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Electrodynamics of current provide much of our technology, from telegraphs to the 
wired infrastructure powering the circuits of our electronic technology. 

Current flow is analyzed by its own rules. It cannot be analyzed one charge at a time.
There are too many charges.

 
Current flow is important in biology. Currents are carried by electrons in mitochondria. 

Currents are carried by ions in nerve and muscle cells.

Currents EVERYWHERE follow the rules of current flow: Kirchhoff’s current law and 
its generalizations. 

The role of electricity in generating ATP was discovered long ago. 
The chain of electron transport has been determined that provides protons to generate 

ATP in ATPsynthase.  The chain of electron transport forms circuits for currents that 
should be analyzed by Kirchhoff’s law. 

Circuit analysis is easily applied to short systems like mitochondria that have just one 
internal electrical potential using the Hodgkin Huxley Katz HHK equation. The HHK 

equation combined with  descriptions of chemical reactions forms a computable model 
of cytochrome c oxidase that is part of the electron transport chain. 

Current laws are needed to analyze the flow of electrons and protons, 
as they generate ATP in mitochondria and chloroplasts.

Abstract
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Electron Transport Chain and ATP Synthase

Output is ATP
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What does this have to do with nerve fibers ?
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Ion Channels of the Action Potential are Far Apart
They do not interact chemically
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Channels Interact by Electric Field and Current Flow
 NOT by biochemical interactions



Proteins Interact by Electric Field and Current Flow

Function cannot be explained by biochemical interactions following reaction laws

Function depends on ELECTRICAL interactions that follow laws of current flow

.
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Ion Channels INTERACT  to create the Action Potential

The interaction is ENTIRELY ELECTRICAL.

The channels do not interact chemically
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In short systems, 
there is only one potential across the membrane.

Mitochondria are Short Systems

All channels and all membrane proteins have the same transmembrane potential
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 Sum of All Currents = σ𝑗 𝐼𝑗 + 𝐶𝑚
𝜕𝑉

𝜕𝑡
    

Eq. 11 
Hodgkin, Huxley, Katz (1952)

'Measurement of current- voltage relations in the membrane of the giant axon of Loligo', J. Physiol. (London), 116: 424-48.

HHK equation: 



HHK Equation is Intuitively Obvious
There is no place for current to go

It can be derived by Kirchhoff’s Current Law

It is also a mathematical corollary of the Maxwell Equations of Electrodynamics.

It involves no assumptions.
It is valid if all membrane elements have the same transmembrane potential.
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HHK Equation
One current is forced to equal the sum of 
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One current is driven by the sum of the other currents
NO MATTER WHAT ION IS CARRYING THAT ONE CURRENT

The voltage changes so any one current equals the sum of the other currents

The currents interact
The currents are correlated

The CAUSE of one current is the sum 
of the OTHER CURRENTS



HHK Equation
 

One current is driven by the sum of the other currents
NO MATTER WHAT ION IS CARRYING THE CURRENT

The voltage changes so one current equals the sum of the other currents
If one current increases, the sum of the others decrease.

The currents interact
The currents are correlated
The cause of one current is 

the sum of the 
other currents
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These rules apply to mitochondria.
The current through ATP Synthase is determined

by the sum of all other currents.

Output is
ATP from

ATP synthase

only
Input is

Proton Current
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ATP production in mitochondria is driven by 
currents that

obey Kirchhoff’s Current Law

17

Output is
ATP from

ATP synthase

only
Input is

Proton Current



Currents in Circuits Cannot be Computed from Charges

There are too many charges, something like  1018

Computing charge charge interactions involves numbers like
𝟏𝟎𝟏𝟖 factorial (!)

Charge interactions, two at a time are 1018 ! 1018 − 2 !
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ATP production in mitochondria must be computed 
from Kirchhoff’s Current Law

Kirchhoff’s Current Law provides coarse graining of 
charge movement. 

It is exact because it uses extra physics, the Maxwell 
Ampere Equation.
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ATP production in mitochondria cannot be computed 
1) from charges

2) from Coulomb’s Law
3) existing Molecular Dynamics

4) from chemical reaction theory

ATP production in mitochondria must be computed 
from Kirchhoff’s Current Law

Kirchhoff’s Current Law provides coarse graining of 
charge movement. It is exact because it uses extra 

physics, the Maxwell Ampere Equation.
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All Components of Electron TRANSPORT chain involve Current

ATP Synthase
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All Components of Electron TRANSPORT chain involve Current
ATP Synthase

Complex 1
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All Components of Electron TRANSPORT chain involve Current

Complex 2
only electrons
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All Components of Electron TRANSPORT chain involve Current

Complex 3
Coenzyme Q
Quinone pathways
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Complex 4
Cytochrome c Oxidase



Circuit Model of Cytochrome Oxidase C

Shixin Xu Zilong SongHuaxiong Huang

Project Leader

宋子龙士鑫徐 华雄 黄
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Our Representation
Without detailed 
reaction timings

Circuit Model

 of Cytochrome Oxidase C
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Chemical Reaction

Chemical Reaction

Chemical Reaction
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Field Equations
Diffusion, Convection, Migration

Energy Functional

Dissipation Functional

Dissipation Principle



30

An Electro-osmotic Model of cytochrome c oxidase

Field

Equations

Structure and Boundary Conditions
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More Structure and Boundary Conditions
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Parameter Values
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Results

In models like this 
either 

everything can be computed 
or nothing!
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Everything has been Computed
Model can be modified to deal

with other information
and predict experiments

Not yet digested 
by experimental community!



High 𝐻+
𝑃

BLUE is Unclamped
 Brown is clamped by 𝑬𝒐𝒕𝒉𝒆𝒓



High 𝐸𝑜𝑡ℎ𝑒𝑟
BLUE is Unclamped

 Brown is clamped by 𝑬𝒐𝒕𝒉𝒆𝒓
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Any Questions?
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