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Abstract. The Raf/MEK/ERK cascade is one of the most studied and important
signal transduction pathways. However, existing models largely ignore the existence of
isoforms of the constituent kinases and their interactions. Here, we propose a model
of the ERK cascade that includes heretofore neglected differences between isoforms
of MEK. In particular, MEK1 is subject to a negative feedback from activated ERK,
which is further conferred to MEK2 via heterodimerization. Specifically, ERK phos-
phorylates MEK1 at the residue Thr292, hypothetically creating an additional phos-
phatase binding site, accelerating MEK1 and MEK?2 dephosphorylation. We incorpo-
rated these recently discovered interactions into a mathematical model of the ERK
cascade that reproduces the experimental results of Catalanotti et al 2009 (Nat Struct
Mol Biol 16 294-303) and Kamioka et al 2010 (J Biol Chem 285 33540-8). Further-
more, the model allows for predictions regarding the differences in the catalytic activity
and function of the MEK isoforms. We propose that MEK1/MEK2 ratio regulates the
duration of the response, which increases with the level of MEK2 and decreases with
the level of MEKI1. In turn, the amplitude of the response is controlled by the total
amount of the two isoforms. We confirm the proposed model structure performing
a random parameter sampling, which led us to the conclusion that the sampled pa-
rameters, selected to properly reproduce wild-type (WT) cells behavior, qualitatively
reproduce differences in behavior WT cells and cell mutants studied experimentally.
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1. Introduction

The Raf/ERK pathway belongs to the MAPK family and is important in regulating
proliferation and differentiation. Its core comprises three levels of kinases, Raf
(MAP3K), MEK (MAP2K), and ERK (MAPK), activated sequentially upon growth
factors stimulation [1].  Signal transduction through the pathway culminates in
bisphosphorylation and activation of ERK, which subsequently translocates into the
nucleus. The time profile of the ERK phosphorylation, its localization (cytoplasmic vs.
nuclear) as well as the cell type determine the ultimate physiological response to the
signal (proliferation/differentiation/survival). Interestingly, the components of the ERK
pathway possess isoforms. Specifically, the Raf family comprises A-, B-, and C-Raf. The
MEK family includes MEK1, MEK1b (a splice variant), and MEK2 [2]. Similarly, the
ERK family comprises ERK1, ERKlc, and ERK2 [3]. Each isoform is distinctively
characterized in terms of regulation, activity, and expression pattern. In this study we
will analyze regulatory consequences of the existence and differences of MEK isoforms,
MEK1 and MEK2.

The MAPK cascades are involved in a number of malignancies. The p38 and JNK
pathways play important roles in Alzheimer, Parkinson, and Lou-Gehrings diseases and
have been implicated in cancer. Nonetheless, the ERK cascade plays a particularly
prominent role in cancer. Oncogenic (usually activating) mutations in EGF receptor,
K-Ras, N-Ras and Raf kinases (especially B-Raf) and other pathway components are
frequent contributors to tumorigenesis [4]. However, the cascade’s dysregulation also
plays a causal role in a number of developmental disorders, collectively referred to
as Neuro-Cardio-Facial-Cutaneous (NCFC) syndromes. These diseases are caused by
germline mutations in the components of the pathway. They include neurofibromatosis
type 1 as well as Noonan, LEOPARD, CFC, and Costello syndromes. The disorders
are characterized by a combination of facial disfigurements, cardiac abnormalities,
and diminished height, although cutaneous, genital and mental abnormalities are also
common. The specific set of symptoms along with genetic analysis generally enable
unambiguous diagnosis [5].

Many models of the MAPK pathway in general, and ERK cascade in particular
have been published to date [7, 8]. The first model was published in 1996 by Huang
and Ferrell who demonstrated the potential of the core cascade for ultrasensitive
(switch-like) behavior [9]. This result has been later attributed to the distributive
nature of the bisphosphorylation required for the activation of MEK and ERK. The
switch-like behavior has been later experimentally demonstrated in Xenopus oocytes
[10]. Subsequent models were characterized by larger complexity and explored different
aspects of regulation. Kholodenko et al [11] focused on modeling EGF receptor signaling,
demonstrating the importance of competition between different adaptor molecules in
their interaction with EGF receptor while determining signaling response. Another
model by Schoeberl et al [12] explored the role of the dynamics of receptor activation,
internalization, and recycling on the cellular response to EGF. The model of Schoeberl
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et al was latter incorporated into a larger model of ErbB receptor signaling by Chen
et al [13], who showed that signal-response relation in the MAPK cascade is context-
dependent. That is, the model displays steeper response when isolated than when
embedded into a larger network. The regulation of temporal characteristics of the
response (e.g. transient vs. sustained vs. oscillatory) as well as multistability have
also been analyzed pointing to the importance of numerous feedbacks in the cascade
[14, 15, 16, 17, 18]. The feedback to Raf has been found to be especially relevant to the
pathway robustness by endowing the cascade with the properties of a Negative Feedback
Amplifier [19]. Furthermore, the existence of the various negative feedbacks implied the
cascade’s potential for oscillation, which was indeed experimentally confirmed [20].

Nonetheless, the vast majority of the models have neglected differences between
isoforms of the cascade components, even though they are prevalent at all its
levels. To date, there has been a handful of models deliberately accounting for such
differences. Specifically, two models incorporated differences between ERK1 and ERK2,
demonstrating their physiological significance. In particular, Harrington et al [21] have
shown how different nuclear trafficking rates of activated ERK1 and ERK2 can influence
their cytoplasmic and nuclear distribution, hence physiological response. Schilling et
al have demonstrated the interplay between ERK1 and ERK2 phosphorylation via
the negative feedback, and their opposing roles in promoting cell proliferation [22].
In addition to the ERK1 and ERK2 specific models, Robubi et al [23] formulated a
simple model that incorporated B-Raf and C-Raf, accounting for the differences in their
activation/inactivation rates and catalytic activities. Their results have suggested that
both isoforms are equally important in determining response intensity, but B-Raf is
mostly responsible for regulating the duration of the response.

So far no model has considered the differences between MEK isoforms, MEK1 and
MEK?2, even though they clearly have non-redundant and non-compensatory functions
in cell cycle regulation, carcinogenesis, and development [24, 25, 26, 27, 28, 29, 30, 31,
32, 33]. Most strikingly, MEK1-deficient mice die during embryonic development due
to placental defects [34], while MEK2-deficient mice are viable [35]. Although MEK1
and MEK2 are highly homologous, being 80% similar in the overall sequence and 90%
similar in their kinase domain, they display marked differences (52% similarity) in their
main regulatory region, Proline Rich Domain (PRD) [2]. Specifically, MEK1 possesses
phosphorylation sites in this region that are not found in MEK2 [36]. Relevant to our
studies, MEK1 has a unique phosphorylation site (Thr292), that can be phosphorylated
by ERK [37]. This phosphorylation presumably creates a MEK phosphatase binding
site, accelerating MEK1 inactivation. As demonstrated by Catalanotti et al [38],
this Thr292-dependent negative feedback regulation of MEK1 is conferred to MEK2
via heterodimerization. Based on these experimental findings, we have formulated a
mathematical model of the ERK cascade.

The model contains all levels of the ERK cascade, and is implemented using
the rule-based formalism of BioNetGen [39]. It successfully reproduces the results
of Catalanotti et al 2009 [38] and Kamioka et al 2010 [40]. The model indicates
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the importance of the MEK1/MEK2 ratio and MEK total content as regulators of
the response duration and amplitude, respectively. We verified model structure by
performing a random parameter sampling, which allowed us to demonstrate that the
parameters which properly reproduce the wild-type (WT) cells responses, qualitatively
reproduce the behaviors of four cell mutants studied by Catalanotti et al [38].

2. Model

The model has been implemented and simulated using BioNetGen — a rule-based
specification language and environment [39]. In BioNetGen language (BNGL), models
are constructed by specifying rules that describe allowed protein—protein interactions,
processes, and covalent modifications. Based on the rules, the reaction network is
automatically generated along with the system of ordinary differential equations. The
advantage of this approach is that it often allows for more concise definition of models
with large numbers of interactions and protein states. The model comprises the following
8 proteins (seed species): EGFR receptor, Sosl, Ras, Raf, MEK1 and MEK2, MEK-
specific phosphatase (PHP), and ERK (figure 1). Their amounts were assumed within
the ranges reported in the literature (see Table 2). These proteins interact according
to 41 rules, and are subject to modifications, state transitions (active/inactive, ligand-
bound/ligand-free) and complex formation, which lead to the generation of 110 species
(including sink and source) and the equivalent number of ODEs. The model encompasses
all levels of the Raf/MEK/ERK cascade, beginning with the EGF receptor activation
by the ligand at the cell membrane to the activation of ERK. The annotated BioNetGen
code is included in the Electronic Supplementary Material.

The binding rate of the EGFR ligand (c;) is considered the input signal Sy. The
level of activated (bisphosphorylated) ERK, ERK,,, is considered the response of the
cascade. The response is characterized by the following metrics (figure 2):

(i) Peak Time (T.x) — the time required to achieve the maximal response.

(ii) Relative Response Amplitude (R,,.x) — the maximal fraction of activated ERK:
Runax = ERE py(Tinax) | ER K ror.

(iii) Response (R;) — response at time ¢ normalized to the maximal response:
R, = ERK,,(t)/ERKp(Timax)- In this paper we consider Rsp and Rgp.

(iv) Decay Time (7},,) — the time at which the response decreases to (1/n)-th of its
maximal value.

Model Assumptions

The model contains the following mechanistic assumptions:

(i) In unstimulated cells receptor subunits exist as monomers, which undergo
constitutive production and degradation [41].
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(ii) The Epidermal Growth Factor (EGF) is assumed to be present at constant
concentration during stimulation. Its depletion in the extracellular media due to
receptor binding and receptor-mediated internalization is neglected.

(iii) Upon EGF binding, two EGF-bound EGFR monomers irreversibly dimerize and
transphosphorylate [41, 42]. EGF binding is assumed to be irreversible.

(iv) EGF-bound phosphorylated protomer of the EGFR dimer can bind Sosl. EGFR-
bound Sosl is considered activated [43].

(v) EGFR dimer undergoes accelerated degradation together with any bound ligand
and Sosl molecules [44].

(vi) Active, EGFR-bound Sosl catalyzes the transition of Ras-GDP to Ras-GTP (active
Ras) [43].

(vii) Active Ras activates Raf kinase [6].

(viii) Active Raf kinase distributively phosphorylates MEK1 and MEK2 on their two Raf-
dependent sites (RDS) [45]. Both sites need to be phosphorylated for the kinase to
become and remain active [46]. Activated MEKs phosphorylate ERK.

(ix) MEK1 and MEK2 can homo- and heterodimerize [47]. The dimerization is
stimulation-independent and does not affect their catalytic activity [38].

(x) The differences between ERK1 and ERK2 are neglected and both proteins are
jointly represented as ERK. Active MEK1 and MEK2 distributively phosphorylate
ERK. Both sites need to be phosphorylated for the kinase to become and remain
active [48].

(xi) The model contains two negative feedback loops. Namely, active ERK

phosphorylates (1) Sosl, preventing its association with the receptor [49], and (2)
MEKI1 (at Thr292) , creating a binding site for PHP [38].

The model parameters and assumed levels of all proteins are given in Tables 1 and 2. In
Table 1 we also give information which of the four metrics (excluding 74 /,, which is to
some extent redundant with R3g and Rg) is affected by changing the given parameter.

Negative Feedbacks

Catalanotti et al [38] have established the importance of the MEKI1-based negative
feedback. Active ERK phosphorylates MEK1 at Thr292 creating presumably a binding
site for the MEK phosphatase, accelerating deactivation of MEK1. It is assumed that
the MEK1-bound phosphatase can also dephosphorylate MEK?2 if the latter is in the
heterodimer with MEK1.

The ERK cascade contains several other negative feedback loops. However, for
the sake of simplicity, we consider in our model only one additional feedback loop,
namely, the canonical feedback loop to Sosl. Specifically, Sosl undergoes feedback
phosphorylation by active ERK. Phosphorylated Sos1 can no longer bind to the receptor
dimer subunits and hence cannot be activated [49].
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3. Results

3.1. Model compatibility with experimental data

The model successfully reproduces the experimentally observed time courses reported
by Kamioka et al [40] and Catalanotti et al [38]. Specifically, Kamioka et al [40] have
recorded the following time courses of the upstream components of the cascade: (1) the
level of EGFR phosphorylation, (2) the level of Ras-GTP, and (3) the level of inhibited
Sosl due to ERK feedback phosphorylation. Our model satisfactorily reproduces these
results (figure 3). The agreement with Kamioka et al [40] data on Ras-GTP ensures
the correct input to the Raf/MEK/ERK module analyzed further in respect to the
experiments by Catalanotti et al [38].

In particular, Catalanotti et al [38] have measured the phosphorylation time profiles
of ERK phosphorylation and MEK pRDS in WT and transfected Mouse Embryonic
Fibroblast (MEFs) cells. The expression of transfected mutant MEK1 proteins was
assumed to be the same as of MEK1 in WT cells. MEK pRDS accounts for the combined
MEK1 and MEK2 bisphosphorylation. The time course data were obtained from cells
treated with Epidermal Growth Factor (EGF). These results motivated our study and
are satisfactorily reproduced by the model. In the model, the experimental perturbations
were achieved by modifying the appropriate rules or species concentrations. Specifically,
the model reproduced the results of the following experiments:

(i) Wild-type cells (figure 4). ERK phosphorylation and MEK pRDS time profiles
were recorded in MEFs obtained from W'T mice in response to EGF stimulation.
The response of WT cells was simulated using the default parameters and
concentrations given in Table 1.

(i) Knock-out of MEK1 (figure 4). The corresponding time profiles were obtained
for MEK1-deficient cells. In the model, MEK1 knock-out was simulated by setting
MEKT1 concentration to 0.

(iii) Ablation of MEK1 homo- and heterodimerization (figure 5). The ablation
has been achieved by substituting Asp78 with glycine in the dimerization domain
(MEK1 mutant N78G). This mutation was shown to disrupt MEK1 dimerization.
This MEK1 mutant has been expressed in MEK1 deficient MEF cells. In the model,
the ablation of MEK1 homo- and heterodimerization has been achieved by disabling
the rules governing MEK1 dimerization.

(iv) Ablation of the negative feedback from ERK to MEK1 (figure 6). This
ablation has been achieved by substituting Thr292 with alanine (MEK1 mutant
T292A), disabling the negative feedback phosphorylation. This MEK1 mutant has
been expressed in MEK1-deficient MEF cells. In the model, T292A mutation has
been modeled by disabling the rule specifying phosphorylation of Thr292 residue
by ERK.

(v) Constitutive MEK1 repression (figure 7). The constitutive repression has been
achieved by substituting Thr292 with aspartic acid (mutant T292D). Aspartic acid
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is a phosphomimetic amino acid T292D mutation is supposed to recapitulate the
effects of phosphorylation. This MEK1 mutant has been expressed in MEK1-
deficient MEF cells. The T292D mutation has been modeled by assuming that
threonine Thr292 is constitutively modified and binds MEK phosphatase with
the same affinity as the phosphorylated residue in WT protein. This is the sole
measurement by Baccarini group experiment [38] that is not well reproduced by the
model. The experiment is puzzling in itself because the weak transient total MEK
phosphorylation appeared to be followed by the prolonged ERK1/2 activation.
Very recently, the same group of Baccarini (Zmajkovicova et al [50], figure 6d)
demonstrated that in fact the ERK1/2 activity in T292D mutant cells remains at
the basal level.

The foregoing analysis demonstrated the compatibility between the proposed model and
experimental data. One should keep in mind that there exists large uncertainty about
model parameters, and because of their redundancy (which arises when a change of two
or more parameters has the same or opposite influence on output) this uncertainty may
not be removed by fitting. Therefore, in order to support the proposed model structure,
we validate the model based on random parameter sampling, see Appendix.

3.2. Model predictions

The mathematical model provides insight into the kinetics of individual MEK isoforms
and their mutants, which cannot be experimentally discerned. Specifically, the model
demonstrates different roles of the MEK1/MEK2 ratio and MEK total content
MFEK  in regulating the response amplitude and duration. It also allows for making
predictions about the relative MEK1 and MEK2 catalytic activities, and the sensitivity
of MEK1 T292D mutant responses. These predictions are discussed in detail below.

(i) The impact of the MEKI1/MFEKZ2 ratio and MEK, on the response
characteristics. The increasing ratio of MEK1/MFEK,  , (where MEKy =
MEKI1+ MEKZ2) leads to a substantial decrease of the decay time, T3,
restricting the duration of the response (figure 8(B)). In contrast, M EK 1 /MEK
has a limited impact on the amplitude of the response Rp.x (figure 8(A)). Peak
time Tax is also largely insensitive to this ratio; it increases only for the weak
signal when the MEK1 content is small (figure 8(C)). For the weakest signal
(S = 0.01 x Sp) there is a discontinuity in Ti.x plotted as a function of
MEKI1/MEK,,. This discontinuity arises due to the existence of two local
maxima in FRK(t) profile. Time to peak is defined as the time to the global
maximum in FRK(t). For MEK1/MEK, , < 0.1 the global maximum is at
t ~ 40 min; for MEK1/MFEK, =~ 0.1 the maximum at ¢ ~ 18 min becomes
higher, and thus time to peak changes abruptly from ¢ ~ 40 min to ¢ ~ 18 min at
MEKI1/MEK, , ~ 0.1. All analyzed response metrics exhibit higher dependence
on MEK1/MEK, for low signals.
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The response amplitude Rp.x increases with MEK, (figure 9). The Ryjax
dependence on MEK2 level is stronger than the dependence to MEKT1 level due to
lower catalytic activity of the latter. The decay time T} /3 increases with the MEK2
level and decreases with the MEK1 level (figure 9) confirming their opposite roles
in system dynamics. Time T}/3 becomes very long (> 1000 min) for the high level
of MEK2 (> 5 x 10°) and correspondingly lower levels of MEK1. This shows the at
high M E K., response maybe not be terminated only when MEK1 > MEK?2.
The peak time Ty, does not exhibit any unambiguous trend and generally Ti,ax
dependence on MEK1 and MEK2 levels is relatively modest, about two-fold between
the extremes. T),. decreases with MEK1 level, and either decreases with MEK2
(for low MEKT1 level), or increases (for high MEK1 level).

(ii) Kinase activities of MEK1 and MEK2. In our initial fitting we found that
in order to reproduce the same amplitude of ERK activation in WT and MEK1-
deficient cells, MEK2 kinase catalytic activity needed to be several fold (5-fold is
assumed in our initial parameter set) greater than that of MEK1 (figure 10). The
relaxation of this condition and assumption of the equal kinase activities lead to
disagreement with the experimental time profiles for MEK1 KO and MEK1 N78G
mutants. This result lends support to reports that MEK2 is in fact the stronger
kinase in light of the inconsistencies in literature, where some groups found both
MEK isoforms to be of equal activity [36, 11].

(iii) Sensitivity of the MEK1 T292D transfected cell responses. The analysis
has shown that cells with T292D mutation exhibit highly sensitive responses to
the level of MEK1 T292D mutant expression, while the responses of the other two
mutants, T292A and N78G, are robust to the expression level (figure 10). We
analyzed the influence of different mutant expression levels on the response for the
three mutants, in the three-fold range around the WT expression level (assumed as
default for all mutants). This can explain the differences between the two mentioned
experiments on T292D mutant by the Baccarini group [38, 50].

4. Discussion

All of the constituent kinases of the ERK cascade possess isoforms characterized by
specific functions and (cross-)interactions. We have constructed a mathematical model
of the ERK cascade that accounts for the regulatory differences between MEK1 and
MEK?2 isoforms. Our hypothesis that MEK1-Thr292p is in fact a binding site has
been recently supported by Zmajkovicova et al [50], where this residue was found to
bind proteins containing WW domains. Thus MEK1-Thr292p can feasibly bind a
phosphatase or phosphatase-containing inhibitory complex. Our model is in satisfactory
agreement with the experimental data published the groups of Baccarini [38] and
Matsuda [40]. Specifically, the model correctly reproduces the observed profiles of MEK
and ERK activation obtained in the experiments with WT and perturbed MEFs. In
particular, the model reproduces the prolonged activity of ERK and MEK due to the
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ablation of the negative feedback to MEK1 by (1) MEK1 knockout, (2) mutation of
the phosphatase binding site (MEK1 mutant T292A), and (3) disruption of MEK1/2
heterodimerization (MEK1 mutant N78G). As far as the effects of the phosphomimetic
mutations are concerned (MEK1 mutant T292D), the experimental results have been
variable. The original experiment [38] suggests weak and very transient MEK activation
accompanied by some activity of ERK (different for ERK1 and ERK2 isoforms). On
the other hand, the recent experiment by the same group of Baccarini ([50], figure 6d),
published during the revision of the manuscript shows that in fact the ERK1/2 activity
in T292D mutant cells remains almost at the basal level. In light of the performed
sensitivity analysis, the observed discrepancy is no longer puzzling because constitutive
repression introduces considerable sensitivity to the level of MEK1 T292D expression
(which is difficult to control precisely in the experiment) in contrast to the other mutants.

Because of the variability of the reported levels of the MAPK kinase cascade
components and kinetic rate constants, as well as the intrinsic heterogeneity of the
MEF cell line, we have sought to verify the proposed model structure independently
of a particular choice of parameters. Therefore, we repeated our analysis based on
sampling parameter sets. Based on this analysis we demonstrated that for parameters
sets sampled from a posteriori distribution (under the condition of proper reproduction
of WT cell trajectories) the behavior of four cell mutants analyzed in [38] is satisfactorily
reproduced. We believe that the proposed model validation method can be used
for analysis of other models, whenever there exists large uncertainty about kinetic
parameters such as in case of highly heterogeneous cell populations.

Our work provides insight into the role of the divergence of MEK1 and MEK2
isoforms in terms of regulation of signaling. We show how M EK 1 /MEK 2 ratio and
MEK total content regulate the duration and magnitude of ERK response, as first
suggested by MEK1 KO experiments. The model suggests that this particular mode
of regulations requires that MEK2 catalytic activity is several times greater than the
activity of MEK1, however MEK1 content must be higher than that of MEK?2 in order to
allow for efficient repression of the latter. Given this, a picture emerges where MEK1 is
responsible for restricting the duration of the ERK response and controlling the activity
of its more potent counterpart.

Isoform-specific regulation is present at other levels of the cascade, especially at
the level of Raf. In particular, B-Raf has significantly higher kinase activity than
both A- and C-Raf. It possesses substantial basal activity, which upon stimulation
increases 3-fold in comparison to 25-fold increase for C-Raf and A-Raf [51]. The isoforms
further differ in their responses to negative feedback; B-Raf undergoes modest (33-50%)
reduction in activity, while C-Raf activity rapidly decreases, and virtually disapperas
by 30 min [52]. Similar to MEK1 and MEK2, Raf isoforms cross-regulate one another
via dimerization, although these interactions are activating rather than inhibitory [6].
Complete understanding of the behavior of the ERK cascade will require inclusion of
isoform-based regulation and future models should account for it.
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5. Conclusions

Based on the experimentally supported model we found that the M EK 1 /M EK 2 ratio
controls the duration of the response, while the total amount of MEK isoforms M E K
governs the response amplitude. The decay time T} /3 increases with the level of MEK2
and decreases with the level of MEK1. The peak time is largely robust to the MEK2
level and decreases with the MEK1 content. Based on these findings, we may conclude
that ERK to MEK1 feedback has a distinctive role in negative regulation of the ERK
cascade. In case of one-parametric feedback, increasing the strength of the feedback
reduces both the amplitude and duration of the response. In our case, because the two
MEK isoforms have opposing roles, the feedback enables almost independent regulation
of the amplitude and duration of the response. Because there is a high variation of
MEK1 and MEK2 levels between cell lines, one could expect different cell lines to
respond differentially to the same growth factor stimulation.

Appendix: Model structure validation based on the random parameter
sampling

The kinetic parameters, given in Table 1, were chosen to fit the data shown in figures 3
through 7. The parameter choice is not unique; there exists large redundancy, and
a change in almost any parameter can be compensated by a corresponding change
in one of its ’sibling’ parameters (ones that have a similar, or opposite, impact on
the observables). Moreover, one must remember that MEFs are not a well-defined,
homogeneous cell line. Depending on a method of extraction, a MEF cell line contains a
mixture of fibroblasts from different parts of embryos, which already display differential
expression levels of the relevant genes. The matter is further complicated by a great
variety of murine genetic backgrounds from which MEFs are isolated, contributing to
the already considerable heterogeneity of cells used by different research groups. For
this reason levels of the pathway components are expected to be significantly variable
between experiments. Thus, in order to confirm the role of ERK to MEK1 (and MEK2)
negative feeback, we performed analysis of the robustness of the model based on random
parameter scan. In short, we sampled 5000 parameter sets from the cube extending
three-fold below and above the default parameters values (Table 1). Using these sets
of parameters, we simulated W'T cells trajectories, and eliminated parameter sets for
which bisphosphorylated ERK profile was in disagreement with the experimental data
(based on the Catalanotti et al [38]). We consider four criteria: amplitude, time to peak,
and response attenuation after 30 and 60 min). Using remaining 1116 sets of parameters
(which can be considered parameter sets sampled from the a posteriori distribution that
arises from an a priori distribution upon the condition of proper reproduction of the
metrics of WT cells signaling), we simulated four perturbations (KO and 3 mutants).
This allowed us to discern whether the difference between W'T and mutant cell behavior
results from the proposed model structure or only follows from the particular choice of



MFEK isoform-specific signaling 11

parameters.

The 31 parameters, given in upper part of Table 1, were sampled for each set. The
input signal, default levels of Ras, Raf, MEK1, MEK2 and ERK, as well as EGFR and
Sosl synthesis and degradation rates (respectively s1, di, s, and dy), controlling steady
state levels of EGFR and Sosl, as well as the parameters regulating MEKs homo- and
heterodimerization (by, ng, b3, ns, by, ny) were assumed to be constant. Also the ratio
of catalytic activities of MEK2 to MEK1 was left unchanged, equal 5. We uniformly
sampled 5000 points (Xj, ¢ = 1...31) from the 31-dimensional unit cube. Based on the
obtained Xj, we calculated 5000 sets of new parameters Kj, as

Ki = 3Xi X k’i, (1)

where Xj ~ U[—1,1], k; is the i*" default parameter, and i = 1, ..., 31.

Based on these sampled parameter sets (from a priori distribution), we simulated
WT cells trajectories and eliminated these parameter sets for which at least one of four
criteria was not satisfied. We choose the following criteria for determining compliant
responses:

(i) Time to peak Tpax should satisfy 3 min < Ty < 7 min.
(ii) Relative response amplitude should satisfy R.x > 0.6.
(iii) Response at 30 min should satisfy 0.1 < R3p < 0.33.

(iv) Response at 60 min should satisfy Rgy < 0.1.

We provide scatter plots of Ti.x and Ry (figure 11) as well as Rz and Rgo
(figure 12), showing the WT cell values versus each cell mutant. The scatter plots were
produced for 100 parameters sets out of 1116 sets satisfying the above criteria.

We found that T},. is relatively evenly distributed and peak occurs approximately
2 minutes later in mutated than in W'T cells; the amplitude was also found relatively
robust to the perturbations downregulating the negative feedback to MEK1 (KO, N78G,
and T292A), figure 11. As expected, these perturbations lead to sustained activation
of both MEK1 and ERK as indicated by the corresponding values for Rz, and Rgp.
The ranges of these metrics are broad but in all cases both R3y and Rgy exceed
the values obtained for W'T cells, figure 12. These results show that for parameters
sampled from a posteriori distribution the simulated behavior of all mutants with
downregulated negative feedback to MEK1 (KO, N78G, and T292A) qualitatively
agrees with experiment. As far as constitutively repressed T292D MEK1 mutant is
concerned, it exhibits similar distribution of T),., and Rgy as the other mutants and
predictably lower amplitudes in comparison to WT cells. In contrast, it displays
significant heterogeneity in regard to Rsg, indicating a wide range of potential time
courses. Thus, this metric is very sensitive to the choice of parameter set.

The remaining 1116 (out of 5000) parameter sets represent a posteriori distribution.
It is interesting how much the average parameter values (the averaging must be done in
log-scale) obtained from this a posteriori distribution differ from the default values. Such
averages may be considered as refined centroid parameters following from the assumed
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default values and experimental constraints. In Table 1, we provide the default as well as
the refined parameters; for most parameters the differences are very small, which implies
that the initial choice of parameters is reasonable. The largest changes (approx. 5-
20%) were observed for the parameters regulating strength of the MEK1-based negative
feedback. In figures 13 and 14 we show M EK,,(t) and ERK,(t) trajectories obtained
for the default, averaged (refined), and 13 sampled parameter sets for WT cell and four
cell mutants. As one could expect from parameter comparison, the trajectories obtained
for the refined parameters do not differ substantially from those obtained for the default
parameters, although (also as expected) they are more representative for trajectories
obtained for the sampled parameters sets. Trajectories obtained for default, refined, but
also sampled parameters (from a posteriori distribution) qualitatively fit experimental
data obtained in Baccarini group experiment [38]. The M EK,,, and ERK,,, trajectories
of KO, N78G, and T292A mutants are relatively robust, the T292D mutant trajectories
are more variable, confirming high sensitivity of this mutant to parameters.
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Figure 1. The graphical representation of the ERK cascade model. The growth factor
ligands (L) binding to the EGF receptor induces its dimerization, transphosphorylation
and subsequent recruitment of Sosl. The receptor-Sosl complex catalyzes Ras-GDP
to Ras-GTP transition, enabling Ras to activate Raf kinase. Activated Raf activates
MEKI1 and MEK2 by phosphorylating them at their two Raf-dependent sites (RDS).
Bisphosphorylated MEK1 and MEK2 phosphorylate ERK; bisphosphorylated ERK is
considered the output of the pathway. The red arrows represent two negative feedback
loops: (1) active ERK phosphorylates Sosl, preventing its association with the EGFR
receptor and (2) active ERK phosphorylates MEK1 (at Thr292) creating an additional
binding site for the MEK phosphatase (PHP), which dephosphorylates RDS.
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Figure 3. The model validation. (A) the experimental time profiles of (1) the

level of EGF receptor phosphorylation, (2) the level of Ras-GTP, and (3) the level of
phosphorylated Sosl due to feedback, Kamioka et al. 2010 [40]. (B) Model predictions.



MEK isoform-specific signaling

o KO
Time in EGF
(mnj - 5 3060 — 5 30 60
pRDS .— L -
Mok S

MakZ - - —
TUDUEN  — e -

80 : :

= MEK1 WT
2 == MEK1 KO
X 60f
A
[70]
2 40
o
N
; 20}

\

0 5 10 20 30 40 50 60
Time (min)

Figure 4.

18
Time in EGF T 0
(min) - 5 30 60 — 5 30 60
oerc2 [ -
Mekl e o -
o
100
== MEK1 WT
sol == MEK1 KO |
~~
© \
N’
(a\| 601
~
e
¢ 40;
=
(=5
207

% 5 10 20 30 40 50 60
Time (min)

The model validation: the effects of MEK1 knockout (MEK1 KO);

upper panel — the experimental results of Catalanotti et al [38], lower panel —
model predictions. pRDS represents the level of phosphorylation of Raf-dependent
phosphorylation sites of both MEK1 and MEK2, reflecting MEK1/2 activation.
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the combined level of bisphosphorylated ERK1 and ERK2.
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Figure 7. The model validation: the observed and predicted effects of the
phosphomimetic mutation of Thr292 (MEK1 mutant T292D); upper panel — the
experimental results of Catalanotti et al [38], lower panel — model predictions. pRDS
represents the level of phosphorylation of Raf-dependent phosphorylation sites of both
MEK1 and MEK2. pERK1/2 refers to the combined level of bisphosphorylated ERK1
and ERK2. The predicted MEK pRDS profile for MEK1 T292D cells does not match
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Figure 10. The model predictions. Upper panels: the estimation of the MEK2/MEK1
catalytic activity ratio. (A) response profiles obtained after assuming that catalytic
activity of MEK2 is equal to the catalytic activity of MEK2. (B) response profiles
obtained after assuming MEK2/MEK1 activity ratio equal to 5 (default parameter
values in the model). The latter profile agrees with the experiment (see figure 5).
Lower panels: sensitivity of cell mutants responses to the level of expression of the
MEK1 mutant expressed in MEK1 KO cells. The time profiles of bisphosphorylated
ERK in the cells transfected with MEK1 mutant with expression varying in 3-fold
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Figure 13. Bisphosphorylated M EK,, time profiles. Thin (color) lines correspond
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Parameter Symbol | Default Refined Affected
Value Value Metric

Ligand-EGFR complex dimerization Co 2 x 1077 (mcls x s)7! 1.97 x 1077 | Tif..

EGFR dimer transphosphorylation ty 100 st 98

EGFR dimer degradation ds 1073 571 1.20 x 1073 R;O, Ry

EGFR~Sos! association by 4 x 1078 (mcls x s)~1 3.99 x 1078 | T, R

EGFR-Sos1 dissassociation ny 2x 1073 571 2.03 x 1073 | Rg,

Ras activation by EGFR-Sos1 a 1.5 x 1077 (mcls x 8)71) | 1.45 x 1077 | Tiar, o, Bilo

Ras inactivation 1 2% 1072 2.00 x 1072 | Tif  R30,Reo

Raf activation by Ras as 4 x 1078 (mcls x s)~1 3.93x 1078 | Rt T Ri Ré

Raf inactivation iy 1072 57! 1.00 x 1072 | Ry R0, Reo

MEK1/2 phosphorylation by Raf P1 1.5 x 1077 (mels x 8)7% | 1.46 x 1077 | RE, T Rio, Ry

MEK1/2 dephosphorylation Uy 5.0x 1073 s71 511 x 1073 | Ry, Rao,Reo

Phosphorylation of ERK by MEK1 Poa 107¢ (mcls x s)~1 1.00 x 1076

Phosphorylation of ERK by MEK2 Db 5% 1075 (mecls x s)7! 5.01 x 1078 | RE R R,

Dephosphorylation of ERK Us 2x 1072 s 2.03 x 1072 | Ry, Raos Reo

Sos1 phosphorylation by ERK 3 2 x 1073 (mcls x s)~* 2.01 x 1073

Sos1 dephosphorylation (FB) U3 1 x 1073 (mcls x s)7! 1.00 x 1073 Réro

MEK1 phosphorylation by ERK Py 1.2 x 1079 (mels x 8)7! | 1.46 x 107™° | Tio.., Rao, Reo

MEK1 dephosphorylation (FB) Uy 2 x 107 (mcls x s)’l 1.95 x 1074 | R,

PHP-MEK]1 binding bs 4x107° (chlb x )7t 4.27 x 107° | T Rao, Reo

PHP-MEK1 dissassociation ns 2x 1071 s~ 1.88 x 107* | R3, R

MEK1 dephosphorylation (PHP) Us 20 s71 21

EGFR monomer synthesis 51 25571 N/A N/A

EGFR monomer degradation dy 5x 108 s~ N/A N/A

Sosl synthesis So 157! N/A N/A

Sosl degradation dy 5x 100 71 N/A N/A

Ligand-EGFR binding, signal Sy c 0.02 N/A N/A

MEK]1 homodimerization by 107° (Inds x )7t N/A N/A

MEK1 dimer dissassociation no 1073 s~ N/A N/A

MEK2 homodimerization b3 1075 (mcls X s) N/A N/A

MEK?2 dimer dissassociation ns 3x 1072 N/A N/A

MEKS heterodimerization by 107° (Hldb x )7t N/A N/A

MEKSs heterodimer dissassociation ny 1073 57! N/A N/A

Table 1. Kinetic parameters.

29

Unless stated otherwise, figures are plotted for

default parameters, and these parameters are used in BioNetGen codes included in the
Electronic Supplementary Material. The refined parameters are parameters averaged
over the a posteriori distribution, see Appendix for details. The time to peak Ty.x is
considered affected by a given parameter when 10-fold change of the parameter (either
below or above its default value) results in at least fd = 0.8 fold change (increase or

decrease) of Tax-

Annotations T~

or Tt

max

max

in the last column imply that the time to

peak is affected by a given parameter, while the sign in the superscript denotes positive

or negative influence. The same convention is used for the other three metrics Rpyax,

R30 and Rgp, although for the last two metrics the fd values are chosen, respectively,

0.7 and 0.5.
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Species Default | HeLa [40] | Hepatocytes [11] | HeLa [12] | CHO [53] | PCI12 [16]
EGFR 0.5 0.42 0.1 0.03 0.08 0.3
Sos1 0.2 0.12 0.034 0.04 0.01 0.1
Ras 0.5 0.43 N/A 7.1 0.12 0.1
Raf 0.5 0.012 N/A 0.025 0.1 0.7
MEK (tot) 0.2 1.4 N/A 13.6 0.12 0.68
MEK1 0.133 N/A N/A N/A N/A N/A
MEK?2 0.067 N/A N/A N/A N/A N/A
ERK 3 0.96 N/A 13.0 0.024 0.26
PHP (MEK) | 3 N/A N/A 0.025 0.0114 0.018

Table 2. Species concentrations.

The species concentrations are given in uM

for the sake of comparison with the other models. The conversion of mlcl/cell to
cytoplasmic concentrations was assumed to be 10° mcls = 1uM, equivalent to cell
volume of 2000 ym?® with 1/6 occupied by the nucleus.
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