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ABSTRACT. Met receptor tyrosine kinase plays a crucial role in the regulation of a large number of cellular
processes and, when deregulated by overexpression or mutations, leads to tumor growth and invasion.
The Y1235D mutation identified in metastases was shown to induce constitutive activation and a motile-
invasive phenotype on transduced carcinoma cells. Wild-type Met activation requires phosphorylation of
both Y1234 and Y1235 in the activation loop. We mapped the major phosphorylation sites in the kinase
domain of a recombinant Met protein and identified the known residues Y1234 and Y1235 as well as a
new phosphorylation site at Y1194 in the hinge region. Combining activating and silencing mutations at
these sites, we characterized in depth the mechanism of activation of wild-type and mutant Met proteins.
We found that the phosphotyrosine mimetic mutation Y1235D is sufficient to confer constitutive kinase
activity, which is not influenced by phosphorylation at Y1234. However, the specific activity of this
mutant was lower than that observed for fully activated wild-type Met and induced less phosphorylation
of Y1349 in the signaling site, indicating that this mutation cannot entirely compensate for a phosphorylated
tyrosine at this position. The Y1194F silencing mutation yielded an enzyme that could be activated to a
similar extent as the wild type but with significantly slower activation kinetics, underlying the importance
of this residue, which is conserved among different tyrosine kinase receptors. Finally, we observed different
interactions of wild-type and mutant Met with the inhibitor K252a that may have therapeutic implications
for the selective inhibition of this kinase.

Met tyrosine kinase is a high-affinity transmembrane in neoplasia and provide further proof of concept for the

receptor for the hepatocyte growth factor (HG@), which
was originally identified as an oncogerfd.(Stimulation of
Met by HGF initiates numerous physiological processes,
including cell proliferation, scattering, morphogenic dif-
ferentiation, angiogenesis, wound healing,
tion, and embryological developmer®, (4). Deregulation

of Met and/or HGF, Met overexpression, and Met mutations
are implicated in uncontrolled cell proliferation and survival
and play a key role in early-stage tumorigenesis and
metastasis §—8), making Met an interesting target for
anticancer drug developme®) ( Recent data demonstrating
the suppression of cancer cell proliferation, survival, and
invasion upon inhibition of Met binding to HGF and Met
receptor dimerizationl(Q, 11) confirm the relevance of Met
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development of small-molecule compounds for antineoplastic
therapy.

Activation of Met occurs through dimerization upon
binding of HGF to its extracellular regiod?, 13), followed

tissue regeneray,, 5 1ophosphorylation of the highly conserved residues

Y1234 and Y1235 in the activation loop (A loof)4—16).
Substitution of Y1234 and Y1235 in the A loop with
phenylalanine yields an inactive kinase and completely
abolishes Met biological response to the ligah8) (Kinase
activation by autophosphorylation leads to the subsequent
phosphorylation of Y1349 and Y1356 in the C-terminal
multifunctional docking site, resulting in the activation of
Met signaling (6) through the recruitment of a variety of
SH2-containing signal transducers and effectdr4d ¢, 18).

Activating germ-line mutations in the Met tyrosine kinase
domain were detected in the majority of hereditary papillary
renal carcinomas2Q, 21) and in a gastric cancer2®),
whereas somatic mutations have been found in a small
proportion of sporadic papillary kidney carcinomaz3)
some childhood hepatocellular carcinor@d)( and different
carcinoma metastase®y 26). Modeling studies suggest that
activating mutations observed in Met might either destabilize
the inactive conformation or stabilize the active conformation
of the enzyme Z7). Some of these mutations, such as
D1228H, D1228N, and M1250T, have been shown to lower
the threshold for kinase activation by overcoming the need
for phosphorylation of Y12342@), leading to uncontrolled
cell proliferation and tumorigenesis.
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The Y1235D mutation identified in metastases from head transformed into XL1-Blu supercompetent cells and mini-
and neck squamous cell carcinoma (HNSCC) was found to preps (Qiagen) were prepared from different colonies to
induce constitutive Met activation and conferred a motile- check the DNA sequence. The following oligonucleotides
invasive phenotype on transduced carcinoma c2bsZ6). were used to create the mutantg1194F-fw 5-GGCAT-
Epithelial cells expressing a TRK/Met chimera harboring the GAAATTTCTTGCAAGCTTT-3; Y1194F-p, 5-TTTGCT-
Y1235D mutation grew in an anchorage-independent mannerTGCAAGAAATTTCATGCC-3; Y1235D-fw5-ATGTAT-
and were able to invadia vitro reconstituted basal mem- GATAAATACGATAGTGTACACAACAAAACA-3 ';Y1235D-
branes. These properties were detected in the absence of they, 5-TGTTTTGTTGTGTACACTATCGTATTCTTTAT-
ligand and were enhanced upon receptor dimeriza&h (  CATA-3'; Y1234F-fw5-GACATGTATGATAAAGAATC-

Combining silencing and activating mutations of key CGATAGTGTACACAACAAA-3'"; andY1234F-p, 5-TTTG-
residues in the Met kinase domain, we were able to identify TTGTGTACACTATCGAATCCTTTATCATACATGTC-3.
the FFD (Y1194F, Y1234F, and Y1235D) mutant that can ~ Sf9 or Sf21 insect cells (Invitrogen) were cotransfected
be produced in insect cells as a soluble, homogeneous, andvith 3 ug of purified plasmid and lug of virus DNA
unphosphorylated form of the Met kinase domain, retaining (BaculoGold Transfection Kit, Pharmingen). After the third
enzymatic activity. Recently, we published the crystal Viral amplification, a virus titer of 5¢ 10°'—10° pfu/mL was
structure of the Met FFD mutant alone and in complex with obtained. Proteins were produced in High-five cells (Invit-
the Staurosporin analogue K-252a9)(. This study has rogen) infected with a multiplicity of infections (MOI) of 1
provided structural information for the Met kinase domain Or 2. Different infection times (48 and 72 h) and temperatures
harboring a mutation found in human cancer (Y1235D) and (21 and 27°C) were used to optimize soluble protein pro-
allowed mapping of other cancer-related mutations, contrib- duction. Harvested cells were pelleted at 1@@8r 10 min.
uting to an understanding of the mechanism of activation ~Protein Purification. A total of 10 x 10° cells were
observed in different oncogenic mutants. resuspendeahil L of 50 mMTris at pH 7.4, 150 mM NacCl,

Here, we report the biochemical approach that allowed 10% glycerol, 20 mM dithiothreitol (DTT), and “complete”
us to obtain the Met derivative suitable for crystallographic Protease inhibitor cocktail (10 tablets/L, Roche) and lysed
studies and an in depth functional characterization of the role by liquid extrusion with a Gaulin homogenizer (Niro Soavi,
of individual residues that are mutated in the FFD derivative. !taly). After centrifugation at 200G for 20 min, the
This work identifies residues 1194, 1234, and 1235 as major SUpPernatant was loaded onto a column containing 100 mL
phosphorylation sites in the Met kinase domain and analyses®f Glutathione Sepharose. The column was washed with 10
their relevance for wild-type Met enzymatic activation. These column volumes of 50 mM Tris at pH 7.4, 150 mM NaCl,
results also contribute to the elucidation of the molecular 10% glycerol, and 3 mM DTT (washing buffer). The resin
basis for the biological phenotype of Met mutants harboring Was then resuspended in washing buffer containing 1.5 mL

the Y1235D and Y1194F mutationg5, 26, 30). of PreScission protease (3000 units) (Amersham Biosciences)
and left overnight at #C. The cleaved protein was then
MATERIALS AND METHODS recovered, and the resin was washed with 150 mL of washing

buffer. The pool was subjected to gel filtration on a Superdex
Cloning and ExpressiorHuman cDNA was used as a 200 column equilibrated in 50 mM Tris at pH 7.4, 150 mM
template for amplification by polymerase chain reaction NaCl, and 3 mM DTT.
(PCR) of the full-length cytoplasmic form of Met (residues  |n Vitro Dephosphorylation and Autophosphorylation.
958-1390). The following primers, containing BanHl Dephosphorylation was performed by incubation of the
restriction site, were used: forward (fw)-6CATCTG- affinity-purified protein with alkaline phosphatase (Calbio-
GATCCAGAAAGCAAATTAAAGATCTGGG-3'; reverse  chem) (400 units of phosphatase/mg of protein, in the
(rv) 5-CATAGGGATCCTCTAGACTATGATGTCTCCCA- presence of 1 mM MgG| for 1 h at 30°C and pH 7.4) or
GAAGGA-3'. The PCR product was cloned into pVL1393 phosphatase (NEB) (10 000 units phosphatase/mg of
(Pharmingen), a transfer vector for the baculovirus expressionprotein, in the presence of 4 mM MnGind 5 mM DTT, at
system. Glutathion&transferase (GST) and a PreScission pH 7.4). The protein was then purified by gel filtration on a
cleavage site, obtained from the pGEX-6P vector (Amersham Superdex 200 column (Amersham) in phosphate-buffered
Biosciences), were inserted before the multiple-cloning site, saline (PBS) [isothermal titration calorimetry (ITC) studies]
and the GST open-reading frame was modified to include a or Tris (specific activity) buffer as described above. Auto-
Kozak sequence at the ATG initiation codon. phosphorylation was performed by incubating the purified
The construct designed following limited proteolysis protein at a concentration of 6-21.0 mg/mL (20-30 uM)

(residues 10231360) was cloned into the same modified with 10 mM ATP and 10 mM MgGCl for 1 h at room
vector using the full-length cDNA as a template for PCR. temperature. The reaction was stopped by addition of EDTA
The forward primer (5sCCATCTGGATCCCAAGTGCAG- to a final concentration of 30 mM, and the protein was
TATCCTCTGAC-3) contained &anHl restriction site; the subjected to gel filtration as described above.
reverse primer (5CCATCTGAATTCTCATTTTACGT- Biochemical Assay#n the activity assay, the proteins were
TCACATAAGTAGCG-3) contained arEcaRl site. Point incubated for 15 min at 37C in a mixture containing 50
mutations were generated using the QuickChange Site-mM Hepes at pH 7.5, 3 mM Mg, 3 mM Mn?*, 100 uM
Directed Mutagenesis Kit (Stratagene). Two complementary ATP, 50u4M gastrin, 1 mM DTT, and 0.05 mg/mL bovine
oligonucleotides phosphorylated at thebd and containing  serum albumin. The reaction was stopped by the addition of
the desired base alterations flanked by unmodified nucle- EDTA to a final concentration of 80 mM. Phosphorylated
otides were synthesized for each tyrosine substitution. After and unphosphorylated gastrin were separated by injecting
PCR and digestion withDpnl, the treated DNA was 20 uL of the mixture onto a Xterra RP18 HPLC column
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(3.5 um, 4.6 x 50 mm) and eluting at 1 mL/min with a

Cristiani et al.

Phosphorylation-Site Mappingrotein samples (50150

gradient from 14.4 to 45% acetonitrile in 10 mM phosphate «g) were digested either in solution or in gel with TPCK-
at pH 6.5. Specific activity is calculated as the amount (nmol) treated trypsin (Fluka, Buchs, Switzerland) using a 1:30 E/S

of gastrin phosphorylated by 1 mg of enzyme/min at@7
Gel Kinase AssayThe autophosphorylation assay was

ratio for 16 h at 37°C. The digests were desalted on C18
ZipTips (Millipore, Bedford, MA) and eluted stepwise with

carried out at room temperature using dephosphorylated Metacetonitrile (20, 50, and 80%) in 0.2% aqueous TFA.

at two different concentrations (100 nM anduM) sus-
pended in 2QL of kinase buffer (50 mM Hepes at pH 7.5,
3 mM MgCl,, 3 mM MnCk, 1 mM DTT, and 3 mM
NaOVG;) containing -*2P]JATP (2.5uCi/sample) and 10
uM unlabeled ATP. The reaction was stopped by addition
of 10 mM EDTA (final concentration) as well as by Laemmli
buffer. Reactions were analyzed using 10% SIPAGE and
autoradiography of the dried gel.

Mass SpectrometryProtein preparations were analyzed
for full molecular weight determination by liquid chroma-

Fractions were analyzed by MALBIMS, and extensive
sequence reconstruction was achieved by matching the
MALDI peaks to the molecular weight values of expected
tryptic fragments. The spectra were then inspected for peaks
showing a+80 shift with respect to the expected value and
accounting for possible phosphopeptides. Aliquots of phos-
phopeptide containing fractions were (a) treated with calf
intestine alkaline phosphatase (Sigma, St. Louis, MO, about
0.5 unit/10 ug of peptide digest flol h at 37 °C) or
recombinant protein tyrosine phosphatase 1l dM50ug

tography/electrospray ionization mass spectrometry (LC/ of peptide digest for 16 h at 24C) for phosphate removal
ESI-MS) using a 1090 LC apparatus coupled through an and (b) submitted to immobilized metal-affinity chromatog-

API—ESI source to a 1946 MSD single quadrupole MS
detector (Agilent, Palo Alto, CA). A sample volume contain-
ing 10—25 ug of total protein was loaded isocratically onto
a Vydac C4 column (2.1 mm I 250 mm), and proteins

raphy (IMAC) on Fé*-loaded MC ZipTips (Millipore) for
phosphopeptide enrichment according to the protocol of the
manufacturer. Both (a) and (b) treated samples were analyzed
by MALDI —MS, and their spectra were compared to those

were eluted applying a gradient from 5 to 75% eluent B over of the untreated fractions. The samples from IMAC enrich-

70 min [eluent A, 0.05% trifluoroacetic acid (TFA) in water;
eluent B, 0.05% TFA in acetonitrile] at a flow rate of 200
uL/min. Mass spectra were acquired in the 6@D00 m/z

ment were also treated with a phosphatase and re-analyzed
by MALDI —MS to confirm the conversion of each phos-
phopeptide peak to thevz value of the parent unmodified

range and deconvoluted using the ChemStation deconvolu-peptide.

tion software package (Agilent). Deconvolution was mostly
performed under limited stringency conditions (envelope
cutoff = 0—15%) to maximize the recognition of protein

N-Terminal Sequence AnalysiSamples were run in
homogeneous 10 or 12% SB8AGE, and after electrob-
lotting (300 MA, 90 min) onto a PVDF membrane and

species eluting under the same chromatographic peak butCoomassie staining, the bands of interest were excised and

having different phosphorylation levels. Experimental mo-

loaded into a 477A or a cLC Procise sequencer (Applied

lecular weight values were matched to the expected onesBiosystems).

using the protein analysis software Paws (www.proteomet-

rics.com).

Circular Dichroism (CD).CD spectra were recorded using
an AVIV 215 CD spectrophotometer and software provided

Protein enzyme digests were analyzed by matrix-assistedby the manufacturer. A cell with a 0.1 cm path length was

laser desorption ionization mass spectrometry (MALDIS)
on a Voyager DE-Pro BioSpectrometry Workstation MAEDI

used. Each spectrum was averaged using two accumulations
collected in 1 nm intervals with an averaging time of 10 s.

TOF mass spectrometer (Applied Biosystems, Foster City, A blank spectrum was subtracted from the averaged data

CA) equipped with a Mlaser (337 nm, 3-ns pulse width,
20-Hz repetition). A total of 0.;xL of sample was spotted
onto the MALDI plate, and 0.%L of matrix solution,
prepared by dissolving 10 mg @f-cyano-4-hydroxycyn-
namic acid in a 1:1 water/acetonitrile mixture containing

0.1% TFA, was added. The spot was air-dried at room

spectra to correct for buffer effects. Spectra were measured
in 10 mM sodium phosphate buffer and 20 mM NaCl at 10
°C. Secondary structure content of the spectral data was
determined using the self-consistent method and Selcon 3
(32).

ITC. Calorimetric measurements were carried out at

temperature. The mass spectrometric analysis was performeaonstant temperatures using a VP-ITC titration calorimeter

in reflectron mode by applying an accelerating voltage of
20 kV, a grid voltage of 75%, and a delay time of 200 ns.
Spectra were calibrated internally.

Limited ProteolysisLimited proteolysis was performed
on the full-length cytoplasmic domain of Met (residues-958
1390). The following experimental conditions were used: 2
ug of Met were incubated for 20 min at room temperature
in a buffer containing 90 mM Tris/HCI at pH 8.5, 4 mM
DTT, and 2 mM CaGl with increasing amounts of trypsin
(0.2—4 uQ), in a final volume of 2QuL. The reaction was

(MicroCal, Inc.). Samples were extensively dialyzed against
PBS (Sigma) and 1 mM DTT. All solutions were carefully
degassed before the titrations using equipment provided with
the calorimeter. Each titration experiment consisted of a first
(2 uL) injection followed by 10uL injections. Heats of
dilution were measured in blank titrations by injecting the
ligand (protein in reverse titrations) into the buffer used in
the particular experiment and were subtracted from the
binding heats. Data were analyzed using a single binding
site model implemented in the Origin software package.

stopped by boiling the samples in the presence of SDS Analytical UltracentrifugationSedimentation velocity and

sample buffer for 5 min and by loading the samples
immediately onto a 12% BisTris gel. V8 enzyme titration
was carried out under similar conditions, using 50 mM Tris/
HCl at pH 7.8 and 1&M DTT as the buffer and 0.643 ug

of the enzyme.

equilibrium data were recorded using a Beckman XL-I
analytical ultracentrifuge. All data were measured in PBS
and 1 mM DTT at &C. Sedimentation equilibrium data were
measured using a six-channel centerpiece and an AN-50-TI
rotor. Runs were performed at 10 000, 12 000, and 15 000
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rpm, and each speed was maintained until no significant
difference was observed in scans tak2 h apart. The
measured data were analyzed using a single component
model implemented in the Origin. Sednterp was used to
calculate partial specific volume and buffer density. Sedi-
mentation velocity data were collected at 50 000 rpm. Sample
volumes (40Q«L) of a protein concentration of 0.2 mg/mL
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Western Blotting.For Western blots, 500 ng of each MW
purified protein was used. Phosphorylation was detected
using either an anti-phosphotyrosine antibody (clone 4G10-
upstate) or a polyclonal antibody recognizing phosphoty- 2P
rosine Y1349 (cell signaling technology). Alexa Fluor 680
goat anti-mouse IgG, labeled with far-red fluorescent dye
(Molecular ProbeslInvitrogen), or IRDye800 conjugated
affinity-purified anti-rabbit IgG (H&L) (Rockland, PA) were
used as secondary antibodies. The Odyssey Infrared Imaging
System (Li-Cor Biosciences) was used for detection. 0

=
3

@
S
o

N
o
o

OR, 4P

Counts x 103

1=}
S

38400 38800 39200

RESULTS , e ,
Ficure 1. Phosphorylation-state analysis of recombinant Met by
LC/ESI-MS. (A) YYY Met. (B) FYY Met. The phosphorylation

of domain boundaries is a crucial step for the expression of State is indicated for each species (see Table 1 for a comprehensive
P P relative quantitation of the phosphorylated species). The experi-

stable and homogeqeous _prptein for biochgmical, biophysical, mental Mw values of the unphosphorylated (OP) species of YYY
and structural studies. Limited proteolysis was performed (38 537.6) and FYY (38 521.7) are in close agreement with the
on the entire Met cytoplasmic domain to define the most expected values (YYY, 38 538.5; FYY, 38 522.5).

suitable boundaries. Titration with trypsin yielded a stable

fragment of about 40 kDa that was mapped to residues peptide was found to contain both phosphorylated residues,
1023-1360 using electrospray mass spectrometry and N- whereas no phosphorylated counterpart was present in any
terminal sequencing. A similar result was obtained using V8 peptide containing Y1230 (data not shown). Double phos-
protease (data not shown). The identified domain was phorylation of the fragment 12331239 was confirmed by
expressed in baculovirus-infected insect cells. Optimization observed mass shifts of 160 mass units upon treatment with
of the cell culture, cell type, and infection conditions resulted alkaline phosphatase (data not shown). Thus, we identified
in yields of 5-10 mg of pure protein/f0insect cells. Y1194, Y1234, and Y1235 as the major phosphorylated sites
Recombinant Met was purified to more than 90% homoge- in the recombinant Met protein kinase domain.

neity using Glutathione Sepharose affinity chromatography. Mutagenesis and Biophysical Properties of Met Mutants.
The recombinant wild-type protein was highly phosphory- To obtain an insight into the function of the three major
lated, and up to seven phosphorylation species were detecteghhosphorylation sites and reduce the overall molecule
by mass spectrometry (Figure 1A). phosphorylation state, mutants were designed comprising

Mapping of the Major Phosphorylation Sitéghe MALDI silencing (from Tyr to Phe) mutations at Y1194 and/or
spectrum of a digested fraction after phosphopeptide enrich-Y1234, in combination with the phosphotyrosine mimetic
ment is shown in the Supporting Information (Figure S1A). mutation Y1235D found in HNSC6). Four Met mutants
The peak with anm/z value of 1891.1 was mapped to a Were produced: the single mutants Y1194F (named FYY)
peptide containing residues 1181198 with an additional ~ and Y1235D (named YYD), the double mutant Y1194F/
mass increment of 80 mass units expected for a phospho-Y1235D (named FYD), and the triple mutant Y1194F/
rylated peptide. Interestingly, the only tyrosine present in Y1234F/Y1235D (named FFD). The positions of the mutated
this peptide, Y1194, had not been described previously as aresidues in the 3D structure of Me&29) are shown in Figure
phosphorylation site in Met. The remaining two peaks were 2. Y1194 is located between helaE at the interface with
mapped to the mono- and diphosphorylated forms of frag- @C from the N lobe in close proximity to the hinge region
ment 1228-1239 in Met. To confirm the phosphory|ati0n of Met, while Y1234 and Y1235 are in the activation |00p.
of these peptides, the IMAC-enriched peptide mixture was The mutants were heterologously expressed in insect cells
treated with alkaline phosphatase. The three phosphopeptidénd purified to more than 90% purity under similar conditions
peaks disappeared, and concomitantly, two new peaksto those used for the wild type (hereafter referred to as YYY)
corresponding to the mass of the unmodified peptide frag- Met.
ments 118+1198 and 12281239 appeared (Figure S1B The YYY Met and the mutants had similar CD spectra,
in the Supporting Information). The enriched diphosphory- indicating that the overall structural integrity of the protein
lated phosphopeptide 1228239 contained three tyrosine was not altered by the mutations (Figure S2 in the Supporting
residues. To understand which tyrosines (Y1230, Y1234, andInformation). Deconvolution of the data using Selcon 3
Y1235) were modified, the total MALDI spectrum was resulted in the determination of aw+helical andg-sheet
carefully inspected and a shorter phosphopeptide correspondeontent of 31 and 15.9% for YYY Met and 29.3 and 14.9%
ing to the fragment 12331239 was also observed. This for the FFD mutant.

Production of Recombinant Met Proteifithe definition
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Ficure 3: Western blot analysis of total and specific phosphory-
lations of Met and its mutants. Samples of 500 ng of protein were
resolved by SDSPAGE under reducing conditions. (A) Phospho-
rylation content was determined using pan anti-phosphotyrosine
antibodies (upper panel). To control sample loading, proteins were
visualized in the gels by staining with Coomassie Brilliant Blue
(lower panel). Alkaline phosphatase-treated protein is indicated by
FiGURE 2. Ribbon diagram of the Met FFD K252a complex. The “—p” and autophosphorylated protein by-P”. Spot intensity
inhibitor (in blue) and tyrosine residues of Met (in green) are shown detected by Western blotting corresponded well with the-B%%

in a ball-and-stick representation. The three mutated residuesdata summarized in Table 1. (B) A-loop phosphorylation of YYY,
(Y1194F, Y1234F, and Y1235D) are highlighted in red. Loop FYY, and YYD before and after(P) autophosphorylation, using
regions that were not defined in the crystal structure are indicated specific anti-pY1234/Y1235 antibodies. The apparent lack of
by dotted lines. The picture has been generated using ICM. phosphorylation on Y1234 in the YYD mutant aftér vitro
autophosphorylation can be explained by the lack of recognition
Table 1: Phosphorylation States and Specific Activities of Different Of the modified A loop containing the Y1235D substitution. (C)

Eorms of Met Docking-site activation was analyzed using anti-pY1349 polyclonal
— antibodies directed against the residues surrounding Y1349 of
specific human Met.
activity phosphates/
1 0, 0, 0, 0,
group mutant(nmolmg™) OP% 1P% 2P% 3P% molecule type YYY and the FYY mutant were expressed as highly
A lﬁx 1;‘; i ‘1‘8 23 ég g gg iig phosphorylated proteins (Table 1, group A). While YYY Met
YYD 174436 95 5 0.05 was prevalently (60%) phosphorylated on three or more sites,
FYD 62+5 85 15 0.15 with 2.3 phosphates/molecule, only 38% of the FYY Met
FFD 60+£3 100 0 was phosphorylated on three or more sites, with an average
B YYY 154+31 69 23 8 0.39 f 1.2 ph h mol le (Table 1. ar A. and Fiaur
FYY 91+16 76 24 0.24 28 Ip ospt at(:[:‘s/ ”0 ecule ( a(l;e ,tg' oup ’ta.q g::]e
YYD 184424 100 0 ). In con rast, all expressed proteins containing the
FYD 584+ 6 100 0 Y1235D mutation (FFD, FYD, and YYD) were essentially
C YYY 264434 8 19 26 47 2.12 unphosphorylated, with less than 0.2 phosphates/molecule
\F(\q) f?gi 35 g 3? ég 71 i?g (Table 1, group A, and Figure 3A).
FYD 551 5 0 87 13 113 The specific activities of YYY and the four Met mutants

a Different forms of Met were characterized for their phosphorylation after expression in insect cells were tested inimnitro
state andn vitro kinase activity directly after purificatign frc?m ir?/sect Kinase assay using a gas_trln peptide as th? Substrat_e - Data
cells (A), afterin sitro treatment with alkaline phosphatase (B), and fépresent the average of five repeated experiments using two
afterin vitro dephosphorylation followed by preincubation with 100 mM ~ separate protein preparations. Interestingly, the specific
ATP (C). Data represent five independent experiments performed in activity was not correlated with the overall phosphorylation
duplicate. P%= percentage of phosphorylated sites. state of the proteins, because the YYY and YYD proteins

demonstrated the highest activities, despite their different

Analysis of the mutants by analytical ultracentrifugation phosphorylation states. Instead, the specific activity correlated
showed the recombinant proteins to be monomeric andwith the presence of the Y1194F mutation, because the FFD,
monodisperse in solution. YYY Met and the four mutants FYD, and FYY mutants reproducibly demonstrated3
had sedimentation coefficients [s(20,w)] between 2.17 and fold lower activity than the YYD and YYY Met proteins
2.25 Svedberg units (data not shown). The molecular weights(Table 1, group A). Further, the YYD mutant consistently
in solution of 39.7, 37.1, and 37.5 kDa for YYY, FYD, and had a slightly higher activity than YYY, in agreement with
FFD, determined from sedimentation equilibrium experi- previously reported data for a Met form harboring the
ments, were in good agreement with the expected theoreticaly1235D mutation and immunoprecipitated from COS-7
molecular weight (data not shown). transfected cells25).

Phosphorylation State and Specific At of the Different To investigate whether the observed differences in the
Met Forms.To investigate the relationship between phos- specific activities were due to minor but relevant differences
phorylation and activity of YYY Met and its mutants, the in the levels of phosphorylation in the A loop, the proteins
overall phosphorylation state was analyzed by Western were dephosphorylated and then subjectedirtovitro
blotting with pan anti-pTyr antibodies and quantified by autophosphorylation. The levels of phosphorylation and the
ESI-MS (Table 1 and Figure 3A). The results obtained by specific activities were measured after each step. The FFD
immunoblotting were in good correlation with the total mutant was not included in this and the next experiment,
phosphorylation levels determined by ESIIS. The wild- because its activity cannot be modulated by phosphorylation
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because of the absence of the major phosphorylation sites .c‘\ dagdadae

(data not shown). Incubation with alkaline phosphatase goles eS¢

resulted in the complete dephosphorylation of FYD and

YYD. In contrast, despite a significant reduction in the levels [~ ot |

of phosphorylation of FYY and YYY, it was not possible to Lol A il

completely dephosphorylate the two proteins ane-28% Incubation time (min)

of the protein remained phosphorylated, with -84 FIGURE 4: Comparison of the rates of autophosphorylation of YYY

phosphates/molecule (Table 1, group B, and Figure 3A). and FYY Met. The autophosphorylation assay was carried out at
Mapping of YYY showed that phosphorylation was located foom temperature using 100 nM dephosphorylated YYY and FYY

. . in 20 uL of kinase buffer containingf-3?P]JATP (2.5uCi/sample)
on the phosphopeptide containing Y123¥1235. The and 10uM unlabeled ATP. The reaction was stopped dt B9,

inability to completely dephosphorylate the proteins was most gg and 120 by addition of 10 mM EDTA and Laemmli buffer.
likely due to the inaccessibility of the phosphorylated Y1234 Reactions were analyzed using 10% SE\GE and autoradiog-
and/or Y1235 because of steric hindran88)( raphy of the dried gel.

Dephosphorylation did not result in significant modulation
of specific kinase activity of the different Met forms, which
remained entirely consistent with those determined for
untreated mutants, decreasing in the order: Y¥DrYY
> FYY > FYD. In particular, the activity of the completely
dephosphorylated YYD was still slightly higher than that of
the partially phosphorylated YYY. These data confirmed that
the different activities are not related to the overall phos-
phorylation status of the proteins expressed in insect cells.
They also showed that the Y1235D mutation can at least
partially compensate for the loss of Y1235 phosphorylation
in YYD and induce partial activation. Also, at a difference
with YYY Met, this happens irrespective of the phospho-
rylation at Y1234. This effect is not observed when Y1194 4o 1o ction site, which increases upanvitro autophos-
is mutated to a phenylalanine, confirming the importance of phorylation
an intact Y1194 for both the wild type and Y1235D mutant. RO ) ]

To understand how autophosphorylation modulates the Kinetics of AutophosphorylatioRhosphorylation of Y1194
specific activity of the proteins, we preincubated the de- Was identified by mass spectrometry as a major phospho-
phosphorylated Met forms with ATP prior to thie sitro rylation site in YYY Met. .S.ubstlt.u'glon of this resu_ﬂl_Je seems
kinase assayin sitro autophosphorylation of the dephos- Fo affect the ba_sal specific act|V|ty.of FYY purlfled from
phorylated Met proteins resulted in the complete phospho- |r)sect cells, but it does_, not hamper its full ac_t|vat|on.ai'mer
rylation of virtually all Met forms (Table 1, group C). The vitro autophosphory!athn. To test' Whgther this mutation may
YYY and FYY proteins were phosphorylated prevalently on haye affected the kinetics of' activation, an autophosphory-
two or more sites, with 2.1 and 2.6 phosphates/molecule, lation assay was performed in the presence ofilDATP
while the YYD and FYD mutants were predominantly di- @t room temperature using the FYY and YYY mutants at a
and monophosphorylated, with 1.7 and 1.1 phosphates/concentratlon of 100 nM. Interestingly, in these conditions,
molecule. In parallel, the specific activities of FYY and YYY FYY autophosphorylated at a substantially lower rate than
increased 2 3-fold, while the YYD and FYD mutants were ~ YYY, and its level of autophosphorylation after 120 min
not activated by autophosphorylation. was visibly lower than that observed after 15 min with YYY

Analysis of the different Met proteins by Western blotting (Figure 4). Similar results were obtained at highep()
using specific anti-pY1234/1235 antibodies revealed low €nzyme concentration (data not shown). However, under the

levels of phosphorylation on Y1234 and/or Y1235 on Met conditio_ns used for thén vitro autophosphorylation prior
proteins purified from insect cells, whereas one or both of (O the kinase assay (2B0xM enzyme and 10 mM ATP at
these residues became highly phosphorylated in YYY and 37 °C), FYY was phosphorylated to the same extent as YYY
FYY afterin sitro autophosphorylation (Figure 3B). The lack (See Table 1, group C). These observations suggest that the
of detection by Western blot analysis of phosphorylation on Y1194F mutation could impair enzyme activity (see Table
Y1234 in the YYD mutant can be explained by the inability 1, 9roup A) by sgmﬁcgntly redy_cmg kinase activation
of the specific anti-pY1234/1235 antibodies to recognize the kinetics under physiological conditions.
modified A loop containing the Y1235D substitution. Indeed,  Effect of the Mutations on the Binding of the Met Inhibitor
peptide mapping by MS showed Y1234 to be completely K252a.K252a is a staurosporin analogue described as a
phosphorylated also in YYD and FYD aften vuitro potent inhibitor of Met kinase activity in cell84). We used
autophosphorylation (data not shown). In summaryjtro ITC to study the binding of K252a to phosphorylated and
autophosphorylation of Y1234Y1235 results in full enzy- partially unphosphorylated YYY as well as the different Met
matic activation of YYY and FYY proteins, irrespective of mutants. In the structure of apo-Met FFD, residues D228
their initial phosphorylation state and activity, while the YYD Y1230 block the access of K252a to the active site (Figure
and FYD mutants are not further activated by autophospho- S3 in the Supporting Information) and the comparison of
rylation on Y1234. the apo-crystal structure with the inhibitor cocrystal structure
The inability to fully activate the YYD and FYD mutants  shows that these residues rearrange considerably to accom-
despite their complete phosphorylation on Y1234 demon- modate the ligand209). Indeed, this is reflected in the

strates that the Y1235D-activating mutation is not able to
induce the same effect as two phosphotyrosines in the A
loop (14—16). The capability of these mutants to preserve
the signal transduction mediated by phosphorylation of the
docking site was investigated using specific anti-pY1349
antibodies. Whereas Y1349 was highly phosphorylated in
YYY, a faint phosphorylation of this site was observed in

the FYY and YYD proteins purified from insect cells. In

contrast, the levels of phosphorylated Y1349 increased
significantly in all three forms after autophosphorylation

(Figure 3C), suggesting that the Y1235D mutation can induce
per se some degree of functional activation of its signal
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Time (min) phorylation at Y1234 may play a role in inhibitor binding
05— 0 €0 90 120 by modulation of A-loop flexibility.
» DISCUSSION

0.0 1
) The molecular mechanism for activation of wild-type and

mutated Met has been extensively studied using cell-based

05 . assays and semiquantitative biochemical approaches based

on immunoprecipitation of Met proteins from mammalian

E cells, coupled to immunological detection of protein phos-

phorylation @9, 28, 35). Recently, transient expression in

COS cells coupled to Western blotting with selective anti-

g pTyr antibodies was used to study in depth the mechanism

of activation of wild type and Met mutants D1228H,

D1228N, and M1250T29).

00 05 10 15 20 25 Here, we report the use o0$90% pure, extensively
Molar Ratio characterized proteins produced in insect cells coupled to

FiGUrRe 5: ITC binding study of the Met inhibitor K252a. The upper ~quantitative approaches to analyze protein phosphorylation

panel shows the raw heat data obtained over a series of injectionsand enzymatic activity, as a very robust approach to analyze
of phosphatase-treated YYY Met (trace &) and FFD Met (trace b) in depth the importance of individual residues and their

into PBS buffer containing @M K252a. The lower panel shows ; ; o ;
the integrated binding heats after subtraction of dilution heats (not phosphorylation state for Met enzymatic activity. Using

Hcal/sec

keal/mole of injectant
o
1

shown) for FFD Met and phosphatase-treated YYY Me). (The limited proteolysis and mass spectrometry, we were able to
data obtained for the nonlinear least-squares fits are summarizeddentify a compact domain of Met that could be expressed
in Table 2. at significant levels as a soluble, nonaggregated, active
protein. Because of very high levels of expression, exogenous
Table 2: ITC Data for the Binding of K525a to Met RTKs produced either in insect cells or in mammalian COS
AHobs TASPs  AGebs cells undergo spontaneous clusterization and trans-autophos-
Ko Ke (keal (kcal  (kcal phorylation 8). As described for COS cells, recombinant
proteit  (uM) (1M  mol))  mol”) mol™) N wild-type Met from insect cells was highly phosphorylated

YYy 0063 16+03 -7.0+01 26 —9.6 0.82 at several sites, including Y1234 and Y1235. When we
p((y %%%23 11-?; 8-3 :g-gi 8-% 2% :g-; 8-32 attempted to modulate its activity by vitro dephosphory-
YYD 0050 20L04 —60L02 38 -98 110 lation, it proved to be technically very difficult to obtain a
FYD 0014 7212 —57+02 4.8 —105 0.98 nonphosphorylated form even by prolonged phosphatase
FYD** 0.040 2.5+08 -974+402 03 -10.0 0.80 treatment. Phosphomapping of the YYY Met kinase domain
FFD 0011 9.3:20 -1824+02 -—75 -10.7 094 expressed in insect cells enabled us to identify three major

aErrors given in the table are errors of the nonlinear least-squares phosphorylation sites; the well-known tyrosine doublet
fit only. ® All Met forms were analyzed directly after purification from Y1234 and Y1235 on the A lood4—16) and Y1194 in the

insect cells (Table 1, group A) with the exception of YYY* that was ; ; : ;
partially dephosphoryiated (Table 1, group B) and FYD* that was hinge region, whose phosphorylation had not been previously

subjected tan sitro autophosphorylation (Table 1, group CN = reported. To study the function of these three tyrosine
experimentally determined stoichiometry of the interaction. residues and possibly produce a nonphosphorylated, active
form suitable for structural studies, we generated combina-
considerably large binding enthalpy change measured for thelions of silencing (from Tyr to Phe) mutations on Y1194
FFD mutant AHos = —18.2+ 0.2 kcal/mol) upon binding arjd/or. Y1234 gnd the naturally occurring phosphptyrosme
of K525a (Figure 5). Much smaller binding enthalpies were Mimetic mutation Y1235D. We then characterized the
observed for YYY as well as the FYD and FYY mutants, different proteins by. a cpmblnatlon of mass spectrometry,
suggesting that these proteins do not undergo such drasti®nosphospecific antibodies, and enzymatic assays.
structural changes upon inhibitor binding (Figure 5 and Table ~Major differences were observed in the phosphorylation
2). Interestingly, both the FFD and FYD mutants bound state of the mutants purified from insect cells, which, because
K252a with about 45-fold higher affinity than YYY and they were produced under very similar conditions and with
FYY. To analyze if there was a correlation between the comparable yields, would not seem to be due to the effect
higher level of phosphorylation of YYY and FYY with  Of endogenous kinases but rather to intrinsic autophospho-
respect to the other mutants (Table 1, group A) and their rylation properties of the different forms, as well as the
lower affinity for the inhibitor, we repeated the ITC presence of the major phosphorylatable sites.
measurement using the phosphatase-treated YYY (Table 1, Interestingly, our studies demonstrated little correlation
group B). However, after this treatment, no change in the between the overall degree of phosphorylation and specific
affinity for K252a was observed, which might be due to only activity of Met and its mutants. Instead, in accordance with
partial dephosphorylation of Y1234. In contrast, vitro previous observationsl4, 15, 28), for wild-type Met, the
autophosphorylation of FYD, which we previously showed activity depended upon the degree of the specific phospho-
to occur mainly at position 1234, resulted in a 3-fold lower rylation of Y1234 and Y1235. To obtain a constitutively
affinity of Met for K252a when compared to the unphos- active mutant, we introduced the Y1235D mutation that
phorylated mutant as well as in a larger, more favorable, should mimic the phosphorylated tyrosine at this position,
binding enthalpy change (Table 2), suggesting that phos-by analogy with what has been proposed to explain the
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activation of B-Raf, having aspartic acid at the corresponding
position @6). Biological studies indicate that this naturally
occurring mutation leads to constitutive Met activati@s, (
26), and a qualitative analysis showed its association with
higherin zitro kinase activity with respect to the wild type
(26). In agreement with these data, we found that the YYD
mutant purified from insect cells has a basal activity superior
to that of YYY Met.

For wild-type Met, it has been suggested that Y1235 may
be the first phosphorylation event, which would not be
sufficient to release auto-inhibition until a second phospho-
rylation event occurs on Y1234£28). In depth biochemical
characterization of the D1228H/N and M1250T mutants
showed that these proteins are not phosphorylated on Y1234 re 6: Structure of the region encompassing the highly
yet retain full kinase activity48). Moreover, mutagenesis  conserved 1194 residue in the FFD mutant. In the crystal structure
of Y1234 does not affect the biochemical or biological of the FFD mutant, F1194 sits in a hydrophobic pocket formed by
function of these mutants. In contrast, Y1234 of the Y1235D F2qatly f1e 0t e e o Sl ine mutation doe ot alter
mutant is still capable Of_ becoming phosphorylateditro. the protein structure iﬁ this region. However, in the absence of the
However, phosphorylation of Y1234 does not seem 10 phenylhydoxyl group, the mutant is unable to form hydrogen bonds
contribute to the activation of the Y1235D mutant. In fact, with the neighboring residues D1133 and S1135.
its activity is neither affected by complete dephosphorylation
upon phosphatase treatment nor increased éfiteritro
incubation with ATP, which we found by mass spectrometry
to induce Y1234 phosphorylation. On the other handijtro receptor kinase, IGF1R, and FGFR9( 35, 39, 40). This
incubation of YYY results in higher activity compared to region is also structurally conservezbj, with the hydroxyl
YYD, suggesting that the mutation Y1235D triggers partial group of Y1194 most likely forming a triad hydrogen bond
activation but cannot fully compensate a phosphorylated with D1133 and S1135 in the wild-type Me3@), similar to
tyrosine at this position. Moreover, it is worth mentioning the interactions observed in the insulin recept®t) (and
that in witro incubation with ATP was found to increase other RTKSs, such as IGF1R and FGFR. In Met FFD mutant,

tyrosine kinases (nearly 90%) and strictly conserved among
the closest relatives of Met, including RET, RON, insulin

phosphorylation at Y1349 both in YYY and YYD proteins;
therefore, dimerization following receptor activationvizo
may still be able to increase the biological response of this
mutated Met.

hydrogen bonds formed by the tyrosine hydroxyl group are
disrupted and F1194 sits in a hydrophobic pocket formed
by K1198, L1195, H1136, and F1134 (Figure 6), although
the local environment of Y1194 is conserved in the crystal

On the basis of these results, we conclude that the structure 29). Currently, there is no evidence that Y1194
constitutive activation of the Y1235D mutant differs from needs to be phosphorylated or that this site is indeed
the molecular mechanisms of other oncogenic mutations, phosphorylateih vivo. However, phosphorylation of Y1194
such as D1228H/N and M1250T, which overcome the need will induce new noncovalent interactions in this region that
for the second phosphorylation step on Y1234 by reducing are possibly coupled to structural rearrangements of the two
the threshold for activation but can only display their kinase lobes. Itis therefore very likely that modulations close
oncogenic potential upon stimulation with HGE8( 37). to the hinge of the lobes at Y1194 play an important role in

The capability of the Y1235D mutant to uncouple kinase the overall flexibility of Met and influence its activation
activation from ligand binding may very well explain the kinetics. The effect of the Y1194F mutation is also observed
ability of this type of mutation to induce metastatic properties in the presence of the activating mutation Y1235D, resulting
also in carcinoma cell lines not expressing HGEo)( in a limitation of its potential activity. This finding underlines
However, it is noteworthy that the Y1235D Met mutant the importance of a free tyrosine in this position. Moreover,
overexpressed in human carcinoma cell lines can be furtherour results suggest that the slow activation kinetics observed
stimulated by HGF stimulatior26). On the basis of our data,  could elicit an increased threshold for Met signaling in cells,
the oncogenic phenotype observed with this muianitvo which could account for the aberrant physiological function
may be due to a sustained phosphorylation at the 4349 of Met (30) and possibly Ret38) mutated at this residue.
1356 signaling site rather than further activation of the kinase. More work will be needed to understand if this residue is
Thus, constitutive activation, rather than increased kinase phosphorylatedn vivo in Met and other receptor tyrosine
activity, seems to be the key explanation for the oncogenic kinases.
potential of this mutation. Analysis of the FFD mutant in complex with the K252a

In this study, we also identified Y1194 as a major mutant showed interactions of the N-terminal residues of the
phosphorylation site in recombinant Met that had not been A loop with the inhibitor £9). We then applied ITC to study
previously described. The biological role of this residue is the interactions of the FFD mutant in parallel with the other
still not fully understood. However, the Y1194F mutation Met proteins. The large binding enthalpy change measured
has been shown to significantly diminish mitogenic signaling for the FFD mutant AH°*S = —18.2 £ 0.2 kcal/mol)
and invasive properties of oncogenic Met in response to HGF indicates that binding of K252a induces conformational
(30). In addition, mutation of the homologous residue in the changes in this mutan9, Figure 5). In contrast, binding
Ret-oncogene affects the transforming activity of this protein enthalpy values were considerably smaller for YYY, YYD,
(38). This residue is highly conserved among receptor FYD, and FYY Met, suggesting that structural rearrange-
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ments do not take place to the same extent upon binding ofencouraging support, Michael Forstner for useful discussion,
K252a to these proteins. and Maria Flocco for support. We also thank Rosario Baldi
One interesting aspect of the thermodynamic data that weand Silvia Messali for technical support and Jan Malyszko,
obtained is that, even though binding constants of K252a to Cristiana Marcozzi, and Sonia Troiani for their contribution.
the Met mutants are similar, the thermodynamic driving C. C. is grateful to Graziella Bisconti Cristiani for personal
forces that give rise to the binding are very different. K252a support.
binding to FFD is strongly favored by enthalpy changes
(AHObS) and Opposed by entropy Changwbs)' whereas SUPPORTING INFORMATION AVAILABLE
unphosphorylated FYD binds K252a with similar affinity but Figure S1, MALDI mass spectrum of wild-type Met
with a favorab!e erltropy (':ha'nge and a signif!cant'ly redU(_:ed phosphopeptides: Figure S2, CD spectra of wild-type and
enthalpy contribution to binding. Such data gives interesting ., tant Met proteins; Figure S3, residues of the A loop of
insights into the biophysical reasons of inhibitor recognition grp apo-Met and in complex with K252a. This material is
that can be used to support structure-based drug-designyyaijaple free of charge via the Internet at http://pubs.acs.org.

efforts. Interestingly, binding studies with K252a also showed

that phosphorylation of Y1234 influences inhibitor binding REFERENCES

and modulates inhibitor binding thermodynamics. Because
of the low affinity for ATP, we were unable to unambigu-
ously demonstrate any correlation between phosphorylation
of Y1234 and lower affinity for ATP, but it is conceivable

that phosphorylation of this site influences the affinities for 2

ATP. Indeed, it was shown by Morotti et aB4) that K252a

was more potent on another mutated form of Met (M1250T) 3.

than on the wild type. Because the Y1235D mutation has
been identified in several metastases, it is interesting to
speculate that the mutated Met form found in some tumors
may be more sensitive to staurosporin-like inhibitors than

Met activated under physiological conditions, opening new -

possibilities in the design of specific inhibitors against
oncogenic Met.

Recently, it was reported that the Met kinase inhibitor 6.

SU11274 differentially affects the activity and signaling of
various mutant forms of Met4@). The Met mutations
M1250T and H1094Y were potently inhibited, while the

L1195V and Y1230H variants were found to be resistantto 7

this compound both in terms of phosphorylation and
downstream signaling. Interestingly, it has also been recently
reported that individual Met mutations induce different tumor

types in mice 43). When these data are taken together, they 8-

suggest that the effects of individual mutations on Met
tyrosine kinase activation and signaling, as well as their
impact on Met pharmacological inhibition, need to be
investigated on a case by case basis.

In support of the new concept of selective drug discovery,
the L858R mutation in EGFR in patients with lung carcinoma
was demonstrated to render them more sensitive to gefitinib
treatment44). This suggests that a detailed genetic analysis

of individual tumors will be a necessary prerequisite for the 11,

success of targeted therapy. The analysis of various colorectal
cancer samples showed the presence of point mutations in
different branches of the tyrosine “kinome” in a minimum
of 30% of the investigated case$5{. Mutations have also

emerged as a major cause of tumor resistance to the Gleevecl3.

Abl inhibitor, and this may be a common mechanism of
escape from treatment with kinase inhibito4$§)( Thus, for

the design of kinase inhibitors as anticancer drugs, the effects
of spontaneous and induced mutations on the target activation
and drug binding need to be considered for a successful ;-
therapy.
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