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Interaction of the hepatocyte growth factor (HGF)
with its receptor, the Met tyrosine kinase, results in
invasive growth, a genetic program essential to embry-
onic development and implicated in tumor metastasis.
Met-mediated invasive growth requires autophospho-
rylation of the receptor on tyrosines located in the ki-
nase activation loop (Tyr1234–Tyr1235) and in the carbox-
yl-terminal tail (Tyr1349–Tyr1356). We report that
peptides derived from the Met receptor tail, but not
from the activation loop, bind the receptor and inhibit
the kinase activity in vitro. Cell delivery of the tail re-
ceptor peptide impairs HGF-dependent Met phosphoryl-
ation and downstream signaling. In normal and trans-
formed epithelial cells, the tail receptor peptide inhibits
HGF-mediated invasive growth, as measured by cell mi-
gration, invasiveness, and branched morphogenesis.
The Met tail peptide inhibits the closely related Ron
receptor but does not significantly affect the epidermal
growth factor, platelet-derived growth factor, or vascu-
lar endothelial growth factor receptor activities. These
experiments show that carboxyl-terminal sequences im-
pair the catalytic properties of the Met receptor, thus
suggesting that in the resting state the nonphosphoryl-
ated tail acts as an intramolecular modulator. Further-
more, they provide a strategy to selectively target the
MET proto-oncogene by using small, cell-permeable,
peptide derivatives.

The Met tyrosine kinase is a high affinity receptor for hep-
atocyte growth factor (HGF/scatter factor)1 (1, 2). Both Met and
HGF are expressed in numerous tissues, although their expres-
sion is confined predominantly to cells of epithelial and mes-
enchymal origin, respectively. Signaling via this ligand-recep-
tor pair triggers a unique biological program in target cells
leading to “invasive cell growth.” The latter results from the
integration of multiple biological responses to HGF such as cell
proliferation, survival, motility, invasion of extracellular mat-
rices, and formation of tubular structures (branched morpho-
genesis) (3–6). During mouse development the coordinated con-

trol of the invasive growth program by the HGF/Met pair is
essential, since knock-out experiments involving either the
ligand or the receptor result in embryonic lethality due to
defects in migration of myoblasts, implantation of placenta,
and liver development (7–9).

c-MET was originally identified as the cellular counterpart of
a transforming gene, TPR-MET, resulting from a chromosomal
rearrangement (10, 11). A direct genetic link between MET and
human cancer has been established by the identification of
activating mutations in the c-MET gene in hereditary papillary
renal carcinomas (12). Deregulated activation of the invasive
growth phenotype by the MET oncogene confers invasive and
metastatic properties to cancer cells (13, 14).

Binding of growth factors has been shown to induce receptor
dimerization and is associated with autophosphorylation on
tyrosine residues both within and outside the catalytic domain
in the receptor dimer (15–17). Whereas the former are required
for catalytic activity (catalytic tyrosines), the latter can serve
as high affinity binding sites (docking tyrosines) for effector or
adaptor molecules that recruit signal transducers to the recep-
tor (18–20).

As for other tyrosine kinase receptors, activation of Met
results in autophosphorylation of both “catalytic” and “docking”
tyrosines. The major Met phosphorylation site is represented
by tyrosines Tyr1234 and Tyr1235 (21). These are located within
the activation loop of the kinase domain and are part of a
three-tyrosine motif (Tyr1230, Tyr1234, and Tyr1235) conserved
in other kinase receptors. Both Tyr1234 and Tyr1235 are essen-
tial for full activation of the enzyme (22). Upon phosphorylation
of these residues, the enzymatic activity of the Met kinase is
up-regulated in an autocatalytic fashion (21, 23).

When the Met receptor is activated, in addition to phospho-
rylation of the catalytic tyrosines, two other tyrosines (Tyr1349-
Tyr1356) located in the carboxyl-terminal tail of the receptor
become phosphorylated (24–26). These tyrosine residues medi-
ate coupling of the receptor with several SH2-containing effec-
tors, including the Grb2/SoS complex (25, 26), the p85 regula-
tory subunit of phosphatidylinositol 3-kinase (24), Stat-3 (27),
and the multiadaptor protein Gab1 (28–30). Tyr1349 and
Tyr1356 are strictly required for Met-mediated invasive growth.
Substitution of both tyrosines with phenylalanine does not
affect the receptor kinase activity but completely abolishes
proliferation, motility, invasion, and tubulogenesis (26, 31–33).

Selective inhibition of tyrosine kinase receptors can be useful
to study their activation mechanisms, to dissect their signaling
pathways, and to interfere with their biological effects. A num-
ber of receptors (fibroblast growth factor receptor, Ret, epider-
mal growth factor receptor, Kit/Steel, Met) are directly in-
volved in human diseases including cancer, skeletal, and other
developmental disorders (34–37). Therefore, the development
of molecules capable of selective inhibition of tyrosine kinase
receptors has a number of potential applications.
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In the current study we sought to identify peptides capable of
blocking both the kinase activity and the biological properties
of the Met receptor. Previous kinetic and crystallographic stud-
ies suggest that receptor tyrosine kinases (i.e. IR, fibroblast
growth factor receptor) can be inhibited by sequences corre-
sponding to autophosphorylation sites located in the kinase
activation loop (38–40). In view of these observations we ex-
ploited the use of sequences derived from the activation loop to
interfere with the biochemical and biological properties of the
Met receptor. Unexpectedly, we found that activation loop pep-
tides do not act as Met inhibitors. We reasoned that sequences
containing autophosphorylation sites of the carboxyl-terminal
tail could be an alternative approach to modulate receptor
activity. Accordingly, we show that a tail peptide inhibited Met
kinase activity in vitro, blocked ligand-dependent phosphoryl-
ation and signal transduction, and impaired Met-induced inva-
sive growth in transformed epithelial cells. The Met tail pep-
tide does not significantly affect the EGF, PDGF, or VEGF
receptor activities, demonstrating that the inhibitory mecha-
nism is selective. These data provide evidence that peptides
containing carboxyl-terminal sequences can efficiently work as
inhibitors of the Met tyrosine kinase, and suggest that in the
resting state the carboxyl-terminal domain may act as an in-
tramolecular modulator of this receptor.

EXPERIMENTAL PROCEDURES

Reagents, Peptides, Antibodies, and Cell Culture—All reagents used
were from Fluka (FlukaChemie AG) and Sigma. Reagents for SDS-
PAGE were from Bio-Rad. HGF and macrophage-stimulating protein
were obtained as described (52, 53). EGF and PDGF were from Sigma.
VEGF was provided by Dr. Bussolino. Cell-permeable peptides derived
from Met sequences in tandem with the Antennapedia sequence were
obtained from Genosys Biotechnologies. Anti-phosphotyrosine, anti-
Gab1, and anti-EGF receptor antibodies were purchased from Upstate
Biotechnology, Inc. Anti-Active MAP kinase antibody was obtained
from Promega, anti-PDGF receptor was from Transduction Laborato-
ries. Anti-VEGF was from Santa Cruz Biotechnology. Anti-Met and
anti-Ron antibodies were obtained as (53, 54). Anti-fluorescein antibody
was from Amersham Pharmacia Biotech. A549 cells were from ATCC.
GTL16 and MLP-29 (mouse liver progenitor cells) have been previously
described (47). Human endothelial cells cells were kindly provided by
Dr. Bussolino. Cultures of mammalian cells were maintained in Dul-
becco’s modified Eagle’s medium or RPMI supplemented with 10%
serum (Sigma) (or 20% in the case of human endothelial cells cells) in a
humidified atmosphere of 5% CO2, air.

Cell Delivery of Peptides—200 mg of each peptide were incubated in
0.01 M NH4HCO3, pH 9.0, at a final concentration of 200 mM in the
presence of 100 mg/ml fluorescein isothiocyanate (Sigma) for 3 h at room
temperature. Efficiency of fluoresceination was verified by 22% SDS-
PAGE followed by Western blotting with anti-fluorescein antibodies. To
assess cell permeability of peptides, fluoresceinated peptides were
added to culture medium at a final concentration of 20 mM, and after 2 h,
cells were fixed and examined by fluorescence microscopy. To calculate
the intracellular concentration of Antennapedia peptides, cells were
incubated with the Ant-Tyr1234–1235- and Ant-Tyr1349–1356-fluorescein-
ated peptides for 1 h, washed twice with phosphate-buffered saline, and
lysed. Total lysates were analyzed by 22% SDS-PAGE. The presence of
the fluoresceinated peptide in the lysate was revealed directly using the
Fluorimager system (Molecular Dynamics). The concentration of the
peptide was evaluated by comparison with lysates containing known
amount of fluoresceinated peptide.

In Vitro Auto- and Substrate Phosphorylation—The Met or the Tpr-
Met tyrosine kinase were immunoprecipitated with anti-Met antibodies
from GTL-16 or from transfected COS cells lysates in the absence of
sodium orthovanadate to allow dephosphorylation. After extensive
washing, immunoprecipitates were subjected to autophosphorylation in
kinase buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, 12.5 mM MgCl2) in
the presence of 20 mM peptide, 10 mM cold ATP, and [g-32P]ATP (5
mCi/sample) for 20 min at 4 °C. The reaction was stopped by adding
boiling Laemmli buffer, and samples were analyzed by 8% SDS-PAGE.
Gels were dried and exposed for autoradiography. In kinetic experi-
ments, 5 mM myelin basic protein (Sigma) was also included in the
reaction as a substrate together with increasing concentrations of pep-
tides, 40 mM cold ATP, and [g-32P]ATP (5 mCi/sample). The reaction was

performed at 4 °C for 25 min and stopped by adding Laemmli buffer.
Samples were separated by 8–12% SDS-PAGE followed by analysis
with the PhosphorImager STORM (Molecular Dynamics). The intensity
of bands corresponding to phosphorylated Met and myelin basic protein
was quantitated using the program ImageQuant (Molecular Dynamics).

In Vitro Interaction of Peptides with the Receptor—A549 cells were
lysed in EB buffer (100 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA,
10% glycerol, 1% Triton X-100) including 1 mM sodium orthovanadate
and protease inhibitors. Cell lysates were incubated with 20 mM peptide
for 1 h; heparin-Sepharose was then added for 2 h to allow peptide
binding to heparin. Samples were washed extensively with EB buffer
including 1 M LiCl and analyzed by SDS-PAGE followed by Western
blotting with anti-Met antibodies. Alternatively, peptides were coupled
to Affi-Gel 10, an activated affinity support from Bio-Rad, by incubation
in Me2SO for 4 h at 4 °C. 100 mM ethanolamine was added to block any
other active groups, and interaction with the receptor was assayed as
above. The binding of immobilized peptides with the Met catalytic
domain was detected using lysates from Sf9 cells expressing the iso-
lated Met kinase domain.

Cell Starvation and Treatment with Peptides—A549 cells were
starved in serum-free medium for 48 h; MLP-29 cells were maintained
in 2% serum for 3 days and then starved for 16 h in serum-free medium;
human endothelial cells cells were starved for 12 h in serum-free
medium with the addition of 2% bovine serum albumin. After starva-
tion, cells were treated with peptides at the indicated concentrations for
the indicated time and stimulated with the appropriate factor (80 ng/ml
HGF, 100 ng/ml macrophage-stimulating protein, 100 ng/ml EGF, 100
ng/ml PDGF, 20 ng/ml VEGF) for 10 min at 37 °C. Cells were then lysed
in EB buffer including sodium orthovanadate and protease inhibitors.
Immunoprecipitation was performed with the appropriate antibodies,
and samples were analyzed by SDS-PAGE followed by Western immu-
noblotting as indicated. To evaluate MAP kinase phosphorylation, 100
mg of total lysates/sample were separated on a 12% polyacrylamide gel
and analyzed by Western blotting with anti-active MAP kinase
antibodies.

Scatter Assay—3.5 3 103 cells/well (24 well cluster: Costar) were
seeded in medium containing 2% serum. Cells were pretreated for 2 h
with peptides at a final concentration of 20 mM and incubated with HGF
(20 ng/ml) in the presence of peptides. After 12 h, cells were fixed with
glutaraldehyde (11% in phosphate-buffered saline) and stained with
crystal violet.

Invasion Assay—105 cells were seeded in medium containing 10%
serum on the upper side of a porous polycarbonate membrane (8.0-mm
pore size) coated with 1.2 mg/ml artificial basement membrane, Matri-
gel® (Collaborative Research, Waltham, MA) containing laminin, colla-
gen type IV, proteoglycans, and growth factors. Cells were treated with
20 mM peptides for 2 h and incubated with 20 ng/ml HGF in the presence
of peptides. After 24 h of incubation, cells on the upper side of the filters
were mechanically removed. Cells that had invaded the Matrigel® and
migrated to the lower side of the filter were fixed with glutaraldehyde
(11% in phosphate-buffered saline) and stained with crystal violet. The
crystal violet was solubilized with 10% acetic acid, and the concentra-
tion was evaluated as absorbance at 590 nm.

Tubulogenesis Assay—Invasive growth in collagen was assessed in
tridimensional collagen gels as described (47). 105 cells/ml were sus-
pended on ice in gel solution containing eight parts type I collagen 2
mg/ml stock solution (G Collagen, Seromed), 1 part 103 Dulbecco’s
modified Eagle’s medium, and 1 part Hepes, 0.5 M, pH 7.4. The cold
mixture was placed into microtiter plate wells and allowed to polymer-
ize for 15 min at 37 °C before adding 0.1 ml of Dulbecco’s modified
Eagle’s medium supplemented with 20% serum. Cells were cultured for
24–36 h until they formed spherical structures, then treated with 20 mM

peptides for 2 h and incubated with 20 ng/ml HGF in the presence of
peptides. Cells were cultured for 5 days and examined under a phase-
contrast microscope.

RESULTS

Design of Cell-permeable Peptides Containing Met Autophos-
phorylation Sites—Activation of the Met receptor results in
autophosphorylation of specific tyrosine residues located both
in the kinase activation loop (Tyr1234–Tyr1235) and in the car-
boxyl-terminal tail (Tyr1349–Tyr1356) (21, 25). A number of pep-
tides were synthesized corresponding to the Met autophospho-
rylation sites (Fig. 1). All peptides contained the Antennapedia
internalization domain at the amino terminus (41). This se-
quence has been shown to freely translocate across biological
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membranes with minimal cell toxicity (42). An unphosphory-
lable version of the Tyr1349–Tyr1356 peptide was obtained by
substituting the tyrosines with phenylalanine residues (Ant-
Phe1349–1356). Two additional peptides were synthesized in-
cluding the Antennapedia control peptide (Ant), a shorter ver-
sion of the Tyr1349–Tyr1356 peptide lacking tyrosine 1356 (Ant-
Tyr1349), and a scrambled Tyr1349–Tyr1356 peptide
(Ant-scrambled).

Peptides Containing Met Carboxyl-terminal Sequences In-
hibit the Kinase Activity—We investigated the possibility that
peptides derived from the activation loop and the carboxyl-
terminal tail could be used as inhibitors of the Met receptor.
Peptides including Tyr1234–Tyr1235 and Tyr1349–Tyr1356 were
compared for their ability to inhibit the receptor kinase activity
in autophosphorylation assays performed in vitro. The Met
receptor was immunopurified from GTL16 cells and incubated
with [g-32P]ATP in the presence of increasing concentrations of
the indicated peptide. We observed that the tail peptide effi-
ciently inhibited Met autophosphorylation whereas the activa-
tion loop peptide had little effect (Fig. 2, panel A and B). To
exclude a nonspecific effect of the tail peptide, either a scram-
bled Tyr1349–Tyr1356 peptide version or a truncated peptide
lacking Tyr1356 was included in the experiments. These pep-
tides had little effect on the kinase activity of the Met receptor,
showing that inhibition by the tail peptide depends on its
primary amino acid sequence. The effect of the Tyr1349–Tyr1356

peptide could be due to ATP depletion (resulting from progres-
sive peptide phosphorylation) or to direct inhibition of the
kinase reaction (resulting from interaction of the peptide sub-

strate with the catalytic active site). To test this, a nonphos-
phorylable peptide analogue was designed by replacing the
tyrosine with phenylalanine residues unable to accept kinase-
catalyzed phosphoryl transfer from ATP. The Phe-containing
tail peptide inhibited Met autophosphorylation in vitro as effi-
ciently as the parental Tyr counterpart, suggesting that direct
binding to the active site could be responsible for the Tyr1349–
Tyr1356 inhibitory potential (Fig. 2, panel A and B).

The effect of peptides on substrate phosphorylation was next
measured using myelin basic protein. At low peptide concen-
trations, only the Tyr1349–Tyr1356 and the Phe1349–Phe1356-
containing peptides inhibited the reaction. As expected, at
higher concentrations the competitive effect of the Tyr1234–
Tyr1235 derivative was also detected (Fig. 2, panel B).

These experiments show that peptides containing carboxyl-
terminal sequences efficiently inhibit the Met kinase activity in
vitro through a mechanism that does not rely on substrate
competition.

Peptides Containing Met Carboxyl-terminal Sequences Bind
the Receptor in Vitro—The possibility that the carboxyl-termi-
nal domain may interfere with the kinase activity by interact-
ing directly with the kinase domain of the receptor was evalu-
ated. Peptides were immobilized on heparin-Sepharose that
has been shown previously to bind the Antennapedia moiety

FIG. 1. Cell-permeable peptides containing Met autophospho-
rylation sites. A, schematic representation of the functional domains
of the Met tyrosine kinase receptor. The tyrosine kinase domain (KD) is
indicated by a gray box. Tyr1234 and Tyr1235 are the catalytic tyrosines
located in the activation loop (AL) of the kinase domain. Tyr1349–Tyr1356

are located in the carboxyl-terminal tail (CT) of the receptor and upon
phosphorylation, generate docking sites for signal transducers. B, list of
peptides corresponding to the Met autophosphorylation sites. Peptides
were synthesized with an amino-terminal internalization sequence de-
rived from the Antennapedia protein.

FIG. 2. Tail peptides inhibit Met kinase activity. A, Met receptor
was immunoprecipitated from GTL16 cells, and immunocomplexes
were subjected to in vitro kinase assay in the presence of the indicated
peptides and [g-32P]ATP under conditions described under “Experimen-
tal Procedures.” Autophosphorylated receptors were separated by SDS-
PAGE and analyzed by autoradiography. B, immunoprecipitated Met
receptors were subjected to kinase assays in the presence of the indi-
cated peptides and analyzed as in panel A. The inhibitory effect of the
peptides was evaluated by measuring either receptor autophosphoryl-
ation and phosphorylation of the exogenous substrate myelin basic
protein (MBP). After densitometric analysis, values were expressed as
percentage of inhibition. l, Ant-Tyr1349–1356; f, Ant-Phe1349–1356; ‚,
Ant-Tyr1234–1235; E, Ant-scramble; 3, Ant.
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(43). Cell lysates containing the Met protein were incubated
with the immobilized peptides, and the associated receptor was
visualized by immunoblotting with anti-Met antibodies. Fig. 3
shows that the carboxyl-terminal peptides bind the Met recep-
tor most likely by interacting with its catalytic region. To verify
this hypothesis, we performed similar experiments using the
isolated catalytic domain (amino acid 1044–1347) lacking the
juxtamembrane domain and the carboxyl-terminal tail docking
sites. The isolated Met kinase domain, containing a polyhisti-
dine tag, is catalytically active and constitutively tyrosine-
phosphorylated when expressed in Sf9 cells (data not shown).
Immobilized tail peptides were incubated with lysates contain-
ing the catalytic domain. The associated kinase domain protein
was visualized by immunoblotting with anti-Ptyr antibodies
(Fig. 3, panel C). To further characterize the interaction mech-
anism, we performed the same experiment with tyrosine-phos-
phorylated peptides. The phosphorylated tail peptide interacts
with the Met catalytic domain with a slightly increased effi-
ciency when compared with its unphosphorylated counterpart
(data not shown).

Carboxyl-terminal Peptides Inhibit the Kinase Activity of On-
cogenic Met Mutants—Oncogenic forms of the Met receptor
have been described including Tpr-Met and Met-PRC mutants.
In Tpr-Met the extracellular domain of Met is replaced by Tpr
sequences, which provide two strong dimerization motifs.
Dimerization causes constitutive activation of the Tpr-Met ki-
nase, which acquires transforming and metastatic properties
(10, 11, 14, 44). Met-PRCM1250T and Met-PRCD1228H are Met
variants identified in papillary renal carcinomas (PRC) in
which critical residues located in the kinase domain are mu-
tated (12). Tpr-Met and Met-PRC mutants were expressed in
COS cells, and association experiments with immobilized tail
peptides were performed as described in the previous para-
graph. Both the Tpr-Met and Met-PRC mutants were found to
interact with the immobilized peptides (data not shown). To
evaluate the inhibitory potential of tail peptides on the mutant
forms of Met, the corresponding proteins were immunopurified
from transfected COS cells with anti-Met-specific antibodies.
Peptides were then compared for their ability to inhibit the
kinase activity in autophosphorylation assays performed in

vitro in the presence of the indicated peptide (20 mM). We
observed that the tail peptides inhibit the kinase activity of
Met mutants (Fig. 4). These data suggest that the tail peptides
could be used as inhibitors of the Met oncogenic potential.

Efficient Cell Delivery of Met-derived Peptides Containing the
Antennapedia Internalization Sequence—To verify that the An-
tennapedia-containing peptides could efficiently translocate
across the plasma membrane, peptides were labeled with flu-
orescein (see “Experimental Procedures”). When added to cell
cultures, peptides were recovered in the intracellular compart-
ment of epithelial cells after as little as 15 min of incubation
(Fig. 5). The amount of internalized peptides increased with its
concentration in the culture medium with saturation at 25 mM

(data not shown). Peptides were detectable intracellularly for
up to 16 h. No significant differences were detected among the
internalization efficiency of the different peptides. To evaluate
the delivery efficiency, two different peptides were added to the
culture medium (final concentration 20 mM), and the intracel-
lular peptide concentrations were calculated (see “Experimen-
tal Procedures”). The cytosolic peptide concentration was found
to be in the micromolar range (10–20 mM), which is sufficient to
achieve inhibition of the Met receptor kinase activity (see Fig.
2). The relatively high intracellular peptide concentration is
similar to that of the peptides originally added to the culture
medium. This can be explained considering that translocation
of the peptides across the plasma-membrane occurs in the
absence of a receptor (42). In this situation the peptides can
diffuse freely across the membrane, and equilibrium can be
reached.

Carboxyl-terminal Peptides Impair HGF-dependent Met Au-
tophosphorylation in Intact Cells—The ability of the tail pep-
tides to inhibit Met autophosphorylation in vitro suggests that
they could also be used to impair ligand-dependent activation
of the receptor in intact cells. To verify this hypothesis, Met-
expressing epithelial cells were serum-starved and treated
with the peptides before ligand stimulation. Cells were incu-

FIG. 3. Tail peptides bind the Met receptor in vitro. The indi-
cated peptides were immobilized on heparin-Sepharose (A) or coupled to
an agarose affinity support (Affi-Gel) (B) and incubated with lysates of
GTL-16 cells. The amount of associated receptor was determined by
Western blotting with anti-Met antibodies. Arrows indicate the position
of the 145-kDa Met receptor b-chain (p145Met). C, tail peptides coupled
to heparin-Sepharose were incubated with lysate of Sf9 cells expressing
the isolated Met kinase domain (p34Met-KD). The amount of associated
Met-KD protein was determined by Western blotting with anti-phos-
photyrosine antibodies.

FIG. 4. Tail peptides inhibit the constitutively activated Tpr-
Met and Met-PRC kinases. Met-PRC mutants (A) and Tpr-Met (B)
were immunoprecipitated from transfected COS cells, and immunocom-
plexes were subjected to in vitro kinase assay (see Fig. 2) in the pres-
ence of the indicated peptides and [g-32P]ATP. Autophosphorylated
receptors were separated by SDS-PAGE and analyzed by autoradiog-
raphy. Arrows indicate bands corresponding to Met-PRC (the precursor
and the b-chain) and to Tpr-Met (p65Tpr-Met). Ctr, control.
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bated with recombinant HGF, and the level of Met tyrosine
phosphorylation was evaluated by immunoblotting with anti-
phosphotyrosine antibodies (Fig. 6, panel A). In agreement
with the data obtained in vitro, both the Tyr and Phe versions
of tail peptides efficiently blocked ligand-dependent Met auto-
phosphorylation, whereas the activation loop peptide was inef-
fective. In addition, the scrambled and the truncated tail peptides
had little effect on ligand-dependent Met phosphorylation, con-
firming the specificity of the inhibitory effect (Fig. 6, panel A).
Dose-response experiments showed that the inhibitory poten-
tial was dependent on peptide concentration with almost com-
plete inhibition observed at 20 mM (Fig. 6, panel B). The effect
of the peptides was reversible as shown by recovery of HGF-
dependent Met phosphorylation 16 h after treatment (Fig. 6,
panel C).

Met Tail Peptides Inhibit the Closely Related Ron Receptor
but Do Not Significantly Affect the EGF, PDGF, or VEGF
Receptor Activities—The inhibitory effect of the Met tail pep-
tide on ligand stimulation of other receptor tyrosine kinases
was evaluated. We tested a highly homologous receptor such as
Ron and other distant Met relatives such as the EGF, PDGF,
and VEGF receptors. Cells expressing the receptor of interest
were serum-starved, treated with the Met or control peptides,
and stimulated with the appropriate ligand. The receptors
were immunoprecipitated, and tyrosine phosphorylation was
measured by immunoblotting with anti-phosphotyrosine anti-
bodies (Fig. 7). Interestingly, the Met carboxyl-terminal pep-
tides significantly impaired ligand stimulation of the Ron re-
ceptor, whereas they had either no or a minor effect on
activation of the EGF and VEGF and PDGF receptors. These
data show that the Met peptide acts through a mechanism that
is similar for Met and Ron; furthermore they indicate that the
inhibitory activity of the Met peptide is selective.

Tail Peptides Inhibit Met-dependent Downstream Signal-
ing—The HGF/Met pair triggers invasive growth by activation
of a cascade of downstream signaling events. After ligand phos-
phorylation Met binds and phosphorylates the multiadaptor
protein Gab1, which in turn recruits and activates a number of
SH2-containing effectors (28–30). The signal is then transmit-
ted to the nucleus via activation of various pathways including
the MAP kinase cascade (25). We assessed whether the pep-
tides that impair Met kinase activity also inhibited receptor
signaling. Panel A of Fig. 8 shows that in cells treated with the
Tyr or the Phe version of the tail peptide, Met-dependent Gab1
phosphorylation is impaired. This is also the case for activation
of the p42 MAP kinase as evaluated using activation specific
antibodies (Fig. 8, panel B). These data show that in addition to
blocking the Met kinase activity, tail peptides also interrupt
downstream signaling initiated by the HGF/Met interaction.

Tail Peptides Inhibit HGF-mediated Cell Migration, Inva-
siveness, and Branched Morphogenesis—HGF/Met promote a
highly integrated biological program leading to “invasive

FIG. 6. Inhibition of ligand dependent Met phosphorylation by
tail peptides. A, effect of peptides derived from the activation loop or
the carboxyl-terminal tail on ligand-dependent Met phosphorylation.
A549 cells were serum-starved for 3 days and treated with the indicated
peptides at a final concentration of 20 mM. Two hours later cells were
treated with recombinant HGF for 159 and then lysed. Met phosphoryl-
ation was evaluated by immunoprecipitation (IP) of the receptor with
anti-Met antibodies followed by Western blotting with anti-pTyr anti-
bodies. The identity of the phosphorylated protein was confirmed by
reprobing the same blot with an anti-Met antibody. Ctr, control. B,
dose-response activity of the Ant-Tyr1349–1356 peptide on ligand-depend-
ent Met phosphorylation. Serum-starved A549 cells were treated with
the tail peptide at the indicated concentrations and stimulated with
HGF. Met phosphorylation was assessed as described in A. C, time
course activity of the Ant- Tyr1349–1356 peptide on ligand-dependent Met
phosphorylation. Serum-starved A549 cells were treated for 2 h with
the tail peptide (20 mM). At the indicated time points, cells were stim-
ulated with HGF, and Met phosphorylation was assessed as above. The
arrows indicate the position of the Met receptor b-chain (p145Met).

FIG. 5. Cellular internalization of
the Antennapedia-Met peptides. Pep-
tides were labeled at the amino terminus
with fluorescein under conditions de-
scribed under “Experimental Proce-
dures.” Labeling efficiency was verified by
SDS-PAGE followed by Western blotting
with anti-fluorescein antibodies. Subcon-
fluent monolayers of A549 cells were
treated for 2 h with the indicated peptides
(20 mM), washed, and analyzed by fluores-
cence microscopy. Ctr, control.
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growth,” which is characterized by cell proliferation, migration,
and invasion of extracellular matrix (3, 4, 45). The most com-
plex response of HGF/Met is morphogenesis, which requires
the coordinated accomplishment of each of the aforementioned
biological activities (46, 47). The effects of the peptides on
HGF-mediated motility, invasion, and morphogenesis were as-
sessed (Fig. 9). The effect on cell migration was evaluated on
normal epithelial cells (MLP29) in a “scatter assay.” Cells were
pretreated with the peptides and stimulated with HGF. Disso-
ciation and migration of cells (scattering) was then monitored.
Both the Tyr and Phe versions of the tail peptide partially
inhibited HGF/Met-mediated scattering, whereas the activa-
tion loop peptide was ineffective (Fig. 9, panel A). The partial
inhibitory effect of peptides can be explained by previous data
indicating that even low levels of Met activation are sufficient
to induce scattering in epithelial cells. The effect of peptides on
invasion was assessed by the Matrigel® invasion assay using
epithelial transformed cells (A549) (Fig. 9, panels B and C).
This kind of experiment evaluates the ability of HGF-stimu-
lated cells to cross reconstituted basal membranes made of
laminin, collagen type IV, and proteoglycans. The inhibitory
effect was more pronounced than that previously observed in
the scatter assay. This indicates that the level of kinase inhi-
bition achieved by the tail peptide is sufficient to block Met-

mediated invasiveness, whereas it results in partial inhibition
of cell motility. To measure the effects of the peptides on mor-
phogenesis, MLP-29 cells were grown in a tridimensional
type-1 collagen matrix for 3 days. By this time spherical aggre-
gates of cells were observed that, after HGF stimulation, dif-
ferentiated and formed tubular-like structures (Fig. 9, panel
D). In the presence of the tail peptides this response was
dramatically impaired. As in the invasion assay, the activation
loop peptide had no effect. We also found that the Phe version
of the tail peptide inhibited morphogenesis more efficiently
than its Tyr counterpart. This data correlates with the relative
activities of the two peptides in blocking the Met kinase activ-
ity in vitro (cf. Fig. 2, panel B).

DISCUSSION

Tyrosine kinase receptors are involved in human diseases
including cancer, metabolic disorders, and developmental de-
fects (34–37). On the basis of their mechanism of action, there
are at least two possible strategies to inhibit receptor tyrosine
kinases. On one side the catalytic process can be targeted by
developing inhibitors of the enzymatic activity. On the other,
receptor coupling to signal transducers can be blocked using
molecules that bind the SH2 domain of the effector proteins.
The finding that multiple receptors are coupled to overlapping
arrays of SH2 effectors makes it difficult to interfere with
signaling by a single receptor without simultaneously affecting
others.

In this work we sought to target the biochemical and biolog-
ical properties of the Met receptor by interfering with the
mechanism of receptor autophosphorylation. On the basis of
previous crystallographic studies we initially used peptides
containing autophosphorylation sites located in the activation
loop (39, 40). Unexpectedly, the activation loop peptide did not
block Met autophosphorylation, although it interfered with
substrate phosphorylation at high concentrations. Molecular

FIG. 7. Effect of the tail Met peptide on ligand-dependent phos-
phorylation of different receptor tyrosine kinases. A, cell lines
expressing different receptors were serum-starved, incubated with the
indicated peptides (20 mM) for 2 h, and stimulated with the appropriate
ligands as described under “Experimental Procedures.” Phosphoryla-
tion of the EGF receptor (EGFR) was assessed in human epithelial cell
(A549)-stimulated EGF. Phosphorylation of Ron, VEGF receptor
(VEGFR), and PDGF receptor (PDGFR) was evaluated, respectively, in
mouse liver progenitor cells (MLP-29) stimulated with macrophage-
stimulating protein, in human endothelial cells stimulated with VEGF,
and in mouse fibroblasts stimulated with PDGF. Phosphorylation was
detected by immunoprecipitation with receptor-specific antibodies fol-
lowed by Western blotting with anti-Tyr(P) antibodies. The PDGF re-
ceptor was immunoprecipitated with anti-Tyr(P) antibodies. The iden-
tity of the phosphorylated proteins was confirmed by Western blotting
with specific antibodies. Ctr, control. G.F., growth factor. B, quantita-
tive analysis of the Met peptide inhibitory activity is expressed as a
percentage of inhibition compared with receptor phosphorylation in the
absence of peptide.

FIG. 8. Tail peptides inhibit Met-dependent phosphorylation
of Gab1 and MAP kinase activation. A, effect of peptides derived
from the activation loop or the carboxyl-terminal tail on Met-dependent
Gab1 phosphorylation. A549 cells were serum-starved and incubated
with the indicated peptides at a final concentration of 20 mM. Two h
later cells were treated with recombinant HGF for 15 min and then
lysed. Lysates were immunoprecipitated (IP) with anti-Gab1 antibodies
and analyzed by Western immunoblotting with anti-Tyr(P) (pTyr) an-
tibodies. The identity of the phosphorylated protein was confirmed by
reprobing the same blot with anti-Gab1 antibodies. Arrows indicate the
position of Gab1 protein (p110Gab1). B, effect of activation loop or tail
peptides on Met-dependent MAP kinase activation. Total lysates from
A549 cells treated as in panel A were analyzed by SDS-PAGE and
Western immunoblotting with anti-active MAP kinase antibodies. Ar-
rows indicate bands corresponding to the MAP kinase active forms
p42ERK1 and p44ERK2. Ctr, control.
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modeling of the Met cytoplasmic domain suggested that the tail
could actually get in contact with the catalytic pocket (data not
shown). We therefore exploited the possibility that tail se-
quences could modulate the kinase activity of the Met receptor.
A tail-derived peptide blocked both auto and substrate phos-
phorylation of the Met receptor. Receptor tyrosine kinases pref-
erentially phosphorylate tyrosine residues followed by a hydro-
phobic residue in the 13 position (48). The tyrosines located in
the Met activation loop do not match the optimal consensus for
phosphorylation. Conversely, tyrosines located in the carboxyl-
terminal tail are predicted to be optimal substrates of the Met
receptor. In agreement with this, we reported recently that Met
preferentially phosphorylates peptides derived from the car-
boxyl-terminal tail compared with peptides derived from the
activation loop (49). Substrate selectivity may therefore ac-
count for the differential effect on the Met kinase activity
displayed by activation loop and tail peptides.

The inhibitory potential of the tail peptide requires the pres-
ence of a unique amino acid sequence (Ile-Gly-Glu-His-Tyr1349-
Val-His-Val-Asn-Ala-Thr-Tyr1356-Val-Asn-Val-Lys-Cys-Val-
Ala), because either a peptide truncated at tyrosine 1356 or a
scramble version were inactive. The finding that a Phe1349–
Phe1356 nonphosphorylable analogue also blocked the Met ki-

nase activity suggested that the inhibitory mechanism relies on
peptide binding to the active site rather then on ATP depletion.
This was confirmed by experiments demonstrating the inter-
action of the immobilized tail peptide with the Met receptor.

The crystal structures of the insulin and fibroblast growth
factor receptors indicate that, in the inactive state, the activa-
tion loop blocks the access of the substrate peptide to the
catalytic site loop (39, 40). This situation may be different in
Met. The inhibitory activity of peptides containing sequences
from the Met carboxyl-terminal tail suggest that this region
modulates the function of the receptor. One possibility is that,
in the inactive receptor state, the tail interferes with access of
the substrate to the catalytic pocket of the enzyme. Ligand-
induced dimerization may unleash the kinase activity by re-
leasing this autoinhibitory mechanism. Alternatively, the tail
could impair receptor phosphorylation by interacting with an-
other moiety of the catalytic domain. We are currently perform-
ing crystallographic studies to verify this hypothesis.

Interestingly the Met tail peptide also inhibited Ron, a Met-
related receptor, but not the EGF, VEGF, and PDGF receptors.
Among the receptor tyrosine kinases, Ron has the highest
sequence homology with Met. In particular, the amino acid
sequence surrounding the tail phosphorylation sites (Y-

FIG. 9. Tail peptides inhibit Met-
mediated cell migration, invasion,
and branched morphogenesis. A, the
effect of Met peptides on HGF-induced
cell migration was evaluated using the
scatter assay. Liver progenitor cells
(MLP29) were seeded on coverslips,
treated with the indicated peptides (20
mM) for 2 h, and then stimulated with
HGF. Cells were allow to migrate 12 h,
fixed, and stained with crystal violet. Mi-
crographs show representative cell fields.
B, the effect of Met peptides on HGF-
induced cell invasion was evaluated by
the Matrigel® Transwell assay. This as-
say measures the ability of cells to invade
reconstituted basal membranes made of
laminin, collagen type IV, and proteogly-
cans (Matrigel®). Epithelial cells (A549)
were seeded in the upper compartment,
treated with the indicated peptides for
2 h, and then stimulated with HGF. After
a 24-h incubation, cells that had crossed
the Matrigel® and attached to the lower
side of the filter were fixed and stained
with crystal violet. Micrographs show
representative cell fields. C, cell invasion
was quantitated as described under “Ex-
perimental Procedures.” Values are ex-
pressed as percentage of inhibition. D, the
effect of peptides on HGF-induced
branched morphogenesis was evaluated
in a tridimensional network of collagen
type I. MLP29 cells were seeded in colla-
gen gels and grown until they formed
spheric structures. Cells were treated
with the indicated peptides (20 mM) for 2 h
and then stimulated with HGF. The mor-
phogenic effects was detected 24 h after
HGF treatment and was most evident af-
ter 72 h. Micrographs of representative
fields were taken after 48–72 h. Ctr,
control.
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hydrophobic-X-hydrophobic-X3-Y-hydrophobic-X-hydrophobic)
is conserved between Met and Ron (25). The finding that the
inhibitory activity was restricted to receptors of the Met family
implies a common mechanism. These experiments further in-
dicate that intramolecular peptide sequences can be utilized to
selectively target the catalytic properties of tyrosine kinase
receptors.

The membrane internalization properties of the Antennape-
dia homeodomain were used to transduce the Met inhibitory
peptides into epithelial cells. Once internalized, the tail peptide
blocked both ligand-dependent autophosphorylation and down-
stream Met signaling. In particular, the peptides impaired
Gab1 phosphorylation and MAP kinase activation. The effects
were dose-dependent and reversible, confirming the specificity
of the inhibitory process.

A number of biological assays were used to study whether
peptides derived from the Met tail could interfere with HGF-
induced invasive growth as measured by cell motility, invasion,
and branched morphogenesis. Met-mediated invasion and tu-
bulogenesis were severely impaired by the tail receptor pep-
tide. Interestingly, motility was only partially affected, sug-
gesting that a low level of receptor activation is sufficient to
induce cell flattening and dissociation. This is in agreement
with previous data showing that Met receptor mutants unable
to promote invasion and tubulogenesis are still competent in
inducing motility (31, 50, 51). Met-triggered invasive growth is
required for embryonic development, whereas its inappropriate
activation confers to cancer cells invasive and metastatic prop-
erties. Selective inhibitors of this process could be useful in
understanding the HGF/Met biology and in targeting the inva-
sive metastatic potential of Met-expressing cells. By demon-
strating that tail sequences act as inhibitors of the Met tyrosine
kinase, this study provides an approach to interfere with the
biological effects triggered by the MET proto-oncogene.
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