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Abstract

Hepatocyte Growth Factor (HOP) is a mesenchymal cytokine capable of inducing
proliferation and motility (scattering) in epithelial cells.This dual biological response
depends on the interaction of HGF with its receptor, the tyrosine kinase o-Met.
Ligand-induced activation of the HGF receptor triggers a number of signaling
pathways in target cells. Signaling by tyrosine kinase receptors is normally mediated
by selective interaction between effectors containing src homology 2 (SH2) domains
and q>ecific phosphotyrosine residues in the activated receptor. The HGF receptor is
characterized by a unique signal transduction mechanism involving a multi-functional
docking site made of two tandemly arranged phosphotyrosines embedded in the
degenerate sequence YVH/NV. Upon autophosphorylation, these tyrosines bind and
concomitantly activate muhÿle SH2-containing transducers, including the Grb2/S0S
conçlex, phosphatidylinositol 3-kinase (PI 3-kinase), phospholipase C-y (PLC-y)
and pp60^*®. These interactions are characterized by fast association and dissociation
rates thus 6voring a rapid exchange of effectors in vivo. The multi-functional docking
site is strictly required for the receptor’s transforming, scattering, invasive and
metastatic ability. Signalling mutants of the multifunctional docking site indicate that
preferential coupling of the receptor to either Ras or PI 3-kinase is sufficient to
promote scattering, but impairs invasion and métastasés. Conversely, concomitant
activation of both pathways promotes transformation and invasion, and induces a fully
metastatic phenotype.These results inçly that HGF receptor-mediated motihty,
transformation, and invasion have distinct signalling requirements, and suggest that
simultaneous activation of Ras and PI-3Kis both necessary and sufficient for the HGF
receptor invasive-metastatic potential Altogether these data indicate that the multi
functional docking she represents the main transductional swhch for the HGF
receptor.
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Chapter 1
Introduction
Single cell organism respond primarily to nutrient cues, many of which are able to
cross the cell membrane. In multicellular organisms the need to coordinate the
function o f one cell with those of its neighbors has resulted in the evolution of
con^lex intercellular signalling pathways. These pathways are regulated by a large
number of polypeptide growth fectors, cytokines and hormones which exert their
biological effects by interaction with specific targets on responsive cells.The
extracellular molecule binds to a cell surface receptor thus switching the receptor into
an active state. Subsequently, the receptor stimulates intracellular biochemical
pathways leading to cellular responses including cell proliferation, cell migration and
regulation of metabolism
A broad group of growth and differentiation factors act by binding to and activating
sur&ce receptors possessing intrinsic protein-tyrosine kinase activity (RPTK). Most
known hgands for RPTKs are secreted, soluble proteins, but some membrane-bound
molecules and extra-cellular matrix proteins also belong to this family. Signalling by
RPTKs involves ligand-mediated receptor dimerization, which result in activation of
the catalytic domain and subsequent auto and transphosphorylation of the receptor
intracellular domain or of other distinct substrates.

Molecular lesions that activate RTKs can lead to oncogenesis and other disorders
associated with excessive cell proliferation, while mutations that inactivate RTKs can
lead to a variety of developmental and metabolic disorders. Indeed, RPTKs and their
cognate ligands were originally implicated in growth control by their identification as
the transforming gene products of oncogenic viruses, the first being v-Src (Collet and
Erikson, 1978). In addition, later it became clear that some oncogenes are altered
versions of growth Actor or RPTKs, for exanq)le the sis oncogene is homologue to
the Platelet Derived Growth Factor (PDGF; Waterfield et al., 1983) and the w-erbB
16

oncogene is a truncated version of the Epidermal Growth Factor Receptor (EGFR
Downward et al, 1984). Recent progress in understanding how the hgand-mediated
RPTK signal is propagated both in normal and pathological conditions has opened the
possibilty that development of molecules aimed at interfering with RPTK signalling
may have inq)ortant therapeutic appHcations.

1.1 Receptor Protein Tyrosme Kinases
1.1.1 Basic structure
Growth fector receptors with PTK activity (RPTK) have an oriented topology which
is dictated by the presence of a transmembrane domain. This inches that the hgand
binding domain and the protein tyrosine kinase activity are separated by the plasma
membrane. All RPTKs share a similar overall structure (reviewed in Ullrich and
Schlessinger, 1990). At the N-terminus the generic receptor has a signal peptide that
targets the protein to the secretory pathway. This is followed by a large extracellular
domain winch interacts with a polypeptide ligand and contains distinctive motifs. Most
RPTK extracellular domains are modified by N-linked glycosylation and some also
may have 0-linked sugars. The transmembrane domain consists of a hydrophobic
sequence, wiiich spans the plasma membrane, that is followed by several basic residues
acting as a stop-transfer signal. On the inner side of the plasma membrane a
juxtamembrane region precedes a PTK catalytic domain related to that of non
receptor protein tyrosine kinases. The C-terminal tail varies in length from a few up
to 250 residues among different members f this group. Modifications of these general
characteristics have been used to group the receptors into a number of distinct
subclasses (Figure 1.1)

1.1.1.1 The extracellular region
The extracellular ligand-binding domain o f the RPTKs is the most dinstinctive feature
and is characterised by the presence of various sequence motifr (for a review see Van
der Geer et aL, 1994). For exan^le the extracellular domains of the insulin and
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Structural topology of receptor protein tyrosme kinases
Abbreviations: EGFR, epidermal growth factor receptor; PDGFR, platelet-derived
growth factor receptor; FGFR, fibroblast growth factor receptor; NGFR, nerve
growth factor receptor; IR, insulin receptor; HGFR, hepatocyte growth factor
receptor.
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EGF receptor share homologs Cys-rich sequence repeat domain (Fig. 1.1). The
extracellular binding domains of the PDGF family of receptors have either five
(e.g. PDGF3 receptor) or seven (e.g. Flkl) immunoglobulin-like (Ig) domain
stmctures. This suggest a possible convergent evolution from distinct ancestral genes.
The members of the FGF receptor subâmdy exhibit three Ig-Kke domains which have
significant homology to the corresponding region of the interleukin 1 receptor. The
insulin receptor, in addition to the Cys-rich domain, has three fibronectin type IQ
(FNin) repeats.Their overall similarity suggests that FNin and Ig repeats may be
evohitionarily related. The NGF receptor (Trk) contains a Leu-rich moti( which could
be inq)ortant for cell adhesion. A cadherin like domain is present in the extracellular
region of Ret and ROR 1which contain kiingle motifs in thir ligand-binding domain.
The function of the structural motifs which are present in the extracellular region of
RPTKs is unclear, but they are likely to participate in the interaction with either the
cognate ligand or the extracellular matrix. A four domain model has been proposed
for the organization of the ligand binding region of the EGF receptor (Ullrich and
Sdilessinger, 1990). In this model it is proposed that domain m, which is flanked by
the Cys-rich domain, and domain I contribute most of the ligand binding determinants
by being situated close together in such a way that the EGF binding region would he
in a cleft formed between them (Lax et al., 1989). The two domains that are formed
by the Cys-rich regions would then he in contact with each other and close to the
plasma membrane. Such a configuration for a hgand binding site is common in many
aUosteric enzymes where hgand binding alters the interaction between neighbouring
subunits, thus aUowing transfer of a conformational change (Ullrich and Schlessinger,

1990). Prediction on the organization of the insulin binding pocket in the insulin
receptor are consistent with this model

The mapping of RPTK hgand-binding sites indicates that they he in relatively short
regions of the extracellular domain suggesting that the extraceUular regions of RPTK
probably have other functions. Dimerization of two receptor molecules is critical for
RPTK activity, and some motifs in the extraceUular domain may serve this functions.
The extraceUular domain also plays a role in regulation of RPTK signalling functions.
This has beai shown for v-kit and v-erbB, wdiere deletion of the extraceUular domain
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is found to eliminate the negative control that this structure appears to exert on the
cytoplasmic kinase domain. Even point mutations within the extracellular domain can
lead to intracellular activation, for exançle mutations at residues 301 and 374 ofvfims. These mutations may induce receptor dimérisation and/or a conformational
change, equivalent to that triggered by ligand binding. The interactions with cell
sur&ce molecules or with the extracellular matrix are additional candidate functions
for RPTK extracellular region.

1.1.1.2 The transmembrane region
The transmembrane domain of RPTK consists of a hydrophobic sequence which
anchors the receptor in the plasma membrane, connecting the extracellular
environment with the internal conçartment of the cell. Secondary structure prediction
suggests that the membrane spanning residues form an a-helix and this is supported
by NMR analysis of the transmembrane region of c-erbB2. It is believed that the
transmembrane domain plays a passive role in signal transduction. This has been
demonstrated by experiments with chimeric receptors consisting of the extracellular,
the transmembrane and the intracellular domains derived from different receptors (Lee
et aL, 1989). In all cases the origin of the transmembrane domain did not influence the
signal generated by the cytoplasmic domain. A crucial role for the transmembrane
domain has been revealed for the neu oncogene whose only difference from its non
transforming counterpart is a single amino acid substitution from valine 664 to
glutamic acid in the transmembrane region (Bargmann and Weinberg, 1988). This
mutation activates the protein tyrosine kinase function, causing receptor dimerization
and thus constitutive activation of the receptor kinase in the absence of ligand (Weiner
et al, 1989). Similar results have been observed for the insulin receptor (Longo et al.,
1992; Yamada et aL, 1992).

1.1.1.3 Juxtamembrane domain
The juxtamembrane sequences separate the transmembrane region of receptor PTKs
from the catalytic domain and are the most divergent between receptor subclasses but
can be conserved between members of the same subclass. The juxtamembrane domain
is thought to be involved in receptor transmodulation by heterologous stimuli. For
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example, mutations in the juxtamembrane sequence of the insulin receptor are
observed to have dramatic affects on signalling responses independent of PTK activity.
Substitution of Tyr960-Pro in the insulin receptor juxtamembrane region aboHshes the
receptors ability to pbospborylate its substrate IRS-1 and blocks downstream
signalling, without affecting kinase activity (White et al., 1988). This is not surprising
since the IRS-1 protein has been shown to act as a discrete docking protein for the
binding of distinct substrates to the insulin receptor (discussed in section 1.4.3).
Phosphorylation of the EGF receptor, in particular on threonine 654 in the
juxtamembrane region, by protein kinase C (PKC) results in loss of high affinity EGF
binding and attenuation of its kinase activity (Davis, 1988). Similar results were seen
for a chimeric EGF receptor external domain/neu cytoplasmic domain stimulated by
the phorbol ester PMA (Lee et al, 1989). Serine phosphorylation of the HGF receptor
has also been shown to negatively affect the kinase activity (Gandino et al, 1994).
Finally the juxtamembrane domain can play a crucial role in the mechanism of signal
transduction mediated by tyrosine kinase receptors.This is the case of the PDGF
receptor whose juxtamembrane domain contains autophosphorylation sites. Upon
receptor activation these sites modulate the interaction with downstream signal
transducers (discussed in paragraph 1.1.3.3).

1.1.1.4 Catalytic domain
The tyrosme kinase domain is the most highly conserved portion of all protein tyrosine
kinase molecules. Within the catalytic domains (~250 amino acids) of different
RPTKs, sequence identities range from 32 to 95% (Hanks et al, 1988). The kinase
domain catalyses the transfer of the g-phosphate of ATP to tyrosine residues onto the
receptor molecules themselves in an autophosphorylation reaction or onto other
substrates.

The kinase activity of the various receptors, although dispensible for their expression
and ceU surfrce targeting, is an absolute requirement for signal transduction and
induction of both early and delayed responses inchiding mitogenesis, transformation
and cell motility. Although normal in its binding characteristics, a kinase-negative
mutant of the EGF receptor was unable to stimulate calcium influx, inositol phosphate
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formation, Na'^/IT' exchange, c-fos and omyc expression, S libosomal protein
6

phosphoi^tion, DNA synthesis and transformation (Honegger et aL, 1987; Chen et
aL, 1987; Moolenaar et aL, 1988). This suggests that all receptor PTK signalling
activities depend on a fimctional tyrosine kinase domain. This region contains several
residues that constitute a typical ATP-binding site and can be subdivided into highly
conserved subregions numbered I to XI separated by regions o f lower sequence
identity (Hanks et aL, 1988).

Experiments using point and deletion mutants of the catalytic domain have revealed
the region required for activity. A GXGXXGX (15-20)K sequence situated in
subdomain 1 functions as part of the binding site for ATP. Sustitution of the lysine
residue of the ATP binding site resulted in abolition of the kinase activity both in vitro
and in living cells (Chou et al., 1987; McClain et al., 1987; Russel et al., 1987;
Honegger et aL, 1987, Chen et aL, 1987).Other sequences including the DFG
(subdomain VI) and APE (subdomain Vm ) motifs, form part of the central core of
the catalytic domain (Hanks et aL, 1988). These sequences are known to be essential
for bindkg the nucleotide phosphate moieties and for phosphotransferase activity in
classical protein kinases (Taylor et al., 1992).
1.1.1.5 Structure of the catalytic domain
The detsmination of the crystal stmcture of several protein-serine kinase has revealed
the conserved architecture o f the protein catalytic domain (Bossemeyer et al., 1993;
Knightcn et aL, 1991; Zhang et aL, 1994). The relative high homology among protein
serine-kinase and PTKs has allowed modelling of the catalytic domain of the EGF
receptor based on that of the cAMP-dependent protein kinase (PKA) (Knighton et al.,
1993). According to this model the catalytic domain consist of two lobes. Mg^"^ and
ATP are brought together in the cleft which allows phosphotransfer to be catalyzed.

The GXGXXGX(21)K motif located in the N-terminal lobe is responsible for binding
ATP. l ie lysine residue, crucial for kinase activity, interacts with the a and P ATP
phosphzes while the gj^dne fold holds the phosphate moieties of the nucleotide. The
aspartaie of the DFG motif plays a role in chelation ofMg^^.
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When the three-dimensional structure of the insulin receptor tyrosine kinase domain
in the unphosphorylated form was solved (Hubbard et aL, 1994) the information
gained with PKA modelling were found to be generally correct. The two lobes
structure with a small N-terminal one presumed to bind ATP connected to a large lobe
containing the piincÿal elements of the active site is conserved in the IR structure
(Hubbard et aL, 1994). However, substantial differences were also observed with
respect to the m echanisms of catalysis regulation.

Unlike PKA, where the two lobes are closely opposed, in the IR structure the two
lobes are rotated away from one another thus preventing productive interaction of
residues involved in catalysis with those mediating ATP binding. A more striking
difference between PKA and IR is represented by a novel mechanism of autoinhibition
which, in the case of the IR, allows the ligand dependent activation of the catalytic
domain. The IR, unlike PKA, accommodates in the large lobe a loop containing three
tyrosines vvbich become phosphorylated during receptor activation. In the
unphosphorylated form of the IR one of these residues (Tyr 1162) sits in the active
site and is hydrogen-bonded to the catalytic base.When Tyr 1162 is engaged in the
active site both the substrate and the ATP-binding sites are inaccessible.
When insulin binds to its receptor, according to the dimerization model, the kinase
domains move close together. Intramolecular, trans-phosphoiylation of Tyr 1.162 can
then occur. Phosphorylation of Tyr 1.162 probably displaces it from the active site and
allows the binding of ATP and exogenous peptide substrate. The overall result is the
stimulation of the catalytic actvity which has been shown to occur upon RPTKs
activation (White et aL, 1988; Naldini et aL, 1991).

1.1.1.6 Kinase insert region
The kinase domain of the PDGF receptor subfamily is divided into two halves by
insertions of up to 100 mostly hydrophilic amino acid residues. This region is
dispensable for kinase activity but plays a fundamental role in signal transduction
modulating receptor interactions with cellular substrates and effector proteins
(reviewed in Pawson 1995). For exanq>le, the kinase insert region of the PDGF|3
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receptor contains a number of tyrosines (Y740, Y751 and Y771) which upon
autophosphorylation

induce

association

of

cellular

proteins

such

as

phosphatidylinositol 3-kinase (PI 3-kinase) and the Ras GTPase-activating protein
(RasGAP) with the receptor (Kazlauskas and Cooper, 1989; Fantl et a l,1992;
Kashishian et al, 1992).

1.1.1.7 Carboxy-terminal tail.
The carboxy-teminal tail plays a role in substrate interaction similar to that of the
kinase insert (Ullrich and Schlessinger 1990; Pawson 1995). Accordingly several
autophosphorylation sites have been mapped in this region of neu and the EGF
receptor (Margolis et al., 1989; Uazan et al, 1990), insulin (Tomqvist and Avruch,
1988), NGF (Obermeier et al, 1993), PDGF receptors (Ronnstrand et al, 1992) and
HGF receptor (Ponzetto et al, 1994). Some of these autophosphorylation sites are
binding sites for receptor targets. Mutation of the autophosphorylation sites has no or
little effect on receptor kinase activity but severely inq)airs signal transduction
(reviewed in Pawson 1995).

1.1.2 Classification
1.1.2.1 The Epidermal Growth Factor Receptor Subfamily
This subfamily conq>rises at least four members including the EGF receptor/Her/cErbB, neu/Her2/c-erbB2, c-eibB3 and c-eibB4.These receptors have similar topology
and are mainly characterised by the presence of two Cys-rich repeats within the
extracellular ligand binding domain and by a C-terminal tail that follows the catalytic
domain and contains the major sites for autophosphorylation (Fig. 1.1). The EGFbinding site, located in the EGF receptor extraceUular domain, has been mapped to the
region between the two Cys-rich domains, with some contribution from the N-terminal
region of the receptor (Lax et aL, 1989). The members of the EGF frmily are derived
from precursors that have a single transmembrane domain. It is conceivable that the
membrane-bound precursors may also have a signaling functions.
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1.1.2.2 The Platelet-derived growth factor receptor subfamily
This family of receptors is characterized by the presence of Ig-Iike sequences in the
Hgand-binding domains and of a long insert (kinase insert) in the catalytic domain. The
prototypical member is the PDGF receptor (a and P subtypes), which contains five
Ig repeats.

This subfamily also includes the colony stimulating

6

ctor-l (CSF-1) receptor, the

stem cell fector receptor (c-kit) and the Flt/Flk receptors. As reported the PDGF
receptor subfamily has a split kinase domain due to the presence of an insert of
approximately 60-100 amino acids between subdomains V and VIA (Hanks et al,
1988). This region has crucial signaling functions being responsible for substrate
binding (Reedijk et al, 1990). The ligands of this receptor subfamily are distantly
related but share a dimeric structure and normally act as homodimers.

1.1.2.3 The Fibroblast growth factor receptor subfamily
Members of the FGF receptor subfamily have a topology very similar to that of the
PDGF receptor including the presence of Ig repeats m their extracellular domain. A
distinctive feature is the presence of an acidic box of eight amino acids between the
two amino-terminal IgG-like loops. To date a large number of FGF ligands and of the
coireq)onding receptors has been described. The picture which emerges indicates that
each receptor binds a subset of the growth factors and vice-versa. Similar to the
PDGF receptor, members of the FGF receptor subfamily contain a kinase insert
which, however, does not appear to be endowed with biological function.

1.1.2.4 The Nerve growth factor receptor subfamily
Members o f this subfamily are called trkA, trkB and trkC. These receptors bind
neurotrophins and act by promoting survival, growth and neurite extension in neurons
in culture (Glass and Yancopoulos 1993). The overall structure of the Trk receptor
sub6 m%r is similar to that of the EGF receptor but the extracellular domain is defined

by the presence of conserved Cysteine residues. All members of this receptor family
display a variety of alternatively spliced products, including truncated receptor
molecules ) ^ c h retain the transmembrane domain but lack the whole cytoplasmic
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domain.

1.1.2.5 The Insulin receptor subfamily
The heterotetrameric

012^2

structure distinguishes this subamily which includes the

insulin receptor (IR) and the closely related insulin-like growth factor receptor (IGF-

IR). Other receptors such as the IRR, ROS and Ltk share common features with
members of the msxilin receptor subfamily. The mature insulin receptor is conçosed
of two extracellular a-chains, each containing a single Cys-rich region. These are then
linked by disu^hide bonds to two P-chains which span the plasma membrane and
possess intrinsic kinase activity. The IR and the IGF-1 bmd insulin and IGF-1,
however the IGF-1 receptor has a much higher affinity for IGF-1 than for insulin and
viceversa. As a consequence the majority of the metabolic effects of insulin are ehcited
by the insulin receptor, conversely the growth-stimulatory effects factors are mediated
through the IGF-1 receptor.
1.1.2.6 The Hepatocyte growth factor receptor subfamily
The HGF receptor subfamily consists of three members Met, Ron and Sea. These
receptors control motility, growth and morphogenesis of epithelial cells (Gherardi and
Stocker 1991; Medico et aL, 1996). The distinctive characteristic of this subfamily is
the heterodimeric aP structure which origmates by proteolytic cleavage of a single
chain precursor. The P-subunit, which spans the membrane and contains the catalytic
domain, is disulphide-linked to a smaller a-subunit which remams extracellular.
Another peculiar feature of the HGF receptor subfemily is the presence of a conserved
sequenced in the C-terminal tail responsible for signal transduction. The Met receptor
mediates the effects of a multifunctional cytokine called Hepatocye Growth Factor/
Scatter Factor. The Ron receptor binds the Macrophage Stimulating Protein (MSP)
\^hile the Sea ligand is still unknown.

1.2.1.7 The £P H subfamily
The largest RPTK subfemhy includes the EPH receptors and has more than ten
members. Some exanq)les are Eph, Elk, Eck, Cck5, Sek, Eck, Erk. The EPH like
receptors contain two fîbronectine like domains (FNm) and a Cys-rich domain both
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within the extracellular region. Several of the receptors in this subfamily (Elk, Sek)
have a brain q)edfic egression pattern while others (Eph, Eck) have a broader tissue
distribution. B61, which binds Eck, was the first hgand to be identified for a member
of this subfiimily (Bartley et aL, 1994). This molecule is attached to the cell membrane
via a glycohpid anchor (GPl) and may function as a cell bound ligand.

1.1.2.8 The AXL subfamily
Axl/UFO Eyk /v-ryk, Tyro3/SKY were identified because of their oncogenic
properties either as retroviral counterparts of cellular genes or through the use of
tranformation assays. The Axl ligand was the first ligand of this receptor subfamily to
be identified. It is the product of the growth arrest-specific-gene

6

(Gas ), (Vamum
6

et al., 1995). Interestingly, Gas shares significant homology with protein S, a
6

vitamin-K dependent protein involved in anticoagulation processes. Gas was
6

originally described as a protein expressed in response to growth arrest (Manfioletti
et aL, 1993). However, at least in some conditions, Gas stimulates cell proliferation
6

(Vamum et aL, 1995).
1.1.2.9 Other Receptors tyrosine kinase
The remaining RPTKs are grouped into subfamilies that consist of one or two
members. Among the others the Ret receptor deserves particular mention because of
its direct involvement in a number of human disorders including Ifirschsprung disease,
the mukple endocrine neoplasia (MEN) and the familial medullary thyroid carcinoma
(Mak and Ponder 1996). Ligands for the members of these subfamily have not yet
been identified. More than 50 RPTKs that exist in mammals have been so far
organized into 14 subfamily. With the continued identification of increasing numbers
of RPTKs, it is clear that this groiping is incomplete, however, the classification is still
of use for comparison of structure-function relationships between receptors.

1.1.3 Mechanisms of activation
Polypeptide growth factors are unable to move across the hydrophobic layer
represented by the cell membrane, and exert their effects by bmding to cell surface
receptors endowed with tyrosine kinase activity. A fundamental question is how ligand
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binding promotes receptor activation. Results obtained during recent years have given
antple evidence that such receptors are often activated by ligand-induced dimerization
or oligomerization (Fig. 1.2; reviewed in Ullrich and Schlessinger 1990). The
dimerization or oligomerization mechanism is widely used in cell signaling processes.
It has been shown to occur after binding of polypeptide growth factors, hormones and
cytokines to their receptors. Exanq)les include protein-tyrosine kinase receptors,
cytokine receptors, antigen receptors, and serine-threonine kinase receptors (reviewed
in Heldin 1995). In all cases, ligand binding to the receptor extracellular domain
causes the transmission of a signal which initiates a cascade of events resulting in a
broad spectrum of cellular responses.

1.1.3.1 Receptor dimerization
After ligand binding, the receptor dimerizes. This is presumed to occur by a ligandinduced conformational change in the external domain. Binding of EGF to its receptor
has been shown to promote a conformational change in the EGF receptor
extracelluUar domain (Greenfield et aL, 1989). Several of the hgands for RPTKs are
dimeric molecules, which contain two identical receptor-binding domains. Examples
include the PDGF and CSF-1, which are disulfide-bonded dimers, and the Stem Cell
Factor (SCF) wfiich is a dimer held together by non-covalent forces. In the case of
dimeric ligands, dimerization may be driven by each subunit of the ligand binding to
a separate receptor molecule, thus generating a truly simmetrical receptor dimer.

In the case of monomeric hgands such as EGF there must be two distinct receptor
binding sites on the hgand and the interaction sites on the two receptor molecules
must also be at least partiaUy different. Calorimetric studies have shown that a single
EGF molecule can bind sinmltaneously to two receptor molecules (Lemmon and
Schlessinger 1994). Furthermore in the growth hormone-receptor system a single
hgand molecule promotes the formation of receptor dimers (Cuimingam et aL, 1991).
In addition, it is possible that receptor-receptor interactions, induced by hgand binding
but involving epitopes located outside the hgand-binding domain, could contribute to
receptors-dimer stabilizatiorL In the case of the SCF receptor the fourth Ig domain has
been shown to partecipate in receptor-receptor interactions (Blechman et aL, 1995).
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Additional support for the dimerization model comes from studies of the constitutively
activated neu oncogene, which has a single change in its transmembrane domain
converting an uncharged valine to a charged glutamate, causing formation of
muhimers in the absence o f ligand (Weiner et al, 1989).

Studies on the dimerization of receptors in the PDGF and EGF receptor families
provides exanç)les of different types of dimeric conçlexes induced after ligand binding
which can involve identical or different receptor partners. Receptor conq)lexes can
thus be distinguisehd as homodimeric and hetero-dimeric (Heldin 1995). Receptor
hetero-dimerization can increase the range of possible responses from a given number
of receptor molecules allowing concomitant activation of multÿle signalling pathways.

1.1.3.2 Autophosphorylation and transphosphorylation
Receptor dimerization result in juxtaposition of the cytoplasmic domains. This leads
to receptor auto/transphosphoiylation of the two receptor molecules in a dimer (Fig.
1.2). Using dominant-negative kinase-inactive receptor mutant RPTKs it has been
shown that transphosphorylation is essential for receptor signalling (Kashles et aL,
1991). This effect probably occurs because the kinase-inactive receptor molecule
forms dimers with the wild-type molecule and becomes phoq>horylated but can’t in
turn phosphorylate the wild-type.

Receptor autophosphorylation commonly occurs on conserved tyrosine residues
within the catalytic domain and modifies the enzymatic activity. This is the case for the
insulin and HGF receptors in which phosphorylation of such tyrosines leads to an
increase of the kinase activity and precedes phosphorylation of other sites in the
receptor (White et al, 1988, Naldini et al, 1991). The EGF receptor is one of the few
RPTKs for which there is no evidence that phosphoiydation of tyrosine residues within
the catalytic domain can affect enzymatic activity.
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The mechanism by wbich receptor transphosphorylation in initiated is still unclear.
One possibility is that the monomeric receptor has a low basal kinase activity, which
is sufficient to phosphoiylate the other receptor in the dimer. This would then rapidly
be followed by redprocal phosphorylation. Ahematively, the interaction between the
intracellular domains of the receptor in the dimer may induce a conformational change
that leads to an increased kinase activity.

1.1.3.3 Recruitment of receptor targets
In addition to the ""catalytic” tyrosines wliich are located within the receptor kinase
domain other tyrosines are phosphorylated in réponse to hgand binding. These are
normally localized outside the kinase domain and serve the inq)ortant function of
creating docking sites for downstream receptor targets containing src homology

2

(SH2) domains (Fig. 1.2 and section 1.3.1).These phosphorylation sites generally he
in the juxtamembrane domain, in the kinase insert domain (PDGF and SCF receptors)
or in the C-terminal tail (EGF and HGF receptors).
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Fig. 1.2

Activation and signal transduction by receptor protein tyrosine kinases
Ligand-binding induces receptor dimerization which results in juxtaposition of the
cytoplasmic domains.This leads to receptor transphosphorylation on tyrosine residues
located either inside or outside the catalytic domain. Phosphorylated tyrosines act as
docking sites for target molecules containing SH2 domains. SH2 domains are
conserved non-catalytic protein modules that recognize specific phosphotyrosine
residues present within a distinct recognition motif.
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1.2 The Hepatocyte Growth Factor Receptor
l.l.lT h e Hepatocyte Growth Factor
1.2.1.1 HGF has pleiotropic biological activities
H Œ (Hepatocyte Growth Factor) is a mitogen with a misleading name. It stimulates
growth, not only in parenchymal liver cells (Nakamura et aL, 1986; Gohda et aL,
1988; Zamegar and Michalopoulos, 1989), but also in a variety of epithelial and non-

epithelial cells including skin kératinocytes (Kan et aL, 1991; Matsumoto et aL, 1991),
melanocytes (Rubin et aL, 1991) and kidney tubules (Santos et aL, 1994). Moreover,
HGF stimulates endothelial cells in vitro and it is a angiogenic fector “/« v/vo”
(Bussohno et aL 1992). The meaning of the acronym HGF is consistent with the fact
that this factor is, nonetheless, a major mediator of liver regeneration in vivo
(Michalopoulos, 1990) and essential for liver development in the embryo (Schmidt et
aL, 1995; Uehara et aL, 1995 ).
HOT has chemotactic properties and dissociates epithelial cell layers, increasing their
motility and ability to invade extracellular matrices (Stoker et aL, 1987; Gherardi et
aL, 1989; Weidner et aL, 1990). The factor induces the spread of carcinoma cells in
vitro and promotes the progression toward a malignant invasive phenotype (Weidner
et aL, 1990). Due to these unique properties it is also called “Scatter Factor” (Fig.
1.3). Paradoxically,

the other name once used to identify HGF was “Sarcoma

Necrosis Factor” for its growth-inhibitoiy effect on some tumor cell lines of
mesenchymal origin (Higashio et aL, 1990; Tajima et al., 1991).

Addition of HGF to epithelial or endothelial cells grown in three-dimensional collagen
networks, it induces tubule formation showing effective morphogenic activity (Fig.
1.4; Montesano et aL, 1991; Bussolino et aL, 1992). When added to embryonal liver

progenitor cells, it induces differentiation into primordial biliaiy-like tubular structures
(Medico et aL, 1996).
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Fig. 1.3
HGF and MSP promote motility of epithelial cells
Dissociation of epithelial sheets or "cell scattering" is the hallmark of HGF/MSP
mediated cell motility. The picture ^ows the appearances of colonies of epithehal liver
cells incubated overnight wdth different concentration of the indicated growth factor.
The cells dissociate, moving apart from each other and acquire a spindle-shaped
appearance.

33

1.2.1.2 HGF is a large heterodimeric molecule
HGF and Scatter Factor are now known to be identical This became evident when the
respective cDNAs were isolated from different sources (Miyazawa et al., 1989;
Nakamura et al, 1989; Weidner et al, 1991; Naldini et al, 1991c) and a single genetic
locus was identified. The human gene encoding HGF is composed of 18 exons and 17
introns, it spans approximately 70 kb and is located on chromosome 7ql 1.1-21
(Fukuyama et al, 1991; Saccone et al., 1992). The overall organization of the human
HGF gene is highly homologous to that of the serine proteases involved in the
processes of blood coagulation and fibrinolysis, particularly plasminogen (38% amino
acid sequence identity; Nakamura et al., 1989). The major transcript is

6

Kb and

encodes a polypeptide chain of 728 aminoacids.

The mature HGF (Fig. 1.5) protein is a disulfide-linked heterodimer of a 60 kDa (a)
and a 32-36kDa (P) chain (Nakamura et al, 1989; Gohda et al., 1988; Zamegar and
Michalopoulos, 1989; Œerardi et al., 1989; Weidner et al., 1990). The a chain
consists of a N-terminal hydrophobic leader sequence, a putative hairpin loop and four
"kringle" modules. The p chain is homologous to the catalytic domain of serine
proteases but lacks enzymatic activity due to the substitution of two critical
aminoacids in the active she. A 1.2 Kb cDNA was also isolated from a library of
embryonic human fibroblasts. Its open reading frame encodes a molecule o f290 amino
acids consisting of the signal sequence, the N-terminal hairpin loop and the first two
kringles of the a subunh (Chan et al, 1991; Miyazawa et al, 1991; Hartmann et al.,
1992). The resulting two-kringle HGF variant is a monomer of 28 kDa, which (as the
A^iiole a subunh) stimulates tyrosine phosphorylation and induces scattering of
epithelial cells but not mitogenesis (Hartmann et al, 1992). The minimal region
necessary for receptor binding has been identified within the first kringle in the a
subunh (Lokker and Godowsky, 1993). The P subunh, when separately expressed, is
unable to bind to the receptor and is biologically inactive (Hartmann et al., 1992).

Two independent reports have pointed to the existence of another HGF-related
protein. This protein, known as HGF-like (Han et al, 1991) or MSP (Macrophage
Stimulating Protein) (Yoshimura et al, 1993), shares the same overall two-chain
four-kringle/protease-like stmcture with HGF. (Fig. 1.5) Interestingly, HGF and MSP
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are structurally related. Both

6

ctors are proteins of high molecular weight, made of

an a-chain containing four ‘Icringle” domains and a disulfide-linked p-chain that is
highly homologous to serine-protease, but devoid of catalytic activity (Nakamura et
al, 1989; Miyazawa et al, 1989; Yoshimura et al, 1993). HGF is produced by cells
of mesenchymal origin widely distributed throughout tissues and organs (Rubin et al,
1991), Wiile the main source of MSP appears to come from the liver.

The genes encoding HGF and the HGF-receptor {MET), are located in the long arm
of chromosome 7 (qll.2-q21.1: Dean et al, 1985; Weidner et al, 1991). Co
localization occurs also in the genes encoding MSP and RON, both mapping to human
chromosome 3p2.1 (Han et al, 1991; Ronsin et al, 1993).

1.2.1.3 HGF is activated by extracellular cleavage
HGF and MSP are secreted as biologically inactive single-chain precursors;
maturation into the active a-P heterodimer results from proteolytic cleavage being
mediated by specific convertases (Fig. 1.6). The a and p chains originate from
cleavage of the protein encoded in the primary transcript (Miyazawa et al, 1989;
Nakamura et al, 1989). The N-terminal amino acid sequence of the isolated p chain
corresponds to the residues that lie after Val^^g. The precursor contains a putative
proteolytic cleavage she following Arg^^^. This site, including a basic residue followed
by two hydrophobic amino acids (Arg-Val-Val), fits the consensus for cleavage by
serine endoproteases. Site-directed mutagenesis of Arg^^^ generated an uncleaved
HGF mutant which is biologically inactive, suggesting that proteolytic cleavage is
essential to obtain the active conformation (Hartmann et al, 1992; Lokker et al,
1992).

Native HGF is secreted as a biologically inactive single-chain precursor having an
apparent molecular weight of 92,000 (pro-HGF), which is bound to the extracellular
matrix. Activation takes place by proteolytic cleavage in the extracellular environment.
Digestion of pro-HGF in vitro by pure urokinase and treatment with q)ecific
inhibhors in vivo indicate that urokinase is a pro-HGF convertase (Naldini et al,
1992). A serine protease isolated from serum, homologous to coagulation Factor XU,
can also process the HGF precursor at the same Arg^p^ site (Miyazawa et al,
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HGF promotes invasion and morphogenenis of epithelial cells
Morphogenic activity of HGF on epithelial liver cells grown in a collagen matrix.
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Schematic structure of Hepatocyte Growth Factor (HGF) and of the
Macrophage Stimulating Protein (MSP)
The two molecules share the heterodimeric structure made o f an alpha chain
containing four “kringle” domains (Kl-4) and a beta chain highly homologous to
serine proteases of the blood-clotting cascade, but devoid o f catalytic activity.
Numbers in parenthesis indicate the homology between the separate domains.

37

i
A

pro-HGF/SF
92 kD

O O O

O

V
in

convertase

ot

i
-A/u"Ln_n_
I

c/3
c

55-60 kD

/3

R

4 9 4

32-34 kD

Fig. 1.6
HGF is activated by extracellular cleavage
HGF is secreted as a biologically inactive single-chain precursor. Maturation into the
active a-P heterodimer results from proteolytic cleavage mediated by specific
convertases. This proteases recognize a cleavage site which includes a basic residue
(Arg ) followed by two hydrophobic amino acids (Arg-Val-Val).
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1994; Shimomura et al, 1995). No specific convertases have yet been identified for
Pro-MSP. One can thus postulate two different pathways for the biological activation
of pro-HGF: one mediated by uPA, normally in plasma and tissues, the other
activated only during the coagulation process. Interestingly, among the pleiotropic
biological responses triggered by urokinase, some (e.g. cell growth, movement and
matrix invasion), overlap those induced by HGF. Urokinase may thus operate by
activating latent HGF bound to the extracellular matrix which in turns ehcits growth,
motogenic and invasion signals (Fig. 1.7). HGF activation involves the formation of
a stable conçlex between pro-HGF and uPA. This conq)lex can be isolated from the
in vitro reaction of pure uPA with recombinant pro-HGF, as well as from the
membrane of target cells, after sequential addition of uPA and pro-HGF (Naldini et
al, 1995).

1.2.2 The Hepatocyte Growth Factor Receptor
1.2.2.1 Low affinity receptors for HGF
The binding properties of HGF to cells mdicate that there are two distinct classes of
sites with affboities one order of magnitude apart: the lower affinity -large capacity
sites with a K^in the range of 10'^ M, and the high aflSnity sites with a

around 2'^°

nM. On epithelial or endothelial cells the latter range between 1,000 and 10,000 per
cell (Naldini et al, 1991c; Zamegar et al, 1991; Lokker et al, 1992). The low aflSnity
sites can be blocked with excess heparin. Among the possible functions of the low
aflSnity sites are ligand stabilization and storage, induced fit for receptor binding and
dimerization (Ruoslahti and Yamaguchi, 1991). Low aflSnity HGF binding sites most
likely correspond to matrix or cell-associated proteoglycans (Naldini et al, 1991), as
suggested by the presence of a heparin-binding domain on the HGF a chain (Weidner
et al, 1990). It is possible that the heparin-like receptors store and recruit inactive
pro-HGF molecules to the cell membrane, in close proximity to the high-aflSnity
receptors (Naldini et al, 1995). Urokinase, which is also bound to the cell surface
through a specific receptor, is thus able to convert the inactive single-chain precursor
to the active HGF (Fig. 1.7).

39
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Pro-HGF

High
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Urokinase
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Proteoglycans

HGF receptor

Fig. 1.7
Low and high affinity sites for HGF
The biologically-inactive single chain pro-HGF binds to cell surface proteoglycans
with low aflSnity, due to a heparin-binding domain located in the alpha chain. A
speculative model suggests that a tissue pro-HGF convertase, such as the urokinase,
can generate the dimeric active HGF form This, in turn, binds with high aflSnity to the
transmembrane tyrosine kinase encoded by the proto-oncogene c-Met.
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1.2.2.2 p i90^^^, the high affinity receptors for HGF
The high affinity receptor for H G Fispl9Cy^, the protein encoded by the c-MET
oncogene. This has been proved by cross-finking e?q)eriments using purified HGF
(Bottaro et aL, 1991; Naldini et al, 1991). In hepatocytes, the HGF high affinity
binding sites are located on a protein of 150 kDa, a size consistent with the molecular
weight of the p subunit ofpl90'‘^ . Moreover, the intrinsic tyrosine kinase activity of
plpcAfET jg enhanced in cells stimulated by pure HGF (Naldini et aL, 1991a) or in a
molecule smaller than HOT, but with similar binding properties (Bottaro et aL, 1991).
Finally, NIH 3T3 fibroblasts transfected with the human MET cDNA e?q)ress
fimctional receptors and respond to HGF with increased motility and invasion of
extracellular matrices.

1.2.3 Characterization of the HGF receptor
1.2.3.1 Structural features of the HGF receptor
The tyrosine kinase encoded by the oM ET proto-oncogene (HGF receptor) has
unique stmctural features: it is a two-chain oligomer, conq)osed of a 50 kDa (a) chain
disulfide finked to a 145 kDa (p) chain in an aP conq)lex of 190 kDa (Giordano et aL,
1989a). The

a

membrane; the

chain is exposed at the cell surface and the

p chain spans the plasma

p chain contains a tyrosine kinase domain (Gonzatti et. aL,

1988) as

well as sites for tyrosine auto-phosphorylation (Ferracini et aL, 1991, Ponzetto et aL,
1993). Based on the cDNA sequence derived from the major AffiT transcript, the
chain would consist of 1085 aminoacids, the extracellular domain of the

p

p chain would

include aminoacid 306-932; the single transmembrane hydrophobic segment aminoacid
933-955 and the intracellular domain aminoacid 956-1390 (Fig. 1.8).

The unique p i 90^^ two-chain stmcture make a prototype for a class of receptor-type
tyrosine kinases that include the two receptors encoded by the oncogenes oRon and
oSea (Ronsin et aL, 1993; Huff et aL, 1993; Gaudino et aL, 1994). These receptors
share significant sequence similarities: the extracellular cleavage site between the a
and p chains and the location of the cysteine residues (Fig. 1.8). In the cytoplasmic
domain, these three family members are highly homologous in the kinase region and
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Fig. 1.8
Schematic representation and sequence similarities of the Met^ Sea and Ron
receptors

Sequence alignment of the three receptors’ intracellular domain aminoacid sequences.
The asterisks (*) indicate the conserved residues. The square box shows the sequence
around the two tyrosine residues forming the multifunctional docking site in the Cterminal tail.
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share an eleven-aminoacid motif containing two tyrosines which can act as a
"Multifunctional docking she” for SH2-transducers (see chapter 7).

1.2.3.2 Biosynthesis and subcellular distribution of the HGF receptor
The HGF receptor is synthesized as a large precursor (prl70) that includes both the
a and p chains, undergoes co-translational glycosylation and it is cleaved to form the
mature subunits (Giordano et al, 1989a). Under normal conditions the single chain
precursor is not exposed at the cell surfece: core glycosylation is crucial for further
processing since the pro-receptor, produced in the presence of tunicamycin, is neither
cleaved into the mature chains nor inserted into the plasma membrane. Disulfide bond
formation between a and p chains takes place before the cleavage (Giordano et
a l, 1989b). The cleavage site (K^°^ RKKR-S*°^ ) is a canonical consensus for the
endoplasmic reticulum protease fiirin (Barr, J. 1991). She directed mutagenesis
experiments confirmed that the critical residues for cleavage are the two arginines in
position 304 and 307 (Mark et al, 1992). The HGF receptor is selectively exposed at
the baso-lateral plasma membrane domain of polarized epithehal cells and is targeted
after synthesis to that surface by direct delivery from the Trans Golgi Network.
Fluorescence-tagged or radiolabelled monoclonal antibodies against the p chain
stained the basolateraf but not the apical cell surface of epitheha lining the lumens of
human organs. They also selectively bind the basolateral surface of MDCK cells
foimmg polarized monolayers in vitro. The receptor is concentrated around the cell
cell contacts, showing a distribution patem overlapping that of the cell-adhesion
molecule E-cadherin and, in polarized cells, interacts with detergent-insoluble
cytoskeleton components (Crepaldi et aL, 1994b).

1.233 Post-translational processing generates truncated HGF receptor isoforms
Neoplastic cells overe^gressmg the oM E T oncogene, and to a lesser extent, normal
epithelial ceDs, e?q)ress two different HGF receptor isoforms at their cell surface both
of which are devoid of kinase activity (Prat et aL, 1991a). The molecular weights of
these truncated forms are 140 and 130 kDa respectively. The first, pl40^^, is
conq)osed of the canonical a chain linked to an 85 kDa p chain, lacking most of the
cytoplasmic domain. The second, pl30^^, is a soluble protein released from the cell,
differing from the former in that it lacks the transmembrane domain. N1H3T3
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fibroblasts transfected with the fidl-length human MET cDNA e?q)ress the full-size
plçO^ET-

both p l4 0 * ^ and plSO*^ (see result section 3.2.1). This indicates that

post-translational events, and not alternative mRNA splicing, are responsible for
generation of the receptor isoforms. The truncated forms maintain the functional HGF
binding site and, iq)on ligand binding, can make both homo-dimers and hetero-dimers
using an intact, fidly functional, transmembrane receptor molecule as a partner.
Heterodimerization between the intact and truncated receptors lacking the kinase
domain, results in inactive complexes, probably due to their inability to activate the
kinase domain by tran^hosphoiylation (see below). Hius, the generation of truncated
receptor isoforms may represent a dominant-negative control mechanism to regulate
signal transduction by p 190*^.
The generation of truncated receptors has been investigated in detail (Crepaldi et aL,
1994a). The soluble p 130*^ is generated by proteolytic cleavage at the cell surface.
In the endoplasmic reticulum a fraction of the single-chain p i 70*^ precursor is
cleaved at the cytosolic side, generating a second precursor of 120 kDa. A further
proteolytic event, occurring in the trans-Golgi network, converts both precursors into
the mature heterodimers, p i 90*^ and p l4 0 ^ respectively. Under physiological
conditions the p i 70^^^precursor is inactive. Conditions that cause its accumulation
in the endoplasmic reticulum (e.g. overexpression) lead to activation of the tyrosine
kinase. Consequently, an accumulation of p i 20*^ is observed. Overproduction of
p l (y ^ does not occur in cells over-expressing a transfected kinase-inactive receptor
2

mutant. Proteolytic cleavage of the cytoplasmic domain of p i 70^^ and generation of
dominant-negative truncated isoforms may thus represent a safety mechanism aimed
at preventing the effect of ligand-independent intracellular activation of the receptor
kinase.

1.2.3.4 HGF receptor kinase activity
The earhest detectable consequence of HGF stimulation of target cells is the tyrosine
autophosphorylation of its receptor. As with other growth factor receptors, this
indicates activation of the receptor kinase. Autophosphorylation of the receptor p
subunit was observed both in cells showing growth as response to HGF and in cells
showing increased motility. The response is time and dose dependent, and can be
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observed as early as two minutes after stmmlation. The catalytic activity of the
pl

9 0

WBT jouase ig strongly activated by tyrosine antophoq)hoiylation (Naldini et aL,

1991a). When e?q)osed to ATP and Mg salts, immunopredpitated

p l9 0 ^

incorporates phosphate into the p-subunit with first order kinetics and also displays
a time-dependent increase in the phosphorylation activity of a synthetic peptide
substrate. Kmase activation is maximal when phosphorylation reaches the plateau. The
increase in phosphorylation rate is due to a several fold increase in the

of the

enzyme-catalyzed phosphotransfer reaction. In the absence of ligand, the K^, for ATP
is not affected by autophosphorylation, wMe a slight increase is observed in the
for the peptide substrate. Other enzymatic parameters calculated for p i 90^^ were
similar to those reported for other tyrosine kinases. Analogy with the EGF receptor
showed a ten-fold difference between the

[ATP] for auto-phosphorylation and

substrate phosphorylation (Bertics et aL, 1985; Weber et aL, 1984).
The major tyrosine autophoq)horylation site of the p l 9 ( / ^ receptor is represented
by the tyrosine residue 1235 (Ferracini et aL, 1991). Tyr

is located within the

tyrosine kinase domain and is part of a "three tyrosine" motif^ including Y
and Y

V

conserved in other tyrosine kinase receptors including the Insulin recq)tor

(Hanks et aL, 1988). Hie HGF receptor’s role in positive regulation of these tyrosines
has been studied with site-directed mutagenesis by replacing the tyrosine with
phenylalanine (Longati et aL, 1994). Both Y^^^ and Y^^^^ are essential for full
activation of the enzyme. Phosphorylation of both residues may be required for
maximal activation of the HGF receptor kinase or, given that Y^^^ has been identified
as the major phosphorylation site, Y^^^^ may facilitate phosphorylation of the nearby
residue, or may stabilize the activated form of the enzyme via its phenolic side group.
This tyrosine doublet is present at homologous locations in the proteins encoded by
RON and SEA, the other two members of the MET family (Fig. 1.8) (Ronsin et aL,
1993; Huff et aL, 1993). The doublet is also conserved and phosphorylated in other
tyrosine kinases, including the Insulin receptor (Tomqvist et aL, 1988).
Crystallographic studies had provided a molecular explanation for the catalytic role
of these residues (Hubbard et aL, 1994). The crystal structure of the IR indicates that
these tyrosines are involved in a mechanism of autohinibition. In the receptor inactive
state one of these tyrosines (Tyr 1.162) occupies the active she. Ligand binding
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activation of the receptor ahows transient trans-phosphorylation o f Tyr 1.162 wdiich
is displaced from the active site. This allows the binding of ATP and of exogenous
substrate and thereby greatly stimulates catalytic activity.

1.2.3.5 Regulation of HGF receptor kinase activity by serine phophorylation
Several membrane receptors are modulated by protein kinase-C via phosphorylation
on serine and/or threonine residues ( reviewed in Nishizuka et aL, 1988). Stimulation
of protein kinase-C by phorbol esters is followed by serine phosphorylations and
consequent decrease in tyrosine kinase activity of the HGF receptor. An independent
negative regulatory pathway is triggered by iucreasing the intracellular Ca^^
concentration, either experimentally or by physiological agonists. The

enzyme

involved is a serine kinase with the biochemical properties of Ca^^-Calmodulin kinase
III (Gandino et aL, 1991). Interestingly, the target residue phosphorylated in both
instances is Ser^, located within the juxtamembrane domain of the HGF receptor, in
a canonical consensus sequence for phosphorylation by protein kinase-C and Ca^^Calmodulin kinase HI (Kennelly and Krebs, 1991) (Fig 3). The inhibitory effects of
either TPA or calcium ionophores on the HGF receptor activity are lost when the
juxtamembrane Sei^^^ is substituted with an alanine residue by site-directed
mutagenesis (Gandino et aL, 1994).

1.2.3.6 Signal transduction by the HGF receptor
Elucidation of the signal transduction pathways leading to the diverse cellular
responses triggered by HGF is an intriguing task. Cell division and motility must
ultimately result from modification of distinct cellular targets. Stimulation of
responsive cells treated with HGF induces activation of PI 3-kinase (Graziani et aL,
1991; Ponzetto et aL, 1993; Royal and Park, 1995), of a Ras nucleotide exchanger
(Graziani et aL, 1993) and of a tyrosine phosphatase (Villa-Moruzzi et aL, 1993).
Moreover in epithelial cells, upon phosphor>dation of the receptor, PLCy and MAP
kinase become phosphorylated on tyrosine (Ponzetto et aL, 1994). For PLCy this
modification is essential for activation of the enzyme and hydrolysis of inositol
phospholÿids generating second intracellular messengers (Kim et al., 1991), whereas
MAP kinase phosphorylation has been correlated to activation of the Ras pathway
(Pelech and Sanghera, 1992). HGF also induces tyrosine phosphorylation and
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sdmulation of the cytoplasmic tyrosine kinase pp60^" (Ponzetto et aL, 1994). Finally,
after ligand-induced tyrosine phosphorylation, the HGF receptor associates with the
She adaptor protein and phosphorylates it.The currently accepted mechanism for
coupling tyrosine kinase receptors with cytoplasmic signalling molecules involves
hgand binding, receptor dimerization, and recÿrocal transphosphorylation of each
monomer at muhÿle sites (see paragraph .1.3). Some of the phosphorylated residues
1

are “docking” sites for cytoplasmic transducers, which bind specific phosphotyrosines
via conserved structural modules known as Src homology 2 (SH2) domain (Songyang
et aL, 1993 and 1995). SH2 domains are found in one or two copies in molecules
involved in signal transduction such as PI 3-kinase, Ras GAP, PLCy, iSrc-related
tyrosine kinases, the tyrosine phosphatase SHPTP2 and the She and Grb-1 adaptors
(reviewed in Pawson and Schlessinger, 1993). In a number of tyrosine kinase
receptors, distinct phosphotyrosine residues have been identified, responsible for
binding either PI 3-kinase, PLCy, Ras GAP, or ppbO®*^** (reviewed in Pawson, 1995).
Two phosphotyrosines located in the HGF receptor C-terminal tail are responsible for
mediating its interactions with SH2-containing cytoplasmic effectors. Unlike other
tyrosine kinases, members of the HGF receptor family contain a sequence
Y V (N,H,Q) (V,L) - X - Y (V,M) N (V,L),
3

which acts as ‘tahifimctional docking site”, capable of interacting with medium-high
aflSnity with PI 3-kinase, PLCy, pp60®'®"', the She adaptor and the Grô-2/SOS
complex. Conçarison of the sequence YV(H,N,Q)V with the optimal binding motifs
listed by Songyang et aL (1993), indicates that it represents a degenerate consensus
potentially permissive for a number of SH2 domains.

The "houltifunctional docking site” represents a variation from the more common
multiple site sequence specificity involved in the recognition process between SH2
domains and phosphotyrosine residues present in tyrosine kinase receptors.The data
described in this thesis represent a biochemical-functional analysis of the HGF
receptor "friultifunctional docking site”.

1.2.3.7 Tissue-specific regulation of HGF receptor expression
The HGF receptor is expressed in adult epithelial tissues, including liver, intestine,
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thyroid, and kidney. It has been reported to be e?q)ressed at early stages in
development of epithelial organs (Sonnenberg et aL, 1993), and it is often
overexpressed in epithelial cancer (Prat et aL, 1991a; Di Renzo et aL, 1991). The
receptor is also e^ressed in endothelial cells and HGF is a potent angiogenic factor
both in vitro and in vivo (Bussolino et aL, 1992; Grant et aL, 1993). HGF is a
paracrine growth

6

ctor that governs mesenchymal-epithehal interactions. It is

produced by the non-parenchymal cells of liver, kidney and lung, \^hile parenchymal
(epithelial) cells in these organs express high levels of HGF receptor (Noji et aL,
1990). A similar e?q)ression pattern is found during development of epithelial organs,
where the factor is secreted by mesenchymal cells and the receptor is e?q)ressed by
adjacent epithelial cells (Sonnenberg et aL, 1993). Similarly, HGF seems to play the
role of paracrine mediator between stromal and hemopoietic cells both during
embryogenesis and adult life (Galimi et aL, 1994). Recombinant HGF stimulates
hemopoietic progenitors to form colonies in vitro. The growth stimulatory activity is
selective for the erythroid lineage and includes mult^otent CFU-GEMM precursor
cells.
From flow cytometry analysis, the receptor for HGF was found to be expressed on the
cell surface in a fraction of CD34+ progenitors. Moreover, in situ hybridization
experiments showed that HGF receptor mRNA is highly expressed in embryonic
erythroid cells (megaloblasts). Another cell population of hemopoietic origin
expressing the receptor is the macrophage-derived brain microglia (Di Renzo et a i,
1993).

Expression of the HGF receptor is inducible at the transcriptional level (Boccaccio et
aL, 1994). The amount of the HGF receptor e?q)ressed by epithelial cells varies in
different growth conditions in vitro, being lower in growth arrested confluent
monolayers and higher in growing q>arse cells. Recruitment of cells into the growing
state by stimulation with fresh serum results in a significant increase of both mRNA
and protein. The insulin receptor behaves contrarily: the receptor mRNA level rises
in growth arrested cells (Levy and Hug, 1992). Protein kinase-C activation upregulates receptor synthesis, inducing both mRNA accumulation and protein
translation. A similar late effect of protein kinase-C on the EGF receptor has been
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described by Bjorge and Kudlow (1987), who showed that receptor synthesis rate
increases five-fold in cells stimulated by phorbol esters.

Interestingly, in cells grown in vitro, HCff receptor e?q>ression is also induced by HGF
itself Similar behavior was again diown for the EGF receptor: EGF stimulation
increases receptor mRNA levels by three to five fold and stimulates receptor synthesis
within a few hours (Clark et aL,1985; Earp et aL, 1986; Bjorge and Kudlow, 1987).
It appears that in the case of HGF receptor, induction by the cognate growth factor
also operates in vivo. In this respect, it has been found that partial hepatectomy, or
CCl^-induced hepatocellular necrosis both cause a dramatic rise in the level of
circulating HGF (Lindroos et aL, 1991). Within a few hours, this rise in HGF is
followed by increased expression of HGF receptor mRNA in the regenerating hepatic
tissue in the case of CCI intoxication (Ito et aL, 1993).
4

The HGF receptor is encoded by the OrMET proto-oncogene. The cloning of the cMETpromoter (Gambarotta et aL, 1994) gave some insight on the mechanism(s) that
are likely to operate in the increased expression of the receptor after serum, phorbol
esters or HGF stimulation. The promoter, enconq)assing at least 297 base pairs up
stream to the start site of transcription, contains c/ -acting elements including a
5

consensus sequence for the transcriptional factor PEA3 at position -82, and 2 AP2
sites, at positions -84 and -166. The PEA3 motif responds to TPA and to growth fac
tors (Xin et al 1992). AP2 regulatory elements mediate the induction of transcriptional
activity after stimulation by TPA (Imagawa et a i, 1987). The transcrçtional activity
of the isolated MET promoter, transfected into epithehal lines, was low in resting cells
and was stimulated by serum, by TPA or by HOT. The data strongly suggest that these
factors may operate at the transcriptional level also on the endogenous promoter.
Interestingly, a GATA-1 consensus sequence was found within 300 bp upstream fi^om
the transcription start site. The GATA motif is known to identify genes preferentially
expressed during erythroid differentiation (Martin et aL, 1989). This finding confirms
the reported expression of HGF receptor in hemopoietic cell lineage (Galimi et al.,
1995).
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1.2.3.8 A developmental role for HGF and HGF-R is revealed by knock-out
experiments
Recently knock-out mice lacking either the HGF ligand or the receptor gene have been
obtained (Schmidt et aL, 1995; Uehara et al., 1995; Bladt et aL, 1995). The two
phenotypes are indistinguishable; in both cases homozygous animals die in utero
between day 13.5 and 16.5. In these embryos there is a large reduction in size of
placenta and liver, coupled to a decrease in the number of liver parenchymal and
placental trophoblast cells. Besides the liver and placenta defects, the most remarkable
alteration in the HGF/A/c/ knock-out embryos is the conq)lete lack of muscles in the
limbs, diaphragm, and t ç of the tongue, A\hich are all known to derive from migratory
precursors. Since in normal embryos the myogenic precursors about to migrate from
the somite into the limb buds show strong om et expression and HGF/SF is e?qpressed
in the limb bud mesenchyme, the conclusion is that HGF/SF secreted from within the
limb bud, diffiises loca% and induces muscle precursor cells to detach from the somite
edges and to migrate up the concentration gradient to colonize the developing limb.
Altogether these results point at an essential role for YiGV/Met in the formation of
placenta and liver and in the migration of myogenic precursors cells.

1.2.2 The c-M E T proto-oncogene
1.2.2.1 The TPR-MET oncogene: cloning of c~MET
MET was originally described as a human oncogene that becomes activated in vitro
after treatment of a cell line with a chemical carcinogen (Cooper et al., 1984). The
cloned oncogene is a hybrid between 5' sequences of a gene named TPR, derived from
chromosome 1, and 3' sequences of MET, located on chromosome 7 (Park et aL,
1986; TeiDpest et aL, 1986; Dean et aL, 1987; Mitchell et aL, 1992a,b;). Moreover,
it has been reported that transfection of a fiiH size M ET cDNA can induce
transformation upon establishment of an autocrine circuit (Rong et al., 1993).

The molecular mechanisms that unleash the oncogenic potential of the MET proto
oncogene have been evaluated using point and deletion mutants (Zhen et aL, 1994).
The HGF receptor lacking the extracellular and the transmembrane domains has
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deregulated tyrosine kinase activity and is both transforming and tumorigenic.
Truncation of the extracellular domain activates other transmembrane tyrosine kinases
such as the EGF receptor (Downward et al., 1984; Khazaie et al., 1988) and the SCF
receptor (Qhi et al., 1988). Similarly, proteolytic trunc-ation of the extracellular
domain of the Insulin receptor releases the kinase activity of the p subunit from
inhibitory control (Shoelson et al., 1988).The HGF receptor catalytic activity is
normally latent unless the extra-cellular domain binds the cognate ligand. While
deletion of the a chain is not sufficient to induce deregulation of the tyrosine kinase
activity (Zhen et al, 1994), lack of cleavage between the a and the p chain can cause
constitutive activation (Mondino et at., 1991).

Constitutive kinase activation and transforming abihty are lost when portions of the
juxtamembrane domain are removed. Full oncogenic potential is restored by replacing
the juxtamembrane domain with 5' sequences derived from the TPR gene (Mitchell et
al., 1992a; Mitchell et al., 1992b). Conq)aring the first 39 amino acids of the HGF
receptor juxtamembrane domain to the TPR moiety does not reveal obvious structural
similarities. It is generally agreed that receptor tyrosine kinases are activated by con
formational changes induced by hgand binding, resulting in receptor oligomerization
which stabilizes the interactions between contiguous cytoplasmic domains (Yarden
and Schlessinger 1987; Cochet et al, 1988; Greenfield et al, 1989; Heldin et al,
1989; Seifert et al, 1989). According to this activation mechanism, it is conceivable
that a critical segment of the juxtamembrane domain may be necessary to stabilize the
formation of kinase dimers leading to transactivation. A role of TPR sequences in the
dimeiization of the Tpr-Met hybrid kinase has been shown (Rodriguez and Park ,
1993).

The transforming potential of the intracellular domain of the HGF receptor relies on
its tyrosine kinase activity. This has been established in all receptor - as well as non
receptor - tyrosine kinases so far studied. Substitution of the critical lysine residue
responsible for ATP binding invariably results in a loss of catalytic function and
transforming activity (Snyder et al., 1985). Moreover, to unleash the oncogenic
potential of the HGF receptor kinase, additional aminoadd residues located in the
catalytic domain are required. These are the two tyrosines Y^^^ and Y^^^, known to
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positively regulate the receptor enzymatic activity iq>on auto-phosphorylation (Longati
et aL, 1994). This mechanism of up-regulation is critical for unleashing the oncogenic
potential of the MET oncogene.

1.2.2.2 The c-MET protooncogene and human tumors
The initial observation of anq>li£cation of the MET proto-oncogene in cancer cells
was made in a cell line derived from a metastasis of a human gastric carcinoma
(Giordano et aL, 1989a); the gene was found anoplified and overexpressed, and the
tyrosine kinase was constitutively activated. No modification in the sequence has been
found in the cloned cDNA, showing that constitutive activation of the Met kinase may
be brought about by simple overexpression. Since then MET has been found to be
amplified and/or overe?q)ressed in a significant number of human tumors of epithelial
origin (Prat et aL, 1991a; Di Renzo et aL, 1992a; Lhi et aL, 1992). In thyroid tumors
overexpression oiMET is observed in a significant proportion ( - 70%) of carcinomas
derived from the follicular epithelium and correlates with the aggressive phenotype.
While the c-MET-encoded receptor is detectable only in the acinar cells of the normal
human exocrine pancreas, it is up-regulated in the majority of pancreatic ductal
adenocarcinomas (Di Renzo et aL, 1995a). In most cases the HGF receptor found in
the malignant cells has features of the normal receptor. In overexpressing cell lines,
the Mer/HGF receptor is phosphorylated in the absence of ligand, suggesting that
activation of the OrMET gene maybe involved in the growth of pancreatic cancer and
may contribute to the ductal phenotype of these tumors.
The changes of c-MET gene-expression that occur during the progression of
colorectal tumors have been studied in a large number of adenomas, in primitive
carcinomas and in liver métastasés. In several exanq)les it was possible to compare
same patient samples of normal colon mucosa to primary tumor and primary
carcinoma to synchronous metastasis (Di Renzo et al 1995a). The e?q)ression of the
CrMETgene was increased from five to fifly-fold in about 50% of tumors, at any stage
of progression, and in 70% of liver métastasés. Overexpression was associated with
ançlification of the c-MET gene in only few primary carcinomas, but it was found in
a significant proportion of the métastasés examined. These data suggest that
overexpression of the c-MET oncogene contributes a selective growth advantage to
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neoplastic colorectal cells at any stage of tumor progression. Moreover, anq>lification
appears to give a Anther selective advantage for the acquisition of metastatic potential

Although c-MET is considered in particular to be an oncogene afifecting epithelial
tumors, other reports have suggested that the Met /HGF receptor might also have a
role in the growth of sarcomas. C-MET was originally identified as an oncogene ac
tivated upon artificial rearrangement in a human osteosarcoma cell line (Cooper et al.,
1984, Park et al, 1986). The murine met homologue was found to be amp-lified and
overexpressed in spontaneously transformed fibro-blasts grown in vitro (Cooper et
al, 1986). In addition, it was reported that NIH/3T3 fibroblasts that co-e?q)ress the
Met receptor and its ligand HGF are tumorigenic (Rong et al., 1992, 1993). The
creation of an HGF autocrine loop either in fibroblasts or in epithelial cells induces
invasive properties in vitro and metastatic ability in vivo has also been reported
(Bellusci et al, 1994; Rong et al, 1994).

1.2.3 The HGF receptor family
The HGF receptor is a prototype for a class of receptor-type tyrosine kinases. The
HGF receptor j&mily includes the two receptors encoded by the oncogenes RON and
SEA (Ronsin et al, 1993; Hufif et al, 1993; Gaudino et al, 1994). Structural features
common to the members of the family can be found both in the extracellular and in the
intracellular domains (figure 1.8). This suggests that (i) they are heterodimers (ii) they
have two neighbouring tyrosine residues in the kinase domain, responsible for
regulation of the receptor kinase activity upon autophosphorylation; (iii) they share
the eleven-aminoacid motif in the C-terminal tail acting as a multifimctional docking
site for SH2-containing signal transducers (iv) the three receptors diare the cleavage
site between the a and p chains in the extracellular domain and (v) the location of the
cysteine residues (Park et al, 1987; Ronsin al, 1993).

The homology between Met, Ron and Sea is concentrated in the kmase domain and
in the muhifiinctional SH2-docking site; these domains are directly involved in eliciting
the biological responses distinctive to the A/e^-femily of RTK’s. The extracellular
portion, the juxtamembrane domain and the C-terminal tail are quite divergent
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between

Ron and Sea. While the ligand for the putative receptor encoded by the

SEA proto-oncogene still remains elusive, the ligand for the RON receptor has been
identified as the Macrophage Stimulatory Protein (MSP); (Gaudino et aL, 1994; Wang
et al, 1994). Recently a novel mily of genes {SEIX, SEP, OCT and NOV) encoding
6

putative receptors with structural similarities to the extracellular domain of the
Met/HGF receptor has been identified (see section 1.2.3.3; Maestrini et aL,
1996).Unlike the receptors of the HGF sub mily Sex is not a protein-tyrosine kinase.
6

The Sex Xenopous laevis homologue is called Plexin (Ohta et aL, 1995). Plexin
mediates cell adhesion via a homophilic binding mechanism under the presence of
calcium ions.

1.2.3.1 RON: the receptor for Macrophage Stimulatory Protein (MSP)
The RON receptor is a 185-kDa heterodimer, consisting of two subunits linked by
disu^hide bonds, the P of 150 kDa and the a of 35 kDa (Fig. . ). The receptor is
1

8

synthesised in a single-chain precursor form of 170 kDa (pl70); proteolytic cleavage
occurs at a site for furin-like proteases, highly conserved among the members of the
HGF receptor family In cells expressing physiological amounts of endogenous RON,
only the mature dimeric p 185^^^ is e;q)osed at the cell surface. In COS-1 cells over
expressing the transfected RON cDNA, a fraction of uncleaved precursor can be found
at the cell surface. The intracellular portion of the Ron p chain contains a fully
functional kinase domain, as shown by in vitro tyrosine autophosphorylation which
happens under appropriate conditions.
The ligand for the Ron receptor is Macrophage Stimulatory Protein (MSP), which is
closely related to HGF and originally isolated as a chemotactic factor for peritoneal
macrophages (Skeel et aL, 1991). Stimulation of responsive cells with MSP results
in Ron receptor phosphorylation and DNA synthesis. It should be noted that also in
the case of MSP, the frctor is secreted as a single-chain inactive precursor which is
cleaved to the bioactive dimer by serum-derived proteases (Wang et aL, 1994).

The expression of the Ron receptor was studied in adult and developing mouse tissues
(Gaudino et aL, 1995). Specific RON transcripts were detectable in the mouse liver
from early embryonal life (day 12.5 p.c.) through adult life. Adrenal gland, spinal
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ganglia, skin, lung and - unexpectedly - ossification centers of developing mandible,
clavicle and ribs were also positive at later stages (day 13.5-16.5 p.c.). From day 17.5
RON was engrossed in the gut epithelium and in a specific area of the central nervous
system, corresponding to the nucleus of the hypoglossus. In adult mouse tissues RON
transcripts were observed in brain, adrenal glands, gastro-intestinal tract, testis and
kidney. Epithelial, osteoclast-like and neuroendocrine cells express the Ron receptor
and respond to MSP in vitro.

Altough the receptors for MSP and HGF probably ^ are a common ancestry and
strong structural homologies, the pattern of e?q)ression of the RON gene during
development shows only few overlapping features with that reported for MET
(Sonnenberg et al, 1993), suggesting that the two genes play separate roles in
morphogenesis. The two receptors are e?q>ressed in the developing and adult liver:
however “knock-out” mice defective for MET e?q)ression develop lethal liver
abnormalities at day 15 p.c. (Schmidt et al, 1995); at this stage RON is expressed but
can’t replace MET functions. Moreover, MET has been found expressed at early
stages in endodermal epithelia, forming tubules or branching cavities (e.g., lung,
pancreas, salivary gland and kidney) vriiile RON is expressed at a late stage in these
organs. Conversely, RON appears critical in the development of epithelial organs
derived fi’om the ectoderm (e.g. the skin and the neuro-endocrine systems). Finally,
the localization of the two receptors in the nervous system is different, MET being
e q)ressed in the q)inal cord and in the rostral brain (telencephalon) (Sonnenberg et al,
7

1993).

1.2.3.2 The HGF receptor subfamily controls scattering and morphogenesis
A distinctive property of the HGF receptor is its ability to elicit in epithelial cells
pleiotropic responses including motility, invasion and morphogenesis (Oierardi and
Stocker 1991). Recently Ron and Sea have been shown to elicit the full spectrum of
biological responses mediated by the HGF receptor (Medico et al, 1996). Conversely
activation of the PDGF and EGF receptor does not bring about the same array of
responses, which are therefore distinctive for Ron, Sea and the HGF receptor. A
characteristic of the members of the HGF receptor sub mily is the ability to activate
6

muhÿle signaling pathways throu^ a peculiar signaling mechanism (discussed in this
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thesis). This m echanisms is unique to the HGF receptor with respect to other RPTK
such as the PDGF or the EGF receptors. Given the fact that HGF mediated
moiphogenesis requires activation of muhÿle pathways. The concomitant activation
of muhÿle signaling pathways could be the distinctive functional feature which allows
the members of the HGF receptor subfamily to trigger the moiphogenic response.

1.2.3.3 Novel members of the HGF receptor family
Recently a novel family of genes {SEX, SEP, OCT and NOV) encoding putative
receptors with structural similarities to the extracellular domain of the Met/HG¥
receptor have been identified (Maestrini et al, 1996). When the sequences of Sex, Sep,
Met, Ron and Sea were aligned, it was noted that most of the cysteines in the
extracellular domains have conserved their relative positions (Fig. 1.9). Interestingly,
these residues can be grouped in clusters, one of which is repeated three times in Sex
and twice in Sep. The repeated duplication of the corresponding DNA sequences
during evolution suggests a functional role for this motif which was named the "MRS
motif’ (ajfier Mgr-Related Sequence). The alignment of cysteines was first observed
when conq)aring the sequences of Met and its close relative Ron and is considered an
important structural feature of the MET gene family (Ronsin et al, 1993).
The four genes of the SEX family are widely expressed in adult tissues. However,
Northern blot analysis of fetal tissues revealed that their expression is much more
restricted during development. SBIX, OCT andM9F diowed a predominant e^gression
in neural tissue, whereas SEP was most highly e>q>ressed in fetal kidney (Maestrini et
al 1996). These data indicate that during development, the functional role of these
putative receptors is restricted to specific tissues. This was also confirmed by in situ
hybridization analysis, showing that the expression pattern of SEX in the mouse
nervous system is highly regulated during the initial stages of neuronal differentiation.
The high level of SEX gene expression in post-mitotic neurons suggests the possible
involvement of the encoded putative receptor in initiating or mantaining the embryonal
neural differentiation.

The putative signaling functions of 'gx-related proteins are likely mediated by their
6

conserved cytoplasmic domains. The corresponding amino acid sequences are over
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Schematic representation and sequence similarities of the Met, Sex and Sep
proteins
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50% identical amongst members ofthis âmüy, thus establishing a distinctive structural
feature, totally unrelated to the tyrosine kinase domains of growth factor receptors,
or to any other known catalytic sequence (sex domain. Fig. 1.9).Accordingly, no
kinase activity was found to be associated with the Sex protein. It is possible that the
Sex protein exerts its fimction(s) either via an une?q)ected enzymatic activity or by
association with still unidentified intracellular transducers. Interestingly a molecule,
referred as plexin, with high homology to SEX, has been identified in the Xenopous
laevis system (Ohta et aL, 1995). Similar^ to SEX, plexin possesses in its extracellular
segment, three internal repeats of cysteine clusters that are homologous to the Cys
rich-domain of the HGF receptor. Cells transfected with the plexin cDNA acquire cell
ahesiveness, indicating that plexin is a molecule with cell adhesion properties. Plexin
appears to mediate homophilic binding under the presence of calcium ions. However,
this molecule lacks canonical calcium binding moti and it is unclear how calcium ions
6

are involved in plexin mediated cell adhesion. Given its specific expression in neurons
and in particular sensory systems (ol ctory,vestibular) plexin could be involved in
6

specific neuronal cell interaction (Otha et al., 1995). Preliminary experiments indicate
that transfection of SEX promotes calcium dependent cell adhesion (Tamagnone,
personal communication). On the basis of these data it appears that plexin/Sex are
members of a new âmQy of cell surface molecules with cell adhesion properties. The
significance of the high homology between the plexin/Sex extracellular cysteine
clusters to that of the HGF receptor is at present unknown.

1.3 Protein modules involved in RPTK signal transduction
Signalling by activated RPTKs is mediated by binding and/or phosphorylation of
cytoplasmic proteins, which in turn propagate the signal through different
mechanisms.Autophosphoiylation of the receptor is crucial for transmitting signals to
downstream targets. The reason for this became clear after the following two major
observations: on one side it was discovered that most of the molecules that stably bind
to phosphorylated RPTKs contained a conserved module called Src-homology 2
(SH2) domain. On the other it was shown that SH2 domains, by themselves, stably
associated with Tyr-phosphorylated, but not unphosphorylated, RPTKs (reviewed in
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Pawson 1995). This findings support the currently accepted model for RPTKs signal
transduction (Fig. 1.2). According to this model receptor autophosphoiylation on
tyrosine residues creates docking sites for target molecules which contain SH2
domains. SH2 domains are conserved non-catalytic protein modules that recognize
specific phosphotyrosine residues present within a distinct recognition motif on
activated receptor PTKs and cytoplasmic polypeptides (reviewed in Songyang and
Cantley 1995). The activation of intracellular biochemical pathways by receptor PTKs,
appears in a large part to be regulated by the formation of multi-protein conq)lexes
mediated by a range of modular domains (Fig. 1.10). The phosphotyrosine-binding
(PTB) domain, similarly to the SH2 domain binds phosphorylated tyrosines. However,
unlike the SH2 domain, the PTB module requires specific residues ainmo-terminal to
the phosphotyrosine for high affinity binding. SH3 domains, originally noted as regions
of homology between Src, Crk, and PLCy, are present in molecules involved in
tyrosine kinase signalling but also in cytoskeletal conq)onents (reviewed in Cohen et
al , 1995). The SH3 biuding sites consist of proline-rich peptides. Recently another
module with proline-based binding properties was identified and named the WW
domain. Pleckstrin-homology (PH) domains, present in a variety of membraneassociated proteins are thought to play a role in protein-protein or protein-lipid
interactions. Despite the low sequence homology among different PH modules,
structural studies have shown that this domain is a functional unit binding PIP and
2

PIP3 (Panayotou and Waterfield unpublished results). SH2, PTB, SH3, WW and PH
domains have common properties. They are modular, that is they form discrete
compact independent folding units, and maintain their structure in isolation. They
modulate the interaction of proteins with other protein or with cellular components
such as cell membranes and therefore help to determine the paths of signal
transduction systems. Finally, their activity is controlled thus allowing transient
transmission of signals.
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1.3.1 Phosphotyrosine binding domains
1.3.1.1 Structure and function of the SE[2 domain
Proteins with SH2 domains control biochemical pathways involving phosphobpids
metabolism, tyrosine phosphorylation and dephosphorylation, activation of Ras-like
GTPases, gene expression, protein trafficking and cytoskeletal architecture. SH2
domains, which are about

1 0 0

residues in length, were originally identified as

homologous regions found in p60c-src-related kinases (Sadowski et al., 1986;
Pawson, 1988), phospho%ase Cy (PLCy) (Stahl et a l, 1988), the \-crk gene product
(Mayer et a l, 1988) and pl20GAP (Trahey et a l, 1988). Work with v-Crk, the
transforming protein of CTIO, a chicken sarcoma virus, led to the finding that SH2
domains bind specifically to phosphotyrosine residues (Meyer et aL, 1991). Many SH2
domains have been found to bind phosphotyrosine-containing proteins in vitro and in

vivo (Anderson et aL, 1990; Kock et aL, 1991; Moran et aL, 1990).
Accumulating evidence fiom various sources led to the realisation that a fimction of
SH2 domains is to bind to q)ecific phosphotyrosine residues and the residues close to

the phosphotyrosine residue participate in conferring this specificity. For instance,
GAP and the 85 kDa subunit of phosphatidylhiositol-3' kinase (Ptdlns 3-kinase) bind
via their SH2 domains to different phosphotyrosine residues on the activated PDGF
receptor (Fantl et a l, 1992; Kazlauskas et a l, 1992). These binding events can be
conçetitively inhibited by phosphotyrosine-containing peptides representing the
cognate binding sites, but not by mutated or “scrambled” phosphotyrosine-containing
peptides (Fantl et a l, 1992).

Three-dimensional structures of several SH2 domains have been obtamed by X-ray
dystaHogr^hy and N M R analysis. Three-dimensional models have been presented for
the crystal structures of the SH2 domain of p60c-src bound to two different low
afSnity phosphotyrosine peptides (Waksman et a l, 1992), and o f p561ck bound to a
high afiSnity phosphotyrosine peptide (Eck et a l, 1993). These three structures show
good agreement with each other, and with those predicted by theoretical analyses
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(Russel et a l, 1992). AU SH2 domain solved have a globular structure with a central
antiparaUel p-sheet flanked by two a-hehces and with the N- and the C- teminal ends
in close proximity. This aUows the SH2 domain to protrude from the rest of the
protein and frmction independently to interact with available binding sites. The
phosphopeptide binding site is bÿartite (Eck et aL, 1993; Pascal et aL, 1994; Lee et
al., 1994). The phosphotyrosine residue protrudes into a conserved hydrophobic
pocket formed by one free of the P-sheet and the N-terminal a-helix. Hydrogen
bonding capacity is provided at the base of this hydrophobic pocket by an arginine
which is the only invariant SH2 domain residue. Neither phosphoserine nor
phosphothreonine residues would be long enough to reach into this pocket and aUow
bonding between the phosphate group and the asparagine, hence this is probably how
the phosphotyrosine specificity of SH2 domains is maintained. The second binding
surface is more variable and aUows recognition of the aminoacids immediately Ctermmal to the phosphotyrosine (Songyang et al., 1993).
Two principal groups of SH2 domains can be distinguished. The first group,
represented by the SH2 of Src and Lck, has a second specificity pocket making
contact with the three residues immediately foUowing the phosphotyrosine. The
second group, typified by the C-terminal SH2 domain of PLCy and by the N-terminal
SH2 domain of the protein tyrosine phosphatase Syp contain, in addition to the
phosphotyrosine binding pocket, a shaUow ‘VaUey” on the surfrce of the SH2 domain.
This extended hydrophobic groove can accomodate up to five residues foUowing the
phosphotyrosine.This bipartite organization of the SH2 Ugand-binding site has a
double function. It aUows tyrosine phosphorylation to function as an aU or none switch
for SH2 binding and at the same time it provides binding specificity. Therefore,
although aU SH domains bind to phosphotyrosU proteins they are not promiscuous
2

in choosing partners (reviewed in Cohen et aL, 1995; Pawson 1995).

Binding of a SH2-containing effector to a Tyr-phosphorylated protein can modulate
signal transduction in two main ways. First, binding may alter substrate localization
of a protein bringing it closer to its substrate. A second mechanism involves
conformational changes induced by the SH2-phosphopeptide interaction Wiich alter

62

the catalytic activity of the interacting protein. Both the Syp phosphatase and PI 3kinase show enhanced catalytic activity upon binding to phosphopeptides (Carpenter
et a l, 1993: Shoelson et aL, 1993; Sugimoto et al., 1994). In the case of Syp the
increase in activity can be more than 50 fold, Wide in the case of PI 3-kinase it is close
to 5 fold. Crystal structures suggest that phosphoprotein binding is unlikely to induce
a conformational change in the SH2 domain (Lee et aL, 1994).However it is possible
that upon binding to its target the SH2 domain modifies its internal interaction with
the rest of the protein. This conformational change could be responsible for the
increase in the catalytic activity.

1.3.1.2 Phospholipids as novel ligands for SH2 domains
A novel fimction for the SH2 domain has been recently proposed. Rameh and
colleagues (1995) have discovered that the SH2 domains of Src and of the
phosphatidyhnositol 3-kinase (PI 3-kinase) bind directly to phosphatidylinositol
(3,4,5)triphosphate (Ptdins[ , , ]P ). Furthermore they have shown that lipid-SH2
3

4

5

3

interaction is conqieted for by phosphopeptides specific for the SH2 domain.
According to these findings a model has been proposed Wiich implies that the
production of (Rdins[ , , ]P ) at the membrane can disrupt the binding of PI 3-kinase
3

4

5

3

to phosphoproteins. This model also suggests that phosphorylated Hpids may directly
regulate SH2-containing proteins through their recruitment at the plasma membrane.

1.3.1.3 Recognition specificity and binding kinetic of SH2 domains
In addition to providing phosphorylation-dependent associations, SH2 domains also
confers specificity in signalling, since they preferentially bind to phosphotyrosine
residues in the context of a specific sequence.Mapping of the binding sites revealed
that SH2 specificity is largely determined by the three residues immediately C-terminal
to the phosphotyrosine. For exanq>le the consensus binding site for the two SH2
domains of PI 3-kinase is p-Tyr-(Val/Met)-X-Met. Site directed mutations in the
PDGF receptor at sites containing the consensus sequence YMDM and YVPM
abolish binding of PI 3-kinase to the PDGF receptor. These mutations, however, do
not affect the association of other SH2-containing molecules to this receptor, such as
RasGAP (Kazlauskas et aL, 1992).
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A ^stematic approach has been devised by Songyang and colleagues to determine the
optimal peptide hgand for each SH2 domain (Songyang et aL, 1993; 1994).By means
of an oriented degenerate synthetic peptide library they were able to confirm the
already known consensus moti& and to predict peptide hgand specificity for a number
o f previously uncharacterized SH2 domains. According to this analysis most SH

2

domains have a hgand specificity ) ^ c h falls in one of two broad categories. The SH2
domains vAiich belong to group I prefer pTyr-hydrophUic.hydrophihc-hydrophobic.
This group includes SH domains of the Src family of tyrosine kinases and of other
2

cytosohc tyrosine kinases. Group II SH2 domains select the sequence pTyrhydrophobic-X-hydrophobic and includes PI 3-kinase, PLCy and Syp. A notable
exception to this scheme is represented by the SH2 domain of Grb2 which selects for
the sequence pTyr-hydrophobic-N-hydrophobic. The biological relevance of SH2
binding specificity is high since it enables the sequence context of the p-Tyr site to
dictate which SH2 domains and therefore which signalling molecules will be activated.
SH2 domains bind to optimal phosphopeptides rapidly:
s-^ ; they also dissociate moderately fast

IxlO^M'^s'^ to 2xlO*^M’^

0.2 s-L The corresponding aflSnity varies

in the high nanomolar range (K^ lOnM - 200nM Panayotou et al., 1993; Felder et al.,
1993). This indicates that during the response time of cells to growth factors (minutes
to hours) the signal triggered by the receptor may remain open to the modulatory
effect of phosphatases as well as of conçeting SH2 containing molecules.

1.3.1.4 The PTB domain
SH2 domains bind to phosphorylated tyrosine on activated receptors and cytoplasmic
phosphoproteins, while they have virtually no afSnity for unphosphorylated
polypeptides. Recent evidence indicate that She and IRS-1 and several other
molecules contain a second phosphotyrosine binding domain distinct fi*om the SH2
domain (Kavanaugh and Williams 1994; Blailde et al., 1994; Gustafson et aL, 1995).
This protein module of approximately 200 residues has been named phosphotyrosine
binding domain (PTB) or phosphotyrosine interaction domain (PID). Apart from the
presence of an F/YLVR sequence, there is no obvious sequence homology between
the PTB and the SH2 domains. Although both the SH2 and the PTB domains bind to
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tyrosine phosphorylated proteins these domains exhibit markedly different binding
specificity. Unlike the SH2 domain the PTB domain recognizes amino acid residues
N-terminal (rather then C-terminal) to the phosphotyrosine. In particular the PTB
module recognizes motifs within the consensus hydrophobic.g-X-Asn-Pro-X-p-tyr
(Trub et aL, 1995; Songyang et aL, 1995).Indeed, the PTB domain of She binds
specifically to the Asn-Pro-X-pTyr sequences present in the EGF, neu, and insulm
receptors and in the polyoma middle T antigen (Blailde et al., 1994; O’Neil et al.,
1994; Gustafson et aL, 1995; Trub et aL, 1995).

The solution structure of the She PTB domain, in conçlex with a phosphopeptide
derived from the She binding she of the NGF receptor, has been recently solved (Zhou
et aL, 1995). The tertiaiy structure of She PTB domain consists of a P-sandwich
containing two antiparallel p-sheets and three a-helices. The bound phosphopeptide
forms an antiparallel p-strand with a p-sheet of the PTB domain and interacts with a
hydrophobic pocket through its hydrophobic -5 (with respect to the phosphorylated
tyrosine) residue. The phosphotyrosine binding pocket of the PTB domain is
reminiscent of that of the SH2 domain In both cases the Arg residue which is required
fi)r phosphotyrosine binding projects from a similar position. In generaf however, the
structure of PTB and SH2 domains reveal more differences than similarity. In
particular although both domains posses a hydrophobic site for binding to the
phosphopeptide the PTB domain interacts with the p-Tyr residue, while the SH2
.5

domain bind to the p-Tyr residue.
+ 3

Unexpectedly the overall topology of the PTB domain was found to be remarkably
similar to the stmcture of the Pleckstrin homology (PH) domain (Saraste et aL, 1995
see section 1.3.3). Although the binding specificity of the PH domain is still the subject
of discussion, it has been reported to bind acid phospholipids (Harlan et aL,
1994).Interestingly also the PTB domain of She binds phospholipids (Ptdins[4]P)
(Zhou et aL, 1995). This suggest that She, IRS-1 and other PTB containing molecules
could be recruited to the plasma membrane through a phosphotyrosine independent
mechanism (Zhou et aL, 1995).
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1.3.2 Poly proline binding domains

1.3.2.1 Structure and function of the SH3 domain
The Src homology 3 (SH3) domain is a module of approximately 70 residues found
in proteins involved in tyrosine kinase signalling, but also in cytoskeletal conq)onents
and subunits of the neutrophil cytocrome oxidase (Mayer et al., 1988; reviewed in
Cohen et al., 1995). While the biological functions of the SH2 domains have been
dissected in detail, the functions of the SH3 domains are still not fully understood.
Unlike SH2 domains, SH3 domains are also present in yeast suggesting an
evolutionary more primitive function that arose before the elaborate machinery
involved in regulating muMceDular growth. Initial studies have identified SH3 domains
in a number of cytoskeletal proteins such as myosin , fodrin, spectrin, and an actin
1

binding protein from yeast, ABP-1 (Drubin et al, 1990).
Several lines of evidence have been used to suggest an involvement of SH3 domains
in regulating the interaction of signalling molecules with the cytoskeleton. The SH3
domain of pp60‘^^'^ was found to associate with a number of cellular proteins. In
particular paxiUin, a vinculin binding protein, was identified as a Src-SH3 domain
binding protein. Paxillin is a conq)onent of focal adhesion contacts, where the actin
cytoskeleton is linked to the extracellular matrix via integrin receptors and cytoskeletal
proteins such as vinculin. Further, the SH3 domain of PLCy and Grb2 were found to
localise to the microfilament network and membrane rufrles respectively when
microinjected into cells (Bar-Sagi et al, 1993). In yeast, alterations of a SH3 domaincontaining protein were found to lead to conditional viability with defects in
cytoskeletal reorganization (Bauer et al, 1993).

As well as having a role in targeting proteins to their site of action, a body of evidence
also in^Hcates SH3 domains in the regulation of G-protein function. Screening of
expression libraries with an isolated SH3 domain of the Abl kinase led to the cloning
of partial cDNAs encoding possible SH3-binding proteins, termed 3BP1 and 3BP2
(Cicchetti et al, 1992). DNA sequence analysis revealed a region of 3BP1 with
similarity to the C-terminus of Bcr, the neuronal protein n-chimaerin (Hall et al..
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1993), RhoGAP (Diekmann et al, 1991) and P190 (Settleman et al, 1992a).
Bactena% expressed Bcr homology domains from these proteins have been shown to
stimulate the GTPase activity of the Ras-related guanine nucleotide binding proteins,
Rac and Rho. This is intriguing since the Rho and Rac proteins have been implicated
in controlling membrane ruffling and formation of actin stress fibres and focal contacts
(Ridley and Hall 1992; Ridley et al., 1992). More conçelling evidence for the
involvement of SH3 domains in G-protein regulation came with the identification of
the GTPase dynamin as an SH3 domain binding protein. A panel of recombinant SH3
domains were shown to selectively bind dynamin and concomitant with this interaction
activation of the intrinsic GTPase activity of dynamin has been reported (Gout et al,
1993).

Another system in which SH3 domain-containing proteins have been observed to play
a regulatory role is the neutrophil oxidative burst response. In neutrophils, agonist
stimulation leads to the activation of the membrane bound cytochrome-b oxidase and
generation of superoxide. Two cytosohc factors, p47-phox and p67-phox, each of
which contain two SH3 domains (Leto et al, 1990) have been inq)hcated m regulating
this system These SH3-containing proteins are absent in some patients with chronic
granulomatous disease and cause their neutrophils to lose the abihty to generate
superoxide; a process which normaUy is used to kiU microorganisms.

In vitro

reconstitution experiments have revealed the requirement for a RacGTP-binding
protein (Abo et al, 1991) for the stimulation of oxidase activity. This suggests that
the SH3 domains of p47phox and p67phox may be involved in regulating Rac
fimction.

These results inaphcate SH3 domains in targeting of proteins to subcelhilar
conpartments and in the regulation of the activity of smah G-proteins. Interestingly
some G-protehis can regulate the assembly of muhimolecular conplexes that are
directly linked to the organisation of polymerised actin. In acordance with this view,
the adapter protein Grb2 has been shown to play a role in signalling via Ras
(Lowenstein et al, 1992) and Ras has been shown to be preferentially localised in
membrane rufides. In addition, expression of a construct of the N-terminal region of
RasGAP which consisted solely of the SH2 and SH3 domains in Rat-1 ceUs correlated
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with observed changes in the cytoskeleton and in adhesion properties of these cells.
These changes were typified by the disruption of actin stress fibres, a reduction in
focal contacts and an inq)aired ability to adhere to fibronectin (McGlade et al., 1993).
Moreover, the N-terminal RasGAP protein construct was shown to be constitutively
bound to p 190 in vivo, a molecule which contains a Rho/Rac GAP domain. The most
feasible mechanism of action was of inactivation of the Rho/Rac family members to
give the observed cellular phenotype. The two postulated functions of SH3 domaincontaining proteins are also seen to converge in yeast. The product of the S.
cerevisiae gene Bem 1, which contains two SH3 domains, interacts with the protein
product of the Bud 5 gene which encodes a putative guanine nucleotide exchange
factor related to the CDC25 protein (Chant et al., 1991). The product of the Bem 2
gene which encodes a protein containing a domain with sequence similarity to
RhoGAP may act in a analogous way. These genes are required for organisation of
the cytoskeleton resulting in polarisation and hence assembly of the bud site. tcl3
Functional studies on the biological role of SH3 domains have been complemented by
the rapid elucidation of tertiary structures for a number of SH3 domains. Solution
structures of SH3 domains (Yu et aL, 1992; Kohda et aL, 1993; Booker et aL, 1993;
Yu et al., 1994), together with crystal structures and mutagenic analysis of peptideSH3 conçlexes (Musacchio et al., 1994; Feng et al., 1994; Lim et al., 1994; Rickies
et aL, 1994) have revealed striking structural similarities between these SH3 domains
despite relatively limited sequence conservation. The basic fold consists of five
antiparallel p strands that pack to form two perpendicular p sheets. A hydrophobic
patch that contains a cluster of conserved aromatic residues and is surrounded by two
charged and variable loops forms the Hgand binding pocket. Peptides bound by the
SH3 domain adopt a lefi-handed polyproline type II helix, with three residues per turn
(Yu et aL, 1994).

SH3 binding peptides are pseudo-symmetrical, as a consequence they can potentially
bind in either orientation: amino- to carboxy-terminal (class I peptide Hgands) or
carboxy- to amino-terminal (class H peptide Hgands).The abihty of SH3 domains to
bind their Hgand in either orientation has inq)ortant biological impHcations. Given that
SH3 modules control protein-protein interaction, the orientation of the Hgand wiU
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determine the spatial organization of the resulting conq)lex.

1.2.2.2 Recognition specificity of SH3 domains
Initial screening experiments identified two proteins, 3BP1 and 3BP2, as ligands of
the Abl SH3 domain (Cicchetti et aL, 1992). Further analyses using 3BP1 narrowed
the SEB domain binding site to a ten amino acid proline-rich region (Ren et al., 1993)
with a potential consensus motif XPXXPPPZXP (where X is any amino acid and Z
is a hydrophobic amino acid). A number of in vivo SH3 Hgands have now been
identified including the Son of Sevenless (SoS) protein, PI 3-kinase and p47phox.In
all cases the SH3 binding sites have been mapped to Pro-rich sequences (Finan et al.,
1994; Musacchio et al, 1994b).
Studies using degenerate peptide libraries and phage display libraries have indicated
that each SH3 domain has a distinct binding preference (Yu et al., 1994; Chen et al.,
1993; Rickies et al., 1994). Specificity is apparently conferred by the interactions
between non-proline residues in the Hgand and two variable SH3 domains which flanks
the main hydrophobic binding surface. In these studies the Src and PI 3-kinase SH3
domains selected two classes of Hgands. Class I Hgands contain the sequence
RXLPPfPXX were f is L in the case of Src and is R in the case of PI 3-kinase. Class
II Hgands contain the sequence XXXPPLPXR both for Src and for PI 3-kinase. In
class I Hgands an Arg is N-terminal to the Pro-rich sequence, while for class II Hgands
it is C-terminal Unlike the SH2 or the PTB domain, whose binding reHes on tyrosine
phosphorylation, this modification does not appear to influence SH3 binding.
However, several SH3 binding sites have consensus sequences for phosphorylation by
proline-directed kinases, such as MAP kinase, which may influence the contact they
make with the SH3 domains.

1.3.2.3 The W W module
Recently a novel protein-protein interaction domain was recognized.As three
independent groups identified the motiÇ three independent names were proposed:
WW domain, WWP motif and Rsp5-repeat (Bork and Sudol 1994; Andre and
Springael 1994; Hofmann and Buckner 1995). The distinguish feature of the WW
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module, which is 38 residues in length, is the presence of two highly-conserved
tryptophan residues wiiich are qraced 20 amino acids apart. The elucidation of the WW
domain biological functions is of particular interest since it has been directly in^hcated
in a number ofhuman genetic disorders (Hansson et al, 1995; Staub et al., 1996). The
WW domain seems to be evolutionary older than the SH2 and SH3 moieties since it
is present in several yeast proteins and also occurs in plants (Sudol et al., 1995). The
search for hgand specificity of this domain has been addressed using functional
screenings which allowed the identification of the preliminary consensus sequence
XPPXY. Notably this consensus is distinct jfrom the SH3 binding motif PXXP.
However, at least in one case the SH3 and WW domains have been shown to concrete
for the same hgand (Chan et al, 1996). Thus, one of the WW domain functions might
be to regulate SH3 domains by modulating thier interaction with hgands.

1.3.3 The pleckstrin homology domain
1.3.3.1 Structure and function of the PH domain
The pleckstrin homology (PH) domain is a region of approximately

1 0 0

amino acids

present in a wide range of cytoskeletal and signal proteins (reviewed in Pawson,
1995). The biological relevance of this protein module has been geneticahy assessed.
Mutation in the N-terminal portion of the PH domam found in the nonreceptor protein
tyrosine kinase Btk inq)airs murine B-ceU development (Thomas et al, 1993).

The PH domain was originaUy detected as an internal sequence duphcation in
pleckstrin, a 47 kDa protein which is the major substrate of PKC in platelets (Tyers
et al, 1988). Subsequently the PH domain has been identified in a number of protein
kinases including members of the Rac family of serine/threonine kinases such as Akt
(Behacosa et al, 1991), a murine Tec tyrosine kinase (Mano et al, 1993), and the Padrenergic receptor kinase (PARK) (Benovic et al, 1989). Other proteins that contain
PH domains include the EGF receptor binding protein GRB7 (Margolis et al, 1992),
the cytoskeletal protein spectrin and the insulin receptor substrate IRS-1. In addition
several proteins that fimction as regulators of small GTP-binding proteins have been
found to contain PH domains. These include RasGAP (Trahey et al, 1988), guanine
70

nucleotide releasing ctor for Ras (GRF) (Shou et al, 1992), the exchange factor Son
6

of Sevenless (Sos), the SH3 binding protein 3BP2 (Cicchetti et al., 1993), CDC24, a
guanine nucleotide exchange factor from S. cerevisiae (Adams et al, 1992), the Bcr
protein, DBL the human oncoprotein homologue of CDC24 (Hart et al, 1991), Vav
(Adams et al., 1992), and the GTPase dynamin (Obar et al., 1990). Several of these
PH-domain containing proteins also contain SH2 and SH3 domains. For example,
PLCy, RasGAP, GRB7, Vav, spectrin, and the Tec related kinase ATK. In PLCy the
PH domain is intemq)ted by the insertion of the SH3 domain and both SH2 domains,
however this does not appearently influence the domain overall topology.

The PH domain appears to be far more divergent in primary sequence conservation
than SH2 and SH3 domains. Despite the low sequence homology, structural studies
indicate that the various PH domains have a common structure and are therefore real
functional units (Downing et al., 1994; Ferguson et al., 1994;Timm et al, 1994). The
basic fold includes two roughly perpendicular antiparallel p-sheets followed by a long
C-terminal anq)hipatic a-helix. The PH structures differ most in the loop regions
between p strands. In the case of PLCy, wfiich has a split PH domain, the SH2 and
SH3 domain are inserted at the level of this variable loop. Interestingly the overall
topology of the PH domain is remarkably similar to the structure of the PTB domain
(Zhou et al, 1995). The biochemical and frmctional relevance of this correlation is not
clear. A function for the PH domain has not yet been definetely assigned. Given that
PH-containing molecules ( PARK and IRS-1) are generally cytoplasmic but associate
with the plasma membrane a possible role for the PH domain could be to localize
signalling molecules to membranes.

1.3.3.2 Binding specificity of the PH domain
The nature of PH domain ligands has been object of debate. Experimental evidence
(Inglese et al, 1993; Koch et al, 1993; Touhara et al, 1994) suggests that the PH
domain of PARK may be responsible for binding the Py conq)lex of a heterotrimeric
G-protein via a coiled-coil interaction. However, these interactions only require the
C-terminal portion of the PH domain and also require residues that lie outside the PH
domain, so it is not clear whether these interactions applies to other PH domains.
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Phospholipids, in particular phosphatidylinositol-4-5-P , have also been shown to
2

associate with the PH domain (Harlan et aL, 1994).This interaction involves the
positively charged ‘Variable loop” fiice of the PH domain. The biological relevance of
these binding specificity remains to be determined.

1.4 Targets of activated receptor kinases
Targets o f receptor tyrosine kinases can be subdivided in three main classes. First
there are enzymes whose activity can be modulated directly by phosphorylation or
who, upon translocation to the plasma membrane, gain access to their substrate.
Representative members of this class are the phosphatidylinositol 3-kinase (PI 3kinase), phospho%ase Cy (PLCy) and the Src family of non-receptor PTKs. Another
class is represented by the so called “adaptor” molecules which do not posses an
obvious catalytic activity. These proteins are composed almost exclusively of SH2 and
SH3 domains. The term adaptor indicates that they serve as intermediates between
RPTKs and downstream signaling molecules.The Grb2 molecule is the prototype of
this class and links RPTKs to the Ras signaling pathway. To the third category belongs
docking proteins such as IRS-1. IRS-1 like effectors mediate signaling by receptors
such as the IR Wiich do not directly associate with SH2 containing molecules.

1.4.1 Targets with enzymatic activity

1.4.1.1 Phospholipase Cy
An early response following numerous ligand-receptor binding events is a rapid
increase in inositol phospholipid-specific phospholipase C (PLC) activity. Activated
PLC catalyses the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PtdlnsPj) to
generate inositol 1,4,5-trçhosphate (InsPj) and diacylglycerol (DAG). InsÇ raises
intracellular Ca^ levels by inducing Ca^"*" release from intracellular stores and DAG is
a physiological activator of protein kinase C (PKC).

A conq)arison of the structure and regulation of different PLC isoforms has made it
possible to assign them into three families: PLCp; PLCÔ and PLCy (Lee and Rhee
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1995).The PLCp subâmily is regulated by G-protein coupled receptors, whereas the
PLCy subfamily is regulated by RPTKs.The activation mechanism of PLCô is not
known at the present time. Only two regions of high homology are shared by the three
types. These are called the X and Y boxes A^liich are ~60% and -40% identical,
respectively among isozymes. All mammalian PLC isoforms contain a N-terminal
region of -300 amino acids that precedes the X region. The PLCy isozymes have a
long sequence, containing two SH2 domains and one SH3 domain, that lies between
the X and Y boxes. The SH2 domains directly interact with activated RPTKs, while
the SH3 domain localizes PLCy to the cytoskeleton (Bar Sagi et al., 1993). All
mammalian PLC isozymes also contain one or two PH domains. In addition to the Nterminal PH domain PLCy isozimes contain an additional PH module that is split by
the SH-containing domain.

Treatment of cells with EGF and PDGF induces a rapid increase in PLCy tyrosine and
serine phosphorylation (Wahl et aL, 1989; Meisenhelder et al., 1989; Margolis et al.,
1989). The phosphorylation of PLCy was observed within one minute following
ligand stimulation of cells and declined thereafter (Margolis et al. 1989; Peles et al.,
1991; Ohmichi et aL, 1992; Soler etal., 1993). Tyr 771, Tyr 783, and Tyr 1254 are
the major sites on PLCy wbich become phosphorylated in response to EGF treatment
in vivo (Wahl et aL, 1989).

Ligand stimulated EGF and PDGF receptors were found to coimmunoprec^itate with
PLCy, suggesting a tight physical association (Margolis et aL, 1989; 1990a; Morrison
et aL, 1990). Dimérisation of the receptor was shown to be insufi&cient to induce
association of the EGF receptor with PLCy, since a kinase-negative mutant receptor
that underwent normal dimérisation in response to EGF did not associate with PLCy
(Margolis et aL, 1990). A requirement for kinase activation was demonstrated, since
PLCy was found not to associate with a mutant PDGF receptor defective in
autophosphorylation (Morrison et aL, 1990). Further, cross-phosphorylation of
kinase-negative receptor with an active receptor allowed PLCy binding (Margolis et
aL, 1990). This suggests that tyrosine phosphorylation of the receptor was promoting
the binding of PLCy. The site of interaction was localised to the carboxy-terminal tail
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of both the EGF and PDGF receptors since mutant receptors containing deletions in
this region were unable to bind PLCy (Margolis et al., 1990; Seedorf et al., 1992;
Valius et aL 1993).Tyr 992 and Tyr 1068 in the EGF receptor have been identified as
binding sites for PLCy (Margolis et aL, 1990; Rotin et aL, 1992; Vega et aL, 1992).
Tyr 1021 is responsible for the binding of PLCy to the PDGF receptor (Kashishan and
Cooper 1993; Ronnstrand et aL 1992; Valius et aL, 1993). PLCy has also been found
to interact with the activated NOT receptor (Vetter et aL, 1991; Ohmichi et al., 1991;
1992). Deletion of the C-terminal tail of the NGF receptor was shown to abrogate the
binding of PLCy.

Moreover, mutation of the autophosphorylation site Y785

specifically diminished binding of PLCy to the NGF receptor and a tyrosine
phosphorylated synthetic C-terminal peptide was shown to corcpetitively inhibit
association (Obermeier et aL, 1993). The FGF receptor has also been shown to
specifically bind PLCy via the autophosphorylation she, Y766, in hs C-terminal tail
(Peters et aL, 1992; Mohammadi et aL, 1992). Other receptors that have been shown
to interact with PLCy include c-erbB2, albeh with a lower aflSnity than with the PDGF
receptor (Fazioli et aL, 1991; Segatto et al., 1992), the HGF receptor (Ponzetto et
al., 1994) and the Ret receptor (Borrello et al., 1996) Comparison of the PLCy
binding sites on these receptors reveals the consensus binding sequence
YpU W X P /V fL . Non-receptor PTKs also phosphorylate the same tyrosine residues
as the RPTKs and activate PLCy in response to the ligation of certain cell surface
receptors (reviewed in Lee and Rhee 1995).

The role of PLCy activation in RPTKs signalling has been investigated with different
approaches. Cell delivery of SH2 inhibitory phosphopeptides abolished Trk mediated
activation of PLC as well the NGF survival activity The importance of PI hydrolysis
in PDGF mediated mitogenesis has been demonstrated using microinjection
experiments. Antibodies to the PLC substrate PI( , )P were diown to inhibit both
4

5

2

PI turnover and PDGF induced cell proliferation (Matuoka et al., 1992). In accord
with these studies, mutants of the PDGF receptor (Y102 IF) and EGF receptor
(Y992F) that

6

iled to associate with PLCy were unable to mediate PDGF or EGF

dependent production of inositol phosphates and the mitogenic response of these
receptor mutants in epithelial Tcells was diminished by 30% (Valius et al., 1993).In
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contrast with these results, accumulating data from several sources suggests that
although phosphorylation and activation of PLCy is elicited by various mitogens it
may not be essential for mitogenesis. For instance, although PDGF, FGF and EGF
induce PLCy activation and mitogenesis, CSF

- 1

(Downing et a i, 1989) and insulin

(Nishibe et a l, 1990) induce mitogenesis in the absence of detectable PLCy tyrosine
phosphorylation and activation. More direct evidence has been provided by the study
of signalling in cultured cells lines expressing mutated receptor tyrosine kinases in the
absence of detectable endogenous receptors. For instance, mutation of tyrosine 766
of the FGF receptor to phenylalanine abolishes detectable FGF-stimulated PLCy
tyrosine phosphorylation, association of PLCy with the FGF receptor, inositol
phosphate accumulation and elevation ofmtracellular Ca^^ levels, but does not inhibit
FGF-stimulated mitogenesis (Mohammadi et al, 1992; Peters et a l , 1992). Moreover
mutant PDGF receptors (Y102 IF) specifically defective in binding PLCy were able
to induce a mitogenic response in porcine aortic endothelial (PAE) (Ronnstrand et al.,
1992) as well as in NIH 3T3 cells (Seedorf et al, 1992) and could activate Ras in the
pro-B cell line BaF3 (Satoh et al, 1993). Consistent with these results, single point
mutations of the PLCy association site on the NGF receptor (Y766) resulted in total
loss of PLCy-mediated responses but had no effect on mitogenesis in L myoblasts
6

(Peles et al, 1992; Mohammadi et al., 1992). Although these results imply that
PLCy activation is not required during cultured cell mitogenesis, it should be noted
that these experiments were performed in cells that do not normally express each
receptor type. Furthermore, it is possible that the mutated receptors induce
undetectable levels of PLCy activation that are sufficient for mitogenesis to occur, or
that other enzymes capable of generating the same products as PLCy might substitute
for PLCy activation. In addition, although PLCy activation may not be essential for
mitogenesis in cultured cells, in multicelhilar organisms the situation might differ.

1.4.1.2 Src-family of protein tyrosine kinases
p60c-src is the prototype of a family of cytoplasmic PTKs which include Fyn, Lyn,
Yes, Lck, Blk, Fgr, Hck and Yrk (reviewed in Superti-Furga and Courtned idge
1995). At least nine members have been identified all of which have very similar
structures. They contain N-terminal sequences that confer myiistoylation and stable
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association with the inner side of the plasma membrane, a SH3 domain and a SH2
domain in the central region, a C-terminal src homology 1 (SHI) or tyrosine kinase
domain, and a short tail which contains a regulatory tyrosine phosphorylation site
(Y527 in p60c-src). The 70-80 amino acids between the N-terminus and the SH3
domain are unique in the different Src femily members.Most p60c-src-related tyrosine
kinases possess a tyrosine residue at their C-terminus in an analogous position to
tyrosine 527 ofp60c-src. Kinase activity is repressed when Tyr 527 is phosphorylated
by Csk, another intracellular kinase, provided that both the SH2 and the SH3 domain
are intact (Superti-Furga et aL, 1993). Tyrosine phosphorylation ofp60c-src at the
C-terminus enables the N-terminal SH2 domain to bind intramolecularly to the Cterminus, an event that also allows the SH3 domain to contact another region of p60csrc. Together these interactions close up the molecule and inactivate the catalytic
domain. Although p60c-src appears to be monomeric, the structure of the Lck SH

2

and SH3 domains conçlexed with a phosphopeptide resembling the C-terminal tail
indicates that the inactive form of Lck might a dimer (Eck et aL, 1994). Apart from
the action related to the monomeric-dimeric functional state the SH and SH
2

3

domains of pôOc-src appear to have an inibitory role. Altogether these data suggest
two possible mechanisms for p60c-src activation: either (i) dephosphorylation of Tyr
527 destabilize the conçlex by releasing the SH2 and SH3 domains and activating the
kinase domain, or (ii) high afBnity ligands for the SH2 or SH3 domains compete for
the autoinhibitory interactions, with the same effect.

The action of members of the src family may be regulated by a number of different
protein kinases including RPTKs. For exanple, p60c-src, p59fyn and p62c-yes are
activated and co-immunoprecgitate with the PDGF and CSF-1 receptors following
the treatment of quiescent fibroblasts with PDGF and CSF-1, respectively (Kypta et
a i, 1990; Courtneidge et ai, 1993). The site of interaction of ppbO®"^"with the PDGF
receptor lies within the juxtamembrane region and was mapped to the
autophosphor^iation residues Y579 and Y581 using site-directed mutagenesis (Mori
et aL, 1993). This was substantiated with in vitro experiments based on the analysis
of the binding of pp60®^" to phosphopeptides containing these specific tyrosine motifs
(Mori et aL, 1993).

In addition, mutation of Y559 on the CSF

- 1

receptor,

corresponding to Y579 on the PDGF receptor, impairs association of the CSF-1
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receptor with the Src family kinases. Tyrosine phosphorylation of p60c-src, which
occurs following its binding to the activated PDGF and CSF-1 receptors correlates
with an increase in PTK activity. It is not clear, however, if this phosphorylation is
required for p60c-src activation. Since the p60c-src SH2 domain binds to Y579 in the
PDGF receptor with higher aflSnity than to its own Y527, p60c-src ativation may
sirqply be the release of the auto-inhibitory mechanism. This is consistent with the fact
that the activated v-src molecules are bound to RPTKs.

The Src family kinases also interact directly with a number o f intracellular
mlecules.These include PI 3-kinase (Whitman et al., 1985; Pleiman et al., 1993;
Taichman et al, 1993; Vogel et al, 1993, Kapeller et al., 1994), RasGAP (EUis et al,
1990; Brott et al, 1991), Raf-1 (Morrison et al., 1988), PLCy (Nakanishi et al.,
1993a), Nck (Meisenheider and Hunter, 1992) and She (McGlade et al., 1992a).
Furthermore pôOc-src physically associates with paxillin and the focal adhesion kinase
(FAK) (Weng et al, 1993). In some cases the region which mediates the interaction
has been mapped to the SH3 domains. Molecules which associate with p60c-src
through the SH3 domain include: AFAP-110 (a protein containing proline-rich
motife), and Sam

6 8

(a RNA binding protein wich associate p60c-src during mitosis)

(Flynn et al, 1993). Although the physiologial function of each of these interaction is
unclear, they indicate a central role for p60c-src in response to a variety of stimuH.

Signalling through the members of the src family is both redundant and pivotal as
demonstrated by knock-out experiments. A lthou^ targeted disruption of the c-Yes
gene alone or of the c-Src gene alone does not produce an abnormal phenotype in the
mouse system, simultaneous disruption of c-Src and c-Yes is lethal (Soriano et al,
1991; Taylor et al, 1993).

1.4.1.3 Protein-tyrosine phosphatases
Down-regulation of signals transduced by RPTKs requires dephosphorylation of the
activated RPTKs themselves and of their substrates. Protein-tyrosine kinase
phosphatases (PTPs) that catalyze the dephosphorylation of RPTKs were, until
recently, poorly characterized. This is, at least in part, due to the idea that PTPs act
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constitutively to reverse the action of regulated RPTKs.Instead it has become apparent
that the activities of PTPs are regulated in aconq)lex manner (reviewed in Hunter
1995). When the first PTP was purified it was found to be structurally related to the
cytoplasmic domain of the leukocyte common antigen CD45 (Tonks et al., 1988).
CD45 was subsequently shown to have phosphatase activity and to be essential for T
cell activation by the T cell receptor (Koretzky et al., 1990). This indicates that PTPs
can contribute positively to signal transduction. Over the last years a a large number
of PTPases have been identified through molecular cloning and like the PTK family
they too form a family with diverse structures and a conserved phosphatase domain.

The phosphatase dorpain has a number of invariable residues, including a cysteine that
is essential for catalytic activity. Mammalian PTPases are divided into intracellular and
transmembrane classes. Transmembrane PTPases such as CD45 (Charbonneu et al.,
1988) and leukocyte antigen-related (LAR) PTPase (Streuli et aL, 1988), with
intracellular catalytic domains and distinct extracellular domains resemble in structural
organization the transmembrane tyrosine kinases such as the EGF receptor; these
receptor-like PTPases may be capable of initiating transmembrane signalling in
response to as yet unidentified ligands, presumably by modulating their PTPase
activity. Further insights into the regulation and fimction of intracellular PTPases
came w^en activated growth fector receptors were found to coimmunoprecipitate with
SH2

dom ain-containing

phosphatases

termed

SHPTPl

also

known

as

PTPIC/HCP/SHP (Phitzky et aL,1992; Yi et aL, 1992) and SHPTP2 also called
PTP1D/SYP/PTP2C (Feng et al., 1993; Lechleider et al., 1993a; Vogel et aL, 1993).

SHPTP2 may be the mammalian homologue of the Drosophila PTP Corkscrew (Csw)
gene product because its amino acid sequence is more similar to Csw than SHPTPl
(Feng et aL, 1993). Csw, however, contains an insert in the phosphatase domain that
is missing in SHPTPl and SHPTP2. Csw was identified as a gene involved in
induction of terminal differentiation during Drosophila embryonal development (St.
Johnston and Nusslein-Volhard 1992).The Csw gene is thought to act downstream of
the PDGF receptor-like torso and in concert with the Drosophila c-Raf homologue,
D-Raf to positively transduce signals generated by the torso receptor PTK (Perkins
et aL, 1992).
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SHPTPl contains 595 amino acids, and has two SH2 domains present in the Nterminal half and a catalytic domain in the C-terminal domain half of the protein.
SHPTPl is expressed primarily in haematopoietic cells and at levels ~fifty fold lower
in some epithelial cells (Yi et al., 1993). It has been shown that SHPTPl becomes
phosphorylated on tyrosine, and transiently associates with, hgand activated SCF (Yi
et al., 1993) or a chimeric Neu receptor put under the control of the EGF receptor
external domain (Vogel et al, 1993) through the SH2 domain. In addition, the CSF-1
receptor was observed to induce tyrosine phosphorylation of the SHPTPl protein in
stimulated macrophages (Yeung et al., 1992). CSF-1 independent proliferation is
observed Wien macrophages are isolated from mice homo ygous for mutations at the
2

motheaten locus, Wiich encodes SHPTPl (Schultz et al., 1993). The consequence of
this mutational inactivation of SHPTPl suggest that it is involved in attenuation of
mitogenic responses in macrophages.

The structure of SHPTP2 is similar to that of SHPTPl. In contrast to SHPTPl,
SHPTP2 appears to be widely expressed and is present in all stages of development
(Adachi et al., 1992; Bastien et al, 1993; Vogel et al., 1993). SHPTP2 can be
coimmunoprecipitated with the EGF, PDGFp and SCF receptors from ligand
stimulated cells (Feng et al, 1993). An unidentified phosphotyrosine phosphatase has
also been shown to be fimctionally coupled with the activated HGF receptor (VillaMoruzzi et al, 1993). However, whether this represents another member of the
SHPTP family of phosphatases remains to be determined. In addition, upon insulin
stimulation, SHPTP2 binds to the inailm receptor substrate-1 (IRS-1) in vivo (Kuhne
et al., 1993).

Using a number of PDGF receptors with phosphorylation site mutants the major site
of interaction for the SHPTP2 protein and its SH2 domain was identified as Y 1009
(Vahus et al, 1993; Lechleider et al, 1993b; Kaklauskas et al, 1993). Further analysis
with a degenerate phosphopeptide library indicates that the consensus sequence
pYV/L/IXV/L/I mediates high affinity SHPTP2 binding (Songyang et al., 1993 and
1995). Interestingly SHPTP2 is activated by a phosphopeptide based on the sequence
around Tyrosine 1009 in the PDGF receptor (Lechleider et al, 1993b). SHPTP2 was
also shown to mediate binding of Grb2 to the PDGF receptor (Li et al., 1994). This
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suggests that SHPTP2 may be iq)stream of Ras and Raf. This hypothesis is supported
by genetic studies in Drosophila which have placed Csw (the Drosophila SHPTP2
likely homologue) upstream of Raf and downstream of torso (the Drosophila PDGF
receptor likely homologue). In summary both SHPTPl and SHPTP2 play a role in
RPTKs signal transduction. They may be activated through binding to tyrosine
phosphorylated receptors and perhaps as a result of Tyrosine phosphorylation.

1.4.1.4 Phosphatidylinositol 3-ldnase
Phosphatidylinositol 3-kinase (PI 3-kinase) catalyses the phosphorylation of the
inositol ring of its lipid substrate at the D-3 position (Whitman et a l, 1988). The
classical pathway of signal-dependent inositol Içid hydrolysis is promoted by activated
phospholçases Cs which release two signalling molecules: inositol 1,4,5-triphosphate
(IP3) and diacylglicerol (DAG). PI 3-kinase, on the contrary, generates the highly
phosphorylated lq)id phosphoinositide 3,4,5-triphosphate (PIP ). PI 3-kinase can also
3

generate PIP and PIP , respectively from the PI and PIP substrates, however Pip
2

appears to be the irq)ortant signal-generated product (Stephens et al., 1991).
Interest in pho^hatidylinositol (PI) kinases was first sparkled by the observation that
PI 3-kinase activity associated with a number of retroviral oncogene products and
protein-tyrosine kinases involved in cell proliferation. PI 3-kinase activity was
identified in immunoprecipitates associated with the polyoma virus middle T
antigen/ppôO®’^'^ conq)lex (Whitman et aL, 1985), the receptor for PDGF (Whitman
et al., 1987), p

6 8

'"*™
®, the transforming protein of the avian sarcoma virus UR2

(Macara et al., 1984) and v-abl from Abelson murine leukaemia virus transformed
cells (Fry et aL, 1985). The notion that PI 3-kinase is fimctionally inçortant in cell
transformation was strengthened by studies of mutant PTKs. For exarrq)le, mutants
of ppôO'"’®” (Fukui and Hanafiisa, 1989) and variants of the Abl oncogene product
(Varticovski et aL, 1991) that fril to transform cells were shown not to associate with
PI 3-kinase. Conversely, ppôO®’^'* mutants that cause transformation acquire the
ability to associate with and activate PI 3-kinase (Chan et aL, 1990). Likewise, the
analysis of many polyomavirus middle T (mT) mutants that do not transform cells
revealed that these mT proteins were also defective in their ability to associate with
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PI 3-kinase (Whitman et aL, 1985; Kaplan et aL, 1986, 1987; Courtneidge and Heber,
1987; Serunian et aL, 1990; Uleg et aL, 1990).

PI 3-kinase was first identified as an 85 kDa phosphoprotein using SDS-PAGE gels
for analysis. This phosphate labelled protein correlated with the appearance of a PI
3-kinase activity in immunoprecçitates of a number of polyoma mT mutants
(Courtneidge and Heber, 1987; Kaplan et al., 1987). The same protein was also
shown to appear in parallel with PI 3-kinase activity in anti-phosphotyrosine
immunoprecÿîtates of PDGF stimulated cells and to copurify with the PDGF receptor
(Kaplan et aL, 1987). Phosphoammo acid analysis revealed that the 85 kDa protein
was phosphorylated on both serine and tyrosine residues in polyoma middle Ttransformed and PDGF-stimulated cells (Kaplan et al., 1987; Cohen et al., 1990).
Purification of Ptdlns 3-kinase was achieved by classical protein purification
techniques (Carpenter et a/., 1990; Morgan et aL, 1990; Shibasaki et a l, 1991;Otsu
et aL, 1991; Hiles et al., 1992). Molecular cloning of the corresponding cDNAs led
to the demonstration that PI 3-kinase exists as a heterodimer containing 85 (p85) and
1 1 0

(pi

1 0

) kDa subunits (Otsu et al., 1991; Escobedo et aL, 1991; Skolnik et aL,

1991; Hiles et al., 1992).
Recently it has become clear that there exists a family of PI 3-kinases with at least
three p85 subunits and at least three p i 10 subunits (a,p and y). p 110a andp are found
as heterodimers with p85 subunits while p 1lOy does not bind p85. The broad family
also includes a number of less closely related lipid and protein kinases among which
are Saccharomyces Cerevisiae Vps34p, TOR 1 and TOR 2 and their mammahan
homologues. (Kunz et aL, 1993; Schu et aL, 1993; Brown et aL, 1994; Sabatini et al.,
1994). A DNA-dependent protein kinase and the product of the ataxia telangectasia
gene also belong to this family (Hartley et al., 1995; Savitsky et aL, 1995). The p85
subunit contains a N-terminal SH3 domain, a central (N-SH2) domain, and a Cterminal SH2 (C-SH2) domain. The region between the SH3 domain and the central
SH2 domain shows some homology with the C-terminal region o f Bcr. Several
mechanisms for regulating the activity of PI 3-kinase in response to extracellular
stimuli have been elucidated. The most studied is the binding of the SH2 domains of
p85 to tyrosine phosphorylated signalling proteins (Panayotou and Waterfield 1992).
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upon stimulation the PDGF receptor associates with PI 3-kinase. Phosphopeptide
mapping, antibody con^etition and mutagenesis have impHcated tyrosines 740 and
751 of the human p-PDGF receptor (Kazlauskas & Cooper, 1989, 1990; Kazlauskas
et a i, 1992), and the corresponding tyrosines on the mouse P-PDGF receptor
(tyrosine 708 and 719) (Escobedo et a l, 1991; Fantl et a l, 1992) and the a-PDGF
receptor (tyrosine 731 and 742) (Yu et a l, 1991), in mediating the p85-PDGF
receptor interaction. Receptors for CSF-1, SCF, NGF, and other receptors have also
been shown to associate PI 3-kinase through the p85 subunit (reviewed in van deer
Geer et al, 1994).In most cases the association is mediated by the sequence YXXM
which represent a high aflSnity binding site for the p85 SH2 domains. The insulin
receptor activates PI 3-kinase through phosphorylation of the insulin receptor
substrate 1 (IRS-1) which contains multiple YXXM motifs (White 1994;Water and
Pessin 1996).

Growth feet or stimulation could cause activation of PI 3-kinase by a combination of
fectors. Firstly, the translocation of the enzyme from its cytosohc location to the
plasma membrane could allow binding to the activated receptor PTK through
engagement of its SH2 domains. Accordingly phosphopeptides derived from RPTKs
or IRS-1 have been shown to stimulate PI 3-kinase activity (Backer et al., 1992;
Myers et al, 1992; Van Horn et al, 1994). In addition, proximity to its hpid
substrates, PI(4)P and PI(4,5)P, and the tyrosine phosphorylation of the PI 3-kinase
complex may promote further activation of the enzyme.
Other possible m echanisms of PI 3-kinase regulation through the p85 regulatory
subunit include: binding of the SH3 domain of Src femily tyrosine kinases to p85
proline-rich motifs (Lhi et al, 1993b; Prasad et al, 1993; Pleiman et al., 1994),
possible binding of the Rho femily proteins CDC42 and Rac to the Bcr region (Zheng
et al, 1994; Tohas et al, 1995) and autophosphorylation ofp85 by the p i

1 0

kinase

at Ser 608 (Dhand et al, 1994b). Of particular relevance appears to be the activation
of PI 3-kinase by interaction with Ras (Rodriguez-Viciana et al, 1994; RodriguezViciana et al., 1996). The interaction is mediated by the eflfector region of Ras, and
is GTP-dependent.The site of the interaction of Ras with PI 3-kinase lies between
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residue 133 and 314 on the catalytic p 110 subunit, this region contains a lysine residue
(K227) that is essential for the interaction (Rodriguez-Viciana et al., 1996).

These JSndings suggest that PI 3-kinase could be activated by signals received through
two regions. One agnal comes from tyrosine phosphoproteins and is mediated by the
p85 subunit which associates the p i 10 through the amino terminal 150 amino acids
ofpllO (Dhand et al 1994a-b). The other signal comes from the direct interaction of
Ras-GTP with the neighbouring region ofpllO, roughly spanning the next 150 amino
adds ofpllO (Rodriguez-Mdana et al, 1996). It is possible that both signaling routes
need to be concomitantly triggered for optimal PI 3-kinase activation. Signalling by
RPTKs such as the PDGF and HGF receptors, which directly modulate both Ras and
PI 3-kinase might be potentiated by concomitant activation of the two pathways. This
complex regulation is fiuther con^licated by the PI 3-kinase dependent regulation of
Rac which is another small GTP binding protein (Hawkins et al., 1995). Given that a
Ras regulation of Rac has been observed it is possible that PI 3-kinase acts as a Ras
effector \^Iiich controls Rac activation (Ridley et al., 1992; Rodriguez-Viciana et al.,
1996).

Some o f the events known to involve PI 3-kinase activities inçlicate PI 3-kinases
different from the p85/pl 10 complex. For example, activation of the

could

be regulated by a distinct PI 3-kinase (Chung et al, 1994; Ming et al, 1994). At least
two further PI 3-kinase activities have been identified, one regulated by seventransmembrane-helix receptors via heterotrimeric G protein py subunits, and one that
shows a specificity for the lipid PI, as opposed to PIP , as substrate (Stephens et al.,
2

1994; Stoyanov et al., 1995; Stephens et al, 1994).These data suggest a picture in
Wiich PI 3-kinases act as key players in multiple signalling mechanisms (Shepherd, et
al, 1996). Identifications of PI 3-kinases dowmstream effectors will shed further light
on the biological role of this lipid kinase family of enzymes.

1.4.1.5 GTPase activating protein
RasGap is a 120 kDa protein that enhances the intrinsic rate of GTP hydrolysis by
cellular p21ras, but not by oncogenic GTPase mutants of p21ras (Trahey &
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McCormick, 1987; Gibbs et a l, 1988). Although originally characterised as a downregulator ofp2 Iras. GTP levels, subsequent data have inq)lied that RasGap might also
be an effector of p21ras activation. The C-terminal portion of RasGap encodes the
GTPase-enhandng activity wbile the N-terminal portion of RasGap contains one SH3
and two SH2 domains. The last 400 residues at the C-terminal region, which contain

Gap-1, and S. Cerevisiae proteins IRAI and 1RA2.

RasGap associates with RPTKs and with two distinct phosphoproteins (p62 and p 190)
following receptor activation (Ellis et al., 1990; Liu and Pawson 1991). The genes
encoding p62 and p 190 have been cloned (Wong et al., 1992; Settleman et al, 1992).
The p62 protein shows homology with a putative hnRNP protein (GRP33) and was
found to bind DNA and RNA, suggesting a role in DNA/RNA metabolism (Wong et
al, 1992). Moreover, p62 was shown to bind to the SH2 domain of RasGAP in vitro,
an interaction mediated by the phosphorylation of tyrosine residues on p62 (Wong et
al, 1992). Analysis of the p 190 clone revealed three regions of homology to known
sequences (Settleman et al, 1992). At the N-terminus there are three sequence motifs
indicative of a GTP-binding site in other proteins. The C-terminus contains a region
with homology to n-chimaerin and RhoGAP, consistent with the finding that pl90
displays RasGap activity on Rho femily members in vitro (Settleman et al., 1992a).
A sequence similarity to the transcriptional repressor of the reported glucocortoid
receptor gene (GRF-1) was found in the middle portion of the protein.

The

physiological significance of these domains remains to be determined but these results
do provide a possible mechanistic link between the plasma membrane generated
signals and nuclear responses. Indeed, subceHular fi-actionation studies showed -25%
of the total pool of p 190 to be associated with the cell nucleus (Settleman et al.,
1992).

RasGAP is predominantly located in the cytosol, however stimulation of cells with
PDGF or EGF can induce rapid phosphorylation of RasGAP and its translocation to
the cell membrane (MoHoy et al., 1989; Kazlauskas et al, 1990; EUis et al., 1990). In
epithelial cells over-expressing the PDGF receptor, approximately 10% of the total
cellular RnsGap associates with the activated PDGF receptor (Kazlauskas et a l,
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1990). The association between RasGap and the PDGF receptor is mediated by the
SH2 domains and requires a phosphorylable tyrosine residue at amino acid 771 in the
kinase insert region of the human pPDGF receptor (Kashishian et a i, 1992;
Kazlauskas et a l, 1992) or at the corresponding amino acid (739) of the murine
pPDGF receptor (Fantl et a l, 1992). Conçlex formation between the activated EGF
receptor and RasGAP was found to be a process having a 10 fold lower afBnity than
that observed with the PDGF receptor and has been found to be more transient (Serth
et al, 1992; Soler et al 1993). The binding site for RasGAP on the EGF receptor was
mapped using a series of deletion mutants. The association was found not to be
mediated by a unique autophosphorylation site but by multiple, perhaps con^ensatory
sites. An EGF receptor containing a single point mutation at YI 168 exhibited the
lowest afBnity for binding to RasGAP, and individual point mutants of the four other
known autophosphorylation sites displayed lower affinity binding (Soler et al., 1993).
Ras GAP also associates several others RPTKs including NGF, CSF-1 and insulin
receptors (reviewed in van der Geer et al, 1994).
RasGAP does not appear to play an essential role m ehciting a mitogenic response in
growth factor stimulated signalling as determined using specific receptor pointmutants (Kazlauskas et al, 1992; Fantl et al., 1992; Valius and Kazlauskas, 1993;
Satoh et al, 1993). hrq)ortant clues to understand the biological functions of RasGap
have come from other proteins which show high homology with RasGap.
Neurofibromin, the protein product of the NFl gene, contains a domain which has
30% sequence similarity with RasGAP. Expression of this domain reveals that it can
act as a RasGAP in vitro (Xu et al, 1990a; Martin et al., 1990). A striking sequence
similarity was also observed with the yeast RasGAP homologues IRAI and IRA2.
Further, NFl has been shown able to complement the loss of IRA function in S.
cerevisiae (Xu et al., 1990a, 1990b) suggesting that NFl may be the mammalian
homologue of IRAI and IRA2. Patients with Neurofibromatosis type I lack the NFl
gene and are characterised by the development of benign and sometimes mahgnant
tumours that originate m the neural crest. Cells derived from malignant NFl tumours
egress very low levels of neurofibromin (DeChie et al, 1992). Perhaps as a result
Ras accumulates in its GTP-bound state and contributes to the transformed state of
the cells through interactions with unknown effectors. Similarly, mutations in IRAI
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or IRA2 resulted in phenotypes similar to those found in the activated yeast Ras2'^'^^
(equivalent to activated mammalian Ras'^

(Tanaka et al., 1989). This identifies

NFl as a tumour suppressor, as its loss of fimction contributes to tumour growth, and
has interesting implications for the physiological fimctions of RasGap s in mammahan
cells. Fuiher clues in understanding the biological role of RasGap came from targeted
disruption of the Gap and Nfl genes in the mouse genome (Henkemeyer et al., 1995).
These experiments show that RasGap mutation affects the abihty of endothelial ceUs
to create a vascularized network. The effects of concomitant mutation of both Gap
and NFl is synergistic and leads to a phenotype more severe than that of single Gap
mutation (Henkemeyer et al., 1995). Neurofibromin and RasGap are therefore
postulated to act together to regulate Ras activity during embryonic development.

1.4.1.6 Other targets with intrinsic enzymatic activity
VAV is a 95-kDa cytoplasmic protein that contains a N-terminal region with weak
homology to hahx-loop-helix and leucine zipper domains, a domain that is
homologous to the guanine nucleotide releasing factor (GNRF) domain of Bcr, Dbl,
and the yeast CDC24, a Cys-rich domain with homology to PKC, DAG kinase and
Raf-1, which may be involved in lipid binding, and at its C-terminus a SH2 domain
localized between two SH3 domains (Adams et aL, 1992). VAV is exclusively
expressed in hematopoietic cells during all stages of development and in all cell
lineages. When VAV is expressed in fibroblasts, it is phosphorylated on Ser and Tyr
in quiescent cells (Bustelo et al., 1992; Margolis et al., 1992). Tyrosine
phosphorylation increases dramatically in response to EGF and PDGF and VAV
associates through the SH2 domain to these RPTKs.The fimctions of VAV were
addressed using biochemical e?q)eriments. Vav immunoprecipitates from T-cell lysates
were found to contain a GRF activity that increased after stimulation of the T-cell
antigen receptor. Vav-GRF domain was found to be active in vitro. Tyrosine
phosphorylation of Vav was found to parallel GRF after TCR-CD3 association in
Jurkat cells. Thus, the presence of an active GRF domain in Vav and its selective
e?q)ression in haematopoietic cells suggests that Vav may represent a haematopoietic
cell specific GRF, by analogy with RasGRF \\hich is e?q)ressed only in the brain (Shou
et al, 1992). Further, purified Vav was found to display GRF activity against Ras in
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vitro (Gulbins et al, 1994) and transformed NIH 3T3 cells have been found to contain
~

1

0

fold more GRF activity than control cells suggesting that an unregulated GRF

activity of Vav may be responsible for cellular transformation. The biological role of
VAV in hematopoietic development has been addressed using

vav-/- mouse

embryonic stem cells both in vitro and in vivo systems (Zhang et al., 1994). Initial
results were, however, in conflict. Recent data from several laboratories pointed out
that the absence of VAV in lynq)hoid cells results in defective signalling through the
T- and B-ceU antigen (Fischer et aL, 1995; Zhang et aL, 1995; Tarakhovsky et al,
1995).

1.4.2 Adaptor protein
While PLCy, RasGap, SHPTP 1/2, and Src contain catalytic domains as well as SH2
and SH3 domains, other SH2 domain-containing proteins have no identified catalytic
domains, and are termed “adaptor*’ molecules. Most of the adaptor molecules contain
a SH2 domain and one or more additional protein interaction domains, most
commonly a SH3 domain. Adaptor proteins bind to activated RPTKs via their SH2
domains and this, usually, causes an efrector protein bound to the second interaction
domain to be cotranslocated.

1.4.2.1 Grb2
Grb2 is a 217 amino acid, 24 kDa protein and contains nothing more than a SH2
domain located between two SH3 domains (Lowenstain et al, 1992; Matuoka et al,
1992). The SH3 domains bind to proline rich motifs in the C-tenrdnal part of the Ras
exchange factor SoS. Binding of the Grb2 SH2 domain to activated RPTKs recruits
the Grb2/Sos complex at the plasma membrane leading to Ras activation (reviewed
in Chardin et al, 1995).Gib2 mRNA is detected in all tissues (Lowenstein et al, 1992;
Matuoka et al., 1992; Suen et al., 1993). Homologues of Grb have been identified
2

in Drosophila and C. Elegans and are called Drk (for downstream of receptor
kinases), and Sem-5 respectively (Olivier et al, 1993; Simon et al., 1993; Sternberg
and Horvitz 1991).Association of Grb2 with the activated EGF, PDGF and CSF-1
receptors has been detected (Lowenstein et al, 1992; Matuoka at al., 1992; Suen et
a l, 1993; Van der Greer et al., 1993). The interaction was shown to be strictly
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dependent on ligand activation and receptor autophosphorylation. Despite stable
complex formation both in vitro and in vivo, Grb2 was a poor substrate for the
activated EGF, PDGF or CSF-1 receptors and not phosphorylated on tyrosine,
threonine or serine when expressed at physiological levels (Lowenstein et al., 1992;
Suen et aL, 1993; Van der Greer and Hunter, 1993). Insulin stimulation of cells
resulted in conq)lex formation involving the Grb2 protein, not directly with the insulin
receptor but with one of its substrates namely IRS-1 (Tobe et al., 1993; Skolnik et al.,
1993). Using a number of phosphopeptides containing the tyrosine phosphorylation
sites on the IRS-1 protein Wiich were phosphorylated both in vivo and in vitro, Y895
was identified as a high afiBnity binding site for the Grb2 protein and its SH2 domain.
Further, this phosphotyrosine-containing peptide was able to inhibit complex
formation between Grb2 and IRS-1 in vitro (Skolnik et al., 1993; Sun et al., 1993).
Comparative analyses defined Y 1068 on the human EGF receptor and Y697 on the
murine CSF-1 receptor as the mediators of the receptors interaction with the SH2
domain of Gib2 (Skolnik et al., 1993; Lhi et al., 1993; Buday and Downward, 1993;
Van der Geer and Hunter, 1993). Analysis of Grb2 binding sites on various RPTKs
and the use of a degenerate phosphopeptide library led to the determination of the
optimal binding motif (p-Tyr-hydrophobic-Asn-hydrophobic) for the SH2 (Songyang
et al, 1993 and 1995). The presence of the Asn is essential for high afiBnity binding.
Definitive genetic evidence from studies of C.elegans and Drosophila indicate that
Grb2 acts upstream of Ras in RPTKs mediated signalling (reviewed in Chardin et al.,
1995). Sem 5 was identified as a gene that regulates vulval development and sex
myoblast migration in C. elegans, based on evidence that mutations in sem 5 disrupt
these processes. Similar defects in vulval development are caused by mutations in the
C. elegans genes let 23 (which is an EGF receptor-like ) and let 60 (Ras-like). This
implicates the proteins encoded by the let 23, let 60 and sem 5 genes in the same
signalling pathway.

The finding that activated let 60/Ras can rescue vulval

development in sem 5 mutants validates this hypothesis ( Sternberg and Horvitz 1991).
Consistent with the C. elegans model, experiments involving microinjection of Grb

2

and Ras together into quiescent fibroblasts show that they stimulate mitogenesis,
whereas these two conçonents have no effect w^en introduced on their own
(Lowenstein et al, 1992). Further evidence for a role of Grb2 upstream of Ras comes
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from work done in Drosophila, where Drk (the Drosophila homologue of mammalian

Grb2) was originally identified as an enhancer of a weak sevenles allele (Simon et al.,
1993). Genetic evidence suggests that Drk plays a role in signal transduction
downstream of Sevenless and DER, the Drosophila EGF receptor. The Drosophila
SoS gene product, a GNRF for Ras, contains a number of prolin-rich sequences in its
C.teiminal domain, and Drk bind directly to the SoS C-terminus (Olivier et aL, 1993;
Simon et aL, 1993). Grb2 binds to mammalian SoS, and a Grb2/SoS complex exists
constitutively (Buday and Downward 1993; Chardin et al., 1993; Egan et al, 1993;
Li et al., 1993; Rozakis-Adcock 1993).

The mechanism through which Grb2 links RPTKs to Ras activation is now well
established. Upon ligand stimulation the Grb2/SoS conq)lex is recruited via SH2
domain to the receptor, translocation of SoS to the plasma membrane allows SoS
dependent Ras activation (Chardin et al., 1995).In agreement with this model
dominant negative mutants of Gib2 can reverse the transformed phenotype caused by
activated neu by interfering with activation of the Ras pathway (Xie et al., 1995).
In addition to SoS a number of proteins have been identified which associate with
Grb2 through its SH3 domains. Among these are Vav, the cbl protooncogene,
dynamin and the Gabl (Holgado-Madruda et al., 1996). Gabl shares amino acid
homology and several features with IRS-1 and can act as a docking protein for several
SH2-containing molecules. Interaction with of Grb2 with Gabl appears potentially of
general interest because it may represent a mechanism to integrate signals deriving
from different systems (Holgado-Madruda et al., 1996). In summary, Grb2 plays a
role as an adaptor in Ras activation linking SoS to activated RPTKs, upon activation
Ras win in turn lead to the activation of the mitogen-activated protein kinase (MAPK)
pathway and nuclear signalling.

1.4.2.2 She
The she cDNA contains two in-fi'ame translational start sites and encodes two
overlapping proteins of 46 and 52 kDa. An additional

6 6

kDa protein is detected in

cells and represents an alternatively spliced product of the she gene (Pelicci et al..
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1992). SHC contains a N-terminal phosphotyrosine binding domain (PTB), a collagen
homology domain that contains a binding site (Y317) for Grb2 and a C-terminal SH2
domain (Fig. 1.10).

A number of receptors can associate with and phosphorylate SHC on tyrosine
residues including the insuline, EGF, PDGF and neu receptors. Also a number of
cytokine receptors promotes SHC phosphorylation (Rokazakis-Adcock et al., 1992;
Ravichandran et al., 1993; Stephens et al, 1994). Tyrosine phosphorylated SHC
interacts with the Grb2/SoS complex providing a link with the Ras pathway (Egan et
al., 1993).

Recently the number of signal transduction pathways which involve SHC has
expanded and now it includes pathways that are activated by the stimulation of Gprotein-coupled receptors or by elevated levels of intracellular calcium (van Biesen et
al., 1995; Lev et al., 1995).Activation of these pathways results, as in RPTKs
activated signalling, in phosphorylation of SHC and its asssociation with Grb2. Both
the PTB and SH2 domains domains of SHC bind phosphotyrosine however they
exhibit markedly different phosphopeptide binding specificities (Songyang et al., 1995;
Trub et al., 1995; Kavanaugh et al., 1995; Zhou et al., 1995) Indeed, while the PTB
domain recognizes amino acid residues N-terminal to the phosphotyrosine, the SH2
domain selectively interacts with residue C-terminal to the phosphotyrosine. The
concomitant presence of two phosphotyrosine binding domains together with the
faculty to activate the Ras pathway delineate the pivotal role which SHC exerts in
multiple signaling pathways.

1.4.2.3 Nck
Nck is a 47 kDa protein con^osed almost exclusively of three N-terminal SH3
domains and one C-terminal SH2 domain (Lehmann et al., 1990; Margolis et al.,
1992). In response to receptor activation, Nck binds to the EGF and PDGF receptors
(Li et al., 1992). The Nck binding site on the PDGF receptor has been mapped, it
correq)onds to Tyr 751 wfiich is located within the kinase insert region (Nishimura et
al., 1993).The PDGF receptor Tyr 751 also binds the PI 3-kinase p85 subunit
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suggesting that muhçle SH2 containing proteins can corq>ete for binding to the same
site on an activated receptor. Nck plays a role in regulation of cell proliferation and
its over-e^gression transforms mouse and rat fibroblasts (Chou et a i, 1992; Li, W. et
a i, 1992). Recently a number of proteins which associate with the SH3 domain of
Nck have been identified (Chou and Hanafiisa 1995). The biological role of these
interactions is still unknown.

1.4.2.4 Crk
p47gag-crk, the oncoprotein encoded by the CTIO avian sarcoma virus, contains viral
gag sequences fiised to an SH2 and SH3 domain (Mayer et a l, 1988) whereas c-Crk
contains the same SH2 and SH3 domain at the N-terminus and an additional SH3
domain at the C-terminus (Fig. 1.10). Although p47gag-crk contains no tyrosine kinase
domain, cells transformed by v-Crk contain elevated levels of specific phosphotyrosine
proteins, and p47gag-crk co-immunoprecipitates with phosphotyrosine proteins and
tyrosine kinase activity (Matsuda et a i, 1990). Furthermore, autophosphorylated
tyrosine kinases such as the activated PDGF and EGF receptors and p60v-src bind
with high afBnity to the crA:-encoded SH2 domain in vitro (Anderson, D , et al^ 1990;
Matsuda e/cr/., 1990; Birge e/a/., 1992).
The cytosohc c-Abl protein tyrosine kinase has been found to associate with v-Crk.
The interaction is mediated by the v-Crk SH3 domain through a proline-rich sequence
located downstream of the c-Abl catalytic domain (Ren et al., 1994). The Crk-Abl
constitutive interaction may account for the high level of tyrosine phosphorylation
found in v-Crk transformed cells. Interestingly, microinjection of Crk, was found to
induce neuronal differentiation of the rat pheochromocytoma cell line PC 12 through
activation of p

2

1

^“*(Tanaka et aL, 1993). Moreover, Crk has been reported to bind

the guanine nucleotide exchange ctor C3G (Tanaka et al., 1994). This suggests that
6

c-Crk fimctions in the same biochemical pathway as the Grb2/SEM 5/ASH proteins,
with the common property of activating Ras-related proteins.
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1.4.3 Docking proteins
Activation of RPTKs stimulates auto/trans-phosphorylation of multiple tyrosyl
residues, wèich associate directly with various SH2 containing proteins. For example
the characteristic biological responses to PDGF and EGF result from the particular
collection of SH2 effectors recruited to the corresponding receptors in various cellular
systems. However not all receptors with intrinsic tyrosine kinase activity directly
engage SH2 containing proteins. Receptors for insulin and insulin-like growth factor-1
(IGF-1) undergo tyrosine autophosphorylation during ligand stimulation.

Unlike other RPTK autophosphorylation of the insulin and IGF-1 receptors does not
mediate the association of known SH2 containing molecules, instead these receptors
phosphorylate insulin receptor substrate-1 (IRS-1) and IRS-2, which functions as
tyrosine-phoq)hoiylated docking proteins. Docking proteins are substrates which are
specifically phosphorylated at multiple sites and that recruit SH2 containing effectors
which in turn propagate the signal.

1.4.3.1 m S-1 and IRS-2
The most prominent substrate of the insulin receptor is the protein 1RS-1 (White
1994;Water and Pessin 1996).This is a 185 kDa protein which contains a N-terminal
PH domain followed by a PTB domain. In addition IRS-1 contains multiple tyrosine
residues embedded in specific motifs which, upon phosphorylation, generate
recognition sites for the SH2 domain of several proteins. Among the molecules which
associate with phosphorylated IRS-1 are: PI 3-kinase (which binds Y460, Y608,
Y939, Y987), Gib2 (Y895), and the phosphatase SHPTP2 (Y1172, Y1222). Also the
small adaptor protein Nck has been reported to associate with 1RS-1, but the specific
site on IRS-1 involved in this interaction remains to be determined (reviewed in Water
and Pessin 1996). 1RS-1 plays an in^ortant role in insulin mediated mitogenesis
(Chuang et al, 1993; White et al, 1994).

The mitogenic activity of 1RS-1 is independent of Grb2 activation as shown by
e>^enments performed in cells expressing an IRS-1 mutant lacking the Grb2 binding
site or in cells lacking IRS-1 (Pruett et al, 1995). To address the physiological role
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of IRS-1, mice lacking this docking molecule were generated (Tamemoto et al, 1994;
Araki et al, 1994). Surprisingly a mild phenotype, compared to the severe defects
vAnch occur in patients with defective insulin receptors or in mice knock-out for the
IGF-1 receptor, was observed. The reasons for this observation appeared clear when
another insulin receptor substrate (IRS-2) was cloned (Sun et al, 1995).

IRS-1 and IRS-2 share regions of strong sequence homology both in the N-terminal
PH and PTB domains, as well as in the tyrosine phosphorylation acceptor sites. At
present is unclear whether IRS-1 and IRS-2 mediate distinct or overlapping signals
and if they have similar or divergent biological properties.

1.5 Conclusions
1.5.1 Specificity of growth factor signalling pathways
The abihty of a cell to respond to external signals is determined firstly by the
specificity of growth ctor-receptor interaction and the restricted expression of genes
6

encoding these proteins during development (Rappolee et al., 1988; Matsui et al,
1990). Additional levels of regulation and diversity can be achieved by e?q)ression of
polymorphic forms of hgand and receptor PTKs. For exanqile the PDGF receptor a
and P isoforms have distinct signalling specificity, both isoforms can transduce a
mitogenic response but only the P-receptor mediates chemotaxis and actin
reorganization in the form of circular membrane ruffles (Errikson et al, 1992).
Similarly, the signalling and biological responses ehched by different FGF receptors,
which respond to distinct but related factors, has been found to differ substantiahy
(Wang et al., 1994).

The pleiotropic fimction of receptor-PTKs is determined by the array of downstream
signal transduction pathways that are activated by the receptor. The PDGF receptor
is able to engage or activate a diverse conq)lement of signalling molecules including
PI 3-kinase, GAP, PLCy, ppôO'^^ Vav, SHPTP2,GRB2/SoS and Nck (Reviewed in
Pawson 1995). However, the EGF and CSF-1 receptors activate only subsets of these
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intracellular substrates. Such corrqplementation may explain the synergistic effects
observed when growth factors are apphed together and the differential potencies of
the various mitogens in particular cells.

There is a growing body of hterature indicating that growth factor receptors are able
to initiate more than one signal transduction pathway. PLCy has been shown to play
a central role in PDGF receptor signal transduction. However using specific PDGF
receptor mutants it has been shown that PLCy activation can be compensated for
activation of PI 3-kinase (Vahus and Kazlauskas, 1993; Satoh et al., 1993). This
suggests that the PI 3-kinase- and PLCy-mediated pathways, may converge and thus,
the absence of PLCy binding may be compensated for.

Most studies aimed at evaluating the role of specific pathways in RPTKs signalling
have involved the use of receptors mutated at specific sites to prevent recruitment of
a signalling protein, and then a test of the effects of this blcked recruitment on growth
factor induced DNA synthesis.
The picture emerging suggests that the nature of protein-protein interactions is more
complex than originally anticpated and more than one protein may bind to a particular
site on the activated receptor molecule. For example, both PI 3-kinase and Nck bind
Y 751 on the PDGFP receptor (Fantl et al., 1992; Nishimura et al., 1993) and both
PLCy and Syp have been shown to bind Y 1009 on the PDGFP receptor (Ronnstrand
et al, 1992; Lechleider et al., 1993b). Thus, mutation of either of these residues will
result in defects produced by the loss of more than one signal protein. It should be
kept in mind that these assays have enployed cell lines which contain no endogenous
receptors, hence, the signalling pathways downstream of the transfected receptor may
have been downregulated and thus not reflect the true physiological situation. In
addition, the recipient cells are invariably semi-transformed immortal cell lines in
which one or more of the signalling pathways under investigation could have already
been altered or constitutively stimulated.
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Thus, the recruitment of a particular enzyme by receptors may be redundant if
molecules downstream in the signalling cascade are already activated. A further
conq)lication arises from the fact that transfected receptors are often overexpressed
and therefore the use of alternative autophosphorylation sites may become prominent.

The evaluation of the signalling pathways activated by a specific RPTK has proven
harder than initially predicted. Nevertheless, the continued study of RPTK-signalling
mechanisms at the biochemical level and through genetic analysis will undoubtedly
lead to a clearer picture of how an integrated cellular response to ligand binding is
achieved.
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Chapter 2
Experimental procedures
2.1 Gene cloning techniques
2.1.1 Preparation of DNA
2.1.1.1 Miniprep of plasmid DNA
This procedure was used to prepare small amounts of DNA that could be used for
rapid identification purposes. A single bacterial colony was used to ionoculate 2 ml
of I^Broth supplemented with the appropriate antibiotic(s) and the culture incubated
with shaking at 37°C overnight. 1.5 ml of this culture was then transferred to an
eppendorftube and the bacterial cells were pelleted by centrifugation at

1 0

0 0 0

g for

3 min and the remaining culture was used to make a glycerol stock [12.5% (w/v)].
The cell pellet was then resuspended in 50 pi of TNE (10 mM Tris-HCL [pH 8.0],
1 0 0

mM NaCl, 1 mM EDTA). The DNA was then purified fi'om proteins by a

phenol/chloroform extraction followed by ethanol precipitation. The purified DNA
was finally dissolved in

2 0

pi of water containing 50 pg/ml Rnase.

2.1.1.2 Midiprep of plasmid DNA
This is a variation of the maxiprep procedure and was used to prepare good quality
DNA for small scale sequencing.

A 5 ml culture of LB and antibiotics was

innoculated with a single bacterial colony or fi'om a bacterial culture and then
incubated with shaking at 37 °C overnight. The bacterial cells were pelleted by
centrifugation at 2000 g for 5 min and then resuspended in 100 ml GTE (50 mM
glucose, 10 mM EDTA, 25 mM Tiis-HCl [pH 8.0]) and left for 5 min at room
teo]perature. The DNA was denatured and RNA hydrolysed with the addition of 150
pi of ice-cold 5M potassium acetate and gentle mixing by occasional inversion on ice
for 5 min. The DNA was separated firom other cell debris by centrifugation at 10 000
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g for 5 mm and the supernatant transferred to a fresh tube. Any remaining RNA was
removed by adding RNase to a final concentration of 20 |ng/ml and incubation at 37°C
for 20 min. The DNA was purified free of other proteins by phenol/chloroform
extraction and ethanol precipitation and then dissolved in 16 pi of water and subjected
to PEG precipitation by the addition of 4 pi of 4 M NaCl and 20 pi of 13% PEG
(w/v). The sanq)le was mixed well and then incubated on ice for 20 min. Nucleic
acids were precipitated by centrifiigation at

1 0

0 0 0

g for

1 0

min after which the

supernatant was removed and the pellet washed with 1 ml of 70% (v/v)ethanol.
Finally the pellet was dissolved in 100 pi of water, after which it was subjected to a
phenol/chloroform extraction and ethanol precipitation.

2.1.1.3 Maxiprep of plasmid DNA
This procedure was used to produce large amounts of transfection quality DNA. 250
ml of L-Broth were innoculated with a 2 ml DBroth culture that had been innoculated
with a single colony the previous night. These 250 ml cultures were then incubated
with shaking at 37°C. Bacterial cells were pelleted by centrifugation at 3000 g for

2 0

min and resu^ended in 10 ml of GTE (50 mM glucose, 10 mM EDTA, 25 mM TrisHCl [pH 8.0]), 1.25 ml of 20 mg/ml of lysozyme solution, and the mixture incubated
on ice for 10 min 20 ml of a solution containing 0.2 M NaOH and 1% SDS (w/v)
was added, the tube inverted several times and incubated on ice for 10 min. The DNA
was purified from proteins by precipitation using 10 ml of 5M potassium acetate on
ice for 15 min and then centrifugation at 8000 g for 10 min at 4 °C. The supernatant
was transferred to a clean tube and nucleic acids precipitated by the addition of

0 . 6

volumes of isopropanol and centrifugation at 8000 g for 20 min. The DNA pellet was
then washed with 70% (v/v)ethanol and resusup ended in 5 ml of TE containing 5 g
of CsCL

2 0 0

pi of ethidium bromide (

1 0

mg/ml) was added and the solution subjected

to centrifugation at 8000 g for 10 min to remove any cellular debris. The supernatant
was then transferred to Beckman polyallomer quick seal ultracentrifuge tubes. The
tubes topped up with the TE/CsCl solution (ideal weight 9.3-9.9 to ensure the correct
density gradient is achieved) and centrifuged overnight at 200 000 g. Closed circular
plasmid DNA was isolated by drawing out the lower of the two ftorescent bands
visible on UV illumination (the upper band containing chromosomal DNA). The
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plasmid DNA was rebanded to remove any contaminating chromosomal DNA by
centrifugation for 4 h at 275 000 g. The ethidium bromide was extracted with equal
volume of water saturated isopropanol, the upper pink organic phase discarded and
the extraction repeated until the aqueous phase was colourless. The DNA was
precçitated at

- 2 0

°C on the addition of 3 volumes of ethanol and nucleic acids were

collected by centrifugation for 20 min at 11 000 g. The DNA was finally washed with
70% (v/v) ethanol, dried under vacuum and resupended in TE.

2.1.1.4 Maxiprep of plasmid DNA using Nucleobond® cartridges
The pellet of bacterial cells was resuspended carefully in 12 ml 50 mM Tris / HCI, 10
mM EDTA, 100 pg RNase A / ml, ph 8.0. 12 ml. 200 mM NaOH, 1% SDS was
added. The suspension was mixed gently and incubated at room temperature for 5
min. 12 ml of 2,80 M KAc, pH 5.1 was added, the suspension was mixed gently by
inverting the tube

6

-

8

times until a homogeneous suspension was formed. The

suspension was incubated on ice for 5 minutes and centrifuged at high speed (12 000
g) at 4°C for 15 min. The SDS was removed by addition of 2.8M KAc pH 5.1 (45 min
or untü a white precipitate was formed).An AX 500 cartridge (Nucleobond®) was
equilibrated with 5 ml 100 mM Tris, 15% ethanol and 900 mM KCI adjusted with
H PO to pH 6.3.The supernatant was removed carefully fi'om the white precipitate
3

4

and loaded on an AX 500 cartridge equilibrated with 100 mM Tris, 15% ethanol and
900 mM KCI adjusted with H PO to pH 6.3.The cartridge was washed with the 24
3

4

ml 100 mM Tris, 15% ethanol and 1150 mM KCI adjusted with H PO to pH 6.3.The
3

plasmid DNA was eluted with

6

4

ml 100 mM Tris, 15% ethanol and 1000 mM KCI

adjusted with H PO to pH 8.5. The purified plasmid DNA was precipitated with 0.7
3

4

volumes of isopropanol, preequilibrated to room tenq>erature and centrifuged at
highq)eed (14000 g) at 4°C. The DNA was washed with 70% ethanol, briefkly dried
(about 5 min) and redissolved in a buffer for further manipulations.

2.1.1.5 Precipitation of Nucleic acids with ethanol
Nucleic adds were precÿitated by the addition of 0.1 volumes of 3 M sodium acetate
[pH 5.2] and 2.5 volumes of ethanol that had been stored at 20°C. The sançles were
mixed thoroughly and then incubated on dry ice for
followed by centrifugation at 10 000 g for
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2

0

1 0

min or on ice for

2 0

min,

min at 4°C. The nucleic acids were

collected and washed with 70% (v/v) ethanol, dried under vacuum and resuspended
in TE to the required concentration.

2.1.1.6 Phenol/chloroform extraction
Phenol and chloroform denature proteins and are thus used to extract proteins from
DNA solutions. TE saturated phenol was prepared according to Sambrook et al.,
(1988) and mixed 1:1 with chlorofomrisoamylalcohol 24:1. The volume of the DNA
solution was adjusted to

2 0 0

pi and an equal volume of phenol and or

chloroform:isoamylalcohol added. The phases were mixed well by vortexing for
several minutes and separated by centrifugation at 10 000 g for 5 min. The upper
aqueous phase was transferred to a fresh tube leaving behind the material at the
interphase. A phenol extraction was always followed by a chloroform extraction to
remove any residual phenol and the DNA precipitated with ethanol as described
above.

2.1.2 Subcloning Restriction fragments
2.1.2.1 Digestion of DNA with Restriction endonucleases
DNA was restricted according to the manufacturers specifications.

Generally,

restriction enzymes can be divided into 3 catagories based on their buffer
requirements:
low salt

medium salt

high salt

NaCl

0

50 mM

100 mM

Tris-HCl [pH 7.4]

10 mM

10 mM

50 mM

MgC12

10 mM

10 mM

10 mM

DTT

1 mM

1 mM

1 mM

2.1.2.2 Ligation of DNA fragments
Ligation of DNA fragments was generalty performed in 20 pi final volume. The DNA
was ligated in a

1 : 1

ratio when cloning a restriction firagment into a vector, mixed with

2 pi o f lOX hgation buffer (660 mM Tris-HCl [pH 7.6],
DTT,

6 . 6

6 6

mM MgCl^ 100 mM

mM ATP) and the volume adjusted to 20 pi with water. 1 unit of T4 DNA
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ligase was used and the reaction incubated at 16°C overnight, after which the reaction
was terminated by chloroform extraction and the DNA ethanol precipitated prior to
further processing.

2.1.2.3 Phosphatase treatment of restriction fragments
To prevent self ligation of digested vector in a ligation reaction, the vector was first
was dephosphorylated.

Briefly, the vector was digested with the appropriate

restriction enzyme, extracted with chloroform, ethanol precipitated and resuspended
in medium restriction enzyme salt buffer. To this was added 0.2 units of calf intestinal
alkaline phosphatase (Bohiinger), SDS to a final concentration of 0.2% (w/v) and the
sample incubated at 37°C for 30 mm. The reaction was then terminated by the
addition of EGTA to a final concentration of 20 mM to chelate all Mg^"^ ions and heat
inactivation of enzyme at

6 8

°C for 15 min. The DNA was then phenol/chloroform

extracted twice and ethanol precipitated.

2.1.2.4 Electrophoresis of DNA fragments
DNA molecules are fiactionated according to size when run on an agarose gel. 1%
(wA^) gels were generally used although % (w/v) gels were err^loyed for analysis of
2

DNA fiagments less than 500 bp in size, and 0.7% (w/v) gels for DNA larger than 10
Kb. The appropriate volume of 1% agarose (w/v) in TAE buffer (0.004M TrisAcetate, 0.00IM EDTA) was made and heated to allow the agarose to dissolve. The
agarose solution was cooled to 60 °C and the ethidium bromide added to a
concentration of 1 pg/ml. O.IX total volume loading buffer (0.25% (w/v) xylene
cyanol, 0.25% (w/v) bromophenol blue, 15% (w/v) FicoU type 400 in water) was
added to the sançles and electrophoresis performed in TAE at 5V/cm against
standard molecular weight markers (Boehringer).

2.1.3 Preparation of competent £ . coll.
A 2 ml LB-culture was innoculated with a single E. coli colony and grown overnight
at 37 °C with shaking. This was then used to innoculate
dilution of /
1

1 0 0

1 0

ml of nutrient broth at a

. After growth to ODgoQ=0.4, the cells were pelleted by centrifugation

at 4 °C for 10 min at 2000 g, resuspended in 5 ml of ice-cold 50 mM calcium chloride
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by shaking, and left on ice for 15 min. The cells were then spun again as above and
suspended in 400 pi of ice-cold CaCl^ (50 mM) and stored on ice until used. To make
a large stock for long term storage at -70 °C, the same procedure was used with a 50
ml bacterial culture. Cells were pelleted and resuspended in 1/3 of the culture volume
in a buffer containing 100 mM KCl, 50 mM CaClj, 10% (v/v) redistilled glycerol and
10 mM potassium acetate that had been sterilised through a 0.2 pm filter.

The

mixture was incubated on ice for 10 min after Wiich the cefls were centrifuged at 1000
g at 4 °C for 5 min and then resuspended in 1/12.5 of the original culture volume. 200
pi aliquots of the cell suspension were then flash fiozen in a dry-ice ethanol bath for
5 min and then stored at -70 °C for several weeks.

2.1.4 Transformation of E. Coli
The DNA was added to conq)etent cells, mixed by gentle pipetting and incubated on
ice for 30 min to allow the DNA to be absorbed onto the cells. The cells were then
induced to take up the DNA by heat-shock at 37°C for 5 min, after which 0.5 ml of
L-Broth was added and the cells incubated at 37 °C with shaking for 30 min. The
cells were then gently spread onto a pre-dried agar plate containing the relevant
antibiotic selection and incubated at 37 °C overnight.

2.1.5 Purification of DNA

2.1.5.1 Gel purification via phenol extraction
This procedure was used to purify small DNA £ragments.Following excision of band
from a low melting point gel, the gel slice was placed onto an eppendorf tube with an
equal volume of TE (approx. 300 pi) and incubated at

6

°C for 10 min. The aqueous

phase was then extracted with TE-saturated phenol that had been pre-heated to 65 °C
three times after which the aqueous phase was subjected to a phenol/chloroform
extraction, followed by a chloroform extraction and then ethanol precipitation.

2.1.6 Detection of DNA using radioactive probes
2.1.6.1 The radioactive labelling of DNA
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Fimberg and Vogelstein (1983) introduced the use of random sequence
hexanucleotides to prime DNA synthesis on denatured tenq)late DNA at numerous
sites along its length. The unique property of the Klenow DNA polymerase I to prime
only in the 3-5' direction and an absence any 5'-3' exonuclease activity ensures that
labelled nucleotides incorporated by the polymerase are not subsequently removed as
monophosphates. Thus, this approach generates a stable probe of high specific
activity. A multqrrime DNA labelling kit marketed by Amersham was used to label
probes using this approach (RPN 1601). A DNA firagment was labelled as follows:
25 tig of DNA was denatured by heating to 100 °C for 2 min in a boiling water bath
and then chilled on ice. The reaction was then set up in an eppendorf tube on ice as
follows:
11.5 lA

containing 25 ng of denatured DNA

5 lA

sohi 2 (dATP, dGTP and dTTP in Tris-HCl [pH 7.8], MgCl^ and
P-mercaptoethanol).

2.5 fA

primer (hexanucleotides)

5 fA

dCTP (a-""P0.5/.iCi)

1 fA

1 unit DNA polymerase I Klenow fiagment

25 Ml
The contents were gently mixed by pipetting and then incubated at 37 °C for 30 min.
Unincorporated [a-^^P]dCTP was removed by passing the reaction through a
Sephadex G50 column as described below.

2.1.6.2 Removal of unincorporated radionucleotide from a random priming
reaction reaction
Unincoiporated radioactively labelled nucleotide was removed fi*om a random priming
reaction by passing the reaction mix through a spun Sephadex G50 column. The
nucleotides are retarded in the Sephadex matrix whereas the labelled DNA molecules
are collected in the ehiate. The Sephadex G50 beads were pre-swollen in column
running buffer (10 mM Tris-HCl, 1 mM EDTA, 100 mM NaCl). The bottom of a 1
ml syringe was blocked with a small quantity of sihconised glass wool and the syringe
filled to capacity with the G50 suspension. The column was packed by centrifugation
for 5 min at 500 g and equilibrated by the addition of 100 lA of column running buffer
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containing 0.1% (w/v) SDS and centrifugation as before.

This procedure was

repeated until 100 fA of buffer had eluted. The volume of the reaction mix was
increased to

1 0 0

fA by the addition of column running buffer containing . % (w/v)
0

SDS, and the sanq)le loaded on the column.

1

The radioactively labelled DNA

molecules were collected upon centrifugation, the DNA denatured by incubation at
95°C for 5 min and then stored on ice until required.

2.1.6.3

Hybridisation of DNA immobilised on nitrocellulose filters using

radiolabelled restriction fragments
Bacteria were either streaked directly onto nitrocellulose paper or a direct lift of the
bacteria colonies on the plate was made by placing the nitrocellulose on the agar plate
for 3 min. The filter paper was orientated by making holes in the agar and paper using
a needle. The bacteria were then lysed by laying the filter colony side up for 2 min on
a piece of Whatman 3 MM paper soaked in Denaturing solution (0.5 M NaOH, 1.5
M NaCl). This was then neutralised by incubation for 5 min on a piece of Whatman
3 MM soaked in Neutralising solution (1.0 M Tris-HCl [pH 7.4], 1.5 M NaCl). After
washing the filter in 3x SSC and . % (w/v) SDS to remove any residual agar, the
0

1

filter was allowed to air diy colony side up for approximately 30 min The DNA was
then irreversibly bound either by baking under vacuum at 80°C for 2 h or by crosslinking using UV light for 90 sec in a UV Stratalinker 2400. As an optional step the
filter could be washed in a buffer containing 3x SSC and . % (w/v) SDS at 65 °C for
0

1

1 h to remove any excess protein. The filter was then prehybridised in a buffer
containing 50% (v/v) formamide, 5X SSC, 5X Denhardts, 1 mM Sodium
pyrophosphate, 50 mM sodium phosphate, 0.1 mM ATP, 0.1% (w/v) SDS and 0.1
mg/ml sheared sonicated salmon sperm DNA, to block any sites on the nitrocellulose
that might bind the probe non-specifically. The filter was sealed in a plastic bag with
the minimum volume of pre-hybridisation buffer required to cover the filter, air
bubbles were removed, and the filters incubated overnight. The filters were washed
4 X 5 min at room tenq>erature in 3X SSC, 0.1% (w/v) SDS and then for 30 min at
65 °C with one change of buffer. If the background radioactivity on the filters
remained high, the stringency of the wash buffer was increased to IX SSC, 0.1%
(w/v) SDS and the incubation continued for a further 30 min with one buffer change.
A final wash using 0.1% (w/v) SDS was performed if the background still remained
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high and then the filters air dried and exposed to Kodak (XAR 5) film at -70 °C
against an intensifying screen.

2.1.7 Double stranded sequencing
2.1.7.1 Principle of DNA sequencing
The chain-termmation method of sequencing DNA involves the in vitro synthesis of
a DNA strand by a DNA polymerase I, using a single stranded DNA template.
Synthesis is initiated fi*om a unique site in the tenq>late where the ohgonucleotide
primer anneals. The synthesis reaction is terminated when a nucleotide analogue is
incorporated. These analogues are 2',3'-dideoxynucleotide 5'-triphosphates (ddNTPs)
that do not support continued DNA synthesis, since they lack the 3’OH which is
involved in the elongation reaction. When the correct ratio of dNTPs and one of the
four ddNTPs is achieved, enzyme catalysed polymerisation will terminate in the
proportion of the population of DNA molecules where the ddNTP was incorporated.
Four separate reactions, each involving a different ddNTP, wiU generate complete
sequence information. A radioactively labelled nucleotide is included in the reaction
so that the population of labelled molecules can be visuahsed by autoradiography
following separation by electrophoresis. The sequencing kit firom Phamacia LKB was
employed for all sequencing reactions with double stranded DNA terrplate. The
relevent ohgonucleotide primer was then annealed to the tenq)late and then enzyme
catalysed extension of this primer occurs in two stages. This was because T7 DNA
polymerase was used as opposed to the Klenow firagment and T7 DNA polymerase
uses dideoxynucleotides very readily and thus they are excluded in the first labelling
reaction, in which extension is initiated using all 4 deoxynucleotides, one of which is
radiolabelled. This was then followed by four separate termination reactions each start
with 1/4 of the labelling reaction and including a single dideoxynucleotide in addition
to the four deoxynucleotides. Midÿrep DNA was used in sequencing reactions as
care needs to be taken to remove all proteins that may interfere in sequencing.

2.1.7.2 Sequencing procedures
Double stranded DNA was denatured by adding to a microcentrifuge tube;
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8

fA water containing

IjA

2-3 //g DNA tenq>late
IM NaOH

10 fA
This mixture was vortexed gently, briefly centrifuged and the tube was incubated at
room tençerature for 10 min. The DNA was then precipitated with the addition of;
3 fA

3 M sodium acetate [pH 4.8]

7 fA

distilled water

60 fA

1 0 0

and placed on dry ice for 15 min

% (vA) ice-cold ethanol

The precipitated DNA was collected by

centrifugation and the pellet washed with ice-cold 70 % (v/v) ethanol, dried and then
resuspended in 10 /fl distilled water. The primer was aimealed to the denatured DNA
by an optimal primer concentration contained 'm l fA o f water added to the denatured
DNA with 2 fA of annealing buffer. The annealing reaction was allowed to proceed
for

2 0

min at 37°C and then cooled to room temperature. The labelling reaction was

performed by the following conçonents being added to the primer/DNA reaction
tube.
3 fA

labelling mix (a mixture of deoxynucleotides)

\fA(\Ofj£i)

[a^'S]dATP

2 fA (3 units)

diluted DNA polymerase

The corrponents were mixed and the contents collected at the bottom of the tube by
a brief centrifugation and incubated at room temperature for 5 min. For each labelling
reaction, 4 tubes were labelled GATC and to each was added 2.5 fA of the appropriate
dideoxynucleotide, ie ddATP, ddGTP, ddCTP, ddTTP. To each of these tubes 4.5
fA of the labelling mix was added. The components were mixed by gentle agitation
and then incubated at 37°C for 5 min. The reaction was then terminated with the
addition of 5

of stop solution (95% (v/v) formamide, 20 mM EDTA, 0.05%'(w/v)

bromophenol blue and 0.05% (w/v) xylene cyanol FF), the reactions heated to 75 °C
for min and then 2-3 fA loaded onto a % (wA) sequencing gel
2

6

2.1.7.3 Preparation of sequencing gels
The sequencing reactions were analysed on % (wA) acrylamide, 7.6 M urea gels as
6

follows.
50 g

urea
105

15 ml

40% (w/v) acrylamide/2 % (w/v) Bis acyrlamide

44 ml

distilled water

This mixture was passed through a 0.2 fjm jSlter and then made upto 100 ml with the
addition of 10 ml lOX TEE. 400 [A of 10% (w/v) ammonium persulphate and 40 fA
TEMED were added to initiate polymerisation and the gel poured immediately
between the glass plates. The gel was pre-electrophoresed in THE at 40 W for 30
min. The sançles were boiled for 3 min in order to separate the labelled sequenced
strand jfrom the tençlate strand and 2-3 lA loaded into the wells. Electrophoresis was
performed at 40 W (-2000 V) until the bromophenol blue in the sample had migrated
to the bottom of the gel. The gel was then fixed for 20 min in 10% (v/v) acetic acid,
10% (v/v) methanol, dried under vacuum for -20 min at 80°C and then
autoradiographed against Kodak (XAR 5) film.

2.1.8 Polymerase chain reaction (PCR)
PCRrections were performed in 50 pi volumes containing 15 mM Tris HCl [pH . ],
8

8

60 mM KCl, 2.25 mM MgCl^, 0.25 mM dNTPs (Pharmacia), 0.2 pmol/pl of each
primer and 0.05 U/pl of AmpliTaq DNA polymerase (Perkin-Elmer Cetus) and
covered with a couple of drops of mineral oil (Sigma Chemical Co. Ltd.). Template
DNA was provided by 1-10 ng plasmid DNA and amplication was performed on a
Perkin Elmer Cetus thermal cycler. Sanq>les were denatured (94°C, 30 s), annealed
(50°C, 30 s) and extended (72°C, 60 s) for 30 cycles followed by a 5 min extension
at 72°C. The mineral oil was extracted with chloroform and the PCR products were
resolved by TAE/agarose gel electrophoresis and purified as described in section as
previously described.

2.1.9 Mutagenesis procedure
Site-directed mutagenesis was performed using an in vitro oligonucleotide sitedirected mutagenesis system (Altered Sites™ in vitro Mutagenesis System, Promega).
Oligonucleotides were synthesized using an Applied Biosystem 391 apparatus. The
3' end fragment of the MET cDNA firom nucleotide 2355 to the end was subcloned
in p SELECT™-1. Mutants were identified by sequencing randomly selected clones.
Full size receptor and Tpr-Met cDNAs, carrying the appropriate mutations, were
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introduced into the pMT2 vector.

2.2 Cell culture methodology
2.2.1 Insect and Mammalian Tissue Culture Media
The following insect media were used.

TNM-FH: Grace's medium (Gibco)

supplemented with 10% (vA^) fetal calf serum (FCS), 3.3 g/1 lactalbumin hydrolysate
(Difco) and 3.3 g/1 TC yeastolate (Difco) and SF900 Serum Free Medium (Gibco)
without any addition. Media used for mammalian cells were: Dulbecco's modified
Eagles medium (DMEM) containing 10% (w/v) FCS and penicillin (60 lU/ml),
streptorttydn (100 pg/ml) and glutamine (29.2 mg/ml). RPMI medium supplemented
as the DMEM.OPTI-MEM® (Gibco) was used without any additions for the
transfection procedures.

2.2.2

General cell culture techniques and seeding densities for

mammalian cells.
A549, MDCK, MLP-29, COS, Fisher rat fibroblasts and NIH 3T3 cells were all
maintained in DMEM mediumGTL16 cells were grown in RPMI medium Cells were

routinefy grown in 10 cmpetri dishes and incubated in a humidified atmosphere of 5%
(v/v) CO 95% (v/v) air at 37°C. For subculture cells were washed twice with PBS
2

and then incubated in the presence of 2 ml of IX trypsin-EDTA for 4-5 min at 37°C.
1 0

ml of DMEM containing 10% (v/v) FCS was then added to inactivate the trypsin

and the cells harvested by centrifugation at 200 g for 5 min. Cells were seeded at a
ratio of 1:20 in 10 ml fresh medium and then subcultured 4-5 days later. If cells were
to be stimulated, they were starved in DMEM or RPMI/0.5% (v/v) FCS for 36 h and
then stimulated with saturating concentration of growth factor for 7 min or as
otherwise stated and then immediately washed with PBS and lysed.

2.2.3 General cell culture techniques and seeding densities for insect
cells.
Spodoptera fiugperda (SG) cells were maintained as described in Summers and Smith
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(1987). All culture medium was incubated at 27°C prior to use and the cells routinely
incubated at 27°C.

The culture medium used throughout was SF900 (Gibco).

Routine culture was performed in the absence of antibiotics although 1% (v/v)
hmgizone and . % (v/v)gentantydn were added for arq)hcation of virus stocks. S©
0

1

cells have a doubling time of 18-24 h in SF900 and thus needed to be subcultured at
least twice a week. Confluent cells were routinely subcultured in a 75 cm^ flask, by
tapping the side of the flask gently against a surface, with minimal foaming, to
dislodge cells and 0.5 ml of medium transferred to another flask containing 9.5 ml of
hesh medium. The flask was rocked gentfy to distribute the cells evenly and was then
incubated at 27°C.

2.2.4 Lipofection of mammalian and insect ceils
Lçofection-Reagent ® is a 1:1 (w/w) Içosome formulation of the cationic hpid N-[l(2,3-dioleyloxypropyl]-N,N,N-trimethylammoniumchloride(DOTMA),and
dioleylphosphotidylethanolamine (DOPE) in membrane filtered water and was used
for stable and transient transfection of DNA into tissue culture cells. LipofectionReagent ® interacts spontaneously with DNA to form a lipid DNA conq)lex. The
fusion of the complex with tissue culture cells results in uptake and espression of the
DNA, In a 35 mm tissue culture plate -2x10^ of cells were seeded. Cells were grown
until they were 40-60% conhient. For each transfection, 1-10 pg of DNA and 2-20 pi
of Lçofection-Reagent ® were diluted separately in 100 pi of OPTI-MEM® (Gibco)
serum fi’ee medium. The two solutions were mixed gently, and incubate at room
tençerature for

1 0

min Mean\\hile cells were washed twice with serum-fi'ee medium

0.8 ml serum free medium was added to the Lipofection-Reagent ®-the DNA
complexes. The conçlex was gently mixed and added to cells. Cells were incubated
for 5-24 h at 37°C in a COj incubator. The DNA containing medium was then
replaced with normal growth medium containing serum Cells were incubated for 4872h and assayed for gene activity.

2.2.4.1 Transfection of Sf9 cells
Plasmids containing a foreign gene are transferred to the AcMNPV genome by
recombination in vivo using a modification of the calcium phosphate precipitation
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technique as modified for insect cells (Burand et aL, 1980), or lipofectin (GibcoBRL). 2 X 10^ S© cells were seeded into a 25 cm^ flask and allowed to attach for 1
h, after which the media was carefully aspirated off and replaced with 0.75 ml of
Graces medium supplemented with 1% (v/v)fungizone, . % (v/v) gentamycin,
0

1

1 0

%

(v/v) FCS, and the flasks lefl; at room tençerature. 1 \ig of AcMNPV DNA and 2 tig
of transfer plasmid DNA containing the foreign gene of interest were mixed in a sterile
eppendorf tube, 0.75 ml of transfection buffer (25 mM HEPES [pH 7.1], 140 mM
NaCl, 125 mM C aC y was added to the DNA and gently vortexed. The DNA
solution was added dropwise to the Graces medium already in the cell culture flasks
and calcium phosphate precipitation formed between the calcium chloride in the
transfection buffer and the phosphate in the medium The solution was distributed
evenly across the surface of the cells and the flasks incubated for 4 h at 27°C. The
medium was then removed and the flasks carefully washed 4 times with SF900
medium, 1% (v/v) fungizone, 0.1% (v/v) gentamycin and then incubated in 5 ml of
medium at 27°C for 2 .5 -3 days. The virus was plated on fresh S© monolayers and
the recombinant virus identified by either plaque hybridisation or by eye and then
purified further by plaque assay as described below.

Lipofectin was used an

alternative method of transfection of the recombinant DNA and was especially
effective when using linearised baculovirus DNA. The cells were plated as already
described for transfection and washed twice in serum-free medium. The lipofectin was
diluted

2 : 1

with sterile water and then mixed with an equal volume of a

1 : 2

mixture

of the linear DNA with the recombinant plasmid. This was left at room tenq)erature
for 15 min to allow the liposomes and the DNA to fuse, and then added to the cells
in a minumum volume of serum free medium and left overnight. The following
morning the transfection medium was replaced with conq)lete medium and the
recombinant virus harvested after 4-5 days.

2.2.5 Purification of clonal baculoviruses
2.2.5.1 Plaque assay
3.5 XIO® viable S© cells were seeded onto 60 X 15 mm culture plates in SF900
medium The cells were allowed to attach for approximately 20 min while
dilutions of virus innoculum in ml was prepared (
1
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1 0

'^ to

1 0

1 0

fold

"’ for transfection mixes

and

1 0

’^and

1 0

^ for virus-picked plaques). Once the cells had attached to the surface

of the dish the media was aspirated off and the

1

ml diluted innocuhim was gently

added to each plate. The virus was evenly distributed by gentle rocking of the plate
and then the plate incubated at 27°C for 1 h. In addition a wild type virus and a
uninfected control dish were set up. Meanwhile, a 1.5% (w/v) low melting point
agarose (Seaplaque) overlay was prepared. For each 100 ml of final volume overlay
required (4 ml per plate), 1.5 g of agarose was resuspended in 50 ml of water and
autoclaved for 15-20 min This was then combined with 50 ml of 2X conoplete TNMFH and the mixed solution equihbrated to 39°C in a waterbath until required.
Following the 1 h incubation period the virus was aspirated off fi^om the cells and 4
ml of overlay agarose was carefully added to the edge of the dish so as not to disturb
the cells. The dishes were then left undisturbed for at least 1 h to allow the agarose
to soHdify, after which the dishes were placed into a sandwich box contaiomg damp
tissues, the box sealed and incubated for 7 days at 27°C. Recombinant plaques were
then first screened for visually and if not identified they were then screened for by
hybridisation.

1.2.5.2 Visual Screening
Plaques were examined 7 days after infection using phase contrast-micro scope. The
wild-type plaques (occlusion positive) contam polyhedra which are bead-like and very
reftacdle to light, Wiereas the recombmant plaques do not contain polyhedra and thus
are Hght grey and less reftactile (occlusion negative). The location of the occlusion
negative plaques was marked on the grid on the bottom of the dish and the area of
overlay picked with a pasteur pçette and either stored in 2X TNM-FH or subjected
to further plaque purifications. If the number of wild-type plaques were too high to
allow visualisation of a recombinant by eye the plaques were hybridised.

2.2.5.3 Plaque hybridisation
This procedure is based on that described by Villareal and Berg (1977). After plaque
assay, the plates were allowed to dry overnight on the bench top. The plates were
tested for dryness by lifting the edge of the agarose overlay gently with a sterile
spatula, if a milky smear of cells formed at the interface of the agarose, then the plates
were too wet. If the plates were too dry the agarose was found to crack. Four
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blottting solutions termed A, B, C and D were prepared as:
A

(Denaturing soln) 0.05 M Tris-HCl [pH 7.4], 0.15 M NaCl

B.

(Neutralising soln) 0.5 M NaOH, 1.5 M NaCl

C.

1.0 M Tris-HCl [pH 7.4], 1.5 M NaCl

D.

0.3 M NaCl, 0.03 M sodium citrate

The agarose was marked for orientation using a pasteur pipette for the agarose and
a fine point marker for the plate and its edge loosened using a sterile spatula. This
allowed the agarose to be lifted firom the plate and placed cell side up into another
petri dish for storage at 4°C in a closed container. A dry nitrocellulose filter (47 mm)
was placed on top of the cells that remained attached to the plate. The filter paper
was secured to the plate with the addition of a drop of solution A to the filter. The
orientation markings were traced fi'om the plate on the filter paper using a ball point
pen and then covered with a piece of 3 MM Whatman saturated with solution A. The
filters were pressed down firmly using the hd of a 50 ml falcon tube bringing the filter
into contact with the cells and expelling any air pockets. One minute later the fiJters
were pressed again and the Whatman 3MM filter removed. The nitrocellulse filter was
then carefully removed and placed cell side up on a Whatman filter paper saturated
with solution B for 2-3 min before being dried on paper towels and then transferred
to a Whatman filter saturated with solution C for 2-3 min s. The nitrocellulose filters
were finally dried again and then gently immersed in a petri dish filled with solution
D to remove any cell debris that remained before being baked for 2 h at 80°C under
vacuum. Finally, the filters were hybridised using a suitable probe and exposed to
Kodak (XAR 5) film Positives were marked and aligned to the original agarose layer.
A fairly large area of agarose surrounding each putative positive plaque was then
picked using a pasteur pipette and then transferred to 1 ml of 2X TMN-FH for a
further round of plaque purification.

2.2.5.4 Linear wild type (WT) baculovirus DNA
The major disadvantage of the baculovirus expression system is the labour intensive
isolation of recombinant viruses. However, we have recently witnessed the advent of
many modified forms of WT DNA wbich give rise to a lower background of wild type
virus, thus making visual plaque purification much easier eg. the “Baculogold
baculovirus DNA” (Pharminagen). The Baculogold DNA is linearised wild-type DNA
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that contains both a lethal deletion and a lac Z gene that is replaced after plasmid
rescue by the foreign gene of the plasmid thereby denoting a colourless phenotype to
recombinant plaques on Xgal plates. Thus only recombinant circular DNA will give
rise to recombinants which can easily be recognised on Xgal plates and unlike other
kits marketing linear DNA. The use of this linear AcNVP DNA means that DNA that
has not been successfiiUy restricted will not survive due to the presence of the lethal
deletion which causes death of any transfected wild type DNA. Since linear DNA is
unable to transfect cells, only AcNPV DNA that recombines with the recombinant
baculovirus transfer vector containing the foreign DNA is transfected and thus
transfection results in almost

1 0 0

% recombinant plaques.

2.2.5 Infection of Sf9 cells
Cells were counted and seeded into flasks or dishes at the appropriate density and
allowed to attach for 1 h at 27°C. Cells were then infected with appropriate virus
volume (for exançle in a 25cm^ flask, were seeded 4.5 X 10^ cells and 1 ml of virus
was used in a final volume of 5 ml). For virus anq)lification, cells were allowed to
attach in a 25 cnf flask, incubated with 0.5 ml of the original plaque purified virus and
then the cells incubated for 4 days. The virus was harvested by centrifugation at 3000
g and then

1

ml used to infect cells in a 75 cm^ flask. After harvesting 4 days post

infection, 1 ml of this virus stock was used to infect cells in a 150 cm2 flask. Virus
ftom this an]plification was then used to build up a passage 5 virus stock which could
then be titred for optimum protein production. To optimise protein production a
number of infections were set up using varying dilutions of the virus stock in 25 cm^
flasks, ie. from 1/10000 through to 1 to be harvested either 2 or 3 days post infection.

2.3 The analysis of cellular proteins
2.3.1 Preparation of whole cell lysates
Cells were washed twice with PBS and resuspended in 1 ml of IX sangle buffer ( %
2

(w/v) SDS, 62.5 mM Tris-HCl [pH 7.5],

1 0

% (v/v) glycerol, 5% (w/v) P-

mercaptoethanol, 0.01% (w/v) bromophenol blue) previously heated to 95°C and
transferred to an eppendorf tube. The pellet was disrupted by repeated passage
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through a 25-gauge needle and then the sanq>le was heated to 95 °C for 5 min and
analysed by SDS-PAGE.
2.3.2 Triton X-100 lysis of cells
Cells were washed twice with PBS and resuspended in 0.5 ml of ice-cold lysis solution
(50 mM Tris HCl [pH 7.4], 150 mM NaCl, 50 mM NaF, 5 mM EDTA, 1% (w/v)
Triton X-100, 500 mM sodium orthovanadate, 2mM PMSF, and 100 kallikrein
inhibitor units of Aprotinin). The lysate was transferred to an eppendorf tube and
incubated on ice for 30 min, after vsèich it was centrifuged for 20 min at 4°C to pellet
the cell debris. The supernatant was then subjected to further biochemical analyses.
2.3.3 Immunoprécipitation of proteins
Lysates were prepared as described in Section 2.3.2 and then incubated with an
appropriate antibody on a rotating wheel for 2 h at 4°C. If a second antibody was
required this was added and the incubation continued for a further 1 h. The immune
complexes were then collected with the addition of either Protein A- or Protein GSepharose beads to the lysate and binding allowed to take place for 1 h at 4°C on a
rotating wheel. The immunoprecipitate was collected by low speed centrifugation
( 2 0 0 0

g) and washed twice with ml ice-cold lysis buffer after which the sanq)le was
1

washed as required for further analyses or the beads were boiled in 30 /.il 2X sanq)le
buffer for 5 min, and the supernatant loaded onto a SDS-PAGE gel.

2.3.4 SDS-PAGE analysis of proteins
SDS-PAGE is performed in two layers, an upper stacking gel and a lower resolving
gel. The stacking gel is at a lower percentage of acrylamide [pH . ] than the
6

8

resolving gel and the running buffer [pH . ]. This ensures that the proteins run
8

8

through the stacking gel as tight bands and are only separated when they begin to
migrate through the higher pH of the resolving gel. The percentage of acrylamide
used depends on the size of the protein of interest. In general 7.5% (w/v) resolving
gels and 5% (w/v) stacking gels were used for high molecular weight proteins (80-200
kDa), and 12.5-15% (w/v) resolving gels for low molecular weight proteins (10-40
kDa). The resolving gel was mixed from a stock solution of 30% (w/v) acrylamide
(acrylamideibis 30:0.8) and Tris-HCl [pH . ] and SDS were added to a final
8

8

concentration of 375 mM and 0.1% respectively. Polymerisation was initiated with
the addition 0.05% (w/v) APS and 0.005% (w/v) TEMED. The gel was then quickly
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poured between the plates to approximately 3/4 of the height of the plates and
overlayed with water-saturated N-butanoL When the gel was set, the butanol was
poured off and the surface of the gel washed well with water. The stacking gel was
prepared in the same way but with Tris-HCl [pH . ], layered over the resolving gel
6

8

and the comb inserted. Following polymerisation, the comb was removed, the wells
fhidied out and the samples apphed. Electrophoresis was then performed in running
buffer (200 mM glycine, 25 mM Tris-HCl [pH . ], 0.1% (w/v) SDS), typically at 408

1 0 0

8

V.

2.3.4.1 Coomassie Blue stain
Following electrophoresis the gel may be stained for the presence of proteins by
soaking in Coomassie blue stain for 20 min (45% (v/v) methanol,

1 0

% (v/v) acetic

acid, 0.25% (w/v) (60g/10L) Coomassie blue), followed by destaining in

2

0

% (v/v)

methanol, 14% (v/v) acetic acid. The gel was then dried under vacuum for 40 min at
80°C.
2.3.5 Estimating protein concentration
To estimate protein concentration in solution the Pierce Coomassie Protein Reagent
was enq)loyed which is based on the absorbance shift from 465 to 595 nm which
occurs when Coomassie briUiant blue G-250 binds to proteins in an acidic solution.
0.5 ml of reagent was mixed with protein in 0.5 ml of ddH

2 0

monhered at OD

595

and the absorbance

and con^ared with a blank. The protein concentration was then

determined by conçarison with an albumin standard curve.
2.3.6 Immunoblotting procedures
Proteins separated by SDS-PAGE can be selectively identified by specific antisera
using the process known as immunoblotting or Western blotting. The gel was
immersed in degassed transfer buffer (IL: 192 mM glycine, 25 mM Tris-HCl [pH 7.5],
0

. % (w/v) SDS, 20% (v/v) methanol) for approx. 5 min. The gel was then placed
1

on top of a piece of nitrocellulose paper presoaked in transfer buffer.

The

gel/nitrocellulose was sandwiched between several layers of presoaked Whatman 3
MM and placed on the transfer apparatus (Biorad) with the nitrocellulose between the
anode and the gel The proteins were transferred from the gel onto the niotrocellulose
by applying a current dependent on the dimensions of the gel for 90 min; mA=gel area
cm^ X 0.8. The gel was then stained as described to ensure transfer was conçlete and
the nitrocellulose hybridised with the specific antisera.
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2.3.6.1 Enhanced chemiluminescence (ECL)
This method, developed by Amersham, was subsequently used for all antibody
detection because of the speed of the reaction and the exclusion of radioactivity. ECL
is a light emmiting non-radioactive method for detection of immobilised specific
antigens conjugated with horseradish peroxidase labelled antibodies. The system
utilises a chemüuminescent reaction which takes place when the cyclic diacylhydazide
luminol is oxidised in the presence of the catalyst hydrogen peroxide (HjOj).
Following oxidation the luminol is in an excited state A^ch decays to the ground state
via a light emitting pathway. The Western blot was performed in the same way as
described above in 2.3.6.1, but after washing to remove excess primary antibody a
species specific horseradish peroxidase conjugated second antibody was applied in a
minimal volume of blocking buffer for h at roomtençerature at a dilution of /
1

1

1 0 0 0

.

The nitrocellulose filter was then washed 2 X 10 min in PBS, 0.1% (w/v) tween, 5%
(w/v) Marvel and 1 X 10 min in PBS alone. Equal volumes of detection solution 1
was mixed with detection solution 2, and added to the filter. The reaction was
allowed to proceed for

1

min, the filter blotted dry, wrapped in saran wrap and

exposed to Kodak (XAR 5) film for 30 sec, 1 min and 5 min at room temperature.
2.3.6.2 Stripping and reprobing
All immunoblots could be stripped and reprobed, if the blots had been stored wet in
Saran wrap at 4°C after immunodetection, using the following protocol.

The

membrane was immersed in strÿping solution (100 mM 2-mercaptoethanol, 2% (w/v)
SDS, 62.5 mM Tris-HCl [pH 6.7]) and incubated at 50°C for 30 min with occasional
agitation. The membrane was then washed 2 X 10 min in PBS containing 0.1% (w/v)
Tween-20 in a large volume of buffer.

The membrane was then blocked and

immunoblotted as described.

2.3.7 Preparation of Glutathione S-transferase-fusion proteins
In order to rapidly produce large amounts of pure fimctional proteins, a procedure
essentially as described by Smith and Johnson, (1988) was utilised. Glutathione Stransferase (GST) fusion proteins are expressed hi a pGEX vector, which contains a
thrombin cleavage site C-terminal to the GST protein. The fusion protein can be
readily purified using ghitathione-agarose chromotography. Following cleavage of the
ftision protein with thrombin, the glutathione S-transferase can be removed firom the
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protein of interest by a second round of chromotography on the glutathione-agarose
cohimn. A single colony of XL-1 Blue transformant grown overnight with shaking at
37°C in 10 ml LB supplemented with (100 /ig/ml) An^ichlin was used to innoculate
1 L of LB media containing (100 /^g/ml) An^icillin. This was grown for 3 - 4 h with
great aeration at 37°C until OD^qo = 0.5-0.6. The expression of the recombinant
protein was induced by the addition of IPTG to a final concentration of 0.2-0.4 mM
and further growth for 4-8 h at 30°C. The bacterial cells were then pelleted by
centiifiigation for 15 min at 2000 g, washed in PBS twice and lysed in 40 ml of PBST
buffer (1 % (w/v) Triton-XlOO, 2 mM EDTA, 5 mM benzamidine, 0.1% (w/v) 2mercaptoethanol, 0.2 mM PMSF, 500 jiM sodium orthovanadate, and 100 kallikrein
inhibitor units of aprotinin) on ice. The cells were subjected to mild sonication and
then left on ice for a fiuther 30 min Cell debris was removed by centrifugation of the
lysate at

1 0 0

0 0 0

g for

2 0

min at 4°C. The supernatant was incubated with 5 ml of

glutathione agarose (Pharmacia) prewashed in PBST buffer for 2 h with rotation at
4°C to allow affinity binding of the recombinant protein. The beads were then washed
4 X with PBST, twice with 50 mM Tris-HCl [pH 8.0], and transferred to a small 10
ml column (Biorad). The protein was eluted off the beads by conçetition with 20 mM
glutathione in 50 ml Tris-HCl [pH . ] and collected in 1 ml Jfractions which were
8

0

assayed for protein content using Pierce Coomassie Protein Reagent as described in
section 2.3.5. The protein containing fi*actions were combined and dialysed into 20
mM Tris-HCl [pH 7.4], 150 mM NaCl and 0.1 mM 2-mercaptoethanol. These
proteins were then used as GST-fusion proteins for biochemical analyses or cleaved
free of the glutathione S-transferase by incubating

2

mg of fusion protein with 4 /xg

of thrombin in the presence of 2.5 mM CaCl^ at room temperature on a wheel for

2

0

-

30 min. The reaction was terminated by the addition of 0.2 mM APMSF on ice and
the S-transferase removed by incubation of the solution with 5 ml glutathione agarose
beads with rotation for 1 h at 4°C. Purified, cleaved protein was obtained by low
speed centrifugation of the beads

( 2 0 0 0

g) and the supernatant carefidly removed.

2.3.8 Analysis of protein phosphorylation
2.3.8.1 In vitro protein kinase assay
AflSnity-purified kinase was washed twice in kinase buffer containing (50 mM HEPES
[pH 7.4], 50 mM NaCl, 2% (v/v) glycerol, 12 mM MnClj, 2 mM MgCl , 0.1% (w/v)
2
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Triton X-100) and then resuspended in a final volume of 30 {A of kinase buffer
containing 0.3 //Ci of

ATP. The kinase reaction was allowed to proceed for 10

min at room tenq)erature (unless otherwise stated), after which it was terminated with
the addition of //I of 5X sançle buffer. Phosphorylated proteins were then analysed
6

by autoradiography of SDS-PAGE gels.
2.3.5.2 Alkali treatment of gels
As phosphotyrosine is relatively stable to alkaline pH conq)ared with phosphoserine
and phosphothreonine, base hydrolysis of proteins on acrylamide gels can be
performed to detect tyrosine phosphorylated proteins. If the gel had already been
dried the band of interest was cut out and the gel and backing paper were hydrated by
submersion in water, or the gel itself was immersed in 500 ml 1 M KOH and
incubated at 55°C for 2 h. The hot KOH was replaced with 10% (v/v) acetic acid,
1 0

% (v/v) propan- -ol (destaining solution) until the gel shrunk back to its original
2

size and then rinsed in water, dried and exposed to film.
2.3.5.3 Antiphosphotyrosine blot
Another sensitive procedure for identification of tyrosine phosphorylated proteins was
by immunoblotting with anti-phosphotyrosine antibodies according to the method of
Kanq)s and Sefton (1988). The proteins were immunoblotted as before, but with the
addition of 7.5% (w/v) sodium orthovanadate to the transfer buffer. The blot was
then blocked for 2 h at room tenq)erature (or overnight at 4°C) in rinse buffer

( 1 0

mM

Tris-HCl [pH7.4], 0.9% NaCl, 0.01% (w/v) NaN^, 5% (w/v) BSA [fraction V], 1%
(w/v) orthovanadate). The blot was incubated with a 1:200 dilution of the antisera for
2 h at room tençerature in rinse buffer. Unbound antibody was removed by 2 X 10
min washes in rinse buffer, 1 X 10 min in rinse buffer, 0.05% (w/v) NP40, and a
further 2 X 5 min washes in rinse buffer alone. The blot was incubated for 1 h with
20 //Ci

Protein A (specific activity 150 //Ci///g, Amersham) in rinse buffer and

then washed as described before. The blot was then exposed to Kodak (XAR 5) film.
2.3.5.4 Phosphopeptide mapping
^^P-labelled bands corresponding to in v/Yro-phosphorylated wild type and mutant
HGF/SF receptors were excised from polyacrylamide gels and subjected to exaustive
digestion with trypsin.

Tryptic peptide digests were dissolved in

1 0 0

%

dimethylformamide, diluted 1:1 with the HPLC loading buffer ( . % trifluoroacetic
0

1

acid in water) and separated by high performance hquid chromatography (HPLC) on
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a reverse phase CyC^g Superpack Pep-S cohimn (Pharmacia) with a gradient of
acetonitrile (0-32% in 70 minutes) in the presence of 0.1% trifluoroacetic acid, with
a flow of 1 ml/minute. The eluted radioactivity was monitored by a Radiomatic A

-

1 0 0

radioactive flow detector (Packard Instrument Co.). As a control, a synthetic peptide
(I24K, Neosystem Laboratories), was separated on HPLC as above and analyzed at
214nm I24K encompasses 24 amino adds from isoleucine 1337 to lysine 1360 of the
A/e/protein sequence, and thus corresponds to the predicted tryptic phosphopeptide
of interest, except for the fact that it is not phosphorylated.
2.3.5.5 PI 3-kinase assay
PI 3-kinase assays were carried out essentially as described in Whitman et al., (1987)
in 50 /xl containing 50 mM HEPES [pH 7.4], 100 mM NaCl, 1 mM DTT, 0.5 mM
EDTA, 5 mM MgCl^, 100 fjM ATP (plus 0.5 /xCi of [y-^^P]ATP/assay), 200 /zg/ml
PI plus immobilised bovine brain PI 3-kinase. Incubation was for 5 min at room
tençerature. The reaction was terminated by the addition of 100 (A of 0.1 M HCl and
2 0 0

jA of chloroform/methanol (1:1). The mixture was vortexed and then discarded

and the lower organic phase washed with 80 fA of methanol 1 M HCl (1:1). After
centrifugation the upper phase was again discarded and the lower phase evaporated
to dryness. Reaction products were spotted on thin layer Silica Gel-60 plates
(pretreated with 1% (w/v) oxahc acid, 1 mM EDTA in water/methanol [6:4]) and
developed in chloroform, methanol, 4 M ammonia (9:7:4).
2.3.5.6 Substrate analysis
Proteins for substrate anafysis were analysed by incubation of the myelin basic protein
with the protein-kinase in kinase buffer and then the proteins subjected to in vitro
kinase assay in the presence of [y^^^^ATP as described in section 2.3.9.1. The
phosphorylated products of the kinase reaction were then anafysed by autoradiography
of SDS-PAGE gels.

Bands from dried gels were excised and then Cherenkov

counted.
2.3.8.7 In vitro ppôO®"®" Kinase Assay
Serum starved subconfluent monolayers of A549 epithelial cells (approximately 10*
cells/point) were treated or not with 300 ng/ml of recombinant HGF/SF for 10 min at
37°C. The cells were then rinsed with cold PBS, containing 1 mM sodium
orthovanadate, and scraped in cold HNEEG buffer (Hepes-Na 20 mM, pH 7.4, NaCl
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150 mM, EDTA 5 mM, EGTA 2 mM, Glycerol 10%) containing 1% Triton X-100,
1% sodium deoxycholate and 0.1% sodium dodecylsulphate, 0.5 mM sodium
orthovanadate, 10 mM sodium fhioride, and protease inhibitors as before. ppbO'*'^'®
was immunoprecipitated from clarified lysates with anti-Src monoclonal antibody
(MAb 327, Oncogene Science Inc.). Immunocomplexes were then collected on
Sepharose-protein A beads and used in the [Val^]-Angiotensin II kinase assay in the
presence of 10 pCi of [y-^^JATP, 10 pM unlabelled ATP, 5 mM [Val^]-Angiotensin
n in 50 pi of Hepes-Na 25 mM, pH 7.4, containing 5mM MnClj, dithiothreitol 0.1
mM (kinase buffer). The reaction mixture was incubated for 10 min at 30®C and the
reaction was stopped by excess EDTA. After a brief incubation on ice, tubes were
centrifiiged. The supernatants were spotted on phosphocellulose paper squares
(Whatman P-81) and washed extensively in phosphoric acid. The radioactivity bound
to dried phosphocellulose squares was measured in a hquid scintihation counter.

2.3.9 Biosynthetic labelling of proteins
Twenty four hours post infection S© cells were transferred to methionine-free Graces
medium (Gibco/BRL) in the absence of serum. CeUs were labelled with 100 mCi/ml
P^S]methionine (Amersham) for 15h, lysed and subjected to SDS-PAGE analysis
(sections

2.4 The analysis of protein interactions
2.4.1 Association Assays
2.4.1.1 In vitro association experiments
Sf9 cells expressing the recombinant HGF/SF receptor (approximately 4x10^
cells/point) were lysed 36 hours after infection in buffer A ( lOmM Tris-HCl buffer pH
7.5,10% glycerol, 1% Triton X-100,150mMNaCl, 5mM EDTA), supplemented with
0.2mM phenylmethylsulfonyl fiuoride, Ipg/ml leupeptin, 0.1 TIU/ml aprotinin and
Ipg/ml pep statin. Lysates were clarifred at 15,000 x g at 4®C for 15 min and the
supernatants immunoprecipitated after 2 hr incubation with dsAi-Met antibodies
coupled to Protein A-Sepharose. Immunocomplexes were washed three times with
buffer A, once with buffer B (lOmM Tris-HCl pH 7.4, lOOmM NaCl, ImM EDTA)
and once with buffer C (25mM 4-(2-hydroxyethyl)- l-pÿerazineethanesulfbnic acid
(HEPES) buffer pH 7.2, lOOmM NaCl, 5mM MgCl^). Sançles were pre119

phosphorylated by incubation for 15 min at 25 ®C in buflFer C with lOpM unlabelled
ATP and then washed three times with cold buJBfer A supplemented with ImM sodium
ortho-vanadate. For the association experiments with the PI 3-kinase p85/pllO
conçlex three days serum-starved A549 cells (approx 2xl0®cells/point) were used as
a source of PI 3-kinase. A549 cells were Dounce-homogenized in MOPS buffer
(20mM 3-(N-morpholino)propanesulfbnic acid) (pH 7.5), ImM MgCl^, O.lmM
EDTA, 200mM sucrose, ImM sodium ortho-vanadate), supplemented with 0.2mM
phenylmethylsulfonyl fluoride, Ipg/ml leupeptin, 0.1 TIU/ml aprotinin and Ipg/ml
pep statin. Homogenates were centrifuged at 100,000 x g for 20 min at 4°C. When
checking for the ability of phosphopeptides to block the association with the receptor,
cell lysates were pre-incubated with the phosphopeptides for

1

hr at 4 ®C prior to

incubation with the immobilized recombinant HGF/SF receptor. Following
association, immunoconq)lexes were washed three times with buffer A, twice with
buffer D (0.5M LiCl, lOOmM Tris-HCl pH 7.6), and twice with buffer B. The
presence of the p85 subunit of the PI 3-Kinase in the receptor mununoprecipitate was
determined by: i) labelling of the receptor and associated proteins with [y-^^PJATP by
in vitro kinase assay; ii) Western immunoblotting; iii) PI 3-kinase activity assay.
2.4.1.2 In vivo association experiments
Transfected COS 7 cells e?q)ressing HGF/SF receptor mutants were stimulated for 10
min at 37®C with HGF/SF (12 ng/ml) and lysed in buffer A in the presence of 1 mM
sodium ortho-vanadate. Lysates were clarified at 15,000 x g at 4®C for 15 min and the
supernatants immunoprecipitated after 2 hr incubation with mii-M et antibodies
specific for the human protein coupled to Protein A-Sepharose. Complexes were
washed twice with buffer A, twice with buffer D, and twice with buffer B. The
presence of the receptor-associated PI 3-Kinase in the conq>lex was determined by PI
3-kinase assay (section 2.3.8.5).
2.4.1.3 Ligand radioiodination and binding assays
Purified HGF (I pg) was radio-labelled with carrier fi*ee Na^^^I (2 mCi) and lodogen
(Pierce). 200 pi of lodogen at 100 pg/ml in chloroform were dried in a polypropilene
vial under nitrogen flow. HGF and ^^I were then added in 0.25 M phosphate buffer
pH 7.4. The reaction was allowed to proceed for 15 minutes at 4°C, then the mixture
was transferred to another vial and left on ice for 10 minutes. Carrier BSA was added
to a final concentration of 0.1% in 0.4 M NaCl, 0.1% CHAPS, 20 mM PO buffered
4

120

to pH 7.4 and the labelled ligand was fractionated from the free Na^^^I by afiBnity
chromatography on a 1 ml heparin-Sepharose cohimn (Pierce) preequilibrated with the
same buffer. After extensive washing,the column was eluted with 1.3 M NaCl in the
same buffer and 0.5 ml fractions were collected. Fractions containing TCApreciphable radioactivity were pooled, concentrated with a Centrisart (Sartorius)
diafrltration apparatus with a membrane cut off of 20 kd and stored at 4°C. The
specific activity of the tracer was approximately x 10^ CPM/pg (5700 Ci/mmole),
8

corresponding to a I/HGF molar ratio of approximately 3/1. Thus, the preparation did
not contain a significant amount of unlabelled molecules. For binding studies, cells
were seeded at low density on collagen-coated microwells and shifted to medium
without serum after 24 hours. After 24 hours of serum starvation, the monolayers
were put on ice, rinsed four times with prechilled RPMI medium containing 20 mM
HEPES pH 7.4, . % BSA, 100 pg/ml soybean trypsin inhibitor and bacitracin
0

1

(binding medium), and incubated with 0.05 nM ^^^I-HGF in binding medium, without
or with the indicated concentrations of conq)etitors, for 3 hours at 4 “C in a final
volume o f200 pFweD. The monolayers were then washed five times with the binding
medium and either directly extracted with 1% Triton X-100 in PBS or pre-eluted with
0.1 mg/ml heparin in binding medium for 5 minutes at 4®C and then extracted with
Triton X-100. Both the heparin-eluate and the Triton-extract were then counted in a
Packard y-counter. Total binding was below

1 0

% of the added cpm and specific

binding - calculated subtracting from the total the cpm bound after incubation with a
hundredfold excess of unlabelled ligand - was approximately 60%. Approximate
estimates of receptor

could be obtained by hgand displacement curves, as the

concentration of ^“ l-labelled hgand was more than fourfold smaller than the estimated
Kj and the tracer preparation did not contain a significant amount of unlabelled
molecules. However, because of the shghtly reduced biological activity of ^^^I-HGF,
the binding capacities could not be reliably estimated.
2.4.1.4 Chemical cross-linking
Cell monolayers were grown and incubated with 1 nM ^^^I-labelled hgand to
equilibrium binding at 4®C as described above. After extensive washing and heparin
ehition, the monolayers were treated with 1 mM disuccinimidylsuberate (DSS, Pierce)
for 20 minutes at 4°C. The reaction was stopped by addition of TRIS to a final
concentration of 20 mM, the dishes were washed twice with PBS and extracted with
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HEPS buffer as above. The cleared lysate was either immunoprecipitated with antiM et antibodies as above and/or directly run in 5-15% gradient SDS-PAGE after
boiling in Laemmli buffer. Gels were exposed for autoradiography at -70°C and the
mtensity of the cross-linked bands was estimated by densitometiic scanning of the film
with a LKB 2202 Ultroscan laser densitometer.

2.4.2 BlAcore ®analysis
2.4.2.1 Basic principles of surface plasmon resonance (SPR)
At an interfece between two transparent media of different refi'active index (e.g. glass
or water), light cominig from the side of higher refractive index is partly reflected and
partly refracted. Above a certain critical angle of incidence no light is refrected across
the refracted across the interface and total iutemal reflection is observed (Harrick et
al., 1967). Although the inceident light is totally reflected, an electromagnetic field
component called the evanescent wa\e penetrates a short distance (of the order of
one wavelength) into the medium of lower refractive index. If the interface between
the media is coated with a thin layer of metal, and the light is monochromatic and
polarized (Le. the electric vector component is parallel to the plane of incidence), the
intensity of the reflected light is markedly reduced at a specific incident angle,
producing a sharp “shadow” . This phenomenon is called surface plasmon resonance
or SPR angle. The incident light angle at which the shadow is observed is the SPR
angle. The SPR angle depends on several factors, one of wich is the refractive index
of the medium into wiiich the evanescent wave propagetes, on the non-ilhiminated side
of the surfrce. In real-time BIA, the refractive index of the medium is affected by the
surface concentration of solutes, so that monitoring the SPR angle provides a real
time measure of changes in the surface concentration
2.4.2.2 BIAcore measurements
Details of the construction and principle of operation of the BIAcore biosensor have
been described (Felder et al., 1992; Panayotou et al, 1992).The BIAcore procedures
here described were performed with assistance from G. Panayotou The SH2 domains
(section 2.3.7) were desalted through a Pharmacia column on a SMART
chromatography system in order to achieve buffer exchange to the BIAcore running
buffer, consisting of 20mM Hepes, pH 7.4, 150mM NaCl, 3.4mM EDTA, 0.005%
Tween 20 and 4mM DTT. Avidin (Boehringer) at 50ug/ml in 20mM sodium acetate
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buffer, pH 4.0, was immobilized on the sensor chip surface after activation with a 1:1
mixture of N-hydroxysuccinimide (NHS) and N-Ethyl-N’-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) (Pharmacia). Excess reactive groups were blocked
with

ethanolamine

(l.OM).

Biotinylated

phosphopeptide

Y751

(DMSKDESVDY*VPMLDMK) was injected over the avidin at a flow rate of 5
pl/sec for 50 sec. Non-specifically bound material was removed with a short pulse (4
sec) o f . % SDS. GST-SH2 domain fusion proteins were mixed with a range of
0

1

concentrations of HGF/SF receptor phosphopeptides and injected over the surface at
5 pl/min for 40 sec at a constant temperature of 25 °C. The material bound to the
surface was removed with a 4 sec pulse of 0.1% SDS, which brought the signal to
background level.

2.5 Biological assays
2.5.1 Focus forming assay
Transfection of the TPR-MET constructs in Fisher rat fibroblasts was carried out by
using the DNA-calchim phosphate co-precipitation procedure (section 2.2.3.1). For
the focus forming assay, after transfection cells were split at very low density and kept
in 5% FCS DMEM medium. Formation of transformed foci was detected in 2-4
weeks.

2.5.2 Motility and matrix invasion assays
Blind well Boyden chambers used for chemotaxis and chemoinvasion studies were
purchased ftom Nucleopore. To measure chemotaxis cells 3x10^ cells were plated on
13 mm polyvinylpyrrolidone-ftee polycarbonate filters ( pm pores Nucleopore) and
8

incubated at 37°C in a 5% CO^-water saturated atmosphere for

6

hours. Cells

attached to the upper side of the filters were then mechanically removed, while cells
that had migrated to the lower side were fixed with ethanol, stained with Tohiidine
blue and counted. For the chemoinvasion assays, the filters were coated with basement
membrane Matrigel™ (12,5 pg/filter. Collaborative Research). When chemotaxis or
invasion assays needed to quantified transwell instead of boyden chambers were used.
Polycarbonate membranes

( 8

mm pore size) on the bottoms of the upper conq)artment

of the transwells (6.5 mm. Costar Corporation, Cambridge, Massachusetts) were
coated with 1.2 mg/ml matrigel (Collaborative Research Incorporated, Waltham,
MA). 10^ cells in 200 ml of DMEM 5% FCS were placed on the matrigel coated
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polycarbonate membrane in the upper conçartment. One ml of DMEM 5% FCS,
alone or containing the stimulating Actors, was added to the lower compartment. The
plates were incubated at 37° C in a 5% € 0 2 atmosphere saturated with H^O for 48h,
At the end of incubation, the cells and matrigel at the upper side of the polycarbonate
hher were mechanically removed. Cells that had invaded the matrigel and migrated to
the lower side of the filter were fixed with 11% ghitheraldeyde for 15 mins. at R.T.,
washed three times with distilled water and stained with . % crystal violet0

1

2

0

%

methanol for 20' at KT. AJfter three washes with water and complete drying at R.T.,
the crystal violet was solubilized by immersing the filters in 300 ml of 10% acetic acid
(5' at R.T.). The concentration of the solubilized crystal violet was evaluated as
absorbance at 595 nm.
2.5.2.1 Scatter assay
The scatter assay was performed according to Stoker et aL, 1987, seeding MDCK
cells (9000 cells/ml DMEM 10% FCS) in a 24 wells tissue culture plate (1 ml/well).
Cells were allowed to attach for at least 4 hours and HGF/SF or NGF were added at
the indicated concentrations. Picture were taken after 16 hours of iucubation

2.5.3 Experimental métastasés assay
The experimental métastasés assay was performed with the supervision of Silvie
Menard. Metastasis assays were performed in athymic Balb/c nude mice. x
1

1 0

®cells,

expressing different constructs, were carefully washed, resuspended in serum-firee
medium and injected into the tail vein. Mice were maintained in germ-fi^ee and scored
for % of survivaL
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Chapter 3
Expression and characterization of the HGF
receptor in insect and mammalian cells
3.1 Introduction
The Met receptor is the tyrosine kinase encoded by the MET proto-oncogene. It is a
two-cham oligomer, conçosed of a 50 kDa (a) chain disulfide linked to a 145 kDa (p)
chain in an ap complex of 190 kDa (Giordano et al., 1989a). The a chain is
extracellular and the p chain q>ans the plasma membrane; the latter contains a tyrosine
kinase domain (Gonzatti et. aL, 1988) as well as sites for tyrosine auto
phosphorylation. The Met receptor is synthesized as a large single-chain precursor
(prl70). The mature dimeric molecule is derived fi’om the precursor by cotranslational
glycosylation and proteolytic cleavage. The MET proto-oncogene has been the focus
of renewed interest since its identification as the receptor for Hepatocyte Growth
Factor/Scatter Factor (Bottaro et aL, 1991; Naldini et al, 1991a). In order to study
in detail the biological fimctions and biochemical properties of the HGF receptor it
was necessary to express it in systems vriiich would produce large amounts of receptor
proteins which were correctly post-translationally modified, as carried out by higher
eukaryotes, and allow in vivo and in vitro biochemical analyses of the recombinant
proteins. The baculovirus e?q)ression system has proved to be a suitable system which
allows accurate proteolytic cleavage, phosphorylation and glycosylation of the
exogenous protein (Reviewed in Summers and Smith., 1988).

3.2 Results
3.2.1 Expression in insect cells
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3.2.1.1 Construction of the HGF receptor baculovirus transfer vectors.
For high level expression of proteins in baculovirus, the coding region of a cDNA is
placed under the control of the powerful polyhedrin promotor. As any leader
sequence 5' to the initiating ATG are thought to be inhibitory for expression, the
cDNAs for HGF receptor full size and extracellular domain were subcloned into the
pAcC4 baculovirus transfer vector so that in both cases the initiating methionine
residue of the HGF receptor coding sequence was introduced directly downstream of
the poljliedrin promoter. Clones were sequenced around the ATG and two of these
were subsequently used for transfection of S© cells. The subcloned fragments were
sequenced by the dideoxy chain termination methods using ^^S-dATP.

3.2.1.2 Expression of the HGF receptor in insect cells.
Wild type baculovirus Autographa califomica nuclear polyhedrosis Virus (AcMNPV)
was cotransfected with recombinant baculovirus transfer vectors encoding pAcC4HGFR^^

and pAcC4-HGFR

into S© cells and extracellular virions were

harvested 2.5 days later. Recombinant viruses were identified by plaque hybridisation
with HGF receptors cDNA fragments, ^^P-labelled by the random priming method
(Feinberg and Vogelstein, 1983), or by identifying pofyhedrin-negative plaques under
the light microscope. These were then amplified to make virus stocks which were
titred for optimal protein production.
3.3.13 Characterisation of the HGF receptor extracellular domain expressed in
insect cells.
Levels of HGF

receptor protein expression in insect cells were monitored by

analysing S© cell lysates using SDS-PAGE followed by immunoblotting with
monoclonal anti HGFR antibodies recognizing the extracellular domain of the
receptor. These antibodies were specifically reacting only with the HGF receptor
protein produced in cells infected with the HGFR

recombinant virus. Figure

3.1 (panel A) ^ow s that within two days, high levels of HGFR

proteins begin

to accumulate inside the S© cells. Maximal expression was observed between day
two and three after infection, at which point HGF receptor protein accounted for up
to

1 0

% of total cell protein as quantitated by silver staining, a level which decreased

as the virus entered into its lytic phase. Cells infected with wild type AcMNPV alone
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showed no detectable immimoreactive proteins two days post-infection.

3.2.1.4 Characterization of the HGF receptor fiiU size protein expressed in insect
cells.
The HGF receptor is a dimeric molecule conq)osed of two disulfide linked polypeptide
chains. The p-chain spans the plasma membrane and has a molecular weight of
145kDa the a-chain has a smaller size and is exposed at the cell surface. The
production of the HGF receptor in S© cells was monitored by Western blotting, using
SDS extracts of cells harvested at different times after infection. Blots of gels run
under reducing conditions were probed with antibodies specific for the C-terminal
peptide of the human receptor (Fig. 3.1 panel B). This analysis visualizes, in extracts
of human cells, the p-chain of the mature protein as well as a low amount of the
uncleaved precursor. Both proteins are already detectable in extracts of insect ceUs 36
hrs after infection. Level of expression of the p-chain deriving from the reduction of
the disulfide-linked form of the receptor is highest 48hrs after infection, while the
single-chain precursor keeps accumulating up to 72 hrs. This is likely to be due to
saturation of the proteolytic processing machinery in the over-expressing insect cells.
The p chain of the recombinant protein has a shghtly lower molecular mass ( 130kDa)
than the p chain of the human protem (145kDa). This is probably due to incoBoqplete
glycosilation. It has been shown that glycoproteins produced in insect cells may be
inconçletely glycosylated (Greenfield et aL, 1988). Glycosylation of the HGF receptor
expressed in S© cells was studied using the inhibitor tunicamycin which blocks Nglycosylation. Fig. 3.2 (panel A) shows that inhibition of glycosylation in insect or
human cells with tunicamycin results in the production of a protein core of the same
molecular mass in the two cell types.

The conq)artimentalization of the recombinant protein in insect cells was studied by
lactoperoxidase-HjOj-catalyzed cell surface radioiodination. Fig. 3.2 (panel B) shows
that both the uncleaved receptor and the P-chain of the processed form are labelled,
thus indicating that they are exposed at the surface of the cell
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Fig. 3.1

Characterization of recombinant HGF receptor by Western blotting with antiM et and P-Tyr antibodies.
P anel A: Western blot of SDS extracts probed with anti-HGF receptor antibodies recognizing the extracellular domain of the
receptor, w t S© cells harvested 48 hours after infection with wild type baculovirus. Other lanes: Sf9 cells infected with recombinant
baculovirus containing the extracellular Met cDNA, harvested at the indicated times after infection. This analysis detects the
uncleaved precursor (HGFR**).Positians of molecular mass markers is indicated.
Panel B: Western blot cf SDS extracts probed with anti HGF receptor antibodies, C: control human gastric carcinoma cell line
overoqjressing P I9 0 ^ (GTL-16 cells). wC SO cells harvested 48 hours after infection with wild type baculovirus. Other lanes: SF9
cells infected with reocmbinant baculovirus containing the ftiH size Met cDNA, harvested at the indicated times after infection. Since
the anti-HGF receptor antibodies recognize the C-tenninal peptide of the P chain of the receptor and the samples were treated with
P-mercaptoethanol, this analysis detects the p subunit and the unclcaved precursor of the mature protein. In Sf9 cells, p i 30
represents the P subunit of theproteolytically processed recombinant protein and p 170 represents the uncleaved form of the protein.
Positions of molecular mass markers is indicated.
Panel C: rqilica of the blot shown in panel B, deccrated with anti P-Tyr antibodies, hi the control human cells the P subunit is
oonstitutively phosphorylated on tyrosine (C). hi Sf9 cells tyrosine phosphorylation occurs when the HGF receptor protein reaches
a dneshold cf ccncentration (between 48 a id 60 hours after infection), hi these cells, both p 130 and the uncleaved precursor (jp 170)
are tyrosine-phosphorylated in vivo.Positions of molecular mass markers is indicated.
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Fig. 3.2
Glycosylation, compartimentalization and in vitro kinase activity of the HGF
receptor produced in insect cells.
Panel A Tunicamycin treatment followed by in vivo “S-Methicninc labelling of Sf9 cells infected with recombinant baculovirus
(lane Sf9 and lane Sf?™*') and control human cells (lane GTL16 and lane GTLl

Labelling was carried out in the absence

(lane S© and lane GTLl 6) and in the presence (lane Sf9™* and lane GTLl 6™* ) of tunicamycin, which inhibits N-glycosylaticn
of glycoproteins. Lysates were immunopreciphated with anti-iV/er antibodies and samples were run in reducing conditions. Lane
SO shows the uncleaved, partially glycosylated protein produced in SO cells (pi 70). Lane GTLl 6 shows the (} subunit (p 145) of
the mature two-diain receptor present in human cells. Lane SO""'" and GTLl 6"""* show the iV/et protein core (uncleaved) produced
in

SF9

and h itm a n cells after tunicamycin treatment Prevmting glycosylation has the efifect c f abolWiing proteolytic processing

of the single-chain precursor in human cells.
Pane* B Surface iodinatioa of the HGF receptor. SO cells infected with wild type (lane S O " ^ and reccxnbinant baculovirus (lane
S©*"^ Ihsnan control cells (lane GTL16). After iodination cells were lysed and the HGF receptor was immunoprecipitated with
axti-iV/ier antibodies. SO oeQs iç o n infection eaqtress on their cell surface both p 130 (the P subunit cf the proteoiytically processed
reoombinaotreoqitoroQcreqpcndingtopl45 inhuman cells, lane GTLl 6) and p i 70, the undeaved precursor. The precursor is net
normally e7q>osed at the cell surface in human cells.
Rine* C In vitro kinase assay on immunprecipitates of the HGF receptor. Immunoprecipitates obtained from control human and
SO ceDs using aoti-Met antibodies were incubated in vitro with [y“P]ATP. Lane SO*^: Control SO cells infected with wild type
virus. Lane SO®^: SO cells infected with recombinant baculovirus Lane GTL16 : control h u m a n cells expressing h i ^ level of
A/erldnase activity (GTL-16 gastric cardncana cells), p 170 : undeaved precursor, p 130 and p 145: P subunits c f the recombinant
and h u m a n protein.
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3.2.1.5 The HGF receptor expressed in insect cells is a functional tyrosine-kinase.
As the concentration of the undeaved form of the receptor reaches a critical threshold
(between 48 and 60 hours post-infection), the protein becomes phosphorylated in vivo
in insect cells in the absence of the ligand (Fig. 3.1 panel C). Recombinant HGF
receptor e^gressing virus was tested for kinase activity by immunopreciphating lysates
of HGF receptor vims-infected insect cells, with a polyclonal antibody specific for the
C-terminal peptide of the human receptor. The immunoprecipitates were collected on
Protein A-Sepharose beads and then washed several times with lysis buffer and twice
with kinase buffer. The receptor was allowed to autopho sphorylate in the presence
of [Y“^^P]ATP before analysis by autoradiography of SDS-PAGE gels. Wild type
AcMNPV-infected cells were used as a control. The results in Figure 3.2 (panel
GTLl6) show that the recombinant HGF receptor is highly phosphophoiylated and
thus considered functional (lanes Sf9®^).

The antibody did not recognise any

endogenous insect proteins of this molecular size from control infected cells (lane
S f9 ^ ). Both forms (p-chain and the uncleaved precursor) of the recombinant
receptor were labelled after incubation with [y-^^PJATP (Fig. 3.2 panel C). The
labelled band of the uncleaved recombinant precursor and that of the control human
p-chain were excised from the gel and subjected to triptic digestion and radio-HPLC
analysis to verify A^frether the corresponding kinase domains were phosphorylated on
identical sites. The two phosphopeptide profiles were virtually overlapping (not
shown).

3.2.1.6 The HGF receptor expressed in insect cells binds HGF with high affinity
The ability of the recombinant HGF receptor expressed in insect cells to bind its
natural ligand (HGF) was evaluated. Sf9 cells expressing the HGF receptor bound
specifically ^^^I-HGF (Fig 3.3 panelA). Specific binding was not detected in control
S© cells infected with the Wild type AcMNPV vims. A ligand displacement curve was
obtained incubating 0.1 nM ^^^I-HGF with increasing concentrations of unlabelled
ligand and measuring the counts bound at equilibrium. S© cells infected with the
recombinant HGF receptor e?q)ressed a single class of binding site for ^^^I-HGF of
nanomolar afOnity (Fig. 3.3 panel B). Cross-linking experiments were performed to
identify the HGF binding site on S© cells infected with the HGF receptor virus (Fig.
3.4). As a control a gastric carcinoma cell line expressing high amount o f the HGF
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Fig. 3.3
The binding activity for HGF is transferred to insect Sf9 cells by infection with
a recombinant baculovirus carrying the M E T cDNA.
A recombinant baculovirus containing the human MET cDNA (Met-BCV) was constructed from the
wild-type nuclear polyhedrosis virus (wt-BCV). After infection with the recombinant Met-BCV, insect
Sf9 cells acquire the capacity of binding human '^I-HGF with high afOnity.
Panel A shows the total binding of 0.1 nM ^“ I-HGF to Sf9 cells infected with either virus, after reaching
equilibrium at 4 °C in the absence or in the presence of a hundred fold excess of unlabelled HGF. Each
point represents the binding to 5 x 10^ cells.
P anel B shows the ligand displacement curve obtained incubating Sf9 cells infected with the
recombinant Met-BCV (closed circles, solid line) or the wild-type virus (open squares, broken Une) with
0.1 nM '“ I-HGF and the indicated concentrations of unlabelled ligand and measuring the counts bound
at equilibrium. Specific binding was calculated by subtracting from the total the counts bound in the
presence o f a hundred fold excess (10 nM) of unlabelled ligand. Each point represents the specific
binding to approximately 10* cells. Data plotted in both panels are the mean and variation range of
replicate determinations of two similar experiments.
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Fig. 3.4

Chemical cross-linking of

to the HGF receptor expressed in Sf9 insect

cells
S© cells infected either with the wild-type (wt BCV) or the recombinant baculovirus carrying the MET
cDNA (Met-BCV) were incubated with 1 nM ’“ I-HGF to equilibrium binding at 4°C, and treated with
1 mM disuccinimidyl suberate. The cell extract was run on 5-15% gradient SDS-PAGE under non
reducing and reducing conditions and exposed for autoradiography with intensifier screen for 5 days. A
single high-molecular weight labelled band was evident in S© cells infected with Met-BCV under non
reducing conditions ("a"). After reduction of disulfide bridges, the labelled proteins were resolved into
three distinct molecular species, "b" of Mr 230 kd, "c" of Mr 190 kd, and "d" of Mr 165-170 kd. The
migration pattern of the labelled species in non reducing conditions and their reduced Mr can be
explained by the cross-linking of the recombinant A/e/ P subunit, which has a Mr approximately 10 kd
lower than the native molecule, to the three molecular components of HGF. The migration of '“‘Cmethylated molecular weight standards under reducing conditions is shown.
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receptor (GTL^16), was used. Cross-linking with 1 mM disuccmimidylsuberate (DSS)
after equilibrium binding o f ‘^^I-HGF was performed using GTL-16 cells and HGF
receptor infected cells. In both cases a single high-molecular weight conq)lex was
detected when the gel was run in non reducing conditions ("a" in Fig. 3.4). After
reduction of disulfide bridges, the conçlex was resolved in three distinct molecular
species, "b" of Mr 230 kd, "c" of Mr 190 kd, and "d" of Mr 165-170 kd. In the case
of S© infected cells the molecular weight of the three labelled bands were consistent
with the products of the cross-linking of the three components of HGF to the P
subunit of the recombinant HGF receptor protem, which has an Mr approximately 10
kd lower than the native molecule due to inconplete glycosylation (see above). Thus,
expression of a recombinant HGF receptor protein is sufficient to reconstitute a high
affinity receptor for HGF in a conpletely heterologous system.

3.2.1 Expression in mammalian cells
3.2.1.1 Expression of the HGF receptor in NIH 3T3 cells.
Full length HGF receptor cDNA subcloned in the eukaryotic expression vector pMT2,
was introduced into NIH 3T3 by lipofection. Cells were cotransfected with pSV2neo
and selected in the presence of G418. Several resistant clones were isolated and the
expression of the HGF-R proteins tested in Western blots. As shown in Fig. 3.5 (lane
A), under non-reducing conditions, the antibodies directed against the intracellular
domain detected p i 90^'^. After reduction of disulfide bonds the p chains of p i 90
(Fig. 3.5 lanes A and B) and p 145 ^

( Fig. 3.5 lanes A’ and B’) can be detected.

Under these conditions, the precursor protein prl70 was also detectable.

3.2.1.2 HGF receptor expressed in NIH 3T3 cells is an active kinase stimulated
by HGF
plçQAÆr

hnmunoprecipitated from parental and c-MET transfected cells; when

immunoconplexes were incubated in the presence o f (y^^ P)ATP the protein was
found to be active, since it transferred radiolabelled phosphate to its p chain (Fig. 3.6
panel C). Under these conditions, phosphorylation o f the pr 170 precursor was also
observed. The kinase activity of the p 190^^ receptor in transfected cells was strictly
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Fig. 3.5

Expression of M e t proteins by NIH 3T3 fibroblasts transfected with
human M E T cDNA.
Solubilized proteins from NIH 3T3 cells transfected with the full length MET cDNA (lanes A, B, A , B')
or from their conditioned medium (lanes C, C) were analyzed in Western blots either under non
reducing (left panel) or reducing conditions (right panel). Proteins solubilized from parental NIH 3T3
cells (lanes D, D') were also processed in the same way. Lanes A and A' were probed with monoclonal
antibodies against the C-terminal domain of the HGF receptor protein; lanes B,CJDJB',C'and D’ were
probed with monoclonal antibodies against the HGF receptor extracellular domain. Under non-reducing
conditions, the antibodies directed against the intracellular domain detected p 1

Aft er reduction of

disulfide bonds the p chains of p i 9 0 ^ and p i 4 5 ^ can be detected. Under these conditions, the
precursor protein p i 70 was also detectable. The p 140 and pl30 species and the corresponding p85 and
p75 appear to be generated by proteolytic processing of the precursor.
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HGF receptor activity in transfected NIH 3T3 fibroblasts

Panel A Stimulation of tyrosine phosphorylation of te HGF receptor (3 subunit ( p i45).

c-MET

transfected cells (clone A and B) and parental NTH 3T3 (wt) were incubated with nanomolar
concentrations of human HGF for the indicated times. After stimulation, proteins were extracted and
immunoprecipitated with antibodies against the HGF receptor intracellular domain, run under reducing
conditions and transferred to a nitrocellulose filter. This was probed with anti-phosphotyrosine
antibodies.
Panel B The filter from panel A was reprobed with antibodies against the HGF receptor intracellular
domain
Panel C In vitro kinase assay.

c-MET transfected (clone A) and parental NIH 3T3 (wt) were detergent-

extracted and immunoprecipitated with antibodies against the HGF receptor intracellular domain. The
immunocomplexes were incubated

in vitro in the presence of
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controlled by SF/HGF. In the absence of the ligand the receptor was not phosphorylat
ed on tyrosine. Within minutes after stimulation by SF/HGF, specific tyrosine
phosphorylation of the receptor p chain (pl45^^^ was observed (Fig. 3.6 panel B).
The prl70 precursor is not phosphorylated on tyrosine under these conditions, as it
is not exposed at the cell surface and therefore it can not interact with the ligand.

3.3 Discussion
3.3.1 Expression of the HGF receptor in insect and mammalian cells
3.3.1.1 Expression of the HGF receptor in insect ceils
The HGF receptor was expressed in insect cells using recombinant baculovirus
transfer vectors in order to obtain a large amount of protein that would have adequate
post-translational modifications for further biochemical and biological studies. Both
the extracellular and the fidl size receptor were found to be expressed at high levels
in insect cells. The mature HGF receptor is a two-chain oligomer, composed of a 50
kDa (a) chain disulfide linked to a 145 kDa (p) chain in an ap conq)lex of 190 kDa.
The molecular mass of the

ap conq)lex expressed in Sf9 cells result in approximately

170 kDa. The difference could be due to partial glycosilation since glycoproteins
produced in S© may be incompletely glycosylated (Greenfield et al., 1988). This is the
case since inhibition of glycosilation results in the production of a receptor core
protein which has a molecular mass comparable to that of the pretein expressed in
mammalian cells.

3.3.1.2 The baculovirus expressed HGF receptor is biochemically and
biologically active
Upon expression in S® cells the HGF receptor is costituvely phosphorylated on
tyrosine as shown by the antphosphotyrosine blot of S© cells infected with
recombinant HGF receptor virus. This presumably reflects activation by
oligomeriszation induced by overe?pression (Ullrich and Schlessrnger, 1990). Ligandindependent phosphorylation has been observed for other tyrosine kinase receptors
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produced with the baculovirus system (Morrison et al., 1989). Receptor
phosphorylation reflects its protein kinase activity. The tyrosine-kinase activity of
recombinant HGF receptor was confirmed by in vitro kinase assays performed on
immuno-purified receptor obtained firom infected S© cells (Fig. 3.2). Radio-HPLC
analysis showed that the endogenous and recombinant receptor are phosphorylated
on identical sites. The two phosphopeptide profiles being virtually overlapping (not
shown).

The receptor is localized, at least partially, in the plasma membrane of insect cells with
correct orientation as indicated by cell-surface radioiodination (Fig. 3.2). The HGF
receptor produced in insect cells binds its natural hgand HGF with nanomolar affinity
as shown by ligand displacement experiments (Fig. 3.3). The affinity value is shghtly
lower than that calculated for the native receptor. A similar decrease in affinity has
also been reported for recombinant EGF receptor (Greenfield et al., 1988) and for
/>*A/NGF receptor (Klein et aL, 1991) when e?q)ressed in insect cells. This could be due
to differences in the binding site caused by the incomplete glycosylation occuring in
this expression system. Other explanations could involve the different membrane
fluidity or composition of insect cells. Altogether these results mdicate that the
recombinant HGF receptor possesses most of the observed properties of the
endogenous receptor and can be used in the analysis discussed in the following
chapters.

3.3.1.3 The HGF receptor expressed in NIH 3T3 cells is biochemically and
biologically active
NIH 3T3 fibroblasts do not e?q)ress the HGF receptor. This is in line with the general
princq)le which states that cells of mesenchymal origin do not normally express the
receptor which, instead, is found in a large proportion of epithehal and endothelial
cells. Upon stable transfection of the HGF receptor in NIH 3T3 cells it was possible
to verify that: (i) the receptor is correctly localized within the cell and is proteoiytically
processed to the mature ap form; (ii) Upon ligand binding the receptor is activated
and becomes phosphorylated on tyrosine residues, (iii) the receptor is an active kinase
in vitro. Altogether these data confirm the heterodimeric structure of the receptor.
Moreover they indicate that the cDNA coding for the Met receptor, upon stable
137

transfection in cells which do not normally express endogenous Met protein, is
sufficient to reconstitute a functional HGF receptor she.
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Chapter 4
Signalling pathways activated by the HGF receptor
4.1 Introduction
Signalling by activated receptors with intrinsic tyrosine kinases is mediated by the
phosphorylation or binding of cytoplasmic proteins, Wiich in turn propagate the signal
in various ways (for a review see Pawson 1995). The hallmark of the HGF biological
activities, both in vitro and in vivo, is the induction of coordinated cell proliferation
and motility, and the resulting control of invasive growth and morphogenesis seen in
epithelial cells (reviewed by Œerardi and Stoker, 1991). It should be noted that while
its biological effects vary depending on the target cell, the HGF/SF signal is mediated
by a single receptor, the tyrosine kinase encoded by the M ET proto-oncogene. For
these reasons signaling by the HGF receptor is likely to involve the integration of
multq)le pathways. Addition of HGF to responsive cells (A549, lung carcinoma cells)
induces activation of PI 3-kinase (Graziani et aL, 1991; Ponzetto et al., 1993; Royal
and Park 1995), of a ras nucleotide exchanger (Graziani et al., 1993) and of a tyrosine
phosphatase (Villa-Moruzzi et aL, 1993). Moreover in A549 cells, upon
phosphorylation of the receptor, PLCy and MAP kinase become phosphorylated on
tyrosine. In the case of PLCy this modification has been found to be essential for
activation of the enzyme and hydrolysis of inositol phospholipids (Kim et aL, 1991).
MAP kinase phosphorylation has been correlated with activation of the Ras pathway
(Pelech and Sanghera, 1992). HGF also causes phosphorylation of the She adaptor in
A549 cells (Pehcci et aL, 1995) and a two fold stimulation of the kinase activity of
ppbO^*^® (Ponzetto et aL, 1994).The interaction of the HGF receptor with SH2
containing effectors was evaluated using both in vitro and in vivo systems.
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4.2 Results
4.2.1 Targets o f the HGF receptor In vitro

4.2.1.1 The HGF/SF recombinant receptor associates in a phosphorylation
dependent manner and transphosphorylates PI 3- Kinase, rasGAP, PLC-y and
p59Fyn in vitro
The possible interactions of recombinant HGF receptor protein with SH2 containing
transducers such as, PI 3-kinase, rasGAP, PLC-y, and p59Fyn was evaluated. To this
purpose the receptor was immunoprecipitated from lysates of insect ceUs harvested
24 hrs after infection with the HGF receptor virus, when the protein is not
phosphorylated in vivo. The immunoprecÿitates, immobilized on protein A-Sepharose
beads, were split in two, and one half was phosphorylated with excess unlabelled ATP,
while the other half was left untreated. The immobilized phosphorylated and
unphosphorylated receptor were then incubated with lysates of insect cells over
expressing respectively, rasGAP and p59Fyw. Lysates containing PLC-y were
prepared from U293 cells transiently expressing the protein.
The PI 3-kinase enzyme (a heterodimer of the 85 kDa regulatory subunit containing
two SH2 domains and the 110 kDa catalytic subunit) was the product of a partial
purification from bovine brain (Otsu et al., 1991). Following extensive washing, the
complexes were incubated with [y^^P]-ATP for an in vitro kinase reaction. Fig. 4.1
shows that the phosphorylated form of the HGF receptor associates with and
phosphorylates on tyrosine rosGAP, p59Fy«, PLC-y and PI 3-ldnase and that the
interaction is strictly dependent upon receptor phosphorylation. These results were
confirmed by carrying out Western blots using antibodies specific for the various
transducers (not shown).
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Fig. 4.1
The phosphorylated form of the HGF receptor binds rasGap, PLCy, Fyn and
PI 3-kinase complex.
Association experiments carried out using baculovirus expressed HGF receptor pre-phosphorylated (+)
with unlabelled ATP or left unphosphorylated (-). The receptor was incubated with rosGAP (panel A),

p59Fyn (Panel B) and phospholipase Cy (panel C) containing lysates. After association bound
substrates were revealed by an in vitro kinase assay with [y^]A T P . The pre-phosphorylated receptor
(+), but not the unphospoiylated form (-), is capable of associating and transphosphorylating on tyrosine
rojG A P,

p59Fyn, and PLC-y. Panel D shows a similar experiment carried out using recombinant

receptor incubated with a partially purified preparation of PI 3-kinase enzyme. The pre-phosphorylated
receptor (+) binds PI 3-kinase enzyme and transphosphorylates the p85 regulatory subunit rosGAP,
present as a major contaminant in the partially purified preparation of PI 3-kinase is also bound and
transphosphorylated.
Panel E 3-kinase assay performed on half of the immunocomp lexes that were used for the kinase assay.

141

4.2.1 Targets of the HGF receptor In vivo
4.2.1.1 The HGF receptor forms complexes with PLCy» GRB-2/SoS, pp60®", PI
3-kinase and She in vivo
The ability of the HGF receptor to interact with SH2 containing transducers including
PLCy, the GRB-2/SoS conq)lex, pp60% PI 3-kinase and She was evaluated in GTL
16 cells which are human epithelial cells and overexpress the HGF receptor. Fig. 4.2
shows that similar amounts of HGF receptor were co-immunoprecipitated from GTL16 cells lysates with PLCy, the GRB-2/SoS conçlex, and pp60^"" using the respective
antibodies. A conq) arable amount of HGF receptor also co-immunoprecipitates with
the She adaptor (Pelicci et al., 1995).

4.3 Discussion
4.3.1 Recombinant HGF receptor interacts with proteins containing SH2
domains in a phosphorylation dependent manner
Signal transduction by tyrosine kinase receptors is initiated by receptor activation.
nonna% induced by ligand binding. Upon ligand activation the receptors dimerize and
transphosphorylate on specific tyrosine residues. The autophosphorylated receptors
recruit substrates via their SH2 domain thus triggering the signaling cascade. The
HGF receptor produced in insect cells was used to study its ability to interact with
various SH2 containing proteins. Baculovirus expressed HGF receptor is
constitutively phosphorylated on tyrosine and can not be further stimulated by ligand
binding. To show that association of the receptor with the SH2 containing substrates
was strictly phosphorylation dependent the receptor was harvested at early times after
infection when it is still in the unphosphorylated form Under this condition the
receptor was unable to interact with any SH2 containing signal transducers. The ability
to interact with the effectors was restored if the receptor was allowed to
autophosphorylate. Using this approach it has been possible to show
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Figure 4.2
The HGF/SF receptor forms complexes with PLCy, GRB-2/SoS and p p 6 0 ^
GTL-16 ceDs over-e?q)ressmg the constitutively activated HGF/SF receptor were lysed
in the presence of vanadate. Equivalent amounts of clarified lysates (approximately
3x10^ ceDs) were immunoprecipitated with anti-Protein Kinase C (as a control), antiFLCy, anti-SoS and anti-Src antibodies. (Anti-SoS antibodies were used for
immunoprécipitation, since anti-GRB-2 antibodies of comparable affinity were not
available).

In the

first

lane

the HGF/SF receptor was

quantitatively

immunoprecçitated with excess anti-Met antibodies from 1/20 of the lysate. Proteins
in the immunocomplexes were separated by SDS-PAGE, transferred to nitroceDulose
and probed with anti-Met antibodies. The upper band represents the HGF/SF receptor
precursor. Positions of markers are indicated.
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a phosphorylation dependent interaction of the HGF receptor with PI 3-kinase ,
rosGAP, PLC-y, and i^59Fyn . Furthermore these in vitro experiments indicate that
the HGF/SF receptor has the ability, and thus the sequence requirements, for binding
the four transducers tested, suggesting that these interactions could also occurr in vivo
following Hgand stimulation. It should be noted, however, that this broad specificity
o f interaction may also be an in vitro artefact and may not reflect the in vivo
transduction mechanism To exclude this possibility the existence of this interactions
was studied in vivo.

4.3.2 In vivo interaction of the HGF receptor with SH2 containing proteins
The abilty of the HGF receptor to interact with SH2 effectors including PLCy, the
GRB-2/SoS corrq)lex, ppôO®"^, PI 3-kinase and She was evaluated using lysates of
different cell lines to confirm the data obtained using recombinant proteins. Initially
the association were tested in hmg carcinoma cells (A549) in which HGF initiates
signalling through multiple pathways (Graziani et al., 1991 and 1993). In lysates of
HGF-stimulated A549 cells (approximately 5,000 receptors/cell) complexes of the
HGF receptor with the effectors were virtually below the limit of detection. However,
PLCy, GRB-2/SoS , ppôO^*' PI 3-kinase and She could easily be immunoprecipitated
in complex with the phosphorylated receptor from lysates of the gastric carcinoma cell
line GTL-16, which expresses approximately 100,000 receptors/cell. In this cell line
overexpression causes constitutive phosphorylation of the receptor.

These

experiments indicate that less than 5% of the HGF receptor is in complex with the
SH2-containing transducers in GTL-16 cells. It is inq)ortant to underline that using
this approach it has been inq)ossible to show the in vivo association of the HGF
receptor with rosGAP, inlying that the interaction obtained using the recombinant
receptor was probably due to an in vitro artefact.
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Chapter 5
A multifunctional docking site mediates association
of SH2 effectors with the HGF receptor
5.1 Introduction
A new concept has emerged in the past years in the field of signal transduction which
links tyrosine kinase receptors to downstream signalling events. A number of
cytoplasmic molecules that mediate cellular responses to growth factors have been
shown to interact with activated receptors through their src homology region 2 (SH2)
domains. Each SH2 domain appears to be capable of binding to a distinct
phosphotyrosine embedded in a given aminoacid sequence of the receptor (Songyang
et al., 1993 and 1995). This model has been confirmed by the work of several
laboratories which have identified distinc phosphotyrosine residues in the plateletderived growth factor (PDGF) receptor wdiich are binding sites for phosphatidylinositol 3-kinase (PI 3-kinase), phospholipase C gamma

-

1

(PLCy), Ras GTPase

activating protein (RasGAP) and ppbO®^*'. Specific docking sites for signal transducers
have also been found in the epidermal growth factor (EGF) receptor, colony
stimulating factor-l(CSF-l) receptor, fibroblast growth factor (FGF) receptor, stem
cell ctor (SCF) receptor and nerve growth fector (NGF) receptor (for a review see
6

van der Geer et a l., 1994).

The details of the molecular mechanisms through wdiich each SH2 domain recognizes
phosphotyrosines flanked by specific sequences have been investigated using different
experimental approaches. These studies collectively indicate that the aminoacids in
the +1, +2 and +3 positions relative to the phosphotyrosine are the primary
determinants for SH2 specificity. Residues outside this core sequence or N-terminal
to the phosphotyrosine may also be inq)ortant in increasing overall afiBnity (Panayotou
et al, 1993; Nîshimura et al, 1993). Consensus sequences for individual SH2 domains
have been derived by comparison of the binding sites identified in different receptors,
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and by selection of the optimal sequence for each SH2 domain from a degenerate
phosphopeptide library (Songyang et al., 1993 and 1995).

5.2 Results
5.2.1 Identification of SH2 binding sites using phosphorylated
peptides
5.2.1.1 HGF receptor derived synthetic phosphopeptides as a tool to study
receptor signal transduction
As described in chapter 4 the HGF receptor associates a set of SH2 containing
molecules including PI 3-kinase, GRB-2/SoS, pp60^™ and PLCy. To identify the
tyrosines of the HGF receptor involved in binding the different SH -signalling
2

molecules conçetition experiment with synthetic phosphopeptides were performed.
To this purpose phosphopeptides were designed to cover all the possible tyrosines
present in the cytoplasmic portion of the HGF/SF receptor. The hst of the
phosphopeptides is shown in Table 5.1.Previous work carried out with the PDGF
receptor had Aown that the four aminoacids located immediately downstream to the
phosphotyrosine are inqiortant for defioing the SH2 recognition site (Cantley et al.,
1991). To fulfill this criteria phosphopeptides were eight aminoacids long and began
with a phosphotyrosine residue at the N-terminus. One phosphopeptide was twelve
aminoacids long and included two phosphotyrosines.

5.2.1

. 2

Competition experiments with synthetic phosphopeptides.

The first transducer which was examined with the competion approach was PI 3kinase. In the experiment shown in Fig. 5.1 lysates of insect cells (Sf9) infected with
a recombinant baculovirus were used as a source of p85 protein. Such lysates were
pre-incubated with each of the phosphopeptides (lOpM) before incubation with the
HGF/SF recombinant receptor. The receptor was immunoprecÿitated from lysates of
Sf9 cells infected with a recombinant baculovirus carrying the frdl-size human HGF
receptor cDNA (chapter 3). In these cells the receptor is synthesized largely in the

146

Position of Tyrosine in
HGF receptor sequence R eceptor Phosphopeptide

971........................................................................YT3ARVHTP
1003...................................................................... Y*RATFPED
1026...................................................................... YT>LTDMSP
1093...................................................................... YUGTLLDN
1159...................................................................... VMKHGDLR
1192...................................................................... Y lA SK K FV
1230...................................................................... YT3KEYYSV
1234...................................................................... Y*YSVHNKT
1235...................................................................... Y*SVHNKTG
1284...................................................................... Y*PDVNTFD
1295...................................................................... Y lXQ GRRL
1307...................................................................... TCPDPLYE
1313...................................................................... Y*EVMLKCW
1349...................................................................... Y*VHVNATY
1349-1356.................................................................................... Y*VNVK
1356......................................................................Y*VNVKCVA
1365......................................................................YTPSLLSSE

TABLE 5.1

Tyrosine-phosphorylated peptides derived from cytoplasmic sequences within the HGF receptor
Octameric peptides were synthesized with an amino-terminal phosphotyrosine. In the left column the amino acid position
of the N-terminal tyrosine of each peptide is indicated. The asterisk indicates that the tyrosine residue was phosphorylated.
Peptide 1349-1356 is phosphorylated on both 7,^ , and
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Tyr-Phe mutants of the HGF receptor
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Fig. 5.1

In h ib itio n of bin d in g of p85 to th e H G F re c e p to r by ty ro sin e -p h o sp h o ry la ted
pep tid es

Recombinant HGF receptor was purified by immunoprecipitationfiom baculovirusinfected S® cells using polyclonal antibodies andphosphorylated with cold ATP.
Lysates of S® cells expressing p85 were pre-incubated with each of the
phosphopeptides ( lOpM). The lysates were than allowed to associate with immobilized
recombinant HGF receptors. Following association the complex was washed and
receptor-bound p85 was detected by an in vitro kinase assay. The phosphopeptides are
identified by the number of the amino terminal tyrosine (see hst of peptide sequences
inTAB.5.1).
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form of the undeaved precursor Wiich is, however, fixUy functional The receptor was
immobilized on protein-A Sepharose beads, and pre-phosphorylated with cold ATP.
Afier association, the beads were washed and the conçlexes were phosphorylated with
[y-^^]-ATP. During the phosphorylation reaction both the receptor and p85 become
labelled, and thus detectable in SDS-PAGE. Fig. 5.1 shows that only three of the
phosphopeptides efficiently outconq)eted p85: YjjijEVMLKCW, Y
Yi VNVKCVA.The phosphopeptide X
3 5 6

349

VHVNATX

prevented p85 binding, while phosphopeptide Y
effective. Since the interaction with the p i

1 0

1307

3 5 6

1 3 4 9

VHVNATY,

VNVK also completely

CPDPLYE was only partially

catalytic subunit could affect the

conformation of p85, these results might not reflect the true properties of the SH2
domains of p85 when present in the conçlex. To exclude this possibility the same kind
of conq)etition experiments was carried out using lysates of A549 cells as a source of
PI 3-ldnase. The association between the p85/pll0 conq)lex and the recombinant
receptor was visualized measuring the PI 3-kinase activity recovered in the receptor
immunoprecipitates. Fig. 5.2 shows that the phosphopeptides which had proven
capable of outconçeting p85 also interfere with binding of the PI 3-kinase p85/p 110
conçlex to the recombinant HGF/SF receptor. In particular it should be noted that the
phosphopeptide including both phosphotyrosine 1349 and 1356 seems to be more
efficient at displacing the PI 3-kinase from the HGF/SF receptor than those including
just one of these residues.
The results of this first set of experiments suggested the possible existence of a double
binding site for PI 3-kinase in the HGF/SF receptor, consisting of the phosphotyrosine
pairs 1307-1313 and 1349-1356. That a pair of phosphotyrosine residues could be
involved had been previously shown for the PDGF receptor, where Y

7 4 0

and Y

751

are

known to form the PI 3-kinase binding site (Fantl et al., 1992).

The same approach used for PI 3-kinase was used to identify the GRB-2 binding site
on the HGF/SF receptor. Immobilized recombinant receptor was used to associate a
GRB-2-GST fiision protein, either with or without synthetic HGF receptor
phosphopeptides. The results shown Fig. 5.3 (panel A) indicate that the peptide
including phosphotyrosine Y*1356 (consensus YVHV) inhibited binding. Its scrambled
version or any other HGF receptor phosphopeptides, particularly Y*1349 (consensus
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Fig. 5.2
Inhibition of binding of PI 3-Kinase to the HGF receptor by tyrosinephosphorylated peptides
The phosphopeptides which efficiently out-competed p85 (Fig. 5.1) were assayed for
the ability to interfere with binding of the PI 3-kinase p85/p 110 complex to the HGF
receptor. Cytosolic extracts from three days-starved A549 cells were pre-incubated
with each of the phosphopeptides (10 pM) prior to incubation with the immobilized
recombinant HGF receptor. The presence of receptor-associated PI 3-Kinase in the
immunocoirplexes was determined by PI 3-Kinase activity assay. The position of the
phosphatidylinositol-3-phosphate (PIP) product of the PI 3-Kinase reaction is
indicated.
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Mapping of the binding site for the GRB-2 and Src on the HGF receptor
Panel A Immunoprecipitates of recombinant HGF receptor (HGF-R®^) either dephosphorylated (-) or
re-phosphoiylated (+) were associated with the GRB-2-GST fusion protein, either alone (lane +) or preincubated with synthetic Met phosphopeptides (table 5.1). Complexes were washed and eluted with
boiling Laemmli buffer. Proteins were separated by SDS-PAGE, transferred to nitrocellulose and probed
with anti-GST antibodies.
Panel B GST fusion proteins of the Src SH2 domain were immobilized on Glutathione-Sepharose, and
pre-incubated with either buffer (first lane) or the indicated synthetic Met phosphopeptides (Table 5.1).
The immobilized SH2 domain was further incubated with lysates of SF9 cells expressing recombinant
HGF receptor. Complexes were washed, and the bound HGF receptor was visualized through a kinase
assay.
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YVHV), were totally ineffective. In the case of ppôO^'®the conçetition experiment was
performed immobilizing the Src SH2 domain and allowing it to interact the
recombinant HGF receptor (Fig. 5.3 panel B) In the case of pp60^"^ binding was
significantly inhibited onfy by peptides including phosphotyrosines Y* 1349 or Y* 1356.
Mapping of PLCy and the She binding sites using displacement with phosphopeptides
proved to be technically unfeasible, due to non-specific con^etition, and was
performed using HGF receptor mutants (section 5.2.2).

5.2.1.3 The multifunctional docking sites of Met-related receptors Sea and Ron,
bind PI 3-kinase, GRB-2, pp60®'®" and PLCy
The two tyrosines corresponding to Y1349 and Y1356 are conserved in the C-terminal
tail of the HGFR-related putative receptors Sea (Huff et al., 1993) and Ron (Ronsin
et al, 1993). Two synthetic phosphopeptides (ASLEGEPY* 1360VNLAVT-Y* 1367VNLESGP and SALLGDHY*1353VQLPATY*1360MNLGPST) corresponding to
the stretch of aminoacids including the conserved tyrosines in Sea and Ron were used
to inhibit association between the HGF/SF receptor and the SH2 domains of p85,
GRB-2, pp60‘^'® and PLCy. Fig. 5.4 shows that pre-incubation of the SH2 domains
with either phosphopeptide conçletely inhibited HGF receptor binding. This indicates
that the Sea and Ron version of the bidentate motif has the potential for interaction
with the same effectors.

5,2.2 Identification of SH2 binding sites using tyr-Phe mutants
5.2.1.1 Association of PI 3-kinase, GRB-2/SoS, pp60®" and PLCy with HGF
receptor Tyr-Phe mutants.
A series of constracts were made by site-directed mutagenesis of the wild type M et
receptor cDNA (Tab 5.2). These constructs were transiently expressed in COS 7 cells,
to obtain the corresponding Tyr-Phe HGF receptor mutants Pheioo , Phe^gg;, Phe^j^,
3

Phei

3 4 9

, Phei

3 5 6

, and Ph^ g . In addition to single aminoacid substitutions, some
3 6

multq)le substitutions were also made. Moreover the two double-site mutants
necessary to further elucidate the results of the conq)etition experiments: the Met
mutant Phei .i i and Phei .i
307

3

3

349

3 5 6

were prepared. Fig. 5.5 shows the results of an
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Fig. 5.4
Sea and Ron phosphopeptides inhibit binding of the HGF receptor to SBL2proteins.
GST fusion proteins of GRB-2, of the C-SH2 domains of PLCy and p85, and of the SH2 domain of
pp60®’®"' were immobilized on Glutathione-Sepharose, and either directly incubated with lysates from
ligand-stimulated COS-1 cells transiently expressing the HGFreceptor (Panel -), or pre-incubated with
the Sea or Ron phosphopeptides prior to exposure to the recombinant receptor (Panels Sea and Ron).
Complexes were washed and eluted with boiling Laemmli buffer. Proteins were separated by SDS-PAGE,
transferred to nitrocellulose and probed with anti-Met antibodies. The Met protein in over-expressing
COS cells is present in die processed (lower band) and unprocessed (upper band) forms.Positions of 205,
116.5, 80 kDa markers are indicated.
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p85

A

Fig. 5.5
Effects of Tyr-Phe mutations on the interaction of the HGF receptor with p85
COS 7 cells were transfected wiüi plasmids encoding wild type HGF receptor (wt) or receptors in which
the tyrosine codon at the indicated position was converted to a phenylalanine codon individually, or in
combination. COS 7 cells express endogenous HGF receptor. However, the simian protein is not
recognized by a monoclonal antibody directed against the carboxyl-terminal human-specific peptide.
These antibodies were used to selectively immunoprecipitate the human HGF receptor from transfected
COS 7 cells . Immobilized pre-phosphorylated receptors were incubated with lysates of Sf9 cells
expressing p85. In panel A both the receptor and p85 were labelled by an

in vitro kinase assay In panel

B the presence of p85 in the receptor immune-complex was determined by immunoblot using anti-p85
monoclonal antibodies.
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association e^eriment similar to that described in paragraph 5.1, carried out using the
same source of p85 (infected Sf9 cells), and using lysates of transfected COS 7 cells
as a source of wild type and mutant HGF receptors. Transfected COS 7 cells express
the single-chain receptor precursor as well as the proteolytically processed mature form
in a 1:1 ratio. After the association reaction the sançles were split in two and
processed differently to yield the results shown in panel A and B. In panel A both the
receptor and p85 are visualized by phosphorylation following a kinase assay. This
panel shows that the mutant receptors are all active, and are present in comparable
amounts. While all the other mutants (and in particular Phei .i i ) still bind and
3 0 7

phosphorylate p85, only the double mutant Phei .i
3 4 9

3 5 6

3

3

does not. In panel B after the

association the kinase assay was omitted, the samples were run in SDS-PAGE and
transferred to nitrocellulose. The Western blot was then decorated with monoclonal
antibodies specific for p85. This experiment confirms that only the mutant Phei .i
3 4 9

356

has lost the ability to bind p85. It should be noted that conq)aring panels A and B, the
mutant Phei g appears to be still capable of binding but not of phosphorylating p85.
3 5

This suggests that the p85 associated with this receptor mutant may not be positioned
correctly for efficient phosphorylation.
The HGF receptor binding site(s) for GRB-2, pp60^”^and PLCy were mapped with a
slightly different approach involving the use of purified GST-fusion proteins. GSTGRB-2 was able to bind the wild type receptor as well as the Phei , Phei
3 4 9

3 65

mutants,

while it did not bind the Phei gg, or the Phei .i g double mutant (not shown). These
3

349

3 5

data confirmed the competition experiment and identifying Y*1356 as the GRB-2
binding site on the HGF receptor. In the case of Src binding was progressively reduced
upon mutation of Y* 1349 and Y*1356, and lost in the Phei _i gg double mutant.
3 4 9

3

These data confirmed that ppôO®*^"^ can bind both phosphotyrosines Y*1349 and
Y*1356 as indicated by the competition experiments using phosphopeptides.
Association experiments based on binding the HGF receptor mutants with the SH2
domains of PLCy were next performed. Similarly to what observed in the case of p85
and Src binding was lost only upon mutation of both tyrosine residues (not
shown).These results indicate that, as observed for PI 3-kinase and pp60^"^ ,
phosphotyrosines Y*1349 and Y*1356 together mediate binding of PLCy to the HGF
receptor.
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5.2.1.2 Association of PI 3-kinase, GRB-2/SoS, pp60®" , PLCy and She with
HGF receptor Tyr-Phe mutants.
A number o f association experiments were performed to show that data described in
paragraph 5.2.2 are essentially reproducible also in vivo. In the first set of experiments
the HGFR/PI 3-kinase complex was immunoprecipitated using anti-HGF receptor
antibodies fi*om lysates of COS 7 cells (expressing the wild type and mutant HGF
receptors) afl:er HGF stimulation. Lysis and immunoprécipitation were carried out in
the presence of sodium ortho-vanadate, to prevent receptor de-phosphorylation. After
extensive washing the PI 3-kinase assay was carried out on the immunoprecipitates,
equalized for HGF receptor protein content, to quantify the amount of endogenous PI
3-kinase co-precq)itated in conq)lex with the the wild type receptor and its mutant
forms (Fig. 5.6 panel A). Only the Phei^^g.^^^^ double mutant co-precipitated with an
amount of PI 3-kinase activity significantly lower than that associated to the wild type
receptor. The low residual activity bound to the Phei .i
3 4 9

356

double mutant is probably

due to the formation of receptor dimers with the endogenous HGF receptor protein
from COS 7 cells. This interpretation is supported by the fact that the same amount of
residual binding is also present on immunoprecipitates obtained from COS 7 cells
transfected with a kinase-inactive mutant (TK‘, Fig. 5.6). The results of this set of
e?q)eriments indicate that residues
HGF receptor, while residues

¥ ^ 3 4 9

¥ ^ 3 0 7

and ¥

and ¥

135

13^3

^ mediate bmding of PI 3-kinase to the

do not.

Similar association e?q)eriments, invoKdng GRB-2/SoS were performed. The wild type
HGF receptor and its mutants could be co-precçitated with endogenous SoS protein
from lysates of HGF stimulated COS-7 cells by anti-SoS antibodies (Fig. 5.6 panel B).
This experiment showed in vivo the same pattern of association for GRB-2/SoS
complex with the HGF receptor seen in vitro . The same approach was used to
identify, in vivo, the HGF receptor binding sites for ppbO^**, PLCy and She. In all
three cases association was reduced iq)on substitution of ¥*1349 and ¥*1356 and lost
upon substitution of both. These results confirmed the data obtained with the
phosphopeptide conçetition experiments and indicate that pp60^”' , PLCy and She
bind the HGF receptor phosphotyrosmes ¥*1349 and ¥*1356 /« vivo.

156

VO

S

5

É

^
1

^

I-------1 I-------1 I-------1

mmmm

#

#

#

$

A
pip

iàààéê

#

#

#

#

#

#

-O K I

'O
VTi
cn

Fig. 5.6
In vivo effect of Tyr-Phe mutations on the interaction of the HGF receptor with
the FI 3-Kinase (p85/pll0) and the Grb-2/SoS complexes
P an el A COS cells expressing wild type or mutated receptors were stimulated with HGF and lysed.

Receptors were immunoprecipitated with human-specific monoclonal antibodies.The receptor-associated
PI 3-Kinase was determined by PI 3-Kinase activity assay. The TK' receptor mutant has been obtained
converting the aspartic acid at position 1204 to an sparagine residue. This results in a kinase-inactive HGF
receptor.
P a n e l B Anti-SoS immunoprecipitates were obtained from HGF-sthnulated COS cells transiently

expressing wild type or Tyr-Phe HGF receptor mutants. The HGF receptor was visualized through an in
vitro kinase assay.
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5.3 Discussion
53.1Identification of the HGF receptor bmding sites for PI 3-kinase
The p85 subunit of PI 3-kinase mediates binding to Tyr-phosphorylated receptors
through its SH2 domain (Escobedo et al 1991; Otsu et al, 1991). The p85 subunit
binds to the sequence P-Tyr- X-X-Met. This sequence is located in the KI region of
the PDGFR, CSF-IR, and c-kit, and is repeated nine times in the IRS-1 protein
(reviewed in van der Geer et al., 1994). In all these proteins this critical tyrosine
mediates the interaction with PI 3-kinase. The same consensus is also present in the
HGF/SF receptor (Y

1313

EVM), which is also found in association with PI 3-kinase

upon ligand stimulation. Although (Y

1313

EVM) fulfills the sequence requirement for

a potential PI 3-kinase recognition sequence, it is located toward the end, but still
within, the tyrosine kinase domain. This tyrosine residue has not been identified as a
phosphorylation site neither in vivo nor in vitro . The conservation of these tyrosine
and methionine residues in many tyrosine kinases (Hanks et a l., 1988) suggests that
they may be inçortant for proper folding of the catalytic domain. Moreover, all of the
transducer's binding sites so far identified are located either in the kinase insert or in
the C-terminal portion of the receptor molecule.

The HGF receptor PI 3-kinase binding site was identified through the combination of
two

conq)lementary experimental approaches,

conq)etition with

synthetic

phosphopeptides and association e^geriments with Tyr-Phe mutants. The results of the
conq>etition experiments narrowed the number of the candidate phosphotyrosine
residues down to four. The association with the corresponding receptor mutants
uiequivocally identified the binding site in a pair of tyrosine residues located seven
aninoacids apart in the C-terminal region of the receptor molecule : Y

1349

VHV and

Yi VNVK The presence of a double docking site for PI 3-kinase in the HGF
3 5 6

receptor is reminiscent of the PDGF receptor's primary structure, where the
recognition sequence is also repeated twice (Cantley et al., 1991).

Several models have been proposed to explain the reason for the need o f two binding
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sites for PI 3-kinase (Kavanaugh et al, 1992). Some of these models take in account
that p85 has two SH2 domains Wiich could both bind the receptor. In the case of the
PDGF receptor the aflSnities of p85 for the two sites seem to be different. It has been
proposed that the p85 C-SH2 binds one of the two tyrosines with high affinity, and the
N-SH2 mediates a lower affinity interaction with the remaining tyrosine (Kashishian
et al, 1992; Kavanaugh et al, 1992). The low-affinity interaction may be affected by
phosphorylation of p85, following receptor binding .

The novel consensus YVH/NV do not conform to the canonical consensus sequence
YXXM for PI 3-kinase binding, and thus define YVXV as a novel recognition motif.
Y

1 3 4 9

and X

3 56

&re located within the C-terminal portion of the molecule and are

phosphorylated in the HGF/SF receptor. The closely spaced dupUcation of the novel
recognition motif in the HGF/SF receptor may in fact allow both SH2 domains of p85
to bind simultaneously in v/vo, thus conferring to the receptor a much greater affinity
for PI 3-kinase than that displayed by a single binding site. This hypothesis is
strengthened by the observation that the phosphopeptide which includes both
phoq)hotyrosine residues is more efficient than those including just one of the two at
displacing the PI 3-kinase p85/p 110 conq)lex from the HGF/SF receptor in an in vitro
association experiment.

5.3.2 Identification of the HGF receptor binding sites for GRB-2/SoS, p p 6 0 ^
PLCy and She
The HGF receptor docking site for other SH2 proteins which in addition to PI 3-kinase
interact with the receptor have been identified using the same previously used for Pi
3-kinase mapping. In addition to PI 3-kinase the Y

1349

VHVNATY

1356

VNVK

phosphotyrosine pair also mediates association of the receptor with PLCy, ppbO®*^"",
and the GRB-2/SoS conplex. Con^arison of the sequence YVH/NV with the optimal
binding motife listed by Songyang et al (1993), indicates that it represents a degenerate
site potential]^ permissive for a number of SH2 domains. The SH2 domains of PLCy,
pp60®‘^'®, and She interact directly with either version (YVHV or YVNV) of the
degenerate site. An excq)tion is represented by the GRB-2 adapter, which has a strong
requirement for asparagine in the +2 position (Songyang et al, 1993), and thus
interacts specifically with the sequence YVNV.
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5.3.3 The HGF receptor ‘^multifunctional clocking site”
The PDGF receptor has multiple autophosphorylation sites, each of which is specific
for a particular SH2 protein. PLCg for exarqple binds Y 1021, Wiile PI 3-kinase binds
either one of Y740 and Y751 and 7&zrGap binds Y (van deer Geer et al .,1994).
According to this model receptor targets interact with distinct docking sites in the
receptor thus triggering multiple indendent pathways. Several receptors, including the
EGF, the CSF-1 and the NGF receptor mediate signalliug according to this model. A
notable exception is represented by the HGF receptor which binds multiple SH2
containing proteins by means of two closly spaced autophosphorylation sites
represented by Y1349 and Y1356. The bidentate motif Y-hydrophobic-Xhydrophobic-(X) -Y-hydrophobic-N-hydrophobic is conserved m the otherwise
3

divergent C-terminal regions of the putative receptors Sea and RON, encoded by the
two MET-related cDNAs (Hufif et al., 1993; Ronsin et al.,1993). All members of this
receptor family may thus use for signalling their own version of the multifimctional
docking site.
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Chapter 6
Structural, functional and kinetic analysis of the
HGF receptor multifunctional binding site
6.1 Introduction
The identification of SH2 domains and the subsequent finding that they bind
spedficahy to phosphorylated tyrosine residues has provided a mechanism for signaling
by protein tyrosine kinase receptors. According to this model upon hgand activation
receptors autophosphorylate on Tyr residues and are thus able to recruit a specific
subset of transducers. Binding to the receptor of SH2-containing proteins can affect
their activity in at least three ways:
(I) First bmding to the receptor can facilitate efficient tyr-phosphorylation, which in
turn can result in activation (or inhibition) of the SH2 containing bound protein. The
measured afiSnities for SH2 domain binding to a target P-Tyr peptide are in the nM
range (Panayotou et al 1993; Felder et aL, 1993), whereas the K^s for non-SH2
domain substrates are generally in the uM range. Thus the afSnity of receptor for a
molecule containing a SH2 domain can be increased by two or more orders of
magnitude conçared to the aflBnity for a substrate without SH2 domains. An exanqile
of a receptor target wfiere phosphorylation increases enzymatic activity is represented
by PLCy (II) Binding of the SH2 domain to its target P-Tyr residue may result in
allosteric activation of the protein that binds. An allosteiic activation, mediated by
phosphopeptide binding, has been reported in the case of PI3K and SH-PTP2.

(in) Third, the binding to phosphorylated receptors may be a mechanism for
localization of SH2-containing protein to their substrates on the inner 6ce of the
plasma membrane. This is the case of the Grb2/S0S conçlex which is relocalized to
the plasma membrane thus allowing it to act on Ras.
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6.2 Results
6.2.1 Phosphorylation of the multifunctional docking site
6.2.1.1The HGF receptor carboxy-terminal residues Y1349 and Y1356 are
autophosphorylation sites.
The results obtained using the mutant receptors (chapter 5) inçly that tyrosines 1349
and 1356 are phosphorylated in vivo. To address this point HPLC phosphopeptide
profile analysis was performed using wild type and mutant receptors. Thus a synthetic
peptide (I24K) was synthesized corresponding to the tryptic peptide wich includes
these two residues. This peptide required a combination of aqueous and organic
solvents for best recovery and eluted at a very late time fi*om the HPLC column used
for the separation (Fig. 6.1 panel A). When the same procedure was used to run a
tryptic digest obtained fi’om a wild type receptor that had been phosphorylated in vitro,
a peak eluting at a time very close to that of the non-phosphosphorylated I24K peptide
was recovered (Fig. 6.1 panel B). This peak is absent in the double-site mutant (Fig.
6.1 panel C) and is reduced in the single-site mutants (not shown). These results
indicate that tyrosines 1349-1356 are indeed in vitro phosphorylation sites and suggest
that the same tyrosine residues are also in vivo phosphorylation sites.

6.2.1.2 The kinase activity of the HGF receptor is unaffected by point mutations
involving residues Y1349 and Y1356
As reported in chapter 5 and 7 a number of receptor mutants , involving residues
Y1349 abd Y 1356 were constructed by site-directed mutagenesis. Three sets of
homologue mutants were prepared to be used as tools for the dififerent experimental
applications. Full size receptor constructs were used for mapping of the transducers
docking sites (chapter 5), Trk-HGF receptor chimeras were used in the biological
experiments and oncogenic Tpr-HGF receptor constructs allowed transformation
studies (for a detailed description of this set of mutants see chapter 7). These
constructs were transiently expressed in COS 7 cells, to obtain the corresponding
Tyr-Phe HGF receptor mutants.
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Elution time, min

Fig. 6.1
Identification of ¥ , , and X
3 4

356

as in vitro phosphorylation sites in the HGF

receptor by tryptic phosphopeptide mapping

Profile A shows the HPLC analysis at 214 nm of a synthetic non-phosphorylated
peptide (I24K), which corresponds to the tryptic peptide containing tyrosines Y
Yi

356

1349

and

in the HGF receptor. I24K elutes fi’om the HPLC column after 65 minutes. B and

C show the radio-HPLC elution profiles of tryptic phosphopeptides derived fi’om in
vitro [y-^^P]ATP-phosphorylated wild type receptor (B) and the Phei .i
3 4 9

mutant (C).
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356

receptor

Fig. 6.2 shows an autokinase assay done on inmmnoprecÿitates obtained from lysates
of COS 7 cells expressing Tpr-M<?/ mutants. Using Tpr-A/e^ (rather than the higher
molecular weight frill size HGF receptor or chimeric Trk-Met proteins) it is possible
to differentiate the mutants according to their migration in SDS-PAGE. The intensity
of the bands shown in Fig. 6.2 indicates that the kinase activity is similar for all
mutants. The migration rate varies, and is inversely proportional to the number of
tyrosine residues available for phosphorylation. This effect is probably due to
differences in charge brought about by phosphorylation on tyrosine residues. The
slowest migrating band is wild type Tpr-A/e^, while the fastest is mutant
Mutant Phei

356

runs ahead of mutant Phe

1349

. This is probably due to the fact that

is more heavily phosphorylated in vitro than Y

1 349

¥ 1 3 5 5

.

6,2,2 Real-time analysis of SH2/phosphopeptides interaction
6,2,1,1 Kinetic analysis of the interactions of SH2 domains with HGF receptor
phosphopeptides corrisponding to residues Y1349 and Y1356.
To provide a more quantitative analysis of the interactions reported in the previous
chapters binding kinetics of the various SH2 domains with HGF/SF-derived
phosphopeptides was evaluated using the BIAcore technology. This approach made
it possible to establWi the association and dissociation rates for each of the interactions
tested. Previous work with surface plasmon resonance biosensor measurements
(BIAcore) has shown that SH2 domain-phosphopeptide interactions are generally
characterized by frst association and dissociation rates (Panayotou et aL, 1993; Felder
et aL, 1993). The same principle appears to hold true for the interactions investigated
in this study, involving phosphopeptides Y1349P (IGEHY* 1349VHVN) and Y1356P
(VNATY* 1356VNVK). Following biotinylation, these phosphopeptides were
immobilized on avidin-coated biosensor surfrces and a range of concentrations of SH2
domain-GST fusion proteins (p85 and its individual SH2 domains, GRB-2, She and
pp60°'^'^®-SH2, PLCy C-SH ) were allowed to interact with them. Representative
2

exanqiles of the results obtained are shown in Fig. 6.3.
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A
WT:
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Fig. 6.2
Point mutations in the carboxy-terminal docking sites do not affect the kinase
activity of Tpr-Met.
Panel A Mutations which involves the HGF receptor C-terminal taü. For a detailed descriptions of the
single mutants see chapters 7 and 8. Mutated residues are shown in bold and underlined.
Panel B Wild type and mutant Tpr-Met proteins were immunoprecipitated from COS-1 cells transfected
withTpr-Met constructs, using human Met-specific antibodies. Immunoprecipitates were used to carry
out an in vitro kinase assay with [y-” P]ATP. Labeled proteins were separated on 8% SDS-PAGE. The
gel was dried and exposed for autoradiography. Positions of the Y-‘F substitutions in Tpr-Met are
numbered according to the corresponding residues in the full size receptor
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Fig. 6.3
Examples of BIAcore measurements of the interactions between SH2 domains
and HGF/SF receptor phosphopeptides
P an el A Interaction of GRB-2-GST fusion protein with immobilized Y1356P phosphopeptide.

Sensorgrams of the association phase for a range of GRB-2 concentrations are shown.
Panel B Analysis of the data shown in A. The top figure is a plot of the rate of binding versus the relative

response for each sensorgram. The slopes of each line are then plotted against the concentration of protein
(bottom figure) and the slope gives the value of the association rate constant.
Panel C Interaction of the ppôO*^®^' SH2 domain with immobilized Y 1349? phosphopeptide.
P an el D Dissociation of Src-SH2 from Y 1349? upon injection of buffer, Y 1026? or Y1349?. Both

phosphopeptides were injected at 20fiM.
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The sensorgrams obtained were used to calculate association rate constants

which

were in the order of 1 to SxlO^M'^sec ’ with the notable exception of p85 which
showed a

approximately tenfold higher. Dissociation of bound proteins was

allowed to proceed either in buffer flow or upon injecting of conçeting (nonbiotinylated) peptides immediately following the end of the protein injection. It is clear
from Fig. 6.3 (panel D) that the latter procedure results in a large increase of the
dissociation rate, indicating that, in buffer flow, re-binding to the surface occurs. Non
specific phosphopeptides, e.g. Y1026P (RQVQY* 1026PLTD), did not have this
effect. For all interactions studied, the dissociation rate constants were in the order of
0.1 to 0.3 sec ’ in the presence of conq)eting phosphopeptide. These very fast
dissociation rates are consistent with the notion of multiple signalling effectors
interacting with the same docking site, as they would allow the rapid exchange of
bound molecules. The affinity constants of these interactions (calculated by dividmg the
I^iss by Kass) are in the 0.2-1 uM range with the exception of the p85/pl 10 conq>lex
which had a

approximately tenfold higher. Both the Y1349P and the Y1356P

peptides gave similar results for all SH2 tested, with the exception of GRB-2, which
selectively bound only the 1356 phosphopeptide, confirming the mapping results
described in chapter 5.
For each of the SH2 domains tested in this study an "optimal" consensus motif has
been previously identified which mediates its association with other receptors
(reviewed in Songyang et al., 1993). In the case of PLC-y, She and GRB-2 the
reported sequence is similar to YVH/NV, identified in the HGF/SF receptor as their
binding site. In the case of PI 3-kinase and pp60°'^"' the YVH/NV sequence does not
conform to the canonical consensus motif wdiich are represented respectively by the
sequences Y*XXM and Y*EEI (Songyang et aL, 1993). It was therefore interesting
to directly conq>are binding of the PI 3-kinase and Src SH2 domains to the HGFR
phoq)hopeptide with binding to the "optimal" phosphopeptide. The interaction of the
N- and C- SH2 domains of p85 with the phosphopeptides including the YVH/NV
sequence showed an affinity two orders of magnitude lower than that measured for the
optimal YXXM sequence. It should be noted however that the closely spaced
duplication of the HGF receptor binding site may mediate association with both SH2
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domains ofp85, thus generating an efficient docking site for PI 3-kinase. No significant
differences were found in the kinetics of Src SH2 binding to the HGFR or PDGR
phosphopeptides. In both cases binding was characterized by fast association rates
(k^= 1.1x10^ and 0.7x10^ M*^ sec'^ for Y1356 and Y574, respectively) as well as fast
dissociation rates

0.2 sec'* in the presence of corq>eting peptide or 0.007 sec'* in

buffer for both peptides). The affinity constants derived for Src binding were therefore
very similar for the HGFR and PDGFR phosphopeptides.

6.2.1.2 Kinetic analysis of the interactions of proteins bearing two SH2domains
with the HGF receptor intact multifunctional docking site
The HGF receptor multifimctional docking site is represented by the
sequence;Y*i VHVNATY*i VNV. It is conceivable that the closely spaced
3 49

356

phosphotyrosine residues might work in concert in a cooperative manner. According
to this hypothesis, one can speculate that molecules containing two SH2 domains (like
PI 3-kinase and PLCy) may be able to engage both SH2s at the same time, and that
this may result in increased binding affinity. To test this hypothesis the binding of PI
3-kinase and PLCy to the HGF derived mono (Y*j VHV or Ÿ
3 4 9

1356

VNV) and

bidentate (Y*^ VHVNATY *i yNV) phosphopeptides, was measured using the
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BIAcore biosensor. For this e?q)eriments the fiill size p85 and a construct containing
both PLCy SH2 domains were used. No significant difference was observed when the
affinities of this two transducers for the monodentate phosphopeptides were conq)ared
to that obtained for the bidentate phosphopeptides (not shown).

6.2.3 Activation of PI 3-kinase in vitro with HGF/SF receptor phosphopeptides
It has been shown that incubation of PI 3-kinase with tyrosine-phosphorylated insulin
receptor substrate 1 (IRS-1) causes a 4- to 5- fold increase in PI 3-kinase activity, and
that this activation is mimicked by the synthetic tyrosine-phosphorylated peptide
containing the sequence YgjgMPM of the IRS-1 protein (Backer et al., 1992). The
ability

of

phosphorylated

Yi VNVKCVA, and Y
356

1349

peptides

VHVNATY

1356

Y

1313

EVMLKCW,

1

)^

VHVNATY,

VNVK to activate the PI 3-kinase p85/p 110

conq)lex in vitro was evaluated. F ig. 6.4 shows that at lOOuM concentration, the
peptide containing phosphotyrosine 1313 activates slightly. Similar results were
obtained using the single peptides containing either phosphotyrosine 1349 or
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phosphotyrosine 1356 (not shown). The peptide containing phosphotyrosines 1349
and 1356 shows a more clear activation effect (approx 5-fold), comparable to that
which has been observed with the IRS-1 protein (Backer et aL, 1992).

6.3 Discussion
6.3.1 A model for the function of the HGF receptor ^multifunctional docking
site”
Most studies have focussed on differences in sequence specificity between SH2
domains, the multifimctional docking site of the HGF receptor represent an exception
to this rule since it can potentially interact with SH2s with different specificity. This
peculiar behaviour requires formulation of a model to explain how the HGF/SF
receptor multifunctional site operates in vivo to mediate the receptor signal
transduction. Differences in affinity^variations in local concentration of SH2 effectors
and levels of receptor phosphorylation can all contribute to determine which transducer
binds at any moment. It is possible that, at very low levels of receptor phosphorylation,
(early times after stimulus) only the highest affinity interactions will occur, and thus
onfy a few transductional pathways will be activated. The very high off-rates measured
would, in this case, fevor a rapid exchange of SH2-containing proteins on the receptor.
As the number of phosphorylated receptors increases, the formation of additional
complexes involving molecules capable of binding with lower afiOnities may become
possible. This would add more pathways to those already operating. Different cell
types contain significantly different amounts of receptor and transducers. This may
e>q)lain wliy HGF/SF activates pathways such as mitogenesis or motogenesis in some
cells and not in others. The conçlexity of the biological response could reflect the
degree o f interplay of the transductional pathways ultimately activated. One can
envision that the presence of a docking site capable of binding multiple effectors may
contribute to the versatility of the receptor. Fine tuning of signal transduction may be
better achieved by modulating phosphorylation of a single tyrosine pair (responsible
for funnelling all receptor signalling activity), rather than by coordinating the
phosphorylation of individual tyrosine residues interacting with specific effectors.
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Fig 6.4
Activation of PI 3-kinase by HGF receptor phosphopeptides
PI 3-kinase p85/pllO complex was immunoprecipitated from cytosolic extracts of
three

days-starved

A549

cells

using

anti-p85

monoclonal

antibodies.

Immunoprecipitates were incubated either with a non-phosphorylated peptide (I24K)
containing tyrosines 1349 and 1356, or with the indicated phosphopeptides. All
peptides were tested at a concentration of lOOpM. Following incubation the
immunoprecipitates were assayed for PI 3-kinase activity
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Chapter 7
The HGF receptor pleiotropic biological effects are
mediated hy the multifunctional docking site
7.1 Introduction
7.1.1 Specificity of growth factor signalling pathways
Ligand activation of tyrosine kinase receptors is acconqiained by receptor dimerization
and autophosphorylation on specific Tyrosine residues (Pawson, 1995). These sites
generally he in the non-catalytic region of the cytoplasmic domain and in the
juxtamembrane region as in the case of the PDGFR or the C-terminal tail as in the case
of the EGF and HGF receptors. The piincÿal function of these sites is to bind the SH2
domains of specific receptor targets, stimulating their activities. The PDGF and EGF
receptors have multiple autophosphorylation sites each of which is relatively specific
for a particular SH2 protein (van der Geer et al., 1994). The HGF receptor, on the
contrary, has two closely spaced autophosphorylation sites, each of which binds
multiple SH2-containing proteins. PDGF receptor mutants (obtained by Tyr-Phe
substitutions) have a reduced ability to bind SH2 effectors resulting in signalling
impairement and partial loss of biological function (Fantl et a l ., 1992; Satoh et al.
1993). For example, replacement of Tyr 1021 with Phe in the PDGF receptor taü
abolishes PLCy binding thus impairing the receptors ability to stimulate the hydrolysis
of phosphatdylinositol-4,5-P2 (Ronnstrand et al, 1992;Valius et al., 1993). Mutant
receptors lacking autophosphorylation sites can therefore be used to examine the
effects of uncoupling the receptor firom specific signalling pathways.

7.1.2 Tpr-Met: the oncogenic counterpart of the HGF receptor
The M ET proto-oncogene was originally identified as a transforming gene, activated
after in vitro treatment of a human osteosarcoma cell line with a chemical carcinogen.
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M this cell line the 3' region of the MET gene (ch. 7) is rearranged with the 5' region of
TPR (ch.l: translocation promoter region, 41). The resulting hybrid transcript is
translated into a protein lacking the first 1026 aminoacids of the Met protein and
endowed with constitutive tyrosine kinase activity (Dean et al., 1985; Gonzatti-Haces
et a., 1988; Tenq)est et al, 1986). It has also been reported that the TPR/MET
rearrangement originally observed in MNNG-HOS cells, might in feet occur at low
frequency in other tumor cell lines (Soman et aL, 1990).

7.2 Results
7.2.1 Functional analysis of the multifunctional docking site
7.2.1.1 Construction and characterization of a Trk/HGF receptor chimera
In epithelial cells, ligand-induced activation of the HGF receptor is followed by a
characteristic phenomenon -“scattering”- that involves cytoskeletal reorganization, loss
of intercellular junctions and cell-dissociation, followed by active migration (Qierardi
and Stocker 1991). To evaluate the role of the multifunctional docking site in HGF
receptor mediated motility, a Trk/HGF receptor chimera was constructed by fusing
the extracellular domain of human Trk with the transmembrane and intracellular
domain of human HGF-R. The fusion is illustrated in Fig. 7.1. Mutations involving
Y*1349 and Y*1356 were inserted in the chimera and MDCK cells were co
transfected with these constructs together with a marker for neo selection (pSVneo).
MDCK are the preferred cells for the scatter assay because in the absence of the ligand
they grow in tight islands. On overnight treatment with HGF, MDCK cells dissociate
and undergo a striking morphological change, taking on a more 'fibroblastoid'
appearance and emit long filaments. G418 resistant clones were tested either by scatter
assay following NGF treatment, or by kinase assay using antibodies specific for human
HGF-R. Only a low percentage of the G418-resistant clones expressed the Trk/HGF-R
protein (20%). Among these, by Western blotting, a set of clones expressing
comparable amounts of chimeric protein were chosen, using the level of HGF receptor
present in A549 cells as a reference point (Fig. 7.2 panel A). These human cells also

172

Trk

TK

m

... V a l Glu Lys Lys Asp Glu Thr Pro Phe G lv V a l Ser ...
... V al Glu Lvs Lvs Asp Glu

F

Thr Q v t e » Ue A k _

Val Gin Pro Asp Gin Asn Phe Thr Glv Leu He Ala ..

Trk
T rk -M et
M et

Fig. 7.1

Trk-Met chimeric protein.
The extracellular domain of human Trk was fused to the human HGF receptor
transmembrane and cytoplasmic domains. The chimera includes two residues of the
HGF receptor extracellular domain. TK: tyrosine kinase domain. YVHV and YVNV
(Yi VHVNATYi gVNV) are multifunctional docking sites. Aminoacids of the
3 4 9

35

transmembrane domain are imderlined.
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Fig. 7.2

Expression and activity of Trk-Met chimeras in G418-resistant MDCK clones.
P anel A Total protein extracts (approxymately 200 ug/lane) of G418-resistant MDCK clones were
separated on 8% SDS-PAGE, blotted, and probed with human-specific anti-Met antibodies. The upper
band (Trk-Met**’*) represents the mature (fully glycosylated) form of the chimeric protein. A549 human
lung carcinoma cells were used as a reference for a physiological level of Met protein. In A549 cells the
upper band represents the immature HGF receptor precursor (p 170), while the lower band represents the
heavy chain of the mature receptor (pi 45). The positions o f204,121 and 82 kD molecular weight markers
are indicated.
Panel B The MDCK clone expressing the wild type chimera shown in panel A was kept in low serum
for 24 hours and treated with 200ng/ml of NGF for 20 min at 37®C. Anti-Met immunoprecipitates
obtained from untreated (-) and NGF-treated (+) cells were run in 8% SDS-PAGE, blotted, and probed
with anti-Met and anti-phosphotyrosine antibodies. Only the upper band (which shows a low basal level
o f tyrosine phosphorylation), responds to NGF treatment The positions of 204, 121 and 82 kD
molecular weight markers are indicated.
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respond to HGF with a motility response. The endogenous HGF-R of MDCK cells
(which are of canine origin), could not be used as a standard, due to the lack af an
appropriate antibody. All Trk/HGF-R chimeras had a low amount of basal
phosphorylation (not shown), \^hich did not affect their resting phenotype.Addition of
NGF resulted in an increase in tyrosine phosphorylation (a representative exanq)le is
shown in Fig. 7.2 panel B). A few clones e?q)ressing higher levels of the Trk/HGF-R
chimeric protein did show stronger basal phosphorylation and a constitutively motile
phenotype. These were excluded from the experiments.

7.2.1.2 The HGF receptor mediates motility through the multifunctional docking
site
The ability of the Trk/HGF-R chimeras to induce motihty in MDCK cells was
evaluated in scatter assays upon NGF stimulation. NGF treatment induced motility
(scatter) in cells expressing the wild type Trk/HGF-R chimera (Fig. 7.3). Cells
expressing the single Phe^^^g and Phe^^gj Trk/HGF-R mutants responded to NGF with
a motile phenotype indistinguishable from wild type. However a completely amotile
phenotype was obtained when MDCK cells expressing the double Trk/HGF-R mutant
Phei .i
3 4 9

3 5 6

were stimulated with NGF (Fig. 7.3). The single mutant Phgsg , when

treated with NGF, showed an intermediate phenotype. Cells expressing this chimeric
receptor did not frilly scatter, but underwent morphological changes. They looked
'spread' and only some acquired a 'fibroblastoid' morphology.

7.2.1.3 Tpr-Met mediates transformation through the multifunctional docking
site
The HGF receptor oncogenic counterpart is represented by Tpr-A/igA In Tpr-Me/, the
extracellular domain of the HGF-R is replaced with Tpr sequences, which provide two
strong dimerization motifs (Rodrigues and Park, 1993). Dimerization causes
constitutive activation of the HGF-R kinase, which acquires the ability to transform
rodent fibroblasts, hidividual or combined mutations of tyrosine 1349 and 1356 did not
affect either the auto-kinase activity of Tpr-Me/ (chapter 6). Fisher rat fibroblasts were
transfected with wild-type and mutated Tpr-Mg/ constructs and a focus formation
assay was carried out. Wild type Tpr-Me/ was highly transforming. Substitution of both
tyrosines conçletely abrogated transformation (Fig. 7.4). Mutation of Y1349 caused
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Fig. 7.3
The multifunctional docking site mediates motility in MDCK cells expressing
Trk-Met chimeras
The MDCK clones expressing wild type and mutant Trk-Met chimeras shown in Fig.
7.2 were treated with HGF/SF (25 units/ml) or NGF (100 ng/ml) overnight. A
completely amotile phenotype was obtained when MDCK cells expressing the double
Trk/HGF-R mutant Phei .i g were stimulated with NGF. Enlargement: lOx.
349

35

176

WT

Y1349F

•%

6%
<• _*•%? ‘

Y1356F

Y1349-1356F

Fig. 7.4
The

multifunctional docking site is required for Tpr-Met mediated

transformation
Representative plates of a focus formation assay carried out using wüd type (WT) and
Tyr-Phe Tpr-Met mutants. Three independent experiments were performed. Foci were
400+ 50/pg of transfected DNA for the wild type construct, 250± 30/pg DNA for the
1349 mutant, 40+ 5/pg DNA for the 1356 mutant and none for the construct carrying
the double 1349-1356 mutation.
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a 40-50% reduction in the number of foci, while mutation of Y1356 caused a 90%
reduction. These results indicate that Y 1356 is required for transformation, but that
Y 1349 is necessary together to Y1356 to achieve fiiU transforming abihty.

7.3 Discussion
73.1 HGF receptor signalling is funneled through the multifunctional docking
site
Tyr-Phe
(Y

1349

substitutions in the HGF receptor mutifimctional docking site

VHVNATY

1356

VNV) abrogates receptor mediated motihty and transformation.

This indicates that the bidentate docking site represent the main transductional switch
in HGF receptor mediated biological activities. Substitution of both sites with
phenylalanine did not affect the kinase activity, but corrq)letely abolished both the
motile and the transforming potential Individual mutations were permissive for mothity
while inhibited transformation to a different extent. Substitution of Y1356, which has
the unique abihty over Y1349 of binding GRB-2, drastically reduced the number of
foci. This result underscores the importance for transformation by activated tyrosine
kinases of the link with the Ras pathway provided by the GRB-2 adaptor (see also
Pendergast et al, 1993). However, Y1356 is not sufficient alone to bring about the fiih
transforming potential of the oncogenic Met protein. Mutation of Y 1349 significantly
reduced the number of foci with respect to wild type Tpr-Met. This indicates that, at
least in the case of transformation, maximal signalling efficiency results from
cooperation between the two tyrosines.
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Chapter 8
HGF receptor signalling requires concomitant
recruitment of Grb2 and PI 3-kinase

8.1 Introduction
The Met-HGF/SF pair stands out among other tyrosine kinase receptors and their
ligands for the wide spectrum of biological activities ehcited in target cells. HGF/SF
promotes epithelial cell dissociation, motility, proliferation, and tubular morphogenesis.
Furthermore it induces anchorage independence, secretion of proteases and invasion
of collagen matrices (Gherardi and Stoker, 1991). This pleiotropy of biological effects
is mirrored by the unique structural features of the Met receptor, whose signalling
mechanism is based on the activation of multiple pathways (see chapter 7) via
phosphorylation of two "promiscuous" tyrosines (Y

1349

VHVNATY

1356

VNV). These

residues are part of a consensus (YVH/NV) permissive for several SH2 domains,
among which are Grb2 and PI 3-kinase. While the contribution of other signalling
molecules remains largely to be defined a critical role of these two SH2 containing
effectors in the control of growth and motihty by HGF/SF has been estabhshed
(Hartmann et al., 1994; Ridley et al., 1995; Royal and Park, 1995).

In the past years consensus sequences for individual SH2 domains have been derived.
These studies collectively indicate that the aminoacids in the 4-1,

+

2

and 4-3 positions

relative to the phosphotyrosine are the primary determinants for SH2 specificity
(Songyang et al, 1993 and 1995). According to these studies the HGF receptor
contains an optimal consensus motif for Grb2 binding represented by the sequence:
Yi

3 5 6

VNV (optimal Grb2 consensus: YXNX). On the other hand the HGF receptor

contains a low afBnity consensus motif for PI 3-kinase binding represented by the
tandemly repeated sequence:Yi ^i VH/NV (optimal PI 3-kinase consensus: YXXM).
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To evaluate the contribute of single signalling pathways in the HGF responses it is
possible to mutate the degenerate docking site (YVH/NV) into optimal consensus for
distinct SH2-containing effectors thus creating HGF receptor signalling mutants.

8.2 Results
8.2.1 HGF receptor signalling mutants
8.2.1.1 Construction of signalling mutants which selectively interfere with Met
mediated Ras activation
The crucial role of Y 1356 (which binds Grb-2) in HGF receptor mediated
transformation (see chapter 7) suggests that activation of the Ras pathway might be
central in this process. However, since this phosphotyrosine residue is a docking site
for multiple SH2-containing molecules, the Y-F mutation could cause the loss of
activation not only of Ras but also of additional pathways, equally inqiortant to
transformation. To evaluate this possibility two /^-specific Tpr-Met mutant were
prepared (Fig. 8.1 panel A). To abrogate Grb-2 binding, without interfering with the
other signaling pathways, asparagine 1358 (which confers Grb2 specificity to
phosphotyrosine 1356) was converted into histidine (mutant Met°^^'). Furthemore a
mutant with an additional Grb-2 binding site was constructed by converting histidine
1351 into asparagine (mutant Met^°^^)

8.2.1.2 Construction of signalling mutants which specifically couple the HGF
receptor to PI 3-Kinase
Signalling mutants of the oncogenic form of the Met receptor (Tpr-Met) were
generated by site-directed mutagenesis. The consensus sequences for the SH2 domains
thep85 regulatory subunit of PI 3kinase were designed according to Songyang et al.
(1993) (Fig. 8.1 panel A). To optimize binding ofp85 (the regulatory subunit of PI
3kinase), the two low afBnity binding sites YVH/NV were both converted into optimal
PI3K binding motifs fYVHVNATYVNV- YMPMNATYMDM: mutant M et^^^).
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Met^*:

YVHVNATYVNV

Mef*” "®:

EVHVNATEVNV
YVHVNATYHNV
YYN.VNATYVNV

Met^xPDK;

YMEMN AT YMDM

M e tP ^ ^ K /G r" .

YMHMNATYVNV
B

(Tpr-Met

Fig. 8.1
Construction and characterization of Tpr-Met signalling mutants

P anel A Signalling mutants o f the oncogenic form o f the M et receptor (Tpr-M et) w ere generated by sitedirected mutagenesis. The consensus sequences for the SH2 dom ains o f G rb2 and o f the p85 regulatory
subunit o f PI 3-kinase w ere designed according to Songyang et al. (1993).
P anel B Wild type and mutant Tpr-Met proteins w ere im m unoprecipitated from COS-1 cells transfected
w ithTpr-M et constructs, using hum an M et-specific antibodies. Im m unoprecipitates w ere used to carry
out an in vitro kinase assay w ith [ y - ^ J A T P . Labeled proteins w ere separated on 8% SD S-PA G E. The
gel was dried and exposed for autoradiography. Positions o f the substitutions in T pr-M et are num bered
according to the corresponding residues in the full size receptor.
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To enhance binding with PI3-K without uncoupling Grb-2, the low afBnity PI3K
binding site YVHV was converted into a high affinity PI3K binding site
(YVHVNATYVNV-^YMPMNATYVNV: mutant

8.2.1 ^ Kinase activity of Tpr-Met signalling mutants
To verify that the new consensus sequences, introduced by site directed mutagenesis,
did not interfere with phosphorylation of the respective tyrosine residues autokinase
assays were performed on immunoprecipitates obtained from lysates of COS-1 cells
e?q)ressing the Tpr-Met mutants. Fig. 8.1 (panel B) shows that the auto-kinase activity
is similar for all mutants, as indicated by the fact that the labelled bands are all of the
same intensity. All mutants appear to be phosphorylated on both tyrosines, as shown
by the fret that their mobility in SDS-PAGE is equivalent to that of wild type Tpr-Met,
with the exception of Met°°““®which has a slower migration rate presumably due to
the difference in charge consequent to the Tyr-Phe mutation wich impairs
phosphorylation.

8.2.1.4 Tpr-Met mutants carrying optimized consensus sequences associate with
increased efficiency Grb2 or PI3-kinase.
The relative ability of the Tpr-Met signalling mutants to bind Grb-2 and PI3 Kinase was
assessed in COS-1 cells. Tpr-Met constructs were transiently expressed in COS 1
cells, to obtain the corresponding Tyr-Phe mutants. Tpr-Met mutants were
immunoprecq)itated and the amount of associated Grb2 or p85 proteins was evaluated.
Panel A of Fig. 8.2 shows that the amount of Grb-2 co-preciphating with Tpr-Met^ ^
is increased conçared to wild type. Conversely, the Tpr-Met^
the Tpr-Met

mutant, as well as

do not associate Grb2. Panel B of Fig. 8.2 shows that while the

association of wild type Tpr-Met with p85 is barely detectable, the mutants with
optimal PI3K binding site(s) (Tpr-Mef*™^ and Tpr-Mef^^°^) co-precipitate with an
amount of p85 strikingly higher than wild type. Panel C of Fig 8.2 shows that the
amount of PI 3-kinase activity which is coprecipitated with the mutants possessing
optimal PI3K binding site(s) (Tpr-Met^

and T pr-M ef^^^) is significantly higher

than that associated to wüd type Tpr-Met or to the mutant which selectively binds
Grb-2 (Tpr-Met
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Fig. 8.2
Interaction of Tpr-Met signalling mutants with Grb-2 and PI 3-kinase
COS cells were transfected with plasmids encoding Tpr-Met signalling mutants. Tpr-Met proteins were
immunoprecipitated and the amount of associated Grb-2 and PI 3-kinase was evaluated.
P anel A and panel B The presence of Grb-2 or p85 associated to the various mutants was determined

using anti-Grb-2 and anti p85 antibodies.
Panel C The presence of receptor-associated PI 3-Kinase in the immunocomplexes was determined by

PI 3-Kinase activity assay. The position of the phosphatidylinositol-3-phosphate (PIP) product of the PI
3-Kinase reaction is indicated. A longer exposure of the TLC plate of panel C showed that a low level of
PI 3-kinase activity was also associated to the WT receptor and to 2xGrb2 mutant
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8.2.1 Functional analysis of Met signalling mutants

8.2.2.1 Met mediated transformation requires direct coupling to Grb2
Met signalling mutants were tested for their ability to promote transformation in a
focus forming assay after transfection of the corresponding constructs in fisher rat
fibroblasts. Results shown in table 8.1 indicate that selective uncoupling of Grb-2 fiom
Tpr-Me^ (mutantTpr-Met°*^ ) dramatically lowers its transforming ejficiency, bringing
it close to the level of the Phe^g^g mutant. The increase in the number of foci brought
about by the introduction of a second Grb-2 binding site (mutant Tpr-Met^

shows

that the Tpr-Met transforming potential can be further enhanced by recruitment of
additional Gib2/SoS conçlex. Preferential coupling of Tpr-Met with PI 3-kmase (TprMet^PDK) drastically lowers the numbers of fod, indicating that super-activation of this
single pathway alone is not enough for efficient transformation. On the other hand, the
Tpr-Met^^^°^ mutant, modified to preferentially activate PI 3-kinase together with
Ras, was as efficient as wild type in mediating transformation. This indicates that among
all other pathways, Ras is by far the most inq)ortant in promoting Tpr-MgAmediated
transformation.

5.2.2.2 Met mediated motility does not require direct coupling to Grb2
The effect of the Met signalling mutants on motility was tested in MDCK cells, an
epithelial cell line which grows in culture in tight islands and responds to HGF by
"scattering" and invasion of collagen matrices (Weidner et al., 1990). To evaluate the
role of the Ras pathway in HGF receptor mediated motility MDCK cells were co
transfected with the Tpr-Met^^* constructs and the plasmid psV2neo which confers
resistence to neomycin (G418). G418 resistant clones which appeared to have acquired
a "scattered" phenotype were picked and e^ganded. Expression of Tpr-Met was
confirmed by either immunoprecçitation and kinase assay or Western blot analysis.
Several independent clones were tested in motility assay. To precisely quantitate the
motihty response a transwell system was used (Fig 8.3 panel A).
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FOCI/1 Opg DNA

RELATIVE TRANSFO RM ING
ACTIVITY (% of TPR-Met)

0

0

Tpr-Met WT

345±30

100

Tpr-Met Y1349F

202±17

62

Tpr-Met Y1356F

17±3

5

0

0

38±3

11

Tpr-Met 2x Grb2

500±50

145

Tpr-Met 2x Pi3K

31 ±2

9

362±32

105

DNA

vector

Tpr-Met Y 1349-1356F
Tpr-Met Grb2"

Tpr-Met Pi3K-Grb2

Tab. 8.1

Relative transforming activity of wild type and m utant Tpr-Met.

Panel A Rat Fisher fibroblasts were transfected with 10 /xg of the enq>ty vector, TprMet wild type, or the indicated Tpr-Met mutants. Cells were spht 1:10 and kept in low
serum Fod were counted after two to three weeks. The values reported represent the
average of three independent experiments.
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Surprisingly, mutation N1358H (Met°*^ )

abrogates Grb-2 binding and abolishes

transformation did not interfere at all with motility (Fig. 8.3 panel A). These results
indicate that Met-mediated biological responses, motility and growth, can be
dissociated on the basis of their differential requirement for a direct link with Ras.

8.2.23 Specific coupling of Met to PI 3-Kinase elicits motility in epithelial cells.
The ability to mediate motility of Met mutants which can selectively activate either PI
3-Kinase (Tpr-Met^^^) or Grb2 (Tpr-Met^°^) was tested in MDCK cells. As a
negative control the signalling inactive double mutant (Tpr-Met°““*’‘‘') was used. A
constitutively motile, fibroblast-like phenotype was induced by e?q)ression of each of
the Tpr-Met constructs, with the exception of Tpr-Met^*”***'®. To quantitate the
migratoiy ability of the stable MDCK clones the transwells migration assay was used.
MDCK cells expressing Tpr-Met mutants were placed on the upper compartment of
the transwell and cell migration through the pores of the polycarbonate membrane was
evaluated. Fig. 8.3 (panel A) shows that the intrinsic motility of all Tpr-Met-expressing
clones was conq) arable, with the exception of those expressing Tpr-Met°°**‘®. Thus
preferential activation of Ras (Tpr-M et^^) or PI3kinase (Tpr-Met^^^) is sufiScient
to elicit the Met-mediated motility response.

S.2.2.4 Met-mediated matrix invasion cannot be elicited by single-pathway
activating mutants
The stable MDCK clones expressing Tpr-Met signalling mutants were tested in an
invasion assay using tranwells coated with reconstituted basal membrane (Matrigel).
In contrast to what had been observed for motility, MDCK cells e?q)ressing single
pathway activating mutants (Tpr-Met^°*, Tpr-Met^^^) failed to invade the Matrigel
barrier (fig. 8.3 panel B). The same was also true for cells expressing the Tpr-Met
mutant lacking a direct link with Grb-2 (Tpr-Met°^^ ). Notably, the Tpr-Mef^^^^
mutant, modified to preferentially activate PDkmase together with Ras, was as efhcient
as wild type in mediating invasion.
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Fig. 8.3
Relative ability of Tpr-Met signalling mutants to induce motility and invasion in
epithelial cells.

Panel A Motility assay was performed in transwell chambers.
Panel B Matrix invasion assay was performed in Matrigel-coated transwell chambers. In both cases
MDCK ceils, stably expressing Tpr-Met signalling mutants, were plated on the upper side of the chamber
and incubated in the presence of HGF for 48 hours. The reported values represent absorbance (A,,,) of
ceUs migrated to the lower side of the transwell, fixed and stained with crystal violet. The given numbers
represent averages (±SD) of triphcates.
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S.2.2.5 M et ability to induce experimental metastasis is abrogated in mutants
activating single pathways and is rescued by concomitant activation of both
PI3K and Ras.
The ability of Tpr-Met signalling mutants to promote metastasis formation was
determined with an experimental metastasis assay. To this end Tpr-Met transformed
cells were injected into the tail vein of nude mice. All the animals injected with cells
transformed by wild type Tpr-Met, died within a short latency time (two weeks), with
massive metastatic colonization of the hmgs. Surprisingly cells transformed by TprMe^ xGtb
2

2

found to be drastically impaired in inducing hmg métastasés (Fig. 8.4).

This result is of particular interest considering that the same mutant showed enhanced
transforming ability, compared to wild type, in a focus forming assay. Cells
transformed by Tpr-Met^*^^^ wee also impaired in their metastatic potential.
Conversely, the abihty to metastasize was fully rescued by the Tpr-Met^^^^°^ mutant,
modified to preferentially activate PI3kinase together with Ras.

8.3 Discussion
83.1 Direct coupling to Grb2 is required for Met mediated transformation while
is dispensable for motility
Following hgand binding, activated tyrosme kinase receptors dimerize and
phophoiylate themselves on critical tyrosme residues becoming "docking devices" for
SH2-containing molecules. Binding of SH2 domains to phophotyrosine residues
occurs via a pectrum of interactions, A\liose character varies from highly pecific (i.e.,
PDGF recptor) to rather promiscuous (Le., HGF recptor). Activation of the HGF/SF
recp to r

results

in

phophorylation

of two

carboxy-terminal

tyrosines

(Yi VHVNATYi gVNV) which act as multifimctional docking sites for a number of
349

35

SH2-containing effectors. The inportance of these tyrosines in mediating the biological
effect of HGF is proven by the loss of Met-mediated transformation and motility upon
mutation of both residues into phenylalanine (chapter 7).Loss ofY^^gg alone already
significantly impairs Met function.

, given the presence of an aparagine residue

in the +2 position has the unique ability, with repect to Y

1 3 4 9

, of binding Grb2. This

phophotyrosine, however, is also involved in recruitment of other signalling
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Fig. 8.4
Relative ability of Tpr-Met signalling mutants to induce metastasis in nude mice

The metastatic potential o f Tpr-M et signalling mutants w as tested in an experimental
metastasis assay. To this end Tpr-Met transformed cells w ere injected into the tail vein
o f nude mice.Latency time o f death, due to metastatic colonization o f the lungs, was
evaluated.
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molecules. To specifically evaluate the net contribution to growth and motility of the
direct link between Met and Grb2 the Grb2 binding site was specifically abrogated by
mutating into histidine the asparagine residue in position

+

2

of the

(Yi \TiVNATYi VHV). The reciprocal histidine to asparagine mutation in the +2
349

355

position of the Y
site (Y

1349

1349

residue was introduced to obtain a second potential Grb2 binding

VHVNATY

1356

VMV). Disruption of the Grb2 binding site resulted in a

reduction in the number of foci as severe as that caused by the loss of Y

1 3 5 6

. This

threshold of Ras activation seems not to be adequate for transformation. Duphcation
of the Gib2 binding she in Tpr-Met increased the number of foci with respect to wild
type. The number of fod seems thus to reflect the intensity of the Ras signal, strongly
suggesting that Ras is the central player in Met-mediated transformation.

Surprisingly (considering their similar effect on transformation), the Grb2-specific
mutation was permissive for a bona fide scatter response in MDCK This suggests that
the N1358H mutation, v^en present within the context of a receptor, can conq)ensate
for the loss of the Grb2 binding site, recruiting to the membrane (through Y

1356

) other

effectors (Le.: She, PI 3-kinase or PLCy )• In MDCK cells Ras is necessary together
with Rac, to induce "spreading" and actin reorganization in the first few hours of
HGF/SF treatment. Progression fiom "spreading" into full scattering requires a third
signal, distinct fiom Ras and Rac (Ridley et al., 1995). Clearly, the threshold of
Ras/Rac activation necessary for "spreading" and actin remodelling is reached upon
Met activation whether a link with Grb2 is present or not. Furthermore, Tpr-Met
mutants Met°^^' and Met^

are equally competent to go beyond the "spreading"

stage and to ehcit a fiill scatter response. Thus, also the third signal mentioned above
is passed on regardless of the residue in position +2 of either tyrosine site. The
YVH/NV sequence is a PI 3-kinase recognition motif) albeit of lower afBnity with
respect to the canonical YXXM sequence. PI 3-kinase is activated following HGF/SF
stimulation in MDCK cells, and scattering is inhibited by Wortmannin (Royal and Park
1995). Thus, PI 3-kinase seems a likely candidate for the third signal alluded to by
Ridley et al (1995).

8.3.2 Met mediated motility and PI 3-Kinase signalling
PI 3-kinase activation has been shown to be required, together with Ras, for HGF190

mediated motility and chemotaxis (Hartmann et al., 1994; Royal and Park, 1995). A
number of potential targets for PI3K have been identified, such as the serine/threonine
kinase At (Franke et al., 1995), and the small GTP-binding protein Rac (Hawkins et
al, 1995). Increasing evidence seems to point at a role for PI3K in the reorganization
of actin cytoskeleton, although the molecular details for these functional and physical
interaction remain to be defined. In line with a direct involvement of PI 3-Kinase in
Met mediated cell motihty, the mutant capable of preferential activation of PI3K
(Met^^^^) was fully capable to induce motihty in MDCK ceUs. However, ceUs
expressing a Met mutant carrying a duphcated consensus for Grb-2 (Met^°^), and
therefore unable to bind PI 3-Kinase efficiently, scattered normahy.These data can be
interpreted by speculating that PI 3-kinase activation by the Met^"'^ mutant was
ehcited via Ras, which is known to have PI3K among its targets (Rodriguez-Viciana
et al, 1994).

8.3.3 Invasion and metastasis require concomitant activation of multiple
signalling pathways
The demonstration that the single pathway activating mutants (Met^°^ or Met^^*^)
were inefficient m promoting ceU-iuvasion indicate that preferential activation of Ras
or PI3kinase although sufficient for motihty, is not adequate to promote the invasive
phenotype. Furhermore, ceUs transformed by the Met^°^ or M e t^ “*^ mutant were
unable to cause metastastes in nude mice. Thus, tilting the balance of Met signalling
in &vor of the activation of one of the two pathways abrogates its abihty to induce the
invasive-metastatic phenotype. On the other hand, introduction of an optimal binding
site for PI3K in place of a site (YVHV) capable of binding a host of signalling
molecules (Met^^^°^ mutant), resulted in the conçlete rescue of Met conq)etence to
invade and metastasize. This indicates that Met-induced activation of PI3K together
with Ras is sufficient for the purpose, and strongly suggests that wild type Met itself
may need the concerted action of these two pathways to fiihy inq)lement its invasive
and metastatic potential
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Chapter 9
Discussion
9.1 HGF receptor signalling mechanisms
The results presented in this thesis have been focus at elucidating the signaling
mechanisms triggered by the Hepatocyte Growth Factor. HGF/SF is a mesenchymal
cytokine capable of inducing proliferation and motility (scattering) in epithelial cells.
These complex biological responses depend on the interaction of HGF/SF with its
receptor, the heterodimeric tyrosine kinase f>Met (chapter 1). Ligand-induced
activation of the HGF receptor triggers a number of signaling pathways in target cells
(chapter 4). Signaling by tyrosine kinase receptors is normally mediated by selective
interaction between SIK containing effectors and specific phosphotyrosine residues in
the activated receptor. Unlike conventional growth factor receptors the HGF receptor
displays a unique signal transduction behaviour. HGF receptor signaling is channelled
through a multi-functional docking she made of the tandemly arranged degenerate
sequence YVH/NV. Upon autophosphoiylation, this sequence binds and concomitantly
activates muhçle SH2-containing transducers, including Grb2/S0S, PI 3-kinase, PLCY and ppbO^"* (chapter 5) Interaction is characterized by fast association and
dissociation rates thus favoring a rapid exchange of receptor bound effectors in vivo
(chapter 6). Mutation of the multi-functional docking site results in loss of receptor
fimction as shown by abrogation of the receptor proliferative and scattering potential
(chapter 7). The concomhant activation of both Ras and PI 3-Kinase, mediated by the
HGFR multifunctional docking she, is sufficient to inq)lement the receptor invasive
and metastatic potential (chapter 8). The YVH/NV motif is conserved in the
evolutionary related receptor Ron and Sea. Altogether these data mdicate that ligandinduced phosphorylation of the multi-functional docking she represents the main
transductional switch for all known members of the HGF/SF receptor family.
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9.1.1

The HGF family of receptors induce cell ‘‘scattering” and

matrix invasion
Met, Ron and Sea belong to a distinct subfamily of tyrosine kinase receptors as they
share ^edfic structural homologies and biochemical features (Fig. 1.8). These include:
(1) the heterodimeric a-p subunit structure, (2) two neighboring tyrosine residues in
the kinase domain, responsible for the regulation of

enzymatic activity upon

autophosphorylation, (3) a two-tyrosine docking site in the C-terminal tail that
mediates high-afiOnity interactions with multiple SH2-containing signal transducers.
Met, the prototype of the 6m3y, is the receptor for HGF (Naldini et al., 1991 ; Bottaro
et al, 1991). A distinctive property of HGF is its abihty to ehcit a pleiotropic response
including growth, ceU dissociation, motihty and polarization. Met transduces growth
signals in hepatocytes (Nakamura et al., 1986; Gohda et al, 1988; Zamegar and
Michalopoulos, 1989), kidney tubular epitheha and skin kératinocytes (Kan et al.,
1991).

In epithehal cells, hgand-induced activation of Met is fohowed by a characteristic
phenomenon -“scattering”- that involves cytoskeletal reorganization, loss of
intercellular junctions and ceh-dissociation, fohowed by active migration (Gherardi et
a l, 1989). CeU “scattering” is associated with invasion of extraceUular matrices
(Stoker, 1989; Weidner et al, 1990). Finahy, Met activation induces ceU polarization
that leads to the formation of three-dimensional branched tubular structures in
epithehal and endothehal cells (Montesano et al, 1991; Bussolino et al, 1992;
Weidner et al, 1993). This conçlex morphogenic response results from the
concurrence of ceU “scattering”, matrix invasion, proliferation and polarization. Ron
and Sea ehcit the same array of mult^le biological responses including “scattering”,
proliferation, ceh-p olarization and tubule formation. The hgand for Sea has not yet
been identihed, while Ron has been identified as the receptor for a factor known as
HGF-hke or MSP, a rather misleading acronym standing for macrophage activating
protein (Gaudino et al, 1994; Wang et al., 1994). Ron is expressed in a number of
ceUs o f epithehal origin, in neurons and in lineages of hemopoietic origin such as
granulocytes, monocytes and osteoblasts (Gaudino et al, 1995).
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Cell scattering and tubulogenesis are not elicited by other tyrosme kinase receptors,
such as PDGF or EGF receptors v\èich are also often expressed and functionally active
in cells sensitive to HGF or MSP. This indicates that these responses are a distinctive
biological feature of the subfamily to which Met, Ron, and Sea belong.

9.1.2 Signal transduction through the ^^multifunctional docking’’ site
As discussed above, HGF is a pleiotropic fector, capable of evoking conq)lex biological
responses such as mitogenesis, “scattering” and morphogenesis: accordingly, its
receptor activates multiple signal transduction pathways. Stimulation of responsive
cells induces activation of PI 3-kinase (Graziani et al., 1991; Royal and Park 1995),
of a Ras nucleotide exchanger (Graziani et al., 1993; Hartmann et al., 1992) and of a
tyrosine phosphatase (Villa-Moruzzi et al., 1993). Moreover, upon phosphorylation
of the receptor, the cytoplasmic tyrosine kinase ppôO^'*, PLCy and MAP kinase
become phosphorylated on tyrosine and activated. Finally, the phosphorylated receptor
binds the She protein which works as an "ançlifier" of the motogenic as well as the
mhogenic response (PeHcci et al., 1995).
Tyrosine kinase receptors, such as those for PDGF or EGF, couple and activate
cytoplasmic signaling molecules by auto-phosphorylating tyrosine residues embedded
in specific aminoacid sequences that become docking sites for conserved structural
modules known as “Src homology 2" (SH2) domains (Cantley et al., 1991; Koch et al.,
1991). SH2 domains are found in one or two copies in molecules involved in signal
transduction such as PI 3-kinase, Ras GAP, PLCy, *S>*c-related tyrosine kinases, the
tyrosine phosphatase SHPTP2 and the She and Grb~2 adaptors for a review see
Pawson (1995). In these receptors, distinct phosphotyrosine residues have been
identified, responsible for binding either PI 3-kinase, PLCy, Ras GAP, or ppbO*^^"".
Con^aiison of the binding sites in different receptors (Cantley et aL, 1991) as well as
selection of optimal phosphopeptides fi^om a synthetic library by afBnity
chromatography (Songyang et al., 1993 and 1995) , have led to the identification of
consensus sequences for individual SH2 domains. Moreover, studies based on peptide
conq)etitions and site-directed mutagenesis have shown that the ammo acids m the
+1, +2 and +3 positions, with respect to the phosphorylated tyrosme, are critical in
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determming the selectivity of the different SH2 domains (Fantl et al., 1992; Cantley
et al, 1991; Rotin et al, 1992; Songyang et al, 1993; Waksman et al., 1992; Waksman
et al, 1993; Eck et al, 1993).

Unlike the docking sites identified in other tyrosine kinase receptors, a short sequence
located in the Met receptor C-terminal tail, and containing two tyrosines that become
phosphorylated upon HGF binding, is alone responsible for mediating high-aflSnity
interactions with multiple SH2-containing cytoplasmic effectors (Fig. 9.1). The Met
sequence Y^^^VHVNATY^^^^VNV is able to interact with PI 3-kinase, PLCy, ppbO*"'
and the Grb-2IS0S complex. Conq)arison of the sequence YVH/NV with the
optimal binding motifs listed by Songyang et al (1993), indicates that it represents a
degenerate consensus potentially permissive for multiple SH2 domains. Using synthetic
phosphopeptides and a BIAcore biosensor to measure intermolecular binding, the SH2
domains of p85, PLCy, and ppôO*^^^®, were shown to interact directly with either
version (YVHV or YVNV) of this “super-site”. Grb-2, which has a strong requirement
for asparagine in the +2 position (Songyang et al., 1993), specifically interacts with
the sequence YVNV. AH bindings are characterized by fest association and dissociation
rates. When the kinetic parameters measured for the HGF receptor sites were
conq)ared to those for the respective optimal sequences, the affinities were similar for
aU the SH2's studied, with the exception of p85 which showed a

one order of

magnitude apart from that for the optimal sequence YXXM.

The HGF receptor “multi-fimctional docking site” represents a variation from the
common theme of sequence specificity in the recognition process between SH2

domains and phosphotyrosine residues in tyrosine kinase receptors. To explain how
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Fig. 9.1
SH2-binding sites on the PDGF, EGF and HGF receptors
Ligand dependent autophosphorylation converts the receptor in a docking device potentially capable of
recruiting a number of cytoplasmic transducers to the membrane via SH2 domains. The receptor
sequences flanking the phosphotyrosine dictate which particular SH2 domain will bind with high afifmity
to which tyrosine-phosphorylated receptor. The p PDGF receptor contains binding sites for SH2 domains
in the juxtamembrane region, in an insert in the kinase domain, and in the carboxy terminal tail. In the
case of the HGF receptor two autophosphorylation residues are found in the carboxy-terminal tail. The
tandemly arranged degenerate sequence W H /N V mediates the receptor interactions with multiple SH2containing signal transducers working as a multifunctional docking site. PDGF-R: platelet growth factor
receptor. EGF-R: epidermal growth factor receptor. HGF: hepatocyte growth factor receptor.
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such a site may work, it is possible that a number of factors will concur in determining
wiiich transducer binds at any moment. Listed among these factors are differences in
affinity, variations in local concentration of effectors, and in levels of receptor
phosphoiylation. At very low levels of receptor phosphorylation (early times after
binding to the Hgand), only the highest affinity interactions wiH occur and thus only
some transductional pathways will be activated. As the number of phosphorylated
receptors increases, the formation of additional complexes involving molecules capable
o f binding with lower affinities may become possible. Through this mechanism,
additional pathways can be superimposed onto those already operating, driving the
biological response through sequential steps such as cell dissociation, motihty, invasion
and growth.

The Ron and Sea receptors are capable of ehciting the full spectrum of biological
responses mediated by the Met receptor, including tubulogenesis, resulting from the
concurrence of cell “scattering”, matrix invasion, proliferation and polarization
(Medico et al, 1996). The overall aminoacid identity among the three members of the
family is not high (31% between Met and Ron, 37% between Met and Sea).
Interestingly, however, the carb oxyl-termiual region involved in signal transduction is
remarkably conserved. The “multifunctional” motif (Y-hydrophobic-X-hydrophobicXj-Y-hydrophobic-N-hydrophobic) is present in all three receptors. As expected also
the Ron and Sea versions of the muldHmctional docking site can interact with the same
set of SH2-signal transducers, strongly suggesting that the crucial functional feature
of the Met-Êunily of tyrosine kinase receptors is the concomitant activation of multiple
signalling pathways.

9.13 Concomitant activation of multiple signaling pathways results in invasive
cell growth
In the few years since the demonstration that HGF/SF and its receptor (the Met
tyrosine kinase) are functionally related, it has become apparent that the role of this
Hgand/receptor pair reaches far beyond the activity for which HGF was originaHy
identified, namely, its potent mitogenic effect on mature hepatocytes (Nakamura et al.,
1989). Besides inducing proliferation in a variety of target ceUs, HGF/SF induces
dissociation of epithehal sheets, and confers to these cells motihty and the abihty to
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grow independent from anchorage and to invade collagen matrices (Weidner et al.,
1990). On the other hand HGF/SF seems also capable of mediating the opposite
process, that is, of inducing epithehal ceU polarization, leading to tubular
morphogenesis (Montesano et aL, 1991). This role of HGF/SF as a mediator of
epythelial-mesenchymal interconversions has attracted the attention of developmental
as well as of cancer biologists. Epithelium is the first tissue found in the early embryo.
From epithehal cells, immobile and arranged in ordered structures, through a process
o f ephhehal-mesenchymal transition, originate mesenchymal ceUs, which have the
abihty to invade and migrate through the extraceUular matrix to create dramatic ceU
transpositions. At least one such transposition, the migration of myoblasts precursors
into the limb bud, is mediated by HGF during development. In the absence of a
fimctional gene for the receptor, precursors cells do not detach from the myotome and
fril to migrate toward the gradient of HGF present in the limb bud (Bladt et al., 1995).
As a consequence, the limbs develop without muscles. Since the transition of a benign
tumor into an invasive metastatic carcinoma essentiaUy recapitulates many aspects of
Met-mediated invasiveness (as seen in ceU culture, in vivo in nude mice, and during
development), a role for HGF and its receptor in naturaUy occurring métastasés has
long been hypothesized.
The MET proto-oncogene is overexpressed in a significant percentage of primary
cancers and is ançlified in métastasés, suggesting a direct involvement in progression
toward mahgnancy (Di Renzo et al., 1991; Liu et al., 1992). In the thyroid,
overexpression is observed in as many as 70% of carcinomas derived from the
folhcular epithelium (Di Renzo et al, 1992; Pierotti et al., 1995). In ovarian
carcinomas, about 30% of the cases show a three to fifty-fold increase in expression,
with a significant correlation with a particularly aggressive phenotype (Di Renzo et al.,
1994), In colorectal cancers the oncogene is overexpressed from five to fifty-fold in
about 50% of primary lesions, and in 70% of liver métastasés (Di Renzo et al., 1993).
Protein overe?q)ression was found to be associated with amplification of the M ET gene
in only a few primary carcinomas, but in a significant proportion of the métastasés
examined (Di Renzo et al, 1995). In physiological conditions, the M et protein is found
mainly in cells of epithelial origin. However, in a fraction of osteogenic sarcomas and
rhabdomyosarcomas, which are of mesodermal origin, M ET is aberrantly expressed,
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and in some instances ançMed (Ferracini et al., 1995; Ferracini et al., 1996; Rong et
al., 1993) Due to the ubiquitous presence of HGF in the surrounding connective
tissues, the neoplastic cells acquire a malignant invasive phenotype, that can be
assessed in vitro. In some instances an autocrine loop was detectable, since tumor cells
expressing the M et receptor were found to also produce HGF, either as full-size
molecule or in the form of the small functional two-kringle variant (Ferracini et al.,
1996; Rong et aL, 1994).The involvement of M et in primary cancers and

in

métastasés, suggests that the signals transduced by this receptor contributes to
neoplastic cells growth at the primary site and may provide a selective advantage for
the acquisition of the metastatic potential. This conclusion is supported by the
observation that cells transfected with an activated version of the M ET gene acquire
invasive and metastatic properties, both in vitro and in nude mice.

The key role played by the multifunctional docking site (Y^^'^^VHVNATY^^^^VNV)
in Met mediated trasformation, invasion and métastasés is shown by mutagenesis
experiments of the residues wdiich constitute this site. Replacement of the two tyrosines
with phenhalanine abolishes Met mediated transforming potential as well as aU others
biological properties of the HGF receptor. A single amino-acid substitution which is
critical for recruiting the Grb2/SoS conq)lex to

generates a mutant unable to

activate the Ras pathway. This mutation does not affect cell scattering, but it mq)airs
matrix invasion, transformation and the metastatic phenotype. In the mirror
experiment, an engineered docking site, binding two Gr62/SoS molecules with high
affinity, generates a M et mutant (Met^*°*) that is extremely efficient in activating the
Ras pathway. This mutant is highly transforming but totally unable to support the
invasive-metastatic phenotype. Furthermore a signalling receptor mutant, engineered
to activate preferential^ PI 3-kinase (Met^°^), although conçetent to induce motihty,
is inefficient in promoting cell invasion and métastasés. This indicate that preferential
activation oîRas or PDkinase is not adequate to promote the Mg^-mediated invasivemetastatic phenotype (Fig. 9.2). It is concluded that the invasive-metastatic growth
induced by Met, and by the other members of the family, rehes on the integrity of the
muhffimctional docking site, and requires concomitant activation of multÿle signaling
pathways.
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Fig. 9.2
HGF receptor signalling requires concomitant activation of multiple signalling
pathvyays

Schem atic and speculative representation o f the pathways activated by the HGF
receptor.The preferential involvement o f distinc signal effectors in the various receptor
responses is indicated.

200

References

Abo A , Pick, E., all. A , Totty, N., Teahan, C.G and Segal, AW . (1991) Nature 353,
668-670.
Adachi, M , Sekiya, M., Miyachi, T., Matsuno, K and Hinoda Y. (1992) FEES Lett.
314, 335-339.
Adams, J.M, Houston, H , Allen J., Lints, T. and Harvey R. (1992) Oncogene 7:611618.
Anderson, D., Koch, C. A , Grey, L., Ellis, C., Moran, M. F. and Pawson, T. (1990)
Science, 250, 979-982.
Andre, B, and Spiingael, J. Y. (1994) Biochem Biophys. Res. Commun. 205, 12011205.
Araki, A , Lipes, M.A, Patti, M-E., Bruning, J.C., Haag IQ, B., Johnson, RS. and
Kahn, C.R (1994) Nature, 372, 186-190.
Backer, J.M., Myers, M.G., Shoelson, S.E., Chin, D.J., Sun, X.J., Miralpeix, M., Hu,
P., Margolis, B., Skolnik, E.Y., Schlessinger, J. and White, M.F. (1992) EMBO J, 11,
3469-3479.
Bar-Sagi, D., Rotin, D., Batzer, A , Mandiyan, V. and Schlessinger, J. (1993) Cell, 74,
83-91.
Bargmann, C. I. and Weinberg, R. A (1988) EMBO. J., 7, 2043-2052.
Barr. J. (1991). Cell, 66, 1-3.
Bartley, T.D., Hunt, R , Welcher, A.A, Boyle, W. and Parker V. (1994) Nature, 368,
558-560.
Bastien, L., Ramachandran C., Lhi, S. and Adam, M. (1993) Biochem. Biophys. Res.
Comm, 196, 124-133.
Bauer, F., Urdaci, M., Aigle, M. and Crouzet, M. (1993) Mol Cell Biol, 13,
5070-5084.
Bellacosa,A., Testa,J.R, Staal,S.P. and Tsichlis,P.N. (1991) Science 254, 274-277.
BeDusd, S., Moens, G., Gaudino. G., ComogHo, P.M., Nakamura, T., Thiery IP and
Jouanneau. I (1994). Oncogene, 9, 1091-1099.

201

Benovic, J.L., DeBasi,A., Stone,W.C., Caron,M.G., and Lefkowitz,R.J. (1989)
Science, 246, 235-240.
Berridge, M., Heslop, J., Irvine, J.P. and Brown, K.D. (1984) Biochem. J., 222,
195-201.
Bertics, P.J. and G. N. Gill (1985). J. Biol. Chem 260: 14642-14647.
Birchmeier, C, Broek, D and Wigler, M (1985) Cell, 43, 615-621.
Birge, R.B., Fajardo, J.E., Mayer, B.J. and Hanafiisa, H. (1992) J Biol Chem, 267,
10588-10595.
Bjorge, J.D., and Kudlow, I.E. (1987) J. Biol Chem 262, 6615-6622.
Bladt, P., Riethmacher, D., Isenmann, S., Aguzzi, A., Birchmeier, C. (1995)
Nature 576, 768-771.
Blaikie, P., Immanuel, D., Wu, J., Li, N., Yajnik, V. And Margolis B. (1994) J. Biol
Chem, 269, 32031-32034.
Blechman, J.M., Lev, S., Barg, J., Eisenstain, M., Vaks, B., Vogel, Z , Givol, D. and
Yarden Y. (1995) Cell 80, 105-115.
Boccaccio, C., Gaudino, G , Gambarotta, G , Galimi, F., and Comoglio P.M. (1994) J.
Biol Chem 269, 12846-12851.
Booker, G.W., Breeze, A.L., Downing, A K , Panayotou, G , Gout, L, Waterfield,
M.D. and Campbell, I D. (1992) Nature, 358, 684-687.
Booker, G.W., Gout, 1., Downing, A K , Driscoll, P.C., Boyd, J., Waterfield, M.D. and
Campbell, I D (1993) Cell, 73, 813-822.
Bork, P.and Sudol, M. (1994) Trends Biochem Scl 19, 531-533.
Borrello, M.G., Alberti, L., Arrighi, E., Bongarzone, 1., Battistini, C., Bardelli, A ,
Pasini, B., Phitti, B., Rizzetti, M.G., Mondellini, P., Radice, M.T. and Pierotti, M.
(1996) M ol Cell Biol In press.
Bossemeyer, D., Engh, KA., Kinzel, V., Ponstingl, H. and Huber, K (1993) EMBO
J. 12, 849-856.
Bottaro, D.P., Rubin, J.S., Faletto, D.L., Chan, AM L., Kmiedck, T.E., Vande Woude,
G.F., and Aaronson, S.A (1991). Science 251: 802-804.
Brott, B. K , Decker, S., O ' B r i e n, M. C. and Jove, K (1991) Mol Cell. Biol, 11,
5059-5067.

202

Brown, E .J., Albers, M.W., Shin, T.B., Ichikawa, K , Keith, C.T., Lane, W.S. and
Screiber, S., L., (1994) Nature, 369 756-758.
Buday, L. and Downward, J. (1993) Cell, 73, 611-20.
Bussolino, R, Di Renzo, M.R, Zlche, M , Bocchietto, E., Olivero, M., Naldini, L.,
Gaudino, G., Tamagnone, L., CoflFer, A., Marchisio, P.C., and Comoglio, P.M. (1992) J.
Cell Biol 119, 629-641.
Bustelo, X R, Ledbetter, J A and Baibadd, M (1992) Nature, 356, 68-71.
Cantley, L.C., Auger, K R , Carpenter, C., Duckworth, B., Graziani, A., KapeHer, R and
Sohof^ S. (1991) Cell, 64, 281-302.
Carpenter, C L., Duckworth, B.C., Auger, K R , Cohen, B., SchaflBiausen, B.S. and
Cantley, L.C. (1990) J. Biol Chem, 265,19704-19711.
Carpenter, C. L , Auger, K R , Chanudhuii, M., Yoakkn, M , Schaffliausen, B., Shoelson,
S. and Cantley, L. C. (1993) J Biol Chem, 268, 9478-83.
Carter, A.N. and Downes, C.P. (1992) J Biol Chem, 267,14563-14567.
Chan,T.-0., Tanaka^A, Bjorge,ID., and Fugita,D.J. (1990). Mol Cell Biol 10,
3280-3283.
Chan, A M , L , Rubin, J.S., Bottaro, D.P., Hirschfield, D.W., Chedid, M. and Aaronson,
S.A (1991) Science 254, 1382-1385.
Chan, D. C , Bedford, M.T. and Leder, P. (1996) EMBO J. 15, 1045-1054.
Chantl, J., Corrado, K , Pringle, J.R, and Herskowitz, I (1991) Cell 65, 1213-1224.
Charboimeau, H., Tonks, N .R , Walsh, K A , and Fischer, E.H. (1988) Proc. Natl.
Acad. Scl USA 85, 7182-7186.
Chardin, P., Cussac, D., Maignan, S. and Ducruix, A. (1995) FEBS lett. 369, 47-51.
Chardin, P., Camonis, J. H , Gale, N. W., van, Aelst L., Schlessinger, J., Wigler, M.
H. and Bar, SagiD. (1993) Science, 260, 1338-43.
Chen, W.S., Lazar, C.S., Poenie, M., Tsien, RY., Gill, G.N. & Rosenfeld, M.G.
(1987) Nature 328, 820 - 823.
Chen, W.S., Lazar, C.S, Brauer, A W., Tanaka, A and Schreiber, S. L. (1993) J.
Am. Chem Soc. 115, 12591-12592.
Chou, C.K, Dull, T.J., Russell, D.S., Gherzi, R , Lebwohl, D., Ullrich, A and Rosen,
O.M. (1987) J. Biol Chem, 262, 1842-1847.
Chung, J., Grammar, T.C., Lemon, C.P., Kazlauskas, A and Blenis, J. (1994) Nature
370, 71-75.
203

Cicchetti, P., Mayer, B.J., Thiel, G. and Baltimore, D. (1992) Science, 257, 803-806.
Clark, A IL., Ishii, S., Richert, N., Merlino G.T., and Pastan, I. (1985).. Proc. Natl Acad.
ScL U.S.A 82, 8374-8378.
Cochet, C , Kashles, O., Chambaz, E.M., Borello, L, King, C.R. and Schlessinger, J.
(1988) J.BiolChem. 263, 3290-3295.
Cohen, G. B., Ren, R., and Baltimore, D. (1995) Cell 80, 237-248.
Cohen, B., Liu, Y. X., Druker, B., Roberts, T. M. and Schaffliausen, B. S. (1990) Mol.
Cell BioL, 10, 2909-2915.
Cohen, B.G., Ren, R. and Baltimore, D., (1995) Cell 60, 237-248.
Collet, M. and Erickson, R. (1978) Proc. Natl. Acad. Sci. U.S.A 75, 2021.
Cooper, C.S., Park, M , Blair, D.G, Tainsky, M.A, Huebner, K , Croce, C M. and Vande
Woude, G. (1984) Nature 311,29-33.
Cooper C.S.,Tempest P.R.,Beckman M P.^Heldin C-EL and Brooks P.(1986).. EMBO, 5,
2623-2628.
Cooper, J.A , (1990), ed (Boca Raton, Florida: CRC Press), 85-113.
Courtneidge, S.A, Dhand, R., Pilat, D., Twamley, G.M., Waterfield, M.D. and
Roussel, M.F. (1993) EMBO J, 12, 943-950.
Courtneidge, S.A and Heber, A (1987) Cell, 50,
Crepaldi, T., Prat, M , Giordano, S., Medico, E. and Comogho, P.M. (1994a) J. Biol
Chem 269, 1750-1755.
Crepaldi, T., PoUack, AL., Prat, M , Zborek, A , Mostov, K and Comoglio, P.M. ( 1994b)
J.CehBioL 125, 313-320.
Cunningaham, B.C., Ultsch, M., De Vos, AM ., Mulkenin, M.G., Clauser, KR. and
Wells, J.A (1991) Science 254, 821-825.
Davis, KJ. (1988) J. BioL Chem, 263, 9462-9469.
Dean, M., Park, M., Vande Woude, GF. (1987) Oncogene Breakpoint. MoL Cell BioL
7, 921-924.
Dean, M , Park, M , Le Beau, MML, Robins, T.S., Diaz, MO., Rowley, J.D., Blair, D.G.
and Vande Woude, G.F. (1985) Nature 318: 385-388.
DeClue, J E, Papageorge, A G, Fletcher, J A, Diehl, S R, Ratner, N, Vass, W C and
Lowy, D R (1992) Cell, 69, 265-273.
Dhand, K , KBles, L, Panayotou, G , Roche, S., Fry, M.J., Gout, I., Totty, N.F.,
Truong, O., Vicendo, P., Yonezawa, K , Kasuga, M., Courtneidge, S.A. and
204

Waterfield, M.D. (1994b) EMBO J, 13, 522-533.
Di Renzo, M.F., Poulsom, R , Olivero, M., Comoglio, RM. and N.R Lemoine (1995a)
Cancer Research, 55, 1129-1138.
Di Renzo, MLR, Narsimhan, RR, Olivero, M., Bretd, S., Giordano, S., Medico, E., Gagüa,
R, Zara, R, and Comoglio, RM. (1991) Oncogene 6: 1997-2003.
Di Renzo, MLR, Olivero, M., Ferro, S., Prat, ML, Bongarzone, L, Pilotti, S., Pierotti, M.A.,
and Comoglio, RM. (1992) Oncogene 7,2549-2553.
Di Renzo, M.F., Olivero, M., Bertolotto, A., Crepaldi, T., Schiffer, D , Pagni, C.A., and
Comogho, RM. (1993) Oncogene, 8, 219-222.
Di Renzo, MF., Olivero, M., Katsaros, D , Crepaldi, T., Gagüa, P., Zola, P., SismondiP.
and RM. Comogho (1994) International Journal of Cancer, 58, 658-662.
Di Renzo, M. R, Ohvero, M., Giaconhni, A., Porte, H., Chastre, E., Mirossay, L.,
Nordlinger, B., Bretd, S., Bottardi, S., Giordano, S., Plebani, M., Gespach, C , and
Comogho, P. C. (1995) Chnical Cancer Research 7, 147-154.
Diekmann, D., Brill, S., Garrett, M.D., Totty, N., Hsuan, J., Monfiies, C., Hall, C ,
Lim, L. and Hall, A. (1991) Nature, 351, 400-402.
DoAvning, J. R , Margolis, B. L., Zilberstein, A., Ashmun, R A., Ullrich, A., Sherr, C
J. and Schlessinger, J. (1989) EMBO. J., 8, 3345-3350.
Downing, J. R , Driscoll, P. C , Gout, T., Salim, K., Zvelebil, M.J. and Waterfield, M.
D. (1994) Curr. BioL 4, 884-891.
Downward, X, Y. Yarden, E. Moyes, G Scrace, N. Totty, P. StockweH, A. UMch, J.
Schlessinger, and M.D. Waterfield (1984) Nature 307: 521-527.
Drubin, D. G., Mulholland, X, Zhu, Z. M. and Botstein, D. (1990) Nature, 343,
288-290.
Earp, H S., Austin, KS., BlaisdeD, X, Rubin, RA., Nelson, KG., Lee, L.W., and Grisham,
XW. (1986) X BioL Chem. 261,4777-4780.
Eck, M. X, Shoelson, S. E. and Harrison, S. C. (1993) Nature, 362, 87-91.
Egan, S.E., Giddings, B.W., Brooks, M.W., Buday, L., Sizeland, A.M. and
Weinberg, RA. (1993) Nature, 363, 45-51.
EUis, C., Moran, M., McCormick, F. and Pawson, T. (1990) Nature, 343, 377-381.
ErikssoUyA., Siegbahn^A., Westermark,B., Heldin,C.-H, and Claesson-Welsh,L.,
(1992) EMBO X 11, 543-550.
Escobedo, J.A., Navankasattusas, S., Kavanaugh, W.M., Mil&y, D., Fried, V.A., and
205

Williams, L.T. (1991). Cell 65: 75-82.
Escobedo, X, Kaplan, D., Kavanau^ M., Turck, C., and Williams, L. A. (1991) MoL Cell
BioL 11: 1125-1132.
Escobedo, X A., Kaplan, D. R , Kavanaugh, W. M., Turck, C. W. and Williams, L. T.
(1991a) Mol. Cell. BioL, 11, 1125-1132.
Escobedo, X A., Navankasattusas, S., Kavanaugh, W. M., Milfay, D., Fried, V. A. and
T., Williams L. (1991b) Cell, 65, 75-82.
Fantl, W.X, Escobedo, XA., Martin, G.A., Turck, C.W., Delrosario, M., McCormick,
F. and Williams, L.T. (1992) Cell, 69, 413-423.
Fazioli, F., Kim, U. H., Rhee, S. G., Molloy, C. X, Segatto, O. and Di Fiore, P. P
(1991) MoL Cell. BioL, 11, 2040-2048.
Feinberg, A. P., and B. Volgenstein. (1983) AnaL Biochem 132, 6-13.
Felder, S., Zhou, M., Hu, P., Urena, X, Ullrich, A., Chaudhuri, M., White, M.,
Shoelson, S. E. and Schlessinger, X (1993) Mol Cell Biol, 13, 1449-55.
Feng, G. S., Hui, C. C and Pawson, T. (1993) Science, 259, 1607-11.
Feng, G. S., Chen, X K , Simon, X A., and Schreiber, S. L. (1994) Science 266, 12411247.
Ferguson, K. M., Lemmon, M. A., Schlessinger, J and Sigler, P. B. (1994) Cell 79,
199-209.
Ferracini, R , Longati, P., Naldini, L , \^gna, E., and Comoglio, P.M (1991) X BioL
Chem 266: 19558-19564.
Ferracini, R , Di Renzo M R, Scotlandi, K , Baldini, N., Olivero, M., LoHini, P., Cremona,
O., Cançanacd, M. and Comogho P.M. (1995) Oncogene, 10, 739-749.
Ferracini, R , Ohvero, M , Di Renzo, M. R, Martano, M., De Giovanni, C., Nanni, P ,
Basso, G, Scotlandi, K , LoDini, P. L., and Comogho, P. M. (1996) Oncogene in press.
Finan, P., Shimizu, Y., gout. I., Hsuan, X, Troung, O , Butcher, P., Bennet, P.,
Waterfield, M. D., and Kelhe, S. (1994) X BioL Chem 269, 13752-13755.
Fischer, KD., Zmuldzinas, A., Gardner, S., Barbacid, M., Bernstein, A. and Guidos,
C.( 1995) Nature, 374 474-477.
Flynn, D. C , Leu, T. H , reynolds, A. B., and Parsons; X T. (1993) MolL Cell. BioL
13 7892-7900.
Fry, M X, Gebhardt, A., Parker, P.X and Foulkes, XG. (1985) EMBO X, 4,
3173-3178.
206

Fukui, Y., Kombhith, S., Jong, S-M., Wang, L-H. and Hanafusa, H. (1989) Oncogene
Research, 4, 283-292.
Fukuyama R , Ichijoh Y., Mmoshhna S., Kitamura N. and Shimuzu N.(1991) Genomics,
11,410-415.
Galimi, F., Bagnara, G.P., Bonsi, L., Cottone, E., FoUenzi, A., Simeone, A. (1994) 127
(6), 1743-1754.
Gambarotta, G., Pistoi, S., Giordano, S., Comoglio, P.M., and Santoro, C. (1994) Stem
Cells, 11,22-30,1993 J. BioL Chem. 269: 12852-12857.
Gandino, L., Longati, P., Medico, E., Prat, M. and Comoglio, P.M (1994) J. BioL Chem.
269, 1815-1820.
Gandino, L., Munaron, L., Naldini, L., Magni, M., and Comoglio, P.M. (1991). J. BioL
Chem. 266: 16098-16104.
Gaudino, G , Avantaggiato, V., FoUenzi, A., Acanq)ora, D., Simeone, A., and
Comogho, P. M. (1995) Oncogene 77, 2627-2637.
Gaudino, G., FoUenzi, A , Naldini, L., CoUesi,C.Santoro, M., GaUo, K.A, Godowski P.J.
and Comogho P.M (1994) EMBO Journal, 13,3524-3532.
Gherardi, G , Gray, J., Stoker, M., Perryman, M., and Furlong, R (1989) Proc. Natl.
Acad. Sci. USA 86, 5844-5848.
CUierardi,E. and Stoker,M. (1991) Cancer Cells 3, 227-232.
Gherardi, G , Gray, J., Stoker, M , Perryman, M , and Furlong, R. (1989) Proc. NatL Acad.
ScL USA 86: 5844-5848.
Gibbs, J. B , Schaber, M. D , Allard, W. J , Sigal, I. S and Scolnick, E. M (1988)
Proc. NatL Acad. Sci. USA, 85, 5026-5030.
Giordano, S., Di Renzo, MF., Narsimhan, R , Cooper, C.S., Rosa, C., and Comogho, P.M.
(1989b). Oncogene 4: 1383-1388.
Giordano, S., Ponzetto, C., Di Renzo, M.F., Cooper, C.S. and Comogho, P.M. (1989a)
Nature 339: 155-156.
Giorgetti, S., BaUotti, K , Kowalskichauvel, A , Cormont, M. and Vanobberghen, E.
(1992) Eur J Biochem, 207, 599-606.
Glass, D.J. and Yancopoulos G.D. (1993) Trends CelL BioL 3, 263-268.
Gohda, E., Tsubouchi, H., Nakayama, H., lErono, S., Sakiyama, O., Takahashi, K ,
Miyazaki, H., Hashimoto, S., and Daikuhara, Y. (1988) J. Clin. Invest. 81, 414-419

207

Gonzatti-Haces, M., Seth, A., Park, M., Copeland, T., Oroszlan, S., and Vande
Woude, G.F. (1988) Proc. Natl. Acad. Sci. USA 85: 21-25.
Gout, I., Dhand, R , Hies, I D., Fiy, M.J., Panayotou, G , Das, P., Truong, O., Totty,
N.F., Hsuan, J., Booker, G.W., Can^bell, I D. and Waterfield, M.D. (1993) Cell, 75,
25-36.
Grant, D.S., Kleimnann, H K , Goldberg, I. D., Bhargava, M., Nickoloffi B.I.^Kinsella,
J.K, Polverini, P.J. and Rosen, E.M. (1993) Proc. NatL Acad. S d U S A 90,1937-1941.
Graziani, A , GramagBa, D., dalla Zonca, P. and Comoglio, P.M. (1993) J. BioL Chem.
268, 9165-9168.
Graziani, A,, Gramaglia, D., Cantley, L. C. and Comoglio, P. M. (1991) J. BioL
Chem, 266, 22087-22090.
Greenberg,M.E., Greene,L.A, and Zifi^E.B. (1985) J.Biol. Chem260, 14101-14110.
Greenfield, C , Patel, G , Clark, S., Jones, N. and M.D. Waterfield. 1988. EMBO J.
7, 139-146.
Greenfield, C., His, I., Waterfield, M.D., Federwisch, W., Wollmer, A , Blundell, T.L.
and McDonald, N. (1989) EMBO J, 8, 4115-4124.
Gulbins, E., CoggesbaD, K.M., Langlet, C , Baier, G. and Bonnefoy-Berard, N. (1994)
MoL Cell. BioL 14, 906-913.
Gustafeon, T.A, He, W., Craparo, A , Schaub, C D., and O’Niel, T.J. Molec. (1995)
15, 2500-2508.
Hagag, M, Halegoua, S and Viola, M (1986) Nature, 319, 680-682.
Han, S., Stuart, L.A, and Fiiezner Degen, S.J. (1991) Biochemistiy 30: 9768-9780.
Hanks, S.K, Quinn, AM. and Hunter, T. (1988) Science, 241, 42-52.
Hanks, S. K and Quinn, A M (1991) Meth. EnzymoL, 200, 38-81.
Hansson, J. R , Schild, L., Lu,Y., Wilson, T. A., Gautschi, I., Shimkets, R.,
Nelson-WiHiams, C , Rossier B. C. and Lifion R. P. (1995) Prot. Natl Acad. Sci. USA
92, 11495-11499.
Harlan, J. E., Hajduk, P. J., Yooon, H. S.and Fesik, S. W. (1994) Nature 371, 168170.
Hart, M J, Eva, A, Evans, T, Aaronson, S A and Cerione, R A (1991) Nature, 354,
311-314.
Hartley, K O., Gell, D., Smith, G. C. M., Zhang, H , Divecha, N., Connelly, M. A ,
Admon, A , Leesmiller, S. P., Anderson, C. W., and Jackson. S. P., (1995) Cell, 82,
208

849-856.
Hartmann, G., Weidner, KM ., Schwarz, H., and Birchmeier, W. (1994) J.CelLBiol.
269, 21936-21939.
Hartmann, G , Naldini, L., Weidner, M., Sachs, M., Vigna, E., Comoglio, P. and
Birchmeier, W. (1992) Proc. NatL Acad. ScLUSA, 89, 11574-11578.
Hashimoto, S., and Daikuhara, Y. (1988) J. Clin. Invest. 81: 414-418.
Haslam,KJ., Koide,H.B. and Hemmings,B.A. (1993) Nature 363, 309-310.
Hawkins, P.T., Jackson, T.K and Stephens, L.K (1992) Nature, 358, 157-159.
Hawkins, P.T., Eginoa, A., Qiu, K G , Stoke, D., Cooke, F. T., Walters, K ,
Wennstrom, S., Claesson-Welsh, L., Evans, T., Symons, M. and Stephens, L., (1995)
Curr. Biol. 5. 393-403.
Hazan, K , Margohs, B., Dombalagian, M., Ullrich, A., Zilberstein, A. and
Schlessinger, J. (1990) Cell. Growth. Differ., 1, 3-7.
Heidaran, MA., Beeler, J.F., Yu, J.C., Ishibashi, T., Larochelle, W.J., Pierce, J.H. and
Aaronson, S.A. (1993) J Biol Chem, 268, 9287-9295.
Heldin, C H., Emhmd, A., Rorsman, C. and Ronnstrand,L. (1989) J. BioLChem., 264,
8905-8912.
Heldin, C. (1995) Cell, 80, 213-223.
Henkemeyer, M , Rossi, D.J.Holmyard, D P., Puri, M.C., Mbamalu, G , Harpal, K ,
Shih, T.S., Jacks, T. and Pawson, T. (1995) Nature 377, 695-701.
Higashio K , Shima N., Goto M , Itagaki Y , Nagao M , Yasuda H., Moiinaga T.(1990)
Biochem Biophys Res Comm, 170 (1), 397-404.
Hiles, I.D., Otsu, M., Volinia, S., Fry, M.J., Gout, I., Dhand, R , Panayotou, G ,
Ruizlarrea, F., Thonçson, A., Totty, N.F., Hsuan, J.J., Courtneidge, S.A., Parker, P.J.
and Waterfield, M.D. (1992) Cell, 70, 419-429.
Hofinann, K and Bucher, P. (1995) FEBS Lett. 358, 153-157.
Holgado-Madruda, D.K, Emlet, D.K, Moscatello, A .K , Godwin, A.K and
WongyAJ. (1996) Nature, 379, 560-564.
Honegger, A. M , Szapary, D., Schmidt, A., LyaU, K , Van Obberghen, E., Dull, T. J.,
Ulhich, A. and Schlessinger, J. (1987) MoL CelL BioL, 7, 4568-4571.
Hubbard, S.R, Wei, L., EUis, L. and Hendrickson, W. A. (1994) Nature, 372, 746-756
HjflÇ XL, Jelinek, A M , Borgman, C A , Lansing, T.J. and Parsons, XT. (1993) Proc. NatL
Acad. ScL USA 90, 6140-6144.
209

Hunter, T. (1995) Cell 80, 225-236.
Lnagawa, M , Chiu, R., and Karin, M. (1987) Protein kinase C and cAMP Cell 51,251260.
Inglese, X, Freedman, N.X, Koch, W.X and Lefkowitz, R.X (1993) J Biol Chem, 268,
23735-23738.
Ho, T., HayaAi, N., Horimoto, M., Sasaki, Y , Tanaka, Y., Kaneko, A., Fusamoto, H , and
Kamada, T. (1993) Biochim. Biophys. Res. Comm 190, 870-874.
Kan, M., Zhang, G.H, Zamegar, R , Michalopoulos, G., Myoken, Y., Mckeehan, W.L.,
and Stevens, XL. (1991) Biochem. Biophys. Res. Commun. 174: 331-337.
Kapeller, R , Prasad, RV.S., Janssen, O , Hou, W., Schafihausen, B.S., Rudd, C.E.
and Cantley, L.C. (1994) J Biol Chem, 269, 1927-1933.
Kaplan, D. R , Whitman, M., SchafQiausen, B., Pallas, D. C , White, M., Cantley, L.
and M., Roberts T. (1987) Cell, 50, 1021-1029.
Kaplan, D.R, Whitman, M., Schaffliausen, B.S., Raptis, L., Garcea, RL., Pallas, D C ,
Roberts, T.M. and Cantley, L. (1986) Proc. Natl. Acad. Sci. USA, 83, 3624-3628.
Kashishian, A., Kazlauskas, A. and Cooper, XA. (1992) EMBO X, 11, 1373-1382.
Kashishian, A. and Cooper, XA. (1993) Mol Biol Cell, 4, 49-57.
Kashles, O , Yarden, Y., Fisher, R , UHrich, A and Schlessinger, X (1991) MoL Cell BioL
11:1454-1463.
Kavanaugh, W.M., Klippel, A., Escobedo, XA. and Williams, L.T. (1992) MoL Cell.
BioL 12, 3415-3424.
Kavanaugh, W.M. and Williams, L.T. (1994) Science 266, 1862-1865.
Kavanaugh, W.M., Turk, C.W. and Williams, L.T. (1995) Science 268, 1177-1179.
Kazlauskas, A., Feng, G.S., Pawson, T. and Valius, M. (1993) Proc Natl Acad Sci
USA, 90, 6939-6942.
Kazlauskas, A and Cooper, X A (1988) X Cell BioL, 106, 1395-1402.
Kazlauskas, A. and Cooper, X A. (1989) Cell, 58, 1121-1133.
Kazlauskas, A. and Cooper, X A. (1990) EMBO. X, 9, 3279-3286.
Kazlauskas, A., Durden, D. L. and Cooper, X A. (1991) Cell. Regul., 2, 413-425.
Kazlauskas, A., Kashishian, A , Cooper, XA and Valius, M. (1992) Mol Cell Biol, 12,
2534-2544.
KenneDy, P.X and Krebs, E.G. (1991) X BioL Chem. 266, 15555-15558.
Khazaie, K , DuH, T.X, Gra:^ T , Sdilessinger, X, Ullrich, A , Beug, H , and Vennstrom, B.
210

(1988) EMBO 1,7:3061-71.
Kim, H.K., Kim, J.W., Zilberstein, A., Margolis, B., Kim, J.G., Schlessinger, J. and
Rhee, S.G. (1991) Cell, 65, 435-441.
Klein, R , Jing, S., Nanduri, V., ORourke, E., and Barbacid M. (1991) Cell 65: 189-197.
Knighton, D R., Zheng. J., Ten Eyeck, L.F., Ashford, V.A., Xuong, N.H. and Taylor,
S.S. (1991) Science 253, 407-420.
Knighton, D.K, Cadena, D.L., Zheng. J., Ten Eyeck, L.F. and Taylor, S.S. (1993)
Proc. NatL Acad. ScL USA 90, 5001-5005.
Koch, C. A., Anderson, D., Moran, M. F., Elhs, C. and Pawson, T. (1991) Science,
252, 668-674.
Koch,W.J., Inglese,!., Stone,W.C., and Lefkowitz,KJ. (1993) J. Biol. Chem 268,
8256-8260.
Kohda, D., Hatanaka, H , Odaka, M., Mandiyan, V., Ullrich, A., Schlessinger, J. and
Inagaki, F. (1993) Cell, 72, 953-60.
Korezky, G.A., Picus, J., Thomas, M.L. and Weiss, A. (1990) Nature 346, 66-69.
Kuhne, M.K, Powson, T., Lienhard, G.E. and Feng, G.S. (1993) J Biol Chem, 268,
11479-11481.
Kunz, J., Henriquez, K , Schneider, U., Deuterreinhard, M., Mowa, N.K and HaU,
M.N. (1993) CelL 73, 585-596.
Kypta, K M., Goldberg, Y., Ulug, E. T. and Courtneidge, S. A. (1990) CelL 62,
481-492.
Lax, I , Bellot, F., Howk, K , UHiich, A , GivoL D. and Schlessinger, J. (1989) EMBO.
J., 8, 421-427.
Lechleider, KJ., Freeman, KM. and NeeL B.G. (1993a) J Biol Chem, 268,
13434-13438.
Lechleider, KJ., Sugimoto, S., Bennett, A.M., Kashishian, A.S., Cooper, J.A,
Shoelson, S.E., Walsh, C.T. and NeeL B.G. (1993b) J Biol Chem, 268, 21478-21481.
Lee, C.H et al (1994) Structure 2, 423-438.
Lee, J., DulL T. J., Lax, I., Schlessinger, J. and Ullrich, A (1989) EMBO. J., 8,
167-173.
Lee, S B. and Rhee, S.G. (1995) Curr. Opin. CelL BioL 7, 183-189.
Leevers, S J and MarshalL C J (1992) EMBO J., 11, 569-574.
Lehmann, J. M., Riethmuller, G. and Johnson, J. P. (1990) Nucleic. Acids. Res., 18,
211

1048.

Lemmon, M.A. and Sclessinger, J. (1994) Trends, Biol. Sci 19, 459-463.
Leto, T., Lomax, K J., Volpp, B. D., Nunoi, H., Sechler, J. M., Nausee^ W. M.,
Clark, K A., GaUin J. I. and Malech H. L. (1990) Science 248, 727-730.
Lev, S., Moreno, H., Martinez, R., CanoU, P., Peles, E., Musacchio, J. M.,
Plowman, G. D., Rudy B. and Schlessinger J. (1995), Nature 376, 737-745.
Levy, J.R, and Hug, V. (1992) J. BioL Chem. 267, 25289-25295.
Li B, Kaplan, D, Kung, H and Kamata, T (1992) Science, 256, 1456-1459.
Li, W., Nishimura, R., Kashishian, A., Batzer, A.G., Kim, W.J.H., Cooper, J.A. and
Schlessinger, J. (1994) Mol Cell Biol, 14, 509-517.
Lim, W. A., Richards, F. M., and Fox, R O. (1994) Nature 372, 375-379.
Undroos, P.M, Zamegar, R , and Michalopoulos, G K (1991) Hepatology, 13, 743-750.
Liu, C., Park, M., and Tsao, M.-S. (1992) Oncogene, 7: 181-185.
Liu, X., Brodeur, S. R , Gish, G., Zhou, S., Cantley, L. C , Laudano, A. P. and
Pawson, T. (1993) Oncogene, 8, 1119-26.
Lhi, X.Q., Brodeur, S R., Gish, G., Songyang, Z , Cantley, L.C., Laudano, A.P. and
Pawson, T. (1993b) Oncogene, 8, 1119-1126.
Lokker, N.A, Mark, M R , Luis, E.A, Bannet, G.L., Robbins, K A , Baker, J.B. and
Godowski, P.J. (1992) EMBOJ. 11,2503-2510.
Lokker, N. and Godowski, P.J. (1993) J. BioL Chem. 268, 17145-17150.
Longati, P., BardelK, A , Ponzetto, C., Naldini, L. and Comogho, P.M. (1994) Oncogene
9,49-57.
Longo, N., Shuster, RC., GrifBn, L.D., Langley, S.D. and Elsas, L.J. (1992) J Biol
Chem, 267, 12416-12419.
Lowenstein, E.J., Daly, RJ., Batzer, A G , Li, W., Margohs, B , Lammers, R , Ullrich,
A , Skolnik, E.Y., Barsagi, D. and Schlessinger, J. (1992) Cell, 70, 431-442.
Macara,I.G., Marinetti,G.V. and Balduzzi, P C. (1984). Proc. Natl. Acad. Sci. USA
84, 2728-2732.
MaestriniE., Tamagnone L., Longati, P., Cremona, O., Gulisano M., Bione, S., Neel
B.G.,Toniolo, D. and Comogho, P.M. (1996) Proc. NatL Acad. Sci. USA in press.
Mak, Y.F. and Ponder, B.A.J. (1996) Curr. Opin. Genet. Develop. 6, 82-86.
Manfioletti, G , Brancohni, C., Avanzi, g. and Schneider, C. (1993) Molec. ceU. BioL
13, 4976-4985.
212

Mano, H , Mano, K , Tang, B., Koehler, M., Yi, T., Gilbert, D. J., Jenkins, N. A.,
Copeland, N.G. and Ihle J. N. (1993) Oncogene 8, 417-424.
Margolis, B., Bellot, F., Honegger, A M., Ullrich, A., Schlessinger, J. and
Zilberstein, A (1990) MoL CelL BioL, 10, 435-441.
Margohs, B. (1992) Cell Growth & Diff., 3, 73-80.
Margolis, B., Rhee, S.G., Felder, S., Mervia, M., Lyall, K , Levitzki, A., Ullrich, A ,
Zilberstein, A. and Schlessinger, J. (1989) Cell, 57, 1101-1107.
Mark, M R., Lokker, N.A., Ziiioncheck, T.F., Luis E.A , and Godowski, P.J. (1992)
J. BioL Chem. 267, 26166-26171.
Martegani, E, Vanoni, M, Zippel, R, Coccetti, P, Brambilla, R, Ferrari, C, Sturani, E
and Alberghina, L (1992) EMBO J., 11, 2151-2157.
Martin,. D.I., Tsai, S.F. and Orkin, S.H (1989). Nature. 338,435-438.
Martin, G. A , Viskochil, D , Bollag, G , McCabe, P. C, Crosier, W. , Haubruck, H
Conroy, L , Clark, R , OKConnel, P , Cawthom, R. M , Innis, M. A and McCormick,
F. (1990) Cell, 63, 843-849.
Matsuda, M., Mayer, B. J., Fukui, Y. and Hanafusa, H. (1990) Science, 248,
1537-1539.
Matsui, Y., Zsebo, K M. and Hogan, B. L. (1990) Nature, 347, 667-669.
Matuoka, K, Shibata, M, Yamakawa, A and Takenawa, T (1992) Proc. NatL Acad.
Sci. USA, 89, 9015-9019.
Mayer, B J, Hamaguchi, M and Hanafusa, H (1988) Nature, 332, 272-275.
Mayer, B. J., Jackson, P. K and Baltimore, D. (1991) Proc. NatL Acad. Sci. U. S. A.,
88, 627-631.
McClain,D.A., Maegawa,H., Lee,J., DuU,T.J., Ullrich,A., amd 01efsky,J.M. (1987)
J. BioL Chem 262, 14663-14671.
Mcglade, J., Bnmkhorst, B., Anderson, D , Mbamalu, G , Settleman, J., Dedhar, S.,
Rozakisadcock, M., Chen, L.B. and Pawson, T. (1993) EMBO J, 12, 3073-3081.
McGlade, C J, Ellis, C, Reedjik, M, Anderson, D, Mbamalu, G, Reith, A D,
Panayotou, G, End, P, Bernstein, A, Kazlauskas, A, Waterfield, M D and Pawson, T
(1992a) MoL CelL BioL, 12, 991-997.
Medico, E., A , M , HuflÇ J., Jelinek, M -A , FoUenzi, A , Gaudino, G., Parsons, T., and
Comoglio, P. M (1996) MoL BioL CelL In press
Meisenhelder, J., Suh, P. G., Rhee, S. G. and Hunter, T. (1989) Cell, 57, 1109-1122.
213

Meisenhelder, J. and Hunter, T. (1992) Mol Cell Biol, 12, 5843-56.
Michalopoulos, G.K (1990) The FASEB J. 4: 176-187.
MSng X.F., Boudewgn. T., Burgering, S. W., Claesson-Welsh, L., Heldin, C.H, Bos, J.L.,
Kozma, S. and Thomas, J. (1994) Nature 371,426-429.
Nfitchell, P.J. and Cooper, C. (1992a). Oncogene, 7, 383-388.
Mitchell, P.J. and Cooper, C. (1992b).. Oncogene, 7, 2329-2333.
Miyazawa, K , Tsubouchi, H , Naka, D., Takahashi, K., Okigaki, M., Arakaki, N.,
Nakayama, H , Hirono, S., Sakiyama, O., Takahashi, K., Gohda, E., Daikuhara, Y , and
Kitamura, N. (1989) Biochem. Biophys. Res. Commun. 163: 967-973.
Miyazawa, K , Kitamura, A , Naka, D. and Kitamura, N. (1991) Eur. J. Biochem. 197,1522.

Miyazawa, K., Shimomura, T., Kitamura, A , Kondo, J., Moiimoto, Y , Kitamura, N.
(1993) J. BioL Chem. 268, 10024-10028.
Miyazawa, K., Shimomura, T., Naka, D., and Kitamura, N. (1994) J Biol Chem 269,
8966-70.
Mohammadi, M., Dionne, C.A, Li, W., Li, N., Spivak, T., Honegger, AM., Jaye, M.
and Schlessinger, J. (1992) Nature, 358, 681-684.
Molloy, C. J., Bottaro, D. P., Fleming, T. P., Marshall, M. S., Gibbs, J. B. and
Aaronson, S. A. (1989) Nature, 342, 711-714.
Mondino, A , Giordano, S., and Comoglio P.M. (1991) MoL Ceh BioL 11: 6084-6092
Montesano, R , SChaller, G. and OrciL. (1991) Cell 66: 697-711.
Moolenaar,W.H,

Bierman,A.J.,

Tilly,B.C.,

Verlaan,!.,

Defize,L.H.K.,

Honnegger,A.M., Ullrich,A., and Schlessmger,J. (1988) EMBO J. 7, 707-710.
Moran, M. F., Koch, C. A , Anderson, D., Ellis, C., England, L., Martin, G. S. and
Pawson, T. (1990) Proc. NatL Acad. Sci. U. S. A , 87, 8622-8626.
Morgan, S.J., Smith, A.D. and Parker, P.J. (1990) Eur. J. Biochem., 191, 761-767.
Mori, S., Ronnstrand, L., Yokote, K., Engstrom, A , Courtneidge, S.A.,
Claessonwelsh, L. and Heldin, C.H. (1993) EMBO J, 12, 2257-2264.
Morrison, D K, Heidecker, G, Rapp, U R and Copeland, T D (1993) J. biol. Chem,
268, 17309-17316.
Morrison, D. K , Kaplan, D. R , Rapp, U R and Roberts, T. M (1988) Proc. NatL
Acad. Sci USA, 85, 8855-8859.
Morrison, D. K., Kaplan, D. R., Rhee, S. G. and Wilhams, L. T. (1990) MoL CeU.
214

Biol, 10, 2359-2366.
Musacchio, A., Saraste, M. and Wflmanns, M. (1994) Nature Stmct.Biol. 1, 546-551.
Myers, M.G., Backer, J.M., Sun, X.J., Shoelson, S., Hu, P., Schlessinger, J., Yoakim,
M., SchafiSiausen, B. and White, M.F. (1992) Proc Natl Acad Sci USA, 89,
10350-10354.
Nakamura, T., Teramoto, H , and Ichihara, A. (1986) Proc. NatL Acad. S d U.S.A 86:
6489-6493.
Nakamura, T., Nîshizawa, T., Hagiya, M , Seki, T., Shimonishi, M., Sugimura, A , Tashiro,
K , and Shimizu, S. (1989) ature 342: 440-443.
Nakanishi, O , Shibasaki, F., Hidaka, M., Homma, Y. and Takenawa, T. (1993b) J Biol
Chem, 268, 10754-9.
Nakanishi, H., Brewer, K. and Exton, J. (1993a) The Journal of Biological Chemistry,
268, 13-16.
Naldini, L., Vigna, E., BardeUi, A , FoUenzi, A , Galimi, F, and Comoglio, P.M. (1995)
J. Biol. Chem. 217 (2), 603-611.
Naldini, L., Weidner, M , Vigna, R, Gaudino G , Bardelli A , Ponzetto, C , Narsimhan, R ,
Hartmann, G , Zamegar, R , Michalopoulos, G , Birchmeier, W., and Comoglio, P.M.
(1991c) EMBO J. 10: 2867-2878.
Naldini, L., Vigna, R , Ferracini, R , Longati, P., Gandino, L., Prat, M., and Comoglio,
P.M. (1991a) MoL CelL BioL 11: 1793-1803.
Naldini, L., Tamagnone, L., Vigna, R , Sachs, M., Hartmann, G , Birchmeier, W.,
Daikuhara, Y., Tsubouchi, H , Blasi, F. and Comoglio, P.M. (1992) EMBO J. 11,48254833.
Naldini, L., Vigna, R, Narsimhan, R P., Gaudino, G , Zamegar, R , Michalopoulos, G. K ,
and Comoglio, P. M. (1991) Oncogene 6, 501-4.
Nishibe, S., Wahl, M L, Hemandez-Sotomayor, S. M , Tonks, N. K , Rhee, S. G. and
Carpenter, G. (1990) Sdence, 250,1253-1256.
Mshimura, R , Li, W., Kashishian, A , Mondino, A , Zhou, M., Cooper, J. and
Schlessinger, L (1993) Mol CeU Biol, 13, 6889-6896.
Nishizuka, Y. (1988) Nature 334: 661-665.
Nishizuka, Y. (1984) Nature, 308, 693-695.
Noji S., Tashiro, K., Koyama, R , Nohno, T., Ohyama, K , Taniguchi, S. and Nakamura,
T.. Bioch, Biophys. Res. Comm, 173,42-47,1990.
215

Obar,R.A., CoUins,C.A, Hanunarback,J.A., Shpetner,H.S. and Vallee,KB. (1990)
Natuer 347, 256-261.
Obermeier, A , Halfter, H., WiesmuUer, K.H., Jung, G., Schlessinger, J. and Ullrich,
A (1993) EMBO J, 12, 933-941.
Obermeier, A , Halfter, H., WiesmuUer, KH., Jung, G., Schlessinger, J. and Ullrich,
A. (1993a) EMBO J, 12, 933-941.
Ohmichi, M., Decker, S. J., Pang, L. and Saltiel, A. R. (1991) J. Biol. Chem, 266,
14858-14861.
Ohmichi, M., Pang, L., Decker, S.J. and Saltiel, A K (1992) J Biol Chem, 267,
14604-14610.
Ohta, K , Mizutani, A , Kawakami, A , Murakami, Y , Kasuya, Y., Takagi, S., Tanaka,
H .andFujisawa, H. (1995) Neuron, 14, 1189-1199.
Olivier, J. P., Raabe, T., Henkemeyer, M., Dickson, B., Mbamalu, G , Margolis, B.,
Schlessinger, J., Hafen, E. and Pawson, T. (1993) Cell, 73, 179-91.
Otsu, M., EBles, I., Goot, L, Fry, M.J., Ruiz-Larrea, F., Panayotou, G , Thonq)son, A ,
Dhand, K , Hsuan, J., Totty, N., Smith, AD., Morgan, S.J., Courtneidge, S.A, Parker,
P.J. and Waterfield, M.D. (1991) Cell, 65, 91-104.
O’Neill, T. J., Craparo, A , and Gustafson T.A., (1994) Molec. cell. Biol. 14, 64336442.
Panayotou, G , Bax, B., Gout, I., Federwisch, M., Wroblowski, B., Dhand, K , Fry,
M.J., Blundell, T.L., Wollmer, A. and Waterfield, M.D. (1992) EMBO J, 11,
4261-4272.
Panayotou, G , Gish, G., End, P., Troung, O , Gout, I., Dhand, K , Fry, M.J., Hiles,
I., Pawson, T. and Waterfield, M.D. (1993) Mol Cell Biol, 13, 3567-3576.
Panayotou, G. and Waterfield, M.D. (1993) Bioessays, 15, 171-177.
Park. M., Dean, M., Kaul, K , Braun, M.J., Gonda, M.A, and Vande Woude, G. (1987)
Proc. NatL Acad. ScL USA 84: 6379-6383.
PaikM., Dean.M., Cooper C.S., Scnridt M., O'Brien S.J., Blair D.G, and Vande Woude
G.F. (1986) C el 45, 895-904.
PascaljS.M., Singer^AU., Gish,G, Yamazaki,T., Shoelson,S.E., Pawson,T., Kay,L.E.
and Forman-Kay,J.D. (1994) Cell, 77, 461-472.
Pawson, T. (1988) Oncogene, 3, 491-495.
Pawson, T. and Schlessinger, J. (1993) Curr Biol, 3, 434-442.
216

Pawson, T. (1995).. Nature, 373, 573-580.
Pelech, S.L. and Sanghera, J.S. (1992) Science 257, 1355-1356.
Peles, E., Lançrecht, R , Benlevy, R , Tzahar, E. and Yarden, Y. (1992) J Biol Chem,
267, 12266-12274.
Peles, E., Levy, R B., Or, E., Ullrich, A. and Yarden, Y. (1991) EMBO. J., 10,
2077-2086.
Pelicci, G., Lanfirancone, L., Grignani, F., McGlade, J., Cavallo, F., Fomi, G ,
Nicoletti, I., Grignani, F., Pawson, T., and Pelicci, P.G. (1992) Cell 70, 93-104.
Peficd, G , Giordano, S., Zhen, Z , Saldni, A E., Lanfrancone, L., Bardelli, A , Panayotou,
G , Waterfield, M D , Ponzetto, C , Pelicd, P. G , and Comoglio P.M. (1995) Oncogene
10, 1631-8.
Pendergast, AM ., Quilham, L.A, Cripe, L.D., Bassing, C.H., Dai, Z.H., Li, N.X.,
Batzer, A , Rabun, RM ., Der, C.J., Schlessinger, J. and Gishizky, M L. (1993) Cell,
75, 175-185.
Perkins, L.A, Larsen, I. and Perrimon, N. (1992) CeU, 70, 225-236.
Peters, K G , Marie, J., Wilson, E., Ives, H E., Escobedo, J., Dehosario, M., Mirda,
D. and Wilhams, L.T. (1992) Nature, 358, 678-681.
Pierotti, M A , Bongarzone, I., BorreUo, M. G , Mariani, C., Miranda, C , Sozzi, G , and
Greco, A (1995) J Endocrinol Invest 18, 130-133.
Pleiman, C M., Clark, M R , Gauen, L.KT., Winitz, S., CoggeshaU, KM ., Johnson,
G.L., Shaw, AS. and Cambier, J.C. (1993) Mol CeU Biol, 13, 5877-5887.
Pleiman, C M., Hertz, W.M., and Cambier, J.C., (1994) Scienze, 263, 1609-1612.
Phitzky, J., Neel, B.G. and Rosenberg, RD. (1992) Proc. Natl. Acad. Sci. 89, 11231127.
Ponzetto, C., Giordano, S., Peverali, F., Delia VaUe, G , Abate, M , Vaula, G , and
Comogho, P.M. (1991) Oncogene 6, 553-559.
Ponzetto, C., Bardelli, A , Maina, F., Longati, P., Panayotou, G., Dhand, R ,
Waterfield, M.D. and Comogho, P.M. (1993) Mol CeU Biol, 13, 4600-4608.
Ponzetto, C., BardeUi, A , Zhen, Z., Maina, F., daUa Zonca, P., Giordano, S., Graziani, A ,
Panayotou, G. and Comogho, P.M (1994) CeU 77, 261-271.
Prasad, KV.S., KapeUer, R , Janssen, O., Repke, H , Dukecohan, J.S., Cantley, L.C.
and Rudd, C.E. (1993) Mol CeU Biol, 13, 7708-7717.
Prat, M R, Narsimhan, RR, Crepaldi, T., Nicotra, M R , Natah, P.G, and Comogho, P.M.
217

(1991a.) Int. J. Cancer 49,323-328.
Pruett, W., Yuan, Y., Rose, E., Batzer, A.G., Harada, N. And Skolnick, E.Y. (1995)
Mol. Cell. BioL 15, 1778-1785.
Qiu, F., Ray, P., Brown, K , Baiker, P.E. Jhanwar, S., Ruddle, F.H., and Besmer, P. (1988)
The EMBOJ. 7: 1003-1011.
Rameh, L.E., Chen, C-S. And Cantley, L.C. (1995) Cell, 83, 821-830.
Rappolee, D.A., Brenner, C.A., Schultz, R., Mark, D., and Werb, Z. (1988) Science
241, 1823-1825.
Ravichandran, K. S. and Burakof^ S. J., (1993) J. Biol. Chem 269, 1599-1602.
Reedijk, M., Lhi, X. and Pawson, T. (1990) Mol. CelL BioL, 10, 5601-5608.
Ren, R , Mayer, B.J., Cicchetti, P. and Baltimore, D. (1993) Science, 259, 1157-1161.
Ren, R., Ye, Z-S. And Baltimore, D. (1994) Genes Dev. 8, 783-795.
Rickies, R et al., (1994) EMBO J. 13, 5598-5604.
Ridley A. J. and Hall, A. (1992) Cell 70, 389-399.
Ridley, A.J., Paterson, HF., Johnston, C.L., Diekmann, D. and HaU, A. (1992) CeU,
70, 401-410.
Ridley, A.J., ComogUo, P.M., and Hall, A. (1995) Mol.CeU.Biol. 15: 1110-1122.
Rodriguez, G.A., and Park, M. (1993). Mol. CeU. Biol., 13, 6711-6722.
Rodriguez-Viciana, P., Wame, P.H , Vanhaesebroeck, B., Waterfield, D. M. and
Downward, J. (1996) EMBOJ. 2442-2451.
Rodriguez-Viciana, P., Wame, P H., Dhand, R., Vanhaesebroeck, B., Gout, I., Fry,
M.J., Waterfield M.D., and Downward J. (1994) Nature 370, 527-532.
Rong S., Segal S., Anver M , Resau J.H, Vande Woude G.F. (1994) Proc Natl. Acad.
Scl 91, 4731-4745.
Rong, S., Bodescot, M , Blair, D; Dunn, J., Nakamura, T., Mizuno, K , Park, M., Chan,
A., Aaronson, S., Vande Woude, G.F. (1992) MoL CeU. BioL, 12 (11), 5152-5158.
Rong, S., Bodescot, M , Blair, D., Dunn, J., Nakamura, T., Mizuno, K , Park, M., Chan,
A., Aaronson, S., Vande Woude, G.F. (1993). MoL C el BioL, 12, 5152-5158.
Ronnstrand, L , Mori, S., Anidson, A-K, Eriksson, A. and Wemstedt, C. (1992) EMBO
J. 11, 3911-3919.
Ronsin, C., MuscateUi, F., Mattei, MG. and Breathnach, R (1993) Oncogene 8, 11951202.

Rotin, D., Honegger, A.M., MargoUs, B.L., Ullrich, A. and Schlessinger, J. (1992)
218

J. Biol Chem, 267, 9678-9683.
Royal, I. and Park, M. (1995) J. Biol. Chem. 270, 27780-27787.
Rozakis-Adcock, M., Femley, R , Wade, J., Pawson, T., and Bowtell, D. (1993)
Nature, 363: 83-85.
Rozengurt, E. (1986) Science, 234, 161-166.
Rubin, J.S., Chan, A.M.L., Bottaro, D.P., Burgess, W.H., Taylor, W.G., Cech, AC.,
Krschfield, D.W., Wong, I , Mki, T., Fmdi, P.W., and Aaronson, S.A. (1991) Proc. NatL
Acad. S d U.S.A. 88: 415-419.
Ruoslahti, E., and Yamaguchi, Y. (1991) Proteoglycans as modulators of growth fector
activities. Cell 64: 867-869.
Russell, D. S., Gherzi, R , Johnson, E. L., Chou, C R and Rosen, O. M. (1987) J. Biol.
Chem, 262, 11833-11840.
Russell, RB., Breed, J. and Barton, G.J. (1992) FEBS Lett, 304, 15-20.
Sabatmi, D.M., Erdjument-Bromage, R , Lui, M., Tempst, P. and Snyder, S.R (1994) Cell,
78, 35-43.
Saccone, S., Narsimhan, RP., Gaudino, G , Daÿra', L., Comoglio, P.M. and Della Valle,
G. (1992) Genomics 13, 912-914.
Sadowski, I., Stone, J.C. and Pawson, T. (1986) Mol. Cell. BioL, 6, 4396-4408.
Santos, O F. P., Barros, E.J.G, Yang, X.-M., Matsumoto, R , Nakamura, T., Park, M.,
and Nigam, S.R (1994) Dev. Biol 163, 525-529.
Saraste, M. and Hyvonen, M. (1995), Curr. Opin. Struct. Biol. 5, 403-408.
Satoh, T., Fanti, W.J., Escobedo, J.A., Williams, L.T. and Kaziro, Y. (1993) Mol Cell
Biol, 13, 3706-3713.
Savitsky, R , Barshira, A , Gilad, S., Rotman, G , Ziv, Y., Vanagaite, L., Tagle, D.A.,
Smith, S., Uziel, T., Sfez, S. and Shiloh, Y. (1995) Science, 268, 1749-1753.
Schmidt, C., Bladt, F., Goedecke, W., Brinkmann, V., Zschiesche, W., Sharpe, M.,
Gherardi, E. and Birchmeier. C. (1995) Nature. 373, 699-702.
Schu, P.V., Takegawa, R , Fry, M.J., Stack, J.R , Waterfield, M.D. and Emr, S.D.
(1993) Science, 260, 88-91.
Schuhz, L.D., Schweitzer, P.A., Rajan, T V., Yi, T. and Ihle, J.N. et al, (1993) Cell,
73, 1445-1454.
SeedorÇ R , Millauer, B., Rostka, G , Schlessinger, J. and Ullrich, A. (1992). Mol.
Cell. Biol. 12, 4347-4356.
219

Segatto, O., Lonardo, F., Helin, K., Wexler, D., Fazioli, F. Et al., (1992) Oncogene,
7, 1339-1346.
Seifert, R A , Hart, C. E., Philçs, P.E. (1989). J. Biol Chem., 264, 8771-8778.
Serth, J., Weber, W., Frech, M., Wittinghofer, A. and Pingoud, A (1992)
Biochemistry, 31, 6361-6365.
Serunian, L. A , Auger, K R , Roberts, T. M. and Cantley, L. C. (1990) J. ViroL, 64,
4718-4725.
Settleman, J, Narasimban, V, Foster, L C and Weinberg, R A (1992a) Cell, 69, 539549.
Settleman, J., Narasimban, V., Foster, L.C. and Weinberg, RA. (1992) CeU, 69,
539-549.
Shepherd, P.R, Reaves, B.J. and Davidson, H.W. (1996) Trends CeU Biol 6, 92-97.
Sbibasald, F., Homma, Y. and Takenawa, T. (1991) J. Biol Chem, 266, 8108-8114.
Shimomura, T., Miyazawa, K , Komiyama, Y., Hiraoka, H , Naka, D., Moiimoto, Y , and
Kitamura, N. (1995) Eur J Biochem 229,257-61.
Shimomura, T., Kondo, J., Ochiai, M., Naka, D., Miyazawa, K., Morimoto, Y , and
Kitamura, N. (1993). J. Biol Chem 268, 22927-22932.
Shoelson, S.E., Sivaraja, M., WUUams, R P., Hu, P., Schlessinger, J. and Weiss, M.A.
(1993) EMBO J, 12, 795-802.
Shoelson, S.E., White, M F., Kahn, C.R (1988) J. Biol Chem, 10, 4852-4860.
Shou,C., Famsworth,C.L., Neel,B.G., and Feig,L. (1992) Nature 358, 351-354.
Simon, M A , Dodson, G.S. and Rubin, G.M. (1993) CeU, 73, 169-177.
Skeel, A , Yoshimura, T., Showaher, S. D., Tanaka, S., AppeUa, E., and Leonard, E. J.
(1991) J. Exp Med 173, 1227-34.
Skolnik, E. Y., Margohs, B., Mohammadi, M., Lowenstein, E., Fischer, R , Drepps,
A et al, (1991) CeU, 65, 83-90.
Skohuk, E.Y., Lee, C H., Batzer, A , Vicentini, L.M ., Zhou., et al, (1993) EMBO J.
12, 1929-1936.
Snyder, M.A, Bishop, J.M., McGrath, J.P., Levinson. (1985) Mol CeU. Biol, 5,17721779.
Soler, C., Beguinot, L., Sorkin, A and Carpenter, G. (1993) J Biol Chem, 268,
22010-22019.
Soltofi^ S.P., Rabin, S.L., Cantley, L.C. and Kaplan, D .R (1992) J Biol Chem, 267,
220

17472-17477.
Soman, N.R., G.N. Wogan, J.S. Rhim. (1990). Proc. Nat. Acad. Sci. U.S.A. 87: 738742.
Songyang, Z., Shoelson, S.E., Chaudhuri, M., Gish, G , Pawson, T., Haser, W.G,
King, F., Roberts, T., RafiioMy, S., Lechleider, RJ., Neel, B.G., Birge, RB., Fajardo,
J.E., Chou, M.M., Hanafusa, H., Schaffliausen, B. & Cantley, L.C. (1993) Cell 72,
767 - 778.
Songyang, Z , Shoelson, S.E., McGlade, J., Olivier, P., Pawson, T., et al., (1994)
Molec. Cell. BioL 14, 2777-2785.
Songyang, Z , Margolis, B., Chaudhur, M., Shoelson, S.E., and Cantley, L. C., (1995)
J. BioL Chem 270, 14863-14866.
Sonnenberg, E., Meyer, D., Weidner, KM. and Birchmeier, C. (1993) J Cell Biol, 123,
223-235.
Sonnenberg, E , Meyer, D., Weidner, KM. and Birchmeier, C. (1993a) J. Cell BioL 123,
223-235.
Sonnenberg, E., Weidner, KM., and Birchmeier, C. (1993b) ID. Goldberg, and E.M.
Rosen, eds. Birkhaüser Verlag, Basel, pp. 382-394.
Soriano, P., Montgomery, C., Geske, R and Bradley, A (1991) CeU, 64, 693-702.
Sorkin, A., Westermark, B., Heldin, C. H. and Claesson-Welsh, L. (1991) J. CeU.
Biol., 112, 469-478.
St. Johnston, D. and Nusslein-Volhard, C. (1992) CeU 68, 201-219.
Stahl, ML., Ferenz, C.R, KeUeher, KL., Kriz, RW. and KnopÇ J.L. (1988) Nature,
332, 269-272.
Staub, O.et al., (1996) EMBO J. in press
Stephens, L., Smrcka, A , Cooke, F.T., Jackson,T.R, Stemweis, P.C., and Hawkins,
P.T. (1994) CeU 77, 83-93.
Stephens, L.R, Hughes, KT. and Irvine, RF. (1991) Nature, 351, 33-39.
Sternberg, P.W. and Horwitz, H .R (1991) Trends. Genet. 7, 366-371.
Stoker, M. (1989) J. CeU. PhysioL 139, 565-9.
Stoker, M , Oierardi, E., Perryman, M , and Gray, J. (1987) Nature 327,239-242.
Stoyanov, B., Volinia, S., Hanck, T., Rubio, L, Loubtchenkov, M , Malek, D., Stoyanova,
S., Vanhaesebroeck, B., Dhand, R , Numberg, B., Gierschik, P., SeedorÇ K , Hsuan, J.J.,
Waterfield, MD. and Wetzker, R (1995) Science 269, 690-693.
221

StreuH, M , Krueger, N.X., HaD, L.R, Sdüossman, S.F. and Saito, K (1988) J. E?q). Med.
Sudol, M., Chen, H L, Bougeret,C., Einbond A. and P. Bork (1995) FEBS Lett. 369, 6771.
Suen, KL., Bustelo, X.R, Pawson, T. and Baibadd, M. (1993) Mol CeU Biol, 13,
5500-5512.
Sun, X.J., Crimmins, D.L., Myers, M.G., Mbra^eix, M. and White, M F. (1993) Mol CeU
Biol, 13, 7418-7428.
Sun, X. J., Rothenberg, P., Kahn, C. R , Backer, J. M , Araki, E., \^d en , P. A., CahiD, D.
A., Goldstein, B. J. and White, M. F. (1991) Nature, 352, 73-77.
Sun, X. J.,Wang, L., M. Zhang,Y.,Yenush, L., Myers, M. G , Glasheen, E., Lane, W. S.
Pierce, J. H. and White M. F. (1995), Nature 377, 173-177.
Superti-Furga, G , FumagaHi, S., Koegl, M., Courtneidge, S A. and Draetta, G. (1993)
EMBOJ. 12, 2625-2634.
Superti-Furga, G. and Courtneidge, S.A. (1995) Bioessays, 17, 321-330.
Taichman, R , Meiida, L, Toiigoe, T., Gaukon, G.N. and Reed, J.C. (1993) J. Biol Chem,
268, 20031-20036.
Tajima KL, Matsumoto K and Nakamura T. (1991). FEBS, 291,229-232.
Tamemoto, H., Kadowaki, T., Tobe, K , Yagi, T., Sakuro, H., Hayakawa, T.,
Terauchi, Y , Ueki, K , Kaburagi, Y , Shinobou, S., Sekihara, H., Yoshioka, S.,
Hoiikoshi, H., Furuta, Y , Ikawa, Y., Kasuga, M., Yazaki, Y. and Aizawa, S. (1994)
Nature, 372, 182-186.
Tanaka, S., Hattori, S., Kurata, T., Nagashima, K , Fukui, Y. Et al., (1993) Mol. Cell.
BioL 13, 4409-4315.
Tanaka, S. et al, (1994) Proc. Natl Acad. Sci. USA 91, 3443-3447.
Tanaka, K, Matsumoto, K and Toh-e, A (1989) M ol Cell. Biol, 9, 757-768.
Tarakhovsky, A., Turner, M., Schaal, S., Mee, P.J., Duddy, L.P., Rajewsky, K and
Tybulewicz, V.L. (1995) Nature 374, 467-470.
Taylor, S.S., Knighton, D.R, Zheng, J.H., Teneyck, L.F. and Sowadski, J.M. (1992)
Annu Rev Cell Biol 8, 429-462.
Tempest P R , Reeves, B.R, Spurr, N.K, Ranee, A.J., Chan, M-L. and Brooks, P. (1986)
7, 2051-2057.
Thomas, J.D., Sideras, P., Smith, C. I., Vorechovsky, I., Chapman, V. and Paul W.
E. (1993) Science 261, 355-358.
222

Thomas, S. M , DeMarco, M , DKArcangelo, G , Halegoua, S and Brugge, J. S
(1992) Cell, 68, 1031-1040.
Timm, D., Salim, K., Guruprasad, L., Waterfield, M.D. and Blundell, T. (1994) Nature
Struct. Biol. 1, 782-788.
Tobe, K , Matuoka, K , Tamemoto, H , Ueki, K , Kaburagi, Y., Asai, S., Noguchi, T.,
Matsuda, M , Tanaka, S., Hattori, S., Fukui, Y., Akanuma, Y., Yazaki, Y , Takenawa,
T. and Kadowaki, T. (1993) J Biol Chem, 268, 11167-11171.
Tolias, K.F., Cantley, L.C. and Carpenter, C L. (1995) J. Biol. Chem 270, 1765617659.
Tonks, N .K , Diltz, C D. and Fisher, E.H. (1988) J. Biol Chem 263, 6722-6730.
Tomqvdst, HE., Pierce, MW., Frackleton, A.R, Nemenofl^ R A and Avmch, J. (1988)
J. Biol Chem 262: 10212-10219.
Touhara, K , Inglese, Y., Plitcher. J.A., Shaw, G. and Leflcowitz, R (1994) J. Biol
Chem269, 10217-10220.
Trahey, M , Mulley, R J , Cole, G. E , hmis, M , Paterson, H , Marshall, C. J , HaU, A and
McCormick, F (1987) Mol Cell Biol, 7, 541-544.
Trahey, M , Wong, G , Halenbeck, R , Rubmfeld, B., Martin, G.A. et al, (1988) Science,
242, 1697-1700.
Traverse,S., Gomez,N., Paterson,H, MarshaD,C. and Cohen,P. (1992) Biochem J. 288,
351-355.
Trub, T., Choi, W. E., Wol^ G , Otdnger, E., Chen, Y , Weiss M. and Shoelson S. E.
(1995) J.Biol Chem270 18205-18208.
Tyers, M , Rachubinski, R A , Stewart, M I, Varicchio, A M , Shoir, RG.L., Haslam, RJ.
and Harley, C.B. (1988) Nature, 333,470-473.
Uehara, Y., Minowa, O., Mon, C., Shiota, K., Kuno, J., Noda, T., and Kitamura, N.
(1995) Nature 373, 702-705.
UlegyE.T., Hawkins,P.T., HanleyyM.R and Courtneidge,S.A (1990) J. Virol 64,
3895-3900.
Ulhich, A and J. Schlessinger (1990) Cell 61: 203-212.
Valius, M., Bazenet, C. and Kazlauskas, A (1993) Mol Cell Biol, 13, 133-143.
Valius, M. and Kazlauskas, A (1993) Cell, 73, 321-334.

223

Van Biesen, T., Hawes, B. E., Luttrell, D. K., Krueger, K M., Touhara, K ,
Porfiri, E., Sakaue, M., Luttrell L. M. and Lefkowitz R. J. (1995) Nature 376, 781784.
Van der Geer, P. and Hunter, T. (1993) EMBO J, 12, 5161-5172.
Van der Geer, P. and Hunter, T and Lindberg, R. A. (1994) Annu. Rev. Cell Biol. 10,
251-337.
Van Horn, D.J., Myers, M.G. and Backer, J.M. (1994) J. BioL Chem. 269, 29-32.
Vamum, B, C., Young, C., Elhot, G., Garcia, A., Bertley, T. D., Fridell, Y., Hunt, R.
W., Trail, G., Clogston, C., Toso, R. J., Yannaglara, D., Bennet, L., Sylber, M.,
Marewether, L. A , Tseng, A , Escobar, E., Liu, E. and yamane, H. K (1995) Nature
373, 623-626.
Varticovski, L., Daley, G. Q., Jackson, P., Baltimore, D. and Cantley, L. C. (1991)
Mol. Cell. Biol., 11, 1107-1113.
Vega, Q C, Cochet, C, Filhol, O, Chang, C P, Rhee, S G and Gill, G N (1992) Mol.
Cell. Biol., 12, 128-135.
Vetter, M. L., Martin-Zanca, D , Parada, L. F., Bishop, J. M. and Kaplan, D. R. (1991)
Proc. Natl. Acad. Scl U. S. A , 88, 5650-5654.
Villa Moruzzi, E., Lapi, S., Prat, M., Gaudino, G. and Comoglio, P.M. (1993) J. Biol
Chem 268, 18176-18180.
Vogel, L.B. and Fujita, D.J. (1993) Mol Cell Biol, 13, 7408-7417.
Wahl, M. I , Nishibe, S., Suh, P. G., Rhee, S. G. and Carpenter, G. (1989) Proc. Natl.
Acad. Sci. U. S. A , 86, 1568-1572.
Waksman, G , Kominos, D., Robertson, S.C., Pant, N., Baltimore, D., Birge, R.B.,
Cowbum, D , Hanafusa, H , Mayer, B.J., Overduin, M., Resh, M.D., Rios, C.B.,
Silverman, L. and Kuriyan, J. (1992) Nature, 358, 646-653.
Waksman, G., Shoelson, S.E., Pant, N., Cowbum, D. and Kuriyan, J. (1993) CeU, 72,
779-790.
Wang, J.K., Gao, G.X. and Goldfarb, M. (1994) Mol CeU Biol, 14, 181-188.
Water, S B. and Pessin, J.E. (1996) Trends, Cell, Biol 6, 1-4.
Waterfield, M.D., Scrace, G.T., Whittle, N., Stroobant, P., Johnsson, A , Wasteson,
A , Westermark, B., Heldin, C.H, Huang, J.S. and Deuel, T.F. (1983) Nature, 304,
35-39.
Weber, W., P.J. Bertics and G.N. GUI (1984) J. Biol Chem 259: 14631-14636.
224

Wddner, KM., Behrens, X, Vandekerckove, X and Birchmeier, W. (1990) X Cell Biol
111, 2097-2108.
Weidner, K M , Arakaki, N., Vandekerchove, X, Weingart, S., Hartmann, G., Rieder, H ,
Fonatsch, C., Tsuboudii, H , Hishida, T., Daikuhara, Y., and Birchmeier, W. (1991) Proc.
Natl Acad. ScL U.S.A. 88, 7001-7005.
Weidner, K M., Sachs, M , and Birchmeier, W. (1993) X Cell Biol 121,145-54.
Weiner, D.B., Liu, X, Cohen, XA., Williams, W.V. and Greene, M I. (1989) Nature,
339, 230-231.
Weng, Z , Taylor, XA., Turner, C E., Brugge, XS. and Seidel-Dugan, C. (1993)
XBiolChem. 268, 14956-14963.
White,M.F., Livingston,nJ.N., Backer,X, Lauris,V., DuU,T.X, Ullrich,A., and
Kahn,C.K (1988) Cell 54, 641-649.
White, M.F. and Kahn, C.K (1994) J Biol Chem, 269, 1-4.
Whitman, M., Downes, C. P., Keeler, M., Keller, T. and Cantley, L. (1988) Nature,
332, 644-646.
Whitman, M., Kaplan, D , Roberts, T. and Cantley, L. (1987) Biochem. X, 247,
165-174.
Whitman, M., Kaplan, D.K, Schaffliausen, B., Cantley, L. and Roberts, T.M. (1985)
Nature, 315, 239-242.
Wilden, P.A., Kahn, C.K, Siddle, K and White, M.F. (1992) J Biol Chem, 267,
16660-16668.
Woltjer, KL., Lukas, T.X and Stauros, XV. (1992) Proc. Natl. Acad. Sci. USA 89,
7801-7805.
Wong, G, M/ller, O, Clark, R, Conroy, L, Moran, M F, Polakis, P and McCormick,
F (1992) Cell, 69, 551-558.
Wong, A.X, Ruppert, XM., Bigner, S.H., Grzeschik, C H., Humphrey, P.A., Bigner,
D.S. and Vogelstein, B. (1992a) Proc Natl Acad Sci USA, 89, 2965-2969.
Wood, KW., Samecki, C., Roberts, T.M. & Blenis, X (1992).Cell 68, 1041 - 1050.
Woolford, X, McAulifEe, A., and Rohrschneider, L.K (1988) Cell 55, 965-977.
Xie, Y., Pendergast, A.M. and Hung, M.C. (1995) 270, 30717-39724.
Xn, XH, Cowie, A., Lachance, P., and Hassel, XA. (1992) Genes and Dev. 6,481-496.
Xu, G, OKConnell, P, Viskochil, D, Cawthon, R, Robertson, M, Culver, M, Dunn,
D, Stevens, J, Gesteland, R, White, R and Weiss, R (1990) Cell, 62, 599-608.
225

Xu, G, OKConnell, P, \^ o c h il, D, Cawthon, R, Robertson, M, Culver, M, Dunn, D,
Stevens, J, Gesteland, R, White, R and Weiss, R (1990a) Cell, 62, 599-608.
Xu, G, Lin, B, Tanaka, K, Dunn, D, Wood, D, Gesteland, R, White, R, Weiss, R and
Tamano, F (1990b) Cell, 63, 835-841.
Yamada, K , Goncalves, E., Kahn, C.R. and Shoelson, S.E. (1992) J Biol Chem, 267,
12452-12461.
Yarden, Y. and Schlessinger, Y. (1987) Biochemistry 26, 1443-1451.
Yi, T.L., Cleveland, J.L. and Ihle, J.N. (1992) MoL Cell. Biol. 12, 836-846.
Yi, T.L. and Me, J. N. (1993) Mol Cell Biol, 13, 3350-8.
Yoshihiko, U., Mnowa, O., Mori, C., Shiota, K , Kuno, J., Noda T. and Kitamura N.
(1995) Nature. 373, 702-705.
Yoshimura, T., Yuhld, N., Wang, M.-H., Skeel, A., and Leonard, E.J. (1993) J. Biol
Chem. 268: 15461-15468.
Yu, H.T., Rosen, M K , Shin, T.B., Seideldugan, C., Brugge, J.S. and Schreiber, S.L.
(1992) Science, 258, 1665-1668.
Yu,H., Chen,J.K, Feng,S., Dalgamo,D.C., Brauer,A.W. and Schreiber,S.L. (1994)
Cell, 76, 933-945.
Yu, J. C., Heidaran, M. A., Pierce, J. H., Gutkind, J. S., Lombardi, D., Ruggiero, M.
and A., Aaronson S. (1991) M ol Cell Biol, 11, 3780-3785.
Zamegar, R., and Michalopoulos, G. (1989) Cancer Res. 49: 3314-3320.
Zamegar, R., DeFrances, MC., Kost, D., Lindroos, P. and Michalopoulos, G K (1991)
Biochem. Biophys. Res. Commun. 177, 559-564.
Zhang, F., Strand, A., Robbins, D., Cobb, M.H. and Goldsmith, E. J. (1994) Nature
367, 704-711.
Zhang, K , Tsai, F-Y. and Orkin, S.H. (1994) Proc. Natl Acad. Sci. USA 91,1275512759.
Zhang, K , Ah, F.W., Davidson, L., Orkin, S.H. and Swat, W. (1995) Nature 374,
470-473
Zhen, Z., Giordano, S., Longati, P., Medico, E., Canq)igho, M , Comogho, P.M(1994)
Oncogene 9,1691-1697.
Zhou, M.M., Ravichandran, K S., Olejniczak, E.T., Petros, AM ., Meadows, R.P,
Sattler, M , Harlan, I.E., Wade, W.S., Burakofi^ S.J. and Fesik, S.W. (1995) Nature,
378, 584-592.
226

Abbreviations

Abbreviations used in this thesis are listed in Biochem. J. (1992) 281, 11-12, with the
addition of the following:

PARK

P“Adrenergic receptor kinase

AcMNPV

Autographa califomica nuclear polyhedrosis Virus

ALL

Acute lymphocytic leukemia

BSA

bovine serum albumin

CHO

Chinese hamster overy

CML

Chronic myelogenous leukemia

CSF-1

Colony stimulating factor-1

DAG

Diacylglycerol
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Dulbecco’s modified Eagle’s medium

DSS

Disuccinimidylsuberate

DOTMA

N- [ l-(2,3-dioleylo?cypropyl]-N,N,N-trimethylammoniumchloride

DOPE

Dioleylphosphotidylethanolamine

DTT

Dithiothreitol

ECL

Enhanced chemiluminescence

EDC

N-Ethyl-N'-(3-dimethylaminopropyl)-carbodiimide hydrochloride

EOF

Epidermal growth factor

Epo

Erthropoietin

ERK

Extracellular signal-regulated kinase

FAK

Focal adhesion kinase

FCS

Foetal calf serum

FGF

Fibroblast growth factor

FMLP

N-formylmethionyl-leucyl-phenylalanine

FNIII

fibronectin type III
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Flourosulphonylbenzoyladenosine

GAP

GTPase activating protein

GAS

Growth arrest-specific
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GM-CSF

Granulocyte macrophage colony-stimulating factor

GNRF

Guanine nucleotide releasing 6ctor

GPI

Glycolipid anchor

GR

Glucocortoid receptor

GST

Glutathione S-transferase

HGF

Hepatocyte growth 6ctor

lAA

Indoleacryhc acid

IFN

Interferon

IgG

Immunoglobulin

IGF-1

Insulin-like growth factor-1

Ins

Inositol

IL-

Interleukin-

IPTG

Isopropyl-2-D-thiogalactopyranoside

IRS-1

Insulin receptor substrate

KLH

Keyhole linnet haemocyanin

LAR

Leukocyte antigen-related

LPA
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Mab

Monoclonal antibody

MAP2

Microtubule-associated protein 2

MAP kinase

Mitogen-activated protein kinase

MEN

Multiple endocrine neoplasia

MRS

A/e/-related sequence

MSP

Macrophage Stimulating Protein

mX

middle T

NFl

von Recklinghausen neurofibromatosis (type 1)

NGF

Nerve growth fector
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N-hydroxysuccinimide

NP-40

NonidetP-40

PAE
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Dulbecco’s phosphate buffered saline solution A, pH 7.2

PCR

Polymerase chain reaction
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PDGF

Platelet-derived growth factor

PEG

Polyethylene glycol

PH

Pleckstrin homology

PI

Phosphatidylinoshiol

PID

Phosphotyrosine interaction

PI 3-kinase

Phosphatidylinositol 3-kinase

PKC

Protein kinase C

PLC

Phospholipase C

PMSF

Phenyhnethylsulphonyl fluoride

PTB

Phosphotyrosine binding

PTK

Protein tyrosine kinases

PTPase

Phosphatase

PVDF

Polyvinylidene difluoride

RPTK

Receptor protein-tyrosine kinase

RSV

Rous sarcoma virus

SF

Scatter Factor

Sf9

Spodoptera frugiperda-9

SH2/3

Src homology 2/3 domain

SV40

Simian virus 40

SoS

Son of Sevenless

SPR

Surface plasmon resonance

TCA

Trichloroacetic acid

TCR

T cell receptor

TGF-P

Transforming growth factor-P

TLC

Thin layer chromatography

TPA

12-0-tetradecanoyl 13-phorbol acetate

Tween 20

Polyoxyethylenesorbhan monolaurate
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