Lucie Delemotte‡, Marina A. Kasimova a,b, Michael L. Klein‡, Mounir Tarek a,c
‡ Institute of Computational and Molecular Science,Temple University, Philadelphia, Pennsylvania 19122, United States
a Université de Lorraine, SRSMC, UMR 7565, Vandoeuvre-lès-Nancy, F-54500, France
b Lomonosov Moscow State University, Moscow, 119991, Russian Federation
c CNRS, SRSMC, UMR 7565, Vandoeuvre-lès-Nancy, F-54500, France
Voltage Sensor Domain Activation

The voltage-sensor domain (VSD) is a transmembrane molecular device used by cells to transduce an electrical signal across the plasma membrane. Composed of a solvated four transmembrane helix bundle (S1-S4), this device can be coupled to an ion channel pore (voltage-gated cation channel - VGCC), to a phosphatase (voltage-sensing phosphatase -VSP) or can be a self-standing selective channel (proton voltage-gated channel - Hv). Amongst the four helices, S4 stands out with its large number (4 to 7) of positive charges (Arg and Lys) spread along its lumen facing side: as such, it constitutes the primary voltage-sensor. These charges are stabilized in a transmembrane position through their interaction, not only with the negative charges of S1-S3, but also with the negatively charged phosphate groups of the lipid membrane, creating a favorable solvated environment. When a hyperpolarizing electric field is applied, S4 is dragged downwards in a ratchet-like movement, as the salt bridge pairings between the S4 positive charges and their counterparts rearrange in a step-wise manner. Because of the hourglass volume accessible to water within the VSD, the electric field is focused over a narrow hydrophobic region (sometimes called the hydrophobic plug), made up by several hydrophobic residues, including a conserved PHE residue on S2 and ILE on S1. In VGCCs, an intracellular interfacial helix (the S4-S5 linker) couples the VSD to the pore helices (S5-S6) helping therefore to converts electrical energy of the membrane potential into the mechanical energy needed to open and close the S6 gate. 
Kv1.2 is the first mammalian VGCC of which the open state crystal structure was revealed. Using an MD based protocol to trigger deactivation (closing) of the channel in a model POPC membrane we have revealed the details of the S4 sensor downwards movement [Delemotte et al. 2011; Delemotte et al., 2012; Tarek et al., 2013]. Interestingly, several of the S4 positive charges are stabilized by their interaction with the lipid headgroups, not only in the activated state, where the two top charges are bound to top leaflet phosphate groups; but also in the intermediate and resting states: in the middle intermediate state, the outermost charge is in contact with the top PO4- group and the innermost charge in contact with the inner leaflet PO4- groups and in the resting state, the innermost three charges interact with the inner leaflet phosphate group.
Modulation by Lipids
The perspective of the community on the role played by lipids in channel modulation has recently started shifting. Indeed, earlier work only considered the membrane as an adaptable matrix for protein functioning. Recent data, however, has revealed that lipid molecules play a fundamental structural as well as functional role [Schmidt et al., 2006; Sands et al., 2007; Treptow et al., 2006].
We focus here on the modulation of VGCCs but it is worth noting that the majority, if not all membrane proteins may be affected by the matrix embedding them and the chemical details of the individual lipids in direct interaction with their residues. The VSD activation process is for example modified by the alteration of sphingomyelin headgroup of the outer membrane leaflet by sphingomyeliase [Combs et al., 2013; Ramu et al., 2006; Xu et al., 2008]. Such a mechanism is taken advantage of by the spider Loxoceles reclusa, who carries this enzyme in its venom and uses it to paralyze its prey. Another well-studied example is the specific role of PIP2, a signaling lipid of the membrane inner leaflet, which modulates several processes in the working cycle of VGCCs [Kruse et al., 2012; Logothetis et al., 2010; Suh et al., 2008].

In principle, two hypotheses can be proposed to rationalize the macroscopic VGCC response at a molecular level: altering the lipid headgroups may 1) modify the global properties of the membrane, and more specifically the electrostatic environment or 2) change the local interaction pattern between protein residues and their environment. We show here the insight into this question we gain using MD simulations.
1- Sphingomyelin alteration

Sphingomyelin is an abundant lipid (forms up to 15%) of the outer layer of mammalian cell membranes [Combs et al., 2013]. Recently, the Lu and co-workers have shown that enzymes present in the venom of Loxoceles reclusa target VGCCs, causing thereby paralysis [Combs et al., 2013; Ramu et al., 2006; Xu et al., 2008]. The mode of action of these enzymes is very peculiar since they target the lipid matrix rather than the protein itself. Specifically, Smase D removes the sphygomyelin choline group leaving a negatively charged lipid (ceramide-1-phosphate) that promotes activation of the channel. Smase C, on the other hand, removes the entire sphygomyelin zwitterionic headgroup and leaves behind a polar molecule (ceramide). This favors the closed state of the channel.
We studied the electrostatics of asymmetric bilayers in which the top leaflet is made of 100% of one of the three sphingomyelin derivatives (sphingomyelin itself, ceramide-1-phosphate and ceramide) and the bottom one of 100% phosphatidylcholine. Interestingly, the contributions to the electrostatic potential profile along the normal to the bilayer from the individual components of the top layer (lipids, water and counterions) are system-dependent, i.e. the most polarizable elements counteract the rather static dipole potential from the lipid headgroups. However, surprisingly, summing these different contributions leads to the same overall transmembrane potential of ~200 ± 50 mV. We then inserted a Kv1.2 VSD [Long et al., 2005; Delemotte et al., 2011] in three different states (activated, intermediate and resting) in these three asymmetrical bilayers. We calculated the gating charge, i.e. the quantity of charge transported by the VSD during activation [Delemotte et al., 2012; Treptow et al.; 2009]. The gating charge is an indirect measurement of the electric field acting on the protein for each transition from one state to the other. In this particular case, the analyses have shown that the gating charges do not vary much with the environment, i.e. with the lipid composition. Taken together, these results rule out any significant global effect of the electrostatic environment on the VSD functioning subsequent to modification of the lipid.
On the other hand, close inspection of the systems reveals lipid-dependent interactions with the S4 outermost positive residues, providing support to the local effect hypothesis. The presence of a phosphate in the sphingomyelin headgroup provides a stable binding site for the top two S4 arginines when the VSD is activated. In ceramide-1-phosphate, we expect this interaction to be more stabilizing due to the absence of a countercharge in the lipid headgroup. In ceramide, since there is no phosphate group, we hypothesize that the interaction between the VSD and the lipids headgroups is much weaker. Relaxation of the three systems using unbiased MD simulations exceeding the 100 ns time scale under large hyperpolarizing potentials were not enough to reveal any significant destabilization of the interactions between the VSD and the lipid head groups. Free energy calculations are now under way to fully characterize the interactions involved, and link the changes in activation kinetics to experimental observables.

2- PIP2 modification

Phosphatidylinositol-(4,5)-bisphosphate (PIP2), a high negatively-charged phospholipid found in the inner membrane leaflet, has been shown to modulate the function of voltage-gated potassium channels of the Shaker-family [Abderemane-Ali et al., 2012; Rodriguez-Menchaca et al., 2012]. The application of PIP2 to these channels leads both to a gain-of-function, namely an increase of the ionic current, and to a loss-of-function manifested by the right shift of G/V and I/V curves, describing respectively the gating and ionic current voltage dependencies.

Because PIP2 is a rare component of the membrane (1% of the inner leaflet of most cells), we ruled out any global effect. Rather, we focused on the specific interactions between the channel and the lipids in a system in which the ring of phosphatidylcholine molecules of the inner leaflet embedding the channel was replaced by PIP2 lipids. From extensive MD simulations of Kv1.2 embedded in such a model lipid bilayer, we found that PIP2 molecules interact electrostatically with positively charged residues of the channel in a state-dependent manner. In particular, PIP2 lipids were found to interact with two different sites of the channel that bear an excess amount of positive charges. The first site (I) is composed by the S4-S5 linker outermost residues (LYS312, ARG326). The other site (II) is located in the middle of the S4-S5 linker (LYS322) and it is occupied by residues in a state-dependent manner. In the closed state, aside from LYS322, site II encloses the S4 lower basic residues ARG303, LYS306 and ARG309, consistent with PIP2 stabilizing the OFF position of the voltage sensor. In the open state, ARG419 of the S6 C-terminal are in close contact with the middle of the S4-S5 linker (witnessed in three subunits out of four) occupying therefore site II. This is consistent with PIP2 stabilizing the open gate conformation through a mechanism similar to the one described for Kir channels [Whorton et al., 2011; Hansen et al., 2011].   

In the up state, all S4 basic residues are engaged in salt bridges with other residues of the VSD, or with the upper leaflet lipid head groups. Within the first ON to OFF transition, as S4 translate down, the lowest residue ARG309 comes in close contact with the lipids of the lower leaflet [Delemotte et al. 2011]. Consistent with this, one expects that the presence of PIP2 in this lower leaflet would modify the kinetics associated with this early transtions, i.e. leads to accelerated deactivation.  Accordingly, the models seem to agree well with the electrophysiology data [Abderemane-Ali et al., 2012; Rodriguez-Menchaca et al., 2012] and provides an insight into the molecular mechanisms involved in the seemingly contradictory gain- and loss-of-function effects of intracellular PIP2. 

We are currently extending this work to other channels of the VGKC family (Kv7 sub-family) that have been shown also to require PIP2 for proper function.
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