Rho GDI, smg GDS and smg p25A GDI were found to inhibit the 

association of Rho, c-Ki-Ras and Rab3A, respectively, with the membrane (Takai et 

aL, 1992). Consequently, complexes of 1:1 molar ratio between the above exchange 

factors and their specific substrates could be detected in the cytosol (Takai et aL,

1992).

1.4.3. Kinases

Physical interaction between Ras and Raf-1 serine/threonine kinase has been reported 

by a number of groups. Moodie et aL (1993) showed that Raf-1 in rat brain cytosol 

could bind to purified recombinant c-Ha-Ras protein which had been immobilized on 

silica beads. This interaction between Ras and Raf-1 was dependent on GTP binding 

and required the effector domain of Ras, suggesting that Raf may be an effector of 

Ras (Moodie et aL, 1993). The complex formed between Ras and Raf-1 also contained 

active mitogen-activated protein kinase kinase (MAPKK). Presence of MAPKK was 

shown by measuring the phosphorylation of both myelin basic protein and mitogen- 

activated protein kinase (MAPK). Interaction between Ras and Raf-1 was also 

demonstrated using the yeast two-hybrid system (Van Aelst et aL, 1993), by 

measuring the in vitro binding between purified recombinant proteins (Wame et aL,

1993), a combination of the two techniques (Vojtek et aL, 1993; Zhang et aL, 1993) 

or by co-immunprecipitation (Finney et aL, 1993; Koide et aL, 1993). The yeast two- 

hybrid system detects protein-protein interaction as based on the ability of two 

proteins, which are fused to the yeast GAL4 DNA binding and transactivation 

domains, to interact in order to activate expression of lacZ (Fields and Song, 1989).
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Ras was found to interact with amino acid residues 1-257 of Raf-1 (Zhang et aL,

1993). The Ras-Raf-1 interaction inhibited the interaction between Ras and its GAPs, 

ie. p 120-GAP and neurofibromin (Wame et aL, 1993). Apart from Raf, Ras has also 

been reported to stimulate MAPK activity via a 150-200 kDa Ras p21-dependent 

ERK-kinase stimulator (REKS). The existence of REKS was demonstrated by Itoh et 

al. (1993), who showed that REKS were required to stimulate MAPK in a cell-free 

system that contain GTP-bound Ki-Ras. Although the identity of REKS is currently 

unknown, REKS may be a complex of two or more proteins, including Raf.

A non-receptor tyrosine kinase, ACK, was recently shown to bind specifically to the 

GTP-bound form of CDC42Hs. This interaction inhibited the intrinsic GTPase activity 

of CDC42Hs, suggesting ACK may be a CDC42Hs GTPase inhibiting protein (GIP) 

(Manser et aL, 1993). GAP-stimulated GTP hydrolysis of CDC42Hs was also shown 

to be inhibited by ACK. One possible mechanism explaining how GIPs may counter 

the actions of GAPs is that the two proteins compete for common or overlapping 

binding sites on the p21 (Hart et aL, 1992). CDC42Hs and Racl has been reported to 

interact with a serine/threonine kinase called p65^"^  ̂(Manser et aL, 1994). This kinase 

is related to the yeast STE20 protein which is involved in the yeast mating pheromone 

response pathway. p65^"^  ̂interacts preferentially with the GTP- rather than the GDP- 

bound form of CDC42HS and Racl. The interaction between p65^"^  ̂and p21 resulted 

in activation and subsequent autophosphorylation of the kinase. The GTPase activity 

of the p21 is also inhibited as a result of this interaction. Activated, 

autophosphorylated p65^^^ has a reduced affinity for CDC42Hs and R acl, allowing 

the p21 to signal downstream or be downregulated by GAPs.

Baily et a/. (1991) showed that Rab4 is phosphorylated by p34‘̂‘*‘'̂  during mitosis. This 

phosphorylation occurs on S eri96 and is associated with redistributing Rab4 from the 

membrane to the cytosol (Baily et aL, 1991). Phosphorylation of Rab4 is also 

important in the regulation of transferrin receptor cycling in CHO cells (van der Sluijs 

et a l ,  1992). In comparison to intracellular transferrin receptors in untransfected cells, 

overexpression of Rab4 in CHO cells resulted in the localization of transferrin
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receptors in the plasma membrane. However, CHO cells overexpressing Rab4 mutants 

with a point mutation of Seri96 to Asnl96 bave intracellular transferrin receptors. 

This finding supports the idea that phosphorylation of Seri96 on Rab4 is important 

to the regulation of transferrin receptor cycling in CHO cells.

1.4.4. Other p21 binding proteins

Chemical cross-linking agents have been useful in identifying p21 binding proteins. 

Using the membrane permeant cross-linker, dithio-bis(succinimidyl propionate), 

deGunzburg et aL (1989) reported that a 60 kDa protein interacted with Ras in Rat-1 

fibroblasts. Addition of serum to Rat-1 fibroblasts resulted in increases, of a similar 

extent, in the proportion of Ras loaded with GTP and the formation of the Ras-p60 

complex (deGunzburg et aL, 1989). This finding suggests that p60 might be an 

effector of Ras. Subsequent purification and amino acid sequencing of p60 revealed 

that p60 is the heat shock protein, hsp60 (Ikawa and Weinberg, 1992). As with p60, 

formation of the hsp60-Ras complex was dependent on cell stimulation. The amount 

of hsp60-Ras complex formed was independent of cell conditions whereby, either Ras 

was overexpressed in cells or large amounts of hsp60 was released from mitochondria 

(Ikawa and Weinberg, 1992). Hsp60 has been postulated to mediate proper folding of 

Ras so as to facilitate its complexation with activators or effectors (Ikawa and 

Weinberg, 1992). Rabphilin-3A is another p21-binding protein that has been identified 

and isolated using a chemical cross-linking agent (Shirataki et aL, 1993). Rabphilin 

is the first identified putative effector of a Ras-related low molecular weight GTP- 

binding protein in mammals. Rabphilin-3A was initially identified as a 85-100 kDa 

protein in bovine brain crude membranes that preferentially interacted with the 

GTPyS-bound form of Rab3A than with the GDP-bound form of Rab3A (Shirataki 

et aL, 1993). No interaction was observed between Rabphilin-3A and the GTPyS- 

bound form of R ab ll, c-Ki-Ras, Smg p21B or RhoA (Shirataki et a l ,  1993). Isolation 

and sequencing of the cDNA of Rabphilin-3A revealed that it encodes a 78 kDa 

protein, which possesses two copies of a domain related to the C2 domain of protein 

kinase C (Shirataki et aL, 1993). In protein kinase C, the C2 domain is important for 

allowing the protein to bind to membrane phospholipids in a calcium-depedent manner
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(Nishizuka, 1988). Mutational analyses of Rabphilin-3A indicate that the C2-domains 

in its carboxyl-terminal region is sufficient for its association with phospholipids in 

the presence of calcium (Yamaguchi et aL, 1993). In addition, it was also shown that 

Rab3A binds to the amino-terminal region of Rabphilin-3A. The value of 

Rabphilin-3A for the GTPyS-bound form of Rab3A has been estimated to be about 

180 nM (Yamaguchi et aL, 1993). Since the concentration of Rab3A in rat brain is 

calculated to be about 1 pM, binding of Rabphilin-3 A and Rab3A is thought to occur 

in vivo (Yamaguchi et aL, 1993). Interaction between Rab3A and Rabphilin-3A results 

in a weak stimulation of the intrinsic GTPase activity of Rab3A and inhibition of 

Rab3A GAP-stimulated GTPase activity of Rab3A (Kishida et aL, 1993). The results 

of Northern and Western analyses indicate that Rabphilin-3A is highly expressed in 

brain but not in liver, pancreas, spleen, kidney and lungs (Yamaguchi et aL, 1993). 

Since Rab3A is also highly expressed in brain, particularly in membranes of secretory 

vesicles, Rabphilin-3 A is thought to form a complex with Rab3A on these membranes, 

so as to mediate the docking and fusion of synaptic vesicles with the synaptic plasma 

membrane (Yamaguchi et a l ,  1993).

R-Ras is a member of the Ras family but is not transforming (Lowe and Goeddel. 

1987). Using the yeast two-hybrid system, Bcl-2 was recently shown to interact with 

R-Ras (Fernandez-Sarabia and Bischoff, 1993). Bcl-2 is a protein that blocks apoptosis 

(McDonnell et aL, 1989). Apoptosis is a morphologically defined cell death process 

involving chromatin condensation, intemucleosomal DNA fragmentation and blebbing 

of the nuclear and cytoplasmic membranes (Wylie, 1980). Association between Bcl-2 

and R-Ras was dependent on full-length Bcl-2 and the carboxyl-terminal 60 amino 

acid residues of R-Ras. Further support of the interaction between R-Ras and Bcl-2 

was obtained from co-immunoprecipitation experiments of Bcl-2 and R-Ras in HeLa 

and HL-60 cell extracts (Fernandez-Sarabia and Bischoff, 1993). The functional 

significance of the association of Bcl-2 with R-Ras is unclear.

The cDNA of a binding protein for Ran, RanBPl, was isolated by probing an 

expression library containing cDNAs from 16-day mouse embryos with Ran bound to
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[a^^P]GTP (Coutavas et a l ,  1993). DNA sequencing of the RanBPl cDNA revealed 

that its open reading frame contained nucleotide sequences similar to the mouse 

HTF9A cDNA, which encodes a 24 kDa protein. The function of HTF9A is presently 

unknown but the proteins is highly charged and acidic. Sequence analysis also indicate 

that RanBPl may potentially be an RNA binding protein with two leucine zippers and 

a helix-tum-helix motif. Purified recombinant RanBPl had no Ran GAP activity nor 

interacted with the GDP-bound form of Ran (Couvatas et aL, 1993).
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1.5. LIPID MODULATION OF PKC and GAPs

1.5.1. Phospholipases and lipids generated during cell stimulation 

The importance of phospholipases in the generation of lipid second messengers was 

recognized in the 1980s from studies on phospholipase C (Nishizuka, 1988). These 

studies showed that phospholipase C was activated upon agonist-stimulation. 

Activated phospholipase C hydrolyzed phosphatidylinositol 4,5-bisphosphate in 

membranes to generate the lipid second messengers, diacylglycerol (DAG) and 

inositol 1,4,5-trisphosphate (IP3). Whilst DAG stimulated protein kinase C (PKC), IP3 

stimulated the release of calcium from intracellular stores (Nishizuka, 1988; Berridge, 

1987). Additional products arising from the breakdown of phospholipids have recently 

been recognized as biologically active (Nishizuka, 1992). Generation of these lipids 

requires the action of other phospholipases which are responsive to extracellular 

stimuli. Three types of signal-responsive phospholipases have been recognized: 

phospholipase A2 (PLA2), phospholipase D (PLD) and phospholipase C (PLC) 

(Nishizuka, 1992). These phospholipases catalyze the hydrolysis of minor membrane 

lipids, such as PIP2, as well as major membrane lipids, including phosphatidylcholine 

(PC) and phosphatidylethanolamine (PE). The three phospholipases catalyze the 

hydrolysis of different bonds on the phospholipids. Among signal-activated 

phospholipases, the best characterized are the phosphatidylinositide-specific PLCs. 

There are currently 16 isoenzymes known in this superfamily, including PLC-pi and 

PLC-yl. Activation of PLC-yl occurs by tyrosine phosphorylation at residues 783 

and 1254 on PLC-yl and this is mediated by activated receptor tyrosine kinase and 

non-receptor tyrosine kinase (Kim et a l ,  1991). PLC-pl is activated by pertussis 

toxin-insensitive G^ proteins (Berstein et a l ,  1992). Studies on the agonist-stimulated 

production of DAG suggests that its formation is biphasic: comprising an initial rapid 

and transient production followed by a late sustained phase of formation (Nishizuka,

1992). The later DAG phase may be important for the sustained signalling involved 

in processes such as cell proliferation and differentitaion (Asaoka et a l ,  1992). The 

phosphatidylinositol-specific PLCs are thought to mediate the early phase of DAG 

formation from PIP2 while PLD and PLA2 have been suggested to be involved in the 

later phase of DAG formation. However, the precise sequence of phospholipase
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activation is highly cell-type specific (Asaoka et aL, 1992). The source of DAG for 

PLD and PLA^ is phospholipids, in particular, PC (Exton, 1990). Actvation of both 

PLD and PLA2 have been shown to be responsive to phorbol esters, membrane 

permeant diacylglycerol and calcium (Asaoka et aL, 1992). PKC is involved in 

activating PLD and PLAj (Asaoka et a l ,  1992). Evidence in support of this role for 

PKC has been obtained in experiments showing that PKC inhibitors, such as 

staurosporine and PKC-inhibitory peptides, blocked the activation of these 

phospholipases (Liscovitch, 1992). Hydrolysis of PC by activated PLD yields another 

second messenger, phosphatidic acid (Bonser et a l ,  1989). Phosphatidic acid may 

subsequently be converted to DAG via phosphatidic acid phosphohydrolase (PAP) 

(Asaoka et a i ,  1992). Hydrolysis of PC by activated PLA2 yields cw-unsaturated fatty 

acids and lysophosphatidylcholine (Asaoka et a l ,  1992). The cw-unsaturated fatty 

acids generated includes oleic, linoleic, linolenic, arachidonic and docosahexanoic 

acids (Asaoka et a l ,  1992). Both cw-unsaturated fatty acids and 

lysophosphatidylcholine are activators of PKC (Bell and Burns, 1991). 

Lysophosphatidylcholine may be converted to PC and then, subsequently to DAG via 

PLD-catalyzed PC hydrolysis. The lipid breakdown products obtained from the 

reactions catalyzed by PLA2, PLD and PLC may be interconvertible. For example, 

DAG and PA can interconvert via DAG kinase and PAP, respectively. Such 

interconversion of lipid second messengers allows cross-talk between pathways.

1.5.2. PKC family enzymes

Protein kinase C (PKC) was initially identified in 1977 by Nishizuka and colleagues 

as a cytoplasmic proteolytically activated protein kinase (Takai et a l ,  1977). Takai et 

a l  (1979) subsequently showed that this enzyme was activated by calcium and 

phospholipid as well as synergistically by diacylglycerol. Hence, as diacylglycerol is 

an early product of signal-induced inositol phospholipid metabolism, PKC was then 

suggested to be a component in signal transduction. Tumor promoting phorbol esters 

can mimic diacylglycerol in activating PKC (Castagna et a l ,  1982). However, while 

diacylglycerol activates PKC in a transitory fashion, phorbol esters activate 

PKCpersistently since they are degraded very slowly (Nishizuka, 1988). This finding
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indicated that the tumor promoting activity of phorbol esters may be due to their 

prolonged and sustained activation of PKC. Enzymatic studies and molecular cloning 

of this 77-83 kD serine/threonine kinase have revealed that PKC is not a single protein 

but comprises a family of proteins. Members in the PKC family can be classified into 

three major groups based on their protein structure and enzymatic properties (Asaoka 

et aL, 1992): the calcium-dependent "conventional" PKCs (cPKCs) which includes 

PKC a , pi, p ll and y» the calcium independent "novel" PKCs (nPKCs) which includes 

PKC Ô, e, T|, Tj'; and the "atypical" PKCs (aPKCs) which includes PKC Ç and X. To- 

date, ten mammalian species of PKC have been reported and it is possible that there 

are additional members yet to be identified (Asaoka et aL, 1992). The primary 

structure of the various species of PKC revealed conserved structural motifs with a 

high degree of sequence homology. cPKCs have four conserved (C1-C4) and five 

variable (VI-V5) regions. nPKCs lack the C2 region whilst aPKCs have only one, 

instead of two (as in cPKC and aPKC) cysteine-rich domain in the C l region.

The C l  region o f  PKC

The C l region contains a pseudosubstrate sequence, Arg-Lys-Gly-Ala-Leu-Arg-Gln- 

Lys. House and Kemp (1990) first noted that this was similar to PKC phosphorylation 

sites except that it contained an alanine residue instead of a serine/threonine residue. 

Pseudosubstrate sequences are potent inhibitors of PKCs (House and Kemp, 1990). 

Further evidence supporting a role for the pseudosubstrate region in maintaining PKC 

in the inactive form in the absence of cofactors; calcium, diacylglycerol and 

phospholipids, was obtained from two separate experiments. In the first, antibodies 

specific to the pseudosubstrate region were found to activate PKC in the absence of 

co-factors (Makowske and Rosen, 1989). Secondly, deletions as well as point 

mutations substituting Ala for Glu in the pseudosubstrate region resulted in elevation 

of kinase activity (Pears et aL, 1990). The C l region of all members of the PKC 

family, with the exception of PKC Ç and X (Parker et aL, 1986; Ono et aL, 1989a) 

contain a tandem repeat of a cysteine-rich domain. A comparison of the C l region in 

members of the PKC family revealed a His-Xi2-Cys-X2-Cys-Xio.i4-Cys-X2-Cys-X4-His- 

X2-Cys-X7-Cys motif (where X represents any amino acid residue). This resembles the
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consensus sequence of zinc-binding metalloproteins and DNA-binding proteins such 

as the Xenopus TFIIIA transcription factor and steroid receptors (Berg, 1990). 

Although there is no formal evidence that PKC binds DNA deletion and point 

mutation studies in this cysteine-rich domain indicated that it is essential for PKC to 

bind phorbol esters and diacylglycerol (Ono et al., 1989b). In fact, one cysteine-rich 

motif in the tandem repeat was shown to be sufficient for phorbol ester binding. This 

finding is consistent with the ability of n-chimaerin and the Caenorhabditis elegans 

unc-13 gene product to bind phorbol esters (Ahmed et al., 1990; 1992). Similar motifs 

are also found in diacylglycerol kinase, Raf serine/threonine kinase, the Drosophila 

rotund gene product and Vav, a putative Ras GDP/GTP exchange factor (Sakane et 

al., 1990; Rapp et al., 1988; Agnel et al., 1992; Gulbins et a l ,  1993). Two copies of 

the cysteine-rich motif are present in diacylglycerol kinase but these may be required 

for binding diacylglycerol rather than phorbol esters (Sakane et a l ,  1990; Ahmed et 

a l ,  1991). The functional significance of the cysteine-rich motif in Raf, Rotund and 

Vav is currently unclear. Recent studies using extended X-ray absorption fine structure 

and atomic absorption spectroscopy on purified PKC pi/II and y provided direct 

evidence that four zinc atoms bound to each molecule of PKC (Hubbard et a l ,  1991). 

Similar stoichiometry has also been reported based on atomic absorption spectroscopic 

measurements of the lipid-binding regulatory domain of PKC (Quest et a l ,  1992). The 

presence of three highly conserved amino acid triplets; Val-His-Lys, Ue-His-Lys and 

Val-His-Arg carboxyl-terminal to the last cysteine in the cysteine-rich domain are 

thought to be the sites of interaction between PKC and phospholipids. This is because 

the triplets are also present in the catalytic site of phospholipase A, (Maraganore,

1987).

The C2 region

Members of the PKC family which lack the C2 region, including PKC Ô, e and Ç, 

exhibit calcium-independent kinase activity (Asaoka et a l ,  1992). This suggests that 

calcium-dependence in kinase activity may be conferred by the C2 region. In support 

of this, calcium-, phospholipid-dependent PKC exhibited calcium indepedent phorbol 

ester binding and protein kinase activity when its C2 region was deleted (Kaibuchi et
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a l ,  1989). The C2 region possibly represents a novel calcium binding structure as it 

has no sequence similarity to the known calcium binding motifs such as the "EF-hand" 

and calelectrin-like structures. Recently, a number of proteins have also been reported 

to possess C2-like regions. These include phospholipase C-y, cytosolic phospholipase 

A2, UNC-13, p65 synaptotagmin and p i 20-GAP (Clark et a l ,  1991; Maruyama and 

Brenner, 1991; Perrin et a l ,  1990). p65 synaptotagmin has a role in synaptic vescicle 

exocytosis (Perrin et a l ,  1990). Its C2-like region was shown to specifically interact 

with anionic phospholipids, particularly phosphatidylserine independent of calcium, 

raising the possibility that this region may have functions other than confering calcium 

dependence on enzymatic activity (Perrin et aL, 1990). The amino terminal C2-like 

region (also known as CalB domain for calcium dependent lipid-dependent binding 

domain) in cytosolic phospholipase A2, is involved in calcium-dependent translocation 

of the protein to natural membrane vesicles (Clark et aL, 1991). Although the function 

of UNC-13 is presently unknown, purified recombinant UNC-13 protein was shown 

to bind phorbol ester in a calcium-dependent manner similar to PKC (Maruyama and 

Brenner, 1991). In the light of these data, the C2 and C2-like regions in various 

proteins are probably important for confering calcium or phospholipid dependence in 

enzymatic activity. Such a hypothesis is consistent with the observation that both 

p i 20-GAP (Tsai et a l ,  1991) and phospholipase C-y (Stahl et a l ,  1988) were able to 

interact with lipids even though the role(s) of the C2-like regions in relation to their 

enzymatic activities have not been investigated.

The C3 and C4 regions

The C3 and C4 regions contain the protein kinase domain with large clusters of 

sequence similarity to many other protein kinases (Nishizuka, 1988). For example, the 

C3 region has an ATP-binding sequence, Gly-X-Gly-X-X-Gly while the C4 region 

contains the substrate binding site, phosphate transfer site (denoted by the -Asp-Phe- 

Gly- sequence) and a second Gly-X-Gly-X-X-Gly ATP-binding site. PKC Ç contains 

variations from these conserved sequences at both the C3 and C4 regions i.e. a Gly-X- 

Gly-X-X-Ala in the C3 region and a -Asp-Tyr-Glv- sequence in the phosphate transfer 

site of the C4 region. Nonetheless, PKC Ç purified from recombinant baculovirus-
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infected insect cells exhibited protein kinase activity (Liyanage et a l ,  1992).

The variable region

The variable (VI) regions of cPKC and nPKC differ in length. Although the function 

of the approximately 20 amino acid residue VI region is currently unknown, the 

extended VI region of nPKC has been found to modulate the function of the 

conserved domains common to members of both c- and nPKCs. Studies of Schaap and 

Parker (1990) demonstrated that unlike PKC a , P and y, PKC 8 , was unable to 

phosphorylate histone inS  in vitro. However, proteolytic cleavage of PKC £ generated 

a constitutively activated kinase with the ability to phosphorylate histone DIS. The 

authors proposed that the VI region as a candidate for the protein sequence that 

regulated this substrate selectivity. The variable 3 (V3) region is thought to function 

as a "hinge" that separates the regulatory from the catalytic domain. Limited 

proteolytic cleavage at this region by trypsin or the calcium-dependent neutral 

proteases calpain I and D gives rise to a constitutively active kinase (Nishizuka, 1988). 

Proteolytic cleavage was found to be more efficient when PKC was activated by 

phorbol ester in the presesnce of calcium and phosphatidylserine suggesting that the 

region became more accessible to the protease when activated. The V3 and V5 regions 

have been useful for raising isoform-specific antibodies.

1.5.3. Lipid modulation of PKC

Early studies on protein kinase C indicated a requirement for membranous factors 

which was able to activate the enzyme in a calcium dependent manner (Takai et a l ,  

1979). Among natural occurring phospholipids, phosphatidylserine was able to 

substitute for these factors. At low calcium levels, crude brain lipid extracts proved 

more effective than phosphatidylserine alone in activating PKC suggesting that an 

additional lipid factor was required for maximal stimulation. This was later identified 

as the neutral lipid, diacylglycerol. Hence, maximal activation of PKC required 

calcium, phosphatidylserine and diacylglycerol.
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Phospholipid co-factor requirement

The studies of Epand and Lester (1990) suggested that lipid activators of PKC were 

negatively charged while inhibitors were positively charged. For example, although 

PKC can interact with neutral phospholipids such as phosphatidylcholine, only anionic 

phospholipids like phosphatidylserine, phosphatidylglycerol, cardiolipin, phosphatidic 

acid and phosphatidylinositol 4,5-bisphosphate have been found to activate PKC (Bell 

and Bums, 1991). Phosphatidylserine is the most effective of these phospholipid 

activators and appears to function as the primary physiological phospholipid co-factor 

for PKC. Experiments using phosphatidylserine analogs indicated that its activation 

of PKC displayed high degree of specificity for the functional groups within the 

phospho-L-serine polar head, especially the carboxyl and amino functional groups (Lee 

and Bell, 1989). Activation was also stereospecific for phosphatidylserine. Despite the 

lack of direct evidence, interactions of the amino, carboxyl and phosphate moieties of 

phosphatidylserine with PKC have been postulated as being sufficient to account for 

the stereospecific interaction. In contrast, PKC is thought to interact with other anionic 

phospholipids via a slightly larger number of less specific sites.The mechanism of how 

phosphatidylserine supports PKC activation is presently unclear. However, the binding 

of phosphatidylserine to PKC has been shown to increase the affinity of the kinase for 

calcium as well as the surface pressure (Bazzi et aL, 1988). The latter indicated that 

critical domains of the kinase might be inserted into the hydrocarbon region of 

phosphatidylserine.

Phosphatidic acid and phosphatidylinositol 4,5-bisphosphate are physiologically 

important lipids in signalling pathways. For example, phosphatidic acid is produced 

rapidly in activated cells suggesting its potential role as an intracellular second 

messenger (Moolenaar et aL, 1986) while phosphatidylinositol 4,5-bisphosphate is a 

precursor for the second messengers, diacylglycerol and inositol 1,4,5-trisphosphate. 

Both phosphatidic acid and phosphatidylinositol 4,5-bisphosphate have been reported 

as PKC activators (Bell and Burns, 1991). Precursors of phosphatidylinositol 4,5- 

bisphosphate such as phosphatidyinositol and phosphatidylinositol 4-monophosphate 

were however found not to be potent PKC activators. Despite structural differences
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between diacylglycerol and phosphatidylinositol 4,5-bisphosphate, both required 

phosphatidylserine for activation of PKC. It is presently unclear if phosphatidylinositol 

4,5-bisphosphate can competitively inhibit phorbol ester binding to PKC due to 

conflicting reports. Chauhan et al. (1989) demonstrated that this lipid was able to 

compete with diacylglycerol and phorbol esters for the same binding site on PKC but 

experiments of Huang and Huang (1991) indicate that phosphatidylinositol 4,5- 

bisphosphate are not effective competitors of diacylglycerol and phorbol esters. 

Furthermore, the findings of Huang and Huang (1991) suggest that although 

phosphatidylinositol 4,5-bisphosphate can interact with PKC, this binding occurs at a 

site(s) distinct from that involved in binding phorbol esters and diacylglycerol. Lee 

and Bell (1991) have proposed that at non-saturating levels of phosphatidylserine, 

phosphatidylinositol 4,5-bisphosphate can serve as a phospholipid co-factor to 

substitute for phosphatidylserine molecules required for PKC activation. The 

observation that phosphatidylinositol 4,5-bisphosphate can activate calcium-dependent 

isotypes but not calcium-independent isotypes have also led to the proposal that the 

phosphatidylinositol 4,5-bisphosphate binding site might be localized to the C2 region 

of PKC (Lee and Bell, 1991).

More recently, phosphatidylinositol 3,4,5-trisphosphate was found to stimulate 

calcium- and phorbol ester-insensitive PKC (Nakanishi et at., 1993). This lipid is 

produced from phosphatidylinositol 4,5-bisphosphate by activated phosphatidylinositol 

3-kinase in response to the addition of growth factors to cells and serves as signalling 

molecules. Higher concentrations of phosphatidyinositol 3,4-bisphosphate were also 

stimulatory to PKC .

Diacylglycerol

Diacylglycerol is the major physiological activator of PKC. Its interaction with PKC 

exhibited stereospecificity; only sn-1,2-diacylglycerol but not ^«-1,3- or sn-2,3- 

stereoisomers activated the kinase (Ganong et al., 1986). Studies employing 

diacylglycerol analogues have indicated the three points of interaction between 

diacylglycerol and PKC as being one at the primary hydroxyl group and two at the
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fatty acyl chains of f 1,2-diacylglycerol. These interactions are mediated by hydrogen 

bonds. The composition of the fatty acid side chain of fn -1,2-diacylglycerol does not 

appear to be critical for activation but they must allow interaction with the membrane 

surface.

Phorbol esters

Castagna et at. (1982) first demonstrated that 12-tetradecanoyl phorbol-13-acetate 

could mimick the action of diacylglycerol on a partially purified preparation of PKC. 

Thus, PKC has been considered to be the sole target for the tumor promoting phorbol 

esters. This activation requires phosphatidylserine. In comparison to diacylglycerol, 

phorbol esters are more potent activators of PKC. Activation by phorbol esters occur 

at subnanomolar range rather than in the micromolar range with diacylglycerol. 

Moreover, the resulting activation by phorbol esters is persistent because there is no 

natural mechanism to terminate their action in an animal cell. Studies on the specific 

structural parameters of phorbol esters required for binding and activation have 

identified the acyl chain at C12 and the -CH2OH group at C20 as being important 

determinants (Brasseur et aL, 1985). Additional sites in the vicinity of the -CH2OH 

group at C20 were also thought to confer both stereospecificity and high affinity 

binding to PKC.

Arachidonic acid and other fatty acids

C/5 -unsaturated fatty acids such as arachidonic acid, linoleic acid and oleic acid were 

able to activate PKC in the absence of phosphatidylserine and diacylglycerol 

(Murakami et aL, 1986). Murakami and Routtenberg (1985) demonstrated that 

although unsaturated fatty acids could exist as cis- and trans-forms, only the cis- 

unsaturated fatty acids were potent activators of PKC. More recently, studies have also 

suggested that calcium-independent isotypes of PKC, rather than the conventional 

calcium-dependent isotypes of PKC, serve as primary targets for cij-unsaturated fatty 

acids (Khan et aL, 1993). This was based on the finding that calcium-dependent 

isotypes of PKC required comparatively higher concentrations of the lipids for 

maximal activation. Such differential activation may be important in agonist stimulated
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cells such as intact platelets where elevated arachidonic acid levels sufficient to 

activate specific isotypes of PKC have been reported (Khan et aL, 1992). The 

mechanism of action by cw-unsaturated fatty acids is not completely understood. 

However such activation was inhibited in vitro by the presence of phospholipid 

vesicles or Triton X-100 micelles.

Synergy between c/5 -unsaturated fatty acid and diacylglycerol in the presence of 

calcium has been observed (Shinomura et aL, 1991). At low intracellular calcium 

concentration, arachidonic acid together with phosphatidylserine and diacylglycerol 

could synergistically activate calcium-dependent PKC isoforms. This might provide 

an alternative mechanism to activate such isoforms at low intracellular calcium level.

An oxygenation product of arachidonic acid, lipoxin A, was reported to activate PKC 

in the presence of calcium at a 30-fold lower concentration than with arachidonic acid 

(Hansson et aL, 1986). However, this activation resulted in an alteration of substrate 

specificity.

Other lipid modulators of  PKC

Sphingosine, lysophosphatidylchoine and ether lipids are lipid modulators of PKC. 

Sphingomyelin are ubiquitously present in the outer leaflet of the plasma membrane. 

Agonist stimulated hydrolysis of sphingomyelin e.g. via the "sphingomyelin cycle", 

generates biologically active lipids including the second messenger, ceramide (Hannun 

and Bell, 1989) and sphingosine. The latter was shown to be a potent and reversible 

inhibitor of PKC (Hannun et aL, 1986). Based on its ability to competitively inhibit 

phorbol ester binding, sphingosine was thought to interact specifically with the lipid- 

binding regulatory domain of PKC. This was supported by the fact that sphingosine 

was not inhibitory to the catalytic fragment of PKC in the presence of detergent 

micelles or lipid vesicles. Sphingosine is thought to inhibit PKC by perturbing the 

interaction of PKC with its activating anionic phospholipid cofactor. The mechanism 

may involve the neutralization of negative charges on the anionic phospholipid with 

the positively charged long-chain bases of sphingosine (Hannun et aL, 1986). Despite
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these findings, recent data have raised doubts about the negative regulatory effects of 

sphingosine on PKC. These are mainly centred on the lack of stereospecificity 

(Igarashi et aL, 1989) and specificity (Hannun and Bell, 1989) in its inhibition.

Hydrolysis of phosphatidylcholine by phospholipase A2 yields arachidonic acid and 

lysophosphatidylcholine. In the presence of diacylyglycerol/phorbol ester, 

lysophosphatidylcholine was able to synergistically activate PKC (Oishi et al, 1988). 

Stimulation by lysophosphatidylcholine was also additive to that by oleic acid. 

Interestingly, lysophosphatidylcholine displayed two forms of regulation on PKC 

activity : stimulation was observed at concentrations below 20 pM while inhibition 

occurred at concentrations above 30 pM. Stimulation by lysophosphatidylcholine 

required phosphatidylserine and was associated with an increased affinity for the latter.

Ether lipids of alkylacylglycerols are synthesized when phosphatidylcholine is 

degraded by phospholipase C after cell stimulation by phorbol esters (Daniel et al,

1988). Studies by Daniel and colleagues (1988) suggested that alkylacylglycerols such 

as l-o-hexadecyl-2-o-methyl-rac-glycerol were inhibitory to the PKC activation by 

diacylglycerol.

1.5.4. Lipid modulation of GAPs

Initial evidence that the activity of Ras is required in the mitogenic lipid responses 

was derived from experiments performed by Stacey and colleagues (Yu et al., 1988). 

They showed that the microinjection of Ras neutralizing antibody was inhibitory to 

proliferation which was consequent to changes in phospholipid metabolism. 

Interestingly, this study raised the possibility that the activity of GAPs could be 

inhibited by physiologically active lipids whose metabolism was altered by mitogenic 

stimuli.

Support for this postulated role of lipid metabolism in the control of Ras GAPs was 

obtained by several approaches. Firstly, in a biochemical screen to identify lipids that 

were inhibitory to Ras GAP activity in crude mouse brain cytsolic extracts, Tsai et at.
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(1989b) found that the most potent inhibitory lipids corresponded with those that 

showed altered metabolism during mitogenic stimulation. These were namely 

phosphatidic acid (containing arachidonic acid), phosphatidylinositol phosphates and 

arachidonic acid. Other lipids including phosphatidic acid with long saturated side 

chains, diacylglycerol, phosphatidylcholine, phosphatidylserine and 

phosphatidylethanolamine were non-inhibitory. The active lipids did not affect the 

GTPase activity or the rate of nucleotide exchange by Ras itself. Furthermore, Ras 

GAP-inhibitory lipids physical associated with Ras GAP. This association required 

divalent cations (Tsai et al., 1991).

Secondly, studies on the GAP activities for two Ras-related proteins, R-Ras and Rho 

suggested that lipids could also inhibit their activities (Tsai et al, 1989a). This 

indicated that lipid modulation of GAPs was not unique to Ras but might be a 

mechanism whereby GAPs could be modulated by specific lipids within the cell. 

Using cytosplasmic extracts containing R-Ras GAP and Rho GAP activities, Tsai et 

al. (1989a) found that both GAPs were inhibited to a larger extent by phosphatidic 

acid containing saturated fatty acids than those containing unsaturated fatty acids 

(including arachidonic acids). Rho GAP activity was also inhibited by 

phosphatidylserine, diacylglycerol (dilinolein) and lysophosphatidic acid. These 

inhibitory lipids were previously reported to be non-inhibitory on Ras GAP activity. 

However, as with Ras GAP activity, phosphatidylinositol monophosphate and 

arachidonic acid were inhibitory to Rho GAP and R-Ras GAP activities. Inhibitory 

lipids were more potent on Rho GAP than R-Ras GAP activity. For example, 100 

pg/ml of phosphatidic acid (dipalmitoyl) inhibited Rho GAP activity by 94% but 300 

pg/ml of the same lipid only inhibited R-Ras GAP activity by 41% (Tsai et a l ,  

1989a). Lipid inhibition of R-Ras GAP activity was potentiated by either increasing 

magnesium ion concentration or presentation of the lipid as liposomes (Tsai et al., 

1989a).

When partially purified mouse brain cytosol was added to a phosphatidic acid affinity 

column, two enzymatic activities were eluted with 10 mM EDTA. Whilst one was Ras
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GAP, the other contained GIF (GTPase Inhibitory Protein) activity (Tsai et al., 1990). 

Addition of phosphatidic acid stimulated GIP activity whereas additions of 

diacylglycerol and other Ras GAP inhibitory lipids enhanced GIP activity. These 

results suggested that mitogenically active lipids could activate Ras by co-ordinately 

inhibiting Ras GAP and stimulating Ras GIP activities.

Thirdly, Yu et al. (1990) demonstrated that serum stimulation of quiescent NIH3T3 

cells led to the production of two distinct Ras GAP inhibitory lipids. Thin-layer 

chromatography techniques identified these as being similar to arachidonic acid and 

phosphoinositide. The arachidonic acid-related lipid was produced within one to five 

minutes upon serum addition but was rapidly metabolised. 5-Hydroxyeicosatetraenoic 

acid, an arachidonic acid metabolite was found to be even more inhibitory than 

arachidonic acid on partially purified cytosolic Ras GAP from mouse brain. High 

density contact-inhibited cultures were unable to produce Ras GAP inhibitory lipids 

suggesting that lipid metabolism was under the control of both positive and negative 

proliferation signals (Yu et al., 1990).

Detailed biochemical analysis of p i 20-GAP (Bollag and McCormick, 1991) 

neurofibromin (Xu et al., 1990) and yeast IRAI and IRA2 (Tanaka, 1990a) revealed 

that mitogenic lipids exerted differential regulation on these GAPs. Studies of Bollag 

and McCormick (1991) indicated that phosphatidic acid, arachidonic acid and 

phosphatidylinositol-4,5-bisphosphate, at concentrations of 10-100 pM, were inhibitory 

to the activity of the catalytic region of neurofibromin (NFl-GRD). Of these, 

phosphatidylinositol-4,5-bisphosphate was the most potent. In contrast, p i 20-GAP 

activity was only weakly affected by these lipids. Other lipids tested included 

phosphatidylcholine, arachidate and diacylglycerol did not affect p i 20-GAP or N Fl- 

GRD. The detergent, «-dodecyl-D-maltoside was found to selectively inhibit N Fl- 

GRD. Lipid inhibition of NFl-GRD was shown to be non-competitive suggesting that 

Ras and lipid bind at different sites. This result was based on the finding that lipids 

blocking GAP activity did not block binding of Ras to NFl-GRD. The ability of GTP- 

bound forms of Ras to form stable complexes with NFl-GRD in the presence of lipids

76



raised the possibility that such complexes might protect Ras.GTP from hydrolysis by 

other Ras GAPs during mitogenic responses.

Han et al. (1991) have examined the effects of arachidonic acid and some of its 

metabolites e.g. prostaglandins on purified recombinant p i 20-GAP and NFl-GRD 

activities. This study revealed that prostacyclin PGI2 inhibited p i 20-GAP while 

prostaglandins PGF2 and PGA2 stimulated p i 20-GAP. None of these lipids affected 

NFl-GRD activity. In another study comparing the lipid modulatory effects on IRA2 

and NF-1 GRD, arachidonic acid inhibited both GAPs while phosphatidic acid (1- 

stearoyl-2-arachidonyl-) inhibited only NF-1 GRD (Golubic et al., 1991).

One major difficulty in the interpretation of these results on lipid modulation, 

particularly of p i 20-GAP, but not NFl-GRD, lies in the relatively high concentrations 

of lipids employed in the studies. Nonetheless, in vivo, such high concentrations of 

specific lipids (e.g. mitogenically active lipids and lipid second messengers) may still 

be attainable only within membrane compartments. Serth et al. (1991) reported that 

inhibition of p i 20-GAP by fatty acids and acidic phospholipids was related to their 

ability to form micelles rather than their molecular structures. Lipid inhibition of 

p i 20-GAP may therefore occur in a non-specific manner.
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1.6. ROLE OF ZINC IN PROTEIN FUNCTION

1.6.1. Essential properties of zinc for protein function

Many enzymes and proteins utilize first transition and group DB elements to carry out 

their biological functions. The most widely used of these metals in biology is zinc 

(Vallee and Falchuk, 1993). Approximately fifty of the over three hundred enzymes 

in microorgansms, plants and animals, have been reported to require zinc for their 

function (Vallee and Falchuk, 1993). The other metalloproteins and enzymes utilize 

metals including copper, iron, molybdenum, selenium, nickel, manganese and cobalt. 

The International Union of Biochemistry has established the categorization of six 

classes of enzymes: oxidoreductases, transferases, hydrolases, lyases, isomerases and 

ligases; and zinc can be found in enzymes from all six classes.

Two main properties of zinc are considered to be essential for its wide usage in 

biology. Firstly, compared with other metals in group HB, zinc is virtually nontoxic 

(Vallee and Falchuk, 1993). As a result, there is no known disorder associated with 

the excessive accumulation of zinc which has been reported with iron, copper, mercury 

and other metals. However, zinc deficiency states are known to result in pathologies 

of the skin, intestine, nervous systems, reproductive organs and blood. These include 

growth retardation; high turnover rate of cells from the skin, bowel and gonads; 

behavioral disorders pertaining to integration of learning, memory and emotional 

stability; decreased spermatogenesis and reduced output of testosterone by Ley dig cells 

in the testes and delayed parturition in pregnant females (Vallee and Falchuk, 1993).

Secondly, the physical and chemical properties of zinc such as stability of association 

with macromolecules and multiplicity of co-ordination geometries offer adaptability 

in the proper function of diverse zinc-containing proteins and enzymes. In a cell, very 

little zinc is free in solution (Vallee and Falchuk, 1993). Instead, zinc divalent cations 

are bound to enzymes and proteins. Its resistance to oxidation and reduction invariably 

offers biological stability in fluctuating cellular environments. At neutrality, zinc is 

amphoteric, existing as both aquo- and hydoxo-metal complexes. The variabihty in the 

co-ordination sphere of zinc confers stereochemical adaptability. In other words, this

78



property enables zinc to assume multiple co-ordination geometries in the zinc-protein 

complex. Consequently, protein conformation may be determined by the co-ordination 

geometry adopted. Although two to eight co-ordination geometries are possible with 

zinc, complexes bearing four, five and six co-ordinate geometries are more frequently 

encountered. Such geometries result in regular/distorted tetrahedral, trigonal 

bipyrimidal/square pyrimidal and octahedral symmetries, respectively. Therefore, zinc 

becomes a versatile interactant for different donor groups on the protein.

1.6.2. Techniques employed in the study of zinc

The recognition of zinc in biology was a relative late event compared to that of other 

essential metabolites. This was attributed to the lack of suitable analytical methods to 

detect and quantitate zinc. Early techniques were chemical in nature, with a detection 

limit of 1 pg/g sample (Vallee and Falchuk, 1993). These early methods were based 

on the formation of coloured zinc-chelate complexes but was inherently unreliable and 

relatively insensitive. Present ultrasensitive techniques are based on atomic 

spectroscopy and the interaction of zinc atoms with electromagnetic radiation. 

Detection limits have been increased dramatically to lO'̂ '̂ g which is about 10*-fold 

more sensitive than the early chemical method (Vallee and Falchuk, 1993). There are 

three categories of atomic spectroscopy which are based on atomic emission, atomic 

absorption and atomic fluoresence. Amongst present techniques, flame atomic 

absorption spectroscopy is the most widely employed method. The study of zinc has 

also presently been made possible by new methods for preparing zinc-free buffers and 

reagents, standards and biological samples for zinc analyses (Falchuk et a l ,  1988).

1.6.3. Structure of cysteine-rich domains

The structures of cysteine-rich domains (CRDs) have been well characterized from 

NMR and X-ray crystallography studies of transcription factors. The first discovery 

of a zinc metalloprotein that controlled the transcription of a specific gene was made 

by Hanas et al. (1983). This study showed that the Xenopus TFULA transcription 

factor required for the transcription of the 5S RNA gene by RNA polymerase II was 

a zinc protein. When the nucleotide sequence of the gene became available in 1985,
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Miller et a l  noted that it contained 9 repeats, each of which contained approximately 

30 amino acid residues with the -Cys-X2.5-Cys-Xi2.i3-His-X3^-His- sequence. Miller 

et al. (1985) then proposed that each of these repeats formed a structure known as a 

"zinc finger". Extended X-ray absorption fluoresence spectroscopy (EXAFS) 

subsequently revealed that one zinc was tetrahedrally co-ordinated to each "zinc 

finger" via two S and two N atoms as ligands. The number of transcription factors 

reported to contain the "zinc finger" motif has increased to about 45 proteins 

(Coleman, 1992). Recent X-ray crystallographic or NMR three-dimensional structural 

analyses of other DNA-binding zinc proteins including those of the fungal 

transcription factor GAL4 (Pan and Coleman, 1990) and the rat glucocorticoid receptor 

(Luisi et a l ,  1991), have led to the recognition of two other distinct motifs in DNA- 

binding zinc proteins. These are "zinc clusters" in GAL4 and "zinc twist" in the 

glucocorticoid receptor (Coleman, 1992). In GAL4, two zinc atoms are bound by six 

cysteines with an interatomic zinc-zinc distance of 3 Â. Glucocorticoid receptors also 

contain two zinc atoms, but these are separately bound by four cysteines in each of 

two distinct sites, leading to an interatomic zinc-zinc distance of about 13 Â (Luisi et 

a l ,  1991). Hence, these three structures: "zinc finger", "zinc cluster" and "zinc twist" 

represent standards of reference for the functional domains of other members of these 

protein families.
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1.7 THE A^-CHIMAERIN FAMILY

7/-chimaerin mRNA was initially detected as a 2.2 kb neural-specific transcript in 

human (Hall et al., 1990). A 2.3 kb neural-specific transcript corresponding to the rat 

homologue has also been identified (Lim et al., 1992). The mRNA for «-chimaerin 

was found to be most abundant in rat hippocampal pyrimidal cells, granule cells of the 

dentate gyrus and cortical neurones. In the rat cerebellum, it was detected only in 

Purkinje neurones. The developmental expression of n-chimaerin, with low levels at 

embryonic day 15 and subsequent increase postnatally from birth to 20 days, was 

coincident with cellular differentiation and synaptogenesis (Lim et al., 1992).

N-chimaerin cDNA encodes a 34 kDa protein which has an amino-terminal cysteine- 

rich domain and a carboxyl-terminal Racl GTPase-activating protein (GAP) domain. 

The former has 48% sequence identity to one-half of the C l regulatory region of 

protein kinase C (Hall et al., 1990). Sequence comparison of this region in protein 

kinase C and the recently identified C. elegans UNC-13 phorbol ester receptor 

(Maruyama and Brenner, 1991, Ahmed et a l ,  1992) with n-chimaerin revealed a motif 

of HX12CX2CX9.14CX2CX4HX2CX6/7C. Cysteine residues within this motif in protein 

kinase C were found to be important for phorbol ester binding (Ono et al., 1989b). 

When M-chimaerin was expressed in Escherichia coli and purified as TrpE and 

glutathione S-transferase fusion proteins, phospholipid-dependent phorbol ester binding 

was detected (Ahmed et a l ,  1990). More specifically, the phorbol ester binding site 

was localized to the amino-terminal region containing the cysteine-rich domain. This 

binding was (a) independent of calcium; (b) of high affinity (IQ = 29 nM as compared 

with 7 nM for protein kinase C; Niedel et a l ,  1983); (c) stereospecific, as measured 

by the inability of inactive a-analogs of phorbol esters to competitively inhibit binding 

to radiolabelled [^H]-phorbol dibutyrate; and (d) dependent on phosphatidylserine 

(Ahmed et al., 1990).

The carboxyl-terminal region of n-chimaerin has 42% sequence identity to the 

carboxyl-terminal of the breakpoint cluster region gene product (Bcr). Chromosomal 

translocation between the bcr gene on chromosome 2 2  and the c-abl protooncogene
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on chromosome 9 results in the formation of the Philadelphia chromosome encoding 

the Bcr-abl fusion gene product which has activated tyrosine kinase activity 

(Heisterkamp et al., 1985; Konopka et al., 1984). In 1991, prompted by similarity in 

peptide sequences between Rho GAP and the carboxyl-terminal regions of Bcr and n- 

chimaerin, Diekmann et al. (1991) demonstrated that these proteins displayed GAP 

activities for recombinant Racl. However, unlike Rho GAP, both the carboxyl- 

terminal regions of Bcr and n-chimaerin were inactive on RhoA. The GAP activities 

of Rho GAP, the carboxyl-terminal regions of Bcr and n-chimaerin were inactive on 

Ras and the G12VRacl and G12VRhoA mutants. Manser et al. (1992) has 

demonstrated that «-chimaerin has preferential activity toward Racl but weak 

CDC42HS GAP activity could be observed only at higher loading of n-chimaerin. 

Racl has recently been implicated in growth factor-inuced membrane ruffling (Ridley 

et al., 1992) and activation of the superoxide-generating NADPH oxidase complex 

(Abo et al., 1991; Knaus et al., 1991),

Two non-mammalian homologs of «-chimaerin have been reported. The first is found 

in canary (George and Clayton, 1992). The canary songbird provides a model for the 

investigation of neural plasticity, steroid regulation and neurogenesis in the vertebrate 

nervous system. The canary homolog, HAT-2, has 96% nucleotide sequence identity 

with M-chimaerin and is highly enriched in the bird's forebrain particularly in the 

plastic song center Area X (George and Clayton, 1992). A role for HAT-2 in neural 

plasticity has been proposed based on the variable expression of its mRNA in the song 

control circuit during the song season of the canary (George and Clayton, 1992).

The second homolog is the gene product of m l.7 (Rotund protein from the 1.7 kb 

message = mprot 1.7) which is one of two major transcripts within the Drosophila 

melanogaster rotund locus (Agnel et al., 1992). The rotund phenotype is characterized 

by the absence of structures in the subdistal regions of the appendages, m l.7 transcript 

is about 40% identical to n-chimaerin and bcr. Weak conservation of amino acid 

residues between the amino-terminal cysteine-rich domain of mprot 1.7 and the 

consensus sequence for phorbol ester binding (Ahmed et al., 1991) suggested that
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mprot 1.7 was unlikely to be a high affinity phorbol ester receptor. In contrast, 30- 

50% nucleotide sequence similarity between the carboxyl-terminal regions of mprot

1.7 and bcr indicated that mprot 1.7 might be a GAP for the Rho subfamily members. 

Indeed, prelimary experiments suggesting that mprot 1.7 was a GAP for members of 

the Rho subfamily were mentioned in the report (Agnel et al., 1992).

Various isoforms of n-chimaerin have been identified. The existence of a 34 kDa 

isoform, called p-chimaerin, was suggested by a novel overlay assay which allowed 

detection of GAPs for members of the Rho family, namely Rho, Rac and CDC42 

(Manser et a l ,  1992; Leung et a l ,  1993). The cDNA of p-chimaerin was subsequently 

isolated using polymerase chain reaction (Leung et al., 1993). Analysis of the cDNA 

revealed 68% sequence similarity with n-chimaerin. Unlike the largely hipocamppal 

and cortical neuronal distribution of n-chimaerin, p-chimaerin was expressed 

exclusively in the rat testis. This expression was stage-specific corresponding to the 

acrosomal assembly at the late stage of spermatogenesis, p-chimaerin may have 

phorbol ester binding and Racl GAP activities similar to that of n-chimaerin. This was 

suggested by its protein sequence similarities of 93% to the cysteine-rich domain of 

n-chimaerin and 77% to the GAP domain of n-chimaerin. In addition, p-chimaerin 

when employed at 0.5 pg/ml was shown to exhibit substrate specificity similar to n- 

chimaerin i.e. it was active selectively on Racl but not CDC42Hs nor RhoA (Leung 

et al., 1993).

Another isoform, the 45 kD human a2-chimaerin protein, is different from n-chimaerin 

(also designated as a l  chimaerin) in having a 183 amino acid residue SH2 (Src- 

homology 2) domain instead of a stretch of 58 amino acid residues amino-terminal to 

the phorbol ester binding and GAP domains (Hall et al., 1993). This SH2 domain is 

similar to those found in the p85a-subunit of phosphatidylinositol 3-kinase, Abl, p 120- 

GAP and Src. SH2 domains in different signalling proteins bind with high affinity and 

specificity to distinct tyrosine-phosphorylated sites and hence facilitate protein-protein 

interactions in signal transduction (Songyang et al., 1993). Apart from p i 20-GAP, o2- 

chimaerin is the only other known SH2-containing GAP for low molecular weight
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GTP-binding proteins. The SH2 domain is derived by alternative splicing and hence 

a2-chimaerin is a splice variant of n-chimaerin (Hall et al., 1993). Northern anaysis 

revealed that the a2-chimaerin mRNA is highly expressed in rat brain, testis and 

intestine. Lower amounts were detected in heart and lung. Studies using in situ 

hybridization revealed its presence in cerebellum, cortex, hippocampus, intestinal 

apical columnar epithelium and spermatocytes in the testis. Unlike n-chimaerin, the 

level of expression of a2-chimaerin mRNA did not change during development of the 

rat.

It is likely that there are additional GAPs for the Rho subfamily members, including 

new members of the chimaerin family, which have yet to be isolated. In support of 

this, the novel overlay assay has revealed the existence of both p-chimaerin variants 

(Leung et al., 1993) and other unidentified GAPs for members of the Rho subfamily 

which exhibit a variety of tissue distribution (Manser et al., 1992). It is conceivable 

that all these GAPs, despite bearing similar 6cr-related sequences, may provide novel 

mechanisms for the regulation of Rac since they also possess unique non-catalytic 

sequences. The presence of these unique non-catalytic sequences in GAPs may allow 

Rac to be modulated by distinct species of GAPs, in response to different cellular 

signals.
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1.8. AIMS OF THE RESEARCH

Investigation o f  the role of zinc in n-chimaerin

My initial studies were directed towards ascertaining whether the amino-terminal CRD 

of «-chimaerin bound zinc since cysteine-rich motifs found in a variety of transcription 

factors, including GAL4, E l A and glucocorticoid receptor have been shown to bind 

zinc (Berg, 1990). This question was approached using a ^^Zn^  ̂ blotting technique 

based on the method of Schiff et al. (1988). Ahmed et al. (1990) had earlier reported 

that the amino-terminal region of «-chimaerin containing the CRD bound phorbol ester 

in a phospholipid-dependent manner. Consequently, the next question posed was 

whether zinc had any effect on phorbol ester binding through its interaction with the 

CRD of «-chimaerin. Observations that phorbol ester binding could be enhanced by 

zinc supplementation in cultures of E. coli overexpressing «-chimaerin further raised 

the possibility that phorbol ester binding may require a zinc-dependent structure in «- 

chimaerin.

Studies on the regulation o f  n-chimaerin GAP activity

Following the report by Diekmann et al. (1991) that the carboxyl-terminal regions of 

Bcr and «-chimaerin exhibited GAP (GTPase-activating protein) activity to R acl, my 

studies were re-focussed on the characterization of the carboxyl-terminal region of «- 

chimaerin. The aims of these studies were the demonstration of possible regulation on 

«-chimaerin GAP activity and subsequently, the determination of the underlying 

mechanisms. These studies involved addressing the following questions:

(1) Is the Racl GAP activity of the full-length different from the carboxyl-terminal 

region «-chimaerin protein?

(2) If so, is this an indication that the amino-terminal region may be regulatory on the 

carboxyl-terminal Racl GAP domain?

(3) Does phorbol ester binding to the amino-terminal region of «-chimaerin modulate 

the carboxyl-terminal Racl GAP domain?

Additional experiments were performed to identify other lipid modulators of «- 

chimaerin. The choice of modulators tested included phorbol esters and phospholipid
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co-factors as well as lipids including second messengers known to modulate protein 

kinase C via its amino-terminal regulatory domain and those reported to modulate 

p i 20-GAP, neurofibromin and Rho GAP activities (Bums and Bell, 1991; Bollag and 

McCormick, 1991; Tsai et al., 1989a; Tsai et al., 1989b).

Mutational analysis o f  n-chimaerin GAP domain

To understand the possible mechanism of Racl GAP activity in n-chimaerin, 

mutational analysis on the carboxyl-terminal region of n-chimaerin was undertaken. 

Such an approach revealed amino acids that were important for Racl GAP activity (as 

identified by loss of Racl GAP activity in the mutants) and binding to Racl (as 

identified by loss in ability of the mutant to compete with wild-type Racl.GTPyS for 

n-chimaerin). Since loss of Racl GAP activity in the mutants might be due to loss of 

binding to Racl or defects in catalysis, Racl GAP activity was examined in 

conjunction with measurements of binding affinities between Racl and the n- 

chimaerin mutants. Relative binding affinities was determined in an assay using 

catalytically inactive n-chimaerin mutants as competitors with wild-type n-chimaerin 

for R acl. In addition, direct physical interaction between wild-type/mutant n-chimaerin 

and QblLRacl.GTPyS was examined as based on differential elution of 

Q6ILRac 1 .GTPyS from columns immobilized with either n-chimaerin proteins.
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MATERIALS AND METHODS

1. Materials

[20(n)-^H]phorbol 12,13-dibutyrate (1.72 GBq/mg; 46.6 mCi/mg), “ ZnCl2 (37 

MBq/mg; 2.5 Ci/mg), enhanced chemiluminescence (ECL) antibody detection kits, 

BCL-Hyperfilm and nitrocellulose filters were from Amersham International, [y- 

^^P]GTP (30 Ci/mmole) was from Du Pont-New England Nuclear. Glass-fibre filters 

(GF/C), zinc standard solution and the detergent, NP-40, were from BDH. HA filters 

(0.45 pm) were from Whatman. X-OMAT XAR films and hyperfilms were from 

Kodak. The following proteins (molecular weight in kDa) were from Sigma Chemical 

Company: myosin (205), p-galactosidase (116), phosphorylase b (94), bovine serum 

albumin (67), alkaline phosphatase (58), enolase (48), ovalbumin (43), carbonic 

anhydrase (30), soybean trypsin inhibitor (20) and lysozyme (14). Purified rat brain 

PKC was from Lipidex (Westfield, N.J., U.S.A.). Thrombin (from bovine plasma), 

leupeptin, phenylmethylsulfonyl fluoride, aprotinin, pepstatin, isopropyl-p- 

thiogalactopyranoside (IPTG), sodium dodecyl sulphate, Triton X-100, n-dodecyl p-D- 

maltoside, zinc chloride (>97% pure), cadmium chloride (>99% pure) and cobalt 

chloride (>98% pure) were also from Sigma Chemical Company. The following lipids 

(source where indicated and % purity in brackets) were also from Sigma Chemical 

Company: L-a-phosphatidyl-L-serine (from bovine brain; 98%), L-a-

phosphatidylethanolamine (from bovine brain; 98-99%), L-a-phosphatidylcholine 

(from bovine brain; 99%), L-a-phosphatidic acid (PA) p-arachidonoyl-y-stearoyl 

(98%), PA dilauroyl (98%), PA dioleoyl (98%), PA dipalmitoyl (99%), PA distearoyl 

(99%), L-a-phosphatidylinositol (from bovine liver; 98%), L -a- phosphatidylinositol 

4-monophosphate (from bovine brain; 98%), L-a-phosphatidylinositol 4,5-bisphosphate 

(from bovine brain; >98%), L-a-lysophosphatidic acid, oleoyl (98%), arachidonic acid 

(from porcine liver; 99%), arachidic acid (99%), oleic acid (99%), linolenic acid 

(99%), palmitic acid (99%) and D-sphingosine (from bovine brain cerebrosides, 99%). 

Both a  and p analogues of phorbol 12,13-dibutyrate (PDBu) and phorbol 12-myristate 

13-acetate (PMA) were from LC Services and Sigma Chemical Company. SDS-7B 

and high-range pre-stained molecular weight markers for SDS-PAGE were from Sigma 

Chemical Company and Gibco Bethesda Research Laboratories respectively. Unless
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indicated otherwise, all other chemical reagents used were also from Sigma Chemical 

Company. Centriprep-10 protein concentrators were from Amicon Company. The 

liquid scintillant, Ready Safe scintillant, was from Beckman. Glutathione Sepharose 

4B and benzamidine Sepharose 4B were from Pharmacia. Amylose resin was from 

New England Biolab. Factor (from human plasma; 10 units/ml), OTP, GDP and 

GTPyS were from Boehringer Mannheim.

E. coli RRl strain transformed with pATH23, pATCM l, pATCM2 and pATCM3 were 

obtained from Mr. Clinton Monfries (Institute of Neurology, London, U.K.). When 

induced, these recombinant vectors encoded TrpE (37 kDa), TrpE/n-chimaerin (70 

kDa), TrpE/amino-terminal region of n-chimaerin (50 kDa) and TrpE/carboxyl- 

terminal region of n-chimaerin (55 kDa) fusion proteins respectively. The construction 

of these vectors has been previously described in Ahmed et a l  (1990).

E. coli X Ll Blue transformed with pGESAl-5 and pGEAMl were kindly provided 

by Dr. Sohail Ahmed (Institute of Neurology, London, U.K.). These encoded 

GST/diacylglycerol kinase (82 kDa; pGESAl), GST/amino-terminal region of 

diacylglycerol kinase (40 kDa; pGESA2), GST/protein kinase C-C1,C2 domains (46 

kDa; pGESA3), GST/gene product of protein kinase C cDNA cloned in the opposite 

orientation (22 kDa; pGESA4), GST/PKC-Cl domain (38 kDa; pGESA5) and 

GST/amino-terminal region of n-chimaerin. E. coli XLl Blue transformed with 

pGECMl and pGECM3 were obtained from Mr. Clinton Monfries (Institute of 

Neurology, London, U.K.). These encoded GST/n-chimaerin (52 kDa) and 

GST/carboxyl-terminal region n-chimaerin proteins, respectively. The construction of 

these recombinant vectors as well as a more detailed description of the proteins 

produced have been elaborated by Ahmed et al. (1991). E. coli Y 1091'°"' transformed 

with rat n-chimaerin cDNA cloned into pGEX-2T expression vector was obtained from 

Dr. Sohail Ahmed (Institute of Neurology, London, U.K.). Construction of the 

recombinant vector has been described by Ahmed et al. (1993).

E. coli transformed with cDNAs encoding Racl, RhoA, CDC42Hs and Rab3A cloned
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into the pGEX-2T expression vector was obtained from Dr. Thomas Leung (Institute 

of Molecular and Cell Biology, Singapore). The cDNAs for the four p21s were 

obtained by polymerase chain raction and have been verified by DNA sequencing. 

Construction of the recombinant vectors encoding the R acl, RhoA and CDC42Hs has 

also been described by Manser et al. (1992). E. coli XL-1 Blue strain transformed 

with Racl cDNA bearing G12V- and T17N-point mutations were provided by Mr. 

Anthony Best and Dr. Sohail Ahmed (Institute of Neurology, London, U.K.). E. coli 

XL-1 Blue or Y 1091'°"' transfomed with recombinant vectors encoding the various 

GST/rt-chimaerin carboxyl-terminal region mutants was obtained from Dr. Long Pin 

Wen (Institute of Molecular and Cell Biology, Singapore). E. coli XL-1 Blue 

transformed with recombinant vectors encoding MBP/n-chimaerin (83 kDa), 

MBP/amino-terminal region of n-chimaerin (60 kDa) and MBP/carboxyl-terminal 

region of n-chimaerin was obtained from Dr. Sohail Ahmed (Institute of Neurology, 

London U.K.). cDNA encoding C. elegans UNC-13 (amino acid residues 389-1090) 

was cloned in frame into the pBT vector allowing UNC-13 to be expressed via the T7 

system (Maruyama and Brenner, 1991). The construct was transformed into E. coli 

BL21(DE3) cells and made available for this study by Dr. Ichiro N. Maruyama (The 

Scripps Research Institute, U.S.A.). The vector construction and protein expression 

have been described by Maruyama & Brenner (1991) and Ahmed et al. (1992).

2. Expression and purification of recombinant n-chimaerin and p21 proteins

2.1 Purification of GST fusion proteins

Purification of GST fusion proteins was as described by Smith & Johnson (1988). 

Briefly, E.coli XL-1 Blue cells were transformed with the above described plasmids 

(pGESAl-5, pGECMl/3, pGEAMI, pGEXracl and pGEX-3X) while E.coli ¥10191'°"' 

cells were transformed with the plasmid containing rat «-chimaerin cDNA cloned in 

frame into the pGEX-2T vector. Overnight cultures of transformed E.coli were diluted 

10-fold into 1 litre LB amp (50 pg/ml) and grown for 2-3 h to an Agoonm 0 8, when 

1 mM isopropyl-p-thiogalactopyranoside (IPTG) was added and growth allowed to 

continue for another 2-3 h. Pelleted cells were lysed by sonication in 50 mM Tris-HCl 

pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.4 mM phenylmethysulfonyl fluoride, 25 pg/ml
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leupeptin and aprotinin, 2 pg/ml pepstatin. The supernatant was passed through 

glutathione Sepharose 4B columns and the latter were each washed with 20 column 

volumes of 50 mM Tris-HCl pH 7.5, 150 mM NaCl. Proteins were either purified as 

GST fusion proteins by eluting the columns with 10 mM glutathione, 50 mM Tris-HCl 

pH 7.5 or as proteins free of the GST tag by further washing with 5 column volumes 

of 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 2.5 mM CaClz and then permitting 

proteolysis with thrombin (1% wt/wt, at 20°C for 2 h on a Denley Spiramix 5 roller) 

while the GST fusion proteins were bound to the glutathione Sepharose 4B columns. 

The proteins free of the GST tag were recovered as the eluate upon washing the 

columns with 50 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM MgClz while the GST 

tag remained bound to the columns. Thrombin contaminant in the eluate was removed 

by further passage through a benzamidine-Sepaharose 4B column in 50 mM Tris-HCl 

pH 7.5, 100 mM NaCl, 1 mM MgCl2. The cleaved fusion proteins were then 

concentrated using Centriprep-10. The purified proteins were aliquoted and frozen with 

15% glycerol at -20° C.

2.2 Purification of TrpE fusion proteins

The highly inducible TrpE promoter was used to drive expression of the fusion TrpE 

protein. TrpE fusion proteins partitioned predominantly into the insoluble fraction, and 

this characteristic was used to partially purify the proteins. E.coli RRl cells were 

transformed with pATH23 (TrpE, 37 kDa), pATCMl (TrpE/n-chimaerin, 70 kDa) or 

pATCM2 (TrpE/amino-terminal region of «-chimaerin, 50 kDa) or pATCM3 

(TrpE/carboxyl-terminal region of «-chimaerin, 55 kDa) and grown overnight in M9 

minimal salts with 1 mM MgSO^, 0.1 mM CaClz, 100 pg/ml vitamin B l, 40 pg/ml 

tryptophan, 100 pg/ml ampicillin. The overnight cultures were diluted 10-fold into 100 

ml of the minimal salts medium and 3P-indoleacrylic acid (20 pg/ml) was added when 

the cultures attained Aĝ onm of 0 4. Cells were grown for a further 2-3 h, harvested and 

then resuspended in 3 ml of 20 mM Tris-HCl pH 7.5, 0.25 M sucrose, 2 mM EDTA, 

10 mM EGTA, 20 pg/ml leupeptin, 0.5% Triton X-100. Pellets were stored at -20°C 

until use. Thawed cell pellets were sonicated 3 x 15 s, with intervals of 30s on ice and 

then centrifuged at 20 000 g for 20 min. The resulting insoluble fraction was washed
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four to five times with 2 mM EDTA, 0.5% Triton X-100 (Ahmed et a l ,  1990) or 1 

M NaCl, 10 mM Tris-HCl pH 8.0 to increase the purity of the TrpE fusion proteins. 

These partially purified proteins were solubilized in 5 ml of 8 M urea, 25 mM Tris- 

HCl pH 7.5, 1 mM EDTA, 1 mM dithiothreitol (DTT) and dialysed against 400 ml 

of 4 M urea, 1 mM Tris-HCl pH 5.0, 1 mM DTT for 1-2 h and then against 2 litres 

of 20 mM Tris-HCl pH 7.5, 50 mM NaCl, 2 mM MgCl^, 200 pM DTT, 100 pM ZnCl^ 

overnight with two changes of buffer. The proteins were stored with 15% glycerol at - 

20°C and used within 2 weeks.

2.3 Purification of maltose binding protein (MB?) fusion proteins 

Overnight cultures of transformed E.coli cells were diluted 10-fold into 1 litre of LB 

Amp (100 pg/ml). When cell growth reached Â oonm = 0.8, 0.5 mM IPTG and 10 pM 

ZnCl2 was added to the cultures. Growth was allowed for a further 2 h at 37° C. The 

cells were harvested by centrifugation using an MSE Coolspin centrifuge at 3500 rpm 

(3500 g), 4° C for 15 min. The harvested cells were resuspended in 20 ml 50 mM 

Tris-HCl pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 20 pg/ml leupeptin, 2 

pg/ml pepstatin and lysed by sonication using three 15 s bursts interspersed with 30 

s intervals on ice between each period of sonication. Supernatant, obtained from these 

sonicated cells by centrifugation on a Beckman TL 100.3 rotor at 20 000 rpm (20 000 

g), 15 min at 4°C, was loaded onto an amylose column that had been pre-equilibrated 

with Buffer M (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM M g C y  and washed 

with 20 column volumes of Buffer M. The MBP fusion protein was eluted with Buffer 

M containing 10 mM maltose and 1 ml fractions were collected. By monitoring 

absorbance at 280 nm, fractions containing proteins were pooled and concentrated with 

Centriprep-10. To prepare proteins free of the MBP tags, the 100 pi concentrated 

proteins were dialysed, with two changes, in 50 ml of 50 mM Tris-HCl pH 7.5, 100 

mM NaCl, 2 mM CaClj at 4°C. 10:1 (wt/wt) factor was then added to the dialysed 

protein. Proteolytic cleavage was allowed for 2 h at 27°C. The mix was passed onto 

a Buffer M-preequilibrated amylose column to remove the MBP tags. Proteins free of 

the latter was collected in the flow through, concentrated using Centriprep-10, 

aliquoted and stored with 15% glycerol at -20°C.
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3. Radiolabelled binding to proteins on nitrocellulose

The binding assay was carried out as described by Schiff et al. (1989). Briefly, 

proteins were electrophoresed on 10% SDS-PAGE gels for 1 h at 160V which were 

then incubated for 10 min. with 5% 2-mercaptoethanol, washed for 5 min in Western 

transfer buffer, and then placed on a Sartoblot for transfer to nitrocellulose. These 

filters were then incubated in binding buffer containing 100 mM Tris-HCl pH 6.8, 50 

mM NaCl. 0.5 mM MgCl2, 0.5 mM CaCl2, 5 mM DTT for 2 h at room temperature. 

The filters were next washed twice in binding buffer without dithiothreitol and then 

probed with ^^ZnCl2 (6 pM; 1.32 pCi/ml; 1 mCi/mg) for 30 min. Filters were re

washed twice in binding buffer pH 6.8 and then 4 x 5  min at pH 5.8. In competition 

experiments the appropriate metal chlorides, freshly made, were included at the 

relevant concentration in the buffer containing ^^Zn^  ̂and all wash buffers. Filters were 

dried and exposed to X-OMAT X-ray film for 24-48 h at -80°C with intensifying 

screens.

^̂ Zn̂ "̂  binding was also performed using dot-blotting technique instead of the above 

described procedure using SDS-PAGE and Western blotting. Nitrocellulose sheets 

were presoaked in phosphate-buffered saline (PBS) and placed on a 96-well Bethesda 

Research Laboratory apparatus under vacuum suction. Proteins samples (0.2-5 pg), all 

in 100 pi were then filtered. The sheets were dried prior to probing with ^̂ Zn̂ "̂  as 

described above.

4. [^H]-Phorbol 12, 13-dibutyrate (PDBu) binding assay

Cell extracts were incubated in 25 mM Tris-HCl pH 7.5, 4 mg/ml bovine serum 

albumin, 100 pg/ml phosphatidylserine and 33 nM pH]-PDBu for 30 min at room 

temperature. Samples were then placed at 4°C for a further 30 min before rapid 

filtration on glass-fibre GF/C filters using 3 x 3 ml of ice-cold 25 mM Tris-HCl pH 

7.5. These were then air dried and the amount of [^H]-PDBu bound measured by 

scintillation counting. In the presence of unlabelled 10 pM PDBu, background binding 

was estimated to be 800-1200 c.p.m./sample.
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5. Densitometry using image analysis

After autoradiography, the protein blots were stained with Amido Black (0.1% Amido 

Black dye in methanol/acetic acid/water (9:2:9, v/v.). The autoradiographs and Amido 

Black-stained filters were then analysed on a Quantimet 570 image analyser 

(Cambridge Instruments) using the black-and-white mode of the camera under 

constant-detection threshold. The areas of grey images corresponding to protein bands 

on the Amido Black-stained blots and exposed areas on the autoradiograms were 

measured in arbitrary units. Protein concentration was expressed as a function of 

molecular mass in arbitrary units.

6. Measurement o f  GTP Hydrolysis Rates and GAP activities

6.1 GTPase assays

2 pi of 1 mg/ml (final concentration of 0.4 pM Racl) purified recombinant Racl 

protein was loaded with radiolabelled GTP by incubating for 10 min at 30°C with 6 

pi [y-^^P]GTP (Du-Pont NEN; 30 Ci/mmol) in 16.6 pi buffer containing 20 mM Tris- 

HCl pH 7.5, 0.1 mM DTT, 25 mM NaCl and 4 mM EDTA. This reaction was stopped 

by the addition of 4 mM MgCl2 . GTPase activity was then assayed by incubating 3 

pi of [y-^^P]GTP loaded Racl at 15°C in 30 pi reaction buffer (buffer G) of 20 mM 

Tris-HCl pH 7.5, 0.1 mM DTT, 1.3 mg/ml fatty acid-free BSA, 1 mM unlabelled GTP 

and various concentrations of purified recombinant n-chimaerin protein where 

indicated. At specified time points, 5 pi aliquot was removed from the reaction 

mixture, added to 1 ml ice-cold buffer A (50 mM Tris-HCl pH 7.5, 50 mM NaCl, 5 

mM M gC y, washed through HA filters with 10 ml ice-cold buffer A. The amount of 

[y-^^P]GTP remaining on the filters which reflected the GTPase activity of R acl, was 

then determined by liquid scintillation counting in 3 ml Beckman Ready Safe 

scintillation fluid. At the start of the assay, between 20000 - 40000 c.p.m. were 

detected per 5 pi of the reaction mixture which contained [y-^^P]GTP-loaded Racl. 

After 10 min of the assay at 15®C, about 80% of the total GTP remained bound to 

Racl.

Lipid modulation of «-chimaerin Racl GAP activity was measured as described above
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except that lipids: phosphatidylserine (PS), phosphatidylcholine (PC),

phosphatidylinositol (PI), phosphatidylethanolamine (PE), phosphatidic acid (PA), 1- 

oleoyl-lysophosphatidic acid (LPA), phosphatidylinositol 4-phosphate (PIP) and 

phosphatidylinositol 4,5-bisphosphate (PIP2), arachidonic acid (AA), arachidic acid 

(ArA), oleic acid (OA), linolenic acid (LA), plamitic acid and sphingosine (SPH) were 

added at various concentrations as liposomes in buffer G.

6.2 Preparation of liposomes

Liposomes of PS, PC, PI, PE, PA, LPA, PIP, PIP2, AA and ArA were freshly prepared 

by drying under vacuum the respective lipid (1 mg/ml) in chloroform solution, 

rehydrating in 20 mM Tris-HCl pH 7.5 (1 mg/ml final concentration), and sonicated 

until the solution was clear.

6.3 Liposome sedimentation assay

2 pg of n-chimaerin protein in 20 mM Tris-HCl pH 7.5, 100 mM KCl, 2 mM MgCl2 

were incubated with liposomes at 200 pg/ml (prepared as described in section 6.2) for

1 h at 37°C. To separate the liposomes, the suspension was centrifuged at 95000 rpm 

for 20 min in a Beckman TL-100 ultracentrifuge. 20 pi of the pellet and supernatant 

were then analyzed by SDS-polyacrylamide gel electrophoresis followed by Coomassie 

Blue staining. The amount of protein present was estimated by image analysis as 

described in section 5.

6.4 Competition assay with Racl and n-chimaerin proteins

The competitor, which was either wild-type, G 12V- or Q61L-Racl (obtained from Mr. 

Anthony Best and Dr. Sohail Ahmed, Institute of Neurology, London, U.K.), was 

incubated in 20 mM Tris-HCl pH 7.5, 25 mM NaCl, 0.1 mM DTT, 4 mM EDTA and

2 mM GTPyS at 30°C for 10 min. Following this incubation, 5 mM MgCl2 was added 

to stop the [y-^^PlGTF loading reaction of the competitor proteins. Different amounts 

of the latter were added to 0.4 pM wild-type Racl prebound to [y-^^P]GTP (as 

described in section 6.1) in 20 mM Tris-HCl pH 7.5, 0.1 mM DTT, 4 mM MgCl2, 25 

mM NaCl prior to incubation with «-chimaerin in 30 pi buffer G. 44 nM «-chimaerin
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was added in these assays. About 40% of [y-^^PJGTP remained bound to Racl after 

10 min at 15°C in the absence of a competitor. To determine the GAP activity of «- 

chimaerin either in the presence or absence of a competitor, 5 pi aliquots were 

removed from the assay mix after 10-min incubation at 15°C. This was added to 1 ml 

ice-cold buffer A, washed through HA filter with 10 ml ice-cold buffer A. The amount 

of radioactivity bound to the filters was determined by scintillation counting. 

Competition assays using n-chimaerin carboxyl-terminal mutants 107, 108 and 109 

were performed as GTPase assays (see section 6.1) except that various concentrations 

of the mutants were added to the assay mixture in the presence of 44 nM n-chimaerin.

6.5 Interactions of Racl with guanine nucleotides

Wild-type and mutant Racl proteins (10-50 ng) were incubated in binding buffer (50 

mM Tris-HCl pH 7.5, 1 mM MgCl^, 1 mM DTT, 150 mM NaCl, 40 pg/ml BSA) for 

1 h at 30°C with 10 pM pHJGDP (12.6 Ci/mmol) or p^S]GTPyS (1201 Ci/mmol) in 

the presence of various amounts of unlabelled GDP or GTP. Bound radioactive GDP 

and GTPyS were quantitated by filtration on HA filters using 10 ml washes of the 

same ice-cold binding buffer followed by liquid scintillation counting in 3 ml Ready 

Safe scintillant (Beckman).

6.6 Detection of binding by Q61LRacl to n-chimaerin carboxyl-terminal region 
protein

GST/n-chimaerin carboxyl-terminal region and GST proteins were purified (as 

described in section 2.1). Both proteins were dialysed overnight at 4°C in 3 litres of 

50 mM Tris-HCl pH 7.5, 50 mM NaCl and 5 mM MgCl2. This was followed by a 

further identical dialysis for 2 h the next day. Concentration of the proteins was 

determined using BioRad's Protein Assay kit. 62.2 pM of GST/n-chimaerin carboxyl- 

terminal region and 76.9 pM GST proteins were separately loaded onto glutathione 

Sepharose 4B (2 ml) columns with one re-passage through the column. The columns 

were then washed with 10 ml of the above dialysis buffer. 23 nM [y-^^P]GTP- 

prelabelled Q61L-Rac (final concentration on the 2 ml column) in 20 mM Tris-HCl 

pH 7.5, 25 mM NaCl, 0.1 mM DTT, 5 mM MgCl2, 1 mM GTP was added to the
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column at 4°C and 5 ml of 50 mM Tris-HCl pH 7.5, 50 mM NaCl and 5 mM MgCl2- 

250 jil fractions (approximately 5 drops) were collected on ice and subsequently 

analysed by liquid scintillation counting after washing through HA filters as described 

in the GTPase assays.

7. SDS-polyacrylamide gel electrophoresis

SDS-containing polyacrylamide gel electrophoresis was based on the method of 

Laemmli (1970) using "mini" slab gels, 7cm x 8cm x 1.5 mm (BioRad). The slab gels 

contained 0.125 M Tris-HCl pH 8.8, 0.1% SDS, 10% acrylamide, 0.268% NN'- 

methylbis-acrylamide, 0.05% ammonium persulphate and 3 mM N,N,N',N'- 

tetramethylethylenediamine (TEMED). A short stacking gel consisting of 0.1% SDS,

0.125 M Tris-HCl pH 6.8, 3.9% acrylamide, 0.05% ammonium persulphate and 12 

mM TEMED, was poured on top of the separating gel. Electrophoresis was performed 

at 180 V at room tempertaure using a BioRad 3000Xi power pack for 40-60 min. 

Prestained molecular weight markers from either Sigma (i.e. SDS-7B) or Gibco BRL 

(i.e. High-range Molecular weight markers) were electrophoresed in slots adjacent to 

the samples which had been heated at 95°C for 10 min in 0.125 M Tris-HCl pH 6.8, 

4% SDS, 40% glycerol, 0.14 M p-mercaptoethanol and 0.1% bromophenol blue. The 

electrophoresis buffer comprised 0.25 mM Tris, 19.2 mM glycine and 0.01% SDS.

8. Transfer o f  proteins from polyacrylamide gels to nitrocellulose membranes (Western 
blotting)

Western blotting was performed according to the method of Towbin et al. (1979), 

using Trans-blot semi-dry transfer cell (Bio-Rad). Following electrophoresis, the 

protein gels were preequilibrated in transfer buffer of 48 mM Tris, 39 mM glycine, 

20% methanol pH 9.2 and placed on top of a piece of nitrocellulose (Schleicher & 

Schuell) presoaked in cold transfer buffer. These were then sandwiched between filter 

paper (Whatman) and firmly clamped between the electrodes. Blotting was for 0.5 h 

at 15 V and 0.6-0.3 Amp. After transfer, the blots were dried and used accordingly.
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9. Immunodetection o f  proteins on Western blots

The Western blots were pre-blocked with 5% nonfat dry-milk (Marvel)-phosphate 

buffered saline (pH 7.5) for 1 h at room temperature or overnight at 4°C. These were 

washed 3 x 10 min in 0.1% Tween 20-phosphate buffered saline before incubation 

with appropriately diluted rabbit primary antibody in 1% nonfat dry-milk (Marvel)- 

phosphate buffered saline for 1.5 h at room temperature. The blots were then washed 

5 x 5  min with 0.1% Tween 20-phosphate buffered saline and further incubated for 

1 h with peroxidase-conjugated swine anti-rabbit secondary antibody (used at 1:1000 

dilution; DakoPatts, Denmark) in 1% nonfat dry-milk (Marvel)-phosphate buffered 

saline. These blots were then washed 5 x 5  min with 0.1% Tween 20-phosphate 

buffered saline. Detection was with the enhanced chemiluminescence procedure (ECL) 

using Hyperfilm-ECL.

10. Antibodies

Rabbit polyclonal antibodies raised against the carboxyl-terminal of n-chimaerin were 

kindly provided by Mr. Clinton Monfries (Institute of Neurology, London, U.K.) and 

used at 1:200 dilution.

11. Protein quantification

Protein concentrations were routinely determined with the Bio-Rad Protein Assay 

reagents using fatty acid-free bovine serum albumin as the standard. This assay is 

based on the Bradford dye-binding procedures (Bradford et al., 1976). The procedures 

were performed in accordance with the manufacturer's specifications.
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RESULTS

1. Recombinant bacterial fusion proteins

Biochemical analysis of proteins requires pg to mg levels of relatively pure protein. 

Heterologous expression in Escherichia coli provides a system for producing proteins 

at such quantities. One of the advances in bacterial protein expression system has been 

the use of fusion protein. These are based on the expression of a desired protein 

whereby its cDNA is cloned either 3' to the sequence of a tag. Expression of the 

fusion protein is hence dependent on the transcriptional and translational signals of the 

tag. The latter is usually a highly expressed endogenous bacterial protein e.g. p- 

galactosidase, protein A, maltose-binding protein (MBP) and TrpE or a heterologous 

protein known to be highly expressed in E. coli e.g. glutathione-S-transferase (GST). 

In addition, the tag can also contribute epitopes to which antibodies are commercially 

available e.g. the 10-amino acid Myc epitope tag (Diekmann et a l ,  1991) and the 

tripeptide epitope of a-tubulin (Skinner et a l ,  1991), allowing convenient 

immunodetection of the fusion protein. A major advantage of fusion protein expression 

systems over the non-fusion protein expression systems is the speed and ease with 

which the expressed proteins can be purified. The tag allows purification of the fusion 

protein using antibodies (Skinner et a l ,  1991) or affinity chromatography (Smith and 

Johnson, 1988). Introduction of a cleavage site for a site-specific protease such as 

factor Xg, thrombin and collagenase at the junction between the tag and the protein of 

interest permits purification of the desired protein from the tag following cleavage. 

Fusion protein expression systems such as MBP and ompA allows the fusion protein 

to be exported into the bacterial periplasmic space and outer membrane, respectively. 

These systems may be important for proteins that do not fold properly in the 

cytoplasm. Potential problems encountered with fusion protein expression systems 

include insolubility leading to the formation of inclusion bodies as well as instability 

of the fusion protein. Although conditions for optimal expression of each protein of 

interest vary, factors including culture temperature, host strain background, duration 

and level of expression have been reported to be important considerations (Schein, 

1989).
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Fig. 1 Expression of TrpE/n-chimaerin fusion proteins

E. coli cell extracts containing TrpE/«-chimaerin (TrpE/NC), TrpE/amino-terminal 
region of n-chimaerin (TrpE/N), TrpE/carboxy 1-terminal region of n-chimaerin 
(TrpE/C) fusion proteins and TrpE were prepared as described in section 2.2 of the 
Materials & Methods chapter. The proteins were analyzed on 12% SDS- 
polyacrylamide gel electrophoresis. The gels were then Coomassie blue-stained.

Lanes 1 TrpE/NC

2 TrpE/N

3 TrpE

4 TrpE/C.
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1.1 Preparation and purification of recombinant n-chimaerin and derivatives

1.2 TrpE (antfaranilate synthase) fusion protein expression system

Initial experiments examining the ability of n-chimaerin to bind phorbol esters were 

performed using the TrpE fusion protein system (Ahmed et al., 1990). Three types of 

TrpE fusion proteins corresponding to the full-length (TrpE/NC; 70 kDa), 136 amino- 

terminal residues (TrpE/N; 50 kDa) and 191 carboxyl-terminal residues (TrpE/C; 55 

kDa) were expressed in 20 pg/ml indoleacrylic acid-treated Escherichia coli cells 

transformed with pATCM l, pATCM2 and pATCMB plasmids, respectively. Most of 

the fusion protein was insoluble, permitting 'one-step' partial purification from the 

insoluble fraction after centrifugation of the cell lysate. Washes (4-5x) with 2 mM 

EDTA, 0.5% Triton X-100 or 1 M NaCl, 10 mM Tris-HCl pH 8 were found to further 

increase the purity of these fusion proteins which was approximately 80% on the basis 

of Coomassie blue-stained gels (Fig. 1). All the proteins were then refolded in vitro 

by dénaturation in 8 M urea followed by renaturation in the presence of 100 pM 

ZnCl2. As reported by Ahmed et al. (1990), high affinity phospholipid-dependent 

^H]phorbol 12,13-dibutyrate binding was obtained from the TrpE/NC and TrpE/N but 

not TrpE/C or TrpE proteins.

1.3 GST (Glutathione S-transferase) fusion protein expression system 

AT-chimaerin was expressed in E. coli as GST fusion proteins. These were in the form 

of GST fused to the full-length (GST/NC; 52 kDa; amino acid residues -19 to 299, 

where the negative numbering of amino acid residues indicate residues amino-terminal 

to the first methionine translation initiation codon), amino-terminal region (GST/N; 

37 kDa; amino acid residues -19 to 136) and carboxyl-terminal region (GST/C; 40 

kDa; amino acid residues 110 to 299) «-chimaerin proteins. Both GST/NC and GST/N 

fusion proteins were expressed using a pGEX-3X derived vector which has a potential 

proteolytic site for factor X  ̂to produce either full-length or amino-terminal region n- 

chimaerin protein and the GST tag. In contrast, the GST/C was expressed using a 

pGEX-2T derived vector which allowed the generation of the n-chimaerin carboxyl- 

terminal region protein by thrombin digestion of GST/C. Fig. 2(a) shows the 

expression of n-chimaerin GST fusion proteins in bacterial whole cell lysate following
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Fig. 2 Expression of /t-chimaerin GST fusion proteins

Proteins including n-chimaerin GST fusion proteins in (a) E. coli XL-1 Blue whole 
cell extracts and (b) after purification on glutathione-Sepharose columns were analyzed 
on 12 % SDS-PAGE and the gels stained with Coomassie blue.

(a) Lanes 1

(b) Lanes 1

GST/C (40 kDa)

GST/NC (52 kDa)

GST/N (37 kDa)

GST (20 kDa)

GST/N

GST

GST/NC

4 GST/C

GST/NC was susceptible to breakdown in the XL-1 Blue strain, (c) Protein stability 
of GST/NC improved when the protein was expressed using E. coli Y 1091'°" (Lon 
protease-defective) mutants. The carboxyl-terminal region of n-chimaerin can be 
purified via thrombin cleavage of GST/C.

(c) Lanes 1 GST

2 GST/C

3 GST/NC

4 n-chimaerin carboxyl-terminal region protein 
after thrombin cleavage of GST/C
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induction with IPTG. These fusion proteins were affinity purified by glutathione 

Sepharose chromatography (Fig. 2(b)). As shown in lane 3 of Fig. 2(b), initial 

attempts to purify GST/NC expressed in the XL-1 Blue strain of E. coli resulted in a 

relativelyunstable protein. Multiple bands corresponding to proteins of molecular 

weight less than 52 kDa were observed in the SDS-PAGE analysis of the purified 

preparation of GST/NC. This suggested that GST/NC was susceptible to proteolysis. 

Subsequent purification of GST/NC expressed from the Y1091 ion protease-defective 

strain of E. coli, however, reduced the appearance of these lower molecular weight 

bands and also possibly the extent of proteolysis of GST/NC (Fig. 2(c), lane 2). The 

gene product of Ion is a major ATP-dependent protease in E. coli and is thought to 

be involved in the proteolysis of a number of unstable endogenous as well as foreign 

proteins (Gottesman, 1990). The relative yield of purified soluble GST/NC as 

optimally expressed either in E. coli XL-1 Blue or Y 1091'°"' strains was GST/C > G- 

ST/NC > GST/N. To obtain n-chimaerin carboxyl-terminal region protein free of the 

GST tag, thrombin cleavage was performed on GST/C bound to the glutathione 

Sepharose 4B column and the 20 kDa carboxyl-terminal region protein was eluted 

from the column (Fig. 2(c), lane 4). This cleavage was specific for the peptide 

sequence Ile-Glu-Gly-Arg on GST/C. Thrombin cleavage at 25°C was optimal within 

2 h. Thrombin was removed from the carboxyl-terminal region protein by passage 

through benzamidine-Sepharose column. Benzamidine is a specific thrombin inhibitor. 

It selectively binds and separates thrombin from the carboxy-terminal region protein. 

As estimated from Coomassie-blue stained polyacylamide gels, preparations of purified 

GST/C and GST/NC was routinely of > 95% purity (Fig. 2(c)). GST/mutant n- 

chimaerin carboxyl-terminal region proteins were also expressed and purified using 

glutathione Sepharose columns as described above for the wild-type GST/C protein 

(Fig. 27).

GST/Racl (wild-type and mutants) was expressed in E. coli and affinity purified by 

glutathione-Sepharose 4B colunm chromatography. Racl (21 kDa), free of the GST 

tag, was eluted from the column following cleavage of GST/Racl with thrombin in 

the column (Fig. 3). Based on the observation that no further cleavage of GST/Racl
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Fig. 3 Expression and purification of Racl

Racl was purified following thrombin cleavage of GST/Racl which was bound to 
glutathione Sepharose as described in section 2.1 of the Materials and Methods 
chapter. The proteins were analyzed by 12% SDS-PAGE and the gel stained with 
Coomassie blue.

Lanes 1 GST/Racl as starting material for thrombin 
cleavage on the column.

2 Racl (21 kDa) obtained as a result of thrombin cleavage of
the GST/Racl fusion protein.

3 After thrombin cleavage, GST (26 kDa) and a small amount 
of uncleaved GST/Racl remain attached to the column.
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occurred after 2 h following the addition of thrombin, optimal proteolysis was attained 

by 2 h. As with GST/C, thrombin was removed from Racl using a benzamidine- 

Sepharose column. Typically, yields of 3-4 mg Rac 1/litre culture were obtained. Both 

GST/Racl and Racl were estimated from Coomassie-blue stained polyacrylamide gels 

to be > 95% pure.

GST fusion proteins bearing the C l and C2 regions (GST/PKC) as well as only the 

C l region of protein kinase Cy (GST/PKC-Cl); the gene product of PKC cDNA 

cloned into the expression vector in the opposite orientation; fragments of 

diacylglycerol kinase (amino acid residues 113-727 and amino acid residues 113-276) 

respectively generating GST/DGK and GST/DGK-N were expressed and purified using 

glutathione Sepharose 4B columns (Fig. 10).

Immunological analysis confirmed expression of the correct reading frame for the 

different proteins. GST/NC and GST/C were analysed with rabbit polyclonal antisera 

raised against TrpE/NC fusion protein which had been purified on a colunm 

immobilized with TrpE/C. Production of the antibodies has been described by Ahmed 

et al. (1990). The presence of GST/N was detected with antisera raised against 

TrpE/NC fusion protein but obtained as the flow-through during affinity purification 

of antibodies on a column coupled to GST/C. GST/PKC was immunodetected by the 

monoclonal antibody 5A2 which recognizes the epitope GVDHTERRGRIYL 

(Cazaubon et al., 1990). GST/DGK was analysed with antisera raised against a 

carboxyl-terminal peptide MGPPRSTNFFGFLS. Proteins were also detected in the 

insoluble fraction by the relevant antibodies.

1.4 MBP (Maltose-binding protein) fusion protein expression system 

Fusion proteins of MBP fused to the full-length (MBP/NC; 80 kDa), amino- (MBP/N; 

58 kDa) and carboxyl-terminal (MBP/C; 63 kDa) regions of n-chimaerin were affinity 

purified on amylose column. The fusion proteins bind to the column because the MBP 

tag has an affinity for amylose and these could be eluted with free maltose (10 mM). 

Relatively high yields of both MBP/full-length (Fig. 4) and amino-terminal region
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Fig. 4 Expression and purification of maltose binding protein//i-chimaerin fusion
protein (MBP/NC)

Samples were electrophoresed using 12% SDS-PAGE and the gel was stained with 
Coomassie blue.

Lanes 1 Sonicated bacterial whole cell lysate after induction of
protein expression.

2 Soluble fraction obtained by centrifugation of the whole 
cell lysate. This formed the starting material for loading onto 
the amylose column.

3 Unbound fraction from amylose column.

4-7 10 pi of fraction numbers 1, 2, 3, 4 and 10 obtained by
elution of column with maltose. This contained primarily the 
MBP/NC (83 kDa) fusion protein. Bands of molecular weight 
< 83 kDa possibly represent breakdown products of 
MBP/NC.

108



116 -

4 8 .5 -

36 .5 -

26 . 6 -

-MBP/NC

109



Fig. 5 Expression and purification of maltose binding prQtein/amino-tenninal region
of n-chimaerin fusion protein (MBP/N)

Samples were analyzed by 12% SDS-PAGE and the gel was stained with Coomassie 
blue.

Lanes 1 Soluble fraction obtained by centrifugation of bacterial
whole cell extract. This formed the starting material for 
loading onto the amylose column.

2 Unbound fraction from amylose column.

3-7 10 pi of fraction numbers 2, 4, 6, 8 and 11 obtained by
eluting the column with maltose.
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Fig. 6 Factor proteolytic digestion of MBP/N

Following the addition of factor to purified MBP/N fusion protein, 10 pi aliquots 
at various time points were removed and analyzed on SDS-PAGE. The gel was then 
stained with Coomassie blue.

Lanes 1-3 10 pi aliquots removed at 2, 4 and 17 hour after the
addition of factor X .̂ Lanes 2-4 contained MBP (45 kDa), 
cleaved N (23 kDa; amino-terminal region of n-chimaerin) 
and small amount of uncleaved MBP/N.

4 Purified MBP/N as before factor X  ̂digestion.
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Fig. 7 Expression and purification of maltose binding protein/caiboxyl-temiina] region
of n-chimaerin fusion protein (MBP/C)

MBP/C fusion protein was purified as described in section 2.3 of the Materials and 
Methods chapter. Samples at different stages of the purification were analyzed by 
SDS-PAGE and the gel was stained with Coomassie blue.

Lanes 1 Soluble fraction obtained by centrifugation of bacterial
whole cell extract. This was the starting material for the 
purification of MBP/C fusion protein using amylose resin 
in a column.

2 Unbound fraction from the amylose colunm.

3-4 10 pi of fractions 3 and 6  obtained by eluting the colunm
with maltose. Each collected fraction was of 1 ml. MBP/C 
fusion protein was observed mainly as a triplet at about 65 
kDa. Three other bands (all < 65 kDa) were also observed.
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Table 1 Addition of ZnClj during induction of protein expression enhances phoibol 
ester binding

Cultures of E. coli expressing MBP/NC and MBP/N were grown at 37°C in the 
presence or absence of 10 pM ZnClz- Both proteins were affinity purified on amylose 
columns. [^H]PDBu binding assays were performed using approximately equal 
amounts of MBP/NC or MBP/N as obtained from cultures with and without zinc 
supplementation. Estimation of protein concentrations were based on Coomassie blue 
staining following 12% SDS-PAGE. pH]PDBu binding was also measured using the 
amylose column elution buffer which represnted the background [^H]PDBu binding. 
Background binding was not subtracted from the data presented (means ± S.D.; n 
values in parentheses).
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ZnClz
supplementation

pHJPDBu binding (cpm), 
(n=2)

Elution buffer 
(background)

619.3 ± 241.0

5 pi MBP/NC - 1305.5 ± 163.5

20 pi MBP/NC - 4173.0 ± 572.0

5 pi MBP/NC + 6334.0 ± 130.5

20 pi MBP/NC + 15317.3 ± 120.2

5 pi MBP/N - 700.7 ± 134.4

20 pi MBP/N - 1352.3 ±99.1

5 pi MBP/N + 6402 ± 218.3

20 pi MBP/N + 13883 ± 150.6

117



(Fig. 5) n-chimaerin proteins could be readily purified as soluble proteins. Typically, 

yields of up to 3-4 mg of affinity-purified MBP/NC and MBP/N were obtained per 

litre of culture in contrast with 1.5 and 0.7 mg per litre of culture for purified 

GST/NC and GST/N, respectively. To obtain non-fusion amino-terminal region n- 

chimaerin protein, purified MBP/N was first dialysed overnight in 20 mM Tris.HCl 

pH 7.5, 50 mM NaCl, 2 mM CaCl2 at 4° C to remove maltose that was employed to 

elute MBP/N from the amylose column during protein purification. Cleavage of 

MBP/N using factor was then performed for 2-3 h at 25° C. Interestingly, no 

further proteolysis of the amino-terminal region w-chimaerin protein occurred under 

these conditions even after 17 h of incubation (Fig. 6 ). The digestion mix was next 

passed through an amylose column to remove the MBP tag as well as any uncleaved 

MBP/N while the amino-terminal region n-chimaerin protein was collected as the 

eluate. The carboxyl-terminal region of n-chimaerin was relatively unstable when 

expressed in the MBP- as compared with the GST-fusion protein expression system 

(compare Fig. 7 with Fig. 2(c), lane 2).

Table 1 shows the amount of [^H]PDBu bound to MBP/NC and MBP/N fusion 

proteins. Each protein was affinity purified from cultures of E. coli expressing the 

respective protein under culture conditions either with or without 10 pM ZnClz 

supplementation during growth. The data indicate that [^H]PDBu binding by MBP/NC 

and MBP/N increased approximately 4.3- and 9.7-fold respectively when ZnClj was 

added to the culture as compared to cultures without ZnCl2 supplementation. This 

result suggests that phorbol ester binding by «-chimaerin may be zinc-dependent and 

is consistent with the findings of Ahmed et a l  (1991) where it was demonstrated that 

treatments known to remove metal ions, especially zinc (e.g. with 1 mM 1,10- 

phenanthroline, pH 6 ), inhibited phorbol ester binding to n-chimaerin.

2. Introduction to methods o f zinc determination

A stretch of cysteine and/or histidine residues on a protein is indicative of a metal- 

binding sites. A variety of techniques can be used to determine whether a protein 

binds metal (Vallee and Falchuk, 1993). For example, chemical methods based on the
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formation of coloured zinc chelate complexes can detect 1 0 '̂  g level of zinc whereas 

graphite fumaceatomic absorption spectroscopy detects up to 1 0 '̂ "̂  g level of zinc 

(Vallee and Falchuk, 1993). However, increased sensitivity of detection can pose 

potential problems owing to high background levels of zinc measured in the protein 

of interest. Differences in the reproducibility of measurement, ease of usage and the 

amount of protein required for each determination are also important considerations 

when deciding on a choice of techniques. Chemical methods, for instance, may require 

milligram quantity of purified protein as opposed to nanogram level for atomic 

absorption spectroscopy.

In addition to these techniques, Schiff et al. (1988) devised a rapid method for the 

determination of the zinc-binding activity of proteins. This method which is known 

as the ^^Zn^^-blotting technique entails the probing of refolded proteins immobilized 

on nitrocellulose filters with radioactive ^^ZnClz. A major advantage of the technique 

is that purified protein samples, metal-free conditions as well as specialized 

instrumentation are not required.

2.1 Zinc binding and zinc dependence in phorbol ester binding by n-chimaerin

2.2 binding to control proteins and rat brain PKC using the *®Zn^*-bIot assay

The amino-terminal region of n-chimaerin contains a cysteine-rich motif (CRM) that 

has amino acid sequence identity with the phorbol ester binding domain in PKC. To 

determine whether this region has the potential to bind zinc, a radioactive ZnCl2 

(^^Zn^ )̂ blot assay was employed (Schiff et al., 1988). Several conditions critical for 

specific ^̂ Zn̂ '̂  binding in this assay were established. Firstly, treatment of the proteins 

within the gels with 2-mercaptoethanol and on blots with DTT was essential to detect 

significant amounts of ^̂ Zn̂ "̂  binding by autoradiography. Secondly, to avoid non

specific binding, protein concentration less than 20 pg was used. Thirdly, ^^Zn^  ̂blots 

were washed at low pH (pH 5.8-6.0, high stringency) to eliminate non-specific 

interactions. Control experiments were first performed using the ^̂ Zn̂ "̂  blot-assay with 

known metalloproteins (bovine serum albumin (BSA), alkaline phosphatase, carbonic 

anhydrase, metallothionein) as well as non-metalloproteins (enolase, lysozyme.
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Fig. 8 binds to known metalloproteins and non-metalloproteins

(a) 10 pg each of enolase (lanes 1, 1'), alkaline phosphatase (lanes 2, 2') and BSA 
(lanes 3, 3') were electrophoresed by SDS-PAGE and transferred onto nitrocellulose 
filters. The filters were equilibrated in metal-binding buffer before probing with 6  pM 
^^Zn^  ̂ (lanes 1-3'). Equivalent blots were also stained with Amido black (lanes 1-3) 
as described in section 3 of the Materials and Methods chapter, (b) binding was 
performed with enolase (■), alkaline phosphatase ( • )  and BSA (o ) over a range of 
protein concentration (2-20 pg/sample). The concentration of proteins on Amido black- 
stained filters was estimated using image analysis with BSA as standards. Arbitrary 
units are used for both ^̂ Zn̂ ''’ binding and protein concentration. Results presented are 
from a typical experiment; similar results were obtained from two to three other 
experiments.
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Fig. 9 binding by dot-blotting

Proteins (0.2-2 pg/sample) were dot-blotted on to nitrocellulose and then probed with 
6  pM as described in section 3 of the Materials and Methods chapter, (a) Lane 
1,1', alkaline phosphatase; lane 2,2', TrpE; lane 3,3', enolase and lane 4,4', purified rat 
brain PKC. Lanes 1-4 were stained with Amido black while lanes l'-4' were probed 
with Concentration of proteins on Amido black-stained filters were analyzed
by image analysis, (b) Protein concentration-dependent ^^Zn^  ̂ binding using dot- 
blotting was investigated using rat brain PKC ( • ) , alkaline phosphatase (o), enolase 
(■) and TrpE (°). Protein concentration and ^^Zn^  ̂binding are expressed in arbitrary 
units. Results presented are from a typical experiment; similar results were obtained 
from two to three other experiments.
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Fig. 10 binding to /i-chimaerin, protein kinase C and diacylglycerol kinase
TipE and GST fusion proteins

Approximately 10 pg/sample of the following proteins were electrophoresed on 
SDS/PAGE and probed with 6  pM TrpE/amino-terminal region of n-chimaerin
(lanes 1,1’); TrpE (lanes 2,2'); TrpE/n-chimaerin (lanes 3,3'); TrpE/carboxy 1-terminal 
region of /z-chimaerin (lanes 4,4'); GST/amino-terminal region of n-chimaerin (lanes 
5, 5'); GST (lanes 6 , 6 '); GST/n-chimaerin (lanes 7, 7'); GST/carboxyl-terminal region 
of M-chimaerin (lanes 8 , S'); GST/protein kinase C-C1,C2 domains (lanes 9, 9'); 
GST/protein kinase C-Cl domain (lanes 10, 10'); GST/gene product of PKC cDNA 
cloned into the expression vector in the opposite orientation; GST/diacylglycerol 
kinase (lanes 11, 11') and GST/amino-terminal region of diacylglycerol kinase (lanes 
12, 12'). Lanes 1-13 represent proteins on nitrocellulose filters stained with amido 
black. Lanes l'-13' represent the film exposed to the ^^Zn^  ̂ probed filters following 
autoradiography.
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Fig. 11 Relative affinity of TipE/NC and GST/NC, GST/PKC and GST/DGK fusion 
proteins for *®Zn̂ *

The following protein samples at a protein concentration range of 2-10 pg were 
electrophoresed by SDS-PAGE, transfer on to nitrocellulose filters and probed with 
%n^+: (a) TrpE/NC (o), TrpE/N ( • ) ,  TrpE/C (■) and TrpE (°). (b) GST/PKC-C1,C2 
(a ), GST/PKC-Cl (a ) and GST/PKC in opposite orientation (■). (c) GST/DGK (a ), 
GST/DGK/N (a ) and GST (□). (d) GST/NC (o), GST/N ( • )  and GST/C (■). Protein 
concentration and bound are given in arbitrary units.
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Fig. 12 Protein concentration-dependent  ̂Zn * by the 43 kDa UNC-13 protein

Refolded 43 kDa UNC-13 protein, at 10 pg/lane (lanes 1 and 3) and 5 pg/lane (lanes
2 and 4) were electrophoresed using SDS-PAGE, transferred on to nitrocellulose filters 
and then either stained with Amido black (lanes 1 and 2) or probed with (lanes
3 and 4).
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ovalbumin, (3-gaiactosidase, myosin, phosphorylase b and soybean trypsin inihibitor). 

Fig. 8 (a) shows that this technique was indeed able to distinguish metalloproteins from 

non-metalloproteins. binding was also protein concentration-dependent as shown 

in Fig. 8 (b). As the gradient in the graph of amount of bound versus protein 

concentration reflects the affinity of the protein for ^^Zn^ ,̂ BSA has a relatively higher 

affinity for ^̂ Zn̂ "̂  than alkaline phosphatase. This finding does not agree with those 

of Schiff et al. (1988) where alkaline phosphatase was found to have a higher affinity 

for ^̂ Zn̂ "̂  than BSA. A possible explanation for the discrepancy is that washes of 

different pH's were employed in both studies; pH 5.8-6.0 in this study as compared 

with pH 6 . 8  in Schiff et at. (1988). Since the binding of metals to proteins is sensitive 

to pH (Schiff et al., 1988), the difference in pH of the washes may result in different 

stringency during washing.

In addition to this technique, ^^Zn^  ̂binding was performed on dot-blots. This method 

did not require SDS-PAGE nor the subsequent transfer of denatured proteins onto 

nitrocellulose filters. With dot-blotting, the quantity of protein required was between 

0.2-5.0 pg/sample. Using dot blotting, ^̂ Zn̂ "'' binding was detected in akaline 

phosphatase, but not TrpE and enolase (Fig. 9(a)). In addition, purified rat brain PKC 

was found to bind ^̂ Zn̂ "'’ and the amount of ^̂ Zn̂  ̂binding was proportional to protein 

concentration (Fig. 9(b)).

2.3 binding to /i-chimaerin, UNC-13, PKC and diacylglycerol kinase fusion
proteins

Fig. 10 shows that only proteins containing the cysteine-rich motif, HX^. 

12CX2CX12/14CX2CX4HX2CX6/7C, i.e. TrpE/NC, TrpE/N, GST/NC, GST/N, UNC-13, 

GST/PKC-Cl,C2, GST/PKC-Cl, GST/DGK and GST/DGK-N bound ^^Zn^\ A near- 

linear relationship between protein concentration and the amount of ®̂ Zn̂  ̂bound was 

observed with these proteins (Fig. 11 & Fig. 12). The ratio of

^^Zn^^bound/(protein/molecular weight) was derived from the slopes of the curves as 

presented in Fig. 11. Values for n-chimaerin, PKC and DGK were 0.64 ± 0.35 (n=4), 

1.22 ± 1.1 (n=2) and 0.85 ± 0.2 (n=2) respectively, suggesting that more ^̂ Zn̂ + was 

bound to PKC and DGK than NC in the blotting assay. These differences may be
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attributed to the fact that both PKC and DGK have two cysteine-rich motifs while NC 

has only one. Deletion of the carboxyl-terminal of these fusion proteins did not 

significantly affect binding. The other proteins, namely GST, TrpE, GST/C,

TrpE/C and GST fused to the gene product of PKC cDNA cloned into the expression 

vector in the opposite orientation, did not bind (Fig. 11).

To investigate the specificity of ^̂ Zn̂ "̂  binding, competition assays with the ions, Câ "̂ , 

Cd"+ and Co^+ using GST/N, GST/PKC and GST/DGK-N fusion proteins 

were done. As with the control proteins (BSA and alkaline phosphatase), Ca^^ and 

Mg^^ up to 10 mM did not affect ^̂ Zn̂ "̂  binding to the three fusion proteins. In 

contrast, Zn^^, Cd^^ and Co^^ (respectively in descending order) were effective 

competitors (Table 2).

2.4 Phoibol ester binding by /i-chimaerin (NC), PKC and DGK GST fusion proteins

To determine the phorbol ester binding capacity of NC, PKC and DGK proteins in 

theinsoluble and soluble fractions, proteins in the insoluble fraction were refolded and 

used in parallel with the soluble fraction in binding assays (Table 3). As previously 

reported by Ahmed et al. (1990), phorbol ester bound only to GST/NC, GST/N, 

GST/PKC and GST/PKC-Cl but not GST/C, GST nor GST fused to the gene product 

of PKC cDNA cloned into the expression vector in the opposite orientation. Deletion 

of the C2 region in GST/PKC-Cl fusion protein did not significantly affect phorbol 

ester binding in comparison to GST/PKC which contained both C l and C2 regions. 

The level of phorbol ester binding to PKC and NC was in the same range for proteins 

from both the insoluble (folded in vitro) and the soluble phases (Table 3). Unlike NC 

and PKC, phorbol ester binding by DGK fusion proteins was independent of protein 

concentration and was at background levels. This suggests that DGK fusion proteins 

did not specifically bind phorbol ester.

3. The R a d  GAP activity o f n-chimaerin

3.1 Detemiination of assay conditions for/i-chimaerin R a d  GAP activity

Low molecular weight GTP binding proteins such as N-Ras, RhoA, RalA and Rapl
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Table 2 Competition of binding to /i-chimaerin (NC), protein kinase C (PKC) 
and diacylglycerol kinase (DGK) GST fusion proteins by zinc, cadmium and 
cobalt

blotting was performed as described in section 3 of the Materials and Methods 
chapter with purified fusion proteins: GST/Cl domain of PKC (PKC-Cl), GST/amino- 
terminal region of DGK (DGK-N) and GST/amino-terminal region of NC (N). 
Competitors of ZnCl2, CdCl2 and C0 CI2 were added at 10, 50 and 100 pM together 
with 6  pM ®^ZnCl2 in the metal-binding and wash buffers. The data presented are of 
a typical experiment. Two to three other experiments yielded qualitatively similar 
results. > 9 5 %  indicates the limit of detection by image analysis. 100% indicates the 
complete absence of labelling on autoradiographs.
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% inhibtion of ®̂ Zn̂  ̂ binding to

Metal Concentration
(mM)

PKC-Cl DGK-N N

Zinc 1 0 89 75 95

50 >95 >95 >95

1 0 0 1 0 0 1 0 0 1 0 0

Cadmium 1 0 31 25 19

50 1 0 0 1 0 0 1 0 0

1 0 0 1 0 0 1 0 0 1 0 0

Cobalt 1 0 24 44 76

50 43 73 83

1 0 0 >95 >95 >95
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Table 3 Phorbol ester binding of NC, PKC and DGK GST fusion proteins in the 
soluble and insoluble fractions

Phorbol ester binding was determined for both soluble (from the supernatant following 
centrifugation of sonicated bacterial whole cell lysate) and insoluble fractions (refolded 
in vitro) as described in section 4 of the Materials and Methods chapter. Briefly, this 
involved incubating cell extracts with 33 nM [^HJPDBu for 30 min at room 
temperature and then at 4°C for 30 min before rapid filtration on GF/C filters. 
Background/non-specific binding was not substracted from the data presented (means 
± S.D.; n values in parentheses).
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Sample [^H]PDBu binding (c.p.mVlO pi extract)

Refolded Supernatant

GST/n-chimaerin 16635 ± 712 (4) 8846 ± 350 (5)

GST/amino-terminal 
region of n-chimaerin

19472 ± 660 (5) 5775 ± 1235 (5)

GST/carboxyl-terminal 
region of n-chimaerin

926 ± 301 (5) 1285 ± 744 (4)

GST 961 ± 161 (5) 854 ± 309 (6 )

GST/C 1,C2 domains of 
PKC

21519 ± 3310 (5) 5836 ± 1277 (5)

GST/Cl domain of PKC 19080 ± 4366 (5) 7670 ± 722 (5)

GST/gene product of 
PKC cDNA cloned into 
the expression vector in 
the opposite orientation

798 ± 271 (5) 1046 ± 256 (5)

GST/diacylglycerol
kinase

1220 ± 380 (5) 706 ± 244 (5)

GST/amino-terminal 
region of diacylglycerol 

kinase

1076 ± 280 (5) 572 ± 43 (5)
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have low intrinsic GTPase activity which can be enhanced by their respective GAPs 

(Trahey and McCormick, 1987; Garrett et a l ,  1989; Emkey et a l ,  1991; Rubinfeld et 

a l,  1991). In the presence of < 1 pM free-Mg^^, the intrinsic GTPase activity of Racl 

is about 40-fold higher than H-Ras (Menard et a l ,  1992). Such a high rate of GTP 

hydrolysis by Racl may potentially present difficulties when determining the GTPase 

activity of Racl either in the presence or absence of M-chimaerin. Hence, initial 

experiments were performed to determine optimal conditions for Racl GAP assays. 

The effects on n-chimaerin due to variations in concentrations of NaCl and reducing 

agents, temperature, pH and detergents were examined. Salt was considered because 

p i 20-GAP activity is very sensitive to increasing NaCl concentrations. Tsai et a l  

(1989a) reported a 38% decrease in Ras GAP activity when NaCl concentration was 

increased from 25 mM to 125 mM. This has been thought to be due to a decrease in 

the affinity of the GAP for Ras.GTP (Moore et a l,  1992). Fig. 13 shows that the Racl 

GAP activity of n-chimaerin was inhibited approximately 2-fold by 0.3 M NaCl in 

comparison with conditions at 0.1 M NaCl. In the presence of 0.5 M NaCl, inhibition 

of n-chimaerin Racl GAP activity increased approximately 8 -fold with respect to that 

at 0.1 M NaCl. Racl GAP activity is represented by the % GTP remaining bound to 

Racl after 10 min at 15°C. Inhibition of greater 100% n-chimaerin Racl GAP activity 

was obtained at 0.6 M NaCl. This suggested that in addition to n-chimaerin, the 

GTPase activity of Racl was also inhibited at this salt concentration. No significant 

change in the Racl GAP activity of n-chimaerin and the intrinsic rate of GTP 

hydrolysis of Racl was detected with additions of 10 mM of the reducing agents 

dithiothreitol and 2-mercaptoethanol. When the Racl GAP activity of n-chimaerin was 

determined from 4°C to 60°C an increase of about 3-fold was measured from 4°C to 

50°C (Fig. 14). Menard et a l (1992) have reported that the rate of GTP hydrolysis by 

Racl was similar over the pH range of 5.5 to 7.5. When the Racl GAP activity of n- 

chimaerin was measured from pH 5 to 9, inhibition of up to 25% was detected from 

pH 5 to 8  but this increased to 45% at pH 9 (Fig. 15). Since inhibition of Racl GAP 

activity of n-chimaerin was minimal at pH 7.0, this is the optimal pH for its activity.

The detergent, n-dodecyl p-D-maltoside, has been used to selectively inhibit
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Fig. 13 Effect of NaCl on the Racl GAP activity of /i-chimaerin

The Racl GAP activity of 0.2 |iM GST/n-chimaerin was measured in the presence of 
(1) 0.1 M NaCl, (2) 0.2 M NaCl, (3) 0.3 M NaCl, (4) 0.5 M NaCl and (5) 0.6 M 
NaCl. The procedures for Racl GAP assay have been described in section 6.1 of the 
Materials and Methods chapter. The NaCl-inhibited Racl GAP activities have been 
presented as % inhibition of GAP activity. 100% and 0% inhibition are represented 
by the intrinsic GTPase activity of Racl in the absence and presence of 0.2 pM 
GST/n-chimaerin, respectively.
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Fig. 14 Effect of temperature on the GAP activity of n-chimaerin

The GAP activity of 0.15 pM n-chimaerin was measured at temperatures ranging from 
4°C to 60°C as described in section 6.1 of the Materials and Methods chapter. The 
GAP activity at each temperature has been expressed as a percentage of the GAP 
activity at 15°C, which is represented as 100% GAP activity. Similar results were 
obtained in two separate experiments.
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Fig. 15 Effect of pH on the Racl GAP activity of n-chimaerin

The GAP activity of 0.15 |jM  n-chimaerin was measured at pH 5 to 9. Procedures for 
the GAP assay has been described in section 6.1 of the Materials and Methods 
chapter. The GAP activity at various pH has been expressed as % inhibition of GAP 
activity with respect to that at pH 7.5. Results presented here are representative of two 
experiments.
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Fig. 16 The effect of different deteigents and reducing agents on ttie Racl GAP
activity of /i-chimaerin

The GAP activity of 0.15 (jM «-chimaerin was determined in the presence of (1) 0.1 
M and (2) 0.01 M n-dodecyl p-D-maltoside; (3) 1% and (4) 0.1% Triton X-100; (5) 
1% and (6 ) 0.1% NP-40, (7) 100 pM sodium dodecylsulphate, (8 ) 10 mM 
dithiothreitol and (9) 10 mM 2-mercaptoethanol. 0% inhibition of GAP activity was 
represented by the % GTP remaining bound to Racl after 10 min in the presence of 
n-chimaerin. Maximal (100%) inhibition of GAP activity corresponded to the GTPase 
activity of Racl as measured in the absence of n-chimaerin. The data is representative 
of two experiments.
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neurofibromin activity (Bollag and McCormick, 1991). Complete inhibition of 

neurofibromin was achieved at about 2 mM of «-dodecyl p-D-maltoside whereas it 

had no effect on p i 20-GAP activity, p i 20-GAP was not inhibited even when the 

detergent concentration was further increased to 40 mM. Fig. 16 shows that additions 

of 10 and 100 mM «-dodecyl p-D-maltoside did not affect n-chimaerin Racl GAP 

activity. To ascertain whether other detergents could affect n-chimaerin, Triton X-100 

and NP-40 (both at 0.1% and 1% concentrations) as well as 100 pM sodium 

dodecylsulphate (SDS) were tested. No significant effect on Racl GAP activity of n- 

chimaerin was observed with either Triton X-100 or NP-40. However, 100 pM SDS 

inhibited n-chimaerin by 44.4%.

In choosing conditions for measuring the in vitro Racl GAP activity of n-chimaerin, 

two factors have been considered. In view of the high intrinsic rate of GTP hydrolysis 

by R acl, conditions favouring convenient and accurate measurement of n-chimaerin 

Racl GAP activity ought to be adopted. In addition, such conditions should reflect 

those known to be physiologically relevant. For measuring the in vitro Racl GAP 

activity of n-chimaerin in subsequent experiments, the following conditions were 

adopted: 50 mM NaCl, 0.1 mM dithiothreitol, 15°C and pH 7.5.

3.2 Full-length n-chimaerin has reduced RaclGAP activity as compared with its 
caihoxyl-temiinal protein

The cysteine-rich C l domain in the amino terminal of PKC confers phospholipid-

dependent phorbol ester binding activity. In addition, this domain is required for its

kinase activity to be modulated by specific lipids, n-chimaerin is not a protein kinase

but a GTPase activating protein (GAP) for the Ras-related Racl protein. There is

about 50% amino acid sequence identity between the cysteine-rich domain of protein

kinase C and n-chimaerin. This sequence analysis suggests that the Racl GAP activity

of n-chimaerin may be regulated in a manner similar to the kinase activity of PKC.

To assess the role of the PKC-like cysteine-rich domain in regulating the GAP activity 

of n-chimaerin, the GAP activity of purified recombinant GST/full-length n-chimaerin 

(GST/N) was compared with that of the GST/n-chimaerin carboxyl-terminal region

145



Fig. 17 Protein concentration-dependent Racl GAP activity of /i-chimaerin and its
caiboxyl-temiinal region protein

The GAP activity of different concentrations of full-length (■) and carboxyl-terminal 
region n-chimaerin protein (°) was measured as described in section 6 .1  of the 
Materials and Methods chapter. GAP activity which has been expressed as the time 
taken for 50% GTP hydrolysis by Racl.GTP is plotted against protein concentration 
of either GST/NC or GST/C added in the assay. GAP activity due to MBP/C (fusion 
protein of maltose binding protein and the carboxyl-terminal region of n-chimaerin) 
( • )  as well as the non-fusion n-chimaerin carboxyl-terminal region protein (o ) is also 
indicated in the graph.
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(GST/C) protein. Fig. 17 shows the effect of different concentrations of these 

recombinant n-chimaerin proteins on the intrinsic Racl GTPase activity. The results 

are presented as t̂ Q% (time taken for 50% hydrolysis of the bound GTP). At 15°C, in 

the absence of n-chimaerin, the for Racl was 12.5 min. GST/NC exhibited Racl 

GAP activity that was linearly related to protein concentration. In contrast, GST/C had 

a higher specific activity. Saturation was observed at concentrations of GST/C at about 

0.1 pM. Thus, unlike PKC, both GST/NC and GST/C displayed Racl GAP activity 

even in the absence of lipid cofactors. Moreover, the presence of the cysteine-rich 

domain in GST/NC resulted in a reduction of its specific activity in comparison to 

GST/C. A possible explanation for the difference in enzymic activity in the absence 

of lipid cofactors between PKC and n-chimaerin is that the recombinant n-chimaerin 

protein may be incorrectly folded in E. coli. Improper protein folding may cause 

incomplete coupling between the lipid-binding cysteine-rich domain and the catalytic 

domain of n-chimaerin resulting in leaky activity from the recombinant protein. 

Alternatively, leaky activity may be due to the lack of eukaryotic post-translational 

modifications. Support of the idea that the Racl GAP activity of eukaryotically 

expressed n-chimaerin may be different from that expressed in E. coli was recently 

obtained in a report of Ahmed et a i  (1993). It was found that although 1% of the total 

protein in cell extracts from COS7 cells transfected with n-chimaerin cDNA contained 

the n-chimaerin protein, no Racl GAP activity was detected from these extracts. This 

raises the possibility that lipid cofactors may be required for Racl GAP activity of n- 

chimaerin.

3.3 Phospholipids and archidonic acid modulate /i-chimaerin

To determine whether lipids modulate n-chimaerin, the phospholipids; 

phosphatidylserine (PS), phosphatidylcholine (PC), phosphatidylethanolamine (PE) and 

phosphatidic acid (PA) were tested. 250 ng of n-chimaerin which stimulated the GTP 

hydrolysis of R acl, represented by a decrease of from 12.5 to 10 min, was used 

in the study. Fig. 18 show that PC and PE did not affect the Racl GAP activity of n- 

chimaerin. However PS and PA stimulated n-chimaerin (Fig. 19). PA was more potent 

in stimulation than PS. PA containing the side chains; p-arachidonyl, y-stearoyl.
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Fig. 18 Effect of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) on the
R ad GAP activity of /i-chimaerin

The rates of GTP hydrolysis by Racl in the presence of 250 ng «-chimaerin and PC 
(a ) and PE (a ) were measured as described in section 6.1 of the Materials and Methods 
chapter. N-chimaerin was incubated with different concentrations of phospholipids 
prior to the assays. The results are representative of three experiments.
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Fig. 19 Effect of phosphatidylserine (PS) and phosphatidic acid (PA) on the Racl
GAP activity of fi-chimaerin

The rates of GTP hydrolysis by Racl in the presence of 250 ng «-chimaerin and PA 
(■) and PS (°) were measured as described in section 6.1 of the Materials and 
Methods chapter. N-chimaerin was incubated with different concentrations of PA or 
PS prior to the assays. The results are representative of three experiments.
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Fig. 20 Effect of 1-oleoyl-lysophosphatidic acid (LPA) on the Racl GAP activity of
n-chimaerin

The rates of GTP hydrolysis by R acl in the presence of 680 ng n-chimaerin and LPA 
(•) were measured as described in section 6.1 of the Materials and Methods chapter. 
iV-chimaerin was incubated with different concentrations of LPA prior to the assays. 
The results are representative of three experiments.
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Fig. 21 Comparison of stimulation of /i-chimaerin by different phosphatidic acids

The Racl GAP activity of 250 ng «-chimaerin was measured in the absence or 
presence of 1 0 0  pg/ml of ( 1 ) P-arachidonoyl-y-stearoyl-; (2 ) dioleoyl-; (3) dipalmitoyl- 
; (4) distearoyl- and (5) dilauroyl-phosphatidic acid. AT-chimaerin was incubated with 
the respective phosphatidic acid prior to the assays. 100% GAP activity represents the 
activity from 250 ng n-chimaerin in the absence of phospholipid. GAP activity more 
than 1 0 0  % indicate further stimulation from this level of activity in the presence of 
the stipulated phosphatidic acid. The results are representative of three experiments.
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Fig. 22 Effect of PI, PIP, PIP;, arachidonic acid and arachidic acid on Racl GAP
activity of n-chimaerin

The GAP activities of 500 ng full-length (■) and 230 ng carboxyl-terminal region n- 
chimaerin (=) proteins were measured in the presence of 1 0 0  pg/ml ( 1) 
phosphatidylinositol (PI), (2) phosphatidylinositol 4-phosphate (PIP), (3)
phosphatidylinositol 4,5-bisphosphate (PIP;), (4) arachidonic acid and (5) arachidic 
acid as described in section 6 .1 of the Materials and Methods chapter. Similar results 
were obtained in two experiments.
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dipalmitoyl-, dioleoyl-, distearoyl- and dilauroyl-, were stimulatory to about the same 

extent (Fig. 21). The stimulation by PS and PA was dose-dependent. The substrate 

specificity for phospholipids PC, PE, PS and PA was similar to that reported for 

PKCe (Koide et a l ,  1992).

The next lipid tested was 1-oleoyl-lysophosphatidic acid (LPA). This lipid was chosen 

as LPA has been reported to inhibit Rho GAP activity in cell extracts (Tsai et 

a/., 1991) and affect the morphology of PC 12 and neuronal cells (Tigyi and Miledi, 

1992). Furthermore, the latter effect was very similar to the changes in morphology 

of neuroblastoma cells stably transfected with n-chimaerin cDNA (as reported in 

Ahmed et a l,  1993; the unpublished data of Robert Kozma, Anthony Best and Sohail 

Ahmed). Interestingly, LPA indeed inhibited n-chimaerin Racl GAP activity. To 

assess more effectively this inhibition, higher concentration of n-chimaerin (at 680 ng) 

was used. With 680 ng n-chimaerin, the tgo% for Racl was 3 min (Fig. 20). LPA at 

258 pg/ml was sufficient to reduce the of Racl.GTP, in the presence of n-

chimaerin, by 5 min. This inhibition was dose-dependent (Fig. 20).

A screen of other lipids, including some known to inhibit the catalytic domains of 

p i 20-GAP and neurofibromin, was next undertaken. At 100 pg/ml, phosphatidylin

ositol (PI), phosphatidylinositol 4-phosphate (PEP), phosphatidylinositol 4,5- 

bisphosphate (PIP2) and the c/5 -unsaturated fatty acid, arachidonic acid (aa) inhibited 

the Racl GAP activity of «-chimaerin (Fig. 22). Of the four, aa was the most potent 

lipid inhibitor giving 100% inhibition at 100 pg/ml. Although both arachidic acid and 

arachidonic acid are, respectively, saturated and cw-unsaturated fatty acids containing 

2 0  carbon atoms, the saturated fatty acid arachidic acid was however without effect 

(Fig. 22). Lipid modulation by all of the above lipids, except aa, required the amino- 

terminal cysteine-rich domain. Fig. 22 shows that aa also inhibited the carboxyl- 

terminal region of n-chimaerin. The intrinsic GTPase activity of Racl was not affected 

by any of these lipids.
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3.4 Phoibol esters synei^gize with PS and PA in activating /i-chimaerin

Initial experiments to determine if phorbol esters could synergize with PS and PA to 

modulate «-chimaerin were performed with saturating concentrations i.e. 1 0 0  pg/ml 

of the two phospholipids. This entailed pre-incubation of n-chimaerin with either 

phorbol 12,13-dibutyrate (PDBu) or phorbol 12-myristate 13-acetate in the presence 

of PS and PA (100 pg/ml) prior to the determination of the t̂ Q% for Racl.GTP. No 

additional stimulation by phorbol esters apart from that attributed to the phospholipids 

was observed. To optimize the condition for synergism, limiting PA and PS 

concentrations (5 pg/ml) were next employed. Table 4 shows that under these 

conditions, synergism between phospholipids and phorbol esters was observed. The 

largest decrease in was seen with the PA/PMA combination. Stimulation by PMA 

was dependent on PS or PA. aPMA, an inactive stereoisomer of PMA that does not 

bind or regulate PKC, was ineffective. Addition of the solvent previously used to 

solubilize phorbol esters (i.e. acetonitrile/water, 2:3, v/v) to either PS or PA did not 

affect Racl GAP activity of /i-chimaerin. Furthermore, in the absence of PS and PA, 

100 nM of both PMA and PDBu did not affect the intrinsic rate of GTP hydrolysis 

by Racl. Unlike phorbol esters, diacylglycerol (DAG) did not synergize with PS or 

PA at either low or high concentration of the phospholipid. This inability of DAG to 

synergize with PS or PA might be explained by the fact that suboptimal conditions 

were used and does not rule out a potential effect of DAG on n-chimaerin. Further 

work, including the use of eukaryotically expressed or native Racl and n-chimaerin 

proteins, will be necessary to determine this possibility. It was also observed that LPA 

at 258 pg/ml reversed the stimulation seen with either PA (100 pg/ml) or PS (5 

pg/ml)/PMA (100 nM) (Table 5).

3.5 /i-chimaerin physically interacts with phospholipids

To examine whether physical interaction with phospholipids was sufficient for 

modulation of the Racl GAP activity of n-chimaerin, a sedimentation assay was 

employed. Liposomes of different phospholipid composition (PC, PE, PS, PA or LPA) 

were intially incubated for 1 h at room temperature with GST fusion proteins 

containing the full-length and carboxyl-terminal region of n-chimaerin. This was
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Table 4 Synergism between phospholipids and phorbol esters in activating n- 
chimaeiin

The Racl GAP activity of «-chimaerin (125 ng) was measured in the presence of 5 
pg/ml phosphatidylserine (PS) or phosphatidic acid (PA) together with 100 nM 
phorbol 12-myristate 13-acetate or phorbol 12,13-dibutyrate (PMA/PDBu) following 
a 30 min pre-incubation with the stipulated combination of lipids. Addition of solvent 
used to dissolve phorbol esters (acetonitrile/water, 2:3, v/v) to either PS or PA did not 
affect Racl GAP activity of «-chimaerin. Data below are averages ± S.D. from three 
separate experiments.
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Addition 5̂0% (lïiin)

None 11.9 ±0 .1

«-chimaerin 1 0 . 0  ± 0 . 0

«-chimaerin/PA 10.3 ± 0.4

«-chimaerin/P A/PDB u 8.7 ± 0.1

«-chimaerin/PS 9.9 ±0 .1

n -chimaerin/PS/PDB u 8 . 8  ± 0 . 6

«-chimaerin/PS/PM A 8 . 6  ± 0 . 2
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Table 5 Stimulatoiy effects of /i-chimaerin Racl GAP activity by phospholipids and 
phorbol ester are inhibited by lysophosphatidic acid

The Racl GAP activity of n-chimaerin was measured in the presence of: (a) 100 pg/ml 
lysophosphatidic acid (LPA), 5 pg/ml phosphatidylserine (PS) and 100 nM phorbol 12- 
myristate 13-acetate (PMA); (b) 100 pg/ml phosphatidic acid (PA) and either 100 
pg/ml or 200 pg/ml lysophosphatidic acid. 250 ng and 125 ng n-chimaerin protein 
were used in (a) and (b) respectively. In both experiments, incubation of the Racl 
GAP assay mixture was for 10 min at 15°C before membrane filtration. Racl GAP 
activity is presented as the % GTP remaining bound to Racl under various conditions 
stipulated below. Data below are averages ± S.D. from a duplicate experiment. In the 
absence of n-chimaerin, additions of the solvent used to dissolve PMA 
(acetonitrile/water, 2:3, v/v) as well as any of the above lipids did not affect the 
intrinsic GTPase activity of Racl.
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(a)

Addition % GTP remaining after 10 min

None 73.5 ± 0.6

«-chimaerin 43.7 ± 1.2

w-chimaerin/LPA 59.6 ± 0.4

«-chimaerin/PS/PM A 34.5 ± 0.8

n -chimaerin/LP A/PS/PM A 53.3 ± 1.4

(b)

Addition % GTP remaining after 10 min

None 71.5 ± 1.4

«-chimaerin 58.2 ± 1.1

«-chimaerin/PA 27.5 ± 0.5

«-chimaerin/100 |ig/ml LPA 66.3 ± 0.5

«-chimaerin/PA/200 pg/ml LPA 67.7 ± 0.2

«-chimaerin/PA/100 pg/ml LPA 41.5 ± 0.8
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Fig. 23 A^-chimaerin physically interacts with phospholipids via its PKC-like 
cysteine-rich domain

The partitioning of full-length n-chimaerin into the supernatant (=) and liposomes (■) 
were examined using liposome co-sedimentation technique (see section 6.3 of the 
Materials and Methods chapter). This was performed either (1) in the absence or 
presence of the following liposomes: (2) lysophosphatidic acid, (3) phosphatidic acid, 
(4) phosphatidylserine, (5) phosphatidylcholine and (6 ) phosphatidylethanolamine. No 
carboxyl-terminal n-chimaerin protein co-sedimented with the liposome and hence did 
not physically interact with the liposomes from any phospholipids tested. Similar 
results were obtained in two separate experiments.
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followed by centrifugation allowing separation into two phases. Full-length n- 

chimaerin fusion protein sedimented with liposomes formed from all the phospholipids 

tested except PE (Fig. 23). Neither GST nor the GST/carboxyl-terminal region protein 

sedimented with liposomes of any composition. It was noted that although PC 

physically interacted, it did not affect n-chimaerin activity (Fig. 18). Thus, physical 

interaction with phospholipids is not sufficient for modulation of the Racl GAP 

activity of n-chimaerin and it is likely that more specific interactions, as determined 

by the chemical structure of the phospholipid, are required.

3.6 Sphingosine inhibits the Racl GAP activity of both full-length and caiboxyl- 
teiminal region n-chimaerin proteins

Sphingosine has been reported to inhibit phorbol dibutyrate binding and

serine/threonine kinase activity of PKC in vitro (Hannun et al., 1986). When

sphingosine was added to 0.2 pM n-chimaerin, it proved to be a potent inhibitor (Fig.

24). This inhibition was dose-dependent and 50% inhibition occurred at approximately

55 pg/ml (183 pM) sphingosine. To determine if the effects of sphingosine required

the cysteine-rich domain in the amino-terminal, the Racl GAP activity of n-chimaerin

was measured using both full-length and carboxyl-terminal region proteins in the

presence of 150 pg/ml of sphingosine. Racl GAP activities from both proteins were

completely inhibited (Fig. 24), suggesting that the site(s) of inhibition by sphingosine

is not restricted to the cysteine-rich domain in the amino-terminal region of n-

chimaerin. This concentration of sphingosine did not affect the intrinsic GTPase

activity of Racl.

3.7 Differential suppression of n-chimaerin Racl GAP activity by cis-unsaturated and 
saturated fatty acids

As arachidonic acid inhibited the Racl GAP activity of n-chimaerin, experiments were 

next conducted to see whether the activity could also be modulated by any other fatty 

acids. Three fatty acids were tested; the saturated fatty acid, palmitic acid (16:0) and 

cw-unsaturated fatty acids, oleic acid (18:1) and linolenic acid (18:3). Oleic acid is 

thought to activate protein kinase C via its phosphatidylserine-binding or closely 

related site(s). Fig. 25 shows that at 100 pg/ml, the degree of inhibition of n-chimaerin
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Fig. 24 Inhibitoiy effects of sphingosine on the Racl GAP activity of /i-chimaerin

The GAP activity of 0.2 pM full-length n-chimaerin protein (°) was measured in the 
presence of (1) 3.73 pg/ml, (2) 37.5 pg/ml, (3) 75 pg/ml and (4) 150 pg/ml 
sphingosine as described in section 6.1 of the Materials and Methods chapter. The 
GAP activity of 0.05 pM carboxyl-terminal n-chimaerin protein (■) was also measured 
in the presence of 150 pg/ml sphingosine. 0% inhibition of GAP activity represents 
the time taken for 50% GTP hydrolysis by Racl.GTP (t^o^) in the presence of 0.2 pM 
n-chimaerin whilst 1 0 0 % inhibition represents the in the absence of n-chimaerin.
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Fig. 25 Effect of fatty acids on the Racl GAP activity of /i-chimaerin

The GAP activity of 0.15 pM full-length «-chimaerin protein was measured in the 
presence of 1 0 0  pg/ml of ( 1) the saturated fatty acid, palmitic acid and the cis- 
unsaturated fatty acids: (2) oleic acid and (3) linolenic acid. 100% and 0% inhibition 
of GAP activity are represented by the GTPase activity of Racl measured in the 
absence and presence of 0.15 pM full-length «-chimaerin protein, respectively.
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Racl GAP activity was linolenic acid > oleic acid > palmitic acid. In comparison with 

100% inhibition of «-chimaerin Racl GAP activity by 100 pg/ml arachidonic acid 

(Fig. 22), inhibition by the three lipids was less than 100%. Neither the intrinsic 

GTPase activity of Racl or that of GST/C was affected by 100 pg/ml of any of the 

lipids. These results suggest that such fatty acids may employ mechanisms of 

inhibition distinct from those by arachidonic acid.

4. Analysis o f  the Racl GAP activity of n-chimaerin hy site-directed mutagenesis

4.1 Sequence comparison of proteins possessing a GAP domain for the Ras-related 
Rho family

The GAP domain of n-chimaerin and Bcr is of approximately 200 amino acid 

residues. This domain has been shown to be sufficient for stimulating the GTPase 

activity of Racl and, with lower efficiency, CDC42Hs but not RhoA (Chuang et al., 

1993a; Diekmann et al., 1991; Manser et al., 1992). Interestingly, the cDNA of the 

p i 20-GAP associated p i 90 protein have sequence similarity with the Bcr-GAP domain 

but is a GAP for R acl, RhoA and CDC42Hs (Settleman et al., 1992b). Rotundpl.7 

is a Drosophila melanogaster protein that is specifically expressed in certain imaginai 

discs and primary spematocytes and has been preliminarily reported to exhibit GAP 

activity for members of the Rho family (Agnel et al., 1992). Yeast Bem3 (Bud 

emergence) has sequence similarity with Bcr-GAP domain and is active on CDC42Hs 

(Zheng et al., 1993). Although Bem2 also has sequence similarity with the Bcr-GAP 

domain, it is not active on CDC42Hs (Zheng et al., 1993). The cDNA of seven other 

proteins have sequence similarity to the Bcr-GAP domain but their GAP activities 

have yet to be biochemically demonstrated (Baldwin and Zhang, 1993). These include 

the p85 a - and p-subunits of phosphatidylinositol 3-kinase, the Abl SH3-binding 

protein 3BP-1, the OCRL protein encoded by the gene mutated in Lowe's 

oculocerebrorenal syndrome, inositol polyphosphate 5-phosphatase, the yeast Ipl2 and 

U sol gene products (Fry, 1992; Baldwin and Zhang, 1993). Fig. 26 shows the multiple 

amino acid sequence alignment of the GAP domains which exhibit GAP activity for 

the Rho family. A consensus sequence can be derived based on highly conserved 

residues found in these GAPs. Out of the approximately 200 amino acid residues in
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Fig. 26 Multiple amino acid sequence alignment of GAPs for the Rho family

JV-chimaerin, a2-chimaerin, p-chimaerin, Bcr, Abr, p i 20-GAP associated p i 90, Rho 
GAP and the yeast Bem3 protein have been reported to exhibit GAP activity to 
member(s) of the Rho family (Diekmann et a l, 1991; Tan et a l, 1993; Settleman et 
a l, 1992; Diekmann et a l, 1991). This figure shows a multiple amino acid sequence 
alignment of these GAPs with respect to amino acid residues 140-314 of «-chimaerin 
(Lim et a l, 1992) which contain the catalytic domain. iV-chimaerin and a2-chimaerin 
are products of alternately spliced «-chimaerin gene (Hall et a l, 1993). As both protein 
contain identical GAP domains, amino acid sequence of only «-chimaerin has been 
included in this figure. Amino acid residue numbers (in parentheses) for these GAPs 
are as follow : Bcr (1051-1223; Lifshitz et al., 1988), Abr (644-814; Tan et a l, 1993), 
p i 20-GAP associated pl90 (1246-1416; Settleman et al., 1992), Rho GAP (partial 
peptide sequence; Diekmann et a l, 1991) and Bem3 (927-1096; Zheng et a l, 1993). 
Gaps indicated by hyphens were introduced to optimize sequence alignment. A 
consensus sequence was derived based on sequence similarity between GAPs. 
Invariant residues in the consensus sequence are indicated by bold letters (upper case). 
Residues in the consensus sequence which are identical in at least five o f the six or 
six of the seven aligned sequences are denoted by lower case letters. Boxed residues 
denote amino acid residues on «-chimaerin where deletions or point mutations have 
been introduced. These residues fall within the consensus sequence. Numbers on top 
of the boxed residues indicate the designation of the «-chimaerin mutants generated.
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107 108

n-chimaer in 140 -VYSCDLTTLVKAHITKRPMWDMCIR 
P - chimaer in 101 - VYCCDLTTLVKAHNTQRP MWDIC IR 
Bar 1051-VFGVKIAWTKRERSKVPYIVRQCVE
Abr 644-VFGVKISWTKRERSKVPYIVRQCVE
pi 9 0 1246 - YFGVPLTTLWTPEKP-PIFIERC IE
Bem3 927------------------ PSWYRCLE
Consensus v P v C

n-chimaerin
P-chimaerin
Bor
Abr
pl90
Bem3
Consensus

208----------- MYE-DINIITGA
169----------- lYP-DINIITGA

1116----------- MSEMDVNAIAGT
709----------- LSDMDINAIAGT
1315---------------- VNTVAGA
9 8 0 - lEAKDDEASPSLYIGVNTVSGL

N G

109

EIE -SRGLNSEGL YRV
EIE -ARGLKSEGL YRV
EIE -RRGMEEVGI YRV
EIE -KRGIEEVGI YRI
YIE -ATGLSTEGI YRV
YLY KNRGIQEEGI FRL
le rG Gi yR

115 117

S GFSDLIEDVKMAF DRDGEKADISV--N-207
S GFTEHIEDVKMAF DRDGEKADI SA--N-168
8 GVATDIQALKAAF DVN- -NKD VSV--M-1115
S GVATDIQALKAVF DAN— NKD ILL--M-7 08
8 GNKSEMESLQRQF DQD-HNLDLAEKDFT-1314 
8GSSTVIKTLQERF DKE-YDVDLCRYNES-979 
8G i FD D

LKLY FRD LP I PLI TYDAYPKFIESAKIVDPDEQLET-- -LHEALRS-261
LKLY FRD L P I PII TYDTYTKFIEAAKISNADERLEA-- -VHEVLML-222
LKLY FRE L P E PLF TDEFYPNFAEGIALSDPVAKESC-- -MLNLLLS-1170
LKLY FRE L P E PLL TDRLYPAFMEGIALSDPAAKENC-- -MLMMLRS-763
MKSF FSE L P D PLV PYSMQIDLVEAHKINDREQKLHA-- -LKEVLKK-13 64
LKLY LRK L P H LLF GDEQFLSFKR-- WDENHNPVQISLGFKE-LIE-1045
iKly f r L P pi f e d L

110 79/80/82/84
n-chimaerin 262--- LPPAHCETLR-YLMA HLKRV TLHEKENLMSAEN LGI VFGP
P-chimaerin 223--- LPPAHYETLR-YLMI HLKKV TMNEKDNLMNAEN LGI VFGP
Bcr 1171--- LPEANLLTFLF-LDD HLKRV AEKEAVNKM SLHN LAT VFGP
Abr 7 64--- LPDPNLITFLF-LLE HLKRV AEKEPINKMSLHNLAT VFGP
pl90 13 65--- FPKENHEVFI-YVIS HLNRV SHNNKVNLMTSEN LSI CFWP
Bem3 104 6-SGLVPHANLSMYA--LEE LLVRI NENSKFNKMNLRN LCI VFSP
RhoGAP KMTNTNLAV VFGP
Consensus 1 hL rv N M NL vF P

TLMRS PELDPMAAL-313 
TLMRPPEDSTLTTL-274 
TLLRPSEKESKLPA-12 2 3
TLLRPSEVESK----814
TLMR-PDFS SMDAL-1416
TLNIPISMLQ-----1096
NLLWAKDAAITLKA
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each domain only 23 were invariant. To investigate the structure-function relationship 

underlying the Racl GAP domain of n-chimaerin, site-directed mutagenesis was 

performed on motifs present in the consensus along the length of the GAP domain. 

The positions of mutations have been indicated as boxed residues to denote regions 

on n-chimaerin which have been mutated through deletion or point-substitution (Fig. 

26).

4.2 Expression and purification of n-chimaerin mutants

The GST fusion protein expression system was used to rapidly purify n-chimaerin 

carboxyl-terminal region (GST/C) mutants. The afffinity-purified wild-type GST/C 

protein was stable and of high yield (approximately 6  mg of thrombin-cleaved protein 

could be purified per litre of culture). A total of 10 carboxyl-terminal region mutants 

i.e. four point and six deletion mutants, were expressed and affinity purified (Fig. 27) 

as recombinant GST fusion proteins. Deletion of different peptide sequences from the 

Racl GAP domain did not significantly affect protein stability. However, all the 

mutants were slightly more susceptible to proteolysis than the wild-type protein and 

gave reduced protein yields. Variation in the degree of breakdown was observed from 

batch to batch. As estimated from Coomassie-blue stained protein gels, the proteins 

were at least 80% pure (Fig. 27(a)), with the major contaminant being a 26 kDa 

protein, possibly GST itself. Immunoblot analysis of these proteins with rabbit 

polyclonal antisera raised against TrpE/NC fusion protein detected a single band of 

45 kDa (Fig. 27(b)). The 26 kDa contaminant was not detected by the antisera further 

suggesting that this may be GST. When GST fusion proteins were cleaved with 

thrombin while still bound to the glutathione-affinity columns, essentially pure proteins 

(> 95%) were obtained. As similar Racl GAP activities were obtained from both non

fusion as well as GST/«-chimaerin carboxyl-terminal fusion proteins, the presence of 

GST did not affect GAP activity of n-chimaerin carboxyl-terminal region protein (Fig. 

17). Hence, GST fusion proteins were routinely used for activity measurements.

4.3 Racl GAP activity of n-chimaerin mutants

The GAP activity was measured by determining the amount of [y-^^P]-GTP remaining
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Fig. 27 Expression of wild-type and mutant /f-chimaerin carboxyl-teiminal region
proteins

GST fusion proteins bearing wild-type and ten different mutant «-chimaerin carboxyl- 
terminal region proteins were expressed and purified as described in section 2 .1  of 
the Materials and Methods chapter. These proteins were electrophoresed by SDS- 
PAGE and either (a) stained with Coomassie blue or (b) transferred onto nitrocellulose 
filters by Western blotting and the immunoblot subsequently probed with n-chimaerin 
carboxyl-terminal region protein specific antibodies at 1:200 dilution. The signals on 
the immunoblot were visualized using ECL detection kit. The major signal 
corresponded to the GST/n-chimaerin carboxyl-terminal region protein (GST/C). Lanes 
1, 1': wild-type GST/C; 2, 2': mutant 79; 3, 3': mutant 80; 4, 4': mutant 82; 5, 5': 
mutant 84; 6 , 6 ': mutant 107: mutant 108; 8 , 8 ': mutant 109; 9, 9': mutant 110; 10, 10': 
mutant 115; 11, IT : mutant 117.
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Fig. 28 The Racl GAP activity of /i-chimaerin carboxyl-terminal region class I
mutants

The Racl GAP activity of wild-type «-chimaerin carboxyl-terminal region protein ( • )  
as well as mutants 79 ( a), 82 (o ) and 117 (■) were measured over a range of protein 
concentration up to 200 pg/ml (see section 6.1 of the Materials and Methods chapter). 
In the absence of wild-type and mutant GAPs, about 70-75% GTP remained bound to 
Racl after 1 0  min at 15°C. Class I mutants exhibited protein concentration-dependent 
Racl GAP activity similar to the wild-type protein. Similar results were obtained in 
two separate experiments.
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Fig. 29 The Racl GAP activity of /i-chimaerin carboxyl-teiminal region class II
mutants

The Racl GAP activity of mutants 80 (a ), 110 (o), 115 (■) and 84 (°) were measured 
over a range of protein concentrations up to 1 0 0 0  pg/ml (see section 6 .1  of the 
Materials and Methods chapter). Racl GAP activity of the wild-type protein ( • )  has 
been included in the graph for comparison. In the absence of GAP, the % GTP 
remaining bound to Racl was about 70-75% after 10 min at 15°C. Class II mutants 
exhibited intermediate Racl GAP activity in comparison to class I mutants. Similar 
results were obtained in two separate experiments.
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Fig. 30 The Racl GAP activity of n-chimaerin caihoxyl-teiminal region class m
mutants

The Racl GAP activity of mutants 107 (o), 108 (°) and 109 (■) were measured at 
different protein concentrations up to 1200 pg/ml (see section 6,1 of the Materials and 
Methods chapter). For comparison, the protein concentration-dependent Racl GAP 
activity of the wild-type protein ( • )  has been included in this graph. In the absence 
of GAP, the % GTP remaining bound to Racl was about 70-75% after 10 min at 
15°C. The class m  mutants did not exhibit detectable Racl GAP activity over the 
range of protein concentration tested. Similar results were obtained in two separate 
experiments
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Table 6 Summaiy of mutant analysis

The Racl GAP activities and apparent GAP binding constants for wild-type and 
mutant «-chimaerin proteins are summarized in this table. Racl GAP activities are 
presented as apparent affinity constants, IQĉ vity (pg/ml or pM), and % Racl GAP 
activity relative to that of wild-type n-chimaerin protein. K̂ t̂ivity is the amount of n- 
chimaerin that is required to reduce the GTP bound to Racl by 50% after 10 min 
incubation at 15°C. In the absence of n-chimaerin, about 80% of GTP remained bound 
to Racl after 10 min at 15°C. The apparent binding constant, K50, was determined 
using inhibition of R acl GAP activity with either wild-type Racl.GTPyS or mutants 
107, 108 and 109 as the competitor. The K50 is the protein concentration of the 
competitor required to inhibit 50% of n-chimaerin Racl GAP activity. and "nd" 
indicate Racl GAP activity that was not detectable and determined, respectively.
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Mutant Mutation ^̂ ctivity
(pg/ml)

^̂ ctivity
(pM)

% activity ^50
(pM)

Wild-type - 2.5 0.05 1 0 0 1 2

84 VFGP to VFGR 680 13.6 0.37 nd

82 VFGP to LFGP 5 0 .1 50 nd

80 VFGP to DFGP 2 0 0 0 40 0.13 nd

79 VFGP deletion 6 0.125 40 nd

107 EIE deletion - - 0 0.3

108 YRV deletion - - 0 44

109 LKLY deletion - - 0 2 0

115 LP deletion 130 2 . 6 1.92 nd

117 PLI deletion 12.5 0.25 2 0 nd

1 1 0 HLKRV
deletion

480 9.6 0.5 nd
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bound to Racl after 10 min incubation in the presence of increasing amounts of 

carboxyl-terminal region wild-type or mutant n-chimaerin protein (Fig. 28). The 

mutants analyzed were designated as 79 (deletion of the VFGP motif present also in 

Rho-GAP); 80 (point mutation of V to D in the VFGP motif); 82 (point mutation of 

V to L in the VFGP motif); 84 (point mutation of P to R in the VFGP); 107 (deletion 

of EIE motif); 108 (deletion of YRV motif ); 109 (deletion of LKLY motif); 110 

(deletion of HLKRV); 115 (deletion of LP motif) and 117 (deletion of PLI motif). The 

analysis revealed that deletion of the VFGP motif in mutant 79 reduced the GAP 

activity by 2.5-fold in comparison with the wild-type protein. Although the 

conservative mutation of V to L within the VFGP motif in mutant 82 also reduced the 

GAP activity by 2-fold, the more radical change of V to D within the same motif in 

mutant 80 resulted in an 800-fold reduction of GAP activity (Fig. 29). These results 

suggested that the VFGP motif does not play a critical role in Racl GAP activity. A 

possible explanation for the drastic reduction of GAP activity in mutant 80 is that a 

mutant protein with altered conformation not favourable for Racl GAP activity was 

produced. Mutants 115, 117 and 110 exhibited respectively 50-, 5- and 190-fold 

reduced GAP activity (Fig. 29). Of the ten mutants, only three completely failed to 

show any GAP activity even when tested at 1 mg/ml. These were mutants 107, 108 

and 109 (Fig. 30). With the exception of the latter three mutants, deletions of up to 

as much as five amino acid residues in the other seven mutants did not completely 

abolish GAP activity. Thess results indicated that the regions corresponding to those 

mutated in mutants 107, 108 and 109 were essential for catalytic functions.

Table 6  summarizes the findings of the mutant analysis. Clearly, the mutants fell into 

three distinct classes based on their Racl GAP activity. Class I mutants had GAP 

activity similar to wild-type protein. This class included mutants with single point 

mutation (mutant 82) and deletions (mutants 79 and 117) (Fig. 28). Class II mutants 

i.e. mutants 80, 110, 115 and 84, exhibited GAP activity only at higher protein 

concentrations (Fig. 29). Class HI mutants had no detectable GAP activity, even when 

protein concentrations of approximately 1 mg/ml were used (Fig. 30). Interestingly, 

class III mutants contained deletions of EIE, YRV, LKLY peptide sequences, all of
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which appear in the first 85-90 amino acid residues of the Racl GAP domain of n- 

chimaerin. This raises the intriguing possibility that the catalytic amino acid residues 

essential for Racl GAP activity may be localized within the first 85-90 amino acid 

residues of this domain. Future experiments using point mutations in the motifs 

examined as well as adjoining amino acid residues will be required to further pin-point 

key residue(s) important for Racl GAP activity.

4.4 Raci-binding activity of /i-chimaerin mutants

The complete lack of measurable Racl GAP activity in mutants 107, 108 and 109 

might possibly be attributed to two defects. The first involved alterations in the 

binding affinity of Racl substrate by n-chimaerin mutants while the second pertained 

to direct effects on catalysis of the GTPase activity of Racl. In order to distinguish 

between the possibilities, the binding constant of Racl for GST/wild-type n-chimaerin 

carboxyl terminal region protein (GST/C) was estimated by incubating increasing 

amounts of Racl.GTP-y-S as a competitor for GST/C against a fixed amount of 

Racl.[y-^^P]-GTP in a GAP assay. GAP activity was measured in terms of % GTP 

remaining bound to Racl after 10 min at 15°C. In the absence of n-chimaerin, the % 

GTP remaining bound to Racl after 10 min was about 70-78% and this represented 

total (100%) inhibition in the presence of GST/C and the competitor. 0% inhibition 

in the assay corresponded to Racl GAP activity by 44 nM GST/C. This fixed 

concentration of GST/C was employed throughout the competition assay. Additions 

of 44 nm GST/C resulted in approximately 35-40% of the total GTP being bound to 

Racl after 10 min at 15°C. Binding by the Racl.GTP-y-S competitor was detected as 

inhibition of Racl GAP activity due to 44 nM GST/C. Using the competition assay, 

a binding constant (K^g; concentration of competitor giving 50% inhibition) of 12 pM 

was obtained for the wild-type carboxyl-terminal region n-chimaerin protein (Fig. 31). 

A similar value was also obtained when G 12V-Rac 1 .GTP-y-S was used in this 

competition assay (Fig. 31). In contrast, QblLRacl.GTP-y-S gave a Kgg of 1.5 pM 

(Fig. 32). Racl.GDP at 50-100 pM did not affect the interaction between Racl and 

the n-chimaerin carboxyl-terminal region protein (Fig. 31). These binding constants 

are similar to values obtained for the interaction between p i 20-GAP and the
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Fig. 31 G12V-, Q61L- and wild-type Racl as competitors in a Racl GAP assay

The indicated concentrations of G12V- (■), Q61L- (o ) and wild-type Racl prebound 
to GTPyS (°) or GDP ( • )  were included as an inhibitory competitor in the Racl GAP 
assay as described in section 6.1 of the Materials and Methods chapter. About 70-78% 
GTP remained bound to Racl after 10 min incubation at 15°C. In the absence of 
competitors, about 35-40% GTP remained bound to Racl after 10 min incubation with 
the n-chimaerin carboxyl-terminal region protein (44 nM). The data points are 
representative of two separate experiments.
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following: wild-type N-Ras.GTP-y-S (5 |llM ), G12DN-Ras.GTP-y-S (5 |llM ) and 

Q 61 LH-Ras.GTP-y-S (0.5 pM) (Bollag and McCormick, 1991).

Having established the conditions for the competition assay, the ability of the class IQ 

mutants i.e. mutants 107, 108 and 109 to bind Racl was next examined. Since no 

Racl GAP activity was detected in these three mutants, these were added in increasing 

concentration as a binding competitor in the assay in the presence of 44 nM wild-type 

GST/C protein and 0.4 pM Racl.[y-^^P]GTP. The amount of mutant protein required 

to give 50% inhibition of GAP activity (K50) was used as a measure of the ability of 

these mutants to bind Racl. Values obtained for mutants 107, 108 and 109 from this 

analysis were 0.3, 44 and 20 pM, respectively (Fig. 32). This result suggests that 

mutants 107, 108 and 109 were still able to bind Racl as evidenced by their K50 

values being similar or lower than that of wild-type. Hence, it is likely that these 

mutants contain mutations affecting catalysis rather than binding.

4.5 Association of Racl with column immobilized n-chimaerin

To gain further support that the mutants could bind to Racl, direct physical interaction 

between Racl and GST fusion proteins of the wild-type and n-chimaerin carboxyl- 

terminal region mutant proteins, which had been immobilized onto glutathione 

Sepharose columns, was examined. When purified thrombin-cleaved Q61LRacl.[y- 

^^P]GTP was loaded onto a glutathione Sepharose column containing GST/wild-type 

carboxyl-terminal region n-chimaerin protein, the Racl protein was eluted by about 

1.5x the dead volume of the column (Fig. 33). In contrast, Q61LRacl.[y-^^P]GTP co

eluted with the dead volume of a glutathione Sepharose column immobilized with 

control GST protein (Fig. 33). The differential elution patterns of Q61LRacl.[y- 

^^P]GTP on the two columns confirmed that Q61LRacl.[y-^^P]GTP binds to the 

carboxyl-terminal region of n-chimaerin. When Q61LRacl.[y-^^P] was next loaded 

onto a glutathione-Sepharose column immobilized with GST fusion protein of mutant 

107, the Racl protein was also retained on the column and co-eluted with about 1.8x 

the dead volume of the column (Fig. 33). This result provided direct support for the 

ability of mutant 107 to bind Racl.
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Fig. 32 Competitive inhibition of n-chimaerin Racl GAP activity by mutants 107, 
108 and 109

The Racl GAP competition assay was performed as described in section 6.4 of the 
Materials and Methods chapter. The competitors were mutants 107 (o), 108 (■) and 
109 (°). For comparison, data points corresponding to competitive inhibition of n- 
chimaerin carboxyl-terminal region protein using wild-type Racl.GTPyS ( • )  has been 
included. The result is representative of two separate experiments.
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Fig. 33 Interaction of Q61LRacl with wild-type and mutant if-chimaerin carboxyi-
temiinal region proteins on columns

Interaction of Q 61 LRac 1.[y-^^P]GTP with wild-type n-chimaerin carboxyl-terminal 
region protein (GST/C) (o), mutant 107 ( • )  and GST (a) were examining by 
monitoring the differential retention of the labelled p21 on glutathione columns 
immobilized with the mentioned proteins. The elution volume for the p21 has been 
expressed as a fraction of the dead volume of each column used. Hence a value of 1 
indicates that the labelled p21 was eluted by a volume equivalent to the dead volume 
of the column. The amount of [y-^^P]GTP remaining bound to Racl in each fraction 
is expressed as counts per minute (c.p.m.). Binding of [y-^^P]GTP to Racl was 
determined by rapid filtration as described in the GTPase assay (see section 6.1 of the 
Materials and Methods chapter). Similar results were obtained in another experiment.
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5. Biochemical characterization of  Racl mutants

Mutation of Gln61 to Leu in Ras increases the affinity for p i 20-GAP by 

approximately 10-fold as compared with wild-type or G12VRas (Bollag and 

McCormick, 1991). As shown previously in Fig. 31, an approximately 10-fold higher 

affinity for GAP (i.e. n-chimaerin) was also observed with Racl (Q blLRacl) 

containing the equivalent mutation as compared with wild-type or G12VRacl. The 

GTPase activity of the QblLRas mutant is thought to be insensitive to GAP because 

Gln61 has been postulated to be involved in the catalytic reaction (Gideon et a l ,

1992). To ascertain if this characteristic was similar for the equivalent Racl mutant, 

the GTPase activity of Q blLRacl was measured in the presence and absence of n- 

chimaerin. Compared to an intrinsic GTPase activity of wild-type Racl which resulted 

in approximately 75-80% GTP remaining bound to Racl after 10 min at 15°C, the 

GTPase activity of Q blLRacl was significantly lower (95-100% GTP remaining 

bound) when measured over the same period (Fig. 34). Binding to [y-^^P]GTP by 

Q blLR acl was, however, similar to wild-type and hence unaffected by the mutation. 

Addition of «-chimaerin to Q61 LRacl.[y-^^P]GTP did not affect the mutant, 

suggesting that Q blLRacl has similar characteristics as QblLRas. Fig. 34 also shows 

that constitutively activated G12VRacl has a reduced GTPase activity compared with 

wild-type Racl which was insensitive to «-chimaerin.

Substitution of Asn for Thr at position 17 of Racl yields a dominant negative 

inhibitory protein (T17NRacl) whose expression in cells interferes with endogenous 

Racl function (Ridley et al., 1992). Inhibtion by T17NRacl is thought to be due to 

its action as a competitive inhibitor of wild-type Racl for interactions with a 

nucleotide releasing factor. To determine whether «-chimaerin was active on the T17N 

Racl mutant, the GTPase activity of T17NRacl was initially measured in the absence 

of GST/«-chimaerin carboxyl-terminal region protein. The T17NRacl mutant was 

observed to bind approximately 3-6% [y-^^P]GTP as compared with wild-type or 

G12VRacl. This finding suggested that T17NRacl, like S17NRas, may display a 

preferential affinity for GDP than GTP (Feig and Cooper, 1988). To examine this 

possibility, the binding affinities of T17N- and wild type-Racl proteins for GDP and
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GTP were determined. Although both proteins bound GDP with the same affinity (IQ 

= 20-40 nM), the affinity for GTP differed (Fig. 35). T17N- and wild-type Racl 

bound GTP with IQ values of 0.3 pM and 0.02 pM respectively. This approximately 

10-fold preferential binding affinity of TlTNRacl for GDP rather than GTP is 

consistent with the findings of Feig and Cooper (1988) as well as Ridley et al. (1992). 

Throughout the 10 min of the assay, no significant change in the amount of [y- 

^^P]GTP bound to TlTNRacl was observed (Fig. 34). Addition of 0.1 pM GST/«- 

chimaerin carboxyl-terminal region protein, which stimulated the GTPase activity of 

wild-type Racl as represented by a decrease of tgo% from 12 to 5 min, did not affect 

the GTPase activity of TlTNRacl (Fig. 34).
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Fig. 34 GTPase activities of wild-fype, G12V-, T17N- and Q61LRacl in the presence 
and absence of /i-chimaerin

Intrinsic GTPase activity of (a) G12V- (o), (b) Q61L- (a ), (c) T17N- (0) and (d) wild- 
type (°) Racl was measured as described in section 6.1 of the Materials and Methods 
chapter. GTPase activity of G12V- ( • ) ,  Q blLRacl (^), T17N- (♦) and wild-type (■) 
Racl was also measured in the presence of 0.1 pM GST/n-chimaerin carboxyl-terminal 
region protein (GST/C). The result shown below is representative of two experiments. 
The initial binding of [y-^^P]GTP by G12V-, Q61L- and wild-type Racl was of a 
similar level and approximately 200000-30000 c.p.m.. However, the initial binding of 
[y_32p]GTP by T17NRacl was only about 3-6% that of G12V-, Q61L- and wild-type 
Racl.
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Fig. 35 Affinity of wild-type and TlTNRacl for GTP and GDP

10 to 50 ng of wild-type (■) and TlTNRacl were incubated for 10 min at 30°C
with either 10 pM (a) [^H]GDP or (b) [ S]GTP together with the indicated 
concentrations of unlabelled GDP or GTP, respectively. The samples were filtered 
through nitrocellulose filters and the amount of bound radiolabelled nucleotide was 
quantitated by scintillation counting. Data has been presented as the percentage of 
maximal guanine nucleotide binding which was similar for both wild-type and 
TlTNRacl. The data is representative of two experiments.
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DISCUSSION

1. Expression and purification o f  recombinant proteins

Various constructs of n-chimaerin have been expressed in E. coli as recombinant 

proteins using three different fusion protein expression systems, namely TrpE, GST 

and MBP. This was required as none of the three system per se could facilitate the 

purification of sufficient amounts of active full length, carboxyl- and amino-terminal 

proteins for biochemical studies. The carboxyl- and amino-terminal regions of n- 

chimaerin contain the GAP and phorbol ester binding domains, respectively (Ahmed 

et a l ,  1990; 1991). TrpE fusion proteins containing the full-length (TrpE/NC), 

carboxyl- (TrpE/C) and amino- (TrpE/N) terminal regions were highly expressed 

predominantly as insoluble proteins in inclusion bodies. Although this partitioning 

allowed 'one-step' partial purification from the bulk of the proteins found within the 

soluble fraction, the fusion proteins had to be refolded in vitro in order to be 

biochemically functional as ascertained by phorbol ester binding. The efficiency of 

protein refolding varied batchwise and this has resulted in variable yields of 

functionally active TrpE/NC and TrpE/N proteins.

In contrast, the GST fusion protein expression system was useful for rapid purification 

of milligram amount of soluble GST/n-chimaerin carboxyl-terminal region (GST/C) 

protein using affinity chromatography which was not possible with the TrpE system. 

However, yields of GST/w-chimaerin (GST/NC) and GST/n-chimaerin amino-terminal 

region (GST/N) were still significantly lower than either GST/C or GST. Typical 

yields (mg/litre of culture) of GST/NC, GST/N, GST/C and GST were respectively 

1.5, 0.7, 5 and 7. R a d  was also expressed as a GST fusion protein. Approximately 

5 to 6  mg of R a d  was routinely purified from each litre of E. coli culture 

overexpressing G ST/Rad. An additional advantage of the GST system over the TrpE 

system is the possibility of producing R a d  as well as various protein constructs of n- 

chimaerin without the GST tag via proteolytic cleavage with thrombin. As the GST 

tag can dimerize (Panayotou et al., 1992) such an option may be important when 

studying interactions between proteins, especially those intially purified as GST fusion 

proteins. Non-fusion proteins are potentially useful for cell microinjection experiments
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where the biological function of the proteins can be examined (Ridley et aU, 1992).

To produce higher yield of pure, soluble full-length and amino-terminal region n- 

chimaerin proteins, the MBP fusion protein expression system was employed. Up to 

5 mg of each protein could be purified per litre culture. These yields were an increase 

of approximately 3- and 7-fold for the full-length and amino-terminal region protein, 

respectively, in comparison to the same proteins obtained using the GST system. 

Unlike GST/C, MBP/carboxyl-terminal region «-chimaerin fusion protein was 

observed to be relatively unstable. It is unclear why the MBP fusion protein 

expression system resulted in more soluble full-length and amino-terminal region n- 

chimaerin proteins in comparison to their expression in the TrpE or GST fusion 

protein systems. One possibility is that the insolubility of /i-chimaerin as TrpE/GST 

fusion proteins may be a consequence of aberrant protein folding within E. coli. This 

may in turn be dependent on the availability of zinc in the culture to allow the correct 

protein conformation to be adopted. The importance of zinc in n-chimaerin was shown 

in experiments indicating that MBP/n-chimaerin bound higher amounts of phorbol 

esters when affinity purified from cultures supplemented with 10 |llM  ZnCl2 during 

growth as compared with cultures without ZnCl2 supplementation. The MBP fusion 

protein system allows cleavage of the MBP tag from the fusion protein using factor 

Xg. Such cleavages yield up to 5-6 mg/litre of culture of full-length and amino- 

terminal region /i-chimaerin proteins. GST/C and «-chimaerin free of the GST tag 

were employed as R a d  GAPs throughout the study.

2. The cysteine-rich domains o f  n-chimaerin, protein kinase C and diacylglycerol 
kinase bind zinc

Initial experiments with the ^^Zn^^-blot technique using a range of known zinc 

metalloproteins (BSA, alkaline phosphatase, carbonic anhydrase, metallothionein) and 

non-metalloproteins (enolase, lysozyme, ovalbumin, p-galactosidase, myosin, 

phosphorylase b and soybean trypsin inhibitor) revealed its usefulness in distinguishing 

between either class of proteins. With this technique, BSA, alkaline phosphatase, 

carbonic anhydrase and metallothionein bound ^^Zn^  ̂ whilst enolase, lysozyme, 

ovalbumin, p-galactosidase, myosin, phosphorylase b and soybean trypsin inhibitor did
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not. The ability of these proteins to bind however, does not reveal the nature

and characteristics of their metal binding site. For example, although both alkaline 

phosphatase and carbonic anhydrase were able to bind structural studies

indicate that their zinc binding sites are not identical (Coleman, 1992; Schiff et al.,

1988). In alkaline phosphatase, zinc is bound to two histidines and one aspartate 

residue (Coleman, 1992, Vallee and Falchuk, 1993). These residues are widely 

separated on the polypeptide chain but are brought close together in the tertiary 

structure of the native protein. In contrast, three histidine co-ordinating zinc in 

carbonic anhydrase are closely spaced in their primary amino acid sequences 

(Coleman, 1992; Vallee and Falchuk, 1993).

The ^^Zn^^-blot technique was also modified as a dot-blotting technique. The main 

advantages of such a procedure over the one mentioned above include speed (as there 

is no need to perform SDS-PAGE followed by transfer to nitrocellulose) as well as 

the non-denaturing conditions employed without compromising the ability to 

distinguish between zinc metalloproteins from non-metalloproteins. However, a 

limitation is that only homogenous proteins can be tested as it would be difficult to 

ascertain which component(s) bound ^̂ Zn̂ "̂  within a crude protein preparation on the 

dot blot. Using the ^^Zn^^-dot blotting technique, purified rat brain PKC was shown 

to bind ^^Zn^  ̂ in a concentration-dependent manner while the non-metalloproteins 

TrpE and enolase did not. Subsequent experiments by Hubbard et a/. (1991) and Quest 

et al. (1992) have also demonstrated the ability of PKC to bind zinc, confirming this 

finding.

This study has also shown that the cysteine-rich domain (CRD) of n-chimaerin, protein 

kinase C, diacylglycerol kinase and UNC-13 bound ^̂ Zn̂ "̂  after transfer to 

n i t r o c e l l u l o s e .  T h e  p r e s e n c e  o f  t h e  c y s t e i n e - r i c h  m o t i f  

HXi 1/12CX2CX12/14CX2CX4HX2CX6/7C in these proteins is indicative of a metal binding- 

site (Berg, 1990). By measuring the change in the amount of ̂ ^Zn^  ̂bound with respect 

to increasing protein concentration, the stoichiometry of ^^Zn^  ̂ binding of protein 

kinase C and diacylglycerol kinase was estimated to be approximately 1.5-fold greater
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than that of n-chimaerin. This difference can possibly be explained by the fact that 

both protein kinase C and diacylglycerol kinase have two CRDs whilst n-chimaerin 

only has one. binding by UNC-13 was also linearly related to protein

concentration. ^^Zn^  ̂ binding to the CRDs of n-chimaerin, protein kinase C and 

diacylglycerol kinase was specific, of high affinity and could be competed with non

radioactive zinc, cadmium and cobalt but not millimolar quantities of magnesium or 

calcium. Specificity of ^̂ Zn̂ "̂  binding on the blots was facilitated by the use of 

stringent (pH 5.8) washes. These washes prevent nonspecific zinc-protein interactions 

which have been previously reported to occur at pH 8.0 (Schiff et al., 1988). It is 

tempting to speculate that the metal-binding sites of /i-chimaerin, protein kinase C and 

diacylglycerol kinase have tetrahedral geometry since zinc, cadmium and cobalt are 

known to coordinate with tetrahedral geometry (Predki and Sarkar, 1992) via cysteine 

sulfhydryls as metal ligands. Elucidation of the zinc binding sites in these proteins 

will, however, have to await ‘^^Cd n.m.r. and visible Co^^ spectroscopy. Recent work 

from the laboratories of Hendrickson (Hubbard et a l ,  1991) and Bell (Quest et a l ,

1992) have shown using X-ray fluorescence measurements and atomic absorption 

spectroscopy, respectively, that each protein kinase C molecule bound four zinc atoms. 

These studies examined the zinc binding in protein kinase C with two CRDs from 

different sources i.e. purified rat brain protein kinase C as well as purified 

recombinant protein kinase C a  , PU, y (Quest et a l ,  1992) and pi (Hubbard et a l ,  

1991) from baculovirus-insect cell expression system. Each CRD was estimated to co

ordinate two zinc atoms. Extended X-ray absorption fine structure (EXAPS) analysis 

of protein kinase C which provides information on the nature and number of ligating 

atoms as well as metal-ligand distances, has not been able to determine the structure 

of its zinc binding site but each zinc atom is thought to be in contact with one N atom 

(from histidine) and three S atoms (from cysteine) (Hubbard et a l ,  1991). Three 

distinct zinc-structural motifs have been identified in DNA-binding proteins : (i) "zinc 

clusters" e.g. GAL4, (ii) "zinc fingers" e.g. TFIIIA and Zif268, and (iii) "zinc twists" 

e.g. glucocorticoid and estrogen receptors (Vallee and Falchuk, 1993). Although the 

observed stoichiometry in protein kinase C suggests a structural motif related to the 

Zn(II)2Cys6 binuclear cluster of the GAL4 transcriptional factor (Pan and Coleman,
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1990), it is likely that a different structural complex is formed since the EXAFs data 

do not fit entirely with those of "zinc binuclear cluster". Hubbard et a l  (1991) 

discounted the "zinc binuclear cluster" motif on the basis that no prominent peak at 

about 3.2 Â was observed in the Fourier transform of the EXAFS on protein kinase 

C p i which should be present if it had a structural motif equivalent to the zinc 

binuclear cluster.

What is the functional significance of zinc in the CRD of «-chimaerin? Phorbol ester 

binding experiments using recombinant n-chimaerin proteins expressed in E. coli have 

demonstrated that the CRD of n-chimaerin is sufficient for phorbol ester binding 

(Ahmed et a l ,  1990). As this is also the region shown to bind a possible link

between zinc and phorbol ester binding can be suggested. To address this possibility 

one approach would be to measure phorbol ester binding in zinc-depleted and -repleted 

forms of n-chimaerin. Zinc depletion and reconstitution techniques have been 

employed on transcription factors such as human glucocorticoid receptor (Freedman 

et a l ,  1988), GAL4 (Pan and Coleman, 1990) and SWI5 (Nagai et a l ,  1988) where 

zinc has been determined to play a structural role in facilitating DNA binding 

activities. Similar techniques were also used on Raf-1 which demonstrated a role for 

zinc in enhancing the ability of Raf-1 to interact with Ras (Wame et a l ,  1993). 

Studies involving either the removal of zinc from n-chimaerin with the metal chelator, 

1 ,1 0 -phenanthroline or the omission of zinc during in vitro refolding of this protein 

indicated that zinc is essential for its phosphatidylserine-dependent phorbol ester 

binding (Ahmed et a l ,  1991). Recent demonstration of zinc- and phospholipid- 

dependent high affinity (K^,=67 nM) phorbol ester binding by the Caenorhabditis 

elegans UNC-13 protein provides additional evidence in support of the involvement 

of zinc in phorbol ester binding (Ahmed et a l ,  1992). Sequence alignment of the 

CRDs of the phorbol ester receptors: n-chimaerin, protein kinase C and UNC-13 

r e v e a l e d  a p u t a t i v e  m o t i f  f o r  p h o r b o l  e s t e r  b i n d i n g :  

HXFX7PX2CX2CX5GX3QGX2CX2CX3VHX2CX7C (Ahmed et a l ,  1992; the bold letters 

in this motif denote invariant residues). Although two zinc binding sites in this motif, 

each comprising one histidine and three cysteine residues, can account for the
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stoichiometry of two zinc atoms per CRD, the precise location of the amino acid 

residues in contact with zinc is presently unknown.

Questions of how zinc is important for phorbol ester binding as well as whether zinc 

can bind directly to phorbol ester/diacylyglycerol have not been addressed here. 

However, current findings support a structural rather than a catalytic role for zinc in 

phorbol ester binding proteins. Firstly, the high affinity (Kj=10'^^^ M; Hubbard et a l ,  

1991) zinc binding of protein kinase C pi suggests that zinc stabilizes a specific 

phorbol ester binding protein conformation rather than serve catalytic roles as transient 

regulators of phorbol ester binding (Hubbard et a l ,  1991). Secondly, as phorbol ester 

binding did not lead to displacement of zinc from protein kinase C, one interpretation 

of such a finding is that the essential cysteines and histidines in the CRD coordinate 

zinc to allow the interaction of phorbol ester/diacylglycerol with the other amino acid 

residues within the CRD (Quest et a l ,  1992). This is in contrast to a model proposed 

by Gschwendt et a l  (1991) where the cysteines in the CRD of protein kinase C is 

thought to interact directly with phorbol ester/diacylglycerol.

Studies examining ^^Zn^  ̂binding and potential phorbol ester binding in diacylglycerol 

kinase indicate that zinc binding within cysteine-rich motifs do not, however, 

necessarily point to phorbol ester binding (Ahmed et a l ,  1991). A reason for the lack 

of phorbol ester binding by diacylglycerol kinase includes the possibility that its CRD 

only binds to distinct species of diacylglycerol and other lipids which have not been 

tested. Protein kinase C Ç has one CRD which can potentially bind zinc. However, 

protein kinase C Ç does not bind phorbol ester or diacylglycerol but is activated by 

phosphatidylinositol 3-phosphorylated lipids via an unknown mechanism (Ono et a l ,  

1989a; Nakanishi et al, 1993). The inability of the CRDs of diacylglycerol kinase and 

protein kinase C Ç to bind phorbol ester may reflect the absence of distinct amino acid 

residues within the CRDs specifying phorbol ester binding. Such a hypothesis that 

amino acids within CRDs determine the specificity of lipid ligand interaction is 

supported by the finding that different protein kinase C family members are activated 

by different lipids (Nishizuka, 1992). For example, the £ but not Ô isoform of protein
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kinase C is activated by free fatty acids (Nishizuka, 1992).

CRDs similar to n-chimaerin and protein kinase C are also found in other proteins, 

notably, the oncoproteins Raf and Vav (Ahmed et al., 1990). It is presently unclear 

if either protein can bind phorbol ester/diacylglycerol. Since the CRDs of Raf and Vav 

have sequence identity of 8  out of the 14 conserved residues in the phorbol ester 

binding motif, it is predicted that they are either very low-affinity or not phorbol ester 

binding proteins (Ahmed et a l ,  1992). Most recently, a numbre of groups have 

reported that the amino-terminal region of the Raf serine/threonine kinase containing 

the CRD directly bound in vitro Ras-GTP, but not Ras-GDP, via its effector domain 

thus raising the possibility that Raf may be a Ras effector (Zhang et al., 1993; Wame 

et a l ,  1993; Van Aelst et a l ,  1993; Vojtek et a l ,  1993). A control using the CRD of 

PKC Ç (amino acid residues 1-250), however, did not interact with Raf (Wame et a l ,  

1993). A region corresponding to 81 residues (amino acid residues 51-131 in c-Raf 

and 14-91 in A-Raf) at the amino-terminal region of Raf was delineated as the Ras 

interaction region (Vojtek et a l ,  1993). Although this region does not encompass the 

CRD, suggestions of a modulatory role for the CRD of Raf with regard to the Raf-Ras 

interaction have been raised. In one proposed mechanism, factor(s) interacting with 

the CRD of Raf may enhance the binding/activation of Raf by Ras (Vojtek et a l ,

1993). Altematively, a consequence of factor(s) interacting at the CRD may be the 

promotion of a protein conformation favourable for the interaction between Ras and 

Raf (Vojtek et a l ,  1993). These possibilities may, however, not be mutually exclusive. 

In support of a role for the CRD of Raf in the Ras-Raf interaction, Wame and 

colleagues demonstrated enhancement of this interaction provided zinc was added in 

the refolding buffer during in vitro refolding of Raf (Wame et a l ,  1993). As with the 

CRD of n-chimaerin, such treatment is thought to enhance proper refolding of the 

CRD of Raf such that its zinc-dependent function can be regained.

Vav was recently shown to be a protein tyrosine kinase-regulated guanine nucleotide 

releasing factor (GRF) for Ras (Gulbins et a l ,  1993). Ras guanine nucleotide 

exchange activity was detected from an in v/rro-translated Vav fragment (amino acid
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residues 143-597) which contained the CRD (amino acid residues 465-515). In view 

of the possible role(s) of the CRD of Raf in promoting Ras-Raf interaction, it is 

tempting to speculate that the CRD of Vav may serve similar function(s) of enhancing 

protein-protein interaction. In this case, the binding of Ras to the Vav-RasGRF domain 

may be modulated by the CRD of Vav.

Evidence gained from studies on protein kinase C suggests that its regulatory domain 

tightly associated with the detergent-insoluble fraction containing the cytoskeletal 

elements (Tanaka et al., 1991). The nature of these detergent-insoluble components 

has not been characterized but is thought to include a major protein kinase C-specific 

substrate, growth associated protein-43 (GAP-43) which is localized specifically in the 

presynaptic region and growth cones (Skene, 1989). The implication of these findings 

from studies of Raf and protein kinase C on the CRD of n-chimaerin is presently 

unclear. Whether the CRD and its adjacent amino acid residues of n-chimaerin have 

additional function(s), apart from binding phorbol ester, remains to be investigated.

In summary, the results from the binding studies indicate that the CRDs of n- 

chimaerin, protein kinase C, diacylglycerol kinase and UNC-13 bind zinc specifically 

and with high affinity. This is consistent with the idea that zinc is required for 

phosphatidylserine-dependent phorbol ester binding by n-chimaerin, protein kinase C 

and UNC-13. The ^^Zn^  ̂ binding studies also provide the first evidence for the 

involvement of a zinc-dependent structure in protein-lipid interactions.

3. n-chimaerin is a R a d  GTPase-activating protein

Diekmann et aZ. (1991) have previously demonstrated that the carboxyl-terminal region 

of n-chimaerin exhibited GAP activity to Racl but not RhoA. The present study 

examined the GAP activities of purified recombinant full-length and carboxyl-terminal 

n-chimaerin proteins. By comparing their GAP activities, it was observed that the 

carboxyl-terminal region n-chimaerin protein had a higher specific GAP activity than 

the full-length protein. This difference suggested that the amino-terminal region might 

be regulatory to the carboxyl-terminal (catalytic) GAP domain, prompting further
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investigation to determine if phorbol ester binding at the amino-terminal CRD could 

modulate GAP activity. Interestingly, this is reminescent of the mechanism whereby 

protein kinase C activity is regulated. In this mechanism, protein kinase C is inactive 

as its amino-terminal pseudosubstrate region interacts with its substrate site in the 

kinase domain. Cell stimulation leading to the generation of second messengers, 

specifically diacylglycerol, results in a change of protein conformation and activation 

of protein kinase C upon binding diacylglycerol and phosphatidylserine to the CRD. 

Our results do not fit entirely with this mechanistic model. Firstly, purified 

recombinant full-length n-chimaerin protein was constitutively active as a GAP. 

Despite the presence of the CRD, lipid cofactors were not required for basal activity, 

unlike protein kinase C. A possible explanation for this difference is the aberrant 

protein folding in bacterial protein expression system which may allow "leaky" 

activity. The lack of eukaryotic post-translation modifications may be another reason. 

Indeed, preliminary results from the determination of GAP activity in COS-7 cells 

transiently expressing n-chimaerin suggest that n-chimaerin might be inactive until 

activated by lipids (Ahmed et a l, 1993). Future experiments employing purified n- 

chimaerin produced from Sf9 cells using the baculoviral/insect cell protein expression 

system could be performed to address these possibilities.

Work comparing the GAP activity of recombinant full-length with the carboxyl- 

terminal region (GAP334; amino acid residues 714-1047) of p i 20-GAP has yielded 

results which varied depending on the buffer conditions employed in the assays. 

Whilst Skinner et al. (1991), Halenbeck et al. (1990) and Marshall et al. (1989) have 

reported activities for truncated GAP to be similar to the full-length GAP, Gideon et 

al. (1992) have recently shown that the carboxyl-terminal domain was 20-fold less 

active than the full-length protein. The reduced activity of the carboxyl-terminal 

domain was due to the 3-4 fold decrease in the affinity of GAP334 for Ras as 

compared with the full-length protein. In contrast. De Clue et a/. (1991) found that the 

carboxyl-terminal region (amino acid residues 685-1047) of p i 20-GAP was more 

active than the full-length protein. This difference in activity between full-length and 

carboxyl-terminal region proteins was interpreted as being attributed to a regulatory
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role served by the amino-terminal region of p i 20-GAP which bears two SH2 and one 

SH3 domain. Studies comparing the activities of full-length and the GAP-related 

domain of neurofibromin indicate that both exhibit similar GAP activities (Bollag et 

al., 1993; Basu et al., 1992).

4. Phorbol esters and phospholipids modulate n-chimaerin

The overall structural similarity of n-chimaerin with novel protein kinase Cs (PKC 5- 

Tj) in having an amino-terminal phorbol ester binding CRD and a carboxyl-terminal 

catalytic domain raised the possibility that n-chimaerin might be modulated by phorbol 

esters and phospholipids. The data from lipid modulation study of n-chimaerin support 

such a hypothesis. In addition to the finding that deletion of the CRD increased n- 

chimaerin specific activity, it was demonstrated that the phospholipids: 

phosphatidylserine and phosphatidic acid, but not phosphatidylcholine nor 

phosphatidylethanolamine, activated the Racl GAP activity of n-chimaerin. 

Furthermore phorbol esters synergized with the phospholipids in activating n- 

chimaerin. A strict requirement for the CRD was observed for these lipid modulatory 

effects on n-chimaerin. Direct physical interaction of n-chimaerin with specific 

phospholipids was also demonstrated. Thus, the function of CRDs of n-chimaerin and 

protein kinase C appears to be similar. Both have analagous lipid cofactor specificities. 

However, unlike protein kinase C, diacylglycerol did not synergize with phospholipids 

to stimulate the catalytic (Racl GAP) activity of n-chimaerin. A possible reason for 

this may be that the assay conditions for synergism were not optimised. The lack of 

post-translational modifications of both n-chimaerin and Racl may be another 

explanation for the lack of activation by diacylglycerol. N-chimaerin has two 

consensus sites for cyclic AMP-dependent protein kinase phosphorylation and eight 

for phosphorylation by protein kinase C (Lim et al., 1992; Hall et al., 1990). The 

significance, if any, of such phosphorylation on the activation of n-chimaerin by 

diacylglycerol is unclear. There is also presently no evidence that n-chimaerin is 

phosphorylated within cells, constitutively or upon cell stimulation. N-chimaerin also 

contains two potential myristoylation and one amidation site. Interestingly, 

recombinant protein kinase C purified from bacterial protein expression system also
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do not exhibit kinase activity which can be activated by diacylglycerol and phorbol 

ester. Recent studies showed that expression of protein kinase C a  in E. coli yielded 

a 74 kDa unphosphorylated, phospholipid- and calcium-dependent phorbol ester 

binding protein that lacked kinase activity in contrast to the kinase activity by the 

phosphorylated protein kinase C a  purified from mammalian cell line (Filipuzzi et at.,

1993). However, the unphosphorylated protein kinase C a  was still able to bind 

substrates. Hence, post-translational phosphorylation of protein kinase C a  was not 

needed for the formation of a functional enzyme-substrate complex but was necessary 

for the catalytic transfer of phosphate residues from ATP to protein substrates.

R acl undergoes post-translational modifications at its carboxyl-terminal Cys-AAX 

motif (where A is any aliphatic amino acid; Menard et al., 1992). These modifications 

involve geranylgeranylation of the cysteine residue, proteolysis of the -AAX peptide 

and carboxylmethylation of the exposed cysteine residue (Adamson et al., 1992). Post- 

translational modifications are essential for Racl to bind membranes and interact with 

Rho GDI and Smg CDS (Chuang et a l ,  1993a; Ando et a l ,  1992). Post-translational 

processing of Ras is also important for their membrane-binding and transforming 

activities (Hall, 1990). Although the interaction between GAPs and low molecular 

weight GTP binding proteins do not require the latter to be isoprenylated, the 

possibility that «-chimaerin can be synergistically activated by diacylglycerol and 

specific phospholipids provided Racl is geranylgeranylated remains to be explored.

Another explanation for the lack of synergism with diacylglycerol is that the correct 

species of diacylglycerol was not employed. Over 50 species of diacylglycerol have 

been prepared and tested to date (Bell and Burns, 1991). Inspite of the variety, 

activation by various diacylglycerol analogues is specific as demonstrated by 

stereospecific activation of protein kinase C with only the sn-\,2- but not 1,3- nor sn- 

2,3-diacylglycerol (Ganong et a l ,  1986). Only two species of JM-1,2-diacylglycerol i.e. 

jM-1 ,2 -dioleoyl-glycerol (diolein) and jn-l-oleoyl-2 -arachidonyl-glycerol, were tested 

in this present study. Ahmed et a l  (1990) have previously shown that 100 pg/ml 

diolein competitively inhibited [^H]PDBu binding to «-chimaerin by 31%, indicating
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that diolein does interact with the phorbol ester binding site. As with the binding of 

phosphatidylcholine to the CRD of n-chimaerin, this binding by diolein was of a non

productive nature. Binding of diolein to n-chimaerin was also noticeably weaker as 

Niedel et al. (1983) have reported a similar degree of inhibition (38%) with 10-fold 

less diolein on rat brain protein kinase C. Inhibition of pH]PDBu binding by PMA in 

the studies of Niedel et al. (1983) and Ahmed et al. (1990) were comparable, thus 

allowing a normalized basis for this comparison of the diolein effect on the two 

different proteins. More recently, Nakanishi et al. (1993) have shown that 

phosphatidylinositol 3,4-bisphosphate and phosphatidylinositol 3,4,5-trisphosphate are 

potent activators of protein kinase C Ç which possesses one CRD like n-chimaerin. 

These lipids are the 3-phosphorylated lipids produced by phosphatidylinositol 3-kinase 

in response to cellular stimulation by insulin, growth factors and other agonists 

(Downes and Carter, 1991). The physiological roles of these 3-phosphorylated lipids 

are unknown but it has been suggested that they are signalling molecules involved in 

the control of cell proliferation as well as alteration of cellular structure and 

morphology (Downes and Carter, 1991). It would certainly be interesting to ascertain 

if these 3-phosphorylated lipids can modulate n-chimaerin.

Lysophosphatidic acid, phosphatidylinositol, phosphatidylinositol 4-phosphate, 

phosphatidylinositol 4,5-bisphosphate, oleic acid, linolenic acid, arachidonic acid and 

sphingosine were inhibitory to the Racl GAP activity of n-chimaerin. All these lipids, 

except arachidonic acid and sphingosine, required the CRD to modulate n-chimaerin. 

No effect on the GAP activity of n-chimaerin was obtained with arachidic acid and 

palmitic acid. Interestingly, crude rat brain extracts containing a 29 kDa protein with 

Rho GAP activity was inhibited by the same types of lipids (Tsai et a/., 1989a). 

Arachidonic acid has also been reported to be a potent inhibitor of the catalytic 

domain of both neurofibromin and p i 20-GAP (Golubic et al., 1991; Bollag and 

McCormick, 1991). Studies on the mechanism by which lipids inhibit the activity of 

p i 20-GAP have suggested that one of the critical factors is the physical state of 

aggregation rather than the chemical structure of the lipid (Serth et al., 1991). The 

acidic lipid micellar structure is thought to specifically sequester the carboxyl-terminal
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GAP domain from Ras hence inhibiting the action of GAP on Ras GTPase activity. 

With the exception of arachidonic acid and sphingosine, the inhibitory effects of all 

lipids tested in this study required the CRD of n-chimaerin. Thus, it is unlikely that 

these lipids exert their inhibitory action by sequestration of n-chimaerin from Racl. 

jV-chimaerin was observed to be modulated to various degrees by the lipids tested at 

concentrations of 1 0 0  pg/ml or less, which are below the concentrations required for 

micelle formation (Serth et al., 1991).

It is presently unclear why arachidonic acid inhibited n-chimaerin in a manner 

different from that of related c/5 -unsaturated fatty acids. Studies on the action of cis- 

unsaturated fatty acids, including arachidonic acid, on protein kinase C suggest that 

cw-unsaturated fatty acids interact with a common phosphatidylserine-binding site(s) 

or distinct closely related site(s) rather than the phorbol ester/diacylglycerol binding 

site (El Touny et a l ,  1990). The finding that arachidonic acid, but not oleic acid, 

inhibited phorbol ester binding to protein kinase C supports the latter possibility of 

separate binding sites (El Touny et al., 1990) and may point to their different 

mechanistic action on n-chimaerin. Unlike diacylglycerol, the activation of protein 

kinase C by arachidonic acid does not require phospholipids or calcium (El Touny et 

al., 1990). It was also observed that arachidonic acid and other cw-unsaturated fatty 

acids preferentially regulate soluble protein kinase C in contrast with membrane 

associated protein kinase C (Khan et al., 1993). As a result, it exerts selective 

regulation of protein kinase C isoenzymes with predominant action on calcium- 

independent protein kinase Cs (Khan et al., 1993). Although the intracellular 

localization of n-chimaerin has not been examined in this present study, it is tempting 

to speculate that phorbol esters and arachidonic acid/related cw-unsaturated fatty acids 

modulate n-chimaerin that may be localized at two compartments: soluble n-chimaerin 

would be a primary target for cw-unsaturated fatty acids while cytoskeletal/membrane- 

associated n-chimaerin is a target for activation by phorbol esters.

Studies on the mechanism of inhibition by positively charged sphingosine on protein 

kinase C may also similarly shed light on how this lipid inhibited n-chimaerin. The
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finding that sphingosine inhibited both phorbol ester binding and kinase activity of 

protein kinase C initially suggested that it may be an endogenous inhibitory ligand 

with the regulatory domain of PKC being the single site of action (Hannun et al., 

1986). Using the mixed micellar assay which included 0.03% Triton X-100, 

sphingosine did not inhibit the catalytic fragment of protein kinase C (Hannun et a l,  

1986). This catalytic fragment is generated by proteolytic treatment of protein kinase 

C and displays kinase activity independent of calcium/phospholipid. However, 

subsequent studies by Nakadate et al. (1988) showed that in the absence of high 

concentrations of phosphatidylserine or Triton X-100, sphingosine inhibited the 

catalytic fragment of protein kinase C. This differential action by sphingosine was 

interpreted as being due to possible sequestration of inhibitory sphingosine which 

occurred only at high lipid and detergent concentrations (Nakadate et al., 1988). Such 

a hypothesis will be in line with the results in this present study which demonstrated 

that sphingosine inhibited both full-length and carboxyl-terminal region n-chimaerin 

proteins in the absence of phospholipids and detergent. Sphingosine levels within a 

cell are regulated by intra- and extracellular signals (Hannun and Bell, 1989). This 

lipid has multiple activities including inhibition of human platelet aggregation, 

inhibition of neutrophil activation and stimulation of mitogenesis (Hannun and Bell,

1989). Recent evidence suggests that sphingosine mediates some of these activities 

independently of protein kinase C. For example, sphingosine has been reported to 

inhibit calmodulin-dependent kinase and insulin receptor tyrosine kinase, modulate 

diacylglycerol kinase, activate phospholipase D, casein kinase II and the tyrosine 

kinase domain of the epidermal growth factor receptor (Hannun and Bell, 1989). This 

ability of sphingosine to modulate the activities of various biochemical targets raises 

the intriguing possibility that sphingosine is a pleiotropic intracellular signalling 

molecule. The present study showing that sphingosine inhibited the Racl GAP activity 

of M-chimaerin suggests that n-chimaerin may be a novel target of sphingosine. 

Stimulation obersved with phosphatidic acid per se and that due to synergism of 

phosphatidic acid and phorbol ester were reversed with lysophosphatidic acid. Since 

these lipid modulatory effects occurred in a dose-dependent manner, the overall Racl 

GAP activity of n-chimaerin is potentially determined by the level of competing lipid
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modulators interacting with n-chimaerin at any specific time.

A large number of GAPs with varying substrate specificity for members of the Rho 

family has recently been described (Fry, 1992; Manser et a l ,  1992). Sequence analysis 

of GAPs for the Rho family revealed that these GAPs have catalytic domains with 

sequence similarity to the carboxyl-terminal regions of Bcr but contain divergent 

sequences outside the GAP domain. Such sequence diversity may potentially allow 

different forms of regulation on GAP activity. N-chimaerin is the first member in a 

family of related members (Hall et al., 1990). The cDNAs of a2- and p-chimaerin 

isoforms have recently been cloned and found to be expressed in brain and testes (Hall 

et al., 1993; Leung et al., 1993). Northern analysis and in situ hybridization studies 

have also preliminarily revealed the existence of additional members of this family in 

lung and intestine (Ahmed et al., 1993). Since the Racl GAP activity of n-chimaerin 

can be modulated by lipids, other members of the chimaerin family may be similarly 

regulated. Indeed, like n-chimaerin, the Racl GAP activity of purified recombinant 

a 2 -chimaerin was recently shown to be stimulated by phosphatidylserine as well as 

phorbol ester (Hall et al., 1993).

The involvement of Rho and Rac in regulating actin cytoskeleton organization was 

recently demonstrated by the microinjection of fibroblast (Ridley et al., 1992; Ridley 

and Hall, 1992). Changes in actin microfilament structures, actin stress fibers and 

membrane ruffling were observed upon the microinjection of RhoA and Racl into 

Swiss 3T3 cells. Interestingly, lysophosphatidic acid was shown to activate the Rho- 

signalling pathway. In this thesis, lysophosphatidic acid was found to inhibit the Racl 

GAP activity of n-chimaerin supporting the idea that the chimaerin family of Rac 

GAPs may provide the link between this lipid and other lipid second messengers to 

actin organization via Rac (Downward, 1992a).

Since the discovery in 1982 by Castagna et al. that phorbol ester can substitute for 

diacylglycerol in activating protein kinase C both in vitro and in vivo, protein kinase 

C has been viewed in most studies as the only phorbol ester receptor. More recently.
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a number of reportes have suggested the existence of additional phorbol ester 

receptors. These include CN-TPBP, a 70 kDa non-protein kinase from HL-60 (human 

promyelocytic leukemia) cells which translocates to the nucleus upon binding phorbol 

ester (Hashimoto and Shudo, 1990); UNC-13 from Caenorhabditis elegans (Ahmed 

et at., 1992; Maruyama and Brenner, 1991) and n-chimaerin (Ahmed et al., 1990). 

Although the functional consequence of binding phorbol ester by CN-TPBP and UNC- 

13 is unknown, the results presented in this thesis demonstrate the functional 

consequence of this binding in n-chimaerin. Apart from protein kinase C, n-chimaerin 

is the only other known target of phorbol ester that has a functional consequence upon 

binding phorbol ester. In conclusion, the physiological implication of these findings 

is that the chimaerin family of Rac GAPs may be transducers of lipid second 

messengers allowing Rac and consequently its effectors (e.g. components involved in 

cytoskeletal organization and activation of neutrophil oxidase) to sense changes 

occurring at the cell surface/membrane.

5. Other factors affecting the Racl GAP activity o f  n-chimaerin 

The effects of increasing salt concentration, pH, temperature, reducing agents as well 

as detergents on the Racl GAP activity of n-chimaerin have been analyzed in this 

study. Although the ionic strength within a cell is not substantially altered, studies on 

p i 20-GAP revealed that it is sensitive to increasing NaCl concentrations (Gibbs et al., 

1988). Moore et al. (1992) have reported that the presence of 50 mM NaCl decreased 

the affinity of p i 20-GAP for Ras.GTP thus inhibiting Ras GAP activity. The Racl 

GAP activity of n-chimaerin was not significantly altered at NaCl concentrations 

between 0.1 and 0.3 M. Hence, at physiological salt concentration of 0.3 M while 

p i 20-GAP activity is inhibited, the Racl GAP activity of n-chimaerin remains 

unaffected. Reducing agents, dithiothreitol and 2-mercaptoethanol, were also not 

significantly inhibitory to the Racl GAP activity of n-chimaerin or the intrinsic rate 

of GTP hydrolysis of Racl. The optimal temperature for Racl GAP activity by n- 

chimaerin was 30°C in contrast to 50°C for the GTPase activity of Racl (Menard et 

a l ,  1991). A-chimaerin was insensitive to the variation in pH from 5.0 to 7.5 but was 

inhibited at pH above 8. In the light of this finding, it should be noted that the GAP
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assay buffers routinely employed in this study were of pH 1.0-1.5. Four types of 

detergents were also examined for potential inhibition of n-chimaerin; n-dodecyl [3-D- 

maltoside, sodium dodecylsulphate (SDS), Triton X-100 and NP-40. With the 

exception of SDS, all the detergents did not significantly affect GAP activity. 

Interestingly SDS and another anionic amphiphile, arachidonic acid, activate neutrophil 

oxidase in cell-free reconstitution systems which involves ip61-phox, pAl-phox, Racl 

and cytochrome (Abo et al., 1992). The present finding that both SDS and 

arachidonic acid inhibited «-chimaerin raises the possibility that lipid modulation of 

chimaerin-like molecules may be involved in regulating the function(s) of Rac in the 

neutrophil NADPH oxidase system. Since arachidonic acid can also disrupt the 

complexation of Racl with Rho GDI, allowing release and subsequent formation of 

"active" (i.e. GTP-bound) Racl, archidonic acid has been proposed to co-ordinately 

regulate Racl activation by modulating Racl GAP and Rho GDI activities (Chuang 

et al., 1993b) .

6. Analysis of the n-chimaerin Racl GAP domain by deletion and site-directed 
mutagenesis

A number of proteins have sequence similarity to the carboxyl-terminal region of Bcr 

(Fry, 1992; Baldwin and Zhang, 1993). Of these proteins, only eight have been shown 

to display GAP activity for Rho family members; n-, o2-  p-chimaerin, Bcr, Abr, 

p i 20-GAP associated p i 90 and BEM3 whilst the GAP activities of eight others have 

yet to be biochemically demonstrated. The latter eight proteins include p85oc/p 

subunits of phosphatidylinositol 3-kinase, Rotund, BEM2, the product of the gene 

mutated in Lowe's oculocerebrorenal syndrome (OCRL), inositol polyphosphate 5- 

phosphatase (INP5P), 3BP-1 and the yeast USOl protein. Fig. 36 shows a sequence 

comparison of all the above sixteen proteins within regions having sequence similarity 

with the carboxyl-terminal region of Bcr. Weak overall sequence identity was 

observed throughout the regions. However conservation of specific motifs, such as 

VFGP (amino acid residue 296-299 of «-chimaerin) suggests that this may be critical 

for the function of GAPs. Such highly conserved residues are expected to play 

structural and/or catalytic roles. A conservative point mutation of Val296 to Leu did
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Fig. 36 Sequence alignment of functional and putative GAP domains for the Rho 
family

This figure shows multiple sequence alignment of functional and putative GAP 
domains for the Rho family based on sequence similarity with the carboxyl-terminal 
region of Bcr, «-chimaerin and a peptide sequence of Rho GAP (Diekmann et al.,
1991). The GAP domain is thought to comprised of approximately 200 amino acid 
residues (Zheng et at., 1993) and has been presented here in three contiguous blocks 
(marked (a), (b) and (c)) as a matter of convenience. GAP activities of «-chimaerin, 
a2-chimaerin, p-chimaerin, Bcr, Abr, Rho GAP, p i90 and Bem 3 have previously 
been reported (Diekmann et a l ,  1991; Hall et a l ,  1993; Leung et «/., Tan et a l ,  1993; 
Settleman et a l ,  1992; Zheng et a l ,  1993). As the sequence of the GAP domain of 
a2-chimaerin is identical to that of «-chimaerin (Hall et a l ,  1993) it has not been 
included here. A comparison of the sequences of these seven GAPs revealed a 
consensus sequence for GAP activity. Bold, upper case letters indicate invariant 
residues. Plain, lower case letters represent residues which are present in at least five 
of the six or six of the seven aligned sequences. Similarity between this consensus 
sequence and a motif in the consensus sequence described for Ras GAPs (indicated 
by "Consensus*"; Gutmann et a l ,  1993) may be present. p85a- and p-subunits of 
phosphatidylinositol 3-kinase (amino acid residues 113-285 and 109-262 respectively; 
Otsu et a l ,  1991), 3BP-1 (partial peptide sequence; Cicchetti et a l ,  1992), Rotund 
(amino acid residues 146-320, Agnel et a l ,  1992), Bem 2 (amino acid residues 1981- 
2140, Zheng et a l ,  1993), OCRL (the product of the gene mutated in Lowe's 
oculocerebrorenal syndrome; amino acid residues 805-940; Baldwin and Zhang, 1993), 
INP5P (inositol polyphosphate 5-phosphatase; amino acid residues 551-685; Baldwin 
and Zhang, 1993) and the yeast Usol protein (amino acid residues 116-237; Baldwin 
and Zhang, 1993) have sequence similarity to the aforementioned functional GAP 
domain (Baldwin and Zhang, 1993; Zheng et a l ,  1993). GAP activities of these eight 
proteins have yet to be biochemically demonstrated. Bold, upper case letters in the 
sequences of these proteins denote the presence of residues which are invariably found 
within the consensus sequence for functional GAP activity. Breaks (indicated by 
hyphens) have been introduced in the sequences to optimise alignment. Numeration 
of the amino acid residues in the functional GAP domains has already been described 
in fig. 26.
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not significantly affect activity but a more radical mutation of Val296 to Asp 

dramatically reduced activity. Similarly, point-substitutions of hydrophobic Pro to 

positively charged Arg reduced the Racl GAP activity of «-chimaerin by about 300- 

fold. Surprisingly, deletion of the VFGP motif reduced Racl GAP activity by only 

2.5-fold. These observations highlight the difficulty in ascribing functions to particular 

amino acid residues using mutational analysis. Similar problems are potentially 

encountered when interpreting the importance of the Arg residue in the conserved Phe- 

Leu-Arg motif present in p 120-GAP, neurofibromin, IRAI, IRA2, GAPl/SARl and 

G apl (Gutmann et al., 1993; Wang et at., 1991). Studies by Skinner et al. (1991) 

indicate that conservative substitution of Arg903 to Lys in the catalytic domain of 

p 120-GAP (GAP-344) dramatically reduced GAP activity yet a non-conservative 

substitution of the analogous positively charged Arg (amino acid residue 1391 of 

neurofibromin) to negatively charged Ser in the catalytic domain of neurofibromin 

(NFl-GRD) did not affect GAP activity (Gutmann et al., 1993). Nevertheless, one 

possible interpretation for the reductions of Racl GAP activity observed at the VFGP 

motif is that these reductions are due to protein structural changes rather than direct 

effects on catalytic residues as Racl GAP activity was not completely abolished by 

these mutations. Immunoblotting using the antibody to the carboxyl-terminal domain 

of «-chimaerin revealed no significant changes in protein stability with these mutants 

or any mutants described below. This is unlike the Lys 1423 to Met mutation of N Fl- 

GRD which resulted in reduced GAP activity possibly associated with decreased 

thermal stability of the mutant protein (Wiesmuller and Wittinghofer, 1992). This 

amino acid is one of the invariant residues in Ras GAPs and hence may be involved 

in some critical function. Recently, Li et al. (1992) reported that a significant 

proportion of human tumors and patients with N Fl (neurofibromatosis type 1) have 

mutations in Lys 1423 of neurofibromin.

To obtain an overview of the functional significance of specific regions, deletion 

analysis of particular motifs throughout the Racl GAP domain of «-chimaerin was 

performed. By measuring the ability of seven deletion mutants to accelerate the GTP 

hydrolysis of R acl, four were found to possess GAP activity while three were inactive
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but retained their ability to bind Racl. The four mutants had deletions in the VFGP 

(amino acid residues 296-299), PLI (amino acid residues 228-230), LP (amino acid 

residues 225-226) and HLKRV (amino acid residues 275-299) motifs (for numeration 

see Lim et al., 1992) which resulted respectively, in 2.5-, 5-, and 200-fold reduction 

of Racl GAP activity compared to wild-type «-chimaerin. Interestingly, the severity 

of reduction GAP activity seems to correspond with mutations occurring at the more 

amino-terminal region of the Racl GAP domain. Indeed, three mutants with deletions 

at the more amino-terminal EIE (amino acid residues 166-168), YRV (amino acid 

residues 178-180) and LKLY (amino acid residues 218-221) motifs had no measurable 

GAP activity, even when tested at levels up to 1.3 mg/ml (30 pM). These findings 

suggest that these motifs may be imoprtant for catalytic activity. To ascertain whether 

the loss of catalytic activity was due to alteration in the affinity for R acl, a 

competitive assay based on the ability of these three mutants to sequester Racl.[y- 

^^P]GTP from catalytically active wild-type «-chimaerin was employed. Such an assay 

has been widely used to investigate the binding affinities between wild-type/mutant 

p21s e.g. H-/N-Ras, R apl, Rab3A and their respective GAPs (Gideon et at., 1992; 

Vogel et al., 1988; Rubinfeld et al., 1991; Brondyk et al., 1993). Although the study 

in this thesis uses catalytically inactive GAP mutants, the competitor in these reports 

is primarily the p21 rather than GAP possibly because no GAP has been identified 

with complete loss of activity. The measurement of the apparent binding constant (K50) 

for the mutants revealed that those with the LKLY and YRV deletions had binding 

affinities within the same range as that estimated for wild-type protein. In contrast, the 

mutant with the EIE deletion had significantly higher affinity. One interpretation of 

this unexpected finding is that this assay may be measuring inhibition of wild-type «- 

chimaerin by dimerization of mutant proteins instead of the direct binding to Racl. 

Dimerization of both wild-type and mutant GAP domains may block accessibility of 

the Racl substrate to the active GAP domain in the wild-type protein. This possibility 

seems unlikely in the light of the finding that (a) equimolar concentrations of mutant 

proteins did not affect wild-type «-chimaerin, (b) binding constants with values above 

and below that of wild-type protein were obtained and (c) demonstration of direct 

binding of Q61LRacl.GTP with one of the mutants (i.e. EIE-deletion mutant)
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immobilized on a column as based on the ability to differentially retard the elution of 

the p21. The current data does not permit a clear indication of how deleting the EIE 

motif may lead to increased binding affinity for Racl. A number of p21 mutants e.g. 

Q61L- and E62HRas (Gideon et al., 1992) that bind p 120-GAP with affinities higher 

than wild-type protein have been isolated and it may be possible that analogous GAP 

mutants, similar to the EIE-deletion mutant in this present study, will be isolated. 

Further work will be required to elucidate the mechanism for this apparently higher 

affinity for Racl in the EIE-deletion mutant.

A comparison of the dissociation constants reported for p 120-GAP (Brownbridge et 

al., 1993; Gideon et al., 1992; Schaber et al., 1989), Rapl GAP (Rubinfeld et al.,

1991) as well as Rab3A GAP (partially purified from rat brain; Brondyk et al., 1993) 

for their respective p21s revealed that the values range from 10-40 pM. This is of the 

same magnitude as the estimated dissociation constant for n-chimaerin and R acl, 

suggesting that the site(s) of interaction does not require specific high affinity protein- 

protein contact. Support for this hypothesis is gained when considering the relatively 

low level of sequence identity of the amino acid residues in the catalytic domain as 

found in the different GAPs for the Rho family.

Studies on p 120-GAP and neurofibromin have suggested that GAPs may be effectors 

in addition to being down-regulators of the p21s (Bollag and McCormick, 1991; Hall,

1992). The isolation of mutants with deletion at the EIE, YRV and LKLY motifs that 

bind Racl but exhibit no GAP activity to Racl may facilitate the possible effector 

function(s) of n-chimaerin to be examined. Such an analysis may be possible 

considering that Racl has been found to be involved in effector functions including 

the stimulation of superoxide generation by activating neutrophil oxidase (Segal and 

Abo, 1993) as well as the formation of stress fibres and membrane ruffling (Ridley 

et al., 1992). It is forseeable that potential effector function(s) of n-chimaerin will be 

revealed by microinjecting catalytically inactive n-chimaerin mutants such as those 

characterized in the present study. Recent reports have also suggested an involvement 

of GAPs in suppressing the interaction of p21 with other proteins/effectors. For
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example, CDC42HsGAP and Rho GDI bind to Racl via a mechanism which is 

thought to involve steric hinderance of shared or overlapping binding sites on Racl 

(Chuang et al, 1993a; Hancock and Hall, 1993). Another example supporting this 

function in GAPs can be found in neurofibromin. GTP-bound c-Ha-Ras has a 300-fold 

higher affinity for the GAP-related domain of neurofibromin (NFl-GRD) than p i 20- 

GAP (Bollag and McCormick, 1991). Binding of Ras to NFl-GRD was not affected 

by phosphatidic acid and arachidonic acid even though these lipids inhibited its Ras 

GAP activity (Bollag and McCormick, 1991) as well as tubulin (Bollag et al., 1993). 

Hence, it is forseeable that even in the presence of inhibitory factors, neurofibromin 

may exert its action by tightly binding to Ras at its effector domain thereby preventing 

access to other Ras effectors. Such a mechanism for neurofibromin has also been 

suggested to explain the results from two studies using the yeast system where there 

was no correlation between the biochemical property of NFl-GRD to accelerate the 

GTP hydrolysis of Ras and its ability to suppress the heat shock sensitivity in irai' 

ira2', pde2'^ yeast strains overexpressing H-Ras or the activated Glyl2Val H-Ras 

protein (Gutmann et al., 1993; Ballester et al., 1990).

Two mechanisms have been proposed as to how GAPs can stimulate the GTPase 

activity of p21s (Wittinghofer and Pai, 1991; Pai et al., 1990). Although these may 

not be mutually exclusive, the first mechanism involves GAP providing additional 

catalytic residues for enhanced GTP hydrolysis by the p21. The determination of 

potential candidates for such catalytic residues has been the subject of much intensive 

study and include the totally conserved Arg (amino acid residue 903 in p i 20-GAP) 

and Lys (amino acid residues 937 and 1423 in p i 20-GAP and neurofibromin, 

respectively) residues present in all Ras GAPs. The second mechanism for the action 

of GAPs entails the induction of a conformational change in the p21 which is 

favourable for GTP hydrolysis. Mutational analysis of n-chimaerin in this study has 

been able to separate binding of Racl from Racl GAP activity. Since deletions in 

separate amino-terminal regions of the catalytic domain of n-chimaerin resulted in loss 

of GAP activity, this finding favours the idea that GAPs supply additional components 

e.g. reactive side chains from specific amino acids, necessary for a fast cleavage
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reaction. However more than one side chain would be required as loss of Racl GAP 

activity was observed in mutations involving more than one region. On the other hand, 

in the absence of an assay to determine conformational change, the present findings 

cannot rule out the possible involvement of the second mechanism. Indeed, additional 

structural and kinetic work is necessary to account for our observations with these 

mutants.

Based on the struture/function analysis of Ras GAPs, the FLRX4PAX3PX21.22KX3QX3N 

(where X is any amino acid residue) motif has been found to be diagnostic of Ras 

GAPs (Gutmann et aL, 1993; Skinner et al., 1991; Wiesmuller and Wittinghofer,

1992). GAPs for the Rho family do not have amino acid sequence identity with this 

motif but sequence comparison of their conserved EIE, YRV and LKLY motifs with 

Ras GAPs revealed a common motif: EIE/YIEX^gL/IXR, which appears at the 

beginning of the catalytic domain of both families of GAPs. As the EIE, YRV and 

LKLY motifs were found to be important for the catalytic activity of n-chimaerin, this 

raises the interesting possibility that the common motif may be of fundamental 

importance to GAP activity. Moreover, in view of the fact that both families of GAPs 

have distinct substrate specificities, additional residues outside this motif may be 

required for determining these specificities. Future experiments using point mutations 

within the common motif may address the question of the role and importance of 

specific side chains in GAP activity.

In conclusion, mutational analysis of the catalytic domain of «-chimaerin revealed that 

it is possible to distinguish mutants with impairment in either substrate (Racl) binding 

or catalytic activity. This implies that these functions are localized to distinct regions 

of the protein. Indeed, proteins like the p85a and p subunits of phosphatidylinositol 

3-kinase (PI 3-K), which have sequence identity to the catalytic domain of n-chimaerin 

but no demonstratable GAP activity, may be p21-binding proteins rather than GAPs. 

Recent studies of Zhang et al. (1993) indicate that Rho is required for the activation 

of PI 3-K. This raises the possibility that Rho may directly interact with the p85ot/p 

subunit so that kinase activity in the p i 10 subunit of PI 3-K is stimulated. Future
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experiments can be performed to address questions on the identity of key amino acid 

residues essential for the binding of n-chimaerin to Racl as well as the determinants 

involved in p2 1  binding-specificity.

7. Biochemical characterization of  Racl mutants.

p2 1  mutants have been useful in elucidating the structure/function relationship as well 

as permitting dissection of their functions within cells (Polakis and McCormick, 1993). 

Four main categories of mutants have been isolated. These are those that exhibit 

defects in GTP hydrolysis, GTP/GDP exchange, interaction with effector 

targets/GAPs/exchange factors and post-translational modification/processing at the 

carboxyl-terminal of the p21 (Polakis and McCormick, 1993). The effects of three 

mutations at amino acid residues 12 (Gly to Val), 17 (Thr to Asn) and 35 (Thr to Ala) 

of Racl were recently investigated in Swiss 3T3 cells (Ridley et al., 1992). Whilst 

microinjected G12VRacl increased stress fibre formation and membrane ruffling, 

TlTNRacl, but not T35ARacl, inhibited these processess in response to specific 

growth factors. In attempting to understand how these mutants might function within 

cells, biochemical properties of the T17N-, Q61L- and G12VRacl mutants have been 

characterized in this present study. The intrinsic rate of GTP hydrolysis for wild-type 

Racl is about 40-fold higher than H-Ras (Menard et a l ,  1991). In my assay at 15°C, 

this rate is represented by a 20-25% reduction in the total amount of [y-^^P]GTP 

bound to wild-type Racl after 10 min. Under the same assay condition, a reduction 

of up to about 5% total GTP bound to Racl was observed with G12V-, T17N- and 

Q blLRacl mutants, suggesting defects in GTP hydrolysis or binding. Thus, the GTP 

hydrolysis rates of the G12V-, T17N- and Q blLRacl mutants were much reduced as 

compared with wild-type. Since the addition of n-chimaerin stimulated the GTP 

hydrolysis of wild-type but not those of G12V-, T17N- and Q blLR acl, this finding 

is in line with the ability of GAPs to interact preferentially with the GTP-, rather than 

the GDP-, bound form of Ras (Polakis and McCormick, 1993) including oncogenic 

Ras mutants which are unresponsive to GAP activation (Vogel et a l ,  1988).

Feig and Cooper (1988) have previously demonstrated that the analogous S17NRas
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mutation has a 20- to 40-fold higher affinity for GDP than GTP hence resulting in a 

predominantly GDP-bound "inactive" protein. This property of SlTNRas is in contrast 

with the equal affinity for GTP and GDP exhibited by wild-type Ras (Feig and 

Cooper, 1988). The present finding that TlTNRacl exhibits an approximately 10-fold 

lower affinity for GTP than wild-type Racl but similar dissociation constants for GDP 

(Kj = 20-40 nM) is in line with the earlier findings on SlTNRas (Feig and Cooper, 

1988). Structural studies on Ras suggest that this differential affinity for GTP/GDP 

may be due to improper complexing of Mg '̂  ̂ associated with bound nucleotide 

(Milburn et al., 1990; Pai et al., 1990; Pai et al., 1989). Additional mutational studies 

by Farnsworth and Feig (1991) at amino acid residue 17 of Ras further revealed that 

such mutation locked the p2 1  in an inactive conformation irregardless of whether the 

p21 bound GTP or GDP. The GTP hydrolysis rates of G12V- and TlTNRacl were 

also not affected by «-chimaerin unlike wild-type Racl.

8. Conclusion

The present study suggests that the catalytic (GAP) activity of n-chimaerin, like 

protein kinase C, can be modulated by lipids including second messengers. The 

organization of two distinct regions on n-chimaerin; an amino-terminal regulatory lipid 

binding domain and a carboxyl-terminal catalytic domain which is spatially similar to 

that in protein kinase C, provided the initial hint of this possibility. However, the 

catalytic domain of n-chimaerin, unlike PKC, has no kinase activity. This is instead 

a GTPase activating domain for Racl. To understand the structure/function 

relationship of n-chimaerin, the two domains were separately characterized. It was 

shown that (a) the amino-terminal cysteine-rich domain bound zinc; (b) zinc may be 

required for phospholipid-dependent high affinity phorbol ester binding and (c) the 

carboxyl-terminal GAP domain had a higher specific activity than the full-length 

protein. These findings further raised the possibility that lipids binding at the amino- 

terminal region can potentially modulate Racl GAP activity. Indeed, support of this 

was obtained when various phospholipids, phorbol esters and lipid second messengers 

were shown to modulate n-chimaerin GAP activity. With the exception of arachidonic 

acid and sphingosine, all lipids tested required the amino-terminal cysteine-rich
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domain for their action. Fig. 38 schematically summarizes the action of various lipids 

tested in vitro on the GAP activity of «-chimaerin. Although future work will be 

required to address if any of these lipids have any effect on n-chimaerin in vivo, the 

present results suggest that the state of bound guanine nucleotide on Racl can be 

regulated by the action of modulatory lipids including second messengers on n- 

chimaerin. However, this is unlikely to be the only mechanism whereby such lipids 

modulate p21s as Tsai et al. (1990) have reported that a Ha-Ras GTPase inhibiting 

activity was also modulated by phospholipids. Lipid modulation of n-chimaerin as well 

as other members in its family may consequently affect the effector functions of Racl. 

These includes the activation of superoxide generation by neutrophil NADPH oxidase 

(Abo et al., 1991) and cytoskeletal rearrangements (Ridley et al., 1992). Recent data 

indicates that Racl binds to a 65 kDa brain serine-threonine protein kinase (p65^^^), 

which has sequence similarity to the yeast STE20 protein (Manser et al., 1994). The 

interaction between Racl and p65^^^ results in inhibition of the GTPase activity of 

Racl as well as activation and autophosphorylation of p65^"^  ̂ (Manser et al., 1994).

This study has also provided an understanding of the mechanism underlying GAP 

activity from n-chimaerin by identifying key amino acid residues within its catalytic 

domain essential for GAP activity using mutational analysis. Three classes of mutants 

were categorized based on their GAP activities. More importantly, the analysis 

identified catalytically inactive mutants which retained the ability to bind Racl. 

Unexpectedly, one mutant bound Racl with higher affinity than wild-type Racl. Taken 

together, the data suggests that specific amino acid residues in the catalytic domain 

of n-chimaerin may be required for either binding of Racl and/or catalysis of its 

GTPase activity.
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Fig. 37 Model for the role of /i-chimaerin in the Rac signalling pathway

This is a schematic representation of how n-chimaerin may sense lipids including 
second messengers to subsequently modulate the GTP hydrolysis of Rac. These lipids 
comprised the following: phosphatidic acid (PA), phosphatidylserine (PS), phorbol 
esters, lysophosphatidic acid (LPA), oleic acid (OA), linolenic acid (LA), 
phosphatidylinositol (PI), phosphatidylinositol 4-phosphate (PIP), phosphatidylinositol 
4,5-bisphosphate (PIP2), arachidonic acid (AA) and sphingosine (SPH). The Racl GAP 
activity of n-chimaerin is stimulated by PS, PA as well as synergistically with either 
phospholipid and phorbol esters. The amino-terminal, cysteine-rich domain (CRD) of 
n-chimaerin is required for the stimulation. Two groups of inhibitory lipids were 
identified. Firstly, inhibition by lipids such as LPA, the phosphoinositides (PI, PIP, 
PIP2), OA and LA was dependent on the presence of the amino-terminal region of n- 
chimaerin. These lipids did not affect Racl or the carboxyl-terminal Racl GAP 
domain. Secondly, SPH and AA were found to be inhibitory to both full-length and 
carboxyl-terminal region n-chimaerin proteins, indicating that these lipids may have 
a different mechanism of action in comparison to those in the first group. Such 
inhibition by AA and SPH do not rule out the possible requirement for the amino- 
terminal region of n-chimaerin. In protein kinase C, modulation of its activity by AA 
and SPH has been found to be dependent on its amino-terminal regulatory domain (El 
Touny et a l ,  1990; Hannun et a l ,  1986) which has sequence similarity to the 
cysteine-rich domain of n-chimaerin. Thus, lipid modulation of n-chimaerin and 
related-family members may have consequent effects on the ability of Rac to function 
in downstream signalling events e.g. activation of neutrophil oxidase (Abo et a l ,  
1991), cytoskeletal reorganization (Ridley et a l ,  1992) and interaction with tyrosine 
kinase (Manser et a l ,  1993). "?" denotes other possible end-points for Rac. Besides 
the modulation of GAP activity, the guanine nucleotide state of Rac is also regulated 
by GDP/GTP exchange factors e.g. SmgGDS (Hiraoka et a l ,  1992), Dbl (Hart et a l ,  
1991b) as well as the GDP dissociation inhibitor, RhoGDI (Hiraoka et a l ,  1992). 
Conversion of the GDP-bound "inactive" form of Rac to the GTP-bound "active" form 
has been biochemically demonstrated for SmgGDS (Hiraoka et a l ,  1992) and Dbl 
(Hart et a l ,  1991). In contrast, RhoGDI inhibits the dissociation of GDP bound to 
Rac, resulting in Rac being predominantly GDP-bound (Hiraoka et a l ,  1992).
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