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Abstract

Following phosphorylation, nuclear translocation of the mitogen-activated protein kinases
(MAPKSs), ERK1 and ERK?2, is critical for both gene expression and DNA replication induced by
growth factors. ERK nuclear translocation has therefore been studied extensively, but many details
remain unresolved, including whether or not ERK dimerization is required for translocation. Here,
we simulate ERK nuclear translocation with a compartmental computational model that includes
systematic sensitivity analysis. The governing ordinary differential equations are solved with the
backward differentiation formula and decoupled direct methods. To better understand the
regulation of ERK nuclear translocation, we use this model in conjunction with a previously
published model of the ERK pathway that does not include an ERK dimer species and with
experimental measurements of nuclear translocation of wild-type ERK and a mutant form, ERK1-
A4, which is unable to dimerize. Sensitivity analysis reveals that the delayed nuclear uptake of
ERK1-A4 compared to that of wild-type ERK1 can be explained by the altered interaction of
ERK1-A4 with phosphorylated MEK (MAPK/ERK kinase), and so may be independent of
dimerization. Our study also identifies biological experiments that can verify this explanation.

1 Introduction

The mitogen-activated protein kinase (MAPK) pathway, present in all eukaryotes from yeast
to human, has been described as a paradigm for cell signal transduction, and is one of the
most intensively studied cell signal transduction pathways [1-3]. Many extracellular signals,
including cytokines, growth factors, neurotransmitters and stress, activate the small GTPase
Ras (Rat sarcoma). Activated Ras in turn initiates the sequential phosphorylation and
activation of three protein kinases, MAP kinase kinase kinase (MAPKKK, whose family
members include Raf (Ras-associated factor)), MAP kinase kinase (MAPKK, whose family
members include MEK (mitogen-activated protein kinase/extracellular signal-regulated
kinase kinase)) and MAPK (whose family members include ERK1 and ERK?2). The

Correspondence to: Krishnan Radhakrishnan, Department of Pathology and Cancer Center, University of New Mexico School of
Medicine, Albuquerque, NM 87131, USA, kradhakrishnan@salud.unm.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Radhakrishnan et al.

Page 2

phosphorylation of these three kinases, and subsequent translocation of phosphorylated
MAPK to the nucleus and activation of transcription factors, mediates myriad cellular
activities, including growth, proliferation, survival, differentiation and embryonic and
postnatal development [4-6]. Abnormalities in this pathway are seen in various diseases,
including obesity, diabetes, inflammatory diseases, cardiovascular disease and cancer [7, 8].
This pathway is also the target of many drugs [9, 10].

The Ras/RafMEK/ERK MAPK pathway has been extensively investigated clinically,
experimentally and by mathematical modeling [2, 3, 8, 10-26]. In addition to the
biochemical modifications associated with signaling, the nuclear translocation mechanisms
of activated ERK1 and ERK2 have been studied in depth, because this movement is required
for correct control of gene expression and of the linkage of altered localization to disease
[12-15, 17, 20, 21, 24-26]. Nonetheless, many of the details of nuclear translocation are
unknown [24]. In particular, it has been proposed that ERK exists in a monomer/dimer
equilibrium that is shifted toward the dimer when phosphorylated [13]. However, it is
unclear if ERK dimerization is [13, 20, 27] or is not [15, 21] required for nuclear
translocation. In fact, Burack & Shaw [21] could not detect evidence of ERK dimerization
by FRET (fluorescence resonance energy transfer) methods.

In this paper we study the ERK signal transduction pathway with a two-compartment
(cytosol and nucleus) mathematical model. The ordinary differential equations (ODE’s)
governing time rate of change of species’ concentrations in the different compartments due
to chemical reaction and intercompartmental species translocation are solved by using the
backward differentiation formula (BDF) method as implemented in the packaged code
LSODE [28, 29]. The utility of mathematical modeling is enhanced by use of systematic
sensitivity analysis [30-32], which provides basic methods to study parameter sensitivities,
that is, changes in model behavior due to parameter variation [33]. Systematic sensitivity
analysis generates automatically the first-order sensitivity coefficients of species
concentrations with respect to problem parameters, such as initial conditions and rate
constants. The ODE’s for sensitivity coefficients are solved with the decoupled direct
method (DDM), using the same BDF method used to compute species’ concentrations [34—
37].

We use our models to simulate real-time experimental measurements of ERK nuclear
translocation (data kindly provided by the T. Jovin lab, Gottingen, Germany; Lidke et al.,
manuscript in preparation) in both wild-type ERK1 and a mutant form, ERK1-A4, which is
unable to dimerize due to deletion of histidine 176 and 3 adjacent amino acids (i.e., deletion
of amino acids 174-177) in the ERK dimerization domain [13, 20, 38]. The experimental
results showed that although the mutant ERK accumulated in the nucleus at a slower rate
than the wild-type ERK, the maximal level was approximately the same in the two types
(Figure 1).

We use a previously published model of the Ras/MAPK pathway that does not include an
ERK dimer species [25], together with systematic sensitivity analysis, to provide plausible
biological explanations for the experimentally observed differences in nuclear translocation
between the two ERK types. Significantly, sensitivity analyses of the cellular concentration
of phosphorylated ERK (pERK) and its net rate of formation (i.e., time derivative of
concentration) reveal that the observed differences in nuclear translocation of ERK between
wild type and mutant can be explained by the slower phosphorylation kinetics of ERK by
phosphorylated MEK (pMEK) and possibly also by delayed release of the phosphorylated
ERK from the pMEK-pERK complex. It is not necessary to invoke the dimerization of
ERK. The mathematical modeling also suggests biological experiments that can promote
further understanding of the nuclear translocation of ERK.

IET Syst Biol. Author manuscript; available in PMC 2011 May 18.
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2 Methods

2.1 Governing Ordinary Differential Equations

The complex biochemical pathways describing cellular signaling and other metabolic
phenomena consist of large numbers of simultaneous elementary chemical reactions (i.e.,
real molecular events) among numerous species. Mathematical descriptions of the chemical
kinetics of these pathways constitute sets of nonlinear, first order ordinary differential
equations (ODE’s). The ODE describing the time rate of change of concentration of species
i (y;) can be written as

dyi . .
== (e k) k) (=1 N, =1, N

for a reaction mechanism involving Ny elementary reactions among Ng chemical species. In
equation (1), kj and k—j are the forward and reverse rate constants of reaction j.

The initial value problem is to solve the Ng ordinary differential equations, equation (1), for
the solution vector y (=y;, i = 1,...,Ng) at one or more time points in a prescribed integration
interval [to, tengl, Where the value of y (= yg) at the initial time (t = tg) is given, as are the
reaction mechanism and rate coefficient parameters, and tgnq is the endpoint of the
integration interval.

2.2 Numerical Solution

To solve the ODE’s arising in signal transduction, equation (1), we used the backward
differentiation formula (BDF) method built into the packaged code LSODE [28, 29],
because it was shown to be the most efficient and accurate of several methods examined for
solving the stiff ODE’s arising in combustion chemistry [36, 37, 39-42]. In this variable-
step, variable-order, step by step method, starting with the known initial conditions at time
to, numerical approximations Y, (= Yj,, i = 1,...,Ng) to the exact solution y(t,) (= yi(ty), i =
1,...,Ng) of the ODE’s are generated at discrete time points t, (n = 1,2,...). At each time step
[th—1, th] the BDF method advances the solution by using the linear multistep formula

4n
Xn :Za'.izy1—j+]’nﬁozn ’
J=1 (2)

where g, and hy, (= t, —t,—1) are, respectively, the order of numerical approximation and
step size for the current step; the coefficie;nts {oj} and Bo depend on qp; Ynj is the numerical
solution vector at t, (j = 1,...,dn); and ¥, is the approximation to y{tp), the exact derivative
vector of y at t,. Equation (2) is solved by using a modified form of the Newton-Raphson
predictor-corrector procedure [29, 37], because for chemical Kinetics applications it has been
shown to be the most efficient of the different iteration techniques built into LSODE [36, 37,
39, 40].

2.3 Sensitivity Analysis

The solution of the ODE’s describing chemical pathways depends on a number of
parameters that are often not known exactly, such as the initial conditions and rate constants.
The development of a reaction mechanism is both facilitated and made more accurate by
systematic sensitivity analysis, which provides the basic methods to study parameter
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sensitivities; that is, changes in model behavior due to parameter variation [33]. Sensitivity
analysis establishes relationships between the predictions of a kinetics model (i.e., the
reaction mechanism) and the input parameters of the problem: initial condition values and
rate constants. It helps to determine the effects of uncertainties in rate constants or errors in
initial condition values on the model predictions, which ultimately are compared with
experimental observations to assess adequacy of the model. The proposed kinetics model
can also be fine-tuned by adjusting rate constants identified to be important, to match
experimental data, as shown in the present work.

A method that is commonly used to study the effects of a small change in a parameter about
its nominal value is to compute the first-order sensitivity coefficients S; (= 83(/811J j=

..Np) evaluated at the generally accepted nominal values {x} [37]. Here y is the NS—
dlmen5|onal solution vector, nj a rate constant or an initial condition value, Np the total
number of independent parameters, and Sj the sensitivity coefficient vector of length N,
whose element Sj j = dyj/an; (i = 1,...,Ns).

We solve for the sensitivity coefficients by integrating their ODE’s, which can be obtained
by differentiating equation (1) with respect to nj. The result is

ds ;
e ®

where J (= 9f/9y) is the NsxNg Jacobian matrix, with element Jj ; given by
J,“jZ(?ﬁ/a.\‘j,l'.j:l,....NS. (4)

In equation (3), the first term on the right-hand side accounts for the implicit dependence of f
on nj through y, and the second term takes into account any explicit dependence of f on ;.
The initial value of Sj, that is, Sj(to), is equal to the jth column of the NsxNg identity matrix
if nj is the jth element of yo; if, however, n; is a rate coefficient parameter, S(to) = 0.

Several methods have been developed for solving equation (3) [34, 36, 37]. For chemical
kinetics applications, the decoupled direct method (DDM) has shown greater efficiency and
stability, with equal or better accuracy than the other methods [34, 36, 37], and was
therefore adopted in the present work. The necessary FORTRAN subprograms were adapted
from the general chemical kinetics and sensitivity analysis code LSENS [37, 43, 44].

In the DDM the same integration method, in particular the BDF method, is used to solve
both the model and sensitivity differential equations, because the two systems of ODE’s
have the same Jacobian [36]. If the BDF method of order gy, equation (2), is used to solve
the ODE for S; over the time step [ty—1,tn], the resulting formula is:

af
S -‘P E a;S S ine [+h,,B0 (t,,
(5)

where Sj n— [= Sj (th—)] is the sensitivity coefficient vector at t,,({=0,1,...,gn) and the
NsxNg matrix P is given by

IET Syst Biol. Author manuscript; available in PMC 2011 May 18.
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P=I — h,ByJ. (6)

Here | is the NgxNg identity matrix and J is given by equation (4).

The sensitivity equations are solved in tandem with the model equations: at each time step,
the solution to the model problem is first advanced, and then the sensitivity coefficients
updated. For any time step [t,—1,tn], the solution Y to the model equations is advanced from
th—1 to ty by using LSODE; Y,, is then used in equation (5) to update the sensitivity
coefficients with respect to all required parameters. This process of advancing Y and then the
{Sj} by the same time step, using the same method order, is repeated until the end of the
integration interval.

2.3.1 Normalization of Sensitivity Coefficients—The sensitivity coefficients {S;; =
adYj/an;} may display artificial variation because of the differences in the magnitudes of the
{Yi} and {n;}. To remove this variation and enable meaningful comparisons for the different
{Yi} and with respect to the different {n;}, the {S;j j} are usually presented in normalized
form. In this work we use the normalization procedure given by

.\ _1;9Y;
Sip=yrar,
Yi (97]1' (7)

where < S ; > is the normalized sensitivity coefficient S j. The < §; j > can then be
interpreted as the percent change in Y;j due to an uncertainty or change of 1 percent in n;.
Other procedures have also been developed when equation (7) cannot be used, for example,
nj =0 [37].

2.4 Real-time measurement of ERK nuclear translocation

To improve understanding of the mechanism of cytosol-to-nuclear translocation of ERK,
including the role of ERK dimerization, Lidke et al [manuscript in preparation] used green
fluorescent protein (GFP)-ERKZ1 constructs in live ERK1-knockout mouse embryonic
fibroblasts. The cells were starved for 12 hours, with subsequent addition of fetal calf serum
providing the stimulus that activates the MAPK pathway, resulting in ERK translocation
from the cytosol to the nucleus and activation of transcription factors. By using real-time
imaging to measure GFP intensity, the total ERK in the two compartments could be
followed accurately, as a function of time [20]. In addition to wild-type ERK1, the studies of
Lidke et al measured the translocation behavior of a mutant ERK, ERK1-A4, which is
incapable of dimerization because of deletion of amino acids 174-177 in the ERK
dimerization domain [13, 20, 38].

3 Results and Discussion

Representative nuclear ERK concentration profiles obtained by Lidke et al [manuscript in
preparation] by using green fluorescent protein and real-time imaging are shown in Figure 1
for the wild-type (solid circles and solid line) and mutant (solid squares and long-dashed
line) ERKZ1. In this figure, the measured total nuclear concentration of ERK is normalized
by its initial concentration (i.e., at time t = 0, when the stimulus is applied). We refer to this
ratio as the relative total [ERKn]. Here total [ERKnN] denotes the total nuclear concentration
of ERK and the suffix “n” the nucleus. It is clear from Figure 1 that although the rate of
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nuclear accumulation of ERK is much slower for the mutant than for the wild-type ERK, the
maximal relative amount is approximately the same for both types.

3.1 Simulating cytosol-to-nucleus ERK translocation

In an attempt to elucidate the experimentally observed differences in the relative total
nuclear [ERK]-versus-time behavior of wild-type and mutant ERKs (Figure 1), we used the
numerical methods described previously and a two-compartment (nucleus and cytosol)
model of the Ras/Raf/MEK/ERK cascade to study the cytosol-to-nucleus ERK translocation
process. The reaction mechanism used in our study was developed recently by Fujioka et al
[25] and consists of 29 species and 29 reactions. Their reaction cascade starts with activation
of the GEF-GAP pathway and of Ras, followed by binding and activation at the plasma
membrane of Raf by Ras. The Ras-Raf complex then binds and activates MEK, which in
turn binds and activates ERK. In addition, both phosphorylated MEK (pMEK) and
unphosphorylated MEK bind ERK in both compartments. The essential features of the Ras/
ERK MAPK reaction cascade are illustrated schematically in Figure 2; additional details are
provided in the supplementary material [45] of Fujioka et al [25].

The reaction mechanism includes reactions describing nuclear-to-cytosolic translocation of
several species, including ERK and its phosphorylated state (pERK). It does not include an
ERK dimer species and therefore provides an opportunity to explore for mechanisms other
than the mutant’s inability to dimerize, to explain the experimentally observed differences in
nuclear translocation of wild-type and mutant ERK. We used Fujioka et al’s model of the
HelLa cell and their mass action chemical kinetics rate parameters for all reactions [25, 45].
Because 12 of the reactions are irreversible, the number of independent rate constants is 46
in our implementation of this reaction scheme. The reaction mechanism, rate constants and
initial conditions are given in the Appendix and in the supplementary material [45] of
Fujioka et al [25].

The initial concentration of nuclear ERK is zero in Fujioka et al’s model. However, even in
quiescent cells, although ERK localization is mainly cytosolic, the species is present in the
nucleus, albeit at low concentration [15, 17, 21, 24, 25]. We therefore first performed
calculations without any stimulus for a period of 1000 seconds, in order to reach steady state
and establish a nonzero initial [ERKn], the nuclear concentration of ERK. We then applied
the stimulus to activate the GEF-GAP pathway and Ras, and studied the effect on relative
total [ERKn].

The total nuclear ERK concentration normalized by its initial value, that is, the relative total
[ERKnN], calculated with this model is given in Figure 1 (dotted line), together with the
experimentally measured profile for the wild-type ERK (solid circles and solid line). The
total [ERKnN] was computed by summing up the nuclear concentrations of all ERK-
containing species, which in Fujioka et al’s model [25] include ERK, pERK, MEK-ERK,
and pMEK-ERK. It is clear from Figure 1 that their model consistently under-predicts the
measured relative total [ERKnN]. Also, Figure 4A (which reproduces Fujioka et al’s [25]
experimental profile for nuclear [ERK], given in their Figure 3) shows that their measured
maximal relative total [ERKnN] is approximately 1.8, in agreement with the experimental
results given in Figure 1; thus their model under-predicts their measured relative total
[ERKn].

3.2 Improving the reaction mechanism to match wild-type ERK translocation data:
Development of “wild-type model”

According to Fujioka et al [25], their model also predicts lower maximal [pERK] and slower
kinetics than their experimental observations. Increasing the rate of the phosphorylation step

IET Syst Biol. Author manuscript; available in PMC 2011 May 18.
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pMEK-ERK — pMEK + pERK (reactions 5 in the cytosol and 15 in the nucleus; see Figure
2) accelerated ERK phosphorylation. However, a 16-fold increase in the rate of this reaction
resulted in less than doubling of the maximal [pERK] [45; supplementary Figure 7]. It is
also clear from Figure 4B (which reproduces Fujioka et al’s [25] experimental and
theoretical profiles for cellular [pERK], given in their Figure 7) that the phosphorylation
kinetics of ERK predicted by their model is significantly slower than their measured
[PERK]-versus-time profile indicates, especially at early times. In addition, it has been
shown experimentally that phosphorylation of ERK promotes its nuclear translocation, and
may even be necessary for its nuclear retention [12-14, 17, 20, 24, 26]. For example,
Horgan and Stork [20] observed that ERK2 mutated at the phosphorylation sites did not
translocate to the nucleus following growth factor stimulation.

We therefore investigated if increasing [pERK] is the key to obtaining better agreement
between the measured and predicted relative total [ERKn]. We first performed systematic
sensitivity analyses of cellular [pERK] and its temporal derivative (i.e., d(cellular [pERK])/
dt) with respect to rate constants, with provision made in the calculation procedure for the
different volumes of the two compartments. The goal of this numerical “experiment” was
two-fold: (1) to identify the most important rate constant to [pERK] and d([pERK])/dt and
(2) to determine if the identified rate constant could be modified so as to adequately
reproduce the experimental relative total [ERKn]-versus-time profile for the wild type. We
focused attention on the time interval [0,120s], because this is the time period when the
experimental relative total [ERKnN] increases much more rapidly than the calculated relative
total [ERKnN] (Figure 1).

Sensitivity analysis with respect to rate constants showed that k4 (the forward rate constant
of reaction 4) is the most important rate constant for cellular [pERK] and, for t < 60 s, for
d(cellular [pERK])/dt. The corresponding reaction describes the rate at which the kinase
pPMEK binds ERK in the cytosol:

k.
PMEK+ERK 2 pMEK — ERK,
k4

which is reaction 4 in Fujioka et al’s [25] mechanism (see Figure 2 and Appendix). It is
noteworthy that binding of ERK by pMEK is more important than the phosphorylation of
ERK by pMEK (ks and k15 of reactions 5 and 15 in the cytosol and nucleus, respectively;
see below). This finding may explain why increasing the phosphorylation rate of ERK by
Fujioka et al [25] did not result in significantly improved agreement of their computed
[PERK] with their experimental measurements.

To investigate the effect of the rate of ERK hinding by pMEK on relative total [ERKn] we
progressively increased kg, as well as equally the rate of the corresponding nuclear reaction
(k14), and examined the root-mean-square (rms) error in the computed relative total [ERKn]
compared to the experimental relative total nuclear [ERKn]. Shown in Figure 3 is the rms
error in the computed solution as a function of the factor multiplying K4 and ky4, where the
carets denotes nominal values determined by Fujioka et al [25]. The rms error is a minimum
(of approximately 2 percent) for a factor of 13.

For this multiplicative factor (= 13) for k4 and kq4, the predicted relative total [ERKn]-
versus-time profile is shown in Figure 1 (short-dashed line). It is clear that the agreement
between the computed results and the wild-type experimental data is excellent. For clarity in
presentation, we will define the mechanism as revised above (i.e., with the modified k4 and

IET Syst Biol. Author manuscript; available in PMC 2011 May 18.
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k14) to be the “wild-type model.” The reactions whose forward rate constants were adjusted
to derive our wild-type model are illustrated by dashed lines in Figure 2.

3.3 Revised mechanism improves agreement with Fujioka et al’s measured profiles of
nuclear [ERK] and cellular [pERK]

Our wild-type model also produced better agreement with the experimental results of
Fujioka et al [25] for both nuclear [ERK] and cellular [pERK] than the original model,
especially at early times (see Figure 4, which reproduces Fujioka et al’s [25] experimental
profile for nuclear [ERK] and experimental and theoretical profiles for cellular [pERK],
given in their Figures 3 and 7). Indeed, for t <10 min the wild-type model (dashed line)
essentially reproduces Fujioka et al’s experimental profile (solid line) for the relative total
[ERKnN], Figure 4A. Our model also agrees with their peak value of approximately 1.8. At
later times our model predicts higher relative total [ERKn] than measured by Fujioka et al.l

We examined whether this behavior was caused by differences in the predicted versus
measured cellular [pERK], because of the acceleration of net ERK nuclear import upon
phosphorylation, as discussed above. It has also been proposed that return of ERK to the
cytosol can be explained by ERK dephosphorylation and reforming of the MEK-ERK
complex [21]. Given in Figure 4B are the cellular [pERK]-versus-time results computed
with our wild-type model (dashed line) and Fujioka et al’s experimental measurements of
cellular [pERK] using two different techniques (solid line and dash-dot-dot-dashed line). Up
to and including the peak of approximately 0.56 puM, our modeling results show excellent
agreement with the experimental results of Fujioka et al [25]. Their calculation (dotted line
in Figure 4B) displays a peak value of only approximately 0.25 uM. After the peak our
results show a slower decrease in [pERK] than observed experimentally. Thus the higher
calculated than measured [ERKn] may be due to overpredicting [pERK].

Fujioka et al’s calculation of [pERK] also shows this behavior, as do five other rate
coefficient parameter sets used in their study [25; Figure 8]. The reason for the relatively
slow decline shown by the modeling results is not known. Fujioka et al [25] ascribe the lack
of rapid decrease in the computed [pERK] after peaking to lack of feedback loops in their
model and to underestimation of rate constants for phosphatase reactions.

Our goal was to examine whether differences in nuclear entry of wild-type ERK and of a
mutant form that does not dimerize could be explained without invoking the dimerization
hypothesis. Net entry of ERK into the nucleus occurs approximately in the first 10 minutes
after stimulation (Figure 4), which is therefore the time period of interest in this study.
During this time period our wild-type model reproduces the experimental results obtained in
two different laboratories (Figures 1 and 4). Thereafter, dephosphorylation of pERK occurs
and net transport of ERK is export from the nucleus, which may involve additional
reactions. Studying the behavior during this time period was not an objective of this study
and therefore we did not investigate it in detail.

3.4 Mechanism modification to match mutant ERK translocation data: Building the “mutant

model”

Having established the required modification to Fujioka et al’s mechanism [25] to match the
experimental data for wild-type ERK, we addressed the question of whether differences in
ERK phosphorylation alone could explain the different ERK nuclear accumulation profiles
for the wild type and mutant, Figure 1. For example, decreased phosphorylation has

1However, a different, independent experimental relative total [ERKn]-versus-time profile given in Fujioka et al’s supplementary
Figure 3 [45] displays significantly slower decrease after the peak and resembles more closely our wild-type model results.

IET Syst Biol. Author manuscript; available in PMC 2011 May 18.
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previously been observed experimentally in other ERK mutants [11]. And, as discussed
above, phosphorylation of ERK promotes its nuclear translocation, and may even be
necessary for its nuclear retention. Further evidence to support our hypothesis is provided by
the experimental studies of Burack and Shaw [21] and Yazicioglu et al [26] with another
dimer-deficient ERK2 mutant, L4A/H176E, which involves mutation of histidine 176 and
four other amino acids [13, 21, 26]. Live cell imaging showed that the mutant and wild-type
ERKs translocated into the nucleus at the same rate [21]. There was also no significant
difference in the lag time to entry or maximal relative nuclear concentration of ERK. In
addition, for this mutant the nuclear import of ERK and its phosphorylated state were the
same as for the wild-type [26].

To elucidate the reason for the different ERK nuclear translocation profiles for the two ERK
types, we therefore again performed systematic sensitivity analyses of both cellular [pERK]
and d(cellular [pERK])/dt, this time using our wild-type model; that is, with the new rate
constants, ks and kg4, for the binding of ERK by pMEK in the two compartments. Again,
because the differences in the wild-type and mutant ERK are most pronounced at early times
(Figure 1), attention was focused on t < 120 s. Sensitivity analysis of our wild-type model
with respect to rate constants showed that reaction 5 in Fujioka et al’s mechanism [25]:

PMEK — ERK -5 pMEK+pERK,

that is, the irreversible phosphorylation of ERK by pMEK and release of the phosphorylated
ERK from the pMEK-pERK complex in the cytosol (Figure 2), was now the most important
reaction for both cellular [pERK] and d(cellular [pERK])/dt.

Because the relative total [ERKnN] of the mutant is significantly less than that of the wild
type at early times (Figure 1), ks (and the rate constant, k5, of the corresponding nuclear
reaction) has to be decreased to produce the observed behavior. We progressively decreased
these two rate constants by the same amount until the difference in the calculated and
measured relative total [ERKnNn] was minimized. The rms error in the computed solution as a
function of the factor (<1) multiplying the ks and k5 values determined by Fujioka et al [25]
is presented in Figure 5. The rms error is a minimum (of approximately 3 percent) for a
factor of 0.33.

The computed relative total [ERKnN] using these new values for ks and k15 is shown in
Figure 1 (dash-dot-dot-dashed line), along with the experimental results for the ERK mutant
(solid squares and long-dashed line). The agreement between the calculated and measured
profiles is very good. The new mechanism that best fits the mutant data (i.e., with the
revised rate constants kg, K14, ks and k1s) is defined to be the “mutant model.” The additional
reactions (5 and 15) whose forward rate constants were adjusted to derive our mutant model
from the wild-type model are indicated by dash-dot-dashed lines in Figure 2.

3.5 Sensitivity analysis suggests biological mechanisms for differences in nuclear
translocation of wild-type and mutant ERK, without invoking ERK dimerization

The reaction mechanism constructed by Fujioka et al [25] does not include an ERK dimer.
Our modeling results therefore suggest that a possible explanation for the observed
differences in nuclear translocation between wild-type and mutant ERK that does not require
invocation of a dimer hypothesis lies in the slower phosphorylation kinetics of ERK by the
kinase pMEK and possibly also in delayed release of the phosphorylated ERK from the
pMEK-pERK complex. Dramatically decreased phosphorylation of ERK has previously
been reported in other ERK1 mutants [11]. Also, the release of ERK from the ERK/MEK

IET Syst Biol. Author manuscript; available in PMC 2011 May 18.
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complex has been hypothesized as probably being the rate-limiting step for ERK
translocation and dimerization of ERK is not necessary for nuclear import [21].

To examine the effects of these modifications to ks and ky5 on cellular [pERK] we compare
in Figure 6 the cellular [pERK] computed with the mutant model (dash-dot-dot-dashed line)
and the wild-type model (solid line). Compared to the wild-type model, the mutant model
displays not only the expected slower phosphorylation kinetics of ERK, but also much lower
maximal cellular [pERK]. Now, delayed release of pERK from the cytosolic pPMEK-pERK
complex can also contribute to the delay in nuclear entry of mutant ERK. The rate and level
of ERK phosphorylation in both mutant and wild type are required to estimate the relative
contributions of phosphorylation kinetics and pMEK-pERK stability to the delay in nuclear
entry of mutant ERK. For example, deletion of amino acids 174-177 in the mutant ERK2-
A4 had little effect on the concentration of pERK after incubation with active MEK for 90
minutes [38]. Also, nuclear import of phosphorylated ERK2-L4A/H176E was the same as
for the wild type [26].

To investigate whether the difference in the computed maximal [pERK] levels in wild-type
and mutant ERK was due to delayed release of the phosphorylated ERK from the pMEK-
PERK complex in the mutant, we computed the cellular ([pERK] + [PMEK-ERK]), where
[PMEK-ERK] equals the concentration of phosphorylated ERK still associated with pMEK.
This total cellular concentration, given in Figure 6 (dashed line), is seen to correspond more
closely with the wild-type model results than just cellular [pERK]. Thus the modeling
results indicate that if the maximal cellular [pERK] is the same for both wild-type and
mutant ERKSs, the rate at which phosphorylated ERK is released from the pMEK-pERK
complex is also decreased. That is, compared to the wild type, not only is the
phosphorylation kinetics of ERK by the kinase pMEK significantly slower for the mutant,
but also the binding of pERK by pMEK is stronger for the mutant.

Our finding that the possibly increased stability of the pPMEK-pERK complex in the ERK1-
A4 mutant may also account for its delayed nuclear uptake compared to wild type is
consistent with the model of Burack and Shaw [21], who demonstrated that the interaction
between ERK and MEK is largely responsible for cytosolic localization of ERK, and have
hypothesized that the rate-limiting step for ERK nuclear translocation is release of ERK
from the MEK-ERK complex. Deletion of the four amino acids 174-177 may alter the
interaction of pERK with pMEK, delaying release of pERK from the pMEK-pERK
complex. For example, Robinson et al [38] suggest that this deletion in ERK2 may alter the
conformation of the activation loop and impair the interaction of the ERK2-A4 mutant with
underlying structures. Also, Wolf et al [46] found that the dissociation of ERK2 from MEK1
upon stimulation depends on amino acid residues 176-181. Deletion of the three amino
acids 176-178 appeared to prevent this stimulation-induced dissociation.

3.6 Sensitivity analysis suggests experiments to investigate mechanisms of delayed
mutant nuclear translocation

Our modeling studies also suggest biological experiments that can help verify our results.
Measurements by western blotting of the time-course of ERK phosphorylation induced by
stimulus in the wild-type and mutant ERKs will determine if there is delayed
phosphorylation of the mutant relative to the wild type. These experiments will also reveal
any difference in the maximal levels of [pERK] for the wild-type and mutant ERKSs during
the initial period of rapid entry of ERK into the nucleus. Additionally, measurements of the
stability of the pMEK-pERK complex (by co-immunoprecipitation and biochemical
analyses or by use of contemporary imaging techniques such as FRET or fluorescence
correlation microscopy) will establish whether there is delay in release of pERK from the
pMEK-pERK complex in the mutant relative to the wild-type ERK. These experiments may
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also help elucidate the relative contributions of decreased phosphorylation kinetics of ERK
and delayed release of pERK from pMEK-pERK to the delay in nuclear translocation of the
mutant ERK.

4 Conclusions

An existing model of the Ras/ERK MAPK pathway, which does not include dimerized

ERK, was used to study ERK nuclear translocation. We investigated whether experimentally
observed differences in nuclear translocation of wild-type ERK and a mutant form unable to
dimerize could be explained without having to appeal to dimerization of the wild type. The
model had to be modified to match the experimental nuclear ERK concentration profile for
the wild type. With this modification, the model also reproduced the experimentally
measured maximal cellular phosphorylated ERK. Further, by decreasing the phosphorylation
kinetics of ERK by phosphorylated MEK we were able to match the experimental nuclear
ERK concentration profile for the mutant ERK. Therefore we conclude that a plausible
biological explanation lies in the decreased phosphorylation kinetics for the mutant ERK. In
addition, if the maximal phosphorylated ERK levels are the same for the two ERK types, we
conclude that the release of pERK from the pMEK-pERK complex after phosphorylation of
ERK is also delayed for the mutant, compared to the wild type.
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Species, reactions and nominal rate coefficient parameter values, compartmental volumes
and initial conditions used to simulate ERK nuclear translocation (from Fujioka, A. et al.
“Dynamics of the Ras/ERK MAPK Cascade as Monitored by Fluorescent Probes,” J. Biol.
Chem., 281:8917-8926, 2006).

Species
No.  Species Name Abbreviation
1 Ras-GTP Rasy
2 Raf Rafy
3 Ras-Raf Ras-Rafy
4 Ras-Raf-MEK Ras-Raf-MEKy
5 MEK MEKy
6 ERK ERKy
7 MEK-ERK MEK-ERKy
8  phosphorylated MEK pMEKy
9 phosphorylated ERK pERKyY
10 phosphorylated MEK-ERK  pMEK-ERKyY
11 MEK MEKn
12 ERK ERKn
13 MEK-ERK MEK-ERKn
14 phosphorylated MEK pMEKn
15 phosphorlylated ERK pERKnN
16  phosphorylated MEK-ERK  pMEK-ERKn
17 “kinase” kinasey
18 GEF GEFy
19 GEF-kinase GEF-kiny
20 phosphorylated GEF pGEFy
21  pl20-GAP p120GAPy
22 pl20-GAP-kinase p120GAPK
23 ppl20-GAP pp120GAP
24  Ras-GDP RasGDPy
25 Ras-GDP-pGEF RDpGEFy
26 Ras-GTP-ppl20-GAP RTpp120G
27 GEFdegraded GEFdegy
28  Effectors Effecty
29 Ras-Effectors RasEffy

Compartment
Cytosol
Cytosol
Cytosol
Cytosol
Cytosol
Cytosol
Cytosol
Cytosol
Cytosol
Cytosol
Nucleus
Nucleus
Nucleus
Nucleus
Nucleus
Nucleus
Cytosol
Cytosol
Cytosol
Cytosol
Cytosol
Cytosol
Cytosol
Cytosol
Cytosol
Cytosol
Cytosol
Cytosol
Cytosol

Reactions and rate constants (units: micromolar and seconds)

No.,

(kj and, for a reversible reaction, k-;)

Reaction Rate
Rasy + Rafy <=> Ras-Rafy 0.49
Ras-Rafy + MEKy <=> Ras-Raf-MEKy 0.65
MEKy + ERKy <=> MEK-ERKy 0.88
PMEKY + ERKy <=> pMEK-ERKY 0.88
pPMEK-ERKYy -> pMEKY + pERKY 0.22

constants

0.049
0.065
0.088
0.088
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Ras-Raf-MEKYy -> Ras-Rafy + pMEKy
MEKn <=> MEKy N>C
MEK-ERKn <=> MEK-ERKy N>C

© 00 N o

ERKn <=> ERKy N>C

10 pMEKn <=>pMEKy N>C

11  pERKn <=>pERKy N>C

12 pMEK-ERKn <=> pMEK-ERKy N>C
13 MEKn + ERKn <=> MEK-ERKn

14 pMEKn + ERKn <=> pMEK-ERKn
15 pMEK-ERKn -> pMEKnN + pERKn

16 pMEKy -> MEKy0.01

17 pERKy -> ERKy0.014

18 pMEKn -> MEKn0.01

19 pERKn-> ERKn0.014

20 GEFy + kinasey <=> GEF-kiny

21 GEF-kiny -> pGEFy + kinasey

22 pl20GAPy + kinasey <=> p120GAPk
23 pl20GAPK -> pp120GAP + kinasey
24  RasGDPy + pGEFy <=> RDpGEFy
25 RDpGEFy -> Rasy + pGEFy

26  Rasy + ppl20GAP <=> RTpp120GAP
27 RTpp120GAP -> RasGDPy + pp120GAP
28 pGEFy -> GEFdegy0.003

29 Rasy + Effecty <=> RasEffy

In the above reactions:

The symbol “<=>" denotes a reversible reaction.

The symbol “->" denotes an irreversible reaction.

0.18
0.61
0.26
0.018
0.54
0.013
0.26
0.88
0.88
0.22

1.0

0.1
0.0125
5.0D-04
1.0

0.1
10.0

1.0

10.0

0.046
0.035
0.012
0.04

0.012
0.035
0.088
0.088

1.0

0.002

0.4

4.0

1.0

The symbol “N>C” denotes that the forward reaction is a nucleus-to-cytosol species
translocation or “shuttling” reaction. The reverse reaction describes cytosol-to-nucleus

species translocation.
Compartment Volumes

Compartment ~ Volume (pL)
Cytosol 0.94
Nucleus 0.22

Initial Conditions (micromolar)

Rasy 0.01
Rafy 0.013
MEKy 1.4
ERKy 0.96
GEFy 1.0

p120GAPy 05
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RasGDPy 0.39

Effecty 2.0
kinasey 0.0 before stimulation
kinasey 1.0 at time of stimulation
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—— Wild-type data

——— Wild-type model

—=— Mutant data

— = Mutant model

~~~~~~~~ Fujioka et al's model [25]

Relative total [ERKn]

Figure 1.

Real-time measurements of relative total nuclear concentration of ERK as a function of time
for wild-type ERK (solid circles and solid line) and a mutant form (solid squares and long-
dashed line) unable to dimerize and simulation results. Our “wild-type model” (short-dashed
line) and “mutant model” (dash-dot-dot-dashed line) were constructed from the model of
Fujioka et al [25] (dotted line). (Experimental data from Lidke DS et al, manuscript in
preparation.)
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Ras-Raf-MEK Cytosol

MEK-ERK

Y

l MEK-ERK }

Figure 2.

Essential features of the Ras/ERK MAPK reaction mechanism of Fujioka et al [25].
Reactions (4 and 14) whose forward rate constants were adjusted to derive our wild-type
model are indicated by dashed lines. The additional reactions (5 and 15) whose forward rate
constants were adjusted to derive our mutant model from the wild-type model are indicated
by dash-dot-dashed lines.
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Wild type

rms error in relative total [ERKn]

0 20 40 60 80 100
Factor multiplyingk,, k,,

Figure 3.

Root-mean-square (rms) error in the computed relative total nuclear concentration of ERK
for the wild-type ERK is shown as a function of the factor multiplying the nominal value for
k4 and kq4, the forward rate constants for the reversible reaction describing the binding of
ERK by phosphorylated-MEK in the cytosol and nucleus, respectively.
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data (WB) 25
data (probe) [25]

Relative total [ERKn]

Figure 4.

Comparisons of Fujioka et al’s [25] experimental results (solid and dash-dot-dot-dashed
lines) with our wild-type model calculations (dashed line) and their model results (dotted
line) for (A) relative total nuclear concentration of ERK and (B) cellular concentration of
phosphorylated ERK. (WB: Western blotting; probe: FRET Imaging.)
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Figure 5.

Root-mean-square (rms) error in the computed relative total nuclear concentration of ERK
for the mutant ERK is shown as a function of the factor multiplying the nominal value for kg
and kys, the forward rate constants for the irreversible reaction describing the
phosphorylation of ERK bound to phosphorylated-MEK in the cytosol and nucleus,
respectively.
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—— Wild-type model: cellular [pERK]
——— Mutant model: cellular ([pERK] + [pMEK-ERK])
—-— Mutant model: cellular [pERK]
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Figure 6.

Computed cellular concentration of phosphorylated ERK, [pERK], versus reaction time for
the wild-type model (solid line) compared with cellular [pERK] (dash-dot-dot-dashed line)
and cellular ([pERK] + [pPMEK-ERK]) (dashed line) versus time profiles for the mutant
model.
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