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The modeling of redox-active pro-
teins immobilized on solid surfaces
has recently received an increasing
interest for its importance in sev-
eral technologically relevant fields
such as implementation of bioelec-
tronics, development of biofuel cells
and applications in nanotechnology
[1, 2, 3].

Despite many potential applications and the fundamental scientific inter-
est, a deep comprehension of the behavior of proteins immobilized on
electrodes is still missing. Specifically, electron transfer (ET) processes at
the bio-inorganic interface are poorly understood at the microscopic level.
An adequate insight into such mechanisms is, however, fundamental for
enabling the optimization of the electrical communication between proteins
and electrodes, which is a critical issue for the development of biofuel cells.
Indeed, although this kind of devices has been since many years the target of
intense studies, research on enzymatic biofuel cells is still in the fundamental
stage.

When redox-active proteins are studied at electrodes, some fundamental
difficulties have to be faced: many proteins undergo denaturation when
adsorbed at metal electrodes, resulting in dramatic changes of their ET
properties. Even when the functionality is preserved upon surface tethering,
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the protein orientation towards the surface can severely influence the kinetic
of the ET process. This has led to the suggestion of a number of empirical
immobilization strategies aiming at preventing denaturation and facilitating
electron exchange within the bioinorganic interface. Yet, central aspects of the
problem are thus still unclear and, most notably, appropriate models to study
the problem are lacking, confining the development of such systems to trial-
and-error approaches. In particular, the use of theoretical and computational
methodologies to understand and optimize the behavior of immobilized ET
proteins is still in its infancy [2, 4].

A hybrid quantum mechanics/molecular mechanics (QM/MM) approach
based on the Perturbed Matrix Method (PMM) is here presented to characterize
the thermodynamic properties of the ET reactions of redox proteins immobi-
lized on solid surfaces. Such a method, based on a joint application of MD
simulations and QM calculations, provides a reliable modeling of chemical
processes in complex molecular systems, preserving both the configurational
complexity of the overall atomic-molecular environment and the quantum-
chemical description of the chemical event [5, 6]. The PMM approach has
been already successfully applied to model several processes (reactions in
proteins, the variation of UV and IR spectra as a function of the environment,
charge-transfer in solution) and has been recently developed to handle the
bio-inorganic interface.

As previously mentioned, the inefficient electron conduction between
biocatalysts and electrodes is a critical point in the development of biofuel
cells. However, ET reactions are more efficient for those proteins in which at
least part of the redox centre is conveniently located at or near the periphery
of the protein shell. These proteins are able to carry out direct electron transfer
(DET) between the protein active centre and the electrode surface. Obviously,
the orientation of the protein on the electrode surface is a key factor affecting
the ET activity. Cytochrome c (Cyt c), laccase, hydrogenase and several
peroxidases fall into this category.

The study of Cyt c covalently bound to gold is here presented, as it is a
benchmark systems of technological relevance. Cyt c is indeed a very well
characterized protein that has been extensively studied both experimentally
and theoretically and gold surfaces are widely used in several bio-electronics
and biological applications. By means of classical molecular dynamics simu-
lations and the Perturbed Matrix Method, the redox potential of Cyt c adsorbed
on a bare gold surface is calculated and, after validation by comparison
with experimental results, insights are gained on the structural and dynamic
determinants to the redox thermodynamics of the adsorbed molecule.
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