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The biological effects of hepatocyte growth factor/
scatter factor are mediated by autophosphorylation of
its receptor, the Met tyrosine kinase, on two carboxyl-
terminal tyrosines. These phosphotyrosines (Y1349VH-
VNATY1356VNV) are multifunctional docking sites for
several effectors. Grb2, the adaptor for the Ras guanyl-
nucleotide exchanger SOS, binds to Tyr1356 in the YVNV
motif. By site-directed mutagenesis we either abrogated
or duplicated the Grb2 consensus, without interfering
with the other effectors. Loss of the link with Grb2 se-
verely impaired transformation. The same mutation,
however, had no effect on the “scattering” response,
indicating that the level of signal which can be reached
by Grb2-independent routes is permissive for motility.
Duplication of the Grb2 binding site enhanced transfor-
mation and left motility unchanged. Thus, two Met-me-
diated biological responses, motility and growth, can be
dissociated on the basis of their differential require-
ment for a direct link with Ras.

HGF/SF1 is a mesenchymal cytokine capable of inducing
proliferation, motility (scattering), and tubulogenesis in epithe-
lial cells (1). These complex biological responses depend on the
activation of a series of signaling pathways. The interaction of
HGF/SF with its receptor, the tyrosine kinase c-Met, triggers
phosphorylation of two carboxyl-terminal tyrosines essential
for signal transduction (Y1349VHVNATY1356VNV). These phos-
photyrosines are binding sites for the SH2 domains of p85,
pp60c-src, phospholipase-Cg, and Shc (2, 3). Y1356VNV has the
unique ability, relative to Y1349VHV, of binding also Grb2, the
adaptor for the Ras guanyl-nucleotide exchanger SOS. This is

due to the presence of an asparagine residue in the 12-position,
which is the hallmark for Grb2 specificity (4).
The contribution of distinct signaling pathways to the bio-

logical effects of HGF/SF remains largely to be determined.
However, a number of studies indicate that Ras is central to all
Met-mediated responses. Ras can be activated either directly
via Grb2/SOS recruitment to the activated HGF/SF receptor or
indirectly, through Shc phosphorylation (3). Expression of a
dominant-negative Ras or microinjection of Ras-neutralizing
antibodies inhibit the motility signal of HGF/SF in MDCK cells
(5, 6). Mutation of Tyr1356, which binds Grb2, drastically re-
duces the transforming potential of Tpr-Met, the oncogenic
counterpart of the receptor (2, 7). The same mutation impairs
Met-mediated motility and morphogenesis in MDCK cells (8,
9). However, removal of Tyr1356, which works as a multifunc-
tional docking site for several effectors, not only results in the
abrogation of the link with Grb2, but also in a significant
reduction of overall signal transduction by the receptor (2). To
evaluate the net contribution of the direct link with the Ras
pathway in the HGF/SF response, we aimed at selectively
uncoupling Grb2 from Met. This was done by disrupting the
consensus for Grb2 binding via an asparagine to histidine
substitution in position 12 of Tyr1356. The reciprocal substitu-
tion was introduced in position 12 of Tyr1349 to duplicate the
Grb2 binding site. In this way we did not alter the potential of
the phosphotyrosine residues to bind any other effector. These
mutations were inserted in Tpr-Met, the oncogenic form of the
HGF/SF receptor (10), and in Trk-Met chimeras. The trans-
forming ability of Tpr-Met mutants was tested in a focus form-
ing assay, using rat Fisher fibroblasts. The scatter response
was tested in MDCK cells expressing the Trk-Met chimeras,
following treatment with NGF. To efficiently promote transfor-
mation Met requires direct binding with Grb2, while the mo-
tility response seems to be independent from Grb2 binding.

EXPERIMENTAL PROCEDURES

Reagents, Cells, and Antibodies—All reagents, unless specified, were
purchased from Sigma. Protein A covalently coupled to Sepharose was
purchased from Pharmacia Biotech Inc. Radioactive isotopes were pur-
chased from Amersham Corp. NIH3T3 cells, A549 lung carcinoma cells,
MDCK cells, COS-1 cells, and Fisher rat fibroblasts were purchased
from ATCC (American Type Culture Collection). Cells were cultured in
RPMI or DMEM medium supplemented with 10% FCS (Flow Labora-
tories, Inc.) in a 5% CO2-water-saturated atmosphere. Antisera and
monoclonal anti-Met antibodies were provided by Dr. M. Prat (11).
Monoclonal anti-phosphotyrosine antibodies were from UBI. A mono-
clonal antibody specific for p42mapk (1B3B9) was kindly provided by Dr.
M. Weber (University of Virginia, Charlottesville). Recombinant
HGF/SF was provided by Dr. G. Gaudino (University of Torino) and was
used in scatter experiments at a concentration of 50 units/ml. Nerve
growth factor-2.5 S from mouse submaxillary glands was used at a
concentration of 100 ng/ml for scatter assay, and 200 ng/ml to induce
receptor phosphorylation. GST fusion proteins were large-scale pro-
duced and purified using pGEX expression vectors (Pharmacia) as
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described previously (2).
Site-directed Mutagenesis of TPR-MET cDNAs and Construction of

the Trk-Met Expression Vector—Cloning of the full size MET and TPR-
MET cDNAs has been reported previously (2, 14). To generate the new
carboxyl-terminal mutations an in vitro oligonucleotide site-directed
mutagenesis system (Promega) was used as previously reported (12).
TPR-MET cDNAs, carrying the appropriate Tyr 3 Phe or Asn 7 His
mutations, were reconstructed in the pMT2 vector, for transient expres-
sion in COS-1 cells.
The TRK-MET construct was generated by ligating two polymerase

chain reaction products obtained as follows. A full-size TRK cDNA (13),
kindly provided by M. Barbacid, served as a template for a polymerase
chain reaction aimed at engineering the extracellular domain of the
chimera. The sense oligo contained a XbaI site (underlined) and the
initiation codon (59-AGC TCT AGA GCC GCC ATG GTG CGA GG-39).
The antisense oligo contained an EcoRI site (underlined) and corre-
sponded to the last 6 residues of the Trk extracellular domain (59-AGG
CCG GAA TCC GTC CTT CTT CTC CAC-39). A full-size MET cDNA
(14) served as a template to generate the intracellular domain of the
chimera. The sense oligo contained an EcoRI site (underlined) and
included the last two residues of the extracellular and the first four of
the transmembrane domains (59-CCG GAA TTC ACA GGA TTC ATT
GCT-39). The antisense oligo contained a KpnI site (underlined) and
included the last residue of the Met protein plus the stop codon (59-C
TTT GAC ATG GTA CCA GCA CTA TGA T-39). Oligonucleotides were
synthesized on an Applied Biosystem 391 apparatus. The chimeric
cDNA was reconstructed into a modified pMT2 vector containing a XbaI
site. Carboxyl-terminal mutations were inserted by subcloning in the
pMT2 vector. All constructs were finally subcloned in pBAT expression
vector (15) for co-transfection in MDCK cells with pSV2neo. MDCK cells
(50% confluence in a 10-cm dish) were transfected by Lipofectin with 10
mg of TRK-MET cDNA 1 0.5 mg of pSV2neo DNA. G418 (0.7 mg/ml
DMEM, 10% FCS) was added to the medium 72 h after transfection.
Resistant colonies were picked and grown in the absence of G418.
DNA Transfection—cDNAs were transfected in COS-1 and MDCK

cells by the Lipofectin procedure (Life Technologies, Inc.). Transfection
of the TPR-MET constructs in Fisher rat fibroblasts was carried out by
using the DNA-calcium phosphate co-precipitation procedure (Cell-
Phect Transfection Kit, Pharmacia).
Immunoprecipitation and Western Blotting—Cells were lysed with a

1% Triton buffer, extracts were clarified by centrifugation, and proteins
were immunoprecipitated and Western blotted as described previously
(12). Total protein extracts were obtained by lysing cells with boiling
extraction buffer (0.5 M Tris-HCl, pH 6.8, 10% SDS). Protein concen-
tration was determined using the BCA protein assay system (Pierce).
In Vitro Kinase Assay—Tpr-Met proteins were immunoprecipitated

with anti-Met antibodies coupled to protein A-Sepharose. Immunocom-
plexes were washed and incubated with [g-32P]ATP as previously de-
scribed (12). The reaction was carried out at 25 °C for 15 min and
stopped by adding concentrated boiling Laemmli buffer. The eluted
proteins were subjected to SDS-PAGE followed by autoradiography.
Precipitation Experiments—GST fusion proteins (approximately 500

ng/point) were coupled to glutathione-Sepharose beads. Lysates from
COS-1 cells (one confluent 10-cm dish, lysis conditions as in Ref. 12)
transfected with wild-type or mutant TPR-MET cDNAs were incubated
with the immobilized SH2-GSTs for 90 min at 4 °C in the presence of 1
mM sodium orthovanadate. The beads were washed and incubated with
[g-32P]ATP in an in vitro kinase assay (see above).
Focus Forming Assay—Transfection of the TPR-MET constructs in

Fisher rat fibroblasts was carried out using the DNA-calcium phos-
phate coprecipitation procedure (CellPhect transfection kit, Pharma-
cia). After transfection cells were split at very low density and kept in
DMEM, 5% FCS medium. Formation of transformed foci was detected
in 2–3 weeks.
Scatter Assay—The scatter assay was performed according to Stoker

et al. (16), 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 h, and HGF/SF or NGF were added at the indicated concen-
trations. Pictures were taken after 16 h of incubation.
MAP Kinase Assay—MDCK cells were starved for 24 h in 0.1% FCS,

washed with phosphate-buffered saline, and stimulated with NGF (200
ng/ml in DMEM, 0.05% bovine serum albumin) for 20 min at 37 °C.
After stimulation cells were washed with phosphate-buffered saline and
lysed with boiling extraction buffer (see above). 70 mg of proteins/
sample were run in SDS-PAGE (10% cross-linking). The gel was blot-
ted, and MAP kinase was visualized using mouse monoclonal antibody
1B3B9.

RESULTS

Met kinase Activity Is Unaffected by Carboxyl-terminal Point
Mutations—To abrogate Grb2 binding, asparagine 1358 (which
confers Grb2 specificity to phosphotyrosine 1356) was con-
verted into histidine (mutant N1358H), while to enhance Grb2
binding, histidine 1351 was converted into asparagine (mutant
H1351N). We have previously shown that carboxyl-terminal
Tyr 3 Phe mutations (at residues Tyr1349, Tyr1356, and
Tyr1349–1356) do not affect Met kinase activity (2). We verified
that the Asn7 His mutations did not interfere with the ability
of Met to autophosphorylate using immunoprecipitates ob-
tained from lysates of COS-1 cells expressing Tpr-Met mutants
(Fig. 1, Panel A). Panel A of Fig. 1 shows that the auto-kinase
activity is similar for all mutants. The migration rate of the
different mutants varies and is inversely proportional to the
number of tyrosine residues available for phosphorylation. Mu-
tant Y1356F runs ahead of mutant Y1349F because Tyr1356 is
more heavily phosphorylated in vitro than Tyr1349 (8). Mutant
H1351N and N1358H migrate exactly like wild type Tpr-Met,
indicating that the Asn7His mutations in 12 do not affect the
level of phosphorylation of the upstream tyrosine residues.
Similarly active is a Tyr 3 Phe mutant lacking, in addition to
Tyr1349 and Tyr1356, also the most carboxyl-terminal tyrosine
residue (Y1349F/Y1356F/Y1365F).
Grb2 Binding Is Selectively Abrogated by the Asn 3 His

Mutation in Position 1358—The ability of the N1358H Tpr-Met
mutant to bind downstream effectors was tested in in vitro
association experiments. The SH2 domains of p85, pp60c-src,

FIG. 1. A, point mutations in the carboxyl-terminal docking sites do
not affect the kinase activity of Tpr-Met. Wild type and mutant Tpr-Met
proteins were immunoprecipitated from COS-1 cells transfected with
pMT2-Tpr-Met constructs (one confluent 10-cm dish), using human
Met-specific antibodies. Immunoprecipitates were used to carry out an
in vitro kinase assay with [g-32P]ATP. Labeled proteins were separated
on 8% SDS-PAGE. The gel was dried and exposed for autoradiography.
Positions of the Tyr3 Phe and Asn7 His substitutions in Tpr-Met are
numbered according to the corresponding residues in the full size re-
ceptor (for the revised MET sequence see Ref. 14, EMBL DataBank
reference no. X54559). B, the Asn 3 His mutation in position 1358
selectively abrogates Grb2 binding. GST-fusion proteins of the SH2
domains indicated (C-SH2 domain of p85, N-SH2 domain of phospho-
lipase-Cg, full-size Grb2 and Shc) were immobilized (approximately 500
ng/point) on glutathione-Sepharose beads and incubated with lysates
from COS-1 cells transiently expressing wild type Tpr-Met or the
N1358H mutant. Complexes were washed and Tpr-Met was visualized
by an in vitro kinase assay as above. WT, wild type; PLCg,
phospholipase-Cg.
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phospholipase-Cg, Grb2, and Shc (produced as GST fusion pro-
teins) were used to precipitate wild type and the N1358H
Tpr-Met mutant from lysates of transfected COS-1 cells. Panel
B of Fig. 1 shows that all SH2s, except that of Grb2, were
equally good at precipitating wild type and mutant Tpr-Met.
This indicates that the Asn 3 His mutation selectively abro-
gates binding with Grb2. Similar experiments carried out with
the H1351N Tpr-Met mutant gave the same results as wild
type Tpr-Met (not shown), indicating that the presence of the
asparagine in 12 does not prevent all other effectors from
binding to Tyr1349.
Met-mediated Transformation Is Dependent on Direct Asso-

ciation with Grb2—In Tpr-Met, the extracellular domain of
Met is replaced with Tpr sequences, which provide two strong
dimerization motifs (17). Dimerization causes constitutive ac-
tivation of the Met kinase, which acquires the ability to trans-
form rodent fibroblasts. We have previously shown that mutat-
ing Tyr1349 and Tyr1356 into Phe completely abrogates Tpr-Met-
mediated transformation of rat Fisher cells (2). Tyr1356, which
binds Grb2, is the more critical among the two tyrosines, sug-
gesting that activation of the Ras pathway through Grb2 is
central to Tpr-Met-mediated transformation. However, since
this phosphotyrosine is a docking site for several SH2-contain-
ing molecules, the Tyr3 Phe mutation not only interferes with
Ras activation but also impairs the ability to activate addi-
tional pathways, which could be equally important to transfor-
mation. To evaluate the net contribution of the direct link with
Ras in transformation we tested in the same assay the new
Grb2-specific Tpr-Met mutants, obtained by the Asn 7 His
substitutions. Table I shows that selective uncoupling of Grb2
from Tpr-Met drastically lowers its transforming efficiency,
bringing it close to the level of the Y1356F mutant. This indi-
cates that the ability to fully activate Ras is by far the most
important feature in Tpr-Met-mediated transformation. The
increase in the number of foci brought about by the introduc-
tion of a second Grb2 binding site (mutant H1351N) shows that
the Tpr-Met transforming potential can be further enhanced by
recruitment of additional Grb2/SOS complex.
Table I also shows that mutation of the most carboxyl-ter-

minal tyrosine, Tyr1365, previously not tested, had no effect on
Tpr-Met-mediated transformation, thus confirming our previ-
ous conclusion that phosphorylation of residues Tyr1349 and
Tyr1356 is the main transductional switch for the HGF/SF
receptor.
Met-mediated Motility Does Not Require Grb2 Binding—To

test the effect of the Ras-specific mutations on motility, a Trk-
Met chimera was constructed fusing the extracellular domain

of human Trk with the transmembrane and intracellular do-
main of human Met. The fusion is illustrated in Fig. 2. The
carboxyl-terminal mutations were inserted in the chimera, and
MDCK cells were co-transfected with these constructs together
with a marker for neo selection (pSV2neo). MDCK are the
preferred cells for the scatter assay since, in the absence of the
ligand, they grow in tight clusters. On overnight treatment
with HGF/SF, MDCK cells dissociate and undergo striking
morphological changes, taking on a more “fibroblastoid” ap-
pearance and emitting long filaments. G418 resistant MDCK
clones were tested either by scatter assay following NGF treat-
ment, or by kinase assay using antibodies specific for human
Met. Only a low percentage of the G418-resistant clones ex-
pressed the Trk-Met protein (20%). Among these, we chose by
Western blotting a set of clones expressing comparable
amounts of chimeric receptor, using as a reference the level of
Met protein present in A549 cells, which are of human origin,
and respond to HGF/SF with motility (Fig. 3, panel A). The
endogenous Met of MDCK cells could not be used as a standard,
due to the lack of an appropriate antibody. All Trk-Met chime-
ras had a low level of basal phosphorylation, which did not
affect their resting phenotype. Tyrosine phosphorylation in-
creased following addition of NGF (a representative example is
shown in Fig. 3, panel B). A few clones expressing higher levels
of the Trk-Met chimeric receptor showed stronger basal phos-
phorylation and a constitutively motile phenotype. These
clones were excluded from the experiments.
NGF treatment induced motility (scatter) in cells expressing

the wild type Trk-Met chimera (Fig. 4). Cells expressing Trk-
Met mutants Y1349F and Y1365F were also induced to scatter
by NGF, in a manner indistinguishable from wild type (not
shown). This indicates that the contribution of these tyrosines
to motility, if any, is minor. Cells expressing mutant Y1356F
(which is drastically impaired in its ability to transform cells)
when treated with NGF did not fully scatter, although they
underwent morphological changes. Most cells looked flattened,
and only some acquired a “fibroblastoid” morphology (Fig. 4,
see also Ref. 9). A completely amotile phenotype was apparent
only in MDCK cells expressing the Trk-Met double mutant
Y1349F/Y1356F (as indicated on Fig. 3A as Y1349–1356F)
(Fig. 4). Surprisingly, mutation N1358H (which uncouples
Grb2 from the chimeric receptor and is as drastic as Y1356F on
transformation), did not interfere at all with motility. Several
independent clones were tested, and they all showed a full
scattering response (example in Fig. 4). Lastly, introduction of
an asparagine in position 12 of Tyr1349, as expected, had no
effect on motility (not shown).

TABLE I
Relative transforming activity of wild type and mutant Tpr-Met
Rat Fisher fibroblasts were transfected with 10 mg of the plasmid

pMT2, pMT2-TprMet wild type, or the indicated pMT2-Tpr-Met mu-
tants. Cells were split 1:10 and kept in low serum. Foci were counted
after 2–3 weeks. The values reported represent the average of three
independent experiments. The Lys2 mutant is kinase-dead, due to a
Lys3 Ala mutation of lysine residue 1110, located in the ATP binding
site.

DNA Foci/10 mg DNA Relative
transforming activity

% of TPR-MET

Vector 0 0
TPR-MET 322 6 30 100
TPR-MET Y1349F 202 617 62
TPR-MET Y1356F 17 6 3 5
TPR-MET Y1365F 346 6 40 107
TPR-MET Y1349F/Y1356F 0 0
TPR-MET N1358H 35 6 2 11
TPR-MET H1351N 466 6 50 145
TPR-MET Lys2 0 0

FIG. 2. Trk-Met chimeric protein. The extracellular domain of
human Trk was fused to the human Met transmembrane and cytoplas-
mic domains. Due to the strategy used (see “Experimental Procedures”),
the chimera includes two residues of Met extracellular domain. TK, Met
tyrosine kinase domain. YVHV and YVNV (Y1349VHVNATY1356VNV)
are multifunctional docking sites. Amino acids of the transmembrane
domain are underlined.
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These results prompted us to verify in the MDCK clones the
effect of NGF stimulation on the activation of MAP kinase, a
downstream step of the Ras-triggered kinase cascade. This
event is mediated by MAP kinase phosphorylation, which can
be visualized by a shift in mobility in SDS-PAGE. Extracts of
MDCK cells expressing the mutant chimeras, before and after
NGF stimulation, were run on SDS-PAGE and blotted with
anti-MAP kinase antibodies. Fig. 5 shows that NGF induced a
MAP kinase shift in all clones capable of motility, included
those expressing the Trk-Met chimera N1358H. MAP kinase
was only partially shifted in cells expressing the chimera
Y1356F and not shifted at all in the amotile clones expressing

the chimera Y1349F/Y1356F. These results indicate that in
mutant N1358H phosphorylation of Tyr1356 allows other effec-
tors to pass enough signal to cause a MAP kinase shift.

DISCUSSION

Following ligand binding, activated tyrosine kinase receptors
dimerize and phosphorylate themselves on critical tyrosine
residues becoming “docking devices” for SH2-containing mole-
cules. Binding of SH2 domains to phosphotyrosine residues
occurs via a spectrum of interactions, whose character varies
from highly specific (i.e. platelet-derived growth factor recep-
tor) (18) to rather promiscuous (i.e. epidermal growth factor
receptor) (19). Activation of the HGF/SF receptor, in particular,
results in phosphorylation of two carboxyl-terminal tyrosines
(Y1349VHVNATY1356VNV) which act as multifunctional dock-
ing sites for a number of SH2-containing effectors (2). The
importance of these tyrosines in mediating the biological effect
of HGF/SF is proven by the loss of Met-mediated transforma-
tion and motility upon mutation of both residues into phenyl-
alanine (2, 7–9). Loss of Tyr1356 alone already significantly
impairs Met function. With respect to Tyr1349, Tyr1356 is phos-
phorylated at higher stoichiometry (7), and, given the presence
of an asparagine residue in position 12, has the unique ability
of binding Grb2. This phosphotyrosine, however, is also in-
volved in recruitment of other signaling molecules, and thus
mutating it into phenylalanine affects overall Met-mediated
signal transduction. In this work we wanted to evaluate the net
contribution to growth and motility of the direct link between
Met and Ras through Grb2. Grb2 binding was specifically ab-
rogated, without interfering with other effectors, by mutating
into histidine the asparagine residue in position 12 to Tyr1356

(Y1349VHVNATY1356VHV). The reciprocal histidine to aspara-
gine mutation in 12 of Tyr1349 was introduced to impart also to
this multifunctional tyrosine the ability of binding Grb2
(Y1349VNVNATY1356VNV).
Disruption of the Grb2 consensus in Tpr-Met resulted in a

reduction in the number of foci almost as severe as that caused
by the loss of the corresponding tyrosine (Tyr1356). This suggest
that the major contribution of Tyr1356 in Tpr-Met signal trans-
duction is that of activating Ras through Grb2. When tested in
a transcription assay from a Ras-responsive promoter to eval-

FIG. 3. A, expression of Trk-Met chimeras in G418-resistant MDCK
clones. Total protein extracts (approximately 200 mg/lane) of G418-
resistant MDCK clones were separated on 8% SDS-PAGE, blotted, and
probed with human-specific anti-Met antibodies. The upper band rep-
resents 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 repre-
sents the immature Met precursor, while the lower band represents the
heavy chain of the mature receptor (29). B, tyrosine-phosphorylation of
Trk-Met chimeras is increased by treatment with NGF. The MDCK
clone expressing the wild type chimera shown in panel A was kept in
low serum for 24 h and treated with 200 ng/ml of NGF for 20 min at
37 °C. Anti-Met immunoprecipitates obtained from untreated (2) and
NGF-treated (1) 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 of tyrosine phosphorylation), re-
sponds to NGF treatment. The positions of 204, 121, 82, and 50 kDa
molecular mass markers are indicated.

FIG. 4. NGF induces motility in MDCK cells expressing Trk-Met chimeras. The MDCK clones expressing wild type and mutant Trk-Met
chimeras shown in Fig. 3 were treated with HGF/SF (25 units/ml) or NGF (100 ng/ml) overnight. Magnification 3 10.

Ras Requirement in Met-mediated Growth and Motility14122

 by guest on July 24, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


uate their ability to activate the Ras kinase cascade, both
Tpr-Met mutants N1358H and Y1356F were 50% as efficient as
wild type.2 This level of residual signal is evidently not ade-
quate for transformation. On the other hand, duplication of the
Grb2 binding site in Tpr-Met increased the number of foci with
respect to wild type. Accordingly, this mutant was also more
efficient in inducing transcription from a Ras-responsive pro-
moter.2 In conclusion, the number of foci obtained seems to
reflect the intensity of the Ras signal elicited by the Tpr-Met
mutants, strongly suggesting that full Ras activation is neces-
sary for Met-mediated growth and transformation.
Surprisingly (considering their similar inhibitory effect on

transformation), the mutation which specifically uncouples
Grb2 from Tyr1356 in the Met receptor (N1358H) was permis-
sive for a bona fide scatter response in MDCK cells, while the
mutation involving the loss of this tyrosine (Tyr1356) did inter-
fere with motility. Furthermore, following NGF stimulation,
the N1358H Trk-Met chimera induced a MAP kinase shift
equivalent to that caused by wild type Trk-Met, while the
Y1356F Trk-Met chimera induced only a partial MAP kinase
shift. This suggests that when the N1358H mutation is present
within the context of a receptor in MDCK cells, Tyr1356 medi-
ates recruitment to the membrane of other effectors (i.e. Shc,
phosphatidylinositol 3-kinase or phospholipase-Cg) (3, 20–23)
which feed into the MAP kinase cascade and activate it to a
level permissive for motility. Our stable clones do not allow us
to evaluate the proliferative potential of the N1358H chimeric
receptor, since HGF/SF is not a mitogen for MDCK cells. It
would be interesting to test this mutant chimera in cells capa-
ble of a proliferative response.
In MDCK cells Ras is necessary together with Rac, to induce

“spreading” and actin reorganization in the first few hours of
HGF/SF treatment. Clearly, the necessary threshold of Ras/
Rac activation is reached upon Met activation whether the link
with Grb2 is present or not. Progression from “spreading” into
full scattering requires a third signal, distinct from Ras and
Rac (6). Trk-Met mutants N1358H and H1351N are equally
capable of going beyond the “spreading” stage and are able to
elicit a full scatter response, indicating that also the third
signal mentioned above is passed on regardless of the residue
in position 12 of either tyrosine. A likely candidate for the
third signal alluded to by Ridley et al. (6) is phosphatidylinosi-
tol 3-kinase. Phosphatidylinositol 3-kinase is activated follow-

ing HGF/SF stimulation in MDCK cells (24), and scattering is
inhibited by Wortmannin (25). Both our mutants are indeed
competent to bind phosphatidylinositol 3-kinase, since the se-
quence YV(H/N)V is a phosphatidylinositol 3-kinase recogni-
tion motif, albeit of lower affinity with respect to the canonical
YXXM sequence (12).
This work shows that Met-mediated transformation and mo-

tility can be dissociated on the basis of their differential re-
quirement for a direct link with the Ras pathway. Mutant
N1358H, which is likely to be impaired in mediating growth
but is competent in transducing motility, seems particularly
interesting in terms of its possible application to the study of
the HGF/SF-Met pair in vivo. Targeting of the hgf/sf or met
genes by homologous recombination shows that they are essen-
tial for placental, liver, and muscle development, and result in
embryonal death at E13.5–15.5 (26–28). Introducing in the
mouse genome a “partial” loss of function mutation (such as the
Asn3 His substitution) which allows retention of some biolog-
ical activity, may make it possible to circumvent the lethal
phenotype resulting from the straight knock-out approach.
This in turn may allow identification of HGF/SF-Met functions
in later developmental stages.
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FIG. 5. NGF-induced MAP kinase shift in MDCK cells express-
ing the Trk-Met chimeras. MDCK cells expressing wild-type and
mutant Trk-Met chimeras (same clones shown in Fig. 3 and 4) were
starved 24 h in low serum and treated with NGF (200 ng/ml) for 20 min
at 37 °C. Total protein extracts were run on a 10% SDS-PAGE, blotted,
and probed with anti p42mapk antibodies. In the particular experiment
shown NGF treatment of MDCK cells expressing mutant Y1365F
caused only a partial MAP kinase shift. In the majority of the experi-
ments, however, this mutant behaved as wild type.
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