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ABSTRACT

The MAPK cascades are principal kinase transduction pathways in eukaryotic cells. This family includes
RAF/ERK, JNK, and p38 pathways. In the MAPK cascade, the signal is transmitted through three layers of
sequentially activated kinases, MAP3K, MAP2K, and MAPK. The latter two kinases require dual
phosphorylation for activation. The dual phosphorylation requirement has been implicated in bringing
about bistability and switch-like responses in the cascade. MAPK signaling has been known to involve
scaffolds—multidomain proteins that can assemble protein complexes; in this case the three MAPK
components. Scaffolds are thought to increase the specificity of signaling by pairing enzymes and
substrates. Scaffolds have been shown to biphasically control the response (the level of activated
MAPK) and amplify it at a certain scaffold concentration range. In order to understand the interplay of
scaffolding and multisite phosphorylation, in this study we analyze simplified MAPK signaling models
in which we assume that either mono- or double phosphorylation of MAP2K and MAPK is required for
activation. We demonstrate that the requirement for double phosphorylation directs signaling through
scaffolds. In the hypothetical scenario in which mono-phosphorylation suffices for kinase activity, the
presence of scaffolds has little effect on the response. This suggests that double phosphorylation in
MAPK pathways, although not as efficient as mono-phosphorylation, evolved together with scaffolds to
assure the tighter control and higher specificity in signaling, by enabling scaffolds to function as

response amplifiers.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The Mitogen Activated Protein Kinase (MAPK) cascades trans-
mit a plethora of various signals in eukaryotic cells eliciting
diverse cellular responses such as proliferation, differentiation,
and apoptosis (Kholodenko and Birtwistle, 2009; McKay and
Morrison, 2007). They transmit signals through typically three
layers of sequentially activated kinases, MAP3K, MAP2K and
MAPK. The kinases on each tier usually possess isoforms and
splice variants. Furthermore, MAP2K and MAPK kinases canoni-
cally require double phosphorylation for activation—this property
is a hallmark of the MAPK cascade, which is universally conserved
and present in organisms ranging from yeast to human. Their
dephosphorylation at either residue leads to effective deactiva-
tion. The requirement of double phosphorylation of MAP2K and
MAPK has important dynamical consequences, particularly if the
phosphorylation mechanism is distributive and activation of
MAP2K and MAPK each requires two collisions with their
upstream kinases (Alessi et al., 1994; Burack and Sturgill, 1997).
This introduces fourth order nonlinearity in signal processing in
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the limit of low signal S, i.e., the response is proportional to §%, as
we show in next section.

This nonlinearity likely underlies the observed bistability and
switch-like response of the cascade (Levchenko et al., 2000).
Furthermore, the dual phosphorylation requirement is also pos-
tulated to provide a kinetic proofreading mechanism (Swain and
Siggia, 2002) as well as facilitate long-distance signal propagation
within cells (Markevich et al., 2006).

The MAPK cascades are known to involve scaffolds—multidomain
proteins that can assemble signaling complexes. MAPK scaffold
molecules can simultaneously bind kinases from two or three tiers.
Examples include KSR in the RAF/ERK cascade and JIP in JNK cascade
(Dhanasekaran et al., 2007; Engstrom et al., 2010), which are tripartite
and bind all three constituent kinases. Scaffolds have been found to
assist signaling and are believed to be one of the determinants of the
MAPK pathway specificity. In particular, they enhance the formation
of complexes composed of particular kinase isoforms due to their
different affinities to a scaffold (Nguyen and Shaw, 2002; Roy et al.,
2002; Ohmachi and Sundaram, 2002). Specificity results from cell
type-specific expression patterns of scaffolds as well as their differ-
ential intracellular localization.

The properties of scaffolds have been the subject of numerous
computational studies including (Levchenko et al., 2000; Locasale
et al., 2007; Locasale and Chakraborty, 2008; Takahashi et al.,
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2010). In particular, scaffolds have been found to potentially
convert the mode of phosphorylation from distributive to pro-
cessive, because the long-lived interaction of a substrate with the
scaffold complex may allow both residues of MAPK or MAP2K to
be phosphorylated in a single encounter with the scaffold. Such a
mechanism could convert the highly nonlinear response in the
absence of scaffolds to a linear response.

The above observations led us to conjecture that double
phosphorylation is required for specific transmission of signals
through scaffolds, enabling them to elicit specific and properly
localized responses.

We have tested this hypothesis by constructing several simple
models of MAPK signaling in the presence or absence of scaffold
considering both MAP2K and MAPK activated by double phosphor-
ylation as well as their hypothetical counterparts that require only
mono-phosphorylation. We then analyze the behavior and perfor-
mance of these models in terms of signal amplification and activation
dynamics in order to decipher the interplay of scaffolding and the
dual phosphorylation requirement.

2. Results
2.1. Idealized MAPK models

We consider four heuristic models of the MAPK cascade:

(1) Cyt-11, in which MAP2K and MAPK are activated by
spontaneous collisions in cytoplasm and require only mono-
phosphorylation for activation. This model comprises six species.
Specifically, all three kinases exist in two different states (active
vs. inactive for MAP3K and phosphorylated vs. unphosphorylated
for MAP2K and MAPK).

(2) Cyt-22, in which MAP2K and MAPK are activated by
spontaneous collisions in cytoplasm but require double phos-
phorylation. This model comprises 10 species; as in Cyt-11
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MAP3K exists in two states while MAP2K and MAPK exist in four
states (unphosphorylated, mono-phosphorylated on R1 or R2,
double phosphorylated).

(3) Scaff-11, in which MAP2K and MAPK are activated on a
scaffold and require only mono-phosphorylation. In addition to
the species found in Cyt-11 this model includes the scaffold
complexes with the kinases. Specifically, each of three kinase
binding sites on scaffold can be either unoccupied or occupied by
the corresponding kinase in any of its states—this yields three
possibilities for each of kinase binding sites. Therefore, the total
number of the complexes is 3 x 3 x 3=27, which brings the total
number of all species to 33.

(4) Scaff-22, in which MAP2K and MAPK are activated on a
scaffold but require double phosphorylation. As in Scaff-11 this
model involves the scaffold complexes in addition to the unbound
kinases. Since now the MAP2K and MAPK can exist in four
different states, the number of scaffold based complexes increases
to 3 x 5 x 5=75. Thus the total number of species is 85.

The name template for considered models is Scaff/Cyt/Joint-
XY, where the first part signifies the location where phosphoryla-
tion is allowed to occur with “Joint” indicating that it can occur
both on the scaffold and in the cytoplasm. The numbers X and Y
represent the numbers of phosphorylations required for the
activation of MAP2K and MAPK, respectively. The “Scaff” and
“Cyt” models have been graphically represented in Fig. 1, and
their parameters are listed in Table 1. The input signal S controls
the activation rate of the first kinase in the cascade (MAP3K). The
level of the active, unbound MAPK is considered the output or
response R.

A number of simplifying assumptions have been made. We
assume that all the reactions occur in the well-mixed cytoplasmic
volume. The models assume that all cytoplasmic enzymes are
operating well below saturation. Phosphorylation of unbound
MAP2K and MAPK is treated as a second order reaction, whereas
for the scaffold-bound kinases it is considered as a first order
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Fig. 1. Four MAPK cascade models: (a) Cyt-11, (b) Cyt-22, (c) Scaff-11, (d) Scaff-22. For each model the numbers of BioNetGen rules, generated species and generated

reactions are given.
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Table 1

Notation and parameters. The range of parameters for which relation (5) holds is given for three values of signal S. The two groups of parameters marked in bold are varied
jointly. In the mammalian cell with a typical volume of 2000 um3, 106 molecules corresponds to the concentration of approximately 0.8 M.

Parameter Symbol  Value Range
S=1s"1 S=0.1s" S=0.01s"!
Association of MAP2K, unphosphorylated MAPK and phosphorylated « 10-° (molecules xs)~!  0-2.2x10"% 0-245x10"% 0-3.6x10°°
MAP3K with scaffold
Phosphorylation of MAP2K at R1 P21 10~° (molecules x s)~!
Phosphorylation of MAP2K at R2 P2k2 10~° (molecules x s)~!
Phosphorylation of MAPK at R1 P3r1 10~° (molecules x s)~"
Phosphorylation of MAPK at R2 P3r2 10~° (molecules x s)~!
Phosphorylation of MAP2K by MAP3K and MAPK by MAP2K (scaffold) Psca 100s~! 1.4—00 0.7—0c0 0.125—00
Dissociation of MAP2K, unphosphorylated MAPK and phosphorylated dy 01s7! 0-0.37 0-0.7 0-5.9
MAP3K from scaffold
Dissociation of unphosphorylated MAP3K and phosphorylated d> 100s~! 0.3—c0 0.1—c0 32 %10 3—0co
MAPK from scaffold
Inactivation of MAP3K u 01s! 0.06-0.87 0.05-0.82 0.033-0.81
Dephosphorylation of MAP2K at R1 U2pq 01s!
Dephosphorylation of MAP2K at R2 U2g) 01s7!
Dephosphorylation of MAPK at R1 u3gy 01s!
Dephosphorylation of MAPK at R2 u3py 01s!
Total number of MAP3K molecules Aot 10° molecules
Total number of MAP2K molecules Biot 10° molecules
Total number of MAPK molecules Cror 5 x 10° molecules
Total number of scaffold molecules Stot 10° molecules

reaction with the high rate. Dephosphorylation is treated as a
first order reaction. In case of double phosphorylation, the phos-
phorylation and dephosphorylation of both residues, unless other-
wise specified, are assumed to proceed in random order.
Furthermore, the rates of the phosphorylation in the first residue
of MAP2K and MAPK are considered equal to the corresponding
phosphorylation rates in the models with mono-phosphorylation
only. The activation of MAP3K (e.g., RAF) is often a complex,
multistep process; however, since its exact mechanism is not
pertinent to this paper, it is modeled as a first order activation
due to signal S.

In the two scaffold models, additional reactions are introduced
to describe the interactions of the MAPK components with
scaffold molecules. In these models it is assumed that the three
MAPK components bind non-cooperatively to the scaffold.
Furthermore, since the impact of the scaffold on the depho-
sphorylation of the bound kinases has not been firmly estab-
lished, we assume that the dephosphorylation rates are
independent of the association. In Scaff-11 and Scaff-22 phos-
phorylation of MAP2K and MAPK is assumed to occur exclusively
on the scaffold.

Because the interactions between the scaffold and kinases in
the MAPK cascade have been best characterized for the KSR/ERK
pathway, additional assumptions have been made based on that
system. Specifically, we assume also that activated MAPK dis-
sociates almost immediately from scaffold, as activated ERK
exhibits lower affinity to its cytoplasmic anchors, allowing for
its translocation to the nucleus (Wolf et al., 2001). Similarly, since
RAF association with scaffold is signal-dependent (McKay et al.,
2009), we assume that inactive MAP3K cannot bind the scaffold
and, if deactivated when bound, MAP3K dissociates almost
immediately. These simplifying assumptions render scaffolds an
effective platforms for signal transmission.

The models involving scaffold have been implemented and
simulated using BioNetGen, which provides a language and software
for the specification and simulation of rule-based models (Faeder
et al.,, 2009). 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 ODEs.
The advantage of this approach is that it often allows for more concise
definition of models with large numbers of interactions and protein
states. Accordingly, the Scaff-11 model is represented by 12 rules
which generate 145 reactions, involving 33 species, while Scaff-22 is
represented by 20 BioNetGen rules, which generate 527 reactions,
involving 85 species. See Appendix for the BNGL code for the
presented models.

The amounts of species are expressed as the number of molecules
per cell. These numbers can be easily converted to concentrations.
The mammalian cell has the volume of 2000 pm?3 (2 x 10~'2 L). Thus
1pM correspond to N=Avx10®Mx2x 1072 L~1.2 x 10°
molecules, where Av=6.022 x 10**> molecules/mol is the Avogadro
number. Correspondingly, 10° molecules/cell corresponds to approxi-
mately 0.8 uM. The first order reactions have units s~ !, while the
second order reactions have units (molecules x s)~ 1.

Cyt-11 model: Symbols A,, By, G, respectively, represent the
amounts of phosphorylated MAP3K, MAP2K, and MAPK. S is the
rate of activation of MAP3K (signal), while p and u represent the
rates of phosphorylation and dephosphorylation.

dA

TtP = S(Atot pr)qup

dB

4t = PAp(Bio—By)—uB,

dC

d_tp = PB,(Ciot—Cp)—uCp M

For all positive values of parameters p and u and signal S the
system (1) has the unique steady state, which is always stable.

Atot

A =S54

B —S AtotBrotp
P ArotpS+ Su+u?
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T - pzAtotBtotCtot
P w3 1 u2p + upSA,or + P2 SAtot Bot

@)

Amount of phosphorylated MAPK in the steady state, Cp, is
considered response R for Cyt-11 model.

Cyt-22 model: Here, symbols A,, B, C, B,y C, represent,
respectively, the amounts of mono- or double phosphorylated
MAP3K, MAP2K, and MAPK. Coefficients p and u represent the
rate of phosphorylation and dephosphorylation, assumed equal
for all residues.

dA
d—t” = S(Arot—Ap)—UA,
dB,
. = 2PAp(Biot—By—Byp)+ 2By, —By—pA,B,
dB
d—‘t’p =2pA,By—2uBy,
dc,
St = 2PByp(Cror—Cp—Cpp) +2uCpp—UCp—pB,,Cp
dc,
~gt" = 2PByCp—2uCpp 3)
Similarly, the system (3) has unique stable steady state
T Atot
A =55 u
B — 2At0tBrotSu(S+u)
P 2A2 p2S? + AorSU(S + 1)+ U2(S+ 1)
B, = 2A%Buop?

52
2A%D2S? + ArorPSUS + 1) +U2(S+u)?

_ 4A2 BiotCrorD3S?U(2A2, p2S? + Aot SU(S + 1) + u2(S+ 1))

P 2A1otPSU (S+ 13 +US(S+u)* 4 2A3 p3S>U2(S+U)(Brorp + 2U) + a)
where

a = A2, p*S*u3 (S+u)? (2Brorp + 5u) + 4A% p* S (2B2 . p? + BrorpU + )

Cop=5* PP AtoBot Crot

(U5 4 2U3PS+ 2u2pS? Aror + UP2S* A+ P3S* A2, Bror + b)?
where
b = 213 p?SAcor + U3 p?S? @)

The amount of doubly phosphorylated MAPK in the steady state,
Cpp, is considered response R for Cyt-22 model.

For Cyt-11 model, the response R (Eq. (2)) depends linearly on
the signal S in the limit of S— 0. In contrast, in Cyt-22 model due
to the distributive phosphorylation the response R (Eq. (4))
depends on S$* in the limit of S—0. This can give rise to switch-
like and ultrasensitive responses (Markevich et al., 2004; Salazar
and Hofer, 2009).

Scaffold models: Scaff-11 and Scaff-22. To validate the two
scaffold models we analyze the response as a function of the
scaffold level, which has previously been shown to be biphasic
(Levchenko et al., 2000). As expected, both models display the
prozone effect (Fig. 2). In particular, there exists an optimal
scaffold concentration for signal transmission, and signal attenua-
tion at high scaffold concentrations occurs (high dose inhibition).
The highest signal transmission is reached at scaffold concentra-
tions of 2.0x10° and 1.8 x10° for Scaff-11 and Scaff-22,
respectively.

Kortum and Lewis (2004) found that KSR1 levels in mouse are
as much as 14 times below the optimal, while Chapman
and Asthagiri (2009) determined that the level of Ste5 in yeast

Signal =1
x10*
10 - \ - : .
9 - —Scaff-22 4
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Fig. 2. The steady-state level of activated MAPK (response R) for signal S=1s~!

a function of total number of scaffold molecules.

as

is 10-fold below the optimum needed to maximize signal
throughput. Such low scaffold levels may provide regulatory
flexibility as tuning the scaffold expression up or down directly
modulates the downstream phenotypic response. Here, from now
on, we will assume the slightly suboptimal scaffold level
Stot = 10° molecules, which we expect is characteristic for active
signaling. Next, for this suboptimal scaffold level we analyze the
steady state responses of the four models as a function of the
signal S.

2.2. Model comparison

In Fig. 3A it can be seen that for the chosen parameters
(Table 1) and for the entire signal range Se[107> s~1, 1 s5~1] the
following inequalities between responses magnitudes R hold

Reye-11 > Rscatf-11 > Rscaff-22 > Reyt-22 (5)

The inequality (5) implies that signaling through the scaffold is
more important than signaling bypassing the scaffold when
double phosphorylation is required, but the opposite is true when
only mono-phosphorylation is required.

We also considered variants of the Scaff-22 and Cyt-22 models
in which the phosphorylation of two residues must proceed in
order. Under this assumption the phosphorylation in cytoplasm
proceeds at a slower rate yielding a lower steady state (Fig. 3A).
The phosphorylation at the scaffold also proceeds at slower rate,
but since the overall process is limited not by phosphorylation
(which is assumed to be fast at scaffold) but by binding to
scaffold—this effect is negligible. As a result, under the ordered
phosphorylation assumption, the range of parameters in which
inequality Rgcafr22 > Reyr-22 holds is larger, therefore, also the
range of parameters in which inequality (5) is satisfied is also
broader.

Parameter sensitivity analysis (see Table 1) indicates that the
hierarchy of models described by inequality (5) holds for a broad
range of parameters. It is most sensitive to the rate of dephosphor-
ylation, u, but even this coefficient can be changed by an order of
magnitude. The range of parameters for which the inequality (5)
holds was determined under the assumption that phosphorylation
and dephosphorylation coefficients are assumed to be equal, ie.,
P2r1 =Pp2r2 =P3g1 =P3r2 =P, U2p1 =U2py =U3g; =U3g; =u, and
were varied simultaneously. In addition we assumed p=a, i.e., that
phosphorylation coefficient in cytoplasm p is equal to the coefficient
of MAPK kinase—scaffold binding a. It is obvious that for p <a,
signaling is directed via scaffolds, while for p > a signaling bypasses
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Table 2
Latin hypercube sampling.

Hierarchy Signal = 0.001 s~ Signal = 0.01 s~! Signal=0.1 s~ Signal=1s-1
Fold =3 (10) Fold =3 (10) Fold =3 (10) Fold =3 (10)

(H1) Reye_11 > Rocar—11 > Rcagr 22 > Reye—22 74 (59)% 74 (48)% 59 (38)% 46 (28)%

(H2) Rycair_11 > Reye-11 > Recar_22 > Reye-22 18 (13)% 16 (16)% 16 (13)% 16 (13)%

(H3) Rscaf—11 > Rscaf 22 > Reye—11 > Reye—22 8 (25)% 9(25)% 12 (26)% 11 (28)%

(H4) Reye—11 > Rscar—11 > Reye—22 > Rcar—22 0(1)% 1(5)% 8 (8)% 14 (9)%

(H5) Reye—11 > Reye-22 > Rocar—11 > Rcar—22 0(1)% 0 (5)% 6 (15)% 12 (22)%

scaffolds. The range of parameters for which the inequality (5) holds
increases with decreasing signal S, which suggests that the role of
scaffolds is most important at small signals, which is expected on the
basis of Eq. (4).

We found that when phosphorylation and dephosphorylation
coefficients for each of the MAP2K and MAPK residues are varied
separately, the range in which the postulated behavior is
observed is much broader. This is due to the “cross-compensa-
tion”. In order to promote activation via scaffold it is enough that
any of MAPK kinases requires double phosphorylation, see Fig. 4.
Therefore, even if one of MAPK residues is phosphorylated with a
high rate, or dephosphorylated with a low rate (which results in
kinetic equivalent to single phosphorylation requirement) the
postulated hierarchy remains unchanged.

The level of activated MAPK grows monotonically in the response
to the signal. The response time, defined as the time at which level
of the active MAPK reaches half of its asymptotic value following the

turning on of the signal, decreases with increasing S (Fig. 3B).
Interestingly, the response time is the shortest for Scaff-22 model.

2.3. Latin hypercube sampling

In addition to the single parameter sensitivity, we analyze
robustness of the postulated hierarchy of models based on Latin
hypercube sampling (McKay et al., 1979). Specifically, we gen-
erate 10,000 13-parameter ensembles. Each of 13 parameters was
obtained

Prandom = Ppase % fold*

(6)

where Py, represents the original parameter value, and x is
drawn from [—1,1] using Latin hypercube sampling. The simula-
tions were performed for four values of signal S; 0.001s1,
0.01s71, 0.1s7! and 1s~', and two values of fold; 3 and 10
(Table 2). We confirmed that the postulated hierarchy determined
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by inequality (5) (designated H1), is the most frequent among the
4!=24 possible hierarchies. Moreover, for the fold = 3 its
frequency is more than 45% over the full signal range
(0<S<1s1) while for fold =10 its frequency is more that
45% for low signals (S < 0.01 s~1). As already expected from single
parameter analysis the frequency of occurrence of hierarchy H1
increases with decreasing signal. This confirms that scaffolds play
a dominant role for weak signals. Interestingly, we identified four
other strongly represented hierarchies, H2 through H5 (Table 2).

To analyze which parameters discriminate between the postu-
lated hierarchy H1 and the four other hierarchies, we calculated the
scaled median value of each parameter, median(x) = median(log;,
(Prandom /Ppase)), from the random parameter subsets corresponding to
the five represented hierarchies (Table 3). The analysis was performed
for small signal value S =0.01 s, and fold = 10. The analysis shows
that hierarchies H2 and H3 in which phosphorylation via scaffold
dominates (with respect to postulated hierarchy H1) are character-
ized by an elevated scaffold binding rate a, which in the default
parameter set is equal to phosphorylation rate in cytoplasm (p=a).
The hierarchies H4 and H5, in which the cytoplasmic phosphorylation
is dominant, are characterized by the elevated phosphorylation rate
at the second MAP2K and MAPK residues, and the attenuated
dephosphorylation of MAP2K. In this analysis, in order to compare
the Cyt-11 and Cyt-22 models, the phosphorylation rate in the Cyt-11
model is assumed equal to the phosphorylation rate of the first
MAP2K and MAPK residues in the Cyt-22 model. Thus, an elevated

Table 3

121

phosphorylation rate of the second residue promotes activation in the
Cyt-22 model without influencing activation in the Cyt-11 model.
This explains why the discrimination between hierarchies H2, H3, H4,
and H5 is connected with differences in parameters describing
phosphorylation of the two MAPK residues.

The analysis revealed that in real MAPK systems, in which double
phosphorylation of MAP2K and MAPK is required, the key parameters
promoting activation via scaffold are the scaffold binding rate (which
is not surprising) and the kinase dephosphorylation rate.

2.4. Competition between activation on scaffold and in cytoplasm

Now we consider a more realistic representation of the
processes taking place in the cell. In models Joint-11 and Joint-
22 we assume that phosphorylation occurs both on the scaffold
and in the cytoplasm, but it is also assumed that kinases bound to
scaffold may not phosphorylate those in cytoplasm and vice
versa. Fig. 4 shows how the scaffold level influences the response
for each model. For Joint-11 the response decreases monotoni-
cally with scaffold concentration above about 10%. This is due to
high dose inhibition at large scaffold concentrations, in which
components of MAPK cascade are bound to different scaffold
molecules and thus rendered effectively inactive (this would not
be true if scaffold-bound enzymes were allowed to phosphorylate
cytoplasmic substrates or vice versa). In contrast, when double
phosphorylation is required, the highest response is achieved for

Scaled median values of x =108,4(Prandom /Ppase). S€€ Eq (6), for parameters subsets corresponding to each of the five hierarchies, S=0.01 s~1, fold=10.

Parameter Median (x)
H1 H2 H3 H4 H5 (H2 —H1) (H3 —H1) (H4 —H1) (H5 —H1)
a -0.31 0.38 0.61 —-0.28 —-0.57 0.69 0.92 0.03 —-0.26
P2r1 0.02 —0.09 -0.28 0.24 0.36 -0.11 —-0.30 0.22 0.34
DP2r2 -0.20 —0.04 0.02 0.22 0.35 0.16 0.22 042 0.55
DP3r1 0.21 —-0.12 —0.40 0.23 0.33 -033 -0.61 0.02 0.12
DP3r2 -0.18 0.02 -0.01 0.25 0.31 0.20 0.17 043 0.49
Dscaff —0.01 0.04 0.04 —0.04 —0.02 0.05 0.05 —0.03 —0.01
dq 0 —-0.10 -0.17 0.13 0.37 -0.10 -0.17 0.13 0.37
d; 0 -0.03 0 0.06 0 —-0.03 0 0.06 0
u 0.15 0.01 —-0.03 —-0.10 —-0.24 -0.14 —-0.18 —-0.25 -0.39
u2py 0.07 —-0.07 0.22 —-0.36 —-0.24 -0.14 0.15 -043 -0.31
U2py 0.18 0.09 —0.04 -0.17 —-0.36 -0.09 —-0.22 -0.35 —-0.54
u3p; 0.06 -0.36 0.18 -0.41 0.07 —-0.42 0.12 —-047 0.01
u3g2 0.10 0.38 —-0.20 0.25 -0.29 0.28 —-0.30 0.15 -0.39
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Fig. 5. Relative contributions of scaffold and cytoplasm to MAPK activation for the scaffold level of 10°. In case of Joint-22 model the Activated MAPK is split into three
classes based on where the activating phosphorylations occurred. Similarly, in Joint-11 model the activated MAPK is split into two classes based on the location of the

activating phosphorylation.
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scaffold concentrations close to the optimum determined in Scaff-
22. It should be noted, however, that the characteristic response
for the mono-phosphorylation model is much higher than for the
double phosphorylation model. The effect of scaffold on Joint-22
is higher at low signal S=0.01s~! (Fig. 4A) than at high signal
S=1s"1 (Fig. 4B), respectively, 138-fold and 3-fold. This can be
anticipated because cytoplasmic activation is much weaker at
low S values than at high S values due to the strong nonlinearity
(see Eq. (4)). Overall, these results demonstrate that the scaffold
acts as a signal amplifier only when double phosphorylation is
required for kinase activation.

We have also considered models in which only one MAPK
cascade component (MAPK or MAP2K) required double phosphor-
ylation (Joint-12 and Joint-21, respectively). In those cases, the
presence of the scaffold also augments signaling, although the
effect is less pronounced (Fig. 4). This result suggests that at least
one component of the MAPK cascade requires activation via dual
phosphorylation in order for the scaffold to function as an
amplifier.

The models also permit us to analyze the location where MAPK
phosphorylation and activation take place (Fig. 5). The MAPK
species in Joint-11 and Joint-22 have been modified to include
state flags that correspond to each site that undergoes phosphor-
ylation in MAPK activation. Upon phosphorylation of a site, the
corresponding flag is modified to indicate the location. Upon
dephosphorylation, the flag of the dephosphorylated site is reset
to a neutral value. In Joint-22 the scaffold (when present at 10°
molecules) is the predominant location for MAPK activation
(Fig. 5A). At high signal value S=1s~! approximately 75% of all
MAPKs are activated solely through scaffold-based phosphoryla-
tions, while only 8% are activated exclusively in the cytoplasm.
These proportions significantly depend on the signal; with a
decreasing signal, the contribution of scaffold-based activation
becomes even more dominant up to 100% at small S. In contrast,
in Joint-11, scaffold- and cytoplasm-based phosphorylation are
approximately equal at all values of S (Fig. 5B). In Joint-11 model
the fraction of scaffold-based phosphorylation decreases with the
scaffold concentration (data not shown), without any decrease of
the total output (Fig. 4).

3. Discussion

In this study we have analyzed regulation of MAPK cascade by
scaffolds that can bind three MAPK components. We have
considered two phosphorylation paradigms. In the mono-phos-
phorylation paradigm, which is hypothetical, we have assumed
that MAPK and MAP2K are activated by phosphorylation of a
single residue. In the double phosphorylation paradigm, which
reflects the actual activation mechanism, we have assumed that
MAPK and MAP2K activation require phosphorylation of two
residues.

We found that the presence of the scaffold has opposing
effects on signal amplification in these two paradigms. In parti-
cular, the scaffold augments signaling when dual phosphorylation
is required for activation. In contrast it diminishes signaling if
activation via mono-phosphorylation is assumed. Furthermore,
the presence of scaffold reduces the response time only when
double phosphorylation is required. In the double phosphoryla-
tion paradigm scaffolding can substantially increase the response,
and the response is biphasic, as was previously observed by
Levchenko et al. (2000), meaning that there is an optimal scaffold
concentration above which the response is attenuated. In con-
trast, in the mono-phosphorylation paradigm the presence of
scaffold either has no effect (at low scaffold concentrations) or
reduces the response.

In some MAPK systems scaffolds may play a catalytic role. As
shown, recently, by Brennan et al. (2011) Raf-induced allosteric
transition of KSR stimulates phosphorylation of MEK. It is also
possible that binding to scaffolds attenuates MAP2K and MAPK
dephosphorylation. These two effects can further promote signal-
ing through scaffolds, although this effect would be independent
of the double phosphorylation paradigm.

By performing the single parameter sensitivity analysis
(Table 1) and multidimensional Latin hypercube sampling ana-
lysis (Table 2) we showed that the range of kinetic parameters in
which the hierarchy H1 is satisfied increases with decreasing
strength of the signal. Let us recall that the hierarchy H1 implies
that signaling through the scaffold is more important than
signaling bypassing the scaffold when double phosphorylation
is required, but the opposite is true when mono-phosphorylation
is sufficient. Therefore, we may expect that coexistence of
scaffolds and the double phosphorylation requirement allows
for propagation of weak signals ubiquitously in various MAPK
cascades.

Since the kinases of the MAPK cascade are often promiscuous,
scaffolds are believed to generate specific responses by assem-
bling signaling complexes of appropriate composition in appro-
priate subcellular locations in a cell-type specific manner. The
amplification effect they confer over non-scaffolded activation is
crucial to this function. Our observations indicate that this
amplification tends to occur only when activation is based on
dual phosphorylation.

These observations support a novel hypothesis about the role
of double phosphorylation in MAPK signaling. It is commonly
believed that the principal role of this requirement is to introduce
the nonlinearity that establishes switch-like response dynamics
and activation thresholds, emphasizing high signals (Levchenko
et al., 2000). Our observation suggests that the nonlinearity can
also be important in attenuating cytoplasmic signaling, especially
at lower signals. This attenuation in the presence of significant
scaffold concentrations, which amplify the response in a scaffold-
specific manner, gives rise to a scaffold-specific signaling regime.
Thus dual phosphorylation is required to enable scaffolds to fulfill
their function as specificity determinants, and affords a cell much
greater control over the location and specificity of the response.

This hypothesis is consistent with the fact that the coexistence
of scaffolds and of the dual phosphorylation requirement of
MAP2K and MAPK is conserved in all eukaryotes. To our knowl-
edge, there is no known MAPK cascade that does not utilize
scaffolds. The dual phosphorylation requirement is essentially a
defining characteristic of MAPK cascades. As for scaffolds, their
critical role in MAPK signaling has been validated in a number of
studies. Disruption of a scaffold leads to diminished response at
best and is lethal when other scaffolds cannot compensate for this
loss (Ohmachi and Sundaram, 2002; Nguyen and Shaw, 2002).
This suggests coevolution of the MAPK cascade kinases and
scaffolds to yield an integrated scaffold-based signaling regime.

In conclusion, our results indicate that while seemingly less
efficient, the double-phosphorylation requirement enables MAPK
cascade to cooperate with scaffolds leading to the higher speci-
ficity of responses to general signaling cues.
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Appendix A. BioNetGen rules for Scaff-11 model
A.1. Species definition

1. MAP3K, Molecular type definition : MAP3K (s, S~ I"A)

2. MAP2K, Molecular type definition : MAP2K (s, R1"Y "~ Yp)

3. MAPK, Molecular type definition : MAPK(s,R1°Y Yp)

4. Scaffold, Molecular type definition: Scaff (map3k, map2k, mapk)

A.2. Seed species
MAP3K (s, S I) =Accc
MAP2K (s,RI°Y) =Bioc
MAPK (s,RIY) =Cior
Scaff (map3k, map2k, mapk) =S¢oe

A.3. Rules

For the parameter definitions and values refer to Table 1.

1. MAP3K(s,S"I) — MAP3K(s,S"A) S
2. MAP3K(s,S~A) + Scaff (map3k) <> MAP3K(s!l,S A).Scaff (map3k!l) a, d;
3. MAP3K(s!1,S87I).Scaff (map3k!l) — MAP3K(s,S"I) + Scaff (map3k) d,
4. MAP2K (s,R1°Y) + Scaff (map2k) <> MAP2K(s!1l,R1°Y).Scaff (map2k!1) a, d;
5. MAP2K (s,R1"Yp) + Scaff (map2k) <> MAP2K(s!1l,R1'Yp).Scaff (map2k!1) a, d;
6. MAPK (s,R1°Y) + Scaff (mapk) <> MAPK(s!1l,R17Y).Scaff (mapk!1l) a, d,
7. MAPK (s!1,R1Y).Scaff (mapk!1l) — MAPK(s,R1Yp) + Scaff (mapk) d,
8. MAP3K (s!1,SA).Scaff (map3k!l, map2k!2).MAP2K (s!2,R17Y) —
MAP3K(s!1l,S"A).Scaff (map3k!l, map2k!2).MAP2K (s!2,R1" YD) Dscaff
9. MAPK (s!1,R17Y).Scaff (mapk!1l, map2k!2).MAP2K (s!2,R17Yp) —
MAPK (s!1,R17Yp).Scaff (mapk!l, map2k!2).MAP2K(s!2,R17Yp) Dscars
10. MAP3K(S"A) — MAP3K(S"I) u
11. MAP2K (R1Yp) — MAP2K(R1"Y) u
12. MAPK (R1"Yp) — MAPK (R17Y) u

Appendix B. BioNetGen rules for Scaff-22 model
B.1. Species definition

1. MAP3K, Molecular type definition : MAP3K (s, S~I"2)

2. MAP2K, Molecular type definition : MAP2K (s, R1°Y “Yp, R2°Y"Yp)
3. MAPK, Molecular type definition : MAPK(s,R1"Y Yp,R27Y YD)
4. Scaffold, Molecular type definition: Scaff (map3k, map2k, mapk)

B.2. Seed species
MAP3K(s,S I) =Acor
MAP2K (s,R17Y,R2°Y) =Byo¢
MAPK (s,R17Y,R27Y) =Crot
Scaff (map3k, map2k, mapk) =S¢o¢

B.3. Rules

For the parameter definitions and values refer to Table 1

. MAP3K(s,S I) — MAP3K(s,S"A) 5]
MAP3K(s,S"A) + Scaff (map3k) <> MAP3K(s!1l,S"A).Scaff (map3k!1l) a, dp
MAP3K(s!1l,S"I).Scaff (map3k!l) — MAP3K(s,S"I) + Scaff (map3k) d,
MAP2K (s,R17Y,R27Y) 4+ Scaff (map2k) <> MAP2K(s!1l,R17Y,R27Y).Scaff (map2k!1l) a, d,

MAP2K (s,R1"Yp,R27Y) + Scaff (map2k) «> MAP2K(s!1l,R1"Yp,R2Y).Scaff (map2k!l) a, d;
MAP2K (s,R17Y,R27Yp) + Scaff (map2k) <> MAP2K(s!1l,R17Y,R27Yp).Scaff (map2k!l) a, d;
MAP2K (s,R17Yp,R27Yp) + Scaff (map2k) <> MAP2K(s!1l,R17Yp,R27Yp).Scaff (map2k!l) a, d;

NoUuprwWN =
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8. MAPK (s,R1"Y,R27Y) + Scaff (mapk) <> MAPK(s!1l,R1°Y,R27Y).Scaff (mapk!l) a, d;

9. MAPK (s,R1"Yp,R27Y) + Scaff (mapk) <> MAPK(s!1l,R1°Yp,R27Y).Scaff (mapk!1l) a, d;
10. MAPK (s,R17Y,R27Yp) + Scaff (mapk) «> MAPK(s!1,R1"Y,R27Yp).Scaff (mapk!1l) a, d;
11. MAPK (s!1,R1"Yp,R27Yp).Scaff (mapk!l) — MAPK(s,R1"Yp,R2°Yp) + Scaff (mapk) d,

12. MAP3K(s!1,S"A).Scaff (map3k!1,map2k!2).MAP2K(s!2,R17Y) —

MAP3K(s!1l,S7A).Scaff (map3k!1l,map2k!2).MAP2K(s!2,R17Yp)

Pscatf

13. MAP3K(s!1,S"A).Scaff (map3k!1l,map2k!2).MAP2K(s!2,R27Y) —

MAP3K(s!1l,S"A).Scaff (map3k!1l,map2k!2).MAP2K (s!2,R27Yp)

Pscatf

14. MAPK (s!1,R17Y).Scaff (mapk!1l,map2k!2).MAP2K(s!2,R1Yp,R27Yp) —

MAPK (s!1,R17Yp).Scaff (mapk!1l,map2k!2).MAP2K (s!2,R17Yp,R27Yp)

Pscatf

15. MAPK (s!1,R27Y).Scaff (mapk!1l,map2k!2).MAP2K(s!2,R1°Yp,R2Yp) —

MAPK (s!1,R27Yp).Scaff (mapk!1l,map2k!2).MAP2K (s!2,R1”Yp,R27Yp)

16. MAP3K (S"A) — MAP3K(S"I) u
17. MAP2K (R1"Yp) — MAP2K (R17Y) u
18. MAP2K (R2"Yp) — MAP2K (R27Y) u
19. MAPK (R1"Yp) — MAPK (R17Y) u
20. MAPK (R27Yp) — MAPK (R27Y) u

Appendix C. Supplementary data

Dscatf

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.jtbi.2011.11.014.
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