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Cell responses to internal and external stimuli are
governed by protein interactions. The enzymatic ac-
tivity and biological function of proteins is modulat-
ed by reversible post-translational modifications such as
phosphorylation, acetylation, methylation, ubiquitina-
tion, sumoylation, etc1. Thus, post-translational protein
modifications play a key role in regulating cellular pro-
cesses. Here we present a general mathematical model
of reversible protein modification networks and demon-
strate that a single protein modified by several enzymes
is capable of integrating multiple signals into robust digi-
tal cellular decisions by switching between multiple forms
that can activate distinct cellular processes. We devel-
op an analytical approach for constructing the phase di-
agram of such systems from the structure of the pro-
tein modification network, determining how switching
between distinct responses take place. This method can
be applied to a broad class of protein modification sys-
tems and provides an alternative to numerical approach-
es that give limited insight when the number of unknown
parameters is large.

First we consider a system of two competing pro-
tein modification cycles connecting three different pro-
tein forms. We show that in the steady state most of the
protein is concentrated into a single form determined by
the enzyme activities representing the input signals of the

system when the total protein concentration is large com-
pared to the Michaelis-Menten saturation constants. We
generalize this model to protein modification networks
with tree structure and describe the mechanism of com-
plex switching behavior of proteins arising from coupled
cycles of reversible modifications controlled by multiple
enzymes. These systems can be characterized by con-
structing their phase diagram, that is a partition of the
space of enzyme activities into regions corresponding to
different dominant forms. We show that the phase dia-
gram can be obtained analytically from the wiring dia-
gram of the modification network by recursively solving
a set of balance equations for the steady state protein
distributions and then applying a positivity condition
to determine the regions corresponding to the different
types of solutions. This method can be implemented in
a computer algebra system that automatically generates
the phase diagram as a set of inequalities with the pa-
rameter treated symbolically.
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