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ABSTRACT

An integrated mathematical model, which incorporates scaffold proteins into a mitogen-activated protein
kinases cascade, is constructed. By employing Monte Carlo simulation, regulatory property of scaffold protein
on signaling ability for the mitogen-activated protein kinases cascade is investigated theoretically. It is found
that (i) scaffold binding increases signal amplification if dephosphorylation is slow and decreases
amplification if dephosphorylation is rapid. Also, increasing the number of scaffold decreases amplification
if dephosphorylation is slow. (ii) The scaffold number can control the timing of kinase activation so that the
time flexibility of signaling is enhanced. (iii) It is observed that for slow dephosphorylation case, scaffolds
decrease the sharpness of the dose-response curves. While for fast dephosphorylation case, increasing
scaffold number decreases the height of response, but the shape of graded response is sustained.
Furthermore, the underlying mechanism and the correlation of our results with real biological systems are
clarified.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

By a typical motif in signal transduction network, i.e., mitogen-
activated protein kinases (MAPK) cascade [1,2], specific signals from
cellular membrane are converted into the specific gene expression
pattern in nuclear and finally appropriate cell fate. A MAPK cascade
consists of three sequentially acting kinases, including MAPKKK (A),
MAPKK (B) and MAPK (C), which are located in three different layers
as shown in Fig. 1. Each kinase, if activated, can activate its down-
stream substrate by phosphorylation reaction. The activated kinases
can be deactivated by phosphatases by a dephosphorylation reaction.
For simplicity, a generic phosphatases (P) is considered here. It is clear
three enzyme cycles i.e., six enzymatic reactions are involved in the
biochemical network.

The MAPK signaling cascade is perhaps one of the most well
studied signal cascades, both experimentally and computationally [3-
8]. This central cascade is critical for governing cell growth and
proliferation as well as actin cytoskeleton rearrangement [9].
Therefore, signaling cascades become a very vibrant topic in several
different avenues of research recently. A signaling cascade in calcium
signaling is constructed by mathematical modeling [10,11], it is found
that a two-level protein cascade can act as a band-pass filter for time-
limited oscillations. The band-pass filters are then combined into a
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network of MAPK signaling cascades that by filtering the frequency of
time-limited oscillations selectively switches cellular processes on
and off. The wide applicability and robustness of MAPK cascade are
also given in general [12]. Studies have observed that magnitude and
duration of MAPK activation encodes specificity, the crosstalk of cAMP
pathway with MAPK related to the phenotypic response in contrib-
uting towards specificity are clarified [13,14]. In addition, the role of
MAPK cascade for oncogene detection and FLO11 expression is also
investigated [15].

There exists a kind of macromolecule, i.e., scaffold proteins in
different signal pathway, such as MAPK pathway, calcium signaling,
innate immune signaling scaffolds [16-20]. Each scaffold proteins can
bind three kinases and form a complex, which often plays important
roles on accurate biological response. In such pathways, they regulate
signal transduction and help localize pathway components (orga-
nized in complexes) to specific areas of the cell such as the plasma
membrane, the cytoplasm, the nucleus, the golgi, endosomes, and the
mitochondria. Scaffold proteins act in at least four ways: tethering
signaling components, localizing these components to specific areas
of the cell, regulating signal transduction by coordinating positive and
negative feedback signals, and insulating correct signaling proteins
from competing proteins.

The signaling feature of signal transduction in the presence of
scaffold protein is an important subject theoretically where there is
much that is not understood. A quantitative computer model of MAPK
cascade with a generic scaffold protein is provided by A. Levchenko et
al. [18]. Analysis of this deterministic model reveals that formation of
scaffold-kinase complexes can be used effectively to regulate the

0301-4622/$ - see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.bpc.2010.01.004


mailto:yiming@wipm.ac.cn
mailto:zhanmeng@wipm.ac.cn
http://dx.doi.org/10.1016/j.bpc.2010.01.004
http://www.sciencedirect.com/science/journal/03014622

M. Yi et al. / Biophysical Chemistry 147 (2010) 130-139 131

scaffold protein
S*:stimulation

A:MAPKKK
B:MAPKK
C:MAPK

solution

Fig. 1. A simple description for the biochemical process of MAPK cascade. The scaffold
protein can bind three kinases orderly. It is noted that signal input S*, which is activated
nearby the cell membrane, can move into the cytoplasm and activate A both in solution
and on scaffold.

specificity, efficiency, and amplitude of signal propagation. The effect
of scaffold protein on dose-response (i.e., input-output character-
istics) of a signaling system has been studied theoretically [18,21,22],
it has been suggested that scaffolds can affect the dose-response
curves.

Most of previous researches are based on the deterministic
ordinary differential equation model, however for the cell conditions,
two important factors must be considered. (i) The number of protein
molecules are often low, so the biochemical reactions are random,
occurring with certain reaction probabilities. The stochasticity, which
is often called as internal noise, is resulted from the small cell size and
cannot be omitted. The effects of internal noise in the level of single
cell on variable biological behaviors, such as spatial periodicity in
excitable media, intracellular and intercellular calcium wave propa-
gation, are studied extensively [23-29]. (ii) In addition, the spatial
effect is also an important factor under small cell size [30-32]. The
enzyme and substrate molecules diffuse in the reaction space with
finite velocity. Spatial diffusion leads to that the biochemical system
cannot be treated with a well-stirred system. As our knowledge, the
combined effects of stochastic noise and spatial diffusion are still
studied in few researches about the signaling pathway. Therefore, in
this article, we propose a mathematical model in which scaffold
protein is integrated into the MAPK cascade. We use a stochastic
reaction diffusion scheme to investigate the role of the scaffold
protein therein by Monte Carlo simulation. Following the description
of the model, the impacts of the scaffold protein on the signaling
ability of the MAPK for both slow and fast dephosphorylation cases are
investigated numerically. It is shown that, within the newly proposed
model, scaffold proteins can regulate different cellular functions and
that the number of scaffold proteins can control the timing of kinase
activation. In addition, some interesting results for dose-response
curves are also clarified.

2. Modeling and simulation

An initial signaling stimulus is S*, which represents small G-protein
(e.g., Ras-GTP) that has already been activated by membrane proximal
events. We do not consider how the signaling input is activated nearby
the membrane, the input in our simulation for MAPK cascade is just the
activated signaling S*. After signaling input S* moves into the
cytoplasm, it can activate A both in the solution and on the scaffold.
In order to investigate the roles of scaffold protein on MAPK cascade, a
biological model which incorporates the scaffold protein into MAPK
cascade is built. The combined model is shown in Fig. 1, furthermore,
the interactions between the protein in the solution and that on the
scaffold are summarized in Fig. 2.

On the scaffold protein
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Fig. 2. Schematics are shown for the simulation of signaling events related with scaffold
protein. (a) The scaffold and its specific three binding sites. (b)-(c) The binding or
unbinding events with probabilities Pg or Pyg. (d) The activation reactions occur on the
scaffold by one-step mechanism with probabilities G. (e) The activation and
deactivation reactions between the molecules in the solution and on the scaffold is
also assumed by one-step mechanism.

Each scaffold protein contains three specific binding sites provided
for three different kinases, therefore it occupies three lattice sites. We
allow both inactive and active kinases to potentially bind to their
specified binding sites.

Active A* on the scaffold can active B both on the scaffold and in
the solution, active B* on the scaffold can active C both on the scaffold
and in the solution. However, the active A* in the solution can active
B in the solution but not B on the scaffold. The active B* in the
solution can active C in the solution but not C on the scaffold. Of
course, the real interaction between the kinase protein in the solution
and that on the scaffold is not clear, so some rules can be adjusted,
e.g., we can allow active A* in the solution to active B both in the
solution and on the scaffold, but the consideration is beyond our aim
in this article.

Each kinase activation (i.e, phosphorylation) or deactivation (i.e.,
dephosphorylation) reaction in the solution is treated by a two-step
enzymatic mechanism as below: firstly, the kinase (or phosphatase)
and its substrate associate into an intermediate bimolecule complex
by a reversible reaction, then the complex disassociate into the active
or inactive products by a catalysis reaction. For simplicity, the kinase
activation or deactivation on the scaffold is treated by a single-step
collision mechanism.

Our Monte Carlo (MC) simulation is performed on 2 dimension
square lattices 100 x 100 with reflecting boundary conditions. Each
protein molecule (unimolecule or bimolecule) only can occupy one
lattice site. Except for scaffold protein, each molecule type is mobile
on the lattice through diffusion. The diffusion event is modeled by
independent (nearest-neighbor) random walk of the individual
molecules. The probability of diffusion is denoted with Pp. At the
beginning of simulation, the S*, A, B, C and P molecules are placed on
the lattice by randomly choosing the coordinates for each of them. At
each MC step, all occupied lattice sites are chosen at random with
uniform probability.

In our simulation, when two appropriate proteins come into
contact with each other by diffusion, certain a biochemical reaction
may occur. Each stochastic reaction event has one corresponding
reaction probability. In solution, for activation process of kinase A, B
and C, three probabilities are marked (see reactions (1)-(3)): the
probability of association reaction F, the probability of disassociation
reaction R, and the probability of catalysis reaction G. For deactivation
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process of A*, B* and C¥, three corresponding probabilities, i.e., F/, R’
and G/, are also required (see reactions (4)-(6)).
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The scaffold protein should be a mobile molecule. However,
because it also is a macromolecule, the diffusion rate is much smaller
than that of small kinase proteins in the solution so that our
simulation is time-consuming if the diffusion of scaffold is considered.
For simplicity, we regard the scaffold as an immobile and rigid
molecule at present. In addition, the interaction between the kinase in
the solution and on the scaffold is very complex, the simulation
scheme becomes very difficult if we consider it as a mobile molecule.
Therefore, in our article, we only focus our attention on the effect of
scaffold binding and scaffold number, and neglect the diffusion of
scaffold.

Each scaffold protein has three specific binding sites (U, V and W)
provided for three different kinases (A, B and C) (see Figs. 1 and 2(a)).
As shown in Fig. 2(b)-(c), the binding (or unbinding) of inactive and
active kinases to (or from) their specified binding sites is allowed with
probability of Pg (or Pyg). In order to bind to or unbind from the
scaffold, we assume the kinase protein should overcome a thermal
energy barrier Eg or Eyg. The consideration is qualitatively similar in
many cases for catalytic mechanisms. The probability of binding (or
unbinding) is computed directly from the energy barrier of binding Eg
(or unbinding Eyg), i.e., Pg=e £ (or Pug=eE). It is noted that
these probabilities are almost certainly not quantitatively accurate,
however for our qualitative theoretic study, it is still valid to some
extent.

In the article, for each scaffold protein, three specific binding sites,
provided for three protein kinases A (and A*), B (and B*), C (and C*),
are denoted with U, V and W, respectively (see Fig. 4(a)). We denoted
the A, B and C on their corresponding binding site with AU, BV and
CW. We denoted the A*, B* and C* on their corresponding binding
site with A*U, B*V and C*W.

The system we simulated consists of 200 A, 200 B, 1000 C, 200 S*
and 600 generic P species. The total number of protein is 2200. All
through our article, Eg=0.0, i.e., Pg=1.0. The larger the Eyg is, the
smaller the Pyp, hence the kinases bind to scaffold protein more
tightly. The probability of diffusion Pp = ﬁDe“, where D denotes
the diffusion time scale, D° = 0.1 [20]. The diffusion constant used in
our simulations is 1(lattice spacings)?/MCstep, and taking a value of
the lattice spacing to be 10 nm (nearly the diameter of one protein). It
is derived that one MC step corresponds to about 1 ps in real signaling
system. In our simulation, the signaling time is just recorded with the
number of MC step. Initially, all the scaffold proteins are placed as
separately as possible. That is to say, no two scaffold proteins are close
to each other. If allowing two scaffolds to be neighbor, different
simulation trial may cause different distribution of scaffold and mainly
lead to different neighbor number of scaffold, the simulation results
would change greatly with different trials. While our consideration not

allowing any two scaffold to be neighbor can reduce the difference of
different simulation trial. In this study, for activation process (1)-(3),
three reaction probabilities are F=1,R=10.02 and G =0.04, which are
assumed in [33]. For deactivation process (4)-(6), F’, R" and G’ are
given empirically dependent on slow or fast dephosphorylation case
investigated below.

After a dynamic steady-state is reached, the signaling ability of
cascade is studied. For simplicity, A*, B* and C* are used to represent
the number of three active kinases, respectively. To measure the
signaling ability, signaling amplification ¢ = C*/A* —1 is used. The
mean signaling amplification is given through ¢ = <¢>, <> denotes
the average of long enough time at the steady state. Next, we focus our
attention on the roles of (i) the scaffold binding (measured by Eyg)
and (ii) the number of scaffold protein (controlled by NS) on signaling
amplification of MAPK cascade.

3. Results
3.1. Roles of scaffold binding on signaling ability

In this subsection, the roles of scaffold binding on signaling ability
are investigated. The scaffold number NS =200, is fixed. As a control
parameter, Eyg is changed from 0.0 to 20.0. When Eyp increases, it
implies the kinase can more easily bind to the scaffold. For simplicity,
only three Eyp are used. The unbinding probability covers a wide
enough range from Pyg=e~ %% = 1.0 to Py =e~ 2°°, Below, slow and
fast dephosphorylation cases are explored respectively.

In order to provide a slow dephosphorylation case, three reaction
probabilities in deactivation process (4)-(6) are given as F'=0.0001,
R’=0.00002 and G’=0.00004. Here the selection is arbitrary,
however the qualitative results provided below are still genetic for
understanding the mechanism of real signaling cascade. The evolu-
tions of number of active kinases A*, B* and C* (shown in the left
column in Fig. 3) and signaling amplification (shown in the right
column in Fig. 3) for three different Eyp are given respectively. (i)
When Eyg is small (Fig. 3(a)) or moderate (Fig. 3(c)), it is found three
active kinases arrive at their steady states quickly. In addition, as
shownin Fig. 3(b) and (d), the signaling amplification reaches a steady
state with very small fluctuation. Especially, it is observed the time
course for A* (black line) coincides with that for B* (red line). It seems
that if the initial numbers are same (A= B=200), then the signaling
abilities of A* and B* are undistinguishable. (ii) When the scaffold
binding is very strong, it takes three active kinases longer time to arrive
their steady states (Fig. 3(e)), the corresponding signaling amplifica-
tion also arrives at steady state very slowly, 500,000 MC steps is
required (Fig. 3(f)). An interesting phenomena, different with the
observation in Fig. 3(a) and (c), appears that there are not any
coincidence between the time courses for A* and B* (Fig. 3(e)), which
indicates that the kinase activities between them are distinguishable.
For a cascade, we conclude if the initial numbers of two kinases in
different layers are same, in order to judge their different signaling
abilities, it is necessary to make the function of scaffold protein strong
enough (about Eyg>10.0).

In order to provide a fast dephosphorylation case, the basal
phosphatase activity should be set to a high level, which makes the
cascade intrinsically difficult to activate. Therefore, as an example,
three reaction probabilities in deactivation process (4)-(6) are given
as FF=1.0, R”=0.02 and G’ =0.04. The time evolutions of the total
number of active kinases A* and C* (shown in the left column in Fig. 4)
and signal amplification (shown in the right column in Fig. 4) for three
different Eyg are plotted respectively. (i) The scaffold binding is strong
enough for Eyg = 20.0. As observed in Fig. 4(a), after a long transient
time, the number of active A* fluctuates persistently with a large
amplitude, while C* disappears. Therefore, the signal amplification
becomes zero at last as shown in Fig. 4(b). (ii) Decreasing the scaffold
binding to Eyg = 10.0, it is found active protein kinase A* and C* both
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Fig. 3. For slow dephosphorylation case, time evolutions of kinases number A* (black lines), B* (red lines) and C* (green lines) shown in the left column and time evolutions of
signaling amplification shown in the right column for three different Eyg. From top to bottom: (a)-(b) Eyg=0.0. (c)-(d) Eyg =6.0. (e)-(f) Eys=10.0. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

fluctuate observed in Fig. 4(c). The signaling amplification also
changed randomly with time, as shown in Fig. 4(d). In most of time,
the signaling amplification is negative, so the signaling is attenuated
when it passes across the MAPK cascade. Occasionally, the signaling
amplification becomes positive and the signaling is amplified. It is
obvious that the MAPK cascade under such a weak phosphorylation
case is not a stable biological control system. (iii) Decreasing the
scaffold binding furthermore, so that it is very weak for Eyg = 20.0, it
is found the active protein kinase A* and C* fluctuate with larger
amplitude, and the mean number of A* and C* are also enhanced as
shown in Fig. 4(e). As observed in Fig. 4(f), the signaling amplification
oscillates stochastically around zero.
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The effects of scaffold binding on signaling ability under this slow
and fast dephosphorylation case are summarized in Fig. 5(a) and (b),
respectively. For slow dephosphorylation case, with increasing the
scaffold binding by enhancing Eyg, the mean signaling amplification is
nearly unchanged initially and is insensitive to the change of scaffold
function. After a transition point Eyg~7.5, the mean signaling
amplification increases, therefore the scaffold proteins allows a
more effective propagation of signal. The result indicates that the
scaffold protein can play a constructive role. For fast dephosphory-
lation case, with increasing Eyg, the mean signaling amplification
decreases monotonously. Our simulation results suggest that, due to
the modulation of scaffold binding, kinase cascades can operate in
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Fig. 4. For fast dephosphorylation case, time evolutions of A* (black lines) and C* (green lines) shown in the left column and time evolutions of signaling amplification shown in the
right column for three different Eyp. From top to bottom: (a)-(b) Eyg = 20.0. (c)-(d) Eyg = 10.0. (e)-(f) Eyp = 0.0. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 5. Dependence of mean signaling amplification on the scaffold binding for a fixed
scaffold number NS = 200. (a) Slow dephosphorylation case. (b) Fast dephosphorylation
case.

different dynamical regimes under different physiological conditions
so that signaling ability is enhanced, attenuated, or even invariable.

Though the results above are very difficult to illustrate by some
simple mechanisms at present, we still give some qualitative
interpretations by two different ways.

Firstly, our views about the control mechanism of scaffold protein
are set forth through the detailed dynamics of different components of
kinase. As shown below, as an example, the time evolutions of different
forms of kinases under slow dephosphorylation case (i.e. Fig. 5(a))
when adjusting Eyg are explored. Three forms of protein kinases are
chosen: the first one is the inactive form of three kinases bond at their
corresponding site on the scaffold, i.e., AU, BV and CW. The second one is
the active form of three kinases on the scaffold i.e., A*U, B*V and C*W.
The third one is the active form of three kinases in the solution, i.e., A*S,
B*S and CS. For convenience, the number of each form is denoted with
their corresponding kinase name. (i) As show in Fig. 6(a)-(c), Eyg= 0.0,
the scaffold binding is very weak due to the large Pyg. Therefore, the
active (red lines) and inactive (black lines) kinases on the scaffold
protein both are few, such relations are provided by three coarse
equations AU+A*U=7 (Fig. 6(a)), BV+B*V~7 (Fig. 6(b)) and CW+
C*W=0 (Fig. 6(c)). And nearly all active kinases exist in the solution
(green lines). (ii) As show in Fig. 6(d)-(f), Eyg = 6.0, the scaffold binding
becomes strong. Now all the scaffolds are almost occupied by the
inactive and active kinase A and B, e.g., AU+ A*U= 200 (Fig. 6(d)) and
BU+B*U~200 (Fig. 6(e)). While it is strange to found that few C are
bound to the scaffold proteins under such large scaffold binding (shown
in Fig. 6(f), i.e., CU+ C‘'U~0. In addition, most (75%) of active protein
A*U (see red line in Fig. 6(d)) and B*V (see red line in Fig. 6(e)) exist on
the scaffold. Active protein kinases exist in the solution are smaller than
that on the scaffold. (iii) As show in Fig. 6(g)-(i), Eyg = 10.0, the scaffold
binding is strong enough. It is found that the active kinase in the solution
are reduced remarkably. We also find the active and inactive kinase
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Fig. 6. Time evolutions of kinases number for three different Eyg under slow dephosphorylation case. From top to bottom: (a)-(c) Eyg = 0.0. (d)-(f) Eug = 6.0. (g)-(i) Eyg = 10.0. The
left column: the evolution of AU, A*U and A*S. The middle column: the evolution of BV, B*V and B*S. The right column: the evolution of CW, C*W and C*S. AU, BV and CW are shown
with black lines, A*U, B*V and C*'W are shown with red lines, A*S, B*S and C*S are shown with green lines. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)



M. Yi et al. / Biophysical Chemistry 147 (2010) 130-139 135

N ————————
800

! (b)
6001 I(a)
400/ 1 3
o 200]ld
& ! , ol ,
© 0 300000 600000 0 300000 600000
= : 6
c
§ oo @
g 600, (c) |
o 400 | =3
2
T 2001 |
- — ol :
5 0 400000 800000 0 400000 800000
z 6
600
£ “f(e) ' G
400/
I 1
2001
f —4 04 .
0 500000 1000000 0 500000 1000000
Time (MC step)
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protein C can now occupy some scaffold sites, e.g., CU+ C*U~100. In a
word, the result shows qualitatively that the increase of the scaffold
binding facilitates the signaling, the increase of signaling amplification
mainly comes from the decreasing of active kinase C* in solution.
Secondly, the different regulatory property of scaffold under
different conditions can be illustrated by a competition mechanism
between the constructive and the destructive roles played by scaffold.
Under slow dephosphorylation case, the destructive role of scaffold is
caused by a stoichiometric constraint, i.e., scaffold limits the number
of molecules of the inactive downstream target that can potentially be

phosphorylated. While the constructive role of scaffold is resulted
from that the spatial proximity of kinases on a scaffold reduces the
encounter time so that the inactive proteins downstream can be
activated more easily. In order to determine the regulatory property of
scaffold, we only need to judge which role dominates over the other
role of scaffold. As shown in Fig. 5(a), when the scaffold binding is
increased with enhancing Eyg, the encounter time of inactive protein
with scaffold is decreased, therefore the constructive role becomes
stronger. At the same time, the scaffold number is not large for
NS=200, the scaffold only can limit small number of inactive
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Fig. 8. For fast dephosphorylation case, time evolutions of A* (black lines) and C* (green lines) shown in the left column and time evolutions of signaling amplification shown in the
right column for three different NS. From top to bottom: (a)-(b) NS=2. (c)-(d) NS=200. (e)-(f) NS=600. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)



136 M. Yi et al. / Biophysical Chemistry 147 (2010) 130-139

0.4
(a) 1(b)
4.0 0.2
0.0
3.5- 0.2+
2 0.4 —

-e- 4
-0.6
3.0+ |
-0.8+
-1.0

2-5 T . T L3 T LS T T J T £ T T T

0 200 400 600 0 200 400 600
NS NS

Fig. 9. Dependence of mean signaling amplification on the scaffold number for a fixed
scaffold binding Eyg = 7.2. (a) Slow dephosphorylation case. (b) Fast dephosphorylation case.

downstream target, hence the destructive role is weak. The construc-
tive role of scaffold protein dominates the cascade so that scaffold
binding facilitates the signaling amplification.

3.2. Roles of scaffold number on signaling ability

In this subsection, the effects of scaffold number on signaling ability
are investigated. Energy of unbinding from the scaffold is taken to be
Eyg =12 kgT~ 7.2 kcal/mol, which is typical [34] (kgT: Boltzman's
thermal energy). As a control parameter, the number of scaffold protein
is changed from to 2 to 600.

For slow dephosphorylation case, the time evolutions of active
kinases number A*, B* and C* (shown in the left column in Fig. 7) and
signaling amplification (shown in the right column in Fig. 7) for three
different NS are plotted. (i) It is clear the three signaling cascades all
achieve steady states with small fluctuation. (ii) Eyg used here is not
strong enough to make an identification between the time courses for
A* (black solid line) and B* (red solid line), therefore the signaling
dynamics of them are similar for any NS after transient state, as shown
in Fig. 7(a), (c) and (e). (iii) Furthermore, it is found that larger NS is,
larger the time required to reach their steady states (see dashed lines
shown in Fig. 7(a), (c) and (e)). The results indicate that number of
scaffold protein can control the timing of kinase activation, leading to
signal at a wide time region. Thus, the time flexibility of signal is
enhanced. (iv) As exhibited in Fig. 7(b), (d) and (f), the signaling
amplification is positive, so the signal is always amplified stably as it
propagates along the cascade.
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For fast dephosphorylation case, the time evolutions of total
number of activate protein kinase A* and C* (shown in the left column
in Fig. 8) and signal amplification (shown in the right column in Fig. 8)
for three different NS, are plotted respectively. It is obvious that A*
and C* both fluctuate around their steady states with large amplitude.
With increasing the number of scaffold, the mean number of A* and C*
decrease. The signaling amplification oscillates around zero with large
noise.

The effects of scaffold number for slow and fast dephosphorylation
cases are summarized in Fig. 9. For slow dephosphorylation case
(Fig. 9(a)), with increasing NS, the mean signaling amplification is
decreased monotonously, which exhibits a destructive role of scaffold
protein. For fast phosphorylation case (Fig. 9(b)), with increasing NS,
the signaling amplification is decreased firstly then reaches a plateau
region. Globally, the signaling ability has very slight dependence on
the scaffold number. For both cases, no constructive role of scaffold is
shown.

We also give some qualitative explanation about the results under
slow dephosphorylation case (i.e. Fig. 9(a)) by two ways.

Firstly, the dynamic of protein kinases in the solution and on the
scaffold are investigated in detail. Similar to Fig. 6, three forms of
protein kinases are shown in Fig. 10. (i) It is found most of kinases A
and B exist on the scaffold protein. For example 80% of A and B when
NS=200 (Fig. 10(d) and (e)) and 90% of A and B when NS=600
(Fig. 10(g) and (h)) are bond on the scaffold. Most of kinase A and B
on the scaffold are activatlstt:lj. For example /%f/wzo.% when
NS=200 (Fig. 10(d)) and 7+ 7~0-80 when NS=600 (Fig. 10(g)).
Overall, for the scaffold binding given here, the dynamics of three
forms for kinase A and B are nearly same, and kinase A and B both
have strong interaction with the scaffold protein. (ii) However, the
dynamic of kinase C is different. For NS=2 and NS=200, there is
nearly no kinase C on the scaffold, and also few active kinases C* are
on the scaffold (see red lines in Fig. 10(c) and (f)), which is strange for
this strong scaffold binding. Only when NS= 600, a part of kinases C
begin to bind to the scaffold protein (black line in Fig. 10(i)). But the
C*W is still few (red line in Fig. 10(i)). Our results show, even if the
scaffold binding is strong, that kinase C has weak interaction with the
scaffold protein unless NS is large enough. (iii) For NS=2 and
NS =200, the total numbers of active kinase on the steady states are
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nearly same for A, B and C (compared Fig. 10(a) with Fig. 10(c)).
However the dynamics for three forms of each kinase is very different.
For NS=2 as show in Fig. 10(a)-(c), due to the very small number of
scaffold protein, all active kinase exist in the solution. On the contrary,
for NS=200 observed in Fig. 10(d)-(f), most of activate A* and B*
exist on the scaffold, the number of activate form in the solution is
small. In sum, the result shows qualitatively that the increase of
scaffold number inhibits the signaling amplification.

Secondly, the different regulatory property of scaffold under
different conditions can be illustrated by the competition mechanism
between the constructive and the destructive roles played by scaffold.
As shown in Fig. 9(a), when increasing the scaffold number, the
scaffold can limit larger number of inactive downstream target,
therefore the destructive role is stronger. At the same time, the
scaffold binding is not strong enough for Eyg=7.2, the encounter
time of inactive protein with scaffold is not reduced largely, therefore
the constructive role is not obvious. The destructive role of scaffold
protein controls the cascade so that scaffold binding inhibits the
signaling amplification.

4. Discussions

In conclusion, an integrated model, in which scaffold proteins are
combined into a MAPK cascade, is constructed by a stochastic reaction
diffusion scheme. Our modeling and simulation are not based on real
reaction and diffusion rate constants but nine probabilities which are
given qualitatively. Based on the qualitative mathematical model and
MC simulation, we mainly investigate the regulatory roles of scaffold
binding (Eyg) and number of scaffold protein (NS) on signaling
amplification. Rich regulatory properties are exhibited by our MC
simulation. Firstly, scaffold binding increases signal amplification if
dephosphorylation is slow and decreases amplification if dephos-
phorylation is rapid. Also, increasing the number of scaffolds
decreases amplification if dephosphorylation is slow. Secondly, for a
cascade, if initial numbers of two kinases in different layers are same,
in order to distinguish their different signaling abilities, the scaffold
binding should be strong enough. Thirdly, the scaffold number can
regulate the kinase activation in a large time region. Fourth, itis observed
that for slow dephosphorylation case, scaffolds decrease the sharpness of
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Fig. 11. Dose-response curves for slow dephosphorylation ((a) and (c)) and fast dephosphorylation ((b) and (d)). From top to bottom, the simulation results on a lattice space of

100x 100 and 100 x 100 x 10 are shown respectively. The graded response is obvious.
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the dose-response curves, while for fast dephosphorylation case,
increasing scaffold number decreases the height of response, but the
shape of graded response is sustained.

A discussion about signal amplification is given when the input
signal S* is changed. To see its effect, some dose-response curves are
plotted in Fig. 11. For simplicity, only Eyg = 7.2 is considered. (i) On the
lattice space of 100 x 100, scaffold number is 200, the input signal is
changed from 200 to 2000. It is observed, for slow dephosphorylation
(Fig. 11(a)), the signaling amplification exhibits a graded response,
similar to a Michaelis-Menten function. For fast dephosphorylation
(Fig. 11(b)), the signaling amplification exhibits a gentle increase. The
sensitivity of dose-response under slow dephosphorylation is larger
than that under fast dephosphorylation. (ii) System size is an
important factor especially in the research of stochasticity in the
level of single cell. Some works about the effects of different system
size on circadian oscillation and cell cycle are provided by Chemical
Langiven Equation and Gillespie method [35,36]. As for the stochastic
spatio-temporal model for MAPK cascade we study here, the time scale
of diffusion is very small, and it will cost a great deal of simulation time
if the system size is very large. Therefore, as an illustration, we provide
a further investigation about signaling amplification on a larger size,
i.e., the lattice space of 100 x 100 x 10. In order to make this simulation
result on system size of 100 x 100 x 10 comparable with that on system
size of 100x 100, the density of each protein should be unchanged.
Therefore, the system we simulated here consists of 2000 A, 2000 B,
10,000 C, and 6000 generic P species. The scaffold number is 2000. It is
clear the regulatory property has no qualitative change for two cases,
however the increased lattice size is exactly reduced the level of
stochasticity entailed in the MC simulations (compared Fig. 11(c) with
(a), Fig. 11(d) with (b)). It is noted, a larger lattice space that is closer
to real cell size is better in the simulation of cell signaling, however we
convince that the qualitative results will remain.

Because scaffolds limit signal amplification when Eyg=7.2 (see
Fig. 9), we suppose, under these conditions, dose-response curves
would appear less sharp in the presence of scaffolds. This is because each
stimulating molecule has the ability to activate many more than one
downstream target in solution, whereas the scaffold limits this number.
Hence, how scaffold proteins control the dose-response is also studied.
As shown in Fig. 12, it is observed that for slow dephosphorylation case,
scaffolds decrease the sharpness of the dose-response curves and can
even convert switch-like response (NS=0) to graded response
(NS=800) (see Fig. 12(a)). For fast dephosphorylation case, increasing
scaffold number also decreases the height of response, but the shape of
graded response is sustained (see Fig. 12(b)).

The novel regulatory roles obtained in our simulation are exactly
observed in some specific biological systems. (i) For the constructive
role observed in Fig. 5(a), an example is provided by T cells.
Dephosphorylation process is slow in T cells [37,38], and the KSR
scaffold is known to amplify signaling through the MAPK pathway as
measured by ERK activation [39,40]. (ii) For the destructive role
observed in Fig. 9, one example is that scaffolding such a cascade using
INad inhibits signal amplification in Drosophila [41]. Furthermore, this
destructive role of scaffold may explain recent data that demonstrates
that mutating the docking site of Fus3 to the scaffold Ste5 results in a
larger signal output because it reduces the strength of interaction of
this kinase with the scaffold [42]. Of course, a full correlation between
our modeling results and real biological systems is difficultly clarified
at present. We hope our work may provide some predictions for
future experiments.

We only expect to give some qualitative results about the
regulatory property of scaffold protein, therefore only two specific
cases, i.e., slow dephosphorylation and fast dephosphorylation, are
provided. However our simulations are employed in large enough
parameter regions for Eyg and NS. The flexible regulatory roles of
scaffold protein obtained by our modeling show the adaptability of
real cascade to the complex cellular environment and physiological
state. It should be pointed out that, in order to focus our attentions on
the scaffold protein, some biological processes are simplified. For
example, we only take one-step sequential phosphorylation process,
and still adopt a single-step collision mechanism for the kinase
activation or deactivation on the scaffold. To model a real cascade
inside a cell, more details should be considered into the combined
model. To address these interesting problems, the next work is
expected.
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