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Abstract

Electrochemical multielectron reactions in photosynthesis and respiration are evaluated by thermodynamic and kinetic analysis. Kharkats and
Volkov [Yu.l. Kharkats, A.G. Volkov, Biochim. Biophys. Acta 891 (1987) 56] were the first to present proof that cytochrome ¢ oxidase reduces
molecular oxygen by synchronous multielectron mechanism without O,~ intermediate formation. After this pioneering observation, it became
clear that the first step of oxygen reduction is two-electron concerted process. The energy for the H"-pump of cytochrome oxidase is liberated
when the third and fourth electrons are added in the last two steps of water formation independent of the reaction pathway. Electrochemical
principles govern many biological properties of organisms, such as the generation of electric fields, and the conduction of fast excitation waves.
These properties are supported by the function of a variety of natural nanodevices. Ionic channels, as natural nanodevices, control the plasma mem-
brane potential, and the movement of ions across membranes; thereby, regulating various biological functions. Some voltage-gated ion channels
work as plasma membrane nanopotentiostats. In plants, excitation waves are possible mechanisms for intercellular and intracellular communi-
cation in response to environmental changes. The role of electrified nanointerface of the plasma membrane in signal transduction is discussed

as well.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Living organisms are intricately designed with systems of
“checks and balances” which regulate biological processes,
and minimize malfunctions. Biological nanodevices are largely
responsible for the nearly flawless function of various organisms.
The study of nanodevices has limitless applications in bioelec-
tronics, biology, bioelectrochemistry, genetics, biophysics, bio-
engineering, biotechnology, and other fields of scientific study.

The electrochemical aspects of various nanodevices in a wide
variety of biological processes are discussed. Furthermore, we
focus specifically on: nanoreactors in multielectron reactions,
the bioelectrochemical function of cytochrome oxidase, elec-
trochemical nanodevices in photosynthesis and phototropism.
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There are many publications that focus on isolated nanode-
vices within very specific model systems; however, this approach
allows us to analyze the role and significance of nanodevices in
a variety of life forms including plants, animals, and bacteria.

Nanodevices are molecules or molecular complexes that have
clear and specific functions, and are a few nanometers in size.
Millions of nanodevices exist in nature, and we will discuss a few
examples. Natural nanodevices include photochemical, electro-
chemical, and synthetic nanoreactors. Photosystems I and II,
enzymes, enzymatic systems in the citric acid cycle, and carbon
fixation in the reductive carboxylic acid cycle are also common
nanodevices in nature. Molecular motors such as ATP synthase,
myosin, kinesin, DNA helicases, DNA topoisomerase, RNA
polymerase, and bacterial rotary motors are vital nanodevices
that serve to regulate biological processes. Molecules in electron
transfer chains act as nanorectifiers and nanoswitches. Biolog-
ical applications for nanodevices include information transfer,
molecular computing, mechanosensors, electroreceptors, mag-
netoreceptors, magnetosomes, neuronal networks, light sensors,
and ion channels.
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2. Multielectron processes in bioelectrochemical
nanoreactors

Vectorial charge transfer and molecular recognition at the
interface between two dielectric media are important stages
in many bioelectrochemical processes such as those mediated
by energy transducing membranes [1-5]. Many biochemical
redox reactions take place at aqueous medium/membrane inter-
faces, and some of these reactions are multielectron processes.
About 90% of the oxygen consumed on Earth is reduced in a
four-electron reaction catalyzed by cytochrome ¢ oxidase. Mul-
tielectron reactions take place during photosynthesis, which is
one of the most important processes on Earth.

Synchronous multielectron reactions may proceed without
the formation of intermediate radicals. These radicals are highly
reactive, and can readily enter a side reaction of hydroxylation,
and destruction of the catalytic complex. Since multielectron
reactions do not pollute the environment with toxic intermediates
and are ecologically safe, they are used by nature for biochemical
energy conversion during respiration and photosynthesis. In the
multielectron reaction that takes place in a series of consecutive
single-electron stages, the Gibbs energy necessary for a single-
electron transfer cannot be completely and uniformly distributed
over the stages. The energy demand for various stages is varied,
and the excess energy in the simpler stages is converted into heat.
In a synchronous multielectron reaction, the energy is used very
economically [6-9].

An important parameter in the quantum theory of charge
transfer in polar media is the medium reorganization energy,
E, which determines activation energy. The energy of medium
reorganization in systems with complicated charge distribution
was calculated by Kharkats [10]. Reagents and products can be
represented by a set of N spherical centers arbitrarily distributed
in a polar medium. The charges of the reaction centers in the
initial and final state are 7' and z!, respectively. Taking Ry to rep-
resent coordinates of the centers, and &; for dielectric constants
of the reagents, it follows that:
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where (8z;) = z£ — z}(, Rpx=Rp — Ry, zi, and z}( are charge num-
bers of particle k in the initial and final states, respectively. The
term a,, is the radius of particle p, Ry the coordinate of k-particle
center, and &; the dielectric constant of reactant. Reactions with
synchronous transfer of several charges present a particular case
of Eq. (1).

It follows from Eq. (1) that Ej is proportional to the square of
the number of transferred charges. Homogeneous multielectron
processes are unlikely due to the high activation energy result-
ing from a distinct rise in the energy of solvent reorganization.
For multielectron reactions, the exchange currents of n-electron
processes are small compared to those of single-electron multi-
step processes, which make the stage-by-stage reaction mech-
anism more advantageous. Therefore, multielectron processes
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can proceed only if the formation of an intermediate is ener-
getically disadvantageous. However, conditions which reduce
E during transfer of several charges to the level of the reor-
ganization energy of ordinary single-electron reactions can be
chosen. These conditions require systems with a low dielectric
constant and large reagent radii. Furthermore, the substrate must
be included in the coordination sphere of the charge acceptor
with several charge donors or acceptors bound into a multicen-
ter complex. Recent papers have presented theoretical studies on
the kinetics of heterogeneous multielectron reactions at water/oil
interfaces, which proved to be capable of catalyzing multielec-
tron reactions, and sharply reducing the activation energy.

The most effective coupling of ion and electron transport can
be obtained if the activation energy of the coupled process is
lower than that of the charge transfer in the electron transport
chain. It is apparent from Eq. (1) that this requires a simultaneous
transfer of opposite charges, so that the second and the third
terms of Eq. (1) are negative. An optimal geometry between the
centers of charges of donors and acceptors must also be chosen.

3. Cytochrome oxidase: a nanodevice for respiration

The function of the enzymes of the mitochondrial respiratory
chain is to transform the energy of redox reactions into an elec-
trochemical proton gradient across the hydrophobic barrier of a
coupling membrane.

Cytochrome oxidase (EC 1.9.3.1, PDB 20CC) is the terminal
electron acceptor of the mitochondrial respiratory chain. Its main
function is to catalyze the reaction of oxygen reduction to water
using electrons from ferrocytochrome c:

respiration

4HY + 0y +4e- =

photosynthesis

2H,0 2)

Reaction (2) is exothermic, and this energy can be used to
transport protons across the mitochondrial membrane (Fig. 1).
The enzyme contains cytochromes a and a3, one binuclear cop-
per complex Cu,, one mononuclear copper site Cuy, and one
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bound Mg?* per monomer. It has a molecular weight ranging
from 180,000-200,000 kDa for the most active form [11-13].
Cytochrome oxidases can transport a maximum of eight protons
across the membrane per oxygen molecule reduction [14,15].
Four of the protons bind to the reaction complex during the
reduction of oxygen to water, and up to four other protons are
transported across the membrane. The resulting proton gradient
is used in ATP synthesis.

Kharkats and Volkov were the first to present proof that
cytochrome ¢ oxidase reduces molecular oxygen by syn-
chronous 2:1:1-electron and 0:2:2 proton pump mechanism
without the formation of an O, ™ intermediate [7-9,14,15]. The
calculations predicted that the first step in oxygen reduction by
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