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Computational modeling of the dynamics of the
MAP kinase cascade activated by surface and
internalized EGF receptors

Birgit Schoeberl!!, Claudia Eichler-Jonsson?', Ernst Dieter Gilles3, and Gertraud Miller?*

We present a computational model that offers an integrated quantitative, dynamic, and topological represen-
tation of intracellular signal networks, based on known components of epidermal growth factor (EGF) receptor
signal pathways. The model provides insight into signal-response relationships between the binding of EGF to
its receptor at the cell surface and the activation of downstream proteins in the signaling cascade. It shows that
EGF-induced responses are remarkably stable over a 100-fold range of ligand concentration and that the crit-
ical parameter in determining signal efficacy is the initial velocity of receptor activation. The predictions of the
model agree well with experimental analysis of the effect of EGF on two downstream responses, phosphory-
lation of ERK-1/2 and expression of the target gene, c-fos.

The EGF receptor belongs to the tyrosine kinase family of receptors
and is expressed in virtually all organs of mammals. EGF receptors
play a complex role during embryonic and postnatal development!
and in the progression of tumors?. Apart from their role in growth
and differentiation, EGF receptors participate in transactivation
processes® and are involved in crosstalk with other receptors*-®.

Binding of EGF to the extracellular domain of the EGF receptor
induces receptor dimerization and autophosphorylation of intracel-
lular domains. A multitude of signaling proteins are then recruited
to the activated receptors through phosphotyrosine-specific recogni-
tion motifs’-12. This modular association of signaling molecules with
the receptor results in phosphorylation, transmission of conforma-
tional change, and/or proximal translocation to membrane-associat-
ed target molecules. Two principal pathways, Shc-dependent and
Shc-independent, are initiated, leading to activation of Ras-GTP910,
This in turn stimulates the activation of the MAP kinase cascade
through the kinases Raf (ref. 13), MEK, and ERK-1/2. Activated ERK
phosphorylates and regulates several cellular proteins and nuclear
transcription factors,

Inactivation of EGF receptor signaling is complicated and not
fully understood. Signal attenuation seems to involve several differ-
ent mechanisms, including internalization!®1, ubiquitination, and
degradation?’. Some evidence suggests that EGF receptor complexes
continue to signal in endosomal compartments?8,

Although the principal hierarchy of the EGF receptor signaling
cascade and its activation sequence is well known, the complicated
kinetic network and critical signaling events that control such diver-
gent cellular responses as cell growth, survival, or differentiation are
poorly understood. It has been proposed that quantitative computa-
tional simulation of signaling cascades could provide a tool for
understanding these challenging questions!*-2, The purpose of this

work was to reconstruct a complete signaling cascade by mathemati-
cal description of the EGF receptor-induced MAP kinase pathway,
including receptor internalization. The predictions of the model
were compared to experimental analysis of two outputs of the path-
way: phosphorylation of ERK-1/2 and expression of c-fos. Several
hypotheses generated with the model were confirmed by data from
the literature, suggesting the reliability of the model for simulating
complex signal pathways.

Results and discussion

Simulation of signal cascades induced by EGF. We developed a
mathematical model describing the dynamics of the EGF signal
transduction pathway according to the network shown in Figure 1
and in Supplementary Figures 1 and 2 (Supplementary Figs 1 and 2
are available on the Nature Biotechnology website). The model cal-
culates the change in concentration over time of 94 compounds
after EGF stimulation. Figure 2 shows the kinetic behavior of the
most important contributors to the signal cascade at varying EGF
concentrations. At 50 ng/ml EGF, the model predicts complete
phosphorylation of all 50,000 EGF receptors of the cell within 15s
(Fig. 2A); this is in good agreement with experimental data®. The
decline in the total number of dimerized phosphorylated
EGFEGFR complexes calculated for each concentration is also in
accordance with literature datal8?*,

During signal transduction from the outside to the inside of the
cell, information about a concentration (EGF) is translated into
kinetic information (EGF receptor phosphorylation). EGF concen-
tration and binding kinetics affect the velocity of activation of the
EGF receptor. The velocity of receptor activation is defined as the
number of phosphorylated receptors per second (i.e., the slope of
the curve describing receptor phosphorylation as a function of time).
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Figure 1. Scheme of the EGF receptor-induced MAP kinase cascade. The MAP kinase cascade can be initiated by Shc-dependent and Shc-independent
pathways. Each component is identified by a specific number (blue). Blue numbers in brackets specify the components after internalization. The arrows
represent the reactions specified in Supplementary Table 1 and characterized by reaction rates v1-v125 (green numbers). The second green numbers

identify reaction rates after internalization.

The model shows that EGF receptor autophosphorylation and Shc
phosphorylation follow different patterns of activation. Compared
with EGF receptor autophosphorylation, Shc phosphorylation
exhibits a relative acceleration with decreasing EGF concentration
and shows a decline over time (Fig. 2B).

The activation signal of Ras-GTP (ref. 24) is clearly concentra-
tion-dependent, with greater amplitude and earlier peaks at the
higher EGF concentrations (Fig. 2C). The pattern is similar for Raf
kinase activation and for MEK and ERK phosphorylation.
Interestingly, from MEK to ERK (Figs 2E, F) a considerable amplifi-
cation is observed ((I70-fold at 50 ng/ml EGF and [550-fold at 0.125
ng/ml EGF). Although the initial signal of receptor autophosphory-
lation is (115% of maximum at the low EGF concentration of 0.125
ng/ml (Fig. 2A), the model predicts that ERK activation still reaches
[70% of the maximum amplitude, indicating a high efficiency of
signal propagation. Thus the model suggests that the cell maintains
high sensitivity over a relatively broad EGF concentration range,
allowing maximum physiological response.
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To compare the model’s predictions with experiment, we studied
phosphorylation of ERK-1/2 and expression of the target gene, c-
fos, in HelLa cells exposed to varying concentrations of EGF. We
observed a maximum ERK-1/2 phosphorylation response over a
broad EGF concentration range (50-0.5 ng/ml, which is above the
Kgy of the EGF receptor; Fig. 2F; Supplementary Fig. 3A on the
Nature Biotechnology website). This experimental finding fits well
with the simulation results. At 50 and 0.5 ng/ml EGF, maximum
ERK phosphorylation is observed; at 0.125 ng/ml, 70% of the max-
imum is obtained (Fig. 2F). However, the experimental peak maxi-
ma are delayed with decreasing EGF concentration. In addition, a
dose response similar to that of ERK activation was experimentally
observed at the level of expression of the target gene, c-fos
(Supplementary Fig. 3B).

Our model shows that the initial velocity of Shc phosphoryla-
tion and association is greater than that of EGFR activation. The
signal is then transmitted downstream with almost no delay and
amplified through the MAP kinase cascade!l, resulting in maximal
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Figure 2. Computational simulation of the EGF receptor signal transduction
cascade at different EGF concentrations: 50 ng/ml (red line), 0.5 ng/ml (blue
line), and 0.125 ng/ml (green line). (A) Kinetics of EGF receptor
autophosphorylation (EGF-EGFR*)2. (B) Kinetics of total cellular Shc
phosphorylation. (C) Kinetics of Ras-GTP formation. (D) Kinetics of Raf*
activation. (E) Phosphorylation kinetics of MEK resulting in doubly
phosphorylated MEK-PP. (F) Phosphorylation kinetics of ERK resulting in
doubly phosphorylated ERK-PP. Symbols represent the normalized
densitometric evaluation implemented from experimental observations of EGF-
induced ERK-1/2 phosphorylation as shown in Supplementary Fig. 3A for
different EGF concentrations: 50 ng/ml (red circles); 0.5 ng/ml (blue squares);
0.125 ng/ml (green triangles). The standard deviations calculated from four
experiments with similar results were considered for the parameter estimation.

ERK-1/2 activation. Attaining maxima in activation or association
is irrelevant for signal transfer to the next protein in the signal cas-
cade, as the maximal amplitude reached by the downstream pro-
tein is achieved before the maximum of the preceding protein (see
Supplementary Fig. 4 on the Nature Biotechnology website). Thus,
it seems that the initial velocities rather than the peak maxima are
important for signal propagation. To further examine this hypoth-
esis, we tested the model using three different EGFIEGFR affinities
at a fixed EGF concentration (Figure 3). As the affinity is
decreased, there is a decrease in the initial velocity of EGF receptor
activation and a delay in the ERK signal, similar to the effect of
decreasing EGF concentrations.

Signaling from external versus internalized receptors. The con-
tribution of activated, internalized EGF receptors to EGF signaling
is still an unresolved question. We therefore included receptor
internalization in our model and investigated the roles of internal-
ized and cell-surface receptors in generating a cellular response,
namely ERK phosphorylation (for a detailed description and
interpretation see Supplementary Results). At high EGF concen-
trations (in the saturation range), the rate of ERK activation is
faster than that of receptor internalization. Thus, in this concen-
tration range, internalized receptors contribute very little to the
overall signal (Fig. 4). In contrast, at low EGF concentrations
(below the Ky), at which plasma membrane—bound receptors dis-
play slower phosphorylation kinetics, internalized receptors retain

Figure 4. Computational simulation of EGF receptor endocytosis and
relative contribution of external and internal receptors to the signal at

50 ng/ml EGF. The conditions for the simulation were identical to those in
Figure 2. Total receptors (green line); internalized receptors (red line);
receptors at the cell surface (blue line).
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Figure 3. Simulation of three different hypothetical EGFIEEGFR affinities.
The model with the same conditions as shown in Figure 2 was calculated
for three different EGFR affinities keeping the EGF concentration
constant at 50 ng/ml. Kd of 0.1 nM (blue line); Kd of 10 nM (green line);
Kd of 100 nM (red line).

the capacity to signal for some time and contribute substantially
to the overall cellular response (Fig. 5). Moreover, the relative con-
tributions of cell-surface and internalized receptors seem to
depend on their relative initial activation velocities.

We can conclude that EGF receptor internalization has a dual role:
signal attenuation by protection from prolonged external EGF stim-
ulation at high EGF concentrations, and signal amplification after
internalization at low EGF concentrations. Our results agree well
with a previous theoretical study of the role of receptor internaliza-
tion in signal transduction?. It should be noted, however, that the
function of internalization is not the same for all receptors. For
example, activation of phospholipase C-y is turned off immediately
upon receptor internalization?. In addition, there may be other
pathways for which our assumptions about the interaction mecha-
nisms of external and internalized receptors do not hold? .

ERK signal duration and EGF receptor number. That receptor
internalization contributes substantially to signal attenuation at
high EGF concentrations is further supported by a simulation in
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Figure 5. Computational simulation of EGF receptor endocytosis and
relative contribution of external and internal receptors to the signal at
0.125 ng/ml EGF. The conditions for the simulation were identical to those
in Figure 2. Total receptors (green line); internalized receptors (red line);
receptors at the cell surface (blue line).

which the number of EGF receptors was increased 10-fold. It has
been shown that experimental overexpression of EGF receptors is in
itself sufficient to increase the mitogenic or differentiation potency
of EGF (ref. 28). Assuming a 10-fold increase in EGF receptors with-
out changing the parameters of internalization, our model suggests
that the duration of the ERK signal is prolonged whereas the maxi-
mum amplitude is unchanged (Fig. 6). Because the internalization
machinery is saturated?, receptor endocytosis is severely retarded
under these hypothetical conditions. Likewise, when the internaliza-
tion rate in the model is assumed to be zero at low or normal recep-
tor numbers, the attenuation in ERK signaling is reduced or abol-
ished (data not shown). Thus the internalization rate seems to be a
major determinant in signal limitation. Our model suggests a mech-
anistic explanation for the observation that overexpression of the
EGF receptor is sufficient for continuous ERK activation’, a key step
in the deregulated proliferation of cells.

Sensitivity of the model. Sensitivity analysis revealed that the
model is unexpectedly robust to variation in the parameters and
initial conditions. (For details see Supplementary Results and
Supplementary Figs 5,6 on the Nature Biotechnology website.)

Conclusions. The results presented here suggest that our model
provides insight into EGF receptor signal transduction and is use-
ful for generating hypotheses that can be tested experimentally.
The initial velocity of receptor activation may be a critical para-
meter for understanding the fate of a cell that expresses different
receptors in the EGF receptor family. It is known that a given EGF
receptor can be activated by ligands with varying affinities, and
that the same ligand can activate different receptors in the EGF
receptor family having varying affinities for the ligand. Our model
indicates that the ligand concentration may be of marginal impor-
tance over a large range, because the internal amplification cas-
cades ensure maximal ERK signal in this range. However, the out-
put signal is sensitive to the velocity of receptor activation, which
depends on ligand binding kinetics. Therefore, a ligand with high-
er affinity would result in faster ERK activation than a ligand with
lower affinity. The same is true for a receptor with higher affinity
for a certain ligand compared with a lower-affinity receptor, as
also suggested by Kalb et al.®. Thus, within the limits of our
model, we can predict that the question of which ligand/receptor
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Figure 6. Computational analysis of the effect of EGF receptor number on
ERK activation. The conditions for the simulation were the same as those
used for the 50 ng/ml EGF simulation shown in Figure 2F. The only
change was a 10-fold increase in EGF receptor number from 50,000 (red
line) to 500,000 receptors (blue line).

pair of the EGF receptor family dominates ERK activation and the
physiological fate of the cell is determined mainly by the affinity
constants of the ligand-receptor interactions. It should be empha-
sized, however, that the short time scales investigated here may not
govern cell behavioral responses in their entirety. Longer-term
processes may be important in some circumstances and should be
incorporated into future computational models.

Experimental protocol

Modeling principles. We used mathematical modeling in which all molecular
interactions are described in terms of kinetic equations. Chemical reactions
of second or higher order are usually treated as a one-step process although in
reality they are two-step processes involving collision of two molecules fol-
lowed by the reaction itself. The same holds for the dissociation reaction.

ky Kon
A+B¢3yAL.BesC
k.

Ko

The diffusion-dependent movement toward the AB complex can be
described by k. and the following reaction step by ko, (ref. 31). Thus, the rate
constants of product formation measured in Kinetic experiments represent a
combination of the two steps into an overall forward rate, ki. Assuming the
complex to be in steady state, the overall forward rate constant ki and, by
analogy, the overall reverse rate constant, k;, can be determined.

_ kml x k+ koﬂ x k*

Tk vk, ke tk

The components of our mathematical model are kinetic parameters and
state variables, which indicate the state of a system at a certain time (e.g., the
number of molecules of a particular compound). The kinetic parameters
include Michaelis—-Menten constants, turnover numbers, and rate constants
of association and dissociation. Most of the kinetic parameters were taken
from the literature (see Supplementary Table 1 on the Nature Biotechnology
website). The cellular signal protein levels used as starting values for the state
variables were compiled from the literature or determined by our own
experiments (see Supplementary Table 2 and Supplementary Figure 7 on the
Nature Biotechnology website).

Our model is based on ordinary differential equations (ODEs) and con-
sists of 94 state variables and 95 parameters. Compared with the number of
state variables, the number of parameters seems relatively small. This is
because the same parameter set was used for signal transduction triggered by
internalized receptors and by cell-surface receptors. In addition, identical
reactions in different pathways were assumed to have the same parameters.

The following is a representative derivation of one of the 94 ODEs (for
EGF binding to the EGF receptor). Both the formation of [EGFEGFR] from
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[EGF] and [EGFR] (Fig. 1) and the dimerization of [EGFEGFR] are regard-
ed as second-order reactions:

K
[EGFR] + [EGF] <= [EGF-EGFR] @
K,y
K
[EGF-EGFR] + [EGF-EGFR] ¢ [EGF-EGFR]2 %)

Ko

The reaction rate v1 producing [EGFEGFR] and the reaction rate v2 con-
suming [EGFEGFR] are:

V1= k, [EGFR] [EGF] — k., [EGF-EGFR] ®

v2 = k,[EGF-EGFR] [EGF-EGFR] - k, [EGF-EGFR]2 O]
where k; and k, are the forward rate constants and k; and k_, are the
reverse rate constants.

To determine the change in the concentration of a certain component [Ci]
over time, we calculate the sum of the reaction rates producing [C;] minus
the rates consuming [C;] according to the following differential equation,
where i represents one of the 94 compounds:

diC,]
== 2 V Production Z V Consumption
dt

©)

Figure 1 and Supplementary Fig. 2 show all the biochemical reactions
included in our model. The reaction rates v1 to v125 were determined as
shown above, and the ODEs for the different signaling compounds were
generated similarly to Eq. (5). To estimate the kinetic parameters that were
not available in the literature, we fitted the model to published time-
dependent quantitative observations. The time courses of several major
processes in the EGF receptor signaling cascade were obtained from pub-
lished data on EGF binding kinetics®®, EGF receptor phosphorylation?s,
receptor internalization®!, Shc activation?!, and Ras-GTP activation, and
from our own data on ERK phosphorylation. These data were used to con-
trol the output of the system. First, a sensitivity analysis was carried out to
determine which parameters could be estimated for a given time course
for a certain process. Subsequently, those parameters were estimated. The
number and type of estimated parameters are shown in Supplementary
Table 1.

For the number of total phosphorylated Shc molecules, we used the data
published by Waters et al.2%, All the data for the determination of cellular sig-
naling molecules in HelLa cells as listed in Supplementary Table 2 may be
found in Supplementary Fig. 7. For parameter estimation, we employed a
least-squares algorithm in combination with an evolutionary strategy based
on the theory of Rechenberg®2. The evolutionary strategy was implemented
into a Pascal routine at the Institute of System Dynamics and Control of the
University of Stuttgart and converted into Matlab at the Max Planck Institute
for Dynamics of Complex Technical Systems.

The ODE15s routine of Matlab 5.3 was used to solve ODEs.

Derivation of a kinetic model of the EGF receptor signal cascade. EGF mol-
ecules bind to their receptors in a 1:1 ratio, leading to receptor dimerization
and immediate autophosphorylation of the receptors, followed by associa-
tion of the signaling molecules. GAP binds to the dimerized phosphorylated
receptor (EGF-EGFR)2* (ref 12). Ras-G TP activation can be initiated by two
pathways. Either Grb2 associates directly with the (EGF-EGFR)2*-GAP
complex or Shc associates with (EGF-EGFR)2*~GAP, which is phosphory-
lated by the receptor kinase, and Grb2 then binds to the
(EGF-EGFR)2*~GAP-Shc* complex. Finally, Sos binds to these signaling
complexes and allows the Ras-GDP/Ras-GTP exchange®. Ras-GTP forms a
complex with Raf, initiating the activation to Raf*, which is a complicated
multistep processt3 that is simplified in our model to only one phosphoryla-
tion step. It is assumed that one Ras-GTP molecule activates only one Raf
molecule and, after dissociation from Raf, is recycled to Ras-GDP by activat-
ed GAP343, We assumed that the association of the different adaptor mole-
cules is competitive. We also assumed that binding of the signaling mole-
cules protected the corresponding phosphotyrosine residues from phos-
phatases and that the decay of EGF receptor phosphorylation was primarily
due to proteolytic degradation after internalization. The activated Raf* is
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the first step of the MAP kinase cascade. This part of the model is based on a
preexisting steady-state MAP kinase cascade model, which predicted ultra-
sensitivity!®,

Raf* phosphorylates MEK at the first or second phosphorylation site of
MEK. MEK-PP catalyzes the dual phosphorylation of ERK. These phospho-
rylations were calculated as dual-collision mechanisms and imply that the
phosphorylating complexes of Raf* and MEK and MEK-PP and ERK must
first dissociate before the second phosphorylation occurs, requiring forma-
tion of a new phosphorylating complex%. The same mechanism was also
applied to the dephosphorylation steps by phosphatases®®.

For the association of EGF and signaling proteins to the receptor as well as
for enzyme—substrate binding, we used second-order kinetics. For enzyme
activities such as EGF receptor autophosphorylation, formation of Ras-GTP,
MEK-P, MEK-PP, ERK-P, ERK-PP, and phosphatase reactions, we used either
first- or second-order kinetics, as appropriate for the specific reaction.

Modeling of EGF receptor internalization. We assumed that receptors at
the cell surface and internalized receptors in endosomal compartments
induce identical signaling cascades. The internalization model was devel-
oped according to Starbuck and Lauffenburger®’, which describes a major
coated-pit pathway and a minor second pathway?3, The coated-pit pathway
is modeled by the association of the coated-pit protein (Prot) to all the
receptors associated with Grb2 (ref. 39) and subsequent signaling proteins
(see compound numbers (blue) in Supplementary Fig. 2A and B, which are
consistent with the compounds in Figure 1). The reaction rates are consid-
ered second-order processes comprising the assembly of receptors into the
coated pit (k+4and k) and the internalization rate (ks) (Supplementary
Table 1), all of which are identical for all the described steps. The minor
second internalization pathway is a first-order process with the internaliza-
tion rates ks and k; (Supplementary Table 1) and is applied for reactions v6
and v7 in Figure 1 and for all compounds described in Supplementary
Figure 2C. The receptors internalized by the two pathways merge in the
endosome®’ and are degraded with degradation rates kgpand kg, for recep-
tors and ke for the ligand EGF (refs 37,41). After internalization, only non-
activated monomeric receptors are recycled to the surface by ks Recycling of
activated internalized receptors to the surface was neglected in our model
because, according to Martin-Fernandez et al.*, recycling occurred in the
cells tested only [50-60 min after internalization.

Modeling parameters. Taking HeLa cells as a model cell line for controlling
the input and output parameters of the calculated signaling cascade, we
chose a total EGF receptor number of 50,000. This number is an average of
data in the literature®.4,

The Kp of the high-affinity receptor in HeLa cells ranges from 0.01 nM to
0.6 nM. In our model, we used a Kp of 0.1 nM as an average value**. The
affinity constants of EGF for receptors in endosomes were adapted according
to French et al.%.

Three compartments were taken into account: the extracellular medium
(calculated as 1 ml/108 cells), the cytoplasmic compartment, and endosomes.
An idealized cell may be considered as a sphere with a diameter of 15 pm,
resulting in a cell volume of 1 x 10712 L. The estimated radius of an average
endosome is 100 nm, resulting in a volume of 4.2 x 10-18 L (ref. 47) .

Model. The model is available at http//:www.mpi-magdeburg.de/model/EGF

Determination of ERK-1/2 activation. After growth of 3 x 105 HelLa cells
in RPMI medium plus 5% FCS for 24 h, the cells were transferred to
serum-free medium for another 24 h. Cells were treated with human
recombinant EGF (for concentrations see Supplementary Fig. 3) (R&D
Systems, Minneapolis, MN), rinsed once with cold PBS, and solubilized in
0.2 ml of lysis buffer containing 1% vol/vol Triton X-100, 50 mM Tris (pH
7.4), 150 mM NaCl, 5 mM EDTA (pH 7.4), and protease inhibitors (1
pg/ml aprotinin, 1 pg/ml leupeptin, 1 mM sodium orthovanadate, 0.5 mM
phenylmethanesulfonylfluoride (PMSF), 1 mM p-nitrophenyl-phosphate,
1 mM sodium pyrophosphate, and 1 mM sodium molybdate). After cen-
trifugation at 14,000 r.p.m. for 15 min at 4°C, samples (50 pg of protein)
were electrophoresed on 15% SDS—polyacrylamide and electroblotted onto
nitrocellulose membranes. Phosphorylated forms of ERK-1/2 were detected
by immunoblotting using an anti-phospho p42/p44 ERK rabbit polyclonal
primary antibody (New England Biolabs, Beverly, MA) and a secondary
alkaline phosphatase-conjugated anti-rabbit 1gG antibody (Jackson
ImmunoResearch Laboratories, West Grove, PA) for visualization.
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Single-cell analysis of c-fos expression. After seeding 2 x 10* HeLa cells on
coverslips in RPMI with 5% vol/vol serum, cells were serum-starved for 24 h.
Cells were treated with EGF for 1 h to induce c-fos activation. Cells were fixed
with 3.7% formaldehyde in PBS for 20 min at room temperature, rinsed once
with PBS, and permeabilized with 1% vol/vol Nonidet P-40 for 20 min fol-
lowed by 1 h preincubation with serum. The coverslips were then incubated
with anti-c-fos rabbit polyclonal primary antibody (Biotechnology, Santa
Cruz, CA) overnight at 4°C. c-fos protein was detected using Vectastain ABC
kit and DAB (3,3"-diaminobenzidine) substrate kit for peroxidase according
to the manufacturer’s instructions (Vector Laboratories, Burlingame, CA).
After counterstaining with hematoxylin (Sigma, Taufkirchen, Germany), cov-
erslips were mounted in Mowiol 4.88 (Polysciences, Warrington, PA) and
analyzed by a high-resolution imaging system (Improvision, London, UK).
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