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2 School of Chemical Engineering, Aalto University, Finland.

In this work, we consider the framework of mesoscopic non-equilibrium thermody-
namics [4, 3, 5] to evaluate the stochastic energetics of enzymatic reactions described
in terms of classic Michaelis-Menten/Briggs-Haldane theories. We consider a system
comprising of a single enzyme which can exist in one of two states, either in free form or
complexed with the substrate, and that the formation of product is reversible. Moreover,
we assume that the kinetics of the reaction network can be expressed using elementary
reactions and that the system is coupled to a heat reservoir. Because the interactions
with the heat bath are assumed to be uncontrolled and intrinsically stochastic, each
reaction will be described as a random event characterised by a single parameter, the
rate constant. It is thus expected that a different evolution of the system is observed
each time the experiment is repeated. Such a description leads to model the system as
a continuous-time Markov process with discrete state-space, a Markovian jump process.

The resulting stochastic kinetics are represented with two complementary formula-
tions of the dynamics: either in terms of the fluctuating number of molecular species
that follow the Gillespie algorithm [1], or in terms of the probability distribution that
satisfies the chemical master equation [2]. We discuss how thermodynamic observables
of relevance, like the stochastic heat and the stochastic work, are defined at the level of
single trajectories and compute their value for this system. We establish the stochastic
counterpart of the first and second law of thermodynamics and we establish the funda-
mental fluctuation relations. The energetic analysis relies on the irreversible nature of
non-equilibrium processes and the definition of non-equilibrium entropy and entropy pro-
duction. Free energy is computed as the quantity proportional to the Kullback-Leibler
divergence between the system’s probability distribution and its equilibrium distribution.
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