THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2003 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 278, No. 31, Issue of August 1, pp. 29352-29358, 2003
Printed in U.S.A.

Mutations in the met Oncogene Unveil a “Dual Switch” Mechanism
Controlling Tyrosine Kinase Activity*

Received for publication, March 7, 2003, and in revised form, May 8, 2003
Published, JBC Papers in Press, May 12, 2003, DOI 10.1074/jbc.M302404200

Federica Chiaraf, Paolo Michielii§, Luisa Pugliese, and Paolo M. Comoglio

From the Division of Molecular Oncology, Institute for Cancer Research and Treatment (IRCC),
University of Torino Medical School, I-10060 Candiolo, Torino, Italy

The met oncogene, encoding the high affinity hepato-
cyte growth factor receptor, is the only known gene
inherited in human cancer that is invariably associated
with somatic duplication of the mutant locus. Intrigu-
ingly, mutated Met requires ligand stimulation in order
to unleash its transforming potential. Furthermore, in-
dividuals bearing a germ line met mutation develop can-
cer only late in life and with incomplete penetrance. To
date, there is no molecular explanation for this unique
behavior, which is unusual for a dominant oncogene.
Here we investigate the molecular mechanisms under-
lying met oncogenic conversion by generating antibod-
ies specific for the differently phosphorylated forms of
the Met protein. Using these antibodies, we show that
activation of wild-type Met is achieved through sequen-
tial phosphorylation of Tyr!'2® and Tyr!'234 in the activa-
tion loop and that mutagenesis of either tyrosine dra-
matically impairs kinase function. Surprisingly,
oncogenic Met mutants never become phosphorylated
on Tyr'?3* despite their high enzymatic activity, and
mutagenesis of Tyr!'?** does not affect their biochemical
or biological function. By analyzing the enzymatic prop-
erties of the mutant proteins in different conditions, we
demonstrate that oncogenic mutations do not elicit con-
stitutive kinase activation but simply overcome the re-
quirement for the second phosphorylation step, thus
reducing the threshold for activation. In the presence of
activating signals, these mutations result therefore in a
dynamic imbalance toward the active conformation of
the kinase. This explains why mutant met provides an
oncogenic predisposition but needs a second activating
“hit,” provided by sustained ligand stimulation or recep-
tor overexpression, to achieve a fully transformed
phenotype.

The Met tyrosine kinase, a high affinity receptor for hepato-
cyte growth factor (HGF),! plays a pivotal role in controlling
cell growth, motility, differentiation, and survival (1, 2). The
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fine tuning of these processes by Met is central for embryo
development, organ formation, wound healing, and tissue re-
generation (3—6). Inappropriate activation of the Met pathway
leads to the acquisition of transforming and invasive potential
and is a recurrent event in some types of human cancer (7-9).
Point mutations in the met proto-oncogene, corresponding to
amino acid substitutions in the kinase domain of Met, co-
segregate with hereditary papillary renal carcinomas (10) and
have been described in sporadic tumors as well (10-13). Mu-
tant Met has been shown to display deregulated kinase activity
to transform mouse fibroblast and to be tumorigenic in nude
mice (14, 15), although the molecular mechanism underlying
this oncogenic conversion is still unclear. Interestingly, al-
though the mutant forms of Met possess an intrinsic higher
kinase activity in vitro, their transforming ability in vivo is
latent and can be unmasked only in the presence of HGF (16).
Patients harboring a germ line mutation in the met gene de-
velop cancer only late in life and with incomplete penetrance
(10), most probably because duplication of the mutant allele is
required for tumor progression (17, 18). All together, these
observations indicate that a met mutation provides tumor pre-
disposition, but increased dosage and/or sustained ligand stim-
ulation is required to actually determine tumor formation. To
date, there is no molecular explanation for this unique biolog-
ical behavior, which is unusual for a dominant oncogene.

From a biochemical viewpoint, receptor tyrosine kinases
(RTKSs) are nothing but allosteric enzymes that may exist in an
inactive and an active conformation. The transition from the
inactive to the active state is regulated by both cis-autoinhibi-
tion and trans-autophosphorylation. In the inactive form, ac-
cess of substrate or substrate and ATP to the catalytic site is
prevented by a “closed” conformation of the activation loop
(A-loop), a structurally conserved mobile segment containing
key regulatory tyrosines that blocks substrate access to the
catalytic niche but cannot be cis-phosphorylated because of
steric hindrance. Upon ligand-induced stabilization of receptor
homodimers, trans-phosphorylation of the A-loop by a neigh-
boring protomer mediates destabilization of the closed A-loop
conformation, thus removing autoinhibition and allowing for
kinase activation (19, 20). In the case of Met, the A-loop con-
tains two neighbor tyrosines, Tyr'?3* and Tyr'2%?, that repre-
sent the major phosphorylation site of the receptor and are
essential for the catalytic activity of the kinase. Substitution of
either tyrosine with phenylalanine severely impairs wild-type
kinase function (21, 22).

In this study, we investigate the molecular mechanisms un-
derlying oncogenic conversion of Met by an immunological ap-
proach. To study the function of Tyr'?3** and Tyr!'?3® in wild-
type and mutant Met regulation, we developed antibodies
specific for the differently phosphorylated forms of the Met
A-loop. We provide evidence that three different transforming
Met mutants, D1228H, D1228N, and M1250T, found in both
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hereditary and sporadic human tumors are surprisingly not
phosphorylated on Tyr'?3* despite their high kinase activity.
By site-directed mutagenesis, we demonstrate that phospho-
rylation of Tyr!23* is dispensable for mutant Met biochemical
and biological activity and that phosphorylation of Tyr!22®
alone is sufficient to activate the mutant kinase. Consistent
with this observation, the activation of mutant Met by auto-
phosphorylation occurs faster compared with wild-type Met,
and if the proteins get preactivated with ATP before the assay,
the kinase activity of wild-type Met becomes comparable with
that of mutant Met. Importantly, mutant Met displays in-
creased tyrosine phosphorylation in vivo only if its ability to
interact with HGF is preserved. These data suggest that onco-
genic mutations in the met gene do not activate the kinase per
se but simply lower the threshold for activation, explaining why
a “second hit” is required by mutant Met to unleash its onco-
genic potential.

EXPERIMENTAL PROCEDURES

Generation of Anti-phospho-A-loop Antibodies—Polyclonal antibod-
ies were generated against the following synthetic peptides correspond-
ing to amino acids 1229-1242 of human Met: peptide-AL, MYDKEYYS-
VHNKTG; peptide-AL-pTyr'??* MYDKEpYYSVHNKTG; and peptide-
AL-pTyr'?%*, MYDKEYpYSVHNKTG. New Zealand White rabbits were
immunized with peptides as described previously (23). Sera of immu-
nized animals were purified by four consecutive steps of affinity chro-
matography as follows. In the first step, total immunoglobulins were
purified using a Sepharose-protein A column (Amersham Biosciences)
and eluted with 50 mMm glycine, pH 2.7. Following neutralization with
Tris-HCI, pH 8.0, and dialysis against phosphate-buffered saline, im-
munoglobulins (second step) were deprived of antibodies against non-
phosphorylated A-loop by adsorption on a column of immobilized pep-
tide-AL. The flow-through from step 2 was dialyzed against phosphate-
buffered saline and then deprived of general anti-phosphotyrosine
antibodies (step 3) using a column of phosphotyrosine-agarose (Sigma).
In the last step, the flow-through from step 3 was applied to a column
containing the phosphopeptide used for immunization and anti-phos-
pho-A-loop-antibodies were purified by affinity. For purification of an-
tibodies against non-phosphorylated A-loop, immunoglobulins from
step 1 were applied directly onto a column of immobilized peptide-AL,
purified by affinity, and then deprived of general anti-phosphotyrosine
antibodies as described in step 3. Peptides were coupled to Affi-Gel 10
(Bio-Rad) at a density of 2.5 mg/ml according to the manufacturer’s
instructions. All of the antibodies were eluted from peptide columns
with 50 mm glycine, pH 2.7, and immediately neutralized with Tris-
HCIl, pH 8.0. Purified antibodies were dialyzed against phosphate-
buffered saline containing 10% glycerol and stored at —80 °C.

Site-directed Mutagenesis—The generation of the following Met mu-
tants has been described: Y1234F Met, Y1235F Met, and Y1234F
Y1235F Met (21); K1228A Met (24); D1228H Met, D1228N Met, and
M1250T Met (15); and AMet (16). Starting from these mutants, all of
the other combination mutants (D1228H Y1234F Met, D1228H Y1235F
Met, D1228H Y1234F Y1235F Met, M1250T Y1234F Met, M1250T
Y1235F Met, M1250T Y1234F Y1235F Met, D1228H AMet, and
M1250T AMet) were generated using standard PCR and genetic-engi-
neering techniques. Mutants were subcloned into the expression vector
pMT2 (21) for transient expression or pCEV (16) for stable expression.

Cell Culture and Transfection—COS simian kidney epithelial cells
(ATCC, Manassas, VA) and MLP29 mouse hepatocyte precursors (25)
were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum (Sigma). A549 lung carcinoma cells
(ATCC) and GTL16 cells (26) were maintained in RPMI 1640 medium
plus 10% fetal bovine serum. NIH3T3 mouse fibroblasts were grown in
Dulbecco’s modified Eagle’s medium plus 10% calf serum (Colorado
Serum Co., Denver, CO). Transient transfection of COS cells and stable
transfection of MLP29 cells were performed using Lipofectin reagent
(Invitrogen) according to the manufacturer’s instructions. Focus forma-
tion assays were performed as described previously (16). Cells (1.5 X
10° cells/100-mm plate) were transfected with the appropriate pCEV
plasmid (10 ug/plate) by the calcium-phosphate method in the presence
of 10% calf serum. After 24 h, serum concentration was reduced to 5%
and cells were cultured for an additional 14 days. Foci were scored
following staining with Giemsa dye. HGF stimulation was performed on
serum-starved MLP29 cells for 10 min at 37 °C using 100 ng/ml bacu-
lovirus-produced human recombinant HGF.
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Western Blot Analysis—Protein extracts were obtained by lysing cells
in EB buffer (100 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1% Triton X-100,
10% glycerol) in the presence of 1 mM sodium orthovanadate and a
mixture of protease inhibitors (pepstatin, leupeptin, aprotinin, soybean
trypsin inhibitor, phenylmethylsulfonyl fluoride). Extracts were clari-
fied by centrifugation, and protein concentration was determined using
a BCA protein assay reagent kit (Pierce). Equal amounts of total protein
extract (1 mg) were immunoprecipitated using anti-Met monoclonal
antibodies (DQ-13) (27) adsorbed on Sepharose-protein A beads (Amer-
sham Biosciences) using rabbit anti-mouse immunoglobulins (Pierce).
Immunoprecipitated proteins were resolved by SDS-PAGE and ana-
lyzed by Western blotting using the appropriate anti-A-loop antibodies,
anti-phosphotyrosine antibodies (UBI, Lake Placid, NY), anti-Met poly-
clonal antibodies (C-12, Santa Cruz Biotechnology, Santa Cruz, CA), or
anti-epidermal growth factor receptor antibodies (BD Transduction
Laboratories, San Diego, CA). Bound antibodies were detected using
the appropriate peroxidase-conjugated secondary antibodies and an
ECL kit (both from Amersham Biosciences). Quantification of ECL
signal was performed using a STORM apparatus with ImageQuant
software (Amersham Biosciences).

Kinase Assays—For autokinase assays, the various Met proteins
were produced by transient transfection in COS cells, extracted with EB
buffer in the absence of orthovanadate, and then immunoprecipitated
with anti-Met antibodies as described above. Immunoprecipitated pro-
teins were washed in dephosphorylation buffer (100 mM Tris, pH 8.0, 10
mM MgCl,, 0.1 mM ZnCl,, 100 mM NaCl, 0.2 mg/ml bovine serum
albumin) and dephosphorylated using purified shrimp alkaline phos-
phatase (2 units/50 ul, Promega, Madison, WI) for 1 h at 16 °C. Dephos-
phorylated proteins were then washed five times with kinase buffer (25
mM HEPES, pH 7.1, 5 mm MgCl,, 100 mm NaCl). The phosphorylation
reaction was performed in 50 ul of kinase buffer containing [y-**P]ATP
(5 Ci/sample) and 10 puM unlabeled ATP for the indicated times at room
temperature. The reaction was stopped by the addition of boiling La-
emmli buffer. Samples were resolved by SDS-PAGE on a 8% polyacryl-
amide gel and then transferred to a Hybond nitrocellulose membrane
(Amersham Biosciences). The radioactive filter was analyzed by auto-
radiography and quantified using a STORM apparatus with Image-
Quant software. After autoradiography, the membrane was analyzed by
Western blot using anti-Met polyclonal antibodies as described above
and kinase activity was normalized on Met protein amount. For exog-
enous substrate kinase assays, the various Met proteins were prepared
and dephosphorylated as described above. The kinase reaction was
performed by incubating immunoprecipitated proteins with increasing
concentrations of myelin basic protein (Sigma) in kinase buffer contain-
ing 10 mM unlabeled ATP and [y-*?P]JATP (5 Ci/sample) for 15 min at
4 °C. The reaction was blocked by the addition of reducing Laemmli
buffer containing 10 mm EDTA. Samples were resolved by SDS-PAGE
on a 8—-12% gradient polyacrylamide gel. Following electrophoresis, the
lower portion of the gel containing myelin basic protein was cut, dried,
and analyzed by autoradiography. The upper portion of the gel contain-
ing the Met protein was transferred to a nitrocellulose membrane,
analyzed by Western blot using anti-Met antibodies, and quantified as
described above. Myelin basic protein phosphorylation was quantified
using a STORM apparatus as described above, and values were nor-
malized on Met protein levels. For preactivation experiments, immu-
noprecipitated Met proteins were incubated in kinase buffer containing
40 mM unlabeled ATP for 2 h at room temperature.

Sequential Phosphorylation of Tyr'?%® and Tyr'?**—To determine the
phosphorylation kinetic Tyr'?** and Tyr'2*®, wild-type Met protein was
prepared and dephosphorylated as described above. Dephosphorylated
Met was subjected to an autophosphorylation reaction in kinase buffer
containing 0.1 uM unlabeled ATP on ice and for the indicated times. The
reaction was stopped by the addition of boiling Laemmli buffer. Sam-
ples were resolved by SDS-PAGE on a 8% polyacrylamide gel, trans-
ferred to a Hybond nitrocellulose membrane, and then analyzed by
Western blot using anti-AL-pTyr'?*4, anti-AL-pTyr'?*® antibodies, or
anti-Met antibodies as described above.

RESULTS

Generation of Anti-phospho-A-loop Antibodies—To gain new
insights into the mechanism of Met regulation, we generated
antibodies against three different synthetic peptides corre-
sponding to amino acids 1229-1242 of the Met A-loop. Each
peptide had a distinct pattern of tyrosine phosphorylation:
peptide-AL (not phosphorylated); peptide-AL-pTyr'23* (phos-
phorylated Tyr!2%4); and peptide-AL-pTyr!23® (phosphorylated
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Fic. 1. Generation of antibodies specific for distinct phospho-
rylated forms of the Met A-loop. Left panel, COS cells transiently
overexpressing the indicated Met proteins were analyzed by Western
blot using anti-A-loop antibodies or anti-phosphotyrosine antibodies
(anti-pY) following immunoprecipitation with anti-Met antibodies.
K1228A Met is a kinase-inactive mutant. WT' Met, wild-type Met. Mid-
dle panel, antibody specificity was tested in GTL16 gastric carcinoma
cells following immunoprecipitation with anti-Met antibodies or anti-
epidermal growth factor receptor (EGFr) antibodies. Right panel, A549
lung carcinoma cells express moderate Met levels and therefore retain
HGF responsivity. The lower band (p145 Met) is the mature form of
Met, whereas the upper band (p170 Met) corresponds to the immature
Met precursor. In normal cells, only p140 Met is exposed at the mem-
brane and becomes tyrosine-phosphorylated, but in overexpressing con-
ditions (e.g. in COS cells), large amounts of p170 accumulates in the
secretory pathway, thus resulting in increased tyrosine phosphoryla-
tion of the p170 form as well.

Tyr!235). New Zealand White rabbits were immunized with the
different peptides, and immunoglobulins from positive bleeds
were purified by repeated affinity steps as described under
“Experimental Procedures.” The immunospecificity of purified
antibodies was analyzed by Western blotting using COS cells
transiently expressing wild-type Met as well as mutant forms
of Met lacking Tyr'234, Tyr!23®, or both. Because of very high
levels of expression, exogenous RTKs produced in this system
undergo spontaneous clusterization and trans-autophospho-
rylation. As shown in Fig. 1, left panel, anti-AL antibodies
recognized the Met protein regardless of its phosphorylation
status. In contrast, anti-AL-pTyr'?3* and anti-AL-pTyr!'2?35 an-
tibodies were immunoreactive only with Met proteins contain-
ing a phosphorylated tyrosine in positions 1234 and 1235,
respectively. In GTL16 gastric carcinoma cells that overexpress
both Met and epidermal growth factor receptor, all of the an-
tibodies were specific for Met (central panel). Immunoreactivity
with Met was also observed in A549 lung adenocarcinoma cells
that express moderate levels of receptor and therefore require
ligand stimulation for Met autophosphorylation (right panel).
It can be concluded that the generated antibodies can specifi-
cally discriminate among differently phosphorylated forms of
the Met A-loop.

Oncogenic Forms of Met Are Not Phosphorylated on
Tyr'23?_To shed light onto the molecular mechanisms under-
lying oncogenic conversion of Met, we analyzed the phospho-
rylation status of three representative mutant forms of Met
commonly found in both hereditary and sporadic human tu-
mors: D1228H Met, D1228N Met, and M1250T Met (11, 12).
COS cells transiently expressing wild-type or mutant Met were
analyzed by Western blotting as described above. Remarkably,
this analysis revealed that all of the mutants analyzed are not
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Fic. 2. Oncogenic forms of Met are not phosphorylated on
Tyr'23%, Left panel, COS cells transiently overexpressing D1228H Met,
D1228N Met, M1250T Met, or wild-type (WT) Met were analyzed by
Western blotting as described in Fig. 1. Right panel, MLP29 epithelial
cells stably expressing moderate levels of the indicated Met proteins
were analyzed as above in the absence of growth factors or following
stimulation with HGF for 10 min.

phosphorylated on Tyr'?3* (Fig. 2, COS panel). This is surpris-
ing because, as already stated, phosphorylation of both Tyr!1234
and Tyr'?3% is an absolute requirement for activation of the Met
kinase (21, 22). Failure of the antibodies to recognize the mu-
tant proteins cannot be the result of conformational changes of
the kinase, because the immunoblotting procedure involves the
boiling of samples in ionic detergent plus reducing agent and
electrophoresis in denaturing conditions. Furthermore, the
lack of Tyr'234 phosphorylation in mutant Met is not an artifact
due to overexpression in COS cells, because epithelial cells
(MLP29) stably expressing moderate levels of Met display the
same pattern of immunoreactivity upon ligand stimulation
(Fig. 2, MLP29 panel). Because the D1228H, D1228N, and
M1250T Met mutants possess high catalytic and transforming
activity (15-17), these data suggest that phosphorylation of
Tyr'234 is dispensable for their function.

Oncogenic Mutations Overcome the Requirement for Tyr
Phosphorylation—To test this hypothesis, we mutagenized
Tyr'234, Tyr'235 or both to phenylalanine in wild-type or mu-
tant Met and analyzed kinase activity of the engineered recep-
tors in both autophosphorylation assays (Fig. 3A) and kinase
assays using an exogenous substrate (Fig. 3B). Because the
D1228H and D1228N behaved similarly in all of the analyses
performed, only the results relative to D1228H will be shown
hereafter. As previously reported (21, 22), wild-type Met activ-
ity strongly relied on the presence of both tyrosines. In con-
trast, the kinase activity of D1228H Met and M1250T Met was
not affected by the Y1234F substitution. Unexpectedly, also the
Y1235F substitution did not reduce mutant kinase activity in
the presence of Tyr'23%. However, this is easily explained by
reciprocal compensating phosphorylation of the two neighbor
tyrosines. In fact, Tyr!23* becomes phosphorylated in mutant
Met when Tyr!'2%® is missing (Fig. 4). In any case, kinase
activity of both D1228H Met and M1250T Met decreased dra-
matically upon mutagenesis of both Tyr'?3* and Tyr!'?3® to
phenylalanine, indicating that mutant Met requires at least
one of the two tyrosines for function. This was also observed in
biological assays aimed at measuring the transforming activity
of the mutant Met proteins. NIH3T3 cells, which produce HGF
(see Refs. 16 and 14), were transfected with plasmids encoding
for wild-type or mutant Met, and the number of transformed
foci was determined after 2 weeks. As shown in Table I, the
transforming ability of D1228H Met and M1250T Met was not
affected by a single tyrosine substitution but severely impaired
by mutagenesis of both Tyr!23* and Tyr!'23%. Therefore, onco-
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Fic. 3. Oncogenic forms of Met require phosphorylation of
only one A-loop tyrosine. A, COS cells transiently expressing the
indicated Met forms were analyzed for Met autokinase activity (upper
panel). Met protein was normalized using anti-Met antibodies (lower
panel). B, kinase activity of the various Met proteins using a saturating
concentration of ATP and increasing concentrations of myelin basic
protein (MBP conc.) as an exogenous substrate. Values on the y axes
refer to the same arbitrary scale. a.u., arbitrary units.

genic mutations in the kinase domain of Met overcome the
requirement of phosphorylation of one but not two key tyrosine
residue in the A-loop.

Oncogenic Mutations Lower the Threshold for Kinase Activa-
tion—These results suggest that the D1228H and M1250T
oncogenic amino acid substitutions achieve “partial” indepen-
dency from activating signals mediated by A-loop tyrosine
phosphorylation. This would predict that mutant forms of Met
become activated more easily and earlier than wild-type Met.
This was tested by an autophosphorylation time-course exper-
iment in which receptors are forced to homodimerize by a
specific antibody (21). Immunoprecipitated wild-type or mu-
tant Met was accurately dephosphorylated to increase molecu-
lar homogeneity and then incubated with saturating concen-
trations of [32PJATP for different times. The extent of
autophosphorylation was determined by SDS-PAGE followed
by autoradiography and quantified as described under “Exper-
imental Procedures.” As Fig. 5A shows, M1250T Met and
D1228H Met autophosphorylated at a substantially higher rate
compared with wild-type Met. However, autophosphorylation
eventually reached saturation, and in the long term (~2 h), all
of the receptors were phosphorylated to the same extent. Be-
cause intrinsic kinase activity of mutant versus wild-type Met
is normally measured using unphosphorylated receptors and
an exogenous substrate (see Fig. 3B) (14, 15, 21), these data
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Fic. 4. Tyr'?** becomes phosphorylated in mutant Met when
Tyr'?3 is missing. COS cells transiently overexpressing the indicated
Met forms were analyzed by Western blot using anti-A-loop antibodies
or anti-phosphotyrosine antibodies (anti-pY) as described in Fig. 1.

TABLE I
Focus formation assay
NIH3T3 cells were transfected as described previously (16) with
plasmid constructs encoding for the indicated Met proteins, and the

number of transformed foci was scored after two weeks (mean = S.D.,
n = 3). WT, wild type.

Plasmid construct Number of foci

Empty vector 3.7+ 1.2
WT Met 47+ 1.2
D1228H 46.7 £ 5.5
D1228H Y1234F 40.3 £ 4.2
D1228H Y1235F 39.0 = 6.0
D1228H Y1234F Y1235F 10.0 = 2.8
M1250T 73.3 25
M1250T Y1234F 52.7 + 4.7
M1250T Y1235F 51.7 = 8.7
M1250T Y1234F Y1235F 10.3 = 3.1
AMet 33+15
AMet D1228H 4.7+21
AMet M1250T 4321

would be compatible with a scenario in which oncogenic forms
of Met display higher kinase activity because they reach com-
plete activation before wild-type Met. To test this hypothesis, a
kinase assay was performed in parallel using (a) dephospho-
rylated Met or (b) preactivated Met (obtained by preincubating
the immunoprecipitated receptors with ATP for 2 h). In accord-
ance with the mechanism hypothesized, receptor preactivation
using ATP completely abrogated the biochemical advantage of
mutant Met over wild-type Met (Fig. 5B). All together, these
data suggest that oncogenic mutations do not elicit constitutive
activation of the Met kinase but rather decrease the threshold
for kinase activation.

Increased Autophosphorylation Occurs in the Presence of
Stimulating Signals Only—These results prompted us to test
whether oncogenic mutations per se would result in increased
receptor autophosphorylation in the context of a non-overex-
pressing cell system. Recombinant Met receptors were engi-
neered to contain both an oncogenic mutation (D1228H or
M1250T) and a deletion in the HGF-interacting domain in the
extracellular portion of the molecule (16). NTH3T3 cells stably
expressing the engineered receptors (AMet) or the correspond-
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Fic. 5. Oncogenic mutations do not constitutively activate the
Met kinase but lower the threshold for activation. A, immunopre-
cipitated wild-type or mutant Met was incubated in the presence of
[*P]ATP for increasing times, and the extent of autophosphorylation
was determined by autoradiography. a.u., arbitrary units. B, the ability
of wild-type or mutant Met to phosphorylate an exogenous substrate
(MBP conc.) was measured either using dephosphorylated proteins or
following preactivation with ATP.

ing unmodified receptors (Met) were analyzed by Western blot-
ting using anti-phospho-A-loop antibodies to determine Met
activation. Fig. 6 shows the results of this analysis. Remark-
ably, the mutant forms of Met displayed increased A-loop phos-
phorylation compared with wild-type Met only when their abil-
ity to interact with endogenous HGF was preserved. All of the
AMet receptors showed the same low levels of A-loop phospho-
rylation regardless of their genetic status. This cannot be due
to the lack of membrane exposure or kinase inactivation in the
AMet proteins, because these engineered receptors have been
shown to be properly exposed at the cell surface, to respond to
ligand-mimetic antibodies directed against the extracellular
portion of the Met B-chain, and to be completely functional in
kinase assays (16). Furthermore, AMet receptors containing
the D1228H or M1250T mutation failed to transform NIH3T3
fibroblasts (Table I). Therefore, consistent with the data
showed in Fig. 2, MLP29 panel, and the results obtained in
kinase assays, oncogenic mutations result in increased auto-
phosphorylation and acquisition of transforming ability only in
the presence of activating signals.
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M1250T Met
WT AMet
D1228H AMet
M1250T AMet

MOCK
WT Met
D1228H Met

anti-pY -~
AMet

anti-AL-pY1235

anti-AL-pY1234

AL LT T

anti-AL

Fic. 6. Increased autophosphorylation occurs in the presence
of activating signals only. NIH3TS3 cells that produce HGF (see Refs.
14 and 16) stably expressing wild-type (WT) or mutant Met in its
integral form (Met) or containing a deletion in the HGF-interacting
domain (AMet) were analyzed by Western blotting as indicated follow-
ing immunoprecipitation with anti-Met antibodies.

Sequential Phosphorylation of Tyr'?3° and Tyr'?3*—Yet still
the “independency” of mutant Met kinase from Tyr!23* phos-
phorylation does not explain the lack of Tyr'?3* phosphoryla-
tion. This lack of phosphorylation probably reflects a different
spatial orientation of the two A-loop tyrosines within the cat-
alytic niche. Molecular modeling analysis of the Met A-loop
revealed that the mean solvent-accessible surface of Tyr'??° is
significantly higher than that of Tyr!?3* (data not shown),
suggesting that upon receptor dimerization, Tyr'?®® is trans-
phosphorylated before Tyr!224, This was tested in an autophos-
phorylation experiment performed in controlled conditions. De-
phosphorylated wild-type Met was incubated with a limiting
concentration of ATP to slow down the autocatalytic reaction.
Autokinase activity was stopped at increasing time points, and
the extent of Tyr'234/Tyr!?35 phosphorylation was determined
by Western blotting using anti-AL-pTyr'?** and anti-AL-
pTyr!2%® antibodies. As shown in Fig. 7, the phosphorylation of
Tyr!235 appeared first and then proceeded at approximately a
2-fold higher rate compared with Tyr!234 phosphorylation. This
is consistent with a higher accessibility of Tyr'23® and confirms
our hypothesis that, during kinase trans-activation, Tyr!23? is
statistically phosphorylated before Tyr1234,

DISCUSSION

In this study, we generated antibodies specific for the differ-
ently phosphorylated forms of the Met A-loop. Using these
antibodies, we were able to show that activation of wild-type
Met proceeds through the sequential phosphorylation of
Tyr!2%> and Tyr'?*4 and that oncogenic mutant forms of Met
found in human cancer fail to be phosphorylated on Tyr!'234
despite their high kinase activity. Biochemical and biological
assays aimed at measuring the activity of wild-type and mu-
tant Met revealed that oncogenic amino acid substitutions in
the Met kinase overcome the requirement for phosphorylation
of one of the two A-loop tyrosines, thus suggesting that a
mutant receptor has a lower threshold for activation compared
with wild-type Met.
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anti-AL-pY1234

anti-AL-pY1235

- p170 Met
< p145 Met

anti-Met

Fic. 7. Sequential phosphorylation of Tyr'23® and Tyr'2*4, Wild-
type Met was incubated with a limiting concentration of ATP (0.1 um)
for increasing times, and the extent of Tyr'?** and Tyr'?*® phosphoryl-
ation was determined by Western blotting using phospho-specific anti-
A-loop antibodies.

From a biochemical viewpoint, the observation that Tyr123®

is phosphorylated before Tyr!234 helps to explain why mutant
Met is not phosphorylated on Tyr'?3*, When two receptors meet
at the cell surface, trans-phosphorylation may occur if their
interaction is stable enough. The most exposed tyrosine (i.e.
Tyr!235) has the higher chance to become a substrate of the
adjacent receptor, but its phosphorylation is not sufficient to
release autoinhibition in wild-type Met. Kinase activation is
not achieved until a second phosphorylation event occurs on
Tyr!234, Once both tyrosines have been phosphorylated, the
A-loop loosens its interactions with the kinase body, assuming
an open conformation. At this point, the kinase domain under-
goes a major conformational change and the catalytic niche
becomes accessible to the next functional substrate of the acti-
vated kinase, conceivably the receptor tail containing the
unique docking “super-site” (28).

This dual switch control system may have evolved to ensure
a tight regulation of the Met kinase, a protein mastering vital
biological processes in physiological conditions but leading to
neoplasia when inappropriately activated. Oncogenic muta-
tions subvert this control system not by directly activating the
kinase but by overcoming the requirement for the second phos-
phorylation step. Therefore, in a mutant receptor, the phospho-
rylation of Tyr!'2%® is sufficient to remove A-loop-mediated au-
toinhibition and to elicit kinase activation. Once the enzyme is
in the active state, the open conformation of the A-loop and the
accessibility of the catalytic site to the many substrates of the
Met signal transduction cascade may prevent phosphorylation
of Tyr'?34) which is no longer necessary in any case.

The notion that an oncogenic Met does not represent a con-
stitutively active kinase but rather a deregulated enzyme that
gets more easily activated is central to explain the unique
biological features of mutant Met-driven tumorigenesis.

In living cells, RTKs are subjected to opposite stimuli aimed
at activating the kinase on one hand and at controlling its
activity on the other hand by feedback mechanisms. In these
conditions, an amino acid substitution lowering the threshold
for activation will certainly result in a net shift toward the
active form. However, as supported by our results, this will
manifest only in the presence of positive stimuli and, in fact,
mutant Met can display its oncogenic potential only upon stim-
ulation with HGF (16).

In vivo, mutations in the met gene do not elicit a dramatic
tumorigenic effect per se but clearly “prime” the affected indi-
vidual or tissue to the development of cancer (10-13). Interest-
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ingly, individuals harboring a germ line met mutation develop
mainly renal tumors despite the ubiquitous expression of the
mutant gene (10). HGF is present in the human body mostly in
the form of inactive precursor (pro-HGF) that is converted to an
active factor upon local up-regulation of specific pro-HGF con-
vertases (29). One of the most characterized pro-HGF conver-
tases is urokinase (30), which is produced mainly if not solely
by the kidney epithelium. All together, these observations sug-
gest that active HGF is still an in vivo limiting factor for
mutant Met-driven tumorigenesis and our data provide a mo-
lecular explanation for it.

The dual switch mechanism described in this work is similar
in principle but symmetric de facto to Knudson’s model for
tumor suppressor gene inactivation (31). Indeed, in both cases
two events have to accumulate before the aberrant phenotype
is expressed. From a functional viewpoint, there is some ho-
mology between a “double loss of function” required for tumor
suppressor gene inactivation and a “double removal of autoin-
hibitory signals” required for Met activation. In both systems,
one event is provided genetically and the second is provided
somatically, and this may explain some of the clinical features
associated with mutant met that are unusual for a dominant
oncogene. For example, long latency and incomplete pen-
etrance usually reflect the requirement for loss of heterozygos-
ity. In the case of met, it could be more appropriate to speak
about “gain of homozygosity,” because duplication of the chro-
mosome bearing the mutant met allele is invariably selected
during tumor progression (17, 18). This leads to both higher
expression of the mutant protein and increased autocrine stim-
ulation because HGF and met lie both on chromosome 7 (this is
a peculiarity not shared by other oncogenic RTKs).

This unique biologic scenario finds a molecular explanation
in the results presented here, which depict mutant Met dor-
mant in a semi-activated state, waiting for a “wake” signal to
unleash its oncogenic and transforming potential.
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