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Ion Channel Function using fully-atomistic molecular dynamics simulation

[bookmark: _ENREF_5][bookmark: _ENREF_6][bookmark: _Ref221633390]Molecular dynamics (MD) simulation is an essential tool for studying biological systems at the molecular-level. In the last decade, dramatic increases in computer power have led to bigger and longer simulations than ever before (e.g. Freddolino, P. L. et al. 2006. Structure, 14:437; Jensen, M. O. et al. 2012. Science 336:229-233), allowing studies of an ever-widening array of biological phenomena. This improved computational capacity is particularly timely for the study of ion channels, which are the most fundamental molecular components of signalling in our nervous systems, and which have had major breakthroughs in structural determination over the last decade (e.g. Doyle, D.A., et al. 1998. Science 280:69-77; Jiang, Y., et al. 2003. Nature 423:42-48; Long, S. B., et al. 2005. Science. 309:897-903; Payandeh, J., et al. 2011. Nature 475:353-358; Chang, G., et al. 1998. Science 282:2220-2226; Bocquet, N., et al. 2009. Nature 457:111-4; Hibbs, R. E. & Gouaux, E. 2011. Nature 474:54-60; Hilf, R. J. & Dutzler, R. 2008. Nature 452:375-9).  These proteins catalyse rapid and selective transport of salt ions, such as Na+, K+, Cl- and Ca2+, across cell membranes, to enable electrical and chemical activity in the body, and are associated with many neurological, muscular and cardiac disorders, making them one of the most important pharmacological targets (Clare, J. J. 2010. Discov. Med. 9:253-260). 
The solution of the first high-resolution crystal structure in 1998 for the bacterial K+ channel, KcsA (Doyle, D.A., et al. 1998. Science 280:69-77; see Fig.Xa), opened the door to molecular-level insight into ion channel conduction. In the extracellular-facing pore segment, called the selectivity filter, the protein backbone forms a narrow, ion-sized pore, presenting a sequence of carbonyl cages to coordinate almost dehydrated K+ ions, and is responsible for ion discrimination. It has long been thought that this filter is inherently better at stabilising K+ over Na+ ions (Neyton, J., and C. Miller. 1988. J. Gen, Physiol. 92:569-586), suggesting selective conduction via a ‘thermodynamic’ mechanism of selective binding. Based on the KcsA structure, it was argued that this preference is due to a ‘snug fit’ of the K+ ion inside the selectivity filter, which is too big for a Na+ ion (Doyle, D.A., et al. 1998. Science 280:69-77).  The high-resolution structure in itself does not, however, tell the full story. Proteins are often pictured as rigid entities, but they are in fact highly flexible, with even the most rigid protein backbones fluctuating (and able to deform) on the Å-scale, critical for ion channel conduction (Noskov, S. Y. & Roux, B. 2004. Nature. 431:830-834; Allen, T. W., et al. 2004. J. Gen. Physiol. 124:679-690). For the protein to prohibit ~0.4Å adjustment of carbonyl groups to account for K+-Na+ size differences, despite the attractive interactions between ion and carbonyl groups, it would have to be as stiff as diamond (Allen, T. W., et al. 2004. J. Gen. Physiol. 124:679-690).  Clearly mechanisms of ion channel selectivity must emerge from models that incorporate the thermal fluctuations of the protein, from picosecond vibrations to structural isomerisations that span up towards the microsecond scale.  
[bookmark: _ENREF_11]Much progress has been made with MD simulation, based on this structure, to understand the mechanisms by which K+ channels achieve selective conduction (Andersen, O.S. 2011. J. Gen. Physiol. 137:393-395).  Although there has been considerable attention given to the preference of carbonyl cage geometries for K+ ions, focusing on the field strength created by the ligands, the strain energies associated with ligand-ligand repulsion, and the role of thermal fluctuations (e.g. Noskov, S. Y. & Roux, B. 2004. Nature. 431:830-834), it has been suggested that the selective binding picture is oversimplified. Recent calculations have shown that this preference is smaller than previously thought, simply because the cage of carbonyl groups is the K+ binding site, but that the selectivity filter prefers to house the smaller Na+ ions at adjacent plane of carbonyl sites (such that focusing only on cage sites inherently biases calculations to favour K+).  Instead, on average, there is only a small overall preference for K+ in the middle of the selectivity filter, and surprisingly, a preference for Na+ at the entrances of that region (Kim, I. and T. W. Allen. 2011. Proc. Nat. Acad. Sci. USA. 108:17963-17968). It has also been shown that selective permeation can instead arise from differences in the barriers for the concerted motions of multiple ions through the channel (Fig.Xb and c; Nimigean C. and T. W. Allen. 2011. J. Gen. Physiol. 137:405-413; Thompson A. N., et al. 2009. Nature Struct. Mol. Biol. 16:1317-1324).  This ‘kinetic view’ of selective exclusion (Bezanilla, F., and C.M. Armstrong. 1972. J Gen Physiol. 60:588-608) implies that one must elucidate the full free energy landscape governing the movements of all of the ions in the pore. 
With this in mind, and armed with a new crystal structure for a bacterial Na+ channel (Payandeh, J., et al. 2011. Nature 475:353-358; see Fig.Y), research has rapidly moved towards uncovering the contrasting mechanisms of selectivity in Na+ channels. Simulations have revealed a surprising degree of protein flexibility for this channel, especially in the important selectivity filter, and have shown that is essential to invest in sufficient sampling times if one wants to obtain quantitative measures of function (Boiteux, C., I. Vorobyov and T. W. Allen. 2013. Submitted; Boiteux, C., I. Vorobyov and T. W. Allen. 2013. Biophys. J. 104:137a;  Vorobyov, I., et al. 2012. Biophys. J. 102:498a; Chakrabarti N, et al., 2013. Proc Natl Acad Sci USA 110:11331-6). Use of purpose-built computational architectures to simulate large membrane protein systems, for multiple microseconds, up to milliseconds (e.g. Jensen, M. O. et al. 2012. Science 336:229-233), have indeed revealed protein conformational changes relevant to activity (e.g. Boiteux, C., I. Vorobyov and T. W. Allen. 2013. Submitted; Boiteux, C., I. Vorobyov and T. W. Allen. 2013. Biophys. J. 104:137a;  Vorobyov, I., et al. 2012. Biophys. J. 102:498a). 
[bookmark: _GoBack]Despite the ability to carry out long enough simulations to begin to observe function, we still seek quantiative and reproducible measures to understand mechanisms and compare to experiments. An obvious route is to carry out equilibrium sampling to produce a free energy surface, via its connection to the probability distribution, or the potential of mean force (PMF) along the reaction coordinate. The calculation is typically done using Umbrella Sampling (Torrie, G. M.; Valleau, J. P. 1977. J. Comp. Phys. 23:187), where a sequence of independent simulations, distributed along the coordinate, potentially biased to ensure local sampling within every region of that coordinate, can then be recombined after simulation in an optimal way, such as via the Weighted Histogram Analysis Method (WHAM; Kumar, S., et al. 1992. J. Comparative Chem. 13:1011–1021). Interestingly, however, with the use of new computer architectures that allow multi-microsecond unbiased ion channel simulations, complete sampling of the multiple-ion mechanisms of conduction have been obtained without Umbrella Sampling (Boiteux, C., I. Vorobyov and T. W. Allen. 2013. Biophys. J. 104:137a;  Boiteux, C., I. Vorobyov and T. W. Allen. 2013. Submitted).  Those same long simulations have also revealed conformational changes involving trans-membrane helix bending and gate collapses that relate to slow inactivation in Nav channels, despite that process typically occurring on much longer timescales. They have also uncovered the interplay between the protein and the lipid membrane via fenestrations in the pore domain.  Importantly, they have revealed the distribution of lipids and lipophilic drugs around the channel pore domain and fenestrations, as well as key details of the interactions responsible for drug binding (Boiteux, C., I. Vorobyov and T. W. Allen, in preparation). The field of biomolecular simulation has therefore begun to move into the realm of true functional observation, guiding future studies that will uncover the quantitative mechanisms of ion channel function and their modulation by drugs.    
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Figure X: (a) Fully atomistic KcsA ion channel system (protein as green ribbons, lipid tails as chains, water as sticks and K+ and Cl- ions as red and grey balls, respectively).  (b) Differing multi-ion barriers for K+ and Na+(b). The low barrier to K+ outward conduction results from the ability of a K+ ion (red) to bind to the entrance of the selectivity filter. The shift of binding site for Na+ (green), eliminates this process and requires a substantial amount of energy (c). Based on C.M. Nimigean and T.W. Allen. 2011. J. Gen. Physiol. 137:405-413.  
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Figure Y. Fully-atomistic model of the bacterial NavAb ion channel (protein as coloured ribbons, lipids as chains, water as sticks and ions as balls; Boiteux, C., I. Vorobyov and T.W. Allen. 2013. Submitted). 
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