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The Supplementary Material shows in a precise way that charge is not conserved in the law of mass action. I limit the discussion to a simple case in which the essential points can be demonstrated using simple algebra and a little calculus but the generalization to more complex reactions seems obvious.
Eq.  shows the reactions we analyze that are written as differential equations in eq. -

[bookmark: ZEqnNum132210]		

	The law of mass action states that the flux  can be computed two ways 

[bookmark: ZEqnNum515952]	 	



[bookmark: _Hlk406744603]where we use activity in moles/liter  of ions of concentration . Unidirectional fluxes  can be measured by tracers—usually isotopes—flowing into a zero concentration (of tracer). 




Note that the activity of  depends on the concentration of all the other ions in a significant way in nonideal solutions. Changes in the concentration of  change activity of  and the flow of  in nonideal solutions. Nonideal solutions are almost always present in biological applications. Ionic mixtures or solutions involving Ca2+ are significantly nonideal often with activity coefficients of the order 0.5, implying that half of the thermodynamic driving forces are nonideal and depend on the concentrations of all ions! 
Flux coupling of this sort is an inevitable property of nonideal solutions.[1-12, 16, 18-32] The ‘driving force’ for flow through even a perfectly selective channel, or for enzymatic activity of a perfectly specific enzyme, depends on the concentration of many species simply because of the nonideality of bulk solution, independent of biological or chemical properties of the channel or enzyme, magnified in the large concentrations in and near active sites, ion channels, nucleic acids, and working electrodes in electrochemical systems. Some properties usually attributed to allosteric interactions and conformation changes of enzymes or ion channels are likely to arise in the interactions among reactants and ions in the highly nonideal solutions in and near active sites.[17]

The law of mass action eq.  yields the definition of a rate constant  

		



The units used for unidirectional flux  are (moles/liter)/(sec) = moles/(liter sec); the units for net current  are (cou/liter)/sec = cou/(liter sec) and for rate constants units are  

Rate equations equivalent to the chemical reaction  can be written in terms of flux, 


[bookmark: ZEqnNum122875]	 	




Rate equations equivalent to eq.  also can be written in terms of net currents like [footnoteRef:1]† using the charge on each reactant  and  [1: † Note that unidirectional currents are not defined or used in this paper. Upper case subscripts are used only for currents to emphasize the distinction between net currents and unidirectional fluxes (lower case subscripts).] 

	

[bookmark: ZEqnNum899824]		


[bookmark: _Hlk406840082]It is clear that  In general, Kirchoff’s current law is violated:

 	
Only under very special circumstances can the law of mass action conserve charge. Only under very special circumstances can a sequence of chemical reactions like those shown in Fig .1, using the law of mass action eq. , have the same current flow in each reaction. Continuity of current (without loss) is violated in most cases. 

The reader may hope that the amount of charge involved is too small to matter, but the discontinuity of current implied by the law of mass action is large, likely to be a serious source of error under almost all conditions because of the enormous strength of the electric field. It is difficult in fact to find conditions in which the discontinuity of current has an effect much smaller than thermal energy  mV in biological systems.
Biological Implications of Kirchoff’s Current Law. It is important to note that the Kirchoff’s current law has important biological implications in systems more general than a sequence of chemical reactions. Kirchoff’s current law implies the cable equations (called the telegrapher’s equation in the mathematics literature) that forms the foundation of the Hodgkin Huxley model of the action potential of nerve and muscle fibers. Kirchoff’s current law links the atomic properties of ions, the molecular properties of ion channels, and the centimeter scale spread of current and potential that creates the propagating action potential in ‘infinitely’ long nerve fibers.
In finite size cells, Kirchoff’s current law forces coupling between multiple pathways of current crossing membranes, even if the currents are carried by different ions, or by electrons, through different structures nanometers apart in the membrane of the finite cells or organelles. The flux coupling characteristic of active transport systems—including the coupled flows in chemi-osmotic systems that perform oxidative phosphorylation or photosynthesis—might arise in this manner. Coupling of flows of charges, whether electrons or ions, is an unavoidable consequence of GLOBAL conservation of charge, of Kirchoff’s current law GLOBALLY enforced, and not a consequence of local chemical interactions, just as coupling of membrane currents with axial currents in a nerve fiber is an unavoidable consequence of Kirchoff’s current law, not of local chemical reactions. It is interesting to compare the incorrect chemical theory of nerve propagation of Nobel Laureate AV Hill [13] with the correct electrical theory of the hten undergraduate (later Nobel Laureate) Alan Hodgkin.[14, 15]
Size of discontinuity of current flow. The reader may hope that the amount of charge involved in the discontinuity of current flow is too small to matter, but he/she can easily show that in most conditions the amount of charge has large effects. Small charges have large effects because of the strength of the electric field.
The difference in current shown in eq.  is the discontinuity of current, the violation of Kirchoff’s law of continuity of current flow.

[bookmark: ZEqnNum886007]		


We can estimate the significance of the error by considering reduced cases, remembering that the units of current  here are  
Special Case A: If all concentrations are set equal to one, the currents (in the special case with a tilde)

[bookmark: _Hlk405011581]	 	
Special Case A*: If we also set all charges equal to one, along with concentrations equal to one, 

[bookmark: ZEqnNum657580]	 	
In this special case A* of eq. , asymmetry (net difference) in rate constants determines the discontinuity of current, the violation of Kirchoff’s current law. 
Special Case B: Alternatively, we can set all rate constants and all concentrations equal to one, 

[bookmark: ZEqnNum337077]		
In special case B of eq. , asymmetry (net difference) of charges (valences) determines the discontinuity of current, the violation of Kirchoff’s current law.
Asymmetry of parameters violates conservation of charge and produces discontinuity of current. We can estimate the charge involved in the following way, and its effects. If charges flow for one second, in eq.  through , with concentrations about 1 mole/liter the charge imbalance is of the order of 1 coulomb, a huge amount of charge. 




[bookmark: _Hlk407012233]To estimate the effect on electrical potential V, we need to know the size of the system. Imagine a spherical capacitor of radius R. Its capacitance to ground—or coefficient of the self-energy, if one prefers the phrase in the chemical literature—is  or numerically  where  is the relative dielectric coefficient, about 80 in water solutions at longish times (say > 10-5 sec). Then, a 1 nm radius capacitor with dielectric coefficient 80 has capacitance of 8.9  10-18 farads. Small charges produce large voltages in such a tiny capacitor. Even the charge on just one ion (1.6×10-19 cou) would produce 18 mV, large enough (compared to the thermal potential of 25 mV) to have a noticeable (~50%) effect in theories and simulations, because exp (−18/25) = 0.49. The discontinuity in current lasting for a second would produce a voltage of  volts.

Of course, 1 second is a long time for current to flow. If current flowed on a biological time scale, for 1 msec in a structure 1 nm in radius, with dielectric coefficient 80, the electrical potential would be much less, ‘only’  volts. Current flow of even a picosecond, would produce some thousands of volts.
Failure of the law of mass action to conserve charge is likely to have noticeable effects. There may be special conditions in which the discontinuity of current flow of eq.  may not be important, but in general there are likely to be noticeable effects. 
	We can also look at the effect on the rate of change of potential. The discontinuity of current is connected to the rate of change of potential by a version of Coulomb’s law

	 	
If we apply this formula to the discontinuity of current of eq. , we can estimate how quickly that discontinuity of current would change the potential

	 	
For a capacitor 1 nm in diameter with a dielectric of 80 and a capacitance of 8.9 ×10-18 farads (see above) 

	   in volts/sec	

In other words, the breakdown voltage (~ 0.2 volts) of membranes and proteins would be reached in  not a very long time. The breakdown voltage for matter (say 106 volts) would be reached in picoseconds in all likelihood.
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