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Cellular systems isolate reactions through spatial localisation
and chemical specificity1 thus creating modules that can
achieve functional orthogonality. Connections between
modules are pruned and established by evolution acting on
the genome, generating new functionality.
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The classical approach to modelling gene circuits based on ODEs is
questionable in systems with low number of molecules due to the
finite number effect (η ~ 1/√N). Moreover spatial isolation is not
accurately specified either.

Here we outline a formal computational paradigm - P systems
- that emphasises the discrete, stochastic and modular
features of gene circuits. By ‘executing’ our models with the
Gillespie stochastic simulation algorithm2 we obtain kinetically
correct trajectories of systems in reasonable computational
time, which are used to investigate the possible states of the
system.
P systems are mapped to biological systems:
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In P systems spatial localisation is effected by a hierarchical
membrane structure which delimits multisets of objects
(molecular species) and the rules (physiochemical or
biological reactions) that act on them. The specificities of the
rules determine orthogonal modules within the same
membrane. Here ATP is produced in the mitochondria by ATP
synthase pumping protons at a rate of 0.1 molecules/second:
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Compositionality of modules
In our methodology a module is a set of rules that define a biological
function. For instance the dimerisation module is a complementary
pair of association and dissociation rules:

which takes as its input a vector of objects, a vector of rate constants
and a compartment label.

A more complex module is a negatively regulated gene neg:
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The above example is a gene circuit that generates a
transient pulse of a protein, one that might be needed at a
specific juncture in the cells development. This circuit is
composed of two positive regulation modules where a
transcription factor A in the presence of the extracellular signal
SA activates genes B and C. A negative regulation module in
the presence of the signal SB, sequesters the promoter of
gene C. This is a type 1 incoherent feed-forward loop3
module. The equivalent P system would have a rule set
composed of an unreg, a neg and two pos modules.
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The graph above shows the time
series of protein A in a single
simulation (note the high level of
noise). The three time series on the
right show the mean quantities of
proteins A, B and C from 50
independent stochastic simulations.
The pulse-generating dynamics are:
the activation of proteins B and C at
time t1 when protein A exceeds the
threshold thA. After a delay necessary
for protein B to exceed threshold thB
the production of protein C is halted
at t2.
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Summary
a repressor Rep binds gene G,
producing Goff, thwarting the
production of mRNA R and protein
P, which would otherwise be
degraded in time.

neg is built from smaller modules like dim. In a similar way
positive and unregulated gene expression can be defined.

+

P systems are a relevant and understandable framework for
the design of gene circuits. Our approach allows us to
construct gene circuits by combining previously found or
designed elementary transcriptional control modules.
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