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Abstract

:

Ion channels are ubiquitous throughout all forms of life. Potassium channels are even found in viruses. Every cell must communicate with its surroundings, so all cells have them, and excitable cells, in particular, especially nerve cells, depend on the behavior of these channels. Every channel must be open at the appropriate time, and only then, so that each channel opens in response to the stimulus that tells that channel to open. One set of channels, including those in nerve cells, responds to voltage. There is a standard model for the gating of these channels that has a section of the protein moving in response to the voltage. However, there is evidence that protons are moving, rather than protein. Water is critical as part of the gating process, although it is hard to see how this works in the standard model. Here, we review the extensive evidence of the importance of the role of water and protons in gating these channels. Our principal example, but by no means the only example, will be the Kv1.2 channel. Evidence comes from the effects of D2O, from mutations in the voltage sensing domain, as well as in the linker between that domain and the gate, and at the gate itself. There is additional evidence from computations, especially quantum calculations. Structural evidence comes from X-ray studies. The hydration of ions is critical in the transfer of ions in constricted spaces, such as the gate region and the pore of a channel; we will see how the structure of the hydrated ion fits with the structure of the channel. In addition, there is macroscopic evidence from osmotic experiments and streaming current measurements. The combined evidence is discussed in the context of a model that emphasizes the role of protons and water in gating these channels.






Keywords:


water; protons; ion channel voltage gating; proton wire; ion hydration












1. Introduction


Massive effort has gone into understanding the role of water, and of protons, in the function of a variety of proteins and biological surfaces. This has been reviewed extensively [1,2], with multiple specific applications in many forms of proteins, membranes, and other types of biological surfaces. In particular, ion channels, which, along with transporters, are responsible for communication between the cell and its surroundings, as well as certain cell functions, such as the nerve impulse, have been the focus of massive effort. The same is true of water structure and proton transport. The fundamental idea of the motion of protons through water has been known for over two centuries; Grotthuss, even before it was known that water was H2O (he thought it was HO), had the basic idea, published in 1806, and the transit of protons through water by exchange with neighboring molecules is still known as the Grotthuss mechanism. New information on hydrogen bonding, and the role of the amino acid side chains of protein as a section of the hydrogen bond chain that constitutes a water wire in biological systems, has come along at an increasing pace. This includes new information on ion channels. Grotthuss could have had no idea of any of this, and he obviously could not have imagined ion channels, but now we can put the parts together to form a coherent picture of the role of proton transport at protein surfaces and interior pores. Together with the structural work on proteins of the past half century, and especially the last quarter century for membrane proteins, we are in a position to apply our knowledge of water structure and proton transport to ion channels.



Channels for ions other than H+ generally have an aqueous pore through which ions, or water molecules themselves, can travel when the pore is open. In order to be functional, there must be a way to open the channel for conduction and close the channel when it should not be conducting ions. The mechanism of this step, called gating, is central to channel function, and much effort has gone into working out the details of the mechanisms for the various types of channels that exist; even H+ conducting channels must have a gating mechanism, although they lack an aqueous pore that could transmit anything bigger than H+. Studies on channel gating and conduction have a long history [3], but much progress has been made in the past quarter century, starting with determination of the structure of a bacterial potassium channel by MacKinnon and coworkers in 1998 [4]. By now, the structure of many channels has been determined by X-ray crystallography, or some other techniques, including cryo-electron microscopy and, for smaller channels, NMR. Voltage-gated channels have presented a particular challenge in that neither X-ray crystallography nor cryo-EM is directly usable with the application of voltage. Thus, almost all voltage-gated channels have a known structure in the open state (zero voltage), but the closed state, which requires the application of a voltage, has not been determined experimentally. In a couple of channels, it may be that the closed state exists at zero potential, but these are hard to compare to the usual channels. There have been a huge number of computational attempts, mostly using molecular dynamics; we have, in the past, raised doubts about how these are to be interpreted [5]. In addition to the channels that allow ions to cross the membrane, there are channels that are specialized to allow only water [6], or only protons [7,8], to cross.



A consensus on gating the voltage-gated channels, based on several assumptions concerning the nature of the voltage-sensing domain, has developed, in which a segment of protein crosses the membrane to go from open to closed states [9]. Figure 1 shows the general structure of a channel with the consensus-determined gating mechanism. The assumptions for this model are based on a seemingly straightforward interpretation of a number of experiments, but these interpretations actually can be interpreted in more than one way; in other words, the assumptions that are built into the standard interpretation require reconsideration [5].



Not only is gating fundamental for the understanding of channel function, but it is a possible target for drugs that might regulate channels and thus ion concentrations in cells. Here, we are particularly interested in channels that transport potassium ions, with the gating occurring in response to voltage changes; however, there are many hundreds of types of channels, some of which gate in response to ligands, mechanical stress, temperature changes, or some combination (for example, TRPV1 both senses temperature and a ligand, capsaicin, the hot pepper ligand [11]). The opening of the voltage-gated channels responsible for the nerve impulse is preceded by a “gating current” of about ten to thirteen charges that move up (where “up” means move in the extracellular direction, and “down” means to move in the intracellular direction—we shall adopt this convention throughout this paper) when the transmembrane voltage is removed [12,13,14,15] and down when a voltage is applied to close the channel. The channel itself, both for potassium and sodium channels, has four-fold symmetry, exact in the case of the potassium channel and approximate for the sodium channels. There are four voltage-sensing domains (VSD), each with four transmembrane protein segments and a central pore composed of two transmembrane segments from each of the four domains. One transmembrane segment in each VSD contains several positively charged amino acids, and it has long been believed that the opening and closing of these channels depended on a physical response of the positively charged transmembrane segment, which is taken to move “up” to open, or “down” to close [16,17,18], the gate of the channel. The structures of the potassium channels have been found only in the open state. The X-ray structures cannot be obtained with an applied voltage, so the structure of the resting or closed state remains to be determined as of the time of this writing, although attempts have been made, and are being made, to determine this using other techniques. So far, all attempts with a Kv channel have been unsuccessful, but it is reasonable to expect that, at some point, it will succeed and that the question of the gating mechanism will be largely settled. Wallace and coworkers have studied prokaryotic sodium channels, which appear to be closely related to eukaryotic sodium channels. Sodium channels are analogous to potassium channels, although they are not exact tetramers, as potassium channels are. Wallace and coworkers found that hinge motions of the pore helix S6 and the C-terminal domain were involved with gating and affected gate diameter, but there was essentially no S4 movement between open and closed structures [19,20]. With the absence of S4 motion in this channel, the gating current cannot be accounted for by simply moving the S4 arginines. In the standard models, these provide the positive charge which is supposed to provide the transient capacitive current (gating current) that precedes channel opening. The gating current has been measured and the magnitude of the charge that moves determined for the channels we are discussing [12,13].



Without moving arginines, how is this possible? The gating current is a measured phenomenon, so positive charges must move. S4 motion has become essentially canonical, at least in a generic sense; however, this class of gating models, while generally accepted, has not been directly confirmed by any structural evidence, and it is possible to interpret the evidence as the gating current being a consequence of proton motion. The S4 mechanism was first suggested over a quarter century ago; the motion is supposed to be transmitted to the somewhat distant (>10 Ả) gate through an intracellular linker, with a down motion pushing on the protein to mechanically close the gate and an up motion pulling the gate open. The details of how this is accomplished have never been worked out, and many complicating experimental results are difficult to explain via this type of mechanism. Several disparate versions, based on different experiments, have been proposed, and the early work, which led to essentially all the present versions, has been very nicely summarized by Tombola et al. [21]. It remains to be shown that the evidence that led to the original mechanical model can be explained by the proposed proton model as well. Significant new evidence specifically supporting the mechanical model has not appeared since, although practically all of the hundreds of experiments reported since tend to be interpreted in terms of this model.



Kariev and Green, in a series of papers [5,22,23,24], considered the possibility that the voltage gating of ion channels depends on protons moving under the influence of the electric field to generate the measured gating current, with the transmembrane segment stationary as the field changes—in this model, protons move, while the protein backbone remains essentially static, although the rotation of side chains is necessary to help transmit the protons. We have supplied principally quantum calculations in support of the proton gating model, together with consistent interpretations of the experiments that have been proven to be difficult to explain on the standard models. We have also discussed the experiments that are the basis of the standard model, pointing out that alternate explanations are possible for all such results [5]; none of the experiments on which the standard model is based offers proof that is definitive. The evidence for the importance of protons in gating, and with these, water, both as part of a transport chain for the protons and as part of the structure of the gate itself, is worth a full discussion, and here, we bring together a number of experiments and calculations that show that water is important in both respects and that this is probably because of its contribution to the transit of protons.



There is remarkable conservation of one section of the potassium channel, the selectivity filter (SF), which is distant from the gate; the SF empties into the extracellular space, while the gate is at the intracellular surface. The SF sequence appears to be not only the same in a bacterial channel [4] and eukaryotic channels, but even in viral channels [25,26]. The strong conservation of this channel section suggests the fundamental importance of the structure and also of this general type of channel. However, the relation of this section to the gate appears to be remote. Inactivation, however, shuts down conduction, and that does appear to be related to the SF. With this being noted, we return to the gate, and with it, the VSD and linker.



Specific evidence pertaining to the roles of water and protons in these channels comes from Hv1, a proton channel analogous to the VSD, from mutational experiments on both the channels of direct interest and, in some instances, of comparable channels, from the use of D2O, from pH adjustments, and even from some macroscopic experiments involving a streaming current and osmotic pressure. To the extent that these can be considered separately, we will try to organize them so as to allow the consideration of the different effects. Not surprisingly, experiments that concern the formation of water networks and hydrogen bond networks and specific forms of protonated water species are particularly important, along with the hydration of the sodium and potassium ions, especially in confined spaces, such as the interior of channels. Ana-Nicoleta Bondar has given a more general review of allosteric effects related to proton transfer with a hydrogen bond network [27].




2. Evidence Pertaining to a Possible Role for Water and Protons in Gating Channels, Especially the Voltage-Gated Potassium Channels Shaker and KV1.2


	(1) 

	
The Hv1 channel as an analogue of the VSD: Another major consideration is that some types of channels are known to conduct protons. The best known example is the Hv1 channel, which has a structure that is, in many ways, similar to the VSD [28,29,30,31]; however, there exist significant differences (for one thing, Hv1 is a dimer, and the proton path would differ somewhat from that in the VSD of the mammalian Kv1 channel; however, the fundamental structure is similar, and the upper part of the channel strongly resembles that of the VSD of the Kv1.2 channel). Although it is not generally considered that this challenges the standard model, it is difficult to see why it does not; it provides a similar path that could be taken by protons [32]. Hv1 is the subject of multiple studies, and there is still no general agreement on the gating mechanism [29,33,34,35,36,37,38]. It appears that protons contribute to the gating current [39]. The wide variety of suggested conformations implies that there is a complex set of states or that the gating mechanism involves something other than a conformational transformation of the channel. A number of residues, when mutated, change the gating, transport, and other properties of the channel [28,29,40,41]. While the Hv1 channel is not identical with the VSD of a Kv channel, the general structure is similar enough that it is reasonable to conclude that the VSD of a Kv channel can conduct protons in response to an electric field. In other words, this structure strongly suggests that the VSD has proton transport as a core function. The Hv1 channel appears to have an upper section that is very similar to the VSD. In our earlier calculations, we found that the second arginine could be a source of protons from an arg-glu-tyr (REY) triplet of amino acids [42]. This is also where most of the electric field drops [43], reaching values close to 108 V m−1, so that there is almost no field across the remainder of the VSD (108 V m−1 × 7 Ả = 70 mV, leaving nothing for the rest of the VSD). At a field of 108 V m−1, non-linear effects on ionization become important [44] (thus, one must be very careful in evaluating molecular dynamics results that use such a high field for the entire VSD). Our calculations therefore accord with the known effects. The Hv1 channel path diverges from that of the VSD below this point, as the path of the proton would be different in the two cases, but the analogy of the Hv1 still strongly suggests that the upper section should be able to produce a proton and that the proton should push additional protons to the inward side of the membrane. The Hv1 channel voltage sensor is also regulated in part by pH [45], which makes sense if the proton current starts with a proton transfer. It must also be possible to close the channel, and this is usually attributed to a hydrophobic gasket [40]; mutations in this gasket, to less hydrophobic amino acids, allows some of the proton current through. The VSD to allow just three protons through in some tens of microseconds could easily be possible with a very limited driving force. Electrostatic control of the proton current is consistent with pH control in that the field is altered by the state of protonation [46]. MD simulations suggest that a water wire exists in Hv1 but not in the VSD of a voltage-gated channel [47]. Modeling based on a putative (and probably correct) closed state of Hv1 suggests the existence of a water wire in the open state but a hydrophobic plug in the closed state [48,49]. Much of the electrophysiology of Hv1 has been worked out by Thomas DeCoursey and colleagues. Although DeCoursey assumes protein motion in gating, his data are consistent with pH and electrostatic control that does not require motion [35]. While we cannot go through all the details of the gating and conduction of the Hv1 channel, there is also strong evidence for the importance of water as a bridge between energy minima for the proton [50] and, more interestingly, for fluctuations of water as a factor in proton transport [36]. At this point, there has not been a test of the effects of fluctuations with the presence of a voltage. Early—pre 1980s—noise measurements notwithstanding, the interpretation of these results is not transparent.







The Hv1 results can be summarized as follows: (i) pH and voltage combine to control gating. (ii) In the open state, there is a water wire, or a proton wire that is partly water and partly a protein side chain, or fluctuations in water that allow a complete water wire. (iii) In the closed state, there appears to be a hydrophobic plug to block the proton current; the efficiency of this plug, including the effect of fluctuations in water density, in voltage, or of a proton leak, has not been determined. This may be relevant to the VSD of a voltage-gated potassium channel in that the VSD should be able to transmit protons and water should penetrate from either end. The existence of a hydrophobic plug may be analogous to what happens with a VSD, but the leak required to allow a proton current is small enough to be consistent with a model in which protons are the gating current.



	(2) 

	
Other channels, not so closely related to the Kv1 VSD, also transport protons. These include bacteriorhodopsin [51], cytochrome c [52,53,54], and the M2 channel of the influenza virus [55,56,57,58]. Bacteriorhodopsin has water as a critical component in the proton path [59,60,61,62,63]. So does cytochrome c [64,65,66,67,68,69,70,71,72,73] and the M2 channel of the influenza virus [56,74,75,76,77,78]. Much of the work on the influenza M2 channel concerns a water network; water networks include hydrogen bonding that involves extensions of hydronium ions (Eigen ions, Zundel ions [79,80,81,82]). Enough channels are known to transport protons to make it clear that proton transport in channels is fairly common and can be part of water networks. Again, the arrangement of side chains is part of the transport mechanism, but in none of these is a significant rearrangement of the backbone of the protein required. We have completed a set of nine optimizations of the gate region of the channel and found that Eigen and Zundel ions both appear when the ion approaches the PVPV level of the gate. Figure 2A illustrates an Eigen ion, while Figure 2B shows a potassium ion with one Eigen and one Zundel ion in a configuration that actually formed in an optimization.




	(3) 

	
Proton wires, coupled to water networks and proteins: All of the channels mentioned in Section 2 above include proton wires that may be part of a network that includes water and protein. For example, bacteriorhodopsin proton transport requires both water and a side chain flip [83,84]. Trofimov and coworkers have shown the existence of water pools in the temperature sensing TRPV1 channel [85]. A central question for the role for water wires in channels concerns the hydrophobic barriers that are often cited as interrupting the passage of protons through a channel; such a barrier, for example, seems to be an argument against a proton-gating mechanism in the VSD of a KV1.2 channel. However, an interesting modeling effort by Kratochvil and colleagues [86] shows that water fluctuations can bridge such gaps; the bridge may be short lived, but it would be adequate to allow a few protons, enough for the gating current, to pass through. A simulation study [47] found a water cluster in the center of the Hv1 pore but not in the VSD of a potassium channel. However, even putting aside questions about MD studies, fluctuations between the upper and lower water pools may make it possible to have transient proton passage. Considering that only about three protons would have to pass in perhaps tens of microseconds, this would not be a large enough current to be blocked (in macroscopic terms, it would correspond to a transient current on the order of tens of fA). In addition to possible fluctuations, side chain rotations may be required in some cases. The influenza channel just discussed seems to require a histidine side chain to move and to ionize to different charge states to allow proton passage [87,88]. Water wires are not limited to channels, but may appear wherever proton transfer along a protein is required for function; a paper by Shinobu and Agmon shows this in the green fluorescent protein [89]. A combination of fluctuations in water surrounding a protein, coupled to the fluctuations of the protein, especially side chains, has been calculated for human carbonic anhydrase II [90,91]. Proton transport may also be coupled to an anion, as in the Cl−/H+ exchanger [92]. In cyt c, the proton transport is coupled to electron transport [93], and specific side chains again act as a sort of gate, coupled to fluctuations. These examples suffice to show how there are proton transport wires in multiple proteins, and that these are coupled through water and the side chains of proteins. The proposed proton chain in the VSD of KV1.2 is not unusual and behaves like normal proton transfer chains; it is limited to only about three protons because no more are available. The existence of a proton current with a single mutation is just what would be expected when protons are available. Fluctuations near a protein surface, especially the hydrophobic sections, are difficult to sample, but a method has been proposed for sampling that is more efficient [94]. Even defining a hydrophobic section requires care, as the water lone pair electrons on the oxygen can interact favorably with aromatic π electrons [95], and so the orientation of water at the surface and the orientation of aromatic side chains should be taken into account in deciding what is hydrophobic. More generally, water networks may span a protein, including one with hydrophobic sections; certain hydrophobic interactions are key to some protein functions [96]. Networks percolate across a surface, for example of a protein, and it has been suggested that the biological function depends on a percolation phase transition [97]. Ions can also interact with each other, as mediated by water [98], and we will come to that in the next section.




	(4) 

	
Ion hydration in confined spaces, like channels: Ions must pass through the gate of the channel and then through the pore. The ion pathway in the channel can be considered in three major sections (this is not the only possible choice of ways to consider the path, but it is the simplest and most direct). (i) Start with selectivity: selectivity of the KV1.2, and other potassium channels for potassium over sodium, appears to largely depend on a selectivity filter (SF) that is conserved from viruses through both domains of protists and essentially all eukaryotes. The filter has a sequence of amino acids (T)TVGYG, where all but the first T are essentially absolutely conserved [99], and the first T nearly so. For channels for which the ion path is from the intracellular to the extracellular space (this includes delayed rectifier channels like KV1.2), this SF is the last section, with the ion leaving from the end of the filter to the extracellular space. There have been a myriad of papers, mostly theoretical, on the passage of the ion through the pore. There are four positions in the filter that can be occupied by the ion or else by water. Determining the number of spaces occupied by ions, as opposed to those occupied by water, has been a struggle for years. A potassium ion in bulk water will have, most of the time, around six water molecules in its hydration shell. The energy of the water interaction decreases as the number of water molecules bound to the ion increases; this is most easily seen for the gas phase, where it was measured by Kebarle and coworkers half a century ago (Table 1 [100]).







It may seem odd to include gas phase thermodynamic quantities here. However, while the gas phase numbers are not going to equal the liquid phase numbers, they do suggest the order of strength of adding hydration. Not surprisingly the first hydration is the strongest, and sodium is stronger than potassium—with the anions, we can see that the hydration is weaker. Kebarle [100] also gave Gibbs energy differences for the cations but not the anions. The Gibbs energy differences essentially tracked the enthalpy differences. The gas phase hydration strength is more or less in line with what we expect from the size and kosmotropic/chaotropic series. These numbers are unlikely to be relevant for bulk water, where the exchange rate of tens of picoseconds makes the fluctuations too fast to be of any biological interest. However, the state of hydration in the gate of an ion channel would be much slower, and the number of water molecules hydrating an ion would be more like two for K+ and three for Na+ in the confined space of a channel pore. The gas phase differences in enthalpy for adding a water molecule are likely to be similar to what they would be at a channel gate, and it is therefore worth considering for a qualitative understanding of the order in which hydration may take place in a pore, in which it is necessary to strip off some of the hydrating water. Inasmuch as the gain in energy for adding a third water to a K(H2O)2+ is about the same as the energy to add a first water to chloride, it would be interesting to know the interaction energy in the pore of K(H2O)2+ with Cl−—do we obtain ion association? In the 1950s and 1960s, Raymond Fuoss and coworkers measured such quantities in bulk solution, but we have not found measurements of these in constrained spaces. Another point that would be interesting would be to substitute Br− for Cl− in some physiological experiments, but this experiment also does not seem to have been conducted.



However, in the SF, there would be space for just two water molecules per ion. We will see that potassium near the gate must also get down to two water molecules. There are two relevant experimental papers. One of the chief questions has been the number of water molecules per ion in the selectivity filter. The way to measure this is via the streaming current, which gives the ratio of K+/H2O directly. This measurement has been carried out in one paper, and, as with everything having to do with channels, it is complicated (Iwamoto and Oiki [101]). When the intracellular side of the channel has a high enough concentration of K+, the ratio is 1:1, so presumably the occupancy of the selectivity filter alternates between K+ and water. The four states are occupied as K/W/K/W. However, if the potassium concentration is dilute, the ratio is 2.2. This is quite different to what is found for the carrier (carriers complex with the ion and carry it across the membrane) valinomycin [102]. The second paper is also relevant to selectivity. If a Na+ gets into a channel, it largely blocks the channel. While this basic phenomenon has been known for half a century, it was measured quantitatively on a KcsA channel [103], a bacterial potassium channel that has a smaller central cavity, with fewer water molecules, than KV1.2. It is consistent, however, with the Iwamoto and Oiki paper on streaming currents in finding different binding mechanisms for the concentrated and dilute solutions of potassium. (ii) Ion hydration in bulk or, for that matter, in vacuum is fairly well understood. The binding energy and free energy of water molecules was determined in vacuum (Table 1), and it was found that each water is less strongly bound than the previous one. In solution, it appears that both the K+ and Na+ ions usually have six water molecules, although this fluctuates, and partners exchange on a tens of picoseconds time scale. Potassium is structure breaking (chaotropic), while sodium is structure making (kosmotropic). In other words, Na+ holds its hydrating molecules more tightly than K+. This has consequences as the ion approaches the gate. It appears that this has not been carefully examined in the literature. However, if we assume that the gate diameter in the closed state is not much different from that in the open state (appropriate for the proton gating model, but not the standard models), then the changes in hydration between the two types of ion are important. Probably, they should be important even for the standard models, although this seems not to have received a great deal of attention.



A role for D2O?: If the binding of a water molecule to anything, ion or protein, is relevant at all, one should expect that D2O would matter. Several experiments have shown that it does. Because no structural information is needed to determine the main electrophysiological properties of gating, the first tests were quite simple. Using D2O was shown by Schauf and coworkers to slow gating in a potassium channel by inhibiting the fast phase of gating [104]. Earlier still, the same group showed gating in a sodium channel was slowed by D2O [105,106,107]. Furthermore, they were able to separate phases of gating by finding different effects of D2O on different phases of gating. Starkus and Rayner and coworkers found at least two stages in gating that were affected by D2O substitution; this included the finding by Alicata et al. that the last step in gating a sodium channel was slowed by D2O [108,109,110]. Potassium channels also have solute inaccessible changes during gating [111]. The interpretation of the D2O results is actually not entirely simple. However, it is clear that these effects exist. Because of the importance of water in the transport of protons and the fact that several steps, from VSD to linker to gate, are involved, the water/proton gating model can make at least two strong predictions with respect to these effects: first, they must exist; second, they must show different stages, as protons must move through three stages, gate, linker, VSD. Both of these predictions are fulfilled. Unfortunately, they are not sufficiently specific as to allow strong conclusions to be drawn. In the consensus model, it is difficult to understand why isotopic substitution in the solvent should matter, if the solvent did not take part in gating. The existence of D2O effects is necessary, but not sufficient, for the proton gating model. This necessary condition is clearly fulfilled. For the alternative, it is difficult to explain why the solvent is of importance, but possibly a version can be found in which the solvent plays a role. The consensus models do not make clear how the solvent could play a role at all. Conceivably, even on a standard model, the hydration of the ion might matter, although how this might matter for different steps in gating, as was shown by experiments, is not obvious. On the standard model, one might speculate that the tighter binding to D2O might diminish current, but slowing gating seems harder to account for. So far, we have said very little about inactivation, especially slow inactivation. However, there is evidence for the existence of a cluster of structural water molecules behind the selectivity filter that slows K+ ion rehydration [112,113], structural water appears to play a role throughout the channel. D2O is also involved in slowing C-type inactivation, in a manner involving hydration of the ion.



Fluometry: Evidence from fluometry has been interpreted in terms of the standard model, but in the end, the conclusion has been that more work is needed. Two kinds of effects can be measured: solvatochromic shifts in spectra brought about principally by changes in local electric field, and FRET-type quenching experiments that should depend on the distance between the absorbing and the fluorescent moieties. The most important solvatochromic result of all is that of Asamoah et al. [43] that showed that the voltage dropped almost all at one arginine in the VSD, which is consistent with our calculation of the R-E-Y proton source. The interpretation of FRET (or the improved LRET variant) studies show that something changes at the gate and sometimes in the VSD. There is considerable additional literature on fluometry on ion channels [114,115,116,117,118]. Even for FRET type studies, however, the interpretation is complex, as the rotation of either the absorber or the fluorescent moiety, which are generally of the order of size of the effect that is supposed to be measured, could produce the entire effect. Without reviewing the entire literature on this subject, we can state that it is not necessary to agree that this requires interpretation in terms of the standard model. The latter requires a large mechanical displacement of the S4 segment. Side chain rotations and field changes occasioned by the change in protonation state, for example, could also produce the observed effects.



Simulations: The standard model has been ostensibly supported by a huge amount of the literature on simulations. We have cited a couple of simulation studies, especially with reference to the Hv1 channel. We mostly omitted discussions of these, as we had criticized problems with these studies in an earlier work, most recently in some detail in an article in Symmetry [119]. The difficulty with classical simulations, in practically all cases, starts with the inability to observe the motion predicted by standard models. The response has been to use, as the reviewer observes, an order of magnitude too large a field, with the implied (almost never stated) assumption that the field effects are linear and using the excuse that the time scale is just being speeded up. The implied assumption of linearity is incorrect; at above about 107 Vm−1, non-linearities begin to appear, such as the second Wien effect. The Onsager paper [44] on this is still approximately valid, even though it assumed a homogeneous dielectric constant and bulk solution. The Asamoah [43] paper mentioned in regard to fluorometry showed that the field dropped almost entirely across one of the arginines. The huge field used in the simulations would produce unknown effects at the other arginines, effects that are very unlikely to exist in reality. In a sense, there is a partially compensating error, because the classical simulations cannot allow ionization (this would also prevent the simulations from finding a proton current if one exists). Salt bridges, however, can be torn apart by high fields in ways that realistic fields could not accomplish. The treatment of water is highly uncertain, as many simulations use TIP3P water which is not a good model, especially at high fields where polarization is important. For these reasons, we have not cited much of the classical molecular dynamics simulation literature.



	(5) 

	
A few mutations: There have been far more mutation experiments reported than could be reviewed here. Only a limited number are directly relevant. The entire standard model began with the finding that substituting cysteine for arginine made it possible to determine the side of the membrane from which the substituted residue was accessible. The interpretation ignored the size difference between the tiny cysteine side chains and the large arginine and the fact that water could penetrate the VSD, so that cysteine could ionize in situ without moving to the surface, as was necessary for the standard model. Given these assumptions, accessibility required S4 motion. If the penetration of water, and the size difference of cysteine and arginine side chains, are taken into account, the interpretation of accessibility in terms of motion ceases to be obvious. Here, we will be concerned with certain mutations of residues that are conserved and ionizable, so that they are possibly relevant to the presence and transmission of protons. These include the finding of Lee et al. [120] that a glutamate in the S4–S5 linker is required for the channel to function. Lee and coworkers found that in addition to E327, a histidine, H418 (in the 3Lut numbering from the pdb), played a key role in the pH gating of the Kv1.2 channel, both near the junction of the S4–S5 linker (i.e., the linker between the VSD and the gate) where the linker joins the pore below the gate. Results on the C-terminus of the Kv1.2 channel [121] help to confirm this interpretation. Given their positions, it is easy to see how they must be part of the path through the linker for protons, as they enter the gate section. If protonatable residues were not present at the location where the linker joins the gate, it would be difficult to see how to have a proton path. The fact that these are absolutely necessary and well conserved suggests that there is in fact a proton path, as these residues have no special mechanical properties that would make it difficult to replace them with other residues of a similar size. Without these residues, the channel does not function. It is not obvious why in the standard models, in the absence of a proton path, these would be critical. Second, in a pair of papers from Swartz and coworkers [122,123], it was shown that a substitution of aspartate for proline (P→D mutation) made the channel constitutively open at all physiological voltages (other similar mutations produced a lesser effect in this direction). They concluded that the channel underwent some sort of transformation that opened the channel even without a gating current. On the model we are proposing, the aspartates (there are four, one per domain) absorbed up to four protons, neutralizing the gate, with the consequence that the channel was open—the protons no longer formed a barrier to the progress of the positively charged K+ ion. The pore diameter distances in the open channel are still about the same in the open channel X-ray structure when aspartate is present as when the original, highly conserved proline, is.







We have restricted this discussion to very few mutations that appear to require sharply different interpretations from the standard model than from the proton gating model. These we find are consistent with the proton model, not with the standard model.



	(6) 

	
If the hydration of ions and the activity of water are important, then it must be the case that osmotic effects are significant. If the osmotic strength on one side of the membrane increases, so that the activity of water that is accessible to that side of the membrane changes, several processes change. Osmotic effects are well known. For one thing, the osmotic pressure can do mechanical work, and there is a large class of channels that are mechanically sensitive; we have not discussed these here, although there is evidence that their gating amounts to breaking a water column in the pore [124,125,126,127] (this list is not at all comprehensive but just offers a few examples). There are a number of channels, of types other than the type we are emphasizing here, on which similar experiments have been conducted [128]. Diaz-Franulic et al. combined osmotic pressure, streaming current, and viscosity experiments to suggest that water displacement during gating of the KV1.2 channel was comparable to that in slow inactivation, as well as to suggest that water displacement was important in both [129].




	(7) 

	
Aquaporin channels—water channels: There is another class of channels that can deal with osmotic stress, the aquaporin (aqp) channels. These transmit water in response to osmotic gradients. The 2003 Nobel Prize was shared (with Roderick MacKinnon) by Peter Agre, who discovered them. Hundreds of specific aqp channels are known in multiple families. The aquaporins are close to being ubiquitous in plants and are found in all domains of life. They are critical in the lens of the eye [130]. These channels have an interesting property in that they transmit water without transmitting protons, a trick that has led to a fair amount of puzzlement. One guess is that these channels have proton-transmitting water chains that double back, so that protons cannot be transmitted to the other side of the membrane, but return to the side from which they began. Other suggestions for the mechanism of action of these channels involve the electric field and free energy of the ions [131]. A more recent work has made different suggestions [132]. Overall, this class of channels has been the subject of a huge number of studies concerning their location as well as their mechanism of transmitting water while not allowing the transport of H+ [130,131,133,134,135,136]. There are several suggestions for detailed mechanisms that involve lipids and phosphorylation, among other factors. The existence of these channels is to be expected, given the central role that water, and the activity of water, plays in maintaining the conditions that allow cells to function.







Some recent calculations on the path of the potassium ion near the gate, and the coupling to the S4–S5 linker. We have carried out quantum calculations on the VSD, the S4–S5 linker, and somewhat incomplete but already informative calculations on the region near the gate. Certain mutations in the gate region, especially the proline to aspartate mutation we discussed above in the highly conserved PVPV sequence at the gate, produce a channel essentially constitutively open [122,123,137] at physiological potentials. These are qualitatively relatively easily understood on the proton model, but not on the mechanical model. There is no reason this P→D mutation should produce a wider gate opening, but the aspartate can take up protons with its carboxyl. This mutation also produces a larger current than the wild type, and the hydration of the ions near the gate is likely to be critical; we discuss hydration below. We will not review all the linker mutations that have been reported but only note that these have led to several contradictory models of the VSD–gate coupling, none of which appear to be close to accounting for all the data. The proton model that we propose does not contradict any of the evidence and is at least plausible for essentially all that has been reported—hydrogen ion transmission can occur under fairly general conditions.



Taken together, the evidence suggests that the standard model of voltage gating is not proven by the available evidence. It is also not completely defined, as the connection of the S4 motion to the gate requires the S4–S5 linker to make some specific conformational changes or cause the gate to do so. There have been some partial hypotheses, for example, by Blunck and coworkers, as to how the S4–S5 linker connects the S4 motion to the gate, including the suggestion that 3–4 Ả motion is sufficient [138,139]. These results are based on the effects of certain mutations, together with molecular dynamics, and do not appear to account for the effects of water. These include a role for the hinge motion around a glycine residue [140], an apparent crevice into which a residue from the linker fits (albeit in a related channel) [141], and modification of gating by PIP2 of the interaction with the T1 moiety, among other problems. A number of other hypotheses for the role of the S4–S5 linker have been made that are not compatible with each other. Related phenomena have been suggested for other channels [142,143]. It seems safe to say that the S4–S5 linker is critical to the gating of many channels, but that the exact mechanism is not yet a settled question. We have earlier shown how the VSD could produce a proton cascade [25], that the linker acts to conduct protons to the gate, and have found two paths that cross in Kv1.2 by which this can happen [144]. These paths account for the role of water and that of the T1 moiety, which is known to be involved in gating [145]. It remains to show how the protons, once they reach the gate, close it. However, our model assumes that without protons, the gate allows K+ ions to enter. The standard model has always assumed an absence of mobile protons, at least as contributors to the gating current, so that it does not differ greatly from our model in the open state itself. Both models use the structure determined via X-ray crystallography; this has always been assumed to be the open state, as it has no voltage across the membrane. The major efforts and multiple hypotheses have been directed at finding the closed state; in the standard models, these hypotheses essentially always include a displaced S4 segment of the VSD. The models differ in the nature of the gating current, the function of the linker, and the nature of the gate in the closed state. In other words, all the dynamics are different, as well as the final result that produces the closed state. Here, we have considered the possibility that protons and water are central to this process. We have incomplete calculations at the gate itself that further support the proton gating model to the extent that they have been completed. The overall mechanism requires considering the properties of water in the neighborhood of a protein, the transmission of protons, and especially the hydration of the ions themselves. It also means looking at possible ion–ion interactions, including those with the most common anions in the cell, chlorides. Other relevant data include osmotic effects, isotope (D2O) effects—we have already mentioned something about D2O effects—as well as hydrogen bonding in the gate, and pH effects. We have given somewhat less weight to molecular dynamics results as these seem questionable for this system [117]. Only then can we summarize what appears, at this point, to be the preponderance of evidence.



The hydration of the potassium ion is an issue that has been discussed by a number of authors over the past several decades, as it is a question of obvious importance in a number of contexts [21,145,146]. The diameter of the hydrated ion is different from that of the bare ion, and a partially hydrated ion can rotate to provide a greater or narrower profile to fit through the pore at the gate. Figure 3 shows a section near a K+ ion cropped from a 1322 atom optimization, showing the local solvation near the K+ with 2 Cl− ions nearby.



We have already shown how the protons could be generated in the VSD and cited the analogy with the Hv1 channels to reinforce the point that protons could be generated and conducted through the VSD [25]. Figure 4 shows the energy of the system near the gate as a K+ ion approaches the gate, with ten protons having been added to the open structure of the channel near the gate. These calculations (see Appendix A for the method) provide evidence that protons can block the gate. Coupled with the linker calculations [10], we have a nearly complete gating model. At this point, confirmation must await experimental determination of S4 motion or lack of motion. What does appear certain is that water and protons are a significant part of whatever mechanism is found.



Figure 4 shows that the open structure of the gate can still block a K+ ion when there are ten protons present. The open structure itself does not offer a generous space for the ion to pass, as the distance between diagonally opposed proline CH2 groups is only about 12 Ả, so the ion can go through with one water ahead and one behind, but it would be very difficult to pass with a third water. To some extent, this may help with selectivity against Na+, as Na+ would require three water molecules or otherwise a lot of energy to remove the third water (here, Table 1 may be relevant—even though the channel is not in the gas phase, the water molecules are sufficiently isolated so that the energy differences are very likely comparable. Unlike bulk water, there is only one contact between each of the two hydrating molecules and the next water). Because we have difficulty defining the actual open state (it might, for example, have up to perhaps four protons) we did not attempt to do a comparable calculation of the open state. However, since the open state is experimentally open, this is not an issue—the question was whether ten protons could close the gate, and the calculation shows that it does. The hydration of the ions makes a difference in how the opening works. One further comment with regard to the P→D mutation that produces a constitutively open channel: the aspartate, if it were to stretch directly toward the ion path, would leave an appreciably smaller opening than the prolines, almost certainly closing the gate, if the gate were mechanical. As it is, we have to depend on the aspartate being more flexible, so that it can allow the ion to pass by rotating slightly. Whether the aspartate charge neutralizes protons, or pulls in K+, the combination of flexibility and charge makes the channel constitutively open.



A comment on a side issue—plausible but speculative, and important if true: There appears to be little evidence concerning the evolution of voltage-gated channels, with their elaborate arrangement of voltage-sensing domains, linkers, and gate. Generally, one expects to see simpler forms in evolution prior to a more complex structure. In fact, if gating does depend on protons, there are such forms that one can point to: observe the similarity of the Hv1 channel to the VSD, and the fact that the Hv1 channel is normally a dimer.



If two of these dimers combined with a channel like the bacterial KcsA, which is gated with a drop in pH presumably by protons but also has some voltage sensitivity, one obtains something like a Kv channel, but only if in fact the KV channel is proton gated. This proposed evolutionary history could not apply to the standard model, as that depends on a mechanical linkage that must be complete to function at all, as several pieces must all fit precisely together. The standard model seems to give no obvious path to Kv evolution from any simpler form, as far as we can see, nor are we aware of any evolutionary paths having been proposed in the literature. Obviously, there are differences between a system with two Hv1 + KcsA channels and a Kv channel; for example, the KcsA channel opens with added protons, while the Kv channel closes with added protons. However, having an ion path that is determined by a reversal of the effect of proton positions does not require a major evolutionary step. The linker would have to evolve separately, but considering that there are many ways of creating a proton path, this should not be too difficult. In a mechanical model, the pieces must immediately fit mechanically correctly starting from some initial form of the channel, which is, on the face of it, far more difficult. In the absence of direct evidence, this can only be a suggestion. However, channel evolution may be a path that is worth investigating, especially as there seems to be less work on it than one might expect.




3. Conclusions


Cells must communicate with their surroundings. In the process, they may produce electrical pulses, as nerve cells do. They must maintain the activity of ions and water to maintain internal homeostasis. For this, there are a large variety of ion channels, as well as aqp channels for water. There are proton channels, as the pH must be maintained as well. Given the importance of these functions, it is not surprising that a huge effort has gone into understanding the channels. For the potassium channels, with which we are principally concerned in this review, there is a standard model of the mechanism by which the channels gate; while there are several versions that differ in detail, all versions require major conformational changes, especially for the S4 segment of the VSD. However, there are many phenomena that are difficult to explain using any version of the standard model. In particular, although water plays a role in some versions of the standard model, and sometimes even pH sensitivity, it seems difficult to find a coherent role for water in the standard models or for hydrogen ions. Therefore, we have proposed that the actual gating current consists of protons and have shown via quantum calculations that these give a consistent explanation for the gating of the KV1.2 channel. The extent of applicability to other channels is not discussed here, but is likely to be important. Figure 5 summarizes the model as it stands as of this writing; details are being filled in, and have already been filled in for the VSD and the linker, as in the references cited earlier. Calculations are still in progress on the gate, but have already shown that the gate provides a barrier to a K+ ion as it approaches the gate when ten protons are present. These calculations are also showing how the water and ions interact near the gate.
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Appendix A


METHODS: Optimizations leading to Figure 4 used DFT optimization, with the NWChem program, with the following DFT and basis sets (calculations at Pacific Northwest National Laboratory, PNNL, using the Tahoma cluster): the calculations were conducted at the following level [147,148]:



basis “ao basis” spherical



* library def2-svp



end



basis “cd basis” spherical



* library “weigend coulomb fitting”



end



adft



xc xpbe96 cpbe96



disp vdw 4



tolerances



grid fine



convergence energy 1d-7





References


	



Agmon, N.; Bakker, H.J.; Campen, R.K.; Henchman, R.H.; Pohl, P.; Roke, S.; Thamer, M.; Hassanali, A. Protons and Hydroxide Ions in Aqueous Systems. Chem. Rev. 2016, 116, 7642–7672. [Google Scholar] [CrossRef]

	



Green, M.E.; Kariev, A.M. Water in Biology, A Molecular View; Nova Science Publishers: Hauppauge, NY, USA, 2023. [Google Scholar]

	



Hille, B. Ion Channels of Excitable Membranes; Sinauer Associates: Sunderland, MA, USA, 2001. [Google Scholar]

	



Doyle, D.A.; Cabral, J.M.; Pfuetzner, R.A.; Kuo, A.; Gulbis, J.M.; Cohen, S.L.; Chait, B.T.; MacKinnon, R. The Structure of the Potassium Channel: Molecular Basis of K+ Conduction and Selectivity. Science 1998, 280, 69–77. [Google Scholar] [CrossRef]

	



Kariev, A.M.; Green, M.E. Caution is required in interpretation of mutations in the voltage sensing domain of voltage gated channels as evidence for gating mechanisms. Int. J. Mol. Sci. 2015, 16, 1627–1643. [Google Scholar] [CrossRef] [PubMed]

	



Carbrey, J.M.; Agre, P. Discovery of the aquaporins and development of the field. Handb. Exp. Pharmacol. 2009, 190, 3–28. [Google Scholar]

	



DeCoursey, T.E.; Morgan, D.; Musset, B.; Cherny, V.V. Insights into the structure and function of Hv1 from a meta-analysis of mutation studies. J. Gen. Physiol. 2016, 148, 97–118. [Google Scholar] [CrossRef] [PubMed]

	



Kulleperuma, K.; Smith, S.M.E.; Morgan, D.; Musset, B.; Holyoake, J.; Chakrabarti, N.; Cherny, V.V.; DeCoursey, T.E.; Pomes, R. Construction and validation of a homology model of the human voltage-gated proton channel hHv1. J. Gen. Physiol. 2013, 141, 445–465. [Google Scholar] [CrossRef] [PubMed]

	



Vargas, E.; Yarov-Yarovoy, V.; Khalili-Araghi, F.; Catterall, W.A.; Klein, M.L.; Tarek, M.; Lindahl, E.; Schulten, K.; Perozo, E.; Bezanilla, F.; et al. An emerging consensus on voltage-dependent gating from computational modeling and molecular dynamics simulations. J. Gen. Physiol. 2012, 140, 587–594. [Google Scholar] [CrossRef]

	



Kariev, A.M.; Green, M.E. Protons in Gating the Kv1.2 Channel: A Calculated Set of Protonation States in Response to Polarization/Depolarization of the Channel, with the Complete Proposed Proton Path from Voltage Sensing Domain to Gate. Membranes 2022, 12, 718. [Google Scholar] [CrossRef]

	



Luu, D.D.; Owens, A.M.; Mebrat, M.D.; Van Horn, W.D. A molecular perspective on identifying TRPV1 thermosensitive regions and disentangling polymodal activation. Temperature 2023, 10, 67–101. [Google Scholar] [CrossRef]

	



Armstrong, C.M.; Bezanilla, F. Charge movement associated with the opening and closing of of the activation gates of the Na channels. J. Gen. Physiol. 1974, 63, 533–552. [Google Scholar] [CrossRef]

	



Keynes, R.D.; Rojas, E. Kinetics and steady-state properties of the charged system controlling sodium conductance in the squid giant axon. J. Physiol. 1974, 239, 393–434. [Google Scholar] [CrossRef]

	



Ishida, I.G.; Rangel-Yescas, G.E.; Carrasco-Zanini, J.; Islas, L.D. Voltage-dependent gating and gating charge measurements in the Kv1.2 potassium channel. J. Gen. Physiol. 2015, 145, 345–358. [Google Scholar] [CrossRef]

	



Islas, L.D. Functional diversity of potassium channel voltage-sensing domains. Channels 2016, 10, 202–213. [Google Scholar] [CrossRef]

	



Horn, R. Coupled movements in voltage-gated ion channels. J. Gen. Physiol. 2002, 120, 449–453. [Google Scholar] [CrossRef] [PubMed]

	



Horn, R. How S4 segments move charge. Let me count the ways. J. Gen. Physiol. 2004, 123, 1–4. [Google Scholar] [CrossRef]

	



Horn, R. How ion channels sense membrane potential. Proc. Natl. Acad. Sci. USA 2005, 102, 4929–4930. [Google Scholar] [CrossRef]

	



McCusker, E.C.; Bagneris, C.; Naylor, C.E.; Cole, A.R.; D’Avanzo, N.; Nichols, C.G.; Wallace, B.A. Structure of a bacterial voltage-gated sodium channel pore reveals mechanisms of opening and closing. Nat. Commun. 2012, 3, 1102. [Google Scholar] [CrossRef]

	



Montini, G.; Booker, J.; Sula, A.; Wallace, B.A. Comparisons of voltage-gated sodium channel structures with open and closed gates and implications for state-dependent drug design. Biochem. Soc. Trans. 2018, 46, 1567–1575. [Google Scholar] [CrossRef] [PubMed]

	



Tombola, F.; Pathak, M.M.; Isacoff, E.Y. How does voltage open an ion channel? Ann. Rev. Cell Dev. Biol. 2006, 22, 23–52. [Google Scholar] [CrossRef] [PubMed]

	



Kariev, A.M.; Green, M.E. Quantum calculation of proton and other charge transfer steps in voltage sensing in the Kv1.2 channel. J. Phys. Chem. B 2019, 123, 7984–7998. [Google Scholar] [CrossRef]

	



Sapronova, A.; Bystrov, V.; Green, M.E. Ion channel gating and proton transport. J. Mol. Struct. Theochem 2003, 630, 297–307. [Google Scholar] [CrossRef]

	



Sapronova, A.; Bystrov, V.S.; Green, M.E. Water, proton transfer, and hydrogen bonding in ion channel gating. Front. Biosci. 2003, 8, s1356–s1370. [Google Scholar] [PubMed]

	



Brunner, J.D.; Jakob, R.P.; Schulze, T.; Neldner, Y.; Moroni, A.; Thiel, G.; Maier, T.; Schenck, S. Structural basis for ion selectivity in TMEM175 K+ channels. ELife 2020, 9, e53683. [Google Scholar] [CrossRef] [PubMed]

	



Gazzarrini, S.; Van, E.J.L.; DiFrancesco, D.; Thiel, G.; Moroni, A. Voltage-dependence of virus-encoded miniature K+ channel Kcv. J. Membr. Biol. 2002, 187, 15–25. [Google Scholar] [CrossRef] [PubMed]

	



Bondar, A.-N. Chapter Six—Mechanisms of long-distance allosteric couplings in proton-binding membrane transporters. Adv. Protein Chem. Struct. Biol. 2022, 128, 199–239. [Google Scholar]

	



Cherny, V.V.; Morgan, D.; DeCoursey, T.E.; Musset, B.; Chaves, G.; Smith, S.M.E. Tryptophan 207 is crucial to the unique properties of the human voltage-gated proton channel, hHV1. J. Gen. Physiol. 2015, 146, 343–356. [Google Scholar] [CrossRef] [PubMed]

	



Cherny, V.V.; Morgan, D.; Thomas, S.; Smith, S.M.E.; DeCoursey, T.E. Histidine168 is crucial for ΔpH-dependent gating of the human voltage-gated proton channel, hHV1. J. Gen. Physiol. 2018, 150, 851–862. [Google Scholar] [CrossRef] [PubMed]

	



Decoursey, T.E. Voltage-gated proton channels. Compr. Physiol. 2012, 2, 1355–1385. [Google Scholar]

	



Fujiwara, Y.; Kurokawa, T.; Takeshita, K.; Kobayashi, M.; Okochi, Y.; Nakagawa, A.; Okamura, Y. The cytoplasmic coiled-coil mediates cooperative gating temperature sensitivity in the voltage-gated H+ channel Hv1. Nat. Commun. 2012, 3, 816. [Google Scholar] [CrossRef]

	



Okamura, Y.; Fujiwara, Y.; Sakata, S. Gating mechanisms of voltage-gated proton channels. Annu. Rev. Biochem. 2015, 84, 685–709. [Google Scholar] [CrossRef]

	



Boonamnaj, P.; Sompornpisut, P. Effect of Ionization State on Voltage-Sensor Structure in Resting State of the Hv1 Channel. J. Phys. Chem. B 2019, 123, 2864–2873. [Google Scholar] [CrossRef]

	



De La Rosa, V.; Ramsey, I.S. Gating Currents in the Hv1 Proton Channel. Biophys. J. 2018, 114, 2844–2854. [Google Scholar] [CrossRef] [PubMed]

	



Decoursey, T.E. Voltage and pH sensing by the voltage-gated proton channel, HV1. J. R. Soc. Interface 2018, 15, 20180108. [Google Scholar] [CrossRef]

	



Gianti, E.; Delemotte, L.; Klein, M.L.; Carnevale, V. On the role of water density fluctuations in the inhibition of a proton channel. Proc. Natl. Acad. Sci. USA 2016, 113, E8359. [Google Scholar] [CrossRef]

	



Okamura, Y.; Okochi, Y. Molecular mechanisms of coupling to voltage sensors in voltage-evoked cellular signals. Proc. Jpn. Acad. Ser. B 2019, 95, 111–135. [Google Scholar] [CrossRef]

	



Randolph, A.L.; Mokrab, Y.; Bennett, A.L.; Sansom, M.S.; Ramsey, I.S. Proton currents constrain structural models of voltage sensor activation. Elife 2016, 5, e18017. [Google Scholar] [CrossRef]

	



Sokolov, V.S.; Cherny, V.V.; Ayuyan, A.G.; DeCoursey, T.E. Analysis of an electrostatic mechanism for ΔpH dependent gating f the voltage-gated proton channel, Hv1, supports a contribution of protons to gating charge. Biochim. Biophys. Acta (BBA)-Bioenerg. 2021, 1862, 148480. [Google Scholar] [CrossRef]

	



Banh, R.; Cherny, V.V.; Morgan, D.; Musset, B.; Thomas, S.; Kulleperuma, K.; Smith, S.M.E.; Pomès, R.; DeCoursey, T.E. Hydrophobic gasket mutation produces gating pore currents in closed human voltage-gated proton channels. Proc. Natl. Acad. Sci. USA 2019, 116, 18951–18961. [Google Scholar] [CrossRef]

	



Cherny, V.V.; Musset, B.; Morgan, D.; Thomas, S.; Smith, S.M.E.; Decoursey, T.E. Engineered high-affinity zinc binding site reveals gating configurations of a human proton channel. J. Gen. Physiol. 2020, 152, e202012664. [Google Scholar] [CrossRef] [PubMed]

	



Kariev, A.M.; Green, M.E. Quantum calculations of a large section of the voltage sensing domain of the Kv1.2 channel show that proton transfer, not S4 motion, provides the gating current. bioRxiv 2017, 154070. [Google Scholar] [CrossRef]

	



Asamoah, O.K.; Wuskell, J.P.; Loew, L.M.; Bezanilla, F. A Fluorometric Approach to Local Electric Field Measurements in a Voltage-Gated Ion Channel. Neuron 2003, 37, 85–97. [Google Scholar] [CrossRef] [PubMed]

	



Onsager, L. Deviations from Ohm’s Law in Weak Electrolytes. J. Chem. Phys. 1934, 2, 599–615. [Google Scholar] [CrossRef]

	



Carmona, E.M.; Fernandez, M.; Alvear-Arias, J.J.; Neely, A.; Larsson, H.P.; Alvarez, O.; Garate, J.A.; Latorre, R.; Gonzalez, C. The voltage sensor is responsible for I-pH dependence in Hv1 channels. Proc. Natl. Acad. Sci. USA 2021, 118, e2025556118. [Google Scholar] [CrossRef]

	



Lee, M.; Bai, C.; Feliks, M.; Alhadeff, R.; Warshel, A. On the control of the proton current in the voltage-gated proton channel Hv1. Proc. Natl. Acad. Sci. USA 2018, 115, 10321–10326. [Google Scholar] [CrossRef] [PubMed]

	



Ramsey, I.S.; Mokrab, Y.; Carvacho, I.; Sands, Z.A.; Sansom, M.S.P.; Clapham, D.E. An aqueous H+ permeation pathway in the voltage-gated proton channel Hv1. Nat. Struct. Mol. Biol. 2010, 17, 869–875. [Google Scholar] [CrossRef] [PubMed]

	



Chamberlin, A.; Qiu, F.; Rebolledo, S.; Wang, Y.; Noskov, S.Y.; Larsson, H.P. Hydrophobic plug functions as a gate in voltage-gated proton channels. Proc. Natl. Acad. Sci. USA 2014, 111, E273. [Google Scholar] [CrossRef] [PubMed]

	



Chamberlin, A.; Qiu, F.; Wang, Y.; Noskov, S.Y.; Peter Larsson, H. Mapping the Gating and Permeation Pathways in the Voltage-Gated Proton Channel Hv1. J. Mol. Biol. 2015, 427, 131–145. [Google Scholar] [CrossRef] [PubMed]

	



van Keulen, S.C.; Gianti, E.; Carnevale, V.; Klein, M.L.; Rothlisberger, U.; Delemotte, L. Does Proton Conduction in the Voltage-Gated H+ Channel hHv1 Involve Grotthuss-Like Hopping via Acidic Residues? J. Phys. Chem. B 2017, 121, 3340–3351. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Y.; Yu, J.-G.; Sun, Q.; Li, Z.; Smith, S.C. The mechanism of dehydration in chromophore maturation of wild-type green fluorescent protein: A theoretical study. Chem. Phys. Lett. 2015, 631–632, 42–46. [Google Scholar] [CrossRef]

	



Woelke, A.L.; Wagner, A.; Galstyan, G.; Meyer, T.; Knapp, E.-W. Proton Transfer in the K-Channel Analog of B-Type Cytochrome c Oxidase from Thermus thermophilus. Biophys. J. 2014, 107, 2177–2184. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.C.; Wikstrom, M.; Hummer, G. Kinetic gating of the proton pump in cytochrome c oxidase. Proc. Natl. Acad. Sci. USA 2009, 106, 13707–13712. [Google Scholar] [CrossRef]

	



Peng, Y.; Voth, G.A. Expanding the view of proton pumping in cytochrome c oxidase through computer simulation. Biochim. Biophys. Acta Bioenerg. 2012, 1817, 518–525. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Wu, Y.; Voth, G.A. Proton transport behavior through the influenza A M2 channel: Insights from molecular simulation. Biophys. J. 2007, 93, 3470–3479. [Google Scholar] [CrossRef]

	



Gianti, E.; Carnevale, V.; DeGrado, W.F.; Klein, M.L.; Fiorin, G. Hydrogen-Bonded Water Molecules in the M2 Channel of the Influenza A Virus Guide the Binding Preferences of Ammonium-Based Inhibitors. J. Phys. Chem. B 2015, 119, 1173–1183. [Google Scholar] [CrossRef]

	



Hu, J.; Fu, R.; Nishimura, K.; Zhang, L.; Zhou, H.-X.; Busath, D.D.; Vijayvergiya, V.; Cross, T.A. Histidines, heart of the hydrogen ion channel from influenza A virus: Toward an understanding of conductance and proton selectivity. Proc. Natl. Acad. Sci USA 2006, 103, 6865–6870. [Google Scholar] [CrossRef]

	



Williams, J.K.; Tietze, D.; Lee, M.; Wang, J.; Hong, M. Solid-State NMR Investigation of the Conformation, Proton Conduction, and Hydration of the Influenza B Virus M2 Transmembrane Proton Channel. J. Am. Chem. Soc. 2016, 138, 8143–8155. [Google Scholar] [CrossRef] [PubMed]

	



Maeda, A. Internal water molecules as mobile polar groups for light-induced proton translocation in bacteriorhodopsin and rhodopsin as studied by difference FTIR spectroscopy. Biochem 2001, 66, 1256–1268. [Google Scholar]

	



Maeda, A.; Kouyama, T. Proton transport mechanism of bacteriorhodopsin: Movement of a proton and water molecules inside of protein. Tanpakushitsu Kakusan Koso. Protein Nucleic Acid Enzym. 2007, 52, 1314–1321. [Google Scholar]

	



Maeda, A.; Gennis, R.B.; Balashov, S.P.; Ebrey, T.G. Relocation of Water Molecules between the Schiff Base and the Thr46-Asp96 Region during Light-Driven Unidirectional Proton Transport by Bacteriorhodopsin: An FTIR Study of the N Intermediate. Biochemistry 2005, 44, 5960–5968. [Google Scholar] [CrossRef]

	



Morgan, J.E.; Vakkasoglu, A.S.; Lanyi, J.K.; Lugtenburg, J.; Gennis, R.B.; Maeda, A. Structure Changes upon Deprotonation of the Proton Release Group in the Bacteriorhodopsin Photocycle. Biophys. J. 2012, 103, 444–452. [Google Scholar] [CrossRef]

	



Maeda, A.; Morgan, J.E.; Gennis, R.B.; Ebrey, T.G. Water as a cofactor in the unidirectional light-driven proton transfer steps in bacteriorhodopsin. Photochem. Photobiol. 2006, 82, 1398–1405. [Google Scholar] [CrossRef]

	



Wikstroem, M.; Ribacka, C.; Molin, M.; Laakkonen, L.; Verkhovsky, M.; Puustinen, A. Gating of proton and water transfer in the respiratory enzyme cytochrome c oxidase. Proc. Natl. Acad. Sci. USA 2005, 102, 10478–10481. [Google Scholar] [CrossRef]

	



Bertini, I.; Ghosh, K.; Rosato, A.; Vasos, P.R. A high-resolution NMR study of long-lived water molecules in both oxidation states of a minimal cytochrome c. Biochemistry 2003, 42, 3457–3463. [Google Scholar] [CrossRef]

	



Sugitani, R.; Stuchebrukhov, A.A. Internal Cavities, Water Channels, and Water Traffic in Cytochrome C Oxidase; American Chemical Society: Washington, DC, USA, 2006; p. PHYS-587. [Google Scholar]

	



Cukier, R.I. A molecular dynamics study of water chain formation in the proton-conducting K channel of cytochrome c oxidase. Biochim. Biophys. Acta Bioenerg. 2005, 1706, 134–146. [Google Scholar] [CrossRef]

	



Sen, P.; Yamaguchi, S.; Tahara, T. New Insight into the Surface Denaturation of Proteins: Electronic Sum Frequency Generation Study of Cytochrome c at Water Interfaces. J. Phys. Chem. B 2008, 112, 13473–13475. [Google Scholar] [CrossRef]

	



Supekar, S.; Gamiz-Hernandez, A.P.; Kaila, V.R.I. A protonated water cluster as a transient proton-loading site in cytochrome c oxidase. Angew. Chem. Int. Ed. 2016, 55, 11940–11944. [Google Scholar] [CrossRef]

	



Xu, J.; Sharpe, M.A.; Qin, L.; Ferguson-Miller, S.; Voth, G.A. Storage of an Excess Proton in the Hydrogen-Bonded Network of the D-Pathway of Cytochrome c Oxidase: Identification of a Protonated Water Cluster. J. Am. Chem. Soc. 2007, 129, 2910–2913. [Google Scholar] [CrossRef]

	



Tashiro, M.; Stuchebrukhov, A.A. Thermodynamic properties of internal water molecules in the hydrophobic cavity around the catalytic center of cytochrome c oxidase. J. Phys. Chem. B 2005, 109, 1015–1022. [Google Scholar] [CrossRef]

	



Han Du, W.-G.; Gotz, A.W.; Noodleman, L. A Water Dimer Shift Activates a Proton Pumping Pathway in the PR → F Transition of ba3 Cytochrome c Oxidase. Inorg. Chem. 2018, 57, 1048–1059. [Google Scholar] [CrossRef]

	



Wikstrom, M.; Verkhovsky, M.I.; Hummer, G. Water-gated mechanism of proton translocation by cytochrome c oxidase. Biochim. Biophys. Acta Bioenerg. 2003, 1604, 61–65. [Google Scholar] [CrossRef]

	



Ghosh, A.; Wang, J.; Moroz, Y.S.; Korendovych, I.V.; Zanni, M.; DeGrado, W.F.; Gai, F.; Hochstrasser, R.M. 2D IR spectroscopy reveals the role of water in the binding of channel-blocking drugs to the influenza M2 channel. J. Chem. Phys. 2014, 140, 235105. [Google Scholar] [CrossRef]

	



Thomaston, J.L.; Polizzi, N.F.; Konstantinidi, A.; Wang, J.; Kolocouris, A.; DeGrado, W.F. Inhibitors of the M2 Proton Channel Engage and Disrupt Transmembrane Networks of Hydrogen-Bonded Waters. J. Am. Chem. Soc. 2018, 140, 15219–15226. [Google Scholar] [CrossRef]

	



Movellan, K.T.; Dervisoglu, R.; Becker, S.; Andreas, L.B. Pore-Bound Water at the Key Residue Histidine 37 in Influenza A M2. Angew. Chem. Int. Ed. 2021, 60, 24075–24079. [Google Scholar] [CrossRef]

	



Gelenter, M.D.; Mandala, V.S.; Niesen, M.J.M.; Sharon, D.A.; Dregni, A.J.; Willard, A.P.; Hong, M. Water orientation and dynamics in the closed and open influenza B virus M2 proton channels. Commun. Biol. 2021, 4, 338. [Google Scholar] [CrossRef]

	



Thomaston, J.L.; Lemmin, T.; DeGrado, W.F.; Woldeyes, R.A.; Barad, B.A.; Fraser, J.S.; Nakane, T.; Nureki, O.; Yamashita, A.; Tanaka, T.; et al. XFEL structures of the influenza M2 proton channel: Room temperature water networks and insights into proton conduction. Proc. Natl. Acad. Sci. USA 2017, 114, 13357–13362. [Google Scholar] [CrossRef]

	



Tian, Y.; Hong, J.; Cao, D.; You, S.; Song, Y.; Cheng, B.; Wang, Z.; Guan, D.; Liu, X.; Zhao, Z.; et al. Visualizing Eigen/Zundel cations and their interconversion in monolayer water on metal surfaces. Science 2022, 377, 315–319. [Google Scholar] [CrossRef]

	



Shin, I.; Park, M.; Min, S.K.; Lee, E.C.; Suh, S.B.; Kim, K.S. Structure and spectral features of H+(H2O)7: Eigen versus Zundel forms. J. Chem. Phys. 2006, 125, 234305. [Google Scholar] [CrossRef]

	



Calio, P.B.; Li, C.; Voth, G.A. Resolving the Structural Debate for the Hydrated Excess Proton in Water. J. Am. Chem. Soc. 2021, 143, 18672–18683. [Google Scholar] [CrossRef]

	



Meraj, G.; Chaudhari, A. Hydrogen bonded hydrated Hydronium and Zuendel ion complexes. J. Mol. Liq. 2014, 190, 1–5. [Google Scholar] [CrossRef]

	



Kouyama, T.; Nishikawa, T.; Tokuhisa, T.; Okumura, H. Crystal Structure of the L Intermediate of Bacteriorhodopsin: Evidence for Vertical Translocation of a Water Molecule during the Proton Pumping Cycle. J. Mol. Biol. 2003, 335, 531–546. [Google Scholar] [CrossRef]

	



Neutze, R.; Pebay-Peyroula, E.; Edman, K.; Royant, A.; Navarro, J.; Landau, E.M. Bacteriorhodopsin: A high-resolution structural view of vectorial proton transport. Biochim. Biophys. Acta Biomembr. 2002, 1565, 144–167. [Google Scholar] [CrossRef]

	



Trofimov, Y.A.; Krylov, N.A.; Efremov, R.G. Confined dynamics of water in transmembrane pore of TRPV1 ion channel. Int. J. Mol. Sci. 2019, 20, 4285. [Google Scholar] [CrossRef]

	



Kratochvil, H.T.; Watkins, L.C.; Mravic, M.; Thomaston, J.L.; Nicoludis, J.M.; Somberg, N.H.; Liu, L.; Hong, M.; Voth, G.A.; DeGrado, W.F. Transient water wires mediate selective proton transport in designed channel proteins. Nat. Chem. 2023, 15, 1012–1021. [Google Scholar] [CrossRef]

	



Watkins, L.C.; DeGrado, W.F.; Voth, G.A. Multiscale Simulation of an Influenza A M2 Channel Mutant Reveals Key Features of Its Markedly Different Proton Transport Behavior. J. Am. Chem. Soc. 2022, 144, 769–776. [Google Scholar] [CrossRef]

	



Watkins, L.C.; Liang, R.; Swanson, J.M.J.; DeGrado, W.F.; Voth, G.A. Proton-Induced Conformational and Hydration Dynamics in the Influenza A M2 Channel. J. Am. Chem. Soc. 2019, 141, 11667–11676. [Google Scholar] [CrossRef]

	



Shinobu, A.; Agmon, N. Proton Wire Dynamics in the Green Fluorescent Protein. J. Chem. Theory Comput. 2017, 13, 353–369. [Google Scholar] [CrossRef]

	



Taraphder, S.; Maupin, C.M.; Swanson, J.M.J.; Voth, G.A. Coupling Protein Dynamics with Proton Transport in Human Carbonic Anhydrase II. J. Phys. Chem. B 2016, 120, 8389–8404. [Google Scholar] [CrossRef]

	



Maupin, C.M.; McKenna, R.; Silverman, D.N.; Voth, G.A. Elucidation of the Proton Transport Mechanism in Human Carbonic Anhydrase II. J. Am. Chem. Soc. 2009, 131, 7598–7608. [Google Scholar] [CrossRef]

	



Jiang, T.; Han, W.; Maduke, M.; Tajkhorshid, E. Molecular Basis for Differential Anion Binding and Proton Coupling in the Cl-/H+ Exchanger ClC-ec1. J. Am. Chem. Soc. 2016, 138, 3066–3075. [Google Scholar] [CrossRef]

	



Yamashita, T.; Voth, G.A. Insights into the mechanism of proton transport in cytochrome c oxidase. J. Am. Chem. Soc. 2012, 134, 1147–1152. [Google Scholar] [CrossRef]

	



Xi, E.; Remsing, R.C.; Patel, A.J. Sparse Sampling of Water Density Fluctuations in Interfacial Environments. J. Chem. Theory Comput. 2016, 12, 706–713. [Google Scholar] [CrossRef]

	



Jain, A.; Ramanathan, V.; Sankararamakrishnan, R. Lone pair···π interactions between water oxygens and aromatic residues: Quantum chemical studies based on high-resolution protein structures and model compounds. Protein Sci. 2009, 18, 595–605. [Google Scholar] [CrossRef]

	



Cui, D.; Ou, S.; Patel, S. Protein-spanning water networks and implications for prediction of protein-protein interactions mediated through hydrophobic effects. Proteins Struct. Funct. Bioinf. 2014, 82, 3312–3326. [Google Scholar] [CrossRef]

	



Brovchenko, I.; Oleinikova, A. Which properties of a spanning network of hydration water enable biological functions? ChemPhysChem 2008, 9, 2695–2702. [Google Scholar] [CrossRef]

	



Sabarinathan, R.; Aishwarya, K.; Sarani, R.; Vaishnavi, M.K.; Sekar, K. Water-mediated ionic interactions in protein structures. J. Biosci. 2011, 36, 253–263. [Google Scholar] [CrossRef]

	



Nimigean, C.M.; Chappie, J.S.; Miller, C. Electrostatic Tuning of Ion Conductance in Potassium Channels. Biochemistry 2003, 42, 9263–9268. [Google Scholar] [CrossRef]

	



Kebarle, P.; Arshadi, M.; Scarborough, J. Comparison of individual hydration energies for positive and negative ions on the basis of gas-phase hydration experiments. J. Chem. Phys. 1969, 50, 1049–1050. [Google Scholar] [CrossRef]

	



Iwamoto, M.; Oiki, S. Counting ion and water molecules in a streaming file through the open-filter structure of the K channel. J. Neurosci. 2011, 31, 12180–12188. [Google Scholar] [CrossRef]

	



Miller, C. Coupling of water and ion fluxes in a potassium (1+)-selective channel of sarcoplasmic reticulum. Biophys. J. 1982, 38, 227–230. [Google Scholar] [CrossRef]

	



LeMasurier, M.; Heginbotham, L.; Miller, C. KcsA: It’s a potassium channel. J. Gen. Physiol. 2001, 118, 303–313. [Google Scholar] [CrossRef]

	



Chuman, M.A.; Schauf, C.L.; Davis, F.A.; Stefoski, D. Selective blockade of components of potassium activation in Myxicola axons. Experientia 1987, 43, 169. [Google Scholar] [CrossRef]

	



Schauf, C.L.; Bullock, J.O. Solvent substitution as a probe of channel gating in Myxicola: Differential effects of D2O on some components of membrane conductance. Biophys. J. 1980, 30, 295–306. [Google Scholar] [CrossRef]

	



Schauf, C.L.; Bullock, J.O. Solvent substitution as a probe of channel gating in Myxicola. Biophys. J. 1982, 37, 441–452. [Google Scholar] [CrossRef]

	



Schauf, C.L.; Bullock, J.O. Modifications of sodium channel gating in Myxicola giant axons by deuterium oxide, temperature, and internal cations. Biophys. J. 1979, 27, 193–208. [Google Scholar] [CrossRef]

	



Rayner, M.D.; Starkus, J.G. The steady-state distribution of gating charge in crayfish giant axons. Biophys. J. 1989, 55, 1–19. [Google Scholar] [CrossRef]

	



Alicata, D.A.; Rayner, M.D.; Starkus, J.G. Sodium channel activation mechanisms. Insights from deuterium oxide substitution. Biophys. J. 1990, 57, 745–758. [Google Scholar] [CrossRef]

	



Starkus, J.G.; Rayner, M.D. Gating current “fractionation” in crayfish giant axons. Biophys. J. 1991, 60, 1101–1119. [Google Scholar] [CrossRef]

	



Zimmerberg, J.; Bezanilla, F.; Parsegian, V.A. Solute inaccessible aqueous volume changes during opening of the potassium channel of the squid giant axon. Biophys. J. 1990, 57, 1049–1064. [Google Scholar] [CrossRef]

	



Szanto, T.G.; Gaal, S.; Varga, Z.; Panyi, G.; Karbat, I.; Reuveny, E. Shaker-IR K+ channel gating in heavy water: Role of structural water molecules in inactivation. J. Gen. Physiol. 2021, 153, e202012742. [Google Scholar] [CrossRef]

	



Varga, Z.; Tajti, G.; Panyi, G. The Kv1.3 K+ channel in the immune system and its “precision pharmacology” using peptide toxins. Biol. Futur. 2021, 72, 75–83. [Google Scholar] [CrossRef]

	



Rusinova, R.; Kim, D.M.; Nimigean, C.M.; Andersen, O.S. Regulation of Ion Channel Function by the Host Lipid Bilayer Examined by a Stopped-Flow Spectrofluorometric Assay. Biophys. J. 2014, 106, 1070–1078. [Google Scholar] [CrossRef]

	



Priest, M.; Bezanilla, F. Functional site-directed fluorometry. Adv. Exp. Med. Biol. 2015, 869, 55–76. [Google Scholar] [CrossRef]

	



Shi, Y.P.; Thouta, S.; Cheng, Y.M.; Claydon, T.W. Extracellular protons accelerate hERG channel deactivation by destabilizing voltage sensor relaxation. J. Gen. Physiol. 2019, 151, 231–246. [Google Scholar] [CrossRef]

	



Kalstrup, T.; Blunck, R. Dynamics of internal pore opening in KV channels probed by a fluorescent unnatural amino acid. Proc. Natl. Acad. Sci. USA 2013, 110, 8272. [Google Scholar] [CrossRef]

	



Fletcher-Taylor, S.; Thapa, P.; Sepela, R.J.; Kaakati, R.; Yarov-Yarovoy, V.; Sack, J.T.; Cohen, B.E. Distinguishing Potassium Channel Resting State Conformations in Live Cells with Environment-Sensitive Fluorescence. ACS Chem. Neurosci. 2020, 11, 2316–2326. [Google Scholar] [CrossRef]

	



Kariev, A.M.; Green, M.E. Quantum calculations on ion channels: Why are they more useful than classical calculations, and for which processes are they essential? Symmetry 2021, 13, 655. [Google Scholar] [CrossRef]

	



Lee, J.; Kang, M.; Kim, S.; Chang, I. Structural and molecular insight into the pH-induced low-permeability of the voltage-gated potassium channel Kv1.2 through dewetting of the water cavity. PLoS Comput. Biol. 2020, 16, e1007405. [Google Scholar] [CrossRef]

	



Zhao, L.-L.; Qi, Z.; Xian-En, Z.; Bi, L.-J.; Jin, G. Regulatory Role of the extreme C-terminal end of theS6 inner helix in C-terminal truncated Kv1.2 channel activatio. Cell Biol. Int. 2010, 34, 433–439. [Google Scholar] [CrossRef]

	



Sukhareva, M.; Hackos, D.H.; Swartz, K.J. Constitutive activation of the shaker Kv channel. J. Gen. Physiol. 2003, 122, 541–556. [Google Scholar] [CrossRef]

	



Hackos, D.H.; Chang, T.H.; Swartz, K.J. Scanning the intracellular s6 activation gate in the Shaker K+ channel. J. Gen. Physiol. 2002, 119, 521–532. [Google Scholar] [CrossRef]

	



Moldenhauer, H.; Diaz-Franulic, I.; Gonzalez-Nilo, F.; Naranjo, D. Effective pore size and radius of capture for K+ ions in K-channels. Sci. Rep. 2016, 6, 19893. [Google Scholar] [CrossRef]

	



Anishkin, A.; Kamaraju, K.; Sukharev, S. Mechanosensitive channel MscS in the open state: Modeling of the transition, explicit simulations, and experimental measurements of conductance. J. Gen. Physiol. 2008, 132, 67–83. [Google Scholar] [CrossRef]

	



Chiang, C.-S.; Anishkin, A.; Sukharev, S. Gating of the large mechanosensitive channel in situ: Estimation of the spatial scale of the transition from channel population responses. Biophys. J. 2004, 86, 2846–2861. [Google Scholar] [CrossRef]

	



Sukharev, S.; Sigurdson, W.J.; Kung, C.; Sachs, F. Energetic and spatial parameters for gating of the bacterial large conductance mechanosensitive channel. J. Gen. Physiol. 1999, 113, 525–540. [Google Scholar] [CrossRef]

	



Bonthuis, D.J.; Golestanian, R. Mechanosensitive channel activation by diffusio-osmotic force. Phys. Rev. Lett. 2014, 113, 148101. [Google Scholar] [CrossRef]

	



Naranjo, D.; Diaz-Franulic, I. Sweetening K-channels: What sugar taught us about permeation and gating. Front. Mol. Biosci. 2023, 10, 1063796. [Google Scholar] [CrossRef]

	



Tong, J.; Canty, J.T.; Briggs, M.M.; McIntosh, T.J. The water permeability of lens aquaporin-0 depends on its lipid bilayer environment. Exp. Eye Res. 2013, 113, 32–40. [Google Scholar] [CrossRef]

	



Burykin, A.; Warshel, A. What really prevents proton transport through aquaporin? Charge self-energy versus proton wire proposals. Biophys. J. 2003, 85, 3696–3706. [Google Scholar] [CrossRef]

	



Kreida, S.; Toernroth-Horsefield, S. Structural insights into aquaporin selectivity and regulation. Curr. Opin. Struct. Biol. 2015, 33, 126–134. [Google Scholar] [CrossRef]

	



de Groot, B.L.; Grubmuller, H. Water permeation across biological membranes: Mechanism and dynamics of aquaporin-1 and GlpF. Science 2001, 294, 2353–2357. [Google Scholar] [CrossRef]

	



Mom, R.; Muries, B.; Benoit, P.; Robert-Paganin, J.; Rety, S.; Venisse, J.-S.; Padua, A.; Label, P.; Auguin, D. Voltage-gating of aquaporins, a putative conserved safety mechanism during ionic stresses. FEBS Lett. 2021, 595, 41–57. [Google Scholar] [CrossRef]

	



Kosinska Eriksson, U.; Fischer, G.; Friemann, R.; Enkavi, G.; Tajkhorshid, E.; Neutze, R. Subangstrom Resolution X-Ray Structure Details Aquaporin-Water Interactions. Science 2013, 340, 1346–1349. [Google Scholar] [CrossRef]

	



Yool, A.J.; Campbell, E.M. Structure, function and translational relevance of aquaporin dual water and ion channels. Mol. Aspects Med. 2012, 33, 553–561. [Google Scholar] [CrossRef]

	



Diaz-Franulic, I.; Sepulveda, R.V.; Navarro-Quezada, N.; Gonzalez-Nilo, F.; Naranjo, D. Pore dimensions and the role of occupancy in unitary conductance of Shaker K channels. J. Gen. Physiol. 2015, 146, 133–146. [Google Scholar] [CrossRef]

	



Blunck, R.; Batulan, Z. Mechanism of electromechanical coupling in voltage-gated potassium channels. Front. Pharmacol. 2012, 3, 166. [Google Scholar] [CrossRef]

	



Faure, E.; Starek, G.; McGuire, H.; Berneche, S.; Blunck, R. A Limited 4 Å Radial Displacement of the S4-S5 Linker Is Sufficient for Internal Gate Closing in Kv Channels. J. Biol. Chem. 2012, 287, 40091–40098. [Google Scholar] [CrossRef] [PubMed]

	



Balleza, D.; Carrillo, E.; Gomez-Lagunas, F. Conservation analysis of residues in the S4-S5 linker and the terminal part of the S5-P-S6 pore modulus in Kv and HCN channels: Flexible determinants for the electromechanical coupling. Pflügers Arch. Eur. J. Physiol. 2015, 467, 2069–2079. [Google Scholar] [CrossRef] [PubMed]

	



Labro, A.J.; Raes, A.L.; Grottesi, A.; Van Hoorick, D.; Sansom, M.S.P.; Snyders, D.J. Kv channel gating requires a compatible S4-S5 linker and bottom part of S6, constrained by non-interacting residues. J. Gen. Physiol. 2008, 132, 667–680. [Google Scholar] [CrossRef]

	



Rezazadeh, S.; Kurata, H.T.; Claydon, T.W.; Kehl, S.J.; Fedida, D. An activation gating switch in Kv1.2 is localized to a threonine residue in the S2-S3 linker. Biophys. J. 2007, 93, 4173–4186. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez-Menchaca, A.A.; Adney, S.K.; Tang, Q.-Y.; Meng, X.-Y.; Rosenhouse-Dantsker, A.; Cui, M.; Logothetis, D.E. PIP2 controls voltage-sensor movement and pore opening of Kv channels through the S4-S5 linker. Proc. Natl. Acad. Sci. USA 2012, 109, E2399–E2408. [Google Scholar] [CrossRef]

	



Minor, D.L., Jr.; Lin, Y.-F.; Mobley, B.C.; Avelar, A.; Jan, Y.N.; Jan, L.Y.; Berger, J.M. The polar T1 interface is linked to conformational changes that open the voltage-gated potassium channel. Cell 2000, 102, 657–670. [Google Scholar] [CrossRef]

	



Zhou, Y.; Morais-Cabral, J.H.; Kaufman, A.; MacKinnon, R. Chemistry of ion coordination and hydration revealed by a K+ channel-FAB complex at 2.0 A resolution. Nature 2001, 414, 43–48. [Google Scholar] [CrossRef]

	



Andersen, O.S. Ion movement through gramicidin A channels. Studies on the diffusion-controlled association step. Biophys. J. 1983, 41, 147–165. [Google Scholar] [CrossRef] [PubMed]

	



Valiev, M.; Bylaska, E.J.; Govind, N.; Kowalski, K.; Straatsma, T.P.; van Dam, H.J.J.; Wang, D.; Nieplocha, J.; Apra, E.; Windus, T.L.; et al. NWChem: A comprehensive and scalable open-source solution for large scale molecular simulations. Comput. Phys. Commun. 2010, 181, 1477. [Google Scholar] [CrossRef]

	



NWChem, A Computational Chemistry Package for Parallel Computers; Version 4.6; Pacific Northwest National Laboratory: Richland, WA, USA, 2004.








[image: Membranes 14 00037 g001] 





Figure 1. General view of a Kv1.2 channel from the 3Lut X-ray coordinates [10]. (A): View from the membrane (side view). Two of four domains are shown, with front and back domains deleted to allow the structure to be seen. (B): A 90° rotation of the channel, showing the pore. In neither (A) nor (B) are individual amino acids shown. Each domain is a different color. The T1 intracellular section is known to be important in gating; this section is visible in (A). Neither (A) nor (B) make it clear that the linker is not entirely continuous unless the water is included; water is not shown in these figures. The large intracellular section shown in (A) is not known to be related to gating in either the standard model or the model proposed here. The ion can be seen in the center of the pore in B, and its four-coordination is visible. The section labels are for (A). 
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Figure 2. (A) An Eigen ion, H9O4+, (B) A K+ with an Eigen ion plus a Zundel ion on the right in a configuration taken from an optimization. 
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Figure 3. A section from the 1322 atom optimization, with the K+ near the level of the PVPV sequence; the calculation includes 10 added H+ and 3 Cl−. The K+ ion is purple, near the center. Two Cl− ions (red-brown) are on the left and right, and rings at the top are proline (green, with one blue nitrogen). The red and white molecules are water (red, oxygen, white, hydrogen; other hydrogens, on the prolines, are also white) with hydrogen bonds showing. The K+ is still mostly hydrated, but a third Cl− is in the background. K+ will have only two water molecules as first shell hydration as it passes the prolines. The hydrogen bond network is shown in blue dashed lines. Because so many water molecules are present, it is hard to see the Eigen and Zundel ions, which in any case are linked here. 
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Figure 4. The energy of a system with a single potassium ion at nine positions approaching the PVPV gate of Kv1.2 starting from the open, 3Lut, structure, including those amino acids near the gate, with some backbone protein atoms frozen to compensate for the absence of the remainder of the protein that would otherwise anchor the amino acids that are included. Ordinate energy in kJ, and abscissa approximate distance from the near “plane” formed by the PVPV sequence at the gate (Ả). The protein structure has ten protons added, but the positions of the amino acids at the gate hardly change at all from the open structure. The position of the “plane” of the PVPV sequence is not well defined (±0.5 Ả), but the distances between the potassium positions (dots) are correct to 0.01 Ả. There is a deep energy well, >20 kBT, and possibly much more (having made the point, we did not continue the calculations beyond these positions), and a few Angstroms from the gate when hydrogen ions are present. The net charge on the system as shown is +3, with four Cl− ions in the system. Altogether, the system contained 1322 atoms, including 133 water molecules, the four Cl−, the K+ ion, 10 H+, and 908 atoms from protein, which included some charge among the amino acids. While this cannot be taken as definitive proof of the channel closure, it clearly shows that this is the most reasonable interpretation. 






Figure 4. The energy of a system with a single potassium ion at nine positions approaching the PVPV gate of Kv1.2 starting from the open, 3Lut, structure, including those amino acids near the gate, with some backbone protein atoms frozen to compensate for the absence of the remainder of the protein that would otherwise anchor the amino acids that are included. Ordinate energy in kJ, and abscissa approximate distance from the near “plane” formed by the PVPV sequence at the gate (Ả). The protein structure has ten protons added, but the positions of the amino acids at the gate hardly change at all from the open structure. The position of the “plane” of the PVPV sequence is not well defined (±0.5 Ả), but the distances between the potassium positions (dots) are correct to 0.01 Ả. There is a deep energy well, >20 kBT, and possibly much more (having made the point, we did not continue the calculations beyond these positions), and a few Angstroms from the gate when hydrogen ions are present. The net charge on the system as shown is +3, with four Cl− ions in the system. Altogether, the system contained 1322 atoms, including 133 water molecules, the four Cl−, the K+ ion, 10 H+, and 908 atoms from protein, which included some charge among the amino acids. While this cannot be taken as definitive proof of the channel closure, it clearly shows that this is the most reasonable interpretation.
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Figure 5. Summary cartoon of our pro