Energetics of calcium selectivity in a calcium channel: the ryanodine receptor case study
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Abstract
Introduction

Calcium-selective ion channels play an important role in many physiological functions including in the excitation-contraction (EC) coupling pathway that translates nerve signals into muscle contractions.  EC coupling involves two kinds of calcium channels:  depolarization of the transverse tubule activates the L-type calcium channel (a.k.a. the dihydropyridine receptor) that conducts a small flux of Ca2+ to activate the ryanodine receptor (RyR) calcium channel.  RyR, in turn, conducts a large flux of Ca2+ out of the sarcoplasmic reticulum, a Ca2+-storage organelle.  It is the binding of this Ca2+ to the contraction proteins that initiates muscle contraction.
Both the L-type and RyR calcium channels have negatively-charged, carboxyl-rich selectivity filters, the EEEE locus of L-type (1,2) and the DDDD locus of RyR (with a neighboring EEEE locus) (3).  While they have this common motif, these two channels have very different permeation and selectivity properties:  the L-type channel has a small conductance (4) and micromolar Ca2+ affinity (5) while RyR has a large conductance and only millimolar Ca2+ affinity REF.  
Recent work has shown that in principle the same physical mechanism can account for the very different Ca2+ affinities observed in these channel (6,7)
Appendix:  Constructing the model

The model of ion permeation through the open RyR channel is a refinement of the model described in Ref. (8) that includes new mutation data that was not available when the first model was created (9).  Specifically, two charge-neutralizing mutations of aspartates in the cytosolic (cis) vestibule of the pore (D4938N and D4945N) were shown to affect RyR conductance and selectivity:  the conductances in 250 mM symmetric KCl were 65% and 92% of WT for D4938N and D4945N, respectively, and permeability ratios PCa/PK were reduced from 7.0 to 3.3 and 6.5.  Charge-neutralizing mutations (D or E to N or Q) of other charged amino acids in the cytosolic vestibule did not affect either K+ conductance or Ca2+ vs. K+ selectivity (9).
Previous experiments (3) showed that neutralizing the charge on two negatively-charged amino acids (Asp-4899 and Glu-4900) significantly reduced both conductance and selectivity:  the conductances in 250 mM symmetric KCl were 20% and 56% of WT for D4899N and E4900Q, respectively, and permeability ratios PCa/PK were reduced from 7.0 to 3.4 and 3.2.  Except for the mutation E4902Q, charge-neutralizing mutations of other charged amino acids in the lumenal vestibule did not affect either K+ conductance or Ca2+ vs. K+ selectivity.  While the conductance of E4902Q was found to be similar to WT, a small but statistically significant change from WT in Ca2+ selectivity was found (3).
Only Asp-4899 and Glu-4900 were explicitly included in the first model of RyR (8), although a region of negative charge in the cytosolic vestibule was required to reproduce the data.  In hindsight, these were the then-unknown Asp-4938 and Asp-4945.  In the model described here, all of the charged amino acids found in mutation experiments to affect RyR conductance and selectivity (while still producing functional and caffeine- and ryanodine-sensitive channels) were included:  Asp-4899 in the selectivity filter, Asp-4938 and Asp-4945 in the cytosolic vestibule, and Glu-4900 and Glu-4902 in the lumenal vestibule (Fig. ??).
Since not high-resolution structures of the RyR are available, it was necessary to reverse-engineer the location of these amino acids.  (Several low-resolution electron microscopy structures of the entire RyR protein are available (10,11).)  This and the rest of the model construction was done in a way similar that described in Ref. (8), but the basic method is outlined here.  Because of the homology between RyR and the potassium channel (11), the pore was given a narrow selectivity filter with a wider cytosolic vestibule.  The selectivity filter radius was chosen to be the same as in the previous model (4 Å) and 15 Å in length.  The filter includes residues 4894 to 4899 (GGGIGD) as shown in low-resolution structures of the RyR pore (10).  The cytosolic vestibule radius was chosen to be 7 Å in accordance with low-resolution RyR structures (M. Samsó, Harvard Medical School, personal communication, 2007), although the model cannot distinguish between different vestibule radii as it can between different selectivity filter radii (Fig. 15 of Ref. (8)).
Like in the previous model, Glu-4900 was placed at the selectivity filter/lumenal vestibule junction and Glu-4902 was placed on the lumenal face of the channel.  These are in accordance with other modeling of the RyR pore based on KcsA homology and mutation experiments (Fig. 2 of Ref. (3)).  Asp-4938 was placed at the selectivity filter/cytosolic vestibule junction in accordance with low-resolution RyR structures (10) and 15 Å away from Asp-4899 (M. Samsó, Harvard Medical School, personal communication, 2007).  Asp-4945 was placed 10 Å away from Asp-4938 toward the cytosolic end of the pore (10,11) because, as part of the same ((-helix, they are approximately one helix turn apart.  Because the tilt of this helix is not yet resolved (M. Samsó, Harvard Medical School, personal communication, 2007), the increase in pore radius near Asp-4945 was arbitrarily chosen to be 45(.  The model is not sensitive enough to distinguish between different helix tilt angles.
Each of the aspartates and glutamates were assumed to be fully-charged and facing into the permeation pathway with the terminal carboxyl (COO‑) group on a flexible tether than can span a hemisphere of radius 5 Å for aspartates and 7 Å for glutamates (Fig. ??).  In the one-dimensional Poisson-Nernst-Planck/Density Functional Theory (PNP/DFT) model (8,12), residues Asp-4938, Asp-4899, and Glu-4900 were modeled as two, independent, half-charged oxygen ions (2.8 Å diameter) confined to a region of the long axis of the pore spanned by each residue’s hemisphere (6-8,13,14).  For example, the centers of the oxygens for Asp-4899 were confined to 25 Å < x < 35 Å in Fig. ??.  The other residues in the model (Asp-4945 and Glu-4900) were modeled as regions of uniform regions of fixed charge (i.e., just a background charge and not as ions that take up space) because the pore radius where they were located was too wide for the residues to exert excluded-volume effects on the permeating ions; their presence was only felt electrostatically by the permeating ions.
Many important structural inferences were made from the first model (8) that were not changed in this model (e.g., selectivity filter radius of 4 Å and the location of Glu-4900 at the selectivity filter/lumenal vestibule interface and its range of tethered movement overlapped with that of Asp-4899).  Other structural parameters were constrained by known structural information (e.g., distance of Asp-4938 from Asp-4899 or distance of Asp-4945 from Asp-4938) or were chosen to have a reasonable value (e.g., range of tethered movement of side chains, location of Glu-4902, or pore radius in the cytosolic vestibule).  The results were insensitive to the exact choice of these latter values.  Given the constraints of the previous model and known structural information and the insensitivity of the other parameters, there were no adjustable parameters with respect to the structure in this model.
There were, however, some parameters for the ions that had be determined from the experimental data:  the diffusion coefficients of the permeating ions and water are inputs to the PNP/DFT model.  Because water does not contribute to the current and Cl‑ does not permeate the channel, these were given diffusion coefficients of 1% of bulk within the pore.  Previously it was shown that the results of the model did not change even when bulk diffusion coefficients were used (8).  For the cations, three different diffusion coefficients were used within the pore, one in each of the following regions:  in the cytosolic vestibule where Asp-4938 was confined (10 Å < x < 20 Å), in the selectivity filter (20 Å < x < 35 Å), and in the lumenal vestibule where Glu-4900 was confined (35 Å < x < 42 Å).  In all other regions, bulk (infinite dilution) diffusion coefficients were used.  The resulting piecewise constant profile was smoothed as described (8).
For K+ the three diffusion coefficients were determined by reproducing the experimental current in symmetric 250 mM KCl in native RyR (80 pA at +100 mV) and in the mutants E4900Q (10 pA at +20 mV) and D4839N (52 pA at +100 mV).  The diffusion K+ coefficients (from cytosolic to lumenal) were 122.1(10–11, 6.91(10–11, and 40.3(10–11 and m2/s.  For all non-K+ cations (Li+, Na+, Rb+, Cs+, Mg2+, and Ca2+) only one diffusion coefficient was left undetermined by assuming that the ratio of bulk to cytosolic vestibule diffusion coefficients for K+ was the same for all other cations and by assuming that the ratio of selectivity filter to lumenal vestibule diffusion coefficients for K+ was the same for all other cations.  The one open diffusion coefficient in the selectivity filter was determined for the monovalent cations by reproducing the current at +100 mV in 250 mM symmetric conditions:  Li+ (21.2 pA), Na+ (48.1 pA), Rb+ (71.5 pA), and Cs+ (51.9 pA).  For the divalent cations, selectivity filter diffusion coefficient was determined by reproducing the current at –100 mV in 250 mM symmetric KCl and 10 mM lumenal divalent-chloride:  Mg2+ (–31 pA) and Ca2+ (–33 pA).  The selectivity filter diffusion coefficients were found to be:  1.29(10–11 for Li+, 3.65(10–11 for Na+, 5.92(10–11 for Rb+, 4.18(10–11 for Cs+, 0.42(10–11 for Mg2+, and 0.41(10–11 m2/s for Ca2+.
While no molecular dynamics simulations to determine diffusion coefficients inside a highly-charged calcium channel have been performed, these values for the selectivity filter diffusion coefficients are consistent with those used in other models of RyR (15-17) and consistent with diffusion coefficients used in models of other highly-charged ion channels (12,18-21) and of other channels (22-26).  These values are also consistent with the fact that diffusion coefficients are reduced below bulk values by a combination of both geometric confinement (27,28) and—to an even larger extent—by a highly-charged environment (29-31) like that found in the selectivity filter of RyR or other calcium channels.
After determining the three diffusion coefficients for K+ and one diffusion coefficient for Li+, Na+, Rb+, Cs+, Mg2+, and Ca2+ using exactly 9 experimental data points out of more than a thousand, the model reproduces all the permeation and selectivity data of RyR2 (the cardiac isoform of RyR) in over 100 different ionic solutions without readjusting any parameters.  The comparison of the revised model and experimental data for two mole fraction curves and 55 current/voltage curves in pure monovalent-chloride, biionic, and monovalent/divalent mixtures in native and mutant RyR of Ref. (8) are shown here and in the main text.  Comparisons of model results and previously unpublished experiment data will be published later.

The additional structural and mutation data have substantially improved the results of the model.  The new model also reproduces the conductances of mutations not in the previous model without any adjustable parameters; in 250 mM symmetric KCl, the model conductance is 718 pS for D4945N (experimental 737±11 pS (9)) and 792 pS for E4902Q (experimental 782±4 pS (3)).
Details of the modeling not described here are discussed in Ref. (8).
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