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Note:  All references cited in this Supplement are listed at the end of the Supplement and all citation numbers refer to that list, not the list of references in the main text.
Testing consistency of the model

In the model, ions are charged, hard spheres and water is a fluid of hard spheres, all moving through RyR via one-dimensional drift-diffusion (PNP).  Selectivity occurs when the ions interact with the five amino acids described above.  Figs. S1–S9 in this Supplement show how the results of this model compare to experiments.  Given how well the model reproduces the experimental data and that it can predict other data, this minimalist model seems to capture the essential physics of ion permeation and selectivity in RyR.  On the other hand, the model does not include several energies usually included in other models of ion permeation and selectivity.  At the same time, the diffusion coefficients seem unusually small.  It is important to check the consistency of the model with respect to these issues:

Water as hard spheres.  This model of water can reproduce relatively accurate values of the bath activity coefficients (Appendix of Ref. 1) which is important to reproduce the reversal potentials of the current/voltage curves.  It does not, however, have any attractive ion/water interactions.  The success of the model in reproducing the experimental data then suggests that there is only a small net energy step from ion dehydration as the ion enters the channel and resolvation by the COO– of the protein charges.  This is consistent with the experimental data of Mg2+ and Ca2+ and their mixtures with K+.  Fig. S9A and D shows that as more and more divalent is added to the lumenal side, the conductances at negative voltages are very similar; they differ by at most 10% at 50 mM divalent.  If dehydration/resolvation were very important, it would show in this experiment since Mg2+ and Ca2+ have a 130 kT difference in dehydration energy (2).  For example, at 5 mM divalent (Fig. S9A and D, solid squares), the current/voltage curves of Mg2+ and Ca2+ mixtures with K+ are virtually identical, indicating the Mg2+ does not have difficulty entering the channel compared to Ca2+; they both compete equally well with K+.  Gouaux and MacKinnon have suggested that a highly-charged selectivity filter can resolvate the ions to overcome any dehydration penalty (3); the net energy of an ion entering the pore is the sum of two terms that virtually cancel.  The prediction of the model that the ion dehydration/resolvation step is small must be tested and will be explored in future work.  If true, it is likely that this true only for RyR and a small number of other channels.

The dielectric coefficient of the entire system is 78.4.  It is reasonable to assume that the dielectric coefficient of both the channel lumen and the channel protein is less (and possibly significantly less) than 78.4.  Via Born energies, a low dielectric in the lumen is equivalent to an ion dehydration/resolvation penalty which, empirically, seems to be small; the dielectric coefficient within the pore seems to be high in this 8 Å-wide channel.  An alternate explanation is that the screening component of the chemical potential includes a Born-like energy.  In the mean spherical approximation of ions in bulk solutions (Eq. (16) of 4), the screening term is (to first-order) proportional to 
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 and inversely proportional to an effective ion radius—just like the Born energy.  How much this compensation may be is difficult to estimate before more detailed studies on ion dehydration/resolvation are done.

On the other hand, a high protein dielectric coefficient is consistent with RyR having millimolar Ca2+ affinity (5,6) since a low-dielectric protein significantly increases Ca2+ affinity.  This counter-intuitive result is due to the charges that ions induce on the protein/lumen dielectric interface.  Boda et al. (5,6) have shown that in a highly-charged selectivity filter like in RyR, the negative protein charges induce negative charges on this interface that attract more cations.  In these simulations, the number of ions inside the pore changed by a factor 2–3 at millimolar [Ca2+] when the protein dielectric constant had a value between 2 and 10.  However, these low protein dielectric constants increased Ca2+ affinity by 5- to 10-fold beyond RyR’s millimolar affinity (5,6).  Therefore, it is likely that the RyR protein dielectric constant is not significantly smaller than the 78.4 used in the RyR model (probably 40 or above).  The Boltzmann factor of an error due to the protein dielectric constant will thus be small (<1 kT for a 50% error in pore concentrations).  As with any net change in Boltzmann factor, some terms in the chemical potential (e.g., excluded-volume) will become more positive and other terms (e.g., screening) will become more negative.  Work is currently underway to incorporate different dielectric coefficients into the DFT.

The diffusion coefficients are very small.  In the Appendix of the main text, a back-of-the-envelope calculation is presented that shows that a one-dimensional PNP approach where diffusion is limited in a highly-charged selectivity filter necessarily requires the very small diffusion coefficients used in the model.  The calculation does not, however, indicate whether those diffusion coefficients are physically real.  The diffusion coefficients of ions inside a highly-charged channel are currently not known.  Only diffusion coefficients in weakly-charged pores have been computed by molecular dynamics (7-9).  Work is currently under way to compute diffusion coefficients in a narrow DDDD locus.

The calculation in the Appendix also does not indicate whether the assumptions of the model are true; for example, in the model of Corry et al. (10) flux is not only limited in the selectivity filter, but also in one of the vestibules with a dielectric barrier.  It may also be that approximations in the model are compensated for by the diffusion coefficients.  For example, in the Nernst-Planck equation (1), it is the product 
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 that appears, and therefore an incorrect density may be compensated for by an effective diffusion coefficient.  This is certainly a possibility.  However, charge neutrality gives a good upper bound on 
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.  The protein charge density is large in RyR (13 M for Asp-4899) and diffusion is limited in a only 15 Å-long segment of the pore.  In that case, the measured 800 pS conductance for K+ can only be achieved in a one-dimensional PNP theory with a diffusion coefficient around 4% of bulk (see above).  By this estimate, any error compensation there is seems to be limited to a factor significantly less than 10, or a Boltzmann factor of less than 2 kT.  Certainly, they are the effective diffusion coefficients needed in such a model.
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