Appendix
Models of Chemical Kinetics and the Law of Mass Action

The law of mass action is taught early and often in the education of chemists and biologists. The law is taught as a commandment without derivation or discussion, as a glance at the textbook literature will show. Commandments taught early in one’s education have a particular continuing impact on thought processes, as seen in the history of human behavior, religious, political, and social. They tend to be forever unquestioned. Commandments have their uses, but in the scientific tradition it is important that they be questioned just like everything else.
The law of mass action says that the flux of a species over a potential barrier into a solution of zero concentration (i.e., into an absorbing boundary) is proportional to the number density of that species. This ‘law’ is certainly a reasonable initial working hypothesis. It in fact can be proven to be true—as a matter of mathematics, not science—for systems of stochastic trajectories of uncharged particles satisfying Langevin equations with high friction294,513. 
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Here ;  is the electrical force produced by the electric potential field ;  is the Gaussian white noise process that makes the Langevin equation a stochastic differential equation, with weighting chosen to satisfy the fluctuation dissipation theorem. Details are in294,513 and explanations in 340,794,795.
The derivation of eq.  must use the properties of doubly conditioned trajectories if it is to deal with different concentrations in different locations. It must use the version of the Langevin equation with a second derivative. The version used by Einstein with one derivative does not allow two boundary conditions. Two boundary conditions are needed to account for the diffusion process addressed by Fick’s law. 
The theory234,413 needs revision to avoid (misleading if not artifactual) boundary layers near electrodes828,830 that fortunately have only small effects. The theory can easily be revised to describe the four electrode method widely used in experiments 38,660,790 because it avoids boundary layers altogether. 

A careful derivation of the law of mass action leads to beautifully simple expressions. The solutions of the Langevin equation eq.  theory can be rewritten in an appealingly simple way271,288 when concentrations are specified on either side of the channel, in the high friction limit, but without further approximation.  is the flux of species k. The unidirectional flux is defined precisely in operational terms in appendix148 and in mathematics in294. Roughly speaking it is the flux of a tracer into a region with negligible tracer concentration (in the language of tracer experiments) or the flux into an absorbing boundary (in the language of stochastic processes).
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R is the gas constant, F is Faraday’s constant, T is the absolute temperature,  is the electrical potential across the channel, left minus right. Note the typo in eq. 14 of ref202,, corrected here.
These equations can be written exactly as a chemical reaction in the usual mass action form, without further approximation, 

		
where

		
This looks like a beautiful and clear result. A diffusion model can be written (nearly) exactly as a chemical reaction. But it is highly misleading.
Rate constants vary. The difficulty is in the properties of the rate constant. The rate constant is nearly always treated as a constant independent of concentration, for example, for admirable reasons. Experimentalists, or young scientists learning the law for the first time, fear that allowing the rate constant to vary will introduce a ‘fudge factor’ that “lets them fit anything”. They wish to avoid such arbitrary behavior and so in the name of good science, they make the rate constant constant, as the name implies.
What is rarely realized, however, is that making a rate constant constant directly contradicts physical facts of great importance. Consider the situation of interest in this paper, concentrated solutions of ions, flowing through channels, from one mixed solution to another. 
The rate constant in such a system obviously must depend on the concentrations of each species. Any property of the solutions on either side of the channel depends on the concentration of each and every species of ions. This is the fundamental property of nonideal solutions described in many textbooks of physical chemistry for many years.38,47,75,93,183,256,257,262,309,328,390,530,547,548,660,700,701,735,790,854 Only in ideal solutions of uncharged particles at infinite dilution are properties independent of concentration. Only in ideal solutions does the free energy of one ion depend only on the concentration of that type of ion. In real solutions and mixtures, everything interacts with everything else and all rate constants are variables depending on all concentrations. In particular, the conditional probabilities that appear in the law of mass action depend on the concentration of every ion. If those concentrations are changed, the rate constant must vary.
Indeed, even in dilute (say 1 mM) solutions of Na+Cl¯, rate constants are variable. The properties of such solutions are described decently by the Debye-Hückel model of shielding and screening. In that model, ions are not ideal. Their electrochemical potential has a crucial term that varies as the square root of ionic strength. Indeed, in any system of mobile charge, screening of this sort is a crucial, if not dominant determinant of physical behavior.135 Thus, whenever mobile charges are present, rate constants will vary with ionic strength, and with all the variables that determine ionic strength. The rate constant will not be constant.
As is discussed several times in the text, most ionic solutions do not follow the Debye-Hückel theory and have much more complex behavior. Their behavior deviates from the law of mass action in a profound way.
Rate Constants are not Constant in Crowded Conditions. Experimental conditions can be found, of course, in which the rate constant is constant, and those are just the conditions established in experiments designed to test the law of mass action or to use it to describe classical enzyme kinetics. But those conditions are remarkably far from the conditions in which the kinetic models are used, at least in ion channels, and probably in enzymes, and other applications in physical chemistry I am not familiar with. In ion channels, ions flow from mixed solutions, with nonideal properties, through regions of enormous concentration in which everything interacts with everything else, under the influence of large densities of charge and enormous electric fields, in systems so crowded that everything competes for the same tiny volume. Conditions of this sort are present not just to make our theories and simulations difficult. These special conditions are present in channels so a tiny valve can control macroscopic flows. One can expect crowded conditions whenever ions in small structures are used to control large flows.
Crowded conditions of this sort characterize any valve. Any valve uses small forces in small regions to control large flows in big regions. The nanovalves of life are no exception. Extreme conditions of crowding are present in ion channels because they are the conditions that allow a few atoms to control macroscopic flows of current. Extreme conditions allow robust and sensitive control of macroscopic biology by a few atoms of a protein. 
Ion channels are an extreme system. They are as small as they can be, given the particulate nature of matter. Ion channels are atomic valves that allow a handful of atoms to control macroscopic flows of current, and thus macroscopic properties of cells, tissues, animals and life. They do this by working at the extremes of forces as well as sizes. They have enormous densities of ions crowded into tiny spaces with huge electric and chemical fields and forces of excluded volume. I believe ion channels will prove to be extraordinarily strong and often rigid proteins (although I hasten to say this is an idea unproven and even untested as of now, as far as I know).
Traditional chemical theories are designed for the opposite extreme, for the case of dilute noninteracting solutions that are hardly ionic. Traditional chemical theories fail altogether when used with rate constants that are constants to describe systems that are wildly nonideal. 
Mathematics must deal with interactions. In my view, many proteins, like channels, must be analyzed with a mathematics that deals naturally with the real properties of ions, that allows everything to interact with everything else. The mathematics should deal with interactions in a natural way. Interactions should be at the core of the mathematics. They should not require ad hominem (or worse ad hominiculum) arguments that are different for each type of interaction. The mathematics should not start with ideal fluids. It cannot use the law of mass action with constant constants. Of course, not all interactions occur everywhere. Interactions that are not important in a particular system can be ignored, as PNP-DFT ignores some interactions and yet succeeds magnificently with the ryanodine receptor. Of course, it is much safer for the mathematics to include insignificant interactions than it is to ignore them a priori, if the numerical and computational complexities can be handled.
I suspect that most enzymes will use crowded ions to control flows of substrates to products, as channels use crowded ions to control flows from ‘substrates’ (i.e., ions outside the cell) to ‘products’ (i.e., ions inside the cell). 
The analogy between channels and enzymes285 has deep evolutionary origins, I suspect, since life before membranes must have used electrostatics to ‘confine’ its crucial molecules. 
It is clear that life existed for millions or billions of years before cells were invented. Pre-cellular life was probably an RNA universe. That RNA cell free universe was devoured and encompassed by today’s cellular based organisms. Today, cells use their membranes to confine the ‘expensive’ macromolecules that allow life to reproduce. These macromolecules of nucleic acids—RNA and DNA—and proteins are for that very real reason the essential components of life. 
The crucial macromolecules of life must be confined close together if they are to function. Membranes of cells and organelles provide that confinement today. The question is what provided that confinement in life before cells existed? 
I propose that the electric charge of nucleic acids and their surrounding electric field was the main confining agent before membranes took on that role. The density of mobile charge within a Debye length of RNA is ~10 molar. 
I propose that the confinement motif of pre-cellular life was then used inside proteins in their active sites. The same motif would be repeated in binding proteins, enzymes, and channels inside and on the boundaries of cells, and so on and so forth, in my fanciful view of life’s evolution. 
In this view, enzymes, like channels and proteins, use confined ions to force everything to interact with everything else. Those interactions are central to the functioning of some channels, as we have seen. I suspect those interactions of crowded charges will prove to be central to the function of binding proteins, and enzymes as well. 
If everything interacts with everything else in a way important for function, the mathematics used to describe everything must deal naturally with interactions. In that case, a variational approach like EnVarA becomes the natural mathematics of physiological function, as it is the natural mathematics of interaction. The mathematics should deal with interactions. It should not start with noninteracting particles of perfect fluids. It should not start with perfect fluids and perturb them because interactions dominate. They are not perturbations. The mathematics cannot use the law of mass action with constant constants.
On a larger scale, we know that most biological systems (of organelles, cells, and tissues, even organs) involve water flows, mechanical forces, membrane and cellular movements,110 along with the ionic flows discussed in this paper. I suspect all these flows interact with each other. If they do, I know they must be analyzed with a mathematics built for interactions, like a variational approach.642 In that case, a variational approach like EnVarA becomes the natural mathematics of organ function, as it is the natural mathematics of channel function, and perhaps enzyme function as well. A variational approach is needed when interactions dominate.
In electrochemistry it is clear that ions near electrodes determine many of the characteristic properties of electrochemical systems. These crowded environments are crucial to the function of electrochemical systems and to many other properties of ionic systems used in chemical engineering, I suspect. The crowded environment guarantees that everything talks to everything else. In that case, a variational approach like EnVarA is the natural mathematics of electrochemical function, as it is the natural mathematics of many biological functions. Wherever in physical science or engineering ions are concentrated, ions interact and a variational approach is needed, in my view. A variational approach unites physical and biological science whenever ions are concentrated and often that is where they are most important.
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[bookmark: _ENREF_764]	(764)	Rutkai, G. b.; Boda, D.; Kristóf, T. s. The Journal of Physical Chemistry Letters 2010, 1, 2179-2184.
[bookmark: _ENREF_765]	(765)	Ryham, R.; Liu, C.; Wang, Z. Q. Discrete Contin. Dyn. Syst.-Ser. B 2006, 6, 357-371.
[bookmark: _ENREF_766]	(766)	Ryham, R.; Liu, C.; Zikatanov, L. Discrete Contin. Dyn. Syst.-Ser. B 2007, 8, 649-661.
[bookmark: _ENREF_767]	(767)	Ryham, R. J. Ph.D., The Pennsylvania State University, 2006.
[bookmark: _ENREF_768]	(768)	Ryham, R. J. Global existence and long term behavior of 2d electro-hydrodynamics, available as arXiv:0810.2064v1 2008.
[bookmark: _ENREF_769]	(769)	Sachs, F.; Auerbach, A. Methods in enzymology 1983, 103, 147-76.
[bookmark: _ENREF_770]	(770)	Sachs, F.; Specht, P. Medical & biological engineering & computing 1981, 19, 316-20.
[bookmark: _ENREF_771]	(771)	Saint, N.; Lou, K.-L.; Widmer, C.; Luckey, M.; Schirmer, T.; Rosenbusch, J. P. J. Biol. Chem. 1996, 271, 20676-20680.
[bookmark: _ENREF_772]	(772)	Saint, N.; Prilipov, A.; Hardmeyer, A.; Lou, K.-L.; Schirmer, T.; Rosenbusch, J. Biochem. and Biophys. Res. Comm. 1996, 223, 118-122.
[bookmark: _ENREF_773]	(773)	Saito, Y. A.; Strege, P. R.; Tester, D. J.; Locke, G. R., 3rd; Talley, N. J.; Bernard, C. E.; Rae, J. L.; Makielski, J. C.; Ackerman, M. J.; Farrugia, G. Am J Physiol Gastrointest Liver Physiol 2009, 296, G211-8.
[bookmark: _ENREF_774]	(774)	Sakmann, B.; Neher, E. Single Channel Recording.; Second ed.; Plenum: New York, 1995.
[bookmark: _ENREF_775]	(775)	Salanne, M.; Simon, C.; Turq, P.; Madden, P. A. The journal of physical chemistry 2007, 111, 4678-84.
[bookmark: _ENREF_776]	(776)	Salzberg, B. M.; Bezanilla, F. J Gen Physiol 1983, 82, 807-17.
[bookmark: _ENREF_777]	(777)	Salzberg, B. M.; Obaid, A. L.; Bezanilla, F. The Japanese journal of physiology 1993, 43 Suppl 1, S37-41.
[bookmark: _ENREF_778]	(778)	Samantha, B.; Marco, M.; Cinzia, C. The Journal of chemical physics 2008, 129, 074509.
[bookmark: _ENREF_779]	(779)	Sandblom, J.; Eisenman, G.; Neher, E. The Journal of membrane biology 1977, 31, 383-47.
[bookmark: _ENREF_780]	(780)	Sansom, M. S. Curr Biol 2000, 10, R206-9.
[bookmark: _ENREF_781]	(781)	Sansom, M. S.; Bond, P.; Beckstein, O.; Biggin, P. C.; Faraldo-Gomez, J.; Law, R. J.; Patargias, G.; Tieleman, D. P. Novartis Foundation symposium 2002, 245, 66-78; discussion 79-83, 165-8.
[bookmark: _ENREF_782]	(782)	Sansom, M. S.; Shrivastava, I. H.; Bright, J. N.; Tate, J.; Capener, C. E.; Biggin, P. C. Biochim Biophys Acta 2002, 1565, 294-307.
[bookmark: _ENREF_783]	(783)	Saraniti, M.; Aboud, S.; Eisenberg, R. Reviews in Computational Chemistry 2005, 22, 229-294.
[bookmark: _ENREF_784]	(784)	Saraniti, M.; Wigger, S. J.; Schuss, Z.; Eisenberg, R. S. MSM (Microsystems) 2002, 5, in the press.
[bookmark: _ENREF_785]	(785)	Sather, W. A.; McCleskey, E. W. Annual review of physiology 2003, 65, 133-59.
[bookmark: _ENREF_786]	(786)	Schirmer, T. Journal of structural biology 1998, 121, 101-109.
[bookmark: _ENREF_787]	(787)	Schirmer, T.; Phale, P. S. Journal of molecular biology 1999, 294, 1159-1167.
[bookmark: _ENREF_788]	(788)	Schlick, T. Molecular Modeling and Simulation; Springer Verlag: New York, 2002.
[bookmark: _ENREF_789]	(789)	Schlief, T.; Schonherr, R.; Imoto, K.; Heinemann, S. H. Eur Biophys J 1996, 25, 75-91.
[bookmark: _ENREF_790]	(790)	Schmickler, W. Interfacial Electrochemistry; Oxford University Press: NY, 1996.
[bookmark: _ENREF_791]	(791)	Schorge, S.; Kullmann, D. M. Brain 2009, 132, 1690-2.
[bookmark: _ENREF_792]	(792)	Schroeder, I.; Hansen, U. P. J Gen Physiol 2008, 131, 365-78.
[bookmark: _ENREF_793]	(793)	Schulman, H.; Greengard, P. Proceedings of the National Academy of Sciences of the United States of America 1978, 75, 5432-6.
[bookmark: _ENREF_794]	(794)	Schuss, Z. Theory and Applications of Stochastic Differential Equations; John Wiley New York, 1980.
[bookmark: _ENREF_795]	(795)	Schuss, Z. Theory And Applications Of Stochastic Processes: An Analytical Approach Springer: New York, 2009.
[bookmark: _ENREF_796]	(796)	Schuss, Z.; Eisenberg, R. S. ftp.rush.edu 1997, /pub/Eisenberg/Schuss, ReadMe.first.
[bookmark: _ENREF_797]	(797)	Schuss, Z.; Nadler, B.; Eisenberg, R. S. Physical Review E 2001, 64, 036116 1-14.
[bookmark: _ENREF_798]	(798)	Schuss, Z.; Nadler, B.; Eisenberg, R. S. Phys Rev E Stat Nonlin Soft Matter Phys 2001, 64, 036116.
[bookmark: _ENREF_799]	(799)	Schuss, Z.; Nadler, B.; Singer, A.; Eisenberg, R. In AIP Conference Proceedings , 3-6 September 2002: Unsolved Problems Of Noise And Fluctuations, UPoN 2002, 3rd International Conference on Unsolved Problems of Noise and Fluctuations in Physics, Biology, and High Technology Bezrukov, S. M., Ed.; AIP: Washington, DC,, 2002; Vol. 665.
[bookmark: _ENREF_800]	(800)	Schutz, C. N.; Warshel, A. Proteins 2001, 44, 400-17.
[bookmark: _ENREF_801]	(801)	Selberherr, S. Analysis and Simulation of Semiconductor Devices; Springer-Verlag: New York, 1984.
[bookmark: _ENREF_802]	(802)	Sengers, J. V.; Kayser, R. F.; Peters, C. J.; White, H. J., Jr. Equations of State for Fluids and Fluid Mixtures (Experimental Thermodynamics) Elsevier: New York, 2000.
[bookmark: _ENREF_803]	(803)	Sharp, K.; Jean-Charles, A.; Honig, B. The journal of physical chemistry 1992, 96, 3822-3828.
[bookmark: _ENREF_804]	(804)	Sharp, K. A.; Honig, B. The journal of physical chemistry 1990, 94, 7684-7692.
[bookmark: _ENREF_805]	(805)	Sharp, K. A.; Honig, B. Annual review of biophysics and biophysical chemistry 1990, 19, 301-332.
[bookmark: _ENREF_806]	(806)	Sheng, P.; Zhang, J.; Liu, C. Progress of Theoretical Physics Supplement No. 175 2008, 131-143.
[bookmark: _ENREF_807]	(807)	Shenkel, S.; Bezanilla, F. J Gen Physiol 1991, 98, 465-78.
[bookmark: _ENREF_808]	(808)	Sherman, A. J.; Shrier, A.; Cooper, E. 1999, 77, 2590-2601.
[bookmark: _ENREF_809]	(809)	Shi, Y.; Berg, J. M. Chemistry & biology 1995, 2, 83-9.
[bookmark: _ENREF_810]	(810)	Shimomura, K.; Horster, F.; de Wet, H.; Flanagan, S. E.; Ellard, S.; Hattersley, A. T.; Wolf, N. I.; Ashcroft, F.; Ebinger, F. Neurology 2007, 69, 1342-9.
[bookmark: _ENREF_811]	(811)	Shin, M.; Brager, D.; Jaramillo, T. C.; Johnston, D.; Chetkovich, D. M. Neurobiol Dis 2008, 32, 26-36.
[bookmark: _ENREF_812]	(812)	Shrivastava, I. H.; Sansom, M. S. Biophys J 2000, 78, 557-70.
[bookmark: _ENREF_813]	(813)	Shrivastava, I. H.; Tieleman, D. P.; Biggin, P. C.; Sansom, M. S. Biophys J 2002, 83, 633-45.
[bookmark: _ENREF_814]	(814)	Shurkin, J. N. Broken Genius: The Rise and Fall of William Shockley, Creator of the Electronic Age; Macmillan: New York, 2006.
[bookmark: _ENREF_815]	(815)	Sigg, D.; Bezanilla, F. J Gen Physiol 1997, 109, 27-39.
[bookmark: _ENREF_816]	(816)	Sigworth, F. In Single Channel Recording; Second ed.; Sakmann, B., Neher, E., Eds.; Plenum: New York, 1995; pp 95-128.
[bookmark: _ENREF_817]	(817)	Sigworth, F. J. Biophys J 1981, 34, 111-33.
[bookmark: _ENREF_818]	(818)	Sigworth, F. J. Biophys J 1985, 47, 709-20.
[bookmark: _ENREF_819]	(819)	Sigworth, F. J. Nature 1977, 270, 265-7.
[bookmark: _ENREF_820]	(820)	Sigworth, F. J. Nature 2003, 423, 21-2.
[bookmark: _ENREF_821]	(821)	Simonin, J.-P. Journal of Physical Chemistry B 1997, 101, 4313-4320.
[bookmark: _ENREF_822]	(822)	Simonin, J.-P.; Bernard, O.; Blum, L. Journal of Physical Chemistry B 1999, 103, 699-704.
[bookmark: _ENREF_823]	(823)	Simonin, J.-P.; Bernard, O.; Blum, L. Journal of Physical Chemistry B 1998, 102, 4411-4417.
[bookmark: _ENREF_824]	(824)	Simonin, J.-P.; Blum, L. J Chem Soc, Faraday Transactions 1996, 92, 1533-1536.
[bookmark: _ENREF_825]	(825)	Simonin, J.-P.; Blum, L.; Turq, P. Journal of Physical Chemistry 1996, 100, 7704-7709.
[bookmark: _ENREF_826]	(826)	Simonson, T.; Brooks, C. L. Journal of the American Chemical Society 1996, 118, 8452-8458.
[bookmark: _ENREF_827]	(827)	Singer, A.; Gillespie, D.; Norbury, J.; Eisenberg, R. S. European Journal of Applied Mathematics 2008, 19, 541-560.
[bookmark: _ENREF_828]	(828)	Singer, A.; Schuss, Z. Phys. Rev. E 2005, 71, 026115.
[bookmark: _ENREF_829]	(829)	Singer, A.; Schuss, Z.; Eisenberg, R. S. Journal of  Statistical Physics 2005, 119, 1397-1418.
[bookmark: _ENREF_830]	(830)	Singer, A.; Schuss, Z.; Nadler, B.; Eisenberg, R. S. Physical Review E Statistical Nonlinear Soft Matter Physics 2004, 70 061106.
[bookmark: _ENREF_831]	(831)	Singer, A.; Schuss, Z.; Nadler, B.; Eisenberg, R. S. In Fluctuations and Noise in Biological, Biophysical, and Biomedical Systems II:  series Vol. 5467; Abbot, D., Bezrukov, S. M., Der, A., Sanchez, A., Eds.; SPIE Proc.: New York, 2004; Vol. 5467; pp 345-358.
[bookmark: _ENREF_832]	(832)	Skinner, J. L.; Wolynes, P. G. J. Chem. Phys. 1978, 69, 2143-2150.
[bookmark: _ENREF_833]	(833)	Smith, G. D.; Dai, L.; Miura, R. M.; Sherman, A. SIAM Journal on Applied Mathematics, 2001, 61, 1816-1838 
[bookmark: _ENREF_834]	(834)	Smith, P. E.; Pettitt, M. J. Chem. Phys. 1996, 105, 4289-4293.
[bookmark: _ENREF_835]	(835)	Sokolov, S.; Scheuer, T.; Catterall, W. A. Nature 2007, 446, 76-8.
[bookmark: _ENREF_836]	(836)	Somjen, G. Ions in the Brain: Normal Function, Seizures, and Stroke; Oxford: New York, 2004.
[bookmark: _ENREF_837]	(837)	Sorenson, H. W. Parameter Estimation. Principles and Problems; Marcel Dekker: New York, 1980.
[bookmark: _ENREF_838]	(838)	Spohr, H. V.; Patey, G. N. The Journal of chemical physics 2010, 132, 154504-12.
[bookmark: _ENREF_839]	(839)	Sriraman, S.; Kevrekidis, I. G.; Hummer, G. The journal of physical chemistry 2005, 109, 6479-84.
[bookmark: _ENREF_840]	(840)	Sriraman, S.; Kevrekidis, I. G.; Hummer, G. Phys Rev Lett 2005, 95, 130603.
[bookmark: _ENREF_841]	(841)	Stahl, J. S. Annals of the New York Academy of Sciences 2002, 956, 64-74.
[bookmark: _ENREF_842]	(842)	Stary, A.; Kudrnac, M.; Beyl, S.; Hohaus, A.; Timin, E. N.; Wolschann, P.; Guy, H. R.; Hering, S. Channels (Austin, Tex 2008, 2.
[bookmark: _ENREF_843]	(843)	Stefani, E.; Bezanilla, F. Methods in enzymology 1998, 293, 300-18.
[bookmark: _ENREF_844]	(844)	Stefani, E.; Toro, L.; Perozo, E.; Bezanilla, F. Biophys J 1994, 66, 996-1010.
[bookmark: _ENREF_845]	(845)	Stengel, R. F. Optimal Control and Estimation; Dover: New York, 1994.
[bookmark: _ENREF_846]	(846)	Storey, B. D.; Edwards, L. R.; Kilic, M. S.; Bazant, M. Z. Phys Rev E Stat Nonlin Soft Matter Phys 2008, 77, 036317.
[bookmark: _ENREF_847]	(847)	Suchyna, T. M.; Markin, V. S.; Sachs, F. Biophys J 2009, 97, 738-47.
[bookmark: _ENREF_848]	(848)	Sugiura, Y.; Aoki, T.; Sugiyama, Y.; Hida, C.; Ogata, M.; Yamamoto, T. Neurology 2000, 54, 2179-81.
[bookmark: _ENREF_849]	(849)	Sun, Y. M.; Favre, I.; Schild, L.; Moczydlowski, E. J Gen Physiol 1997, 110, 693-715.
[bookmark: _ENREF_850]	(850)	Swanson, J. M.; Mongan, J.; McCammon, J. A. J Phys Chem B Condens Matter Mater Surf Interfaces Biophys 2005, 109, 14769-72.
[bookmark: _ENREF_851]	(851)	Takamori, M. Intern Med 1999, 38, 86-96.
[bookmark: _ENREF_852]	(852)	Takamori, M. Biochemical and biophysical research communications 2004, 322, 1347-51.
[bookmark: _ENREF_853]	(853)	Tamaoka, A. Intern Med 2003, 42, 769-70.
[bookmark: _ENREF_854]	(854)	Tanford, C. Physical Chemistry of Macromolecuiles; Wiley: New York, 1961.
[bookmark: _ENREF_855]	(855)	Tanford, C.; Reynolds, J. Nature's Robots: A History of Proteins; Oxford: New York, 2001.
[bookmark: _ENREF_856]	(856)	Tang, J.; Levis, R.; Lynn, K.; Eisenberg, B. Biophysical Journal 1995, 68, A145.
[bookmark: _ENREF_857]	(857)	Tang, J. M.; Wang, J.; Eisenberg, R. S. Methods in enzymology 1992, 207, 176-81.
[bookmark: _ENREF_858]	(858)	Tang, J. M.; Wang, J.; Quandt, F. N.; Eisenberg, R. S. Pflugers Arch 1990, 416, 347-50.
[bookmark: _ENREF_859]	(859)	Tasaki, I.; Bak, A. Science 1957, 126, 696-7.
[bookmark: _ENREF_860]	(860)	Tasaki, I.; Bak, A. F. The American journal of physiology 1958, 193, 301-8.
[bookmark: _ENREF_861]	(861)	Tasaki, I.; Spyropoulos, C. S. The American journal of physiology 1958, 193, 309-17.
[bookmark: _ENREF_862]	(862)	Taylor, J. Classical Mechanics; University Science Books: Sausalito, CA, 2005.
[bookmark: _ENREF_863]	(863)	Taylor, R.; Krishna, R. Multicomponent Mass Transfer; Wiley: New York, 1993.
[bookmark: _ENREF_864]	(864)	Taylor, R. E.; Moore, J. W.; Cole, K. S. Biophys J 1960, 1, 161-202.
[bookmark: _ENREF_865]	(865)	Thompson, J.; Begenisich, T. J Gen Physiol 2005, 125, 619-29.
[bookmark: _ENREF_866]	(866)	Tieleman, D. P.; Berendsen, H. J. C. Biophysical Journal 1998, 74, 2786-2801.
[bookmark: _ENREF_867]	(867)	Tilocca, A. The Journal of chemical physics 2010, 133, 014701-10.
[bookmark: _ENREF_868]	(868)	Tomasi, J.; Mennucci, B.; Cammi, R. Chemical Reviews 2005, 105, 2999-3093.
[bookmark: _ENREF_869]	(869)	Membrane Transport: People and Ideas; Tosteson, D., Ed.; American Physiological Society: Bethesda MD, 1989, pp 414.
[bookmark: _ENREF_870]	(870)	Treptow, W.; Tarek, M. Biophys J 2006, 91, L81-3.
[bookmark: _ENREF_871]	(871)	Tsien, R. W.; Fox, A. P.; Hess, P.; McCleskey, E. W.; Nilius, B.; Nowycky, M. C.; Rosenberg, R. L. Society of General Physiologists series 1987, 41, 167-87.
[bookmark: _ENREF_872]	(872)	Tsien, R. W.; Hess, P.; McCleskey, E. W.; Rosenberg, R. L. Annual review of biophysics and biophysical chemistry 1987, 16, 265-290.
[bookmark: _ENREF_873]	(873)	Tsien, R. W.; Lipscombe, D.; Madison, D. V.; Bley, K. R.; Fox, A. P. Trends in neurosciences 1988, 11, 431-8.
[bookmark: _ENREF_874]	(874)	Tyrrell, H. J. V.; Harris, K. R. Diffusion in Liquids; Butterworths: Boston., 1984.
[bookmark: _ENREF_875]	(875)	Unwin, N. Nature 1986, 323, 12-3.
[bookmark: _ENREF_876]	(876)	Unwin, N. Journal of molecular biology 1993, 229, 1101-24.
[bookmark: _ENREF_877]	(877)	Unwin, N. Journal of molecular biology 2005, 346, 967-89.
[bookmark: _ENREF_878]	(878)	Vaitheeswaran, S.; Rasaiah, J. C.; Hummer, G. The Journal of chemical physics 2004, 121, 7955-65.
[bookmark: _ENREF_879]	(879)	Valdiosera, R.; Clausen, C.; Eisenberg, R. S. J Gen Physiol 1974, 63, 460-91.
[bookmark: _ENREF_880]	(880)	Valisko, M.; Boda, D. The Journal of chemical physics 2009, 131, 164120.
[bookmark: _ENREF_881]	(881)	Valisko, M.; Boda, D.; Gillespie, D. Journal of Physical Chemistry C 2007, 111, 15575-15585.
[bookmark: _ENREF_882]	(882)	Valiyaveetil, F. I.; Leonetti, M.; Muir, T. W.; Mackinnon, R. Science 2006, 314, 1004-7.
[bookmark: _ENREF_883]	(883)	Valleau, J. P.; Cohen, L. K. The Journal of chemical physics 1980, 72, 5935-5941.
[bookmark: _ENREF_884]	(884)	van der Straaten, T. A.; Eisenberg, R. S.; Tang, J. M.; Ravaioli, U.; Aluru, N. Biophysical Journal 2001, 80, 115a.
[bookmark: _ENREF_885]	(885)	van der Straaten, T. A.; Kathawala, G.; Eisenberg, R. S.; Ravaioli, U. Molecular Simulation 2004, 31, 151–171.
[bookmark: _ENREF_886]	(886)	van der Straaten, T. A.; Tang, J.; Eisenberg, R. S.; Ravaioli, U.; Aluru, N. R. J. Computational Electronics 2002, 1, 335-340.
[bookmark: _ENREF_887]	(887)	van der Straaten, T. A.; Tang, J. M.; Eisenberg, R. S.; Ravaioli, U.; Aluru, N.; Varma, S.; E., J. Biophys. J. 2002, 82, 207a.
[bookmark: _ENREF_888]	(888)	van der Straaten, T. A.; Tang, J. M.; Ravaioli, U.; Eisenberg, R. S.; Aluru, N. R. Journal of Computational Electronics 2003, 2, 29-47.
[bookmark: _ENREF_889]	(889)	Van Roosbroeck, W. Bell System Technical Journal 1950, 29, 560-607.
[bookmark: _ENREF_890]	(890)	VanDongen, A. M. Proceedings of the National Academy of Sciences of the United States of America 2004, 101, 3248-52.
[bookmark: _ENREF_891]	(891)	Varma, S.; Chiu, S. W.; Jakobsson, E. Biophys J 2006, 90, 112-23.
[bookmark: _ENREF_892]	(892)	Varma, S.; Jakobsson, E. Biophys J 2004, 86, 690-704.
[bookmark: _ENREF_893]	(893)	Varma, S.; Rempe, S. B. Biophysical chemistry 2006, 124, 192-9.
[bookmark: _ENREF_894]	(894)	Varma, S.; Rempe, S. B. J Am Chem Soc 2008.
[bookmark: _ENREF_895]	(895)	Varma, S.; Rempe, S. B. Biophys. J. 2007, 93, 1093-1099.
[bookmark: _ENREF_896]	(896)	Varma, S.; Sabo, D.; Rempe, S. B. Journal of molecular biology 2008, 376, 13-22.
[bookmark: _ENREF_897]	(897)	Velarde, M. G. Interfacial Phenomena and the Marangoni Effect; Springer: New York, 2003.
[bookmark: _ENREF_898]	(898)	Villalba-Galea, C. A.; Miceli, F.; Taglialatela, M.; Bezanilla, F. J Gen Physiol 2009, 134, 5-14.
[bookmark: _ENREF_899]	(899)	Villalba-Galea, C. A.; Sandtner, W.; Starace, D. M.; Bezanilla, F. Proceedings of the National Academy of Sciences of the United States of America 2008, 105, 17600-7.
[bookmark: _ENREF_900]	(900)	Vincze, J.; Valiskó, M.; Boda, D. submitted.
[bookmark: _ENREF_901]	(901)	Vitalis, A.; Baker, N. A.; McCammon, J. A. Molecular Simulation 2004, 30, 45-61.
[bookmark: _ENREF_902]	(902)	Vora, T.; Corry, B.; Chung, S. H. Biochim Biophys Acta 2006, 1758, 730-7.
[bookmark: _ENREF_903]	(903)	Vora, T.; Corry, B.; Chung, S. H. Biochim Biophys Acta 2005, 1668, 106-16.
[bookmark: _ENREF_904]	(904)	Vrbka, L.; Lund, M.; Kalcher, I.; Dzubiella, J.; Netz, R. R.; Kunz, W. The Journal of chemical physics 2009, 131, 154109-12.
[bookmark: _ENREF_905]	(905)	Vrbka, L.; Vondrášek, J.; Jagoda-Cwiklik, B.; Vácha, R.; Jungwirth, P. Proceedings of the National Academy of Sciences 2006, 103, 15440-15444.
[bookmark: _ENREF_906]	(906)	Vrouenraets, M.; Wierenga, J.; Meijberg, W.; Miedema, H. Biophys J 2006, 90, 1202-11.
[bookmark: _ENREF_907]	(907)	Wada, A. Tanpakushitsu Kakusan Koso 2002, 47, 779-86.
[bookmark: _ENREF_908]	(908)	Waghe, A.; Rasaiaha, J. C.; Hummer, G. Journal of Chemical Physics 2002, 117.
[bookmark: _ENREF_909]	(909)	Walaas, S. I.; Greengard, P. Pharmacol Rev 1991, 43, 299-349.
[bookmark: _ENREF_910]	(910)	Wales, D. Energy Landscapes Applications to Clusters, Biomolecules and Glasses Cambridge University Press, 2004.
[bookmark: _ENREF_911]	(911)	Walker, B.; Kasianowicz, J.; Krishnasastry, M.; Bayley, H. Protein engineering 1994, 7, 655-62.
[bookmark: _ENREF_912]	(912)	Wang, H.; Dommert, F.; Holm, C. The Journal of chemical physics 2010, 133, 034117-12.
[bookmark: _ENREF_913]	(913)	Wang, Y.; Xu, L.; Pasek, D.; Gillespie, D.; Meissner, G. Biophysical Journal 2005, 89, 256-265.
[bookmark: _ENREF_914]	(914)	Wang, Z.-y.; Ma, Y.-q. The Journal of chemical physics 2010, 133, 064704-10.
[bookmark: _ENREF_915]	(915)	Warshel, A. The Journal of biological chemistry 1998, 273, 27035-8.
[bookmark: _ENREF_916]	(916)	Warshel, A. Proceedings of the National Academy of Sciences of the United States of America 1978, 75, 5250-4.
[bookmark: _ENREF_917]	(917)	Warshel, A.; Russell, S. T. Quarterly Review of Biophysics 1984, 17, 283-422.
[bookmark: _ENREF_918]	(918)	Warshel, A.; Russell, S. T.; Churg, A. K. Proceedings of the National Academy of Sciences of the United States of America 1984, 81, 4785-9.
[bookmark: _ENREF_919]	(919)	Waxman, S. G. Progress in brain research 2005, 148, 353-65.
[bookmark: _ENREF_920]	(920)	Weiss, T. F. Cellular Biophysics; MIT Press: Cambridge MA USA, 1996; Vol. 1 and 2.
[bookmark: _ENREF_921]	(921)	Welton, T. Chem. Rev. 1999, 99, 2071-2084.
[bookmark: _ENREF_922]	(922)	Wheeler, D. R.; Newman, J. J. Phys. Chem. B 2004, 108, 18353-18361.
[bookmark: _ENREF_923]	(923)	Wheeler, T. M.; Lueck, J. D.; Swanson, M. S.; Dirksen, R. T.; Thornton, C. A. The Journal of clinical investigation 2007, 117, 3952-7.
[bookmark: _ENREF_924]	(924)	Wikstrom, M.; Verkhovsky, M. I.; Hummer, G. Biochim Biophys Acta 2003, 1604, 61-5.
[bookmark: _ENREF_925]	(925)	Wilmer, D.; Kantium, T.; Lamberty, O.; Funke, K.; Ingram, M. D.; Bunde, A. Solid State Ionics 1994, 70-71, 323.
[bookmark: _ENREF_926]	(926)	Wolynes, P. Ann. Rev. Phys. Chem. 1980, 31, 345-376.
[bookmark: _ENREF_927]	(927)	Wu, X.-S.; Edwards, H. D.; Sather, W. A. Journal of Biological Chemistry 2000.
[bookmark: _ENREF_928]	(928)	Wynne-Jones, W. F. K.; Eyring, H. Journal of Chemical Physics 1935, 3, 492-502.
[bookmark: _ENREF_929]	(929)	Xu, L.; Wang, Y.; Gillespie, D.; Meissner, G. Biophysical Journal 2006, 90, 443-453.
[bookmark: _ENREF_930]	(930)	Xu, Z.; Cai, W.; Deng, S. Journal of Computational Physics 2009, 228, 2092-2099.
[bookmark: _ENREF_931]	(931)	Yang, J.; Ellinor, P. T.; Sather, W. A.; Zhang, J. F.; Tsien, R. Nature 1993, 366, 158-161.
[bookmark: _ENREF_932]	(932)	Yang, X. F.; Feng, J. J.; Liu, C.; Shen, J. J. Computational Physics 2006, 218, 417-428.
[bookmark: _ENREF_933]	(933)	Ye, S.; Li, Y.; Jiang, Y. Nature structural & molecular biology 2010, 17, 1019-1023.
[bookmark: _ENREF_934]	(934)	Yoder, P. D.; Gärtner, K.; Fichtner, W. Journal of Applied Physics 1996, 79, 1951-1954.
[bookmark: _ENREF_935]	(935)	Yoshida, N.; Phongphanphanee, S.; Maruyama, Y.; Imai, T.; Hirata, F. Journal of the American Chemical Society 2006, 128, 12042-12043.
[bookmark: _ENREF_936]	(936)	Yu, H.; Noskov, S. Y.; Roux, B. The journal of physical chemistry 2009.
[bookmark: _ENREF_937]	(937)	Yu, H.; Roux, B. Biophys J 2009, 97, L15-7.
[bookmark: _ENREF_938]	(938)	Yu, H.; Whitfield, T. W.; Harder, E.; Lamoureux, G.; Vorobyov, I.; Anisimov, V. M.; Mackerell, A. D.; Roux, B. J Chem Theory Comput 2010, 6, 774-786.
[bookmark: _ENREF_939]	(939)	Yu, P.; Du, Q.; Liu, C. Multiscale Modeling & Simulation 2005, 3, 895-917.
[bookmark: _ENREF_940]	(940)	Yue, P.; Feng, J. J.; Liu, C.; Shen, J. Journal of Fluid Mechanics 2004, 515, 293--317.
[bookmark: _ENREF_941]	(941)	Yue, P.; Feng, J. J.; Liu, C.; Shen, J. Journal of Fluid Mechanics 2005, 540, 427-437.
[bookmark: _ENREF_942]	(942)	Yuen, T. J.; Browne, K. D.; Iwata, A.; Smith, D. H. J Neurosci Res 2009, 87, 3620-5.
[bookmark: _ENREF_943]	(943)	Zhang, C.; Raugei, S.; Eisenberg, B.; Carloni, P. Journal of Chemical Theory and Computation 2010, 6, 2167-2175.
[bookmark: _ENREF_944]	(944)	Zhang, J.; Gong, X.; Liu, C.; Wen, W.; Sheng, P. Physical Review Letters 2008, 101, 194503.
[bookmark: _ENREF_945]	(945)	Zhang, J. F.; Ellinor, P. T.; Aldrich, R. W.; Tsien, R. W. Nature 1994, 372, 97-100.
[bookmark: _ENREF_946]	(946)	Zhang, J. F.; Ellinor, P. T.; Aldrich, R. W.; Tsien, R. W. Neuron 1996, 17, 991-1003.
[bookmark: _ENREF_947]	(947)	Zheng, J.; Sigworth, F. J. The Journal of General Physiology 1997, 110, 101-117.
[bookmark: _ENREF_948]	(948)	Zhou, R.; Harder, E.; Xu, H.; Berne, B. J. Journal of Chemical Physics 2001, 115, 2348-2358.
[bookmark: _ENREF_949]	(949)	Zhou, Y.; Morais-Cabral, J. H.; Kaufman, A.; MacKinnon, R. Nature 2001, 414, 43-8.
[bookmark: _ENREF_950]	(950)	Zhu, J.; Alexov, E.; Honig, B. The Journal of Physical Chemistry B 2005, 109, 3008-3022.
[bookmark: _ENREF_951]	(951)	Zimmerberg, J.; Bezanilla, F.; Parsegian, V. A. Biophys J 1990, 57, 1049-64.
[bookmark: _ENREF_952]	(952)	Zwanzig, R. Nonequilibrium Statistical Mechanics; Oxford University Press, 2001.











[bookmark: Figures]Figures





Fig. 1


 (
Fig. 1 A ‘longitudinal’ section of a channel structure drawn to emphasize the selectivity properties of ion channels. The structure of the channel OmpF is known from crystallography (see text for references). 
)








Fig. 2


 (
Fig. 2. A ‘cross section’ of a channel structure drawn to emphasize the crowding of ions in a channel. The structure of the channel OmpF is known from crystallography.
_ENREF_200
,482,587,699,771,772,786,787
. 
)










Fig. 3

 (
Fig. 3. Typical ‘raw’ recording of current through a single channel. The left hand panel shows a plot of current vs. time recorded by Dr. Ramos-Franco from a single channel calcium release channel, of the insoitol tris-phosphate receptor with a sampling rate of 20 k samples per second, through a 1 kHz low pass filter. I am grateful for her permission to show these results.
Under the conditions shown, the channel is closed most of the time, opening suddenly from a level of nearly zero, to a level of approximately 9 pA. The openings occur at stochastic intervals, and have stochastic durations. Successive records are not identical, but are reproducibly distributed around a mean value. 
The right hand panel shows that the amplitude of the open (single) channel current is independent of duration. This is a general property of single channel recordings and is nearly their ‘operational definition’. The text argues that the amplitude can be independent of duration only if the ‘structure’ of the channel does not change significantly: if the structure changed by even 0.1 Å, the current would change because the charges of the protein are so close to the ions in the channel. Indeed, the probably are mixed with them in an ionic and “electric stew” (references in text).  The word ‘structure’ means the average location of atoms, averaged over the duration of a few sampling intervals, here say 2×50 = 100 μsec. 
)






[image: ] (
Fig. 4. Gating, Permeation, and Selectivity. The figure shows a typical single channel record (upper left, amplitudes are typically 10 pA, durations typically 10 msec). The histograms show the distribution of amplitudes (on the right hand side) and durations (on the left hand side) in log an linear plots. Selectivity properties of channels measure the current flow or binding in the open channel. They are properties of the amplitude of the open single channel current. Gating properties are produced by different mechanisms, with different structures, pharmacology, voltage, and time dependence. Most of this review is about selectivity. Not enough is yet known to make physical models of gating.
)Fig. 4 













 (
Fig. 4. Gating, Permeation, and Selectivity. The figure shows a typical single channel record (upper left, amplitudes are typically 10 pA, durations typically 10 msec). The histograms show the distribution of amplitudes (on the right hand side) and durations (on the left hand side) in log an linear plots. Selectivity properties of channels measure the current flow or binding in the open channel. They are properties of the amplitude of the open single channel current. Gating properties are produced by different mechanisms, with different structures, pharmacology, voltage, and time dependence. Most of this review is about selectivity. Not enough is yet known to make physical models of gating.
)



Fig. 5

 (
Fig. 5. Reduced model of the crowded charge model of selectivity. The model is shown for the L type calcium channel. The channel protein is represented as a right circular cylinder (the oval shape in the figure is for artistic effect) containing 8 half charged oxygens that represent the side chains of the glutamate amino acids (‘residues’) known to be responsible for the selectivity of this channel. The ‘side chains’ are treated as mobile ions, except they are not allowed to leave the channel. In a Monte Carlo simulation the side chains are distributed according to a Boltzmann distribution in the set of locations that provides lowest free energy for the system. This set of locations changes significantly even dramatically when the ionic concentrations in the baths are changed.
)










Fig. 6
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Experiments 
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ave 
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Two Synthetic Calcium Channels
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 (
Fig. 6. Current voltage relations recorded from several mutants of OmpF porin. The details of the mutants are described in papers referred to in the text and they are important. The wild type of porin is unselective and so has a ‘reversal potential’ which is channel language for the gradient of chemical potential of permeant ions of +25 mV under these conditions. The mutants with large densities of glutamates and small volumes (because of the glutathione derivatives) are calcium selective and have reversal potentials of approximately -25mV. See the original papers 
629-631
,
906
 for details. The graph is redrawn from data in those papers.
)




Fig. 7



 (
Fig. 7. The number density (‘concentration’) of ions in the selectivity filter of a DEKA (glutamate aspartate lysine alanine) sodium channel. Note the binding sites (i.e., regions of high number density) are not selective. Remember that the binding sites are the consequence of the forces in the model. No arbitrary free energies of binding are in the model. These are outputs of the simulation. Selectivity in this channel between 
Na
+
 and 
K
+
 arises in the depletion zone.
)






Fig. 8

 (
Fig. 8. Selectivity for 
Na
+
 vs 
K
+
 in the DEKA (glutamate aspartate lysine alanine) sodium channel depends sensitively on structure (diameter of the channel) but is independent of the dielectric coefficient of the protein 
)










Fig. 9

 (
Fig. 9. Contents of the DEKA (glutamate aspartate lysine alanine) sodium channel depends sensitively on the dielectric coefficient of the protein 
 
)







Fig. 10 
Current Voltage Relations of Ryanodine Receptor Fit with Gillespie’s Reduced DEDDE Model 
 (
B
) (
A
)
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 (
Fig. 10. Current Voltage Relations and fit with Gillespie’s DEDDE Model. Details discussed are in text. Figure is redrawn from Fig. S1-A and Fig. S-9-A of supplementary material of
339
,
348
. Data was originally published in
143
 and/or 
141
. 
I thank Dirk Gillespie for providing the data and reading my discussion of his RyR results.
)








Fig. 11
Current Voltage Relations of RyR Mutants Fit with Gillespie’s Reduced DEDDE Model


 (
B
) (
A
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 (
Fig. 11. Current Voltage Relations of Mutants fit with Gillespie’s DEDDE Model. Details are discussed in text. The mutants are drastic as described in
913
,
929
 and involve large changes in the density of permanent charge of the order of 13M.
357
 Nonetheless, the same model with the same parameters fits the data remarkably well in different solutions. Evidently, not even the diameter of the channel changes significantly when these drastic mutations occur. Or, more precisely, whatever structural changes occur with these drastic mutations do not disturb the energetics of the channel as discussed at length in 
348
. Figure is redrawn from Fig. S-1A and Fig. S9-A of supplementary material of 
348
. Wild type data was originally published in 
143
, and/or 
141
, and mutation data in 
357
. I thank Dirk Gillespie for providing the data and reading my discussion of his RyR results.
)
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6

The patch clamp allows one to record the tiny currents flowing through a single ion channel. They look like rectangles - what could be simpler? The height of the rectangle is the current, the width is the open duration. Counting rectangles gives you the opening frequency.

The rest of this lecture deals with Gating (width of the rectangle) and permeation (height of the rectangle). Note that the widths show a wide variation (exponential distribution) but the heights are relatively constant and are normally distributed.
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Figure S9.  Current/voltage curves with divalent and monovalent cations. (A) KCland CaCl

2

.  (B) NaCland CaCl

2

.  (C) 

CsCland CaCl

2

.  (D) KCland MgCl

2

.  In both baths are 250 mMmonovant-Cland in the lumenalbath is 5 mM(  ), 10 

mM(!), and 50 mM(") divalent-Cl

2

; or the cytosolicbath contains 250 mMcytosolicmonovant-Clwhile the lumenal

bath contains 25 mMlumenaldivalent-Cl

2

( ).  Current/voltage curves of (E) the D4899N (  ) and E4900Q (!) mutants 

and (F) the D4938N mutant in 250 mMsymmetric KCland 10 mMlumenalCaCl

2

.  Compared to the previous model, 

the current/voltage curves of Cs +/Ca2+mixtures and Na+/Ca2+mixture reproduce the data better.  The data in panels A!

D were first published by Chen et al. ( J. Phys. Chem. B107:9139-9145).  The D4899N data (panel E) was previously 

published by Gaoet al. (Biophys. J.79:828-840), E4900Q (panel E) by Wang et al. (Biophys. J.89:256-265), and 

D4938N (panel F) by Xuet al. (Biophys. J.90:443-453).

Gillespie, D. (2008). Biophys J  94: 1169-84. 
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Figure S2.  Current/voltage curves of (A) native (WT) RyR (  ) and the mutants D489 9N ( ) and E4900Q (!) and (B) 

the D4938N mutant in 250 mMsymmetric KCl.  The D4899N data was previously published by Gaoet al. ( Biophys. J.

79:828-840), E4900Q by Wang et al. ( Biophys. J.89:256-265), and D4938N by Xuet al. ( Biophys. J.90:443-453).

Figure S3.  Current/voltage curves in LiCl.  The dashed 

line is the model result for 250 mMcytosolicand 25 mM

lumenalbath concentrations ( ).  Compared to the 

previous model, the dashed line reproduces the data 

much better.  This experimental data was previously 

published by Chen et al. ( Biophys. J.76:1346-1366).

ABC

Figure S4.  Current/voltage curves in Na Cl.  Compared to the previous model, th e current/voltage curves are more linear 

and reproduce the data better in very asymmetric solutions.   This experimental data was previously published by Chen 

et al. (Biophys. J.76:1346-1366).

Gillespie, D. (2008). Biophys J  94: 1169-84. 
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