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ABSTRACT: Although oligomerization of receptor tyrosine kinases (RTKs) is necessary for receptor activation
and signaling, a quantitative understanding of how oligomerization mediates these critical processes does
not exist. We present a comparative thermodynamic analysis of functionally active dimeric and functionally
inactive monomeric soluble analogues of the c-MET RTK, which clearly reveal that oligomerization
regulates the binding affinity and binding kinetics of the kinase toward ATP and tyrosine-containing
peptide substrates. Thermodynamic binding data for oligomeric c-MET were obtained from the dimeric
TPR-MET oncoprotein, a functionally active fusion derivative of the c-MET RTK. This naturally occurring
oncoprotein contains the cytoplasmic domain of c-MET fused to a coiled coil dimerization domain from
the nuclear pore complex. Comparative data were obtained from a soluble monomeric kinase compromising
the c-MET cytoplasmic domain (cytoMET). Significantly, under equilibrium binding conditions, the
oligomeric phosphorylated kinase showed a significantly lower dissociation constant (Kd,dimer ) 11 µM)
for a tyrosine-containing peptide derived from the C-terminal tail of the c-MET RTK when compared to
the phosphorylated monomeric kinase cytoMET (Kd,monomer ) 140 µM). Surprisingly, equilibrium
dissociation constants measured for the kinase and ATP were independent of the oligomerization state of
the kinase (∼10 µM). Stopped-flow analysis of peptide substrate binding showed that the association rate
constants (k2) differed 2-fold and dissociation rate constants (k-2) differed 10-fold when phosphorylated
TPR-MET was compared to phosphorylated cytoMET. ATP binding abrogated the differences ink2 rates
observed between the two oligomeric states of the c-MET cytoplasmic domain. These results clearly
imply that oligomerization induces important thermodynamic and conformational changes in the substrate
binding regions of the c-MET protein and provide quantitative mechanistic insights into the necessary
role of oligomerization in RTK activation.

Binding of extracellular ligand to its cognate receptor
tyrosine kinase (RTK)1 initiates an intracellular signaling
cascade that can induce cellular differentiation, proliferation,
migration, and other cellular responses (1). Ligand binding
to a monomeric RTK facilitates receptor oligomerization and
subsequent autophosphorylation of tyrosine residues both
within a regulatory activation loop and at sites adjacent to
the kinase domain (1-5). Activation loop phosphorylation
typically results in increased catalytic activity of the kinase.
Phosphorylated tyrosine residues adjacent to the kinase
domain act as docking sites for secondary signaling mol-
ecules, which typically interact through SH-2 (Src homology

2) or PTB (phosphotyrosine binding) domains. Activation
of these secondary signaling molecules, through either
phosphorylation or receptor binding, initiates downstream
intracellular signaling cascades (1, 6). RTK oligomerization
and autophosphorylation are both necessary for efficient
receptor activation and signaling, but neither alone is
sufficient for full RTK activation (7-10).

The importance of receptor oligomerization in signaling
has been highlighted by numerous observations associating
ligand-independent receptor oligomerization with aberrant
RTK activation and signaling (11). In many cases, consti-
tutively active RTK oncoproteins result from chromosomal
translocations that fuse large portions of the RTK cytoplasmic
domain to an oligomerization domain (e.g., TPR-MET, TEL-
PDGFR, and PTC-1) (12-14) or point mutations in the
extracellular or juxtamembrane domains that promote RTK
dimerization (11, 15). Related studies using tyrosine phos-
phatase inhibitors have demonstrated that while autophos-
phorylation of both EGFR and PDGFR can be achieved in
the absence of extracellular ligand stimulation, these auto-
phosphorylated monomers cannot fully mimic the responses
of ligand-stimulated receptors either in whole cells or inin
Vitro preparations (9, 16).
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The phosphorylation state of RTKs has been studied as
an oligomerization-independent regulatory mechanism in
RTKs (12, 17-19). For example, the angiogenic RTKs Tie-2
and vascular endothelial growth factor receptor 2 (VEGFR-
2) showed increased catalytic activity dependent on the
phosphorylation state of the receptor. Unfortunately, only
the monomeric kinase domain of these proteins was studied;
therefore, these results did not address how autophospho-
rylation modulated the oligomeric receptor (18, 19). Recent
work in our laboratory demonstrated that the oligomeric
phosphorylated TPR-MET oncoprotein showed a greater than
5-fold increase in the specificity constant (kcat/Km) for ATP
and greater than 15-fold increase in the specificity constant
for tyrosine-containing peptide substrates when compared
to the isolated cytoplasmic domain of the c-MET RTK
(cytoMET) (20). Recent crystallographic studies have pos-
tulated that an interaction might exist between adjacent
subunits of the c-Kit RTK cytoplasmic domain (21) and
between neighboring COOH-terminal regions of the EGF
RTK (22), although a direct observation of such interactions
does not yet exist. Together, these results suggest that while
RTK autophosphorylation is an important regulatory mech-
anism, additional oligomerization-induced changes may
necessarily occur to alter the active site conformation and
render the RTK fully functional.

Kinetic and thermodynamic characterization of RTKs has
previously been performed on isolated kinase domains, whole
cytoplasmic domains, or whole receptors. Cheng and Koland
showed that the cytoplasmic domain of the EGFR had an
almost 10-fold greaterKd for an ATP analogue than a
carboxyl-terminal deletion mutant of the cytoplasmic tail
(23), demonstrating that the isolated kinase domain may not
be a sufficient model for RTK function. Additional studies
showed that the EGFR carboxy-terminal deletion mutant also
had different steady-state catalytic parameters when com-
pared to the whole cytoplasmic domain, and these differences
were substrate dependent (24). In the insulin receptor (IR),
which forms an inactive disulfide-linked dimer in the absence
of extracellular ligand, autophosphorylation kinetics were
observed to follow a two-phase model where the ligand-
activated receptor has a prolonged fast phase compared to
the nonligand-stimulated receptor (25). These results sug-
gested that conformational changes in the IR occurred upon
ligand binding to the extracellular side of the receptor.
Quantitative studies of whole receptors have proven difficult
due to the complexity of their transmembrane spanning
structures. It is clear, however, that a phosphorylated
monomeric construct, whether an isolated kinase domain or
whole cytoplasmic domain, is not sufficient to completely
explain RTK activity. A better model for studying RTKs
would allow the quantitative measurement of the relative
contribution of autophosphorylation and oligomerization to
the activation process.

In this paper we investigated the extent to which oligo-
merization modulated the thermodynamic properties of the
c-MET RTK. To model the active oligomeric c-MET protein,
we studied its soluble oncoprotein derivative TPR-MET. The
TPR-MET oncoprotein is a fusion of the cytoplasmic domain
of the c-MET RTK and a domain from the nuclear pore
complex (12, 26, 27). The fusion results in the loss of the
extracellular, transmembrane, and a portion of the juxtamem-
brane domains of c-MET and their replacement with a

leucine zipper dimerization domain. The resulting fusion
protein is a constitutively active phosphorylated dimer that
is oligomerized through the TPR domain, as demonstrated
by site-directed mutagenesis (12). This oncoprotein could
transform NIH-3T3 cells independent of extracellular ligand
stimulation (12) and had the ability to produce mammary
hyperplasia and carcinoma as well as multiple other neo-
plasms in transgenic mice (28). TPR-MET and the ligand-
activated c-MET receptor have been shown to be similarly
phosphorylated and to signal through similar pathways both
in ViVo and in cell culture (29, 30-32). CytoMET is the
cytoplasmic domain of the c-MET RTK, homologous to
TPR-MET but lacking the leucine zipper TPR region.
Although this protein had kinase activity, it could not
transform NIH3T3 cells and was, therefore, functionally
inactive (12). These studies suggested that there are differ-
ences between functionally active TPR-MET and functionally
inactive cytoMET. Here we present a detailed analysis that
conclusively shows phosphorylated TPR-MET and phos-
phorylated cytoMET have significantly different thermody-
namic properties. Since these two proteins differ only in their
oligomerization state, this implies that their thermodynamic
properties were modulated by oligomerization-induced con-
formational changes and that similar oligomerization-induced
conformational changes likely are associated with c-MET
activation.

EXPERIMENTAL PROCEDURES

Materials. Adenosine 5′-triphosphate (ATP) and 5′-ade-
nylyl imidodiphosphate (AMPPnP) were purchased from
Sigma. The Bac-to-Bac baculovirus expression system, SF-
900II SFM, fetal bovine serum (FBS), and 100× antibiotic/
antimycotic were purchased from Invitrogen. Complete
protease inhibitor cocktail was purchased from Boehringer
Mannheim. 2′(3′)-O-(N-methylanthraniloyl)-5′-adenylyl imi-
dodiphosphate (MANT-AMPPnP) was synthesized by the
UTMB Synthetic Organic Chemistry Core Laboratory ac-
cording to Hiratsuka (33). Fluorescently labeled PepTyr489
(NBD-DSDVHVNATYVNVKCVAP) was synthesized and
purified in the UTMB Protein Chemistry Core Facility and
its identity verified by mass spectroscopy. Anti-human c-Met
antibody was purchased from Santa Cruz Biotechnology (sc-
161); anti-phosphotyrosine (clone 4G10) and the anti-
phosphorylated MET activation loop antibodies were from
Upstate Biotechnology.

Protein Purification. Expression and purification of full-
length TPR-MET and the cytoplasmic domain of the c-MET
receptor (cytoMET) were described in detail elsewhere (20).
Briefly, both proteins were cloned into the Bac-to-Bac
baculovirus expression system (Invitrogen) with a C-terminal
hexahistidine tag. Recombinant baculovirus was used to
infect Sf-9 insect cells at a multiplicity of infection (MOI)
of 5. Cells were harvested after 72 h and lysed in TBSC
lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.5%
CHAPS) supplemented with 1 mM DTT and 1× complete
protease inhibitor cocktail. TPR-MET and cytoMET were
separately purified from the cleared lysate by binding and
elution from Ni-NTA beads (Qiagen). Purified protein was
dialyzed into PBSC (50 mM sodium phosphate, pH 6.5, 150
mM NaCl, 0.5% CHAPS, 1 mM DTT) supplemented with
50 µM ATP, 25 mM MgCl2, and 5 mM MnCl2 to ensure
complete autophosphorylation. Both proteins were recognized
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by a commercially available anti-human c-MET antibody
(Santa Cruz, SC-161) that was derived from a peptide
corresponding to the carboxy-terminal residues of c-MET.
Both TPR-MET and cytoMET are phosphorylated to similar
extents and on similar tyrosine residues as demonstrated from
their recognition by anti-phosphotyrosine antibody 4G10
(Upstate Biotechnology) and separate antibodies specific for
the phosphorylated activation loop and the carboxy-terminal
phosphotyrosine site 1365 of c-MET (Upstate Biotechnology)
(data not shown). Furthermore, incubation of this phospho-
rylated enzyme with [γ-32P]ATP revealed no further incor-
poration of phosphate into either TPR-MET or cytoMET,
indicating that both enzymes were maximally autophospho-
rylated. As judged by Western blot quantification, no change
in phosphotyrosine levels was observed for either cytoMET
or TPR-MET during the course of the experiments (data not
shown). Excess ATP, ADP, MgCl2, and MnCl2 were
removed from purified proteins by successive dialysis into
PBSC and the proteins stored at 4°C.

Equilibrium Binding Studies of TPR-MET and CytoMET.
Binding of MANT-AMPPnP, ATP, and fluorescent-labeled
tyrosine-containing peptide (PepTyr489) to purified TPR-
MET and cytoMET was measured using a Fluorolog-3
spectrofluorometer (Model FL3-22; Jobin-Yvon) with dual
grating monochromators on both the excitation and emission
pathways. Quenching of the fluorescence from the five
common tryptophan residues found in both TPR-MET and
cytoMET was measured at increasing concentrations of
substrate. Reactions were performed in PBSC supplemented
with 5 mM DTT. In peptide binding reactions, 1% DMSO
was included in the reaction buffer. In reactions with MANT-
AMPPnP or AMPPnP, the reaction buffer was supplemented
with 5 mM MgCl2. All data were collected at 10°C with an
excitation wavelength (λex) of 290 nm and emission moni-
tored from 300 to 387 nm for MANT-AMPPnP binding and
from 300 to 400 nm for peptide binding. Both the sample
and a reference cuvette with buffer and ligand were recorded.
Fluorescence was corrected for inner filter effects by
measuring the absorbance of the protein/ligand solutions at
the excitation and emission wavelengths. The quenching of
tryptophan fluorescence occurring upon the addition of
substrate to a constant amount of protein was assumed to be
proportional to the amount of protein-bound substrate present.
The data were fitted using the following equation to obtain
dissociation constants:

where∆F represents the fluorescence of the sample minus
the background cuvette,F0 is the initial protein fluorescence
in the absence of ligand,Q is the maximum quenching of
the protein during the experiment, andKd is the dissociation
constant (34). The data were plotted as∆F/F0 vs [substrate]
and fit using nonlinear least squares regression analysis to
the above equation with the Graphpad Prism program and
Kd andQ as fitting parameters.

Stopped-Flow Fluorescence Measurements. All stopped-
flow measurements were performed on a Fluorolog-3 spec-
trofluorometer as described above, with aµ-flow stopped-
flow attachment (Jobin-Yvon). Samples were mixed in equal
volumes, and fluorescent changes were monitored at aλex

of 290 nm (1 nm slits) and an emission wavelength (λem) of

335 nm (10 nm slits) with dual grating monochromators on
both the excitation and emission sides. Buffers used were
identical to those described for equilibrium binding measure-
ments. Time-dependent emission quenching was collected
for a total of 100-300 s with 0.005-0.1 s increments. Three
to five data sets were recorded for each concentration of
ligand at a fixed concentration of protein. The data were
analyzed using nonlinear least squares regression in the
Graphpad Prism program and fit to a two-phase exponential
decay:

where spanA and spanB correspond to the amplitude of the
exponential process,ka is the photobleaching-associated rate
constant,kobs is the observed pseudo-first-order rate constant,
and plateau is the fluorescence att ) ∞. The observed
photobleaching rate constant was measured in the absence
of ligands. The measuredkobs vs [substrate] were fit with
least squares linear regression analysis in the Graphpad Prism
and yielded straight lines with slopes corresponding tokon

and intercepts that correspond tokoff for the selected substrate
(34).

RESULTS

Quenching of Intrinsic Tryptophan Fluorescence in TPR-
MET and CytoMET. We have previously shown that both
TPR-MET and cytoMET are catalytically active against a
biotinylated peptide that corresponded to Tyr-489 (residue
1356 in c-MET) in the C-terminal tail of the TPR-MET
oncoprotein (PepTyr489) (20). This tyrosine residue is crucial
for cellular signaling by both c-MET and TPR-MET (30).
In addition, quenching of the tryptophan residues found
within the TPR-MET and cytoMET by MANT-AMPPnP
alone has been described (20). In this paper we significantly
extend these results by determining peptide equilibrium
binding constants and preequilibrium rates and the degree
of allosteric interaction between the peptide and ATP binding
sites in the different oligomeric states of the c-MET receptor.

Four of the five tryptophan residues found in TPR-MET
and cytoMET are within the carboxy-terminal kinase domain
and also within 20 Å of the peptide binding site, as
determined by sequence analysis and comparison with the
known structure of the insulin receptor (35). Therefore, a
fixed amount of protein (0.01-3 µM) was titrated with
increasing amounts of substrate, and the change in intrinsic
tryptophan fluorescence was measured over the range of the
emission peak. The area under the curve was integrated, inner
filter effects were subtracted out, and normalized fluores-
cence was plotted against substrate concentration. These data
were fit using nonlinear least squares regression analysis
(Figures 1 and 2). Since dimeric TPR-MET has two binding
sites for both ATP and peptide ligand, it was important to
determine if there was any quenching of tryptophan residues
in one subunit by binding of either ATP or peptide to the
other, which might lead to a nonlinear signal change. To
determine if there was fluorescent energy exchange interac-
tions between the subunits of the TPR-MET dimer, the
experiment was repeated using a greater than 30-fold
difference in protein concentrations (up to 3µM). No changes
in fitting parameters were needed to accurately fit the data
over the range of protein concentrations tried. Thus, binding

∆F/F0 ) 1 - {Q[substrate]/(Kd + [substrate])}

Y ) spanA× e-kat + spanB× e-kobst + plateau
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of the first ligand to the protein quenches either all of the
fluorescence or the same amount of fluorescence as binding
of the second ligand (data not shown).

Table 1 summarizes the equilibrium binding data obtained
from analysis of Figures 1 and 2. In previous work, we
described the binding of AMPPnP, a nonhydrolyzable
derivative of ATP, and its fluorescent analogue MANT-
AMPPnP to both phosphorylated TPR-MET and phospho-
rylated cytoMET (20). Importantly, oligomerization produced
a 3-fold decrease in the dissociation constant between
AMPPnP and phosphorylated TPR-MET when compared to
AMPPnP and phosphorylated cytoMET. Also, there was no
significant difference between the binding of MANT-
AMPPnP and AMPPnP for either protein, and therefore,
MANT-AMPPnP could be used to accurately measure the
binding of AMPPnP to either protein. The binding constants
for PepTyr489 (Kd,pep) were 13.4 and 143.4µM for phos-
phorylated TPR-MET and phosphorylated cytoMET, respec-
tively.

We investigated the degree of allosteric interactions
between peptide and ATP binding sites in both phosphory-
lated TPR-MET and phosphorylated cytoMET. The presence
of excess AMPPnP (150µM) did not alter the binding
affinity between PepTyr489 and phosphorylated TPR-MET

(Kd,pepATP) 15.9µM). However, the binding affinity between
PepTyr489 and phosphorylated cytoMET was significantly
decreased in the presence of excess AMPPnP (Kd,pepATP )

FIGURE 1: Equilibrium binding of MANT-AMPPnP and PepTyr489
to TPR-MET. Panels A-C show plots of normalized fluorescence
relative to initial fluorescence at the indicated concentrations of
substrate. Panel A: PepTyr489. Panel B: PepTyr489+ 150 µM
AMPPnP. Panel C: MANT-AMPPnP+ 120 µM PepTyr489.

FIGURE 2: Equilibrium binding of MANT-AMPPnP and PepTyr489
to cytoMET. Panels A-C show plots of normalized fluorescence
relative to initial fluorescence at the indicated concentrations of
substrate. Panel A: PepTyr489. Panel B: PepTyr489+ 150 µM
AMPPnP. Panel C: MANT-AMPPnP+ 250 µM PepTyr489.

Table 1: Equilibrium Binding of TPR-MET and CytoMeta

Kd ((SE)b (µM)

AMPPnPc PepTyr489
PepTyr489+
satd AMPPnP

MANT-
AMPPnP+

satd PepTyr489

TPR-MET 5.7 (0.58) 13.4 (1.4) 15.9 (1.9) 8.7 (0.58)
cytoMET 17.5 (1.9) 143.4 (12.9) 93.9 (13.5) 8.5 (0.7)
p-value 0.02 <0.001 <0.001 0.004

∆G ((SE)b (kJ)

AMPPnPc PepTyr489
PepTyr489+
satd AMPPnP

MANT-
AMPPnP+

satd PepTyr489

TPR-MET 28.4 (2. 9) 26.4 (2.7) 25.9 (3.1) 27.4 (1.8)
cytoMET 25.7 (2.8) 20.8 (1.9) 21.8 (3.1) 27.5 (2.2)

a TPR-MET and cytoMET were analyzed following protocols in
Experimental Procedures. TheKd values reported represent theKd (
SE for unweighted nonlinear least squares regression analysis of data
from Figures 1 and 2. Free energy interactions between the protein
and substrate were calculated using∆G ) -RT ln(Kd). Two-tailed
p-values were calculated within the Graphpad Prism program using
pairedt-tests.b Standard error.c From ref20.
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93.9µM). The converse was not true, as binding of MANT-
AMPPnP was not significantly affected by the presence of
excess PepTyr489 in either TPR-MET or cytoMET (Table
1). The values ofKd,pepATPfor both enzymes were similar to
those reported for theKm values for both enzymes (20),
which would indicate that the catalytic step in the reaction
has a rate that is very small in comparison with the
dissociation constants. These results demonstrated a statisti-
cally significant difference in the peptide dissociation
constant between phosphorylated TPR-MET and phospho-
rylated cytoMET and that the ATP binding site of the kinase
was largely independent of the oligomerization-induced
changes that were present within the peptide binding region.

Stopped-Flow Analysis of Substrate Binding to TPR-MET
and CytoMET. Stopped-flow analysis of both TPR-MET and
cytoMET with MANT-AMPPnP and PepTyr489 was un-
dertaken to determine preequilibrium kinetic behavior for

both ligands under pseudo-first-order conditions with an
excess of ligand with respect to protein. The quenching of
the emission peak at 335 nm was followed upon excitation
at 290 nm in 5-100 ms time increments for 100-300 s.
Figure 3A shows a typical time-dependent spectrum for the
association of PepTyr489 with TPR-MET. The entire quench-
ing amplitude was traceable from the initial protein equi-
librium fluorescence value (in the absence of ligand) to an
equilibrium value in the presence of ligand. Similar results
were obtained when measuring the quenching from Pep-
Tyr489 in the presence of saturating amounts of AMPPnP.
The quenching curves were fit with double exponential decay
functions (Y ) spanA× e-kat + spanB× e-kobst + plateau).
The first term (spanA× e-kat) described the nonspecific
quenching that can be measured in the absence of ligand.
The second term (spanB× e-kobst) represented the quenching
due to preequilibrium mixing of the protein with ligand.
Plateau is the equilibrium fluorescence of the protein plus
ligand mixture. All rate constants refer to Scheme 1 for the
position in the reaction scheme.

All time-dependent fluorescence data collected for a range
of PepTyr489 concentrations fit the double exponential
function. In contrast, attempted fitting of the data with single-
exponential functions yielded systematic deviations that could
be observed in the residual analysis. Plots ofkobs vs
[PepTyr489] are shown in Figures 3C and 4C for TPR-MET
and cytoMET, respectively. Both proteins showed a linear
response with respect to increasing peptide concentration,
and linear regression analysis revealed a pseudo-first-order
association constantk2 ) 0.0010 s-1 for TPR-MET and
peptide. This value did not change significantly if AMPPnP
was initially bound to TPR-MET and was measured ask4 )
0.0012 s-1 (Table 2). For cytoMET, analysis of the time-
dependent fluorescence data provided a pseudo-first-order
association constantk2 ) 0.00053, approximately 2-fold
slower than thek2 value measured for TPR-MET. Binding
of AMPPnP to cytoMET prior to stopped-flow analysis with
PepTyr489 significantly increased the onrate for PepTyr489
to cytoMET by ∼3-fold to k4 ) 0.0015. This value was
statistically identical to the measured onrate of peptide to
TPR-MET. Similarly, measured offrates indicated that pep-
tide ligand dissociated from monomeric cytoMET with ak-2

) 0.177 s-1, which was∼10 times faster than the measured
dissociation rate from dimeric TPR-MET,k-2 ) 0.019 s-1.
No significant differences in peptide dissociation rates were
observed when the kinases were in excess AMPPnP, ask-3

) 0.10 s-1 for cytoMET andk-3 ) 0.061 s-1 for TPR-MET
(Table 2). These results support our above model that there
are significant differences between the monomeric cytoMET

FIGURE 3: Stopped-flow analysis of TPR-MET. Time-based
quenching (10 ms resolution) of intrinsic tryptophan fluorescence
from TPR-MET by either PepTyr489 (panel A) or MANT-AMPPnP
(panel B). The top trace in both panel A and panel B is TPR-MET
with no ligand. The bottom trace represents TPR-MET mixed with
90 µM PepTyr489 (final concentration after mixing) in panel A or
20µM MANT-AMPPnP (final concentration after mixing) in panel
B. Data are an average of at least three individual scans and fit
with a double exponential decay as described in Experimental
Procedures to obtainkobs. Panel C representskobsobtained at various
concentrations of PepTyr489: TPR-MET with PepTyr489 (9) and
TPR-MET preincubated with AMPPnP prior to mixing with
PepTyr489 (2). Dashed lines represent 95% confidence intervals
for the linear regression analysis.

Scheme 1
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and the dimeric TPR-MET in conformation of their respec-
tive peptide binding regions, and these differences were likely
reduced upon binding of AMPPnP prior to binding of
peptide.

For TPR-MET, the value ofk-2/k2, the pre-steady-state
interaction between peptide and enzyme in the absence of
AMPPnP, yielded a calculated dissociation constant that was
very similar to the measured dissociation constant. When
considering the binding of peptide to the AMPPnP‚TPR-
MET complex, the ratio ofk-3/k3 overestimated the dis-
sociation constant by approximately 3-fold. However, inde-
pendently constraining the values ofkon and koff with the
value of the measuredKd in the linear regression analysis
did not yield statistically significant differences in thek-3

or k3 values. In the case of cytoMET, binding of peptide in
the absence of AMPPnP showed an approximate 2-fold
increase between thek-2/k2 ratio and the equilibrium binding

measurements, while in the presence of AMPPnP, thek-3/
k3 ratio was similar to the equilibrium dissociation constant
describing that step. Similar to TPR-MET, independently
constraining the fitting parameters in the linear regression
analysis with the equilibrium binding constant yielded
statistically identical values to the unconstrained data. Since
the ratio of on/off rates so closely agrees with the measured
dissociation constants, this indicates that a single-step process
is occurring upon ligand binding. Binding of a ligand may
not structurally alter the protein significantly but may account
for the quenching of the tryptophan fluorescence, or ligand-
induced structural alterations may occur in the kinase domain
that account for the quenching of the tryptophan fluorescence,
or both may occur on a similar time scale so that their
respective signals are combined to form the measured single
response.

Previous work has shown that MANT-AMPPnP and
AMPPnP bind similarly to TPR-MET and cytoMET (20).
Time-dependent quenching of TPR-MET by MANT-AMP-
PnP was performed as above for analysis of peptide binding,
but only a minor part (<10%) of the overall equilibrium
quenching was able to be observed at any given concentration
of MANT-AMPPnP. The instrument dead time was deter-
mined to be 4 ms (data not shown), and this would imply
that 90% of the quenching amplitude occurred within the
instrument dead time (Figures 3B and 4B). In an attempt to
slow the kinetic process into an observable time scale, similar
experiments with other concentrations of MANT-AMPPnP
and 10-fold lower concentrations of protein were tested but
yielded similar results (data not shown). These results implied
a fast association step between ATP and kinase with a half-
life of <4 ms, which is in agreement with other groups who
observed that MANT-ATP bound to kinases with a half-life
of ∼2 ms (36).

DISCUSSION

Many groups have demonstrated the importance of RTKs
in both normal and diseased tissues (1, 3, 4). Although the
mechanism and pathways RTKs use to initiate and propagate
intracellular signals have been exhaustively researched, little
is known about the detailed molecular basis of RTK
activation and what is necessary and sufficient for receptor
activation and signaling. To study the effect of oligomer-
ization on modulating receptor tyrosine kinase activity, we
have used TPR-MET, a functionally active oligomeric protein
derived from the cytoplasmic domain of the c-MET receptor
and compared it to a functionally inactive monomeric protein
encapsulating the cytoplasmic domain of the c-MET receptor
(12). Previous work has demonstrated a significant difference
in the catalytic activity of the two proteins (20), and in this
work we show differences in their thermodynamic properties
as well.

The equilibrium dissociation constants for peptide and
nucleotide ligands have been measured for the monomeric
and oligomeric states of the c-MET protein. Additionally,
the cooperativity between peptide and nucleotide ligand
binding was addressed. Significantly, receptor oligomeriza-
tion increased the affinity of the kinase for tyrosine-
containing peptide substrates by greater than 1 order of
magnitude. In addition, binding of peptide ligand in the
presence of saturating amounts of AMPPnP still leads to an

FIGURE 4: Stopped-flow analysis of cytoMET. Time-based quench-
ing (10 ms resolution) of intrinsic tryptophan fluorescence from
cytoMET by either PepTyr489 (panel A) or MANT-AMPPnP (panel
B). The top trace in both panel A and panel B is cytoMET with no
ligand. The bottom trace represents cytoMET mixed with 180µM
PepTyr489 (final concentration after mixing) in panel A or 40µM
MANT-AMPPnP (final concentration after mixing) in panel B. Data
are an average of at least three individual scans and fit with a double
exponential decay as described in Experimental Procedures to obtain
kobs. Panel C representskobs obtained at various concentrations of
PepTyr489: cytoMET with PepTyr489 (9) and cytoMET prein-
cubated with AMPPnP prior to mixing with PepTyr489 (1). Dashed
lines represent 95% confidence intervals for the linear regression
analysis.
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∼6-fold difference between TPR-MET and cytoMET (Table
1). This strongly implies that receptor oligomerization
modifies the peptide binding site independent of bound
nucleotide. Conversely, oligomerization had very little effect
on the binding of nucleotide to the kinase domain indepen-
dent of whether a tyrosine-containing peptide is bound to
the receptor.

It is expected that if Scheme 1 is a valid, closed
thermodynamic cycle, the sum of the free energies associated
with each individual step as you choose a path around the
cycle must be equal to the sum along any other pathway.
For example,∆G1 + ∆G3 ) ∆G2 + ∆G4 [where ∆Gn )
-RT ln(kn)]. Calculating the∆G associated with each step
(Table 1) and attempting to close the thermodynamic cycle
yield very good agreement between the two possible
pathways for each protein. For TPR-MET,∆G1∆G3 ) 54.3
kJ, and ∆G2∆G4 ) 53.8 kJ. Similarly, for cytoMET,
∆G1∆G3 ) 47.5 kJ and∆G2∆G4 ) 48.3 kJ.

Other groups have measured the affinity of various kinases
for ATP and its fluorescent derivatives, as well as for various
tyrosine-containing substrates (23, 36-38). Results for ATP
and the various nucleotide derivatives are consistent among
the many kinases, withKd measurements ranging from 1 to
40 µM. These values were consistent with ATP binding
affinities to TPR-MET and cytoMET. In contrast, kinases
show a greater diversity in their affinities for peptide
substrates, withKd values ranging from 1µM to >2 mM.
Our measured affinities between peptide substrates and
kinase species were within the higher affinity (i.e., tighter
binding) end of this range.

In our studies, we used a peptide derived from the
C-terminal tail of the c-MET receptor that has been shown
to be phosphorylated in vivo and in vitro (20, 39, 40). A
similar peptide sequence, corresponding to the same tyrosine
residue, has been shown to inhibit c-MET receptor activity
in the cell culture (41). We find theKd,pep to be similar to
the Kd,ATP for the phosphorylated dimer. This is significant
since other groups have argued that nucleotide release is the
rate-limiting step in the catalytic mechanism due to a
relatively low affinity for peptide substrates (38). While this
assumption may hold true for monomeric RTK kinase
domains and nonspecific peptide ligands, it is definitely not
the case for dimeric receptors.

On the basis of relative monomer orientations observed
in recent crystallographic structures (21, 22), it has been
postulated that intradimer interactions might occur within
some RTKs. A possible outcome of intradimer interactions
could be stabilization of the kinase activation loop in the
dimer, a position that favors peptide binding and catalysis.
In the soluble kinase domain of the apoinsulin receptor, the
activation loop conformation appeared to block binding of

the peptide substrate and ATP in the nonphosphorylated
kinase. In contrast, in the structures of ligands complexed
to phosphorylated kinase domains the activation loop flips
out of the binding site and into an open conformation. In
addition, Hubbard et al. (3) postulated that the loop was very
flexible since both the nonphosphorylated and phosphorylated
structures have highB-factors within this region. These
observations led to two competing hypotheses: (1) oligo-
merization-induced stabilization of the activation loop in an
open conformation leading to an increasedkon coupled with
an increased affinity for the peptide substrates or (2) no
difference in equilibrium dissociation constants between
monomer and dimer due to similar increases in thekon and
koff rates for the dimeric molecule relative to the monomer.
Surprisingly, our model does not support either hypothesis
as we clearly observed only small differences inkon and
significant decrease in thekoff rates for the interaction
between peptide and dimer. These measurements suggest that
the peptide binding sites were similar for both the monomeric
and dimeric phosphorylated apoenzymes, but structural
changes occurred following peptide binding that stabilized
the peptide binding site in the dimeric enzyme relative to
the monomeric enzyme. Thus, oligomerization results in
significantly higher affinities between peptide substrates and
kinases, and this thermodynamic phenomenon is largely a
consequence of differences in peptidekoff rates.

Another possible mechanism for RTK activation was that
dimerization increased the local concentration of tyrosine-
containing substrates available from subunit interactions
within the dimer or from exogenous substrate binding
through SH2 domains, and this would yield increased kinase
activity. While our data cannot specifically discount this
argument, we observed that oligomerization changed the
inherent thermodynamic properties of the receptor kinase, a
result that is not predicted in the local concentration increase
hypothesis. It is possible that a complete model of RTK
activation may ultimately incorporate increased local con-
centration effects as well as the measured oligomerization-
dependent thermodynamic and kinetic changes reported in
this paper.

While equilibrium fluorescent measurements provide dis-
sociation constants for ATP and peptide substrates, they do
not provide a mechanism for the kinase reaction. Other
groups have characterized the pre-steady-state binding
parameters of fluorescent ATP analogues and ADP in
attempts to understand the reaction mechanisms of tyrosine
kinases (36, 38). Previous kinetic results showed thatk5 was
the rate-limiting step for the TPR-MET and cytoMET kinases
(20). However, those studies did not differentiate between
the actual catalytic phosphoryl transfer step and product
release. Since ATP concentrations within a cell are consider-

Table 2: Preequilibrium Binding Kinetics of TPR-MET and CytoMeta

k ((SE) (s-1)

PepTyr489 PepTyr489+ satd AMPPnP

kon koff kon koff

TPR-MET 1.0× 10-3 (7.0× 10-5) 0.019 (6.0× 10-3) 1.2× 10-3 (1 × 10-4) 0.061 (0.011)
cytoMET 5.3× 10-4 (3.0× 10-5) 0.17 (4.0× 10-3) 1.5× 10-3 (1.2× 10-4) 0.10 (0.015)

a TPR-MET and cytoMET were analyzed following protocols in Experimental Procedures. Thekon andkoff values were calculated fromkobs (
SE values representing the unweighted nonlinear least squares regression analysis of data from Figures 3 and 4 forkobsvalues.kon andkoff rates were
calculated from least squares linear regression analysis of data from Figures 3D and 4D.
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ably higher than those needed to saturate the enzyme
completely and the observedkon rates for MANT-AMPPnP
in this and other studies (36, 38) were significantly higher
than the observedkon rates for peptide substrate, it is likely
that both monomeric cytoMET and dimeric TPR-MET bind
nucleotide before interacting with peptide substrate (ET
E‚ATP T E‚ATP‚peptide pathway, Scheme 1). If there were
an excess of enzyme and not ATP, it is likely that the reaction
flux through the previous pathway as well as the alternative
(E T E‚peptideT E‚ATP‚peptide) would be more equal.

RTKs oligomerize in response to ligand binding, and this
process facilitates autophosphorylation of the receptor on
specific tyrosine residues (4). The question remains, does
receptor oligomerization modulate the intrinsic autophos-
phorylation activity, the activity of the enzyme toward
downstream signaling molecules, or the intrinsic thermody-
namic properties of the receptor? Many groups have studied
isolated kinase domains and intracellular regions of RTKs,
and their work demonstrates that isolated kinase domains
are sufficient for enzymatic activity in vitro (18-20, 42).
While these domains may be sufficient to study activity in
vitro, they do not represent a good model for the functionally
active oligomeric RTK. Although TPR-MET dimerization
may not exactly mimic the activated c-MET receptor in that
TPR-MET is constitutively active and is not membrane-
bound, substantial evidence has shown the naturally occurring
TPR-MET to be active in cell culture and in vivo utilizing
similar signaling pathways to those utilized by the ligand-
activated c-MET receptor (28-30).

On the basis of our reported results (this paper and ref
20) we propose the following RTK activation mechanism
that explains the known thermodynamic and kinetic data.
Functionally inactive, or monomeric, receptor resides at the
cell membrane with ATP bound. Since this receptor has basal
kinase activity, some small degree of autophosphorylation
continually occurs; however, no phosphorylated receptor
accumulates in the cells due to the action of phosphatases.
In support of this mechanistic step, autophosphorylated
monomeric species have been observed in cultured cell lines
incubated with phosphatase inhibitors (9, 16). Extracellular
ligand stimulation promotes oligomerization of the receptor,
which results in increased cellular concentrations of auto-
phosphorylated receptor and phosphorylated downstream
signaling molecules. The increased accumulations of phos-
phorylated species are due to several concerted factors: an
increase in the kinetic activity of the nonphosphorylated
oligomer when compared to the nonphosphorylated monomer
(10, 25, 39), protection of the oligomeric RTK from
phosphatase activity (43), an increased affinity for substrates
by the oligomeric receptor when compared to the monomeric
receptor, an increase in the kinase activity of the phospho-
rylated oligomer when compared to the phosphorylated
monomer (20), and oligomerization-induced local increases
in substrate concentration. The activated receptor is then able
to recruit second messengers and activate various signaling
cascades until it is inactivated either through internalization,
degradation, or inactivation through growth factor release
and dephosphorylation. Detailed quantitative models will be
necessary to fully appreciate the relative importance of these
oligomerization-dependent changes in RTK kinetic and
thermodynamic properties. Moreover, the design of thera-
peutics to counter the oncogenic effects of RTKs must take

into account the relative affinities for both ATP and tyrosine-
containing substrates as well as the difference in affinities
between the activated, oligomeric receptor and the inactive,
monomeric receptor.
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