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Abstract

The free electron of superoxide ion radical has high mobility. Superoxide deionization to dioxygen and
peroxide is catalyzed by superoxide dismutase enzymes, but mechanistic proposals to date have been strictly
particulate without considering net continuum effects. The following communication begins to resolve this
dissonance by modeling the free electron of superoxide as a current source and superoxide dismutase as an
electric circuit. Oxygenated free electron flow current intensity was modeled as I = NAeµ[O·−

2 ]
˜

S E · dS in
the presence of a field of a superoxide sensor such as superoxide dismutase. A modeled black box superoxide
dismutase network executes oxidation to dioxygen (anode) and reduction to peroxide (cathode) with a single
reaction’s terminal voltage of E0′ = 1.05V. Current intensity dQ/dt of the closed system model circuit was
calculated from net rate constant λ as I = 2λFV[O·−

2 ]2. This novel electrodynamic paradigm has immediate
implications for superoxide dismutase mechanics.
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Introduction

The identification of analogous frameworks
across disparate scientific domains is a powerful
heuristic tool in interdisciplinary study [1, 2], es-
pecially in the physical modeling of biological phe-
nomena. The paramount example is Hodgkin and
Huxley’s analogical use of electric circuit diagrams
to describe the electrochemistry of axonal action
potentials [3] – work that nucleated a paradigmatic
shift in electrophysiology [4].
Superoxide dismutase is an enzyme that catalyzes

the deionization of superoxide to dioxygen and per-
oxide in a reaction that spontaneously proceeds en-
tirely via radical electron transfer and solvated pro-
tonation [5]. Despite this dependence on the nature
of free electrons, mechanistic interpretations to date
have been strictly particulate without considering
net continuum effects viz. no work has yet bridged
the nature of mobile electron transfer to that of
electric current and its accompanying electromag-
netic framework.

Oxygenated free electron flow
Dioxygen (O2), the most stable allotrope of oxy-

gen, is the most frequent electron acceptor in aer-
obic biology. Its reduction is often coupled with
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protonation to generate water in terminal electron
transportation

O2 + 4 H+ 4e−−−→ 2 H2O

However, when aberrant electron transport leaks
are not coupled with protonation, the one-electron
reduction of dioxygen generates superoxide [6]

O2
e−−−→ O·−

2 (1)

Exposing an oxygenated solution to a beam of ac-
celerated electrons (pulse radiolysis) generates su-
peroxide via the same net reaction [7].

Oxygen’s high electronegativity enables superox-
ide’s relative stability in biological solution because
the superoxide electron will only flow to a compat-
ible electrophile. Self-exchange studies have shown
that the superoxide electron flows across dioxygen
via outer sphere mechanisms sc. there are no inter-
mediates or transition states [8, 9]

O2 + ∗O·−
2 −−→ O·−

2 + ∗O2 −−→ O2 + ∗∗O·−
2 (2)

The outer sphere electron flow of Reaction 2 pro-
ceeds via the reversible half Reaction 1.
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General superoxide dismutase
Superoxide is a toxin widely implicated in disease

and inflammatory pathogenesis [10]. Aerobic cells
are thought to mitigate superoxide with the ubiq-
uitous expression of superoxide dismutase (SOD)
metalloenzymes. Aerobes that lack SOD or express
dysfunctional SOD suffer detrimental and often fa-
tal effect [11]; conversely, functional SOD is a his-
torical exogenous therapeutic [12]. SOD catalyzes
the deionization of superoxide

2 O·−
2 + 2 H+ λ−→ O2 + H2O2 (3)

Net rate constant λ at which SOD deionizes su-
peroxide varies depending on the enzyme and its
milieu, but is generally on the order of 109 m−1 s−1

over {5.0 ≤ pH ≤ 9.5}, {20◦C ≤ T ≤ 40◦C}, and
{10−13m ≤ [O·−

2 ] ≤ 10−5m} in solution [13, 14].
The traditional particulate model of SOD de-

scribes a bound transition metal (M) as sole fa-
cilitator of the superoxide electron transfer in the
cyclic reaction

O·−
2 + M(n+1)+ λ1−→ O2 + Mn+

O·−
2 + 2 H+ + Mn+ λ2−→ H2O2 + M(n+1)+

(4)

The activity of wild-type SOD is historically de-
scribed as “diffusion limited” sc. strict Brown-
ian motion. However, certain peripheral mutations
generate increased activity several times that of
wild-type per part M [15, 16]. Additionally, what
little data exists for an enzyme-substrate complex
O·−

2 −M(n+1)+ or even a bound Mn+ is theoreti-
cal or mimetic-based. These conditions imply the
possibility of a catalytic role for SOD that is not
strictly particulate relative to M.

Models

Oxygenated free electron flow modeled as electric
current
Over certain range there is apparently a direct

linear correlation between a superoxide sensor’s
electric current intensity and the solution concen-
tration of superoxide1 [20–22]: I ∝ [O·−

2 ]

1Describing superoxide solely in terms of solution con-
centration cf. the standard for biochemical literature is an
approximation because like dioxygen, superoxide is primar-
ily gaseous [17]. While gaseous partial pressure is ideally
proportional to solution concentration [18], superoxide has a
shorter half-life as a liquid than as a gas [19].

Oxygen is the conductive medium for that elec-
tric charge [21–23]. Charge carrier (electron) den-
sity is thus n = NA[O·−

2 ] where NA is Avogadro’s
constant.

Superoxide free electrons flow across dioxygen ac-
cording to Reactions 1 and 2 [8, 9]. Therefore the
electrical conductivity (a material constant) of oxy-
genated electron flow is σ = enµ where e is the
elementary charge and µ is the mobility of the su-
peroxide free electron.

A continuum of Ohm’s law states that electrical
conductivity is proportional to electric current den-
sity J and electric field E by J = σE.
Approximating Reaction 2 as a continuous loop

without leakage, a continuum of Ampère’s law
states that I may be written as the flux integral of J
through a dioxygen surface S spanning the loop sc.
current intensity is the summation of current den-
sity over the region where current flows according
to I =

˜
S J · dS, yielding

I = σ

¨
S

E · dS =NAeµ[O·−
2 ]
¨

S
E · dS (1)

Thus the proportionality constant of I ∝ [O·−
2 ]

can be defined as k = NAeµ
˜

S E · dS. It follows
that in the absence of a field of an electromagnet
such as a superoxide sensor, the electrons would
diffuse without a line of current.

General superoxide dismutase modeled as an elec-
tric circuit

The most top level general SOD model is the
black box diagram of Figure 1 describing input and
output without considering internal circuitry. Ter-
minal A accepts electric charge that flows across
the circuit to terminal B, generating direct electric
current I. The superoxide reactions at terminals
A and B generate dioxygen and peroxide, respec-
tively.

In aqueous conditions at pH 7 the standard ox-
idation potential for a reaction at terminal A (an-
ode) is approximately Eo0 = 0.16V and the stan-
dard reduction potential for a reaction at termi-
nal B (cathode) with the addition of two hydro-
gen ions to generate hydrogen peroxide is approx-
imately Er0′ = 0.89V [24, 25]. Thus the stan-
dard potential for a single net reaction to hydro-
gen peroxide sc. the voltage across the terminals is
E0′ = 1.05V.
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Figure 1: Black box diagram of a general SOD circuit in
electron flow notation.

Empirically determined SOD rate constants en-
able a certain current intensity calculation of the
circuit model. In the traditional particulate model
of Reaction 4, λ1 = λ2 thus λ is considered empiri-
cally equivalent to λ1 [26], despite λ being pseudo-
second-order and λ1 being pseudo-first. For Reac-
tion 3 in a closed system of constant volume, the
reaction rate r = −d[O·−

2 ]/dt = 2λ[O·−
2 ]2. Treat-

ing superoxide as its electron [8, 9, 20–23]: charge
carrier density n = NA[O·−

2 ], Faraday’s constant
F = eNA, and charge density ρ = −en; yielding
r = 2λ(−ρ/F)2. Average charge density with con-
stant container volume V yields the current inten-
sity expression

I = dQ
dt = 2λFV[O·−

2 ]2 (2)

λ is constant over {10−13m ≤ [O·−
2 ] ≤ 10−5m}.

In a 100fL human cell where λ ≈ 2× 109 m−1 s−1,
by Equation 2 human intracellular SOD has a cur-
rent intensity I on the order of yA to nA. The
SOD circuit has a magnetic field associated with
its electric current.

Figure 2: Norton equivalent diagram of a general SOD circuit
in electron flow notation.

If current intensity were instead calculated with
the unknown traditional particulate model rate
constant λ1, Equation 2 would be I = λ1FV[O·−

2 ],
concurring with precedent as a linear correlation

between the superoxide sensor’s electric current in-
tensity and the solution concentration of superoxide
[21, 22].

According to the theorems of Norton and
Thévenin, the black box model of Figure 1 simpli-
fied to contain only current source, voltage source,
and resistor elements may be equivalently described
as a single current source in parallel with a single
resistor and a single voltage source in series with a
single resistor, respectively. The Norton equivalent
is diagrammed in Figure 2 to show continuity of
current source although a constant current inten-
sity is the expected behavior only at maximum sat-
uration. Under variable current intensity, constant
voltage applies viz. given the Thévenin equivalent,
electric tension V = E0′ .

Discussion

This communication required numerous assump-
tions and simplifications. SOD is only about 3.5 to
6.0 nm high with a diameter of about 2.0 to 5.5 nm
so the most prominent dissonance may be that this
is a classical description of what is likely predom-
inantly quantum phenomena. Classical models do
however have heuristic utility as quantum biological
systems remain inaccessible.

Oxygenated free electron flow modeled as elec-
tric current enables an energetic view of oxidative
stress. An oxidative milieu may be viewed as an
electromagnetic dysfunction viz. aberrant electron
flow is the toxic agent whereas their affiliated re-
duced species are simply able carriers. Unlike cir-
cuit SOD, this is not an entirely novel model.

SOD’s role as a biological circuit, or at least the
capability to model it as one, is intuitive considering
its known reaction is solely electron transfer. The
SOD modeling results are on the order of what is
expected for a nanometer scale device.

Although the magnetic component is not the sub-
ject of this communication, most SOD isoforms
have a winding cylindrical backbone (β-barrel) and
are hollow excepting core transition metal(s) sc. an
analogical solenoid. Both dioxygen and superoxide
are considerably paramagnetic. SOD’s electromag-
netic properties may account for its greater than
diffusion limited activity.

The electrodynamic paradigm communicated has
immediate mechanistic implications for SOD’s ac-
tivity as a biological superoxide buffer. The tra-
ditional particulate model does not sufficiently de-
scribe this activity. In contrast the SOD circuit
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model connects disparate disciplines to cast new
light on its mechanics. These findings aid SOD
therapeutics development and the effort to repair
dysfunctional SOD in human disease. SOD may
potentially serve as an endogenous electronic com-
ponent including as a fuel cell to power medical
devices.
This electric paradigm should be carefully con-

sidered in future mechanistic studies of SOD.
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