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Genetic and biochemical studies have revealed that the diversity of cell types and developmental patterns evident
within the animal kingdom is generated by a handful of conserved, core modules. Core biological modules must be
robust, able to maintain functionality despite perturbations, and yet sufficiently adaptable for random mutations to
generate phenotypic variation during evolution. Understanding how robust, adaptable modules have influenced the
evolution of eukaryotes will inform both evolutionary and synthetic biology. One such system is the MAP kinase module,
which consists of a 3-tiered kinase circuit configuration that has been evolutionarily conserved from yeast to man. MAP
kinase signal transduction pathways are used across eukaryotic phyla to drive biological functions that are crucial for life.
Here we ask the fundamental question, why do MAPK modules follow a conserved 3-tiered topology rather than some
other number? Using computational simulations, we identify a fundamental 2-tiered circuit topology that can be readily
reconfigured by feedback loops and scaffolds to generate diverse signal outputs. When this 2-kinase circuit is connected
to proximal input kinases, a 3-tiered modular configuration is created that is both robust and adaptable, providing a
biological circuit that can regulate multiple phenotypes and maintain functionality in an uncertain world. We propose
that the 3-tiered signal transduction module has been conserved through positive selection, because it facilitated the
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generation of phenotypic variation during eukaryotic evolution.

Introduction

The ability to generate useful phenotypic variation within
organism populations is crucial for evolution. Useful variation
often requires complex phenotypic change, yet if complex change
depends on numerous small and random phenotypic variations,
evolution is likely to be impeded because mutations are more
likely to be deleterious than beneficial.' Evolution is further con-
strained by the number of functions a component or pathway
performs, as the more critical functions a component is involved
in, the higher the probability that mutations will be deleterious
and negatively impact on organism fitness.” As the morpho-
logical diversity present within Eukaryotes, and in particular
Metazoans, is regulated through the use of a few conserved core
cellular pathways,® how complex, yet viable, phenotypic varia-
tion is generated utilizing a handful of core processes remains an
ongoing question in evolutionary biology.

A potential solution to this problem was proposed by Gerhart
and Kirschner when they predicted that core processes driving
Eukaryotic growth and development possess key properties such
as weak linkage, compartmentalization, exploratory behavior,
and robustness and adaptability; which together facilitate evolu-
tion by reducing constraints on change and allowing the accu-
mulation of non-lethal variation. In this paradigm, called the
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theory of facilitated variation, much of the phenotypic variation
acted upon by evolution results from mutations within the regu-
latory mechanisms that control robust and adaptable core pro-
cesses. Thus the robust-yet-adaptable core modules are proposed
to de-constrain evolution by enabling the generation of pheno-
typic variation through random changes in regulation, which can
be acted upon by natural selection.? The utility of this model is
that although the fundamental structure and function of the core
modules remains fixed, novel outputs and phenotypes may still
be generated through random heritable change within regulatory
networks. Under this paradigm, core modules can stochastically
access a large number of phenotypes via non-lethal mutations
within their regulatory networks, which increases the degree of
phenotypic variation that is available for natural selection and
evolution.

An important step in testing the theory of facilitated evolution
is to first examine core processes for evidence of robustness and
adaprtability, and then characterize the network topologies that
have been selected during evolution, which allow core modules
to be both robust and adaptable. To that end we have focused
on the signal transduction circuits known as mitogen activated
protein kinase (MAPK) modules. MAPK modules are signaling
pathways that are evolutionarily conserved across eukaryotic spe-
cies.” Each MAPK module is a 3-tiered kinase cascade containing
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a proximal MAP kinase kinase kinase (M3K), which phosphor-
ylates and activate a MAP Kinase Kinase (M2K), which then
phosphorylates and activates a terminal MAP kinase (MAPK/
MIK).> MAPK modules are embedded within signaling circuits
that regulate many essential biological processes. In yeast the
cellular functions regulated through MAPK modules includes
mating, invasive growth, cell wall integrity and the osmolarity
response.’ In mammals, the 4 characterized MAPK modules are
involved in the regulation of proliferation, differentiation, motil-
ity, survival, apoptosis, inflammation and osmoregulation.®

The striking conservation of MAPK modules throughout
the eukaryote kingdom, combined with their incorporation into
regulatory circuits that control essential cellular functions, can be
explained by 2 opposing hypotheses. The first is the null hypoth-
esis, in which mutations within MAPK modules are highly
maladaptive; once the system was discovered and incorporated
into key signal transduction circuits it was conserved because
structural variations came at a considerable fitness cost. In this
scenario the 3-tiered module has been evolutionarily conserved
through negative selection. The second hypothesis, derived from
the theory of facilitated evolution, is that the topology of the core
MAPK module de-constrains the evolution of signaling path-
ways in which they are embedded by facilitating the rapid acqui-
sition of new phenotypes. In this scenario MAPK modules are
actively maintained through positive selection due to their ability
to enhance the evolutionary capacity of the organism.

Here we test the positive selection hypothesis in silico by
exploring basic MAPK network topologies in an effort to identify
configurations that facilitate the generation of phenotypic varia-
tion. Specifically, by building on established models of MAPK
signal transduction, we asked the following question: what is the
simplest circuit configuration that can produce a signaling mod-
ule that is both robust and adaptable?

Results

Exploring Basic Model Parameters and validating model
outputs

We began our in silico analyses by focusing on 3 primary
variables: (1) the number of kinases in the module; (2) the role
of processive phosphorylation; and (3) the role of distributive
phosphorylation, and assessed how does the combination of
these 3 variables determine the signal output of the MAPK mod-
ule (summarized in Fig. 1). The starting point of our in silico
analysis began with the simplest possible module, a single kinase,
activated either through processive (P) or distributive (D) phos-
phorylation (Fig. 2A). In all simulations the activating input is
graded/analog. As expected, a single kinase activated through
processive phosphorylation displays Michaelis—Menten activation
kinetics. In contrast, activation through distributive phosphory-
lation endowed the system with switch-like activation kinetics;
the system is initially less responsive at low inputs and then dis-
plays a more rapid activation with a corresponding increase in the
Hill co-efficient (Fig. 2B). An important difference between the
outputs generated from the distributive systems compared with
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the processive system, is that distributive phosphorylation gener-
ates a large difference between the inactive and maximally active
states compared with processive phosphorylation. Together, these
results confirm that the processive Michaelis-Menten systems is
far more sensitive and responsive toward low inputs, whereas a
distributive switch-like system is much better at discriminating
low vs. high input levels.”®

Next we looked at increasing the number of kinases within the
module, as well as exploring the role of processive vs. distributive
phosphorylation within these more complex module configura-
tions. These simulations confirmed several important principles
of module configuration. First, consistent with predictions from
Kholodenko and Colleagues,’ we show that increasing the num-
ber of kinases within the module increases the sensitivity of the
system (compare the input sensitivity displayed on the x-axis in
Fig. 2A-E). Second, we confirm earlier work that the presence
of distributive phosphorylation makes the module output more
switch-like.!”!! Moreover this effect is additive; as more distribu-
tive activation steps are added to the module, the Hill co-effi-
cient increases and the system approaches a true digital output.
The combination of distributive phosphorylation plus increasing
number of tiers within the module drives the module toward a
digital output.”'? In contrast to distributive phosphorylation, the
presence of processive phosphorylation within the module makes
the system less switch-like but more sensitive and responsive to
low input levels.

Based on these results and historic studies cited above, we
can formally propose the following general rules of MAPK mod-
ule structure-function: (1) more tiers equals more sensitivity,
fewer tiers equals less sensitivity; (2) processive phosphorylation
increases sensitivity and responsiveness to low input but decreases
the capacity of the module to discriminate between low and high
input levels; (3) distributive phosphorylation makes the module
more switch-like, increases the modules ability to discriminate
between low vs. high input levels, but reduces the modules ability
to accurately transmit low levels of activating input. These find-
81 and confirm that
our model and model assumptions are both reasonable and able

ings are in agreement with historical studies,

to generate signaling outputs that are consistent with the well
characterized signaling properties of MAPK modules.

Defining robust module configurations

As functional robustness is a key property of any biological
system and is strongly selected for during evolution,”® we inter-
rogated our simulations to determine which of pathway con-
figurations were functionally robust with respect to random
perturbations within the module. The robustness property of a
mathematical model with respect to a set of perturbations P is
defined as the average of an evaluation function of the system
over all perturbations." Here we use the Hill coefficient of the
signal output as the evaluation function of the MAPK module,
because the Hill coefficient can be used to define different sig-
naling phenotypes, such as graded or switching-like outputs. To
constrain our in silico robustness search to within achievable
simulation times, we conducted the robustness analysis on the
subset of modules that most closely represent the system found
in nature, which are those modules that generated a switch-like
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output comparable to that established experimentally for the
classical ERK module (Fig. 3).

Our simulations revealed that modules with greater than
3-tiers were not robust, with random perturbations having a
large effect on signal output (Fig. 3). This is because of signal
amplification, which occurs within the 4-tiered systems as signal
is transmitted down the cascade, causes small perturbations to
have large effects on signal output. Modules with 3 kinases or
below were significantly more robust, nevertheless some intrigu-
ing differences were revealed by our analyses. The single kinase
“systems” were the most robust. This is to be expected, as by defi-
nition a single protein will be subject to less random variation (as
there are less components to randomly perturb), however these
data provide a suitable baseline robustness level, which we can
use to compare more complex systems. More interesting were
the results from 2 and 3 tiered model configurations. In these
systems, the presence of processive phosphorylation tended to
make the system more robust, whereas the presence of distribu-
tive phosphorylation tended to make the systems less robust. This
is because the presence of distributive phosphorylation makes the
systems more switch-like, and a switch-

We therefore mathematically define MAPK module adaptability
as the capacity of feedback circuits to reconfigure the module
to generate both graded and digital signal output with feedback
regulation. We focused on the 4 most robust circuits identified
above and asked the question, which of these 4 robust configura-
tions could generate the most phenotypic variation (and is there-
fore adaptable) using feedback control?

First we asked whether these configurations could generate a
digital output through the addition of a positive feedback loop,
a mechanism known to drive digital MAPK activation within
diverse biological settings.>* Digital signaling is formally
defined as a system with a steep Hill co-efficient that can rest in
only 2 stable states corresponding to off and on, and also displays
hysteresis. Hysteresis occurs when, upon reducing the activating
stimulus, the system remains activated until the input stimulus
falls below the input level initially required to activate the cir-
cuit?! (and reviewed in refs. 8 and 22).

Forall 3 robust 2T and 3T configurations, a true digital output
(as defined by having a steep Hill co-efficient, possessing 2 stable
steady-states, and displaying hysteresis) was obtained through

like system has the capacity to amplify
random perturbations if they occur
within the nonlinear range of the sys- @
tem. Processive phosphorylation gener- ?
ates a Michaelis—Menten output, which

at low levels inputs provides a linear out- @
put, and at high level of input the sys-
tem output is reduced to below linear.
The processive systems can suppress the
effects of random perturbations if those
perturbations occur within the sub-
linear range of the system, and it is this
ability to dampen the effects to random
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processive-processive-distributive mod-

ule is the configuration found in nature
(for example see refs. 15 and 16), a find-
ing consistent with the hypothesis that
evolution selects for robust systems.'

Defining robust modules that can
generate digital outputs

Phenotypic variation can be gener-
ated from core MAPK modules through
the judicious use of feedback control
circuits (reviewed in refs. 17 and 18).

Figure 1. Key variables and system outputs explored in mathematical models. (A) The number of
kinases present within the module: one kinase = one-Tiered (1T), 2 kinases = 2-tiered (2T), 3 kinases
= 3-tiered (3T) and 4 kinases = 4-tiered (4T). (B) Two modes of activating kinases in the MAPK mod-
ule: processive phosphorylation [P] (upper panel), where phosphorylation sites within the activation
loops are phosphorylated during a single binding step: vs. distributive phosphorylation [D] (lower
panel), where only one phosphorylation occurs during binding, and the kinases must re-bind for the
second phosphorylation to occur. (C) The 4 different outputs that can be generated from MAPK mod-
ules. Classic Michaelis—-Menten (MM) kinetics’> where the system is initially linear but then becomes
saturate; analog output, which transmit continuous information that is directly proportional to the
input stimulus'’; switch-like output, which follows a sigmoidal dose-response curve where initially
the system is relatively unresponsive and then responds rapidly to input'®’3; and digital output, where
the system can only stably exists in one of 2 states, off or on' with a threshold that defines the switch.
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the addition of a positive feedback loop (Fig. 4). However, the
presence of distributive phosphorylation endowed the system
with 2 additional properties. First, distributive phosphorylation
amplified the final output approximately 2-fold relative to the
processive only system, with the maximal “on” state of the 2T
processive-processive system half that of the “on” state of the
systems containing a distributive phosphorylation step (Fig. 5).
Hence a bistable system containing a distributive phosphoryla-
tion step provides greater discrimination between the “off” and
“on” stable states. Second, when the systems are switching off
(red dashed curves in Fig. 5 indicated with the downward point-
ing arrow), the distributive systems rapidly transition between
the “on” and “off” states, providing a sharp threshold that clearly
discriminates between the 2 steady-states of the system. In con-
trast, when switching off the 2-tiered processive system gener-
ates a more graded output that does not provide an unambiguous
threshold between the on and off steady-states. Instead, it gradu-
ally transitions from high to

we focused on the systems with a distributive phosphorylation
step on the terminal kinase because this is the system that is pres-
ent in nature.”>'¢

First we attempted to generate an analog output using nega-
tive feedback control. Increasing the strength of negative feed-
back progressively reduced the Hill co-efficient of the 2T P-D
system and converted a switch-like output into a Michalis-
Menten output (Fig. 5A). Interesting, the inclusion of negative
feedback control progressively increased the robustness of the
system (Fig. S8). However, we could not realize an analog output
solely using negative feedback.

It has been shown that processive phosphorylation contributes
to the generation of analog signal output from MAPK modules
in mammalian cells.” To test this hypothesis in silico, we sup-
pressed distributive phosphorylation in our models by invok-
ing a scaffold function (Fig. S9). Similar to the established
results reported by Levchenko et al.,?* at low concentrations the
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of the robust module Figure 2. How increasing the number of kinases within the module and processive vs. distributive activating phos-
configurations could be phorylation mechanisms change signal output. Different modules that contained increasing number of kinases (1T
reconfigured to generate = one-tiered kinase module, 2T = 2-tiered kinase module etc), with each kinase activated through either proces-
an analog output. Here we sive [P], or distributive [D] phosphorylation, were constructed and their signal outputs tested in silico. The Hill co-
P d & I p .h b efficient [H] for each system was calculated and is displayed in the box within each panel. (A) One-tiered processive
ocused only on the robust (solid black lines) and one-tiered distributive (blue dashed line). (B) Tow tiered processive-procecessive (P-P solid
2T and 3T systems that black line), processive-distributive (P-D dashed blue line) and 2 tiered distributive-distributive (DD solid green line).
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(shown above). In addition,
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addition of a scaffold protein increased the values of the Hill
coefficient. Consistent with previous work,? when the amount
of scaffold protein reached a concentration where the scaffold
began to inhibit the productive interaction between the kinases
in the module by forming dead-end complexes, the Hill coef-
ficients decreased (Fig. 89). Further, the total signal output also
decreased when the scaffold protein was present in excess. Thus
our mathematical simulations of the MAPK scaffold protein
captures the fundamental properties predicted for a scaffold pro-
tein.?* Alcthough a passive scaffold protein was sufficient to sup-
press switch-like signal output and generate a Michaelis-Menten
response, in and of itself it was insufficient to generate a true
analog output (Fig. S9).

Next we tested the combination of negative feedback regu-
lation plus a scaffold protein. Beginning with the 2T P-D core
module, we found that when the concentration of the scaffold
protein is large, we could realize a true analog signal output using
the properly selected strength of negative feedback (Fig. 5C).
Importantly, for each concentration of scaffold protein there was
a wide range of negative feedback strengths that were capable of
producing a graded output (not shown). Using the same assump-
tions with the 3T P-P-D core module produced a markedly dif-
ferent result using identical scaffold and feedback assumptions.
Here, in contrast to the 2T system, the 3-tiered module failed to
realize graded signal output, and the signal output always

restricted our analysis to MAPK modules present in baker’s yeast
(Saccharomyces cerevisiae, Sc)® and human (Homo sapiens, Hs),®
which have been experimentally validated to function as MAPK
modules (Fig. 7). Despite the fact that fungi and mammals
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Figure 3. Testing module robustness in silico. We used the Hill coefficient
to evaluate the robustness of the MAPK module, because the Hill coeffi-
cient can be used to define the system output. Robustness was assessed
in silico by determining how the Hill co-efficient was maintained in the
face of random perturbations to the system. Here we display the box
plot of the system outputs (i.e., the value of the Hill co-efficient) in the
face of random perturbations.

followed a Michaelis—Menten function under these simu-
lation conditions even when the feedback regulation was
very strong (Fig. 5D). This is because the increased signal
amplification that occurs within a 3-tiered kinase cascade
(due to amplification that occurs at each tier of the cas-

Output

cade’) was sufficient to overwhelm the effects of a scaffold
protein combined with a negative feedback loop, prevent
ing a true analog signal output from being realized in our
simulations.

Under our simulation conditions, only the 2-tiered,
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processive distributive module could generate a true ana-
log signal output. Therefore, we conclude that with respect
to analog signaling, a 2-tiered scaffolded module is more
adaptable than a 3-tiered scaffolded module, a result we -
did not expect. 2

Evolutionary conservation within the MAPK module 3

Using simulations we identified a series of MAPK mod-
ule configurations that display robustness, a fundamental
property of biological systems. Choosing the modules that
most closely resembled those found in nature, we gener-
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Time

ated the unexpected result of a 2-tiered module being the

most adaptable, robust module configuration of the sys-
tems tested.

Adaptable, robust core processes that increase nonle-
thal variation and facilitate phenotypic variation are pre-
dicted to be continuously positively selected for during
evolution.? To validate or refute our surprising simulation
results, we conducted a basic evolutionary analysis on the
established MAPK modules present in humans and yeast

Figure 4. Generating a digital output from different MAPK module topologies
using a positive feedback loop. Shown are the system outputs of the 4 most
robust module configurations in the presence of a positive feedback loop. The
blue solid curve shows the system being activated, with the upward point-
ing arrow indicating “switching on”. The red dashed line indicates the system
becoming inactive after the input is removed, with a downward pointing arrow
indicating ‘switching off’. The double-headed arrow between the curves shows
the presence of hysteresis, which combined with the sharp transition between
“off” and “on” states indicates a bistable system output. The module configura-
tion is indicated above each panel with a heading in bold.

and asked the question which components of the module
display the lowest rate of evolutionary divergence? We

www.landesbioscience.com

Cell Cycle

2383

Do not distribute.

I0Science.

©2014 Landes B



diverged over 900 million years ago,” the M2K and M1Ks from
both phyla all cluster within single, respective clades that corre-
spond to specific kinase families (M2Ks fall within the Ste7 fam-
ily, and M1Ks fall within the MAPK family) (Fig. 6). In contrast,
the M3Ks are distributed across multiple clades (Fig. 6), consis-
tent with established phylogenetic analyses showing that M3Ks
are composed of diverse kinase families and groups.?**® These
data suggest the hypothesis that there has been strong continued
selection (either positive or negative) upon the M2K and M3K
tiers of MAPK modules, and this has maintained their exclusive
distribution within the Ste7 and MAPK families, respectively.
In contrast, the M3K tier is composed of a variety of different
kinases groups, suggesting that these diverse kinases have been
connected to the more highly conserved 2-tiered core modules at
various times during eukaryotic evolution.

This result supports our simulation results, suggesting the
hypothesis that the 2 highly conserved M2K and M1K kinases
makes up the fundamental robust-yet-adaptable core of the
MAPK module, which has been weakly linked to a variety of
diverse kinases that function as input nodes, making up the third
tier of MAPK module.

Discussion
Robustness and adaptability

The theory of facilitated evolution predicts that modules that
are both robust and adaptable will be evolutionarily con-

variation because ‘different core processes must become linked,
by regulatory means, in different combinations, and operated in
different amounts, states, times, and places for the generation of
new anatomical and physiological traits”. In MAPK modules the
proximal MAP kinase kinase kinases function as input nodes,
providing weak linkage between the core 2-tiered circuit and
a variety of different external stimuli.** Importantly, we have
shown that the addition of a third input node activated by pro-
cessive phosphorylation also increases the overall robustness of
the module, further buffering the system against the effects of
random perturbation. Based on our simulation and evolutionary
analyses we propose the hypothesis that the fundamental 3-tiered
MAPK module consists of a proximal input kinases weakly
linked to a highly conserved 2 kinase core.

This hypothesis is entirely consistent with the known biology
of MAPK modules in both yeast and man. Many of the proxi-
mal kinases of mammalian MAPK modules (i.e., M3Ks) acti-
vate multiple MAPK modules (reviewed in refs. 6, 26, and 29;
summarized in Fig. 7). Some examples of promiscuous M3Ks
include MEKK2 and MEKK3, which activate the JNK, p38 and
ERK5 modules?®??; and MLTK and Tpl2, which can activate
all 4 mammalian MAPK modules.?®3> The diversity of different
kinases that make up the M3K tier, combined with their complex
activation and regulation, allows the connection between MAPK
modules and the multitude of inputs that direct of cell fate deci-
sions (reviewed in ref. 29).

served throughout Eukaryotes, because they allow the
generation of novel phenotypes using a few conserved
pathways.* Our aim was to explore this hypothesis by
combining in silico simulations with evolutionary analy-
ses in an effort to identify fundamental circuit configu-
rations that are both robust and adaptable. By focusing
on the evolutionarily conserved MAPK pathways, and
building on established computational models, we have
uncovered a simple 2-tiered circuit configuration within
MAPK modules that is both robust, being able to main-
tain function despite perturbation, and adaptable, able to
be readily reconfigured to generate either analog or digi-
tal outputs by using feedback loops and scaffold proteins.
This finding is supported by evolutionary analyses which
reveal that the 2 proximal M2K and M3K kinases are
highly conserved across phyla.
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Together, these data support the argument that the

2 terminal kinases within MAPK modules have been

maintained during Eukaryotic evolution, at least in part,
through positive selection of the key functional proper-
ties of robustness and adaptability that are inherent to a 2
kinase, processive-distributive circuit.

Weak regulatory linkage

If a simple 2 kinase module is both robust and flex-
ible, why then do MAPK modules contain 3 kinases?
We propose that the answer lies in the requirement for
weak regulatory linkage. Weak regulatory linkage is a
central hypothesis underpinning the theory of facilitated
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Figure 5. Generating an analog output from the MAPK module using feedback
control and a scaffold protein. (A) The 2T P-D system (left panels) and the 3T
P-P-D system (right panels) (B) in the presence of a negative feedback loop. The
blue line shows the output generated in silico, the red dashed lines shows the
output of an ideal Michaelis—Menten system, revealing that both the 2T P-D and
3T P-P-D system outputs closely approximate a Michaelis—Menten system in the
presence of a negative feedback loop. (C) The signal output of the 2T processive-
distributive module modified using a scaffold plus negative feedback loop (solid-
blue-line; scaffold concentration = 1.0: dash-green-line; scaffold concentration =
1.2: dash-dot-red-line; scaffold concentration = 1.4). (D) The signal output of the
3T P-P-D module (solid-blue-line; scaffold concentration = 1.0: dash-green-line;
scaffold concentration = 1.2: dash-dot-red-line; scaffold concentration = 1.4).
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In contrast, the specificity of MAP kinase activation by their  all-or-nothing cell fate decisions is well established (for example
cognate M2Ks is high. The M2K and MK proteins are consti-  see refs. 15, 19, 52, and 53), and our simulation results argue that
tutively tightly linked, thanks to the presence of strong protein-  a distributive phosphorylation step within the cascade has been

protein interactions between the 2 kinases.’*™

This interaction is specific, with each M2K pro-
tein domain specific for its cognate MK.* For
the canonical ERK MAPK module, the activated
MEKs display unique selectivity toward ERK."
The same fidelity is present within the ERK5
MAPK module, with MEK5a and MEK5Bb phos-
phorylating ERK5 but not ERK1/2 despite their
similar activation loops (ref. 42 and reviewed in ref.
6). The primary M2K’s of the p38 MAPK module,
MKK3 (MEK3) and MKK6 (MEKG), display high
selectivity toward p38 and do not activate either
JNK or ERK (refs. 43 and 44 and reviewed in ref.
29). MKK7 (MEK?7) activates JNK and generally
appears incapable of activating p38 (refs. 45 and
46 and reviewed in ref. 29). The exception appears
to be MKK4 (MEK4), which is slightly promiscu-
ous, being able to activate both JNK and p38.448
Nevertheless, the general rule appears to be that the
M2K tier of MAPK modules is composed of kinases
with high specificity for their MAPK substrates.

The terminal MAP kinases are highly promis-
cuous, capable of phosphorylating hundreds of dif-
ferent substrates including transcription factors,
kinases and phosphatases, cytoskeletal proteins,
regulators of apoptosis and inflammation, and
other signaling proteins (reviewed in refs. 29 and
49). MAPK regulated transcriptional networks have
evolved an exquisite sensitivity to changes in MAPK
signal output.’® Thus, the 3 tiered MAPK mod-
ule configuration is able to robustly drive divergent
cell fate decisions utilizing the same core signaling
components due to weak linkages between the input
signal and internal outputs.

The role of scaffolds in compartmentation and
the suppression of distributive phosphorylation

Our current simulations and seminal stud-
ies”!® highlight the ability of distributive systems
to amplify input signal. This amplification is par-
ticularly well suited to building digital systems,
as it ensures that a large difference exists between
the 2 system steady-states that represent the “on”
and “off” of the biological switch. In addition, we
show that the presence of distributive phosphoryla-
tion generates a sharp threshold between the “on”
and “off” states occurs not only when the system is
switching on, but also when the system is switching
off in the absence of reinforcing feedback control.
This ensures that the digital nature of the system
is maintained throughout activation and inacti-
vation cycle, thereby protecting the cell against
the spurious generation of false analog outputs.
The role of MAPK modules in generating critical
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Figure 6. Evolutionary analysis of MAP kinase modules from yeast and man. We
restricted our evolutionary analyses to kinases that have been experimentally veri-
fied to belong to MAP Kinase modules in humans (Hs) and baker’s yeast Saccharomyces
cerevisiae (Sc) (reviewed in refs. 5, 6, 27, and 28). We conducted a Maximum Likelihood
evolutionary analysis on the aligned sequences using Mr Bayes,” using the standard
options available in the Geneious software plugin.”' The Epithelial Growth Factor
Receptor (EGFR) from human, fruit fly (Drosophila melanogaster DM) and worm (let-23
Caenorhabditis elegans Ce) were used as out-groups to root the tree (shown in black).
The M3K tier of the module is shown in green, the M2K tier shown in blue, and the M1K
tier shown in red. The kinase family groups are indicated by lines and named on the
right, the kinase groups are shown on the left.
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positively selected and fixed during evolution because it enables
reliable digital signal transduction to occur. However, this net-
work topology provides a challenge for the generation of analog
signaling when using the same core pathway components, as we
found that even with strong negative feedback control, signal
pathways that contain a distributive phosphorylation step cannot
generate a true analog output.

We solved this problem in silico by utilizing the scaffold-
dependent suppression of distributive phosphorylation, which
successfully generated an analog output when combined with
negative feedback. Scaffold proteins have been hypothesized to
enable analog signaling in MAPK modules by holding the M2K
and M3K proteins together to encourage processive phosphoryla-

> that was confirmed

tion,”*> a prediction we realized in silico
experimentally in yeast by Takahashi and Pryciak.”” Further,
Matsuda and colleagues revealed experimentally that cells
can also suppress distributive phosphorylation using molecu-
lar crowding, which contributes to analog signaling from the
canonical MAPK pathway in mammalian cells.”? We show that
scaffold-mediated suppression of distributive phosphorylation,
in combination with negative feedback, allows the generation of
an analog output from a pathway containing a distributive phos-
phorylation step.

Spatial constraint is another mechanism proposed to facilitate
the generation of phenotypic variation from core components.*
Spatial compartmentalization has been proposed to facilitate
the use of core processes in different biological contexts, while
decreasing the chance of interference or leakage into other bio-
logical functions.* An important additional role of scaffolds is to
provide spatial localization signals to direct promiscuous MAK
kinases toward specific substrates. For example, KSR functions
as a scaffold protein for the canonical mammalian RafFMEK-
ERK cascade.”® Within the immune system, one function of the

Raf-MEK-ERK pathway is to direct cytotoxic killing by natural
killer cells and cytotoxic T-cells.’® Here, the scaffold protein KSR
recruits activated ERK to the immunological synapse where it
can phosphorylate key substrates that regulate cytotoxic immune
cell function.’® Scaffolds can also directly regulate pathway out-
put using complex allosteric mechanisms as has been discovered
in yeast®” and mammalian scaffold MAPK scaffold proteins.®

Clearly, our simplified models do not realize the full depth
and breadth of scaffold functionality. Nevertheless they highlight
that the suppression of distributive phosphorylation by scaffolds,
in combination with negative feedback, as one fundamental
mechanism that can be used to generate MAPK module signal-
ing flexibility in vivo. These findings may inform our under-
standing of scaffold evolutionary dynamics, as MAPK scaffolds
are made up of diverse proteins and appear ubiquitous to MAPK
signal transduction in vivo.t"®

Exploratory processes

Gerhart and Kirschner discussed how the exploratory behav-
ior of robust-yet-adaptable modules has been crucial in the evo-
lution of complex animal physiology.® Here, core processes are
proposed to “search and find targets in large spaces or molecular
populations”. We propose that the modular, robust-yet-adapt-
able structure of MAPK modules enables exploratory behavior
that enhances the generation of phenotypic variation. At the
single cell level protein copy numbers are heterogeneous due to
stochastic gene expression (reviewed in ref. 63). Heterogeneous
protein expression can have a significant effect on cellular phe-
notype.®® Using a synthetic MAPK module, O’Shanaughnessy
et al. demonstrated that changing concentration of components
of a MAPK module can alter pathway output,'® providing proof-
of-principle experimental data supporting the idea that changes
in protein expression levels can be used to explore different
phenotypes driven by MAPK pathway activation. In addition,

ERK Module p38 Module

JNK Module ERK5 Module

Raf, MOS, Tpl-2

M3K MEKK1, MEKK2, MEKK3

MEKK1, MEKK2, MEKK3, MEKK4
ASK, MLK, TAK, TAO, Tpl-2

MEKK1, MEKK2, MEKK3, MEKK4
ASK, MLK, TAK, TAO, Tpl-2

MEKK2, MEKK3

N/

MEK3, MEK6

M2K MEK1, MEK2

MAPK ERK1, ERK2 p38

v
many substrates many substrates

\ /

MEK4, MEK7

MEK5

JNK ERK5

!
many substrates

v
many substrates

Figure 7. The 3-tiered MAPK module structure in mammals. Mammals have 4 established MAP kinase modules, the canonical ERK MAPK module, the
p38, and JNK stress-activated modules, and the ERK5 module. All of the MAPK cascades follow a 3-tiered module configuration, with the proximal MAP
Kinase Kinase Kinase (M3K), a central MAP Kinase (M2K) and a terminal MAP Kinase (MK). In general, each module regulates distinct cell phenotypes, with
the ERK module controlling cellular proliferation and differentiation, the p38 and JNK modules controlling cellular response to various forms of stress,
and the ERK5 module controlling both stress response and cell proliferation. However, MAPK module functions are often overlapping and opposing,
and individual MAPK modules can also regulate non-canonical cell phenotypes under certain conditions. The proximal M3K consists of a group of evo-
lutionarily diverse, promiscuous input kinases that link the evolutionarily conserved, non-promiscuous M2Ks to a variety of external stimuli. The M2Ks
are tightly linked to their cognate, evolutionarily conserved MAPKs. Once phosphorylated the MAPKs dissociate from their M2K partners and function
as the output node of the module, phosphorylating a diverse array of substrates that include transcription factors, phosphatases and other kinases. For
detailed reviews of the form and function of mammalian MAPK modules the readers are referred t0.5?
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heterogeneous expression of scaffolds such as KSR1, which alter
pathway sensitivity, is also used to affect the distribution of cell
phenotypes in populations of immune cells controlled by the
MAPK module.’* Thus the flexibility of the core MAPK mod-
ule is well positioned to allow cells to explore new phenotypes
through the heterogeneous expression of kinases or key regula-
tory proteins within the module.

Conclusions

Based on our new simulation results combined with historic
studies, we propose that MAP kinase modules are composed of
promiscuous input kinases (M3Ks) converging on a conserved
core (M2K — MAPK), which then fans out to connect to a
highly diverse repertoire of outputs (Fig. 7). It has been argued
that this type of “bow-tie” architecture is critical for the gen-

6667 however the circuit

eration of robust yet evolvable networks,
logic selected for during evolution that enables robustness and
evolvability inherent to bow-tie networks remain poorly charac-
terized. Here we formally propose that the 3-tiered module is
one such circuit topology, which is robust-yet-adaptable, allow-
ing the generation of multiple output types from the same core
components. We hypothesize that this robust-yet-adaptable cir-
cuit configuration, after its initial selection and fixation within
the Eukaryotic genome, has served to facilitate the generation of
phenotypic variation during the evolution of Eukaryotic signal
transduction. This model goes some way toward explaining why
the fundamental 3-tiered structure of MAPK modules has been
conserved from yeast to man, and why it has been utilized to con-
trol many biological functions that are essential for life.

Materials and Methods

Mathematical modeling

Our proposed models of the MAP kinase pathway include
Ras-GTP (denoted as UIS) as the signal input of the MAP
kinase cascade. In the 3-tiered model, UIS activates MAP kinase
kinase kinase (M3K) molecules in a single step. This activa-
tion is followed by sequential activation of the dual-specificity
MAP kinase kinase (M2K) by M3Kp (i.e., the activated M3K)
in either a single-step processive module or 2-step distributive
module. The activated M2Kpp (i.e., phosphorylated M2K at 2
residue positions) in turn activates MAP kinase (M1K) in either a
single-step processive module or 2-step distributive module. The
activated M1Kpp (i.e., phosphorylated M1K at 2 residue posi-
tions) is the signal output of the MAK kinase module. In addi-
tion, phosphatases, termed as PM3K, PM2K, and PMI1K, can
deactivate the activated M3Kp, M2Kpp, and M1Kpp kinases,
respectively. However, in the 2-tiered model, signal input UIS
activates M2K directly; while in the one-tiered model, UIS acti-
vates M1K directly.

A set of chemical reactions was used to describe the detailed
process of kinase activation. Briefly, the activated kinase (or phos-
phatase) K binds to its substrate S (or activated kinase Sp) to form
a protein complex K-S (or K-Sp), which leads to the activated sub-
strate Sp (or deactivated kinase S). Examples of these reactions

www.landesbioscience.com

are: the processive phosphorylation module of M2K kinase

MBKp+M2K 7=—=>M3Kp-M2K ——>M3Kp + M2Kpp (1)

and the distributive phosphorylation module of M1K kinase

M2Kpp+MIK :<:> M2Kpp-M1K —~— M2Kpp + MIKp (2)

M2Kpp+M1Kp [;<:> M2Kpp-M1Kp—“—M2Kpp + M1Kpp (3)

Where a, d, and k, are protein binding, dissociation and acti-
vation rate constants, respectively. All the chemical reactions are
listed in the supplementary information.

A mathematical model was developed according to the chemi-
cal rate equations of these chemical reactions. For example, reac-
tion (1) leads to the following differential equation for the

dynamics of the M3Kp-M2K complex, given by:

w = a,[M3Kpl[M2K]~(d, +k)[M3Kp—M2K)(4)

Detailed information of the differential equations is given in
the supplementary information.

Robustness analysis

We used the concept defined by Kitano to measure the
robustness property of the proposed model. The robustness prop-
erty of a mathematical model with respect to a set of perturba-
tions P is defined as the average of an evaluation function

s
Du‘P

of the system over all perturbations peP weighted by the per-
turbation probabilities prob(p), given by:

R, =]  prob(p)D},dp(5)
PpEP

Here we proposed to use the following measure to evaluate the
average behavior

R =3\ [ probprs,(mp |0

that is the mean of kinase activities that should be close to
the simulated kinase activity obtained from the unperturbed rate
constants. In addition, the impact of perturbations on nominal

behavior is defined by
Rl =X ], prob(p) (p) -3, (o) dp )
LJ

Where xl,j(p) and X, are the simulated activities of kinase x,
at time point # with perturbed and unperturbed rate constants,
respectively, and

X, (p)
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is the mean of xij(p) over all the perturbated kinetic rates.

For each network model, we consider nine cases with the per-
turbation to different parameters. For each of the rate constants
a,d,and k, we considered 3 cases for the phosphorylation rates,
dephosphorylation rates, and both, respectively. In each case for
the rate constant £, the perturbation

k,

1

is set to:

k. = k.(1+0.1% j), j=0.1,....58)

Evolutionary analyses

We restricted our evolutionary analyses to kinases that have
been experimentally verified to belong to MAP Kinase modules
in humans and baker’s yeast Saccharomyces cerevisiae (Table 10.1;
reviewed in refs. 5, 6, 27, and 28). The amino acid sequences of
the complete kinases and the kinase domains were downloaded
from the kinase database (KinBase) at Sugen/Salk (http://kinase.
com/kinbase/). Kinase Group and Family displayed in Table
10.1 were defined according to the KinBase classifications.”
We chose to conduct our evolutionary analyses on the kinase
domains only because the accuracy of phylogenetic analyses can
be critically dependent on the alignment quality.®® We aligned
the kinase domains of the proteins by eye using the established
kinase domain alignment, published by Hanks and Hunter,

where the kinase domains are aligned according to residue func-
tion as well as sequence homology.®

We conducted a Maximum Likelihood phylogenetic analysis
on the aligned sequences using the Mr Bayes Plugin in Geneious”
using the standard options available in the Geneious software
plugin.”! The analysis was repeated 5 times, a representative tree
is shown in Figure 4. The kinase domain of the EGFR from
human, yeast and worm was included as an out-group to allow
for out-group rooting. The reasonableness of the phylogenetic
analyses were determined by comparing our results with evolu-

27,28

tionary analyses published in the literature?”*® and more recent

phylogenies published online at kinase.com.
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